
Western University Western University 

Scholarship@Western Scholarship@Western 

Electronic Thesis and Dissertation Repository 

5-28-2024 12:00 PM 

Investigating CO2 Adsorption Behavior in Metal-Organic Investigating CO2 Adsorption Behavior in Metal-Organic 

Frameworks by Solid-state NMR Frameworks by Solid-state NMR 

Yan Ham Ng, Western University 

Supervisor: Huang, Yining, The University of Western Ontario 

A thesis submitted in partial fulfillment of the requirements for the Master of Science degree in 

Chemistry 

© Yan Ham Ng 2024 

Follow this and additional works at: https://ir.lib.uwo.ca/etd 

 Part of the Inorganic Chemistry Commons, Materials Chemistry Commons, and the Physical 

Chemistry Commons 

Recommended Citation Recommended Citation 
Ng, Yan Ham, "Investigating CO2 Adsorption Behavior in Metal-Organic Frameworks by Solid-state NMR" 
(2024). Electronic Thesis and Dissertation Repository. 10151. 
https://ir.lib.uwo.ca/etd/10151 

This Dissertation/Thesis is brought to you for free and open access by Scholarship@Western. It has been accepted 
for inclusion in Electronic Thesis and Dissertation Repository by an authorized administrator of 
Scholarship@Western. For more information, please contact wlswadmin@uwo.ca. 

https://ir.lib.uwo.ca/
https://ir.lib.uwo.ca/etd
https://ir.lib.uwo.ca/etd?utm_source=ir.lib.uwo.ca%2Fetd%2F10151&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/137?utm_source=ir.lib.uwo.ca%2Fetd%2F10151&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/135?utm_source=ir.lib.uwo.ca%2Fetd%2F10151&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/139?utm_source=ir.lib.uwo.ca%2Fetd%2F10151&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/139?utm_source=ir.lib.uwo.ca%2Fetd%2F10151&utm_medium=PDF&utm_campaign=PDFCoverPages
https://ir.lib.uwo.ca/etd/10151?utm_source=ir.lib.uwo.ca%2Fetd%2F10151&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:wlswadmin@uwo.ca


 
 

ii 
 

Abstract 

  With increasing demands in controlling carbon dioxide emissions, metal-organic frameworks 

(MOFs) are considered as promising candidates for CO2 capture due to their large CO2 adsorption 

capacity. In this study, the adsorption behavior of CO2 molecules in [Zn2(TRZ)2(NH2-BDC)] 

(TRZ=1,2,4-triazolate, NH2-BDC=2-amino-1,4-benzenedicarboxylic acid), and CALF-20 are 

studied.  Moreover, water is ubiquitous in the atmosphere and could have a negative impact on the 

MOF’s gas adsorption. Therefore, understanding the behavior of water and CO2 in MOFs is of 

fundamental importance. Solid-state nuclear magnetic resonance (SSNMR) is a powerful 

technique which reveals guest molecules’ behavior in MOFs. Herein, [Zn2(TRZ)2(NH2-BDC)] was 

loaded with pure CO2 and D2O, and CALF-20 was loaded with pure CO2 in this study. 2H and 13C 

variable temperature SSNMR was performed to investigate the behavior of CO2 and D2O in the 

framework. D2O exhibits restricted motions between 173-213K and becomes more mobile with 

increasing temperature and increasing concentrations in [Zn2(TRZ)2(NH2-BDC)]. CO2 also shows 

higher mobility upon temperature increase for both MOFs. NMR results suggest that D2O 

undergoes a π-flip flop motion and a 4-site jumping motion in [Zn2(TRZ)2(NH2-BDC)]. 

Additionally, CO2 undergoes C2 hopping and C3 wobbling motion for both MOFs. Once single 

component adsorption was examined, co-adsorption of CO2 and water was also investigated for 

[Zn2(TRZ)2(NH2-BDC)]. 

 

 

 

Keywords: Water adsorption, CO2 adsorption, gas adsorption, metal-organic frameworks, SSNMR, 
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Summary for Lay Audience 

  Metal-organic frameworks (MOFs) are a class of 3D porous materials that have gained significant 

attention since 1990s due to their potential applications in gas storage and separation, catalysis, 

drug delivery, and energy conversion. In this study, 2 MOFs were selected due to their high CO2 

adsorption capability. Both MOFs are featured with the triazole ligands for a higher CO2 affinity. 

The CO2 motions in [Zn2(TRZ)2(NH2-BDC)] and CALF-20 were investigated using SSNMR. The 

SSNMR experiments were conducted under variable temperatures to investigate the relationship 

between the change in temperature and adsorption behavior of CO2 within the framework. 

Different amount of guest molecules was also loaded into the frameworks to study the influence 

on guest molecule motions. The motional information obtained from this study allows for better 

optimization of CO2 adsorption based on humidity levels and temperatures. 
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Chapter 1. General introduction 

1.1. Metal-organic frameworks (MOFs) 

Metal-organic frameworks (MOFs) are a class of porous, crystalline materials emerging since the 

1990s.1 These 3D polymeric frameworks were first designed and synthesized by B.F. Hoskins and 

R. Robson in 1990 with the purpose of catalytic applications.1 In 1995, this type of material was 

first given the name “metal-organic frameworks” in O. M. Yaghi’s work on binding and removal 

of guest molecules in MOFs.2 MOFs are comprised of metal containing units or secondary building 

units (SBUs) with organic linkers through coordination bonds as depicted in Figure 1.1. The 

specific catalytic, magnetic, electrical, optical, and structural properties can arise from enormous 

combinations of metals and organic linkers, which allows flexible functional optimization of the 

MOFs for an extensive range of research fields. Therefore, MOFs with targeted properties 

including large pore size, large surface area, and high framework stability can be modified and 

synthesized.3,4 This flexible tunability distinguishes MOFs from traditional porous materials such 

as zeolite and activated carbon.5 MOFs are promising candidates for many applications such as 

energy conversion,6 drug delivery,7 heterogenous catalysis,8 water purification,9 and gas storage 

and separation.10,11  

 

Figure 1.1. schematic diagram of composition of MOFs.12 
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1.1.1. MOFs as gas storage materials  

MOFs could be used as an ideal gas storage material due to its nature of high porosity and 

tunability. By changing the functional ligand, properties such as higher selectivity and affinity of 

certain gases, larger pore size and surface area could be attained, which greatly enhance the gas 

adsorption capacity compared to other porous materials.  

Despite of having higher tunability, gas adsorption in MOFs follows the same mechanisms as 

zeolites and activated carbon: 1) physisorption (ΔHads ∼ 5–50 kJ mol−1), 2) chemisorption (ΔHads > 

50 kJ mol−1).14 Physisorption refers to physical adsorption to the surface usually due to surface 

characteristics. As indicated in Figure 1.2, adsorption due to electrostatic attraction, van der Waals 

forces, and diffusion are some of the examples of physisorption.15 Chemisorption refers to 

adsorption via chemical bonding between the adsorbent surface and absorbate. Since the enthalpy 

of chemisorption is significantly higher, regeneration of the adsorbent would be difficult, resulting 

in a decrease in reusability, which is less competitive against MOFs using physisorption.15 

Therefore in this thesis, physisorption MOFs were selected. 

 

Figure 1.2. Schematic diagram of different gas adsorption mechanisms in MOFs.15 
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1.1.2. Carbon dioxide (CO2) capture and storage 

 

Climate change has been an escalating global issue since the last few decades with the fact that 

anthropogenic carbon dioxide being the main contributor to global warming and other 

environmental issues.12 Hence, mitigation techniques to reduce anthropogenic CO2 emissions are 

of great significance. Carbon capture and storage (CCS) is one of the promising technologies to 

control CO2 concentration in the atmosphere.13,14 CO2 gas is first captured from sources of 

generation (e.g. power plants), compressed into a supercritical fluid, and then separated during the 

CCS process.13 Figure 1.3 below shows a demonstration of a general CCS process. 

 

Figure 1.3. Schematic diagram for carbon capturing.16 

  MOFs can be optimized as outstanding materials for gas storage and separation due to their high 

porosity and flexibility in metal centers and ligand choices.15,16 As a result, research on CO2 storage, 

adsorption, and separation has drawn much attention.17 Pore size, functionality, and CO2 selectivity 

against other gases could be optimized through changing the functional group of the selected 

ligand to maximize the CO2 adsorption capacity of MOFs while maintaining structural 

stability.16,18 Many MOFs exhibit excellent carbon dioxide selectivity compared to hydrocarbons 

and nitrogen, which could be viable options for pre-combustion and post-combustion carbon 
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dioxide capturing.18,19 However, water is ubiquitous in the atmosphere and the fuel gas generated 

in the power plants, CO2 selectivity and adsorption capacities of some MOFs could be negatively 

impacted in the presence of water, which would be a drawback of its application.20  

1.1.3. Water effects on CO2 adsorption in MOFs 

A wide range of effects could be observed on different MOFs when water is present.20 In some 

MOFs, guest molecules adsorption and framework stability could be drastically reduced, and even 

structural dissociation could be promoted with the introduction of water.21 As an example, in Yu’s 

work, the CO2 isotherms for MOF-74 indicated significant decreases in CO2 uptake ay higher 

hydration levels. While in some other MOFs, water can have a positive effect on carbon dioxide 

adsorption. For example, according to J. Yu’s work on post-combustion CO2 adsorption MOF 

HKUST-1, the carbon dioxide adsorption was found to be enhanced with an increase in hydration 

level.21 Pore size and guest molecules binding energy with the framework were found to be 

significant regarding to the adsorption capacity. In HKUST-1, the increase in CO2 binding energy 

with the framework through increased coulombic interaction between CO2 and water results in the 

increased CO2 adsorption capacity.21 Thus, understanding the impact of water on MOFs is crucial 

for improving CO2 adsorption performance. Furthermore, Open Metal sites could also possess the 

trait of reduced CO2 adsorption under humid conditions.49 Therefore in this work, MOFs without 

open metal sites were chosen. Table 1.1 below shows an example of CO2 adsorption capacity 

decreasing when water was present for MIL-120, a MOF without open metal sites. In Table 1.1, 

qCO2 refers to the amount of CO2 uptake, and SD refers to the standard deviation.  

Table 1.1. CO2 uptake of MIL-120 under dry and wet flue gas48 
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1.1.4. pillar-layered MOFs 

In pillar-layered MOFs, the 3D framework structure was formed first by connecting 2D layers 

with linker ligands as pillars (Figure 1.4). The pore size and functionalities can be precisely 

modified by connecting the same 2D layers with different pillars.18 This type of MOFs is also 

found to retain higher structural stability than the non-pillar-layered ones.21 Permanent porosity 

has been a crucial concern in MOF assembly since it directly affects its efficacy in gas adsorption. 

Water can result in degradation of the framework structure that greatly decrease the performance 

of MOF’s adsorption capability. By simply optimizing the pillars, MOFs more suitable for practical 

applications can be utilized, the porosity of MOF could even be pertained under acidic, basic, high 

temperature and humid conditions.50 

  

Figure 1.4. Simplified structure of pillar layered MOFs 

1.1.5. MOFs studied in this thesis  

  [Zn2(TRZ)2(NH2-BDC)]. In Q. G. Zhai’s work, seven Zn-triazolate dicarboxylate frameworks 

were found to exhibit excellent CO2 selectivity against CH4 and N2 with high CO2 adsorption 

capability, the MOFs were constructed by connecting dicarboxylate ligands as pillars with a 2D 

layer formed by zinc ions and 1,2,4 triazolate (Figure 1.5, 1.6).18 Each of the zinc in the structure 

was 5 coordinated, connected with 3 nitrogens from 3 different triazole ligands and 2 oxygens 

from the same dicarboxylate group (Figure 1.7). The zinc triazolate dicarboxylate pillar-layered 

MOFs show potential application of CO2 storage and separation, therefore in this work, 
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[Zn2(TRZ)2(NH2-BDC)] (abbreviated as ZTP-3 in this work) was selected to investigate the CO2 

adsorption behavior in humid environment. 2-amino-1,4-benzenedicarboxylic acid (NH2-BDC) 

was used as the pillar in ZTP-3, in which its amino functional groups enhance CO2 affinity. The 

CO2 adsorption capacity was found to by 3.08 mmol/g at 273 K under 1.01 bar.18 ZTP-3 is a pillar 

layered tetragonal MOF with a pillar length of 10.8 Å, with large pore size and good thermal 

stability.  

 

Figure 1.5. Seven Zn-triazolate dicarboxylate MOFs from Zhai’s work.18 
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Figure 1.6. Components of ZTP-318 
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Figure 1.7. Coordination on zinc in ZTP-318 

 

  CALF-20. CALF-20 is a new MOF developed by Jian-Bin Lin et al. from University of Calgary. 

It is a monoclinic pillar layered MOF consisting of layers of 1,2,4-trazolate bridged zinc (II) ions 

connected by oxalate ligands (Figure 1.8). Each of the zinc in the structure was 5 coordinated, 

connected with 3 nitrogens from 3 different triazole ligands and 2 oxygens from the same oxalate 

ligand (Figure 1.9). The CO2 adsorption capacity was found to be 4.07 mmol at 293 K under 1.2 

bar.20 This framework was selected due to its exceptional properties of high CO2 adsorption 

capacity and selectivity, large scale production capability, good thermal stability and its resistance 

against water.20 
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Figure 1.8. Components of Calf-2020 
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Figure 1.9. Coordination on zinc in Calf-2020 

1.2. Characterization of MOFs 

Characterization of MOFs is essential to understand the properties of the system. Powder X-ray 

diffraction (PXRD), thermogravimetric analysis (TGA), Brunauer, Emmett and Teller (BET) are 

widely used as characterization techniques for MOFs. Through characterization, we are able to 

obtain valuable information such as crystal structure, phase purity, thermal stability, surface area, 

reproducibility and other properties of MOFs.  

1.2.1. X-ray Crystallography 

 Single-crystal XRD and PXRD are both widely used for characterizing crystal structures. Single-

crystal XRD is a powerful technique with high precision for crystal structure elucidation in three-

dimensional space. However, single-crystal XRD could be challenging due to its requirement for 

well ordered, large high qualities crystals. Synthesis of well-ordered single MOF crystal can be 

difficult. While PXRD requires only a small amount of sample and could be done on a wide range 
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of variety of materials including crystalline powder, nanoparticles, and amorphous materials. 

PXRD allows us to confirm the phase purity and identify the structure of the MOF. 

  Bragg's law is a fundamental concept in comprehending the crystal structures in X-ray 

crystallography and structural analysis. By directing X-rays with a fixed wavelength onto 

crystalline materials at specific angles of incidence, atomic-level interactions are generated with 

the crystals' lattice planes. The resulting effect produces intense reflected X-rays due to 

constructive interference, whereby the wavelengths of the scattered X-rays reinforce each other.19 

The scattered X-rays need their path differences to reflect integer multiples of the wavelength to 

produce constructive interference. Consequently, the crystal's diffracted X-ray beam exits at 

precisely the same angle as the incident beam. 

  To illustrate this concept, consider a crystal with crystal lattice planar distances represented by 

'd.' When the travel path length difference between X-ray paths, such as ABC and A'B'C' (Figure 

1.10), equals an integer multiple of the wavelength, constructive interference occurs. This specific 

wavelength, crystal lattice planar spacing, and angle of incidence (Θ) form a unique combination 

for which constructive interference occurs. For X-rays at a fixed wavelength, each rational atomic 

plane within the crystal will refract at a distinct angle.19 

  The general expression capturing the relationship between the wavelength of incident X-rays (λ), 

the angle of incidence (Θ), and the spacing between the crystal lattice planes of atoms (d) is known 

as Bragg's Law and can be represented as: 

nλ = 2d sinΘ 

Here, 'n' signifies the order of reflection, which is an integer value. Bragg's Law plays a crucial 

role in the identification and characterization of crystalline materials, which is especially useful in 

X-ray diffraction (XRD). In XRD, the known wavelength of the incident X-ray is utilized, and 

measurements are taken of the incident angle (Θ) at which constructive interference occurs. By 

solving Bragg's Equation, the interplanar spacing (d-spacing) between the crystal lattice planes of 

atoms responsible for the constructive interference can be determined. 
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Figure 1.10. Schematic diagram for X-ray diffraction19 

1.2.2. Thermogravimetric analysis (TGA) 

  Thermogravimetric analysis measures the weight loss of the sample as a function of temperature 

or time under controlled and stabled atmosphere. It provides information on thermal stability and 

decomposition kinetics of the sample. Activation of a MOF could also be confirmed if weight loss 

of solvents is not observed at their boiling points. 

1.3. Solid-state NMR (SSNMR) 

Nuclear Magnetic resonance spectroscopy (NMR) was first discovered in 1928 by Isidor Isaac 

Rabi,40 who was later awarded the Nobel Prize in 1944 for his discovery.40 Solid-state NMR has 

been employed extensively as a powerful technique to characterize MOFs to an atomic level.41 

SSNMR allows investigation of MOFs’ structure, mapping of functional groups, and guest 

molecule behavior within the structure.41  
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NMR is governed by 2 fundamental properties: 1) nuclear spins (I) and the applied external 

magnetic field (B0). The nuclear spin quantum number I is associated with the nuclear spin angular 

momentum of the target nuclei, which is an intrinsic property, while the applied magnetic field B0 

is an extrinsic property. To be NMR active, the isotope with a non-zero nuclear spin quantum 

number I is required. By counting the number of protons and neutrons of the nucleus, the spin 

quantum number I can be predicted. Odd number in either protons or neutrons results in an NMR-

active isotope, in contrast, if the protons and neutrons of the isotope are both even, the nucleus is 

NMR-inactive. 

Table 1.1 Spin quantum number I prediction based on number of protons and neutrons of 

the nucleus. 

Number of protons Number of neutrons Spin quantum number 

Even Even Zero 

Even Odd Half-integer (e.g. 1/2, 3/2) 

Odd Even Half-integer (e.g. 1/2, 3/2) 

Odd Odd Integer (e.g. 1) 

 

1.3.1. NMR interactions 

  In NMR spectroscopy, various interactions between nuclear spins and external magnetic fields 

play a crucial role in determining the information that can be obtained from NMR experiments. 

These interactions provide valuable insights into the structure, motions, and chemical environment 

of molecules and materials. Typical nuclear spin interactions can be summarized in the formula 

ĤNMR = ĤZ + Ĥrf + ĤCS + ĤD + ĤJ + ĤQ, which corresponds to Zeeman interaction, radio frequency 

interaction, dipolar coupling interaction, J-coupling interaction and quadrupolar interaction, which 

have different magnitudes listed in Table 1.2. 42 
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Table 1.2. Magnitudes of typical NMR interactions 

Interactions Magnitude (Hz) 

Zeeman 107-109 

Magnetic shielding 103-105 

Dipolar coupling 103-104 

J-coupling 0-103 

Quadrupolar 103-107 

 

1.3.2. Zeeman interactions 

  The Zeeman interaction arises from the interaction of a nuclear magnetic moments with an 

external magnetic field (B₀). It results in the separation of nuclear energy levels into different spin 

states, leading to the observed NMR signal. Zeeman interaction is known as the strongest 

interaction among all interactions. For a nucleus with spin I, it has 2I+1 possible energy levels. In 

the absence of an applied external magnetic field (B₀), the energy levels are degenerate.42 However, 

when an external magnetic field is applied to the nucleus, all the 2I+1 energy levels will no longer 

be degenerate, they will split into discrete energy levels which can be distinguished by magnetic 

quantum number mI (mI= -I, -I+1, -I+2, …, I-2, I-1, I),42 which can be described with the equation: 

ΔE = γħB0 = ħω0.
42 Where ΔΕ refers to the energy difference between the separated energy levels 

upon the presence of the external magnetic field B₀, proportional to the Larmor frequency ω0 

describing the rate of transition between the levels and the gyromagnetic ratio γ, and ħ is the 

Plank’s constant (h) divided by 2π.42 

  Figure 1.11 serves to provide a visual demonstration of the Zeeman energy splitting from a 

nucleus with I=1/2. The stronger the applied external magnetic field, the stronger the interaction, 

resulting in a stronger NMR signal. 
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Figure 1.11. Zeeman interaction when I=1/2 

 

1.3.3. Chemical shielding interaction 

Chemical shield interaction arises from the additional motion of the electrons surrounding the 

nucleus induced by external magnetic field. 

0 With the presence of an external magnetic field B0, a small secondary magnetic field generated 

by the additional motion shields or deshields the nucleus, which creates a small deviation in 

frequency. This frequency deviation is known as the chemical shielding interaction. Additionally, 

the term chemical shielding refers to the shift in NMR frequency induced by the shielding 

interaction in an NMR spectrum. The chemical shielding Hamiltonian operator ĤCS can be 

described using the equation:43 

ĤCS = −γħîσB0 

  Where î refers to the spin operator, σ is a second rank chemical shielding tensor, which can be 

interpreted by a 3x3 matrix: 44 

𝜎 = (

𝜎𝑥𝑥 𝜎𝑥𝑦 𝜎𝑥𝑧

𝜎𝑦𝑥 𝜎𝑦𝑦 𝜎𝑦𝑧

𝜎𝑧𝑥 𝜎𝑧𝑦 𝜎𝑧𝑧

) 
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  Since the NMR pattern is only contributed by the symmetric shielding tensor components in the 

matrix, 3 chemical shielding tensor components (σ11, σ22, and σ33) corresponding to the principal 

axis system (PAS) can be defined: 43 

𝜎𝑃𝐴𝑆 = (
𝜎11 0 0
0 𝜎22 0
0 0 𝜎33

) 

  The degree of chemical shielding in all three dimensions can be described by the 3 components 

and can be arranged as follows: σ11 ≤ σ22 ≤ σ33 (Figure 1.12). σ11 is the least shielded and σ33 is 

the most shielded component. The 3 principal components can be further converted using 𝛿 =

 𝜎𝑟𝑒𝑓−𝜎

𝜎𝑟𝑒𝑓
  ≈  (𝜎𝑟𝑒𝑓  −  𝜎) to obtain the 3 chemical shifts 𝛿11, 𝛿22 and 𝛿33. In the NMR spectrum, 𝛿11 

appears to have the highest frequency positioning on the left, while 𝛿33 positions at the lowest 

frequency on the right, which is shown in Figure 1.13. 

 

Figure 1.12. Chemical shielding components in 3 dimensions. 
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Figure 1.13. SSNMR powder pattern showing 3 chemical shielding components. 

1.3.4. Dipolar interaction 

  The dipolar interaction represents a fundamental phenomenon in NMR spectroscopy, which 

results from the coupling between 2 magnetic dipoles. The dipolar interaction involves the 

interaction of 2 nuclear spins I and S. The strength of the dipolar interaction can be described by 

the dipolar coupling constant D. Dipolar coupling constant is a parameter intimately linked to the 

magnetic properties of the nuclei involved and the distance (r) separating them. The expression for 

D, influenced by factors like the permeability of vacuum (μ₀), the gyromagnetic ratios (𝛾𝐼 and 𝛾𝑆) 

of the spins I and S, and fundamental constants such as Planck's constant (ℎ) and 2π, embodies the 

intricate relationship that characterizes this interaction:45 

𝐷 =  
𝜇₀ 

 4𝜋
  

𝛾𝐼𝛾𝑆  

𝑟³ 

ℎ

 2𝜋
 

  In this context, the modified frequency, which governs the orientation-dependent behavior of 

nuclear spins under the dipolar interaction, can be calculated as:45 

𝜈 =  𝑣 0 ±  1/2 𝐷(1 −  3 𝑐𝑜𝑠²𝛼) 

  Where 𝑣0 represents the Larmor frequency, and α refers to the angle between the inter-nuclear 

vector and the direction of the external magnetic field (B₀). 
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  In NMR spectra for an isolated I-S spin pair, the dipolar interaction is displayed by the 

characteristic pattern of a Pake doublet. Two mirrored powder patterns identified by "horns" and 

"feet," which represent the opposing perturbations to the Zeeman interaction, make up the Pake 

doublet. Two "horns" appear when the I-S vector is perpendicular to the external magnetic field 

B₀, and "feet" appear when the I-S vector is parallel to B₀. Additionally, the frequency gaps between 

these "horns" equal to 1D for heteronuclear spin pair, and 0.75D for homonuclear spin pair 

respectively. The "feet" equal to twice the length of the “horns”, which is shown in Figure 1.14. 

 

 

Figure 1.14. Dipolar interaction 

1.3.5. J-coupling interaction 

When compared to the dipolar interaction, the J-coupling interaction is characterized by a 

relatively weaker magnitude and originates from the chemical bonds between nuclei.42 The nature 

of these interactions leads to this difference in strength. The J-coupling interaction has much less 

effect on SSNMR spectra because of its relatively weak strength, particularly when broad line-

shapes are present due to other interactions. J-coupling interactions, on the other hand, are more 

frequently seen in solution NMR when line broadening along with other interactions, such as 

quadrupolar interactions, are not present. 
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1.3.6. Quadrupolar interaction 

 Electric quadrupole moment arises from a non-spherical nuclear charge distribution, which results 

from quadrupolar nucleus with a spin quantum number larger than ½. A quadrupolar interaction 

occurs when the change in electric field caused by local distribution of nuclear and electronic 

charges, which is the electric field gradient (EFG), interacts with the electric quadrupole moment. 

The EFG is described by a second-rank EFG tensor in the principal axis system (PAS), which has 

3 non-zero components denoted by Vxx, Vyy, and Vzz, where Vzz > Vyy > Vxx.46,47 This tensor 

characterizes the local electric field's directional characteristics and hence, the behavior of the 

quadrupolar interaction.46 

  Two crucial parameters are used to describe the quadrupolar interaction: 1) quadrupolar coupling 

constant (CQ) and 2) asymmetric parameter (ηQ), which can be calculated using the equation below: 

47 

𝐶𝑄 =
eQ𝑉𝑧𝑧 

h
 

η𝑄 =
𝑉𝑥𝑥 − 𝑉𝑦𝑦

𝑉𝑧𝑧
 

Q is the nuclear quadrupole moment. CQ refers to the magnitude of the quadrupolar interaction and 

describes the degree of spherical symmetry of the electronic environment of the nucleus. The 

higher the CQ, the stronger the quadrupolar interaction, the lower the degree of spherical symmetry. 

On the other hand, ηQ describes the axial symmetry of the EFG tensor and has a range of 0 to 1. 

Higher axial symmetry is indicated by lower ηQ values.  

  For a nuclear system involving only Zeeman interactions, 2I+1 energy levels with same 

transitional energy are formed. Upon the perturbation of quadrupolar interactions, these energy 

levels shift according to the orientation of the chemical structure containing the target nucleus, 

which can be calculated by considering the first and second order quadrupolar interactions.45 

Figure 1.15. demonstrates the perturbation of the first and second order quadrupolar interactions 

on the Zeeman energy levels of the nucleus with spin quantum number of half-integer I=3/2.45 

Upon the influence of first-order quadrupolar interactions, all energy levels were shifted while the 

energy difference of the nuclear central transition (CT) between mI=-1/2 and mI=+1/2 remains the 
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same.45 The other 2 energy levels transitions (satellite transitions (ST)), are greatly shifted, 

resulting in broadening of the spectral pattern. Since the CT is not affected by first-order 

quadrupolar interactions, it has a higher signal intensity compared to the ST, making the detection 

of CT more favorable for SSNMR experiments of half-integer nucleus.45,48 While upon the 

perturbation of second-order quadrupolar interaction, the CT also is affected.46 

 

Figure 1.15. Perturbation of first and second order interaction on Zeeman energy levels of 

nucleus with half-integer spin quantum number I=3/2. 

  For nucleus with an integer spin quantum number, even number of energy transitions are 

generated by the Zeeman interactions. For example, when I=1, 2 energy transitions are generated. 

The SSNMR powder pattern will only be greatly influenced by the first order quadrupolar 

interactions, which are shown in Figure 1.16. As depicted in Figure 1.17 (b), the pake doublet 

shape was formed by the combination of 2 horns. The left horn arises from the energy level with 

mI=+1, and the right horn arises from the energy level with mI=-1. 
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Figure 1.16. Quadrupolar interaction when I=1 

The subsequent sections delve into SSNMR techniques and their applications in the context of  the 

quadrupolar interactions, increasing our comprehension of this complex phenomenon and its 

significance in elucidating the motional and structural characteristics of various molecular systems.  

1.3.7. SSNMR spectral simulations 

 Two types of simulations can be performed based on the NMR spectra of the molecules: analytical 

(Wsolids), and motional (EXPRESS). Which allows further analysis through the extraction of 

spectral parameters and motional information. 

1.3.8. Probing CO2 adsorption behavior using static SSNMR 

  For 13C SSNMR, the static NMR line shape is mainly determined by the chemical shift anisotropy 

(CSA), where distribution of the orientation of the CO2 molecules in a powder sample gives rise 

to the 13C line shape. The 13C line shape can be described with 3 parameters: isotropic chemical 

shift (δiso), span (Ω), and skew (κ), which can be extracted by simulating the 13C experimental line 

shape using software Wsolids25. The 3 parameters have different effects on the pattern as shown 

in Figure 1.17. Using the chemical shift tensor parameters extracted from experimental spectra, 

motional simulations were further carried out to simulate the effects of different types and rates of 

molecular motions on NMR spectra and to extract the parameters defining the motions (such as 

motional rates and angles). The effect of jump rates and different motions are shown in Figure 

1.18. 
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Figure 1.17. Effects of a) span Ω (δiso = 125 ppm, κ = 1) and b) skew κ (δiso = 125 ppm, Ω = 200 

ppm) and c) isotropic chemical shift δiso (Ω = 200 ppm, κ = 1) on the 13C SSNMR pattern. 
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Figure 1.18. Simulated static 13C SSNMR spectra of CO2 undergoing a) C3 wobbling motion at 

different angles, b) C2 hopping motion at different angles, c) combined C2 hopping and C3 

wobbling motion st different angles, d) Simulated 13C SSNMR pattern of CO2 undergoing C2 

hopping and C3 wobbling at different jumping rates (α=40°, β=40°). The spectra were simulated 

with Express26 software. The 13C SSNMR parameters of static CO2 are δiso = 125ppm, Ω = 335 

ppm, and κ = 1. 
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1.3.9. Probing D2O adsorption behavior using static 2H SSNMR 

    For 2H (I=1) SSNMR, the static NMR signals are mainly dominated by the first order 

quadrupolar interaction as 2H has a spin of I=1 (Figure 1.19 (a)). The quadrupolar interaction 

arises from the interaction between the 2H’s quadrupole moment and the electric field gradient 

generated by its electronic environment. The two allowed transitions between ml = 1 ↔ 0 and ml 

= -1 ↔ 0 give rise to a doublet pattern. The overall 2H pattern has a symmetric shape called a Pake 

doublet with the horn separation of 0.75CQ and breadth of signal of 1.5CQ when the asymmetric 

parameter is 0 (Figure 1.19 (b)). Again, the 2H experimental pattern can be simulated to obtain the 

2 parameters using Wsolids25 (Figure 1.20). After extracting the 2 parameters from Wsolids25, the 

Express software26 was used to simulate the types and rates of molecular motions on the SSNMR 

spectra and to extract the motional rates and angles of the molecules. The effect of different 

motions on the 2H SSNMR pattern is shown in Figure 1.21. 

 

Figure 1.19. a) Energy level diagram of 2H (I = 1), b) Pake doublet pattern formed by 2H. 

 

Figure 1.20. Effects of (a) quadrupolar coupling constant CQ and (b) ηQ on the 2H SSNMR 

pattern. 
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Figure 1.21. Simulated static 2H SSNMR spectra of a) π-flipflop motion at an angle of 54°, b) 4 

site jumping motion at an angle of 40°, c) combined π-flipflop and 4 site jumping motion α=54° 

β=40°. The spectra were simulated with Express26 software. The 2H SSNMR parameter of static 

D2O are CQ = 215 kHz, and ηQ = 0. 
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Chapter 2. Water Effects on CO2 adsorption in MOF 

[Zn2(TRZ)2(NH2-BDC)] at different loading levels and 

temperatures 

2.1. Introduction 

  Since global warming has become an escalating environmental concern over the past decades, 

green house gas mitigation techniques such as carbon capture and storage (CCS) has been greatly 

investigated. Among the diverse range of storage materials, MOFs have drawn a significant 

attention in this field due to its exceptional performance on gas storage and separations. However, 

in practical applications, water is ubiquitous in the atmosphere, it can interfere with the CO2 

adsorption within the MOF. The CO2 adsorption capacity can be negatively affected by the 

introduction of water molecules. Therefore, understanding the effects of water on the adsorption 

capacity in MOF is of great importance. In this chapter, a pillar layered MOF, [Zn2(TRZ)2(NH2-

BDC)] (ZTP-3), was selected due to its high CO2 adsorption capacity and selectivity.1 The 

adsorption behavior of CO2 at different loading levels and temperatures were investigated to 

understand the influence of water. 

2.2. Experimental section 

2.2.1. MOF synthesis 

   As-made ZTP-3 sample was synthesized according to previously reported procedures with some 

modifications.1 All starting materials were used as received without further purification. A mixture 

of zinc nitrate hexahydrate (Zn(NO3)2 · 6H2O, 0.5952 g or 2.0 mmol, Alfa Aesar), 2-

aminoterphthalic acid (NH2BDC, 0.1812 g or 1.0 mmol, 99% Sigma Aldrich), and 1,2,4-triazole 

(C2H3N3, 0.138 g, 2.0 mmol, 99% Alfa Aesar) were dissolved in 16 mL of N,N-

Dimethylformamide (DMF, C3H7NO, Fisher Chemical), and 4 mL of deionized water (H2O) in a 

25 mL glass vial. The glass vial was sealed and placed in an oven at 120°C for 5 days. Light yellow 

crystal powder was obtained after cooling the sample to room temperature. Vacuum filtration was 

performed to remove unreacted reagents dissolved in the DMF solvent. To perform the vacuum 
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filtration, the powdered sample was washed with DMF, and dried using the vacuum. The pure 

sample was further collected and placed in an oven and dried at 80°C for 1 day. The resulting light-

yellow crystal powder sample was referred to as-made ZTP-3 sample in this work.  

2.2.2. Sample activation 

 To prepare ZTP-3 for loading guest molecules, activation of the MOF is necessary in order to 

remove all residual solvent molecules and unreacted chemicals. Prior to activation, solvent 

exchange using methanol (CH3OH) was performed for ZTP-3 to shorten the activation time of the 

MOF since methanol is more volatile than DMF. The solvent exchange was performed by soaking 

and washing as-made ZTP-3 in methanol using centrifugation and vacuum filtration for 5 times 

repeatedly.  

  A Schlenk vacuum line was used to activate as-made ZTP-3.  Approximately 0.15 g sample was 

first placed in an L-shaped glass tube which can fit into the 5 mm coil of the static probe. After 

placing the sample into the bottom of the tube, a small amount of glass wool was placed at the top 

of the sample to prevent the sample from escaping the glass tube to the Schlenk line. The Schlenk 

line has a pressure monitor attached and was connected to a vacuum pump. The pressure in the 

vacuum line was monitored to be 0 mbar during activation. Liquid nitrogen was used to cool the 

Schlenk line for the purpose of condensing solvent extracted from the framework. The glass tube 

was placed in a furnace at 110°C for 2 days and cooled to room temperature during the activation 

process. The end product of the activation gives rise to activated ZTP-3. 

2.2.3. Powder X-ray diffraction (PXRD) measurements 

  Powder X-ray Diffraction patterns were performed to measure the diffraction pattern in order to 

confirm the phase purity and structure identity of the synthesized MOF by comparing the powder 

pattern of the synthesized product with the ones reported in literature1 The PXRD pattern were 

obtained using a Inel CPS powder diffractometer operating with Cu Kα radiation (λ = 1.5406 Å). 

The powder pattern was collected in the range 5° ≤ 2θ ≤ 45° at a rate of 10°/min, with a step size 

of 0.02°. 
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2.2.4. Thermogravimetric analysis (TGA) 

  To confirm the completion of solvent removal during the activation process, thermogravimetric 

analysis of as-made and activated samples was carried out under N2 atmosphere (40 mL·min-1) 

using Mettler Toledo AG TGA/SDTA851e instrument. The samples were heated from 30 to 800 °C 

at a rate of 10 °C·min-1. The TGA graphs were compared to those provided in the literature.1  

2.2.5. CO2 adsorption 

  13C isotopically labeled 13CO2 (<3 atom % 18O, 99 atom % 13C isotope enriched, Sigma-Aldrich) 

was used as one of the guest molecules in this work since 13C is an NMR active nucleus.  

  Approximately 200 mbar of 13CO2 gas was first condensed into a glass Schlenk glass flask in the 

Schlenk line using liquid nitrogen. The L-shaped tube was then connected to the Schlenk line and 

evacuated under vacuum. ~50-180 mbar of 13CO2 (depending on the loading level) in the flask was 

then released to the enclosed Schlenk line while the L-shaped tube containing the activated sample 

was immersed in liquid nitrogen. The designated amount of 13CO2 was then adsorbed by the ZTP-

3. The L-shaped tube was then flame sealed using a torch while immersing the sample part into 

liquid nitrogen.  

  After the sealed tube reached room temperature, it was then placed in the oven at 80°C in an 

autoclave for at least 12 hours to reach the equilibrium of the adsorption process. The equilibrated 

sample was then cooled to room temperature prior to SSNMR measurements. 

2.2.6. D2O adsorption  

  Deuterium Oxide (D2O, 99.9% Cambridge Isotope Laboratories) was used as one of the guest 

molecules in this work.  

  After the furnace was removed from the activated sample, different amounts (4-15μL) of D2O 

were loaded into the sample using a syringe. The pressure in the L-shaped tube was then evacuated 

by connecting to the vacuum line. The L-shaped tube was then immersed in liquid nitrogen, and 

flame sealed using a torch. 
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  After the sealed tube reached room temperature, it was then placed in the oven at 80°C in an 

autoclave for at least 12 hours to reach the equilibrium of the adsorption process. The equilibrated 

sample was then cooled to room temperature prior to SSNMR measurements. 

2.2.7. Co-adsorption of CO2 and D2O 

 Co-adsorption of CO2 and D2O involves the combination of the 2 processes mentioned above. 

The sample was first loaded with D2O using a syringe, evacuated under vacuum, and then loaded 

with CO2 using liquid nitrogen. The co-adsorbed sample was also flame sealed using a torch.  

  The sealed tube was cooled to room temperature and then placed in the oven at 80°C in an 

autoclave for at least 12 hours to reach equilibrium. The equilibrated sample was then cooled to 

room temperature prior to SSNMR measurements. 

2.2.8. Solid-State Nuclear Magnetic Resonance Spectroscopy (SSNMR) 

  13C, and 2H SSNMR experiments were conducted on a 400WB Varian Infinity Plus SSNMR 

spectrometer operating at a magnetic field of 9.4 T. Variable temperature experiments were 

performed using a Varian VT temperature control unit. 

2.2.8.1. Cross polarization Magic-angle spinning (CPMAS) 

  1H-13C cross polarization (CP) experiments were conducted using a 5mm HXY 

Varian/Chemagnetics probe at a spinning rate of 10 kHz. 1H-13C CP MAS spectra were acquired 

using a contact time of 9 ms. The spectra were referenced using solid adamantane set at a chemical 

shift of 38.5 ppm.10 The 90° pulse width was set to 2.7 μs, and the pulse delay was set to 3.0 s. 

Samples were first prepared in L-shaped glass tubes and then transferred to the 5mm rotor in a 

glove box filled with N2. Acquisition numbers vary between 1000-2000 depending on signal 

intensity. All 1H-13C CP MAS spectra were measured at room temperature.  

2.2.8.2. Static SSNMR 

 Static 2H and 13C SSNMR spectra of activated samples of ZTP-3 with different D2O and/or CO2 

loadings were measured with Varian Infinity Plus spectrometer equipped with a 9.4 T Oxford 

Instruments superconducting magnet and a double channel (HX) 5 mm Varian/Chemagnetics static 

probe. 
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  2H static SSNMR were obtained at Larmor frequency 𝜈0 = 61.32 MHz. A quadrupolar echo 

sequence was used to eliminate spectral distortion. The spectra were referenced using liquid D2O 

set at a chemical shift of 4.8 ppm.11 The parameters used were 90° pulse width = 2.20 μs; separation 

between pulses τ = 30 μs; pulse delay = 0.5 s; spectral width = 500 kHz; and number of scans = 

1000 – 120000, depending on signal intensity.  

  13C static SSNMR spectra were acquired at Larmor frequency 𝜈0 = 100.46 MHz. The experiment 

was performed using the DEPTH-echo pulse sequence. The spectra were referenced using liquid 

ethanol (C₂H₆O) set at a chemical shift of 56.96 ppm.11 The parameters used were 90° pulse width 

= 2.50 μs; pulse delay = 3.0 s; spectral width = 149.254 kHz; and number of scans = 1000 – 120000, 

depending on signal intensity.  

  Static variable temperature (VT) SSNMR spectra of loaded samples were collected at 

temperatures between 213 K and 373 K using a Varian VT temperature control unit to probe D2O 

and/or CO2 motions in ZTP-3. The spectrum at each temperature was not measured until the 

temperature was stable and the sample reached thermal equilibrium. Each spectrum was measured 

when the temperature has been stable for around 10 minutes. 

2.2.8.3. Spectral simulations 

  Simulations of the experimental 2H static SSNMR spectra were carried out using Wsolids 

package3 and EXPRESS software4. The simulated 13C and 2H powder patterns were obtained 

through varying the CQ and ηQ input values in Wsolids3 to match the experiment NMR patterns. 

13C and 2H powder patterns obtained through matching with Wsolids simulated patterns using 

EXPRESS4 were used to extract the information on the types of D2O and CO2 motions and the 

parameters defining particular motions. The known parameters for static CO2 are δiso = 125 ppm, 

Ω = 335 ppm, and κ = 1.2 The known parameters for static D2O and ND2 are CQ (2H) = 225 kHz 

and ƞQ = 0, and CQ (2H) = 200 kHz and ƞQ = 0, respectively.5,6 
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2.3. Results and discussion 

2.3.1.  Characterization 

2.3.1.1. PXRD results  

  The ZTP-3 structure is constructed by connecting the Zn-triazolate 2D layers with the 2-amino-

1,4-benzenedicarboxylate pillars. The distance between each layer is ~10.8 Å.1 The identity and 

purity of the sample were confirmed by PXRD. The experimental powder pattern matches well 

with the simulated pattern as shown in Figure 2.1. At higher 2θ range, diffraction pattern could 

be possibly affected by the present of solvent, resulting in peak shifts. 

 

Figure 2.1. Powder X-ray diffraction pattern (PXRD) of ZTP-3 and the simulated as-made 

PXRD pattern based on the crystal structure provided in the literature1. 

2.3.1.2. TGA results 

  The activation process of ZTP-3 was confirmed by temperature programmed TGA. Activation 

refers to the process of removing solvents from the pores of sample to create available binding 

sites for guest molecules. Therefore, the complete removal of solvents is an indication of successful 

activation. By monitoring the weight loss of the sample as a function of temperature, 2 weight 
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losses responsible for the solvent desorption of water and DMF were observed for the as-made 

sample (Figure 2.2). The 8% weight loss from 100% to 91% starting from 87°C indicates 

departure of water. At 271 °C, the weight dropped from 91% to 79%, responsible for the removal 

of DMF. The 2 weight losses were not observed in the TGA graph of activated sample, which 

indicates the successful activation of sample. Furthermore, the decomposition temperature of the 

as-made and activated sample were found to be around 376°C, which matches well with the 

literature value of 380°C.1  

 

Figure 2.2. Thermogravimetric analysis (TGA) curves of as-made (black curve) and activated 

(blue curve) ZTP-3 
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2.3.1.3. Distribution of guest molecules in ZTP-3 

  According to the structural information provided by the literature1, ZTP-3 consists of large cages 

each featuring a narrow top part and a wide bottom part with varying dimensions as depicted in 

Figure 2.3. Guest molecules can be possibly adsorbed at the adsorption sites in both parts of the 

cages. Based on the symmetry and structural information provided, each unit cell consists of 8 

cages, and 16 Zn ions. Each of the cages would therefore have 2 Zn ions on average. Number of 

molecules on average for each cage can therefore be calculated as following:  

Table 2.1. Average distribution of guest molecules within ZTP-3 

# of equivalents per Zn average # of guest molecules 

in each cage 

 

0.25eq 0.5 1 molecule in every 2 cages 

0.5eq 1 1 molecule in each cage 

0.75eq 1.5 3 molecules in every 2 cages 

1eq 2 2 molecules in each cage 
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Figure 2.3. (a) Possible 2 adsorption location in each ZTP-3 cage (b) top view of top part (green) 

(c) bottom view of the bottom part (brown) 

2.3.2. Static 13C variable temperature (VT) SSNMR  

  The majority of static 13C VT SSNMR spectra at different pure CO2 loadings contain 1 signal 

(CO2 signal 1) as depicted in Figure 2.4.(a). The spectra consist of a narrow signal (Ω = 100-130 

ppm) (relatively mobile) from adsorbed CO2 at ~125 ppm, which is significantly narrower than 

the signal of rigid CO2 (see Figure 2.5).12 The breadth of the signals is almost identical for all 

loadings, indicating that the adsorbed CO2 motions has verry little difference. The experimental 

and simulated static VT 13C spectra with 0.25eq CO2 loading are shown in Figure 2.6. At higher 

temperatures, an isotropic free CO2 signal also appeared in the pattern, suggesting that a small 

amount of CO2 was desorbed with an increase in temperature. For the highest loading at 0.75eq, a 

broader signal (CO2 signal 2) was observed (Ω = ~250 ppm). Although motional information could 

not be extracted from this signal, it was suspected to be contributed by a different CO2 motion 

(Figure 2.7).  
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Figure 2.4. VT static 13C SSNMR pattern of CO2 with 0.25eq CO2/Zn loading at 373 K for ZTP-

3.3 

 

Figure 2.5. Simulated static 13C SSNMR spectra of rigid CO2 (𝛿𝑖𝑠𝑜=125 ppm, Ω = 335 ppm, κ = 

1).12 



41 
 

 

 

Figure 2.6. Experimental VT static 13C SSNMR spectra of CO2 at different pure CO2 loadings 

from 213 K to 373 K for MOF ZTP-3. 
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Figure 2.7. VT static 13C SSNMR pattern of CO2 with 0.75eq CO2/Zn at 273 K.3, green signal 

repents CO2 signal 1, orange signal represents CO2 signal 2 and purple signal represents free 

CO2. 

For the CO2 + D2O co-adsorbed samples, the SSNMR line shapes have the same features as the 

pure 0.25eq/0.5eq CO2 loaded samples (see Figure 2.8). When co-adsorbed with water, the 

isotropic CO2 appeared earlier at lower temperatures compared to the pure CO2 loaded samples 

when the same amount of CO2 was loaded. Less CO2 was adsorbed to the framework, suggesting 

that water has a negative effect on the CO2 adsorption capability.  
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Figure 2.8. Experimental VT static 13C SSNMR spectra of CO2 at different CO2 + D2O co-

adsorbed loadings from 213 K to 373 K. 

  Detailed spectral analysis for the relatively mobile CO2 signal (CO2 signal 1) was carried out for 

all samples between 213 - 373 K. The experimental patterns were first simulated with Wsolids 

software package3 to extract the CSA parameters. After obtaining the CSA parameters, EXPRESS4 

was used to simulate the effects of different types and rates of motions (Figure 2.9). Table 2.2. 

presents a sample simulation data extracted from Wsolids and EXPRESS.3,4 The simulation 

parameters for samples with 0.25eq CO2/Zn and 0.25eq CO2 + 0.25eq D2O loading are similar 

(Table 2.2). With decreasing temperature, the span slightly increases.  

  EXPRESS software package4 was used in order to obtain more detailed information on the types 

of motion and motional rates on the adsorbed CO2 (Figure 2.9). The simulation results indicate 

that CO2 exhibits 2 types of motions: (1) C2 hopping motion and (2) C3 wobbling motion. The 

delocalized C2 hopping motion (see Figure 2.10 (a)) is 180° rotation about a C2 axis with an angle 

β. The C3 wobbling motion corresponds to CO2 local rotation modeled by its C3 axis at angle α 

(see Figure 2.10 (b)). Based on the simulation results from EXPRESS (Table 2.2.), it can be found 

that the span is affected by the wobbling motions of CO2, while the skew is affected by the hopping 

motions. The larger the C3 wobbling angles, the smaller the span. The larger the C2 hopping angles, 

the smaller the skew. The angle of motion changes as a function of temperature. Additionally, the 
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CO2 molecules were assumed to be adsorbed at the hydrogens on the NH2 groups on the benzylic 

dicarboxylate group. 

 

Figure 2.9. Experimental and simulated3,4 VT 13C static SSNMR spectra of CO2 at 273 K with 

0.25eq CO2/Zn loading for ZTP-3. 

 

Table 2.2. VT 13C static SSNMR simulation parameters3,4 of CO2 signal 1 for 0.25eq 

CO2/Zn and 0.25eq CO2 + 0.25eq D2O loading. 

0.25eq CO2 

Temperature 

(K) 

Ω 

(ppm) 
κ 

angle of 

motion β 

(°) (C2 

hopping) 

jump rate 

angle of 

motion α (°) 

(C3 

wobbling) 

jump rate 

213 188 1 9 1 ×107 32 1 × 107 

233 194 0.94 11 1 × 107 31 1 × 107 

253 181 0.95 11 1 × 107 32 1 × 107 

273 171 0.95 11 1 × 107 33 1 × 107 

293 160 0.96 11 1 × 107 34 1 × 107 

313 150.4 0.955 11 1 × 107 35.5 1 × 107 

333 139.6 0.94 12 1 × 107 37.5 1 × 107 

353 132 0.93 12 1 × 107 38.5 1 × 107 

373 127 0.93 12 1 × 107 39 1 × 107 
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0.25eq CO2 + 0.25eq D2O 

temperature 

(K) 

Ω 

(ppm) 
κ 

angle of 

motion β 

(°) (C2 

hopping) 

jump rate 

angle of 

motion α (°) 

(C3 

wobbling) 

jump rate 

213 137 0.86 15 1 × 107 38 1 × 107 

233 141 0.89 14 1 × 107 38 1 × 107 

253 142 0.92 13.5 1 × 107 38 1 × 107 

273 140.5 0.93 13.5 1 × 107 38 1 × 107 

293 139 0.93 13.5 1 × 107 38 1 × 107 

313 133 0.93 13.5 1 × 107 38.5 1 × 107 

333 130 0.92 13.5 1 × 107 38.5 1 × 107 

353 126 0.9 14 1 × 107 39 1 × 107 

373 121 0.9 14 1 × 107 39.5 1 × 107 

 

 

Figure 2.10. a) C2 hopping motion of CO2 molecule of 180° rotation about the C2 axis scheme, 

b) C3 wobbling motion scheme of CO2, c) combined wobbling and hopping motions. 

  By looking at the simulation data in Table 2.3, it was found that the isotropic CO2 signal appears 

at a lower temperature when D2O was introduced into the system. At 0.25eq CO2 loadings, when 

0.25eq D2O is introduced, the relative intensity of free CO2 with respect to the adsorbed CO2 also 
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increases (Table 2.3), leading to a decreased CO2 adsorption capability at 313 - 373 K. However, 

at the same CO2 loading, when 0.5eq D2O is present in the system, the relative signal intensity of 

free CO2 is lower than the sample loaded with less D2O at 353 - 373 K (Table 2.3), indicating a 

possible increase in CO2 uptake capacity. This could be due to the increase in D2O introduction 

forcing the CO2 to have a closer contact with the framework, resulting in more interactions. When 

more water was added to the system (0.25eq CO2 + 1eq D2O), the relative intensity of free CO2 

eventually increased (Table 2.3), indicating a decrease in CO2 adsorption capacity. 

Table 2.3. Free CO2 relative signal intensities at different loadings 

 Relative intensity (%) 

Temperature (K) 0.25eq CO2 0.25eq CO2 + 

0.25eq D2O 

0.25eq CO2 + 

0.5eq D2O 

0.25eq CO2 + 

1eq D2O 

313 NA 1.2 NA 4.4 

333 NA 2.1 0.6 7.5 

353 2.5 4.7 2.0 13 

373 5.3 8.8 4.0 18.4 

 

  0.5eq CO2/Zn loaded samples are found to have similar results as the 0.25eq CO2/Zn loaded 

samples (Figure 2.6). However, for the co-adsorbed samples, the increase of CO2 uptake was not 

observed when water was introduced to the framework. Increase in water loadings results in 

decrease of CO2 adsorption. Interestingly, the 13CO2 adsorption signal for all the co-adsorbed 

samples were all narrower than pure CO2 loaded sample. Indicating that CO2 molecules were more 

mobile with the introduction of water. 

  The spectra of 0.75eq CO2/Zn loaded samples also have similar features as the 0.25eq CO2 and 

0.5eq CO2 loadings, except that a broad adsorption signal (CO2 signal 2) with isotropic chemical 

shift at 125 ppm was found (see Figure 2.7 orange signal). The breadth of the signal suggests that 

a more restricted motion (CO2 signal 2) compared to CO2 signal 1 (see Figure 2.7 green signal) 

could be present within the cage, however, no further motional information can be extracted from 

simulation. 
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  For most of the cases, the addition of water resulted in a reduction in CO2 adsorption. Overall, 

the adsorbed CO2 motional behaviors were not affected significantly by the introduction of water. 

To have a better understanding of the general picture, 2H VT SSNMR were conducted. 

2.3.3. Static 2H variable temperature (VT) SSNMR 

  The majority of static 2H VT SSNMR spectra at different pure D2O loadings contain 2 signals as 

depicted in Figure 2.11. The spectra consist of (1) a narrow axially symmetric pattern from 

adsorbed D2O, and (2) a very broad pattern from -ND2. The -ND2 pattern arises from the deuterium 

exchange between NH2 group on the framework and the D2O from the guest molecules. We did 

not analyze the spectrum due to -ND2 since the focus of the study is to investigate the guest 

molecules motions within the MOF. 

 

Figure 2.11. Experimental 2H static SSNMR spectrum of D2O at 373 K with 0.5eq D2O/Zn 

showing both D2O and ND2, the narrow signal from D2O (CQ = 37.8 kHz) superimposes on the 

broad signal with low intensity from ND2 (CQ = 101.5 kHz) in the MOF. 

  According to the static VT 2H spectra of pure D2O adsorbed in the MOF with the pattern depicted 

in Figure 2.11, the -ND2 signal was observed at all temperatures with a low intensity. From 
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temperature 233 K to 373 K for all loadings, the line shapes are dominated by a narrow signal 

which has a much smaller breadth compared to the pattern of rigid D2O (Figure 2.12, 2.13), 

implying that the D2O adsorbed in the framework has high mobility. The overall pattern from 173 

K to 373 K are very similar for samples with 0.25eq and 0.5eq D2O/Zn loadings, except that 0.5eq 

sample has a slightly narrower breadth, inferring the D2O motions have very little difference for 

both loadings. The line shapes from 233 K to 373 K for a given loading are in the fast motion 

regime and are almost identical, indicating that the temperature within this range has little effect 

on changing the D2O motions. However, the line shape at 213 K starts to lose its characteristic of 

relatively mobile narrow pattern, a broader pattern of rigid water begins to emerge, suggesting that 

the motional rate has been reduced significantly. When the temperature is lowered to 173 K, the 

narrow line shape is no longer observable, the mobility of D2O is greatly reduced, ND2 and rigid 

D2O mainly contribute to the overall line shape. 

  The 2H VT static SSNMR spectra for 1.0eq D2O/Zn sample show distinctly different patterns in 

the temperature range of 233 K - 373 K compared to the lower loadings (Figure 2.13). The overall 

breadth of the pattern is also significantly narrower. These results suggest that not only the mobility 

has significantly increased, the D2O motions are also different at this loading. This results from 

weakened interaction of D2O with the framework due to the interaction among water molecules at 

a larger amount of D2O loading. From 233 K - 373 K, a narrower D2O signal (CQ = 17 kHz) in the 

fast regime is shown from the 1.0eq spectrum, the CQ for this signal is very small and cannot be 

simulated based on its motions, which suggests that this signal results from the interaction among 

the D2O molecules; at higher loadings, the line shapes were more affected by the interaction among 

D2O molecules.7 At 173 K - 213 K, the spectra show very similar features as the patterns for lower 

loadings, representing the ND2 and rigid D2O motions (Figure 2.12). 
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Figure 2.12. Simulated pattern of a) ND2 (CQ = 120 kHz, ηQ = 0.75) and b) rigid D2O (CQ = 216 

kHz, ηQ = 0.1) at 220K.8 
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Figure 2.13. Experimental VT 2H static SSNMR from 173 K to 373 K loaded with 0.25eq, 0.5eq 

and 1eq D2O/Zn 

2H VT SSNMR spectra of samples co-adsorbed with D2O and CO2 are also obtained to explore the 

effect of CO2 on the adsorption of D2O. 0.25eq CO2 + 0.25eq D2O and 0.25eq CO2 + 0.5eq D2O 

loaded samples were found to have similar patterns with slightly different breadth and shape 

(Figure 2.14). Most of the patterns exhibit almost identical features compared to the pure D2O 

loaded samples, with one strong signal of relatively mobile water and one weak signal from the -

ND2. However, when the temperature goes down to 233 K, the water becomes less mobile. The 

overall pattern was contributed by rigid water and ND2.  
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Figure 2.14. Experimental VT 2H static SSNMR spectra from 173 K to 373 K loaded with 

0.25eq CO2 + 0.25eq D2O and 0.25eq CO2 + 0.5eq D2O. 

  Detailed spectral analysis for the relatively mobile D2O signal (D2O signal 1) was carried out for 

the 0.5eq D2O loaded and 0.25eq CO2 + 0.5eq D2O co-adsorbed samples between 233 - 373 K. 

The experimental pattern was first simulated with Wsolids software package3 to extract the 

quadrupolar coupling constant CQ and the asymmetric parameter ηQ (Figure 2.15.). The simulation 

parameters for both samples are very similar (Table 2.4). The quadrupolar coupling constant (CQ) 

slightly increases with decreasing temperature for both samples. Since CQ is a measure of the 

magnitude of quadrupolar interaction, the larger the CQ, the stronger the quadrupolar interaction. 

Since the D2O experiences molecular motions in the framework, the motions partially average the 

quadrupolar interaction, resulting in smaller CQ values overall. The less mobile D2O signal (rigid 

D2O) in the co-adsorbed sample between 173 - 213 K was also analyzed using Wsolids3 (Table 

2.4.), and it has a CQ value similar to that of rigid water.  

  EXPRESS software package4 was used in order to obtain more detailed information on the types 

of motion and motional rates on the adsorbed D2O (Figure 2.15.). The simulation results indicate 

that for all the narrow signals, D2O exhibits 2 types of motions: (1) π-flipflop motion and (2) 4-

site jumping motion. The π-flipflop motion (see Figure 2.16.(a)) is 180° rotation about the 
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molecular C2 axis of D2O bisecting the D-O-D angle (109.46°). The 4-site jumping motion 

corresponds to D2O jumps among the four equivalent sites in the same plane involving 4 nitrogens 

from the benzylic dicarboxylate group (see Figure 2.16.(b)). The angle of motion only slightly 

varies with temperature (Table 2.4.). D2O signal is found to be in the fast motion regime with a 

higher mobility.   

Table 2.4. VT 2H static SSNMR spectra simulation parameters of D2O signal 1 for 0.5eq 

D2O/Zn and 0.25eq CO2 + 0.5eq D2O loading. 

0.5eq D2O 0.25eq CO2 + 0.5eq D2O 

temperature 

(K) 

CQ 

(kHz) 

ηQ angle of 

motion β 

(°) (4 site 

jumping) 

jump rate temperature 

(K) 

CQ 

(kHz) 

ηQ angle of 

motion β (°) 

(4 site 

jumping) 

jump rate 

233 42 0 42 1 × 107 233 45.9 0 44 1 × 107 

253 42 0 42 1 × 107 253 45.9 0 44 1 × 107 

273 41.5 0 41.5 1 × 107 273 44.3 0 43 1 × 107 

293 42 0 42 1 × 107 293 44.8 0 43.5 1 × 107 

313 41 0 41 1 × 107 313 44 0 43 1 × 107 

333 40.5 0 40.7 1 × 107 333 43.2 0 42.3 1 × 107 

353 39 0 40 1 × 107 353 42 0 42 1 × 107 

373 37.8 0 39.5 1 × 107 373 40.5 0 40.7 1 × 107 
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Figure 2.15. Experimental and simulated3,4 VT 2H static SSNMR spectra at 273 K with 0.25eq 

CO2 + 0.5eq D2O loading. 
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Figure 2.16. a) π-flipflop motion of 180° rotation about the molecular C2 axis of D2O scheme. 4-

site jumping motion scheme of D2O b) C4 axis pointing out of paper with 4-nitrogen rings in the 

paper, c) C4 axis parallel to the paper with ring perpendicular to the paper, (d) top view of ZTP-3 

cages with nitrogen adsorption sites labeled as N1, (e) side view of ZTP-3 cages with nitrogen 

adsorption sites labeled as N1. 

  Loadings of 0.25eq D2O, 1.0eq D2O, 0.25eq CO2 + 0.25eq D2O, 0.25eq CO2 + 1eq D2O, 0.5eq 

CO2 + 0.5eq D2O, and 0.5eq CO2 + 1eq D2O are also found to have the narrow line shape of 

adsorbed D2O undergoing π-flipflop motion and 4-site jumping motion within the framework at 

233 K - 373 K. A broad signal of ND2 (CQ = 122 kHz) is found in all D2O loaded samples at all 
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temperatures. The broad signal of CQ = 200 kHz resulting from rigid D2O between 173 K - 213 K 

is found in all the co-adsorbed samples.   

  Although the breadths of the signals were all similar for pure and co-adsorbed loadings, the 

symmetry of the adsorption varies with different loadings (Table 2.5). It can be seen that for all 

pure loadings, ηQ = 0. ηQ was also zero when 0.25eq CO2 + 0.5eq D2O or 0.25eq CO2 + 1eq D2O 

was loaded in the framework. Indicating that the motional behavior of D2O in these 3 cases were 

similar. 0.25eq CO2 + 0.25eq D2O, 0.5eq CO2 + 0.5eq D2O and 0.5eq CO2 + 1eq D2O loaded 

samples have a similar ηQ value (ηQ = ~0.1), which is different from all other loadings. This 

suggests that D2O adsorbed in the framework at these loadings was possibly affected by the CO2 

motions. Herein, we propose that the CO2 and D2O were adsorbed at the same cage at these specific 

loadings. While when ηQ = 0, D2O motions were not affected significantly by CO2, CO2 and D2O 

were possibly adsorbed in separate cages. 
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Table 2.5. ηQ parameter extracted from 373 K 2H VT SSNMR for all loadings. 

Loading ηQ 

0.25eq D2O 0 

0.5eq D2O 0 

1eq D2O 0 

0.25eq CO2 + 0.25eq D2O 0.11 

0.25eq CO2 + 0.5eq D2O 0 

0.25eq CO2 + 1eq D2O 0 

0.5eq CO2 + 0.5eq D2O 0.11 

0.5eq CO2 + 1eq D2O 0.1 

 

2.3.4. Adsorption scenarios  

  According to the simulation results, the location and occupation of the guest molecules can be 

predicted tentatively as the following: 

  Since the spectra for 0.75eq CO2 reveals a second peak that was a lot broader than CO2 signal 1, 

we propose that this signal could be resulting from a more restricted motion. On the other hand, 

CO2 molecules are much larger in size than D2O molecules, it is less likely for CO2 to be 

preferentially adsorbed in the narrower part of the cage. It is predicted that CO2 was adsorbed at 

the bottom part of the cage for all the cases except the 0.75eq CO2 loading.  

  For 0.25eq CO2 loading, half of the number of cages were occupied by 1 CO2 molecule. Only the 

bottom part of the cage had CO2 molecules adsorbed. With 0.5eq CO2 loading, all the cages had 

one CO2 molecule adsorbed at the bottom part. And for 0.75eq CO2 loadings, since there were two 

signals with very different breadth, CO2 were adsorbed at a different location. The span of CO2 
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signal 1 also increased at the loading compared to 0.5eq CO2, which suggests that half of the 

number of cages had 2 CO2 molecules adsorbed at the bottom part, resulting in a more rigid pattern. 

The other half had 1 CO2 molecule adsorbed at the top part. The occupation of the CO2 molecules 

for pure CO2 are depicted in Figure 2.17. 

 

Figure 2.17. Occupation of CO2 molecules for pure CO2 loadings. 

  For pure D2O loadings, all the D2O molecules prefer to occupy the top part of the pore. Given 

that D2O is a much smaller molecule, shorter distance between the adsorption sites is favored to 

have a stronger interaction with the framework. 0.25eq D2O and 0.5eq D2O loadings tend to have 

1 D2O molecule occupying the top part of the cage, while for 1.0eq D2O loadings, 2 D2O molecules 

were adsorbed at the top part of the cage (Figure 2.18). 

 

Figure 2.18. Occupation of CO2 molecules for pure D2O loadings. 
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  The CO2 molecules in co-adsorbed samples had very similar adsorption as the pure CO2 loadings. 

However, D2O was adsorbed similarly in some cases, and differently in others (see Figure 2.19). 

For 0.25eq CO2 + 0.5eq D2O and 0.25eq CO2 + 1eq D2O loadings, the D2O molecules occupy the 

top part of the cages that don’t contain CO2. When 0.25eq CO2 + 0.5eq D2O was loaded, half of 

the number of cages had one CO2 molecule adsorbed at the bottom part, the other half had 2 D2O 

adsorbed at the top part. At 0.25eq CO2 + 1eq D2O loadings, one CO2 molecule still occupies half 

the number of cages. At the same time, the other half had 4 D2O molecules adsorbed at the same 

adsorption sites: 2 adsorbed at the top part of the cage, 2 adsorbed at the bottom part. Since all the 

D2O molecules were adsorbed on the same amine group, the motions didn’t change dramatically. 

For the other 3 co-adsorption cases, D2O is proposed to be adsorbed in the same cage as CO2, 

resulting in the symmetry change in the 2H static SSNMR pattern. 

  For most of the co-adsorption cases, there was a decrease in CO2 adsorption compared to the pure 

loadings, which could be attributed to overcrowded adsorption sites. Since the D2O molecules 

were adsorbed on the nitrogens from the amine group, while CO2 molecules were adsorbed on the 

hydrogens from the same amine group, they could be competitive against each other upon co-

adsorption. On the co-adsorption 13C SSNMR spectra, free CO2 signals were found to have higher 

intensities, but free water was not observed from the co-adsorption static 2H SSNMR spectra. This 

suggests that water has a stronger affinity to the framework compared to CO2.  
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Figure 2.19. Occupation of CO2 and D2O molecules for co-adsorption loadings. 

2.3.5. MAS SSNMR 

  The 1H-13C CP MAS SSNMR experiments were conducted on activated and CO2 loaded samples. 

However, the CO2 adsorption signal at around 125 ppm cannot be found on the loaded samples 

(see Figure 2.20.(a)). Only structural signal was observed from the pattern. To confirm that CO2 

was adsorbed in the framework while the CPMAS spectrum was being measured, one-pulse MAS 

spectrum was also measured after the CPMAS experiment. In the one-pulse spectrum (Figure 

2.20.(b)), a signal at 124 ppm was observed, indicating that CO2 was adsorbed in the framework 

at the time when the CPMAS experiment was taking place. One of the reasons for not observing 
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the CO2 signal from the CP MAS spectrum is possibly the large cage size of the framework. When 

the cage is large, the CO2 adsorbed to the framework might be far away from the hydrogens on the 

framework itself. The 13C nuclei signal therefore cannot be greatly enhanced through borrowing 

the signal intensity from the protons. Another explanation for this phenomenon could be attributed 

to the fast CO2 motion within the framework. The fast motion of CO2 averages out the dipole-

dipole interaction between the carbon on CO2 and hydrogen on the framework, weakening the 

polarization transfer of signal from H to C. Though the CO2 adsorption cannot be seen on the CP 

MAS spectra, the structural signal of each carbon from the framework can be assigned, 5 signals 

were observed for this framework in total (see Figure 2.20 (c) for origin of the signal). 
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Figure 2.20 (a) 1H-13C CP MAS SSNMR for 0.5eq CO2 loaded ZTP-3. (b) One-pulse 13C MAS 

SSNMR for 0.5eq CO2 loaded ZTP-3. (c) Asymmetric carbons on the ZTP-3 structure. 
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2.4. Summary 

  The VT static 2H and 13C SSNMR allow us to probe the co-adsorbed D2O and CO2 motions in 

the ZTP-3. D2O undergoes both π-flipflop motion and 4-site jumping motion with and without the 

introduction of CO2. Meanwhile, CO2 undergoes both C2 hopping motion and C3 wobbling motion 

with and without the introduction of D2O. When pure D2O is loaded, the 2H patterns between 233 

- 373 K demonstrate one narrow adsorption signal in the fast regime, while rigid D2O pattern 

emerges when the temperature is dropped to 213 K.  

  When pure CO2 is loaded, one narrow signal representing the adsorption in the bottom part of the 

cages in fast motion regime is found at all tested temperatures. Upon co-adsorption, 2H VT static 

SSNMR produces a broad signal at the slow regime at 173 - 373 K, 13C VT static SSNMR remains 

the same. Based on the results, it is possible that for most cases, D2O molecules are adsorbed in 

the top part. While the CO2 molecules are adsorbed at the bottom part at pure CO2 loadings. 

However, computational simulations will be needed to assist the accuracy of the prediction. For 

pure CO2 adsorption, the higher the CO2 loadings, the higher the amount of CO2 adsorbed. While 

interestingly, water was found to have both positive and negative effects on CO2 adsorption 

capacity depending on the amount of both CO2 and D2O loaded in the framework. Unfortunately, 

the enhancement of CO2 adsorption upon water introduction cannot be explained without further 

analysis. For most of the cases, water reduces the CO2 adsorption capacity of the ZTP-3 framework 

due to the competition of the 2 guest molecules at the adsorption site. These results on the guest 

molecules motions assist the understanding on CO2 adsorption mechanism with the introduction 

of water, paving the way for developing and utilizing MOFs for practical carbon capturing 

purposes. 
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Chapter 3. CO2 adsorption in CALF-20 at different loading 

levels and temperatures 

3.1. Introduction 

  CALF-20 has gained significant attention in recent years as a carbon dioxide capturing material. 

It is known for its largescale production capability, high CO2 adsorption capability, water 

resistance, and excellent thermal stability.1 However, the adsorbed CO2 motional behavior were 

not investigated for this material. Therefore, in this chapter, CO2 behavior will be investigated to 

provide insights for further applications. 

3.2. Experimental Section 

3.2.1. MOF synthesis CALF-20 

  As-made CALF-20 sample was synthesized according to previously recorded research 

procedures with some modifications.1 All starting materials were used as received without further 

purification. A mixture of zinc oxalate (ZnC2O4, 6.60 g or 43.0 mmol, 99% AA Blocks), and 1,2,4-

triazole (C2H3N3, 0.138 g, 72.5 mmol, 99% Alfa Aesar) were dissolved in 66.0 mL methanol 

(CH3OH, Fisher Chemical) in an autoclave. The autoclave was sealed and placed in an oven at 

180°C for 2 days. White powder was obtained after cooling the sample to room temperature. 

Vacuum filtration was performed to remove unreacted reagents dissolved in methanol. To perform 

the vacuum filtration, the powdered sample was washed with methanol, and dried using the 

vacuum. The pure sample was further collected and placed in an oven and dried at 80°C for 1 day. 

The resulting white crystal powder sample was referred to as-made CALF-20 sample in this work.  

3.2.2. Sample activation 

  To prepare ZTP-3 for loading guest molecules, activation of the MOF is necessary in order to 

remove all residual solvent molecules and unreacted chemicals. Since the synthesis of this MOF 

only used methanol as the solvent, vacuum filtration of the sample is sufficient for the purification 

of CALF-20, there is no necessity for a solvent exchange process.  
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  The same activation process as mentioned in Chapter 2.2.2. at a different temperature was 

performed for the activation of CALF-20. The glass tube was placed in a furnace at 150°C for 2 

days and cooled to room temperature during the activation process. The end product of the 

activation gives rise to activated CALF-20. 

3.2.3. Powder X-ray diffraction (PXRD) measurements 

  Powder X-ray Diffraction patterns were performed to measure the diffraction pattern in order to 

confirm the phase purity and structure identity of the synthesized MOF by comparing the powder 

pattern of the synthesized product with the ones reported in literature.1 The PXRD pattern were 

obtained using a Inel CPS powder diffractometer operating with Cu Kα radiation (λ=1.5406 Å). 

The powder pattern was collected in the range 5° ≤ 2θ ≤ 45° at a rate of 10°/min, with a step size 

of 0.02°. 

3.2.4. Thermogravimetric analysis (TGA) 

  To confirm the completion of solvent removal during the activation process, thermogravimetric 

analysis of as-made and activated samples was carried out under N2 atmosphere (40 mL·min-1) 

using Mettler Toledo AG TGA/SDTA851e instrument. The samples were heated from 30 to 750 °C 

at a rate of 10 °C·min-1. The TGA graphs were compared to those provided in the literature.1  

3.2.5. CO2 adsorption 

  The CO2 loading process is identical to those on ZTP-3 in Chapter 2.2.5.  

3.2.6. Solid-State Nuclear Magnetic Resonance Spectroscopy (SSNMR) 

  13C, and 2H SSNMR experiments were conducted on a 400WB Varian Infinity Plus SSNMR 

spectrometer operating at a magnetic field of 9.4 T. Variable temperature experiments were 

performed using a Varian VT temperature control unit. 

3.2.6.1. Magic-angle spinning (MAS) 

  1H-13C cross-polarization (CP) experiments were conducted using a 5mm HXY 

Varian/Chemagnetics probe at a spinning rate of 10 kHz. 1H-13C CP MAS spectra were acquired 

using a contact time of 9 ms. The spectra were referenced using solid adamantane set at a chemical 



67 
 

 

shift of 38.5 ppm.7 The 90° pulse width was set to 2.7 μs, and the pulse delay was set to 2.9 s. 

Samples were first prepared in L-shaped glass tubes and then transferred to the 5mm rotor in a 

glove box filled with N2. Acquisition number varies between 1000-1500 depending on signal 

intensity. All 1H-13C CP MAS spectra were measured at room temperature.  

3.2.6.2. Static SSNMR 

 Static 2H and 13C SSNMR spectra of activated samples of CALF-20 with different CO2 loadings 

were measured with Varian Infinity Plus spectrometer equipped with a 9.4 T Oxford Instruments 

superconducting magnet and a double channel (HX) 5 mm Varian/Chemagnetics static probe. 

  13C static SSNMR spectra were acquired at Larmor frequency 𝜈0 = 100.46 MHz. The experiment 

was performed using the DEPTH-echo no dec pulse sequence. The spectra were referenced using 

liquid ethanol (C₂H₆O) set at a chemical shift of 56.96 ppm.8 The parameters used were 90° pulse 

width = 2.40 μs; pulse delay = 2.9 s; spectral width = 149.254 kHz; and number of scans = 1000 – 

120000, depending on signal intensity.  

  Static Variable temperature (VT) SSNMR spectra of loaded samples were collected at 

temperatures between 173 K and 373 K using a Varian VT temperature control unit to probe CO2 

motions in CALF-20. The spectrum at each temperature was not measured until the temperature 

was stable and the sample reached thermal equilibrium. 

3.2.6.3. Spectral simulations 

 The same parameters were used with the same procedure carried out for 13C static powder pattern 

as in Chapter 2.2.8.3.2-6 

3.3. Results and discussion 

3.3.1. Characterization 

3.3.1.1. PXRD results 

  The CALF-20 structure is constructed by connecting the Zn-triazolate 2D layers with the oxalate 

group pillars. The distance between each layer is ~9.5Å.1 The identity and purity of the sample 

were confirmed by PXRD. The experimental powder pattern matches well with the simulated 
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pattern as shown in Figure 3.1. At higher 2θ range, diffraction pattern could be possibly affected 

by the present of solvent, resulting in peak shifts. 

 

Figure 3.1. Powder X-ray diffraction patterns (PXRD) pattern of CALF-20 and the simulated as-

made PXRD pattern was extracted based on the crystal structure provided in the reported 

literature1. 

3.3.1.2. TGA results 

  The activation process of CALF-20 was confirmed by temperature-programmed TGA. Activation 

refers to the process of removing solvents from the pores of the sample to create available binding 

sites for guest molecules. Therefore, the complete removal of solvents is an indication of successful 

activation. By monitoring the weight loss of the sample as a function of temperature, 1 weight loss 

responsible for the solvent desorption of methanol was observed for the as-made sample. The 13% 

weight loss from 100% to 87% starting from 30°C indicates the departure of methanol (Figure 

3.2). The weight loss for methanol was not observed in the TGA graph of the activated sample, 

which indicates the successful activation of the sample. Furthermore, the decomposition 
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temperature of the as-made and activated sample was found to be around 375°C, which matches 

well with the reported literature. 1 

 

Figure 3.2. Thermogravimetric analysis (TGA) curves of as-made (black curve) and activated 

(blue curve) CALF-20. 

3.3.1.3. Distribution of guest molecules in CALF-20 

  Based on the symmetry and structural information provided by the literature,1 each unit cell 

consists of 2 cages, and 4 Zn ions. Each of the cages would therefore have 2 Zn ions available on 

average. Figure 3.3 illustrates the CALF-20 cage. The number of molecules on average for each 

cage can therefore be calculated as indicated in Table 3.1.  
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Table 3.1. average distribution of guest molecules within CALF-20 

# of equivalents per Zn average # of guest molecules 

in each cage 

 

0.25eq 0.5 1 molecule in every 2 cages 

0.5eq 1 1 molecule in each cage 

0.75eq 1.5 3 molecules in 2 cages 

 

 

Figure 3.3. Side view of CALF-20 cage. 

3.3.2. Static 13C variable temperature (VT) SSNMR of CO2 

  All of the 13C VT SSNMR spectra at different pure CO2 loadings contain 1 adsorption signal with 

an isotropic signal at around 125 ppm as depicted in Figure 3.4. (a). The CO2 adsorbed for all 

loadings and all temperatures were relatively mobile compared to rigid CO2 (Figure 3.4. (b)). The 
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breadth of the signal is very similar for all loadings. The breadth of the pattern increases with 

increased CO2 loadings and decreased temperature, suggesting that CO2 adsorbed in the 

framework becomes loess mobile. It could be observed that the shape of the CO2 pattern also 

changes with changes in temperature and loading. This indicates a possible change in motion of 

CO2 molecules, which the detailed information could be extracted furtherly through simulations. 

The experimental static VT 13C spectra are shown in Figure 3.5. At higher temperatures for the 

highest loading (0.75eq), a small bump was observed at around 125 ppm. This could be due to that 

at higher temperatures, the CO2 adsorbed in the framework became more mobile, when the 

framework is crowded, part of the CO2 tends to be desorbed from CALF-20. Which suggests that 

the framework could at most adsorb 2 molecules in each cage at higher temperatures. Due to 

experimental restrictions, higher loadings for further investigations were not done.  

 

Figure 3.4. static 13C SSNMR pattern of a) CO2 with 0.25eq CO2/Zn loading for CALF-20 at 

173 K (Ω = 226 ppm, κ = 0.52), b) rigid CO2 (Ω = 335 ppm, κ = 1).9 
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Figure 3.5. Experimental VT static 13C SSNMR spectra of adsorbed CO2 at various CO2 

loadings and temperatures for CALF-20. 

  Detailed spectral analysis for the relatively mobile CO2 signal was carried out for all the tested 

samples between 173 K - 373 K. The experimental pattern was first simulated with Wsolids 

software package3 to extract the CSA parameters. After obtaining the CSA parameters, EXPRESS4 

was used to simulate the effects of different types and rates of motions (Figure 3.6.). The 

simulation parameters for both samples are similar (Table 3.2). With decreasing temperature, the 

span slightly increases.  

  EXPRESS software package4 was used in order to obtain more detailed information on the types 

of motion and motional rates on the adsorbed CO2 (Figure 3.6.). The simulation results indicate 

that for all the CO2 adsorption signals, CO2 exhibits 2 types of motions: (1) C2 hopping motion 
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and (2) C3 wobbling motion. The delocalized C2 hopping motion (see Figure 3.7.(a)) is 180° 

rotation about a C2 axis with an angle β. The C3 wobbling motion corresponds to CO2 local rotation 

modeled by its C3 axis at angle α (see Figure 3.7.(b)). Based on the simulation results from 

EXPRESS (Table 3.2, 3.3, 3.4), it can be found that the skew (symmetry of the lineshape) is 

affected by the hopping motions of CO2, while the span (breadth of the lineshape) is affected by 

the wobbling motions. The larger the C2 hopping angles, the smaller the skew. The larger the C3 

wobbling angles, the smaller the span. The angle of motion changes as a function of temperature. 

In all three loadings, the higher the temperature, the larger the angle of motion, suggesting that the 

CO2 molecules are more mobile at higher temperatures. 

  Similar results were found at all pure CO2 loadings. Except that at higher loadings, the breadth 

of the signal becomes larger, the angle of C3 wobbling and C2 hopping were both smaller, meaning 

that the CO2 adsorbed in the framework has more restricted motions.  
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Figure 3.6. Experimental and simulated3,4 VT 13C static SSNMR spectra of CO2 from 173 K to 

373 K with 0.25eq CO2/Zn loading for CALF-20. 
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Table 3.2. VT 13C static SSNMR simulation parameters3,4 for 0.25eq CO2 loading. 

0.25eq CO2 

temperature 

(K) 

Ω 

(ppm) 

κ angle of 

motion β 

(°) (C2 

hopping) 

jump rate angle of 

motion α (°) 

(C3 

wobbling) 

jump rate 

173 226 0.52 19.5 1 × 107 22.5 1 × 107 

193 216.1 0.45 20 1 × 107 23.7 1 × 107 

213 208.5 0.378 20.5 1 × 107 24.5 1 × 107 

233 201 0.31 20.8 1 × 107 24.9 1 × 107 

253 192.2 0.24 21.2 1 × 107 25.4 1 × 107 

273 188 0.182 22.3 1 × 107 25.7 1 × 107 

293 182 0.115 23 1 × 107 26.2 1 × 107 

313 176 0.05 24 1 × 107 26.7 1 × 107 

333 170 -0.02 24.5 1 × 107 27.3 1 × 107 

353 164 -0.08 24.9 1 × 107 28 1 × 107 

373 158 -0.14 25.3 1 × 107 29 1 × 107 
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Table 3.3. VT 13C static SSNMR simulation parameters3,4 for 0.5eq CO2 loading. 

0.5eq CO2 

temperature 

(K) 

Ω 

(ppm) 

κ angle of 

motion β (°) 

(C2 hopping) 

jump rate angle of 

motion α 

(°) (C3 

wobbling) 

jump rate 

173 250.5 0.82 16 1 × 107 20 1 × 107 

193 243 0.78 17 1 × 107 21 1 × 107 

213 238 0.75 17.5 1 × 107 21.8 1 × 107 

233 230 0.71 18 1 × 107 22.7 1 × 107 

253 223 0.67 18.5 1 × 107 23.5 1 × 107 

273 215 0.63 18.9 1 × 107 24 1 × 107 

293 208 0.57 19.2 1 × 107 24.8 1 × 107 

313 199 0.51 19.7 1 × 107 25.2 1 × 107 

333 188 0.43 20.2 1 × 107 26 1 × 107 

353 178 0.33 21 1 × 107 27 1 × 107 

373 168 0.21 21.9 1 × 107 28 1 × 107 
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Table 3.4. VT 13C static SSNMR simulation parameters3,4 for 0.75eq CO2 loading. 

0.75eq CO2 

temperature 

(K) 

Ω 

(ppm) 

κ angle of 

motion β (°) 

(C2 hopping) 

jump rate angle of 

motion α 

(°) (C3 

wobbling) 

jump rate 

173 274 0.85 14 1 × 107 16 1 × 107 

193 268 0.845 14.2 1 × 107 17 1 × 107 

213 262 0.84 14.5 1 × 107 18 1 × 107 

233 254 0.835 15 1 × 107 19 1 × 107 

253 245 0.825 15.5 1 × 107 20 1 × 107 

273 236 0.815 16.2 1 × 107 21.5 1 × 107 

293 225 0.78 16.8 1 × 107 22.8 1 × 107 

313 214 0.74 17.8 1 × 107 24 1 × 107 

333 199 0.67 18.6 1 × 107 25 1 × 107 

353 192 0.55 19.6 1 × 107 25.8 1 × 107 

373 190 0.54 19.6 1 × 107 25.5 1 × 107 
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Figure 3.7. a) C2 hopping motion of CO2 molecule of 180° rotation about the C2 axis scheme, b) 

C3 wobbling motion scheme of CO2, c) C2 hopping + C3 wobbling motion in the CALF-20 

framework with pure CO2 loadings. Hydrogen adsorption sites labeled as H on the CALF-20 

framework d) top view, e) side view. 

3.3.3. Adsorption scenarios 

  The CO2 molecules for all three loadings in CALF-20 were predicted to have similar motions and 

occupations. The predictions on the occupation at different CO2 loadings are demonstrated in 

Figure 3.8. At 0.25eq CO2 loadings, half of the cages are occupied by 1 CO2 molecule, while the 

other half of the cages remain empty. When the loading increases to 0.5eq CO2, all of the cages 

are occupied by 1 CO2 molecule. For 0.75eq CO2 loading, half of the cages have 1 CO2 molecule, 

and the other half contains 2 of the CO2 molecules.  
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Figure 3.8. Adsorption scenarios of different CO2 loadings in CALF-20. 
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3.3.4. MAS SSNMR 

  The 1H-13C CP MAS SSNMR experiments were conducted on activated and loaded samples. The 

results were similar to those of ZTP-3 in Chapter 2.3.6., adsorbed CO2 signal at around 125 ppm 

was not seen on the 1H-13C CP MAS spectrum (see Figure 3.9. (a)). 1-pulse experiments were 

conducted and confirmed that CO2 was successfully loaded to the framework for the loaded 

samples (see Figure 3.9 (b)). Though the CO2 adsorption cannot be seen on the CP MAS spectra, 

the structural signal of each carbon from the framework can be labelled. 2 signals were observed 

within CALF-20. The 13C signal at 152 ppm arises from the carbon in the triazole group on the 

framework, and the second signal at 169 ppm originates from the carbon in the oxalate ligands 

(see Figure 3.9. (c) . 
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Figure 3.9. (a) 1H-13C CP MAS SSNMR for 0.5eq CO2 loaded CALF-20 framework. (b) One-

pulse 13C MAS SSNMR for 0.5eq CO2 loaded CALF-20. (c) Asymmetric carbons on the CALF-

20 framework structure. 

3.4. Summary 

 Motional information of CO2 adsorption behavior was first reveled using SSNMR. The analysis 

of 13C static SSNMR spectra across different pure CO2 loadings provided valuable insights on the 
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adsorption behavior of CO2 in CALF-20. A single adsorption signal was consistently observed at 

approximately 125 ppm for all tested loadings, indicating that there is only one series of CO2 

adsorption motion within the CALF-20 framework, remained mobile across all loadings and 

temperatures. 

  At higher temperatures at the highest loading (0.75 eq), part of the CO2 adsorbed to the framework 

became more mobile, which suggests that high temperature reduces the performance of the MOF’s 

CO2 adsorption capability.  

  Further simulation analysis allows us to reveal the detailed motional information originated from 

the signal. Two types of CO2 motions were identified: C2 hopping motion and C3 wobbling motion. 

Interestingly, the angle of motion varied with temperature, with higher temperatures leading to 

larger motion angles and increased CO2 mobility within the framework. 

  Although similar trends were observed across all pure CO2 loadings, higher loadings resulted in 

broader signals and smaller motion angles, indicating that CO2 undergoes more restricted motions 

within the framework. At room temperature for all loadings, no free CO2 signal was observed, 

which indicates that all CO2 was adsorbed into the framework. Thus, the amount of CO2 adsorbed 

in CALF-20 was found to increase with increasing loading. The adsorption capacity of CALF-20 

was also found to be closely related to temperature, the higher the temperature, the less CO2 

adsorbed to the framework.  
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Chapter 4. Conclusions and future work 

4.1. Conclusions 

  In this thesis, static VT 13C SSNMR were carried out to investigate the CO2 behavior within ZTP-

3 and CALF-20. Static VT 2H SSNMR were also carried out to observe the effects of D2O on the 

CO2 adsorption capability within ZTP-3. Gas loading levels and temperatures were altered in the 

experiment to monitor how the spectra change based on these variations. To extract spectral 

parameter and motional information from the static spectra, two simulation software packages 

were employed: 1) Wsolids1 and 2) EXPRESS2. For 13C SSNMR spectra, CSA parameters 

including 𝛿𝑖𝑠𝑜, Ω and κ at variable temperature were extracted from Wsolids1. For 2H SSNMR 

spectra, CQ and ηQ were obtained. The simulation patterns yielded from Wsolids1 were then used 

for matching in EXPRESS2. Motional information of CO2 and D2O including motional angles, 

motional rates and modes was then obtained from EXPRESS2 simulations. 

  In Chapter 2, the CO2 and D2O adsorption behaviors in ZTP-3 were investigated. Single 

component and Co-adsorption experiment of these 2 molecules were carried out. The CO2 in all 

cases were found to have 2 motions: 1) localized C2 hopping motion and 2) non-localized C3 

wobbling motion. CO2 in ZTP-3 was predicted to be adsorbed on the -NH2 on the benzylic 

dicarboxylate ligand. Higher mobility of CO2 was observed to be related to increase in 

temperatures. While higher CO2 adsorption capability was found to be associated with lower 

temperatures. Water was found to exhibit 2 types of motions: (1) π-flipflop motion and (2) 4-site 

jumping motion. It was predicted to be adsorbed at the amine sites on the benzylic dicarboxylate 

group. Increase in D2O loadings generally enhances CO2 mobility according to the co-adsorption 

spectra. Water was found to have a negative effect on the CO2 adsorption capacity of the MOF in 

most cases. However, there were exceptions, at 0.25eq CO2 + 0.5eq D2O loading, water was found 

to enhance the CO2 adsorption within the MOF. 

  In Chapter 3, pure CO2 adsorption behavior was investigated for CALF-20. CO2 was found to 

have both localized C2 hopping motion and non-localized C3 wobbling motion at all temperature 

and loadings. The CO2 molecules in CALF-20 was predicted to be adsorbed at the hydrogen sites 

attached to the triazole ring. Higher mobility of the adsorbed CO2 was found to be associated with 
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higher temperatures and lower CO2 loadings. Hence, to achieve a higher level of CO2 adsorption 

in CALF-20, higher CO2 loadings and lower temperatures would be required. 

4.2. Future work 

  To draw a more precise conclusion for the water effects on carbon dioxide adsorption in ZTP-3, 

further experiments exploring variations in the CO2 and D2O loading ratios are necessary. The 

specific mechanism behind the enhancement of CO2 adsorption remains unclear with limited data. 

Moreover, controlled experiments can be conducted to explore the influence of -NH2 functional 

groups on the CO2 adsorption capacity and behavior in MOF [Zn2(TRZ)2(BDC)], which shares a 

similar structure as ZTP-3.3 

  For CALF-20, investigating higher carbon dioxide loading and co-adsorption with water is 

essential, given its water-resistant properties. Obtaining static SSNMR at different humidity levels 

would help understanding the motional effects between CO2 and D2O molecules, which provides 

key information on maximizing CO2 adsorption capacity, paving the way for better utilization in 

industries. 
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Appendices 

Appendix A2. 

 

Figure A2.1. Experimental and simulated VT 13C static SSNMR spectra at variable temperature 

with 0.25eqCO2/Zn loading ZTP-3. 
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Figure A2.2. Experimental and simulated VT 13C static SSNMR spectra at variable temperature 

with 0.5eqCO2/Zn loading ZTP-3. 
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Figure A2.3. Experimental and simulated VT 13C static SSNMR spectra at variable temperature 

with 0.75eqCO2/Zn loading ZTP-3. 
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Figure A2.4. Experimental and simulated VT 13C static SSNMR spectra at variable temperature 

with 0.25eqCO2/Zn+0.25eqD2O/Zn loading ZTP-3. 
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Figure A2.5. Experimental and simulated VT 13C static SSNMR spectra at variable temperature 

with 0.25eqCO2/Zn+0.5eqD2O/Zn loading ZTP-3. 
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Figure A2.6. Experimental and simulated VT 13C static SSNMR spectra at variable 

temperature with 0.25eqCO2/Zn+1eqD2O/Zn loading ZTP-3. 



92 
 

 

 

Figure A2.7. Experimental and simulated1,2 VT 13C static SSNMR spectra at variable 

temperature with 0.5eqCO2/Zn+0.5eqD2O/Zn loading ZTP-3. 
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Figure A2.8. Experimental and simulated1,2 VT 13C static SSNMR spectra at variable 

temperature with 0.5eqCO2/Zn+1eqD2O/Zn loading ZTP-3. 
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Figure A2.9. Experimental and simulated1,2 VT 2H static SSNMR spectra at variable 

temperature for all coloaded samples of ZTP-3. 
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Table A2.1. VT 13C static SSNMR simulation parameters of CO2 signal 1 for 0.25eq CO2/Zn 

0.5eq CO2 

Temperature 

(K) 

Ω 

(ppm) 
κ 

angle of 

motion β 

(°) (C2 

hopping) 

jump rate 

angle of 

motion α (°) 

(C3 

wobbling) 

jump rate 

213 119 0.85 15 1 ×107 41 1 × 107 

233 121 0.95 12. 1 × 107 40.7 1 × 107 

253 130.5 0.95 12 1 × 107 39.5 1 × 107 

273 135 0.95 12 1 × 107 39 1 × 107 

293 131 0.95 12 1 × 107 39.5 1 × 107 

313 132 0.95 12 1 × 107 40 1 × 107 

333 125.3 0.93 12.5 1 × 107 40.7 1 × 107 

353 121 0.92 12.5 1 × 107 41 1 × 107 

373 117.5 0.93 12.5 1 × 107 41 1 × 107 
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Table A2.2. VT 13C static SSNMR simulation parameters of CO2 signal 1 for 0.75eq CO2/Zn  

0.75eq CO2 

Temperature 

(K) 

Ω 

(ppm) 
κ 

angle of 

motion β 

(°) (C2 

hopping) 

jump rate 

angle of 

motion α (°) 

(C3 

wobbling) 

jump rate 

213 132 0.85 15.5 1 ×107 39 1 × 107 

233 132 0.86 15 1 × 107 39 1 × 107 

253 129 0.87 14.5 1 × 107 39.5 1 × 107 

273 129 0.87 14.5 1 × 107 39.5 1 × 107 

293 129 0.87 14.5 1 × 107 39.5 1 × 107 

313 129 0.89 14 1 × 107 39.5 1 × 107 

333 129 0.89 14 1 × 107 39.5 1 × 107 

353 129 0.89 14 1 × 107 39.5 1 × 107 

373 129 0.89 14 1 × 107 39.5 1 × 107 
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Table A2.3. VT 13C static SSNMR simulation parameters of CO2 signal 1 for 0.25eq CO2 + 

0.25eq CO2 + 0.5eq D2O loading. 

0.25eq CO2 + 0.5eq D2O 

Temperature 

(K) 

Ω 

(ppm) 
κ 

angle of 

motion β 

(°) (C2 

hopping) 

jump rate 

angle of 

motion α (°) 

(C3 

wobbling) 

jump rate 

213 133 0.88 13 1 ×107 39 1 × 107 

233 138 0.9 13 1 × 107 38.5 1 × 107 

253 138 0.93 12.5 1 × 107 38.5 1 × 107 

273 135 0.93 12.5 1 × 107 39 1 × 107 

293 132 0.93 12.5 1 × 107 39 1 × 107 

313 127 0.93 12.5 1 × 107 39.5 1 × 107 

333 122 0.93 12.5 1 × 107 40 1 × 107 

353 115 0.93 12.5 1 × 107 40.7 1 × 107 

373 110 0.9 13 1 × 107 41.5 1 × 107 
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Table A2.4. VT 13C static SSNMR simulation parameters of CO2 signal 1 for 0.25eq CO2 + 

0.25eq CO2 + 1eq D2O loading. 

0.25eq CO2 + 1eq D2O 

Temperature 

(K) 

Ω 

(ppm) 
κ 

angle of 

motion β 

(°) (C2 

hopping) 

jump rate 

angle of 

motion α (°) 

(C3 

wobbling) 

jump rate 

213 114.5 0.9 14 1 ×107 40.5 1 × 107 

233 118 0.94 12 1 × 107 40.7 1 × 107 

253 117 0.97 10 1 × 107 40.7 1 × 107 

273 115.4 0.97 10 1 × 107 41 1 × 107 

293 113 0.97 10 1 × 107 41 1 × 107 

313 110.5 0.97 10 1 × 107 41.5 1 × 107 

333 108.3 0.97 10 1 × 107 42 1 × 107 

353 104.5 0.97 10 1 × 107 42.5 1 × 107 

373 101 0.98 10 1 × 107 42.5 1 × 107 
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Table A2.5. VT 13C static SSNMR simulation parameters of CO2 signal 1 for 0.25eq CO2 + 

0.5eq CO2 + 0.5eq D2O loading. 

0.5eq CO2 + 0.5eq D2O 

Temperature 

(K) 

Ω 

(ppm) 
κ 

angle of 

motion β 

(°) (C2 

hopping) 

jump rate 

angle of 

motion α (°) 

(C3 

wobbling) 

jump rate 

213 123 0.9 13 1 ×107 40 1 × 107 

233 123 0.93 12.5 1 × 107 40 1 × 107 

253 123 0.94 12 1 × 107 40 1 × 107 

273 121 0.94 12 1 × 107 40 1 × 107 

293 118 0.94 12 1 × 107 40.5 1 × 107 

313 117 0.94 12 1 × 107 40.5 1 × 107 

333 112 0.95 12 1 × 107 41 1 × 107 

353 112 0.93 12.5 1 × 107 41 1 × 107 

373 110 0.91 13 1 × 107 41.5 1 × 107 
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Table A2.6. VT 13C static SSNMR simulation parameters of CO2 signal 1 for 0.25eq CO2 + 

0.5eq CO2 + 1eq D2O loading. 

0.5eq CO2 + 1eq D2O 

Temperature 

(K) 

Ω 

(ppm) 
κ 

angle of 

motion β 

(°) (C2 

hopping) 

jump rate 

angle of 

motion α (°) 

(C3 

wobbling) 

jump rate 

213 115 0.89 14 1 ×107 40.5 1 × 107 

233 116 0.93 12.5 1 × 107 40.5 1 × 107 

253 115.5 0.95 12 1 × 107 40.5 1 × 107 

273 115.2 0.95 12 1 × 107 40.5 1 × 107 

293 114 0.95 12 1 × 107 40.5 1 × 107 

313 114.5 0.94 12 1 × 107 40.5 1 × 107 

333 112 0.94 12 1 × 107 41 1 × 107 

353 111.5 0.91 13 1 × 107 41 1 × 107 

373 109 0.9 13 1 × 107 41.5 1 × 107 
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Appendix A3 

 

Figure A3.1. Experimental and simulated VT 13C static SSNMR spectra at variable temperature 

with 0.5eqCO2/Zn loading for Calf-20. 
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Figure A3.2. Experimental and simulated VT 13C static SSNMR spectra at variable temperature 

with 0.75eqCO2/Zn loading for Calf-20. 
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