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Abstract 

Advanced studies of structures and dynamics of functional materials based on metal-

organic frameworks (MOFs) showing exceptional stimuli-driven properties is of strong current 

interest for the design of next-generation smart materials, especially for sorption-based 

applications such as gas storage, energy storage, controlled drug delivery, and molecular 

sensing, to name but a few. State-of-the-art diffraction and spectroscopy in conjunction with 

theoretical calculations are one of the most powerful approaches to achieve these detailed 

analyses at a molecular level. This thesis aims to study mechanistic aspects of stimuli-

responsive behaviours responsible for a distinctive stepwise ammonia (NH3) adsorption in the 

defect-rich Zr-based metal-organic frameworks (MOFs), namely UiO-67 and its isostructural 

UiO-bpydc, both experimentally and computationally. In Chapter 3, high-resolution neutron 

and synchrotron diffractions along with Rietveld refinement and density functional theory 

(DFT) calculations have been used to characterise the binding domains and the interactions of 

NH3/ND3 with defect-rich UiO-67 and UiO-bpydc containing biphenyl dicarboxylate and 

bipyridine dicarboxylate linkers, respectively. The results establish that the dramatic alteration 

of stepwise adsorption processes is closely associated with hydrogen bonding network between 

NH3/ND3 and the frameworks at the disordered/defective trigonal and lozenge pore windows 

of the materials without significant change in pore volume and unit cell parameters. 

Specifically, UiO-bpydc is possible to make stronger and more extensive hydrogen bonding 

using pyridine sites of the linker than in UiO-67. These molecular controls lead to stimulus-

tailoring properties such as gate-controlled porosity by dynamic linker flipping, disorder, and 

structural rigidity which are further confirmed by temperature-dependence of in situ structural 

analyses accompanied with guest-induced rotational motions of the organic linkers studied by 
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DFT in Chapter 4. To get deeper insights into the interesting NH3-induced stepwise adsorption, 

the dynamic features of the MOF-NH3 systems have been further investigated by using 

advanced inelastic neutron scattering (INS), quasi-elastic neutron scattering (QENS) in 

conjunction with theoretical calculations. Guest-induced linker stiffening reflected by the 

suppression of lattice motions of the host frameworks upon NH3 adsorption is achieved, which 

exhibits greater effect in the UiO-bpydc case. More excitingly, analysis of INS difference 

spectra reveals heterogeneous dynamics of the trapped NH3 depending on MOF functionality 

and gas loading. For the UiO-67, the well-ordered NH3 molecules primarily adsorbed at ɛ3-OH 

have more feasibility to undergo progressive interactions with the incoming NH3 molecules, 

signifying its more accessible porous structure for NH3 inclusion due to the lack of guest-

stimulated pore blocking conversely observed in the UiO-bpydc. QENS study elucidates 

negligible mobility of NH3 in both MOFs at the lowest dosage, indicative of the similar 

localised diffusion caused by strongly bound NH3 at the ɛ3-OH sites of the hosts. On the other 

hand, the NH3 diffusivities in these frameworks become distinct at higher NH3 uptake where 

the stepped adsorption occurs. This observation points toward the confined NH3 molecules 

experiencing a diversity of either pore environments or host-guest interactions. 
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Chapter 1 

Introduction 

This thesis provides a brief introduction to the motivation, literature review related 

to this thesis, and structure of the thesis. Details of the basic theories, experimental 

procedures and relevant data analyses are presented in Chapter 2. There are three results and 

discussion chapters including Chapter 3, 4, and 5. Chapter 3 focuses on an understanding of 

the NH3 loading dependent structural responses of defect-rich Zr-based metal-organic 

frameworks (MOFs), namely UiO-67 and UiO-bpydc at a molecular level. Effect of 

temperature on the responsive behaviours of the aforementioned MOF-NH3 system is further 

explored in Chapter 4. The last result chapter (Chapter 5) reveals the comprehensive study 

of dynamic properties (vibrational and diffusive motions) of NH3 molecules confined inside 

the pores of UiO-67 type MOFs. A summary of the overall results obtained throughout this 

thesis is given in Chapter 6 along with perspectives towards possible future directions of this 

research field.  

1.1) Motiv ation 

The development of smart materials for stimuli-responsive recognition, wherein a 

complex form in a manner that is sensitive to, or can be governed by, externally applied 

triggers such as light, temperature, pressure, magnetic or electric field has recently been 

receiving a lot of attention. Molecular engineering, biometric and design approaches offer 

an assortment of new chemistry and material design tools toward improving precision in 

tailoring properties. For example, understanding and controlling molecular motions of 

synthetic materials towards stimulus for their order-disorder transformation, reorientational 

and rotational motion associated with phase transitions may allow switching back and forth 
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between hard or soft state, a breakthrough that offers an innovative solution to a long-

standing challenge with synthetic materials by giving them both strength and shape 

adaptability. [1-3]  

    Metal-organic frameworks (MOFs) [4] also known as porous coordination polymers 

(PCPs) [5] are highly topical classes of porous crystalline solids, consisting of metal 

ions/clusters, known as secondary building units (SBUs), coordinatively binding with 

organic ligands that typically form crystalline frameworks with long-range periodicity. They 

have attracted intense interest due to large surface area, designable porosity, functional 

diversity and structural flexibility, making them highly attractive for use in many 

applications. [6-8] The rational design of MOF materials for applications heavily relies on 

a thorough understanding of the host-guest interactions of the frameworks with exterior 

triggers. The nature of these interactions if controllable has been considered to primarily 

manipulate the MOF structural properties such as disorder, flexibility, compressibility as 

well as chemical reactivity. [3] Recently, different gas sorption phenomena in MOFs have 

been recognized for efficient gas separation application. [9-14] Sequential pore filling in 

non-uniform MOF pores has also been attributed for differential gas sorption phenomena. 

[9-10, 15]    Flexible and dynamics motions of MOF linkers that undergo rotation or libration 

have been elucidated to play a dramatic role in guest-induced gate opening phenomena in 

many MOFs such as ZIF-8 [16], DUT-98 [17], and Cu-based PCPs [14]. 

The previously introduced structural transitions of MOFs, however, experience large 

volume change both in the nanospace and in the bulk solids challenging the practical use of 

these materials, especially in sorption-based applications. [18] This volume expansion in the 

adsorbent solid is disadvantageous as it may damage the storage tank, decompose the 

moldings, and also may result in slower diffusion of gases in the tank. Consequently, design 
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of new porous órigidô materials that can show guest adsorption and desorption with specific 

interaction(s) without significant volume change is highly desirable and technologically 

important.  For example, Kitagawa and co-workers showed by SXRD and refinement of 

their crystalline MOFs and porous coordination polymer (PCP) that the polarised CH2Br 

(also Cl and I) linker with CO2 interaction can account for the additional CO2 stepped uptake 

without significant structural or volume change (Figure 1.1)s. [18] Similarly, Bªrwinkel and 

co-workers demonstrated that additional capacity of adsorption for CO2 was realized by their 

crystalline microporous organically pillared layered silicates (MOPS) from their SXRD and 

refinement using the interaction of CO2 with the organic cationic pillar based on electrostatic 

interactions without any framework and macroscopic pore volume changes. [19]  

 

Figure 1.1 | Comparison of the CO2 adsorption isotherms of XȤPCPs (X=I: red curve, Br: 

blue curve, Cl: black curve) measured at 194.7 K (a) and the proposed mechanism of the 

twostep CO2 adsorption in BrPCP facilitated by cooperative XB interactions (b). Reprinted 

with permission from Ref [18]. 

In addition, studying the flexibility of MOFôs organic linker by guest molecule 

stimulus at variable temperature may provide hints about their molecular interaction. To our 

understanding, flexible MOFs are characterised mainly by changes in the pore structure. For 
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example, the ñflexibilityò is well-known to occur in phenylene-based ligand systems. [14, 

20-21] Gonzalez-Nelson et al. [2] have recently reviewed the studies of rotational barriers 

and dynamics of such ligand motives upon guest inclusion from the literature. However, 

these works were set in context to materials that exhibit large changes in unit cell and pore 

volume upon guest inclusion and other stimuli. The framework flexibility in the context of 

mainly ligand ñflippingò but without significant pore volume alteration remains almost 

unexplored.  

   Apart from modification of flexibility in MOFs, incorporation of defects arising from 

either missing or dislocated atoms or ions can affect guest transport in the frameworks which 

is crucial for sorption- and catalysis-based applications. [22] For example, Zr-based MOF 

UiO-66 [23] which is well known for its robust yet defect-rich structure [24-25] was 

reported to show an exceptional CO2 adsorption via modulation of missing linker defects. 

[26] An isostructural UiO-67 with biphenyl linkers also exhibited improved catalytic 

performances when defects were introduced to the framework. [27-28] These studies 

indicate that the defect engineering in the MOF materials can play a key role on the 

materialsô properties, possibly by either changing the characteristics of the pore structures 

of the framework or controlling the pore accessibility. Engineering chemical functionality 

into MOFs is a promising approach to finely tune host-guest interactions in the MOF pores. 

[3, 29] For instance, flexible gate-opening phenomena (i.e. transition between a closed and 

open structure) with improved framework stability towards external stimuli was reported, 

giving rise to a development of future smart materials for nanotechnology applications. [3, 

14-19, 21, 30] 

While several reports on the responsive adsorption properties of MOFs with non or 

less polar guests such as hydrogen (H2), carbon dioxide (CO2), and hydrocarbon have been 
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published, [9-11, 30-32] such adsorption studies in MOFs with more polar molecules such 

as water, alcohols, and NH3, in which both host-guest and guest-guest interactions could 

play an important role on their sorption properties are rather scarce. [12, 17, 33-34] In 

addition, in-depth study on stimuli-induced structural responses of MOFs together with their 

sorption mechanisms at a molecular level is still in an early stage.  

Recently, it is exciting to see that the combined used of advanced experimental 

techniques such as synchrotron powder x-ray diffraction (SXRD), single crystal diffraction, 

neutron powder diffraction (NPD), inelastic neutron scattering (INS), and quasielastic 

neutron scattering (QENS) in conjunction with theoretical calculations such as density 

functional theory (DFT) and molecular dynamics (MD) have made significant achievements 

in characterising guest-loaded MOF materials and their sorption mechanisms from both 

crystallographic and dynamic standpoints. [6, 35-36] These microscopic methods shed light 

on guest-induced structural and dynamic features of the MOF-guest systems such as 

preferable binding sites, nature of binding interactions, and diffusional motions of guests 

inside the frameworks. Therefore, a comprehensive understanding of the structural and 

dynamic properties of MOFs with guest molecules as external stimuli along with their 

sorption mechanisms will provide key insight into the design of future smart materials in 

which stimuli-induced responsive behaviours are precisely controlled.  

1.2) Background literature 

1.2.1) Definition of MOFs 

MOFs [4] and also known as PCPs [5] are an emerging class of crystalline 

porous materials forming 1-, 2- or 3D extended networks. They are constructed by the 
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coordinative linkage between metal cations or clusters and organic ligands. [5] Their metal 

clusters are also known as secondary building units (SBUs). Their structural robustness 

which are able to withstand vigorous perturbation from external stimuli making them 

outstanding from traditional coordination polymers. One of the most distinctive 

characteristics of MOFs is their tunable functionalities leading to superior physical and 

chemical properties over traditional porous materials, such as zeolites, in various 

applications. 

1.2.2) Zr -based MOFs 

Zirconium-based MOFs (Zr-based MOFs) have emerged as a new subclass of highly 

tunable MOF materials that distinguished themselves with outstanding thermal and chemical 

stability. [23, 37] They are generally constructed from the highly connected Zr-oxo clusters 

and multitopic carboxylate linkers with a variety of symmetrical and geometrical features.  

The first discovery of Zr-based MOFs including UiO-66, UiO-67, and UiO-68 (UiO stands 

for the University of Oslo) was reported in 2008 by Cavka et al. [23], making a remarkable 

step forward in MOF community. These MOFs exhibit unprecedented stability, especially 

hydrothermal stability exceeding most reported MOFs. They have a reticular formula of 

Zr6O4(OH)4(L)6, where L refers to 1,4-benzenedicarboxylate (BDC2-), 4,4ǋ-

biphenyldicarboxylate (BPDC2ī), and 4,4ǋ-terphenyldicarboxylate (TPDC2ī) for UiO-66, 

UiO-67, and UiO-68, respectively (see Figure 1.2).  Their crystallographic structure is 

created by coordinating each hexanuclear [Zr6O4(OH)4]
12+ cluster with twelve organic 

linkers (Figure 1.3). By varying types of organic linkers to connect to the 

[Zr6O4(OH)4]
12+ clusters,  a large family of Zr-based MOFs featuring diverse geometries and 

symmetries have been achieved. [38-42] 
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Figure 1.2 | Examples of the organic linkers used to construct Zr-based MOFs. [37] 

 

Figure 1.3 | Structural representation of the [Zr6O4(OH)4]12+ cluster (a), the 

Zr6O4(OH)4(COO)12 secondary building unit (SBU) (b) and its corresponding SBU with a 
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polyhedral model (c). Crystal structures of UiO-66 (d), UiO-67 (e) and UiO-68 (f) based on 

the coordinative linkage of [Zr6O4(OH)4]12+ clusters  and BDC2ī, BPDC2ī and TPDC2ī linkers, 

respectively. Colour code: ZrO8 polyhedra, pink; O, red; C, grey. H atoms are omitted for 

clarity. 

1.2.3) Defect engineering in MOFs 

Defect engineering in MOFs has attracted tremendous research attention in tuning 

their properties to specific functions and applications. Apart from attempts to manipulate 

their periodic bulk structure, tailoring defects in MOFs has offers exciting opportunities for 

modulating their porosity, catalytic active sites, electronic structures and surface properties, 

which are particular importance for separation, storage, catalysis, charge transport and 

stimuli responses. [22, 43-46] 

 

Figure 1.4 | Crystallographic models and corresponding topological representatives of 

perfect UiO-66 structure (a), UiO-66 with missing linker defects (b), UiO-66 with missing 
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cluster defects (c) and UiO- 66 with both missing linker and cluster defects (d). Reprinted 

with permission from ref [46]. 

Zr-based MOFs, especially UiO-66 type, is one of the most commonly studied MOFs 

owing to its high thermal and chemical stability [23] with remarkable catalytic performance 

strongly associated to the presence of defects [22, 45-46]. As mentioned in Section 1.2.2, 

UiO-66 is a prototype of UiO family with a reticular formula of Zr6O4(OH)4(BDC)6, where 

BDC refers to benzene-1,4-dicarboxylate. [23] Six coordinated Zr atoms are located at the 

vertices of octahedron with four ɛ3-OH and four ɛ3-O alternatively capping the eight faces 

to form the Zr6O4(OH)4 cluster/node and each cluster is connected to twelve BDC linkers 

(12-connected nodes; fcu net) as shown in Figure 1.4a. [46] As a result of its high degree of 

linker connectivity, UiO-66 exhibits higher tolerance to linker missing than other MOFs. 

[26] The numbers of missing linkers can be as high as to 4.3 per Zr6 cluster without causing 

collapse of the framework structures. [47] This feature makes Zr-based MOFs unique among 

MOF materials and is generating additional interest around them. 

Two types of defects have been discovered in the Zr-based MOFs: missing linker 

defects and missing cluster defects which refer to the absence of a number of linkers and 

metal nodes from the perfect crystallographic structures, respectively (Figures 1.4b-1.4d). 

For the missing linker defects, assuming that one negatively charged BDC2- linker is 

removed from each Zr6 node, it will create two defect centres with four coordinatively 

unsaturated Zr sites.[26, 45, 48] These missing linker defects can be manipulated during or 

after synthesis by allowing less BDC linker to form a coordination bond to Zr6 nodes or 

removing/exchanging some BDC linkers that are already attached to Zr6 nodes. [24, 26, 48-

52] In the case of missing cluster defects firstly reported by Cliffe et al. [25], the Zr6 cluster 
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is entirely removed from the framework creating the reo and scu topologies as displayed in 

Figures 1.4c and 1.4d, respectively. [46]  

 

Table 1.1 | Examples of the proposed terminating species in defective Zr-based MOFs 

prepared by adding various modulators during the synthesis. 

Zr -based MOF Modulator  Terminating species Reference 

UiO-66 HCl OHī/H2O [53] 

UiO-66 AA AA [26] 

UiO-66 TFA + HCl TFA [54] 

UiO-66 HCl Clī [49] 

UiO-66 HF Fī [55] 

UiO-66 HCl; FA Clī; FA [56] 

UiO-66 BA BA [57] 

UiO-66/UiO-67 FA; AA; BA; TFA FA; AA; DFA; TFA [27] 

UiO-66/UiO-67 HCl OHī/H2O [58] 

MOF-808 FA FA [40] 

NU-1000 BA BA [39] 

DUT-51 BA BA [42] 

DUT-53 AA AA [59] 

DUT-84 AA AA [59] 

There have been many methods to engineer defects in Zr-MOFs including adjusting 

the synthesis conditions (temperature, Zr/linker ratio and choice of Zr precursor), addition 

of modulators during synthesis, thermal activation/dehydration, linker modification and 

metal cation substitution. [52] Among them, incorporation of modulators has offered a 

precise control of defect density based on type of the modulator used and its concentration. 

[24, 26-27] The so called ñModulatorsò are defined as chemical species added during the 

synthesis of MOFs to compete with organic linkers to form coordination bond with Zr6 
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clusters. [38] Examples of modulators having been reported are monocarboxylic acids, e.g.  

formic acid (FA), acetic acid (AA), difluoroacetic acid (DFA), trifluoroacetic acid (TFA), 

and benzoic acid(BA) and other acids such as hydrochloric acid (HCl) and hydrofluoric acid 

(HF). Similar to the organic linker, these modulators can act as terminal ligands to coordinate 

to Zr6 clusters, and hence causing missing linker defects. Table 1.1 provides an overview of 

terminating species proposed on a basis of synthesis conditions and experimental 

observations. A promising study on using the modulator to finely tune degree of missing 

linker defects in UiO-66 was reported by Wu and co-workers. [26] The researchers 

employed acetic acid as the modulator and varied its concentrations during the synthesis and 

observed that the pore volume of the prepared frameworks was strongly dependent on the 

quantity of acetic acids used. The presence of missing linker defects and the possibility of 

acetate as the terminating species were also confirmed by using high-resolution neutron 

diffraction and inelastic neutron scattering, respectively. 
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Figure 1.5 | CO2 adsorption isotherms  measured at 298 K up to 1 bar (a), isosteric heat of 

CO2 adsorption (b), CO2 adsorption isotherms measured at 298 K up to 35 bar (c) and water 

adsorption isotherms measured at 298 K (d) for defect-free UiO-66 (black), UiO-66 

synthesised with addition of 0.5 mL (red), 1 mL (yellow) and 2 mL of HCl (green), UiO-66 

synthesised with addition of 0.5 mL (blue), 1 mL (violet) and 2 mL of FA (purple). Reprinted 

with permission from ref [56]. 

The most prominent outcome arising from incorporation of defects in Zr-based 

MOFs is an increase in their pore volume and surface area. This result offers great 

opportunities to enhance adsorption ability in MOFs as higher amounts of gas molecules can 

occupy the pores. [26] In addition, defects can significantly affect a chemical environment 

inside the framework, and hence changing adsorption behaviours of the MOFs upon the 

guest inclusion. Liang and co-workers [56] demonstrated that defect engineering by using 
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HCl  and FA as modulators could systematically control the CO2 and H2O adsorption 

behaviours of UiO-66. The uptake of CO2 decreased as a function of defect density, 

indicating the weaker CO2 affinity in the larger pore created by defects (Figure 1.5a). The 

CO2 isosteric heats of adsorption (Qst), in turn, exhibited a different trend as OH > ïCl > 

perfect > ïOOCH (Figure 1.5b). This observation was in excellent agreement with the 

binding energies of CO2 adsorbed over the modulator-capped Zr-cluster models studied by 

DFT calculations. [60] Unlike the CO2 adsorption, H2O adsorption increased upon 

increasing of defect quantities regardless of types of the modulators used (Figure 1.5d), 

likely due to the removal of hydrophobic BDC linkers from the frameworks. 

From the above literature, it is anticipated that defects in Zr-based MOFs can play a 

significant role on tailoring MOF properties for practical applications, especially gas 

separation, gas storage, and molecular sensing in which changes of pore size and pore 

structure are critical. How these defects and their spatial distribution in the MOF frameworks 

affect their sorption ability is one of the most exciting topics to intensively explore.  

https://www.sciencedirect.com/topics/chemistry/heat-of-adsorption
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1.2.4) Flexibility in MOFs  

 

Figure 1.6 | Various types of flexibility in MOFs. One class is characterised by the change 

in unit cell volume (ȹV Í 0; A, B and D) while in the other case the unit cell volume does 

not change (ȹV = 0; C, D), reproduced with permission from Ref [61]. 

One of the most unique features of MOFs beyond other porous solids, is structural 

flexibility as a response to external stimuli, such as guest molecules, electromagnetic 

irradiation, temperature or hydrostatic pressure. [3, 61-63] In general, the term ñflexible 

MOFsò [61] or ñsoft porous crystalsò (SPCs) [62]  means a material can alter its form easily 

according to the situation without breaking. One widely accepted and up-to-date 

classification of flexibility in MOFs was presented by Bousquet et al. and Coudert et 

al. (Figure 1.6). [61, 64-65] There are four main types of flexibility: breathing, swelling, 

linker rotation, and subnetwork displacement. Breathing, swelling and subnetwork 

displacement generally undergo change in unit cell volume (Ўὠ π ), while such change in 

linker rotation is negligible and the crystal system remains unchanged during the structural 
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transformation. Framework flexibility or responsivity is usually triggered by external stimuli 

such as guest molecules, temperature, mechanical stress, light, etc. But sometimes it can 

take place without any external triggers or sorption involved.  

 

Figure 1.7 | Typical examples of ñgate pressureò and ñbreathingò MOFs: a) physisorption 

of nȤbutane on ELMȤ11 at 273 K; b) physisorption of nȤbutane on MILȤ53(Al) at 273 K; c) 

physisorption of nȤbutane on DUTȤ8(Ni) at 273 K; d) physisorption of nitrogen on Co(bdp) 

at 77 K (insets show structural evolution upon adsorption). d) Reproduced from ref [66]. 

Since MOFs was first discovered in the late 1990s, two research groups were 

independently reported MOFs exhibiting unusual hystereses in physisorption isotherms 

dissimilar to capillary condensation typically occurring in mesoporous solids. Li and 

Kaneko synthesised Cu-based coordination polymer with a composition of Cu(bpy)2(BF4)2 

(bpy: 4,4ǋȤbipyridine) and also known as ELM-11(ELM states for elastic layer material). 

[67] It was found that physisorption isotherms of ELM-11 in nitrogen (N2, 77 K), argon (Ar, 
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87 K), and carbon dioxide (CO2, 273 K) displayed ñgate pressureò hysteresis. At the same 

time, Kitagawa and coȤworkers also reported similar phenomena in methanol sorption 

profiles of Cu(II)Ȥbased coordination polymer (Cu2(pzdc)2(dpyg), where pzdc: pyrazineȤ2,3Ȥ

dicarboxylate; dpyg: 1,2Ȥdi(4Ȥpyridyl)Ȥglycol). [68] Later, reversible contraction, further 

denotes as ñbreathingò was observed in CO2 and H2O adsorption of a 3D MOF framework, 

called MIL-53(Cr). [69] Physisorption isotherms and their associated phase transitions in 

MOFs MILȤ53(Al), Co(bdp), ELMȤ11, and Dresden University of Technology (DUT)Ȥ8(Ni) 

are illustrated in Figure 1.7. 

The flexibility in MOFs mentioned above, however, undergo breathing process 

which results in large volume change undesirable for the practical use of these materials, 

especially in sorption-based applications. [18] This volume expansion and contraction in the 

adsorbent solid may damage the storage tank, decompose the moldings, and also may result 

in slower diffusion of gases in the tank. As a consequence, design of new porous órigidô 

materials that can show guest adsorption and desorption with specific interaction(s) without 

significant volume change is highly desirable and technologically important. Recalling 

various types of MOF flexibility in Figure 1.6, it is obvious to see that the local flexibility 

generated by linker rotation could be the most promising choice to develop the responsive 

yet rigid materials.  

1.2.5) Rotational dynamics in MOFs with flexible linkers 

Design of novel MOF materials possessing flexibility while maintaining their pore 

volume is essentially attractive for their practical applications. To achieve this goal, 

molecular dynamics in MOFs caused by linker motions should be taken into account. These 

unique features largely depend on the nature of the organic linkers used to construct the 
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frameworks. Specifically, the organic linkers containing mobile fragments can create 

dynamic motions in their respective MOF framework via rotation or libration under 

particular conditions. Although the whole porous structure remains unchanged, the linker 

dynamics have a dramatic effect on controlling physical and chemical properties of the 

frameworks. [70] Thus, understanding and control of the dynamic phenomena in flexible 

MOFs is essential for development of future materials with desired dynamic properties. 

 

Figure 1.8 | a-d, Illustrations of mobile groups and partial crystal structures of several 

compounds, reproduced with permission from the work of Horike et al. [62]  

Table 1.2 | Details of activation energy, frequency, temperature, and mode of rotational 

motion for the four compounds shown in Figure 1.8 and other reported MOFs. 

 Activation 

energy 

(kcal molï1) 

Frequency 

(MHz)  

Temperature 

(K)  

Rotational 

mode 

MOF-5 [68, 71] 11.3 ± 2, 

14ï16 
0.001 300 “ flip  

IRMOF-2 [70] 7.3 - - - 

Zn-JAST-4 [72] 12.7 50 223 4 sites flip 
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 Activation 

energy 

(kcal molï1) 

Frequency 

(MHz)  

Temperature 

(K)  

Rotational 

mode 

Cd-2stp-pyz [72] 1.8 0.1 293 4 sites flip 

MIL -53(Cr) [73] 41 1.26 × 105 333ï453 “ flip  

MIL -53(Al) [74] 37 ± 1 0.6 × 104 359ï492 “ flip  

UiO-66(Zr) [75] 
30 ± 2 

0.5 ± 0.8 × 

106 
213ï403 “ flip  

DMOF [76] 32ï36 0.3ï10 × 105 253ï359 “ flip  

MFM-180 [77] 
26, 28 

1.6 × 105, 

3 × 101 
223ï503 4-site flip 

CdNa(2-

stp)(pyz)0.5(H2O) 

[70] 

7.7 2.40 × 100 193ï293 4-site flip 

Zn2(1,4-

ndc)2(DABCO) [78] 
53 - 193ï293 4-site flip 

UTSA-76 [79] 8.2 - - “ flip  

Examples of framework structures having dynamic linkers and corresponding 

activation energies are presented in Figure 1.8 and Table 1.2, respectively. For example, 2-

bromo-1,4-benzenedicarboxylate rings in the linker of IRMOF-2 can rotate freely in the 

square-grid porous lattice largely due to the well-ordered orientation of these molecular 

rotors in the framework (Figure 1.8b). [70]  The estimated rotational energy barrier of 7.3 

kcal molī1 can be associated to the dipole moment of the rotating group. Using bulkier 

rotational group in Zn-JAST-4 led to a higher rotational energy barrier of 12.7 kcal molī1 

(Figure 1.8c). [72] Similar to MOFs with aromatic linkers, the dynamic behaviour from alkyl 

groups in the framework can also take place. For example, Cu-based PCP (MAF-2) 

consisting of pendent ethyl groups in the linkers underwent thermal linker flipping allowing 

effective pore opening for gas adsorption. [80]  
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Figure 1.9 | Examples of novel guest-induced  responsive behaviours of flexible PCPs. (a) 

Self-accelerating CO transport caused by the global structural change from closed to open 

framework, reprinted with permission from Sato et al. [81] (b) Diffusion-regulatory gate 

functionality due to the dynamic pore window, reprinted with permission from Gu et al. [14] 

 In some cases, although the lattice parameter of MOFs and PCPs is not affected by 

the linker dynamic motions, the pore structure does change significantly. For example, a Cu-

based PCP with a 5-azidoisophthalate linker was reported to show a self-accelerating 

adsorption process allowing excellent selective adsorption of carbon monoxide (CO) over 

N2 (Figure 1.9a). [81] This unprecedented adsorption feature was induced by weak 

interactions between CO molecules and the Cu2+ sites in the framework causing a global 

structural change that consequently creates extra space for further uptake of CO. 

[81] Recently, Gu et al. designed a thermally responsive Cu-based PCP with a butterfly-type 

linker phenothiazine-5,5-dioxide (OPTZ) (Figure 1.9b). [14] This linker is located at the 

https://ezproxy-prd.bodleian.ox.ac.uk:2056/science/article/pii/S0010854520303453?via%3Dihub#f0030
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channel wall that intercepts the guest diffusion path. A significant enlargement of the pore 

window diameter arising from thermal flipping of the OPTZ unit facilitates the adsorption 

of gas molecules at high temperatures but impedes them at low temperatures.  By finely 

controlling the gas adsorption temperature, high separations of O2/Ar and C2H4/C2H6 can be 

attained. 

1.2.6) Relationship of guest-induced structural dynamics and 

adsorption properties 

It is commonly known that adsorption behaviour is dominated by solid-fluid and 

fluid-fluid interactions. These interactions indeed depend on both the surface functionalities 

and pore structures of the host and types of the guest molecules. [3] Information on the pore 

properties such as specific surface area (SSA), pore size distribution (PSD), and pore 

geometry, can be achieved experimentally by characterisation of adsorption isotherms. To 

date, the adsorption isotherms defined by IUPAC are categorised into eight types based on 

specific host-guest interactions between the adsorbent and the adsorbate species. [82] 

Standard methods for assessment of SSA and PSD such as the Brunauer-Emmett-Teller 

(BET) and the Barrett-Joyner-Halenda (BJH) theories, respectively, assume a rigid 

adsorbent without guest-induced deformation. As a result, applying these methods to the 

non-rigid adsorbents, especially, flexible MOFs, may be insufficient to link their surface and 

pore features to the respective adsorption phenomena. The classification of isotherms in 

flexible MOFs (also known as SPCs) and the more realistic characterisation models are still 

under development. 
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Figure 1.10 | Theoretical gas adsorption isotherms (left) and schematic evolution of 

energetic contributions and cartoons of structures (right) of a) rigid and open framework, b) 

a SPC in closed pore state that does not undergo adsorptionȤinduced expansion, c) a SPC 

that undergoes expansion upon adsorption, and d) a SPC that undergoes successive 

contraction and expansion upon adsorption (breathing). Observable isotherms given as gray 

solid lines, reference isotherms of open pore (op), closed pore (cp), and contracted pore 

(cp) phases are shown as dashed lines. Increases in pressure and guest loading in adsorption 

isotherms are indicated with arrows; observable longȤlived states are indicated as insets. 

Recreated with permission from Ref [3]. 
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Based on types of guest-induced structural transitions classified by Krause et al [3], 

expansion (E-type) and contraction (C-type) isotherms are considered as fundamental 

adsorption behaviours for flexible MOFs or SPCs. Figure 1.10 illustrates the correlation 

between guest-responsive adsorption isotherms and energy diagrams for four different 

systems: a) a rigid and open pore framework, b) a non gate opening SPC, c) a gate opening 

SPC, and d) a breathing SPC. To undergo gate-opening (go) transition leading to an E-type 

isotherm, a deformation energy (Edef) of the SPC host, defined as the energy difference 

between cp and op structures without guest molecules and guestïguest and hostïguest 

interactions, is required to switch the SPC structure from a closed pore (cp) to an open pore 

(op) form. Unless an interaction energy (Eint), representing the guestïhost and guestïguest 

interactions, is larger than Edef, no phase transition occurs and the SPC possesses adsorption 

isotherm related to the cp form (Figure 1.10b). When the Eint exceed Edef, then a total energy 

(Etot) of the system becomes negative causing a sudden increase in gas uptake with a 

sigmoidal isotherm (Figure 1.10c). On the other hand, a low pressure region of the SPC 

having a C-type isotherm is governed by the adsorption featuring the op phase (Figure 

1.10d). This type of SPC undergoes structural contraction at intermediate pressures where 

Eint(cp)īEint(op) > Edef  which are close to the intersection between the op and the cp 

isotherms. At this adsorption stage, the isotherm of the cp phase generally becomes a plateau 

as a result of the highly occupied pore. Upon an increasing pressure, a cp-op structural 

transformation can occur when a sum of Edef and Eint(op) is less than Eint(cp). This energy 

landscape analysis was adopted to investigate the role of the Edef on regulating guest-induced 

adsorption behaviours in a typical interpenetrated PCP, [Zn2(bdc)2(bipy)] where bdc and 

bipy refer to 1,4-benzenedicarbozylate and 4,4ô-bipyridine, respectively. [83] The results 

revealed that structural transformation of such flexible PCP from guest-free contracted phase 
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to guest-loaded open phase was achieved by systematic modulation of the Edef which 

strongly links to inter-framework interactions. 

 While the above guest-responsive behaviours of flexible MOFs generally undergo 

phase transitions propagating through the lattice of the materials, local dynamics in rigid 

frameworks can serve as another type of flexibility that can modulate the adsorption 

transitions without large change in pore volume as previously discussed in Section 1.2.5. 

For example, pyrazine, para-substituted phenylenes, and substituted naphthalenes-based 

linkers in MOFs showed remarkable thermally-induced rotation which can manipulate the 

dynamic pore accessibility and hence altering the adsorption properties toward guest 

molecules. [2] This strongly benefits the use of these materials in sorption-related 

applications where achieving dynamic behaviours without having major volume change is 

preferable. Thus, understanding how the linker dynamics influence guest diffusion and 

adsorption and vice versa is of increasing attraction. 

 One of the most well-known adsorption phenomena attributed to the interactions 

between a flexible linker and the guest molecules is the so-called ñgate-opening effectò. 

Such effect often occurs in the form of an inflection point, a step, or hysteresis in an 

adsorption isotherm, as a result of a structural transformation with a change in rotational 

dynamics of the linkers. [84] For instance, ZIF-8 containing a rotating imidazolate linker, 

was able to adsorb molecules seemingly larger than its pore window based on 

crystallographic data. This is arisen from the guest-induced librational motion of the 

imidazolate leading to enlargement of the pore opening and thus allowing the diffusion of 

large adsorbates through the pore. [85-87]  
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 Another type of responsive adsorption transitions in flexible linker-incorporated 

MOFs can happen through the host-guest interactions in such a way that the conformation 

of the dynamic linker affords a better packing of the guest molecules or a more favourable 

adsorbate/adsorbent binding contacts. [18, 85, 88-89] This effect is particularly more 

pronounced in the case of small adsorbates at low temperature where their kinetic energy is 

suppressed. For example, ZIF-8 exhibits stepped gas adsorption for N2, Ar, O2 and CO at 

low temperature. This stepwise transition occurred when a more favourable packing 

arrangement of the adsorbates become possible at a particular conformation of the linkers 

and found to be governed by the polarizability and molecular size and shape of the guest 

molecules. [85, 88]  

Based on these findings, it strikes the fact that linker dynamics can potentially 

modulate the guest-responsive properties of the MOFs which lead to interesting adsorption 

phenomena, depending on the specific interplay between the MOF porosity, flexibility, and 

the guest molecules.  

 

1.2.7) Advanced methods for studying structural and dynamic 

behaviours in MOFs 

Neutron powder diffraction (NPD) has made an excellent impact on elucidating 

structural properties of MOFs and preferred locations of guest molecules within the MOF 

cavities. [6, 36]  Unlike commonly used x-ray and electron diffraction, the NPD can detect 

light elements and even distinguish isotopes of each element as a result of neutron scattering 

lengths and cross-sections randomly distributed over a periodic table. [90] For example, the 

coherent neutron scattering lengths of hydrogen (1H) and deuterium (2H or D) are ī3.74 and 
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6.67 fm, respectively (see Table 2.1 in Chapter 2 for further details). [90] This unique feature 

makes the NPD very suitable for studying the light element-rich MOF-guest system. In 

addition, neutron spectroscopy including inelastic neutron scattering (INS) and quasielastic 

neutron scattering (QENS) is one of the most powerful methods to study dynamics of MOF-

guest system in both molecular motion and diffusion aspects at a microscopic view. 

Compared to widely used infrared (IR) and Raman spectroscopic methods, the unique 

strengths of INS and QENS are the lack of selection rules, the excellent sensitivity to light 

elements, especially to hydrogen, and the ability to examine the full Brillouin zone. Details 

of the basic theories of such cutting-edge neutron techniques are given in Chapter 2. A 

comprehensive review of using these sophisticated techniques to analyse guest and substrate 

binding in MOFs was well written by Easun et al. [6] On the other hand, modern 

computational calculation including density functional theory (DFT) and molecular 

dynamics (MD) have become an invaluable tool to support and verify experimental 

observations. [35] A combination of these experimental and computational methods enables 

a thorough understanding of the guestïhost responsive behaviours occurring in MOF 

frameworks. Thus, this section will primarily focus on recent studies involving using 

neutron diffraction and spectroscopy in conjunction with theoretical calculation for analysis 

of structural and dynamical responses of MOFs toward external stimuli, which initiate the 

motivation of this thesis.  
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Figure 1.11 | In situ NPD patterns of HKUSTȤ1 upon D2 loading collected at 5 K (a) and the 

corresponding refined structures: D2 sites in Cu3(BTC)2 at axial Cu site (b); view along [111] 

in the 5 ¡ small pore with 3.5 ¡ side windows (c); and view along [100] showing the 9 ¡ 

pore (d); D2 in Cu3(BTC)2 shown along the [001] (e) and [111] (f) directions. Reproduced 

with permission from ref [91]. 

 

Figure 1.12 | (a) Illustration of the structural changes from the DUT-49op to DUT-49cp 

phase. (b) Methane (CH4) adsorption and desorption isotherms at 111 K. c) Simulated (red 
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circles) and experimental (open symbols) CH4 adsorption isotherm of DUTȤ49 at 111 K 

including points at which NPD patterns were recorded (blue diamonds). d) Structure of 

DUTȤ49 with increasing population of pores with CH4 upon pressure increase, including on 

the left trimodal pore system: octahedral (oct, orange), tetrahedral (tet, blue), cuboctahedral 

(cub, green). Experimentally refined CH4 positions in light pink, simulated CH4 density in 

pink. e) Visualization of DUTȤ49 unit cell at selected loadings which correspond to 

experimentally investigated pressure. f) Illustration of CH4Ȥfilled pores of DUTȤ49 unit cell 

in the region of negative thermal adsorption (NGA) viewed along (100) direction (top), (110) 

direction (middle), and (111) direction (bottom). Reproduced with permission from ref [10, 

21] 

In 2006, Peterson et al. were a pioneer group who employed in situ NPD to study 

the adsorption structures of a paddlewheel HKUST-1 (Cu3(BTC)2, where BTC= 1,3,5-

benzenetricarboxylate) as a function of deuterium (D2) dosing. [91] The obtained NPD 

patterns of HKUST-1 with different D2 loadings are displayed in Figure 1.11. After 

analysing the NPD data by Rietveld refinement, nine crystallographically independent 

binding sites of D2 were observed and the primary sites were located at the coordinatively 

unsaturated Cu(II) node. The D2 adsorption inside this paddlewheel framework associated 

to a complex pore filling mechanism originated from the optimisation between D2-D2 and 

D2-host interactions. Since then, similar methodology with and without the aid of 

computational modelling was rapidly extended to unveil the relationship of the structural 

features and the respective adsorption mechanism in other MOF-guest systems. [92-95] 

Recently, Krause et al. performed in situ NPD experiments in conjunction with grand 

canonical Monte Carlo (GCMC) simulations to analyse structural details of the mesoporous 

DUT-49 and its isostructural derivatives upon methane (CH4) uptake. [21] They observed a 
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counterintuitive phenomenon, called ñnegative gas adsorptionò (NGA) which was proposed 

to be due to the pore filling mechanism in these MOFs having trimodal pore structures 

(Figure 1.12). Indeed, the aforementioned studies emphasise a great impact of using the joint 

NPD and theoretical modelling to achieve structural details of precise locations of the 

trapping species in the MOF cavities allowing a clarification of the adsorption mechanism. 

 

Figure 1.13 | The phonon mode in INS spectra of a Zr-based MOF, MIL-140A (a) and the 

corresponding trampoline-like vibrational motions (b). Figures adapted with permission 

from ref [96]. 

As previously stated, dynamical observation especially by using spectroscopic 

techniques is critical to establish the nature of host-guest interactions. In 2006, Zhou and 

Yildirim first performed INS experiments along with DFT calculations to analyse the lattice 

dynamics in a well-known MOF-5 (Zn4O(bdc)3, where bdc= 1,4-benzenedicarboxylate). 

[97] With a good agreement between the experimental and theoretical INS spectra, many 

interesting vibrational modes such as the softest twisting of the organic linkers were 
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assigned. After that, an unusual quasi-free rotational motion for methyl (CH3) groups in 

zeolitic imidazolate framework-8 (ZIF-8, Zn(MeIM)2 where MeIM = 2-methylimidazolate) 

by using QENS was discovered by Zhou et al. [98] An activation energy for the 3-fold 

rotation of each CH3-group estimated by QENS was Ḑ3 meV, suggesting a very low CH3 

rotational barrier of Ḑ7 meV compared to most methylated solid-state compounds. 

Surprisingly, Fairen-Jimenez and co-workers revealed an unexpected adsorption behaviour 

in ZIF-8 with gas molecules larger than the pore window of the framework. [16] With a 

combination of experimental results and molecular simulations, they found that the ZIF-8 

exhibited a gate-opening mechanism due to a swing effect of the imidazolate linkers induced 

by gas inclusion. This work highlighted an existence of structural flexibility in the ZIF-8 

framework. Later, Ryder et al. observed similar gate-opening phenomena in a series of ZIF 

materials including ZIF-4 , ZIF-7, and ZIF-8 studied by combined use of INS, synchrotron 

far-infrared (IR) spectroscopy, and DFT [99] Pore breathing as another type of adsorption 

mechanisms and shear-induced destabilisation were also reported. Such dynamic behaviours 

were proposed to correlate to the collective vibrational modes at a low frequency region. 

The same group also extended their dynamic studies to Cu-based MOF (HKUST-1) [100] 

and Zr-based MOF (MIL-140A) [96]  by using combined INS, synchrotron IR, and DFT. 

They observed a trampoline-like lattice vibration that linked to an interesting mechanical 

feature called negative thermal expansion (NTE) [101] (Figure 1.13). They also noted that 

the low-energy shearing modes found in MIL-140A could be a source of framework 

destabilisation. [96]   
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Figure 1.14 | Schematic illustration of the changes of the libration mode upon guest 

molecule adsorption in a phenylene-based MOF, reproduced with permission from Kusaka 

et al. [102] 

The above discoveries encouraged further analysis of dynamical properties of MOFs 

toward external stimuli such as guest molecules, temperature, and pressure, etc. [9, 103-105] 

For example, Casco et al. performed INS experiments to detect gas-induced adsorption  

behaviours of ZIF-8 with N2, Ar, O2, and CO. [103] It was found that N2 and CO having 

strong quadrupole moments were able to induce the linker swinging and the framework 

expansion of ZIF-8 possibly due to the quadrupole-dipole interaction. On the other hand, 

those symmetric molecules (Ar and O2) only caused the framework swelling at relative high 

pressure without the linker rotation. Besides, Zhao and co-workers demonstrated a 

sequential pore filling in a non-uniform pore structure of ZIF-7 as an alternative adsorption 

mechanism by means of synchrotron XRD, QENS, and GCMC simulation. Such a distinct 

phenomenon could be explained by gas-induced gate opening between individual pores with 

different geometries. Recently, Kusaka and co-workers proposed the relationship of full-

width at half-maximum (FWHM) of the Raman spectrum peaks and the corresponding 

libration modes of the phenylene-containing MOFs with confined guest molecules (Figure 

1.14). [102] Without gas loading, the libration mode of the framework undergoes a uniform 

harmonic motion (scenario A in Figure 1.14). Once gas molecules start occupying the MOF 
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pores, the libration mode becomes heterogeneous due to a partial suppression of the linker 

motion, and hence causing an increased peak broadening (scenario B in Figure 1.14). 

Eventually, at the full gas dosage, the libration mode is totally inhibited together with an 

absence of the relevant Raman peak (scenario C in Figure 1.14). This work gives a strong 

evidence of using the spectroscopic technique to monitor how the rotational motions in 

flexible MOFs changes as a function of gas adsorption.  

1.2.8) Diffusion in MOFs 

Diffusive properties are essential functions of MOFs because they are required for 

most associated applications, such as gas storage, the separation of gases, sensors, and 

catalysis. In these applications, the interaction of guest molecules in the pores with the 

framework is crucial. Therefore, it is important to understand and quantify the transport of 

the guest molecules through their nanoscopic channels. In particular, the selectivity of the 

guest adsorption/separation is important, and is achieved by the differing transport rates of 

the chemical species through the pores. One use of such kinetic separations is practiced 

commercially for the N2/O2 separation from air using a pressure-swing adsorption process. 

[14] 

Several techniques are available for the experimental quantification of guest mobility 

in MOFs and other porous materials, such as quasi-elastic neutron scattering (QENS) [106], 

pulsed-field gradient nuclear magnetic resonance (PFG-NMR) [107], interference 

microscopy (IFM), and infrared microscopy (IRM) [108-109]. Among these, QENS has 

proved to be a very powerful tool to give detailed molecular-level information on the 

diffusion of various guest molecules deep within nanoporous channels. [35, 110] For 

example, QENS was employed to investigate the loading effect of small molecules such as 
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H2, NH3, CO2 and hydrocarbon on the self  and transport diffusivities of many MOFs [9, 

106, 111-113] and zeolites [114-116]. Theoretical methodologies, in particular molecular 

simulations, are also valuable in interpreting QENS experiments and elucidating the 

diffusion mechanism at the microscopic scale, especially where multiple dynamical 

processes are coupled. [35, 111-112, 114-119]  

In light of the above discoveries, the use of both neutron diffraction and spectroscopy 

in conjunction with theoretical calculations has shed light on the stimuli-responsive features 

of MOFs on both structural and dynamical aspects at a molecular level. Diffraction 

experiments give static crystallographic information, especially specific binding sites of 

guests confined in the MOF pores. On the other hand, spectroscopic observations provide 

insights into not only the dynamics of MOFs toward external triggers, but also the diffusive 

behaviours of the trapped molecules in the host frameworks, hence revealing nature of the 

host-guest interactions. Computational methodologies including DFT calculations and MD 

simulations are also the powerful tools to support the experimental data, specifically in terms 

of visualisation of molecular motions and diffusion in the pores. Overall, these studies 

explicitly instigate the motivation of this thesis. First, the structural responses of UiO-67-

type MOFs toward NH3 adsorption and temperature will be comprehensively analysed by 

NPD. Secondly, the loading-dependent dynamical motions of UiO-67-type MOFs in 

response to NH3 adsorption will be investigated by using a combination of INS and DFT. 

Finally, the diffusivity and kinetics of the trapped NH3 in these UiO-67-type pores will be 

preliminarily evaluated by QENS and GCMC approaches. 
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1.3) Aims and objectives 

As discussed in the previous section of the introduction, the in-depth study of stimuli-

induced responsive behaviours of MOFs along with their sorption mechanisms at a 

molecular level has been considered as a key area of research beneficial for a design of next-

generation smart materials, especially for sorption-based applications such as gas storage, 

energy storage, controlled drug delivery, and molecular sensing. Therefore, this thesis aims 

to comprehensively investigate structural and dynamic properties of defect-rich Zr-based 

MOFs toward NH3 adsorption and temperature by using state-of-the-art neutron diffraction 

and spectroscopy combined with theoretical calculations. 

The first experimental chapter, Chapter 3, focuses on the study of structural 

responses of defect-rich Zr-based MOFs upon NH3 adsorption as a fundamental linkage to 

their adsorption mechanisms. Defective UiO-67 and its bipyridine-functionalised 

isostructural UiO-bpydc have been rationally chosen to explore the effects of linker 

functionality, flexibility , and defects on the NH3 adsorption profiles. By performing NPD 

experiments combined with Rietveld refinement and DFT calculations, the correlation 

between the preferred binding sites of the NH3 molecules inside the MOF frameworks and 

their distinct stepwise NH3 adsorption isotherms have been elucidated at a molecular level.  

Chapter 4 also targets the responsive features of the defective UiO-67 and UiO-

bpydc upon NH3 inclusion but at different temperatures. Experimental methodologies 

similar to Chapter 3 have been applied to determine the NH3-MOF adsorption structures at 

cryogenic and room temperatures, whilst DFT calculations have been used to estimate the 

rotational energy barriers of the studied MOF linkers. It is anticipated that the UiO-bpydc 

linker will interact with NH3 molecules more strongly via hydrogen bonding. This host-
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guest interaction will make the UiO-bpydc linker more rigid and hence suppressing the 

linker rotation at the elevated temperature. 

Finally, the aim of Chapter 5 is to investigate both the dynamics of the defective 

UiO-67 and UiO-bpydc upon NH3 adsorption and the diffusive motions of the trapped NH3.  

Advanced neutron scattering experiments in conjunction with theoretical calculations have 

been carried out. Specifically, the combined use of INS and DFT methods has revealed the 

characteristic vibrational modes of the host frameworks and the adsorbed NH3 which are 

strongly related to their host-guest binding interactions and adsorption behaviours. QENS 

studies accompanied by GCMC simulations have demonstrated the loading- and 

functionality-dependent diffusion of the NH3 confined in the MOF frameworks.  

1.4) Structure of the thesis 

This thesis is divided into six chapters. In addition to a general introduction and 

literature review presented in this chapter, different components of my study on the 

structural and dynamic properties of Zr-based MOFs are given in the following chapters: 

Chapter 2 is dedicated to the theoretical background of the major instrumental 

techniques used in this thesis and experimental procedures used for sample preparation and 

characterisation. Specific data analyses and collaborative computational calculations used 

throughout the thesis are also discussed. 

Chapter 3 reveals the structural responses of defective UiO-67 and its derivatives 

upon the inclusion of NH3 by using high-resolution in situ NPD in conjunction with Rietveld 

refinement and DFT calculations. The result demonstrates that different pore openings 

(windows) induced by missing linkers can introduce stepped and hysteresis NH3 sorption in 
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UiO-type MOFs. H-bonding networks can be formed between the bipyridine linker in UiO-

bpydc and the adsorbed NH3, offering a steric hindrance to modify the NH3 adsorption 

behaviour, disorder, and structural flexibility of the framework without large structural or 

pore volume change. This result highlights the importance of host-guest interactions on 

controlling the responsive behaviours of the MOFs with the trapped NH3 molecules as 

external triggers. 

Chapter 4 extends the use of in situ NPD, Rietveld refinement, and DFT calculations 

to elucidate the thermal-induced linker flipping of defected UiO-67 and UiO-bpydc with and 

without ND3 loading. While dramatic alteration in the NPD patterns of the ND3-trapped 

UiO-67 upon thermal stimulus is observed, the NPD patterns of the ND3-trapped UiO-bpydc 

surprisingly remain unchanged. This result can be accounted for by the steric H-bonding 

networks between the bipyridine linkers and the adsorbed ND3 in UiO-bpydc making the 

adsorption structures more rigid and hence suppressing the linker rotation over the studied 

temperature range. The results establish the importance of thermal linker flipping induced 

by the specific host-guest interactions on controlling the responsive adsorption behaviours 

in these MOFs, consistent with the diffraction study presented in Chapter 3.  

Chapter 5 demonstrates the use of neutron spectroscopy techniques (INS and QENS) 

combined with theoretical calculations to preliminarily investigate the loading-dependent 

dynamics properties of the defective UiO-67 type MOFs with trapped NH3 in a microscopic 

region. The first part focuses on identification of characteristic vibrational modes of both 

MOF linkers and adsorbed NH3 molecules at various NH3 dosing by INS and lattice 

dynamics DFT calculations, whereas the second part is concerned with the primary study of 

the diffusivity-loading relationship of the NH3 confined in the MOF pores by using QENS 

and GCMC simulations. The correlation of the dynamical behaviours as a function of NH3 
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adsorption highlights the importance of linker flexibility, pore structure (induced by 

defects), and specific host-guest interactions on controlling the responsive dynamic 

properties in the MOF materials. This Chapter also correlates the dynamic behaviours of the 

MOF linkers and the confined NH3 to their respective structural responses studied by NPD 

in Chapter 3 and 4 and hence supporting the proposed unusual NH3 adsorption mechanism 

by which stimuli-tailoring properties such as gate-controlled porosity can be modulated by 

dynamic linker flipping, disorder, and structural rigidity. 

Finally, Chapter 6 summarises the key findings from the entire series of the studies 

together with a perspective for future study of this research field. Supplementary information 

consisting of additional characterisation results, details of the refined parameters of the 

studied MOF materials derived from Rietveld refinement and detailed description of the 

vibrational modes from vibrational frequency calculations by DFT are given in the 

Appendices section. 

1.5) Chapter summary 

This chapter has provided an overview of the introduction, motivation, background 

literature, as well as the structure of the thesis. For the background literature, it contains basic 

knowledge of MOFs and recent studies on how their functionality, porosity, and flexibility can 

be finely tuned to exhibit responsive behaviours toward external stimuli. The use of advanced 

in situ diffraction and spectroscopic techniques for monitoring stimuli-induced responsive 

behaviours in flexible MOFs at a molecular level has been also emphasised as a central focus of 

this thesis to develop a better understanding of structural and dynamic processes in these porous 

materials for future applications. 



Chapter 1 | Introduction 

 

37 

 

1.6) References 

1. Budrikis, Z., Making the Switch. Nature Reviews Materials 2018, 3 (6), 72-72. 

2. Gonzalez-Nelson, A.; Coudert, F.-X.; van der Veen, M. A., Rotational Dynamics of 

Linkers in MetalïOrganic Frameworks. Nanomaterials 2019, 9 (3). 

3. Krause, S.; Hosono, N.; Kitagawa, S., Chemistry of Soft Porous Crystals: Structural 

Dynamics and Gas Adsorption Properties. Angewandte Chemie International 

Edition 2020, 59 (36), 15325-15341. 

4. Zhou, H.-C.; Long, J. R.; Yaghi, O. M., Introduction to MetalïOrganic Frameworks. 

Chemical Reviews 2012, 112 (2), 673-674. 

5. Kitagawa, S.; Kitaura, R.; Noro, S.-i., Functional Porous Coordination Polymers. 

Angewandte Chemie International Edition 2004, 43 (18), 2334-2375. 

6. Easun, T. L.; Moreau, F.; Yan, Y.; Yang, S.; Schröder, M., Structural and Dynamic 

Studies of Substrate Binding in Porous MetalïOrganic Frameworks. Chemical 

Society Reviews 2017, 46 (1), 239-274. 

7. Karmakar, A.; Samanta, P.; Desai, A. V.; Ghosh, S. K., Guest-Responsive Metalï

Organic Frameworks as Scaffolds for Separation and Sensing Applications. 

Accounts of Chemical Research 2017, 50 (10), 2457-2469. 

8. Wu, X.-P.; Gagliardi, L.; Truhlar, D. G., Cerium MetalïOrganic Framework for 

Photocatalysis. Journal of the American Chemical Society 2018, 140 (25), 7904-

7912. 

9. Zhao, P.; Fang, H.; Mukhopadhyay, S.; Li, A.; Rudiĺ, S.; McPherson, I. J.; Tang, C. 

C.; Fairen-Jimenez, D.; Tsang, S. C. E.; Redfern, S. A. T., Structural Dynamics of a 

MetalïOrganic Framework Induced by CO2 Migration in Its Non-Uniform Porous 

Structure. Nature Communications 2019, 10 (1), 999. 

10. Krause, S.; Bon, V.; Senkovska, I.; Stoeck, U.; Wallacher, D.; Többens, D. M.; 

Zander, S.; Pillai, R. S.; Maurin, G.; Coudert, F.-X.; Kaskel, S., A Pressure-

Amplifying Framework Material with Negative Gas Adsorption Transitions. Nature 

2016, 532, 348. 

11. Yang, S.; Lin, X.; Lewis, W.; Suyetin, M.; Bichoutskaia, E.; Parker, J. E.; Tang, C. 

C.; Allan, D. R.; Rizkallah, P. J.; Hubberstey, P.; Champness, N. R.; Mark Thomas, 

K.; Blake, A. J.; Schröder, M., A Partially Interpenetrated MetalïOrganic 

Framework for Selective Hysteretic Sorption of Carbon Dioxide. Nature Materials 

2012, 11 (8), 710-716. 

12. Zhang, S.-Y.; Jensen, S.; Tan, K.; Wojtas, L.; Roveto, M.; Cure, J.; Thonhauser, T.; 

Chabal, Y. J.; Zaworotko, M. J., Modulation of Water Vapor Sorption by a Fourth-

Generation MetalïOrganic Material with a Rigid Framework and Self-Switching 

Pores. Journal of the American Chemical Society 2018, 140 (39), 12545-12552. 

13. McDonald, T. M.; Mason, J. A.; Kong, X.; Bloch, E. D.; Gygi, D.; Dani, A.; 

Crocellà, V.; Giordanino, F.; Odoh, S. O.; Drisdell, W. S.; Vlaisavljevich, B.; 

Dzubak, A. L.; Poloni, R.; Schnell, S. K.; Planas, N.; Lee, K.; Pascal, T.; Wan, L. F.; 



Chapter 1 | Introduction 

 

38 

 

Prendergast, D.; Neaton, J. B.; Smit, B.; Kortright, J. B.; Gagliardi, L.; Bordiga, S.; 

Reimer, J. A.; Long, J. R., Cooperative Insertion of CO2 in Diamine-Appended 

Metal-Organic Frameworks. Nature 2015, 519 (7543), 303-308. 

14. Gu, C.; Hosono, N.; Zheng, J.-J.; Sato, Y.; Kusaka, S.; Sakaki, S.; Kitagawa, S., 

Design and Control of Gas Diffusion Process in a Nanoporous Soft Crystal. Science 

2019, 363 (6425), 387. 

15. Cho, H. S.; Yang, J.; Gong, X.; Zhang, Y.-B.; Momma, K.; Weckhuysen, B. M.; 

Deng, H.; Kang, J. K.; Yaghi, O. M.; Terasaki, O., Isotherms of Individual Pores by 

Gas Adsorption Crystallography. Nature Chemistry 2019, 11 (6), 562-570. 

16. Fairen-Jimenez, D.; Moggach, S. A.; Wharmby, M. T.; Wright, P. A.; Parsons, S.; 

Düren, T., Opening the Gate: Framework Flexibility in ZIF-8 Explored by 

Experiments and Simulations. Journal of the American Chemical Society 2011, 133 

(23), 8900-8902. 

17. Krause, S.; Bon, V.; Stoeck, U.; Senkovska, I.; Többens, D. M.; Wallacher, D.; 

Kaskel, S., A Stimuli-Responsive Zirconium MetalïOrganic Framework Based on 

Supermolecular Design. Angewandte Chemie International Edition 2017, 56 (36), 

10676-10680. 

18. Kanoo, P.; Matsuda, R.; Sato, H.; Li, L.; Hosono, N.; Kitagawa, S., Pseudo-Gated 

Adsorption with Negligible Volume Change Evoked by Halogen-Bond Interaction 

in the Nanospace of MOFs. Chemistry ï A European Journal 2020, 26 (10), 2148-

2153. 

19. Bärwinkel, K.; Herling, M. M.; Rieß, M.; Sato, H.; Li, L.; Avadhut, Y. S.; Kemnitzer, 

T. W.; Kalo, H.; Senker, J.; Matsuda, R.; Kitagawa, S.; Breu, J., Constant Volume 

Gate-Opening by Freezing Rotational Dynamics in Microporous Organically 

Pillared Layered Silicates. Journal of the American Chemical Society 2017, 139 (2), 

904-909. 

20. Jiang, X.; Duan, H.-B.; Khan, S. I.; Garcia-Garibay, M. A., Diffusion-Controlled 

Rotation of Triptycene in a MetalïOrganic Framework (MOF) Sheds Light on the 

Viscosity of MOF-Confined Solvent. ACS Central Science 2016, 2 (9), 608-613. 

21. Krause, S.; Evans, J. D.; Bon, V.; Senkovska, I.; Iacomi, P.; Kolbe, F.; Ehrling, S.; 

Troschke, E.; Getzschmann, J.; Többens, D. M.; Franz, A.; Wallacher, D.; Yot, P. 

G.; Maurin, G.; Brunner, E.; Llewellyn, P. L.; Coudert, F.-X.; Kaskel, S., Towards 

General Network Architecture Design Criteria for Negative Gas Adsorption 

Transitions in Ultraporous Frameworks. Nature Communications 2019, 10 (1), 3632. 

22. Fang, Z.; Bueken, B.; De Vos, D. E.; Fischer, R. A., Defect-Engineered Metalï

Organic Frameworks. Angewandte Chemie International Edition 2015, 54 (25), 

7234-7254. 

23. Cavka, J. H.; Jakobsen, S.; Olsbye, U.; Guillou, N.; Lamberti, C.; Bordiga, S.; 

Lillerud, K. P., A New Zirconium Inorganic Building Brick Forming Metal Organic 

Frameworks with Exceptional Stability. Journal of the American Chemical Society 

2008, 130 (42), 13850-13851. 

24. Shearer, G. C.; Chavan, S.; Bordiga, S.; Svelle, S.; Olsbye, U.; Lillerud, K. P., Defect 

Engineering: Tuning the Porosity and Composition of the MetalïOrganic 



Chapter 1 | Introduction 

 

39 

 

Framework UiO-66 via Modulated Synthesis. Chemistry of Materials 2016, 28 (11), 

3749-3761. 

25. Cliffe, M. J.; Wan, W.; Zou, X.; Chater, P. A.; Kleppe, A. K.; Tucker, M. G.; 

Wilhelm, H.; Funnell, N. P.; Coudert, F.-X.; Goodwin, A. L., Correlated Defect 

Nanoregions in a MetalïOrganic Framework. Nature Communications 2014, 5 (1), 

4176. 

26. Wu, H.; Chua, Y. S.; Krungleviciute, V.; Tyagi, M.; Chen, P.; Yildirim, T.; Zhou, 

W., Unusual and Highly Tunable Missing-Linker Defects in Zirconium Metalï

Organic Framework UiO-66 and Their Important Effects on Gas Adsorption. 

Journal of the American Chemical Society 2013, 135 (28), 10525-10532. 

27. Gutov, O. V.; Hevia, M. G.; Escudero-Adán, E. C.; Shafir, A., MetalïOrganic 

Framework (MOF) Defects under Control: Insights into the Missing Linker Sites and 

Their Implication in the Reactivity of Zirconium-Based Frameworks. Inorganic 

Chemistry 2015, 54 (17), 8396-8400. 

28. Gutterød, E. S.; Pulumati, S. H.; Kaur, G.; Lazzarini, A.; Solemsli, B. G.; Gunnæs, 

A. E.; Ahoba-Sam, C.; Kalyva, M. E.; Sannes, J. A.; Svelle, S.; Skúlason, E.; Nova, 

A.; Olsbye, U., Influence of Defects and H2O on the Hydrogenation of CO2 to 

Methanol over Pt Nanoparticles in UiO-67 MetalïOrganic Framework. Journal of 

the American Chemical Society 2020, 142 (40), 17105-17118. 

29. Forgan, R. S.; Marshall, R. J.; Struckmann, M.; Bleine, A. B.; Long, D.-L.; Bernini, 

M. C.; Fairen-Jimenez, D., Structure-Directing Factors when Introducing Hydrogen 

Bond Functionality to MetalïOrganic Frameworks. CrystEngComm 2015, 17 (2), 

299-306. 

30. Yang, Q.-Y.; Lama, P.; Sen, S.; Lusi, M.; Chen, K.-J.; Gao, W.-Y.; Shivanna, M.; 

Pham, T.; Hosono, N.; Kusaka, S.; Perry Iv, J. J.; Ma, S.; Space, B.; Barbour, L. J.; 

Kitagawa, S.; Zaworotko, M. J., Reversible Switching between Highly Porous and 

Nonporous Phases of an Interpenetrated Diamondoid Coordination Network That 

Exhibits Gate-Opening at Methane Storage Pressures. Angewandte Chemie 

International Edition 2018, 57 (20), 5684-5689. 

31. Lama, P.; Barbour, L. J., Distinctive Three-Step Hysteretic Sorption of Ethane with 

in situ Crystallographic Visualization of the Pore Forms in a Soft Porous Crystal. 

Journal of the American Chemical Society 2018, 140 (6), 2145-2150. 

32. Sikiti, P.; Bezuidenhout, C. X.; van Heerden, D. P.; Barbour, L. J., Direct in situ 

Crystallographic Visualization of a Dual Mechanism for the Uptake of CO2 Gas by 

a Flexible MetalïOrganic Framework. Inorganic Chemistry 2019, 58 (13), 8257-

8262. 

33. Rieth, A. J.; DincŁ, M., Controlled Gas Uptake in MetalïOrganic Frameworks with 

Record Ammonia Sorption. Journal of the American Chemical Society 2018, 140 

(9), 3461-3466. 

34. Rieth, A. J.; Hunter, K. M.; DincŁ, M.; Paesani, F., Hydrogen Bonding Structure of 

Confined Water Templated by a Metal-Organic Framework with Open Metal Sites. 

Nature Communications 2019, 10 (1), 4771. 



Chapter 1 | Introduction 

 

40 

 

35. Armstrong, J.; OôMalley, A. J.; Ryder, M. R.; Butler, K. T., Understanding Dynamic 

Properties of Materials Using Neutron Spectroscopy and Atomistic Simulation. 

Journal of Physics Communications 2020, 4 (7), 072001. 

36. Bon, V.; Brunner, E.; Pöppl, A.; Kaskel, S., Unraveling Structure and Dynamics in 

Porous Frameworks via Advanced in situ Characterization Techniques. Advanced 

Functional Materials 2020, 30 (41), 1907847. 

37. Taddei, M., When Defects Turn into Virtues: The Curious Case of Zirconium-Based 

Metal-Organic Frameworks. Coordination Chemistry Reviews 2017, 343, 1-24. 

38. Bai, Y.; Dou, Y.; Xie, L.-H.; Rutledge, W.; Li, J.-R.; Zhou, H.-C., Zr-Based Metalï

Organic Frameworks: Design, Synthesis, Structure, and Applications. Chemical 

Society Reviews 2016, 45 (8), 2327-2367. 

39. Mondloch, J. E.; Bury, W.; Fairen-Jimenez, D.; Kwon, S.; DeMarco, E. J.; Weston, 

M. H.; Sarjeant, A. A.; Nguyen, S. T.; Stair, P. C.; Snurr, R. Q.; Farha, O. K.; Hupp, 

J. T., Vapor-Phase Metalation by Atomic Layer Deposition in a MetalïOrganic 

Framework. Journal of the American Chemical Society 2013, 135 (28), 10294-

10297. 

40. Furukawa, H.; Gándara, F.; Zhang, Y.-B.; Jiang, J.; Queen, W. L.; Hudson, M. R.; 

Yaghi, O. M., Water Adsorption in Porous MetalïOrganic Frameworks and Related 

Materials. Journal of the American Chemical Society 2014, 136 (11), 4369-4381. 

41. Feng, D.; Gu, Z.-Y.; Li, J.-R.; Jiang, H.-L.; Wei, Z.; Zhou, H.-C., Zirconium-

Metalloporphyrin PCN-222: Mesoporous MetalïOrganic Frameworks with 

Ultrahigh Stability as Biomimetic Catalysts. Angewandte Chemie International 

Edition 2012, 51 (41), 10307-10310. 

42. Bon, V.; Senkovskyy, V.; Senkovska, I.; Kaskel, S., Zr(iv) and Hf(iv) Based Metalï

Organic Frameworks with reo-Topology. Chemical Communications 2012, 48 (67), 

8407-8409. 

43. Bennett, T. D.; Cheetham, A. K.; Fuchs, A. H.; Coudert, F.-X., Interplay Between 

Defects, Disorder and Flexibility in Metal-Organic Frameworks. Nature Chemistry 

2017, 9 (1), 11-16. 

44. Lee, J.; Farha, O. K.; Roberts, J.; Scheidt, K. A.; Nguyen, S. T.; Hupp, J. T., Metalï

Organic Framework Materials as Ctalysts. Chemical Society Reviews 2009, 38 (5), 

1450-1459. 

45. Ling, S.; Slater, B., Dynamic Acidity in Defective UiO-66. Chemical Science 2016, 

7 (7), 4706-4712. 

46. Liu, L.; Chen, Z.; Wang, J.; Zhang, D.; Zhu, Y.; Ling, S.; Huang, K.-W.; 

Belmabkhout, Y.; Adil, K.; Zhang, Y.; Slater, B.; Eddaoudi, M.; Han, Y., Imaging 

Defects and Their Evolution in a MetalïOrganic Framework at Sub-Unit-Cell 

Resolution. Nature Chemistry 2019, 11 (7), 622-628. 

47. Bueken, B.; Van Velthoven, N.; Krajnc, A.; Smolders, S.; Taulelle, F.; Mellot-

Draznieks, C.; Mali, G.; Bennett, T. D.; De Vos, D., Tackling the Defect Conundrum 

in UiO-66: A Mixed-Linker Approach to Engineering Missing Linker Defects. 

Chemistry of Materials 2017, 29 (24), 10478-10486. 



Chapter 1 | Introduction 

 

41 

 

48. Trickett, C. A.; Gagnon, K. J.; Lee, S.; Gándara, F.; Bürgi, H.-B.; Yaghi, O. M., 

Definitive Molecular Level Characterization of Defects in UiO-66 Crystals. 

Angewandte Chemie International Edition 2015, 54 (38), 11162-11167. 

49. Shearer, G. C.; Chavan, S.; Ethiraj, J.; Vitillo, J. G.; Svelle, S.; Olsbye, U.; Lamberti, 

C.; Bordiga, S.; Lillerud, K. P., Tuned to Perfection: Ironing Out the Defects in 

MetalïOrganic Framework UiO-66. Chemistry of Materials 2014, 26 (14), 4068-

4071. 

50. Valenzano, L.; Civalleri, B.; Chavan, S.; Bordiga, S.; Nilsen, M. H.; Jakobsen, S.; 

Lillerud, K. P.; Lamberti, C., Disclosing the Complex Structure of UiO-66 Metal 

Organic Framework: A Synergic Combination of Experiment and Theory. Chemistry 

of Materials 2011, 23 (7), 1700-1718. 

51. Øien, S.; Wragg, D.; Reinsch, H.; Svelle, S.; Bordiga, S.; Lamberti, C.; Lillerud, K. 

P., Detailed Structure Analysis of Atomic Positions and Defects in Zirconium Metalï

Organic Frameworks. Crystal Growth & Design 2014, 14 (11), 5370-5372. 

52. Feng, Y.; Chen, Q.; Jiang, M.; Yao, J., Tailoring the Properties of UiO-66 through 

Defect Engineering: A Review. Industrial & Engineering Chemistry Research 2019, 

58 (38), 17646-17659. 

53. Katz, M. J.; Brown, Z. J.; Colón, Y. J.; Siu, P. W.; Scheidt, K. A.; Snurr, R. Q.; 

Hupp, J. T.; Farha, O. K., A Facile Synthesis of UiO-66, UiO-67 and Their 

Derivatives. Chemical Communications 2013, 49 (82), 9449-9451. 

54. Vermoortele, F.; Bueken, B.; Le Bars, G.; Van de Voorde, B.; Vandichel, M.; 

Houthoofd, K.; Vimont, A.; Daturi, M.; Waroquier, M.; Van Speybroeck, V.; 

Kirschhock, C.; De Vos, D. E., Synthesis Modulation as a Tool To Increase the 

Catalytic Activity of MetalïOrganic Frameworks: The Unique Case of UiO-66(Zr). 

Journal of the American Chemical Society 2013, 135 (31), 11465-11468. 

55. Han, Y.; Liu, M.; Li, K.; Zuo, Y.; Wei, Y.; Xu, S.; Zhang, G.; Song, C.; Zhang, Z.; 

Guo, X., Facile Synthesis of Morphology and Size-Controlled Zirconium Metal-

Organic Framework UiO-66: the Role of Hydrofluoric Acid in Crystallization. 

CrystEngComm 2015, 17 (33), 6434-6440. 

56. Liang, W.; Coghlan, C. J.; Ragon, F.; Rubio-Martinez, M.; D'Alessandro, D. M.; 

Babarao, R., Defect Engineering of UiO-66 for CO2 and H2O Uptake ï a Combined 

Experimental and Simulation Study. Dalton Transactions 2016, 45 (11), 4496-4500. 

57. Wang, K.; Li, C.; Liang, Y.; Han, T.; Huang, H.; Yang, Q.; Liu, D.; Zhong, C., 

Rational Construction of Defects in a MetalïOrganic Framework for Highly 

Efficient Adsorption and Separation of Dyes. Chemical Engineering Journal 2016, 

289, 486-493. 

58. Klet, R. C.; Liu, Y.; Wang, T. C.; Hupp, J. T.; Farha, O. K., Evaluation of Brønsted 

Acidity and Proton Topology in Zr- and Hf-Based MetalïOrganic Frameworks 

Using Potentiometric AcidïBase Titration. Journal of Materials Chemistry A 2016, 

4 (4), 1479-1485. 

59. Bon, V.; Senkovska, I.; Weiss, M. S.; Kaskel, S., Tailoring of Network 

Dimensionality and Porosity Adjustment in Zr- and Hf-Based MOFs. 

CrystEngComm 2013, 15 (45), 9572-9577. 



Chapter 1 | Introduction 

 

42 

 

60. Ghosh, P.; Colón, Y. J.; Snurr, R. Q., Water Adsorption in UiO-66: the Importance 

of Defects. Chemical Communications 2014, 50 (77), 11329-11331. 

61. Schneemann, A.; Bon, V.; Schwedler, I.; Senkovska, I.; Kaskel, S.; Fischer, R. A., 

Flexible MetalïOrganic Frameworks. Chemical Society Reviews 2014, 43 (16), 

6062-6096. 

62. Horike, S.; Shimomura, S.; Kitagawa, S., Soft Porous Crystals. Nature Chemistry 

2009, 1 (9), 695-704. 

63. Coudert, F.-X., Responsive MetalïOrganic Frameworks and Framework Materials: 

Under Pressure, Taking the Heat, in the Spotlight, with Friends. Chemistry of 

Materials 2015, 27 (6), 1905-1916. 

64. Bousquet, D.; Coudert, F.-X.; Fossati, A. G. J.; Neimark, A. V.; Fuchs, A. H.; Boutin, 

A., Adsorption Induced Transitions in Soft Porous Crystals: an Osmotic Potential 

Approach to Multistability and IntermediateStructures. The Journal of Chemical 

Physics 2013, 138 (17), 174706. 

65. Coudert, F.-X.; Boutin, A.; Fuchs, A. H.; Neimark, A. V., Adsorption Deformation 

and Structural Transitions in MetalïOrganic Frameworks: From the Unit Cell to the 

Crystal. The Journal of Physical Chemistry Letters 2013, 4 (19), 3198-3205. 

66. Salles, F.; Maurin, G.; Serre, C.; Llewellyn, P. L.; Knöfel, C.; Choi, H. J.; Filinchuk, 

Y.; Oliviero, L.; Vimont, A.; Long, J. R.; Férey, G., Multistep N2 Breathing in the 

MetalīOrganic Framework Co(1,4-benzenedipyrazolate). Journal of the American 

Chemical Society 2010, 132 (39), 13782-13788. 

67. Li, D.; Kaneko, K., Hydrogen Bond-Regulated Microporous Nature of Copper 

Complex-Assembled Microcrystals. Chemical Physics Letters 2001, 335 (1), 50-56. 

68. Kitaura, R.; Fujimoto, K.; Noro, S.-i.; Kondo, M.; Kitagawa, S., A Pillared-Layer 

Coordination Polymer Network Displaying Hysteretic Sorption: 

[Cu2(pzdc)2(dpyg)]n (pzdc= Pyrazine-2,3-dicarboxylate; dpyg=1,2-Di(4-

pyridyl)glycol). Angewandte Chemie International Edition 2002, 41 (1), 133-135. 

69. Serre, C.; Millange, F.; Thouvenot, C.; Noguès, M.; Marsolier, G.; Louër, D.; Férey, 

G., Very Large Breathing Effect in the First Nanoporous Chromium(III)-Based 

Solids: MIL-53 or CrIII(OH)·{O2CīC6H4īCO2}·{HO 2CīC6H4īCO2H} x·H2Oy. 

Journal of the American Chemical Society 2002, 124 (45), 13519-13526. 

70. Horike, S.; Matsuda, R.; Tanaka, D.; Matsubara, S.; Mizuno, M.; Endo, K.; 

Kitagawa, S., Dynamic Motion of Building Blocks in Porous Coordination 

Polymers. Angewandte Chemie International Edition 2006, 45 (43), 7226-7230. 

71. Gonzalez, J.; Nandini Devi, R.; Tunstall, D. P.; Cox, P. A.; Wright, P. A., Deuterium 

NMR Studies of Framework and Guest Mobility in the MetalïOrganic Framework 

Compound MOF-5, Zn4O(O2CC6H4CO2)3. Microporous and Mesoporous Materials 

2005, 84 (1), 97-104. 

72. Uemura, T.; Horike, S.; Kitagawa, K.; Mizuno, M.; Endo, K.; Bracco, S.; Comotti, 

A.; Sozzani, P.; Nagaoka, M.; Kitagawa, S., Conformation and Molecular Dynamics 

of Single Polystyrene Chain Confined in Coordination Nanospace. Journal of the 

American Chemical Society 2008, 130 (21), 6781-6788. 



Chapter 1 | Introduction 

 

43 

 

73. Kolokolov, D. I.; Jobic, H.; Stepanov, A. G.; Guillerm, V.; Devic, T.; Serre, C.; 

Férey, G., Dynamics of Benzene Rings in MIL-53(Cr) and MIL-47(V) Frameworks 

Studied by 2H NMR Spectroscopy. Angewandte Chemie International Edition 2010, 

49 (28), 4791-4794. 

74. Kolokolov, D. I.; Stepanov, A. G.; Jobic, H., Guest Controlled Rotational Dynamics 

of Terephthalate Phenylenes in MetalïOrganic Framework MIL-53(Al): Effect of 

Different Xylene Loadings. The Journal of Physical Chemistry C 2014, 118 (29), 

15978-15984. 

75. Kolokolov, D. I.; Stepanov, A. G.; Guillerm, V.; Serre, C.; Frick, B.; Jobic, H., 

Probing the Dynamics of the Porous Zr Terephthalate UiO-66 Framework Using 2H 

NMR and Neutron Scattering. The Journal of Physical Chemistry C 2012, 116 (22), 

12131-12136. 

76. Khudozhitkov, A. E.; Kolokolov, D. I.; Stepanov, A. G.; Bolotov, V. A.; Dybtsev, 

D. N., Metal-Cation-Independent Dynamics of Phenylene Ring in Microporous 

MOFs: A 2H Solid-State NMR Study. The Journal of Physical Chemistry C 2015, 

119 (50), 28038-28045. 

77. Moreau, F.; Kolokolov, D. I.; Stepanov, A. G.; Easun, T. L.; Dailly, A.; Lewis, W.; 

Blake, A. J.; Nowell, H.; Lennox, M. J.; Besley, E.; Yang, S.; Schröder, M., Tailoring 

Porosity and Rotational Dynamics in a Series of Octacarboxylate Metal-Organic 

Frameworks. Proceedings of the National Academy of Sciences 2017, 114 (12), 

3056. 

78. Shustova, N. B.; Ong, T.-C.; Cozzolino, A. F.; Michaelis, V. K.; Griffin, R. G.; 

DincŁ, M., Phenyl Ring Dynamics in a Tetraphenylethylene-Bridged MetalïOrganic 

Framework: Implications for the Mechanism of Aggregation-Induced Emission. 

Journal of the American Chemical Society 2012, 134 (36), 15061-15070. 

79. Li, B.; Wen, H.-M.; Wang, H.; Wu, H.; Tyagi, M.; Yildirim, T.; Zhou, W.; Chen, B., 

A Porous MetalïOrganic Framework with Dynamic Pyrimidine Groups Exhibiting 

Record High Methane Storage Working Capacity. Journal of the American Chemical 

Society 2014, 136 (17), 6207-6210. 

80. Zhang, J.-P.; Chen, X.-M., Exceptional Framework Flexibility and Sorption 

Behavior of a Multifunctional Porous Cuprous Triazolate Framework. Journal of the 

American Chemical Society 2008, 130 (18), 6010-6017. 

81. Sato, H.; Kosaka, W.; Matsuda, R.; Hori, A.; Hijikata, Y.; Belosludov, R. V.; Sakaki, 

S.; Takata, M.; Kitagawa, S., Self-Accelerating CO Sorption in a Soft Nanoporous 

Crystal. Science 2014, 343 (6167), 167. 

82. Thommes, M.; Kaneko, K.; Neimark, A. V.; Olivier, J. P.; Rodriguez-Reinoso, F.; 

Rouquerol, J.; Sing, K. S. W., Physisorption of gases, with special reference to the 

evaluation of surface area and pore size distribution (IUPAC Technical Report). 

Pure and Applied Chemistry 2015, 87 (9-10), 1051-1069. 

83. Gu, Y.; Zheng, J.-J.; Otake, K.-i.; Sugimoto, K.; Hosono, N.; Sakaki, S.; Li, F.; 

Kitagawa, S., Structural-Deformation-Energy-Modulation Strategy in a Soft Porous 

Coordination Polymer with an Interpenetrated Framework. Angewandte Chemie 

International Edition 2020, 59 (36), 15517-15521. 



Chapter 1 | Introduction 

 

44 

 

84. Hyun, S.-m.; Lee, J. H.; Jung, G. Y.; Kim, Y. K.; Kim, T. K.; Jeoung, S.; Kwak, S. 

K.; Moon, D.; Moon, H. R., Exploration of Gate-Opening and Breathing Phenomena 

in a Tailored Flexible MetalïOrganic Framework. Inorganic Chemistry 2016, 55 (4), 

1920-1925. 

85. Coudert, F.-X., Molecular Mechanism of Swing Effect in Zeolitic Imidazolate 

Framework ZIF-8: Continuous Deformation upon Adsorption. ChemPhysChem 

2017, 18 (19), 2732-2738. 

86. Yue, Y.; Rabone, J. A.; Liu, H.; Mahurin, S. M.; Li, M.-R.; Wang, H.; Lu, Z.; Chen, 

B.; Wang, J.; Fang, Y.; Dai, S., A Flexible MetalïOrganic Framework: Guest 

Molecules Controlled Dynamic Gas Adsorption. The Journal of Physical Chemistry 

C 2015, 119 (17), 9442-9449. 

87. Sakaida, S.; Otsubo, K.; Sakata, O.; Song, C.; Fujiwara, A.; Takata, M.; Kitagawa, 

H., Crystalline Coordination Framework Endowed with Dynamic Gate-Opening 

Behaviour byBeing Downsized to a Thin Film. Nature Chemistry 2016, 8 (4), 377-

383. 

88. Ania, C. O.; García-Pérez, E.; Haro, M.; Gutiérrez-Sevillano, J. J.; Valdés-Solís, T.; 

Parra, J. B.; Calero, S., Understanding Gas-Induced Structural Deformation of ZIF-

8. The Journal of Physical Chemistry Letters 2012, 3 (9), 1159-1164. 

89. Chaplais, G.; Fraux, G.; Paillaud, J.-L.; Marichal, C.; Nouali, H.; Fuchs, A. H.; 

Coudert, F.-X.; Patarin, J., Impacts of the Imidazolate Linker Substitution (CH3, Cl, 

or Br) on the Structural and Adsorptive Properties of ZIF-8. The Journal of Physical 

Chemistry C 2018, 122 (47), 26945-26955. 

90. Sears, V. F., Neutron Scattering Lengths and Cross Sections. Neutron News 1992, 3 

(3), 26-37. 

91. Peterson, V. K.; Liu, Y.; Brown, C. M.; Kepert, C. J., Neutron Powder Diffraction 

Study of D2 Sorption in Cu3(1,3,5-benzenetricarboxylate)2. Journal of the American 

Chemical Society 2006, 128 (49), 15578-15579. 

92. Getzschmann, J.; Senkovska, I.; Wallacher, D.; Tovar, M.; Fairen-Jimenez, D.; 

Düren, T.; van Baten, J. M.; Krishna, R.; Kaskel, S., Methane Storage Mechanism 

in the Metal-Organic Framework Cu3(btc)2: An in situ Neutron Diffraction Study. 

Microporous and Mesoporous Materials 2010, 136 (1), 50-58. 

93. Hulvey, Z.; Vlaisavljevich, B.; Mason, J. A.; Tsivion, E.; Dougherty, T. P.; Bloch, 

E. D.; Head-Gordon, M.; Smit, B.; Long, J. R.; Brown, C. M., Critical Factors 

Driving the High Volumetric Uptake of Methane in Cu3(btc)2. Journal of the 

American Chemical Society 2015, 137 (33), 10816-10825. 

94. Lorzing, G. R.; Gosselin, A. J.; Trump, B. A.; York, A. H. P.; Sturluson, A.; 

Rowland, C. A.; Yap, G. P. A.; Brown, C. M.; Simon, C. M.; Bloch, E. D., 

Understanding Gas Storage in Cuboctahedral Porous Coordination Cages. Journal 

of the American Chemical Society 2019, 141 (30), 12128-12138. 

95. Li, L.; Lin, R.-B.; Krishna, R.; Wang, X.; Li, B.; Wu, H.; Li, J.; Zhou, W.; Chen, B., 

Efficient Separation of Ethylene from Acetylene/Ethylene Mixtures by a Flexible-

Robust MetalïOrganic Framework. Journal of Materials Chemistry A 2017, 5 (36), 

18984-18988. 



Chapter 1 | Introduction 

 

45 

 

96. Ryder, M. R.; Van de Voorde, B.; Civalleri, B.; Bennett, T. D.; Mukhopadhyay, S.; 

Cinque, G.; Fernandez-Alonso, F.; De Vos, D.; Rudiĺ, S.; Tan, J.-C., Detecting 

Molecular Rotational Dynamics Complementing the Low-Frequency Terahertz 

Vibrations in a Zirconium-Based Metal-Organic Framework. Physical Review 

Letters 2017, 118 (25), 255502. 

97. Zhou, W.; Yildirim, T., Lattice Dynamics of Metal-Organic Frameworks: Neutron 

Inelastic Scattering and First-Principles Calculations. Physical Review B 2006, 74 

(18), 180301. 

98. Zhou, W.; Wu, H.; Udovic, T. J.; Rush, J. J.; Yildirim, T., Quasi-Free Methyl 

Rotation in Zeolitic Imidazolate Framework-8. The Journal of Physical Chemistry A 

2008, 112 (49), 12602-12606. 

99. Ryder, M. R.; Civalleri, B.; Bennett, T. D.; Henke, S.; Rudiĺ, S.; Cinque, G.; 

Fernandez-Alonso, F.; Tan, J.-C., Identifying the Role of Terahertz Vibrations in 

Metal-Organic Frameworks: From Gate-Opening Phenomenon to Shear-Driven 

Structural Destabilization. Physical Review Letters 2014, 113 (21), 215502. 

100. Ryder, M. R.; Civalleri, B.; Cinque, G.; Tan, J.-C., Discovering Connections 

between Terahertz Vibrations and Elasticity Underpinning the Collective Dynamics 

of the HKUST-1 MetalïOrganic Framework. CrystEngComm 2016, 18 (23), 4303-

4312. 

101. Wu, Y.; Kobayashi, A.; Halder, G. J.; Peterson, V. K.; Chapman, K. W.; Lock, N.; 

Southon, P. D.; Kepert, C. J., Negative Thermal Expansion in the MetalïOrganic 

Framework Material Cu3(1,3,5-benzenetricarboxylate)2. Angewandte Chemie 

International Edition 2008, 47 (46), 8929-8932. 

102. Kusaka, S.; Nakajima, Y.; Hori, A.; Yonezu, A.; Kikushima, K.; Kosaka, W.; Ma, 

Y.; Matsuda, R., Molecular Motion in the Nanospace of MOFs upon Gas Adsorption 

Investigated by in situ Raman Spectroscopy. Faraday Discussions 2021. 

103. Casco, M. E.; Fernández-Catalá, J.; Cheng, Y.; Daemen, L.; Ramirez-Cuesta, A. J.; 

Cuadrado-Collados, C.; Silvestre-Albero, J.; Ramos-Fernandez, E. V., 

Understanding ZIF-8 Performance upon Gas Adsorption by Means of Inelastic 

Neutron Scattering. ChemistrySelect 2017, 2 (9), 2750-2753. 

104. Butler, K. T.; Vervoorts, P.; Ehrenreich, M. G.; Armstrong, J.; Skelton, J. M.; 

Kieslich, G., Experimental Evidence for Vibrational Entropy as Driving Parameter 

of Flexibility in the MetalïOrganic Framework ZIF-4(Zn). Chemistry of Materials 

2019, 31 (20), 8366-8372. 

105. Lock, N.; Christensen, M.; Wu, Y.; Peterson, V. K.; Thomsen, M. K.; Piltz, R. O.; 

Ramirez-Cuesta, A. J.; McIntyre, G. J.; Norén, K.; Kutteh, R.; Kepert, C. J.; Kearley, 

G. J.; Iversen, B. B., Scrutinizing Negative Thermal Expansion in MOF-5 by 

Scattering Techniques and ab initio Calculations. Dalton Transactions 2013, 42 (6), 

1996-2007. 

106. Rosenbach Jr, N.; Jobic, H.; Ghoufi, A.; Salles, F.; Maurin, G.; Bourrelly, S.; 

Llewellyn, P. L.; Devic, T.; Serre, C.; Férey, G., Quasi-Elastic Neutron Scattering 

and Molecular Dynamics Study of Methane Diffusion in Metal Organic Frameworks 



Chapter 1 | Introduction 

 

46 

 

MIL -47(V) and MIL-53(Cr). Angewandte Chemie International Edition 2008, 47 

(35), 6611-6615. 

107. Stallmach, F.; Gröger, S.; Künzel, V.; Kärger, J.; Yaghi, O. M.; Hesse, M.; Müller, 

U., NMR Studies on the Diffusion of Hydrocarbons on the Metal-Organic 

Framework Material MOF-5. Angewandte Chemie International Edition 2006, 45 

(13), 2123-2126. 

108. Kärger, J.; Binder, T.; Chmelik, C.; Hibbe, F.; Krautscheid, H.; Krishna, R.; 

Weitkamp, J., Microimaging of Transient Guest Profiles to Monitor Mass Transfer 

in Nanoporous Materials. Nature Materials 2014, 13 (4), 333-343. 

109. Heinke, L.; Tzoulaki, D.; Chmelik, C.; Hibbe, F.; van Baten, J. M.; Lim, H.; Li, J.; 

Krishna, R.; Kärger, J., Assessing Guest Diffusivities in Porous Hosts from Transient 

Concentration Profiles. Physical Review Letters 2009, 102 (6), 065901. 

110. Jobic, H.; Theodorou, D. N., Quasi-Elastic Neutron Scattering and Molecular 

Dynamics Simulation as Complementary Techniques for Studying Diffusion in 

Zeolites. Microporous and mesoporous materials 2007, 102 (1-3), 21-50. 

111. Salles, F.; Jobic, H.; Ghoufi, A.; Llewellyn, P. L.; Serre, C.; Bourrelly, S.; Férey, G.; 

Maurin, G., Transport Diffusivity of CO2 in the Highly Flexible MetalïOrganic 

Framework MIL-53(Cr). Angewandte Chemie International Edition 2009, 48 (44), 

8335-8339. 

112. Prakash, M.; Jobic, H.; Ramsahye, N. A.; Nouar, F.; Damasceno Borges, D.; Serre, 

C.; Maurin, G., Diffusion of H2, CO2, and Their Mixtures in the Porous Zirconium 

Based MetalïOrganic Framework MIL-140A(Zr): Combination of Quasi-Elastic 

Neutron Scattering Measurements and Molecular Dynamics Simulations. The 

Journal of Physical Chemistry C 2015, 119 (42), 23978-23989. 

113. Kolokolov, D. I.; Maryasov, A. G.; Ollivier, J.; Freude, D.; Haase, J.; Stepanov, A. 

G.; Jobic, H., Uncovering the Rotation and Translational Mobility of Benzene 

Confined in UiO-66 (Zr) MetalïOrganic Framework by the 2H NMRïQENS 

Experimental Toolbox. The Journal of Physical Chemistry C 2017, 121 (5), 2844-

2857. 

114. Sayeed, A.; Mitra, S.; Anil Kumar, A. V.; Mukhopadhyay, R.; Yashonath, S.; 

Chaplot, S. L., Diffusion of Propane in Zeolite NaY: a Molecular Dynamics and 

Quasi-Elastic Neutron Scattering Study. The Journal of Physical Chemistry B 2003, 

107 (2), 527-533. 

115. O'Malley, A. J.; Hitchcock, I.; Sarwar, M.; Silverwood, I. P.; Hindocha, S.; Catlow, 

C. R. A.; York, A. P. E.; Collier, P. J., Ammonia Mobility in Chabazite: Insight into 

the Diffusion Component of the NH3-SCR Process. Physical Chemistry Chemical 

Physics 2016, 18 (26), 17159-17168. 

116. Hernandez-Tamargo, C.; O'Malley, A.; Silverwood, I. P.; de Leeuw, N. H., 

Molecular Behaviour of Phenol in Zeolite Beta Catalysts as a Function of Acid Site 

Presence: a Quasielastic Neutron Scattering and Molecular Dynamics Simulation 

Study. Catalysis Science & Technology 2019, 9 (23), 6700-6713. 

117. O'Malley, A. J.; Sarwar, M.; Armstrong, J.; Catlow, C. R. A.; Silverwood, I. P.; 

York, A. P. E.; Hitchcock, I., Comparing Ammonia Diffusion in NH3-SCR Zeolite 



Chapter 1 | Introduction 

 

47 

 

Catalysts: a Quasielastic Neutron Scattering and Molecular Dynamics Simulation 

Study. Physical Chemistry Chemical Physics 2018, 20 (17), 11976-11986. 

118. Mukhopadhyay, R.; Sayeed, A.; Rao, M. N.; Anilkumar, A. V.; Mitra, S.; Yashonath, 

S.; Chaplot, S. L., Rotation of Propane Molecules in Supercages of NaïY Zeolite. 

Chemical Physics 2003, 292 (2), 217-222. 

119. Pillai, R. S.; Jobic, H.; Koza, M. M.; Nouar, F.; Serre, C.; Maurin, G.; Ramsahye, N. 

A., Diffusion of Carbon Dioxide and Nitrogen in the Small-Pore Titanium 

Bis(phosphonate) MetalïOrganic Framework MIL-91 (Ti): a Combination of 

Quasielastic Neutron Scattering Measurements and Molecular Dynamics 

Simulations. ChemPhysChem 2017, 18 (19), 2739-2746. 

 



 

 

 

Chapter 2 

Experimental and Theoretical Methodologies 

Details of relevant basic theories, experimental procedures, characterisation 

techniques, and data analysis used in this thesis are given in this chapter. Information on 

collaborative theoretical studies are also described in brief. 

2.1) Background theories  

2.1.1) Powder diffraction  

Powder diffraction is one of the most powerful characterisation techniques, 

providing a wealth of information on the atomic structure and microstructural properties of 

materials. This technique is concerned with samples being polycrystalline or consisting of 

different crystals that large majorities of materials such as metal oxides, zeolites, and metal-

organic frameworks (MOFs) exist. This is also a key strength of this technique to study the 

samples where a single-crystal form is not readily available and does not represent bulk 

materials under the measurement conditions such as high temperature, high pressure and gas 

loading. In Chapter 3 and 4, two types of powder diffractions: X-ray powder diffraction 

(XRD) and neutron powder diffraction (NPD) categorised by the type of scattering source, 

are intensely used to study structural responsive behaviours of MOFs towards external 

stimuli. The fundamental scattering processes of XRD and NPD are intrinsically different. 

While X-rays interact with electron clouds in an atom of a sample, neutrons interact with an 

atomic nuclei. This difference serves to make the two techniques complementary.  The basic 

concept of the NPD will be discussed together with other neutron techniques in section 2.1.3 
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as they are strongly related to each other whereas that of the well-established XRD technique 

is briefly presented here. 

 

Figure 2.1 | Illustration of a beam that satisfies the Braggôs law, where Ὠ , ▓ and 

▓ represent the inter-planar spacing, the incident vector and the scattered vector, 

respectively. 

The first discovery of the structural information in powder diffraction is developed 

via the well-known Braggôs law [1] which describes the interference pattern of X-rays 

scattered by electrons of atoms in lattice planes. The lattice planes are crystallographic 

planes, characterised by the index ὬὯὰ, the so-called Miller indices. To satisfy the Braggôs 

law, the wavelength ɚ is equivalent to the atomic or molecular distances, i.e. inter-planar 

spacing Ὠ . An interference occurs when the path length difference associated with 

reflections from adjacent lattice planes is equivalent to the wavelength ɚ (see Figure 2.1): 

ςὨ ίὭὲ—ὲ‗    Equation 2. 1 

where Ὠ  is the inter-planar distance of lattice plane ὬὯὰ, 

           ɗ is the scattering angle, 
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          n is an integer, and 

          ɚ is the wavelength of the incident X-ray. 

The Braggôs equation is applied to other diffraction techniques such as NPD. In 

principle, the distinction between XRD and NPD originates from their characteristic atomic 

form factors that contributes to the observed diffraction intensity. [2] The atomic form factor 

of X-rays is proportional to the atomic number Z and reduces monotonically with increasing 

ɗ and decreasing ɚ. As a result, XRD is more sensitive to heavy atoms and Bragg reflections 

at higher ɗ angles will generally exhibit a lower intensity compared to those at lower ɗ 

angles. On the other hand, the atomic form factor of neutrons tends to be independent of ‗ 

and ɗ, and the associated neutron scattering lengths (Section 2.1.3.2) do not simply vary 

with Z, permitting NPD to detect light elements (e.g. H, D, C, and O) with a wide range of 

data collection. Comparison of the X-ray and neutron atomic form factors of # with 

increasing momentum transfer ╠  τ“ ÓÉÎ —Ⱦ‗ (Section 2.1.3.1) can be seen as an example 

in Figure 2.2.  

 

Figure 2.2 | Comparison of the X-ray and neutron atomic form factors for # as a function 

of the momentum transfer ╠  τ“ ÓÉÎ —Ⱦ‗. While The X-ray form factor, having a 
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maximum value comparable to the atomic number Z= 6, decays to zero with increased the 

sin ɗ/ɚ (blue line), the neutron form factor is independent of sin ɗ/ɚ (dotted line) [3]. 

The details of how and why neutrons scatter differently from X-rays will be given in 

section 2.1.3. Here, it is sufficient to have a short summary as follows: 

I) Unlike XRD, the intensity of NPD depends on the neutron scattering length/cross section 

(section 2.1.3.2), not atomic number-dependent. Thus, light elements (e.g. H, Li, C, and O) 

are more visible and adjacent elements in the periodic table are often readily distinguished. 

II) Isotopes have different neutron scattering lengths, making contrast observation in random 

structures and allowing detection of different isotope behaviours such as H and D. 

III) Neutron scattering is weak with a typically low absorption. This property can have 

positive and negative effects. On the positive side, neutrons can penetrate deeply into the 

sample of interest, allowing the study of bulk properties of the sample. On the negative side, 

neutron experiments require a greater quantity of sample (typically  1 g) and a relatively 

long time for data collection compared to X-ray experiments. 

IV) No atomic form factor is applied in NPD, thus permitting a data collection over a large 

range of interplanar spacings d (i.e. Q range). 

V) Neutrons also interact with unpaired electrons via magnetic dipole interaction which is 

beneficial for study of magnetic structure. 

Although the powder X-ray and neutron diffraction techniques have different 

scattering characteristics, they both intrinsically suffer in peak overlapping that obstructs the 

accuracy of structure refinement. To achieve a better peak separation, it is thus essential to 

perform the powder diffraction experiments by using high resolution diffractometers 

especially whose X-rays and neutrons are generated by synchrotron and high-flux neutron 
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sources. In Chapter 3 and 4, I will discuss on the use of the high-resolution NPD supported 

by the high-resolution synchrotron X-ray diffraction (SXRD) for analysis of the structural 

changes in UiO-67 type MOFs under external stimuli. 

2.1.2) Structure determination from powder diffraction data 

2.1.2.1) Rietveld method  

The most commonly used procedure for structure refinement from the powder 

diffraction data is the Rietveld method, developed by Hugo M. Rietveld [4]. The 

fundamental idea behind this method is to refine user-selected parameters to minimize the 

weighted differences between an experimental pattern and a model (calculated) pattern 

based on the postulated crystal structure and instrumental parameters by means of a non-

linear least square regression. The Rietveld method circumvents a peak overlapping problem 

and allows an entire observed pattern to be used effectively. It can be used to refine structural 

parameters of crystalline solids such as cell parameters, atomic coordinates, site 

occupancies, and thermal displacements. According to the non-linear least squares 

algorithm, the square sum of differences between the ὔ observed and calculated step-by-

step intensities is subjected to minimisation: 

В ύ ώ ȟ ώ ȟ ᴼὓὭὲ  Equation 2. 2 

where ύ is the weight usually estimated from statistics on the observed ώ ȟ as ύ

ρȾώ ȟ. 

The calculated intensity ώ ȟ consists of mostly non-linear analytic functions and 

is defined as  

ώ ȟ  В ὛВ Ὂ ȟ▼ȟ ♠▼ȟȟὅέὶὶ▼ȟȟ▼ ὄὯὫ  Equation 2. 3. 
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For the above equation, Ð  refers to the crystalline phase of the sample. Hence, the outer sum 

covers all the phases p involved in the diffraction pattern. The inner sum operates over all 

Bragg reflections Ἳ= (hkl) of a Ð phase, which corresponds to the position Ὥ in the diffraction 

pattern. Ὓ is the scaling factor, related to the weight fraction of phase Ð and thus contributing 

to the intensity of each phase. Ὂ ȟἻȟ is called the structure factor of which the squared 

complex is proportional to the intensity of a Bragg reflection ▼. This function is the vector 

sum of atomic form factors (for X-ray diffraction) or coherent scattering lengths (for neutron 

diffraction). The profile function ♠▼ȟȟ represents the profile point Ὥ with respect to the 

position ί ȿ▼ȿ ςÓÉÎ—Ⱦ‗ of the Bragg peak ▼ for the phase Ð. ὅέὶὶ▼ȟȟ is the correction 

factor that need to be applied to the reflection intensities. This factor in fact has contributions 

from various correction factors such as multiplicity, Lorentz-polarisation factor, preferred 

orientation, etc. The final term is the observed background "ËÇ at position Ὥ in the 

diffraction profile. 

This approach requires a reasonable starting model for the entire powder pattern, i.e. 

all the starting parameters need to be sensibly valued. To simplify and hence maximise the 

success rate of the Rietveld refinement, it can be useful to separate the above complex 

function into several subgroups of parameters depending on their relationship to the 

diffraction pattern [5]: I) peak position ί (simply referred to as — or Ὠ- spacing) is 

geometrically determined by the crystal lattice, space-group symmetry and instrumental 

profile; II) integrated peak intensity Ὂ ȟ▼ȟ ὅέὶὶ▼ȟ  is determined by the crystal structure 

and geometrical factors; III) peak profile ♠▼ȟȟ is originated from the contributions of 

instrument and sample microstructure; IV) background ὄὯὫ is affected by both the 
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instrument and the sample, namely thermal diffuse scattering, incoherent scattering, inelastic 

scattering, sample environment and so on. 

2.1.2.2) Judging quality of Rietveld refinement 

 Before assessing the quality of a Rietveld refinement, one should first visually check 

how well the calculated diffraction pattern fits the observed pattern. This is to verify any 

gross errors in the structural model used for the refinement. For a well-fitted diffraction 

pattern, the difference between the observed and the calculated diffraction profiles should 

be as low as possible without any poorly-fitted peaks. If any significant peak difference is 

observed, it may reflect an unsuitability of the proposed model. 

Like other curve/peak fitting techniques, various statistical agreement (R-) factors 

can be used for determination of the quality of a Rietveld refinement. The most common 

one is the so-called profile R-factor, which is a measure of the difference between the 

observed and the calculated profiles: 

Ὑ  
В ȿ ȟ ȟ ȿ

В ȟ
    Equation 2. 4 

where ώ ȟ is the observed Bragg peak intensity at the i th step, 

          ώ ȟ is the calculated Bragg peak intensity at the i th step, 

This simple sum of all differences relative to the sum of all observed values has 

several problems. First, it tends to overemphasise the strong reflections and it does not take 

experimental uncertainties into account. Both problems are overcome by applying a 

weighting scheme, where every data point get a weight Wi (see below): 

Ὑ  
В ȟ ȟ

В ȟ
   Equation 2. 5 
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Where ύ is the weight coefficient at the i th step. 

This R-factor is directly related to the Rietveld objective function of eq. 2.2. 

The next problem is related to the influence of the background. If the peak to 

background ration is low, the profile R-value can be dominated by the well-fitted 

background points and relatively insensitive to the structural model. To avoid this problem, 

it is useful to subtract the background from the observed step scan intensities in the 

denominator: 

Ὑ  
В ȿ ȟ ȟ ȿ

В ȿ ȟ ȿ
    Equation 2. 6 

and  

Ὑ  
В ȟ ȟ

В ȟ  
   Equation 2. 7 

Despite these corrections, profile R-values of different refinements can only be 

compared for identical statistical conditions. The so-called expected R-factor, which is 

mainly determined by counting statistics, give a measure of the best profile fit: 

Ὑ  
В ȟ

    Equation 2. 8 

and  

Ὑ  
В ȟ  

   Equation 2. 9 

with the number of observed data points N and the number of parameters P. On an absolute 

basis, the ratio … between the weighted-profile R-value and the expected R-value (also called 

goodness of fit, GOF) is another good measure on the quality of the Rietveld refinement: 
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  …  
В ȟ ȟ

 
   Equation 2. 10 

There have been many critical discussions on the fitting values to be accepted. For a 

general powder diffraction pattern, a well-fitted Rietveld refinement should have a Ὑ  

value below 12% and a GOF value should reach unity [6]. However, a low Ὑ   value can 

be more difficult to obtain for a lower symmetric (more complex) crystal structure whose 

Bragg peaks are more observed [7]. As a result, acceptable Ὑ  values for crystal structures 

with low symmetry (e.g. monoclinic and triclinic) could be up to 15%. All the profile R-

factors may be depreciated by a poorly-defined peak shape, even though a correct 

crystallographic model is used. On the other hand, the fitting values may look satisfactory 

even we use a wrong crystallographic model because the background is well fitted [8]. When 

a diffraction profile is derived from a high-resolution synchrotron or neutron source, a Ὑ  

factor gets drastically reduced as the number of observables N is much higher than that of a 

laboratory X-ray source, as a consequence of better detector resolution and longer counting 

time. In this circumstance, the Ὑ  value is much lower than the Ὑ   one and hence renders 

a large … [3]. This indicates a less reliability of … when dealing with a high quality data 

from the synchrotron and neutron facilities. Thus, more meaningful factors such as Ὑ   

should be used alternatively since it tells us directly how well the calculated pattern matches 

with the observed one. Finally, knowledge of crystallography is indeed a key factor to 

achieve a successful refinement. Without a sensible crystal structure, a refinement result will 

become meaningless even all the measures of fit are tremendously low. 
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2.1.2.3) Le Bail extraction 

To facilitate a successful structure determination by the Rietveld method (2.1.2.1), it 

is helpful to have sensible starting parameters such as lattice parameters, space group, peak 

shape function factors, and background. The best way to achieve these parameters is to 

perform a structure-independent whole powder pattern fitting (WPPF) prior to the Rietveld 

refinement. Then, the obtained parameters can be straightforwardly transferred to the 

Rietveld analysis. The most frequently used WPPF methods are the Pawley (Pawley 1981) 

and the Le Bail (Le Bail, et al., 1988; Le Bail, 2005) methods. Both methods are based on 

the use of non-linear least squares minimisation but how they extract the integrated peak 

intensities are different. As these methods refine over an entire powder pattern, even the 

overlapped peaks can be calculated during the refinement, despite in a purely convoluted 

way. In this thesis, all the diffraction patterns of the MOF samples were primarily refined 

by the Le Bail approach.  

Comparing to the regular Rietveld refinement, the Le Bail method follows the same 

least squares procedure to refine all parameters but exclude structural parameters: atomic 

coordinates, site occupancies, and thermal displacements. If we consider a diffraction pattern 

with a single phase, the Rietveld expression in Equation 2.2 can be reduced to 

ώ ȟ  ὛВ Ὂ ȟ▼ ♠▼ȟὅέὶὶ▼ȟ▼ ὄὯὫ.  Equation 2. 11 

Without information on the structural parameters, the structure factor Ὂ ȟ▼ is initially 

treated as an arbitrary value, e.g. 1.0. 
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Ὂ ȟ▼ ρȢπ.    Equation 2. 12 

During the iteration process, the Ὂ ȟ▼  is freely refined like a virtual structure model to 

get a new value as   

Ὂ ȟ▼  
В ȟ ȟ▼ ♠▼ȟ ▼ȟ░

ȟ
  Equation 2. 13 

The obtained Ὂ ȟ▼  is subsequently used as a starting value for the next cycle of 

iteration until the convergence is done: 

Ὂ ȟ▼  Ὂ ȟ▼ .   Equation 2. 14 

2.1.3) Basic concepts of Neutron Scattering 

While an X-ray electromagnetically interacts with electron clouds in a sample, a 

neutron interacts with atomic nuclei via the very short-range strong nuclear force. According 

to the de Broglie hypothesis, a neutron exhibits both particle-like and wave-like behaviours: 

it is a subatomic particle having zero charge, a spin ½, a mass close to that of a proton, and 

a wavelength ɚ. The neutron wavelength is associated to the de Broglie relationship as 

‗                                 Equation 2. 15 

where Ὤ is Planckôs constant, ά is the neutron mass (ρȢφχωτυ ρπ  kg), and ὺ is its 

velocity. 

The associated wave vector ▓ is given by 

▓       Equation 2. 16 

This allows the neutron momentum ὴ to be written as  
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ὴ άὺ ᴐ▓     Equation 2. 17 

where ǩ is the reduced Planck constant. 

Then, the neutron energy Ὁ is 

Ὁ  άὺ  
ᴐ▓

    Equation 2. 18. 

For a thermal neutron corresponding to a moderator temperature of ca. 300 K, its 

energy is comparable to that of interatomic/intermolecular forces and its wave vector similar 

to interplanar d-spacings. This enables the study of structural and dynamical properties of 

materials. 

 

Figure 2.3 | Scattering triangles for elastic scattering (a) and inelastic scattering (b). During 

the scattering process, the scale and direction of the scattering vector ╠ is determined by the 

magnitudes of the incident wave vector ▓ and the scattered wave vector ▓ with respect to 

the scattering angle ς— [9]. 
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 When a neutron collides with a scattering atom in matter, the total momentum and 

energy are preserved: the energy loss from the scattered neutron is gained by the sample.  

The energy transfer ᴐis then written as ‫ 

Ὁ  ᴐ‫  ᴐ‫  ‫    Equation 2. 19 

where .are, respectively, the incident and the scattered angular frequencies ‫ and ‫ 

The momentum transfer ᴐὗ is also given by 

ᴐ╠  ᴐ▓ ▓       Equation 2. 20 

and so,  

‫
ᴐ
▓  ▓     Equation 2. 21 

where Ὧ and Ὧare the incident and the scattered wave vector, respectively. The ╠  ▓

▓ is known as the scattering vector and the relationship between these parameters can be 

described by using the so-called scattering triangles as depicted in Figure 2.1. 

2.1.3.1) Elastic and inelastic scattering 

 There are two types of scattering: I) elastic and II) inelastic. The former occurs when 

there is no change in the energy of the incident neutron during the interaction; or in terms of 

the neutronôs wave vector, the direction of the wave vector changes but not its magnitude 

(▓ ▓ so ᴐ‫ π, see Figure 2.3a). The magnitude of ╠ then depends only on the 

scattering angle ς— between the incident and the scattered wave vectors. By using 

trigonometry, ╠ of an elastic scattering is written as 

 ╠ ς▓ίὭὲ—     Equation 2. 22 
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On the other hand, an inelastic scattering happens once a neutron exchanges energy and 

momentum with a scattered atom, causing both the direction and the magnitude of the 

neutronôs wave vector to change (Figure 2.3b). This event results in either an energy loss 

(▓ ▓ ) or an energy gain (▓ ▓ ) of the scattered neutron. The scattering vector ╠ is 

hence dependent on both the scattering angle ς— and the energy transfer ᴐand its ‫ 

magnitude can be derived from 

ȿ╠ȿ  ȿ▓ȿ  ȿ▓ȿ ς▓▓ὧέίς—  Equation 2. 23 

2.1.3.2) Scattering cross section 

A scattering cross section „ can be used to determine how strongly an incident 

neutron interacts with a target nucleus; the larger the cross section the more likely an 

interaction. It is measured in a unit of barn (1 barn = 10 ρπ  m2) which represents an 

effective area presented by a nucleus to a passing neutron. In most neutron scattering 

experiments, scientists measure the double-differential scattering cross section defined as 

. This parameter is equivalent to the number of neutrons scattered into the solid angle 

Ä   ÓÉÎ—Ä—Ä‰ with the energy range of ÄὉ (see Figure 2.4). The total cross section of 

each scattering atom is derived by integration of overall solid angles and energies: 

„  ᷿Ὠ   ᷿ὨὉ᷿Ὠ  τ“ộὦỚ    Equation 2. 24 

where ὦ is the scattering length which varies irregularly from one atom to another or even 

from one isotope to another.  
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Figure 2.4 | Geometry of the neutron scattering experiment (Marshall and Lovesey 1971; 

Squirs 1978). 

2.1.3.3) Coherent and incoherent scattering 

As atoms of the same element usually have different isotopes and nuclear spin states, 

it is helpful to decompose the total cross section „ into two contributions; coherent and 

incoherent scatterings („  and „ , respectively). An example of the decomposition is 

simply displayed in Figure 2.5. The coherent part corresponds to an average over all isotopes 

and spin states:  

„  τ“ộὦỚ    Equation 2. 25 

 

Figure 2.5 | Illustration of a very simple one-dimensional example of how a function, ɓ(x), 

can be decomposed into the sum of an average pattern, ộ‍ὼỚ, and a set of random 

fluctuations, ȹɓ(x) [2]. 
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While the incoherent part is defined by the difference between the total and the 

coherent cross-sections: 

„  τ“ộὦỚ ộὦỚ    Equation 2. 26 

The neutron scattering lengths and cross-sections of the elements involved in MOF 

synthesis which is a central of this thesis are shown in Table 2.1. 

Table 2.1 | Neutron scattering lengths (ὦ) and cross sections („) of the elements typically 

used to synthesise MOFs [10]. 

Element ╫Ἣἷἰ (fm) ╫ἱἶἫ (fm) ⱭἫἷἰ (barn) ⱭἱἶἫ(barn) ⱭἼἷἼἩἴ (barn) 

H 

D 

C 

N 

O 

Al  

Cl 

V 

Zr  

-3.74 

6.67 

6.65 

9.36 

5.80 

3.45 

11.65 

-0.38 

7.16 

25.27 

4.04 

- 

- 

- 

0.26 

- 

- 

- 

1.76 

5.59 

5.55 

11.01 

4.23 

1.49 

17.06 

0.02 

6.44 

80.27 

2.05 

0 

0.50 

0 

0.01 

4.76 

5.08 

0.02 

82.03 

7.64 

5.55 

11.51 

4.23 

1.50 

21.82 

5.10 

6.46 

Notes: ὦ  is the bound coherent scattering length; ὦ  is the bound incoherent scattering 

length; „  is the coherent scattering cross section; „  is the incoherent scattering cross 

section; „  is the total bound scattering cross; 1 barn = 100 fm2= 10-28 m2; Al has a 
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minimum neutron scattering cross-section so it is commonly used as a sample holder; V has a small 

scattering cross-section with almost incoherent contribution (i.e. nearly zero coherent contribution) 

making it suitable for standard calibration. 

Similarly, the measured intensity can be also divided into coherent and incoherent 

parts. 

 
▓

▓ ᴐ
„ Ὓ ╠ȟ‫ „ Ὓ ╠ȟ‫  Equation 2. 27 

  Ὓ╠ȟ‫ Ὓ ╠ȟ‫ Ὓ ╠ȟ‫   Equation 2. 28  

where Ὓ╠ȟ‫ is the scattering function or dynamical structure factor.  

 The scattering function is the four-dimensional Fourier transform of the van Hove 

correlation function Ὃ►ȟὸ and is given by 

  Ὓ╠ȟ‫  Ὠ᷿ὸὩὼὴὭ‫ὸ᷿Ὠ►ὩὼὴὭ╠ẗ►Ὃ►ȟὸ Equation 2. 29 

It is useful to correlate the scattering function to the intermediate scattering function, 

Ὅ╠ȟὸȟ which is described as 

Ὅ╠ȟὸ  ᷿Ὠ►ὩὼὴὭ╠ẗ►Ὃ►ȟὸ   Equation 2. 30 

And so 

Ὓ╠ȟ‫  Ὠ᷿ὸὩὼὴὭ‫ὸὍ╠ȟὸ  Equation 2. 31 

The inversion of Fourier transform can provide another expression for Ὅ╠ȟὸ: 

Ὅ╠ȟὸ  ᷿Ὠ‫ὩὼὴὭ‫ὸὛ╠ȟ‫    Equation 2. 32 

The coherent and incoherent scattering functions are associated with the pair- and 

self- correlation functions: 
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Ὓ ╠ȟ‫  Ὠ᷿ὸὩὼὴὭ‫ὸ᷿Ὠ►ὩὼὴὭ╠ẗ►Ὃ ►ȟὸ  Equation 2. 33 

Ὓ ╠ȟ‫  Ὠ᷿ὸὩὼὴὭ‫ὸ᷿Ὠ►ὩὼὴὭ╠ẗ►Ὃ ►ȟὸ  Equation 2. 34 

The pair-correlation function Ὃ ►ȟὸ corresponds to the possibility of finding any particle 

at a position ► at time ὸ, giving information on spatial correlations and collective motions of 

overall scattering particle in the sample. In contrast, the self-correlation function Ὃ ►ȟὸ 

represents the possibility of finding a particle at a position ► at time, if the same particle was 

at the origin at time zero; i.e. the interaction of an incident neutron with the same atom but 

at different positions and different time). This, as a result, tells us about the behaviour of 

individual scattering particle in the sample such as diffusion, rotation, and incoherent 

vibration. 

2.1.4) Neutron powder diffraction (NPD) 

Neutron powder diffraction (NPD) is an elastic scattering technique that measures 

the differential cross section, , which corresponds to the number of neutrons scattered 

through angle ς— per second into the solid angle Ä  (Figure 2.4). Hence, this technique 

provides an information on static structural properties of materials. 

Similar to the well-known X-ray and electron diffractions, the Braggôs law 

(ςὨ ÓÉÎ— ὲ‗ȟ  Equation 2.1) is also applied to describe the interference pattern of 

neutrons scattered by atoms in a sample. As NPD is elastic (▓ ▓ and a ,(0 = ‫ 

combination of Equation 2.1 and 2.21 where n = 1 is given by 

╠
Ὠ     Equation 2. 35 
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A correlation between a scattering wave vector ╠ in real space and a reciprocal lattice vector 

╖  can also written as 

ὔ В ╠‏ ╖ ȿὊ ╠ȿ   Equation 2. 36 

where the unit-cell structure factor Ὂ ╠ is given by 

Ὂ ╠  В ╫Ὡ╠ Ὡ    Equation 2. 37 

and ὡ  is called the Debye-Waller factor associated to thermal motions of atoms and hence 

peak broadening. To reduce the effect of the peak broadening, ones should collect the NPD 

data at cryogenic temperature. 

 

Figure 2.6 | Schematic illustration of the time-of-flight (TOF) instrumental configuration 

for NPD measurement. A broad spectrum of neutron energies (proportional to velocities) 

from a pulsed source is separated by time of arrival, facilitating the measurement of different 

interplanar distances Ὠ  at a fixed scattering angle ς—. 

At a neutron pulsed source such as ISIS, neutrons are generated by high-energy 

protons, primarily accelerated in a proton synchrotron, strike into a heavy-metal target (e.g. 
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Ta, W, or Pb) [11]. The concept of time of flight Ὕ is universally applied to determine ‗ over 

a known total flight path ὒ of the scattered neutron from the source (Ὕ=0) to the sample ὒ 

and subsequently over the scattering path to the detector ὒ as shown in Figure 2.5. Based 

on the de Broglie relationship in Equation 2.14 together with the measurable Ὕ and ὒ of the 

neutron, we can calculate its wavelength ‗ by 

‗  .    Equation 2. 38 

where ‗ is in Å, Ὕ is in ɛs and ὒ is in m. 

Combining Equation 2.38 with the Braggôs law in Equation 2.1, we obtain a relationship 

between Ὕ and Ὠ  as 

Ὠ
Ȣ

.   Equation 2. 39 

2.1.5) Inelastic neutron scattering (INS) 

INS is a spectroscopic technique that uses neutrons to probe atomic and molecular 

motions in solids [12]. In direct comparison to conventional infrared and Raman 

spectroscopies whose spectra depend on electro-optic interactions, INS has tremendous 

advantages over them: 

I) INS spectra are readily and accurately modelled. 

Observed INS intensities are directly related to the atomic displacements of the 

scattering atom without any complications from electro-optic parameters. Moreover, the 

vibrational frequencies and intensities of most molecular systems can be accurately 

simulated by means of evolving ab-initio calculations, providing us an invaluable 

information on the dynamics of molecular structures. 
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II) INS spectra are sensitive to hydrogen atom vibrations. 

 Owing to the very large neutron incoherent scattering cross section of H atom, this 

allows about ten times higher contrast of H signal to be observed over other elements. 

III) Unlike optical spectroscopic techniques, no selection rules are applied to INS spectra. 

All vibrations are active in INS and principally measureable simply because an 

incident neutron (ca. 1 atomic mass unit) transfer momentum to a scattering atom. 

Measurement of INS is not limited to the Brillouin zone centre, contrast to the optical 

methods. The observed INS intensity is therefore proportional to concentration of each 

element in a sample. 

IV) Neutrons are highly penetrating and so can probe bulk properties of the sample. 

Neutrons can penetrate into a typical solid sample with the order of millimetres in depth and 

pass readily through the walls of the sample container, allowing the observation of bulk 

properties rather than a molecule adsorbed on a sample surface.  

V) INS spectrometers cover a wide range of molecular vibrations. 

An INS spectral region of 16-4000 cm-1 is closely associated to both intramolecular 

and lattice vibrations (Figure 2.7). The lower energy transfer below 400 cm-1, where key 

information on the lattice dynamics and translational/rotational motions of adsorbed gas 

molecules is increasingly found, is readily accessible. Moreover, modern INS instruments 

also provide a quality of spectra that mostly equivalent to that of IR and Raman analogue 

under the same system and conditions. 
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Figure 2.7 | INS spectroscopy in comparison with optical (photon) spectroscopies. The 

neutron scattering intensity in the y axis is represented by the neutron scattering function, 

Ὓ╠ȟAn observed INS spectrum elucidates a change of the neutron scattering .[12] ‫ 

intensity as a function of the energy transfer and the momentum transfer. The spectrum is 

typically expressed as a neutron energy loss resulting from the energy transfer from the 

incident neutrons to the individual scattering atom in a sample. The energy range for the INS 

experiment is 16-4000 cm-1 which is comparable to that of mid-infrared region. 

2.1.5.1) INS experiments  

INS experiments aim to determine the scattering intensity Ὓ╠ȟas a function of ‫ 

╠ and Thus, the knowledge of energy transfer and momentum transfer previously .‫ 

expressed in Equation 2.12- 2.14 is required. The INS experiments throughout this thesis 

were performed on TOSCA instrument [13], an indirect geometry time-of-flight 

spectrometer at the ISIS pulsed spallation neutron source at the Rutherford Appleton 

Laboratory.  TOSCA is optimised for high-resolution vibrational spectroscopy in the 

energy-transfer range 0ï4000 cmī1 (0 - 500 meV) with the best results below 2000 cm-1, 
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(250 meV). Details of the experiments using TOSCA is given in the 2.2.3 Characterisation 

techniques and Chapter 5. In this stage, I will mainly focus on how the instrument works 

and how to acquire the data from it. 

 

Figure 2.8 | Schematic diagram of the TOSCA indirect geometry time-of-flight (TOF) 

spectrometer. 

As mentioned earlier in the NPD section, The INS experiment on TOSCA is also 

based on measuring the neutron energies/wavelengths by discriminating their time of arrival 

at the detector [14]. The TOSCA has an indirect geometry of which the final energy of 

neutron scattered from a sample is fixed by a Be-Cd filter and a pyrolytic graphitic analyser 

before travelling to the detector (Figure 2.8). For elastic scattering, the energy transferred to 

the sample is defined as  

Ὁ Ὁ Ὁ    Equation 2. 40 

where Ὁ and Ὁ are the incident and scattered energies, respectively. Thus, the relationship 

between the time of flight Ὕ and the energy transfer can be written as 

Ὕ  ὸ ὸ     Equation 2. 41 
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Since the values of the scattered energy Ὁ, the mass of a neutron m, path length from the 

neutron source to the sample ὒ, and path length from the sample to the detector ὒ are all 

fixed and known, the measurement of the time of flight  Ὕ allows the calculation of the 

associated Ὁ and hence the energy transfer at the sample Ὁ .  

 At TOSCA, it is designed in such a way that there is only single value of momentum 

transfer for each energy transfer, Ὁ ρφ╠ . This relation originates from the fact that 

a mass of neutron is largely close to that of hydrogen (H). Therefore, an inelastic scattering 

undergoes a significant transfer of momentum and energy. The correlation of the energy 

transfer and the intensity of the ith molecular vibrational transition ) can be written as: 

Ὓ╠ȟ ‫  Ὅ  θ╠ὟὩὼὴ ╠Ὗ „  Equation 2. 42 

where Ὗ is the amplitude of vibration of the atoms involved in the vibrational mode. The 

exponential term in Equation 2.36 is referred to the Debye-Waller factor; Ὗ  is the mean 

square displacement of the molecule whose magnitude is related to the thermal motion. This 

equation emphasises scientists to perform INS experiments at cryogenic temperature (typically 

below 50 K) to reduce the value of Ὗ  and hence increase the observed intensity of the 

molecular vibration Ὅ. The final parameter „ is the neutron scattering cross-section of all the 

atoms involved in the vibrational mode. The „ varies from one atom/isotope to another and is 

independent of the chemical environment. The detail of „ is formerly discussed in 2.1.4.2 and 

Table 2.1. It is worth noting that the neutron scattering cross-section for H is ~80 barns, about 

ten times larger than all other elements. This indicates that any vibrational modes involved the 

displacement of H atoms will prominently direct the overall spectrum. This H dependency is 

indeed a key strength of INS to probe molecular motions of hydrogen-rich materials which will 

be presented in Chapter 5. 



Chapter 2 | Experimental and Theoretical Methodologies 

 

72 

 

2.1.6) Quasielastic neutron scattering (QENS) 

2.1.6.1) Fundamentals and type of information provided 

QENS has made many important contributions to the atomistic elucidation of 

diffusive motions in porous materials. It is a sub-branch of INS that is principally used to 

monitor an exchange of energy from the neutron to the sample. Unlike regular INS whose 

energy exchanges involve excitations of molecular vibrations, smaller energy transfers (ǩɤ 

Í 0 å neV or ɛeV) in QENS is related to diffusive motions appearing as wings (peak 

broadenings) of the elastic peak (see Figure 2.7). Diffusive motions are not quantised and 

hence the energy transfer can be extremely small. Owing to a large incoherent cross-section 

of H (~80 barns), QENS is one of the most powerful tools to study diffusions in hydrogenous 

materials. The diffusion process can be measured on atomic scales of space and time 

simultaneously, making QENS unique from other conventional methods such as X-ray and 

Raman spectroscopy. The most valuable feature of QENS is its ability to elucidate atomic 

diffusions and rotation mechanism which is a core information for a wide range of science 

areas. 

 

Figure 2.9 | Two types of diffusional motions of a particle (teal sphere) in a porous solid 

(grey sphere): a) translational diffusion and b) rotational diffusion such as a methyl (CH3) 

group. 
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Diffusional motions can be categorised into two main subgroups: translational 

diffusion and rotational diffusion (Figure 2.9) [15]. The former refers to the movement 

where the centre of mass moves within the crystalline lattice of the observed material. On 

the other hand, the latter involves rotation/reorientation of a molecule or part of a molecule 

with its centre of mass remaining static in space. These modes of diffusions can occur 

simultaneously with different time scales. The relation of the energy resolution of a 

spectrometer ЎὉ and the time scale of the diffusive motion † can be described by the 

Heisenburg uncertainty principle: 

ЎὉϽ† .    Equation 2. 43 

From Equation 2.43, we can see that the slower the diffusive motion to be 

observable, the better energy resolution is required. Table 2.2 provides information on the 

time scale of diffusive motions, the ЎὉ required to detect the motion and the instrumental 

technique to attain this ЎὉ.  

Table 2.2 | Time scale, energy resolution and spectroscopic technique for QENS experiment. 

Time scale Ⱳ (sec) Energy resolution Ў╔ 

(ɛeV) 

Instrumental technique 

10-11 

10-9 

10-7 

10-100 

0.3-20 

0.005-1 

Direct-geometry time-of-flight 

Backscattering crystal analyser 

Spin-echo 

Momentum transfer ╠ is another key factor to consider before acquiring a QENS 

experiment. It can give information on diffusional jump distances and on the geometry of 
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these jumps. From Equation 2.22 where ╠ ÓÉÎ—, the cold neutrons (Ὁ

υ άὩὠ έὶ ‗ τ ᴠ typically used in a modern QENS instrument give a ╠ range from 0.05 

to 2.5 Å-1. This range is associated to the distances from 1 to 100 Å, where the atomic or 

microscopic diffusion takes place. 

2.1.6.2) QENS experiments  

QENS experiments were conducted on OSIRIS instrument at the ISIS pulsed 

spallation neutron source at the Rutherford Appleton Laboratory [16]. The OSIRIS is an 

inverted-geometry and time-of-flight spectrometer. It measures the incident neutron energy 

by a time-of-flight technique over known neutron path length and selects the single scattered 

neutron energy by using a single crystal analyser (in the case of this work, a pyrolytic 

graphite). The resolution can be derived by differentiating the Braggôs equation (‗

ςὨÓÉÎ—) to give  

ς ς ὧέὸ—Ͻῳ—
Ⱦ

.  Equation 2. 44 

The  value for commonly-used single crystals is as low as 10-4 and hence negligible. The 

ÃÏÔ—Ͻɝ— term then dominates the overall resolution. When the Bragg scattering angle 

approaches 90°, the ÃÏÔ— tends to reach zero and consequently gives the extremely high 

energy resolution. Therefore, the inverted-geometry spectrometer is often referred to as a 

back-scattering spectrometer. In addition to being used as a spectrometer, the OSIRIS can 

be operated as a long-wavelength diffractometer simultaneously with the QENS 

measurement. This enables a direct comparison of the data obtained from both quasi-elastic 

and elastic neutron scatterings. Details of the OSIRIS specification and sample 

environments are given in section 2.2.3 Characterisation techniques and Chapter 5. 
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2.1.6.3) Information derived from QENS data 

For an atom diffusing in a certain volume, the incoherent scattering law Ὓ ╠ȟ‫  

in the elastic region can be commonly separated into two components: purely elastic 

scattering and quasi-elastic scattering centred at ‫ π [17]. The law is ascribed as 

Ὓ ╠ȟ‫  Ὅ ‫‏╠ Ὅ ╠ὒ‫   Equation 2. 45 

Where and ὒare the delta and the Lorentzian functions, respectively. This ‫ ‫‏ 

convoluted equation is fitted with the measured QENS data to achieve diffusive behaviours 

of the system. The delta function provides information on a geometrical structure (static 

atoms) and the Lorentzian term gives details of the diffusion rate † by analysing the shape 

of its half-width at the half-maximum (HWHM) at a given ╠ or scattering angle ς—. For a 

simple translational diffusion, the relation between † and ╠ can give information on a 

diffusion coefficient Ὀ: 

† ᴐὈ╠     Equation 2. 46 

This type of diffusion is isotropic and long-range (i.e. small ╠) obeying the Fickôs second 

law of diffusion [18]. However, such simple motion is not commonly the case, especially 

for a molecular diffusion in porous materials where a short-range diffusion (a large ╠ value) 

usually occurs. The diffusion process in this system normally displays a strong dependency 

on ╠ and gives a unique shape of the HWHM [19]. The diffusion can be regulated by several 

factors such as confined spaces, binding interactions, or concentration gradients of the 

adsorbates. This short-range diffusion can be described by the so-called jump diffusion 

models. These models view the diffusion as sequential jumps and contain dynamical 

parameters such as the diffusion coefficient Ὀ, the residence time †, and the mean-jump 

length ὶ. For example, the model proposed by Chudley and Elliott (CE) [20] expresses 
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discrete jumps between the atoms oscillating around a point with a fixed jump length. The 

model is expressed as: 

ῲ╠
ᴐ
ρ

 ╠

╠
   Equation 2. 47 

where † refers to the time each of the atoms spends at any position before jumping to another 

position. Then, Ὀ can be calculated from: 

Ὀ      Equation 2. 48 

Hall and Ross (HR) [21] proposed another model based on a Gaussian distribution of jump 

lengths and written as ”ὶ
Ѝ
ϽὩ Ⱦ . The mean-square-displacement (msd, ộὶỚ) 

is defined as ộὶỚ  ᷿ ὶ”ὶÄὶ σὶ. The peak broadening is then given by 

ῲ╠
ᴐ
ρ Ὡ╠ Ⱦ    Equation 2. 49 

The model proposed by Singwi and Sjölander (SS) [22] considers an exponential 

distribution of jump lengths: ”ὶ ϽὩ Ⱦ . Thus, the HWHM of Lorentzian function is 

achieved by 

ῲ╠
ᴐ ╠

╠
   Equation 2. 50 

with a given msd value of ộὶỚ  φὶ. 

 It is worth noting that the diffusion models expressed in Equation 2.47, 2.49 and 2.50 

become a Fickian motion (see Equation 2.46) at the small ╠ limit which corresponds to a 

long-range diffusion. Comparison of the different diffusion models are demonstrated in 

Figure 2.10. 
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Figure 2.10 | The broadenings (HWHM) of Lorentzian functions as a function of ╠ fitted 

with different diffusion models: Fick (dashed line), Chudley-Elliott (dotted-dashed line), 

Hall-Ross (dotted line), and Singwi-Sjºlander (solid line). All models are derived from the 

same values of ộὶỚ ρππ ᴠ, jumping rate τ ʈÅ6, and hence diffusion coefficient Ὀ

ρȢπ ρπ ÍÓ  . [23] 

 In addition to the translational diffusion, localised diffusions such as rotations and 

molecular reorientations can be observed in a time scale of QENS instruments. The 

rotational motion features a ╠-independent HWHM of any fitted Lorentzian functions. This 

type of diffusion can be further analysed by the elastic incoherent structure factor (EISF) 

introduced by R. Lechner in 1971. [24] The EISF is defined .as: 

ὉὍὛὊ 
╠

╠ ╠

 

 
  Equation 2. 51 

where Ὅ  ╠  and Ὅ  ╠  represent the integrated elastic intensity and the integrated 

quasielastic intensity, respectively. The EISF is a very important factor to analyse the QENS 
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data since its precise shape as a function of ╠ refers to the geometry of the diffusion pathway 

and is sensitive to the model in the certain ╠ region [15].  

 

Figure 2.11 | Elastic incoherent structure factor (EISF) as a function of ╠ simulated from 

the uniaxial jump rotation model with a constant radius of rotation ὶ ςȢπ ᴠ but various 

equivalent ὔ sites. 

Several models are proposed and compared to the experimental EISF to describe the 

geometry of rotational motions. For instance, isotropic rotation around a sphere, rotational 

diffusion on a circle, diffusion within a sphere, and uniaxial jump rotation over a circle. [17] 

An example of the fitted Q-dependent EISF profiles that follow the uniaxial rotation model 

with different ὔ sites equally spaced on a circle is depicted in Figure 2.11. For the jump 

between two equivalent sites (ὔ = 2) such as a water molecule bound to a surface, the 

corresponding EISF is written by 

ὉὍὛὊ ρ Ὦ╠ὶ    Equation 2. 52 
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where Ὦ and ὶ are the ὰ  spherical Bessel function and the jump distance, respectively. In 

the case of the rotation among three sites on a circle with a radius ὶ, e.g. a methyl (CH3) 

group, the EISF is ascribed as 

ὉὍὛὊ ρ ςὮ╠ὶЍσ    Equation 2. 53 

The two site- and three site-jumping models give rise to a single Lorentzian function of the 

quasielastic component of the scattering law (Equation 2.45) and lead to a consequent Q-

independency of the HWHM.  

 For the complex systems where multiple dynamical processes are coupled, the 

interpretation of QENS data may be substantially supported by the use of molecular 

dynamics simulations (MD). This is the key strength of QENS over other dynamics-probing 

techniques since its dynamics length and timescale match well with those of the MD 

simulations. The modern MD simulations can enable not only qualitative verification of the 

diffusion behaviours observed from the QENS experiments, but also quantitative analysis 

and reproduction of the QENS data [19]. In Chapter 5, analysis of the QENS data will be 

presented to get insight into the NH3 diffusion in UiO-type MOFs with a brief introduction 

of the supportive simulations which are currently under investigation. 

2.2) Experimental procedures 

2.2.1) Chemicals 

All chemicals and solvents in this work were commercially available (Sigma 

Aldrich and Fluorochem), with 98 % purity or above, and used as received.  
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2.2.2) Sample preparation 

UiO-67 was prepared according to a procedure reported by J. F. Cavka et al. with 

some modifications [25]. 8 mL of N,N-dimethylformamide (DMF) was added into a glass 

vial containing 49 mg of zirconium tetrachloride (ZrCl4), 378 mg of glacial acetic acid, and 

52 mg of biphenyl-4,4ǋ-dicarboxylic acid (H2BPDC). The mixture was homogenised via 

sonication for 10 min, followed by solvothermal treatment at 393 K for 24 h. The solid 

product was washed with DMF three times, methanol three times, followed by methanol 

exchange for three days. During this period, methanol was exchanged daily. The final 

product was collected by centrifugation and activated at 423 K under vacuum for 12 h before 

storing in a desiccator. Anal. Calcd for Zr6O32H48C64 (i.e. Zr6O4(OH)4(bpdc)6-x(acetate)2x 

where x= 2.0): C/Zr, 1.40. Found: C/Zr, 1.41± 0.5. 

UiO-bpydc was prepared by using the procedure similar to UiO-67, except 52 mg of 

2,2ǋ-bipyridine-5,5ǋ-dicarboxylic acid (H2BPYDC) was used instead of H2BPDC. Anal. 

Calcd for Zr6O32H40C60N9 (i.e. Zr6O4(OH)4(bpydc)6-x(acetate)2x where x= 1.5): C/Zr, 1.32. 

Found: C/Zr, 1.31± 0.5. 

Healed UiO-67 and UiO-bpydc were synthesised according to the procedure published by 

O. V. Gutov et al. with some modifications [26]. 100 mg of each sample and 60 mg of its 

corresponding linker were dispersed in a vial containing 10 ml DMF solution. The mixture 

vial was sealed securely and sonicated for 15 minutes before placing in an oven at 393 K for 

48 h. The precipitate was separated from the suspension by centrifugation and intensively 

washed five times with hot DMF and four times with methanol, followed by methanol 

exchange for three days. The final product was evacuated with gradual heating to 423 K for 

12 h and kept in a desiccator. Anal. Calcd for healed UiO-67 Zr6O32H52C84 (i.e. 
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Zr6O4(OH)4(bpdc)6-x(acetate)2x where x= 0.0): C/Zr, 1.84. Found: C/Zr, 1.83± 0.5. Anal. 

Calcd for healed UiO-bpydc Zr6O32H40C65.6N10.4 (i.e. Zr6O4(OH)4(bpydc)6-x(acetate)2x where 

x= 0.8): C/Zr, 1.44. Found: C/Zr, 1.43± 0.5. 

2.2.3) Characterisation techniques 

2.2.3.1) X-ray powder diffraction (XRD)  

Laboratory XRD was performed by using a Bruker D8 Advance X-ray 

diffractometer operated at 40 kV and 40 mA with Cu KŬ1 radiation (ɚ = 1.54056 ¡) over 

the 2ɗ range of 5 to 70 °. Prior to the measurement, a powder sample (10-15 mg) was finely 

ground, spread onto a poly(methyl methacrylate) sample holder, and flattened to obtain a 

smooth surface.  

2.2.3.2) Thermogravimetric analysis (TGA)   

TGA was performed on a TA Instruments TGA Q600 under an airflow of 100 

ml/min.  A sample with an exact amount (10-15 mg) was added into an alumina pan and 

heated from room temperature to 1173 K using the heating rate of 10 K/min. A 

corresponding TGA curve together with its first derivative was collected simultaneously. 

2.2.3.3) Elemental analysis 

 C H N elemental analysis was acquired on a LECO brand CHNS-932 Analyzer. 

Quantity of Zr in an acid-digested sample was confirmed by inductively coupled plasma 

mass spectrometry (ICP-MS) with an Agilent 7800 ICP-MS instrument.  

2.2.3.4) 1H Nuclear magnetic resonance (NMR) of digested samples 

Prior to the 1H NMR measurement, sample digestion was conducted as follows: 1 

mL of 0.1 M NaOH in D2O was placed into a glass vial containing 10 mg of a MOF sample.  
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The mixture was sonicated for 5 min and left overnight to allow complete decomposition of 

the MOF framework, i.e. Zr oxoclusters are precipitated out as zirconium oxides (ZrO2) and 

the other components such as organic linkers and capping species are entirely dissolved in 

the basic solution. NMR spectra of the digested MOF solution were recorded on a Bruker 

AVIIIHD 400 nanobay NMR spectrometer. 

2.2.3.5) N2 physisorption  

N2 adsorption isotherm (at 77 K) up to 1 bar was analysed using a Micromeritics 

Tristar instrument. All sorption isotherms were obtained using ultrahigh purity gases 

(99.999%). Before the sorption analysis, a sample (0.1ī0.2 g) was loaded into a sample cell 

and subjected to a vacuum of 10ī5 Pa at 423 K for 12 h. N2 adsorption data with an initial 

slope (0.01 to 0.1 P/P0) permitted calculation of the apparent surface areas based on the 

Brunauer Emmett Teller (BET) equations. 

2.2.3.6) NH3 temperature-programmed desorption (NH3-TPD)   

NH3-TPD spectrum was measured with a Micromeritics AutoChem II 2910 

apparatus. Detection of desorbed molecules was done by a thermal conductivity detector. 

About 100 mg of sample was degassed in a quartz cell at 573 K for 1 h, exposed to NH3 

which was used as a probe molecule at 373 K for 30 min, and then evacuated at 373 K for 

15 min by purging with He gas. TPD measurement was done from room temperature to 593 

K with a heating rate of 10 K/min and with He as carrier gas having a flow rate of 40 

cm3/min. 

2.2.3.7) Volumetric analysis of NH3 sorption isotherms 

NH3 sorption isotherms of the samples were carried out by using a gas adsorption 

analyser (Quantachrome Autosorb iQ-Chemi). Each sample was placed in a chamber and 
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outgassed under vacuum at 423 K for 24 h before testing. 99.9% NH3 gas was loaded into 

the sample chamber at 298 K with a loading of 5 cm3/time from 0 up to 1100 mbar. 

2.2.3.8) Gravimetric analysis of NH3 sorption isotherms 

The Intelligent Gravimetric Analyser (IGA-001, Hiden) was employed to measure 

the cycling stability of MOF samples upon NH3 uptake. The NH3 gas used is 99.999% purity, 

CK Gas Company. Prior to the measurement, a sample in a vessel of IGA was degassed 

under 10-5 Pa at 423 K for 8 h. A built-in water bath was used to keep the temperature 

isothermally at 298 K. NH3 was dosed to the sample at a maximum rate from 0 to 600 mbar. 

Then, the sample was evacuated at 298 K for 1 h and heated at 423 K until the sample weight 

stabilized. The sample was cooled down to 298 K again before repeating the cycle test for 

three times. 

2.2.3.9) Synchrotron powder X-ray diffraction (SXRD):  

SXRD data were collected on Beamline I11[27], Diamond Light Source, UK. The 

energy of the incident X-ray flux was set at 15 keV. The wavelength and the 2ɗ-zero point 

were refined using a diffraction pattern obtained from a high-quality silicon powder 

(SRM640c). For the gas-free samples, each sample powder was ground and loaded in a 0.5 

mm borosilicate glass capillary and then activated under vacuum at 423 K for 2 h. For the 

NH3-loaded samples, each sample was degassed at 473 K for 3 h under reduced pressure 

using a Schlenk line. The sample was then naturally cooled down to the room temperature 

and exposed to an NH3 vapour for 30 min. The sample was loaded into a quartz-type 

capillary with a diameter of 0.5 mm and sealed perfectly by using a flame. High-resolution 

SXRD data of all samples were achieved by using the multi-analyser crystals (MAC) 
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detectors in the 2ɗ range of 0-150 ° with 0.001 ° data binning. Each MAC pattern was 

collected for an hour to get satisfying statistics.  

2.2.3.10) In  situ synchrotron powder X-ray diffraction ( In  situ SXRD) for NH3 

desorption study:  

In situ SXRD pattern of the NH3-loaded UiO-bpydc (NH3@UiO-bpydc) was 

collected at Beamline BL02B2, Spring 8, Japan. The energy of the incident X-ray flux was 

set at 37 keV. The wavelength and the 2ɗ-zero point were refined using a diffraction pattern 

obtained from a Si (1 1 1) double-crystal monochromator.  High-resolution SXRD data of 

all samples were achieved by using the position-sensitive detectors (PSDs) in the 2ɗ range 

of 2-80 ° with 0.001 ° data binning. The capillary was mounted to a sample holder and heated 

up from room temperature to 773 K with a ramping rate of 5 K/min. Each PSD pattern was 

collected every 2 K of increasing temperature with a scanning time of 2 s. At 373, 473, 573, 

673 and 773 K, The diffraction patterns were scanned by using a time per step of 120 s for 

good statistics.  

2.2.3.11) In  situ neutron powder diffraction ( In  situ NPD) for ammonia 

adsorption analysis:  

An in situ NPD at WISH instrument[28] was used to study the binding sites of fully-

deuterated ammonia (ND3, 99 %) and the structural change of the Zr-based MOFs as a 

function of increased ND3 loading. This structural information was achieved by the use of 

Rietveld refinement. Prior to the measurement, a sample was loaded into an 11 mm diameter 

vanadium can with quartz wool on top. The sample was degassed under high vacuum at 373 

K (5 K/min heating rate) for 24 h to remove any guest molecules and then naturally cooled 

down to room temperature. The sample holder was transferred to a vacuum chamber 
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connected to a gas handling system. An NPD pattern of the desolvated sample was first 

collected at 300 K for 20 min. After that, a He cryostat was used to cool down the sample 

can to 7 K, where the thermal motion of the MOF sample and adsorbed ND3 molecules can 

be significantly reduced. High-resolution NPD of this sample was carried out for 1 hour to 

get good statistics. After the measurement, the sample was gently heated up to 300 K before 

dosing with ND3 gas by using a calibrated volume. Each of the loading steps required half 

an hour to enable the homogenous dispersion of ND3 molecules inside the crystalline sample. 

NPD patterns after each ND3 loading were measured at 300 K and 7 K for 20 min and 1 h, 

respectively. Prior to the low-temperature data collection at 7 K, the system was cooled 

down to 7 K slowly over 3 h in order to eliminate the gas condensation outside the sample. 

The gas handling system and sample environment at WISH are demonstrated in Figure 2.12. 

 

Figure 2.12 | Schematic diagram of the neutron diffraction set up at WISH beamline, ISIS. 

Volume calibration along with ND3 dosing was performed at 298 K by using the 

procedure adopted from the literature [29]. Helium (He) was used as a calibration gas. 

According to Figure 2.12, a certain pressure of He (Pa) was loaded into a known volume 
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(Va) of a 500 mL buffer while keeping the other parts evacuated. An actual volume of the 

system excluding the sample stick and the sample cell (Vb, to the valve b) was then calculated 

by using a final pressure of He (Pb) after closing a vacuum valve and opening a buffer valve 

to reach the Vb volume. From the ideal gas law, we can achieve the value of Vb:  

  ὠ                                              Equation 2. 54 

The same procedure was also applied to determine an actual volume of the whole 

system including the sample stick and the sample cell (Vc). Assuming that the He adsorption 

capacity of UiO-67 and UiO-bpydc is negligible at 298 K, [30] Vc is then the total volume 

of the system. After the volume calibration, the sample together with the rest of the gas 

handling system was evacuated to 10-5 Pa for 1 h to completely remove the He gas. The 

valve b was closed prior to dosing the ND3 gas into the system with a set pressure of P2. The 

initial amount of ND3 in the system (n2) can be derived from the following equation:   

                                                  P2Vb = n2RT                 Equation 2. 55  

where R and T are the ideal gas constant and the temperature, respectively.  

When the valve b is open to allow ND3 adsorption into the sample, the final ND3 

pressure will stabilize at P3. Then we can get the amount of residual ND3 left in the system 

(n3):   

                                      P3Vc = n3RT                                   Equation 2. 56 

The actual amount of ND3 adsorbed (n) by the sample is then calculated:  

n = n2 ï n3      Equation 2. 57  

The precise dosing amount of ND3 in a unit of mmol/g can be obtained since we know the 

weight of the sample used.  
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In the temperature-dependent study by in situ NPD, it is essential to keep the same 

ND3 quantity in the internal pores of the powder sample as close as possible. As shown in 

the set up above (based on the similar BET/Chemisorption equipment and procedure), the 

sample was first placed in the sample tube with repeated flushing and evacuation. We then 

loaded pure ND3 stepwise through opening the valves b and c. Notice that the dosing volume 

(deliver volume up to valve b) and the volume in the sample tube with the sample (between 

valve b to the sample bottom) were carefully pre-calibrated with inert gas. As a result, the 

total desired gas loading to the sample can be precisely worked out from the pressure 

transducers (pressure differences) before dosage and after equilibration for the subsequent 

dosing at different pressures before saturation. Given the high surface area of the powder 

MOF sample (at high loading) compared to the small top gas volume and the closure of the 

valve b, the data collection at room temperature (298 K) was first collected. Following on 

this, the cooling process was taken slowly until reaching 7 K with the valve b remained 

closed.  

2.2.4) Inelastic neutron scattering (INS) at TOSCA 

TOSCA [13] instrument, an INS spectrometer with an indirect time-of-flight (TOF) 

geometry at the ISIS Pulsed Neutron and Muon Source, Rutherford Appleton Laboratory, 

was used to study the dynamic interactions between stored NH3 (99.9%) and the host 

structures of UiO-67 and UiO-bpydc, as a function of increased NH3 loading. The TOSCA 

has a wide energy transfer range of 0- 4000 cm-1 (0- 500 meV) and a high resolution of 1.5% 

ȹE/E with the best results below 2000 cm-1 (250 meV). A pulsed polychromatic beam of 

neutrons hit a sample at a certain flight path of 17 m from the source. The neutrons 

inelastically scattered by the sample were then reflected by a pyrolytic graphite (002) 
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analyser combined with a cooled Be filter to give a unique final energy of ~32 cm-1. The 

fixed energy neutrons finally travelled towards ten detector banks each having thirteen 3He 

tubes. Five banks are located in forward scattering and the other five in backward scattering 

geometries with scattered angles of 45 ° and 135 °, respectively. Thanks to the low final 

energy, a relationship between energy transfer (ET, cm-1) and momentum transfer (Q, Å-1) 

are directly translated to ET å 16Q2. The TOF data were converted to energy transfer and 

spectral intensity, i.e. S(Q, ɤ), by using the Mantid software developed at ISIS facility [31].  

Prior to the measurement, a sample (1.0-1.5 g) was loaded into a 11 mm diameter 

vanadium can with quartz wool on top and sealed with an Indium wire. The sample was 

degassed under high vacuum at 373 K (5 K/min heating rate) for 24 h to remove any guest 

molecules and then naturally cooled down to room temperature. The sample can was 

mounted at the end of the stick and connected to a gas handling and a temperature control 

system. Leak check was done before cooling down the sample can to below 10 ° 0.1 K 

within a closed cycle refrigerator (CCR) cryostat, where the thermal motion of the MOF 

sample and adsorbed NH3 molecules can be significantly reduced. An INS spectrum of the 

desolvated sample was carried out for at least 4 hours for a good statistics. After the 

measurement, the sample was gently heated up to 300 K before dosing with NH3 gas at the 

desired amount by using a calibrated volume. Each of the loading step required half an hour 

to enable homogenous dispersion of NH3 molecules inside the crystalline sample. The INS 

spectrum of each ammoniated sample was measured below 10 K similar to its pristine 

sample. Since we used the hydrogen-rich samples featuring strongly neutron scattering, the 

effect of the background from the instrument and the vanadium sample holder could be 

neglected; i.e. data collection of the empty holder was skipped. The gas handling system and 



Chapter 2 | Experimental and Theoretical Methodologies 

 

89 

 

sample environment at TOSCA are similar to one at WISH beamline, except gaseous ND3 

was replaced by NH3. 

Calculation of area under INS curve: The Integrate Gadget in OriginPro was used to 

perform the numerical integration on the INS spectra to determine the area under the curve 

of specific vibrational modes. The range of data was selected to include the peaks of the 

vibrational modes of interest, using the x-axis as the baseline. 

2.2.5) Quasi-elastic neutron scattering (QENS) at OSIRIS 

QENS experiments were performed on the OSIRIS [16] instrument, a high-flux 

backscattering, time-of-flight (TOF) spectrometer with an inverted geometry at the ISIS 

Pulsed Neutron and Muon Source, Rutherford Appleton Laboratory. QENS technique was 

used to study the ammonia kinetics in the host structures of UiO-67 and UiO-bpydc, as a 

function of increased NH3 loading. A white beam of neutrons first illuminated the sample. 

After scattering, the neutrons were Bragg reflected by the crystal analyser (the (002) plane 

of pyrolitic graphite) to define a single final energy (1.845 meV). The scattered neutrons 

with fixed energy then travelled towards the 42-element 3He detectors. The scattered 

neutrons were detected over an angular range of 2ɗ = 11- 155 °. The instrumental resolution 

and detector efficiencies were calibrated by fitting the spectrum of a vanadium standard. The 

elastic energy resolution was 24.5 ɛeV. The energy transfer (ȹE) range was -0.4- 0.4 meV 

and the momentum transfer (Q) range was 0.18- 1.8 Å-1. The OSIRIS was also used as a 

long-wavelength diffractometer. The d range was 0.8- 35 ¡ with ȹd/d between 5x 10-3 and 

6x 10-3. All the TOF data were analysed by using the Mantid software [31].  

Sample environment set up at the OSIRIS instrument was similar to that at the WISH 

one, except NH3 was used instead of ND3. A sample (~2.2 g) was loaded into a thin walled 
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aluminium can of annular geometry. To prevent a sample spillage, quartz wool was placed 

on top of the can before sealing with an Indium wire. The sample can was degassed under 

high vacuum at 373 K (5 K/min heating rate) for 24 h to remove any guest molecules and 

then naturally cooled down to room temperature. The sample can was mounted at the end of 

the stick and connected to a gas handling and a temperature control system. During data 

collection, the temperature of the sample was controlled by a He cryostat and thermocouples. 

Leak check was done before cooling down the sample can to below 10 K, where the Debye-

Waller factor resulting from thermal motion of the MOF sample can be significantly 

reduced. A QENS spectrum of the desolvated sample was carried out at least 4 hours to get 

an accumulated proton current of 900 ɛA for a good statistics. After the measurement at 

cryogenic temperature, the sample was gently heated up to 298 K and equilibrated for half 

an hour before collecting the data again for 4 hours. Next, a precise amount of NH3 was 

loaded into the sample by using a calibrated volume. Each of the loading step required half 

an hour to enable homogenous dispersion of NH3 molecules inside the crystalline sample. 

The QENS spectrum of each ammoniated sample was measured at 298 K with a total proton 

current above 900 ɛA. Neutron diffraction measurement was performed simultaneously 

during the QENS data collection. 

2.2.6) Data analysis 

2.2.6.1) For XRD and NPD experiments 

Rietveld refinement of gas-free samples:  

TOPAS-academic 5 software [32], containing Rietveld refinement methods, was 

used to analyse the structural information of the diffraction patterns. For structural 

refinement, the initial MOF models were based on crystallographic data of UiO-67 [33], and 

UiO-bpydc [34]. The diffraction patterns were refined by optimisation of the scale factor 
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and lattice parameters. The background was described by a shifted Chebyschev function. A 

back-to-back exponential convoluted with pseuduo-voigt peakshape function was used to 

describe the peak asymmetry in the time-of-flight (tof) data. Both biphenyl-4,4ǋ-

dicarboxylate (bpdc) and 2,2ǋ-bipyridine-5,5ǋ-dicarboxylate (bpydc) linkers were treated as 

rigid bodies using Cartesian coordinates to reduce the number of variables. Dummy atoms 

were added to define the origins of the rigid bodies.  The refined structural parameters for 

all atoms of each pattern were the coordinates (x, y, z) and isotropic displacement factors 

(Beq). The quality of the Rietveld refinements of diffraction data was confirmed by low 

values of goodness-of-fit  (GOF, …) and R factors (Rwp, Rp, Rexp) and a well fitted pattern 

with acceptable Beq within experimental errors. All the errors of the atomīatom distances 

were calculated using the following equation: 

rerror= (xerror)
2
+(y

error
)
2
+(zerror)

2 Ĭ rmeasure       Equation 2. 58 

where rerror is the error of the measured atomīatom distance, xerror, yerror, zerror are the errors 

of the fractional coordinates (x, y, z) respectively, rmeasure is the measured atomīatom 

distance. 

Rietveld refinement of ND3-loaded samples:  

For the ammoniated samples, the possible locations of ND3 molecules inside the 

MOF cavities were determined by using a Fourier difference map, generated in the TOPAS-

5 software. The structures of the guest-free UiO-67 and UiO-bpydc were used as starting 

models with constant occupancies and isotropic displacement factors. Thanks to the porous 

structure and chemical properties of the MOFs, interacting ND3 molecules with a dynamic 

size of 2.5 Å were expected to adsorb inside the pore, on the basal planes of linkers, and 

close to metal nodes. Each ND3 molecule was treated as a rigid body described by Z-matrix 
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with NïH bond distance and HïNïH bond angle constrained in the range of 1.04-1.07 Å 

and 106.0-107.0 °, respectively. The ND3 molecule was added into the MOF structure one 

by one. Coordinates and site occupancy of the ND3 molecule were freely refined. Fitting 

parameters including GOF and R factors, were used to prove the quality of the refinement. 

The lower values of these factors, the more accurate refinement close to the real structure.  

Neutron diffraction:   Rietveld refinement was performed over the diffraction data recorded 

on the average 2ɗ = 58.3o detector bank. 

Synchrotron diffraction:  Rietveld refinement was performed over the whole data range 

(2ɗ = 5ī40 o).  

CCDC 2047200, 2047201, 2047202, 2047203, 2047204, and 2047205 contain the 

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

from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/structures. A 

list of the crystal structures obtained from the Rietveld refinements of the NPD data at 300 

K and their corresponding CCDC Deposition numbers is given below; 

CCDC 2047200: UiO-67 with the first ND3 loading 

CCDC 2047201: UiO-67 with the third ND3 loading 

CCDC 2047202: UiO-bpydc with the first ND3 loading 

CCDC 2047203: UiO-bpydc with the second ND3 loading 

CCDC 2047204: UiO-bpydc with the third ND3 loading 

CCDC 2047205: UiO-67 with the second ND3 loading 
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2.2.6.2) For INS and QENS experiments 

TOF datasets were converted to the dynamic structure factor, S(Q,ɤ), and rebinned 

in energy transfer using the Mantid data analysis suite developed at ISIS [31]. Details of 

data analysis will be presented in Chapter 5. 

2.3) Theoretical calculations 

The computational calculations were performed in collaboration with Dr. Xin Ping from 

East China University of Science and Technology, P.R. China (for DFT) and Dr. Nakul et 

al. from University of Cambridge, UK (for GCMC). The details of these calculations are 

briefly presented. 

2.3.1) Density Functional Theory (DFT) calculations 

2.3.1.1) Optimisation of NH3-MOF structures 

The valence-core interactions were described by using the projector-augmented 

wave (PAW) method [35] at a kinetic energy cutoff of 500 eV. The 2×2×2 k-point mesh was 

used for Brillouin zone integrations. For geometry optimisations, we used a 

HellmanīFeynman force criterion of 0.02 eV/¡ on each ion. 

Binding energy per NH3 molecule (Ὁ) of a MOF-nNH3 system was calculated as 

follows: 

Ὁ ὉὓὕὊ ὲὉὔὌ ὉὓὕὊɀὲὔὌ ,     Equation 2. 59 

where ὲ is the number of NH3 molecules in the MOF-nNH3 system and Ὁ-/&, Ὁ.( , 

and Ὁ-/&ɀὲ.(  are the DFT calculated energies of the bare MOF, NH3 molecule, and 

MOF-nNH3 system, respectively. 
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Due to the large size of the MOF systems, we were not able to include dispersion 

corrections (e.g., the DFT-D3 scheme [36] of Grimme) in our DFT calculations because 

dispersion-corrected DFT calculations require much larger memory in computations than 

normal DFT calculations. Although the binding energies obtained from normal DFT 

calculations are underestimated, the differences of binding energies from normal DFT 

calculations are expected to be similar to that from dispersion-corrected DFT calculations. 

2.3.1.2) Calculations of rotational energy barriers 

The rotational energy barriers of NH3-free and NH3-loaded UiO-67 and UiO-bpydc 

were estimated by calculations on cluster models using M06-2X [37] functional with the 

def2-TZVP [38-39] basis set. Specifically, we considered four cases, namely the guest-free 

UiO-67, UiO-67-1NH3, guest-free UiO-bpydc, and UiO-bpydc-1NH3; the corresponding 

cluster models are proton-capped bpdc, bpdc-1NH3, bpydc, and bpydc-1NH3 which were 

cut from the optimised periodic structures. The rotational groups (dihedral angle O1-C1-C2-

C3, see Figure 4.7 in Chapter 4) were rotated between ɔ (i.e., the dihedral angle O1-C1-C2-

C3 of the most stable configuration) and ɔ+180° (half a period) with 10° increments to scan 

the potential energy surfaces. During the scan, only the dihedral angle and the COO groups 

were fixed. The rotation energy barriers were computed as the energy difference between 

the most unstable and the most stable configurations (Table 4.3 in Chapter 4). These cluster 

calculations were carried out with the Gaussian 16 program [40]. 

2.3.1.3) Calculations of vibrational (phonon) frequencies of NH3-MOF 

structures 

Models for the DFT calculations were built based on the refined crystal structures 

from neutron diffraction data. According to the crystallographic models of the NH3-MOF 
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adducts, some of the organic linkers and all of the NH3 sites are partially occupied due to 

missing linker defects and symmetry, respectively. To achieve a proper computed result, a 

supercell calculation would be required. However, this approach is far too costly in practice. 

In this work, single unit cells of non-defective UiO-67 and UiO-bpydc structures were used 

instead. The occupancies of NH3 molecules were modified to be either fully occupied (i.e. 

100% occupancy) or unoccupied with respect to their local environment and symmetry (the 

overall occupancy might not be proportional to the actual occupancy). The Perdew-Burke-

Ernzerhof (PBE) functional based on generalized gradient approximation (GGA) [41] 

implemented in the VASP [42] package was used. The projector augmented wave (PAW) 

[35] method was employed. Due to the large unit cells of UiO-67 type MOFs, only Gamma 

(ũ) point was sampled. The cutoff energy was 500 eV. The shape of the unit cell and atomic 

positions were allowed fully relaxed without imposed symmetry during the optimisation. 

The energy convergence for the self-consistent electronic relaxation was set to be 10-5 eV 

and the force convergence was set to be 0.02 eV/¡. We were unable to count in the weak 

dispersion interactions in our DFT calculations since it requires much greater memory for 

the data storage compared to using the standard DFT calculations. The calculated INS 

spectra and their corresponding vibrational modes were generated by OCLIMAX [43] and 

Jmol [44] software, respectively. The theoretical spectrum included overtones to the 10th 

order. The scaling factor of 0.985 was applied to all the calculated INS spectra for vibrational 

frequency correction. 

2.3.2) Grand cononical Monte Carlo (GCMC) simulations: 

In Chapter 5, the adsorption isotherms of N2 at 77 K and NH3 at 298 K in defective 

UiO-67 type MOFs were simulated using the grand canonical Monte Carlo method as 
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implemented in the RASPA simulation package. [45] Models of UiO-67 and UiO-bpydc 

with missing linker defects were built based on the crystal structures from neutron 

diffraction data. A 2x2x2 supercell was constructed to represent each of the MOF models. 

Framework atoms were kept fixed at the crystallographic positions thereby ignoring the 

skeleton stretching and bending vibration as these materials did not show significant volume 

change. Monte Carlo moves consisted of insertion, deletion, rotation and translation moves, 

each with equal probabilities. For all the pressure points, 20,000 cycles for equilibration and 

another 10,000 cycles to average the properties were applied. A cycle was defined as the 

maximum of 20 steps or the number of molecules in the system. A step was when any one 

of the randomly selected Monte Carlo moves was attempted on any one molecule of the 

system. This implied that on an average a Monte Carlo move had been attempted on all the 

molecules during each cycle.  Intermolecular interactions were modeled using the Lennard-

Jones (LJ) potential with a cutoff of 12.8 Å. Lorentz Berthelot mixing rules were used for 

all the cross-interaction terms. Electrostatic interactions were modeled using the coulombic 

potential and were computed using the Ewald summation method with the precision set to 

10-6. N2 and NH3 were modeled using parameters taken from the TraPPE force field. [46] 

The framework atoms were modeled using LJ parameters taken from the DREIDING force 

field. [47]  For metals in the framework not described in the DREIDING force field, their 

LJ parameters were taken from the UFF force field. [48] All the frameworks were modeled 

as rigid structures with periodic boundary conditions applied in all directions. The number 

of unit cells in the simulation box was computed individually for each of the frameworks to 

make sure the simulation box was large enough to ensure that a distance of at least twice the 

cutoff radius was maintained between the periodic images. The charges for the framework 
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were computed using the EQeq protocol. [49] The geometric properties were calculated 

using Poreblazer [50]. 

2.4) Chapter summary 

Information on the fundamentals and unique features of the major techniques used 

in this thesis (e.g. neutron diffraction and neutron spectroscopy) are presented. The 

experimental procedures, characterisation techniques, data analysis, as well as collaborative 

theoretical studies are also included. 
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Chapter 3  

Responsive behaviours of Defect-Rich Zr-Based Metal-

Organic Frameworks toward NH3 Adsorption  

Understanding structural responses of metal-organic frameworks (MOFs) to external 

stimuli such as the inclusion of guest molecules, temperature/pressure has gained increasing 

attention in many applications, for example, manipulation and manifesto smart materials for 

gas storage, energy storage, controlled drug delivery, tunable mechanical properties, and 

molecular sensing, to name but a few. This chapter presents the use of high-resolution in 

situ neutron and synchrotron diffractions combined with Rietveld refinement and density 

functional theory (DFT) calculations to investigate structural responses at a molecular level 

of defective Zr-based MOFs upon progressive adsorption of ammonia (NH3) as an external 

stimulus. UiO-67 and UiO-bpydc containing biphenyl dicarboxylate and bipyridine 

dicarboxylate linkers, respectively, were selected due to their high thermal and chemical 

stability. The results establish the paramount influence of functional linkers of the MOFs on 

their NH3 affinity, which leads to stimulus-tailoring properties such as gate-controlled 

porosity by dynamic linker flipping, disorder, and structural rigidity. Despite their structural 

similarities, we show for the first time the dramatic alteration of NH3 adsorption profiles 

when the phenyl groups are replaced by the bipyridine in the organic linker. These molecular 

controls stem from controlling the degree of H-bonding networks/distortions between the 

bipyridine scaffold and the adsorbed NH3 without significant change in pore volume and 

unit cell parameters. This strikes the delicate control in material properties at a molecular 

level. Dr. Pu Zhao from our research group contributed equally to this study. The DFT 



Chapter 3 | Responsive Behaviours of Defect-Rich Zr-Based MOFs toward NH3 

Adsorption 

 

102 

 

calculations in this work were acquired in collaboration with Dr. Xin-Ping Wu at Key 

Laboratory for Advanced Materials, Center for Computational Chemistry and Research 

Institute of Industrial Catalysis, East China University of Science and Technology, P.R. 

CHINA. The results in this Chapter have been published in Journal of the American 

Chemical Society (DOI: 10.1021/jacs.0c12483). 

3.1) Introduction  

The development of smart materials for stimuli-responsive recognition, wherein a 

complex form in a manner that is sensitive to, or can be governed by, externally applied 

triggers such as light, temperature, pressure, magnetic or electric field has recently been 

receiving a lot of attention. Molecular engineering, biometric and design approaches offer 

an assortment of new chemistry and material design tools toward improving precision in 

tailoring properties. For example, understanding and controlling molecular motions of 

synthetic materials towards stimulus for their order-disorder transformation, reorientational 

and rotational motion associated with phase transitions may allow switching back and forth 

between hard or soft state, a breakthrough that offers an innovative solution to a long-

standing challenge with synthetic materials by giving them both strength and shape 

adaptability. [1-3]  

    Metal-organic frameworks (MOFs) [4] or porous coordination polymers (PCPs) 

[5] are highly topical classes of porous crystalline solids, constructed by metal ions/clusters 

coordinated to functional organic linkers that are suitably under exploration in this area. 

They possess large surface area, high porosity, functional diversity and structural flexibility, 

which tremendously excites their use in many applications. [6-8] The rational design of 
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MOF materials for applications heavily relies on a thorough understanding of the host-guest 

interactions of the frameworks with exterior triggers. The nature of these interactions if 

controllable has been considered to primarily manipulate the MOF structural properties such 

as disorder, flexibility, compressibility as well as chemical reactivity. [3] Recently, different 

gas sorption phenomena in MOFs have been recognized for efficient gas separation 

application. [9-14] Sequential pore filling in non-uniform MOF pores has also been 

attributed for differential gas sorption phenomena. [9-10, 15]    Flexible and dynamics 

motions of MOF linkers that undergo rotation or libration have been elucidated to play a 

dramatic role in guest-induced gate opening phenomena in many MOFs such as ZIF-8 [16], 

DUT-98 [17], and Cu-based PCPs [14]. 

The previously introduced structural transitions of MOFs, however, experience large 

volume change both in the nanospace and in the bulk solids challenging the practical use of 

these materials, especially in sorption-based applications. [18] This volume expansion in the 

adsorbent solid is disadvantageous as it may damage the storage tank, decompose the 

moldings, and also may result in slower diffusion of gases in the tank. Consequently, design 

of new porous órigidô materials that can show guest adsorption and desorption with specific 

interaction(s) without significant volume change is highly desirable and technologically 

important.  For example, Kitagawa and co-workers showed by SXRD and refinement of 

their crystalline MOFs and porous coordination polymer (PCP) that the polarised CH2Br 

(also Cl and I) linker with CO2 interaction can account for the additional CO2 stepped uptake 

without significant structural or volume changes. [18] Similarly, Bªrwinkel and co-workers 

demonstrate that additional capacity of adsorption for CO2 was realized by their crystalline 

microporous organically pillared layered silicates (MOPS) from their SXRD and refinement 
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using the interaction of CO2 with the organic cationic pillar based on electrostatic 

interactions without any framework and macroscopic pore volume changes. [19]  

In addition, studying the flexibility of MOFôs organic linker by guest molecule 

stimulus at variable temperature may provide hints about their molecular interaction. To our 

understanding, flexible MOFs are characterised mainly by changes in the pore structure. For 

example, the ñflexibilityò is well-known to occur in phenylene-based ligand systems. [14, 

20-21] Gonzalez-Nelson et al. [2] have recently reviewed the studies of rotational barriers 

and dynamics of such ligand motives upon guest inclusion from the literature. However, 

these works were set in context to materials that exhibit large changes in unit cell and pore 

volume upon guest inclusion and other stimuli. The framework flexibility in the context of 

mainly ligand ñflippingò but without significant pore volume alteration remains almost 

unexplored.  

   Zr-based MOFs UiO-66 and UiO-67 [22] are well known for their robust yet defect-

rich structures. [23-24] The effect of defects on the CO2 adsorption behaviour of UiO-66 has 

been demonstrated previously. [25] Thus, the tailoring the framework to accommodate 

controllable missing linkers as demonstrated can have a strong impact on the materialsô 

properties, both by changing the characteristics of the pore windows of the MOF and by 

controlling the access to internal sites in pore cavities. Further incorporation of hydrogen 

bond functionality directly into MOF for gas uptake and molecular recognition is also 

thought to be important for the fine-control. [3, 26] As a result, new properties such as 

flexible gate-opening behaviour (transition between a closed and open form) with higher 

resistance to structural collapse can be anticipated for a wide range of future nanotechnology 

applications. [3, 14-19, 21, 27] 
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    Here, defective UiO-67 with its organic linkers is selected to demonstrate how its 

non-monodisperse pore structure created by missing linker defects affect its NH3 adsorption 

behaviour. Sequential pore filling induced by different pore openings created by ligand 

defects leads to a two-step NH3 adsorption isotherm in UiO-67. While responsive behaviours 

of MOFs to weakly interacting molecules such as hydrogen, carbon dioxide, and 

hydrocarbon have been widely explored, [9-11, 27-29] only a few reports focused on more 

polar coordinating gases such as water, alcohols, and NH3. [12, 17, 30-31] In addition, 

although unusual adsorption behaviours for polar coordinating gases have been observed 

[12, 17, 30, 32], in-depth study on sorption mechanisms and structural responses of MOFs 

is rarely explored at the molecular level. In this study, in situ high-resolution neutron and 

synchrotron powder diffractions (NPD and SXRD) combined with density functional theory 

(DFT) calculations were used to study the precise binding domains and the structural 

interactions of NH3 with UiO-67 framework. Although NPD has been used to study NH3 

adsorption in UiO-67 [33], detailed investigation of host-guest interactions in this material 

has not been reported before. To further engineer defects in UiO-67 to create a polar surface 

porous structure for controlled NH3 adsorption, we synthesised defective UiO-bpydc by 

replacing the phenyl groups of biphenyl-4,4ǋ-dicarboxylate (bpdc) linkers in UiO-67 with 

pyridine groups.[34-35] Thus a UiO-67 isostructure with different pore surface polarity is 

designed to fine-tune its NH3 adsorption profile. Here, we show that H-bonding networks 

can be formed between the bipyridine scaffold and the adsorbed NH3. They offer a steric 

hindrance to modify the NH3 adsorption behaviour, disorder, and structural flexibility of the 

framework without major structural or pore volume change, indicating the importance of 

host-guest interactions on controlling the responsive behaviours of the MOFs with the 

trapped molecules upon external triggers. This work provides a microscopic picture of 
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porosity tailoring, disorder, and flexibility of MOFs with designated functional linkers by 

tunable NH3 adsorption. 

 

Figure 3.1 | Visualisation of the UiO-67 type MOFs. (a) Components including organic 

linkers and Zr6O4(OH)4 nodes and (b) Crystal structure with a reticular formula of 

Zr6O4(OH)4(linker)6-x(anionic capping species)2x, where x refers to the number of missing 

linkers per formula. (c) Solvent-excluded surface maps of non-defective and defective 

structures of the UiO-67-type MOFs with (d) 1.5 missing linkers per reticular formula and 

(e) 2.0 missing linkers per reticular formula. The radius of the probe sphere is 1.826 J 

equivalent to the approximate van der Waals radius of an NH3 molecule. I and Iô represent 

primitive triangular and lozenge windows caused by missing linker defects, respectively. 
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The structures are illustrated by using polyhedral and stick models; Zr: teal, O: red, C: grey, 

N: Blue, H: pale pink. H atoms in the linkers in (b) are omitted for clarity.  

3.2) Results and Discussion 

   UiO-67 [22] and UiO-bpydc [34-35] are isostructural MOFs consisted of Zr6 

oxoclusters coordinatively bound with biphenyl-4,4ǋ-dicarboxylate (bpdc) and 2,2ǋ-

bipyridine-5,5ǋ-dicarboxylate (bpydc) linkers, respectively. Thanks to the high connectivity 

of Zr6 oxoclusters, UiO-67 and UiO-bpydc can retain their crystal structures even with the 

occurrence of missing linkers. The degree of defects induced by missing linker can be 

manipulated during the synthesis procedure by using various capping molecules (e.g. 

acetate). The chemical formula of the UiO-67 and the UiO-bpydc are written as 

Zr6O4(OH)4(bpdc)6-x(anionic capping species)2x and Zr6O4(OH)4(bpydc)6-x (anionic capping 

species)2x where x refers to the number of the missing linkers per formula. UiO-67 and UiO-

bpydc exhibit the same crystal structures with space group Fm-3m. Their crystal structures 

with fcu topology are depicted in Figure 3.1. Without defects, the structures consist of 

uniform trigonal windows with the diameter of 11 Å that lead to interconnected tetrahedral 

and octahedral pores inside the structures (Figure 3.1c). For the tetrahedral and octahedral 

pores, their pore size is defined as the diameter of the biggest sphere that can be fitted into 

the specific pore (12 and 16 Å). In the presence of missing linker defects, the trigonal 

windows surrounding the defects are merged into lozenge windows with a dynamic size 

larger than 14 Å (Figure 3.1d and 3.1e). For clarity, UiO-67 and UiO-bpydc with defects 

will be referred to as ñUiO-67ò and ñUiO-bpydcò throughout the paper, respectively, unless 

otherwise specified. 
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In this study, UiO-67 and UiO-bpydc were solvothermally prepared by using acetic 

acid (CH3COOH) as a modulator. ZrCl4, glacial CH3COOH, and a linker of choices 

(H2BPDC or H2BPYDC for UiO-67 and UiO-bpydc, respectively) were mixed well in DMF 

solvent. The mixture was then kept at 393 K for 24 h. After the solvothermal treatment, the 

white precipitate was washed thoroughly with DMF three times, MeOH three times, 

followed by MeOH exchange for three days to remove any unreacted species and non-

volatile DMF from the products. The final product was collected by centrifugation and 

activated at 423 K under vacuum for 12 h before storing in a desiccator. Detailed synthesis 

of the MOF samples are given in Section 2.2 of Chapter 2. 

Table 3.1 | Sample information used in the in situ NPD experiments. 

Sample UiO-67 UiO-bpydc 

Reticular formula Zr6O4(OH)4(bpdc)6-x(acetate)2x Zr6O4(OH)4(bpdc)6-x(acetate)2x 

Actual reticular 

formulaa 
Zr6O4(OH)4(bpdc)4(acetate)4 Zr6O4(OH)4(bpydc)4.5(acetate)3 

Loading amount of 

ND3 (mmol/g) 
0.00 1.23 4.63 7.60 0.00 4.15 4.27 6.06 

Loading amount of 

ND3 (molecule/unit 

cell) 

0.00 9.65 36.3 59.6 0.00 32.6 33.6 47.6 

Loading 

temperature (K) 
300 300 

Measurement 

temperature (K) 
300 300 

a Based on the ICP-MS data in the Appendices of Chapter 3. 

   XRD, elemental analyses, TG, and N2 sorption analyses were employed to verify 

structural properties and compositions of the prepared MOF samples (Figures A3.1-A3.8).  



Chapter 3 | Responsive Behaviours of Defect-Rich Zr-Based MOFs toward NH3 

Adsorption 

 

109 

 

These values suggest a significant degree of missing linker (defects), which generally agree 

well with the previous report that used monocarboxylic acid as the modulator. [22] The 

analysis results of the defective MOFs after healing process [36] also reveal the repairing 

some of the linker density for the UiO-67 and the UiO-bpydc samples. The post-healing 

process gives narrower pore size distributions which can be clearly observed (Figures A3.7 

and A3.8). There is a sharp increase of the pores centred at around 11 Å along with a general 

reduction of larger pores after the defect healing process. These observations confirm that 

the missing linker defects indeed pervasively exist and potentially affect the pore structure. 

After the healing process, we did not observe any significant change in the pore volume as 

similar to that of the previous works. [18-19] Although it is known that defects could affect 

pore volume, the observed change in the pore size distribution is more likely to reflect the 

change in the quantities of the windows rather than the interior pores.  

 

 

 



Chapter 3 | Responsive Behaviours of Defect-Rich Zr-Based MOFs toward NH3 

Adsorption 

 

110 

 

3.2.1) NH3 adsorption in defective UiO-67 

 

Figure 3.2 | NH3 sorption isotherm of UiO-67. The isotherm was measured at 298 K and up 

to 1100 mbar of NH3 pressure. Under room temperature the open-ended desorption isotherm 

clearly indicates that some adsorbed NH3 molecules partially retain in the MOF sample due 

to the strongly binding interaction (potentially at ɛ3-OH sites). A more dramatic treatments 

including the uses of higher temperature and evacuation should be done to complete the 

desorption in a complete cycle.    

All the NH3 sorption experiments were performed collaboratively by Dr. James 

Taylor at the ISIS facilities. Information on the sample properties involved in the NH3 

adsorption analyses and the NPD experiments are summarized in Table 3.1. NH3 sorption 

isotherms measured at 298 K and up to 1100 mbar of NH3 pressure are shown in Figure 3.2. 

First, the profile of adsorption clearly displays a óstep-like shapeô with two clear transitions. 

Such behaviour in MOFs is mainly caused by a gate-opening phenomenon: the interaction 

between guest molecules and pore walls, or a pore filling process, in particular for a polar 
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fluid such as water and NH3 with nonpolar walls, whereas the change in framework size 

plays a minor role. [18-19] At the beginning of adsorption, there is a rapid and abrupt 

increase of over 1.70 mmol/g NH3 uptake at an NH3 pressure lower than 30 mbar (Position 

I). This result indicates the presence of strong adsorption sites inside the framework, likely 

due to the readily binding of NH3 with either ɛ3-OH in Zr6 oxoclusters or missing linker 

defects. According to defect stoichiometry, the concentration of ɛ3-OH of UiO-67 is 

estimated to be 1.91 mmol/g, which is comparable to the amount of NH3 adsorbed. 

Therefore, we assign the majority of the initial adsorption to the NH3 interaction with ɛ3-

OH. The uptake suddenly increased from 2.40 to 4.40 mmol/g at an NH3 pressure of 250 

mbar (Position II) and 5.60 to 8.40 mmol/g at an NH3 pressure of 650 mbar (Position III) as 

the two transition points. These results suggest two strong but discrete changes in the 

interaction(s) of the MOF-NH3 system upon increasing NH3 partial pressure. In the 

desorption isotherms, large opened hysteresis loops were found, implying that the strongly 

bound NH3 molecules resistively remain inside the framework, defying the adsorption-

desorption reversibility. However, these bound NH3 molecules can be fully desorbed by 

treating the samples at 423 K for 1 h under dynamic vacuum (Figure A3.9). NH3 stability of 

UiO-67 was investigated by testing NH3 sorption for three cycles and exposing the materials 

to NH3 vapor for one week. In contrast with previous work, [33] no significant change of 

structures was found in XRD patterns of NH3-loaded MOFs (Figure A3.10) and no shift of 

IR spectra in carbonyl region indicating the same binding mode of carboxylate linkers upon 

NH3 incorporation (Figure A3.11). These results confirm the high stability of the materials 

for the NH3 uptake experiments. 
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3.2.2) Elucidation of ND3 adsorption sites inside defective UiO-67 by 

in situ powder diffraction  

To understand the origin of the interesting stepwise MOF-NH3 interactions at the 

molecular level, in situ high-resolution neutron powder diffraction (NPD) experiments 

supported by synchrotron X-ray powder diffraction (SXPD) were carried out at WISH 

beamline, ISIS Neutron, and Muon Source, and Diamond of the UK STFC facilities, 

respectively. This analysis, particularly the NPD, is a powerful tool to study MOF materials 

that contains both heavy and light elements. Unlike X-ray diffraction, neutron diffraction is 

sensitive to both organic linkers and metal clusters because the coherent neutron scattering 

cross-sections (ůc) are independent of Z2, where Z is an atomic number. The ůc values of Zr, 

O, C, N, and D are 6.44, 4.23, 5.55, 11.01, and 5.59 barns, respectively. [37] Fully deuterated 

ammonia (ND3) was used in these NPD experiments to minimize the incoherent scattering 

from H. This allows for a high diffraction contrast between the ND3-loaded and the guest-

free materials. The use of SXPD allowed complementary analysis (see in the Appendices of 

Chapter 3) 



Chapter 3 | Responsive Behaviours of Defect-Rich Zr-Based MOFs toward NH3 

Adsorption 

 

113 

 

 

Figure 3.3 | In situ NPD patterns of UiO-67 at various loadings of ND3.  Each dosing point 

is marked as a star symbol in the stepwise NH3 adsorption isotherm measured at 298 K and 

up to 1100 mbar of NH3 pressure (a). The corresponding NPD patterns collected at 300 K 
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were normalized from different detector banks with the average 2ɗ of 27.1 Á (b), 58.3 Á (c), 

90.0 Á (d), 121.6 Á (e), and 152.8 Á (f). L refers to the dosing capacity of ND3 in mmol/g. 

The NPD data of UiO-67 at different dosing amount of ND3 were measured at 300 

K to correlate the refined adsorption structures to the observed adsorption profiles at 298 K. 

The corresponding structural information, including atomic coordinates, orientations, and 

occupancies, were thoroughly analysed by using Rietveld refinement method [38] in  

TOPAS-Academic 5 software [39]. Details of data analysis are available in Section 2.2.4 of 

Chapter 2. 

   A series of NPD patterns for the adsorption of ND3 by UiO-67 is shown in Figure 

3.3. The diffraction patterns were plotted at different detector banks in order to compare data 

sensitivity and resolution.  Some new Bragg peaks were clearly observed with a significant 

increase of peak intensity at the increasing quantity of ND3 dosing. In contrast, the relative 

intensities of original peaks became reduced and their peak ratios significantly altered. These 

results can be caused by a structural modification of the MOF structure induced by both the 

orderly binding of the ND3 molecules [33] and the dynamic motions of the MOF linkers. 

One might attribute the pronounced changes in diffraction patterns to the subtle deformation 

of the framework. However, Rietveld refinement confirms that there is no apparent change 

of the unit cell parameters upon the ND3 inclusion over the range of NH3 pressure used in 

this study (Figure A3.13). This observation suggests that peak intensities and positions can 

also be altered by guest loading without any change in structure. 

Crystal structure refinement based on the high-resolution NPD data can directly 

reveal the existence of missing linker defects. [25] If the missing linker defects occur 

randomly in the MOF structure, the linker occupancies in the lattice points should be lower 
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than unity in the refinement. We, therefore, investigated this hypothesis by refining the 

structures of guest-free UiO-67 using the hydroxylated structure models reported in the 

literature. [34, 40] All atoms of the organic linkers were freely refined. The initial 

refinements revealed that the linker occupancies of the UiO-67 sample were clearly much 

less than 100 %. The much-improved values of fitting for bare UiO-67 with negligible 

residual nuclear density were achieved when we freely refined the occupancies of the central 

part of its corresponding linker ([C12H8C2]), but left Zr fully coordinated by carboxylate O. 

The obtained occupancy of the UiO-67 linker was determined to be 48.38 % with Rwp/ Rp/ 

Rexp/ GOF values of  1.77 %/ 1.32 %/ 0.47 %/ 3.78 (Table 3.2). These values are in an 

agreement with the elemental analysis within experimental error, which confirms the 

presence of missing linker defects in these samples (Table A3.1 and A3.2).  

Table 3.2 | Crystallographic data and details of ND3@UiO-67 samples at various ND3 

dosing. 

 
Loading amount of ND3 (mmol/g) 

0.00 1.23 4.63 7.60 

Reticular formulaa Zr6O4(OH)4(bpdc)4(acetate)4 

Crystal system Cubic 

Space group Fm-3m 

Molar mass of 

MOFs (g/unit cell)a 
7505.56 

ND3 per unit cell 

(molecule)a  
0.00 9.65 36.3 59.6 

Detector pixellated 3He tube 
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Loading amount of ND3 (mmol/g) 

0.00 1.23 4.63 7.60 

Measurement 

temperature (K)/ 

Counting time 

(minutes) 

300/20  300/20  300/20  300/20  

Refinement method Rietveld 

Average 2ɗ for the 

refinement (°) 
58.3 

a=b=c (Å) 26.88(4) 26.83(5) 26.83(7) 26.82(16) 

V(Å3) 19426(8) 19310(10) 19317(15) 19299(3) 

Rwp/ Rp/ Rexp (%) 1.77/1.32/0.47 2.18/1.84/0.38 1.87/1.46/0.50 1.39/1.09/0.49 

GOF (…  3.79 5.68 3.63 2.85 

a Based on the UiO-67 structure with missing linkers obtained from ICP-MS results. 

During the refinement, as previously stated, there is consistently lower occupancy of 

organic linker than carboxylate O atoms which implies that some O-type terminal groups 

still bind to unoccupied Zr nodes in the missing linker defects even after activation at 423 K 

for 24 hours under dynamic vacuum. We ruled out water (H2O) as the defect-capping group 

since there were no significant nuclear residues at a position that was reported to be a site of 

the bound water molecule. [41] This sounds sensible because the activation condition should 

be sufficient to completely remove the trapped water from the samples. We then considered 

hydroxyl (ïOH) and acetate (ïOOCCH3), as possible candidates. The latter was more likely 

to us since the best fitting values were gained when the Zr nodes were fully coordinated by 

carboxylate O atoms as mentioned above. Site occupancies of the carboxylate C and the Ipso 

C of the aromatic rings are also 11.79% higher than those of the remaining linker atoms, 
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suggesting that additional carboxylate molecules could possibly locate at the defect sites, 

yet in a disorderly binding configuration.  The occurrence of acetates as the terminating 

groups is further confirmed by the 1H NMR spectrum of the digested UiO-67 and UiO-bpydc 

samples (Figures A3.3 and A3.4). We thus used these refined structures as initial models for 

refinement of the ND3-loaded samples.  

 

Figure 3.4 | Fitted NPD data of UiO-67 as a function of ND3 adsorption. The refinements 

were conducted by using the data collected at 300 K from the average 2ɗ = 58.3 o detector 

bank. L refers to the dosing amount of ND3 in mmol/g. At this high ND3 loading, small but 
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unindexed extra peaks was clearly found in the NPD pattern which is due to the distortion 

of the cubic Fm-3m MOF structure by the inhomogeneous ND3 uptake (only a small 

quantity). Thus, in addition to using the single perfect MOF model (i.e. the model based on 

published crystal data and the occupancy number of linker with the assumption that the 

missing linker occurs randomly, the second MOF model with lowering the symmetry to 

cubic primitive cell (Pa-3 space group) to represent a small-distorted phase [42] was applied 

to achieve the best fit of the structure refinement. The weight percentage of each phase was 

freely refined to give the final phase composition of 78.16% (Fm-3m) and 21.84% (Pa-3) 

with all the diffraction peaks well fitted.  
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Figure 3.5 | ND3 responsive behaviours of the defective UiO-67. Refined ND3 positions in 

the UiO-67 structure at the ND3 loading of a) 1.23, b) 4.63, and c) 7.60 mmol/g obtained 

from NPD data at 300 K which are equivalent to 9.65, 36.3, and 59.6 ND3 molecules per 

unit cell. Each of the structures is refined and shown in top and side views of the trigonal 

window. Ball and stick models with different colors represent ND3 molecules at different 

binding sites; site I: yellow, site II: blue, site III: light blue, site IV: pink, and site V: green. 

The host structures are illustrated by using polyhedral and stick models; Zr: teal, O: red, C: 



Chapter 3 | Responsive Behaviours of Defect-Rich Zr-Based MOFs toward NH3 

Adsorption 

 

120 

 

grey, H: pale pink. Only tetragonal pores are depicted and the symmetry of ND3 is 

disregarded for clarity. The dihedral angles between two phenyl rings (ɔ) are 32.19(1)Á, 

55.20(1) Á, and 63.62(2) Á for ɔa, ɔb, and ɔc, respectively. The number in round brackets are 

referred to as an estimated standard deviation. The associated NH3 sorption isotherm at the 

bottom left was measured at 298 K and up to 1100 mbar of NH3 pressure; adsorption: closed 

circles; desorption: open circles).  

For the Rietveld refinement of the ND3-loaded UiO-67, as previously stated, small 

but unindexed extra peaks was clearly found in the NPD patterns of the samples with 4.63 

and 7.60 mmol/g ND3 loadings (Figure 3.4c and 3.4d). This observation can be ascribed to 

the distortion of the cubic Fm-3m MOF structure by the inhomogeneous ND3 uptake [42] 

(only a small quantity). Thus, in addition to using the single perfect MOF model (i.e. the 

model based on published crystal data and the occupancy number of linker with the 

assumption that the missing linker occurs randomly, the second MOF model with lowering 

the symmetry to cubic primitive cell (Pa-3 space group) to represent a small-distorted phase 

was applied to achieve the best fit of the refinement. The weight percentage of each phase 

was freely refined to give the final phase composition of 78.16% (Fm-3m) and 21.84% (Pa-

3) with all the diffraction peaks well fitted (Figures 3.4c and 3.4d and Table A3.3). The 

refined crystal structures of the ND3-loaded samples are available to download with free of 

charge from The Cambridge Crystallographic Data Centre (see the Appendices of Chapter 

3 for details of these crystal structures).  

 Figure 3.5a-c demonstrates the refined structures of UiO-67 at different ND3 dosing 

derived from the NPD data at 300 K. All ND3-loaded samples retain the Fm-3m space group 

but have crystallographic independent NH3 binding sites resolved in each case. For ND3-
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loaded UiO-67 with the lowest uptake before any pore filling (Figure 3.5a), there are two 

sites for ND3 binding to the frameworks; site I (occupancy 0.02) and site II (occupancy 0.01). 

At site I, ND3 molecule primarily adsorbs close to the µ3-OH with a OH NI distance of 

1.96(1) Å (O NI = 2.80(1) Å), as we previously discussed. This result indicates the 

formation of H-bonding interaction between the µ3-OH and ND3, comparable to the recent 

report from Godfrey et al. [43] Interestingly, ND3 molecules at site II located near the walls 

of the trigonal windows indicative of some degree of interactions with the MOF organic 

linkers (Hlinker  NII= 2.58(1) and 2.68 (1) Å). Notice that the nonpolar phenyl rings of the 

biphenyl-4,4ǋ-dicarboxylate (bpdc) linker may have formed a very weak dipole-induced 

dipole with each ND3 molecule under this low adsorption quantity. Upon increasing the ND3 

dosing to 4.63 mmol/g or 36.3 ND3 molecules/unit cell (Figure 3.5b), the site I occupancy 

clearly increase, indicating that more ND3 molecules are adsorbed near the µ3-OH. 

Apparently, further ND3 molecules can be undoubtedly identified near the tetragonal pore 

by the structural refinement (site III and site IV). At site III, the ND3 molecule filled the 

shallow pore positions with NII NIII  bond distances among these ND3 sites are in the range 

of 2.33(1) and 2.57(1) Å, indicating a H-bond network of these ND3 molecules [44] 

spreading towards the filling of tetragonal pores from the ND3 site II, presumably through 

the trigonal windows. Similarly, the inner pore site IV and a deep octahedral pore site V are 

also found occupied with ND3, presumably through the growth of the H-bonding network. 

The progressive step-wise filling of the tetragonal pore is clearly shown due to the larger 

internal volume of the pore compared to the surface linker sites in the first transition step. 

When further dosing ND3 beyond the second transition step (Figure 3.5c), higher 

occupancies of all the readily adsorbed sites are clearly observed. According to the refined 

structure, site V with interior filling of octahedral pores were observed along with an 
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increase in its occupancy. Again, the NV NII bond distances of ND3 at site V from site II 

are in the range of 3.67(2) and 4.20(2) Å, indicating the growth of H-bonding network in 

filling the octahedral pores presumably through the lozenge windows. The larger second 

transition step than the first one in the adsorption isotherm is in line with the expectation of 

the larger volume of octahedral pore and the higher partial pressure is required to fill the 

larger pore window.  

 

Figure 3.6 | Uptake data for NH3 adsorption of MOF samples before and after the healing 

process. The isotherms were measured from 0 to 1000 mbar of NH3 pressure at 298 K 

showing the similar sorption profiles as shown in Figure 3.2. The healed samples are denoted 

with h alphabets. Adsorption and desorption branches are labeled as ads and des, 

respectively. For UiO-67 sample, the two stepped uptakes at ~200 mbar and at ~800 mbar 

can also be seen, however, due to the different nature and smaller quantity of defects in this 

sample (~1 missing linker out of 6 by ICP-MS) smaller step changes occur at slightly 

different pressures. Notice that the second transition was disappeared from the healed 

UiO67, which was due to the total repair of the missing linker during healing (ICP-MS). On 
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the other hand, the NH3 uptake of the healed UiO-bpydc increased from 8.4 to 9.0 mmolg-1 

with no significant change of the transition pressure. This result could be explained by the 

increase of NH3 binding sites due to more bipyridine linkers available for binding in the 

healed UiO-bpydc. 

In parallel with the trigonal windows in defect-free structure, the larger lozenge 

windows in our synthesised sample with the second transition (position III in Figure 3.5, 

bottom left) are thought to be generated by the missing linker defects, resulting in two 

distinctive stepwise adsorptions. The differences in pore shapes (tetragonal and octahedral) 

are not considered in the explanation of stepped NH3 adsorption. This is because multilayer 

adsorption is not reflected in the adsorption isotherm of microporous materials and 

monolayer adsorption is hardly effected by pore shapes. [45] Comparison of NH3 adsorption 

isotherms of unhealed (defective) and healed UiO-67 samples also supports this explanation 

(Figure 3.6). The adsorption step of the healed UiO-67 at higher NH3 relative pressure was 

found almost disappeared. This undoubtedly reflects the relationship of the lozenge 

windows with the second transition step of NH3 adsorption. The relative site occupancies of 

the material under exposure to ND3 at different loadings with sufficient equilibration time 

may be more related to their adsorption affinity of the linker to the adsorbate rather than the 

molecular pathway for filling, which have not yet been studied in detail. [18-19]   

3.2.3) NH3-induced linker flipping  in defective UiO-bpydc 

   To further engineer defective UiO-67 for controlled NH3 adsorption, we synthesised 

defective UiO-bpydc by replacing the phenyl groups of biphenyl-4,4ǋ-dicarboxylate (bpdc) 

linkers in UiO-67 with bi-pyridine groups. [34-35] It is anticipated that UiO-bpydc will have 

stronger H-bonding interactions with NH3. NH3-TPD data (Figure A3.14) can demonstrate 
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the above point. Three different desorption temperatures at approximately 140, 200, and 230 

°C were observed for UiO-67 and these desorption temperatures are assigned to that of 

reversed filling from weaker binding to stronger binding (higher site number to lower site 

number). Notice that the desorption peaks of UiO-bpydc are shifted to higher temperatures, 

indicating that UiO-bpydc has stronger interactions with NH3 molecules. 

 

Figure 3.7 | NH3 sorption isotherm of UiO-bpydc. The isotherm was measured at 298 K and 

up to 1100 mbar of NH3 pressure. Under room temperature the open-ended desorption 

isotherm clearly indicates that some adsorbed NH3 molecules partially retain in the MOF 

sample due to the strongly binding interaction (potentially at ɛ3-OH sites). A more dramatic 

treatments including the uses of higher temperature and evacuation should be done to 

complete the desorption in a complete cycle.    

According to the NH3 adsorption isotherm in Figure 3.7, UiO-bpydc exhibits NH3 

uptake as high as 8.4 mmol/g at 298 K and 1100 mbar of pure NH3 gas, which is comparable 

to that of UiO-67 with similar unit cell parameters and pore sizes. However, unlike UiO-67, 
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UiO-bpydc only has one large and sharper transition step (position IIô) in its NH3 adsorption 

isotherm. The transition pressure P of 400 mbar is in between of those two (250 and 650 

mbar) in the NH3 adsorption isotherm of UiO-67. To further understand the origin of the 

interactions between NH3 and UiO-bpydc, in situ NPD experiments were also carried out. 

NH3 gas was replaced by ND3 to get a better scattering signal. Diffraction patterns of the 

bare and ND3-adsorbed UiO-bpydc are shown in Figure 3.8. Upon ND3 dosing, peak 

intensities that correspond to the framework structure became weaker while small extra 

peaks with increasing intensities were observed. The positions of the extra peaks differ from 

ones observed in UiO-67 samples. This implies different binding domains of the ND3 

molecules inside the structure of ND3-filled UiO-bpydc. The existence of missing linker 

defects was also confirmed by Rietveld refinements of the NPD results (Table A3.10-

A3.12), giving the quantification of defects comparable to the elemental analyses and TG 

data (Table A3.1 and A3.2). 
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Figure 3.8 | In situ NPD patterns of UiO-bpydc at various loadings of ND3.  Each dosing 

point is marked as a star symbol in the stepwise NH3 adsorption isotherm measured at 298 

K and up to 1100 mbar of NH3 pressure (a). The corresponding NPD patterns collected at 
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300 K were normalized from different detector banks with the average 2ɗ of 27.1 Á (b), 58.3 Á 

(c),  90.0 Á (d), 121.6 Á (e), and 152.8 Á (f). L refers to the dosing capacity of ND3 in mmol/g. 

 

Figure 3.9 | Fitted NPD data of UiO-bpydc as a function of ND3 adsorption. The refinements 

were conducted by using the data collected at 300 K from the average 2ɗ = 58.3 o detector 

bank. L refers to the dosing amount of ND3 in mmol/g. 
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Table 3.3 | Crystallographic data and details of ND3@UiO-bpydc samples at various ND3 

dosing. 

 Loading amount of ND3 (mmol/g) 

0.00 4.15 4.27 6.06 

Reticular formulaa Zr6O4(OH)4(bpydc)4.5(acetate)3 

Crystal system Cubic 

Space group Fm-3m 

Molar mass of MOFs 

(g/unit cell)a 
7785.36 

ND3 per unit cell 

(molecule)a  
0.00 32.6 33.6 47.6 

Detector pixellated 3He tube 

Measurement 

temperature (K)/ 

Counting time 

(minutes) 

300/20 

Refinement method Rietveld 

Average 2ɗ for the 

refinement (°) 58.3 

a=b=c (Å) 26.62(7) 26.57(7) 26.58(7) 26.57 (12) 

V(Å 3) 18869(14) 18768(16) 18771(15) 18764(3) 

Rwp/ Rp/ Rexp (%) 2.56/1.82/0.77 1.99/1.66/0.75 1.66/1.41/0.61 1.55/1.30/0.53 

GOF (…  2.80 2.66 2.74 2.94 

a Based on the UiO-bpydc structure with missing linkers obtained from ICP-MS results. 
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Figure 3.10 | ND3 responsive behaviours of the defective UiO-bpydc. Refined ND3 positions 

of the UiO-bpydc structure at ND3 dosing of a) 4.15, b) 4.27, and c) 6.06 mmol/g obtained 
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from NPD data at 300 K which are equivalent to 32.6, 33.6, and 47.6 ND3 molecules per 

unit cell. Each of the structures is shown in top and side views of the window. Ball and stick 

models with different colors represent ND3 molecules at different binding sites; site Iô: 

yellow, site IIô: blue, site IIIô: light blue, site IVô: green, site Vô: pink. The host structures 

are illustrated by using polyhedral and stick models; Zr: teal, O: red, C: grey, N: blue, H: 

pale pink. Only tetragonal pores are depicted and the symmetry of ND3 is disregarded for 

clarity. Units of bond distances are in angstrom (¡). The dihedral angles between two 

pyridine rings (ɔ) are 19.95(1) Á, 16.77(3) Á, and 10.00(4) Á for ɔa, ɔb, and ɔc, respectively. 

The number in round brackets are referred to as an estimated standard deviation. The 

associated NH3 sorption isotherm at the bottom left was measured at 289 K and up to 1100 

mbar of NH3 pressure; adsorption: closed circles; desorption: open circles). 

    The fitted NPD data of UiO-67 as a function of ND3 adsorption obtained from the 

Rietveld refinement and their corresponding crystallographic data are presented in Figure 

3.9 and Table 3.3, respectively. These excellent fits with the low values of R factors and 

GOF reflect the high reliability of the fitting. Figure 3.10a-c demonstrates the refined 

structures of UiO-bpydc at different ND3 dosings. First, we have considered the two points 

just below the transition step in the NH3 adsorption. The UiO-bpydc displays much higher 

ND3 loadings of 4.15 mmol/g (32.6 ND3 molecules/unit cell, Figure 3.10a) and 4.27 mmol/g 

(33.6 ND3 molecules/unit cell, Figure 3.10b) as compared to ~2.5 mmol/g of pre-step 

adsorption value in the case of the UiO-67. In the first pre-step point, we again observed two 

independent binding sites of ND3 lying close to the µ3-OH moiety (site Iô) and the organic 

linkers (site IIô, but this time, the bipyridine linker), respectively, before the extensive filling 

of the pores. This indicates that the adsorption of ND3 readily takes place, particularly at site 
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IIô, giving higher occupancy numbers. For site Iô, the OH NI bond distance is 2.10(2) Å, 

which is comparable to that found in the isostructural UiO-67 samples. This similarity of the 

OH NI distance in both UiO-67 and UiO-bpydc are indicative of identical primary strongest 

binding sites which result in the initial adsorption at the lowest partial pressure of ND3 gas 

(position Iô in Figure 3.10, bottom left). However, the three ND3 at site IIô of UiO-bpydc 

resides closer to each of the three organic linkers in the trigonal window with Nlinker DIIô 

and Hlinker NIIô lengths of 2.28(2) and 2.66(2) Å, respectively. This observation shown in 

Figure 3.10a reveals that the ND3-bipyridine linker interaction is even stronger than the ND3-

biphenyl linker interaction with longer distances (Hlinker NII= 2.68(1), 3.19(1) and 3.20(1)) 

Å, Figures 3.5a, 3.5b, and 3.5c, respectively). Surprisingly, an extra binding of ND3 at site 

IIIô was also observed in the shallow tetragonal pore, presumably forming the H-bonding 

network with the adsorbed three ND3 molecules on each of the pyridine linkers of the 

trigonal window to give six bound ND3 in total in this region. Thus, in UiO-bpydc, the 

measured NIIô DIIIô and NIIIô DIIô H-bonding distances between site IIô and site IIIô initially 

built from adsorbed ND3 on the N-containing linker around the trigonal window are 1.74(2) 

and 1.90(2) Å, respectively. This ND3 configuration clearly depicts a H-bonding network of 

six ND3 molecules with the three bipyridine linkers around the trigonal window. Further 

dosing of ND3 molecules to the frameworks in the second pre-step point results in a surface 

closer site IVô above a H-bond packing of site IIô and IIIô with a very low occupancy (0.01) 

(Figure 3.10b). Interestingly, almost no filling of any sites locating inside the tetragonal pore 

in this bipyridine linker which is significantly different from that of site III (0.01) and site 

IV (0.02) of UiO-67 at comparable ND3 pressure (Figure 3.5b). The H-bonding network of 

ammonia appears to have blocked up further ND3 molecules to gain access to the interior 

pores through the trigonal window as that of the UiO-67 (Figure 3.10).   
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Figure 3.11 | Proposed NH3 responsive behaviours of the defective UiO-67 type MOFs. The 

structures of the MOFs are illustrated by using polyhedral and ball& stick models; Zr: teal, 

O: red, C: grey, N: blue, H: pale pink. H atoms in the linkers are omitted for clarity. Yellow 

and orange areas refer to tetragonal and octahedral pores, respectively, whereas yellow and 

orange dashed lines represent trigonal and lozenge windows, respectively. 

It is interesting to see the drastic increase in the ND3 loading to 6.06 mmol/g or 47.6 

ND3 molecules/unit cell at the post-step point (Figure 3.10c), approaching to the status that 

all pores are filled up by the ND3 molecules (site occupancies are high). Before saturation, 

we also anticipate that a similar H-bonding network between ND3 molecules with remaining 

organic linkers in defective MOF structure can be built up to modify the lozenge windows 

under intermediate ND3 pressures. Dissimilar to the closing up of the trigonal windows by 

the imperative H-bonding network with the six ND3 molecules, the larger lozenge windows 
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created by missing and perhaps less ordered linkers may likely be modified to become new 

but smaller windows with the average size between the trigonal and lozenge windows 

(Figure 3.11). This can account for the merging of the two transition steps in UiO-67 to one 

in UiO-bpydc at the NH3 pressure intermediate to those two step-pressures observed in the 

NH3 adsorption isotherm of UiO-bpydc. This hypothesis is supported by realization of the 

correlation between the degree of missing linker defects and ND3 adsorption behaviours 

using the defect-healed samples (Figure 3.6). For the healed UiO-67 sample, the total uptake 

did not change but the second transition step almost disappeared. In UiO-67, the second 

transition step is believed to strongly relate to the larger lozenge windows created by missing 

linker defects. According to the crystal structure of UiO-bpydc obtained at a ND3 loading of 

47.6 ND3 molecules/unit cell (Figure 3.10c), a ND3 molecule can be readily located inside 

the octahedral pore (site IVô) presumably through the ND3 modified lozenge windows since 

the trigonal windows are blocked up. Because the adsorption transition pressure is lower 

than the second transition pressure in UiO-67 attributed to adsorption through non-modified 

lozenge windows, lozenge windows in UiO-bpydc at high ND3 loadings should have smaller 

diameters than the non-modified ones in UiO-67. This indeed indicates that the lozenge 

window is partially blocked by adsorbed ND3. Thus, we show the gate-opening/closing 

behaviour via linker flipping of UiO-bpydc upon ND3 adsorption for potential applications 

that heavily involve the dynamics of the linkers and kinetically-controlled processes such as 

gas separation, molecular sieving, and molecular sensing (Figure 3.11). 

 



Chapter 3 | Responsive Behaviours of Defect-Rich Zr-Based MOFs toward NH3 

Adsorption 

 

134 

 

3.2.4) Analyses of the MOF-NH3 interactions by DFT calculations 

DFT calculations were performed to investigate the role of the bipyridine linkers of 

UiO-bpydc in forming the H-bonding network with NH3 molecules, in comparison with the 

biphenyl ones of UiO-67. The structures of UiO-67 and UiO-bpydc from Rietveld 

refinements with slight modifications were used as initial models for geometry optimisation. 

Since we focused on whether the extensive imperative H-bonding network could form at the 

trigonal windows of the two MOFs, we used the non-defective MOF structures for DFT 

calculations. The optimised configurations of the NH3 molecules at the trigonal windows of 

UiO-67 and the corresponding binding energies are shown in Figure 3.12. The optimised 

desolvated structure of UiO-67 without NH3 shows that the two phenyl rings with a freely 

rotated single CīC bond in the linkers prefer to align with each other with a dihedral angle 

(ɔ) of 31.27 ° : this matches well with the literature value. [40] The calculated binding energy 

of 0.05 eV indicates the very weak interaction with NH3 molecule, which may be overcome 

at elevated temperature, giving no specific site binding (Figure 3.12a). Nevertheless, even 

in the absence of H bonding with the biphenyl linker of UiO-67, the NH3 molecule at 0 K is 

still located near to the non-N containing linker due to dipole-induced dipole interaction. 

The binding energy is slightly enhanced to 0.06 eV per NH3 molecule (Figure 3.12b) by 

further adding two more NH3 molecules to the two remaining linkers of the trigonal window 

as similar to the refined structure in Figure 3.5a, depicting the consistent weak interactions. 

No further gain in binding energy (per NH3 molecule) if NH3 molecules were further added 

up to six. 
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Figure 3.12 | Comparison of the UiO-67-NH3 interactions by DFT calculations. DFT 

optimised structures of non-defective UiO-67 with n NH3 molecules at the trigonal window: 

a) n= 1 and b) n= 3. The corresponding binding energies are depicted at the top left of each 

image. The units of the H bond lengths and the specific atomīatom distances are in angstrom 

(¡). The dihedral angles between two aromatic rings are denoted as ɔ. 

 

Figure 3.13 | Comparison of the UiO-bpydc-NH3 interactions by DFT calculations. DFT 

optimised structures of non-defective UiO-bpydc with n NH3 molecules at the trigonal 






















































































































































































































































