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Abstract 

A number of flexible metal-organic frameworks (MOFs) are shown to undergo phase changes 
under CO2 gas pressure and, in two cases, the mechanisms of these changes have been 
elucidated using computational simulation and in situ variable-pressure single-crystal 
diffraction (VP-SCD). The primary objective of this work was to utilise suitable ligands to 
synthesise flexible cobalt-based MOFs that undergo phase changes under gas loading at 298 
K. Where possible, the phase change mechanisms were visualised crystallographically at the
molecular level by employing an environmental gas cell.

The first section describes a new non-interpenetrated flexible MOF, 
{[Co2(OBA)2(BPMP)]·1.5(DMF)}n (COB-DMF), where OBA = 4,4'-oxybis(benzoic acid), BPMP 
= 4-bis(pyridin-4-ylmethyl)piperazine, with a new network topology. COB possesses minimal 
porosity and activation yields a framework with discrete voids and substantial reduction in 
guest-accessible volume. In the present study it is shown by means of in-situ VP-SCD that 
COB exhibits structural flexibility under CO2 gas loading at 298 K in a single-crystal to single-
crystal manner. The mode of flexibility combines two separate mechanisms, which is highly 
unusual. The results are supported by in-situ powder X-ray diffraction.  

The second section describes a different MOF ({[Co2(OBA)2(BPMP)]·2.5(DMF)}n, COB1) 
prepared using the same components that were used to prepare COB. Although the 
stoichiometry was the same, the synthesis temperature was different and the framework 
systems are entirely different. Activation of COB1 yields a narrow-pore framework from a wide-
pore phase. The framework breathes and switches between the narrow-pore and wide-pore 
phases at a specific CO2 loading pressure at 298 K. The proposed mechanism for flexibility is 
well supported by pressure-gradient differential scanning calorimetry and in situ VP-SCD and 
was further validated by means of molecular modelling.  

The final section describes a new interdigitated two dimensional PCP 

{[Co2(OBA)2(BPY)2]·2(DMF)}n. The material exhibits flexibility at a specific CO2 pressure at 

298 K, with large hysteresis upon desorption, the single crystals did not survive CO2 uptake, 

and the flexibility was validated using VP-PXRD. Gas sorption analysis implies that the host 

exhibits shape memory upon complete desorption, but closer inspection of the desorption 

isotherm in the low-pressure range shows that the material reverts to its activated form upon 

complete guest removal. This constitutes approximately 26 bar of hysteresis in the reversal of 

the gas-induced phase transition.  

Stellenbosch University https://scholar.sun.ac.za



iv | P a g e  
 

Uittreksel 

Dit word getoon dat ‘n aantal buigbare metaal-organiese raamwerke (MOFs) fase 

verwisselinge ondergaan onder CO2 lading en in twee gevalle is die meganismes van die fase 

veranderinge uitgelê deur rekenaargebaseerde simulasie en in situ veranderlike-druk enkel-

kristal diffraksie (VP-SCD). Die hoof doelwit van hierdie werk was om gepaste ligande te 

gebruik vir die sintese van buigbare kobalt-gebaseerde MOFs wat fase verwisselinge weens 

gas lading by 298 K ondergaan. Die meganisme van die fase veranderinge was, waar 

moontlik, kristallografies gevisualiseer deur van ‘n gassel gebruik te maak. 

Die eerste afdeling beskryf ‘n nuwe nie-geïnterpenitreerde buigbare MOF, 

{[Co2(OBA)2(BPMP)]·1.5(DMF)}n (COB-DMF), met ‘n nuwe network topologie. COB beskik 

oor beperkte poreusheid en aktivering lewer ‘n raamwerk met aparte leemtes en ‘n aansienlike 

verlaging in gas-toeganklike volume. In die huidige studie word deur middel van in situ VP-

SCD gewys dat COB strukturele buigbaarheid toon onder CO2 gas lading by 298 K in ‘n enkel-

kristal na enkel-kristal wyse. Die modus van buigbaarheid kombineer twee meganismes, wat 

uitsonderlik is. Die resultate word ondersteun deur in situ poeier X-straal diffraksie (PXRD). 

Die tweede afdeling beskryf ‘n ander MOF ({[Co2(OBA)2(BPMP)]·2.5(DMF)}n, COB1) wat 

verkry is vanaf dieselfde komponente as wat vir die voorbereiding van COB gebruik is. 

Alhoewel die stoïgiometrie dieselfde is, is die temperatuur van sintese anders en die raamwerk 

sisteme uiteenlopend anders. Die aktivering van COB1 lewer ‘n nou-porie raamwerk vanaf ‘n 

wye-porie fase. Die raamwerk ondergaan ‘n asemhaling en skakel tussen die nou-porie en 

wye-porie fase by ‘n spesifieke CO2 druk by 298 K. Die voorgestelde meganisme vir 

buigbaarheid word goed ondersteun deur druk-gradiënt differensiële skanderings kalorimetrie, 

in situ VP-SCD asook molekulêre modellering. 

Die laaste afdeling beskryf ‘n nuwe gedigiteerde twee dimensionele MOF 

{[Co2(OBA)2(BPY)2]·2(DMF)}n. Die materiaal vertoon buigbaarheid by ‘n spesifieke CO2 druk 

by 298 K met groot desorpsie histerese. Die kristal oorleef egter nie en die buigbaarheid is 

bevestig deur middel van VP-PXRD. Gas sorpsie analise impliseer dat die gasheer vorm-

geheue tentoonstel, maar met nouer ondersoek van die desorpsie isoterm is gevind dat die 

materiaal terugkeer na die geaktiveerde vorm na volledige verwyderig van die gas. Hierdie 

maak histerese van ongeveer 26 bar uit en ‘n omkeer van die gas-geïnduseerde fase 

verandering vind plaas. 
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Abbreviations 

 

1D 1-dimensional 

2D 2-dimensional 

3D 3-dimensional 

ASU Asymmetric unit 

BPMP 4-bis(pyridin-4-ylmethyl)piperazine 

BPY 4,4’-bipyridine 

DMF dimethylformamide 

HFU Host formula unit 

MOF Metal-organic framework 

np Narrow-pore 

OBA 4,4′-oxybis(benzoic acid) 

PCP Porous coordination polymer 

PG-DSC  Presure-gradient differential scanning calorimetry 

SBU  Secondary building unit 

TGA Thermogravimetric analysis 

VP-PXRD Variable pressure powder X-ray diffraction 

VP-SCD  Variable pressure single-crystal X-ray diffraction 

wp Wide-pore 
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INTRODUCTION 

1.1. Porous Materials  

Much attention has been devoted to the use of many different compounds to create nanostructured 

materials. Such materials are considered of interest for applications such as separation, storage of gases, 

sensing, and heterogeneous catalysis.1 Until the mid-1990s two types of porous materials were in 

widespread use, namely inorganic and carbon-based materials. The inorganic materials are divided into 

two subclasses, the aluminosilicates and aluminophosphates.2 Aluminosilicates are zeolites and a class 

of microporous crystalline materials which have been extensively studied for many years.1  

They are made from low silica to high alumina ratios in order to produce 3-dimensional (3D) crystalline 

hydrated alkaline or alkaline-earth aluminosilicates with the general formula Mn+[(AlO2)x(SiO2)y]x- wH2O 

(M = metal).3 They have corner-sharing TO4 tetrahedra (T = Al, Si), and form interconnected tunnels or 

cages in which water molecules and metal ions are inserted.3 After removal of water from these cages 

zeolites remain unaltered, yeilding porous frameworks that are highly stable with uniformity in the pore 

size.4 As a result, zeolites have been reported as molecular sieves for sorption applications as well as 

other applications of interest to the global economy.5 However, a major limitation of zeolites is their high 

affinity for guest molecules, which results in difficulty when guests need to be released.  

As a consequence, attention has shifted towards the use of activated carbons, which are porous 

materials with high surface areas that provide relatively strong adsorption sites for gases while also 

alowing gas release (desorption).6 Activated carbons are structurally disordered and feature twisted 

networks of defective hexagonal carbon layers that are cross-linked by aliphatic bridging groups.7 The 

widths of the layers of activated carbons vary, but are typically about 5 nm when simple functional groups 

are attached. Heteroatoms can be incorporated into the network and bound to the periphery of the carbon 

layers. Non-homogeneity of activated carbon limits the efficiency as a material for selective sorption and 

separation of guests. Although activated carbon and zeolites have high thermal stability due to their strong 

C-C or Si-O bonds, respectively, their syntheses remain challenging in the context of designing new 

frameworks with new topologies that possess various pore size and shapes such that gases can be 

released when needed. A limited number of other porous materials have also been reported. These 

include Werner complexes [β-M(4-methylpyridyl)4(NCS)2] (M = NII or CoII), Prussian blue compounds and 

Hofmann clathrates (construted from carbon nitrile linkages between square-planar or tetrahedral 

tetracyanometallate units and octahedral metal units coordinated by complementary ligands), which 

reversibly absorb small molecules.8,9  

In the early 1990s Robson10 introduced a new class of porous material consisting of a wide range of 

infinite 3D scaffold-like frameworks that are accessible and tunable. Their synthesis generally occurs 

under mild conditions with careful selection of discrete molecular units in order to produce a desired 

extended framework with large cavities, low density and accessible space while maintaining high thermal, 

chemical and mechanical stability. These 3D frameworks hold much potential for use in applications such 

as molecular sieving, ion exchange and catalysis.10,11 Some years after Robson’s first report, other 

researchers demonstrated the use of carboxylate-based ligands under hydrothermal conditions to obtain 

robust 3D crystalline frameworks with open cavities,12 and around the same time a 3D framework was 

used for methane storage at ambient temperature.13 Thereafter, Kitagawa showed that frameworks could 
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be constructed by combining different connectors such as metal nodes or clusters, and organic linkers to 

produce an endless array of architectures, as summarised in Figure 1.14 The strategy can be employed 

to great success in the formation 1D, 2D and 3D framework architectures. The term metal−organic 

framework (MOF) was proposed, and used as the technical term for any extended framework comprised 

of metal nodes and organic linkers (either mono- or polynuclear).12 Nevertheless, there is still little 

distinction in the literature with regard to the definitions of porous coordination polymers (PCPs) and 

MOFs. According to IUPAC guidelines, a MOF is an extended porous coordination network, and thus 

restricted to 3D frameworks. The term PCP is generally used to describe porous metal-organic systems 

with one (1D) or two dimensional (2D) connectivity.15 Therefore, in this dissertation, we explicitly describe 

1D and 2D systems as PCPs, and 3D frameworks as MOFs.  

 
Figure 1. Components of coordination polymers and possible frameworks that can be assembled using 
different combinations of connectors and linkers. Figure recreated from reference 14. 
 

1.2 Porous coordination polymers  

Nearly 55 years ago, an analogy between organic polymers and a class of inorganic coordination 
complexes was drawn and the name “coordination polymers (CPs)” was coined.16 Since then, 1D 
coordination polymers have been studied intensely. They employ (usually ditopic) organic linkers to join 
metal centres to form conceptually-infinite coordination chains. The modular nature of these compounds 
makes it relatively easy to develop strategies for engineering multifunctional polymeric materials.17  

 

Scheme 1. Various geometrical conformations that show the diversity of 1D coordination polymers. 
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1D CPs normally yield interesting architectures with appealing functional properties. Architectures such 

as linear, ladder, ribbon, zigzag and helical structures (Scheme 1) are possible, depending on the 

conformations of the ligands, and the coordination environment of the metal ions under specific 

conditions.18 The formation of these different architectures can depend on the conditions of their formation, 

such as temperature, the nature of the solvent, and relative concentrations of the reactants. 

 

1.3. Two dimensional coordination polymers  

Evidently, the topology of a 2D framework depends on factors such as the ligand to metal ion ratio, the 

preferred metal coordination geometries, as well as the nature of the coordination ligands. For example, 

the combination of transition metal ions with linear bifunctional ligands in a ratio of 1:2 have yielded many 

square grid 2D frameworks.19 Other topologies such as rhombic, rectangular, herringbone, brick wall, 

honeycomb and bilayers have been also reported20,21 (Figure 2). 

 

 
Figure 2. Different examples of 2D coordination polymers (from reference 19).  

There are also many examples of mixed ligand 2D systems; e.g.  CuII nitrate, 2,5-dihydroxybenzoic 

acid (HDHBC) and 4,4'-bipyridine (4,4'-BPY) were used to synthesise a square-grid coordination polymer. 
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The metals are connected in one dimension by 4,4'-BPY to produce straight chains, which are then cross-

linked by DHBC to yield interdigitated 2D frameworks22 (Figure 3).  

 
 

Figure 3. Schematic representation of [Cu(DHBC)2(4,4'-BPY)]·H2O. Reproduced from reference 22. 

Since then, many other examples of mixed-ligand 2D frameworks have been reported.23,24 Some have 

exhibited potentially useful properties; Kitagawa and co-workers recently reported a 2D PCP 

[Mn(BDC)(DPE)] (where H2BDC = 1,4-benzenedicarboxylic acid, DPE = 1,2-di(4-pyridyl)ethylene) with 

zero-dimensional pores, which shows an adsorbate discriminatory gate effect for C2H6 over CO2  gas.25 

This system was characterized using synchrotron powder X-ray diffraction analysis and computational 

methods.  

 

1.4. Metal-Organic Frameworks (MOFs) 

Three dimensional coordination networks were discovered well after the initial work on Werner complexes, 

Prussian blue compounds, and Hofmann clathrates and their derivatives.8,9 However, their sorption 

behaviour was not reported in the initial articles.10 Nevertheless, these frameworks soon inspired many 

scientists to investigate the copolymerization of a wide range of larger organic linkers with metal-ions to 

yield a class metal-organic frameworks (MOFs) with unusual open architectures and unprecedented pore 

size and shape.12 Consequently, secondary building units (SBUs) were introduced as a new modular 

approach (Figure 4) to designing and preparing new robust MOFs that remain stable even after solvent 

removal.26  

Stellenbosch University https://scholar.sun.ac.za



 

5 | P a g e  
 

 
Figure 4. Schematic representation of the basic concept behind MOF framework assemblies using the 

MOF-5 crystal structure as an example, (a) with metal ion and linker components, and (b) a typical 

framework that can be formed using these components 

Additionally, computational predictions have advanced significantly to yield MOFs with better stability 

and larger pores (30-40 Å).27 Hence, there are thousands of MOF structures in the Cambridge Structural 

Database, including MOFs with densities as low as 0.13 g cm-3,28 accessible space up to 90% free 

volume,29,30 and surface areas greater than 6000 m2 g-1.31,32 Given that MOFs are constructed from a 

variety of inorganic nodes (i.e. metal clusters or ions) and organic linkers, the number of metal−organic 

combinations (Figure 4),26 and their structural possibilities, are essentially endless.  

Furthermore, MOFs are not only limited to potential application such as gas storage and separation,31,33 

but they have also been shown to have relevance for a wide variety of other applications, including 

chemical separations,34,35 catalysis,36,37 drug delivery,38 light harvesting,39 energy conversion,40 sensing,41 

conductivity,42 ion-exchange43 and removal of toxic substances from air and water.44,45 

 

1.4.1. Synthesis of MOFs 

Optimization of parameters such as molar ratios of starting materials (reactants), pH, 

quantities/ratios/types of solvents, process parameters such as reaction time, temperature, and pressure 

yields thousands of new frameworks every year. Evidently, synthetic methods using the same ligands and 

metal ion under different conditions can result in a variety of interesting structures.46,47 The conventional 

solvothermal methods for synthesising MOFs involve mixing of components at room temperature, followed 

by heating for 12-72 h or more, and then cooling to room temperature. However, while the above 

procedures generally yield high quality crystalline materials, they suffer from long reaction times and can 

be difficult to scale up above 1 g, especially when making use of high boiling point solvents such as 

dimethylformamide (DMF).48  

Therefore, alternative synthetic routes such as microwave, sonochemical, and mechanochemical 

methods, which are use less solvent with fast reaction times have recently been reported.47,49 The two 

most commonly used methods are hydrothermal or solvothermal, and microwave-assisted syntheses. 

Hydrothermal or solvothermal syntheses use solvents such as water (hydrothermal) or dimethylformamide 

(solvothermal, when not water). These solvents can also act as reagents at elevated temperature to 

deprotonate carboxylic acid groups of ligands. The reactions take place in closed vessels under 
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autogenous pressure above the boiling point of the solvent.50 Microwave-assisted synthesis utilises the 

interaction of electromagnetic waves with polar species in solution, or with electrons/ions in a solid as a 

very energy-efficient homogeneous method of heating.51 

 

1.4.2. Secondary building units 

MOFs now constitute a major class of porous materials and thousands of articles are published annually 

on the topic because of potential applications.52 One of the major design strategies that has fuelled MOF 

synthesis since its inception is that of ‘reticular chemistry’.53 Reticular synthesis can be described as the 

process of assembling judiciously designed rigid molecular building blocks into predetermined ordered 

structures (networks), which are held together by strong bonds.54  

 

 
Figure 5. Schematic illustration of the construction of MOFs from SBUs and rigid linkers.55 

Using the principles of reticular chemistry, MOFs are assembled by linking molecular units with well-

defined shapes via strong bonds into periodic arrays. The ligands used in MOF syntheses are carefully 

selected according to the number and orientation of Lewis-basic sites, and they are combined with metal 

centres to produce well-defined metal cluster motifs called secondary building units (SBUs) (Figure 5).56 

Topologically, MOF structures can be classified based on the SBUs employed. 

One of the most widely used SBUs is constructed from metal-carboxylate clusters using rigid aromatic 

polydentate carboxylic acids as linker precursors.26,57-61 Figure 5 depicts the most common metal-

carboxylate SBUs, which may be combined with different linker geometries to afford a wide range of 3D 

architectures.56,62 Furthermore, the term linker in MOF synthesis describes a ligand that participates in the 

coordination assembly.63 

 

1.4.3. Isoreticular synthesis of MOFs 

A vast number of MOF architectures and topologies have been produced just by replacing organic 

dicarboxylate ligands with those containing modified spacers.64 Generally, a spacer in a ligand is a 

synthetically inert part of the ligand with respect to MOF synthesis, but it can also alter the functional 
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properties of the MOF. As a result, MOFs produced using this approach usually possess the same network 

topology and the principle is referred to as “isoreticular synthesis”.64 A typical systematic study of an 

isoreticular series was produced, and the MOFs were referred to as IRMOFs (Figure 6).57  

 

 
Figure 6. An isoreticular series of IRMOFs showing variation in the spacers. In each case the MOF cavity 

size is indicated by a large yellow sphere.57 

The systematic study was based on increasing the length of the spacer in the organic dicarboxylate 

linker, which resulted in a corresponding increase in the pore volume. More importantly, functionalization 

was also introduced by adding side groups (e.g. -Br, -NH2, etc.).65 However, it is important to note that to 

date it is still difficult, although not impossible, to predict the outcome of the MOF synthesis because 

simple metal ions and organic linkers hold little information about their directionality. This Lack of 

directionality often results in flexibility around the metal ion, which can produce a multiplicity of possible 

structures.66-68 

 

1.5.  Porosity in MOFs 

MOFs are attractive because they have pores in their networks that can be functionalized and occupied 

by guest molecules. However, there should be proof that a MOF is indeed porous, hence permeability of 

the host phase should be demonstrated.69 Normally, porosity can be verified experimentally by 

determining the surface areas of the material using BET (Brunauer-Emmet-Teller) analysis of a nitrogen 

sorption experiment at 77 K.70 However, it is worth noting that the abovementioned experimental method 

has its own limitations because the MOF could be permeable only to nitrogen but not to other guests. In 

addition, MOF materials can have voids within their structures without being permanently porous.71 

Generally the porosity of a MOF is categorised based on the dimensionality of the voids (Figure 9).14 

These void could consist of zero-, one-, two- or three-dimensional pores. Zero-dimensional pores are  

isolated within the host framework. One-dimensional porosity refers to non-intersecting channels, while 
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two-dimensional porosity describes assemblies of separate layers of available space. Three-dimensional 

porosity constitutes a system of intersecting channels.14  

 
Figure 7. The four categories for the dimensionality of porosity in MOFs/PCPs: 0D, 1D, 2D and 3D 
porosity.14 
 

1.6. Gas sorption 

Sorption behaviour is divided into two types: adsorption and absorption. Adsorption is based on 

enrichment of one or more components in an interfacial layer. Absorption is when molecules enter the 

bulk of the material. To avoid confusion, the term sorption is often used instead of adsorption and 

absorption. The counterpart of sorption is desorption, which is simply the converse process in which the 

amount of the adsorbed guest decreases.  

When the sorption and desorption profiles do not coincide, the process is called hysteresis. Sorption 

usually occurs because of either physisorption or chemisorption, and these processes are determined by 

what type of an interaction is involved in the sorption process. Specifically, physisorption occurs when a 

gas (adsorbate) contacts a surface of the solid (adsorbent) and the interaction between the two is very 

weak, with the enthalpy of adsorption being less than 10 kcal mol-1. Chemisorption normally occurs with 

the formation of chemical bonds and an enthalpy of adsorption in the range of 25-95 kcal mol-1. The 

amount of the gas (adsorbate) being absorbed by the solid during the sorption process is referred to as 

the sorption capacity. This is usually governed either by the molecular sieving effect, which is based on a 

size/shape exclusion principle, or the thermodynamic effect, which results from preferential packing of gas 

molecules in the pores of the host, the channel topology and the surface interactions between gas 

molecules and the channel walls. 
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Figure 8.  IUPAC classification of adsorption isotherms.72-74 
 
There is also a kinetic effect, which results from different gases having different kinetic diameters and 
energies, which in turn leads to variation in diffusion rates. All of the above effects contribute to the 
characteristic isotherms associated with sorption. As a result, there are six types of characteristic 
isotherms, as categorized by the IUPAC (Figure 8).67,73,74  

 
Figure 9.  Type I CO2 sorption and desorption isotherms.87  
 

Type I isotherms are usually associated with microporous frameworks, types II, III and VI with 

macroporous materials, and types IV and V exclusively with mesoporosity (Figure 8). Furthermore, the 

shape of an isotherm is influenced by pore size, host-guest and guest-guest electrostatic interactions, and 

could result in artefacts being produced. Sorption/desorption hysteresis occurs in rigid MOFs due to strong 

host-guest interactions and gas trapping within the pore apertures.75 An exceptional example of extreme 

hysteresis under CO2 gas sorption at 298 K is shown in Figure 9. This was observed during an 

investigation of the three frameworks [Cu2(glu)2(bpy)]·2.9H2O, [Cu2(glu)2(bpe)]·3H2O, and 

[Cu2(glu)2(bpymh)]·7.5H2O, where glu = glutaric acid, bpy = 4,4’-bipyridine, (bpe) = trans-bis(4-

pyridyl)ethylene, and (bpymh) = N,N’-bis(pyri-dine-4-ylmethylene)hydrazine.  
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1.7. Flexible MOFs 

In 1998 MOFs were first categorised into three generations (Figure 10): first, second and third generation 

based on their response to guest removal.76 The first generation collapses and loses its structural integrity 

and porosity upon guest removal, or even after sorption. The second generation is usually rigid after guest 

removal and subsequent guest sorption. Third generation MOFs are flexible soft porous crystals that 

collapse upon guest removal and regenerate upon guest uptake.77 Evidently, third generation MOFs 

demonstrate structural flexibility with a reversible response to external stimuli, such as changes in 

temperature or gas pressure, even in the absence of guest.52,78 

 

Figure 10. Schematic representation of first, second and third generation porous coordination polymers 

as described by Kitagawa.76,79,80 

 

Researchers have recently turned their attention to flexible MOFs because they absorb minimal gas 

before flexibility, and then exhibit an abrupt rise or “step” in adsorption upon undergoing a structural phase 

change.25,78,80,81 This drastic change in sorption behaviour is evident as a step in the sorption isotherm, 

which may also exhibit hysteresis that enhances selectivity, yields high working capacities, and reduces 

thermal management requirements.82,83 The structural phase change behaviour of these materials can 

occur through a variety of mechanisms, which include breathing (ligand stretching or flexing), swelling, 

linker rotation, or subnetwork displacement and slippage of interdigitated and stacked layers. (Figure 

11).84-87 

 

 
 

Figure 11. Classification of different modes of flexibility in MOFs. Figure recreated from ref 88. 
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The earliest examples of flexible MOFs that exhibit such structural phase change behaviour under gas 

pressure are the flexible MIL (Materials of Institute Lavoisier) family of MOFs ([M(X)(BDC)], where M is 

trivalent Al, Cr, Fe or Ga and X is OH- or F- ).27,78,89-92 Owing to the difficulty of producing large single 

crystals, the structural phase change behaviour in the MIL series was characterized by synchrotron 

powder X-ray diffraction analysis and computational simulation.78,89,91,93-96  

 

Recently researchers introduced flexible pillared-layered mixed-ligand MOFs (Figure 12a) of general 

composition M2L2P (P = neutral nitrogen donor ligand, L2− = dicarboxylate and M2+ = divalent metal ion) to 

yield new pressure-dependent porous forms.97 Some of these MOFs consist of interpenetrated 

networks,98,99 meaning they have more than one copy of the network crisscrossing one another to 

minimize space. Interestingly, they have been shown to exhibit flexibility under gas pressure due to 

subnetwork displacement or sliding of interpenetrated layers,25,81,100-103 by means of PXRD analysis as 

characterization method at low pressure and non-ambient conditions.81,101,103,104  

 

 
 

Figure 12. (a) The extension of the 2D square-grid of {Zn2(1,4-bdc)2} into a 3D structure by using dabco, 

which occupies the axial positions and, (b) a view along the fourfold axis of the metal–organic framework 

structure.105 

 

Researchers have also used linear dicarboxylic ligands bearing flexible substituents together with 

neutral N-donor ligands as mixed-ligand systems to yield non-interpenetrated flexible pillared-layered 

MOFs,106 and their flexibility is attributed to dangling functionality of the dicarboxylic ligand in response to 

gas pressure at non-ambient conditions.107,108 Noticeably, all of the abovementioned flexible pillared-

layered MOFs commonly form structures composed of dinuclear M2+ linked equatorially by dicarboxylate 

dianions (L2-) to form ‘paddlewheel’ two-dimensional M2L2 sheets with square grid topology (sql).107 The 

axial sites of the paddlewheels are coordinated by bipyridyl ligands, which link the sql networks as pillars 

to generate three-dimensional (3D) networks (Figure 12a), with primitive cubic (pcu) topology (Figure 

12b).105 

In general, structural phase change mechanisms of flexible MOFs have been elucidated using 

computational simulation and in situ variable-pressure VP-PXRD at non-ambient temperature,109 while a 

few have been determined by means of in situ variable-pressure single-crystal X-ray diffraction analysis 

(VP-SCD) at 298 K.110 86,110,111 Although the number of flexible materials characterized using VP-PXRD 
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outnumber those studied by VP-SCD, VP-SCD analysis is a superior analytical tool for investigating 

structural phase change mechanisms of flexible MOFs. However VP-SCD is more challenging because 

the stresses and strains due to structural changes rarely occur without fracturing of the single 

crystal.52,99,112 If the single crystals can survive activation and subsequent gas uptake, VP-SCD can enable 

a direct visualization of the structural phase changes and thereby provide detailed structural information, 

which may guide researchers to synthesise potential materials for gas-capture or separation applications.  

 

1.8. Aims 

The aim of the work presented here was to use the versatility of MOF synthesis to prepare flexible 

Co(II)-based MOFs with mixed ligands 4,4'-oxybis(benzoic acid) (OBA) with either 4-bis(pyridin-4-

ylmethyl)piperazine  (BPMP) or 4,4'-bipyridine (BPY), and to investigate their phase change behaviour 

under CO2 loading. Where possible, we intended to use in-situ VP-SCD to investigate the phase change 

mechanisms at the molecular level by employing an environmental gas cell. Moreover, complementary 

experimental techniques such thermal analysis, volumetric sorption analysis, in-situ VP-PXRD and P-DSC 

were used to validate the phase change behaviour of the MOFs under pressure. This study has provided 

some insight into the mechanisms that induce phase changes under controlled gas pressures in these 

flexible MOFs. 

 

1.9. Thesis Outline 

This dissertation is presented as three manuscripts formatted for submission to journals for publication 

(Chapters 2-4). The methodologies and experimental conditions used during the work are described in 

the Supplementary Information sections of each of the relevant chapters. 

Chapter 2 describes a new three dimensional non-interpenetrated flexible MOF, 

{[Co2(OBA)2(BPMP)]·1.5(DMF)}n  (COB), with a new 6-conneted uninodal net topology, prepared from 

mixed ligands. COB displays structural flexibility under CO2 gas pressure at 298 K and the resultant 

porous phases have been characterized by in situ VP-SCD analysis. Activation yields a framework with 

discrete voids and substantial reduction in guest-accessible volume, and COB exhibits a breathing mode 

of flexibility, combined with an overall swelling of the framework. This combination of mechanisms is highly 

unusual. This chapter has been submitted (as presented) to Inorganic Chemistry for consideration as a 

communication. 

Chapter 3 describes a different MOF ({[Co2(OBA)2(BPMP)]·2.5(DMF)}n, COB1) using the same 

components that were used to prepare COB. Although the stoichiometry was the same, the synthesis 

temperature was different. Using single-crystal X-ray diffraction analysis, we show that desolvation yields 

a framework with substantial reduction in guest-accessible volume. The framework breathes and switches 

between the narrow pore and wide-pore phases at specific CO2 loading at 298 K. The characterization of 

this breathing behaviour is well supported by pressure-gradient differential scanning calorimetry and in 

situ VP-SCD. VP-SCD analysis shows that the deformation of the coordination geometry and flexibility of 

the pillaring ligand leads to an overall breathing of the framework, which is further validated by means of 

molecular modelling. This chapter has been submitted (as presented) to CrystEngComm for consideration 

as a full paper. 
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Chapter 4 describes a new interdigitated two dimensional PCP {[Co2(OBA)2(BPY)2]·2(DMF)}n. The 

material exhibits flexibility at a specific CO2 pressure at 298 K, with large hysteresis on upon desorption. 

Although the single crystals did not survive CO2 uptake, the flexibility was validated using VP-PXRD. This 

chapter, although formatted using the RSC template, has not yet been submitted for publication. 

Chapter 5 summarises this work and presents some concluding remarks.   
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Supporting Information Placeholder

We report a flexible MOF [Co2(OBA)2(BPMP)]n (COB), with a 

new network topology. COB displays structural flexibility under 

CO2 gas pressure at 298 K and the resultant porous phases have 

been characterized by in situ X-ray diffraction analysis. We show 

that activation yields a framework with discrete voids and 

substantial reduction in guest-accessible volume. Single-crystal 

diffraction analysis under controlled CO2 pressure shows that COB 

exhibits a breathing mode of flexibility, combined with an overall 

swelling of the framework. This combination of mechanisms is 

highly unusual. 

Porous metal–organic frameworks (MOFs) are investigated 

intensively for numerous applications such as molecular sensing, 

drug delivery and gas separations.1 Apart from their robust nature 

and high surface areas,2 some MOFs display structural flexibility 

in response to external stimuli such as light, heat, and pressure.3 It 

is of particular interest that flexible MOFs can distort or even 

change phase under gas pressure to selectively absorb more gas.1d,4, 

5 Flexibility in MOFs is categorized into different modes such as 

breathing (ligand twisting, tilting and stretching), swelling 

(expansion in all directions without a change of unit cell shape and 

space group), linker rotation, subnetwork displacement (in 

catenated MOFs), and slippage of interdigitated and stacked 

layers.4a,6 These modes of flexibility generally yield stepped 

sorption profiles where each step is associated with a phase-

change.7 The earliest examples of flexible MOFs that exhibit such 

phase-change behavior under gas pressure are the flexible MIL 

(Materials of Institute Lavoisier) family of MOFs ([M(X)(BDC)], 

where M is trivalent Al, Cr, Fe or Ga and X is OH- or F-).8 Owing 

to the difficulty of producing large single crystals, the phase change 

behavior in the MIL series has mostly been characterized by 

synchrotron powder X-ray diffraction analysis (PXRD) and 

computational simulation.8a,8c,8f,9  

MOFs based on mixed ditopic ligands such as bis-tetrazolates 

or bipyridyls, combined with dicarboxylates, have recently been 

shown to yield phase-change behavior (flexibility) in response to 

gas pressure.4a,10 Such flexible MOFs have also been characterized 

extensively by means of in situ PXRD under non-ambient 

conditions, with support from theoretical studies to elucidate the 

phase-change behavior.11 However, direct visualization of 

pressure-induced structural changes still poses significant 

experimental challenges. If crystals can remain intact during 

activation and subsequent gas loading, in situ single-crystal X-ray 

diffraction (SCD) experiments can be carried out for crystals in 

controlled environments12 using an environmental gas cell.3a,5b,13 

Unequivocal structural information can then be used to study the 

dynamic structural moieties that give rise to the phase change 

events. Although structural transformations due to breathing and 

swelling have been reported separately, we are not aware of any 

instances where these processes occur concurrently within the same 

framework. We now report a dual mechanism for gas uptake by a 

new non-interpenetrated flexible MOF, 

{[Co2(OBA)2(BPMP)]·1.5(DMF)}n (COB-DMF), where OBA = 

4,4'-oxybis(benzoic acid), BPMP = 4-bis(pyridin-4-

ylmethyl)piperazine and DMF = dimethylformamide. 

 

Figure 1. (a) Perspective view of COB-DMF projected along 

[100] (guest molecules not modelled) and (b) connectivity of 

each 6-conneted node to form a 3D net. 
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Red prismatic crystals of COB-DMF were prepared according 

to the procedure outlined in Scheme S1 and subjected to SCD 

analysis at 100 K. COB-DMF crystallizes in the space group F2dd 

(Table S1) and the structure consists of a 3D non-interpenetrated 

network with Co2OBA2 paddlewheel nodes (Figures 1a and S1a). 

The paddlewheel units are linked axially by means of BPMP 

bridges to form [Co2(OBA)2(BPMP)]n (Figure 1a). Each network 

node consists of two Co(II) ions surrounded by four OBA2- and two 

BPMP ligands to form a 6-connected secondary building unit, and 

the 3D net can thus be rationalized as a new 6-connected uninodal 

net (Figure 1b) with the point symbol 466772, which has been 

assigned the code sus01.14 Although the guest solvent could not be 

modelled, COB-DMF contains discrete ‘mushroom-shaped’ 

solvent-accessible virtual voids,15 each with a volume of 

approximately 416 Å3 (estimated by MSROLL16 using a probe 

radius of 1.4 Å; see Figure 2a, left). Since COB-DMF packs in a 

polar space group the cavities are oriented in a parallel fashion and 

stacked along [100]. The guest-accessible volume represents 

approximately 18.5% of the total volume. Phase purity of the bulk 

material was confirmed by PXRD analysis (i.e. the simulated 

PXRD pattern corresponds to that measured for the bulk material, 

as shown in Figure 2b, left).  

Thermogravimetric analysis (TGA) of COB-DMF shows a 

weight loss of approximately 17% in the range 25 to 200 C, which 

corresponds to 1.5 DMF guest molecules per host formula unit. 

This value is also in excellent agreement with Rebek’s 55% 

solution17 to accommodating DMF in the available space (see the 

Supporting Information (SI) for details). Since the framework 

decomposes after 350 °C (Figure S2), a bulk sample of COB-DMF 

was activated at 120 °C under dynamic vacuum (3.1  10-2 mbar) 

for 10 hours. PXRD analysis under ambient conditions confirmed 

conversion to a new phase COB-act upon desolvation (Figure 

S3a). A single crystal was selected from the bulk activated sample 

and placed in an environmental gas cell, which was then evacuated 

(3.1  10-2 mbar) at room temperature. The crystal retains its 

singularity and we were thus able to determine its structure under 

vacuum (COB0) at 298 K. The simulated PXRD pattern of COB0 

is comparable to that recorded for COB-act (Figure S3a). Although 

the network connectivity remains intact upon activation, the space 

group changes from F2dd (COB-DMF) to Fddd (COB-act and 

COB0) (Table S1). Moreover, the two lobes of each cavity split 

apart to form two crystallographically unique ellipsoidal voids that 

alternate along [100] (volumes of 245 and 59 Å3; see Figure 2a, 

center). This involves a 27% decrease in total solvent-accessible 

volume upon activation, and a centrosymmetric arrangement of 

guest-accessible pockets.  

Although COB0 does not contain permanent pores, it is known 

that many such materials are still capable of adsorbing guest 

molecules.15 To explore the porosity of COB0, gas sorption 

analyses were carried out at 298 K using CO2 (Figure 3) and N2 

(Figure S4) up to pressures of 50 bar. The type I sorption isotherm 

for N2 shows a maximum loading of 0.5 molecules per host formula 

unit at 50 bar. However, the CO2 sorption isotherm contains two 

 

Figure 2. (a) Projections of COB-DMF, COB0 and COB-CO210, showing the reduction in the guest-accessible space (yellow 

surfaces) upon activation, followed by expansion of the space upon CO2 loading. (b) PXRD diffractograms of the corresponding 

phases recorded at 298 K (black) and simulated from SCD structures (red). The SCD structure of COB-DMF was determined at 

100 K while those of COB0 and COB-CO210 were determined at 298 K. 
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noticeable inflections. The first step occurs with an onset pressure 

(Pon) of approximately 7 bar, where the CO2 uptake is 0.75 

molecules per host formula unit. Upon further increase in pressure, 

additional CO2 is absorbed before the second step occurs with Pon 

 25 bar (1.5 CO2 molecules per host formula unit), with apparent 

saturation being reached at 50 bar, where the total uptake is two 

molecules of CO2 per host formula unit. The sorption and 

desorption processes display moderate hysteresis.  

Stepped sorption profiles usually indicate gas-induced phase 

transitions that provide additional guest-accessible space and 

enhanced sorption.18 To investigate the possibility of two CO2 

induced phase changes, variable-pressure PXRD (VP-PXRD) 

analyses were carried out at 298 K using an environmental gas cell. 

A polycrystalline sample of COB0 was pressurized incrementally 

with CO2 gas and diffractograms were recorded at various 

pressures in the range 0 to 50 bar (Figures 4 and S3b). The PXRD 

patterns at 0, 1 and 7.5 bar are similar to one another. However, at 

10 bar new peaks appear at low 2 values, thus indicating a phase 

change, and it appears that this new phase persists until 50 bar. The 

VP-PXRD results imply that the first step in the sorption isotherm 

is associated with a structural change, while the second step is not. 

To gain mechanistic insight into the stepped CO2 gas sorption 

profile, we also carried out structural characterization by means of 

variable-pressure SCD (VP-SCD).  

A series of VP-SCD analyses was carried out at 298 K for a 

single crystal of COB0 exposed to various CO2 gas pressures (0, 3, 

10, 14, 18, 22, 30 and 35 bar) within an environmental gas cell13 

(Table S1). Despite lower reflection intensities as compared to the 

data for COB0 and COB-CO23 (before the phase change), it was 

possible to determine the crystal structures of COB-CO2x, where 

x = 10, 14, 18, 22, 30 and 35 (Table S1). The transformation from 

COB-CO23 to COB-CO210 involves a change of space group to 

C2/c. In agreement with the VP-PXRD results, no further phase 

changes are observed in the range 10 to 35 bar. Although the host 

structure and connectivity of the Fddd and C2/c phases still 

resemble those of COB-DMF, the configurations of the guest-

accessible spaces are different in the three structures (Figure 2a). 

During the CO2-induced phase transition the alternating voids 

observed in COB0 become fused to once again form mushroom-

shaped pockets, but in antiparallel stacks along [010]. Although it 

was not possible to model the guest CO2 molecules in the guest-

loaded crystal structures, we are provided with detailed structural 

information regarding the pressure-induced changes in the host 

framework. Note that none of the gas-loaded crystal structures 

exhibit permanent pores. 

To understand the mechanism that governs the phase change 

behavior of COB it is useful to describe the structural moieties in 

simple geometric terms. We consider the Co-OBA-Co connectivity 

 

Figure 3. CO2 sorption/desorption isotherm for COB recorded at 298 
K. 

 

 

Figure 4. VP-PXRD diffractograms for COB exposed to various 
controlled CO2 gas pressures, recorded at 298 K. 

 

 

 

Figure 5. (a) The structural moieties OBA and BPMP can be 
represented as angled and spring-like linkers, respectively. (b) 
Relevant distances and angles that characterize the conversion of 
COB under CO2 gas pressure. (c) – (f) Changes in the COB 

framework parameters with increasing CO2 pressure. 
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of COB to resemble a rhombic network in the Fddd structure 

(before the phase change) and a parallelogram in the C2/c 

structures (after the phase change) (Figure 5a and 5b). The lengths 

of the quadrilateral edges are r, r1 and r2, while d2 and d3 represent 

the vertical and horizontal diagonals with  and  as the internal 

angles (see the SI for details). The nodes of the quadrilateral 

networks are connected by BPMP ligands, which are represented 

by a zig-zag ‘spring’ with length d1 and angle ω. Distance d1 

increases rapidly from vacuum to 14 bar of CO2 and this elongation 

becomes more gradual thereafter, while ω exhibits a decaying 

increase in magnitude up to 35 bar (Figure 5c). The rhombic edge 

length r increases before the first phase change and then splits into 

two unique edges r1 and r2 (due to lowering of crystallographic 

symmetry), thus representing a parallelogram. Notably, r1 

decreases relative to r during the phase change (as determined at 10 

bar) and then increases slightly at a slower rate with increasing 

pressure. Conversely, r2 increases relative to r (COB-CO210) and 

then continues to increase in a deceleratory fashion towards 35 bar 

(Figure 5d). Although r1 decreases, the relatively large increase in 

r2 still results in an overall elongation of both of the parallelogram 

diagonals d2 and d3. Indeed, d2 and d3 increase rapidly during the 

phase change (as determined at 10 bar), and then increases gently 

thereafter (Figure 5e). Taken together, the above describes a 

symmetric swelling before the phase change, followed by 

asymmetric swelling up to 35 bar. 

This mechanism precludes the type of trellis-like motion often 

observed for similar frameworks, where one diagonal elongates as 

the other shortens.5b Moreover, the total change in d2 (ca 3%) is 

much lower than that of d3 (5%), and this can be explained by 

considering that d1 lies along the same direction as d2. The BPMP 

linker thus acts as a ‘spring’, stretching but also restraining the 

degree of deviation along d2 while leaving d3 unaffected. The 

parallelogram internal angles  and  exhibit unusual trellis-like 

behavior, where both of the parallelogram diagonals become 

elongated, but at different rates (Figure 5f). This mechanism 

contributes to the swelling caused by elongation of d1 with 

increasing pressure (see Supplementary Video S1).  

In conclusion, COB is a new non-interpenetrated flexible MOF 

with a new topology. The guest-accessible space of the as-

synthesized form consists of isolated voids that are occupied by 

DMF solvent molecules. Activation results in a significant 

reduction in guest-accessible space, where each void splits into two 

separate voids. The CO2 sorption isotherm recorded at 298 K 

exhibits two distinct steps with onset pressures of approximately 7 

and 25 bar, implying that two gas-induced phase changes may 

occur at these pressures. However, VP-PXRD and VP-SCD 

analyses (0 to 50 and 0 to 35 bar, respectively) show that only one 

phase change occurs in the pressure ranges investigated. The 

detailed structural information afforded by the SCD analysis 

reveals that the first step in the sorption isotherm involves a guest-

induced phase change whereby the two unique guest-accessible 

cavities experience a sudden swelling. Thereafter, the cavities 

undergo a modest degree of swelling with further CO2 uptake with 

little change in the structure of the host framework. In order to 

rationalize the stepped CO2 uptake event at Pon = 25 bar, we 

postulate that cooperative phenomena arise as the cavities become 

filled. Importantly, our SCD analyses have shown that flexibility of 

the material occurs due to two distinct mechanisms: breathing 

(stretching of the BPMP ligands), together with swelling (an 

asymmetric trellis-like mechanism). Detailed structural studies 

involving complementary in situ techniques can advance our 

efforts to design new network topologies for useful applications 

that rely on pore-opening mechanisms. 
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2.2. SUPPORTING INFORMATION 

 

Direct in situ Crystallographic Visualization of a Dual Mechanism for Uptake of CO2 Gas by a 

Flexible MOF 

 

1. Synthesis and characterization 

 

Materials 

All chemicals and solvents were purchased from Aldrich and used without further purification. 

Synthesis 

The ligand 4-bis(pyridin-4-ylmethyl)piperazine was synthesized according to literature procedures.1 

MOF preparation  

{[Co2(OBA)2(BPMP)]·1.5(DMF)}n:(COB-DMF) Co(NO3)2 (1 mmol), 4 4'-oxybis(benzoic acid acid 

(OBA, 1 mmol) and (4-bis(pyridin-4-ylmethyl)piperazine (BPMP, 1 mmol) were mixed in 2 ml methanol 

(MeOH) and 4 ml dimethylformamide (DMF) and placed in a pre-heated oven at 100 °C. The red block-

shaped crystals were obtained after 48 h. 

 

 

Scheme S1. Synthesis of {[Co2(OBA)2(BPMP)]·1.5(DMF)}n (COB-DMF). 

 

2. Methods 

Thermogravimetric analysis (TGA) 

Thermogravimetric analysis was carried out using a TA Instruments Q500 analyzer. The sample was 

loaded in an aluminum pan and heated at 10 °C/min from room temperature up to 600 °C. 

 

Powder X-ray diffraction (PXRD) 

Experiments were carried out on a PANalytical X’Pert PRO instrument in transmission mode. Intensity 

data were recorded using an X’Celerator detector and 2θ scans were performed in the range of 5-40°. 

During the experiment the powdered sample was exposed to Cu-K α radiation (λ = 1.5418 Å). Samples 

were sealed within a glass capillary (environmental gas cell) and the capillary spinner configuration (with 

focusing mirror) of the instrument was used since this setup allows for very accurate temperature control 
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using an Oxford Cryostream 700 Plus cryostat. Carbon dioxide was used to pressurize COB and its variable 

pressure PXRD patterns were measured at a constant temperature of 298 K.  
 

Single-crystal X-ray diffraction (SCD) 

Single crystal X-ray diffraction data were collected on a Bruker APEX-II Quasar CCD area-detector 

diffractometer equipped with an Oxford Cryostream 700Plus cryostat, and on a Bruker D8 venture 

PHOTON II CPAD detector equipped with an Oxford Cryostream 800Plus cryostat. A multilayer 

monochromator with MoKα radiation (λ = 0.71073 Å) from an Incoatec IμS microsource was used. Data 

reduction was carried out by means of standard procedures using the Bruker software package SAINT2 

and absorption corrections and the correction of other systematic errors were performed using SADABS.3  

The structures were solved by direct methods using SHELXS-2016 and refined using SHELXL-20164 and 

X-Seed5 was used as the graphical interface for the SHELX program suite. Hydrogen atoms were placed 

in calculated positions using riding models. All of the non-bonding distances and angles were measured 

using the program X-Seed5 and Diamond Version 3.0. Some of the figures were generated using OLEX26 

crystallographic software (version 1.2.9) and X-Seed/MSROLL.7 

 

Environmental gas cell experiments: 

An environmental gas cell (developed in-house) was used to determine the crystal structures of the various 

phases at 298 K under controlled pressures by means of single-crystal X-ray diffraction. First, crystals of 

COB-DMF were activated thermally under vacuum to yield COB0. COB0 was activated in situ within the 

gas cell to remove any moisture before SCD analysis. The in situ activated structure of COB0 was 

pressurized with 3 bar CO2 and allowed to equilibrate for 8 hours before SCD analysis to yield COB-

CO23. Subsequent structures COB-CO210 to COB-CO235 were determined in order after slowly 

pressurizing the previous sample to the appropriate pressure of CO2 and allowing it to equilibrate for 8 

hours. We note that R1 for the gas-loaded structures increases with pressure, and this is most likely due to 

increasing strain experienced by the crystals. 

 

Volumetric Sorption Analysis 

A Setaram PCTPro-E&E gas sorption analyser with MicroDoser attachment was utilised to conduct high 

pressure gas sorption experiments with gases such as N2 and CO2 at 298 K. The instrument is a volumetric 

gas analyser which utilises Sievert’s volumetric method. The sample temperature was maintained to an 

accuracy of ±1 °C using a Grant refrigerated recirculation bath filled with antifreeze and water. A sample 

at known pressure and volume was connected to a reservoir of known volume and pressure through an 

isolation valve. The valve was opened and the system allowed to equilibrate. The difference between the 

measured pressure and calculated pressure was used to determine the amount of gas adsorbed. NIST 

software was used to calculate the thermodynamic corrections in order to account for the non-ideal 

behaviour of the gases at relatively high pressures. The PCTPro-E&E with the MicroDoser attachment is 

used for small sample sizes and has a range of vacuum to 60 bar. Sample sizes of 100-120 mg were used 

and activated in-situ using vacuum and heat. Blank runs for each gas were recorded to further correct for 

any other residual systematic errors in the experiment. Figure preparation and data analyses were 

performed using Microsoft Excel and OriginPro.  
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3. Crystallographic tables and structural analysis 

 
Table S1. Crystallographic table of COB-DMF, COB0, COB-CO23, COB-CO210, COB-CO214, COB-CO218, COB-CO222, 

COB-CO230, and COB-CO235. 

 

Complex COB-DMF COB0 COB-CO23 COB-CO210 COB-CO214 COB-CO218 COB-CO222 COB-CO230 COB-CO235 

Temperature 

(K) 
100 298 298 298 298 298 298 298 298 

Empirical 
formula 

C48.5H46.5Co2N5.5O10.5 C22H18CoNO5 C22H18CoNO5 C44H34Co2N4O10 C44H34Co2N4O10 C44H34Co2N4O10 C44H36Co2 N4O10 C44H36Co2 N4O10 C44H36Co2 N4O10 

Formula weight 992.27 449.31 449.31 898.63 898.63 898.63 898.63 898.63 898.63 

Wavelength 

(Å) 
0.71073 

 

0.71073 

 

0.71073 
0.71073 

 
0.71073 0.71073 0.71073 0.71073 0.71073 

Crystal system 
 

orthorhombic 

 

 

orthorhombic 

 

 

orthorhombic 

 

 

monoclinic 

 

 

monoclinic 

 

monoclinic 

 

monoclinic 

 

monoclinic 

 

monoclinic 

Space group F2dd 

 

Fddd 

 

 

Fddd 

 

 

C2/c 

 

C2/c C2/c C2/c C2/c C2/c 

a (Å) 15.6371(10) 15.9599(5) 15.9234(4) 31.357(4) 31.420(4) 31.473(4) 31.506(4) 31.536(3) 31.540(4) 

b (Å) 31.0298(19) 30.6138(8) 30.7560(7) 15.654(2) 15.609(2) 15.592(2) 15.586(18) 15.5749(18) 15.568(2) 

c (Å) 37.083(2) 35.8049(9) 36.1096(8) 23.216(5) 23.220(5) 23.252(5) 23.281(3) 23.325(3) 23.336(5) 

β (°) 90 90 90 126.779(3) 126.522(3) 126.422(3) 126.407(3) 

 

126.413(3) 

 

126.411(3) 

Volume (Å3) 17993.1(19) 

 

17494.0(8) 
 

 

17684.3(7) 
 

 

9127(2) 
 

9152(3) 9182(3) 9201.1(18) 

 

9219.7(18) 
 

9221(3) 

Z 16 
 

32 

 

32 
 

8 

 

8 8 8 8 8 

Calculated 

density (g cm-3) 
1.465 

 

1.365 

 

 

1.350 

 

 

1.308 

 

1.304 1.300 1.297 

 

1.295 

 

 

1.295 

 

Absorptio 

coefficient 

(mm-1) 

0.805 

 

0.819 

 

0.810 

 

0.784 

 

0.783 0.780 

 

0.778 

 

 

0.777 

 

 

0.777 

 

F000 8224 

 

7392 
 

 

7392 
 

 

3696 
 

 

3696 
 

3696 

 

3696 
 

 

3696 
 

 

3696 
 

Approx. 

Crystal size 

(mm3) 

 

0.29×0.18×0.14 
 

 

0.28×0.25×0.18 
 

 

0.28×0.25×0.18 
 

 

0.28×0.25×0.18 
 

0.275×0.25×0.18 0.28×0.25×0.18 

 

0.28×0.25×0.18 
 

0.28×0.25×0.18 0.28×0.25×0.18 

θ range for data 
collection (°) 

1.6 to 
25.09 

 

 

2.2 to 
26.52 

 

 

2.2 to 
25.92 

 

2.1 to 
25.76 

2.1 to 
26.41 

 

2.1 to 
26.43 

 

2.1 to 
26.11 

 

2.1 to 
26.08 

 

2.1to 
26.09 

Reflections 

collected 
78483 

 

41866 

 

 

87033 

 

12203 

 

71619 

 

12683 12921 

 

77866 

 

86680 

Completeness 
to θ max (%) 

 
0.997 

 

0.999 0.997 
 

0.973 

 

0.980 0.964 0.976 
 

0.987 

 

 
0.986 

 

Data/restraints/ 

parameters 
7926 / 1 / 542 

 

4554 / 0 / 272 

 

4312 / 0 / 284 

 

8528 / 0 / 541 

 

 

9211 /0 / 541 

 

9120 / 0/ 541 8936 / 0 / 541 

 

9038 / 0 / 541 

 

 

9031 / 0 / 541 

 

Goodness-of-

fit on F2 

1.063 

 

 

1.027 

 

1.096 1.035 1.337 1.428 1.507 

 

1.469 

 

 

1.544 

 

Final R indices 

[I > 2 (I)] 

R1 = 0.024 

wR2 = 0.061 

R1 =0.040 

wR2 = 0.087 

 

R1 = 0.040 

wR2 = 0.144 

 

 

R1 = 0.118 

wR2 = 0.293 

 

R1 = 0.118 

wR2 = 0.330 

R1 = 0.118  

wR2 = 0.330 

R1 = 0.124 

wR2 = 0.348 

R1 = 0.124 

wR2 = 0.354 

R1 = 0.1259 

wR2 = 0.362 

R indices 

 

R=0.025 

wR2 = 0.061 

 

 

R1=0.074 

wR2 = 0.103 

 

R1 = 0.066 

wR2 = 0.1595 

 

R1 = 0.140 

wR2 = 0.310 

 

1 = 0.151 

wR2 = 0.3539 

R1 = 0.1446, wR2 = 

0.3541 

R1 = 0.150 

wR2 = 0.3710 

 

R1 = 0.160 

wR2 = 0.3802 

 

 

R1 = 0.152 

wR2 = 0.3822 

 

Miller 

index ranges 

-18h18  

-36k36  

-44  l  44 

-18h20 

 -38k38 

-42  l  44 

 

-19 h 19 

37 k 37 

-44  l  44 

 

-38 h 38 

 -19 k19 

 -28  l  28 

 

-39  h  38 

-19  k  19 

-28  l  29 

 

-39h39  

-19k19  

-29  l  29 

 

-38  h  38 

-19  k  19  

-28  l  28 

 

-33  h  38 

-19  k  19 

 -28  l  28 

 

-38  h  38 

 -19  k  19 

 -28  l  28 

 

 

  

Stellenbosch University https://scholar.sun.ac.za



  

27 | P a g e  
 

4. Structural phase classification 

 

Table S2. Classification of the different structural phases. 

 

COB-DMF As-synthesized version containing DMF guest molecules 

COB0 Host framework determined under vacuum 

COB-CO23 Form determined under 3 bar of CO2 gas pressure 

COB-CO210 Form determined under 10 bar of CO2 gas pressure 

COB-CO214 Form determined under 14 bar of CO2 gas pressure 

COB-CO218 Form determined under 18 bar of CO2 gas pressure 

COB-CO222 Form determined under 22 bar of CO2 gas pressure 

COB-CO230 Form determined under 30 bar of CO2 gas pressure 

COB-CO235 Form determined under 35 bar of CO2 gas pressure 

 

5. Perspective view of the COB-DMF framework (guest not shown). The pyridyl (BPMP) linkers 

have been omitted for clarity. 
 

Figure S1. (a) COB-DMF perspective view without pyridyl ligand and the guest, (b) COB-DMF showing 

the rhombic shape in capped-stick representation without pyridyl ligand and the guest.  
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6. Thermogravimetric analysis 

Thermogravimetric analyses were carried out on a TA Instruments Q500 analyzer. Samples ranging in 

mass from 2 - 6 mg were placed in an aluminum pan and heated from room temperature to 600 °C at a rate 

of 10 °C min-1 under N2 flow of 50 mL min-1. Data Analysis was carried out using the Universal Analysis 

2000 (TA Instruments, Version 4.5A) software. 
 

 

Figure S2. TGA analysis of COB-DMF and COB0. The initial weight loss event (starting at room 

temperature) for COB-DMF is due to surface solvent. The solvate is then stable upon further heating to 

approximately 125 °C, after which the included DMF is released. 

 

7. PXRD Results  
 

 
Figure S3. (a) PXRD diffractograms of the corresponding phases recorded at 298 K and (b) in situ variable-

pressure PXRD patterns recorded with the sample under vacuum or controlled CO2 pressure at 298 K. 
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8. Sorption of N2 

 

 
Figure S4. Volumetric sorption of N2 at 298 K.  

 

9. Unit cell parameters of COB after the phase-change from the Fddd to the C2/c structure   

 

 
Figure S5. Plots of (a) a and b axes, (b) c axes and β angles, and (c) the unit cell volumes of COB-CO210, 

COB-CO214, COB-CO218, COB-CO222, COB-CO230, and COB-CO235 as a function of pressure.  
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10. Use of unit cell dimensions to calculate rhombic lengths, vertical and horizontal distances, and 

angles for COB0 and COB-CO23 

 

 
 

Figure S6. Determination of rhombic geometry for COB0 and COB-CO23. 

 

11. Use of unit cell dimensions to determine parallelogram shape for the monoclinic structures 
 

 
Figure S7. Determination of (a) r1 and r2 (b) d2, (c)  and (d) d3. 
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Table S3. Selected non-bonding distances and angles (Figures S6 and S7) within the COB network before 

and after the phase change.  
 

Complex COB0 COB-CO23 COB-CO210 COB-CO214 COB-CO218 COB-CO222 COB-CO230 COB-CO235 

d1 (Å) 
12.20 

(N1-N1) 

12.25 

(N1-N1) 

12.36 

(N3-N3) 

12.47 

(N3-N3) 

12.49 

(N3-N3) 

12.51 

(N3-N3) 

12.52 

(N3-N3) 

12.51 

(N3-N3) 

 (°) 
116.69 

(N1-C17-C20) 

117.69 

(N1-C17-C20) 

119.35 

(N3-C42-C42) 

121.12 

(N3-C39-C42) 

120.38 

(N3-C39-C42) 

120.81 

(N3-C39-C42) 

121.16 

(N3-C39-42) 

121.31 

(N3-C39-C42) 

d2 (Å) 15.307 15.38 15.68 15.71 15.74 15.75 15.77 15.77 

d3 (Å) 17.90 18.05 18.78 18.76 18.77 18.79 18.82 18.83 

r1 (Å) 11.78 11.86 - - - - - - 

r1 (Å) 11.78 11.86 11.61 11.61 11.63 11.64 11.66 11.67 

r2 (Å) 11.78 11.86 12.75 12.83 12.87 12.88 12.90 12.90 

ϴ (°) 98.94 99.15 100.3 100.1 100.1 100.1 100.1 100.1 

 (°) 81.06 80.84 79.71 79.89 79.94 79.94 79.90 79.89 

 

12. Description of video file 

Video S1 shows a simplified schematic representation of the mechanism of pore opening and closing in 

response to gas pressure. This video file is best viewed with the video player set to loop. 

13. Rebek’s 55% Solution 

Rebek postulated a 55% ‘rule’ for the encapsulation of small guest molecules within the internal cavities 

of host molecules in solution.8 We believe that it is reasonable to apply Rebek’s rule to the crystalline solid 

state. The molecular volume of a DMF molecule is approximately 72 Å3. The discrete guest-accessible 

cavity of COB-DMF has a volume of 395 Å3, and the crystal structure contains two host molecules per 

cavity. By applying the 55% rule we estimate that each cavity can accommodate 3 DMF molecules, which 

is consistent with 1.5 DMF molecules per host formula unit. 
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Using in situ single-crystal X-ray diffraction analysis (SCD), direct 

structural evidence has been obtained for breathing behaviour of a 

new flexible MOF COB1. Desolvation of the as-synthesised material 

results in deformation of the coordination geometries due to 

flexibility of the bridging ligands, and the framework is capable of 

switching from a wide-pore to a narrow-pore form, with substantial 

reduction in guest-accessible volume. Upon exposure to CO2 gas  

the activated framework breathes and switches back to the wide-

pore phase. This breathing behaviour is supported by gas sorption 

analysis, pressure-gradient differential scanning calorimetry, 

powder X-ray diffraction analysis and molecular modelling. 

Metal-organic frameworks (MOFs) are a class of porous 

materials constructed using metal ions that are bridged by 

polytopic organic ligands.1 Amongst the large number of known 

MOF materials there are recurring coordination motifs called 

secondary building units (SBUs), which allow rational design of 

new materials from new and existing organic building blocks 

(i.e., reticular synthesis).2 Recurring SBUs may yield isoreticular 

MOFs3 that are rigid and porous, with wide-ranging topologies.4 

Some MOFs have been shown to possess high surface areas5 

with sufficient structural diversity to allow tuning of the pore 

space.2b This tunability has prompted intense investigation into 

various applications that include catalysis, gas storage and 

separation of small molecules.6 Although MOFs were first 

reported to be rigid like zeolites, judicious selection of metal 

ions and organic ligands has yielded MOFs that exhibit 

structural flexibility in response to external stimuli such as light, 

heat, and pressure.7 In particular, flexible MOFs can distort or 

even change phase under gas pressure to increase adsorption 

capacity.8 Gas-induced flexibility in MOFs has been classified 

into different modes such as breathing, swelling, linker rotation, 

and sliding of layers (in interpenetrated MOFs).8a,9 Breathing is 

accompanied by structural distortions such as changes in bond 

lengths and angles7b and generally gives rise to stepped sorption 

profiles where each step is associated with a phase-change.10 

Importantly, breathing has been shown to enhance working 

capacity for gas storage.11 Among the earliest examples of 

flexible MOFs that undergo breathing behaviour under gas 

pressure12 are the MIL (Materials of Institute Lavoisier) family 

([M(X)(BDC)], where M is trivalent Al, Cr, Fe or Ga and X is OH 

or F),13 and pillared-layered DMOF-1.14 Owing to the difficulty 

of maintaining single crystal integrity during activation of these 

materials, the phase changes under gas pressure are normally 

characterised by variable-pressure powder X-ray diffraction 

(VP-PXRD) under non-ambient conditions,15 with support from 

theoretical studies. We have previously reported direct 

visualisation of phase changes under gas pressure by means of 

variable-pressure single-crystal diffraction (VP-SCD);16 this 

approach is generally superior to VP-PXRD because it often 

provides unequivocal structural information relating to the 

structural flexibility. However, VP-SCD presents a greater 

technical challenge as it involves exposing a single crystal to a 

particular gas pressure within a confined environment during 

the diffraction experiment, with the added requirement that 

the single crystals must survive the stresses associated with 

solid-solid phase transitions.17 

Here, we report the structure of the non-interpenetrated 

flexible MOF COB1-DMF, which undergoes structural dynamics 

upon activation. The framework exhibits further structural 

adaptation under CO2 gas pressure at 298 K, and 

complementary characterisation by means of VP-SCD and 

pressure-gradient differential scanning calorimetry (PG-DSC) 

offers detailed structural insight into the flexibility. 

Blue prismatic crystals of the solvated MOF 

{[Co2(OBA)2(BPMP)]·2.5(DMF)}n (COB1-DMF), where OBA = 

4,4'-oxybis(benzoic acid) and BPMP = 4-bis(pyridin-4-

ylmethyl)piperazine), were prepared according to the 

procedure outlined in Scheme S1. The crystals were subjected 

Department of Chemistry and Polymer Science, University of Stellenbosch, 
Matieland, 7600, South Africa E-mail: ljb@sun.ac.za; Fax: (+27) 21-808-3360 
† Electronic supplementary information (ESI) available: Crystallographic 
Information Files CCDC 1878697, 1878700, 18787101, 1880240, 1880241, 
experimental methods, PXRD, PG-DSC, and video files. See DOI: 
10.1039/x0xx00000x  

 
Fig. 1 (a) Perspective view of the host framework of COB1-DMF, shown in capped-
stick representation (DMF guest molecules and hydrogen atoms omitted for 
clarity). (b) PXRD diffractograms of (i) COB1-DMF (recorded at 298 K), (ii) 
simulated from the COB1-DMF SCD structure recorded at 100 K, (iii) COB1-act 
(recorded at 298 K) and (iv) simulated from COB10 SCD structure recorded under 
vacuum at 298 K. 

Stellenbosch University https://scholar.sun.ac.za



 

34 | P a g e  
 

to SCD analysis at 100 K. COB1-DMF crystallises in the   

monoclinic space group P21/n (Table S1) and the structure 

consists of a three-dimensional (3D) non-interpenetrated 

framework with primitive cubic (pcu) network topology (we 

report elsewhere18 that an orthorhombic phase is obtained by 

raising the synthesis temperature from 80 to 100 °C). Dinuclear 

Co paddlewheel SBUs are linked equatorially by OBA dianions 

to form corrugated layers that are pillared axially by BPMP 

linkers (Fig. 1a). The framework is permeated by 2D channels 

that propagate parallel to (100) (Fig. 2a); these channels are 

occupied by highly disordered DMF molecules, which could not 

be modelled owing to extensive disorder. The guest-accessible 

volume of COB1-DMF is approximately 38% that of the material, 

as determined using the Connolly surface routine of Materials 

Studio.19 Phase purity of the bulk material was confirmed by 

PXRD analysis (i.e. the PXRD pattern simulated from the crystal 

structure determined at 100 K corresponds to that recorded for 

the bulk material at 298 K, as shown in Fig. 1b).  

Thermogravimetric analysis (TGA) of the as-synthesised 

material shows a 30% weight loss in the range 25 to 130 C, 

which corresponds to 2.5 DMF molecules per host formula unit 

(HFU). The framework starts to decompose after 350 °C (Fig. S1, 

ESI†). COB1-DMF was therefore activated at 120 °C under 

dynamic vacuum (3.1 × 102 mbar) for 24 hours. PXRD analysis 

confirmed retention of crystallinity and conversion to a new 

phase (Fig. 1b), hereafter referred to as COB1-act. Owing to the 

rapid rate at which the DMF molecules leave the framework 

upon activation, single crystals of COB1-DMF disintegrate and 

become unsuitable for SCD analysis. In order to slow down the 

rate of desolvation, guest exchange was first carried out by 

immersing COB1-DMF in diethyl ether for 24 hours, followed by 

subjecting the crystals to dynamic vacuum at ca 195 K (using a 

dry-ice/acetone slurry) for a further 24 hours. A crystal suitable 

for SCD analysis was placed in an environmental gas cell,16,20 

which was then evacuated for 2 hours at 298 K. Intensity data 

recorded at 298 K reveal a new reduced-pore form (COB10), the 

structure of which is consistent with the PXRD pattern for the 

bulk activated material. The network connectivity remains 

intact, although the space group changes from P21/n for COB1-

DMF to C2/c for COB10 (Table S1, ESI†). In converting from 

COB1-DMF to COB10, the framework switches from a wide-pore 

phase to a narrow-pore phase with isolated voids (Fig. 2a). The 

guest-accessible volume decreases dramatically from 38% to 

17%. Activation also results in significant shrinkage of the crystal 

along the crystallographic a and c axes (by ca 6 and 3.4 Å, 

respectively), with concomitant elongation by ca 3 Å along the 

crystallographic b axis‡ (Fig. S2, ESI†). 

To understand the phase change that occurs upon 

desolvation, the structural geometries and moiety 

conformations were examined before and after activation. The 

conformation of OBA is largely preserved; the 

centroid···centroid distances of the Co2 SBUs across the OBA 

linker and the centroidSBU···Oether···centroidSBU angle remain 

unchanged at ca 14.3 Å and 119.5°, respectively (Fig. 2b and 

Table S3, ESI†). The SBU centroid···centroid distance across the 

BPMP pillar is also maintained at 19.0 Å, (Fig. 2c) while the 

piperazine moiety undergoes a rotation from 26.4° to almost 

perpendicular (84.1°) with respect to the ac plane (Pac). In 

addition, the SBU Co···Co distance elongates from 2.63 to 2.75 

Å and the acute angle of the Co···Co axis with respect to Pac 

decreases from 43.9° to 35.9° (Fig. 2d). The structural phase 

change from COB1-DMF to COB10 therefore involves a 

distortion of the cobalt coordination geometries, with 

concomitant deformation of the flexible pillaring ligands.  

Gas sorption analyses were carried out at 298 K using CO2 

and N2 (Fig. 3a). N2 exhibits a typical type I sorption isotherm 

with a maximum loading of 0.5 molecules per HFU at 50 bar. 

The CO2 sorption isotherm features a single step with an onset 

pressure of approximately 19 bar, at which pressure the CO2 

uptake is approximately 1 molecule per HFU. We attribute the 

step to a structural transformation from COB10 to a new phase 

(COB1-CO219). Upon further increase in pressure to 50 bar, 

apparent saturation is reached with a maximum uptake of 4 

molecules of CO2 per HFU. We note that the desorption 

isotherm does not match the adsorption isotherm; in addition 

to substantial hysteresis, it exhibits three desorption steps with 

onset pressures of 32, 23 and 10 bar. 

To further investigate potential CO2-induced gate-opening 

events, PG-DSC20 analysis was carried out at 298 K over a CO2 

pressure range of 5 to 40 bar to independently confirm the 

stepped CO2 sorption profiles (Fig. 3b). A single exothermic peak 

with an onset pressure of approximately 25 bar is observed for 

 

 

Fig. 2 (a) COB1-DMF with 2D guest-accessible channels represented by light green 
surfaces and COB10 with discrete voids after activation (probe radius 1.2 Å). 
Salient geometrical parameters: (b) OBA bend angle and length, (c) BPMP length 
and the acute angle between pyrazine and Pac (d) Co···Co acute angle with Pac. 
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increasing pressure; the peak corresponds approximately to the 

step observed in the adsorption isotherm, which signals the 

structural transformation to COB1-CO219. Also consistent with 

the desorption isotherm, three endothermic peaks (with onset 

pressures of 25, 23, and 12 bar) are observed upon decreasing 

the CO2 pressure from 40 to 5 bar. It is interesting to note that 

the CO2 uptake pathway does not appear to be consistent with 

that for CO2 release – i.e. single-step adsorption vs three-step 

desorption. This implies either that the structural 

transformations that occur do not follow a reversible pathway, 

or that the single step observed during adsorption represents a 

poorly resolved multi-step process. Indeed, upon lowering the 

temperature, the adsorption peak is resolved into two separate 

peaks (Fig. S3, ESI†). 

PXRD diffractograms were recorded before and after the 

CO2 sorption experiment (Fig. 4). By comparison to 

diffractograms simulated from VP-SCD crystal structures, it 

appears that most of the material reverts to COB1-act after 

complete desorption. However, some of the material remains 

in the wide-pore form and the bulk sample only reverts 

completely to its original activated form after heating at 120 °C 

under dynamic vacuum (3.1 × 10-2 mbar). 

In situ SCD structural characterisation was carried out at 298 

K under controlled CO2 gas pressure using an environmental gas 

cell.16,20 A single crystal of COB10 was exposed to vacuum and 

subsequently pressurised incrementally to 10, 19 and 30 bar of 

CO2. Despite diminishing reflection intensities (as compared to 

the data for COB10) it was still possible to determine the crystal 

structures of COB1-CO2x, where x = 10, 19 and 30 (Table S1, 

ESI†). In all three cases it was possible to model the host 

framework, but not the CO2 guest molecules. The host structure 

of COB1-CO210 is similar to that of COB10. The transformation 

from COB1-CO210 to COB1-CO219 results in significant 

lengthening of the crystallographic a and c axes (by ca 6 and 3 

Å, respectively), and concomitant shrinkage by ca 2 Å along the 

crystallographic b axis (Table S1 and Fig. S2, ESI†). Together, 

these changes result in an increase in the guest-accessible 

volume from 19% in COB1-CO210 to 39% in COB1-CO219. The 

acute angle between the paddlewheel and Pac increases from 

35.9° to 44.0°, while the OBA linker remains largely rigid during 

the phase transition (Table S3). Rotation of the piperazine 

moiety from 83.9° (COB1-CO210) to 25.7° (COB1-CO219) causes 

slight elongation of the SBU centroid···centroid separation 

across the BPMP pillar from 18.91 Å to 19.41 Å (Videos S1 and 

S2, ESI†). A theoretical evaluation at the plane-wave DFT-PBE 

level of theory revealed a 5.58 kcal mol-1 energy cost per HFU 

that is compensated for by inclusion of extra CO2 molecules (See 

ESI† for details). After the phase change, the crystal retains its 

singularity and SCD data recorded at 30 bar CO2 pressure 

(COB1-CO230) shows that the framework geometry remains 

largely uncharged as compared to that of COB1-CO219 (Table 

S1). Owing to severe crystal degradation, it was not possible to 

determine crystal structures of possible phases resulting from 

 

Fig. 4 Comparison of PXRD diffractograms of COB1 recorded at 298 K to those 
simulated from VP-SCD crystal structures determined at 298 K. 

 
Fig. 3 (a) CO2 and N2 adsorption/desorption isotherms for COB1 recorded at 298 K; (b) PG-DSC under CO2 gas pressure recorded at 298 K. 
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decreasing the pressure after the crystals had been exposed to 

30 bar of CO2 pressure. 

In summary, we have employed VP-SCD to investigate the 

CO2-induced flexibility of a new dynamic non-interpenetrated 

pillared-layered MOF COB1. Upon activation 2D channels of the 

as-synthesised form COB1-DMF collapse to become discrete 

voids. COB1 undergoes hysteretic and, ultimately, reversible 

breathing in the presence of CO2 gas pressure. This type of 

behaviour is poorly understood for flexible porous materials 

and knowledge gained from in situ VP-SCD structural studies is 

critical for the development of new tuneable MOFs, for which 

sorption properties and other applications depend on control of 

the pore space. 

The authors thank the National Research Foundation of 
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Performing Computing (CHPC) in Cape Town for use of their 

computational resources. 

Notes and references 

‡ A non-standard space group setting was imposed on the crystal 
structure of COB1-DMF in order to facilitate direct comparison of 
unit cell directions with those of the activated and gas-loaded forms. 
We note that activation results in an increase in symmetry from 
P21/n for COB1-DMF to C2/c for COB10. This conversion involves 
halving of the periodicity along the crystallographic b axis from 
15.7987(7) to 9.7971(6) Å, which is consistent with a macroscopic 
elongation of periodicity by 3.8 Å along this direction. 
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3.2 SUPPORTING INFORMATION 

 

A new dynamic framework with direct in situ visualisation of breathing under CO2 gas pressure  

 

1. Synthesis and characterisation 

Materials 

All chemicals and solvents were purchased from Aldrich and used without further purification. The ligand 4-bis(pyridin-4-
ylmethyl)piperazine was prepared according to a literature procedure.1 

 

Preparation of COB1-DMF  

{[Co2(OBA)2(BPMP)]·2.5(DMF)n (COB1-DMF): CO2(NO3)26H2O (1 mmol), 4,4'-oxybis(benzoic acid) (OBA, 1 mmol) and (4-
bis(pyridin-4-ylmethyl)piperazine (BPMP, 1 mmol) were mixed in 2 ml methanol (MeOH) and dimethylformamide (DMF) and 
placed in a pre-heated oven at 80 °C. Blue block-shaped crystals of solvated (COB1-DMF) were obtained after 48 h. 

 
Scheme S1. Synthesis of COB1-DMF. 

2. Methods 

 

Thermogravimetric analysis (TGA) 

 

Thermogravimetric analysis was carried out using a TA Instruments Q500 analyser. The sample was loaded onto an aluminium pan 

and heated at 10 °C/min from room temperature to 600 °C. 

 

Activation method of COB1-DMF 

Pure bulk material of COB1-DMF was activated at 120 °C under dynamic vacuum (3.1 ×10 -2 mbar) for 12 hours to yield the fully 

desolvated form COB1-act. TGA shows that COB1-act is desolvated and PXRD analysis shows that it is still crystalline. Direct 
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activation does not yield single crystals suitable for SCD analysis. Single crystals of suitable quality were obtained by activation via 

solvent exchange with diethyl ether for 2 days, followed by activation in a Schlenck tube at ca 195 K (slurry of dry ice and acetone) 

under a dynamic vacuum of 3.1 x 10-2 mbar for 48 hours. The desolvated form absorbs moisture and needed to be pre-activated under 

dynamic vacuum at room temperature for 2 hours before any further experiments were carried out. 

 

Powder X-ray Diffraction (PXRD) 

Experiments were carried out on a PANalytical X’Pert PRO instrument with Bragg-Brentano geometry. Intensity data were recorded 

using an X’Celerator detector and 2θ scans in the range of 5-40° were performed. During the experiment the powdered sample was 

exposed to Cu-Kα radiation (λ = 1.5418 Å). The PXRD patterns of the as-synthesised (COB1-DMF) and activated (COB-act) samples 

were recorded at 298 K. 

 

Single-crystal X-ray Diffraction 

Single crystal X-ray diffraction data were collected on a Bruker APEX-II Quasar CCD area-detector diffractometer equipped with an 

Oxford Cryostream 700Plus cryostat, and on a Bruker D8 Venture diffractometer equipped with a PHOTON II CPAD detector and an 

Oxford Cryostream 800Plus cryostat. A multilayer monochromator with MoKα radiation (λ = 0.71073 Å) from an Incoatec IμS 

microsource was used. Data reduction was carried out by means of standard procedures using the Bruker software package SAINT2 

and absorption corrections and the correction of other systematic errors were performed using SADABS.3 The structures were solved 

by direct methods using SHELXS-2016 and refined using SHELXL-20164 and X-Seed5 or Olex25 were used as the graphical interface 

for the SHELX program suite. Hydrogen atoms were placed in calculated positions using riding models. 

 

Environmental gas cell experiments 

An environmental gas cell (developed in-house) was used to determine the crystal structures of the various phases at 298 K under 

controlled pressures by means of single-crystal X-ray diffraction. First, the structure of COB10 was determined under vacuum after 

activating a crystal of COB1-DMF. The structure of COB1-CO210 was determined after pressurising COB10 with 10 bar of CO2 gas 

for 8 hours. The structure of COB1-CO219 was determined after pressurising the crystal of COB1-CO210 with 19 bar CO2 and allowing 

it to equilibrate for 8 hours. The structure of COB1-CO230 was determined after pressurising COB1-CO219 with 30 bar CO2 and 

equilibrating for 8 hours. We note that R1 for the gas-loaded structures increases with pressure, and this is most likely due to increasing 

strain experienced by the crystal. 

 

Volumetric Sorption Analysis 

A Setaram PCTPro-E&E gas sorption analyser with a MicroDoser attachment was utilised to conduct high pressure gas sorption 

experiments with CO2 and N2. The instrument utilises Sievert’s volumetric method. The sample temperature was maintained to an 

accuracy of ±1 °C using a Grant refrigerated recirculation bath filled with antifreeze and water. A sample at known pressure and volume 

was connected to a reservoir of known volume and pressure through an isolation valve. The valve was opened, and the system allowed 

to equilibrate. The difference between the measured and calculated pressures was used to determine the amount of gas adsorbed. 

National Institute of Standards and Technology (NIST) software was used to calculate the thermodynamic corrections to account for 

the non-ideal behaviour of the gases at relatively high pressures. The PCTPro-E&E with the MicroDoser attachment is used for small 

sample sizes and has a range of vacuum to 60 bar. Sample sizes of 80 mg were used and activated in situ using vacuum and heat, if 

necessary. Blank runs for each gas were recorded to further correct for any other residual systematic errors in the experiment. Figure 

preparation and data analyses were performed using Microsoft Excel and OriginPro. 
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Pressure-Gradient Differential Scanning Calorimetry for CO2 (PG-DSC) 

Experiments were carried out using a Setaram Micro-DSC7 Evo instrument. Heat flow was recorded at 298 K in the pressure 

range of 4-35 bar for CO2 at 298 K. 

 

Table S1. Crystallographic table of COB1 under controlled pressure of CO2 

Complex COB1-DMF COB10
 COB1-CO210 COB1-CO219

 COB1-CO230 

Temperature (K) 100 298 298 298 298 

Empirical formula C51.50 H53.50 Co2 N6.50 O12.50 C44 H36N4O10Co2 C44 H36N4O10Co2 C44 H36N4O10Co2 C44H36N4O10Co2 

Formula weight 1081.36 898.66 898.66 898.66 898.66 

Wavelength (Å) 0.71073 0.71073 0.71073 0.71073 0.71073 

Crystal system monoclinic monoclinic monoclinic monoclinic monoclinic 

Space group P21/n C2/c C2/c C2/c C2/c 

a, (Å) 29.7813(12) 23.7504(14) 23.7632(11) 30.071(3) 30.075(5) 

b, (Å) 15.7987(7) 9.7971(6) 9.8043(5) 7.8976(6) 7.8801(13) 

c, (Å) 23.7492(9) 20.3230(12) 20.3897(10) 23.8471(17) 23.860(4) 

β, (°) 101.808(2) 104.156(2) 102.360(2) 101.951(4) 102.013(4) 

Volume (Å3) 10937.7(8) 4585.3(5) 4640.3(4) 5540.6(8) 5531.0(16) 

Z 8 4 4 4 4 

Calculated density (g cm-3) 1.313 1.301 1.286 1.077 1.074 

Absorption coefficient (mm-1) 0.671 0.781 0.772 0.646 0.647 

F000 

 

4496 

 

1848 1848 1848 1832 

Approx. Crystal size (mm3) 0.300 × 0.170 × 0.100 
0.268 × 0.135 × 

0.088 

0.268 × 0.135 × 

0.088 

0.268 × 0.135 × 

0.088 

0.268 × 0.135 × 

0.088 

θ range for data collection (°) 1.97 to 26.0 4.52 to 52.9 4.42 to 50.2 1.99 to 26.8  1.99 to 21.3 

Miller index ranges 

-36 ≤ h ≤ 36 

-19 ≤ k ≤19  

-36 ≤ l ≤ 36 

-29 ≤ h ≤ 29  

-12 ≤ k ≤ 12, 

 -25 ≤ l ≤ 2 

-28 ≤ h ≤ 28  

-11 ≤ k ≤11 

 -24 ≤ l ≤ 24 

-37 ≤ h ≤ 36, 

0  k  9 

0  l  30 

-30  h  30  

-8  k  8  

-24  l  24 

Reflections collected 135400 60406 55175 11597 105988 

Independent reflections 
21507 
Rint = 0.1097 

Rsigma = 0.0818 

4721 
Rint =0.1258 

Rsigma = 0.0611 

4116 
Rint = 0.1010 

Rsigma = 0.0448 

5776 
Rint = 0.1658 

Rsigma =0.1368 

3072 
Rint = 0.2130 

Rsigma =0.1089 

Completeness to θ max (%) 

 

0.995 

 

99.9 99.5 98.0 99.9 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 21507 / 0 / 1081 4721 /0 / 271 4116 / 0 / 271 5776 / 0 / 430 3072 / 0 / 462 

Goodness-of-fit on F 1.021 1.034 1.021 1.236 1.139 

Final R indices [I > 2 ϴ(I)] 
R1 = 0.0848 

wR2 = 0.2354 

R1 = 0.0494 

wR2 = 0.1000 

R1 =0.0428 

wR2 = 0.0843 

 

R1 = 0.1368 

wR2 = 0.2858 
 

R1 = 0.0826 

wR2 = 0.2111 

R indices 
R1 = 0.1453 

wR2 = 0.2855 

R1 = 0.1217 

wR2 = 0.1371 

R1 = 0.0791 

wR2 = 0.0983 

R1 = 0.1658 

wR2 = 0.3045 

R1 = 0.1100 

wR2 = 0.2456 
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Table S2. Structural phase classification at 298 K. 

COB1-DMF As-synthesised version containing DMF guest molecules 

COB10 Host framework determined under vacuum 

COB1-CO210 Form determined under 10 bar of CO2 gas pressure 

COB1-CO219 Form determined under 19 bar of CO2 gas pressure 

COB1-CO230
  Form determined under 30 bar of CO2 gas pressure 

Table S3. Selected distances and angles of COB1-DMF and COB1x under controlled CO2 pressures. 

Compound 

OBA length 
(centroidSBU··
·centroidSBU) 

(Å) 

OBA Bend angle 
(centroidSBU···Oethe

r···centroidSBU) 

(°) 

BPMP length 
(centroidSBU··· 
centroidSBU) 

(Å) 

 
Acute angle 
of pyrazine 
relative to 

Pac 
(°) 

Co···Co 
distance 

(Å) 

Paddlewheel acute 
angle with Pac 

(°) 

COB1-DMF 14.263 119.764 19.029 26.401 2.629 43.910 

COB10 14.141 119.208 18.902 84.11 2.749 35.892 

COB1-CO210 14.144 119.288 18.906 83.903 2.749 35.885 

COB1-CO219 14.302 120.444 19.142 25.662 2.727 43.991 

 

1. TGA thermograms 

 

Figure S1. TGA of COB1-DMF and COB1-act. 
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2. Unit cell dimensions and volume as a function of pressure 

 

Figure S2. Changes in unit cell parameters for the VP-SCD structures COB1x, where x = 0, 10, 19 and 30. In situ data were 
collected at 298 K. 

 

3. Variable temperature PG-DSC under CO2 pressure 

 

Figure S3. Variable temperature PG-DSC under CO2 gas pressure. 
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4. Theoretical investigation 

Owing to positional disorder, the apohost crystallographic models obtained under CO2 pressure were geometry optimized 

using the CASTEP6 code implemented in Materials Studio.7 The density functional theory (DFT) generalised gradient 

approximation of Perdew-Burke-Ernzerhof (PBE)8 in combination with Grimme’s DFT-D dispersion correction9 was employed 

with on the fly generated Vanderbilt-type ultrasoft pseudopotentials10 in combination with the Koelling-Harmon scalar-

relativistic approach11 and a planewave expansion to an energy cutoff of 489.8 eV. Integration in the reciprocal lattice was 

performed using a Monkhorst-Pack grid12 with a 0.05 Å-1 k-point separation and self-consistent field convergence was set to 

2.0 × 10-6 eV. A 50% admixture of the charge density13 was applied in conjunction with a DIIS (direct inversion in an iterative 

subspace) 14 size of 20 to speed up convergence. Convergence tolerances for geometry optimization using the BFGS (Broyden-

Fletcher-Goldfarb-Shanno) algorithm15 were set to 2.0 × 10-5 eV atom-1, 0.05 eV Å-1 and 0.002 Å on energy, maximum force and 

maximum displacement respectively. To reduce computational expense, calculations were carried out in the primitive cell 

representation with 

𝑎ʹ = 𝑏ʹ = √𝑎2 + 𝑏2 2⁄  

𝑐` = 𝑐 

cos(𝛾ʹ 2⁄ ) = 𝑎 √𝑎2 + 𝑏2⁄  

cos2 𝛼ʹ = cos2 𝛽ʹ =
sin2 𝛾ʹ − (2𝑎𝑏 sin 𝛽 (𝑎2 + 𝑏2)⁄ )2

2 − 2 cos 𝛾ʹ
 

since 𝑉ʹ = 𝑉 2⁄ , as shown in Figure S4. 

 

Figure S4. Overlay of conventional and primitive representations of a face-centred monoclinic unit cell in red and orange, 
respectively. Lattice points are indicated as green spheres. 

 

Table S3. Guest-omitted unit cell energies (kcal mol-1) relative to that of COB10. 

COB1-DMF 54.65 

COB10 0 

COB1-CO210 0.058 

COB1-CO219 45.26 

COB1-CO230 56.36 
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Attempting to model the CO2-induced gate opening through an incremental perturbing of the unit cell parameters (10 bar  

19 bar) rendered the ligands far removed from their crystallographic orientations. A linear synchronous transit approach was 

subsequently applied to geometrically follow the structural transformation.16 A molecular fragment representing a complete 

coordination sphere of the Co2OBA2 paddlewheel was extracted from the geometry optimised 10 bar and 19 bar crystal 

structures and each atom paired after translocation to the same origin. The resulting pathway shown in Video S1 reveals a 

major contortion of the BPMP ligand, while the Co2OBA2 paddlewheel undergoes a reorientation. Since OBA links paddlewheels 

along the (0±12) Miller planes, viewing down [0±21] sheds light on the BPMP contribution to the transformation. Similarly, 

BPMP bridges paddlewheels along (3±10) allowing the [1±30] view to highlight the contortion of the OBA ligand. The rotation 

of the piperazine moiety from nearly perpendicular (83.90°) to acute (25.66°) during the course of the transformation is 

discernible in the view down the c axis in Figure S4 below. 

 

Figure S4. Comparison of CO2-adsorption induced gate opening structural transformation. Miller planes along which the two 
ligands interconnect paddlewheel moieties are shown. 

 

5. Description of video files 

Video S1 shows the CO2-induced gate opening transformation of the framework from COB1-CO210 to COB1-CO219. Expanding 

the mechanism derived for the fragment into a crystallographic representation, Video S2 shows the gradual increase in solvent-

accessible space. These video files are best viewed with the video player set to loop. 
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A new interpenetrated two dimensional porous coordination 

polymer {[Co2(OBA)2(BPY)2]·2DMF}n (1-DMF) possesses 

structural flexibility and displays hysteretic sorption of CO2 gas 

at 298 K. The structural flexibility upon activation by 

desolvation has been characterised by means of single-crystal 

X-ray diffraction. Activation of 1-DMF causes distortion of the 

coordination geometry, with concomitant sliding of mutually 

interdigitated layers. The structural change due to CO2 uptake 

beyond 27 bar is evidenced by in situ variable-pressure 

powder X-ray diffraction. Although the CO2 sorption isotherm 

appears to indicate shape memory, the powder diffraction 

results show that desorption results in recovery of the 

activated form. Closer inspection of the low-pressure 

desorption data confirms this observation.  

 

Porous coordination polymers (PCPs) and metal-organic 

frameworks (MOFs) are a class of materials constructed from 

inorganic ions/clusters bridged by organic linkers.1 Owing to 

intrinsic properties such as structural and compositional 

diversity, tunable functionality, high surface areas2 and 

adjustable pores, PCPs often permit reversible guest uptake and 

removal.3 PCPs have recently been investigated extensively for 

various applications that include molecular sensing,4 catalysis,5 

and gas or liquid separations.6 Some PCPs are known to be 

flexible and undergo processes such as pressure-induced phase 

transitions in the presence of certain gases.7  The mechanisms 

for these structural transitions have been shown to involve 

breathing, swelling, linker rotation, and subnetwork 

displacement.8 The pressure-induced structural changes greatly 

affect the sorption behaviour of the materials and generally give 

rise to stepped sorption profiles;9  transformation from a 

narrow-pore to a wide-pore form is evidenced by a sudden 

increase in gas uptake.10 Such flexible materials present 

opportunities for improved performance in applications that 

take advantage of selective adsorption properties.11 Owing to 

the crystallinity of flexible PCPs and MOFs, their structures are 

primarily characterised using in-situ powder X-ray diffraction 

(PXRD) analysis under gas pressure,12 and only a handful of such 

materials have been characterised using in situ single-crystal 

diffraction (SCD) methods under gas pressure at relevant 

conditions.8,9 Structural investigation of flexible materials under 

relevant non-ambient conditions is becoming an increasingly 

active area of research.  

Here we report the preparation and characterisation 

of a new PCP {[Co2(OBA)2(BPY)2]·2DMF}n (1-DMF, where OBA = 

4-4'-oxybis(benzoic acid) and BPY = 4,4’-bipyridine). 1-DMF 

undergoes activation by means of simple desolvation as a 

single-crystal to single-crystal transformation. SCD analysis 

reveals that this phase change involves distortion of the 

coordination geometry with ligand, as well as concomitant 

sliding of interdigitated layers relative to one another. The 

activated form yields a stepped sorption isotherm when 

exposed to CO2 gas.  

Pink plate-shaped crystals of the solvated PCP 1-DMF were 

prepared according to the procedure outlined in Scheme 1. A 

suitable crystal was selected and subjected to SCD analysis at 

100 K; 1-DMF crystallises in the monoclinic space group C2/c 

(Table S1) and the asymmetric unit (Fig. S1) consists of a cobalt 

ion, an OBA ligand, a BPY ligand and a DMF molecule disordered 

over two positions of approximately equal occupancy. The 

structure is characterised by a two dimensional coordination 

network based on two centrosymmetrically-related Co2+ ions, 

each in a distorted octahedral geometry where it is coordinated 

Department of Chemistry and Polymer Science, University of Stellenbosch, 
Matieland, 7600, South Africa E-mail: ljb@sun.ac.za; Fax: (+27) 21-808-3360 
† Electronic supplementary information (ESI) available: SCD, sorption, PXRD, 
Crystallographic Information Files CCDC 1852200-18552201.  

 
Scheme S1. Synthesis of {[Co2(OBA)2(BPY)2]·2(DMF)}n (1-DMF) 
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to two BPY ligands at the axial positions, one OBA carboxylate 

ion in chelating mode, and to two oxygen atoms from two 

different OBA carboxylate groups in bridging mode (Fig. 1a). The 

double-stranded OBA linkages produce one dimensional chains 

that propagate parallel to the crystallographic c axis.  These 

chains are cross-linked along b by means of BPY ligands to 

generate two dimensional layers parallel to the bc plane, and 

neighbouring planes are mutually interdigitated (Fig. 1b). The 

disordered DMF molecules are situated in discrete solvent-

accessible virtual voids,13 of which there are eight symmetry-

related instances per unit cell. Each void has a total contact 

surface volume of approximately 140 Å3 (estimated by 

Mercury14 using a probe radius of 1.5 Å and a grid spacing of 0.2 

Å, Fig. 2a left). Phase purity of the bulk material was confirmed 

 
Fig. 1 (a) Coordination environment of 1-DMF showing the interconnection of Co2–based secondary building units by means of bridging 
ligands. (b) Perspective view of 1-DMF along [010] showing two dimensional layers parallel to the bc plane, and interdigitation of adjacent 
layers (shown in different colours so that separate layers can be easily identified). Interdigitation involves overlap of OBA ether moieties 
of adjacent layers. Hydrogen atoms and DMF guest molecules have been omitted for clarity.  
 

 
Fig. 2 (a) Projections of 1-DMF and 1-act, showing the reduction in the guest-accessible space (yellow surfaces) upon activation. 
(b) PXRD diffractogram of 1-DMF recorded at 298 K (black) and simulated from the SCD structure (red). (c) PXRD diffractogram of 
1-act recorded at 298 K (black) and simulated from the SCD structure (red). The SCD structure of 1-DMF was determined at 100 K 
while 1-act were determined at 298 K. 
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by PXRD analysis (i.e. despite the differences in temperature, 

the PXRD pattern simulated from the crystal structure of 1-DMF 

corresponds well to that measured for the bulk material (Fig. 

1b).    

Thermogravimetric analysis (TGA) of 1-DMF shows a weight 

loss of approximately 20% in the range 25 to 120 C (Fig. S2), 

which corresponds to one DMF guest molecule per host formula 

unit. It appears that the framework starts to decompose after 

300 °C. A bulk sample of 1-DMF was activated at 80 °C under 

dynamic vacuum (3.1  10-2 mbar) for 10 hours, after which TGA 

showed that the DMF had been removed. PXRD analysis of the 

activated sample (Fig. 2c) confirmed retention of crystallinity 

and conversion to a new phase, hereafter referred to as 1-act. 

A crystal suitable for SCD was selected and intensity data 

recorded at 298 K reveal that 1-act is a new reduced-pore form, 

the structure of which is consistent with the PXRD pattern for 

the bulk activated material (Fig. 2a right and Table S1, ESI†). We 

note that activation results in severe degradation of single-

crystal quality. However, it was still possible to obtain a model 

that allows comparison of the phases before and after 

activation, albeit that the final model is not suitable for 

publication. Besides poor data, the OBA ligand of 1-act is 

disordered over two different positions. Nevertheless, it is 

apparent that for either of these positions, the host network 

connectivity remains intact, although activation results in a 7% 

reduction in the unit cell volume. Indeed, it is well established 

that such phase changes can arise through structural distortions 

involving changes in bond lengths and angles.15 In order to 

understand the phase change that occurs upon desolvation, the 

structural geometries and moiety conformations of 1-DMF and 

1-act were compared. The conformation of OBA is largely 

preserved and the centroid···centroid distances of the Co2 SBUs 

across the OBA ligands remain unchanged (Fig. 3a). However, 

the centroidSBU···centroidSBU vectors L1···L2···L3···L4 shown in 

Fig. 3b change from describing a parallelogram in 1-DMF (with 

an internal angle L1···L2···L3 = 98°) to a rectangle in 1-act (see 

Fig. S3). Consequently, the interlayer spacing between adjacent 

mutually interdigitated layers changes from 7.59 Å in 1-DMF to 

5.5 Å in 1-act, thus resulting in a decrease in the total amount 

of guest-accessible space. The eight crystallographically-related 

voids per unit cell of 1-DMF become transformed (Fig. 1a) such 

that 1-act contains two types of voids, one slightly larger than 

the other (with four of each per unit cell). We note that, 

although neither 1-DMF nor 1-act contains permanent pores, it 

is well known that many such materials are still capable of 

facilitating guest transport by means of a mechanism that 

involves the dynamic formation of short-lived transient 

channels between adjacent voids.13  

To explore the potential porosity of 1-act, gas sorption 

analyses were carried out at 298 K using CO2 and N2 up to 

pressures of 50 bar (Fig. 4). The smooth type I sorption isotherm 

 
Fig. 4 N2 and CO2 sorption/desorption isotherms for 1-act 
recoded 298 K.  

 

 
 

Fig. 3 (a) Measures from centroid to centroid of Co2–based secondary units and (b) Square block Co2–based secondary units represented by 
L1, L2, L3 and L4.  
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recorded for N2 shows a maximum loading of 0.38 molecules 

per host formula unit at 50 bar. However, in the case of CO2 the 

sorption isotherm contains a step with an onset pressure of 27 

bar, at which the CO2 uptake is approximately 0.9 molecules per 

host formula unit. Upon further increase in pressure, additional 

CO2 is adsorbed with apparent saturation being reached at 50 

bar, where the total uptake is approximately 1.8 molecules of 

CO2 per host formula unit. Such stepped profiles are usually 

associated with gate-opening phase changes, and the sorption 

isotherm therefore implies that a structural transformation 

occurs after 27 bar.8,9 Pronounced hysteresis is evident upon 

desorption and, interestingly, no obvious step is observed 

during CO2 release (i.e. the desorption isotherm exhibits a type 

I profile). This observation is consistent with the phenomenon 

of shape-memory, which occurs when the gate-opening step is 

not reversible and the host material retains its gas-loaded form 

upon guest release.15 

To confirm whether a phase change occurs during CO2 

sorption, as well as possible shape-memory upon subsequent 

desorption, in situ variable-pressure PXRD analysis (VP-PXRD) 

(Fig. 5) was carried out at 298 K using an environmental gas cell.  

A powdered sample of 1-act was subjected to vacuum for 2 

hours and then pressurised incrementally with CO2 gas; a 

diffractogram was recorded at 298 K for each pressure.  The 

PXRD patterns from 1 to 25 bar show no phase transition 

relative to 1-act. However, at 27 bar small changes and peak 

broadening can be observed at low 2 values, thus signalling the 

onset of a phase change. This result is consistent with the 

sorption isotherm (Fig. 4). In the 27 to 35 bar range, new peaks 

gradually emerge and it appears that there is a mixture of two 

phases. Thereafter, the new phase dominates and persists until 

50 bar. Unfortunately, it was not possible to obtain SCD data for 

this new phase because the single crystal did not survive the 

transition intact. It is therefore impossible (at this time) to 

provide a detailed structural mechanism for the gate opening 

event that allows additional uptake of CO2 in the range 27 to 50 

bar. The PXRD pattern recorded at 1 bar during desorption 

appears to show the presence of a mixture of phases and that 

recorded at 0 bar after complete desorption of CO2 shows that 

the original activated form is recovered. This implies that the 

material does not exhibit shape memory upon complete 

desorption. Indeed, closer inspection of the desorption 

isotherm in the range 0 to 6 bar (Fig. S4b) shows that there is a 

subtle step with an onset pressure of between 2 and 1 bar, and 

this step is most likely due to recovery of the original activated 

phase. The 26 bar hysteresis associated with reversibility of the 

breathing mechanism is unusually large and warrants further 

investigation. 

In summary, we have produced a new PCP that can be 

activated in single-crystal to single-crystal fashion. The 

activated phase undergoes a further phase change associated 

with gate-opening upon exposure to CO2 gas at pressures above 

27 bar at 298 K. The gate-opening mechanism most likely 

involves sliding of interdigitated two dimensional layers relative 

to one another, but this could not be confirmed by means of in 

situ SCD analysis. Although the sorption isotherm appeared to 

indicate shape memory, detailed in situ powder diffraction 

analysis showed that this is not the case. Indeed, closer 

inspection of the sorption isotherm reveals that a gate-closing 

event occurs at relatively low pressure, with substantial 

hysteresis for the reversibility of this interesting phenomenon. 

Further studies that employ pressure-gradient differential 

scanning calorimetry are warranted. It is also necessary to 

investigate milder activation conditions, as well as the 

possibility of retaining single-crystal quality during the CO2-

induced phase change in order to obtain a more complete 

assessment of the flexibility of the framework. 
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South Africa for financial support. 
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4.2. SUPPORTING INFORMATION 

 

A new interdigitated porous coordination polymer that exhibits flexibility and highly hysteretic shape 
recovery with CO2 sorption and desorption at 298 K 

 

Materials 
All chemicals and solvents were purchased from Aldrich and used without further purification. 

Preparation of 1-DMF  
{[Co2(OBA)2(BPY)2]·2DMF}n (1-DMF): CO2(NO3)2·6H2O (1 mmol), 4,4'-oxybis(benzoic  acid) (OBA, 1 mmol) 
and 4,4’-bipyridine (BPY, 1 mmol) were mixed in 4 ml of dimethylformamide (DMF) and 3 drops of pyridine 
were added. The solution was placed in a pre-heated oven at 100 °C. Pink plate-shape crystals were 
obtained after 48 h. 

 

Scheme S1. Synthesis of {[Co2(OBA)2(BPY)]·2(DMF)}n (1-DMF) 

 

Activation method of 1-DMF 

1-DMF was activated at 80 °C under dynamic vacuum (3.1 ×10-2 mbar) for 8 hours to yield the fully 

desolvated form 1-act.  
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Single-crystal X-ray diffraction 

Single crystal X-ray diffraction data were collected on a Bruker APEX-II Quasar CCD area-detector 

diffractometer equipped with an Oxford Cryostream 700Plus cryostat, and on a Bruker D8 venture 

PHOTON II CPAD detector equipped with an Oxford Cryostream 800Plus cryostat. A multilayer 

monochromator with MoKα radiation (λ = 0.71073 Å) from an Incoatec IμS microsource was used. Data 

reduction was carried out by means of standard procedures using the Bruker software package SAINT1 

and absorption corrections and the correction of other systematic errors were performed using SADABS.2 

The structures were solved by direct methods using SHELXS-2016 and refined using SHELXL-2016 3and X-

Seed4 was used as the graphical interface for the SHELX program suite. Hydrogen atoms were placed in 

calculated positions using riding models. All of the non-bonding distances and angles were measured using 

the program X-Seed4and Diamond Version 3.0. Some of the figures were generated using OLEX2 

crystallographic software4 (version 1.2.9) and X-Seed/MSROLL.4,5 

Owing to significant crystal degradation, most likely due to the strain introduced by desolvation, the 

intensity data for 1-act were poor. Moreover, the OBA ligand appears to be disordered over two positions, 

which were modelled with almost equal occupancy. The crystal structure was therefore refined 

isotropically; before publication of this result in a journal, milder activation conditions need to be 

investigated in order to improve the quality of the crystal structure. However, the crystal structure 

analysis in hand is sufficient to allow comparison of the structures before and after activation. The 

asymmetric units of 1-DMF and 1-act are shown in Figures S1a and S1b, respectively. 

 

 

 

Figure S1 Thermal ellipsoid plot of the asymmetric units of (a) 1-DMF and (b) 1-act. 
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Table S1. Crystallographic table of 1-DMF and 1-act  
Complex Name 1-DMF 1-act 

Temperature (K) 100 298  

Empirical formula C27H23N3O6Co C24H16CoN2O5 

Formula weight 544.41 471.32 

 

Wavelength (Å) 0.71073 0.71073 

Crystal system monoclinic monoclinic 

Space group C2/c C2/c 

a, (Å) 15.6815(17) 30.099(9) 

b, (Å) 11.3713(13) 11.441(3) 

c, (Å) 29.386(4) 14.144(4) 

β, (°) 104.588(3) 104.024(5) 

Volume (Å3) 5071.2(10) 4728(2) 

 

Z 8 8 

Calculated density 

(gcm-3) 

1.426 1.324 

 

Absorption coefficient 

(mm-1) 

0.724 0.761 

F000 2248 1936 

Approx. Crystal size 

(mm3) 
0.323  0.236  0.142 

 

0.137  0.115  0.097 

θ range for data 

collection (°) 

2.24 to 28.45 2.315 to 24.027 

Miller index ranges -17  h  20,  

-15  k  15 

39  l  37 

 

26  h  26, -10  k  10, -

12  l 12 

Reflections 

collected 

29373 21642 

 

Independent 

reflections 

6308 

Rint = 0.1151 

1813  

Rint = 0.0927 

 

Completeness to θ max (%) 0.987 0.997 

Refinement method Full-matrix least-squares on 

F2 

Full-matrix least-squares on 

F2 

Data / restraints / 

parameters 

6308 / 0 / 321 3705 / 0 / 284 

Goodness-of-fit on F2 1.024 1.070 

 

Final R indices 

[I > 2 ϴ(I)] 

R1 = 0.0869  

wR2 = 0.2039 

R1 = 0.0966 

wR2 = 0.2510 

 

R indices R1= 0.1673 

wR2 = 0.2584 

R1 = 0.1216  

wR2 = 0.2731 

 

 

 

Thermogravimetric analysis 

Thermogravimetric analysis was carried out using a TA Instruments Q500 analyser. The sample was 

loaded in an aluminium pan and heated at 10 °C/min from room temperature up to 600 °C. The TGA 

thermograms of 1-DMF and 1-act are shown in Figure S1.  
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Figure S2 TGA of 1-DMF and 1-act. 

Comparison of the framework geometries of 1-DMF and 1-act  

 

 
 

Figure S3. Vectors joining Co2 SBU centroids in 2D grids of (a) 1-DMF and (b) 1-act.  

 

Powder X-ray diffraction (PXRD) 

Experiments were carried out on a PANalytical X’Pert PRO instrument in transmission mode. Intensity 

data were recorded using an X’Celerator detector and 2θ scans were performed in the range of 5-40°. 

During the experiment the powdered sample was exposed to Cu-K α radiation (λ = 1.5418 Å). Samples 

were sealed within a glass capillary (environmental gas cell) and the capillary spinner configuration (with 

focusing mirror) of the instrument was used since this setup allows for very accurate temperature control 

using an Oxford Cryostream 700 Plus cryostat. Carbon dioxide was used to pressurize 1-act and its variable 

pressure PXRD patterns were measured at a constant temperature of 298 K.  
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Volumetric sorption analysis 

A Setaram PCTPro-E&E gas sorption analyser with MicroDoser attachment was utilised to conduct high 

pressure gas sorption experiments with gases such as N2 and CO2 at 298 K. The instrument is a volumetric 

gas analyser which utilises Sievert’s volumetric method. The sample temperature was maintained to an 

accuracy of ±1 °C using a Grant refrigerated recirculation bath filled with antifreeze and water. A sample 

at known pressure and volume was connected to a reservoir of known volume and pressure through an 

isolation valve. The valve was opened and the system allowed to equilibrate. The difference between the 

measured pressure and calculated pressure was used to determine the amount of gas adsorbed. NIST 

software was used to calculate the thermodynamic corrections in order to account for the non-ideal 

behaviour of the gases at relatively high pressures. The PCTPro-E&E with the MicroDoser attachment is 

used for small sample sizes and has a range of vacuum to 60 bar. Sample sizes of 100-120 mg were used 

and activated in-situ using vacuum and heat. Blank runs for each gas were recorded to further correct for 

any other residual systematic errors in the experiment. The sorption/desorption isotherms are shown in 

Figure S4. The figure was prepared using OriginPro.  

 
 

Figure S4. Sorption/desorption isotherms for 1-act with CO2 and N2 gases at 298 K in the range (a) 0 to 50 

bar and (b) the same data plotted from 1 to 6 bar. 
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Summary and Conclusion 

 

This dissertation is a compilation of three separate manuscripts, each of which describes the formation 

and characterisation of a cobalt-based MOF or PCP. The summaries and conclusions of the separate 

studies are provided in the corresponding manuscripts, and the objective of this final chapter is to provide 

an overview that ties the work together. Suggestions for further work are also provided here. 

The new robust non-interpenetrated flexible MOF {[Co2(OBA)2(BPMP)]·1.5(DMF)}n (COB-DMF) was 

synthesised solvothermally to yield crystals suitable for diffraction experiments. The crystals of the as-

synthesised framework survive desolvation under dynamic vacuum to afford activated crystals of COB. 

SCD analysis shows that the network connectivity remains intact upon activation, but that the space group 

changes from F2dd (COB-DMF) to Fddd (COB-act and COB0). The guest-accessible space of COB-DMF 

consists of discrete mushroom-shaped voids. Activation causes each of these cavities to split into two 

crystallographically unique ellipsoidal voids, with a 27% decrease in total solvent-accessible volume and 

a centrosymmetric arrangement of guest-accessible pockets. From the CO2 sorption isotherm it was 

inferred that COB undergoes two gas-induced phase transitions in the range 0-50 bar, with moderate 

hysteresis upon desorption. However, VP-PXRD and VP-SCD analyses (0 to 50 and 0 to 35 bar, 

respectively) show that only one phase change occurs in these pressure ranges. From the SCD data it 

was possible to obtain structural insight related to the phase changes by comparing the crystal structures 

of the as-synthesised, activated and CO2-loaded forms. The framework undergoes an unusual 

combination of two processes, i.e. breathing and overall swelling. Our use of VP-PXRD and VP-SCD to 

establish that the second step in the sorption isotherm is not due to a phase change highlights the 

importance of in situ techniques to establish the identities of the phases that undergo gas inclusion. This 

work can be further enhanced by determining the energies of sorption and desorption using pressure-

gradient differential scanning calorimetry (PG-DSC). In the work described above it was not possible to 

model the CO2 guest molecules since the diffraction data were recorded at room temperature. Future 

studies might focus on redeterming these structures at low temperature in the hope of obtaining reliable 

models for the guests. Such studies would involve overcoming some technical challenges associates with 

environmental gas cell work at low temperature. 

It is interesting that the same components (and in the same ratios) that yielded COB produced a 

completely different MOF ({[Co2(OBA)2(BPMP)]·2.5(DMF)}n, COB1-DMF) when the temperature of the 

synthesis was altered. COB1-DMF also consists of a new non-interpenetrated MOF with discrete guest-

accessible pockets. It displays structural flexibility upon activation, transforming from a wide-pore to a 

narrow-pore form (a decrease in accessible volume from 38% to 17%). CO2 sorption analysis at 298 K 

reveals a stepped sorption/desorption profile for COB10 with significant hysteresis. The large step in the 

sorption isotherm is attributed to the phase change to COB1-CO219, with a concomitant sudden increase 

in the guest-accessible volume. This phase change is well supported by VP-SCD, PG-DSC analysis and 

computational modelling. PXRD analysis shows that the sorption/desorption process is ultimately 

reversible for the most part, but that some of the sample remains in the open form even when all of the 

CO2 has been removed. Reactivation of the sample by heating at 120 °C under dynamic vacuum ensures 

complete reversion to the original activated phase. It is interesting to note that the PG-DSC shows one 

Stellenbosch University https://scholar.sun.ac.za



  

58 | P a g e  
 

peak (possibly a peak with a shoulder) upon sorption while three distinct peaks are observed for 

desorption. As yet, we do not have an explanation for this observation since the single crystals do not 

survive desorption intact. Future studies might focus on investigating a milder desorption protocol in the 

hope of obtaining structural information regarding the complex three-step desorption process. Preliminary 

variable-temperature PG-DSC studies showed that, as expected, the onset pressures of the 

uptake/release processes are highly temperature-dependent. It would be of considerable interest to 

expand the study to determine the exact relationship between onset pressure and temperature, and to 

investigate whether such a relationship might be generalised to other materials.  

The new flexible porous coordination polymer {[Co2(OBA)2(BPY)2]·2(DMF)}n (1-DMF) was prepared and 

characterised. Upon activation 1-DMF switches from possessing one type of void exclusively to having 

two different types of voids. Once again the single crystals survive activation intact and it was possible to 

determine the structures of 1-DMF and 1-act. The CO2 sorption isotherm for 1-act exhibits a single large 

step with an onset pressure of 27 bar at 298 K. The desorption profile displays significant hysteresis and, 

at first, appears to indicate shape-memory (i.e. that the structure remains in the open form after complete 

desorption). However, VP-PXRD shows that the material reverts to the original activated form when the 

CO2 gas is removed. Closer inspection of the desorption isotherm in the low pressure range shows that 

there is a step with an onset pressure of between 2 and 1 bar. The 36 bar hysteresis in the reversibility of 

the gate-opening phase change is remarkable. Unfortunately it was not possible to obtain the crystal 

structure of the gas-loaded form at 50 bar since the single crystals did not survive sorption intact. Once 

again, these results highlight the importance of employing complementary in situ techniques to monitor 

sorption/desorption processes. It would therefore be of interest to extend this study by investigating milder 

conditions for adsorption and desorption such that the single crystals might survive. In that case we would 

be able to elucidate the mechanism responsible for the gate-opening phase transition under CO2 gas 

pressure by means of our environmental gas cell.  

The three new porous metal-organic systems described in this dissertation have provided some insight 

into their flexibility. This was achieved by using a complementary range of experimental techniques, as 

well as molecular modelling (in two of the cases). 

Stellenbosch University https://scholar.sun.ac.za



  

59 | P a g e  
 

 
A CD containing all the supporting files and videos provides the following:  
 
Chapter 2:  
 

 CIF files and CheckCIF reports  
 
Chapter 3: 
 

 CIF files and CheckCIF reports  

Video S1 and S2: showing the phase change under CO2 controlled gas pressure  

 
Chapter 4:  
 

 CIF files and CheckCIF reports  
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