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Abstract 
 

Keywords: pillared-layer MOF, switchability, crystal size, morphology, surface, adsorption 

Metal-Organic Frameworks (MOFs) are highly porous materials built from inorganic nodes 

joined by organic linkers forming extended crystalline networks. One of the distinguishing 

features of metal-organic frameworks is the ability to adaptively change their crystal structure 

in response to external stimuli with significant porosity switching. Such structural switchability 

of MOFs offers new opportunities in gas separation, selective recognition, sensing, and energy 

storage. However, there are still open questions in understanding factors affecting 

switchability. The electronic structure of the metal in the building blocks, host-guest 

interactions, but also particle size, morphology, surface, desolvation conditions are involved 

into the responsiveness of the system. 

One of the representative of switchable metal-organic frameworks is pillared-layer DUT-8 

(M2(2,6-ndc)2(dabco), M = Ni, Co, Cu, Zn, 2,6-ndc = 2,6-naphthalenedicarboxylate, dabco = 

1,4-diazabicyclo[2.2.2]octane). Depending on the metal node and particle size, it is possible 

to synthesize either switchable or rigid materials differing in physisorption isotherm profiles. 

In order to understand switching behaviour of DUT-8, the important parameters influencing 

structural switchability are addressed in my work. For this purpose, the impact of crystal size 

and morphology, as well as crystal surface on adsorption-induced structural transformations 

of DUT-8(Ni) were investigated. DUT-8(Ni) shows reversible structural transition between 

open (op) and closed pore phase (cp) upon adsorption/removal of guest molecules. To 

understand which particular crystal surfaces dominate the phenomena observed, crystals 

similar in size and differing in morphology were involved in a systematic study. The analysis 

of the data shows that the width of the rods (corresponding to the crystallographic directions 

along the layer) represents a critical parameter governing the dynamic properties upon 

adsorption of nitrogen at 77 K. This observation is related to the anisotropy of the channel-like 

pore system and the nucleation mechanism of the solid-solid phase transition triggered by gas 

adsorption.  

To investigate the influence of external surface on adsorption-induced switchability, DUT-8(Ni) 

samples were exposed to different treatment techniques. By means of analytical methods, it 

was revealed that the surface of samples was modified leading to a significant increase of the 

gate-opening pressure, reflecting the increase of activation barrier for phase switching form 

cp to op upon adsorption of nitrogen at 77 K. 
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Furthermore, the properties of DUT-8(Zn) were studied precisely, focusing on the variation of 

particle size and morphology, host-guest interactions, desolvation conditions, selectivity and 

thermoresponsivity.  

Depending on the synthesis conditions, DUT-8(Zn) can be synthesised in macro-sized regime 

(150 µm) and micron-sized regime (0.5 µm). The solvent removal process (pore desolvation 

stress contracting the framework) significantly controls the cp/op ratio after desolvation and, 

subsequently, the adsorption induced switchability characteristics of the system. Among the 

applied desolvation techniques, the solvent exchange with subsequent heating causes phase 

transition from open (op) to closed pore phase (cp). After desolvation, the dense cp phase 

of DUT-8(Zn) shows no adsorption-induced reopening and therefore is non-porous for N2 at 

77 K and CO2 at 195 K. However, polar molecules with a higher adsorption enthalpy, such as 

chloromethane at 249 K and dichloromethane (DCM) at 298 K can reopen the macro-sized 

crystals upon adsorption, while micron-sized crystals retain the cp phase. For macro-sized 

particles (160 µm), the outer surface energy is negligible and only the type of metal (Zn, Co, 

Ni) controls the DCM-induced gate opening pressure. The node hinge stiffness increases from 

Zn to Ni as confirmed by DFT calculations, X-ray crystal structural analysis, and low frequency 

Raman spectroscopy. This softer Zn-based node hinges and overall increased stabilization of 

cp vs. op phase shift the critical particle size at which switchability starts to become 

suppressed to even lower values. Hence, the three factors affecting switchability (energetics 

of the empty host, (Eop–Ecp) (i), particle size (ii), and desolvation stress (iii)) appear to be of 

the same order of magnitude and should be considered collectively, not individually. 

Crystal downsizing (0.5 µm) facilitates the responsivity of DUT-8(Zn) towards different guest 

molecules, not opening for macro-sized crystals. Among investigated adsorptives, the 

alcohols are in the center of attention due to ability to induce so called shape-memory effect 

in micron-sized crystals. The adsorption of alcohols stimulates the change of initial shape of 

pores (cp) into a temporary shape (op) which is maintained even after desorption. 

To brighten the crystal size range and to study the dependence of gate opening pressure from 

crystal size and morphology, differently shaped crystals in micron-sized regime were produced 

by face-selective coordination modulation. Morphology modification allowed to determine the 

critical parameter controlling switchable transformations in DUT-8(Zn). 

Thus, the crystal size engineering and morphology modification provide an opportunity not 

only to control the structural dynamics of MOFs, but also to tailor responsivity towards guest 

molecules, influencing the selective adsorption behaviour. 
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Motivation  

Metal-organic frameworks (MOFs) are a class of porous materials, built from inorganic 

nodes joined by organic linkers forming extended crystalline networks.1, 2 The 

discovery of MOFs greatly contributed to the development of advanced porous 

materials for adsorption-based technologies.3, 4 A special subclass of MOFs are so 

called soft porous crystals or switchable MOFs, which undergo structural 

transformations under external stimuli.5 Such unique feature makes them promising 

materials for gas storage, gas separation, or sensing.6 

However, applications of MOFs, often require material downsizing, especially for 

integration into the operating systems.7-9 The confined submicron dimensions and 

morphology affect the structural transformations of MOFs, consequently changing the 

gas adsorption properties with significant implications for separation efficiency.10-12 

Hence, an understanding of the impact of the crystal size and morphology on the 

switchability of MOFs is of utmost importance.13 Moreover, defects, internal and 

external surface are decisive for tuning the material properties.9 

Among famous representatives of particle-size dependent switchable MOFs is the 

pillared-layer DUT-8 system (DUT – Dresden University of Technology). DUT-8 

(M2(2.6-ndc)2(dabco), M = Ni, Co, Cu, Zn, 2,6-ndc = 2,6-naphthalenedicarboxylate, 

dabco = 1,4-diazabicyclo[2.2.2]octane) with nickel in the metal cluster was first 

reported in 2010 by Klein et al.14 The three other compounds containing Co, Zn, Cu 

were published in 2012.15 The electronic structure of the metal significantly influence 

the stiffness of the paddle wheel unit and its tendency to deformation.16 The macro-

sized (>1 µm) crystals of DUT-8(M), (M = Ni, Co, Zn) transform from the open pore 

structure (op) to the closed pore structure (cp) upon the guest-molecule removal, while 

DUT-8(Cu) remains in the op phase.15 Adsorption of guest species induces the reverse 

transition and opening of the DUT-8(Ni) crystal structure. Both macro-sized crystals 

DUT-8(Co) and DUT-8(Zn) retains the cp phase upon adsorption of different gases 

(N2 at 77 K, CO2 195 K, C4H10 at 273 K). However, for DUT-8(Co) framework reopening 

can be triggered by adsorption of dichloromethane at 298 K.16  

The remarkable influence of crystal size on switchable behaviour was revealed in 

DUT-8(Ni).17 Crystal downsizing to the submicron range (<0.5 µm) enables the 

trapping of the material in a metastable, solvent free phase which is still open and 

behaves as a microporous rigid framework.17 Previous studies have shown that the 
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crystal size of DUT-8(Ni) can be tuned by micromixer synthesis, controlling the 

nucleation process and crystal growth by contact time of starting materials and aging 

time.18 The variation of the crystal size in the micrometer range leads to changes in 

the slope of nitrogen adsorption isotherms. In the size regime (0.5-1 µm) crystals 

become unresponsive to nitrogen at 77 K. Similar to DUT-8(Ni), the particle 

downsizing (<0.2 µm) in DUT-8(Co) induces framework rigidification.16  

Since the framework crystalizes as rod-like shaped crystals, it remains unclear (i) size 

of which faces of the anisotropic crystals influences switchability; (ii) why the 

systematic variation of size influences switchable behaviour; (iii) what is the possible 

mechanism controlling the phase transition. 

Finding answers to these questions is the core of Chapter 4. The crystal size and 

morphology modulation of DUT-8(Ni) was performed by different synthetic 

procedures. To correlate the gate opening characteristics of the isotherms with the 

size and morphology of the DUT-8(Ni) crystals, the materials were analysed using 

scanning electron microscopy (SEM), electron diffraction, and nitrogen physisorption 

at 77 K. To understand the effects on the isotherm and the relationship between the 

size, morphology, and isotherm shape, characteristic quantities, which can be 

extracted from the isotherm and related to the sample characteristics, 

thermodynamics, and kinetics of the switching process were identified.  

Concerning DUT-8(Zn), it is a system with open questions regarding the switchable 

behaviour, depending on (i) the nature of the guest, (ii) crystal size and morphology, 

(iv) stress acting on the framework upon desolvation, as well as (v) thermal behaviour. 

Finding answers to these questions is the core of Chapter 5. The crystal size and 

morphology modulation was performed by differences in synthetic procedures. 

Various analytical methods are used in order to gain an insight into phase 

transformation of samples with modulated crystal size and shape, caused by 

adsorption of guest molecules. Powder X-ray diffraction experiments, various 

adsorption experiments, in situ X-ray diffraction measurements, solid and liquid state 

nuclear magnetic resonance spectroscopy are particularly noteworthy. The 

thermoresponsivity is investigated by dynamic differential scanning calorimetry, 

thermogravimetric analysis, and powder diffraction at variable temperatures. 

The influence of surface exterior on switchable properties of DUT-8 system was not 

investigated in the past. In this regard, the influence of surface 

modification/deformation on adsorption-induced phase transitions of DUT-8(Ni) is 
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addressed in Chapter 6. The protic polar solvents (alcohols) are not able to induce cp-

to-op transition,19 pointing on possible surface modification by these species. The 

influence of surface treatment procedures by alcohols and polymers on framework 

closing upon desolvation and framework opening upon N2 (77 K) adsorption is 

investigated. In order to prove, surface chemistry modification of DUT-8(Ni) crystals, 

surface characterization techniques are used such as SEM, XPS, and contact angle 

measurements. By combination of different analytical methods, it is possible to get 

insight into the surface modification and associated surface barriers that may affect 

the stimuli-induced transfomations.  
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2.1 From discovery to functions of metal-organic frameworks 

 

Metal-organic frameworks (MOFs) are a class of porous materials, built from inorganic 

nodes joined by organic linkers forming extended crystalline networks.1, 2 The history 

of MOFs dates back 30 years when Robson reported an “infinite polymeric 

framework”,20 after which, Yaghi,21 Kitagawa,22 and Férey23 primed the investigation 

of such hybrid materials.24 According to the IUPAC definition “A Metal-organic 

framework is a Coordination Polymer (or alternatively Coordination Network) with an 

open framework containing potential voids.25  

One of the first representatives of MOFs (Figure 2-1) with permanent porosity are 

MOF-5 (Zn4O(bdc)3) formed by octahedral Zn(II) clusters and 1,4-

benzenedicarboxylate linker (bdc),26 and HKUST-1 (Cu3(btc)2) containing Cu(II) 

paddle-wheel nodes and benzene-1,3,5-tricarboxylate (btc) linkers.27  

 

Figure 2-1. Depiction of the crystal structure of a) MOF-5, b) HKUST-1; metal cluster and linker of c) 

MOF-5 and d) HKUST-1 (carbon is represented in grey, oxygens in red, blue polyhedra represent 

coordination environment around zinc, cyan polyhedra represent coordination environment around 

copper, hydrogens have been omitted for the sake of clarity.  
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Yaghi’s group created a series of MOFs called isoreticular MOFs (IRMOFs) based on 

the before mentioned Zn4O nodes that can also be found in MOF-5, which act as joints, 

while the linear dicarboxylate linker can be varied in length (i.e. number of aromatic 

rings) and can be substituted with functional groups, controlling the pore size and pore 

function. The series of IRMOFs are representatives of the concept of reticular 

design.26, 28, 29 

One of the reported MOF-5 syntheses was conducted in a closed vessel at elevated 

temperature (85° to 105° C) using N,N-diethylformamide or N,N-dimetylformamide as 

a solvent.30, 31 It allows for slow decomposition of solvent which leads to steady 

delivery of the deprotonation agent (diethylamide or dimethylamide), which in turn 

deprotonates the bdc linker. The thermodynamic equilibrium of reversible coordination 

of the linkers to the clusters proceeds via self-assembly, which results in the formation 

of large crystals suitable for single crystal X-ray diffraction analysis. Since that time 

the community developed many different methods for the synthesis of MOFs such as 

solvothermal, electrochemical, microwave-assisted, mechanochemical, microfluidic 

methods.32, 33 

The tunable pore structures, high pore volumes, large surface areas and 

multifunctional properties of the metal-organic frameworks allow to develop the 

application pathway in the fields of gas storage, separation, catalysis, sensing and 

drug delivery.3, 34-39 

 

2.2 Switchable Metal-Organic Frameworks 

A unique feature of Metal-Organic Frameworks is switchability: A subset of MOFs can 

adaptively change their crystal structure without bond breaking in response to a 

stimulus. The stimuli-responsive characteristic of MOFs was already predicted in 

1998,22 when Kitagawa classified them into three generations (Figure 2-2). The first 

generation (1st) compounds irreversibly loose structural integrity and disintegrate 

upon loss of the included guest species caused by the weak metal–ligand binding 

energy.40 The structural stability of frameworks can be achieved by utilizing 

polynuclear clusters, so called secondary building units (SBUs) and multidentate 

linkers (carboxylates).26  
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Figure 2-2. Classification of different generations of MOFs. Adapted from ref.5 (Copyright © 2009, 
Nature Publishing Group) 

These second-generation (2nd) compounds are able to maintain the original porous 

structure upon guest removal/reintroduction and possess in contrast to the 1st 

permanent porosity. The third generation (3rd) compounds are defined as flexible 

porous frameworks and characterized by the ability to switch between different phases 

initiated by an external stimulus, for example by guest inclusion upon adsorption.5 

According to S. Horike et al. “Soft porous crystals are porous solids that possess both 

a highly ordered network and structural transformability. They are bistable or 

multistable crystalline materials with long range structural ordering, a reversible 

transformability between states, and permanent porosity. The term porosity means 

that at least one crystal phase possesses space that can be occupied by guest 

molecules, so that the framework exhibits reproducible guest adsorption”.5 

Figure 2-3 demonstrates the timeline of discovery of representative flexible 

frameworks, the important flexibility modes and effects.41 

Structural flexibility has been initially recognized by Li and Kaneko in a framework 

today termed ELM-11.42 From 2002 onwards the groups of Kitagawa and Ferey 

intensively investigated the 3rd generation of MOFs,43-47 which are also termed as 

“flexible”,48 “switchable”,9 “soft porous crystals (SPCs)”,5 “dymanic MOFs” or “sponge-

like MOFs”49 (Figure 2-2). A more rigorous definition is discussed in the work by 

Evans.50 
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Figure 2-3. Timeline discovery of flexible MOFs. Adapted from ref.51 

 

In order to trigger the dynamic behaviour of the 3rd generation MOFs, certain external 

stimuli such as light, temperature, pressure or guest molecules insertion/release is 

necessary.24, 48, 52-54  

The structure-property correlation of the frameworks depends on the judicious 

selection of the components, as well as the type of linkage.55 The presence of weak 

interactions such as hydrogen bonds, π-interactions have the ability to control the 

inherent flexibility in switchable MOFs.56 These kind of MOFs are designed by the 

rigorous selection of metal ions/clusters and organic linkers with different geometry, 

length, functionality.57 

In principle, the connection of flexible organic linker by coordination bonds results in 

the linker based flexibility. Meanwhile, the linkage of rigid organic linker by dynamic 

coordination bonds ensures the cluster based flexibility.41  

The main origin for structural transformation phenomena are associated with the 

changed coordination environment of metal ions,58, 59 the deformed configuration of 

SBUs in response to the removal or binding of coordinating guest molecules60 and 

breaking/reforming of coordination bonds.55  

Several reviews have presented the impact of flexible linkers on the MOF properties 

either by exploiting linker local dynamics (e.g., twisting, rotation, and bending) or 

functionalization of the organic linker.6, 47, 61 The organic linker can be functionalized 

by non-coordinative side groups, which are able to induce framework flexibility due to 

steric (repulsive), attractive and/or electronic effects.62 
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Figure 2-4. Classification of different flexibility modes. Adapted from ref.6 with permission from the 
Royal Society of Chemistry. 

 

Thus, the structural response towards external stimuli can proceed by different 

mechanisms such as linker rotation, mobility of functional groups or metal-cluster 

deformation.6 

The stimulus-responsive cooperative transformations of MOFs could be realized 

through gate opening, swelling, breathing (change in the cell parameters), subnetwork 

displacement (Figure 2-4). 

In the following, the framework motions and underlying mechanisms will be explained 

on the basis of representative examples of stimuli responsive MOFs (Figure 2-5). 

ELM-11. The flexible phenomena are often observed in metal-organic frameworks 

consisting of stacked two-dimensional (2D) layers, which are connected through weak 

(dispersive, dipolar, H-bonds) interactions.6 The displacement of the layers can be 

initiated by external stimuli.6 Among these materials, ELM-11 [Cu(bpy)2(BF4)2] – a 

switchable layered 2D MOF, is a representative example. The structure is built from 

copper ions, connected by 4,4’-bipyridine (bpy) molecules forming [Cu(bpy)2] square-

grids, which are axially connected to charge-balancing BF4
- anions (Figure 2-5).51 The 

stacking of adjacent sheets leads to the stabilization of the closed pore (cp) form. The 

phase transformation of ELM-11 upon induced by adsorption of CO2, N2, Ar and 
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hydrocarbons leads to gate adsorption isotherms.63, 64 The discovery of ELM-11 was 

the first example of a “gate pressure” isotherm (Figure 2-6a). Gating represents the 

collective phenomenon accompanying porosity increase via a cooperative phase 

transition of the entire crystalline lattice.52 Gating characterizes a MOF which has no 

porosity in the guest-free phase (cp = closed pore) but opens the pores for a specific 

guest (op = open pore) at a characteristic “gate pressure” of the guest molecule.65 This 

behavior results in a characteristic adsorption isotherm which is basically a 

combination of two characteristic IUPAC defined isotherm shapes typical for a non-

porous (type II) and microporous (type I) material which are connected by a steep, 

almost vertical increase in uptake at the gate pressure characterizing a 1st order 

transformation of the framework from closed to open pore.65 As typical for 1st order 

phase transitions (discontinuous, step-wise), it shows a hysteresis loop and closing 

occurs at much lower pressures close to the equilibrium transition pressure. The 

characteristic switchable porosity of MOFs is accompanied by huge volume change.65  

For MOFs which demonstrate a gating profile, the Helmholtz free energy of the cp 

phase is considered to be lower than for the op (Fcp < Fop) (F - Helmholtz free energy 

of empty host).66 Gate opening is initiated if the op form can be stabilized by the guest 

after approaching a system-specific condition (gate pressure, pgo): F(guest)op < Fcp for 

p > pgo (F(guest)op – guest loaded framework).50 Moreover it should be emphasized 

that pgo typically does not represent the equilibrium pressure (pe) for the cp-op 

transition but the chemical potential needed for overcoming the activation energy 

barrier for pore expansion (pgo > pe, pgo – pe = ∆p).50  
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Figure 2-5. Crystal structures of switchable MOFs:  ELM-11(Cu), MIL-53(Al), MIL-88(Fe), 
Co(bdp), ZIF-8(Zn), DUT-49(Cu). 
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MIL-53. The group of Ferey in 2002 developed the synthesis of the most famous 

breathing metal-organic framework - MIL-53(Cr) (Cr(OH)bdc).67 So-called breathing 

MOFs show a change in unit cell volume (pore volume) upon external stimuli (e.g. 

guest molecule adsorption/desorption). Breathing is characterized by 2-step process 

and it is possible if Fnp > Fop.44, 66, 68-70 The guest free MOF has its minimum in the op 

form. Upon adsorption at intermediate loading, host-guest interactions lead to 

framework contraction – stabilization of a narrow pore phase (np), with reduced 

porosity, at intermediate relative pressure driven by the enhanced adsorption enthalpy 

ΔadsH of the guest for the np host (ΔadsHnp > ΔadsHop). At higher pressure, the op host 

is able to accommodate more guest molecules (nads, op > nads, np) and the stabilisation 

of the op host framework is caused by guest-guest interaction (since |ΔadsHop * nads,op| 

> |ΔadsHnp * nads, np|).50 After reaching such a critical concentration of the guest fluid, 

the pore volume expands again due to the relaxation of the framework to the initial 

geometry. The consequence is an op-cp-op structural transition trajectory following 

increasing relative pressure along the adsorption isotherm (Figure 2-6c).51  

 

Figure 2-6. Adsorption isotherms for switchable MOFs: a) Gating processes are characterized by a one-
step opening (adsorption) and closing (desorption) step; b) Stepwise adsorption isotherm characterized 
by gradual pore reopening; c) Breathing traverses in two steps from empty op by increasing guest 
pressure via partially filled np to a completely filled op phase; d) Negative gas adsorption isotherm 
characterized by spontaneous release of guest molecules. Adapted from ref.50 (CC BY 4.0). 
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MIL-53 is formed by corner-sharing octahedral SBUs linked by bdc ligands to form a 

3D framework with 1D lozenge-line channels (Figure 2-5). The octahedral unit MO6 is 

composed of oxygen atoms provided by four carboxylate groups and two oxygen 

atoms originate from the bridging hydroxyl groups (µ2-OH). The “breathing” movement 

of MIL-53 is associated with linker rotation around the O-O axis of carboxylate group 

in the so-called kneecap manner.68  

In MIL-53(Al) and MIL-53(Cr), breathing behaviour can be triggered by moisture 

adsorption.47 The contraction of the pores is assigned to hydrogen-bonding 

interactions between the hydrogen atoms of water molecules and the oxygen atoms 

of the carboxylates and the µ2-hydroxyl groups in the hydrated state. The dehydration 

of material under heating transforms the structure into the original large pore form. 

Upon adsorption of CO2 molecules, adsorption initially takes place near the hydroxyl 

groups in MIL-53(Al), which is followed by shrinkage/contraction of the host 

framework.71 In the course of pressure increase, the framework expands. Therefore, 

depending on the conditions, the three common phases are distinguished: as 

synthesized - MIL-53-as, activated high-temperature phase - MIL-53-ht, low-

temperature MIL-53-lt resulted after guest molecules adsorption (H2O, CO2). 

Framework contraction in MIL-53(Al) can be provoked by host–host and host–guest 

interactions.52 The cp phase is stabilized due to enhanced host–host interactions via 

π-π type interactions, meanwhile stabilisation of op phase is caused by guest-guest 

interactions.52 

MIL-88. Another representative of switchable MOFs is MIL-88,72, 73 which is 

characterized by a gradual enlargement of the unit cell volume without any change in 

geometry as well as connectivity of SBUs, known as swelling.6 The framework 

structure of the MIL-88 family is based on combination of trigonal prismatic units 

M3O(H2O)2X6+ (M = Fe3+, Cr3+; X = F-, OH-) and dicarboxylates such as fumarate in 

MIL-88A, 1,4-bdc in MIL-88B, 2,6-naphthalene dicarboxylate (2,6-ndc) in MIL-88C 

(Figure 2-5) or 4,4′-biphenyldicarboxylate (4,4′-bpdc) in MIL-88D, generating 

“honeycomb” system.73-76 Interestingly, the expansion of unit cell volume of MIL-88 is 

caused by the rotation of metal cluster around the [001] axis in the course of 

transformation. The angular orientations of metal clusters and the phenyl rings can be 

altered around the O-O axis of carboxylate groups, which can be considered as “knee 

cap”.51  The degree of swelling depends also on the nature of the guest molecules, 
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therefore reaching a change of the unit cell volume from 85% to 230% during 

solvation.55  

ZIF-8. The different fragments of host framework are able to rotate around single 

bonds within an organic ligand (internal flexible bonds) or between metal ion and 

organic ligand (flexible metal-linker bonding). Such rotation leads to modification of the 

pore geometry. A reversible linker reorientation in the prototypical example ZIF-8 

(Zn(mIM)2 with mIM = 2-methylimidazolate; Zeolitic imidazolate framework), results in 

the expansion of the pore windows. ZIF-8 is based on tetrahedrally coordinated Zn 

ions and the mIM linker (Figure 2-5).77 The metal bond angle (145°) is similar to Si-O-

Si angle of zeolites leading to topological isomorphism. The swing effect (gate-

opening) in ZIF-8 was revealed in 2009 by single crystal XRD performed under high 

pressure (1.47 GPa).78 Initially, due to the small pore-aperture ZIF-8 (3.4 Å) was 

expected to separate H2 (kinetic diameter of 2.9 Å) from a mixture of H2, CO2, O2, N2, 

and CH4. However, an experimental-theoretical study revealed that the reorientation 

of mIM in ZIF-8 increases the pore window size to 3.6 Å.78-80 

Co(bdp). An outstanding representative of the gate-opening effect is Co(bdp) 

framework (bpd = 1,4-benzenedipyrazolate).81 The 3D framework is formed by 1D 

chains of tetrahedrally coordinated Co ions connected by µ2-pyrazolates, resulting in 

square channels (Figure 2-5). The remarkable feature of this MOF is that during 

methane adsorption at 298 K, working capacity reaches 155 cm3 cm–3 at 5–35 bar at 

298 K with typical gating isotherm.82 However, the material undergoes a stepwise 

phase transition from cp to op upon N2 adsorption (Figure 2-6b).83 In the course of five 

steps the phase transition is accomplished, which is revealed by a combination of in 

situ synchrotron powder XRD and molecular simulations. The structural flexibility is 

related to a coordination geometry change from square planar (cp-host) to tetrahedral 

(op-host). Upon framework expansion, the coordination angle of Co-clusters and 

organic building blocks changes from 152° to 108°, which is assigned to the 

reorientation of benzene rings.83 

DUT-49. An exceptional case of breathing transition was revealed in DUT-49(Cu), 

which is named negative gas adsorption phenomena (NGA).84 DUT-49 is an assembly 

of cuboctahedral metal–organic polyhedra (MOPs) formed by Cu2 paddle-wheel units 

and 9,9´-([1,10-biphenyl]-4,4´-diyl)bis(9H-carbazole-3,6-dicarboxylate) (BBCDC) units 

resulting in face-centred cubic analogue arrangement of MOPs (Figure 2-5).84 Upon 

adsorption of methane at 111 K, reaching certain pressure range (10 kPa) the 
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structure releases a significant amount of gas (∆nNGA=8.62 mmol g-1), which is caused 

by framework contraction. This results in a negative step in uptake with increasing gas 

pressure in the adsorption isotherm  (Figure 2-6d).51 The structural switchability 

originates from buckling of (bbcdc) struts upon modest stress according to DFT 

simulations.53 

 

2.3 Switchable pillared-layer metal-organic frameworks 
 

Despite the combination of metal nodes and organic ligands produces a wide variety 

of structures with specific functionality, the addition of a third neutral building unit leads 

to a new subclass of porous coordination polymers – pillared-layer frameworks, which 

is of great interest.85   

In general, the pillaring strategy is an effective and straightforward approach for the 

construction of three-dimensional (3D) porous frameworks from two-dimensional (2D) 

layers (Figure 2-7).85 By coordinating metal nodes with pillar linkers, more stable 

structures were obtained.86  

Pillared-layer MOFs can be related to a subclass of Hofmann clathrates (1977), which 

represent the first coordination networks consisting of 2D cyanide-containing layers, 

were bonded to each other through axial ligands.87 Kitagawa et al. firstly performed 

the introduction of pillars in MOFs (1996), where the guest molecules were inserted 

between the layers, just like pillars, supported by hydrogen bonds.88  

To form 2D layer motifs, most frequently oxygen donor ligands are used for pillared-

layer MOFs construction. Such ligands contain two carboxylate groups coordinating 

in the equatorial site of the metal. Multi-donor linkers such as tri, tetra, penta, hexa 

and octatopic are also widely used in pillared-layer MOFs.85, 89 Pillaring of MOFs can 

be achieved by using oxygen, sulphur, or nitrogen donors, coordinating axially to two  

metals. Dabco and bipyiridine were firstly used as N-coordinated pillars for mixed-

ligand systems.85 Such systems can be constructed by carboxylate-based ligands 

coordinated to paddle-wheel metal units which are connected by axially coordinated 

neutral ligands, forming a 3D coordination network (Figure 2-7).85, 89  
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Figure 2-7. Schematic representation of pillared-layer MOFs construction by dicarboxylates linkers: (L1) 
benzene-1,4-dicarboxylic acid, (L2) 2,6-naphthalenedicarboxylic acid, (L3) biphenyl-4,4′- dicarboxylic 
acid, and N-donor pillars: (P1) 1,4-diazabicyclo[2.2.2]octane, (P2) 4,4′-bipyridine, (P3) 1,4-bis(4-
pyridyl)benzene. 
 

The first reported flexible pillar-layered MOF was reported by Kitagawa in 2002.43 The 

framework of compound [Cu2(pzdc)2(dpyg).8H2O]n was constructed by Cu2(µ-O)2 units 

linked by the pyrazine-2,3-dicarboxylate (pzdc) ligands forming two-dimensional 

layers, which are connected by 1,2-dipyridylglycol (dpyg) ligands acting as pillars. The 

gating isotherm was recorded upon MeOH adsorption at 298 K, indicating a framework 

transformation, allowing the inclusion of guest molecules. 

Later on, the typical representative of the pillared-layer frameworks - DMOF with the 

formula [Zn2(1,4-bdc)2(dabco)]n (bdc = benzene-1,4-dicarboxylic acid, dabco = 1,4-

diazabicyclo[2.2.2]octane) was reported by Dybtsev in 2004.90 The 3D architecture is 

constructed by connection of Zn2 paddle wheel SBUs with bdc into 2D square grids, 

which in turn are linked by neutral dabco pillars. The guest-induced structural changes 

are observed upon benzene inclusion, resulting in pore shrinkage and smaller pore 

volume in comparison with solvent-free state. These reversible structural 

transformations point to the dynamic nature of paddle-wheel SBUs.  

The functionalization of pillared layered DMOF, [Zn2(bdc)2(dabco)]n, by alkoxy groups 

results in different degree of structural responsivity.91-93 The parent DMOF undergoes 

only minor stimuli-induced transformations.90 Meanwhile the substituted frameworks 

[Zn2(fu-bdc)2(dabco)]n are able to reversibly contract/expand upon guest 

release/adsorption (DMF, CO2).94 Structural response depends on the nature of the 

chain length and polarity of incorporated groups. By means of XRD, the extent of 

framework contraction was revealed. After solvent removal, the frameworks shrink due 
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to attractive interactions between the alkyl chains. However, it was shown that the 

frameworks with longer alkyl chains are more rigid, which is caused by steric 

hindrance.  

The decoration of the 1,4-bdc ligand with the dynamic aromatic substitutes may lead 

to cooperative flexibility via intra-framework π-π interactions.95 In particular, for Zn-

based pillared-layer frameworks 2,5-bis[(2-nitrobenzyl)oxy]-1,4-benzenedicarboxylic 

acid (H2bdc-NO2) and 2,5-bis(benzyloxy)-1,4-benzene-dicarboxylic acid (H2bdc-H) 

and bpy were used. The integrated mobile fragments significantly influence framework 

switchability. Both frameworks undergo phase transition upon thermal activation in 

vacuum. However, structural responsivity towards CO2 incorporation was revealed 

only in the framework with nitro-substituted arenes. Such distinctive sorption 

behaviours are related to intra-framework π-π interactions. It was revealed that π-π 

interactions are absent in the framework with benzyl substituent, leading to disruption 

of 2D grid layers upon activation. On the contrary, π-π interactive dimers, formed by 

the central benzene of 1,4-bdc and nitro-substituted arenes, are preserved even after 

thermal activation. These interactions maintain the integrity of the 2D-layers. 

Moreover, the π-π interaction-controlled structural transformations result in a 

responsive guest-free framework that can distinguish between C6 alkane isomers by 

different gate-opening pressure.  

The pillared-layer MOF crystallites can be grown onto substrates forming thin films 

with different dimensions and orientation. Fischer and co-workers investigated the 

structural flexibility of Cu-based alkylether-functionalized [Cu2(DE-bdc)2(dabco)]n (DE-

bdc = 2,5-diethoxy-1,4-benzenedicarboxylic acid) crystallites anchored onto the 

differently terminated surfaces.96 The bulk material shows breathing behaviour, 

reversibly transforming from op (square grids) to narrow pore np form (rhombic grids) 

upon guest removal/incorporation. The fabrication of thin films was achieved by liquid 

phase epitaxy with varying deposition cycles (40, 60, 80, 120) and therefore controlling 

the thickness of thin films (430-1000 nm). The structural responsivity of the deposited 

materials was investigated upon methanol removal and adsorption by in-situ 

synchrotron grazing incidence X-ray diffraction (GIXRD). It was shown that the 

crystallites remain structurally intact in very thin films (40 deposition cycles), which is 

attributed to the strong interactions between the crystallites and substrate leading to a 

higher activation barrier for structural transformation. On the contrary, thick films (60–

120 deposition cycles) change from op form to a mixture of op and np after activation. 
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Importantly, the breathing transformation is observed only in the crystallite domains at 

higher distance (60–120 deposition cycles) to the substrate, as the influence of the 

surface interaction gets less pronounced. Moreover, the pressure needed to induce 

phase transformation is higher for the crystallites deposited onto the surface in 

comparison with bulk sample. Particle-size dependent flexibility will be introduced and 

extensively discussed in section 2.4. 

Interpenetrated frameworks 

The extension of the ligand length ensures the void, which allows accommodating a 

second or more nets.97 The elongation of the pillar in the 1,4-bdc or 2,6-ndc (2,6-

naphthalenedicarboxylate) based MOFs from dabco to 4,4′-bipyridine (bpy) often 

leads to interpenetration due to weaker metal–pillar bond promoting M-N bond 

cleavage.98, 99  

For examples, the copper paddle wheel units connected by 1,4-bdc ligands in 

equatorial plane, forming layers which are pillared by dabco forms a non-

interpenetrated, rigid framework [Cu2(1,4-bdc)2(dabco)]n.100 Meanwhile, the pillaring 

by bpy leads to flexible 2-fold interpenetrated framework [Cu2(1,4-bdc)2(bpy)]n.101 The 

interpenetrated framework switches reversibly between guest-included open and 

guest-free closed states upon methanol removal/incorporation due to the bending of 

the pillar.  

In Zn-based MOF, the combination of longer carboxylate linker bpdc with bpy leads to 

a 2-fold interpenetrated structure [Zn2(4,4´-bpdc)2(bpy)]n, which contracts upon 

solvent removal due to π–π stacking of 4,4′-bpdc linker (4,4′-biphenyldicarboxylate). 

However, the  framework retains the contracted phase during adsorption of N2 (77 K) 

and CO2 (195 K).102 Further elongation of pillar length results in 3-fold interpenetrated 

pcu network [Zn2(4,4´-bpdc)2(bpb)]n, (bpb = 1,4-bis(4-pyridyl)benzene).103 This 

compound undergoes phase transition from op phase to denser desolvated phase, 

which is responsive towards different gases such as N2 (77 K), CO (82 K), and CO2 

(195, 298 K). 

The interpenetration can be controlled by employing bulky linkers. The use of long 

bulky pillar bp4va (9,10-bis((E)-2-(pyridine-4-yl)vinyl)anthracene) instead of bpb leads 

to 2-fold interpenetrated [Zn2(4,4´-bpdc)2(bp4va)]n.104  

In some cases, the interpenetration is prevented by introduction of bulky substituents 

in the linker. For instance, [Zn2(1,4-bdc)2(bpy)]n is 2-fold interpenetrated system.99 
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However, after decoration of linker with bulky substituents, the framework is formed 

as non-interpenetrated structure.95 The degree of interpenetration can be also 

controlled by synthetic conditions, which in turn impacts on the structural flexibility. 

Kitagawa et al. showed that depending on solvent used for synthesis 2-fold and 3-fold 

interpenetrated structures [Zn2(5,5′-btdc)2(bpy)]n, (5,5′-btdc = 2,2′-bithiophene-5,5′-

dicarboxylic acid).105 It was revealed that 2-fold interpenetrated framework 

experiences structural transformations upon guest removal/adsorption, while 3-fold 

interpenetrated framework is rigid. 

The interpenetrated pillared-layer systems can be also constructed by using photo-

sensitive ligands. Photo-responsive azobenzene groups can be anchored either on 

pillars106 or on layers107 forming ligands.  

In the photo-responsive framework [Zn2(2,6-ndc)2(azo-bipy)]n (azo-bipy = 3-azo-

phenyl-4,4´-bipyridine), the square grid nets of the Zn2(ndc)2 were connected by the 

azo-bipy linkers forming 2-fold interpenetrated structure. The azo-groups are oriented 

towards the pores. When the “as-synthesized” material is exposed to light (λ = 365 

nm), azo-groups being in the stable trans-form reconfigure to the cis-form, providing 

the pore access.106  

Non-interpenetrated frameworks 

While the combination of 2,6-ndc and 1,4-bdc linkers with bpy results in 

interpenetrated frameworks, there are several examples showing that use of longer 

carboxylic acid linkers in combination with dabco prevent interpenetration.108  

One of the representative non-interpenetrated frameworks is DUT-8(Ni) 

[Ni2(ndc)2dabco]n (DUT – Dresden University of Technology), consisting of Ni-paddle 

wheel units connected by 2,6-ndc linkers forming 2D layers, which are bridged by 

dabco pillars.15 The framework is able reversibly to switch the structure from op to cp 

upon guest molecule removal/incorporation. The desolvation of framework leads to 

transformation to the cp phase due to deformation mode of the paddle wheel unit. The 

structural responsivity significantly depends on the nature of guest molecules in both 

the liquid and gas phase.19, 109 The PXRD data revealed that single-step gating 

isotherms recorded during adsorption of N2 at 77 K, CO2 at 195 K, and n-butane 272.5 

K accompanied by phase transition from cp to op phase. The unit cell volume 

difference of cp and op phases is 254%.109 
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The longer carboxylic linkers 4,4′-biphenyldicarboxylate (4,4′-bpdc) and 4,4′-

stilbenedicarboxylate (4,4′-sdc) were used for construction of frameworks isoreticular 

to the highly flexible pillared layer structure DUT-8(Ni), [Ni2(2,6-ndc)2dabco]n 

compounds DUT-128(Ni) and DUT-131(Ni). The linker elongation resulted in different 

structural response towards desolvation and guest adsorption, which is discussed 

more in detail in section 2.4. 

Similarly to [Ni2(4,4′-bpdc)2(dabco)]n DUT-128(Ni), the solvent removal triggers 

framework contraction in isomorphous [Zn2(4,4′-bpdc)2(dabco)]n.102 However, low N2 

uptake at 77 K (< 50 cm3/g), and low CO2 uptake (<100 cm3/g) at 195 K indicates non-

responsive behavior of the compound under these conditions. To alter structural 

flexibility, the linker was mono-functionalized with nitro groups, leading to 2-nitro-[1,1′-

biphenyl]-4,4′-dicarboxylic acid (4,4′-bpdc-NO2). The incorporation of nitro-groups 

[Zn2(4,4′-bpdc-NO2)2(dabco)]n resulted in almost 4 times higher N2 uptake (77 K) than 

that of the non-functionalized analogue.110  

Further elongation of the carboxylic linker along with functionalization by bulky 

substituents allowed to produce [Zn2(dpt)2(dabco)]n (dpt = 2,5-diphenylbenzene-1,4-

dicarboxylate).111 This compound undergoes a phase transformation from open pore 

to the closed pore state. The framework is selectively responsive to CO2 over N2 and 

CH4 at 298 K, generating a gating isotherm with pronounced hysteresis.  

 

2.4 Parameters influencing switchability 
 

For the technological development of switchable MOFs for applications, a fundamental 

understanding of the role of critical factors influencing and controlling framework 

switchability is of utmost importance and will provide a platform for tuning the switching 

characteristics.13 

Whether a framework is responsive to a specific stimulus or not depends not only on 

the crystal structure but on many determining factors (Figure 2-8).41 The idealized 

crystal structure, in particular the topology and deformability of the nodes, their hinges 

and the linkers defines the basis for switchable solids. However, a crystal also has a 

real structure, finite size, domain architecture, defects etc. presumably also impacting 

responsivity. The most critical factors severely influencing switchability are structural 

composition, particle size, surface deformation, domain formation, defects, etc. and 

these superimpose on network topology and framework composition. Not all of these 
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factors are easily quantifiable by analytical methods. However, these secondary 

factors are imprinted into the material by synthesis conditions, desolvation procedures, 

handling, exposure to atmosphere or defined gases, repeated switching etc. In other 

words: these secondary factors contain information on the history of the material.65 

In the following, the main factors influencing switchable characteristics will be 

considered. 

Metal node 

One of the crucial factors affecting the switchability of MOFs is their structural 

composition as the metal clusters, organic linker and their connections can form softer 

or stiffer hinges. The impact of the metal nodes on the switchability of MOFs has been 

previously discussed in the literature.6, 48  

In general metal-dependent switchability is influenced by electronic configuration of 

the metal, which in turn determines the metal-ligand interaction strength.55 

Consequently, the structural changes are caused by coordination geometry change, 

deformation of the cluster or linker rotation.55   

Switchability in the breathing MIL-53 series ([M(OH)(bdc)2]n (M = Cr,67 Al,68 Fe,112 

Sc,113 In,114 Ga115) strongly depends on the metal centre. The Cr-, Al- and Ga- 

analogues of MIL-53 reversibly transform from large pore form (17 x 13 Å) to narrow 

pore form (19 x 7 Å) in one-step upon hydration/dehydration. Meanwhile, dehydration 

at elevated temperature triggers two-step transformation via the intermediate and 

narrow pore forms in Fe- and Sc-counterparts.24.  

Pillared layer MOFs represent the class of porous coordination frameworks with 

representative switching transitions. DMOFs with the composition [M2(bdc)2(dabco)]n 

(M = Zn,90 Co,116 Cu,100 Ni117) demonstrate contractive/expansive behaviour during 

desolvation/resolvation. 
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Figure 2-8. The factors influencing the switchable behavior of MOFs. 

 

Similarly to DMOFs, pillared-layer DUT-8 system [M2(2,6-ndc)2(dabco)]n be 

synthesized using Ni2+, Co2+, Zn2+ and Cu2+.15 The electronic structure of the metal 

significantly influence the stiffness of the paddle wheel unit and its tendency to 

deformation.16 The macro-sized (>1 µm) crystals of DUT-8(M), (M = Ni, Co, Zn) 

transform from the open pore structure (op) to the closed pore structure (cp) upon the 

guest-molecule removal, while DUT-8(Cu) remains in the op phase.15  Adsorption of 

gases with low adsorption enthalpy induces the reverse transition and opening of the 

DUT-8(Ni) crystal structure. Both DUT-8(Co) and DUT-8(Zn) retains cp phase upon 

adsorption of different gases (N2 at 77 K, CO2 195 K, C4H10 at 273 K). The main reason 

for significant differences in the framework responsivity is the difference in the 

deformation mode of paddle wheel unit as was shown by Ehrling et al.16 A very strong 

distortion from the square-pyramidal coordination geometry of Ni leads to the O–Ni–O 

angles between 61° and 110° in DUT-8(Ni)_cp. Concerning DUT-8(Co)_cp, only minor 

changes were revealed in the coordination geometry of the Co cluster with 

corresponding O–Co–O angles between 91° and 97°. However, the shear deformation 

the Co2(COO)4 unit alters remarkably the angle between he N⋯N (dabco) and M⋯M 

(PW) axes. The corresponding M–M–N angle in DUT-8(Co)_cp is smaller (141.5°) in 
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comparison with DUT-8(Ni)_cp (153.9°), pointing on a softer paddle wheel cluster. The 

theoretical calculations explain the metal-dependent switchability of DUT-8(M) based 

on energetic contributions, such as strain energy (energy required for cluster 

deformation upon framework closing) and dispersion energy (energy gain caused by 

attractive interactions between the 2,6-ndc linkers).16, 118 These energetic contributions 

determine the total energy change ∆E(cp-op), which constitutes -86 and -91 kJ mol-1 for 

DUT-8(Ni) and DUT-8(Co), respectively. As a result, the cp phase of DUT-8(Co) is 

more stabilized in comparison with DUT-8(Ni). Therefore, more energy is required to 

induce phase switching in DUT-8(Co) compared to DUT-8(Ni). Among the investigated 

adsorptives, only dichloromethane triggers framework reopening of DUT-8(Co).16 

The flexible Co(bdp) and Fe(bdp) frameworks exhibit gating isotherms upon methane 

adsorption.82 In the Co-based framework, methane-induced cp-to-op phase transition 

occurs at 16 bar, generating hysteresis loop with gate-closing at 7 bar. For the Fe 

analogue, framework opening and closing are observed at 24 bar and 10 bar, 

respectively. The higher gate-opening pressure is associated with a higher energetic 

barrier for phase transition. Co(bdp) was shown to be the adsorbent with the highest 

values of usable CH4 capacity, reaching working capacity of 155 cm3 at 25°C for CH4 

storage at 5-35 bar, while Fe(bdp) achieves 150 cm3 at the same conditions.  

Another example of the impact of metal identity on switchable behavior was shown in 

a series of isonicotinate-based flexible MOFs [M(4-PyC)2] (M=Mg, Mn, and Cu; 4-PyC 

= 4-pyridine carboxylic acid), where the strength of the metal−nitrogen bonds 

decreases from Mg2+ < Mn2+ < Cu2+.108 The isomorphous Mg(4-PyC)2 and Mn(4-PyC)2 

compounds crystallize in the monoclinic space group P21 with structure based on an 

octahedral coordination geometry of the metal node, which is coordinated by four 

oxygen atoms of carboxylates and two nitrogen atoms from pyridine. In case of Cu(4-

PyC)2 (monoclinic space group P21/c), the coordination geometry of Cu is tetragonal 

pyramidal formed by three oxygen atoms of monodentate carboxylate groups and two 

nitrogen atoms from two pyridine units. As a result, the Cu-based compound has open 

metal sites (OMS). The three flexible MOFs are characterized by different guest-

responsive nature (C2H4, C2H6, Xe, Kr, and SO2). The altered structural response was 

shown to be related to chemical hardness of transition metal ions and the strength of 

the coordination bond. The gating behaviour induced by C2H4 and C2H6 are observed 

for Mg(4-PyC)2 and Mn(4-PyC)2, whereas Cu(4-PyC)2 is responsive only to C2H4. It 
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was assumed that the structural changes in the Cu-MOF, is driven by the rotation of 

pyridine units and can be triggered by strong π interactions of C2H4 with OMSs. 

Meanwhile, only a partial pore opening is observed upon adsorption of C2H6 with weak 

van der Waals interactions. It was also shown that gate-opening pressures vary 

depending on the metal node. In particular, the gate-opening pressures for C2H6 and 

C2H4 of Mg-MOF were 52 and 132 mbar, respectively, while those for Mn-MOF were 

186 and 266 mbar, respectively. The structural response of Mg-based MOFs occurs 

at lower gate-opening pressure, therefore the structure is more flexible, which in turn 

depends on chemical hardness of the metal ion. In this case, the chemical hardness 

of Mg2+ is stronger than that of Mn2+, resulting in the weaker Mg−N bond, contributing 

to easier structural transformation in Mg(4-PyC)2.  

The impact of linker 

In principal, the linker-based switchability involves dispersion interactions, including 

π–π interactions and hydrogen bonding, which may contribute to the stabilization of 

the contracted phases. The framework switchability can be tuned by variation of linker 

functionalization or organic linker length.6 

- Linker functionalization 

The chemical functionality of linker remarkably influences the framework switchability 

in MIL-53(Fe). In particular, the incorporation of the following functional groups  –Cl, –

Br, –CH3, –NH2, –(OH)2, –(COOH)2 and–(CF3)2 into 1,4-bdc linker allows to tune 

framework contraction/expansion.6 Upon desolvation the guest filled op phase of MIL-

53(Fe) transforms into cp phase. The degree of framework contraction depends on 

the nature of functional group, which results in the specific host-guest interactions. 

Most of the functionalized MIL-53(Fe) undergo framework expansion upon solvation 

in water, ethanol, pyridine, tetrachloroethane. However, some of the functional groups 

such as –NH2, –(OH)2, –(COOH)2 may contribute to the intra-framework H-bonding 

interactions the bridging µ2-OH groups of the framework. For instance, MIL-53(Fe) –

(COOH)2 remains unresponsive upon exposure to different solvent, pointing on the 

strong H-bonding interactions, which prevent pore opening.6  

The functionalization of bpb (1,4-benzenedipyrazolate) linker in Co(bpb) allows to tune 

gate-opening pressure upon methane adsorption from 1 to 70 bar at 25°C.119 The 

desolvation of framework leads to the phase transition from op to cp phase due to 

edge-to-face π–π interactions with neighboring benzene rings of linker. It was shown 
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that fluorination of bdp linker leads to the disruption of the edge-to-face π–π 

interactions in Co(F-bpb). As a result, adsorption-induced reopening occurs at lower 

pressure (8 bar) in comparison with non-functionalized Co(bpd) (18 bar) pointing on 

the destabilization of cp phase. Moreover, deuteration of the linker does not influence 

significantly on the structural transformations upon adsorption, resulting in the almost 

identical adsorption profiles. On the contrary, the functionalization of the linker with 

methyl groups enhances π–π interactions, stabilizing cp phase. However, upon 

methane adsorption no phase transition was observed below 70 bar, instead exhibiting 

type I isotherm. On the contrary, stepwise nitrogen adsorption isotherm at 77 K was 

recorded, pointing on the phase transition. Therefore, it was hypothesized that CH4-

induced phase transformation is not detectable at measurement conditions (1-70 bar 

at 25°C) and may occur at higher pressure. 

- Linker elongation 

The integration of an elongated carboxylic ligand (L) into the [M2(L)2(dabco)]n system 

allows to tailor switchable behaviour for Ni-based frameworks.120 The longer carboxylic 

linkers 4,4′-bpdc and 4,4′-sdc were used for construction of [Ni2(4,4′-bpdc)2dabco]n 

DUT-128(Ni) and [Ni2(4,4′sdc)2dabco]n DUT-131(Ni) frameworks isoreticular to the 

highly switchable pillared layer structure DUT-8(Ni) [Ni2(ndc)2dabco]n. The linker 

elongation resulted in different structural response towards desolvation and guest 

adsorption. Similar to DUT-8(Ni), the solvent removal under vacuum leads to a 

structural transformation from op to cp state. However, the structural changes in DUT-

128(Ni) are irreversible, which is attributed to paddle wheel disintegration due to 

optimum linker stacking and maximal dispersion energy gain. The phase transition in 

DUT-131(Ni) is accompanied by change in the coordination geometry of Ni atoms, 

change of angles Ni-Ni-N and O-Ni-O, and an increase of the distance between the 

two nickel atoms within the paddle wheel. Despite of these changes, the integrity of 

the paddle-wheel is preserved. The framework is structurally responsive to DCM and 

a few aprotic polar solvents. Independent on activation conditions, DUT-131(Ni) 

transforms to a dense closed pore phase due to the strong dispersive interactions 

between the linkers. Upon the supercritical desolvation, the reduced stress acting on 

DUT-128(Ni) leads to the trapping of a metastable open pore state, which is attributed 

to the smaller energy difference ΔE(op−cp). Depending on the nature of adsorptive 

(weakly or strongly adsorbing), the metastable op phase of DUT-128 behaves as rigid 
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material resulting in type I isotherm or as switchable framework exhibiting a breathing-

like (op−cp−op) behaviour. 

Host-guest interactions  

As discussed above, the switchability of metal-organic frameworks originates from the 

dynamics of the organic linker, paddle wheel or other secondary building unit. These 

structural transformations can be induced by the incorporation or removal of guest 

molecules. Thus, depending on the nature of guest molecules, different structural 

response can be observed.  

In the review of Krause et al,52 it is highlighted that in soft systems, guest adsorption 

occurs only when the structural deformation energy (Edef) is lower than the interaction 

energy (Eint) of the MOF and guest molecules, and also that between the adsorbed 

guest molecules. The energy difference between the empty op and cp frameworks is 

defined as deformation energy (Edef).52 The guest–guest, host–guest interaction as 

well as Edef significantly influence the pressure range of phase transition. When there 

is no transition, Edef is positive upon guest-free conditions, while Eint is negative due to 

guest–host and guest–guest interactions. The adsorption of guest molecules leads to 

the increase of Eint, therefore energy gain overrides Edef, stimulating the structural 

transformation. As a result, the phase transition is possible when Etot < 0 (the total 

energy of the system defined as sum Edef + Eint).52 Edef can be modulated in order to 

change the adsorption-energy profile of guests for molecular recognition as was 

shown in the two-fold interpenetrated network [Zn2(1,4-bdc)2(bpy)]n.121 The framework 

transforms reversibly from guest-containing open phase to a dense guest-free phase. 

The coexistence of subnetwork distortion and displacement in framework [Zn2(1,4-

bdc)2(bpy)]n, allows to encode hydrogen-bonding interactions by means of amino-

functionalization of the bdc linker, resulting in [Zn2(NH2-bdc)2(bpy)]n (NH2-bdc = 2-

aminoterephthalic acid). The hydrogen bonding between amino groups and oxygen 

atom on paddle wheel increases the Edef during transition from the dense to the open 

framework in comparison with the pristine compound. A dense-to-open transformation 

is induced by N2 and CO2 only in [Zn2(bdc)2(bpy)]n, meanwhile the amino-

functionalized analogue is structurally not responsive. Such behaviour indicates a 

higher Edef, therefore flexibility is supressed. However, the hydrogen bond lock can be 

selectively broken by CHCl3 adsorption in [Zn2(NH2-bdc)2(bpy)]n, producing a typical 

gating isotherm. Meanwhile, adsorption of CH2Cl2 leads to typical type I isotherm, 
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pointing on the enhanced host-guest interactions, which in turn do not lead to open 

pore structure, due to the increased Edef for the [Zn2(NH2-bdc)2(bpy)]n.121 

Considering, the structural transformations caused by solvent removal, depending on 

the guest molecules present in the pore and desolvation technique applied, the forces 

acting on the framework can be varied122, 123 and indirect information of the relative 

robustness of the network can be extracted.  

Activation-dependent structural responsivity was investigated in the non-

interpenetrated pillared-layer framework [Zn2(dpt)2(bpy)]n constructed by zinc paddle-

wheel units, dpt (2,5-diphenylbenzene-1,4-dicarboxylates) and bpy.111 The different 

activation conditions significantly influenced the structural response upon solvent 

removal. The conventional thermal evacuation resulted in a mixture of crystalline 

phases. A common approach to reduce the stress upon activation, the exchange with 

a volatile solvent prior to vacuum activation, yielded the pure contracted phase, which 

is selectively responsive towards CO2 over N2 and CH4. The gentle supercritical drying 

technique yielded the guest-accessible open pore phase.  

Crystal size and morphology 

The influence of the crystal downsizing on the structural transition characteristics in 

classical materials (alloys, organic compounds) stimulated by temperature or 

mechanical pressure was intensively studied in the past, showing pronounced particle 

size dependence.124, 125 The postulated observations could be rationalized, 

considering the internal pressure and surface energy differences between 

polymorphs, confinement effects, and nucleation theory.124-127  

The impact of the crystal size on functional properties of MOFs has also received 

considerable attention.101, 128-131 It was recognized that, by changing the particle size, 

the intermolecular interactions between the adsorbent and adsorbate, the catalytic 

performance of the MOF, and the magnetic properties can be tuned.9, 132, 133 

Downsizing of switchable MOF crystallites to the nanoscale regime not only alters their 

adsorption profiles, but also generates new intrinsic features differing from the bulk 

MOFs.18, 101 

Previous experimental and computational approaches revealed the effects of the 

crystal size on the structural switchability in several representative MOFs. 

The particle size dependent switchability was firstly reported by Kitagawa et al. for 

compound [Zn(ip)(bpy)]·DMF (H2ip = isophthalic acid), which represents interdigitated 
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structure of 2D layers.10, 134 The bulk crystals (5 μm wide × 20 μm long) and nano-

sized crystals (5 nm wide × 320 nm long) show different degree of framework 

contraction upon desolvation under vacuum at 130°C (decrease of unit cell volume of 

3.2% and 2.1%).134 

The group of Kitagawa also reported that crystal size modulation leads to the new 

properties, which are absent in bulk crystals. As was already mentioned in Section 

1.2.1, macrocrystals of the pillared layer framework [Cu2(bdc)2(bpy)]n show an open 

pore (op) to closed pore (cp) structural transition upon guest desorption.101 The main 

feature of this compound is that crystal downsizing induces a so-called sorbate-

induced shape-memory effect. Upon adsorption of methanol (303 K), crystals in a 

certain size regime (1 µm) can adopt a metastable phase open pore state, which is 

maintained even after desorption, and only by thermal treatment the closed pore 

phase can be recovered. Meanwhile, the bulk crystals undergo reversible adsorption- 

induced phase transition. 

A similar effect was reported for 3-fold interpenetrated framework Zn2(bpdc)2(bpb)]n.103 

The sorbate-induced shape-memory effect was promoted by several gases N2 (77 K), 

CO (82 K), and CO2 (195, 298 K). The denser activated phase β is transformed to an 

intermediated phase γ upon adsorption of guests, which is retained after desorption. 

The resulting γ phase is a kinetically stable form, retaining the structure over multiple 

adsorption/desorption cycles with type I isotherms. The transformation from γ to β 

phase is a temperature driven process at >400 K under vacuum.  

Sakata et al. proposed two possible explanations of the particle-size dependent phase 

transitions, which are based either on solid-phase thermodynamics or on kinetic 

effects.81, 101 The decrease of particle size leads to the increase of surface-to-volume 

ratio. As a result, the increased surface enthalpy contributes to the stability of the 

guest-free op phase over the cp phase and reduces the thermodynamic driving force 

for the transition.81, 101 
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Figure 2-9. Schematic representation of the free energy profiles with (cyan) and without (pink) guests 
in MOF. Top: guest adsorption/desorption triggers a phase transition between op and cp state. Bottom: 
upon crystal downsizing, the op-to-cp transition is suppressed, either thermodynamically due to too 
small a free energy difference between the op and the cp state (left), or kinetically due to too high 
activation barrier between the op and cp state (right). Adapted from ref.81(CC BY 4.0). 

Furthermore, the suppressed switchability of MOFs can be considered from a kinetic 

point of view. In this regard, defects are considered to serve as preferential nucleation 

sites, facilitating the nucleation of new phase. The presence of defects is supposed to 

lower the barrier height, which reflects the activation energy for transition. Smaller 

crystals contain fewer defect sites, causing the increase of the activation barrier 

between both phases (Figure 2-9).81, 101  

Several studies are devoted to crystal size engineering of ZIF-8 influencing adsorption-

induced transitions. In ZIF-8 the phase transition is accompanied by a reorientation of 

the linkers, which leads to a stepwise nitrogen adsorption isotherm with a hysteresis 

loop at elevated relative pressure.135 Commonly in ZIF-8, the gas pressure of nitrogen 

required to provoke gate opening is shifted towards higher pressures and the 

hysteresis loop becomes broader upon crystal downsizing.128, 131, 135 By reaching the 

nano-sized regime the framework becomes rigid. The theoretical investigations 
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revealed the contribution of crystal interior, crystal surface, as well as interfacial region. 

The increased surface-to-volume ratio of the nanoparticles leads to reduced loading 

of guest molecules in the surface region and hence an insufficient thermodynamic 

driving force for guest-induced transition.131 Another explanation of the supressed 

flexibility in smaller crystals is based on the influence of the surface barrier on the 

overall mass transfer resistance and increased surface resistence.135  

Similarly, to the work of Tanaka et al, a series of ZIF-8 materials with different particle 

size were investigated.128 In ZIF-8 particle downsizing (from 98 to 0.14 µm) leads to a 

shift of the gate pressure to higher values and a wider hysteresis, suggesting a higher 

energy barrier for phase transition, therefore higher kinetic hindering. Watanabe et al., 

using GCMC simulation showed that the width of the hysteresis loop was inversely 

proportional to the energy barrier.136 Since the particle size decrease contributes to 

different adsorption behaviour at thermodynamic equilibrium conditions, the 

adsorption kinetics can also vary significantly. The adsorption kinetics can be studied 

by the measurement of equilibration time of each point of the adsorption isotherm. It 

was shown in ZIF-8 materials that for smaller particles longer equilibration times are 

needed in the low-pressure region before the phase transition occurs in comparison 

to larger crystals. However, the slower kinetics at the gating pressure region is 

associated with reorientation of mIM rings, increasing the access for guest molecules 

into the cavities, and therefore the phase transition. After reconfiguration of the pore 

shape, the equilibration times were shortened irrespective of particle size.  

The crystal size-dependent switchability is characteristic for pillared-layered MOF 

DUT-8(Ni). The macro-sized (>1 µm) crystals of DUT-8(Ni) reversible transform from 

op to cp phase upon the guest-molecule removal/adsorption. However, cycled 

adsorption of n-butane (298 K) leads to the reduction of the crystal size which is 

accompanied by a shift of the “gate pressure” to higher values in the nitrogen (77 K) 

and n-butane (298 K) adsorption isotherms.137 The crystal size of DUT-8(Ni) can be 

tuned by micromixer synthesis, controlling the nucleation process and crystal growth 

by the contact time of starting materials and aging time.18 The variation of the crystal 

size in the micrometer range leads to changes in the slope of the nitrogen adsorption 

isotherms. Crystal downsizing to the submicron range enables the trapping of the 

material in a metastable, open, solvent-free phase and transforming it to a 

microporous rigid adsorbent.17 
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The modulation of crystal size and associated changes in structural responsivity was 

revealed in Zr-based MOF, termed as DUT-98 with composition 

[Zr6O4(OH)4(cpcdc)4(H2O)4]n, where cpcdc = (9-(4-carboxyphenyl)-9H-carbazole-3,6-

dicarboxylate).138 Its structure contains 1D channels with a diameter of 9.8 Å, 

representing a wine-rack framework topology. The solvent removal process is 

accompanied by a framework contraction with massive cell volume shrinkage of 40%. 

The framework contraction is accompanied by a rearrangement of all hydrogen bonds 

between the non-coordinated carboxylate oxygen atoms, the water molecules, and 

hydroxyl groups, coordinated to the cluster with subsequent change of the 

coordination mode of two carboxylates.51 It was also revealed that upon transition, the 

linker bends slightly, the carboxylates twist out of the carbazole plane, as well as  the 

knee-cap angles between the carbazole carboxylate and corresponding Zr atoms 

increase.51 Various guest molecules, including N2 (at 77 K), CO2 (at 195 K), n-butane 

(at 273 K), and various alcohols (at 298 K) are able to induce the pore expansion 

generating an isotherm with distinct steps that are typical for gate-opening MOFs.138 

However, the characteristic feature of this framework is the structural expansion with 

pronounced pressure reduction which is known as “negative gas pressure”. The 

artificial pressure drop upon framework reopening is related to metastable adsorption 

state, as previously described by Kitagawa and co-workers.139 Interestingly, the cyclic 

adsorption of nitrogen leads to gradual shift of the gate pressure to lower pressures, 

which is on the contrary to all reported cases, where the repeated adsorption stress 

leads to crystal fractionation and higher gate opening pressure. The structural features 

of DUT-98(Zr) are drastically altered by particle downsizing similarly to ZIF-8 and DUT-

8 systems. The ability to transform from open to closed pore phase was supressed. 

The adsorption profiles exhibits type I and IV, depending on size regime.  

The comparison of adsorption behaviour of bulk crystals and nanosheets (NSs) of the 

2D framework ELM-11 [Cu(bpy)2(BF4)2]n reveals a significant difference in the gate-

opening pressures in N2 and CO2 adsorption.140 Nanosheets of ELM-11 shows a shift 

of gate-opening pressure upon adsorption, which is attributed to the decrease of layer 

spacing due to lattice relaxation, in which lattice constants gradually decrease at the 

surface of crystals, because NSs have a large specific surface area. 

In the examples discussed above, downsizing of the crystals leads to suppression of 

the swicthability. However, in some limited examples, the structural transformations 

can be induced by decreasing the crystal size.9, 81 



Chapter 2 

 

- 36 - 

 

Such particle size-dependent structural switchabiliy greatly influenced the water 

intrusion performance in ZIF-7 (Zn(PhIm)2, PhIm: benzimidazolate), a typical 

representative of ZIF family.141 The framework is composed of Zn clusters and 

benzimidazolate linkers. Several phases of ZIF-7 are known, namely as-synthesized 

rhombohedral unit cell (R3̅ space group) - ZIF-7 (I), guest free ZIF-7-II with a triclinic 

unit cell (P1̅ space group) and two-dimensional (2D) layered architecture ZIF-7-III with 

monoclinic unit cell (C2/c space group). All three phases can be obtained in micron-

sized and nano-sized regime. The pressure-induced water infiltration effect was 

detected only for nano-sized ZIF-7-II phase associated with a structural deformation. 

The inaccessibility of the bigger crystals was related to the suppressed flexibility, 

meanwhile the enhanced interaction of nanosized crystals with water, as a result of 

the pore window opening effect, was assumed to be driven by the increased surface 

area.  

The enhanced flexibility induced by particle size decrease was found in the breathing 

system amino-functionalized MIL-53(Al).12 The modulation of particle size simply was 

achieved by controlling the solvent ratio (DMF/water). The particle downsizing 

facilitated the phase transition, therefore increasing the deliverable capacity of 

methane by 33%. 

Another examples of the emerged switchability upon particle downsizing was revealed 

in Fe(py)2[Pt(CN)4] compound.142, 143 The bulk crystals are not responsive towards 

EtOH due to the strong interlayer π–π interactions of pyridine ligands. Meanwhile, the 

π–π interactions between layers are decreased in nano-sized crystals (16 nm). As a 

result, the structural transformations are observed upon adsorption of EtOH, leading 

to typical gating isotherm. 

Based on the considered examples, the modulation of crystal size of MOFs can either 

enhance or supress the stimulus-induced structural responsivity, resulting in different 

type of isotherm (Figure 2-10). In particular, gating (Figure 2-10a) or breathing (Figure 

2-10b) behaviour of macro-sized crystals is suppressed by downsizing which leads to 

a type I isotherm in rigid crystals. Most frequently, gate-shift and hysteresis widening 

(Figure 2-10c) is observed upon particle size decrease. In some systems, switchability 

is promoted by nanosizing (Figure 2-10d).9 

In addition to experimentally revealed particle-size dependent switchable behaviour of 

MOFs, theoretical calculations demonstrated the contribution of crystal surface and 

phase coexistence.81 Keupp et al. investigated DMOF-1 nanocrystallites showing that 
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phase transitions preferentially initiated at the crystal surface.144 In the work of Rogge 

et al,145 the investigation of mesosized crystals allowed to hypothesize that the 

transition barrier decreases with increasing crystal size due to the occurrence of phase 

coexistence.81,145 

A few studies dedicated to the crystal shape and its role on the characteristics of 

structural transition have been published so far.146, 147. In flexible MOFs, where the 

transitions are often adsorption driven, the transition characteristics may be influenced 

not only by the particle size but also by the crystal habit. The pore structure and pore 

connectivity, as well as associated pore accessibility, may determine the adsorption-

induced phase transitions in porous materials. An important aspect, in particular for 

gate opening systems, is that the activation barrier for gate opening is mechanistically 

connected to the pore entry of the adsorptive into the framework. In this sense, 

nucleation is expected to begin on the outer surface of the crystal, and the morphology 

is expected to affect nucleation barriers significantly for a given adsorptive.  

 

Figure 2-10. The influence of crystal downsizing on adsorption profiles.  
Adapted from ref.9 (CC BY 4.0) 
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In the ZIF-8 system not only particle size influences adsorption behaviour, but also 

crystal shape affects significantly phase transition process upon adsorption. 

Watanabe et al. produced a series of ZIF-8 with different particle sizes ranging from 

50 nm to 1.8 µm and different morphologies, including cube, chamfered cube and 

rhombic dodecahedron using a microreactor.146 Remarkably, differently shaped 

crystals need different energy input gained by adsorption in order to increase the pore 

space by linker reorientation. In particular, the phase transition pressure for the cubic 

shaped particles is lower than that of the rhombic dodecahedron shaped particles, 

whereas the gate closing pressure is almost the same. The gate closing can be 

described as an equilibrium process because the equilibrium transition pressure is 

close to the gate closing pressure. The difference in gate-opening pressure was 

ascribed to the surface energy of the present faces. The crystals with cubic-like 

morphology are formed by {100} faces, rhombic dodecahedral particles composed of 

only {110} face. The calculation of surface energy revealed that the surface energy of 

the {100} face is higher than that of {110} face, which in turn leads to higher stability 

of {110}  faces. As a result, the energy barrier for phase transition is increased. 

The mentioned studies provide an indication for a mechanism associated with interior 

and exterior defects, crystal surface, phase coexistence which may be involved in 

adsorption induced transformation. However, there are still open questions, which are 

addressed in the following chapters. 

 

Defects and disorder 

As reported by Bennett et al. flexibility, defects and disorder in MOFs are certainly 

interdependent.148 The defects can generated by defect engineering approach 

particularly in mixed metal MOFs,149 multivariate linker MOFs,150 post synthetic 

linker/metal exchanged systems151. However, there are also classical defects152, such 

as cluster or linker vacancies, dislocations, cracks, or inclusions, which may exist in 

MOFs, influencing the switchability of the crystals.153  

For the explanation of particle-size dependent switchability it was assumed that 

defects to serve as preferential nucleation sites, facilitating the nucleation of a new 

phase.81, 101 The presence of defects is supposed to lower the barrier height, which 

reflects the activation energy for phase transition.81, 101 
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The presence and amount of defects significantly influence mechanical properties of 

MOFs.154 Concerning, the defect-dependent switchable behaviour, it was investigated 

in DUT-8(Ni) compound [Ni2(ndc)2dabco]n, which can be synthesized as macro-sized 

(switchable) and submicron-sized (rigid) crystals. By means of electron paramagnetic 

resonance (EPR) spectroscopy, it was revealed that submicron-sized (rigid) crystals 

may contain high defect concentrations (defective paddle wheel units with only one 

Ni2+ ion, missing ndc, dabco).155 However, the presence of defects did not contribute 

to softening, since submicron-sized DUT-8(Ni) maintain the op phase upon solvent 

removal. As stated in review,9 defect-induced softening seems not to be effective in 

this case. The presence of defects may contribute to reduced dispersive interactions 

which are considered to be the driving force for transition from op to cp phas.9 

The compositional or orientation disorder may also influence the structure/property 

relationship of MOFs.152 In particular, the orientational disorder was found in DUT-

8(Ni), which originates from nonlinear 2,6-ndc linkers.156 The arrangement of linkers 

can be either up or down in the positions of the neighbouring paddlewheel pillars. It 

was shown that different solvents induce the switching between disordered 

frameworks by overcoming the ∼20 kJ mol−1 barrier to ndc ‘flips’. 
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Chapter 3 Characterization methods 

and Experimental section 
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3.1 Adsorption methodology 

3.1.1 Terms and definitions  

Porous materials, containing empty space, which can be easily occupied by guest 

molecules, are typically characterized by gas adsorption methodology, evaluating 

textural characteristics, such as specific surface area, total pore volume, pore size 

distribution.157 

Among traditional porous materials such as zeolites, activated carbons, porous 

glasses and aerogels, MOFs stands out in terms of porosity and surface area.122 Since 

the 3rd generation of MOFs demonstrates stimuli-responsive behaviour, most 

frequently adsorption-driven,52 it is important to consider the terminology and basic 

principles of adsorption process.  

In principal, the different levels of solid surface are distinguished.158 The surface atoms 

with specific van der Waals radii can be considered as fused spheres (Figure 3-1). 

The outer part of the fused spheres is considered as van der Waals surface. The 

second surface is accessed by physisorption is called probe-accessible. This surface 

can be defined by rolling a probe sphere over the van der Waals surface (mapped out 

by the center of the probe sphere). The surface mapped out by the inward-facing 

surface of the probe sphere is known as Connolly surface (contact surface), which is 

typically used in molecular simulations for geometric structure analysis.159 The 

crystalline nature of MOFs provides the opportunity to determine textural parameters 

by Monte-Carlo integration technique.160  

 

Figure 3-1. Schematic representation of possible surface of adsorbents. Adapted from ref.158 
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When gas molecules are brought in contact with the solid, adhesion (adsorption) of 

atoms or molecules in an interfacial layer occurs. The reversed process to adsorption 

is called desorption. The term adsorbent is used for the adsorbing material, meanwhile 

adsorbate and adsorptive are gases or liquids in the adsorbed state and fluid phase, 

respectively. The interactions between adsorbent and adsorbate are accompanied by 

attractive van der Waals forces (physisorption) or chemical bond formation 

(chemisorption). The former involves chemical bonding of the gas or vapour with the 

surface, therefore is limited to a monolayer coverage. Moreover, the equilibrium rate 

is often found to be slow due to insufficient thermal energy for overcoming activation 

barrier at critical temperature of adsorbate.158  

Physisortion involves the attractive dispersion forces and the short range repulsive 

forces, specific molecular interactions (e.g., polarisation, field-dipole, field gradient-

quadrupole). Unlike chemisorption, physical adsorption is reversible and may lead to 

multilayers formation. The equilibrium in physisorption systems can be achieved 

rapidly since no activation energy is required.158 

In the context of physisorption, according to International Union of Pure and Applied 

Chemistry (IUPAC), the porous materials are classified in three groups depending on 

internal pore width. The pores of microporous materials are not exceeding 2 nm. The 

pore sizes of mesoporous materials are in the range between 2 and 5 nm. The last 

group refers to macroporous materials with pore size larger than 50 nm. The pore size 

of MOFs typically ranges from ultramicro- up to mesoporous.158  

The sorption process in micropores differs from that of mesopores and macropores.  

Since macropores are so wide, it is possible to consider them as nearly flat surfaces. 

The interactions between fluid molecules and the pore walls in micropores leads to 

overlapping of adsorption potential of the opposite pores. As a result, micropore filling 

occurs, which is not the case in mesopores and macropores, where surface coverage 

takes place. In mesopores, several stages of adsorption can be distinguished. Firstly, 

one layer of adsorbed molecules on the surface is formed, which is then followed by 

multilayer adsorption. The pore potential is not prevailing anymore in the core of the 

pores. Hence, adsorption behavior is governed by adsorptive-adsorbent interaction 

and attractive interactions between adsorbate molecules, which promotes capillary 

(pore) condensation. In the course of this stage, condensation of gas to a liquid-like 

phase is possible at the pressure less than saturation pressure p0 of the bulk fluid.157 
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3.1.2 Physisorption isotherms 

 

The amount gas adsorbed by a solid at constant temperature as a function of 

equilibrium pressure represents the adsorption isotherm.158 It is recommended to plot 

the isotherm with molar quantity of adsorbate (mmol g-1) against the relative pressure 

(p/p0), which is the absolute pressure divided by saturation pressure of adsorptive at 

operational temperature.158 

The form of adsorption isotherm is related to the pore structure and provides an 

information about surface area, porosity of adsorbent, type of interactions.  

Based on physical adsorption, the isotherms were grouped into six types by IUPAC 

(Figure 3-2). The reversible type I isotherm is characteristic for microporous materials 

(activated carbons, silicagels, zeolites) having relatively small external surface areas. 

The micropores width does not exceed several molecular dimensions, consequently 

the force fields of neighboring pore walls overlap, resulting in the enhanced energy 

interaction of adsorbent with gas molecules. Such interactions are strong enough to 

ensure the pore filling at very low relative pressure region, leading to steep uptake.    

Type II, III and VI physisorption isotherms are observed for non-porous and 

macroporous adsorbents. The shape of type II isotherm is dictated by unrestricted 

monolayer-multilayer adsorption. The isotherm is concave to p/p0 axis showing a 

rather steep curve. The start of the linear central section of isotherm is shown by point 

B, which is an indicator of relative pressure at which a monolayer is formed. The weak 

adsorbent-adsorbate interactions lead to undefined monolayer coverage in type III 

isotherms. The amount of gas adsorbed is quite low at low pressure region. Once the 

molecule is adsorbed, adsorbate-adsorbate interaction forces promote the process 

and isotherm become convex to p/p0 axis over its entire range. This type of isotherm 

is typical for the adsorption of water vapour on nonporous carbons. The type VI 

isotherm is represented by multistep adsorption profile. 
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Figure 3-2. The types of isotherms are characteristic for microporous (Type I), nonporous or 
macroporous (Types II, III, VI) and mesoporous/microporous (Types IV, V) materials. Adapted from 

ref.158  
 

The characteristic feature of mesoporous adsorbents with type IV and V isotherms is 

a hysteresis loop, which is attributed to capillary condensation in mesopores. In type 

IV isotherm, the initial part is similar to the type II, reaching the limiting uptake at high 

p/p0. The plateau of isotherm points on complete pore filling. 

In the low relative pressure range, the initial part of Type V isotherm is similar to Type 

III, pointing out relatively weak adsorbent–adsorbate interactions. Upon pressure 

increase, molecular clustering is followed by pore filling.  

In both isotherms, the desoption branch does not follow adsorption one, demonstrating 

hysteresis loop. The correlation between the shape of hysteresis loop and textural 

properties (pore size distribution, pore geometry, connectivity) can be established. 

According to IUPAC classification of 1985,161 which is based on classification by de 

Boer, four types of hysteresis in the multilayer range of physisorption isotherms were 



Chapter 3 

 

- 47 - 

 

defined. The porous materials with well-defined cylindrical pores have hysteresis type 

H1. The wide distribution of pore size results in type H2 hysteresis, which can be 

attributed bottleneck constrictions. Hysteresis loops H3 (adsorption branch resembles 

isotherm type II) and H4 (adsorption branch resembles isotherm type I) are observed 

in nonrigid aggregates of plate-shaped particles with wide and narrow slit pores. The 

sharp step-down region in the desorption curve referred to the closure of hysteresis 

loop directed by tensile strength effect (at p/p0 0.42 for nitrogen at 77 K). 

The switchability of the porous solid adds new degrees of freedom in the system 

resulting in novel adsorption isotherms in which multiple solid-phase transformations 

are highly coupled to the adsorption process and fluid-phase transitions leading to 

characteristic hysteresis even for microporous materials.50 Such archetypical coupled 

adsorption processes are called gating (closed-to-open pore transition), breathing 

(open-narrow-open), NGA (open-contracted-open with gas pushout) and multi-step 

transformations (Figure 3-3). 

 

Figure 3-3. The typical adsorption isotherms of switchable MOFs. Adapted from ref.50 (CC BY 4.0). 
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3.1.3 Adsorptives 
 

The micropore and mesopore size analysis was mainly based on use of N2 at 77 K 

and Ar at 87 K as adsorptive. However, problems arise when it comes to 

characterization of adsorbents containing surface functional groups. The quadrupole 

moment of nitrogen influences the specific interaction and therefore molecule 

orientation on the adsorbent surface, as well as micropore filling pressure. Argon can 

be used as adsorptive for pore size and surface area determination, due to the lack of 

quadrupole moment. The experimental benefit of argon adsorption at 87 K is related 

to micropore filling at higher relative pressure in comparison with nitrogen, therefore 

enhancing adsorption kinetics.158  

Nitrogen and argon at cryogenic conditions (77 K, 87 K) have kinetic restrictions 

accessing the narrow micropores (width <0.45 nm). In order to address these 

limitations, carbon dioxide (kinetic diameter 0.33 nm) can be used as adsorptive at 

273 K.157, 162, 163 The saturation pressure of CO2 at 273 K constitutes 34.85 bar, which 

allows performing the measurement in the range of moderate absolute pressures 

(0.001-1 bar). Owing to higher temperature and pressure compared with nitrogen and 

argon (77 K, 87 K), the kinetic of adsorption process is accelerated in ultramicropores.  

3.1.4 Specific surface area, pore volume and pore size distribution 
 

Surface area 

Two models were developed to describe adsorption phenomena in porous materials. 

The American Nobel Prize winner Irving Langmuir (1881 - 1957) developed his 

adsorption theory in the years 1916-1918. The Langmuir model is based on the 

following assumptions: (I) the solid surface is homogeneous, i.e. there are only 

energetically the same adsorption sites; (ii) each adsorption site can be occupied only 

by one molecule; (iii) adsorbates form a monolayer; (iv) adsorption of gas molecules 

at one site occurs independently of adsorption at neighboring sites.164  

Langmuir used a kinetic approach to describe type I isotherms and formulated the 

equation (1), where n/nm, is the amount adsorbed relative to the amount adsorbed in 

a completed monolayer, the Langmuir constant k (kads / kdes) describes the ratio of the 

adsorption and desorption rates and depends on the temperature. Rearrangement of 

equation (1) gives (2).  



Chapter 3 

 

- 49 - 

 

𝑛
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A plot of p/n versus p will give a straight line of slope 1/nm  and intercept 1/knm  from 

which monolayer capacity nm can be calculated. Afterwards, multiplication of 

adsorbate cross-sectional area with monolayer capacity and Avagadro´s constant 

divided by the mass and molar weight of adsorbent result in specific surface area. 

Since Langmuir model is restricted to the formation of a monolayer, the equation is 

often only applicable to chemisorption. However, adsorbate molecules bind to specific 

adsorption sites, making cross-sectional area uncertain, because of spacing between 

adsorbed molecules.  

Nowadays the BET theory is widely used for evaluating surface area of porous 

materials.157, 163 The BET model is an extension of the Langmuir model with additional 

assumptions, which do not restrict physisorption to monolayer coverage. According to 

BET model, the adsorption mechanism follows the formation of infinite number of 

adsorbed layers, which can serve as adsorption sites at any pressure p<p0, where p0 

is a saturation pressure of adsorptive at the operational temperature.  

The standard protocol of surface area determination includes several stages. Firstly, 

the physisorption isotherm is transformed into the “BET plot” (Figure 3-4), which is 

derived from BET equation (3).165 

𝑝

(𝑝0−𝑝)𝑛𝑎𝑑𝑠
=

1

𝐶𝑛𝑚
+

𝐶−1

𝐶𝑛𝑚

𝑝

𝑝0
 (3) 

 

 

Figure 3-4. Schematic representation of BET plot. 
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The parameter C (4) is associated with the energy of monolayer adsorption and the 

shape of isotherm. Larger values of C (~80) ensure sharp knee on type II and IV 

isotherms, therefore well-defined point B of monolayer formation and the beginning of 

multilayer adsorption. If C value is <2, indicative point B disappears, leading to type III 

and IV isotherms. When C value reaches ~150, the narrow micropore filling occurs. 

𝐶 =
𝑎

𝑏
+ 1 (4)              𝑛𝑚 =

1

𝑎+𝑏
 (5) 

The linear plot p/(p0-p)nads vs. p/p0 is restricted to a limited part of isotherm within the 

relative pressure range of 0.05-0.3. From the slope and intercept of BET plot, 

monolayer capacity can be derived (5). The BET specific surface area of adsorbent 

(6) can be calculated from the monolayer capacity (nm), molar weight (Mr) and cross-

sectional area of adsorbate (σ for N2 0.162 nm2), Avagadro´s number (Na), mass of 

sample (m).  

𝑆𝑚 =
𝑛𝑚𝜎𝑁𝑎

𝑀𝑟𝑚
     (6) 

The BET equation (3) is applicable to the surface area analysis of nonporous 

materials, meso- and macroporous materials under controlled conditions (Type II, IV 

isotherms). In this case, BET area may be compared to the “probe-accessible” area 

(i.e., the effective area available for the adsorption of the specified adsorptive). In the 

presence of micropores and narrow mesopores (<ca. 4 nm), the BET theory is not 

strictly applied, because it is quite difficult to distinguish between the process of mono- 

and multilayer adsorption from pore filling. For choosing the appropriate range for 

analysis, Rouquerol and Llewellyn suggested a set of rules (consistency criteria) which 

the chosen pressure range should comply with.166  

(i) The analysis should be limited to the range in which the term n(1-p/p0) increases 

continuously as a function of the relative pressure p/p0. 

(ii) The value of the BET constant C resulting from the linear fit should be positive. To 

give meaningful results the C constant should have a value of at least 10. 

(iii) The BET monolayer capacity nm calculated from the linear fit corresponds to a 

certain relative pressure, which must be located within the linear region chosen for the 

area calculation. 

This procedure is useful for determination of linear BET range, but it does not ensure 

the validation of the BET monolayer capacity. BET area of microporous materials 
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represents apparent surface area reflecting the number of molecules with the 

strongest interaction (first monolayer), which is not identical to the calculated 

accessible geometric surface area.158, 162, 163  

It is known that BET model is based on multilayer adsorption on flat surfaces. 

However, the inner surface of MOFs is typically not flat, this is why the validity of this 

method for the evaluation of surface area was under question.167 However, the 

theoretical calculations confirmed the meaningful data obtained by BET method.167, 168  

The crystalline nature of MOFs allows to determine textural parameters by geometric 

structure analysis and compare with experimental data.169 There are several methods 

based on geometric analysis for the calculation of the pore volume, surface area, and 

pore size distribution in model porous crystalline materials (zeolites, MOFs, ZIFs, 

etc.).170-173 

Pore volume 

The most widely accepted method for pore volume (Vp) estimation is the adsorption of 

nitrogen or argon at their respective boiling point. The total pore volume is derived 

from the amount of gas adsorbed, assuming that pores are filled with the condensed 

adsorptive in the normal liquid state (Gurvich rule).158 In the isotherms with a virtually 

horizontal plateau, the limiting uptake can be a simple measure of the total pore 

volume with respect to adsorption of particular gas at the operational conditions. For 

instance, from nitrogen adsorption isotherm, knowing volume of gas adsorbed, total 

pore volume can be calculated by using formula (7) 

𝑉𝑝 = 𝑉𝑚𝑎𝑥𝑀𝑟(𝑁2)
1

𝑉𝑚𝜌
    (7) 

where Vmax - volume of gas adsorbed, Mr - molar weight of N2, ρ – density of liquid N2, 

Vm – molar volume. 

Several approaches were developed for micropore analysis including classical 

macroscopic procedures (t-, alpha-s methods, Dubnin´s pore-volume filling).158  

Pore size distribution (PSD) 

There are several classical, macroscopic thermodynamic methods for calculating PSD 

from physisorption isotherm including Dubinin–Radushkevich, Horvath–Kawazoe 

(HK), Saito–Foley (SF), and Kelvin equation-based methods (e.g., Barrett-Joyner-

Halenda (BJH)). However, these methods are based on the assumption that pore 

contains the adsorbed phase being in a liquid-like state, which is irrelevant for a fluid 
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confined to micro- and narrow mesopores. In order to address this and other problems 

associated with the classical methods, the modern approaches based on density 

functional theory (DFT) and molecular simulation were developed. These advanced 

methods derived from the statistical mechanics of nanophases, describing the 

configuration of the adsorbate on a molecular level.174  

PSD can be obtained using a particular kernel of reference adsorption isotherms in 

model pores of different sizes.158 However, the prerequisite of characterization 

methods (BET, BJH, nonlocal density functional theory NLDFT, quenched solid 

density functional theory QSDFT, etc.) is an assumption of pore geometry (cylindrical, 

spherical, or slit-shaped pores). Using these methods for pore size analysis, 

neglecting complex pore architecture of MOF crystals, may lead, in some cases, to 

PSDs inconsistent with the crystallographic parameters.175 

Recently Neimark et al. reported a new approach characterization of hierarchical and 

multimodal pore architecture.175 Since MOFs pore structure are formed by different 

types of pore counterpart (cages, channels), it is worth to consider the contribution of 

each pore type into the adsorption profile, therefore to calculate the pore type 

distribution (PTD). The proposed method is based on generation of in silico fingerprint 

isotherms which can be calculated for individual pore compartment of MOF 

crystallographic structures. Afterwards, experimental adsorption isotherms are 

matched with the theoretical isotherms of adsorption in order to distinguish the 

contributions from different types of pores and determine the PTD.175  

 

3.1.5 Sample preparation and measurements 

 

Prior to any measurements the sample must be degassed to remove all physisorbed 

species. Samples are typically degassed in vacuum at elevated temperature. 

According to IUPAC recommendations, samples should be degassed for at least 16 

hours.158 

MOF pores contain guest molecules such as guest molecules such as solvent, excess 

of linkers, or other species, which should be removed in order to access the porosity 

and to obtain the reproducible isotherms.174  

There two main factors causing the discrepancies in porosity values for the same 

MOF: (i) the instability of many compounds under humid conditions, especially after 

activation, consequently the decomposition during the sample handling under ambient 
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conditions and (ii) the insufficient activation conditions prior adsorption 

measurements.174 

The stress acting on the framework during desolvation depends on surface tension 

and capillary forces imposed on the structure by the liquid- to gas-phase 

transformation of included solvent molecules, which is high especially when the 

solvent has a high boiling point and/or high surface tension.176 A common approach 

to reduce the stress is to exchange the solvent with a low-boiling point/low-surface-

tension solvent (these parameters tend to be correlated) prior to heating the sample 

under vacuum.177 The most gentle desolvation approach is supercritical drying (SCD) 

using carbon dioxide as a working fluid.178 SCD avoids the liquid–gas phase transition 

and thus any capillary forces.13  

As described in the IUPAC report,158 the measurement of physisorption isotherms can 

be carried out by (a) measurement of pressure change (i.e., manometric method) and 

(b) measurement of the change  in mass of the adsorbent (i.e., (gravimetric method). 

The manometric method is based on the measurement of pressure change in 

calibrated gas volumes. Firstly, a certain amount of gas is dosed to a confined 

calibrated volume, which contain the adsorbent at constant temperature. Upon 

adsorption, the pressure in the confined volume decreases until equilibrium is reached. 

The amount of gas adsorbed at the equilibrium pressure is determined as the 

difference between the amount of gas confined and the amount of gas required to fill 

the space around the adsorbent, i.e., the dead volume.158 The gradual dosing of gas 

to adsorbent and application of the appropriate gas laws result in the adsorption 

isotherm. The dead volume can be determined in the following ways: pre-calibration 

of the confined volume and subtracting the volume of the adsorbent (calculated from 

its density) or by the dosing of a gas with a negligible adsorption ability.158  
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3.2 Instruments and parameters  

 

Physisorption  

Volumetric physisorption experiments, nitrogen adsorption at 77 K, carbon dioxide at 

195 K were performed on Autosorb IQ apparatus, using liquid nitrogen or a mixture of 

dry ice with isopropanol, respectively, to reach the temperatures of measurements. 

Helium, nitrogen, carbon dioxide with purity of 99.999% were used for all the 

experiments. Chloromethane adsorption at 249 K was measured on BELSORP-max 

apparatus equipped with cryostat.  

Vapour adsorption of different solvents were performed on samples using BELSORP-

max apparatus at 298 K. Prior the adsorption measurement the samples were 

evacuated at room temperature for 16 h, besides samples desolvated by means of 

supercritical carbon dioxide. 

Powder X-ray diffraction (PXRD)  

PXRD patterns were obtained at room temperature on a STOE STADI P diffractometer 

using Cu-Kα1 radiation (λ = 1.5406 Å) and a 2D detector (Mythen, Dectris). All 

measurements were performed in transmission geometry using a rotating flatbed 

sample holder, 2θ resolution of 3.12° and exposition time of 120 s per step.  

VT-PXRD 

Powder diffraction patterns at variable temperatures (VT) were measured using 

PANALYTICAL Empyrean powder diffractometer (alpha-1 system, 3rd generation), 

equipped with X-ray tube with copper anode (linear focus), Johannson monochromator 

(λ = 1.54058 Å), motorized anti-scatter and receiving slits. The intensities were 

registered using Pixcel 1D detector, performing in 1D modus. HTK-1200N high 

temperature chamber (ANTON PAAR) was used to control the sample temperature. 

All measurements were conducted in the nitrogen flow. PXRD patterns were collected 

in reflection geometry using scanning mode in the 2θ range from 50 to 50° with 0.0131° 

steps and 97 s per step. The sample was conditioned for 10 min before each scan. 

The sample height correction program for the measurements in the inert atmosphere 

was applied to correct the thermal expansion of the sample holder. Because of the low 

absorption of the sample, corundum reflections, originating from the sample holder are 

observed in all PXRD patterns. 

 



Chapter 3 

 

- 55 - 

 

Scanning electron microscopy (SEM) 

SEM measurements were carried out by recording a secondary electrons using 2–5 

kV acceleration voltage and a working distance of 4–14 mm on a SU8020 from Hitachi. 

Before the measurement, the samples were sputtered with Au to enhance surface 

conductivity. SEM images of the crystals obtained were analyzed by ImageJ software 

and the corresponding crystal size distributions were calculated.179 Polydispersity 

index (PDI) was calculated as follows: PDI = SD2 /mean2 [SD, standard deviation; 

mean, the averaged value of the crystal size (µm)]. 

Thermogravimetric analysis (TGA) 

TGA was performed in synthetic air flow in a temperature range from 298 K to 873 K 

with a heating rate of 5 K min−1 using a STA 409 PC from NETZSCH Company. 

Infrared spectroscopy (IR) 

Fourier transform (FT-IR) ATR spectra were collected were collected at 2 cm−1 

resolution ranging from 4000 to 400 cm−1 using a Bruker Vertex 70 alpha instrument 

equipped with an ATR accessory (diamond crystal) and placed inside the device. 

Nuclear magnetic resonance spectroscopy  

1H NMR experiments in solution were performed using a Bruker AVANCE 300 MHz 

(300 MHz, 282 MHz) spectrometer. The chemical shifts were specified in ppm and 

correlate to the visible solvent peak. Coupling constants were presented in hertz (Hz). 

For specification of multiplicities following abbreviations were used: s – singlet, d – 

doublet, dd – dual doublet, t – triplet, q – quartet, m – multiplet. The samples were 

dissolved in DCl/D2O in DMSO-d6.  

Solid state NMR spectroscopy  

The solid-state NMR experiments (cross polarization, CP) were carried out on a 300 

MHz Bruker Avance spectrometer with a commercial 2.5 mm double-resonance magic 

angle spinning (MAS) probe with a mixing time of 4 ms. Spectra were referenced 

relative to TMS using adamantane as a secondary reference for 13C, resonating at 

29.5 ppm. 

Raman spectroscopy 

Raman spectra in the 180° geometry were recorded at room temperature on a Horiba 

Jobin Yvon T64000 spectrometer equipped with a liquid nitrogen cooled charge 
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coupled device detection system in subtractive dispersion mode. Ar+ ion laser 

(Stabilite®2017, Spectra-Physics) with λ = 514.5 nm and Kr+ ion laser (Lexel 95 K) 

with λ = 647.1 nm were used. The spectra were measured with the excitation power 

on the sample of 0.7 mW. The experiments were carried out using the incident laser 

beam focused on the sample by a 50×Olympus objective lens with a numerical 

aperture of 0.75. The scattered light was collected by the same objective lens and 

analysed through a polarizer and λ-plate. Spectroscopic measurements were 

performed in the subtractive dispersion mode, which attained a low-frequency limit of 

10 cm−1 in the present setup, to investigate the low-frequency spectra. The 

deformation of the low-frequency spectral edge by an optical slit, which sometimes 

smears the true features of low-frequency spectra, was carefully eliminated by 

rigorous optical alignment. 

Single crystal X-ray diffraction 

A single crystal of as synthesized DUT-8(Zn) was prepared in a borosilicate glass 

capillary (d = 0.3 mm) with small amount of DMF. The dataset was collected at MX 

BL14.2 beamline of BESSY II synchrotron, operated by Helmholtz-Zentrum Berlin for 

Materials and Energy.180 Four images from different crystal orientations were collected 

in order to determine the crystal symmetry and scan range using iMosflm program.181 

The φ-scan with oscillation step of Δφ = 1° was used for collection of 180 frames, 

which were processed automatically using XDSAPP 2.0 software.182 The crystal 

structure was solved by direct methods and refined by full matrix least-squares on F2 

using SHELX-2018/3 program package.183 All non-hydrogen atoms were refined in 

anisotropic approximation. Hydrogen atoms were refined in geometrically calculated 

positions using “riding model” with Uiso(H)=1.2Uiso(C). Disordered guest molecules 

could not be refined unambiguously from the difference Fourier map, hence, 

SQUEEZE routine in PLATON was used to generate the reflection intensities with 

subtracted solvent contribution.184 As a result, 679 electrons were squeezed from the 

volume of 2235 Å3.  

Structure solution and refinement of cp phase from powder X-ray diffraction data 

PXRD patterns of DUT-8(Zn)_160 µm_cp were collected on Empyrean-2 

diffractometer (Panalytical) equipped with Parallel linear Cu-Kα1 beam (hybrid 

2xGe(220) monochromator). 10 mm mask and primary divergence and secondary 
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antiscatter slits with ¼° opening were used upon data collection. Pixcel-3D Detector 

in 1D scanning mode (255 active channels) was used. The data collection was 

performed in transmission geometry using capillary spinner setup and the sample was 

sealed in the borosilicate capillary under argon. The measured PXRD was indexed 

using DICVOL91. The obtained unit cell parameters were similar to the cp phase of 

DUT-8(Ni)185, therefore, the initial model for the Rietveld refinement was obtained by 

geometry optimization of the DUT-8(Ni)_cp phase with unit cell parameters, derived 

from the ab initio indexing procedure. The Rietveld refinement with energy option 

(energy contribution 1%) was performed using reflex tool of Materials Studio 5.0 

software package (Accelrys Software Inc, San Diego, California, USA, 2009). Zinc 

atoms, naphthalene cores, dabco ligands and carboxylates were treated as rigid 

bodies. The Rietveld plot is shown in Figure 5-4. CCDC-2020030 contains the 

supplementary crystallographic data for DUT-8(Zn)_cp. 

In situ experiments 

In situ PXRD patterns upon physisorption of CH3Cl at 249 K were measured at KMC-

2 beamline of BESSY II synchrotron, operated by Helmholtz-Zentrum Berlin for 

Materials and Energy.186 The automated instrumentation was developed there, based 

on the volumetric adsorption instrument and closed-cycle Helium cryostat, equipped 

with adsorption chamber with beryllium domes was used in all experiments. PXRD 

patterns were measured at constant wavelength λ = 1.3332 Å (E = 9300 eV) in 

transmission geometry. Diffraction images were collected using 2θ scans and Vantec 

2000 detector (Bruker). Each 2D image was measured with 31 s exposure. 1b sample 

was used in experiment. In order to cut off reflections coming from the crystalline Be-

dome, tungsten slits with 5 mm aperture were mounted on the detector cone. The 

obtained diffraction images were integrated using DATASQUEEZE 2.2.9 with further 

processing in FITYK 0.9 software.187 Adsorption equilibrium setting was defined as 

pressure change of 0.1% within 300 s. In situ PXRD experiments on 3c in parallel to 

CO2 adsorption at 195 K were performed on a specialized Empyrean powder X-ray 

diffractometer (ω–2θ goniometer, Kα1 system) using a customized setup based on 

ARS DE-102 closed cycle helium cryostat, which assured isothermal conditions in the 

temperature range of 30–300 ± 0.1 K. The adsorption cell is based on 1.33″ CF-flange 

and covered with a Beryllium dome. The cell was connected to the low pressure port 

of the BELSORP-max volumetric adsorption instrument. The TTL-trigger was used for 
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establishing the communication between BELSORP-max and Empyrean software and 

ensure the measurement of adsorption isotherm and PXRD pattern data collection in 

fully automated mode. The diffraction experiments were performed using ω–2θ scans 

in transmission geometry in the range of 2θ = 2–50°. Parallel linear Cu-Kα1 beam, 

generated by hybrid 2xGe(220) monochromator, 4 mm mask, and primary divergence 

and secondary antiscatter slits with ¼° opening were used upon data collection. 

Pixcel-3D detector in 1D scanning mode (255 active channels) was used. A complete 

adsorption–desorption physisorption isotherm of carbon dioxide at 195 K was 

measured on 8.9 mg of sample, statically fixed in the X-ray beam, and PXRD patterns 

were recorded after equilibration (0.1% of pressure change within 300 s) at selected 

points of the isotherm in situ by means of an automated dosing procedure of 

BELSORP-max. 

Density functional theory modelling (DFT) 

The periodic DFT calculations of DUT-8(Zn) were carried out using the QUICKSTEP 

module of CP2K188 with a mixed Gaussian and plane waves basis set.189 Periodic 

boundary conditions were applied in all three dimensions. The PBE exchange-

correlation functional was used190 with Goedecker–Teter–Hutter (GTH) pseudo-

potentials.191-193 The orbital transformation method was employed for efficient wave 

function optimization. Basis sets of DZVP quality were used with a grid cutoff 360 Ry 

for the geometry optimization and 300 Ry for the molecular dynamic simulations.194 In 

all calculations, Grimme's DFT-D3 dispersion correction was applied.195  

Molecular DFT was used to investigate the stability of the paddlewheel unit. 

Constraining geometry optimisations were performed using the NWchem 6.3 software 

package196 with the PBE0 functional197 and a polarized triple-zeta basis set (def2-

TZVP).198 Tight convergence criteria were employed. Input files can be found in the 

data repository of J. D. Evans (https://github.com/jackevansadl/supp-data). 

3D Electron Diffraction (ED) 

3D ED data were collected using a Termofisher TITAN TEM, equipped with a 2 k 

Gatan MSC camera, in nanodiffraction geometry with the C2 condenser aperture of 

50 µm, and the effective beam diameter on the sample of 1 µm. Acceleration voltage 

was 300 kV. 
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Contact angle measurements 

The contact angle measurements were performed on an OCA 35xl (Drop Shape 

Analysis) instrument from DataPhysics GmbH. The contact angles were calculated by 

the tangent method using conventional software. For each material, liquid droplets 

(diiodomethane, water) are generated at suitable locations on the sample surface and 

advancing and receding angles are measured by enlarging and reducing the droplets, 

respectively. As the droplet progresses or recedes, ~20 angles are determined every 

second. From these many advancing or receding angles, an average advancing or 

receding angle is calculated per droplet. After the advancing angle was formed, the 

needle was pulled out of the droplet to determine the static angle. For the 

measurements, the powdered material (50 mg) was pressed by 10 tons under 

hydraulic pressure. 

X-ray photoelectron spectroscopy (XPS) 

XPS measurements were performed using a ThermoScientific K-Alpha+ X-ray 

Photoelectron Spectrometer. All samples were analyzed using a microfocused, 

monochromated Al K α X-ray source (1486.68 eV; 400 μm spot size). The analyser 

had a pass energy of 200 eV (survey), and 50 eV (high resolution spectra), 

respectively. To prevent any localized charge buildup during analysis the K-Alpha+ 

charge compensation system was employed at all measurements. The samples were 

mounted on conductive carbon tape the resulting spectra analyzed using the Avantage 

software from ThermoScientific. 

Elemental analysis 

CHN analysis was performed on a EuroEA elemental Analyser. 

Differential scanning calorimetry (DSC) 

The DSC experiments were carried out with a DSC device from Mettler Toledo with a 

working temperature range from -90 °C to 600 °C. All experiments were performed in 

sealed aluminum crucibles (100 μL) with a hole to remove any leaking solvent vapours. 

The heating rates of 5 K·min−1 and argon flow of 20 mL·min−1 were used. The 

characteristic temperatures were determined at the onset (ϑonset) of the thermal effect. 

All samples were prepared under inert atmosphere of argon. 
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3.3 List of chemicals and gases 
 

Table 3-1. List of chemicals 

Name CAS-number Purity, % Manufacturer 

 

Nickel (II) nitrate hexahydrate 13478-00-7 ≥98.5  Sigma Aldrich 

Zinc (II) nitrate hexahydrate 10196-18-6 ≥99 Sigma Aldrich 

Zinc (II) acetate dihydrate 5970-45-6 ≥99 Riedel-de Haën 

1,4-diazabicyclo- 

[2.2.2]octane 

280-57-9 ≥99.7  Sigma Aldrich 

2,6-naphthalenedicarboxylic acid 1141-38-4 99  Sigma Aldrich 

Acetic acid 64-19-7 100  Carl Roth  

Pyridine 110-86-1 99  Acros Organic 

Polyacrylic acid (Mw = 1800) 9003-01-4  Sigma Aldrich  

Polydimethylsiloxane 63148  Sigma Aldrich 
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Table 3-2. List of solvents 

Name CAS Purity, % Manufacturer 

N,N-Dimethylformamide (DMF) 109-72-8 99.5 Fisher Scientific 

Methanol  67-56-1 N/A VWR 

Tetrahydrofuran (THF) 

Acetonitrile (ACN) 

109-99-9 ≥99 Sigma Aldrich 

 

Acetone 67-64-1 ≥99.5 ALFA AESAR 

Dichloromethane (technical) (DCM) 75-09-2 N/A BIESTERFELD 

Chloroform 

Chloroform-d 

Tetrachloromethane 

Dimethylsulfoxide-d6 

67-66-3 

865-49-6 

56-23-5 

2206-27-1 

99.9 

99.8 

99.9 

99.9 

Sigma Aldrich 

Sigma Aldrich 

Sigma Aldrich 

Sigma Aldrich 

n-Hexane 

n-Heptane 

 

142-82-5 

99 

97 

VWR 

Sigma Aldrich 

Ethanol absolute 64-17-5  Fisher Scientific 

1-Propanol 71-23-8 99.5 VWR 

2-Propanol 67-63-0 100 VWR 

1-Butanol 71-36-3 100 GRUSSING 

1-Pentanol 71-41-0 99 Sigma Aldrich 
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3.4 The synthesis and treatment of metal-organic frameworks 
 

3.4.1 DUT-8(Ni) synthesis, desolvation, treatment 
 

Samples A, B, and C  

In a typical synthesis, Ni(NO3)2 · 6H2O (0.407 g, 1.4 mmol) was dissolved in 6 ml DMF, 

2,6-H2ndc (0.303 g, 1.4 mmol) was dissolved in 15 ml DMF, and dabco (0.1 g, 0.9 

mmol) was dissolved in 9 ml methanol (MeOH) using ultrasonic bath and mixed.17 

Samples A, B, and C were synthesized using the same composition of the reaction 

mixture but utilizing different crystallization conditions. The reaction mixture for sample 

A was heated in a Teflon-lined autoclave under static conditions for 48 h at 393 K. 

Afterwards, the mother liquor was removed by centrifugation, and crystals were 

washed several times with DMF. For the preparation of sample B, the autoclave was 

rotated for 48 h using a BINDER oven at 393 K. The reaction mixture of sample C was 

heated by microwave irradiation of 150 W for 30 s. 

Sample D  

All chemicals were dissolved separately: Ni(NO3)2 · 6H2O (0.145 g, 0.5 mmol) in 1.5 

ml DMF, 2,6-H2ndc (0.096 g, 0.44 mmol) in 7 ml DMF, and dabco (0.112 g, 1 mmol) 

in 1.5 ml DMF using an ultrasound bath for 10 min before mixing. To synthesize plates, 

solutions of 2,6-H2ndc and dabco were mixed with the subsequent addition of 0.05 ml 

pyridine (modulator 2). Afterward, nickel nitrate solution was added to the reaction 

mixture. A cloudy suspension was obtained after mixing all the chemicals, which was 

transferred to a Teflon vessel (50 ml) and heated at 393 K in autoclave for 24 h. After 

synthesis, the mother liquor was removed by centrifugation, and the resulting particles 

were washed several times with DMF. 

Sample E  

All the chemicals were dissolved separately: Ni(NO3)2 · 6H2O (0.145 g, 0.5 mmol) in 

1.5 ml DMF, 2,6-H2ndc (0.096 g, 0.44 mmol) in 7 ml DMF, and dabco (0.112 g, 1 mmol) 

in 1.5 ml DMF, using an ultrasound bath before mixing for 10 min. The solutions of 

2,6-H2ndc and dabco were combined with the subsequent addition of 0.05 ml pyridine 

(modulator 2). Afterward, a nickel nitrate solution, containing 0.05 ml of acetic acid 

(modulator 1), was added to the reaction mixture. A cloudy suspension was obtained 
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after mixing all the chemicals, which was transferred to a Teflon vessel (50 ml) and 

heated at 393 K in autoclave for 24 h. After synthesis, the mother liquor was removed 

by centrifugation, and the resulting particles were washed several times with fresh 

DMF. 

Samples PAA_1, PAA_2, and PAA_3  

Synthesis of flexible DUT-8(Ni), reported by Kavoosi et al. (2017),17 was adopted for 

morphology modification of crystals, using PAA (modulator 3). Typically, Ni(NO3)2 · 

6H2O (0.204 g, 0.7 mmol) was dissolved in 3 ml DMF, 2,6-H2ndc (0.152 g, 0.7 mmol) 

was dissolved in 7.5 ml DMF, and dabco (0.05 mg, 0.45 mmol) was dissolved in 4.5 

ml methanol. The three resulting solutions were combined prior to the addition of PAA 

(0.001 g). The mixture was sonicated for 10 min, transferred into a Teflon vessel (50 

ml in volume), and heated in an autoclave at 393 K for 48 h. The resulting crystals 

were washed with DMF several times. The sample is termed PAA_1. In the following 

syntheses, the amount of PAA was varied: sample PAA_2 was synthesized under the 

addition of 0.005 g, and sample PAA_3 was synthesized under the addition of 0.01 g 

of modulator 3. 

DUT-8(Ni)_rigid 

The synthesis of rigid DUT-8(Ni) was adopted from Kavosi et al.17 All the chemicals 

were dissolved in 30 ml DMF: 2,6-H2ndc (0.294 g, 1.37 mmol), Ni(NO3)2 · 6H2O (0.434 

g, 1.5 mmol), and dabco (0.336 g, 3 mmol) using an ultrasound bath. A cloudy 

suspension was transferred to a Teflon vessel (50 ml) and heated at 408 K in autoclave 

for 48 h. After synthesis, the mother liquor was removed by centrifugation, and the 

resulting particles were washed several times with fresh DMF. 

Desolvation 

N,N-dimethylformamide used in the synthesis was exchanged first by 

dichloromethane (DCM) for 3 days. Afterward, the crystals were filtered under argon 

flow, and the solvent was removed under vacuum at 423 K for 16 h. 

Surface treatment 

To realize surface treatment, the activated sample sample A, named as Reference in 

closed pore phase (cp) was used. Firstly, the material was exposed to ethanol. In the 

following procedure, 20 mg of sample was immersed in 2 ml ethanol (1_EtOH) for 6 
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hours with subsequent drying under dynamic vacuum. In the second treatment 

procedure, sample was soaked in ethanol/water mixture (95/5 v.v.) (2_EtOH/H2O) and 

dried in argon flow at 100°C (4 h). Additionally, the material was exposed during 3 h 

to 0.1 mol/L solution of benzoic acid dissolved in EtOH, and afterwards dried under 

vacuum (sample 4_BA/EtOH). 

The chemical vapour deposition of polydimethylsiloxane (PDMS) was carried out in 

inert atmosphere at 235°C during 6 h (3_PDMS), according to procedure reported 

earlier.199  

Reactivation  

To check the reversibility of surface deformation, after treatment samples were 

exposed to reactivation conditions, namely thermal treatment at 150°C under vacuum 

during 16 h. 

Polymer coating 

1_DUT-8(Ni)@ODPA-DAM, 1_DUT-8(Ni)@FDA-DAM 

The polymers were synthesized by the group of Tao Li and coating procedure was 

adopted from their work200 and slightly modified. The macro-sized DUT-8(Ni) crystals 

solvated in DMF, the following polymers 4,4-(hexafluoroisopropylidene) diphthalic 

anhydride (6FDA)-2,4,6-trimethyl-1,3-phenylenediamine (DAM) and 4,4′-

oxidiphthalicanhydride (ODPA)-2,4,6-trimethyl-m-phenylenediamine (DAM) were 

used for coating of the DUT-8(Ni) crystals. Firstly, polymer solutions were prepared in 

the following way: 3 mg of polymer was dissolved in 7.5 ml DCM. Secondly, the 

solvated crystals were transferred in polymer solution. Subsequently 7.5 ml of 

petroleum ether were added to the solution to ensure the precipitation of the polymer 

on the crystals surface. Afterwards, the material was evacuated at 150°C during 16 h.  

2_DUT-8(Ni)@FDA-DAM 

The macro-sized DUT-8(Ni) crystals solvated in DCM and exposed to coating 

procedure, which is described above for samples solvated in DMF. 
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3.4.2 DUT-8(Zn) synthesis and desolvation 
 

Macro-sized particles, DUT-8(Zn)_160 µm  

The synthesis procedure of DUT-8(Zn) reported in 2020 was carried out to obtain 

macro-sized crystals.15 Typically,  Zn(NO3)2∙6H2O (312 mg, 1.05 mmol, 1.7 eq.) is 

dissolved in 5 mL N,N-dimethylformadmide (DMF), 2,6-H2ndc (227 mg, 1.05 mmol, 

1.7 eq.) is dissolved in 20 mL DMF and dabco (70 mg, 0.625 mmol, 1 eq.) is dissolved 

in 5 mL DMF using ultrasound bath before mixing for 20 min. Subsequently, resulting 

solutions were slowly mixed and heated in an oven at 378 K for 15 min. After pre-

treatment the solution was transferred into Pyrex tubes for solvothermal synthesis at 

393 K for 48 hours. After cooling to room temperature the crystals were washed 

several times with DMF. Finally, the product was washed with dichloromethane under 

renewal of supernatant 9 times during 3 days. In order to desolvate the MOF, the 

material was filtered in argon flow, evacuated and heated up to 393 K for 16 h. 

Micron-sized particles, DUT-8(Zn)_0.5 µm 

Supersaturation route, reported by Kavoosi et al. in 2017 resulted in crystal size 

decrease by increasing dabco amount.17 All chemicals were dissolved separately: 

Zn(NO3)2∙6H2O (446 mg, 1.5 mmol, 0.5 eq.) in 5 mL DMF, H2ndc (296 mg, 1.37 mmol, 

0.5 eq.) in 20 mL DMF and dabco (336 mg, 3 mmol, 1 eq.) in 5 mL DMF using 

ultrasound bath before mixing for 20 min. A cloudy suspension was produced after 

mixing of all chemicals, which was followed by ultrasound treatment for 60 min. 

Afterwards, the mother solution was removed by centrifugation and the resulting 

particles were washed several times with DMF. Solvent removal was carried out 

through the solvent exchange procedure as described for macrocrystals. 

Submicron-sized, DUT-8(Zn)_0.1 µm 

Submicron-sized crystals were obtained by increasing dabco concentration, which 

ensures even more rapid nucleation. All chemicals were dissolved separately and 

heated to 353 K prior mixing. Typically, to the hot, clear 2,6-H2ndc solution (296 mg, 

1.37 mmol, 0.3 eq.) in 20 mL DMF, Zn(NO3)2·6H2O (446 mg, 1.5 mmol, 0.3 eq.) in 5 

ml DMF solution is added. Finally, dabco solution (504 mg, 4.5 mmol, 1 eq.) in 5 ml 

DMF is added whereby the mixture immediately turns cloudy. The resulting mixture 

was then treated in an ultrasonic bath for 30 min at 353 K. The mother liquor was 
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removed by centrifugation and the resulting particles were washed several times with 

DMF. 

Desolvation 

The first activation procedure applied is the evacuation of the solvent used during the 

synthesis under reduced pressure at elevated temperature. The samples were filtered 

in an argon flow and DMF was removed in dynamic vacuum at 423 K for 16 hours. 

Alternatively, the DMF used in the synthesis was exchanged first by a lower boiling 

point solvent (DCM) during 3 days. Afterwards, it was removed in dynamic vacuum at 

423 K for 16 hours. 

In the third procedure, using supercritical drying (SCD), DMF was exchanged with 

ethanol and acetone several times during 3 days. Then samples were desolvated by 

supercritical CO2 drying technique, in which ethanol is exchanged with liquid CO2 at 

high pressure (i.e. > 73 atm) during several hours. Afterwards, the sample is heated 

above the supercritical temperature of CO2 (i.e., 304 K). As a result, framework is 

occupied by scCO2, which is then slowly vented.  

Selectivity experiments 

Solution of dichloromethane (DCM)/1-propanol (1-PrOH) in ratio 1/1 (0.05/0.05 mol) 

was prepared by mixing 3.2 ml of DCM and 3.7 ml of 1-PrOH. 60 mg of the desolvated 

DUT-8(Zn)_160 and 60 mg of DUT-8(Zn)_0.5 were exposed to 400 µm solution of 

DCM/1-PrOH during 1 h. 10 µl of blank solution (1 h) and solution after adsorption (1 

h) were mixed with 5 µl dimethyl malonate (standard), 0.5 ml CDCl3 for 1H NMR 

analysis. 

Modulated synthesis of DUT-8(Zn)  

Synthesis procedure was adopted form an earlier work201 in order to perform face-

selective coordination modulation. 

Cubes, DUT-8(Zn)_1.8 µm 

The linker 2,6-H2ndc (0.086 g, 0.40 mmol) was dissolved in 12 ml DMF using 

ultrasound bath. Afterwards dabco (0.22 g, 0.20 mmol) was added to the first solution. 

The second solution was prepared using Zn(CH3CO2)2·2H2O (0.120 g, 0.55 mmol) 

and 18 ml DMF. To synthesize cubes, solution of 2,6-H2ndc and dabco was mixed 

with addition of 0.5 ml pyridine. Then, zinc acetate solution containing 0.5 ml acetic 
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acid was added to the reaction mixture. A cloudy suspension was obtained after mixing 

of all chemicals, which was transferred to Teflon vessel (50 ml) and heated at 373 K 

in an autoclave for 24 h. After synthesis, the mother liquor was removed by 

centrifugation and the resulting particles were washed several times with DMF. 

Rods, DUT-8(Zn)_1.4 µm 

The linker 2,6-H2ndc (0.086 g, 0.40 mmol) was dissolved in 12 ml DMF using 

ultrasound bath. Afterwards dabco (0.22 g, 0.20mmol) was added to the first solution. 

The second solution was prepared using Zn(CH3CO2)2·2H2O (0.120 g, 0.55 mmol) 

and 18 ml DMF and 0.5 ml of acetic acid. Then, zinc acetate solution containing 0.5 

ml acetic acid was added to the reaction mixture. Two reaction solutions were 

combined and treated by ultrasound 10 min. A cloudy suspension was obtained after 

mixing of all chemicals, which was transferred to a Teflon vessel (50 ml) and heated 

at 373 K in an autoclave for 24 h. After synthesis, the mother liquor was removed by 

centrifugation and the resulting particles were washed several times with DMF. 

Plates, DUT-8(Zn)_1 µm 

Firstly 2,6-H2ndc (0.086 g, 0.40 mmol) was dissolved in 12 ml DMF using ultrasound 

bath. Afterwards dabco (0.22 g, 0.20 mmol) was added to the first solution. The second 

solution was prepared using Zn(CH3CO2)2·2H2O (0.120 g, 0.55 mmol) and 18 ml DMF. 

To synthesize plates, solution of 2,6-H2ndc and dabco was mixed with 0.5 ml pyridine. 

Then, zinc acetate solution was added to the reaction mixture. A cloudy suspension 

was obtained after mixing of all chemicals, which was transferred to Teflon vessel (50 

ml) and heated at 373 K in autoclave 24 h. After synthesis, the mother liquor was 

removed by centrifugation and the resulting particles were washed several times with 

DMF. 

Desolvation 

Samples produced by modulated synthesis were washed 3 times with 

dichloromethane under renewal of supernatant 9 times during 3 days. To remove 

solvent, samples were filtered in argon flow, evacuated and heated up to 393 K during 

16 h. 
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Chapter 4 The impact of crystal size and 

morphology on switchability of DUT-8(Ni)  
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The following results are contained in my own publication.197 

L. Abylgazina, I. Senkovska, R. Engemann, Sebastian Ehrling, T. E. Gorelik, N. 

Kavoosi, U. Kaiser, S. Kaskel, “Impact of Crystal Size and Morphology on Switchability 

Characteristics in Pillared-Layer Metal-Organic Framework DUT-8(Ni)”, Fronties in 

Chemistry, 9, (2021). 

 

4.1 Introduction 

Variation of the crystallite size in flexible porous coordination polymers can 

significantly influence or even drastically change the flexibility characteristics. The 

impact of crystal morphology, however, on the dynamic properties of flexible metal-

organic frameworks (MOFs) is poorly investigated so far.  

In this chapter, the influence of crystal size and morphology on gate opening transition 

in switchable DUT-8(Ni) compound [Ni2(2,6-ndc)2(dabco)]n will be considered, 

intending to identify the crystal faces significantly affecting the gate opening pressure. 

The crystal size and the shape are manipulated by synthetic parameters, such as the 

crystallization method and chemical-modulating agents, which facilitated to control not 

only the size of the crystals but also the crystal habit. Two different types of modulators 

are applied: (i) small molecules possessing functional groups chemically related to the 

organic building blocks of the MOF and (ii) macromolecules, bearing the same 

functionality.32 To correlate the gate opening characteristics of the isotherms with the 

size and morphology of the DUT-8(Ni) crystals, the materials are analysed using 

scanning electron microscopy (SEM), electron diffraction, and nitrogen physisorption 

at 77 K.202 

 

 

 

 

 

 

 



Chapter 4 

 

- 72 - 

 

4.2 Results and discussions 

4.2.1 Modulation of crystal size 

To systematically vary the size of the DUT-8 crystals, the synthetic procedure was 

altered in crystallization conditions, without the application of additional chemicals or 

changing the reaction mixture composition (Figure 4-1). Thus, samples A, B, and C 

were synthesized under static conditions, or by shaking the reaction vessel, or under 

rapid heating by microwave irradiation, respectively. Scanning electron microscopy 

images of the crystals obtained were analyzed by ImageJ software, and the 

corresponding crystal size distributions were calculated (Figure 4-3). Due to the rod-

like morphology of DUT-8(Ni) (Figure 4-2), we decided to use the length (L) to width 

(W) ratio (aspect ratio) as an appropriate parameter to monitor the changes in the 

habit, in addition to the length (as it was done previously to monitor the crystal size). 

In this study, we also have paid increased attention to the crystal width. The DUT-8(Ni) 

compound, containing DMF in the pores, crystallizes in the monoclinic space group 

with the cell parameters a = 18.576(3) Å, b = 18.408(2) Å, c = 9.3574(13) Å, and β = 

97.545(9).118 Thus, the length of the rod-like crystal corresponds to the size along the 

crystallographic c direction running along the pillars. The crystal width, on his part, is 

defined by the size along a–b crystallographic directions (plain of the layers).  

The SEM image of sample A, which was heated for 48 h (conventional DUT-8(Ni) 

synthesis), highlights that the length of crystals varies between 20 and 120 µm, with a 

mean of 48 µm. The mean width of crystals is 17 µm. The SEM images of sample B 

confirm the influence of the reaction mixture, stirring on the crystal size, decreasing 

the length of the crystals to 45 µm, and width to 12 µm. Microwave-assisted synthesis 

leads to further crystal downsizing, yielding crystals with 16 µm in length and 6 µm in 

width in average.  

Thus, different synthesis conditions lead to a successive decrease of the length and 

the width of the crystal simultaneously, leading to the insignificant differences in the 

aspect ratio (ca. 3 on average) of these crystals (Table 4-1). The addition of 

monodentate ligands that mimic the functionality of the corresponding linker in the 

synthesis solution (coordination modulation) is widely used to control the particle size 

of MOFs.203 For example, Kitagawa and co-workers have utilized the “coordination 

modulation” approach to control the crystal size and shape in a nonswitchable pillared-

layer MOF [Cu2(1,4-ndc)2(dabco)]n (1,4-ndc−1,4-naphthalenedicarboxylate).204 This 
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material can be regarded as isoreticular to switchable DUT-8(Ni), presenting crystal 

faces terminated by either carboxylate units from the carboxylic linkers or nitrogen 

atoms from the dabco pillar. The different functionalities of the linker and pillar allow 

for selective capping of specific faces by the addition of modulators, complementary 

to the chemistry at particular crystal faces.  

 

Figure 4-1. Schematic representation modulation of particle size by variation of synthetic conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-2. Schematic representation of DUT-8(Ni) coordination modulation by acetic acid and pyridine 
(L-crystal length, W-crystal width). 
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Figure 4-3. SEM images and particle size distributions (length marked as a filled arrow in SEM and 
width marked as an empty arrow in SEM) of the investigated samples. 
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The addition of molecules containing carboxylic groups (Modulator 1) to the synthesis 

mixture may result in the formation of needles if the crystal growth rate on capped 

faces is decreased. In the case of DUT-8(Ni), the addition of acetic acid only resulted 

in the crystals of increased size, and no needles were obtained. Modulation with 

pyridine (modulator 2), where the N-donor is expected to coordinate to the {001} 

crystal faces, reported to produce nanosheets, could be adapted to the DUT-8(Ni) 

system (sample D). Synthesis with pyridine as modulator produced uniform plate-

shaped crystals. However, in contrast to the expectations, the smallest dimension of 

the crystal corresponds not to the [001], but to the [110] (or [−110]) direction (Figure 

4-4). The length (size in crystallographic c direction) of crystals in D is significantly 

decreased to 1.6 µm (in comparison with A, B, and C); meanwhile, the expansion in 

the a–b-plane is 0.3 × 1.1 µm, lowering the aspect ratio to 1.4 and resulting in platelets. 

Modulation with both pyridine and acetic acid, reported to result in a particle size 

decrease and formation of nanocubes205 for [Cu2(1,4-ndc)2(dabco)]n, yielded needles 

(sample E) in case of DUT-8(Ni). The crystal dimensions of needle-like sample E are 

1.7 µm in length and 0.2 µm in width, increasing the aspect ratio to 8.6 µm. The 

assignment of the crystallographic directions to the length and the width of crystal in 

samples D and E was performed by electron diffraction, using TEM (Figure 4-4) by Dr. 

T. Gorelik (University of Ulm). 

 

Figure 4-4. TEM images of sample D (plates) and samples E (rods). 
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In all cases, phase pure DUT-8(Ni) compounds were obtained according to PXRD 

analysis (Figure 4-5). After the synthesis, all samples were treated uniformly, i.e., 

washed with dichloromethane and desolvated in a vacuum at 423 K. The solvent 

removal leads to framework contraction according to PXRD patterns (Figure 4-5), 

which are in good agreement with the theoretical pattern of DUT-8(Ni) in the cp phase. 

The PXRD patterns of samples D and E, however, contain small peaks of the 

remaining op phase, indicating that the part of the sample falls below the critical size 

to show flexibility.17, 18 The crystal structures of op and cp phases are shown in the 

Figure 4-6. 

Figure 4-5. PXRD patterns of DUT-8(Ni) samples in the solvated (DMF) and desolvated state. 

Figure 4-6. Crystal structure of open pore (op) and closed pore phase (cp) of DUT-8(Ni). C – in grey, 

O – in red, N – in blue, Ni – in green. Hydrogen atoms are omitted for clarity. 
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4.2.2 Analysis of adsorption behaviour  

The switching behaviour of all samples was investigated by nitrogen adsorption at 77 

K, showing that the crystals habit significantly influences the switching and thereby 

adsorption behaviour of DUT-8(Ni) (Figure 4-7). To understand the effects on the 

isotherm and the relationship between the size, morphology, and isotherm shape, it is 

important to identify characteristic quantities, which can be extracted from the isotherm 

and related to the sample characteristics, thermodynamics, and kinetics of the 

switching process. Therefore, as the main characteristics for the discussion and 

comparison of the gate pressure isotherms, typical for DUT-8(Ni), we will use the 

following quantities:  

(i) Uptake at highest relative pressure reached in the adsorption experiment (or in 

plateau). It represents the specific pore volume of the particular sample. In relation to 

the theoretical pore volume, it reflects the fraction of crystallites (αmax) transformed to 

the op phase at given conditions. In the powdered samples, the phase transformation 

often does not go to completion.124 The reason here is that some of the crystallites 

cannot be stimulated to open at a particular pressure because of the high activation 

barrier for opening. Higher pressures206 or adsorption enthalpies137 would enable the 

stimulation of these crystals, exhibiting higher activation energy, forcing additional 

crystallites to transform, but the maximum pressure in the adsorption experiments is 

limited to the saturation pressure of the chosen adsorptive (1 atm at 77 K).  

Figure 4-7. Nitrogen physisorption isotherms at 77 K for the investigated samples. 

 

 

APHM 

a) b) 
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The samples A, B, and C reach almost full nitrogen uptake at 77 K after opening, 

indicating complete phase transition in almost all crystallites (Table 4-1). The 

isotherms of samples D and E, however, do not reach a plateau upon adsorption up 

to high relative pressures, indicating that a part of the sample remains in the cp 

phase.18 Consequently, the specific pore volume and αmax for these samples are lower 

than expected for a complete transition. 

Table 4-1. Characteristics of the investigated samples. 

Sample APHM 

  

Length 

(L)/ μm 

RSD / 

% 

PDI Width (W)/ 

μm 

  

RSD / 

% 

PDI Aspect ratio 

(L/W) 

Total pore 

volume / 

cm3 g-1 

max 

A 0.17 48.8 43.6 0.19 17.0 63.2 0.40 2.9 1.05 0.99 

B 0.21 45.2 37.5 0.14 12.7 45.8 0.21 3.5 1.06 1.00 

C 0.30 16.5 20.7 0.04 6.5 24.3 0.05 2.5 1.05 0.98 

D 0.44 1.6 26.5 0.07 1.1 24.7 0.06 1.4 0.95 0.89 

E 0.69 1.7 37.1 0.13 0.2 24.1 0.06 8.6 0.90 0.85 

PAA_1 0.19 52.9 56.6 0.32 17.1 50.8 0.25 3.1 1.03 0.97 

PAA_2 0.23 55.0 18.3 0.03 15.2 23.0 0.05 3.3 1.06 1.00 

PAA_3 0.26 53.3 16.7 0.03 8.0 26.7 0.07 6.7 1.03 0.97 

RSD, relative standard deviation; PDI, polydispersity index; APHM estimated for the normalized isotherms 

 (ii) Relative adsorption pressure at half maximum uptake (APHM) as a measure of 

the average gate opening activation energy (∆G*). In general, the first-order phase 

transitions show a hysteresis, because of the kinetic barriers controlling the nucleation 

of the new phase.50 The hysteresis width depends on the barrier and the rate at which 

the thermodynamic conditions change within a given experiment.124 The ideal 

hysteresis loop of single crystallite (single grain) in the adsorption isotherm would have 

a rectangular shape corresponding to the Preisach model,207 where the only change 

in porosity is due to structure transition events. The hysteresis loop will have a more 

complex shape for a powdered sample as an ensemble (arrangement), consisting of 

quasi “non-interacting grains”. Thus, the distribution of nucleation barriers of the 

individual grains controls the transition pressure spread over a wider pressure range. 

This is typically reflected by the less-steep adsorption branch in the gating region.9 
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The first derivative of the adsorption branch of the nitrogen physisorption isotherm 

reflects the distribution of transition pressures over the sample and, correspondingly, 

the distribution of gate opening activation energies (Figure 4-12). So, the APHM 

represents the average width or breadth of the hysteresis (taking into account non-

significant changes in the gate closing pressure) and, thereby, the average activation 

energy of the grains within the sample. Dependence of the relative adsorption 

pressure at half maximum uptake from the crystal dimensions (length and width) and 

shape (aspect ratio) is summarized in Table 4-1 and is shown in Figure 4-8. It can be 

clearly seen that the aspect ratio is not the determining parameter, influencing the gate 

opening pressure. The APHM changes also do not systematically follow the changes 

in the crystal length. The APHM for sample E is larger than that for sample D, although 

the crystals are almost equal in length (Figure 8-1). Analyzing the trend for all the 

samples, and especially the APHMs for the samples D and E (Figure 4-8) it is evident 

that the systematic changes in the width of the crystals lead to the systematic APHM 

changes. Thus, obviously, the crystal width determines the gate opening pressure in 

DUT-8(Ni). To confirm the dominant influence of particle width on dynamic properties 

upon adsorption of nitrogen at 77 K ones more, an additional crystal series was 

prepared, utilizing PAA as a modulator (Figure 8-2). The same chemicals present in 

the synthetic mixture ensure the same terminating groups on the crystal outer surface, 

which is not necessarily the case if modulators, differing in functional groups, are used 

to influence the morphology (as it is the case for samples A, B, and C vs. D vs. E).  

Figure 4-8. Relationship between the relative adsorption pressure at half maximum uptake (APHM) and 
the crystal dimensions (length-squares and width-circles) (a) and shape (aspect ratio) (b). 

 

a) b) 
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The impact of the surface termination on the flexibility of DUT-8(Ni), however, has 

been recently analyzed by the group of Düren.208 In PAA-modulated syntheses 

(PAA_1, PAA_2, and PAA_3), a low amount of a polymer does not modify the 

morphology, yielding needles (PAA_1) or intergrowth of needles with a wheat sheaf 

habit (in samples PAA_2 and PAA_3) (Figure 4-9). With regard to crystal dimensions, 

the length was maintained approximately in the same range (53–55 µm), while the 

critical parameter (width) varies from 17 to 8 µm. The change in crystal width affects 

the adsorption profile, which is reflected in the APHM shift to the higher values, with 

decreasing width of the needles, confirming the trend observed in the first A–E series 

(Figure 4-10).  

Thermogravimetric analysis, IR-, and NMR-spectroscopy measurements were 

performed (Figure 8-3, 8-4, 8-5), confirming the absence of residual modulators in D, 

E, PAA_1, PAA_2, and PAA_3, at least within the limit of quantitation of the methods. 

 

Figure 4-9. SEM images and corresponding particle size distribution of PAA-modulated samples. 
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Figure 4-10. a) Nitrogen physisorption isotherms at 77 K and b) PXRD patterns of DUT-8(Ni) modulated 
by polyacrylic acid (PAA) after desolvation. 

 
The changes in the APHM with width, considering all samples from this study, as well 

as a reference sample from Miura et al. (2017),18 are not linear and follow logarithmic 

function in the range of the crystal sizes investigated (Figure 4-11). 

 

Figure 4-11. Dependence of the relative adsorption pressure at half maximum uptake (APHM) from the 
crystal width (A) and the crystal length (B). Samples A – blue, PAA-1 – black, PAA-2 – pink, PAA-3 – 
orange, B – red, C – green, sample from ref (Miura et al., 2017) – cyan, D – violet, E – yellow. The fit 
function is shown as a dashed line. 

b) 

a) 

a) b) 
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Moreover, the steepness of the adsorption branch in the gating region decreases with 

decreasing crystal size, pointing at the significant broader activation energies 

distribution in the small grains in comparison to the large crystallites (Figure 4-12). 

Taking into account the decreasing αmax for the small crystallites, the crystal width 

approaches a certain critical value where the transition is completely suppressed due 

to the height of the barrier (∆G*), which cannot be overcome at given conditions. 

Another potential explanation for the observations is based on thermodynamic 

arguments, most importantly the differences in free energies of the empty cp and op 

frameworks (∆F = Fcp-Fop), originating from differences in surface energy and, 

probably, less important gradients of the adsorbed phase.  

 

 
Figure 4-12. Overview of crystal-size-dependent behavior in DUT-8(Ni). a) Distribution of activation 
energies (1G*) in the sample, depending on the crystal width (W). b) Rectangular gate opening isotherm 
(blue) corresponding to an ideal single grain-switching event. Orange: schematic representation of the 
isotherm usually obtained for macro-sized crystals. Violet: typical isotherm characteristic for micron-
sized particles (adsorption: solid line, desorption: dashed line). c) Dependence of the gate opening 
pressure from W. 

 

b) 

c) 

a) b) larger W 

smaller W 
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Important arguments of why the crystal width represents the critical value for gate 

opening can be discussed by analysing the relationship between the crystal 

morphology and the structure of the pores. DUT-8 in the op phase has square 

channels running along the crystallographic c direction (Figure 4-13). The walls of the 

channels are built mainly from aromatic naphthalene cores of 2,6-ndc linkers. The 

corners are formed by rows of alternating paddle wheel–dabco units (Figure 4-14). 

The channels can be considered as virtually isolated since the analysis of the 

geometrical pore parameters of at least the static crystal structure suggests only small 

interconnection windows between the main channels accessible for guest molecules 

with 3.6 Å in diameter (kinetic diameter of nitrogen molecule209). Essentially, with 

decreasing width of the crystals, i.e., with reduced dimensions in the a–b plane 

(referring to the op structure), the surface on the top and the bottom of the crystal (area 

of {001} faces), where the molecules enter the channels, is reduced.  

The reduced number of entry channels accessible for the molecules represents a 

“bottleneck” and reduces the initial energetic gain of the adsorption enthalpy, leading 

to an increased barrier for the guest-induced transformation. The data obtained in this 

study show that the barrier for the transition from cp to op phase in DUT-8(Ni) 

increases with a decrease in the area of crystal faces essential for initiation of 

adsorption (faces perpendicular to the direction of channels), illustrating the 

importance of local nucleation starting at the crystal surface as the factor determining 

the kinetics of the switching process. 

 

Figure 4-13. View on the crystal structure along a) [110] and b) [001]. 

 

a) b) 
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Figure 4-14. View on the crystal in the cp and op phase along the pore channel (generated by the 
VESTA 3.5.5 software) (Momma and Izumi, 2011). The colored face is the face representing the entry 
of the channel-like pore structure. 

 

4.2.3 Conclusion  
 

The modulation approach was successfully used to affect the size and shape of the 

flexible pillared layer DUT-8(Ni) MOF crystals, showing gate opening behaviour upon 

adsorption of nitrogen at 77 K, to investigate the dependency of structural transition 

from crystals’ size and shape. 

It could be explicitly seen that the crystal dimensions perpendicular to the axis of the 

channel-like pores influence the gate opening pressure. It indicates a higher activation 

barrier to result from reduced areas of facets, exposing the pore entry to the surface, 

providing a rationale for the observations, as the pores in DUT-8(Ni) are preferably 

accessible from the facets perpendicular to the channels. Since the width of the crystal 

determines the area of these faces, the crystal width (and not the lengths or the aspect 

ratio) controls the gate-opening process. The decrease in the crystal width also results 

in the less steep adsorption branch in the gating region, pointing to the broadening of 

activation energy distribution. 
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Chapter 5 The impact of crystal size and 

morphology on switchability of DUT-8(Zn)  
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The sections of this chapter are contained in my own publication.13  

L. Abylgazina, I. Senkovska, S. Ehrling, V. Bon, P. Petkov, J.  D. Evans, S. Krylova, 

A.Krylov and S.Kaskel, “Tailoring adsorption induced switchability of a pillared layer 

MOF by crystal size engineering”, CrystEngComm, 23, (2020) 538. 

 

5.1 Introduction 
 

The pillared layer framework DUT-8(Zn) [Zn2(2,6-ndc)2(dabco)]n, is a prototypical 

switchable MOF, showing characteristic adsorption and desorption induced open 

phase (op) to closed phase (cp) transformation associated with huge changes in cell 

volume. The strong impact of the crystal or grain size on the switching characteristics 

of the “gate pressure” pillared layer MOF [Ni2(2,6-ndc)2dabco]n, DUT-8(Ni)14 is 

described in Chapter 4. Small DUT-8(Ni) crystals (below 500 nm in size) do not 

undergo the op to cp transition upon desolvation.18 The same behaviour is also 

characteristic for submicron-sized crystals of DUT-8(Co).16 The macro-sized crystals 

of DUT-8(Co), however, do not show any responsivity to nitrogen (at 77 K) or carbon 

dioxide (at 195 K) during adsorption, in contrast to DUT-8(Ni), that shows pronounced 

switchability under the same conditions.16 This suggests that the influences of particle 

size and metal node are interconnected and both aspects change the flexibility 

characteristics at a similar order of magnitude. Moreover, there may be more factors 

overlooked in the past, contributing to the phase transition energetics. 

In the following, the detailed study of the adsorption induced switching of DUT-8(Zn) 

is presented.15 In addition to the influence of the metal node and the particle size, we 

also demonstrate the influence of solvent molecules in the pores and the subsequent 

desolvation procedure on the framework response. 
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5.2 Results and discussions 

5.2.1 Crystal size dependent guest removal and adsorption 

DUT-8(Zn) can be synthesised using a solvothermal pathway resulting in macro-sized 

particles with average particle size of 160 µm (DUT-8(Zn)_160 µm). By 

supersaturation route it is possible to control the size of the particles and to produce 

micron- (DUT-8(Zn)_0.5 µm) and submicron-sized particles (DUT-8(Zn)_0.1 µm). 

SEM images of the samples and corresponding particle size distributions are shown 

in Figure 5-1. Powder X-ray diffraction (PXRD) patterns for all as-synthesized crystals 

are in good agreement with the pattern of DUT-8(Zn) calculated from the crystal 

structure (Figure 5-2), indicating that all samples are phase pure.  

 

Figure 5-1. SEM images of DUT-8(Zn) samples. 
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Figure 5-2. PXRD patterns of DUT-8(Zn) samples solvated in DMF. 

 

Crystal structure of open and closed pore phases 
 

To analyse the crystal structure, as made crystals were subjected to single-crystal X-

ray analysis. The structure of DUT-8(Zn) was solved and refined by Dr. V. Bon in the 

monoclinic space group C2/m, which is different from the P4/n reported earlier from 

Rietveld refinement,15 indicating conformational isomerism also in this compound, as 

discussed in detail for DUT-8(Ni).118, 156 As expected, the overall crystal structure is 

based on paddle wheel units, which are interconnected by 2,6-ndc forming 2D layers, 

which are further linked by neutral dabco ligands to form a 3D framework with primitive 

cubic underlying topology (Figure 5-3). According to the crystallographic data, Zn⋯Zn 

distance in DUT-8(Zn)_160 µm_op is 2.966 Å, which is significantly longer than in 

DUT-8(Ni) and DUT-8(Co) (2.653 and 2.691 Å).16 The length of the Zn–N bond is 

2.084 Å. The comparison of this value with corresponding M–N bond lengths in DUT-

8(Ni) and DUT-8(Co), shows that the value in DUT-8(Zn) is in between. The Zn–Zn–

N angle is 178.65°, and comparable with that observed in DUT-8(Ni) (177.59°) (Table 

8-3).118 

Since the quality of the single crystals after solvent removal was not sufficient to collect 

a high quality dataset, a structural model was refined by against powder X-ray 

diffraction data in a triclinic space group Dr. V. Bon (Figure 5-4). The main cluster 

deformation is reflected in the change of M⋯M and M–O distances. The Zn atoms 

move apart, resulting in a change of the Zn⋯Zn distance from 2.97 (in the op) to 3.80 
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Å (in the cp) (Table 8-3), which leads to a strong elongation of some Zn–O bonds. In 

the cause of that the coordination polyhedron changes from quadratic pyramidal to 

distorted tetrahedral, since two Zn–O bonds are disintegrated (Figure 5-3).210 

Figure 5-3. Crystal structure of DUT-8(Zn) in open and closed pore phase. 
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Crystal data for as made [Zn2(2,6-ndc)2(dabco)(DMF)x]n (DUT-8(Zn)_160 µm_op): 

C30H24O8N2Zn2 (framework only, solvent molecules are omitted), M = 671.25 g mol-1, 

monoclinic, C2/m (No. 12), a = 19.000(4) Å, b = 18.070(4) Å c = 9.6700(19) Å, 

 = 95.87(3)°, V = 3302.6(11) Å3, Z = 2, λ = 0.79990 Å, T = 296 K, max = 29.996°, 

reflections/parameter 2895/106, Rint = 0.0988, R1 = 0.1070, wR2 = 0.3048, S = 1.131 

largest diff. peak 1.536 e. Å-3 and hole -1.445 e Å 3. 

Crystal data for DUT-8(Zn)_160 µm_cp [Zn2(2,6-ndc)2(dabco)]n: C30H24O8N2Zn2, 

M = 671.25 g mol-1, triclinic, P1 (No. 1), a = 7.1276(12) Å, b = 8.5505(13) Å, 

c = 13.1270(23) Å, α = 84.148(23)°,  = 116.032(19)°, γ = 108.462(16)°, 

V = 681.24(56) Å3, Z = 1, λ = 1.54059 Å, T = 296 K, 2range = 5 - 70°, Profile function 

Thompson-Cox-Hastings, U = 0.4946, V = 0.0066, W = 0.00343, X = 0.4260, Y = 

0.1735, refined motion groups/degree of freedom 9/45, Rp = 0.0547, Rwp = 0.0791. 
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Figure 5-4. Rietveld plot of the closed pore phase of macro-sized DUT-8(Zn)_160_cp. 
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Desolvation 

The stress acting on the framework during desolvation depends on surface tension 

and capillary forces imposed on the structure by the liquid- to gas-phase 

transformation of included solvent molecules, which is high especially when the 

solvent has a high boiling point and/or high surface tension.176 A common approach 

to reduce the stress is to exchange the solvent with a low-boiling point/low-surface-

tension solvent (these parameters tend to be correlated) prior to heating the sample 

under vacuum.177 The most gentle desolvation approach is supercritical drying (SCD) 

using carbon dioxide as a working fluid.178 SCD avoids the liquid–gas phase transition 

and thus any capillary forces.  

Depending on the guest molecules present in the pore and desolvation technique 

applied, the forces acting on the framework can be varied123 and indirect information 

of the relative robustness of the network can be extracted. The schematic illustration 

of procedures used for desolvation DUT-8(Zn) samples and resulting phase 

composition are shown in Figure 5-5. To represent structural transition of a porous 

material, new symbolic language was implemented.65 The structural changes, the 

spatiotemporal evolution of the framework, are of course highly complex. However, for 

simplification and rationalization it is easier to simplify the phenomena considering only 

two different states of the framework. The open pore phase containing solvent 

symbolized by a colored square (specified color for each sample), while empty square 

represents solvent-free open framework. The closed pore state (cp) symbolized by a 

squeezed rhombus. The change between the states of the framework is shown by 

arrow representing the direction of the process in time (Figure 5-5). The conditions, 

causing structural changes are arranged below the arrow. For example, the condition 

responsible for the pore contraction is an evacuation (pump). As a result, it is possible 

to line-up all structural changes along consecutive arrows as a history time-line for the 

material. This structure provides a clear arrangement of “transformations” and 

“conditions”. Multiple phase formation indicated by line coding. 
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Figure 5-5. Schematic representation of procedures used for desolvation of DUT-8(Zn) samples 
a) evacuation under heating; b) solvent exchange with subsequent evacuation under heating; c), d) 

solvent exchange with subsequent SCD. 
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In a first series, according to the procedure reported earlier,15 the desolvation of the 

DUT-8(Zn) crystals was performed by direct removal of DMF (solvent used during the 

synthesis) in vacuum at 423 K. DMF can be considered as a larger molecule among 

the solvents investigated here, with a kinetic diameter of 5.5 Å, and a very large dipole 

moment (3.8 D).211 Therefore, both strong attractive interaction between MOF and 

DMF and slower diffusion rate should be expected. 

The direct removal of DMF results in a mixture of closed pore (cp) and open pore (op) 

phases in the sample DUT-8(Zn)_160 µm_DMF (Figure 5-5, 5-6a), in agreement with 

results reported in 2012.15 PXRD patterns of micron-sized DUT-8(Zn)_0.5 µm_DMF 

and submicron-sized crystals DUT-8(Zn)_0.1 µm _DMF indicate that the major part of 

the sample remains in the op phase with only an insignificant amount of cp phase. 

After activation, the samples were dissolved in DCl/D2O and DMSO-d6 mixture, and 

subjected to NMR analysis to reveal residual DMF molecules (Figure 8-6).  

In order to reduce the stress during solvent removal, DMF was exchanged with 

dichloromethane before desolvation under reduced pressure at 423 K during 16 h. 

DCM is a molecule with a smaller kinetic diameter (4.70 Å),212 smaller dipole moment 

(1.62 D)35 and low boiling point (312.6 K), therefore, in comparison to DMF, it should 

be easier to remove. 
   

 

Figure 5-6. PXRD patterns of DUT-8(Zn) samples after different solvent removal procedures applied  
a) (DMF) indicates desolvation from DMF in vacuum at 423 K, (DCM) indicates desolvation from DCM 
in vacuum at 423 K; b) DUT-8(Zn) samples desolvated by SCD. The calculated pattern of the op and 
cp phases DUT-8(Zn) are given for comparison. 

 

b)  a)  
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According to PXRD (Figure 5-6a), the desolvation of DUT-8(Zn)_160 µm_DCM and 

DUT-8(Zn)_0.5 µm_DCM triggers the structural transformation from op to cp phase, 

in which the framework undergoes a significant shearing to minimize the amount of 

void space. The submicron-sized crystals DUT-8(Zn)_0.1 µm_DCM show mainly the 

cp phase with a small amount of op phase. 

To further reduce the stress on the framework, all samples were subjected to 

supercritical CO2 drying (SCD) after washing several times with ethanol and acetone 

(Figure 5-6b). In this case, the macrosized particles DUT-8(Zn)_160 µm_EtOH yield a 

mixture of op and cp phases, the fraction of the cp phase in micron-sized particles 

DUT-8(Zn)_0.5 µm_EtOH is very small, and DUT-8(Zn)_0.1 µm_EtOH (submicron-

sized) completely remain the original op phase, as observed for as-synthesized form. 

This indicates the robustness of the system under supercritical CO2 activation 

conditions. However, 1H NMR revealed the small amount of EtOH remained in 

samples after desolvation (Figure 8-8-1). Due to the interaction of EtOH with DUT-

8(Zn), micron-sized and submicron-sized samples were washed by acetone and 

afterwards activated by SCD. PXRD patterns of samples correspond to op phase with 

small fraction of cp (Figure 5-6b). According to 1H NMR spectra, there is no residual 

solvent in the pores (Figure 8-8-2). 

SEM images (Figure 5-7) collected after each desolvation procedure show that there 

is no significant influence on crystal surface upon removal of solvent from pores. The 

desolvation of macro-sized DUT-8(Zn)_160 µm leads to crystals cracking and 

deformation due to framework contraction. The drying of micron DUT-8(Zn)_0.5 µm 

and submicron DUT-8(Zn)_0.1 µm crystals results in particles aggregation, despite the 

surface remains homogeneous and smooth. Only the surface of samples was shown 

to be significantly changed after washing by ethanol and subsequent SCD. The 

residual amount of ethanol revealed by 1H NMR and the surface deformation caused 

by ethanol and SCD points on chemical interaction with micron- and submicron-sized 

particles of DUT-8(Zn).  

Comparing the structural response of DUT-8(Zn) towards different desolvation 

techniques, it may be hypothesized that the energy barrier for framework closing 

increases with decreasing particle size (Figure 5-8). The small particles can rest in the 

metastable desolvated op state while the large particles transform into the 

thermodynamically preferable cp state. For SCD the desorption stress is so small that 

the transformation of largest particles is incomplete. Contrastingly, the deformation 
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stress of DCM is larger resulting in the smallest particles to transform almost 

completely. 

The results of activation from DMF, however are rather unexpected. The surface 

tension and capillary forces are expected to be higher for DMF than for DCM and, 

therefore, support the closing, which is not the case. There are likely differences in the 

diffusion rates, which can also play a role. 

The calculated yields and the result of the elemental analysis of DUT-8(Zn) samples 

in pure op or cp phases are shown in Table 8-4, 8-5 (appendix). 

 

Figure 5-7. SEM images of samples after solvent removal procedures. 
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Figure 5-8. Schematic representation of the energy diagrams for phase transitions from the op to cp 
phase depending on particle size. 
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Adsorption behaviour 

Switching transformations from closed to open pore phases and vice versa induced 

by adsorption stimuli and their dependence on the crystal size was previously studied 

in isomorphous DUT-8(Ni) and DUT-8(Co) systems, revealing striking differences in 

adsorption behaviour, due to characteristic differences in framework's elastic 

response.16 The underlying electronic differences, in case of Ni, Co and Zn should be 

reflected in closing/opening characteristics of respective MOFs. Indeed, DUT-8(Zn) 

samples demonstrate pronounced differences in their adsorption isotherms compared 

to the Co and Ni analogues. Since the solvent removal techniques described above 

produce samples with varying ratio of op/cp phases, and the exact ratio is difficult to 

extract from PXRD patterns, we evaluated the porosity and structural response of all 

samples by means of adsorption of nitrogen at 77 K, carbon dioxide at 195 K, and 

chloromethanes at 249–298 K. 

Samples desolvated from DMF. The obtained N2 (77 K) physisorption isotherms can 

be classified as type Ia, characteristic for microporous rigid materials (Figure 5-9a). 

The maximum nitrogen uptake follows the trend expected from PXRD data, where 

samples with higher amount of the op phase show the highest uptake and vice versa. 

The cp fraction remains in the cp state and is not responsive to nitrogen over the entire 

pressure range. 

The adsorption of CO2 at 195 K (Figure 5-9b), a guest with higher adsorption enthalpy, 

demonstrates some structural dynamics. However, the presence of mixed phases in 

the samples makes it difficult to interpret the data. The PXRD patterns collected after 

adsorption reveal a slightly increased amount of the cp phase in comparison to the 

samples before experiments in case of micron-sized DUT-8(Zn)_0.5 µm_DMF and 

submicron sized DUT-8(Zn)_0.1 µm_DMF samples. This fact is pointing toward a 

possible breathing mechanism of the op phase during the adsorption/desorption cycle 

(Figure 5-10). 
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Figure 5-9. Nitrogen at 77 K and carbon dioxide physisorption at 195 K on: a, b) Samples activated 

from DMF; c,d) Samples activated from DCM. 

 

Samples desolvated from DCM. Analysis of PXRD patterns of the samples desolvated 

from DCM shows a transition to the cp phase upon activation (Figure 5-6a). The 

N2 and CO2 physisorption isotherms show low uptake, indicating the high stability of 

the cp phase under these conditions (Figure 5-9c,d). However, more polar, small 

molecules, such as chloromethane at 249 K and dichloromethane at 298 K (kinetic 

diameters 4.05 and 4.70 Å, respectively)213 are able to provoke structural transition in 

macro-sized particles DUT-8(Zn)_160 µm_cp (Figure 5-11). The isotherms are 

characterized by typical gate opening shape with a gate opening relative pressure of 

0.87 and 0.80, respectively. More interesting, the chloromethanes can discriminate 

between the particles of different size. The isotherms of DUT-8(Zn)_0.5 µm_cp display 

no structural changes (Figure 5-11). This observation clearly shows, that the 

decreasing particle size, and associated increase in outer surface area and surface 

energy adds to the energy barrier of cp–op phase transformation.214  
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Figure 5-10. PXRD patterns of DUT-8(Zn) samples desolvated from DMF, before and after CO2 
physisorption measurements. 
 

 

Figure 5-11. Adsorption isotherms of chlorosubstituted methanes for DUT-8(Zn) samples. 
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Figure 5-12. a) In situ PXRD patterns collected during CH3Cl adsorption at 249 K on macro-sized 
sample DUT-8(Zn)_160 µm_cp and b) corresponding isotherm. 
 

To analyse the structural phases induced by CH3Cl adsorption, parallelised 

adsorption/diffraction experiments were performed on DUT-8(Zn)_160 µm_cp at 

KMC-2 beamline of BESSY II synchrotron (Figure 5-12). In the pre-gate region of the 

isotherm, the analysis of the PXRDs indicated the existence of pure cp phase. 

At p/p0 = 0.815 the pattern indicates a first order transition of the structure from 

nonporous cp to porous op phase without appearance of any intermediate phases. 

PXRD patterns measured at saturation at p/p0 = 0.959 (the highest pressure reached) 

and upon desorption of chloromethane until “gate closing” show coexistence of cp and 

op phases. The intensity of reflections belonging to op phase is strongly influenced by 

strong absorption and diffuse scattering, attributed to adsorbed chloromethane.  

The effect is nicely seen in the PXRDs measured upon “gate closing” at p/p0 between 

0.14 and 0.24, in which reduction of CH3Cl amount in the pores significantly increases 

the intensity of the op phase reflections. Further desorption of the CH3Cl from the 

pores induces a phase transition to an intermediate phase (ip) in the range of p/p0 = 

0.09–0.03. 

The first reflection at 2θ = 6.5° could correspond to the cp phase, however a few 

additional reflections appear at 2θ = 7.05, 8.05 and 8.95° that are not attributed to op 

or cp phases. However, severe peak broadening and limited number of reflections 

hinders quantitative analysis of the PXRD patterns. In contrast to CH2Cl2, CHCl3 and 

CCl4 are unable to initiate the switching for micron-sized DUT-8(Zn)_0.5 µm_cp or for 

macro-sized DUT-8(Zn)_160 µm_cp at 298 K (Figure 5-11). The adsorption enthalpies 

a)  b)  



Chapter 5 

 

- 102 - 

 

for CHCl3 and CCl4 may be expected to be higher, than for CH3Cl and CH2Cl2. 

However, as the size differs considerably, significant differences in maximal loadings 

per formula unit of MOF (nmax) can be estimated (Table 5-1).212 

Table 5-1. Chloromethane characteristics.212 

Adsorptive Kinetic 

diameter* / Å  

nmax/ 

molfu-1 

Eads/ 

kJmol-1 

nmaxEads / kJ 

fu-1 

CCl4 5.83 7 62 434 

CHCl3 5.47 9 57 513 

CH2Cl2 4.70 11 51 561 

CH3Cl 4.05 19 36 684 

Eads – adsorption energy at 300 K, *Kinetic diameters are given as Lennard-Jones parameters taken 
from ref213 

Hence, the total adsorption energy (nmax·Eads) per Zn2(2,6-ndc)2dabco formula unit (fu) 

of MOF decreases continuously from chloromethane to tetrachloromethane (Table 5-

1). This provides an energetic reason for the absence of structural response CHCl3 

and CCl4. In addition, the smaller kinetic diameter also favours adsorption kinetics and 

a reduced activation barrier can be expected for CH3Cl and CH2Cl2 (Figure 5-10).  

Samples desolvated supercritically (SCD). All SCD samples, prior to adsorption 

contain predominantly the op phase. The physisorption of N2 at 77 K, CO2 at 195 K, 

chloromethane at 249 K, and dichloromethane at 298 K reveal the switchable 

behaviour of the samples (breathing), since stepwise isotherms with hysteresis were 

observed. The structural response (the hysteresis width) and uptake vary significantly 

with the particle size (Figure 5-11, 5-13). The influence of the solvent used for SCD 

drying was investigated for the micron-sized (0.5 µm) and submicron-sized (0.1 µm) 

crystals. Both of them follow the similar adsorption pathway, therefore only the micron-

sized DUT-8(Zn)_0.5 µm will be discussed. Upon adsorption of N2 (Figure 5-13c), the 

switchable behaviour of DUT-8(Zn)_0.5 µm_EtOH results in breathing type of isotherm 

with hysteresis, while desolvation from acetone leads to rigidification of the sample 

DUT-8(Zn)_0.5_acetone resulting in type I isotherm. In case of CO2 adsorption (Figure 

5-13d), the opposite trend is observed, the desolvation from acetone leads to the more 

pronounced breathing behaviour of DUT-8(Zn)_0.5 µm_acetone in comparison with 

sample DUT-8(Zn)_0.5 µm_EtOH . 
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Figure 5-13. Nitrogen adsorption at 77 K and carbon dioxide physisorption at 195 K on: a, b) the 
comparison differently-sized crystals activated by SCD from EtOH; c, d) Micron-sized and e), f) 
submicron-sized crystals activated by SCD from EtOH and acetone. 
 

In order to provide insight into breathing mechanism, in situ experiments were 

performed during CO2 adsorption at 195 K on DUT-8(Zn)_0.1 µm_op dried from EtOH 

(Figure 8-8-3), because other SCD samples have small fraction of cp phase (Figure 

5-6b). Micropore filling occurs at low relative pressure (Figure 8-8-3). Starting from 

p/p0 = 0.128 in the adsorption branch, the small additional peaks appear in the PXRD 
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patterns, that are attributed to formation of the cp phase. The cp phase is visible in the 

in situ data in all patterns collected at relative pressures higher than 0.128 and in 

desorption branch, up to p/p0 = 0.061.  At the last point measured at p/p0 = 0.009, 

some residual amount of the cp phase is present. We can conclude, that during the 

adsorption of carbon dioxide, breathing of the structure occurs, suggesting a more 

labile paddle wheel is present, in comparison to the Ni and Co analogues that show 

type I adsorption isotherm without any signs of switchability.16 

An important observation is that the critical size for DUT-8(Zn), which suppress 

switchability is considerably smaller (< 50 nm), compared to DUT-8(Ni) (< 200 nm) 

and DUT-8(Co).16 In addition, reduced desorption stress is needed, since the pure op 

phase could be achieved only by SCD activation. In contrast, the submicron-sized 

particles of DUT-8(Ni) and DUT-8(Co) withstand the removal of DCM under vacuum 

without transformation. 

5.2.2 Spectroscopic investigations of DUT-8(Zn) samples 

For further investigations, the following samples are chosen: “as made” DUT-8(Zn) samples  

in DMF (DUT-8(Zn)_160 µm, DUT-8(Zn)_0.5 µm, DUT-8(Zn)_0.1 µm) and samples after 

desolvation from DCM in cp state (DUT-8(Zn)_160 µm_cp, DUT-8(Zn)_0.5 µm_cp) and 

after SCD in op phase (DUT-8(Zn)_0.1 µm_op).  

IR-spectroscopy 

The asymmetric stretching vibrations of the carboxylate in the recorded range are not 

influenced by the structural transition. For both compounds in the cp phases DUT-

8(Zn)_160 µm_cp and DUT-8(Zn)_0.5 µm_cp  the bands are at 1602 cm−1 and in the 

op phase (DUT-8(Zn)_0.1 µm_op ) at 1605 cm−1 (Table 5-2, Figure 5-14). The 

symmetric stretching for both compounds in the cp phase is at 1467 cm−1 and 1465 

cm−1 in the op phase. Furthermore, it is observed that the scissor deformation 

δ(COO−) is slightly affected by the present phase. In the cp phase the vibration can be 

observed at 806 cm−1 and in the op phase at 813 cm−1. No differences were found in 

asymmetric vibrations of the dabco molecule in micron-sized DUT-8(Zn)_0.5 

µm_cp and sub-micron sized crystals DUT-8(Zn)_0.1 µm_op  (1057 cm−1 for cp and 

op phases). 
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Figure 5-14. IR-spectra of DUT-8(Zn) samples. 

 

 

Figure 5-15. a), b) IR-spectra of DUT-8(Ni), DUT-8(Co), and DUT-8(Zn) in the closed pore state. 

 

 

 

 

a)  b)  
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Table 5-2. Wavenumbers of expected and observed vibrations. 

Vibration 

 
ν observed in  
DUT-8(Zn)_160 µm_cp / 
cm-1 

ν observed  
in 8(Zn)_0.5 µm_cp / cm-1 

 
 
ν observed 
 in 8(Zn)_0.1 µm_op / cm-1 

νas(COO−) 1602 1602 
 
1605 

νs(COO−) 1467 1467 
 
1465 

δ(COO−) 806 806 
 
813 

νas(NC3) 1056 1056 
 
1056 

νs(NC3) 780 780 
 
782 

 

Comparing the spectra of the cp phases of macro-sized DUT-8(Ni), DUT-8(Co) and 

DUT-(Zn) crystals (Figure 5-15), one can see, that despite the stronger cluster 

deformation observed from crystallographic data for DUT-8(Zn) compound, the 

vibrations of the carboxylates (COO−) in the recorded range are not significantly 

influenced, i.e. the asymmetric stretching vibration is at 1602 cm−1, the symmetric 

stretching at 1467 cm−1. The scissor deformation is more affected, since this appears 

at 816 cm−1 for Ni, at 802 cm−1 for Co and at 806 cm−1 for Zn. 

Asymmetric vibrations are not influenced by metal node (1056 cm−1 for all 

compounds). The symmetric stretching vibrations of NC3 are sensitive to metal and 

the positions of the bands differ (Zn: 779 cm−1, Co: 776 cm−1, Ni: 769 cm−1) as shown 

in Figure 5-15a.  

Raman spectroscopy 

It was already shown, that Raman spectroscopy is a powerful tool to reveal the 

differences in switchability of the frameworks due to the differences in the lattice 

vibration frequencies.215 In order to characterize the open pore phase, “as made” 

samples of DUT-8(Zn) in DMF were investigated first. The characteristic band appears 

at 23 cm−1 for all investigated samples of DUT-8(Zn) (Figure 5-16a). The obtained 

characteristic lattice vibration bands values for DUT-8(Zn) are almost the same as for 

DUT-8(Ni) and DUT-8(Co) (23 cm−1, 24 cm−1).16, 215 
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Figure 5-16. Raman spectra of samples in a) wide spectral range of DUT-8(Zn) samples solvated in 
DMF and b) the low frequency spectra of desolvated macro-sized DUT-8(Zn)_160 µm_DCM in 
comparison with macro-sized crystals DUT-8(Ni) and DUT-8(Co). 
 

The desolvated macro-sized sample DUT-8(Zn)_160 µm_cp  as analysed shows two 

bands at 25.9 and 44.3 cm−1 (Figure 5-16b, Figure 8-9). The appearance of the second 

lattice vibration mode in the spectrum is obviously attributed to the drastic changes in 

the environment of the Zn atoms in the cp state, facilitating additional vibration modes 

of the framework constituents.  

The decrease in frequency for the closed pore phase from 59.3 and 46.6 cm−1 for 

DUT-8(Ni) and DUT-8(Co), respectively, to 44.3 cm−1 for DUT-8(Zn) indicates that the 

force constant for DUT-8(Zn)_cp framework is lower compared to Co. However, the 

difference between Co and Ni (4 cm−1) is more pronounced as for Co and Zn (2 cm−1). 

Solid state NMR spectroscopy 

The investigation MOFs and their interactions with adsorbed guest molecules is widely 

performed by NMR spectroscopy.216, 217 It was previously revealed that it is possible 

to distinguish between op and cp phases of DUT-8(Ni) by solid-state NMR.216  

The investigations of DUT-8(Ni) and DUT-8(Co) were performed by selective labelling 

of carbon atoms of the carboxyl groups of 2,6-H2ndc with 13C.218 However, 

diamagnetic properties DUT-8(Zn) allow to investigate this system without the isotope 

enrichment of the linker. The measurements were performed by Marcus Rauche in the 

group of Prof. Dr. Eike Brunner (Chair of Bioanalytical Chemistry, TU Dresden).  

 

a)  b)  
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Figure 5-17. 13C CP MAS NMR spectra of desolvated DUT-8(Zn)_160 µm_cp, DUT-8(Zn)_0.5 µm_cp 
and DUT-8(Zn)_0.1 µm_op.  
 

The 13C NMR chemical shift of DUT-8(Zn) samples is 171 ppm in DMF, which is slightly 

less than of pure 2,6-ndc linker (173 ppm) (Figure 8-10).216 However, the values of 

chemical shifts are considerable higher for DUT-8(Ni) and DUT-8(Co) solvated in the 

solvents with different polarity (in DMF 270 ppm and 540 ppm, respectively). The 

solvent-dependent chemical shift was related to the influence of solvent on the 

isotropic Fermi contact coupling constant. The latter impacts the electron spin density 

distribution around the di-metal clusters.218  

The desolvation of DUT-8(Zn)_160 µm and DUT-8(Zn)_0.5 µm results in the 

framework contraction (cp phase). The phase transition is accompanied by decent 

isotropic chemical shift increase 177 ppm (Figure 5-17). The chemical shift of 

desolvated DUT-8(Zn)_0.1 µm in op is identical to the signals of samples in the 

solvated state 171 ppm.  

In contrast, the carboxylates of DUT-8(Ni) in cp and op state exhibit significantly higher 

chemical shifts 229 and 226 ppm, respectively.216 But, the difference between the 

values is less pronounced than for desolvated op and cp phases of DUT-8(Zn). 

 

5.2.3 DFT simulations  

 

Theretical calculations were performed by Dr. Petko St. Petkov, Dr. Jack D. Evans. 

First, atomistic simulation was applied to the paddle wheel unit to capture the 

behaviour of the molecular hinge present in the frameworks. Constrained geometric 

optimisations of a representative paddle wheel were performed, where the N– Zn–Zn 

* * 
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and Zn–Zn–N angles were fixed and subsequently scanned for angles between 180° 

and 150° (Table 5-3). In contrast to the previous reports for Ni, Co and combination of 

both metals in the paddle wheel,16, 219 the minimum energy configuration for the Zn 

paddle wheel is observed at 180°. Deformation of this unit to angles associated with 

the cp phase (approx. 155°) did not produce decomposition of the paddle wheel and 

requires almost 6 kJ mol−1. This apparent rigidity of the Zn paddle wheel unit in the op 

phase is not reflected experimentally, suggesting that framework interactions and a 

more complex deformation mode are required to reproduce the transitions present in 

DUT-8(Zn). 

Table 5-3. Relative energy for the constrained geometry scans of the M-M-N for the representative Zn 

paddle wheel. 

Zn-Zn-N angle / ° relative energy / kJ mol-1 

180 0.00 

175 0.04 

170 0.54 

165 1.61 

160 3.36 

155 5.92 

150 9.53 

 

The geometry of DUT-8(Zn) in the op and the cp phase was subject to energy 

minimization in periodic boundary conditions, using a unit cell of one Zn paddle wheel 

(PW) unit, two 2,6-ndc ligands, and one dabco pillar. During the energy minimization 

the cell shape, volume, and atomic positions were relaxed. The geometry of the cp 

phase was obtained starting from op phase after NPT MD simulation at 300 K and 1 

atm pressure. The MD simulation performed in a fully flexible cell resulted in 

spontaneous op–cp transformation of the DUT-8(Zn) in 2 ps. Key interatomic 

distances and angles for op and cp phase are collected in Table 5-4. We observe good 

agreement between the experimental and calculated geometry parameters.  

Table 5-4. Characteristic geometric parameters in DUT-8(Zn): Zn…Zn distance in the paddle wheel, 

Zn-O(carboxylic) bond lengths, Zn-N(dabco) bond lengths, and Zn-Zn-N(dabco) angle. 

Distances and angles op cp 

Zn…Zn / Å 2.82 3.78 

Zn – O / Å 2.06 1.99, 2.02, 2.02, 3.78 

2.03, 2.01, 2.11, 3.61 

Zn – N / Å 2.10, 2.11 2.11, 2.14 

Zn – Zn – N / ° 174 119 
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The calculated interatomic distances show, in line with experimental data, that upon 

closure the Zn paddle wheel undergoes significant structural deformation in 

comparison to DUT-8(Ni) and DUT-8(Co).16 The Zn⋯Zn distance elongates by 0.97 

Å, from 2.82 in op to 3.79 in the cp phase. Another notable deformation in the Zn PW 

is the Zn–O distances. From the analysis of the MD trajectories (Figure 8-11) is visible 

that two of the total eight Zn–O distances in the Zn-PW are significantly elongated 

upon closure. In the minimized geometry of the cp phase, two Zn–O distances are 

elongated up to 3.78 and 3.61 Å, while the other six Zn–O distances are much smaller 

affected, 2.01– 2.11 Å. Such deformation in the Zn-PW is responsible for the much 

less strain in the closed phase in comparison to DUT-8(Ni). The strain energy for DUT-

8(Ni), where the Ni-PW stays intact upon closure, was calculated to be +102 kJ mol−1, 

while for DUT-8(Zn) it is only +78 kJ mol−1 (Table 5-5) due to the Zn-PW partial 

distortion. On the other hand, the contribution from the dispersion interaction between 

2,6-ndc linkers is very similar for DUT-8(Ni) and DUT-8(Zn), −188 kJ mol−1, and −181 

kJ mol−1, respectively, leading overall to a higher stabilization of the cp vs. op phase 

for DUT-8(Zn) (−104 kJ mol−1) in comparison to DUT-8(Ni) (−86 kJ mol−1). These 

findings suggest that framework dynamics for DUT-8(Zn) and DUT-8(Ni) are 

dominated by the strain in the framework related to the stiffness of the paddle wheel 

hinge. 

Table 5-5. Relative energy (∆𝐸) of the transformation of open to closed forms for DUT-8(Zn) and DUT-

8(Ni), change of strain energy 𝐸𝑠𝑡𝑟 and change of London dispersion energy ∆𝐸𝑑𝑖𝑠𝑝. All values are in kJ 

mol-1 per formula unit.  

 DUT-8(Zn) DUT-8(Ni) 

E -104 -86 

Estr
a +78 +102 

Edisp
b -182 -188 

 

aThe strain energy Estr was calculated as follows: from total energy of each system the 

corresponding dispersion energy was removed. The resulting value for closed pore form was 

subtracted from the one of the open pore form. 
bThe change in the dispersion energy Edisp was calculated as follows: the dispersion energy in 

the closed pore form was subtracted from the  dispersion energy of the open pore form. 
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5.2.4 Thermal analysis and thermo-responsivity of DUT-8(Zn) 

In order to estimate thermal stability of DUT-8(Zn) samples, thermogravimetric 

analysis (TGA) was performed in synthetic air flow (5 K min-1). Interestingly, the 

analysis discloses decreasing thermal stability with decreasing size of the crystals. 

The decomposition of macro-sized DUT-8(Zn)_160 µm_cp starts at 400°C, whereas 

sample DUT-8(Zn)_0.5 µm_cp  starts to decompose at 380° K already (Figure 5-18). 

The decomposition proceeds in both samples in one step.  

Despite relatively small difference in average crystal size between sample DUT-

8(Zn)_0.5 µm_cp  and sample DUT-8(Zn)_0.1 µm_op, the thermal stability of 

sample DUT-8(Zn)_0.1 µm_op is considerably lower than for DUT-8(Zn)_0.5 µm_cp, 

showing the first decomposition step starting from 220°C already, presumable 

associated with the dabco elimination. 
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Figure 5-18. TGA (black) and DTG (blue) of: a) DUT-8(Zn)_160 µm_cp  ; b) DUT-8(Zn)_0.5 µm_cp;  

c) submicron-sized sample DUT-8(Zn)_0.1 µm_op. 
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The temperature-induced framework contraction or expansion can be achieved 

without changing chemical composition.53, 220-223 Previously, temperature induced 

phase transitions were observed in DUT-8(Ni).224 Starting from the op or cp phase, 

depending on the crystal size regime, the structural transition occurs upon heating, 

which results in a new crystalline confined closed phase pore phase (ccp). The new 

phase was shown to be an interpenetrated framework, as a result of bond 

breaking/reformation under the increased temperature.  

The transition from cp to ccp in DUT-8(Ni) is observed in the temperature range 400-

430°C. For investigation of thermo-responsive behaviour of DUT-8(Zn)_160 µm_cp, 

the variable-temperature PXRD (VT-PXRD) was performed in the range from 25°C up 

to 402°C in the N2 flow (Figure 5-19a). As can be seen from VT-PXRD patterns, 

starting from 227°C, the main reflections at 2θ = 7.3, 10.7, 15 gradually shifted to 2θ 

= 7.7, 11, 15.7 by reaching 377°C. At this temperature, the reflections at 2θ = 13, 14 

are absent. The same structural response was observed by thermal treatment of the 

sample DUT-8(Zn)_160 µm_cp in the pre-heated oven in the N2 flow for 16 h. PXRD 

patterns were recorded after reaching the 300°C, 325°C and 350°C (Figure 5-19b). 

Unlike DUT-8(Ni), there is no phase transition in macro-sized DUT-8(Zn)_160 µm from 

cp to ccp. The comparison of PXRD pattern at 350°C with theoretical PXRD pattern of 

DUT-(Ni)_ccp reveals the mismatch of the main peaks. The temperature-driven 

changes in macro-sized DUT-8(Zn) could be associated with the changes in unit cell 

parameters, pointing on the possible negative thermal expansion (NTE). Several 

MOFs shrink with increasing temperature, reaching colossal NTE value.225-227  

 

Figure 5-19. a) VT-PXRD measurements under N2 atmosphere on sample DUT-8(Zn)_160 µm_cp in a 
temperature range from 25 °C to 400 °C, b) PXRD patterns of sample collected after heating in oven. 

a)  b)  
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Figure 5-20. a) VT-PXRD measurements under N2 atmosphere on sample DUT-8(Zn)_0.5 µm_cp in a 

temperature range from 25°C to 400°C, b) PXRD patterns of sample collected after heating in oven. 

Considering submicron-sized DUT-8(Ni), the phase transition from op phase to ccp 

was observed at 235°C, reaching complete transition at 400°C. In case of metastable 

op phase of submicron-sized DUT-8(Zn) (Figure 5-21a), framework begins to 

disintegrate at 175°C, which is not in the agreement with TGA results, which revealed 

thermal stability up to 220°C. Such inconsistency could be related to different heating 

conditions. 

However, the heating conditions are quite critical for metastable op phase of 

submicron-sized DUT-8(Zn)_0.1 µm_op. The sample was heated in the furnace until 

certain temperatures for 16 h in N2 flow. PXRD patterns were recorded after reaching 

150°C, 185°C, 205°C and 250°C. As can be seen from PXRD (Figure 5-21b), 

submicron-sized crystals DUT-8(Zn)_0.1 µm_op transformed to interpenetrated ccp 

phase already at 185°C with significant loss of crystallinity.  

 
Figure 5-21. a) VT-PXRD measurement under N2 atmosphere on sample DUT-8(Zn)_0.1 µm_op in a 
temperature range from 25°C to 400°C, b) PXRD patterns of sample collected after heating in oven. 
 

a)  

a)  b)  

b)  
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Figure 5-22. DSC curves of DUT-8(Zn)_160 µm_cp, DUT-8(Zn)_0.5 µm_cp, DUT-8(Zn)_0.1 µm_op in 
Ar flow with a heating rate of 2 K·min−1 in the temperature range from von 50 to 500 °C. 

 

Thermal effect of structural response was studied using DSC (Figure 5-22). DUT-8(Zn) 

samples were exposed to heating in argon flow at 2 min-1. The DSC curves of DUT-

8(Zn)_160 µm_cp and DUT-8(Zn)_0.5 µm_cp exhibit the exothermic effect in almost 

the same range 225-300°C. The determined enthalpy of effects is slightly bigger for 

macron-sized crystals (-21 J g-1) than for micron-sized (-19 J g-1). However, the 

structural transition in DUT-8(Ni) from cp to ccp is accompanied by huge exothermic 

effect releasing -193 J g-1. Such energetic difference points out that there is no phase 

transition in macro-sized DUT-8(Zn)_160_cp and micron-sized DUT-8(Zn)_0.5_cp. 

However, the small exothermic effects (-21 J g-1, -19 J g-1) could be related to the 

framework shrinkage. The followed endothermic peaks are associated with the 

decomposition of samples starting from 400°C for macro-sized samples and 380°C for 

micron-sized sample, which correlate with TGA data. 

The temperature-driven structural response in DUT-8(Zn)_0.1 µm_op occur in the 

range 150-220°C, which is in agreement with PXRD patterns recorded after reaching 

the certain temperature (Figure 5-21). The enthalpy of the exothermic effect was 

determined to be about -38 J g-1. In submicron-sized DUT-8(Ni), the enthalpy of 

transition from op to ccp in is about −367 J g−1. Such huge energy release is 

associated with bond breaking/reformation, forming interpenetrated framework. In 

case of DUT-8(Zn), the phase transition from op to ccp is accompanied by quite small 

exothermic effect (-38 J g-1), due to the loss of crystallinity and disintegration upon 

heating. 
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5.2.5 Liquid and vapour phase adsorption 

Liquid phase adsorption  

To study the physisorption behaviour of the DUT-8(Zn) in the liquid phase, the macro-

sized sample and micron-sized samples with average size of 160 µm and 0.5 µm, 

respectively were prepared. PXRD patterns for as made crystals in DMF are in good 

agreement with the calculated pattern of DUT-8(Zn) (Figure 5-23). Desolvation of 

samples from DCM leads to the formation of thermodynamically stable cp phases.  

To screen the switching ability of DUT-8(Zn) against the variety of adsorptives, the 

DUT-8(Zn)_160 µm and DUT-8(Zn)_0.5 µm samples in the closed pore phase state 

were exposed to different polar and non-polar solvents for 24 h (Table 5-6). The state 

of the samples after adsorption experiment was monitored by PXRD.  

 

Figure 5-23. PXRD patterns of “as made” macro- and micron-sized particles of DUT-8(Zn) and after 
solvent removal in comparison with the calculated patterns of the op and cp phases of DUT-8(Zn).  
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In particular, reopening of DUT-8(Zn)_160 µm by resolvation is possible using DMF 

(op/cp mixture was obtained after experiment), tetrahydrofurane (THF), acetonitrile 

(ACN), DCM (Figure 5-24a, 7-12). Alcohols and hexane do not provoke structural 

transition (Figure 5-24a,b). In contrast, soaking of DUT-8(Zn)_0.5 µm in a series of 

representative alcohols (ethanol, 1-, 2-propanol, 1-butanol), as well as aprotic polar 

solvents (DMF, THF, ACN) leads to almost complete reopening of the framework in 

all cases (Figure 5-24c,d). 

  

 
Figure 5-24. PXRD patterns of a-b) DUT-8(Zn)_160 µm_cp and c-d), DUT-8(Zn)_0.5 µm_cp resolvated 
in polar (protic, aprotic) and non-polar solvents. 
 
 
 
 
 
 
 
 
 
 
 
 

a)  

c)  d)  

b)  
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             Figure 5-25. Schematic illustration of DUT-8(Zn) responsivity depending on particle size. 

Liquid adsorption experiments revealed that the behaviour of macro-sized DUT-8(Zn) 

crystals is, to some extent, similar to the behaviour of large DUT-8(Ni) crystals,19 

namely selective response by a crystal structure transformation and subsequent pore 

opening after exposure specifically to polar aprotic solvents, while polar protic 

solvents, such as alcohols, cannot trigger pore opening. In contrast, micron-sized 

crystals (DUT-8(Zn)_0.5 µm) being in closed pore phase response not only to polar 

aprotic molecules, but also to alcohols by framework reopening (Figure 5-25). 

Table 5-6. Overview of the framework state after exposure to solvents in liquid phase. 

Solvent Marco-sized crystals 
DUT-8(Zn)_160 µm_cp 

Micron-sized crystals 
DUT-8(Zn)_0.5 µm_cp 

Polar molecules: aprotic 

DCM op/cp cp/op 

DMF op/cp op 

THF op/cp op 

ACN op/cp op 

Polar molecules: protic 

EtOH cp op 

1-PrOH cp op 

2-PrOH cp op 

1-BuOH cp op 

Non-polar molecules: aprotic 

Heptane cp cp 
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Solid state NMR 

As mentioned above, the structural response to DCM was detected in large crystals 

of DUT-8(Zn), which is not the case for alcohols. On the contrary, phase transitions 

can be triggered by alcohols and not by DCM in micron-sized DUT-8(Zn)_0.5 µm. To 

confirm the revealed structural preference of DUT-8(Zn), solid-state NMR was 

measured due to the distinct differences of carboxylate signals between op and cp 

phases (Section 5.2.2) allowing to monitor the liquid-induced phase transitions.  

The measurements were performed by Christopher Bachetzky in the group of Prof. 

Dr. Eike Brunner (Chair of Bioanalytical Chemistry, TU Dresden).  

Figure 5-26 shows that already after addition of 1-PrOH, the structural transformations 

occur in DUT-8(Zn)_0.5 µm, which are complete within 1 hour. Despite adsorption and 

resolvation studies showed that DCM is not able to provoke the phase transition in 

micron-sized crystals, NMR spectra show that some of the crystals were transformed 

to op phase after 5 h.  

However, after exposure to the mixture of DCM/1-PrOH, the cp-to-op phase transition 

was observed already after addition of mixture of solvent (Figure 5-27). Most probably 

framework reopening is induced by 1-PrOH, rather than DCM.  

 
Figure 5-26. 13C CP MAS NMR spectra of micron-sized sample DUT-8(Zn)_ 0.5 µm upon resolvation 
by a) 1-PrOH and b) DCM. 

 

a)  b)  
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Figure 5-27. 13C CP MAS NMR spectra of DUT-8(Zn)_0.5 µm_cp upon resolvation by DCM/1-PrOH. 

 

Moreover, the phase transition driven by DCM interaction with framework was not 

revealed by NMR in macro-sized DUT-8(Zn)_160 µm. As can be seen from Figure 5-

28, only a small signal from op phase was detected. It is assumed that not all of the 

crystals were stimulated to transform from cp to op. Nevertheless, PXRD pattern after 

resolvation and adsorption experiments (Figure 8-12, 5-11b) confirm that DCM is able 

to interact with large crystals, triggering phase transition at least for part of the crystals. 

  

Figure 5-28. 13C CP MAS NMR spectra of DUT-8(Zn)_160 µm_cp upon resolvation by DCM. 
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Vapour phase adsorption  

It was shown in Section 5.2.1 that macro-sized crystals were selectively responsive 

only towards chloromethane and DCM upon adsorption, meanwhile micron-sized 

crystals were not structurally transformed in the vapour adsorption experiments.13 

Liquid phase adsorption experiments confirm these properties, showing that large 

crystals are more responsive to DCM than smaller ones (Figure 8-12). Despite, THF 

and ACN can easily be adsorbed in liquid state by micron-sized sample DUT-

8(Zn)_0.5 µm_cp and part of macro-sized DUT-8(Zn)_160 µm_cp crystals, during 

vapour adsorption experiments the pressure in the vapour adsorption measuring 

system is not sufficient to stimulate phase transition at 298 K as shown in Figure 5-

29a,b. However, by increasing temperature of adsorption to 303 K, it can be clearly 

seen that crystal downsizing leads to decrease of activation barrier for the phase 

transition.  

Figure 5-29. Vapor adsorption isotherms of macro- and micron-sized DUT-8(Zn): a) THF at 298 K, 
b) THF at 303 K, c) ACN at 298 K, d) EtOH at 298 K. 

 

a)  b)  

c)  d)  
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Vapour adsorption of ethanol at 298 K reveals almost no uptake at low pressure with 

subsequent sharp uptake at p/p0 = 0.8, corresponding to a structural transition from 

the non-porous closed pore to the porous open pore phase in DUT-8(Zn)_0.5 µm_cp, 

meanwhile DUT-8(Zn)_160 µm_cp remain in cp phase in the course of adsorption-

desorption cycle (Figure 5-29d), reflecting the results of the liquid phase adsorption: 

the macro-sized crystal are non responsive to alcohols, but micron-sized crystals 

response to alcohol exposure by opening.   
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5.2.6 Modulation of crystal size and shape 

 

To broaden the crystal size range and to study the dependence of gate opening 

pressure from crystal size, the crystals with different sizes are needed. In case of DUT-

8(Ni), it was shown, that the influence of crystal width on adsorption has exponential 

character, therefore the width deviation in micron particle size range has more impact 

on the gate opening in comparison to the size deviations in macrocrystals. To increase 

the sensitivity of the study, three micron-sized DUT-8(Zn) crystals with crystal width 

1.8, 1.4 and 1 µm were produced by modulated synthesis (Figure 5-31, 5-32).201 PXRD 

patterns are in good agreement with theoretical pattern of DUT-8(Zn) in the solvated 

open pore phase (Figure 5-30). However, the differences in the intensities of reflexes 

recorded from (001) plane point on preferential orientation of the crystals in X-ray 

beam and consequently, on possible differences in crystal morphology. 

 

 

 

 

 

 

 

 

 

Figure 5-30. a) PXRD patterns of “as made” samples in DMF, b) full range PXRD patterns of solvated 
in DMF samples (op) and desolvated samples (cp). 

In fact, SEM images show that the DUT-8(Zn)_1.8 µm sample crystallises as cube-

like particles, DUT-8(Zn)_1.4 µm has rod-like morphology and  DUT-8(Zn)_1.0 µm are 

plates (Figure 5-31). As critical particle size, the dimensions corresponding to the [110] 

plane was considered, since it was demonstrated for DUT-8(Ni) system, that it 

represents the critical size in this pillared-layer MOFs. The orientation of the 

crystallographic axis was determined by election diffraction (Figure 5-33) performed 

by Dr. T. Gorelik (University of Ulm). The solvent removal process was performed 

identically for all samples, stimulating framework contraction and the structural 

transition from op to the cp phase (Figure 5-30b).   

 

a)  b)  
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Figure 5-31. SEM images and particle size distribution of investigated DUT-8(Zn) samples. 
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Figure 5-32. Schematic representation of crystal shape modulation (generated by the VESTA 3.5.5 
software) (Momma and Izumi, 2011). 

 

Figure 5-33. TEM image and electron diffraction patterns of plates DUT-8(Zn)_1.0 

 

Chloromethane adsorption 

Since nitrogen could not be used as a probe molecule in case of DUT-8(Zn), 

chloromethane adsorption at 249 K was studied. For characterization of isotherms, the 

quantities, introduced in section 4.2.2, are used:  

(i) relative adsorption pressure at half maximum uptake (APHM) as a measure of the 

average gate opening activation energy (∆G*);  



Chapter 5 

 

- 126 - 

 

(ii) uptake at highest relative pressure reached in the adsorption experiment (or in 

plateau), which represents the specific pore volume of the particular sample. In relation 

to the theoretical pore volume, it reflects the fraction of crystallites (αmax) transformed 

to the op phase at given conditions. 

Typical gate-opening isotherms upon adsorption of CH3CI (249 K) were obtained for 

DUT-8(Zn)_160 µm, DUT-8(Zn)_1.8 µm and DUT-8(Zn)_1.4 µm with αmax reaching 

0.78, 0.77 and 0.7 at p/p0=0.96, respectively (Figure 5-34a, Table 5-7). Smaller 

crystals DUT-8(Zn)_1.0 µm and DUT-8(Zn)_0.5 µm remains in the cp in the whole 

pressure range upon adsorption of chloromethane at 249 K. Thus, behaviour of DUT-

8(Zn) upon adsorption of CH3CI follows the trend observed for DUT-8(Ni) upon 

adsorption of nitrogen at 77 K: crystals smaller than 1 μm lose the ability to perform 

cp-to-op transition. 

There is no clear dependence of APHM from the crystal dimensions (length and width) 

(Table 5-8).  

 
 
 

Figure 5-34. a) Chloromethane (249 K), b) Ethanol (298) physisorption isotherms, 
c), d) corresponding physisorption isotherms with uptake normalized to the maximum value. 
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Table 5-7. Overview of structural response of DUT-8(Zn) in closed pore phase towards guest molecules 
depending on size regime and ɑmax values. 
  

W = 160 µm  
L = 270 µm 

1.8  
3 

1.4 
5.6 

1.0  
0.2  

0.5  
0.1 

 Adsorptive Measurement 
conditions 

     

DCM  
  
  

 298 K 
(p/p0=0.94, 
p0=56.9 kPa) 

op  
0.58 

- - - op  
0.10 

 312 K 
(p/p0=0.88,  
p0=96.5 kPa) 

- op 
0.24 

op 
0.24 

op 
0.29 

- 

Chloromethane 
 

 249 K 
(p/p0=0.96,  
p0=101.33 kPa) 

op  
0.78 

op  
0.77 

op 
0.70 

cp cp 

Ethanol 
 

 298 K 
(p/p0=0.96,  
p0=7.7 kPa) 

cp op  

0.14 
op 

0.64 
op 

0.69 
op 

0.77 

 

Dichloromethane adsorption 

Upon dichloromethane adsorption at 298 K only 58% of DUT-8(Zn)_160 µm are 

structurally transformed from op to cp phase (αmax=0.58), while DUT-8(Zn)_0.5 µm 

mostly remain in cp phase (αmax=0.1) (Figure 5-11b, Table 5-7).  

In order to perform the measurement at the temperature close to boiling point, the 

isotherms for new samples were measured at 312 K, rising the maximum pressure to 

96.5 kPa. However, such measurement conditions do not lead to significant structural 

changes, reaching only αmax= 0.24 for cubes and rods, and 0.29 for plates (Table 5-7, 

Figure 8-13).  

Ethanol adsorption 

The smaller the crystals of DUT-8(Zn) are more responsive towards ethanol. This is 

clearly indicated by adsorption profiles. DUT-8(Zn)_0.5 µm, DUT-8(Zn)_1.0 µm and 

DUT-8(Zn)_1.4 µm particles show framework reopening induced by ethanol vapour 

adsorption at 298 K, reaching αmax 0.77, 0.69 and 0.54 at p/p0 = 0.96, respectively 

(Table 5-7). Meanwhile, DUT-8(Zn)_1.8 µm is shown to be less responsive showing 

only αmax = 0.14 at p/p0 = 0.95 and the DUT-8(Zn)_160 µm are not responsive at all 

(Figure 5-34b). APHM changes also do not systematically follow the changes in the 

crystal length (Table 5-8). However, the systematic increase in the width of the crystals 

leads to the increase of APHM value. As a result, after reaching the critical size of 

width, the crystals lose the responsivity towards ethanol.  
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Thus, the crystal width determines the gate opening pressure in DUT-8(Zn) as well as 

was shown for DUT-8(Ni) in Chapter 4. 

In conclusion, there may be some adsorptives which follows the trend observed for 

DUT-8 in adsorption of nitrogen: crystal downsizing leads to the increase in gate 

opening pressure. It is the case for chloromethane in DUT-8(Zn), which is able to open 

the macro-crystals as well as submicron crystals and the gate opening pressure shifts 

to the higher value by crystal downsizing. At some critical particle size, the compound 

becomes non responsive and stays in the cp phase upon adsorption.  

Some adsorptives, however, follow the opposite trend. To such adsorptives belong 

THF and EtOH. The macro-crystals are not responsive to these substances and the 

downsizing induces the responsivity. Obviously, the critical width value in the 

submicron range exists, transforming the non-responsive cp phase to the flexible 

compound. For EtOH the critical width seems to be around 2 µm. For such adsorptive, 

the further particle size decrease leads to the shift of the gate opening pressure 

towards the lower values (Figure 5-29d, 5-34b). It should, however, be emphasised, 

that the vapour adsorption experiments in high relative pressures region are very 

sensitive to the temperature stability and should be considered critically.  

Table 5-8. Characteristics of the investigated samples. 

 

RSD, relative standard deviation; PDI, polydispersity index; APHM estimated for the normalized isotherms. 

 

 

 

 

 

 

Samples Width 
(W)/ 
μm 

 

APHM 
C2H5O

H 

 

APHM 
CH3Cl 

RSD/% PDI Length 
(L)/ μm 

 

RSD/% PDI 

DUT-8(Zn)_0.5 µm 0.5 0.85 - 39.6 0.15 0.1 40.8 0.16 

DUT-8(Zn)_1 µm 1.0 0.89 - 33.4 0.11 0.2 43.7 0.19 

DUT-8(Zn)_1.4 µm 1.4 0.91 0.72 20.7 0.04 5.6 50.1 0.25 

DUT-8(Zn)_1.8 µm 1.8 - 0.67 19.2 0.03 3.0 43.1 0.18 

DUT-8(Zn)_160 µm 160 - 0.75 31.2 0.09 270 34.8 0.12 
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5.2.7 Shape-memory effect 
 

Since alcohols are capable to provoke the opening of micron-sized crystals, vapor 

physisorption experiments on DUT-8(Zn)_0.5 µm_cp at 298 K were performed using 

1-PrOH, 1-BuOH in order to compare the behavior during adsorption from liquid and 

from vapor phase. As mentioned above, vapour adsorption of ethanol at 298 K reveals 

almost no uptake at low pressure with subsequent sharp uptake at p/p0 = 0.8, 

corresponding to a structural transition from the non-porous closed pore to the porous 

open pore phase. However, PXRD pattern of the sample after adsorption indicates the 

presence of the open phase after desorption(Figure 5-37c), thus inducing so called 

shape-memory effect (Figure 5-42).101  

The adsorption of 1-PrOH was measured up to 0.92 of relative pressure. Under such 

conditions not all crystals are able to transform, and the gradual increase in the op 

phase content in the course of several adsorion/desorption cycles (Figure 5-35a). To 

monitor structural composition of the powder, PXRD patterns were recorded after each 

cycle. Cyclic adsorption/desorption measurements of 1-PrOH confirm accessible 

shape-memory effect in this system, resulting in the gradual transformation of the initial 

shape of pores into a metastable shape, which is maintained even after desorption. 

The first adsoriton cycle results in typical gating isotherm and low amount of 1-PrOH 

adsorbed (3.4 mmol/g). PXRD revealed switching from cp to op only for part of the 

crystals. As a result, in the second cycle the filling of metastable op phase occurs in 

the low region of p/p0, reaching the plateau which us followed by an increase in uptake 

corresponding to the phase switching of another portion of crystals. The second cycle 

is characterized by shifting of gate-opening to the lower relative pressure with slight 

increase in uptake (4 mmol/g). In the following adsorption cycles, the amount of 

alcohol adsorbed increases. Thus, the micron-sized crystals DUT-8(Zn)_0.5 µm 

reconfigure their framework structures in response to the incorporation of 1-PrOH, 

which triggers the formation of op phase during six cycles of adsorption, therefore 

ensuring porous open phase after desorption (Figure 5-35b). 

Vapour adsorption of 1-BuOH confirms sorbate-induced shape memory effect, 

observed in micron-sized sample. The tendency of gate-opening pressure shift to the 

lower values of p/po is observed, however, the reopening occurs during 4 cycles of 

alcohol adsorption with uptake of 10 mmol/g. As can be seen from the isotherms, the 

incorporation of 1-BuOH into the framework occurs more difficult, especially during the 
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first cycle (Figure 5-36a). The second cycle exhibits more pronounced hysteresis loop. 

In case of 3 cycles, partial pore accessibility provides pore filling with subsequent 

plateau region between p/p0 0.02 to 0.85 bar, followed by phase transition from non-

porous to porous state, which is maintained even after the removal of adsorbate. The 

last adsorption cycle is characterized by increasing 1-butanol uptake and less 

pronounced hysteresis loop. PXRD data (Figure 5-36b) after adsorption-desorption 

cycles verify crystal structure transition from closed to open state. 

The interaction of framework with alcohols causes considerable deformation of the 

crystals surface (Figure 8-14, 8-15). The severe surface deformation is caused by 

chemical interaction of alcohols with framework.  

Figure 5-35. a) Cycled physisorption isotherms of 1-PrOH (298 K) and b) corresponding PXRD patterns 
after each cycle.  

 

Figure 5-36. a) Cycled physisorption isotherms of 1-BuOH at 298 K and b) corresponding PXRD 
patterns before adsorption and after four cycles of adsorption. 

 

b)  a)  

b)  a)  
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The cycled adsorption isotherms for 1-PrOH, 1-BuOH were measured up to 0.92 and 

0.93 relative pressure, respectively. The increase of relative pressure up to 0.95 in 

both cases allowed to occur only in one adsorption/desorption cycle almost complete 

structural transformations. 

The comparison of alcohol adsorption isotherms is shown in Figure 5-37a. During 

adsorption of EtOH, the amount of adsorbed ethanol constitutes 12.8 mmol g-1 at the 

p/p0=0.96, reaching αmax = 0.77 (Table 5-9).  

During 1-PrOH adsorption at 298 K, the phase transition from cp to op is triggered with 

the total uptake of 7 mmol g-1 at p/p0 = 0.96. In this case αmax is only 0.52, meaning 

that only half of the crystallites transformed to the op phase at given conditions.  

The adsorption of 1-BuOH at 298 K enables αmax = 0.76 at p/p0 = 0.95, which is 

comparable to the pore filling reached by EtOH (αmax = 0.77). PXRD patterns of the 

samples after adsorption (5-37b) indicate that the framework stays in the metastable 

open pore phase after desorption of alcohols after the first cycle. 

 

Figure 5-37. a) ROH physisorption isotherms (298.15 K), b) ROH physisorption isotherms with uptake 
normalized to the maximum value, c) PXRD patterns of DUT-8(Zn)_0.5 µm after ROH adsorption. 

a)  b)  

c)  
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Table 5-9. Quantities for characterization of adsorption isotherms. 
  

PXRD 
after ROH 
adsorption 

APHM 
ROH 
adsorption 

αmax 

ROH 
adsorption 

αmax  

N2 

adsorption 

 Adsorptive Measurement 
conditions 

    

Ethanol 
 

 298.15 K 
(p/p0=0.96,  
p0=7.7 kPa) 

op/cp 0.85 0.77 0.70 

1-PrOH 298.15 K 
(p/p0=0.95,  
p0=3.1 kPa) 

op/cp 0.84 0.52 0.52 

1-BuOH 298.15 K 
(p/p0=0.95,  
p0=1.5 kPa) 

op/cp 0.82 0.76 0.58 

 

According to vapour adsorption experiments, alcohols are not only able to initiate 

switching in micron-sized crystals, but also induce shape-memory effect. Such 

behaviour was also observed in the 2-fold interpenetrated [Cu2(bdc)2(bpy)]n,101 in 3-

fold interpenetrated network, [Zn2(bpdc)2(bpb)]n,103 where the op phase was retained 

after adsorption/desorption of the gases (CO2, N2 and CO) and in CPM-107 (built from 

[Mg2Ac]3+ chains connected by bdc linker), which selectively responds to CO2 over 

CH4, N2, and H2, demonstrating key-lock effect.228 Recently, similar effect was shown 

in Cu(4-PyC)2, consisting of Cu2+ and 4-pyridine carboxylic acid. 108 The structural 

expansion of Cu(4-PyC)2 is triggered by adsorption of SO2.The retained open pore 

phase is attributed to chemical interaction of SO2 with open metal sites, as well as 

Jahn−Teller stabilization effect of the Cu−N bond preventing the rotation of pyridine. 

Since the crystallinity of the op and cp phases of DUT-8(Zn) is not the same, an 

assumption about the op/cp ratio without using an internal standard is problematic. 

However, adsorption experiments, using N2 at 77 K can provide this ratio (αmax). It was 

shown in Section 5.2.1, that DUT-8(Zn)_0.5 µm is not responsive towards N2 at 77 K 

and therefore the observed uptake should only refer to the retained op phase after the 

alcohol vapour adsorption.  

Prior to the measurements, the samples were evacuated at 150 K for 3 h. As expected 

the recorded N2 isotherms of DUT-8(Zn)_0.5 µm all refer to a type I isotherm, typical 

for rigid materials, since only the present op phase may adsorb N2 (Figure 5-38). 
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Figure 5-38. Nitrogen physisorption isotherms (77 K) recorded after ROH adsorption. 

 

Although in the PXRD only a small part of the cp phase seems to be present, only 

about 70% (αmax = 0.7) of the theoretical pore volume is accessible for N2 at 77 K after 

EtOH adsorption. The amount of accessible porosity achieved by 1-PrOH and 1-BuOH 

adsorption is lower reaching only αmax = 0.52 and 0.58, respectively (Table 5-9). 

As mentioned above, similar to DUT-8(Zn)_0.5 µm, the modulated crystals also 

undergo phase switching induced by EtOH at 298 K reaching the different uptake 

amount depending on crystal size (Figure 5-39a).  

Figure 5-39. a) EtOH physisorption isotherms (298 K) and b) PXRD patterns of DUT-8(Zn) samples 
after adsorption. 
 

 

 

 

a)  b)  
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PXRD patterns measured after adsorption indicate that plates of DUT-8(Zn)_1.0 µm 

and rods of DUT-8(Zn)_1.4 µm remain in the open pore configuration after ethanol 

desorption and only small amount of crystals remain in cp phase (Figure 5-39b). 

However, only part of DUT-8(Zn)_1.8 cube-like particles can be reopened by EtOH. 

This could be attributed to the defined particle size regime, which is responsive to 

alcohols. In DUT-8(Zn)_1.8 µm sample, the size of crystals varies between 1 and 2 

µm, meaning that some crystals are exceeding the critical size needed for interaction 

with EtOH.  

The crystal surface and morphology are shown to be drastically changed after EtOH 

adsorption, which is not a case after DCM adsorption (Figure 5-40, Figures 8-16, 8-

17, 8-18). The surface became rough and non-homogeneous, and crystal shape is 

less defined according to SEM images. Upon exposure of “as made” crystals to 

ethanol for several days, the surface deformation is observed (Figure 5-40).  

The chemical interaction of alcohols with DUT-8(Zn) crystals leads to deformation of 

crystal surface and most probably to nanostucturing of crystal interior (Figure 5-40).  

As a result, framework rigidification can be attributed to nanodomains formation, which 

contributes to stabilisation of op phase. Another reason for suppression of structural 

mobility could be the presence of defects, which in turn influence switchable behaviour 

of MOFs.148 For instance, isomorphous DUT-8(Ni) system being in nano-sized regime 

is rigid, containing more defects in the form of missing 2,6-ndc2- and dabco linkers and 

defective paddle wheel units with only one Ni2+ ion.155  

In previously known shape-memory systems,108, 228 the original cp phase could be 

regenerated upon heating, vacuum or solvent soaking. In our experiments, heating 

could reproduce closed pore phase according to PXRD patterns (Figure 5-41a,b, 

Figure 5-42), while subsequent resolvation in corresponding alcohol does not provoke 

cp-to-op phase transition in the whole sample and resolvation by DMF leads to 

framework reopening with appearance of additional peaks.  
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Figure 5-40. SEM images of differently-shaped micron-sized DUT-8(Zn) a) after DCM adsorption, b) 

EtOH adsorption, c) solvation in EtOH. 

 

The thermal treatment of op phase after ethanol adsorption results in phase transition 

to cp (Figure 5-41c). Afterwards, the second adsorption cycle was measured, showing 

significant decrease in uptake, which could be attributed to the loss of crystallinity due 

to surface deformation (Figure 5-41d). The surface of the crystals was drastically 

changed by ROH adsorption (Figure 8-14, 8-15), which could be possible reason of 

framework rigidification. 

 

 

 

 

 

 

 

 

a)  

b)  

c)  
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Figure 5-41. PXRD patterns of thermally treated samples a) after 1-PrOH adsorption and resolvation, 

b) after 1-BuOH adsorption and resolvation, c) after EtOH adsorption, d) 2 cycles of EtOH adsorption 

isotherms at 298 K. 

 

 

 

 

 

 

 

 

 

 

Figure 5-42. Schematic representation of alcohols-induced shape memory effect in DUT-8(Zn)_0.5 µm. 

 

a)  b)  

c)  d)  
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5.2.8 Impact of switchability on the separation ability in the liquid phase  

 

To investigate the selectivity of DUT-8(Zn) in adsorption, depending on switching 

response towards different solvents, two component adsorption experiments were 

performed. DCM and 1-PrOH were chosen as adsorptives, since the micon-sized  

crystals DUT-8(Zn)_0.5 µm_cp can be reopened by 1-PrOH, while the macro-sized 

DUT-8(Zn)_160 µm_cp response only to DCM by opening and remains in the cp phase 

upon contact with 1-PrOH in single component adsorption experiments. The selective 

pore opening of DUT-8(Zn) towards specific guest molecule can be considered as a 

key-lock system (Figure 5-44). 

The rigid submicron-sized DUT-8(Ni) sample (op) was chosen as a reference to 

investigate natural selectivity of DUT-8. The rigid DUT-8(Ni) sample was exposed to 

the DCM/1-PrOH (1:1 molar ratio) mixture and equilibrated at 293 K for 1 h. The 

adsorbed amount was monitored by NMR (Figure 8-19). The NMR analysis shows that 

after 1 h (Table 5-10), the DCM is preferably adsorbed on the sample over 1-PrOH, 

since DCM/1-PrOH ratio is decreased from 0.71 (before adsorption) to 0.56 (after 

adsorption).  

 

Figure 5-43. a) PXRD patterns of DUT-8(Zn)_160 µm_cp and DUT-8(Zn)_0.5 µm_cp resolvated in 

solution of DCM/1-PrOH. 
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Table 5-10. DCM/1-PrOH ratio of solutions based on integrals of NMR signals.  

  
DUT-8(Ni)_rigid_op DUT-8(Zn)_160 µm_cp DUT-8(Zn)_0.5 µm_cp 

 DCM/ 
1-PrOH ratio 

DCM/ 
1-PrOH ratio 

DCM/ 
1-PrOH ratio 

Blank Solution 0.84/1.18 = 0.71 0.85/1.04 = 0.82 1.14/1.4 = 0.81 

Solution after 
adsorption 

0.51/0.91 = 0.56 0.7/0.91 = 0.77 0.87/1.38 = 0.63 

 

Concerning the switchable DUT-8(Zn) samples, the state of the samples was 

monitored by PXRD (Figure 5-43), showing that DUT-8(Zn)_0.5 µm_cp was 

completely transformed to the op phase in DCM/1-PrOH solution. In case of 

macrocrystals DUT-8(Zn)_160 µm_cp, not all of the crystals can be reopened in 

DCM/1-PrOH, which is proven by PXRD. The pattern indicates the mixture of cp/op 

phases. 

For DUT-8(Zn)_0.5 µm, the NMR analysis shows that despite the framework is 

reopened by 1-PrOH, DCM is preferably adsorbed on the sample over 1-PrOH (Table 

5-10, Figure 8-20), since DCM/1-PrOH ratio is decreased from 0.81 (before 

adsorption) to 0.63 (after adsorption) similarly to DUT-8(Ni)_rigid. 

DCM/1-PrOH ratios of solution before (0.82) and after adsorption (0.77) by DUT-

8(Zn)_160 µm crystals do not differ greatly (Table 8-10, Figure 8-21). Despite DCM 

triggers the phase switching from cp to op, both solvents are adsorbed.  

Thus, DUT-8(Zn) responsivity is significantly tailored by particle size, which in turn 

influences the selective adsorption behaviour (Figure 5-44). 

 

Figure 5-44. Schematic representation of selective adsorption properties of rigid DUT-8(Ni) and flexible 

DUT-8(Zn). 
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5.2.9 Conclusion  

The critical particle size suppressing switchability in soft porous crystals is not identical 

for all MOFs but depends on the stiffness of the deforming building blocks, in case of 

DUT-8(M), the chemical composition of the paddle wheel hinges. For DUT-8(Zn), the 

smaller strain energy (+78 kJ mol−1) of the node results in a significantly higher energy 

difference of the empty op and cp hosts (ΔE = Eop−Ecp), as compared to DUT-8(Ni), 

resulting in a smaller critical particle size (higher surface energy) required to suppress 

switchability. This was demonstrated by studying particles of three size regimes: 160 

μm (macro-sized), 0.5 μm (micron-sized) and smaller than 0.1 μm (submicron-sized). 

Crystallites of different size regimes behave also differently upon removal of the guest 

molecules. Removal of dichloromethane in vacuum at elevated temperature causes 

high desorption stress favouring the formation of thermodynamically stable phases as 

the phase transition to the closed pore phase is observed for macro- and micron-sized 

particles, whereas only for submicron-sized particles a mixture of cp/op phases was 

obtained. The application of mild supercritical drying favours the formation of the 

metastable op phases: the macro-sized particles show a phase mixture of op and cp 

phases, whereas the micron and submicron sized particles remain in the metastable 

open pore phase.The dense cp phase of DUT-8(Zn) shows no adsorption-induced 

pore opening for N2 at 77 K and CO2 at 195 K. The higher interaction energies of 

chloromethane at 249 K and dichloromethane at 298 K allow reopening of the macro-

sized crystals upon adsorption, but not the smaller particles. This could indicate an 

intermediate particle size regime, in which the crystals close as monodomain crystals, 

without twinning, hence the lack of defects may be responsible for the barrier to reopen 

the structure.18, 145 

Crystal downsizing enhances the responsivity of DUT-8(Zn) towards larger palette of 

adsorptives. Among investigated guest molecules, the alcohols are able to induce so 

called shape-memory effect in micron-sized crystals. The adsorption of alcohols 

stimulates phase transition from cp to op which is maintained even after desorption. 

The framework rigidification is caused by chemical host-guest interactions leading to 

surface deformation and possible nanodomain formation. Moreover, crystal 

downsizing contributes to selective adsorption properties of DUT-8(Zn). Selective 

adsorption of DCM over 1-PrOH is revealed in micron-sized crystals, which is not the 

case for macro-sized crystal. 
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Chapter 6 The impact of surface 

modification on switchability of DUT-8(Ni) 
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6.1 Introduction 
 

Modern industrialization requires the development the specific function of hybrid 

materials for target applications. The functionality of the advanced materials is 

determined not only by composition, but also by interfaces and surface, which serve 

as a favoured medium for technological processes.229 In case of new class of hybrid 

materials – crystalline porous metal-organic frameworks, high internal surface 

determines the application pathway in gas storage and separation.3 However, the 

outer surface can be considered as surface barrier, causing mass transfer limitations, 

influencing MOF performance.230 Moreover, surface barriers may effect on structural 

transformations in switchable MOFs, which are able to adopt to the changes in the 

environment. 

So far, mostly internal pore surfaces were functionalized rather than outer surfaces of 

MOF crystals.231 To modify properties of MOFs, the varying synthetic and self-

assembly approaches for surface decoration were developed.232 Kitagawa et al. 

synthesized HKUST-1 through coordination modulation, changing crystal morphology 

from octahedron to cubeoctahedron, which potentially allows for control over surface 

reactivity.233 Another widely used surface modification technique is solvent-assisted 

linker exchange, which was performed on DMOF-1. In this work,234 a monolayer of 

boron dipyrromethane (BODIPY) molecules were imparted onto the four carboxylate 

terminated surfaces [100], leaving the two dabco terminated surfaces [001] 

unmodified.  

The modification of surface chemistry leads to either the enhancement or deterioration 

of MOFs properties.232 Surface degradation is associated with the formation of defects, 

for example, after exposure of HKUST-1 to water vapour, therefore hindering the 

uptake and release of guest molecules.192  

The crystal surface modification of MOFs can be realized by different polymer coating 

procedures.235 By means of post-synthetic modification route, MOF-5 was coated by 

chemical vapour deposition with PDMS layer, improving stability of material under 

ambient conditions.199 To enhance adsorption properties, MOF crystals can be coated 

by in situ polymerization,236 post-synthetic grafting approach200 or through surface 

selective ligand exchange.237 Addition of polymer to the synthetic procedure may result 

in simultaneous morphology modification and surface functionalization as was shown 

for DMOF-1.238 Originally DMOF-1 has cubic-like morphology, but introduction of 
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poly(methacrylic   acid)8-b-PEG68   (PMAA8-b-PEG68)   in the  MOF  synthesis  yields 

hexagonal rod-like crystals, which were covered mainly at the side faces {100} and 

 {1-10} with polymer, while dabco-based top faces {001} remained unoccupied. 

Polymers are also used as the binders in moulding of switchable MOFs, as was shown 

for elastic layer-structured ELM-11 [Cu(BF4)2(4,4´-bipyridine)2]. The shaping of ELM-

11 into pellets with poly(vinylpyrrolidone) (PVP) leads to slacking of gate adsorption 

behaviour. Free energy analysis by molecular simulations revealed that less steep 

CO2 adsorption isotherm is associated with the external force caused by PVP, resulting 

in sequential expansion of layers.239 

Concerning switchable MOFs, there is an interplay of factors affecting structural 

transformations, including not only the crystal size, morphology and defects, but also 

crystal surface, matrix interfaces and grain boundries.41, 144 

The influence of surface functionalization on switchable behaviour of DUT-8(Ni) was 

studied by T. Düren et al. using osmotic framework adsorbed solution theory (OFAST). 

It was revealed that surface capping of DUT-8(Ni) nanoparticles with different surface 

groups (DMF, dabco, ndc, fumaric acid) leads to changes in gate-opening/closing 

pressures. 

The investigation of crystal-size dependent switchability in DUT-8(Zn) revealed that 

crystal downsizing leads to ability of framework to interact with alcohols (Section 

4.2.7). Alcohol-induced phase switching from cp to op is accompanied by surface 

deformation and therefore rigidification of the system. Interestingly the macro-sized 

crystals DUT-8(Ni) are not responsive towards protic solvents,19 such as alcohols, 

pointing on possible surface chemistry modification. In this regard, DUT-8(Ni) is 

considered as model DUT-8 system for investigation of the influence of surface 

treatment procedure on adsorption behaviour of DUT-8(Ni). For this purpose, not only 

alcohols are used for surface treatment, but also polymer coating procedures are 

performed.  
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6.2 Results and discussions 

6.2.1 The influence of surface treatment on adsorption behaviour 

The particle structure of a MOF sample characterized not only the size, morphology, 

defects, but also surface exterior is an important parameter influencing the sample 

property.9 In this regard, the influence of surface treatment on DUT-8(Ni) switchablity 

is investigated. For this purpose, ethanol, ethanol/water mixture and PDMS were used 

for treatment. Ethanol is not able to initiate switching from cp to op, pointing on the 

surface modification, while the use of ethanol/water mixture may cause more severe 

surface changes, since the material is not stable in water. To improve the instability of 

MOFs at the ambient conditions, PDMS is used to cover the crystal surface.199 In this 

case, the polymer may not only improve the stability of DUT-8(Ni), but also modify the 

adsorption properties. The surface treatment procedures with corresponding sample 

name are listed in Table 6-1. Firstly, the surface of the desolvated macro-sized DUT-

8(Ni) was exposed to ethanol for 6 hours with subsequent drying under dynamic 

vacuum (sample 1_EtOH). In the second treatment procedure, sample was soaked in 

ethanol/water mixture (95/5 v.v.) and dried in argon flow at 100°C for 4 h (sample 

2_EtOH/H2O). The chemical vapour deposition of polydimethylsiloxane (PDMS) was 

carried out in inert atmosphere at 235°C during 6 h (sample 3_PDMS), according to a 

procedure reported earlier.199 The phase purity of as made, desolvated and treated 

samples was identified by PXRD. After exchanging of DMF by DCM, solvent was 

removed from the pores in dynamic vacuum. PXRD measurement revealed that non-

treated pristine DUT-8(Ni) (Reference) underwent structural transformation from open 

to closed pore phase (254% of volume change) (Figure 6-1a,b).109 

 

 

 

 

 

 

 

 

Figure 6-1. a) Representation of DUT-8(Ni) phase transition upon guest removal/adsorption, b) PXRD 
patterns of DUT-8(Ni) in desolvated state before and after treatment. 

a) b) 
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Table 6-1. The list of samples with corresponding treatment procedures. 

Sample name Treatment procedure 
 

1_EtOH 
 

Treatment by EtOH for 6 hours with subsequent drying under dynamic vacuum 

2_EtOH 
 

Treatment by EtOH/H2O mixture (95/5 v.v.) with subsequent drying in argon flow at 
100°C for 4 hours 
 

3_PDMS Chemical vapour deposition of PDMS in argon atmosphere at 235°C for 6 hours 
 

4_BA/EtOH Treatment by 0.1 mol/L solution of benzoic acid EtOH for 3 hours with subsequent 
drying under vacuum 
 

Reference 
 

non-treated DUT-8(Ni)_cp 

 

The described above treatment procedures do not cause any structural changes, 

indicating that structure of the samples (cp phase) is well maintained after the 

treatment (Figure 6-1b).  

The influence of the treatment procedures on surface of samples was investigated by 

SEM. Solvothermal synthesis produces relatively large rod-shaped crystallites of DUT-

8(Ni) with average length 48 and width 17 µm. According to SEM images (Figure 6-2, 

6-3), there is not distinct difference between samples before and after treatment by 

EtOH. The surface is shown to be smooth, besides sample treated by mixture of 

ethanol/water. In sample treated by ethanol/water mixture, the surface is rough, 

pointing out on surface deformation, which may drastically influence the structural 

response and therefore adsorption profile (Figure 6-3d). 

Figure 6-2. SEM images of a) non-treated sample and b) sample exposed to ethanol (1_EtOH). 
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Figure 6-3. SEM images of a) Reference and treated samples b) 1_EtOH, c) 3_PDMS, d) 2_EtOH/H2O. 

Adsorption behaviour  

The influence of treatment procedures on structural responsivity was investigated by 

nitrogen physisorption at 77 K. 

The marco-sized crystals of DUT-8(Ni) are switchable in adsorption of N2 (77 K) 

experiencing structural transformations from closed pore (cp) to open pore (op) 

phases, resulting in typical gate-opening behaviour. There is no structural response of 

DUT-8(Ni) (Reference) in region of low relative pressure to nitrogen molecules at 77 

K. A sudden increase of uptake at pressure of p/p0=0.15 is referred to the stimuli-

induced framework reopening (Figure 6-4).  

The treatment of the material by ethanol, ethanol/water mixture, PDMS leads to 

modification of adsorption profile, increasing activation barrier (Figure 6-4), which can 

be associated with surface deformation. To monitor the changes in adsorption 

behaviour, the relative adsorption pressure at half-maximum uptake (APHM) as a 

measure of the average gate opening activation energy (1G∗) is used (Section 

4.2.2).202 The treatment of the material results in decrease of nitrogen uptake, as well 

as increase of APHM values, pointing on increase of energy barrier for phase 

transition. The APHM of DUT-8(Ni) non-treated sample Reference is 0.15, which is 

lower in comparison with APHM of samples 1_EtOH - 0.19, 2_ EtOH/H2O - 0.55. In 

the sample treated by PDMS 3_PDMS, APHM value is shifted to 0.25 (Figure 6-5). 
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Upon adsorption of DCM, a guest with higher adsorption enthalpy, the average 

energetic barrier for phase transition from cp to op is increased to 0.33 for sample 

treated by EtOH in comparison with non-treated sample 0.22. (Figure 6-6).  

The treatment of the samples modifies the adsorption profile of material, revealing 

higher average energetic barrier for framework reopening. According to gate-opening 

pressure shift, the degree of surface deformation increases in the following tendency 

EtOH<PDMS<EtOH/H2O. Thus, ethanol/water treatment causes the most severe 

surface changes. 

 
 
Figure 6-4. Nitrogen physisorption isotherms at 77 K of samples a) treated with ethanol, ethanol/water 
mixture; b) treated with PDMS. 
 

 

 

Figure 6-5. a) Nitrogen physisorption isotherms with uptake normalized to the maximum value, b) APHM 
values.  

 
 

a)  b)  

a)  b)  
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Additionally, DUT-8(Ni) sample in desolvated state (cp) was treated with linear 

alcohols, which affect adsorption properties similar to ethanol, namely increasing 

energy barrier for phase transition and limiting nitrogen uptake (Figure 6-7). 

 

Figure 6-6. a) DCM physisorption isotherms of samples before and after ethanol treatment, b) DCM 
physisorption isotherms with uptake normalized to the maximum value. 

 

Figure 6-7. a) Nitrogen physisorption isotherms (77 K) and b) PXRD patterns of samples treated by 
linear alcohols. 

 

 

 

 

 

 

a)  b)  

a)  b)  
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Reactivation 

The surface deformation is known to be related to surface defects and associated 

surface barriers, which in turn influence MOF performance. However, the destroyed 

surface of material can be repaired by dissolving surface barriers in the synthesis 

solvent.87 In our case, such method of healing cannot be realised, since immersing of 

material in DMF leads to phase transition from op to cp phase.19 Therefore, thermal 

treatment under vacuum is applied for material reactivation. The samples treated with 

ethanol (instead of 6 h, only 30 sec) and ethanol/water mixture were only partially 

regenerated (Figure 6-8), pointing on stronger interaction of these molecules with 

framework and possible incorporation onto surface. Furthermore, the discussed 

surface treatment procedures can also lead to the hydrolysis and subsequent 

amorphization. 

 

Figure 6-8. Nitrogen physisorption isotherms at 77 K for a) non-treated sample (Reference), sample 
treated with ethanol (1_EtOH_30 s) and sample after reactivation (1_EtOH_30 s_reactivation); b) non-
treated sample (Reference), sample treated with ethanol/water mixture (2_EtOH/H2O) and sample after 
reactivation (2_EtOH/H2O_reactivation). 

 

 

 

 

 

 

 

 

a)  b)  
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XPS spectroscopy 

In order to investigate the composition of the samples surface, X-ray photoelectron 

spectroscopy (XPS) was performed by Dr. Johannes Schmidt (TU Berlin).  

As shown in Figure 6-9, the full range XPS spectra of DUT-8(Ni) samples 

demonstrates of C1s, O1s, N1s and Ni2p peaks. Specifically, the peak at 856.08 eV 

corresponds to the 5- coordinated Ni, binding to one N from dabco as well as four 

carboxylate O from 2,6-ndc. The Ni 2p3/2 of reference and all treated DUT-8(Ni) 

samples indicates bivalent Ni2+ state, which are slightly different in binding energies. 

The comparison of O1s peaks, corresponding to C-O bonding of ndc linker, reveals a 

slight increase of the binding energies for the treated samples (1_EtOH, 2_EtOH/H2O, 

3_PDMS). On the other hand, in N1s (N-C in dabco) spectra, the highest binding 

energy is shown to be for 2_EtOH/H2O, which coincides with the most significant 

changes in adsorption behaviour. Compared with those of Reference sample, O1s in 

3_PDMS have higher binding energy and broadened peaks. The spectra Si2p are 

shown in Figure 8-23 confirming the presence of Si on the surface. 

Figure 6-9. XPS spectra a) nickel, b) oxygen, c) carbon, d) nitrogen of treated samples in comparison 
with non-treated. 
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Contact angle measurements 

By means of XPS and SEM, it was shown that the treatment of samples by EtOH, 

EtOH/H2O mixture and PDMS leads to surface modification. In order to further prove 

the surface modification, the contact angle measurement was performed by Dr. A. 

Synytska (Leibniz Institute for Polymer Research).  

To measure contact angle, 50 mg of the dried powdered material (cp) was pressed 

under 10 tons for 5 min using hydraulic press. SEM images of the pellet surface are 

shown in Figure 6-10a. Pressing process does not influence on crystal structure itself 

according to PXRD pattern (Figure 6-11b). However, similarly to ELM-11 pellets,239 

nitrogen adsorption isotherm significantly differs from the reference one, 

demonstrating gate-opening pressure shift and decrease of uptake (Figure 6-11a). 

Notably, after nitrogen adsorption measurement, DUT-8(Ni) pellet was crushed as can 

be seen from SEM images (Figure 6-10b). Interestingly, the adsorption properties of 

the pressed material, after ethanol treatment, modified in the similar to powdered 

sample way.  

Figure 6-10. SEM images of pellet DUT-8(Ni) a) before and b) after N2 adsorption at 77 K. 
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Figure 6-11. a) Nitrogen physisorption isotherms (77 K); b) PXRD patterns for reference DUT-8(Ni), 
pellet DUT-8(Ni) and pellet DUT-8(Ni) treated with ethanol. 
 

The choice of the probe fluids is limited, because aprotic polar solvents induce phase 

switching from cp to op, protic solvents (alcohols) modify the surface. Since the 

surface of DUT-8(Ni) pellet is hydrophobic, the probe fluids with surface tension less 

than 50 mN/m are not suitable. In this regards, diiodomethane can be used for 

measurements, because of inability to reopen the framework and suitable surface 

tension value (50.8 mN/m). 

The static contact angle (CA) measured by diiodmethane droplets constitutes 23° for 

pristine DUT-8(Ni) pellet (Pellet_reference) (Figure 6-12a, Table 6-2). After ethanol 

treatment, the surface of sample 1_EtOH_pellet becomes more hydrophilic. It leads to 

spreading of probe fluid across, maximizing the contact and therefore decreases CA 

value to 9° (Figure 6-12b).  

By means of SEM it was not possible to prove the existence of PDMS layer on the 

surface of samples 3_PDMS (Figure 6-3c). However, after exposure of DUT-8(Ni) 

pellet to chemical vapour deposition, CA increases up to 57° (Figure 6-12c), confirming 

the successful hydrophobic coating by PDMS (sample 3_pellet_PDMS).  

 

a)  b)  
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Figure 6-12. The contact angle measured by diiodmethane droplets: a) pristine pellet, b) after ethanol 
treatment, c) after PDMS coating; water droplets: d) pristine pellet, e) after ethanol treatment, f) after 
PDMS coating. 
 

The surface tension of water is higher than the value of diiodomethane, which makes 

water more suitable probe fluid. CA measurements performed by water droplets 

exhibit the same trend of changes as caused by diiodmethane. But water-based 

results cannot be reliable due to reactivity of DUT-8(Ni) pellets with water (Table 6-2, 

Figure 6-12d,e,f).  

Table 6-2. The data of contact angle measurements. 

Sample Static contact angle Receding contact 

angle 

Advancing contact 

angle 

 Diiodomethane, γL= 50,8 [mN/m] 
 

  

Pellet_reference  23 12 34 

1_pellet_EtOH 9 5 18 

3_pellet_PDMS 57 27 63 

 Water, γL= 72,0 [mN/m] 
 

  

Pellet_reference  64 16 72 

1_pellet_EtOH 36 7 54 

3_pellet_PDMS 106 7 118 
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Solid state NMR 

It was shown that treatment by ethanol, ethanol/water mixture and PDMS leads to 

surface modification, which in turn change adsorption properties of DUT-8(Ni). It is 

assumed that in case of treatment by EtOH or EtOH/H2O, EtOH is incorporated onto 

the surface of crystals, blocking the pore entry. As a result, average activation energy 

for phase transition is increased. 

In order to detect the incorporated EtOH, 13C solid state NMR was measured. Due to 

the low intensity of NMR spectra of non-protonated linker, carbon atoms of the 

carboxylic groups of 2,6-H2ndc were selectively labelled (13C) according to a 

procedure reported earlier.216 13C-enriched carboxylic acid was used for synthesis of 

flexible DUT-8(Ni) crystals, which were desolvated from DCM resulting in cp phase 

(13C_DUT-8(Ni)) (Figure 6-13a). It is assumed that amount of ethanol incorporated 

onto the surface is quite low, therefore the sample 13C_DUT-8(Ni) was treated by 13C-

labelled EtOH in order to enhance the NMR signals (sample 13C_DUT-8(Ni)_EtOH). 

The treatment procedure was analogous to the one used for sample 1_EtOH (Table 

6-1).   

The comparison of NMR spectra is shown in Figure 6-13b. The isotropic 13C NMR 

chemical shifts at 229 ppm and 160 ppm are assigned to 13C-enriched carboxylate 

functionalities and aromatic carbons, respectively in samples 13C_DUT-8(Ni) and 

13C_DUT-8(Ni)_EtOH. The chemical shift at 32 ppm is referred to dabco in both 

samples.  

The treatment of sample by 13C EtOH results in the appearance of three additional 

signals at 134, 128 and 48 ppm. The signals at 128 and 47 ppm in sample 13C_DUT-

8(Ni)_EtOH could be attributed to ethanol. Usually, the paramagnetic influence of Ni 

leads to high chemical shift of the carboxylates signal 226 ppm instead of 173 ppm. In 

a similar way Ni may influence the original signals of ethanol at 58 and 17 ppm, shifting 

the signals to 128 and 48 ppm, respectively.  



Chapter 6 

 

- 156 - 

 

 

Figure 6-13. a) PXRD patterns of samples with 13C labelled 2,6-ndc linker before and after treatment 
with 13C EtOH, b) Solid-state NMR spectra. 
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Treatment with 13C benzoic acid 

Additionally, the surface was treated by 13C-labelled benzoic acid (BA) using non-

labelled pristine material resulting in sample 4_BA/EtOH. Despite ethanol treatment 

was shown to significantly change adsorption profile of DUT-8(Ni), 13C-labelled 

benzoic acid was dissolved in ethanol, because other polar solvents induce phase 

switching.19 The comparison of SEM images shows significant surface changes 

caused by treatment with solution of BA in EtOH (Figure 6-14). To prove the influence 

of benzoic acid itself on adsorption behaviour, the nitrogen adsorption isotherms of 

1_EtOH and 4_BA/EtOH samples were compared (Figure 6-15a), indicating only slight 

difference in the slope of isotherm. In this case, the increase of the gate-opening 

pressure, i. e. the modified adsorption profile is caused by EtOH rather than BA. The 

treatment by BA/EtOH does not affect the crystal structure (Figure 6-15b), preserving 

the initial cp phase of sample. 

Figure 6-14. SEM images a) before treatment and b) after treatment by benzoic acid dissolved in EtOH. 
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Despite insignificant influence on adsorption behaviour of BA, 13C solid state NMR 

reveals the presence of BA incorporated on the crystal surface (Figure 6-16). As can 

be seen from spectra the signal of labelled 13C BA is 167 ppm, which is slightly shifted 

in comparison with the signal of BA solved in EtOH (169 ppm). The enrichment of BA 

by 13C allows to detect BA, while the signal of MOF is quite weak without labelling of 

carbon atoms of the carboxylic groups with 13C isotope. 

 

Figure 6-15. a) Nitrogen physisorption isotherms of samples before and after treatment by ethanol 

1_EtOH and 13C-labelled benzoic acid solved in ethanol 4_BA/EtOH, b) PXRD pattern of 4_BA/EtOH 

in comparison with non-treated DUT-8(Ni). 

 

Figure 6-16. Solid state NMR spectra of 4_BA/EtOH in compassion with non-labelled and 13C labelled 

DUT-8(Ni)_cp. 

 

a)  

 

b)  
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6.2.2 The influence of polymer coating on framework switchability 

 

In this section, the influence of polymer coating on the framework responsivity is 

investigated. The deposition of PDMS on the crystals in cp phase resulted in the 

increased energy barrier for phase transition upon adsorption of nitrogen (Section 

6.2.1). In the following, the polymer coating of the solvated crystals in op phase and 

resulting properties will be discussed. 

The large DUT-8(Ni) crystals 1_DUT-8(Ni)@FDA-DAM, which were solvated in DMF 

before coating, were successfully coated by 6FDA*DAM (Figure 6-17) according to 

SEM images (Figure 6-18). Meanwhile, the solvent exchange from DMF to DCM prior 

the surface coating, leads to insufficient surface coverage by polymer of sample in 

2_DUT-8(Ni)@FDA-DAM (Figure 6-19), meaning that DMF contributes to the 

precipitation of polymer on crystal surface.  

Figure 6-17. Chemical structure of 6FDA-DAM and ODPA-DAM. 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 6-18. SEM images of polymer coated crystals 1_DUT-8(Ni)@FDA-DAM. 
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Figure 6-19. SEM images of polymer coated crystals 2_DUT-8(Ni)@FDA-DAM. 
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Figure 6-20. a) PXRD patterns and b) N2 physisorption isotherms at 77 K of non-coated 1_DUT-
8(Ni)_dried_DMF and polymer coated crystals 1_DUT-8(Ni)@FDA-DAM dried from DMF, c) PXRD 
patterns and d) N2 physisorption isotherms at 77 K of non-coated 2_DUT-8(Ni)_dried_DCM and polymer 
coated crystals 2_DUT-8(Ni)@FDA-DAM dried from DCM.  
 

The influence of polymer coating on phase switching of DUT-8(Ni) was monitored by 

PXRD and N2 adsorption. As can be seen from PXRD patterns (Figure 6-20a,c), 

polymer does not interfere the phase transition from op to cp phase. The reflex of op 

phase in 1_DUT-8(Ni)@FDA-DAM is associated with incomplete closing of framework 

due to slower diffusion rate of DMF from the pores. PXRD patterns of 2_DUT-

8(Ni)@FDA-DAM confirm the complete structural transformation upon desolvation 

process. 

The reverse process, framework reopening, was investigated upon adsorption N2 at 

77 K. The comparison of adsorption isotherms reveals that the phase transition 

pathway of 1_DUT-8(Ni)@FDA-DAM from cp to op is almost identical to reference 

sample 1_DUT-8(Ni)_DMF (Figure 6-20b). The possible explanation of such 

behaviour can be related to the pore entry accessibility. Previously it was shown that 

a)  

 

c)  

 

b)  

 

d)  
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the surface on the top and the bottom of the crystal (area of 001 faces) is the entry for 

molecules into the channels (Section 4.2.2). As can be seen from SEM images (Figure 

6-18), after coating and subsequent solvent removal, the pore entry is not covered by 

polymer and therefore accessible to guest molecules.  

Since the coating procedure did not lead to sufficient surface coating of sample 

2_DUT-8(Ni)@FDA-DAM, there are no distinct changes in adsorption profile (Figure 

6-20d). 

Analogous experiments were performed using ODPA-DAM polymer (Figure 6-17). 

The small difference in polymer structure results in significant difference of polymer 

coating on MOF surface 1_DUT-8(Ni)@ODPA-DAM (Figure 6-21). There is no 

homogenous layer of polymer on the surface as in case of 1_DUT-8(Ni)@FDA-DAM, 

rather irregular rough coating. According to SEM images, polymer ODPA-DAM is able 

to hold aggregates of crystals and withstand stress caused by desolvation procedure. 

However, the solvent removal again leads to small amount of op phase remained. 

(Figure 6-22a). 

Figure 6-21. SEM images of polymer coated crystals 1_DUT-8(Ni)@ODPA-DAM. 

5 µm 10 µm 

100 µm 50 µm 
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Figure 6-22. a) PXRD patterns and b) N2 physisorption isotherms at 77 K of non-coated 1_DUT-

8(Ni)_dried_DMF and polymer coated crystals 1_DUT-8(Ni)@ODPA-DAM dried from DMF.  

Interestingly, the coating by ODPA-DAM influnces the adsortion-induced switchability 

of  DUT-8(Ni). The significant increase of gate-opening pressure is observed in 

adsorption isotherm (Figure 6-22b). The increase of activation barrier for phase 

transition can be related to inaccessibility of pore entry (area of 001 faces) covered by 

polymer. 

The amount of polymer loading was determined by means of TGA (Figure 8-24). The 

theoretical residual mass of material after TG analysis constitutes 23% (Table 6-3). 

The residual mass of polymer coated samples is less, therefore it is possible to 

estimate the polymer content. 

Since the coating procedure is facilitated by presence of DMF in solution, both 

samples 1_DUT-8(Ni)@FDA-DAM and 1_DUT-8(Ni)@ODPA-DAM were successfully 

covered by polymers, reaching polymer content of 5.6% and 10.5% by mass, 

respectively. As expected, in sample 2_DUT-8(Ni)@FDA-DAM, the amount of polymer 

is not detectable. 

Table 6-3. TG analysis data. 

Sample Residual Mass, % Polymer Content, % 
 

DUT-8(Ni) (calculated) 
 
1_DUT-8(Ni)@ODPA-DAM  
 

23 
 
20.59 

 
 
10.5 

1_DUT-8(Ni)@FDA-DAM 
 

21.69 5.6 

2_DUT-8(Ni)@ODPA-DAM  
 

26.10 - 

 

a)  

 

b)  
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Thus, the polymer coating does not influence the phase transition from op to cp upon 

desolvation. However, depending on the polymer nature, the surface coating is 

enhanced, leading to the increase of activation barrier for adsorption induced 

framework opening. 

6.2.3 Conclusion  

The surface treatment procedures were shown to irreversibly affect the switchable 

behaviour. Alcohols, water and PDMS modify the surface chemistry, which leads to 

increase of average activation barrier for phase switching form cp to op upon 

adsorption of nitrogen at 77 K. The surface modification was proved by SEM images, 

showing the most severe surface changes caused by ethanol/water mixture. By means 

of XPS, it was shown that chemical composition of the surface was changed after 

treatment procedures. Solid-state NMR confirms the surface chemistry modification 

caused by ethanol, since the 13C NMR spectra show the signals, which could be 

attributed to ethanol. Furthermore, contact angle measurements show that ethanol 

treatment increases the hydrophilicity of the DUT-8(Ni) surface, while PDMS 

deposition leads to hydrophobic surface. For CA measurements, DUT-8(Ni) powdered 

sample was pressed, which in turn changes the slope of gating isotherm.  

The coating of surface with polyimide polymers affects adsorption properties only if 

the crystals are completely covered, blocking pore entry. As a result, more energy for 

phase transition from cp to op is needed, therefore the gate-opening pressure was 

observed to increase.  

Thus, it was shown that surface exterior of the crystals is an important parameter 

influencing phase transitions in switchable DUT-8(Ni). 
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7.1 Conclusion 
 

There are several parameters influencing switchable behaviour of DUT-8(M) system, 

including metal node, crystal size, the nature of the guest molecules, surface 

termination and desorption stress. In the context of this thesis, several key questions 

were addressed:  

(i) What is the critical size of the anisotropic crystals influencing switchability?  

(ii) Why the systematic variation of critical parameter influences switchable 

behaviour? 

(iii) What is the possible mechanism directing the phase transition? 

(iv) How does the crystal surface affect the phase transition? 

(v) How does the modulation of crystal size and shape influence the structural 

features of DUT-8(Zn)?  

(vi) How does the desolvation procedure influence switchability of DUT-8(Zn)? 

(vii) How does the crystal size influence thermoresponsivity of DUT-8(Zn)? 

 

To answer general questions (i-iv), DUT-8(Ni) was considered as a model system. The 

modulation approach was successfully used to modify the size and shape of DUT-

8(Ni) crystals. The brick-like morphology of DUT-8(Ni) leads to two size parameters: 

length (size along the crystallographic c direction running along the pillars) and width 

(size along a–b crystallographic directions (plain of the layers)) to monitor size-

dependent phase transition. To correlate the gate opening characteristics of the 

isotherms with the size and morphology of the DUT-8(Ni) crystals, the materials were 

analysed using scanning electron microscopy, electron diffraction, and nitrogen 

physisorption at 77 K. It could be explicitly seen that the crystal dimensions 

perpendicular to the channel-like pores influence the gate opening pressure. It 

indicates a higher activation barrier resulting from reduced areas of facets, exposing 

the pore entry to the surface. A rationale for the observations is that the pores in DUT-

8(Ni) are preferably accessible from the facets perpendicular to the channels. Since 

the width of the crystal determines the area of those faces, the crystal width (and not 

the length) controls the gate-opening process. The decrease in the crystal width also 

results in the less steep adsorption branch in the gating region, pointing to the 

broadening of activation energy distribution. 
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Additionally to particle size and shape, the influence of crystal surface on adsorption 

behaviour of DUT-8(Ni) was investigated. In this regards, the surface of DUT-8(Ni) 

was exposed to different surface treatment procedures by ethanol, ethanol/water 

mixture and polymers. The surface modification was proven by SEM, NMR, XPS, and 

contact angle measurements. In most of the cases, surface modification leads to 

increase of the gate-opening pressure, reflecting the increase of activation barrier for 

phase switching form cp to op upon adsorption of nitrogen at 77 K. The surface 

treatment procedures were shown to irreversibly affect the switchable behaviour, since 

the reactivation procedures do not lead to the recovery of the initial adsorption 

behaviour.  

Concerning DUT-8(Zn) (v-vii), it was shown that the properties of compound 

significantly depend on crystal size. The critical particle size suppressing switchability 

depends on the stiffness of the deforming building blocks, in case of DUT-8(M), 

electronic structure of the metal in the paddle wheel hinges. For DUT-8(Zn), the 

smaller strain energy (+78 kJ mol−1) of the node results in a significantly higher energy 

difference between the empty op and cp frameworks (ΔE = Eop−Ecp), as compared to 

DUT-8(Ni) (-86 kJ mol−1), resulting in a smaller critical particle size (higher surface 

energy) required to suppress switchability. This was demonstrated by studying 

particles of three size regimes: 160 μm (macro-sized), 0.5 μm (micron-sized) and 

smaller than 0.1 μm (submicron-sized).  

Crystallites of different size regimes behave also differently upon removal of the guest 

molecules. Removal of dichloromethane in vacuum at elevated temperature causes 

high desorption stress favouring the formation of thermodynamically stable phases as 

the phase transition to the closed pore phase is observed for macro- and micron-sized 

particles, whereas only for submicron-sized particles a mixture of cp/op phases was 

obtained. The application of mild supercritical drying enables the formation of the 

metastable op phases: the macro-sized particles show a phase mixture of op and cp 

phases, whereas the micron and submicron sized particles remain in the metastable 

open pore phase. The dense cp phase of DUT-8(Zn) shows no adsorption-induced 

pore opening for N2 at 77 K and CO2 at 195 K. The higher interaction energies of 

chloromethane at 249 K and dichloromethane at 298 K allow reopening of the macro-

sized crystals upon adsorption, but not the smaller particles. This could indicate an 

intermediate particle size regime, in which the crystals close as monodomain crystals, 
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without twinning, hence the lack of defects may be responsible for the barrier to reopen 

the structure.18, 145 

Crystal downsizing enhances the responsivity of DUT-8(Zn) towards polar and non-

polar molecules, which was revealed by liquid phase adsorption. Among investigated 

guest molecules, the alcohols induced so called shape-memory effect in micron-sized 

crystals. The adsorption of alcohols stimulates phase transition from cp to op which is 

maintained even after desorption. The framework rigidification is caused by chemical 

host-guest interactions leading to surface deformation and possible nanodomain 

formation.  

It was shown that DUT-8(Zn) responsivity is significantly tailored by particle size, which 

in turn influenced the selective adsorption behaviour. By means of NMR, selective 

adsorption of DCM over 1-PrOH was revealed in micron-sized crystals, which was not 

the case for macro-sized crystals. Thus, crystal size engineering provides an 

opportunity not only to control the structural dynamics of MOFs, but also to enhance 

the responsivity towards guest molecules with specific features and to influence 

selectivity.   

Moreover, thermoresponsive behaviour of DUT-8(Zn) was investigated by VT-PXRD. 

It was revealed that irrespective of particle size DUT-8(Zn)_cp undergoes contraction 

upon heating, pointing on possible negative thermal expansion. However, submicron-

sized DUT-8(Zn)_op loses the crystallinity in the course of heating. 

7.2 Outlook 

The important parameters influencing switchablity of DUT-8(Ni) and DUT-8(Zn) were 

investigated in this work. However, several new questions were raised relating 

particularly to DUT-8(Zn) selectivity and thermoresponsivity, which can be addressed 

in the future.  

The specific host-guest interactions in DUT-8(Zn), which are tailored by particle size, 

contribute to the selective molecular recognition properties. However, for the 

development of application pathway, it is necessary to get the deep insight into 

mechanism of recognition phenomena which could be associated with external 

surface composition of differently-sized crystals.  

In case of DUT-8(Ni), further investigation of surface composition is needed for deep 

understanding of the external surface contribution into the interplay of relevant 

parameters for tuning the material functions. 
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Table 8-1. Synthesis conditions for DUT-8(Ni) samples. Chapter 3. 

 

Sample 
name 

 

Compound Amount, g Solvent Modulator 
 

Conditions 

A Ni(NO3)2*6H2O 
H2ndc 

DABCO 

0.407 
0.303 
0.100 

6 ml DMF 
15 ml DMF 
9 ml MeOH 

 Static 
synthesis in 
autoclave, 
393 K, 48 h 

 

B Ni(NO3)2*6H2O 
H2ndc 

DABCO 

0.407 
0.303 
0.100 

6 ml DMF 
15 ml DMF 
9 ml MeOH 

 Rotation of 
autoclave, 
393 K, 48 h 

 

C Ni(NO3)2*6H2O 
H2ndc 

DABCO 

0.407 
0.303 
0.100 

6 ml DMF 
15 ml DMF 
9 ml MeOH 

 Microwave 
irradiation 

150 W, 30 s 
 

D Ni(NO3)2*6H2O 
H2ndc 

DABCO 

0.145 
0.096 
0.112 

1.5 ml DMF 
7 ml DMF 

1.5 ml DMF 

0.05 ml 
Pyridine 

Static 
synthesis in 
autoclave, 
393 K, 24 h 

 

E Ni(NO3)2*6H2O 
H2ndc 

DABCO 

0.145 
0.096 
0.112 

1.5 ml DMF 
7 ml DMF 

1.5 ml DMF 

0.05 ml 
Pyridine 
0.05 ml 

Acetic acid 

Static 
synthesis in 
autoclave, 
393 K, 24 h 

 

PAA_1 Ni(NO3)2*6H2O 
H2ndc 

DABCO 

0.204 
0.152 
0.050 

3 ml DMF 
7.5 ml DMF 

4.5 ml MeOH 

0.001 g PAA Static 
synthesis in 
autoclave, 
393 K, 48 h 

 

PAA_2 Ni(NO3)2*6H2O 
H2ndc 

DABCO 

0.204 
0.152 
0.050 

3 ml DMF 
7.5 ml DMF 

4.5 ml MeOH 

0.005 g PAA Static 
synthesis in 
autoclave, 
393 K, 48 h 

 

PAA_3 Ni(NO3)2*6H2O 
H2ndc 

DABCO 

0.204 
0.152 
0.050 

3 ml DMF 
7.5 ml DMF 

4.5 ml MeOH 

0.010 g PAA Static 
synthesis in 
autoclave, 
393 K, 48 h 
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Table 8-2. Synthesis conditions for DUT-8(Zn) samples. Chapter 3. 

 

Sample name 
 

Compound Amount, 
g 

Solvent Modulator 
 

Conditions 

DUT-8(Zn)_160 µm Zn(NO3)2*6H2O 
H2ndc 

DABCO 

0.312 
0.227 
0.070 

5 ml DMF 
20 ml DMF 
5 ml DMF 

 Static 
synthesis in 
autoclave, 

393 K, 48 h 
 

DUT-8(Zn)_0.5 µm Zn(NO3)2*6H2O 
H2ndc 

DABCO 

0.446 
0.296 
0.336 

5 ml DMF 
20 ml DMF 
5 ml DMF 

 Ultrasound-
assisted 

synthesis, 
60 min 

 

DUT-8(Zn)_0.1 µm Zn(NO3)2*6H2O 
H2ndc 

DABCO 

0.446 
0.296 
0.504 

5 ml DMF 
20 ml DMF 
5 ml DMF 

 Ultrasound-
assisted 

synthesis, 
353 K, 30 min 

 

Cubes of 
DUT-8(Zn)_1.8 µm 

Zn(CH3CO2)2*2H2O 
H2ndc 

DABCO 

0.120 
0.086 
0.22 

18 ml DMF 
12 ml DMF 

 

0.5 ml 
Pyridine 
0.5 ml 
Acetic 
acid 

Static 
synthesis in 
autoclave, 

373 K, 24 h 
 

Rods of 
DUT-8(Zn)_1.4 µm 

Zn(CH3CO2)2*2H2O 
H2ndc 

DABCO 

0.120 
0.086 
0.22 

18 ml DMF 
12 ml DMF 

 

0.5 ml 
Acetic 
acid 

Static 
synthesis in 
autoclave, 

373 K, 24 h 
 

Plates of 
DUT-8(Zn)_1 µm 

Zn(CH3CO2)2*2H2O 
H2ndc 

DABCO 

0.120 
0.086 
0.22 

18 ml DMF 
12 ml DMF 

 

0.5 ml 
Pyridine 

 

Static 
synthesis in 
autoclave, 

373 K, 24 h 
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Figure 8-1. SEM images of sample D and sample E. Chapter 4. 
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Figure 8-2. PXRD patterns of the investigated as made DUT-8(Ni) samples. Chapter 4. 
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Figure 8-3. TGA of sample: a) PAA_1; b) PAA_2; c) PAA_3. The expected residual mass is 23%. 

Chapter 4. 

b) 

c) 

a) 
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Figure 8-4. IR spectra of: a) samples D and E modulated by pyridine and acetic acid/pyridine; b) 

samples PAA_1, PAA_2, PAA_3 modulated by polyacrylic acid, in comparison to non-modulated 

sample A. Chapter 4. 

 

 

 

 

 

a) 

b) 
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Figure 8-5. 1H NMR spectra of samples D and E modulated by pyridine and acetic acid/pyridine, 

respectively. Chapter 4. 
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Figure 8-5. 1H NMR spectra of samples PAA_1, PAA_2, PAA_3 modulated by polyacrylic acid. 

Chapter 4. 
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Table 8-3. Bond lengths and angles in DUT-8(M) (M = Ni, Co, Zn) (crystallographic data). 

Chapter 5. 

 

 M—O 

/ Å 

M—N 

/ Å 

M…M 

/ Å 

M-M-N angle / ° 

M = Ni     

Ni2(bdc)2dabco117 1.966(1) 2.053(1) 2.683(8) 180.0 

DUT-8(Ni)_op16 

 

1.983(7) - 

2.008(7) 

2.042(1)  2.653(5)  177.59(9) 

DUT-8(Ni)_cp16 1.787(5) - 

2.425(2) 

1.905(8) 

2.085(6) 

2.735(9) 153.92(5) 

M = Co     

Co2(bdc)2dabco240 2.028(2) 2.092(5) 2.683(5) 180.0 

DUT-8(Co)_op16 

 

2.027(3) - 

2.031(3) 

2.110(7) 2.691(2) 171.81(8) 

DUT-8(Co)_cp16 1.70(9) -2.20(7)  2.15(9) 

2.13(9)  

2.636(3) 141.50(0) 

M = Zn     

Zn2(bdc)2dabco90 2.0314(2) 2.0440(4) 2.9521(9) 180.0 

DUT-8(Zn)_op 2.029(4) 

2.034(4)  

 

2.076(7) 2.962(8) 178.26(15)  

 

DUT-8(Zn)_cp 1.638(2) -

2.548(6) 

2.293 

2.098 

3.804 112.02(3) 

117.31(4) 
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Table 8-4. The yield of DUT-8(Zn) samples. Chapter 5. 

 

Sample Sample weight, mg Yield 

(based on Zn2+), % 

DUT-8(Zn)_160 µm_cp 220 mg  

 

62  

DUT-8(Zn)_0.5 µm_cp 295 mg  

 

58  

DUT-8(Zn)_0.1 µm_op 350 mg  

 

69  

 
Table 8-5. Elemental analysis of DUT-8(Zn) samples. Chapter 5. 

Sample Elements C, % N, % H, % 

 calc. 

 

52.325 

 

3.779 

 

4.069 

 

DUT-8(Zn)_160 µm_cp found 52.84 3.89 4.15 

DUT-8(Zn)_0.5 µm_cp found 52.92 3.45 4.06 

DUT-8(Zn)_0.1 µm_op found 49.63 4.21 3.95 
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Figure 8-6. 1H NMR spectra of sample DUT-8(Zn)_160 µm_DMF digested in DCl/D2O d6-DMSO. 
Chapter 5. 

 

 
Figure 8-6. 1H NMR spectra of sample DUT-8(Zn)_0.5 µm_DMF digested in DCl/D2O d6-DMSO. 
Chapter 5. 
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Figure 8-6. 1H NMR spectra of sample DUT-8(Zn)_0.1 µm_DMF digested in DCl/D2O d6-DMSO. 
Chapter 5 
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a) 

b) 
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Figure 8-8-1. 1H NMR spectra of a) macro-sized crystals DUT-8(Zn)_160_EtOH_SCD, b) micron-sized 

DUT-8(Zn)_0.5_EtOH_SCD, c) DUT-8(Zn)_0.1_EtOH_SCD digested in DCl/D2O d6-DMSO. Chapter 5. 

 

 

 

 

 

 

 

 

 

c) 
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Figure 8-8-2. 1H NMR spectra of a) micron-sized crystals DUT-8(Zn)_0.5_acetone_SCD, c) submicron-

sized crystals DUT-8(Zn)_0.1_acetone_SCD digested in DCl/D2O d6-DMSO. Chapter 5. 

a) 

b) 
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Adsorption 

Desorption 

a) 

b) 
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Figure 8-8-3. PXRD patterns collected during in situ CO2 adsorption (a) and desorption (b) at 195 K on 

submicron-sized sample DUT-8(Zn)_0.1 µm_op; c) corresponding in situ physisorption isotherm.  

Chapter 5. 

 

 

Figure 8-9. Full Raman spectra of macro-sized crystals DUT-8(Zn)_160 µm_cp in comparison with 

DUT-8(Ni) and DUT-8(Co). Chapter 5. 

 

 

c) 
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Figure 8-10. 13C CP MAS NMR spectra of DUT-8(Zn)_op samples solvated in DMF. Chapter 5. 
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Figure 8-11. a) Snapshots from the ab initio MD (NPT) simulation at 300 K and 1 atm of DUT-8(Zn) 
starting from minimized op phase; b) changes in the Zn - O distances in the paddle wheel during the 
MD simulation, different colors represent each separate Zn - O distance in the paddle wheel; c) change 
in the diagonal distances of the square pore in the DUT-8(Zn) during  the op - cp transformation in the 
MD simulation, when d1 = d2 the pore of the MOF is open , when d1 << d2 the pore is closed.  
Chapter 5. 

intermediate phase after 1 ps cp phase after 5.5 ps MD 

simulation 

 

initial op phase  

d1  

d2  

a)  

b)  

c)  
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Figure 8-12. PXRD patterns of DUT-8(Zn)_160 µm and DUT-8(Zn)_0.5 µm resolvated in DCM.  
Chapter 5. 

 

                     Figure 8-13. Vapor adsorption of dichloromethane at 312 K. Chapter 5. 
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Figure 8-14. SEM images of micron-sized crystals DUT-8(Zn)_0.5 µm a) before adsorption, b) after 

EtOH adsorption (1 cycle), c) resolvated in EtOH. Chapter 5. 
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Figure 8-15. SEM images of micron-sized crystals DUT-8(Zn)_0.5 µm a) before adsorption, b) after 

adsorption of 1-PrOH (6 cycles), b) after adsorption of 1-BuOH (4 cycles). Chapter 5. 
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Figure 8-16. SEM images of plates DUT-8(Zn)_1 µm after a) desolvation from DCM, b) adsorption of 

DCM c) adsorption of EtOH. Chapter 5. 
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Figure 8-17. SEM images of rods DUT-8(Zn)_1.4 µm after a) desolvation from DCM, b) adsorption of 

DCM c) adsorption of EtOH. Chapter 5. 
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Figure 8-18. SEM images of cubes DUT-8(Zn)_1.8 µm a) desolvation from DCM, b) adsorption of DCM 

c) adsorption of EtOH. Chapter 5. 
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Figure 8-19. 1H NMR spectra of DCM/1PrOH solutions a) blank, b) after adsorption by DUT-8(Ni)_rigid 
containing signals of 1-PrOH (δ 3.34 (t, J = 3.54, 2H), 1.35 (m, J = 1.52, 2H), 0.83 (t, J = 0.87, 3H)), 
DCM (δ 5.23 (s, J = 5.23, 2H)) (300 MHz, d6-DMSO). Chapter 5. 

 

 

a)  

 

b)  
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Figure 8-20. 1H NMR spectra of DCM/1PrOH solutions a) blank, b) after adsorption by micron-sized 
DUT-8(Zn)_0.5 µm containing signals of 1-PrOH (δ 3.34 (t, J = 3.54, 2H), 1.35 (m, J = 1.51, 2H), 0.83 
(t, J = 0.87, 3H)), DCM (δ 5.23 (s, J = 5.23, 2H)) (300 MHz, d6-DMSO). Chapter 5. 

  

b)  

 

a)  
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Figure 8-21. 1H NMR spectra of DCM/1PrOH solutions a) blank, b) after adsorption by macro-sized 
DUT-8(Zn)_160 µm containing signals of 1-PrOH (δ 3.34 (t, J = 3.54, 2H), 1.35 (m, J = 1.52, 2H), 0.83 
(t, J = 0.87, 3H)), DCM (δ 5.23 (s, J = 5.23, 2H)) (300 MHz, d6-DMSO). Chapter 5. 
 

a)  

 

b)  
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Figure 8-22. Characterization of DUT-8(Ni)_rigid a) PXRD patterns of as made and dried sample;  
b) Nitrogen physisorption isotherm (77 K). Chapter 5. 

 

a)  

 

b)  

 



Chapter 8 

 

- 202 - 

 

 

Figure 8-23. Silicon XPS spectrum of PDMS coated sample. Chapter 6. 
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Figure 8-24. TGA of: a) sample 1_DUT-8(Ni)@ODPA-DAM; b) sample 2_DUT-8(Ni)@ODPA-DAM,  
c) 1_DUT-8(Ni)@FDA-DAM. The expected residual mass is 23%. Chapter 6. 

 

 

 

 

 

 

 

 

 

 

 

a)  

 

c)  

 

b)  
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