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PREFACE 

This thesis represents data and results generated during my doctoral studies in the research 

group of Prof. Dr. Jürgen Caro at the Leibniz University Hanover, Institute for Physical 

Chemistry and Electrochemistry, Germany. During the time of my employment from October 

2015 to present (2018) I authored several articles with my contribution varying from first-

authorship to shared first-authorship and co-authorship, which are all present in this thesis, 

either representing the main part or otherwise to be found in the publication list at the 

appendix. Additionally, two (three) patents, regarding the most prominent work, were filed 

within this time with me being the main contributor – light switchable and electrically 

switchable gas transport in Metal-Organic Frameworks, respectively. The electrical switching 

was first filed as EU patent, afterwards expanded on recommendation of the Erfinderzentrum 

Hannover to a world patent. The switching by light was patented together with our colleagues 

from the Karlsruhe Institute of Technology (KIT) for the EU. 

My labour within the first eight months was supported directly by the Institute for Physical 

Chemistry and Electrochemistry. In-between, Prof. Dr. Jürgen Caro and I drafted a DFG 

proposal for the priority program (SPP) 1928 ―COORNETS – Coordination Networks: 

Building Blocks for Functional Systems‖, which was granted by August 2016 and further 

became the project I was working on. I found a few excellent and deeply respectable co-

workers, reviewers, co-authors and colleagues within the project partners, especially Prof. Dr. 

Dirk Volkmer (University Augsburg, Germany), Prof. Dr. Christof Wöll, Dr. Lars Heinke, 

Prof. Dr. Stefan Bräse (KIT) and Prof. Dr. Roland A. Fischer (Technical University Munich) 

and of course the PhD candidates and postdocs working in their research groups.  

I found excellent colleagues also outside the SPP 1928, for instance Prof. Dr. Armin 

Feldhoff, Prof. Dr. Heitjans, Dr. Kai Volkmann and Dr. Benjamin Geppert from our Institute 

in Hanover. Additionally, I very much appreciated the opportunity to go to King Abdullah 

University in Saudi Arabia for a research stay in the group of Prof. Dr. Jorge Gascon.  

In the following paragraphs, I will go deeper into my contributions to the publications used 

in this thesis: The first paper to appear in this thesis is a review paper with me as first-author, 

published in CHEMICAL ENGINEERING & TECHNOLOGY, giving an overview about the 

switching abilities in MOFs and shows the placement of the publications featured in this 

thesis in the actual state-of-the-art literature. Together with Dr. Chen Zhou, Prof. Dr. Aisheng 
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Huang and Dr. Jian Zhang, we were preparing the draft of the manuscript together with Prof. 

Dr. Jürgen Caro. Additionally, Prof. Dr. Leonid Kustov and I helped Prof. Dr. Jürgen Caro 

through revising. 

 The next article (with cover feature) in this thesis, published in CHEMISTRY – A EUROPEAN 

JOURNAL, deals with thin layer technology, which was transferred to the use-case of 

membranes with me being first and corresponding author. Under my supervision, Paul 

Wulfert-Holzmann (who is shared-first author) was working closely together with me on the 

“Hierarchical Nanostructures of Metal-Organic Frameworks Applied in Gas Separation ZIF-

8-on-ZIF-67 Membranes” during his master thesis. Also under my supervision, Janet Pavel’s 

contribution was mainly the synthesis protocol for nanosized ZIF particles from her bachelor 

thesis. Besides that, my contribution was the idea, concept and the writing of the manuscript 

(and making of the cover picture). The technical realization and automating of the layer-by-

layer apparatus lied in my responsibility, where I was supported by Ina Strauß. I contributed 

also in characterization via SEM and EDXM, the validation of gas permeation data and XRD. 

Furthermore, I would like to thank Dr. Sebastian Friebe for his helpful support in mixed-

matrix membranes permeation measurements and Frank Steinbach for the TEM analysis. 

Alexander Mundstock helped with revising the manuscript. 

In the next chapter I show three research articles about gas transport investigations in light-

switchable MOFs, prepared as thin-layered membranes. The paper “Tunable molecular 

separation by nanoporous membranes” was published in NATURE COMMUNICATIONS with me 

being shared first and corresponding author. This was a pioneering work for light-switchable 

MOFs applied in gas separation. I contributed the concept of a specially designed reactor that 

enabled in situ switching of gas permeation, gas permeation data as well as SEM and EDXS 

analysis. Additionally, I was strongly involved in the writing process of the paper and 

contributed text passages and figures. The same applies for the second article in this chapter 

“Switching Thin Films of Azobenzene-Containing Metal-Organic Frameworks with Visible 

Light” published in CHEMISTRY – A EUROPEAN JOURNAL. Without the organic chemistry from 

the KIT, Prof. Dr. Stefan Bräse, Dr. Sylvain Grosjean and the group of Prof. Dr. Christof 

Wöll, Dr. Lars Heinke (Dr. Zhengbang Wang, Danny Wagner, Kai Müller) and the other co-

workers from Berlin, Dr. David Bléger and Fangli Zhao, these two publications would not 

have been possible. The third publication in this chapter has its origin entirely at the Leibniz 

University Hanover with me as first and corresponding author. “Azobenzene Guest Molecules 
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as Light-Switchable CO2 Valves in an Ultrathin UiO-67 Membrane” was a cooperation 

project - initiated and drafted by me - of the group of Prof. Dr. Jürgen Caro and Prof. Dr. 

Peter Behrens and his student Alexander Mohmeyer, published in ACS CHEMISTRY OF 

MATERIALS. They provided me with fast and accurate adsorption measurements and also 

helpful revision of the manuscript. Under my supervision and close cooperation the synthesis 

work to this study was performed by Lion Sundermann. I conducted the gas permeation data, 

XRD, SEM and EDXS measurements. I was also responsible for the spectroscopic analysis 

by IR and UV/Vis spectroscopy and appreciated help from Dr. Sebastian Friebe and Ina 

Strauß with the interpretation of these. Furthermore, I wrote the manuscript. 

The next chapter and its research article “Defibrillation of Soft Porous Metal-Organic 

Frameworks with Electric Fields” is the highlight of this thesis and was published in the very 

famous and prominent journal SCIENCE. It is the first experimental work on the influence of 

electric fields on MOFs. I very much appreciated assistance from Dr. Kai Volgmann and Prof. 

Dr. Paul Heitjans in the dielectric spectroscopy and from Dr. Daniil Kolokolov and Prof. Dr. 

Alexander Stepanov for H
2
 NMR, Dr. Benjamin Geppert for XRD evaluation, Dr. Jens 

Twiefel for polarization experiments, but especially from Prof. Dr. Dirk Volkmer for the DFT 

calculations of the MOF material upon poling with an electric field. I was responsible for the 

idea, concept and drafting the manuscript and generation of most of the experimental data: 

Preparation of ZIF-8 membranes, reactor design and technical realization, gas permeation, 

XRD, SEM, and EDXS. The paper was highlighted by the SCIENCE magazine through a 

contribution by Prof. Dr. Jorge Gascon. 

My doctoral advisor Prof. Dr. Jürgen Caro has assisted very carefully and in all cases with 

drafting and revising of the manuscripts and patents and was always involved in generating 

and evaluating the presented concepts. 
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ABSTRACT 

Within the scope of the thesis lies the synthesis of new metal-organic framework (MOF) 

membranes with the focus on state-of-the-art separation values. Therefore, we prepared thin 

layer MOF membranes, either as supported continuous membrane or as polymer-filler 

composite mixed-matrix membrane (MMM). High-end technologies such as the liquid-phase 

epitaxy are used to produce MOF layers by layer-by-layer growth. We used self-assembly to 

synthesise ultrathin MOF-on-MOF heterostructures with extremely controllable thickness. It 

is also possible to synthesise heterostructured nanoparticles. Free standing MMMs were 

prepared with these particles using doctor blading and tested in gas permeation. But also 

conventional solvothermal synthesis protocols were developed to yield ultrathin MOF layers.  

The layer-by-layer technique allows the preparation of tailor-made MOF membranes with 

light-switchable moieties by self-assembly. These structures are pillared-layer type structures 

and enable switchable functionalization. Thus, azobenzene (AZB) or fluoro-AZB light-

switches were mounted as side-chains to the backbone of the linker molecule. Gas transport 

through these surface-mounted MOF (SURMOF) membranes can be remotely controlled with 

UV (ultraviolet) or visible light-induced cis-trans isomerism. By using fluoro-AZB moieties, 

the switching wavelength is completely shifted into the visible part of the spectrum. The 

mechanism for switchable gas-separation could be explained by the different dipolar 

moments. When the AZB is in trans configuration, the dipolar moment of the N=N bridge is 

0 D, while it is 3 D for cis. We also show that AZB guest molecules in an ultrathin UiO-67 

layer are light-switchable. The mechanism is different: separation is based on size-exclusion 

at the pore-windows, which can be reversibly opened and closed by the cis-trans isomerism. 

Further, we show electrical switching of the zeolitic imidazolate framework 8 (ZIF-8), 

which is the first experimental study towards the influence of electric fields on the porous 

structure of MOFs. A ZIF-8 membrane was mounted between 2 net-electrodes, forming a 

MOF-membrane-capacitor. At electrical field strength of 500 V/mm the MOF undergoes a 

phase-transformation into a polarized space group, in which the linker molecules’ rotational 

motions are blocked. Further, the pore-opening diameter is slightly changed, which decreases 

selectivity for smaller molecules, but is just the right size to increase selectivity for 

propene/propane mixtures. Thus, we improve molecular sieving with the ZIF-8 framework.  

Keywords: Metal-Organic Frameworks, Thin Layers, Gas Separation, Light-Switchable 

Membranes, Electric Field Switching 
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KURZFASSUNG 

In der Doktorarbeit wurden Metall-Organische Gerüstverbindungen (MOFs) als Membran 

mit dem Fokus auf optimale Trenneigenschaften synthetisiert. Dazu wurden MOF-

Dünnschichtmembranen auf Trägern synthetisiert oder MOF-Polymer-Composite als Mixed 

Matrix Membranen (MMMs) hergestellt. High-End-Technologien wie die 

Flüssigphasenepitaxie erlauben MOF-Membranen Schicht für Schicht aufzubauen. Diese 

Self-Assembly-Technik wird verwendet, um ultradünne MOF-Schichten hochkontrolliert und 

heteroepitaktisch abzuscheiden. Damit ist es auch möglich, heteroepitaktische Partikel zu 

synthetisieren. Mit den Partikeln wurden beispielweise freistehende MMMs hergestellt und 

für die Gastrennung verwendet. Aber auch die konventionelle Solvothermalsynthese konnte 

optimiert werden, um ultradünne MOF-Schichten zu synthetisieren. 

Diese Schicht-für-Schicht-Technik ermöglicht die Herstellung von maßgeschneiderten 

MOF-Membranen mit lichtschaltbaren Seitengruppen. Diese MOFs sind Schicht-Säulen-

Strukturen und ermöglichen die Lichtschaltung. Azobenzol (AZB) oder Fluoro-AZB-

Seitengruppen wurden in die Säulen der MOFs eingebaut und der Gastransport durch 

Membranen mit diesen oberflächenverankerten MOFs (SURMOFs) kann mit UV 

(ultraviolettem) oder sichtbarem Licht ferngesteuert werden. Wird Fluoro-AZB verwendet, so 

liegen die Schaltwellenlängen komplett im sichtbaren Bereich des Spektrums. Der 

Mechanismus für die schaltbare Gastrennung konnte durch die Adsorption erklärt werden. 

Das Dipolmoment der N=N-Brücke des AZBs beträgt 0 D in der trans-, jedoch 3 D in der cis-

Konformation. Des Weiteren konnte gezeigt werden, dass AZB auch als Gast in den Poren 

einer UiO-67 Schicht eine Schaltbarkeit des Gastransports über einen anderen Mechanismus 

ermöglicht: Diese Separation basiert auf Größenausschluss am Porenfenster des UiO-67, 

welche durch cis-trans-Isomerie auf und zu geschaltet werden kann. 

Als letztes wird eine Pionierstudie zum Einfluss von elektrischen Feldern auf MOFs 

gezeigt, welche auch die erste experimentelle Arbeit dazu ist. Eine ZIF-8-Membran wurde 

zwischen zwei Netzelektroden montiert. Bei einer elektrischen Feldstärke von 500 V/mm 

entstehen polarisierte Polymorphe, in denen die Gerüstflexibilität vermindert ist. Außerdem 

ändert sich der Porendurchmesser minimal, sodass die Größenselektivität für kleinere 

Moleküle schlechter wird, sich aber die Propen/Propan-Trennung verbessert.  

Keywords: Metall-Organische Gerüstverbindungen, Dünnschicht, Gastrennung, 

Lichtschaltbare Membranen, Schaltung durch elektrisches Feld  
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ABBREVIATIONS 

AZB   Azobenzene 

CCDC   Cambridge Crystallographic Data Center  

CP   Coordination Polymer 

DFT   Density Functional Theory 

EDXM   Energy Dispersive X-Ray Mapping 

EDXS   Energy Dispersive X-Ray Spectroscopy 

H2BDC  Terephthalic acid 

H2BPDC  Biphenyl-4,4’-dicarboxylic acid 

HKUST   Hong Kong University of Science and Technology 

Hmim   2-Methylimidazole 

IRMOF  Isoreticular Metal-Organic Framework  

Me   Metal ion 

MIL    Materiauxs de l’Institute Lavoisier 

MMM   Mixed-Matrix Membrane 

MOF    Metal-Organic Framework 

PCP    Porous Coordination Polymer 

SBU   Secondary Building Unit  

SEM    Scanning Electron Microscopy 

SOD   Sodalite  

SURMOF  Surface Anchored Metal-Organic Framework  

TCNQ   Tetracyanoquinodimethane 

TEM   Transmission Electron Microscopy 

UiO   Universitete i Oslo 

UV   Ultraviolet 

vis   Visible 

XRD   X-Ray Diffraction 

ZIF    Zeolitic Imidazolate Framework 
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1. Theoretical Background 

1.1. Motivation and Perspectives for Gas Separation Membranes 

Membranes as solution for the separation and refinery of gases have emerged within the 

last decades as a key technology for green energy. Membranes are outstanding candidates for 

CO2 capture in pre- and post-combustion processes, as well as the oxy-fuel combustion with 

the aim to reduce greenhouse gas emission and stop global warming.
1
 Additionally, a big and 

important part of membrane technology focuses on the separation of basic gases like helium, 

hydrogen, nitrogen, methane, ethylene and propylene from their natural gas mixtures.
2
 

Hydrogen is one of the most important energy carriers of the future: it has a very high 

energy density and burns with oxygen to water, which makes it harmless for our climate 

system.
3
 With today’s technology standards, H2 and O2 can be burned under controlled 

conditions, either in gas turbines or in fuel cells through proton conductive membranes and, 

thus, can be used to generate energy.
4
 It is a long way to replace common fuel engines and it 

is unclear if fuel cells or accumulators will power electrical engines in future cars, however,  

H2 will definitely be the fuel for electricity generation. Even if a reliable H2-economy or 

electrical economy in regard to auto mobility is still missing in modern society (even though 

it is strongly developing at the moment) H2 will definitely be the key energy carrier of future 

generations and replace the fossil fuel economy, as we know it today.
5,6

  

In this context, the generation of H2, which is still relying on fossil fuels, is often swept 

under the carpet. By producing H2, a large quantity of CO2 is simultaneously produced. This 

is where membranes are a promising technology for carbon capture application in order to 

reduce greenhouse gas emission. On the one hand the membrane serves for the carbon 

capture, separating CO2; on the other hand it is refining the H2 towards high purification 

levels. Exemplarily, in a pre-combustion power plant H2 is produced in high amounts by 

gasification and steam reforming of fuel (methane and higher carbohydrates), followed by a 

water-gas shift reaction (c. f. Figure 1). The outcome of the reactions is H2, but also CO2 in a 

1:1 mixture.
7
 The latter one has to be removed while H2 is burned in a gas turbine (or fuel 

cell). This is where separation is the focus and where membranes are of high importance.  

There is not only pre-combustion, but also a more actual problem, the direct burning of 

fossil fuels for energy generation. CO2 as the ―climate-killer‖ should be removed from 

industrial waste gas. Here, people are looking for a membrane system that separates CO2 from 
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N2 in a post-combustion process (c. f. Figure 1), meaning after the burning of fossil fuels, for 

example in a thermal power plant operating with natural gas or coal.
8
 There were also 

concepts of removing CO2 directly from ambient air to stop climate change.
9
  

A third type of combustion should be mentioned, the oxy-combustion or also called oxy-

fuel process, where an oxygen-enriched atmosphere is used to burn industrial waste gases 

again, breaking it down to CO2 and N2. Here, pure O2 is needed, which makes oxy-

combustion one of the most energy intensive processes of the three (c. f. Figure 1), but leads 

to a cleaner combustion process.
8,10

 A perspective to produce the desired pure O2 are dense, 

ceramic membranes, often perovskites. Through oxygen defect vacancies at 900 °C and above 

a high flux of oxygen ions can be provided, and thereby the separation of pure oxygen from 

gas mixtures is possible.
11

 However, the focus of this thesis lies in porous membranes for gas 

separation and ceramic membranes should not be explained in depth further. 

 

Figure 1 The three types of combustion with additional CO2 capture: pre-combustion, post-

combustion and the oxy-fuel process.
1,7,8,10

 Schematic, technical flow chart representations. 

Nevertheless, the CO2 captured in all of these processes must be stored without contact to 

the atmosphere – of course – to stop the greenhouse effects and global warming, making it a 

challenging task. There are several ideas to solve the storage issue, for example the disposal 

into the oceans, storage in geological formations or in man-made caverns in the underground.
7
 

The storage in the ocean, however, is only a time-based strategy and transfers the problem to 
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the next generations. The storage in caverns, natural or man-made, is probably the method of 

choice when it comes to carbon sequestration.
12

  

Changing the topic and looking back at the introduction sentences, the purification of basic 

gases was mentioned. For instance, in natural gas, a lot of interesting gases are found, mainly 

CH4 and higher carbohydrates, but it is the main source for He, too. Thus, some developments 

are also aiming in the direction of He separation from natural gas, for example with porous 

graphene membranes, because He is a highly important and limited resource (especially for 

research).
13,14

  

CH4 is more and more important when facing the shortage of fossil energy carriers and it is 

no wonder that CH4 separation tasks are highly focused.
15

 The main reason behind the CH4 

separation is, of course, the use of it as energy source in gas power plants. But methane is also 

useful for the process for the sustainable conversion to basic chemicals, for example 

methanol
16

 or H2
3
. Separating CH4 from N2 is important for digesting biological waste to bio-

ethanol, where high amounts of CH4 and N2 are side products.
17

 

Further thinking of basic things almost everyone on this planet is using will quickly direct 

the thoughts toward plastic. A lot of basic stuff, such as bottles, boxes, cases, computer parts, 

and many more are often made of polyethylene or polypropylene, generating a high demand 

on the gases ethylene and propylene in high purity for polymerization. Separation of these 

basic chemicals is highly energy intensive, whereas membranes could be a key technology 

(Figure 2) and could save up to 70 % of energy in regard to the state-of-the-art separation 

processes.
18,19

 

In most cases, gas mixtures like propane and propylene are purified using cryogenic 

distillation as state-of-the-art technology, which is highly energy intensive, nevertheless a 

highly evolved technology.
20
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Figure 2 Energy consumption of different technologies for separation and purification 

purpose and the role of membrane technology (left graph). Necessary energy input to 

generate 1 T of ethylene, ammonia, methanol and propylene and the corresponding amount of 

energy that has to be used on the separation process (right graph).
18,19

 

Yet, another emerging concept with more and more practical utilization is the pressure 

swing adsorption, which, no doubt, has a better relative energy balance compared to 

distillation (c.f. Figure 2), nevertheless is not a continuous process and hard to design for 

practical use.
21

 Membranes have the advantage to work in a continuous process with even 

lower relative energy consumption than technical adsorption processes.  

But still, not only the membrane material parameters limit the outcome of the separation 

process, also the operation conditions of the process.
22

 As an example, a variation in the feed 

gas composition, meaning the initial mixture that is separated with the membrane, brings 

variations to the retentate, the depleted feed gas. Additionally and probably more important, 

this brings a variation to the permeate, the mixture after the separation. This problem could be 

overcome using stimuli responsive membranes, regulating the permeate composition by 

external stimuli to yield always the same. This would improve purification and separation. 

Thinking further, a multi-purpose membrane consisting of one material, switchable for all 

different separation tasks, would make membrane fabrication and processing extremely easy. 

Promising candidates for these stimuli responsive membrane materials are Metal-Organic 

Frameworks (MOFs), which will be discussed further in the following chapters. But first of 

all, we need to understand the physical principles of diffusion in microporous materials and 

the types of membranes that exist in the MOF context. 
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1.2. Gas Diffusion in Porous Inorganic and Polymeric Media 

1.2.1. Mass Transport through Porous Inorganic Materials 

In this thesis (a) pure, crystalline and porous Metal-Organic Framework (MOF) 

membranes, (b) pure polymer membranes and (c) polymer-filler mixed-matrix membranes 

(MMMs) were investigated. This means that beside the porous materials it is also useful to 

consider solubility based polymeric membranes separation, even though the interconnection is 

the MOF. This will be addressed in a later chapter of this thesis. The focus of the following 

chapter will lie on the porous, inorganic material, in which three fundamental mass transport 

mechanisms are of interest. 

Within large pores, first of all, the bulk diffusion must be considered, meaning the 

diffusion of one gas into another gas, which is given by FICK’s law in Equation 1. This applies 

for distances, where molecule-molecule collisions are predominant.
23

 The flow of gas   in the 

z-direction      is effectively the mass transport rate in the medium per area, which is 

proportional to the negative concentration gradient, normal to the surface it diffuses through. 

        (
  

  
)     (Eq. 1) 

Here,   is the length along the diffusion pathway,   the concentration of gas, and   the 

FICK Diffusion coefficient in        .
24

 

But the gas diffusion through porous materials is also dependent on the size of the pores, 

and for each category of different pore diameters we find dominant mechanisms. For 

diffusion through mesopores, which lie in the size-range of 2-50 nm, the predominant 

diffusion mechanism is KNUDSEN diffusion, which is also always accompanied by bulk 

diffusion.
23,25

 This type of diffusion can be described by the kinetic gas theory, since the 

mean-free path of the gas molecules or atoms is in the range of - or smaller than - the distance 

of the pore-walls to each other. The pore or capillary is considered to be in a steady-state 

under constant temperature, pressure and only a single gas flowing through it. Equation 2 

gives the KNUDSEN diffusion coefficient       using a model of a long, cylindrical pore with a 

diameter    of 2-50 nm.  

      
  

 
 √
   

   
    (Eq. 2) 
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Here,   is the ideal gas constant,   is the temperature, and    is the molar mass of the 

species. If the system is in the Knudsen regime, the gas molecules are assumed to move in 

straight lines between the pore walls and are not interacting with each other, pictured in 

Figure 3. When a molecule collides with the wall, it gets reflected and continues to travel.
26

 

 

Figure 3 KNUDSEN diffusion of a gas in a cylindrical long pore or capillary channel and the 

parameters for this type of diffusion. The red ball is the gas molecule or atom. 

This mechanism is of importance when looking at a membrane grown on top of a ceramic 

support disc. The used supports in this work have a pore diameter of below 50 nm and exhibit 

kinetic gas separation just by themselves due to the KNUDSEN diffusion.
27

 This can be used as 

a measure of successful layer formation of the crystalline membranes: is the layer not 

completely intergrown and shows a lot of defects, the separation will not be better than the 

KNUDSEN diffusion. 

Beside the kinetic gas separation by KNUDSEN diffusion, for smaller pores below 2 nm 

adsorptive diffusion and molecular sieving are the mechanisms of interest. The first is mainly 

based on capillary condensation, while the latter is a size-selective process. Adsorptive 

diffusion is based on gas that adsorbs at the pore walls and moves further by bulk and surface 

diffusion. Here, the gas first is adsorbed on a surface side near to a pore, afterwards it diffuses 

into the pore, through the pore channel and gets desorbed on the other side of the pore.
28

 The 

separation of binary mixtures by adsorption in very confined pore-space is relying on the 

competitive gas-solid interaction. Generally, it can be assumed that a gas that is stronger 

adsorbed at the pore wall travels slower through the pore, than a gas that is not or only weakly 

adsorbed, as shown in Figure 4. Thus, the retention time of the gases give a correlation to the 



Theoretical Background 

 

 

- 7 - 

 

separation: The weakly adsorbed species travels quicker, and less of the strongly adsorbed 

species can travel through the membrane at the same time.
29,30

 

 

 

Figure 4 Adsorption based separation: the strong adsorbing species (red) travels through the 

pore via surface diffusion, while the less adsorbing species (blue) is going through the pore 

almost unhindered. This can be an example for H2/CO2 separation, where H2 is the blue 

sphere, while the red ball is CO2. 

The third mechanism is the molecular sieving mechanism. Molecular sieving is the size-

selection of gases through confined pore geometries, as shown in Figure 5. In a porous 

material, the pores can be so narrow, that only gases with the right kinetic diameter can pass 

through the pore, and all other molecules are reflected at the surface.
26,31

 The kinetic diameter 

is defined as the smallest sphere a molecule can occupy. In such a medium with highly 

confined pore space, for a spherical gas (e.g. Argon), the diffusion coefficient can be 

expressed as shown in Equation 3: 

       √
   

  
   

  

    with     
 

 

  

  
 (Eq. 3) 

Here    is the geometrical probability that the gas jumps into the direction of the pore, 

with    being the area of the pore opening that leads to another pore (pore-neck cross-section) 
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and    the cross section area of the pore. The e-function is giving the energetic probability of 

a jump into the pore.
32

 

 

 

Figure 5 Schematic visualization of the molecular sieving mechanism. Gases with a kinetic 

diameter too big to fit into the pore are rejected (red balls) while the small molecules can go 

through the pore by surface diffusion (blue balls). 

When looking at the linear pore in this molecular sieve in Figure 5 there is a probability 

that CO2, which is a linear molecule, but cannot be correctly described by a sphere, can 

diffuse through the pore by its geometry. This is called the shape selectivity of a molecular 

sieve, and would make equation 3 a lot more complicated. In this case, the activation energy 

that is determined by the pore’s geometry and the geometrical probability for the molecule to 

enter the pore has to be considered.
32

 

1.2.2. Physics of Membrane Permeation and Separation 

The knowledge about diffusion through porous materials and polymers is helpful when 

describing the separation process through membranes. First of all, it is necessary to define the 

driving force for gas permeation through a membrane as a chemical potential gradient. 

Therefore, the MAXWELL-STEFAN approach is a widely accepted description and should be 

used for the mathematical specification of gas transport through a membrane. The chemical 

potential gradient    , so the force that is applied to species  , for a binary gas mixture can be 

expressed as in Equation 4: 
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          (
     

    
 ) with       

  

  
  (Eq. 4) 

Here,    is a fractional loading of the component (dimensionless),   is the velocity of the 

species in regard to the surface and the     
  is the MAXWELL-STEFAN diffusion coefficient.

33
 

The fractional loading      can be described by a LANGMUIR adsorption model, as applied in 

Equation 5: 

    
  

    
  

    

      
  with      

    

    
  (Eq. 5) 

Here,    is the loading of component   in terms of molecules per unit cell, whereas      is 

the saturation loading. Thus, it can be expressed with the LANGMUIR adsorption isotherm, 

where    is the partial pressure of the component, while    is the equilibrium constant for the 

same component, which is again made up of the quotient of the rate constant of adsorption 

    , divided by the rate constant of desorption     .
33,34

 The     
  is the mixed component 

MAXWELL-STEFAN diffusion coefficient. For a single component   
  can be formulated as in 

Equation 6: 

     
 (
   (  )

   (  )
)     (Eq. 6) 

From that we can determine the flow of gas by applying FICK’s law (Eq. 1) in Equation 7: 

       
 (
   (  )

   (  )
) (

   

  
)    (Eq. 7) 

The general technical terminology for membrane separation is as follows: An analyte gas 

or gas mixture is fed to a membrane in an upstream, and then permeates through the 

membrane with the direction of chemical potential gradient to the other side, as shown in 

Figure 6.  
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Figure 6 Schematic illustration of the gas permeation process. 

On the downstream or sweep side, either another gas is flown along the membrane (sweep 

gas) or vacuum is applied.
35

 Gas that is flown over the membrane is called feed gas, while the 

depleted feed gas is named retentate. Gas that permeates through the membrane is, obviously, 

named permeate. 

However, in technical terms, describing gas permeation properties of membranes and 

evaluating their qualities, three parameters are used. The flux through a membrane   is the 

amount of the gas species    per time   and permeable area   (Equation 8). 

   
  

   
      (Eq. 8) 

 In Equation 9 the permeance   is shown, which is the pressure normalized flux, actually 

the quotient of the flux and the pressure difference    between upsteam and downstream.  

  
 

  
      (Eq. 9) 

The permeability   is further the thickness normalized permeance (Equation 10), 

multiplying the permeance with the thickness   of the membrane. 

             (Eq. 10) 

  

The selectivity or separation factor      in membrane permeation can be calculated by 

dividing the molar fractions of the components   and   from a binary mixture (real separation 
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factor) or the values from single gas measurements (ideal selectivity) from the retentate with 

the molar fractions of the components from the permeate. As the membrane permeation is 

operated with an excess supply of gas on the feed side, it can be assumed, that the retentate 

composition is the feed gas composition. Equation 11 shows the calculation of the selectivity: 

      
           

           
     (Eq. 11) 

The indices   and   stand for permeate and retentate, respectively. For a better understanding, 

the chemical potential gradient that is the driving force (as described above) can be a (partial) 

pressure or a concentration gradient over the membrane.
35

 

1.2.3. Solubility Based Mass Transport through Polymeric Media 

In dense polymeric membranes, that are the industrial most relevant types of membranes, 

the gas transport is solubility based. Here, the polymer material can either be rubbery or 

glassy.
36

 In a combination with fillers, forming MMMs, many people see the future of cheap 

but very good performing membranes systems.
37,38

 

Transport properties of polymers are dependent on different factors such as: free volume, 

mobility of the polymer chains and therefore the degree of crosslinking within the polymer, 

the degree of unsaturation, degree of crystallinity and glass transition temperature.
39

 All 

intrinsic properties of the polymer that leave a lot of space for polymer scientists.  

For dense polymeric membranes, the solution-diffusion model is applicable here, despite 

the fact that it was designed for liquid separations. The differences in permeability can be 

explained by the interaction possibilities such as electrostatic interaction, hydrogen bonds and 

Van der Waals bonds – so more or less on the same interplay than in the porous system, 

which relies on adsorption (with the slope of the adsorption isotherm  , a thermodynamic 

paramter) and diffusion   (a kinetic parameter).
40

 Thus, the permeability   is depending on 

these both factors and can be written as in Equation 12: 

           (Eq. 12) 

As we are talking about a solution-diffusion, the solubility of gases can be described as the 

condensability, which is increasing with higher temperatures.
41

 It is just a matter of the shape 

and kinetic diameter of the penetrating species that, for example, CO2 is going slower through 

a polymeric matrix than H2.
42

 



Theoretical Background 

 

 

- 12 - 

 

1.3. Types and Preparation of MOF-Based Gas Separation Membranes  

1.3.1. Overview and Preparation of Supported MOF Membranes 

When talking of MOF-based membranes for gas separation we distinguished between 2 

types of systems. In the first place, there are crystalline MOF membrane layers, synthesised 

on ceramic supports by solvothermal synthesis under high pressure and high temperature
43

; 

then there are MMMs. The synthesis protocols of supported MOF membranes can vary a lot, 

using different solvents, temperatures or even temperature ramps, different autoclave filling 

levels, different starting chemicals and additives, which enormously influence the resulting 

crystalline layer. To grow thin layers, supports can be soaked with a solution containing one 

or more components and after that be added to the reaction solution, also called counter-

diffusion method, which gives control over the membrane layer through diffusion.
43–45

 When 

changing the solvent it is possible to influence growth on different lattice planes that can lead 

to different outward facing pore channels and gas transport properties.
44

 There are a lot of 

ways to produce membranes by solvothermal synthesis, but only a few yielding ultrathin 

layers with state-of-the-art properties.
46–48

 However, there are many techniques like 

electrospinning
49

, dip-coating
50

, spin-coating
51

, gel-vapour deposition
47

, spraycoating
52

 that 

allow thin layer growth. One of the most promising techniques is the liquid-phase epitaxy or 

also called layer-by-layer deposition.
53,54

 Most of the time, this technique was used to grow 

defined thin-layers on flat surfaces to be used for electronic applications, drug delivery system 

probing and fundamental science on highly defect-free surfaces.
55–58

 However, these 

technique also allows the fabrication of crystalline membranes
59

 and also tailor made MOF 

smart-membranes
60,61

. We could show that with this technique synthesis of layers with highly 

controllable thickness and also MOF-on-MOF hetero-structured membranes are achievable.
62

 

1.3.2. MOF-Based Mixed-Matrix Membrane Systems 

Mixed-matrix membranes (MMMs) have some decent advantages over ceramic supported 

membranes. On the first sight, MMMs should not be considered to be used on the industrial 

scale, because of the low flux of especially polymeric imine-based glassy polymers. However, 

the cost efficiency of polymeric membranes is the main advantage and makes them feasible 

for gas separation tasks. A polymeric membrane that has the same area than a ceramic 

supported membrane is cheaper by a factor of 3000. This also makes the membrane modules 

disposable (or recyclable) and additionally, expensive regeneration processes are no longer 

essential. Through thin-layer fabrication methods like fibre spinning or large area doctor 

blading the walls of the polymeric membranes can be thinned down to roughly 10-300 nm 
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and by that give economically interesting fluxes.
63

 Focusing on MOF-based MMMs with a 

minimum wall thickness for maximum flux, the MOF filler material is now the limiting factor 

for this type of membranes. The MOF has to be in the size range of 10-30 nm to produce 

defect free layers for industrial utilization.
38,62,64

 

As already discussed in chapter 1.2.3., the gas transport in polymeric materials is based on 

solubility. The separation properties of polymers can be highly tuned by mixing the polymer 

with MOF materials. Thus, the separation is also relying on the filler properties, such as pore-

size, pore-volume and adsorption properties, as well as the amount of filler material, 

illustrated in Figure 7.
65–67

  

 

Figure 7 Illustration of the separation in MMMs. The bigger gas (CO2) has to go around the 

porous MOF particle or is adsorbed by entering the pores of the MOF, thus this diffusion 

pathway is much longer or its diffusion is much slower. The smaller H2 molecule can pass the 

pore easily by its size and is not, or only weakly adsorbed, thus moves much faster through 

the membrane. 

However, the preparation of MOF-based mixed matrix membranes can be very 

challenging. There are several effects that lead to undesired properties of the MMMs. The 

ideal way to improve the polymeric material is the increase of both, separation and 

permeability through the membrane by perfect inclusion of the filler. Nevertheless, there are 3 

non-ideal cases that can occur: (i) In the first case the pore of the MOF is clogged, not 

increasing the separation, only decreasing the permeability; (ii) The second case would be a 

rigidified polymer layer around the filler, leading to decreased permeability and higher 
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selectivity, as found by DIESTEL et al.
65

; (iii) The third problem that is likely to occur is bad 

adhesion between filler and polymer, leading to cavities and voids around the particle, 

improving permeability drastically, but decrease selectivitiy.
44,68

  

1.4. Introduction to Metal-Organic Frameworks 

Metal-Organic Frameworks (MOFs) are porous (or non-porous) hybrid materials 

consisting of inorganic metal nodes, e.g. metal-ions, metal- or metal-oxide clusters and 

organic linker molecules. Earlier, MOFs were also referred to as porous coordination 

polymers (PCPs). The organic linker molecules are bridging the metal nodes by coordination 

and it can be distinguish between bi-, tri- and poly-dentate linkers, depending on the amount 

of coordination sides a linker has. The first MOF were invented in 1999
69

 and more deeply 

investigated and described by O. M. YAGHI and published in Science in 2002.
70

 Since then he, 

as the MOF pioneer, drafted also a very well-known synthesis principle for these systems, 

called the reticular synthesis, published in Nature in 2003.
71

 It was shown that MOF systems 

can be extended by longer linker chains and that certain metal-ions can be exchanged, 

obtaining the same crystal structure, but with larger cavities, different pore diameters and a 

variety of intrinsic properties.
71

 The first MOF ever described was MOF-5, which is shown in 

Figure 8, consisting of terephthalic acid as linker that coordinate Zn4O13 paddle wheel units as 

inorganic component. The inorganic building block, the paddle wheel unit, consists of 

tetrahedrons of Zn and O is also often referred to as secondary building unit (SBU). MOF-5 

crystallizes in a cubic crystal system with the space group Fm-3m. The structure will become 

more important, when we look at the light-switchable MOFs, which will be discussed later in 

this thesis. 
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Figure 8 The crystal structure of MOF-5 or sometimes called IRMOF-1 (isoreticular 

MOF 1), one of the first MOFs to be found by YAGHI et al.; from CCDC number 256965 

(Cambridge Crystallographic Data Centre).
69

 Colour code: H grey, C black, O red, Zn-O 

coordination tetrahedrons blue. 

The different building units of the MOFs allow the introduction of a lot of interesting 

functionalization. There are three possibilities to improve MOFs without changing the crystal 

structure significantly (also, c.f. Figure 9):  

 Metal node: The metal-ions can be exchanged within the frameworks, for example 

Zn
2+

 ions in the paddle wheel unit, found in several structures, can easily be 

exchanged to Cu
2+

 improving/decreasing the stability against e.g. moisture and 

temperature.
72

 

  

 Linker: The organic component can be different (isoreticular synthesis), for 

example terephthalic acid (H2BDC) can be exchanged to 4,4’-biphenyldicarboxylic 

acid (H2BPDC), changing the physical properties of the MOF; however, also 

derivatives of the terephthalic acid containing amine, carboxylate, di-carboxylate, 

or nitrate groups are possible and favour adsorption of different molecules 

compared to the bare backbone molecule.
67,73

 The exchange of the coordinating 

group from carboxyl to nitrile or thiol groups can lead to electrical conductivity, a 

property that was introduced to MOFs just recently.
74,75

 However, functionalization 

of the linker can also lead to topological changes in the crystal lattice.
76
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 Cavity: The pore or cavity is the empty space inside the MOF, which can take 

up/release gases or liquids via adsorption/desorption. Of course, MOFs are not only 

useful for guest uptake, but can also be a host system for functional species, such as 

azobenzene (AZB) with light switchable functionality.
48,77

 Other publications 

prepared MOFs with metal nanoparticles synthesized inside the pores.
78

  

 

Figure 9 Stripping the MOF down to its private parts gives us the overview of the functional 

building units of the MOFs structure that can be utilised to change its properties. 

Additionally, it is possible to do the functionalization of linker and metal-nodes, as well as 

the introduction of guests into the free pore volume by post-synthetic approaches.
79

 However, 

it was found that a pre-synthetic functionalization of the building units of the crystal lattice, 

meaning metal-nodes and linkers, is often more beneficial and a lot easier.
80

 On the other 

hand, occupying the free pore volume after the synthesis ensures correct formation of the 

framework and a lower amount of defects. Sometimes, MOFs are also responsive to guest 

molecules, which allows determination of the adsorbed molecules or atoms and a use as 

sensor material.
77,81
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1.5. Important MOF Structures and their Properties 

Within this work, a few MOF structures are of particular interest and it is important to for 

the understanding of this thesis and the publications it is based on. This chapter will give a 

deeper insight.  

1.5.1. MOF-5 and the IRMOF Series 

As already discusses in chapter 1.2., the original pillar-layer structure of the MOF-5 is easy 

to exchange with different linkers and opens up an easy way to introduce side-chain 

functionalities to one of the most investigated MOF structures. However, if the Zn from the 

Zn-paddle wheel is exchanged with Cu, the MOFs stability can increase.
82

 The original MOF-

5 with Zn as metal-node showed an extremely rapid degradation at humid air, and was 

destroyed within 3-5 days.
83

 The mobility in this framework is high and, for instance rotation, 

is energetically cheap.
84

 This makes it possible to synthesise MOFs with switchable units in 

its structure without steric hindrance.
60,61

 These MOFs are a perfect example for the tailoring 

of the framework: We exchange Zn in the structure of MOF-5 by Cu, afterwards we use two 

different length of linker, one as pillar, the other one in the layer, both with a side chain 

functionality; Obviously, through applying an intelligent synthesis, tailor-made MOFs can be 

designed for the desired purpose. In Figure 10 the light-switchable pillared-layer MOF 

Copper-azo-4,4′-benzophenonedicarboxylate-azo-4,4′-bipyridine (Cu-AzoBPDC-AzoBiPy) is 

shown with a side-chain functionality at each of the linkers and enough space for it to switch 

between the cis-trans isomers.
48

 The windows of the MOFs are cubic shaped with around 8-

12 Å diameter and the structure reminds of a cubic primitive cell, too.
61
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Figure 10 A 3D image showing the pillared-layer MOFs used for the first photoswitchable 

MOF membrane with AZB side-chain function, given here in trans and cis conformation (left 

and right).
61

 The structure is the same that the IRMOF series occupies. 

Not many applications for these light-switchable pillared-layer MOFs are reported yet, but 

there are some: For instance, these photoresponsive MOFs have shown to be interesting for 

medical application, where light is a source of stimuli easy to apply on a patient. This allows a 

triggered release of medics from molecular containers.
55

 It also not the first switchable 

example for AZB in porous materials. In zeolites, the photoinduced control over the pore 

system was achieved with AZB guest and surface-adsorbed molecules.
85,86

 With AZB guest 

molecules, the porosity can also be switched in MOFs, for example in MIL-53 or UiO-67.
48,77

 

1.5.2. Zr-Based Metal-Organic Frameworks 

MOFs with Zr-ions in their structures, for example MIL-140 and the isoreticular UiO (UiO 

– Universitetet i Oslo) series, have gained interest due to their extreme high thermal and 

chemical stability.
87,88

 The group of the UiO MOFs are most likely not to exhibiting the 

freedom of mobility for big side-chains as previously shown for the IRMOFs.
80,88,89

 The 

lattice of UiO-66 and UiO-67 crystallize in the same space group, only the size and volume of 

the unit cell, and thus the volume of the cavities is different due to the lengths of the linker 

molecules H2BDC and H2BPDC. The unit cells of the MOF are shown in Figure 11. The 

crystal structure for UiO-66 and UiO-67 have been solved in 2011 and 2014 by researches 

from the University of Oslo.
90,91

 The MOFs are made of SBUs consisting of Zr6O4(OH)4 

clusters coordinated by 12 –CO2 units each and their pore windows are always trigonally 
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shaped.
92

 The window size of UiO-66 is 5-7 Å due to the linkers rotational freedom, while the 

trigonal opening of the UiO-67 is around 7-9 Å.
93,94

 These MOFs are already deeply 

investigated and its formation mechanisms were already investigated in an oscillatory 

chemical clock experiment.
95

 Additionally, and probably going hand in hand with the 

understanding of the crystallization progress, the use of different solvents and additives allow 

a defect-engineering of the structure during the crystallization of the MOFs, leading to 

defined doping with missing linker defects.
88,96

  

 

Figure 11 UiO-66 (left) and UiO-67 (right), the different blue colors of the secondary Zr-

building units are chosen to illustrate the lattice planes they are lieing in. The yellow and 

green balls are used to visualize the cavities, differing volume in each of the MOFs. Color 

code: O red, C black, H is hidden. 

1.5.3. The Structure of HKUST-1  

Another important structure is the structure of HKUST-1 (Hong Kong University of 

Science and Technology Framework 1), which has Cu
2+

 paddle-wheel units as SBUs again. 

This MOF is one of the most investigated structures, too. The crystallization of HKUST-1 and 

the growth can be achieved by self-assembly at room temperature and can form up to mm-

sized crystals. Thus, the MOFs crystallization was monitored in situ by atomic force 

microscopy, revealing real time crystallization and defect incorporation while the crystal is 

growing.
97

 The structure is shown in Figure 12 and was firstly discovered by CHUI and co-

workers in 1999.
98

 The SBUs are [Cu3(BTC)2(H2O)3]n and are bridged via a Cu-Cu couples. 

The structure in the case of HKUST-1 relies on trimesic acid (H3BTC) as linker molecule 

with three caboxyl groups (tri-dentate) coordinating three metal centres at a time, being 

sufficiently more rigid than bi-dentate linker molecules. In the structure we find honeycomb 
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arranged hexagonally shaped channels in the (111) direction with a diameter of 18.6 Å and in 

(100) direction four-fold symmetric channels with 9.5 Å diameter.
98

 The HKUST-1 from a 

solvothermal synthesis always yielded crystals with a blue colour, which is known to 

originate from defects through the formation. WÖLL et al. could produce defect free layers by 

liquid phase epitaxy of HKUST-1 which were completely transparent and colourless, not 

exhibiting any colour centres.
58 

 

Figure 12 HKUST-1 structure viewing from the c-direction (111) on the a,b plane (left). On 

the right a perspective illustration is given. To give a good overview of the pores in the 

structure the light blue balls were introduced into the structure. The middle ball shows the big 

cavity, while the eight other balls show the smaller cavities. Colour code: Cu orange, O red, 

C black, H hidden. 

Even if this structure has a rigid nature, a lot of very interesting findings are reported for 

the HKUST-1 framework. Recently, it was shown that although this MOF is more rigid 

compared to other MOFs it still exhibits a decent amount of elasticity, however, no breathing 

or rotation of linkers is possible.
99

 Anyway, flexibility research and ―breathing‖ phenomena
100

 

are rather new and it is not totally clear how these are affecting the properties of MOFs.  

1.5.4. Zeolitic Imidazolate Frameworks – Unique Materials 

The last, but probably most important MOF structures within this thesis are the structure of 

ZIFs, short for zeolitic imidazolate frameworks, first discovered by YAGHI et al. in 2006.
101

 In 

more detail I want to explain the probably most important structure within the ZIFs, which is 

ZIF-8. The ZIFs in general exhibit very high chemical and thermal stability and additionally 

the pore sizes of some of them should be capable of molecular sieving.
66,101

 The ZIFs make 
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up a subclass of MOFs and were given their name because of the fact that they are isomorph 

to Zeolite topologies. The bond angle in ZIF materials of 145 ° between Me-imidazolate-Me 

is similar to the Si-O-Si bond angle in Zeolites, whereas the Me-ion in ZIFs can be Zn, Co, 

Cu and some others. The most important ZIF structure is ZIF-8, which is the most 

investigated ZIF material and crystallizes in the sodalite (SOD) structure with the space group 

I-43m. ZIF-8 is made of Zn
2+

 and 2-methylimidazole (Hmim) and has a wider, hexagonal 

pore-window with an average aperture of 3.4 Å and a smaller cubic pore window with an 

estimated diameter of 1.5-2 Å, whereas the latter one is too small to take part in gas transport. 

The diameter of the cavity in ZIF-8 is 11.6 Å.
101

 The structure is shown in Figure 13. 

 

Figure 13 The ZIF-8 structure. The Zn metal nodes are connected by N atoms from the 

methyl imidazolate linkers, forming four- and six-membered rings, which are the pore 

windows. The yellow ball in the middle shows the free pore volume. The space group is I-

43m, which is cubic. Colour code: C black, N green, H hidden. 

During the years, people found a lot of anomalous behaviour for ZIF-8. An older example 

for that would be the phase transformation under high pressure, reported by MOGGACH et al. 

in 2009.
102

 The flexibility of this framework is an outstanding example for the soft-porosity in 

these crystalline materials in general.
103

 RYDER et al. just recently demonstrated shear 

deformation, soft-modes and gate-opening in THz spectroscopy experiments.
104

 The latter 

effect was already known before and is the reason why ZIF-8 is not a real molecular 

sieve.
105,106

 Later in this thesis the flexibilities will be investigated deeper. 
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1.6. Metal-Organic Frameworks Materials – Fields of Innovation 

Since 1999 people have started synthesizing a huge amount of MOFs and so far 7 % of the 

structures deposited in the Cambridge Crystallographic Data Centre, overall 61.000 

structures, are MOFs, following the definition of the MOF Commission of the International 

Zeolite Association (IZA) for the search. Other sources state that there are more than 100.000 

synthesised structures known to date.
107

 To choose amongst this nearly infinite amount of 

MOFs, or to decide if it is important to synthesise a new one, it is mainly depending on the 

desired application: 

MOFs are extremely light-weight and highly porous, placing them amongst the materials 

with the lowest densities known to date. MOFs are also world record holding materials in 

terms of inner surface areas with up to 7000 m²/g, and theoretically possible inner surface 

areas of up to 14000 m²/g.
108

 Thus, it is no wonder that MOFs are highly interesting for 

adsorptive processes and one of the first industrial applications is water storage and release, 

driven by the BASF.
109,110

 But also, a lot of research interest was storage of gases, such as 

H2
111

, and CH4 in fuel-tanks
112

.  

But MOFs are also applied in other fields, for example microelectronics.
113

 Researchers try 

to use the properties of high porosity and crystallinity for electronic applications, such as 

memristors
114

, size-selective sensor devices
57

, as low κ-dielectrics for capacitors and for 

capacitive sensing
115

, and many other electric applications.
116

 For a long time, electronic 

applications of MOFs have caused big problems, because they are almost only neither 

conductive materials, nor semi-conductors, which is was clearly shown in band gap 

calculations.
117

 Recent development introduced conductivity to MOFs: Linkers were designed 

with -CN as coordinative units, where conductivity can be switched between high and low 

resistance states
75

, or with -SH groups along with coordinated π-systems, leading to a 

conductivity throughout the whole framework.
74

  

More and more possible applications are found within the field of MOFs and another 

example for this is catalysis. In a recent review, possible ways for catalytic centres are 

described, for instance using open metal-sites, which can be found in MOF-74 or HKUST-1; 

but also defect sites can be found or intentionally introduced to the frameworks of MOFs, 

where single-site catalysis can take place. With modern electron microscopy it is also possible 

to take images and characterize the defect sites.
118

 A very prominent example therefore would 

be the Zr-based framework UiO-66 and its isoreticular analogue UiO-67 and UiO-68, which 



Theoretical Background 

 

 

- 23 - 

 

are capable of controlled defect engineering as shown in Figure 14.
119,120

 However, to perform 

catalysis with MOFs a better working way is the intentional utilization of the materials’ 

weakness: The carbonization of MOFs leads to very clean and oriented scaffold for the 

production of catalysts. Very high quality nanoparticle assemblies on carbon support can be 

derived from MOF networks, for instance from Co containing MOFs, which then serve as 

amination catalyst.
121

 

 

Figure 14 Possible missing linker defects in UiO-67, which can be shown by TEM 

imaging.
96,122

 The red circles give the positions for the missing linkers. Colour code: O red, C 

black, H hidden. The different coloured SBUs show the different lattice planes. Using missing 

linkers can change the electronic properties of the MOF, opens opportunities for electrical 

applications and brings changes to flexibility.
123

 

Coming back to the scope of this work, the intrinsic material properties are interesting for 

continuous separation processes, in our case for membrane separation. In membrane 

technology, MOFs are bridging a gap between pure polymeric membranes and inorganic 

membranes, for example porous silica or zeolites.
124

 On the one side, MOFs have a defined 

crystal structure and exhibit a constant porosity like inorganic materials, on the other side they 

are in-between rigid and flexible due to their organic component. These properties make them 

extremely suitable for being grown on ceramic supports, forming crystalline layers and their 

use as neat MOF membrane, but their organic component also allows good integration into 
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polymeric matrices.
125

 Different techniques have evolved in the field of membrane production 

besides the solvothermal synthesis and different coating processes emerged.
51,52

 However, 

especially the flexibility exhibited by many MOF structures is often a hindrance regarding 

continuous membrane separation. MOFs can have extremely tailored pore opening diameters 

and they can be tailored in a size range that is capable of molecular sieving of gas molecules 

and was long believed to actually take place.
66

 But they are not reaching the expected values 

for the separation of gases from their critical diameter.
45,105

 The reason for this lies in the 

flexibility. 

1.7. The Flexibility of Metal-Organic Frameworks – A Serious Issue 

MOFs were thought to be the ideal crystals for several applications for a long time, 

especially for separation. They were supposedly tuneable molecular sieves with very narrow 

pores, such as zeolites, but with more structural possibilities.
126

 A lot of publications in the 

field of gas separation with MOFs were weaving around with phrases like ―finally achieved 

molecular sieving‖ et cetera.
66,127

 Today we know that molecular sieving is not possible with 

MOFs for a simple reason: They exhibit many lattice motions as for example the linker 

rotations (see also Figure 15), vibrations, gate-opening, shear deformations, and soft-modes, 

which were first studied for the Hmim linkers in the ZIF-8 framework by RYDER et al. 

through THz spectroscopy.
104

  

 

 

Figure 15 One of the most unavoidable motions in bi-dentate linked MOFs is the rotation 

shown here for MOF-5, ZIF-8, UiO-67. In HKUST-1, which has a tri-dentate linker, no 

rotational motions are possible. However, HKUST-1 shows some very significant elasticity.
99
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THz spectroscopy is also performed by RYDER et al. for more and more MOFs, amongst 

them HKUST-1, for which they described the elasticity for the first time in 2016.
99

 Also the 

flexibility in the Zr-based structures could be demonstrated for isoreticular UiO or MIL-140 

structures.
88

 However, the pore-limiting diameter is at least influenced by 1.5-2 Å through the 

rotations, which is the length of the ring plus the hydrogen atom attached to it. Often, the 

rotation also contributes to a gate-opening, like in ZIF-8.
128

 Especially looking at separation, 

the pore-limiting diameter of 3.4 Å in ZIF-8 is almost negligible, because it was found that 

very big molecules, more than double the pore-limiting diameter, can pass through that 

pore.
45,105

 This emerges through the rotational motion of the linker and the gate-opening
102

, 

sometimes also referred to as breathing, which was investigated deeply by KOLOKOLOV and 

STEPANOV.
93,106

 Of course, up to some point, size selectivity in gas separation is reached by 

the ZIF SOD structures.
129

 Nevertheless, they are not reaching their supposed potential in gas 

separation. 

The effect of ―breathing‖ is defined for huge crystal lattice distortion upon guest-uptake or 

external stimuli. There are MOFs, like MIL-53, that are highly flexible, as visualized in 

Figure 16 and their changes induced by guest molecules are visible in the XRD.
130,131

 Then, 

there are MOFs like ZIF-8 that exhibit some sort of breathing, as discussed so far, but this is 

defined as gate-opening, also known from crystal structural analysis.
102

 So far, per definition, 

ZIF-8 is rather doing a ―gate-opening‖ than ―breathing‖ effect, but the definition is not 

completely clear. What we conclude is that all sorts of flexibility have a high impact on the 

separation also in rigid metal-organic frameworks.
132 

Nevertheless, external stimuli are rarely used to trigger breathing. As explained earlier, 

pressure could be used, but just recently a theoretical study reports that electric fields could 

lead to breathing in MIL-53
133

, which was published while our paper on experimental 

evidence ―Defibrillation of soft-porous metal-organic frameworks with electric fields‖ was 

still under review.
134
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Figure 16 A crystallographic visualization of the breathing from the pore-closed (left, CCDC 

1004911) to the pore-open form (right, CCDC 1004912) of the one dimension porous MIL-53 

(Al). View from the c-direction. Colour code: O red, C black, Al octahedral orange, H is 

hidden.  

This is a good example on how to alter intrinsic properties of MOFs with external stimuli, 

in this case the gate-opening or the breathing behaviour. There are papers reporting also phase 

transitions of MOFs under the influence of an electrical current, for example using 

Cu(TCNQ), a two dimension non-porous coordination polymer (CP).
135

 However, this is a 

slightly different case, but still proves the hypothesis: This CP switches its conductivity under 

an electrical current by phase transition.
75

 The flexibility is an issue that limits the materials 

properties, especially for application in separation, and external stimuli like light and electric 

fields could be the key to make bad effects positive. Anyways, in case of Cu(TCNQ), but also 

in our case of the ―defibrillation‖ of ZIF-8 it is possible to exploit the flexibility. 

1.8. Switchable MOF Materials – Smart Properties 

Many smart materials have been developed so far and are widely applied in our everyday 

life, for instance shape memory alloys in medical applications
136

 such as stents
137

 or 

chromogenic windows that change their transparency by applying an electrical current.
138

 

Applying smart properties to MOFs is a tough challenge, but is recently finding much 

attention in the MOF research community.
139

 External stimuli are used to modify the 

properties of MOFs, utilizing the different building units and can lead to different types of 

switching as illustrated in Figure 17. 
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Figure 17 The three common ways of how to utilize the MOF through applying of external 

stimuli. In (a) the guest control over the pore is imaged, (b) molecular switches in the MOF 

linkers and in (c) possible lattice distortions are shown. 

Using light as external stimuli, all of the above mention ways on controlling the porosity of 

the MOF are possible. There are MOFs with azobenzene linkers in the backbone, but these 

were not switchable by light.
140

 Nevertheless, not all of the MOFs with side-chain 

functionality were switchable by light, even if the linker molecule itself shows 

switchability.
141

 However, when using the right crystalline structure of the MOF, the steric 

hindrance reported for the other systems could be overcome and switching was 

achieved.
55,56,60,61

 Also using guest molecules with lightswitching abilities led to switching of 

the types (a)
48

 and (c)
77

. With post-synthetic functionalization of the MOFs backbone, there is 

the possibility to literally introduce light-switches, which work by breaking and forming 

bonds through UV/Vis-irradation.
142

  

When using electrical stimuli, for example electrical currents, MOFs can be switched in 

their crystal structure, in conjunction with type (c) of switching abilities. Exemplarily, the 

non-porous coordination polymer Cu(TCNQ) - upon applying an electrical field and current - 

undergoes a bistable switching between its more and less conductive phases, leading to 

possible applications in memory devices.
135

 Thinking of crystals in an electric field, the most 

obvious possible idea is piezo- or more general ferroelectricity, which can be achieved by 

applying chiral linker molecules, forming non-centrosymmetric unit cells.
143

 But also guest 

molecules acting as molecular rotors inside the pore of a 1D MOF (MOF-74) can be aligned 

in an electric field, then acting as molecular gates. The gate is closed, when the electric field 

is not applied, and opens when the electric field is sufficiently strong enough to align the 

dipolar molecule inside the MOF.
144

 However, through the fact, that MOFs are often porous, 

the unit cell is free to be distorted also without a non-centrosymmtric unit cell. With electric 

fields, the ions in the MOF structure can be distorted, which was shown by theoretical 
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calculations to the breathing of the MOF MIL-53.
133

 There is only one problem: The 

calculated values are much higher than the breakthrough voltage: The voltage where a 

dielectric medium get so strongly polarized and ionised that the arc breaks through. We 

conducted the first study towards the behaviour of the porous structure of a MOF in an 

electric field, which will certainly lead to more and more research in this topic.
134

 This leads 

us to the main part of this thesis, starting with a review to the external stimuli responsive 

materials, especially for separation purposes. Chapter 2 will give a deep insight into all kind 

of smart materials in gas separation with special focus on smart MOF systems. 
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2. The Pioneering Field of Switchable MOF Membranes in Detail 

2.1. Summary 

The field of switchable MOFs and MOF membranes is a very new field and is emerging 

from a niche to an area of high research interest and more and more publications are popping 

up. Switchable membranes, however, are not limited to MOFs and papers have been 

published, e.g. about switchable membranes containing polymeric brushes, liquid crystalline 

polymers and many more. We show a lot of different ways that were reported to influence 

gas-transport and selectivity through porous materials by external stimuli: Thermally driven 

pore-changes, pressure influence on pore-geometries, mechanically induced stress that 

induces molecular gating mechanisms as well as the type of adsorbed species that is 

introduced into a pore and switches the properties of the whole material.  

In chapter 2.2 the mechanisms that can induce pore changes are described and we give an 

overview of the almost infinite possibilities that MOF materials have. For example, 

experimental MOF struts can switch between pore-open to pore-close forms that react to 

external pressures and show reverse adsorption. One of the most important external stimuli to 

switch MOFs is the optical switching that can be achieved similar to the switching of AZB, 

stilbenes and many other organic molecules, such as thioindigo or dithienylethene. These 

struts can be brought into the MOF lattice by mounting them, before synthesis, post-synthetic 

to the linker molecules or as a guest into the cavity the MOF. It is possible to introduce the 

light-switchable moieties as side-chain to the backbone of the linker molecule. We were the 

pioneers using light-switchable MOFs to switch the separation properties of membranes. The 

switching by light is reported to be relying on adsorptive or gating mechanisms.  

In the last part of the paper, we highlight the importance of electrically switchable MOFs 

and coordination polymers. There is not much reported so far: Coordination polymers from 

TCNQ are reported to switch between conductive and isolating phases upon poling. 

Regarding porous MOFs, our work to the polymorphic switching of a ZIF-8 membrane is 

upon the pioneering works towards electric field influencing pore-geometries and diffusion. 

The prominent MIL-53 was described by theoretical DFT calculations to be switchable with 

electrical fields between its open and closed pore forms by e-field induced breathing. 

Furthermore, guest-molecules adsorbed into the pores of MOFs can be influenced through e-

field induced dipolar alignment showing gating mechanisms.  
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It is expected that a lot of research will be conducted to this interesting field in the future, 

as it is interesting for many reasons to influence the pores of MOFs by switching. The holy 

grail of separation technology can be imagined to be the fine-tuning of the materials 

properties during a continuous technical process. 
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2.2. Smart Metal-Organic Frameworks (MOFs): Switching Gas Permeation 

through MOF Membranes by External Stimuli  

 

A. Knebel, C. Zhou, A. Huang, J. Zhang, L. Kustov, J. Caro 

Chemical Engineering & Technology, 2018, 41 (2), 224-234. 
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3. Thin-Layer Preparation Techniques for MOF-Based Membranes 

3.1. Summary 

MOF-based membranes began to develop almost immediately after the invention of MOFs. 

Nowadays, the state-of-the-art membranes are very thin and have high fluxes and high 

separation factors. To achieve these properties advanced preparation methods have widely 

developed. In the following chapter a layer-by-layer approach towards the synthesis of 

nanosized MOF heterostructures is shown in a paper published in Chemistry – A European 

Journal. As it was highly interesting to a broad readership and received very good reviews it 

was featured as a hot paper with a cover picture.  

The layer-by-layer technique allows a very controlled growth of nanostructures as particles 

and layers by self-assembly and we could transfer this to the thin layer membrane fabrication. 

Those heterostructures are made of a ZIF-8-on-ZIF-67 material combination and were applied 

as neat, thin layer MOF membrane or as particles in mixed-matrix membranes. The 

combination of the two MOFs in the MOF-on-MOF membranes show additive properties 

improving the gas separation compared to the single ZIF-8 and ZIF-67, but also compared to 

other MOF materials. Especially in H2 purification and CO2 capture applications this 

heterostructures perform surprisingly well. 

We show that the increased performance and the preparation techniques are highly 

interesting when industrial application is planned: The self-assembly and layer-by-layer 

techniques allow a fast and easy approach with the potential to upscale. The size on the 

nanometre scale of the produced layers could be determined by a combination of XRD, SEM 

and EDXS. More interesting is the nanoparticle core-shell approach. Industrial scaled 

polymeric membrane walls are in the range of 10-300 nm and the presented heterostructured 

particles are 35 nm in diameter. Thus, it would be possible to produce defect free MMMs with 

a utilizable size range. 

We could show that the easy approach of self-assembly, either as thin layer in neat MOF-

on-MOF membranes or as heterostructured nanoparticles for the preparation of MMMs gives 

increased separation performance that outperform the single materials and comparable other 

MOFs membrane systems. Especially for H2/CO2 separation these membranes are highly 

interesting. 
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3.2. Hierarchical Nanostructures of Metal-Organic Frameworks Applied in 

Gas Separating ZIF-8-on-ZIF-67 Membranes 

 

A. Knebel, P. Wulfert-Holzmann, S. Friebe, J. Pavel, I. Strauß, A. Mundstock,  
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4. Light-Switchable Metal-Organic Framework Membranes 

4.1. Summary 

Control over the pores of a material is a highly interesting field of invention that makes a 

direct process and application control possible. The control of gas transport with a contactless 

method in membrane separation can be achieved by the switching with light, implementing a 

highly versatile smart material to a highly desired technology. Additionally, our development 

aims towards multi-function switchable membranes using a single, switchable material for 

different separation tasks.  

In the chapter 4.2. a pioneering work on “Tunable molecular separation with nanoporous 

membranes” is presented that allows selectivity control over CO2 mixtures with a tailor-made 

MOF membrane: Through the irradiation with light, the cis-trans isomerism of AZB in the 

MOFs linker changes the composition of the gases on the permeate side. This achievement 

leads to diverse applications, such as a composition control between flammable or explosive 

gas mixtures of H2, which would be interesting for pre-combustion processes. In addition, it 

was shown to be applicable for post-combustion tasks, separating N2 from CO2 with remotely 

tuneable separation. 

The next work in chapter 4.3. shows how the exchange of the AZB group in such a light-

switchable MOF is useful for a different separation: By introducing fluoro-AZB into a similar 

MOF strut (c.f. 4.2.), the materials switching can be achieved by only using visible light. 

Thereby, the material is protected from bleaching effects through the UV-irradiation that was 

earlier necessary for the switching. Nevertheless, the separation was investigated for mixtures 

of H2/ethylene and H2/propylene, which are interesting in H2 generation processes from 

natural gas sources. 

In chapter 4.4. another work on light-switchable membranes is presented where a UiO-67 

membrane was loaded with AZB guest molecules. The preparation of the material represented 

is way easier than the previously shown membranes, because commercially available 

chemicals could be used. Control over the molecular separation was achieved and we could 

investigate and formulate a mechanism of the switching. As the separation of the AZB@UiO-

67 membrane was completely different, comparing the impact on CO2 permeability in cis and 

trans to the previous tailored membrane, we found that the separation is relying on gating 

mechanisms. 
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4.2. Tunable Molecular Separation by Nanoporous Membranes 
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Nature Communications, 2016, 7, 13872 
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4.3. Switching Thin Films of Azobenzene-Containing Metal–Organic 

Frameworks with Visible Light 
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4.4. Azobenzene Guest Molecules as Light-Switchable CO2-Valves in an 
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5. Electric Field Switching of Metal-Organic Framework Membranes 

5.1. Summary 

After controlling gas transport with electromagnetic fields such as light the idea of using 

electrical fields in connection with a MOF membrane was highly interesting to us. As MOFs 

often exhibit highly flexible frameworks that limit gas selectivity and molecular sieving 

properties, an electric field was meant to improve these. Since this was never done before, it 

could not be determined what will happen. Possible scenarios could have been alignment of 

linker molecules or distortion of the crystals.  

In chapter 5.2. a study on the electric field influence on the MOF structure of ZIF-8 is 

shown. A reactor design with the possibility of building a MOF membrane-capacitor was 

invented. The electric field applied with the field strength of 500 V/mm showed an influence 

on the lattice of ZIF-8, influencing gas permeation properties. The gas diffusivities of all 

species were decreased, given in the lowered permeances through the membrane. However, 

molecular separation by size-exclusion was decreased for smaller molecules such as H2, CH4 

and CO2, but an increase of 33 % in selectivity was found for propylene/propane mixtures. In 

XRD analysis we found that the ZIF-8 reflex intensities vary and the positions are collectively 

shifted towards higher angles 2θ. This proves an increase in the pore diameter and a phase 

shift into polymorphs through the polarization. With DFT calculations the phase 

transformation into polarized polymorphs was found to be exactly the reason for the 

crystallographic changes from our experimental data. The average pore-limiting diameter had 

changed from 3.4 to 3.6 Å decreasing selectivity for smaller molecules but increasing the 

selectivity for bigger molecules. This was achieved due to strain inside the lattice, limiting the 

rotation of the linker molecules inside the ZIF-8 strut, also limiting diffusivities. Polarization 

curves were measured to determine the reaction on the lattice of a single crystal, which was 

not found to be a piezoelectric, nor a ferroelectric response. 

However, we could estimate that our electric field is not strong enough to align linker 

molecules. Nevertheless, the distortion of the Zn-ions in ZIF-8 through the electric field is 

responsible for a blockade of the linker and lattice motions. This sharpens molecular sieving 

properties of the material only for gases that can be separated by molecular sieving at 3.6 Å, 

such as propylene and propane. 
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6. Conclusion and Outlook 

6.1. Summary 

The thesis gives an insight into the development of modern membrane synthesis 

technologies for high-end MOF-based ceramic supported membranes and also for mixed 

matrix membranes with respect to the key parameters, such as high flux and good separation 

values. This is highly interesting to give industrial relevant state-of-the-art properties to the 

membranes for applications such as carbon sequestration and chemical purification. 

Furthermore, this thesis highlights the equipment designs and preparation of smart, switchable 

MOFs membrane systems, which rely on contactless tuning of the gas transport properties via 

external stimuli.  

In the first part of the thesis a review paper is given, serving as an overview for several 

types of applications of switchable membranes. We show switchable MOFs and switchable 

MOF membranes, which also supports the introduction part of the thesis with a lot more in-

depth details. We give examples for different types of polymeric membranes that react to 

thermal or chemical triggers and open/close their gates dependent on the circumstances. 

Diving deeper into the field of MOFs, we introduce research based on switching mechanisms, 

for example the response of selected guest molecules to light or electric fields, but also the 

reaction of the MOF lattices itself to these stimuli. In the end we show research that reports 

the control over the porous structures of MOFs. With control over the pores of MOFs, gas 

transport control – by combining the approach of switchable MOF systems with membrane 

systems – is possible. 

The second part of this thesis shows the facilitated synthesis procedures of MOFs and 

MOF membranes through a self-assembly approach towards highly controllable layers and 

particles. Here, we give an insight into the possibilities of these techniques, controlled layer-

by-layer growths and nanoparticles synthesis of ZIF-67-on-ZIF-8 structures and their 

characterization with XRD, SEM, TEM and EDXM. Also we show that, through the easy 

approach of hierarchically build nanostructures, the single material properties can add up, 

making new materials with improved properties. The herein presented MOF-on-MOF (ZIF-

67-on-ZIF-8) system is especially interesting for pre-combustion carbon capture and/or 

hydrogen separation. We also show that nanostructures are inevitable for the application in 

industrial systems and this approach could be highly interesting for industry. 
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With the techniques described in the second part we go over to the third part, where three 

papers are given. With the presented layer-by-layer technique we can easily produce smart-

MOFs as membrane layers on ceramic supports by the same self-assembly synthesis protocol 

and obtain UV/vis and only-vis light-switchable copper-based SURMOFs. We show that 

these pillared-layer structures are able to continuously tune the gas transport through these 

layers. Through a specialised reactor design we were able to switch the membranes in situ and 

sense gas transport changes as soon as they appear. The first examples are tailor-made MOFs 

with switchable AZB or fluoro-AZB side-chains, mounted in those pillared-layer fashion 

structures. They offer enough free space to enable cis-trans isomerism, just by shining light on 

these layers. We could show that the separation of H2/CO2, CO2/N2, H2/ethylene and 

H2/propylene mixtures can be switched. Further, we could implement AZB guest-molecules 

by physisorption into novel UiO-67 thin layer membranes and also switch guest molecules 

inside the pores. In all cases we give an insight into the possibly underlying mechanisms of 

gas transport and selectivity switching, which is relying on either steric, or adsorptive 

processes. Whereas the dipolar moment of the cis-trans conformers is responsible for 

switching selectivity in the SURMOF membranes by adsorption, the AZB guest molecules in 

the UiO-67 membrane switch selectivity relying on gating mechanisms. 

In the last part of this thesis a single publication is shown that describes gas transport 

switching through a MOF membrane by a simultaneously applied external electric field. This 

is a pioneering work on influencing the porous structure of a MOF with an electric field. We 

could show by ex-situ XRD that the lattice of ZIF-8 is getting distorted under the stimulus of 

an electric field of the field strength of 500 V/mm, switching it into metastable polymorphs. 

In experiments we found evidence that molecular sieving for a binary mixture of propylene 

and propane is enhanced, while it is decreased for smaller gases. However, it is suggested that 

the overall flexibility of the framework is decreased, because the diffusivities of the gaseous 

species were overall lower. From theoretical DFT simulations we determined the final 

polymorphic structure of ZIF-8 and the changes to the lattice: The average pore opening 

diameter is slightly increased, so that the size-selectivity of smaller molecules decreases, but 

is just correctly adjusted to improve separation for propylene/propane mixtures. Additionally, 

the bulk modulus of the material is strongly increased. This is because the flexibility and 

rotational freedom of the Hmim linkers is suppressed, leading to a more sharp molecular 

sieving. 
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Thus, we could show that MOF preparation as layers as well as particles is possible with 

growth control on the nanometre scale, which definitely improves their possible applicability 

in industrial systems. These improved synthetic strategies are highly controllable and easy at 

the same time and especially we utilized it for preparation of membrane systems. The urgent 

need for membranes for a more economical resource separation and purification will play a 

crucial role in the future. We can tune the material parameters for these processes by different 

approaches: We can use two types of materials at the same time, adding intrinsic materials 

properties. We can tailor linker molecules and enable MOFs to switch their properties by light 

irradiation. But we can also exploit the flexibility of the framework. Within an industrial 

process, the control over the parameters and compositions is crucial and switchable materials 

make easy and contact free regulation possible. Utilizing electric field to improve the intrinsic 

parameters by extrinsic stimuli means next-level process controllability and may help to make 

the MOF materials applicable for high-end industrial separation and purification processes. 

Moreover, switchable properties, such as dipole moments, adsorption sides and polymorphs 

can be applied in multifunctional systems. This could lead to a single membrane that is 

applicable in all kind of separation processes just by using the correct external stimulus. For 

each process it could be individually configured by the right irradiation wavelength or the 

right electric field strength to fit the requirements for the process. 

Nevertheless, our studies also led to deeper understanding of the materials parameters, how 

to tune them and how to evaluate the mechanisms. Future works could aim for pressure-swing 

adsorptive processes under external stimuli or microelectronic switches, memristors or drug-

delivery systems. Especially in microelectronics, for computer systems or similar 

applications, a molecular switch in a highly ordered system could lower the size of modules 

and devices. Drug delivery systems are highly desired for medical applications and light or 

electric stimuli are easy to deliver to the patient’s body regions. Releasing medication to the 

right spots at the right time could yield highly controllable treatments, for example to fight 

cancer.  

In adsorptive processes, such as pressure swing adsorbers, the switchable dipolar moments 

could also be used to remove ions or organic waste selectively from water or gas mixtures. In 

an electric field, the speed of adsorption or desorption could be tuned. This also leads to 

possible applications in the field of specific and highly selective sensing of polar/non-polar or 

big/small species in a multifunctional sensor device. However, systems that react to external 
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stimuli, for example the light-responsive systems may have a more simple way to be used. 

Chemicals like odours, pesticides could be released at any time, when the sun is rising or 

when an electric field is applied. This could also be utilized for protecting animals and plants.  

We can think about many useful features for smart systems and through tailor-made MOFs 

we have smart and porous materials that show changes in their porous properties upon an 

influence of external stimuli. We expect a lot of research to start on the topics of switchable 

MOFs in the future.  
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