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I   Abstract 

 

Abstract 

 This dissertation deals in seven publications with size- and shape-controlled 
syntheses of the microporous metal-organic framework (MOF) ZIF-8 (zeolitic 
imidazolate framework 8) as well as with investigations of the nucleation and growth 
processes using various in-situ and ex-situ experiments. The knowledge obtained was 
adopted to synthesize gas separating supported ZIF-8 membranes.  
 It could be shown that the size of ZIF-8 crystals can be controlled between 10 and 
1000 nm by using an excess of the bridging bidentate ligand 2-methylimidazole and 
various monodentate ligands (modulators). The function of the monodentate ligands 
in the size-controlled syntheses can be understood as a modulation of complex 
formation and deprotonation equilibria in the reaction solutions. 
 The fast nucleation and early growth of ZIF-8 nanocrystals was monitored by 
time-resolved in-situ synchrotron small-angle and wide-angle X-ray scattering 
(SAXS/WAXS) with a time resolution of one second. Very small particles (clusters) 
with a diameter of about 2 nm formed instantaneously upon mixing the component 
solutions of metal salt and bridging ligand. The formation of ZIF-8 particles started 
after 15 seconds. The particles grew rapidly to a size of about 25 nm. In addition, the 
synthesis of much larger ZIF-8 crystals (up to 200 µm in size) by a formate-
modulated solvothermal reaction was possible. This reaction was monitored by in-
situ energy-dispersive X-ray diffraction (EDXRD) measurements. Analyses of 
crystallization curves gave insights into the kinetics and mechanism of crystal 
growth. It could be shown that formate acts as a base to deprotonate the bridging 
ligand. In contrast, in room-temperature syntheses formate acts as a competitive 
ligand in complex formation equilibria, as could be shown by in-situ static light 
scattering experiments. 
 Another achievement was the synthesis of supported ZIF-8 membranes by using 
in-situ crystallization as well as the method of seeding and secondary growth. The 
latter method allowed the synthesis of oriented ZIF-8 membranes. All membranes 
exhibited excellent selectivities for the separation of H2 from other gas molecules. 
 Moreover, polymer-ZIF-8 nanofibers could be produced by electrospinning which 
have possible applications in gas adsorption. The micropores of the embedded ZIF-8 
nanocrystals were easily accessible for gas. 
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III   Kurzzusammenfassung 

 

Kurzzusammenfassung 

 Diese Dissertation befasst sich in sieben Publikationen mit gezielten größen- und 
formkontrollierenden Synthesen der metall-organischen Gerüstverbindung (MOF) 
ZIF-8 (zeolitic imidazolate framework 8) und Untersuchungen der Nukleations- und 
Wachstumsprozesse mittels verschiedener in-situ und ex-situ Methoden. Das erlangte 
Verständnis wurde eingesetzt, um gastrennende ZIF-8-Membranen zu synthetisieren.  
 Es zeigte sich, dass die Größe der ZIF-8 Kristallite zwischen 10 und 1000 nm 
eingestellt werden kann, indem ein Überschuss des zweizähnigen  Brückenliganden 
2-Methylimidazol und verschiedene einzähnige Liganden (Modulatoren) ver-wendet 
werden. Die Funktion dieser Modulatoren in den Synthesen kann als Modulation der 
Komplexbildungs- und Deprotonierungsgleichgewichte der Reaktionslösungen 
verstanden werden. 
 Die schnelle Nukleation und das frühe Wachstum von ZIF-8-Nanokristallen 
konnte mittels in-situ Kleinwinkel- und Weitwinkel-Röntgenstreuung 
(SAXS/WAXS) mit einer Zeitauflösung von einer Sekunde beobachtet werden. Sehr 
kleine Partikel (Cluster) mit einem Durchmesser von 2 nm bildeten sich augen-
blicklich nach dem Mischen der beiden Eduktlösungen. ZIF-8-Partikel entstanden 
nach 15 Sekunden und wuchsen schnell auf eine Größe von 25 nm. Auch größere 
ZIF-8-Kristalle (bis zu 200 µm) konnten durch Formiat-modulierte solvothermale 
Reaktionen erhalten werden, welche mittels in-situ energie-dispersiver 
Röntgenbeugung verfolgt wurden. Analysen der Kristallisationskurven ermöglichten 
Einblicke in Kinetik und Mechanismen des Kristallwachstums. Außerdem wurde 
gezeigt, dass Formiat als Base fungiert, um 2-Methylimidazol zu deprotonieren. Im 
Gegenteil hierzu wirkt Formiat in Raumtemperatursynthesen modulierend auf die 
Komplexbildungsgleichgewichte, was durch in-situ-Untersuchungen mittels 
statischer Lichtstreuung gezeigt werden konnte. 
 Ein weiterer Erfolg war die Synthese von geträgerten ZIF-8-Membranen. Diese 
wurden sowohl durch in-situ-Kristallisation, als auch durch Anheftung von Keim-
kristallen an die Trägeroberfläche und anschließendes Wachstum hergestellt. Die 
letztere Methode erlaubte die Synthese von orientierten ZIF-8-Membranen. Alle 
Membranen zeigten exzellente Selektivitäten für die Trennung von H2 von anderen 
Gasmolekülen. 
 Ferner konnten Polymer-ZIF-8-Fasern durch Elektrospinnen hergestellt werden, 
welche mögliche Anwendungen in der Gasadsorption haben, da die Mikroporen der 
eingebetteten ZIF-8 Nanokristalle gute Zugänglichkeit für Gase zeigten. 
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# J. Cravillon, Synthese und Charakterisierung von Nanokristallen ionischer Verbindungen, diploma 
thesis, Leibniz University Hannover, 2009. 

Preface 

 The results which are presented in this dissertation were achieved in the last three 

years during my work as scientific assistant in the Institute of Inorganic Chemistry of 

the Gottfried Wilhelm Leibniz University of Hannover in the group of Prof. Dr. Peter 

Behrens. The work was supported by the Deutsche Forschungsgemeinschaft (DFG) 

within the frame of the Priority Program 1362 (Porous Metal-Organic Frameworks) 

as a joint project of four groups entitled “Transport in microporous MOFs: From 

molecular diffusion to membrane permeation” (grant number Wi1156/2-1) and was 

supervised by Dr. Michael Wiebcke. 

 

 The dissertation consists of seven scientific publications. For four publications I 

am the first author, whereas for the other three publications I am a coauthor. In the 

following I will describe my contributions to the publications. I have to thank the 

authors and coauthors for the great cooperation and the fruitful discussions and 

support during the manuscript preparations, especially Dr. Michael Wiebcke. 

 The two articles in chapter 3 of this thesis deal with the synthesis of ZIF-8 nano- 

and microcrystals at room-temperature and the control over crystal size and 

morphology. I am the first author of both articles. Preparation and characterization of 

the materials was performed by myself. Parts of the interpretation of the in-situ static 

light scattering (SLS) data were performed by Roman Nayuk and Prof. Dr. Klaus 

Huber from the Chemistry Department of the University of Paderborn. The 

development of the synthesis protocol of ZIF-8 nanocrystals without size control had 

already been part of my diploma thesis “Synthese und Charakterisierung von 

Nanokristallen ionischer Verbindungen”.# 

 The two articles in chapter 4 present in-situ synchrotron X-ray diffraction studies, 

which provided significant insights into the nucleation and growth of ZIF-8 

nanocrystals at room-temperature and ZIF-8 macrocrystals under solvothermal 

conditions. The X-ray scattering experiments and data reduction reported in the 

article Fast Nucleation and Growth of ZIF-8 Nanocrystals Monitored by Time-

Resolved In Situ Small-Angle and Wide-Angle X-Ray Scattering were performed by 

myself, Christian A. Schröder, Roman Nayuk and Dr. Michael Wiebcke at beamline 
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ID02 at the ERSF (European Synchrotron Radiation Facility) in Grenoble, France. 

The evaluation of the SAXS data was performed by Dr. Michael Wiebcke, Prof. Dr. 

Klaus Huber and Roman Nayuk, while the data evaluation of the WAXS data was 

performed by myself and Christian A. Schröder. The X-ray diffraction experiments 

for the second article Formate modulated solvothermal synthesis of ZIF-8 

investigated using time-resolved in situ X-ray diffraction and ex situ electron 

microscopy were performed at the HASYLAB (Hamburger Synchrotron 

Laboratorium) at DESY (Deutsches Elektronen Synchrotron) in Hamburg, Germany. 

All the experiments and data evaluation were performed by myself.  

 During the long synchrotron experiments Christian A. Schröder and Dr. Andre 

Rothkirch (HASYLAB) were a great help and always open for fruitful discussions. 

The ex-situ syntheses and powder X-ray diffraction (XRD) as well as scanning 

electron microscopy (SEM) investigations were also performed by myself. 

 In chapter 5 results of ZIF-8 membrane syntheses are presented in two articles. 

The experimental work was performed by Dr. Helge Bux (group of Prof. Dr. Jürgen 

Caro, Leibniz University Hannover), my cooperation partner in the DFG priority 

program. My contributions to the publications Zeolitic Imidazolate Framework 

Membrane with Molecular Sieving Properties by Microwave-Assisted Solvothermal 

Synthesis and Oriented Zeolitic Imidazolate Framework-8 Membrane with Sharp 

H2/C3H8 Molecular Sieve Separation were intense discussions during the 

development of the membrane synthesis procedures. Crystal morphology evaluation 

and the synthesis of ZIF-8 nanocrystals for the seeding procedures were performed 

by myself. 

 The publication in chapter 6 entitled Metal-organic framework nanofibers via 

electrospinning is the result of a cooperation with Dr. Rainer Ostermann from the 

Justus-Liebig-University of Giessen, from the group of Prof. Dr. Bernd Smarsly. My 

contribution to this cooperation was the synthesis and characterization of the ZIF-8 

nanocrystals by XRD and SEM. 
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1   1. Introduction 

 

1. Introduction 

 This thesis deals with size- and shape-controlled syntheses as well as with in-situ 

and ex-situ scattering and microscopy experiments on the mechanisms of formation 

and with possible applications of a prototypical metal-organic framework (MOF) 

material called zeolitic imidazolate framework 8 (ZIF-8). First, in this chapter, a brief 

description of the structures, properties and main potential applications of MOFs and 

ZIFs is given. Further methods of size- and shape-controlled synthesis, in-situ 

investigations of the mechanisms of crystallization and membranes synthesis are 

briefly introduced. 

1.1 Metal-Organic Frameworks (MOFs) 

 MOFs are a novel class of crystalline porous materials.[1-4] Approximately 10% of 

all MOF materials exhibit a permanent porosity.[5] These materials are also called 

“porous coordination polymers”.  

 They are coordination compounds, in which a discrete metal ion or cluster (so-

called connector) is coordinated by multidentate (at minimum bidentate) ligands (so-

called linkers) to form a three-dimensional coordination polymer (see Figure 1). The 

clusters are also called (SBUs for secondary building units). 

 
Figure 1: Structure of MOF-5 (Metal Organic Framework 5). A central µ4-oxygen is tetrahedrally 
surrounded by four zinc cations which in turn are pairwise bridged by the carboxylate groups of six 
terephthalate anions forming the SBU (secondary building unit). The 3D framework structure is formally 
generated by connecting these SBUs via the benzene rings of the terephthalate anions (linker). The final 
framework generates a 3D pore system consisting of two alternating cavities with diameters of 15.2 Å and 
11.0 Å respectively.[6] 

 A promising class of MOFs are carboxylate-based MOFs, which often contain 

metal oxygen clusters like MOF-5 (Zn4O(BDC)3, H2BDC = terephthalic acid), UiO-

66 (Zr6O4(OH)4BDC6), MIL-53 (Al(OH)BDC) or HKUST-1 (Cu3(BTC)2), BTC = 

benzene-1,3,5-tricarboxylate). Another class are the pillar-layer MOFs, constructed 
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by paddle-wheel SBUs made of copper or zinc ions, which are connected via 

dicarboxylates like terephthalate into 2D layers that in turn are pillared by diamines 

like 4,4’-bipyridine to generate 3D frameworks. A younger distinct class of MOFs 

are the zeolitic imidazolate frameworks. They consist of discrete divalent metal 

cations like Zn2+ or Co2+, that are linked via substituted imidazolate anions and 

typically possess zeolite-related topologies.  

 The pore networks in MOFs are wide-ranged and tunable compared to purely 

inorganic porous compounds like zeolites or mesoporous silica. The organic-

inorganic MOF hybrid materials offer much more variability in pore diameter and 

functionality than these materials due to the nearly infinite pool of different organic 

linkers and inorganic connectors. For example, the pore walls can be made 

hydrophobic or hydrophilic. Open metal sites for catalytic reactions or functionalized 

linkers for post-synthetic modifications can be introduced. Also the pore sizes can be 

tuned without changing framework topology by using linkers of different length 

(isoreticular MOFs, IRMOFs).[6] MOFs can exhibit large intra-crystalline surface 

areas of up to 6240 m²/g calculated with the Brunauer-Emmett-Teller equation and 

10400 m²/g calculated using the Langmuir model. These are significantly larger than 

those of classical adsorbents likes zeolites or activated carbon.[7] 

 The choice of the metal ion (connector) in MOFs is hardly restricted. Often used 

connectors are Fe2+/Fe3+, Co2+, Ni2+ or Zn2+, but also Mg2+, Al3+, Ti4+, Zr4+ or Pd2+ 

are suitable.[05] Some popular MOFs are already commercially available like MIL-53 

(Basolite® A100), HKUST-1 (Basolite® C300) and ZIF-8 (Basolite® Z1200). 

Another special feature of some MOFs, differentiating them from zeolites or 

activated carbons, is their ability to “breath”, which means that the framework 

expands or shrinks considerably upon guest uptake or release (so-called breathing 

effect). Some MOFs exhibit a gate-opening effect, which means that the pore system 

only becomes accessible at a critical pressure threshold.[8] 
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1.2 Zeolitic Imidazolate Frameworks (ZIFs) 

 As mentioned before, ZIFs are a younger and distinct class of MOFs. Due to the 

similarity of the metal-imidazolate-metal (M-Im-M) and silicon-oxygen-silicon (Si-

O-Si) angles of approximately 145° in ZIFs and zeolites, respectively (see Figure 2), 

the tetrahedral frameworks exhibit analogous topologies (see Figure 3).[2, 9] 

 
Figure 2: Illustration of the angles at the linkers in ZIFs and zeolites.[10] 

 An important advantage of ZIFs over zeolites is the larger cages, due to the longer 

imidazolate linkers compared to the bridging oxygen atoms in zeolites. This can be 

seen by comparing the metal-to-metal distances. In ZIFs, zinc centers typically 

exhibit a distance of ca. 6 Å, as compared to the distance of only ca. 3.2 Å between 

neighboring silicon atoms in zeolites. In spite of this, the pore openings in ZIFs are 

comparable in size to those of zeolites. This is caused by the bulkiness of the 

imidazole linkers. Therefore, the adsorption of guest molecules into ZIF cages is 

similarly size- and shape-specific as in zeolites, but the larger ZIF cages allow 

molecules to pass each other and hence blocking effects are avoided, which may 

limit the diffusion in zeolites. As other MOFs, ZIFs show some framework 

flexibility, which is caused by twisting of the linker molecules. This was very 

recently demonstrated for the prototypical ZIF-8.[11] Due to this flexibility, molecules 

larger than the crystallographically estimated pore diameters can pass the pore 

openings and a sharp cut off for gas separation is usually not observed. This was 

proven for a number of ZIF membranes by Caro and coworkers (see also chapter 

5)[12-17] and bulk ZIF materials[18]. 

 The choice of the imidazolate derivative has an influence on the framework 

topology and allows the control of the pore diameters as well as the chemical nature 

of the pore walls (hydrophilic or hydrophobic character). All C2-substituted 

imidazolates typically generate a sodalite topology if zinc is the metal center as is the 
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case for ZIF-8 (linker = 2-methylimidazolate) or ZIF-90 (linker = 2-

carbaldehydeimidazolate).  

 
Figure 3: a) Truncated octahedral cage (β-cage) of the ZIF-8 framework structure. The zinc cations are 
tetrahedrally coordinated by the linker 2-methylimidazolate; b) sodalite (SOD) topology of ZIF-8; c) 
illustration of a pore opening corresponding to a six-membered ring of ZnN4 tetrahedra and linker 
molecules; d) comparison of the crystallographically estimated pore diameter with the kinetic diameters of 
a number of small gas molecules. 

 Also the solvent may affect the framework structure. For example, in the case of 

benzimidazolate, the synthesis in DMF (N,N-dimethylformamide) yields ZIF-7, 

while in DEF (N,N-diethylformamide) ZIF-11 is obtained.[10] While zinc compounds 

with unsubstituted imidazolates exhibit a large number of polymorphous forms,[19-22] 

the polymorphism of substituted zinc imidazolates is significantly restricted due to 

the stereochemical requirements of the bulky substituents. This results in an 

increased thermal and chemical stability. A number of ZIFs shows long term stability 

against boiling solvents such as methanol and benzene or even water and aqueous 

sodium hydroxide solutions.[10] The thermal stability can reach 400 °C in air and 

even higher temperatures under inert gas atmosphere. Such properties are rarely 
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found for other MOFs. For example, most carboxylate-based MOFs are not stable 

against water. Because of this combination of properties, ZIFs seem to be promising 

candidates for application as gas-separating membranes. 

 In this work, ZIF-8 plays the central role. This material combines all properties 

mentioned above. The three-dimensional pore network consists of large cages with a 

free diameter of 11.6 Å and small openings with a free diameter of 3.4 Å (see Figure 

3). 
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1.3 Potential Applications 

 Potential applications for MOFs are gas storage and separation, catalysis, sensor 

systems and biomaterials, similarly to other porous materials like zeolites or 

mesoporous silica. 

1.3.1 Separation 

 The gas separation properties of MOFs are affected by two mechanisms: (i) 

Separation caused by different diffusivities, which is in turn caused by different sizes 

and shapes and (ii) separation caused by adsorbate-surface interactions. Separation 

caused by different diffusivities (i) is based on Fick’s first law, which includes the 

coefficient of diffusion, the flux density and the gradient of concentration. An 

extreme case is the sterical size exclusion also known as molecular sieving effect, 

which is size- and shape-selective, as defined by the geometry of the specific pore 

windows of the networks. Larger molecules are discriminated and their coefficient of 

diffusion is extremely low. The adsorbate-surface interactions (ii) are caused by 

multipolar and van der Waals interactions, depending on the surface properties of the 

pore walls. Gas species with stronger interactions with the framework stay longer in 

the pore system while non-interacting molecules can pass the system easily until an 

equilibrium is established. In most cases, both mechanisms control the permeance, 

which is defined as the pressure-normalized flux. 

 Besides adsorptive separation techniques, gas-separating membranes, which are 

already established for zeolites, are an important application. MOF membranes can 

be divided into two classes: (i) Supported polycrystalline membranes and (ii) organic 

polymer-MOF composite membranes (mixed matrix membranes). 

 In the last few years, the number of publications dealing with polycrystalline 

MOF membranes increased strongly.[23] Only a few publications deal with 

carboxylate MOFs like HKUST-1[24-26], MIL-53[27] or MOF-5[28-29]. However, the 

strongest development happened in the field of ZIFs (see also chapter 5),[12-17, 30-33] 

which is due to their high thermal and chemical stability as well as their high 

potential in adsorption and separation of the greenhouse gas CO2
[02]. First ZIF-69 

membranes, for example, showed high separation selectivity of CO over CO2.[30] 

Also H2 separation from larger gas molecules like CH4, CO2, O2 or N2 is possible 

with high selectivities with some ZIF membranes of appropriate pore diameter. Good 

candidates are ZIF-7[12-13], ZIF-8 (see also chapter 5)[30-33], ZIF-22[14] and ZIF-90[15-

16]. Also post-synthetic modification of such membranes is possible, which leads to a 
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variability of the inner surface chemistry and the pore diameter. In the case of ZIF-

90, aldehyde groups were transformed by a condensation reaction with amines into 

imine groups which enhanced the separation factor for H2/CO2 from 7.3 up to ~65.[16] 

By using an appropriate MOF (ZIF-8) with matching pore windows and adsorption 

kinetics it was even possible to separate ethane and ethene[17] or propane and 

propene[31]. With this membrane also larger hydrocarbons can be separated quite 

easily from smaller gases like H2 with high selectivities (see section 5.3). 

 Mixed matrix membranes were also achieved with MOF particles. Such 

membranes consist of MOF particles (mostly nanoparticles) embedded in a polymer 

matrix. Usually used polymers are for example matrimex®, poly(vinyl acetate) or 

polysiloxanes. Different MOF systems were used to fabricate such membranes as 

MOF-5,[34] HKUST-1,[35-36] ZIF-8[37-38], ZIF-90[39] or MIL-53[40]. An advantage of 

these membranes over polycrystalline membranes is the flexibility of the polymer 

matrix whereby the strain resistance is increased. 

 Besides membrane separation other applications are possible. In recent 

publications it was shown that MIL-101[41], ZIF-8[42] or MIL-53[43] can be used as a 

stationary phase in columns for gas chromatography. It was demonstrated that 

capillaries coated with ZIF-8 nanocrystals show excellent capabilities in sieving 

linear alkanes from branched alkanes as well as different linear alkanes from each 

other. This is caused by the narrow pore windows as well as the different van der 

Waals interactions of the linear alkanes with the hydrophobic inner surface of  

ZIF-8.[42] 

1.3.2 Storage 

 Gas storage is a main point of interest in MOF research. Due to their properties 

mentioned above, MOFs seem to be perfect candidates for application in the storage 

of mobile energy sources like CH4 or H2 but also greenhouse gases like CO2. A 

number of publications deal with H2 storage in different MOFs[44-45], but up to now 

no MOF achieves enough storage capacity for application. For CO2 capture, ZIFs 

seem to be particularly suited materials. The group of Yaghi showed that ZIFs like 

ZIF-68, -69, -78 and -79 have remarkable adsorption selectivities and capacities for 

CO2.[46-48] 
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1.3.3 Composites 

 Besides mixed matrix membranes other MOF composite materials were 

synthesized. A crucial improvement of microporous composite materials is the better 

handling than bulk material as well as the possibility to synthesize hierarchical 

structures for better adsorption and desorption of gasses and liquids. 

 The first investigations on MOF composites dealed with HKUST-1[49] and SIM-1 

(Substituted Imidazolate Material 1)[50-51] beads, which are an attractive viable 

alternative to bulk MOF materials for heterogeneous catalysis. HKUST-1 could also 

be synthesized on polymer materials.[52-54] Beside this system nanofibers could be 

synthesized via electrospinning of HKUST-1[54] and ZIF-8 (see chapter 6). The 

accessibility of the pore networks of the MOFs in such composites can be varied by 

using different amounts of polymer and bulk MOF phase. Also the usage of MOF 

nanoparticles for such systems is important to reach a higher surface and thereby a 

faster adsorption of the guests in the MOF. By the successful syntheses of ZIF-8 

nanofibers and other nanoparticular MOF materials a broad range of MOF-

composites should be accessible (see chapter 6). 

1.3.4 Catalysis 

 Another important application is heterogeneous catalysis.[55-56] In this field, ZIF-8 

plays also an important role. Bats et al. have shown by cluster density functional 

theory calculations, that low-coordinated zinc cations (two- or three-coordinated) at 

the ZIF-8 surfaces are potential Lewis acids, while negatively charged N atoms of 

the imidazolate linkers are potential Lewis bases.[57] Reported examples for such 

catalytic activities of ZIF-8 are Knoevenagel[58] condensations and 

transesterifications[59]. The usage of metal clusters encapsulated in MOFs is also an 

important option for catalysis. Some groups have shown that it is possible to deposit 

metal clusters like gold or platinum into the cages of MOF-5, ZIF-8 and ZIF-90 via 

chemical vapor deposition of organometallic precursors and subsequent reduction 

with H2.[60-63] Au@ZIF-8 shows a high catalytic activity in the oxidation of benzyl 

alcohol in methanol and benzene as well as in the oxidation of carbon monoxide[61-

62], while Pt@ZIF-8 shows good photocatalytical properties in the degradation of 

phenol when it is encapsulated in TiO2 nanotubes.[63] 

 Very recently, the group of Fischer showed the selective dehydrocoupling of 

BH3·NMe2H to yield BH2·NMe2 and H2. This reaction works at room temperature in 

ZIF-8 cages and has a possible application in hydrogen storage based on 
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aminoboranes.[64] Mild reaction conditions can be applied because of the 

heterogeneous catalytic properties of ZIF-8 by combining strong cage effects with 

polar and Lewis acid / base properties.  

1.3.5 Sensors 

 Because of the variability of metal-organic frameworks, some MOFs can act as 

sensors. Some MOF sensors have been described which work with luminescent 

MOFs containing lanthanide cations[65], but recent publications have shown the 

prospects of ZIF-8 to act as sensor material, too. Thin films of ZIF-8 of different 

thickness can be used as a Fabry-Pérot device to sense different vapors and gases.[66] 

Furthermore, the ZIF-8 luminescence intensity shows a high sensitivity to copper and 

cadmium ions as well as to small molecules like acetone.[67] Also thin films of ZIF-8 

nanocrystals showed good selective adsorption of organic vapors over water in 

several cycles.[68] All these publications indicate that ZIF-8 is an interesting 

candidate for sensor applications. 

1.3.6 Biomaterials 

 MOFs offer many prospects in biomedical applications. They can act for example 

as drug delivery systems or as bioactive MOF.[69] A recent publication has shown 

first results with ZIFs as drug encapsulator. An indium-containing zeolite-like metal-

organic framework was used to synthesize composite materials for drug release tests 

using procainamide as model system. Unfortunately, this system exhibits a burst 

release effect.[70] 
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1.4 Size- and Morphology Controlled Syntheses of MOFs  

1.4.1 Common Synthesis 

 The synthesis of MOFs and ZIFs is usually carried out solvothermally in DMF or 

DEF. Many of the reactants, namely metal salts and linker molecules, have a high or 

at least sufficient solubility in these formamides. In addition, these high boiling 

solvents seem to have a structure-directing character and also appear to exert an 

influence on the crystallinity. An example is the synthesis of ZIF-7 and ZIF-11. Both 

materials are built up from benzimidazolate and zinc ions, but have different 

framework topologies and different cage sizes. Whereas the usage of DMF yields the 

sodalite system ZIF-7, in DEF ZIF-11 with a ROH topology is produced.[10] In some 

cases, the high boiling temperatures and the comparatively large size of the 

molecules of DEF and DMF may cause problems. During the post-synthetic 

activation process of MOFs, which implies the removal of the solvent and other 

species from the pore system by heating and / or reduced pressure, the high stress 

exerted in the crystals sometimes may result in the collapse of the framework 

structure. Alcohols can also be used to synthesize some MOF systems. With these 

solvents, the activation is less problematic due to the high volatility of these solvents 

and their usually smaller kinetic diameters. However, when using alcohols, in many 

cases the syntheses do not lead to highly crystalline materials. 

 Over the last years new methods have been developed to synthesize MOFs (or to 

enhance the crystallinity and / or syntheses procedures). An example is ionothermal 

synthesis, which employs ionic liquids as solvents and simultaneously structure-

directing agents and which can be applied successfully to a number of MOF systems. 

A problem of using ionic liquids in the synthesis of MOFs is the low thermal stability 

of the hybrid materials. Calcination is often not possible, because removal of the 

ionic guests leads to a collapse of the network structure due to the strong charge 

coupling between the cationic guests and the anionic framework.[71] Another example 

of a well-known method which was used to synthesize MOFs is mechanochemistry. 

Recently, Beldon et al. published a rapid room-temperature method to synthesize 

ZIFs mechanochemically using an ion- and liquid-assisted grinding procedure with 

ZnO as the zinc source.[72] 

 Nevertheless, the solvothermal synthesis in DMF or other formamides is still the 

most common way for the preparation of MOFs. An important point of DMF and 

DEF is the degradation taking place at higher temperatures in the presence of a small 
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amount of water, leading to formate and a dialkylamine in a zinc-catalyzed 

reaction.[73] These species can influence the crystallization mechanism and the 

crystallinity as described in section 1.4.3. 

1.4.2 Methods of Size and Shape Control in MOF Synthesis 

 For many applications mentioned above the control over the size and shape of 

MOF crystals is a crucial point of interest. During the last years, different synthesis 

procedures were developed to reach this goal. This was first achieved by Huang et al. 

who directly mixed the component solutions of zinc salt and organic linker at room 

temperature to obtain MOF-5 nanocrystals.[74] The morphology of the nanocrystals 

could be varied by using surfactants (e.g. Brij 30) or a template (ordered alumina 

membrane with cylindrical channels). Another method is the use of microwave-

assisted solvothermal synthesis. In comparison to the solvothermal synthesis by 

conventional heating, the microwave heating is faster and therefore the homogeneous 

nucleation rate is enhanced. By this method it was possible to obtain nanoparticles of 

IRMOF-1 and IRMOF-3 as reported by Ni et al.[75] and of MIL-101 as reported by 

Jhung et al.[76]. The nucleation rate can also be enhanced by using ultrasonic 

treatment. This was shown for a MOF system consisting of zinc ions and benzene-

1,3,5-tricarboxylate as well as for HKUST-1 by Qiu et al.[77] They could show that 

the crystals increase in size with longer ultrasonic irradiation. As in microwave 

syntheses, the formation of so-called hot spots (high energy at a local point) is known 

to occur under ultrasonic treatment, too. This may be the reason for the high 

homogeneous nucleation rate in these cases. Another well-known approach to MOF 

nanocrystals is the use of reverse microemulsions. Different types of MOFs (mostly 

lanthanide-containing coordination polymers) were synthesized by this method by 

Rieter et al.[78-79] and Daiguebonne et al.[80] A further method is described in section 

3.2. It utilizes an excess of the bridging ligand to procedure ZIF-8 nanocrystals. An 

excess of the bridging benzimidazolate ligand was also used for the synthesis of ZIF-

7 nanocrystals by Li and coworkers.[12-13, 81] They also pointed out that the counter 

ion, in this case chloride instead of the typical nitrate, has a significant influence on 

the final shape of the ZIF-7 nanocrystals, which crystallize in a hexagonal crystal 

system. If zinc chloride was used, the nanoparticles grew to nanorods, which 

indicated a preferential interaction of the chloride anions with the {110} and {101} 

faces. In contrast, with zinc nitrate isotropic nanocrystals were obtained.[81] This 
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underlines the role of counter-anions in the reaction solution to control the size and 

shape of porous coordination polymers. 

 Recently, a novel synthetic method for controlling size, morphology and 

crystallinity of MOFs has been developed. This so-called coordination modulation 

method was applied so far for some MOF systems and is described in the following 

section. 

1.4.3 Controlled Synthesis Using Coordination Modulation 

 Kitagawa and coworkers have introduced the idea of coordination modulation in 

2009 which offers the opportunity to gain control over the particle size and 

morphology by using monodentate ligands (modulators) which act as competitive 

ligand to the bridging ligands. These ligands can act as capping groups to restrict the 

growth of specific crystal faces and / or to influence the number of prenucleation 

units made of the corresponding metal ion and linker molecules so that the nucleation 

rate is reduced.[82] A similar method was also used earlier by Fischer et al. during 

their in-situ investigations on MOF-5 growth. Monodentate capping ligands were 

added with a delay after the start of the reactions to inhibit further growth of the 

nanocrystals.[83] 

 The coordination modulation approach was extensively investigated for the size-

controlled synthesis of HKUST-1 in combination with microwave heating. It was 

shown that nanocrystals at high dilution can be obtained by using monocarboxylic 

acids as modulators, whereas at higher concentrations of the starting materials and 

modulator microcrystals were formed.[84] 

 This approach was recently adopted by different groups. The group of Behrens 

has shown that the addition of benzoic acid as modulator in the synthesis of 

zirconium-containing MOFs (e.g. UiO-66 and UiO-67)[85] increases the 

reproducibility of synthesis protocols and the crystallinity of the product. In some 

cases, control of size and aggregation was possible. Coordination modulation also 

allowed the synthesis of new zirconium MOFs with long linear dicarboxylate linkers, 

called PIZOFs (porous interpenetrated zirconium organic frameworks).[86] Also a 

Eu1-XTbX-containing metal-organic framework for the production of luminescent 

films could be synthesized in a nanocrystalline form by using this approach.[87] The 

group of Oh has shown that not only a size- but also a shape-control is possible with 

modulators.[88] 
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 Unfortunately all the mentioned systems are carboxylate-based MOFs. To proof 

this synthesis concept for other MOFs, the adoptability to MOFs containing N-

heterocyclic linkers was necessary. This is successfully shown for ZIF-8 as described 

in section 3.3 and 4.3. These sections also present an extension of the concept by 

considering deprotonation modulation in addition to coordination modulation. 

 Based on the described functions of modulators in MOF formation it becomes 

furthermore understandable why DMF and DEF are such favorable solvents in MOF 

syntheses. Besides of the good solubility of the reactants and the possibility to act as 

modulator itself, DMF and DEF decompose at higher temperatures by reaction with a 

small amount of water to form formic acid and diamines. These species can 

markedly influence the formation processes by acting in coordination and 

deprotonation. 
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1.5 Investigations on the Mechanisms of MOF Nucleation and Growth 

 To gain an understanding of the crystallization processes of MOFs, in-situ and ex-

situ investigations should be performed. Such studies could in turn also enable better 

control over crystal size and shape. 

 Up to now, only a few investigations of the mechanisms of growth processes of 

MOFs are reported and the mechanisms of nucleation are almost unexplored.[89-90] 

For example, electron spray ionization mass spectrometry (ESI-MS) during the 

formation of a magnesium-containing MOF[91] as well as extended X-ray absorption 

fine structure spectroscopy (EXAFS) during the formation of MIL-89[92] have been 

used to detect prenucleation species made of multi-nuclear metal complexes (SBUs) 

of the final MOFs. 

 To gain insights into the nucleation process, scattering experiments are promising 

methods. For example, time-resolved in-situ dynamic light scattering was used to 

observe the evolution of nanoparticles of MOF-5, HKUST-1 and ZIF-8 from solution 

with high time resolution. For MOF-5, a burst nucleation occurs in supersaturated 

solutions after an initiation phase. After this, a slow particle growth follows.[83] In 

contrast to that, homogeneous nucleation and particle growth occurs in parallel 

during the synthesis of HKUST-1, where continuous comparatively slow nucleation 

occurs together with fast particle growth for an extended period of time.[93] In the 

case of ZIF-8 nanocrystals, a rapid growth of the primary particles to a size of ca. 50 

nm occurs, while simultaneously a continuous nucleation takes place. These results 

are presented in sections 3.2 and 3.3. Besides light scattering, X-ray scattering 

experiments seem to be auspicious methods to follow the nucleation process of such 

systems in the small nanometer region. This was done by the group of Kapteijn, who 

used small-angle and wide-angle X-ray scattering experiments (SAXS/WAXS) to 

monitor the formation of NH2-MIL-53 and NH2-MIL-101, which can be synthesized 

from the same precursors. The initially formed NH2-MOF-235 nanoparticles 

dissolved to form NH2-MIL-101 which in turn subsequently dissolved at higher 

temperatures to generate NH2-MIL-53, the thermodynamically stable phase. 

Unfortunately, the first detectable particles in solution had already a size of about 60 

nm, which means that the first step of nuclei formation could not be monitored in this 

work.[94-95] SAXS/WAXS was also used to gain insights into the formation of ZIF-8 

nanocrystals. The results of these experiments are discussed in section 4.2. 
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 In the last two years, another method, time-resolved in-situ energy dispersive X-

ray diffraction (EDXRD), has increasingly been adopted to gain insights into the 

growth kinetics and mechanisms of MOFs, such as HKUST-1[96], MOF-14[97],  

CAU-1[98] (Christian-Albrechts-Universität-1) and ZIF-8. Applying the Avrami-

Erofe‘ev model[99-100], which describes the nucleation and growth of crystallization 

processes, in combination with the Sharp-Hancock method[101], which is based on a 

linearization of the Avrami-Erofe’ev equation to extract kinetic parameters, it was 

possible to evaluate crystallization curves and obtain information about the rate-

limiting reaction step. It was found to be the nucleation step in the case of HKUST-1 

synthesis, and a phase-boundary reaction during crystal growth in the case of the 

synthesis with conventional heating for CAU-1. Also a decoupling of the kinetics of 

nucleation and crystal growth is possible by applying the Gualtieri model.[102] In the 

case of HKUST-1 and MOF-14 the Gualtieri model suggested that nucleation is the 

rate-limiting reaction step. This observation was also recently made for the formation 

of ZIF-8 nanocrystals by Venna et al. They applied ex-situ XRD diffraction and the 

Avrami-Erove’ev method.[103] By using time-resolved in-situ EDXRD 

measurements, a formate-modulated solvothermal synthesis of ZIF-8 was also 

monitored, which is discussed in section 4.3.  

 In-situ AFM investigations lead also to new insights into crystal growth. The 

group of Attfield has shown with this approach that HKUST-1 grows by a layer-by-

layer mechanism of a constituent 1.5 nm crystal spacing step. In addition it was 

shown that defects form in the course of crystal growth.[104-105] The same system was 

analyzed by Szelagowska-Kunstman et al. with ex-situ AFM.[106] 
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1.6 Supported Polycrystalline MOF Membrane Synthesis 

 As mentioned before, gas-separating membranes are interesting applications for 

porous MOFs. So far ,only a few systems have been prepared as supported 

polycrystalline membranes: HKUST-1[24-26], MOF-5[28-29], MIL-53,[27] ZIF-8 (see 

chapter 5)[17, 31-33], ZIF-7[11-12], ZIF-90[15-16], ZIF-22,[14] ZIF-69[30] and SIM-1[107]. As 

can be seen, ZIF systems are in the center of attention due to their high thermal and 

chemical stability as well as variability of the pore systems. Important characteristics 

of such polycrystalline membranes are dense, defect-free and well intergrown crystal 

layer. Also the thickness of the layer and the orientation of the crystals in respect to 

the support surface play a significant role. The thinner the membranes are, the better 

is the permeate flux. In the case of non-cubic MOF crystals, the orientation of the 

channels has to be perpendicular to the support surface in order to permit the gas 

flow. As is the case for zeolite membranes, polycrystalline MOF membranes can be 

synthesized in two different ways: (i) In-situ crystallization and (ii) seeding and 

subsequent secondary growth. For both methods, asymmetric porous ceramic discs, 

for example of TiO2 or α-Al2O3, were most commonly used as support. 

1.6.1 In-Situ Crystallization 

 In the in-situ crystallization process the MOF layer is directly prepared on the 

surface of a porous ceramic support in a one-step synthesis. This approach has 

worked for many MOF systems such as MOF-5[28], ZIF-8[17] (see also section 5.2) 

and SIM-1[107]. 

 During such syntheses, heterogeneous nucleation on the support surface has to 

take place. After nuclei formation a growth process follows. The thickness of this 

layer is directly related to the number and density of nuclei generated at the support 

surface, because a larger number of nuclei can intergrow more easily. To increase the 

density of nuclei species, the affinity of the precursors to the surface of the support 

has to be high. This affinity is affected by a number of factors such as charge and 

functional groups on the surfaces of the support as well as the precursors and 

particles. Also competitive homogeneous nucleation in the solution, which depends 

on the supersaturation and the time for the homogeneous formation of nuclei, plays a 

role. By measuring the zeta-potential as function of the pH value for the MOF 

systems as well as for the support materials, a prediction of the most suitable support 

is possible on the basis of opposite charges. This was used for the in-situ synthesis of 

a ZIF-8 membrane. ZIF-8 nanoparticles exhibit a strongly positive zeta potential in 
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methanol. To support the growth of this system on the surface, a ceramic was chosen 

which exhibits a negative surface charge, as described in section 5.2. 

 It is also possible to modify the surface of the ceramics by introducing functional 

groups via surface reactions or by using charged organic polymers to reverse the 

charge on the surface. In the case of a ZIF-22 membrane the surface of the TiO2 

support was modified with APTES (3-aminopropyltriethoxysilane) to obtain surface 

amino groups. This modification offers two opportunities. On the one hand, the surface 

charge can be changed by variation of the pH value and on the other hand, there are free 

amino groups on the surface which can interact with the metal centers at the ZIF-surface 

via coordination bonds. It is also possible that the high surface-amine concentration 

helps to generate a high concentration of nuclei at the surface by deprotonation of the 

bridging purine ligands (local supersaturation of deprotonated linker) which in turn 

accelerates the surface crystallization. With these advantages of APTES modification, 

the synthesis of ZIF-22 membranes on TiO2 supports was possible while in the case of 

non-modified TiO2 supports dense layers could not be obtained.[14] The same 

modification was used to synthesize ZIF-90 membranes on porous α-Al2O3 supports.[15] 

Another possibility to enhance surface nucleation was introduced by Jeong et al. for 

the in-situ growth of ZIF-8 and ZIF-7 membranes. They dropped methanolic ligand 

solutions directly on an α-Al2O3 support preheated to 200 °C. By this procedure, Al-

N coordination bonds between non-saturated aluminium ions on the support surface 

and the ligand molecules (2-methylimidazole and benzimidazole) could be 

established.[33] 

1.6.2 Seeding and Secondary Growth 

 The advantage of this method is the decoupling of nuclei formation and crystal 

growth. Nanocrystals of the MOF systems are presynthesized and then attached to 

the support surface. Good adhesion between support and MOF crystals can be 

established taking the above mentioned effects into account. For the ZIF-7 system, 

the polymer PEI (polyethylenimine) was chosen, which adheres to the ceramic 

surface via the formation of hydrogen bonds. The nanoparticles could now interact 

with the polymer via coordination bonds between the free amino groups and the zinc 

centers on the surfaces of the ZIF-7 nanocrystals.[12-13] It was also possible to 

synthesize the ZIF-7 seed crystals already in the presence of this polymer, which acts 

as a base to accelerate nuclei formation. Hence, the method could be reduced to a 
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one-step procedure without prior separation and purification of ZIF-7 seed crystals. 

After the seeding step, a secondary growth process had to be carried out.[81] 

 By the secondary growth method, control over the size and also over the 

orientation of the crystals in the membranes is easier to achieve than by using in-situ 

crystallization. Through the high concentration of the nuclei at the support surface, a 

dense well-intergrown layer can be obtained with a much smaller layer thickness, as 

shown in the case of ZIF-7 membranes.[12-13] This has of course a positive influence 

on the permeate flux. 

 An explanation for the formation of oriented membranes starting from a layer of 

randomly oriented seeds is given by the evolutionary selection growth model of van 

der Drift.[108] This model predicts that those faces of the seed crystals that have the 

highest vertical growth perpendicular to the support surface grow fastest and finally 

dominate the orientation of the membrane. Oriented crystals are particularly 

important for the preparation of MOF membranes of non-cubic MOFs as ZIF-69, 

which has a one-dimensional system of parallel, non-interconnecting channels 

running along the hexagonal c axis. A c-oriented supported ZIF-69 membrane was 

recently obtained by Lai and coworkers.[30] This synthesis procedure was also 

adopted to produce an oriented ZIF-8 membrane which is discussed in section 5.3. 

But also non-oriented membranes of HKUST-1[26] and MOF-5[29] were fabricated by 

using secondary growths. 

1.6.3 Further Methods 

 Syntheses procedures different from those described before were evaluated for the 

systems HKUST-1 and ZIF-8. Nan et al. has shown in a recent publication that 

HKUST-1 seeds can be synthesized directly on a porous α-Al2O3 support by dipping 

it step by step into the two reactant solutions.[26] Also the synthesis of a HKUST-1 

layer on a copper grid was realized in a water/ethanol solvent.[25] In this case two 

copper sources were used, the nitrate salt as well as the copper grid itself. This 

membrane reached high separation factors for H2 over N2, CO2 and CH4. 

Unfortunately such metal grids are not as rigid as ceramics are. This can impair the 

stability of a polycrystalline layer which is quite brittle. 

 Venna et al. have reported that a gas separating ZIF-8 membrane can be prepared 

by hydrothermal reaction of an α-Al2O3 support in a dispersion of ZIF-8 

nanocrystals.[32] Unfortunately, the obtained membrane does not seem to be gas tight 

due to mesopores between the crystal grains. These layers also exhibited impurities 
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as can be seen on the reported XRD patterns. Another method was presented by Yao 

et al. They used a polymer substrate (nylon) and successfully prepared thin ZIF-8 

layers on both sides of the substrate using a counter-diffusion method, in which the 

substrate separated the two solutions containing the zinc salt and the bridging 

linker.[109]  

 As already mentioned, post-synthetic modifications of MOFs are possible. 

Recently Huang et al. have presented a post-synthetic modification of a ZIF-90 

membrane to alter its hydrophobicity and thereby the separation factor for H2/gas 

mixtures.[16] This ZIF contains 2-carbaldehydeimidazolate as bridging ligand which 

allows a covalent functionalization via an imine condensation reaction with 

ethanolamine. The separation factor for H2/CO2 was increased by this method from 

7.3 to 62.5, which is an impressive result and clearly demonstrates the opportunities 

and potentials of MOF membrane modification.[16] 
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3. Controlling Size and Shape of ZIF-8 Crystals 

3.1 Summary 

 This chapter deals in two publications with the rapid synthesis of ZIF-8 

nanocrystals at room temperature and the further control of their size and shape using 

auxiliary monodentate ligands (modulators). A significant point in this work was the 

use of methanol as solvent instead of DMF, which is commonly used for ZIF-8 

synthesis. Removal of DMF from the microporous cages is difficult and high 

temperatures and vacuum are needed for activation. In contrast, methanol can pass 

the narrow pore windows quite easily. This allows activation at room temperature 

applying a slightly reduced pressure. Nanocrystals with a size of about 45 nm were 

obtained in methanol employing an excess of the bridging ligand 2-methylimidazole 

with respect to the zinc salt. The size of these nanocrystals could be further 

controlled by using modulators in addition to an excess of the bridging ligand, which 

modulate the coordination and deprotonation equilibria in the reaction solutions. 

Different modulators were tested. Monodentate carboxylates (e.g. formate) as well as 

N-heterocyclic molecules (e.g. 1-methylimidazole) yielded micrometer-sized 

crystals, while n-alkylamines (e.g. n-butylamine) resulted in the rapid formation of 

even smaller nanocrystals. The behavior of the modulators could be qualitatively 

explained on the basis of the pKa values of the conjugate acids of the monodentate 

ligands. The size was tunable between about 10 and 1000 nm. In the case of 

microcrystal formation, intermediates and the final products were characterized using 

scanning and transmission electron microscopy. The crystal morphology changed 

with time from cubes via edge-truncated cubes to rhombic dodecahedra. In addition, 

the crystal growth was successfully monitored in-situ using time-resolved static light 

scattering, which gave significant insights into the crystal formation processes. It 

could for example be shown, that the modulators sodium formate and  

1-methylimidazole decrease the nucleation rate (coordination modulation) in respect 

to the non modulated synthesis, resulting in the formation of comparatively large 

microcrystals with narrow size distributions. On the other hand, light scattering 

experiments showed that the non-modulated synthesis was characterized by 

persistent nucleation and fast crystal growth yielding 45 nm-sized nanocrystals. 
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 The nano- and microcrystals exhibit high thermal stability in air and large surface 

areas that are comparable to those of well-crystalline macrocrystals. They can be 

easily activated due to the use of methanol as solvent and can, for example, be 

applied as seeds for membrane preparation by secondary growth. 
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Janosch Cravillon, Simon Münzer, Sven-Jare Lohmeier, Armin Feldhoff, Klaus 

Huber and Michael Wiebcke. 

Chem. Mater. 2009, 21, 1410-1412. 
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4. Monitoring ZIF-8 Syntheses by Time-Resolved In-Situ 

Synchrotron X-ray Scattering Experiments 

4.1 Summary 

 The results of time-resolved in-situ synchrotron X-ray scattering experiments on 

room temperature and solvothermal syntheses of ZIF-8 are reported in this chapter in 

two publications. Using small-angle and wide-angle X-ray scattering (SAXS and 

WAXS) at beamline ID02 of the ESRF (European Synchrotron Radiation Facility), it 

was possible to monitor the early stages of nucleation and growth of the non-

modulated ZIF-8 nanoparticle synthesis in methanol at room temperature with a one-

second time resolution. Because of the very fast reaction, a stopped-flow device was 

used to rapidly mix the two component solutions of zinc salt and bridging ligand 

before injection into a quartz glass capillary, which served as scattering cell. 

Instantaneously after mixing, amorphous particles (denoted prenucleation clusters) 

with a size of about 2 nm were observed. The number density of these clusters 

started to decrease after 15 seconds, while at the same time simultaneous formation 

and growth of ZIF-8 nanoparticles began. The number density of the ZIF-8 particles 

increased constantly indicating that new nanoparticles continued to nucleate. 

Information about the mechanism of nanocrystal growth could be inferred from the 

power law relation between the radius of gyration and the weight-averaged molar 

mass of the particles, which suggested a monomer addition mechanism in favor over 

particle coalescence. The earliest nanoparticles seemed to be amorphous, since Bragg 

reflections in the WAXS patterns were first observed after 35 seconds, that is 20 

seconds after the first detection of particles. Explanations for the “missing” Bragg 

reflections before 35 seconds are a reorganization mechanism of the particles (the 

first amorphous particles might transfer into crystalline ZIF-8 domains via internal 

reorganization) and / or too weak reflections caused by the low amount and small 

size of the first crystalline domains. 

 The second article deals with the in-situ monitoring of the formation of big ZIF-8 

macrocrystals in the presence of sodium formate as a modulator in methanol under 

solvothermal conditions. Time-resolved in-situ energie-dispersive X-ray diffraction 

(EDXRD) experiments were carried out at beamline F3 of DORIS III at the 
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HASYLAB (Hamburger Synchrotronstrahlungslabor) at DESY (Deutsches 

Elektronen-Synchrotron) with variation of the amount of added formate and the 

temperature. From the integrated Bragg peak intensities the extent of crystallization 

as a function of time was derived for each experiment. The resulting crystallization 

curves were evaluated applying the Avrami-Erofe’ev and the Gualtieri equations. 

The kinetic analyses indicated that formate acted to increase the nucleation rate 

which in turn suggested that formate primary acted as a base to deprotonate the 

bridging ligand (deprotonation modulation) instead as a competitive ligand 

(coordination modulation). This behavior is different from the coordination 

modulation function of formate in room temperature ZIF-8 syntheses. Additional 

time-resolved ex-situ SEM investigations revealed that the crystal morphology 

evolved from cubes with truncated edges via rhombic dodecahedra with truncated 

corners to rhombic dodecahedra. 

  



49  4. Time-Resolved In-Situ Synchrotron X-ray Scattering Experiments 
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4.3 Formate Modulated Solvothermal Synthesis of ZIF-8 Investigated 
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5. Syntheses of Supported ZIF-8 Membranes 

5.1 Summary 

 Syntheses of supported ZIF-8 membranes were carried out in cooperation with Dr. 

Helge Bux and Prof. Dr. Jürgen Caro (Leibniz University Hannover). The 

preparation of non-oriented and oriented membranes by in-situ crystallization and 

secondary growth, respectively, are presented in this chapter in two papers. All 

membrane preparations were based on the formate-modulated solvothermal approach 

discussed in section 4.3. 

 Using microwave-assisted solvothermal treatment it was possible to synthesize a 

30 µm thick ZIF-8 membrane with random crystal orientation on a porous titania 

support. The membrane exhibited molecular sieving properties and selectivity for H2 

with respect to other gases. Nevertheless, the H2 flux through such a thick ZIF-8 

membrane was only about 50% in comparison to zeolite membranes with the same 

selectivity. This could be improved using secondary growth under otherwise similar 

solvothermal conditions. By using ZIF-8 nanoparticles as seeds on a porous alumina 

support the polycrystalline layer was significantly thinner (12 µm) than the one 

obtained by in-situ crystallization. The nanocrystals were attached to the support 

surface using the polymer PEI (polyethyleneimine). In a following reaction step, the 

growth of the seeds was established by microwave heating, resulting in a columnar 

growth of the seed crystals perpendicular to the support. The layer ended up with a 

high crystal orientation in [100] direction, which could be explained by the 

evolutionary selection model of van der Drift. The lower thickness of the membrane 

compared to the one obtained by in-situ crystallization resulted in a doubled H2 

permeance. All ZIF-8 membranes did not show a sharp cutoff for the molecular sieve 

effect at a kinetic diameter of 3.4 Å, which corresponds to the crystallographically 

estimated pore size. This indicates that the ZIF-8 crystal structure is comparatively 

flexible. 

 

 

 

  



5. Syntheses of Supported ZIF-8 Membranes 64 

 

5.2 Zeolitic Imidazolate Framework Membrane with Molecular Sieving 

Properties by Microwave-Assisted Solvothermal Synthesis 

Helge Bux, Fangyi Liang, Yanshuo Li, Janosch Cravillon, Michael Wiebcke and 

Jürgen Caro. 

J. Am. Chem. Soc. 2009, 131, 16000-16001. 

DOI: 10.1021/ja907359t 

Web: http://pubs.acs.org/doi/abs/10.1021/ja907359t 

 

Supporting information: http://pubs.acs.org/doi/suppl/10.1021/ja907359t 

 

Reprinted with permission from H. Bux, F. Liang, Y. Li, J. Cravillon, M. and J. 

Caro, J. Am. Chem. Soc. 2009, 131, 16000-16001. 

Copyright 2009 American Chemical Society. 

  



65  5. Syntheses of Supported ZIF-8 Membranes 

 
 



5. Syntheses of Supported ZIF-8 Membranes 66 

 
  



67  5. Syntheses of Supported ZIF-8 Membranes 

 

5.3 Oriented Zeolitic Imidazolate Framework-8 Membrane with Sharp 

H2/C3H8 Molecular Sieve Separation 

Helge Bux, Armin Feldhoff, Janosch Cravillon, Michael Wiebcke, Yan-Shuo Li and 

Jürgen Caro. 

Chem. Mater. 2011, 23, 2262-2269. 

DOI: 10.1021/cm200555s 

Web: http://pubs.acs.org/doi/abs/10.1021/cm200555s 

 

Supporting information: http://pubs.acs.org/doi/suppl/10.1021/cm200555s 

 

Reprinted with permission from H. Bux, A. Feldhoff, J. Cravillon, M. Wiebcke,     

Y.-S. Li and J. Caro, Chem. Mater. 2011, 23, 2262-2269. 

Copyright 2009 American Chemical Society. 

  



5. Syntheses of Supported ZIF-8 Membranes 68 

 
 



69  5. Syntheses of Supported ZIF-8 Membranes 

 
 



5. Syntheses of Supported ZIF-8 Membranes 70 

 
 



71  5. Syntheses of Supported ZIF-8 Membranes 

 
 



5. Syntheses of Supported ZIF-8 Membranes 72 

 
 



73  5. Syntheses of Supported ZIF-8 Membranes 

 
 



5. Syntheses of Supported ZIF-8 Membranes 74 

 
 



75  5. Syntheses of Supported ZIF-8 Membranes 

 
 



5. Syntheses of Supported ZIF-8 Membranes 76 

 

 



77  6. Syntheses of ZIF-8 Composite Nanofibers Using Electrospinning 

 

6. Syntheses of ZIF-8 Composite Nanofibers Using 

Electrospinning 

6.1 Summary 

 In cooperation with Dr. Rainer Ostermann and Prof. Dr. Bernd Smarsly (Justus 

Liebig University Gießen) the synthesis of polymer-ZIF-8 composite nanofibers by 

electrospinning was developed. This is the first report of such nanofibers containing 

metal-organic framework crystals. Different polymers such as PVP 

(polyvinylpyrolidone), PS (polystyrene) and PEO (polyethylene oxide) were applied 

for nanofiber fabrication. The preformed ZIF-8 nanocrystals were homogeneously 

dispersed within the polymers and the capability of gas species to enter the ZIF-8 

particles through the polymer matrix was demonstrated using physisorption 

measurements. Composite nanofibers consisting of ZIF-8@PVP and ZIF-8@PS 

exhibited a large inner surface area, which correlated with the inner surface of the 

used ZIF-8 nanocrystals. The particles’ pore system was almost 100% accessible. 

The gas adsorption kinetics of nanofibers was compared to those of pure 

microcrystalline and nanocrystalline ZIF-8 samples. These experiments showed that 

the pure nanoparticles exhibited the fastest adsorption kinetics while the adsorption 

speed of ZIF-8@PVP and microcrystalline ZIF-8 was similar. This could be 

explained with the larger surface-to-volume ratio of the nanocrystals and the 

encapsulating effect of the polymer in the case of nanofibers. 
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