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Abstract \Y

Abstract

This thesis addresses the synthesis and characterization of polycrystalline films of
different microporous materials. It contains three chapters that are to be
submitted as original research articles.

The first part deals with the synthesis of zeolitic membranes consisting of two
active layers. Layers of sodalite, a promising material for the separation of
hydrogen due to its narrow pores, were found to break during the necessary
calcination process. The goal was to enhance the mechanical stability of the
sodalite layer by introducing an additional layer of the more robust zeolite
silicalite-1 that features a larger pore size. We have used seeding and secondary
growth to successfully synthesize a hierarchical arrangement of a layered film of
two microporous materials with different topologies on top of each other.
Ultimately this concept did not enhance the stability of the sodalite layer, but offers
an approach to other multilayer systems.

In the second part, the influence of monocarboxylic acid modulators on the
synthesis of the metal-organic framework material UiO-66 was investigated. Up to
now, this material has been available as an unstructured powder or as isolated
nanocrystals only. For the generation of dense layers it would be of interest to
have access to strongly intergrown multi-crystallite aggregates. We have found
modulators which, in contrast to standard modulating agents, facilitate the
formation of large and intergrown aggregates of Ui0-66 and have compared the
properties of the products synthesized with different modulators in terms of
crystallinity, stability, and porosity.

These findings were used in the third part of this work for the preparation of
polycrystalline layers of Ui0-66 and also of a new material developed in our
laboratory lately, PIZOF-2. In the course of this the influence of different substrate
materials on the surface crystallization of Zr-containing MOFs was examined. An
excellent transferability of the influence of surface properties of the support
materials and of different modulators between the Zr-MOFs was demonstrated and
reliable syntheses procedures for the deposition of Zr-MOF layers were found.
With the gained knowledge layers of other PIZOFs should be easily producible.
Different drying protocols were tested to improve the microstructure of the layers.

Though ultimately no crack free membranes could be obtained in this work, the
layers are of interest as coatings for other applications in fields like sensing or
biomedical applications.

Keywords: zeolites - metal-organic frameworks - Zr-MOFs - modulated synthesis
- polycrystalline layers
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Kurzzusammenfassung

Diese Dissertation behandelt die Synthese und Charakterisierung von poly-
kristallinen tragergestiitzten Membranen wund Schichten verschiedener
mikropordser Materialien. Sie beinhaltet drei Kapitel, die als Original-Arbeiten
veroffentlicht werden sollen.

Das erste Kapitel befasst sich mit der Synthese von zeolithischen Membranen, die
zwei aktive Schichten enthalten. Schichten von Sodalith, der aufgrund seiner
kleinen Poren ein vielversprechendes Material fiir die Trennung von Wasserstoff
darstellt, zerbrechen wahrend des notwendigen Calcinationsprozesses. Unser Ziel
war es die mechanische Stabilitit der Sodalith Schicht durch Einfiithren einer
weiteren Schicht des robusteren und grofierporigen Zeolithen Silicalit-1 zu
verbessern. Dabei wurde die Methode des Impfens mit anschliefiendem
Dickenwachstum verwendet, um erfolgreich die hierarchische Anordnung einer
Doppelschicht aus zwei mikroporésen Materialien mit unterschiedlichen
Topologien zu erzeugen. Auch wenn dieses Konzept jedoch letztlich nicht zu der
erhofften Verbesserung der Stabilitat der Sodalithschicht fiihrte, bietet dieser Teil
der Arbeit aber einen Ansatz fiir den Aufbau anderer Multischicht Systeme.

Im zweiten Teil wurde der Einfluss unterschiedlicher Monocarbonsaure-
Modulatoren auf die Synthese des Metall-organischen Geriistes UiO-66 untersucht.
Bisher ist dieses Material nur in Form von unstrukturierten Pulvern oder als
individuelle Nanopartikel erhaltlich. Fiir die Herstellung dichter Schichten ist es
jedoch von Interesse, Zugang zu stark verwachsenen Aggregaten von Kristallen zu
haben. Wir haben Modulatoren gefunden, die, im Gegensatz zu den tliblicherweise
verwendeten Modulatoren, die Bildung von grofen Aggregaten ineinander
verwachsener Kristalle von UiO-66 ermdglichen. Die Eigenschaften der mit
verschiedenen Modulatoren hergestellten Produkte wurden hinsichtlich ihrer
Kristallinitat, Stabilitit und Porositat untersucht.

Diese Erkenntnisse wurden im dritten Teil fiir die Herstellung von polykristallinen
Schichten von UiO-66 und PIZOF-2, einem neuen Material, das kiirzlich in unseren
Laboratorien hergestellt wurde, genutzt. Dabei wurde der Einfluss verschiedener
Substrate auf die Kristallisation dieser Zr-MOFs untersucht. Eine ausgezeichnete
Ubertragbarkeit des Einflusses der Oberflicheneigenschaften der Trager-
materialien sowie der Wirkung verschiedener Modulatoren konnten fiir die beiden
Zr-MOFs aufgezeigt werden. So wurden verldssliche Synthesewege fiir die
Abscheidung von Zr-MOF-Schichten gefunden. Mit den gewonnenen Erkenntnissen
sollten auch Schichten anderer PIZOFs leicht herzustellen sein. Verschiedene
Trocknungsverfahren wurden getestet um die Mikrostruktur der Schichten zu
verbessern. Obwohl letztendlich keine rissfreien Membranen erhalten werden
konnten, sind die Schichten doch fiir mégliche Anwendungen in der Sensorik oder
auch fiir biomedizinische Anwendungen von Interesse.

Schlagworte: Zeolithe - Metall-organische Geriiste - Zr-MOFs - modulierte
Synthese - polykristalline Schichten
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1 Introduction

The aim of this work is the preparation of thin films of different types of
microporous materials on different substrates. Thin films of microporous
materials play an important role in a variety of applications. When they are
prepared as dense polycrystalline supported membranes, they may be used in gas
or liquid phase separation as a cost- and energy-efficient alternative to other
separation techniques like distillation or crystallization. For such an application
the material requisitions are high. The active layer has to be dense, thin enough to
ensure a high flux, yet thick enough to ensure a high selectivity; also, it has to be
durable and stable under working conditions (which include increased
temperature and pressure). For the construction of sensing devices supported
films of microporous materials are of interest as well. In this case a material with a
very specific uptake of, at best, only one kind of molecule into the pore system is
desired. Another field of application of microporous thin films can be envisaged as
active coatings in biomedicine. Porous coatings for example on implants can open

the opportunity for a local drug release or tissue engineering.

A class of materials that can be used for such tasks are zeolites, because they are
very stable under various conditions and available with different pore sizes. A
drawback of zeolites however is their restricted chemical variability due to the
(alumo-) silicate framework which is chemically very similar for this whole
material class. Sodalite with its exceptionally small pore opening (2.8 A) is of
special interest for the separation of small molecules like hydrogen. Silica sodalite
can only be synthesized with the use of organic molecules as structure-directing
agents, which have to be removed after the synthesis to obtain an accessible pore
system, which is of course a requirement to make use of the sodalite in membrane
applications. Previous work on silica sodalite membranes in our laboratories had
shown that this template removal step leads to cracked layers because
temperatures of 1000 °C are necessary for this step. A mismatch in thermal
expansion coefficients between ceramic support materials and sodalite is probably
the reason for the formation of these cracks. It was an aim of this thesis to enhance
the stability of the sodalite layer by introducing an additional layer of another

zeolite between support and sodalite. The preparative means for the hierarchical
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construction of a two-layered zeolite membrane, which had not been reported

before, had to be developed.

Metal-organic frameworks (MOFs) are porous materials that offer a much broader
range of chemical versatility than zeolites, because of their modular composition
and their character as organic-inorganic hybrid materials. The sub-class of Zr-
containing MOFs features an exceptionally high chemical and thermal stability
which is not self-evident for many MOFs but of course a requirement for most
applications. An aim of this thesis was the preparation of supported layers of this
relatively new class of materials. The Zr-MOF UiO-66 was investigated as a model
substance to find reliable and reproducible synthesis routes to yield strongly
intergrown multi-crystallite aggregates of a sufficient size. With the gained
knowledge the influence of different support materials on the film growth was

investigated.

According to these topics, the main part of this thesis is organized in three chapters
which are presented in the form of original research articles in sections 3.1
(preparation of two-layered zeolite films), 3.2 (investigations on the synthesis of
the Zr-bdc MOF), and 3.3 (deposition of Zr-MOF layers). Chapter 3 is preceeded by
a general introduction into topics related to the work presented there. Finally, in
chapter 4 some general conclusions and an outlook on possible future work are

presented.

1.1 Metal-Organic Frameworks

Metal-organic frameworks (MOFs) are in principle a relatively young class of
crystalline organic-inorganic hybrid materials. More frequently the term refers to
only the porous representatives of this class of materials in particular, which are
also called by the more precise term porous coordination polymers (PCPs).[%2] The
term MOF was first used in the year 1995 by the group of YAGHL[34 MOFs consist of
metal clusters or discrete metal ions that are coordinated by multidentate (at least
bidentate) organic ligands (the so called linkers) so that framework structures are
formed. (Fig.1) Thereby structures can be built up that may contain cavities and
large inner surfaces. The metal complexes are often called secondary building units

(SBUs). The term SBU originates from zeolite chemistry and marks the structure
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motifs that are necessary to completely build up the different zeolite topologies.[>!
In this respect the term SBU for the metal complexes in MOFs is misleading, since
not only the complexes but in addition to that the linkers are necessary for a
complete depiction of the MOF structure. To further use the term SBU in MOF
chemistry the meaning of the abbreviation could be altered to structural building

unit, which would capture the actual situation much better.

Fig. 1: Construction principle of a metal-organic framework illustrated with the example of MOF-5:
a central oxygen atom is tetrahedrally coordinated by four zinc atoms, which in turn are
coordinated pair wise by carboxylate functionalities of the terephthalic acid linkers. The formed
tetrahedral nodes (SBUs) form a cubic structure when combined with the linear liners. In this
structure alternating lager (yellow, diameter: 15.1 A) and smaller (orange, diameter: 11.8 A) pores

are present.[®]

The SBUs can contain different metal ions and can exhibit diverse coordinations.
Thereby a large number of possible geometries in these inorganic nodes becomes
available. (Fig. 2) Generally all metal ions capable of forming coordination bonds
may be used in the inorganic building block. But the most frequently used ones are
Fe2*, Fe3*, Zn?*, Ni?*, Co?*, Mg?* or Al3*. By adding different linkers (Fig. 3), a
variable number of SBUs can be linked in different spatial arrangements
depending on the number of coordinating moieties and their geometrical
alignment. Most linkers used in MOF synthesis contain either oxygen or nitrogen
atoms that are able to coordinate to the metal ions. Thus a pool of structure motifs

is available from which new compounds can be assembled.
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Fig. 2: Examples of SBUs found in carboxylate based MOFs with the corresponding geometric

building units depicted as polyhedra formed by the carbon atoms of the carboxylate functionalities.

From left to right: 6-fold (octahedrally) coordinated SBU of MOF-5,[6] 12-fold (cuboctahedrally)

coordinated SBU of the UiO-MOFs,[71 4-fold (quadratic) coordinated paddle-wheel SBU of HKUST-

1,181 12-fold (compressed cuboctahedrally) coordinated SBU of CAU-1,[9 6-fold (trigonal prismatic)
coordinated SBU of MIL-88.[10]
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Fig. 3: Examples for commonly used linkers in MOF synthesis with their denotations and

abbreviations.

This modular construction of metal-organic frameworks is often presented as an

important advantage of this class of materials. But it has to be considered that the
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different building units cannot simply be combined randomly and a selective
formation of a new structure runs smoothly very rarely. Instead the composing of
new structures often demands a screening of many different experimental
parameters which is usually done in a high-throughput setup. Nonetheless the
properties of MOFs with regard to pore sizes and properties of the pore volume
(e.g. hydrophilic / hydrophobic) can be tuned by design of the linker. With the
means of organic chemistry different functional groups may be added to the linker
or linkers of a desired length to accomplish a designated pore size can be

synthesized.

In comparison to purely inorganic microporous materials like zeolites or active
carbons the stability of MOFs in respect to heating or exposure to chemicals is
generally lower. This is due to the hybrid character of MOFs. Some MOFs,
especially those with carboxylate linkers, are prone especially to hydrothermal
conditions.[11l MOF-5 for example, which is probably the best-known and most
popular representative of its kind, is not even stable towards ambient humidity of
more than 4 % of water and cannot be handled in air, because the water molecules
coordinate to the zinc ions and thereby destroy the SBUs.[1213] A whole subclass of
MOFs, the so-called zeolitic imidazolate frameworks (ZIFs), show a better stability
not only towards water and other chemicals like alcohols, benzene or aqueous
sodium hydroxide solution but also the thermal stability of some ZIFs is
exceptionally high.[1114] These materials consist of discrete divalent cations (e.g.
Zn?*, Co?*) linked by bidentate imidazolate derivatives. Due to the tetrahedral
coordination and an angle of approximately 145° formed between metal -
imidazolate linker - metal, which is similar to the oxygen-silicon-oxygen angle
found in zeolites, ZIFs show crystal structures based on zeolitic topologies.[1>]
Another class of MOFs with outstanding thermal and chemical stability are the
zirconium based MOFs of the UiO (Universitetet i Oslo) and also of the PIZOF
(porous interpenetrated zirconium organic frameworks) type. Since these are a

major topic in this work, they are described in more detail in chapter 1.3.

When investigating different zeolites, it was often observed that the effective
aperture sizes of the pores calculated from crystallographic data were smaller than
those derived from permeation experiments. These findings were explained with a

thermally induced breathing motion of the pores, which means that the
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distributions of oxygen to oxygen distances across the apertures are becoming
broader.!1¢ The aperture sizes of a number of MOFs underlie a certain dynamic as
well. This may either be caused by a rotation or tilting of the organic linkers
around a bond or by a reversible contraction or expansion of the whole network
(called breathing effect in MOFs).[17] The most famous example of a breathing MOF
is probably MIL-53 (Cr'(OH) bdc) found by the group of FEREY.[18] In this structure
chains of corner sharing chromium-oxygen octahedra are linked by terephthalate
ions. Thus linear one dimensional channels are formed. Upon heating to 300 °C all
guest molecules are released and the structure is fully expanded. With the uptake
of water the structure closes with shrinkage in a-direction and expansion in b-
direction (Fig. 4). This phenomenon is caused by the formation of hydrogen bonds
between the water molecules and OH-groups linked to the chromium atom. The
opening and closing of the structure also takes place during the adsorption and
desorption of CO2.1%! In this case a certain pressure is needed to expand the
structure which then happens abruptly. That is why this pressure is called gate

opening pressure.

Fig. 4: The structure of MIL-53 (view along c-axis) expands upon removal of water molecules and
contracts upon release vice versa. The shrinkage is caused by the formation of strong hydrogen-

bonds between the OH-groups that are coordinated to the Cr-atoms and the water molecules.[18]
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1.2 Synthesis Strategies for Metal-Organic Frameworks

1.2.1 Isoreticular Synthesis

The term isoreticular synthesis was coined by YAGHI et al. and describes a synthesis
strategy in which the pore size and also functionality of an existing MOF topology
is varied systematically.[2021] [t is therefore first of all necessary to retain the
inorganic connector and the connectivity of the linker. YAGHI also claimed the
necessity of sticking closely to defined reaction conditions so that the same
building blocks would be formed from the educts during the course of reaction.[21]
Following these principles they were able to produce a whole series of isoreticular
MOFs (IRMOFs) based on the already existing cubic structure of MOF-5, which was
renamed into IRMOF-1 in the course of these findings.[?20]1 16 different linear
dicarboxylic acids were used in combination with the previously described zinc-
SBU, varying not only the length but also the functionality of the linkers. Thereby a
family of materials with the same topology was created with different pore sizes,
pore volumes and crystal densities. Moreover it could be shown that a
hydrophobic functionalization of the bdc-linker enhances the methane uptake of
the final MOF. This shows that by using isoreticular synthesis materials with

desired properties can be designed.

Fig. 5: Three examples of the IRMOF series: a) IRMOF-1 (also known as MOF-5) with bdc? as linker,
b) IRMOF-10 with bpdc?- as linker and c) IRMOF-16 with tpdc?- as linker. The free volume is
indicated by the yellow balls.

A smaller homologue of the IRMOF series with acetylenedicarboxylic acid linkers
(later named IRMOF-0) was not accessible with the same solvothermal synthesis
as the other IRMOFs because of the thermal instability of this acid. It is known to

decompose upon heating. After a room temperature synthesis for MOF-5 was
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discovered (with an addition of triethylamine to deprotonate the linker), the group
of YAGHI succeeded in synthesizing IRMOF-0 eventually.?2] Other than MOF-5
IRMOF-0 exhibits a doubly interpenetrated structure, each framework showing the

same topology as the other IRMOFs.

Another approach to isoreticular synthesis was reported by FEREY and co-workers
in the MIL-88 series. The parental MIL-88A consists of trimeric iron SBUs (see
Fig. 2) linked by fumarate.[23! It was synthesized by the so called “controlled SBU”
approach: the isolated trimeric Fe-SBU can be prepared with acetate ligands,
which are then exchanged with the desired linker in a low temperature reaction
(<100 °C) while the SBUs remain intact. This route was successfully transferred to

the longer 2,6-naphthalene dicarboxylate linker with the yield of MIL-88C.[24]

Further examples for isoreticular materials are the zirconium based UiO-66 to -68
series and the PIZOFs (porous interpenetrated zirconium organic frameworks),

which are structurally related to the previous. (see chaper 1.3)

1.2.2 Postsynthetic Modification

Even functional groups that may not withstand the synthesis conditions of the
MOF (which are mostly solvothermal conditions) or may interfere with the
formation of the desired material can be incorporated into the final product by
postsynthetic modification (PSM) under mild conditions. A large part of the
toolbox of organic synthesis may be applied and therefore materials with tailored
properties for different applications can be developed from existing MOFs. In
general different types of PSM are known.[2526] This starts with rather simple
modifications involving non-covalent interactions which includes guest exchange
and ion exchange. It was shown by LEE et al[?7] but also by YAGHI et all*l in 1995
that metal organic frameworks could release guest molecules under retention of
the framework and would readily reabsorb the same or even other guest
molecules. Depending on the framework charge MOFs may also undergo both
anionl28] and cation[??] exchange other than zeolites which are limited to cation
exchange due to the anionic charge of zeolite networks. Another type of PSM is a

modification based on coordinative interactions. This can mean an exchange of
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ligands at the metal centers, which is possible for example in HKUST-1 where the
axial aqua ligands on the paddle-wheel unit can be replaced by other molecules
like pyridinel8! or similarly in MIL-100 where methanol is inserted.3%] An
alternative modification by coordinative interactions is the introduction of
additional metal centers by coordinating metals to free coordination sites at the

linkers.[31.32]

Fig. 5: General schematic illustration of postsynthetic modification (PSM) of porous MOFs by

covalent bonds: After the crystalline product is formed, functional moieties are added in a second

reaction step.

The most powerful way of PSM is based on covalent bonds. In this case, reactive
moieties on the linkers are used to form new bonds and thereby decorate the
pores with new residues that may change the chemical properties of the
framework (Fig. 5). The most commonly used strategy in covalent PSM targets
amino-groups which can readily be introduced into various MOFs by using amino-
functionalized linkers. It was shown by COHEN and co-workers that the amino
groups in IRMOF-3 (the amino-substituted version of MOF-5) can be reacted with
various anhydrides to form amides[3334] or with isocyanates to generate urea
derivatives.[33] Other types of reactions like imine condensation,[3¢] bromination,[37]
reduction,38] or click reactions[39401 have also been shown to be successful in

postsynthetic modification of MOFs.

1.2.3 Modulated Synthesis of Metal-Organic Frameworks

The nucleation and also the growth rate in MOF synthesis can be selectively
affected by different ways of modulation. Since MOFs are coordination compounds
one way of influencing the reaction is by coordination modulation which involves

the addition of monodentate ligands to the reaction mixture which compete for
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coordination sites at the metal atom with the bridging ligands. Another way is
deprotonation modulation since in most reactions leading to the formation of
MOFs, the linkers (e.g. imidazole linkers or carboxylic acid-based linkers) have to
be deprotonated.[*ll First systematic investigations concerning the coordination
modulation were done by the group of KiTAGAWA. They explored the influence of
monodentate ligands on the formation of HKUST-1.l421 As a competitive ligand
dodecanoic acid was used. They observed that the crystal sizes of the final
products increased with increasing amount of modulator. It was also asserted that
the addition of the modulator strongly affected the nucleation but not the growth
which remained fast. With higher amounts of modulator more copper can be
bound into complexes and less copper is available for the reaction leading to the
formation of HKUST-1. With the decreasing supersaturation of the metal
precursor, the nucleation rate is decreased, and with fewer nuclei larger crystals
are formed. Another example studied by the group of KiTAGAWA is the influence of a
competitive ligand on the formation of the pillared-layer MOF Cuz(ndc)zdabco.[*3]
In this MOF two-dimensional layers of dicopper clusters linked by the
dicarboxylates are connected by the pillaring amine ligand dabco. In their work
they have shown that the addition of a monocarboxylic acid (acetic acid) as a
competitive ligand to the naphthalene dicarboxylate linkers would inhibit the
growth of the crystals only in the a,b plane. With this synthesis strategy they were
able to suppress the growth of distinct crystal faces and rod-shaped nanocrystals
were obtained. These examples show that modulation allows control over crystal

size and also crystal shape.

A modulated synthesis was also recently applied to the formation of Zr-MOFs by
our group.[*4l Since different isolated molecular Zr-complexes are known which
are terminated by monocarboxylic acids and the structures of which are very
similar to the final SBU of these MOFs, we assumed that the addition of
monocarboxylic acids might lead to the formation of these complexes in solution
before the ligands are exchanged against the dicarboxylate linkers. This
assumption is very similar to the controlled SBU concept of FEREY[23] with the
difference that the complexes were not isolated prior to the formation of the
framework. Different zirconium-carboxylate clusters are described in

literaturel#>-481 which all contain the same core consisting of Zrs(p30)4(pu3OH)412+
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clusters. The six zirconium atoms in this core-complex are arranged in an
octahedron and the oxide and hydroxide ions are capping the faces of this
octahedron (Fig. 6 a). When complexes are formed with sterically demanding
carboxylates, for example pivalate (But!COO-), 12 of these carboxylates are bridging
the edges of the Zr-octahedron (Fig. 6 b) to form a highly symmetric complex in
which all Zr-atoms are coordinated square-antiprismatically by oxygen (Fig.

6 c).148]

a)

Fig. 6: a) The inner Zr04(OH)412* cluster consisting of octahedrally arranged Zr-atoms and O-atoms
capping the faces of the octahedron; b) 12 carboxylate functionalities are bridging the edges of the
Zr-octahedron in the final Zrs04(OH)4(OOCR)12 complex (with R = But, C(CHz3):Et); c) each Zr-atom
is coordinated square-antiprismatically by oxygen. The organic moieties of the carboxylates are

omitted for clarity.[8]

The group of ScHUBERT performed some research on the use of smaller and
sterically less demanding carboxylates in this kind of Zr-complexes. In the
resulting coordination compounds, the outer coordination sphere is different from
the one described before, while the inner coordination remains unchanged. In
contrast to the symmetrical complex described before, where only one
coordination mode of the carboxylates is present, there are in fact three different
coordination modes when for example isobutyrate (ib) is used as carboxylate
ligand.l[*’] Three carboxylates are chelating Zr-atoms that are all situated on one
triangular face of the octahedron. On the opposite face there is one carboxylate
that is mono-coordinating, while the remaining eight carboxylates are edge-
bridging. The open coordination site resulting from the mono-hapto carboxylate is

filled by water or other protic solvents (Fig. 7).
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Fig. 7: a) Structure of the Zrs04(OH)4(ib)12(H20) complex; b) all three chelating carboxylates are
situated on one triangular face of the Zr-octahedron, while the mono-coordinating ligand is located

on the opposite face.[*7]

This type of structure was also found in complexes with other ligands like
Zrs04(0OH)4(bz)12(PrOH) and Zrs04(OH)4(me)12(PrOH) (bz = benzoate, me =
methacrylate).[*>] These kinds of complexes obviously possess higher energies
than the highly symmetric complexes with only bridging ligands. These complexes
are most likely stabilized by solvent effects and H-bonded carboxylic acids.[#¢! In
their work the SCHUBERT-group also made the observation, that an exchange of
carboxylate ligands in the complexes with other ligands from solution is feasible
and compounds with mixed ligands were obtained, e.g.
Zrs04(OH)4(me)s(ib)4(BuOH).[#7] By removal of the solvent it is in this case
possible to remove the butanole from the complex. With this removal the
coordination mode of the mono-hapto carboxylate changes to a bridging
coordination. It was assumed that this process is reversible and that an exchange

of ligands happens accordingly in this obviously activated position.[47]

These observations led us to the assumption that similar complexes with
monodentate carboxylates are formed in a modulated synthesis of Zr-containing
MOFs prior to the formation of the final frameworks. The addition of a high excess
of monocarboxylic acids would probably ensure that most of the Zr-atoms become
coordinated by “modulating” ligands and are thus bound in isolated complexes. By
stepwise ligand-exchange reactions with dicarboxylic acid linkers the network of
the MOF is then slowly built up. This would lead to a reduced nucleation rate and
thus to the formation of larger crystals. This behavior could best be observed in a

modulated synthesis of Ui0-66 with modulation by benzoic acid.l*4! This acid was
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chosen for its structural and chemical similarity to the bdc-linker present in the
Ui0-66. Nonetheless a similar effect was observed with the use of other
monocarboxylic acids like formic acid or acetic acid. In all cases not only a size
variation in the final products was observed but also the effect that with increasing
amounts of modulator the intergrowth of the crystals, which is especially
pronounced when no modulator is used, is suppressed. It has to be mentioned that
an influence on the final size of the products is not achieved with every Zr-
containing MOF. Especially in the synthesis of PIZOFs, this size modulation is not
found. This shows that the quite simple explanation given for the size modulation
observed for UiO-66 is probably not sufficient for all Zr-MOFs. But it was observed
in our laboratory that the addition of modulators to the synthesis of different Zr-
MOFs at least leads to higher crystallinity in almost all cases.[** 49-51] Also, the
synthesis procedures become more reproducible and robust. Another interesting
observation arises when functionalized acids are used as modulators. In such cases
the surface characteristics of the growing particles are probably changed and some
properties of the product, e.g. the intergrowth of crystallites, can be influenced.

This behavior is discussed in chapter 3.2.
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1.3 Zirconium Containing Metal-Organic Frameworks

1.3.1 UiO-type MOFs

The first zirconium-containing MOFs were published by the group of LILLERUD in
2008.[71 They reported of a new isoreticular series of metal-organic frameworks
with a new Zr-SBU. The structure of the SBU is the same as in the isolated
Zrs04(OH)4(O0CBut)12 complex described in chapter 1.2.3.[4¢] Since these
complexes offer 12 connection points for carboxylic acids, the emerging building
block shows the same connectivity as for example metals in cubic close packings.
That is why the framework that comes to be when the SBUs are connected by
linear dicarboxylic acids is comparable to an extended ccp structure as depicted in
Fig. 8. In analogy to that, octahedral and tetrahedral cavities can be found in the
network. The three isoreticular Zr-MOFs containing the non-functional linkers
terephthalic acid, biphenylene dicarboxylic acid and terphenylene dicarboxylic
acid (Fig. 9) were named UiO-66, Ui0O-67 and UiO-68, respectively, after the
university at which they were discovered, the University of Oslo (Universitetet i
Oslo). Since terphenylene dicarboxylic acid is nearly insoluble in DMF, which is
commonly used as solvent in Zr-MOF syntheses, we were unable to synthesize

UiO-68 in our laboratories.

By the method of fitting a sphere inside the cavity without touching the framework
atoms, the pore sizes can be estimated. In UiO-66 the diameters of these spheres
amount to 1.1 and 0.8 nm for the octahedral and tetrahedral voids, respectively. All
pores in the structure are accessible via triangular windows. The size of the
windows is often given by the diameter of a sphere that may pass the window.
Using this model, window sizes of 0.6, 0.8 and 1.0 nm are given for Ui0-66, -67
and -68."]
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Fig. 8: a) and b) The SBU found in Zr-MOFs offers 12 connection points for carboxylates; c) and d)
because of the 12-fold connectivity, the structure formed when the SBUs are connected via linear
dicarboxylic acids is comparable to an extended cubic close packing; e) and f) accordingly, the final

network contains octahedral and tetrahedral cavities as does a ccp structure.l”]

Fig. 9: The isoreticular UiO-series: Ui0-66 containing terephthalic acid linkers, Ui0-67 containing

biphenylene dicarboxylic acid linkers and UiO-67 containing terphenylene dicarboxylic acid

linkers.[7]

Over the last few years, a number of Zr-MOFs with UiO-analogue structures were
published containing different linear dicarboxylic acids. A summary of the different
linkers used so far is given in Table 1. When looking at the different linkers it
becomes obvious that most of the dicarboxylic acids that lead to the successful
formation of UiO-like frameworks are relatively short. That is probably owned to
the fact that the use of longer linkers causes problems in the synthesis. In our

laboratory we were able to produce Zr-MOFs containing longer linkers only by a
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modulated synthesis. Otherwise, products showing low crystallinity were

produced.

Table 1: Linkers leading to the formation of UiO-type metal-organic frameworks.

Designation linker Ref. | designation linker Ref.

Zr-bdc-
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A rule of thumb states that the higher the charge of the metal ions, the more stable
the final MOF becomes. That is why Zr#*-containing MOFs, especially those with
unfunctionalized linkers, show an exceptionally high thermal stability of up to
540 °C (UiO-66 and also Ui0-67).I7] Following the decomposition products of
Ui0-66 by MS measurements, benzene can be detected in the gas phase at this
temperature. This shows that the weakest point of the structure is the C-C bond
between the carboxylate group and the benzene ring and not the inorganic brick or
the coordination bond as one might presume.l’] Of course the thermal stability is
dependent on the kind of linker in the structure. Zr-bdc-NHz and Zr-bdc-NO; show
a lower decomposition temperature than the analogues UiO-66, Zr-bdc-Br or
Zr-1,4-ndc.3561 That is because these functionalized linkers are prone to
combustion at lower temperatures. Prior to the complete destruction of the

framework by combustion of the linker, the inorganic brick will release water to
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form dehydroxylated inner complexes of ZrsOs instead of Zrs0s4(OH)4. This
dehydroxylation starts at a temperature of approx. 100 °C, is completed at 300 °C
and is fully reversible.l7>556] The dehydroxylation affects the structure of the
Zr-cluster in so far as a squeezing of the Zr-octahedron occurs along one diagonal
of the octahedron (Fig. 10). This process can be monitored by IR spectroscopy,
where the band contributed by the vibration of isolated hydroxyl groups
disappears, and EXAFS analysis, where the squeezing of the Zr-octahedron and
thereby the change in interatomic distances can be found.[>5! Since almost no
changes occur in the PXRD pattern of the dehydroxylated material, it is safe to
assume that the compression of the SBUs takes place in an unordered fashion. If
this was an ordered process, the symmetry of the resulting framework would be
lowered resulting in changes in the PXRD pattern. After the dehydroxylation
process, each Zr-atom is only 7-fold coordinated by oxygen which leaves one open
coordination site with LEwIS acidic character. These open metal sites are often
accountable for catalytic activity. That is why a possible catalytic application of the
dehydroxylated UiO-66 and Zr-bdc-NH; was successfully tested in a cross-aldol
condensation in the synthesis of jasminaldehyde. In this reaction dehydroxylated

Zr-bdc-NH: proved most suitable with very good selectivity and yield.[5!
a)

in vacuo

at 300 °C
b) % c)

Fig. 10: The inner core of the Zr-SBU is able to expel two molecules of water when heated up to a

temperature of 300 °C (a). This leads to a contraction of the previously regular Zr-octahedron (b)

along one diagonal (c). The figure was reproduced from ref. [55].
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UiO-MOFs not only feature an unprecedented thermal stability but also a very good
chemical stability which makes these materials promising candidates for potential
applications for example in catalysis or separation. The framework remains intact
after immersing the material in solvents like water, benzene, acetone, ethanol or
DME.I551 Even in an aqueous HCI solution (pH value of 1) the Zr-MOFs do not
dissolve. Only in NaOH solution (pH value of 14) most UiO-MOFs are transformed
into less crystalline or even amorphous materials.[>7] It is remarkable to note that
Zr-bdc-NO2 does not dissolve in NaOH, which shows that the functionalities
situated on the linker have an influence not only on the thermal but also the

chemical stability.

Other functionalizations of the linker in UiO-MOFs are accessible via postsynthetic
modifications. As mentioned in capter 1.2.2 the most commonly used starting
material for this task is an amine-carrying linker, in this case Zr-bdc-NH,.[53:5859] [t
may be transformed into different amides by reaction with anhydrides[>358! or to
hemaminal or azaridine with acetaldehyde.[>% It is also possible to convert the
Zr-bdc-Br compound into Zr-bdc-CN by reaction with copper cyanide under
microwave irradiation in only 10 minutes.[60] A synthesis of the Zr-bdc-CN-MOF
can be done by an alternative route using CN-bdc directly in the synthesis of the
framework. Since this linker is commercially not available it has to be synthesized
in a three step reaction thus leading to an expenditure of reaction time of 98 h in
contrast to approx. 24 h with the use of PSM.[60] This example clearly shows the

potential power of postsynthetic modification.

1.3.2 PIZOFs

A new class of Zr-MOFs, showing close structural relation to the UiO-MOFs, are the
porous interpenetrated Zr-organic frameworks (PIZOFs). These MOFs contain the
same SBU as the UiO-MOFs but they are connected by much longer oligo-
phenylene ethynylene dicarboxylic acids, resulting in an interpenetrated yet

porous structure.[49]

Examining an isolated framework of the PIZOF structure, it exhibits the same cubic

arrangement of the SBUs as the UiO-MOFs (see section 1.3.1). In contrast to the
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shorter linkers in the UiO-MOFs, the long linkers in the PIZOFs exhibit a higher
degree of flexibility. That is why the resulting tetrahedral cavities in the PIZOF
framework are no longer equal like in the UiO-MOFs, but two different kinds can
be found alternating in the structure due to a bending of the linkers. All four
linkers bordering one tetrahedral cavity are either bent towards the center of the
tetrahedron, resulting in a concave void, or bent away from the center, resulting in

a convex void.

Fig. 11: Topological representation of one isolated PIZOF framework. Similar to UiO-MOFs the Zr-
SBUs are arranged in an expanded cubic close packing. In contrast to UiO-MOFs, the tetrahedral
cavities of PIZOFs are not equivalent, but two different kinds are present. Due to a bending of the
long linkers, smaller concave tetrahedral voids (green) and larger convex ones (purple) are

alternating in the structure.*4

The concave tetrahedral voids host SBUs of a second framework, which has exactly
the same structure as the first one. Both frameworks are interpenetrating each
other without any point of connection. By this interpenetration the octahedral
cavities which are present in the ‘first’ framework become limited to tetrahedral

cavities of the ‘second’ framework (Fig. 12).
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Fig. 12: The concave tetrahedral cavities are hosting SBUs of a second framework (shown in green
for easier distinction). By the interpenetration all octahedral cavities are reduced to tetrahedral

ones.

A major advantage of PIZOFs is the high variability of the linkers. They may be
functionalized at the central phenylene ring with all kinds of moieties which can
withstand the reaction conditions (120 °C in DMF). Regardless of the type of
functionalization isostructural MOFs are obtained, even with such very long alkyl
chains consisting of up to 16 atoms (Fig. 13). These side chains are pointing into
the convex tetrahedral cavities. The accessibility of the pores was proven by Ar
sorption experiments.[*4 [t is also possible to perform postsynthetic modifications
on the functional groups of the side chains. For example, it was shown for PIZOF-3
(R’=0CH3, R” = OCH2C=CH, see Fig. 13) that a copper catalyzed click reaction (1,3-
dipolar cycloaddition between azide and alkyne moieties) can be performed
postsynthetically, and PIZOF-8 (R’ = OCHz, R” = O(CH2)3furan) can be reacted in a
Diels-Alder cycloaddition.[*0]

With long side chains the pores are almost filled by the residues of the linker. For
example in PIZOF-11 (with two O-undecyl residues on the linkers) the pore
volume is filled with what can possibly be considered as an immobilized polymer-

like structure. Hints for this were taken from Ar sorption experiments carried out
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in our laboratory. In these experiments a hysteresis, which is uncommon for
microporous materials, was detected. A similar hysteresis however can be found in
sorption isotherms of microporous polymers.l®1l That is why we assume that
PIZOFs with long side chains might combine the rigid framework of MOFs with a
polymer-like structure inside the pores. These polymers would therefore be

unable to swell unlike common polymers.

Fig. 13: Pool of linkers used to date to produce PIZOFs. Different side chains can be attached on the
central phenylene ring of the oligo-phenylene ethynylene dicarboxylic acid linkers. The resulting

MOFs are denoted PIZOF-1 to PIZOF-19 (from top to bottom).
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1.3.3 MIL-140

A new series of zirconium-containing MOFs which was recently reported is the
MIL-140.2] In contrast to other Zr-MOFs like UiO-type MOFs and PIZOFs it
contains a chain-like SBU with 7-fold coordinated zirconium. When these chains
are connected by dicarboxylic acid linkers, a porous network with channel-like
pores arises. Up to now there are four dicarboxylic acids which are known to form
this structure: terephthalic acid (MIL-140A), 2,6-naphthalene dicarboxylic acid
(MIL-140B), 4,4’-biphenyle dicarboxylic acid (MIL-140C) and 3,3’-dichloro-4,4’-
azobenzene dicarboxylic acid (MIL-140D).

MIL-140C MIL-140D

Fig. 14: The isoreticular MIL-140 series contains a chain of 7-fold coordinated Zr-atoms as SBU.
These chains can be linked together by different dicarboxylic acids to form a porous MOF with

channel like pores.[62]

The MIL-140 series can typically be synthesized using a higher reaction
temperature than for the UiO-type MOFs (220 °C instead of 120 °C).
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1.4 Porosils and Porolites

Tectosilicates are built up from corner sharing [TO4]-tetrahedra, the so-called
primary building units (7 = mainly Si, Al, but also other tetrahedrally coordinated
atoms are possible like Ge, Ga, B etc.). The tetrahedra are linked together to form
secondary building units, which are structures featuring rings which may contain
up to 20 T-atoms, but consist at least of four. These secondary building units are
sufficient to describe the whole framework of porous tectosilicates. The porous
tectosilicates can be divided into porosils, which contain solely Si as T-atoms in the
network, and porolites, which contain Al in addition to Si. By replacing silicon
atoms by aluminum atoms in the structure, a negative charge of the framework is
established. This is neutralized by the insertion of positively charged ions like H-,
Na*, K*, Ca?* etc. into the pores. Both porolites and porosils can be subdivided into
two families with either open or more dense (nevertheless porous) structures. The
former contains channel-like cavities with at least 8-ring (this means that eight T-
atoms form a ring) windows and the latter contains only cage-like cavities with
maximal 6-ring windows. The first are marked by the prefix “zeo”, the latter by the

prefix “clathra”. This classification is summarized in Fig. 15.

Tectosilicates

corner-linked
[TO,]-tetrahedra

dense porous
phases structures

Porosils Porolites
T =Si T = Si, Al
J
I | I |

Zeosils Clathrasils Zeolites Clathralites

channel-like cavities cage-like cavities channel-like cavities cage-like cavities
min. 8-ring windows max. 6-ring windows min. 8-ring windows max. 6-ring windows

Fig. 15: Classification of tectosilicates.[63]
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This classification is often not applied consequently and the term zeolite is

frequently used as a notion for all kinds of porous tectosilicates.

There are a number of naturally occurring porous tectosilicates. Since the first
discovery of =zeolites in 1756 by the Swedish mineralogist CRONSTEDT,
approximately 40 natural zeolites have been found.l®4l Natural zeolites contain
alkali or alkaline earth metal cations for charge balancing. Besides natural zeolites
there are synthetic zeotype materials. Each of the up to date 201 known structures
is assigned a three letter code.[®] Some of them have structures analogue to
natural zeolites, while most of them do not have a naturally occurring counterpart
and may contain both inorganic and organic cations. Because of their porosity and
intracrystalline void space porous tectosilicates have found a number of
applications as adsorbents and catalysts soon after their first synthesis in the late
1940s.166] They are able to discriminate molecules based on their shape and size.
The most important technical application of zeolites is probably their use as

cracking catalysts in oil refinement.

The synthesis of zeotypes proceeds most often in a basic solution to make sure that
the silicate and also the aluminate species are dissolved. A synthesis in acidic
solution is also possible when fluoride is used as a mineralizing agent.[6”] Either
way, some additional species is needed in the synthesis solution to initiate the
formation of porous materials. Without such a space filler, structure-directing
agent (SDAs) or template, dense structures would be formed. In synthetic zeolites
this role is most often taken on by organic molecules. The classification into the
three mentioned categories was first suggested by DaAvis and LoBo0.[¢4] Most zeolitic
materials can be synthesized with a variety of different organic molecules. This is
what is called space filling. In contrast to this a true structure-directing agent is
defined as a single organic species that leads to a specific structure. This is for
example the case in the synthesis of hexagonal faujasite (EMT) which can be
synthesized in the presence of 18-crown-6.[6869 However, other organic molecules
have been shown to lead to the formation of EMT, for example polyquaternium-
6,70 but in these cases no phase pure product is obtained, EMT is always mixed
with FAU. Compared to SDAs true templates are found even more rarely. To speak
of templating mechanisms, the resulting zeolite structures must not only adopt the

fitting geometric structure, but also has to strongly interact with the organic
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molecule. This is the case for example in ZSM-18 that is templated by a
triquaternary ammonium cation (CigH30N3)3* (tri-quat).[’1] The cages of ZSM-18
show the same 3-fold rotational symmetry as the tri-quat molecule that resides in
these cages. By NMR studies it could even be shown that the host-guest
interactions in the material are sufficiently high to not even allow rotation of the
templating molecule, which is otherwise the usual case for molecules residing in
zeolite cages.[’”?2] These enhanced interactions distinguish templating from
structure direction. A more recent example for true templating can be found in the
chiral gallogermate zeolite [Ni(en)3][GazGes012].[73] The chirality of the used

[Ni(en)s]?* cation is transferred to the structure in the form of chiral cages.

1.4.1 Silicalite-1

Silicalite-1 is a purely siliceous zeosil that possesses the MFI topology. The
aluminum containing zeolite counterpart is called ZSM-5 (Zeolite Socony
Mobil - 5). There is also a naturally occurring mineral with MFI topology that is
called mutinaite: NazCas(SigsAl11)0192:60H20.[741 The structure of ZSM-5 was
disclosed in 1978 using single crystal and powder X-ray data.l’s! As SBU it contains
exclusively 5-1 rings.[’] The channel system of the material comprises two
intersecting channels formed from 10 T-atoms each. Straight channels are running
parallel to [010] and sinusoidal channels running parallel to [100] cross the first
ones as shown in Fig. 15. The space filler that is most often used in the synthesis of
silicate or alumosilicate MFI is the tetrapropylammonium cation, but other
molecules like for example di- and tri-quaternary ammonium cations can also be

used.[76]

The main use of materials with MFI topology is that of ZSM-5 in acid-catalyzed
organic syntheses such as the isomerization and alkylation of hydrocarbons. In
particular it is used for the selective synthesis of para-xylene. This can be
accomplished via different pathways. The disproportion of toluene,[7778] the
alkylation of toluene with methanol,[77.7°] or the isomerization of xylenes![’7] can be
used to yield p-xylene with high selectivities over ZSM-5 as catalyst. The
explanation for this behavior is that the channels of MFI with a diameter of approx.

6 A allow an unhindered diffusion of p-xylene (kinetic diameter of ca. 5.8 A)
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whereas the diffusion of o- and m-xylene is much slower (kinetic diameter of

approx. 6.8 A).180]

Fig. 16: The structure of silicalite-1 is built up from 5-1 SBUs (left). The MFI topology (middle) has
straight 10-ring channels parallel to [010] and intersecting sinusoidal 10-ring channels parallel to
[100]. The topological picture (right, viewed along [010]) shows only T-atoms as knots and the
oxygen bridges as lines. Structural data from ref. [65]. Right: Depiction of the channel system of

MFIL.[75]

1.4.2 Sodalite

The structure of sodalite is built up from a single SBU, the 6-ring. These 6-rings can
be put together to form the composite building unit that is present in several other
zeolites as well, the so called sodalite- or (3-cage. In SOD, these [4°68]-polyhedra are
connected directly via the 4-rings. In the cubic unit cell one of these polyhedra is
found on each vertex. Thereby another sodalite-cage is formed in the middle of the
elementary cell. This is shown in fig. 16. Since SOD does not contain window sizes
larger than 6-rings it is classified as a clathrasil or clathralite depending on the
aluminum content. Most species trapped inside the sodalite cages during synthesis
cannot leave the material afterwards. For example colored anions can be trapped
inside the structure, which are unable to leak out. That is why certain sodalites
make up for high quality pigments. Ultramarine pigments are sodalites with an
Al/Si ratio of 1:1 (which is the highest possible ratio according to LOWENSTEIN'S

rule) containing polysulfide anions (Sz7: yellow-green, S3~: blue, S4~: red) which
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account for the color of the pigment. Ultramarines are available in different colors
like blue, green, pink or violet. Natural ultramarine blue is the chromophoric
component in lapis lazuli and is one of the rarely found natural blue pigments that
are light-fast and bleach resistant. The polysulfide anions are protected from

chemical reactions (for example with oxygen) by the framework of the clathralite.

SBU: 6

Fig. 17: The SBU found in SOD is a 6-ring (left). The topological picture of the SOD-structure (right)

shows only T-atoms as knots and the oxygen bridges as lines. Structural data from ref. [65].

Sodalites can be synthesized using organic molecules as space fillers instead of
alkali ions. These can be charged molecules as it is the case for the tetramethyl
ammonium (TMA) ion.[81l One TMA ion occupies each sodalite cage so that the
Al/Si ratio is reduced to 1:5 in order to keep charge balance. The unit cell
composition is therefore [(CH3)4N]2[Al2Si10024]. Pure silica sodalites are available
using uncharged space fillers like ethylene glycole,[82] 1,3,5-trioxane,[83]
1,3-dioxolane,[84]  ethylenediamine,[®>] ethanolamine,[®5] ethylamine,[8¢] and

pyrrolidine.[8¢]

Owing to the small window diameter of sodalite of approx. 2.8 A, only very small
molecules like helium, ammonia, water or hydrogen (kinetic diameters of 2.6 -
2.9 A) may pass through the pores of the material. It therefore seems to be a well
suited material for example in the separation of Hz in dehydrogenation processes
or as water selective membranes. Until now different alumosilicate sodalite
membranes have been reported in the literature.[87-901 Xu and coworkers have
reported of a hydroxy sodalite membrane that shows a permselectivity for

Hz/n-C4H1o of more than 1000.[87] This separation factor demonstrates how
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powerful sodalite can be in hydrogen separation. The applicability of hydroxy
sodalite films in the dehydration of water/alcohol mixtures was demonstrated by

KAPTEIN and coworkers.[90]

Sodalite was also investigated as a material for the storage of hydrogen. At
elevated pressures and temperatures hydrogen can enter the cages of the material
through the 6-ring windows and is captured inside the structure after cooling the
material to room temperature. Compared to other materials (like for example
certain MOFs) both the calculated and the measured storage capacities are rather
low. For hydroxy sodalite they are 0.10 wt% (calculated) and 0.26 wt%
(measured), for silica sodalite they are even lower: 0.08 wt% (calculated) and

0.15 wt % (measured).[°!
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1.5 Zeolite and MOF Membranes

Compared to other separation techniques like rectification or crystallization a
separation using membranes is much more energy- and thereby also more cost-
efficient in technical applications. That is why a lot of research activity is present in
this field. For separation tasks materials with defined pore sizes are desired.
Therefore zeolites and the younger class of metal organic frameworks seem to be

suitable materials.

1.5.1 Separation Principles

Membranes are defined as structures through which mass transports can occur.
This can be caused by different driving forces like gradients in pressure,
concentration or electrical potential.[®2l However to achieve a selection, not only a
mass transfer but also a semipermeable character of the membrane has to be
ensured. In the easiest case it arises from a discrimination of size in analogy to a
simple sieve. Considering small particles on a molecular level this effect is called
molecular sieving. For this effect a porous material with defined pore sizes in the
same size range as the species that have to be separated is necessary. For a gas
separation, which will be discussed in more detail here, pores with sizes of a few
angstroms are needed. This requirement is met by zeolites but also by a younger

class of hybrid materials, the metal-organic frameworks.

The separation of gaseous species with the use of membranes is called gas
permeation. The driving force is a difference in partial pressure on both sides of
the membrane. The side which is loaded with the gas mixture that is to be
separated is called the feed side. The side on which the products of the separation
are obtained is called the permeate side. The needed pressure difference can either
be accomplished by an excess pressure on the feed side, that is by applying a feed
pressure to the membrane, or by a negative pressure on the permeate side, which

means evacuation of the permeate.
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Retentate& h Feed

21 Membrane

Permeate

Fig. 18: Depiction of a membrane setup clarifying the terms feed, retentate and permeate.

Characteristic properties of a membrane are the separation factor and the flux
through the active layer. Both variables are sought to be as high as possible,
although the separation factor plays a much more important role for it is a material
property whereas a low flux can be compensated by employing a larger membrane
area. With the use of permeation measurements both terms can be appraised. For
that purpose a feed of known composition is applied to the membrane and the
composition of the permeate is detected. The flux J is given by the number of
transported material (e.g. the number of transported moles) per time and
membrane area. If two components i and j are investigated the separation factor
arises from the ratio of the composition of the permeate (P) in relation to the

composition of the feed (F).

_ Wip/Wip
S = #
Wir/ Wjr

S: separation factor

w: weight percent

The transport of a species through a porous membrane can be separated into
several steps. At first the species have to be adsorbed on the feed-side, then a
diffusion step through the active layer takes place, before desorption of the gas on
the permeate-side occurs. Because of these events the performance of a membrane
with regard to a certain separation task is not only dependent of the size of the
gas-molecules in relation to the pore size of the active layer (which would be a
mere molecular sieving effect), but is also contingent upon other factors like
hydrophilic/hydrophobic interactions or VAN-DER-WAALS interactions, which can

play an important role during the sorption processes.

It is generally assumed that sorption of a gas species is a rather fast process

compared to the diffusion through the membrane. This means that diffusion is the
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rate limiting step in gas permeation. Caused by the pressure difference between
both sides of the membrane and under the assumption that ad- and accordingly
desorption proceed fast, a gradient in concentration is established through the
membrane layer. The flux through the active separation layer can therefore be

calculated using the empirically found Fick’s first law.

dc;

]i = _Di 'gT‘ad Ci == _Di E

J: Flux
D: diffusion coefficient
c: concentration

z: direction of diffusion

A simplified linear form of Fick’s first law can be used, because in the mass
transport through a membrane, only the z direction perpendicular to the surface of
the active layer is of interest. The diffusion coefficient, that is assumed to be a
constant, can show a noticeable dependency on the concentration. Moreover in
systems with more than one gas species the diffusion coefficient is different from

the one for the pure substance.

A borderline case of diffusion occurs when the mean free path of the gas becomes
larger than the pore diameter, that is when the KNUDSEN number becomes larger
than 1.

n=
pore

Kn: Knudsen number
A: mean free path

dpore: POre diameter

In this case the so-called KNUDSEN diffusion commences, which is characterized by
the fact that gas molecules collide with pore walls more often than with other gas

molecules. For linear pores the KNUDSEN diffusion coefficient amounts to:

4 8RT

DKn = §dpore W

R:ideal gas constant, 8.314 ] - mol™? - K71
T: absolute temperature

M: molar mass of the gas
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One can see that with constant temperature and unchanging pore diameter, the
diffusion coefficient is only dependent on the molar mass of the gas. The higher the
mass becomes, the slower the diffusion proceeds. According to this the ideal
separation factor of a binary mixture, which can be calculated as the quotient of
the single gas permeations, is formed as the square root of the ratio of the molar

masses of the two gases.

P _ Mgasl
Kn —
MgasZ

a: ideal separation factor

A separation by KNUDSEN diffusion is not of interest in industrial application,
because in most separation tasks molecules of similar weight have to be separated.
In these cases the separation factors reached with KNUDSEN diffusion are too low.
Knudsen diffusion occurs mostly when pore diameters of approx. 1 - 20 nm are
present. Grain boundaries lie in this size range. So when KNUDSEN separation
factors are measured in permeation experiments it is a good hint that the active

layer is not completely dense.

1.5.2 General Preparation Techniques

Since the research in the field of zeolite membranes has been going on for
approximately three decades whereas MOF membranes came up much later, most
preparation techniques were first used and optimized for zeolites. First attempts
in making use of the porous structure of these materials for separation tasks was
as fillers embedded in polymer membranes.[?394] A difficulty that still remains in
the production of these so-called mixed matrix membranes (MMMs) with zeolite
particles is the integration of the particles into the organic matrix. The inorganic
nature of zeolites makes it difficult to control the homogenous distribution in the
polymer.[95%] The hybrid character and the possibilities of diffenrently
functionalized linkers of MOFs makes these porous solids promising in
applications in MMMs. The main disadvantage of MMMs remains their low thermal
stability due to the organic polymer matrix. Purely inorganic membranes feature a

much better thermal stability. These can be free standing membranes that are
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often prepared on a PTFE substrate and removed from it after synthesis to form a
self supported film.[°7.28] It is also possible to form free standing layers without
these temporary substrates for example at the interface of two liquids. Following
this idea, MFI layers can be formed at the interface between an aqueous and an
organic phasel® or on a mercury surface.[l190 Unsupported thin layers of
crystalline materials like zeolites are often brittle and their potential in application
is therefore limited. That is why most reported membranes are crystallized on
porous substrates that are permeable and are not removed after synthesis. As
support materials ceramics like a-Al203, y-Al203 or TiO2, stainless steel, glass or

quartz are commonly used.

For the preparation of supported membranes (either zeolitic materials or MOFs)
two different synthesis approaches are commonly pursued. The active layer may
either be grown directly in an in situ crystallization in only one step or a layer of
seed crystals that is first deposited on the support may be grown into a dense layer
in a two step synthesis. The advantages of an in situ crystallization are obviously
the underlying simplicity and the time saving aspect. On the other hand it can be
difficult to gain control over nucleation and growth in a one step reaction. It is
important to produce enough nucleation sites on the support to achieve a dense
layer after the growth process. Therefore it can be beneficial to decouple the
nucleation and the growth step by employing a seeding and secondary growth
step. Using this concept it is easier to gain control over the size and orientation of
the crystals in the final membrane. In a first step crystallites of the desired material
are formed and applied to the substrate. Thereby it is assured that enough
nucleation sites are present and a dense film can be grown with a small layer-

thickness in the secondary growth step.

Since supported layers of zeolitic and MOF materials are a main topic of this work,
the preparation of these membranes is discussed separately and in more detail in

the following chapters.
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1.5.3 Zeolite-based Membranes

The defined pore sizes and geometries characteristic for zeolites make these
materials suited for separation tasks. The size of these cavities and channels
decides over which molecules may be separated. Fig. 19 gives an overview over the
kinetic diameters of some small molecules in comparison to the pore sizes of a few
selected zeolitic topologies. Not only the pore sizes but the Si/Al ratio (that makes
the materials either hydrophobic or hydrophilic) and the chemical stability play an
important role and have to be taken into account as well when trying to find a

suited material for a specific separation.
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Fig. 19: Comaprison of kinetic diameter of small molecules with the effective pore sizes of some

zeolitic topologies (reproduced from ref [101]).

Among all the different topologies the most often investigated one in membrane
research activities is MFL[102] A possible field of application for aluminum-poor
MFI membranes is the separation of n-butane and iso-butane, which was studied
by a number of researchers.[103-105] A selectivity for n-butane over iso-butane is

observed with ideal separation factors of up to 90 and mixture separation factors




1 Introduction 35

of approx. 50.1105] Another example of shape-selectivity in MFI membranes can be
found in the separation of methanol form methyl ¢t-butyl ether with a mixture
separation factor of 250.1106] Another kind of separation that has already found
application in industrial scale is the dewatering of organic solvents. It is based on
the hydrophilic character of aluminum rich zeolites and not on a molecular sieving
effect. In 2000 the first large scale LTA membrane plant was developed and built
by Mitsui Engineering and Shipbuilding Co. Ltd. It is used for the dewatering of
alcohols with an initial concentration of 90 wt. % and yields 530 L/h with a final
water contents of 0.2 wt. %.[197] Similar plants using LTA membranes for the
dewatering of organic solvents were build by other companies as well (Smart and

Inocermic, Busan Nanotech Research Institute, Nanjing Jiusi Hi-Tech Co.).[108]

There are various examples for laboratory scale in situ crystallization in zeolitic
membrane preparation. A lot of research activity in the 1990s has shown that
different zeolitic materials may be grown on various supports using the simple in
situ crystallization, e.g. mordenite (MOR) on stainless steel or PTFE plates,[1091 MFI
on oa-aluminalll0 or silicon wafers,111] P-type zeolite (GIS) on a-alumina,[112]
A-type zeolite (LTA) on quartz.[113] [n some cases it is beneficial for the final quality
of the membrane when a pre-treatment of the support is carried out prior to the
synthesis of the active layer. In zeolite membrane synthesis the number of OH-
groups on the surface of the support is crucial to ensure a high nucleation site
density. Ceramic supports may therefore be treated with sodium hydroxide
solution. A way to produce hydroxyl groups on porous TiOz supports is the use of
UV radiation. This concept was developed by VAN DER BERG et al and it led to
increased nucleation of zeolite A.[114115] The kind of support chosen for a specific
material also plays an important role. For the synthesis of porosil membranes for
example the use of alumina supports always leads to a contamination of the porosil
with aluminum. The aluminum may either diffuse directly into the silica material
from the support for example in calcination processes or through the reaction

solution when the support is partially dissolved.[116]

When using the seeding and secondary growth mechanism, the quality of the
support becomes less important because nucleation sites are applied in the
seeding step. When directly comparing in situ crystallization and seeded growth,

the latter often leads to higher quality membranes.[117] The most delicate step of
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this procedure is the attachment of seed crystals to the support material. There are
several means of doing so. The quickest and simplest way of seeding is probably to
rub the support with a powder of the desired zeolite.[118119] Since a seeding step by
rubbing is fast and cost-efficient, it can easily be transferred to large-scale
productions. Another quite simple way of seeding is by dip-coating.[120] The seed
crystals may even be deposited in an oriented way by dipping, which results in an
oriented layer after secondary growth.[121] To achieve an oriented layer the seed
crystals do not necessarily have to be oriented, but a competitive growth can lead
to a preferred orientation of the crystals as well.[122] This kind of growth is often
observed in MFI layers.[123] Adhesion between seed crystals and support can be
enhanced by using electrostatic attraction. In this case the surface charge of seeds
and support has to be opposing. If this is not an intrinsic property of the materials,
the surface of either the support or the seeds or even both can be modified using
charged molecules like for example different polymers or silanes.[124125] By
employing a suitable surface modification, a covalent attachment of the seed
crystals can also be achieved.!125] These few examples give a little insight into the
various means of zeolitic membrane production. Since they have proven successful

some of these concepts have been transferred to MOF membranes as well.

1.5.4 MOF-based Membranes

Unlike zeolite membranes, of which a few have already found their way into
industrial application, the research on MOF membranes is in a much earlier
stadium. Compared to zeolites MOFs cover a wider range of pore sizes (from
micropores up to mesopores) and surface properties and are therefore highly

promising materials for membranes based separations.

There are several challenges that have to be considered in the production of MOF
based membranes. Similar to zeolitic membranes the MOF layer may crack during
or after the synthesis. Since MOFs are crystalline materials they tend to be brittle.
Cracks may form when thermal stress is applied for example when cooling the
materials after the synthesis that is carried out under elevated temperatures most
often. Several types of MOF layers like HKUST-1,[1271 MOF-5,[128129] or ZIF-69(130]

have therefore been reported to require a slow natural cooling after the synthesis.
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Another process step in which cracks may form is during drying. Surface tension at
the solid/liquid interface in grain boundaries or in pores causes capillary stress in
the films that leads to the formation of cracks. Two possible ways of reducing the
capillary stress are to either dry the materials at nearly saturated conditions(127]
(and thereby decreasing the drying rate) or to introduce a surfactant to the film
surface to reduce the solid/liquid surface tension.[1311 Another thing besides the
formation of cracks that has to be taken care of is a sufficient bonding between the
support material and the MOF layer. Whereas silica species can readily bind to
hydroxyl groups present on ceramic supports this is not necessarily the case for
MOFs. Some linkers like dicarboxylates or imidazole species, that are
unsubstituted in the 2 position, have been shown to bind covalently to alumnina

supports.[132133]

In general the fabrication techniques for MOF membranes are similar to those
described for zeolite membranes in section 1.5.3. Either in situ growth or seeding
and subsequent secondary growth are commonly used. As mentioned before the
bonding between the MOF and the native substrates (mostly ceramic ones like
titania or alumina) is commonly weak. That is why there are only few publications
describing a successful in situ growth of MOF membranes on untreated supports.
MOF-5 and ZIF-69 have been grown on unmodified a-Al203 supports by Liu and
coworkers.[128130] Another example for in situ growth on untreated supports was
reported by Bux et al. They used a microwave synthesis for the production of ZIF-8
membranes on bare titania supports.l134l A modification of the substrate prior to
the in situ growth of the MOF is reported more frequently. In the case of different
ZIFs like ZIF-22 and ZIF-90 the group of CARO has shown that 3-aminopropyl-
triethoxysilane (APTES) covalently bound to an alumina support can facilitate the
attachment of the ZIFs to the support.[135136] For ZIF-7 and ZIF-8 JEONG and
coworkers have reported another way of modifying the alumina support that has
proven helpful for the fabrication of membranes of these materials. They have
dropped a solution of the linker onto the heated substrate. The solvent was rapidly
evaporated and the imidazole linkers were covalently bound to the surface by the
formation of Al-N bonds.[137] These linkers are then used for the anchoring of the
ZIF. When choosing a suited support material for a MOF layer one can make use of

the fact that MOFs are formed via coordinative bonds between metal and linker.
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The group of Qui has shown for a zinc and a copper MOF that substrates consisting
of the accordant metal can be used as both support and metal source.[138139] The
copper containing MOF HKUST-1 was grown on a oxidized copper mesh so that an

essentially free standing membrane was formed.[13]

Similar to zeolite membranes, MOF membranes fabricated via seeding and
secondary growth often show enhanced properties, because this synthesis
procedure allows for a better control over characteristics like film thickness,
crystal orientation and density of grain boundaries. Unlike zeolitic seed crystals,
that can be attached covalently to ceramic supports by a simple calcination step,
MOF nanocrystals are often sensitive in respect to elevated temperatures and do
not interact with the substrates strongly. For ZIF-8 however a simple seeding by
rubbing was reported to yield good quality membranes after the secondary growth
process.[140] Much more frequently a more delicate seeding procedure is necessary.
For MMOF (Cu(hfipbb)(Hzhfipbb)os; H2hfipbb = 4,4'(hexafluoro-isopropyl idene)-
bis (benzoic acid)) and different ZIFs the use of polyethylene-imine (PEI) as a
polymer binder is required to attach the MOF to the substrates.[141-143] For the
fabrication of MMOF membranes the alumina supports were first dip-coated with
PEI before the seed crystals were rubbed onto the PEI layer. This step proved
necessary to produce uniform membranes.[14l] In the case of ZIF-7[142] and
ZIF-81143] a suspension containing the seed crystals and PEI was used in a dip
coating process. In all three cases the seeds are linked to the alumina supports by
H-bonds of the PEI, which means that the crystals are not directly attached to the
support. Of course the strength of attachment is only as high as the strength of
attachment of both the support and the seeds to the PEI binder. Another way of
seeding was reported by the group of JEONG for HKUST-1. They have developed a
thermal seeding process in which a suspension of HKUST-1 is dropped onto the
hot (200 °C) support.l271 They have shown that it is mandatory for a sufficient
linkage of the seeds that the suspension contains the precursor chemicals of the
MOF in addition to the seeds. When only the HKUST-1 seeds are present in the
suspension during thermal seeding, the seeds do not remain on the support after
ultrasonic treatment. A technique called reactive seeding was introduced by LEE et
al. for MIL-53 membranes.[144! [t features two solvothermal reaction steps. First a

seed layer is produced in an in situ growth process and in a second solvothermal
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reaction step the seeds are grown into a dense film. A similar fabrication pathway
was reported under the name of “microwave-induced thermal deposition”. In this
case the support is seeded by in situ growth using a rapid microwave

synthesis.[129.145]

Because of the larger pore sizes of MOFs, bigger molecules compared to zeolitic
membranes could probably be separated in a liquid phase adsobtive separation.
Contrary to this thought MOF based membranes (most of which are ZIF
membranes) have up to date mainly been tested for the separation of small gases
like hydrogen, methane and carbon dioxide. A summary of single gas permeances
of small gases through exemplary MOF membranes is shown in Table 2. For the
separation of H; from other gases, MOFs with small micropores seem to be ideal
candidates. That is why ZIFs with small pore sizes (ZIF-7: 3.0 A, ZIF-8: 3.4 4,
ZIF-22: 3.0 A) have been extensively explored for this purpose. For ZIF-8 no sharp
cutoff in the permeance of gases larger that the calculated pore size was found due
to framework flexibility. Nonetheless the data evaluated by the group of CARO and
by JEONG and coworkers have shown that ZIF-8 is indeed capable of separating
hydrogen from other gases like methane.[134137] For the smaller pored ZIF-7 and
ZIF-22 a cutoff between Hz and CO; was observed.[135146] Both materials could be
very promising in practical hydrogen separation. However some MOFs with larger
pore sizes have shown surprisingly good performances in the separation of H; as
well. For example HKUST-1 (pore size ca. 9 A) membranes synthesized on copper
nets exhibit separation factors far beyond KNUDSEN diffusion.[!39] The same
material crystallized on a-alumina supports shows separation factors lower than
the previously mentioned one.[27] This might be due to the porous nature of the
support or diffusion through grain boundaries (which once more underlines the
importance of control over the microstructure of membranes). Membranes made
of MOF-5 (with a pore size of approx. 15 A) exhibit KNUDSEN behavior in the
permeance of small gases.[128] This is not surprising since the pores are much

larger than the tested gases.
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Table 2: Single gas permeances of exemplary MOF membranes.
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Up to now Zr-based MOFs have not been synthesized as polycrystalline supported
membranes. However MAURIN and coworkers have explored thermodynamic and
kinetic behavior of CO2/CH4 gas mixtures within Ui0-66 with a combination of
experimental and computational methods.[149] They have explored both
coadsorption and codiffusion of CO2 and CHs. Compared to single gas adsorption,
the CH4 uptake in a gas mixture is drastically decreased while that of CO; is only
slightly affected. This means that there is an adsorption selectivity for carbon
dioxide over methane. In addition to that they found an interesting diffusion
behavior. The diffusivity of methane increases with an increasing amount of CO; in
the material. Since molecular dynamic simulations have shown that CO; diffuses
about five times slower than CHg4, one can state that in UiO-66 the slower molecule
enhances the mobility of the faster one. This behavior can be explained by the
presence of two different types of pores in UiO-66: octahedral voids and
tetrahedral voids. CO2 molecules possess a higher affinity to the tetrahedral voids
than CH4. Simulations of diffusion pathways for both species lead to a jump
sequence of tetrahedral - octahedral - tetrahedral. When both species are present,
the CHs molecules are “pushed” out of tetrahedral void more frequently by the
stronger adsorbing COz. These results indicate that UiO-66 may be a promising
material for CO2/CH4 gas mixture separation. Since it can be expected that the
presence of functional groups would enhance the affinity of CO2 even more,
computational exploration of differently functionalized UiO-66 MOFs was carried
out by the same group.l1501 Adsorption selectivities have indeed been shown to
increase with increasing polarity of functional groups on the linkers in the

sequence: -CF3, -Br, -NO2, -NH3, -(OH)2, -SO3H, -COzH.

First experiments with Ui0-66 and UiO-66-NH; as fillers in mixed matrix
membranes have been done by KALIAGUINE and coworkers.[!51] They have
incorporated nanoparticles of these materials in polyimide matrices and evaluated
the properties of the resulting MMMs in single gas permeances of CO2 and CHa.
They have observed that the ideal selectivity is higher with the Ui0-66-NHz fillers
compared to the neat polymer whereas it stays nearly unchanged with UiO-66
fillers. The CO2/CH4 (50/50%) mixed gas selectivities reported were slightly lower

than the ideal selectivities as expected for all tested materials.
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3 Results and Discussion

3.1 Preparation of Silica-Sodalite Layers on Top of Asymmetric a-
Alumina Supports and on Silicalite-1 Membranes

Preface

This section deals with the synthesis of silica sodalite membranes. Because of its
narrow pore size, sodalite membranes are of interest in the separation of small
gases especially hydrogen. Membranes were produced on asymmetric a-alumina
supports by using a two step synthesis consisting of a seeding step by electrostatic
adhesion of sodalite nanocrystals and a secondary growth process. The main
difficulty in obtaining template free sodalite layers is the calcination process that
requires high temperatures of 1000 °C to fully empty the narrow pores. These
harsh conditions result in the formation of cracks in the sodalite layer, which of
course makes them unusable are membranes. The cracks probably occur because
of a mismatch in the thermal expansion between the support material and the
active layer. We have tried to overcome these problems by introducing a layer of a
more robust and larger pore zeolite in between the alumina and the sodalite to
hopefully act as a mediator between the two materials. For that purpose we have

chosen silcalite-1.

This section will be submitted as an original research article. The authors are Imke
Bremer, Simon Miinzer, Helge Bux, Jiirgen Caro and Peter Behrens. Dr. S. Miinzer
synthesized and analyzed the SOD nanocrystals as well as the ET-SOD layers. Dr. H.
Bux from the workgroup of Prof. Dr. ]. Caro of the Institute of Physical Chemistry
and Electrochemistry of the Leibniz University Hannover performed the single gas

permeation measurements.
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Preparation of Silica-Sodalite Layers on Top of Asymmetric a-
Alumina Supports and on Silicalite-1 Membranes

Imke Bremer,! Simon Muenzer,! Helge Bux,? Juergen Caro,? and Peter Behrens?

1 Institute of Inorganic Chemistry, Leibniz University Hannover, Callinstr. 9, 30167 Hannover

2 Institute of Physical Chemistry and Electrochemistry, Leibniz University Hannover, Callinstr. 34,
30167 Hannover

Abstract

The preparation of purely silicious sodalite membranes on asymmetric a-alumina
support discs using a two-step crystallization was investigated. Severe cracks
occurred in these layers during the calcination process possibly due to a mismatch
in the thermal expansion coefficients of the support and the sodalite. We tried to
solve these problems by introducing a layer of another zeolite between the support
and sodalite. For that purpose silicalite-1 was chosen. Therefore TPA-MFI
membranes with a thickness of approx. 2.5 um were prepared and characterized.
On top of these sodalite layers were successfully synthesized using a seeded
synthesis with a “dropping and brushing” seeding procedure. Although the
additional zeolite layer did not solve the problems we were facing in the
calcination step, this work is a good example for a fabrication of multi-zeolite
layers which could serve in possible application as for example combined shape-
selective and catalyzing membranes.

Keywords

silicalite-1 membrane - sodalite membrane - double zeolite layer - seeded
synthesis

Introduction

A relatively modern method for the separation of mixtures of materials in a
continuous way lies in the use of supported molecular sieving membranes in which
zeolites form the active separation layer in the form of a thin layer on top of a
meso- or macroporous substrate. Separation processes like distillation,
crystallization etc. can be replaced by separation via zeolite membranes which
feature lower energy consumption among other advantages. Because of their
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defined pore sizes and their excellent thermal and chemical stability inorganic
microporous materials possess significant advantages in technical separation
processes over other materials like organic polymers.

The ongoing interest in this area of research is reflected in the increasing number
of publications. First industrial applications of a zeolite-A membrane are realized
in the dehydration of ethanol and isopropanol.ll! Other zeolite membranes of the
structure types of FAU, [2-°] MOR,[10-14] FER,[15-16] AF,[17-20] SOD,[21-27] and the most
often prepared MFI[28-32] are currently being prepared in laboratory scale and
analyzed and optimized in respect to their separation properties.

Acting on the assumption of a selective separation caused by sieving effects,
separation of small atoms and molecules like He, H20, NHz and Hz (@ 2.6 - 2.9 A)
form gas mixtures with molecules that possess a kinetic diameter in the range of
3.0 - 3.8 A (N2, 02, CO, CO, HzS, n-alkenes) is possible only with membranes made
from zeolites that have pore openings smaller than eight-ring windows. In this
regard the hydrogen separation in dehydrogenation reactions is of special interest.
For example the dehydrogenation of propane or butane is run equilibrium
controlled under industrial conditions. By removing the formed hydrogen the
conversion degree can be increased significantly.[33-35] Sodalite possesses six
membered rings as pore opening windows with a dynamic diameter of approx.
2.8 A and would therefore meet the requirements for such separations. Purely
siliceous materials are of special interest for membrane applications. Because of
their uncharged network no ionic interactions can occur between the membrane
materials and the separated substances. Purely siliceous sodalite can only be
synthesized with the use of structure directing agents (SDAs). In contrast to
channel-like structures of zeolites with larger pores like MFI, LTA, or FAU diffusion
processes in the narrow pored cage-like sodalite structure are strongly hindered,
which makes the removing of the SDAs demanding both in time and temperature.
For that reason only aluminosilicate sodalite membranes were synthesized in the
past, which can be produced without any further template when using high sodium
concentrations.[21-27] These alkali ions are situated in the sodalite cages for charge
equalization and are inhibiting helium from entering the pores. Because of this
pore blocking effect and the fact that phases other than sodalite often occur when
trying to produce aluminosilicate sodalite membranes!22-25] it would be better to
use organic templates to synthesize a siliceous sodalite membrane. Here we report
of such syntheses of silica-sodalite layers on asymmetric alumina support discs by
a two step crystallization (seeding of nanocrystals onto the support and second
crystallization), the problems we were facing when tying to calcine these and the
attempt to overcome the problems in calcination by introducing a layer of
silicalite-1 (MFI) between the alumina support and the sodalite layer.
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Experimental
Preparation of alumina supported silica-sodalite membranes

For seeding of the asymmetric a-Al203 support discs (18 x 1 mm, Inocermic,
Germany) aluminosilica sodalite nanoparticles prepared with tetramethy-
ammonium hydroxide as SDA (TMA-AISi-SOD) with a diameter of 20 - 50 nm were
used. TMA-AISi-SOD particles were prepared according to a method previously
published by us.3¢] Seeding was realized by electrostatic adhesion. For that
purpose a 2.5 wt % suspension of the nanoparticles in 0.1 M ammonia was
prepared. The pH value was adjusted to 6.5 by addition of 0.1 M hydrochloric acid.
The alumina disc was then immersed into this suspension for 5 min, rinsed
thoroughtly with deionized water and dried under reduced pressure.

Synthesis solution for the second crystallization of silica sodalite was prepared by
mixing water, ethylamine (ET, purum, 70 % in H20, Fluka) and fumed silica Cabosil
M-5 (Riedel-de Haén) to yield a final gel composition of SiO2 : 25 ET : 100 H;O0.
Second crystallization took place under hydrothermal conditions. The synthesis gel
was filled into a Teflon-lined stainless steel autoclave, the seeded alumina support
was placed into the solution at an angle of 75° to avoid sedimentation of particles
onto the support. The autoclave was placed into a convection oven at 170 °C for
24 h.

Preparation of alumina supported silicalite-1 membranes

Asymmetric a-Al;03 support discs were seeded with silicalite-1 nanoparticles
prepared with tetrapropylammonium hydroxide as SDA (TPA-MFI). TPA-MFI
nanoparticles were prepared by mixing deinozied water, sodium hydroxide
(purum, Acros Organics), tetrapropylammonium hydroxide (TPAOH, purum, ca.
20 % in H20, Sigma-Aldrich) and tetraethoxysilane (puriss, Fluka) to result in a
composition of 25 SiOz : 9 TPAOH : 0.16 NaOH : 495 H20. The synthesis solution
was stirred at 80 °C for 96 h to yield particles with a diameter of 80 - 100 nm.[37]
For seeding a 2.5 wt% suspension of the nano-TPA-MFI in 0.1 M ammonia was
dropped onto the alumina disc to form a thin liquid film. The disc was then dried
and the excess of particles was brushed off the support (“dropping and brushing”
method).

For second crystallization a synthesis solution was prepared by mixing deionized
water, tertaethoxysilane (puriss, Fluka) and tetrapropylammonium hydroxide
(TPAOH, purum, ca. 20 % in H20, Sigma-Aldrich) to yield a composition of SiOz : 0.3
TPAOH : 420 H20.38] A Teflon-lined stainless steel autoclave was filled with the
solution, the seeded support was positioned at an angle of 75° in the solution to
avoid sedimentation of particles onto the support and the autoclave was placed in
a convection oven at 130 °C for 24 h.
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The template was removed from silicalite-1 membranes by heating up to 350 °C
for 6 h before further heating to 450 °C for 6 h with heating rates of 0.3 K min-! and
a cooling rate of 0.5 K min-.

Preparation of silica-sodalite films on top of silicalite-1 membranes

Nano-TMA-AISi-SOD was seeded onto Silicalite-1 membranes by the previously
described “dropping and brushing” method. Second crystallization of silica-
sodalite was done according to the synthesis procedure described in section
‘Preparation of alumina supported silica-sodalite membranes’.

Methods

X-ray powder diffraction patterns were collected on a StadiP diffractometer
(STOE) using Cu Ka; radiation. X-ray diffraction patters of membranes were
collected on a Theta-Theta diffractometer (STOE) using Cu Kay radiation. When
applicable, Scherrer’s equation was used to calculate the particle size. A silicon
standard was measured under the same conditions to determine the reflection
broadening caused by the instrumental setup.

For the collection of SEM images a JEOL JSM-6700F field-emission scanning
electron microscope (FE-SEM) was used. The SEM was operated with an
acceleration voltage of 2 kV at a working distance of 8 mm using a LEI-detector
and 3 mm using a SEI-detector respectively. Nanoscale samples were prepared by
suspending the material in ethanol and dropping the suspension on a graphite
block. All other samples were prepared by attaching them to a brass holder with an
adhesive graphite pad.

Zeta potentials of colloidal suspensions of TMA-AISi-SOD, TPA-MFI and a-Al;03
were measured at different pH-values using a Malvern Zetasizer Nano ZS to
determine the pH-value suitable for electrostatic adhesion of the different
materials.

Gas separation properties of the membranes were tested in single gas permeation
experiments. For the measurements the coated ceramic discs were mounted in a
measuring cell sealed with rubber rings. A gas pressure of 0.5 bar was applied to
one side of the membrane and the flow through the layer was measured in volume
per time using a bubble counter. From the flow in moles per time (D), the
permeable area (A) and the transmembrane pressure (Ap) of 0.5 bar the
permeances (P) for different gases were calculated: Pgasy =D / A - Ap.
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Results and Discussion
Alumina supported silica-sodalite layers

For seeding of the asymmetric Al;03 support discs sodalite nanoparticles
synthesized with TMAOH as SDA were used. Comparison of the collected powder
diffraction pattern (Fig. 1) with the corresponding powder diffraction file (pdf-
card [22-1809]) shows that a phase pure sodalite was obtained. The size of the
particles can be calculated as approx. 53 nm from the broadening of the reflections
using Scherrer’s equation. The SEM micrograph of the sample (Fig. 1, inset) reveals
a particle size between 30 - 80 nm and a cubic shape which is typical for sodalite
crystals. In this size range of particles, stable suspensions can be produced, which
is a requirement for the seeding step.
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Fig. 1: PXRD pattern of the synthesized TMA-AISi-SOD nanocrystals with corresponding powder
diffraction file (pdf-card [22-1809]) and SEM micrograph of the sample.
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Fig. 2: Zeta potentials of a-alumina, TMA-AISi-SOD nanocrystals and TPA-MFI nanocrystals plotted
against the pH-value of the suspension.
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To determine the pH-value suitable for the seeding of the TMA-AISi-SOD
nanocrystals onto the Al203 support by electrostatic adhesion the zeta-potentials
of both materials were measured in a range of pH 2 - 11.5 (Fig. 2). As a rule of
thumb a suspension is supposed to be stable if the zeta potential of the dispersed
species lies either above +30 mV or below -30 mV and a reasonably strong
adhesion between two differently charged species takes place if the zeta potentials
differ for at least 60 mV (that is one above +30 mV the other below -30 mV). Al203
and TMA-AISi-SOD meet these criteria at a pH-value between 5.5 and 8. That is
why a pH-value of 6.5 was chosen for the seeding step.

Fig. 3 shows the X-ray diffraction patterns of the membrane support after the
seeding and after the second crystallization step in comparison to a pattern of the
untreated support and a bulk-sample of sodalite synthesized with ethylamine as
SDA (ET-SOD). After the electrostatic adhesion of the TMA-AISi-SOD nanocrystals
reflection of very low intensity are visible which can be attributed to the sodalite-
phase. These reflections become much more intense after the second
crystallization step, which clearly demonstrates the success of this two-step
synthesis procedure. SEM-micrographs of this sample (Fig. 4) reveal that in fact an
intergrown layer of cubic sodalite crystals was formed on top of the support. There
are no cracks or holes visible in the layer. The cross-section image of the
membrane shows a densely intergrown layer with a thickness of 4.5 pm.
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Fig. 3: X-ray diffraction patterns of the a-alumina support, the support after seeding with TMA-AISi-
SOD nanocrystals, after the hydrothermal crystallization step and of a bulk sample of ET-SOD.
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Fig. 4: SEM micrographs of the as-synthesized sodalite layer grown directly on the asymmetric -
alumina support (left: top view, right: cross section).

To actually use such a layer for separation purposes it is necessary to remove the
SDA from the pores of the structure, in this case ethylamine. In the case of sodalite
this is a rather demanding task because of the quite small pore opening size of the
sodalite-cages of approx. 2.8 A. Diffusion in these narrow pores is strongly
hindered. Oxygen, which is needed for the decomposition of the organic template,
as well as decomposition products like CO or CO2 possess kinetic diameters which
are larger than the six-membered ring openings in sodalite materials. A removal of
the templates is only possible due to the unusual structural features of sodalite. By
a cooperative rotation of the tetrahedra without reconstructive changes in the
structure at very high temperatures, which leads to a nearly complete expansion of
the SiO; framework, the removal of the template is facilitated. Nonetheless the
detemplation is often incomplete especially in micrometer-sized crystals caused by
the strong influence of the length of diffusion paths. These materials show a
coloration ranging from light grey to black. The color indicates the presence of
larger defects in the framework in which carbon fragments have accumulated to
form coke.

Testings of different calcination techniques with bulk material of ET-SOD have
shown that the best results with regard to completeness of detemplation can be
achieved with a heating and cooling rate of 2 K min-! and a temperature of 1273 K
for 48 h. Thereby a white powder was obtained which exhibited split reflection in
the powder XRD-pattern. The splitting up of the reflections is caused by a change
in the symmetry in the framework material upon removal of the SDA. This
calcination program was also used for the template removal from the produced
supported silica-sodalite layers. The resulting sample showed a white color.
Comparing the diffraction patterns of the SOD-layer before and after the heat-
treatment, the described splitting up of the reflections can be observed (Fig. 5).
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Fig.5: Comparison of the X-ray diffraction patterns of the alumina supported sodalite layer before
and after the heat treatment at 1273 K for 48 h (heating and cooling rate of 2 K min-1).

Hence it is safe to assume that the removal of the ethylamine was near to complete.
Unfortunately severe cracks have occurred in the material which were visible to
the naked eye. The sodalite layer has started to fall off of the alumina support after
the heat treatment. This can also be observed in the SEM micrographs (Fig. 6).
These cracks are possibly caused by a mismatch in the thermal expansion
coefficients of the sodalite and the corundum support. We therefore thought about
introducing a layer of another zeolitic material between the support and the SOD-
layer. The material we chose for this purpose is the silicalite-1 (MFI-topology) for
it has a channel-like pore system with larger pore openings and thus its
detemplation is much easier. So next silicalite-1 membranes were synthesized and

characterized.

7R

Fig. 6: SEM micrographs of the calcined alumina supported ET-SOD layer (1273 K for 48 h, heating
and cooling rate of 2 K min-1).
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Alumina supported silicalite-1 membranes

The alumina supported silicalite-1 membranes were synthesized by using a two
step crystallization consisting of a seeding of nanocrystals and a second
crystallization to grow these into dense layers. The nanocrystals as well as the
layers were produced with TPAOH as SDA and are of pure siliceous nature. The
powder diffraction pattern of the nanoparticles shows a good agreement with the
powder diffraction file (pdf card [43-322]) for MFI (Fig. 7). Deviations in the
patterns are due to the fact, that the particles are a still templated silicalite-1
whiles the pdf-card referres to the sodium aluminum silicate with MFI-topology.
From the SEM-micrographs (Fig. 7) of the sample the particle size cannot be
determined clearly as the ball-shaped particles with a size of approx. 80 - 100 nm
seem to consist of even smaller primary particles. Using Scherrer’s equation a
particle size of 45 nm can be calculated.
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Fig. 7: PXRD pattern of the synthesized TPA-MFI nanocrystals with corresponding powder
diffraction file (pdf-card [43-322]) and SEM micrograph of the sample.

Looking at the zeta-potentials of the TPA-MFI in comparison to that of aluminum
oxide (Fig. 2) it becomes clear that a seeding by electrostatic adhesion would not
work in this case. The curve progressions of the zeta-potentials of the two
materials are too similar to lead to an adhesion strong enough. Therefore a
different seeding method was chosen in this case. First a stable suspension of the
TPA-MFI particles was prepared by dispersing the material in 0.1 M ammonia
solution using ultrasound. This suspension was then dropped onto the alumina
support to form a preferably thin liquid film. The sample was then dried and the
excess of particles was brushed off. The XRD-pattern of the seeded supports in fact
shows reflections of quite low intensity that can be assigned to the MFI (Fig. 8),
which demonstrates the successful seeding. The support-discs seeded by this
“dropping and brushing” method were then incorporated in a hydrothermal
second crystallization step. After this step, the typical MFI-reflections can be found
in the diffraction pattern. In comparison to the pattern of a bulk-sample it can be
noticed that especially the (101), (102) and the (303) reflections show an
increased intensity in the pattern of the membrane. Since the pattern was collected
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in theta-theta geometry this means that the crystals in the layer have a preferred
orientation with the c-axis oblique to the surface of the support. This is a well
known phenomenon in MFI-layers. The c-axis is the fastest growing direction in
the TPA-MFI. In the competitive growth-mechanism the seeds exhibiting an
oblique orientation can outgrow the seeds showing other orientations in early
stages of growth. This orientation can also be observed in the SEM-micrographs of
the membrane shown in Fig. 9. The crystals can be found standing on the elongated
c-axis and in the top-view of the layer the rounded tops of the crystals are pointing
towards the observer. The cross-section image shows a columnar, intergrown
layer with a thickness of approx. 2.5 pum.
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Fig. 8: X-ray diffraction patterns of the a-alumina support, the support after seeding with TPA-MFI
nanocrystals, after the hydrothermal crystallization step and of a bulk sample of TPA-MFI.
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Fig. 9: SEM micrographs of the as-synthesized TPA-MFI membrane on a-alumina support (left: top
view, right: cross section).

To judge the quality of the produced silicalite-1 membranes, single gas permeation
measurements were done with Hz, CHy, i-C4H10 and SF¢ at room temperature. The
permeances (P) for gases with small kinetic diameters are high (Fig. 10). For
example the permeance of hydrogen reaches 3.3 x 10-° mol m? s Pa'l. Compared
to values found in the literature (see Table 1) the flux found in our membrane is
quite high. This is probably caused by the small thickness of the active separation
layer of only 2.5 um. Testing larger gases like SF¢ with a kinetic diameter 5.5 A,
similar to the diameter of the pores in MF], the values for the permeance decrease
dramatically to 4.2 x 108 mol m2 st Pa-! (Fig. 10). From the determined single gas
permeances the ideal separation factors were calculated as a = P(gas1) / P(gas2).
When comparing these separation factors to the Knudsen separation factors
(Table 1) which can be calculated from the molecular masses as Qnudsen) =
(M(gas1)/Mgas2))** one can notice that the ideal separation factors for H; / i-C4Hi1o
and Hz / SFs differ markedly from the Knudsen separation factors. This means that
a true molecular sieving effect is taking place in the produced membrane. Despite
the relatively high permeances the ideal separation factor for H2 / SF¢ reaches a
value of 78.5 which is a reasonably good value considering the small thickness of
the separating layer.
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Fig. 10: Single gas permeances of H,, CHa, i-C4H1o and SFe through the silicalite-1 membrane plotted
against the kinetic diameters of the gas molecules.

Table 1: Comparison of single gas permeances (P) and ideal separation factors (a) for different MFI
membranes reported in literature.

Support  d (pum) P (107 mol m2 s-1 Pa-1) a T (K) Ref.
Hz i-C4H10 SFe Hz / i-C4H10 Hz / SF(,
a-Al,03 2.5 33 1.6 0.42 20.6 78.5 298 this
work
a- Al,03 6-8 16.4 0.63 0.23 25.86 71.14 298 [39]
a- Al;03 15 0.39 - 0.0072 - 54.63 298 [39]
v- Al;03 5 0.34 - 0.0025 - 136 298 [40]
a- Al;03 0.5 219 - 13 - 17 298 [29]
a- Al;03 - 16 1.8 0.24 8.9 67 295 [41]
Knudsen
4.9 8.3 diffusion

Sodalite layers on top of silicalite-1 membranes

The sodalite layers on top of the described silicalite-1 membranes were prepared
by a two step crystallization as well. It was also tried to directly grow a sodalite
film on top of the silicalite-1, but without an additional seeding step no
crystallization was observed. Very much like the seeding step in the preparation of
the silicalite-1 membrane on o-alumina supports, a seeding by electrostatic
adhesion was not possible due to the similar zeta potentials of TPA-MFI and TMA-
AlSi-SOD (Fig. 2). So again the “dropping and brushing” method was used on the
calcined silicalite-1 membranes with a suspension of the TMA-AISi-SOD
nanocrystals. In the diffraction pattern recorded of the seeded silicalite-1
membrane (Fig.11) there are no visible reflections that could be attributed to the
TMA-AISi-SOD phase. The intensities of these reflections would probably be so low
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that they are not noticeable with all the reflections of the silicalite-1 present in the
diffraction pattern. After the hydrothermal second crystallization step on the other
hand additional reflections of the ET-SOD phase emerge (Fig.11). Since this does
not happen when no seeding step is applied it can be stated that the seeding must
have been successful.
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Fig. 11: X-ray diffraction patterns of the a-alumina support, the supported silicalite-1 membrane
after seeding with TMA-AISi-SOD nanocrystals, after the hydrothermal crystallization step of ET-
SOD and of a bulk sample of ET-SOD.

The SEM micrographs recorded after the coating with ET-SOD (Fig.12) show that
the surface is covered with cubic sodalite crystals. In the cross-section image two
different layers are visible on the a-alumina support. The first layer is the
silicalite-1 membrane and the layer on top corresponds to sodalite. Both layers
exhibit a similar thickness of approx. 2.5 pum. Although the same reaction
conditions were chosen for the syntheses of ET-SOD on silicalite-1 and directly on
a-alumina, the film thickness is not the same for both cases. This might be due to
the different seeding techniques used. When the TMA-AISi-SOD nanocrystals are
attached directly to the ceramic support by electrostatic adhesion, the final
membrane has a thickness of 4.5 um while the layer grown on silicalite-1 after
seeding by “dropping and brushing” is 2 um thinner.
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Fig. 12: SEM micrographs of the as-synthesized ET-SOD layer on top of the silicalite-1 membrane on
a-alumina support (left: top view, right: cross section).

For the calcination of the sodalite layer in the two-layered membranes different
conditions were used. At first the same calcination method as for the sodalite
layers on alumina was used (calcination at 1273 K for 48 h with a heating and
cooling rate of 2 K min-). The diffraction pattern (Fig. 13) demonstrates that the
template removal was successful since the reflections of the SOD are split up after
the heat treatment. Moreover the pattern shows that the silicalite-1 has survived
these harsh calcination conditions unchanged. A photograph of the calcined
membrane is shown in Fig. 14 a. Unfortunately the zeolitic layer is heavily
damaged and is even falling off of the support. That is why other calcination
temperatures and heating rates were tried to see if the procedure can be optimized
in such a way, that a detemplated and intact membrane can be obtained. Reducing
the heating rate from 2 K min! to 0.5 K min-! and the time at 1273 K from 48 h to
24 h resulted in a layer with less cracks than the one described before, but still
quite large gaps of several um are visible in the SEM micrographs (Fig.14 c, d). In
another attempt the same calcination process as for the silicalite-1 was used. That
is a heating to 623 K for 6 h and another heating step to 723 K for another 6 h with
a heating rate of 0.3 K min-l. XRD measurements of these samples showed that the
template cannot be removed from the sodalite at such low temperatures. A
repetition of this heating program showed no improvement of that fact. The best
results could be achieved with a heating rate of 0.5 Kmin! and a reduction of the
temperature to 1073 K for only 12 h. In that case the diffraction pattern showed
the typical split up reflections which indicate the successful removal of the SDA,
but cracks are still visible in the SEM image (Fig. 14 b) even though the cracks are
smaller than in all other attempts.
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Fig. 13: Comparison of the X-ray diffraction patterns of the alumina supported silicalite-1 sodalite
double-layer before and after the heat treatment at 1273 K for 48 h (heating and cooling rate of

2 Kmin1).

Fig. 14: Pictures of alumina supported silicalite-1 sodalite double-layers after different calcination
processes (a: photograph of a sample heated to 1273 K for 48 h with 2 K min-t, b: SEM micrograph
of a sample heated to 1073 K for 12 h with 0.5 Kmin}, ¢ (top view) and d (cross section): SEM
micrographs of a sample heated to 1273 K for 24 h with 0.5 K min-1).
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Summary

Our ambitions in producing a purely siliceous sodalite membrane for a possible
use in the separation of small molecules like hydrogen failed for the calcination of
the sodalite needs very high temperatures. At these temperatures of at least
1023 K the thermal expansion in the materials leads to the formation of cracks in
the zeolite layer. The attempt to overcome these problems by adding a layer of
silicalite-1 between the support and the sodalite did not bring the improvement in
the calcination step that we hoped for. Various temperature profiles were tried for
the calcination of the two layered membrane. Either the template was not removed
at low temperatures or cracks appeared in the layer at high temperatures.
Although it was not our primary goal, we were able to produce silicalite-1
membranes with a quite small thickness that shows good ideal separation factors
that differ significantly from the Knudsen separation factors.

We could also show that it is possible to synthesize mulitlayers of different zeolites
on porous ceramic substrates by using seeded synthesis. The seeding step can be
done in an easy and quick way by the described “dropping and brushing” method.
This could be an interesting approach for other combinations of different zeolites.
It might be possible to build up a multilayer system in which the first layer might
serve as a size selective membrane whereas the second layer could be a catalyzing
one.
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3.2 Investigating the Influence of Different Monocarboxylic Acid
Modulators on the Synthesis of Zr-bdc MOF (Ui0-66)

Preface

The work presented in this section deals with the influence of different
monocarboxylic acids as modulators on the synthesis of Ui0-66. The driving force
behind these investigations was to find a suitable synthesis to yield intergrown
Ui0-66 crystals of a sufficient size. All syntheses of this Zr-MOF published up to
date have resulted in nanoparticles (either aggregated or isolated ones). For the
production of polycrystalline supported membranes it is mandatory to find
synthesis parameters that lead to the formation of larger crystals in the
micrometer size range. The monocarboxylic acid 3-chloroporopanoic acid was
found to facilitate not only the formation of large UiO-66 crystals but also to evoke
a strong tendency to intergrowth and heterogeneous nucleation. It was observed
that 3-chloropropanoic acid can react with the solvent dimethylformamide to form
N,N-dimethyl-beta-alanine and also acrylic acid. Correspondingly, the modulating
effects of these two species were investigated as well. It became apparent from
comparing the results of all syntheses that the intergrowth of the crystals that
could be observed when high amounts of 3-chloropropanoic acid were used, were

actually caused by the presence of N,N-dimethyl-beta-alanine.

This section will be submitted as an original research article. The authors are Imke
Bremer, Andreas Schaate, Simon Dithnen, Thomas Preufle, Adelheid Godt and
Peter Behrens. Dr. A. Schaate provided general advice on the synthesis of Zr-MOFs.
S. Dithnen identified N,N-dimethyl-beta-alanine in the reaction solution. T. Preufie
from the group of Prof. Dr. A. Godt at the Department of Chemistry at the

Universitat Bielefeld performed the TH-NMR spectroscopic analyses.
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Investigating the Influence of Different Monocarboxylic Acid
Modulators on the Synthesis of Zr-bdc MOF (UiO-66)

Imke Bremer,! Andreas Schaate,! Simon Diithnen,! Thomas Preufie,?2 Adelheid
Godt,2 and Peter Behrens!?

! Institute of Inorganic Chemistry, Leibniz University Hannover, Callinstr. 9, 30167 Hannover

2 Department of Chemistry, Bielefeld University, Universitatsstr. 25, 33615 Bielefeld

Abstract

We have investigated the effects of the addition of different monocarboxylic acids,
which can act as a modulator, on the synthesis of Zr-bdc MOF (Ui0-66). Modulators
can influence the crystal size and the degree of aggregation and intergrowth of the
crystallites which is of interest for various applications. Without the addition of a
monocarboxylic acid, the synthesis of Zr-bdc MOF yields aggregated and
intergrown small nanosized particles. Here, we describe the modulating effects of
different monocarboxylic acids, namely benzoic acid, 3-chloropropanoic acid
(which has a pKa value similar to that of benzoic acid), N,N-dimethyl-beta-alanine
hydrochloride and acrylic acid (both of which were found to be formed in the
synthesis mixture of the reaction with 3-chloropropanoic acid). Of special interest
are the morphologies formed in the presence of 3-chloropropanoic acid and N,N-
dimethyl-beta-alanine: The formation of strongly intergrown micrometer-sized
crystallites can serve as a basis for the formation of dense films and membranes.

Keywords

metal-organic framework - microporous materials - modulator approach -
Zr-MOF - Zr-terephthalate - Ui0-66

Introduction

The interest in porous coordination polymers (PCPs) or metal-organic frameworks
(MOFs) has dramatically increased over the past years. These porous materials are
constructed of metal ions or metal clusters that are interconnected by bridging
organic linkers and usually exhibit very high specific surface areas.[12] One of the
advantages of these materials is the fact that the linkers can readily be
interchanged, opening a way to tailor not only the porosity by varying the linker
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lengthl[34] but also the properties of the MOFs by adding functional groups.l>! This
makes them promising candidates for applications such as gas separation, [67] gas
storage, [8] sensing devices,[°! and catalysis.[10]

A major setback of many MOFs is their insufficient stability towards atmospheric
air, water, other chemicals or temperature. The synthesis of an isoreticular series
of more stable Zr#4*-containing MOFs has been published.['1] These contain a stable
secondary building unit (SBU) with the formula [Zr¢04(OH)4]12* and feature a high
degree of interconnectivity between these SBUs (each SBU is connected to twelve
other SBUs by linear dicarboxylate linkers to form a face centered cubic
arrangement), all based on strong zirconium-oxygen bonds, resulting in high
chemical and thermal stability. The zirconium-oxo-hydroxo clusters corresponding
to the SBUs have also been described as isolated molecules when saturated with
with monocarboxylate ligands,!1213] which further emphasizes their high stability.
The first materials of this type are Ui0-66 (Zr-bdc, Hzbdc: terephthalic acid), UiO-
67 (Zr-bpdc, Hzbpdc: biphenyl dicarboxylic acid) and UiO-68 (Zr-tpdc, Hatpdc:
triphenyl dicarboxylic acid). It was demonstrated by Guillerm et al. that the
methacrylate-terminated cluster ZrsO4(OH)4(maa)i2 (maa: CH2=C(CH3)COO-) can
in fact be used as a precursor in the synthesis of Ui0-66 and an isostructural MOF
containing the muconic acid dianion as linker.[14]

In order to make use of these materials it is necessary to gain control over the
synthesis and be able to selectively influence the morphological properties of the
products like, for example, the crystal size and shape as well as the state of
aggregation and intergrowth: Whereas single crystals are important for X-ray
structural analysis and for the exploitation of certain physical properties and
individual nanoparticles can be of interest for chemical sensing devices or
biomedical applications, micrometer-sized and densely intergrown crystals are
requested in the formation of dense supported layers, as used for example in
separation membranes. Following the modulation approach originally described
by the group of Kitagawall617l, we added monocarboxylic acids to the synthesis
mixtures. On the one hand, this addition allowed us to increase the reproducibility
and the crystallinity of the products. Furthermore, it provided the possibility to
synthesize novel MOFs which were not accessible without using a modulator,
including several with UiO-type topology (Zr-fum-MOF, Hzfum: fumaric acid, trans-
butene-1,4-dicarboxylic acid;!'8! Zr-abdc-MOF, Hzabdc: azobenzenedicarboxylic
acid)(’] and the family of PIZOFs (porous interpenetrated Zr-organic
frameworks).[20] Most importantly, by applying the modulation approach we also
gained a certain degree of control about the crystal size in the products of Zr-MOF
syntheses.[1821] Using different amounts of benzoic acid as the modulator, we were
able to selectively vary the crystal size of UiO-66 nanocrystals, to obtain
micrometer-sized UiO-67 crystals in a highly reproducible fashion, and to produce
the first single crystals of a Zr-MOF.[21] The use of formic acid as the modulating
agent in the synthesis of the Zr-fum MOF also allowed a certain degree of control
over the size of the nanocrystals. Generally, it was observed that with increasing
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the amount of modulator, the crystallites appeared more isolated, i.e. aggregation
and intergrowth decreased. These findings can be explained by the idea of
“coordination modulation”, which is based on a competition between
monocarboxylic acids (modulators) and dicarboxylic acids (linkers) for the
coordination sites at the SBUs. In this way, modulators can slow down the rate of
nucleation as well as of growth. A reduced nucleation rate should lead to fewer and
larger crystals, a reduced growth rate should lead to more defect-free crystals and
enhanced crystallinity.

Here we report on the effects of different monocarboxylic acids as modulators in
the synthesis of UiO-66. Benzoic acid was chosen as a modulator because of its
similarity to the linker molecules (terephthalic acid) and 3-chloropropanoic acid
was chosen because it has a pKa value of 4.1, which is very similar to that of
benzoic acid (4.17). N,N-dimethyl-beta-alanine hydrochloride and acrylic acid
were found to be formed during the course of the synthesis reaction involving
3-chloropropanoic acid. Hence, these two species were also investigated as
possible modulators.

Experimental

N,N-dimethyl-beta-alanine hydrochloride was purchased from TCI (Tokyo
Chemical Industries), all other chemicals were obtain from Sigma-Aldrich. All
chemicals were used as received without further purification.

Syntheses of UiO-66

The synthesis of UiO-66 was performed by dissolving ZrCls (0.429 mmol, 1 eq) and
Hzbdc (0.429 mmol, 1eq) in 25 mL N,N-dimethylformamide (DMF) in a 100 mL
glass flask at room temperature. To these mixtures 0 - 30 equivalents of benzoic
acid, 3-chloropropanoic acid (3-cpa), N,N-dimethyl-beta-alanine hydrochloride
(dmba) and acrylic acid were added to investigate the influence of these
monocarboxylic acids as a modulator. The glass flask was then sealed with a Teflon
lined screw cap and heated to 120 °C for 72 h. After cooling the white precipitate
was collected by centrifugation and was washed with 15 mL DMF and 15 mL
ethanol, respectively. The washing steps were carried out by repeated redisperson
and centrifugation. The resulting white powders were then dried at 60 °C over
night. Activation of the samples was done by a soxhlet extraction with ethanol over
night and drying at 120°C in a convection oven.
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Characterization

Powder X-ray diffraction (PXRD) patterns were collected using a Stoe Stadi P
transmission diffractometer with Ge(111)-monochromized CuKa; radiation with a
wavelength of A = 1.54060 A. When applicable, Scherrer’s equation was used to
calculate the particle size using the first (and most intense) reflection of the
diffraction pattern. A silicium standard was measured under the same conditions
to determine the reflection broadening caused by the instrumental setup.

Scanning electron micrographs were recorded using a JEOL JSM-6700F field-
emission scanning electron microscope operated with an acceleration voltage of
2 kV at a working distance of 8 mm using a LEI-detector and 3 mm using a SEI-
detector respectively. Samples were prepared by suspending the material in
ethanol and dropping the suspension on a graphite block.

Thermogravimetric analysis (TGA) measurements were carried out using a
Netzsch STA 429 thermoanalyser. The samples were heated in corundum crucible
in air with a heating rate of 5 K min-! to a maximum temperature of 1000 °C.

Argon sorption isotherms were measured on a Quantachrome Autosorb-1
instrument. Prior to the sorption experiment, the samples were purified by Soxhlet
extraction with ethanol for 24 h, died at 120°C and outgassed at 120 °C in vacuum
for 72 h.

Results and discussion

In the following the amount of modulator used will be stated as molar equivalents
in relation to the amount of ZrCls. For example, a synthesis performed with benzoic
acid in a molar ratio of 10:1 in relation to ZrCls will be denoted as “10 eq benzoic
acid”.

In Figure 1 and 2 the PXRD patterns of the products of the syntheses with different
amounts of benzoic acid and 3-cpa are shown (for benzoic acid-modulated
syntheses, which had been carried out with syntheses periods of 24 h, similar
results have been described in ref. [21]). Independent of the type and amount of
modulator used in the synthesis of Ui0-66, a full set of reflections can be found in
all diffraction patterns. All reflections can be attributed to the UiO-66 phase. Using
no modulator or small amounts of modulator, the reflections are broadened. From
this reflection broadening, the crystallite sizes can be calculated using Scherrer’s
equation (Table 1). In syntheses with low amounts of modulator, the particle sizes
decrease at first; they increase dramatically when 5 eq or more of the modulator
were used. Interestingly, this behavior is the same for both benzoic acid and 3-cpa,
and particle sizes calculated from the broadening of the reflections are very similar
for the same amount of modulator used. SEM micrographs of the products
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obtained with low amounts of modulators (up to 10 eq) are also similar for
products from both, benzoic acid- (Fig. 1) and 3-cpa-modulated (Fig. 2) syntheses.

20 eq 30 eq
J 30 eq
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J 20 eq
U, n
J 10 eq
U ) " .
2 5eq
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JJL >4
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L 0 e
5 10 15 20 25 30 35 40
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Fig. 1: Powder XRD patterns of Zr-bdc MOF synthesized with different amounts of benzoic acid (0 -
30 eq) and corresponding SEM micrographs of the samples.

When no modulator is used intergrown aggregates of very small crystallites are
obtained (Fig. 1, 0 eq). With an increasing amount of modulator the particles
become more individualized and crystal faces become visible in the SEM
micrographs. This is especially the case for benzoic acid where this trend continues
up to the highest modulator concentrations used here (Fig. 1). With 3-cpa as
modulator, this trend towards more individual crystals can only be observed for
small amounts of modulator of up to 10 eq (Fig. 2). When more than 10 eq (i.e. 20
eq or 30 eq) of 3-cpa are added in the syntheses, a tremendous change in the
product morphology can be noted. In contrast to the products obtained with
benzoic acid, which are isolated octahedrally shaped crystals with sizes of approx.
200 - 300 nm (Fig. 1, 30 eq), in the case of 3-cpa the crystals are strongly
intergrown (Fig. 2, 30 eq). The primary crystals are several pm in size and also
show indications of an octahedral shape.
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Fig. 2: Powder XRD patterns of Zr-bdc MOF synthesized with different amounts of 3-chloro-
propanoic acid (0 - 30 eq) and corresponding SEM micrographs of the samples.

Table 1: Crystal sizes of Ui0-66 prepared with different amounts of benzoic acid and 3-chloro-
propanoic acid as modulators determined by Scherrer’s equation and SEM micrographs.

amount of benzoic acid 3-chloropropanoic acid

modulator dscherrer / nm dSEM/ nm dScherrer/ nm dSEM/ nm
0eq 55.8 -b 55.8 -b
1eq 52.3 40 -60 52.3 40-60
3eq 49.1 50-80 46.4 50-70
5eq 58.9 50-100 52.0 100 -150
10 eq 76.7 70-130 68.5 120-170
20 eq 90.1 80-180 -a several pm
30 eq -a 200 - 300 -2 several pm

a; Crystal sizes are too large for the application of Scherrer’s equation.
b: Crystal sizes cannot be evaluated from SEM micrographs due to aggregation.

During the syntheses with 20 and 30 eq 3-cpa, it can be observed that
crystallization takes place quite late (typically during the last 12 of 72 h) and
mainly on the surface of the glass. This fact and the strong intergrowth are
indications that a heterogeneous crystallization takes place unlike to the case of
benzoic acid-modulated reactions, where crystallization starts within several
minutes (at most 2 h with 30 eq benzoic acid) mainly in the solution and not on the
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glass walls of the vessel. Also, reaction solutions to which large amounts of 3-cpa
had been added, show a yellow color after the reaction treatment and a gas is
escaping from the solution upon opening the reaction vessels.

Summarizing, the results from reactions modulated with small to medium amounts
of benzoic acid or 3-cpa show similar outcomes, in line with the similarity of the
pKa values of both acids. However, for large amounts of modulator, the reactions
and their products are rather different for benzoic acid versus 3-cpa. In fact,
similar results as obtained with the use of benzoic acid as a modulator can also be
produced with many other simple acids like for example acetic acid or formic acid.
Also the additional observations described above suggest that 3-cpa plays a special
role in product formation. The yellow coloration of the synthesis mixture after
reaction, the delayed formation of the product and the liberation of a gas indicated
to us that 3-cpa probably undergoes reactions in the synthesis mixture which lead
to some species that disseminate a modulating effect different from that of a
simple monocarboxylic acid.

To clarify this proposal, a mixture of DMF, 3-cpa and ZrCls (750 : 30 : 1) without
any linker was heated to 120 °C for 72 h in a closed vessel. After cooling the
mixture to room temperature, a white precipitate formed. The PXRD pattern of the
precipitate showed no similarity to any of the reactants but was identified as N,N-
dimethyl-beta-alanine (dmba) (Fig. 4). This species is formed in a reaction of 3-cpa
with dimethylamine (DMA). DMA forms when the solvent DMF decomposes upon
contact with water and heating (Fig.3). Evaluation of a TH-NMR spectrum of the
reaction solution revealed the presence of acrylic acid (aa). Either dmba or 3-cpa
can undergo an elimination of DMA or HCI, respectively, to form aa (Fig. 3).
Interestingly no residual 3-cpa was found to be present in the reaction solution.

H ~_ _H o} Decomposition of DMF \A(ith
\N)]\H —ZO> N + )]\ water leads to the formation
| A | HO H of DMA and formic acid.
DMF DMA

3-cpa to form dmba.

O
~, -H O .
N ) DMA can further react with
| + — N\ oH HCl
Cl OH |

DMA 3-cpa dmba
O
N OH \)]\ *
| OH |
Acrylic acid may either be
dmb aa DMA
mba formed from dmba or 3-cpa
via an elimination reaction.
o} 0}
B + HCI
/\)J\ \)J\
Cl OH OH
3-cpa aa

Fig. 3: Reaction scheme clarifying the formation mechanisms of N,N-dimethyl-beta-alanine(dmba)
and acrylic acid (aa).
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Fig. 4: Comparison of the PXRD patterns of the precipitate formed a mixture of DMF, 3-cpa and
ZrCls without any linker and the commercially available N,N-dimethyl-beta-alanine hydrochloride.
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Fig. 5: 1H-NMR of a reaction solution (without ZrCls, heated to 120 °C for 72 h) shows the presence
of acrylic acid (*H-NMR (200 MHz, DMS0-d¢) 6 = 5.86 (dd, ] =9.79, 2.26 Hz, 1H), 6.07 (dd, ] = 17.32,
9.79 Hz, 1H), 6.25 (dd, ]=17.07, 2.30 Hz, 1H) ppm). Signals of dmba are superimposed by the very
intense DMF signals.

Since acrylic acid and dmba were found in the reaction mixture when 3-cpa was
used as a modulator, the modulating properties of these acid were also studied by
a set of reactions with different amounts of aa and dmba introduced to the
synthesis batches.

When acrylic acid is added to the reaction, it can be judged from the broadening of
the reflections in the PXRD patterns (Table 2) as well as from the SEM micrographs
(Fig. 6) of the samples that nanoparticles without defined shape and with a small
degree of aggregation are obtained in all synthese regardless of the amount of aa
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added. These findings are very much unlike the observations made with 3-cpa as
modulator, where micrometer-sized intergrown crystals are formed with high
modulator concentrations of 20 - 30 eq. From the comparison of these results it
can be stated that acrylic acid is obviously not accountable for the intergrown
nature of the crystals and therefore not the ‘true’ modulator in the modulated
reaction with 3-cpa.
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Fig. 6: Powder XRD patterns of Zr-bdc MOF synthesized with different amounts of acrylic acid (0 -
30 eq) and corresponding SEM micrographs of the samples.

Table 2: Crystal sizes of UiO-66 prepared with different amounts of acrylic acid as modulator
determined by Scherrer’s equation and SEM micrographs.

amount of acrylic acid  dscherrer / NM  dsgm/ nm

leq 37.3 20-30
3eq 25.4 25-35
5eq 324 35-50
10 eq 37.4 40 - 60
20 eq 46.8 40 - 55
30 eq 55.4 60 - 90

Dmba carries a carboxylic acid group as well and could thus also act as a
modulator. To investigate this idea further, syntheses with different amounts of
the commercially available N,N-dimethyl-beta-alanine hydrochloride were carried
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out. The PXRD patterns shown in Fig. 7 display the presence of an amorphous
background for products obtained at low dmba concentrations (1 - 5 eq). In this
range of concentrations, the presence of dmba does not seem to unfold a
modulating effect, but rather to interfere with the synthesis in a way that
amorphous products are formed. With higher concentrations of 10 - 30 eq, on the
other hand, highly crystalline products are formed, which show no amorphous
background and exhibit reflections with a narrow half-width in the PXRD pattern.
The samples prepared with high modulator concentrations consist of large
intergrown particles (Fig. 7, 20 eq, 30 eq) and look very similar to those prepared
with high amounts of 3-cpa (Fig. 2, 20 eq, 30 eq) in the SEM micrographs.

L
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Fig. 7: Powder XRD patterns of Zr-bdc MOF synthesized with different amounts of N,N-dimethyl-
beta-alanine hydrochloride (0 - 30 eq) and corresponding SEM micrographs of the samples.

These results allow the assumption that dmba is the actual modulator also in the
syntheses carried out with 3-cpa. This would also explain the prolonged reaction
times in 3-cpa modulated reactions. First dmba has to be formed before the
crystallization <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>