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Abstract

Porous materials are an important class of compounds in a variety of applica-
tions. Within the family of porous materials, metal-organic frameworks (MOFs)
have emerged as outstanding compounds. In comparison to other porous struc-
tures, such as zeolites or carbon-based materials, the potential of MOFs in various
applications is based on their great structural diversity. This diversity is attributed
to the construction of MOFs, based on the connection of metal ions or clusters in
combination with a large number of possible linkers. Through the incorporation of
functional groups at the linker and the tunability of the linker length, MOFs with
exceptionally high porosity and desired surface functionalization can be achieved.
However, regarding MOFs for applications, their framework stability towards humid-
ity and especially liquid water is still a crucial point. Moreover, several applications
are based on a desirable form of the material; especially thin films are of great
importance.

Regarding these implicit challenge, the first part of this thesis is focused on the sur-
face functionalization of MOF frameworks in a variety of MOF topologies. Moreover,
especially the framework stability towards water has been investigated with respect
to the functional groups at the linker. The second part of this thesis deals with
the fabrication of MOFs as thin films. For this purpose a new, rapid, and facile
method producing MOF films has been developed. Moreover, through the combi-
nation of surface functionalization and MOF film growth, the novel concept of a
chemiluminescent MOF has been explored.

The first MOF with functionalized linkers has been investigated in a copper-based
PCN-6 topology. For this purpose, in collaboration with the group of Prof. Lün-
ing (Christian-Albrechts-Universität zu Kiel), trigonal functionalized linkers were
synthesized. As only parts of the internal surface area should be functionalized,
mono-substituted trazine linkers were synthesized. For achieving the latter, a modi-
fied synthesis route in comparison to the easily achievable tri-functionalized triazine
linkers was followed. As functionalizations, nitro and amine groups were chosen,
while also the position relative to the connecting unit at the linker has been varied.
Through X-ray studies we found that the position of the substituent has no influ-
ence on the stability of the framework, while the nature of the functional group has
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a large impact. Contrary, the accessible surface area of the Cu-MOFs is strongly
dependent on the position of the functional group.

During our studies, all investigated Cu-based MOFs turned out to be only mod-
erately stable towards humidity. Hence we turned our attention to the synthesis
of more water stable MOFs, using the mono-functionalized linkers. A mixed-linker
MOF, based on trigonal and linear linkers has already shown to be stable towards
water, however the trigonal linker is based on a benzene core instead of a triazine
one and even functionalized versions of the linker have been incorporated. Also,
MOFs exhibiting two or more functionalizations are currently in the focus of MOF
research. However, most reported mixed linker MOFs are constructed by combin-
ing differently functionalized linkers, having the same geometry. Consequently, the
position of the functional groups inside the mixed network is randomly distributed,
while through the combination of two linker types exhibiting different topologies
the functionalization can be installed at precisely defined positions inside the net-
work. For achieving this, we focused on un- or nitro-functionalized triazine linkers
in combination with un- or amine-substituted terephthalic acid, leading to five dif-
ferently functionalized iron-based MOFs. Through the use of the nitro-functional
triazine linker in combination with the amine-substituted terephthalic acid a MOF
exhibiting two different functionalities was achieved. Using X-ray studies, we were
able to show that the framework is stable towards water regardless of the func-
tionalization of the internal surface. As these MOFs have been shown to be stable
towards water, an extension of the network by using extended versions of the linkers
had been investigated. Interestingly, only an elongation of the trigonal linker led
to a crystalline framework, whereas an elongation of the linear linker led to amor-
phous material, even if combined with the elongated trigonal one. Nevertheless, the
extended crystalline frameworks have been shown to be less stable.

In the next project we turned our attention to synthesizing functionalized zirconium-
based frameworks, as the parent structure based on terephthalic acid has been shown
to be resistant towards water. However, an elongation of the linker resulted in a
decreased stability. In cooperation with the group of Prof. Godt (Universität Biele-
feld), we synthesized differently substituted elongated terephthalic acid linkers. The
synthesis of different terphenyl-based linkers with variations in the position, num-
ber and nature of the functionalization was achieved by coupling various substi-
tuted building blocks. By using bulky functional groups we wanted to achieve a
steric/hydrophobic hindrance for water molecules to protect the metal cluster from



Abstract IX

hydrolytic attack. X-ray studies however revealed only moderate humidity stability
of the five differently functionalized frameworks, whereby MOFs comprising bulky
and hydrophobic functional groups have been shown to be somewhat more stable.

In comparison to the investigated zirconium-based UiO-MOF a further elongation
of the linker leads to an increase in water stability. When increased linker sizes
are utilized, an interpenetration of the network can occur, resulting in a decrease
of the surface area and pore volume and leading to an overall enhanced stability
against water. In collaboration with the group of Prof. Behrens (Leibniz Universität
Hannover) and the group of Prof. Godt (Universität Bielefeld) the boundary between
the non-interpenetrated UiO topology and the interpenetrated PIZOF-topology has
been investigated. Linkers with precisely tunable lengths were achieved by the
combination of phenylene (P) and ethynylene (E) units. Furthermore, the two new
members of the PIZOF family based on PEPP- and PPPP-linkers were characterized
and their water stability has been investigated and compared to the unique PIZOF
based on PEPEP-linkers. Interestingly, these new PIZOF frameworks are stable
towards water, but decompose if dried from a water-wetted state, and are only
stable if water has been exchanged by ethanol. To the contrary, the PEPEP-PIZOF
is even stable if dried from the water-wetted state.

In the second part of this thesis the growth of MOFs as thin films has been inves-
tigated. We chose a series of UiO-/PIZOF-based materials, as we were successful
in integrating a chemiluminescent moiety into this framework topology. However,
for monitoring the chemiluminescene of the MOF, the crystals should be ideally
mounted on a surface. We therefore developed a new, facile and rapid method for
preparing MOF films, i.e., the vapor-assisted conversion. To illustrate the attractive
generality of this method, the whole isoreticular UiO/PIZOF series with linker ele-
ments ranging from one phenyl up to a quaterphenyl has been investigated. Through
screening of different growth conditions, tuneability of the film thickness as well as
the crystallite size and moreover the orientation of the film was obtained. Surpris-
ingly, the growth appears to be independent of the nature of the surface, as different
substrates lead to similar films.

In the last part of this thesis, the synthesis and characterization of chemilumines-
cent zirconium-based MOFs has been investigated. In the literature, the concept of
peroxyoxalate reactions is well known and has already been studied for anthracene
molecules. In collaboration with the group of Prof. Godt (Universität Bielefeld),
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a diphenyl anthracene moiety was synthesized and integrated into the porous UiO
network. By applying the newly developed vapor-assisted conversion method, films
consisting of MOFs with a chemiluminescent linker were produced. The chemilumi-
nescence of the framework could be easily visualized, when the MOF was mounted
on a substrate. Furthermore, the stability of the framework was examined under
the chemiluminescence reaction conditions.
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Chapter 1

Introduction

1.1 Metal-organic frameworks - A promising class
of porous materials

In the last century, porous materials have gained importance due to their extraordi-
nary properties and potential for use in various applications. Porous materials can
be classified in many ways, but the most common system (created by IUPAC [1]) uses
pore diameters. For pore diameters smaller than 2 nm the materials are referred
to as microporous, materials with pore diameters between 2 nm up to 50 nm are
called mesoporous, and materials with pore diameters exceeding 50 nm are called
macroporous, respectively.

Until 1990, the two most important porous materials were zeolites and carbon-based
materials. [2] Activated carbon materials exhibit high open porosity, but are disor-
dered in their structures. In comparison, zeolites are crystalline and microporous
and have been studied intensively due to their structural diversity and high stabil-
ity. [3] They have been used in many ways, such as molecular sieves, ion exchangers
and as catalysts. [4–6] Their general formula is Mn+

x/n[(AlO2)x(SiO2)y]x− ·wH2O indi-
cating that the framework construction is based on corner-sharing aluminum oxide-
and silicon oxide-tetrahedra. The anionic three-dimensional framework is defined
by cages and accessible through interconnecting channels. The porous structure
hosts alkaline and alkaline-earth metals for charge neutrality and water, which can
be easily removed and thereby provides the porosity of the material. [2] However,
zeolites have some drawbacks: their pore sizes are limited and therefore diffusion
problems can occur and the number of possible metal ions is limited. These draw-
backs have been overcome by the discovery of a new type of porous and crystalline
materials: metal-organic frameworks (MOFs). [7] The construction of MOFs is based
on the self-assembly of inorganic clusters and organic linker molecules resulting in
materials which are more flexible in their design in terms of pore shape and size.
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The great variety of metal cations that can be incorporated into the frameworks in
combination with the huge number of possible organic linkers is one striking feature
of MOFs and results in nearly endless opportunities. [8–17] Due to the intriguing prop-
erties of MOFs, such as high crystallinity and extraordinarily high surface area in
combination with tunable pores and structural diversity, MOFs have attracted enor-
mous interest. [8] The range of potential applications is large, as MOF have shown to
be promising materials not only for gas storage, separation and purification, [18–20]

but even in heterogeneous catalysis [21,22] and drug release. [23–25] Numerous other
applications, like chemical sensing, [26,27] electrocatalysis, [28] supercapacitors, [29] bat-
teries, [30] electron conduction, [31,32] and electrochromic devices, [33,34] have also been
studied, but in these applications, MOFs would be most useful as thin films. [35–37]

Moreover, in these latter applications the stability of the MOFs, especially in humid
and aqueous environments, is very important. [38–41]

The next chapters will illustrate the great variety in the design of MOFs and will
highlight the MOF structures investigated in this thesis. Furthermore, the water
stability in MOFs as well as the already existing methods for the construction of
MOF films will be discussed in detail.
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1.2 Design of metal-organic frameworks

Metal-organic frameworks (MOFs) (also called porous coordination polymers
(PCPs)), are a relatively new class of porous materials that can be classified into
the field of inorganic-organic hybrid materials, as they are constructed of small
clusters, where metal ions are coordinated by organic linkers, like in coordination
chemistry. [11,42] Kitagawa [43] suggested the classification of the hybrid materials into
three generations, depending on their behavior upon guest removal (Figure 1.1).
The first generation frameworks are only stable in the presence of guest molecules
but decompose upon removal (Figure 1.1a). The second (Figure 1.1b) and third
generations (Figure 1.1c) show permanent porosity, even upon guest molecule re-
moval, while the third generation exhibits a flexible framework, that can change
its structure upon the action of external stimuli - like guest removal or even tem-
perature, pressure, light, and electric or magnetic field. MOFs or PCPs are most
commonly categorized into the second generation, while just a few reports discuss
the third generation.

Figure 1.1: Classification of hybrid materials according to Kitagawa [43] into three gener-
ations. (a) First generation frameworks, which are only stable in the presents of guest
molecules, while collapsing upon guest removal. (b) Second generation being robust and
stable and exhibiting permanent porosity upon removal of guest molecules. (c) Third gen-
eration materials are flexible and can change their structure upon the action of external
stimuli, like guest removal. [43]

Until 1990 coordination polymers were sporadically reported, but with the work of
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Hoskins and Robson [44] the systematic design and construction of coordination poly-
mers began. Hoskins and Robson [44] reported the coordination of Cu(I) centers with
a tetratopic organic linker of 4,4′,4′′,4′′′-tetracyanotetraphenylmethane. Soon after
this, Kitagawa et al. [45] reported a microporous pyridyl-based material exhibiting
permanent porosity and the group of Yaghi [46] showed the construction of carboxyl-
based material. Since then more than 20,000 structures have been synthesized. [10]

Figure 1.2: Schematic representation of the most common connection clusters of metals in
MOFs. For a metal with a preferred connection environment of four, the connection can
either be (a) paddle wheel or (b) square planar. For a 6-connected metal the geometries
are (c) octahedral and (d) trigonal prismatic, while an 8-connected metal cluster exhibits
a (e) cubic shape. [47]

Due to the possibility of achieving rigidity and stability of the frameworks, Omar
Yaghi [48] suggested in 1995 the more general term ’metal-organic frameworks’, which
is now commonly used. The great interest in MOFs is mainly due to the diversity
of framework possibilities and crystalline structures exhibiting permanent porosity.
MOFs are comprised of infinite networks by joining inorganic building units (IBUs)
through strong coordination bonds with organic linkers. The IBU, also sometimes
denoted as secondary building unit (SBU), is composed of metal ions or metal clus-
ters. Already many different metals have been incorporated into MOFs. Apart from
the variety of metals, the connectivity to the organic linker can exhibit different
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shapes, as the metals can form cluster connectivities ranging from four up to twelve,
but even infinite chains of metal oxide fragments are possible. [47] For a 4-connecting
cluster the geometry can be either paddle wheel (Figure 1.2a) or square planar
(Figure 1.2b), while for 6-connecting clusters octahedral (Figure 1.2c) or trigonal
prismatic clusters (Figure 1.2d) are preferred and for 8-connecting clusters cubic
shape (Figure 1.2e) is most common. Combining the IBUs with organic linkers
(also called organic building units (OBUs)) results in an infinite number of possibil-
ities. The linkers can be categorized according to their number and orientation of
the connecting Lewis-basic sites. [15] The organic linkers can also vary in their con-
necting unit. While mainly carboxylates have been used, heterocyclic compounds
or even phosphonates and sulfonates have been successfully incorporated into the
frameworks. [9] On the other hand, it is also possible to vary their number of con-
necting units; the most common linkers are ditopic, but also tritopic and tetratopic
linkers have gained much interest. A few examples of higher polytopic linkers are
already reported, where hexatopic or even octatopic linkers have been incorporated
into the framework. The diversity of MOFs can even be further enhanced, by ac-
counting for the incorporation of desymmetrized linkers or even the use of mixed
linkers.

In the literature four different strategies are known for mixed linkers. First, the MOF
exhibits the same linker topology, but different functional groups at the backbone,
these types of MOF are known as multivariate MOFs (MTV-MOFs). [49] Second, it is
possible to use linkers exhibiting different geometries but with the same connectiv-
ity. Third, linkers exhibiting different connecting units have also been successfully
incorporated into the networks. Lastly, linkers that are coordinatively identical but
distinct in their shape can be used in parallel. If postsynthetic modifications (PSMs)
of the linkers or even postsynthetic linker exchange are regarded, the diversity of
MOFs can be enhanced.

Figure 1.3 schematically illustrates the construction of the MOF, where a three-
dimensional framework is built up from inorganic and organic moieties connected
through strong coordination bonds. In the synthesis of zeolites organic template
molecules have been added, while in the synthesis of MOFs the solvent itself can act
as a template. [11] In a standard synthesis the MOF components are dissolved or dis-
tributed in solvents like water, alcohols, dialkyl formamides or pyridine and heated
to the desired temperature (< 250 ◦C). In the synthesis different parameters, such as
temperature, concentration, or even the starting material, can have an influence on
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Figure 1.3: Schematic representation of the construction of a MOF resulting in a three-
dimensional network. Blue ball is indicate the metal ion or cluster, while the yellow-red
stick represents a linear ditopic linker with the functional groups for the coordination to
the metal in red and the linker backbone in yellow.

the resulting framework. For the synthesis of MOFs also a modulator approach can
be used, resulting in highly crystalline MOFs. In the synthesis of carboxylate-based
MOFs, modulators are usually monocarboxylic acids, like formic acid, acetic acid or
benzoic acid, and are used in combination with an OBU such as di- and multi-topic
carboxylates. In the synthesis of zirconium-, aluminum-, chromium- and lanthanide-
based MOFs, modulators can suppress the hydrolysis of the metal precursor to the
metal oxide due to their acidity. Modulators are even able to slow down the crystal
growth, resulting in larger crystals. [14]

In comparison to zeolites and other inorganic compounds, in principle the incorpo-
ration of functional groups into MOFs is straightforward because the organic linker
molecules allow for the integration of any number and kind of chemical moieties. Up
to now various functionalizations were successfully attached in a presynthetic man-
ner, however highly functionalized linkers are limited due to solvothermal issues. [50]

Functionalized groups presynthetically incorporated have a few requirements, for
example the solubility of the linker molecule should be maintained, the coordina-
tion of the functionality to metal ions should be limited, and most importantly the
functionalized group should be thermally and chemically stable. [50] Also the bulki-
ness of the functional groups can have an impact on the formation of the network,
as it can prevent the MOF formation. An alternative method for introducing func-
tional groups into the MOF framework is by postsynthetic modification, whereby
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the chemical modification is performed on an already existing framework rather
than in the organic precursor. For this method a different set of requirements have
to be fulfilled, as the reaction conditions for the assembly of the functional group
should be compatible with the framework stability. The high porosity of the MOFs
promotes the PSM method, as not only the external surface but also the internal
surface can be modified and the reagents can easily access the interior of the frame-
work. [50] In this thesis different functional groups were incorporated into different
MOF topologies, however when concerning PSM reactions the stability of MOFs is
of great importance. Cohen [50,51] categorized postsynthetic modifications into three
different topics, which are schematically represented in Figure 1.4. The classifica-
tion is according to the type of chemical bond, which is formed or broken during
the postsynthetic approach, but the methods are not mutually exclusive and can be
used in combination.

Figure 1.4: Schematic representation of the three different postsynthetic modifications
(PSM), categorized by Cohen in 2012: (a) covalent PSM, (b) dative PSM, and (c) post-
synthetic deprotection (PSD). [50]

In covalent PSM (Figure 1.4a), a component of the MOF is modified in a heteroge-
neous, postsynthetic manner by forming covalent bonds. This is the most extensively
studied method and a powerful method for introducing a broad range of chemical
functionalities into the MOF scaffold. Mostly the organic linker is modified by this
method, while also a few reports on the modification of the IBU are present. In
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comparison, dative PSM (Figure 1.4b) only forms dative bonds, like metal-ligand
bonds. Therefore, it is possible that ligands can coordinate to the IBU, but it is
also possible that metals bind to the organic linker. For postsynthetic deprotection
(PSD; Figure 1.4c) only a few examples are reported. Functionalities that hinder
the construction of MOFs have to be protected presynthetically. Hereby PSD is a
powerful tool, as chemical bonds (covalent or dative) interacting with the framework
are cleaved, revealing MOFs with different properties and functionalities.

Figure 1.5: The isoreticular series of MOF structures based on the MOF-5 topology net-
work (IRMOF-1), which is constructed of [Zn4O]6+-clusters connected by BDC linkers.
Sixteen different structures were achieved by varying the functionalization and length of
the linear linker (IRMOF-2-16), and with increasing linker length the pore sizes increase
as indicated by the increase in size of the yellow ball. For larger pores the possibility of in-
terpenetration is greater, and IRMOF-9, -11, -13 and -15 are the interpenetrated versions
of their analogous IRMOF-8, -10, -12 and -14 structures. [7,52,53]

An ongoing challenge in the synthesis of MOF material is to alter the chemical
composition, functionality, and molecular dimensions without changing the under-
lying topology; this is known as reticular chemistry or the molecular building block
(MBB) approach. [54] The major design strategy is based on the fabrication of MOFs
exhibiting larger pores and surface areas [55] and has been developed by Yaghi et
al. [56] Reticular MOF synthesis is based on increasing the distance between the
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nodes by extending the organic linker. For polytopic ligands, the angularity be-
tween the Lewis-basic sites has to be maintained, while the distance between the
groups is increased linearly, commonly by adding phenyl or ethynyl groups. For a
series of reticular MOFs, also known as isoreticular MOFs (IRMOFs), expanding the
linker does not affect the network topology, and so the MOFs are typically named
IRMOF-n with n being an integer number, designating the members of this series.
In the IRMOF series some challenges appear, as with larger linkers the pores are
larger and interpenetration of the network can result. Interpenetrated networks are
constructed of two or more individual networks, while the IBU of one network is
intercalated in the pore of the other network. Through interpenetration the porosity
and pore sizes are reduced, while the stability is enhanced. It is even possible to
form multiple interpenetrations. [57] Another difficulty in the synthesis of IRMOFs is
that the synthesis conditions often have to be adjusted for the different linker types,
as the functionalization can have an influence on the solubility and reactivity. The
concept of reticular chemistry has successfully been demonstrated by the group of
Yaghi [53] in 2002 on the MOF-5 network topology. MOF-5 is constructed of Zn2+

or Mg2+-clusters connected by 1,4-benzendicarboxylic acid (BDC) forming a cubic
network. As illustrated in Figure 1.5 Eddaoudi et al. [53] were able to incorporate
twelve different linkers, varying in functionality and length into the MOF-5 topology.

Recently the group of Yaghi [58] was even able to show the great potential of reticu-
lar chemistry by synthesizing an isoreticular series based on the MOF-74 topology
(Figure 1.6). The MOF-74 is based on infinite rod-shaped metal oxide IBUs, namely
of bivalent metals like Zn2+ or Mg2+, arranged in a hexagonal manner and joined
by dioxidoterephthalate (DOT). In this series, the linker was elongated from only
one phenyl ring to eleven phenyl rings, resulting in a tunability of the pore aperture
from 14 Å up to 98 Å.
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Figure 1.6: The isoreticular series based on the MOF-74 topology (IRMOF-74-I), where
bivalent metals (Zn2+ or Mg2+) forming infinite metal-oxide rods are arranged in a hexag-
onal manner and joined by DOT. Through the elongation of the DOT linker from only
one phenyl ring up to eleven phenyl rings, the pore aperture can be tuned from only 14 Å
up to 98 Å. [58,59]
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1.2.1 Zirconium-based metal-organic frameworks

Figure 1.7: Schematic representation of the UiO-66 structure with the octahedral cages
highlighted in orange (a) and tetrahedral cages in yellow (b). (c) Shows the octahedral
cage with a pore diameter of 12 Å indicated as an orange ball and (d) the tetrahedral cage
with the pore diameter of 7.5 Å indicated as a yellow ball. [60]

One of the most common transition metals on earth is zirconium, which can be eas-
ily obtained from the mineral zircon. [9] Zirconium belongs to the group 4 elements,
a class of elements that is highly resistant to corrosion and exhibits a high affinity
towards hard oxygen donor linkers. [61] In 2008 Cavka et al. [62] reported the first
Zr-based MOF, since then research in Zr-MOFs has exploded. The structural di-
versity of Zr-MOFs is attributed to the connection of polyatomic inorganic-clusters
and polytopic organic linkers, and the various ways of connecting these two com-
ponents. [40] One cluster is based on the Zr6O8-cluster with different coordination
environments and the second one is a 12-connecting node of Zr8O6. However, it has
also been shown that single ZrOx-clusters (with x = 6,7,8) and chains constructed of
Zr(IV) and linkers were successfully used in the preparation of Zr-MOFs. [40] Recently
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Bai et al. [40] reviewed the five different types of ligands that have been used in the
preparation of Zr-MOFs, ranging from ditopic, tritopic and tetratopic carboxylates
up to phosphonates or phenolates.

The most common Zr-MOFs are constructed of Zr6O8-cluster and ditopic linear
carboxylate ligands. The first reported Zr-MOF by Cavka et al. [62] in 2008 and the
investigated Zr-MOFs in this thesis are constructed by these to components and will
be described in detail.

The MOF synthesized by Cavka et al. [62] was denoted as UiO-66 (Universitetet
i Oslo) and was synthesized under solvothermal conditions, by dissolving the
metal precursor ZrCl4 in combination with BDC in N,N -dimethylformamide
(DMF). The resulting network is a cubic closed packed structure as illustrated
in Figure 1.7a and b. This MOF exhibits a 12-connected metal cluster of
[Zr6(µ3−O)4(µ3−OH)4(CO2)12] and is currently the highest coordinating clus-
ter reported for MOFs. The IBU can be described as an octahedron, where the
six edges are occupied by Zr(IV) and the eight triangular faces are alternatively
capped by four µ3-O and four µ3-OH groups. The coordination of Zr(IV) is square-
antiprismatic with eight oxygen atoms, while one square face is formed by four
oxygen atoms from the carboxylate groups and the other square consists of two
µ3-O and two µ3-OH groups. The connection of the IBU with the BDC linkers
results in a three-dimensional open framework with octahedral cages of 12.0 Å
diameter (Figure 1.7c) and tetrahedral cages of 7.5 Å diameter (Figure 1.7d). The
octahedral cages are connected to eight tetrahedral cages by triangular windows of
6.0 Å and the reported Langmuir surface area is 1187 m2 g-1. [62]

Table 1.1: Summary of the available data on tetrahedral and octahedral cages and the
triangular window of the isoreticular series of the UiO topology and the according surface
areas.

tetrahedral
cage

octahedral
cage

triangular
window

surface area

UiO-66 [62] 7.5 Å 12.0 Å 6.0 Å 1187 m2 g-1 (Langmuir)

UiO-67 [62] 12.0 Å 16.0 Å 8.0 Å 3000 m2 g-1 (BET)

UiO-68 [63] - 25.6 Å 10.0 Å 4170 m2 g-1 (theoretical) [62]

3600 m2 g-1 (BET) [64]

According to reticular chemistry concepts the structure can be easily expanded by
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increasing the linker length. UiO-67 is obtained with 4,4′-biphenyldicarboxylic acid,
while UiO-68 would be obtained with 1,1′:4′,1′′-terphenyl-4,4′′-dicarboxylic acid,
however non-functionalized UiO-68 has not been reported to far. Table 1.1 sum-
marizes the tetrahedral and octahedral cages and the triangular windows of the
isoreticular series of the UiO topology, as well as the available data on the surface
areas.

Figure 1.8: The isoreticular series of Zr-based MOF structures constructed of linear ditopic
linkers in combination with 12-connecting metal cluster. The boundary between the UiO
topology and the analogous interpenetrated PIZOF topology has been indicated to be
between the linker containing PEEP units and PEPP units. (a) Different linker backbones,
which were already successfully incorporated into Zr-based MOFs. Illustration of the UiO
network (b) and interpenetrating PIZOF structure (c), with the two independent networks
shown in gray and blue. [65]

A further elongation of the linker to 1,1′:4′,1′′:4′′,1′′′-quaterphenyl-4,4′′′-dicarboxylic
acid already resulted in an interpenetrated network, denoted as porous-interpene-
trated zirconium-organic frameworks (PIZOFs). [66] Recently Lippke et al. [65] showed
that by a precise elongation of the dicarboxylic linker using phenylene (P) and
ethynylene (E) units the boundary between the UiO topology and the PIZOF topol-
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Figure 1.9: The linkers of PEPEP-PIZOFs-1 to -23. In the case of PEPEP-PIZOF-20
substituents are also attached to the terminal phenylene units (marked in blue). [65]

ogy can be indicated (Figure 1.8). The first reported and most prominent PIZOF is
based on the rod-like diacid HO2C-PEPEP-CO2H and has shown that a large vari-
ability of substituents can be incorporated at the middle phenyl ring and the terminal
phenylene units, while the structure is maintained. Figure 1.9 illustrates the func-
tional groups that have already been incorporated into the PIZOF structure based on
the diacid HO2C-PEPEP-CO2H and were denoted as PEPEP-PIZOF-n. The PIZOF
structures exhibit large surface areas of up to 1250 m2 g-1 (for PEPEP-PIZOF-2)
and are even resistant towards water. [66] While the connectivity of the Zr-cluster and
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Figure 1.10: Schematic representation of the (a) convex and (b) concave tetrahedral voids
inside an independent net of the PEPEP-PIZOF structure with pore diameters of 19 Å
and 14 Å, indicated by green and blue balls, respectively. (c) Illustration of one net of
the PIZOF structure with the two different tetrahedral voids indicated as green and blue
balls and (d) the interpenetrated structure with the two independent nets illustrated in
gray and blue and the remaining tetrahedral pore of 19 Å. [66]

the ligand in PIZOFs is the same as in the UiO series, a two-fold interpenetrated
network is obtained in the former. In each net the IBU is connected by the linker
to twelve other IBUs resulting in a three-dimensional cubic network with tetrahe-
dral (Figure 1.10c) and octahedral cages. Through the bending of the linker the
tetrahedral cage can have a convex shape with a diameter of 19 Å (Figure 1.10a)
or a concave shape with a diameter of 14 Å (Figure 1.10b). The interpenetration
is obtained, through the accommodation of the IBU of the second independent net
inside the concave tetrahedral void, while the triangular windows and the octahedral
voids are large enough to pass linkers. The remaining pore diameter is the convex
tetrahedral void with a size of 19 Å (Figure 1.10d).

As in the PIZOF structure, different functional groups have already been incor-
porated into the UiO-66 structure. Table 1.2 summarizes prefunctionalized BDC
linkers, which have been successfully used in the synthesis of UiO-66.



16 1. Introduction

Table 1.2: Summary of reports where presynthetically functionalized
1,4-benzendicarboxlyic acid has been incorporated into a UiO-66 topology network.
Only the first report on any specific functionalization pattern is given.

2008 [62] 2015 [67]

2010 [68] 2013 [69]

2010 [68] 2015 [67] 2016 [70]

2013 [71] 2015 [71] 2015 [72] 2015 [67]

2013 [71] 2015 [71] 2015 [67] 2011 [73] 2011 [73]

2010 [68] 2015 [71] 2015 [67] 2011 [73] 2011 [73]

2013 [71] 2011 [73]

2013 [71] 2012 [74]

2016 [75] 2015 [76]

2012 [77] 2015 [71] 2015 [67]

2013 [71] 2013 [71] 2015 [67]

2014 [78] 2013 [71] 2015 [79]

2015 [71] 2012 [80]

2015 [79]

2016 [81]

2012 [82] 2015 [76]

2014 [83]

2012 [84]

2015 [67]

2016 [85]

2017 [86]

2017 [87]

2017 [88]

2010 [68] 2017 [89] 2017 [89] 2016 [90] 2016 [90]
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Moreover, the number of functionalized groups at the BDC linker can be enhanced,
when postsynthetic modifications at the BDC linkers are taken into account. The
allyl-functionalization can be addressed for PSM, and different reactions were per-
formed by Kronast et al. [81] Different PSM reactions were performed on the amino-
functionalization. [68,91–93] Also direct ionization or metalation are possible and a va-
riety of differently functionalized ionized UiO-66 structures had been reported. [94–99]

The prefunctionalized 4,4′-biphenyldicarboxylic acids that have been used for incor-
porating into the UiO-67 topology are summarized in Table 1.3, while it should be
mentioned that the variety is lower than in the case of UiO-66.

Table 1.3: Summary of reports where presynthetically functionalized
4,4′-biphenyldicarboxylic acid has been incorporated into a UiO-67 topology net-
work. Only the first report on any specific functionalization pattern is given.

2008 [62] 2013 [100] 2014 [101]

2013 [69]

2017 [102]

2013 [69]

2016 [103]

2015 [104]

2015 [105]

2015 [88]

2016 [106]

2017 [87]

2017 [107]

2016 [108]

2016 [108]

2014 [109]

2014 [109]
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As in case of UiO-66 the scope of functionalized groups at the 4,4′-biphenyldicarbox-
ylic acid linker can be enhanced when postsynthetic modifications are taken into
account. The amino-, azide- or proline-functionalization has already been postsyn-
thetically addressed and different PSM reactions have been reported, [88,103,104] and
for the bipyridyl-function a metalation has been reported. [100,110–112]

In comparison to UiO-66 and UiO-67, the prefunctionalization on the 1,1′:4′,1′′-ter-
phenyl-4,4′′-dicarboxylic acid linker in the UiO-68 topology is less explored; the
successfully incorporated functionalizations are shown in Table 1.4 and further func-
tionalizations of this linker were investigated in this thesis.

Table 1.4: Summary of reports where presynthetically functionalized 1,1′:4′,1′′-terphenyl-
4,4′′-dicarboxylic acid has been incorporated into a UiO-68 topology network.

2011 [63], 2012 [113],
2013 [114],

2014 [115,116],
2016 [117]

2012 [118],
2015 [64,119]

2015 [120] 2014 [121]

2016 [106] 2014 [121] 2014 [122] 2016 [123]

2016 [124] 2012 [118], 2016 [125] 2014 [126] 2015 [127]

2015 [128] 2013 [114] 2013 [114] 2012 [118]

2012 [118] 2017 [129] 2015 [119]
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In UiO-68, like the analog UiO structures, PSMs were successfully performed. Gui et
al. [128] performed click reactions on ethine groups, while Jiang et al. [118] performed
click reactions on azide groups. Gui et al. [120] also reported the oxidation of hy-
droxy groups. Thacker et al. [117] reported the successful PSM modification of the
amino groups, followed by a metalation of the reaction product. Manna et al. [122]

successfully metalated salicylaldimine groups.

As shown in Table 1.5, a few more linkers exist in the literature that were already
incorporated into UiO- or PIZOF-analog structures, respectively.

Table 1.5: Summary of reports where other dicarboxylic linkers have been incorporated
into a UiO- or PIZOF-analog network topology.

2012 [130], 2015 [131],
2016 [132,133]

2016 [132] 2014 [134]

2013 [135], 2015 [136,137] 2016 [138] 2016 [138]

2017 [139] 2015 [137] 2015 [140]

2015 [140] 2015 [140] 2015 [141]

2017 [142]



20 1. Introduction

1.2.2 Copper-based metal-organic frameworks

Figure 1.11: (a) tbo and (b) pto net constructed of 4-connecting dicopper paddle wheel
clusters (turquoise) and tritopic carboxylate linkers (red). [9]

In 1999 an archetypical MOF based on copper was synthesized by Chui et al. [143]

and denoted as HKUST-1 (Hong Kong University of Science and Technology). The
network is based on dicopper paddle wheel clusters connected by benzene-1,3-5-
tricarboxylic acid (BTC). Since then a number of MOFs were synthesized by em-
ploying elongated BTC linkers in combination with dicopper paddle wheel clus-
ters. Interestingly, minor differences in the tritopic linkers lead to different network
topologies, named tbo (twisted boracite, 3S net; Figure 1.11a) and pto (Pt3O4, 3S
net; Figure 1.11b) according to Reticular Chemistry Structure Resource (RCSR).

The different network topologies are caused by the geometries of the linker; in the
pto net the carboxylate groups of the tritopic linkers are twisted with respect to each
other, whereas in tbo net the carboxylates are close to coplanar. Table 1.6 and 1.7
summarizes the tritopic linkers which were already successfully used in combination
with dicopper paddle wheel clusters according to their network topology. In the
case of tbo nets, seven different linkers of various sizes have been incorporated into
Cu-MOFs so far, whereas only two linkers resulted in a network with pto geometry.



1.2 Design of metal-organic frameworks 21

Table 1.6: Summary of reports on the Cu-MOFs based on the tbo network topology.

tbo nets

HKUST-1 [143]
benzene-1,3-5-tricarboxylic

acid (BTC)

PCN-20 [144]

triphenylene-2,6,10-
tricarboxylic acid

(TTCA)

PCN-6′ or
PCN-6 [145]

4,4′,4′′-(1,3,5-triazine-2,4,6-
triyl)tribenzoic acid

(TATB)

SURMOF-5 [146]
pyridine-2,4,6-tribenzoic

acid (PTB)

meso-MOF-1 [147]

4,4′,4′′-s-1,3,5-triyltri-p-
aminobenzoic acid

(TATAB)

PCN-HTB′ or
PCN-HTB [145]

4,4′,4′′-(1,3,4,6,7,9,9-
heptaazaphenalene-2,5,8-

triyl)tribenzoic acid
(HTB)

MOF-399 [148]

4,4′,4′′-(benzene-1,3,5-triyl-
tris(benzene-4,1-

diyl))tribenzoic acid
(BBC)
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Table 1.7: Summary of reports on the Cu-MOFs based on the pto network topology.

pto nets

MOF-14 [149] or
MOF-143 [148]

4,4′,4′′-benzene-1,3,5-triyl-
tris(benzoic acid)

(BTB)

MOF-388 [148]

4,4′,4′′-(triazine-2,4,6-triyl-
tris(benzene-4,1-

diyl))tribenzoic acid
(TAPB)

Figure 1.12: Illustration the tbo net in the isoreticular series of Cu-based MOFs. (a)
HKUST-1, (b) PCN-6′, (c) PCN-HTB′ and (d) MOF-399. The yellow ball indicate the
cuboctahedron cage that increases with increasing linker length. [9,148]

In the tbo net each IBU is connected to four tritopic linkers, whereas the tritopic
linker binds to three IBUs forming a Td-octahedron. In the Td-octahedron the six
vertices are occupied by IBUs and tritopic linkers span the triangular faces, while
only four of the eight faces are occupied alternating. The Td-octahedra are con-
nected through corner sharing and forming a cuboctahedron, where the vertices are
occupied by eight Td-octahedra. The three-dimensional framework is constructed by
propagation of the cuboctahedra. The increasing of the pore size of the cuboctahe-
dron cage in the isoreticular series HKUST-1 (Figure 1.12a), PCN-6′ (Figure 1.12b),
PCN-HTB′ (Figure 1.12c) and MOF-399 (Figure 1.12d) is indicated as yellow balls,
getting larger with longer trigonal linkers. Table 1.8 summarizes the cuboctahedron
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pore diameter of the Cu-MOFs exhibiting the tbo net, as well as the available data
for the Td-octahedron cage and Langmuir surface area.

Table 1.8: Summary of the available data of pore diameters of the Td-octahedron and
cuboctahedron cage for Cu-MOFs based on the tbo network, as well as the reported
surface areas.

Td-octahedron cage cuboctahedron cage Langmuir surface area

HKUST-1 5.2 Å 11.0 Å 1800 m2 g-1

PCN-20 11.9 Å 20.0 Å 4200 m2 g-1

PCN-6′ 15.16 Å 30.3 Å 2700 m2 g-1

PCN-6 - 9.2 Å 3800 m2 g-1

SURMOF-5 12.2 Å 23.3 Å 1733 m2 g-1

meso-MOF-1 38.5 Å BET 730 m2 g-1

PCN-HTB′ 32.2 Å collapse
PCN-HTB - 16.2 Å collapse
MOF-399 18.8 Å 38.0 Å

Figure 1.13 illustrates the framework of the Cu-MOFs based on pto nets. In this
structure each tritopic linker is connected to three IBUs of dicopper paddle wheel
resulting in a net with a single cavity (Figure 1.13a and b). If an interweaving
network is obtained, as for MOF-14 (Figure 1.13c and d) and MOF-388 (Figure 1.13e
and f), the triangular units (central benzene rings in tritopic linkers) are displaced
by each other. The diameters of the cavity and the pore apertures are summarized
in Table 1.9.

Table 1.9: Summary of the available data for the cavity and pore aperture in Cu-MOFs
based on pto nets.

cavity pore aperture

MOF-143 20.4 Å 8.3 Å
MOF-14 16.2 Å 4.9 Å
MOF-388 27.1 Å
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Figure 1.13: Illustration of the pto net in the isoreticular series of Cu-based MOFs. (a)
MOF-143 and (b) its space-filling illustration, (c) MOF-14, the interpenetrated version of
MOF-143 and (d) its space filling version, (e) MOF-388, also an interpenetrated MOF,
and (f) its space filling version. The two independent networks are highlighted in blue and
orange, whereas the yellow ball indicates the cage, which increases with increasing linker
length and is larger for the non-interpenetrated analog structure. [148]
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1.2.3 Metal-organic frameworks exhibiting different types
of linkers

To produce unique properties for specific applications, the incorporation of multiple
functionalities is of interest. [9,49,150,151] In particular, MOFs composed of mixed link-
ers (which are more flexible in terms of their pore dimensions and especially their
environment and surface area) are promising candidates. [152]

Figure 1.14: (a) Schematic illustration of the incorporation of eight different functionalized
BDC linkers into a MOF-5 network topology, leading to a MTV-MOF. [49] Distribution of
the functionalized linkers in MTV-MOF materials, which might either assemble into large
(b) or small (c) clusters. The random (d) and alternating (e) distribution of the functional
groups has been reported. [14]

The simplest mixed linkers are created from different ditopic linkers, which are also
referred to as multivariate (MTV)-MOFs. [49] In MTV-MOFs the length and connec-
tivity of the linker is unchanged, while only the functional groups in orientation,
number, and relative position along the backbone of the linker are varied (Fig-
ure 1.14a). The first example of an MTV-MOF was reported by Deng et al. [49] in
2010. This family of MOFs was based on the MOF-5 structure. While the frame-
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work in MTV-MOFs is regularly ordered, the functional groups can be disordered in
different ways, depending on the interactions of the functionalities. [14] One possible
assembly of functionalized linkers in MTV-MOFs is the formation of clusters. These
clusters can either be large (Figure 1.14b) or small (Figure 1.14c). If the linkers
show no preferences in attraction to each other, the linkers will be randomly dis-
tributed (Figure 1.14d), whereas linkers with preferential interactions tend to form
alternating arrangements (Figure 1.14e). Kong et al. [153] identified different scenar-
ios using multidimensional solid-state nuclear magnetic resonance in combination
with molecular simulations.

Figure 1.15: Schematic illustration of sequential ligand installation for preparing
PCN-701-703 MOFs based on the parent PCN-700 (a). PCN-701 is accessible though
inserting BDC (b) and PCN-702 through insertion of Me2-TPDC (c) into the PCN-700
network. Through the expansion of pocket B by the insertion of Me2-TPDC, PCN-703 is
only accessible through insertion of Me2-TPDC into PCN-701 (d). [154]

In contrast to the one-pot synthesis approach for obtaining MTV-MOFs, Yuan
et al. [154] recently developed a sequential ligand installation (SIL) method. With
this method, a precise arrangement of the positions of functional groups could be
achieved. Figure 1.15 schematically illustrates the synthesis of a Zr-based MOF
exhibiting three different linker lengths. First of all, the prototype PCN-700 (Fig-
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ure 1.15a; this MOF is composed of 8-connecting Zr6(µ3-O)4(µ3-OH)4(OH)4(H2O)4-
clusters connected by 2,2′-dimethylbiphenyl-4,4′-dicarboxylic acid) was synthesized
and through the removal of the terminal H2O and OH- groups, two types of natural
pockets with different sizes were formed. These pockets allow for the sequential
installation of linkers of varied length. The size of pocket A is 16.4 Å and there-
fore large enough to accommodate 2′,5′-dimethylterphenyl-4,4′′-dicarboxylic acid
(Me2-TPDC), while pocket B of only 7.0 Å can integrate BDC. It should be men-
tioned that to obtain PCN-703 (Figure 1.15d; notice that this is a Zr-MOF made
from three linkers varying in size) BDC has to be incorporated into PCN-700 to ob-
tain PCN-701 (Figure 1.15b) and then Me2-TPDC can be incorporated. In contrast,
when Me2-TPDC is first installed into PCN-700 to obtain PCN-702 (Figure 1.15c),
the smaller pocket B expands to 8.2 Å (pocket B′) and is therefore slightly too large
for the insertion of BDC.

Figure 1.16: Schematic illustration of the construction of pillared MOFs. Up to now
seven different metals were used, but the number of different linkers which were already
successfully incorporated is very high and so only four representative structures for each
linker are shown. [9,155]

For MOFs constructed of different types of linkers two systems of categorization have
been suggested. Yin et al. [155] categorized the MOFs according to the framework
construction: cluster-spacer, rod-spacer and layer-spacer based materials. While
Lu et al. [9] categorized them according to their connectivity: MOFs constructed
of tritopic and ditopic carboxylate linkers, MOFs where carboxylate and pyridine
linkers are combined or in MOFs with linkers coordinatively identical but distinct
in their shape.

In cluster-spacer MOFs, IBUs are linked by organic linkers, [156–161] whereas rod-
spacer MOFs exhibit one dimensional chains of metal ions linked by small nonlinear
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multidentate ligands, which are further linked by linear bidentate ligands. [23,162–164]

Layer-spacer MOFs, also called pillared layered MOFs, are the most commonly stud-
ied structures and are built up from infinite layers of metals connected by anionic
linkers, pillared in the third dimension by linear bidentate linkers through dative
bonds, resulting in layered frameworks. [165–171] The most commonly used pillaring
ligands require an electron donating nitrogen atom, whereas for the anionic linkers
multidentate carboxylate linkers are utilized. Figure 1.16 schematically illustrates
the construction of pillared MOF frameworks. Up to now seven different metals
(zinc, copper, cobalt, manganese, cadmium, iron and nickel) have been successfully
incorporated into pillared structures, and a variety of different linkers have been
used (Figure 1.16).

Figure 1.17: Illustration of the construction of MIL-142. The combination of oxo-centered
trimers of FeO6 octahedra with BTB and differently functionalized and elongated BDC
linkers results in seven isoreticular structures denoted MIL-142-A-E. [172]

Different mixed linker MOFs, constructed of tritopic and ditopic carboxylate linkers,
have been reported, while the most studied MOFs are based on zinc in combination
with linkers varying in lengths. [173–179] Recently a new and promising isoreticular
series of MOFs based on tritopic and ditopic carboxylate linkers in combination with
iron(III) has been synthesized. This MOF consists of oxo-centered trimers of FeO6

octahedra interconnected by two BDC and four BTB linkers forming a disordered
superoctahedron. The network is interpenetrated and has been named MIL-142-A
(Matériaux de l′Institut Lavoisier; Figure 1.17). Up to now also functionalized
and elongated versions of BDC were successfully incorporated into the structure,
resulting in MIL-142-B-E networks. [172] The pore diameter can thereby be easily
tuned from 8.0 Å (MIL-142-A) to 12.2 Å (MIL-142-E), and the surface area can be
increased from 1900 m2 g-1 to 2800 m2 g-1. Chevreau and co-workers [172] were also
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able to obtain a non-interpenetrated iron(III)-network by combining BDC and BTB
linkers, denoted as MIL-143. In this type of topology, the oxo-centered trimers of
FeO6 octahedra assemble with the ligands forming two types of supertetrahedra (ST;
Figure 1.18a), one exclusively exhibiting BTB (ST-1), the other one is exclusively
constructed of BDC (ST-2). Through the connection of the ST-1 to four ST-2
(Figure 1.18d) two mesoporous cages with diameters of 20 Å and 24 Å are formed.
The larger cage is capped by four faces of the ST-1 and six edges of ST-2, accessible
through windows of 16 Å (Figure 1.18b). While the smaller cage is defined by
four faces of ST-2 and six edges of ST-1 and accessible through windows of 18 Å
(Figure 1.18c).

Figure 1.18: Illustration of the construction of MIL-143. (a) Supertetrahedra consisting
of exclusively BTB linkers (ST-1) or BDC linkers (ST-2) connected to each other forming
(b) large and (c) small mesoporous cages. (d) Illustration of the network, where the ST-1
and ST-2 are highlighted in blue and green. [172]
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1.3 Water stability of metal-organic frameworks

Stability in water is a crucial feature for promising MOF candidates in many appli-
cations [180,181] and is related to the nature of the coordination bonds. [40] The first
reported MOFs (MOF-5 [46] and HKUST-1 [143]) have shown to be somewhat moisture
sensitive, [182–184] however the development of MOFs with appropriate water stability
is desired and the degradation process in the presence of water has to be under-
stood. [180] To determine the water stability of MOFs, different methods have been
described in the literature. MOF stability in water vapor, liquid water, and aqueous
acid or basic conditions has been investigated. Another possibility is to record water
adsorption, where three different types of adsorption behaviors have been reported.
The first one is the reversible and continuous pore filling, the second one describes
an irreversible and discontinuous pore filling caused by capillary forces, and the last
is the irreversible adsorption caused by flexibility and structural modifications of
the framework. [180]

A groundbreaking study on the stability of MOFs in the presence of water vapor was
conducted by Low et al. [185] in 2009. In this report, the stability of a variety of MOFs
(differing in metals and organic linkers and thus different pore sizes) was studied.
The stability of the MOFs was determined by X-ray diffraction after exposure of the
MOF to 1 mol-% steam for a few hours. Using molecular modeling the activation
energy of the linker displacement by water was calculated and compared to the
experimental results. Low et al. [185] mapped the MOFs according to their steam
stability (Figure 1.19). By combining experimental and virtual screening it has
been stated that for trivalent metallic cations the stability is mainly attributed to
the metal-ligand bond. A major drawback of this study is that the water-induced
framework decomposition has not been taken into account, as the simulations are
only based on the equilibrium ground state and the configuration of the transition
states. This stability study is still very useful, whereas contrary results have been
reported in the literature. For example Rowsell et al. [186] reported the water vapor
stability of HKUST-1, while Küsgens et al. [187] have reported for this MOF a drastic
decrease in surface area after water adsorption.

In 2012 the group led by Walton [182] studied water adsorption for different MOF
materials under 80% relative humidity at room temperature. Most of the six MOFs
investigated preserve their crystal structures according to X-ray diffraction, but a
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Figure 1.19: Mapping of different MOFs according to their steam stability by Low et
al. [185] The position represents the maximum structural stability investigated by X-ray
diffraction. The numbers in magenta represent the calculated activation energy for the
displacement of the linker by water. [185]

loss in surface area was estimated by nitrogen sorption isotherms. The most sta-
ble MOF in this study was UiO-66, whereas the isoreticular structure UiO-67 was
shown to be unstable in water vapor, [188,189] and the instability was attributed to the
torsional strain of the extended biphenyldicarboxylate linker. Recently Mondloch
et al. [190] reported that UiO-67 is stable towards linker hydrolysis, while the frame-
work collapses upon activation from the water wetted-state. They concluded that
the stability is attributed to the high capillary forces of water and the framework
structure can be maintained if water is exchanged for a solvent exhibiting lower
capillary forces like acetone.

For investigating the stability of MOFs in liquid water, the group of Matzger [191]

immersed various MOFs in aqueous N,N -dimethylformamide or pure water at room
temperature for periods of time ranging from hours to months. The stability was
estimated by comparing X-ray diffraction patterns before and after exposure. They
have shown that zinc caboxylates (MOF-5 and MOF-177) are unstable in water-
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DMF mixtures, while copper paddle wheel based MOFs (MOF-505 and HKUST-1)
are stable for months in aqueous solvents, but decompose in pure water after one
day. In contrast, Cr-MIL-100 and ZIF-8 (zeolite imidazolate framework) are stable
in pure water for months.

MOFs constructed of carboxylates or imidazolates are known to dissolve in acidic
media. [192] This is mainly due to the protonation of the organic linker. Under ba-
sic conditions only a few MOFs are stable. Kandiah et al. [193] have reported that
UiO-66 and its amino-functionalized analog are unstable in the presence of aqueous
bases, such as potassium hydroxide and sodium hydroxide. In contrast the group of
Yaghi [194] were able to show that the ZIF-8 network remains unchanged after one
day in 8 M sodium hydroxide solution even at 100 ◦C. Recently the Serre group [195]

investigated the stability of seven carboxylic acid based MOFs in aqueous solutions
containing a phosphate buffer at pH = 7.4 and 37 ◦C, to simulate physiological con-
ditions and evaluate their potential for drug delivery. The stability follows the order
of Fe-MIL-100 > Fe-MIL-53, UiO-66-NH2 > Fe-MIL-53-Br � UiO-66 > UiO-66-Br
and shows that the stability of UiO-66 is related to the donor effect of the sub-
stituent and accordingly to the Hammett constant electron donating substituents
on the linker are more stable in comparison to electron withdrawing substituents. [196]

The strength of the metal-oxygen/-nitrogen bonds in combination with a shielding
ability of the linker can protect the IBU towards the attack of water. [185] A stronger
coordination bond is obtained when very basic linkers are connected to very acidic
metals, as has been shown for imidazolate frameworks. [194] The group of Jhung [197]

demonstrated that the metal ion has an impact on the stability of the MOF, as
for the isoreticular series of MIL-53. A comparison of X-ray diffraction results and
surface analysis after water adsorption revealed that the chromium-based MOF is
more stable compared to an aluminum MOF, and the vanadium-based MIL-53 MOF
is the least stable. In this case the stability cannot be attributed to the coordination
state of the metal or to its oxidation state (since these are the same), instead the
stability is attributed to the inertness of the metal. Kinetic effects also play an
important role regarding the stability of MOFs, but only on a short time scale.
Jasuja et al. [198,199] have shown for the DMOF (DABCO-based MOF, DABCO ≡
1,4-diazabicyclo[2.2.2]octane) series that MOFs with more hydrophobic ligands, like
tetramethylated BDC, are more stable in water than those with non-functionalized
BDC. As the tetramethylated DMOF still adsorbs water, the stability is not caused
by the exclusion of water due to the hydrophilic ligand, but instead results from
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shielding by the methylated group, which prevents the water from coordinating
with the Zn-IBU.

Low et al. [185] has used computational chemistry and experimentation to arrive at
two mechanisms of MOFs degradation in water. The first one describes ligand
replacement, while the second one is based one hydrolysis. The ligand replacement
reaction involves the insertion of a water molecule into the metal-oxygen bond of
the IBU and the linker. This leads to the formation of hydrated cations and the
release of a free charged ligand molecule and is given by Equation 1.1.

Mn+−Ln− + H2O→ Mn+−OH2···Ln− (1.1)

Figure 1.20: Schematic illustration of the degradation mechanism in Zr-based UiOs,
representing a ligand displacement mechanism where the linker is displaced by water
molecules. [190]

The ligand displacement has been proposed to cause the structural breakdown of
Zr-based UiOs in the presence of water [189] and is illustrated in Figure 1.20. The
second mode of degradation is a form of hydrolysis reaction where the metal-ligand
bond is broken and the water molecule dissociates forming a hydroxylated cation
and a free protonated linker and is given by Equation 1.2.

Mn+−Ln− + H2O→ Mn+−OH +HL(n−1)− (1.2)

Regarding these mechanisms, steric and electronic effects of the linker on the metal
node have a great impact on the stability of the MOF structure, as well as the metal
itself.
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1.4 Oriented films of metal-organic frameworks

Limited stability is not the only feature of a MOF that can stand in the way of
its potential use in various applications; some applications may require that MOFs
take a certain shape, commonly a film. [35–37] The deposition of powders produced
via conventional solvothermal synthesis leads to rather polycrystalline and inhomo-
geneous films, making their integration into devices difficult. [200] In the fabrication
of MOF films, some challenges arise as thin film with well-controllable thickness,
high crystallinity and orientation are desirable. [201] Ideally, the fabrication of films
should be easy to scale up [202] while maintaining smooth surfaces. [203]

Up to now several methods for the fabrication of MOF films have been reported.
They include solvothermal growth, [204] crystallization from aged mother liquor
solution, [205,206] gel-layer synthesis, [207] morphological replacement method, [208]

evaporation-induced growth [209,210] or deposition from colloidal solutions. [211–213]

There are also more complicated methods (that may require expensive equipment)
including layer-by-layer (LbL) deposition, [214,215] spray-assisted LbL method, [202] a
combination of Langmuir-Blodgett (LB) and LbL deposition, [216–218] electrochemi-
cal synthesis, [219,220] vapor-phase deposition [221,222] or secondary microwave-induced
seeding layer growth. [223–226] Only a few of these methods lead to oriented films (a
preferential orientation of the crystallites on the surface), which were recently cate-
gorized by Fu and Xu [227] into four main groups, namely (i) in-situ approaches, (ii)
liquid-phase epitaxy methods, (iii) Langmuir-Blodgett coupled with LbL techniques
and (iv) “molecular assembly” methods.

Figure 1.21: Schematic illustration of the solvothermal growth for obtaining oriented MOF
films on SAM modified substrates.
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The simplest method for obtaining oriented films is through direct solvothermal
growth (Figure 1.21). This method was developed for HKUST-1 (Cu3(BTC)2) and
pillared Zn2(BDC)2(DABCO) by Fischer and his team [204] in 2007. In this method,
bare or self-assembled monolayer (SAMs) modified silica or bare alumina substrate
is placed in a mixture containing the precursor materials, and MOF forms at the
interface between the liquid and the SAM upon heating. The growth of HKUST-1
is fairly surface dependent (as only films on SAM and alumina were obtained),
while Zn2(BDC)2(DABCO) is not surface dependent (densely films are obtained on
all substrates). By patterning the silica with CF3 and CO2H terminated SAMs, a
selective growth on the CO2H terminated SAM was obtained for HKUST-1.

Figure 1.22: Schematic illustration for oriented film growth on SAM modified gold sub-
strates by crystallization of an aged mother solution. In the first step a normal solvother-
mal growth of the MOF powder is obtained and SAM modified gold substrates are pro-
duced. After filtration of the solvothermal reaction mixture the SAM modified gold sub-
strates are placed upside down in a Teflon support in the clear MOF mixture and left at
room temperature for the desired time. [205]

Another simple method is crystallization from an aged mother solution (Figure 1.22),
which was first reported for MOF-5 by Hermes et al. [206] on patterned gold substrates
modified with CF3 and CO2H terminated SAM. The films obtained by this method
were polycrystalline, while the group of Bein [205] showed that HKUST-1 can be
grown as an oriented film. By using gold substrates modified with differently func-
tionalized SAMs (CH3, OH or CO2H) they were even able to tune the orientation,
as unoriented films are obtained on CH3 modified SAMs, while oriented films along
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the (111) and (001) directions are received on OH and CO2H terminated SAMs,
respectively.

Figure 1.23: Schematic illustration of the LbL method for obtaining oriented MOF films
with precise thickness. In this method a gold substrate modified with SAM is sequentially
immersed in a solution containing either the metal or linker precursor. Between the steps
the substrate is rinsed with pure solvent. [214]

In the same year another method for the fabrication of oriented HKUST-1 was re-
ported by the group of Wöll. [214,228] Their LbL method (Figure 1.23) enables precise
adjustment of the film thickness by using a step-by-step synthesis of the MOF frame-
work. A gold substrate modified with a CO2H terminated SAM is alternatively
immersed in solutions containing either the metal or linker precursor and rinsed
with pure solvent between immersions. The great potential of the LbL method was
shown by Shekhah et al. [228,229] in 2009 during the synthesis of the IRMOF-n se-
ries. As alreday explained in previous sections, an elongation of the BDC linker to
4,4′-biphenyldicarboxylic acid in the IRMOF-n series leads to interpenetration of
the structure in bulk synthesis. This interpenetration can be avoided by the epi-
taxial growth of the MOF using the LbL method. Recently the group of Wöll [230]

reported on the automated growth of MOF films by using a programmed robot that
alternately dips the substrate in the metal and linker precursor solutions (with rins-
ing steps in between). Through multiple cycles of dipping and rinsing a desired film
thickness can be achieved automatically.

Based on the LbL method Kitagawa and his team [216] synthesized oriented films
with a desired thickness by combining the LB method with the LbL method (Fig-
ure 1.24). The MOF has a two-dimensional structure where copper clusters are con-
nected by 5,10,15,20-tetrakis(4-carboxyphenyl)porphyrinato-cobalt(II) (CoTCPP)
and pyridine (py). By applying the LB method an array of the MOF is formed first.
This array is afterwards transferred to a silicon or quartz substrate and rinsed in
pure solvent before another two-dimensional array is transferred to the substrate
until the desired thickness is achieved.
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Figure 1.24: Schematic illustration for the fabrication of films consisting of a two-
dimensional MOF using a combination of LB and LbL method. A solution containing
the linker precursors CoTCPP (1) and py (2) is spread onto an aqueous solution of
CuCl2 · 2H2O (3). Pressing the surface with barrier walls leads to the formation of a
two-dimensional array, which is afterwards transfered to the substrate by horizontal dip-
ping. After rinsing the substrate in pure solvent the process can be repeated leading to a
sequential LbL growth of the MOF with desired thicknesses. [216]

One year later the group of Wöll [202] reported the successful growth of an oriented
HKUST-1 film by using a spray-assisted LbL method (Figure 1.25). In this method
solutions of the precursor, either metal or linker, are alternately sprayed to the
substrate and between each step the substrate is rinsed by spraying pure solvent, as
in the standard LbL process.

In 2010 the group of Bein [207] established a unique method for the fabrication of
oriented films, the so called gel-layer method (Figure 1.26). In this method the metal
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Figure 1.25: Schematic illustration of the spray-assisted LbL method for the fabrication
of oriented HKUST-1 films. Through flow controllers (2) the carrier gas (1) and solution
(4) either containing the precursor (A, C) or pure solvent (B) are adjusted and distributed
by gas distributor (3). The substrate is mounted in the chamber (7) at the sample holder
(5) and the solvents are alternatingly sprayed to the substrate by using dosing valves (6)
to obtain the HKUST-1 film. The whole process is controlled by a computer (8). [202]

Figure 1.26: Schematic representation of the gel-layer procedure for obtaining oriented
films of HKUST-1 and Fe-MIL-88-NH2 on SAM modified gold substrates. [207]
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precursor is stored in a gel, which is spread on top of a SAM-functionalized gold
substrate. The linker precursor solution was carefully added on top and the linker
slowly diffused through the gel to form a MOF at the interface between the gel and
SAM. Using this method the group of Bein [207] was able to obtain oriented HKUST-1
along the (111) direction on CO2H and even OH functionalized SAMs, while an (001)
orientation on CO2H functionalized SAM was obtained for Fe-MIL-88-NH2.
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Chapter 2

Methods and characterization

2.1 X-ray diffraction

Figure 2.1: Schematic representation of the Bragg relation. For constructive interference
of X-rays to occur with the crystal lattice, the path difference ∆ has to be an integer
multiple of the X-ray wavelength.

X-ray diffraction (XRD) is a common technique for studying crystalline materials
and thin films because it provides information about the crystallographic structure
and periodic ordering of a material. X-ray radiation is generated through bombard-
ment of a material with high-energy electrons. The resulting spectrum shows two
characteristic shapes. The first one is caused by the acceleration and interactions of
the electrons with the target material resulting in a continuous background spectrum
called the ‘Bremsstrahlung’. The second depends on the elemental composition of
the target material and results in narrow lines caused by X-ray fluorescence. X-ray
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fluorescence occurs when the primary electron creates a hole in an inner shell of the
atom and this vacancy is subsequently occupied by an electron of an outer shell.
The difference in the energy of the shells is released as X-ray photons. Usually the
energy is caused by a transition of the electrons from the outer shell into the K or
L level and are called accordingly K- and L-lines. In X-ray diffraction, radiations
of one single energy are used and the monochromatic X-ray radiation is gained by
blocking filters. [1]

X-ray photon wavelengths fall in the Ångström range (10-8-10-12 m) and are therefore
in the same range as the distance between two neighboring lattice planes indexed
with (hkl). Constructive interference of scattered X-rays (Figure 2.1) results in a
diffraction pattern which can be evaluated to obtain structural information about
an ordered crystallized material. [1,2] For observing constructive interference the path
difference 2∆ has to be an integer multiple n of the X-ray wavelength λ (here CuKα1

with λ = 1.540562 Å) and is given by Bragg’s law (Equation 2.1) with the distance
dhkl between the two lattice planes, and the incident angle θ of the X-rays. [3,4]

2∆ = nλ = 2dhklsinθ (2.1)

Furthermore, the width of reflection peaks depends on the dimensions of the crystal-
lites. The crystalline domain sizeD is given by the Scherrer equation (Equation 2.2).
Herein D is set in relation to the wavelength of the employed X-rays (λ), the angle
of incident also called Bragg angle (θ), the measured peak broadening at the full
width at half maximum (FWHM, β in degrees of 2θ), and the Scherrer constant (K
in general set to 0.9). [5]

D = Kλ

βcosθ
(2.2)

In powdered materials all reflections of the material are visible, as the pattern is cre-
ated by randomly ordered crystallites. Contrary, for oriented films only reflections
caused by lattice planes parallel to the substrate can be observed. It is possible to
compare the experimentally observed powder diffraction pattern to patterns in a
database to identify the crystalline phase of the investigated sample and the orien-
tation of the films.

Two-dimensional grazing-incident wide angle X-ray scattering (2D GIWAXS) is an-
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other technique for studying the orientation and crystallinity of thin films. [6] 2D
GIWAXS is a hybrid technique in which surface sensitivity of grazing incident diffrac-
tion is combined with wide-angle-scattering. Wide-angle scattering gives informa-
tion on the form and structure factors of the investigated material and grazing-
incident angles provide enhanced surface-sensitivity for the analysis of thin films.

αi

αs 2θs

ki

ks

Figure 2.2: Schematic representation of the geometry of 2D GIWAXS measurements.

As illustrated in Figure 2.2 the monochromatic X-ray radiation ki is directed onto
the surface with a very small angle of incident (αi). The X-rays are scattered along
ks given by (2θs, αs) with the scattering wave vector qx,y,z defined by Equation 2.3.

qx,y,z = 2π
λ


cosαscos2θs − cosαi

cosαssin2θs
sinαs + sinαi

 (2.3)

The two-dimensional detector records the intensity of X-rays, which are scattered
at low or wide angles, respectively, for the analysis of different characteristic length
scales in the sample.

XRD analysis was carried out to determine the crystallinity and structure of the
synthesized MOF bulk and film materials. For the oriented MOF films 2D GIWAXS
measurements were also carried out to determine MOF phases and their orientation.
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2.2 Sorption analysis

Information on the porosity, surface area and pore size distribution of porous ma-
terials is gathered by sorption measurements. [7,8] As adsorptive different gases such
as nitrogen, argon or krypton can be used, and only weak interactions (like van-
der-Waals forces) occur between the adsorptive and the adsorbent material. The
sorption measurements are carried out at constant temperature, near the boiling
point of the liquid adsorptive (for nitrogen, 77 K). During the experiment the ad-
sorbed amount of adsorptive, which is in the equilibrium with the adsorbate (already
adsorbed gas molecules), is recorded as a function of the relative pressure p/p0 (with
p being the absolute pressure and p0 the saturation vapor pressure), resulting in ad-
sorption and desorption isotherms. In 1985 [9] IUPAC classified six major isotherms,
which were in 2015 [10] extended to eight different physisorption isotherms, as shown
in Figure 2.3.

The isotherms can be interpreted as following: Type I corresponds to microporous
material with small external surfaces, where the uptake is limited by the accessi-
bility of the micropore volume. The deviation in Type I(a) and I(b) is given by
the pore size, as for I(a) mainly narrow pores (< 1 nm) are present, while for I(b)
typically wider micropores and even narrow mesopores (< 2.5 nm) dominate in the
material. For non-porous and macroporous material Type II is typical and the shape
is given by unrestricted monolayer-multilayer adsorption. At higher p/p0 point B
corresponds to the complete coverage with a monolayer. If point B exhibits a grad-
ual curvature, an overlap of monolayer and multilayer adsorption occurs. Type III
is typical of non-porous and macroporous material, but in this case the adsorbent-
adsorbate interactions are weak. Type IV isotherms are given for mesoporous ma-
terial. The adsorption behavior is dominated by adsorbent-adsorptive interactions,
as well as interactions between the molecules. After a mono-multilayer adsorption,
pore condensation occurs, meaning the gas condenses as a liquid-like phase inside the
pores. The hysteresis in Type IV(a) is caused by capillary condensation, if the pore
width exceeds a certain critical width (> 4 nm). Type IV(b) is observed in materi-
als with smaller (< 4 nm) conical and cylindrical mesopores. Type V isotherms are
typical of mesoporous material with weak adsorbent-adsorptive interactions. The
reversible layer-by-layer adsorption is typical for highly uniform non-porous surfaces
and given as Type VI.
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Figure 2.3: Classification of the eight major types of physisorption isotherms, according
to the recommendations of IUPAC in 2015. [10]
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MOFs usually exhibit Type I isotherms with a characteristic steep increase of ad-
sorbed volume at low p/p0, representing the filling of micropores. The size-range of
the adsorbate falls within range of the pore dimensions and therefore no significant
increase is observed until p/p0 = 1, unless nanoparticles are under investigations.
In this case the interparticle voids are in the mesoporous range, leading to textural
porosity and a steady increase of adsorbed volume.

Isotherms allow the determination of the surface area and different models exist
for the calculation of the surface area. [11] The simplest model was developed by
Langmuir and is mathematically given by Equation 2.4, with na the amount of
adsorbate, nm the capacity of one monolayer, p the pressure, and the equilibrium
constant k = kad/kdes with kad the constant for adsorption and kdes the constant for
desorption. [12]

na
nm

= kp

1 + kp
(2.4)

This model relies on several assumptions: monolayer adsorption, uniform surface,
equal binding sites, and no interaction between already adsorbed molecules.

Brunauer, Emmett and Teller (BET) extended the model to multilayer adsorption
and the model is mathematically given by Equation 2.5, with na being the amount
of adsorbate, nm the specific monolayer capacity and C the BET constant being
exponentially related to the monolayer adsorption. [13]

p
p0

na(1− p
p0

) = 1
nmC

+ C − 1
nmC

p

p0
(2.5)

Also for this model some assumptions have to be made, as the adsorption enthalpy
for the monolayer is different due to adsorptive-adsorbate interactions, while the
enthalpy for the multilayer is the same and there is no limited number of layers.
The BET method is the most widely used procedure for evaluating surface areas.
To determine nm only the linear form of the BET equation is valid, typically in case
of low p/p0 pressures (0.0-0.3). Based on these data and taking into account the
molecular cross-sectional area (σm), the BET surface area (As) can be calculated as
given by Equation 2.6, with NA the Avogadro constant (6.0221408 × 1023 mol-1).

As(BET ) = nmNAσm (2.6)
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Walton et al. [14] were able to show that the BET theory is applicable for the eval-
uation of MOF surfaces by comparing the geometric surface area calculated from
the crystal structure with the simulated adsorption isotherm using grand canonical
Monte Carlo simulations.

As already reported, isotherms can also be used to calculate the pore size distri-
bution. The former semi-empirical methods usually underestimated the pore size,
whereas density functional theory (DFT) and Monte Carlo simulations are nowa-
days a more reliable tool for pore size analysis. [10] Based on fundamental principles
of statistical mechanics they are able to describe the distribution of adsorbed ma-
terials and provide information on the local fluid structure at curved solid surface.
For various pore shapes (slit, cylindrical and spherical) and material classes (such as
zeolites, carbons and silicas) different models exist. The non-local density functional
theory (NLDFT) has been developed for carbon and silica materials and assumes
a homogeneous and smooth surface, which is rather invalid for MOFs. The newly
developed quenched solid state density functional theory (QSDFT) also allows het-
erogeneous surfaces to be analyzed and therefore improves pore size determination
for MOF materials. [10]

2.3 Thermogravimetric analysis and differential
scanning calorimetry

Thermogravimetric analysis (TGA) measures the change in weight loss of a mate-
rial upon heating. The analysis is carried out in an inert crucible, which is heated
at a constant rate, while a very precise balance is necessary to measure weight
changes. [15] This weight loss is characteristic for each material and gives information
on the stability of the material. At higher temperatures decomposition and combus-
tion of organic materials occur if TGA measurements are carried out in synthetic
air. Whereas combustion of organic moieties can be avoided when TGA measure-
ments are carried out under inert atmosphere (for example nitrogen gas). For MOF
materials two characteristic weight loss steps are observed. The first occurs at ele-
vated temperatures (200-300 ◦C). This step is the desorption of intercalated guest
molecules inside the porous structure. The second step at higher temperature is an
indication of the thermal stability of the framework. While the mass of the residual
amount after combustion is also important: the ratio between the weight loss of the



62 2. Methods and characterization

combustion of the linker and the residue can be used to calculate the composition
of the framework. When the ratio is compared to the ideal composition the number
of defects (missing linkers) can be determined.

In addition to TGA measurements, differential scanning calorimetry (DSC) is per-
formed. DSC is used to determine the enthalpy of the weight loss processes occurring
during TGA. DSC is a function of temperature, where the heat that is required to
increase the temperature of the sample is referred to an inert reference material.
The desorption of guest molecules, for example is an endothermic process, while the
combustion of the linker material is exothermic.

TGA and DSC measurements were used to determine the thermal stability of the
MOF structures and to calculate their linker defect concentration.

2.4 Scanning electron microscopy

Scanning electron microscopy (SEM) images the surface of a sample and gives in-
formation on its morphology and topology. [16–18] Unlike an optical microscope, SEM
uses electrons instead of photons to capture images. Therefore, the main difference
between an optical microscope and a SEM is the nature of radiation and thus the
wavelength. The resolution in microscopy is described by the Abbe limit, which
gives the minimum difference (d) two data points should have to be detected sep-
arately. The theory from Abbe is only valid for coherent illumination, while for
incoherent illumination the Rayleigh criterion must also be accounted for. Rayleigh
criterion implies that two objects can be distinguished if the maximum of the airy
disc (intensity profile of an object) of one object is at least at the minimum of the
airy disc of the other object. The resolution in microscopy is proportional to the
constant 0.61 attributed to the Rayleigh criterion, the wavelength of the emitted
light λ and inversely proportional to the numerical aperture NA (Equation 2.7).

d = 0.61λ
NA

(2.7)

Since the resolution is proportional to the wavelength of the radiation, SEM can be
used to image very small features. The wavelength of electrons can be described
by the de Broglie relation (Equation 2.8), which describes the quantum mechanical
effect of particle-wave duality.
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λ = h

p
(2.8)

As this equation shows the wavelength (λ) is related to Plank’s constant (h) and
the momentum (p). Based on the law of conservation of energy, the wavelength of
electrons is then given by Equation 2.9.

λ =
√

h2

2meUe
(2.9)

For an acceleration voltage U = 2 kV, the mass of the electron (me = 9.10 × 10-31 kg)
and its elementary charge (e = 1.60 × 10-19 C) the kinetic energy will be equal to
2 keV = 3.20 × 10-16 J, so the electron will be traveling with a wavelength equal
to λ ≈ 27.4 pm. In theory, the resolution of electron microscopy could be orders
of magnitude higher than the resolution achieved in modern optical microscopes,
while in practice the resolution is limited to the Ångström regime. Since the lenses
are not perfect, having spherical and chromatic aberrations, a deviation from the
theoretical resolution is caused.

Figure 2.4: Schematic presentation of the interaction volume and different processes, which
occur when the primary electron beam hits the sample.

When the electron beam hits the sample surface several different types of radiation
are generated as illustrated in Figure 2.4, while the emission and penetration depth
depends on the acceleration voltage and composition of the sample. The most im-
portant emitted radiation and used for imaging is caused by secondary electrons.
These electrons are ejected from an outer shell of atoms of the sample by inelastic
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scattering of the primary electrons. Also backscattered electrons which are primary
electrons deflected under an angle smaller than 180◦ can be used for imaging. Gen-
erated X-ray can be used for energy dispersive X-ray spectroscopy (EDX) to detect
specific elements inside the sample. These X-ray occur if an atom is excited to a
higher energetic state and the vacancy in the inner shell is occupied by an outer shell
electron. If the energy of X-rays is high enough it is even possible to emit another
electron, so called Auger-electrons.

Figure 2.5: Schematic presentation of construction of an SEM. [19]

In Figure 2.5 the set-up of an SEM is shown. The electron gun is usually either
a tungsten filament or a field emission gun. The electron beam is accelerated by
the anode, working at a voltage between 2-30 kV and is then focused through elec-
tromagnetic condenser lenses forming a coherent and highly energetic beam. A set
of objective lenses focuses the beam to the surface of the sample. Scan coils are
used to scan the electron beam over the surface of the sample, while the spot of a
cathode ray tube (CRT) is scanned across the screen. The brightness of the spot is
modulated by the amplified current of the detector. The electron beam and CRT
spot are both scanned simultaneous and transferred to the computer. The image
magnification is the difference between the raster scanned by the electron beam on
the sample and the raster displayed at the CRT.

SEM investigations were used to characterize the shape of the MOF bulk material.
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For MOF films SEM was used to determine the coverage of the substrate and film
thickness.

2.5 Quartz-crystal microbalance

The quartz crystal microbalance (QCM) is a highly sensitive gravimetric technique
based on the piezoelectric effect. Piezoelectricity is defined as the generation of elec-
trical changes of materials upon forces, such as traction, torsion or pressure. It is also
possible to mechanically deform a piezoelectric material by applying an electric field,
which is called the inverse piezoelectric effect. As quartz is a member of the piezo-
electric material family, it is most commonly used in QCM measurements. QCM
chips are thin AT-cut quartz crystals with small key-hole gold-electrodes deposited
on both sides. By growing thin films of porous materials on a QCM-chip, very small
mass changes, such as those occurring during the adsorption or desorption of vapors,
can be recorded with high sensitivity by measuring the change in frequency of the
quartz crystal per unit area. QCM chips oscillating with a resonance frequency of
f0 ∼ 10 MHz were used and the sorption behavior of porous MOF films deposited
on them was measured. The relation between frequency change and mass is given
by the Sauerbrey equation (Equation 2.10), with the frequency change 4f = f − f0

(resonance frequency f0 of the unloaded chip and the frequency f of the loaded
chip) in relation to the mass change per unit area (4m in g cm-2), the piezo-active
area (A) of the electrodes, the density of quartz (ρQ = 2.648 g cm-3) and the shear
modulus of quartz (µQ = 2.947 × 1011 g cm-1 s-2). [20]

4f = − 2f 2
04m

A
√
ρQµQ

(2.10)

For a QCM chip with gold-electrodes of 1 cm2 surface area a frequency change of
1 Hz corresponds to a mass loading of 4.42 × 10-9 g; this value indicates how sensitive
this method is. However, the Sauerbrey equation is only valid for low mass loadings
and limited to 4f ≤ 2% f0, [21] which correlates to changes in the frequency up to
20,000 Hz for the 10 MHz chips that were used.

The schematic representation of the fully automated experimental analyis flow set-up
for measuring the sorption behavior of thin porous MOF films is shown in Figure 2.6.
The partial pressure in the sample cell is achieved by a gas flow controller (GFC) and
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Figure 2.6: Schematic representation of the QCM set-up, to measure the sorption behavior
of thin MOF films. In the controlled evaporation mixer (CEM) the carrier gas and sorptive
are combined and transferred into the sample cell. The frequency changes of the QCM
chip are measured automatically.

a mass flow controller (MFC), which regulate the amount of carrier gas (nitrogen, N2)
and liquid sorptive, respectively. In the central unit of the system, the controlled
evaporation mixer (CEM), the liquid sorptive and the carrier gas are mixed and
heated above the boiling point of the sorptive to achieve a homogeneous gaseous
phase. The frequency changes are automatically recorded on a computer using a
computer program written in LabView by Darga. [22]

2.6 Atomic force microscopy

Figure 2.7: Schematic illustration of the working principle of an AFM.

AFM is an imaging method, which allows high resolution at the nanoscale level
and gives information about the three-dimensional topology of a sample. [23] For
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this, a cantilever with a sharp tip scans over a defined surface area of the sample.
Nuclear forces between the tip and the surface deflect the cantilever. The forces
can be either attractive (like van-der-Waals or capillary forces) or repulsive (as in
Coulombic forces). The deflection of the cantilever is monitored by the reflection of a
laser at the cantilever′s backside onto a photodiode detector as shown in Figure 2.7.
While scanning, piezo adjustment elements are used for the exact movement of either
the sample or the cantilever.

Three different imaging modes are available in AFM measurement. [24] The first is
the contact mode, where the cantilever is in close contact with the sample while
scanning the surface. The second is the non-contact mode, where the cantilever′s
oscillation is close to the resonance frequency and the distance to the sample is
between 10 nm to 100 nm. The third one is the tapping mode, a intermediate
between the contact and non-contact mode.

AFM was used to image the three-dimensional surface of the synthesized MOF films
and to characterize their roughness.

2.7 Contact angle measurement

Figure 2.8: Schematic illustration of the contact angle Θ. With σs surface energy of the
solid, σl surface tension of the liquid and σsl interface energy between the solid and liquid.

Contact angle measurements can be used to determine the wettability of a sample
surface using a goniometer. Thereby the contact angle Θ is measured, which is the
angle between the droplet and the surface, as illustrated in Figure 2.8. The value of
Θ is dependent on the interactions between the liquid and the surface and increases
inversely with interaction. If water is used as the liquid phase the hydrophobicity of
the substrate can be determined. For Θ up to 90◦ the sample is hydrophilic, while
for Θ over 90◦ the surface is hydrophobic. If Θ is more than 160◦, the interaction
between the surface and the liquid is very low and called lotus effect. [25,26]
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In 1805 Thomas Young [27] defined Θ as the angle between interface of gas, liquid
and solid. The angle Θ is given by Equation 2.11.

cosΘ = σs − σsl
σl

(2.11)

Robert Wenzel [28] defined in 1936 the ΘW angle, for surfaces with fine structuring.
This angle is determined by Equation 2.12 with r being the relation of actual and
project surface.

cosΘW = r cosΘ (2.12)

If the fine structure of the sample is higher, hydrophobicity and hydrophilicity are
enhanced and a different contact angle is observed compared to the one defined by
Wenzel. In 1944 Cassie and Baxter [29] defined the ΘCB, if the droplet is not inter-
acting with the fine structuring of the surface. The angle is given by Equation 2.13,
with ρ the contact area between solid and liquid.

cosΘ <
ρ− 1
r − ρ

(2.13)

A comparison of the three different defined contact angles is given in Figure 2.9.

Figure 2.9: Schematic illustration of the contact angle Θ on different fine-structured ma-
terials. The fine-structuring is increasing from (a) to (c). The different contact angles Θ
are based on the work of Young (a), Wenzel (b) and Cassie and Baxter (c).

Contact angle measurements were carried out to prove the successful modification
of the substrates with SAMs.
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2.8 Luminescence measurements

In luminescence spectroscopy, light emitted from a luminescent material is recorded.
Luminescence can be, for example, photoluminescence (photons are absorbed and
molecules are excited to a higher energy state), electroluminescence, or chemilu-
minescence (excitation is caused by a chemical reaction), while in this thesis only
chemiluminescence has been investigated. The relaxation of the molecule into the
ground state is accompanied by the emission of photons. Depending on the lifetime
of the excited state and the internal mechanism, luminescence can be divided into
fluorescence and phosphorescence. Fluorescence is a fast process with lifetimes of
less than 10-8 s, while phosphorescence is a slower process with lifetimes between
10-8 s and several hours. The difference in kinetics of the two processes is due to the
relaxation pathways. In the case of phosphorescence the spin multiplicity changes,
whereas no change occurs in the case of fluorescence. [30,31]

Fluorescence spectroscopy was used to visualize the chemiluminescence of the MOF
particles with out the need of an external light source. The relaxation of the chem-
ically excited MOF framework was recorded on a CCD (charge-coupled device)
camera detector. When the MOF particles were immobilized, it was even possible
to distinguish the origin of chemiluminescence. Chemiluminescence can either orig-
inate from the MOF particles themselves or from a suspension of linker molecules,
that results from decomposed MOF frameworks. [32,33]

2.9 Infrared spectroscopy

The principle of IR spectroscopy is based on the measurement of wavelength and
intensity of adsorbed IR radiation (λ = 0.7-1000 µm; λ−1 = 14300-10 cm-1). The
basis of IR spectroscopy is the possibility of molecules to change their atom dis-
tances through internal vibration or bending around defined axes. [34–36] The IR
range of the electromagnetic spectrum is divided into three regions: the near-IR
(NIR; λ = 0.7-2.5 µm; λ−1 = 14300-4000 cm-1), the mid-IR (MIR; λ = 2.5-50 µm;
λ−1 = 4000-200 cm-1) and the far-IR (FIR; λ = 50-1000 µm; λ−1 = 200-10 cm-1).
In each region different excitations of the molecules occur. The possible transitions
are excited by the energy of the IR radiation, however for an interaction of the elec-
tromagnetic wave with the molecule, the molecule has to be IR active. IR active
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vibrational modes are associated with changes in the dipole moment. In the MIR
region, various atoms and atom-groups can be excited, in the FIR region rotations
of molecule are excited, whereas in the NIR region the excitation of overtones and
harmonic vibrations occurs. The vibration of atoms is quantized and through solv-
ing the Schrödinger equation the energy states (Evib) are given as Equation 2.14
with the frequency (ν), the quantum number (n), Planck’s constant (h) and the
anharmonicity (χe).

Evib = hνosc

(
n+ 1

2

)
− χehν

(
n+ 1

2

)2
(2.14)

For a harmonic oscillator (with χe = 0) only transitions with4n = ±1 are allowed,
while in the IR spectra also transitions with 4n = ±2,±3, ... are possible, which
can be better described by an anharmonic oscillator.

For molecules with more than two atoms, more molecular bonds are involved in the
vibration and the modes can be categorized in stretching (ν) or bending vibrations
(δ, ρ, τ and ω) as shown in Figure 2.10. As the molecular vibrations are dependent
on atom-groups, IR spectroscopy can be used for determining functional groups
inside the molecules and the structure of the molecule.

(b)

νaνs

(a)

δ

(c)

(d)

ρ

+

-τ

(e) +

+ω

(f)

Figure 2.10: Schematic representation of typical vibration modes that can be excited by
IR. The variations are the symmetrical (a) and asymmetrical (b) stretching, rocking (c),
bending (d), twisting (e) and wagging (f).

IR spectra were recorded in the transmission mode and thus the intensity of the
signals depends on the Lambert-Beer law (Equation 2.15).
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lg
I0

It
= ε(λ)cd (2.15)

As this equation shows, the relationship between the intensity of the incoming IR
radiation (I0) and the transmitted radiation of the sample (It) is described by the
extinction coefficient (ε) at a defined wavelength (λ), concentration (c) and the
thickness of the sample (d).

In classical IR spectroscopy, polychromatic IR radiation was passed through a
monochromator and the sample. The adsorbance was determined by comparing
the intensity of a reference beam to the transmitted intensity of the sample. The
IR spectrometers used today are Fourier transform IR spectrometers (FT-IR, Fig-
ure 2.11). Polychromatic IR radiation is passed through a Michelson interferometer
before reaching the sample. The background is subtracted and Fourier transforms
are used to calculate the final spectrum. FT-IR has the advantage of faster measure-
ments, with higher accuracy and better signal-to-noise ratio. By using Fourier trans-
formation the obtained time-dependent signal can be converted into a frequency-
dependent spectrum.

x
IR source

mirror A

mirror B

sample

detector

beam-splitter

Figure 2.11: Schematic illustration of an FT-IR instrument with a Michelson interferom-
eter.

IR spectroscopy was conducted to characterize the linker molecules used in MOF
synthesis.



72 2. Methods and characterization

2.10 Ultraviolet–visible spectroscopy

Figure 2.12: Schematic illustration for the excitation of electrons, compared to the exci-
tation of rotation and vibration modes.

Ultraviolet–visible (UV-Vis) spectroscopy is based on the adsorption of light, like
IR spectroscopy. UV-Vis measures electromagnetic waves in the range of ultraviolet
(λ = 100-400 nm) to visible (λ = 400-780 nm). [34]

The principle of UV-Vis is based on the excitation of electrons from the ground
state (E0) to an excited state (E1) (Figure 2.12), however not all transitions are
possible, as the electronic transition selection rules have to be fulfilled. This implies
that the total spin S and multiplicity (M = 2S + 1) of the electron cannot change
during transition. Also the Laporte rule has to be fulfilled, meaning that electronic
transitions conserving their parity - either symmetric or asymmetric - are forbidden.
Through the movement of the atoms in the molecule the symmetry is reduced, this
allows forbidden transitions to occur with low intensities.

The energy E needed for the excitation of an electron is based on the adsorption of
photons and given by Equation 2.16, with Planck’s constant (h), speed of light (c0)
and the wavelength of light (λ).
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E = hc0

λ
≈ 1239.8 eV nm−1

λ
(2.16)

For UV-vis spectroscopy the Lambert-Beer law (Equation 2.15) is valid indicating
that the intensity of the spectra is dependent on the thickness of the sample.

UV-vis spectroscopy can give information on the structure of molecules and was
used to determine adsorption spectra of the synthesized MOFs.

2.11 Nuclear magnetic resonance spectroscopy

This spectroscopic method uses the electronic environment of atoms and their inter-
action with neighboring atoms, a phenomenon based on nuclear magnetic resonance
(NMR). [35,37] If a strong electromagnetic field is applied, the magnetic moment of
a nucleus interacts with it. NMR active isotopes require a non-zero nuclear spin I,
as these atoms exhibit a magnetic moment. The most commonly used isotopes for
NMR studies are 1H, 13C and 15N.

In the presence of an external magnetic field the orientation of the magnetic moment
is defined by quantum mechanics and given by the magnetic quantum number mI .
The values for mI can only range from −I to I, resulting in 2I + 1 possible orien-
tations. In the absence of an external magnetic field the mI states are degenerated,
while in the presence of a magnetic field the states split due to the Zeeman effect.
This splitting is caused by the magnetic moment of the atom and the energy dif-
ference 4E between the mI-states is proportional to the external magnetic field B0

and the gyromagnetic ratio γ, which is proportional to the magnetic moment and
the spin of a nucleus (Equation 2.17). The energy of an electromagnetic wave is pro-
portional to the resonance frequency, called Larmor frequency ν0, and the product
of B0 and γ. ν0 is in the range of radio frequencies of the electromagnetic spectrum.

4E = ~γB0 = ~ν0 (2.17)

NMR spectroscopy is based on the Larmor frequency ν0 for each nucleus. The energy
difference between two momentum states is not only dependent on the external
magnetic field B0, but also on the magnetic interactions with neighboring nuclei
and the surrounding electrons, resulting in a different magnetic field Blocal for each
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nucleus. This leads to different Larmour frequencies for the same nuclei in different
chemical surroundings and therefore it is possible to determine the exact structure
of molecules. The Larmour frequencies are reported by a relative parameter, the
chemical shift δ, and therefore do not depend on the external magnetic field. δ

is given by Equation 2.18, where the resonance is referred to the frequency of a
reference nucleus (ν0

L). In 1H and 13C NMR measurements, formerly the shifts
were referred to tetramethylsilane (TMS), while nowadays remaining protons of the
deuterated solvent are used as the reference.

δ = νL − ν0
L

ν0
L

× 106 (2.18)

In the first NMR measurements, resonances were successively excited, while either
keeping the frequency of the electromagnetic field constant and varying the magnetic
field (continuous wave method) or by changing the high-frequency of the electromag-
netic field while applying a constant magnetic field (continuous field method). To
improve the low signal-to-noise ratio, modern NMR instruments are working with
radio frequency pulses. The short pulse excites all transitions of nuclei at once, as
long as they are in the right frequency range. This frequency range is inversely
proportional to the pulse duration. The magnetization of the excited spins is per-
pendicular to the externally applied magnetic field when the pulse is endowed with
the right duration and power. After the pulse, each spin oscillates perpendicularly
to the external magnetic field with its own Larmour frequency. The sum of the
oscillation decay with the relaxation times and the change in electric current can be
measured by electromagnetic induction by the same coils used to create the exciting
pulse and is called free induction decay (FID). The individual Larmour frequencies
can be extracted from the measured FID by Fourier transform resulting in the NMR
spectra.

In NMR spectroscopy two relaxation processes occur. The longitudinal T1-relaxation
describes the process where the spin in its excited state relaxes back to the ground
state by emitting the adsorbed energy as heat. If the time between two NMR
scans is lower than T1 there will be less magnetization and thus less signal intensity.
The transversal relaxation T2 is based on entropic effects triggered by magnetic
dipole-dipole interactions with neighboring atoms and dephasing of the transversal
magnetization. During this relaxation no energy is released, as the spins remain
in their excited states, but a decay of the transversal magnetization occurs until
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no signal can be detected. If the decay is enhanced due to inhomogeneities or
fluctuations in the external magnetic field, T2 would result in T ∗2 . T2 determines the
lifetime of the NMR signal and is the base of the measured FID, while T1 limits the
recording time of the NMR spectra. [38,39]

Scalar coupling or J-coupling provides information on the atom connectivity of the
probed molecule. J-coupling is a special case of spin-spin coupling. The splitting
of the NMR signal arises from the interaction of spins through chemical bonds. If a
spin of I = 1/2 couples to n equivalent nuclei the splitting of the NMR signal is a
multiplet of n+ 1, with intensities following Pascal’s triangle. If the coupling of one
nucleus to two or more non equivalent nuclei occurs, the NMR signal splits up even
further. The coupling between nuclei is normally over three to four bonds, while the
coupling to more distant nuclei is too small; the coupling to chemically equivalent
nuclei results in no splitting. [35]

The sensitivity of NMR spectroscopy is low, as the population differences between
the mI states in the thermal equilibrium are small according to the Boltzmann dis-
tribution. Thus, sensitivity is inversely dependent on the temperature, and directly
proportional to the appearance and spin I of the isotope and the applied external
magnetic field. [40]

NMR spectroscopy was used to characterize the synthesized linker molecules, as well
as to demonstrate an unchanged linker structure after incorporation into the MOF.

2.12 Mass spectroscopy

In mass spectroscopy (MS), the mass of atoms and molecules can be determined
by ionizing the sample. Ions are accelerated towards the analyzer via applying an
electric field. The analyzer sorts the molecules by the mass-to-charge ratio (m/z).
Very often MS is coupled with an HPLC (high performance liquid chromatography or
gas chromatographic instrument). [41] Important parameters of a mass spectrometer
are the mass resolution (the minimum mass difference of two ions, which can be
still separately detected), the mass accuracy (determining the exact mass of the
molecules, given in parts per million), and the mass range (range where the signal
intensity is proportional to the concentration of the analyte).

The main parts of an MS instrument are the ionization source, the analyzer and
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Figure 2.13: Schematic illustration of three main parts of a MS spectrometer.

the detector (Figure 2.13). In the ion source the sample is ionized by electron (EI),
chemical (CI), photon (PI) or field (FI) ionization. It is also possible to use fast
atom bombardment (FAB), matrix-assisted laser desorption ionization (MALDI) or
electronspray ionization (ESI). Through an electric field the ions are accelerated
towards the analyzer, which will separated them according to their m/z. There are
different types of analyzers, including time of flight (TFO), quadrupole, and ion-trap
(IT). MS was used to determine the exact mass of the MOF linkers.

2.13 Elemental analysis

The elemental analysis (EA) is a method for determining the portion of hydrogen,
carbon, nitrogen, oxygen, phosphor, sulfur and halogens in a sample. In qualitative
EA only the ingredients are identified, while quantitative EA determines the per-
centage amounts. According to the work of Justus Liebig [42] the analysis is carried
out through combustion by burning the sample under oxygen stream. The formed
gases are conducted to a 600-900 ◦C hot pipe filled with copper via helium-stream,
to convert NOx to molecular N2 and SO3 to SO2. Afterwards the selected gases are
purged and trapped before they are separately detected in a thermal conductivity
detector. With this method it is possible to determine the elemental composition.
IR detectors are used to determine the amounts of CO2, H2, or SO2, while a thermal
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conductivity detector is used for N2. For the determination of oxygen, the sample
is burned at 1200-1400 ◦C under inert conditions in the presence of finely dispersed
carbon. The generated CO is quantified, after being isolated form N2, at a thermal
conductivity detector. [43]

For the full characterization of the linker materials, EA was carried out.
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Chapter 3

Functionalized PCN-6
metal-organic frameworks

This chapter is based on the article "Functionalized PCN-6 metal-organic frame-
works" by Erika Mühlbauer, Arne Klinkebiel, Ole Beyer, Florian Auras, Stefan
Wuttke, Ulrich Lüning, and Thomas Bein, Microporous and Mesoporous Materi-
als 2015, 216, 51-55. (DOI: 10.1016/j.micromeso.2015.06.007)

The MOFs were synthesized by Erika Virmani (Mühlbauer) and characterized by
the help of Florian Auras and Stefan Wuttke in the group of Thomas Bein, while
the linkers were synthesized by Arne Klinkebiel and Ole Beyer in the group of Ulrich
Lüning.
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Abstract

Mono-substituted triangular linker molecules for metal-organic frameworks (MOFs)
based on triazine-2,4,6-triyl-tribenzoate (TATB) were successfully synthesized with
a nitro group in ortho (5a) and in meta (5b) position, as well as with an amino
group (5c) in meta positon to the carboxylic acid. The synthetic route starts from
substituted benzoyl chlorides 2 and the corresponding unsubstituted nitriles 1. Fur-
thermore, the novel functionalized TATB-R linkers 5a-c were successfully used for
the synthesis of microporous metal-organic frameworks based on the PCN-6 struc-
ture. Powder X-ray diffraction revealed identical high crystallinity of the PCN-6-R
[R = -H, -NO2 (ortho or meta), -NH2 (meta)] structures. These MOF structures
were found to exhibit different porosity, stability and color depending on the sub-
stitution of the linker.

3.1 Introduction

Metal-organic frameworks (MOFs) have shown to be promising candidates for gas
storage and separation, [1] catalysis, [2] chemical sensing, [3] and drug delivery. [4] MOFs
are crystalline materials constructed of metal ions or metal clusters joined by organic
linkers. On the one hand, the compositional and structural variety of MOFs is due
to the great diversity of possible secondary building units (SBU) of different metals
ranging from three up to twenty-two points of extensions. [5] On the other hand, there
is a wide variety of possible organic linker molecules that can be incorporated into
MOFs, ranging from ditopic to hexatopic with different lengths and geometries. [1]

A common concept for tuning the pore size of MOFs is the isoreticular expansion
of known topologies by using elongated and/or modified organic linker molecules. [6]

The isoreticular chemistry of MOFs has been shown for HKUST-1 (HKUST stands
for Hong Kong University of Science and Technology), which is one of the bench-
mark MOFs and is already being produced on an industrial scale. [7] The SBU of this
structure is a dicopper tetracarboxylate paddle wheel with axial aqua ligands. In
HKUST-1 the organic linker is the trivalent benzene-1,3,5-tricarboxylic acid. This
linker can be elongated to BTB (BTB stands for 1,3,5-benzenetribenzoate) contain-
ing aryl-aryl subunits. This leads to 120◦ angles between the arms, but due to the
repulsion of the ortho hydrogen atoms in a biphenyl moiety, the BTB building block
is not entirely planar, resulting in a topology that is different from the one found in
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HKUST-1. [6] We note that by changing the synthesis conditions Klein et al. [8] were
able to obtain a similar topology as HKUST-1 with the BTB linker.

Planarity can be enhanced through substituting the central benzene ring of BTB by
a 1,3,5-triazine. [9] The synthesis of MOFs with the triazine-2,4,6-triyl-tribenzoate
(TATB) linker and copper ions results in an isoreticular structure of HKUST-1,
named PCN-6. [9,10] This material exhibits a permanent high porosity and a remark-
able volumetric storage capacity for hydrogen. [10] To further functionalize this MOF
structure and possibly enhance its gas storage capacity, the design of linkers with
different functional groups would be desirable. Despite the richness of different
structures using tritopic carboxylate linkers, examples for functionalized versions of
such linkers are surprisingly rare. [11–13] Additional functional groups at the linker
molecules can be used as anchoring points for the covalent attachment of further
moieties. In this context, amino groups are particularly suitable for postsynthetic
modifications (PSM), and a multitude of such reactions with amino groups have
been reported so far. [14–16] Therefore, trivalent linkers with additional reactive sub-
stituents would be attractive synthetic targets.

Here we report on the synthesis of novel MOFs having the PCN-6 topology with
functionalized TATB linkers. As mentioned above, TATB is more planar than BTB.
However, additional substituents on TATB will start to disturb planarity. We there-
fore decided to only introduce one additional functional group per TATB linker. In
the case of mono-substituted TATBs 5a-c, two regioisomers are conceivable: substi-
tution ortho or meta to one of the carboxylates. Neither of these molecules has been
prepared yet. The novel TATB linkers were used to synthesize the corresponding
PCN-6 structures. Furthermore, the influence of the functional substituents on the
material properties was studied.
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3.2 Experimental

3.2.1 Materials

4-Methyl-2-nitrobenzoic acid (2b, 97%, Sigma Aldrich), 4-methylbenzonitrile (1,
98%, Sigma Aldrich), acetic acid (p.A.), acetic anhydride (≥99%, Carl Roth), ace-
tone (99%, in-house chemical supply), ammonia solution (2 M, in-house chemi-
cal supply), barium sulfate (99.99%, Sigma Aldrich), chromium(VI) oxide (99.5%,
Acros), copper(II) nitrate trihydrate (99%, Fluka), hydrochloric acid (2 M, in-house
chemical supply), N,N -dimethylformamide (anhydrous, synthesis grade, Fischer Sci-
entific), palladium on activated charcoal (Alfa Aesar), sodium hydroxide solution
(2 M, in-house chemical supply), sulfuric acid (96%, in-house chemical supply),
tetrabutylammonium bromide (98%, Sigma Aldrich), toluene (technical, in-house
chemical supply), trifluoromethanesulfonic acid (99%, Apollo Scientific) were used
without further purification.

3.2.2 Linker synthesis

Three mono-substituted TATB linkers 5a-c were synthesized. A nitro group was
introduced by using nitrosubstituted benzoyl chlorides 2a or 2b in the synthesis
of an unsymmetric TATB precursor 3, while amino substituted TATB 5c was ob-
tained by reduction of nitro-TATB 5b (see Figure 3.1). Tetrabutylammonium per-
manganate was prepared from tetrabutylammonium bromide according to literature
procedures. [17]

4-Methyl-3-nitro-benzoylchloride (2a)

N,N -Dimethylformamide (1 µL, ca. 15 µmol) was added to a suspension of 4-methyl-
3-nitro-benzoic acid (1.00 g, 5.52 mmol) in thionyl chloride (5 mL) and the mixture
was heated to reflux for 2 h. Excess thionyl chloride was distilled off and the resulting



3.2 Experimental 85

yellow oil was used without further purification.
1H NMR (500 MHz, CDCl3): δ = 8.69 (d, 1H, J = 1.9 Hz, Ar-H -2), 8.22 (dd, 1H, J = 8.1 Hz,
J = 1.9 Hz, Ar-H -6), 7.55 (d, 1H, J = 8.1 Hz, Ar-H -5), 2.71 (s, 3H,CH3) ppm.
13C NMR (125 MHz, CDCl3): δ = 166.45 (s, COCl), 149.42 (s, Ar-C -3), 141.20 (s, Ar-C -4),
134.35 (d, Ar-C -6), 133.71 (d, Ar-C -5), 132.43 (s, Ar-C -1), 127.42 (d, Ar-C -2), 20.75 (q, CH3) ppm.

MS (EI, 70 eV): m/z (%) = 199 (100) [M]+·, 164 (52) [M-Cl]+.

MS (Cl, isobutane): m/z (%) = 200 (11) [M+H]+, 183 (58) [M-O]+·, 164 (100) [M-Cl]+·.

4-Methyl-2-nitrobenzoyl chloride (2b)

4-Methyl-2-nitrobenzoyl chloride (2b) is commercially available, but has been pre-
pared from the respective acid by reaction with thionyl chloride. N,N -Dimethylform-
amide (1 µL, ca. 15 µmol) was added to a suspension of 4-methyl-2-nitrobenzoic
acid (5.00 g, 27.6 mmol) in thionyl chloride (20 mL) and the mixture was heated
to reflux for 2 h. Excess thionyl chloride was distilled off and the resulting oil was
used without further purification.
1H NMR (500 MHz, CDCl3): δ = 7.81 (mc (d), 1H, J = 0.7 Hz, Ar-H -3), 7.69 (d, 1H, J = 7.9 Hz,
Ar-H -6), 7.55 (mc (d), 1H, J = 7.9 Hz, J = 0.7 Hz, Ar-H -5), 2.53 (s, 3H, CH3) ppm.

13C NMR (125 MHz, CDCl3): δ = 165.46 (s, COCl), 146.24 (s, Ar-C -1), 144.91 (s, Ar-C -2),

133.89 (d, Ar-C -5), 129.24 (d, Ar-C -6), 128.81 (s, Ar-C -4), 124.86 (d, Ar-C -3), 21.42 (q, CH3) ppm.

2-(4-Methyl-3-nitrophenyl)-4,6-bis(4-methylphenyl)-1,3,5-triazine (4a)

At 0 ◦C, antimony(V) chloride (8.48 mL, 66.1 mmol) was carefully added to a



86 3. Functionalized PCN-6 metal-organic frameworks

solution of crude 4-methyl-3-nitrobenzoic chloride (2a, 11.0 g, 55.0 mmol) and
4-methylbenzonitrile (1, 12.9 g, 110 mmol) in chloroform (100 mL). The mixture
was heated to reflux for 16 h and the resulting yellow oxonium salt was filtered off.
At 0 ◦C, it was added to 28% aqueous ammonia (500 mL) in small batches. After
2 h of stirring at room temperature, the colorless solid was filtered off and extracted
with boiling chloroform (3 × 250 mL). The solvent was evaporated in vacuo yielding
12.9 g (32.5 mmol, 59%) of a colorless solid, melting point 254 ◦C.
1H NMR (500 MHz, CDCl3): δ = 9.24 (d, 1H, J = 1.7 Hz, Ar-H -2), 8.80 (dd, 1H, J = 8.0 Hz,
J = 1.7 Hz, Ar-H -6), 8.59 (mc (d), 4H, J = 8.1 Hz, Ar′-H -2,6), 7.49 (d, 1H, J = 8.0 Hz, Ar-H -5),
7.35 (mc (d), 4H, J = 8.1 Hz, Ar′-H -3,5), 2.69 (s, 3H, Ar-CH3), 2.47 (s, 6H, Ar′ CH3) ppm.
13C NMR (125 MHz, CDCl3): δ = 171.70 (s, Tri-C -1), 169.33 (s, Tri-C -3,5), 149.86 (s, Ar-C -3),
143.39 (Ar′-C -4), 137.33 (s, Ar-C -4), 135.93 (s, Ar-C -1), 133.11 (s, Ar′-C -1), 133.01 (d, Ar-C -5),
132.62 (d, Ar-C -6), 129.42 (d, Ar′-C -3,5), 128.99 (d, Ar′-C -2,6), 124.90 (d, Ar-C -2), 21.75 (q,
Ar′-CH3), 20.61 (q, Ar-CH3) ppm.

IR (ATR): ν̃ = 3036, 3014 (aryl-H), 2982, 2922, 2852 (CH-val.), 1609, 1581, 1506, 1408 (arom.
C=C, arom. C=N), 1350 (C-N-val.), 1267 (aryl-NO2), 802 (1,4-disubst. aryl, 1,3,4 trisubst.
aryl) cm-1.

HRMS (EI): m/z = calcd. 396.1586; found 396.1577 (∆ 2.1 ppm).

EA (C24H20N4O2) (396.44): calcd. C 72.71 H 5.08 N 14.13; found C 72.62 H 5.04 N 13.97.

2-(4-Methyl-2-nitrophenyl)-4,6-bis(4-methylphenyl)-1,3,5-triazine (4b)

N

N

N

CH3

CH3H3C

NO2

At 0 ◦C, antimony(V) chloride (4.26 mL, 33.2 mmol) was carefully added to a
solution of 4-methyl-2 nitrobenzoic chloride (2b, 5.51 g, 27.6 mmol) and 4-methyl-
benzonitrile (1, 6.46 g, 55.2 mmol) in chloroform (80 mL). After heating to reflux
for 16 h, the resulting yellow oxonium salt was filtered off, added in portions to
aqueous ammonia (28%, 250 mL) at 0 ◦C, and stirred for 16 h at room temperature
The colorless solid was filtered off and separated from antimon oxide by Soxhlet
extraction with chloroform for 15 h. Removal of the solvent yielded 6.00 g (54%) of
a colorless solid, melting point 160 ◦C.
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1H NMR (500 MHz, CDCl3): δ = 8.52 (mc (d), 4H, J = 8.1 Hz, Ar′-H -2,6), 8.32 (d, 1H,
J = 8.0 Hz, Ar-H -6), 7.54 (s, 1H, Ar-H -3), 7.49 (mc (d), 1H, J = 8.0 Hz, Ar-H -5), 7.33 (mc (d),
4H, J = 8.1 Hz, Ar′-H -3,5), 2.50 (s, 3H, Ar-CH3), 2.44 (s, 6H, Ar′-CH3) ppm.
13C NMR (125 MHz, CDCl3): δ = 171.61 (s, Tri-C -4,6), 169.70 (s, Tri-C -2), 150.84 (s, Ar-C -2),
143.41 (s, Ar′-C -4), 143.03 (s, Ar-C -4), 133.02 (s, Ar′-C -1), 132.08 (d, Ar-C -5), 131.50 (d, Ar-C -6),
129.47 (d, Ar′-C -3,5), 129.09 (d, Ar′-C -2,6), 127.86 (s, Ar-C -1), 124.18 (d, Ar-C -3), 21.74 (q,
Ar′-CH3), 21.32 (q, Ar-CH3) ppm.

FTIR (ATR): ν̃ = 3034, 3015 (aryl-C-H), 2917 (C-H), 1610, 1581, 1508, 1408 (arom. C=C, arom.
C=N), 1362 (C-N), 1301 (CH), 1179 (aryl-NO2), 800 (1,4-disubst. aryl, 1,2,4-trisubst. aryl) cm-1.

MS (EI, 70 eV): m/z (%) = 396 (50) [M]+·. HRMS (EI): m/z = calcd. 396.1586; found 396.1579
(∆ 2.0 ppm).

EA C24H20N4O2 (396.44): calcd. C 72.71, H 5.08, N 14.13; found C 72.84, H 5.07, N 14.04.

2-(4-Carboxy-3-nitrophenyl)-4,6-bis(4-carboxyphenyl)-1,3,5-triazine (5a)

N

N

N

OHO

OH

OO

OH

NO2

Tetrabutylammonium permanganate (1.38 g, 3.81 mmol) was added to a solution
of 2-(4-methyl-3-nitrophenyl)-4,6-bis(4-methylphenyl)-1,3,5-triazine (4a, 250 mg,
635 µmol) in pyridine (10 mL). The mixture was stirred for 24 h at 50 ◦C. Aqueous
sodium hydroxide (2 M, 10 mL) was added to the resulting brown reaction mix-
ture followed by filtration. The filtrate was washed with tert-butyl methyl ether
(3x25 mL) and acidified with conc. hydrochloric acid. Filtration yielded 261 mg
(540 µmol, 85%) of a slightly yellow solid, melting point >300 ◦C.
1H NMR (600 MHz, DMSO-d6): δ = 9.06 (mc (d), 1H, J = 0.9 Hz, Ar-H -2), 8.96 (mc (dd), 1H,
J = 8.0 Hz, J = 0.9 Hz, Ar-H -6), 8.74 (d, 4H, J = 8.3 Hz, Ar′-H -3,5), 8.13 (d, 4H, J = 8.3 Hz,
Ar′-H -2,6), 8.06 (d, 1H, J = 8.0 Hz, Ar-H -5) ppm.
13C NMR (150 MHz, DMSO-d6): δ = 170.69 (s, Ar′CO2H), 168.89 (s, Tri-C -2), 166.72 (s,
Tri-C -4,6), 165.43 (s, Ar-CO2H), 148.80 (s, Ar-C -3), 138.60 (s, Ar-C -1), 138.46 (d, Ar-C -4), 138.36
(s, Ar′C -4), 134.84 (s, Ar′-C -1), 132.56 (d, Ar-C -6), 130.75 (d, Ar-C -5), 129.76 (d, Ar′-C -2,6),
128.94 (d, Ar′-C -3,5), 123.27 (d, Ar-C -2) ppm.
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IR (ATR): ν̃ = 3072 (br., OH), 1697 (C=O), 1582, 1513, 1408 (arom. C=C, arom. C=N), 1356
(C-N Val.), 1277 (Aryl-NO2), 827 (1,4-disubst. aryl, 1,2,4-trisubst. aryl) cm-1.

MS (EI, 70 eV): m/z (%) = 486 (5) [M]+·, 442 (97) [M – CO2]+·.

HRMS (EI): m/z = calcd. 486.0811; found. 486.0796 (∆ 3.3 ppm).

EA (C24H14N4O8) (486.39): calcd. C 59.26 H 2.90 N 11.52; (C24H14N4O8 ·H2O) (504.42): calcd.

C 56.95 H 3.25 N 11.07; found C 56.71 H 3.23 N 11.03.

2-(4-Carboxy-2-nitrophenyl)-4,6-bis(4-carboxyphenyl)-1,3,5-triazine (5b)

N

N

N

OHO

OH

OO

OH

NO2

Method A: A solution of chromium(VI) oxide (7.39 g, 73.9 mmol) in acetic an-
hydride (24 mL) was added to a solution of 2-(4-methyl-2-nitrophenyl-4,6-bis(4-
methylphenyl)-1,3,5-triazine (4b, 2.20 g, 5.55 mmol) in 24 mL of acetic acid and
5.2 mL of conc. sulfuric acid in such a way that the temperature did not exceed
50 ◦C. After stirring for 16 h at room temperature, the brown reaction mixture
was carefully poured on ice water. The resulting precipitate was filtered off and
washed intensively with water. After dissolution with aqueous sodium hydroxide
(2 M, 25 mL) and filtration, the filtrate was acidified with half conc. hydrochlo-
ric acid. The resulting solid was recrystallized from N,N -dimethylformamide/water
(2:1) yielding 2.31 g (4.75 mmol, 86%) of a slightly yellow solid.

Method B: Tetrabutylammonium permanganate [18] (12.9 g, 25.6 mmol) was added to
a solution of 2-(4-methyl-2-nitro)-4,6-bis(4-methylphenyl)-1,3,5-triazine (4b, 2.35 g,
5.93 mmol) in pyridine (50 mL). After stirring for 24 h at 50 ◦C, aqueous sodium
hydroxide (2 M, 50 mL) was added and the mixture was filtered. The filtrate was
acidified with conc. hydrochloric acid, the resulting solid was filtered off and washed
thoroughly with water. 2.63 g (5.41 mmol, 91%) of 5b was obtained as a slightly
yellow solid, melting point >300 ◦C.
1H NMR (500 MHz, DMSO-d6): δ = 8.67 (mc (d), 4H, J = 8.4 Hz, Ar′-H -3,5), 8.52 (d, 1H,
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J = 8.0 Hz, Ar-H -6), 8.43 – 8.42 (m, 1H, Ar-H -3), 8.41 – 8.38 (m, 1H, Ar-H -5), 8.17 (mc (d), 4H,
J = 8.4 Hz, Ar′-H -2,6) ppm.
13C NMR (125 MHz, DMSO-d6): δ = 171.10 (s, Ar′-CO2H), 170.49 (s, Tri-C -2), 167.31 (s,
Tri-C -4,6), 165.99 (s, Ar-CO2H), 150.27 (s, Ar-C -2), 139.40 (s, Ar-C -4), 138.50 (s, Ar′-C -1), 136.07
(s, Ar′-C -4), 133.14 (d, Ar-C -5), 132.43 (d, Ar-C -6), 131.55 (s, Ar-C -1), 130.32 (d, Ar′-C -2,6),
139.34 (d, Ar′-C -3,5), 124.87 (d, Ar-C -3) ppm.

IR (ATR): ν̃ = 3069 (br., OH), 1692 (C=O), 1580, 1513, 1408 (arom. C=C, arom. C=N), 1358
(C-N), 1238 (aryl-NO2), 828 (1,4-disubst. aryl, 1,2,4-trisubst. aryl) cm-1.

MS (EI, 70 eV): m/z (%) = 486 (18) [M]+·. HRMS (EI): m/z = calcd. 486.0811; found 486.0797
(∆ 2.9 ppm).

EA C24H14N4O8 (486.39): calcd. C 59.26, H 2.90, N 11.52; C24H14N4O8 · 1.8H2O (518.76): calcd.

C 55.57, H 3.42, N 10.80; found C 55.18, H 3.72, N 10.55.

2-(2-Amino-4-carboxyphenyl)-4,6-bis(4-carboxyphenyl)-1,3,5-triazine
(5c)

N

N

N

OHO

OH

OO

OH

NH2

Method A: A mixture of 2-(4-carboxy-2-nitrophenyl)-4,6-bis(carboxy-phenyl)-1,3,5-
triazine (5b, 2.50 g, 5.18 mmol) and tin(II) chloride hydrate (11.7 g, 51.8 mmol) in
aqueous acetic acid (2 M, 32.5 mL, 65.0 mmol) and ethanol (250 mL) was heated
to reflux for 48 h. After removal of the solvents in vacuo, distilled water was added
and aqueous sodium hydroxide (2 M) was added until pH = 9.5-10.0 was reached.
A yellow solid was filtered off through Celite. The filtrate was acidified with conc.
hydrochloric acid until pH = 3.5-4.0 was reached. The resulting solid was filtered off
and washed thoroughly with water resulting in 1.49 g (3.27 mmol, 63%) of a yellow
solid, melting point >300 ◦C.

Method B: 2-(4-Carboxy-2-nitrophenyl)-4,6-bis(4-carboxyphenyl)-1,3,5-triazine (5b,
590 mg, 1.21 mmol) was suspended in water (15 mL), and potassium carbonate was
added until the entire solid was dissolved. Sodium dithionite (1.05 g, 6.07 mmol)
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and ethanol (15 mL) were added and the mixture was stirred for 1 h at room
temperature. Ethanol was removed under reduced pressure and the residue was
poured into conc. hydrochloric acid. The precipitate was washed with water and
dried, to yield 440 mg (964 µmol, 79%) of a yellow solid.
1H NMR (600 MHz, DMSO-d6): δ = 8.72 (mc (d)*, 1H, Ar-H -6), 8.71 (mc (d), 4H, J = 8.2 Hz,
Ar′-H -2,6), 8.19 (mc (d), 4H, J = 8.2 Hz, Ar′-H -3,5), 7.66 (br. s, 2H, NH2), 7.58 (d, 1H, J = 1.3 Hz,
Ar-H -3), 7.22 (dd, 1H, J = 8.4 Hz, J = 1.3 Hz, Ar-H -5) ppm. *overlapping signals, determination
of J was not possible.
13C NMR (150 MHz, DMSO-d6): δ = 171.97 (s, Tri-C -2), 169.86 (s, Tri-C -4,6), 167.39 (s,
Ar-CO2H), 167.21 (s, Ar′-CO2H), 151.32 (s, Ar-C -2), 138.41 (s, Ar′-C -1), 136.57 (s, Ar′-C -4),
136.22 (s, Ar-C -4), 131.06 (d, Ar-C -6), 129.81 (d, Ar′-C -3,5), 128.59 (d, Ar′-C -2,6), 118.55 (d,
Ar-C -3), 116.93 (s, Ar-C -1), 115.38 (d, Ar-C -5) ppm.

IR (ATR): ν̃ = 3300 (br., OH, NH), 1691 (C=O), 1619, 1581, 1499 (arom. C=C, arom. C=N),
1355 (C-N), 760 (1,4-disubst. aryl, 1,2,4-trisubst. aryl) cm-1.

HRMS (EI): m/z = calcd. 456.1070; found 456.1070 (∆ 0.0 ppm).

EA C24H16N4O6 (456.11): calcd. C 63.16, H 3.53, N 12.28; C24H16N4O6 ·H2O (474.42): calcd. C

60.77, H 3.82, N 11.82; found C 60.65, H 3.65, N 11.73.

2,4,6-Tris(4-methylphenyl)-1,3,5-triazine

N

N

N

CH3

CH3H3C

4-Methylbenzonitrile (1, 10.0 g, 86.0 mmol) was slowly added to trifluoromethane-
sulfonic acid (20.9 mL, 236 mmol). After stirring at room temperature for 17 h, the
yellow reaction mixture was poured on ice and neutralized with aqueous ammonia
solution (2 M). The white precipitate was filtered by suction filtration and washed
with water and acetone. Recrystallization from toluene gave 8.1 g of 2,4,6-tris(4-
methylphenyl)-1,3,5-triazine (23.0 mmol, 80%) in form of white crystals.
1H NMR (400 MHz, CDCl3): δ = 8.63 (d, J = 8.0 Hz, 6H), 7.34 (d, J = 8.0 Hz, 6H), 2.46 (s,
9H).
13C NMR (100 MHz, CDCl3): δ = 171.6, 143.1, 134.0, 129.1, 21.9 (3xCH3).
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IR (ATR): ν̃ = 1610 (m), 1583 (m), 1510 (vs), 1406 (m), 1370 (s), 1298 (w), 1178 (m), 1149 (w),
1111 (w), 1036 (w), 1018 (w), 963 (w), 852 (w), 833 (w), 797 (s), 772 (w), 712 (w), 642 (w).

HRMS (ESI+, [M+H]+: calc. for [C24H21N3 + H+]+: 352.1808, found: 352.18055.

4,4′,4′′-(1,3,5-Triazine-2,4,6-triyl)-tribenzoic acid (5d, TATB)

N

N

N

OHO

OH

OO

OH

A solution of 2,4,6-tris(4-methylphenyl)-1,3,5-triazine (7.92 g, 22.5 mmol), acetic
acid (217 mL, 3.79 mol) and sulfuric acid (12.5 mL, 234 mmol) was stirred, while
chromium(VI) oxide (20.5 g, 205 mmol) and acetic anhydride (13.7 mL, 145 mmol)
were added. The green slurry was stirred at room temperature for 72 h, then poured
into water (900 mL) under ice cooling, well mixed and filtered by suction filtration.
The green solid was washed with water and dissolved in aqueous sodium hydroxide
solution (2 M, 500 mL). After filtration, the solution was acidified with hydrochloric
acid (2 M) obtaining a slightly green crude product. After recrystallization from
N,N -dimethylformamide, 7.37 g (16.7 mmol, 74%) of as a white crystalline product
was obtained.
1H NMR (400 MHz, DMSO-d6): δ = 13.31 (s, 3H), 8.74 (d, J = 8.3 Hz, 6H), 8.14 (d, J = 8.4 Hz,
6H).
13C NMR (100 MHz, DMSO-d6): δ = 170.5, 166.8, 138.7, 134.6, 129.8, 128.8.

IR (ATR): ν̃ = 1703 (vs), 1678 (w), 1626 (s), 1583 (s), 1516 (vs), 1437 (m), 1408 (m), 1379 (s),
1360 (s), 1303 (w), 1271 (vs), 1250 (w), 1175 (w), 1150 (w), 1117 (m), 1106 (m), 1066 (w), 1016
(m), 879 (m), 852 (w), 829 (m), 793 (w), 781 (s), 766 (vs), 691 (m), 670 (m).

HRMS (ESI-, [M+H]-: calc. for [C24H15N3O6 – H+]-: 440.0888, found: 440.0886.



92 3. Functionalized PCN-6 metal-organic frameworks

3.2.3 MOF synthesis

PCN-6

PCN-6 was synthesized according to literature. [10] For the reaction, a 100 mL
Schott-Duran glass bottle with a PBT cap equipped with a Teflon seal was
used. Cu(NO3)2 · 3H2O (271 mg, 1.12 mmol) and 4,4′,4′′-(1,3,5-triazine-2,4,6-
triyl)-tribenzoic acid (5d, 100 mg, 0.227 mmol) were dissolved in 15 mL
N,N -dimethylformamide by ultrasonic treatment. The reaction mixture was heated
within 1 h to 75 ◦C and held at this temperature for 48 h and afterwards cooled
to room temperature within 24 h. The resulting turquoise powder was collected by
centrifugation (10 min, 20 000 rpm) and washed three times with N,N -dimethyl-
formamide and dried under reduced pressure at room temperature.

PCN-6-NO2 (meta)

A 100 mL Schott-Duran glass bottle with a PBT cap equipped with a Teflon seal
was used. Cu(NO3)2 · 3H2O (217 mg, 1.12 mmol) and 2-(4-carboxy-2-nitrophenyl)-
4,6-bis(4-carboxyphenyl)-1,3,5-triazine (5b, 110 mg, 0.226 mmol) were dissolved in
15 mL N,N -dimethylformamide by ultrasonic treatment. The reaction mixture was
heated within 1 h to 75 ◦C and held at this temperature for 48 h and afterwards
cooled to room temperature within 24 h. The resulting turquoise-green powder
was collected by centrifugation (10 min, 20 000 rpm) and washed three times with
N,N -dimethylformamide and dried under reduced pressure at room temperature.

PCN-6-NO2 (ortho)

A 100 mL Schott-Duran glass bottle with a PBT cap equipped with a Teflon seal
was used. Cu(NO3)2 · 3H2O (217 mg, 1.12 mmol) and 2-(4-carboxy-3-nitrophenyl)-
4,6-bis(4-carboxyphenyl)-1,3,5-triazine (5a, 110 mg, 0.226 mmol) were dissolved in
15 mL N,N -dimethylformamide by ultrasonic treatment. The reaction mixture was
heated within 1 h to 75 ◦C and held at this temperature for 48 h and afterwards
cooled to room temperature within 24 h. The resulting green-blue powder was
collected by centrifugation (10 min, 20 000 rpm) and washed three times with
N,N -dimethylformamide and dried under reduced pressure at room temperature.
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PCN-6-NH2 (meta)

A 100 mL Schott-Duran glass bottle with a PBT cap equipped with a Teflon seal
was used. Cu(NO3)2 · 3H2O (271 mg, 1.12 mol) and 2-(2-amino-4-carboxyphenyl)-
4,6-bis(4-carboxyphenyl)-1,3,5-triazine (5c, 102 mg, 0.225 mmol) were dissolved in
15 mL N,N -dimethylformamide by ultrasonic treatment. The reaction mixture
was heated within 1 h to 75 ◦C and held at this temperature for 48 h and af-
terwards cooled to room temperature within 24 h. The resulting green powder
was collected by centrifugation (10 min, 20 000 rpm) and washed three times with
N,N -dimethylformamide and dried under reduced pressure at room temperature.

3.2.4 Characterization

X-ray diffraction (XRD)

Wide-angle X-ray diffraction data were recorded in transmission geometry using a
STOE Stadi MP diffractometer with a Cu Kα1 radiation (λ = 1.54060 Å) source
operating at 40 kV and 40 mA and a Ge(111) single crystal monochromator. The
diffractometer was equipped with a DECTRIS MYTHEN 1K strip solid-state de-
tector. Diffraction patterns were collected with an omega–2-theta scan using a step
size of 4.71◦ and a counting time of 60 s or 180 s per step. Temperature stability
measurements were performed using a Bruker D8 Discover with Ni-filtered Cu Kα1

radiation and a LynxEye position-sensitive detector. The sample was heated from
25 ◦C to 300 ◦C in steps of 25 ◦C and equilibrated for 10 min prior to measurement.
Pawley refinements of the powder patterns were performed using the Reflex module
of the Accelrys Materials Studio software package.

Pawley refinements were carried out using a Pseudo-Voigt peak shape function and
without accounting for the asymmetry at low 2θ values that is due to the experi-
mental setup. Using an experimentally determined instrumental broadening of 0.10◦

2θ, we refined the crystallite size along the a, b and c axis (Table 3.1).

Nitrogen sorption

Nitrogen sorption isotherms were measured at 77 K with a Quantachrome AUTO-
SORB-1. About 35 mg of sample material was degassed at 120 ◦C in high vacuum



94 3. Functionalized PCN-6 metal-organic frameworks

Table 3.1: R-factors and refined crystallite sizes of the PCN-6 MOFs.

ω Rp / % Rp / % crystal size
a, b / µm

crystal size
c / µm

PCN-6 21.19 21.16 1.70 0.43
PCN-6-NO2 (meta) 20.58 20.21 1.47 0.43
PCN-6-NO2 (ortho) 16.17 17.58 1.45 0.66
PCN-6-NH2 (meta) 20.51 23.66 2.76 0.88

for at least 12 h prior to measurement. Evaluation of sorption data was carried
out using the ASiQwinTM software suite (Version 3.0, Quantachrome Instruments).
BET surface areas were calculated employing the linearized form of the BET equa-
tion with 10 data points (p/p0 = 0.005, 0.008, 0.010, 0.015, 0.02, 0.03, 0.04, 0.05,
0.07 and 0.01) in the range from p/p0 = 0.005 to 0.01, according to Quantachrome
recommendations for microporous materials. [19] For all samples the correlation co-
efficient was higher than 0.999. Langmuir surface areas were calculated employing
data points in the range form p/p0 1 × 10-6 to 0.05. Adsorption isotherms were used
to calculate the pore size distribution by employing quenched solid state functional
theory (QSDFT, N2 at 77 K on carbon, slit/cylindrical pore equilibrium model).
Total pore volumes were calculated at p/p0 0.20. The Connolly surface areas were
simulated using the Accelrys Materials Studio software package and applying mod-
ified and Pawley-refined models of the PCN-6 crystal structure.

UV-Vis spectroscopy

UV-Vis measurements were carried out using a Perkin Elmer Lambda 1050 UV-Vis-
NIR spectrometer equipped with a 150 mm InGaAs integrating sphere. Diffuse
reflectance spectra of powder samples were carried out in reflection gemoetry using
a Praying Mantis (Harrick) accessory and were referenced to barium sulfate serving
as white standard.

Infrared (IR) spectroscopy

Infrared spectroscopy was performed on a Perkin Elmer Spectrum BX II FT IR
system equipped with a diamond total reflection (ATR) unit in a scan range from
650 cm-1 to 4000 cm-1 or a Perkin-Elmer Paragon 1000/Perkin-Elmer Spectrum 100
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fitted with an MKII Golden GateTM Single Reflection ATR unit.

Nuclear magnetic resonance (NMR) spectroscopy

NMR data were recorded on JEOL ECX-400, Bruker DRX 500 and AV 600 spec-
trometers. All chemical shifts are referenced to the residual proton or carbon signal
of the solvent. Assignments are supported by COSY, HSQC, and HMBC. Even
when obtained by DEPT, the type of 13C signal is always listed as singlet, doublet,
etc.

Mass spectrometry (MS)

Electronspray ionization (ESI) mass spectroscopy was carried out with a Therom
Finnigan LTQ FT with Finnigan IonMax ion source. Electron ionization (EI) mass
spectra were recorded with a Finnigan MAT 8200 or MAT 8230. High-resolution
mass spectra were recorded in the EI mode using a Jeol Accu TOF GCV 4G instru-
ment.

Elemental Analysis (EA)

The elemental composition (C, H and N) was measured by combustion analysis with
an Elementar Vario Micro Cube or an Euro EA 3000 Elemental Analyzer from Euro
Vector.

Thermogravimetric (TG) analysis

TG measurements were carried out using a Netzsch Jupiter ST 449 C instrument
equipped with a Netsch TASC 414/4 controller. The samples (10 mg to 15 mg) were
heated in an aluminum oxide crucible between 25 ◦C and 900 ◦C with a heating rate
of 10 K min-1.
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3.3 Results and discussion

Figure 3.1: Syntheses of substituted TATBs 5 (Ro, Rm = -NO2 and -NH2 (meta)): (a)
SbCl5, CHCl3; (b) NH4OH, 59% (4a), 54% (4b) (two steps); (c) CrO3, Ac2O, H2SO4,
86% (5b); or: Bu4NMnO4, pyridine, 85% (5a), 91% (5b); (d) SnCl2, 2 M HOAc, EtOH,
63%; or: Na2S2O4, EtOH/H2O, 79%.

Figure 3.1 shows the syntheses of mono-substituted TATBs 5a-c containing the sub-
stituent ortho or meta to the carboxylic acid. Two substituents R with considerably
different electronic effects were selected: nitro (Hammett value: σm = 0.71) and
amino (Hammett value: σm = −0.16). While symmetrical 1,3,5-triazines can be
synthesized by trimerization of nitriles, [18,20–23] a modified synthetic route must be
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Figure 3.2: (a) PXRD patterns of the different functionalized PCN-6 structures [black:
theoretical PCN-6 [10]; red: PCN-6; cyan: PCN-6-NO2 (meta); blue: PCN-6-NO2 (or-
tho) and green: PCN-6-NH2 (meta)]. (b) N2 adsorption isotherms of PCN-6 (red),
PCN-6-NO2 (meta) (cyan) and PCN-6NO2 (ortho) (blue) at 77 K. Adsorption is de-
noted by filled symbols and desorption by empty symbols. (c) Pore size distributions
calculated with the QSDFT model using slit-like and cylindrical pores [red: PCN-6; cyan:
PCN-6-NO2 (meta) and blue: PCN-6-NO2 (ortho)].

Figure 3.3: XRD measurements demonstrating the crystallinity and stability of the
PCN-6-R framework after degassing the sample at 120 ◦C over night and following nitrogen
sorption measurement. (a) Black: theoretical PCN-6; red: PCN-6 as-synthesized; violet:
PCN-6 after N2 measurement; (b) Black: theoretical PCN-6; cyan: PCN-6-NO2 (meta) as-
synthesized; violet: PCN-6-NO2 (meta) after N2 measurement; (c) Black: theoreti-
cal PCN-6; blue: PCN-6-NO2 (ortho) as-synthesized; violet: PCN-6-NO2 (ortho) af-
ter N2 measurement.

chosen for mono-substituted triazines: [24,25] The substituted arm is introduced as an
acid chloride (2), while the two unsubstituted ones are derived from the respective
nitrile (1). Trimerization syntheses of triazines use rather acidic reaction conditions,
thus requiring robust protecting groups. In the case of TATBs, methyl groups are
unaffected by the reaction conditions, nevertheless they allow subsequent oxidation
to the respective carboxylic acids. Another advantage of introducing the carboxylic
acid groups later in the synthesis is the improved solubility, an important feature
in handling and purification of polycarboxylates. Using a 2:1 mixture of nitrile 1
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Figure 3.4: Experimental (black) and Pawley refined (red) powder XRD patterns, dif-
ference (cyan) and observed reflections (green). (a) PCN-6, (b) PCN-6-NO2 (meta), (c)
PCN-6-NO2 (ortho), and (d) PCN-6-NH2 (meta).

and nitro substituted acid chloride 2a or 2b together with antimony(V) chloride as
a Lewis acid, the yellow oxonium salt 3a or 3b was generated, which was converted
to the nitro-triazine 4a or 4b with 59% or 54% total yield, respectively. Oxidation
of all three methyl groups generates nitro-substituted TATBs 5a or 5b. Initially,
chromium(VI) oxide was used as oxidant, yielding 86% of nitrotriazine 5b. The less
toxic permanganate can also be used as the oxidant if pyridine-soluble tetrabutylam-
monium permanganate (Bu4NMnO4) is used instead of KMnO4. [17] This synthetic
alternative produces triacid 5b in 91% isolated yield, which relates to 97% yield per
oxidized methyl group of 4b. In case of the ortho variant 5a, the triple oxidation
of 4a could be performed in 85% isolated yield.

Although numerous reagents exist that are able to reduce nitro groups to amino
groups, many of them cannot be employed for the reduction of in these systems.
First, triacids 5 contain free carboxylic acids (not allowing hydrides as reducing
agents). Second, their solubility is low even in polar solvents. Tin(II) chloride in
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Figure 3.5: Temperature stability of the PCN-6-R examined by heating the samples on a
D8 Bruker instrument under air from 25 ◦C up to 300 ◦C. (a) The PCN-6 framework is
stable up to 250 ◦C before starting to decompose. (b) The PCN-6-NO2 (meta) framework
is stable up to 175 ◦C before starting to decompose. (c) The PCN-6-NO2 (ortho) frame-
work is stable up to 175 ◦C before starting to decompose. (d) The PCN-6-NH2 (meta)
framework is stable up to 75 ◦C before starting to decompose.

acetic acid/ethanol proved to be the first successful reagent for the reduction of
meta-nitrotriazine 5b, and 5c could be isolated in gram quantities with 64% yield.
Alternatively, sodium dithionite can be used for the reduction (79% yield, half gram
scale).

The crystalline PCN-6 structure with the composition Cu3(TATB)2(H2O)3 was syn-
thesized according to Zhou et al. [10] in a solvothermal reaction of Cu(NO3)2 · 3H2O
with TATB (5d) in DMF at 75 ◦C. The high crystallinity of the structure was
confirmed by PXRD measurements and compared to the theoretical diffractogram
(Figure 3.2a and 3.3). In a similar solvothermal reaction of Cu(NO3)2 · 3H2O with
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Figure 3.6: TGA curves of the synthesized PCN-6-R frameworks [red: PCN-6; cyan:
PCN-6-NO2 (meta); blue: PCN-6-NO2 (ortho); green: PCN-6-NH2 (meta)] showing
a decomposition of the framework structure ranging from moderate temperatures for
PCN-6-NH2 (meta) and about 350 ◦C for PCN-6-NO2 (ortho).

Figure 3.7: (a) XRD measurements of the MOF PCN-6-NO2 (meta) after different times of
exposure to a humidity of 60% at room temperature. The framework is stable under these
conditions for up to about 8 h. (b) XRD measurements of the MOF PCN-6-NO2 (ortho)
after different times of exposure to a humidity of 60% at room temperature. The framework
is stable under these conditions for up to about 8 h.

nitro- or amino-functionalized TATBs 5a-c in DMF at 75 ◦C, highly crystalline
PCN-6-NO2 (ortho or meta) and PCN-6-NH2 (meta) structures were obtained (Fig-
ure 3.2a). The PXRD patterns of all four PCN-6-R structures [R = -H, -NO2 (ortho
or meta), -NH2 (meta)] are very similar and match the theoretical structure of
PCN-6. Pawley refinement of the obtained XRD patterns (Figure 3.4) revealed vir-
tually identical cell parameters a and b (3.32 nm), but a slight variation in the length
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of the crystallographic c-axis. Both NO2-functionalized MOFs exhibit a slightly
longer c-axis (8.23 nm and 8.24 nm for the ortho and meta variants, respectively)
than their unfunctionalized and amino-functionalized counterparts. Temperature-
dependent PXRD measurements confirmed that the PCN-6-R frameworks are stable
up to temperatures of 175 ◦C for PCN-6-NO2 (ortho or meta) and of 250 ◦C for
PCN-6 (Figure 3.5a-c). The PCN-6-NH2 (meta) framework (Figure 3.5d) was found
to be significantly less temperature-stable; i.e., decomposition starts by heating the
sample. These temperature stabilities were also confirmed in TGA measurements
(Figure 3.6). Due to the low thermal stability of PCN-6-NH2 (meta), nitrogen sorp-
tion measurements were not possible, but the other three PCN-6-R MOFs exhibit
high permanent porosities as confirmed by nitrogen sorption at 77 K (Figure 3.2b).
For the three PCN-6-R [R = -H and -NO2 (ortho or meta)] structures, the nitro-
gen sorption isotherms exhibit a Type I shape that is characteristic for microporous
materials. PCN-6 has a Langmuir surface area of 3758 m2 g-1, in agreement to the
reported one [10] for PCN-6 (3800 m2 g-1), and a BET surface area of 3231 m2 g-1,
in reasonable agreement with the Connolly surface area of 3670 m2 g-1 derived from
the theoretical PCN-6 structure. For PCN-6-NO2 (meta) and PCN-6-NO2 (ortho),
Langmuir surface areas of 3892 m2 g-1 and 2036 m2 g-1 and BET surface areas of
3354 m2 g-1 and 1797 m2 g-1 were obtained, respectively. The BET surface area
of the NO2 (meta)-functionalized MOF is in excellent agreement with the Connolly
surface of 3350 m2 g-1. The NO2 (ortho)-functionalization, however, leads to a lower
surface area than expected (Connolly surface 3390 m2 g-1).

Figure 3.8: (a) Differently colored triazine linkers [left: TATB-H (5d); middle
left: TATB-NO2 (meta) (5b) middle right: TATB-NO2 (ortho) (5a) and right:
TATB-NH2 (meta) (5c)]. (b) UV-Vis spectra of the TATB-R linkers as 25 µM dioxane
solutions [red: TATB-H (5d); cyan: TATB-NO2 (meta) (5b); blue: TATB-NO2 (ortho)
(5a); green: TATB-NH2 (meta) (5c)].
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Figure 3.9: Differently colored powders (a) of the functionalized PCN-6-R structures and
corresponding powder UV-Vis spectra (b) [red: PCN-6; cyan: PCN-6-NO2 (meta); blue:
PCN-6-NO2 (ortho) and green: PCN-6-NH2 (meta)]. (c) Selected region of the diffuse
reflectance spectra of the unfunctionalized and functionalized MOFs normalized to their
respective maximum at around 730 nm [red: PCN-6; cyan: PCN-6-NO2 (meta); blue:
PCN-6-NO2 (ortho); green: PCN-6-NH2 (meta)].

The values for the total pore volumes obtained from N2 sorption are 1.31 cm3 g-1

(PCN-6), 1.36 cm3 g-1 [PCN-6-NO2 (meta)] and 0.71 cm3 g-1 [PCN-6-NO2 (ortho)]
and are consistent with the pore volume of 1.45 cm3 g-1 reported by Zhou et al. [10]

Hence, the surface area of the PCN-6 framework is strongly affected by the position
of the functional group on the triangular linker molecule. The nitro-functional group
in meta position has no noticable effect, while the nitro group in ortho position dras-
tically decreases the resulting surface area. The pore size distributions (Figure 3.2c)
for these three materials were evaluated from nitrogen sorption isotherms using the
QSDTF method based on slit-like and cylindrical pores, showing one sharp single
pore size of 1.0 nm. These micropores of 1.0 nm represent the triangular channels
of the framework, which occur due to the interpenetration of two identical networks
as reported in the literature for PCN-6. [10]

One important aspect of our functionalized TATB linkers is the influence of the po-
sition of the functional group on the material properties. To investigate this aspect,
the PCN-6-NO2 (ortho or meta) structures were exposed to 60% humidity at room
temperature. XRD patterns recorded after different duration of exposure confirm
that both frameworks are stable under these conditions for up to 8 h (Figure 3.7).
The stability towards moist air thus seems unaffected by the position of the nitro
group.

Notably, the synthesized PCN-6-R structures are powders of different colors, de-
pending on the functionality of the organic linker molecule used. In comparison, the
colors of the linker molecules themselves range from white [TATB (5d)] to yellow
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[TATB-NO2 (ortho or meta) (5a-b) and TATB-NH2 (meta) (5c)] (Figure 3.8). The
colors of the MOFs are turquoise for unfunctionalized PCN-6, turquoise-green in
the case of the nitro-functionalization in the meta position [PCN-6-NO2 (meta)],
green-blue for the nitro-functionalization in the ortho position [PCN-6-NO2 (ortho)]
and green for the amino-functionalized [PCN-6-NH2 (meta)] sample (Figure 3.9a).
The corresponding diffuse reflectance spectra of the MOFs follow the absorption
spectra of the triazine linkers in the UV and blue spectral region and feature an
additional absorption band extending from 600 to 1200 nm, which we attribute to
metal-to-ligand charge transfer (Figure 3.9). The maximum of this charge transfer
absorption varies only slightly depending on the position of the functional group,
indicating a relatively similar coordination environment of the copper SBU in all
four MOFs (Figure 3.9b and c).
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3.4 Conclusion

We have successfully synthesized mono-substituted TATB linkers bearing a nitro
group in ortho or meta position to the carboxylic acid (5a-b), as well as with an
amino group in meta positon (5c). The chosen synthetic route starts from a substi-
tuted benzoyl chloride 2 and by choosing substituents other than nitro, additional
mono-functionalized TATBs are anticipated to be accessible (for example halogeno
or alkoxy substituted ones). Furthermore, we successfully used the novel functional-
ized TATB-R linkers 5a-c for the synthesis of microporous metal-organic frameworks
based on the PCN-6 structure. Powder X-ray diffraction confirmed the successful
synthesis of the PCN-6-R [R = -H, -NO2 (ortho or meta), -NH2 (meta)] structures.
These MOF structures exhibit different temperature stabilities depending on the
nature of the functional group. The position of the functional group also has a
strong influence on the resulting surface area. While a meta nitro substitution has
no impact on the surface area, ortho nitro substitution strongly decreases it. The
PCN-6-NH2 (meta) structure is not very stable and further postsynthetic modifica-
tion of this framework was not possible. Depending on the substitution of the linker,
the powders show different colors. The absorption that is responsible for the copper
SBU (600-850 nm) is slightly affected by the position of the functional group, rather
than by its nature. All in all, this work illustrates the strong influence of functional
groups on linker molecules on the resulting material properties of MOFs.
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Chapter 4

Topology-guided functional
multiplicity of iron(III)-based
metal-organic frameworks

Figure 4.1: Table of content and image created by Christoph Hohmann (Nanosystems
Initiative Munich, NIM).

This chapter is based on the article "Topology-guided functional multiplicity of
iron(III)-based metal-organic frameworks" by Erika Virmani, Ole Beyer, Ulrich Lün-
ing, Uwe Ruschewitz, and Stefan Wuttke, Materials Chemistry Frontiers 2017, 1,
1965-1974. (DOI: 10.1039/c7qm00263g)

The MOFs were synthesized by Erika Virmani under supervision of Stefan Wuttke,
while the linkers were synthesized by Ole Beyer in the group of Ulrich Lüning and
the structure calculations were carried out by Uwe Ruschewitz.
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Abstract

We report here the synthesis and characterization of a new series of mixed-linker
iron(III)-based metal-organic frameworks (MOFs) consisting of dicarboxylate link-
ers (1,4-benzenedicarboxylic acid ≡ BDC or its amino functionalized derivative) and
tricarboxylate linkers (4,4′,4′′-(1,3,5-triazine-2,4,6-triyl)tribenzoic acid ≡ TATB or
its nitro functionalized derivative). The resulting mesoporous MOFs with MIL-143
topology are stable under ambient water conditions for 14 d regardless of the func-
tionalization of the organic linkers. Powder X-ray diffractions reveal high crys-
tallinity of the materials. This structure type is very tolerant to variation in the
functional groups (e.g. nitro and/or amino) along the BDC and/or TATB linkers,
but is less tolerant to changes in the size of the linkers themselves. It was at-
tempted to replace linear BDC by biphenyl-4,4′-dicarboxylic acid (BPDC) and trig-
onal TATB by 2,4-bis(4′-carboxy-biphenyl-4-yl)-6-(4′-carboxy-2-methoxy-biphenyl-
4-yl)-1,3,5-triazine (TAPB). Of the three additional structures made possible by
combinations of these linkers (BDC/TAPB, BPDC/TATB, BPDC/TAPB), only
one (BDC/TAPB) yields a crystalline product which, like the BDC/TATB crystal,
exhibits MIL-143 topology. However, this material is not very stable and collapses
upon guest removal. Our results suggest that the incorporation of diverse func-
tional groups on linkers with different geometries in this new iron(III)-based MOF
series offers a simple method of precisely tuning the chemical environment within
the pores. More importantly, our work expands the scope of mixed linker MOFs to
include a subset of multivariate MOFs characterized by different functionalities in
each type of linker.

4.1 Introduction

Metal–organic framework (MOF) crystal engineering is based on the study of period-
ically assembled metal ions or metal clusters (inorganic building units or IBUs, also
known as secondary building units or SBUs) and organic linkers (organic building
units or OBUs). This concept allows control over the structure of MOFs with re-
spect to their topology. This ability to control structure, composition, porosity, and
properties on the molecular level promises potential applications in gas storage [1–3]

and gas separation, [4–6] catalysis, [7,8] chemical sensing, [9,10] and drug release [11–13].
However, all of these applications are dependent upon the presence of chemical
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functionality either at the IBU and/or OBU.

Multivariate MOFs (MTV-MOFs) are constructed from a parent MOF structural
backbone along which different functionalities are distributed. [14–18] The disordered
spatial arrangement of the functionalities allows the MTV-MOFs to create unique
synergistic effects. [14] The random arrangement of the functionalities makes it diffi-
cult to draw conclusions about the relationship between structure, spatial arrange-
ment and performance of the MTV-MOFs. Determining the location of randomly
dispersed functionalities within MTV-MOFs is a huge scientific challenge that has
recently been addressed with a combination of multidimensional solid-state NMR
and molecular simulations. [19] This challenge, however, can be circumvented by de-
liberately placing different functional linkers at specific, defined positions in the
MOF scaffold.

By using the so-called mixed linker approach, two or more non-functionalized OBUs
can be precisely incorporated into a MOF scaffold with predetermined structural
topologies. Three approaches for synthesizing mixed linker MOFs are reported so
far. The first approach creates a MOF composed of linkers with different bind-
ing sites (mostly carboxylic groups and electron donating nitrogen atoms), but the
same linker topology. [20–22] The second approach creates a MOF that is built from
different linker topologies but the same binding sites. [3,23,24] The third approach is
a combination of the previous two by using linkers with different binding sites and
different topologies. [25]

Interestingly, up to now only one functional group has been incorporated in MOFs
using the mixed linker approach and the functionalization occurs so far only at linear
dicarboxylic acid linkers. Therefore, the MOF is assembled by using one function-
alized dicarboxylic acid linker and one non-functionalized linker. In this way, nitro,
methyl, amino, fluoro, chloro, bromo, hydroxy, diacetoxy, sulfone, sulfonic acid
benzodioxole groups [16,23,26–35] or different alkyloxy or alkyl groups and even alkyl
ether groups of the type −O−(CH2)n−O−CH3

[36–38] have been successfully incorpo-
rated into MOF scaffolds. The amino-functionalization of 1,4-benzenedicarboxylic
acid has already been addressed through postsynthetic modification with acetic
anhydride and derivatives with different alkyl chain length. [39,40] Recently the Zhou
group [41] reported a mixed linker MOF where methyl- and amino-functional groups
had been incorporated at two linker backbones. This MOF is constructed of
three linear dicarboxylic acid linkers of varied length (2-amino-1,4-dicarboxylate,
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2,2′-dimethylbiphenyl-4,4′-dicarboxylate and 2′,5′-dimethoxyterphenyl), and can
only be obtained through a multiple step synthesis protocol.

Herein we report the synthesis of new iron(III)-based mixed linker MOFs exhibit-
ing OBUs with different geometries (id est linear and triangular) and function-
alities (nitro and/or amino). Using different combinations of functionalized and
non-functionalized 1,4-benzenedicarboxylic acid (BDC) and 4,4′,4′′-(1,3,5-triazine-
2,4,6-triyl)tribenzoic acid (TATB) linkers, it was possible to synthesize MOFs ex-
hibiting the mesoporous MIL-143 topology. After the syntheses of the organic link-
ers and the corresponding iron(III)-based mixed linker MOFs, the materials were
fully characterized in terms of their crystal structure, morphology, porosity, ther-
mal and water stability. In addition, we describe the extension of either the linear
BDC, by replacing it with biphenyl-4,4′-dicarboxylic acid (BPDC) or the trigonal
TATB linker by replacing it with 2,4-bis(4′-carboxy-biphenyl-4-yl)-6-(4′-carboxy-
2-methoxy-biphenyl-4-yl)-1,3,5-triazine (TAPB) which led to MOFs with reduced
crystallinities and stabilities.
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4.2 Experimental

4.2.1 Materials

[1,1′-Bis(diphenylphosphino)ferrocene]dichloro palladium(II) (99.9%, ABCR);
2-amino-1,4-benzenedicarboxylic acid (99%, Sigma Aldrich); 4-(methoxy-
carbonyl)phenylboronic acid (97%, ABCR); biphenyl-4,4′-dicarboxylic acid
(97%, Sigma Aldrich); iron(III) chloride hexahydrate (FeCl3 · 8H2O, analy-
sis grade, in-house supply); methanol (anhydrous, 99.8%, Sigma Aldrich);
N,N -dimethylformamide (anhydrous, synthesis grade, Fischer Scientific);
1,4-benzenedicarboxylic acid (98%, Sigma Aldrich).

4.2.2 Linker Synthesis

4,4′,4′′-(1,3,5-triazine-2,4,6-triyl)tribenzoic acid (TATB) and two mono-substituted
nitro-TATB linker versions were synthesized as described in the literature. [42] Fig-
ure 4.2 illustrates the synthesis in which the trimerization of one equivalent of a nitro-
substituted benzoyl chloride 1a or 1b with two equivalents of 4-methylbenzonitrile
(2) leads to nitro-triazines 3a or 3b. By oxidizing the methyl groups with
tetra-n-butylammonium permanganate, the respective nitro-TATB linkers 4a and
4b were obtained.

Figure 4.2: Illustration of the modified synthetic route to obtain mono-substituted nitro-
functionalized triazine-based trigonal linkers for the synthesis of iron(III)-based MOFs
exhibiting different linker topologies.

Precursor 5 for the mono-substituted methoxy-TAPB linker 8 was obtained in
a similar way. 4-Bromo-3-methoxy-benzoyl chloride was synthesized and used in
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the trimerization with two equivalents of 4-bromobenzonitrile to obtain tribromo-
triazine 5 [43] (for the synthetic route see Figure 4.4). Triple Suzuki coupling with
4-(methoxycarbonyl)-phenylboronic acid (6) and alkaline hydrolysis of the methyl
ester groups in 7 led to the desired methoxy-TAPB linker 8 (Figure 4.3). In this
paper, the synthesis was performed on a multigram scale with modifications in the
last two steps.

Figure 4.3: Illustration of the palladium catalyzed synthesis of the mono-subsituted
methoxy-functionalized elongated triazine-based linker (TAPB) for the synthesis of
iron(III)-based MOFs exhibiting different linker topologies.

2-(4-Bromo-3-methoxyphenyl)-4,6-bis(4-bromophenyl)-1,3,5-triazine

2-(4-Bromo-3-methoxyphenyl)-4,6-bis(4-bromophenyl)-1,3,5-triazine was prepared
according to the literature procedure (Figure 4.4). [43]

Figure 4.4: Illustration of the synthetic route to obtain mono-substituted methoxy-
functionalized triazine-based trigonal linker for the synthesis of the elongated version of
TATB.
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2,4-Bis[4′-(methoxycarbonyl)-biphenyl-4-yl]-6-[2-methoxy-4′-(methoxy-
carbonyl)-biphenyl-4-yl]-1,3,5-triazine (7)

Under nitrogen atmosphere, 2-(4-bromo-3-methoxyphenyl)-4,6-bis(4-bromophenyl)-
1,3,5-triazine (5, 5.00 g, 8.68 mmol), 4-methoxycarbonyl-phenylboronic acid (6,
6.10 g, 33.9 mmol), [1,1′-bis(diphenylphosphino) ferrocene]dichloro palladium(II)
(635 mg, 868 µmol) and potassium phosphate (16.6 g, 78.1 mmol) were suspended
in 1,4-dioxane (300 mL) and deionized water (30 mL). The mixture was stirred for
72 h at 120 ◦C and the solvent was evaporated in vacuo. Ethyl acetate (400 mL)
and deionized water (100 mL) were added to the residue. The organic layer was
separated, washed with water (3 × 100 mL) and brine (1 × 100 mL) and dried
with magnesium sulphate. The solvent was evaporated in vacuo and the residue
was recrystallized from a mixture of toluene and n-heptane. A colorless solid was
obtained. Yield: 4.1 g (4.94 mmol, 57%).
1H-NMR (500 MHz, 300 K, CDCl3,): δ = 8.88 (d, 4H, 3J = 8.4 Hz, 2,4-Ar-H -2,6), 8.50 (dd,

1H, 3J = 7.9 Hz, 4J = 1.4 Hz, 6-Ar-H -5), 8.43 (d, 1H, 4J = 1.4 Hz, 6-Ar-H -3), 8.17 (d, 4H,
3J = 8.4 Hz, 2,4-Ar′-H -3,5), 8.13 (d, 2H, 3J = 8.4 Hz, 6-Ar′-H -3,5), 7.86 (d, 4H, 3J = 8.4 Hz,

2,4-Ar-H -3,5), 7.78 (d, 4H, 3J = 8.4 Hz, 2,4-Ar′-H -2,6), 7.71 (d, 2H, 3J = 8.4 Hz, 6-Ar′-H -2,6),

7.56 (d, 1H, 3J = 7.9 Hz, 6-Ar-H -6), 4.04 (s, 3H, OCH3), 3.97 (s, 6H, 2,4-Ar′-CO2CH3), 3.96 (s,

3H, 6-Ar′-CO2CH3) ppm.
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2,4-Bis(4′-carboxy-biphenyl-4-yl)-6-(4′-carboxy-2-methoxy-biphenyl-4-
yl)-1,3,5-triazine (8)

2,4-Bis[4′-(methoxycarbonyl)-biphenyl-4-yl)-6-[2-methoxy-4′-(methoxycarbonyl)-
biphenyl-4-yl]-1,3,5-triazine (7, 3.00 g, 4.04 mmol) was mixed with 2 M aqueous
sodium hydroxide (200 mL) and 1,4-dioxane (10 mL). The suspension was stirred
for 12 h at 120 ◦C and became a clear solution. The reaction mixture was acidified
with concentrated hydrochloric acid (200 mL) and the resulting precipitate was
filtered off and washed with deionized water. A colorless solid was obtained. Yield:
2.74 g (3.92 mmol, 97%).
1H-NMR (500 MHz, 300 K, DMSO-d6): δ = 13.02 (br. s, 3H, CO2H ), 8.71 (d, 4H, 3J = 8.4 Hz,

2,4-Ar-H -3,5), 8.33 (dd, 1H, J = 7.9 Hz, 4J = 1.1 Hz, 6-Ar-H -5), 8.27 (d, 1H, 4J = 1.1 Hz,

6-Ar-H -3), 8.04 (d, 4H, 3J = 8.4 Hz, 2,4-Ar′-H -3,5), 8.00 (d, 2H, 3J = 8.3 Hz, 6-Ar′-H -3,5),

7.91 (d, 4H, 3J = 8.4 Hz, 2,4-Ar-H -2,6), 7.85 (d, 4H, 3J = 8.4 Hz, 2,4-Ar′-H -2,6), 7.65 (d, 2H,
3J = 8.3 Hz, 6-Ar′-H -2,6), 7.56 (d, 1H, 3J = 7.9 Hz, 6-Ar-H -6), 3.95 (s, 3H, OCH3) ppm.

4.2.3 Synthesis of iron(III)-based MOFs exhibiting different
linker topologies

Fe-TATB-BDC-a

A glass bottle (Schott Duran culture tube, Borosilicate, 5 mL) with a PBT cap
equipped with a Teflon seal was used. FeCl3 · 6H2O (60.0 mg, 0.222 mmol) was
dissolved in DMF (1 mL) via ultrasonication. TATB acid (4a, 48.6 mg, 0.110 mmol)
and 1,4-benzenedicarboxylic acid (36.6 mg, 0.220 mmol) were added and dissolved
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via ultrasonication. The reaction mixture was placed in an oven and heated to 150 ◦C
within 1 h, kept at this temperature for 20 h and afterwards slowly cooled down to
room temperature within 1 h. The solid was isolated by centrifugation (Eppendorf
centrifuge 5430, 7830 rpm, 5 min) and washed via suspension in DMF (10 mL)
and subsequent centrifugation. Suspension and centrifugation were repeated three
times. The isolated brick-red powdery solid was dried in vacuum (2.4 × 10-3 bar)
for 6 h. The sample was extracted with methanol (4 Å molecular sieve was added
to methanol phase) under nitrogen atmosphere using a Soxhlet device (5 mL) for
72 h. The powder (41.5 mg, 40%) was dried in vacuum (2.4 × 10-3 bar) for 6 h and
afterwards the sample was stored under nitrogen atmosphere at room temperature.

Fe-TATB-BDC-b

A glass bottle (Schott Duran culture tube, Borosilicate, 5 mL) with a PBT cap
equipped with a Teflon seal was used. FeCl3 · 6H2O (60.0 mg, 0.222 mmol) was dis-
solved in DMF (1 mL) via ultrasonication. TATB acid (4a, 48.6 mg, 0.110 mmol)
and 2-amino-1,4-benzenedicarboxylic acid (40.2 mg, 0.220 mmol) were added and
dissolved via ultrasonication. The reaction mixture was placed in an oven and
heated to 150 ◦C within 1 h, kept at this temperature for 20 h and afterwards slowly
cooled down to room temperature within 1 h. The solid was isolated by centrifu-
gation (Eppendorf centrifuge 5430, 7830 rpm, 5 min) and washed via suspension
in DMF (10 mL) and subsequent centrifugation. Suspension and centrifugation
were repeated three times. The isolated light brown powdery solid was dried in
vacuum (2.4 × 10-3 bar) for 6 h. The sample was extracted with methanol (4 Å
molecular sieve was added to methanol phase) under nitrogen atmosphere using a
Soxhlet device (5 mL) for 72 h. The powder (46.5 mg, 44%) was dried in vac-
uum (2.4 × 10-3 bar) for 6 h and afterwards the sample was stored under nitrogen
atmosphere at room temperature.

Fe-TATB-BDC-c

A glass bottle (Schott Duran culture tube, Borosilicate, 5 mL) with a PBT cap
equipped with a Teflon seal was used. FeCl3 · 6H2O (60.0 mg, 0.222 mmol) was dis-
solved in DMF (1 mL) via ultrasonication. TATB-NO2 (meta) acid (4b, 53.5 mg,
0.110 mmol) and 1,4-benzenedicarboxylic acid (36.6 mg, 0.220 mmol) were added
and dissolved via ultrasonication. The reaction mixture was placed in an oven and
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heated to 150 ◦C within 1 h, kept at this temperature for 20 h and afterwards
slowly cooled down to room temperature within 1 h. The solid was isolated by
centrifugation (Eppendorf centrifuge 5430, 7830 rpm, 5 min) and washed via sus-
pension in DMF (10 mL) and subsequent centrifugation. Suspension and centrifu-
gation were repeated three times. The isolated orange powdery solid was dried in
vacuum (2.4 × 10-3 bar) for 6 h. The sample was extracted with methanol (4 Å
molecular sieve was added to methanol phase) under nitrogen atmosphere using a
Soxhlet device (5 mL) for 72 h. The powder (38.2 mg, 35%) was dried in vac-
uum (2.4 × 10-3 bar) for 6 h and afterwards the sample was stored under nitrogen
atmosphere at room temperature.

Fe-TATB-BDC-d

A glass bottle (Schott Duran culture tube, Borosilicate, 5 mL) with a PBT cap
equipped with a Teflon seal was used. FeCl3 · 6H2O (60.0 mg, 0.222 mmol) was dis-
solved in DMF (1 mL) via ultrasonication. TATB-NO2 (ortho) acid (4bc, 53.5 mg,
0.110 mmol) and 1,4-benzenedicarboxylic acid (36.6 mg, 0.220 mmol) were added
and dissolved via ultrasonication. The reaction mixture was placed in an oven and
heated to 150 ◦C within 1 h, kept at this temperature for 20 h and afterwards slowly
cooled down to room temperature within 1 h. The solid was isolated by centrifu-
gation (Eppendorf centrifuge 5430, 7830 rpm, 5 min) and washed via suspension
in DMF (10 mL) and subsequent centrifugation. Suspension and centrifugation
were repeated three times. The isolated dark brown powdery solid was dried in
vacuum (2.4 × 10-3 bar) for 6 h. The sample was extracted with methanol (4 Å
molecular sieve was added to methanol phase) under nitrogen atmosphere using a
Soxhlet device (5 mL) for 72 h. The powder (36.6 mg, 36%) was dried in vac-
uum (2.4 × 10-3 bar) for 6 h and afterwards the sample was stored under nitrogen
atmosphere at room temperature.

Fe-TATB-BDC-e

A glass bottle (Schott Duran culture tube, Borosilicate, 5 mL) with a PBT cap
equipped with a Teflon seal was used. FeCl3 · 6H2O (60.0 mg, 0.222 mmol) was dis-
solved in DMF (1 mL) via ultrasonication. TATB-NO2 (meta) acid (4b, 53.5 mg,
0.110 mmol) and 2-amino-1,4-benzenedicarboxylic acid (40.2 mg, 0.220 mmol) were
added and dissolved via ultrasonication. The reaction mixture was placed in an
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oven and heated to 150 ◦C within 1 h, kept at this temperature for 20 h and after-
wards slowly cooled down to room temperature within 1 h. The solid was isolated
by centrifugation (Eppendorf centrifuge 5430, 7830 rpm, 5 min) and washed via
suspension in DMF (10 mL) and subsequent centrifugation. Suspension and cen-
trifugation were repeated three times. The isolated light brown powdery solid was
dried in vacuum (2.4 × 10-3 bar) for 6 h. The sample was extracted with methanol
(4 Å molecular sieve was added to methanol phase) under nitrogen atmosphere using
a Soxhlet device (5 mL) for 72 h. The powder (63.1 mg, 57%) was dried in vac-
uum (2.4 × 10-3 bar) for 6 h and afterwards the sample was stored under nitrogen
atmosphere at room temperature.

Fe-TATB-BPDC

A glass bottle (Schott Duran culture tube, Borosilicate, 5 mL) with a PBT cap
equipped with a Teflon seal was used. FeCl3 · 6H2O (60.0 mg, 0.222 mmol) was dis-
solved in DMF (1 mL) via ultrasonication. TATB acid (4a, 48.6 mg, 0.110 mmol)
and biphenyl-4,4′-dicarboxylic acid (53.3 mg, 0.220 mmol) were added and dissolved
through ultrasonic treatment. The reaction mixture was placed in an oven and
heated to 150 ◦C within 1 h, kept at this temperature for 20 h and afterwards slowly
cooled down to room temperature within 1 h. The solid was isolated by centrifu-
gation (Eppendorf centrifuge 5430, 7830 rpm, 5 min) and washed via suspension in
DMF (10 mL) and subsequent centrifugation. Suspension and centrifugation were
repeated three times. The isolated red brown powdery solid (24.9 mg, 21%) was
dried in vacuum (2.4 × 10-3 bar) for 6 h and stored under nitrogen atmosphere at
room temperature.

Fe-TAPB-BDC

A glass bottle (Schott Duran culture tube, Borosilicate, 5 mL) with a PBT cap
equipped with a Teflon seal was used. FeCl3 · 6H2O (60.0 mg, 0.222 mmol) was
dissolved in DMF (1 mL) via ultrasonication. TAPB acid (8, 77.7 mg, 0.110 mmol)
and 1,4-benzenedicarboxylic acid (36.6 mg, 0.220 mmol) were added and dissolved
via ultrasonication. The reaction mixture was placed in an oven and heated to
150 ◦C within 1 h, kept at this temperature for 20 h and afterwards slowly cooled
down to room temperature within 1 h. The solid was isolated by centrifugation
(Eppendorf centrifuge 5430, 7830 rpm, 5 min) and washed via suspension in DMF
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(10 mL) and subsequent centrifugation. Suspension and centrifugation were re-
peated three times. The isolated ochre powdery solid (59.6 mg, 45%) was dried
in vacuum (2.4 × 10-3 bar) for 6 h and stored under nitrogen atmosphere at room
temperature.

Fe-TAPB-BPDC

A glass bottle (Schott Duran culture tube, Borosilicate, 5 mL) with a PBT cap
equipped with a Teflon seal was used. FeCl3 · 6H2O (60.0 mg, 0.222 mmol) was
dissolved in DMF (1 mL) via ultrasonication. TAPB acid (8, 77.7 mg, 0.110 mmol)
and biphenyl-4,4′-dicarboxylic acid (53.3 mg, 0.220 mmol) were added and dissolved
via ultrasonication. The reaction mixture was placed in an oven and heated to 150 ◦C
within 1 h, kept at this temperature for 20 h and afterwards slowly cooled down to
room temperature within 1 h. The solid was isolated by centrifugation (Eppendorf
centrifuge 5430, 7830 rpm, 5 min) and washed via suspension in DMF (10 mL)
and subsequent centrifugation. Suspension and centrifugation were repeated three
times. The isolated yellow powdery solid (26.9 mg, 19%) was dried in vacuum
(2.4 × 10-3 bar) for 6 h and stored under nitrogen atmosphere at room temperature.

Fe-BTB-BDC

A glass bottle (Schott Duran culture tube, Borosilicate, 5 mL) with a PBT cap
equipped with a Teflon seal was used. FeCl3 · 6H2O (405 mg, 1.50 mmol) was dis-
solved in DMF (3 mL) via ultrasonication. 4,4′,4′′,-benzene-1,3,5-triyl-tris(benzoic
acid) (292 mg, 0.660 mmol) and 1,4-benzenedicarboxylic acid (83.0 mg, 0.500 mmol)
were added and dissolved via ultrasonication. The reaction mixture was placed in
an oven and heated to 150 ◦C within 1 h, kept at this temperature for 20 h and
afterwards slowly cooled down to room temperature within 1 h. The solid was iso-
lated by centrifugation (Eppendorf centrifuge 5430, 7830 rpm, 5 min) and washed
via suspension in DMF (10 mL) and subsequent centrifugation. Suspension and
centrifugation were repeated three times. The isolated orange-yellow powdery solid
was dried under vacuum (2.4 × 10-3 bar) for 6 h. The sample was extracted with
methanol (4 Å molecular sieve was added to methanol phase) under nitrogen at-
mosphere using a Soxhlet device (5 mL) for 72 h. The powder (280 mg, 56%) was
dried in vacuum (2.4 × 10-3 bar) for 6 h and afterwards the sample was stored under
nitrogen atmosphere at room temperature.
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Figure 4.5: Scheme representing the additional tried combinations for the synthesis of
iron(III)-based MOFs. (a) The elongation of the 1,4-benzenedicarboxylic acid was investi-
gated, while (b) an elongation of the TATB linker was examined in combination with the
1,4-benzenedicarboxylic acid and its elongated version, biphenyl-4,4′-dicarboxylic acid. (c)
Iron(III)-based MOF consisting of the trigonal linker BDC, this MOF is already known
in the literature [44] as MIL-142 or MIL-143 – isomeric structures with different linker
contents – and was synthesized for comparison reasons.
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4.2.4 Characterization

Powder X-ray diffraction (PXRD)

On a STOE Stadi MP diffractometer, the X-ray diffraction data were recorded using
the transmission geometry mode. The X-ray was Ge-filtered Cu Kα1 (λ = 1.54060 Å)
and generated at 40 kV and 40 mA. A DECTRIS MYTHEN 1K strip solid-state
detector was used to detect the reflections. The sample was placed in the sample
holder between two 0.014 mm thick acetate-foils (ultraphan) in the sample holder.
In an omega-2-theta scanning mode, the diffraction patterns were collected using
a step size of 4.71◦ and a counting time of 60 s per step between 2.00-44.375◦.
For the refinement, the diffraction pattern was also collected in an omega-2-theta
scanning mode with a step size of 4.71◦ and a counting time of 60 s per step be-
tween 2.000-91.400◦, 2.005-91.405◦ and 2.010-91.410◦. Afterwards the patterns were
merged together.

Synchrotron PXRD

High-resolution synchrotron powder diffraction data were recorded at the Swiss
Norwegian BeamLine (SNBL BM01B) at the European Synchrotron at Greno-
ble/France (ESRF). [45] The wavelength was calibrated with a Si standard NIST
640c to 0.504477 Å. The diffractometer is equipped with five counting channels,
delivering five complete patterns collected simultaneously with a small 1.1◦ off-
set in 2θ. A Si(111) analyzer crystal was mounted in front of each NaI scintilla-
tor/photomultiplier detector. Data were collected at room temperature (Fe-TATB-
BDC-a, -b, -c, -e) and 100 K (Fe-TATB-BDC-a, -e) between 0◦ and 20◦/25◦ in 2θ
with steps of 0.002◦ and 100 ms integration time per data point (approximately
20 min for one scan). This scanning procedure was repeated several times and the
resulting data from all detectors and measurements were averaged into one pattern
(Table 4.1, and Figure 4.12) with local software. Samples were after activation
sealed in glass capillaries (∅ 1.0 mm) in an argon atmosphere.

Analysis of PXRD data

Rietveld refinements of the resulting PXRD data with the published structural data
of MIL-142 and MIL-143 [44] as starting parameters turned out to be unstable. This is
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not surprising for the laboratory PXRD data, as the non-activated samples contain
electron density within their pores, which is always difficult to be modeled. But
also for the synchrotron data recorded on activated samples no stable refinements
were obtained obviously due to the large unit cells and relatively low statistics of the
measurements, which seems to be reasonably lower than that given by Chevreau et
al. [44] for MIL-143. Therefore only Le Bail fits were performed in space group F23
(MIL-143 topology) or R3c (MIL-142 topology) using the GSAS software. [46] The
published lattice parameters of MIL-142 and MIL-143 were used as starting values,
the resulting lattice parameters are summarized in Table 4.1. The respective Le
Bail fits are depicted in Figures 4.11 and Figure 4.12. After these refinements it was
possible to look for possible impurity phases by visual inspection of the resulting
fits. This is mainly the MOF of the other topology. This information has also been
added to Table 4.1.

The pattern of as-synthesized Fe-TAPB-BDC (Figure 4.20a) was indexed using the
TREOR algorithm allowing only cubic unit cells. [47] The resulting lattice parameter
a was used as starting value for a Le Bail fit in F23. The good agreement between
the recorded and the calculated pattern confirms the MIL-143 topology also for this
compound.

Nitrogen sorption

Prior to the measurement, the materials were degassed at 120 ◦C in high vacuum
for at least 12 h. Nitrogen sorption isotherms were recorded at 77 K with a Quan-
tachrome AUTOSORB-IQ or AUTOSORB-1 instrument. Evaluation of sorption
data was carried out using ASiQwinTM software suite (Version 3.0, Quantachrome
Instruments). Brunauer-Emmett-Teller (BET) surface areas were calculated in the
p/p0 range from 0.005 to 0.01, according to Quantachrome recommendations, [48,49]

as in this region the linearized form of the BET equation is valid. The total pore
volumes were calculated at p/p0 0.19 and the pore size distributions were calculated
from the adsorption isotherms by employing a quenched solid state functional theory
(QSDFT, N2 at 77 K on carbon, slit/cylindrical pore in the adsorption branch).
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Scanning electron microscopy (SEM)

First the samples were mounted onto an aluminum cylinder with a carbon sticky
tape. Secondly the samples were coated with a thin carbon layer by carbon fiber
flash evaporation under high vacuum. SEM images were recorded on a FEI Helios
G33 UC. The acceleration voltage of 2 kV was produced by a field emission gun.

Thermal properties

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC)
measurements were determined in parallel using a Netzsch Jupiter ST 449 C in-
strument equipped with a Netsch TASC 414/4 controller. The samples were loaded
into an aluminum oxide crucible and heated from 25 ◦C to 900 ◦C with a heating
rate of 10 ◦C min-1 under a synthetic air flow (20.5% oxygen in nitrogen from Air
Liquide supplier).

Nuclear magnetic resonance (NMR) spectroscopy

1H-NMR data were recorded on a Bruker DRX 500 spectrometer. The chemical
shifts are referenced to the residual proton signal of the solvent.

4.2.5 Stability tests

The sample was tested against water, 1 M hydrochloric acid, and 1 M sodium
hydroxide (Figure 4.6). An Eppendorf tube was filled with 5 mg of the MOF sample
and 500 µL of either Millipore water, 1 M hydrochloric acid or 1 M sodium hydroxide
were added. The tubes were placed into a Thermo-Shaker (Peglab, TS-100) at 25 ◦C
for a defined period of time, either 1 d, 2 d, 3 d, 7 d or 14 d. Afterwards the samples
were centrifuged (Eppendorf centrifuge 5418 R, 14000 rpm, 10 min), the supernatant
was pipetted off, and the MOF material was dried in an oven at 100 ◦C for 3 h before
PXRD investigations were carried out.
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Figure 4.6: Schematic representation of the strategy for investigating the stability of the
MOF samples. The procedure was the following: (a) An Eppendorf tube is loaded with
5 mg of the MOF sample and 500 µL either of Millipore water, 1 M hydrochloric acid
or 1 M sodium hydroxide were added. (b) The mixture was placed on a Thermo-Shaker
and shaked at T = 25 ◦C for either 1 d, 2 d, 3 d, 7 d or 14 d. (c) The suspension was
centrifuged and the supernatant was pipetted off. (d) The resulting wet MOF powder was
dried in a preheated oven at T = 100 ◦C for 3 h. (e) The MOF sample was investigated
with a PXRD measurement.
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4.3 Results and discussion

4.3.1 Different functionalized Fe-TATB-BDC MOFs

In this work, five different functionalized iron(III)-based MOF structures ex-
hibiting two different linker geometries were synthesized. Figure 4.7a illustrates
the different functionalized linkers and the five combinations tested. Either
1,4-benzenedicarboxylic acid (BDC; red) or its amino-functionalized version (brown)
were used as the linear linkers, and 4,4′,4′′-(1,3,5-triazine-2,4,6-triyl)tribenzoic acid
(TATB; turquois) or its nitro-functionalized version (violet for meta position and
blue for ortho position) were used as the trigonal linker.

Figure 4.7: (a) Schematic representation of triazine-based trigonal linker TATB (turquois)
and its mono-substituted nitro-functionalized version, in meta (violet) or ortho (blue)
position to the connecting carboxylic acid group. The reactions of iron chloride hex-
ahydrate with one TATB linker in combination with one of the two linear BDC linkers
used (1,4-benzenedicarboxylic acid, illustrated in red and its amino-functionalized ver-
sion illustrated in brown) result in different possible Fe-TATB-BDC MOFs. Five different
combinations were tested, resulting in the Fe-TATB-BDC structures indicated. (b) Pre-
sentation of the MIL-143 framework of Fe-TATB-BDC-a along [001] with FeO6 octahedra
shown in purple, carbon as grey spheres, oxygen as red spheres, and nitrogen as blue
spheres. Hydrogen atoms have been omitted for clarity. Note: the positional parameters
have not been refined, but were taken from the literature. [44] The cubic lattice constant
was taken from our Le Bail fits and three carbon atoms of the benzene ring of the BTB
linker were replaced by nitrogen atoms to obtain the TATB linker.

While the BDC linkers are commercially available, the TATB ones had to be synthe-
sized. The symmetrical functionalization of triazine-based materials can be easily
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achieved by a trimerization of nitriles. A modified synthetic route was chosen for
the introduction of only one nitro group per linker molecule (Figure 4.2). The nitro
group was placed at different positions to investigate the effect on the resulting MOF
structure and its properties.

Figure 4.8: View of the MIL-142 framework along [001]. The interpenetration in MIL-142
by two individual networks is represented by the two different colors of the FeO6 octahedra
(purple and green) and carbon atoms (grey and grey blue); carbon (grey and blue grey
spheres), oxygen (red spheres), hydrogen atoms have been omitted for clarity.

The key to success in the synthesis of the five new iron(III)-based mixed linker
compounds was the adaption of the synthesis protocol reported by Chevreau et al. [44]

In this report, they were able to synthesize MOFs with the MIL-142 (Figure 4.8)
and MIL-143 (Figure 4.7b) topologies for the first time. MOFs with the MIL-143
topology can be regarded as mesoporous zeolytic solids based on the β-christobalite
topology, and the related MIL-142 topology is best described as a microporous
interpenetrated structure similar to the ReO3 topology. The MIL-142 and MIL-143
structures are built up by the same linkers (BDC and BTB and their respective
derivatives), but with different linker ratios (BDC to BTB is 3:4 for MIL-142, while
for MIL-143 the ratio is 3:2). [44] Our goal was to synthesize MOFs exhibiting only
the mesoporous MIL-143 topology (pore diameters: 2.0 nm and 2.4 nm; window
sizes: 1.6 nm and 1.8 nm) as the synthesis of robust mesoporous MOFs is still a
great challenge.
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For the successful synthesis, FeCl3 · 6H2O, trigonal TATB and linear BDC linkers
were dissolved in DMF and the reaction mixture was heated at 150 ◦C for 20 h. The
reaction mixture was purified by centrifugation, washing with DMF, and Soxhlet-
extraction with methanol, which has proven to be much more effective in removing
guest molecules - such as DMF - than washing alone. [50] We also synthesized MIL-142
(hereafter called Fe-BTB-BDC with BTB = 4,4′,4′′-benzene-1,3,5-triyl-tris(benzoic
acid), Figure 4.5c) according to our new synthesis protocol, to compare the chemical
properties with the new Fe-TATB-BDC structures. The key difference between the
Fe-BTB-BDC and the Fe-TATB-BDC structures is the trigonal linker, as the core
of the trigonal linker in Fe-BTB-BDC is based on a benzene ring and not a triazine
ring, as for Fe-TATB-BDC. Therefore, we were curious whether the enhancement
of planarity through the substitution of the central benzene ring in BTB with a
triazine core in the TATB linker would influence the properties (e.g. crystallinity,
porosity, thermal and water stability) of the resulting MOF scaffold.

Figure 4.9: PXRD patterns of the five different functionalized Fe-TATB-BDC structures
in comparison to the calculated pattern of the MIL-143 topology. [44]

The PXRD patterns (Figure 4.9 and Figure 4.10a-e) of the Fe-TATB-BDC structures
indicate that the products are highly crystalline materials. The similarities between
the PXRD patterns allow us to conclude that all five MOF samples crystallize in
the same MOF topology. Comparison with calculated PXRD patterns based on
the reported crystallographic data [44] clearly prove that the MIL-143 topology is
formed in all Fe-TATB-BDC compounds. Chevreau et al. [44] were able to achieve
the MIL-142 and MIL-143 topologies for combinations of BTB and BDC linkers by
changing the relative amounts of starting materials as well as synthesis conditions.
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As we only obtained the MIL-143 topology, we assume that the trigonal linker
based on a triazine core favors the formation of the non-interpenetrating MIL-143
topology, while the trigonal linker based on a benzene core favors the MIL-142
structure (Figure 4.10f).

The PXRD patterns shown in Figure 4.9 were recorded on samples after Soxhlet-
extraction, but exposure to air and moisture thereafter. To get more structural
information, high-resolution synchrotron powder diffraction data of selected com-
pounds (Fe-TATB-a, -b, -c, and -e) were recorded at the European Synchrotron at
Grenoble/France. Here the samples were activated (2 h at 5 × 10-2 mbar, 100 ◦C)
and sealed in glass capillaries (∅ = 1.0 mm) to prevent the uptake of any water
from the atmosphere.

A visual inspection and comparison with calculated PXRD patterns again confirmed
the MIL-143 topology of these four compounds. But even with these high quality
data no stable Rietveld refinement was achieved. Therefore, Le Bail fits in space
group F23 using the GSAS software [46] were conducted to obtain the cubic lattice
parameters a for all compounds. The results of these fits (synchrotron data and lab-
oratory X-ray data) are summarized in Table 4.1 and depicted in Figures 4.11 and
Figure 4.12. The quality of the Le Bail fits of the synchrotron data is not as good as
that of the STOE data. This is probably due to the fact that the synchrotron profiles
cannot be accurately modelled with the functions implemented in GSAS. Nonethe-
less, these fits allow us to draw clear conclusions. All compounds Fe-TATB-BDC
crystallize in the MIL-143 topology; the unit cell volume is not significantly in-
fluenced by changes in the functionalized linkers. Compounds Fe-TATB-BDC-b-d
appear to be single-phase samples, whereas in the PXRD patterns of compounds
Fe-TATB-BDC-a and -e small amounts of some MIL-142 impurity can be spotted.
On the other hand, Fe-BTB-BDC gives a very good Le Bail fit in space group R3c
with lattice parameters similar to those obtained in the original paper. [44] No addi-
tional reflections that would suggest a MIL-143 impurity are observed. Another re-
markable finding is the shrinkage of the unit cell volume upon activation (Table 4.1).
This shrinkage accounts for 1.5–2.7% of the original unit cell volume, indicating a
remarkable degree of flexibility in the MIL-143 framework. Another noteworthy
finding is the increase of the unit cell volume of the non-functionalized compound
Fe-TATB-BDC-a upon cooling. Such a negative thermal expansion (NTE) of coor-
dination polymers and MOFs is not rare and has already been reported before. [51–53]



128 4. Iron(III)-based metal-organic frameworks

Figure 4.10: PXRD patterns of Fe-TATB-BDC-a-e and Fe-BTB-BDC as synthesized (dark
gray), after Soxhlet extraction with methanol (light gray), and after sorption isotherm
measurement (a: dark red; b: red; c: orange; d: light green; e: dark green; f: blue) are
compared to the calculated pattern of MIL-143 (black). For each Fe-TATB-BDC-a-e and
Fe-BTB-BDC all data are from the same synthesis batch.
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Figure 4.11: Plots of Le Bail fits of PXRD data recorded with a Stoe Stadi P diffractometer
(RT, Cu Kα1 radiation, flat sample). (a) Fe-TATB-BDC-a, (b) Fe-TATB-BDC-b, (c)
Fe-TATB-BDC-c, (d) Fe-TATB-BDC-d, (e) Fe-TATB-BDC-e and (f) Fe-BTB-BDC.

In Figure 4.13a, the PXRD pattern collected for Fe-TATB-BDC-b (STOE Stadi P
data) is compared with a pattern calculated from the lattice parameter of the Le
Bail fit (Table 4.1) and the positional parameters given for MIL-143 in the lit-
erature. [44] The agreement is reasonable thus confirming the MIL-143 topology of
this compound. Differences in the intensities especially at higher 2θ angles can be
attributed to the fact that the theoretical pattern was only calculated with frame-
work atoms, while the measurement was recorded on an as-synthesized sample with
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Figure 4.12: Plots of Le Bail fits of synchrotron PXRD data recorded at beam-
line SNBL BM01b/ESRF (λ = 0.504477 Å, capillary with ∅ = 1.0 mm), either at
298 K or 100 K. (a) Fe-TATB-BDC-a at 298 K, (b) Fe-TATB-BDC-a at 100 K, (c)
Fe-TATB-BDC-b at 298 K, (d) Fe-TATB-BDC-c at 298 K, (e) Fe-TATB-BDC-e at 298 K
and (f) Fe-TATB-BDC-e at 100 K.
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guest molecules in its pores. In Figure 4.13b, the recorded pattern of Fe-BTB-BDC
is compared with a theoretical pattern of MIL-142 calculated as described above
for MIL-143. Here, the similarity of both patterns is obvious thus confirming the
MIL-142 topology of this compound.

Figure 4.13: (a) Comparison of the PXRD pattern recorded for Fe-TATB-BDC-b (STOE
Stadi P, Cu Kα1 radiation, MYTHEN detector, background subtracted and zero shift cor-
rected) with the pattern calculated from the refined lattice parameters of Fe-TATB-BDC-b
(Le Bail fit) and the atomic coordinates of MIL-143 taken from the literature. [44] The good
agreement between the patterns confirms the MIL-143 topology of Fe-TATB-BDC-b. (b)
Comparison of the PXRD pattern recorded for Fe-BTB-BDC (STOE Stadi P, Cu Kα1
radiation, MYTHEN detector, background subtracted and zero shift corrected) with the
pattern calculated from the refined lattice parameters of Fe-BTB-BDC (Le Bail fit) and
the atomic coordinates of MIL-142 taken from the literature. [44] The good agreement
between the patterns confirms the MIL-142 topology of Fe-BTB-BDC.

The SEM images of the Fe-TATB-BDC samples (Figure 4.14a-e) show intergrown
aggregates with undefined particle shapes. However, on some images crystallites
are visible and the sizes of the individual particles range from less than 100 nm to
about 10 µm. Fe-BTB-BDC (Figure 4.14f), in contrast, appears to be composed
of plate-like hexagonal shaped crystals which is expected due to the rhombohedral
space group R3c. The plates have similar sizes of approximately 400 nm thickness
with edges lengths of 1.3-2.3 µm.

Figure 4.15a presents the nitrogen isotherms of the Fe-TATB-BDC materials, which
exhibit a Type IV(b) shape, except Fe-TATB-BDC-b which exhibits a Type I shape,
according to IUPAC. [54,55] The Type IV(b) isotherm, which had been recently added
to the categorization of isotherms by IUPAC, [55] is typical for mesoporous materials
with pores smaller than 4 nm, while the Type I isotherm is typical for microporous
materials. This Type IV(b) shape is in good agreement with the MIL-143 structure
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Figure 4.14: (a-e) SEM images of the Fe-TATB-BDC-a-e, respectively, recorded at differ-
ent magnifications, showing randomly shaped particles with similar crystallite sizes. (f)
SEM images of the Fe-BTB-BDC recorded at different magnifications, showing hexagonal
shaped plate-like particles with different crystallite sizes.
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Figure 4.15: (a) Nitrogen sorption isotherms of Fe-TATB-BDC measured at 77 K. The
adsorption and desorption are shown with filled and empty symbols, respectively. (b) Pore
size distributions calculated using a QSDFT model with cylindrical and spherical pores
in the adsorption branch. (c) Table summarizing the calculated BET surface area in the
range of p/p0 from 0.005 to 0.01 and the pore volume, measured at p/p0 0.19.

type, as the network is mesoporous and exhibits two different pore sizes of 2.0 nm
and 2.8 nm. The presence of these two different pore widths is observed in the
calculated pore size distribution, which shows two defined peaks (Figure 4.15b).
For all samples, except Fe-TATB-BDC-b, the pore size distribution indicates well-
defined dimensions of about 1.6 nm and 2.8 nm, while Fe-TATB-BDC-b shows only
one prominent pore with a diameter of 1.6 nm. One drastic difference in the pore
size distributions of the MOFs is the relative amplitude of the second peak, which
corresponds to the larger pores. This peak is significantly larger in the samples
containing a nitro-functionalization at the trigonal TATB linker (Fe-TATB-BDC-c,
-d, and -e). However, the irregularity in the presence and amplitude of a peak
corresponding to the larger pore (2.8 nm) cannot be explained.

The BET surface areas of the five Fe-TATB-BDC materials fall within the same
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range: 1470-1560 m2 g-1 (Figure 4.15c) regardless of which functional group is added
or whether or not the linker is functionalized at all. Saturation of all isotherms was
reached at p/p0 of 0.19, therefore this data point was used for the calculation of
the pore volume. The pore volumes of the five Fe-TATB-BDC frameworks are also
very similar at approximately 0.64 cm3 g-1. In comparison, for the Fe-BTB-BDC
network, crystallizing in the MIL-142 topology, a BET surface area of 1585 m2 g-1

was observed (Figure 4.16). This is in a good agreement with the reported value of
1580 m2 g-1. [44] The pore volume (0.62 cm3 g-1) was also calculated using a p/p0 value
of 0.19 and is also in accordance with the value in the literature of 0.70 cm3 g-1. [44]

The shape of the isotherm of Fe-BTB-BDC (Figure 4.16) is a Type I, according
to IUPAC, [54,55] which is typical for microporous materials and consistent with the
structure of MIL-142. [44] The pore size distribution (Figure 4.16) is narrow with a
maximum at 1.4 nm, slightly above the theoretical pore size (0.8 nm) of the MIL-142
topology.

Figure 4.16: Nitrogen sorption isotherm of Fe-BTB-BDC at 77 K with the adsorption
denoted by filled symbols and desorption by empty symbols. The insert shows the pore
size distribution and was calculated with the QSDFT model using cylindrical and sphere
pores at the adsorption branch. Also the BET surface area as well as the pore volume is
reported.

Thermogravimetric analysis (TGA) was applied to determine the thermal sta-
bility and composition of the Fe-TATB-BDC frameworks (Figure 4.17a-e). The
TGA curves indicate that the frameworks with unmodified linear BDC link-
ers (Fe-TATB-BDC-a, -c and -d; Figure 4.17a, c and d) are stable up to ap-
proximately 300 ◦C, while the frameworks containing an amino-functionalization
(Fe-TATB-BDC-b and -e; Figure 4.17b and e) are only stable up to 270 ◦C. This
thermal stability value fits well with the stability of MIL-143 and the Fe-BTB-BDC
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Figure 4.17: Results of thermogravimetric analysis (a: dark red; b: red; c: orange; d:
light green; e: dark green; f: blue curve) and differential scanning calorimetry (light gray
curve) of Fe-TATB-BDC-a-e (a-e, respectively) and Fe-BTB-BDC (f) in flowing air with a
heating rate of 10 ◦C min-1. Prior to the TGA/DSC measurement, the material had been
used for the nitrogen sorption experiments. The start temperature of the decomposition
and the mass loss of individual steps are indicated.

framework (Figure 4.17f), which are stable up to 315 ◦C. [44] Hence, the triazine core
of the trigonal linker has little influence on the resulting thermal stability of the
framework. The main weight loss processes depicted in the TGA curves are more or
less the same. The first main weight loss process is attributed to the removal of guest
molecules. For Fe-TATB-BDC-a (Figure 4.17a), the weight loss occurs until 305 ◦C
and consists of two separated steps. These two steps of the curve indicate that the
framework hosts two species of guest molecules, in this case water and DMF. In
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comparison, the TGAs of Fe-TATB-BDC-b (Figure 4.17b) and -e (Figure 4.17e)
show a single weight loss step for the guest molecules up to 260 ◦C. Similarly,
Fe-TATB-BDC-c (Figure 4.17c) and -d (Figure 4.17d) have a single weight loss
step up to 300 ◦C. All of the MOFs also experience a second weight loss at higher
temperatures, which can be attributed to the combustion of the organic linker.
For Fe-TATB-a (Figure 4.17a), -c (Figure 4.17c) and -d (Figure 4.17d) the weight
loss process occurs in a single step that is finished at 410 ◦C, 400 ◦C and 430 ◦C,
respectively. The TGA curves of Fe-TATB-b (Figure 4.17b) and -e (Figure 4.17e)
indicate that bimodal linker decomposition occurs until approximately 480 ◦C. This
can be attributed to the presence of amino groups at the linear BDC linker. The
position of the nitro-functionalization seems to have a small effect on the thermal
stability of the network, while the amino-functionalization has only an impact on
the linker decomposition, but not on the thermal stability of the networks. In
comparison, Fe-BTB-BDC (Figure 4.17f) exhibits a defined two-step weight loss
process in agreement with reported values of MIL-142. [44] The first step (between
25 ◦C and 315 ◦C) can be attributed to the removal of guest molecules, while the
second step (between 315 ◦C and 360 ◦C) can be attributed to the decomposition
of the linkers. Assuming that at higher temperatures the residue only consisting of
Fe2O3 and the molecular formula of MIL-143 to [Fe3O(Cl)(H2O)2(BDC)3/2(TATB)],
the compositions of the Fe-TATB-BDC materials can be calculated (Table 4.2).
Comparison of these calculated compositions of the Fe-TATB-BDC MOFs with the
data obtained from the TGA measurements (where an ideal network without guest
molecules is denoted as guest-free) shows that the theoretical and experimental val-
ues agree and discrepancies fall within the range of accuracy of TGA measurements
(1%). The same is true for Fe-BTB-BDC if the molecular formula is assumed to be
[Fe3O(Cl)(H2O)2(BDC)(BTB)4/3] (Table 4.2).

The stability of each MOF structure was tested in water and acidic or basic me-
dia. The samples were immersed in either Millipore water, 1 M hydrochloric acid,
or 1 M sodium hydroxide. After different times of exposure, the MOF samples
were then collected by centrifugation and dried at 100 ◦C before PXRD measure-
ments were recorded. The PXRD data shown in Figure 4.18a-e indicate that all
five Fe-TATB-BDC frameworks are stable in water up to 14 d (Figure 4.18, blue
and green curves) but decompose under acidic (Figure 4.18, red curves) and basic
(Figure 4.18, purple curves) conditions within one day. After the treatment under
acidic conditions, BDC was detectable via PXRD for Fe-TATB-BDC-a, -c and -d
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Figure 4.18: PXRD patterns of the different functionalized Fe-TATB-BDC and
Fe-BTB-BDC MOFs after varied time periods of exposure to water, acid or base. (a:
Fe-TATB-BDC-a, b: Fe-TATB-BDC-b, c: Fe-TATB-BDC-c, d: Fe-TATB-BDC-d and e:
Fe-TATB-BDC-e, and f: Fe-BTB-BDC).
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(Figure 4.18a, c and d, respectively). BDC was identified by comparing the reflec-
tions with theoretical patterns of BDC, shown as black line diagram in the PRXD
plots (Figure 4.18). This proves that the new synthesized iron(III)-based mixed
linker MOFs display similar chemical stability regardless of the functionalization
of the organic linker. In most studies, iron(III)-based MOFs are members of the
MIL (Matériaux de l′Institut Lavoisier) family and the framework stability in water
increases from MIL-101(Fe), [56,57] to MIL-88(Fe), [58,59] further to MIL-53(Fe) [60,61]

and MIL-100(Fe). [60–63] The newly synthesized iron(III)-based mixed linker MOFs
exhibit a stability comparable to MIL-53(Fe) and MIL-100(Fe). MIL-53(Fe) [60] is
a flexible microporous material (with pores whose diameters range from 0.40 nm
and 0.85 nm in the closed and opened form, respectively), while MIL-100(Fe) [64]

is a mesoporous material exhibiting pores of 2.5 nm and 2.9 nm. Compared to
the newly synthesized iron(III)-based mixed linker materials, the surface and pores
of MIL-100(Fe) are slightly larger. MIL-100(Fe) is constructed of benzene-1,3,5-
tricarboxylic acid as the OBU and thus no functionalized MIL-100(Fe) network has
been reported so far. In addition, the chemical stability of the Fe-TATB-BDC se-
ries is comparable to the Fe-BTB-BDC framework exhibiting a MIL-142 topology.
The Fe-BTB-BDC framework (Figure 4.18f) also decomposes under acidic and basic
conditions, but is stable in water up to 14 d.
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Table 4.1: Summary of Le Bail fits of PXRD data.

Instrument MIL-142 MIL-143
(R3c, no. 161) (F23, no. 196)

Fe-TATB-BDC-a Stoe data
(RT)

Minor amounts a = 40.623(3) Å
V = 67039(14) Å3

ESRF data
(RT, 3 scans)

Minor amounts a = 40.254(8) Å
V = 65230(40) Å3

ESRF data
(100 K, 5 scans)

Minor amounts a = 40.308(8) Å
V = 65490(40) Å3

Fe-TATB-BDC-b Stoe data
(RT)

None a = 40.606(2) Å
V = 66955(12) Å3

ESRF data
(RT, 7 scans)

None a = 40.332(4) Å
V = 65610(20) Å3

Fe-TATB-BDC-c Stoe data
(RT)

None a = 40.770(2) Å
V = 67768(8) Å3

Fe-TATB-BDC-d Stoe data
(RT)

None a = 40.649(2) Å
V = 67165(8) Å3

ESRF data
(RT, 4 scans)

None a = 40.369(10) Å

V = 65790(50) Å3

Fe-TATB-BDC-e Stoe data
(RT)

Minor amounts a = 40.603(3) Å
V = 66936(15) Å3

ESRF data
(RT, 1 scan)

Minor amounts a = 40.392(6) Å
V = 65900(30) Å3

ESRF data
(100 K, 5 scans)

Minor amounts a = 40.388(9) Å
V = 65880(40) Å3

Fe-BTB-BDC Stoe data
(RT)

a = 28.801(1) Å None

c = 96.040(6) Å
V = 68993(7) Å3
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Table 4.2: Mass-losses of Fe-TATB-BDC-a-e and Fe-BTB-BDC during thermo-
gravimetric analysis: experimentally determined data (Figure 4.17), experimentally
determined data taking the content of guests into account, and calculated data based
on the ideal composition of Fe-TATB-BDC-a: [Fe3O(Cl)(H2O)2(BDC)3/2(TATB)];
Fe-TATB-BDC-b: [Fe3O(Cl)(H2O)2(BDC-NH2)3/2(TATB)]; Fe-TATB-BDC-c:
[Fe3O(Cl)(H2O)2(BDC)3/2(TATB-NO2 (meta))]; Fe-TATB-BDC-d:
[Fe3O(Cl)(H2O)2(BDC)3/2(TATB-NO2 (ortho))]; Fe-TATB-BDC-e:
[Fe3O(Cl)(H2O)2(BDC-NH2)3/2(TATB-NO2 (meta))]; Fe-BTB-BDC:
[Fe3O(Cl)(H2O)2(BDC)(BTB)4/3].

Fe-TATB-BDC-a experimental guest free calculated
guest 5.6%
linker 70.8% 75.0% 74.5%
residue 23.6% 25.0% 25.5%
Fe-TATB-BDC-b experimental guest free calculated
guest 6.0%
linker 71.3% 75.8% 75.1%
residue 22.7% 24.2% 24.9%
Fe-TATB-BDC-c experimental guest free calculated
guest 4.5%
linker 73.2% 76.6% 75.7%
residue 22.3% 23.4% 24.3%
Fe-TATB-BDC-d experimental guest free calculated
guest 4.3%
linker 73.3% 76.6% 75.7%
residue 22.4% 23.4% 24.3%
Fe-TATB-BDC-e experimental guest free calculated
guest 4.1%
linker 72.5% 75.6% 76.2%
residue 23.4% 24.4% 23.8%
Fe-BTB-BDC experimental guest free calculated
guest 7.0%
linker 68.9% 74.1% 75.8%
residue 24.1% 25.9% 24.2%
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4.3.2 Elongation of the Fe-TATB-BDC network

In addition to the challenges associated with functionalizing the pore, developing
a system to systematically expand the pore size of any given MOF structure is a
daunting undertaking, but one that is crucial for making the MOF′s surface ac-
cessible for large organic, inorganic, and biological molecules. Therefore, we tried
to elongate the Fe-TATB-BDC framework by extending the length of both link-
ers (Figure 4.5). First, we extended the linear linker BDC by replacing it with
biphenyl-4,4′-dicarboxylic acid (BPDC) to achieve a Fe-TATB-BPDC framework.
All our attempts led to a less crystalline material (Figure 4.19a), but the PXRD
pattern may indicate some first reflections of the Fe-TATB-BPDC framework. We
then turned our attention to the elongation of the trigonal TATB linker by re-
placing it with 2,4-bis(4′-carboxy-biphenyl-4-yl)-6-(4′-carboxy-2-methoxy-biphenyl-
4-yl)-1,3,5-triazine (TAPB). The respective MOF (Fe-TAPB-BDC) was obtained as
a crystalline material (Figure 4.20a) that also exhibits the MIL-143 topology. This
was verified by a Le Bail fit in space group F23 leading to the cubic lattice parame-
ter a = 50.910(8) Å. Attempts to obtain a structural model of Fe-TAPB-BDC failed
due to the only modest data quality. It is remarkable that no interpenetration, that
would stabilize the MOF structure, was observed. It seems that the triazine core of
the TATB linker hinders interpenetration even when the networks are elongated, in
contrast to the behavior of MOFs incorporating BTB linker.

Figure 4.19: PXRD pattern of (a) Fe-TATB-BPDC as synthesized (purple) and (b)
Fe-TAPB-BPDC as synthesized (pink).

To our knowledge, this is the first time that an elongation of a MIL-143 structure
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Figure 4.20: (a) PXRD patterns of Fe-TAPB-BDC as synthesized (cyan), after at 120 ◦C
in vacuo (dark gray), after degassing the sample at only 50 ◦C in vacuo (light gray)
and after Soxhlet extraction with methanol (dark cyan) are compared to a calculated
pattern with MIL-143 topology (black). For testing the different activation conditions
only a few mg of the samples were used. And all tested conditions can be referred to
the as synthesized sample. (b) Results of thermogravimetric analysis (cyan curve) and
differential scanning calorimetry (light gray curve) of Fe-TAPB-BDC in flowing air with
a heating rate of 10 ◦C min-1. The start temperature of the decomposition and the mass
loss of individual steps are indicated. (c) SEM images of the Fe-TAPB-BDC recorded at
different magnifications, showing randomly shaped particles with similar crystallite sizes.
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type has been reported. Unfortunately, Soxhlet extraction with methanol led to an
amorphous material (Figure 4.20a, dark cyan curve). Removing guest molecules in
high vacuum at 120 ◦C or 50 ◦C for 12 h led to a collapse of the structure (Fig-
ure 4.20a, dark/light grey curves). Increasing the length of the organic linker is
known to decrease the stability of a MOF structure. [65] TGA was also used to deter-
mine the thermal stability of the framework, therefore the as-synthesized material
was used. The curve shown in Figure 4.20b indicates that multiple weight loss pro-
cesses occurred. In comparison to the Fe-TATB-BDC networks, the first two weight
loss steps (up to 315 ◦C) can be attributed to guest molecule removal. The third
and fourth weight loss steps (up to 510 ◦C) can be attributed to the combustion
of the linkers. The ideal composition of Fe-TAPB-BDC was calculated assuming
the molecular formula to be [Fe3O(Cl)(H2O)2(BDC)3/2(TAPB)] (Table 4.3). Based
on these calculations, the MOF framework seems to exhibit many defects (such as
missing linkers), which could account for some of the observed reduced framework
stability. SEM images (Figure 4.20c) reveal intergrown octahedral shaped crystals
with sizes of around 300 nm.

To complete our study, we also tried to elongate the network by extending both
linkers at the same time. Instead of the desired Fe-TAPB-BPDC network, an amor-
phous material was obtained with only two broad reflections in the PXRD pattern
(Figure 4.19b).

Table 4.3: Mass-losses of Fe-TAPB-BDC during thermogravimetric analysis: experimen-
tally determined data (Figure 4.20b), experimentally determined data taking the content of
guests into account, and calculated data based on the ideal composition of Fe-TAPB-BDC
[Fe3O(Cl)(H2O)2(BDC)3/2(TAPB)].

Fe-TAPB-BDC experimental guest free calculated
guest 9.0%
linker 70.0% 76.9% 80.0%
residue 21.0% 23.1% 20.0%
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4.4 Conclusion

In conclusion, five new mesoporous iron(III)-based mixed linker MOF materials
exhibiting the non-interpenetrated MIL-143 topology were synthesized. Through
the replacement of the central benzene ring of a BTB linker by a triazine core, the
interpenetration of the network was avoided. As the MIL-143 topology is constructed
from two different linker types, we were able to successfully synthesize MOFs that
were functionalized by amino (linear BDC linker) or nitro groups (trigonal TATB
linker). In the end, we were able to create a multivariate MOF with both amino
and nitro groups by combining two differently functionalized linkers.

All mesoporous iron(III)-based MOFs exhibit high thermal stability up to 300 ◦C.
The water-stability is remarkable and comparable to the mesoporous MIL-100(Fe)
structure. The frameworks are crystalline, display low defect concentrations, and
their porosity is not affected by the functionalization of the linker molecules. We
also demonstrated that the framework can be elongated by substituting the trigonal
linker, but elongation of the linear linker leads to a less crystalline material. The
resulting elongated framework of MIL-143, which has not been reported before, is
unstable upon removal of guest molecules.

Apart from expanding the scope of mesoporous iron(III)-based MOFs, the strategy
developed herein to synthesize multivariate mixed linker MOFs, in which each linker
can be functionalized separately, could lead to a better understanding of the rela-
tionship between functionality, arrangement, and performance of the MOF material.
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Chapter 5

The influence of differently
functionalized linkers on water
stability of zirconium-based
metal-organic frameworks

This chapter is based on the manuscript of an article by Erika Virmani, Tobias von
Zons, Sebastian Lilienthal, Peter Behrens, Thomas Bein, Adelheid Godt, and Stefan
Wuttke, which is currently in preparation.

The MOFs were synthesized by Erika Virmani, in the group of Thomas Bein under
supervision of Stefan Wuttke, while the linkers were synthesized by Tobias von Zons
in the group of Adelheid Godt. The structure calculations were carried out by
Sebastian Lilienthal in the group of Peter Behrens.
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Abstract

Five differently functionalized terphenyl dicarboxylate-based linkers (PPP), variat-
ing in the number and type of the functionalizations, were successfully used in the
synthesis of a microporous metal-organic framework based on the UiO topology.
Powder X-ray diffraction revealed high crystallinity of the PPP-UiO structures and
the patterns are in good agreement with the calculated patterns for the differently
functionalized MOFs. These MOF structures were found to exhibit different porosity
and humidity stability depending on the size and number of functional groups.

5.1 Introduction

Metal-organic frameworks (MOFs) are a class of crystalline hybrid materials that
are constructed by the coordination of metal ions or metal-oxo clusters with or-
ganic linkers bearing two or more complexing functional groups, most often car-
boxyl groups. [1–10] These materials have potential for many practical applications
such as gas storage and separation, [11] chemical sensing, [12] catalysis [13], and drug
delivery. [14] In these applications, the thermal and chemical stability of the MOFs
and their behavior in humid and aqueous environment are very important. [15–18]

A promising MOF candidate has been synthesized in 2008 by the group of Lillerud [19]

and was denoted UiO-66. UiO-66 crystallizes in a cubic structure, where twelve
Zr6(µ3-O)4(µ3-OH)4(CO2)12 inorganic building units (IBUs) are connected by car-
boxylate groups of twelve 1,4-benzenedicarboxylate (BDC) linkers. [15,20] The UiO-66
structure is stable in high humidity, which is attributed to the strong zirconium-
oxygen bonds and the high degree of interconnectivity of the IBUs. [16,17]

In order to tune the pore size and functionality in a systematic manner, the concept
of reticular chemistry has been established in MOF synthesis, and isoreticular struc-
tures for UiO-66 have also been proposed. [18] Reticular chemistry is based on the
variation of the length and/or the functionality of the linker while the IBUs and the
framework topology of the parent compound are retained. [21] An important feature
of this concept is the possibility of systematically altering the molecular length of
the organic linker to obtain porous MOFs with larger pores. [22–26]

In the case of the UiO topology, the linker can be biphenyl-4,4′-dicarboxylate
(BPDC) giving rise to UiO-67. [27] A drawback of UiO-67 is its lower stability
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towards water compared to UiO-66. [21,28] The decrease in stability of UiO-67 was
attributed to rotational effects of the extended linkers by DeCoste et al. [28] (Fig-
ure 5.1). Another reason for the decreased stability could be the larger pore size
that facilitates the coordination of water to the IBUs, or the occurrence of capillary
forces during the drying process. [29,30] Mondloch et al. [29] were recently able to show
that the UiO-67 structure is retained if water has been exchanged by acetone before
drying. Lawrence et al. [30] confirmed this hypothesis by NMR investigations.

Figure 5.1: Torsion of linker molecule in the different UiO structures: (a) UiO-66; (b)
UiO-67 and (c) calculated unfunctionalized "UiO-68".

This example demonstrates that the design of chemically stable MOFs with high
surface areas and large pore apertures can be significant synthetic challenge. [31]

Jasuja et al. [32] reported the systematic tuning of water stability of a zinc-based
MOF by decorating the BDC linker with non-polar shielding groups such as methyl
groups, which were shown to enhance the MOF water stability. [28]

A further expansion of the UiO-66 structure with elongated 1,1′,4′,1′′-terphenyl-4,4′′-
dicarboxylate (PPP-linker; P stands for the phenylene unit) is also conceivable and
has been proposed for the unfunctionalized linker in 2008, however no proof of the
existence of this MOF using unfunctionalized linker is given in the literature. [19]

Indeed, up to now only a few linkers with substituents ranging from amino, [21,33–38]

methyl, [39,40] olefin groups, [41] to an anthracene unit instead of a single phenylene
unit at the middle of the linker [42] have been incorporated into PPP-UiO MOF
structures. None of the reports addressed the chemical (e.g. versus water) stability
of these functionalized frameworks.

Herein we report on the synthesis of five isoreticular PPP-UiO structures bearing
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functionalities differing in type and number (Figure 5.2), and investigate their in-
fluence on the stability of the MOF structures towards humidity. To achieve this
goal, we developed a facile approach to characterize the moisture resistance of those
MOFs. The results obtained using this method are compared with the characteris-
tics of the PPP-linkers employed and the resulting PPP-UiO structure. With this
study we wish to gain deeper insights into linker designs that can lead to MOFs with
enhanced water stability.

Figure 5.2: (a) Illustration of the five differently substituted linkers that have been in-
corporated into the PPP-UiO network. (b) Schematic representation of the PPP-UiO
network: 12 IBUs [Zr6(µ3-O)4(µ3-OH)4(CO2)12] are connected by carboxylate groups of
twelve PPP linkers.
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5.2 Experimental

5.2.1 Materials

Acetic acid (analysis grade, Sigma Aldrich), dichloromethane (≥99.9%, not stabi-
lized, ROTISOLV HPLC, Carl Roth), N,N -dimethylformamide (anhydrous, synthe-
sis grade, Fischer Scientific), zirconyl chloride octahydrate (ZrOCl2 · 8H2O; ≥99.5%,
Sigma Aldrich).

5.2.2 Linker synthesis

A detailed description of the linker synthesis is given in the literature. [43] Five dif-
ferently functionalized terphenyl dicarboxylate-based linkers with variations in the
number and type of the functionalization were successfully synthesized. Through
the chosen synthesis route – a Pd-catalyzed Suzuki-Miyaura cross coupling followed
by a saponification – the diversity of linkers bearing different substituents could be
achieved. The synthesized PPP diacids 1a-e are shown in Figure 5.2 with: PPP
diacid 1a being 2′,5′-dimethoxy-[1,1′:4′,1′′-terphenyl]-4,4′′-dicarboxylicacid; PPP
diacid 1b being 2,2′,2′′,5′-tetramethoxy-[1,1′:4′1′′-terphenyl]-4,4′′-dicarboxylic acid;
PPP diacid 1c being 2,2′′,6,6′′-tetraethoxy-[1,1′:4′,1′′-terphenyl]-4,4′′-dicarboxylic
acid; PPP diacid 1d being 2,2′′-diisopropoxy-[1,1′:4′,1′′-terphenyl]-4,4′′-dicarboxylic
acid; and PPP diacid 1e being 9,10-di(4-hydroxycarbonylphenyl)anthracene, re-
spectively.

5.2.3 MOF synthesis

In a glass bottle (Schott Duran, Borosilicate 3.3, ISO4796, 100 mL) with a PBT cap
equipped with a Teflon seal ZrOCl2 · 8H2O (0.028 g, 0.086 mmol) was dissolved in
DMF (5 mL) via ultrasonication. Then acetic acid (980 µL, 17 mmol) and finally
the PPP diacid 1 (0.086 mmol; 1a: 0.032 g; 1b:0.038 g; 1c: 0.043 g; 1d: 0.038 g;
1e: 0.036 g) were added. The PPP diacid was distributed via ultrasonication. To
obtain sufficient material, two identical reactions were performed at the same time.
The bottles were placed in an oven preheated to 120 ◦C and kept at this temperature
for 24 h. After cooling to room temperature the two suspensions were combined.
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The solid was isolated through centrifugation (Eppendorf centrifuge 5430, 7830 rpm,
15 min), washed with DMF through suspension in DMF (10 mL, anhydrous) and
subsequent centrifugation. Suspension and centrifugation were repeated two times.
The isolated powdery solid (white for PPP-UiO-a-d and yellow for PPP-UiO-e)
was dried under vacuum (2.4 × 10-3 bar) for 12 h. The powdery material was
extracted with unstabilized CH2Cl2 over molecular sieve under nitrogen atmosphere
using a Soxhlet device (5 mL) for 48 h. The powders were dried under vacuum
(2.4 × 10-3 bar) for 12 h and the samples were stored in nitrogen atmosphere at
room temperature.

5.2.4 Characterization

Powder X-ray diffraction (PXRD)

Powder X-ray diffraction data were obtained on a STOE Stadi MP diffractometer in
transmission geometry with Ge-filtered Cu Kα1 (λ = 1.54060 Å) radiation operating
at 40 kV and 40 mA with a DECTRIS MYTHEN 1K strip solid-state detector. The
sample was placed into the sample holder between two 0.014 mm thick acetate-foils
(ultraphan). Diffraction patterns were collected with an omega-2-theta scanning
mode using a step size of 4.71◦ and a counting time of 60 s per step.

Set-up for the test on the humidity stability of the MOF:

A Nalgene-jar (style 2118, 1000 mL) made of polypropylene equipped with a crys-
tallizing dish was filled with a saturated aqueous solution of NH4Cl for obtaining a
humidity of around 83% (Figure 5.3). In this set-up, the PXRD sample holders con-
taining the MOF powders were exposed for different periods of time to obtain XRD
patterns. After the 12 min XRD measurement, the sample holder was immediately
replaced and removed after another period of exposure to humidity, for obtaining a
second XRD pattern. This cycle was continued till the amorphization of the MOF
material was complete.

Nitrogen sorption

Nitrogen sorption isotherms were measured at 77 K with a Quantachrome AUTO-
SORB-IQ. The material (about 35 mg) was degassed at 120 ◦C in high vacuum for
at least 12 h prior to the measurement. Evaluation of sorption data was carried
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Figure 5.3: Set-up for the test on the stability of the PPP-UiOs towards humidity. The
PXRD sample holder with the PPP-UiOs embedded between two 0.014 mm thick acetate
foils (ultraphan, where water can easily penetrate the foil) sits on a Teflon support with
holes. A saturated aqueous solution of NH4Cl at the bottom of the vessel keeps the
humidity at around 83%. Humidity and temperature are monitored with a TFA Dostmann
digital Thermo-Hygrometer 30.5005.

out using the ASiQwinTM software suite (Version 3.0, Quantachrome Instruments).
Brunauer-Emmett-Teller (BET) surface areas were calculated employing the lin-
earized form of the BET equation in the p/p0 range from 0.005 to 0.01, according to
Quantachrome recommendations for microporous materials. [44,45] Langmuir surface
areas were calculated employing data points in the p/p0 range from 1 × 10-6 to 0.05.
Adsorption isotherms were used to calculate the pore size distribution by employing
a quenched solid state density functional theory model (QSDFT, N2 at 77 K on
carbon, cylindrical and sphere pores, adsorption branch). Total pore volumes were
calculated at p/p0 = 0.20.
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Thermal properties

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC)
measurements were carried out in parallel using a Netzsch Jupiter ST 449 C in-
strument equipped with a Netsch TASC 414/4 controller. The material (about
10 mg) was placed in an aluminum oxide crucible and heated in a synthetic air flow
(20.5% oxygen in nitrogen from Air Liquide) from 25 ◦C to 900 ◦C with a heating
rate of 10 ◦C min-1.

Scanning electron microscopy (SEM)

The powdered samples were loaded onto an aluminum cylinder with a carbon pellet
and prior to SEM analysis the samples were coated with a thin carbon layer by
carbon fiber flash evaporation at high vacuum. SEM images were recorded on a
Zeiss Gemini Ultra Field Emission electron microscope equipped with an in-lens
detector with an acceleration voltage of 4 kV from a field emission gun.

Structure simulations

Simulations were performed within the modeling environment Materials Studio 7.0
of BIOVIA/Dassault Systèmes. We employed the universal force field (UFF) [46]

as implemented in the Forcite module of Materials Studio to relax the structural
model (energy convergence tolerance 2 × 10-5 kcal mol-1). To avoid distortions of
the structure of the IBUs, their crystallographic coordinates as well as the lattice
parameters were kept fixed during the geometry optimization. Molecular dynamics
simulations were carried out employing the universal force field with 106 integration
steps with time steps of 1 fs at a temperature of 500 K.
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5.3 Results and discussion

5.3.1 Synthesis of PPP-UiOs

Five different functionalized PPP linkers (Figure 5.2) with variations in the number
and type of the functionalization were prepared as reported. [43] For the synthesis of
the PPP-UiO-a-e, ZrOCl2 · 8H2O was dissolved in DMF. After the addition of acetic
acid (the modulator), [34,47] the PPP diacids 1a-e were dissolved via ultrasonication.
The tightly closed glass bottles were heated at 120 ◦C for 24 h. The precipitated
materials were washed three times with DMF and then extracted with dry and
unstabilized CH2Cl2 in a Soxhlet extractor for 48 h. This extraction was performed
in a carefully dried apparatus in nitrogen atmosphere and molecular sieves were
added to CH2Cl2 to trap all water during the extraction. An extraction time of
24 h was found to be insufficient for removing all of the trapped DMF. After 48 h
the 1H NMR spectra of the dissassembled MOFs showed essentially only the signals
of the PPP diacids with no or very small amounts of DMF. Experiments with
amylene-stabilized CH2Cl2 in a carefully dried apparatus in nitrogen atmosphere
and molecular sieves added to the CH2Cl2 resulted in loss of crystallinity.

5.3.2 Crystal size and shape

The products consisted of mainly octahedral crystals with a broad range of sizes
of about 300 nm-3.0 µm as determined from scanning electron microscopy (SEM)
images of the PPP-UiO-a-e (Figure 5.4, 5.5 and 5.6). [UiO-PPP-a: 800 nm-2.0 µm
(mean: 1.6 µm); UiO-PPP-b: 300 nm-1.3 µm (mean: 0.7 µm); UiO-PPP-c:
500 nm-2.3 µm (mean: 1.8 µm); UiO-PPP-d: 700 nm-2.0 µm (mean: 1.5 µm);
UiO-PPP-e: 1.3-3.0 µm (mean: 2.1 µm)].
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Figure 5.4: Scanning electron microscopy images of (a) PPP-UiO-a, (b) PPP-UiO-b, (c)
PPP-UiO-c, (d) PPP-UiO-d and (e) PPP-UiO-e. The scale bar in each image is 500 nm.
The rough surface is attributed to damage through the electron beam.
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Figure 5.5: SEM images of the PPP-UiO-a-e recorded at different magnifications, indi-
cating mainly well-shaped octahedra. The rough surfaces are attributed to damage by
the electron beam: (a) PPP-UiO-a; (b) PPP-UiO-b; (c) PPP-UiO-c; (d) PPP-UiO-d; (e)
PPP-UiO-e.
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Figure 5.6: The histograms of the size distribution of the PPP-UiO particles; the length
of 50 particles was taken into account: (a) PPP-UiO-a; (b) PPP-UiO-b; (c) PPP-UiO-c;
(d) PPP-UiO-d; (e) PPP-UiO-e.
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5.3.3 Structure determination

Figure 5.7: PXRD patterns of the PPP-UiO-a-e after Soxhlet extraction with dry and
unstabilized CH2Cl2 are compared to their calculated PXRD patterns derived from the
UiO-66 structure, where the P-units were replaced by the accordingly functionalized
PPP-units. The PXRD patterns are also compared to the PXRDs obtained after the
sorption measurement to prove the stability of the structures during the sorption mea-
surement; only PPP-UiO-c is not stable during the sorption measurement.

In all cases, powder X-ray diffraction (PXRD) (Figure 5.7) revealed that a MOF
with a UiO-type structure was formed. The PXRD patterns for the five differently
substituted PPP-UiOs were calculated for a structure derived from the structure
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of UiO-66 by replacing the P-units with the functionalized PPP-units. A compar-
ison of the experimentally obtained PXRD and the theoretically calculated PXRD
proves the formation of a UiO-type MOF. PXRD patterns for PPP-UiO-a-e were
also recorded after the sorption measurement to prove the stability of the structures
towards the adsorption and desorption of nitrogen and the activation of the material
at 120 ◦C in vacuo prior to the sorption measurement. Figure 5.7 shows that all
synthesized MOFs are stable during the sorption measurement, except PPP-UiO-c,
which shows degradation of the framework.

5.3.4 Thermal properties and composition

Figure 5.8: (a) TGA measurements of the PPP-UiO-a-e structures indicating pure ma-
terials with only very little solvent inside the pores and a one-step decomposition of the
MOF between 350 ◦C and 450 ◦C with around 20% residue, indicating zirconium oxide.
(b) TGA measurements for the PPP-linkers showing a two-step decomposition without
residue, indicating pure linker materials.

To determine the thermal stability and the composition of samples PPP-UiO-a-e,
thermogravimetric analysis (TGA) was applied. The decomposition in air of the
frameworks starts between 330 ◦C and 350 ◦C for the PPP-UiO-a-d, whereas the
PPP-UiO-e shows an exceptional high stability up to 420 ◦C (Figure 5.8a and 5.9).
The thermal stability is comparable to UiO-66 and UiO-67 which show similar de-
composition profiles under these heating rates and conditions. [34] All TGA curves
indicate a one-step mass loss, with the exception of PPP-UiO-a showing a two-step
mass loss (Figure 5.9a). A two-step mass loss is also obtained for the PPP diacids
4a-e (Figure 5.8b). After Soxhlet extraction with dry and unstabilized CH2Cl2
and drying at reduced pressure at 120 ◦C, the materials contained only very small
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amounts of guest molecules. The compositions of the PPP-UiO-a-e materials were
calculated from the TGA data assuming ZrO2 as the only residue at high temper-
ature and the ideal composition of the PPP-UiOs to be Zr6O4(OH)4(PPPdiacid)6.
The experimentally obtained values are listed in Table 5.1 with two sets of calcu-
lated values, one which takes the small content of guest molecules into account, and
the other assuming an ideal empty framework. The values are slightly too large
compared to the ideal values, except for PPP-UiO-e, which is within the range of
accuracy of the TGA measurements (1%). This may indicate that a small num-
ber of linkers are missing or that very small amounts of amorphous material with a
different composition are present. To test this assumption, we calculated the compo-
sition of the framework assuming one or two defects per IBU, which are substituted
by acetyloxy [Zr6O4(OH)4(PPPdiacid)6-0.5n(acetyloxy)n with (n = 1,2)]. Comparing
these values with the calculated guest-free ones, it seems that increasing the number
and size of the functional groups increases the number of defects (linkers replaced
by modulators) at the IBUs.
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Figure 5.9: Results of thermogravimetric analysis (colored curve) and differential scanning
calorimetry (gray curve) of PPP-UiOs in flowing air with a heating rate of 10 ◦Cmin-1. The
start temperature of the decomposition and the mass loss of individual steps are indicated:
(a) PPP-UiO-a; (b) PPP-UiO-b; (c) PPP-UiO-c; (d) PPP-UiO-d; (e) PPP-UiO-e.
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Table 5.1: Mass-losses of PPP-UiO-a-e during thermogravimetric analysis: experimen-
tally determined data (Figure 5.9), experimentally determined data taking the content of
guests into account, and calculated data based on the ideal composition of PPP-UiO-a-e
and assuming one or two defects per IBU, which are occupied by acetyloxy groups:
Zr6O4(OH)4(PPPdiacid)6-0.5n(acetyloxy)n with (n = 0,1,2)

PPP-UiO-a experimental guest free calculated calculated calculated
ideal one two

guest 3.1%
linker 71.3% 73.6% 74.7% 73.6% 72.3%
residue 25.6% 26.4% 25.3% 26.4% 27.7%
PPP-UiO-b experimental guest free calculated calculated calculated

ideal one two
guest 3.4%
linker 72.7% 75.3% 77.6% 76.4% 75.2%
residue 23.9% 24.7% 22.4% 23.6% 24.8%
PPP-UiO-c experimental guest free calculated calculated calculated

ideal one two
guest 2.7%
linker 75.2% 77.3% 79.7% 78.6% 77.3%
residue 22.1% 22.7% 20.3% 21.4% 22.7%
PPP-UiO-d experimental guest free calculated calculated calculated

ideal one two
guest 2.4%
linker 74.1% 75.9% 77.4% 76.3% 75.0%
residue 23.5% 24.1% 22.6% 23.7% 25.0%
PPP-UiO-e experimental guest free calculated calculated calculated

ideal one two
guest 3.0%
linker 75.2% 77.5% 76.7% 75.6% 74.3%
residue 21.8% 22.5% 23.3% 24.4% 25.7%
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5.3.5 Physisorption

Figure 5.10: (a) Nitrogen sorption isotherms of PPP-UiO-a-e measured at 77 K. The
adsorption is denoted with filled symbols and desorption with empty symbols. (b) Pore
size distributions calculated using a QSDFT model with cylindrical and sphere pores in
the adsorption branch. Color code: PPP-UiO-a red; PPP-UiO-b green, "PPP-UiO-c"
cyan, PPP-UiO-d blue and PPP-UiO-e purple. The data of PPP-UiO-c are to be taken
with caution because the PXRD taken after the sorption experiment revealed that the
material had lost some of its crystallinity (Figure 5.7), possibly even before or during the
measurement. (c) Summary of the BET and Langmuir surface areas, as well as the pore
volume calculated at p/p0 = 0.20.

In order to investigate the porosity of the samples PPP-UiO-a-e, nitrogen sorption
isotherms were recorded (Figure 5.10a). According to IUPAC, the sorption isotherms
exhibit Type I shapes, which are characteristic of microporous materials. [48] The
BET surface areas were calculated according to the guidelines from Klank, [45] where
it is recommended to use the relative pressure range of 0.005 to 0.1 for microporous
material. When calculating the Langmuir surface areas, the relative pressure range
of 1 × 10-6 to 0.05 was used and the pore volumes were calculated at p/p0 = 0.20. In
Figure 5.10c, the BET and Langmuir surface areas as well as the pore volumes are
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summarized for the five different samples PPP-UiO-a-e. The pore size distributions
were calculated using a quenched solid state density functional theory (QSDFT)
model for cylindrical and sphere pores in the adsorption branch (Figure 5.10b).
From the nitrogen isotherms and the calculated surface areas, a decrease in the
surface areas is visible with increasing number and size of the functional groups.
However, the pore sizes of all PPP-UiOs are the same and located at 1.8 nm, except
PPP-UiO-c, which shows a decreased pore size that is probably attributed to the
deconstruction of the framework during the sorption measurement, as PXRD data
revealed some loss in crystallinity after the experiment (Figure 5.7).

5.3.6 Stability in humid environments

The stability of PPP-UiOs in high humidity (83%) was investigated. Preliminary
experiments revealed low stability of these materials in water. Reviews written by
Farrusseng et al. [49] and Walton et al. [50] highlight different challenges arising during
the investigation of water stability of MOF materials. In particular, samples with
low water stability are difficult to characterize as their environment must be kept
at low humidity over time. In addition, PXRD measurements should be carried out
without changing the sample (e.g. the powder height of the sample in the sample
holder) to avoid possible changes of the intensities of PXRD reflections. For this
reason, here we introduce a facile approach to evaluate the humidity stability of MOF
samples. The stability of the PPP-UiO powders was studied in a closed Nalgene
box equipped with a basin of saturated aqueous solution of ammonium chloride
for obtaining a humidity of around 83% (Figure 5.3). The PXRD sample holder,
containing the MOF powder, was placed in the Nalgene box for a certain exposure
time, then removed for the PXRD measurement and then placed back. This cycle
was continued until the PXRD revealed significant deterioration of the structure. For
the PXRD measurement the samples were removed from the Nalgene box for about
12 min and exposed to air, which could not be avoided during the measurement. The
air humidity is much lower than 83% and all samples had approximately the same
air exposure time. Hence, the only uncertainty of our set-up is the air humidity at
the time of measurement, which can vary to a certain extent. In the literature there
are already different methods to determine the stability of MOFs towards humidity.
The most common way to determine the stability is to measure water adsorption
isotherms, [32,51–54] but this method is only suitable for materials with good water
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Figure 5.11: PXRD patterns of the differently functionalized PPP-UiOs after different
times of exposure to a humidity of 83%: (a) PPP-UiO-a, (b) PPP-UiO-b, (c) PPP-UiO-d,
and (d) PPP-UiO-e.

stability. A simpler way to determine the stability of MOFs is to store the sample in
liquid water for different times of exposure [28] and at different temperatures [55] or to
store them in water-containing solutions with different concentrations of water. [56]

For these methods MOFs with a certain stability towards water are needed and
hence the stability-determination of water-sensitive MOFs is more challenging. For
these MOFs an exposure to only humidity is essential. In related literature reports
MOFs were exposed to a humidity of 45%, where the humidity was adjusted by
a gas flow system mixing dry air with water vapor. [57] In this method, Ming et
al. [57] used fresh samples of 0.37 g for each exposure experiment, meaning that large
amounts of sample material are needed for this approach. Han et al. [58] exposed MOF
materials to 80% humidity for 3 d, while they adjust the humidity in a desiccator
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with saturated sodium chloride solution, but they did not report on the amount
of material present before and after the exposure. Comparing our method to the
already published methods in the literature, a practical and simple way to determine
the stability of MOFs has been established, where only small amounts of material
are necessary and the sample can be measured at different time points.

The experimental set-up described here was used to investigate the influence of dif-
ferent functionalizations of the PPP-linker backbone on the stability of the PPP-UiO
structure. From Figure 5.11, it can be seen that PPP-UiO-a (Figure 5.11a) is stable
up to 4 h, while PPP-UiO-b (Figure 5.11b) is only stable for some minutes and
PPP-UiO-c is not stable at all (Figure 5.7). The highest stability in 83% humidity
was obtained for PPP-UiO-d (Figure 5.11c) and PPP-UiO-e (Figure 5.11d), which
are both stable up to 36 h, resulting in the following order of decreasing stability:
PPP-UiO-e = PPP-UiO-d � PPP-UiO-a > PPP-UiO-b > PPP-UiO-c.

The relative instability of the PPP-UiOs towards humidity may be attributed to the
rotational effect of the organic linker, which has already been reported for UiO-67. [28]

The stability of PPP-UiO-d and PPP-UiO-e compared to PPP-UiO-a-c can be ex-
plained by the hydrophobicity of the anthracene unit in the PPP-e linker, while
we suggest a shielding effect for the PPP-UiO-d structure. The bulky isopropoxy
group apparently hinders water molecules to attack the IBU. Such a steric effect
was already claimed for the isoreticular compounds UiO-66 [59] and DMOF. [32]
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5.4 Conclusion

In summary, five different functionalized linkers, varying in their number and type of
functionalization, were successfully incorporated into MOFs exhibiting the UiO-66
topology. Using structure simulations and comparing the calculated patterns to
the obtained powder X-ray patterns, we confirmed the successful synthesis of the
PPP-UiO-a-e structures. These MOFs all exhibit similar crystallite shapes, however
the size of the obtained octahedra depended upon the substituents of the linker.
It was shown that only the anthracene unit has a significant impact on the ther-
mal stability of the framework, whereas the other four functionalizations revealed
no significant enhancement of stability. Unlike the number of defects, the porosity
and stability towards humidity depended strongly on the size and number of the
substituents. It was demonstrated that with decreasing size and number of func-
tional groups at the linkers the defect concentration decreases, whereas the porosity
and the stability towards humidity are increasing. Thereby the anthracene-based
PPP-UiO-e exhibits the highest porosity in combination with the smallest defect
concentration and highest humidity stability. However, the humidity stability of all
PPP-UiOs is moderate compared to other MOFs.

All in all, this work illustrates the great versatility in the synthesis of functionalized
terphenyl-based linkers and the strong influence of different substituents on the
resulting material properties of the MOFs.
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Chapter 6

Expanding the group of porous
interpenetrated Zr-organic
frameworks (PIZOFs) with linkers
of different lengths

This chapter is based on the manuscript of an article by Jann Lippke, Birte Brosent,
Tobias von Zons, Erika Virmani, Sebastian Lilienthal, Thomas Preuße, Miriam Hüls-
mann, Andreas M. Schneider, Stefan Wuttke, Peter Behrens, and Adelheid Godt,
Inorganic Chemistry 2017, 56, 748-761. (DOI: 10.1021/acs.inorgchem.6b01814)

The MOFs were synthesized by Jann Lippke, Andreas Schneider and Erika Virmani
in the group of Peter Behrens and Stefan Wuttke, respectively. While the linkers
were synthesized by Birte Brosent, Tobias von Zons, Thomas Preuße and Miriam
Hülsmann in the group of Adelheid Godt. The structure calculations were carried
out by Sebastian Lilienthal in the group of Peter Behrens.
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Abstract

A Zr-based MOF of the PIZOF type, which consists of two independent and each
other interpenetrating UiO-type frameworks with [Zr6O4(OH)4(O2C)12] nodes, does
not only form with a PEPEP dicarboxylic acid (P = phenylene, E = ethynylene).
Also dicarboxylic acids with the shorter PPPP and PEPP spacers were found to
give PIZOFs, denoted PPPP-PIZOF and PEPP-PIZOF. Reducing the spacer length
even further to a PEEP segment caused the switchover to the formation of a UiO.
The hysteresis in the Ar sorption curve of PEPP-PIZOF-1 and the slightly too
large amount of combustion residue from PPPP-PIZOF-1 suggest structural de-
fects. These hint to a mismatch of the requirement on the optimal linker length for
PIZOF formation and the lengths of the PEPP and PPPP dicarboxylates. Never-
theless, these dicarboxylates prefer the formation of a PIZOF over the formation of
a UiO structure. PEPEP-PIZOF-2, PPPP-PIZOF-1 and PEPP-PIZOF-1 are sta-
ble in air up to 325 ◦C, 350 ◦C, and 300 ◦C, respectively, and have BET surface
areas of 2350 m2 g-1, 2020 m2 g-1 and 1650 m2 g-1, respectively. PEPEP-PIZOFs,
even those with very hydrophilic oligo(ethyleneglycol) side chains at the linkers, are
very stable in water and also during drying from a water-wetted state. Contrary,
PEPP-PIZOF-1 and PPPP-PIZOF-1, that had been exposed to water, required ex-
change of water for ethanol before drying to mostly preserve the framework. The
results emphasize the importance to differentiate framework damage caused through
hydrolysis in water and through drying from a water-wetted state. The sensitivity of
PEPP-PIZOF-1 and PPPP-PIZOF-1 against drying from a water-wetted state may
be the consequence of defects. The drying stability of water-wetted PEPEP-PIZOFs
let us suggest that reversible bending of the linkers contributes to the stability of
the PEPEP-PIZOFs.

6.1 Introduction

Zirconium-based metal-organic frameworks have become an intensely investigated
family among metal-organic frameworks (MOFs). [1–31] The main reason for this pop-
ularity is the high thermal and outstanding chemical stability, especially against
water, of many members of this family. [1,4,6,8,11,20,22,23,26–28,32] Stability in moist air
or in water as well as stability upon cycling between wet and dry state are very
important issues when it comes to applications of MOFs. [32–35] Most probably, the
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high stability of Zr-based MOFs results from the high degree of interconnection
between the inorganic building units (IBUs; also called secondary building units,
SBUs) and the strong bonds between the highly charged zirconium(IV) ions and
the carboxylate groups of the linker. [1,36] The first Zr-based MOFs were the UiOs [1]

which feature [Zr6O4(OH)4(O2C)12] IBUs in a cubic close-packed arrangement (fcu
topology). Each IBU is connected via twelve dicarboxylate linkers with twelve IBUs
(Figure 6.1). For quite a while the longest linkers with which a MOF with the
UiO-type structure had been reported to form were substituted 1,1′:4′,1′′-terphenyl-
4,4′′-dicarboxylic acids (HO2C[P-P(R1,R2)-P]CO2H; P stands for a phenylene unit,
R1 and R2 denote the substituents at the central phenylene unit; abbreviation
PPP diacid; Figure 6.1b). [5,37–41] Herein these MOFs will be denoted as PPP-UiO.
Only recently, during our own investigation, the even longer 4,4′-(buta-1,3-diyne-1,4-
diyl)dibenzoic acid [42] (HO2C[P-EE-P]CO2H; E stands for an ethynylene unit; ab-
breviation PEEP diacid) was reported to also form a UiO, here named PEEP-UiO. A
substituted 1,1′:4′,1′′:4′′,1′′′-quaterphenyl-4,4′′′-dicarboxylic acid [43] (HO2C[P-P(R)-
PP]CO2H; abbreviation PPPP diacid) was reported to form a UiO as well, a result
which is in conflict with our own findings (see below). Using the much longer dicar-
boxylic acids HO2C[PE-P(R1,R2)-EP]CO2H (abbreviation PEPEP diacid) resulted
in the formation of porous interpenetrated Zr-organic frameworks (PIZOFs; more
precisely: PEPEP-PIZOFs). [6] The PIZOFs consist of two independent UiO-type
frameworks interpenetrating each other (Figure 6.1e). Despite interpenetration, the
PIZOFs are highly porous and contain a continuous network of pores with diameters
of about 19 Å, which are well accessible as proven by postsynthetic modification. [44]

The PIZOF structure forms from a large variety of PEPEP diacids differing widely
in the type of the substituents R1 and R2 (Figure 1.9). [6,42,45] With the structurally
related PEAEP diacid (A stands for an anthracene unit) a similar interpenetrated
structure formed. [46]

We found nearly all of the PEPEP-PIZOFs tested to be resistant against water
(Figure 6.2) and against the collapse of the pores upon drying the materials from
a water-filled state. Drying from a water-filled state has been reported to cause
collapse of UiO-67 (PP-UiO) and NU-1000. [47] The water and drying tolerance of
the PEPEP-PIZOFs is contrary to the reported limited stability of the structurally
related UiO-67 (PP-UiO) [5,18,48] and of PPP-UiOs [37] and also contrary to our ex-
perience that all PPP-UiOs deteriorate in the presence of water and many of them
do so already in humid air. [49] We presumed that the pronounced stability of the
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Figure 6.1: Structures of UiOs and PIZOFs (black C; red O; surrounded by coordi-
nation polyhedra Zr). (a) IBU [Zr6O4(OH)4(O2C)12]. (b) Possible linker backbones,
without substituents, sorted by length; phenylene (P) and ethynylene (E) units are indi-
cated. (c) Framework of UiO-66 with fcu topology (P-UiO). (d) Single framework of a
PEPEP-PIZOF with two different tetrahedral voids; voids containing blue balls are oc-
cupied by IBUs of the second framework, yellow balls are pores. (e) Two interpenetrated
frameworks with fcu topology. A pore with a diameter of about 19 Å at the location of the
octahedral void of one of the nets (yellow ball) has the same shape as the pores indicated
by yellow balls in (d). These pores form an interconnected three-dimensional pore system.

PEPEP-PIZOFs is a consequence of the interpenetration. Therefore, we were curious
whether the PIZOF structure is unique for the PEPEP linker and, if not, whether
PIZOFs with linkers of other lengths are as stable as the known PEPEP-PIZOFs. As
a first step, we checked the region of linker lengths between the PPP and the PEPEP
linkers using a PEEP diacid, a PEPP diacid, and a PPPP diacid for Zr-MOF assem-
bly. We found the crossover from UiO-type MOFs to PIZOFs to occur between the
PEEP diacid and the PEPP diacid (Figure 6.1). Accordingly, the next longer diacid,
the PPPP diacid, also forms a PIZOF. Against our expectation, the PEPP-PIZOF
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Figure 6.2: (a) PXRD diagrams of PEPEP-PIZOFs-1 to -12 after being suspended in
water and dried from the water-wetted states. The other PEPEP-PIZOFs have not yet
been tested. (b) PXRD diagrams of PEPEP-PIZOF-9 before (black) and after (red) being
suspended first in water, then in ethanol and finally dried at reduced pressure. The
PEPEP-PIZOFs-1 to -12 were tested for their stability by vortexing a suspension of the
powdery PEPEP-PIZOF in water for 24 h and drying the material from the water-wetted
state. In contrast to other Zr-based MOFs, e.g. UiO-67, the PEPEP-PIZOFs except
PEPEP-PIZOF-9 stayed intact during this treatment as evidenced by the PXRDs (a).
When PIZOF-9 was suspended in ethanol before drying, the PXRD show the characteristic
peaks of a PEPEP-PIZOF, albeit with an enhanced background at small diffraction angles
(b). This is a hint that the instability of PEPEP-PIZOF-9 is due to the action of capillary
forces during drying and not due to hydrolysis.

and the PPPP-PIZOF behaved very differently from PEPEP-PIZOFs when tested
for water stability: they are highly sensitive to drying from a water-wetted state.
Nevertheless, they can be dried with only minor destruction after exchange of water
for ethanol. We assume capillary forces to cause the framework collapse as sug-
gested by Mondloch et al. for UiO-67 and NU-1000 [47] and linker bendability to
enable PEPEP-PIZOFs for an elastic response to these forces.

The paper is organized as follows. After describing the syntheses of the PEEP,
PEPP, PPPP, and PEPEP diacids and the corresponding Zr-based MOFs, the prop-
erties of the PEPP-PIZOF and PPPP-PIZOF (structure, thermal stability, porosity
and water compatibility) are presented and compared, including PEPEP-PIZOF-2
as an archetype of the known PEPEP-PIZOFs.
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6.2 Experimental

6.2.1 Linker syntheses

General

The synthesis of PEPEP diacid 4 has been reported. [6] 1,4-Diiodo-2,5-dimethoxy-
benzene and ethyl 4-ethynylbenzoate were prepared as reported. [6] Pd(PPh3)2Cl2
was synthesized according to the literature, [50] however using 2.1 times the reported
amount of methanol. All other starting compounds and catalysts came from com-
mercial sources and were used as received. THF (HPLC grade) was distilled from
sodium/benzophenone and piperidine (p.a. grade) was distilled from CaH2 (recent
experiments suggest that the alkyl-aryl cross-coupling works well with piperidine
that has not been dried) prior to their use in the coupling reactions. All other
solvents that were used to set up reactions were of p.a. grade. For column chro-
matography and extractions, solvents of technical grade were used which had been
distilled at 40 ◦C and reduced pressure. Argon 4.6 was passed through anhydrous
calcium chloride prior to use.

If not mentioned otherwise, the reactions were carried out in an argon atmosphere
using the Schlenk technique. The temperatures given refer to the bath temperatures.
Degassed solutions or suspensions were prepared through freeze-pump-thaw cycles.
Solvents were removed at 40 ◦C and reduced pressure. Residual solvents were re-
moved at room temperature and approximatly 0.01 mbar. Column chromatography
was performed on silica gel 60 (35-70 µm). The size of the silica gel column is given in
diameter × length. Most often a slight pressure was applied during chromatography.
Thin layer chromatography was performed on silica gel 60 F254 coated aluminum
foils. The spots were detected using a UV-lamp (λ = 254 nm, λ = 366 nm). The
compositions of solvent mixtures are given in volume ratios.

The NMR spectra were recorded at room temperature if not otherwise mentioned.
The NMR spectra were calibrated using the solvent as an internal standard: CDCl3,
7.25 ppm (1H) and 77.0 ppm (13C); DMSO-d6: 2.49 ppm (1H) and 39.50 ppm (13C).
Signal assignment is supported by COSY (all diesters), HMQC (all diesters), HMBC
(PEPP diester), and DEPT-135 (all compounds except PEEP diacid) experiments
and increment calculations. All mentioned compounds accompanying a main prod-
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uct, such as a solvent or a side product, were identified and quantified through
1H NMR spectroscopy. Signals assigned to solvents are not listed with the NMR
data.

Electrospray ionization (ESI) mass spectra were recorded using an ion trap mass
spectrometer equipped with a standard ESI source. Samples were introduced by
direct infusion with a syringe pump. Nitrogen served both as the nebulizer gas and
the dry gas.

Methyl 4-ethynylbenzoate

We followed the reported synthesis, [6] however changing the amount of solvent and
the procedure of isolation. To a degassed solution of ethyl 4-iodobenzoate (25.1 g,
90.9 mmol) and trimethylsilylethyne (14.0 mL, 101 mmol) in diethylamine (125 mL)
were added Pd(PPh3)2Cl2 (320 mg, 0.46 mmol) and CuI (173 mg, 0.91 mmol). The
reaction mixture was stirred at room temperature for 22 h. The solvent was re-
moved at room temperature and reduced pressure. Diethylether and then water
were added and the aqueous phase was extracted with diethylether. The combined
organic phases were washed with a saturated aqueous solution of NH4Cl. After dry-
ing the solution with Na2SO4 the solvent was removed. Short path distillation at
120 ◦C (bath temperature) and 0.026 mbar gave a colorless solid (22.5 g), which con-
sisted mainly of ethyl 4-(2-trimethylsilylethynyl)benzoate. This solid was dissolved
in methanol (120 mL) and K2CO3 (15.1 g, 109 mmol) was added. After stirring the
suspension for 10 min at 10-15 ◦C (cold water bath) and 3.7 h at room tempera-
ture, water (100 mL) was added, whereupon a precipitate formed. The precipitate
was isolated through filtration, washed with water, and dried at reduced pressure.
Methyl 4-ethynylbenzoate (12.3 g, 85%, yield over two steps) was obtained as a
slightly beige colored solid. For spectroscopical data see the reference. [6]

EA for C10H8O2 (160.172): calculated (%) C 74.99, H 5.03; found C 74.84, H 5.19.

PEEP dimethyl diester

A solution of methyl 4-ethynylbenzoate (798 mg, 4.98 mmol), Pd(PPh3)2Cl2 (72 mg,
0.10 mmol) and CuI (19 mg, 0.10 mmol) in THF (15 mL) and piperidine (3 mL) was
stirred at room temperature for 22.5 h in air. During this time a precipitate formed.
Water (40 mL) was added and the brown precipitate was isolated by filtration. It
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was washed successively with water (20 mL), 2 M aqueous HCl solution (20 mL), and
water (10 mL), and was finally dried over P4O10 at 10-3 mbar. Column chromatog-
raphy of this solid (3 cm × 5 cm; CH2Cl2; the material was loaded onto the silica
gel as a solution in CH2Cl2) gave a colorless solid in mixture with a small amount
of a red-brown solid. Crystallization of this material in toluene (20 mL) gave PEEP
dimethyldiester (499 mg, 63%) as a beige solid. Concentration of the mother lye
to a volume of approximately 5 mL gave additional PEEP dimethyldiester (63 mg,
8%) as a beige solid. Decomposition: 177-178 ◦C.
1H NMR (500 MHz, CDCl3): δ = 8.00 and 7.57 (AA′XX′ spin system, 4H each, HAr ortho and
meta to CO2Me, respectively), 3.91 (s, 3H, OCH3).
13C NMR (125 MHz, CHCl3): δ = 166.2 (CO2Me), 132.4 (CArH meta to CO2Me),
130.5 (CArCO2Me), 129.5 (CArH ortho to CO2Me), 126.1 (CAr para to CO2Me), 81.8 and
76.2 (C≡C), 52.3 (CH3).

MS (EI, 70 eV): m/z (%) = 318.0 (100) [M]+·, 287.0 (84) [M-(OMe)]+, 259.0 (20) [M-(CO2Me)]+,
200.0 (21) [M-2(CO2Me)]+.

EA for C20H14O4 (318.33): calculateed (%) C 75.46, H 4.43; found C 75.55, H 4.44.

PEEP diacid 1

This reaction was carried out in ambient atmosphere. To a suspension of PEEP
dimethyl diester (450 mg, 1.41 mmol) in THF (40 mL) was added a solution of
KOH (7.91 g, 141 mmol) in methanol (30 mL). The suspension was stirred at room
temperature for 4 d whereupon the color turned from yellow into red-brown. The
colorless precipitate was isolated through filtration and then suspended in THF
(5 mL). Trifluoroacetic acid was added until a pH of 1 was reached. After stirring
the suspension at room temperature for 10 min, water (40 mL) was added. The
precipitate was isolated, washed with water (30 mL), and suspended in CH2Cl2.
The suspension was stirred for 1 h at room temperature. The colorless precipitate
was isolated through filtration. Analysis with 1H NMR spectroscopy revealed an
incomplete conversion. The colorless solid was suspended in THF (30 mL) and a
solution of KOH (5.00 g, 89 mmol) in methanol (circa 25 mL) was added. The
suspension was stirred at room temperature for 2 d and the precipitate was isolated
via filtration. The colorless precipitate was suspended in THF (5 mL) and trifluo-
roacetic acid was added until a pH of 1 was reached. After stirring the suspension at
room temperature for 75 min, water (40 mL) was added. The colorless precipitate
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was isolated via filtration and washed with water (3 × 20 mL) and dried at reduced
pressure. The isolated solid was suspended in water and the suspension was stirred
at room temperature for 8 h. The colorless powder (295 mg) was isolated through
filtration and dried at reduced pressure. It was suspended in CH2Cl2 (15 mL) and
the suspension was stirred for 4 h. Filtering gave a colorless powdery solid (285 mg)
containing PEEP diacid 1 (about 72% isolated yield) and THF in a molar ratio of
about 10:1. 19F NMR spectroscopy proved the material free of trifluoroacetic acid.
Melting point: > 300 ◦C; darkening at 209 ◦C.
1H NMR (500 MHz, DMSO-d6): δ = 13.30 (br s, 2H, CO2H ), 7.97 and 7.74 (AA′XX′ spin
system, 4H each, HAr ortho and meta to CO2H, respectively).

13C NMR (125 MHz, DMSO-d6, 363 K): δ = 165.8 (CO2H), 132.0 (CArH meta to CO2Me),

131.6 (CArCO2H), 129.0 (CArH ortho to CO2H), 124.0 (CAr para to CO2H), 81.7 and 75.0 (C≡C).

Iodo-PEP methyl ester

Pd(PPh3)2Cl2 (57 mg, 0.08 mmol) and CuI (33 mg, 0.17 mmol) were added to
a degassed solution of 1,4-diiodo-2,5-dimethoxybenzene (3.08 g, 7.88 mmol) and
methyl 4-ethynylbenzoate (892 mg, 5.57 mmol) in THF (36 mL) and piperidine
(12 mL). The yellow solution turned turbid shortly afterwards. The suspension was
stirred at room temperature for 17 h. Water (30 mL) was added and the suspension
was cooled with an ice bath. The precipitate was isolated through filtration, washed
with 2 N HCl and then with water, and dried at reduced pressure. The material
was dissolved in THF, silica gel was added to this solution, and then all volatiles
were removed (40 ◦C, reduced pressure). The resulting freely flowing powder was
transferred onto the top of the silica gel column (4.5 cm × 20 cm). Elution (CH2Cl2)
gave the starting material 1,4-diiodo-2,5-dimethoxybenzene (1.01 g, 32%; Rf = 0.70)
as a red-brown solid, iodo-PEP methyl ester (monocoupling product) (0.82 g, 25%;
Rf = 0.47) as a glittering orange solid and PEPEP dimethyl diester (dicoupling
product) (0.62 g, 25%; Rf = 0.37) as a yellow-orange solid. (The corresponding
ethyl ester has been described. [6] The NMR data of the methyl ester are identical
except for the signal of the methyl group instead of that of an ethyl group.) The
alkyne dimer, PEEP dimethyl diester, was eluted together with some iodo-PEP
methyl ester (together 16 mg) immediately after the main part of the iodo-PEP
methyl ester had been eluted.
1H NMR (500 MHz, CDCl3): δ = 8.01 and 7.60 (AA′XX′ spin system, 2H each, HAr ortho and
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meta to CO2Me, respectively), 7.32 (s, 1H, HAr meta to I), 6.93 (s, 1H, HAr ortho to I), 3.92 (s,
3H, CO2CH3), 3.87 and 3.85 (2 s, 3H each, ArOCH 3).

13C NMR (125 MHz, CDCl3): δ = 166.5 (CO2CH3), 154.7 and 152.3 (CArOCH3 ortho and

meta to C≡C, respectively), 131.5 (CArH meta to CO2CH3), 129.6 (CArCO2), 129.5 (CArH ortho

to CO2CH3), 127.8 (CAr para to CO2CH3), 122.4 (CArH ortho to I), 115.0 (CArH meta to I),

112.4 (CArC≡C ortho to OCH3), 93.6 and 88.3 (C≡C), 87.5 (CArI), 57.0 and 56.7 (ArOCH3),

52.2 (CO2CH3).

PEPP dimethyl diester

Pd(PPh3)4 (108 mg, 0.09 mmol) was added to a degassed suspension of a 73:10 mix-
ture (1.30 g) of iodo-PEP methyl ester (circa 1.18 g, 2.79 mmol) and PEEP dimethyl
diester (The starting material came from a synthesis in which, because of insuffi-
cient degassing, an unusually large amount of PEEP dimethy diester formed. Sepa-
ration of iodo-PEP methyl ester and PEEP dimethyl diester through column chro-
matography is difficult because of their similar chromatographic behavior. PEEP
dimethyl diester does not hamper the Suzuki coupling and was removed during iso-
lation of PEEP dimethyl diester.), 4-methoxycarbonylbenzeneboronic acid (1.67 g,
9.28 mmol), Na2CO3 (1.15 g, 10.8 mmol) in toluene (20 mL), methanol (14 mL)
and water (7 mL). The suspension was stirred at 100 ◦C for 87 h. After cooling to
room temperature all volatiles were removed and the residue was suspended in water
(50 mL). The suspension was filtered and the isolated solid was washed (6 × 20 mL)
with water. The isolated orange solid was suspended in methanol (25 mL), the sus-
pension was filtered and the isolated solid was washed with methanol (6 × 20 mL)
and was finally dried. Column chromatography of this solid (3 cm × 20 cm, CH2Cl2;
the material was loaded onto the silica gel as a solution in CH2Cl2) gave PEPP
dimethyl diester (0.73 g, 59%; Rf = 0.36) as a light brown solid. The alkyne dimer,
PEEP dimethyl diester, was eluted ahead of PEPP dimethyl diester.
1H NMR (500 MHz, CDCl3): δ = 8.08 (half of an AA′XX′ spin system, 2H, HAr meta to C≡C),
8.02 (half of an AA′XX′ spin system, 2H, HAr meta to Ar), 7.63 and 7.62 (two halves of two
AA′XX′ spin systems, 2H each, HAr meta to CO2Me), 7.12 (s, 1H, HAr ortho to C≡C), 6.89 (s,
1H, HAr meta to C≡C), 3.94 (s, 3H, CO2CH3), 3.924 and 3.921 (2 s, 3H each, CO2CH3 and
ArOCH 3 meta to C≡C), 3.79 (s, 3H, ArOCH 3 ortho to C≡C).

13C NMR (125 MHz, CDCl3): δ = 166.9 (CO2CH3 para to C≡C), 166.5 (CO2CH3 para to

Ar), 154.6 (CArOCH3 meta to C≡C), 150.2 (CArOCH3 ortho to C≡C), 142.5 (CArAr para to

CO2CH3), 131.5 (CArH ortho to C≡C and meta to CO2CH3), 131.3 (CArAr ortho to OCH3),
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129.42 (CArH of terminal benzene ring), 129.40 (CArCO2CH3 or CArC≡C para to CO2CH3),

129.36 and 129.31 (CArH of terminal benzene ring), 128.9 (CArCO2CH3 or CArC≡C para to

CO2CH3), 128.0 (CArC≡C para to CO2CH3 or CArCO2CH3), 116.4 (CArH ortho to OCH3

and C≡C), 113.7 (CArH ortho to OCH3 and meta to C≡C), 111.9 (CArC≡C ortho to OCH3),

93.3 (ArC≡CArOMe), 88.6 (ArC≡CArOMe), 56.5 and 56.2 (ArOCH3), 52.2 and 52.1 (CO2CH3).

PEPP diacid 2

This reaction was carried out under ambient atmosphere. To a suspension of PEPP
dimethyl diester (725 mg, 1.68 mmol) in THF (65 mL) was added a solution of
KOH (9.58 g, 171 mmol) in methanol (45 mL). Soon the reaction mixture turned
turbid. The suspension was stirred at room temperature for 40 h. Then it was
concentrated (circa 35 mL final volume). The suspension was cooled with an ice
bath and trifluoroacetic acid (20 mL, 207 mmol) was added dropwise. After stirring
the suspension for 15 min at room temperature, water (60 mL) was added to the ice-
cooled suspension. The precipitate was isolated and washed with water (3 × 25 mL).
The isolated material was suspended in water and PEPP diacid 2 (635 mg, 94%)
was isolated by filtration as an off-white solid. 19F NMR spectroscopy proved the
material free of trifluoroacetic acid. Melting point: 321-324 ◦C.
1H NMR (500 MHz, DMSO-d6): δ = 13.07 (br s, 2H, CO2H ), 7.99 and 7.97 (two halves of two
AA′XX′ spin systems, 2H each, HAr ortho to CO2H), 7.68 and 7.65 (two halves of two AA′XX′

spin systems, 2H each, HAr meta to CO2H), 7.27 (s, 1H, HAr ortho to C≡C), 7.06 (s, 1H, HAr

meta to C≡C), 3.88 (s, 3H, OCH3 meta to C≡C), 3.76 (s, 3H, OCH3 ortho to C≡C).
13C NMR (125 MHz, DMSO-d6): δ = 167.2 (CO2H para to C≡C), and 166.7 (CO2H para to Ar),
154.3 (CArOCH3 meta to C≡C), 149.7 (CArOCH3 ortho to C≡C), 141.8 (CArAr para to CO2H),
131.4 (CArH ortho to C≡C and meta to CO2H), 130.8 and 130.4 (CArCO2H), 129.6, 129.5, and
129.1 (CArH of terminal benzene rings), 126.9 (CArC≡C para to CO2H), 116.4 (CArH ortho to
OCH3 and C≡C), 113.8 (CArH ortho to OCH3 and meta to C≡C), 110.9 (CArC≡C ortho to
OCH3), 92.9 (ArC≡CArOMe), 89.0 (ArC≡CArOMe, 56.3 (OCH3). The signal of CArAr ortho to
OCH3 was not found.

EA (V2O5 was addded as an oxidation agent) for C24H18O6 (402.11): calculated (%) C 71.64, H

4.51; found C 71.13, H 4.51.



188 6. Porous interpenetrated Zr-organic frameworks

PPPP dimethyl diester

Pd(PPh3)4 (139 mg, 0.12 mmol) was added to a degassed suspension of 4,4′-diiodo-
3,3′-dimethyl-1,1′-biphenyl (2.51 g, 5.79 mmol), 4-methoxycarbonylbenzeneboronic
acid (4.18 g, 23.2 mmol), and Na2CO3 (3.71 g, 35.0 mmol) in a mixture of toluene
(75 mL), methanol (50 mL) and water (25 mL). The suspension was stirred at 100 ◦C
for 68 h. After standing at room temperature for 3 d without stirring, the suspension
was filtered. The isolated, slightly grey, crystalline solid was washed with water and
dried. This solid (1.87 g) was extracted with methanol (70 mL) in a Soxhlet device
for 1 d. The extract was discarded. The solid residue in the extraction thimble was
extracted with CH2Cl2 (70 mL) in a Soxhlet device for 6 h. From this second extract
all volatiles were removed leaving behind PPPP dimethyl diester (1.76 g, 68%) as a
colorless solid.
1H NMR (500 MHz, CDCl3): δ = 8.11 (half of an AA′XX′-spin system, 4H, HAr ortho to
CO2CH3), 7.55 (d, 4J = 1.6 Hz, 2H, HAr ortho to CH3), 7.52 (dd, 3J = 7.9 Hz, 4J = 1.6 Hz,
2H, HAr para to CH3), 7.45 (half of an AA′XX′-spin system, 4H, HAr meta to CO2CH3), 7.32 (d,
3J = 7.8 Hz, 2H, HAr meta to CH3), 3.95 (s, 6H, CO2CH3), 2.35 (s, 6H, ArCH 3).

13C NMR (125 MHz, CDCl3): δ = 167.0 (CO2CH3), 146.3 (CAr para to CO2CH3), 140.2 and

140.0 (CArCH3 and CArAr meta to CH3), 135.7 (CArAr ortho to CH3), 130.1 (CArH meta to

CH3), 129.5 (CArH ortho to CO2CH3), 129.3 (CArH meta to CO2CH3), 129.2 (CArH ortho to

CH3), 128.7 (CArCO2CH3), 124.6 (CArH para to CH3), 52.2 (CO2CH3), 20.6 (ArCH3).

PPPP diacid 3

This reaction was carried out in ambient atmosphere. To a suspension of PPPP
dimethyl diester (1.76 g, 3.91 mmol) in THF (170 mL) was added a solution of
KOH (21.7 g, 387 mmol) in methanol (85 mL). After stirring the slightly yellow
suspension for 17 h at room temperature it was concentrated (circa 100 mL final
volume). Trifluoroacetic acid (30 mL) was added dropwise under ice bath cooling.
Water (120 mL) was added and the precipitate was isolated through filtration. The
isolated solid was suspended in water and the suspension was filtered. The obtained
solid was dried (P4O10, reduced pressure). To remove residual THF, the solid was
suspended in CH2Cl2 (50 mL) and the solvent was removed leaving behind PPPP
diacid 3 (1.51 g, 91%) as a colorless solid. 19F NMR spectroscopy proved the material
free of trifluoroacetic acid. Melting point: > 300 ◦C.
1H NMR (500 MHz, DMSO-d6): δ = 12.99 (s, 2H, CO2H ), 8.02 (half of an AA′XX′-spin system,
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4H, HAr ortho to CO2CH3), 7.69 (s with slight indication of splitting into d, 2H, HAr ortho to
CH3), 7.63 (d with slight indication of splitting into dd, 3J = 7.9 Hz, 2H, HAr para to CH3),
7.53 (half of an AA′XX′-spin system, 4H, HAr meta to CO2CH3), 7.34 (d, 3J = 7.9 Hz, 2H, HAr

meta to CH3), 2.33 (s, 6H, ArCH 3).
13C NMR (125 MHz, DMSO-d6): δ = 167.2 (CO2H), 145.3 (CAr para to CO2H), 139.5 and
139.1 (CArAr meta to CH3 and CArCH3), 135.4 (CArAr ortho to CH3), 130.1 (CArH meta to
CH3), 129.4 (CArCO2H), 129.28 and 129.25 (CArH ortho and meta to CO2H), 128.8 (CArH ortho
to CH3), 124.3 (CArH para to CH3), 20.3 (CH3).

MS (ESI, positive ions) m/z = 437.2 [M + Na]+. MS (ESI, negative ions): m/z = 209.8 [M]2-.

EA for C28H22O4 (422.48): calculated (%) C 79.60, H 5.25; found C 79.54, H 5.27.

PEPEP diethyl diester

Pd(PPh3)2Cl2 (97 mg, 0.14 mmol) and CuI (53 mg, 0.28 mmol) were added to a
degassed solution of 1,4-diiodo-2,5-dimethoxybenzene (5.38 g, 13.80 mmol) and ethyl
4-ethynylbenzoate (5.05 g, 28.99 mmol) in THF (100 mL) and piperidine (20 mL).
The mixture was stirred at room temperature for 22 h. Water (100 mL) was added
and the precipitate was isolated by filtration, washed three times with 2 N HCl and
dried at reduced pressure giving a yellow powder (6.51 g). A part of this powder
(2.39 g) was transferred into a Soxhlet extractor and was extracted with ethanol for
15.5 h. The residue in the thimble was extracted with CH2Cl2 for 4 h. The solvent
of the second extract was removed yielding the PEPEP diethyl diester (2.04 g, 84%)
as a yellow solid residue. For spectroscopical data see reference. [6] Melting point:
204-205 ◦C.

EA for C30H26O6 (422.48): calculated (%) C 74.67, H 5.43; found C 74.43, H 5.41.

6.2.2 MOF syntheses

General

Benzoic acid (≥99.5%), N,N -dimethylformamide (≥99.8%), ethanol (denatured,
≥99.8%), ZrCl4 (≥99.5%), ZrOCl2 · 8H2O (98%), acetic acid (≥99.7%) were used
as received.
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General procedure of Zr-MOF synthesis

The MOFs were obtained similarly to our previously published protocol for PEPEP-
PIZOFs. [6] The Zr-source, the modulator and the linker diacid were dissolved or
suspended (some diacids dissolve only upon heating) in DMF in glass bottles of
100 mL volume (VWR, Schott, Borosilicate 3.3, ISO 4796). The tightly capped
(PTFE coated seals) flasks were put into an oven set to 120 ◦C for at least 24 h.
We made the observation that some of the Zr-MOF syntheses, especially those with
extensive crystallization on the glass walls of the flask, were not finished after 24 h.
In such cases, the bottle was removed from the oven. The crystals were detached
from the hot glass wall and suspended using ultrasound (VWR ultrasonic cleaner:
HF, 45 kHz, 60 W). Afterwards, the reaction mixture was put back into the oven
and heated for another 24 h. If further crystallization on the glass walls occurred,
this procedure was repeated. A reaction was declared as finished when no more
crystallization on the glass walls took place and product was only present at the
bottom of the vessel. The overall reaction times thus depended on the crystallization
behavior of a synthesis batch and amounted to 24 h, 48 h, 72 h or 96 h.

The precipitate was isolated from the mother liquor via centrifugation and suspended
in DMF followed by another centrifugation. The suspension and centrifugation steps
were repeated using ethanol. The obtained powders were dried at reduced pressure
and then extracted with ethanol in a Soxhlet extractor for 24 h. The products were
finally dried at reduced pressure before further characterization.

PEEP-UiO

ZrOCl2 · 8H2O (55 mg, 0.17 mmol), benzoic acid (628 mg, 5.14 mmol) PEEP diacid
1 (HO2C[PEEP]CO2H; 50 mg, 0.17 mmol), DMF (10 mL). The PEEP-UiO was
obtained as a slightly grayish powder.

PEP(OMe,OMe)P-PIZOF (PEPP-PIZOF-1)

ZrCl4 (40 mg, 0.17 mmol), benzoic acid (628 mg, 5.14 mmol), PEPP diacid 2
(HO2C[PE-P(OMe,OMe)-P]CO2H; 69 mg, 0.17 mmol), DMF (10 mL). PEPP-
PIZOF-1 was obtained as a slightly yellow powder.
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PP(Me)P(Me)P-PIZOF (PPPP-PIZOF-1)

ZrOCl2 · 8H2O (28 mg, 0.09 mmol), acetic acid (0.982 mL, 17.15 mmol), PPPP
diacid 3 (HO2C[P-P(Me)-P(Me)-P]CO2H; 36 mg, 0.09 mmol), DMF (5 mL). PPPP-
PIZOF-1 was obtained as a colorless powder.

PEP(OMe,OMe)EP-PIZOF (PEPEP-PIZOF-2)

ZrCl4 (80 mg, 0.34 mmol), benzoic acid (1.256 g, 10.29 mmol), PEPEP diacid 4
(HO2C[PE-P(OMe,OMe)-EP]CO2H; 146 mg, 0.34 mmol), DMF (20 mL). PEPEP-
PIZOF-2 was obtained as a yellowish powder.

6.2.3 Material characterization

Powder X-ray diffraction (PXRD) measurements were carried out on a Stoe Stadi
P diffractometer operating with Ge(111)-monochromatized Cu Kα1 radiation (λ =
1.54060 Å) in transmission mode on samples placed between two foils. Capillary
measurements were performed on a Stoe Stadi P diffractometer in Debye-Scherrer
geometry. Indexing of PXRD diagrams was performed with the software Stoe Win
XPOW (version 1.08).

Thermogravimetric analysis (TGA) was performed using a Netzsch STA 429 ther-
moanalyzer. Samples were filled into alumina crucibles and heated under a flow of
air at a heating rate of 5 ◦C min-1 up to 1000 ◦C.

Field-emission scanning electron microscopy (FE-SEM) images were taken on a
JEOL JSM-6700F microscope (acceleration voltage 2 kV) equipped with a semi
in-lens detector. Samples were prepared by suspending the material in ethanol and
putting a drop of the suspension onto a carbon block. After evaporation of the
ethanol, the sample was dried under reduced pressure at room temperature.

Argon sorption isotherms at 87 K were recorded on a Quantachrome Autosorb-1
instrument. After Soxhlet extraction, the samples were activated in vacuum at
80 ◦C directly before the measurement. The pore volumes were determined from
the last point of the isotherms before condensation between the particles occurs.
The “Micropore BET Assistant” of the ASiQwin software for Autosorb instruments
(version 2.0) from Quantachrome was used to determine the BET range. The pro-
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gram determines a BET range according to the theory of Rouquerol, which was
shown to be appropriate for different MOFs. [51]

6.2.4 Structure simulations

Simulations were performed within the modeling environment Materials Studio 7.0
of BIOVIA/Dassault Systèmes. We employed the universal force field (UFF) [52]

as implemented in the Forcite module of Materials Studio to relax the structural
model (energy convergence tolerance 2×10-5 kcal mol-1). To avoid distortions of
the structure of the IBUs, their crystallographic coordinates as well as the lattice
parameters were kept fixed during the geometry optimization. Molecular dynamics
simulations were carried out employing the universal force field with 106 integration
steps with time steps of 1 fs at a temperature of 500 K.

6.2.5 Water stability tests

The powdery PIZOF (15 mg) was put into a micro reaction vial and ultrapure water
(1.5 mL) was added. The suspension was vortexed (digital vortex mixer from VWR
operated at 775 rpm) for 24 h at room temperature. Afterwards, the sample was
centrifuged and the water was removed with a pipette. From each PIZOF, two
samples were tested. One was directly dried at reduced pressure. The other one was
suspended in circa 1.5 mL of ethanol, the suspension was vortexed for 30 min, and
finally the ethanol was removed at reduced pressure. The materials were analyzed
with PXRD.
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Synthesis of diacids and related Zr-MOFs
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Figure 6.3: Syntheses of the diacids 1-4 and the corresponding estimated distances be-
tween the C atoms of the two carboxylate groups. (TFA = trifluoroacetic acid).

Linkers built through the combination of phenylene (P) and ethynylene (E) units
in different numbers were used to fill the gap between the PPP linker, the longest
linker known to form a UiO-type MOF at the time we started our investigation,
and the PEPEP linker, the linker of the parent PEPEP-PIZOFs. The dicarboxylic
acids prepared for this study, diacids 1-4, are shown in Figure 6.3. The central
benzene rings were furnished with the substituents methyl or methoxy in order to
avoid problems with insufficient solubility in DMF, the solvent of the MOF synthe-
sis, as well as to make synthetic precursors sufficiently soluble for purification and
conversion.

The backbones of the diacids 1-4 were assembled through transition metal-catalyzed
CC cross coupling (Figure 6.3; The reported procedures for the synthesis and iso-
lation of PPP diacid 3 [53] and PEEP diester 1(Me) [42,54] differ from ours.). CC
cross-coupling provided the diesters which were hydrolysed under basic conditions
to prepare the diacids 1-4 (Figure 6.3). Trifluoroacetic acid was used for proto-
nation of the dicarboxylates to allow the detection of residual acid via 19F NMR
spectroscopy. Residual acid acts as a modulator in the MOF synthesis and may
influence the number and type of defects. [19]
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If no other procedure is known, the simplest, because rather generally applicable,
way for isolation of the diesters is chromatography. However, chromatography is
a rather labor-intensive method involving large amounts of solvents and adsorbens.
Therefore, avoiding this technique is highly desirable, even more so when taking into
account the interest in application of MOFs, and thus the request for their availabil-
ity in multi-gram amounts. Therefore, we worked on improving our procedures [6] for
the synthesis of the important terminal building block methyl 4-ethynylbenzoate and
that of the PEPEP diethyl diester. Methyl 4-ethynylbenzoate was obtained through
two synthetic steps performed at room temperature involving only distillation and
precipitation for isolation in an overall yield of 85% (Several other procedures have
been described. [42,54,55]). Isolation of PEPEP diethyl diester was simplified by pre-
cipitation instead of extraction to obtain the crude product followed by Soxhlet
extraction instead of chromatography. Soxhlet extraction with methanol removed
PEEP dimethyl diester (butadiynes are formed upon exposure of alkynes to air in
the presence of Pd/Cu salts) and subsequent extraction of the residue in the Soxhlet
thimble with dichloromethane separated the PEPEP diethyl diester from Pd-black.
The latter stayed in the extraction thimble. Also the isolation of the PPPP dimethyl
diester needed very little work: The precipitate of the reaction mixture was isolated
and then extracted in a Soxhlet extractor with MeOH and finally with CH2Cl2.

Figure 6.4: Experimental PXRD diagram and the PXRD diagram calculated for a struc-
ture derived from the structure of UiO-66 by replacing the P-units by PEEP-units proves
the formation of a UiO-type MOF, i. e. a PEEP-UiO.

The key to success in the synthesis of PEPEP-PIZOFs [6] had been the application
of the modulation approach. [5,15,19,56] The same applies for our attempts to obtain
Zr-based MOFs from the PEEP, PEPP and PPPP diacids. PEPEP-PIZOF-2 was
synthesized from diacid 4 and ZrCl4 with benzoic acid as the modulator, a synthesis
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Figure 6.5: PXRD diagram of PPPP-PIZOF-1 synthesized with ZrCl4 as the Zr source
and benzoic acid as modulator.

that we experienced to be very well reproducible. Contrary, the syntheses of the
Zr-based MOFs from diacids 1-3 turned out to be delicate. The quality of the
products varied from batch to batch and/or the synthesis required a change of the
type of modulator and Zr source. The synthesis of a Zr-based MOF with the PEEP
diacid 1, albeit of low quality (Figure 6.4), was achieved with ZrOCl2 · 8H2O as the
Zr source and benzoic acid as the modulator. The synthesis of the PEPP-PIZOF-1
was attained with ZrCl4 as the Zr source and benzoic acid as the modulator. To
obtain a Zr-based MOF with a PPPP linker, we had to use ZrOCl2 · 8H2O as the Zr
source and acetic acid as the modulator. When using ZrCl4 and benzoic acid instead,
only materials of a very low degree of crystallinity were obtained (Figure 6.5). All
PIZOF samples were Soxhlet-extracted with ethanol and then dried. In our previous
publication on the PEPEP-PIZOFs we described that the materials were washed first
with DMF and then with ethanol and were finally dried at reduced pressure at room
temperature. [6] As we found later, this procedure is insufficient for removing the
benzoic acid completely and yields materials which contain a considerable amount
of DMF. Instead, nearly guest-free materials (see TGA curves in Figure 6.12) were
obtained through Soxhlet extraction with ethanol.

Crystal size and shape

As scanning electron microscopy (SEM) images reveal, all of the three PIZOFs show
isolated and intergrown octahedrally shaped crystals with sizes of about 1-3 µm
(Figure 6.6). In the case of the PPPP-PIZOF some crystals are larger.



196 6. Porous interpenetrated Zr-organic frameworks

Figure 6.6: SEM images of (a) PEPP-PIZOF-1, (b) PPPP-PIZOF-1, and (c)
PEPEP-PIZOF-2.

Structure determination

In agreement with Marshall et al., [42] our experiments with the PEEP diacid resulted
in the formation of a PEEP-UiO. However, our procedure provided only material
of a low degree of crystallinity as manifested by the broad reflections in the powder
X-ray diffraction (PXRD) diagram (Figure 6.4).

Contrary, with the PEPP diacid 2, the PPPP diacid 3, and the PEPEP diacid 4,
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Figure 6.7: PXRD diagrams (with 10-fold enhanced intensity on the right hand side) of
(a) PEPP-PIZOF-1, (b) PPPP-PIZOF-1, and (c) PEPEP-PIZOF-2. Reflections which
can be explained in space group Fd3m are indicated by black lines. Additional reflections
occurring in the diffractogram of PEPP-PIZOF-1 are marked with red lines.
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Figure 6.8: (a) PXRD diagrams of the products of five independent synthesis batches of
PEPP-PIZOF-1. (b) In this diagram the intensity is enhanced 10-fold.

highly crystalline materials were received, as reflected by the small widths of the
reflections in the PXRDs and baselines that stay nearly horizontal down to very small
diffraction angles (Figure 6.7). Whereas with the PPPP diacid 3 and the PEPEP
diacid 4 the formation of materials with a very high degree of crystallinity was easily
reproduced, the quality of the material obtained from the PEPP diacid 2 varied
slightly from batch to batch (Figure 6.8). It is possible to index the PXRD patterns
of the two new materials in the cubic space group Fd3m, the same space group
in which the PEPEP-PIZOFs [6] crystallize. Additionally, the intensity patterns of
the diffractograms are similar to that found for the PEPEP-PIZOFs. Therefore, we
are confident that all three materials share the same framework structure and that
PIZOFs PEPP-PIZOF-1 and PPPP-PIZOF-1, which have shorter linkers than the
parent PEPEP-PIZOF, were obtained. The lattice parameters of the three PIZOFs
are listed in Table 6.1. The PXRD of PEPP-PIZOF-1 shows some additional weak
reflections (Figure 6.7). As detailed below, we ascribe these reflections to a partial
orientational ordering of the PEPP linkers.

Table 6.1: Lattice constants a and unit cell volumes V of PEPP-PIZOF-1, PPPP-PIZOF-1
and PEPEP-PIZOF-2, based upon indexing in the space group Fd3m.

PIZOF a/Å V /Å3

PEPP-PIZOF-1 36.4146(8) 48286.7(19)
PPPP-PIZOF-1 38.8861(8) 58800.9(20)
PEPEP-PIZOF-2 39.8787(10) 63419.7(28)
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Figure 6.9: Structural models of PEPP-PIZOF-1 (a) and PPPP-PIZOF-1 (b) used to
simulate the PXRD diagrams. For details see the text. For the sake of clarity, the disorder
due to conformational isomerism accounted for in the simulation of the PPPP-PIZOF-1
is not shown in the structural model. Color code of the structural models: black C; red
O; surrounded by coordination polyhedra Zr.

To derive structural models for PEPP-PIZOF-1 and PPPP-PIZOF-1, we employed
molecular modeling. In a first step, unit cells with the lattice parameters obtained
from the PXRD diagrams (Table 6.1) were created. We put the IBUs at the crys-
tallographic positions known from the structure of PEPEP-PIZOF-2, [6] connected
the IBUs with the substituted PPPP or PEPP linker (Figure 6.9) and simulated the
PXRD patterns for the obtained structural models.

In the structure of PEPP-PIZOF-1, the asymmetric PEPP linkers can be placed
in two different orientations between two IBUs. This could occur in a statistical
fashion, leading to a disordered structure. However, the appearance of additional
reflections in the PXRD pattern points to a reduction of crystallographic symmetry,
which can be taken as an indication for an orientationally ordered arrangement of
the linkers. Many different patterns of linker orientation are possible. We have
chosen one which explains the experimental findings very well. For this purpose,
we constructed a structural model with the reduced symmetry of the orthorhombic
space group P212121. After assembly, the structure was subjected to molecular
dynamics simulation. The resulting structural model of PEPP-PIZOF-1 is shown in
Figure 6.9a. The corresponding simulated PXRD pattern is depicted in Figure 6.11
together with the experimentally obtained PXRD pattern. The two patterns show a
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very good agreement, especially in the regions of small 2θ values (Figure 6.11b). The
reflections which could not be indexed in space group Fd3m in the experimentally
obtained PXRD also show up in the simulated PXRD. We therefore infer that
the linkers are orientationally ordered. Differences between the experimental and
simulated patterns are attributed to some randomness in linker orientation.

Figure 6.10: Conformers of the PPPP linker.

In the case of PPPP-PIZOF-1, no ambiguity in respect to the linker orientation
exists and therefore we constructed a cubic structural model in the space group
Fd3m. The result is shown in Figure 6.9b. For the calculation of the simulated
PXRD pattern the conformational isomerism was taken into account. To identify
low energy conformations of the PPPP linker, we performed molecular dynamic
simulations, restricting the terminal benzene rings and the planes of the carboxylate
groups to coplanarity. The two conformers found have a dihedral angle of about
60◦ between the terminal benzene ring and the directly bound benzene ring and
differ in the orientation (±60◦ dihedral angle) of the two central, methyl substituted
benzene rings (Figure 6.10). To describe the disorder within the space group Fd3m,
a superposition of the two conformers was used, so that the carbon atoms of the two
central phenylene units in each of the two orientations entered the calculation with
an occupancy factor of 0.5, the atoms of the methyl groups with a factor of 0.25.

For the PPPP-PIZOF we tried to gain more precise structural information by carry-
ing out Rietveld refinements of the powder diffraction data. However, these attempts
did not give a significant improvement because the uncertain regions of the struc-
ture concern the linkers and these contain only atoms, which scatter very weakly in
comparison to the Zr atoms.
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Figure 6.11: (a, b) Experimental and simulated PXRD patterns of PEPP-PIZOF-1, with
(b) showing a zoom into the small 2θ region with the focus on the reflections which cannot
be indexed in space group Fd3m. These reflections are indicated with red lines and
were also found in the simulated PXRD diagram of a model with the symmetry of the
orthorhombic space group P212121. (c) Experimental and simulated PXRD patterns of
PPPP-PIZOF-1.
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Thermal properties and composition

Thermogravimetric analysis (TGA) was applied to determine the thermal stability
and the composition of the PIZOFs. The decomposition of the frameworks in air
starts at around 300 ◦C in case of PEPP-PIZOF-1 and at around 350 ◦C in case
of PPPP-PIZOF-1 (Figure 6.12). This thermal stability is comparable to that of
UiO-66 and PEPEP-PIZOF-2 (Figure 6.12c) which are stable up to about 400 ◦C [5]

and 325 ◦C, respectively. As the TGA curves show, the materials contain only a very
small amount of guest molecules after Soxhlet extraction with ethanol and drying
under reduced pressure at room temperature. Assuming ZrO2 as the sole residue
at high temperatures, the compositions of the materials were calculated from the
TGA data. These experimental results are listed together with the data calculated
for structurally perfect PIZOFs in Table 6.2. The deviations between experimental
and calculated data fall within the range of accuracy of TGA measurements (1%) in
the case of PEPP-PIZOF-1 and PEPEP-PIZOF-2, however, the amount of residue
of the PPPP-PIZOF-1 sample is slightly too large. The latter may be a hint that
a small number of linkers is missing or that a very small amount of amorphous
material with a different composition is present. Defects in PPPP-PIZOF-1 are not
surprising when considering the sensitivity of PPPP-PIZOF-1 formation toward the
reaction conditions.

Table 6.2: Mass losses of PEPP-PIZOF-1, PPPP-PIZOF-1, and PEPEP-PIZOF-2 ex-
perimentally determined with thermogravimetric analysis and mass losses calculated for
structurally perfect PIZOFs.

PEPP-PIZOF-1 PPPP-PIZOF-1 PEPEP-PIZOF-2
exptl w/o guest calcd exptl w/o guest calcd exptl w/o guest calcd

guest/% 4.2 - - 5.3 - - 3.8 - -

linkers/% 73.7 76.9 76.0 71.0 75.0 79.9 74.5 77.4 77.1

redidue/% 22.1 23.1 24.0 23.7 25.0 23.1 21.7 22.6 22.9
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Figure 6.12: Results of thermogravimetric analysis of (a) PEPP-PIZOF-1, (b)
PPPP-PIZOF-1, and (c) PEPEP-PIZOF-2.

Physisorption

The Ar sorption isotherms of the three PIZOFs are presented in Figure 6.13. All
materials are microporous. As expected, with increasing linker length the character-
istics of the isotherm shift to larger relative pressure and the BET surface area and
pore volume both increase (Table 6.3). A distinct difference between the behavior
of the three PIZOFs is found in the regime of low gas pressures up to a relative pres-
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Figure 6.13: (a-c) Ar adsorption (solid symbols) and desorption (open symbols) isotherms
of (a) PEPP-PIZOF-1, (b) PPPP-PIZOF-1, and (c) PEPEP-PIZOF-2. (d) Ar adsorption
isotherms of the three PIZOFs in the region of low relative pressures.

sure of about 0.1: PEPP-PIZOF-1 adsorbs and desorbs argon in one step whereas in
case of PPPP-PIZOF-1 and PEPEP-PIZOF-2 the adsorption and desorption occur
in two steps and thus corresponds to the (newly defined) Type I(b) isotherm. [57]

Table 6.3: BET surface areas and pore volumes for the three PIZOFs.

PIZOF SBET/m2 g-1 V pore/cm3 g-1

PEPP-PIZOF-1 1650 0.73
PPPP-PIZOF-1 2020 0.83
PEPEP-PIZOF-2 2350 0.97

The adsorption behavior of PEPEP-PIZOF-2 was elucidated with simulations of
the Ar sorption mechanism at 87 K. [58] It was found that there are differently at-
tractive sorption sites inside the large tetrahedral pores. These pores are accessible
in spite of interpenetration. The first Ar atoms are adsorbed at sites close to the
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IBUs. Then, other sorption sites at the linkers become occupied. Finally, in a
process which resembles capillary condensation, the interior of the pores becomes
filled. These processes correspond to the two steps in the adsorption isotherms of
PPPP-PIZOF-1 and PEPEP-PIZOF-2. The one-step profile of the adsorption curve
of PEPP-PIZOF-1 reveals that the energy difference between the different sorption
sites is too small to distinguish the individual adsorption steps. This is probably a
consequence of the shortness of the linker and of argon condensation taking place
at smaller relative pressures than in the case of the other PIZOFs, because of the
smaller pores of PEPP-PIZOF-1.

Another difference between the sorption isotherms of PEPP-PIZOF-1 and of the
other two PIZOFs is that the former shows a hysteresis at relative pressures beyond
0.45 whereas the others do not. This hysteresis is taken as an indication of the
presence of mesopores which are a sign for framework defects. Because the com-
position derived from the TGA data fits very well to the ideal composition, pieces
of the two interpenetrating networks and not only linkers must be missing. The
PEPP linker is the shortest among the linkers investigated here which forms an
interpenetrated structure. The next shorter one, the PEEP linker, forms a non-
interpenetrated structure. Possibly, the PEPP linker, although it is long enough to
allow for the construction of two interpenetrated frameworks, is too short to form
strainless frameworks and therefore defects occur. In line with this is the finding
that repeating the synthesis of PEPP-PIZOF-1 using the same procedure led to
products with slightly varying PXRD diagrams (Figure 6.8).

Stability in water and upon drying

To determine the water stability of the three PIZOFs, two samples of each PIZOF
were suspended in water for 24 h at room temperature. After the water had been
pipetted off, one of the two samples of each PIZOF was subjected to reduced pres-
sure directly. The other sample was suspended in ethanol for 30 min. Afterwards
the ethanol was removed at reduced pressure. As for acetone, ethanol is expected
to exert weaker capillary forces than water during evaporation (acetone was used
in the study of Mondloch et al. [47]). When drying the water-wetted samples, only
PEPEP-PIZOF-2 remained intact (Figure 6.14a-c) whereas PEPP-PIZOF-1 and
PPPP-PIZOF-1 collapsed. Unlike, when the ethanol-wetted samples were dried, all
materials gave the same PXRD reflection pattern as the starting materials (Fig-
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Figure 6.14: PXRD diagrams of (a, d) PEPP-PIZOF-1, (b, e) PPPP-PIZOF-1, and (c,
f) PEPEP-PIZOF-2 before (black curves) and after (red curves) exposure to water and
drying. The PXRDs shown in red in the left-hand column (a-c) were obtained from samples
dried from the water-wetted state. The PXRDs shown in red in the right hand column
(d-f) stem from samples which were exposed to water and dried after water had been
exchanged for ethanol. In diagrams (c) and (f), the diffraction patterns nearly coincide so
that the red curves are hardly visible.
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Figure 6.15: PXRD diagrams of two samples (a) and (b) of PPPP-PIZOF-1 coming from
two independently obtained batches before and after exposure to water. Black curves:
materials before exposure to water. Red curve: material after suspension in water and
drying from a water-wetted state. Blue curves: materials after suspension in water and
drying from an ethanol-wetted state.

ure 6.14d-f). These results support the proposal put forward by Mondloch et al. [47]

that not hydrolysis but capillary forces can be the predominant factor in the destruc-
tion of Zr-based MOFs. The PXRD patterns of PEPP-PIZOF-1 and PPPP-PIZOF-1
dried after water-for-ethanol exchange exhibit an increased background in the region
of small 2θ values as compared to the starting material, indicating that degradation
had occurred, albeit only to a small extent. This degradation can be the result of
the action of capillary forces, but it may as well be the result of hydrolysis. We
like to add that the water-for-ethanol exchange gave diverse results in terms of
framework preservation (Figure 6.15). The number of experiments is insufficient to
decide whether this is due to a difference in PIZOF quality or whether it is caused
by unnoted differences in the conductance of the experiment. Nevertheless, the data
presented in Figure 6.14 clearly prove the effect of the water-for-ethanol exchange.

We assume framework defects to not only offer sites reactive towards hydrolysis
in water but also to play a role in framework collapse during drying from a water-
wetted state. Defects in terms of missing linkers are known of the structurally related
UiO-66 and UiO-67. [19,59–61] Water molecules will take the unoccupied coordination
sites at defective IBUs and will form a hydrogen bond to the carboxyl groups of
linkers that are missing an IBU to which they can coordinate. These water molecules
will act as a strong link between the framework and the water phase in the pore and
will therefore allow capillary forces to induce framework deformation and eventually
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framework collapse during drying.

Strong interaction between the pore water and the framework is also to be assumed
for PEPEP-PIZOF-7 and PEPEP-PIZOF-10 (Figure 1.9), even in case of defectless
frameworks, because of the strongly hydrophilic oligoethyleneglycol substituents.
Nevertheless, these PIZOFs stay intact during drying from the water-wetted state
(Figure 6.2a). We take this as a hint that an important factor for withstanding the
destruction is the bendability of the linker. Linkers with alternating phenylene and
ethynylene units are easily bent [62] and indeed the linkers of PEPEP-PIZOF-2 are
bent towards the IBUs of the interpenetrating network. [6] The bendability may allow
the frameworks of PEPEP-PIZOF to respond elastically to deformation caused by
capillary forces. The longer the linker, the larger the deformation amplitude can be
before bonds get broken.
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6.4 Conclusion

The formation of PIZOFs is not unique to the PEPEP diacids. PIZOFs form as well
from the shorter PEPP and PPPP diacids. Upon further shortening the linker to a
PEEP linker, and therefore decreasing the distance between the C atoms of the two
carboxyl groups from 17 to 15 Å, crossover from the twofold interpenetrated PIZOF
to a non-interpenetrated Zr-MOF of the UiO-type occurs. Among the PIZOFs,
PEPEP-PIZOFs are obtained most easily: PEPEP-PIZOF-2 forms reproducibly in
high quality, the quality of PEPP-PIZOF-1 varies from batch to batch, and the
PPPP-PIZOF-1 requires another modulator and another Zr-source than used in the
PEPEP-PIZOF synthesis. The synthesis procedures described for the preparation
of the PIZOFs are possibly also of interest for the preparation of other Zr-based
MOFs. The removal of modulator and DMF from the PIZOFs requires prolonged
extraction with ethanol, a requirement that was met with extraction in a Soxhlet
device as proven with TGA in air which revealed a content of guest molecules of
only 4-5 mass-%. TGA in air showed decomposition of the three PIZOFs to start
in the temperature range of 300 to 350 ◦C. The composition of PEPP-PIZOF-1
and PEPEP-PIZOF-2 determined with TGA fit very well to that calculated for the
structurally perfect PIZOFs, however the sample of PPPP-PIZOF-1 contained a
small excess of Zr. Argon sorption on PPPP-PIZOF-1 and PEPEP-PIZOF-2 occurs
in two steps which are correlated with two energetically distinctive adsorption sites.
Contrary, the argon sorption isotherm of PEPP-PIZOF-1 reveals only one step,
probably because of the short linkers and small pores. Another special feature of
the argon sorption isotherm of PEPP-PIZOF-1 is the hysteresis in the range of
relative pressures above 0.45.

A striking difference between PEPEP-PIZOF-2 and the other two PIZOFs is the
resistance of PEPEP-PIZOF-2 against framework collapse during drying from the
water-wetted state. PXRD diagrams contain no clue for decomposition of PEPEP-
PIZOF-2. Contrary, PEPP-PIZOF-1 and PPPP-PIZOF-1 were destroyed when
dried from the water-wetted state. Degradation could be largely avoided through
suspension of the water-wetted materials in ethanol before drying the sample at
reduced pressure. Degradation may be caused by framework defects. The TGA
data of PPPP-PIZOF-1, the sorption hysteresis of PEPP-PIZOF-1, and the difficul-
ties with obtaining highly crystalline materials are taken as indications that defects
are present caused by a mismatch between the lengths of the PEPP linker or the
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PPPP linker and the requirements on the linker length for the formation of a per-
fect PIZOF. The defects are considered as strong binding sites for water molecules
and the bound water molecules as a point of action for capillary forces. To explain
the distinct robustness of PEPEP-PIZOFs, including those with highly hydrophilic
substituents at the linkers, we suggest an elastic response on the action of capillary
forces through bending of the long linkers.

Our results emphasize the need for distinguishing hydrolysis and drying effects when
investigating water stability. Summarizing for the class of Zr-based MOFs with
UiO-type networks, UiO-66 and some derivatives thereof, Zr-fum-MOF, PEPEP-
PIZOF-1 to -8, and PEPEP-PIZOF-10 to -12 can be dried from the water-wetted
state, whereas UiO-67, PEPP-PIZOF-1 and PPPP-PIZOF-1 require exchange of
water for ethanol before drying.
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Chapter 7

On-surface synthesis of highly
oriented thin metal-organic
framework films through
vapor-assisted conversion

This chapter is based on the manuscript of an article by Erika Virmani, Julian
Rotter, Andre Mähringer, Tobias von Zons, Adelheid Godt, Thomas Bein, Stefan
Wuttke and Dana D. Medina, which has been submitted.

The MOFs were synthesized by Erika Virmani, Julian Rotter and Andre Mähringer,
in the group of Thomas Bein under supervision of Stefan Wuttke and Dana D.
Medina, while the linkers were synthesized by Tobias von Zons in the group of
Adelheid Godt.
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Abstract

Controlled on-surfaces film growth of porous and crystalline frameworks is a central
requisite for incorporating these materials into functional platforms and operational
devices. Here, we present the synthesis of thin Zr-based metal-organic framework
(MOF) films by vapor-assisted conversion (VAC). We established protocols adequate
for the growth of UiO-66(NH2), UiO-67, and UiO-68(NH2) as well as the porous in-
terpenetrated Zr-organic framework (PPPP-PIZOF-1) structures as highly oriented
thin films. Through the VAC approach, precursors in a cast solution layer on a bare
gold substrate are reacting to form a porous continuous MOF film, oriented along
the [111] crystal axis by an exposure to a solvent vapor under elevated temperature
of 100 ◦C and 3 h reaction time. It was found that the concentration of dicarboxylic
acid and modulator, the droplet volume and the reaction time are vital parame-
ters to be controlled for obtaining oriented MOF films. Using VAC for the MOF
film growth on gold surfaces modified with thiol SAMs as well as on a bare silicon
surface yielded oriented MOF films rendering the VAC process as robust towards
chemical surface variations. Ethanol sorption experiments show that a substantial
part of the material pores is accessible. Thereby, the practical VAC method is an
important addition to the tool-box of thin MOF film synthesis methods. We expect
that the VAC approach will provide new horizons in the formation of highly defined
functional thin MOF films for numerous applications.

7.1 Introduction

Recent advances in the fabrication of porous thin films have enabled significant
progress in a variety of fields including catalysis, sensor technology, sieving platforms
and electronics. Metal-organic frameworks (MOFs) are particularly intriguing candi-
dates for the growth of crystalline porous films. [1–3] MOFs consist of a periodic array
of inorganic nodes connected by organic units featuring well-defined structures, pre-
cise chemical compositions, surface areas and pore sizes. [4–9] Due to their crystalline
nature, the growth of thin films of these materials permits, in principle, a specific
crystal orientation and thereby, an oriented pore system relative to a surface. [10]

This oriented growth mainly relies on the use of chemically modified surfaces [11]

and conditions that support reversible crystal assembly, hence allowing the growing
crystal to anneal as it moves towards the energy minimum in the structure-energy
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landscape.

Several methods have been reported for the growth of oriented thin MOF
films. [10,12–19] However, to date, these methods are suitable only for the synthe-
sis of a small number of MOF topologies. Among these methods, the liquid-phase
epitaxy (SURMOF) approach [15,16] stands out offering some degree of structural
and chemical diversity for oriented thin MOF films while maintaining the lattice
type. [20] That being said, the synthesis of oriented thin films, applicable to a large
variety of MOFs while maintaining porosity and crystallinity as main features, is
still a challenge.

Here, we report the preparation of oriented thin MOF films using vapor-assisted
conversion (VAC). This method is a variation of the well-known, [21] dry-gel con-
version (DGC) and steam-assisted conversion (SAC) reported for the bulk and film
syntheses of zeolites and other related compounds such as zeolitic imidazolate frame-
works. [22–28] Recently, VAC has been introduced as a gentle and efficient way to
obtain covalent organic framework (COF) films. [29] This method is based on the
conversion of precursors in a cast-solution layer into a continuous crystalline and
porous film by exposure to a vapor of specific composition at moderate tempera-
tures. Adding to this portfolio, we seek to prove that VAC is a powerful MOF film
synthesis approach by showing that a series of Zr-based MOFs are grown on-surface
as thin and highly oriented films. The well-known isoreticular series of zirconium-
based UiO-type (Universitetet i Oslo) frameworks was selected for this study due to
the diversity in the organic units which can be integrated into the framework such as
phenyl, biphenyl and terphenyl dicarboxylate. [30,31] Further elongation of the linker
to quaterphenyl results in a structure-type consisting of two UiO frameworks that
interpenetrate each other, the so called porous interpenetrated Zr-organic frame-
work (PIZOF). [32,33] To the best of our knowledge, no film of an interpenetrated
MOF has ever been reported. Controlling the orientation of UiO as well as PIZOF
crystals adds a new level of surface control to the target design of thin MOF films.
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7.2 Experimental

7.2.1 General

Acetic acid (analysis grade, Sigma Aldrich), acetone (technical grade), 2-aminotere-
phthalic acid (P(NH2) diacid; 99%, Sigma Aldrich), biphenyl-4,4′-dicarboxylic acid
(PP diacid ; 97%, Sigma Aldrich), N,N -dimethylformamide (anhydrous, synthesis
grade, Fischer Scientific), ethanol (absolute, technical grade), gold pellets (Au;
99.99%, Kurt J. Leske Company Ltd), Hellmanex III (Hellma, Sigma Aldrich),
hexadecane-1-thiol (99%, Fluka), 16-mercaptohexadecanoic acid (99%, Sigma
Aldrich), 16-mercaptohexadecan-1-ol (99%, Frontier Scientific) methanol (technical
grade), 2-propanol (technical grade and Chromasolv, Sigma Aldrich), titanium
pellets (Ti; 99.99%, Neyco), zirconyl chloride octahydrate (ZrOCl2 · 8H2O; ≥99.5%,
Sigma Aldrich).
2′-Amino-4,4′′-dicarboxy-1,1′:4′,1′′-terphenyl (PP(NH2)P diacid) [31]

and 2′,3′′-dimethyl-[1,1′:4′,1′′:4′′,1′′′]-quaterphenyl-4,4′′′-dicarboxylic acid
(PP(2-Me)P(3-Me)P diacid) [32] were prepared as reported.

7.2.2 Substrates

The preparation of the gold-substrates is based on the procedure described by Hin-
terholzinger et al. [34] Seven microscope glass slides (Menzel, 76 mm × 26 mm) in a
support made of Teflon were cleaned by ultrasonic treatment in acetone, followed
by sequential washing steps with 2-propanol, a 1:100 mixture of Hellmanex III and
water, water and finally 2-propanol (Chromasolv). Oxygen plasma cleaning (Di-
ener electronic, Plasma-Surface-Technology) for 30 min was conducted, previous to
the mounting of the glass slides in a vacuum deposition unit installed in a glove
Box (MBraun Labmaster Pro SP) equipped with an Inficon SQC-310C deposition
controller. A layer of 10 nm of titanium and then a layer of 100 nm of gold were ther-
mally deposited under high vacuum onto the microscope glass slides. Afterwards,
the microscope slides were cut into 1.3 cm × 1 cm pieces. These substrates were ei-
ther directly used for MOF film preparation or were used to prepare surface modified
substrates. For surface modification the cut substrates were cleaned for 10 min in
an ultrasonic bath, first in ethanol and then in methanol. Six pieces were immersed
in a solution of a thiol (50 mmol) – 16-mercaptohexadecanoic acid (14.4 mg) or
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16-mercaptohexadecan-1-ol (13.7 mg,) or hexadecane-1-thiol (12.9 mg) – in ethanol
(50 mL) at room temperature for 3 d. The SAM-functionalized substrates were
washed with ethanol and afterwards stored in ethanol until their utilization in MOF
film synthesis. Before film synthesis the SAM-functionalized substrates were dried
under a stream of nitrogen. The surface modification was proven by contact angle
measurements (Figure 7.1).

The silicon-wafers (Si[100]; ∅ 20 cm; 0.6 cm thick) from Siegert Wafer were cut into
1.3 cm × 1.0 cm pieces. The 10.000015 MHz QCM-chips (quarz XA 1600 with gold
contacts) were purchased from KVG Quartz Crystal Technology GmbH and used
without cleaning.

Figure 7.1: Contact angle measurements for gold surfaces modified with (a)
16-mercaptohexadecanoic acid (b) 16-mercaptohexadecan-1-ol and (c) hexadecane-1-thiol
giving as contact angles 63.82◦, 56.62◦, and 96.77◦, respectively.

7.2.3 Film formation via vapor-assisted conversion (VAC)

For the film formation using VAC, a glass bottle (Schott Duran, borosilicate 3.3,
ISO4796, 100 mL) with a PBT cap equipped with a Teflon seal was used. The
bottom part of the bottle was filled with 14 Raschig-rings (10 mm × 10 mm, soda-
lime glass) to obtain an elevated flat platform for the substrate. A mixture of DMF
and acetic acid was filled into the bottle. Afterwards, a substrate (1.3 cm × 1 cm)
was placed on top of the Raschig-rings and fully coated with a drop of a freshly
prepared MOF precursor solution was placed onto the substrate. The bottle was
closed and was transferred into a preheated oven where it was kept for the specified
time (Tables 7.1-7.4). Afterwards the bottle was removed from the oven and cooled
down for 10 min, before the substrate was removed and dried under reduced pressure
(2 × 10-3 bar).

For the precursor solution, ZrOCl2 · 8H2O was dissolved in DMF by ultrasonic treat-
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ment. If desired, acetic acid was added to this solution. The dicarboxylic acid was
added to the solution and dissolved by applying ultrasonic treatment.
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Table 7.1: Conditions for the synthesis of UiO-66(NH2) films.

Exp. Precursor solution Droplet
volume

Substrate
Temper-

ature
Reaction

time
Vapor source

ZrOCl2 · 8 H2O P(NH2) acetic acid DMF DMF
acetic
acid

variation of
precursor and
modulator

concentration

1
2.8 mg;

8.7 mmol L-1
1.6 mg;

8.7 mmol L-1
0 µL;

0 mmol L-1 1 mL 50 µL gold 100 ◦C 3 h 4.2 mL 0.8 mL

2
2.8 mg;

8.7 mmol L-1
1.6 mg;

8.7 mmol L-1
2 µL;

35 mmol L-1 1 mL 50 µL gold 100 ◦C 3 h 4.2 mL 0.8 mL

3
2.8 mg;

8.7 mmol L-1
1.6 mg;

8.7 mmol L-1
10 µL;

175 mmol L-1 1 mL 50 µL gold 100 ◦C 3 h 4.2 mL 0.8 mL

4
2.8 mg;

8.7 mmol L-1
1.6 mg;

8.7 mmol L-1
20 µL;

350 mmol L-1 1 mL 50 µL gold 100 ◦C 3 h 4.2 mL 0.8 mL

5
2.8 mg;

8.7 mmol L-1
1.6 mg;

8.7 mmol L-1
40 µL;

700 mmol L-1 1 mL 50 µL gold 100 ◦C 3 h 4.2 mL 0.8 mL

6
0.93 mg;

2.9 mmol L-1
0.52 mg;
2.9 mmol L-1

0 µL;
0 mmol L-1 1 mL 50 µL gold 100 ◦C 3 h 4.2 mL 0.8 mL

7
0.93 mg;

2.9 mmol L-1
0.52 mg;
2.9 mmol L-1

0.7 µL;
12 mmol L-1 1 mL 50 µL gold 100 ◦C 3 h 4.2 mL 0.8 mL

8
0.93 mg;

2.9 mmol L-1
0.52 mg;
2.9 mmol L-1

3.3 µL;
58 mmol L-1 1 mL 50 µL gold 100 ◦C 3 h 4.2 mL 0.8 mL

9
0.93 mg;

2.9 mmol L-1
0.52 mg;
2.9 mmol L-1

6.6 µL;
116 mmol L-1 1 mL 50 µL gold 100 ◦C 3 h 4.2 mL 0.8 mL

10
0.93 mg;

2.9 mmol L-1
0.52 mg;
2.9 mmol L-1

13.3 µL;
232 mmol L-1 1 mL 50 µL gold 100 ◦C 3 h 4.2 mL 0.8 mL

variation of
droplet
volume

11
0.93 mg;

2.9 mmol L-1
0.52 mg;
2.9 mmol L-1

13.3 µL;
232 mmol L-1 1 mL 10 µL gold 100 ◦C 3 h 4.2 mL 0.8 mL

12
0.93 mg;

2.9 mmol L-1
0.52 mg;
2.9 mmol L-1

13.3 µL;
232 mmol L-1 1 mL 50 µL gold 100 ◦C 3 h 4.2 mL 0.8 mL

13
0.93 mg;

2.9 mmol L-1
0.52 mg;
2.9 mmol L-1

13.3 µL;
232 mmol L-1 1 mL 100 µL gold 100 ◦C 3 h 4.2 mL 0.8 mL
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Exp. Precursor solution Droplet
volume

Substrate
Temper-

ature
Reaction

time
Vapor source

ZrOCl2 · 8 H2O P(NH2) acetic acid DMF DMF
acetic
acid

variation of
the type of
substrate

14
0.93 mg;

2.9 mmol L-1
0.52 mg;
2.9 mmol L-1

13.3 µL;
232 mmol L-1 1 mL 50 µL HS(CH2)15CO2H 100 ◦C 3 h 4.2 mL 0.8 mL

15
0.93 mg;

2.9 mmol L-1
0.52 mg;
2.9 mmol L-1

13.3 µL;
232 mmol L-1 1 mL 50 µL HS(CH2)16OH 100 ◦C 3 h 4.2 mL 0.8 mL

16
0.93 mg;

2.9 mmol L-1
0.52 mg;
2.9 mmol L-1

13.3 µL;
232 mmol L-1 1 mL 50 µL HS(CH2)15CH3 100 ◦C 3 h 4.2 mL 0.8 mL

17
0.93 mg;

2.9 mmol L-1
0.52 mg;
2.9 mmol L-1

13.3 µL;
232 mmol L-1 1 mL 50 µL Si-wafer 100 ◦C 3 h 4.2 mL 0.8 mL

18
0.93 mg;

2.9 mmol L-1
0.52 mg;
2.9 mmol L-1

13.3 µL;
232 mmol L-1 1 mL 50 µL QCM-chip 100 ◦C 3 h 4.2 mL 0.8 mL

variation of
reaction

temperature

19
0.93 mg;

2.9 mmol L-1
0.52 mg;
2.9 mmol L-1

13.3 µL;
232 mmol L-1 1 mL 50 µL gold 80 ◦C 123 h 4.2 mL 0.8 mL

20
0.93 mg;

2.9 mmol L-1
0.52 mg;
2.9 mmol L-1

13.3 µL;
232 mmol L-1 1 mL 50 µL gold 120 ◦C 3 h 4.2 mL 0.8 mL

variation of
the reaction

time
21

0.93 mg;
2.9 mmol L-1

0.52 mg;
2.9 mmol L-1

13.3 µL;
232 mmol L-1 1 mL 50 µL gold 100 ◦C 1 h 4.2 mL 0.8 mL

control
experiments

22
2.8 mg;

8.7 mmol L-1
1.6 mg;

8.7 mmol L-1
13.3 µL;

232 mmol L-1 1 mL 50 µL gold 100 ◦C 3 h 4.2 mL 0.8 mL

23
2.8 mg;

8.7 mmol L-1
1.6 mg;

8.7 mmol L-1
0 µL;

0 mmol L-1 1 mL 50 µL gold 100 ◦C 3 h 4.2 mL 0.8 mL

24
2.8 mg;

8.7 mmol L-1
1.6 mg;

8.7 mmol L-1
13.3 µL;

232 mmol L-1 1 mL 50 µL gold 100 ◦C 3 h 5.0 mL -

25
2.8 mg;

8.7 mmol L-1
1.6 mg;

8.7 mmol L-1
0 µL;

0 mmol L-1 1 mL 50 µL gold 100 ◦C 3 h 5.0 mL -

26
2.8 mg;

8.7 mmol L-1
1.6 mg;

8.7 mmol L-1
13.3 µL;

232 mmol L-1 1 mL 50 µL gold 100 ◦C 3 h - 5.0 mL

27
2.8 mg;

8.7 mmol L-1
1.6 mg;

8.7 mmol L-1
13.3 µL;

232 mmol L-1 1 mL 50 µL gold 100 ◦C 3 h - -
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Table 7.2: Conditions for the synthesis of PPPP-PIZOF-1 films.

Exp. Precursor solution Droplet
volume

Substrate
Temper-

ature
Reaction

time
Vapor source

ZrOCl2 · 8 H2O PP(Me)P(Me)P acetic acid DMF DMF
acetic
acid

variation of
precursor and
modulator

concentration

28
2.8 mg;

8.7 mmol L-1
3.7 mg;

8.7 mmol L-1
0 µL;

0 mmol L-1 1 mL 50 µL gold 100 ◦C 3 h 4.2 mL 0.8 mL

29
2.8 mg;

8.7 mmol L-1
3.7 mg;

8.7 mmol L-1
2 µL;

35 mmol L-1 1 mL 50 µL gold 100 ◦C 3 h 4.2 mL 0.8 mL

30
2.8 mg;

8.7 mmol L-1
3.7 mg;

8.7 mmol L-1
10 µL;

175 mmol L-1 1 mL 50 µL gold 100 ◦C 3 h 4.2 mL 0.8 mL

31
2.8 mg;

8.7 mmol L-1
3.7 mg;

8.7 mmol L-1
20 µL;

350 mmol L-1 1 mL 50 µL gold 100 ◦C 3 h 4.2 mL 0.8 mL

32
2.8 mg;

8.7 mmol L-1
3.7 mg;

8.7 mmol L-1
40 µL;

700 mmol L-1 1 mL 50 µL gold 100 ◦C 3 h 4.2 mL 0.8 mL

33
0.93 mg;

2.9 mmol L-1
1.2 mg;

2.9 mmol L-1
0 µL;

0 mmol L-1 1 mL 50 µL gold 100 ◦C 3 h 4.2 mL 0.8 mL

34
0.93 mg;

2.9 mmol L-1
1.2 mg;

2.9 mmol L-1
0.7 µL;

12 mmol L-1 1 mL 50 µL gold 100 ◦C 3 h 4.2 mL 0.8 mL

35
0.93 mg;

2.9 mmol L-1
1.2 mg;

2.9 mmol L-1
3.3 µL;

58 mmol L-1 1 mL 50 µL gold 100 ◦C 3 h 4.2 mL 0.8 mL

36
0.93 mg;

2.9 mmol L-1
1.2 mg;

2.9 mmol L-1
6.6 µL;

116 mmol L-1 1 mL 50 µL gold 100 ◦C 3 h 4.2 mL 0.8 mL

37
0.93 mg;

2.9 mmol L-1
1.2 mg;

2.9 mmol L-1
13.3 µL;

232 mmol L-1 1 mL 50 µL gold 100 ◦C 3 h 4.2 mL 0.8 mL

variation of
droplet
volume

38
2.8 mg;

8.7 mmol L-1
3.7 mg;

8.7 mmol L-1
0 µL;

0 mmol L-1 1 mL 10 µL gold 100 ◦C 3 h 4.2 mL 0.8 mL

39
2.8 mg;

8.7 mmol L-1
3.7 mg;

8.7 mmol L-1
0 µL;

0 mmol L-1 1 mL 50 µL gold 100 ◦C 3 h 4.2 mL 0.8 mL

40
2.8 mg;

8.7 mmol L-1
3.7 mg;

8.7 mmol L-1
0 µL;

0 mmol L-1 1 mL 100 µL gold 100 ◦C 3 h 4.2 mL 0.8 mL
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Exp. Precursor solution Droplet
volume

Substrate
Temper-

ature
Reaction

time
Vapor source

ZrOCl2 · 8 H2O PP(Me)P(Me)P acetic acid DMF DMF
acetic
acid

variation of
the type of
substrate

41
2.8 mg;

8.7 mmol L-1
3.7 mg;

8.7 mmol L-1
0 µL;

0 mmol L-1 1 mL 50 µL HS(CH2)15CO2H 100 ◦C 3 h 4.2 mL 0.8 mL

42
2.8 mg;

8.7 mmol L-1
3.7 mg;

8.7 mmol L-1
0 µL;

0 mmol L-1 1 mL 50 µL HS(CH2)16OH 100 ◦C 3 h 4.2 mL 0.8 mL

43
2.8 mg;

8.7 mmol L-1
3.7 mg;

8.7 mmol L-1
0 µL;

0 mmol L-1 1 mL 50 µL HS(CH2)15CH3 100 ◦C 3 h 4.2 mL 0.8 mL

44
2.8 mg;

8.7 mmol L-1
3.7 mg;

8.7 mmol L-1
0 µL;

0 mmol L-1 1 mL 50 µL Si-wafer 100 ◦C 3 h 4.2 mL 0.8 mL

45
2.8 mg;

8.7 mmol L-1
3.7 mg;

8.7 mmol L-1
0 µL;

0 mmol L-1 1 mL 50 µL QCM-chip 100 ◦C 3 h 4.2 mL 0.8 mL

variation of
the reaction
temperature

46
2.8 mg;

8.7 mmol L-1
3.7 mg;

8.7 mmol L-1
0 µL;

0 mmol L-1 1 mL 50 µL gold 120 ◦C 3 h 4.2 mL 0.8 mL

47
2.8 mg;

8.7 mmol L-1
3.7 mg;

8.7 mmol L-1
0 µL;

0 mmol L-1 1 mL 50 µL gold 80 ◦C 12 h 4.2 mL 0.8 mL

48
2.8 mg;

8.7 mmol L-1
3.7 mg;

8.7 mmol L-1
0 µL;

0 mmol L-1 1 mL 50 µL gold 60 ◦C 12 h 4.2 mL 0.8 mL

variation of
the reaction

time
49

2.8 mg;
8.7 mmol L-1

3.7 mg;
8.7 mmol L-1

0 µL;
0 mmol L-1 1 mL 50 µL gold 100 ◦C 1 h 4.2 mL 0.8 mL
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Exp. Precursor solution Droplet
volume

Substrate
Temper-

ature
Reaction

time
Vapor source

ZrOCl2 · 8 H2O PP(Me)P(Me)P acetic acid DMF DMF
acetic
acid

control
experiments

50
2.8 mg;

8.7 mmol L-1
3.7 mg;

8.7 mmol L-1
40 µL;

700 mmol L-1 1 mL 50 µL gold 100 ◦C 3 h 4.2 mL 0.8 mL

51
2.8 mg;

8.7 mmol L-1
3.7 mg;

8.7 mmol L-1 0 µL 1 mL 50 µL gold 100 ◦C 3 h 4.2 mL 0.8 mL

52
2.8 mg;

8.7 mmol L-1
3.7 mg;

8.7 mmol L-1
40 µL;

700 mmol L-1 1 mL 50 µL gold 100 ◦C 3 h 5.0 mL -

53
2.8 mg;

8.7 mmol L-1
3.7 mg;

8.7 mmol L-1 0 µL 1 mL 50 µL gold 100 ◦C 3 h 5.0 mL -

54
2.8 mg;

8.7 mmol L-1
3.7 mg;

8.7 mmol L-1 0 µL 1 mL 50 µL gold 100 ◦C 3 h - 5.0 mL

55
2.8 mg;

8.7 mmol L-1
3.7 mg;

8.7 mmol L-1 0 µL 1 mL 50 µL gold 100 ◦C 3 h - -
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Table 7.3: Conditions for the synthesis of UiO-67 film.

Exp. Precursor solution Droplet
volume Substrate Temper-

ature
Reaction

time Vapor source

ZrOCl2 · 8 H2O PP acetic acid DMF DMF acetic acid

56 0.71 mg;
2.2 mmol L-1

0.53 mg;
2.2 mmol L-1

24.5 µL;
427 mmol L-1 1 mL 50 µL gold 100 ◦C 3 h 4.2 mL 0.8 mL

Table 7.4: Conditions for the synthesis of UiO-68(NH2) film.

Exp. Precursor solution Droplet
volume Substrate Temper-

ature
Reaction

time Vapor source

ZrOCl2 · 8 H2O PPP-NH2 acetic acid DMF DMF acetic acid

57 5.6 mg;
17.4 mmol L-1

5.8 mg;
17.4 mmol L-1

98 µL;
1.7 mol L-1 1 mL 50 µL gold 100 ◦C 3 h 4.2 mL 0.8 mL



7.2 Experimental 229

7.2.4 Characterization techniques

X-ray diffraction (XRD)

X-ray diffraction analyses were performed on a Bruker D8 diffractometer in Bragg-
Brentano geometry with Ni-filtered Cu Kα1 (λ = 1.54060 Å) radiation operating at
40 kV and 30 mA with a position-sensitive detector (LynxEye).

Two-dimensional grazing-incident wide-angle X-ray scattering (2D GIWAXS) data
were collected using an Anton-Paar Saxspace system equipped with a Cu Kα1 micro-
focus source operated at 50 kV and 1 mA and an Eiger Dectris R 1M 2D detector.

Scanning electron microscopy (SEM)

SEM images were recorded on a FEI Helios NanoLab G3 UC electron microscope
with an acceleration voltage of 2 kV from a field emission gun. For the cross-section
analysis, substrates were partially cut and broken manually to reveal fresh cross-
section. Prior to SEM analysis the samples were coated with a thin carbon layer by
carbon fiber flash evaporation at high vacuum.

Quartz crystal microbalance (QCM)

The samples were activated prior to the measurement by heating the QCM-chips
to 120 ◦C for 12 h under a nitrogen flow of 600 mL min-1. QCM experiments were
performed using a flow controlling system. For dosing the gases a gas flow controller
(F-201-C-RBA-33-V, Bronkhorst Hi-Tec) was used. The liquid is dosed by a liq-
uid mass flow controller (L01-RBA-11-O, Bronkhorst Hi-Tec), which was connected
to an ethanol reservoir and through a nitrogen flow the ethanol was directed to
the controlled evaporation mixer. The controllers were connected to a controlled
evaporation mixer (W-101A-110-P, Bronkhorst Hi-Tec), where the carrier gas and
the ethanol were combined and heated above the boiling point of the ethanol. For
the calculation of the individual vapor pressures and settings of the flow controller
Bronkhorst’s Fluidat software was used. [35]
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Contact angle measurements

Contact angle measurements were performed on an attension from Biolin Scientific.
A droplet of water was placed on the substrate, while recording images. The image
analysis was carried out with the software “one attension” using a Young-Laplace
analysis mode and an air-to-water interface.

Atomic force microscopy (AFM)

AFM measurements were performed using a NANOINK atomic force microscope in
tapping mode with a scan rate of 0.2 Hz, a proportional gain of 50 and an integral
gain of 32. The scanned area was 3.02 µm × 3.02 µm at 282 × 282 pixels.
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7.3 Results and discussion

7.3.1 Oriented thin films of UiOs

Figure 7.2: Schematic representation of the vapor-assisted conversion process for the fab-
rication of oriented MOF films.

We started the thin films syntheses through VAC with UiO-66(NH2), UiO-67, and
UiO-68(NH2). For the experiments, ZrOCl2, the dicarboxylic acid, and the modula-
tor acetic acid were dissolved in DMF giving the precursor solution (for details see
Section 7.2). In a glass vessel containing, as the vapor source, a mixture of DMF
and acetic acid (5.25:1 v/v), a substrate (1.0 cm × 1.3 cm), providing a bare gold
surface, was placed on a glass platform (Figure 7.2). A droplet (50 µL) of the pre-
cursor solution was deposited onto the gold surface. Then, the vessel was sealed and
placed in an oven preheated to 100 ◦C. After keeping the vessel at this temperature
for 3 h, it was removed from the oven. The substrate was taken out of the vessel
and dried under reduced pressure, revealing an iridescent film on the gold surface.

The operation of a VAC process was confirmed by a series of control experiments on
the formation of UiO-66(NH2) films in the absence of a vapor source and with DMF
or acetic acid as the sole vapor sources. These experiments revealed that for the UiO
topology a vapor source of a particular composition is necessary for the formation
of highly crystalline films. All synthesis attempts in the absence of a vapor source
resulted in films of low or moderate crystallinity (Figure 7.8A).

The films obtained by VAC were studied with X-ray diffraction (XRD) analysis
and scanning electron microscopy (SEM). Strikingly, the diffraction patterns (Fig-
ures 7.3a-c) show only a few reflections which are in very good agreement with the
reported PXRD data of the UiO structures. [30,31,36] The observed reflections indi-
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Figure 7.3: (a)-(d) XRD of UiO-66(NH2), -67, -68(NH2) and PPPP-PIZOF-1 films ob-
tained by VAC, plotted in color together with the simulated diffraction patterns of unsub-
stituted MOFs plotted in black. The structural formulae of the used dicarboxylate linkers
are also indicated. (e) and (f) 2D GIWAXS patterns of UiO-66(NH2) and PPPP-PIZOF-1,
reveal a high degree of orientation (in red the Miller indexes according to the set of planes).



7.3 Results and discussion 233

Figure 7.4: (a) Top-view SEM micrograph of UiO-66(NH2) film depicting the dense surface
coverage. (b) Cross-section SEM image of UiO-66(NH2) presenting the uniform film thick-
ness (see also Figure 7.12f). (c) Top-view SEM micrograph of UiO-67 film depicting the
dense surface morphology. (d) Cross-section SEM image of UiO-67 presenting the uniform
film thickness (see also Figure 7.5). (e) Top-view SEM micrograph of PPPP-PIZOF-1 film
showing large intergrown crystallites. (f) Cross-section SEM image of the PPPP-PIZOF-1
crystal layer (see also Figure 7.10c).

cate a high degree of crystallite orientation with the [111] axes aligned normal to
the gold surface and rotational freedom around these axes. To gain further infor-
mation on the degree of orientation, we applied 2D grazing-incidence wide-angle
X-ray scattering (GIWAXS) to the UiO-66(NH2) film. Using this technique, the
displayed in- and out-of-plane reflections up to the fourth order (Figure 7.3e) con-
firm a high degree of crystallite orientation. Top-view SEM images of the oriented
UiO-66(NH2), -67, -68(NH2) films reveal a high surface coverage with MOF crystal-
lites (Figure 7.4a, c, 7.5, 7.6, and 7.12j). High magnifications show densely packed
intergrown octahedral crystallites of uniform size forming a continuous film. In the
case of UiO-68(NH2) films, we find sporadic MOF octahedrons on top of the thin
film (Figure 7.6). This is ascribed to a secondary nucleation process. Furthermore,
the SEM images of UiO-66(NH2) and -67 show highly oriented crystallites expos-
ing almost exclusively the facets attributed to the (111) plane. Cross-section SEM
analyses show densely-packed films with thicknesses of about 235 nm, 440 nm and
1.3 µm for UiO-66(NH2), -67 and -68(NH2), respectively (Figure 7.4b, d, 7.5, 7.6,
and 7.12j). In all cases, the films display good contact to the gold layer indicating fa-
vorable interactions with the substrate. Moreover, atomic force microscopy (AFM)
surface scans of the UiO-66(NH2) film (Figure 7.7) indicate a smooth faceted surface
topography of oriented crystallites with a roughness average Ra of 5.9 nm. With re-
spect to our previous report on the growth of COF films by VAC, here an additional
important aspect of crystallite orientation on the surface was realized. Although
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VAC was applied for these related crystalline and porous framework classes, MOF
and COF, the different crystal growth mechanism and the crystal interactions with
the substrate obviously have a strong effect on the final film properties.

Figure 7.5: Top-view (a-d) and cross-section (e, f) SEM images of the UiO-67 film
(Exp. 56), showing an oriented film with a thickness of 440 nm.
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Figure 7.6: Top-view (a, b) and cross-section (c) SEM images of the UiO-68(NH2) film
(Exp. 57), showing an oriented film with a thickness of 1.3 µm and randomly distributed
crystals on top of this film.

Figure 7.7: (a) AFM topological image of a 3.02 µm × 3.02 µm area of a UiO-66(NH2)
film (Exp. 10). (b) Respective AFM phase image.
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7.3.2 Oriented thin MOF films of a PIZOF

Figure 7.8: (A) XRD patterns of UiO-66(NH2) films that were obtained under different
synthesis conditions and the PXRD pattern calculated for UiO-66 (black): (a) acetic acid
and DMF as components of the vapor source and the precursor solution (Exp. 22); (b)
acetic acid present only in the vapor source (Exp. 23); (c) acetic acid present only in the
precursor solution (Exp. 24); (d) no acetic acid present at all (Exp. 25); (e) acetic acid
as the only vapor source component (Exp. 26); (f) without any vapor source (Exp. 27).
(B) XRD patterns of PPPP-PIZOF-1 films that were obtained under different synthesis
conditions and the PXRD pattern calculated for PPPP-PIZOF-1 (black): (a) acetic acid
and DMF as components of the vapor source and precursor solution (Exp. 50); (b) acetic
acid present only in the vapor source (Exp. 51) or (c) acetic acid present only in the
precursor solution (Exp. 52); (d) no acetic acid present at all (Exp. 53); (e) acetic acid
as the only vapor source component (Exp. 54); (f) without any vapor source (Exp. 55).

Next, we turned our attention to the synthesis of a thin film of the MOF
PPPP-PIZOF-1 using VAC. The synthesis was carried out using the protocol
developed for the preparation of oriented thin UiO films. However, no acetic acid
in the precursor solution was present to achieve sufficient solubility of the linkers
and, thereby, a suitable reactivity for the MOF formation (Figure 7.8B). Similar to
the UiO films, the XRD pattern of the PPPP-PIZOF-1 film reveals a high degree
of crystallite orientation with the 111 set of crystal planes parallel to the surface
(Figure 7.3d). GIWAXS investigations confirm the formation of PPPP-PIZOF-1,
a MOF with two-fold interpenetration (Figure 7.3f) which is to the best of our
knowledge the first report on an oriented film of an interpenetrated MOF. The
SEM micrographs of the PPPP-PIZOF-1 film (Figure 7.4e and 7.10c) show a high
areal coverage with large, intergrown octahedral crystals. The oriented octahedral
crystals of uniform size expose well-defined facets with an edge length of about
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5.4 µm. In contrast to the continuous surface surface coverage in case of the UiO
films, here the large crystals yielded a loosely packed layer. Cross-section SEM
images illustrate a PPPP-PIZOF-1 layer exhibiting a film thickness of about 2.5 µm
(Figure 7.4f and 7.10c). The single PPPP-PIZOF-1 layer features individual crystals
that are well connected to the substrate.

7.3.3 The impact of the precursor and modulator concen-
trations on the MOF film growth

To attain further insight and control over film formation via VAC, we investigated
the impact of precursor and modulator concentrations on the crystallinity, crystal-
lite size and orientation by conducting alterations in the synthesis. Control over
the MOF crystallite orientation in films is crucial for expanding their scope of
applications. Previous reports emphasized the beneficial role of a modulator for
obtaining highly crystalline MOF materials [33,37] and preferential crystallite orien-
tation in films. [38,39] To this end, we focused on the synthesis of UiO-66(NH2) and
PPPP-PIZOF-1 films as model systems for the different topologies.

In the VAC process, control over crystallite orientation in UiO-66(NH2) films was
achieved by simply changing the precursor and modulator concentrations (Fig-
ure 7.9). Overall, densely packed non-oriented UiO-66(NH2) films with no preferen-
tial orientation formed at a precursor concentration of 8.7 mmol L-1 (Figure 7.9a-e
and 7.11), whereas oriented thin films were obtained by applying a much lower pre-
cursor concentration of 2.9 mmol L-1 in combination with high modulator amounts
of at least 20 equivalents (Figure 7.9f-j and 7.12). Interestingly, a combination of
the precursor concentration of 8.7 mmol L-1 with a high modulator concentration
of 80 equivalents yielded a dense thin UiO-66(NH2) film of 300 nm thickness with a
thick layer of randomly distributed crystals on top of it (Figure 7.9a, e, and 7.11f).
This indicates that two individual processes are taking place under these condition,
namely homogenous nucleation in the droplet volume, along with a heterogeneous
nucleation initiated by the gold surface. The amount of acetic acid in the precursor
solution also influences the crystallite size. With more equivalents of acetic acid the
crystal size increased as as revealed by the X-ray reflection widths (Figure 7.9a, f,
7.11a, and 7.12a). These results point to the importance of controlled nucleation
and crystal growth obtained by including a modulator under the VAC conditions
for achieving highly crystalline and oriented UiO films.
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Figure 7.9: XRD patterns and cross-section SEM images of UiO-66(NH2) films obtained for
(a-e) high (see also Figure 7.11) and (f-j) low (see also Figure 7.12) precursor concentrations
with amounts of acetic acid ranging from 0-80 molar equivalents relative to the precursor.

In the case of PPPP-PIZOF-1, the film growth is highly precursor concentration
dependent, and a decrease from 8.7 mmol L-1 to 2.9 mmol L-1 hinders the crystal-
lization process and thereby the formation of an ordered MOF film, regardless to the
presence or absence of acetic acid in the precursor solution (Figure 7.10). Further-
more, in contrast to UiO films, acetic acid in the precursor solution is detrimental
to crystallization (Figure 7.10a). However, the presence of acetic acid in the vapor
source is needed (Figure 7.8B). A slow diffusion of acetic acid from the vapor into
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Figure 7.10: Calculated PXRD pattern of PPPP-PIZOF-1 and XRD patterns of the
PPPP-PIZOF-1 films obtained from solutions with a precursor concentration of: (a)
8.7 mmol L-1 at acetic acid concentrations in the precursor solution ranging from
0-700 mmol L-1 which correspond to 0, 4, 20, 40, and 80 molar equivalents related to
ZrOCl2 · 8H2O (Exp. 28-32) and (b) 2.9 mmol L-1 at acetic acid concentrations in the
precursor solution ranging from 0-232 mmol L-1 which correspond to 0, 4, 20, 40, and 80
molar equivalents related to ZrOCl2 · 8H2O (Exp. 33-37). Top-view and cross-section
SEM images of the PPPP-PIZOF-1 film obtained: (c) without acetic acid in the precursor
solution (Exp. 28), showing a dense film with a thickness of around 2.5 µm consisting
of MOF crystals; (d) with 35 mmol L-1 acetic acid in the precursor solution (Exp. 29),
showing randomly distributed MOF crystallites on the surface with a thickness of around
10 µm.
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Figure 7.11: (a) Calculated PXRD pattern of UiO-66 and XRD patterns of the
UiO-66(NH2) films obtained from solutions with a precursor concentration of 8.7 mmol L-1

at acetic acid concentrations in the precursor solution ranging from 0-700 mmol L-1 which
correspond to 0, 4, 20, 40, and 80 molar equivalents related to ZrOCl2 · 8H2O (Exp. 1-5).
Top-view and cross-section SEM images of the UiO-66(NH2) film obtained: (b) without
acetic acid in the precursor solution (Exp. 1), showing a dense film with a thickness of
around 2.0 µm consisting of MOF nanoparticles; (c) with 35 mmol L-1 acetic acid in the
precursor solution (Exp. 2), showing a dense film with a thickness of around 1.2 µm
consisting of MOF nanoparticles; (d) with 175 mmol L-1 acetic acid in the precursor so-
lution (Exp. 3), showing a dense film with a thickness of around 1.8 µm consisting of
MOF nanoparticles; (e) with 350 mmol L-1 acetic acid in the precursor solution (Exp. 4),
showing a dense film with a thickness of around 750 nm consisting of MOF nanoparticles;
(f) with 700 mmol L-1 acetic acid in the precursor solution (Exp. 5), showing a dense film
with a thickness of around 2.3 µm consisting of MOF crystals and underneath an oriented
MOF layer of about 300 nm thickness.
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Figure 7.12: (a) Calculated PXRD pattern of UiO-66 and XRD patterns of the
UiO-66(NH2) films obtained from solutions with a precursor concentration of 2.9 mmol L-1

at acetic acid concentrations in the precursor solution ranging from 0-232 mmol L-1 which
correspond to 0, 4, 20, 40, and 80 molar equivalents related to ZrOCl2 · 8H2O (Exp. 6-10).
Top-view and cross-section SEM images of the UiO-66(NH2) film obtained: (b) without
acetic acid in the precursor solution (Exp. 6), showing a dense film with a thickness of
around 1.0 µm consisting of MOF nanoparticles; (c) with 12 mmol L-1 acetic acid in the
precursor solution (Exp. 7), showing a dense film with a thickness of around 690 nm
consisting of MOF nanoparticles; (d) with 58 mmol L-1 acetic acid in the precursor so-
lution (Exp. 8), showing a dense film with a thickness of around 280 nm consisting of
MOF crystallites; (e) with 116 mmol L-1 acetic acid in the precursor solution (Exp. 9),
showing a dense film with a thickness of around 175 nm consisting of MOF crystallites
and randomly distributed MOF crystals on top of the film; (f) with 232 mmol L-1 acetic
acid in the precursor solution (Exp. 10), showing a dense film with a thickness of around
235 nm consisting of MOF crystallites.
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the reaction droplet is apparently necessary to allow the formation of highly ori-
ented MOF films (Figure 7.10a and c). This hint towards a link between the MOF
crystallization rate and the degree of crystallinity and crystallite orientation in the
films. Tuning the rates of nucleation and crystal growth to a certain degree by an
acetic acid modulator enables, in principle, the formation of a crystalline, highly
oriented film. [31,37,39]

7.3.4 The impact of the droplet volume on the MOF film
growth

Figure 7.13: (a-c) Shows cross-section SEM images of UiO-66(NH2) films obtained with
different droplet volumes, showing the increase of the film thickness with increasing droplet
volume (see also Figure 7.14). (d-f) Shows top-view SEM images of PPPP-PIZOF-1
films obtained with different droplet volumes, showing the increase of the crystal size and
increase in surface coverage with increasing droplet volume (see also Figure 7.15).

Tuning of the UiO-66(NH2) film thickness was achieved by casting droplet volumes of
10, 50 and 100 µL onto the gold surface (Figure 7.13a-c, 7.12f, and 7.14). Uniformly
oriented films with thicknesses of 110, 235 and 390 nm were obtained, respectively
(Figure 7.13a-c). In the case of PPPP-PIZOF-1 (Figure 7.13d-f and 7.15), the
droplet volume of 10 µL led to loosely packed but well-defined octahedral crystals
with 3.0 µm edge length adhering to the surface through the (111) facet (Figure 7.13d
and 7.15b) whereas the larger droplet volumes of 50 µL and 100 µL led to the
formation of a densely packed film consisting of oriented octahedral single crystals
with edge lengths of 4.6 µm and 6.5 µm, respectively (Figure 7.13e, f and 7.15d, f).
These results are consistent with a larger reservoir of building units in the larger
droplet allowing for larger crystal sizes and thicker films.
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Figure 7.14: (a) Calculated PXRD pattern of UiO-66 and XRD patterns of the
UiO-66(NH2) films obtained by using droplet volumes, ranging from 10-100 µL
(Exp. 11-13). Top-view and cross-section SEM images of the UiO-66(NH2) film obtained
with droplet volumes of: (b) 10 µL (Exp. 11), showing a dense film with a thickness of
around 110 nm; (c) 100 µL (Exp. 13), showing a dense film with a thickness of around
390 nm.

Figure 7.15: (a) Calculated PXRD pattern of PPPP-PIZOF-1 and XRD patterns of
the PPPP-PIZOF-1 films obtained by using droplet volumes, ranging from 10-100 µL
(Exp. 38-40). Top-view SEM images of the PPPP-PIZOF-1 film obtained with droplet
volumes of: (b) 10 µL (Exp. 38), showing oriented crystals with an edge length of about
3.0 µm; (c) 50 µL (Exp. 39), showing oriented crystals with an edge length of about
4.6 µm; (d) 100 µL (Exp. 40), showing oriented crystals with an edge length of about
6.5 µm.
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7.3.5 The impact of reaction temperature and reaction time
on the MOF film growth

Figure 7.16: (a) Calculated PXRD pattern of UiO-66 and XRD patterns of UiO-66(NH2)
films obtained at a reaction temperature of 120 ◦C (Exp. 19), 100 ◦C (Exp. 10), and
80 ◦C (Exp. 20). Top-view and cross-section SEM images of the UiO-66(NH2) film
obtained with a reaction temperature of: (b) 120 ◦C (Exp. 19) showing a dense film
with a thickness of around 415 nm consisting of MOF nanoparticles; (c) 80 ◦C (Exp. 20)
showing a dense film. (d) Calculated PXRD pattern of UiO-66 and XRD patterns of
UiO-66(NH2) films obtained with a reaction time of 1 h (Exp. 21) or 3 h (Exp. 10). (e)
Top-view and cross-section SEM images of the UiO-66(NH2) film obtained with a reaction
time of 1 h (Exp. 21), showing an amorphous film with a thickness of around 300 nm.

The MOF films discussed so far were synthesized at 100 ◦C. A temperature increase
to 120 ◦C resulted in randomly distributed and non-oriented PPPP-PIZOF-1 crys-
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Figure 7.17: (a) Calculated PXRD pattern of PPPP-PIZOF-1 and XRD patterns of
PPPP-PIZOF-1 films obtained at a reaction temperature of 120 ◦C (Exp. 46), 100 ◦C
(Exp. 28), 80 ◦C (Exp. 47), and 60 ◦C (Exp. 48). Top-view and cross-section SEM
images of the PPPP-PIZOF-1 film obtained with a reaction temperature of: (b) 120 ◦C
(Exp. 46), showing non-oriented crystals loosely distributed on the surface; (c) 80 ◦C
(Exp. 47), showing non-oriented crystals loosely distributed on the surface; (d) 60 ◦C
(Exp. 48), showing non-oriented crystals loosely distributed on the surface. (e) Cal-
culated PXRD pattern of PPPP-PIZOF-1 and XRD patterns of PPPP-PIZOF-1 films
obtained at a reaction time of 1 h (Exp. 49) or 3 h (Exp. 28). (f) Top-view and cross-
section SEM images of the PPPP-PIZOF-1 film obtained with a reaction time of 1 h
(Exp. 49), showing an amorphous film with a thickness of around 145 nm.
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tallites (Figure 7.17a and b). In contrast, the UiO-66(NH2) film obtained at 120 ◦C
features oriented crystallites (Figure 7.17a and b).

We found that a reaction time of only 3 h is sufficient for the formation of the MOF
films, whereas shorter reaction times than 3 h led to the formation of non-crystalline
deposit (Figure 7.16d, e and 7.17e, f).

The combination of lower temperatures and longer reaction times were studied as
well. In the case of PPPP-PIZOF-1 (Figure 7.17a and c) a lower temperature of
80 ◦C in combination with a reaction time of 12 h yielded oriented films, however,
with a broader crystallite size distribution than in the films obtained at 100 ◦C. A fur-
ther temperature decrease to 60 ◦C continued the trend of increasing crystallite size
distribution and a decrease in surface coverage and orientation was observed (Fig-
ure 7.17a and d). Similar experiments for UiO-66(NH2) at 80 ◦C and 12 h resulted
in non-oriented material with considerably decreased crystallinity (Figure 7.16a and
c).

7.3.6 MOF film growth on different surfaces

To further illustrate the potential of MOF film synthesis via VAC, we included other
surfaces but bare gold in our study: gold surfaces modified with different thiol SAMs
featuring CO2H, CH2OH and CH3 as terminal functional groups (indicated by con-
tact angle measurements, Figure 7.1), and a bare silicon surface. Interestingly, on all
substrates, regardless of the chemical character, UiO-66(NH2) and PPPP-PIZOF-1
films with a high degree of crystallite orientation with the alignment of the [111]
axis normal to the surface were obtained (Figure 7.18 and 7.19). The UiO-66(NH2)
films are homogeneous and dense (Figure 7.18b-e) whereas the PPPP-PIZOF-1 films
exhibit loosely-packed, large crystals (Figure 7.19b-e). Interestingly, on a silicon sur-
face both, UiO-66(NH2) and PPPP-PIZOF-1, feature film morphology (Figure 7.18e
and 7.19e): in the case of UiO-66(NH2) (Figure 7.18e) a layer of randomly distributed
crystals are found on top of a dense film, whereas in the case of PPPP-PIZOF-1
(Figure 7.19e) large crystals with a good areal coverage are formed. For these cu-
bic MOF systems, the adhesion energy of the nuclei apparently selectively favors
nucleation and growth via the (111) facet at all of the interfaces investigated.
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Figure 7.18: (a) Calculated PXRD pattern of UiO-66 and XRD patterns of UiO-66(NH2)
films obtained on SAM-modified gold surfaces (Exp. 14-16) and bare silicon surface
(Exp. 17). The structural formulae of the thiols used for the formation of SAMs are
shown in the Figure. Top-view and cross-section SEM images of the UiO-66(NH2) film
obtained on: (b) a gold surface modified with HS−(CH2)15−CO2H (Exp. 14) revealing an
oriented film with a thickness of 160 nm; (c) a gold surface modified with HS−(CH2)16−OH
(Exp. 15) revealing an oriented film with a thickness of 160 nm; (d) a gold surface modified
with HS−(CH2)15−CH3 (Exp. 16) revealing an oriented film with a thickness of 350 nm;
(e) a bare silicon surface (Exp. 17) revealing an oriented film with a thickness of 140 nm
and large (1.8 µm) crystals on top.
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Figure 7.19: (a) Calculated PXRD pattern of PPPP-PIZOF-1 and XRD patterns of
PPPP-PIZOF-1 films obtained on SAM-modified gold surfaces (Exp. 41-43) and bare
silicon surface (Exp. 44). The structural formulae of the thiols used for the formation
of SAMs are shown in the Figure. Top-view SEM images of the PPPP-PIZOF-1 film
obtained on: (b) a gold surface modified with HS−(CH2)15−CO2H (Exp. 41) revealing
oriented crystals with an edge length of about 3.6 µm; (c) a gold surface modified with
HS−(CH2)16−OH (Exp. 42) revealing oriented crystals with an edge length of about
4.9 µm; (d) a gold surface modified with HS−(CH2)15−CH3 (Exp. 43) revealing oriented
crystals with an edge length of about 4.8 µm; (e) a bare silicon surface (Exp. 44) showing
oriented crystals with an edge length of about 22.5 µm on top of a film with a thickness
of around 9.2 µm.
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7.3.7 Accessible pores of MOF films

Figure 7.20: (a) Calculated PXRD pattern of UiO-66 and XRD patterns of UiO-66(NH2)
films obtained on a QCM-chip (Exp. 18) and on a bare gold surface (Exp. 10). (b)
Calculated PXRD pattern of PPPP-PIZOF-1 and XRD patterns of PPPP-PIZOF-1 films
obtained on a QCM-chip (Exp. 45) and on a bare gold surface (Exp. 28).

Figure 7.21: Ethanol sorption isotherms of activated MOF films: (a) UiO-66(NH2) and
(b) PPPP-PIZOF-1.

Pore accessibility is a key feature of porous thin films. It is of paramount signifi-
cance for applications such as on-chip molecular confinement and host-guest inter-
actions. To determine the porosity, UiO-66(NH2) and PPPP-PIZOF-1 were grown
as oriented films on quartz crystal microbalance (QCM) chips (Figure 7.20). Ph-
ysisorption studies were carried out using ethanol as the sorptive at 25 ◦C. Prior
to sorption analysis, the MOF films were activated by heating the substrates to
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120 ◦C for 12 h under nitrogen flow. The UiO-66(NH2) film featured a microporous
characteristic Type I(a) isotherm (Figure 7.21a) with a steep ethanol uptake at
low relative pressures (p/p0 = 0-0.02). Sorption analysis of a PPPP-PIZOF-1 film
showed a Type IV(b) isotherm (Figure 7.21b), which is typical for structures clas-
sified to be at the transition between micro- and mesoporosity, with a pronounced
pore filling step at higher partial pressure (p/p0 = 0.14-0.16) and an overall higher
uptake as compared to UiO-66(NH2). Both isotherms are in good agreement with
the reported data of the corresponding bulk material based on nitrogen or argon
isotherms. [32,36] A previous report has shown that the accessible pore volume cal-
culated from ethanol sorption analysis correlates with the pore volume obtained
from nitrogen/argon sorption analysis. [40] Here, the adsorbed amount of ethanol at
a relative pressure of p/p0 = 0.99 for UiO-66(NH2) and PPPP-PIZOF-1 was calcu-
lated to be 0.168 cm3 g-1 and 0.467 cm3 g-1, respectively, based on the density of
liquid ethanol at room temperature. The calculated values for UiO-66(NH2) and
PPPP-PIZOF-1 are 0.52 cm3 g-1 and 0.83 cm3 g-1, respectively. Therefore, 33% and
56% of the pore volume that is accessible to nitrogen/argon in case of UiO-66(NH2)
and PPPP-PIZOF-1 as bulk materials is accessible for ethanol in the correspond-
ing MOF films. [33,41] This demonstrates that the thin MOF films obtained via VAC
exhibit accessible pores, making them well suited to accommodate guest molecules.
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7.4 Conclusion

Summarizing, we reported the growth of highly oriented thin films of UiO-66(NH2),
UiO-67, UiO-68(NH2) and even of an interpenetrated MOF, the PPPP-PIZOF-1,
on a variety of substrates – bare gold, gold surface modified with thiol SAMs, and
bare silicon – by applying vapor-assisted conversion (VAC). The obtained MOF films
exhibit high degree of crystallinity and crystal orientation and extend to large area
where the MOF crystallites are intergrown, forming almost flawless tile patterns.
A detailed study regarding the parameters governing the MOF film formation, in-
cluding modulator equivalents, precursor concentration, temperature and reaction
time reveals a link between the rate of the crystallization and the formation of the
oriented MOF films. Tuning the crystallization process by including a modulator led
to highly crystalline and oriented films. Remarkably, only a reaction time of 3 h and
a temperature of 100 ◦C are required for the formation of the oriented MOF films.
Both, UiO-66(NH2) and PPPP-PIZOF-1 films show considerable ethanol uptake at
room temperature, rendering these MOF films as functional materials suitable for
on-chip host-guest studies. Based on the above, we introduce the VAC process as
a versatile, gentle, and efficient method for the synthesis of highly crystalline and
oriented thin MOF films.
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Chapter 8

A chemiluminescent metal-organic
framework

This chapter is based on the manuscript of an article by Bastian Rühle, Erika Vir-
mani, Hanna Engelke, Florian M. Hinterholzinger, Pascal Roy, Birte Brosent, Tobias
von Zons, Thomas Bein, Adelheid Godt, and Stefan Wuttke which is currently in
preparation.

The MOFs were synthesized and characterized by Bastian Rühle, Erika Virmani,
Hanna Engelke and Florian M. Hinterholzinger in the group of Thomas Bein under
supervision of Stefan Wuttke, while the linker was synthesized by Pascal Roy, Birte
Brosent and Tobias von Zons in the group of Adelheid Godt.
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Abstract

We report on the synthesis and characterization of the first chemiluminescent metal-
organic framework (MOF), consisting of PAP dicarboxylic acid linkers (P = pheny-
lene, A = anthracene) connected by Zr-oxo nodes. The anthracene moiety of the
PAP linker is known to exhibit strong chemiluminescence in solution when exposed
to a mixture of bis(2,4,6-trichlorophenyl) oxalate, hydrogen peroxide, and sodium
salicylate in a mixture of dimethyl and dibutyl phthalate. In addition to the bulk
material, PAP-UiO MOF films consisting of immobilized MOF crystallites on a
solid support were obtained through a vapor-assisted conversion approach. X-ray
diffraction revealed a UiO-68-type MOF topology and high crystallinity of the bulk
and film materials, and the films exhibited a preferential orientation along the 111
axis. This PAP-UiO MOF is highly porous and thermally stable as evidenced by
nitrogen sorption and thermogravimetric analysis. When exposed to a mixture of
bis(2,4,6-trichlorophenyl) oxalate, hydrogen peroxide, and sodium salicylate in a
mixture of dimethyl and dibutyl phthalate, the PAP-UiO MOF exhibited persis-
tent chemiluminescence both as bulk material and as thin film, as demonstrated by
fluorescence microscopy and spectroscopy. The stability of the framework towards
the harsh chemiluminescent conditions was investigated by XRD and electron mi-
croscopy, respectively. The material survives the chemiluminescence conditions for
several hours, which is sufficient to trigger and observe the persistent chemilumines-
cence reaction originating from the solid-liquid interface.

8.1 Introduction

Chemiluminescence is the emission of light from an electronically excited state that
is generated through a chemical reaction. It is highly attractive for sensing appli-
cations because it allows for measuring the analytically relevant emission against a
dark background, which results in a high sensitivity of detection. [1–4] While there
are several examples of electrochemiluminescent materials, [5–7] chemiluminescence,
which makes use of the energy stored in chemical bonds exclusively is rarely reported
for a solid material. [4,8–11] In fact, we are not aware of any report on a chemilumi-
nescent porous material.

We synthesized a chemiluminescent metal-organic framework (MOF) by incorpo-
rating chemiluminescent anthracene moieties into the periodic space of the porous
solid. MOFs consist of a periodic array of inorganic building units connected by
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organic building blocks, the so-called linkers, and their assembly is modular and in
many cases compatible with variations of the organic units. [12–22] The anthracene
moieties of the linkers in the chemiluminescent MOF act as luminophores in the
peroxyoxalate reaction, a reaction that is of interest for the chemical generation of
light as well as the detection of hydrogen peroxide and oxalic acid. [23] The porosity
of the MOF is expected to allow access of the chemiluminescence-inducing species
to all luminophores similar to the situation in solution. However, since the chemilu-
minescent moiety is part of a crystalline framework, unwanted effects that can occur
in solution such as luminescence quenching caused by luminophore-luminophore ag-
gregation as well as the consumption of a luminophore caused by the reaction of an
electronically excited luminophore molecule with another luminophore molecule can
be avoided. Furthermore, the spatial positioning of the chemiluminescent moiety
can be of advantage for the design of multiple-use devices.

9,10-Di(4-hydroxycarbonylphenyl)anthracene is known to be a highly efficient lu-
minophore in the peroxyoxalate chemiluminescence reaction. [23] Therefore, this moi-
ety was selected to be part of the MOF linker. A basic prerequisite for the overall
design is that the MOF remains intact when subjected to the reagents that trigger
chemiluminescence. For application in the peroxyoxalate reaction, the MOF needs
to be inert towards a mixture of hydrogen peroxide, oxalic acid ester, sodium sali-
cylate, and the high-energy species formed in-situ, most probably 1,2-dioxetan-3,4-
dione, [23] which cause the chemiluminescence. We emphasize that among the many
different MOF types known, only very few are expected to be able to withstand this
aggressive component mixture.

In 2008 Cavka et al. [24] reported on a new Zr-based structure with exceptional
stability that was denoted UiO-66. It has been shown that the UiO-66 structure is
very robust towards water, acids, bases and organic solvents. [25] The framework is
also known to retain its stability when different functional groups are present in the
linker backbone, as reported by Kandiah et al. [26] The material can even tolerate
defects (up to a certain concentration) that are introduced into the framework using
isophthalic acid, as recently reported by Song et al. [27] While DeCoste et al. [25]

observed that the elongation of the linker, resulting in a UiO-67 structure, causes a
decrease in stability, Mondloch et al. [28] showed that the framework of UiO-67 could
be maintained when water was exchanged for acetone before activating the sample.
The authors attributed this to a capillary-force-driven channel collapse when UiO-67
was dried from the water-wetted state. Based on these considerations, a Zr-based
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MOF adopting the UiO geometry with 9,10-di(4-hydroxycarbonylphenyl)anthracene
(abbreviated as PAP diacid, where P stands for phenylene and A for anthracene
units, respectively) serving as the linker was viewed as a promising candidate for
the synthesis of a chemiluminescence MOF.
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8.2 Experimental

8.2.1 General

10-Undecenyltrichlorosilane (95%, ABCR), acetic acid (technical grade), bis(2,4,6-
trichlorophenyl)oxalate (98%, TCI), dichloromethane (≥99.9%, not stabilized, Carl
Roth), dibutyl phthalate (99%, Aldrich), dimethyl phthalate (99%, Aldrich), hydro-
gen peroxide (30%; Merck), N,N -dimethylformamide (99.8%, Aldrich), potassium
permanganate (technical grade), sodium periodate (technical grade), sodium salicy-
late (99.5%, Aldrich), sulfuric acid (technical grade), tert-butanol (99.7%, Aldrich)
and zirconyl chloride ocatahydrate (ZrOCl2 · 8H2O; ≥99.5%, Aldrich) were used as
received.
9,10-Di(4-hydroxycarbonylphenyl)anthracene (PAP) was prepared as reported. [29]

8.2.2 MOF synthesis

Synthesis of PAP-UiO (bulk)

ZrOCl2 · 8H2O (0.028 g, 0.086 mmol) was dissolved in DMF (5 mL) by ultrasonic
treatment in a glass bottle (Schott Duran, Borosilicate 3.3, ISO4796, 100 mL) with
a PBT cap equipped with a Teflon seal. Then acetic acid (980 µL, 17 mmol) and
finally PAP diacid (0.036 g, 0.086 mmol) were added. The PAP diacid was dispersed
through sonication. The bottle was placed in an oven preheated to 120 ◦C and kept
at this temperature for 24 h. After cooling to room temperature, the solid was iso-
lated through centrifugation (Eppendorf centrifuge 5430, 7830 rpm, 7197 rcf, 5 min)
and washed by suspending it in DMF (30 mL, anhydrous) and subsequent centrifu-
gation. Suspension and centrifugation were repeated two more times. Afterwards
the PAP-UiO was suspended in unstabilized CH2Cl2 (30 mL) and centrifuged. The
isolated yellow powder was dried under reduced pressure (2.4 × 10-3 bar). The ma-
terial was extracted for 48 h with unstabilized CH2Cl2 and molecular sieves added
to the CH2Cl2 phase under nitrogen atmosphere using a Soxhlet device (5 mL). The
powder was dried under reduced pressure (2.4 × 10-3 bar) and stored under nitrogen
atmosphere.
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Synthesis of PAP-UiO (film)

Microscope slides or cover slips (Thermo Scientific Menzel-glasses; the microscope
slides measuring 76 mm × 26 mm were cut into pieces of 2 cm × 2 cm, whereas the
cover slips were used as received with a size of 24 mm × 24 mm) were used as sub-
strates for the films. First, the substrates were covered with a silane self-assembled
monolayer (SiSAM, see Figure 8.1). The substrates were pre-cleaned using ultra-
sonic treatment in methanol and acetone for 10 min each. To remove any organic
material on the substrates, they were then immersed in piranha acid (3:1 sulfuric
acid and aqueous hydrogen peroxide (30%); 15 mL H2SO4 and 5 mL H2O2) for 1 h.
Afterwards, the substrates were neutralized by immersion in water for 2 h. Prior to
SiSAM growth the slides were activated by plasma cleaning in an oxygen plasma (Di-
ener electronic, Plasma-Surface-Technology) for 20 min. Then, the substrates (5 at
a time) were immersed in a solution of 1 mM 10-undecenyltrichlorosilane (13.8 µL)
in toluene (50 mL) for 24 h at room temperature. After rinsing with water and
drying with compressed air the ethylene groups were oxidatively cleaved to yield
carboxylic acid groups by immersing the substrates (5 at a time) in a solution of
water (50 mL) containing potassium permanganate (10 mg) and sodium periodate
(420 mg) as the oxidizing agents for 22.5 h at room temperature.

Figure 8.1: Schematic representation of the SiSAM growth on glass slides. First, the
cleaned and plasma activated slides (a) are covered with 10-undenyltrichlorosilane (b)
and afterwards the ethylene groups are oxidatively cleaved to yield the corresponding
carboxylic acids by using KMnO4 and NaIO4 (c). The corresponding contact angle mea-
surements are shown under the respective schemes. The contact angles after each step
were measured to be 0◦ for the cleaned slide, 92◦ for the SiSAM with the terminal ethylene
group, and 71◦ for the SiSAM with a carboxylic acid groups after oxidation.

The PAP-UiO film was synthesized by vapor-assisted conversion (VAC), which has
recently been investigated by our group for the synthesis of Zr-based MOFs (Chap-
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ter 7). For the growth solution, ZrOCl2 · 8H2O (2.8 mg, 0.0086 mmol) was dissolved
in DMF (1 mL) by ultrasonic treatment. Then acetic acid (100 µL, 1.7 mmol) and
PAP diacid (3.6 mg, 0.0086 mmol) were added and dissolved by applying ultrasound.
The substrate was placed slightly above the solvent level (4.5 mL DMF with 0.5 mL
acetic acid) in a glass bottle (Schott Duran, Borosilicate 3.3, ISO4796, 100 mL) with
a PBT cap equipped with a Teflon seal where the bottom was filled with 14 Raschig
rings (10 mm × 10 mm, soda-lime glass), as illustrated in Figure 8.2. Afterwards
300 µL of the growth solution was drop-cast on top of the substrate and the bottle
was carefully placed in a preheated oven at 100 ◦C for 24 h. After cooling to room
temperature, the film was dried under reduced pressure (2.4 × 10-3 bar) and stored
under nitrogen atmosphere.

Figure 8.2: Schematic representation of the vapor-assisted conversion (VAC) process. The
SiSAM functionalized substrate was placed slightly above the solvent level, containing
DMF as the solvent and acetic acid as the modulator. The droplet of the growth solution
consisted of the starting materials for the formation of the PAP-UiO framework. Through
heating in an oven, DMF and acetic acid evaporate and dissolve in the droplet, assisting the
formation of the MOF at the interface between the droplet and the SiSAM functionalized
glass.

8.2.3 Chemiluminescence experiments

For the chemiluminescence experiments, stock solution 1 of bis(2,4,6-trichlorophenyl)
oxalate (30 mg, 66.9 µmol) in dibutyl phthalate (1 mL) and stock solution 2 of
sodium salicylate (3.6 mg, 22.4 µmol), tert-butanol (3.55 mL, 37.8 mmol) and aque-
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ous H2O2 (30%; 3 mL, 97.9 mmol) in dimethyl phthalate (13.5 mL) were freshly
prepared. Stock solution 1 was centrifuged (Eppendorf centrifuge 5418, 14000 rpm,
16900 rcf, 4 min) to remove any particulate matter from the solution.

For monitoring the emission of the chemiluminescence on a fluorescence spectrome-
ter, 1 mg of PAP-UiO (bulk) or 0.3 mg of the free linker diester (dimethyl anthracene-
9,10-bis(phenyl-4-carboxylate)) were dispersed respectively dissolved in 1.5 mL of
stock solution 1. An emission spectrum was recorded from 400 nm to 600 nm with
a step width of 1 nm and an integration time of 0.1 s per step. Afterwards 1.5 mL
of stock solution 2 was added and the solution was stirred. Monitoring the emission
was carried out by recording an emission spectrum every minute. The intensity and
wavelength at the emission maximum were determined from the emission spectra by
fitting the data with a log-normal distribution of the form given in Equation 8.1 with
the fitting parameters A−E and determining the maximum of the fitting function
numerically.

f(x) = A+ B

x
e
−

[ln(x− C)−D]2
E (8.1)

Using a log-normal distribution for fitting is purely empirical and does not reflect an
underlying physical principle. It was chosen because it reproduces the asymmetric
peak shape of the emission peaks.

For the experiments monitoring the chemiluminescence with a microscope, the
PAP-UiO (film) was glued (expoxy adhesive from LiquiMoly) to the bottom of
a Petri dish (∅ 4 cm) and a characteristic shape was scratched into the film to
contrast the crystallites against a clean background. Stock solutions 1 and 2 were
mixed in a volume ratio of 1:1, and the resulting mixture (800 µL) was added to the
petri dish with the PAP-UiO (film). Then, the luminescence was monitored using
the microscope.

For testing the stability of the MOF during the chemiluminescence experiment, five
Eppendorf tubes were loaded with 3 mg of the PAP-UiO (bulk) and the MOF was
dispersed in 1 mL of a 1:1 mixture of stock solutions 1 and 2. The Eppendorf tubes
were mixed on a shaker for different periods of time (0.5 h, 1 h, 2 h, 4 h and 8 h).
Afterwards the mixtures were centrifuged (Eppendorf centrifuge 5418, 14000 rpm,
16900 rcf, 5 min) and PAP-UiO was washed by suspending in dimethyl phthalate
(1 mL) and subsequent centrifugation. Suspension and centrifugation were repeated
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two more times. Afterwards the PAP-UiO was suspended in unstabilized CH2Cl2
(1 mL) and centrifuged. Suspension and centrifugation were repeated two more
times. After drying the bulk material under reduced pressure (2.4 × 10-3 bar) the
MOF was characterized by XRD and SEM.

The stability of the PAP-UiO (film) was tested by cutting a small piece of the film
from the 2 cm × 2 cm substrate and immersing it in 1 mL of a 1:1 mixture of stock
solutions 1 and 2 for 0.5 h or 1 h. Afterwards, the film was rinsed several times with
dimethyl phthalate and CH2Cl2, dried under reduced pressure (2.4 × 10-3 bar), and
characterized by XRD and SEM.

8.2.4 Characterization

X-ray diffraction (XRD)

Powder X-ray diffraction data (PXRD) were collected on a STOE Stadi MP diffrac-
tometer in transmission geometry with Ge-filtered Cu Kα1 (λ = 1.54060 Å) radiation
operating at 40 kV and 40 mA with a DECTRIS MYTHEN 1K strip solid-state de-
tector. The sample was placed into the sample holder between two 0.014 mm thick
acetate-foils (ultraphan). Diffraction patterns were collected between 2-45◦ in an
omega-2-theta scanning mode using a step size of 4.71◦ and an integration time of
60 s per step.

Film XRD data were recorded on a Bruker D8 Discovery diffractometer equipped
with a LynxEye position-sensitive detector. The measurement was performed in
reflection geometry (Bragg-Brentano) using Ni-filtered Cu Kα1 radiation operating
at 40 kV and 30 mA. The diffraction patterns were recorded between 2-30◦ in a
locked coupled mode with an increment of 0.05◦ and a scan time of 1 s per step.

Two-dimensional grazing-incident wide-angle X-ray diffraction (2D GIWAX) data
were collected using an Anton-Paar SAXSpace system equipped with a Cu Kα1

microfocus source operated at 50 kV and 1 mA and an Eiger Dectris R 1M 2D
detector.
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Nitrogen sorption

Nitrogen sorption isotherms were measured at 77 K with a Quantachrome
AUTOSORB-IQ. The material (about 40 mg) was degassed at 120 ◦C in high
vacuum for 12 h prior to the measurement. Evaluation of sorption data was car-
ried out using the ASiQwinTM software suite (Version 3.0, Quantachrome Instru-
ments). Brunauer-Emmett-Teller (BET) surface areas were calculated employing
the linearized form of the BET equation in the p/p0 range from 0.005 to 0.01, ac-
cording to Quantachrome recommendations for microporous materials. [30,31] Lang-
muir surface areas were calculated employing data points in the p/p0 range from
1 × 10-6 to 5 × 10-2. Adsorption isotherms were used to calculate the pore size dis-
tribution by employing a quenched solid state density functional theory (QSDFT,
N2 at 77 K on carbon, cylindrical/sphere pore, adsorption branch). The pore volume
was calculated at p/p0 0.20.

Thermal properties

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC)
measurements were carried out in parallel using a Netzsch Jupiter ST 449 C in-
strument equipped with a Netsch TASC 414/4 controller. The material (about
10 mg) was placed in an aluminum oxide crucible and was heated in a synthetic air
flow (20.5% oxygen in nitrogen from Air Liquide supplier) from 25 ◦C to 900 ◦C
with a heating rate of 10 ◦C min-1.

Scanning electron microscopy (SEM)

Bulk PAP-UiO was mounted on carbon sticky tape, while PAP-UiO films were glued
with Acheson silver DAG 1415 glue (G 3692 from PLANO GmbH) onto an aluminum
cylinder sample stub. Prior to SEM analysis the samples were coated with a thin
carbon layer by carbon fiber flash evaporation under high vacuum. SEM images
were recorded on a FEI Helios G33 UC equipped with a field emission gun. An
acceleration voltage of 2 kV was used for image acquisition.
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Contact angle measurements

Contact angle measurements were performed on an attension instrument from Biolin
Scientific. A droplet of water was placed on the substrate while recording images.
Image analysis to determine the contact angle was carried out with the software
“one attension“ using a Young-Laplace analysis mode and an air-to-water interface.

Fluorescence spectroscopy

Chemiluminescence was monitored using a PTI fluorescence spectrometer featuring
a PTI 814 photomultiplier detector, a PTI MD5020 motor driver, and a Quantum
Northwest TC 125 sample holder. No excitation light was used since the framework
is intrinsically luminescent. The bandpass of the detector was set to 2 nm, and each
30 s an emission spectrum was recorded from 400 nm to 600 nm at a step width of
1 nm and an integration time of 0.1 s per step.

Fluorescence Microscopy

A Nikon Eclipse Ti-U inverted microscope equipped with a Nikon Plan Fluor
10×/0.30 objective and an Andor iXon+ DU897-BV back-illuminated electron mul-
tiplying charge-coupled device (EM-CCD) camera in kinetic mode with an exposure
time of 2 s and a kinetic cycle time of 15 s was used to image the chemilumines-
cence. One pixel of the detector corresponds to 1.566 µm. The detector was cooled
to -80 ◦C during measurements. No excitation light was used since the framework
is intrinsically luminescent.
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8.3 Results and discussion

The reaction of 9,10-di(4-hydroxycarbonylphenyl)anthracene and ZrOCl2 in DMF
with acetic acid acting as a modulator [32,33] at 120 ◦C for 24 h gave a highly crys-
talline material, denoted as PAP-UiO (Figure 8.3a). The reaction conditions were
adapted from our previously reported investigations on the synthesis and function-
alization of terphenyldiacarboxaylates and their corresponding Zr-based UiO-analog
MOF structures (Chapter 5). Following the methods described in our previous re-
ports, the MOF was also subjected to Soxhlet extraction with CH2Cl2 to remove
residual DMF from the framework before further characterization.

According to the powder X-ray diffraction (PXRD) pattern (Figure 8.3b and
8.4a) the new MOF material exhibits the same topology as the parent com-
pounds UiO-66(Zr), [24] UiO-67(Zr), [24] and UiO-68(Zr)-NH2. [32] The framework
consists of Zr6O4(OH)4(CO2)12 clusters, with each one connected to twelve
other clusters by the linker (Figure 8.3a). The linker of the PAP-UiO MOF,
9,10-di(4-hydroxycarbonylphenyl)anthracene, has the same length as the linker of
UiO-68(Zr)-NH2, 2′-amino-1,1′:4′,1′′-terphenyl-4,4′′-dicarboxylate.

The BET surface area of about 2835 m2 g-1 and the shape of the isotherm (Type I
according to the IUPAC classification) [34,35] is typical for UiO materials. [24,32,36] QS-
DFT pore size analysis shows a narrow pore size distribution with a maximum
at 1.8 nm (Figure 8.3c). The thermal stability and composition of PAP-UiO was
determined by thermogravimetric analysis (TGA, Figure 8.5). Decomposition of
the framework starts at 460 ◦C. This decomposition temperature is comparable to
UiO-66 and UiO-67, which are both thermally stable up to 450 ◦C under these
conditions. [32] The composition of the PAP-UiO material was calculated from TGA
data assuming ZrO2 as the only residue at higher temperature, and an expected
composition of PAP-UiO represented as Zr6O4(OH)4(PAP)6. The experimentally
obtained values are listed in Table 8.1. We calculated two sets of values, one that
takes the presence of guest molecules into account, while the other one assumes an
ideal framework. The deviation of the measured values from the theoretically calcu-
lated ones is within the experimental margin of error of TGA measurements (1%),
indicating a material with a low defect concentration.

Besides the bulk material described above, thin films of PAP-UiO were also syn-
thesized to study the chemiluminescent properties of the new material. The films
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Figure 8.3: (a) Illustration of the PAP linker that was incorporated into the PAP-UiO net-
work: 12 IBUs [Zr6(µ3−O)4(µ3−OH)4(CO2)12] are connected by the carboxylate groups
of twelve PAP linkers. (b) XRD patterns of bulk PAP-UiO (red) and PAP-UiO film (blue)
on a microscope slide modified with a self-assembled monolayer of silanes containing a car-
boxylic acid end group, compared to the calculated XRD pattern of PAP-UiO (black). (c)
Nitrogen sorption isotherm of bulk PAP-UiO measured at 77 K. Red squares: adsorption,
empty squares: desorption. The insert shows the calculated pore-size distribution using
a QSDFT model (cylindrical/sphere pores, adsorption branch). The BET and Langmuir
surface areas as well as the pore volume are also given in the graph. (d) 2D GIWAXS pat-
tern of PAP-UiO film grown on a microscope slide, demonstrating a preferred orientation
(in red the miller indices according to the set of planes).

were prepared on a glass slide that was modified with a self-assembled monolayer
of silanes for obtaining a carboxylic acid functionalized surface (Figure 8.1). Film
growth was achieved by vapor-assisted conversion (Figure 8.2), which has recently
been developed for the synthesis of UiO frameworks (Chapter 7). In the present
case, a 300 µL droplet of DMF containing 8.6 mmol L-1 of starting material was
drop-cast onto the substrate, which was then placed slightly above the solvent level
of a mixture of DMF and acetic acid in a sealed glass container. After 24 h at 100 ◦C,
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Figure 8.4: (a) PXRD patterns of the PAP-UiO (bulk) after washing with DMF and
CH2Cl2 (red), after additional Soxhlet extraction with dry and unstabilized CH2Cl2
(green), after the sorption experiment (blue), and the calculated pattern of PAP-UiO
(black). (b) PXRD patterns of PAP-UiO (bulk) exposed to the chemiluminescence solu-
tion for different times: 0 h (red), 0.5 h (orange), 1 h (green), 2 h (cyan), 4 h (blue), 8 h
(purple), respectively, and calculated pattern of PAP-UiO (black).
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Figure 8.5: Results of thermogravimetric analysis (red) and differential scanning calorime-
try (black) of PAP-UiO (bulk) in flowing air with a heating rate of 10 ◦C min-1. The tem-
perature of the onset of decomposition and the mass loss of individual steps are indicated.

a film with a preferential direction of crystal growth along the 111 axis was obtained
(peak at 4.7 degrees of 2θ in Figure 8.3b), as evidenced from XRD measurements
(Figure 8.3b and 8.6a) and 2D GIWAXS (Figure 8.3d) measurements.

For performing the peroxyoxalate chemiluminescence reaction (Figure 8.7) on the
bulk and film PAP-UiO systems that were synthesized as described above, we
followed a published procedure [37] with slight modifications. A solution of tert-
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Table 8.1: Mass-losses of PAP-UiO (bulk) during thermogravimetric analysis: experimen-
tally determined data (Figure 8.5), experimentally determined data taking the content
of guests into account, and calculated data based on the ideal composition of PAP-UiO
[Zr6O4(OH)4(PAP)6].

step experimental guest free calculated
guest 4.2%
linker 73.2% 76.4% 76.7%
residue 22.6% 23.6% 23.3%

Figure 8.6: (a) XRD patterns of the PAP-UiO (film) grown on a microscope slide (blue)
and on a cover slide (purple) compared to the PXRD pattern of the PAP-UiO (bulk)
material (red) and to the calculated pattern of PAP-UiO (black). (b) XRD patterns of
the PAP-UiO (film) grown on the microscope slide exposed to the chemiluminescence
solution for different times of exposure: 0 min (blue), 15 min (pink), and 60 min (green),
compared to the calculated pattern of PAP-UiO (black).

butanol and aqueous H2O2 in dimethyl phthalate was mixed with a solution of
bis-(2,4,6-trichlorophenyl) oxalate in dimethyl phthalate. This mixture was added
to PAP-UiO in a solution of sodium salicylate in dibutyl phthalate and the emis-
sion was monitored. Sodium salicylate is assumed to assist in the formation of the
1,2-dioxetan-3,4-dione – the most probable high energy intermediate that excites
the luminophore [23] – through deprotonation of hydrogen peroxide and the reaction
intermediate 2-oxo-2-(2,4,6-trichlorophenoxy)ethaneperoxoic acid. [38]

Under these conditions, both the PAP-UiO bulk material and the thin film showed
clearly visible chemiluminescence with an emission maximum at approximately
442 nm (Figures 8.8 and 8.9). Observing the chemiluminescence with a fluores-



270 8. A chemiluminescent metal-organic framework

Figure 8.7: Suggested mechanism for the electronic excitation of the PAP-UiO. The aster-
isk indicates a molecule in an electronically excited state. The suggestion is based on the
most probable mechanism for the peroxyoxalate reaction system in which 1,2-dioxetan-
3,4-dione is the high energy intermediate that causes electronic excitation of diphenylan-
thracene. [23,39] The reaction was performed in a mixture of dimethyl and dibutyl phthalate
in the presence of a small amount of sodium salicylate.

cence microscope showed strong light emission emanating from the crystallites of
the film against a dark background (introduced by partially scratching off the film)
(Figure 8.8).

To study the chemiluminsecent properties of PAP-UiO more quantitatively, fluores-
cence spectroscopy of the bulk material was performed. Additionally, the peroxyox-
alate chemiluminescence experiments were also carried out under identical conditions
with the free linker diester (dimethyl anthracene-9,10-bis(phenyl-4-carboxylate)) of
PAP-UiO for comparison (Figure 8.9a). Figure 8.9b shows that in the case of
PAP-UiO the emission intensity increases almost linearly for approximately 30 min-
utes and then begins to level off. The maximum of the emission band (Figure 8.9c)
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Figure 8.8: Microscopy study of PAP-UiO thin film. (a) Brightfield image (grayscale). (b)
Chemiluminescence emitted from the MOF crystallites (false-colored). (c) SEM image of
the PAP-UiO film.

shows a large hypsochromic shift from about 452 nm to 443 nm during the first
7 minutes of the reaction and a very subtle further shift to about 442 nm after
one hour. On the other hand, in the case of the free linker diester, the intensity of
the chemiluminescence decays rapidly from the start of the experiment (Figure 8.9b)
and the wavelength of the emission band maximum stays constant throughout the re-
action (Figure 8.9c). The observed drastic differences in chemiluminescence behavior
between the MOF and the free linker diester strongly suggest that the chemilumines-
cence originates from the luminophores within the framework itself rather than from
free linker molecules resulting from the decomposition of the framework. The differ-
ence in kinetics can be explained by the fact that the reactive species require some
time to diffuse into the porous framework and reach the luminophores at the inside
of the MOF crystallites, while in solution all free linker diester molecules are readily
accessible right from the beginning of the chemiluminescence reaction. In solution,
this leads to a rapid consumption of the starting materials and a deactivation of the
free linker diester molecules, resulting in the observed rapid decay of chemilumines-
cence. The fact that the emission wavelength changes over time in the case of the
MOF also suggests that the chemical environment of the luminophores changes over
time. This is most likely due to a diffusion of solvent and reactants into the pores,
probably accompanied by a coordination of reactants to undercoordinated metal
sites within the framework, which should alter the Lewis acidity of the Zr nodes
and with it the “push-pull” behavior on the dicarboxylate linker. For the free linker
diester however, the emission wavelength remains constant throughout the reaction,
as expected for a homogeneous, molecular solution of the free luminophore.

We also investigated the stability of the PAP-UiO as bulk material and as thin film
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Figure 8.9: Spectral data of the chemiluminescence of the PAP-UiO (black) and free linker
diester (red). For experimental details, see the text. (a) Examples of emission spectra of
PAP-UiO 60 min, and of free linker diester 1 min after starting the chemiluminescence
reaction. (b) Time dependence of the intensities of the emission band maxima. (c) Time
dependence of the wavelengths of the emission band maxima.
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under the conditions of the chemiluminescence experiments, employing both XRD
measurements and electron microscopy (Figures 8.4b, 8.6b, 8.10 and 8.11). After
the bulk material was exposed to the chemiluminescence conditions for the time
indicated, it was retrieved from the solution, washed, and characterized. PXRD
measurements of the bulk material show no loss of crystallinity within the first four
hours. Only after eight hours, the PXRD patterns change noticeably (Figure 8.4b).
However, while the shape and positions of the reflections do not change within a four
hour time frame, a slight decrease of the signal-to-noise ratio can be observed, which
might be an indication that part of the material is etched away, while the majority
keeps its crystallinity. This is also underscored by electron microscopy images that
show a “roughening” and some degree of etching of the crystallite surfaces within
the first four hours and a more or less complete destruction of most crystallites after
eight hours (Figure 8.10). For the PAP-UiO film, only a slight loss of crystallinity
and no noticeable signs of degradation can be observed with XRD measurements
and electron microscopy images within one hour (Figures 8.6b and 8.11). These
observations corroborate our above findings, showing that the chemiluminescence
originates from reactants diffusing into the pores and exciting linker molecules within
the framework rather than free linker molecules in solution (Figure 8.9).
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Figure 8.10: SEM images. The columns show the SEM images of the PAP-UiO (bulk) material before (a) and after (b-f) exposure to
the chemiluminescence solution for different times: (b) 0.5 h, (c) 1 h, (d) 2 h; (e) 4 h and (f) 8 h, while the rows represent different
positions of the samples and different magnifications.
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Figure 8.11: SEM images. The columns show the SEM images of the PAP-UiO (film)
before (a) and after (b-c) the exposure to the chemiluminescence solution for different
times: (b) 15 min and (c) 60 min, while the rows represent different positions of the
samples and different magnifications.
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8.4 Conclusion

In conclusion, we reported on the synthesis of diphenylanthracene-containing
PAP-UiO, a Zr-based MOF that shows UiO topology and that is highly porous (BET
surface area 2835 m2 g-1) and thermally stable (up to 460 ◦C in air in the TGA).
Due to its linker 9,10-di(4-hydroxycarbonylphenyl)anthracene, it shows strong
chemiluminescence when exposed to a solution of bis(2,4,6-trichlorophenyl)oxalate,
hydrogen peroxide and sodium salicylate in a mixture of dimethyl and dibutyl
phthalate. Employing the construction principles guiding the assembly of MOF
strucutres, for the first time our work expands the scope of chemiluminescent sys-
tems to a periodic porous framework. The fact that PAP-UiO can be synthesized in
bulk or as thin oriented film offers intriguing functionality as microscopic chemical
light source or as a chemical sensor for the detection of hydrogen peroxide or oxalate.
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Chapter 9

Conclusion

In this work, the topology and stability of metal-organic frameworks were inves-
tigated. The main theme was the pore surface functionalization by incorporating
various functional groups into different porous networks. Furthermore, the stabil-
ity of the MOFs towards water regarding the functionality has been examined. In
addition a new, rapid and facile method for synthesizing an isoreticular series of
MOFs was established and successfully used for preparing films of a chemilumines-
cent MOF.

In Chapter 3, the functionalization of the PCN-6 topology was examined, a network
constructed of copper paddle-wheels connected by triazine-2,4,6-triyl-tribenzoate
linkers. As we only wanted to functionalize parts of the internal surface, mono-
substituted triazine linkers were used. It has been shown that for achieving mono-
functionalized trigonal linkers, a modified synthesis route has to be chosen. With this
new synthetic route mono-substituted triazine linkers with nitro groups either in the
meta or ortho position and an amino group in the meta position to the connecting
carboxylic group were obtained and successfully incorporated into the PCN-6 topol-
ogy. Furthermore, it has been shown that the position of the functional group has
no influence on the thermal and water stability of the PCN-6 frameworks, whereas
the nature of the functional group had a great impact on the stability. In addition,
the amino-functionalized framework has shown to be unstable towards the removal
of guest molecules, while the surface area in the case of nitro-functionalized frame-
works revealed a dependence on the position, as for the ortho position a decreased
surface area in contrast to the meta position and unfunctionalized framework was
observed. As the PCN-6 networks exhibit only moderate humidity stability, we fo-
cused on the synthesis of more stable MOFs using the mono-functionalized triazine
linkers.

In Chapter 4, the nitro-based mono-functionalized trigonal triazine linkers were suc-
cessfully incorporated in an iron(III)-based MOF. In this MOF iron-oxide clusters
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were connected through two different linker types: linear dicarboxylates and trigo-
nal tricarboxylate linkers. Through the combination of un- or nitro-functionalized
trigonal triazine linkers with un- or amino-functionalized terephthalate linkers, five
differently functionalized networks were obtained. Furthermore, it was even possible
to obtain a MOF exhibiting amino and nitro groups within the same network. In
addition, through the use of the triazine-based linker an interpenetration of the net-
work could be avoided, as it has been shown that for the analog trigonal linker based
on a benzene core an interpenetrated network was formed. It has been demonstrated
that regarding the functionalization no difference in thermal and water stability, as
well as surface area was obtained, and the MOFs were even comparable in stability
to the interpenetrated network. An elongation of the network has been investigated,
as these MOF networks have been shown to be stable towards water. To this end,
either the linear linker or the trigonal one has been extended. Here, the elongation
of the linear linker only led to amorphous material, even in combination with the
elongated trigonal one. In contrast, the elongation of the trigonal linker led to crys-
talline material, but the synthesized MOFs turned out to be unstable towards the
removal of guest molecules. The instability of elongated networks is known in the
literature, as also in the case of an UiO topology an elongation of the terephthalic
acid to a terphenyl led to a decrease in stability.

In Chapter 5 we investigated the functionalization of the terphenyl linker to achieve
enhanced framework stability. Through the synthesis of differently substituted
building blocks a powerful tool has been established for synthesizing terphenyl link-
ers with functionalizations varying in their number and nature. Zirconium clusters
were successfully connected through the five differently functionalized linkers lead-
ing to MOFs with UiO-66 topology. In comparison to the iron(III)-based MOFs,
the functional groups have shown a great impact on the water stability and surface
area of the resulting networks. The tetraethoxy-functionalized framework has been
shown to be unstable towards the removal of guest molecules, whereas the surface
area of the other four functionalized frameworks revealed an increase in stability with
decreasing size and number of functional groups. However, all five MOF structures
were only stable in humid atmosphere for a few hours, while the anthracene- and
diisopropoxy-functionalized linkers have been shown to be somewhat more stable in
comparison to the other three networks.

In Chapter 6, a further elongation of the dicarboxylate linker in the zirconium-based
UiO frameworks was investigated. It has been shown that by precisely adjusting
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the length of the dicarboxylic linker the boundary between the non-interpenetrated
UiO topology and the twofold interpenetrated PIZOF topology could be detected.
For this purpose, linkers with different sizes were synthesized by the combination
of phenylene (P) and ethynylene (E) units. It has been demonstrated that the
largest linker resulting in an UiO network is constructed of PEEP units, while the
slightly larger linkers based on PEPP and PPPP units already resulted in inter-
penetrated networks. Furthermore, it has been illustrated that the PEPP- and
PPPP-PIZOFs exhibit a strikingly different behavior in comparison to the unique
PEPEP-PIZOF-2 structure. This was reflected in the stability of the frameworks,
as the PEPEP-PIZOF-2 could be dried from a water-wetted state without decom-
position of the framework, whereas the other two PIZOFs were only stable if water
had been exchanged by ethanol prior to drying. This behavior has been attributed
to capillary forces during the drying process from the water-wetted state. In addi-
tion TGA data and the difficulties in obtaining highly crystalline material indicated
the presence of defects, which apparently present strong binding sites for water
molecules, and could therefore be the origin for the reduced water stability.

With respect to potential applications of MOFs in various concepts, not only the
water stability is of vital importance, also films are a very attractive alternative to
the bulk material, when concerning the use of MOFs in sensor or electronic devices.
Therefore, in Chapter 7, the previously studied zirconium-based MOF structures
of Chapter 5 and Chapter 6, were investigated regarding the growth of thin films.
A rapid and facile film growth method has been established: the vapor-assisted
conversion. It has been shown that this isoreticular series of zirconium-based MOFs
could be grown in an oriented manner on gold substrates. Furthermore, it was even
possible to grow these MOF on various substrates without changing the orientation
along the (111) plane. The porosity of the UiO and PIZOF film structures was
examined by ethanol sorption measurements with films grown on QCM-chips at
room temperature. Remarkably, UiO and PIZOF films grown by VAC retained
their bulk structural character on the substrate. Thereby, the first PIZOF film with
an interpenetrated structure has been obtained. Finally, we were even able to vary
the thickness and crystallite size in the films by tuning the droplet size, precursor
and modulator concentration.

Through applying the VAC method of Chapter 7, a chemiluminescenct moi-
ety constructed of a diphenyl anthracene unit was synthetically integrated into
the UiO network. In Chapter 8, the chemiluminescence behavior of the frame-
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work has been investigated. It has been demonstrated that the network ex-
hibits a strong chemiluminescence upon the addition of a solution containing
bis(2,4,6-trichlorophenyl)oxalate, hydrogen peroxide and sodium salicylate. Based
on XRD studies, the framework seemed to be stable under the reaction conditions,
whereas SEM images revealed a partial deconstruction of the framework, possibly
caused by the vacuum conditions and electron beam exposure. The chemilumi-
nescence has been monitored by luminescence microscopy, while the MOF was
successfully grown as a film on a SiSAM modified glass substrate by applying VAC.

In summary, it has been shown that MOFs are promising materials towards indus-
trial use. However, their potential in various applications is still limited due to the
moderate water stability. Through internal surface functionalization the properties
of the MOFs can be drastically changed, however regarding the MOF framework
stability it has been illustrated that the functionalization has only minor influence.
Regarding this aspect, a mixed linker iron(III) MOF exhibits the highest stability
in comparison to the other investigated topologies. In combination with the used
non-toxic iron(III)-metal, this MOFs has great potential for various applications
and especially in the field of drug delivery. For various other applications, MOF
thin films are required and the established new vapor-assisted conversion method
for fabricating MOF films shows great potential. This potential has already been
illustrated in the synthesis of a chemiluminescent framework and the potential ap-
plication of this MOF as a light-emitting sensor for hydrogen peroxide.
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List of abbreviations

2D two-dimensional
A anthracene
AFM atomic force microscopy
BBC 4,4′,4′′-(benzene-1,3,5-triyl-

tris(benzene-4,1-diyl))tribenzoate
BDC 1,4-benzendicarboxylic acid
BET Brunauer, Emmett and Teller
BPDC biphenyl-4,4′-dicarboxylic acid
BTB 4,4′,4′′-benzene-1,3-5-triyl-benzoic acid

or 1,3,5-benzenetribenzoate
BTC benzene-1,3-5-tricarboxylic acid
CCD charge-coupled device
CEM controlled evaporation mixer
CI chemical ionization
COF covalent organic framework
CoTCPP 5,10,15,20-tetrakis(4-

carboxyphenyl)porphyrinato-cobalt(II)
CRT cathode ray tube
DABCO 1,4-diazabicyclo[2.2.2]octane
DFT density functional theory
DGC dry-gel conversion
DOT dioxidoterephthalate
DMF N,N -dimethylformamide
DMOF DABCO-based MOF
DMSO dimethylsulfoxide-d6

DSC differential scanning calorimetry
E ethynylene
EA elemental analysis
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e.g. exempli gratia
EI electron ionization
EDX energy dispersive X-ray spectroscopy
ESI electronspray ionization
ESRF European Synchroton at

Grenoble/France
et al. et alii
FAB fast atom bombardment
FI field ionization
FID free induction decay
FIR far-IR
FT-IR Fourier-transform-IR spectrometer
GFC gas flow controller
GIWAXS grazing-incidence wide-angle X-ray

scattering
HKUST Hong Kong University of Science and

Technology
HPLC high performance liquid

chromatography
HTB 4,4′,4′′-(1,3,4,6,7,9,9-

heptaazaphenylene-2,5-8-
triyl)tribenzoic acid

IBU inorganic building unit
IR infrared
IRMOF isoreticular MOF
IT ion-trap
IUPAC International Union of Pure and

Applied Chemistry
L ligand
LB Langmuir-Blodgett
LbL layer-by-layer
M metal
MALDI matrix-assisted laser desorption

ionization
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MBB molecular building block
Me2-TPDC 2′,5′-dimethylterphenyl-4,4′′-

dicarboxylic acid
MFC mass flow controller
MIL Matériaux de l′Institut Lavoisier
MIR mid-IR
MOF metal-organic framework
MS mass spectroscopy
MTV-MOF multivariate MOF
NIR near-IR
NLDFT non-local density functional theory
NMR nuclear magnetic resonance
NTE negative thermal expansion
OBU organic building unit
P phenylene
PAP 9,10-Di(4-

hydroxycarbonylphenyl)anthracene
PCN porous coordination network
PCP porous coordination polymer
PEEP 4,4′-(buta-1,3-diyne-1,4-diyl)dibenzoic

acid
PEPEP 4,4′-(1,4-phenylenebis(ethyne-2,1-

diyl))dibenzoic acid
PI photon ionization
PIZOF porous-interpenetrated

zirconium-organic framework
P-NH2 2-aminoterephthalic acid
PP biphenyl-4,4′-dicarboxylic acid
PPP 1,1′:4′,1′′-terphenyl-4,4′′-dicarboxylic

acid
PPP-NH2 2′-amino-4,4′′-dicarboxy-1,1′:4′,1′′-

terphenyl
PPPP 1,1′:4′,1′′:4′′,1′′′-quaterphenyl-4,4′′′-

dicarboxylic acid
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PSD postsynthetic decoration
PSM postsynthetic modification
PTB pyridine-2,4,6-tribenzoic acid
pto Pt3O4, 3S net
py pyridine
QCM quartz crystal microbalance
QSDFT quenched solid state density functional

theory
RCSR Reticular Chemistry Structure

Resource
RT room temperature
SAC steam-assisted conversion
SAM self-assembled monolayer
SEM scanning electron microscopy
SBU secondary building unit
SiSAM silane self-assembled monolayer
SLI sequential ligand installation
SNBL Swiss Norwegian BeamLine
ST supertetrahedra
SURMOF surface-attached metal-organic

frameworks
TAPB 4,4′,4′′-(triazine-2,4,6-triyl-

tris(benzene-4,1-diyl))tribenzoic
acid

TATAB 4,4′,4′′-s-1,3,5-triyl-tri-p-aminobenzoic
acid

TATB 4,4′,4′′-(1,3,5-triazine-2,4,6-triyl)-
tribenzoic acid or triazine-2,4,6-triyl
tribenzoate

tbo twisted boracite, 3S net
TFA trifluoroacetic acid
TFO time of flight
TG thermogravimetric
TGA thermogravimetric analysis
THF tetrahydrofurane
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TMS tetramethylsilane
TTCA triphenylene-2,6,10-tricarboxylic acid
UiO Universitetet i Oslo
UV-Vis ultraviolet-visible
VAC vapor-assisted conversion
XRD X-ray diffraction
ZIF zeolitic imidazolate framework
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List of Symbols

αi small angle of incident
a crystal axis
A piezo-active area
As surface area
b crystal axis
B0 magnetic field
Blocal magnetic field for nucleus
χe anharmonicity
c concentration
c crystal axis
C BET constant
c0 speed of light
δ bending vibration
δ chemical shift
∆ path difference
∆E energy difference
∆f frequency change
∆m mass change
∆n transition
D crystal domain size
d distance or thickness
dhkl distance between hkl lattice planes
ε extinction coefficient
e elementary charge
E0 ground state
E1 exited state
Evib vibrational energy states
f frequency
f0 resonance frequency
β = FWHM full width at half maximum
γ gyromagnetic ratio
h Plank’s constant
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(hkl) Miller indices
I nuclear spin
It transmitted radiation
I0 incoming radiation
K Scherrer constant
k equilibrium constant
kad adsorption constant
kdes desorption constant
ki monochromatic X-ray radiation
ks scattered radiation
λ wavelength
µQ shear modulus of quartz
M multiplicity
me mass of electron
mI magnetic quantum number
m/z mass-to-charge ratio
ν stretching vibration
ν0 Larmor frequency
ν0
l frequency of reference nucleus
n integer number
n quantum number
na amount of adsorbate
NA Avogadro constant
nm capacity of monolayer
NA numerical aperture
ω bending vibration
p absolute pressure
p momentum
p0 saturation pressure
pH potentia hydrogenii
p/p0 relative pressure
qx,y,z wave vector
ρ bending vibration
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ρ contact area between solid and liquid
ρQ density of quartz
r relation of actual and projected surface
Ra roughness average
σl surface tension
σm molecular cross-sectional area
σs surface energy
σsl interface energy
S spin
SBET BET surface area
θ incident angle or Bragg angle
Θ contact angle
ΘW contact angle according to Wenzel
ΘCS contact angle according to Cassie and

Baxter
τ bending vibration
T1 longitudinal relaxation time
T2 and T ∗2 transversal relaxation time
∅ diameter
V cell volume
Vpore pore volume
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