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Summary

The work described in this thesis is motivated by the solvent-free
synthesis of hybrid materials. These molecular compounds are based on
azolates ligands and Fe(ll) as metallic nodes. The sensibility of the Fe(ll)
species and facility to oxidizes to Fe(lll) makes the solvent-free
methodology based on ferrocene as metal source an important approach to
expand the Fe(ll) chemistry in materials science. This novel synthetic route
can be applied to different metals and expand the synthesis to more metals
such as Co(ll), Zn(I1) and Mn(lI1).

oA .
N 2D MOFs

=

i N golvent-free Metal-organic frameworks (MOFs)
e

Ferrocene Azolates

Chapter 1 offers a general introduction to hybrid materials based on
molecules, as coordination polymers and metal-organic frameworks. The
introduction is focused on zeolitic imidazolate frameworks and layered
molecular materials, after a historical review of these metal-organic
frameworks. Chapter 2 presents the synthesis of the iron ZIF-8 analogue
(the MUV-3), using a solvent-free synthesis. This material was an elusive
compound owing to the facility of the Fe(ll) to oxidize to Fe(lll) in the
classic synthetic routes. In Chapter 3 it is shown a mixed-ligand approach
to improve the water stability of SOD zeolitic imidazolate frameworks,
using bulkier ligands to prevent the etching of water molecules. Chapter 4

presents a novel methodology to grow ZIF-8 in a controlled manner as a

Vi
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film onto a glass substrate, based on microfluidic techniques. This
technique permits the study of the crystal growth and the control of
different parameters such as diffusion and time.

In Chapter 5 it is shown the first example of a high-quality 2D
material based on a molecular compound (the MUV-1) thanks to its great
stability and robustness. Its high quality permits to study and confirm its
chemical composition and its crystallinity. Chapter 6 presents the goodness
of the molecular materials, showing the easy implementation of several
functionalities in a pre-synthetic approach, preserving all the properties and
crystallinity. Chapter 7 shows the versatility of the MUV-1 family, thanks
to the tunability of the magnetic properties changing the metallic nodes of
the systems maintaining the crystal structure. Finally, in Chapter 8 it is
shown two different approaches to expand the synthesis of layered
molecular materials to achieve 2D robust molecular materials such as the
MUV-1.
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Introduction

1.1 Coordination polymers and metal-organic frameworks
Along the XX century, inorganic and organic chemistry developed
coordination chemistry around molecules: metal complexes,
organometallics, and supramolecular chemistry,® although also some
coordination classic polymers were discovered during these years such as
Prussian blues? or Hoffman clathrates.® Coordination chemistry is based on
a dative bond, the coordination bond, which is a class of acid-base Lewis
interaction where metallic atoms act like Lewis acids and ligands as Lewis
bases (Figure 1.1a). These metallic complexes can form a discrete entity
(OD). However, in a repeated structure like the very known organic
polymers, they can form chains with an extension in one dimension (1D),
or construct more complicated frameworks with repetition of the motifs in
two or three dimensions (2D and 3D) (Figure 1.1b). This class of materials,
based on molecular complexes, has attracted the interest of different fields,
and has played an important role in the growth of important areas such as

molecular magnetism.*

However, the interest in extended metal-organic materials was
initiated exploded in the 1980s with the publication of two seminal works
by B. Hoskins and R. Robson in which they envisioned the possibility of
designing frameworks with potential voids in their structures. In 1989, B.
Hoskins and R. Robson reported the use of the four connected ligand
4,4,,4°° 4> -tetracyanotetraphenylmethane in combination with Cu(l),
synthetising for the first time a metal-organic crystalline material in which
2/3 of the volume was occupied by solvent, being only 1/3 of the volume

occupied by the framework (Figure 1.2a). This meant that this material
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d

Metallic node

Figure 1.1 a) Coordination compounds are composed by Lewis acids
(metal cation) and Lewis bases (ligand neutral/anion). ¢) Coordination
compounds can organize in complexes (0OD), chains (1D), or extended

compounds (3D and layered materials).

possesed potential voids similar to those found in other known porous
solids, such as zeolites,>® but made from both organic and inorganic
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moieties. In other words, this was the first example of a 3D hybrid
framework, composed by an organic part, the 4-connected ligand, and an
inorganic moiety, the metallic node, presenting cavities of 3,200 A3. This
is considered to be the beginning of a new field that has attracted much
interest in the past 30 years, and is the focus of this thesis: metal-organic
frameworks, or MOFs."8

A few years later, in 1995, O. Yaghi and co-workers contributed to
this new trend in coordination chemistry with a novel porous hybrid
network and coining the term metal-organic framework (MOF).® The same
year and only few months later, they published a MOF based in trimesic
acid coordinated to Co(ll) as metallic nodes. The octahedral environment
was completed with pyridines, forming an interdigitated layered framework
with channels full of different solvents, which for the first time were proved
to be interexchanged, thus showing the first application of these porous
systems (Figure 1.2b). However, this MOF collapsed upon evacuation,

limiting their use in other applications.®

In another part of the world, almost at the same time, in 1997, S.
Kitagawa and co-workers synthesized a different three-dimensional
framework based in 4,4’-bipyridine, nitrate and M(Il) (Co, Ni, Zn), with
small cavities and channels. This was the result of a complex structure
based in the arrangement of 1D chains forming planes (2D structure) and
originating a “tongue-and-groove” like 3D structure (Figure 1.2c). This
material was experimentally shown to be able to sorb O2 (0.8 mmol/g), CH4
(2.3 mmol/g) and N2 (0.8 mmol/g) gas molecules in type I isotherms at 1-

36 bar and 298 K. Thus, this was the first example of gas adsorption under
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Figure 1.2 Three of the first metal-organic frameworks with potential
voids and the first MOF with los pressures isotherms. a) Cu(l) centers in
a tetrahedral environment connected by four-connected organic ligands.
b) Co(ll) centers in an octahedral environment connected by carboxylates
(trimesic) and completing the coordination sphere with pyridines. c)
Ni(II) centers connected by 4,4 bipyridines completing the coordination
sphere with nitrates anions. d) Crystal structure composed by terephtalic
birdges between Zn(I1) paddlewheel nodes.

high pressures in coordination polymers, with a behaviour characteristic of

microporous materials.!*
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In 1998, Yaghi’s group presented the first experiments demonstrating
the reversibility of the gas sorption process and permanent microporosity
in a open framework, using a Zn(Il) paddle-wheel material connected by
terephthalic organic ligands (Figure 1.2d).12 They measured the N2 and CO:
isotherms at 78 K and 195 K, respectively, at low pressures and reveling a

type | isotherms for both gasses.

During the 90’s, G. Ferey contributed with the application of the
hydrothermal synthesis, characteristic of microporous inorganic
compounds such as phospahetes or oxyfluorinated materials,*® to
synthtized hybrid networks.**> However, is not until the publication of the
MIL-47 material in 2002, a microporous hybrid compound constructed by
V(I11) and terephthalate ligand with a breathing behaviour,® when they
start to developed their MOFs chemistry.

Nevertheless, these hybrid networks so far prepared had the common
problem of a poor thermal stability, especially in comparison with the very
robust zeolites. A significant breakthrough was then achieved, which
consisted in the synthesis of the first example of a high thermal stable
metal-organic framework (MOF), denoted MOF-5, by O. Yaghi and co-
workers in 1999. This MOF is formed by Secondary Building Units (SBU),
each composed by four Zn(Il) as metallic nodes, connected between them
by an O atom. This tetranuclear units are bridged by terephthalate ligand,
forming a 3D structure of pcu topology (Figure 1.3a).1” This concept of
secondary building units (SBUs), i.e. metallic clusters of different
geometries, offer multiple options from reticular design based in the

connectivity to construct more stable and easier to be substituted metallic
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clusters.'3® However, despite being stable until 410 °C, MOF-5 degrades

upon exposure to water, thus limiting its applicability.

Furthermore, the enormous interest woken up in the coordination
field was due to the similarity with the zeolites, besides adding the
possibility to design flexible materials thanks to the organic nature of
ligands and the huge number of possibilities to combine metals and
ligands.?° The combination of inorganic and organic parts opened the door
to develop and design a vast number of compounds and applications.'® In
fact, many new structures started to be published every year,?-2® with an
exponential growth that still has not reached its maximum. Making an
exhaustive description of all the MOFs is unfeasible, as there are almost
100,000 MOFs reported to date. In this part of the introduction we will
present a personal list of the most important and representative MOFs in

the early years, in order to understand the evolution of the field (Figure 1.4).

One of the most-studied MOFs was reported in 1999 few months
before the publication of MOF-5. D. Williams and co-workers synthesized
a material denoted HKUST-1 (HKUST is the acronym Hong Kong
University of Science and Technology), a novel network constructed by
trimesate as organic part and a bimetallic Cu(l1) unit forming a paddlewheel
SBU as the metallic node. The coordination environment is completed with
apical water molecules (Figure 1.3b).2* HKUST-1 presents thermal
stability (240 °C) and, contrast to zeolites, offers the possibility of
removing the water molecules from the SBU unit, opening the door to
chemically functionalizable frameworks. For these reasons, it is commonly

used as a model MOF in novel applications or synthetic routes.
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Figure 1.3 Crystal structure of most used metal-organic frameworks.
MOF-5 composed by Zn (11) SBUs and terephthalic acid (a), HKUST-1
composed by Cu (1) paddle-wheel SBUs and trimesic acid (b), MIL-53
composed by Cr (111) and terephthalic acid (c) and UiO-66 composed by
Zr (IV) SBUs and terephthalic acid (d).

In parallel, and once the isolation of some stable MOFs was achieved,
the combination of these hybrid networks with the presence of pores and
cavities opened the door to explore potential applications. The high interest
in these materialsc came from the presence of SBUs with the possibility of
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unsaturated coordination position or removable coordinated solvent

molecules and the interaction of guest with the organic linker.?>%’
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Figure 1.4 Scheme of the achievements and materials in porous

coordination polymers and MOFs in the early years.

The first of these applications is the interaction with gases, such as
gas storage, gas capture and gas separation.?® CO2 capture and separation
are one of the most important applications for industry and prevention of
climatic change, and for these reasons is a very studied application in
porous materials.?® The hybrid nature of MOFs or also called porous
coordination polymers (PCPs), makes them perfect candidates to solve this
problem, and many examples on CO: separation can be found in the
literature from different approximations, such as using unsaturated metal
SBUs (for a stronger interaction with the gas), using ligands with functional
groups (for a strong interaction with the gas molecules, e.g. amines),* or

pillared layered compounds based in SiFe®".%

Nevertheless, a common problem of MOFs after the removal of the
guest is the collapse of the framework. That occurred often in the first
generation of MOFs. For this reason, some research groups focused on

robust MOFs (second generation), which do not collapse upon evacuation
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of the pores. The third generation of MOFs brings a novel concept, flexible
MOFs, making these hybrid networks more responsive to external
stimuli.®? The most simple concept in flexible networks, such as breathing,
consists on a displacement of the atoms of the framework that is
accompanied by a unit cell volume change due to the incorporation of a
guest. Another possibility is swelling, a gradual enlargement of the MOF
unit cell. These flexible behaviours were present in very-known MOFs, as
MIL-53% and MIL-88.3* However, the phenomenon of gas adsorption can
be complicated even more when a flexible network is present. The design
of novel flexible MOFs shows interesting phenomena such as the negative
gas sorption, displayed by DUT-49, a work developed by S. Kaskel’s
group.®>% The flexible network is nowadays an important challenge to

understand better the gas sorption phenomenon.

Returning to the search of significant early MOFs, a few years after
the synthesis of HKUST-1, in 2002, Ferey’s group at the Institut Lavoisier
in France reported the first examples of the combination of carboxylates
and M(111). Until that moment, the metallic nodes based on M(II) centers
dominated the MOFs field. Ferey and co-workers developed a series of Cr-
based MOFs, such as MIL-53, composed by octahedral Cr(lll) centers
connected by terephthalic linkers (Figure 1.3c), and MIL-101, based in
trimers of Cr(111) as SBUs bridged by terephthalic, presenting high gas
adsorption capacities with surface areas around 5,900 m?g~* showing the
huge possibilities to host not only gases, but also large molecules.®*3” MIL-
101 presents a giant unit cell volume, around 380,000 A3, and pore sizes

between 25-29 A in diameter. Their huge capacity to host guest molecules

11
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was demonstrated through the incorporation of a enormous polyoxo salt,
the Keggin K7PW1104 polyoxometalate, with a van der Waals radius of
13.1 A. The huge cavities opened the door to encapsulate drugs and higher

molecules for biomedical applications and drug delivery.®

After several years of discovering novel MOFs, with a considerable
number of structures, applications became more common. However, the
instability against water was a problem, primarily due to the lability of
M(I1)-carboxylate —the most present chemical composition in MOFs to the
date—. For this reason, MOFs stability in water became a hot topic and the
chemistry of MOFs expanded looking for SBUs beyond the metals of the
first transition series. Rational and reticular design are two important tools
to develop new materials, and in the race to achieve stable MOFs, there are
important chemical concepts to make easier this achievement. The
introduction of this thesis began with the example of Lewis acid/base, and
in this theory, the concepts of “hard” and “soft” play an important role to
construct stable MOFs. Carboxylates are hard Lewis bases, and form strong
bonds with hard Lewis acids, i.e. metals with high oxidation states, such as
Cr(111) in the mentioned MIL-101. But there are also higher oxidation
states avaible in other transition metals, such as Ti(IV) or Zr(IV). On the
other hand, azolates are soft Lewis bases that, in combination of Co(ll),
Zn(1l), Ni(l) or Fe(ll), form strong bonds. Two examples of these

strategies will be briefly discussed.*

The first example, based in hard Lewis acids/bases, was reported in
2009. K. Lillerud and co-workers designed a metallic cluster composed by

six Zr(1V), four O* and four OH-, which were interconnected with
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terephthalates, yielding a 3D material denoted UiO-66 (Figure 1.3d). This
MOF was proved to be resistant to water, DMF, benzene and acetone.*
They also used similar linkers increasing the length with the number of
aromatic rings, achieving isoreticular MOFs with extended structures,
denoted UiO-67 and UiO-68.The use of hard Lewis acids and oxo-ligands
for constructing stable SBUs, such as Ti(IV) or Zr(IV), was popularized

since the publication of this work.

In contrast to the examples described so far, there are also alternatives
to carboxylate ligands. Nitrogen-based ligands, such as azolates, can offer
an stable alternative using M(l1), being the second example of a stable MOF
based in soft Lewis acids/bases. Replicating the structure and topologies of
zeolites, looking for analogous systems with high chemical and thermal
stability, one of the most important subclasses of MOFs was born in 2006:
zeolitic imidazolate frameworks (ZIFs). Imitating the angle of bonding in
zeolites, Yaghi’s group developed a huge family of materials based in
imidazole derivate.** The relevance of this important family of compounds

to this thesis deserves a specific section (section 1.2).

In the recent years, the number of MOF structures has continued to
grow. However, the applications and emerging concepts have taken more
relevance than in the first years, where were focused on synthesis of
MOFs.*? The accessible cavities in the structures of different MOFs permits
to expand the applications of these materials beyond those involving gas
interactions (capture, separation, storage). In fact, the pores can act as
microreactors and make MOFs an exciting platform as heterogeneous

catalyst.*344
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The change in dimensionality and size is a challenging recent topic.
Most of the porous frameworks are 3D networks. However, the exfoliation
of hybrid materials (layered compounds) was known ten years ago. Also
the isolation of coordination materials as nanoparticles ir thin films. These
are an interesting tools for the development of several applications, such as
electronics,*® magnetism* or membranes,*” which seeks to explore the 2D
world, in for example, SURMOFs, 2D MOFs or 2D nanosheets. #

Another recent area of interest deals with the combination of
flexibility, rigididity and periodic lattice arragments, which permits to
explore and study mechanical stress and novel properties, such as the
unusual metamaterials. This class of materials presents exotic properties
and behaviours, such as negative thermal expansion, negative Poisson’s

ratio or negative linear compression.*°

Finally, the emerging concepts in MOFs have evolved to a new
generation of MOFs (4" generation). The main characteristic of these
compounds is the lose of long-range order, becoming liquids or glasses. To
the date, the MOFs field has grown closely with crystallography and
crystalline materials. However, this noncrystalline family of compounds
can offer different properties and functionalities, such as the classic

noncrystalline materials in other families (metals, polymers and ceramics).

This thesis is focused mainly on Fe(ll) azolates and other 3d metals
(Co, Mn, Zn) in combination with imidazole derivate. For this reason, the
following section will present in detail one of the most important subclasses

of MOFs based in imidazole: Zeolitic Imidazolate Frameworks.
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1.2 Zeolitic imidazolate frameworks

In the part of “famous” MOFs developed in the first years, Zeolitic
Imidazolate Frameworks (ZIFs) have been mentioned as an important
subclass of MOFs. ZIFs are composed by imidazole (and derivatives) and
monometallic nodes with tetrahedral environment (in this case the SBU is
formed by only one metallic atom) (Figure 1.5a). The main characteristic
of these compounds is that similar topologies are similar to inorganic
zeolites. This is due to the coordination angle of imidazole, which is similar
those of to that of Si-O (Figure 1.5b). Although there are earlier examples
of imidazolate-based fameworks,**->2 some with zeolite-like topologies,>-
% this subclass of MOFs were synthesized and popularized by Yaghi and
co-workers in 2006 due to the high chemical and thermal stability.* In that
work, twelve structures were reported based on imidazole, 2-
methylimidazole (2meimH) and benzimidazoles (bimH), and Zn(Il) and
Co(ll) as metallic cations (denoted from ZIF-1 to ZIF-12). One important
MOF of this type is Zn(2meim)z, also known as ZIF-8.

The synthesis of ZIFs opened the possibility to imitate inorganic
topologies through molecular chemistry, bringing some advantages such as
broad functionalization and chemical variety. These MOFs provide the
same distribution of channels and windows as zeolites due to the crystal
location of the metal and ligands. For example, ZIF-8 (Zn(2-meim)2) has
the sodalite topology (SOD), which consist of a ring of 4 and 6 members,

and 0D channels (voids). This material crystallized in the cubic crystalline
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Figure 1.5 a) The tetrahedral environment of Zn(ll) in ZIFS. b) The
similitude of coordination angle in ZIFs with zeolites. c) The SOD
topology in zeolites (right) composed by Si (blue) and oxygen (red) and
SOD topology in ZIFs (left).

system and, when compared with a zeolite with SOD topology, it can be
clearly appreciated the same type of framework (i.e. isoreticular

framework) (Figure 1.5c).

The versatility of these materials arise from the easy functionalization
of imidazole in different position. As a result, a huge range of imidazole
derivates are available to construct ZIFs (Figure 1.6). In addition, the high
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number of metals (mainly 3d metals) that can be incorporated in the

structure allows to tune the properties of ZIFs.
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Figure 1.6 a) Positions for possible functional groups in imidazole
derivate. b) Some examples of different imidazole derivate which can
form ZIFs.

Polymorphism also plays an important role in the vast number of
ZIFs, owing to the different networks accessible with the same cation and
ligand. For example, the combination of 2meimH with Co(ll) (ZIF-67),
Zn(11) (ZIF-8), Mg(I1), Mn(I1) or Cd(I1) (CdIF-1) can produce a crystalline
porous material with SOD topology network,*57-0 although it is also
possible to obtain networks with kat and dia topologies (dense polymorphs)
depending on the synthetic routes®! (Figure 1.7). This example is extensible
to other ligands. For example, the combination of bimH with Zn(lI1) and
Co(Il) can yield ZIF-7 and ZIF-9, which are porous solids with SOD
topology, but through different synthetic methodologies other topologies
such as RHO can also be synthetized (in ZIF-11),* or even layered
structures® (Figure 1.7). The topologies are not exclusive for a specific
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ligand, and one topology can be accessible by many different linkers. For
example, RHO topology can be constructed by bimH (ZIF-11)* or with 2-
ethylimidazole (MAF-6).%° SOD topology is the most common in ZIFs,
obtainable by at least 6 imidazoles,*°"¢3 not only by direct synthesis, but

also by ligand exchanges.®*

Zn?* 2meimH dia
[ ] e
J + J"" P ~ ~»
P

Zn%* bimH SOD RHO Layered

Figure 1.7 The different topologies achievable by the assembly of 2-
meimH and Zn?* in Zn(meim)2 (Top) and the assembly of bimH and Zn?*
in Zn(bim)2 (below).

Among all the reported ZIFs, the most studied is ZIF-8 due to its
facile synthesis and its high chemical (despite its water instability) and
thermal stability. ZIF-8 crystallizes in a cubic crystalline system and
typically forms big single crystals with a rhombohedral morphology
(Figure 1.8). Nonetheless, a huge range of different shapes can be obtained
by chemical etching.%® ZIF-8 is a model material used to develop new
techniques in processability and synthetic methodologies, and has been

applied in many different areas such as gas separation,®®-%® membranes,®®-
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™ thin films, drug delivery,”" nanorobotics,”®® catalysis’"’® and water
splitting (Figure 1.8).79-82

The possibility to use different metals opens the window to tune some
properties due to the changes in the network flexibility, changing the gas
preference between ZIF-8 (Zn) and ZIF-67 (Co).” ZIF-67 is a very well
known material, which has been widely used to prepare carbon derived

materials for water splitting.8384

Figure 1.8 a) Different morphologies for ZIF-8. b) MOF-Bots covered
by crystals of ZIF-8. ¢c) Membranes based in thin films of ZIF-8 for gas

separation. Adapted from references 65,71 and 75.
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The manganese and magnesium analogues of ZIF-8 present only a
small difference in the total gas sorption and structural instability. These
small changes in the gas sorption can be attributed to the small difference
in the crystal cell parameters or a different gate opening behavior.%®° The
gate opening phenomenon is a two-step gas adsorption due to the effect of
the pressure in the framework because of the flexibility of the imidazolate
bond and M(I1) nodes. The structural changes in ZIF-8 were studied at high
pressures (14 700 bar), where the imidazolate linker rotate a little bit and
change the window aperture to the pore (Figure 1.9a).2° The adsorption of
molecules with higher molecular diameter than the six ring pore window
suggests a structural change at more “current” pressures for gas adsorption.
D. Fairen-Jimenez and co-workers studied these structural changes in ZIF-
8 during the N2 adsorption and calculated the theoretical adsorption for the
known ZIF-8 crystal structure and the crystal ZIF-8 structure at high
pressures. These results were can sustent with a two-step gas adsorption of
ZIF-8 caused by a structural change involving the rotation of the
imidazolate linker during the gas adsorption, which allows for better
packing of N2 molecules inside the cavity and close to the four-ring
window. -8 Note that although the original discovery of ZIFs was based
on zeolite like topologies there are also imidazole-metal compounds
without zeolite topologies. In fact, novel topologies have been found
nowadays, not present in zeolites. Thus, the line between ZIFs and
imidazolate-based materials is somewhat unclear. One example of this is
the layered Znz(bim)s synthesized by Peng and co-workers for building

molecular sieving membranes.®?®° The layered structure gives novel
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possibilities and applications on MOFs and CPs and the complexity of this

group of materials makes us change section.
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Figure 1.9 a) Different orientation of 2meimH in the crystal structure at
atmospheric pressure (left) or high pressure (right) b) Different gas
adsorption behavior for the high/atmospheric/experiment pressure. c)
Crystal structure in detail before (left) and after (right) the gas adsorption
showing the gate opening phenomenon. Adapted from references 85, 86
and 88.
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1.3 Layered materials and two-dimensional materials

The existence and knowledge of layered inorganic materials date
back to 1960s,% but it was not until the isolation of graphene® that this
class of materials were popularized.®? Graphite is a 3D material composed
of an infinite number of stacked layers of carbon atoms bonded covalently,
which are assembled by weak van der Waals (vdW) interactions. When one
layer is isolated, graphene is obtained, which is a two-dimensional material
(2D material) (Figure 1.10a). For example, the electronic conductivity
changes from a gap semiconductor in bulk to a zero-gap semiconductor in
the 2D limit.%! The interest in graphene is due to the rise of novel properties
related to the low dimensionality. One of the hottest fields now in physics
is the magic angle between two layers of graphene, which can give rise to
superconductivity.®**° Beyond graphene, other layered inorganic materials
separated by weak vdW forces, which can be exfoliated down to the
monolayer.®® The resulting 2D materials exhibit different behaviors, such
as insulator (h-BN),%” semiconductor (2H-MoSz, black phosphorous),%*°
metallic (1T-MoS2),}® and superconductor (Mo2C, 2H-NbSez or 2H-
TaSz).1911% |n this context, the most elusive property has been the
magnetism (VsSs, FePSs, Cr2GezTes or Crls).1%-197 Thus, ferromagnetism
in the 2D limit was reported for the first time in 2017, although it should be
noted that these inorganic 2D materials are unstable at ambient conditions
(Figure 1.11b).
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Figure 1.10 a) Crystal structure of graphite and the exfoliation to obtain
graphene monolayer with a lateral size around 40 pm. b) Examples of
layered and 2D inorganic materials presenting different properties such as

semicundoctors (2H-MoSz) or magnetic materials (FePSs and Crls).

The 2D world is in constant evolution and there are two uncovered
main goals. First, magnetic properties were under search to study the
influence of dimensionality over the magnetism in these materials. The
recent discovery of ferromagnetism in monolayers,°1%" has encouraged to

seek more magnetic and stable materials.

Second, chemical functionalization of 2D materials is another
topicfield of great interest. In the absence of convincing achievements in
functionalization of 2D materials, novel approaches are required. The
functionalization permits to tune, for example, the electronic properties a
given material, or modify its surface behavior to incorporate these materials
in devices, or improve their processability.’®® The chemical stability of

“archetypal” inorganic 2D materials (graphene, MoS2, etc) difficults their
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functionalization and randomize the position of the introduced function
over defects. At this point, novel materials are required to take advantage
of the properties of the 2D material while making easier their

functionalization and tunability.

The measurement of the physical properties of a 2D material (such as
magnetism) often requires a clean exfoliation. For this reason, the cleavage
of layered materials is usually done by micromechanical exfoliation using
the Scotch tape method (Figure 1.11a). However, one big disadvantage of
this technique is that it requires large single crystals to be exfoliated. This
methodology consists of exfoliating the crystals of the layered material
putting the oriented crystals in a strip of Scotch tape and with different clean
strip, the layers go separating in cycles. However, for purposes, such as
functionalization or chemical applications, the quality of the flakes can be
lower and an exfoliation process assisted by solvents becomes appropriate.
This method allows to obtain high quantities of 2D materials (Figure
11b).108

Owing to these limitations, coordination chemistry can offer
alternatives to classical inorganic materials, thanks to the possibility to
exploit chemical design and reticular chemistry. In metal-organic
frameworks and coordination polymers, several examples of layered
materials were reported since the 90s. For example, coordination polymers
based in oxalate mixed-metal assemblies were first published by Okawa
and co-workers in 1992,''! and vastly developed afterwards.? This family

of compounds was synthesized with bulky countercations (for example,
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Figure 1.11 a) Different strategies for liquid exfoliation in 2D materials.
b) Scotch tape methodology for dry exfoliation of 2D crystals. Adapted

from references 109 and 110.

tetrabutylammonium, TBA) to counterbalance the negative charge of
the layers. The bulky nature of the counteraction and ots design influences
the layered growth of the material. Very similar are the anilate families,**®
based in benzoquinones ligands, and with similar properties and layered

structure.!* The interest in these compounds is primarily based on the
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magnetic properties and the combination of other functionalities such as
metal conductivity(multifunctionality).*>1> Normally, the obtained
materials are polycrystalline or small single crystals, and the charged nature
of the layers difficult their exfoliation by micromechanical methods.
However, few examples of liquid exfoliation of anilate-based coordination

polymers have been reported. ™/

A recent example of interesting layered material was published by K.
Pedersen and co-workers based in pyrazine ligand and CrCl..1® This
combination forms a layered MOF with conductive and magnetic
properties. At room temperature, this material presents high conductivity
due to the hopping-based transport mechanism. Pyrazine acts like redox-
active ligand, combining their m orbitals with d orbitals from Cr. This
mechanism delocalizes the electrons and explains the conductive behavior.
At low temperatures (around 55 K), the electron from the pyrazine radical
and the Cr electrons coupling in ferromagnetic ordering, obtaining an
uncompensated magnetic moment at low temperatures. This approximation
using a redox-active strategy to design conductive materials at room
temperatures and magnetic materials at low temperatures is a promising

chemical design to synthesize functional MOF for electronics applications.

For the purpose to obtain 2D molecular materials, the first option is
the top-down exfoliation of layered materials. For this approach, it is
necessary that CPs and MOFs have weak interaction between the layers and
after the exfoliation the possibility to stabilize these 2D MOFs. For that, the
most common technique is the liquid assisted exfoliation (wet

methodology).*%12 However, exist some examples of micromechanical
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exfoliation (dry methodology). This technique is the cleanest and most used
for physical measurements owing to the high quality flakes obtained by this
method. The counterpart is the small quantity obtained of the exfoliated
material and the requirement of big and robust crystals (uncommon in
coordination chemistry). Before the presentation of the work developed in
this thesis (Chapters 5 and 6), only one attempt to micromechanically
exfoliate a coordination polymer was described in the literature.!® In this
case, some flakes of the compound could be exfoliated, although due to the
fragility of the crystals, the flakes were partially destroyed. In addition, the
thinner flakes were too small in lateral dimensions, and monolayers of the
material could not be found (Figure 1.12a). However, small micosheets
present 2 nm thickness, corresponding to bilayers. Recently, after
publishing the work described at the Chapter 5, S. Tongay and co-workers
published an example of chemical design to form a layered MOF to
facilitate the exfoliation process by micromechanical exfoliation and
bottom-up approaches (thin films).'?! They use the MOF-2 layered
strcuture’® composed originally by Zn paddle-wheel unit in a pyramidal
square base environment connected by benzenedicarboxylate (BDC) (one
H20 molecule complete the coordination sphere) (Figure 1.12b). In their
chemical design, they used a two-phase synthesis to control the crystal
growth and the interlayer hydrogen bonds using pyridine as a coordinating
monodentate ligand (Figure 1.12b). The replacement of the water
molecules by pyridines changes the hydrogen bonds between layers by
weak van der Waals forces, facilitating the exfoliation process, obtaining

monolayers.
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Figure 1.12 a) Layered crystal structure of anilate compounds (left), AFM
image, and their thickness (middle and right, respectively). b) Scotch tape
exfoliation for the MOF-2 (left) and AFM image and their thickness
(middle and right, respectively). Modified from references 116 and 121.

For the most used methodology, the liquid assisted exfoliation, the
first example was developed by F. Zamora and co-workers in 2010, using
Cu coordination polymers composed by isocotinic ligand and bromine
atoms ([Cu2Br(IN)2], IN = isocotinate).1??> The copper cations are in a
paddle wheel environment, coordinated by two oxygen atoms from two
different carboxylates groups, two nitrogen atoms from two isocotinato,
and a bromine atom bonded to the two copper atoms from the paddle wheel

unit (Figure 1.13a). The layered nature of the coordinated compound and
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the similitude to graphite, suggested to the authors to use the sonication
bath such as the mechanical force to exfoliate this Cu CP. They deposited
the sonicated solution on Highly Oriented Pyrolitic Graphite (HOPG) as a
substrate, and characterized the exfoliated flakes by a common technique
in this field, atomic force microscopy (AFM), to measure the thickness and
lateral size of the exfoliated material. In this study, they isolated
monolayers with a thickness of around 0.5 nm (monolayer) with lateral
sizes around 500 nm (Figure 1.13b). However, the chemical composition
and crystallinity were not confirmed in the exfoliated material. This
observed size, around 500 nm or less, is known as nanosheets, the most
common obtained material by this exfoliation methodology.

In this direction, one of the best examples of layered MOFs and their
exfoliation®? is a compound based in bimH and Zn(ll). This is a great
example of the preparation of a layered material, its exfoliation, and
characterization after the exfoliation process. In this work, Peng and co-
workers used [Znz(bim)s] as a layered precursor, a material composed by
Zn(I1) metallic nodes in a tetrahedral environment, connected by
benzimidazolate bridges, where the benzene ring are oriented to the surface
of the layers and Zn nodes are in the inner part of the layers (Figure 1.14a).
These layers interact with weak van der Waals interactions facilitating the
exfoliation process. The single crystals of [Zn2(bim)4] have a clear layered
morphology checked by Scanning Electron Microscopy (SEM) (Figure
1.14b) and a high crystallinity measured by X-ray powder diffraction
(XRPD) (Figure 1.14c). Before this work, the chemical and structural

properties of the exfoliated 2D molecular materials were typically not
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Figure 1.13 a) The coordination environment of the Cu paddlewheel and
the crystalline layered structure of the Cu CP b) AFM measurement of

monolayers from the exfoliated Cu CP. Modified from reference 122.

measured, which is an important aspect to compare with classical 2D
inorganic materials and their application and correlation between properties
and crystal structure. AFM studies were the sole experimental technique
applied to the exfoliated flakes, and although this is very appropriate to
show the topography of the flakes, it does not demonstrate the chemical and
structural integrity retained in the 2D molecular materials from the bulk

precursor.
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Figure 1.14 a) Architecture of the layered MOF precursor. The ab planes
are highlighted in purple to better illustrate the layered structure. b)
Powder XRD patterns of Znz (bim)s4. The top trace is the experimental
pattern, whereas the bottom trace is the pattern simulated based on the
single-crystal data c) SEM image of as-synthesized Znz(bim)a4 crystals.
The inset image shows the typical flake-like morphology of Zn2(bim)a4
crystals. d) Tappingmode AFM topographical image of Znz(bim)a
nanosheets on a silicon wafer. The height profile of the nanosheets along
the black lines was marked in the image. e) SAED pattern (white circle)
shows the diffraction from (hkO) planes within a few-layered nanosheet.
A simulated SAED pattern of Znz(bim)s nanosheet down the ¢ axis is

also shown. Adapted from reference 62.
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At this point, Peng and co-workers decided to use a modification of
the classical liquid exfoliation using a softer methodology to prevent the
damage of the in-plane MOF structure. They used a wet ball-milled at low
speed before the sonication process to help the solvent induce the separation
of the layers. They checked a list of solvents and determined the

combination of methanol and propanol as the best option.

After the exfoliation process, they characterized the nanosheets by
AFM to show the thickness and lateral size of the exfoliated material
(monolayers around 1 nm thick and lateral sizes around 2 pm).
Nevertheless, the most important characterization here is the High-
Resolution Transmission Electron Microscopy (HRTEM). With this
technique it is possible to measure the crystallinity of the nanosheet by
Selected Area Electron Diffraction (SAED) to demonstrate the same crystal
structure to the nanosheets and the precursor bulk material (Figure 1.14).
They used these nanosheets to make membranes to separate H2/CO2 due to

the size of the pore aperture between these two molecules.

The interest in membranes using 2D nanosheets is huge and there are
a lot of research not only looking for novel systems, but also trying to
develop new synthetic routes to control the crystal growth in two-
dimensions. Based on the same system such as Peng and co-workers, Zhang
and co-workers develop a controlled synthesis of [Zn2(bim)4] based in ZnO
nanoparticles assisted by ammonia solutions.'?® With this technique they
synthesized crystalline nanosheets of around 500 nm in lateral size and 20
nm thickness. The approximation to the 2D world seems worse than Peng’s

work, even if this bottom-up technique opens the door to explore different
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applications such as a crystal growth on substrates to form thin films, which

are difficult to achieve with a top-down technique.

Foster’s group has experience in chemical design of layered CP and
MOFs to fabricate nanosheets for catalysis applications.'?4-126 Their work
is normally based in paddle-wheel systems with 1,4 dicarboxylate ligands
functionalized in the positions 2,5 to make easier the exfoliation process,
change the wettability of the nanosheets. They study the exfoliation process
to maximize the number of nanosheets changing exfoliation parameters
such as temperature, sonication times, solvent, and centrifugation (like in

inorganic compounds)*°127,

The first example of chemical design to grow freestanding 2D MOF
nanosheets (bottom-up approach) is the work developed by J. Gascon, X.
Llabrés i Xamena and co-workers!?® on a carboxylate-based MOF,
Cu(BDC), consisting of Cu paddle wheel metallic nodes bridged by
benzenedicarboxylate (BDC). They used a three-phase synthesis that favors
the growth of a layered structure in the interface. In the top solution,
Cu(NOgs)2, acetonitrile and dimethylformamide (DMF); in the middle,
acetonitrile and DMF to prevent a quick mix of phases; and at bottom a
solution of the ligand, BDC, acetonitrile and DMF (Figure 1.15a).
Adjusting the reaction parameters it was possible to prepare nanosheets
with 1 um lateral size and 10 nm thickness. They used these nanosheets to
make MOF-polymer composites for gas separation due to the unsaturated

coordination environment of the metallic nodes.

The groups of X. Feng and R. Dong used the interfacial method (at

the interface between to solvents) controlling the reaction times to
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Figure 1.15 a) Synthetic procedure for the Cu-BDC thin MOF and their
characterization. b) Fe(ll,11l) with hexathioltriphenylenes MOF. c)
Fe(I1,111) and porphyrins MOF. Adapted from references 128-130.

synthesize other 2D MOFs as free standing films (oriented microcrystals
with around 100 nm lateral size). They used planar ligands such as
triphenylenes and porphyrins to construct Fe(Il)/Fe(l1l11) MOFs with
semiconducting and magnetic properties (Figure 1.15b).12%130 The
combination of Fe(ll,I11) with hexathioltriphenylenes gives a hexagonal

lattice where Fe is in a square planar coordination environment. These work
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permitted to study the electronic models in MOFs and the band structures
to help to understand the conductive mechanisms in hybrid materials. The
synthetic methodology helped also to integrate these materials into devices

thanks to the formation of films of these compounds.

Is also possible to use three-dimensional networks to organize them
in two-dimensional lattices. Ameloot and co-workers are developing
vapour-phase depositions and chemical vapour depositions of mainly
ZIFs"2131 and some carboxylic MOFs,*32 achieving microcrystals organized
as films on surfaces, with huge extensions (>10 um) and thickness around
90 nm. The solvent-free methodology open the door to integrate these

systems on chips and make them compatible for physical measurements.

The 2D world in molecular materials such as MOFs and CPs is
dominated by the production of nanosheets by liquid approaches, by top-
down methods (exfoliation). The similitude of some layered coordination
polymers with graphene and related 2D materials makes 2D MOF an
interesting field to explore due to the possibilities through chemical design
and vast options in coordination chemistry, more limited in classical
inorganic compounds. The key point is the develop robust and interesting
molecular materials and cleaner methodologies to produce 2D MOF

compatible with physical measurements.
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The elusive Fe(ll) ZIF-8 analogue

2.1 Introduction

An interesting feature of MOFs is the possibility of modifying the
metal content whilst retaining the same structure, thus offering a unique
opportunity to tune their physical properties. This is exemplified by the
extensive family M-MOF-74, with formula M2(dobdc) (dobdc* = 2,5-
dioxidobenzene-1,4-dicarboxylate), which can be prepared for an ample
range of metals, such as Mg, Mn, Fe, Co, Ni, Cu, and Zn, or combination
of these,! showing different properties. Indeed, whereas Mg-MOF-74 is
optimum for CO2 capture,> Fe-MOF-74 is suitable for alkane/alkene
separation.>* In the subclass of MOF known as zeolitic imidazolate
frameworks, or ZIFs, which are composed by imidazolate derivatives and
divalent metals, it is also possible to obtain the same topology with different
metal cations. For example, the most renown ZIF, denoted ZIF-8, with SOD
topology,>® is formed by 2-methylimidazole (2meimH) and Zn(1l), but can
also be obtained with other divalent metals such as Co(ll),” Cd(Il)2
Mg(l1),° or Mn(11),* resulting in five isostructural porous materials (Figure
2.1). In these cases, it has also been shown that metal cation can influence
physical properties such as gas sorption,** due to the different flexibility of
the frameworks. However, the iron analogue, i.e. Fe(2meim)2, formed
exclusively by Fe(ll) centers, has been elusive, despite the vast number of
potential applications of this solid. Indeed, the incorporation of Fe(ll) in a
structure like ZIF-8 is interesting not only due to the applications in
catalysis, or in environmental and biomedical fields due to the low toxicity
of this cation,* but also from a fundamental point of view as it can serve to
understand the gas sorption and gate opening phenomena in this type of

materials. Considering energy-related applications, pyrolysis of MOFs has
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Figure 2.1 Crystal structure of the different isostructural M?*(2meim)2

SOD topology. The related magnesium compound CIF is not available.

been shown to be an effective pathway for the formation of carbon derived
materials with unique properties, with a strong influence of porosity and
metal nature of the MOF in the quality of these carbon derived

materials.’3* ZIF-8 has been extensively studied for these applications,
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with exceptional electrochemical catalytic activity due to its high N-content
and high porosity. Fe-based ZIFs, in which Fe(ll) is present as the metal
nodes, will allow to preserve the porosity while incorporating this
interesting metal in the structure. Together with a high nitrogen content, it

can be a great candidate as a precursor for energy related applications.*>1®

However, only a few examples of iron azolates are known. These are
dense coordination polymers.t”'® The scarcity of Fe(ll) as metallic nodes
in MOFs is due to its facility to oxidize to Fe(lll) during the synthetic
conditions.'® The usual synthetic procedures for synthesizing MOFs (and
ZIFs) require high temperatures or solvents like dimethylformamide
(DMF),® alcohols (methanol, ethanol)® or water,t which favor the
oxidation of Fe?*to Fe3*. Thus, an alternative synthetic route is required for
synthesizing Fe(1l) MOFs. This Chapter presents a general approach for the
preparation of Fe(ll)-based ZIFs in the absence of solvents, with the
successful formation of the Fe(ll)-analogue of ZIF-8, published in Journal

of the American Chemical Society.?

2.2 Results and discussion

Synthesis of MUV-3. Solvent-free synthesis is an option to obtain
Fe(Il)-based MOF as demonstrated by Storr and Thompson with Fe(ll)-
based coordination polymers 25 years ago. More recently, Ameloot and co-
workers have developed a special case of chemical vapor deposition to
synthesize ZIF-8 based in the use of ZnO as precursor. 2meimH is
evaporated and reacts with the previously deposited ZnO.%

Mechanochemical synthesis of ZIFs has also been explored; for example,

ovwe
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Figure 2.2. Synthetic route to form MUV-3 single-crystals.

salts to obtain different phases of particular ZIFs such as the three different
possible phases obtained by the combination of Zn and 2-ethylimidazole.?*
The problem of these solvent-free techniques is the absence of single
crystals of the desired MOF. Furthermore, there is a strong limitation by
the metal sources, since not all oxides or derived salts of all metals work
under solvent-free conditions. In the example of Fe(ll), the use of oxides is

very limited as the common oxidation state is Fe(ll1).

The common routes are not compatible with the synthesis of Fe-ZIF-
8. For that, we developed a compatible synthetic route with Fe(l1), adapting
a previously described method for the preparation of non-porous iron
azolates.'”!8 For the first time, this solvent-free synthesis is compatible
with Fe(l1) to obtain a porous crystalline material denoted MUV-3 (MUV:
Materials of the University of Valencia). The reaction of ferrocene and
2meimH at 150 °C under vacuum in a sealed ampule, in the presence of
4,4-bipyridine (acting as a template), results after 96 h in the formation of

yellow single-crystals of MUV-3 in a quantitative manner (Figure 2.2).

Structural,  magnetic  and  spectroscopic  characterization

unambiguously reveals the formation of the desired material. The good
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quality of the crystals permitted crystal structure determination by single-
crystal X-ray diffraction despite the fact that the synthesis is carried out in

the absence of solvents.

Single-crystal X-ray diffraction analysis of the as-synthesized
material reveals that the yellow crystals are isostructural to ZIF-8 (a =
17.1656(2) A; space group 143m). Structure solution shows that each iron
atom is coordinated to four nitrogen atoms from four 2meimH ligands
(Fe—N distance of 2.032(1) A and Fe---Fe distances of 6.069(1) A), with
voids of 2580 A? in size, which are accessible through windows of 3.3 A,
similar to ZIF-8 (Figure 2.3a).

Table 2.1 Crystallographic data of M(meim)2 compounds.
ZIF-8 ZIF-67 Mn-ZIF-8
a(A) 16.99  16.96 17.52 18.12  17.16
M(I1)-N (A) 1.98 1.98 2.06 2.2 2.03

The pores of the as-synthetized single crystals contain residual
electron density in the voids (estimated to be 494 electrons), which can be
attributed to starting material, template and/or cyclopentadiene resulting

from the reaction.
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Figure 2.3 a) The different crystal faces of MUV-3. Key: Fe, orange
tetrahedra; C, black balls; N, blue balls; the blue sphere (diameter of 11
A) represents the empty space of the structure; hydrogen atoms have been
omitted for clarity. b) X-ray powder diffraction patterns of MUV-3 to
check the activation process. In red, theoretical powder pattern of MUV-
3; in orange, as-synthetized; and in peach, the activated material. Note the

change in the intensity of the peaks upon activation.

In fact, the as-synthetized bulk material presents different peak
intensities in the experimental X-ray powder diffraction (XRPD) pattern as
compared with the simulated one (Figure 2.3b), and also thermogravimetric
analysis (TGA) reveals a 20 % weight loss at 200 °C (Figure 2.4a). A
thorough activation process was therefore performed, which consisted in
washing several times with dry acetonitrile for 48 h and subsequent
overnight heating at 150 °C under vacuum. This yields an activated form of
MUV-3, as demonstrated by XRPD (Figure 2.3Db).
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Figure 2.4 a) Thermal gravimetric analysis (TGA) of as-synthetized bulk
crystals of MUV-3 at a heating rate of 20 °C min2,

The Fe-N-C-N-Fe pathway permits the magnetic exchange between
the metallic cations. Magnetic measurements indicate the presence of
strong antiferromagnetic metal-metal interactions between the Fe(ll)
centres occurring through the imidazolate bridges. In the magnetic
susceptibility plot (Figure 2.5b), it can be seen the increase of  with the
temperature to achieve a maximum value at 23.3 K, indicating the
antiferromagnetic ordering between the iron centres. The temperature
dependence of the magnetic susceptibility in the high temperature range (T
> 50 K) can be fitted by the Curie-Weiss law, ym = C/(T-0), with a Curie
constant C = 5.4 emu-mol-K and a negative Curie-Weiss temperature ©

= -138 K (Figure 2.5c). The strong antiferromagnetic nature MUV-3 is
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confirmed by the weak M vs. H linear signal, which is much below the

expected saturation value (Figure 2.5d).
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Figure 2.5 a) Pathway for the magnetic exchange coupling. b) Magnetic
susceptibility plot showing the antiferromagnetic interactions and
antiferromagnetic ordering at low temperature between Fe(ll) centers. c)
The temperature dependence of the magnetic susceptibility in the high
temperature range. The blue line represents the fit to the Curie-Weiss law.
d) Magnetization at 2 K of MUV-3; the black line represents the Brillouin

function for S = 2.

Only one morphology was found for MUV-3 crystals, being highly
distorted truncated rhombohedra (Figure 2.6), similar to one of the possible

morphologies founded in ZIF-8 morphologies.?® This difference in the
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crystal growth can be due to the template effect during the synthesis
discussed later in the text. Although we have not managed to control the
morphology of the crystals, we have been successful in the control of
crystal size. In fact, changing the reaction times it is also possible to obtain

smaller crystals, below 50 pum, for times below 12 hours (Figure 2.6b).

Figure 2.6. SEM image of the as-synthesized material, showing the
morphology of MUV-3. Figures 2.4a, 2.4c and 2.4d show images of
crystals from 72 hours of reaction revealing a crystal size of approx. 100
um. Figure 2.4b shows an image of crystals from 8 h reaction, revealing

a crystal size of approx. 50 pum.

In contrast to ZIF-8, MUV-3 is quite sensitive to humidity in air
(Figure 2.7a), as has also been observed in Mg-ZIF-8 and Mn-ZIF-8.
Nevertheless, time-resolved XRPD study indicates that MUV-3 is stable
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for a few hours in air before it starts to decompose. The stability in dry air
drastically improves, pointing out humidity as the main stability issue
(Figure 2.7b). Despite this moisture-sensitivity, the compound is stable for

months in inert (N2 or Ar) atmospheres.
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Figure 2.7 a) Test of stability in air with X-ray powder diffraction of
MUV-3 at different times in air atmosphere. b) Test of stability in air with
X-ray powder diffraction of MUV-3 under dry air and vapor water
atmosphere. In red, theoretical powder pattern of MUV-3; in black,
MUV-3 after 4 hours exposure at dry air atmosphere; in blue, MUV-3

after 1 hour exposure to humid air atmosphere.

Remarkably, the use of 4,4’-bipyridine as template is essential for the
exclusive formation of MUV-3; in its absence, the dense polymer
Fe(2meim)2 0.13(FeCp)2, (FeDCP), is instead obtained (Figure 2.8). The

importance of a template in other type of solvent-free reaction (specifically

who showed that the presence of NH4* affects the thermodynamic/kinetic
product in Zn-based ZIFs.?*
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Figure 2.8 a) Crystal structure of the dense polymer,
Fe(meim)20.13(FeCp2). b) Template effect of 4,4-bipyridine in the
solvent-free synthesis of MUV-3. In green, theoretical pattern of the
dense coordination polymer FeDCP; in red the theoretical pattern of
MUV-3; and in brown for the mixture of compounds obtained without

presence of template.

We hypothesized that the presence of 4,4’-bipyridine blocks some of
the coordination positions of the iron centres, thus affecting the kinetics of
the crystal growth. We have screened an extensive number of templates,
primarily based on pyridines, in order to examine the importance of pKna,
the physical state of the template in the reaction conditions, the steric
hindrance of the template and its coordination ability, establishing the
importance of the latter two (see Table 2.1). We have observed that pyridine
and 4-aminopyridine do not act as template, resulting in the formation of
both porous MUV-3 and the dense FeDCP. We hypothesize that the
nitrogen atom of the pyridine interacts with the iron blocking the
coordination and directing the structure formation to the porous material. If

the pyridine has a small substituted group (or none), it does not block the
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coordination of the Fe and does not act as a template (as observed with

pyridine and 4-aminopyridine). If a bulky group is used in the 2 position,

as in the case of 2-bromopyridine, it blocks the interaction of the pyridine

nitrogen with the iron; therefore, in this case the templating effect is also

absent (Figure 2.9).

Table 2.2 List of different molecules used as templates in the solvent-free

synthesis of MUV-3.

Template Physical pKha Exclusive formation of
state at the MUV-3
reaction
pyridine Gas 5.14 No
2-chloropyridine Gas-liquid ~ 0.72
3- chloropyridine Gas 2.84
4-aminopyridine Liquid 8.96 No
2,2-bipyridyl Liquid 4.3
4,4-dimethyl-2,2-dipyridyl Liquid -
1,2-bis(4-pyridyl)ethane Liquid -
1,4- Liquid 8.8
diazabicyclo[2.2.2]octane
3,5-lutidine Gas-liquid -
2-ethylpirydine Gas 5.83
2-bromopyridine Liquid 0.9 No
3-bromopyridine Liquid 2.84
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Figure 2.9 Template effect in the solvent free synthesis of MUV-3 with
different molecules. In red, the theoretical pattern of MUV-3; in green,
theoretical pattern of dense coordination polymer FeDCP. Orange
represent the pure phase synthesis of MUV-3, and brown color represents
the mixture of phases after the synthesis using different the different
templates (each indicated on the right). The arrows at the top indicate the
most characteristic peaks for MUV-3 and the iron dense coordination
polymer (FeDCP) and serve to analyse the effect of the template. In the
case of 4,4-dimethyl-2,2-dipyridyl we can also observe the diffraction

peaks corresponding to the template.

Gas sorption. The porous nature of MUV-3 was assessed by N2 and
COz2sorption. Activation of MUV-3 prior to measurement was achieved by
treating the washed material at 150 °C under vacuum overnight. Figure

2.10a displays a characteristic two-step N2 adsorption isotherm, with a
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plateau at 260 cm3.g2, which is reminiscent to that of the analogous ZIF-8
and ZIF-67 materials. Such a similar structural response upon sorption is
attributed to the flexibility of the ligands. The obtained accessible surface
area was calculated using the Brunauer—-Emmett—Teller (BET) model,
obtaining a value of 960 m2-g~t, which is significantly lower to that of ZIF-
8 (ca. 1400 m?.g1) likely due to the presence of organic molecules
remaining in the pores. The CO2 sorption at 298 K, shown in Figure 2.10b,

reveals a total uptake of 2.9 mmol-g at 18 bar.

a S00 31 e 208K .®
® 308K LA
250 oo’ 25| ® 318 PTL
sssssssessssee -9 .® L R o
o 300 - L .
[ L ] L]
5 200 ° 2 P
w 250 / — L ®
o E . - g * % o
s 5 20 £ .
5 150 -2 <. 154 0y o
= 100 5 2 1 oo
] S © ®.
> 50 ® c L]
50 ole ” 0588
10° 10° 10* 107 107 10" 10 f
PP
0] v — 0 .
0 0.2 0.4 0.6 0.8 1 0 5 10 15 20
PP P CO, / bar
0 2

Figure 2.10 a) N2 sorption (solid circle) and desorption (open circle) of
MUV-3 at 77 K. Inset: semilog plot revealing the two-step adsorption
resulting from the flexibility of MUV-3. b) CO2 sorption (solid circle) and

desorption (open circle) isotherms at different temperatures.

Furthermore, we examined the sorption capacity of MUV-3 towards
the biologically active NO gas.

Between gas-framework interactions and catalytic properties is the
use of MOFs to solve the problem with chemical warfare agents and toxic
industrial chemicals.?® For example, toxics NOx produced by coal,

automobile and agricultural activities there is an important problem. In
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particular, nitric oxide (NO) is a highly toxic gas, similar to CO and
interesting to biological applications. The use of Fe-based MOF with
unsaturated coordination sites is the most common approach for
chemisorption of NO.2"-3! For example, in a Fe(l1) substituted MOF-5, NO
coordinate to Fe centers and disproportionate to different species of NOx
(Figure 2.11a) demonstrated by in situ infrared DRIFTS experiments.°
Another example is the use of the well know Fe-based MOF-74,
Fe2(dobdc), with unsaturated coordination sites and the possibility to redox
actives sites due to the possibility to access to Fe(l1l) (Figure 2.11b).% The
latest example is based in the high stable Ti-MOF (MIP-177), where the
activated compound exposed to NO gas is replacing a coordinated OH"
molecule to form NO2™ and when is introduced in body fluid, molecules of

water replace the NO2” molecules (Figure 2.11c).%

MUV-3 present Fe(ll) centres in a tetrahedral environment, which
can be amplified to interact with NO molecules. For this reason, and the
Fe(I1) and 2meimH biocompatibility it was thought as a good candidate to

NO adsorption.

These experiments were performed at the Instituto de Tecnologia
Quimica (ITQ) of the Polytechnic Universtiy of Valencia, with the group
of Prof. Fernando Rey. MUV-3 material was subjected to NO volumetric
adsorption at 273 K, presenting a total uptake of 2.1 mmol-g* at 1 bar
(Figure 2.12), which corresponds to ca. 0.45 NO molecules per Fe(ll) site.
This suggests an incomplete NO loading, which is in agreement with the

absence of a saturated plateau at 1 bar. This sorption value is lower than the
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Figure 2.11 a) Mechanism of the transformation of NO in other nitrogen
oxides in MOF-5 substituted by Fe(l1) cations.b) Metal open sites in Fe-
MOF-74 enhancing the interaction with NO.c) Mechanism to trap and
realize NO by Ti (IV) MOFs. Adapted from references 28, 30 and 32.

exceptional storage capacity of the M-MOF-74 materials (up to 7 mmol-g-
1, and similar to that of HKUST-1 (3 mmol-g™),?® both of them presenting
a high density of open metal sites. However, in sharp contrast to M-MOF-
74, which shows a similar NO sorption regardless of the metal centre,
MUV-3 has a significantly different behavior to its isostructural Zn
analogue (i.e. ZIF-8). As shown in Figure 2.12 the behavior of both MUV-
3 and ZIF-8 is analogous at low pressures (< 0.15 bar), with a slow
progressive loading of NO, which can be attributed to physisorption. Upon

further pressure increase, the amount of NO adsorbed by MUV-3 rises
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sharply between 0.15 and 0.23 bar, which is not observed for ZIF-8. This
is attributed to a “gate opening” effect caused by the chemisorption of NO
molecules to the Fe(ll) centers, unprecedented in MOFs, which typically
show a constant NO sorption, even when using flexible MOFs such as MIL-
88 and MIL-53.
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Figure 2.12 a) NO sorption of MUV-3 (orange) and ZIF-8 (violet) at 273
K. b) NO sorption of MUV-3 at 273 K, showing the first cycle of sorption

(filled circles) and the second cycle of sorption (empty circles).

The NO chemisorption is evidenced by IR spectroscopy, which
reveals the appearance of characteristic vibration of coordinated NO
species (vn-o 1720 and 1790 cm™2, see Figure 2.13a) after exposing MUV-
3 to NO, which are absent in ZIF-8 (Figure 2.13b). In addition, upon
vacuum treatment of the NO loaded MUV-3 and re-exposure to NO, we
observe only a small sorption that can be attributed exclusively to
physisorption (Figure 2.12b), indicating that the coordinated NO molecules
are retained in the structure. Interestingly, at low pressures (< 0.2 bar) the

amount of adsorbed NO is larger than that observed in the first sorption
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cycle, indicating that the NO-MUV-3 (i.e. MUV-3 with chemisorbed NO)

remains in the open form.
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Figure 2.13 a) Infrarred spectra of MUV-3 before (red) and after (orange)
exposure to NO at room temperature and ambient pressure. The arrows
indicate the appearance of characteristic vibration of coordinated NO
species b) Infrared spectra of ZIF-8 before (gray) and after (dark gray)
exposure to NO.

Generalization of the solvent-free synthesis. The solvent-free
approach here described can be expanded to the preparation of other
isostructural metal analogues to MUV-3, which opens the door to reach a
variety of mixed-metal structures®® or mixed-ligand structures.®. Thus,
using other metal sources compatible with chemical vapor deposition
(CVD) techniques such as Zn(TMHD)2 [TMHD = bis(2,2,6,6-tetramethyl-
3,5-heptanedionato)], ZnO or cobaltocene, we could also obtain ZIF-8 and
ZIF-67 (Figure 2.14). However, contrary to the preparation of MUV-3, no
template is required for the formation of ZIF-8 or ZIF-67.

70



The elusive Fe(ll) ZIF-8 analogue

(ZIF-8)
SOD-Zn(meim),

X Pt
metal

..‘f" *e
RS

solvent-free 32
versatility oy €

qtz-Fe(etim),
(MUV-6)

(ZIF-67)

Figure 2.14 Expansion of the solvent-free methodology to prepare

isostructural metal analogues to MUV-3, ZIF-8 (shown in black) and ZIF-

orange respectively).

67 (shown in purple), represented with the with SOD topology, and
different topologies of other iron(I1)-ZIFs obtained with the same solvent-
free methodology (MUV-6 and MUV-7, shown in dark orange and light

Furthermore, the use of different imidazolate ligands allows the

preparation of other unprecedented Fe(ll)-ZIFs with different topologies,
such as Fe(etim)z (etimH = 2-ethylimidazole), with gtz topology (denoted
MUV-6), and Fe(mebim)2 (mebimH = 2-methylbenzylimidazole), with dia
topology (denoted MUV-7) (Figure 2.16). This highlights the relevance of
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Figure 2.15 X-ray powder diffraction of ZIF-8 and ZIF-67 synthetized by
solvent-free method. In red, theoretical powder pattern of ZIF-8; in dark
grey, ZIF-8  synthetized using  bis(2,2,6,6-tetramethyl-3,5-
heptanedionato) zinc(Il); in grey, ZIF-8 synthetized using ZnO; in purple,
ZIF-67 synthetized using cobaltocene.

the methodology here described. These ligands in combination of Zn(Il) or
Co(Il) can give several structures. In the case of etimH, the most

thermodynamic topology is the dense polymorph, in this case, the gtz
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topology. The alternatives (RHO and ANA topology), present cavities and

porosity.*
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Figure 2.16 X-ray powder diffraction of MUV-6 and MUV-7 synthetized
by solvent-free method (in orange and clear orange, respectively) and the
theoretical powder pattern of MUV-6 and MUV-7 (in red and black,

respectively).

With mebimH does not exist any pure ligand ZIF structure due to the
bulky nature of the ligand. But the dia topology exist as polymorph of ZIF-
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8 and ZIF-67, and also is the most thermodynamic topology for this

combination.

2.3 Conclusions

In summary, we have presented the solvent-free synthesis of the
highly interesting iron(Il) analogue of ZIF-8, MUV-3, inaccessible through
conventional preparation routes, thus paving the way for exploring many
applications. The presence of a template is crucial for the facile synthesis
of phase pure single crystals of MUV-3, which show a gate opening
behaviour analogous to that of ZIF-8. However, its behaviour towards NO
sorption is completely different due to the presence of Fe(ll) centres,
revealing a chemisorption of the NO molecules to the metal centres. The
synthetic procedure here presented, using ferrocene as the source of iron, is
also compatible with the chemical vapor deposition (CVD) techniques
commonly used in microelectronics and recently shown to be effective with
MOFs,2 thus facilitating its applicability. This green alternative to
synthetize ZIFs is also possible to apply for other already known as ZIF-8
and ZIF-67, and presents the opportunity to explore novel ZIF phases and

materials.

2.4 Methods

All reagents were commercially available and used without further

purification.

Synthesis of MUV-3. Ferrocene (30 mg, 0.16 mmol), 4,4-bipyridine (50
mg, 0.32 mmol), or an alternative template and 2-methylimidazole (25 mg,

0.30 mmol) were combined and sealed under vacuum in a layering tube (4
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mm diameter). The mixture was heated at 150 °C for 4 days to obtain
yellow crystals suitable for X-ray single-crystal diffraction. The product
was allowed to cool to room temperature, and the layering tube was then
opened. The unreacted precursors were extracted with acetonitrile and
benzene, and MUV-3 was isolated as yellow crystals (yield 20 %). Phase

purity was established by X-ray powder diffraction.

Synthesis of ZIF-8 and ZIF-67. Cobaltocene (for ZIF-67, 30 mg, 0.16
mmol), ZnO (for ZIF-8, 13 mg, 0.16 mmol) or bis(2,2,6,6-tetramethyl-3,5-
heptanedionato) zinc(ll) (for ZIF-8, 69 mg, 0.16 mmol) and 2-
methylimidazole (25 mg, 0.30 mmol) were combined and sealed under
vacuum in a layering tube (4 mm diameter). The mixtures were heated at
150 °C for 4 days to obtain purple powder (ZIF-67) or white powder (ZIF-
8). The products were allowed to cool to room temperature, and the layering
tubes were then opened. The unreacted precursors were extracted with
acetonitrile and benzene. Phase purity was established by X-ray powder

diffraction.

Synthesis of MUV-6 and MUV-7. Ferrocene (30 mg, 0.16 mmol), 2-
ethylimidazole (29 mg, 0.30 mmol, for the preparation of qtz-[Fe(etim)z],
MUV-6) or 2-methylbenzimidazole (40 mg, 0.30 mmol, for the preparation
of dia-[Fe(mebim)z], MUV-7) were combined and sealed under vacuum in
a layering tube (4 mm diameter). The mixtures were heated at 150 °C
(MUV-6) and 250 °C (MUV-7) for 4 days to obtain pale yellow crystals
suitable for X-ray single-crystal diffraction. The products were allowed to
cool to room temperature, and the layering tube were then opened. The

unreacted precursors were extracted with acetonitrile and benzene, and
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MUV-6 or MUV-7 were isolated as pale yellow crystals. Phase purity was

established by X-ray powder diffraction.

X-ray powder diffraction. Polycrystalline samples of MUV-3, MUV-6,
MUV-7, ZIF-8 and ZIF-67 (prepared by solvent-free synthesis) were
lightly ground in an agate mortar and pestle and used to fill 0.5 mm
borosilicate capillaries that were mounted and aligned on an Empyrean
PANalytical powder diffractometer, using Cu Ka radiation (A = 1.54056
A). Three repeated measurements were collected at room temperature (26
=2—40 °) and merged in a single diffractogram for each sample, with sharp
and intense peaks denoting the high crystallinity of the material (Figure
2.3).

Single Crystal diffraction. Single crystals of MUV-3, MUV-6 and MUV-
7 were mounted on cryoloops using a viscous hydrocarbon oil to coat the
crystals. X-ray data were collected at 120 K on a Supernova diffractometer
equipped with a graphite-monochromated Enhance (Mo) X-ray Source (A
=0.71073 A). The program CrysAlisPro, Oxford Diffraction Ltd., was used
for unit cell determinations and data reduction. Empirical absorption
correction was performed using spherical harmonics, implemented in the
SCALE3 ABSPACK scaling algorithm. Crystal structures were solved and
refined against all F? values by using the SHELXTL and Olex2 suite of
programs.®3” Non-hydrogen atoms were refined anisotropically and
hydrogen atoms were placed at calculated positions (riding model). Solvent
mask protocol in Olex 2 was implemented to account with the remaining

electrondensity corresponding to disordered molecules of starting material
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in MUV-3. A total of 494 electrons were found un-accounted in the model
(in a cavity of 2580 A% in size).

Thermogravimetric analysis. Thermogravimetric analyzed of MUV-3,
MUV-6, MUV-7, ZIF-8 and ZIF-67 were carried out with a TA instruments
TGA 550 apparatus in the 25-500 °C temperature range under a 5°C-min*

scan rate and a N2 flow of 40 mL-min.

Scanning electronic microscopy. Scanning Electronic Micrographs
images were recorded in a Hitachi S-4800 at different times of reaction.
Synthesis length below 12 hours yields crystals of around 50 um, whereas

synthesis length longer than 12 hours yields crystals of around 100 pm size.

Magnetic measurements. The magnetic structure and the presence of
Fe(Il) was characterized by magnetic measurements. Variable-temperature
(2—300 K) direct current (dc) magnetic susceptibility measurements were
carried out in applied fields of 0.1 T and variable field magnetization

measurements upto 5 T at 2 K.

Gas Sorption. Nitrogen isotherms were measured using a TRIFLEX
apparatus (Micromeritics) at =196 °C. The sample was transferred from a
sealed ampoule to the sample holder inside a glove box. Before the analysis,
50 mg of the thoroughly washed MUV-3 were degassed at 150 °C and
~5x107® bar overnight. The BET surface area was calculated by using the
Brunauer—Emmett—Teller equation, and micropore volume was calculated

by the t-plot method.

The high-pressure CO2 adsorption isotherms were measured in a
gravimetric sorption analyzer IGA-100 (Hiden Isochema). 50 mg of
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adsorbent were placed in a sample holder and before measurement, the
sample was degassed 3 hours at 100 °C under vacuum. CO2 adsorption

isotherms were acquired at 25, 35, 45 and 55 °C.

The NO adsorption isotherms were collected in a Micromeritics ASAP
2010 apparatus. In the first experiment, 200 mg of fresh MUV-3 were
placed in the sample holder and activated at 100 °C under vacuum
overnight. Then, the isotherm was measured at 0 °C up to 1 bar. In order to
distinguish between physisorption and chemisoption, a second isotherm
was measured on the same sample but degassing at room temperature,

assuming that only the physisorbed molecules were removed.

Infrared spectra. IR were recorded in a Platinum-ATR diamond Bruker

spectrometer in the 4000—350 cm ™ range using powdered samples.
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Mixed-ligand SOD ZIFs

3.1 Introduction

One of the most important aspects in metal-organic frameworks
(MOFs), from an application point of view, concerns their thermal and
chemical stability.! As has been shown in Chapter 1, one successful
approach for the formation of stable MOFs consists on the combination of
soft Lewis acids with soft Lewis bases, being zeolitic imidazolate
frameworks (ZIFs) an example of such approximation.? However,
“chemical stability” is a very broad concept, and we will focus on the
stability in water, whose presence in many of the industrial processes is

ubiquitous.3*

The problem of the stability of MUV-3, the Fe-based ZIF-8 analogue
material, i.e. Fe(2mim)z, is caused by the presence of water (Chapter 2,
Figure 2.7). This also occurs in the Mn(11)° and Mg(I1)® related materials.
Their high sensibility to water is problematic for possible applications, such
as bio-applications or gas separation,”® where this novel MOF could
potentially be very interesting. Thus, the improvement of its water stability

can help with the development and applicability.

Initial studies of the stability of ZIFs were performed using
Zn(2mim)z, also known as ZIF-8, a porous crystalline material with SOD
zeolite topology, which has been used in membrane applications, where
water stability is an important characteristic.'® Different authors reported
its high stability in water based in the crystallinity retention after being
exposed to boiling water, which was demonstrated with X-ray powder
diffraction.>!! Nevertheless, these results have been questioned by other

authors, who have shown a degradation of the material with time (Figure
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3.1).1213 These different points of view onto the water stability in ZIFs have
been rationalized analyzing the ratio between ZIF-8 vs water. Specifically,
the formation of ZIF-8 in solution results from an equilibrium of different
Zn(2mim)x clusters, whose formation depends strongly on the
concentration of 2mimH and Zn?*.14 Thus, when ZIF-8 is exposed to water,
it is partially dissolved and, depending on the ratio ZIF-8 vs water, the
dissolution is a major phenomenon or only partial. For small quantities of
water (in relation with ZIF-8), the equilibrium between the dissolution and
formation of ZIF-8 is almost unaffected (large amounts of solid are present
and only a minor amount is dissolved). This, combined with the high
crystallinity of ZIF-8, prevents the observation of dissolution through X-
ray powder diffraction. However, in this case it is more instructive to
analyze the solution instead of the solid, with the aim of detecting the

presence of ligand or Zn?*, which could be achieved with NMR and ICP.

Figure 3.1 A ZIF-8 membrane (left) immersed in pure water 72 hours

(right). Adapted from reference 13.

Despite these results for the water stability of ZIF-8, the hydrophobic
nature of this material is also tested. In fact, water isotherms of ZIF-8 show

its hydrophobic behavior.’® In that work, led by F-X. Coudert, a type V
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isotherm was observed for water adsorption on ZIF-8, characteristic of
hydrophobic microporous materials.*® The water sorption was also checked
with other ZIFs of different hydrophilicity, such as ZIF-7 (sod-Zn(bim)z2),
ZIF-65 (sod-Zn(2-NO2im)2), ZIF-65(rho-Zn(2-NO2im)z), ZIF-90 (sod-
Zn(2-CHOIm)2), ZIF-CI (sod-Zn(2-Clim)2) and SALEM-2 (sod-Zn(im)2).
This study emphasized the importance of the functional group, topology,
and geometry. ZIF-8 has micropores with narrow windows, and
alkyl/aromatic framework (2mimH ligand). The methyl group located in
the 2" position can be substituted by —CI, -NO2, —~H or —CHO groups. For
similar groups, such as —H or —Cl, the hydrophobicity is analogous. The
inclusion of polar groups, such as —NO2 or -CHO to enhance the interaction
of the framework with water molecules, has an important influence. In ZIF-
65 the hydrophobicity is decreased, but still remains as a hydrophobic
framework. However, for ZIF-90, the —CHO group induces a significant
change in the interaction between the framework and water, transforming
the framework to a hydrophilic system. Regarding the effects of the
topology, the different distribution of windows and different sizes have an
effect on the steps during the adsorption, owing to the different related sites
and accessibility with a major affinity for water molecules. Finally, the
geometry is also important, as can be seen upon comparison between ZIF-
8 (2mim) and ZIF-7 (bim), both having SOD topology. It was expected a
higher hydrophobicity for ZIF-7, but, on the contrary, ZIF-7 is hydrophilic.
This is because of a small distortion of the ideal SOD topology, presenting
two different distorted hexagonal windows. The crystal system for ZIF-8 is
founded on a cubic system, meanwhile for ZIF-7 is a trigonal crystal

system. To summarize, the functional groups have a huge importance in the
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wettability of the material, albeit more parameters can play important roles
and, in some cases, the incorporation of aromatic/alkyl groups is not enough

to improve the hydrophobicity.

The post-synthetic methodology to exchange the organic linker is the
most used technique to tune the properties owing to the similar coordination
angle for all imidazole derivatives, thus helping the exchange while
preserving the structure. This allows to achieve non-accessible ZIFs via
direct synthesis. For instance, W. Yang and co-workers developed a
strategy to improve the hydrothermal stability of ZIF-8 exchanging the 2-
methylimidazole by 5,6-dimethylbenzimidazole, a larger organic ligand,
through a shell-ligand-exchange-reaction (SLER).Y” Whereas in a previous
work based in the solvent-assisted linker exchange (SALE), the ligand
exchange is complete,'® Yang’s group exchange the linkers only partially,
just from the surface, improving their hydrophobicity and retaining the

crystal structure of ZIF-8.

Nonetheless, very recently it has been developed a novel linker
exchange procedure based on a solvent-free approximation, namely the
vapor phase linker exchange (VPLE).Y® In this work, Ameloot’s group
exposes ZIF-8 to vapors of an imidazole derivative which forms ZIFs with
sod topology, such as ZIF-7 (Zn(bim)z2), ZIF-65 (Zn(2-NO2im)z), ZIF-90
(Zn(2-CHQIm)2), ZIF-71 (Zn(4,5-Cl2im)2) and SALEM-2 (Zn(im)2). For
ZIF-90, a near complete conversion is obtained (88 %), but for other
ligands, the percentage is minor: 68 %, 44 % and 37% for 2-NO2imH, bimH
and 4,5-ClzimH, respectively. In the case of imH the sod structure is not

achieved, in contrast to what is obtained by SALE® Nevertheless, this
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approximation is a great alternative to avoid solvents and opens the door to

the use of this methodology in pre-formed thin films.

In this Chapter, owing to the incompatibility of MUV-3, the iron
analogue of ZIF-8 presented in Chapter 2, with post-synthetic
methodologies using common solvents, a direct synthesis approach to
enhance its stability. Will be discussed to improve the “defense” of MUV-
3 against water, an increase of the alkyl/aromatic rests of the organic part
has been investigated in order to favor the steric hindrance, thus preventing

the entrance of water molecules.

One of the most common ways to enhance water stability behavior is
the inclusion of fluorinated groups or alkyl chains in a metal-organic
framework.?® However, the inclusion of these functional groups
maintaining the desired topology is a huge challenge, as their incorporation
is typically accompanied by a change in the topology. An alternative
approach consists on the use of similar ligands (from a molecular structure
point of view), but employing slightly bulkier substituents (ethyl group
instead of methyl group) to difficult the entrance of water molecules. In
addition, to prevent crystal distortion as observed in ZIF-7, a mixed-ligand
strategy can circumvent these issues resulting in a combination of retaining

the desired topology and the introduction of a bulkier ligand.

Post-synthetic methodologies such as SALE or SLER involve the use
of different solvent, which is incompatible with MUV-3 as it results in a
mixture of iron oxides and amorphous materials. Consequently, another
strategy was developed based on a pre-synthetic process. Taking as a model

the MUV-3, bulkier organic ligands will be chosen, although most similar
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possible to 2mimH, to construct mixed-ligand materials, preserving the
SOD topology with the least possible distortions (Figure 3.2).

2mbimH
Bulkier
substituent ?
Bulkier 2eimH
substituent

Figure 3.2 MUV-3 is constructed by 2mimH. To use bulkier ligands
2eimH and 2mbimH were selected owing to their bigger organic rests at
2" and 4™"-5" positions.

The incorporation of 2-ethylimidazole (2eimH) and 2-
methylbenzimidazole (2mbimH) in the SOD topology is a challenge, as the
crystal structures based solely in 2eimH or 2mbimH have different
topologies. Specifically, three different crystal structures can be obtained
with the 2eimH ligand in combination with Co(ll) and Zn(ll) as metallic
nodes, namely RHO-M(2eim)2, ANA-M(2eim)2 and qtz-M(2eim)2, also
known as MAF-6, MAF-5 and MAF-32, respectively (MAF = metal-
azolates frameworks).?%?2 The RHO and ANA polymorphs are porous
materials with zeolite topologies. However, the gtz polymorph is a dense

coordination polymer (Figure 3.3). When using Fe(ll) instead of Co(ll) or
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Zn(ll), the dense gtz polymorph can be obtained, as shown in Chapter 2,
denoted MUV-6.
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Figure 3.3 The achievable polymorph of Zn(2eim)2 and their respective

energy enthalpies. Adapted from reference 21.

Interestingly, there are no reports of any material with exclusively
2mbimH as a ligand in a combination with Co(Il) or Zn(1l), most probably
owing to its bulky nature. However, two mixed-ligand structures were
published by the groups of S. Qiu and O. Yaghi using 2mbimH. The first
has a formula Zna(2mbim)s(bim)s, a mixed compound with GIS topology
called JUC-160 (Jilin University China) (Figure 3.4a).?® The bulky groups
make it stable in different solvents such as benzene and apparently, water
(although this was only checked by X-ray powder diffraction). Also, owing
to the bulky groups, JUC-160 does not allow N2 gas molecules entering in
the pores, while the smaller CO2 molecules can be physisorbed, which
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allows the calculation of a BET value of around 210 m?/g. The second
material results from a combination of 5-methylbenzimidazole and
2mbimH with Zn(I1), of formula Zn(2mbim)o.2s(2mbim)a.72, published by
0. Yaghi and co-workers.?* This material does not possess a zeolite
topology, but rather it has a novel topology, undescribed before for porous
materials, and denoted ykh (Figure 3.4b). Similar to what has been
observed with MUV-6, it is possible to construct an extended CP based in
Fe(ll) centers and 2mbimH, described in Chapter 2, which is a dense

polymorph with dia topology (MUV-7).
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Figure 3.4 a) Crystal structure of JUC-160 with zeolite topology GIS. b)
Crystal structure of ZIF-586 with ykh topology.

3.2 Results and discussion

Synthesis of mixed-ligands sod-Fe(ll) structures. Three different
mixed-ligand compounds have been prepared combining two ligands with
ferrocene at 150°C, using a 1:1 mixture of ligands: 2mimH and 2mbimH
results in MUV-3-mimb, 2eimH and 2mbimH results in MUV-3-eimb,
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and 2mimH and 2eimH results in mixture of MUV-6 and an unknown
material. In the case of MUV-3-mimb and MUV-3-eimb large single-
crystals have been isolated, suitable to single-crystal diffraction. Structural
analysis of MUV-3-eimb reveals that both compounds are isoreticular with
MUV-3. They present SOD topology and similar crystal cell parameters,
with a = 17.2998(2) A and Fe—N distance of 2.043(1) A (Figure 3.5),
slightly bigger than MUV-3 (a = 17.1656(2) A). The 2mbim ligands have
an occupancy of 0.3, what suggest a ligand ratio of 70:30 between

2mim/2eim: 2mbim.

Figure 3.5 a) Coordination environment of the Fe(ll) atoms in MUV-3-
eimb. b) Crystal structure of MUV-3-eimb showing SOD topology.

Table 3.1 Fe-N bonds distances in the different Fe(ll)-azolates-based

materials.
MUV-3 MUV-6 MUV-7
Fe-N  2.0342 A 2.0426 A 2.0554-2.1787  2.0404—
A 2.0479 A
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Mixture mitei
— MUV-6
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Figure 3.6 a) X-ray powder diffractograms of MUV-3-mimb (peach
color) and MUV-3-eimb (yellow color) in comparison to MUV-3 (orange
color), showing the isoreticularity between them. b) X-ray powder
diffractograms of 2mimH/2eimH mixture and the theoretical of MUV-6
and MUV-3.

The phase purity and the presence of only one crystal structure were
determined by X-ray powder diffraction (XRPD). This technique confirms
the homogeneity of the crystals obtained during the synthesis and allows to
determine possible segregation of phases, a common scenario when using
mixtures of ligands. MUV-3-eimb and MUV-3-mimb present XRPD
patterns which match perfectly with the MUV-3 diffractogram (Figure
3.6a). However, the mixture 2mimH/2eimH gives two different crystalline

materials, MUV-6 compound and an unidentified phase (Figure 3.6b).

The ratio between the ligands was confirmed by *H NMR
spectroscopy. For this purpose, the samples of MUV-3-eimb and MUV-3-
mimb were digested in D20 and deuterated trifluoroacetic acid for the

comparison with the pure organic spectra (Figure 3.7). The synthetic used
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ratio in the synthesis was 50% for each ligand. However, the experimental
ratio is around 65% for the 2eimH and 2mimH versus 2mbimH (Figure
3.8). This percentage can be increased to 70-75% (maximum) of 2eimH
and 2mimH by increasing the ratio in the synthesis. Nevertheless, the ratio
cannot decrease under 65% for 2eimH and 2mimH using lower synthetic
ratios of 2eimH and 2mimH. In these cases, the quantity of crystals
decreases and presents the same ligand ratio than the 50% ligand synthetic
ratio (around 65%). The hypothesis and explanation can be the necessary
ratio for construct the mixed-ligand SOD material is around 65% for
2eimH-2mimH, and when this ratio is decreased, the 2eimH-2mimH acts

as the limiting reagent.
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Figure 3.7 NMR spectra of the pure organic ligands used to construct
the mixed-ligand MUV-3 family.
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Figure 3.8 NMR spectra of MUV-3-eimb and MUV-3-mimb.
Clearly identified the H atoms from each ligand. Colored circles help

to localized its corresponding chemical shifts of the protons.
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The confirmed mixed-ligand structures present higher thermal
stability in comparison to MUV-3. The pure 2mim SOD compound starts
to decompose around 200°C, and the related mixed-ligand isoreticular
materials begin to decompose around 350°C. Thus, the incorporation of
2mbimH in the MUV-3 structure stabilizes thermally the compound. This
improvement of the thermal stability is similar to the Fe(ll) related dense
materials, such as MUV-6 and MUV-7 (Figure 3.9).
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Figure 3.9 Thermogravimetric analysis of MUV-6, MUV-7, MUV-3-

mimb and MUV-3-eimb in nitrogen gas at a heating rate of 20 °C min~
1

99



Chapter 3

The ligand composition and its chemical structure are slightly
different for the MUV-3 mixed-ligand compounds. However, the Fe---Fe
pathway is very similar, with a similar magnetic exchange between the
metallic nodes in MUV-3-eimb and MUV-3-mimb. The measurements of
the magnetic properties indicate the presence of strong antiferromagnetic
metal-metal interactions between the Fe(ll), as also observed in MUV-3
(Figure 3.10). There is an increase in x upon cooling down to achieve
maximum value at 17-15 K, indicating antiferromagnetic ordering.
However, the Neél temperature for the mixed-ligand compounds has a
lower value than the MUV-3 (23 K) and the dense MUV-6 (34 K) and
MUV-7 (39 K) (Table 3.2). Despite the differences in the crystal structure,
the tetrahedral environment of the Fe(ll) in MUV-6 and MUV-7 is similar
to the MUV-3 and the mixed-ligand family. The presence of a single peak
in the magnetic measurements indicates a single crystalline phase,
discarding the combination of two different phases or domains.* This fact
is also in accordance with the XRPD studies. In addition, the ordering
temperature of the mixed-ligand materials is closer to MUV-3, the
isoreticular compound, although different enough to appreciate a distortion
on the structure and magnetic properties owing to the combination of

ligands.

*1f the composition of the MUV-3-eimb and MUV-3-mimb were based on the
combination of only one ligand domains, two different signals in the magnetic
measurements should be appreciated.
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Figure 3.10 Magnetic susceptibility plot showing the antiferromagnetic
interactions and antiferromagnetic ordering at low temperature between
Fe(ll) centers in MUV-3-eimb, MUV-3-mimb, MUV-6 and MUV-7.

Table 3.2 Tn for the MUV-3 family and Fe(ll) related azolates.
MUV-6 MUV-7
34K 39K

™n 23K 17K 15K

These MUV-3-mimb and MUV-3-eimb compounds also present
different crystal morphology in front of MUV-3. The study of the shape of
the crystals by scanning electron microscopy (SEM) shows truncated
rhombohedral particles. However, the surface of these crystals presents
holes and defects with very defined geometries (Figure 3.11). These holes

or defects are observed in defective MOFs, especially in mixed-ligand
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compounds. This class of materials favor the appearance of these

imperfections.?®

Figure 3.11 a) A single crystal of MUV-3-mimb with rhombohedral
morphology and holes at the surface. Scale bar 50 um b) Zoom of the
surface of the crystal (a), with rhombohedral holes. Scale bar 5 um ¢) A
single-crystal of MUV-3-eimb with geometric holes. Scale bar 200 pum.

d) A representative sample of MUV-3-eimb crystals. Scale bar 1 mm.

Furthermore, it is possible to achieve novel materials using the
solvent-free approach through Fe(Il) chemistry (Figure 3.12). The strategy
of mixed-linker synthesis results useful to incorporate bulkier ligands such
as 2-methylbenzimidazole and 2-ethylimidazolate. However, the

improvement of stability at open atmosphere is only slightly enhanced,
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from couple of hours?® for MUV-3 to 2 days for the mixed-ligand materials
(Figure 3.13).

el

-3 -a"g,_SOD
Y."?
4 5
."' : ‘ "u.
;_",.'_;
Figure 3.12 Scheme of the different achievable crystal structures

combining Fe(ll) and the three imidazoles: 2mimH, 2eimH and 2mbimH.
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Figure 3.13 X-ray powder diffraction after 24 and 48 hours of exposition

at air atmosphere.

Expanding the mixed-ligand strategy. This pre-synthetic strategy
can be extended to Zn(ll) and Co(ll), which will serve to study the impact

of the incorporation of these ligands in classical more stable ZIFs.

The water stability of ZIF-8 is an important point, as has been
discussed during the introduction to this Chapter. For this reason, it can be
interesting to transport the SOD mixed-ligand synthesis to Zn(ll) and
Co(ll), to check the influence in their chemical stability and properties. In
addition, the solvent-free methodology has been demonstrated as a useful
technique in Chapter 2, synthesizing also Zn(Il) and Co(ll) materials like
ZIF-8 and ZIF-67.
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Therefore, the same synthetic strategy was used to obtain the Zn(Il)
and Co(ll) counterparts of MUV-3-mimb and MUV-3-eimb. Cobaltocene
and ZnO were the metal sources for the synthesis, and purple/white
powders were obtained for the Co(Il)/Zn(ll) derivatives. Phase purity was
checked by X-ray powder diffraction, showing high crystallinity and a
single phase as in the Fe(Il) compounds (Figure 3.14). However, the crystal
sizes of the Co(ll) and Zn(Il) analogues were not suitable for single-crystal
studies (as also occurred with ZIF-8 and ZIF-67 obtained by solvent-free

methodologies).

a b — ZIF-67-mimb
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— ZIF-8 ‘ — ZIF-67
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Figure 3.14 a) X-ray powder diffractograms of ZIF-8-mimb (clear gray)

and ZIF-8-eimb (dark gray) in comparison of ZIF-8 (black color),

showing the isoreticularity between them. b) X-ray powder

diffractograms of ZIF-67-mimb (magenta) and ZIF-67-eimb (violet) in

comparison of ZIF-8 (black), showing the isoreticularity between them.

The possible crystal structures that can be obtained with Zn(Il) or

Co(Il) in combination with 2eimH have been discussed previously.
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However, the possibilities of the solvent-free synthesis for that
combination, and the results using 2mbimH were not explored. Thus, it can
be interesting to know the accessible phases through solvent-free synthesis
with those linkers to understand better the phase distributions. This can also
serve to compare with Fe(ll) compounds, owing to the major possible
phases with 2eimH in Zn(I1) and Co(ll) compounds.

For the Zn(1l) and 2mbimH combination, it was found an unknown
crystal structure, unidentified at the moment, different to the known SOD
and dia topologies. Using the 2eimH linker, the expected qtz structure
matches perfectly with the synthesized material (Figure 3.15). In the case
of Co(ll), in the first case with 2mbimH ligand, the obtained material results
in an amorphous compound. However, for the 2eimH, the resulting
compound is a mixture of two very known crystals structures, MAF-5 and
MAF-6, two porous coordination polymers with ANA and RHO zeolite
topologies (Figure 3.15). If the synthetic parameters are changed, different
polymorphs can be obtained, such as the dia topology with Co(ll) or the
MAF-6 with Zn(Il).

After checking the different phases achievable by solvent-free
synthesis, and discarding the possibility of the obtaining SOD topology by
pure structures based in 2eimH or 2mbimH, the ligand composition of the
ligand-mixed materials was checked by *H NMR to see the percentage in
the structure. For the eimb compound, the ratio between ligands is similar
to the Fe(Il) compound, around 60%-75% for the 2eim linker, depending
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Figure 3.15 a) X-ray powder diffraction of Zn(2mbim)z, showing an
unknown structure. b) X-ray powder diffraction of Zn(2eim)2 presenting
the gtz topology. ¢) X-ray powder diffraction of Co(2mbim)2 showing an
amorphous material. d) X-ray powder diffraction of Co(2eim)z, is a
mixture of two very known structures, MAF-5 (ANA) and MAF-6
(RHO).

on the synthesis ratio. However, for the mimb mixture, there are some
differences between these compounds and the Fe(ll) materials. The ratio in
the Zn(1l) and Co(ll) compounds with 2mim can oscillate between 50% and
80%, preserving the phase purity, using different linker ratio in the
synthesis (Figures 3.16-3.17). Unfortunately, this higher range in the linker
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ratio for ZIF-8 and ZIF-67 cannot be explained, and more experiments are
required. Nonetheless, the different framework flexibility between MUV-
3, ZIF-8 and ZIF-67 may play a role in the accommodation of the 2mbim
bulky ligand inside the structure.

The differences in the thermal stability, checked by
thermogravimetric analysis, are only present in the Zn(ll) derivatives.
Figure 3.18 shows 8% and 20 % mass loss for ZIF-8-eimb and ZIF-8-
mimb, respectively. This may be due to the presence of solvent and an
easier removal, owing to a different framework breathing behavior between
Zn(11) and Co(ll) networks. Between the Zn(I1) derivatives. The difference
in the loss mass observed in the two Zn(ll) derivatives can be attributed to
the more accessible pores thanks to the less bulky ligand, 2mim. For Co(ll),
it is also possible to appreciate a mass loss in the ZIF-67-mimb (around 6
%). The Zn(Il) derivatives are stable up to 400 °C, while Co(ll) derivatives
are stable up to 340 °C. These results are comparable to those observed in
Fe(Il) frameworks. However, these mixed-ligand compounds are a little bit
less stable than the isoreticular compounds based in pure 2mim (Z1F-8 and
ZIF-67).
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Figure 3.16 NMR spectra of ZIF-8-eimb and ZIF-8-mimb.
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Figure 3.17 NMR spectra of ZIF-67-eimb and ZIF-67-mimb.
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Figure 3.18 Thermogravimetric analysis of the mixed-ligand derivatives
of Zn(I1) and Co(ll).

The Co(Il) compounds can present magnetic exchange through the
same pathway, Co-im-Co, such as the Fe(ll) networks. However, Zn(ll) is
a d'° cation in a tetrahedral environment, i.e. with no unpaired electrons,
and therefore cannot present magnetic ordering. The magnetic behavior of
ZIF-67-eimb and ZIF-67-mimb is very similar to the Fe(ll) compounds
discussed previously (Figure 3.19). There exist antiferromagnetic
interactions between Co(ll) centers, and at low temperatures, around 16—
18 K, they are ordered in the antiferromagnetic phase. This

antiferromagnetic behavior is typical in Co(ll) azolates.??® The only
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presence of one magnetic signal corroborates the presence of only one
phase per compound.
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Figure 3.19 Magnetic susceptibility plot showing the antiferromagnetic
interactions between Co(ll) centers and antiferromagnetic ordering at low

temperature in the ZIF-67 eimb and ZIF-67-mimb materials.

The crystal size and quality of these isoreticular materials in
comparison to the Fe(ll) frameworks are lower. The scanning electron
microscopy images show the smaller sizes of the crystals and less defined

morphologies for the four compounds (Figure 3.20).

Water stability. One of the objectives was to check the impact of the
mixed-ligand structure in the chemical stability owing to the inclusion of
the bulkier linkers. For that, a water stability experiment was designed
similar to the reported and discussed during the introduction. 12 mg of the
four obtained materials were introduced in 20 ml (0.06 weight % of ZIF) of
water under continuous stirring for 48 hours. To check the instability of
ZIF-8 under the same conditions, some samples of ZIF-8 and ZIF-67 were

prepared by solvent-free conditions. Figure 3.21 shows the appearance of

112



Mixed-ligand SOD ZIFs

Figure 3.20 a) Crystals of ZIF-8-eimb with defined morphology. Scale
bar 20 um. b) Crystals of ZIF-8-mimb with defined morphology, similar
to ZIF-8. Scale bar 5 um. c) Crystals of ZIF-67-eimb. Scale bar 20 um.
d) Crystals of ZIF-67-eimb with similar morphology to ZIF-67. Scale bar
10 pm.

another unknown phase in the ZIF-8 diffractogram, such as the mentioned
work in the introduction.’> Some works identify this phase as
Zn(OH)(NO3)(H20).% However, in this experiment there are no NO3™ ions
present, due to the solvent-free nature of the synthesis, using ZnO as a
metallic source. ZIF-67 seems to retain the crystal structure without the
appearance of any additional phase. The four mixed-ligand structures

present the same diffractogram as that observed before the water treatment.
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The Zn(11) compounds seem to be more stable than the ZIF-8, and no extra

peak is observed.
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Figure 3.21 a) X-ray powder diffraction of ZIF-8 and ZIF-67 after 48
hours in water solution. The asterisk indicates the extra peaks of the
unknown phase. b) X-ray powder diffraction of ZIF-67-mimb, ZIF-67-
eimb, ZIF-8-mimb and ZIF-8-eimb after 48 hours in water solution.

However, X-ray diffraction does not reveal possible etching of the
ligands owing to the instability in water. Still, this can be detected by H*
NMR spectroscopy. Thus, upon 48-hours immersion in D20, under
continuous stirring, water samples were analyzed by H! NMR spectroscopy
(Figures 3.22-3.23). The comparison between ZIF-8/ZIF-67 and the mixed
ligand ZIFs shows less etching of the material for the same time immersed
in water. For a quantitative comparison, known volumes of the D20 (from
the ZIFs water immersed) were analyzed with an internal standard,
(CH3)sNCI, with known concentration, as recent reported works.*® The
characteristics peaks from the different methyl groups were identify and the

areas were normalized to quantify the linker ratios and concentration in the
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original water stability studies. For ZIF-8 and ZIF-67 were founded a 48 %
and 21 % of 2mimH in the D20, respective to the maximum possible molar
ratio. For ZIF-eimb compounds, very similar percentages were found, 46
% for Zn(11) compound and 27 % for the Co(ll) compound. However, for
the ZIF-mimb series, lower percentages of ligands were found in the D20,
38 % for the Zn(1l) material and 16% for the Co(ll) material. Despite the
major hydrophobicity and steric hindrance, the eimb mixtures present

higher percentages of etching than the mimb series.
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Figure 3.22 NMR spectra of ZIF-8 (a), ZIF-8-eimb (b) and ZIF-
8-mimb (c).
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Figure 3.23 NMR spectra of ZIF-67 (a), ZIF-67-eimb (b) and ZIF-67-

mimb (c).

It is possible to extend the synthesis of MUV-3-mix to Co(ll) and
Zn(Il) derivatives. This mixture of linkers and the solvent-free
methodology permit to achieve novel SOD crystalline compounds and

expand the ZIFs family (Figures 3.24-3.25) with higher water stability.

The crystal structure, phase purity, thermal and chemical stability are
clear for all the mixed-ligand ZIFs compounds. However, the porous nature
of these materials is required to be studied. N2 sorption shows a common
inability for the six materials to adsorb N2. Nonetheless, the CO2 sorption
measurements at 298 K (Figure 3.26) confirm the presence of porosity in

the Zn(I1) and Co(ll) derivatives. The total uptakes for the four compounds
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are near to the 10 % in mass for ZIF-8-mimb, and and lower (4-2 %) for
the rest of compounds.

Figure 3.24 Scheme of the different achievable crystal structures

combining Zn(ll) and the three imidazoles: 2mimH, 2eimH and
2mbimH.8

These values are lower than those obtained for ZIF-8.% In comparison with
the thermogravimetric data, the total uptake trend in these four materials is

in good agreement with the observed for the loss mass. The ZIF-8-mimb
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is the material exhibiting the highest loss mass and the most accessible

porosity.

ZIF-67-eimb

Figure 3.25 Scheme of the different achievable crystal structures

combining Co(ll) and the three imidazoles: 2mimH, 2eimH and 2mbimH.
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Figure 3.26 CO2 sorption (solid circle) and desorption (open circle)

isotherms at 298 K for the four mixed-ligand ZIFs derivatives.

3.3 Conclusions

The solvent-free synthesis offers a platform with high versatility and
applicability to expand the ZIFs family. The mixed-ligand approach has
been used as a method to find novel zeolite-like materials. In combination
with the solvent-free synthetic route, this approach permits to explore novel
crystal structure beyond to Fe(ll) derivate, enabling the incorporation of
bulkier ligands. The strategy to insert bulky groups in a sodalite topology
has been extended to other metals, such as Zn(ll) and Co(ll). Overall, the
incorporation of bulkier ligands had allowed to study the water stability of

these novel ZIFs. This work opens the door to investigate novel ZIFs and a
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combination of them in a green route owing to the absence of solvent during

the synthesis.

3.4 Methods

All reagents were commercially available and used without further

purification.

Synthesis of MUV-3-mix. Ferrocene (30 mg, 0.16 mmol) and a
combination of 2-methylimidazole, 2-ethylimidazole and/or 2-
methylbenzimidazole (0.10-0.24 mmol per reactant) were combined and
sealed under vacuum in a layering tube (4 mm diameter). The mixture was
heated at 150 °C for 4 days to obtain yellow crystals suitable for X-ray
single-crystal diffraction. The product was allowed to cool to room
temperature, and the layering tube was then opened. The unreacted
precursors were extracted with acetonitrile and benzene, and MUV-3-mix
was isolated as yellow crystals (yield 20 %). Phase purity was established

by X-ray powder diffraction.

Synthesis of ZIF-8-mix and ZIF-67-mix. Cobaltocene (for ZIF-67-mix,
30 mg, 0.16 mmol) or ZnO (for ZIF-8-mix, 13 mg, 0.16 mmol) and a
combination of 2-methylimidazole, 2-ethylimidazole and/or 2-
methylbenzimidazole (0.10-0.24 mmol per reactant) were combined and
sealed under vacuum in a layering tube (4 mm diameter). The mixtures
were heated at 150 °C for 4 days to obtain purple powder (ZIF-67-mix) or
white powder (ZIF-8-mix). The products were allowed to cool to room

temperature, and the layering tubes were then opened. The unreacted
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precursors were extracted with acetonitrile and benzene. Phase purity was
established by X-ray powder diffraction.

X-ray powder diffraction. Polycrystalline samples of MUV-3-eimb,
MUV-3-mimb, ZIF-8-eimb, ZIF-8-mimb, ZIF-67-eimb, ZIF-67-mimb,
Zn(2eim)2, Zn(2mbim)z, Co(2eim)2, Co(2mbim)2, ZIF-8 and ZIF-67
(prepared by solvent-free synthesis) were lightly ground in an agate mortar
and pestle and used to fill 0.5 mm borosilicate capillaries that were mounted
and aligned on an Empyrean PANalytical powder diffractometer, using Cu
Ka radiation (A = 1.54056 A). Two repeated measurements were collected
at room temperature (20 = 2—40 °) and merged in a single diffractogram for
each sample, with sharp and intense peaks denoting the high crystallinity

of the material.

Single Crystal diffraction. Single crystals of MUV-3-eimb and MUV-3-
mimb were mounted on cryoloops using a viscous hydrocarbon oil to coat
the crystals. X-ray data were collected at 120 K on a Supernova
diffractometer equipped with a graphite-monochromated Enhance (Mo) X-
ray Source (A= 0.71073 A). The program CrysAlisPro, Oxford Diffraction
Ltd., was used for unit cell determinations and data reduction. Empirical
absorption correction was performed using spherical harmonics,
implemented in the SCALE3 ABSPACK scaling algorithm. Crystal
structures were solved and refined against all F? values by using the
SHELXTL and Olex2 suite of programs.3>3* Non-hydrogen atoms were
refined anisotropically and hydrogen atoms were placed at calculated

positions (riding model).
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Thermogravimetric analysis. Thermogravimetric analyzed of MUV-3-
eimb, MUV-3-mimb, ZIF-8-eimb, ZIF-8-mimb, ZIF-67-eimb, ZIF-67-
mimb, MUV-6 and MUV-7 were carried out with a TA instruments TGA
550 apparatus in the 25-650 °C temperature range under a 20°C-min~* scan
rate and a N2 flow of 40 mL-min™2,

Scanning electronic microscopy. Scanning Electronic Micrographs

images were recorded in a Hitachi S-4800.

Magnetic measurements. The magnetic structure and the presence of
Fe(I1) and Co(ll) were characterized by magnetic measurements. Variable-
temperature (2—-300 K) direct current (dc) magnetic susceptibility
measurements were carried out in applied fields of 0.1 T.

NMR studies. NMR spectra were recorded on Bruker DRX-500

spectrometer.

Water stability experiments. 12 mg of several materials (ZIF-8-eimb,
ZIF-8-mimb, ZIF-67-eimb, ZIF-67-mimb, ZIF-8 and ZIF-67) were
immersed in 20 ml of water under permanent stirring for 48 hours. After
this time, the water was evaporated in an oven at 40 °C. The obtained
powder was checked by X-ray powder diffraction. For the D20 studies, 1.2
mg of the different ZIFs were used and 2 ml of D20. A solution of 3.4 mg

of (CH3)4NCl in 2 ml of D20 was used as internal standard.

Gas Sorption. The high-pressure CO2 adsorption isotherms were measured
in a gravimetric sorption analyzer IGA-100 (Hiden Isochema). 50 mg of

adsorbent was placed in a sample holder and before measurement, the
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sample was degassed 3 hours at 100 °C under vacuum. CO2 adsorption

isotherms were acquired at 25 °C.
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4.1 Introduction

The hybrid composition of Metal-Organic Frameworks (MOFs)
promotes the synthesis of a vast number of novel structures, owing to the
enormous variety of organic ligands and metallic clusters. This large
amount of new structures provides countless candidates to select materials
and applications.® Nevertheless, despite this sharp increase in the number
of structures there is a lack of knowledge about some fundamental and
critical stages in MOF chemistry, such as assembly, crystallization, crystal
growth or polymorphism.? Most of the synthetic techniques used for MOF
formation are based in equilibrium regimes, where the typically controlled
parameters are temperature, concentration, pressure and atmosphere.
However, the diffusion through the media, necessary for the formation of
the material, is an uncontrolled process. In fact, most of the reactions occur

in convective current systems.

Nonetheless, in nature, most of the chemical processes occur in-flow
and out of the equilibrium. Thus, the factor of mass transport can play an
important role in a chemical reaction and the assembly of molecules in
materials. In fact, this was proved for the first time in 1896 by R. Liesegang,
who managed to control mass transport through the diffusion of reactants
in a gel. Specifically, he studied the periodic precipitation (PP) of certain
pairs of inorganic salts such as AgNOs/K2Cr207 in a gel matrix. A droplet
of salt moves and reacts with another salt present in the gel, and that
provokes periodic bands of a precipitate (Agz2Cr207 in this case), known
nowadays as “Liesengang rings” (Figure 4.1a). The reaction between the

ions happens equal to a classic environment, and the product is also formed,
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Gelatin

Figure 4.1 a) Classical Liesegang rings of insoluble Ag2Cr207, the bands
in this picture are all thinner than a human hair. b) Small block of agarose
gel soaked with model substance A (in blue) is placed onto a larger block
of pure gelatin. Substance A is diffused from agarose to the gelatin.

Adapted from reference 3.

but the periodic precipitation is exclusive to the “extraordinary” reaction
matrix. The PP is due to the control of the diffusion through the media, a
different condition versus the classical reaction in solution in a vial (in a
convective regime). Nature uses similar reaction-diffusion systems, albeit
obviously much more sophisticated, to build structures and patterns, which
find diverse applications, from cell regulatory processes to control of the

crystal growth on a micro-nano scale.®

The study of the simplest model of migration, the diffusion (Figure
4.1b), in a chemical reaction, is called reaction-diffusion (RD). The RD is
present in nature in many ways, both in animated and inanimated systems.
Examples in animated systems are the control in cells of the intracellular
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oscillations of Ca?*, and the Turing-like mechanism of the skin patterns in
zebras. In inanimate systems, RD is also present in minerals (garnet,

augite...) or cave stalactites controlling the crystal formation.®

The application of RD to multifunctional molecule-based materials
can be interesting from different points: a) The control of diffusion and the
reaction out of convective currents can help to understand fundamental
issues of assemblies and crystal growth. b) This reaction across space and
time can lead to interesting non-equilibrium species not achievable by
classic methods. For these reasons, the study of the formation of MOFs by
RD systems can be useful not only from a fundamental point of view, but

also for applications.

This combination of RD and MOFs is quite challenging and novel,
and only a few examples have been previously reported. A recent work
developed by the group of M. Hmadeh explored the formation of ZIF-8
and ZIF-67 in an agar gel matrix containing the metallic cation (Zn?* or
Co?*) upon addition of a solution of 2-methylimidazole (2meimH) (Figure
4.2).* The 2meimH diffuses through the gel and reacts with the metallic
cations creating new diffusing species, denoted [ZIF (aq)], which nucleate
when exceeds a certain concentration. When the supersaturation wave is
important (early stages), nucleation dominates the process, and small
crystals are thus obtained. On the contrary, when the supersaturated wave
is less important, growth dominates the process, and larger crystals are thus
obtained. The size distribution is not linear and depends on the coupling

between RD and nucleation/growth kinetics.
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Figure 4.2 a) Schematic representation of the ZIFs synthesis via the
reaction-diffusion framework. b) The theoretical basis of the reaction-
diffusion framework (RDF). (left) Diffusion profiles of 2meimH and
Zn?*/Co?*. (right) Nucleation of pure ZIF-8 leading to nanospheroids
takes place within the reaction zone. Transition to multisized Co-doped
polyhedra with a gradient of composition takes place in its wake c)
Nucleation and growth kinetics of ZIFs dodecahedrons. SEM images of
the ZIF-8 crystals after 30 (i), 60 (ii), and 120 s (iii) and of ZIF-67 crystals
after 30 (iv), 60 (v), and 120 s (vi) of reaction at the interface region. d)
Formation of the ZIF-8, Co-doped ZIF-8, and ZIF-67 crystals in the
tubular reactor where the extracted bands are indicated as bn. Modified

from reference 4.

The authors also checked the particle size by HSEM and observed
bigger crystals far away from the most saturated in 2meimH zone. Besides,

in the intermediate location, the preorganization of small nanocrystals has
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been observed before the formation of the classic rhombic

dodecahedral shaped crystals.

Another recent example is the work of B. A. Grzybowski and co-
workers with the archetype MOF HKUST-1 as a model, whose shape can
be tuned using RD systems.® This MOF is formed by trimesic acid and Cu
paddle-wheel units disposed in a 3D network. Thus, they used a hydrogel
composed of agarose to control the diffusion of Cu(NOs)2, trimesic acid,
and triethylamine (a modulator), observing the formation of bands across
the gel matrix. The first three bands show different species, but from the
fourth band, formation of HKUST-1 is observed. Interestingly, different
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Figure 4.3 a) Schematic representation of the synthetic system and the
obtained bands of HKUST-1. b) Evolution of MOF-crystal morphology in
space and in time. Confocal microscopy images of crystals observed in
consecutive PP bands (horizontal axis) and also changing in time (vertical

axis). Modified from reference 5.

morphologies can be achieved depending on the modulator concentration.
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The first band where HKUST-1 is formed has a relatively low concentration
of triethylamine, favoring a spherical morphology. In the next bands, where
the concentration of the modulator is increased, different crystal growths
are favored due to the effect of the coordination of triethylamine to the

Cu(ll) centers, resulting in very distinct morphologies (Figure 4.3).

These examples show the powerful tool of the RD systems for MOFs
synthesis, and the theoretical and practical use of control of diffusion.
Nevertheless, this technique has also some limitations, such as the
solubility in water for the ligand and metal sources due to the hydrogel
nature, the temperature application during the synthesis (limited to room

temperature) and a real control over the diffusion.

The possibilities offered by combining RD and MOFs are very
promising. For this reason, we decided to start a collaboration with an
expert group in RD and microfluidics, Josep Puigmarti group, at the ETH
Zurich (Switzerland). The group of J. Puigmarti has wide experience in the
interface between microfluidics and materials,® studying the formation of
kinetic products only achievable by microfluidics systems,® controlling the
formation of covalent organic frameworks nanoparticles'® or the crystal
growth of MOF.1! | made a 3-month placement between April and June of
2019 at their laboratory to study the influence of RD in zeolitic imidazolate
frameworks (ZIFs) formation under novel characteristics such as

continuous-flow and liquid-solid interfaces.

Microfluidic systems are good platforms to study crystallization and
assembly processes as they offer several advantages to the classical

synthetic routes such as turbulent-free conditions (as RD systems) and
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Figure 4.4 a-b) Schematic illustrations of (a) two laminar co-flowing
streams and (b) a flow-focusing microfluidic set-up with two sheath flows
(or hydrodynamic focusing). ¢) Mixing of reactants is only accomplished
through molecular diffusion. Note that the latter is a unique method for
establishing an effective reaction-diffusion (RD) area, just like the ones
present in nature. In the figure, the yellow and blue colors indicate
reactants, the white color the pure solvent area, and in green. Adapted

from reference 7.

excellent control of mass and heat transport. Among the different
possibilities offered by microfluidics, we are going to focus on continuous-
flow platforms. Continuous-flow platforms present some interesting
characteristics similar to the RD examples in gel systems, such as the slow
mixing of the reactants due to the molecular diffusion inside the
microfluidic channel. In addition, this prevents the chaotic advection.
Continuous-flow devices work under laminar flow conditions, which allow

spatial and temporal control of reactants through the RD. This system,
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depicted in Figure 4.4, consists of a microfluidic chip with a series of
different channels where reactants and solvents can flow in a controlled
manner. In contrast to gel systems, the RD is more precise thanks to the
flow rate ratio (FRR) during the synthesis. The FRR is defined as the ratio
between the sheath and reagent flows.

A novel system developed by Puigmarti and co-workers was the “in-
flow MOF lithography”. This technique consists of a combination of a Y-
shaped microfluidic chip and a glass substrate coated by a metallic oxide
(Figure 4.5a). In their work, they used Cu20 to show the formation of the
well-known HKUST-1 (Figure 4.5b). In the channels of the chip, the ligand
(trimesic acid) and ethanol flow through the chip and react with the Cu:O.
The acidic nature of the mixture etches the oxide and they hypothesized
that the presence of oxygen in solution oxidizes Cu* to Cu?* which reacts
with the ligand to form the MOF. They used an unreacted flow channel with
only solvent (ethanol), which diffused to the channel containing the ligand,
observing the formation of MOF in the initial areas for the ligand flow

channel and the RD along the channel (Figure 4.5¢).

Microfluidic platforms offer novel perspectives to control the
assembly and reaction in MOFs and hybrid materials fields. The versatility
of continuous-flow platforms allows understanding better the crystal
growth and explore new applications and processability, such as the direct
growth over a substrate. This Chapter describes the influence of different
techniques on the growth of MOFs, in particular ZIF-8, based in RD
systems from simple diffusion through a gel and another system more
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sophisticated based on continuous-flow devices.
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Figure 4.5 a) Schematic illustration of the Y-shaped microfluidic device
used in their investigations. b) Grazing Incidence X-ray Diffraction
(GIXRD) spectra of Cu20 (111), HKUST-1 generated inside the
microfluidic channel, and the simulated XRD pattern of HKUST-1. ¢)
Schematic illustration of the generation of graded HKUST-1 surfaces
inside the microfluidic channel. The time scale represents the total
exposure time of the surface to the BTC stream. This controlled exposure
can be accomplished by varying the flow rate of BTC (reactive) and

ethanol (unreactive) flows. Adapted from reference 13.
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4.2 Results and discussion

To check the influence of the control of the diffusion under dynamic

systems on the synthesis of a MOF, ZIF-8 has been selected.

Static system. In the first experiment, polydimethylsiloxane (PDMS)
was used to control the diffusion of 2meimH solution (in methanol) above
ZnO film (onto a glass slide). Methanol can diffuse through the PDMS
structure polymer, such as in the agarose gel. The PDMS is the chosen
polymer to construct the continuous-flow microfluidic devices and to
compare the different experiments (note that the same polymer has been
chosen for the static diffusion experiments). The thickness of the PDMS
layer can be tuned very easily, and two very different sizes have been
selected to check the influence of the PDMS thickness in the formation of
the ZIF-8 (2 cm and 200 um). ZIF-8 crystals are expected to be formed in
the interface between the PDMS block and the ZnO surface, thanks to the
diffusion of the 2meimH and methanol through the polymer and subsequent

reaction with ZnO.

Initially, we used a 2 cm PDMS block, putting the 2meimH solution
above the PDMS with a spacer (Figure 4.6a). After 48 hours, it was possible
to observe homogenous crystals of ZIF-8 with a very defined morphology
and high crystallinity, as shown in Figure 4.6b. Scanning electronic
micrographs show the morphology of truncated rhombic dodecahedral
ZIF-8, with 1.5 um size. This result is in the agreement with the previous

results from M. Hmadeh and B. A. Grzybowski.*®
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—
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Figure 4.6 a) Scheme of the synthesis device for the static synthesis of
ZIF-8. b) SEM images of the obtained ZIF-8 by the static synthesis.
Scale bars are 1um (top) and 2um (bottom). ¢) Scheme of the synthesis
device for the static synthesis of ZIF-8 with a thinner PDMS.

When the PDMS thickness is decreased to 200 um (Figure 4.6c¢),
different crystal growth is observed (Figure 4.7b). After 2 hours of reaction
time, ZIF-8 nanoparticles of around 100 nm were found, primarily located
at the surface of the substrate. This observation is in agreement with the
results found by M. Hmadeh* for short reaction times and previous studies
about ZIF-8 crystal growth,'? with particle sizes around 100 nm. However,
it should be noted the difference in “short” reaction times: 2 hours vs. 30
seconds. When the reaction time is left to proceed further, crystals of ZIF-
8 with high crystallinity were found. In particular, crystals with a particle
size around 2-3 um are found after 24 hours of reaction time (Figure 4.7a).
Nevertheless, the most interesting observation found at this point deals with

the morphology of the crystals. As clearly observed in the SEM images
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Figure 4.7 a) GIXRD diffractograms of a simulated single crystal of ZIF-

8 and experimental ZIF-8 obtained by static controlled diffusion
synthesis. b) ZIF-8 crystals SEM images from static synthesis at different

times. Scale bars are 200 nm and 1 um, respectively.

(Figure 4.7b), the 24-hour crystals have grown around a seed of ca. 100
nm, i.e. a seed which is similar in size than those observed at 2-hour
reaction time. In addition, close inspection of the images allows to
differentiate two different shells of crystal growth around those seeds. The
chemical composition of the central seed and the shells was checked by
elemental analysis by the EDX technique at the SEM, confirming the same

composition for the three regions (Figure 4.8).
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Figure 4.8 a) EDX analysis from the static synthesis of ZIF-8. Green,
blue and yellow represents C, O and Zn, respectively. Scale bars are 2,5
um. b) EDX analysis from one isolated crystal showing the same

composition of the core and the shell. Red represents C content.

At intermediate times, it is possible to observe different crystal
growth steps. The study with time shows different crystal sizes and
statements before the 24 hours. At two hours, the formation of seed-like
nanocrystals can be observed. In six hours of experiment, a combination of
amorphous mass and seeds seem to form a pre-crystal status. At 24 hours
crystals are formed with defined morphology, and for faraway zones,
smaller crystal particles can be observed. For longer times no changes were
appreciated (Figure 4.9). This suggests a crystal growth mechanism
consisting of an initial formation of the seeds and a subsequent growth

around a pre-formed seed of ZIF-8.
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times. Scale bars are : 2h-11) 200 nm ii) 1 pm, 2h-O i) 2 um ii) 200 nm,
6h-11) 1 umii) 10 um, 6h-O i) 2 umii) 2 um, 24h-1 i) 2 um i) 1 um, 24h-
Oi)1umii) 1 pum, 72h-11) 1 umii) 2 pm, 72h-O i) 2 um ii) 200 pum.

Continuous flow system. As already shown, the diffusion of
2meimH through the PDMS originates ZIF-8 crystals on the surface of
ZnOlglass substrates when a static configuration is used, i.e. a
thermodynamic regime is used. On the contrary. continuous-flow can offer
a kinetic regime and control over the diffusion thanks to the dynamic nature
of the system. Therefore, the second step is the control of the flow rates of
the reactants in a continuous system using laminar flow conditions. For that,
the in-flow MOF lithography has been chosen,*® using a PDMS chip with
a single channel for the 2meimH solution in methanol, and ZnO films

148



In-flow ZIF lithography

covering glass substrates (similar to Figure 4.5a). Thus, the system used in

this study is simpler, with only one inlet.

In this experiment, the continuous-flow substitutes the static system,
thus permitting a permanent supply of fresh ligand solution for the
formation of ZIF-8. Moreover, this device allows controlling the reaction
time inside the channel through the flow rate. Under the 10 puL/min flow
conditions and overnight, a continuous crystallization of ZIF-8 is observed
outside the channel, similar to a thick film. This means that the ligand is
diffusing out of the channel and reacts with the surface. This is an important
difference with the HKUST-1 in-flow MOF lithography, where the reaction
occurs inside the channel. This is in contrast to the independent crystal
formation in the previous experiment, and more similar to the results
observed outside in the static reaction (24 hours reaction time) (Figure
4.10).

The crystallinity of the film was checked by grazing incidence X-ray
diffraction (Figure 4.10a) and Raman spectroscopy (Figure 4.11a),
confirming the nature of the film as being ZIF-8. In this case, the crystal
formation of ZIF-8 is completed and growth forming a film of crystals with
a crystal size around 200 nm (Figure 4.10d), instead of discrete crystals like
in the static synthesis. Inside the channel, a complete etching of the ZnO is
observed (Figure 4.10b and Figure 4.11a). This means that the source of Zn
for the formation of ZIF-8 proceeds from the inner part of the channel,
whereas outside the channel crystal growth of the ZIF-8 occurs upon
diffusion of the reactants. In Figure 4.10c it can be appreciated the

formation of periodic precipitations, owing to the continuous-flow and the
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diffusion of 2meimH and methanol, formed by bigger crystals of around 1
um (Figure 4.10f). This periodic precipitation can be followed by optical
video across real-time (Figure 4.11b).

a b

ZIF-8 in flow MOF lit.

Zno

Theroretical ZIF-8

5 10 15 20
2 theta(°)

Flgure 410 a) GIXRD dlffractograms of a S|mulatd mgle crystal of
ZIF-8 and experimental ZIF-8 obtained by in-flow MOF lithography
synthesis. b-f) SEM images from the substrates after the ZIF-8 synthesis
by in-flow MOF lithography. a shows the inlet part of the device and the
difference between ZnO and ZIF-8 contrast. c-d show the precipitation
pattern formed by the synthesis of ZIF-8 under this technique. Scale bars
are 20 um (c) and 2 um (d). e-f show the particle size in the film, being
smaller between lines (e, scale bar 200 nm) and bigger in the precipitation
lines (f, scale bar 2 um).

Compared with previous work based on in-flow MOF lithography,
where the formation of the HKUST-1 was studied,™ the results obtained
here are completely different. In the case of HKUST-1 in-flow MOF
lithography, Puigmarti and co-workers observed only MOF particles inside
the channel. The mechanism of the reaction and crystal growth is different
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Figure 4.11 a) Raman spectra of the channel after the reaction and in the

crystallization zone, showing the characteristic Raman peaks of the ZIF-
8. b) Optical images from the channel at t = 0 (left), t = 6h (middle), t =
16h (right), showing the diffusion front and the crystallization of ZIF-8.

for the ZIF-8, with a clear diffusion of the 2meimH or pre-formed species

such as Zn(2meim)x clusters through the PDMS. The detected PP is clear

evidence of the influence of the diffusion across the PDMS chip. Further

experiments are required to check the influence of flow rates, cross-section

and the concentration of 2meimH, but these experiments are promising to

understand and control the crystal growth of ZIF-8 in a liquid-solid
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interface, opening the door to constructing mixed ligand architectures to

tune the properties of the composites onto a substrate.

Growing films. At this point, the formation of ZIF-8 through
diffusion and in continuous-flow has been proved to be possible. However,
the observed absence of crystal formation inside the channel is interesting.
In fact, the crystal growth outside the channel suggests the possibility to
control the growth of ZIF-8 films. Consequently, a third experiment was
designed in order to combine the control of the diffusion through the PDMS
and the control of flow rate in continuous conditions. This would merge the

benefits of the first and second experiments to obtain a film of ZIF-8.

Two-dimensional architectures or films based in MOFs are promising
candidates to build membranes for industrial applications in gas
separation.'*1° Recently, the group of V. Agrawal studied the formation of
ZIF-8, ZIF-67 and ZIF-90 using a continuous synthesis to prevent Ostwald
ripening and prevent the micrometer particle size of the ZIFs to form a sub-
micrometric particle film.2* The continuous-flow of ZIF-8 precursor
modifies the classical characteristics of solvothermal and turbulent

synthesis and permit to achieve a different crystal growth.

In the particular case studied here, a similar set up to that of the
second case has been used, i.e. a microfluidic chip based in PDMS and
continuous-flow. However, in this experiment, the ZnO surface was
covered by a film of 200 um of PDMS. This work shows a continuous film
which has been formed with this methodology (Figure 4.12 a-b). The size
of the particles is around 200 nm and are randomly oriented. This film is

crystalline and the higher intensity in the first peak of the diffractogram
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matches with the bigger covered surface with the ZIF-8 film compared with

the previous experiment. The extension of this film can be around 1 mm.

| ZIF-8in flow MOF lit + PDMS

| Theroretical ZIF-8

N\ U U S U

5 10 15 20
2 theta(°)

Figure 4.12 a-c) SEM images from the substrates after the ZIF-8
synthesis by in-flow MOF lithography and thin-film PDMS for
controlling the diffusion. a shows the large extension of the ZIF-8 film.
Scale bar is 30 um. b shows the particle size in the film around 200 nm.
The scale bar is 200 nm. ¢ shows a break in the film due to the peeling off
the PDMS film. d) GIXRD diffractograms of a simulated single crystal of
ZIF-8 and experimental ZIF-8 obtained by in-flow MOF lithography
synthesis and thin film of PDMS.

More experiments are in progress, but with this work it has been
demonstrated that the use of microfluidics and RD systems is a promising
strategy to control the crystal growth of MOFs. In particular, the possibility

of films growth of ZIF-8 with small particle size has been proved, thus
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opening the door to the use of microfluidic systems to organize MOF in

substrates through the control of crystal synthesis (Figure 4.13).

Classical synthesis
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Figure 4.13 Schematic representation of different dtlons of cystal

growth of ZIF-8 discussed in this work.

4.3 Conclusions

Reaction-diffusion (RD) systems are natural resources to control
chemical reactions that permit to achieve functional morphologies or non-
conventional compounds. The principles of RD can be applied to more
sophisticated materials than ionic salt compounds, as commonly used, such
as metal-organic frameworks. The study of RD in MOFs offer novel
experiments to understand the assembly and the importance of mass
transport during chemical reactions. Microfluidic systems as RD platforms
offer a huge range of tunability of chemical variables to do more complete
studies. The possibility to use metal oxides substrates and microfluidic
chips in a solid-liquid phase reaction opens the door to study the growth of
functional materials and control that growth to design and direct their

assembly, in, for example, films (2D arrangements). We demonstrate the
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applicability of microfluidic to the synthesis of MOFs, in particular ZIFs,
obtaining at the last step a film of ZIF-8 in a cheap and easy methodology

with a potential application in the membranes industry.

4.4 Methods

Materials. PDMS base and curing agent were purchased as a Sylgard 184
Silicone elastomer kit from Dow Europe, Wiesbaden, Germany.2-
methylimidazole (2meimH) was obtained from Sigma-Aldrich (St. Louis,
USA). All reagents and solvents were commercially available and used

without further purification.

ZnO Coated Glass Surfaces. ZnO films were deposited via Aerosol
Assisted metal-organic chemical vapor deposition (MOCVD) using a
homemade system. A 0.01 m trifluoroacetylacetonate (Strem Chemicals,
Newburyport, Massachusetts, USA) solution in 0.5 L of absolute ethanol
(Sigma-Aldrich, 99%, St. Louis, USA) was prepared. This precursor
solution was atomized into fine droplets by a piezoelectric ceramic at 4.2
Hz and 6 W, forming a mist on top of the solution. The mist was then
transported by a flow of nitrogen (2 L min™) into the deposition chamber
(consuming the solution at a rate of 1.5 mL min™t). The oxidizing gas flow
was obtained by mixing 3 L min flow of N2 with a 5 L min~! flow of air
(12% of O2). The oxidizing flow was divided into two separate lines: one
that was bubbled through water at room temperature, to maintain humidity
during the deposition process, and a second that was fed directly to the
reactor. The humidity of the carrier gas could then be controlled by

adjusting the relative flow rates. The deposition chamber was maintained
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at close to atmospheric pressure, with deposition being performed at 335

°C onto planar glass substrates (Carl Roth, Karlsruhe, Germany).

Microfluidic Device Fabrication. The silicon master molds used in the
fabrication of microfluidic devices were fabricated using standard
photolithography techniques. Subsequently, a replica molding workflow
was used to produce the microfluidic devices themselves. First, the silicon
master mold was passivated with chlorotrimethylsilane under vacuum for
30 min. Then a mixture of PDMS base and curing agent (Sylgard 184
Silicone elastomer kit) mixed in a 10:1 ratio by weight was cast against the
mold and cured at 70 °C overnight. The cured PDMS was peeled off the
master mold and diced using a razor blade. The inlets and the outlet were
formed using a 1.5 mm biopsy punch (1.5 mm, Miltex GmBH, Rietheim-
Weilheim, Germany). All channels in the Y-shaped microfluidic device had

a height of 50 um, with the main channel having a width of 300 pm.

Static synthesis of ZIF-8 through PDMS on ZnO surfaces. Prior to
experiments, all devices were clamped mechanically using a homemade
stainless steel clamp over the ZnO coated glass slides. The 2meimH
saturated solution was prepared by dissolving 0.7 g of 2meimH in 12 mL
of methanol. Then, the 2meimH solution is deposited top on a PDMS piece

(2 cm and 200 um size) over the ZnO coated glass slide for a different time.

Microfluidic synthesis of ZIF-8 on ZnO surfaces. Prior to experiments,
all microfluidics devices were clamped mechanically using a homemade
stainless steel clamp over the ZnO coated glass slides. The 2meimH
saturated solution was prepared by dissolving 0.7 g of 2meimH in 12 mL

of methanol. Finally, the mixture was filtered using 0.45 um Teflon syringe
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filters (Merck KGaA, Darmstadt, Germany). A saturated solution of
2meimH was pumped at 10 uL min ™ through one inlet, ZnO was exposed
to the solution overnight, a period of 16 h. Finally, the surface was rinsed

with MeOH to eliminate excess 2meimH solution.

SEM. The SEM studies were performed on a Zeiss Ultra 55 microscope
operating at an accelerating voltage of 5 kV. Samples were coated with a 4
nm thick film consisting of a mixture of Pt/Pd using a sputter Quorum
Q150T-S.

X-ray diffraction. X-ray diffraction was measured with a Panalytical
Empyrean diffractometer equipped with Cu Ko (A = 1.54056 A). Single
scans were acquired in the 260 = 5°—40° range in Bragg—Brentano geometry
in air.

Raman. Raman spectra were acquired with a micro-Raman (model

XploRA ONE from Horiba, Kyoto, Japan) with a grating of 2400 gr/mm,
slit of 50 um, and hole of 500 um. The employed wavelength was 532 nm.
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MUV-1-Cl: a 2D molecular material

5.1 Introduction

Chapters 1.2, 2 and 3 have demonstrated that molecular chemistry is
a powerful tool for the design coordination materials. For example, a huge
family of coordination compounds analogues to zeolites can be obtained by
chemical design using imidazole derivatives.>? Different topologies can be
achieved by the zeolitic imidazolate frameworks (ZIFS), tuning the crystal
structure and functionalization by removing the functional groups in the
organic part (Figure 5.1).2 Despite their huge interest, ZIFs cannot compete
with zeolites in applications where the thermal stability is essential, such as
petroleum cracking and other industrial processing. However, their ample
chemical versatility, resulting from their molecular nature,* results in
attractive materials in other fields such as heterogeneous catalysis,
membranes, heterostructures or bioapplications.>° ZIFs can complement
zeolites due to their easier functionalization (they are formed by organic
ligands). The variety of metal centers accecible, control of topology
through crystal engineering using different ligands, or higher
biocompatibility due to their hybrid nature. An example of this versatility
is the well-known and discussed ZIF-8. It can be synthesized with different
metals, such as Zn, Co, Mn, Mg, Cd, and Fe, but it is also possible to
functionalize the linker, obtaining isoreticular compounds, such as ZIF-7
(with benzimidazole), ZIF-90 (with 2-Imidazolecarboxaldehyde) and ZIF-
65 (with 2-Nitroimidazole).
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Inorganic materials Molecular analogues
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Figure 5.1 Analogy of classical inorganic materials and molecular
analogues. The main difference is the composition which is based on
atoms in inorganic materials or on molecules in the molecular based
materials. The molecular nature of coordination compounds permits more

precise chemistry design and higher tunability in their properties.

Besides porous materials, this chemical design approach can also be
applied in other interesting fields such as two-dimensional materials (2D),
which belong to the inorganic from point of view of compounds. Since the
isolation of graphene in 2004, this class of materials were popularized due
to their unusual physical exotic properties related to the confinement in
two-dimensions.'? The physical phenomena were novel and interesting,
still most of these materials were based on well-known inorganic layered
structures reported in the 60s,'® such as transition metal dichalcogenides,
boron nitride or black phosphorous. Chemistry and, in particular,

coordination chemistry, can contribute with novel materials in a similar
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manner as ZIFs contribute to zeolites, bringing properties difficult or
impossible to incorporate in inorganic 2D materials (Figure 5.1). For
example, the incorporation of long-range ordered functionalities is difficult
to achieve in inorganic 2D materials, but should be achievable in a 2D
molecular material thanks to the hybrid nature of the molecules. The
incorporation of magnetic order is another interesting property'* which is
difficult to study in inorganic 2D materials since they use to be air-
unstable.'® In this aspect 2D coordination polymers can be advantageous
since they are generally air-stable and easily accommodate magnetic ion in
the metallic nodes, while a vast library of ligands and SBUs permit to adjust

the desired properties through chemical design.t”8

Nevertheless, coordination compounds present some disadvantages,
like their fragility to the mechanical exfoliation.'® For this reason, liquid
assisted exfoliation has been primarily used for this purpose.?®?! Although
liquid exfoliation has advantages, such as the quantity of the exfoliated
materials or better processability in solution, it often leads to lower quality
flakes with smaller sizes than those obtained by dry mechanical exfoliation.
This often limits the use of these flakes in 2D physics or electronics where

the quality of the materials is a must.

In this chapter, we present a novel layered MOF composed of robust
bonds between Fe(ll) metallic nodes and 5-Chlorobenzimidazole as the
ligand. The compound is prepared by a solvent-free approximation. Its
extraordinary robustness, chemical stability and crystallinity permit its
mechanical exfoliation and the investigation of its mechanical and

magnetic properties, unprecedented in the coordination field.
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5.2 Results and discussion

Synthesis of the layered MUV-1-ClI. The solvent-free reaction of 5-
Chlorobenzimidazole (ClbimH) and ferrocene, adapting a previously
described method for the preparation of iron azolates,?*?® yields large,
around 400 pm, laminar colorless crystals of formula [Fe(Clbim)]
(abbreviated as MUV-1-ClI) (Figure 5.2).

MUV-1-Cl

Figure 5.2 a) Schematic solvent-free synthesis of MUV-1-Cl based in
benzimidazole derivate and ferrocene. b) Crystals of MUV-1-CL as

synthesized inside the reaction tube. Scale bar is 400um.

X-ray single crystal diffraction reveals that the structure of MUV-1-
Clis formed by distorted tetrahedral Fe(ll) centers connected by 5-
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% Neutral layers
Van der Waals

Figure 5.3 a) The tetrahedral environment of the Fe(ll) centers. b) The
square lattice extended in the ab plane. c) Layered structure of MUV-1-
Cl showing the CI atoms located at the surface of the layers, represented
as green planes. Fe(ll) centers are shown in orange (polyhedral
representation), nitrogen atoms shown in blue, carbon atoms shown in
black and chloride atoms shown in green. Hydrogen atoms have been

omitted for clarity.

chlorobenzimidazolate bridges (Figure 5.3a) forming a neutral layered
coordination polymer extended in the ab plane (Figure 5.3b). These layers
weakly interact with each other through van der Waals interactions (CI---Cl
interactions). The compound is related to the diamagnetic Zn(ll) analog
[Zn(bimH)2], which was obtained via the decomposition of a 3D MOF or
by direct synthesis.?* In these molecular layers, the Fe(l1) atoms are located

in the inner part of the layers whereas the Cl substituents are positioned at
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the surface (Figure 5.3c), thus playing an active role in the chemical

behavior of the molecular interface.

In the layer the Fe(ll) centers form a square lattice with a distance
between the metal centers of 5.9 A (Figures 5.3b and 5.4a). The connection
of the metal centers is through the benzimidazolate, by the nitrogen
heteroatoms. These bonds define the short pathway Fe-N-C-N-Fe with a
distance bond Fe-N of 2.0 A. The ligands which connect these metallic
nodes shape an angle of 47.7° between the ab plane formed by the square
lattice and the tilt of the ligand (Figure 5.4b).

Figure 5.4 a) Square lattice formed by the Fe(ll) with a 5.9 A
distance. b) Angle formed by the ligand and the ab plane composed
by the metal centers.

The position of the chloride atom in the ligand is indistinguishable
between the 5" and 6" position due to the deprotonation of the
benzimidazole. These two positions provoke a disorder in the crystal
structure, originating an infinite number of possibilities for the stacking of

the layers (Figure 5.5).
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Figure 5.5 Structures for the different possible positions of chloride
atoms for MUV-1-ClI, provoking different stackings of the layers for

the bulk material.
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The room temperature infrared and Raman spectra present coincident
peaks, indicating a non-centrosymmetric structure (Figure 5.6).
Furthermore, in collaboration with Prof. J. C. Waerenborgh and B. J. C.

Vieiraat Centro de Ciéncias e Tecnologias Nucleares, room temperature

a b MUV-1-Cl
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Figure 5.6 a) Infrared spectra of bulk crystals of MUV-1-Cl. b) Raman
spectra of MUV-1-Cl. ¢) Comparison of Raman spectra and infrared

spectra for MUV-1-Cl.

Mossbauer spectra were performed. These spectra consist of two

doublets with the same relative area for Fe(ll), indicating the presence of
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two different Fe(ll) sites with the same multiplicity. These features are
consistent with the space group C2, although the presence of a racemic
mixture causes a better refinement of the single-crystal X-ray data in the
C2/c space group. This is related to the weak interlayer interactions, which
prevent long-range order in the c direction, but which is advantageous for

exfoliation, as will be described below.

N\

b c
(002) 100
- M“‘\-\M—’LN_ i
o\o 60
/5]
% 40
JLLM =
_J 0
T T T T ' v 100 200 300 400 500 600 700 800
10 20 29(0)30 40 Temperature (°C)

Figure 5.7 a) Scanning electron micrograph of bulk-type MUV-1-Cl b)
X-ray powder patterns of MUV-1-CI. The experimental pattern is shown
in green and the calculated pattern from single-crystal data is shown in
black. c) Thermal gravimetric analysis (TGA) of bulk crystals of MUV-
1-Cl.
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A close-up view with scanning electron microscopy (SEM) evidences
the layered structure of MUV-1-ClI (Figure 5.7a), with a typical size of 400
pum approximately, whose purity is confirmed by powder X-ray diffraction
(Figure 5.7b). The thermal stability, determined by thermal gravimetric
analysis at a heating rate of 5 °C min™, indicates that it and decomposes at
350 °C (Figure 5.7c¢). In contrast to other coordination polymers, MUV-1-
Cl exhibit high crystallinity, a layered structure and big size. Those features
make this material a serious candidate to become a high quality 2D
molecular material. Its thermal stability also permits to perform in the
exfoliated layers an annealing to eliminate solvent from the ambient

conditions or traces of glue from the micro-mechanical exfoliation.

The superexchange pathway between the Fe(ll) centers, provided by
the 5-Chlorobenzimidazolate bridges, facilitates the presence of magnetic
exchange interactions in MUV-1-ClI (Figure 5.8a), as evidenced in the plot
of the molar magnetic susceptibility (ym) as a function of the temperature
(Figure 5.8b). The ym vs. T curve exhibits a broad maximum at 30.0 K and
a sharp peak at ca. 20 K. In the plot of ymT vs. T, a ymT value of 2.94
emu-mol*-K is observed at room temperature, in agreement with that
expected for a high-spin Fe(Il), S = 2 (3.0 emu-mol*-K where g = 2.0),
which decreases upon cooling down to 20 K (Figure 5.8c). The behavior in
this region indicates the presence of dominant antiferromagnetic (AF)
exchange coupling between the Fe(ll) centers, confirmed by a negative

Curie-Weiss temperature, 6 = -80.6 K.
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Figure 5.8 a) The magnetic pathway through the N-C-N bridges
connecting Fe(ll) centers b) Thermal dependence of the magnetic
susceptibility (ym) in the temperature range 2-300 K. The data have been
fitted following a Curie-Weiss law in the high-temperature range (60-300
K). ¢) Thermal dependence of the product of magnetic susceptibility and

temperature (ymT) in the temperature range 2-300 K showing an increase

of the product around 20 K.
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Figure 5.9 In-phase (left) and out-of-phase (right) dynamic susceptibility

of MUV-1-Cl measured at different frequencies

The abrupt increase in both ym and ymT suggests the occurrence of a
magnetic transition towards a canted spin structure below the Néel
temperature, Tn, of 20 K. The presence of an out-of-phase susceptibility
signal below 20 K in the ac measurements confirms this kind of magnetic
order (Figure 5.9).

Powder neutron diffraction studies were performed in collaboration with
Prof. Rodriguez-Velamazan at Institut Laue-Langevin. The data were
collected at 1.8 K and 30 K, i.e. below and above the ordering temperature
(Figure 5.10). They provide further support on the antiferromagnetic
ordering in this material. Still, in the present case, these measurements are
unable to detect the presence of the spin canting, which is below the limit
of detection of these measurements, mainly due to the small value of the
ferromagnetic component resulting from canting as shown by susceptibility

measurements.
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Figure 5.10 a) Difference neutron diffraction pattern (red symbols)
between the measurements at 1.8 K and 30 K and Rietveld refinement of
the magnetic model (black line) for MUV-1-Cl. The inset represents the
experimental powder neutron diffraction patterns collected at 1.8 K (blue)
and 30 K (red). The difference diffraction pattern (green, rescaled for
clarity) stands for the contribution of the magnetic phase. b) View of the
crystal and magnetic structures of MUV-1-Cl with the magnetic moments

represented as red arrows.

Exploring the 2D limit. The layered nature of MUV-1-Cl and the
absence of strong intermolecular interactions between adjacent layers
prompted us to explore the possibility of mechanically exfoliating this
material by the so-called Scotch-tape method, a conventional approach
usually employed for graphene and other 2D materials, but rather scarce in
coordination polymers due to the fragile nature of the crystals.’® The
advantage of this dry method over liquid exfoliation is the potential
achieving of atomically thin-layers with high crystallinity, low amounts of

defects and larger lateral sizes.
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Figure 5.11 Typical Scotch-tape methodology for MUV-1-ClI

exfoliation, showing a plethora of flakes on a silicon oxide substrate.

Bulk crystals of MUV-1-Cl were exfoliated using a plastic tape
(Ultron Systems) and deposited onto a silicon substrate with 285 nm of
thermally grown SiO2. As a result, a plethora of flakes with remarkable
well-defined rectangular shapes (lateral dimensions > 1 pum) and different
thicknesses (ranging from a single layer up to hundreds of nanometers)
were obtained, as can be clearly seen by optical (Figure 5.11) and atomic
force (AFM) microscopies (Figure 5.12a). This contrasts with the lower
quality nanosheets obtained in a Zn(ll) analog compound by liquid
exfoliation.?* Remarkably, a monolayer of dimensions 4 x 1.5 um? has been
isolated (Figure 5.12a). The crystallinity, chemical composition and
integrity of the exfoliated flakes were confirmed through Transmission
Electron Microscopy (TEM) and Raman studies on specimens of different
thicknesses (Figures 5.12b-c). To the best of our knowledge, this is the first
time that selected-area electron diffraction (SAED) patterns have been
obtained in a top-down micromechanically exfoliated LCP (Figure 5.12c).

Previous reports indicated that these SAED patterns were only observed in
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Figure 5.12 a) Atomic-force image with its profile of height for a flake of
MUV-1-Cl. A different number of exfoliated layers are indicated in the
image. b) Raman spectra for MUV-1-Cl flakes with different thicknesses.
c) i: Low-magnification TEM image for MUV-1-Cl flakes, where darker
gray areas are associated with thicker flakes. ii: A selected area (enclosed
by a green circle on the TEM image) for which the experimental SAED
pattern was obtained that corresponds to the [0 0 1] zone axis (iii), and

which is in very good agreement with the simulated SAED pattern (iv).

inorganic  materials, mainly members of transition  metal

dichalcogenides.?>?

The indexation of these patterns indicates that they correspond to the

zone axis [0 0 1], confirming that the exfoliated flakes consist of one or
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several layers stacking along the ¢ axis. The close resemblance between the
experimental and the simulated patterns (Figure 5.12c) provides further
evidence of that. Moreover, the well-defined Bragg peaks observed in the
SAED patterns point out that the exfoliation process does not damage the
structure of the LCP, and the obtained flakes retain the crystallinity of the

bulk material.

Note that some of the SAED patterns were obtained from layers as
thin as 20 nm, which is a remarkable result due to the molecular nature of
the material. No thickness-dependence of the unit cell or Raman peaks shift,

compared to their bulk counterparts, were observed.

Mechanical properties. Apart from all the interesting properties to
study in 2D materials, they can be integrated as nanodrums in devices, for
example in mechanical resonators.?’2° This part was performed
collaboration with Prof. Steeneken and Prof. van der Zant at TU Delft.
Their extraordinary micromechanical properties as Young’s modulus
elasticity and breaking strength make them perfect candidates to construct
mass and pressure sensors.®® The small mass of the 2D flakes in the devices
IS very sensitive to mass changes and this permit the detection of very small
amounts of chemicals, for example, of gasses.®! In this field, the
incorporation of functional groups to the 2D materials it would also be
interesting because apart from sensibility, selectivity can be important and

interesting for particular gasses sensing.

The ability to tailor the functionality of MUV-1-ClI, combined with
its mechanical resonant readout makes it attractive for sensing applications

because the resonance frequency and Q-factor of these suspended
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Figure 5.13 a)Optical images of two MUV-1-Cl flakes transferred on top
of circular cavities on a Si/SiOz substrate (scale bars: 5 um). left, the flake
iIs 74 nm height; right, the flake is 20 nm height. The red boxes indicate
the regions where AFM has been measured. b) AFM images of the two
drums taken in the area enclosed by the red boxes in a (scale bars: 1 um).
left, the drum corresponds to the flake of 74 nm height shown in panel a,
left; right, the drum corresponds to the flake of 20 nm height shown in the
panel, a, right. ¢c)Two frequency-domain measurements on two different
nanomechanical resonators made of MUV-1-Cl, with thicknesses of 70 —
80 nm. These are similar to the ones shown in panels a,b. The extracted
resonance frequencies and quality factors of the two resonators are shown

in the top right corner.

membranes are expected to depend strongly on the mass and adhesion of
captured molecules. To demonstrate this concept, we exfoliate and transfer
thin flakes of MUV-1-Cl on top of a Si/SiO2 substrate with prepatterned
circular cavities. In Figure 5.13a we show optical images of two exemplary
flakes transferred on top of cavities, forming suspended nanodrums. The
AFM images of the drums (areas enclosed by the red boxes) are shown in

Figure 5.13b. The device shown in the left panel of Figure 5.13b is 74 nm
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thick, whereas the thickness of the one shown in the right panel is measured
to be 20 nm. In Figure 5.13c we show the mechanical frequency response
of two MUV-1-Cl nanodrums (with thicknesses of 70 — 80 nm). The
measurements are performed in vacuum, using a laser interferometry setup,
described in the Methods section. The resonance frequencies of the drums
are 38 MHz and 30.3 MHz, with quality (Q) factors in the range of 45 — 65.
This variation may result from a combination of different thicknesses and

geometries of the drums.

The Q factors are comparable to those reported in nanomechanical
resonators made of graphene and other two-dimensional materials.?2?° The
lower Q factors may be due to viscoelastic damping in this polymer
material. Because of the large diameter-to-thickness ratio, the resonance
frequencies of these nanodrums are mainly determined by the bending
rigidity of the material. For the given resonance frequencies and geometry
of the drums, we thus estimate the Young’s modulus of MUV-1-Cl to be 3
— 7 GPa, which is almost three orders of magnitude lower than that of
graphene and similar to that previously reported for a layered coordination
polymer measured by AFM nanoindentation.3? The results show that these
polymer resonators, despite their low Young’s modulus and despite
potential viscous damping mechanisms, have surprisingly high Q factors
and resonance frequencies, which are comparable to graphene membranes.
In combination with their low weight and tunable functionalization these
materials can be used to create future platforms for resonance based

sensing.
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5.3 Conclusions

In this work, we have presented a general strategy for the synthesis
of a crystalline layered coordination polymer (LCP) exhibiting a magnetic
order. Interestingly and in contrast with most of the reported MOFs, large
crystals of this coordination polymer has been grown using a solvent-free
synthesis. Such a possibility together with the layered nature of these
materials and the very weak van der Waals forces between the layers have
permitted isolation of micrometer size atomically-thin flakes down to the
monolayer by mechanical and dry exfoliation methods. The high
crystallinity, integrity and chemical composition of these mechanically
exfoliated layers has been confirmed by TEM and Raman studies on LCP

of different thicknesses.

On the other hand, and in contrast to what happens in the few
examples of reported 2D ferromagnets based on solid state chemistry,®
which have shown to be highly unstable in open air, this coordination
chemistry approach has afforded the isolation of robust 2D magnetic
materials. Such robustness has also enabled us to study the mechanical
properties of these atomically-thin layers, a possibility that is
unprecedented for coordination polymers. In fact, these 2D magnetic
coordination polymers can lead towards the preparation of high-quality
resonators, a fundamental aspect in order to open up novel perspectives in
the application of these materials in nanodevices. Thus, these results open
the door to the integration and application of 2D coordination polymers in
different technological areas like microfluidics, nanoelectronics, coatings,

molecular sensing or mechanical magnetic membranes, and, last but not
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least, it brings new candidates for the study of magnetism and phase
transitions in the two-dimensional limit. This can permit the combination
of this magnetic 2D material with superconductors or graphene, thus
prompting to new materials where unconventional physical phenomena
might be present, such as Majorana fermions or photomagnon couplings.

All these results have been published in Nature Chemistry.3

5.4 Methods
Synthesis of MUV-1-Cl. Ferrocene (30 mg, 0.16 mmol) and 5-

Chlorobenzimidazole (0.34 mmol) were combined and sealed under
vacuum in a layering tube (4 mm diameter). The mixture was heated at 250
°C for 3 days to obtain crystals suitable for X-ray single-crystal diffraction.
The product was allowed to cool to room temperature, and the layering tube
was then opened. The unreacted precursors were extracted with acetonitrile
and benzene, and the product was isolated as colorless crystals (yield 80
%). Phase purity was established by X-ray powder diffraction. Energy
dispersive X-ray analysis (EDAX) of MUV-1-Cl from SEM and TEM
show in both cases a 70:30 ratio for Cl:Fe.

X-ray Structural Studies. X-ray data for compound MUV-1-Cl was
collected at a temperature of 100 K using a synchrotron radiation at single
crystal X-ray diffraction beamline 119 in Diamond Light Source, equipped
with a Pilatus 2M detector and an Oxford Cryosystems nitrogen flow gas

system. Data was measured using GDA suite of programs.

X-ray Powder Diffraction. A polycrystalline sample of MUV-1-Cl was
lightly ground in an agate mortar and pestle and used to fill a 0.5 mm

borosilicate capillariy that was mounted and aligned on an Empyrean
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PANalytical powder diffractometer, using Cu Ka radiation (A = 1.54056
A). Two repeated measurements were collected at room temperature (20 =

5—40 °) and merged in a single diffractogram.

Thermogravimetric analysis. Thermogravimetric analysis of MUV-1-Cl
was carried out with a Mettler Toledo TGA/SDTA851e/SF/1100 apparatus
in the 25-800 °C temperature range under a 5°C-min~* scan rate and an air

flow of 30 mL-minL.

SEM. Scanning Electronic Micrographs and atomic composition of bulk
samples was estimated by electron probe microanalysis (EPMA) performed
in a Philips SEM XL30 equipped with an EDAX microprobe and images
were recorded in a Hitachi S-4800.

Raman spectroscopy. Raman spectra were acquired with a micro-Raman
(model XploRA ONE from Horiba, Kyoto, Japan) with a grating of 2400
gr/mm, slit of 50 um, and hole of 500 um. The employed wavelengths were
532 nm, 638 nm, and 785 nm. The power density of the laser used for
spectra measured at 532 nm was 5.25 mW/um? (bulk crystals) and 170
HUW/um? (thin-layers), for spectra measured at 638 nm it was 7.58 mW/pm?
(bulk crystals), and for those spectra measured at 785 nm it was 7.2
mW/um? (bulk crystals).

AFM. Optical images were obtained with a NIKON Eclipse LV-100
Optical microscope and AFM images were performed with a Nanoscope
IVVa Multimode Scanning Probe Microscope (Bruker, Karlsruhe, Germany)

in tapping mode.
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TEM. Several mechanical exfoliated flakes were transferred onto a grid
with a membrane of amorphous SiN (50 nm thick) using a dry and
deterministic method (that involves the use of a micromanipulator and
PDMS/PPC polymers, as reported in ref.?%). TEM images and diffraction
patterns were acquired with a JEOL JEM-2100F with a field emission gun
operating at 200 kV. The simulated SAED patterns were generated with

SingleCrystal software.

Magnetic Measurements. Variable-temperature (2—300 K) direct current
(dc) magnetic susceptibility measurements were carried out in applied
fields of 1.0 kOe and variable field magnetization measurements up to £ 5
T at 2.0 K. The susceptibility data were corrected from the diamagnetic
contributions as deduced by using Pascal’s constant tables. Variable-
temperature (16—23 K) alternating current (ac) magnetic susceptibility
measurements in a £4.0 G oscillating field at frequencies in the range of 1

— 997 Hz were carried out in a zero dc field.

Nanomechanical resonators. Suspended membranes were fabricated by
exfoliating MUV-1-Cl flakes directly on top of circular cavities
lithographically defined on a Si/SiO2 substrate (SiOz2 thickness: 285 nm).

Laser interferometry measurements. The motion of the MUV-1-Cl
mechanical resonators was measured in vacuum, using a laser
interferometry setup, similar to the one reported in ref. 2°. A modulated blue
laser is used to sequentially heat up the membrane, bringing it into motion.
A different, red laser is focused onto the suspended membrane and is partly
reflected by the membrane and partly by the silicon chip underneath. As the
membrane moves, the effective cavity depth is modulated. This modulates

186



MUV-1-Cl: a 2D molecular material

the intensity of the reflected laser beam by interference, which is captured
by a photodiode. The measurements were done in a homodyne detection

scheme, using a vector network analyser.
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Surface modification of 2D molecular materials

6.1 Introduction

In 2D materials, such as graphene or transition metal dichalcogenides
(MXz, M: transition metal, X: S, Se, Te), functionalization in solution is the
most common way to tune the physical properties with the aim of
improving their performance for a given application.!:> However, as typical
2D materials are very inert compounds from a chemical point of view, the
covalent functionalization process requires a lot of energy, i.e. high
temperatures, and therefore it is an uncontrolled step, thus provoking
defects, low degree of functionalization and attachment of the molecules in
random positions. Non-covalent functionalization is also an alternative
approach, but it typically lacks long-range order, thus resulting in a material
more near to a composite. Examples of high covalent functionalization in
graphene have been reported in the recent years, revealing the need of very
particular conditions for a successful incorporation of different molecular
moieties.? In other 2D materials such as transition metal dichalcogenides,
there is an ongoing discussion between covalent functionalization and
physisorption of the molecules. In fact, the mechanism and reaction
between MSz and molecules with a functional group of S is not clear, and
the reports based on the covalent functionalization of S vacancies are
causing an intense debate.* There is also an improvement of the covalent
functionalization, with a smart strategy taking advantage of the soft
nucleophilic character of the S, a completely different approach to the
vacancies or physisorption. Nevertheless, this approach also lead to a low
degree of functionalization of around 20%.° Thus, a controlled and high
degree functionalization is still a challenge in transition metal

dichalcogenides. That point, besides of the need of requiring a wet
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methodology (exfoliation and/or functionalization), makes it attractive the
search of a different approximation for a controlled, long-range

functionalization in the absence of solvents.

Coordination chemistry, and reticular design in particular, can give
rise to better functionalizations than those achieved in inorganic materials
thanks to its greater chemical versatility and tunability.® The rise of 2D
materials has increased the interest in finding molecular analogues.” The
molecular nature of a layered coordination polymers (LCPs) permits, a
priori, the incorporation of different functionalization onto the 2D
molecular material. This is a common approximation in the field of Metal-
Organic Frameworks (MOFs) and cooordination polymers (CPs), which
are crystalline materials that can be functionalized in a post-synthetic

manner in solution (Figure 6.1a).81°

However, the hybrid composition of MOFs and CPs allows also to
modify the organic linker before the synthesis of the material, feature that
is impossible to achieve in inorganic materials. In particular, this has been
exemplified with the synthesis of isostructural compounds with different
functional groups,*? as is the case of IRMOF-74. or MOF-74, which can be
prepared with different functional groups such as CHs or NH2 just using a

pre-functionalized organic linker (Figure 6.1b).

This strategy preserves the crystal structure but modifies the physical

properties, as for example the CO: affinity of the pores.!
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Figure 6.1 a) Solvent-assisted linker exchange (SALE) in ZIF-8 to
introduce unsubstituted imidazole linker. b) Synthetic pathway for the
functionalized organic linkers used in the synthesis of IRMOF-74-lII.

Adapted from references 9,11.

The pre-functionalization of organic linkers in molecular materials
can be a great option to circumvent the problem of functionalization of 2D
materials. In addition, in combination with a dry exfoliation after the
synthesis of a pre-functionalized bulk, makes layered MOFs and LCP good

candidates to obtain 2D materials with long-range functionalization order.

In this Chapter, we present a novel family of isoreticular layered
MOFs composed of robust bonds between Fe(ll) metallic nodes and
benzimidazole derivate as ligands. The aim of our work has been to prepare
robust magnetic coordination polymers with a controlled functionalization

thanks to the presence of the organic ligand. Their extraordinary robustness,
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Figure 6.2 Schematic representation of the post-synthetic covalent
functionalization vs. the pre-synthetic functionalization used here. The
top part (a) exemplifies the commonly used strategy to functionalize two-
dimensional (inorganic) materials consisting on two steps: i) mechanical
or liquid exfoliation of the bulk material; ii) functionalization in a solution
of the exfoliated material, yielding a random distribution of the functional
groups, represented in blue. This route can also produce ligand
modifications, represented with a color change from blue to red. The
bottom part (b) indicates a pre-synthetic functionalization in which the
functionalized bulk is first obtained before be mechanically exfoliated,
thus yielding a quasi-perfect array of unaltered functional groups attached

to the surface.

chemical stability, and crystallinity permit their mechanical exfoliation
with great results, similar to the explored in the previous chapter with the
layered coordination polymer, MUV-1-ClI. In a pre-synthetic methodology,
functionalization of these compounds before the exfoliation process (in
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bulk) permits to obtain flakes of a 2D molecular material with a long-range

functionalization order (Figure 6.2).

6.2 Results and discussion

Pre-synthetic functionalization. Surface engineering is a
demanding challenge in 2D materials since it permits to tune the surface
chemistry at will, modifying, for example, the
hydrophobicity/hydrophilicity of a material. As a proof of concept, we have
changed, by chemical design, the substituent in the fifth position (CI in
MUV-1-Cl) by different groups such as CHs (MUV-1-CHzs), H (MUV-1-
H), Br (MUV-1-Br) and NH2 (MUV-1-NH) (Figure 6.3a), obtaining an
isostructural family of crystalline material, only changing the interlayer

distance between layers (Figure 6.3b).

Similarly to the synthesis of MUV-1-Cl, the solvent-free reaction of
5-Xbenzimidazole (X = H, CHs, NH2 and Br) and ferrocene, *-%° yields
large (= 200 um) laminar colorless crystals of formula [Fe(Xbim):]
(abbreviated as MUV-1-X), which allows structure determination through
single crystal X-ray diffraction. The structures of all compounds consist of
distorted tetrahedral Fe(ll) centers connected by 5-Xbenzimidazolate
bridges (Figure 6.4) forming a neutral layered coordination polymer
extended in the ab plane. These layers weakly interact with each other
through van der Waals interactions (X:--X interactions). The functional
groups are located at the surface (Figure 6.4), thus playing an active role in

the chemical behavior of the molecular interface.
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.

Pre-functionalization

Figure 6.3 a) The organic ligands used for the synthesis of MUV-1-X. b)

Conceptual representation of the ligand pre-synthetic functionalization to

modify the surface of the MUV-1-X.

The different functional groups give rise to differences in the distance
between layers, corresponding to the c¢ axis. Thus, a different position of
the first peak in the X-ray powder diffraction data (2@ values of 9.3, 8.0,
8.3 and 7.8° for MUV-1-H, MUV-1-CHs, MUV-1-NH, and MUV-1-Br,

respectively, is observed (Figure 6.5). As expected, the smallest distance

202



Surface modification of 2D molecular materials

between layers belongs to MUV-1-H, with a cell parameter of 18.7 A for ¢

axis.

Figure 6.4 Crystal structure of the isoreticular MUV-1-X family. H,
CHs, NH2 and Br are represented in pink, black, cyan and garnet,
respectively.

All these compounds present a layered morphology regardless of the
functional groups, which do not influence the layered crystal growth. This
is clearly observed in the SEM images (Figure 6.6). However, close
inspection of the bulk allows to appreciate small differences between the
compounds: whereas MUV-1-H and MUV-1-Cl are more detailed square-
like crystals, MUV-1-CHs; and MUV-1-Br are thinner and prismatic
crystals.
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Figure 6.5 X-ray powder diffraction patterns for the whole family of
MUV-1-X. The first peak corresponds to the (002) hkl plane. In the case
of the MUV-1-Br, the intensity is lower and cannot be appreciated in the

experimental pattern.
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Figure 6.6 Scanning electronic micrographs of the MUV-1-X family
showing the layered crystal structure.

The functional groups are relatively far from the metal centers and
the metal-ligand bridge. For this reason, the electronic properties are not
expected to be affected by the different functional groups. The inner part,
the core, composed by Fe(l1) centres, is in a “sandwich” of benzimidazoles,
which serve as an organic protection. The use of halogen groups or
alkyl/aromatic groups enhance the stability of the materials, due to their
high hydrophobicity,'® preventing hydrolysis of sensible materials, such as
Fe(Il) compounds. The structure and connection between the metallic
nodes is common for all the compounds (Figure 6.7), being the Fe-
imidazole motif the responsible of the crystal structure and the electronic
properties. The replacement of the functional group in the ligand does not
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cause any modification of the inner part, and therefore this change only
affects the properties of the surface of the compound, whereas the
electronic properties are expected to be unaltered.

Benzimidazole-Functional group

Fe-Imidazole bridge (Fe-N-C-N-Fe)

Inner part

Benzimidazole-Functional group

Figure 6.7. The “sandwich” structure for the MUV-1-X layers, formed

by a core composed by the Fe(l1) centers and imidazole bridges, locating
the functionalities in the surface.
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Figure 6.8. Thermogravimetric analysis of the MUV-1-X family at a
heating rate of 5 °C min™..
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All the family shows a high thermal stability due to the similar crystal
structure decomposition at around 350 ‘C (Figure 6.8). Importantly, the
different functional groups of this family form part of the organic ligand
and, as thermogravimetric analysis measurements shows, there is no mass
loss due to the detachment of the functional group. As observed in 2D
materials, the covalent functionalization can be observed in
thermogravimetric analyses, due to the mass loss of the functional
groups.>” In this case, the covalent attachment of the functional groups to
the ligand is stronger than the Fe-N coordination bond, responsible of the

structure.

The magnetic properties to all compounds were investigated in order
to examine the influence of the different functional groups in the magnetic
ordering. Figure 6.9 shows a similar behavior for all compounds, exhibiting
a broad maximum at 30 K due to the antiferromagnetic ordering, and a
sharp peak at 20 K, indicating the phase transition to a canted
antiferromagnetic ordering. This is not unexpected, as the magnetic
properties are dominated by the metal center, their connectivity and the
coordination environment. As discussed before, the Fe(ll) environment is
very similar in all the compounds of the MUV-1-X family. Despite the
possible influence of the different functional groups in the electronic
environment, around the Fe(Il) metal their faraway position does not affect

the magnetic properties.
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Figure 6.9 Thermal dependence of ym in the temperature range 2-300 K.
The data have been fitted following a Curie-Weiss law in the high
temperature range (60-300 K).

The temperature dependence of the ac magnetic susceptibilities (in-
phase signal, ym") at different frequencies were measured from 16 to 23 K,
as shown in Figure 6.10. Sharp peak at Tn, obtained at the value when ym”
differs to O is observed, that indicates the onset of a long-range magnetic
order (Table 6.1).
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Figure 6.10 In-phase (left) and out-phase (right) dynamic susceptibility
of MUV-1-X measured at different frequencies.
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Table 6.1 Magnetic ordering temperatures for the MUV-1-X family.

MUV-1-CH; MUV-1-NH, MUV-1-Br

TN 200K 20.1K 212K 200K

‘.......‘.O.

00000000000

I135o !1300 I109o I IOO

Figure 6.11 Surface modification in MUV-1-X. The atoms at the surface
of MUV-1-X can be changed by chemical design (X = Br, Cl, CHs, H,
NHz) in a pre-synthetic manner to obtain different surface behaviors

which change the water contact angle. No changes in the magnetic

properties are observed upon the chemical modification.

Surface modification. The different “decoration” of the MUV-1

family has been achieved incorporating different functional groups. These

changes tune the behavior in front of water of the surface. This behavior

was measured by continuous contact angle (Figure 6.11). Alkane groups

(H, CHa) present values of contact angles of 99° and 109° respectively (i.e.

moderate hydrophobic behavior); the inclusion of halides substituents

causes an increase in the contact angle values (130° and 135° for Cl and Br,
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respectively), thus showing an increase in the hydrophobic character. On
the contrary, the inclusion of the amino group (NH2) causes a decrease of

the contact angle value to 0°, indicating superhydrophilic properties.

The five different ligands successfully employed already demonstrate
large tunability, although we can anticipate that one of the possible
limitations of this approach relies on the use of larger substituents that can
interfere with the formation of the crystalline layered structure. However,
preliminary results indicate that bulkier groups of up to 3 non-H atoms can
also be incorporated with this approach, although further studies are still

on-going.

2D molecular materials family. As already described, the entire
family of isoreticular MUV-1-X compounds retains, in bulk, the properties
and crystallinity as described for MUV-1-Cl. However, the location of
different functional groups at the interfaces between the different layers can
exert some influence on the delamination process. We investigated the
exfoliation of the complete family of MUV-1-X using the same top-down
procedure described for MUV-1-CI.

Using the Scotch tape methodology, all the members of the family
MUV-1-X were successfully exfoliated by mechanical methods. The
obtained flakes were deposited onto silicon substrates with 285 nm of
thermally grown SiO2 and inspected by different microscopies such as

atomic force microscopy and transmission electron microscopy.

Figure 6.12 shows characteristic examples of flakes from each of the

members of the MUV-1-X family, presenting a thickness for a few layers
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Figure 6.12 Atomic force microscopy for the MUV-1-X family, showing
the possibility to achieve 2D molecular materials with high-quality flakes

(lateral size and morphology).

of flakes (3-4 layers). It should be stressed that many flakes can be obtained
for each material, but just a representative example of each of them is
shown here. As can be seen, the different functional groups do not affect
the top-down technique, and all compounds are easy to exfoliate and
deposit onto the Si/SiO2 substrate, in the same manner as for MUV-1-ClI.
The chemical composition and crystallinity needs to be characterized, but
the possibility to achieve large 2D materials with a long-range order in the
functionalities without defects is a difficult challenge in 2D inorganic
materials. To the best of our knowledge, this is the first time that high
quality flakes with a high percentage of coverage of the functionalities is
reported. This is due to the functional group being covalently attached to
the ligand. Thus, as observed in the thermogravimetric analysis, the
compound decomposes before the detachment of the functional group. In

other words, the compound retains the crystallinity and the chemical
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composition before it decomposes, meaning that there is a long-order
distribution of the functionalities in the 2D molecular material due to the

compulsory presence of the linker in the crystal structure.

To check the chemical composition and crystallinity two techniques
were used, namely Raman spectroscopy and transmission electron
microscopy (TEM). Raman measurements demonstrate the chemical nature
compared with the bulk measurements (Figure 6.13). In the case of the
graphene, Raman spectra allows to follow the defects, functionalization,
and the number of the layers thanks to a clear spectrum with a small number
of peaks (a consequence of being formed by a single type of atom).! The
principal vibration corresponds to the C-C sp? (G and G’ band), which is
sensitive to the presence of defects, covalent attachments or n-stacking (for
a few-layer graphene) appearing more bands (such as D and D’ bands). In
the case of MUV-1-X, which is chemically more complex, there is a higher
number of vibrations. This factor prevents the high accuracy for detecting
changes in the structure. However, we can unambiguously identify the
presence of the ligand for all compounds, and the decrease of the intensity
with the thickness, revealing that the exfoliated flakes correspond to the
material. Flakes of different thickness were measured for all the members
of the family of MUV-1-X, revealing characteristic peaks with a limit near
to 20 nm thickness. These peaks can be attributed to the organic part, and
in principle this only demonstrates the presence of the organic linker. As
shown in Figure 6.13, all the Raman spectra in MUV-1-X family are

comparable.
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Figure 6.13 Raman study of thickness of MUV-1-X flakes.

For these reasons, Raman spectra are used to check the presence of
vibrations due to the ligand, and the effect of the thickness in the intensity
as a good indicative of the chemical stability and presence of the MUV-1-
X.

To ensure the crystal structure and the functionality onto the 2D
molecular material, Transmission Electron Microscopy (TEM) has been
used, in collaboration with P. Bereciartua from the ITQ. TEM images with
their corresponding selected area electron diffraction patterns show the
retained crystallinity for all the compounds (Figure 6.14). It must be
highlighted the high resemblance between the theoretical (Figure 6.15) and
the experimental patterns (Figure 6.14). Importantly, the thickness of the
measured areas by TEM was assessed by measuring the same flake with
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AFM (around 20 nm). This has been possible thanks to the robustness of
MUV-1-X, which has allowed a mechanical exfoliation and transfer into
silicon nitride membranes for TEM study. Afterwards, it has been possible
the study by AFM of the same flakes.

The physical properties, and thanks to the unaltered core, making
possible the exfoliation and achieving high quality 2D molecular materials.
The high crystallinity of the 2D systems ensures the long-range order in the
functionalities, being one of the best examples on high percentage covering

in functionalized 2D materials.

MUV-1-CH, |

MUV-1-Br

S E

Figure 6.14 TEM image of the diffracted area with its corresponding
selected area electron diffraction pattern.
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Figure 6.15 Theoretical diffraction patterns along with the [0 0 1]
direction for MUV-1-X.

6.3 Conclusions

In this chapter, we have presented a general strategy for the synthesis
of crystalline layered coordination polymers (LCP) exhibiting a magnetic
order and providing an unconventional route to tune at will the surface

chemistry of the individual layers. In particular, by the election of different
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ligands, we have obtained a new family of LCP denoted as MUV-1-X
(where X = Br, H, CHs, or NH2, in addition to Cl which was presented in
Chapter 5), with surface properties ranging from hydrophobic to
hydrophilic, that retain their magnetic properties under the different surface
modifications. The changes in the functional groups at surface do not affect
to the crystallinity, maintaining all the compounds of the family the
isoreticular structure This work opens the door to design novel 2D materials
based on molecular and coordination chemistry to taking advantage of the
huge possibilities in functionalization and tunability provided by this

approach in terms of surface properties and electronic properties.

6.4 Methods
Synthesis of MUV-1-X. Ferrocene (30 mg, 0.16 mmol) and benzimidazole

(or derivates) (0.34 mmol) were combined and sealed under vacuum in a
layering tube (4 mm diameter). The mixture was heated at 250 °C for 3
days to obtain crystals suitable for X-ray single-crystal diffraction. The
product was allowed to cool to room temperature, and the layering tube was
then opened. The unreacted precursors were extracted with acetonitrile and
benzene, and the product was isolated as colorless crystals (yield 80 %).

Phase purity was established by X-ray powder diffraction.

X-ray Structural Studies. X-ray data for compounds MUV-1-H was
collected at a temperature of 100 K using a synchrotron radiation at single
crystal X-ray diffraction beamline 119 in Diamond Light Source, equipped
with a Pilatus 2M detector and an Oxford Cryosystems nitrogen flow gas
system. Data was measured using GDA suite of programs. X-ray data for
compounds MUV-1-Br, MUV-1-CH3z and MUV-1-NH; were collected at
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the University of Manchester (UK) at a temperature of 100/150 K using a
Rigaku FR-X rotating anode diffractometer, equipped with Hybrid Photon
detector HyPix-6000HE and an Oxford Cryosystems nitrogen flow gas
system.

X-ray Powder Diffraction. Polycrystalline samples of MUV-1-X were
each lightly ground in an agate mortar and pestle and used to fill 0.5 mm
borosilicate capillaries that were mounted and aligned on an Empyrean
PANalytical powder diffractometer, using Cu Ka radiation (A = 1.54056
A). For each compound, two repeated measurements were collected at

room temperature (20 = 5—40 °) and merged in a single diffractogram.

Thermogravimetric analysis. Thermogravimetric analysis of MUV-1-X
was carried out with a Mettler Toledo TGA/SDTA851e/SF/1100 apparatus
in the 25-800 °C temperature range under a 5°C-min~! scan rate and an air

flow of 30 mL-minL.

SEM. Scanning Electronic Micrographs and atomic composition of bulk
samples was estimated by electron probe microanalysis (EPMA) performed
in a Philips SEM XL30 equipped with an EDAX microprobe and images

were recorded in a Hitachi S-4800.

Raman spectroscopy. Raman spectra were acquired with a micro-Raman
(model XploRA ONE from Horiba, Kyoto, Japan) with a grating of 2400
gr/mm, slit of 50 um, and hole of 500 um. The employed wavelengths were
532 nm, 638 nm, and 785 nm. The power density of the laser used for
spectra measured at 532 nm was 5.25 mW/um? (bulk crystals) and 170
HUW/um? (thin-layers), for spectra measured at 638 nm it was 7.58 mW/pm?
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(bulk crystals), and for those spectra measured at 785 nm it was 7.2

mW/um? (bulk crystals).

AFM. Optical images were obtained with a NIKON Eclipse LV-100
Optical microscope and AFM images were performed with a Nanoscope
IVVa Multimode Scanning Probe Microscope (Bruker, Karlsruhe, Germany)

in tapping mode.

TEM. Several mechanical exfoliated flakes were transferred onto a grid
with a membrane of amorphous SiN (50 nm thick) using a dry and
deterministic method (that involves the use of a micromanipulator and
PDMS/PPC polymers, as reported in ref.!®). TEM images and diffraction
patterns were acquired with a JEOL JEM-2100F with a field emission gun
operating at 200 kV. The simulated SAED patterns were generated with

SingleCrystal software.

Contact Angle (CA) Measurements. Continuous water contact angle
measurements of the samples were performed in air using a Rame-hart 200
standard goniometer equipped with an automated dispensing system. The

initial drop volume was 0.17 pL, increased by additions of 0.08 pL.

Magnetic Measurements. Variable-temperature (2—300 K) direct current
(dc) magnetic susceptibility measurements were carried out in applied
fields of 1.0 kOe and variable field magnetization measurements up to = 5
T at 2.0 K. The susceptibility data were corrected from the diamagnetic
contributions as deduced by using Pascal’s constant tables. Variable-

temperature (16—23 K) alternating current (ac) magnetic susceptibility
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measurements in a £4.0 G oscillating field at frequencies in the range of 1

— 997 Hz were carried out in a zero dc field.
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Tunability in 2D molecular materials

7.1 Introduction

The rise of 2D molecular materials offers a complementary
alternative to the classical 2D inorganic materials.> One of these benefits
is the huge range of tunability due to the hybrid nature of coordination
materials. As shown in previous Chapters, the pre-functionalization of a 2D
material is possible with coordination chemistry, which has been
exemplified with changes in the organic linker. However, this tunabilitiy is
not limited to the ligands, as modifications of the metallic nodes (inorganic
part) are also possible. This change will exert further changes in the
physical properties of the materials, including in some cases a change in the
coordination environment that may affect the topology and crystal
structure. For example, in systems based in 2,3,6,7,10,11-
hexahydroxytriphenylene (HsHHTP), the influence of the metal is
enormous. In the case of Ni(ll) and Co(ll) layered compounds are formed
stabilized by clusters between layers. The metal centers are in an octahedral
environment, coordinated by 4 oxygen atoms from the ligand, completing
the coordination sphere with water molecules (Figure 7.1a).® On the
contrary, when using Cu(ll) instead of Ni(ll) or Co(ll), the formation of the
cluster is not observed, and the extended solid is only composed by the
extended layers formed by Cu(ll) and the organic linker (Figure 7.1b).*
These materials are all formed by transition metals of the first series, with
similar in electronic structures coming from d electrons, but despite the
enormous similarities between them, small differences are observed in the
crystal structure between Ni-Co and Cu. If other metals are included in this
discussion, such as lanthanides, the difference in electronic structure is

more pronounced, as the electrons are in f orbitals, and also the metal charge
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Figure 7.1 a) (Top) Layered structure for (M3(HHTP)2(H20)s, (M = Co,
Ni) the extended system. (Below)The discrete system M3(HHTP)(H20)12,
(M = Co, Ni) formed between layers. b) The crystal structure of
Cus(HHTP)2(H20)s and their stacking without discrete species between
them. c) Ln1+xHHTP(H20)n crystal structure, where the Ln atom connects

two layers of the organic ligand. Adapted from references 3-5.

and coordination environment, (i.e. Ln(I1l) vs M(Il)). This affects the
coordination nature for the bonding, being more ionic in the case of
lanthanoids, and also the coordination numbers, which are higher in
lanthanoids. All these features lead to different crystal structures.® For
example, in the reaction of lanthanides and HeHHTP the result is a 3D
network, formed by the layered arrangement of the linkers, where the Ln3*

are connected by six oxygen atoms from two different layers, and a water
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molecule complete their coordination sphere in a prismatic environment
(Figure 7.1c).

In inorganic 2D materials, formed by single atoms, graphene, black
phosphorous, antimonene, this approximation is precluded.®’ However, in
another well-known family of 2D materials, transition metal
dichalcogenides (TMDCs), it is possible to use different metals that can
affect the electronic properties, as electronic conductivity,
superconductivity, or the apparition of charge density waves phases (CDW)
(Figure 7.2a). The most common crystal structures found in TMDCs are the
1T phase and the 2H phase, common for the available metals (Nb, Ta, Mo,
W, among others).® The thermodynamic phase depends on the particular
combination of transition metal and chalcogen element (S, Se or Te). The
1T phase, themodynamically favoured for example in TiSez, is a trigonal
crystal system, where the metal is in an octahedral environment. The 2H
phase, themodynamically favoured for example in Group VI (MoS,
MoSe2, WSz, WSe), is a trigonal prismatic environment which determines
the hexagonal crystal system and the metal is in a trigonal prism
environment. The 1T and 2H phases form hexagonal lattices, in which the
metal layer is sandwiched between two dichalcogenide layers (placed at the
surface) (Figure 7.2b). In other words, in this family it is possible to
maintain the crystal structure changing the metal to alter the electronic

properties.
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Figure 7.2 a) The different electronic properties of TMDCs depending on

the metals and the chalcogenide. Adapted from reference 8. b) Two of the

most common phases in TMDCs, their layered structure, and their

coordination environments. The top part of this image shows the lateral

view of a single layer, whereas the bottom part shows a view

perpendicular to the layers.

The changes in the crystal structure for MOFs systems can be

minimized by using similar metals, such as 3d metals of the first transition

series. In the particular example of ZIFs, many crystal structures are

available with different metallic cations of the first transition metal series

(and Cd)®*® which have an influence on, for example, the flexibility of the
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framework.1***> Another example in layered coordination polymers which
has been vastly investigated is the use of different metal cations to change
the magnetic properties.’® An example of this versatility is the classical
oxalate-based compounds.t” These materials are composed by a subunit of
[M(111)(oxalate)s]* (with M(IIl) = Cr, Fe, Ru), and in a combination of
different transition metal cations, M?*, such as Mn?*, Fe?*, Co?*, Ni?*, Cu?"*
and a countercation, form extended layered materials. They present
ferromagnetic ordering with different Tc, which depends on the metal

(maintaining the countercations, which can also be changed).

Following the reported examples in ZIFs, similar in chemical
bonding and structure to MUV-1-X family, and oxalates changing the Tc
using similar metallic cations of the first transition series, has been chosen
three metals from the first transition series, and due to the different
electronic environment of the cations has been expected to show different

magnetic behaviors or Te.

Herein, we design an approximation to extend the metallic cations
from Fe?* to Co?*, Mn?* and Zn?* obtaining different metallic nodes in 2D
molecular in the MUV-1-X family using the solvent-free synthesis
described in the previous chapters to tune the magnetic properties (Figure
7.3).
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MUV-1-CI (Fe)
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Figure 7.3. Broad versatility of the MUV-1-Cl and MUV-1-H system: it
is possible to modify the magnetic properties while keeping the layered
morphology needed for a two-dimensional material by changing the

metallic cation.

7.2 Results and discussion

Changing metallic nodes. The existence of different metal sources
compatible with chemical vapor deposition and solvent-free methods,®
explored in Chapters 2 and 3, permits the modification of the reaction
previously described in Chapters 5 and 6, where benzimidazole derivates
(XbimH, X = CI, Br, CHs, H, NH2) and ferrocene were employed.
Obtaining isostructural materials changing the metal node is a challenge
that can lead to the modification of the physical properties of the materials,
such as the magnetic properties (Figure 7.3). An important feature is the
compatibility of the reactants and the solvent-free synthesis, to be suitable
with for example, chemical vapor deposition (CVD). For this reason, the
following metal precursors were selected: biscyclopentadienyl cobalt (I1),
tetramethylcyclopentadienyl manganese (11), bis(2,2,6,6-tetramethyl-3,5-
heptanedionato) zinc (I1) and ZnO. These metal precursors have been used

in a solvent-free method to synthesize isostructural compounds of MUV-
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1-Cl and MUV-1-H. The crystals obtained in the synthesis were
characterized by single-crystal diffraction and powder X-ray diffraction
(Figure 7.4), obtaining three isostructural compounds of MUV-1-CI (Co,
Mn, and Zn) and three of MUV-1-H (Co, Mn, and Zn). In these structures
the metal cation is located in the inner part of the layers in a distorted
tetrahedral environment, connected by benzimidazole bridges, allowing the

magnetic exchange between the metal centers.

MUYV-1-H (Co) MUV-1-Cl (Co)
Theoretical MUV-1-H Theoretical MUV-1-Cl
|
| L i
, B AL WL N \‘MA-MM_
m—— e By L R Y S W
| . \ . \|‘ I ‘
D SN U N I O | vl e ]
10 20 30 40 10 20 30 40
2theta(®) 2theta(®)

Figure 7.4 X-ray powder patterns of MUV-1-H (M") and MUV-1-
Cl (M"). The experimental patterns are shown in pink (Mn(ll)),
purple (Co(ll)) and grey (Zn(I1)) for the respective compounds, and
the calculated pattern from single-crystal data is shown in black for all

compounds.

The size of the crystals depends on the metal used. The cobalt and
compounds are sensitive smaller (around 40 pum) than the previously
reported Fe(ll) compound, whereas the Mn and Zn compounds are only
obtained as crystalline powders (around 20 um). Still, all these materials
keep the layered morphology, as shown in Figure 7.5, which depicts
characteristic SEM images of the different samples. Interestingly, MUV-1-
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Figure 7.5 Scanning electron micrograph of bulk-type MUV-1-H (Co)
(@), MUV-1-CI (Co) (b), MUV-1-H (Mn) (c), MUV-1-CI (Mn) (d),
MUV-1-H (Zn) (e), MUV-1-ClI (Zn) (f). Scale bar is a) 40 um, b) 20 um,
€) 5 um, d) 10 um, €) 10 pm, f) 40 um.

ClI (Co) present spontaneous crystal aggregation with spherical uncommon
morphologies (Figure 7.5b), suggesting more flexibility than the Fe(ll)

compound.

236



Tunability in 2D molecular materials

100/ 1001
@ 80 ﬁ 801
©
£ 60/ g 60
3 R 40l
= 40] 40
201
201 . ————
200 400 600 200 400 600
Temperature(°C) Temperature(°C)
MUV-1-H (Co) MUV-1-Cl (Co)
1001 100
©
€ 60 £ 601
o o
& 40 > a0]
50 201 T
200 400 600 200 400 600
Temperature(°C) Temperature(°C)
1001 - B 100{— -
“ 801 § 201
£ 60 € 60
o
X 407 \ & a0
20 - 50
200 400 600 200 400 600
Temperature(°C) Temperature(°C)

Figure 7.6 Thermal gravimetric analysis (TGA) of bulk crystals of
MUV-1-H (Co), MUV-1-CI (Co), MUV-1-H (Mn), MUV-1-CI (Mn),
MUV-1-H (Zn) and MUV-1-Cl (Zn) at a heating rate of 20 °C min™™.
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The thermal stability of the Co(ll) and Mn(I1) analogues are similar
to the Fe(Il) compound, around 350°C for MUV-1-H and 400°C for MUV-
1-CI compound (Figure 7.6). However, the Zn(ll) analogues of the two

families present higher thermal stability, above 500°C.

Magnetic properties. The magnetic interactions between the
metallic centers of the MUV-1-X (M'") were investigated by conventional
susceptibility in the case of the bulk sample. Due to the diamagnetic nature
of the Zn centers, (d*° electronic configuration) MUV-1-X (Zn) is non-
magnetic. For MUV-1-X (Co) and MUV-1-X (Mn) the susceptibility, ym,
shows antiferromagnetic interactions (Figure 7.7a). Moreover, as in the
case of MUV-1 (Fe), a sharp increase of the molar susceptibility and the
product, ym T is observed in MUV-1 (Co), thus suggesting a spin-canted
structure below the Néel temperature (11 K and 12 K, Figure 7.7a), an
expected behavior compared with other Co azolates.’®'® As has been
observed by Thompson and co-workers in imidazole-based analogous
compounds of Fe(ll) and Co(ll), which present antiferromagnetic ordering
with spin-canting, Co(ll) materials show lower Tc than the Fe(Il) materials.
In this compound, tetrahedral Co(ll) is in the high spin state (S = 3/2)
(electronic term “Az)

This kind of ordering is corroborated by the presence of magnetic
hysteresis loops (Figure 7.7b) and the existence of an out-of-phase
component in the ac magnetic susceptibility (Figure 7.8). On the contrary,
MUV-1-X (Mn) does not show any uncompensated moment at low
temperatures, and ym measurements show a maximum at 20 K, in

agreement with the presence of antiferromagnetic order around 20 K. This
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result agrees with the isotropic nature of the spin in Mn(lIl) (S = 5/2 with an
orbitally non-degenerate electronic term SAi). It is consistent with
unpublished works developed in our group comparing the magnetic

behavior between a Fe(ll) pillar layered material® and an isostructural
Mn(I1) compound.

a 03 b
_ \ +— MUV-1-H (M) 0,4 MUV-1-Cl (Co) -
g 02y —— MUV-1-H (Co)
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Figure 7.7 a) Thermal dependence of ym in the temperature range 2-300
K for the different compounds of the MUV-1-X (M'). b) Magnetic
hysteresis loops at 2 K for the MUV-1-Cl (Co) compound.

Table 7.1 Tn for the MUV-1-X (M'")

MUV-1- MUV-1-
CI(Co) H(Co)
TN 11K 12K 20K 20K
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Figure 7.8. a) In-phase (top) and out of phase (below) dynamic
susceptibility y measured at different frequencies for the different
compounds of the MUV-1-CI (Co) b) In-phase (top) and out of phase
(below) dynamic susceptibility y measured at different frequencies for the
different compounds of the MUV-1-H (Co).

Micromechanical exfoliation. The layered morphology of the
crystals of MUV-1-X (M") (Figure 7.9) allows its delamination and the
possibility to explore the 2D limit in these compounds. Due to the pure
antiferromagnet ordering of MUV-1-X (Mn) and diamagnetic behavior of
MUV-1-X (Zn), we have focused on the cobalt system in the MUV-1-X
family. Bulk crystals of MUV-1-X (Co) were thinned-down by mechanical
exfoliation as previously performed in MUV-1-Cl, yielding flakes with

well-defined shapes (lateral dimensions of > 1 pu m) and different
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thicknesses (from hundreds of nanometers down to few layers). The
obtained flakes were characterized by optical and atomic force (AFM)
microscopies (Figure 7.9) and, with Raman spectroscopy, then confirming
its integrity and chemical composition. The Raman spectra are very similar
to the MUV-1-X Fe(ll), the expected for the Raman spectroscopy, due to

the use of the same organic ligands.
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Figure 7.9 a) AFM image (left) and profile (middle) of a typical
exfoliated flakes, scale bars are 5 um, and the selected region of the

Raman spectra for different thicknesses flakes of MUV-1-ClI (Co) (a) and
MUV-1-H (Co) (b).

Magnetism detection in the 2D limit. The magnetic order of the
mechanically exfoliated thin-layers could not be investigated by
conventional magnetometers due to the small amount of material to be
sensed. In fact, magnetic ordering in 2D materials has been only studied
recently by the Magneto-Optical Kerr effect or NV (nitrogen vacancies)

centers.?22 However, the previous techniques are not suitable for sensing
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antiferromagnets or spin canted antiferromagnets interactions since the
total magnetization is zero or very weak. Therefore, we have employed
nano-resonators, a technique that has recently been shown to successfully

probe magnetic phase transitions.?

In collaboration with the Steneeken group at TU Delft (Netherlands),
we exfoliated flakes of well-known MUV-1-Cl (Fe) (to compare the
magnetic ordering temperature) and MUV-1-H (Co) and transferred these
on top of circular cavities (diameter d = 5 — 6 um) etched in a SiO2/Si
substrate using deterministic dry viscoelastic stamping to form freestanding
nanodrums (Figure 7.10a). Due to large flexibility, low estimated Young's
modulus and thus low bending rigidity of these MOF sheets, suspended
flakes behave as membranes even at relatively large thicknesses for a given
range of cavity diameters. Samples are placed on a dry cryostat and cooled
down to the temperatures of 4 K at the pressure below 10° mbar.
Temperature-dependent mechanical properties of the nanodrums are then
investigated using laser interferometry technique from 4 to 50 K in the
absence of magnetic field. Figure 7.10b shows resonances of a fundamental
membrane mode at 40 K for MUV-1-Cl (Fe) and MUV-1-H (Co),
respectively (black solid dots).

We fit the measured resonance peaks to a standard harmonic
oscillator (colored solid lines) to extract the fundamental mode resonance
frequency fo and mechanical quality factor Q. Substantially large Q factors
ranging from 1000 to 3500 and high resonance frequencies of 32.1 — 40.67
MHz at 40 K indicate a high tension in the membranes due to a build-up of

the thermal strain. For comparative purposes, graphene at 50 K has Q factor
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of 1800. The thermal strain in the membranes is related to the thermal
expansion coefficient and thus to the specific heat of the material, cv. This
interrelation allows to observe phase transition-related anomalies in cv(T)
reflected in fo(T), since cu(T) o< — d(f? (T))/dT.
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Figure 7.10 Mechanical resonances of thin metal-organic framework
MUV-1-CI (Fe) and MUV-1-H (Co) membranes. a) Peak-force atomic
force microscopy (AFM) images. b) Resonance peaks of a fundamental
membrane mode at 40 K. ¢) Coloured dots - resonance frequency fo as a
function of temperature, black dots - temperature derivative of f% (T) as
a function of temperature. d) Mechanical dissipation Q! as a function of

temperature.

In Figure 7.10c we plot measured fo (colored filled dots) and
corresponding temperature derivative of f% (black filled dots) for the two
compounds. The phase transition-related anomaly is well visible as a kink
in fo(T) and is even more pronounced in d(f% (T))/dT, with peaks at 19.5 +
1.0 K for MUV-1-Cl(Fe), and 10.5 £ 0.5 K for MUV-1-H(Co). This

originates from the discontinuity in specific heat of the compounds at Tn
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according to the Landau theory of phase transitions.”? Mechanical
dissipation Q—*(T) also exhibits a local maximum near Tn, as displayed in
Figure 7.12d, that can be related to thermoelastic or other more intricate
magnetomotive damping mechanism. Thus, we unequivocally show that

thin flakes retain the magnetic properties of the bulk.

Table 7.2 Tn of MUV-1-Cl(Fe) and MUV-1-H(Co) compared by the two
used techniques, SQUID measurements for bulk material, and mechanical

nanoresonators for the exfoliated material.
MUV-1-Cl(Fe) MUV-1-H(Co)

Mechanical Resonators 195K 105K
SQUID (Bulk) 200K 120K

7.3 Conclusions

We have demonstrated here how the coordination chemistry and
chemical design are useful tools to synthesize and tune the properties of
layered compounds and 2D molecular materials. Using a solvent-free
synthetic route we prepared a family of 2D molecular materials, in which
various transition metals have been incorporated in the nodes (Mn(ll),
Co(ll), Zn(I1)). This has provided the possibility to study the magnetic
properties at the 2D limit using for the first time mechanical resonators to
investigate the magnetic order in antiferromagnetic MOFs. This has been
possible thanks to the robustness and quality of the 2D molecular flakes

which have permitted to construct mechanical membranes.
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7.4 Methods

Synthesis of MUV-1-X (M"). Metallic source (biscyclopentadienyl cobalt
(11, tetramethylcyclopentadienyl manganese (1), bis(2,2,6,6-tetramethyl-
3,5-heptanedionato) zinc (I1) and ZnO) (0.16 mmol) and benzimidazole
derivate (0.34 mmol) were combined and sealed under vacuum in a layering
tube (4 mm diameter). The mixture was heated at 150 °C for Co(ll)
compounds and 250 °C for Mn(ll) and Zn(l1) compounds, for 4 days to
obtain crystals suitable for X-ray single-crystal diffraction (In case of
MUV-1-H(Co) and MUV-1-Cl(Mn)). The product was allowed to cool to
room temperature, and the layering tube was then opened. The unreacted
precursors were extracted with acetonitrile and benzene, and the main
compound was isolated as crystals (yield 40 %). Phase purity was

established by X-ray powder diffraction.

Single crystal. X-ray data for compounds MUV-1-H (Co) and MUV-1-ClI
(Mn) were collected at a temperature of 100 K using synchrotron radiation
at single crystal X-ray diffraction beamline 119 in Diamond light Source?,
equipped with an Pilatus 2M detector and an Oxford Cryosystem nitrogen
flow gas system. Data was measured using GDA suite of programs. X-ray
data was processed and reduced using CrysAlisPro suite of programs.
Absorption correction was performed using empirical methods (SCALE3
ABSPACK) based upon symmetry-equivalent reflections combined with
measurements at different azimuthal angles.?>?" The crystal structures
were solved and refined against all F? values using the SHELXL and Olex
2 suite of programs.?®?° Despite that the coordination polymers are

intrinsically chiral, the centrosymmetric space group C2/c was found as
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result of the racemic distribution of the disordered layers of the MUV-1-H
(Co).

X-ray powder diffraction. Polycrystalline samples of MUV-1-H (Co),
MUV-1-Cl (Co), MUV-1-H (Mn), MUV-1-CI (Mn), MUV-1-H (Zn),
MUV-1-CI (Zn) were lightly ground in an agate mortar and pestle and used
to fill 0.5 mm borosilicate capillaries that was mounted and aligned on an
Empyrean PANalytical powder diffractometer, using Cu Ka radiation (A =
1.54056 A). Two repeated measurements were collected at room
temperature for each compound (26 = 5—40 °) and merged in a single

diffractogram.

Thermogravimetric analisys. Thermogravimetric analyzes of MUV-1-X
(M'™) were carried out with a Mettler Toledo TGA/SDTA851e/SF/1100
apparatus in the 25-600 °C temperature range under a 5°C-min~* scan rate

and an air flow of 30 mL-minL.

Scanning Electronic Microscopy. Scanning Electronic Micrograph were
estimated by electron probe microanalysis (EPMA) performed in a Philips
SEM XL30 equipped with an EDAX microprobe and images were recorded
in a Hitachi S-4800.

Raman spectra. Raman spectra were acquired with a micro-Raman (model
XploRA ONE from Horiba, Kyoto, Japan) with a grating of 2400 gr/mm,
slit of 50 pum, and hole of 500 um. The employed wavelengths were 532
nm, 638 nm, and 785 nm. The power density of the laser used for spectra
measured at 532 nm was 5.25 mW/um? (bulk crystals) and 170 puW/pm?
(thin-layers), for spectra measured at 638 nm it was 7.58 mW/pm? (bulk
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crystals), and for those spectra measured at 785 nm it was 7.2 mW/um?

(bulk crystals).

Magnetic properties. Variable-temperature (2—300 K) direct current (dc)
magnetic susceptibility measurements were carried out in an applied field
of 1.0 kOe and variable field magnetization measurements up to +5 T at 2.0
K. The susceptibility data were corrected from the diamagnetic
contributions as deduced by using Pascal’s constant tables. Variable-
temperature (16—23 K) alternating current (ac) magnetic susceptibility
measurements in a +4.0 G oscillating field at frequencies in the range of
1-997 Hz were carried out in a zero dc field. All the measurements were
performed with a SQUID magnetometer (Quantum Design MPMS-XL-5
& MPMS-XL-7).

Laser interferometry. The motion of the nanodrums was measured using
a laser interferometry set-up, similar to the one reported in ref. 2. The
sample is mounted on a xyz piezomotive nanopositioning stage. A blue
diode laser (A = 405 nm), that is power-modulated by a Vector Network
Analyser (VNA), is focused at the centre of the membrane and used to
optothermally excite the membrane to motion at a given frequency. A red
He-Ne laser (A = 632 nm) is used to read out vibrations of the nanodrum,
motion of which is analyzed using homodyne detection scheme and
processed by VNA. Laser spot diameter is in the order of 1 um. It is checked
that the resonance frequency changes due to laser heating are insignificant

for all membranes.

Peak-force AFM. All peak-force AFM data is acquired at a constant 50 nN

of applied peak force using a cantilever with a spring constant k = 22:8
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Nm—! on Bruker Dimension FastScan AFM. The thickness of the sample

is estimated taking the average of 3 to 5 profile scans.
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8.1 Introduction

During the last Chapters (5-7), MUV-1-X has shown to be a 2D
material facile to be tuned and modified through a proper chemical design
while preserving its crystal structure. However, the versatility of
coordination chemistry in the field of 2D materials allows to go beyond
with the aim of obtaining different properties. In this context, two different
strategies can be foreseen to successfully prepare new 2D molecular
materials. The first, and more intuitive, is the addition of a second
functional group to the benzimidazoles, which causes a steric hindrance and
may result in a change in the topology. This has been explored in other
ZIFs: when a larger substituent is introduced in the imidazole ligand,
different topologies are obtained for each substituent. For example, the
SOD topology can be found when using 2-methylimidazole and Zn?*, as in
ZIF-8 among others, but when using 2-ethylimidazole a material with RHO

topology is obtained (see Figure 8.1).!

In the case of MUV-1, where the organic ligand is 5-X-
benzimidazole, additional substituents could be introduced in either
position 2 or position 6 (see Figure 8.2). Upon close inspection of the
crystal structure of MUV-1, it can be observed that the square disposition
of the Fe(Il) atoms in the layers is not compatible with the incorporation of
another substituent in position 6. Thus, its inclusion should result in a
different arrangement, in a similar way that the incorporation of an ethyl
group in the imidazole ligand causes a change in the ZIF-8 structure (Figure
8.1).
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2meimH 2etimH

Figure 8.1 Two different achievable crystal structures changing the

functional group in the imidazole ligand.

The second strategy that can be followed to obtain a different 2D
material based on coordination chemistry consists of identifying a 3D
pillared structure and chemically modify the pillar to prevent the bonding
between the layers, i.e. replacing the pillar by a terminal ligand.?® Although
it looks simple, this is a challenging approach, and only few examples have
been reported using this strategy. For instance, Grey and co-workers

recently showed the preferential crystal growth in the ab plane of UiO-67,
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Figure 8.2 Possible position for functional groups in the benzimidazoles

linker.

a combination of Hf clusters and terephthalic acid, resulting in a
different phase. They achieved this crystal structure through a controlled
introduction of defects that weaken the c direction. This permits to exfoliate
the MOF in nanosheets by applying soft forces such as sonication or
mechanical grinding (Figure 8.3a).* Another example was developed by
Zhou’s group, introducing a pillar in a pre-formed layered MOF. This pillar
ligand incorporates a S-S bond, easy to break by oxidation. The
intercalation of this pillar separates the layers from the MOF, and
subsequent oxidation breaks the pillars thus facilitating the exfoliation

process (Figure 8.3b).°

Using these two strategies, we design here two different
approximations to obtain different 2D molecular materials through the
MUV-1-X solvent-free synthesis: a) a second substituent is inserted in the

benzimidazole ligand to force a structural change, while retaining the
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Figure 8.3 a) The facilitate exfoliation process through the introduction
of defects in a UiO-67 novel phase. b) Intercalation of redox-active pillar
ligand to favor the exfoliation mechanism to obtain MOF nanosheets.

Adapted from references 5 and 6.

layered morphology and magnetic properties. b) A strategy using a mixed-
based ligand synthesis to facilitate the exfoliation process in a pillar layered
material (Figure 8.4).
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Figure 8.4 The two different approaches followed in this Chapter to

synthesize novel layered coordination polymers and layered MOFs.

8.2 Results and discussion

Steric hindrance strategy. The molecular nature of the coordination
polymers not only permits changes in the metal nodes but also in the ligand
part, i.e. on the functional groups. Specifically, the organic ligand used for
the preparation of MUV-1-X, 5-X-benizimidazole (see Figure 8.5), is
modified with the addition of a second substituent adjacent to the 5™
position. Thus, two different ligands have been used, namely 5,6-
dichlorobenzimidazole  (ClzbimH) and  5,6-dimethylbenzimidazole
((CH3)2bimH).
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¥

Figure 8.5 a) The monosubstituted ligand used to construct the MUV-1-X
family. b) The disubstituted ligand used to synthesize the MUV-8-X;
family. c) Crystals of MUV-8-CI2 as syhthesized inside the reaction tube.
Scale bar is 400 pum.

Importantly, upon solvent-free reaction of these ligands with
ferrocene two new coordination polymers are obtained, the so-called
MUV-8-Cl; and MUV-8-(CHs)2. The obtained crystals of MUV-8-Cl»
were big enough (around 500 um) to solve its crystal structure by single-
crystal diffraction. However, the small size of the MUV-8-(CH3) crystals
(under 10 um) precludes to solve its crystal structure. Still, its X-ray powder
diffraction pattern is in good agreement with the calculated from the single
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crystal data of MUV-8-Cl, (Figure 8.6), confirming the isoreticularity of
both compounds, MUV-8-Cl, and MUV-8-(CH3)..

- MUV‘S'(CH3)2

— Theoretical

MMWMMWMWW

T T T T T T T T T T

5 10 15 20 25 30
2theta

Figure 8.6 X-ray powder patterns of MUV-8-Cl, and MUV-8-(CHy)..

The experimental patterns are shown in orange and black for the

respective compounds, and the calculated pattern from single-crystal data
(from MUV-8-ClI) is shown in red.

The crystal structure shows that MUV-8-Cl; is a layered material.
The individual sheets of these materials are composed of double layers of
iron centers connected by benzimidazolate bridges, with three ligands in
the ab plane (top or bottom layers), and a fourth ligand connecting two iron

centers each in its respective layer (c axis) (Figure 8.7). The iron centers
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Figure 8.7 a) Crystal structure of the MUV-8-Cl,, composed by Fe(ll)
centers in a tetrahedral environment, forming extended layers in the ab
plane. b) The connectivity in one sheet, three ligands connecting in ab
plane, and the fourth ligand (in yellow) connecting the two layers of iron
centers (the Fe bilayer). ¢) The distorted hexagonal lattice in the

perpendicular ab plane view.

are located in very distorted tetrahedral sites, with Fe-N bond lengths
between 1.8-2.1 A. In the perpendicular view of the ab plane, the sheet has
a distorted hexagonal arrangements, different from the square lattice
arragment of MUV-1.

There are seven crystallographic different iron centers in one double
layer sheet. In this case, the connection between the two Fe layers inside
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one sheet, i.e. a Fe “double-layer”, is a coordination bond, unlike the weak
van der Waals interactions through the stacked layers of the material. These
neutral layers are superposed in a similar arrangement to an AB stacking,

with a small shift between iron centers (Figure 8.8a).

The chloride atoms are located at the surfaces at 3.45 A distance
between sheets, weakly interacting through van der Waals forces like in the
MUV-1-Cl case. Thus, if compared with the parent MUV-1, an individual
layer of MUV-8 has a thickness of 1.5 nm formed by the sequence “ligand
layer/Fe double-layer/ligand layer” whereas, in MUV-1, it is only 1 nm
since it is formed just by one layer of Fe centers (sequence of “ligand

layer/single Fe layer/ligand layer”) (see Figure 8.9).

Moreover, between the MUV-8-X; sheets, some ferrocene molecules
are located, interacting weakly with the layers of the compound (Figure
8.8Db). Interestingly, these ferrocene molecules between sheets of MUV-8-
Cl, cannot be removed by heating the samples as can be seen in the
thermogravimetric analysis (Figure 8.10). The presence of a metallic
complex to stabilize the crystal structure is also common in other molecular
layered materials such as hexahydroxytriphenylene family.® Besides, in
another Fe(11) 3D network composed by 2-methylimidazolate the ferrocene
complex is also present in the cavities, and but cannot be removed without

structural degradation.’

265



Chapter 8

Figure 8.8 a) ab plane formed by the two Fe(ll) centers in a monolayer
of MUV-8-X>. b) Layered structure with the ferrocene molecules located
between the MUV-8-CI; layers, showing the interaction between ClI

atoms and the location of ferrocene molecules.
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MUV-1-Cl MUV-8-Cl,

Figure 8.9 The compared layered structures of MUV-1-Cl and MUV-8-
Cl,.
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Figure 8.10 Thermogravimetric analysis of MUV-8-Cl, and MUV-8-
(CHas)a.

The addition of a second functional group induces an important
structural change, originating an unprecedented metallic double-layer in an

individual sheet. In this structure the iron centers are arranged in distorted
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Figure 8.11 The crystal structure of Fez(im)4(2,2-bipy). The Fe(ll) centers
are in octahedral and tetrahedral environments, connected by imidazolate
bridges inside the double layer sheets. Bipyridine ligands complete the
coordination sphere and prevent the 3D extension of the layers. In green,
the imidazolate units, in blue, the bipyridine ligands, and in orange/

yellow the Fe(lIl) centers for tetrahedral/octahedral environments.

hexagons. Hence, the strategy to force the growth in a different layered

structure through the incorporation of a second substituent was successful.

Notice that the MUV-8-X; structural arrangement is very unusual for
a layered material. In inorganic 2D materials, such as graphene or h-boron
nitride, their monolayers present a monoatomic thickness, i.e. 0.3 A, or a
zig-zag structure as in the case of black phosphorus, resulting in a larger
value of thickness (0.5 A). Other important inorganic 2D materials present
thicker monolayers, as is the case of transition metal dichalcogenides, metal
trihalides, or GaSe. The structures of transition metal dichalcogenides and

metal trihalides are formed by a single layer of metal atoms which are
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“sandwiched” by the chalcogenides/halides atoms, thus resulting in

monolayers of 0.6 A thicknesses. GaSe is different, as it presents a double

layer of metallic atoms inside a monolayer, with bonds between the Ga

atoms, resulting in 0.8 A8

In coordination polymers, compounds exhibiting similar double-layers
have been reported, although they have not been exfoliated. For instance,
there is a molecular material based on a mixed-ligand composition using
2,2-bipyridine and imidazole, of formula Fez2(im)s(2,2-bipy).® This
compound also presents a double-layer sheet building, although contrary to
what is observed in MUV-8-X,, where all the metal centers are in a
tetrahedral environment, an alternating assembly of tetrahedral-octahedral
arrangement of metallic centers is found (Figure 8.11). This configuration
and the combination of octahedral/tetrahedral environments confer unusual
magnetic properties to the material, combining spin-crossover and spin

canting, and three crystallographic phase transitions.

The magnetic interactions between the metallic centers of MUV-8
were investigated by conventional SQUID measurements. The magnetic
susceptibility, ym, shows antiferromagnetic interactions for both MUV-8
systems(Figure 8.12). Nonetheless, as also observed in all the derivatives
of MUV-1, a sharp increase of the molar susceptibility at low temperatures
is observed in MUV-8, suggesting a spin-canted structure below the Néel
temperature (24 K and 23 K), for MUV-8-Cl, and MUV-8-(CH3),
respectively, Figure 8.12). This kind of ordering is corroborated by AC

magnetic susceptibility measurements (Figure 8.12b and Figure 8.12c).
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Figure 8.12 a) Thermal dependence of ym in the temperature range 2-
300 K for MUV-8-Cl, and MUV-8-(CHs)2. b) In-phase dynamic
susceptibility %’ measured at different frequencies for MUV-8-Cl, and

MUV-8-(CHpg)2. ¢) Out-phase dynamic susceptibility x’> measured at
different frequencies for MUV-8-Cl, and MUV-8-(CHy)..
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The layered morphology of the crystals of MUV-8-X> (Figure 8.13)
is similar to that found in MUV-1 family. This suggests the possibility of
delaminating and exploring the 2D limit in these compounds. Importantly,
the square-like morphology observed in crystals of MUV-1, which is
related to the square lattice structure, is not found in MUV-8. In this case,
triangular crystals (MUV-8-Cl) and rectangular (MUV-8-(CHz)2) plates
are found, which can be related to the hexagonal lattice of the crystal

structure.

Figure 8.13 Scanning electron micrograph of bulk-type MUV-8-Cl; (a,b)
and MUV-8-(CHBa)2 (c,d). Scale bar is a) 30 um b-d) 10 um.

MUV-8-X> were thinned-down by mechanical exfoliation as

previously realized in MUV-1, yielding flakes with well-defined shapes,

271



Chapter 8

large lateral dimensions (> 1 pm) and different thicknesses (from hundreds
of nanometers down to few layers). The obtained flakes were characterized
by optical and atomic force (AFM) microscopies (Figure 8.14) and, as well,
by Raman spectroscopy, then confirming its integrity and chemical
composition. The higher mass of the monolayer, thanks to the incorporation
of the double number of Fe(ll) centers, permits a smaller detection limit,

near to the three-layer compound (around 6 nm).

Intensity (a.u.)

1275 1300 1325 1350 1375

Raman shift (cm")

Figure 8.14 AFM image (left) and profile (middle) of a typical exfoliated
flake, scale bars are 5 um, and a selected region of the Raman spectra for
different thicknesses flakes of MUV-8-Cl..

Asymmetric ligand strategy. Pillared-layer coordination polymers
formed by neutral polymeric layers which are linked in the third direction
by additional neutral ligands present an attractive approach for the rapid
modulation of the materials through simple modification of the pillar ligand
and/or the layer bridge while keeping the overall structure.'®12 These pillar-
layered materials can offer a platform as model systems or as materials that
can be exfoliated due to the different strength of the bonds across two axes
plane or the other axis across the pillar ligand.? As a starting pillar-layered
material, we have used MUV-0, which was the first result obtained in the

group with the solvent-free approach.™® This material is composed of Fe(I1)
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centers connected by four imidazolate bridges in the ab plane, forming a
2D layer. In the third direction, in the ¢ axis, these planes are connected by

4,4-bipyridines, completing the octahedral environment of the Fe(ll)
(Figure 8.15).
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Figure 8.15 a) Coordination environment of the Fe(l1) in the pilar-layered
material, MUV-0. b) Crystal structure of the MUV-0, composed by

bipyridines as pillars, and 2D sheets composed by imidazolate and Fe(ll)
centers.

As expected, the bipyridine-iron bond is too strong to allow the
exfoliation process. However, this ligand can be modified in order to
change the pillars of the structure. Specifically, the use of an asymmetric
ligand was chosen to induce differences in the bonding unit of the pillar. In
particular a pyrazole-pyridine ligand was chosen due to the different

strength bonds of the two functional groups, i.e a stronger bond formed by
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the pyrazole motif due to the possibility of coordinating in a bidentate

manner and due to their stronger basicity (negative charge).

The reaction of 4-(1H-pyrazol-4-yl)pyridine (abbreviated as pypyzH)
(Figure 8.16a), imidazole and ferrocene at 250 °C for 72 h in a sealed
ampoule, in the absence of solvents, produces crystals of formula
Fes(im)a(pypyz)2, big enough to determine its structure by single-crystal X-
ray diffraction. This reveals a pillar-layered structure, as shown in Figure
8.16b.

Figure 8.16 a) The ligand 4-(1H-pyrazol-4-yl)pyridine. b) The 3D crystal
structure of the compound obtained by mixed-ligand strategy. In red, the

pypyz ligand, in green the imidazolate and dark yellow the Fe(ll) centers.

Structural analysis reveals that two crystallographically independent
Fe(ll) centers are present in the structure, shown in different colors in
Figure 8.17. The first Fe(ll) (in orange in Figure 8.17) is a four-coordinated

metal center, in a tetrahedral environment. Its coordination sphere is
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composed by two N atoms from two different imidazoles, and two N from
two pyrazolate units (Figure 8.17b). The other Fe(ll) center (in yellow in
Figure 8.17) is a six-coordinated node, with an octahedral geometry. Four
imidazolate ligands bond the metal center in the equatorial plane, with the
coordination sphere completed in the axial positions by two N atoms from
two pyridine moieties. The imidazolate bridges connect the different
crystallographic Fe(ll) centers forming a layer, and the asymmetric ligand
links the layers, also between octahedral-tetrahedral metal centers (Figure
8.17).

Figure 8.17 a) The disposition of the two different Fe(ll) nodes. In
orange, the tetrahedral Fe(ll) centers and yellow the octahedral Fe(ll)
centers. b) The connectivity between the octahedral-tetrahedral metallic
centers. Pyrazolate connects tetrahedral centers and pyridine/imidazolate

bridges link octahedral-tetrahedral nodes.

This 3D crystal structure is a dense material. The approximation to
obtain layered structures or easily pillared-layered compounds does not

work in this case. However, close inspection of the crystal structure reveals
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a possible solution to force to the growth in a different crystal structure.
The incorporation of a functional group in the 2" position of the imidazole
ligand is not compatible with this structure. Similar to what was observed
in the case of MUV-8-X>, the addition of a functional group in the ligand
can force the crystallization of different material.

Therefore, the analogous reaction using 2-methylimidazole
(2meimH) instead of imidazole, i.e. pypyzH, 2meimH and ferrocene at 250
°C for 72 h in the absence of solvent, originates a novel plate-like
compound, called MUV-9. Big and high-quality crystals permit to solve its
crystal structure by single-crystal diffraction. Different to the previous
compound, MUV-9 is composed by only tetrahedral Fe(ll) centers. The
metallic nodes form a pair of Fe(ll) cores, bonded through the pyrazolate
motifs, with a Fe-N distance of 2.04 A (Figure 8.18a). The other two
coordination positions are occupied by 2meim ligands, linking the Fe-
pyrazole units, with Fe—N distances of 2.02 A and 2.03 A (Figure 8.18b).
The pypyz™ ligands are orthogonal to the sheets, being the pyridine
functionalities at the outer part of the surface of the layers. The plane
formed by Fe(ll) centers and the plane drawn by pypyz- linkers forms a 60°
angle (Figure 8.18c). The functional group of the pyridine is not
coordinating any atom, i.e. it is a free functionality.

The 2meim™ ligand connects the Fe(ll) along a chain. In the two-
dimension plane, 2meim- is bridging the Fe(l1) pairs forming a chain inside
the extended sheet (Figure 8.19ab). Pyrazolate motifs connect these chains

to construct the 2D polymer (Figure 8.19cd). The Fe-:--Fe distances in the
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chain across the 2meim is around 6.0 A and 3.5 A for the Fe-Fe distance

through the pyrazolate.

The layered structure is determined by the free pyridine group at the

surface of the sheets, interacting between them weakly (Figure 8.20).

\

e Nt N N

S R " Ty S N
Figure 8.18 a) The coordination environment of the Fe(l1) centers. b) The
connectivity across the 2meim ligand. ¢) The crystal structure of MUV-9
in different colors to clarify the different parts of the structure. In orange,
the tetrahedral Fe(ll) centers, in pink, the pypyz ligand oriented to the
surface of the sheet (in blue the N atom of the pyridine functional group)

and in dark green, the 2meim linker.
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Figure 8.19 a) The connection of the Fe(ll) pairs across the 2meim,
forming 1D chains. b) Simplified structure with only the metallic nodes,
to appreciate the chains connected by pyrazolate motifs. The pink line
represents the connectivity through the pyrazolate and the dark green line
the bridges of 2meim. c) The front view of one MUV-9 sheet. d) The
chains are parallel to the layers and the pypyz ligand is tilted 60° to the
plane formed by the layer.
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Figure 8.20 Two different layers of MUV-9 in different colors to

distinguish between the laminar separation.

The phase purity was determined by X-ray powder diffraction, and
reveals the presence of an impurity depending on the synthetic conditions.
This impurity was fully characterized through X-ray single crystal
diffraction, showing a 1D polymer formed by only pypyz ligand and Fe(ll)
centers. Careful adjustment of the temperature and the ratio of the ligands
allows to control the absence of this impurity, thus obtaining pure MUV-9.
Figure 8.21 shows the diffractograms for all the crystalline phases. It should
be noted that the peak at 13.7° corresponds to the MUV-9 structure,
although in the theoretical patterns the intensity of this peak is very small
([1 0 1] plane). This change in intensity is probably due to temperature

effect in the packing between layers, owing to the temperature diference
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between the measurements (single-crystal diffraction at 120 K and X-ray

powder diffraction at room temperature).

— MUV-9

— Mixture

— 1D polymer

— Theoretical-MUV-9

B

T

5 10 15 20 25 30
2theta(®)

L

Figure 8.21 X-ray powder diffractograms of MUV-9 (black and red). In
a non-optimized synthesis, a 1D coordination polymer is present as an

impurity (in brown the mixture, in green the isolated impurity).

The layered structuration of MUV-9 is reflected in its morphology.
Inspecting by SEM that fact, it is possible to appreciate the laminar
morphology of the crystals and a rectangular shape (Figure 8.22). Such as
the MUV-1 and MUV-8 families, its macroscale morphology is related to
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its crystal structure, showing a sheet composition as that of the crystal

structure.

Figure 8.22 Scanning electron micrographs of MUV-9 showing its

laminar morphology. Scale bars are 50 and 100 pum.

The appropriate bridges between the Fe(ll) centers permit the
magnetic exchange. To investigate the magnetic properties of this novel
material, the susceptibility ym was measured. The plot of ym versus T shows
three key points (Figure 8.23a). Around 40 K there is a decrease of the
magnetic susceptibility, and then, around 10 K, a sharp increase is
observed, followed by an additional change of slope below 6 K. This
complex behavior suggests different phase changes when the MUV-9
sample is cooled down. In order to clarify this, AC measurements were
carried out. Figures 8.23cd show the appearance of peaks at 12 K. However,
no AC signal is observed at around 40 K. This can be explained by an
antiferromagnetic order between some Fe(ll) centers, similar to the very
known Fe(ll)-imidazole bridges discussed in this thesis. For the other
uncompensated magnetic moments, the connectivity of the metallic nodes
in MUV-9 is a little bit more complex in comparison to the MUV-1 and
MUV-8 families. The existence of the pyrazolate bridge between the Fe(ll)
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centers and this chain-like structure of pairs of Fe(ll) centers requires more

studies and measurements to elucidate and to understand this complex
magnetic behavior.
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Figure 8.23 a) Thermal dependence of ym in the temperature range 2-300
K for MUV-9. b) Zoom of the ym versus T plot in the range 2-50 K. c) In-
phase dynamic susceptibility y’ measured at different frequencies for

MUV-9. d) Out-phase dynamic susceptibility x’> measured at different
frequencies for MUV-9.

The interlayer space and functional group at the surface of the sheets
of MUV-9 are quite different from MUV-1 and MUV-8. However, the
layered morphology and the crystal growth as rectangular plates suggest

the possibility to explore the delamination process. Using the Scotch tape
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methodology as with previous materials discussed during this thesis, the
micromechanical exfoliation was explored and its subsequent deposition
onto SiOz substrates (Figure 8.24).

Figure 8.24 Optical photos from exfoliated flakes of MUV-9 by
micromechanical exfoliation.

Interestingly, the micromechanical processing is also successful in
this case, obtaining very thin flakes of MUV-9, with large lateral

dimensions (bigger than 10 um), and thicknesses of 2 nm (around 2 layers)
(Figure 8.25).
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— Profiie 1

29.0 nm
25.0

Figure 8.25 Two examples of exfoliated flakes measured by AFM, with
around two-layers and three-layers thickness. The horizontal white lines
correspond to the profile shown on the right

8.3 Conclusions

In this chapter, two different approaches to expand the strategies to
synthesize layered MOFs have been discussed. Taking the family model of
MUV-1, is possible to introduce small changes in the ligand to favor
structural differences to obtain novel layered materials. The steric
hindrance of a second substituent in the benzimidazoles ligand gives rise to
a novel material with different topology and exotic double-layer sheets of
Fe(Il) centers. The second approach has-taken as reference a 3D pillar-
layered material. Through a ligand-mixed strategy and the inclusion of
substituents to provoke a steric hindrance a novel layered materials has

been designed. The new material combines the presence of pairs of Fe(ll)
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centers with free pyridine N atoms at the surface of MUV-9 sheets.
Interestingly, the functionalized surface with the coordinative free pyridine
may allow to attach these fiayers on metallic substrates or nanostructures,

thus forming hybrid molecular/metallic heterostructures.

8.4 Methods

Synthesis of MUV-8-X,. Ferrocene (30 mg, 0.16 mmol) and 5,6-
dichlorobenzimidazole (0.34 mmol) or 5,6-methylbenzimidazole (0.34
mmol) were combined and sealed under vacuum in a layering tube (4 mm
diameter). The mixture was heated at 250 °C for 3 days to obtain colorless
crystals suitable for X-ray single-crystal diffraction. The product was
allowed to cool to room temperature, and the layering tube was then
opened. The unreacted precursors were extracted with acetonitrile and
benzene, and the main compound was isolated as colorless crystals (yield

60 %). Phase purity was established by X-ray powder diffraction.

Synthesis of MUV-9. Ferrocene (30 mg, 0.16 mmol) and 2-
methylimidazole (0.34 mmol) and 4-(1H-Pyrazol-4-yl)pyridine (0.16
mmol) were combined and sealed under vacuum in a layering tube (4 mm
diameter). The mixture was heated at 250 °C for 3 days to obtain colorless
crystals suitable for X-ray single-crystal diffraction. The product was
allowed to cool to room temperature, and the layering tube was then
opened. The unreacted precursors were extracted with acetonitrile and
benzene, and the main compound was isolated as colorless crystals (yield

30 %). Phase purity was established by X-ray powder diffraction.
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Single crystal. X-ray data for compounds MUV-8-X;, MUV-9 and
Fes(im)a(pypyz)2 were mounted on cryoloops using a viscous hydrocarbon
oil to coat the crystals. X-ray data were collected at 120 K on a Supernova
diffractometer equipped with a graphite-monochromated Enhance (Mo) X-
ray Source (A =0.71073 A). The program CrysAlisPro, Oxford Diffraction
Ltd., was used for unit cell determinations and data reduction. Empirical
absorption correction was performed using spherical harmonics,
implemented in the SCALE3 ABSPACK scaling algorithm. Crystal
structures were solved and refined against all F? values by using the
SHELXTL and Olex2 suite of programs.>!® Non-hydrogen atoms were
refined anisotropically and hydrogen atoms were placed at calculated

positions (riding model).

X-ray powder diffraction. Polycrystalline samples of MUV-8-X, and
MUV-9 were lightly ground in an agate mortar and pestle and used to fill a
0.5 mm borosilicate capillariy that was mounted and aligned on an
Empyrean PANalytical powder diffractometer, using Cu Ka radiation (A =
1.54056 A). Two repeated measurements were collected at room

temperature (20 = 540 °) and merged in a single diffractogram.

Thermogravimetric analysis. Thermogravimetric analysis of MUV-8-X5
were carried out with a Mettler Toledo TGA/SDTA851e/SF/1100
apparatus in the 25-600 °C temperature range under a 5°C-min~* scan rate

and an air flow of 30 mL-min%.

Scanning Electronic Microscopy. Scanning Electronic Micrograph of

bulk samples were recorded in a Hitachi S-4800.
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Raman spectra. Raman spectra were acquired with a micro-Raman (model
XploRA ONE from Horiba, Kyoto, Japan) with a grating of 2400 gr/mm,
slit of 50 pum, and hole of 500 um. The employed wavelengths were 532
nm, 638 nm, and 785 nm. The power density of the laser used for spectra
measured at 532 nm was 5.25 mW/um? (bulk crystals) and 170 pW/um?
(thin-layers), for spectra measured at 638 nm it was 7.58 mW/um? (bulk
crystals), and for those spectra measured at 785 nm it was 7.2 mW/um?

(bulk crystals).

Magnetic properties. Variable-temperature (2—300 K) direct current (dc)
magnetic susceptibility measurements were carried out in an applied field
of 1.0 kOe. The susceptibility data were corrected from the diamagnetic
contributions as deduced by using Pascal’s constant tables. Variable-
temperature (16—23 K) alternating current (ac) magnetic susceptibility
measurements in a +4.0 G oscillating field at frequencies in the range of
1-997 Hz were carried out in a zero dc field. All the measurements were
performed with a SQUID magnetometer (Quantum Design MPMS-XL-5
& MPMS-XL-7).
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Resumen

Objetivos

Esta tesis fue planteada para el desarrollo de nuevos polimeros de
coordinacion y materiales hibridos metalorganicos (MOFs) basados en
rutas sintéticas novedosas en ausencia de disolvente. Esta novedosa
metodologia de sintesis permite acceder a nuevos materiales inalcanzables
por rutas mas clasicas como las solvotermales. La tesis se centra en la
obtencion de materiales basados en Fe(ll), el cual es sensible a ser oxidado
durante las reacciones de formacion de MOFs a Fe(ll1). Por ello se utilizd
una sintesis en ausencia de disolvente en atmosfera inerte compatible con
Fe(Il). Paraello se utiliza una familia de ligandos sublimables tipo imidazol
y metalocenos, como el ferroceno como fuente metalica. Este tipo de
materiales basados en derivados de imidazol suelen denominarse “Zeolitic
Imidazolate Frameworks” (ZIFs) ya que poseen una topologia similar a las

zeolitas.

Metodologia

Sintesis. La ruta sintética principal utilizada durante esta tesis se basa
en una metodologia en ausencia de disolvente. Eso significa que se mezclan
en fase sélida todos los componentes en un tubo de vidrio de tamafo
variable y después de tres ciclos de vacio y purga con Ar, se sellan para
mantener la atmosfera inerte durante la reaccién. Los componentes suelen
ser metalocenos, que son compuestos que tienen un punto de sublimacion
entre 100 °C y 200 °C, junto con ligandos organicos con puntos de fusion
también entre 100 °C y 200 °C. Estos tubos con todos los componentes se
meten en un horno de reaccion durante 72-96 horas a 150-250 °C. El

resultado de esta reaccion se abre con una punta de diamante y se lava con
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acetonitrilo para disolver el ligando no reaccionado y con benceno para

disolver el metaloceno no reaccionado. Los cristales aislados se secan.
Técnicas de caracterizacion. Para caracterizar los cristales

obtenidos durante la sintesis anteriormente descrita se utilizan varias

técnicas de caracterizacion.

La difraccion de rayos-X de monocristal se utiliza para conocer la
estructura ordenada de los compuestos a partir de un cristal monodominio,
es decir, para conocer la posicion de los &tomos y moléculas del material
ordenados en el espacio. Esta técnica es muy Util ya que conocer en
profundidad la estructura cristalina de los materiales ayuda a entender sus
propiedades. Una de sus desventajas es que esta técnica se basa solo en un
cristal de los cientos o miles obtenidos, por ello debe ser complementada
con otra técnica, la difraccion de rayos-X de polvo, para discernir que todos
los cristales pertenezcan a la misma fase cristalina. Es posible, a partir de
la estructura cristalina resuelta, obtener el difractograma de polvo teérico

para poder compararlo con el experimental.

La difraccion de rayos-X de polvo consiste en analizar una pequefia
cantidad de material utilizando un capilar de 0.5-0.7 mm de didmetro
compuesto de borosilicato (material amorfo, invisible para los rayos-X).
Este andlisis da un promedio de todos los cristales introducidos en el capilar
facilitando la deteccion de mas de una fase cristalina o la presencia de
impurezas. A diferencia de la difraccion de monocristal, aqui no se obtiene
una estructura tridimensional con las posiciones de los atomos si no que se
obtiene un difractograma bidimensional donde los picos observados

pertenecen a planos cristalograficos de la estructura tridimensional. Por

296



Resumen

ello, dilucidar la estructura cristalina a partir de datos de difraccion de polvo
es mucho més complicado. Lo ideal es combinar las dos técnicas para

conocer lo mejor posible la estructura del material y las posibles impurezas.

Los analisis termigravimétricos consisten en calentar cierta cantidad
de un material en atmosfera de N2 o aire para ir observando las pérdidas de
masa a consecuencia de la descomposicion o transformacion del
compuesto. Durante la tesis se utiliza esta técnica para hallar la temperatura
de estabilidad térmica o para observar las temperaturas de activacion de los
materiales (cuando pierden disolventes que no pertenecen a la estructura

cristalina si no que ocupan los poros).

Las medidas magnéticas se basan en anélisis con temperatura de los
compuestos  sintetizados en los equipos SQUID (dispositivo
superconductor de interferencia cuantica). En este compendio de trabajos,
el rango de temperatura fue 2-300 K con un campo aplicado de 0.1 T para
las medidas de susceptibilidad magnética (DC) y un rango de 10-26 K para
las medidas de corriente alterna (AC) para diferentes frecuencias 1-997 Hz.
Las medidas de DC permiten conocer si hay ordenamiento magnético como
es discutido en esta tesis doctoral. La mayoria de los materiales sintetizados
durante este trabajo presentan un ordenamiento antiferromagnético o

antiferromagnético con “canting”.

Las técnicas de microscopia, como la microscopia electronica de
barrido (SEM) y la microscopia electronica de transmision (TEM), se
utilizan para obtener imagenes y mapas de la composicion de los materiales
(con técnicas complementarias, EDX). En estos casos, se utilizan haces de

electrones en alto vacio para obtener altas resoluciones y poder ver con gran
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calidad detalles de los materiales. Los materiales utilizados durante la tesis
no son conductores, uno de los requisitos para usar SEM, por ello se

recubren con Ag.

Las espectroscopias, como la Raman e infrarroja (IR) se utilizan para
detectar la presencia de grupos funcionales caracteristicos de los
compuestos a través de la interaccion de sus modos vibracionales con las
radiaciones electromagnéticas (luz monocromatica para Raman e infrarroja

para el IR).

La microscopia de fuerza atobmica (AFM) se utiliza para conocer la
topografia, el espesor y el tamafio de las capas exfoliadas de los materiales

laminares sintetizados y procesados durante la tesis.

La adsorcion de gases, como N2 y COz, permiten la caracterizacion
de la porosidad de los compuestos. Los espacios vacios que se encuentran
en los materiales disefiados, las redes metal-organicas, se pueden rellenar
de cantidades conocidas de determinados gases para cuantificar el “vacio”

existente en el compuesto y asi saber cul es el area disponible.

Resumen y conclusiones

En el Capitulo 1 se hace un repaso de como nacen los compuestos
metal-organicos porosos desde las primeras estructuras halladas por B.
Hoskins y R. Robson en 1989 hasta las ultimas tendencias en MOFs. Los
primeros afios fueron marcados por la busqueda de nuevas estructuras con
porosidad accesible y que pudiesen adsorber gases de forma reversible sin
colapsar. Més tarde, los esfuerzos se centraron en conseguir materiales con

alta estabilidad térmica para poder competir con las zeolitas, que eran los
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materiales porosos por excelencia. EI nimero de estructuras fue creciendo
a un ritmo muy alto y una vez cubiertas las principales demandas de
estabilidad térmica y quimica, surgieron innumerables aplicaciones
combinando el disefio quimico que permite la composicion hibrida de estos
materiales y la porosidad accesible. Algunas de ellas eran la adsorcion de
gases como por ejemplo de efecto invernadero o tdxicos para aplicaciones
relacionadas con la medicina, ya que pueden albergar grandes
moléculas/medicamentos para estudiar sus propiedades electrdnicas o para
catalisis sirviendo como nanoreactores. Mas recientemente, las tendencias
actuales se dirigen hacia materiales vitreos o amorfos, propiedades

mecanicas o explorar la dimensionalidad.

En el Capitulo 2 se desarrolla una nueva metodologia de sintesis en
ausencia de disolvente usando ferroceno, 2-metilimidazol y 4,4-bipiridina.
El material obtenido es analogo al ZIF-8 con una estructura cristalina muy
similar, pero reemplazando los centros metalicos de Zn(ll) por Fe(ll),
Ilamado MUV-3 (Material de la Universitat de VValéncia). Hasta ahora no
habia podido ser sintetizado por las rutas sintéticas clasicas debido a la
facilidad de oxidarse de Fe(ll) a Fe(lll) durante la sintesis. Su estructura y
estabilidad se caracteriza por difraccion de monocristal, difraccion de polvo
(con la cual se detecta su inestabilidad frente al agua), anélisis
termogravimetrico, adsorcion de gases, microscopia electronica (SEM) y
espectroscopia infrarroja. También se miden sus propiedades magnéticas.
La clave de la sintesis es el uso de la 4,4-bipiridina, que actda como ligando
plantilla, el cual después no forma parte de la estructura cristalina, pero es

fundamental durante la sintesis para obtener una fase pura del material. Se
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pueden utilizar otro tipo de bipiridinas siempre y cuando tengan disponible
el N para coordinar/interactuar durante la sintesis y sean suficiente
voluminosas para favorecer el crecimiento del MUV-3. La particularidad
de la incorporacién de Fe(ll) a esta estructura tipo ZIF permite una mayor
adsorciéon de gases toxicos como el NO. En el caso del ZIF-8, solo se
produce una fisiadsorcién del NO, mientras que en el MUV-3 se produce
ademas de la fisiadsorcion una quimiadsorcion, siendo mucho mayor la
cantidad de NO atrapado. Este método novedoso de sintesis también es
ampliable a otros metales, y se puede sintetizar materiales conocidos como
el ZIF-8 y el ZIF-67 utilizando ZnO o cobaltoceno, respectivamente. Esto
abre la puerta a explorar nuevos materiales de tipo ZIF con diversos
metales, ademas de la posibilidad de expandir la familia de materiales tipo
ZIF de Fe(l1), como los MUV-6 (Fe(2etim)) y MUV-7 (Fe(2mebim)).

En el Capitulo 3 se explora una via de mejora de la estabilidad frente
al agua del MUV-3. Siendo los materiales basados en ZIFs estables desde
el punto de vista térmico y quimico, recientes estudios de procesos donde
el agua esta presente muestran una degradacion de estos materiales. Para la
mejora de la estabilidad frente al agua se utiliza un método de sintesis
directa pretendiendo obtener un nuevo material conservando la topologia
del MUV-3, pero incorporando ligandos mas voluminosos que impidan o
dificulten la entrada de agua. Este tipo de sintesis directa con mezcla de
ligandos es poco usual ya que se suelen utilizar métodos post-sintéticos para
intercambiar los ligandos debido a la dificultad de mantener la topologia
utilizando dos ligandos distintos. En este estudio se utiliza 2-etilimidazol y

el 2-metilbenzimidazol junto con el anterior ligando, el 2-metilimidazol.
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De las posibles mezclas, las que consiguen mantener la estructura tipo SOD
son 2-metilbenzimidazol + 2-metilimidazol (MUV-3-mixme) y 2-
metilbenzimidazol + 2-etilimidazol (MUV-3-mixet). Las estructuras se
estudian por difraccién de monocristal y difraccion de polvo. Se encuentra
que solo hay una fase cristalina la cual concuerda con la del MUV-3, siendo
materiales isoreticulares. Pero, para estar completamente seguros de la
relacion entre los ligandos dentro de la estructura, se hace un estudio de
espectroscopia de RMN de H para ver los porcentajes de ligandos, siendo
70 (2-metilimidazol, 2-etilimidazol) — 30 (2-metilbenzimidazol) el
porcentaje mas encontrado. Los analisis termogravimétricos sefialan un
aumento de la estabilidad térmica, lo que puede estar relacionado con una
pérdida de porosidad, ya que se asemeja mas a la estabilidad térmica de
otros compuestos densos sintetizados anteriormente (MUV-6 y MUV-7).
Las medidas magnéticas de susceptibilidad en funcion de la temperatura
muestran diferentes ordenamientos magnéticos para cada material,
sefialando una sola temperatura de ordenamiento en cada material, lo que
confirma la existencia de un solo tipo de fase cristalina. De hecho, las
temperaturas de ordenamiento de MUV-3-mixme (15 K) y MUV-3-mixet
(17 K) son més proximas a las del MUV-3 (23 K) que a la de las estructuras
de ligando puro correspondientes a otras topologias (qtz-MUV-6 y dia-
MUV-7, 34 y 39 K). Esta estructura tipo SOD con mezcla de ligandos
otorga algo més de estabilidad frente al agua, unas 24-36 horas. Siendo el
caso que el Fe(ll) presenta una sensibilidad alta en este tipo de estructuras,
se penso en trasladar esta estrategia de sintesis directa a otros metales como
el Zn(11) y el Co(ll), que parten de base de una estabilidad mayor para

comprobar su impacto en la resistencia frente al agua. Para ello se utilizo la
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misma ruta sintética cambiando el ferroceno por cobaltoceno o ZnO. Por
suerte, se consiguié obtener el mismo tipo de estructura tipo SOD con los
dos metales en combinacion con los ligandos, nombrando a los nuevos
materiales ZIF-8-mixme, ZIF-8-mixet, ZIF-67-mixme y ZIF-67-mixet,
confirmado por difraccién de polvo. En el caso del Co(ll) y el Zn(ll)
también se explord que estructuras son accesibles mediante la sintesis en
ausencia de disolvente con los ligandos puros, sin combinarlos, ya que se
conocen mas estructuras que con Fe(ll). Se obtuvo una variedad grande de
compuestos, donde suelen aparecer como mezclas de todos los sistemas
conocidos, pudiéndose orientar la sintesis cambiando las condiciones de
éstas. EI RMN de los nuevos materiales de ligando mixto confirmd la
mezcla de ligandos en las estructuras. En experimentos para comprobar la
estabilidad frente al agua se utiliz6 una proporcién del 0.006 % en peso de
los materiales en agua durante 48 horas en agitacion. Los materiales puros
de ligando, ZIF-8 y ZIF-67, presentan una mayor descomposicion en agua
frente a los compuestos mixtos de ligando. Esto fue analizado por RMN del
agua, para comprobar la cantidad de ligando presente en el agua, y mediante
difraccion de polvo para comprobar la cristalinidad y la aparicion de otras
fases. La adsorcion de gases muestra que los compuestos de Fe(ll) no
adsorben practicamente, los de Co(ll) solo un 2 %, frente al 10 % y 4% de
los materiales ZIF-8-mixme y ZIF-8-mixet. Estos datos concuerdan con

los analisis termogravimétricos realizados.

El Capitulo 4 muestra una aproximacion sintética muy distinta para
controlar el crecimiento cristalino del ZIF-8. Los sistemas que se utilizaron,

sistemas microfluidicos, son buenos para controlar y estudiar los procesos
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de ensamblaje y cristalizacion ya que no presentan fenémenos turbulentos
como las rutas sintéticas clasicas. Basados en los trabajos anteriores
desarrollados por J. Puigmarti sobre la sintesis de MOFs en superficie
denominada “In-flow MOF lithography”, se adaptd esta metodologia para
sintetizar ZIF-8 sobre substratos de vidrio con finas capas de ZnO crecidas
encima. La metodologia consiste en el uso de chips microfluidicos basados
en un polimero, PDMS (polidimetilsiloxano), el cual tiene un canal de
dimensiones conocidas con una entrada y salida para los reactivos. En este
caso, los reactivos consisten en una disolucion de 2-metilimidazol en
metanol (saturada). Se hace pasar esta disolucion saturada sobre el sustrato
con ZnO a través del chip microfluidico controlando la cantidad de
volumen por minuto. Los que se observa es el crecimiento de ZIF-8 en una
especia de pelicula fuera del canal principal del chip, al contrario que en el
caso reportado para otro MOF, el HKUST-1. Ademas, se observa la
aparicion de patrones con una distancia establecida y repetida. Las dos
claves fundamentales de este experimento son el control de la difusion a
través del chip con el flujo continuo y la propia difusion en si misma. Por
ello, se disefiaron experimentos complementarios con bloques de PDMS
para ver la influencia de la difusion en el crecimiento cristalino, pero en
ausencia de control sobre el flujo de la disolucién de 2-metilimidazol. Lo
que se observo para esta bateria de experimentos es la ausencia de patrones,
y una mayor tendencia a crecer en forma de cristales aislados. Por tanto, se
concluye que el control sobre el flujo continuo es crucial para la aparicion
de patrones, lo que abre la puerta a estudiar y formar diferentes patrones y

ver como afecta a las propiedades del material o pelicula.
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En el Capitulo 5 la motivacion principal cambia de redes
tridimensionales a la bldsqueda de materiales laminares tipo MOF para
explorar la incorporacién de magnetismo en materiales estables al aire y
poder llegar por primera vez a obtener materiales bidimensionales en este
tipo de compuestos hibridos. Los materiales bidimensionales han cobrado
protagonismo los ultimos afios debido al aislamiento del grafeno, el cual es
una sola lamina de grafito aislada del resto de capas. La baja
dimensionalidad del grafeno afecta a sus propiedades, las cuales distan de
las mismas en forma de grafito (3D). La quimica molecular puede aportar
nuevos materiales complementarios a los clasicos inorganicos ya conocidos
como el MoS: o el fésforo negro gracias a su composicion hibrida de
moléculas. Para ello, se utiliza la sintesis en ausencia de disolvente como
en los primeros capitulos, pero utilizando un ligando distinto, benzimidazol
y derivados, para tratar de obtener un sistema isostructural con el conocido
Zn(bim)2. La substitucion de Zn(11) por Fe(ll) en la sintesis podria permitir
la presencia de propiedades magenticas, gracias a la configuracién del
Fe(Il) en un entorno tetraédrico sien un d®. La sintesis utilizada da lugar a
cristales de gran tamafio, los cuales después de ser analizados por difraccion
de monocristal, presentan una estructura laminar, es decir, capas extendidas
en dos dimensiones covalentemente y en una tercera dimensiéon solo
interactuando mediante fuerzas débiles de van der Waals. Este material fue
nombrado MUV-1-ClI. La purezay estabilidad en aire fue comprobada por
difraccion de polvo siendo este sistema un material robusto y estable. Las
imagenes de SEM corroboran la estructura laminar del MUV-1-CI. Las
medidas magnéticas muestran un ordenamiento antiferromagnético a baja

temperatura 20 K. La particularidad de este ordenamiento es que los espines
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no estan perfectamente alineados (“spin canting”) y, por ello, se produce
un momento magnético no compensado, como si fuese un ordenamiento
ferromagnético muy débil. Todas estas caracteristicas y propiedades
promovieron la exploracion del mundo bidimensional a través de su
exfoliacion por métodos micromecéanicos (método de la cinta Scotch). Este
método suele romper en exceso los materiales tipo MOF debido a su baja
robustez, pero en este caso se obtuvieron magnificos resultados con
monocapas de gran tamafio y haciendo posible su caracterizacion mediante
técnicas como espectroscopia Raman o el microscopio electronico de
transmision, para demostrar su composicion quimica y que se mantiene la
estructura cristalina original. Ademas, se utiliza el MUV-1-CI exfoliado
para construir resonadores mecanicos, lo cual solo se habia conseguido
hasta el momento con grafeno y MoSz. Esto demuestra que los materiales
2D moleculares pueden ser utiles y complementarios a los clasicos

inorganicos debido a su gran versatilidad y posibilidad de disefio quimico.

El Capitulo 6 se enfoca en demostrar la versatilidad de los materiales
moleculares, ya que al estar construidos de una parte inorganica (centros
metalicos) y una parte organica (ligando), pueden presentar una gran
variedad. Por ello, uno de los grandes problemas de los materiales
bidimensionales es su dificultad a la hora de funcionalizarlos, tanto en
control sobre la funcionalizacion como tener un orden de largo alcance de
los grupos funcionales. La ventaja de los materiales moleculares es la
posibilidad de poder implementar estos grupos funcionales en el ligando
organico manteniendo la estructura cristalina. En el caso del MUV-1, se

utilizaron diferentes ligandos organicos con un esqueleto comun

305



Resumen

(benzimidazol) pero con diferentes grupos funcionales: CHs, H, NH2, Br.
Utilizando la misma sintesis que con el MUV-1, se sintetiz6 una familia de
compuesto isoreticulares, lo que significa que se mantiene la estructura
cristalina en todos ellos, solo cambiando los grupos funcionales. Por tanto,
es posible, de una forma pre-sintetica, obtener una familia con el mismo
tipo de estructura, pero con una funcionalizacién distinta. Estos cambios en
el ligando no afectan a ninguna de sus propiedades, manteniendo la
robustez y propiedades magnéticas. Este hecho permite obtener materiales
moleculares bidimensionales en los cuales las propiedades magnéticas se
mantienen, pero presentan diferente comportamiento en la superficie, desde
la hidrofobicidad hasta la hidrofilicidad.

El Capitulo 7 nos sigue mostrando la gran versatilidad de la quimica
de coordinacion, esta vez desde el punto de vista de la parte metélica. En
materiales 2D, el cambio de metal puede significar un cambio de estructura
cristalina, como en el caso de grafeno o fosforo negro, 0 mantener una
“familia” de estructuras cristalinas como en los dicalcogenuros de metales
de transicion. Las propiedades electronicas suelen variar, ya que el metal
es uno de los grandes responsables de estas propiedades. En compuestos de
coordinacion, donde los metales mas usados son los metales de la primera
serie de transicion, también es muy importante el metal usado, ya que puede
determinar las propiedades eléctricas y dirigir hace una estructura cristalina
concreta. En el caso de los ZIFs, los metales pueden presentar propiedades
cataliticas distintas, flexibilidad diferente incluso no favorecer las redes
tipo ZIF, debido a la necesidad de estar en un entorno tetraédrico. Por ello,

basandonos en la quimica de ZIFs, la familia del MUV-1 se ha ampliado a
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nuevos centros metalicos con el objetivo de variar sus propiedades
magnéticas. Utilizando la misma ruta sintética en ausencia de disolvente,
nuevas fuentes metalicas se utilizaron, como el ZnO, cobaltoceno o
manganoceno, esperando obtener los analogos de Zn(ll), Co(l1) y Mn(ll).
Los materiales obtenidos son isostructurales con los compuestos MUV-1,
manteniendo la misma estructura cristalina, comprobada por difraccion de
polvo. La morfologia de estos materiales casa con la estructura laminar y
lo observado para los MUV-1 de Fe (Il). Las propiedades magnéticas
fueron medidas una vez se conocia que los materiales compartian la misma
estructura. Para el Zn(Il) no se observé ordenamiento magnético, debido a
su naturaleza electrénica d'°. Para el Mn(ll) se observa un ordenamiento
antiferromagnetico puro, alrededor de 20 K. A diferencia de con el Fe(ll),
no hay rastro de un momento magnético no compensado debido al
“canting”. El comportamiento del Co(II) es mas similar al del Fe(Il),
presentando un ordenamiento magnético alrededor de 11-12 K, mostrando
también un momento no compensado debido a la no alineacion perfecta de
los espines. En estas medidas magnéticas se resalta la importancia del metal
en este tipo de materiales y su influencia en las propiedades electrdnicas.
Aunque el metal influye en este tipo de propiedades, la resistencia mecanica
no se ve alterada, y es posible exfoliar estos materiales hasta el limite
bidimensional. Gracias a esto, se pudieron construir nanoresonadores con
los materiales basados en Fe(ll) y Co(ll), para detectar el ordenamiento
magnético a baja temperatura del material exfoliado. Esta parte del trabajo
se realizo en colaboracion dek grupo de P. Steneeken en la Universidad de
Delft. A la temperatura de ordenamiento de ambos materiales (20 Ky 11
K) se puede apreciar un cambio en la frecuencia del resonador y en el factor
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Q, lo cual corrobora que el material exfoliado mantiene las propiedades

magnéticas.

En el dltimo capitulo, el Capitulo 8, se abordan dos nuevas estrategias
para expandir la sintesis de materiales laminares con el objetivo de obtener
mas materiales moleculares bidimensionales méas alla del MUV-1. La
primera de las estrategias se basa en introducir un nuevo sustituyente en el
ligando X-benzimidazol, ya que ese segundo grupo funcional es
incompatible con la estructura del MUV-1 por impedimento estérico. Para
ello, se utilizan dos ligandos nuevos, con dos —CI/~CHs en las posiciones
5-6. Gracias a la difraccion de monocristal se resuelve la estructura
cristalina del nuevo material, el MUV-8, el cual sigue siendo un material
laminar, pero con otro tipo de estructura. En este caso, la red pasa de ser
cuadrada (MUV-1) a ser hexagonal, siendo el hecho mas inusual, que una
lamina del material, esté formada por dos centros metalicos (Fe(ll)). Es
decir, una monocapa del compuesto esta constituida por dos series de
centros de Fe(Il). En una misma serie de centros metélicos se unen a través
de puentes benzimidazol (tres ligandos) y entre series de centros metalicos
se conectan por un puente benzimidazol, completando el entorno
tetraédrico. Entre las monocapas del MUV-8 interactian por fuerzas
débiles de van der Waals. También se encuentran moléculas de ferroceno
en el espacio entre capas, el cual no se puede retirar. El magnetismo de
estos dos compuestos es muy similar al del MUV-1, presentando un
ordenamiento magnético alrededor de 24 K con espin “canting”. La
segunda aproximacion se basa en la sintesis de materiales con dos ligandos,

los cuales suelen ser denominados pilar-laminar, debido a que estan
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construidos formando laminas (con uno de los ligandos) y éstas laminas a
su vez unidas entre si por el otro ligando. Utilizando el ejemplo del primer
compuesto publicado con la metodologia de ausencia de disolvente en
nuestro laboratorio, compuesto por imidazol y bipiridina, se disefié una
nueva aproximacion. El ligando tipo pilar, la bipiridina en ese caso, suele
ser un ligando didentando. Para la nueva aproximacion se penso utilizar un
ligando asimétrico para favorecer uno de los modos de coordinacién e
intentar debilitar el otro con el fin de poder delaminar un posible material
pilar-laminar. Se utilizé un ligando piridina—pirazol donde el pka del pirazol
lo hace coordinar méas fuertemente. Utilizando el mismo ligando para la
parte laminar, el imidazol y este nuevo ligando asimétrico, se obtuvo una
estructura tridimensional densa. Observando la estructura tridimensional se
apreci6 que un ligando méas impedido estéricamente como el 2-
metilimidazol no seria compatible con esta estructura, asi que se decidio
utilizar este otro ligando para comprobar que estructura se obtendria. En
este caso, el material obtenido si es un material laminar que gracias a la
difraccion de monocristal, el cual presenta las bipiridinas orientadas hacia
la parte exterior de las laminas sin coordinar. Los grupos pirazolato unen
centros de Fe(ll) al igual que los puentes imidazol. Esto forma una red
extendida en dos dimensiones. En la tercera dimensién, los grupos piridina
interactlan débilmente por fuerzas de van der Waals. Los centros de Fe(ll)
se encuentran en entornos tetraédricos. Las imagenes de SEM muestran un
material de naturaleza laminar concordando con lo observado en su
estructura cristalina. ElI nuevo material, el MUV-9, puede ser exfoliado y
se pueden obtener finas capas del material de largas dimensiones laterales
como los anteriores MUV-1 y MUV-8. Las propiedades magnéticas
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presentan dos tipos de ordenamientos, lo que puede ser debido a los dos

diferentes puentes entre los centros de Fe(ll).
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