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Abstract

The aim of this project is the synthesis and characterization of novel mixed-
ligand coordination polymers and metal-organic frameworks (MOFs) and their
further study as magnetic sensors for the adsorption of non-environmental
friendly species. For the synthesis of the mixed-ligand MOFs, pyridyl oximes or
pyridyl alcohols have been used for the stabilization/formation of inorganic
secondary building units (sbus), whereas di-, tri- and tetra- topic carboxylates
(1,4- benzene-dicarboxylic acid/terephthalate, 1,3,5- benzene-tricarboxylic acid
or trimesic acid, 1,2,4,5-benzenetetracarboxylic acid or pyromellitic acid) have
been employed as pillars. The compounds were synthesized under solvothermal
conditions. The choice of linkers is crucial for the properties of the synthesized
materials. Pyridyl oximes and alcohols are broadly used in the field of Single-
Molecule Magnets (SMMs) and have proved to stabilize small and high
nuclearity metal complexes with interesting magnetic properties; however, they
have not been systematically explored in the field of MOFs. Polycarboxylates
were one of the first family of linkers used in the field of MOFs for the formation
of stable 2D and 3D networks. Combining these two categories of organic
linkers, we targeted the isolation of small or high nuclearity novel secondary
inorganic units and MOFs with interesting topologies and magnetic properties.
The main drawback of investigating mixed-ligand systems is that there are more
than one product (bi-products) that can be isolated during this process before the
final coordination polymer or MOF is precipitated. As such, mixed ligand
systems are not generally high yielding or thermodynamically stable and for this
reason, an in-depth understanding and investigation is required to understand the
conditions upon which they precipitate/crystallize and to be able to isolate the
intermediate products in absence of the final coordination polymer or MOF. This

can be achieved by modifying the synthetic conditions. All synthesized

XXV



compounds were characterized through single-crystal and powder X-ray
crystallography, infrared spectroscopy, thermogravimetric analysis, with
magnetic studies obtained for relevant products. The capacity of representative
MOFs to encapsulate and detect environmentally hazardous species was also

investigated.
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Scheme 1. Representation of the ligands, which were used for the formation of
MOFs: (top, left) pyridyl-oximes, (top, middle) 2-pyridine-methanol (Hhmp),
(top, right) 2,6,-pyridine-dimethanol (H:pdm), (bottom, left) benzene-1,4-
dicarboxylic acid or terephthalic acid (H2bdc); (bottom, middle) benzene-1,3,5-
tricarboxylic acid or trimesic acid (Hsbtc) , (bottom, right) 1,2,4,5-

benzenetetracarboxylic acid or pyromellitic acid (Hspma).

The investigation of the combination of pyrdine-2-amidoxime (pyaoxH2) with
1,4- benzene-dicarboxylic acid (Hqbtc) and 1,3,5-benezene-tricarboxylic acid

(Habtc) led to isolation of one-dimensional coordination polymers
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[Zn(bdc)(pyaoxH2)(DMF)]n, {[Ni(bdc)(pyaoxHz)2]-2DMF}n,
[Mn(bdc)(pyaoxH2)2]-2DMF}n, [Ni(Hbtc)(pyaoxHz)2]n and a mononuclear
complex [Ni(Hbtc)(pyaoxH2)2]n]-2H20. This system was expanded further with
the employment of benzene-1,3,5-tricarboxylic acid and pyridine-2-amidoxime
(pyaoxH>) or 2-methyl- pyridyl ketoxime (mpkoH) in Zn" and Cu" chemistry.
Five novel coordination polymers and MOFs have been isolated and
characterized, namely [Zn(Hzbtc):(pyaoxH2)2]-2H20, [Zn(Hbtc)(pyaoxH2)2]n,
[Cu(Hbtc)(pyaoxH2)]n, [Cu(Hbtc)(mpKoH)]a and
[Cuz(Hbtc)2(mpkoH)2(H20)2]-4H20. The Dc magnetic susceptibility of
[Cu(Hbtc)(pyaoxH2)]n was carried out and revealed the presence of weak
exchange interactions between the metal centers; where the experimental data
were fitted with a theoretical model and fittings parameter being J =-0.16(1) cm"
1'and g = 2.085(1). The isotropic g value was also confirmed by electronic
paramagnetic resonance (EPR) spectroscopy. Also, reactivity studies were

performed in presence of metal cations.

Expanding further the exploration of this unique combination, by the use of a
tetra-topic carboxylate, nine new compounds have been isolated and
characterized. ~ Among  them, [Zn2(pma)(pyaoxHz2)2(H20)2]n  and
[Cus(OH)2(pma)(mpko)]s are the first MOFs of this combination with the latter
displaying a novel 3,4,5,8-c net topology. Coordination polymers were isolated
through this combination leading to [Zn2(pma)(pyaoxH2)2]n,
[Cuz(pma)(pyaoxH2)2(DMF)2]n, and [Cuz(pma)(mpkoH)2(DMF);]n. Discrete
metal complexes were also isolated through this synthetic investigation leading
to [Zn(Hzpma)(pyaoxH2)(H20)2], two isostructural dinuclear complexes
[M2(pma)(pyaoxH2)2(H20)s]  where m!" =  Co, Mn  and
[Zn2(pma)(mpkoH)2(H20)4]-2H20. The [Cua(OH)2(pma)(mpko)z], is stable

under different chemical conditions and for this reason, it was further studied for
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the encapsulation of Fe®*" ions. The encapsulation of iron was investigated
through a variety of techniques, namely, UV-vis, EDX, and magnetism studies.
The MOF itself and the loaded MOF were studied magnetically and it was
revealed that this could be a nice example for the further investigation of MOFs

as magnetic sensors, as it selectively adsorbs Fe3*.

As the combination of pyridyl-oximes and carboxylates was studied in-depth, we
continued to investigate the behavior of an analogue family of small rigid
ligands, pyridine alcohols. The oximic group (-N-OH) of pyridyl-oximes was
replaced by the hydroxyl group (-OH) of pyridine alcohols. This combination
was introduced for the first time in the field of coordination polymers and MOFs.
The simultaneous use of 2-pyridinemethanol (hmpH) with benzene-1,4-
dicarboxylic acid (H2bdc) or 1,3,5-benzenetricarboxylic acid (Hsbtc) led to the
isolation of five new coordination compounds [Mz(Hbtc)2(Hhmp)s]-DMF
(M=Co"; Ni'"), [Ni(bdc)(Hhmp)2]a-4H20, [Zn2(bdc)(hmp)2]»-DMF  and
[Fes(bdc)z(Hhmp)z]n. [Zn2(bdc)(hmp)2]n-DMF and [Fes(bdc)z(Hhmp):]n are the
first examples of metal-organic frameworks bearing hmp™ while the Zn-MOF
exhibits an unprecedented 4,4,4-c net with point symbol {32.10%.11}{32.10%}..
Regarding the Fe-MOF, this is based on a trinuclear linear Fe'' secondary
building unit and possesses a 3,4,6T2 topology with point symbol
{42.8%.10}3{4°},{4°.8°.10%}. This compound was magnetically studied and
revealed the existence of antiferromagnetic coupling between the Fe'' cations

with a superexchange value of J = -8.46 cm™.

In order to investigate the impact of an additional hydroxyl group on the identity
of the isolated species, the pyridinemethanol was replaced by 2,6-
pyridinedimethanol. The combination of 2,6-pyridinedimethanol (Hzpdm) with
1,4-benzene dicarboxylic acid (Hzbdc), led to three new MOFs
[M3(bdc)s(Hpdm)z]n-DMF (where M'" = Zn, Mn), [Mns(bdc)s(Hzpdm)z]n, and

xxviii



[Mn3(bdc)3(DMF)4]n and a mononuclear metal complex [Ni(Hzpdm)2](bdc),

which forms a strong 3D-hydrogen bonding network.

Overall, the initial combination of 2-pyridyl oximes or alcohols with
polycarboxylates provided access to twelve novel MOFs adopting new
topologies, eight coordination polymers, and nine metal complexes. Also, it was
proved that the [Cus(OH)2(pma)(mpko)2]s is suitable for the sensing of Fe** with
sensing capacity 129.89 mg Fe/g MOF.
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Chapter 1: Introduction







1. Materials/Compounds for Environmental Applications

Technological development has indisputably provided essential benefits in
humanity in regards to transportation, communication, energy, food industry, and
others. Unfortunately, such technological advancements often have a negative
impact on the environment; for instance, toxic gases such as CO, CO, N0,
CCl2F2, CHF3, SFs, NFs3, etc, which are released from cars, factories, and other
sources are responsible for the greenhouse effect. Also, chemical species like
heavy metals (e.g. Cd(I1), Hg(I1), Pb(Il), Cr(lI11), Co(ll), Fe(ll1)), dyes, toxic ions
(e.9. CrO+%, As(lll), etc), pharmaceuticals and personal care products are
responsible aquatic pollution. (Figure 1) Consequently, living organisms,
including humans, are severely affected.*

One of the main concerns of the European Union (EU) and governments
worldwide is environmental pollution; the EU has planned to be climate-neutral
with net-zero greenhouse emissions by 2050 in order to preserve the planet for
future generations. As a consequence, interest has turned to renewable energy
and the elimination of released gas emissions from households, farming,
factories, and private and public transportation. One efficient approach in this
direction is the development of appropriate filters/membranes, which will be able
to entrap CO2, CO, or other gases and convert them to useful sources or non-
toxic/pollutant alternatives such as methane, methanol, and formic acid.? Such
membranes are based on the employment of porous materials with the capacity

to encapsulate a variety of different guest molecules into their pores.



THE GREENHOUSE EFFECT

o

Figure 1. Top: the air pollution due to toxic gases (CO2, CO, CHas, N20O, CClzF,
CHF3, SGs, NF3) is responsible for the green-house effect. Bottom: the water
pollution contributes to the poisoning of living organisms and destruction of the

eco-system.

Classical porous materials like silicates, metal oxides, activated carbon,
and zeolites have been studied and have shown good performance in a range of
applications. Silicates find applications as microchips, quartz crystals, glass
manufacturing, and ceramics. Activated carbons have been broadly applied on
membranes for the removal of chlorine and other organic compounds from water.
Zeolites can be employed for catalysis, adsorption of gases, ion exchange
membranes, and waste treatment. However, the control or modification of the
pore size of the above-mentioned materials can be challenging; hence, the
development of alternative materials/compounds with tuneable porosity is
essential for the efficient encapsulation and detection of different types of guest
molecules.® To this end, hybrid multifunctional materials have attracted intense
research interest over the recent years. Such species combine two or more
physical properties (e.g. photoluminescence, magnetism, catalytic activity,
porosity, etc.), whose synergy often enhances their performance in applications,



including sensing, catalysis, drug delivery, spintronics, photonics, adsorption of
a wide variety of guest molecules, gas storage, separation, electronics, etc. One
representative category of hybrid multifunctional material is the metal-organic
frameworks (MOFs), which will be described in more detail in the next pages.

- Metal Cations or
Metal Clusters

ey
> \ k‘\‘\\

Organic Linker(s)

Metal-Organic F (MOF)
Acrop At

Figure 2. Representation of the formation of MOFs.

2. Metal-Organic Frameworks (MOFs)

Metal-Organic Frameworks (MOFs) are hybrid porous crystalline materials,
which consist of inorganic and organic secondary building units (SBUs).* The
organic ligand is the pillar/linker, connecting the inorganic SBUs, which can be
either a metal cation or a metal cluster (Figure 2). These type of compounds were
discovered approximately four decades ago and have now been officially
recognized by IUPAC. Over the last few decades many research groups have
been working in the field, including Richard Robson, Gérard Férey, Omar Yaghi,
Susumu Kitagawa, Michael Zaworotko, Mathew Rosseinsky, Mohamed
Eddaoudi, and others. (Figure 3).
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Figure 3. Examples of well-known MOFs and coordination polymers reported
in the literature. (a) [Cuz(4,4’-bpy)s(H20)4]n °, (0)MOF-5 ¢, (c) [Co(NO3)2(1,2-
bis(4-pyridy)ethaneis]n 7, (d) {[Cu(PFs)(4,4’-bpy)2(MeCN)]-PFs-:2MeCN}, 8,
(e) ZIF-8°.

Due to their porosity, MOFs are excellent candidates for the
encapsulation of a variety of adsorbates such as gases (CO2, CO, SO», Xe, Ha,
N2, etc.) and environmental pollutants. The framework can be modified by the
addition of functional groups that favor suitable intermolecular interactions
stabilizing guest molecules of different shape or size into their pores.
Furthermore, they often affect the structural conformation of the MOF resulting
in the pore expansion or contraction depending on the presence of a guest
molecule in the MOF pores. This phenomenon is known as the breathing effect

and is a unique property of MOFs. The first examples of MOFs show that the



nature of the linker influences the breathing effect, and initially, it had been
suggested that they should bear alkyl chains that provide flexibility into the
system. Later on, it was proved that the linkers do not have to be fully flexible
but semi-rigid, in order for the materials to have increased breathing and stability.
It is worth mentioning that there are materials whose properties (e.g. porosity,
magnetism) change due to external stimuli such as light or temperature and have
attracted the interest of the scientific community. A representative example of
MOFs, based on this special category is the spin-crossover MOFs, which are
temperature based and such an example are the Hoffman type MOFs.1°

Another unique property of MOFs is interpenetration, which improves
their structural flexibility and stability. Interpenetration or catenation is
expressed as polymeric analogs of catenanes or rotaxanes, and the formation of
entanglement. This phenomenon is significantly observed and reported in MOFs.
Interpenetration results in the decrease of the pore volume while also affecting
the surface area. Although interpenetration is merely based on a self-assembly
process, one possible way to control it is by adjusting the bridging ligands. By
using bulky ligands and adding functional groups on the pillars, it is possible to
change the degree of interpenetration. Also, by modifying the reaction conditions
(such as solvent, temperature, the concentration of reagents) it is possible to
influence the interpenetration effect.!!
There is an increasing need for synthesizing and characterizing new MOFs with
enhanced stability and porosity for employing them in different technological
and environmental applications. In the last few decades a wide variety of
coordination polymers and metal-organic frameworks has been characterized and
studied for potential applications or are promising candidates for future
applications such as drug delivery, gas purification or separation, catalysis (e.g.

conversion of CO or CO; to useful molecules), electrochemistry, separations



(e.g. chromatography), sensing, water splitting, and others. In regards to the
separation of species either in the liquid or gaseous phase, this is essential for
purity and their further use in absence of other reagents.

For example, Plana’s group published in 2020 the synthesis and characterization
of a water-stable Cu@MOF, abbreviated as mCB-MOF-1, (Figure 4) with
carborane-ditopic acid used as a ligand. This molecule was previously used in
biofuels for the separation of butanol from ethanol and acetone contaminants.
For the same application, zeolites had been tested and used in the past, but as
they are hydrophilic, their performance was poor.? Another example is the
separation of ethane and ethylene. Li’s group developed a calcium based MOF
by the use of 1,2,4,5-tetrakis(4-carboxyphenyl)-benzene). This MOF has a
preference to adsorb ethane over ethylene from mixtures that contain both
species. This separation is essential as ethylene is widely used for a variety of

industrial applications, including the production of polyethylene.!?

Figure 4. Representation of the crystal structure of the mCB-MOF-1.12

The use of MOFs is also paramount for sensing applications, and in
particular, for the detection of species, which are harmful either for the ecosystem



or the living species. For example, Biswas’s group developed a Cd(II)
fluorescent MOF, by the use of quinoline-2,6-dicarboxylic acid, for the
encapsulation and detection of dichromate in water. This molecule was able to
selectively adsorb dichromate even from mixtures with chromates, sulfonates,
acetates, bromides, nitrates, and other anions.'* Recently, Liu’s group used a
calcium-based MOF for the encapsulation of sulfur hexafluoride at low
concentrations; sulfur hexafluoride is also responsible for the greenhouse effect.
They were able to detect and selectively encapsulate and separate sulfur
hexafluoride from a mixture containing nitrogen.'®> Another example, of
detection of biological importance, is the recognition and sensing of glutathione,
which is responsible for the damage of DNA and RNA. Yao’s group developed
an electrochemical sensor based on an Au@Cu-MOF. The Cu-MOF was loaded
with Au nanoparticles. They demonstrated that the loaded MOF with Au
nanoparticles had higher sensitivity to the detection of glutathione (GSH). This
sensor device can be used for the detection of glutathione in vegetable and serum
samples.1®

Catalysis and conversion of molecules to other useful sources is also a
big part of the worldwide economy and solutions have to be found in order to
reduce the energy cost and the industrial cost of production. Regarding the
reduction of CO», Zhang’s group developed bimetallic Ni(I1)/Ti(1V) bimetallic
MOFs for the photocatalytic reduction of CO2to CO, CH4, and Hz. The necessity
of growing new materials for the reduction of carbon dioxide is the use of milder
conditions than is currently available. They proved that the mixed MOF had
better photocatalytic activity than the homometallic titanium analogue. As an
example, the 50%NiTi-MOF shows an increased yield of CO and of course
increased CHy4 yield compared with the Ti-MOF. The 75%NiTi was much more
efficient and the conversion yield was further increased. This is due to the fact



that further increase of Ni, affects the charge transfer process.!” Hijikata’s group
used known MOFs such as MIL-125-NHz, UiO-66-NHz, HKUST-1, MIL-101,
Zn-MOF-74 and MIL-121, and loaded them with Pt nanoparticles for the
conversion of acetic acid to ethanol while avoiding the production of ethyl
acetate as a reaction by-product. They also proved that the MIL-125-NH> has
better performance in this catalytic reaction than the other MOF that had been
tested.8

3. Synthetic Approaches Towards New MOFs

The wide range of technological, biomedical, and environmental applications of
MOFs have increased the need for the development of synthetic approaches for
the isolation of new such species with desirable stability and controlled porosity.
Over the last three decades, a wide variety of techniques have been developed
and are briefly described below:*°

1. solvothermal synthesis: this is the most commonly employed synthetic
approach for the development of coordination polymers and MOFs. It does not
require specific equipment apart from an oven and a closed flask (tube, vial,
autoclave). Reagents are added either at once or in multiple steps. The system is
heated until the boiling point of the solvent or solvent mixture and the product is
isolated after a specific time either as a powder, semi-crystalline form or as
crystals. It is the most common technique that is employed for the production of
MOFs on a gram scale.?°

2. microwave-assisted synthesis: in this case, the reaction takes place in a
microwave oven and the system is heated at a higher rate than the classical
solvothermal approach. It is useful for the production of MOF nanoparticles and

the material is more homogeneous in shape and morphology.?
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3. electrochemistry: this approach offers the advantage of the production of
MOFs in a continuous manner. Milder conditions are used and the reaction time
is decreased compared with solvothermal synthesis. The production of material
ranges from minutes to a few hours. It is suitable for the development of materials
in film or coating form. There are four different types of electrochemical
synthesis of MOFs: a) anodic dissolution, b) cathodic electrosynthesis, c)
galvanic displacement, and d) electrophoretic deposition. In cases of direct
electrosynthesis like (a) and (b), the MOFs are synthesized using an
electrochemical reaction which occurs on the surface of the electrode. But in
methods, where the synthesis is indirect, the MOFs are pre-synthesized following
certain procedures and the electrochemical reaction is one of the intermediate
steps.??

4. mechanochemical and sonochemical synthesis: this is a greener and solvent-
free approach for the production of MOFs. There are three different categories
of mechanochemical synthesis, a) neat grinding, where the use of solvent is
avoided, b) liquid-assisted grinding, where a catalytic amount of solvent is used
for the faster production of the material, as it increases the mobility of the
reagent, and c) ion-liquid assisted grinding, where a catalytic amount of solvent
and salt additives are used.?®

5. post-synthetic modification (PSM): this entails the targeted modification of
a MOF after it has been synthesized. The aim of this technique is to alter the
porosity and/or other physical properties of the material, as well as the insertion
of functional groups in desirable positions in the framework, enhancing its

encapsulation or sensing capacity.?*
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4. Synthetic parameters that affect the MOF synthesis

A variety of synthetic parameters in MOF synthesis (such as the nature of the
organic linker, solvents, temperature, the presence or absence of organic
polymers and surfactants, and the metal source) can influence the identity and
crystallinity of the product.

1. Organic linkers: Until now, an extensively broad library of organic ligands
(such as carboxylates, pyridines, azoles, imidazolates, etc) have been used for
the synthesis of new metal-organic frameworks (Figure 5). One of the first
categories of linkers, which was broadly used for the synthesis of MOFs, are the
carboxylic acids (terephthalate, biphenyl-dicarboxylate, naphthalene-
dicarboxylic acid, trimesic acid, and others). The size of the linkers was
increased, to increase the size of the pores of the synthesized compounds. The
aforementioned were introduced and extensively studied by G. Ferey, O.Yaghi,
S. Kitagawa, and others and have given structurally interesting compounds,
including the MIL family MOFs, MOF-5, IR-MOFs, and others.

12
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Figure 5. Organic ligands used in the literature for the synthesis of MOFs.
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2. Solvents: It is well known that the nature of the solvent is crucial for the
solubility of the reagents, affects the crystallization and in some cases the identity
of the product. A broad range of solvents have been used for the synthesis and
crystallization of new MOFs (Figure 6). They can act as templates influencing
the crystal growth and the final-morphology. The nature of the solvent is crucial
as it affects the nature of interactions (e.g. Van der Waals, n-n stacking..) and the
hydrogen bonding, through which compounds are stabilized and, sometimes, the
change of the solvent leads to different reaction products.?®

3. Metal cations: The influence of the metal is evident by changing the oxidation
state from +2 to +3. This change will affect parameters such as the coordination
number, specific surface area, the shape and the size of the cavities, the structural
geometry, the accessibility to the metal sites, the hydrophilicity, and the stability
leading to species with different structural features and properties.

4, Temperature: The choice of the temperature is based on the boiling point of the
used solvent or mixture of solvents. There are cases, where in high temperatures
the solvents are decomposed forming other species and those are stabilizing
MOFs are coordinated. An example is N,N-dimethylformamide, in an autoclave
system DMF can be hydrolyzed to formic acid and this can either coordinate or
its presence to be crucial for the stabilization of a compound by either
coordinating or acting as a modulator.

15
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Figure 6. Solvents for the synthesis of MOFs.

5. Organic polymers and surfactants: For the template synthesis of MOFs,
compounds such as organic polymers or surfactants have been used. They give
the opportunity to pre-synthesize coordination polymers with regulated sizes,
shapes and they influence also crystal growth. (Figures 7-8) For example,
Zhang’s group used as surfactant the poly-ethylene glycol (PEG), which is an
inexpensive, worldwide commercially available, and environmentally friendly
surfactant. In the presence of the surfactant, they were able to isolate eight metal-
organic frameworks, but in its absence or by its replacement with an organic
solvent such as ethylene glycol or methanol or N,N-dimethylformamide, no
crystals were precipitated. This surfactant was chosen based on its melting point,

charge and its ability to coordinate metals.?®
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Figure 7. Organic polymers for the template synthesis of MOFs.
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Figure 8. Surfactants for the template synthesis of MOFs.

5. Mixed-Ligand Approach for the Synthesis of New MOFs

In the last decade, the mixed-ligand approach for the development of MOFs has
attracted considerable attention from the scientific community, for the
development of new MOFs with enhanced properties. Representative examples
of this synthetic approach will be described below. In a separate sub-chapter, it
will be described a family of small rigid ligands (pyridyl-oximes and pyridyl
alcohols) from the field of single-molecule magnets (SMMs), which were used
as co-ligands for the formation of novel metal-organic frameworks in this

research thesis.
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a) Synthesis of novel Mixed-Ligand MOFs

Multivariant MOFs (MV-MOFs) are classified as a category of
compounds in which multiple organic groups or metal cations (variate units) are
used for the isolation of frameworks with the same topology; they lead to
heterogeneity and affect the properties (eg, porosity) of the product. This
synthetic approach is also known as the multicomponent isoreticular approach
and it was introduced by Yaghi and co-workers. The ratio of the variate units and
the synthetic conditions used can vary based on the targeted properties of the
reaction product. O. Yaghi introduced the multi-variant/multivariate MOFs
(MV-MOFs), and one of the first compounds that he studied was the MVs of
MOF-5. MOF-5 is synthesized by the use of terephthalic acid; in order to
synthesize its MVs analogues, they used derivatives of terephthalic acid, to favor
the isolation of products with the same topology by adding functional groups on
1 and 4 positions (Figure 9). The compounds were characterized through powder
X-ray diffraction, NMR spectroscopy, sorption studies and a few of them through
single crystal X-ray diffraction. They found out that the MV MOF with free
alkene groups in the pores, had the maximum uptake 84% of hydrogen, but the
one with extra aromatic rings has 400% better selectivity for CO, compared to
MOF-5.27 Later on, other scientists worked with mixed ligand systems, such as
different sizes of multi-pyridine ligands, combinations of pyridines and
carboxylates, etc. The combination of different ligands has led to MOFs with
unique topologies and also compounds with interesting properties. As each
organic compound has a specific property, the combination of different kinds
could lead to inorganic compounds, which will combine these features leading

to a new class of hybrid materials.?®
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Figure 9. The ligands, which were used for the formation of the MVs of MOF-
5_27

Carboxylates, pyridine-based linkers, and azolates were the first class of
linkers, which were studied for the formation of MOFs. Until now, they are
extensively used, as they form stable compounds. Moreover, in order to increase
the ligation capability of the ligands and also introduce other properties to the
product, different scientific groups have employed a variety of other linkers,
including phosphonates, sulfydryls, alcohols, catechols, Schiff-base ligands, and
others.?° For example, the group of K. Biradha developed an elongated Schiff
based pyridine linker and by combining it with di-topic carboxylates (4,4’-
oxybisbenzoic acid (OBA) and benzene-1,3-diacrylic acid (BDA)), they
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developed a class of novel MOFs based on Co'" and Cd" metal cations for the
deployment of proton conductors, sensing of water vapors, and dye sorption.*°
Also, A. Kumar and his team have published a Zn" based mixed ligand MOF, by
the use of a di-carboxylate (4,4’-(1,3-phenylenebis(methyleneoxu))dibenzoic
acid; pbd) and a common di-topic N-donor linker (4,4’-bipyridine; 4,4’-bpy) for
the development of fluorescent sensors for the selective detection and
encapsulation of picric acid.3! A schematic representation of the organic linkers
discussed above is shown in Figure 11.
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Figure 10. The literature reported coordination modes of the carboxylate group
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Figure 11. (a) bis-pyridyl-tris-amide ligand; (b) the deprotonated form of 4,4’-
oxybisbenzoic acid (OBA); (c) the deprotonated form of benzene-1,3-diacrylic
acid (BDA); (d) 4,4’-(1,3-phenylenebis(methyleneoxy))dibenzoic acid (pbd).

Azolates have provided access to a family of stable MOFs (ZIFs) and they

have been extensively studied for a plethora of applications; hence, many
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scientists have used a variety of combinations®® in order to develop new
frameworks for sensing applications. For example, Qu’s group reported the
synthesis and characterization of two copper-based MOFs, namely
[Cus(Hbtc)a(trz)2(H20)4](H20)2 and [Cuz(btc)(trz)](H20)3) by the use of 1,2,4-
triazole and 1,3,5-benzenetricarboxylic acid. The anti-esophageal cancer activity
of the MOFs was assessed and proved that Cu(ll) cation plays a crucial role in
the anticancer activity of human esophageal cancer cells EC109, EC8712, and
KYSE150.34

Other mixtures of azolate-based ligands have also been used for the
development of a new class of MV-MOFs. For example, Cui’s group combined
the  1,4-bis(imidazole-1-1-ylmethyl)benzene  (L1) or the  4.4’-
bis(imidazolyl)diphenyl ether in presence of captobenzoic acid (L2) for the
formation of two Co-MOFs ((a) [Co(Li)(bimb)-H.O-OH]» and (b)
[Co(L2)(bidpe)]n) and their further study for the photocatalytic dye degradation
of the methylene blue (MB). The band gap (EY) is 2.69 eV and 2.60 evV
respectively and the equipotential point (pHpz) is 4.47 and 4.40.%5 Another
example by the design of multi-podal linker and its combination with di-topic
carboxylates is from E. V. Alexandrov’s group, where they developed a tripodal
N,O-donor tris-[4-(2’methylimidazol-yl)phenyl)phosphine oxide linker and they
combined it with naphthalene-2,6-dicarboxylic acid or 4,4’-stibenedicarboxylic
acid for the formation of two novel Cd(ll) MOFs {[Cd3(2,6-
ndc)s(tmpo)2]-8H20-4DMF; [Cd2(bpedc)(tmpo)2]-2NO3-4H.0-2DMF, where
2,6-Hndc = naphthalene-2,6-dicarboxylic  acid, Hsbpedc = 44’-
stibenedicarboxylic acid, tmpo = tris[4-(2’-methylimidazol-yl)phenyl]phosphine
oxide}, and their further photoluminescence studies.®

Recently, Papaefstathiou’s group targeted for the first time the synthesis
of MOFs which act as single-molecule magnets (SMMs), by the use of a small
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rigid ligand in the presence of poly-carboxylates. In particular, they introduced
di-2-pyridyl ketone in the field of MOFs by the simultaneous use of a binary
mixture of benzene-1,3,5-triphosphonic acid, trimesic acid, 5-hydroxy-
isophthalic acid or pyromellitic acid for the formation of novel Cu(ll) mixed-
ligand MOFs. In the first case, a  Cugs-based MOF
({[Cus{(py)2C(OH)O}2(btec)15(H20)3]-4H20}n) was isolated; dc magnetic
susceptibility studies revealed that the exchange interactions between the metal
centers are antiferromagnetic. The other ligand combinations provided access to
ferromagnetic Cuz dimers with the formula {[Cu2{(py).C(OH)O}(btc)(H20)]» ;
[Cu2{(py)2C(OH)-O}(bdc)1.5(H20)]n; [Cuz{(py)-C(OH)O}(5-HO-
bdc)1.5(H20)]n }.%7

b) Small rigid ligands from the field of Single-Molecule Magnets

b1) Pyridyl-oximes

Coordination chemistry has been the most powerful tool for the construction of
molecular magnetic systems. Single-Molecule Magnets (SMMs) are discrete
molecules that function as nanoscale magnetic particles below a blocking
temperature. They derive their properties from the combination of a large
ground-state spin (S) and a magnetoanisotropy of the Ising-type (negative zero-
field splitting parameter, D). Also, they display quantum tunneling of
magnetization (QTM) and quantum phase interference, properties of the
microscale. The term was first employed in 1996, but the first reported single-
molecule magnet was in 1991, a Mni> metal cluster [Mn12012(OAC)16(H20)4]
(Figure 12). Molecular-based magnets can find applications in information

storage devices, MRI agents, magnetic refrigeration, among others. 1D
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coordination polymers of paramagnetic metal ions can display single-chain
magnetism (SCM) behavior, i.e. they can exhibit slow relaxation of
magnetization stemming from strong intrachain exchange interactions between
high spin structural building units along the chain 3 SCMs are excellent
candidates for applications in high-density information storage, molecular
spintronics, and quantum computation, etc.3® One dimensional polymers are also
studied as molecular ferromagnets, synthetic metallic conductors, non-linear

optical or ferroelectric materials.*°

Figure 12. Representation of the Mni> metal cluster [Mn12012(OAC)16(H20)4].
Color: Mn, yellow; O, red; C, grey.

One family of ligands that has attracted considerable interest in the field of
SMMs is the 2- pyridyl-oximes. S. Perlepes and G. Christou introduced them in
the field of Single-Molecule Magnets and they demonstrated that these types of
compounds are promising candidates for the formation of metal complexes and

coordination polymers, which display interesting magnetic behavior. (Figure 13)
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Figure 13. General representation of the 2-pyridyl oximes.

2-pyridyl oximes often combine more than one functional groups, which can
link more than two or three metal cations (Figures 14-15) at the same time
leading to the formation of small or high nuclearity metal complexes (Figure
16). A close inspection of the Cambridge Structural Database (CSD) reveals that
the vast majority of compounds reported with these ligands are discrete metal
clusters. 4t An example of high nuclearity metal complexes, which present
magnetic properties are the Niiz and Niws by the use of pyaoxHo..
[Niz2(pyaox)s(pyaoxH)s(MeOH)2Cl2]Cls-5MeOH and
[Niss(pyaox)s(pyaoxH)s(MeOH)4](SOa4)s-10H20-26MeOH are recent examples
of Ni(ll) and pyridine-2-amidoxime displaying high nuclearities and present
ferromagnetic exchange between the Ni(ll) ions resulting in a spin ground state
S=6and S = 8 respectively. (Figure 16) Also, it was the first time, where it was

observed the fourth type (d) ligand’s coordination mode (Figure 14).47
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Figure 14. The literature reported coordination modes of pyaoxH.. (a) n*mim®:p,
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Figure 16, (3)  [Mn"'§0z(Et-sa0)s(02CPh(Me)2)2(EtOH)s]®,  (b)
[Mn"'50(02CR)s(py)s](C104) (R = Me, Et, Ph)%6, (©
[Niz2(pyaox)s(Hpyaox)s(MeOH)2Cl,]Cls-5MeOH & (d)
[Nize(pyaox)s(Hpyaox)s(MeOH)](SOx)a- 10H,0-26MeOH *'.

b2) Pyridyl-alcohols

2-hydroxymethylpyridine (Hhmp) has provided access to approximately five
hundred compounds, the majority of which are discrete metal complexes. Hhmp
has also been extensively used in the field of Single-Molecule Magnets (SMMs)

providing complexes with small or high nuclearities, (Figure 18) which have
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presented interesting magnetic properties.*® For instance,
[Mna(hmp)4(OH)2Mn(dcn)s]-2MeCN-2THF is a coordination polymer, where its
asymmetric unit is linked through dicyanamide molecules and the metal core is
formed and stabilized via the hydroxymethylpyridine. The tetranuclear metal
cluster adopts a rhombic core. The oxidation state of the manganese cations
Mn(1), Mn(2), and Mn(3) can be assigned as divalent, trivalent and divalent
respectively. The compound is a 3D ferrimagnet (Tc = 4.1 K) and consists of
SMM Mn4 building units (S =9) and paramagnetic bridges Mn'' (S =5/2).
Among the reported compounds, there are many complexes, which have terminal
acetate or benzoates linkers and analogues of them.*?

Until now, there are two examples in the literature for the simultaneous use of 2-
pyridinemethanol with di-topic linkers, leading to one-dimensional polymers.
The first example was by S. Onaha, where they used a fluorinated-terephthalate
linker for the formation of the polymer chain and the formula of the one-
dimensional polymer was Mn(CsNH4-2-CH20H)2(CeFsCO2)2. The second
example was reported by S. Gao being a two-dimensional complex with the
formula Cus(pmo)s(CsH404)2-H20; it has been synthesized by the employment
of succinate in the reaction system. This compound was magnetically studied and
it was found that there are ferromagnetic couples between the copper(ll)
cations.®® The crystallographically established coordination modes of Hhmp are

presented in Figure 17.
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Figure 17. The literature reported coordination modes of Hhmp in its neutral or
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Figure 18. Coordination compounds by the use of Hhmp. (a)
[Cu(CH3CHBIrCO2)2(2-pyme),] %4 (b) [Co'"a(hmp)a(u-OAC)2(u2-OAC)2(H20):]
55; () [MnsLn202(OH)(hmp)s(EtCO2)3(MeCN)(NO3)s(H20)] (Ln"' = La, Nd) %6;
(d) [Mns(hmp)a(OH)2Mn(dcn)s]-2MeCN-2THF 7.

Recently, Tasiopoulos’ group has employed amino-alcohols for the template
synthesis of carboxylate MOFs by the use of trimesic acid (Hsbtc) and Zn(l1) for
the formation of six MOFs with novel topologies. This family of compounds was
called MOAAF (metal organic amino-alcohol framework) and the members of
this family are the: a) (MOAAF-1) (teoaH)2[Zn(btc)1.33] where teaoH = amino-
alcohol triethanolamine, b) (MOAAF-2) (NH2Mez)2(hmpipH)[Zns(btc)s] where
hmpipH = 2-(hydroxymethyl)piperidine, C) (MOAAF-3)
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(NH2Me2)(tbdmaH)2[Zns(btc)s] where tbdmaH= Ntert-butyl-dimethylamine, d)
(MOAAF-4)  (NH2Mez)(bhepH2)[Zns(btc)s] where bhepH> = 1,4-bis(2-
hydroxyethyl)-piperazine, €) (MOAAF-5) (NH2Mez)[Zna(btc)s(mdeoa)2] where
mdeoaH> = N-methyldiethanolamine, and f) (MOAAF-6)
(NH2Me2)[Zna(btc)s(hem)z] where hemH = 4-(2-hydroxyethyl)morpholine.>8
Employing the single-crystal-to-single  (SCSC) transformation  of
[Euz2(CIP)2(DMF)2(H20)2], UCY-8 MOF. They were able to replace the
coordinated solvents (e.g. pyridine, 2-hydroxymethyl-phenol) with terminally
ligated organic ligands, including Hhmp.>® Aiming at the isolation of mixed-
ligand MOFs by the simultaneous use of two different pyridine-alcohol based
derivatives in presence of pyridine-3,5-dicarboxylic acid, they managed the
synthesis and  characterization of two two-dimensional MOFs
([Zn(PDC)(3HhmMp)]n-nDMF-0.5nH20, [Co(PDC)(3Hhmp)2]-0.25nDMF), one
zero-dimensional binuclear complex ([Zn(PDC)(Hhmp)2]2-2DMF) and a one-
dimensional polymer chain ([Cu(PDC)(3Hhmp)2].-0.5nDMF-1.5nH,0) by the
simultaneous use of Hpdc and 3-hydroxymethylpyridine (3hmpH) or 2-
hydroxymethylpyridine (Hhmp). Through this study, it is revealed that a small
change at the position of the co-ligand’s hydroxyl group, influences and leads to
the stabilization of molecules with completely different dimensionality as
revealed in the case of Zn(l1).

So far, almost one hundred nighty eight compounds have been submitted at the
CCDC database by the use of 2,6-pyridinedimethanol (H2pdm). Many scientific
groups have reported small and high nuclearity metal complexes (Figure 20) by
the simultaneous use of Hopdm and carboxylates. The use of benzoate and
Hopdm  with  3d metal cations led to the formation of
[M"(Hzpdm)2][M"(Ph(COO0)4] (where M'' = Co, Mn, Zn; Ph(COOH) = benzoate

acid). All the compounds were studied as heterogeneous catalysts for the
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conversion of epoxides to cyclic carbonates in a solvent-free environment.®°
Another rare example is the stabilization of two co-crystallized metal clusters, a
trimer and tetramer, {[Cus(02CMe)2(pdm)2(MeOH)2][Cua(O2CMe)2(Hpdm)a]}
(Cl04)2:4MeOH, which is the outcome of the reaction between the
[Cu2(02CMe)4(H20)2] with pdmH in presence of LiCIOs in MeOH. The two
metal complexes are stabilized through a strong hydrogen bond (D---A = 2.632
A, D-H-A = 156.6°). The magnetic susceptibility at room-temperature is 1.67
cm?® K mol?, which is lower than the expected value for seven uncoupled spins
(2.625 cm® K mol? with g = 2.0). More literature reported compounds

synthesized by the use of carboxylates and Hopdm are summarized in Table 1.7
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Table 1. Examples of metal complexes, which have been synthesized by the use

of Hopdm and carboxylates.

Metal
) Carboxylate Compound Ref.
Cation
Mn(ll) acetate [Mn4(O2CMe)2(Hpdm)e](ClO4)2 61
Mn(l1) propanate [Mng(O2CEt)12(pdm)(Hpdm),(L)2] 62
Zn(1l) R=Ph or Bu [Zne(OH)2(0O2CR)s(H2pdm)] 63
Zn(1l) acetate [Zna(Hpdm).]-(OCMe)4 64
[Zn(H2pdm)(OCMe),]
Ni(ll) acetate [Nia(Hpdm)4(OCMe)4] 65
= = e [Nis(Hpdm)4(OCR)4]
pe LT LT o A(HpImH(OCR)
Ni(ll) dnbz = 3,5-dinitrobenzoato [Ni(Hzpdm)2](dnbz), 66
Co(ll) dnbz = 3,5-dinitrobenzoato [Co(H2pdm)2](dnbz); 67
. [Ni(diethylenetriamine)(Hzpdm)] 68,
Ni(l1) acetate
(PFs)(OOCMe)(H20) or (ClO4), 69
Cu(ll acetate [Cus(O2CMe)2(Hpdm)4][Cus(O2CMe)2(pdm)2(MeOH)] 70
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(@)

Figure 20. Schematic representation of the crystal structure of representative
metal clusters by the use of Hzpdm. (@) [Er(Hzpydm)s](NOs)s °; (b)
[Mn4(O2CMe)2(Hpdm)e][ClO4]2 6; (c)
[Ln"y(NO3)2(pdmH)s(pdmH2)2](NOs)s (Ln"' = Eu'', Gd"', Tb", Dy", Ho'
Er'", Yb'"") 77; (d) [Fe1s0s(OH)s(pdm)1o(pdmH)a(H20)4](CIO4)10 8.

6. MOFs as sensors

Metal-Organic Frameworks are suitable to be used as sensors, as some of them
exhibit either photoluminescence or magnetic properties with a few combining
both. The encapsulation of guest molecules into their pores has the potential to
affect the physical properties of the MOF, which is desirable for the development
of sensors. Over the last decade, extensive research has taken place for the use
of coordination polymers as photoluminescence sensors for different
environmental pollutants. Through those studies, it is proven that the metal-
organic frameworks can encapsulate and detect heavy metal cations, anions,

personal care, and pharmaceutical products.”
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An example of luminescent MOF for sensing is from Zahao’s group, where they
synthesized a tetranuclear Zn(1l) MOF (denoted as NUS-1) by the use of 4,4’-
(2,2-diphenylethene-1-1,diyl)benzoic acid. This compound was used for the
encapsulation and further study as a fluorescent sensor for a variety of volatile
organic molecules such as benzene, toluene, o-xylene, p-xylene, and mesitylene.
Through fluorescence, they proved the encapsulation of the species into the pores
of the MOF and as the guest molecules enhance the fluorescence, they developed
a turn-on fluorescent sensor for organic volatiles. Crystals of the MOF NUS-1
were soaked in various VOCs by following photoluminescence tests, and in the
majority of the cases, the color difference was obvious with a naked eye upon
illumination of the samples with ultra-violet light. The PL comparison of the
samples was with a loaded NUS-1 with pristine (A# = 486 nm), and they had
highlighted that the sample loaded with benzene (A1 = 504 nm) gave the largest
red shift (18nm) and in case of the mesitylene (An = 458 nm) the largest blue shift
(28nm). They highlighted that these shifts possibly occur due to the conformation
change of the dangling phenyl rings of the NSUI-1’s linker upon exposure to
analytes.

Another example of a fluorescent sensor is based on a Zn@MOF with a dinuclear
sbu synthesized using terephthalic acid and a 2,5-di(4-piridyl)thiazolol[5,4-
d]thiazole. This Zn@MOF presents photoluminescent properties due to its ligand
and was used for the detection of mercury. The MOF itself has a major adsorption
band at 240nm which gradually decreases with the addition of mercury and at
the end of the addition, a new absorption peak appeared at 210nm. The thiazole
ligand has functional groups, which are suitable for the coordinative
encapsulation of mercury. Once the mercury was adsorbed, the MOF changes
color and the rapid encapsulation (less than 3 min) is obvious with the naked eye.

The removal capacity of Hg(ll) was 1428 mg/g, which is the highest observed
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until now. Also, the same MOF is suitable for the removal of Pb(ll) with a
capacity of 434 mg/g. They had also obtained competitive studies in presence of
other metal cations ions (Cp, Cu, Cd) in oxidation state and the MOF was
showing a preference to the mercury.8°

Fluorescence is not always suitable for the detection of any kind of chemical
compound, as not all of them are photoluminescence active. For this reason, other
supplementary techniques like EDX, SEM, XPS, ICP, single-crystal-
transformation, and magnetism have been used to bear witness to the selective
encapsulation of the desired species.! Magnetism is also a powerful tool that can
be used for the identification of the guest molecule and to identify the kind of
interactions between the host and the guest molecule. Each compound has a
magnetic fingerprint, being either paramagnetic or ferromagnetic. The
encapsulation of a guest molecule alters the fingerprint; a representative such
example was reported by Suzuki’s group, where they developed a non-magnetic
MOF, the UiO-66(Zr) which was loaded with the ferri-magnetic MgFe2O4
nanoparticles and they used it as a magnetic sensor for swing adsorption of CO,.
The release of CO; after adsorption was 100% under 42 mT magnetic field.®?
Through the above-mentioned approach by Suzuki for the development of
magnetic MOFs as sensors, the material is losing part of its porosity, even if it is
effective. To retain the porosity of the materials and at the same time to present
magnetic properties, another approach has been proposed where it is based on
the pre-design synthesis of them. To this end, two different synthetic approaches
have been proposed: 1) a metal complex which presents magnetic behavior will
react with pillars for the formation of the framework, and 2) the mixed-ligand
approach, in which small rigid ligands are able to coordinate and stabilize many
metal cations will be mixed with linkers suitable to form the network acting as

pillars.3
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7. Aim of the Research Project

Pyridyl-oximes and pyridyl-alcohols have been extensively studied in the field
of metal complexes as SMMs, stabilizing homo- and hetero-metallic metal
complexes with small or high nuclearities® (Figure 21). Taking into account this
knowledge, and aiming at the expansion of the family of MOFs that possess
interesting magnetic properties, we decided to introduce this family of ligands
into the field of MOFs and explore their potential to lead to new such species. To
this end, 2-pyridyl oximes and alcohols were combined with carboxylate linkers
(Figure 22) that have been extensively used in the field of MOFs, and favour the
formation of novel mixed-ligand / multi-variant MOFs with novel structural

features and properties.
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Figure 21. Representation of the oximes (left) and pyridine-alcohols (right).
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Figure 22. Representation of the carboxylates, which were used for the

formation of MOFs. (left) benzene-1,4-dicarboxylic acid or terephthalic acid
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(Hzbdc); (middle) benzene-1,3,5-tricarboxylic acid or trimesic acid (Hsbtc) ,

(right) 1,2,4,5-benzenetetracarboxylic acid or pyromellitic acid (Hspma).

From the synthetic point of view for the development of a secondary building
unit, there are two different synthetic approaches: a) the pre-design of the
inorganic secondary building unit as a metal complex and its further reaction
with a polytopic linker for the formation of the network and b) the straight-
forward reaction of the organic ligands with the metal salts. For this project, both
synthetic approaches were thoroughly investigated with the first one been proven

the most fruitful.
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Figure 23. Representation of experimental strategy for magnetic sensing. (a) the
formation of the MOF and its magnetic studies and (b) the encapsulation of
compound/chemical species and the magnetic studies of the MOF with the

encapsulated compound.

For the determination of the crystal structures of the MOFs and the

characterization of their physical properties, a variety of techniques was used,
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including single-crystal X-ray crystallography, powder X-ray crystallography,
infrared spectroscopy, thermogravimetric analysis, and magnetism. Single-
crystal X-ray crystallography was used for the determination of the crystal
structures of the synthesized compounds. Powder X-ray crystallography was
used for the comparison of the powder-diffraction spectra of the bulk compounds
with the known crystal structure, and also for the assessment of the stability of
the MOF after exposure to different chemical environments. Infrared
spectroscopy and thermogravimetric analysis were used for the characterization
of the synthesized compounds. Magnetism studies were carried out for the
compounds that bear more than one metal ion in their SBU.. The capacity of the
stable MOFs to encapsulate environmentally hazardous species will be
investigated through liquid state UV-spectrometry, infrared spectroscopy,
powder X-ray diffraction, and thermogravimetric analysis. Magnetism studies
have also been performed to investigate the impact of the presence of the guest

molecule on the magnetic properties of the pristine MOF.
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2.1 Brief description of the paper

In this article are represented the first examples of coordination polymers by the
simultaneous of di- and tri- carboxylates (terephthalic acid or 1,4-benzene-
dicarboxylic acid and trimesic acid or 1,3,5-benzenetricarboxylic acid) and

pyrdine-2-amidoxime.
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Abstract

The initial study of the ligand blend pyridine-2-amidoxime (pyaoxH2)/1,4-
benzenedicarboxylic (H2bdc) or 1,3,5-benzenetricarboxylic acid (Hsbtc)
provided access to four 1D coordination polymers, [Zn(bdc)(pyaoxHz2)(DMF)]a
(1),{[Ni(bdc)(pyaoxHz)2]-2DMF}n(2:2DMF),  [Mn(bdc)(pyaoxH2)2]-2DMF}n
(3:-2DMF) and [Ni(Hbtc)(pyaoxH2)2]n (5), and the discrete (OD) compound
[Ni(H2btc)2(pyaoxH:)2]-2H20 (4-2H.0), whose further polymerization yielded

5. These compounds are the first metal coordination polymers bearing pyaoxH:
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and rare examples of such species with any type of a 2-pyridyl oxime. The crystal
structures of the compounds have been determined by single crystal X-ray
crystallography, whereas their identity, purity and stability were confirmed by
pxrd studies. Thermal stability studies were performed in 1, 2.2DMF, 4:2H20
and 5. The photoluminescence properties of 1 have been studied and revealed a
maximum emission peak at 440 nm and a visible shoulder at 467 nm, assigned

to the pyaoxH: and bdc? ligands, respectively.

1. Introduction

The synthesis and characterization of metal coordination polymers has attracted
a significant amount of increasing attention the last decades because of their
applications in gas storage?, catalysis?, sensing?®, drug delivery*, etc. Such species
are comprised of linked repeating structural units that form 1D chains, 2D nets
or 3D frameworks and often display interesting molecular topologies and
architectures. They also provide valuable opportunities for the discovery of
intriguing phenomena, including the interpenetration of networks®, the breathing
effect® and the single chain magnetism (SCM) behaviour’. The first two are
phenomena that are encountered in metal-organic frameworks, one category of
coordination polymers, which are described as crystalline porous materials built
from inorganic structural units, connected through organic linkers®; the
interpenetration refers to more than one polymeric networks catenated with each
other®, and the breathing effect, also known as gate-opening effect, is relevant to
the enlargement or shrinkage of the pores’ diameter upon the insertion of a guest
molecule into the MOFs’ framework®. Both phenomena dominate the shapes
and/or sizes of the pores of the MOF and, as such, play a crucial role in the
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isolation of species suitable for gas adsorption and drug deli-very applications.
On the other hand, SCMs are 1D polymeric chains that exhibit slow relaxation
of magnetisation stemming from strong intrachain exchange interactions
between high spin structural building units along the chain’. SCMs are excellent
candidates for applications in high-density information storage, molecular
spintronics and quantum computation, etc.®. The structural features and physical
properties of the coordination polymers are mainly affected by the size and
coordination ability of the organic ligand and the nature of the metal ion; weaker
interactions (hydrogen bonding, n—r stacking, etc.) play also a crucial role as
they dictate the packing of polymeric chains, hence affecting the architecture of
the overall framework. There is a wide range of ligands that can bridge metal
ions, leading to the formation of a coordination polymer 9; these can be classified
as: (i) monoatomic anions, e.g. C" Br, 0%, SZ, etc., (ii) small molecules (anionic
or neutral, inorganic or organic) with signifycant polymerization capability, i.e.,
S04%, PO4*, acetate, formate, CN-, NCO", SCN", oxalate, tetracyanoethylene,
azides, pyrazine, pentant arm polyols etc.”9112 and (iii) N- and O-donor
polytopic ligands, which act as linkers, connecting metal ions or metal clusters.
The latter type of ligands, such as polycarboxylates, polyimidazolates,
polypyridyls, etc., are rigid and have the ability to lead to robust

multidimensional systems.8¢13-15
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Scheme 1. The ligands discussed in this paper: 2-pyridyl oximes (left), 1,4-
benzenedicarboxylic acid (H2bdc, middle) and 1,3,5-benzenetricarboxylic acid
(Habtc, right).

The intense research efforts of several research groups around the world have
resulted in an enormous library of coordination polymers. Nevertheless, the
isolation of new such species remains a hot research field not only for bringing
them closer to their technological applications, but also for the discovery of new
phenomena, as described above. A key factor towards this direction is the
development of new synthetic strategies with the investigation of new reaction
systems and unexplored ligands often being a promising route. One family of
ligands that have been extensively employed in coordination chemistry are the
oximes; oximates have the ability to bridge a large number of metal ions
favouring also ferromagnetic interactions between the paramagnetic metal
centres 8, One broad family of oximic ligands are the 2-pyridyl oximes (Scheme
1).17 It is noteworthy that, although such ligands have been key ‘‘players” in
several areas of single-molecule and single-chain magnetism?8, they have not
been systematically investigated in the field of coordination polymers. Note that
the enormous work of Prof. Perlepes, to whom this paper is dedicated, has
significantly contributed to the development of the coordination chemistry of 2-
pyridyl oximes.t” Among these ligands, pyridine-2-amidoxime (pyaoxH:) has

received substantially less attention in comparison with the other members of this
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family. Recently we employed pyaoxH. for the synthesis of polynuclear Ni'
clusters with interesting magnetic properties.!® Expanding this work, we then
studied the ligand blend pyaoxH2/1,4-benzenedicarboxylic (Hzbdc) or 1,3,5-
benzenetricarboxylic acid (Hsbtc) as a means to isolate coordination polymers
bearing pyaoxH. or its anions.!*> The presence of the amino functionality is
expected to improve the host—guest interactions of the resulting polymers due to
its coordination capability, potential for deprotonation and hydrogen bonding
effects, hence the isolation of such species is strongly desirable. Herein, we
describe the synthesis and characterization of the first metal coordination
polymers containing pyaoxH: or its anions, namely [Zn(bdc)(pyaoxH2)(DMF)]a
(1), {[Ni(bdc)(pyaoxH2).]-2DMF}n (2:2DMF), {[Mn(bdc)(pyaoxH2)2]-2DMF}q
(3:2DMF) and {[Ni(Hbtc)(pyaoxH2)2}n (5). The discrete (0D) compound
[Ni(Hzbtc)2(pyaoxH2)2]-2H20 (4-2H20) has been also isolated, which was then
polymerized leading to 5. The crystal structures and physical properties
(photoluminescence properties for 1, thermal stability studies) of these
compounds are discussed below.

2. Experimental

2.1. General and physical measurements

All manipulations were performed under aerobic conditions using materials
(reagent grade) and solvents as received. pyaoxHz was prepared as described
elsewhere. > WARNING: Perchlorate salts are potentially explosive; such
compounds should be used in small quantities, and treated with utmost care at all

times.
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Elemental analyses (C, H, N) were performed by the in-house facilities of the
National University of Ireland Galway, School of Chemistry. IR spectra (4000
400 cm™) were recorded on a Perkin-Elmer Spectrum 400 FT-IR spectrometer.
Powder X-ray diffraction data (pxrd) were collected using an Inex Equinox 6000
diffractometer. The photoluminescence spectrum of 1 was acquired at ambient
temperature on a Perkin Elmer LS 55 fluorimeter equipped with a red sensitive
Hamamatsu R928 photomultiplier tube. The spectrum was corrected using the
correction function provided in the instrument’s software. TGA experiments
were performed on a STA625 thermal analyzer from Rheometric Scientific
(Piscataway, New Jersey). The heating rate was kept constant at 10 °C/min, and
all runs were carried out between 20 and 600 °C. The measurements were made
in open aluminum crucibles, nitrogen was purged in ambient mode, and

calibration was performed using an indium standard.

2.2. Compounds preparation

2.2.1. [Zn(bdc)(pyaoxH2)(DMF)], (1)

Zn(ClOg4)2-6H20 (0.037 g, 0.10 mmol) and pyaoxH2 (0.027 g, 0.20 mmol) were
added to a vial containing Hzbdc (0.017 g, 0.10 mmol) in DMF (5 ml). The re-
sultant solution was put in the oven and heated at 100 °C for 24 h, after which
X-ray quality colorless crystals of 1 were formed. The crystals were collected by
filtration, washed with cold MeCN (2 ml) and EtO (2 x 5 ml), and dried in air.
Yield 35%. Anal. Calc. for 1-2H,0: C, 42.92; H, 4.66; N, 11.78 Found: C, 43.05;
H, 4.95; N, 12.01%. IR data: v (cm™) = 1649m, 1567m, 1502m, 436w, 1369s,
1255w, 1103m, 1064w, 1034w, 1018m, 887w, 842m, 745s, 665m.
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2.2.2. {[Ni(bdc)(pyaoxH)2]-2DMF}, (2:2DMF)

Ni(NO3)2-6H.0 (0.058 g, 0.20 mmol), pyaoxH; (0.027 g, 0.20 mmol) and EtsN
(56 ul, 0.40 mmol) were added to a vial containing Hzbdc (0.017 g, 0.10 mmol)
in DMF (10 ml). The brown solution was put in the oven and heated at 100 °C
for 24 h, after which X-ray quality blue needles of 2:2DMF were formed. The
crystals were collected by filtration, washed with cold MeCN (2 ml) and Et20 (2
x 5 ml) and dried in air; yield 40%. Anal. Calc. for 2.:2DMF: C, 48.54; H, 5.01;
N, 17.42 Found: C, 48.63; H, 4.96 N, 17.87%. IR data: v (cm™) = 3610w, 3356w,
3319w, 3069w, 1654m, 1572m, 1499m, 1372s, 1304w, 1263w, 1130m, 1016m,
812s, 789m, 749s, 692w, 659w.

2.2.3. {[Mn(bdc)(pyaoxHz)2]-2DMF} (3:2DMF)

This complex was prepared in the same manner as complex 2-:2DMF but using
Mn(NO3z)2:6H.0 (0.025 g, 0.10 mmol) instead of Ni(NOz)2-6H20. Small poly-
hedral crystals were formed and collected by filtration, washed with cold MeCN
(2 ml) and Et20 (2 x 5 ml) and dried in air; yield 63%. Anal. Calc. for 3-:2DMF:
C,44.73; H, 4.62; N, 16.05 Found: C, 44.50; H, 4.84; N, 16.39%. IR data: v (cm
1y = 3610w, 3384w, 3315w, 3066w, 1650m, 1594m, 1492m, 1369s, 1304w,
1260w, 1130m, 1016m, 803s, 792m, 749s, 690m, 659w.

2.2.4. [Ni(Hzbtc)2(pyaoxH2)2]-2H20 (4-2H20)

Ni(ClOa)2-6H20 (0.037 g, 0.10 mmol) and pyaoxH2 (0.027 g, 0.20 mmol) were
added to a vial containing Hsbtc (0.021 g, 0.10 mmol) in H20 (10 ml). The pale
pink solution was put in the oven (100 °C) and heated for 24 h, after which X-
ray quality greenish crystals of 4-2H>0 were formed. The crystals were collected
by filtration, washed with cold MeCN (2 ml) and Et2O (2x 5 ml) and dried in air;
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yield 60%. Anal. Calc. for 4-2H,0: C, 45.77; H, 3.58; N, 10.67 Found: C, 44.52;
H, 3.86; N, 11.09%. IR data: m (cm™*) = 3414w, 3314w, 1726w, 1697m, 1670m,
1600s, 1572w, 1543s, 1499w, 1438w, 1408w, 1368s, 1327w, 1281w, 1247w,
1255w, 1176m, 1153w, 1097m, 1026m, 921w, 845w, 789m, 745s, 692m, 662m.

2.2.5. {[Ni(Hbtc)(pyaoxH2)2}n (5)

Method A: Ni(ClO4).-6H20 (0.073 g, 0.20 mmol), pyaoxH: (0.027g, 0.20 mmol)
and CH3ONa (0.011, 0.2 mmol) were added to a vial containing Hsbtc (0.021 g,
0.10 mmol) in H20 (15 ml). The cloudy brown-yellow solution was put in the
oven (100 °C) and heated for 24 h, after which X-ray quality blue crystals of 5
were formed. The crystals were collected by filtration, washed with cold MeCN
(2ml) and Et20 (2 x 5 ml) and dried in air; yield 75%. Anal. Calc. for 5: C, 46.61;
H, 3.35; N, 15.53 Found: C, 46.80; H, 3.28; N, 15.11%. IR data: v (cm™) =
3469w, 3349w, 3305w, 3182w, 2565w, 1721m, 1682m, 1606s, 1530m, 1430w,
1408w, 1363s, 1303w, 1408w, 1227m, 1166m, 1110w, 1098m, 1025s, 1014m,

937w, 896w, 875m, 812w, 788s, 757m, 747m, 714s, 688w, 664m.

Method B: 4 (0.08 g, 0.1 mmol) was added in a vial containing a solution of
CH30ONa 0.016 g, 0.3 mmol) in DMF (10 ml). The solution was heated at 100 °C
for one day, after which crystals of 5 were formed, collected by filtration, washed
with MeCN (2 x 5mL), and dried under vacuum. Yield: 20%. The product was

identified as 5 by IR spectral comparison with authentic material.

2.2.6. Single-crystal X-ray crystallography
Single crystal diffraction data of 1, 2-2DMF, 4-2H,0, and 5 were collected using
an Oxford Diffraction Xcalibur CCD diffractometer using graphite-

monochromated Mo Ka radiation (k = 0.71073 A) at room temperature. The
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structures were solved using SHELXT %, embedded in the OSCAIL software.??

Non-hydrogen atoms were refined anisotropically and hydrogen atoms were in

calculated positions. Graphics were produced with DIAMOND.Z An initial

search for reciprocal space revealed monoclinic cell for 3-2DMF with

dimensions identical with the corresponding of 2-2DMF; however, the crystals

were small and diffracted poorly, and despite our efforts to grow bigger crystals,

full solution of their crystal structures was not feasible.

Crystallographic data can be found in Table 1. CIF files can be obtained free of

charge at www.CCDC.CAM.AC.UK/CONTS/RETRIEVING.HTML or from the Cambridge
Crystallographic Data Centre, Cambridge, UK with the REF codes 1832944
1832947 for 1, 2-2DMF, 4-2H,0, and 5, respectively.

Table 1 Crystallographic data for complexes 1, 2:2DMF, 4-2H,0, and 5.

Complex 1

2:2DMF

4-2H,0

Empirical formula  Ci7H18N4OeZn

Formula weight 439.72
Crystal system Triclinic
Space group P-1
a(A) 8.4118(6)
b (A) 9.2489(6)

C26H32NgNiOs

643.30

Monoclinic

P21/C

16.9280(5)

9.8151(3)

CaoH24NgNiO16

783.26

Monoclinic

P21/n

16.0203(6)

26.0789(8)

C21H1sN6NiOg

541.12

Orthorhombic

P21212;

8.9093(2)

14.4089(3)
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c(A)

a ()

B )

y (©)

V (A3)

pealc (g cm3)
Radiation, 1 (A)
u (mm™)
Temperature (K)

Measd/independent
reflns (Rint)

Parameters refined

GoF (on F?)

Re® (1 > 20(D)

WR2 (I > 25(1))

13.5705(6)

96.814(5)

102.630(5)

113.888(7)

916.23(11)

1.594

0.71073

1.384

293(2)

5715/ 3213

(0.0233)

267

1.020

0.0299

0.0672

18.6765(5)

90

105.455(3)

90

2990.89(16)

1.429

0.71073

0.710

297.1(6)

5265/4445 (0.0259)

410

1.007

0.0365

0.0891

17.0418(7)

90

114.319(4)

90

6488.1(5)

1.604

0.71073

0.686

298.0(1)

45690/11359
(0.0297)

1003

1.106

0.0533

0.1159

17.8770(4)

90

90

90

2294.93(9)

1.566

0.71073

0.906

299.0(2)

16221/4040
(0.0334)

347

1.072

0.0257

0.0614
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(4p)max (Ap)min 0.343/-0.259 0.308/ -0.292 0.631/-0.575 0.377/-0.268

(e A%

8R1 = Z(|Fo|-|Fc|)/Z(]Fa]).

PWRz = {E[W(FoFe?2)Ew(FAZIH2.

3. Results and discussion

3.1. Synthesis

Our group has been investigating the use of pyridine-2-amidoxime, pyaoxHo, in
Ni'' cluster chemistry as a method for the isolation of new metal clusters with
interesting structural features and magnetic properties. These studies led to the
isolation of two ferromagnetic multiple-decker Ni', and Ni'y clusters
consisting of parallel Ni4 layers.t® These promising results prompted us to further
explore the coordination chemistry of this ligand with other 3d metal ions and
also employ poly-carboxylic acids, such as 1,4-benzenedicarboxylic (Hzbdc) or
1,3,5-benzenetricarboxylic acid (Hsbtc) as a means to isolate coordination
polymers; it is noteworthy that such carboxylates have not been previously
investigated in combination with any type of a 2-pyridyl oxime, whereas they
have been a fruitful source of coordination polymers.41> As such, it was a matter
of interest to study the ligand blend pyaoxH./Hzbdc or Hsbtc in 3d metal
chemistry; thus, a variety of experiments were performed towards this direction,

studying how the different synthetic parameters (presence/absence or kind of
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base, metal ratio of the reactants, metal sources, etc.) affect the identity of the

isolated product.

The reaction mixture of Zn(ClO4)2-6H20/pyaoxH2/Hz.bdc (1:2:1) in DMF gave a
colorless solution from which crystals of [Zn(bdc)(pyaoxHz2)(DMF)]n (1) were
subsequently isolated. The stoichiometric equation of the reaction that lead to the

formation of 1 is presented in Eq. (1).

DMF
Zn(Cl0,), - 6H,0 + pyaoxH, + H,bdc + DMF —
[Zn(bdc)(pyaoxH,)(DMF)], + 2 H* + 2 Cl0; + 6 H,0 (1)
1

In order to favour the deprotonation of the pyaoxH: ligand in 1, we added base
into the reaction mixture; many experiments were performed using different
bases and reaction conditions, and in all cases we isolated a polycrystalline
material that could not be further characterized. By following a similar synthetic
procedure in Ni'" and Mn'" chemistry, we were able to isolate two new 1D-
coordination polymers, namely {[M(bdc)(pyaoxH2)2]-2DMF}» (M = Ni, 2; Mn,
3). The formation of 2 and 3 is summarized in the stoichiometric Eq. (2).

DMF
M(NO;), - xH,0 + 2 pyaoxH, + H,bdc —
[M(bdc)(pyaoxH,)s], + 2 H* + 2 NO3 + x H,0 (2)
M = Nij, 2; Mn, 3

As a next step, we employed H3btc in the Ni'/pyaoxH; and in the absence of
base we were able to isolate the mononuclear compound

[Ni(H2btc)2(pyaoxH2).]-2H2.0 (4-2H20), whereas in the presence of excess of
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CHsONa, we isolated and characterized the new 1D polymer
[Ni(Hbtc)(pyaoxH2)2]n (5). It is noteworthy that 5 can be also formed by the
reaction of 4-2H,O and CH3zONa in a 1:3 M ratio in DMF. The stoichiometric
equations of the reactions that lead to the synthesis of 4 and 5 are shown in the
Egs. (3) and (4).

H,0

NI(C104)2 ' 6H20 + 2 pyaOXHZ + 2 H3th i>

[Ni(H,btc),(pyaoxH,),], + 2 HT + 2 C10; + 6 H,0 (3)
4

H,0
Ni(Cl0,), - 6H,0 + 2 pyaoxH, + 2 Hybtc —
[Ni(Hbtc),(pyaoxH,),], + 2 H* + 2 C10; + 6 H,0 (4)
5

3.2. Description of structures

Representations of the molecular structures and supramolecular networks of 1,
2-DMF, 4-2H20 and 5 are shown in Figures 1-4. Selected interatomic distances

and angles are listed in Tables 2-5.

Compound 1 crystallizes in the triclinic space group P-1. Its that one of the free
O atoms (O2) of the bdc? ligand is in close proximity to the metal ion (Zn1-02
=2.59(2) A); although this is beyond the bonding distance range, the formation
of a pseudo-bond could be considered. This is not the case for the second

uncoordinated O atom (04) in bdc? ligand, whose distance from the metal ion is
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3.48(2) A. Zn1 is 5-coordinate adopting a tetragonal pyramidal geometry (s =
0.3) with the O3, N1, O1, N2 atoms occupying the basal plane vertices and the
06 atom the apical position.?*

The wavy-shaped chains in 1 are lying on parallel planes, which are vertical to
the a axis. The distance between two Zn atoms of neighboring chains and of the
same wave phase is 8.4 A. The shortest Zn---Zn distance is 7.6 A, being among
two Zn atoms of neighboring chains and of an opposite wave phase. It is
noteworthy that the shortest interchain metal---metal distances (8.4 A and 7.5 A)

are shorter than the intrachain ones (10.9 A and 11.2 A). The packing of the 1D
chains lead to the formation of a 2D network (Fig. S1 in the Supplementary
Material). Intrachain hydrogen bonds stabilize the crystal structure of 1; these are
formed between the oximic group (O5), which is the donor, and the carboxylic
group of the bdc? ion (O4), which acts as the acceptor (05---04 = 2.58(2) A,
H1(05)---04 = 1.884(2) A, 05-H1(05)---04 = 169.89(8)°). Furthermore,
interchain hydrogen bonds are formed between: (1) the amino N atom of the
pyaoxH:z ligand (N3) and the O atom belonging to a DMF molecule (O6) from a
neighbouring chain (N3---:06 = 3.14(2) A, H1(N3)---06 = 2.461(2) A, N3-
H1(N3)---06 = 139.8°), and (2) the N3 atom and the carboxylate O atom (02)
from a different neighbouring chain, (N3---02 = 3.14(2) A, H2(N3)---02 = 2.359
(2) A, N3-H2(N3)---02 = 157.4°), stabilizing the supramolecular network in 1.
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Figure 1. Representations of the repeating unit (top) and a part of the 1D chain

of 1 (bottom). Colour code: Zn'", orange; N, blue; O, red; C, grey. The hydrogen

atoms are omitted for clarity.

Table 2 Selected interatomic distances (A) and angles (°) for 1.

Bonds

Zn1-03

Zn1-N2

Zn1-N1

Angles

03-Zn1-01

2.0229 Zn1-01
2.0528(19) Zn1-06
2.1944(18)

90.06(7) 03-Zn1-N2

2.0280(16)

2.0989(17)

99.18(7)
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01-Zn1-N2 153.24(8) 03-Zn1-06 94.34(7)

N2-Zn1-06 107.48(7) 03-Zn1-N1 171.75(8)
01-Zn1-N1 92.96(7) N2-Zn1-N1 75.09(7)
06-Zn1-N1 92.11(7)

2-2DMF crystallizes in the monoclinic space group P2i/c. Its structure consists
of [Ni(bdc)(pyaoxH>).] repeating units, which result in the formation of a 1D
chain, and DMF solvate molecules. The coordination sphere of the metal is
completed by two neutral N,N’-bidentate chelating pyaoxH: ligands and two
carboxylates. Nil is six coordinated with an octahedral coordination geometry.
The coordination environment around the Ni?* ion can be symbolized as {N4O,},
consisting of four N atoms coming from two different pyaoxH: ligands and two
O atoms from two different carboxylates. The two O atoms, as well as the two
pyridyl N atoms are displayed in a cis arrangement, while the two imine N atoms
are placed in trans positions. The amino N and the oximic O atoms of each
pyaoxH> ligand remain uncoordinated. The dicarboxylic ligand links two
neighboring Ni?* ions adopting a syn, syn- ntn%: u bridging fashion. 1 and
2-2DMF possess similar structural features with their main difference being the
replacement of the coordinated DMF molecule in 1 by a chelating pyaoxH>
ligand in 2:2DMF. This also results in the increase of the coordination number
(cn) of the metal ion by one (1, cn = 5; 2, cn = 6). The chains in 2-:2DMF are
arranged in a parallel fashion along c axis, stabilized by two different
intramolecular hydrogen bonding interactions: (1) The oximic group (O2, donor)
of one of the pyaoxH> ligands is strongly hydrogen bonded to one O atom (O4,
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acceptor) from the bdc? ligand (02---04 = 2.619(2) A, H2(02)---04 = 1.802(2)
A, 02-H2(02)---04 = 174.87(7)°), and (2) N5 of the NH, group of one of the
pyaoxH: ligands acts as the donor atom forming a hydrogen bond with the O8
atom of a lattice DMF molecule (N5---08 = 2.926(2) A, H1(N5)- --08 =2.139(2)
A, N5-H1(N5)---08 = 173.42(7)°). Similar to 1, the packing of the 1D chains in
2-2DMF lead to the formation of a 2D network (Figure S2 in the Supplementary
Material); in this case, all the metal atoms are located in the same plane with the
shortest interchain metal---metal distance being 8.9 A.

Figure 2. Representations of the repeating unit (top) and a part of the 1D chain
of 2 (bottom). Colour code: Ni', green; N, blue; O, red; C, grey. The hydrogen

atoms and solvent molecules are omitted for clarity.
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Table 3 Selected interatomic distances (A) and angles (°) for 2.2

Bonds

Ni1-03 2.0332(13) Ni1-N6 2.0380(16)

Ni1-06’ 2.0432(13) Ni1l-N3 2.0492(16)

Ni1-N4 2.0962(16) Ni1-N1 2.1084(16)

Angles
03-Ni1-N6 101.72(6) 03-Ni1-06’ 90.28(6)
N6-Ni1-06’ 87.55(6) 03-Ni1l-N3 87.30(6)
N6-Ni1-N3 166.91(7) 06’-Ni1-N3 102.02(6)
03-Nil-N4 176.10(6) N6-Nil-N4 77.25(6)
06’°-Ni1-N4 85.92(6) N3-Nil-N4 94.36(6)
03-Ni1-N1 89.24(6) N6-Ni1-N1 93.37(7)
06°-Ni1-N1 179.03(6) N3-Ni1-N1 77.11(6)
N4-Ni1-N1 94.57(7)

& Symmetry code: () = X, Y-y, Yo+z
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4-2H,0 crystallizes in the monoclinic space group P21/n and its structure consists
of two crystallographically independent mononuclear complexes with the
formula [Ni(Hzbtc)2(pyaoxH2)] and two lattice H,O molecules. Each Ni'' atom
is linked to two neutral N,N’-bidentate chelating pyaoxH> and two monodentate
Hobtc™ ions. The metal atom is six coordinated displaying an octahedral
coordination geometry. The coordination sphere of 4 consists of four N donor
atoms coming from two different chelating pyaoxH: ligands and two carboxylic
O atoms belonging to two different tricarboxylic ligands. The two pyridyl N as
well as the two O atoms adopt a cis arrangement, while the two imine N atoms

of the oximic group are located on trans positions.

There is an amount of intramolecular and intermolecular hydrogen bonding that
stabilize the crystal structure of 4-2H0, involving the neutral carboxylic groups
(011 and 0O19) of the Hqbtc™ ions, the free NH2 groups (N3 and N12) of the
pyaoxH> ligands and the O atoms of the oximic groups (02, 015, O1 and O16)
as donors, and O atoms (028, 08, 05, 025, 04, 024, 010 and O18) coming
from different Hobtc™ ions as acceptors. The metric parameters of the
crystallographically established, independent hydrogen bonds are listed in Table
S1 in the Supplementary Material.
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Figure 3. Representation of the molecular structure of 4.2H20O. Colour code:
Ni", green; N, blue; O, red; C, grey. The hydrogen atoms and solvate molecules

are omitted for clarity.

Table 4 Selected interatomic distances (A) and angles (°) for 4-2H,0.

Bonds
Ni2-N11 2.051(2) Ni2-N8 2.055(3)
Ni2-017 2.064(2) Ni2-N10 2.068(3)
Ni2-N7 2.069(3) Ni2-023 2.100(2)
Ni1-N2 2.044(3) Ni1-N5 2.045(3)
Nil-N4 2.068(3) Ni1-03 2.073(2)
Ni1-N1 2.078(3) Ni1-09 2.100(2)

Angles
N11-Ni2-N8 173.69(12) N11-Ni2-017 98.45(9)
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N8-Ni2-017 85.44(10) N11-Ni2-N10 77.69(10)

N8-Ni2-N10 98.52(11) 017-Ni2-N10 175.95(10)
N11-Ni2-N7 97.39(11) N8-Ni2-N7 77.84(10)
017-Ni2-N7 86.17(10) N10-Ni2-023 87.25(10)
N7-Ni2-023 175.30(9) N2-Ni1-N5 173.76(12)
N2-Ni1-N4 98.41(11) N5-Ni1-N4 77.74(10)
N2-Ni1-03 85.97(10) N5-Ni1-03 97.98(10)
N4-Ni1-03 175.53(10) N2-Ni1-N1 77.57(10)
N5-Nil-N1 97.78(11) N4-Ni1-N1 95.33(11)
03-Ni1-N1 86.44(10) N2-Ni1-09 98.35(9)
N5-Ni1-09 86.42(10) N4-Ni1-09 87.07(10)
03-Ni1-09 91.44(9) N1-Ni1-09 175.51(10)
N1-Ni1-09 175.51(10)

5 crystallizes in the orthorhombic space group P212:2;. Its structure consists of
[Ni(Hbtc)(pyaoxH>).] repeating units, which result in the formation of a 1D
chain. The coordination sphere of the metal ion is completed by two neutral N,N -

bidentate chelating pyaoxH> ligands and two carboxylates. The repeating unit in
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5 is similar to the discrete compound 4-2H.0 with the only difference being that
the carboxylate ion in 5 is doubly deprotonated, instead of singly deprotonated
in 4-2H0, linking the neighboring units. Ni is six coordinated with an octahedral
coordination geometry. The coordination sphere of the metal ion in 5 can be
symbolized as {N4O-}; the arrangement of the donor atoms is similar to that in
2. The tricarboxylic ligand links two Ni?* ions, adopting a syn, anti-n*: n*: p
bridging fashion. The two coordinated carboxylic groups are located in meta
positions, while the third carboxylic group, which is protonated, remains

uncoordinated.

There are strong intramolecular and intermolecular hydrogen bonding
interactions in 5 with the former including neutral and deprotonated O atoms (O8
and 05) of two different Hbtc> ions, that act as donors and acceptors,
respectively. The intermolecular hydrogen bonds are formed between oximic
(02) and free NH2 (N2) groups of the pyaoxH: ligand and the O atom (04,
acceptor) of a Hbtc? ion from a neighboring chain. The metric parameters of the
hydrogen bonds are listed in Table S2 in the Supplementary Material. The
supramolecular 2D network in 5 is similar to that in 2:2DMF (Figure S11).
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Figure 4. Representations of the repeating unit (top) and a part of the 1D chain
of 5 (bottom). Colour code: Ni', green; N, blue; O, red; C, grey. The hydrogen

atoms are omitted for clarity.

Table 5 Selected interatomic distances (A) and angles (°) for 5.

Bonds

Ni1-N6 2.039(3) Ni1-03 2.042(2)
Ni1-N3 2.055(3) Ni1-N4 2.088(3)
Ni1-O6 2.096(2) Nil-N1 2.128(3)
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Angles

N6-Ni1-03 94.88(10) N6-Ni1-N3 166.70(11)
03-Ni1-N3 90.63(11) N6-Ni1-N4 77.48(12)
03-Nil-N4 172.28(12) N3-Ni1-N4 97.07(13)
N6-Ni1-06 89.56(10) 03-Nil-06 87.17(9)
N3-Ni1-06 102.81(10) N4-Ni1-06 91.57(9)
N6-Ni1-N1 89.49(10) N3-Ni1-N1 76.46(11)
N3-Ni1-N1 76.46(11) N4-Ni1-N1 91.84(10)
06-Nil-N1 176.57(10)

Compounds 1-3 and 5 are the first metal coordination polymers bearing pyaoxH:
and rare examples of such species with any type of a 2-pyridyl oxime in general .26
The identity, purity and stability of these compounds has been also studied by
pxrd studies (Figures S3-S6 in the Supplementary Material).

3.3. Photoluminescence studies

The solid state emission spectra of 1 was recorded at room temperature. Upon
excitation at 325 nm, 1 shows a maximum emission peak at 440 nm and a visible

shoulder at 467 nm (Figure 5), which can be assigned to the coordinated
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pyaoxHz and bdc? ligands, respectively.}*?? Note that the free Hzbdc and
pyaoxH> ligands are non-luminescent. The origin of the photoluminescence of 1

is likely coming from an intra-ligand n—x*/ or n-n/transition.14% 25

The photoluminescence properties of 1 are in good agreement with the literature.
In particular, two mononuclear Zn** complexes have been reported bearing a
chelate pyaoxH: ligand and two terminal carboxylates (acetate and benzoate);
these compounds have been found to exhibit photoluminescence at 406 nm upon
excitation at 345 nm.? The peak at 440 nm in 1 is red-shifted compared to that
of the mononuclear complexes, which could be attributed to the more rigid
coordination environment of the metal in the polymeric chain. Furthermore, a
three dimensional Zn?* coordination polymer, containing the bdc? ligand,

displays emission at 452 nm upon excitation at 330 nm 140

————— Excitation
— Emission

Normalized Intensity (a.u)

T T T T T T 1
300 400 500 600
Wavelength / nm

Figure 5. Excitation (---) and PL emission (...) spectrum of 1.
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3.4. Thermal stability studies

The thermal stability properties of 1, 2-2DMF, 4-2H,0, and 5 have been studied
by using the thermogravimetric analysis (TGA) technigue in temperature range
20-600 °C and heating rate 10 °C min™. The TGA curves for these compounds
are shown in the Supplementary Material (Figures S7-S10).

The TGA plot for 1 shows a gradual weight loss of 19.6% from 20 °C to 355 °C,
which corresponds to the loss of two H20 molecules and the terminally ligated
DMF molecule; the former can be assigned to solvate molecules that have not
been crystallographically located, or humidity. The following weight decrease of
53% (between 355 °C and 522 °C) is associated with the loss of one bdc? and
one pyaoxH: ligands, leading to the full deterioration of the polymeric chain. In
the case of 2, a plateau is observed in the temperature range 20 °C to 157 °C,
followed by a weight loss of 16% up to 229 °C, which corresponds to the removal
of the two DMF lattice molecules. A second mass loss of 68% (290 °C-582 °C)
reveals the thermal decomposition of the polymer; this corresponds to the loss of

the two bdc? and two pyaoxH: ligands.

The latter occurs in two steps as revealed by the two different slopes in Fig. S8.
The first one lies in the range of 290 °C to 340 °C and corresponds to a mass
decrease of 30%, indicative of the removal of the chelating pyaoxH: ligand; the
second step is associated with the decomposition of the 1D chain (mass loss:
38%). 5 displays a thermal stability from 20 °C to 341 °C followed by the
decomposition of the compound. The absence of the lattice solvent molecules in
5 is in agreement with the elemental analysis and the crystal structure of the

compound.

0D compound 4 loses two HO lattice molecules between 121 and 171 °C (mass
loss: 4.4%). Then, there is a plateau from 171 °C to 281 °C followed by the
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destruction of the complex upon the removal of the organic ligands. The
temperature range from 121 °C to 171 °C, in which the removal of the two H.O
molecules occurs, is an indication of the strong hydrogen bonding interactions
between the H.O molecules and the polymeric chains in 4. It is noteworthy that
the mononuclear complex 4 is the least thermally stable compared to the one
dimensional coordination polymers 1, 2:2DMF, and 5; this is a proof of the
enhanced stability and rigidity an infinite polymeric chain or network can
provide.

4. Conclusions

The study of the ligand blend pyaoxH./Hzbdc or Hsbtc has afforded the
mononuclear compound [Ni(H2btc)2(pyaoxH:).]-2H20 (4-2H20), as well as four
1D coordination polymers [Zn(bdc)(pyaoxH2)(DMF)]x 2),
{[Ni(bdc)(pyaoxH)2]-2DMF},  (2:2DMF), [Mn(bdc)(pyaoxH2)2]-2DMF}n
(3:2DMF) and {[Ni(Hbtc)(pyaoxHz)2}n (5). The coordination chemistry of 2-
pyridyl oximes with polycarboxylic acids is rather unexplored and, as such the
reported compounds are unusual examples of metal coordination polymers with
any type of this family of oximic ligands and the first examples of such species
with pyaoxH; or its anions.?® The polymerization of 4-2H,0 has been also
achieved through its reaction with an excess of base, which provided access to 5.
The repeating units in 1-3 and 5 are held together through bridging carboxylates
(bdc? in 1, 2-2DMF and 3-2DMF; Hbtc? in 5), whereas the pyaoxH: ligand is
neutral adopting a N,N’-bidentate chelating mode in all cases.
Thermogravimetric and pxrd studies confirmed the stability and purity of the

compounds. Photoluminescence studies were performed in 1, which showed a
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maximum emission peak at 440 nm and a visible shoulder at 467 nm, assigned
to the pyaoxH. and bdc? ligands, respectively.4025 The isolation of compounds
1-5 demonstrates the potential of the essentially unexplored coordination
chemistry of the 2-pyridyl oximes in combination with polycarboxylic acids to
become a fruitful source of new coordination polymers. Further studies towards
the synthesis of coordination polymers with higher dimensionality (2D, 3D) are

currently in progress and will be reported in due course.
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Appendix A. Supplementary data

CCDC 1832944-1832947 contains the supplementary crystallographic data for
1, 2.2DMF, 4-2H20, and 5, respectively. These data can be obtained free of
charge via HTTP://WwWw.CCDC.CAM.AC.UK/CONTS/RETRIEVING.HTML, or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
UK; fax: (+44)1223-336-033; or e-mail: DEPOSIT@CCDC.CAM.AC.UK.
Supplementary data associated with this article can be found, in the online
version, at HTTPS://D0OI.ORG/10.1016/3.POLY.2018.05.027.
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Supplementary Material

Table S1. Metric parameters of the hydrogen bonding interactions in 4-2H0.

D-H---A D---A(A) H---A(A) D-H--A ()
N12-H2(NA)---025 3.036 2.261 158.80
01-H1(01)---010 2.604 1.790 171.49
02-H1(02)---04 2.595 1.782 170.90
015-H15---024 2.601 1.785 172.86
016-H16(A)--018 2.593 1.780 171.79
011-H11(0)--028 2.621 1.825 163.19
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019-H19---0O8 2.624 1.841 159.64

Table S2. Metric parameters of the hydrogen bonding interactions in 5.

D-H---A D---A (A) H---A (A) D-H A ()
02-H1(02)---04 2.622 1.751 170.93
N2-H2(N2)---04 2.896 2.040 170.42
08-H1(08)---05 2.634 1.865 155.62

Figure S1. Representation of the two dimensional network in 1.
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Figure S2. Different views of the 2D network in 2-:2DMF.
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Figure S3. The theoretical (bottom) and experimental (top) pxrd pattern

diagrams for 1.
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Figure S4. The theoretical (bottom) and experimental (top) pxrd pattern
diagrams for 2.2DMF.
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Figure S7. The TGA diagram for 1.
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Figure S8. The TGA diagram for 2.
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2.2 Brief description of the paper
In this article are represented the synthetic approach of using 1D coordination
polymer for the formation of MOFs, the synthesis of novel MOFs and the use of

a Cu4-MOF as a magnetic sensor for the selective encapsulation of Fe(lll).
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Abstract

The synthesis and characterization of coordination polymers and metal—organic
frameworks (MOFs) has attracted a significant interest over the last decades due
to their fascinating physical properties, as well as their use in a wide range of
technological, environmental, and biomedical applications. The initial use of 2-
pyridyl oximic ligands such as pyridine-2 amidoxime (pyaox H) and 2-methyl
pyridyl ketoxime (mpkoH) in combination with 1,2,4,5-benzene tetracarboxylic
acid (pyromellitic acid), Hapma, provided access to nine new compounds whose
structures and properties are discussed in detail. Among them,
[Zn2(pma)(pyaoxH2)2(H20)2]n (3) and [Cus(OH)2(pma)(mpko):]n (9) are the first
MOFs based on a 2-pyridyl oxime with 9 possessing a novel 3,4,5,8-c net
topology. [Znz2(pma)(pyaoxHz)z2]n (2), [Cuz(pma)(pyaoxH2)2(DMF).]» (6), and
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[Cuz(pma)(mpkoH)2(DMF).]n (8) join a small family of coordination polymers
containing an oximic ligand. 9 exhibits selectivity for Fe'" ions adsorption, as
was demonstrated by a variety of techniques including UV-vis, EDX, and
magnetism. DC magnetic susceptibility studies in 9 revealed the presence of
strong antiferromagnetic interactions between the metal centers, which lead to a
diamagnetic ground state; it was also found that the magnetic properties of 9 are
affected by the amount of the encapsulated Fe3* ions, which is a very desirable
property for the development of magnetism-based sensors.

Keywords: coordination polymers; metal-organic frameworks (MOFs);
carboxylates; pyridyl oximes; mixed-ligand; detection; encapsulation; iron(l1l);

magnetism

1. Introduction

The synthesis and characterization of metal coordination polymers has attracted
an intense research interest over the recent years due to their applications in a
variety of fields, including catalysis, drug delivery sensing, etc.1~". The structure
of such species is based on mononuclear or low nuclearity inorganic units that
are held together through organic ligands forming multidimensional networks
whose properties are strongly affected by the nature of the metal ions and the
organic linkers. For example, 1D coordination polymers of paramagnetic metal
ions can display single chain magnetism (SCM) behavior, i.e., they can exhibit
slow relaxation of magnetization stemming from strong intrachain exchange
interactions between high spin structural building units along the chain.®14
SCMs are excellent candidates for applications in high-density information
storage, molecular spintronics, quantum computation, etc.’®21, As the

dimensionality of the network increases, the induced porosity can be combined
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with magnetism and/or another physical property (e.g., photoluminescence, etc.),
leading to the development of hybrid multifunctional materials. The synergistic
effect between two different properties often enhances the performance of such
species in a variety of significant applications including sensing, catalysis, drug

delivery, spintronics, photonics, and others.

One growing family of multifunctional materials is the one of metal-organic
frameworks (MOFs) 224 MOFs are crystalline porous materials built from
inorganic secondary building units (SBUs) that are connected through polytopic
organic linkers. They display a range of appealing structural features such as
large surface area, high porosity, flexible structure, an amphiphilic internal
microenvironment, and the possibility of introducing functional groups in the
pores and frameworks in a spatially controlled way. The unique properties of
MOFs and their structural tuneability 2> make these materials especially
suitable for encapsulating a large variety of guest molecules, and hence they are
promising candidates for a plethora of environmental and biomedical
applications.2>-% Restricting further discussion to the ability of MOFs to capture
and remove toxic compounds from the environment, MOFs display all the
desirable features in terms of water stability, porosity, and surface area, and can
be used as alternate adsorbents for the adsorption and removal of toxic species.
3647 |n addition to their capturing capacity, MOFs often have sensing properties,
which are based on the change to the physical properties caused by the
encapsulated metal ion.*84° Although there are a few reports that take advantage
of the impact of the guest species on the color, electrochemical, and other
properties for the development of sensors, the vast majority of them display
luminescence-based sensing, which happens due to the change of the emission
and/or lifetime after the toxic chemical capture. One recent such example is the
FJI-C8 MOF, which exhibits a high sensitivity for Fe3* with the detection limit
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being 0.0233 mM 48 it contains a m-conjugated aromatic ligand with
free/luncoordinated N- and O-atoms, which interact strongly with the
encapsulated Fe3* ions affecting the emission spectrum of the anionic FJI-C8
MOF. Other luminescent-active MOFs have also been studied as metal ion

sensors, including examples of Ru-, Ln-MOFs, etc. 50-54,

The wide range of applications of MOFs and coordination polymers constitute
an increasing need for the development of new such species with suitable
porosity, high stability, and fine-tuning properties.>>%3 A large number of
organic linkers have now been employed in MOFs synthesis including
imidazolates, pyridine, carboxylates, etc. 6474, with the latter being one of the
most commonly used, resulting in MOFs with a wide range of pores sizes and
shapes. The decoration of the ligands with free (non-coordinated) groups provide
valuable opportunity for the insertion of additional functionalities to the
framework, which can be useful for environmental and biomedical applications;
for example, the presence of pendent sulfonates enhances the MOF ability for
the adsorption and removal of heavy metals from aqueous systems, whereas the
presence of n-electron-rich N-donor groups enhances the sensing performance

towards electron-deficient nitroaromatic explosives.”’®

Although the impact of the ligand combination on the framework topology and
porosity has been well investigated, this is not the case for the nuclearity and
properties of the SBU itself.”>"8 In fact, the SBUs significantly affect the
properties of the overall framework; it has been shown that the presence of an
heterometal has a positive impact on the breathing effect, whereas the increase
of the metal nuclearity is possible to enhance the MOF’s pore size and surface
area.”®81 Thus, it is essential that ligands with high bridging capability that have
the potential to lead to species with unprecedented metal topologies and/or high

nuclearity SBUs be introduced into this field; to this purpose, we decided to use
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2-pyridyl oximes for the isolation and characterization of new MOFs and
coordination polymers. 2-pyridyl oximes is a family of ligands that have been
extensively used in metal cluster chemistry due to their ability to bridge a large
number of metal ions and, often, promote ferromagnetic interactions between the
metal centers.82-% Although the use of such ligands has led to significant
breakthroughs in the areas of single-molecule and single-chain magnetism, they

have never been employed for MOF synthesis.82-%

Herein, we report on the synthesis, structural characterization, and physical
properties of nine new coordination polymers, including the first oxime-based
MOFs, by the use of a 2-pyridyl oxime (pyridine-2 amidoxime, pyaoxH>, and 2-
methyl pyridyl ketoxime, mpkoH) in combination with 1,2,4,5-benzene
tetracarboxylic acid (pyromellitic acid), Hspma (Scheme 1); the latter has been
employed in the field of MOFs [96-104], but its combination with an oximic
ligand is unexplored. The 3D MOF [Cus(OH)2(pma)(mpko)2](9) displays
selectivity for Fe** adsorption.

X 0] (0]
| = R HO OH
N 0 OH
N “OH
OH (0]
R =-NH,; pyaoxH, H,pma

R =-Me; mpkoH

Scheme 1. Schematic representation of the 2-pyridyl oximes (left) and the ligand

Hspma (right) discussed in this work.
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2. Materials and Methods

2.1. Materials, Physical, and Spectroscopic Measurements

All the manipulations were performed under aerobic conditions using materials
(reagent grade) and solvents as received. mpkoH and pyaoxH; was prepared as
described elsewhere 195106 WARNING: Perchlorate salts are potentially
explosive; such compounds should be used in small quantities and treated with

utmost care at all times.

Elemental analysis (C, H, N) were performed by the in-house facilities of
National University of Ireland Galway, School of Chemistry. IR spectra (4000
400 cm™) were recorded on a PerkinElmer Spectrum 400 FT-IR spectrometer.
Powder X-ray diffraction data (pxrd) were collected using an Inex Equinoz 6000
diffractometer. Solid-state, variable-temperature, and variable-field magnetic
data were collected on powdered samples using an MPMS5 Quantum Design
magnetometer operating at 0.03 T in the 300 to 2.0 K range. Diamagnetic
corrections were applied to the observed susceptibilities using Pascal’s constants.
TGA experiments were performed on a STA625 thermal analyzer from
Rheometric Scientific (Piscataway, New Jersey). The heating rate was kept
constant at 10 °C/min, and all runs were carried out between 20-600 °C. The
measurements were made in open aluminum crucibles, nitrogen was purged in

ambient mode, and calibration was performed using an indium standard.
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2.2. Compound Synthesis

2.2.1. Synthesis of [Zn(Hzpma)(pyaoxHz)(H20)-] (1)

Zn(Cl0O4)2-6H20 (0.149 g, 0.4 mmol) and pyaoxH2 (0.027 g, 0.20 mmol) were
dissolved in H>O (20 mL). The resultant solution was put in the oven and heated
at 100 °C for 1 h. Then, solid Hapma (0.025 g, 0.1 mmol) was added, the solution
was stirred for 15 min, and the vial was left at R.T. for 24 h, after which X-ray
quality colorless crystal needles of 1 were formed. The crystals were collected
by filtration, washed with cold MeCN (2 mL) and Et2O (2 x 5 mL), and dried in
air. Yield 80%. Anal. Calc. for 1: C, 39.16; H, 3.08; N, 8.56. Found: C, 39.47;
H, 3.29; N, 8.17%. IR data: v (cm™) = 3504m, 3403m, 3123w, 1725s, 1669m,
1609m, 1583s, 1497s, 1414m, 1376s, 1321m, 1295w, 1267w, 1218s, 1168s,
1118s, 1087m, 1062w, 1029s, 1015m, 944m, 916m, 858b, 816w, 794s, 761m,
744m, 725w, 701w, 679w, 667w, 651w.

2.2.2. Synthesis of [Zn2(pma)(pyaoxH2)2]n (2)

Zn(Cl0O4)2-6H20 (0.149 g, 0.4 mmol) and pyaoxHz (0.027 g, 0.20 mmol) were
dissolved in H20 (10 mL). The resultant solution was put in the oven and heated
at 100 °C for 1 h. Solid Hspma (0.025 g, 0.1 mmol) was then added and the vial
was placed into the oven for 24 h, after which X-ray quality colorless crystal
needles of 2 were formed. The crystals were collected by filtration, washed with
cold MeCN (2 mL) and Et.O (2 x 5 mL), and dried in air. Yield 39%. Anal. Calc.
for 2: C, 40.33; H, 2.46; N, 12.83. Found: C, 40.56; H, 2.49; N, 13.09%. IR data:
v (cm™) = 3399w, 3215w, 2931w, 1603s, 1402m, 1369s, 1322w, 1253w, 1138w,
1103m, 1061w, 1039m, 915w, 865m, 813m, 783w, 762w, 739w, 683m, 664w.
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2.2.3. Synthesis of [Znz(pma)(pyaoH2)2(H20)2]n (3)

Zn(Cl0O4)2-6H20 (0.149 g, 0.4 mmol) and pyaoxHz (0.027 g, 0.20 mmol) were
dissolved in H>O (20 mL). The resultant solution was put in the oven and heated
at 100 °C for 1 h. Solid Hspma (0.025 g, 0.1 mmol) was then added and the vial
was placed into the oven for 2 h, after which X-ray quality colorless polyhedral
crystals of 3 were formed. The crystals were collected by filtration, washed with
cold MeCN (2 mL) and Et.O (2 x 5 mL), and dried in air. Yield 50%. Anal. Calc.
for 3: C, 38.23; H, 2.92; N, 12.16. Found: C, 37.91; H, 2.63; N, 11.93%. IR data:
v (cm™) = 3423w, 3316w, 3202w, 2786w, 1675m, 1648w, 1619w, 1575w, 1548s,
1494s, 1415w, 1372s, 1324m, 1292w, 1267w, 1178w, 1158w, 1138m, 1097w,
1040s, 980w, 942m, 874m, 850w, 813m, 786s, 747s, 690m, 651w.

2.2.4. Synthesis of [Coz(pma)(pyaoxH2)2(H20)s] (4)

Co(ClO4)2-6H20 (0.146 g, 0.4 mmol) and pyaoxH: (0.027 g, 0.2 mol) were
dissolved in DMF/H20 (10/10 mL). The resultant solution was put in the oven
and heated at 100 °C for 1 h. Solid Hspma (0.025 g, 0.1 mmol) was then added
and the vial was placed into the oven for 24 h, after which X-ray quality orange
crystals of 4 were formed. The crystals were collected by filtration, washed with
cold MeCN (2 mL) and Et20 (2 x 5 mL), and dried in air. Yield 45%. Anal. Calc.
for 4: C, 35.22; H, 3.76; N, 11.20. Found: C, 35.17; H, 3.68; N, 11.19%. IR data:
v (cm™) = 3421w, 3308w, 3202w, 2780w, 1667w, 1648w, 1618w, 1573w, 1552,
1493m, 1412m, 1368s, 1324m, 1293w, 1157w, 1137m, 1096m, 1096w, 1034s,
981m, 942m, 872m, 829w, 812m, 784s, 748m, 689m, 665w.
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2.2.5. Synthesis of [Mn2(pma)(pyaoxH2)2(H20)s] (5)

Mn(CIO4)2-6H20 (0.102 g, 0.4 mmol) and pyaoxH2 (0.0549 g, 0.4 mmol) were
dissolved in H20 (10 mL). The resultant yellow solution was put in the oven and
heated at 100 °C for 1 h. Then, solid Hspma (0.025 g, 0.1 mmol) was added and
the vial was placed into the oven for 24 h, after which X-ray quality colorless
needles of 5 were formed. The crystals were collected by filtration, washed with
cold MeCN (2 mL) and Et2O (2 x 5 mL), and dried in air. Yield 50%. Anal. Cal.
for 5: C, 35.59; H, 3.80; N, 11.32. Found: C, 35.72; H, 4,06; N, 11.23%. IR data:
v (cm™) = 3358w, 3280w, 2814w, 2229w, 1859m, 1667m, 1649m, 1602m,
1571w, 1545s, 1476s, 1440m, 1418s, 1368s, 1314s, 1259m, 1193w, 1175w,
1165m, 1141s, 1101m, 1071w, 1042s, 968w, 923m, 896w, 853m, 837w, 811w,
792m, 774s, 745s, 689s, 669m, 660w, 651w.

2.2.6. Synthesis of [Cuz(pma)(pyaoxH.)2(DMF)2]n (6)

Cu(Cl0Oa4)2-6H20 (0.149 g, 0.4 mmol) and pyaoxH2 (0.027 g, 0.20 mmol) were
dissolved in DMF/H.O (7/7 mL). The resultant solution was put in the oven and
heated at 100 °C for 1 h. Then, solid Hspma (0.025 g, 0.1 mmol) was added and
the vial was placed into the oven for 24 h, after which X-ray quality green crystal
needless of 6 were formed. The crystals were collected by filtration, washed with
cold MeCN (2 mL) and Et,O (2 x 5 mL), and dried in air. Yield 39%. Anal. Calc.
for 6: C, 42.16; H, 3.79; N, 14.05. Found: C, 41.87; H, 3.64; N, 13.83%. IR data:
v (cm?) = 3355w, 3226w, 1647s, 1605m, 1483w, 1437w, 1407w, 1363m,
1322w, 1300w, 1245m, 1211m, 1142w, 1098s, 1063w, 1041m, 945w, 928w,
893w, 860w, 844w, 811w, 784m.
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2.2.7. Synthesis of [Zn2(pma)(mpkoH)2(H20)4]-2H20 (7:2H20)
Zn(ClOg4)2-6H20 (0.149 g, 0.4 mmol) and mpkoH (0.027 g, 0.20 mmol) were
dissolved in DMF/H>O (7/7 mL). The resultant solution was put in the oven and
heated at 100 C for 1 h. Solid Hspma (0.025 g, 0.1 mmol) was then added and
the vial was placed into the oven for 24 h, after which X-ray quality colorless
crystal needles of 7 were formed. The crystals were collected by filtration,
washed with cold MeCN (2 mL) and Et2O (2 x 5 mL), and dried in air. Yield
40%. Anal. Calc. for 7: C, 37.87; H, 3.97; N, 7.36. Found: C, 38.10; H, 3.93; N,
7.91%. IR data: v (cm'™) = 3102w, 1661m, 1619w, 1548s, 1490m, 1428m, 1375s,
1326s, 1259w, 1187w, 1140m, 1102w, 1046m, 1024w, 969w, 919w, 871m,
827m, 814m, 780w, 762w, 745w, 689m, 664w, 651w.

2.2.8. Synthesis of [Cu(pma)o.s(mpkoH)(DMF)]n (8)

Cu(ClO4)2-6H20 (0.148 g, 0.4 mmol) was added to a solution of mpkoH (0.027
g, 0.2 mmol) in DMF/H20 (10/10 mL). The vial was placed into the oven (100
°C) and, after 1 h, Hspma (0.025 g, 0.1 mmol) was added. The vial was then left
in the oven for a further 1 h, after which X-ray quality green crystals of 8 were
observed. The crystals were collected by filtration, washed with cold MeCN (2
mL) and EtO (2 x5 mL), and dried in air. Yield 45%. Anal. Calc. for 8: C, 45.28;
H, 4.05; N, 10.56. Found: C, 45.41; H, 4.06; N, 10.64%. IR data: v (cm?) =
3073w, 2342w, 2202w, 2168w, 2068w, 2018w, 1990w, 1623s, 1603w, 15725,
1480m, 1438w, 1421w, 1399w, 1358bs, 1329w, 1308w, 1297w, 1273w, 1250w,
1170m, 1145m, 1101s, 1064s, 1047m, 1034w, 971w, 925s, 860s, 820w, 811s,
788s, 760s, 715m, 685s, 664s.
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2.2.9. Synthesis of [Cu4(OH)2(pma)(mpko)2]n (9)

Method A: 9 was prepared in the same manner as 8, but was left in the oven for
4 h, instead of 1 h in 9. The crystals were collected by filtration, washed with
cold MeCN (2 mL) and Et.O (2 x 5 mL), and dried in air. Yield 80%. Anal. Calc.
for 9: C, 35.65; H, 2.24; N, 6.93. Found: C, 35.73; H, 2.52; N, 6.33%. IR data: v
(cm™) = 3339b,1651w, 1616w, 1602w, 1567w, 1547w, 1481s, 1440m, 1416s,
1360s, 1316s, 1270w, 1165s, 1140m, 1102w, 1090m, 1046w, 1023w, 969b,
918m, 899w, 861m, 808s, 773s, 757m, 747m, 707s, 688m, 666w.

Method B: 9 (0.0760 g, ~0.1 mmol) in DMF/H>0 (10/10 mL) was placed into
the oven (100 °C) for 4 h, after which time green crystals of 9 were formed; the
crystals were collected by filtration washed with MeCN (2 x 5 mL) and dried
under vacuum. Yield: 80%. The product was characterized by PXRD and IR

comparison with the authentic material.

2.3. Single-Crystal X-ray Crystallography

Single-crystal diffraction data for 1, 5, 6, and 8 were collected in an Oxford Dif-
fraction XcaliburCCD diffractometer, whereas crystallographic data for 24, 7,
and 9 were collected in an Oxford-Diffraction SuperNova A
diffractometer. Mo Ka radiation (A = 0.71073 A) was used for 1, 3, 5, 6, and 8,
and Cu Ka radiation (A = 1.54184 A) was used for 2, 4, 7, and 9. The structures
were solved using SHELXT 1%, embedded in the OSCAIL software [108]. The
non-H atoms were treated anisotropically, whereas the hydrogen atoms were
placed in calculated, ideal positions and refined as riding on their respective
carbon atoms. Molecular graphics were produced with DIAMOND [109]. Unit

cell data and structure refinement details for 1-9 are listed in Table 1. CIF files
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can be obtained free of charge from the Cambridge Crystallographic Data Centre,
Cambridge, UK with the REF codes 2022403-2022411 for 1-9, respectively.

Table 1. Crystallographic data for complexes 1-9.

Complex 1 2 3

Empirical formula C16H15N3011Zn C11HgN30sZn C11H10N306 Zn
Formula weight 490.68 327.57 346.60
Crystal system Triclinic Triclinic Monoclinic
Space group P1 P1 P2i/n

a(A) 8.1151(3) 6.9864(7) 11.4913(8)
b (A) 9.8550(4) 8.9530(8) 6.6261(5)
c(A) 11.8506(5) 10.4524(9) 16.1381(12)
a (°) 93.283(3) 83.697(7)° 90

Q) 105.135(3) 94.887(2) 104.335(8)°
v (°) 92.769(3) 71.582(9)° 90

V (A3) 911.40(6) 612.98(10) 1190.54(16)
VA 2 2 4
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pealc (g cm3) 1.788 1.775 1.934
Radiation, 4 (A) 0.71073 1.54184 0.71073

p (mm?) 1.420 3.042 2.099
Temperature (K) 297.9(6) 100(2) 100(2)
Measd/independent 4250 /3667 3860/ 2400 4714/2088
refins (Rin) (0.0439) (0.0451) (0.0371)
Parameters refined 316 197 197

GoF (on F?) 1.059 1.078 1.055

R (I > 20(1)) 0.0352 0.0517 0.0353

WR2" (1 > 20(1)) 0.0834 0.1377 0.0879
(4p)max! (4p)min 0.572/-0.504 2.839/-0.831 0.573/-0.632
(e A%)

Complex 4 5 6

Empirical formula C22H28C02N6O016 C22H2s Mn2 NgO16 C14H15CuN4O¢
Formula weight 750.36 742.38 398.84
Crystal system Monoclinic Monoclinic Triclinic
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Space group

a(A)

b (A)

c(A)

a()

B )

7 (°)

V (A3)

pealc (9 cm®)
Radiation, 1 (A)
i (mm?)
Temperature (K)

Measd/independent
reflns (Ring)

Parameters refined

P21/n

10.9732(9)

11.7514(8)

11.6014(13)

90

107.619(10)

90

1425.8(2)

1.748

1.54184

9.917

100(2)

5285/2830

(0.0324)

212

P21/n

11.1773(8)

12.2116(8)

11.5293(9)

90

106.542(7)

90

1508.5(2)

1.634

0.71073

0.921

298.0(2)

3603/2795

(0.0680)

244

P1

6.5039(4)

10.0104(9)

12.7604(9)

96.743(6)

91.660(5)

108.375(7)

781.05(11)

1.696

0.71073

1.440

299.0(1)

3616/2040

(0.1137)

240



GoF (on F?) 1.112 1.047 0.873

R (I > 20(1)) 0.0547 0.0479 0.0526

WR2" (1 > 20(1)) 0.1500 0.1076 0.0868
(4p)max! (4p) min 0.586 -0.602 0.825/-0.399 0.823/-0.678
e A?)

Complex 7-2H,0 8 9

Empirical formula C24H34N4018Zn; C30H32Cu2NgO12 C12HgCuzN206
Formula weight 797.29 795.69 404.29
Crystal system Triclinic Monoclinic Monoclinic
Space group P1 P2i/c 12/a

a(A) 7.1623(7) 6.4617(3) 16.3272(7)

b (A) 8.3966(8) 25.5232(9) 10.4575(4)
c(A) 13.4476(10) 10.1083(5) 15.0472(7)
a( 106.056(8) 90 90

B(©) 104.078(8) 106.321(5) 102.188(5)

7 (°) 90.547(8) 90 90
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V (A3)

Pealc (9 cm®)
Radiation, 1 (A)
p (mm™)
Temperature (K)

Measd/independent
reflns (Rint)

Parameters refined
GoF (on F?)

Ri2 (1 > 20(1))
WR2® (1 > 25(1))

(dp)max! (4p)min

(e A?)

751.27(12)

1.762

1.54184

2.785

100(2)

4859 / 2943

(0.0323)

225

1.087

0.0638

0.1890

0.957/-1.077

1599.91(13)

1.652

0.71073

1.404

299.0(2)

3877/2762

(0.0754)

233

0.954

0.0433

0.0978

0.450/-0.496

2511.27(19)

2.139

1.54184

4.522

100(2)

4290/2480

(0.0297)

204

1.097

0.0501

0.1471

1.587/-1.066

aR1 = X(|Fo|-[Fe|)/=([Fo)).

b WR, = {Z[w(Fo?-Fc?)2]/Z[w(Fo?)?]}2.



2.4. Metal lon and 2-methyluracil Adsorption Kinetic and Thermodynamic
Studies

The metal adsorption capacity of 9 was investigated as described below: a salt of
a metal ion (0.027 g, 0.1 mmol for FeCls; 0.040 g, 0.1 mmol for Fe(NOs)s) was
added to a glass vial containing distilled H,O (10 mL) and stirred until all solid
is dissolved. Solid 9 (0.242 g) was then added and the mixture was left stirring
at room temperature. For the Kinetic study, small volumes of aliquots were taken
at designated time intervals, centrifuged, and the metal content in the supernatant
solution was determined by spectroscopic (UV-vis) techniques. For the
thermodynamic study, the same procedure was repeated with varying 9: metal
ratios; the mixture was stirred for 20 min, filtered, and the filtrate was analyzed
for its metal content. The metal encapsulation was also confirmed by magnetism
studies. The 2-methyluracil adsorption capacity of 9 was investigated following

the same method used for the metal adsorption studies.

3. Results and Discussion

3.1. Synthetic Discussion

We have developed an intense interest over the last years in the synthesis of metal
clusters and SMMs by the use of 2-pyridyl oximes as bridging ligands. These
research efforts have resulted in a large number of new homo- and heterometallic
new species with interesting structural features and magnetic properties, e.g., Nis,
Ni12, Nis, NizLnz, NisLns, NizMnz, Mng, etc. 838, We recently decided to
explore the ability of such ligands to favor the formation of MOFs, when
combined with di- and tricarboxylic ligands, such as 1,4-benzenedicarboxylic
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and 1,3,5-benzenetricarboxylic acid.!? This study yielded a new family of 1D
chains and prompted us to expand this work using a tetracarboxylic ligand with
higher bridging capability, in order to further increase the potential of the
reaction system to provide access to new MOFs. The ligand that was chosen, and
discussed herein, is the pyromellitic acid, Haspma. A variety of experiments were
performed, studying how the different synthetic parameters (presence/absence or
kind of base, molar ratio of the reactants, metal sources, etc.) affect the identity
of the isolated product. In particular, the use of other metal sources instead of
perchlorates (e.g., chlorides, nitrates, acetates, etc.) led to the precipitation of

amorphous materials that could not be further characterized.

In order to ensure the coordination of both the oxime and carboxylic ligand in
the metal center, the solution containing the metal salt and the oxime was left
under stirring for at least one hour before the addition of the Hspma. It is
noteworthy that the appropriate ratio of oxime/Hspma, which is able to yield
binary species, was found to be 2:1; a 1:1 ratio results in known compounds that
contain only the teracarboxylic ligand, whereas a high excess of oxime leads to
the formation of oximato metal complexes, preventing the coordination of the

ligand H4pma either in its neutral or anionic form.

The reaction mixture of Zn(ClOg4)2-6H20/pyaoxH2/Hapma (4:2:1) in H20 gave a
colorless solution from which crystals of [Zn(Hzpma)(pyaoxH2)(H20)2] (1) were
subsequently isolated. Following a similar reaction but by increasing the reaction
temperature from R.T. to 100 °C, compounds [Znz(pma)(pyaoxH2)2]» (2) and
[Zn2(pma)(pyaoxH2)2(H20)2]n (3) were isolated, depending on the reaction time;
2 is an 1D polymer and is formed after 24 h, whereas 3 is a 2D MOF, which is
formed after 2 h of reaction. The stoichiometric equation of the reactions that

lead to the formation of 1-3 is represented in Equations (1)—(3).
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H,0
Zn(C10,), - 6H,0 + pyaoxH, + H,pma —

[Zn(H,pma)(pyaoxH,)(H,0),] + 4 H,0 + 2 HT 4+ 2 Cl0; (1)

1

H,O
2 Zn(Cl0,), - 6H,0 + 2 pyaoxH, + H,pma —

[Zn,(pma)(pyaoxH,),],, + 12 H,0 + 4 H* + 4 Cl0; (2)

2

H,O
2 Zn(Cl0,), - 6H,0 + 2 pyaoxH, + H,pma —

[Zn,(pma)(pyaoxH,),(H,0),],, + 10 H,0 + 4 H* + 4 C10; (3)

3

After the determination of the crystal structures of 1-3, which revealed that small
modification in the reaction conditions affect the dimensionality of the
compound (1, 0D; 2, 1D; 3, 2D), we decided to investigate the impact of the kind
of the metal ion on the identity of the isolated products. Thus, compounds
[Coz(pma)(pyaoxH2)2(H20)s]  (4), [Mnz(pma)(pyaoxHz)2(H20)s] (5), and
[Cuz(pma)(pyaoxH:)2(DMF)2]n (6) were isolated in good yield by a similar
reaction to the one that provided access to 1 and 2 (Equations (4) and (5)). 4 and

5 are discrete complexes (0D), whereas 6 is a 1D double chain.
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H,0/DMF
2 M(CIO,), - 6H,0 + 2 pyaoxH, + Hypma ———

[M, (pma)(pyaoxH,),(H,0)¢] + 6 H,0 + 4 H* + 4 CI0; (4)

M = Co',4;Mn", 5

H,0/DMF
2 Cu(ClOy4), - 6H,0 + 2 pyaoxH, + Hypma + 2 DMF ———

[Cu,(pma)(pyaoxH,),(DMF),], + 12 H,0 + 4 H* + 4 ClO; (5)
6

Series of experiments were also performed in order to investigate the influence
of the electronic properties of the oximic ligand on the identity and structural
properties of the isolated products; to this end, 2-methyl pyridyl ketoxime
(mpkoH) was used instead of Hopyaox. The reaction of M(CIO4)2:6H20 (M =
Zn, Cu), Hmpko and Hspma in a 4:2:1 molar ratio in DMF/H20O provided access
to [Zn2(pma)(mpkoH)2(H20)4]-2H.0  (7-:2H20)  and [Cuz(pma)(
mpkoH)2(DMF)2]. (8), according to the stoichiometric Equations (6) and (7).

H,0/DMF
27Zn(Cl04), - 6H,0 + 2 mpkoH + Hypma ———

[Zn,(pma)(mpkoH),(H,0),] - 2H,0 + 6 H,0 + 4 H* + 4 C10; (6)

H,0/DMF
2 Cu(ClO,), - 6H,0 + 2 mpkoH + Hypma + 2 DMF

[Cu, (pma) (mpkoH),(DMF),], + 12 H,0 + 4 H* + 4 Cl0; (7)

8
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Following that, we investigated all the synthetic parameters that could lead to a
different product and the deprotonation of the oximic ligand, i.e., the molar ratio
of reactants, presence/kind of base, reaction conditions, metal source, etc. Indeed,
by following the same experimental procedure, but by increasing the time from
h to 4h, green crystals of [Cus(OH)z(pma)(mpko)z2]n (9) were isolated. The
formation of 9 is summarized in the stoichiometric Equation (8). 9 can be also
produced in good vyield by reacting 8 and Cu(ClOs)2-6H20 in a 1:2 ratio,
according to the stoichiometric Equation (9). Note that the OH" ions in the

structure of 9 come from the dissociation of H>O molecules.

H,0/DMF
4 Cu(Cl0,), - 6H,0 + 2 mpkoH + Hypma ———

[Cu, (OH),(pma)(mpko),], + 22 H,0 + 8 H* + 8 CI0; (8)

9

[Cu,(OH),(pma)(mpko),(DMF),], + 2 Cu(ClO,), - 6H,0 + H,pma

H,0/DMF
_—

[Cu, (OH),(pma)(mpko),], + 2 DMF + 10 H,0 + 4 H* + 4Cl0; (9)

9

3.2. Description of Structures

Representations of the molecular structures of 1-9 are shown in Figures 1-7 and
Figures S1-S5 (Supplementary Information). Selected interatomic distances and
angles are listed in Tables S1-S9.
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1 crystallizes in the triclinic space group P1. Its structure (Figure 1) consists of
mononuclear [Zn(Hzpma)(pyaoxH2)(H20)2] species. The coordination sphere of
the metal centre is completed by one terminal N, N'-bidentate chelating pyaox H:
ligand, two terminal water molecules, and one double deprotonated pmaH>~
ligand. Zn1 is five-coordinate adopting a distorted trigonal bipyramidal geometry

(t=0.8) with O2 and N3 occupying the axial positions.!!?

Figure 1. Representation of the mononuclear complex 1. Color code: Zn,

turquoise ; N, navy blue; O, red; C, grey.

A network of intermolecular hydrogen bonding interactions stabilizes the crystal
structure of 1; this involves the protonated carboxylic groups (04, 09), the amino
group (N2), and the terminal H>.O molecules (010, O11) as donors, and
carboxylic groups from neighboring compounds (O3, 05, 06, O7, and O8) as
acceptors. Details of the metric parameters of the crystallographically established

hydrogen bonds in 1 are listed in Table S10.
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2 crystallizes in the triclinic space group P 1; its structure (Figure 2) is a 1D
double chain formed by the connection of [Zn(pma)o.s(pyaoxH2)] repeating units
through the p4-«0O; kO’; kO”’; kO’ pma4- ligand. The coordination sphere of the
metal ion is completed by two terminally ligated carboxylate groups from two di
erent pma4- ligands, and one neutral N,N -bidentate chelating pyaoxH: ligand.
Zn?* adopts a tetrahedral coordination geometry. Both hydrogen atoms from the
NH. group participate in hydrogen bonding interactions in which carboxylate
groups from neighboring chains act as acceptors (N3---03 = 2.959 A, HIN---0O3
=2.091 A, N3-H1N---03 = 168.57°; N3:--04 = 3.046 A, H2N---04 = 2.292 A,
N3-HIN---O4 = 150.68°). The extensive hydrogen bonding interactions in 2

result in the formation of a 3D network (Figure S1 in Supplementary Materials).

A
/ }f\/

Figure 2. Representation of the repeating unit (left) and a part of the 1D double

chain of 2 (right). Color code: Zn, cyan; N, navy blue; O, red; C, grey. The
hydrogen atoms are omitted for clarity.

3 crystallizes in the monoclinic space group P2i/n and is a 2D coordination
polymer based on the secondary building unit [Zn(pma)os(pyaoxH2)(H20)]

(Figure 3).The latter possesses a similar formula to that of the repeating unit in
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2 with the main difference being the ligation of a terminal H.O molecule. Similar
to 2, the two oximic ligands are neutral adopting an N,N’-bidentate chelating
coordination mode. The pma* ligands bridge four neighboring SBUs with two
of the carboxylate groups adopting a chelating coordination mode, whereas the
other two being terminally ligated. It is noteworthy that the different coordination
mode of the pma* ligand in comparison to that in 2, in addition to the presence
of H>O molecule in the coordination sphere of the metal centre, result in the Zn
being six-coordinated with a distorted octahedral coordination geometry. Note
that the coordination geometry of the metal ion in 2 is tetrahedral. This difference
in the coordination geometry of the metal ions in 2 and 3 leads to a different
orientation of the ligands around the metal ion, favouring the formation of a two-

dimensional framework in 3.

S

Figure 3. Representation of the repeating unit (top) and a part of the 2D chain of
3 (bottom). Color code: Zn?*, turquoise; N, navy blue; O, red; C, grey. The

hydrogen atoms are omitted for clarity.
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A network of hydrogen bonding interactions provide stability in the framework
in 3; these are formed between the oximic group (O1, donor) and an oxygen atom
(02, acceptor) from a carboxylate group (O1---02 =2.610 A, H1A.--02 = 1.816
A, O1-H1A.--02 = 162.55°), as well as between the terminally ligated H.0O
molecule (06, donor) and a different carboxylate oxygen atom (O4, acceptor;
04---06 = 2.726 A, H6B---04 = 2.032 A, 06-H6B---04 = 137.01°).

Compounds 4 and 5 display related structures with their main difference being
the type of the 3d metal ion (4, Co?*; 5, Mn?*). Thus, only the structure of 4 will
be discussed in detail. Compound 4 crystallize in the monoclinic space group
P2i/n and its structure consists of the dinuclear complex
[Coz(pma)(Hzpyaox)2(H20)s] (Figure 4). The dinuclear molecules lie on a
crystallographic inversion center with Co?* atoms being bridged by the p-xO;xO’
pma*" ligand. The coordination sphere of each metal ion is neutral N-bidentate
chelating Hopyaox, and three terminal water molecules. The metal ion is six-
coordinated displaying a slightly distorted octahedral geometry as a result of the
relatively small bite angle of the chelating ligand (N1-Col-N2 = 75.1(2)°).

Figure 4. Representation of the molecular structure of the dinuclear complex 4.
Color code: Co?*, purple; N, navy blue; O, red; C, grey. The hydrogen atoms are
omitted for clarity.
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The crystal structure of 4 is stabilized by a strong intramolecular H bonding
interaction between the oximic oxygen atom (O1) as a donor and an oxygen atom
(06) from the pma*~ ligand as an acceptor (O1---06 = 2.533 A, H1---06 1.716
A, 01-H1---06 172.26°). A network of intermolecular hydrogen bonding
interactions is formed between the terminal H.O molecules (02, O3, O4) as
donors and carboxylic groups from neighboring molecules as acceptors. The
metric parameters of the crystallographically established, intermolecular
hydrogen bonds for 4 are listed in Table S11 in the Supplementary Material.

6 crystallizes in the triclinic space group P, its structure (Figure 5) is based on
the connection of [Cu(pma)o.s(pyaoxHz)(DMF)] repeating units that result in the
formation of a 1D double chain coordination polymer. The pma4- ligand bridges
four neighboring repeating units, adopting ps- kO; kO'; KO"; kO™ ligation mode.
The coordination sphere of the metal ion is completed by two terminally ligated
carboxylate groups from two different pma*~ ligands, one neutral N,N’-bidentate
chelating Hzpyaox ligand, and one terminal DMF molecule. Cu?* is five-
coordinate with a square pyramidal coordination geometry (t = 0.15) with O6
from the DMF molecule occupying the axial position.** Both hydrogen atoms
from the NH2 group form hydrogen bonds with oxygen atoms of carboxylate
groups from neighboring chains (N2---03 =2.813 A, H2N2---03 =1.937 A, N2-
H2N2---03 = 176.69°; N2---04 = 2.873 A, HIN2---04 = 2.065 A, N2-
H1IN2---O4 = 150.10°). Furthermore, an intrachain hydrogen bond between the
oximic group (O1) and an oxygen atom of a carboxylate group (O4) provide
additional stability to the crystal structure (O1---O4 = 2.701 A, H101---04 =
1.921 A, 01-H101---04 = 146.29°).

119



Figure 5. Representation of the repeating unit (left) and a part of the double 1D
chain of 6 (right). Color code: Cu, green; N, navy blue; O, red; C, grey. The

hydrogens are omitted for clarity.

Compound 7-2H,0 crystallizes in the triclinic group P 1 and its crystal structure
IS related to that of 4, with the main di
erences being: 1) the type of the 3d metal ion (4, Co?*; 7, Zn?*), 2) the type of

the oximic ligand (4, pyaoxHz; 7, mpkoH), and 3) the presence of two solvate
H20 molecules in the crystal structure of 7. The coordination sphere of the metal
ions and the coordination modes of the ligands in both compounds is similar
(Figure S3). The crystal structure of 7 is stabilized by two strong intramolecular
H bonding interactions, which involve: 1) the oximic oxygen atom (O1) as a
donor and an oxygen atom (06) from the pma* ligand as an acceptor (O1---O6
=2.656 A, H1---06 = 1.846 A, 01-H1---06 = 170.36°), and 2) the solvate H,O
molecule (09, donor) and a carboxylic oxygen atom (O6, acceptor), 09---06 =
2.815 A, H9B---06 = 1.965 A, 09-H9B---06 = 176.96°. A network of
intermolecular hydrogen bonding interactions is formed between the terminal
H>Omolecules (02, O3, 04; donors) and carboxylic groups (O7, O8; acceptors)

or the solvate H.O molecule (O9) from neighboring molecules. The metric

120



parameters of the intermolecular hydrogen bonding interactions for 7 are listed

in Table S12 in the Supplementary Material.

Compound 8 crystallizes in the monoclinic space group P2i/c. Its structure
consists of [Cu(pma)os(mpkoH)(DMF)]n repeating units that are held together
to form a 1D-double chain. (Figure 6) The coordination sphere of the Cu?* atom
is completed by one N, N -bidentate chelating mpkoH ligand, one terminal DMF
molecule, and two O atoms (O3 and O6) that come from two different pma* ions;
the symmetry equivalent atom of O6 (O60) links the neighboring building units
forming a one-dimensional chain, whereas O30 bridges two Cu atoms from two

parallel chains, forming a 1D-double chain.

Figure 6. Representation of the repeating unit (left) and a part of the 1D double
chain of 8 (right). Color code: Cu", green; N, navy blue; O, red; C, grey. The

hydrogens are omitted for clarity.
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Cul is five-coordinate adopting a tetragonal pyramidal geometry (t = 0.01) with
03, 06, N1, and N2 occupying the basal plane vertices and O2 the apical position
[111]. There are strong intrachain hydrogen bonding interactions that stabilize
the crystal structure of 8; these are formed between the oximic group (O1, donor),
and the carboxylic group of the pma*~ ion (O5), which acts as the acceptor
(01---05 = 2.669 A, H101---05 = 1.912A, 0O1-H101---0O5 = 155.10°). The
shortest Cu---Cu distance (6.5 A) is between atoms of the same chain, whereas
the shortest interchain metal---metal distance is 7.7 A; it is noteworthy that the
latter is shorter than the intrachain distance between metal atoms that belong to
different chains of the 1D-double chain (8.8 A) in 8.

9 crystallizes in the monoclinic space group lza. Its crystal structure contains a
three-dimensional network based on a [Cus(OH)2(pma)(mpko).] repeating unit
(Figure 7). The latter possesses a centrosymmetric “planar-butterfly” [Cua(ps-
OH)]%* core with a Cu4 rhombus topology; the us-OH™ ions lie 0.841 A above
and below the plane formed by the four metal ions. Alternatively, the core of the
SBU in 9 can be described as two face-sharing defective cubanes, i.e., with a
metal atom missing from one vertex of each cubane; this motif is relatively

common in metal cluster chemistry.
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Figure 7. Representation of the repeating unit (left) in 9 and its [Cuas

(u3-OH)2]%" “butterfly” shaped core (right). Color code: Cu', green; N, navy
blue; O, red; C, grey. The hydrogen atoms are omitted for clarity, except from

the hydrogens from the hydrogens of the hydroxyl groups, which are cyan.

The coordination sphere of the metal atoms in 9 is completed by two doubly
bridging anionic mpko- ligands and four doubly bridging carboxylate groups; the
mpko™ adopts the p-xO; kN; kN’ coordination mode. The pma- ligands link the
neighboring SBUs, resulting in the formation of the 3D network, with each one
bridging four Cus units. All metal atoms in 9 are five-coordinate with a tetragonal
pyramidal geometry (t = 0.28, Cul, Cul’; 1= 0.20, Cu2, Cu2'); O2 (for Cul and
its symmetry equivalent) and O3 (for Cu2 and its symmetry equivalent) occupy
the apical positions of the pyramids.t'* The structure of 9 is stabilized by an
intramolecular hydrogen bond involving the hydroxo group (02, donor) and one
of the carboxylate groups (O4, acceptor) of the pma* in (02.--04 = 2.722A,
H2.--04 = 2.113 A, 02-H2---04 = 133.52°), Figure S4.

The original framework in 9 can be simplified to its underlying net following two
different, approaches, the so-called standard and cluster representations.12-114
Applying the first one, each Cu atom and the center of the mass of the organic
ligands are the nodes, which leads to a 3,4,5,8-c net with point symbol
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(3.42)2(3.43.52)2(3.44.53.62)2(412.1016) **>-114 This topology (Figure S5) has
not been observed in the past, thus, 9 exhibits a network with an unprecedented
architecture. On the other hand, following the cluster representation, in which the
Cu atoms with the organic ligands are considered as a single four-coordinated
node (ZA, ZB), a unimodal 4-c net is formed with Ivt topology (Figure S6) and
a (42)(84) point symbol.

1-9 are a new family of oximic metal compounds, coordination polymers and
MOFs that display unprecedented structural features. Among them, 3 and 9 are
the first MOFs based on a 2-pyridyl oxime with 9 possessing a novel framework
topology. 2, 6, and 8 join a small family of coordination polymers containing an
oximic ligand.*® The purity and stability of these compounds has been verified
by pxrd studies.

3.3. Adsorption Studies

Thermal stability studies (Figure S17) in 9 indicated a promising adsorption
potential (ca 30% mass loss below 100 °C corresponding to adsorbed solvent),
which prompted us to assess its metal adsorption capacity in detail. The metal
encapsulation studies for 9 were carried out by soaking MOF crystals into
aqueous solutions of Fe(NOz)3-9H20. The MOF crystals were activated prior to
the Fe** encapsulation in order to reduce the amount of solvent present; this was
carried out by stirring the crystals in acetone for several hours and exchanging
this solvent with volatile acetone, which is easily removed at 80 °C. The metal
encapsulation was initially investigated by batch studies using UV-vis
spectroscopy. The maximum loading capacity obtained for Fe3* in the case of
Fe(NOs)3-9H,0 as a metal source is 104 mg Fe3+/g 9 (1.50 mol Fe3*/mol 9). The
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Fe3* adsorption by 9 exhibits fast kinetics; there is a smooth increase in the
adsorption capacity over time, which after 5 min reaches a plateau (Figure 8,
left). No metal adsorption is observed after 5 min. In order to get a better insight
into the adsorption mechanism, the experimental kinetic data were fitted to a
theoretical model; pseudo-first order and pseudo-second order kinetic models

were used according to Equations (10) and (11), respectively.115-117

In(ge — q¢) = Inq, —k;t  (10)

— + = t (11)
de kzqe2 de

where ki and ko are the rate constants for the pseudo-first and pseudo-second
kinetic models, respectively. A good fit was obtained for the pseudo-second
kinetic model (Figure 8, right), which is indicative of a chemisorption
mechanism, i.e., the formation of a strong interaction between the encapsulated
Fe3* and 9. The corresponding fitting parameters are Rz = 0.9968, ge = 107.83 g

Fe3*/g 9, which is in very good agreement with the experimental data.
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Figure 8. Left: metal adsorption capacity (mg g™*) versus time (h) plot; right:
simulation of the experimental data to the pseudo order kinetic model. The solid
lines represent the fitting of the data.

The impact of the Fe3* source, and in particular the impact of the kind of
counterion, on the kinetic and/or thermodynamic properties of the metal
encapsulation by 9 was also studied by using FeCls instead of Fe(NO3)s. It was
found that the maximum loading capacity is 105 mg Fe**/g 9 (1.52 mol Fe3*/mol
9) and is reached after 7 min stirring. The metal adsorption equilibrium data are
plotted in Figure 9. The best fitting of the data is provided by the Langmuir
model, 1?8119 considering a monolayer adsorption with a finite number of

homogeneous and equivalent active sites Equation (12):

C C 1
—e _ e +
Je Qs ds KL

(12)

where ge (mg/g) is the amount of metal ion per gram of 9 at the equilibrium
concentration Ce (ppm of metal ion remaining in solution), gs is the maximum
adsorption capacity of 9, and K is the Langmuir constant; the fitting parameters
are = 129.87 mg Fe/g 9, KL = 5 x 102 (L mol?) and Rz = 0.9996. The

corresponding kinetic plot is shown in Figure S8. Hence, the nature of the

counterion of the Fe* source does not affect the metal encapsulation capacity of
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9. Other metal ions were also tested, including Co?*, Ni?*, Mn?*, and Cr®*;
however, no adsorption was observed even after one day stirring, indicating that

9 exhibits high selectivity for Fe3*.

qimgg’)
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Figure 9. Left: Equilibrium data for the metal adsorption by 9 (contact line: 20

min); right: fitting of the metal adsorption data to the Langmuir model.

The Fe3* adsorption capacity of 9 was further investigated by EDX studies.
Figure 10 shows the EDX spectra of 9 and Fe@?9; Cu, C, and O are detected in
both samples, with the second sample displaying one additional peak
corresponding to the Fe®* ion that has been adsorbed, hence confirming the metal
uptake. It is noteworthy that 9 can be easily regenerated from Fe@?9 by treatment
with a 0.2M EDTA solution. The activated MOF displays an identical sorption
capacity with that of the original 9, which is retained for three cycles of
regeneration/reuse experiments (Figure S9). Thus, 9 is reusable, a [rp[erty which

is paramount for practical applications.
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Figure 10. EDX spectra of 9 (left) and Fe@?9 (right).

The good Fe®* adsorption capacity of 9 prompted us to evaluate its encapsulation
performance for other species. 6-methyluracil is a compound for which the
development of new sorbents or sensors is of great importance; it is a key
component of many drugs, including anti-ulcer agents, radiation protective
agents, and immunological adjuvants which help enhance immune responses, but
on the other hand, it can also be encountered as a toxic byproduct in the synthesis
of biologically important DNA adducts. If small impurities of such byproducts
are not identified and removed, it could have devastating consequences for the
corresponding biological assays and medical treatments. Thus, the development
of efficient carriers/sorbents for the delivery or removal of these species would
provide new insight into drug manufacturing. Considering also the fact that
MOFs have not yet been used for drug purification, this would expand the range
of potential applications of MOFs. With the above in mind, and following a
similar process to the one used for metal adsorption, the 6-methylyracil capacity
of 9 was investigated. This is an ongoing project, but preliminary results (Figure
S10) indicate that 9 possess a good performance in 6-methyluracil adsorption;
the maximum uptake capacity is 167 mg 6-methyluracil/g 9 for a 1:1 ratio 6-
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methyluracil:9 in an aqueous solution. It exhibits fast kinetics with the maximum
encapsulation being reached after 6 min stirring. It is noteworthy, though, that
the regeneration of the MOF after the 6-methyluracil adsorption is not feasible.
These initial results show the potential of 9, and MOFs in general, to be used in
purification processes during drug manufacturing. Investigations are now in
progress to assess the selectivity of 9 for 6-methyluracil and other toxic

byproducts, which is a requirement for the use of MOFs in such applications.

3.4. Magnetism Studies

Solid state DC magnetic susceptibility measurements were performed on a
polycrystalline sample of 9 in an applied field 0.03 T and temperature range 2—
300 K. The obtained data are shown as a MT vs. T plot in Figure 11. The MT
value at 300 K is 0.075 cm3-mol™ K, appreciably lower than the spin-only (g =
2) value of 1.5 cm®-mol? K expected for four non-interacting Cu?* centres (S =
1/2), revealing strong antiferromagnetic coupling within the framework SBU.
This is further supported by the overall profile of the plot, which is indicative of

strong antiferromagnetic interactions and a diamagnetic ground state for 9.
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Figure 11. xmT vs. T plot for 9 (circles) Fe@9-1 (triangles) and Fe@9-2

(squares). Solid line represents the best fir for 9. Inset: the exchange interactions
in9.

The isotropic Heisenberg spin Hamiltonian for 9 is given by Equation (13),
where J: is associated with the Cul---Cu2’ interactions through a diatomic
oximato group; Jz is associated with the Cul---Cu2 interaction through one
monoatomic carboxylate bridge; and J3 describes the coupling of Cul---Cul’

through a ps-OH™ group (Figure 11).

H = —2J; (Scur " Scuz’ + Scur * Scuz) = 2J2(Scur * Scuz + Scur’ ~ Scuz’)
- ZIB(SCul ) Scm’) (13)

The fitting of the experimental data to the Hamiltonian was performed using the
PHI software 2 and is shown with a solid line in Figure 10; the fitting

parameters are J1 = —508 cm %, J, =—1.45cm™%, J3=—-8.77 cm ™}, and g = 2.07.
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J1 is significantly stronger than Jz and Js; this high value of antiferromagnetic
coupling is common in complexes containing oximes and Cu ions; such
complexes often exhibit diamagnetic behavior.#? J; and Js are too small to take
them as reliable values because at the temperature they start to operate, the

complex is diamagnetic due to the extremely high value of J;.

An initial investigation of the potential of magnetism to be used for the
development of novel MOF-based sensors was performed by exploring the
impact of the encapsulated metal ion on then magnetic properties of 9. To this
end, DC magnetic susceptibility studies were performed on the polycrystalline
samples of Fe@9-1 and Fe@9-2, where Fe@9-1 is the Fe@9 aggregate after 1
min stirring, during which 9 is expected to have reached ca. its half metal
encapsulation capacity, and Fe@9-2 is the aggregate at its maximum metal
adsorption capacity. A closer inspection in Figure 11 shows that, although the
overall profile of the three plots is similar, the increase of the paramagnetic
component in the MOF pores have an effect on the observed ymT value at room
temperature; the latter increases from 0.073 c¢cm®-mol™? K (for 9) to 0.115
cm®-mol ™ K (for Fe@9-1) and 0.135 cm®-mol* K (for Fe@9-2), indicating that
the magnetic properties of the Fe@9 aggregate are affected by the amount of

metal encapsulated in the MOF pores.

4. Conclusions

The initial employment of a 2-pyridyl oxime (pyridine-2 amidoxime, pyaoxHz;
2-methyl pyridyl ketoxime, mpkoH) in combination with 1,2,4,5-benzene
tetracarboxylic acid (pyromellitic acid), Hapma, provided access to nine new
compounds with interesting structural features, paving the way to the

development of an alternative synthetic route towards new MOFs and
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coordination polymers. [Zn2(pma)(pyaoxH2)2(H20)2]n (3) and
[Cus(OH)2(pma)(mpko)2]n (9) are the first examples of MOFs based on a 2-
pyridyl oxime, whereas [Znz(pma)(pyaoxH2)2]n  (2), [Cuz(pma)(pyaox
H2)2(DMF)2]a (6), and [Cuz(pma)(mpkoH)2(DMF)2]. (8) are new members of a
small family of coordination polymers bearing this type of ligands. 9 has a novel
3,4,5,8-c net topology and is based on a butterfly-shaped Cus SBU. DC magnetic
susceptibility studies revealed that there are strong antiferromagnetic interactions
between the metal centers in 9, which lead to a diamagnetic ground state.

The metal encapsulation capacity of 9 was tested for a variety of dif-
ferent metal ions and showed that it exhibits selectivity for Fe3* adsorption. It is
noteworthy that the magnetic properties of 9 depend on the amount of Fe®*
present in to the MOF pores, revealing that magnetism can be an alternative
technique for the detection of environmentally hazardous chemicals, and this can
be  especially useful for  species that do not  affect
the photoluminescence properties or the color of a compound, hence they cannot
be detected by the commonly used sensors. Treatment of the Fe@9 aggreagate
witha 0.2 M EDTA solution leads to the removal of the metal ions from the MOF
pores and the regeneration of the latter. 9 retains its metal adsorption capacity for

three cycles of regeneration/reuse experiments.

Supplementary  Materials: The following are available online at
HTTP://www.MDPI.COM/1996-1944/13/18/4084/s1, Figure S1: Representation of
the 3D network formed through hydrogen bonding interactions in 2. Figure S2:

Representation of the molecular structure of the dinuclear complex 5. Figure S3:
Representation of the molecular structure of the dinuclear complex 7. Figure S4:

Representation of the intramolecular hydrogen bonding interactions in 9. Figure
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S5: Representation of the underlying 3,4,5,8-coordinated net in the standard
representation in 9. Figure S6: The underlying net in the cluster representation
with the Ivt topology with Point Symbol (42)(84) in 9. Figure S7: Comparison
of the theoretical and experimental pxrd pattern for 9. Figure S8: Left: metal
adsorption capacity (mg g*) versus time (h) plot for the encapsulation of FeCls
by 9; right: simulation of the experimental data to the pseudo-second order
kinetic model. The solid lines represent the fitting of the data. The corresponding
fitting parameters are Rz = 0.9937, ge = 103.09 mg Fe3*/g 9, in very good
agreement with the experimental data. Figure S9: Comparison of the pxrd
pattern of the initial 9 with that of the regenerated material. Figure S10: UV
studies of the 6-methyluracil adsorption by 9; (a) 0.05 mmol 9/0.1 mmol 6-
methyluracil and (b) 0.1 mmol 9/0.1 mmol 6-methyluracil (in 10 mL of water).
Tables S1-S9: Selected interatomic distances (A) and angles for 1-9. Table S10:
Hydrogen bonding details for 1. Table S11: Intermolecular hydrogen bonding
details for 4. Table S12: Intermolecular hydrogen bonding details for 7.
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Supplementary Material

Table S1. Selected interatomic distances (A) and angles for 1.

Bonds

Zn1-N1 2.059(2) Zn1-011 1.987(2)
Zn1-N3 2.139(2) Zn1-02 2.049(2)
Zn1-010 1.995(2)

Angles
010-Zn1-02 91.54(8) 02-Zn1-N3 172.22(7)
010-Zn1-011 121.30(8) 02-Zn1-N1 95.54(7)
010-Zn1-N3 91.78(8) 011-Zn1-N3 90.93(8)
010-Zn1-N1 111.61(8) 011-Zn1-N1 125.97(8)
02-Zn1-011 93.34(7) N1-Zn1-N3 76.69(8)

Table S2. Selected interatomic distances (A) and angles for 2.

Bonds

Zn1-02 1.954(3) Zn1-N2 2.031(4)
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Zn1-N1 2.019(3) Zn1-05 1.966(4)
Angles
02-Zn1-05 98.2(1) N1-Zn1-05 113.4(1)
02-Zn1-N1 127.9(1) N1-Zn1-N2 80.1(1)
02-Zn1-N2 108.6(1) N2-Zn1-05 126.1(1)
Table S3. Selected interatomic distances (A) and angles for 3.
Bonds
Zn1-06 2.056(3) Zn1-N2 2.058(3)
Zn1-05 2.228(2) Zn1-N1 2.198(2)
Zn1-04 2.292(2) Zn1-03 2.027(2)
Angles
05-Zn1-03 88.44(9) 06-Zn1-03 82.62(1)
03-Zn1-N2 108.1(1) 06-Zn1-N2 96.88(1)
N2-Zn1-N1 75.4(1) 04-Zn1-N2 97.76(9)
N1-Zn1-05 88.99(9) 04-Zn1-N1 84.47(9)
06-Zn1-N1 95.33(1) 04-Zn1-05 58.28(8)
06-Zn1-05 106.54(9) 04-Zn1-03 96.64(9)
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Table S4. Selected interatomic distances (A) and angles for 4.

Bonds
Col-N2 2.100 Col-03 2.132
Co1-02 2.110 Co1-04 2.070
Col-05 2.089 Col-N1 2.162
Angles
N1-Co1-02 89.92(1) N2-Co1-04 93.9(1)
02-Co1-05 83.74(9) N2-Co1-N1 75.1(1)
05-Co1-04 94.8(1) 03-Col1-04 83.7(1)
04-Co1-N1 92.2(1) 03-Col-N1 95.8(1)
N2-Co1-02 97.6(1) 03-C01-02 84.78(9)
N2-Co1-05 101.9(2) 03-Co1-05 87.5(9)
Table S5. Selected interatomic distances (A) and angles for 5.
Bonds
Mn1-06 2.149(3) Mn1-02 2.136(2)
Mn1-N1 2.304(3) Mn1-N3 2.244(2)
Mn1-08 2.170(2) Mn1-O7 2.191(2)
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Angles
N3-Mn1-02
N3Mn1-0O8
N3-Mnl1-N1
N3-Mn1-0O6
07-Mn1-08

07-Mn1-02

97.69(8)
99.04(8)
70.46(8)
94.7(1)
83.63(9)

97.66(8)

07-Mn1-06

07-Mn1-N1

06-Mn1-02

06-Mn1-N1

02-Mn1-08

08-Mn1-N1

82.3(1)
94.45(9)
95.4(1)
92.0(1)
85.79(8)

89.74(8)

Table S6. Selected interatomic distances (A) and angles for 6.

Bonds
Cul-0O6
Cul-02

Cul-05

Angles
05-Cul-02
02-Cul-N3
N3-Cul-N1

N1-Cul-O5

2.307(3)
1.926(3)

1.961(3)

90.9(1)
93.5(1)
79.2(2)

97.0(1)

Cul-N1

Cul-N3

06-Cul-02

06-Cul-N3

06-Cul-N1

06-Cul-05

1.992(4)

1.970(4)

88.0(1)
101.8(1)
90.2(1)

95.1(1)
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Table S7. Selected interatomic distances (A) and angles for 7.

Bonds
Zn1-04 2.062(3) Zn1-N1 2.056(4)
Zn1-02 2.100(3) Zn1-05 2.019(4)
Zn1-N2 2.041(4) Zn1-03 2.100(3)
Angles
04-Zn1-N2 91.1(1) 02-Zn1-05 85.0(1)
04-Zn1-N1 91.1(1) 02-Zn1-03 89.7(1)
04-Zn1-05 91.9(1) N2-Zn1-05 103.8(1)
04-Zn1-03 92.2(1) 05-Zn1-03 83.0(1)
02-Zn1-N2 87.4(1) 03-Zn1-N1 94.5(1)
02-Zn1-N1 92.0(1) N1-Zn1-N2 78.5(1)
Table S8. Selected interatomic distances (A) and angles for 8.
Bonds
Cul-N1 1.972(3) Cul-03 1.903(3)
Cul-N2 2.032(3) Cul-06 1.965(2)
Cul-02 2.269(2)
Angles
02-Cul-N1 88.6(1) N2-Cul1-03 93.2(1)




02-Cul-N2 100.7(1) 03-Cu1-06 91.75(9)
02-Cu1-03 88.63(9) 06-Cu1-N1 97.2(1)

02-Cu1-06 99.58(8) N2-Cul-N1 78.8(1)

Table S9. Selected interatomic distances (A) and angles for 9.

Bonds
Cul-01 1.943(3) Cu2-02 1.906(3)
Cul-02 1.920(3) Cu2-03 2.410(3)
Cul-02 2.334(3) Cu2-06 1.960(3)
Cul-03 1.958(3) Cu2-N2 1.984(4)
Cul-05 1.961(3) Cu2-N1 1.988(4)
Angles
N2-Cu2-02 87.2(1) 02-Cu2-03 82.4(1)
N2-Cu2-03 90.4(1) Cu2-02-Cul 94.2(1)
N2-Cu2-06 174.3(2) Cu2-03-Cul 90.5(1)
N2-Cu2-N1 80.4(2) 03-Cul-05 89.6(1)
01-Cul-02 92.0(1) 03-Cul-02 83.3(1)
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Table S10. Hydrogen bonding details for 1%,

D-H..A D...A H...A DHA Symmetry operator
(R) (R) ©) of A
O(1) - H(104) ... O(8) 2.693 1.839  165.12 X, -1+y,
N(2) - H(2N2) ... O(5) 3.069 2.399 135.16 X,-1+y, 14z
0(10) — H(10A) ...O(7) 2.729 1.870  170.65 X, y, -1+2
0(9) - H(109) ... O(6) 2,577 1713 166.14 1-x, 1-y, 1-z
O(11) - H(11B) ... O(3) 2.673 1.831  161.60 1-x, 1-y, 2-z
& A=acceptor, D=donor
Table S11. Hydrogen bonding details for 42.
D-H..A D...A H..A DHA Symmetry operator
A (A) ©) of A
0(2) - H(2B) ... O(7) 2.643 1.804 162.64  -1+X, Y,z
O(3) - H(3B) ... O(6) 2.711 1.667 166.11  -1+X, Y,z
0(2) - H(2A) ... O(4) 2.936 2.326 126.06  -1/2+X, Y-y, Yotz
O(4) — H(4B) ... O(6) 2.656 1.646 155.62  -1/2+X, Yoy, Yotz

& A=acceptor, D=donor
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Table S12. Hydrogen bonding details for 72.

D-H...A D...A H..A DHA Symmetry operator
(R) (R) ©) of A

O(3) - H(3B) ... O(7) 2.759 1.909 166.16  -1+x, -1+y, z

O(2) —H(2A) ... O(8) 2.602 1.739 178.63  -1+4x,-1+y,z

0(2) - H(2B) ... O(9) 2.876 2.066 151.29 X, -1+y,

O(4) — H(4B) ... O(8) 2.674 1.860 157.81  -1/2+X, Y-y, Yotz

& A=acceptor, D=donor

Figure S1. Representation of the 3D network formed through hydrogen bonding
interactions in 2. Colour code: Zn, turquoise; N, navy blue; O, red; C, grey.
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Figure S2. Representation of the molecular structure of the dinuclear complex
5. Colour code: Mn'!, yellow; N, navy blue; O, red; C, grey. The hydrogen

atoms are omitted for clarity.

Figure S3. Representation of the molecular structure of the dinuclear complex

7. Colour code: Zn", cyan; N, navy blue; O, red; C, grey. The hydrogen atoms

are omitted for clarity.
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Figure S4. Representation of the intramolecular hydrogen bonding interactions

in9.

Figure S5. Representation of the underlying 3,4,5,8-coordinated net in the

standard representation in 9.
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Figure S6. The underlying net in the cluster representation with the Ivt topology
with Point Symbol (42)(8%) in 9.
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2.3 Brief description of the paper

In this article are represented Zn(l1) and Cu(ll) coordination polymers and MOFs
by the simultaneous use of 2-pyridyl oximes and trimesic acid. The Cu(ll) MOF
was magnetically studied and its reactivity studies with Fe(Ill) metal salts were

explored through IR spectroscopy and X-ray crystallography.
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Abstract:

The simultaneous use of 2-pyridyl oximes (pyridine-2 amidoxime, Hzpyaox; 2-
methyl pyridyl ketoxime, mpkoH) and 1,3,5-benzenetricarboxylic acid (Hsbtc)
provided access to five new compounds, namely [Zn(H2btc)2(pyaoxH2)2]-2H.0
(1-2H20),  [Zn(Hbtc)(pyaoxH2)2]n  (2), [Cu(Hbtc)(pyaoxH2)]n  (3),
[Cu(Hbtc)(mpKoH)]n (4) and [Cuz(Hbtc)2(mpkoH)2(H20)2]-4H20 (5-4H20).
Among them, 3 is the first example of a metal-organic framework (MOF)
containing Hzpyaox. Its framework can be described as a 3-c uninodal net of hcb
topology with the layers being parallel to the (1,0,1) plane. Furthermore, 3 is the
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third reported MOF based on a 2-pyridyl oxime in general. 2 and 4 are new
members of a small family of coordination polymers containing an oximic
ligand. 1-5 form 3D networks through strong intermolecular interactions. Dc
magnetic susceptibility studies were carried out in a crystalline sample of 3 and
revealed the presence of weak exchange interactions between the metal centres;
the experimental data were fitted to a theoretical model with the fitting
parameters being J = -0.16(1) cmand g = 2.085(1). The isotropic g value was
also confirmed by electronic paramagnetic resonance (EPR) spectroscopy.
Reactivity studies were performed for 3 in the presence of metal ions; the reaction
progress was studied and discussed for Fe(NOs)s by the use of several
characterization techniques, including single crystal X-ray crystallography and
IR spectroscopy.

Keywords: coordination polymers; metal-organic frameworks (MOFs);

carboxylates; pyridyl oximes; zinc; copper.

1. Introduction

The synthesis and characterization of metal coordination polymers and metal-
organic frameworks (MOFs) have attracted a considerable research interest
worldwide over the last decades, which stems from their technological,
environmental and biomedical applications in sensing, catalysis, imaging, drug
delivery, etc. 1% Such species consist of mononuclear or low nuclearity
inorganic units, which are linked through organic linkers with the nature of the
metal ions and the organic linkers affecting their structure, having also the
potential to introduce additional functionalities and physical properties in to the
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framework, e.g., photoluminescence, magnetism. For example, some 1D
coordination polymers exhibit single chain magnetism (SCM) behaviour, and are
promising candidates for applications in quantum computing, high-density
information storage, etc. 1*-?4, As the dimensionality of the framework increases,
the induced porosity is combined in a synergistic way with its other physical
properties, leading to the formation of hybrid multifunctional materials, with
enhanced performance in a variety of applications (spintronics, photonics,
catalysis and others).

Restricting further discussion to MOFs 810 they display a wide range of
desirable structural features, such as large surface area, high porosity, flexible
structure, stability and the possibility of controlled and targeted introduction of
functional groups into the framework. Furthermore, some MOFs possess
phenomena that affect their porosity and stability, namely the interpenetration
and the breathing effect.?>-2° The former refers to the cases where more than one
networks are catenated with each other 25-?7, which potentially results in the
increase of the surface area and stability of the MOF, and in the decrease of its
pore diameter. The breathing effect is related to the change of the MOF pore
dimensions upon encapsulation of a guest molecule as a result of the change of
the intermolecular interactions.?®?® The unique properties of MOFs and their
structural tunability make these materials especially suitable for encapsulating a

plethora of different guest molecules.

The wide range of applications of MOFs and coordination polymers constitute
an increasing need for the development of efficient synthetic approaches towards
new species with enhanced porosity and stability. The vast majority of MOFs has
been synthesized using solvothermal techniques, while other approaches have
been developed in recent years, based on post-synthetic, isoreticular, microwave-

assisted, mechanochemical and sonochemical synthesis.®®%8 Each of these
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synthetic approaches often leads to different species, whose properties are merely
dictated by the organic ligands that link the neighbouring SBUs, and by the
nuclearity and type of the metal ion that is present in the structure. The organic
linkers possess suitable coordination sites for the formation of the framework,
providing the desirable flexibility and stability. The hydrogen bonding, n—n
stacking, and other intermolecular interactions also affect the architecture of the
overall framework and the MOF selectivity towards specific guest molecules. A
large number of organic linkers has now been employed in MOFs synthesis
including imidazolates, pyridine, carboxylates, etc., with the latter being one of
the most commonly used, resulting in MOFs with a wide range of pores sizes and
shapes.3%° The combination of two different linkers has been also employed for
the synthesis of new MOFs; in this case, one of the ligands often plays the role
of the pillar that link parallel layers leading to the formation of pillar-layered

MOFs with increased dimensionality and novel topologies.>05?

Although the impact of the ligand properties on the MOF topology and porosity
has been well investigated, this is not the case for the nuclearity and properties
of the SBU itself. To this end, we recently decided to introduce for the first time
into the field of MOFs the 2-pyridyl oximes (Scheme 1), a family of ligands with
high bridging capability, that have the potential to lead to high nuclearity species
with unprecedented metal topologies. 2-pyridyl oximes have been extensively
investigated in metal cluster chemistry and led to a plethora of metal clusters with
interesting magnetic properties, including single-molecule and single-chain

magnetism behaviour,52-65
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Scheme 1. Schematic representation of the 2-pyridyl oximes (left) and the ligand
Habtc (right) discussed in this work.

The initial combination of 2-pyridyl oximes with a variety of di-, tri- and tetra-
carboxylic acids led to the first 2-pyridyl oxime- based MOFs, and other
coordination polymers as well 8667 It is worth to mention that among the MOFs
that we isolated with these ligands, [Cus(OH)2(pma)(mpko)z], where pma* is
the tetra-anion of 1,2,4,5-benzenetetracarboxylic acid (pyromellitic acid) and
mpko- is the anionic form of 2-methyl pyridyl ketoxime, is based on a
tetranuclear, butterfly-shaped SBU and possesses a novel 3,4,5,8-c net topology.
66 |t also exhibits selectivity for Fe** adsorption with its magnetic properties being

strongly related to the amount of metal ion present into the MOF pores.5°

The promising preliminary results of the employment of 2-pyridyl oximes in the
field of MOFs prompted us to explore further this synthetic approach and we,
herein, report the synthesis and characterization of five new compounds, by the
use of a 2-pyridyl oxime (pyridine-2 amidoxime, pyaoxH and 2-methyl pyridyl
ketoxime, mpkoH) in combination with 1,3,5-benzenetricarboxylic acid, Habtc
(Scheme 1). Amongst the reported compounds, [Cu(Hbtc)(pyaoxH2)]a (3) is the
first  MOF  bearing  Hopyaox. [Zn(Hbtc)(pyaoxH2)2]n (2) and

[Cu(Hbtc)(mpKoH)]n (4) are rare examples of coordination polymers containing
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a 2-pyridyl oxime either in its neutral or anionic form. Note that Hsbtc has been
employed in the field of MOFs and has led to the synthesis and characterization
of many such species, including the MOFs HKUST, MIL-100, etc., 394368-77

however its combination with an oximic ligand is essentially unexplored.

2. Results and Discussion

2.1. Synthetic Discussion

Our group has developed an intense interest over the last years in the synthesis
of coordination polymers and MOFs by the use of 2-pyridyl oximes and a
polycarboxylic ligand, such as 1,4-benzenedicarboxylic, 1,2,4,5-benzene
tetracarboxylic acid, etc. %557, These research efforts have resulted in new
species, some of which display new framework topologies and promising sensing
properties. It is worth to mention that the initial employment of 1,3,5-
benzenetricarboxylic acid (Hsbtc) in Ni'' chemistry in the presence of an oximic
ligand has led to the isolation of a 1D coordination polymer.®” This prompted us
to further study this reaction system by the use of different metal ions and
investigate its potential to favour the formation of higher dimensionality
coordination polymers and/or MOFs. A wide range of experiments was carried
out in order to study the impact of the different synthetic parameters
(presence/absence or kind of base, metal ratio of the reactants, metal sources,

etc.) on the identity and crystallinity of the isolated product.

The reaction mixture of Zn(ClO4)2-6H.0O/pyaoxH./Hsbtc (1:2:1) in H20 at 100
°C gave a colourless solution  from  which  crystals of
[Zn(H:2btc)2(pyaoxH2)2]-2H20 (1-2H20) were subsequently isolated. Following

a similar reaction but using a different Zn" source (Zn(02CMe)z-6H.0 instead
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of Zn(ClO4)2-6H20) and in the presence of NEts, the 1D coordination polymer
[Zn(Hbtc)(pyaoxH2)2]n (2) was isolated in good yield. The stoichiometric
equation of the reactions that lead to the formation of 1 and 2 is represented in
Equations (1) and (2). Note that the kind of base does not have any impact on the

identity of the isolated compound, but it affects its crystallinity.

H,0
Zn(C104)2 ) 6H20 + 2 pyaOXHZ + 2 H3th i>
[Zn(H,btc) (pyaoxH,),] - 2H,0 + 4 H,0 + 2 HCIO (1)

1-2H,0

H,0
Zn(0,CMe); - 6H,0 + 2 pyaoxH, + Hsbtc + 2 NEt; —
[Zn(Hbtc) (pyaoxH,), ], + 4 H,0 + 2 HNEt? + 2 MeCO;3 (2)
2

As a next step, we decided to investigate the impact of the metal ion on the
identity of the isolated product; thus, by the use of Cu(ClO4)2-6H.O and
following a similar synthetic approach to the one that provided access to 1, green
crystals of the 2D coordination polymer [Cu(Hbtc)(pyaoxH2)]» (3) were isolated
in good yield. It is noteworthy that the electronic properties of the oximic ligand
influence the dimensionality of the reaction product. In particular, by the
employment of mpkoH instead of pyaoxH: and by following the same reaction
that yielded 3, bDblue crystals of the 1D coordination polymer
[Cu(Hbtc)(mpKoH)]n (4) were formed, whereas the use of a different Cu'' source
(Cu(NOs3)2:2.5H20 instead of Cu(ClO4)2:6H20) provided access to the
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compound [Cuz(Hbtc)2(mpkoH)2(H20)2]-4H20 (5-4H20), according to the

stoichiometric Equations (3)—(5):

H,0
Cu(C104)2 ) 6H20 + pyaOXHZ + Hgbtc i>
[Cu(Hbtc)(pyaoxH,)], + 6 H,0 + 2 HCIO, (3)

3

H,O
Cu(Cl0,), - 6H,0 + mpkoH + Hsbtc —
[Cu(Hbtc)(mpkoH)], + 6 H,0 + 2 HCIO, (4)

4

H,0
2 Cu(NOs), - 2.5H,0 + 2 mpkoH + 2 Hsbtc + H,0 —

[Cu, (Hbtc),(mpkoH),(H,0),] - 4H,0 + 4 HNO; (5)

5-4H,0

2.2. Description of Structures

Representations of the molecular structures of 1-5 are shown in Figures 1-5,
Figures S1 and S2 (Supplementary Information). Selected interatomic distances

and angles are listed in Tables S1-S5.

Compound 1 crystallizes in the triclinic space group P . Its structure (Figure 1)

consists of the mononuclear complex [Zn(H2btc)2(pyaoxH2)2] and two lattice
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H>0 molecules. The coordination sphere of the metal ion is completed by two
neutral N,N’-bidentate chelating pyaoxH: ligands and two monodentate single
deprotonated Hbtc™ ions. Zn'' is six coordinated displaying a slightly distorted
octahedral geometry due to the relatively small bite angle of the chelating ligand
(N1-Zn1-N2 = 75.1(2) and N4-Zn1-N5 = 76.0(2)).

There are strong intermolecular hydrogen bonding interactions in 1 that stabilize
its structure and result in the formation of a three-dimensional network (Figure
1, right). In particular, there are three different types of hydrogen bonds in 1,
which involve: (1) the oxygen atoms of the oximic groups (O1 and O2), which
are the donors, and the carboxylate groups of the Hobtc? ligands (04, 010),
which act as the acceptors (02---04 = 2.623 A, H2A---04 = 1.857 A, O2-
H2A---04 = 154.81°; 01---010 = 2.606 A, H1---010 = 1.791 A, O1-H1---010
= 172.25°); (2) the oxygen atoms of the neutral carboxylic groups of the Hbtc™
ligand (O11, O7; donors) and the deprotonated carboxylate groups (O5, 0O12;
acceptors) of neighbouring species (011---0O5 = 2.645 A, H11---05 = 1.86 A,
O11-H11---05 = 160.15°% O7---012 = 2.705 A, H7---012 = 1.942 A, O7-
H7.--012 = 154.42°) and (3) the amino group of the oximic ligand (N3; donor)
and the carboxylate (O8; acceptor) group from a neighbouring complex (N3:--0O8
=3.022 A, H3B---08 = 2.433 A, N3-H3B---08 = 126.27°). Furthermore, the
lattice H20 molecules (015, 0O16) form hydrogen bonds with the carboxylic (O3,
06, 013 and O4) and the oximic (O1) groups; the non-location of the lattice H.O

hydrogen atoms precludes a detailed description of the latter.
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Figure 1. Representation of the molecular structure of compound 1 (left) and the
3D network that is formed through intermolecular interactions along c axis

(right). Colour code: Zn", cyan; N, navy blue; O, red; C, grey.

2 crystallizes in the chiral orthorhombic space group P2:12:121; its structure
contains a one-dimensional chain based on the repeating unit
[Zn(Hbtc)(pyaoxH2)2]. The metal centre is linked to two neutral N,N’-bidentate
chelating Hzpyaox ligands, and two terminally ligated carboxylate groups
coming from two different Hbtc® ions; the latter bridges two neighbouring
repeating units adopting an n*:n*:pn coordination mode. Zn" is six-coordinate
adopting an octahedral geometry. The repeating unit in 2 is similar to compound
1, with the only difference being the protonation level and, hence, the bridging
capability of the carboxylate ligand (1, single deprotonated; 2, double
deprotonated carboxylate). The 1D chains in 2 interact strongly through
hydrogen bonds, which result in the formation of a 3D network (Figure 2, right).
The hydrogen bonds involve the oximic, amino and carboxylic groups as donors

and the deprotonated carboxylate groups of the Hbtc? ligands as acceptors. The
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metric parameters of the crystallographically established, independent hydrogen

bonds are listed in Table S6 in the Supplementary Material.

Figure 2. Representation of a part of the 1D chain in 2 (left) and the 3D network
that is formed through intermolecular interactions (right). Color code: Zn", cyan;

N, navy blue; O, red; C, grey.

Compound 3 crystallizes in the monoclinic space group P2i/n. Its structure
consists of a two-dimensional network based on the dinuclear centrosymmetric
repeating unit [Cuz(Hbtc)2(pyaoxH.).] (Figure 3). The two metal ions within the
repeating unit are held together through the two bridging Hopyaox ligands, and
their distance was 4.397 A. The coordination sphere of Cu'' was completed by
two Hbtc? ions, which also linked the neighbouring SBUs resulting in the
formation of a 2D framework. The metal ions were penta-coordinated and
adopted a square pyramidal geometry (t = 0.05) with O7 from the oximic group

occupying the apical position [78].

Intrachain hydrogen bonds stabilized the crystal structure of 3; these were formed

between: (1) the oximic group (O7), which is the donor, and the carboxylic group
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of the Hbtc> ion (02), which acts as the acceptor (O7---02 = 2.525 A,
H1(07)---02 = 1.664 A, 07-H1(07)---02 = 173.62°), and (2) the amino group
(N2), which is the donor, and the carboxylic group of the Hbtc? ion (06), which
acts as the acceptor (N2---06 = 2.958 A, H2(N2)---06 = 2.202 A, N2-
H2(06)---06 = 147.30°). Furthermore, interchain hydrogen bonds are formed
between the oxygen atoms of neighbouring carboxylic groups of the Hbtc? ions;
(04) acts as a donor and (O6) acts as an acceptor (O4---06 = 2.64 A,
H1(04)---06=1.81 A, 04-H1(04)---06 = 159.27°), forming a three dimensional
network (Figure S1).

The framework in 3 forms a 3-c uninodal net 7*-81 of hcb topology (Figure 4, left)
with the layers being parallel to the (1,0,1) plane.8%®* Taking also into account
the intermolecular interactions between the Hbtc? ligands, the resulted 3D
framework exhibited a utp topological type (Figure 4, right).858" Thermal
stability studies in 3 revealed that it remains stable until 320 °C (Figure S2). In
particular, there is a small mass loss (<5%) between room temperature and 320
°C; a sharp mass loss (ca. 60%) is then observed, and the decomposition of the
compound continued at a steady rate with a further mass decrease of 12%
between 320 and 600 °C.
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%3, S5 g‘."og S5

0

Figure 3. Representation of the repeating unit (left) and a part of the 2D network
of 3 (right). Colour code: Cu'", green; N, navy blue; O, red; C, grey. The
hydrogens are omitted for clarity.

Figure 4. Left: representation of the underlying 3-c net with hcb topology in 3.
Right: representation of the 3D network with utp topology, which is formed
when the intermolecular interactions between the carboxylate ligands are
considered. The unit cell is shown with a blue line. Colour code: Cu", green;
Hbtc?", brown.
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4 crystallized in the orthorhombic space group Pna2i; it is a zig-zag chain
(Figure 5, left), formed by the connection of the [Cu(Hbtc)(mpkoH)] repeating
units through the n*:n:u Hbtc? ligands. The coordination sphere of Cu'' was
completed by one neutral N,N -bidentate chelating mpkoH ligand. Cu'' was the
tetra-coordinate with a square planar geometry (N1-Cul-O2 = 173.56°). A strong
intramolecular hydrogen bonding interaction was formed between the neutral
oximic group (O1, donor) and a carboxylate group (O3, acceptor) from the Hbtc?
ligand (O1---03 =2.516 A, H101---03=1.7 A, 01-H101---03 = 173.11°).

Figure 5. Left representation of a part of the zig-zag chain in 4. Right:
representation of the molecular structure of 5. Colour code: Cu'", green; N, navy

blue; O, red; C, grey. The hydrogens are omitted for clarity.

Compound 5-4H,0 crystallized in the triclinic space group P . Its structure
consisted of centrosymmetric dinuclear [Cuz(Hbtc)2(mpkoH)2(H20)2] species
(Figure 5, right) and H2O lattice molecules. The two metal centres were held
together through the n*:n:n Hbtc? ions. The coordination sphere of each Cu"

was completed by an N,N-bidentate chelating mpkoH ligand and one terminal

178



H>0 molecule. Each cation was penta-coordinated adopting a distorted square
pyramidal geometry (t = 0.30) with the O2 from the terminally ligated H>O to
occupy the axial position.”® There was a strong network of hydrogen bonding
interactions that stabilized the structure of 5-4H,0 and result in the formation of
a three-dimensional framework (Figure S3). These involve the lattice H,O
molecules (09 and 010), which act as both donors and acceptors, the oximic
group (O1, donor), the terminally ligated H.O (02, donor), the neutral carboxylic
group (08, donor) and the carboxylate groups from the Hbtc? ligands (04, O5)
that act as acceptors. The metric parameters of the crystallographically
established, independent hydrogen bonds are listed in Table S7 in the
Supplementary Material. The aromatic rings of the oximic and carboxylic ligands
of neighbouring dimers in 5-4H,0 interact further through strong n—r stacking

interactions, with the distance between the centroids being 3.8 A (Figure S4).

1-5 belong to a new family of oximic metal compounds, coordination polymers
and MOFs with 3 being the first MOF based on 2-pyridyl amidoxime and 1,3,5-
benzenetricarboxylic acid; furthermore, it is only the third example of a MOF
based on a 2-pyridyl oxime, in general.®® 2 and 4 join a small family of
coordination polymers containing an oximic ligand.%%57 The structures of all the
reported compounds are stabilized through strong intermolecular interaction,
forming three dimensional networks. The purity and stability of 1-5 has been

verified by pxrd studies (Figures S5 and S6).

2.3. Magnetism Studies

Dc magnetic susceptibility measurements were carried out on a powdered and
pressed sample of 3 in the 2-300 K temperature range and under a field of 0.03

T and plotted as ymT vs. T plot. (Figure 6). The ymT for 3 was almost constant
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with a room temperature value of 0.8 cm3.Kmol™* in good agreement with two
non-interacting Cu(ll) cations (0.375 cm?3-Kmol™) with an overall g greater than
2.00.
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Figure 6. Representation of the ymT as a function of T for 3. Solid line represents

the best fit. Inset, EPR spectrum measured at X-band frequency.

The fitting of the experimental data was performed by using the spin-only
Hamiltonian H = —2J(S, - S,)and PHI software ® and resulted in almost non-
interacting Cu(ll) ions with a J = -0.16(1) cm™ and a global g value of 2.085(1).
This almost irrelevant value of the super-exchange coupling J is expected due to
the relative arrangement of the Cu(ll) cations, which determines the overlap
along the long bond distance involving the non-magnetic dz? orbital and also due
the position of the oximes ligands, where the Cu(ll)-O-N-Cu(ll) torsion angle
was 86.8 close to orthogonality. The almost isotropic value of g was confirmed

by electronic paramagnetic resonance (EPR) spectroscopy at X-band frequency,
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which provides the low temperature gj; and g. values of 2.16 and 2.08 (Figure 6,

inset), being in total agreement with the dc measurements.

2.4. Reactivity Studies

The existence of free (non-coordinated) NH2- groups in the crystal structure of 3
prompted us to study the ability of this MOF to adsorb or react with metal ions
in the aqueous environment. The reactivity studies were carried out by soaking
crystals of 3 into solutions of 0.10-0.30 mmol of metal salts (Fe(NO3)s,
Ni(NO3)2, Co(NO3)2 and CrCl3) in H2O (10 mL). The MOF crystals were
activated prior to the metal ion encapsulation to remove the amount of solvent
present; this was carried out by stirring the crystals in acetone for several hours
and then exchanging this solvent with acetone, which is easily removed at 80 °C.
The metal encapsulation was initially investigated by batch studies using UV—
vis spectroscopy (Figures S7 and S8). The UV-vis studies for Fe(NO3)3 revealed
a substantial decrease of the concentration of the metal ion in the solution over
the first 4 min, which was then followed by the appearance of an additional peak
at 290 nm (Figure S5); the latter can be potentially attributed to Cu?* ions in the
solution [89], which indicates that a chemical change takes place in the structure
of 3 upon reaction with other metal ions. The progress of the reaction was
investigated in the case of Fe(NOz3)s by means of FTIR and single-crystal X-ray
crystallography. During the reaction, the green crystals of 3 had been replaced
by a brown precipitate (Figure S9) and the initial yellow colour of the solution
had turned to pale green. The solution was then filtered and left in a closed vial
at room temperature for one day, after which a few green-cyan crystals were
formed; the latter were characterized with IR spectroscopy and single crystal X-

ray diffraction (unit cell comparison) and were found to be the mononuclear
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complex [Cu(Hzpyca)2(H20)]-(NOz)2, where Hzpyca = pyridine-2-carboxamide.
9 Hypyca is the product of the hydrolysis of Hopyaox, which is a reaction often
encountered in oximes.%?°* Concerning the brown precipitate, this was
amorphous, which prevented from its further; it is worth to mention, though, that
the IR spectrum (Figure S10) of the brown precipitate indicates that this could
correspond to the previously reported 1D coordination polymer
[Fes(H20)12(btc)2]n.”® The absence of bands in the range 1730-1690 cm™ reveals
the complete deprotonation of the organic ligand in the product of the reaction.

3. Materials and Methods

3.1. Materials, Physical and Spectroscopic Measurements

All the manipulations were performed under aerobic conditions using materials
(reagent grade) and solvents as received. Hmpko and Hzpyaox were prepared as
described elsewhere.®2% Warning: Perchlorate salts are potentially explosive;
such compounds should be used in small quantities and treated with utmost care

at all times.

Elemental analysis (C, H and N) was performed by the in-house facilities of
National University of Ireland Galway, School of Chemistry. IR spectra (4000—
400 cm) were recorded on a Perkin-Elmer Spectrum 400 FT-IR spectrometer.
Powder X-ray diffraction data (pxrd) were collected using an Inex Equinoz 6000
diffractometer. Solid TGA experiments were performed on a STA625 thermal
analyser from Rheometric Scientific (Piscataway, NJ, USA). The heating rate
was kept constant at 10°C/min, and all runs were carried out between 20 and 600

°C. The measurements were made in open aluminium crucibles, nitrogen was
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purged in ambient mode and calibration was performed using an indium
standard. Solid-state, variable-temperature and variable-field magnetic data were
collected on powdered samples using an MPMS5 Quantum Design
magnetometer operating at 0.03 T in the 300-2.0 K range for the magnetic
susceptibility and at 2.0 K in the 0-5 T range for the magnetization
measurements. Diamagnetic corrections were applied to the observed

susceptibilities using Pascal’s constants. EPR spectrum was collected using a

Bruker 300 spectrometer with an X-band frequency measured at room

temperature.

3.2. Compound Synthesis

3.2.1. Synthesis of [Zn(H2btc)2(pyaoxH:)2]-2H20 (1-2H,0)

Zn(Cl0O4)2-6H20 (0.037 g, 0.10 mmol) and pyaoxH2 (0.027g, 0.20 mmol) were
dissolved in H20 (10 mL). The resultant solution was put in the oven and heated
at 100 °C for 1 h. Then, Hsbtc (0.021 g, 0.1 mmol) was added and the vial was
placed into the oven for 24 h, after which X-ray quality colourless crystal needles
of 1-2H,0 were formed. The crystals were collected by filtration, washed with
cold MeCN (2 mL) and Et.O (2 x 5 mL) and dried in air. Yield 55 %. Anal. Calc.
for 1-.2H,0: C, 45.38; H, 3.55; N, 10.58. Found: C, 45.87; H, 3.71; N, 10.09 %.
IR data: v (cm™) = 3484 m, 3406 m, 3310 m, 2982 m, 2757 m, 2564 m, 2364 w,
1943 w, 1724 m, 1698 m, 1670 m, 1598 s, 1574 m, 1543 s, 1497 m, 1406 m,
1369 m, 1281 m, 1247 m, 1224 s, 1177 s, 1153 m, 1096 m, 1022 s, 907 m, 844
m, 790 s, 7455, 691 s, 665 m.
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3.2.2. Synthesis of [Zn(Hbtc)(pyaoxH2)2]n (2)

Zn(02CMe).-6H20 (0.022 g, 0.10 mmol), pyaoxH2 (0.027 g, 0.20 mmol) and
EtsN (56 pL, 0.4 mmol) were dissolved in H2O (10 mL). The resultant solution
was put in the oven and heated at 100 °C for 1h. Hsbtc (0.021 g, 0.10 mmol) was
added and the vial was placed into the oven for 24 h, after which X-ray quality
colourless needless of 2 were formed. The crystals were collected by filtration,
washed with cold MeCN (2 mL) and Et2O (2 x 5 mL), and dried in air. Yield
70%. Anal. Calc. for 2: C, 46.05; H, 3.31; N, 15.34. Found: C, 45.55; H, 3.63;
N, 15.18%. IR data: v (cm'1) = 3474 m, 3357 m, 3307 m, 3187 m, 2982 m, 1722
s, 1678 s, 1604 s, 1575 m, 1528 s, 1434 m, 1406 m, 1368 s, 1302 m, 1229 m,
1169 s, 1097 m, 1020 s, 1007 m, 1020 s, 937 m, 896 m, 855 m, 811 m, 790 s,
756 m, 714 s, 687 m, 668 s.

3.2.3. Synthesis of [Cu(Hbtc)(pyaoxH2)]n (3)

Cu(Cl0Oa4)2-6H20 (0.037 g, 0.10 mmol) and pyaoxH. (0.027 g, 0.20 mmol) were
dissolved in H20 (10 mL). The resultant solution was put in the oven and heated
at 100 °C for 1 h. The colour of the solution turned cyan and Hsbtc (0.021 g, 0.1
mmol) was then added; the vial was placed into the oven for 24 h, after which X-
ray quality green crystals of 3 were formed. The crystals were collected by
filtration, washed with cold MeCN (2 mL) and Et>O (2 x 5 mL), and dried in air.
Yield 85%. Anal. Calc. for 3: C, 44.07; H, 2.71; N, 10.28. Found: C, 44.32; H,
3.07; N, 10.21 %. IR data: v (cm™) = 3443 w, 3314 w, 1726 m, 1682 m, 1612 s,
1579w, 1544 s, 1492 w, 1437 w, 1421 w, 1364 m, 1296 w, 1274 w, 1242m, 1238
m, 1179 m, 1157 w, 1095 m, 1036 s, 951 m, 928 w, 895 w, 836 m, 805 w, 786 s,
743,720 s, 689 w, 669 m.
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3.2.4. Synthesis of [Cu(Hbtc)(mpKoH)]n (4)

Cu(ClO4)2-6H20(0.037 g, 0.10 mmol) and mpKoH (0.014 g, 0.10 mmol) were
dissolved in H2O (5 mL). The resultant solution was put in the oven and heated
at 100 °C for 1 h. Hsbtc (0.021 g, 0.1 mmol) was then added and the vial was
placed into the oven for 24 h, after which X-ray quality blue crystals of 5 were
formed. The crystals were collected by filtration, washed with cold MeCN (2
mL) and Et2O (2 x 5 mL), and dried in air. Yield 73%. Anal. Calc. for 4: C, 47.12;
H, 2.97; N, 6.87. Found: C, 46.81; H, 3.14; N, 7.01 %. IR data: v (cm™) = 2247
w, 2167 w, 1813 m, 1720 m, 1606 m, 1549 s, 1482 w, 1424 m, 1360 s, 1299 w,
1266 w, 1244 s, 1177 s, 1160 s, 1149 w, 1100 w, 1085 m, 1053 w, 1027 w, 978
w, 957 m, 923 m, 803 w, 770 m, 749 s, 718 s, 690 m, 673 s.

3.2.5. Synthesis of [Cuz(Hbtc)2(mpkoH)2(H20)2]-4H20 (5-4H,0)
Cu(NO3)2-2.5H,0 (0.093 g, 0.40 mmol) and mpkoH (0.014 g, 0.10 mmol) were
dissolved in in H.O (10 mL). The resultant solution was put in the oven and
heated at 100 °C for 1 h. Then, Hsbtc (0.021 g, 0.1 mmol) was added and the
vial was placed into the oven for 24 h, after which X-ray quality cyan crystals of
5-4H,0 were formed. The crystals were collected by filtration, washed with cold
MeCN (2ml) and Et.O (2 x 5 mL), and dried in air. Yield 40%. Anal. Calc. for
5-4H,0: C, 41.61; H, 3.93; N, 6.07. Found: C, 41.29; H, 4.09; N, 6.34 %. IR
data: v (cm™) = 3393 w, 3032 w, 1714 m, 1606 s, 1548 s, 1435 s, 1363 s, 1335
w, 1249 m, 1235 m, 1189 m, 1144 m, 1103 m, 1074 m, 1028 w, 930 m, 855 w,
803w, 778, 744 s, 714 s, 677 s.
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3.3. Single-Crystal X-ray Crystallography

Single crystal diffraction data for 1-5 were collected in an Oxford Diffraction
Xcalibur CCD diffractometer using graphite-monochromatic Mo Ka radiation (A
=0.71073 A) at room temperature. The structures were solved using SHELXT
% embedded in the OSCAIL software.®> The non-H atoms were treated
anisotropically, whereas the hydrogen atoms were placed in calculated, ideal
positions and refined as riding on their respective carbon atoms. The hydrogen
atoms on water molecules cannot be calculated accurately and are best located in
difference maps and then refined. In the case of compound 1-2H.0, it was not

possible to locate the water H atoms in difference maps. Molecular graphics were
produced with DIAMOND.%

Unit cell data and structure refinement details are listed in Table 1. CIF files can
be obtained free of charge at www.CCDC.CAMAC.UK/RETRIEVING.HTML or from the
Cambridge Crystallographic Data Centre, Cambridge, UK with the REF codes
2,054,509-2,054,513 for 1-5.

Table 1. Crystallographic data for complexes 1-5.

Complex 12H,0 2 3
Empirical formula C3oH23NsO16Zn C21H18NeOsZn C15H11CuN3zOy
Formula weight 788.91 547.78 408.81
Crystal system Triclinic Orthorhombic Monoclinic
Space group Pi P21212¢ P2i/n
a(A) 10.4432(8) 8.9165(2) 13.6020(5)
b (A) 11.0391(10) 14.3950(4) 7.8643(3)

186


http://www.ccdc.camac.uk/retrieving.html

c(A) 16.1331(10) 18.0662(4) 14.5936(6)
a ) 70.263(7) 90 90
B 71.936(6) 90 106.629(4)
y ) 74.980(7) 90 90
V (A3 1639.4(2) 2318.85(10) 1495.79(10)
VA 2 4 4
pealc (g cmd) 1.598 1.569 1.815
i (mm'L) 0.837 1.120 1.510
Measd/independent 12784/ 7550 19382/ 5593 10552/3386
refins (Ring) (0.0634) (0.0303) (0.0279)
Parameters refined 484 350 251
GOF (on F?) 0.972 1.043 1.069
R (1> 25(D)) 0.0948 0.0340 0.0379
WR2 (I > 25(1)) 0.2333 0.0763 0.1025
(4p)max! (4p)min
2.739/-0.619 0.879/-0.338 0.539/-0.683
(e A?)
Complex 4 54H,0
Empirical formula C21H11:CuN207 C16H18CuN2010
Formula weight 466.86 461.86
Crystal system Orthorhombic Triclinic
Space group Pna2; P1
a(A) 14.4904(8) 8.5820(6)
b (A) 14.2054(6) 10.7135(8)
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c(A)
a()
B
7 (°)

V (A3)

z
pealc (g cm®)
u (mm™)

Measd/independent
reflns (Rint)

Parameters refined
GoF (on F?)
Ri2 (I > 20(1))
WR2 (1> 20(1))
(4p)max! (4p)min

(e A?)

7.4068(5)
90
90
90
2.034
4
2.034
1.494
12706/3688
(0.0784)
237
0.974
0.0544

0.0869

0.420 /-0.405

11.0721(8)
64.108(7)
86.688(6)
83.015(6)

909.01(12)

2
1.687
1.263

8056/4204

(0.0377)
286
0.963
0.0417

0.0935

0.496 /-0.489

4. Conclusions

The employment of 2-pyridyl oximes (pyridine-2 amidoxime, pyaoxH»; 2-

methyl pyridyl

ketoxime and mpkoH)

in combination with 1,3,5-

benzenetricarboxylic acid (Hsbtc) provided access to five new compounds,

including discrete clusters, coordination polymers and MOFs. Among them,



[Cu(Hbtc)(pyaoxH:)]n (3) was based on a 3-c uninodal net of hcb topology being
the first reported MOF bearing pyaoxH; it was also the third MOF example
based on a 2-pyridyl oxime in general. [Zn(Hbtc)(pyaoxH2)2]n (2) and
[Cu(Hbtc)(mpKoH)]» (4) joined a small family of coordination polymers
containing an oximic ligand. 1-5 formed a 3D supramolecular network through

strong hydrogen bonding interactions.

The exchange interactions between the metal centres in 3 were investigated
through dc magnetic susceptibility measurements and were found to be very
weak antiferromagnetic (J = -0.16(1) cm™). Finally, reactivity studies were
performed for 3 in the presence of metal ions; in the case of Fe(NO3)s, the
reaction products were [Cu(pycaH2)2(H20)]-(NOs)2, (pyca Hz = pyridine-2-
carboxamide, coming from the hydrolysis of the oximic ligand) and
[Fes(H20)12(btc)2]n. The reaction products were characterized by single crystal

X-ray crystallography and IR spectroscopic techniques.

Supplementary Materials:

The following are available online, Figure S1: Representation of the 3D
network formed through hydrogen bonding interactions in 3, Figure S2:
Representation of the 3D network formed through hydrogen bonding interactions
in 5-4H,0, Figure S3: Comparison of the pxrd patterns for 3 (theoretical, red,;
experimental: green; CH2Cl, navy blue; EtOH, grey; H>O, magenta; Me2CO,
cyan; MeOH, pink, Figure S4: Comparison of the pxrd patterns for 5-4H,O
(theoretical, red; experimental, blue), Figure S5: UV-vis plot for the adsorption
of iron(I1l) nitrate nonahydrate by 3 in H2O, Figure S6: Photo of crystals of 3
(left) before the reaction and the formed brown compound (right), Figure S7:
The infrared spectra of the isolated brown precipitated, Table S1: Selected
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interatomic distances (A) and angles for 1-2H,0, Table S2: Selected interatomic
distances (A) and angles for 2, Table S3: Selected interatomic distances (A) and
angles for 3, Table S4: Selected interatomic distances (A) and angles for 4, Table
S5: Selected interatomic distances (A) and angles for 5-4H,0, Table S6:
Hydrogen bonding details for 2, Table S7: Hydrogen bonding details for 5-4H0.
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Supplementary Material

Table S1. Selected interatomic distances (A) and angles (°) for 1.

Bonds
Zn1-N5 2.110(8) Zn1-N2 2.134(7)
Znl-N4  2.151(5) Zn1-03 2.118(4)
Zn1-00 2.102(4) Zn1-N1 2.144(6)
Angles
N5-Zn1-N4  76.0(2) N1-Zn1-03 87.4(2)
N4-Zn1-N2  97.2(2) N1-Zn1-N5 99.6(2)
N2-Zn1-03  88.7(2) 04-Zn1-N4 86.2(2)
03-Zn1-N5  98.4(2) 04-Zn1-N2 96.7(2)
N1-Zn1-N4  96.3(2) 04-Zn1-N5 88.7(2)
N1-Zn1-N2  75.1(2) 04-Zn1-03 90.9(2)

Table S2. Selected interatomic distances (A) and angles (°) for 2.

Bonds
Zn1-N6 2.091(3) Zn1-03 2.055(3)
Zn1-N4 2.282(3) Zn1-N3 2.111(3)
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Zni-N1  2.172(3) Zn1-06  2.084(2)

Angles

N4-Zn1-N1 ~ 89.7(1) N6-Zn1-06  104.0(1)
N1-Zn1-06  92.2(1) N6-Zn1-03  94.1(1)
06-Zn1-03  88.6(1) N3-Zn1-N4  87.3(1)

03-Zn1-N4  90.1(1) N3-Zn1-03  92.8(1)
N6-zn1-N1  97.1(1) N3-Zn1-06  95.6(1)
N6-Zn1-N4  73.3(1) N3-Zn1-N1  75.0(1)

Table S3. Selected interatomic distances (A) and angles (°) for 3.

Bonds
Cul-N1 2.006(2) Cul-N3 1.977(3)
Cul-05 1.942(2) Cul-01  1.918(2)

Cul-07  2.629(2)

Angles

N3-Cul-0O5 170.69 N1-Cul-N3 79.61
05-Cul-07 97.62 O1-Cul-O5  87.79
O7-Cul-N3 83.43 01-Cul-07 88.51
N1-Cul-O5 91.09 0O1-Cul-N3 1015

N1-Cul-O7 97.68
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Table S4. Selected interatomic distances (A) and angles (°) for 4.

Bonds
Cul-02

Cul-N2

Angles
02-Cul-N2

N2-Cul-N1

1.924(5)

1.982(4)

101.8(2)

79.8(2)

Cul-05

Cul-N1

N1-Cul-O5

05-Cul-02

1.934(4)

2.001(6)

90.8(2)

88.6(2)

Table S5. Selected interatomic distances (A) and angles (°) for 5-4H:0.

Bonds
Cul-N2
Cul-N1

Cul-03

Angles

03-Cul-N1
N1-Cul-02
02-Cul-03
N2-Cul-N1
N2-Cul-02

N1-Cul-O3

2.025(2)
2.004(3)

1.948(2)

174.64(8
89.09(8)
85.60(8)
78.72(9)

101.49(9)

174.64(8)

Cul-02

Cul-O6

N2-Cul-O3

06-Cul-N1

06-Cul-02

06-Cul-03

N2-Cul-O6

2.260(2)

1.951(2)

101.57(9)
91.78(8)
99.72(8)
89.88(8)

156.55(9)




Table S6. Hydrogen bonding details for 22.

D---A Symmetry operator of
D-H---A DHA (°)
(R) (R) A
0O1-H101---04 2.648 1.789 165.91 X, Y, 2
N5-HIN5---04 2.894  2.147 163.53 1-x, -1/2+y, 1.5-z
05-H105:--:08 2.655 1.876 145.31 -X, -1/2+y, 1/2-z

& A = acceptor, D = donor

Table S7. Hydrogen bonding details for 5-4H,0?2.

Symmetry operator of

D-H---A D---A (A) A& DHA (°) A
02-H202---09 2743 1907  170.95 XY, 2
08-H108---010  2.560  1.69 174.02 X, Y, Z
O1-H101---04 2510 1616  174.08 XY, 2
02-H202---07  2.776  2.061  169.55 X,y, -1+z

& A = acceptor, D = donor
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Figure S1. Representation of the 3D network formed through hydrogen

bonding interactions in 3.
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Figure S2. The TGA plot for 3.

Figure S3. Representation of the 3D network formed through hydrogen

bonding interactions in 5-4H0.
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Figure S4. Representation of the intermolecular n-r stacking interactions in
5-4H,0. The centroids of the interacting aromatic rings are represented with

spheres.
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Figure S9. Photo of crystals of 3 (left) before the reaction and the formed brown

compound (right).
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2.4 Brief description of the paper

In this article is described the synthesis and characterization of new coordination
polymers and MOFs by the simulrtaneous use of the 2-pyridinemethanol and
terephthalic or trimesic acid. Also, the Fe-MOF was magnetically studied and

the Zn-MOF was photoluminescence characterized.
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Abstract
The development of synthetic approaches towards new coordination polymers
has attracted a significant interest due to their fascinating physical properties, as

well as their use in a wide range of technological, environmental and biomedical

applications. Herein, the initial combination of 2-pyridinemethanol (Hmp) with
1,4-benzenedicarboxylic acid (H2bdc) or 1,3,5-benzenetricarboxylic acid (Hsbtc)

has been proven a fruitful source of new such species providing access to five
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new coordination compounds, namely [Mz(Hbtc).(Hhmp)s]-DMF (M=Co",
1.DMF; Ni", 2-DMF), [Ni(bdc)(Hhmp)z]s-4H20 (3.4H20), [Znz(bdc)(hmp)z]

-DMF (4:DMF) and [Fez(bdc)z(Hhmp)2]n (5). 4-DMF and 5 are the first metal-
organic frameworks (MOFs) based on Hhmp with 4 exhibiting an unprecedented
4,4,4-c net with point symbol {32.10%.11}{32.10%},. The framework in 5 is based
on a linear Fe''s SBU and possesses a 3,4,6T2 topology with point symbol
{42.83.10}:{4°}.{4°.8°.10°}. Dc magnetic susceptibility measurements were
carried out in 5 and revealed the existence of antiferromagnetic coupling between

the Fe!' cations with a superexchange value of J= -8.46 cm™.

1. Introduction

Metal-organic frameworks (MOFs)'? are porous materials that have attracted an
intense research interest over the last decades due to their aesthetically pleasing
structures and their potential to address contemporary challenges in industrial,
biomedical and environmental applications.>> MOFs possess a plethora of
attractive properties such as enhanced stability, large surface area,
biocompatibility, inexpensive large-scale synthesis, depending on the metal ion
and ligand present in their structure, and selective adsorption due to the easibility
of targeted introduction of additional functional groups into the framework.
Furthermore, they display tuneable and often high porosity, which is also
affected by the breathing effect,®" i.e., the property of MOFs to change their pore
dimensions upon encapsulation of a guest molecule. The unique properties of
MOFs and their structural tuneability make these materials suitable for

applications in sensing, catalysis, imaging, drug delivery, etc.8-1
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The vast range of MOFs’ applications along with the increasing need for the
isolation of new materials with enhanced porosity, selectivity, and stability,
constitute a demand for the development of efficient synthetic approaches
towards new such species. Many approaches have now been reported, with some
of them (isoreticular synthesis, post synthetic modification) favouring the
targeted synthesis of MOFs with desirable properties.6-24 The latter are affected
by the type of the metal ion that is present in the secondary building unit (SBU),
and the type of the organic ligand that links the neighbouring SBUs. A large
variety of organic linkers or a combination of them has been used for the
synthesis of new MOFs, including imidazolates, pyridine, carboxylates, and

others.25-3

With the above in mind, we recently initiated the exploration of the ligand blend
2-pyridyl oxime/polycarboxylic acids for the synthesis of new MOFs.36-38 2-
pyridyl oximes were chosen because of their high bridging capability and their
potential to introduce interesting magnetic properties to the system.®® Many
oximic ligands, such as pyridine-2-amidoxime and 2-methyl pyridyl ketoxime,
were investigated with the simultaneous use of a polycarboxylate (benzene-1,4-
dicarboxylic acid, benzene-1,3,5-tricarboxylic  acid, benzene-1,2,4,5-
tetracarboxylic acid) and yielded the first 2-pyridyl oxime based MOFs, and
several coordination polymers. Some of the MOFs display unprecedented metal
topologies and good metal ion adsorption capacity. For example,
[Cua(OH)2(pma)(mpko)2]n,®” where pma* is the tetra-anion of 1,2,4,5-benzene
tetracarboxylic acid (pyromellitic acid) and mpko- is the anionic form of 2-
methyl pyridyl ketoxime, exhibits a good Fe'' adsorption capacity with its
magnetic properties being affected by the amount of the encapsulated metal

ions.37
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Scheme 1. Schematic representation of the 2-pyridinemethanol (Hhmp, left),
terephthalic acid (Hzbdc, middle) and trimesic acid (Hsbtc, right).

Expanding the above described approach for the synthesis of new MOFs, we
were prompted to replace the oximes by alkoxy-containing ligands and explore
their impact on the structures and physical properties of the isolated compounds.

To this end, we decided to employ 2-pyridinemethanol (Hhmp, Scheme 1),
which, similarly to oximes, often favours ferromagnetic coupling between the
metal centers, and have yielded several polynuclear 3d metal clusters with large
S values.*%45 Although Hhmp has been extensively investigated in metal cluster
chemistry, it remains essentially unexplored as a source of new MOFs. It is worth
to mention that aminoalcohols have been proven to act as templates for the

synthesis of new MOFs and coordination polymers.28:46.47

Herein, we report on the synthesis, structural characterization and physical
properties of five new species by the use of Hhmp in combination with
terephthalic acid (H2bdc) or trimesic acid (Hsbtc). Among them,
[Zn2(bdc)(hmp)2]n-DMF (4-DMF) and [Fes(bdc)s(Hhmp):2]n (5) are the first
MOFs bearing Hhmp with the former displaying an unprecedented structural

topology. Note that both trimesic and terephthalic acid have been extensively
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employed for the synthesis of new MOFs, however their combination with 2-

pyridinemethanol remains unexplored.

2. Experimental

All manipulations were performed under aerobic conditions using materials
(reagent grade) and solvents as received. WARNING: Perchlorate salts are
potentially explosive; such compounds should be used in small quantities and

treated with the utmost care at all times.

Elemental analysis (C, H, N) were performed by the inhouse facilities of the
National University of Ireland Galway, School of Chemistry. IR spectra (4000-
400 cm-1) were recorded on a Perkin-Elmer Spectrum 400 FT-IR spectrometer.
TGA experiments were performed on an STA625 thermal analyzer from
Rheometric Scientific (Piscataway, New Jersey). The heating rate was kept
constant at 10°C/min, and all runs were carried out between 20-600°C. The
measurements were made in open aluminum crucibles, nitrogen was purged in

ambient mode, and calibration was performed using an indium standard.

Solid-state, variable-temperature, and variable-field magnetic data were
collected on powdered samples using an MPMS5 Quantum Design
magnetometer operating at 0.03 T in the 300-2.0 K range for the magnetic
susceptibility and at 2.0 K in the 0-5 T range for the magnetization
measurements. Diamagnetic corrections were applied to the observed
susceptibilities using Pascal’s constants. The fluorescence spectra were
measured using an Agilent Eclipes Fluorospectrophotometer with a powder

sample holder at room temperature.
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2.1. Synthesis of [Coz(Hbtc)2(Hhmp)4]-DMF (1-DMF)

Co(ClO4)2-6H20 (0.073g, 0.2mmol) and Hhmp (0.05 ml, 0.53 mmol) were
dissolved in DMF (5 ml) into a glass vial with plastic lid. The resultant solution
was put in the oven and heated at 100°C for 1h. The solution turned purple; Habtc
(0.021 g, 0.1 mmol) was then added and the vial was placed into the oven for
24hours, after which X-ray quality purple crystals of 1 were formed. The crystals
were collected by filtration, washed with cold MeCN (2ml) and Et20 (2 x 5 ml),
and dried in air. Yield 73%. Anal. Calcd (Found) for 1.-DMF: C, 51.79 (51.87);
H,4.15(3.99); N, 6.71 (6.89)%. IR data: v (cm™) = 1710m, 1663s, 1606s, 1575m,
1555m, 1482w, 1431w, 1411w, 1374s, 1272m, 1239m, 1191w, 1173w, 1159w,
1096m, 1058m, 1042s, 1024w, 967w, 943w, 898w, 819w, 772s, 758s, 709s,
690m, 671m, 659m.

2.2. Synthesis of [Niz2(Hbtc)2(Hhmp)s]-DMF (2-DMF)

Ni(ClO4)2-6H20 (0.073g, 0.2mmol) and Hhmp (0.05 ml, 0.53 mmol) were
dissolved in 5 ml of DMF into a glass vial with plastic lid. The resultant solution
was put in the oven and heated at 100°C for 1h. The solution turned into green.
H3btc (0.021 g, 0.1 mmol) was added and the vial was placed into the oven for
further 24hours, after which the solution was turned cloudy green and X-ray
quality blue crystals of 2 were formed. The crystals were collected by filtration,
washed with cold MeCN (2ml) and Et2O (2 x 5 ml), and dried in air. Yield 80%.

Anal. Calc. (Found) for 2.DMF: C, 51.81 (51.90); H, 4.15 (4.32); N, 6.71 (6.80)
%. IR data: v (cm™) = 2930w, 1716w, 1656s, 1603m, 1576w, 1549m, 1483w,
1437m, 1411w, 1376s, 1289w, 1228m, 1193w, 1173w, 1159w, 1092s, 1058m,
1042s, 1028w, 971m, 909m, 851m, 813m, 797w, 773s, 757m, 717s, 631w, 671w,
659m.
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2.3. Synthesis of [Ni(bdc)(Hhmp)2]n-4H20 (3-4H20)

Ni(ClO4)2:6H2.0 (0.073g, 0.2mmol) and Hhmp (0.05 ml, 0.53 mmol) were
dissolved in H,O/DMF (5/5 ml) into a glass vial with plastic lid. The resultant
solution was put in the oven and heated at 130°C for 1h. Then Hzbdc (0.017 g,
0.1 mmol) was added and the vial was placed into the oven for a further 24hours,
after which X-ray green crystals of 3 were formed. The crystals were collected
by filtration, washed with cold MeCN (2ml) and Et>O (2 x 5 ml), and dried in
air. Yield 60%. Anal. Calc. (Found) for 3-4H,0: C, 46.82 (47.06); H, 5.11 (5.36);
N, 5.46 (5.27) %. IR data: v (cm™) = 1658w, 1609w, 1576w, 1548m, 1488w,
1438w, 1381s, 1361s, 1296m, 1236w, 1156w, 1108w, 1062w, 1038s, 1014w,
991w, 891w, 811s, 750s, 730w, 650w, 630w, 601w. IR data: v (cm-1) = 12931w,
1649m, 1591m, 1377s, 1253m, 1154w, 1096m, 1062w. 1018m, 888m, 824w,
747s. 662m.

Table 1 Crystallographic data for complexes 1-5.

Complex 1DMF 2DMF 34H:0 4-DMF 5

Empirical formula CusHasC0oNeO1s  CuagHagNioNgO1g  CooH2sNiN2O1g  CozH2oN307Zn, CagHzeFesN2O14

Formula weight 1114.78 1080.2 513.13 583.22 932.28
Crystal system Orthorhombic Orthorhombic Monoclinic Orthorhombic Monoclinic
Space group Cmea Cmea loim Pna2; P21/n
a (A) 20.5149(8) 20.5127(6) 11.3588(7) 17.0340(5) 10.4617(10)
b (A) 16.0901(12) 16.0761(5) 30.0046(12) 11.4043(3) 14.6431(10)
c (A) 15.5524(5) 15.2569(5) 11.3550(87) 12.6992(3) 12.7995(9)
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B 90 90
V (A3 5133.6(5) 5031.2(3)
Z 4 4
Pealc (g cm?) 1.442 1.426
p (mm) 0.725 0.826
Measd/independent  17757/3286 [Rint 19871/3257
reflns (Ring) =0.0682] [Rint = 0.0316]
Parameters refined 188 176
GoF (on F?) 1.000 0.990
Re (I > 20(1) 0.0598 0.0746
WR2 (I > 26(D)) 0.1331 0.1995
(Ap)maig\(j)p)min (e 0.654/-0.388 0.803/-0.521

117.507(9)
3713.9(5)
8
1.172
0.815

15917/3567
[Rint = 0.0362]

208
0.996
0.0671

0.2170

1.910/-0.679

90 97.576(7)
2466.96(11) 1943.7(3)
4 2
1.570 1.593
1.992 1.175
19183/5937  16449/4673
[Rin=0.0290]  [Rin=0.1128]
347 270
0.852 0.875
0.0309 0.0745
0.0790 0.1098
0.391/-0.263  0.745/-0.669

®R1 = Z(|Fo| -|F o))/Z| Fo |; ® WR2 = [S[w(Fo? - Fc)?)/S[wF0?)?]]*2

2.4. Synthesis of [Znz(bdc)(hmp)2]n-DMF (4-DMF)
Zn(ClOg4)2:6H20 (0.074g, 0.2mmol) and Hhmp (0.05 ml, 0.53 mmol) were
dissolved in DMF (5 ml) into a glass vial with plastic lid. The resultant solution
was put in the oven and heated at 100°C for 1h. Then Hzbdc (0.016 g, 0.1 mmol)
was added and the vial was placed into the oven for a further 24hours, after which

X-ray quality colorless crystals of 4 were formed. The crystals were collected by
filtration, washed with cold MeCN (2ml) and Et,O (2 x 5 ml), and dried in air.
Yield 40%. Anal. Calc. (Found) for 4-DMF: C, 47.29 (47.51); H, 3.97 (4.19); N,
7.19 (7.14) %. IR data: v (cm™) = 1672s, 16080w, 1571s, 367s, 1287m, 1106w,

1087s, 1045s, 1018m, 820s, 746s.
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2.5. Synthesis of [Fes(bdc)s(Hhmp)2]n (5)

FeClz-6H20 (0.054g, 0.2mmol) and Hhmp (0.05 ml, 0.53 mmol) were dissolved
DMF (10 ml) into a glass vial with plastic lid. The resultant solution was put in
the oven and heated at 100°C for 1h. The solution turned into cloudy brown and
Hobdc (0.017 g, 0.1 mmol) was added; the vial was placed into the oven for a
further 72hours, after which the solution was turned into dark red and X-ray
quality orange cubes of 5 were formed. The crystals were collected by filtration,
washed with cold MeCN (2ml) and Et2O (2 x 5 ml), and dried in air. Yield 15%.
Anal. Calc. (Found) for 5: C, 49.24 (49.14); H, 2.98 (2.93); N, 3.19 (3.11) %.

3. Results and Discussion

3.1. Synthesis

Several experiments were performed and the effect of the synthetic parameters
(presence/absence or kind of base, metal ratio of the reactants, metal sources, etc)
were thoroughly studied.

The reaction between a metal salt (Co(ClO4)2-:6H20, 1; Ni(ClO4)2:6H20, 2)
Hhmp and Hsbtc (2:5:1) in DMF at 100°C vyielded crystals of
[M2(Hbtc)2(Hhmp)s].DMF (M=Co", 1-DMF; Ni", 2.DMF) in good yield. The
stoichiometric equation of the reaction that led to the formation of 1.DMF and
2-DMF is represented in Eq. (1). The presence of further excess of Hhmp leads
to the formation of previously reported compounds that do not bear

polycarboxylic ligands.
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Figure 1: Representation of the molecular structure of 1-DMF. Color code: Co",
purple; N, navy blue; O, red; C, grey. The hydrogen atoms and the solvate

molecules are omitted for clarity.

Following a similar synthetic approach to the one that yielded compounds
1-DMF and 2-DMF, but by using Hobdc instead of Hsbtc, [Ni(bdc)(Hhmp)2]a
:4H20 (3:4H20), [Zn2(bdc)(hmp)z2],-DMF (4-DMF), [Fes(bdc)s(Hhmp)z2]a (5)

were isolated as shown in Egs. (2)-(4):

H,0/DMF
Ni(CIO,), - 6H,0 + 2 Hhmp + H,bdc ———

[Ni(bdc) (Hhmp),], - 4H,0 + 2 HCIO, + 2 H,0 (2)
3
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DMF
2 Zn(ClO,), - 6H,0 + 2 Hhmp + H,bdc + DMF —

[Zn,(bdc)(hmp),], - DMF + 4 HCIO, + 6 H,0 3)
4

DMF
3 Fe(CH3CO,)2+ 2 Hhmp + 3 Hobde —
[Fes;(bdc);(Hhmp),], + 6 CH3CO2H 4)

5

3.2. Description of structures

Representations of the molecular structures of 1-5 are shown in Figures. 1-6, S1
(supplementary information). Selected interatomic distances and angles are listed
in Tables S1-S5.

Compounds 1-DMF and 2:-DMF have similar structures with their only
difference being the type of the 3d metal ion (1-DMF, Co'; 2-DMF, Ni'"). Thus,
only the structure of 1-DMF will be discussed in detail. 1-DMF crystallizes in
the orthorhombic space group Cmca and its structure (Figure 1) consists of the
centrosymmetric complex [Coz(Hbtc)2(Hhmp)a] and lattice DMF molecules. The
two Co" ions are held together through two bridging Hbtc? ions, and the
coordination sphere of each metal centre is completed by two terminal, chelate
Hhmp ligands. Each metal ion is six coordinated with a slightly distorted
octahedral geometry due to the relatively small bite angle of the chelating ligand
(N1-Co1-01 = 77.1(2)°).
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Strong intramolecular hydrogen bonding interactions stabilize the crystal
structure of 1-DMF; these are formed between: 1) the neutral alkoxy group of
the Hhmp ligand (O1, donor) and an oxygen atom (O3, acceptor) from the Hbtc?
ligand (O1---03=2.609 A, H1---03=1.778 A, 01-H1---03 = 167.13 °), and 2)
the protonated carboxylic group of the Hbtc? ligand (O4, donor) and the lattice

DMF molecule (O5, acceptor); O4---05 = 2.548 A, H4..-05 = 1.707 A, 04-
H4..-05 = 163.76 °.

Compound 3-4H0 crystallizes in the monoclinic space group Cam. Its structure
consists of two crystallographically independent 1D chains with the formula
[Ni(bdc)(Hhmp)2]n, and four lattice H,O molecules. The neighbouring Ni'' ions
are held together through the bridging bdc® ligands and form the one-
dimensional coordination polymer. Each metal ion is six coordinated, which is

completed by two chelate Hhmp ligands, and adopt an octahedral coordination

geometry. The structure is stabilized through intermolecular hydrogen bonding
interactions, formed between the protonated hydroxyl group (O1, donor) of the
Hhmp ligand and the noncoordinated oxygen (O3, acceptor) of the bdc? ligand
(01---05 = 2.541 A). The aromatic rings of the Hhmp ligands of neighbouring

chain in 3-4H20 interact further through strong z-z stacking interactions, with

the distance between the centroids being 3.8 A (Figure 2, bottom).
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Figure 2: Representation of a part of the one dimensional chain present in
3:4H,0 (top), and representation of the intermolecular n-n stacking interactions
in the structure (bottom). Color code: Ni", dark green; N, navy blue; O, red; C,
grey. The hydrogen atoms and the lattice H>O molecules are omitted for clarity.

Compound 4-DMF is a 3D MOF based on the dinuclear repeating unit
[Zn2(bdc)2(hmp)2]n (Figure 3). Solvate DMF molecules are located in the MOF
pores. Znl is hexa-coordinated adopting octahedral geometry with its
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coordination sphere being completed through two terminally chelating hmp-
anions and two oxygens coming from two different bdc? ligands. Zn2 is tetra-
coordinated with a tetrahedral geometry; its coordination sphere is completed by
two bridging oxygens coming from two hmp- ligands, and O5 and O2, which
belong to two different bdc? anions. Employing a standard representation of the
crystal structure of 4-DMF,%0-2 this gives rise to the formation of a novel three
dimensional 4,4,4-c net of the topological type with point symbol
{32.10%.11}{32.10*}, (Figure 4); the latter has never been reported in the past,

thus 4-DMF exhibits a network with a unique architecture. The solvent accessible

volume of 4-DMF, calculated by PLATON (excluding all solvents from the
pores), is 581.5 A3 and corresponds to the 23.6% of the unit-cell volume (2467.0
R3).

Figure 3: Representations of the repeating unit (left) and a part of the 3D net
(right) in 4-DMF. Color code: Zn'", yellow; N, navy blue; O, red; C, grey. The

hydrogen atoms and the lattice DMF molecules are for omitted clarity.
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Figure 4: Representation of the 3D 4,4,4-c net with point symbol
{32.10%.11}{32.10*}2 in 4-DMF.

Figure 5: Representations of the repeating unit (left) and a part of the 3D net
(right) in 5. Color code: Fe'', orange; N, navy blue; O, red; C, grey. The hydrogen
atoms are for omitted clarity.
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5 crystallizes in the monoclinic space group P 21/n. Its crystal structure is based
on a three-dimensional network with a linear, centrosymmetric
[Fes(bdc)s(Hhmp)2]n repeating unit (Figure 5, left). Fel and Fe2 (and its
crystallographically equivalent Fe2’) are held together through two bridging, and

one bridging and chelating bdc? ligands. The coordination sphere of Fe2 is
completed by one chelate Hhmp ligand. The bdc? ligands link the Fe3 SBU with
six neighbouring units resulting in the formation of the 3D network (Figure 5,
bottom). All metal ions are six-coordinate with an octahedral geometry, which
in the case of Fe2 is distorted as a result of the small bite angle of the Hhmp (O7-
Fe2-N1 = 76.9(2)°). The metal oxidation state was confirmed through charge
considerations and bond-valence sum calculations, BVS (Fel, 2.03; Fe2,
2.01).5354 The framework in 5 can be described as a 3,4,6-c net of the 3,4,6T2
topological type with point symbol {42.8%.10}3{4%}.{4°.8%.10%} (Figure 6).5557

Figure 6: Representation of the 3D 3,4,6-c net of 3,4,6 T2 topology in 5.

1-5 are new coordination compounds resulting from the combination of 2-

pyridinemethanol with a di- or tri- carboxylic ligand. In particular, 4 and 5 are
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the first examples of MOFs that contain 2-pyridinemethanol; furthermore, 4
possesses a novel three dimensional 4,4,4-c net, whose topology has not appeared
in the past in a MOF. 5 joins the relatively small but growing family of Fe MOFs;
it is based on linear Fe3 SBU and is described as a 3,4,6-c net of 3,4,6T2
topology. The stability of 1-5 was confirmed by thermal TGA studies (Figures
S2-S5). All the compounds are decomposed in multiple steps, as expected due to
the presence of different ligands in their structures. In addition, the stability of
the 3D MOFs 4-DMF and 5 was investigated via pxrd studies (Figures S6 and
S7), which revealed that 4-DMF retains its crystallinity and structure after its
removal from the solution. This is not the case for 5, which loses crystallinity,
yielding a pxrd pattern of poor quality (Figure S7). The dimensionality and
framework topology of 1-5 are affected by the type of the carboxylate ligand
present in the structure and the protonation level of the alkoxy ligand; the latter

impacts the coordination ability of the ligand with the anionic form being able to

link more metal ions, hence yielding species with a different chemical formula

and framework topology.

3.3. Magnetism studies

The magnetic properties of powdered and pressed samples of complex 5 were
investigated in the 2-300 K temperature range under a field of 0.03 T and showed

as ymT vs. T plots (Figure 7).

A large number of iron(11) systems with double carboxylate bridges can be found
in the literature, in their majority related to the study of the reduced form of non-
heme iron proteins where a variety of exchange couplings can be found

depending on the specific geometry of each compound.®®-6 In contrast, linear
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trinuclear Fe''/carboxylate are scarce and the only systems with the same core as
5 (double syn-syn and one single O-carboxylate bridge between adjacent iron
cations) were reported and magnetically studied by Lippard,®22 who established
the magnetostructural correlations®? and the strong zero field splitting that

modulates its magnetic behaviour.%3
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Figure 7: ymT vs. T plot for complex 5. Solid line represents the obtained best

fit up to 30 K. Inset, coupling scheme.

Following the magnetic studies of iron complexes mentioned above, we
attempted to elucidate the superexhange interactions between the spin carriers in
complex 5; the magnetic coupling strongly depends on the Fe-O distance, where
O is the dangling oxygen from the monobridging carboxylate, O5 in Figure 5.
In particular, the interactions are ferromagnetic for weak Fe-O contacts, and
antiferromagnetic when the Fe-O distance lies in the normal bond distance

range.®? Complex 5 belongs to a family of triiron(ll) complexes which were
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described by Lippard® as Class 3 complexes. In this class, the central Fe'' atom
is located in the crystallographic inversion center, resulting in a linear disposition

of the atoms and thus an antiferromagnetic response is expected.

Plot of the ymT vs. T is depicted in Figure 7. At room temperature, the ymT is in
good agreement with the value for three isolated Fe'' cations S=2) and on
lowering temperature there is a fully antiparallel spin alignment, yielding in
antiferromagnetic coupling between them. The curve has been fitted using PHI
software® with the spin Hamiltonian H= -2J (S1:Sz + S»-S3). By applying the
isotropic Hamiltonian, the fit is far from satisfactory and thus a D term was
included®; this yielded a very good fit in the 25-300 K range of temperature for
the parameters J= -8.46(9) cm™, D = -25.2(4) cm™ and g=2.419(5) which are
consistent with similar Fe'' in these environment.6263.66 The low temperature data
(<25 K) was not included in the fit because the weak interaction between trimeric
units mediated by the terephthalate bridges requires to include another parameter

(zJ°) that is strongly correlated with D, resulting in a less reliable fit.67-6°

3.4. Photoluminescence studies

The photoluminescence (PL) solid state emission spectra of 4-DMF was recorded
at room temperature. Upon excitation at 335 nm, 4-DMF shows a maximum
emission peak at 440 nm (Figure 8). The origin of the photoluminescence of
4-DMEF is likely coming from the simultaneous effect of a ligand to metal charge
transfer (LMCT) and transitions from the intraligand emission excited state.36: 70-
2 The red shifted emission at 440 nm in 4-DMF compared to that of the free
Hobdc ligand (410 nm), could be attributed to the rigid coordination environment
of the metal in the polymeric network which suppresses the radiationless decay

pathways from the intraligand emission excited state.36.71
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The PL properties of 4-DMF are in good agreement with the literature with
previously reported bdc? -containing Zn?* coordination polymers, displaying

emission in the region of 440 nm upon excitation at 330 nm. 36 70-72
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Figure 8: Excitation and PL emission spectrum of 4-DMF.

4. Conclusions

The simultaneous use of 2-pyridinemethanol and trimesic or terephthalic acid has
provided access to five new coordination compounds, which were isolated by the
one-pot reaction of a metal source and the ligand blend at high temperature. It is

worth to mention that two of the reported compounds, namely [Zn2(bdc)(hmp)z]a

-DMF (4-DMF) and [Fes(bdc)s(Hhmp):]» (5), are the first MOFs bearing Hhmp
in its neutral or ionic form. 4-DMF is based on a dinucluear SBU and the
topology of its 4,4,4-c net has never been reported in the field of MOFs. 5 is a
new member of the family of Fe MOFs with its 3,4,6-c net being of a 3,4,6T2

topological type. Dc magnetic susceptibility studies in 5 revealed
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antiferromagnetic coupling between the spin carriers in accordance with reported

triiron(I1) systems.
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Supplementary Material

Table S1. Selected interatomic distances (A) and angles (°) for 1.

Bonds

Col-N1 2.115 Col-01 2.168
Co1-02 2.043

Angles

N1-Col-02  96.5(1) N1-Col-O1  90.2(4)
N1-Col-01  77.1(2) N1-Col-02  95.7(5)

Table S2. Selected interatomic distances (A) and angles (°) for 2.

Bonds

Nil-O1 2.104 Nil-02 2.040

Nil-N1 2.058

Angles

O1-Ni1-02 92.91 0O2-Ni1-02  86.78
O1-Nil-N1  79.82 02-Nil-N1  94.50
O1-Ni1-01  87.97 02-Nil-N1  95.15

O1-Nil-N1  90.58
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Table S3. Selected interatomic distances (A) and angles (°) for 3.

Bonds

Nil-02 2.058 Nil-N1 2.052

Nil-O1 2.085

Angles

O1-Ni1-02 92.48 N1-Ni1-02  92.88
02-Ni1-01 87.52 N1-Nil-01 99.75
N1-Ni1-01 80.25 N1-Ni1-02 87.12
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Table S4. Selected interatomic distances (A) and angles (°) for 4.

Bonds
Znl - N2
Znl - 06
Znl-03
Znl-01

Znl- 04

Angles

04-7Zn1-01
04-Zn1-06
06-Zn1-01
03-Zn1-06
03-Zn1-04
03-zn1-01
N2-Zn1-O6

N2-Zn1-O1

2.130(3)
2.010(5)
2.137(3)
2.012(4)

2.149(3)

92.8(2)
92.1(1)
173.0(2)
93.8(2)
91.6(1)
91.0(2)
78.5(2)

96.6(2)

Zn2 - 05

Zn2-01

Zn2 - 06

Zn2 - 02

N2-Zn1-O4

02-Zn2-05

05-Zn2-01

01-Zn2-06

06-Zn2-02

02-Zn2-01

05-Zn2-06

1.957(5)
1.906(4)
1.915(4)

1.960(5)

89.8(1)
103.6(2)
112.4(2)
116.7(2)
111.8(2)
107.8(2)

103.9(2)
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Table S5. Selected interatomic distances (A) and angles (°) for 5.

Bonds
Fel-O6
Fel-O1
Fel-O4
Fe2-O7

Fe2-N1

Angles
06-Fel-0O4
06-Fel-04
06-Fel-01
06-Fel-01
04-Fel-01
0O4-Fel-01
03-Fe2-06
03-Fe2-02
03-Fe2-N1

03-Fe2-07

2.149(4)
2.073(3)
2.187(7)
2.314(6)

2.166(8)

92.23
87.07
89.64
90.36
90.46
89.54
100.74
85.88
112.94

91.93

Fe2-02

Fe2-03

Fe2-0O6

Fe2-05

O3-Fe2-05

02-Fe2-06

02-Fe2-N1

02-Fe2-05

N1-Fe2-05

N1-Fe2-O7

05-Fe2-07

O7-Fe2-06

06-Fe2-02

2.089(0)
1.969(9)
2.321(9)

2.121(2)

158.72
99.08
98.15
96.99
87.62
76.92
87.32
87.48

99.08
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Figure S1. Representation of the molecular structure of 2-DMF. Color code: Ni"!,
purple; N, navy blue; O, red; C, grey. The hydrogen atoms and the solvate

molecules are omitted for clarity.
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2.5 Brief description of the paper (manuscript in preparation)
In this article is described the synthesis and characterization of three novel MOFs
and a mononuclear complex, by the simultaneous use of the 2,6-

pyridinedimethanol and terephthalic acid.

Metal-organic frameworks by the simultaneous use of 2,6-
pyridinedimethanol & terephthalate

Abstract

The employment of two different ligands is an alternative approach for the
synthesis of new MOFs with enhanced properties. Pyridine-alcohols are broadly
studied in the field of single-molecule magnets (SMMs) and they have given
compounds that exhibit interesting magnetic properties and topologies. This
work is introducing for the first time the combination of 2,6-pyridinedimethanol
(Hzpdm) with 1,4-benzene dicarboxylic acid (Hzbdc) in the field of metal-
organic frameworks (MOFs). This reaction system provided access to new
metal-organic frameworks [Ms(bdc)2(Hpdm)z].-DMF (where M!' = Zn(1-DMF),
Mn(2-DMF)), [Mns(bdc)s(Hzpdm)z]n 3, and [Mns(bdc)s(DMF)s]n 4. The
synthesis and crystal structure characterization are discussed in detail.

1. Introduction

MOFs are hybrid porous materials, which are consisted of inorganic and organic
secondary building units (sbus). In the last decade, a plethora of scientific groups
are working in the isolation of MOFs through the mixed-ligand approach, which

demands the control of different parameters. Once the linkers have different
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chemical nature, the one-pot-synthetic approach for the solvothermal synthesis
is arising issues e.g. solubility, fast precipitation of the synthesized compounds,
and also crystallinity. For the aforementioned reasons, new approaches and
protocols have to be developed based on the under study system.

Recently, an increasing number of research groups are investigating mixed
ligand systems for the formation of new classes of metal-organic frameworks
(MOFs).! The majority of the published and studied compounds are presenting
mixed-ligand pillars for the formation of MOFs with interesting porosity, in an
effort to isolate compounds with high surface areas for the adsorption of

molecules.?3

Despite the fact that several ligand combinations have been investigated, reports
that include the use of mixed ligand systems with the capacity to provide access
to MOFs with high nuclearity SBUs are limited. Oximes and pyridine-alcohols
belong to this category of ligands; they have high bridging capability and as such
have been extensively studied for the formation of low and high nuclearity metal
complexes, which exhibit interesting structural features and physical properties.
Nevertheless, their use for the synthesis of MOFs has not been systematically

investigated.

Our group has been investigating the simultaneous use of oximes and di-, tri-
,and tetra- topic carboxylates (benzene-1,4-dicarboxylic acid, benzene-1,3,5-
tricarboxylic acid and 1,2,4,5-benzene tetracarboxylic acid); this reaction system
has led to the formation of metal complexes, one-dimensional polymers, and 2D
& 3D MOFs.* A representative such example is
[Cus(OH)2(pma)(mpkoH)2(DMF)2]n, which exhibits promising magnetic sensing
properties for the selective adsorption of Fe!"'. Furthermore, the use of pyridine-

methanol and combining it with di- and tri- topic carboxylates (benzene-1,4-
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dicarboxylic acid was benzene-1,3,5-tricarboxylic acid), provided access to the
formation of the first metal complexes and 3D-MOFs.> An expansion of this
project involves the use of ligands with more than one bridging alkoxy groups
and the investigation of how this affects the identity of the isolated products and
for this reason 2,6-pyridine-dimethanol (Hzpdm) was employed instead of 2-
pyridine-methanol; Hzpdm has been broadly used in the field of single molecule
magnets (SMMs), giving high nuclearity metal complexes with interesting
magnetic properties e.g. [Ln"'4(NOs)2(pdmH)s(pdmH2)2](NO3s)s (Ln"' = Eu'",
Gd”l, Tb“l, Dy“l, HO“I, Er”', Yb”l);
[Fe1s06(OH)s(pdm)10(pdmH)a(H20)4](ClO4)10;
{[Cu3(02CMe)2(pdm)2(MeOH)2][Cus(O2CMe)2(Hpdm)2]}(C104)2-4MeOH.®

Herein, we report on the synthesis, structural characterization and physical
properties of four new species including the first MOFs bearing 2,6-
pyridinedimethanol (H>pdm), by the use of Hzpdm in combination with
terephthalic acid (H2bdc). This combination led to the formation of two iso-
structural two-dimensional metal-organic frameworks
[M3(bdc)2(Hpdm)z]a-DMF (where M!" = Zn(1-DMF), Mn(2-DMF)), one three-
dimensional metal-organic framework [Mns(bdc)z(Hzpdm)2]n 3, and a

mononuclear complex [Ni(H2pdm).](bdc) 5.

L O
HO \N OH Ho OH

H,pdm H,bdc

Scheme 1. Schematic representation of the 2,6-pyridinedimethanol (H2pdm)
(left) and the terephthalic acid (H2bdc) (right) discussed in this work.
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2. Materials and Methods

2.1. Materials, Physical and Spectroscopic Measurements

All the manipulations were performed under aerobic conditions using materials
(reagent grade) and solvents as received. Warning: Perchlorate salts are
potentially explosive; such compounds should be used in small quantities and

treated with utmost care at all times.

Elemental analysis (C, H and N) was performed by the in-house facilities of
National University of Ireland Galway, School of Chemistry. IR spectra (4000-
400 cm™t) were recorded on a Perking-Elmer Spectrum 400 FT-IR spectrometer.
Powder X-ray diffraction data (pxrd) were collected using an Inex Equinoz 6000
diffractometer. Solid TGA experiments were performed on a STA625 thermal
analyser from Rheometric Scientific (Piscataway, New Jersey). The heating rate
was kept constant at 10°C/min, and all runs were carried out between 20 and 600
°C. Thea measurements were made in open aluminium crucibles, nitrogen was
purged in ambient mode and calibration was performed using an indium

standard.

2.2. Compounds Synthesis

2.2.1. Synthesis of [Zn3(bdc)2(Hpdm)2],:-DMF (1-DMF)

Zn(Cl0a4)2:6H20 (0.075g, 0.2mmol) and Hzpdm (0.014g, 0.1 mmol) were
dissolved in DMF (5ml). The resultant solution was put in the oven and heated
at 100°C for 1h. Hobdc (0.0166g, 0.1mmol) was then added and the vial was

placed into the oven for 24h, after which X-ray quality pale yellow crystals of
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1-DMF were formed. The crystals were collected by filtration, washed with cold
MeCN (2ml) and Et2O (2 x 5mL) and dried in air. Yield 23%. Anal. Calc. for 1:
C,44.38; H, 2.74; N, 2.72. Found: C, 44.28; H, 2.69; N, 2.64%. IR data (cm™) =
1655s, 1501w, 1439w, 1386s, 1255m, 1160w, 1093s, 1061w, 822w, 798w,
748m, 659s.

2.2.2. Synthesis of [Mnz(bdc)2(Hpdm)2]»-DMF (2-DMF)

This was prepared in the same manner as 1 but using Mn(ClO4),-6H20 (0.0508g,
0.14mmol) instead of Zn(ClO4)2-H20. Yield 23%. Anal. Calc. for 2: C, 45.78;
H, 2.83; N, 2.81. Found: C, 45.68; H, 2.78; N, 2.73%. IR data (cm™) = 1653s,
1497w, 1439w, 1386s, 1255m, 1092s, 1063w, 750w, 659s.

2.2.3. Synthesis of [Mnsz(bdc)s(Hzpdm)2]n (3)

Mn(ClOg4)2-H20 (0.051g, 0.14mmol), Hzpdm (0.223g, 1.6 mmol) and EtsN (416
ul, 3.2mmol) were dissolved in a mixture of DMF/H20 (25ml/ 25ml). The
resultant solution was put in the oven and heated at 130°C for 1h. Then, Hzbdc
(0.01669, 0.1mmol) was added and the vial was placed into the oven for 24h,
after which X-ray quality colorless crystals of 3 were formed. The crystals were
collected by filtration, washed with cold MeCN (2ml) and Et.O (2 x 5mL) and
dried in air. Yield 23%. Anal. Calc. for 3: C, 45.69; H, 3.03; N, 2.80. Found: C,
45.59; H, 2.98; N, 2.72%. IR data (cm™) = 2825m, 1567s, 1470m, 1458m,
1440m, 1343s, 1254w, 1095w, 1024m, 789s, 662w.
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2.2.4. Synthesis of {[Mns(bdc)3(DMF)a]}n (4)

Mn(CIO4)2-6H20 (0.0508g, 0.14mmol) and Hzbdc (0.0166g, 0.1mmol) were
dissolved in a mixture of DMF (5ml) was put in the oven and heated at 100°C
for 24h, after which X-ray quality colorless crystals of 5 were formed. The
crystals were collected by filtration, washed with cold MeCN (2ml) and Et20 (2
x bmL) and dried in air. Yield 23%. Anal. Calc. for 5: C, 42.68; H, 3.98; N,
5.53. Found: C, 42.58; H, 3.93; N, 5.45%. IR data (cm™) = 1640m, 1612w,
1582w, 1551m, 1499m, 1435w, 1369s, 1293w, 1252w, 843m, 815m, 749s,
663m.

2.3. Single Crystal Xray Crystallography

Single Crystal diffraction for 1-5 were collected in an Oxford Diffraction
Xcalibur CCD diffractometer using graphite-monochromatic Mo Ka radiation (A
=0.71073 A) at room temperature. The structures were solved using SHELXT,
embedded in the OSCAIL software. The non-H atoms were treated
anisotropically, whereas the hydrogen atoms were placed in calculated, ideal
positions and refined as riding on their respective carbon atoms. Molecular
graphics were produced with DIAMOND.

Unit cell data and structure refinement details are listed in Table 1.

Table 1. Crystallographic data for complexes 1-3.

Complex 1 2 3
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Empirical formula

Formula weight
Crystal system
Space group
a(A)

b (R)

c(A)

a ()

BC)

v ()

V (A3)

Z

peale (g cm?)
Radiation, A (A)
u (mm™)
Temperature (K)
R (I > 20(1))

WR2® (I > 20(1))

CzoH16N20122Zn3,
CeH11N20-

935.79
Monoclinic
P 21/n
14.8513(9)
8.4497(4)
16.5769(11)
90
105.100(6)
90

2008.4(2)

1547
0.71073
1.847

300 K
0.0477(3441)

0.1345(4688)

CzoH16Mn3N2012,
2(CsH/NO)

907.46
Monoclinic
P 21/n
14.8480(5)
8.4497(3)
16.5953(7)
90
105.152(4)
90

2009.68(14)

15
0.71073
0.998

299 K
0.0615(3408)

0.2014(4841)

C3zsH30Mn3N2016

935.46
Monoclinic
P 21/n
10.4343(3)
16.7883(5)
10.6385(4)
90
95.378(3)
90

1855.39(10)

1.674
0.71073
1.086

293 K
0.0341(3201)

0.0809(4458)
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3. Results and Discussion
3.1 Synthetic Discussion

Several experiments were performed and the effect of the synthetic parameters
(temperature, presence/absence of base, metal ratio of reactants, metal sources
etc.) was thoroughly studied. By the reaction of Zn(ClO4)2:6H.O (1) or
Mn(ClO4)2-6H20 (2) with Hopdm and Hzbdc in a molar ratio 2: 1: 1 at 100°C,
crystals of the 2D MOFs [Ms(bdc)2(Hpdm)z 1o (M = Zn (1), Mn(2)) were
isolated in good yield. The stoichiometric equation of the reaction that led to the

formation of 1 and 2 is represented in Eq. (1).

DMF
[M, (bdc),(Hpdm),], - DMF + 6 HCIO, + 18 H,0 (1)
1 - DMF

where M!! = Zn(1), Mn(2)

The temperature and the presence of a base in the reaction mixture, as well as the
nature of the solvents plays a crucial role in the identity of the isolated product.
Hence, the reaction of Mn(Cl0O4).-6H20, EtsN, Hpdm and Hzbdc in a molar ratio
0.14: 1.6: 3.2: 0.1 in DMF/H20 (25ml/25ml) has provided access to 3 in good
yield. The stoichiometric equation of the reaction that led to the formation of 3

is represented in Eq. (2).

DMF/H,0
3 Mn(ClO,), - 6H,0 + 2 H,pdm + 3 H,bdc ———
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{[Mn;(bdc);(H,pdm),]}, + 6 HCIO, + 18 H,0 (2)

3

It is worth mentioning that the reaction that led to the formation of 1-3 involve
two steps with the first step being a reaction between the metal salt and pdmH3;
this results in the formation of a reaction intermediate which then reacts with
Habdc favouring the formation of the products. One step reactions have been also
attempted, which led to either precipitates that could not been further
characterized or to know compounds. In particular, in the case of Mn the one step
reaction yielded the 3D MOF [Mn3(bdc)3(DMF)s]n (4), which has been

previously reported in the literature.

Following a similar synthetic approach to the one yielded 1,2 and 3, but by using
Ni'' ,a discrete metal compound was isolated instead of a coordination polymer.
Thus, the reaction of 0.2 Ni(ClO4)26H20: 1.6 Hzpdm: 3.2 EtsN: 0.1 Habdc
yielded xray quality crystals of 5. The stoichiometric equation for the formation

of 5is shown in Eq. (3).

DMF
3 Mn(ClO,), - 6H,0 + 3 H,pdm + 4 DMF —

{[Mns(bdc);(DMF),]},, + 6 HCIO, + 18 H,0 (3)
4

Following, a similar synthetic approach to the one yielded 1,2 and 3, but by using
Ni', at 130°C was isolated 5. At 100°C was not visible the isolation of a

crystalline compound either in DMF or in a mixture of DMF/water; for this
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reason the temperature was increased to 130°C. Either in the presence or absence
of DMF were isolated solids or jells, but once the mixture of water/DMF was
used the reaction system changed behavior mixtures of crystals and solid or
multicrystalline or sfairoid samples were isolated. Only in a ratio of 0.2
Ni(Cl0O4)26H20: 1.6 Hopdm: 3.2 EtsN: 0.1 Hobdc was possible the isolation of 5

in crystalline form. The stoichiometric quation for the formation of 5 is Eq. (4).

DMF/H,0

[Ni(H,pdm),](bdc) + 2 HCIO, + 6 H,0 (3)
5

3.2. Description of Structures

Representations of the molecular structures of 1-5 are shown in Figures 1-5.

Selected interatomic distances and angles are listed in Tables S1-S5.

1.DMF and 2.DMF are similar, differing only in the type of the metal ion present
in their structure (1, Zn; 2, Mn). Hence, only the structure of 1.DMF will be
described in detail. 1.DMF crystallizes in the P21/n monoclinic space group and
Its crystal structure forms a 2D network based on the centrosymmetric repeating
unit [Zns(pdmH)2(bdc)2] and lattice DMF molecules. The three metal ions are
held together through the two 7% 1 *: 7t:p pdmH- ligands, each one bridging
Znl and Zn2 (or each symmetry equivalent Zn2’), and four carboxylate groups
coming from six different bdc? ligands. The latter bridges each Zns unit with

four neighbouring SBUs favouring the formation of the network.
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Figure 1. Representation of the repeating unit (left) and a part of the 2D net
(right) in 1. Colour code: Zn, cyan; N, blue; O, red, C, grey. The hydrogen
atoms are omitted for clarity.

Znl is penta-coordinate adopting a distorted trigonal pyramidal geometry (t =
0.45); its coordination sphere is completed by two carboxylate groups (03, O5),
which belong to two different bdc? ions, and one pdmH- ligand which forms two
five-member rings through O1, O2 and N1. Zn2 is hexa-coordinated and its
coordination sphere is completed through six oxygen atoms, four of them coming
from four bdc? ligands (04, 06, and their symmetry equivalents) and two from
the deprotonated alkoxy groups of the two pdmH-ligands (O2 and O2’). A strong
intramolecular hydrogen binding interaction stabilize the crystal structure; this is
formed between hydroxyl group of the pdmH- ligand (O1, donor), which is the
donor, and the lattice DMF molecule (O7, acceptor): 1, O1---O7 = 2.563 A,
H1.--07 = 1.776 A, O1-H1.--O7 = 160.36°; 2, O1---07 = 2.667 A, H1.--O7 =
1.957 A, O1-H1.--O7 = 144.35°.
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Compound 3 crystallizes in the monoclinic space group P2i/n. Its structure
(Figure 2) consists of a three-dimensional network based on the trinuclear
centrosymmetric repeating unit [Mns(bdc)s(Hzpdm)z]. The three metal ions
within the repeating unit are held together through six bridging carboxylate
groups coming from six different bdc?® ligands. The latter link the neighbouring
SBUs resulting to the formation of a three dimensional network. The distance of
the metal ion within the SBU is 3.500 A, while the minimum distance between
metal ions of different SBUs is 10.434 A.

P

Figure 2. Representation of the repeating unit (left) and a part of the of the 3D
net based on the c axis (right) in 3. Colour code: Mn, yellow; N, blue; O, red,
C, grey. The hydrogen atoms are omitted for clarity.

Mnl is a hexa-coordinated adopting an octahedral geometry and its coordination
sphere is completed through six oxygens from six different bdc? ions; in planar
position are located the O2, O5, 02, 05, and in axial position the O3, O3. Mn2
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is also hexa-coordinated adopting a deformed octahedral geometry. Its
coordination sphere is completed by one chelate pdmH; ligand (O7, N1) and
three carboxylate groups from three different bdc? ligands (06, O1, O4, O5).
The crystal structure of 3 is stabilized through hydrogen bonding interactions
that involve the hydroxyl group of the pdmH> ligand (O7, O8, donors), and the
deprotonated carboxylate groups of the bdc? ions (01, 06, acceptors): O7---O1
=2.696 A, H1O7---01 = 1.866 A, O7-H107---O1 = 159.42°; 08---06 = 3.019
A, H8.--06 = 2.228A, 08-H8:--06 = 162.41°.Thermal stability studies in 1
revealed that a sharp mass loss at 202°C (c.a. 32.5%) has occurred, then the
compound retained steady till 300°C and between 300-360°C a further 25% and
then a third step was observed which led to a further 10% loss prior the complete
decomposition of the compound.

4 crystallizes in triclinic space group P-1. Its structure (Figure 3) consists of a
two-dimensional network based on the trinuclear centrosymmetric repeating unit
[Mn3(bdc)s(DMF)4]. The molecule is centrosymmetric and the axis is passing
through the central metal center. The metal distance between Mn1-Mn3 is 3.655
A. The bdc? ligands link the Mn3 with six neighbouring repeating units resulting

in the formation of the 3D network (Figure 3).
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[ .

Figure 3. Representation of the repeating unit (left) and a part of the 2D net
(right) in 4. Colour code: Mn, yellow; N, blue; O, red, C, grey. The hydrogen
atoms are omitted for clarity.

Compound 5 crystallizes in triclinic space group P-1. 5 is a mononuclear
complex, where Nil is hexa-coordinated adopting an octahedral geometry and it
is stabilized through two chelating Hopdm molecules. There are strong
intermolecular hydrogen bonding interactions in 5 that stabilize its structure and
result in the formation of a three-dimensional network (Figure 6 & Figure S19).
In particular, there is one type of hydrogen bonds that involve the hydrogen of
the hydroxyl group (09, 011, 019, O21), which are the donors, and the doubly
deprotonated carboxylate groups of the lattice terephthalate ligands (029, 032,
033, 030), which act as acceptors (09---029 = 2.559 A, H9---029 = 2.184 A,
09-H9---029 = 106.23°; 021---030 = 2.510 A, H21---030 = 1.753A, 021-
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1.792 A, 0O11-
1.720 A, 019-

2525 A, H11---032
2510 A, H19---033

H21---030 = 145.67°; O11---032
H11---032 = 141.91° 019---033
H19..-033 = 151.79°).

033

03

Figure 5. Representation of the mononuclear complex 5. Colour code: Ni,

green; N, blue; O, red, C, grey. The hydrogen atoms are omitted for clarity.

Figure 6. Representation of the 3D hydrogen bonding network for 5. Colour
code: Ni, green; N, blue; O, red, C, grey. The hydrogen atoms are omitted for

clarity.
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4. Conclusions

The simultaneous use of 2,6-pyridine-dimethanol and terephthalic acid has
provided access to three new MOFs and one mononuclear complex, which were
isolated by the two-pot reaction approach. It is worth mentioning that the two
2D-MOFs and one 3D-MOF reported here, namely [M3(bdc)s(Hpdm)z],-DMF
(where M"" = Zn (1), Mn (2)) and [Mn3(bdc)s(Hzpdm)2]n (3), are the first MOFs
bearing Hzpdm in its ionic or neutral form respectively with all of them based on
a trinuclear sbu. The temperature and the presence of a base in the reaction
mixture, as well as the nature of the solvents was found to play a crucial role in
the identity of the isolated products. Lower temperature synthesis without the
presence of base was found to crystallize only 2D polymers. With the
simultaneous increase of temperature in the presence of base (EtsN), a 3D
framework was found to crystallize in case of Mn. In the case of Ni(ll), we were
not able to isolate a higher dimensional compound, as the 1D polymer is
stabilized through strong hydrogen interactions, forming a 3D network. In
conclusion, the temperature and the presence of base in the reaction mixture, as
well as the nature of the solvents used, plays a crucial role in the dimensionality

of the isolated product.
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Supplementary Material

Synthesis of [Ni(Hzpdm)2](bdc) (5)

Ni(ClO4)2-H20 (0.0731g, 0.2mmol), Hzpdm (0.22269, 1.6 mmol) and EtsN (416
ul, 3.2mmol) were dissolved in a mixture of DMF/H20 (25ml/ 25ml). The
resultant cyan solution was put in the oven and heated at 130°C for 1h. Then,
Hbdc (0.01669, 0.1mmol) was added and the vial was placed into the oven for
24h, after which X-ray quality green crystals of 4 were formed. The crystals were
collected by filtration, washed with cold MeCN (2ml) and Et.O (2 x 5mL) and
dried in air. Yield 23%. Anal. Calc. for 4: C, 46.80; H, 3.93; N, 4.96. Found: C,
46.70; H, 3.88; N, 4.88%. IR data (cm™) = 3425w, 2925w, 2864w, 2320w,
1842w, 1664s, 1604w, 1583m, 1498m, 1439m, 1383m, 1352s, 1297w, 1257w,
1240w, 1160m, 1144w, 1090m, 1034w, 1015s, 1001w, 894w, 866w, 794s, 754s,
660s.
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Tables S1. Selected interatomic distances (A) and angles (°) for 1.

Bonds

Znl-N1  2.044(3) Zn1-02  1.999(3)
Zn1-01  2.273(3) Zn2-02  1.970

Znl-03  1.960(2) Zn2-04  2.173

Zn1-05  1.967(3) Zn2-06  2.179

Angles

01-Zn1-03 89.0(1) 05-Zn1-02 100.5(2)
03-Zn1-02  106.7(1) 05-Zn1-N1 125.9(1)
02-Zn1-N1 80.0(1) 04-Zn2-06 88.1
N1-Zn1-O1 73.5(1) 06-Zn2-04 91.9
03-Zn1-N1 113.3(1) 02-Zn2-06 93.2
01-Zn1-02 152.9(1) 02-Zn2-04 89.2
05-Zn1-01 90.8(1) 02-Zn2-06 86.8
05-Zn1-03 117.8(1) 02-Zn2-04 90.8
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Tables S2. Selected interatomic distances (A) and angles (°) for 2.

Bonds

Mni1-N1

Mn1-0O1

Mn1-03

Mn1-02

Angles

N1-Mn1-02

02-Mn1-05

05-Mn1-01

01-Mn1-N1

N1-Mn1-0O5

01-Mn1-02

03-Mn1-N1

03-Mn1-02

2.036(4)
2.258(5)
1.954(3)

1.999(3)

79.9(1)
100.9(1)
90.5(1)
73.6(2)
126.0(1)
153.0(1)
113.5(1)

106.2(1)

Mn1-0O5

Mn2-0O6

Mn2-02

Mn2-O4

03-Mn1-05

03-Mn1-01

06-Mn2-04

04-Mn2-06

02-Mn2-06

02-Mn2-04

02-Mn2-06

02-Mn2-04

1.964(3)

2.184

1.965

2.162

117.7(1)

89.5(1)

88.5

91.5

87.0

89.3

93.0

90.7
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Tables S3. Selected interatomic distances (A) and angles (°) for 3.

Bonds

Mn1-02 2.113 Mn2-O7 2.143(2)
Mn-05 2.270 Mn2-O4  2.076(2)
Mn1-03  2.130 Mn2-05  2.191(2)
Mn2-N1  2.292(2) Mn2-01  2.118(1)
Angles

02-Mn1-O5 89.53 N1-Mn2-0O7 73.37(7)
05-Mn1-02  90.47 07-Mn2-04 83.46(7)
03-Mn1-02 87.91 04-Mn2-N1 156.44(6)
03-Mn1-05  91.50 O7-Mn2-05 142.25(6)
03-Mn1-02 92.09 01-Mn2-04 92.10(6)
03-Mn1-05 88.5 01-Mn2-05 102.77(6)
04-Mn2-05  107.19(6) 01-Mn2-N1 93.12(6)
05-Mn2-N1  94.01(6) 01-Mn2-07 113.13(6)
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Tables S4. Selected interatomic distances (A) and angles (°) for 4.

Bonds

Mn3-041 2.1548 Mn3-022 2.2711
Mn3-046 2.243 Mn1-022 2.2256
Mn3-021 2.2893 Mn1-030 2.1255
Mn3-031 2.1073 Mn1-016 2.1453

Mn3-015 2.1191

Angles

021-Mn3-022 57.80 031-Mn3-022 95.44
022-Mn3-015  92.77 031-Mn3-015 105.45
015-Mn3-041 101.26 031-Mn3-041 82.98
041-Mn3-021  108.09 016-Mn1-030 93.25
046-Mn3-021  83.55 030-Mn1-016  86.75
046-Mn3-022  90.45 022-Mn1-016  92.60
046-Mn3-015  82.34 022-Mn1-030 88.79
046-Mn3-041 89.3 022-Mn1-016 874
031-Mn3-021  92.68 022-Mn1-030 91.21
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Tables S5. Selected interatomic distances (A) and angles (°) for 5.

Bonds

Nil-N2 1.9856 Nil-021 2.0914
Nil-09 2.1128 Nil-019 2.0991
Nil-011 2.1244 Nil-N12 1.9846
Angles

021-Ni1-09 94.20 N2-Ni1-019 105.56
09-Ni1-019 90.25 N12-Ni1l-011 79.15
019-Ni1-011 93.54 N12-Nil-021 79.67
0O11-Ni1-021 89.97 N12-Nil1-09 102.11
N2-Nil-011 79.15 N12-Nil1-019 79.02
N2-Ni1-021 95.74 N12-Ni1-011 99.53
N2-Nil-09 79.31
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Tables S6. Hydrogen bonding for 12

O1-H1.--O7 2563 1.776 160.36 X,y,z

a A = acceptor, D = donor

Tables S7. Hydrogen bonding for 22.

D-A H-A DHA Symmetry

D-H-A A) (A) @) operator

O1-H1..-O7 2.667 1.957 14435 Xx,y,z

& A = acceptor, D = donor

Tables S8. Hydrogen bonding for 32.

D-H---A D-A (A) (,B:) DHA (°) Symmetry operator

07-H107---01 2.696 1.866 159.42 X, Y,z

08-H8---06 3.019 2.228 162.41 X, Y,z

& A = acceptor, D = donor
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Tables S9. Hydrogen bonding for 52

D-H---A DA A DHA (°) Symmetry operator
(A) A)

09-H9---029 2.559 2.184 106.23  x,Y,z

021-H21---030 2510 1.753 145.67 X, Y, Z

011-H11---032 2525 1.792 141.91 XY, 2

019-H19---033 2510 1.720 151.79 X, Y, Z

& A = acceptor, D = donor
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Figure S1. Representation of the 2D network of 1 (a) a-axis, (b) b-axis, (c) c-

axis.
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Figure S2. The infrared spectra of 1.
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Figure S3. The TGA spectra of 1.
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Figure S10. Photo of crystals of 3.

Figure S11. Representation of the 3D network of 3 (a) a-axis, (b) b-axis, (c) c-

axis.
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Figure S14. Mechanistic representation of the replacement of DMF molecules

of 4 for the formation of 3 by replacing them with Hopdm.

. « <

A //\t\ \_72'

Figure S15. Representation of the 2D network of 4 (a) a-axis, (b) b-axis, (c) c-
axis and (d) rotated axis.
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Figure S16. The infrared spectra of 4.
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Figure S17. The TGA diagram of 4.
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Figure S19. Representation of the 3D hydrogen bonding network of 5 (a) a-
axis, (b) b-axis, (c) c-axis and (d)rotated axis.
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Chapter 3

Conclusions and Future Work
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Outlook and Future Work

This work introduces for the first time small rigid ligands (pyridyl-oximes and
alcohols) from the field of single-molecule magnets (SMMs) in the field of
metal-organic frameworks, combining them with polycarboxylates (e.g.
terephthalic acid, trimesic acid or 1,2,4,5-benzenetetracarboxylic acid) for the
formation of the network. This unique combination has led to the isolation of
nine metal complexes, eight coordination polymers, and twelve MOFs adopting
novel topologies. Pyridyl oximes and alcohols were chosen, as they are able to
stabilize homo- and hetero-metallic metal complexes with small and high
nuclearities presenting interesting magnetic properties, which is essential for the
development of magnetism-based sensors. The development of magnetism-
based sensors is crucial as not all the environmental pollutants are
photoluminescence active, hence their detection can be challenging. Through
this research, it was proven that the chosen ligands are suitable for the
development of compounds adopting the required properties and an example of
this is the [Cus(OH)2(pma)(mpko)2]a, which can act as magnetic sensor and it is

suitable for the sensing of Fe®* with adsorption capacity 129.89 mg Fe/g MOF.

The combination of pyridyl oximes and terephthalic acid led to the isolation of
metal complexes and 1D coordination polymers. Polymerization of the
mononuclear complexes to 1D polymers was achieved, but it was not possible to
isolate a higher dimensionality polymer. The use of trimesic acid achieved not
only the isolation of metal complexes and 1D-polymers, but also the isolation of
the first 2D MOF [Cu(Hbtc)(pyaoxH:)]. of this combination. Using 1,2,4,5-
benzene-tetracarboxylic acid, which has an additional carboxylic group, it was
possible to isolate a higher dimensional 3D polymer, which adopts a tetranuclear
sbu with the formula [Cus(OH)2(pma)(mpko)2]n. This was the first example of a
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magnetism-based sensor and it was also shown to selectively adsorb Fe3*. The
first known 2D polymer of this sbu combination was also isolated,
[Zn2(pma)(pyaoxH2)2(H20)2]n .

As the combination of pyridyl-oximes and carboxylates was studied in-depth, we
continued to investigate the behavior of an analogue family of small rigid
ligands, pyridine alcohols. The oximic group (-N-OH) of pyridyl-oximes was
replaced by the hydroxyl group (-OH) of pyridine alcohols. This combination
was introduced for the first time in the field of coordination polymers and MOFs.
The combination of 2-pyridine methanol with terephthalic acid led to the
isolation of two 3D MOFs with formulas [Zn2(bdc)(hmp)2]n-DMF
,[Fes(bdc)s(Hhmp):]n, adopting unique topologies. The use of trimesic acid did
not lead to the isolation of any MOF, but of dinuclear complexes, which were

not able to be further polymerized.

For further investigation of the addition of an extra hydroxyl group, instead of 2-
pyridine methanol, 2,6-pyridine-dimehtanol was used with the simultaneous use
of terephthalic acid. This unique combination led to the isolation of two 2D
MOFs {[Ms(bdc)s(Hpdm)2].-DMF (where M"" = Zn, Mn)} and a 3D MOF with
formula [Mns(bdc)s(Hzpdm)z]n. The increase of temperature and the
simultaneous presence of base (EtsN) was found to be crucial for the isolation of
the 3D MOF. In case of Ni(ll), it was not possible to isolate a MOF, but a 1D
coordination polymer as the compound is stabilized through strong hydrogen
bonding interactions and even with excess base or increased temperature a higher

dimension product was unable to be synthesized.

Through this research it was shown that pyridyl-oximes and pyridine-alcohols
are good candidates for the formation of unique secondary building units, which

present unique magnetic properties and can lead to MOFs with unique topologies
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which can possibly be used for future development of magnetic sensors. The vast
majority of MOFs in this work present poor porosity. The employment of
elongated linkers is expected to provide access to MOFs with enhanced porosity
and retention of the analog sbus without affecting the topology. The use of
elongated ligands will likely lead to less m -n stacking interactions and strong

hydrogen bonding between the two linkers.
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Chapter 4: Appendix
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Appendix 1
2.1. New insights into oximic ligands: Synthesis and characterization of 1D

chains by the use of pyridine 2-amidoxime and polycarboxylates
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Figure S3. Theoretical (bottom) and experimental (top) pxrd pattern diagrams
for 1

Explanation: The pxrd data of 1 do not match 100%, as a few extra peaks can
be observed on the experimental pxrd (red). This is happening due to the fact,
that into the vial, a second class of crystals were co-crystallized, whose crystal
structure could not be determined. Efforts were done to separate mechanically
the two different products, but always a tiny amount of the second class of
crystals remained as their size was too small and we could not proceed to further
purification of the sample.
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Appendix 2

2.2. From 1D Coordination Polymers to Metal Organic Frameworks by the
Use of 2-Pyridyl Oximes

The encapsulation of Iron(I11) was proved through magnetic studies and EDX analysis. The
profiles of infrared spectra (Figure Ap. 1 & 2), TGA (Figure Ap. 3 & 4), and PXRD
(Figure Ap. 5 & 6) did not change once iron(l11) was loaded into 9, even if UV-vis proves
the encapsulation. After the UV-vis encapsulation studies, the samples were filtered and the
filtered MOF was further analysed. Through these data, it is proved that the techniques
mentioned above were not able to identify the small amounts of adsorbed metal cation.

2 7 WE B\ EE s oy v
3z 8 %)/ B z  FE.NES
29: 1ron(1ll) Nitrate
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49: 1lron(ll] Nitrate — - TN IS e
_ ~ A~ Y Vv

e 797 1iron{l) Nitrate N A P A e

89: 1 Iron(lll) Nitrate
s0

e
Wavenumbers

Figure Appendix 1. Comparison of the infrared data of 9 with experimental data
after the UV-Vis encapsulation studies for iron(l111) nitrate. Blue: Initial MOF
(9); Cyan: 2 eq. of 9 vs. 1 eq. of iron(l1l) nitrate; Green: 3 eq. of 9 vs. 2 eq. of
iron(111) nitrate; Purple: 4 eq. of 9 vs. 1 eq. of iron(111) nitrate; Pale Green: 5 eq.
of 9 vs. 1 eq. of iron(l1l) nitrate; Cyan: 6 eq. of 9 vs. 1 eq. of iron(lll) nitrate;
Red: 7 eq. of 9 vs. 1 eq. of iron(l1l) nitrate; Ocher: 8 eq. of 9 vs. 1 eq. of iron(l1l)
nitrate.
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Figure Appendix 2. Comparison of the infrared data of 9 with experimental data
after the UV-Vis encapsulation studies with iron (I11) chloride. Blue: Initial MOF
(9); Cyan: 2 eq. of 9 vs. 1 eq. of iron(l11) chloride; Green: 3 eq. of 9 vs. 2 eq. of
iron(111) chloride; Purple: 4 eq. of 9 vs. 1 eq. of iron(111) chloride; Pale Green: 5
eq. of 9 vs. 1 eq. of iron(l1l) chloride; Cyan: 6 eq. of 9 vs. 1 eq. of iron(l1l)
chloride; Red: 7 eqg. of 9 vs. 1 eq. of iron(111) chloride; Ocher: 8 eq. of 9 vs. 1 eq.
of iron(111) chloride.
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Figure Appendix 3. Comparison of the TGA data of 9 with the experimental
data after the UV-Vis encapsulation studies in presence iron (I11) nitrate. Black:
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Initial 9. Red: After 5 min of UV-studies. Green: After 10 min of UV-studies.
Blue: After 15min of UV-studies.

9
9 : Iron(11I) Chloride (Smin)

9 : Iron(III) Chloride (15min)

% Weight Loss

Temperature (°C)
Figure Appendix 4. Comparison of the TGA data of 9 with the experimental
data after the UV-Vis encapsulation studies in presence of iron (I11) chloride.
Black: Initial 9. Red: After 5 min of UV-studies. Green: After 10 min of UV-
studies. Blue: After 15min of UV-studies.
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Figure Appendix. 5. Comparison of the PXRD data of 9 with the experimental
data after the UV-Vis encapsulation studies for iron(l11) nitrate. Black: initial 9;
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Blue: 2 eq. of 9 vs. 1 eq. of iron(l11) nitrate; Green: 3 eq. of 9 vs. 1 eq. of iron(l11)
nitrate; Grey: 4 eq. of 9 vs. 1 eq. of iron(l1l) nitrate; Brown: 5 eq. of 9 vs. 1 eq.
of iron(11) nitrate; Cyan: 6 eq. of 9 vs. 1 eq. of iron(I11) nitrate; Purple: 7 eq. of
9 vs. 1 eq. of iron(l11) nitrate; Pale brown: 8 eq. of 9 vs. 1 eq. of iron(l1) nitrate;
Black: 9 eq. of 9 vs. 1 eq. of iron(l1) nitrate; Dark blue: 110 eq. of 9 vs. 1 eq. of
iron(111) nitrate.

Theta] (Copper (Cu))

Figure Appendix. 6. Comparison of the PXRD data of 9 with the experimental
data after the UV-Vis encapsulation studies of iron(l11) chloride. Red: activated
9; Blue: not activated 9; Green: 2 eq. of 9 vs. 1 eq. of iron(ll1) chloride; Grey: 3
eq. of 9 vs. 1 eq. of iron(l11) chloride; Brown: 4 eq. of 9 vs. 1 eq. of iron(lll)
chloride; Cyan: 5 eq. of 9 vs. 1 eq. of iron(l1l) chloride; Purple: 6 eq. of 9 vs. 1
eq. of iron(111) chloride; Purple: 6 eq. of 9 vs. 1 eq. of iron(I11) chloride; Yellow:
7 eq. of 9 vs. 1 eq. of iron(l11) chloride.

Apart from the encapsulation of iron(lll), a variety of other metal cations were
studied, but none of them were adsorbed. The studied species were Co(ll), Ni(ll),
and Cr(Il1). In Figure Appendix 7, the UV-Vis encapsulation studies of the
aqueous solutions of cobalt(Il) nitrate, nickel(ll) nitrate, and chromium(lIl)
nitrate are presented, proving that 9 does not adsorb any of them. Also, in Figures
Appendix 8 and 9 respectively are represented the infrared and PXRD data
proving that there is no encapsulation.
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Figure Appendix. 7. (a) UV-vis encapsulation studies for cobalt(l1) nitrate. (b)

UV-vis encapsulation studies for nickel(ll) nitrate. (c) UV-vis encapsulation
studies for chromium(l11) nitrate.
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Figure Appendix. 8. Blue: Initial 9; Pale Blue: initial MOF 9; Pale Blue: 1 eq.
9 vs. 1 eq. of cobalt(ll) nitrate; Green: 2 eq. of 9 vs. 1 eq. of cobalt (Il) nitrate;
Purple: 1 eq. of 9 vs. 1 eq. of nickel(Il) nitrate; Green: 2 eq. of 9 vs. 1 eq.
nickel(1l) nitrate; Cyan: 1 eq. of 9 vs. 1 eq. of chromium(l11) nitrate; Red: 2 eq.
of 9 vs. 1 eq. of chromium nitrate; Ochre: 2 eq. of 9 vs. 1 eq. of chromium(lI1)
nitrate.
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Figure Appendix 9. Comparison of the PXRD data of compound 9 after the
encapsulation studies with different metal cations. Purple: Initial 9; Purple: Ni(ll)
nitrate; Black: Cr(l11) nitrate; Blue: Co(ll) nitrate.
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