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Summary

SUMMARY

The work described in this thesis is motivated by the intention of developing
multifunctional compartmentalized coordination polymers and study their
magnetic and gas sorption properties. A rational ligand design has been
developed in order to accomplish the objectives of the different chapters. The
ligands provide flexible structures and appropriate moieties to produce the

spin-crossover behaviour. Three different ligands have been used and are:
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1,4-bis(triazol-1-ylmethyl)benzene 1,4-bis(tetrazol-1-ylmethyl)benzene
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4,4'-bis((1H-tetrazol-1-yl)methyl)-1,1'-biphenyl

The ligand 1,4-bis(triazol-1-ylmethyl)benzene (btix) has been combined with
the ligand 1,4-bis(tetrazol-1-ylmethyl)benzene (btzx) to produce new spin
transitions on a coordination polymer. Btzx has been used to synthesize two
previously reported coordination polymers and study their magnetic and gas
sorption/separation properties and with 4,4'-bis((1H-tetrazol-1-yl)methyl)-
1,1'-biphenyl (btzbp), other two isostructural but larger coordination

polymers have been obtained, enhancing the gas capacity of the previous
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Summary

reported systems. In addition, this system has been studied under microfluidic

conditions.

First of all, a general introduction to coordination polymers is presented in
chapter 1, focusing on the particular type of coordination polymers presenting
magnetism and spin-crossover. Chapter 2 presents how compartmentalized
coordination polymers are perfect materials to study gas sorption and gas
separation. In addition, with the presence of spin-crossover behaviour, it will
be discussed how the inclusion of different gases can affect the spin transition

temperature.

Chapter 3 presents how the synthesis of chemical mixtures of different

ligands can effectively tune the spin transition temperature.

In chapter 4 it is shown how the chemical design of a larger ligand can afford
an enhancement of the gas sorption properties of different coordination

polymers.

Finally, in chapter 5 the study of the crystallization processes on
compartmentalized coordination polymers has been performed using
microfluidics approaches. Interesting pathways of growing have been found
and how the different synthesis processes can affect to the growing of the

microcrystals will be discussed.
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Introduction

1.1 Coordination polymers and MOF's

Coordination polymers are hybrid organic-inorganic materials formed by a
metal and surrounding organic ligands connected by coordination bonds to
form 1D, 2D or 3D topologies (figure 1.1). The most studied metals in
coordination polymers are the transition metals and combined with a huge
library of organic ligands, the possibilities of constructing coordination
polymers are almost infinite. Chemical design is the key to construct
coordination polymers with desired properties and with the possibility to
combine such a numerous building blocks, the properties of these materials

are very varied and extensive.

Figure 1.1. Different dimensionality in coordination polymers.

One of the properties that can present these materials is the porosity. When it
occurs, the coordination polymer is called porous coordination polymer or
metal-organic framework (MOF)! and the porosity in these compounds can
be presented in different dimensionalities (figure 1.2). These materials present
a lot of applications based on their varied properties, like high chemical
stability, magnetism, catalysis, proton conductivity, nanofabrication, optics,

gas storage and separation, among others.?
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0D: MOF-5 1D: MIL-53 2D: MIL-71 3D: MIL-73

Figure 1.2. Different dimensionalities of the inorganic SBUs in MOFs.

Unfortunately, the presence of strong covalent and coordination bonds in
these materials do not ensure them to present good thermal stability, in fact,
over all the MOFs reported (>80.000), only a minority are high temperature
stable.>* In addition, chemical stability is necessary to ensure endurance
against solvents and other chemical agents. One of the first examples of MOF
with a high chemical stability is the zeolitic imidazolate framework-8 (ZIF-
8),> reported in 2006 and presenting stability in front of boiling methanol,
benzene, water and concentrated NaOH at 100 °C (figure 1.3).

Figure 1.3. Structure of ZIF-8. The yellow sphere represents empty space.

The presence in MOFs of high surface areas, large pores and active sites make

them perfect candidates for catalysis. The first example reported was in 1994,°
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involving the cyanosilylation of aldehydes in a Cd-based framework. Since
then, many examples of catalytic MOFs have been reported. Another
interesting use for MOFs is in fuel cell applications, taking advantage of
proton-conducting properties presented in some of these materials. The first
measured conductivity were performed by Kitagawa and co-workers in 2002.”
The compound was an oxoamidato derivative, although the conductivity
results were not so good. Further investigations on MOFs established that in
order to obtain good proton conductivities, the presence of carboxylic acids is

necessary.

Porosity in MOFs make them perfect candidates for gas storage. The first
example of permanent porosity on a MOF was obtained in 1998 by Yaghi and
co-workers with the measurement of nitrogen and carbon dioxide isotherms
on a layered zinc terephthalate MOF, Zn(BDC).® The next year, the same
group reported MOF-5, presenting robustness and high porosity (figurel.4).°
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Figure 1.4. Structure of MOF-5. The yellow sphere represents empty space (left).
N sorption isotherm for MOF-5 (right).
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The structure consists on ZnsO(COz)s octahedral secondary building units
linked by six chelating 1,4-benzenedicarboxylate (BDC?") units, forming a
cubic framework. The BET surface is 2320 m?/g, which is substantially higher
than those commonly found for zeolites or activated carbons. Still, the efforts
of the MOF community to produce high porous materials developed the gas
capacity of the materials over the years. In 2004 Yaghi and co-workers
reported the MOF-177, of formula ZnsO(BTB)., being BTB the 4,4,4'-
benzene-1,3,5-triyl-tribenzoate ligand.!” It established the BET record at that
time, being 3780 m?/g (figure 1.5).
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Figure 1.5. Structure of MOF-177. The yellow sphere represents empty space
(left). N» sorption isotherm for MOF-177 (right).

Based on the same topological structures, in 2010 they doubled the value of
BET  reporting the MOF-210,'' which has the formula
(ZnsO)3(BTE)4BPDC)3, being BTE = 4,4,4’-(benzene-1,3,5-triyl-
tris(ethyne-2,1-diyl))tribenzoate and BPDC = biphenyl-4,4"-dicarboxylate.
Not only increasing the storage capacity has been developed over the years
but also, more interestingly, the possibility to use these materials for gas

separation.
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1.2 Ultra-microporous MOFs

The possibility in MOFs to present reversible gas adsorption make them
perfect candidates to study separation of distinct gas mixtures. A special class
of MOFs has been used in the recent years for gas separation, known as ultra-
microporous MOFs.!? Instead of synthesizing MOFs with wide pore size,
these MOFs present pore aperture size below 5-7 A, presenting notable
performances as separating agents due to the small pore size and shape. These
ultra-micropores can be tuned with the properties of the gases to separate
(size, shape and electronic properties). However, these materials not only
present advantages, but also can present problems due to slow kinetics in the
gas sorption process, the quantity of gas adsorbed, pore gate opening effects
and breathing. Different strategies are being used for achieving the gas

separation and are listed in the next sections.

1.2.1 Thermodynamic separation
Thermodynamic separation is one of the most common strategies. It is based
on the different affinities of the different components in the gas mixture and

the framework.

One of the most important mixtures to separate in the industry is the one
formed by acetylene (C;Hz) and carbon dioxide (CO). Acetylene is
extensively used in the petrochemical and electronic industries. The
production of highly pure acetylene presents the problem of carbon dioxide
contamination, so a high-efficient separation of these two gases is needed.

Kitagawa et al. reported in 2005'° the selective sorption of acetylene
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compared to carbon dioxide in a previously studied copper MOF,

Cux(pzdc)(pyz). '+ (figure 1.6).

Figure 1.6. Structure of Cux(pzdc):(pyz) with C,H» inside. View down the ¢ axis

(a) and view down the a axis (b).

The structure is defined by 2D layers formed by Cu(pzdc) units pillared by
pyrazine molecules and resulting in 1D channels of 6 x 4 A of pore dimension.
Individual gas sorption isotherms for acetylene and carbon dioxide revealed
an indicative preferential sorption of the first one, confirmed by the measure
of the heat of adsorption for each one, derived from the Clausius-Clapeyron
equation. The location of the acetylene molecules in the structure were
described using Rietveld refinements and reveals that the gas molecules are
located in the middle of the channels forming strong hydrogen bonds between
their hydrogen atoms and the oxygen atoms of the framework. It was the first
example of a material capable of preferential adsorption of acetylene in front

of carbon dioxide.
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However, as CO; is the main impurity that should be removed to obtain pure
C2H> gas, it would be more convenient to design a material that presents an
inverse selectivity, that is, preferential sorption of CO2 among C>Ho. This rare
inverse selectivity was accomplished by the same group, Kitagawa and co-
workers reported in 2016 a MOF presenting this particularity.!¢ The material
is formed by [Mn(bdc)(dpe)] units, with an interpenetrated structure that
display disrupted 1D channels, resulting in the formation of isolated cages.

(figurel.7).

Figure 1.7. Interpenetrated structure of [Mn(bdc)(dpe)].

The material shows carbon dioxide adsorption (21.6 weight % at 195 K), but
in the gas sorption isotherm for acetylene, only sorption is showed until
reaching certain pressure, revealing a gate opening effect (figure 1.8). IAST

calculation and gas breakthrough experiments for CO2/C,H> mixtures fully
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Formation of two distinct phases on
- = @ side-on adsorption of C,H,
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Figure 1.8. Gate-opening effect observed in the C;H, adsorption by
[Mn(bdc)(dpe)].

confirm a preferential selectivity for CO2. Authors hypothesized about this
preferential sorption with the interaction between the quadrupole moment of
the gases and the framework in the small cage. The opposite quadrupolar
moment of both gases, -4.30 - 10%¢ [esurcm?] for CO, and 6.03 - 10
[esu-cm?] for C2H, can explain the differences observed in sorption at low
pressures, being the interaction for CO> positive (attracting it) and negative
for CoH> (refusing it). This situation is only perturbed by a structure
transformation at high pressures, permitting the access of acetylene molecules

to the pores.
Another important mixture to separate in industry is the acetylene/ethylene

mixture. Ethylene is used in the industry of polymers and another chemical

reagents, but during the production of it some impurities are generated,
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including acetylene. Hu and co-workers reported in 2017 a MOF named
UTSA-100,"7 presenting 1D channels of 4.3 A and small cages between the
channels with a pore aperture of 3.3 A (figure 1.9).

Figure 1.9. Channels (left) and cages (right) in UTSA-100.

The adsorption isotherms showed moderate acetylene uptake in comparison
with ethylene, confirming the preferential selectivity with IAST and
breakthrough experiments. DFT calculations revealed the reason for this
preferential sorption: a strong hydrogen bonding between the oxygen atoms

of the MOF and the hydrogen atoms of the acetylene.

1.2.2 Kinetic separation
In gas separation, kinetics takes advantage of the diffusivity problems of some
gases to move along the pores of a material. Normally, this approach is used

with gases that have similar size and functionality.
Kinetics is useful to separate mixtures of linear alkanes. One example of this

kind is provided by fcu-MOF-1. Its structure is formed by the connection of
[Tbs(u3-OH)s(02C—-)s(N4C)s] and 2-fluoro-4-(1H-tetrazol-5-yl)benzoic acid
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that generates a 3D periodic MOF with two types of polyhedral cages
(octahedral and tetrahedral), with pore diameters of 5-6 A (figure 1.10).'® This
material was reported by Eddaoudi ef al. in 2013 and in 2015 the same group
studied the material for ethane, propane and n-butane adsorption.!” The
adsorption isotherms of ethane, propane and n-butane showed a preferential
adsorption of the C»+ hydrocarbons. In addition, the kinetic study showed that
the adsorption kinetics for n-butane is much slower than for methane, as
confirmed by breakthrough experiments that present almost an infinite

selectivity in the mixture butane/methane.

Figure 1.10. Crystal structure of fcu-MOF-1 showing the octahedral (left) and
tetrahedral (right) cages.

Separation of propylene and propane were investigated using the previous
described ZIF-8 material. Adsorption experiments showed similar sorption
capabilities for both gases in ZIF-8, but further investigations in the kinetic
sorption process of each gas revealed that propylene diffuses much faster (by
two orders of magnitude) than propane. This has been explained due to the

smaller kinetic diameter for propylene, that is allowed to pass more easily
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through the aperture of the ZIF-8 pores, diffusing much faster and allowing

the separation of both gases.

1.3 Magnetic MOF's

Over years, the inclusion of magnetic properties on coordination polymers
have been extensively used. The infinite possibilities to tune the coordination
polymers are of great interest to combine magnetic behaviour with other
interesting properties. In MOFs, the presence of porosity open the possibility
of synthesizing multifunctional materials in which magnetism can be tuned
by the presence of guest molecules. This topic has recently been reviewed.?°
The magnetic MOFs can be divided in materials presenting long-range order
magnetism, single-molecule magnetic behaviour and spin-crossover
phenomena. The first and the second class of materials will be discussed in
this section and the last one will be extensively discussed more in detail in the

later sections as this is the approach used in this thesis.

1.3.1 Long-range magnetic order in MOFs

The presence of porosity and magnetism in a material is challenging due to
the fact that whereas porosity normally needs long linkers to produce wide
pores, magnetism needs short distances between the metal centers to produce
strong magnetic exchange. Different strategies have been developed to carry

out this combination of opposite properties, which will be discussed below.

The first one is the use of short linkers. The smallest ligand used in the

synthesis of magnetic coordination polymers is the cyanide (CN") group and
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the first example of a material combining porosity and long-range order
magnetism was reported by Long et al. in 2002.2! The compound is formed
by Cos3[Co(CN)s]> units and presents a magnetic ordering at 38 K with a BET
surface area of 480 m? g-! by N sorption, although the gas sorption does not
modify the magnetism. Years later, the same group reported two analogous
materials, CsNi[Cr(CN)s] and Cr3[Cr(CN)s]> - 6 H20.22 Their crystal
structures can be seen on figure 1.11. These authors observed that the sorption
of O causes an increase in the ordering temperature due to a ferromagnetic
coupling between the paramagnetic oxygen molecules and the [Cr(CN)q]*
units (figure 1.12). That demonstrates that the inclusion of guest molecules
inside a porous structure can modify the intrinsic magnetic properties of the

material.

Figure 1.11. Crystal structure of CsNi[Cr(CN)s] (left) and Cr3[Cr(CN)s]» - 6 HO
(right).
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Figure 1.12. left: Magnetic hysteresis loops measured at 5 K of bare Cr3[Cr(CN)s]»
- 6 H>O (blue) and loaded with O, (red). Right: Magnetic hysteresis loops
measured at 2 K of bare CsNi[Cr(CN)s] (blue) and loaded with O, (red).

Other small linkers used in the construction of materials with long-range
magnetic order are the heterocyclic family of diazines. In 2008, Navarro and
co-workers reported the modification of the magnetic properties upon guest
inclusion on a Cu(II) MOF.2* The compound presents the formula [Cu(F-
pymo)2(H20)1 25], being F-pymo = 5-fluoropyrimidin-2-olate. The structure
presents helical channels filled with water molecules (figure 1.13). The
material presents antiferromagnetic interactions, and it orders as a canted
antiferromagnet below Tn = 24 K. Upon the removal of the water molecules,
Tn decreases to 22 K and different gas molecules can be located inside the
empty channels, causing changes in Tn. For example, CO: causes an increase
in Tx to 29 K, which has been associated to the structural changes induced by

the CO, molecules.
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Figure 1.13. Crystal structure of [Cu(F-pymo)2(H20)1.25]. (left) and its magnetism
modified by CO; adsorption (right).

However, the preparation of MOFs presenting magnetic capacity is not
restricted to the exclusive use of short linkers. Another methodology is the
use of short ligands to extend the metal connection along 1D or 2D
dimensions and another large ligand to extend the structure and create large
pores. The family of MOF-74 is a perfect example of this methodology. This
has the general formula Mx(dhtp)(H2O), (dhtp = 2,5-dihydroxyterephtalate)
and exhibits great BET areas with diverse metal centers (Zn,>* Co,?® Ni,?¢
Mg,?” Mn,?® Cu?’). The crystal structure presents a honeycomb distribution
with channels of 11 A (figure 1.14). The Fe derivative was reported in 2012
by Long et al*® The magnetic exchange of the material is modified upon
sorption of 1 bar of different hydrocarbons and, depending on the strength of
the interaction between the gas and the framework, the modification is
different. With weakly interacting gases, the ferromagnetic exchange slightly
decreases but with strongly interacting gases, the ferromagnetic coupling

changes to antiferromagnetic.
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Figure 1.14. Crystal structure of MOF-74 (left) and modification of the magnetic
properties of Fe-MOF-74 upon sorption of gases.

Another completely different approach is the use of metallo-ligands, as has
been reported by Pardo ez al. in 2012.2'32 They used oxomato-based dinuclear
Cu'! metallacyclic complexes, with weak ferromagnetic coupling between the
Cu' ions. These complexes can coordinate to Mn'! ions yielding a 3D MOF,
presenting pores in which selective separation of gases or vapors are
performed. The structure can be seen on figure 1.15 and a 3D ferromagnetic
ordering is observed, resulting from the antiferromagnetic coupling between
the Mn'! and the Cu" ions through the oxamato bridges and the interlayer

ferromagnetic interaction across the double amidate bridges.

The last approach to produce long range magnetic order in coordination
polymers is the use of radicals as ligands.?® The first example was reported by
the group of Veciana in 2003.* They synthesized a MOF using a
polychlorinated triphenylmethyl tricarboxylic acid radical (ptmtc). The
structure, named MOROF-1, orders as a 2D ferrimagnet with T. < 2K and

with Cu'! centers forming a square pyramidal coordination geometry,
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coordinated to two organic radicals and each radical connected to three metal

centers, forming a 2D structure (figure 1.16).
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Figure 1.15. Crystal structure of the coordination polymer from reference 31 (left)
and its magnetic properties (right).
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Figure 1.16. Crystal structure of MOROF-1 (left) and its magnetic properties
(right).
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1.3.2 Single-molecule magnets in MOFs nodes

Single-molecule magnets (SMMs) are magnetic molecules that present slow
relaxation of the magnetization at low temperatures. Typically, the basic units
to form the SMMs are polynuclear magnetic clusters with a large spin value
and high magnetic anisotropy, but more recently a new family has been
developed based on mononuclear metal complexes with highly anisotropic
magnetic ions. The last family known as single-ion magnets (SIMs), has in
addition a lot of interest in the field of quantum computing, due to the fact
that they can be considered as quantum bits. With the increase in the interest
for connecting SMMs with organic linkers to study the interplay between the
generated connected network, the combination of such an interesting property

like porosity appears promising for study these materials.

The first example of a 3D network using Mny clusters was reported in 2004
by Clérac et al®*> Subtle modifications in these types of networks cause
changes in the dimensionality and magnetic properties but normally all the
structures present lack of porosity. Only in 2016 Kou et al. reported the first
MOF presenting SMM behaviour.*¢

This situation has changed recently when the SIMs where discovered.?”-*8
They are based on mononuclear metal complexes composed of highly
anisotropic magnetic ions, principally lanthanoids. The first example of MOF
based on this type of magnetic molecules was reported in our group in 2014
by Baldovi et al’® The general formula of the SIM-MOF is
Ln(bipyNO)4(TfO); being bipyNO = 4,4’-bypyridyl-N,N-dioxide, TfO =

triflate anion and Ln a lanthanide. The structure can be observed in figure 1.17

39



Introduction

and is composed by a porous cationic framework formed by the organic ligand

with lanthanoid SIMs in the nodes. The triflate counter anions are located in

the pores of the 3D structure.
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Figure 1.17. Crystal structure of Ln(bipyNO)4(TfO);.

Further investigations in our group have focused on an anion exchange in
these systems, replacing the triflate anions in the pores by POMs or [AuCls]”

units using a single-crystal-to-single-crystal methodology.*

The last example of magnetic MOFs is provided by the porous materials
exhibiting spin-crossover (SCO) behaviour. This is the approach used in this

thesis and will be discussed in detail in the next sections, introducing first in

detail the spin-crossover phenomenon.
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1.4 Spin-crossover phenomenon

The observation of a spin transition occurring with a change of the
temperature was observed for the first time in the 1930s by Cambi, almost at
the same time that the physicist Hans Bethe and John Hasbrouck van Vleck
developed the Crystal Field Theory (CFT). CFT was used to explain the
behaviour of transition metal complexes, treating the metal as a positive
charge and the surrounding ligands as negative ones. With the CFT, the
degeneracy of the d orbitals of the metal was removed by the inclusion of an
electric field produced by the surrounding ligands. This feature was
explained, but not the bonding between the metal and the ligands. This theory
evolved, with the help of the Molecular Orbital Theory (MOT), to the Ligand
Field Theory (LFT). The most studied type of coordination compounds is the
one of transition metals surrounded by ligands in an octahedral environment.
A transition metal present five degenerated d-orbitals: dy,, dy,, d,,, d,2 and

d,2—d, 2. A transition metal in an octahedral coordination environment suffer

the breaking on the degeneracy of its d orbitals, splitting them on two series:
the irreducible representation ty, formed by dy,, dy, and d,, and the
irreducible representation eg formed by d,2 and d,2—d,2 (figure 1.18). tgare
non-bonding orbitals, then placed at lower energy than the ey ones that are
anti-bonding. The total difference in energy between both series of orbitals is
named ligand field splitting, represented by the greek letter A and its
magnitude is measured in terms of 10Dq. This splitting depends on factors
like the type of metal and its oxidation state, the type of bonding ligand and

the metal-ligand distance.

41



Introduction

Orbital dz da p
energy °s

o T O 1 Destabilized
"y, \\\\\\\x A, = 10Dg

<{i>\@

} Stabilized

4

—_—t

d d_. d_
v % 9

Figure 1.18. Break of the degeneracy levels of the d orbitals of a transition metal

when it is placed into an octahedral ligand field.

SCO can exist in first series transition metals with an electronic configuration
of d* to d’ in an octahedral ligand field. One of the most studied ions
exhibiting SCO is Fe(II). This particular cation presents six electrons in the d
orbitals which can be distributed in low spin (LS) or high spin (HS)
configurations. This depends basically on two parameters: the pairing energy
between the electrons, P, and A. When P is large compared to A, then the
electrons fill the orbitals according the Hund’s rule, that is, maximizing the
spin multiplicity (S = 2) and resulting in a paramagnetic HS configuration.
On the contrary, when A is large compared to P, the electrons are all paired in
the ty, orbitals (S = 0), resulting in the diamagnetic LS configuration (figure
1.19). In some coordination compounds, A and P are very close, so a spin
transition can occur between the two states with a slight perturbation of A, the
so-called spin-crossover. This perturbation can be exerted by an external
perturbation such temperature, light, magnetic field, pressure, electric field or

guest-inclusion of molecules.
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Figure 1.19. Electronic configurations of the two possible ground states for Fe (II)

in an octahedral complex.

1.5 Spin-crossover coordination polymers

As already stated, the multifunctional behaviour of coordination polymers and
MOFs have attracted a lot of interest for these materials since decades. The
possibility of including bi-stability in coordination polymers turned spin-
crossover an interesting property to be incorporated to these materials.
Despite the fact that a lot of examples of monomeric spin-crossover
compounds have been published, it was not until the 1990s when some
examples of polymeric compounds have been reported. One of the first was
reported on 1995, when José Antonio Real and co-workers published an
extended structure of a spin-crossover Fe (II) coordination polymer.*! They
used the tvp ligand (figure 1.20), a dipyridyl derivative, to form interlocking
2D frameworks of formula [Fe(tvp)2(NCS).] - CH30H.
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Figure 1.20. Tvp ligand used in the formation of [Fe(tvp)(NCS)] - CH3;0OH.

Interestingly, the cooperativity of the SCO phenomenon has shown to be
dependent on the quality of the coordination polymers. Thus, coordination
polymers are infinite frameworks and the cooperative nature of the spin-
crossover can be affected by crystal defects, which often lead toi ncomplete
SCO transitions. Sharp transitions are obtained when a good elastic
cooperativity in the lattice exist, propagating efficiently the transition through

the framework.

To produce a good propagation of spin-crossover through the crystal lattice,
sometimes rigidity and suitable coordination ligands, like cyanide anions, are
necessary. On this respect, a particular group of coordination polymers that
present these particularities are the called Hofmann clathrates. The general
formula of these compounds is {Ni(NH3)2[Ni(CN)4]} - 2 G (figure 1.21),
being G a guest molecule, normally benzene, pyrrole, thiophene or furan.
These compounds were discovered at the beginning of the twenty century but

until the 1950s their structures has not been solved by Powell and Rayner.**#3
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Figure 1.21. Perspective view of the 2D Hofmann clathrate {Ni(NH3)2[Ni(CN)4]}
-2 G.

In the decade of the 80s, Iwamoto ef al. synthesize derivatives of the Hofmann
clathrates by effective substitution of the metal centers by other divalent ones
and in addition they increase the dimensionality to 3D substituting the amino
groups.*** With the inclusion of iron (II) metallic centers and nitrogenated
ligands, the possibility to produce some clathrate with spin-crossover
transition appeared, and then was reported the first example in 1996 by
Kitazawa and co-workers.*® The formula of the compound is
{Fe(py)2[Ni(CN)4]} (py = pyridine), presenting a more efficient crystal
packing with the iron (II) center of a given layer situated in the vertical of the

nickel (II) atoms of the layers immediately below and above (figure 1.22).
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Figure 1.22. Different perspectives of the {Fe(py):[Ni(CN)s]} system (left) and

its spin transition (right).

The compound presents a sharp spin transition with Ti2 = 190 K, with a
thermal hysteresis of 10 K. Soon, Niel ef al. reported two novel derivatives
substituting the nickel center with palladium and platinum. At the same time
these authors also increased the dimensionality of the system by substituting
the pyridine ligand with pyrazine (pz) (figure 1.23).*7 Now, the pz ligand
bridges the iron (II) centers of consecutive layers, achieving a pillaring of the
2D metal-cyanide sheets by vertical columns of the pz bridge to give the 3D
structure. In terms of magnetic behaviour, the pz derivatives present higher
T2 and stronger cooperativity, with larger hysteresis loops (figure 1.24).
These differences can be related to an increased internal pressure produced

by the extended dimensionality.
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Figure 1.23. Fragment of the {Fe(pz):[M(CN)]}-2 HO (M = Ni, Pd or Pt)

system.
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Figure 1.24. ymT vs T plots for the 2D {Fe(py):[M(CN)4] (white triangles) and
the 3D {Fe(pz):[M(CN)4]} (black triangles) derivatives.

1.6 Spin-crossover coordination polymers with tetrazole moieties

Tetrazoles are five-membered aromatic heterocycles with four nitrogens and
have good coordination behaviour due to the sp?> N-donors. In combination
with Fe (II) centers, they have a proper ligand field to produce spin-crossover
behaviour in Fe (II) octahedral coordination environments. Some examples of
mononuclear Fe (II) compounds formed by 1-alkyl-substituted tetrazoles

showing SC behaviour were reported in the 80s and 90s,**-? but the field of
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coordination polymers with iron (II) and tetrazoles presenting SCO behaviour
has not been exploited until 2000. Van Koningsbruggen and co-workers have
published a 1D coordination polymer of formula [Fe(btzp)3](ClO4)2, where
btzp is the bis-tetrazole ligand.®® It shows a gradual spin-crossover behaviour
with T1p, defined as the temperature where the molar fractions of HS and LS
are both equal to 0.5, is 130 K (figure 1.25). The decade of 2000 was very
productive not only in the publication of many Fe (II) tetrazole 1D

coordination polymers presenting SCO, but 2D and 3D derivatives too.
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Figure 1.25. Btzp ligand used by van Koningsbruggen and co-workers (left) and
the spin transition curve of [Fe(btzp);](C104), (right).

The same group expanded the study of this family of coordination polymers
with bis-tetrazole ligands. In 2001, they expanded the field of Fe (II) tetrazole
spin-crossover coordination polymers with the report of a 3D structure,
[Fe(btzb)3](ClO4)2, where btzb is another bis-tetrazole ligand, with an alkyl

chain of four carbons (figure 1.26).!
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Figure 1.26. A model of the 3D structure for [Fe(btzb);](ClO4): (left) and its

transition curve (right).

They reported in 2002 an isostructural compound to [Fe(btzp)3;](ClO4)2, a 1D
coordination polymer of formula [Fe(btze);](BF4)2, being btze = 1,2-(tetrazol-
1-yl)ethane. (figure 1.27).9? The spin transition curve is slightly more abrupt

than in the isostructural 1,2-propane derivative.
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Figure 1.27. Crystal structure of [Fe(btze)s;](BF4): (left) and its transition curve
(right).

Weinberger and co-workers continued the work of Van Koningsbruggen in

the field of Fe!! spin-crossover aliphatic bis-tetrazole derivatives. The 1,3-

propane derivative was not reported until 2013. It has the formula
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[Fe(3ditz)3](BF4)2, being 3ditz = 1,3-bis(tetrazol-1-yl)propane. Its crystal
structure is isoreticular to that of ethane and 1,2-propane derivatives (figure
1.28).% The transition curve is complete and abrupt, being the transition
sharper than that encountered in the ethane, butane and 1,2-propane

derivatives.

o

Figure 1.28. Crystal structure of [Fe(3ditz);](BF4)2 (left) and its transition

curve (right).

In 2004 Van Koningsbruggen and co-workers synthesized a coordination
polymer isostructural to the previous reported [Fe(btzb);](ClO4), with
formula [Fe(btzb)3;]J(PFs)2 - solvent.®* The magnetic properties of this
coordination polymer shows a two-step sharp and complete transition, in
contrast with its perchlorate derivative that shows an incomplete one. (figure

1.29).
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Figure 1.29. Crystal structure of [Fe(btzb);](PFs): - solvent (left) and its transition

curve (right).

In 2006 they complete the study of aliphatic bis-tetrazole ligands with a study
where the number of carbon atoms of the aliphatic spacer was changed.% The
general formula of the family of coordination polymers synthesized is
[Fe(nditz)3](ClO4)2, with 4 < n < 9. All the structures are 3D, isostructural to
the previous reported [Fe(btzb)s;](ClOs), and [Fe(btzb);](PFs)2. The most
interesting conclusion of this study is the observation of two different
behaviours, depending on the number of carbon atoms (odd or even) in the

organic ligand (figure 1.30).
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Figure 1.30. Spin transition curves (left) and comparision of Ty, as function of n

(right) for the [Fe(nditz);](ClOs), family.
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The first behaviour was observed in the compounds with odd-number of
carbon atoms. They show a ymT value at room temperature equal to 3 cm™ K
mol~! and more gradual transitions. The second behaviour was observed in
the compounds with even-number of carbon atoms. They show a ymT value

at room temperature equal to 3.75 ¢cm?® mol™! K and sharper transitions.

In 2007 they used a branched alkane ligand to synthesize [Fe(u-
btzmp)a(btzmp)2](ClO4)2, being btzmp = 1,2-bis(tetrazol-1-yl)-2-
methylpropane.®® This compound shows 1D chains only connected by two
ligands, whereas the another two remains monocoordinated (figure 1.31). The

spin transition is abrupt and almost complete.
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Figure 1.31. Labelled ORTEP representation of [Fe(p-btzmp).(btzmp):](C104)2

(left) and its transition curve (right).

Not only aliphatic bis-tetrazole ligands have been studied by Peter
Weinberger and co-workers, but also cycloalkanes. Very recently in 2018,
they used the ligand ppditz (1,3-bis((1H-tetrazol-1-
yl)methyl)bicyclo[1.1.1]pentane (figure 1.32) to obtain a family of three
different coordination polymers of general formula [Fe(ppditz);](X): (X =
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BF4, ClO4 or PF¢).%” The well-known structure of 1D chains with Fe!!
connected by 3 bridging tetrazole ligands is formed and the transition curve
for the three derivatives synthesized is very similar, regardless of the

counterion used.
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Figure 1.32. ppditz ligand (left) and transition curves for the [Fe(ppditz);](X):
family (right).

Notice that other functional groups have been inserted between the tetrazole
moieties. Quesada et al. reported in 2007 the 2D material
[Fe(btzpol)1.8(btzpol-OBF3)12](BF4)os - (H20)0s(CH3CN), being btzpol =
1,3-bis (tetrazol-1-yl)-2-propanol.®® The connection between the iron centers
is made by 1 ligand in one direction, and 2 in the perpendicular, allowing a

layered structure (figure 1.33).
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Figure 1.33. Representation of the Fe (II) 2D layered structure (left) and its
magnetic properties (right).

The transition is gradual but T12 is 112 K, a value which is unusual compared

with the family of alkane bis-tetrazole derivatives.

Aromatic rings have also been inserted between the tetrazole moieties.
Quesada and co-workers reported in 2008 an interesting work using the ligand
btzx (m-Xylylenebis(tetrazole).%® They synthesized the family of coordination
polymers [Fe(btzx)3](X)> (X= PFs, CF3SO; or ClO4) and studied how the
counter-ion affect the spin-transition (figure 1.34). The family presents the
ID chain arrangement observed previously for this type of coordination

polymers with three ligands serving as bridges between the Fe!l centers.
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Figure 1.34. Hexagonal packing of the 1D chains for [Fe(btzx);](PFs), and
transition curves for the [Fe(btzx);](X). family (right).

Our group has made important advances in the inclusion of aromatic rings
between the bis-tetrazole moieties, but they will be discussed in detail later

on this thesis.

1.7 Spin-crossover modification through chemical stimuli in coordination

polymers

After the establishment of coordination polymers exhibiting spin-crossover
behaviour, the next step in the outlook for these materials was the search of
tuning the transition temperature with a chemical stimulus. For this purpose,
the coexistence of porosity with spin-crossover in the material is the perfect
approach for this magnetic modification. In principle, these two behaviours
are opposite in conceptually terms: while porosity needs far metal centers to
produce large pores, spin-crossover needs a good connection between them
to enhance the cooperativity and propagate the spin-crossover through the

lattice. Despite this contradiction, it was demonstrated that both
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characteristics can coexist in MOF-like materials.”®"! In a first example,’ the
Hofmann derivative [Fe(pz)Ni(CN)4] - 2 H2O (where pz is pyrazine, figure
1.35) shows that previous heating and losing of the two water molecules, it
can locate inside molecules of gases (N2, Oz, COz) and vapors of solvents

(methanol, ethanol, acetone, acetonitrile and toluene).

Figure 1.35. Fragment of the {Fe(pz):[Ni(CN)4]}-2 H2O system. 1D

channels are filled with disordered water molecules.

The loss of the two water molecules provokes a rearrangement in the
structure, thus modifying the spin transition. Upon sorption of the different
guests, almost no modification of the magnetic properties has been observed
by the gases, but dramatic changes have been observed for the solvents, as

can be seen on figure 1.36.
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Figure 1.36. Temperature dependence of ymT after the sorption of 0.6 Toluene

(purple), 1.2 Acetone (green), 1.5 Ethanol (red), 1.8 Methanol (blue) and 1.0
Acetonitrile (pink) for {Fe(pz):[Ni(CN)4]}- Xsolvent.

Similar behaviour has been observed in a second Fe(pz):[Pt(CN)4] loaded
with different gases and solvent molecules.”! No effect on the spin transition
has been observed by the gas molecules, and almost all solvents stabilize the
high-spin state, remaining the loaded compounds paramagnetic all over the
temperatures. Only CS; has a direct effect on the spin transition, modifying
the original transition (figure 1.37). The system remains at low-spin in the
range of 2-298 K. When CS; molecules are lost, the system presents some
“memory” effect, remaining at low-spin until 330 K and undergoing a

transition to high-spin at higher temperatures.
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Real et al. did further investigations on the latter system, reporting in 2013
how the gas sorption of SO inside the pores subtle modifies the spin
transition.”> The SO» molecules interact with the Pt atom, modifying the

ligand field of the iron (II) center, then changing the spin transition (figure
1.38).

Figure 1.38. SO, molecules interacting with Pt atoms (left) and ymT plot for bare
(black) and 1.0 SO (red) (right).
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However, the first study in which gas sorption has shown the ability to modify
the spin transition on a coordination polymer was reported by our group in
2013.7 The approach of using discrete compartments to enhance the
interaction between the gas and the framework was successfully performed,
synthesizing the coordination polymer [Fe(btzx):](ClO4)2 (btzx = 1,4-
bis(tetrazol-1-ylmethyl)benzene). The coordination polymer presents the 1D
linear chain structure observed in the family of linear alkane Fe!' bis-tetrazole
coordination polymers, but now the benzene rings generates isolated voids
where gas sorption studies can be performed. The material presents
preferential sorption of CO2 vs N2, and the adsorption of CO> modify the

original spin transition of the bare material. (figure 1.39).
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Figure 1.39. Crystal structure of [Fe(btzx);](ClO4),, yellow spheres represent

voids (left) and spin transition modification upon CO; sorption (right).
A related and extended study of the approach of using discrete compartments

for gas sorption/separation and spin-crossover modification is the main goal

of this thesis.
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Gas confinement in SCO CCPs

2.1 INTRODUCTION

The interest in the study of materials for controlling gas emissions has been
increasing in the last decades. That control is important from energetic,
biological and environmental points of view and it can be applied in two
different manners: on one hand, the capture of harmful gases like CoHa, SO»,
CO, Clz, H2S, CNCI, NHs, NO; and in the other hand, separation of light
gases, waste gases from industrial processes like CO2, Nz, Oz, CO, NO, H»
and CHas.! Specially interesting to the industry is the separation of some
binary mixtures, like acetylene/ethylene (reagents used in the synthesis of
diverse chemical products and materials), CO/H; (in fuel cells), CO2/N> (to
control the atmospheric CO» level), ethylene/ethane (especially important in
the petrochemical industry) and CO2/CH4 (biogas and natural gas), among

others.

In this chapter we have focused in the selective CO; capture. Usually, amine
compounds have been used traditionally for gas sorption, being among the
most commonly used materials for CO; removal.? Nowadays, these materials
are being displaced by high surface area and large porosity compounds like
zeolites and MOFs.?~> However, the enormous porosity characteristic of these
materials is sometimes accompanied by problems in terms of selectivity,
which can be overcome with restrictions in the accessibility of the pores. In
these particular materials, the pores are interconnected by small apertures,
providing an enhancement on the selectivity properties.®’ Interpenetrated
frameworks have also been used for this purpose,®’ but the improvement in

the gas selectivity typically causes also a decrease in gas capacity.

75



Gas confinement in SCO CCPs

Normally, the selective sorption in MOFs is based on the different size of the
gases for discriminating between them and modification of the pore size is a
useful tool to tune that selectivity.! The major disadvantage of these
ultramicroporous solids appears when the difference between molecules is
small, so other approaches need to be considered to effectively separate the
gas mixtures. In these cases, electronic properties like quadrupole moment

and polarizability can be exploited to discriminate between gas species. This

11,12

can be implemented through the insertion of cations or ligand

13,14

functionalization, although the most used approach of tuning the

interaction between the gas molecule and the framework. In fact, different
techniques for introducing stronger bindings between the gas molecules and

the framework have been typically used, including functionalization of the

15,16 17-20

pores with Lewis basic sites'>>'® and generation of exposed metal sites.
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Figure 2.1. Different strategies for gas separation on MOFs.

S

Despite the high selectivity that can be achieved with these materials, the

problem appears with their regeneration, due to the high-cost of that
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procedure. This has been palliated recently with the study and use of

21,22

supramolecular interactions, provoking weaker binding of the gases,

which consequently causes a lower energy cost in the regeneration of the

solid.

In this chapter, a completely different approach for gas selective separation
of gas mixtures has been studied, that is the use of coordination polymers with
discrete and isolated compartments that allow a stronger interaction between
the gas molecule and the framework. As has been reported before, gas

sorption can be achieved in these types of materials?32*

and, despite the
absence of permanent channels or pores, these compounds are capable of
absorbing and possibly discriminating between gases. With the discrete
compartments present in the structure, the interaction between the gas and the
frameworks is enhanced. Therefore, in order to achieve a selective
discrimination in the gas mixtures, we could exploit not only thermodynamic
equilibrium (due to an enhanced interaction between the gas and the
framework), but also a kinetic trapping (due to the restricted accessibility of
the solids). Two previously reported compartmentalized coordination
polymers have been used, [Fe(btzx)3](ClO4), (CCP-1) and [Fe(btzx)3](BF4)2
(CCP-2) (btzx = 1,4-bis(tetrazol-1-ylmethyl)benzene), which are iron (II)
coordination polymers with SCO behaviour and latent porosity with internal
voids (figure 2.2). Previously, it was demonstrated that CO; can be located
inside the cavities, modifying the magnetic behaviour of the coordination

polymer.?
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B = T

Figure 2.2. Crystal structure of compounds CCP-1 and CCP-2. The
counteranions and hydrogen atoms have been removed for clarity. Key: Fe,

orange; C, gray; N, blue. Yellow spheres represent empty space in the voids.

2.2 RESULTS AND DISCUSSION

2.2.1 Structural description

The previously reported CCP-1 and the isostructural CCP-2 derivative
crystallize in the P63/m space group and are composed of [Fe(btzx);]** units
that form linear cationic chains running parallel to the crystallographic c-axis
(figure 2.2). The different chains are forming a hexagonal packing, with the
counterions occupying the positions between chains. In fact, SEM
microparticles of the material adopts a perfect hexagonal shape (figure 2.3).
In these chains, internal cavities can be found with void volumes of 11.8 %
(CCP-1) and 12.4 % (CCP-2) of the unit cell (discrete voids of 132 A3 and
140 A3, respectively). These are potential voids for the accommodation of
external molecules. Interestingly, no solvent molecules are found inside as
synthesized, as demonstrated by thermogravimetric (TGA), NMR, and IR

analyses.
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Figure 2.3. Different SEM images of CCP-1.
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Figure 2.4. TGA analysis for CCP-2.

Any loss of solvent is observed in the thermogravimetric analysis (figure 2.4)
until the decomposition of the material. The NMR of a digested sample of
CCP-2 can be observed in figure 2.5 and only the peaks corresponding to the
ligand btzx, the deuterated solvent and the water related to the solvent are

observed.
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Figure 2.5. NMR analysis for digested CCP-2.

Finally, on figure 2.6 it can be seen the IR spectra of CCP-2 and the signal

corresponding to the -CN at 2250 cm™! is not observed.
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Figure 2.6. IR analysis for CCP-2.
Returning to the structural analysis and looking on only one chain, three

rectangular pore windows with dimensions of 6.6 x 6.2 A2 can be observed,

but a closer look of the crystal structure and the crystal packing reveals the
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presence of a window-to-arene arrangement with three adjacent chains
blocking the three windows (figure 2.7). Consequently, this blockage causes
the absence of permanent channels in solids CCP-1 and CCP-2, named as
compartmentalized coordination polymer, that is, coordination polymers with
internal voids accessible for host molecules.

6.2 A 6.6 A

—- ~—-

6_6 l&\ ‘\ /6.6 A

90 ° rotation
s

N

MQ\ 90 ° rotation
- —_—
L

Figure 2.7. Observed blockage of the voids due to the adjacent chains.

2.2.2 Gas sorption studies

Gas sorption studies with N> and CO, were previously reported for CCP-1%
and now the study has been extended with more gases performed in
collaboration with Prof. F. Rey from the Instituto de Tecnologia Quimica of
the UPV. Single-component gas sorption isotherms are a useful technique to
study the gas sorption capacities in coordination polymers in thermodynamic
equilibrium and detect some preferences to specific gases. In this chapter,

CCP-1 is analyzed with CO,, CO, N2, CH4, ethane (C2Hs), ethylene (C2Ha)
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and acetylene (C;Hz) and CCP-2 only with CO,, assuming the same
behaviour due to the isostructural nature. Gas sorption isotherms are
performed at different temperatures, that is 273, 283, 298, 313, 323 and 333
K, although not all temperatures have been performed on all gases. Virial
equation has been used for fitting the experimental data points, finding that it

can be properly fitted to a fourth-grade polynomial.

ln(g):Ao-l-Al ‘Q+A,-Q+A,-Q +A,-Q*

Equation 2.1. Virial equation used during the data analysis of the gas sorption

1sotherms.

Figure 2.8 shows the gas sorption isotherms in mol-g™! units at different
temperatures for CCP-1. As can be seen, some diffusion problems occur for
certain gases, not observing the normal behaviour of decreasing sorption
capacity when the temperature raises. This will be discussed thoroughly in

this chapter.
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Figure 2.8. Gas adsorption isotherms (mol g') for different gases at different

temperatures for CCP-1. Lines correspond to virial fits.

To do a properly comparation of the adsorption for different gases, all the
isotherms at 298 K have been compared (figure 2.9) and the gas capacity has
been represented with two different units: molecules per void and volumetric

units (cm? of CO» per cm?® of compound).
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Figure 2.9. Gas adsorption isotherms at 298 K of CCP-1 (closed symbols) and

CCP-2 (open symbols).

As can be observed, about one molecule of CO,, CH4, C;H> and C>H4 can be
located in each void; on the contrary, CO, N> and C;Hg remains almost
unabsorbed. That observation could suggest a preferential sorption of some
gases among others, a good starting point to use this compartmentalized
coordination polymer for gas discrimination. Specially interesting is the fact
that CCP-1 and CCP-2 present higher absorption capacity for CO> than C2H»
at ambient conditions, contrary to the inverse behaviour observed in typical
MOFs that can absorb both gases.?® In fact, only one example has been
reported with this opposed behaviour, a MOF that combines gate opening
effect and different electronic properties of the gases to perform preferential
adsorption of CO: over C;H2.2® CCP-1 and CCP-2 present a dense nature due
to the absence of permanent channels. For this reason the volumetric sorption
of CO; (volume of CO; absorbed/volume of material), presents very good
results, with values of 29 and 27 cm’cm> for CCP-1 and CCP-2
respectively, which are competitive results compared with other known and

typically used MOFs in gas sorption (28 and 11 cm?-cm for MIL-100%7 and
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MOF-5% respectively) at 1 bar and 298 K. Another advantage in the use of
these isolated compartments is the strong interaction of the gas with the
framework, causing the trapping of the gas molecules with no need of using
the approaches commented in the introduction of this chapter, that is no
modification of the original framework to enhance the gas-framework
interaction. Related to this, the isosteric enthalpy of adsorption at zero surface
coverage of some gases in CCP-1 and CCP-2 have been studied. It was
calculated from the isotherms taken at different temperatures applying the

Clausius-Clapeyron equation:

d(InP
st -R- ﬁ
1
a /T Q=cte

Equation 2.2. Clausius-Clapeyron equation used to calculate the heats of

adsorption for different gases.

As can be observed in figure 2.10, low values of these enthalpies have been
found whatever the gas observed (Qst (CO2) = 20 kJ'mol™!; Qg (C2Hz) = 23
kJ-mol; Qs (CO) = 11 kJ-mol™!) compared to typical values found on other
archetypal materials used for gas storage like functionalized MOFs with

alkylamines that present enthalpies of adsorption near 100 kJ-mol.?°
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Figure 2.10. Isosteric heats of adsorption for different gases.

These low values affect directly the cost of regeneration of the material, due
to that it is needed less energy to fully regenerate it and then, high working

capacities for adsorption-desorption cycles could be achieved.

2.2.3 Location and binding of the gas molecules

2.2.3.1 Rietveld analysis using X-ray powder Synchrotron diffraction

This study was performed in collaboration with Dr. 1. J. Vitorica-Yrezabal,
from the University of Manchester (UK), on beamline BL0O4-MSPD at ALBA
Synchrotron, Spain (proposal 2015091491). Typically, inclusion of guests in
systems that can locate gas molecules in their pores result in disordered
species inside these cavities’® with difficulties to specific location
determination. The use of compartmentalized coordination polymers take
advantage of presenting ordered discrete voids that reduce the mobility of the
gas molecules then allowing the exact determination of the guest inside the
void. Structural determination of CO; inside CCP-1 has been previously

reported using Rietveld analysis and X-ray powder synchrotron diffraction
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data. In this chapter, the gas location of CO; inside CCP-1 and CCP-2 has
been repeated and extended with C;Hs4 and CHs using the same Rietveld
analysis and synchrotron X-ray powder diffraction. Samples of CCP-1 or
CCP-2 were pumped 30 minutes and then the pressure for each gas was
increased to 6 bar. The corresponding Rietveld refinements can be seen on
figure 2.11. The structures determined from single crystal data at 240 K for
CCP-1 and CCP-2 have been used as starting points for the refinements and
the occupancy of the gas molecules (CO2, CoHz and CH4) have been refined
introducing them as rigid bodies and their occupancies were freely refined
with a constraint thermal parameter. The counterions (ClO4 for CCP-1 and
BF4 for CCP-2) were not being affected by the sorption process, remaining
in the same position. As previously reported for CO>, all three gases are
disordered over six symmetry related positions with refined occupancies near
to the calculated from the adsorption isotherms (figure 2.12). The gas-
framework interactions found are different for two of the three gases studied
despite all three species are located inside the same voids. For CO, the
interaction observed is between the nucleophilic oxygen atom of the gas and
two nitrogen atoms of one tetrazole in an end-on mode, with a O=C=0(5"
)---mn~ distances of 2.500 A for CO,@CCP-1 and 2.778 A in CO@CCP-
2. The electrophilic carbon of CO; is not interacting with the framework,
maybe due to the cationic nature of it, the constrained space of the void or a
combination of both. C;H4 forms C-H:--nn~ hydrogen bonds with one
nitrogen atom of one tetrazole, with C—H:--nn_~ distances of 2.684 and 2.677
A for C;Hs@CCP-1 and C,Hs@CCP-2, respectively. CHs molecules form
C-H---mnn distances of 2.661 and 2.781 A for CHs@CCP-1 and
CH4@CCP-2, respectively.
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Figure 2.11. Observed (blue) and calculated (red) profiles and difference plot
[(Iobs — Leatca)] (grey) of the Rietveld refinements for CCP-1 and CCP-2 after
different gas loadings.
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Figure 2.12. Crystal structures of CCP-1/CCP-2 loaded with CO; (a), CoHs4 (b)
and CH4 (c), showing the interactions between the gas molecules and the
framework as dashed lines. The symmetry-related gas molecules are colored
differently showing the positional disorder of the CO, (d), C.Hs (e) and CHs (f)

molecules.

2.2.4. Magnetic response to gas sorption

It has been previously reported that CCP-1 presents SCO and their T2 can
be modified with the inclusion of CO; inside its voids. That was the first
example reported where the spin transition is affected by the inclusion of gas
molecules adsorbed inside a coordination polymer. In this chapter, the
magnetic measurements for bare CCP-1 and CCP-2 and with CO; located
inside not only have been reproduced, but also the study has been extended
with other gases adsorbed inside the voids: methane (CH4), ethane (C>He),
propane (Cs3Hg), ethylene (CoHs) and carbon monoxide (CO) and the
magnetic response for each case can be observed in figure 2.13.

CCP-1 and CCP-2 have been activated heating 150 °C 3 hours under vacuum
before loading the gases. Magnetic susceptibility measurements of the gas

loaded systems were performed by sealing a glass tube with 10 mg of
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CCP-1/CCP-2 and 1 bar of the gas (CO2, CHas, C2Hg, C2H4, CO, CsHsg). CO2
has been studied in both coordination polymers CCP-1 and CCP-2 but the
other gases were studied only in CCP-1, assuming the same behaviour for
both isostructural systems. As previously reported, the spin transition of
CCP-1 and CCP-2, centered at 200 K, is shifted to 209 K with the inclusion
of one molecule of CO: inside the voids, thus stabilizing the low-spin (LS)
state (figures 2.13a and 2.13b). For CH4, CoHs and CO (figures 2.13c, 2.13d
and 2.13g) no modification of the magnetic behaviour is observed.
Surprisingly, an inverse behaviour than that observed for CO can be seen for
ethylene (figure 2.13f), shifting the spin transition temperature to lower
temperatures, thus stabilizing the high-spin (HS) state. In the case of propane
(figure 2.13e), an enhance of the cooperativity between the metal centers is
observed, that is, an increase in the thermal hysteresis. Unfortunately, that
interesting behaviour cannot be discussed in detail, as the slow diffusion of

this gas makes the study of the adsorption isotherm unachievable.
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Figure 2.13. Temperature dependence of the high spin fraction (yxs) for CCP-1
and CCP-2 with different gases. The spin transition of the activated material is

shown in grey in each case for comparison.
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The explanation of these magnetic behaviours has different origins. On one
hand, the lack at modification for C2Hg and CO is related to the gas adsorption
isotherms in figure 2.8, as stated in the part 2.2.2 of this chapter: ethane and
carbon monoxide remains almost unabsorbed. For that reason, despite putting
1 bar of the gas in the samples, no inclusion of the gas inside the voids occurs,
thus retaining the original spin transition centered at 200 K of CCP-1. For the
other gases, a list of their physical properties can be seen on table 2.1. In these
cases, the three gases are interacting with the tetrazole ring, therefore

changing the ligand field of the iron (II) center.

CO; CH4 Ethylene

Kinetic diameter [A] 3.30 3.758 4.163

Quadrupolar moment x 10%° [esu-cm?] -4.30 0 1.50

Polarizability x 10* [cm’] 20.11 25.93 42.52
Dipole moment x 10" [esu-cm] 0 0 0

Table 2.1. Physical properties of some gases studied.

The most plausible way is that the quadrupole moment of the different gases
changes the electronic density of the tetrazole ring, thus causing a subtle
modification of the spin transition temperature. In the case of methane, the
absence of quadrupolar moment in the gas molecule imply that the spin
transition suffers no modification in its value, as observed in figure 2.13c¢. For
CO; and C>Hs it can be seen opposite behaviour: whereas for CO» the low-
spin state is stabilized with a shifting of the spin transition to higher
temperatures, C2H4 presents the stabilization of the high-spin state with a

shifting of the spin transition to lower temperatures. In addition, with CO» the
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change in temperature is more pronounced than for C;H4, an observation
related to the value on the quadrupolar moment. The quadrupolar moment of
COz is larger in module than for C2H4 provoking that the change in the spin
transition is larger for the first gas and in addition, both quadrupolar moment
are opposite in sign, causing the opposite modification of the spin transition
temperature. That hypothesis has been proved with the synthesis of CCP-2
with CS; inside the voids [as can be related to the mass lost in the TGA
analysis (figure 2.14 left)]. CS; presents a value of quadrupolar moment equal
in module than for CO; but opposite in sign and is therefore the ideal
candidate to test this hypothesis. The synthesis was analogous that the original
one and was carried out replacing the original CH3;CN solvent for CSz. XRPD
data reveals a perfect fit for the original CCP-2 synthesized with CH3CN. As
can be seen on the magnetic behavior of CCP-2 with CS; in the voids (figure
2.14 right), the spin transition is modified in the same value than for CO; but
to lower temperatures like CoHs provokes, so demonstrating that the
quadrupole moment of the gas located in the compartments is the cause of the

modification in the spin transition temperature.
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Figure 2.14. TGA analysis (left) of CCP-2 loaded with CS; and its temperature
dependence of the high spin fraction (right).
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2.2.5 Selectivity in CCPs: Kinetic study

Thermodynamic sorption is typically used for the selective gas sorption, but
not only thermodynamics can be used to study the potential gas
discrimination of these materials, but also kinetics.?!*> As commented before,
in the gas sorption isotherms of figure 2.8, some diffusion problems can be
observed in some gases. The presence of isolated voids, with no permanent
channels in the material, is a challenge for the gas adsorption. Transport
diffusion has been studied for CO,, C;Hs and C:Hs, not being studied for
C:H> due to incompatibilities in the thermogravimetric instrument but
expecting an analogous behaviour than CO> due to the similar values in
different properties. In figure 2.15, gravimetric evolution of the gases listed
before is shown. 50 mg of CCP-1 was kept under a constant pressure of 300
mbar and 298 K for each gas, showing that CO; is easily adsorbed and

expecting the same behaviour for acetylene as stated before. But ethylene is
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Figure 2.15. Kinetic sorption evolution of CCP-1.

adsorbed in a more difficult way, resulting even slower for ethane and

methane. This observation is a good starting point to think about using these
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compartmentalized coordination polymers to separate gas mixtures of

acetylene/ethyelene/methane by kinetic trapping.

2.2.6 Selectivity in CCPs: binary breakthrough measurements

As has been exposed before, CCP-1 and CCP-2 present low heat of
adsorption but separation of gases needs also good selectivities for some
species. Typical materials for this purpose are MOFs that present breathing??
or gate opening** processes which pores only being opened by certain gases.
However, that opening of the pores sometimes imply the entrance of others
gases or species presented in the mixtures, reducing the selectivity of these
materials for the target gases. Different works presented in the literature about
gas discrimination are based on the study of the isolated isotherms or
computing simulations using an Ideal Absorbed Solution Theory (IAST).
These methods are used due to difficulties to carry out real gas mixture
experiments but sometimes the results obtained by these methods are far away
from the real values. That is provoked for not considering kinetic and
thermodynamic mechanisms of the gas mixtures. To avoid these problems, in
this chapter, gas breakthrough experiments have been performed under
kinetic gas-flow conditions for CCP-1, pelletizing it to avoid high-pressure
drop and filling and packing a column with the material. Two different gas
mixtures (CO2/N2 and CO,/CHy) at four different ratios (5:95, 10:90, 20:80
and 50:50) have been analyzed and can be seen on figures 2.16 and 2.17.

The composition of the exhausted gas was monitored with a mass

spectrometer and the total flow together with its composition could be

calculated by combining the calibrated Coriolis flow meter and the mass
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spectrometer. The selectivity aij of CCP-1 can be calculated defining it as the
ratio of the two adsorbed gases under specific conditions of temperature and

pressure, following the equation 2.3:

_X Y
Xj Vi
Equation 2.3. Gas selectivity of two components.

aij
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Figure 2.16. Binary breakthrough experiments for different mixtures of CO, and
N at 298 K and 2 bar for CCP-1. 5:95 (top left), 10:90 (top right), 20:80 (bottom
left) and 50:50 (bottom right).
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Figure 2.17. Binary breakthrough experiments for different mixtures of CO, and
CH, at 298 K and 2 bar for CCP-1. 5:95 (top left), 10:90 (top right), 20:80 (bottom
left) and 50:50 (bottom right).

Where x;; are the adsorbed amounts of gases i and j at equilibrium from a gas
mixture defined by the molar fractions yi;. This equation of selectivity can be
expressed in terms of molar flow of the adsorbed gases according to the

equation 2.4:

teo F;
Fro Jy (1 __0) dt

aij 7
teo J y
Fj 0 fO <1 — m) dt 7!

Equation 2.4. Gas selectivity of two components in terms of the molar fluxes.
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With F; and F; as the molar fluxes of gases i and j respectively during the
breakthrough experiment, and Fip and Fjo the molar fluxes of gases i and j in
the feed stream. The dead volume was determined by flowing helium though
the saturated column and subtracted for the calculation of the adsorbed
amount of each specie. The calculated selectivities for the two mixtures and

the four ratios between gases are listened in table 2.2:

Flow composition Selectivity (a)
COz:other gas CO2:N; CO3:CH4
5:95 85 89
10:90 33 42
20:80 11 15
50:50 2 2

Table 2.2. CCP-1 Selectivities in the gas breakthrough experiments

As can be observed, very good selectivities of 85 for CO2/N, and 89 for
CO2/CH4 have been obtained for low CO> concentration (ratio CO2/Nz or CHy
5:95). This observation coincides with a separation process driven by kinetic

mechanism, due to lower CO; flux implies longer mass transfer in the column.

There are not too many works in the literature in which the gas selectivity in
MOFs is calculated from real gas breakthrough experiments, but some of
them performed in similar conditions can be seen on table 2.3. As can be
observed, the high values obtained at lower CO> concentrations for CCP-1

are better than the reported ones for other similar systems, with exceptions
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such as FCTF-1-600 but with the advantage that CCP-1 is highly selective for

two different mixtures of gases.

Compound Selectivity (o) Flow composition  Ref,

CO2/N; CO,/CH,4 CO1:N; CO,:CH4

CTF-1 18 - 10:90 - 3
CTF-1-600 21 - 10:90 - 3
FCTF-1 77 - 10:90 - 33
FCTF-1-600 152 - 10:90 - 3
SIFSIX-2-Cu-i 72 51 10:90 50:50 8
MOF508b 5 3 50:50 50:50 36
MOF-5 22 - 20:80 - 37
NH,-MIL-53 - 45 - 50:50 38
CPO-27-Ni - 15 - 50:50 39
CPO-27-Co - 12 - 50:50 3
CPO-27-Zn - 9 - 50:50 39
STA-12-Ni - 6 - 50:50 39
NH,-MIL-101 (Al) - 65 - 15:85 40
MIL-53 (Cr) - 13 - 25:75 o
MIL-53 (Al) - 7 - 30:70 42
MIL-101 (Cr) - 7.5 - 30:70 40

Table 2.3. Gas breakthrough selectivities in the literature
Another interesting experiment carried out was the calculation of the

adsorbed gas phase in CCP-1 through mass spectrometry. The partition

coefficient (P) after sorption was defined with the equation 2.5 as:
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P = (Xco,/Yco,)/ (Xgas/ Y gas)
Equation 2.5. Partition coefficient of the gas mixtures

Xco, and Xgas represent the molar fractions of CO» and the other gas (N2 or
CHa) in the adsorbed phase and Yco, and Y gasrepresent the molar fractions of
CO: and the other gas (N> or CH4) in the bulk phase. The results obtained are
exhibited in table 2.4 together with another partition coefficients reported in
the literature for the gas mixtures studied in other materials. As can be seen,
CCP-1 performed great results compared with other well-known materials
used for gas mixtures separation. The results obtained can be more easily
understood in the figure 2.18, comparing the ratio of both gases before and
after the gas separation process by CCP-1. As can be observed, the adsorbed
gas phase presents a higher CO2/N2 or CHy ratio than the injected phase,

corroborating the preferential adsorption of CO: over the other two gases.

Compound Partition coefficient (P) Flow composition Ref.

COz/Nz COz/CH4 CO2:N, CO::CH4

Cccp-1 35 47 5:95 5:95 43

Cccp-1 38 41 10:90  10:90 43

Cccp-1 36 36 20:80  20:80

CccP-1 49 32 50:50 50:50
Cu-BTC - 6 - 25:75 4
Ni-MOF-74 38 - 15:85 - 4
Ui0-66(Zr)-(COOH), 56 - 15:85 - 46
CID-3 39 - 1:99 - 47

Table 2.4. Partition coefficients for different gas mixtures
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Figure 2.18. Enrichment of the CO, gas component after the breakthrough
experiment for CO»/N> (top) and CO»/CHs4 (bottom).

2.3 CONCLUSIONS

In this chapter, new materials have been widely studied presenting a new
concept for coordination polymers: the compartmentalized coordination
polymers, that is, coordination polymers with discrete and isolated
compartments with potential capacity to locate gas molecules inside the
voids. The response of two previously reported compartmentalized
coordination polymers, CCP-1 and CCP-2, to different gases has been
studied. It has been observed that the materials can adsorb certain gases,
revealing potential capacity to be used as discriminators for gas mixtures. The
gas selectivity studies revealed a high selectivity sorption for CO; in the
presence of N2 or CH4 with high selectivity and partition coefficients
compared with others in the literature for equivalent materials and conditions.

In addition, Rietveld analysis using X-ray synchrotron data has been used to
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determine the location and the interaction of the gas molecules inside the
framework, revealing vital information to explain the magnetic behaviour of
these materials with the gas molecules located inside. It has been revealed
that the quadrupolar moment of the gas provokes changes in the tetrazole ring
of the ligand, thus modifying the ligand field of the iron (II) centers then
changing the spin transition temperature. A stabilization of the low-spin or
the high-spin state occurs, depending on the sign of this quadrupolar moment.
Additional experiments have been performed in different collaborations. Dr.
Mbnica Jiménez-Ruiz from the Institut Laue-Langevin of Grenoble
performed DFT and molecular dynamics calculations to obtain the H partial
density of states of CCP-1. Dr. Moénica Jiménez-Ruiz, Dr. J. Alberto
Rodriguez-Velamazan and Dr. Miguel A. Gonzélez from the Institut Laue-
Langevin of Grenoble performed Inelastic Neutron Scattering (INS)
experiments of bare CCP-1 and CCP-1 loaded with CO». Both techniques
have been combined, observing a weak interaction of the gas with the H
corresponding to the tetrazole group which was confirmed with DFT
calculations. In addition, the scattering of the absorbed CO> molecules in the
voids has been observed studying the difference between the INS spectra of
CCP-1 upon CO; sorption and bare CCP-1, remaining a band at 650 cm™!,

corresponding to the bending of the CO2 molecule.

German Sastre from the Instituto de Tecnologia Quimica of Valencia
performed atomistic molecular dynamics helped to understand the
mechanism of entrance of CO: inside the isolated cavities. It has been
revealed that when low CO; pressure is applied to CCP-1, the gas starts to

fill the voids. When the pressure increases, eventually two molecules of CO2
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are located inside the same void, increasing the energy of the system, forcing
the migration of one of these molecules to the adjacent void via a gate-
opening mechanism of the phenyl ring, only taking place to allow the
transition of the CO; molecules.

No additional information is provided about these techniques as they have

served to complement this study, but are not part of this thesis.

2.4. METHODS

2.4.1. Synthesis

All reagents were commercially available and used without further
purification. Solvents were dried and purified before use, according to
standard procedures. The ligand btzx, (1,4-bis(tetrazol-1-ylmethyl)benzene),
was prepared as previously reported.??

Caution. Perchlorate salts are explosive (especially if they are dry) and
should be handled with extreme caution.

Synthesis of 1,4-bis(tetrazol-1-ylmethyl)benzene (btzx). p-
Xylylenediamine (5 g, 0.037 mol), triethylortoformate (54 g, 0.363 mol) and
sodium azide (4.79 g, 0.074 mol) were dissolved in acetic acid (90 mL) and
heated at 90 °C for 2 days. After cooling down to room temperature, the
solvent was evaporated at reduced pressure. The remaining yellow solid was
washed with methanol and water yielding the ligand as a white powder. Yield
=68 %; 1H NMR (300 MHz, [D6]DMSO): d=5.7 (s, 4H; ttz-CHz-ph), 7.4 (s,
4H; ph), 9.5 ppm (s, 2H; ttz); IR: = 3118 cm™' (n Cttz-H).
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Synthesis of [Fe(btzx)3](ClO4)2 (CCP-1). A solution of Fe(ClO4)2-xH>O
(112 mg) in 5 mL of MeCN was added into a suspension of btzx (152 mg,
0.63 mmol) in 40 mL of MeCN containing ascorbic acid (ca. 10 mg). The
resulting milky suspension was refluxed and stirred for 4 h. A white
crystalline precipitate appeared during the reaction. After cooling down to
room temperature, the white powder was filtered and washed with MeCN.
Alternative synthesis by microwaves was carried out in a CEM Focused
Microwave Synthesis System. Fe(ClO4)2-xH2O (16.4 mg), btzx (22.8 mg,
0.09 mmol) and 6 mL of MeCN were introduced in a microwave vial and the
reaction was carried out with 200 MHz and 82 °C during 5 minutes. The
reaction was cooled down and a white precipitate appeared after few hours.
Phase purity was established by X-ray powder diffraction (vide infra). Yield
=71 %. Anal. calc. C30H30FeN24Cl20s (981.47): C, 36.71; H, 3.08; N, 34.25
%. Found: C, 36.98; H, 3.16; N, 34.03 %.

Synthesis of [Fe(btzx)3](BF4): (CCP-2). CCP-2 was synthesized in a
procedure analogous to that of CCP-1 except that Fe(BF4)2:6H>O (152 mg,
0.45 mmol) was used instead. A white crystalline precipitate was collected
and washed with MeCN. Alternative synthesis by microwaves was carried
out in a CEM Focused Microwave Synthesis System. Fe(BF4)2-6H>O (21.7
mg, 0.06 mmol), btzx (22.8 mg, 0.09 mmol) and 6 mL of MeCN were
introduced in a microwave vial and the reaction was carried out with 200 MHz
and 82 °C during 5 minutes. The reaction was cooled down and a white
precipitate appeared after few hours. Phase purity was established by X-ray
powder diffraction (vide infra). Yield = 62 %. Anal. calc. C3oH30FeN24B2F3g
(956.18): C, 37.68; H, 3.16; N, 35.16 %. Found: C, 38.81; H, 3.37; N, 35.34
%.
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2.4.2. Structural characterization

2.4.2.1. X-ray powder diffraction measurements under gas pressure

Polycrystalline samples of CCP-1 and CCP-2 were lightly ground in an agate
mortar and pestle and filled into a 0.7 mm borosilicate capillary. Data was
collected for each sample in the 20 range 0 — 40 ° on beamline BL04-MSPD
at ALBA Synchrotron, Spain, using A = 0.799332 A and a Mythen detector
comprising 6 modules. The samples were pumped for ca. 30 minutes, after
which the gas pressure was increased to 6 bar. The capillaries were allowed
for stabilization for 30 minutes before data collection at 295 K. A Rietveld

t*8 was undertaken with the program TOPAS,* using as the starting

refinemen
point the structures determined from single crystal data at 240 K for CCP-1
and CCP-2 respectively. One gas molecule (COz, C2H4 or CHy) was included
in the refinement, and refined as a rigid body with rotational and translational
freedom. In addition, the occupancies of the gas molecules were also refined,
but the displacement parameter was kept fixed. Atomic positions and
displacement parameters of the non-hydrogen atoms of the framework were
refined subject to a series of restraints on bond lengths, bond angles and
planarity of the aromatic rings. The perchlorate and tetrafluoroborate anions
were modelled as disorder over two positions, as in the single-crystal
experiments. A March-Dollase correction of the intensities for preferred
orientation was applied in the final stage of refinement. Rietveld refinements
converged to Ry, = 0.0214, gof = 2.183 in CO,@CCP-1, R,, = 0.0162, gof
=1.919 in C;Hs@CCP-1, R, = 0.0107, gof = 1.285 in CH4@CCP-1, R,, =
0.0313, gof = 3.271 in CO@CCP-2, R,, = 0.0357, gof = 3.738 in
C:Hs@CCP-2, and R, = 0.0329, gof = 3.442 in CH4@CCP-2.
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2.4.2.2. Scanning electron microscopy
Crystallite morphologies and dimensions of CCP-1 were studied with a
Hitachi S-4800 field emission scanning electron microscope at an

accelerating voltage of 10 kV with metallization (Au-Pd) of the samples.

2.4.3. Gas sorption studies
All gas sorption studies were performed by Dr. Miguel Palomino in
collaboration with Prof. F. Rey from the Instituto de Tecnologia Quimica of

Valencia.

2.4.3.1. Gas sorption isotherms

High-resolution isotherms of CO and C;H> were measured at a series of
temperatures in a Micromeritics ASAP 2010 volumetric instrument using
approximately 150 mg of sample as a powder. The sample was placed in a
sample holder that was immersed into a liquid recirculating thermostatic bath
(Julabo FP40-HL) able to control the adsorption temperature from 273 to 333
K with accuracy better than 0.05 K. Prior to adsorption experiments, the
sample was outgassed at 423 K for 6 hours under turbomolecular high
vacuum. To avoid He adsorption after free space volume determination the

sample was outgassed for 1 hour at 423 K prior to gas adsorption.

High pressure CO,, CH4, CoHs, and C;Hs adsorption isotherms were
performed in an IGA-3 gravimetric analyser (Hiden Isochema).
Approximately, 50 mg of sample were placed in the balance. Before each

adsorption experiment, the sample was outgassed at 423 K under a final
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pressure of 10 Pa during four hours. The temperature of the sample was
subsequently reduced under high vacuum until the target temperature (from
283 to 333 K) for each adsorption experiment. Adsorption measurements
were performed by introducing gas up to reach the desired pressures.
Typically, 16 equilibrium data points up to 800 kPa were recorded for each
gas and adsorption temperature in order to build the isotherms. The
equilibrium conditions were fixed at the 98 % of the calculated uptake using
the Avrami’s model or a maximum equilibration time of 120 minutes for each

point of the isotherms.

2.4.3.2. Kinetic study

The kinetic experiments were performed in an IGA-3 gravimetric analyser
(Hiden Isochema). Approximately 50 mg of the adsorbant were outgassed in
the balance at 423 K under high vacuum prior the kinetic study. Next, the
sample was cooled down to the analysis temperature, 298 K. Then, the
pressure was raised up to 30 kPa and the weight gain was recorded as a

function of time for 12 hours.

2.4.3.3. Breakthrough experiments

Breakthrough curves of binary gaseous mixtures were carried out on a
homemade instrument, illustrated in Scheme 2.1. In all cases, the sample was
pelletized and sieved between 0.2 and 0.4 mm. The solid adsorbent was
loaded into a stainless-steel tubular column of 6.0 mm internal diameter, with
quartz wool as filler. The weight of adsorbent was 1.2375 g, with a length of
13.5 cm inside of the aforementioned column. The gaseous flows were

adjusted by using calibrated mass-flow controllers (Iberfluid Instruments) so,
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different feed compositions could be studied. The total feed flow was
maintained at 40 ml/min in all cases. The gaseous mixture could be sent into
the packed column of adsorbent, or by-passed by using a 6 port valve (Valco).
The same valve was also used for feeding helium to the column during the
degasification process at high temperature. The column was heated by means
of an electric mantle, and the temperature was controlled during the
experiments with a thermostatic bath (Julabo F25) connected to the double-
jacketed column. Prior to the breakthrough experiments, the adsorbent was
activated at 353 K in 40 ml/min of helium for two hours. The reactor was then
cooled down to 298 K before switching to the gas mixture. Both the by-pass
and the stream from the column can be sent to vent or to analyze through two
different 4 port valves (Valco). The pressure in the column and the by-pass
line was regulated by two different electronic pressure gage controllers
(Bronkhorst). One particularity of the setup is the use of a mass flow meter
based in the Coriolis effect (Bronkhorst) connected downstream the column.
The Coriolis flow meter provide with a value of the mass flow in g/h. Also,
the composition of the exhausted gas was monitored with a mass
spectrometer. The total flow together with its composition could be calculated

by combining the calibrated Coriolis flow meter and the mass spectrometer.
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Scheme 2.1. Schematic diagram of the breakthrough apparatus used for binary
adsorption. MFC, mass flow controller; 6P, 6 port valve; 4P, 4 port valve; BP,
pressure controller; T, temperature control (heating mantle or recirculated bath);

MS, mass spectrometer.

2.5 Physical measurements

Thermogravimetric analysis of CCP-2 with CS> was carried out with a TA
instruments TGA 550 apparatus in the 25-400 °C temperature range under a
10 °C-min! scan rate and a nitrogen flow of 40 mL-min™!.

2.5.1 Magnetic measurements. Magnetic susceptibility measurements were
carried out on single-phased polycrystalline samples with a Quantum Design
MPMS-XL-5 SQUID susceptometer. The susceptibility data were all
collected at 1 K-min~!, with an applied field of 0.1 T for CCP-1 and CCP-2
and the gas loaded systems. Magnetic susceptibility measurements of the gas
loaded systems were performed by sealing a glass tube with 10 mg of CCP-
1 and CCP-2 and a known amount of the gas (CO2, CH4, C2Hs, C2H4, CO,
propane, N2, N2/CO») or after heating a loaded sample to remove the CO»
molecules. Prior to the gas loading, the samples were activated by heating in

situ at 150 °C for 3 h under vacuum.
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3.1 INTRODUCTION

The aim of tuning the properties of multifunctional materials has attracted a
lot of interest in the last decades. One of the most interesting property for
modification is the spin transition temperature on spin crossover (SCO)
compounds. 719 Still, this spin transition often occurs at temperatures that are
not practical for applications. A subtle modification of the material could
modify the spin transition temperature while the material maintains its
remaining properties. Different approaches have been used for this purpose.
Some of them consist on the modification of the chemical environment of the
metal center, that is introducing modifications on the organic ligand (subtle

modifications maintaining the main moiety),!!"!3

changing the counterion
(some examples have been reported on how the packing of different
counterions affects the transition) ,'*!> modifying the coordination sphere of
the SCO metal center (the loss of coordinated solvent may modify the spin
transition temperature),'®!” or the inclusion/desolvation of solvent molecules
in the crystal packing of the framework (similar to what is observed with
counterions).!®3% Another different approach involves the inclusion of
different metallic centers, the so-called metal dilution. This approach consists
on the gradual inclusion of non-SCO behavior metal centers on the lattice,>!~

4 resulting on a decrease of the magnetic metal cooperativity, thus provoking

a more gradual spin transition curve.
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Figure 3.1. Different strategies for SCO modification.

The last approach uses mixtures of two (or more) organic ligands,**” which
are similar from the chemical point of view (size, coordination ability,
functional groups) but that give rise to different ligand-strengths. This can
subtle modify the magnetic behavior of the system designed only with one of
these ligands. Very recently this approach have been used in the MOF field
to synthesize multivariant MOFs whose pores are decorated by heterogeneous
mixtures of functionalities.*® However, the use of ligand mixtures is a
challenge because of physical mixtures can be formed, instead of forming a

single material combining the different ligands.

In this chapter, the problem described before has been successfully avoided,
studying the effect of gradual ligand substitution in an Fe!! SCO coordination
polymer. For that purpose, we have used two different types of azole ligands,
only differing on a nitrogen atom in the five-membered ring. These azole

derivatives are well-known in the design of Fe!' SCO coordination polymers*’
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due to their proper ligand field strength for obtaining the spin transition. Both

~O

//’—' N\N N/N \\\ F N\N N/ \\\
N ~ 7 \N N N \/

ligands are represented in the figure 3.2.

\/ N
bis(tetrazol-yl)-p-xylene bis(triazol-yl)-p-xylene
(btzx) (btix)

Figure 3.2. Chemical structures of btzx and btix ligands.

The reaction of each ligand with Fe(ClOs), - x H>O separately afforded two
structurally related compounds: CCP-1, [Fe(btzx)3](ClO4)>°° and CCP-1b,
[Fe(btix)3;](Cl04).°>! CCP-1 and its properties have been described in detail
in chapter 2 of this thesis and CCP-1b was reported previously.’! Both
compounds are similar in terms of structural parameters: they are formed by
1D linear chains that run parallel to the crystallographic c-axis. However, they
are completely different from the magnetic point of view: whereas CCP-1
presents SCO behavior with a sharp spin transition centered at 200 K, CCP-
1b remains at high-spin state over all temperatures. In this chapter a family
of isostructural coordination polymers is presented based on the partial ligand
substitution using different ligand mixtures of btzx and btix and the magnetic

behavior of the family has been analyzed on detail.
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3.2 RESULTS AND DISCUSSION

3.2.1 Structural description

As stated above, the ligands btzx and btix yield two coordination polymers of
formula [Fe(btzx)3]J(ClO4)> and [Fe(btix)3](ClO4)> respectively. Both
structures are isoreticular and are formed by 1D linear chains that run parallel
to the crystallographic c-axis, with three ligands serving as bridges between

the Fe!! centers, as is shown in figure 3.3.

(b)
Figure 3.3. Crystal structures of compounds CCP-1 (a) and CCP-1b (b). The

ClO4 anions and hydrogen atoms have been removed for clarity. Key: Fe, orange;

C, gray; N, blue.
The formation of CCP-1 was reported by our group years ago, and was

achieved by the reaction of Fe(ClO4), - x H,O and btzx in refluxing

acetonitrile, resulting in the formation of a white crystalline powder of
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formula [Fe(btzx)3](ClO4)2, CCP-1.°° X-ray single crystal diffraction of one
single crystal of CCP-1 measured at 240 K reveals that it crystallizes in the
P63/m space group. Each Fe'! center lies on the 3-fold axis and is surrounded
by six tetrazole rings coordinated through nitrogen atoms from six btzx
ligands adopting a syn-cis conformation in an almost perfect octahedral
environment. The different chains form a hexagonal packing, with the Cl104~

counterions occupying the positions between chains (figure 3.4).

On the other hand, the reaction of Fe(ClO4), - x H>O and btix in MeOH/water
at room temperature results in the formation of crystalline powder of
[Fe(btix)3;](Cl0s)2, CCP-1b.’! Similar to CCP-1, it is composed of
[Fe(btix);]** units that form linear chains that run parallel to the

crystallographic c-axis, although CCP-1b crystallizes in a different space

Figure 3.4. Hexagonal packing of CCP-1 (left) and CCP-1b (right) viewed along
the c-axis. Colour code as in figure 3.3. The ClO4 anions and hydrogen atoms

have been removed for clarity.
group, P3c1. Similar to CCP-1, each Fe! center lies on the 3-fold axis and is

surrounded by six triazole rings coordinated through nitrogen atoms from six

different btix ligands in an almost perfect octahedral environment. In this
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case, the different chains are packed forming a hexagonal array too, with the

ClO4~ counterions occupying the positions between chains and internal

cavities of 145 A3.

The main difference observed between both structures is provoked by the
conformation of the ligand: a syn-cis conformation for the btzx ligand and a
syn-trans conformation for the btix one (figure 3.5). This is likely the cause

for the reduction in symmetry from CCP-1 to CCP-1b.

Figure 3.5. Representation of the syn-cis conformation of the btzx ligand (left)
and syn-trans conformation of the btix ligand (right) adopted in compounds CCP-
1 and CCP-1b, respectively. Colour code as in figure 3.3.

Compound CCP-1b presents a twist in the ligand by its conformation, leading
to the shortening in the intermetallic distances and changing the space group.
That twist causes a slightly larger internal void too. This subtle difference

leads to distinct Fe---Fe distances between the compounds due to the
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alternation of the Fe centers: compound CCP-1 presents Fe---Fe distances of
11.7881(12) A at 240 K, meanwhile in compound CCP-1b we have
significantly shorter Fe---Fe distances of 11.029(2) A, remaining both

compounds at high spin at this temperature (figure 3.6).

0 5 100 150 200 250 300
T(K)

0 50 100 150 200 250 300
T(K)

Figure 3.6. Top: octahedral environment of six tetrazole rings for the Fe (II) in
CCP-1 (left) and its magnetic behaviour (right). Bottom: octahedral environment
of six triazole rings for the Fe (II) in CCP-1b (left) and its magnetic behaviour
(right).

Given the similar chemical behaviour of both ligands, but their different
physical properties, a detailed study has been done for synthesizing
compounds with chemical ligand mixtures of both ligands. Different ratios of
btzx:btix have been used resulting in the synthesis of seven mixed-ligand
compounds. These compounds have been synthesized refluxing

Fe(ClO4)2-xH20 and appropriate mixtures of the two ligands btzx and btix,
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affording the different solid solutions as crystalline powders. For the
nomenclature, CCP-1(x) has been used, being x the theoretical % of btzx
ligand present in the structure, so CCP-1(100) corresponds to CCP-1 and
CCP-1(0) corresponds to CCP-1b. The different mixed-ligand compounds
synthesized have the names CCP-1(95), CCP-1(90), CCP-1(85), CCP-
1(80), CCP-1(70), CCP-1(60) and CCP-1(50). This new family of
coordination polymers can be related to the general formula

[Fe(btzx)sx(btix)s.3:](Cl04), with 0.95 > x > 0.5.

3.2.2 Chemical vs physical mixture

For x = 0.95 to x = 0.80, only one crystalline phase is observed but
interestingly, for x = 0.7 (i.e. compound CCP-1(70)), a decrease of the
crystallinity of the material is observed, as perceived by the lower intensity
of the diffraction peaks on the Pawley refinements (see figure 3.7), which is
even more obvious for x = 0.6 (see figure 3.7). Besides, for x = 0.7 and x =
0.6 (i.e. samples CCP-1(70) and CCP-1(60)) some unreacted tetrazole is
found in both crystalline solids. When the btix proportion is increased (x =
0.5), the crystallinity of the sample is recovered, although the system stops
being a chemical mixture and becomes a mixed phase in which both the pure
btix compound CCP-1b and the pure btzx compound CCP-1 are present in
the mixture. The amorphization of the sample observed for 0.7 > x > 0.5
(samples CCP-1(70) — CCP-1(50)) is attributed to a competition between
different conformations of the ligands. The gradual inclusion of btix in the
chains provokes the insertion of a ligand which presents a twisted
conformation, provoking a chemical pressure on the system. There comes a

point where the system cannot resist the presence of too much btix ligands
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combined with btzx ligands in the chains, resulting more stable the formation
of both materials (CCP-1 and CCP-1b) separately. Some examples of
amorphous materials can be found on the literature based on the related ligand

1,4-bis(imidazol-1-ylmethyl)benzene.>?

3.2.3 X-ray powder diffraction: Pawley refinements

Pawley refinements have been performed on X-ray diffraction patterns
collected on crystalline samples for all the mixtures obtained, and their results
are shown in figures 3.7 and 3.8. These can be divided in 3 categories: i) x =

0.95-0.8, ii) x = 0.7-0.6 and iii) x = 0.5-0.
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Figure 3.7. Observed (blue) and calculated (red) profiles and difference plot [(Lobs
— laalca)] (grey) of the Pawley refinements for compounds CCP-1(95)- CCP-1(80)
and a zoom of the first peak (chemical mixtures, 20 range 2.0-60.0 °; maximum

resolution 1.54 A).

128



A mixed-ligand approach to tune the transition temperature

=

S At e U R Mt R R U

L , -y
2 426 8 30 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 \
20/°
-_—
iy

—_—
2 4 16 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 |
20/°

— o m mm mm mm e e Em Em m = = = P

CCP-1(50)

2 4%6 8 iO12141618202224262830323436384042444848505254565860 |
20/°

e e e o e o e e e o = = = = = P

CCP-1mixt
HENEN ! UL T R M et P L N e R
2 4 %6 8 30 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 T
Waenend s

2600
Figure 3.8. Observed (blue) and calculated (red) profiles and difference plot [(Lobs
— laalca)] (grey) of the Pawley refinements for compounds CCP-1(70)- CCP-1(50)
and CCP-1mixt and a zoom of the first peak (26 range 2.0-60.0 °; maximum
resolution 1.54 A) It can be clearly seen that CCP-1(50) has 2 peaks, each

corresponding to a different phase.

For the chemical mixtures of compounds CCP-1(95) - CCP-1(80), figure 3.7,
only one phase can be observed from x = 0.95 to x = 0.8, confirming the
presence of a mixed-ligand compound. For x = 0.7 and x = 0.6 (figure 3.8)

only one phase of coordination polymer is observed too but some unreacted
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tetrazole is presented in the sample. Indeed, a drastically decrease on the
crystallinity of the samples is observed too, more evident for x = 0.6. As stated
above, the sequential inclusion of the btix ligand inserts chemical pressure on
the system, causing the decrease on the cristallinity and letting some tetrazole
to stay unreacted for the instability of forming the mixed coordination
polymer. When the limit of btix accepted is reached, x = 0.5, the mixed system
cannot be formed and then a physical mixture of both pure-ligand separated
compounds are formed, as can be observed in the figure 3.8, with the presence
of the peaks corresponding to pure compound CCP-1b. The obtaining of
chemical mixtures has been unequivocally confirmed preparing a mixed
physical mixture of compounds CCP-1 and CCP-1b (CCP-1mixt), grinding
them on a 80:20 proportion and observing a physical mixture of both

compounds on figure 3.8.

A closer analysis of the crystallographic c-axis through the mixtures have
been done performing the Pawley refinements on crystalline powder samples
of each solid solution (figure 3.9), revealing a decrease of this axis (—5.7 %
in the direction of the polymeric chain) upon increasing the amount of btix
used, which can be ascribed to the insertion of btix ligands in the chains due
to the different conformation of the triazole derivative ligand. The twisting
on the btix ligand conformation causes this shortening. This decrease of the
intrachain distance is also accompanied by an increase of the interchain
distance (a-axis), which is of 5.5 %. Thus, for the chemical mixtures using

small proportions of btix (x > 0.7), the insertion of btix in the chains occurs.
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Figure 3.9. Variation of the @ and ¢ axes with x in compounds. The family of
coordination polymers CCP-1(95) - CCP-1(50) respond to the general formula
[Fe(btzx)sx(btix)3-3x](C1O4), with 0 <x < 1.

3.2.4 Magnetic behaviour

As stated on the introduction of the chapter, both original compounds, CCP-
1 and CCP-1b are completely different from a magnetic point of view. CCP-
1 presents a spin transition with a spin transition temperature centered at 200

K but CCP-1b remains at high spin all over the temperatures.

It is well known that spin crossover is highly-sensitive to the coordination
environment of the metal center and subtle changes can provoke a
modification of the magnetism. The use of two different ligands in this work
modifies the chemical environment of the Fe'' center. The spin transition

centered at 200 K of compound CCP-1 is originated by a coordination sphere
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of six tetrazole ligands in an octahedral environment. This coordination
environment will slowly be changed by the introduction of triazole ligands.
With the combination of both ligands, starting with low quantities of btix, a

gradual inclusion of btix in the polymeric chains occurs.

Two phenomena can be observed in the ymT plots with the gradual increase
of the triazole ligand: on one hand, a subtle displacement of the 200 K
transition to 190 K occurs and in the other hand, a new transition appears
centered at 140 K with the subsequent decrease of the original one. The
original octahedral environment of six tetrazole ligands of compound CCP-1
is perturbed with the inclusion of the triazole ligand. When low quantities of
btix ligands are used, some tetrazole moieties are substituted by the triazole
ones. As discussed before, the triazole based ligand (btix) adopts a different
conformation than the tetrazole one, with a twist that generates a tenser

structure, shortening the chains. Thus, we hypothesize that the inclusion of
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Figure 3.10. Temperature dependence of ymT for the solid solutions CCP-1(95)

- CCP-1(70) (a—e) and CCP-1mixt (f).
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some triazole-based ligands has two effects: change of crystal field
environment and a chemical pressure. That appearance of some triazole
ligands in the polymeric chains provoke an internal chemical pressure in the
whole system, explaining the subtle displacement of the transition from 200
to 190 K. This reduction of the SCO Ty is typically observed with the
application of pressure.>*>7 Furthermore, that inclusion of the triazole ligand
in the chains generates some new chemical environments. When a btix ligand
substitutes one btzx ligand, a new coordination environment is generated,
with the Fel! center coordinated by five tetrazole and one triazole ring. That
new environment, which possess a different ligand field, generates a new spin

transition centered at 140 K as can be observed in the ymT plot (figure 3.10).

When the btix proportion is increased, more triazole ligands are inserted in
the chains, so more coordination environments of five tetrazoles and one
triazole ring are generated, resulting in the increase of the new spin transition
centered at 140 K and the decrease of the original one. That effect can be
observed in the insets of the ymT plots for x =0.95, 0.90 and 0.85 (a, b and ¢
of figure 3.10), that correspond to the derivative of that product. When the
proportion of triazole used reaches x = 0.80, a new event can be observed in
the magnetism. In addition to the previous observations, that is the
displacement of the original transition to 190 K and the appearance of a new
one at 140 K, an additional transition is observed at 60 K. Although this value
is rather low for a spin-crossover, some examples of unusual low temperature
spin transitions (< 80 K) have been found in the literature for monomeric

58-68

complexes with 1-R-tetrazoles. That new transition must be related to a

new coordination environment of four tetrazole and two triazole rings.
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For x = 0.70, some structural coherence is lost. It seems that the system is not
progressing to a total substitution of the btzx ligands because the magnetic
behaviour is similar to that for x = 0.90. Probably the pressure induced by the
inclusion of btix ligands in the structure provokes a limit where no more btix
is accepted, then breaking the structure and adopting a previous stage of only
two different coordination environments and certain quantity of unreacted
ligand in the mixture are present, demonstrated by the high residual spin
fraction found in the sample. For the physical mixture, only the signal of the
pure compound CCP-1(100) is observed, demonstrating that in the previous

examples the chemical mixtures are formed generating the new transitions.

3.2.5 Structural discussion

The consecutive addition of triazole in the chains, until a btix proportion of
0.20 (x = 0.80), generates significant coordination environments with four
tetrazoles and two triazoles, as can be observed in the magnetism. That
possibility in which are present some bridges where two triazoles are added
could be achieved in two different manners: two btix ligand located in the
same bridge connecting two iron centers or two btix ligand located in
consecutive bridges with an iron center situated between them. The first
option possibly generates a tenser structure, due to the inclusion of two
twisted btix ligands with a btzx ligand and might be the origin of the
amorphization observed in the X-ray powder diffraction when the proportion
of btix increase. As can be seen in the X-ray powder diffractogram for x =
0.70, some amorphization of the sample occurs and in the ymT plot, only an

increase on the residual high spin fraction is observed, a clear signal that the
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system reaches some limit of structural coherence where no more btix ligand

can be included and then only the pure btix compound is formed.

Some ideal statistic distribution could be calculated. Our polymer could be
defined as a system in which we have six different positions (corresponding
to the ligands). The three possibilities observed experimentally in the
magnetic behaviour are six tetrazoles, five tetrazoles and one triazole or four
tetrazoles and two triazoles. The probability for obtaining each possibility
depending on the proportion of ligands used at the beginning corresponds to

the next formula:

6!
prob (%) = (% btzx)"™ - (% btix)°™" - (GRS IET]
Where “% btzx” and “% btix” are the percentage of ligands used in the
synthesis and n is equal to the number of tetrazoles in each possibility. The
results obtained can be seen in the table 3.1. For low proportions of btix used
(x = 0.95, 0.90 and 0.85) the probability to observe the coordination
environment of four tetrazoles and two triazoles, that is, the spin transition
centered at 60 K, is low compared with the other two possibilities. That last
transition is not so significative until x = 0.80, as observed in the ymT plot. It
must be considered that these calculations are made as if all positions were
equal, but as it can be observed in the X-ray powder diffractograms and
applying a chemical sense, the inclusion of triazole ligands inserts a chemical

pressure in the structure, resulting in the loss of crystallinity when the

136



A mixed-ligand approach to tune the transition temperature

proportion of btix further increase, with no observation of new coordination

environments generated with for example three tetrazoles and three triazoles.

% btzx : % btix
Coordination environment | n | 95:5 | 90:10 | 85:15 | 80:20 | 70:30
6 tetrazoles 6| 73.5 ] 53.1 37.7 | 26.2 11.8
5 tetrazoles + 1 triazole 51232 354 | 399 393 30.3
4 tetrazoles + 2 triazoles 4| 3.1 9.8 176 | 24.6 | 324

Table 3.1. Ideal statistical probability for the solid solutions.

A schematic representation of the evolution of the system through btix
inclusion can be seen on figure 3.11. The use of only btzx affords the pure
btzx spin-crossover compound (a), but upon inclusion of some btix on the
synthesis, some btix ligands are included in the chains, creating a new
coordination environment (b). Only a few positions with the use of small
amounts of btix are substituted but upon further increase of the btix used in
the synthesis, more coordination environments with five tetrazoles and one
triazole are generated (c), in accordance with the magnetic data. A perfect
inclusion of one triazole in all the bridges would produce a regular
distribution of 1/6 of the positions of all the coordination polymer substituted
by triazole ligands (d), but statistically this is not likely to happen and it is

indeed not observed in the ymT plots.
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Figure 3.11. Schematic representation of the ligand substitution. Black lines

represent btzx and red lines represent btix.

At some point, on consecutive bridges or even in the same bridge, two btix
ligands could be inserted (chains e and f in figure 3.11), generating a new
coordination environment of four tetrazole and two triazole rings. As stated
before, these two possibilities can be present even at low proportions of btix
used but are not representative over the total amount of centers. The inclusion
of two triazoles in all positions would produce a regular distribution of 1/3 of
the positions of all the coordination polymer substituted by triazole ligands
(chains g and h in figure 3.11), but statistically this is not likely to happen and

it is not observed in the ymT plots. Finally, no more inclusion of btix ligand
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with new coordinations centers have been observed and only the pure btix

coordination polymer is obtained (i).

3.3 CONCLUSIONS

In this chapter, a family of mixed-ligand Fe!' coordination polymers have
been obtained. The use of two different but related ligands to obtain chemical
mixtures has successfully modified the magnetic behaviour of the original
system by two different manners: on one hand, the inclusion of twisted
triazole ligands provokes some chemical pressure in the chains, shifting the
original spin transition temperature from 200 to 190 K; on the other hand, the
inclusion of triazoles generates new coordination environments with different
ligand fields, creating new transitions at 140 K for an environment of five
tetrazoles and one triazole and 60 K for an environment of four tetrazoles and

two triazoles.

3.4 METHODS

3.4.1 Synthesis

All reagents and solvents were commercially available and used without
further purification. The ligands 1,4-bis(tetrazol-1-ylmethyl)benzene (btzx)
and 1,4-bis(triazol-1-ylmethyl)-benzene (btix) were prepared according to
literature methods.>%!

Caution. Perchlorate salts are explosive (especially if they are dry) and

should be handled in small quantities with caution.
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Synthesis of [Fe(btzx);](Cl04)2 (CCP-1).°° A solution of Fe(ClO4),'xH>0
(112 mg) in 5 mL of MeCN was added into a suspension of btzx (152 mg, 0.8
mmol) in 40 mL of MeCN containing ascorbic acid (ca. 10 mg). The resulting
milky suspension was refluxed and stirred for 4 h under Ar atmosphere. A
white crystalline precipitate appeared during the reaction. After cooling down
to room temperature, the white powder was filtered and washed with MeCN.
Phase purity was established by X-ray powder diffraction (vide infra). Yield
=52 %.

Synthesis of [Fe(btix)s3](C104)2 (CCP-1b).>? A solution of Fe(ClO4),'xH>0
(63.7 mg) in 2.5 mL of EtOH was added slowly into an ethanolic solution of
btix (120.0 mg, 0.5 mmol) without stirring. The mixture was left at RT for
crystallization. After several days, colorless blocked-shaped crystals were
filtered off and washed with EtOH. Phase purity was established by X-ray
powder diffraction. Yield = 47 %.

Synthesis of [Fe(btzx):x(btix)3.3x](ClO04)2 (x = 0.95 (CCP-1(95)); x = 0.90
(CCP-1(90)); x = 0.85 (CCP-1(85)); x = 0.80 (CCP-1(80)); x = 0.70 (CCP-
1(70)); x = 0.60 (CCP-1(60)); x = 0.50 (CCP-1(50)). The chemical mixtures
CCP-1(95) - CCP-1(50) were synthesized in a procedure analogous to that of
CCP-1 with the appropriate mixtures of the ligands 1,4-bis(tetrazol-1-
ylmethyl)benzene (btzx) and 1,4-bis(triazol-1-ylmethyl)-benzene (btix).
Phase purity was established by X-ray powder diffraction. The C/N ratio from
elemental analyses was used to estimate the ligand composition of the final
compounds, which were in good agreement with the starting values: x = 0.94
(CCP-195)); x = 0.96 (CCP-1(90)); x = 0.88 (CCP-1(85)); x = 0.78 (CCP-
1(80)). Compound CCP-1(70) crystallizes with some unreacted tetrazole, as
determined by powder diffraction, and thus its C/N ratio is unreliable. Typical
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yields are about 50 % except for compounds CCP-1(60) and CCP-1(50), which
were obtained only as a few milligrams. Repetition of the synthesis in these
two cases provided always the same results.

Synthesis of [Fe(btzx)s3](ClO4): and [Fe(btix)3](ClO4), physical mixture
(CCP-1mixt). A physical mixture was obtained by simply grinding CCP-1
and CCP-1b in a ratio 80:20 (CCP-1mixt). Mixture of two phases was

established by X-ray powder diffraction.

3.4.2 Structural characterization

3.4.2.1 X-ray powder diffraction measurements and Pawley refinements
Polycrystalline samples of CCP-1, CCP-1b, CCP-1(95) - CCP-1(50) and
CCP-1mixt were lightly ground in an agate mortar and pestle and filled into
0.5 mm borosilicate capillaries prior to being mounted and aligned on an
Empyrean PANalytical powder diffractometer, using Cu K, radiation (A =
1.54056 A). For each sample, two repeated measurements were collected at
room temperature (20 = 2 — 60 °) and merged in a single diffractogram.
Pawley refinements®® were performed using the TOPAS computer program’®
and revealed an excellent fit to a one-phase model for compounds CCP-1(95)
(Rwp = 0.0220; GOF = 1.301, figure 3.6), CCP-1(90) (Rwp = 0.0236; GOF =
1.283, figure 3.6), CCP-1(85) (Rwp = 0.0240; GOF = 1.274, figure 3.6), and
CCP-1(80) (Rwp = 0.0229; GOF = 1.383, figure 3.6), indicating the absence of
any other detectable crystalline phases. Unreacted btzx was also observed in
the fit of compounds CCP-1(70) (Rywp, = 0.0210; GOF = 1.080, figure 3.7),
CCP-1(60) (Rwp = 0.0214; GOF = 1.096, figure 3.7) and CCP-1(50) (Ryp =
0.0224; GOF = 1.174, Figure 3.7). In the latter, compound CCP-1b was also
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detected. Pawley refinement on the physical mixture CCP-1mixt revealed an
excellent fit to a two-phase model of compounds CCP-1 and CCP-1b (Rw, =
0.0225; GOF = 1.331, figure 3.7). Table 3.2 contains the refined structural

parameters.
compound . ratio btzx:btix 2 (A) ¢ (A)
(3x : 3-3x)
CCP-1 100:0 1 3.00:0.00 10.51614 | 23.63192
CCP-1b 0:100 0 0.00:3.00 11.09054 | 22.29075
CCP-1(95) 95:5 0.95| 2.85:0.15 10.5394(4) | 23.589(2)

CCP-1(90) 90:10 0.90 | 2.70:0.30 10.5557(3) | 23.557(2)

CCP-1(85) 85:15 0.85| 2.55:0.45 10.5501(4) | 23.559(2)

CCP-1(80) 80:20 | 0.80 | 2.40:0.60 | 10.5666(3) | 23.557(2)
CCP-1(70) 70:30 [ 0.70 | 2.10:0.90 | 10.5339(12) | 23.549(9)
CCP-1(60) 60:40 | 0.60| 1.80:1.20 10.54(3) | 23.59(11)
10.5473(10) | 23.559(6)
11.01809) | 22.369(12)
10.5183(2) | 23.6197(10)
11.0576(12) | 22.308(3)

CCP-1(50) 50:50 0.50 1.50:1.50

CCP-1mixt | 80:20 (phys) | n.a. n.a.

Table 3.2. Structural parameters of Pawley refinements.

3.4.3 Physical measurements
Thermogravimetric analysis of CCP-1(95) - CCP-1(70) and CCP-1mixt were
carried out with a Mettler Toledo TGA/SDTA 851 apparatus in the 25-800

°C temperature range under a 10 °C-min"! scan rate and an air flow of 30
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mL-min~!. No solvent molecules are present in the voids. Due to the low
amount of sample, TGA analysis on compounds CCP-1(60) and CCP-1(50)

were not possible.

CCP-1(95) CCP-1(90)
CCP-1(85) CCP-1(80)

% loss of weight

% loss of weight
& 8

5 20 1
TI°C] Trel

CCP-1(70) CCP-1mixt

9% loss of weight
% loss of weight

Figure 3.11. Thermogravimetric analysis (TGA) of compounds CCP-1(95) - CCP-
1(70) and CCP-1mixt.
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3.4.3.1 Magnetic measurements. Magnetic susceptibility measurements
were performed with a Quantum Design SQUID magnetometer with an
applied field of 1000 G. The susceptibility data were corrected from the

diamagnetic contributions as deduced by using Pascal’s constant tables.
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4.1 INTRODUCTION

As stated in previous chapters of this thesis, one of the most studied types of
coordination polymers are those which can locate molecules inside their
structures, presenting channels and large voids, the so-called MOFs. This type
of materials presents wide advantages in the field of sensors,! magnetism,?
separation® and storage of gases,* among others, due to the combination of
porosity with another physical property. Chapters 2 and 3 of this thesis have
presented the concept of compartmentalized coordination polymers (CCPs).
This type of coordination polymers possesses internal isolated cavities,
presenting latent porosity to the adsorption of gases despite the absence of
permanent channels. Two compartmentalized coordination polymers
composed of iron (II) centers have been previously reported, namely CCP-1
and CCP-2 (see chapter 2). These interesting materials present spin-
crossover (hereafter SCO) behaviour, which can be easily tuned in different
ways. For example, as stated in chapter 2 of this thesis, these materials can
adsorb different gas molecules in their internal cavities, provoking changes in
the magnetic response of the materials depending on the gas located inside.
In this chapter we present the chemical design to extend the original bis-
tetrazole ligand, btzx, adding an additional benzene ring, thus extending the
total length to obtain the new 4,4'-bis((1H-tetrazol-1-yl)methyl)-1,1'-
biphenyl ligand (btzbp). Our aim is to increase the sorption capacity of these
CCPs, which is limited to one molecule per void. Figure 4.1 shows the

comparison in length between btzx and btzbp.
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This ligand has been used to prepare two isostructural CCPs, analogous to
CCP-1 and CCP-2, which have been denoted CCP-3 and CCP-4, affording
a larger capacity for gas sorption while maintaining the SCO properties. In
addition, the surface deposition of this crystalline solids has been developed

in order to implement these materials in gas separation.

Figure 4.1. Chemical structures and lengths of btzx (top) and btzbp (bottom)
ligands.
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4.2 RESULTS AND DISCUSSION

4.2.1 Structural description

Fe(btzbp);](Cl04): (CCP-3) and [Fe(btzbp):](BFs): (CCP-4). The
controlled reaction of 4,4-bis((1H-tetrazol-1-yl)methyl)-1,1'-biphenyl
(btzbp) and Fe(ClOs), - x H20 (for CCP-3) or Fe(BF4), - 6 H2O (for CCP-4)
afford white crystalline solids after several hours. Single-crystals have been
obtained exclusively for CCP-4, but the isostructural nature of both
compounds is demonstrated by X-ray powder diffraction, thus allowing to
indirectly characterize the structure of CCP-3. The crystal structure of CCP-
4 was determined in both spin states (LS and HS) using the same crystal at
120 and 240 K respectively. In both states, CCP-4 crystallizes in the space
group P63, and is composed of [Fe(btzbp);]** units that form one-dimensional
chains that run parallel to the crystallographic c-axis with Fe---Fe distances
of 16.145 A at 240 K and 15.952 A at 120 K (figure 4.2). This system is
isoreticular to CCP-1 and CCP-2, as shown in chapter 2.
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Figure 4.2. Crystal structure of CCP-4. The hydrogen atoms have been removed
for clarity. Key: Fe, orange; C, black; N, blue; B, gray; F, green.

Each iron (II) center lies on the 3-fold axis and is surrounded by six
crystallographically related tetrazole rings coordinated through nitrogen
atoms from six btzbp ligands in an almost perfect octahedral environment. At
120 K, the Fe-N distances are 2.01(3) A, while these are 2.16(3) A at 240 K,
which are in the expected range for Fe—N distances at LS and HS respectively
in Fe-tetrazole systems.’ This change in distance corresponds to a 7 %
decrease of the bond length upon the transition in the spin of the iron (II)
(lower Fe—N distances at LS), which is also accompanied by a colour change
of the crystal from colourless (240 K) to pink (120 K). The ligands btzbp
arrange in a syn conformation, triply bridging the iron (II) centers and the two
phenyl rings in the ligands are not coplanar (30.69 ° of torsion angle), causing
a reduction in symmetry from P63/m to P63 when compared with CCP-1 and
CCP-2 that contain the shorter btzx ligand. These chains present internal
cavities with no permanent porosity with void volumes of 257 A® at 240 K

and 235 A% at 120 K (figure 4.3), which are practically double in size to those
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found in CCP-1 and CCP-2 (135 A3 at240 K and 117 A® at 120 K). The BF4~
counterions are located separating the different chains, which are closely
packed affording a hexagonal arrangement (figure 4.4). Selected bond lengths

and angles are shown in table 4.1.

Figure 4.3. Crystal structure of CCP-4 viewed along the b-axis. The BF4™ anions
and hydrogen atoms have been removed for clarity. Key: same as figure 4.2. The
yellow ellipsoids are placed in the structure to represent the empty space of the

internal voids.
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Figure 4.4. Hexagonal packing of CCP-4 viewed along the c-axis. The hydrogen

atoms have been removed for clarity. Key: same as figure 4.2.
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CCP-4-HS (240 K) CCP-4-LS (120 K)
Fe-N 2.16(3) 2.01(3)
N-Fe-N 86.54 88.02
90.50 89.23
91.30 91.27
91.75 91.49
176.54 179.14

Table 4.1. Selected bond lengths (A) and angles (°) for CCP-4 in the HS (240 K)
and LS (120 K).

4.2.2 X-ray powder diffraction: Pawley refinements

XRPD analysis have served to establish the phase purity of polycrystalline
samples of CCP-3 and CCP-4. Pawley refinements® have been applied to
experimental powder patterns of both compounds. As expected, both
materials present an isostructural nature, as can be seen on the powder
diffractograms. The only remark is that CCP-4 is more crystalline with more
defined peaks. That may explain why only single-crystals of CCP-4 have
been obtained. The observed and calculated diffraction patterns for the
refined crystal structures are shown in figure 4.5. Pawley refinement
converged to Ryp = 0.0218 and GOF = 1.502 for CCP-3 and Ry, = 0.0239
and GOF = 1.225 for CCP-4, indicating the absence of any other detectable

crystalline phases.
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Figure 4.5. Observed (blue) and calculated (red) profiles and difference plot [(Lobs
— Leated)] (grey) of the Pawley refinements for compounds CCP-3 (top) and CCP-
4 (bottom) (26 range 2.0-60 °; maximum resolution 1.54 A).

4.2.3 Gas sorption studies

As stated in chapter 2, compartmentalized coordination polymers present
internal but non-connected cavities with potential for gas sorption. In that
chapter it was demonstrated that compounds CCP-1 and CCP-2 can load gas
molecules inside their internal voids. The two polymers studied in the present
chapter, CCP-3 and CCP-4, are isostructural to the previous materials
shown, albeit with internal voids that are double in size. Due to the fact that
the only structure analyzed is for CCP-4, only its gas sorption capacity has
been studied, assuming a very similar behaviour for CCP-3 in analogy to that
observed for CCP-1 and CCP-2. Gas sorption studies have been performed
in collaboration with the group of Prof. F. Rey from the Instituto de
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Tecnologia Quimica of Valencia. The sorption capacity of CCP-4 is analyzed

towards CO», N, and CHa.

Gas sorption isotherms are performed at different temperatures, that is 283,
298, 313 and 333 K for CO; and Ny; 283, 298 and 313 K for CH4 as shown
in figure 4.6. As can be seen, similar to what was observed for CCP-1 and
CCP-2, some diffusion problems occur for N> and CH4 sorption, not
observing the normal behaviour of decreasing sorption capacity when the
temperature raises. This is not unexpected given the non-porous nature of this

solid.
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Figure 4.6. Adsorption isotherms for CCP-4 collected at different temperatures for
CO; (left), CHs (mid) and N (right).

Virial equation has been used for fitting the experimental data points and they

can be properly fitted to a fourth-grade polynomial.

P
ln[Qj =A,+A,-Q+A,-Q*+A,-Q +A,-Q*
Equation 4.1. Virial equation used during the data analysis of the gas sorption

isotherms.
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The isosteric enthalpy of adsorption at zero surface coverage of CO2 in CCP-
4 has been studied. It was calculated from the isotherms taken at different

temperatures applying the Clausius-Clapeyron equation:

d(InP
q, =-R- 71—%
a /T Q=cte

Equation 4.2. Clausius-Clapeyron equation used to calculate the heats of

adsorption for CO;.

As can be observed in figure 4.7, a value of Qs (CO2) = 16 kJ-mol! has been
found, a value lower compared with the observed for CCP-1 and CCP-2 (20
kJ-mol™!). Similar to the previous reported systems, this value is small if
compared to typical values found on other archetypal materials used for gas
storage like functionalized MOFs with alkylamines, which present enthalpies

of adsorption near 100 kJ-mol.
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Figure 4.7. Isosteric heat of adsorption for COs.
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Given the larger size of the void, a larger sorption capacity of CCP-3 is
expected. In fact, if we plot the number of molecules per void (figure 4.8), it
can be observed that two molecules of CO: can be located in each void at 12
bar and 298 K; on the contrary, N> and CH4 present a lower adsorption
capacity. In chapter 3 of this thesis, an adsorption of one molecule per void
has been demonstrated for the analogous CCP-1 and CCP-2, thus
demonstrating here that the gas capacity of the material has been doubled by

simply chemical design of the ligand to obtain larger voids.

The volumetric sorption has been calculated too, obtaining a maximum value
of 29 cm?*-cm at 1 bar and 298 K, very similar to the value showed in chapter
3 of this thesis of 29 and 27 cm*-cm™ for CCP-1 and CCP-2 respectively. It
has been demonstrated that the presence of larger voids is not in detriment of
maintaining a good volumetric sorption due to the fact that the dense nature
of the material is maintained, that is one of the advantages of using
compartmentalized coordination polymers. The enhancing of the gas capacity
of CCP-4 cannot be only analyzed in terms of simply capacity, but also in
terms of the working capacity’ of the materials, defined as the difference of
the uptake at 800 kPa minus the uptake at 50 kPa. Comparing the
compartmentalized coordination polymers with the same counterion, as can
be observed in figure 4.8, the CO; working capacity of CCP-4 is more than
twice than that of CCP-2. This could be related not only for the larger voids
presented in the new material presented in this chapter but also for the lower

isosteric heat of adsorption found.
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Figure 4.8. Comparison between the CO; sorption capacity of CCP-2 and CCP-

4. Dashed lines represent the working capacity.

4.2.4. Magnetic behaviour

In chapters 2 and 3 it has been shown that CCP-1 and CCP-2 present SCO
behaviour due to the presence of iron (II) centers in an octahedral
environment with tetrazole rings. The isostructural nature of CCP-3 and
CCP-4 with respect to the previous materials, changing only the length of the
ligand, allow us to think about maintaining the magnetic behaviour. The only
problem that can occur is related to the larger distance between iron (II)
centers, because as stated on the introduction of this thesis, SCO is a

cooperative phenomenon.

Magnetic susceptibility measurements were performed on polycrystalline
samples of CCP-3 and CCP-4 in the temperature range 2-300 Kat I K-min~
U under an applied magnetic field of 0.1 T. Both compounds present a spin
transition centered at 195 and 199 K (figure 4.9), which is similar to that
obtained for CCP-1 and CCP-2 (200 K). The transition is less abrupt than in
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the previous case, a behaviour that can be related to the progressive loss in
cooperativity when the distance between the iron (II) centers increases.
Nevertheless, the transition is still abrupt, given the long distance (16 A) that
separates the iron (II) centers. Possibly, the triple ligand bridge between the
iron (IT) centers provide a good way to propagate the spin transition along the
polymeric chain, maintaining a good cooperativity between the metal centers.
In addition, as can be seen on figure 4.9, a residual high spin fraction of ca.
20 % remains, possibly due a different size in the crystals or defects in the

crystal structure.
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Figure 4.9. Temperature dependence of ymT for CCP-3 (a) and CCP-4 (b).

4.2.5. Magnetic response to CO; sorption

As previously shown in this thesis, the use of compartmentalized coordination
polymers for gas sorption provokes a stronger interaction between the gas and
the framework, with the possibility of tuning the properties of the material. In
this family of compounds, CCP-1 to CCP-4 studied in this thesis, the
presence of iron (II) centers surrounded by tetrazole ligands causes a SCO

behaviour of the material. As demonstrated in chapter 2, the inclusion of gas
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molecules in CCP-1 and CCP-2 shifts the spin transition temperature, likely
caused by the interaction of the quadrupole moment of the gas and the
tetrazole ring. Despite the presence of larger voids, the interaction of the gas
molecule and the framework in this larger material should be strong enough
to modify the SCO behaviour. As CCP-4 can load until two molecules of CO2
per void, it has been studied the magnetic response with the partial inclusion
of one molecule and with the full occupancy of the voids. Both situations can

be seen on figure 4.10 and interesting responses have been obtained.
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Figure 4.10. Temperature dependence of ymT for CCP-4 loaded with one (left)

and two (right) molecules of CO; in each void.

Upon the inclusion of one equivalent of CO; (figure 4.10 left), the spin
transition temperature is shifted 7 K from 199 to 206 K. As related in the
previous chapter of this thesis, the quadrupolar moment of the gas exerts a
change in the ligand field of the tetrazole ligand causing the change in the
magnetic behaviour. Very surprisingly, the inclusion of another equivalent in
the voids to achieve the fully occupancy does not cause a further increase of
the spin transition temperature; on the contrary, a reduction of this value

occurs, reaching 202 K (figure 4.10 right). This event can be ascribed to a
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competition between the quadrupolar moments of the two CO> molecules,
with some gas-gas interaction that may provoke a decrease on the total
quadrupolar moment that is affecting the tetrazole ring. Thus, a shift of only
3 K when the two molecules are located inside the voids is observed with

respect to the bare CCP-4.

4.2.6 Surface deposition studies

One of the potential applications of materials capable of sorption and
discrimination between gases, as stated for CCP-1 and CCP-2 in chapter 2,
is the production of membranes of the material for using in gas separation.®
For this purpose, it is first necessary to study the deposition of the material
onto different substrates and analyze the effect on its properties. First of all,
the bulk material has been analyzed by scanning-electron microscope (SEM)

(figure 4.11).
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As can be seen, the same morphology as CCP-1 and CCP-2 (figure 2.3 in

i )
A
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~

Figure 4.11. SEM images of CCP-4 crystals.

chapter 2 of this thesis) is maintained, obtaining the same well-defined

hexagonal microparticles but with larger sizes. For the surface deposition, two
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different substrates have been used, selecting quartz and silicon. Both
substrates were previously cleaned using acid piranha. The substrates were
immersed on a solution of acetonitrile containing the btzbp ligand dissolved,
then a solution with Fe(BF4), was added. After one day, both substrates were
covered with powder of CCP-4 and then retired from the solutions. The
excess of powder was cleaned and the substrates were analyzed by SEM. As
can be seen in figure 4.12, the selection of the substrate plays a crucial role.
For quartz, only a few microcrystals of CCP-4 are attached to the surface.
Interestingly, the perfect hexagonal shape is maintained (figure 4.13). On the
contrary, all the silicon substrate is covered by irregular micrometric particles.
The analysis of this layer reveals a 400 um thickness (figure 4.14). The
confirmation that the powder deposited on top is CCP-4 was achieved from

grazing incidence X-ray diffraction (GIXRD) measurements.

Figure 4.12. Partially coverage on a quartz substrate (left) and totally coverage on

a silicon substrate (right) of CCP-4.

173



Chemical design of the ligand to enhance gas sorption capability

Figure 4.13. Hexagonal microcrystal of CCP-4 on a quartz substrate (left) and

irregular micrometric particles of CCP-4 covering all the Silicon substrate (right).

9 i o S00pm
Figure 4.14. Lateral view of the silicon substrate with CCP-4 deposited on top.

As can be seen on figure 4.15, the GIXRD and the magnetism obtained for
the substrate matches perfectly with the XRPD and the magnetism of the bulk
CCP-4, thus confirming that the crystallinity and nature of the material is

maintained upon deposition.

174



Chemical design of the ligand to enhance gas sorption capability

3.5

me (emu.mol".K)

160 180 200 220 240
T(K)

Figure 4.15. On left: XRPD of polycrystalline powder of CCP-4 (black) and
GIXRD of CCP-4 deposited on a silicon substrate (red). On right: Temperature

dependence of ymT for CCP-4 deposited on a silicon substrate.

4.3 CONCLUSIONS

In this chapter, the family of compartmentalized coordination polymers
presented in the previous chapters has been extended with the synthesis of
two isostructural materials to the previous ones, CCP-3 and CCP-4. By
chemical design of the organic ligand, it has been extended, maintaining the
same coordination moieties of tetrazole rings and obtaining isostructural 1D
iron (II) chains that present SCO behaviour. It has been demonstrated that
CCP-4 can load up to two molecules of CO; in each void and in addition, the
transition temperature (T12) can be tuned with the partial inclusion of CO»
molecules. When only one molecule of CO> is adsorbed, that is, 50% of
occupancy for the internal voids, a shifting of 7 K for Ti» to higher
temperatures occurs, related to the interaction of the quadrupole moment of
the gas with the tetrazole ring. Furthermore, when two molecules of CO; are
inserted, the interaction between them recover the transition 4 K to lower

temperatures, still 3 K higher than the original one. That behaviour should be
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related to different orientations of the CO, molecules inside the voids, where
the presence of two molecules do not allow a strong interaction between the
quadrupole moment of the CO; and the tetrazole ring, therefore provoking a
soft modification of Ti,2. The deposition of CCP-4 on a substrate for a future
application on gas membranes has been studied, demonstrating that CCP-4
can be deposited on a silicon substrate, maintaining its crystalline and

magnetic nature.

4.4. METHODS

4.4.1. Synthesis

All reagents and solvents were commercially available and used without
further purification.

Caution. Perchlorate salts are explosive (especially if they are dry) and

should be handled with extreme caution.

Synthesis of the ligand (btzbp). The ligand ligand 4,4’-bis((1H-tetrazol-1-
yl)methyl)-1,1’-biphenyl (btzbp) was synthesized following a three-step
synthesis:

a) 4,4'-bis(azidomethyl)-1,1'-biphenyl. A mixture of sodium azide (1.0 g,
15 mmol) and 4,4'-bis(bromomethyl)-1,1'-biphenyl (3.4 g, 10 mmol) was
dissolved in 15 mL of dry DMF and stirred at 60 °C for 10 hours. Then, 100
mL of water was added and the product was extracted with ether (3 x 10 mL).

The organic layer was washed three times with water (3 x 10 mL). Yield 80
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%. IR (KBr disk) v 2109.5 cm™ (N3); 'TH-NMR (300 MHz, DMSO): 5 4.5 (4
H, CH2-N3), 7.5 (4 H, CH aromatic), 7.8 (4 H, CH aromatic).

b) [1,1'-biphenyl]-4,4'-diyldimethanamine. 4,4'-bis(azidomethyl)-1,1'-
biphenyl (1.5 g, 5.7 mmol) was dissolved in 25 mL of dry THF and added
dropwise to a stirring solution of LiAIH4 (0.75 g) in 25 mL of dry THF cooled
to 0 °C under Ar atmosphere. When the addition was complete, the solution
was heated to reflux with stirring for 4h. Then, the excess of LiAlH4 was
quenched by slowly adding 0.75 mL of H>O, followed by 0.75 mL of a 15 %
aqueous NaOH solution and finally 2.25 mL of H>O with the suspension kept
at 0 °C under constant stirring. The crude product was filtered and washed
with ethyl acetate and dried under reduced pressure to yield the pure product.
Yield 82 %. IR (KBr disk) N3 band was not observed.

¢) 4,4'-bis((1H-tetrazol-1-yl)methyl)-1,1'-biphenyl (btzbp). A mixture of
[1,1'-biphenyl]-4,4'-diyldimethanamine (1.5 g, 7.1 mmol), NaN3 (0.92 g, 14.1
mmol) and CH(OEt)3 (12 ml, 69.3 mmol) was dissolved in 20 mL of acetic
acid under Ar atmosphere and heated 90 °C for 4 days. After cooling to room
temperature, the solvent was evaporated and the solid was washed with
methanol to yield the pure product. Yield 74 %. 'H-NMR (300 MHz, DMSO):
0 5.8 (4 H, CH>), 7.4 (4 H, CH aromatic), 7.7 (4 H, CH aromatic), 9.6 (2 H,
CH tetrazole).

Synthesis of [Fe(btzbp)s](Cl04): (CCP-3). A solution of Fe(ClO4)2:xH>0
(28.0 mg) in 2 mL of MeCN was added into a solution of btzbp (63.6 mg, 0.2
mmol) in 24 mL of MeCN. A white crystalline precipitate appeared after a
few days. The white powder was filtered and washed with MeCN. Phase
purity was established by X-ray powder diffraction (vide infra). Yield 61 %.

177



Chemical design of the ligand to enhance gas sorption capability

Anal. calc. C4gH42FeN24CL20s (1209.75): C, 47.66; H, 3.50; N, 27.79 %.
Found: C, 47.50; H, 3.48; N, 26.94 %.

Synthesis of [Fe(btzbp)s;](BF4): (CCP-4). A solution of Fe(BF4),-xH,O
(33.8 mg) in 2 mL of MeCN was added into a solution of btzbp (63.6 mg, 0.2
mmol) in 24 mL of MeCN. A white crystalline precipitate appeared after a
few days. The white powder was filtered and washed with MeCN. Phase
purity was established by X-ray powder diffraction (vide infra). Yield 70 %.
Anal. calc. C4gHaoFeN24BoFs (1184.46): C, 48.67; H, 3.57; N, 28.38 %.
Found: C, 47.86; H, 3.54; N, 27.47 %.

4.4.2. Structural characterization

4.4.2.1. Single crystal X-ray diffraction for CCP-4

A single crystal of CCP-4 was mounted on a glass fibre using a viscous
hydrocarbon oil to coat the crystal and then transferred directly to the cold
nitrogen stream for data collection. X-ray data was collected on the same
crystal at 240 K (CCP-4-HS) and then at 120 K (CCP-4-LS) on a Supernova
diffractometer equipped with a graphite-monochromated Enhance (Mo) X-
ray Source (A = 0.71073 A). The program CrysAlisPro, Oxford Diffraction
Ltd., was used for unit cell determinations and data reduction. Empirical
absorption correction was performed using spherical harmonics,
implemented in the SCALE3 ABSPACK scaling algorithm. Crystal
structures were solved and refined against all 2 values using the SHELXTL
suite of programs.” Due to the tiny size of the crystal (and thus weak

diffraction data, figure 4.17), restrains on all aromatic rings and on chemical
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bonds have been applied to maintain chemical sense, and only the Fe atoms
were refined anisotropically. The disordered anions were modelled over two
orientations with fixed thermal parameters, with occupancies 50:50.
Hydrogen atoms were placed in calculated positions that were refined using
idealized geometries (riding model) and assigned fixed isotropic

displacement parameters.

/

\

Figure 4.17. Measured single-crystal of CCP-4 (left) at 120 K (characteristic pink
color of Fe (II) LS) and the weak diffraction data of the crystal (right).

A summary of the data collection and structure refinements is provided in
table 4.2.
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Compound CCP4-HS CCP—4-LS
Empirical formula C,H4 Ny B,y FeFe C,H4 Ny B, FeFe
Formula weight 1184.53 1184.53
Crystal color Colorless Pink

Crystal size (mm?)
Temperature (K)
Crystal system, Z

Space group
a(A)
b(A)
c(A)

a (%)
B
v ()
V(A%
Peale (Mg/m?)
p(Moxa) (mm'")

0 range (°)
Reflns collected
Independent reflns (Rin)
Reflns used in refinement, »
L. S. parameters, p/ restraints,

R1(F),[™ I>26(1)
wR2(F?),! all data
S(F),l1 all data

0.06 x 0.06 x 0.01

240(2)
Hexagonal, 2
P63
10.3650(10)
10.3650(10)
32.289(5)
90.00
90.00
120.00
3004.2(6)
1.309

0.330
3.39-25.02
24825
3571 (0.4179)
3571
90/46
0.2271
0.5406
1.232

0.05 % 0.05 x 0.02

120(2)
Hexagonal, 2
P63
10.2235(14)
10.2235(14)
31.903(8)
90.00
90.00
120.00
2887.8(11)
1.362

0.344
2.99 - 25.03
11791
3408 (0.2722)
3408
60/46
0.2157
0.5271
1.150

[a] RI(F) = X(|Fo| — |Fc|)/Z|Fol; [b] wR2(F?) = [Ew(F0? — F&?)*/ZwFo*]%; [¢] S(F?) = [Ew(Fo* — Fc®)?*(n + r—p)1”

Table 4.2. Crystallographic data for CCP-4
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4.4.2.2. X-ray powder diffraction, phase purity

Polycrystalline samples of CCP-3 and CCP-4 were lightly ground in an agate
mortar and pestle and filled into 0.5 mm borosilicate capillaries prior to being
mounted and aligned on an Empyrean PANalytical powder diffractometer,
using Cu Ka radiation (A = 1.54056 A). For each sample, two repeated
measurements were collected at room temperature (20 = 2—60°) and merged
in a single diffractogram. Pawley refinements were performed using the
TOPAS!Y computer program and revealed an excellent fit to a one-phase
model for compounds CCP-3 (Rwp = 0.0218; GOF = 1.502) and CCP-4 (R,
= 0.0239; GOF = 1.225), indicating the absence of any other detectable

crystalline phases.

4.4.2.3. Scanning electron microscopy
All SEM experiments were performed with a Hitachi S-4800 field emission
scanning electron microscope at an accelerating voltage of 10 kV with

metallization (Au-Pd) of the samples.

4.4.3. Surface deposition

Two different substrates were studied for this purpose: silicon and quartz
substrates. The same procedure was carried out in the two cases. The
substrates were washed by immersion in an acid piranha solution for three
minutes and subsequent washing with water. Then, the clean substrates were
introduced in a fresh solution containing both the ligand and the metal. After
a few days the substrate was removed from the solution, washed with

acetonitrile and dried over a nitrogen stream.
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4.4.4. Gas sorption isotherms
All gas sorption studies were performed by Dr. Miguel Palomino in
collaboration with Prof. F. Rey from the Instituto de Tecnologia Quimica of

Valencia.

High pressure adsorption isotherms of CO2, CHs4 and N», were performed in
an IGA-3 gravimetric analyser (Hiden Isochema). Approximately, 50 mg of
sample were placed in the balance. Before each adsorption experiment, the
sample was outgassed at 423 K under a final pressure of 10 Pa during four
hours. The temperature of the sample was subsequently reduced under high
vacuum until the target temperature (from 283 to 333 K) for each adsorption
experiment. Adsorption measurements were performed by introducing gas up

to reach the desired pressures.

4.4.5. Magnetic measurements

Magnetic susceptibility measurements were carried out on single-phased
polycrystalline samples with a Quantum Design MPMS-XL-5 SQUID
susceptometer. The susceptibility data were all collected at 1 K-min™!, with
an applied field of 0.1 T for CCP-3 and CCP-4 and for CCP-4 with CO>
loaded. Magnetic susceptibility measurements of the gas loaded system were
performed by sealing a glass tube with 10 mg of CCP-4 and a known amount
of the gas or after heating a loaded sample to remove the CO; molecules. Prior
to the gas loading, the samples were activated by heating in situ at 150 °C for

3 h under vacuum.
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Unveiling pathway complexity in the crystal growing of a SCO CCP via microfluidics

5.1 INTRODUCTION

The chemical and physical properties of functional materials strongly depend
on the nature and arrangement of their constituent units.! The vast current
knowledge on molecular self-assembly allows for the preparation of materials
with controllable physico-chemical properties, with the position and
orientation of the constituent units being coordinated within the final structure
as has been shown in previous chapters.? In this respect, crystals of organic-
inorganic materials such as coordination polymers (CPs), including metal-
organic frameworks (MOFs), have recently attracted much attention, due to
their high versatility in terms of material structure and structure-property
correlations.? Accordingly, by combining the rational design of the organic
ligands with the directionality imparted by metal-ligand coordination bonds,
specific structures and functions can be realized. In practice, artificial
organic-inorganic crystals are commonly equilibrium structures obtained
under thermodynamic control, and they display defined properties (or
functions) depending on both the nature of the metal ions or molecular
constituents, as well as on the final thermodynamic conditions (e.g.
temperature, pH, solvent composition). Moreover, dynamic molecular
crystals that exhibit adjustable functional properties have been successfully
synthesized through changes in the final thermodynamic state (i.e. changes in
the free energy landscape), upon application of external stimuli.*>%7:8:10 On
the other hand, and in sharp contrast, crystallization processes in living
systems (i.e. biomineralization), as well as biomimetic crystallizations, often

occur under non-equilibrium conditions (e.g. chemical gradients, reaction-
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diffusion control, hydrodynamic effects), which leads to kinetic growth

pathways.!!

Figure 5.1. Schematic representation of the microfluidic synthesis performed in

this chapter.

Kinetic effects may often dominate thermodynamic control and, as a result,
self-assembly cannot be properly described by classical thermodynamic
theories.!? Tt is significant to note that, to date, any understanding of the
mechanisms and dynamics underlying CP self-assembly is very limited, with
their crystallization pathways being largely unknown and unresolved. This is
despite the fact that properties and functions of CPs may be a direct
consequence of the pathways followed during their assembly and

development. Accordingly, there is a pressing need to elucidate pathway
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complexity and, more importantly, to control the hiking of functional
materials on the free energy landscape during the self-assembly process (very
well pictured in nature but elusive with conventional synthetic methods).!?
Such an understanding and ultimate control will lead to new adaptable

structures with unique properties and functions.'#

In this chapter, microfluidics methods have been used for this purpose (figure
5.1). For studying crystallization processes, microfluidic devices are a useful
tool using the liquid-liquid interfacial reactions present in continuous-flow,
going from the thermodynamic (temperature-time dependent protocols) to the
kinetic control (space-time strategies). In most microfluidic systems, mixing
of reagents only occurs through molecular diffusion,'> the so-called laminar
flow conditions and is a useful way to control crystallization process in space
(because the crystallization only happens in the reaction-diffusion (RD) area
generated between the co-flowing reagent streams) and time (crystallization
proceeds along the length of the microfluidic channel).!®

Additionally, and in contrast to bulk synthetic approaches, microfluidic
liquid-liquid interfacial reactions are characterized by a constant mass
transport of reagent species to the RD area. As a result, no depletion of
reagents occurs during self-assembly, which in turn favours a fine control
over self-assembly dynamics and growth pathways (vide infra).!” This
chapter presents a detailed crystal growth of one compartmentalized
coordination polymer. More specifically, this chapter shows the formation of
CCP-4,'® previously presented in chapter 4, under microfluidic conditions.
As stated in the previous chapter, CCP-4 crystallizes in the P63 space group,
forming hexagonal microcrystals observed by SEM (figure 5.2).
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Figure 5.2. SEM image of CCP-4 crystal.

These crystals have been obtained by a thermodynamic synthesis of the
material, that is, the ambient temperature mixture of solutions of the ligand
btzbp, 4,4'-bis((1H-tetrazol-1-yl)methyl)-1,1"-biphenyl and Fe(BF4). - 6 H20
in acetonitrile. Here, the same final material has been synthesized, using

microfluidic methods.

5.2 RESULTS AND DISCUSSION

5.2.1 Microfluidic study

Microfluidic synthesis has been performed in collaboration with the group of
Dr. Josep Puigmarti-Luis from the Institute of Chemical and Bioengineering,
Department of Chemistry and Applied Biosciences, ETH Zurich. The
microfluidic device used in this study for the kinetic control of the synthesis
works on a continuous-flow and contains four inlets and one outlet made from
poly(dimethylsiolaxane) (PDMS). This microfluidic configuration permits
the establishment of a controlled RD area within the main microfluidic

channel. In figure 5.3 a schematic representation of the device can be seen.
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-a: CH,CN
-b: btzbp in CH;CN (31.4 mM)

8

outlet

-d: CH,CN

Figure 5.3. Schematic representation of the RD area generated within the main

microfluidic channel (fuchsia color).

In the experiments performed, two pure acetonitrile sheath flows were
introduced from inlets a and d (figure 5.3) while acetonitrile solutions of
Fe(BF4)2 - 6 H2O (15.7 mM) and btzbp (31.4 mM) were separately injected
into the two middle input channels b and c (figure 5.3). The flow rate ratio
(FRR), defined as the ratio between the flow rates of the reagent-laden flows
and that of the sheath flows, was fixed to 1. The compound synthesized by
this method has been named as MF-CCP-4 to differentiate the material
obtained from the bulk mixing synthesis procedure and the microfluidic one.
The evolution of the structures generated under controlled RD conditions was
studied over time by transmission electron microscopy (TEM). The effluent
from the microfluidic device was collected in a vial at different times (0, 1, 3,

6 and 12 hours) and analyzed.

For characterization of the particles and confirming that MF-CCP-4 and
CCP-4 are the same material, energy dispersive X-ray (EDX) measurements
(figure 5.4) indicate the presence of both N and Fe in the microparticles of
MF-CCP-4, elements present in CCP-4. In addition, some powder of MF-
CCP-4 was isolated 12 hours after preparation and analyzed, confirming by

X-ray powder diffraction that it has the same crystal structure that the material
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synthesized in bulk, CCP-4 (figure 5.5). In addition, SCO behaviour of the
resulting microfluidic synthesis particles has been analyzed, to fully confirm
that the material obtained maintain the same properties that the previously
bulk. As can be seen on figure 5.6, the spin transition is present at the same

temperature, 199 K.

N-MF-CCP-4] Fe-MF-CCP-4
Fe-MF-CCP-4

E(keV)

Figure 5.4. EDAX analysis of MF-CCP-4.

MF-CCP-4

CCP-4

Figure 5.5. X-ray powder diffraction of CCP-4 (pink) and MF-CCP-4 (violet).
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Figure 5.6. Temperature dependence of ymT product for CCP-4 (pink) and MF-
CCP+4 (violet).

After fully confirmation of the purity of the microfluidic material, the analysis
of the material synthesized at different times has been performed. For time
zero, the solution exiting the microfluidic device was immediately drop-
casted onto a TEM grid to ensure a rapid quenching of the reaction. The TEM
images at different times spawn for the microfluidic synthesis have been
represented in the next figures for further discussion of the results observed.
Note that more than 850 particles have been observed in the TEM study but

only two representative images for each time have been shown.
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Figure 5.9. TEM imaéés of MiT-CCP-4 samples prepared -at 3 hours. Scalebars

are 4 pm.
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Figure 5.10. TEM images of MF-CCP-4 samples prepared at 6 hours. Scalebars

are 4 pum.
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Figure 5.11. TEM images of MF-CCP-4 samples prepared at 12 hours. Scalebars

are 4 pum.

The analysis of the microfluidic products allows to some interesting
observations that can be done on the images. First of all, at time zero, some
“seeds” can be seen. The size of these particles is around 200-400 nm, and
they are the initial step of the growing. At 1, 3 and 6 hours, very interesting
observations could be done. In all images, intermediates of the final MF-
CCP-4 crystals have been observed. As can be seen with a closer inspection,
all particles are uncompleted hexagons. Two different pathways of crystal

growing can be observed in the images, hereafter named Path A and Path B
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and both represent a systematic growth of the seed until hexagons, as can be

observed in the next figure.

Figure 5.12. Schematic sequential growth along the two kinetic pathways.

Scalebars are 4 um.

In path A, the crystal growth happens in the vertices of a previously formed
MF-CCP-4 crystal. The crystal propagates from the vertices, and then the
structure is filled with more material until the crystal evolves again from the
vertices of a bigger hexagon. This gradual growing finally will lead to the
final hexagon observed in the bulk SEM analysis. In Path B, the growth
proceeds in the same manner, that is, the consecutive developing of a
hexagon, but now the growing proceed from the lateral part of it. A hexagon
propagates from the lateral part, then the crystal is filled with more material,
forming a bigger hexagon until it grows again from the lateral part. The two
different pathways of growing involves distinct intermediates (hexagons
developing from the vertices, Path A, or hexagons developing from the
lateral, Path B) and then represent two different competing routes along the

free energy landscape undertaken simultaneously by the system in the
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microfluidic synthesis. All structures arise and develop from nucleation
events that occur under controlled diffusion conditions over a period of
approximately 40 ms, the residence time of the reacting solution in the main
microfluidic channel. As an additional observation, Pathway A involves a 30
° rotation in the process of growing, that is, when the original hexagon grows,
it grows from the vertex of the smaller one to the lateral of the bigger one
(figure 5.13 left). On the other hand, Pathway B retains the original
orientation of the particle with a growing process from the lateral of the
smaller hexagon to the lateral of the bigger one (figure 5.13 right). So, both
pathways involve a process of growing from a seed that is the core of the
material, with consecutive growing of hexagons, where the bigger hexagon is
the core of the next step in the growing. In figure 5.11, corresponding to the
images from the synthesis prepared at 12 hours, it can be seen perfect
hexagons formed. Characterization of the particles obtained under
microfluidic conditions by selected area electron diffraction (SAED) have
been tried, with no success due to the damage of the particles under electron

beam irradiation.
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o

Figure 5.13. Schematic representation and real TEM images of the vertex growth
(Path A) with a 30 ° rotation in orientation (left) and the lateral growing (Path B)

with retention of the orientation (right). Scalebars are 1 pum.

5.2.2 Comparison between Pathways A and B

To fully understand which is the origin of the two different pathways found
in the microfluidic synthesis, a more detailed view to the TEM images has
been performed. 876 microcrystals have been analyzed in the different grids
at different times and a statistical analysis of the abundance of each type of
intermediate at given time intervals reveals useful information (figure 5.14).
94 % of the MF-CCP-4 observed after 1 hour of reaction present the vertex
growth (Path A). On the other hand, lateral growth is not significantly
observed until 6 hours of reaction. Both pathways lead to the same crystalline
structure, so different intermolecular interactions in the crystal packing could

explain the different pathways observed.
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Figure 5.14. Percentage of particles observed at different times.

Figure 5.15 is a crystallographic representation and it shows the hexagonal
crystal packing of CCP-4 along the crystallographic c-axis, with A being the
initial seed for Pathway A and D the initial seed for Pathway B. With a closer
look, it can be seen that the vertexs of the hexagonal seed correspond to the
location of the BF4 counter-ions, coloured as yellow in B and C (and also
indicated with arrows) while the edge of the hexagon corresponds to the two
phenyl groups of the btzbp organic ligand, coloured as yellow in E and F (and
also indicated with arrows). So, with this information about the crystal
structure, a hypothesis can be done about the driving force of each pathway,
A and B: the growing in path A is dominated by the electrostatic interactions
involving the BF4 anions in the vertex while in path B, weaker n—n
interactions in the edges of the hexagon provoke the crystal growing. These
two different driving forces could explain the faster growth through path A

(almost all particles at low reaction times correspond to this pathway) because
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the Coulombic interactions are energetically more favourable than Van der

Waals forces in the crystallization processes.

b

Figure 5.15. A, fragment of CCP-4 of formula [Fe(btzbp)s]i19(BF4)36; D, fragment

of CCP-4 of formula [Fe(btzbp)3]i3(BF4)24; B and E are illustrations of the crystal
growing for pathway A and B respectively; In (C) an image of the corner of a
hexagon that follows the vertex growth, pathway A, triggered by electrostatic
interactions involving negative BF4 anions. The yellow moieties correspond to
BF4 anions. (F) Image of a crystal edge in a lateral growth where the phenyl

groups of the organic ligands are represented with yellow moieties.

5.2.3 Bulk synthesis study

With the confirmation that microfluidics lead to two pathways of growing
that finally yield the same hexagon microparticles observed by bulk synthesis,
the crystal growing of this method has been studied. CCP-4 synthesis was
carried out with the same experimental conditions that MF-CCP-4, that is,
room temperature, same concentration of the reactants (31.4 mM for btzbp
and 15.7 mM for Fe(BF4), - 6 H>O) and solvent composition (acetonitrile).

Both solutions of the reactants were mixed and then, for TEM analysis, direct
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drop casting of the reacting solution were carried out at the same time
intervals than for the microfluidic synthesis (0, 1, 3, 6 and 12 hours). In
contrast to the microfluidic synthesis, no particle is observed at time zero. For
times higher than 1 hour, no particle is observed in the TEM grids. It is
observed that in the bulk synthesis, after 3 hours the complete precipitation
of the powder occurs from the reaction mixture, leaving a clear supernatant
solution. Only particles have been observed for 1 hour of reaction, and two

representative images can be seen on the figure 5.16.

Figure 5. 16 TEM i 1rnages of CCP 4 after 1 hour reactlon The scale bar 1S 4 pm.

Surprisingly, another different pathway than A or B is observed, named
hereafter pathway C. Incomplete hexagonal crystals have been observed after
1 hour of reaction, and they are formed by self-assembly of smaller hexagonal
crystallites (figure 5.17). All the smaller hexagons are well-oriented in the

same direction, and form an incomplete but bigger hexagon microparticle.
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Figure 5.17. Schematic representation and real TEM image of the mesoscale

assembling (Path C) found in the bulk synthesis. Scalebar is 1 pum.

The analysis of the precipitate fully confirm that the result obtained in this
synthesis of CCP-4 are complete crystal microparticles with a hexagonal
shape (figure 5.18). This characterization confirms that the synthesis of CCP-
4 (bulk synthesis) and MF-CCP-4 (microfluidic synthesis) move forward by
different pathways along the free energy landscape, but the three pathways
lead eventually to the thermodynamic product (the global minimum in the
free energy landscape), that is, the same hexagonal microcrystals (figure

5.19).
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Figure 5.18. SEM images of CCP-4 crystals after 24h reaction.
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Figure 5.19. Schematic illustration of pathway complexity.

In addition, pathway C results in faster crystallization with no observation of
particles in solution within 3 hours, having the possibility in the same system
to select different pathways to obtain the same final structure. Pathway A and
B (dominated by kinetics) progress under RD conditions for 40 ms, forcing

the system to progress under the slower conditions.
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5.3 CONCLUSIONS

In this chapter an unprecedent explanation of the crystal growth mechanism
of a SCO coordination polymer gas sorption capacity has been presented. For
this purpose, the use of the reaction-diffusion conditions present in the
microfluidic reactor plays a key-role to obtain new pathways of growing that
cannot be obtained in the bulk mixing conditions. The continuous feeding of
reactants in the RD region favors an increase in the number of coordination
events, allowing the system to go through pathways that are forbidden in the
bulk mixing experiments. Controlled RD conditions present in microfluidic
devices have been proved to be a useful tool for unveiling and studying
crystallization processes that cannot be well-explained in the classic
thermodynamic control syntheses. In addition, it has been shown crucial for
pathway selection, isolating different metastable states that finally yield the
same final hexagonal structure. The precise control of growing in
coordination polymers with diverse and interesting properties like spin-
crossover or gas sorption will be challenging for obtaining materials with

desirable properties.

5.4. METHODS

Iron(Il) tetrafluoroborate hexahydrate (97%) was purchased from Sigma-
Aldrich and 4,4-bis((1H-tetrazol-1-yl)methyl)-1,1-biphenyl (btzbp) was
synthesized following a three-step protocol. HPLC grade acetonitrile was
obtained from Fisher Chemical. A polydimethylsiloxane (PDMS) kit
containing base and curing agent was purchased from Dow Corning (Sylgard

184 Silicone elastomer kit). In all experiments, solutions were filtered using
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syringe filters having a pore size of 0.45 pum (Titan Syringe Filter, Fisher
Scientific) prior to use. This avoids pollution of precursor solutions with dust

or dirt particles.

5.4.1. Microfluidic device fabrication

The microfluidic devices were fabricated by replica moulding of PDMS
against a structured master mould. The master mould was prepared using
standard photolithographic techniques as described in detail elsewhere.
Briefly, the microfluidic device consisted of a structured PDMS slab attached
to a glass coverslip using oxygen plasma activation. The PDMS device
comprised four input channels cross-sectional dimensions of 50 pm x 50 um.
These input channels converged to form a 10 mm long channel (the main
microfluidic channel) that was 250 um wide and 50 pm high. Inlets were
connected to reagent reservoirs, and the outlet to a collection vessel, using

Teflon tubing (PKM SA, Switzerland).

5.4.2. Synthesis

Synthesis of MF-CCP-4. In a typical experiment, solutions of iron(Il)
tetrafluoroborate hexahydrate (15.7 mM) and 4,4"-bis((1Htetrazol-1-
yl)methyl)-1,1'-biphenyl (31.4 mM) in acetonitrile were injected into the two
middle input channels while two pure acetonitrile flows were injected into the
sheath channels. All four input flows were injected at a flow rate of 50
uL-min~! using a syringe pump system (neMESYS module, Cetoni GmbH)
that provided for precise control over flow rates in all channels. The turbid

effluent solution was continuously collected in a 5 mL glass vial for 10

205



Unveiling pathway complexity in the crystal growing of a SCO CCP via microfluidics

minutes, resulting in 2 mL of sample. To study crystal growth at different
time intervals, a drop of sample was poured over a TEM grid (200 mesh, gold-
based carbon support film, Quantifoil®) for TEM analysis. The TEM grids
were prepared at 1, 3, 6, 12, and 24 hours.

Synthesis of (CCP-4). A solution of iron(Il) tetrafluoroborate hexahydrate
(15.7 mM) was added into a solution of 4,4'-bis((1Htetrazol-1-yl)methyl)-
1,1"-biphenyl (31.4 mM) in acetonitrile. A white crystalline precipitate
appeared.

5.4.3. Structural characterization

5.4.3.1. X-ray powder diffraction, phase purity

X-ray powder diffraction measurements were performed on an Empyrean
PANalytical powder diffractometer, using Cu Ka radiation (A = 1.54056 A).
MF-CCP-4 was filled into 0.5 mm borosilicate capillary prior to being
mounted and aligned. Two repeated measurements were collected at room

temperature (20 = 2-40°) and merged in a single diffractogram.

5.4.3.2. Scanning electron microscopy
SEM images were performed on a Hitachi S-4800 microscope operating at an

accelerating voltage of 10 kV after metallization of the samples (Au-Pd).

5.4.3.3. Transmission electron microscopy
Transmission electron microscopy (TEM) images were collected on a JEOL
JEM-1010. All measurements were performed at the acceleration voltage of

100 kV. High-resolution transmission electron microscopy images and EDX
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microanalysis were obtained using a TECNAI G2F20 S-TWIN HR
microscope operating at 200 kV.

5.4.4. Magnetic measurements

Magnetic susceptibility measurements were carried out on single-phased
polycrystalline samples with a Quantum Design MPMS-XL-5 SQUID
susceptometer. The susceptibility data were all collected at 1 K min™!, with

an applied field of 0.1 T.
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General Conclusions

This thesis has been focused on the synthesis and study of spin-crossover
compartmentalized coordination polymers (CCPs). This includes the
crystallization of these materials, the tuning of its magnetic properties, the
inclusion of gas molecules inside their isolated cavities, separation of gases

and study of its crystallization processes.

Different strategies have been carried out to overcome the tuning of the spin
transition. For example, in chapter 2, it has been demonstrated that the
inclusion of gas molecules inside the isolated cavities can modify the spin
transition temperature. The presence of gases with electric quadrupolar
moment subtle modify the ligand field affecting the iron (II) center, thus
modifying the spin transition temperature. Depending on the sign of the
quadrupolar moment, the modification of the spin transition temperature
occurs in different manners: stabilizing the low-spin state, then increasing the
transition temperature or stabilizing the high-spin state, then decreasing the
transition temperature. Gases with no permanent quadrupolar moment do not
affect the transition. Gas sorption studies in compartmentalized coordination
polymers are challenging from the point of view that the presence of no
permanent channels could made the gas inclusion a difficult task. In chapter
2 the gas sorption studies of diverse gases have been performed, observing
the capacity of CCP-1 and CCP-2 to locate one molecule of diverse gas
molecules inside their isolated cavities whereas other gases remain
unabsorbed. This fact has been used performing gas breakthrough studies,
obtaining good performances in separation for CO; over N2 or CHs. These
results demonstrate that the strategy used in this thesis, that is, the use of

discrete compartments to locate gas molecules, is a perfect approach to
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consider in the field of gas mixtures purification. Further investigations in the
synthesis of CCPs derivatives could be a useful way to perform effective gas

separations in the future.

But not only with a chemical-stimuli the transition temperature can be
modified. In chapter 3, it has been demonstrated that an easy and successful
way to tune the spin transition temperature is the combination of different
ligands, synthesizing chemical mixtures of coordination polymers with the
presence of two different ligands. Both ligands are similar in structural
features but by separately they afforded coordination compounds with so
differentiate magnetic properties. The gradual inclusion of one ligand to form
hybrid structures afforded new transitions when new coordination

environments in the iron (II) centers appear.

But the gas sorption in these materials can be enhanced modifying the ligand
topology. In chapter 4, a bis-tetrazole ligand has been synthesized, larger in
size than the previous reported one. It afforded the synthesis of CCP-3 and
CCP-4, two CCPs than almost double the internal cavities of CCP-1 and
CCP-2. The gas capacity of CO; has been doubled in these materials,
permitting the adsorption of two molecules of CO; per void. The magnetic
properties of these materials have been maintained and could be modified by
the inclusion of CO: molecules. In addition, the possibility to deposit
compartmentalized coordination polymers in a 2D substrate has been

performed, and it maintain its magnetic and crystalline properties. Further
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investigations in the preparation of membranes to selective gas sorption with

these types of materials could be studied.

Finally, in chapter 5 the crystallization process of CCPs has been performed
using microfluidics. CCP-4 has been synthesized using a microfluidic device,
permitting to “freeze” the crystallization process during the kinetic
conditions. Two different pathways have been found but regardless the
pathway, the final product is the same that the thermodynamic one: hexagonal
microcrystal. In addition, some mesoscale assembly has been found in the
analysis of the thermodynamic synthesis, with the perfect self-assembly of
smaller hexagon particles forming a bigger hexagonal one. The possibility to
pathway selection using microfluidics open the possibility to study the
crystallization processes of other similar materials, selecting a desired
growing pathway despite its forbidden nature in thermodynamic conditions

on a laboratory.
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Objetivos

El objetivo general de esta tesis es la preparacion de polimeros de
coordinacion multifuncionales que presenten la propiedad de transicién de
espin y adsorcion de gases. Respecto a la primera, se estudiara la manera de
modificar a nuestro antojo la transicion y para ello se utilizardn dos
aproximaciones: la primera, ayudada por la segunda propiedad de adsorcion
de gases, sera el aprovechar la adsorcion de estas moléculas para influir en
las propiedades electronicas del centro de hierro (II), modificando el campo
de ligandos que sufre este y por tanto, modificando la transicion de espin; la
segunda aproximacion sera la combinacion de diferentes ligandos orgénicos
que compartan la misma topologia de coordinacion y por separado den lugar
a materiales de muy distinta indole magnética. La combinacion de ambos sera
clave para generar nuevos entornos de coordinacion en los centros de hierro
(IT), provocando la creacion de nuevas transiciones de espin a distintas
temperaturas. Ademas, otro objetivo adicional es el estudio del crecimiento

cristalino de estos materiales.

Metodologia

Sintesis

En esta tesis se han llevado a cabo diferentes técnicas de sintesis para
completar los objetivos de la misma. Para empezar, los ligandos organicos
utilizados en la construccion de polimeros de coordinacion han sido
sintetizados a partir de precursores previos. Para ello se han aplicado las
distintas técnicas de sintesis organica aprendidas en la formacion universitaria

previa, afrontando los diversos problemas que estas presentan. Desde
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sustituciones nucleofilicas aromaticas, pasando por reducciones de grupos
azida a amina utilizando hidruro de aluminio y litio o ciclacién de compuestos
aromaticos, los ligandos orgéanicos disefiados previamente “sobre el papel”

para utilizar en esta tesis se han podido sintetizar sin problema.

Respecto a la parte mas inorgénica de la tesis, la sintesis de los polimeros de
coordinacion, se han utilizado las diversas técnicas de crecimiento cristalinos
aprendidas durante el doctorado. Se han llevado a cabo exitosamente la
sintesis de diversos polimeros de coordinacion utilizando métodos de “one
pot”, esto es, la mezcla directa a temperatura ambiente de los componentes
basicos del polimero de coordinacion (disoluciones de ligando organico y de
la sal del metal a utilizar). Estas sintesis también se han llevado a cabo en otra
variable, la del reflujo, cuando la mezcla de estos materiales necesita de
temperatura para poder formar exitosamente los enlaces de coordinacion. Esta
ultima técnica en ocasiones puede resultar costosa en tiempo y materiales, por
lo que en algunas de las sintesis presentadas en esta tesis se ha optimizado la
sintesis de reflujo pudiendo realizar la formacion del polimero de
coordinacién en un horno microondas. La optimizacion de este tipo de sintesis
ha permitido reducir algunos tiempos de reaccion de 4 horas a 5 minutos. Por
ultimo, los materiales de mas alta cristalinidad han sido obtenidos gracias a
las reacciones solvotermales, esto es, sintesis llevadas a cabo en hornos
quimicos dentro de unos viales especiales cerrados que permiten alcanzar

temperaturas superiores a la temperatura de ebullicion del disolvente.
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Técnicas de caracterizacion

Rayos-X de monocristal

La cristalografia de rayos X de monocristal nos permite conocer las
estructuras cristalinas de los compuestos siempre y cuando se disponga de un
monocristal del material que difracten los haces de rayos X. Se basa en el
principio de que los electrones de los atomos difractan los rayos X recibidos,
este haz resultante y medido por el detector contiene informacion sobre el
namero de electrones y la posicion del &tomo de nuestro material. Analisis
posteriores con métodos matematicos nos permiten obtener las estructuras

cristalinas de los compuestos.

En esta tesis, las estructuras cristalinas resueltas a partir de los respectivos
monocristales han sido medidas a 120 y 240 K (debido al caracter de
transicion de espin y el cambio estructural que conlleva) en un difractometro
SUPERNOVA equipado con una fuente de rayos X monocromada (Mo). Para
la resolucion de las estructuras por métodos matematicos se han utilizado el
paquete de programas SHELXTL y como interfaz grafica el programa OLEX-
2. Los parametros de recopilacion y refinamiento de datos se muestran en

cada capitulo correspondiente.

Rayos-X de polvo

Esta técnica se ha utilizado para comprobar la pureza de las distintas muestras
cristalinas, comparando con los patrones obtenidos en el difractometro de
rayos X de monocristal. Es una técnica muy util para poder detectar impurezas

en el material. Se basa en la incidencia de los rayos X sobre una muestra del
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material introducida en un capilar de 0.5 mm de diametro de borosilicato
(material amorfo, invisible a los rayos X por lo que no interfiere en la
medida). Los rayos X salen difractados de la muestra con un angulo theta (0),
y debido a la ley de Bragg de la diffraccion (nA = 2-d-senf), se pueden
establecer las relaciones de las distancias interatomicas. El detector se mueve,
recogiendo los distintos angulos a los que difracta la muestra y recogiendo el
difractograma de polvo que contiene informacion sobre la estructura
cristalina de la muestra. Las medidas se realizaron en un equipo Empyrean

PANalytical con dos barridos acumulados en el rango de 6 de 2 a 60 °.

Medidas magnéticas

Las medidas magnéticas realizadas a los compuestos presentados en esta tesis
se realizaron con un magnetémetro de tipo SQUID “Quantum Design MPMS-
XL-5”. SQUID es el acronimo inglés para “Superconducting Quantum
Interference Device” cuya traduccion seria “Dispositivo Superconductor de
Interferencia Cudntica”. Estos susceptometros son capaces de medir senales
magnéticas muy pequefias con muy poco ruido. Las medidas de este trabajo
se realizaron generalmente en el intervalo de temperaturas entre 2 y 300 K y
aplicando campos magnéticos de 0.1 T sobre las muestras poli-cristalinas de
los compuestos. Después de realizar las medidas, los datos de susceptibilidad
se corrigen para eliminar la contribucion del porta-muestras donde se mide y

de las contribuciones diamagnéticas mediante las constantes de Pascal.
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Resumen y conclusiones

El trabajo descrito en esta tesis se enmarca dentro de los polimeros de
coordinacion compartimentalizados. Los polimeros de coordinacién son
materiales hibridos organicos-inorganicos formados por un metal rodeado por
unos ligandos orgéanicos unidos mediante enlace de coordinacion y se pueden
obtener estructuras que se extienden en una, dos o tres direcciones del
espacio. Las infinitas posibilidades que existen debido a la gran variedad de
metales disponibles y especialmente, a la posibilidad de sintetizar multiples
ligandos organicos permite disefiar quimicamente materiales con propiedades
“a la carta”, ademas de la posibilidad de presentar multifuncionalidad, esto
es, la combinacion de diversas propiedades haciendo el material mucho mas
interesante. Cuando un polimero de coordinacion presenta la caracteristica de
porosidad, esto es, presenta canales internos capaces de alojar huéspedes, ya
sean disolventes, gases u otras moléculas, al polimero de coordinacion se le

llama Metal-Organic Framework (MOF), redes metal-organicas.

Dentro de estas multiples propiedades tenemos la estabilidad quimica,
muchas veces necesaria para poder preparar un material Util ya que estard
expuesto al ataque de diversos agentes quimicos que pueden desgastarlo e
inutilizar sus interesantes propiedades. Los MOFs ademas presentan altas
areas superficiales, haciéndolos candidatos perfectos para su uso en catalisis.
La posibilidad de utilizarlos como células de combustible también se ha
explorado, con la medida de sus propiedades conductoras. Pero la
caracteristica estrella de los MOFs como ya se ha comentado es la que les da
su particular designacion como sub-clase de polimero de coordinacion y esta

es la presencia de porosidad. La posibilidad de alojar huéspedes en el interior
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de estos compuestos (y lo que puede conllevar en la modificacion de otra de
sus propiedades) ha hecho a estos materiales ser uno de los campos en auge
desde hace 20 anos. En 1998 se reporto el primer ejemplo de adsorcion de
gases en uno de estos materiales, midiendo la adsorcion de didxido de
carbono y de nitrogeno en el llamado MOF-5. En los siguientes afos, el
intenso estudio en el campo de los MOFs permitid ir aumentando cada vez

mas la capacidad de almacenar cada vez mas cantidad de gases.

Pero con el tiempo, la simple idea de almacenar cada vez mas cantidad de gas
dio paso a otra idea muy interesante, derivada de las necesidades
medioambientales del planeta: la separacion de gases. Se comenzo a estudiar
otro tipo de MOFs, los llamados MOFs de ultramicroporo, donde en lugar de
buscar una apertura de poro mayor para poder almacenar mas cantidad de gas,
se busca un poro mas pequefio capaz de discriminar entre diferentes gases que
compongan una mezcla. La produccion de residuos en la industria
petroquimica y electronica lleva al desarrollo de nuevos materiales capaz de
eliminar las impurezas originadas en la produccién de sus materiales y los
MOFs son candidatos perfectos para llevar a cabo esta tarea. Por ejemplo, la
produccion de acetileno puro es un problema debido a que se genera una
mezcla gaseosa de acetileno/didxido de carbono. En 2005 se reporté un MOF
que podia separar eficientemente esta mezcla gaseosa. EI MOF de cobre
reportado podia adsorber el acetileno mucho mejor que el didéxido de carbono,
permitiendo la separacion de esta mezcla. Pero realmente la mayor utilidad
seria poder adsorber la impureza de diéxido de carbono, ya que en este primer
material luego es necesario el coste de liberar el acetileno del material. Por

ello, en 2016 se demostrdo que esto era posible, con la publicaciéon de un
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trabajo donde se sintetiz6 un MOF de manganeso. A bajas presiones, se
demostraba que este material podia adsorber didxido de carbono
preferentemente sobre acetileno. Los autores hipotetizaron sobre este
comportamiento debido a la interaccion entre el momento cuadrupolar del gas

y la red metal-organica.

Otra mezcla de gases interesante de separar es la formada por
etileno/acetileno. El etileno es utilizado ampliamente en la fructifera industria
de los polimeros, pero en su produccion se generan diversas impurezas, entre
ellas acetileno. En 2017 se publicé sobre un MOF que permitia separar

eficientemente mezclas de acetileno y etileno.

La otra propiedad estrella que pueden presentar los MOFs, ademas de su
intrinseca porosidad, es el magnetismo. El magnetismo es una propiedad que
pueden presentar los materiales basada en los portadores de espin. Los MOFs
magnéticos se pueden dividir entre los que presentan interacciones
magnéticas de largo rango, los que tienen centros single-molecule magnets

(SMMs) y los que presentan spin-crossover.

La presencia de interacciones magnéticas de largo rango y porosidad es un
desafio al que se han tenido que enfrentar los quimicos para combinar estas
dos propiedades contrarias: el magnetismo necesita distancias cortas entre los
centros metalicos para poder propagar eficientemente el canje magnético y la
porosidad necesita largas distancias para poder generar poros mas grandes.
Diversas estrategias se han llevado a cabo para poder sortear este

inconveniente. Se han utilizado ligandos cortos que ain asi generaban
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estructuras porosas, de hecho, en 2002 se report6 un sistema usando uno de
los grupos mas cortos, el grupo CN, que presentaba magnetismo y ademas la
adsorcion de moléculas de oxigeno por el material modificaba sus
propiedades magnéticas. Otra estrategia llevada a cabo es combinar dos tipos
de ligandos: uno corto para obtener un canje magnético eficiente en la
estructura y otro mas largo a modo de “pilar” que permita obtener grandes
poros. La familia del MOF-74 es un claro ejemplo de esta metodologia,
pudiendo haber sintetizado una gran variedad de derivados cambiando el
centro metalico (zinc, cobalto, niquel, magnesio, manganeso, cobre, hierro...).
El derivado de hierro se reportd en 2012, demostrando ademas que el canje
magnético del MOF se podia modificar con la adsorcion de distintos
hidrocarburos. Dependiendo de lo fuerte que sea la interaccion del
hidrocarburo y la red metal-orgénica, el cambio en el magnetismo es
diferente. Otra posibilidad es la utilizacion de radicales orgénicos como
ligandos, debido a que la presencia de los espines individuales que poseen
pueden promover interacciones de canje efectivas. En 2002 se publicé el
primer ejemplo de un MOF con ligandos organicos radical y presentando

propiedades magnéticas, aunque a muy baja temperatura.

Los single-molecule magnets (SMMs) son moléculas magnéticas que
presentan baja relajacion de la magnetizacion a bajas temperaturas. La
inclusion de estas interesantes moléculas en los nodos de un MOF se produjo
por primera vez en 2004, permitiendo estudiar eficientemente el magnetismo
en estos materiales. Pero un derivado de los SMMs se desarrolld
posteriormente y estos fueron los single-ion magnets (SIMs). Basados en

complejos metalicos mononucleares con iones de alta anisotropia magnética,
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tienen la particularidad que son interesantes en el campo de la computacion
quantica ya que pueden ser considerados como bits cuanticos. El primer
ejemplo de MOFs presentando SIMs en los nodos metalicos se produjo en
2014 en nuestro propio grupo. Se sintetizo toda una familia de SIM-MOFs

usando diferentes lantanoides.

La ultima propiedad magnética que pueden presentar los MOFs es la
transicion de espin. El primer ejemplo de este fendmeno se reportd en 1930,
pero no pudo ser explicado eficientemente hasta afios mas tarde, cuando las
teorias de campo cristalino y su evolucion, la del campo de ligandos se
establecieron. El fenomeno se puede explicar cuando un metal de transicion
sufre la degeneracion energética de sus cinco orbitales d en presencia de un
campo octaédrico de ligandos. Se forman tres orbitales no enlazantes de
menor energia y dos orbitales antienlazantes de mayor energia. El fendmeno
de la transicién de espin puede aparecer en iones de metales de la primera
serie de transicion con configuraciones electronicas de d* a d’ pero el ion
estrella estudiado en la transicién de espin es el hierro II, presentando una
configuracion d°. Estos 6 electrones tienen dos maneras de distribuirse entre
los 5 orbitales degenerados comentados anteriormente y depende de la
diferencia energética entre estos dos grupos de orbitales (llamada energia de
campo cristalino) y la energia de apareamiento de los electrones, P. Cuando
P es mucho mayor que la energia de campo cristalino, los electrones se
colocan distribuidos entre todos los orbitales maximizando la multiplicidad y
obteniendo un espin total a 2, llamado el estado de alto espin (AE). En el caso
energético contrario, los seis electrones se aparean en los tres orbitales d de

menor energia, resultando en un espin total a 0, llamado el estado de bajo

227



Resumen de la Tesis Doctoral

espin (BE). Cuando la energia del campo de ligandos y la energia de
apareamiento son cercanas, puede haber una transicion entre ambos estados
mediante un estimulo externo, ya sea temperatura, presion o luz y entonces
ocurre el fendmeno de la transicion de espin, el cambio de AE a BE y

viceversa.

La primera vez que se reportd un polimero de coordinacién presentando
transicion de espin fue en 1995 y desde entonces el campo ha sido
ampliamente estudiado. Para producir una buena transicién de espin es
necesaria una cooperatividad eléstica, es decir, la transicion de espin se
genera inicialmente en un centro metalico y se extiende por toda la red. Para
poder llevar a cabo esto en un polimero de coordinacion infinito, es necesario
tener unos ligandos orgéanicos apropiados que conecten los centros metalicos
ademads de una estructura cristalina sin defectos. Cuando se cumplen ambos
requisitos, tenemos transiciones de espin abruptas. Un tipo de compuesto que
cumple estas caracteristicas son los llamados clatratos de Hofmann. La
formula general de estos compuestos es {Ni(NH3):[Ni(CN)4]} - 2 G siendo G
un huésped interno. Se descubrieron a principios del siglo XX pero no fue
hasta mediados cuando su estructura fue resuelta. Hasta 1996 no se
introdujeron centros de hierro II en derivados de clatratos de Hofmann y fue
entonces cuando aparecio la transicion de espin en este tipo de compuestos.
En los afos posteriores el desarrollo de derivados cambiando el resto de
atomos de la férmula introdujo ricas variaciones para el desarrollo y el estudio

de la transicion de espin en polimeros de coordinacion.
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Pero en esta tesis se han utilizado otro tipo de ligandos organicos con un grupo
funcional determinado, los tetrazoles. Los tetrazoles son un tipo de compuesto
organico heterociclico aromatico, compuesto por cuatro atomos de nitrogeno
y uno de carbono. Tienen una buena capacidad de coordinacién a centros
metalicos debido a sus nitrégenos dadores de densidad electronica. Ademas,
cuando se coordinan en entornos de coordinacion octaédricos a centros de
hierro II, producen un campo de ligandos apropiado para obtener el fendémeno
de la transicion de espin. Los afios 80 y 90 fueron muy fructiferos en la
publicacion de trabajos donde se presentaban complejos mononucleares de
hierro II con tetrazoles coordinados exhibiendo transicion de espin. No fue
hasta el afio 2000 que se publico el primer polimero de coordinacion basado
en tetrazoles que presentaba transicion de espin. El polimero en cuestion tenia
una estructura linear que se extendia infinitamente en una direccion del

espacio, presentando una transicion de espin gradual.

En los afios siguientes el campo se extendié en gran medida, publicando otros
compuestos 1D pero también 2D y 3D basados en tetrazoles. Los estudios se
centraron en principio en afiadir cada vez mas atomos de carbono alifaticos
situados entre los dos grupos tetrazoles. Diversas topologias y transiciones de
espin se fueron publicando a lo largo de la década de los 2000, aunque la
mayoria mantenia la primera topologia encontrada de cadenas 1D donde los
centros metalicos de hierro II estaban conectados por tres ligandos bis-

tetrazoles, extendiendo la estructura infinitamente.

Una vez establecida la transicién de espin en los polimeros de coordinacion,

uno de los desafios a los que se enfrentd el mundo cientifico fue la capacidad
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para modificar esa transicion de espin mediante un estimulo quimico. La
coexistencia de porosidad y transicion de espin en los MOFs es una
aproximacién perfecta, pues la inclusion de moléculas huésped dentro del
MOF puede llegar a modificar dicha transicion. Nuestro grupo publicé en
2013 el primer trabajo donde la adsorcion de un gas modificaba la transicion
de espin. El compuesto en cuestion es un polimero de coordinacién de hierro
IT basado en ligando bis-tetrazol. La estructura estd formada por cadenas 1D
que se extienden infinitamente, donde los centros de hierro II estan
triplemente conectados por ligandos bis-tetrazoles, dejando cavidades
aisladas donde se pueden alojar gases. El polimero de coordinacion presenta
transicion de espin y los estudios de adsorcion de gases demostraron que el
material adsorbia preferentemente dioxido de carbono sobre nitrogeno.
Ademas, esta adsorcion de didxido de carbono modificaba la transicion de
espin debido a la interaccion del momento cuadrupolar del CO; con el anillo
de tetrazol, cambiando ligeramente el campo de ligandos y por ello, la

transicion de espin.

En esta tesis se ha estudiado en profundidad la formacion de estos sistemas
de polimeros de coordinacion compartimentalizados, es decir, que presentan
cavidades aisladas en su interior capaces de alojar gases. La presencia de
hierro II y ligandos tipo tetrazol ha permitido obtener transicion de espin en
todos los compuestos, ademas de poder modificar esta. También se ha

estudiado el crecimiento cristalino.

En el capitulo 2, se trato la posibilidad de adsorber y separar distintos gases

en dos polimeros de coordinacion compartimentalizados previamente
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reportados, CCP-1 y CCP-2. Ambos son isoestructurales y presentan la
formula [Fe(btzx)3](ClO4)2 y [Fe(btzx)s](BFa4)2, respectivamente, siendo btzx
un ligando bis-tetrazol. Ambos presentan cavidades aisladas en el interior de
su estructura cristalina y una transicion de espin centrada a unos 200 K.
Previamente ya se reporto el estudio de adsorcion de nitrogeno y dioxido de
carbono en estos materiales, pero en este capitulo se repitid ademas de
extenderse con CO (monoxido de carbono), CHs4 (metano), C>Hs (etano),
CyHs (etileno) y CyH> (acetileno). En las isotermas de adsorciéon ya se
aprecian algunos problemas de difusividad en algunos gases, observando
como el polimero de coordinaciéon puede adsorber aproximadamente una
molécula de didéxido de carbono, metano, acetileno y etileno; por el contrario,
el monoxido de carbono, el nitrégeno y el eteno quedan practicamente sin
adsorber. Los valores volumétricos en adsorcidon son bastante competitivos
dentro del campo de los materiales para adsorcion, debido a la estructura
intrinseca del material, pues estos polimeros de coordinacion
compartimentalizados presentan una estructura “densa”, debido a la ausencia

de canales permanentes.

Se realizaron medidas en el sincrotron ALBA, Barcelona, para poder
determinar la localizacion de las moléculas gaseosas en el interior de las
cavidades en colaboracion con el Dr. I. J. Vitérica-Yrezabal. El uso de
cavidades discretas conlleva la ventaja de que las moléculas de gas estan
confinadas en un menor espacio, favoreciendo la interaccion entre estas y la
red metal-organica. Los difractogramas de polvo de la muestra cargada con
dioxido de carbono, acetileno y metano se midieron en el sincrotron y

mediante refinamiento Rietveld se pudo determinar la posicion exacta de las
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moléculas gaseosas en el interior de las cavidades, demostrando que estas
interaccionan con el anillo de tetrazol. E1 magnetismo de la muestra con los
distintos gases adsorbidos en su interior también se ha medido exitosamente,
encontrando que diferentes gases modificaban la transicion de espin de una
manera diferente. Por ejemplo, el diéxido de carbono estabiliza el estado de
bajo espin, desplazando la transicion a mayores temperaturas; sin embargo,
el etileno estabiliza el estado de alto espin, desplazando la transicién a
menores temperaturas. Esto puede ser explicado debido al distinto signo del

momento cuadrupolar de ambos gases.

Por ultimo, se realizaron medidas breakthrough de separacion de mezclas
gaseosas de didoxido de carbono/nitrégeno y didxido de carbono/metano. Las
medidas fueron exitosas, demostrando que el polimero de coordinacion
compartimentalizado podia separar eficientemente el didoxido de carbono de
los otros gases en sus respectivas mezclas presentando selectividades

competitivas respecto al resto de materiales del campo de separacion de gases.

La conclusion de este capitulo es que se han sintetizado eficientemente dos
polimeros de coordinacién compartimentalizados que ademas de presentar
interesantes propiedades magnéticas, estas pueden ser modificadas tras la
inclusion de gases, ademas de ser capaz de separar dioxido de carbono
respecto nitrogeno y metano, abriendo la posibilidad de ampliar el estudio de
estos polimeros compartimentalizados como uno de los mejores materiales

para estudiar la separacion y purificacion de mezclas gaseosas.
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En el capitulo 3 se estudié en profundidad la posibilidad de modificar la
transicion de espin. De todas las aproximaciones para poder modificar la
transicion de espin se utiliz6 una de las mas efectivas: la posibilidad de
combinar dos ligandos con ligeras diferencias estructurales pero que
mantengan el mismo centro de coordinacion. Dos polimeros de coordinacion
previamente reportados, [Fe(btzx)3](ClO4)2 y [Fe(btix)3](ClO4)2 presentan
ligandos muy parecidos: btzx es un bis-tetrazol (4 &tomos de nitrégeno en el
heterociclo aromatico) y btix es un bis-triazol (3 4&tomos de nitrégeno en el
heterociclo aromatico). Son isoestructurales, aunque el ligando btix adopta
una conformacion ligeramente diferente, obteniendo una estructura
ligeramente mas torsionada. El mayor cambio se observa en sus propiedades
magneticas: mientras el derivado de tetrazol muestra una transicion de espin
centrada a 200 K el derivado de triazol se mantiene en alto espin en todo el
rango de temperaturas. La posibilidad de crear una estructura hibrida con
ambos ligandos presentes es el trabajo de este capitulo, donde se prepararon
eficientemente una familia de polimeros de coordinacion, usando diluciones
de ligando. Asi, se prepararon diferentes sintesis combinando distintas
proporciones de ligando, empezando con una alta proporcién de ligando
tetrazol que es el que provoca la transicion de espin y afiadiendo poco a poco
ligando triazol. También se prepar6 una mezcla fisica de ambos compuestos
para comprobar la naturaleza quimica de las mezclas que se estaban

sintetizando.
Los analisis Pawley de los difractogramas de polvo de las distintas diluciones

quimicas de ligando mostraron solo una fase cristalina hasta que el porcentaje

de triazol utilizado llegd al 30%, donde empezd a verse ligando sin
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reaccionar. Cuando el ligando triazol utilizado lleg6 al 50%, una mezcla fisica
de ambos compuestos se encontr6 en el difractograma de polvo. El
magnetismo de las muestras sintetizadas demostré que se habia logrado crear
una estructura hibrida de ambos ligandos: a bajas concentraciones de triazol
utilizado, ademas de la transicion de espin original, se genera una nueva
transicion de espin centrada a 140 K, ademas de un pequefio desplazamiento
de la transicion original de 200 K. En la red infinita de centros de hierro II
con 3 ligandos tetrazol sirviendo de puentes, cuando se va introduciendo
triazol en la mezcla inicial, el triazol se inserta en algunas partes de la cadena,
generando un nuevo entorno de coordinacion de 5 tetrazoles y 1 triazol en el
hierro II, lo que provoca la aparicién de la nueva transicion. Ademas, el
caracter torsionado del triazol hace que se ejerza una presion quimica interna
en la estructura, la responsable de desplazar ligeramente la transicion original.
Conforme aumentamos la cantidad de triazol, la transicion original disminuye
en intensidad y la nueva aumenta, confirmando la teoria. Ademas, en cierto
momento dos triazoles coincidiran uno al lado del otro, generando un nuevo
entorno octaédrico de 4 tetrazoles y 2 triazoles, generando una nueva
transicion. Esto se observa cuando llegamos a un 20% de triazol, generando
una nueva transicion de espin a 60 K. Conforme aumentamos mas la cantidad
de triazol, se pierde la coherencia estructural debido a la presion a la que se
ve sometida la estructura, y para un % de triazol igual a 50 se obtiene una

mezcla fisica de ambos componentes separados.
Como conclusion a este capitulo se han sintetizado exitosamente toda una

familia de diluciones quimicas de un sistema de transicion de espin original,

observando como no solo se puede modificar la transicion original, sino que
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se pueden sintetizar sistemas con multiples transiciones de espin, generando
distintos entornos octaédricos en los centros metalicos de hierro II, siendo
esta una aproximacion sencilla de llevar a cabo y resolviendo muchos de los
problemas encontrados en la busqueda de la modificacion de la curva de

transicion de espin en los polimeros de coordinacion.

En el capitulo 4 se sintetizaron exitosamente dos nuevos polimeros de
coordinaciéon compartimentalizados, isoestructurales a CCP-1 y CCP-2 y
llamados CCP-3 y CCP-4, de formula [Fe(btzbp)s:](ClOs), y
[Fe(btzbp)3](BF4)2 respectivamente. El ligando btzbp es otro ligando bis-
tetrazol, pero con un anillo de benceno mas, en total 2 anillos comparado con
el anillo presente en btzx. La motivacion de disefiar quimicamente este
ligando fue la posibilidad de generar cavidades discretas mas grandes en los
polimeros de coordinacion compartimentalizados, pudiendo expandir la
posibilidad de adsorcion de gases y el estudio magnético. Mediante el disefio
quimico del ligando, se realizo la sintesis de este a partir de precursores
comerciales, pudiendo llevarla a cabo en 3 pasos de sintesis organicas. En la
primera, una reaccion de sustitucion nucleofilica permitia cambiar los grupos
Br terminales por grupos N3. Una reduccion mediante hidruro de aluminio y
litio en el segundo paso redujo el grupo azida a amina, y finalmente se realizo
la ciclacion aromatica del anillo de tetrazol a partir de la amina, azida de sodio
y trietil ortoformato. La pureza del ligando fue comprobada por resonancia

magnética nuclear.

Se realizaron las sintesis inorganicas a reflujo utilizando las cantidades

adecuadas de ligando y de las correspondientes sales de hierro II, obteniendo
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los materiales cristalinos CCP-3 y CCP-4, comprobando su pureza,
cristalinidad y caracter isoestructural de ambos por difraccion de rayos X de
polvo. Un monocristal de CCP-4 se pudo obtener, resolviendo su estructura
cristalina y comprobando que se obtenia el polimero de coordinacion
compartimentalizado, analogo a CCP-1 y CCP-2 pero con cavidades internas

mayores.

Se realizé un estudio de adsorcion de gases para didxido de carbono,
nitrégeno y metano. De las isotermas de adsorcion de gases se desprende que
nitrégeno y metano apenas se adsorben, pero mostrando una capacidad de
adsorber dos moléculas de didxido de carbono por cavidad interna. Como se
quiso demostrar al disefiar quimicamente este sistema, la capacidad de CCP-
1 y CCP-2 se ha doblado, ya que en estos sistemas previos la capacidad era

de una molécula de didéxido de carbono por cavidad.

El magnetismo de CCP-3 y CCP-4 se estudio, comprobando que mantienen
una transicion de espin relativamente abrupta a 195 y 199 K respectivamente,
incluso para centros de hierro II tan separados en el espacio. Esto es debido a
la buena cooperatividad eléstica del sistema, debido al triple puente tetrazol
que propaga efectivamente la transicion de espin por toda la red cristalina.
También se estudid la capacidad de modificar esta transicion tras adsorber
diéxido de carbono, estudiando que, para la adsorcion parcial del sistema de
una molécula, la transicion podia moverse 7 K a temperaturas mayores,
estabilizando el estado de bajo espin como en el caso de CCP-1 y CCP-2.
Sorprendentemente, cuando el sistema adsorbe dos moléculas de didxido de

carbono, la transicion solo se desplaza 3 K respecto a la original. Inicialmente,
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se podia esperar el efecto acumulativo, esto es, el momento cuadrupolar de
una molécula de dioxido de carbono afecta a la densidad electronica del anillo
de tetrazol, modificando su transicion y una segunda molécula podia
desplazar todavia mas esta transicion. El efecto observado esta relacionado
con cierta interaccioén interna entre las moléculas de didxido de carbono,
disminuyendo el momento cuadrupolar total que afecta al anillo de tetrazol y

por consiguiente, desplazando la transicion de espin una menor temperatura.

Para acabar, se llevaron a cabo estudios de deposicion del sistema en sustratos
de silicio y cuarzo, pudiendo obtener una buena deposicion de este en el de
silicio. La caracterizacion por rayos X y el magnetismo revelan que el sistema
mantiene sus propiedades cuando este es depositado sobre una superficie en

dos dimensiones.

Como conclusion, el disefio quimico de un ligando mas largo para obtener un
sistema con mayores cavidades internas y permitir una mayor adsorcion de
moléculas de gas y el estudio de sus propiedades magnéticas se ha realizado
con éxito. Esto abre posibilidades al estudio de estos sistemas, incluyendo
distintas funcionalidades en el disefio de nuevos ligandos con diferentes
espaciadores entre los anillos de tetrazol, permitiendo como afecta esta
caracteristica a sus propiedades de adsorcion de gases y magnéticas. Ademas,
la posibilidad de depositar estos interesantes sistemas en dos dimensiones
abre la posibilidad de poder fabricar membranas de adsorcion de gases que
contengan estos polimeros de coordinacion compartimentalizados. Los
estudios de separacion de gases en este sistema con mayor cavidad interna

también puede ser un interesante trabajo a realizar en el futuro.
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Para finalizar, en el capitulo 5, se estudia el crecimiento cristalino de los
polimeros de coordinacién compartimentalizados, con ayuda de métodos
microfluidicos y en colaboracion con el Dr. Josep Puigmarti del instituto de
quimica y bioingenieria del ETH Zurich. La microfluidica se ha demostrado
como una herramienta util para estudiar el crecimiento cristalino.
Normalmente, los sistemas cristalinos sintetizados en el laboratorio se
realizan bajo condiciones termodinamicas, esto es, temperatura, pH,
composicion del disolvente etc. Pero en sistemas de cristalizacion de sistemas
vivos por ejemplo, los procesos ocurren bajo condiciones de no equilibrio, es
decir, con gradientes quimicos, difusion de los reactantes, efectos
hidrodindmicos etc; lo que puede llevar a modos de crecimiento cristalino
cinéticos. Normalmente, los efectos cinéticos pueden dominar sobre los
termodinadmicos, por lo que la microfluidica puede ser una herramienta
excepcional para estudiar el crecimiento cristalino de los polimeros de
coordinaciéon, un campo bastante inexplorado a pesar de las interesantes
propiedades que pueden presentar estos materiales. El polimero de
coordinaciéon compartimentalizado mostrado en el capitulo 4, CCP-4, se ha
sintetizado bajo condiciones de microfluidica y se ha estudiado el crecimiento
cristalino utilizando microscopio electrénico de transmision. Como se ha
dicho anteriormente, CCP-4 presenta una capacidad de adsorber didxido de
carbono ademds de transicion de espin. La morfologia de los cristales
sintetizados bajo condiciones termodinamicas en el laboratorio es de unas
particulas hexagonales perfectas.

Utilizando la microfluidica se sintetizd el material MF-CCP-4, utilizando
distintos tiempos de reaccion. La caracterizacion de MF-CCP-4 demostro por

rayos X de polvo y magnetismo que mantenia las mismas caracteristicas que
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CCP-4, por lo que el material es analogo. Los estudios de microscopio
electronico de las 876 microparticulas obtenidas por microfluidica revelaron
que el sistema puede crecer controlado cinéticamente a través de dos caminos
de crecimiento cristalino: en el primero, una “semilla” cristalina crece a través
de sus vértices, formando un hexdgono incompleto que se va rellenando hasta
completarse. Entonces una siguiente etapa del crecimiento ocurre, volviendo
a crecer a través de los vértices. El otro camino de crecimiento cristalino
ocurre cuando a partir de una “semilla cristalina”, esta crece a partir de los
laterales, hasta formar un hexigono incompleto también que se acaba
rellenando. Entonces una siguiente etapa del crecimiento ocurre, volviendo a
crecer a través de los laterales. Hay que hacer notar que ambos caminos llevan

al mismo producto, el microcristal hexagonal.

Se estudid también el crecimiento termodinamico realizado en el laboratorio,
recogiendo distintas alicuotas de la disolucion de sintesis original para
intentar “congelar” el crecimiento. El andlisis por microscopio electrénico
revel6 que el crecimiento que se llevaba a cabo es el auto-ensamblamiento de
pequefios hexdgonos cristalinos, todos orientados en la misma direccion,

formando un incompleto hexagono més grande.

Como conclusion, en este capitulo se ha revelado el crecimiento cristalino de
un polimero de coordinacion compartimentalizado con transicion de espin. El
uso de la microfluidica permite al sistema crecer hasta por dos caminos
diferentes, pero obteniendo finalmente la misma estructura que en el producto
termodindmico obtenido por la sintesis clasica. Pese a que los caminos

encontrados por microfluidicas llevan a tiempos de reaccion mas largos que
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por el método termodinamico, el uso de la microfluidica fuerza al sistema a
evolucionar por estos caminos menos favorables energéticamente. Esto abre
posibilidades de métodos de cristalizacion “a la carta” en materiales de

similares caracteristicas.
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Objectius

L'objectiu general d'aquesta tesi és la preparacid de polimers de coordinacid
multifuncionals que presentin la propietat de transicié d'espi i1 adsorcio de
gasos. Respecte a la primera, s'estudiara la manera de modificar al nostre
antull la transici6 i per aix0 s'utilitzaran dues aproximacions: la primera,
ajudada per la segona propietat d'adsorcio de gasos, sera el aprofitar I'adsorcid
d'aquestes molecules per influir en les propietats electroniques del centre de
ferro II, modificant el camp de lligands que pateix aquest i per tant, modificant
la transicio d'espi; la segona aproximacid sera la combinaci6é de diferents
lligands organics que comparteixin la mateixa topologia de coordinacié i per
separat donen lloc a materials de molt diferent indole magnetica. La
combinaci6 de tots dos sera clau per generar nous entorns de coordinaci6 en
els centres de ferro II, provocant la creacié de noves transicions d'Espi a
diferents temperatures. A més, un altre objectiu addicional és l'estudi del

creixement cristal-li d'aquests materials.

Metodologia

Sintesi

En aquesta tesi s'han dut a terme diferents técniques de sintesi per completar
els objectius de la mateixa. Per comencar, els lligands organics utilitzats en la
construccid de polimers de coordinacié han estat sintetitzats a partir de
precursors previs. Per a aixo s'han aplicat les diferents técniques de sintesi
organica apreses en la formacid universitaria previa, afrontant els diversos

problemes que aquestes presenten. Des de substitucions nucleofiliques
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aromatiques, passant per reduccions de grups azida a amina utilitzant hidrur
d'alumini 1 liti o ciclacié6 de compostos aromatics, els lligands organics
dissenyats préviament "sobre el paper" per utilitzar en aquesta tesi s'han pogut

sintetitzar sense problema.

Pel que fa a la part més inorganica de la tesi, la sintesi dels polimers de
coordinacid, s'han utilitzat les diverses técniques de creixement cristal-lins
apreses durant el doctorat. S'han dut a terme amb exit la sintesi de diversos
polimers de coordinacié utilitzant metodes de "one pot", és a dir, la barreja
directa a temperatura ambient dels components basics del polimer de
coordinaci6 (dissolucions de Lligand organic i de la sal del metall a utilitzar).
Aquestes sintesi també s'han dut a terme en una altra variable, la del reflux,
quan la barreja d'aquests materials necessita de temperatura per poder formar
amb é&xit els enllagos de coordinacid. Aquesta Ultima técnica en ocasions pot
resultar costosa en temps i materials, de manera que en algunes de les sintesis
presentades en aquesta tesi s'ha optimitzat la sintesi de reflux i pot realitzar la
formaci6 del polimer de coordinacié en un forn microones. L'optimitzacid
d'aquest tipus de sintesi ha permes reduir alguns temps de reaccio de 4 hores
a 5 minuts. Finalment, els materials de més alta cristal-linitat han estat
obtinguts gracies a les reaccions solvotermals, és a dir, sintesi dutes a terme
en forns quimics dins d'uns vials especials tancats que permeten assolir

temperatures superiors a la temperatura d'ebullicio del dissolvent.

244



Resum de la Tesi Doctoral

Técniques de caracteritzacio

Raigs-X de monocristall

La cristal-lografia de raigs X de monocristall ens permet conéixer les
estructures cristal-lines dels compostos sempre que es disposi d'un
monocristall del material que difracten els raigs X. Es basa en el principi que
els electrons dels atoms difracten els raigs X rebuts, aquest resultant i mesurat
pel detector conté informacid sobre el nombre d'electrons i la posicid de
l'atom del nostre material. Analisis posteriors amb métodes matematics ens

permeten  obtenir les estructures cristal-lines dels compostos.

En aquesta tesi, les estructures cristal-lines resoltes a partir dels respectius
monocristalls han estat mesurats a 120 1 240 K (a causa del caracter de
transicié d'espi i el canvi estructural que comporta) en un difractometre
SUPERNOVA equipat amb una font de raigs X de grafit monocromada (Mo).
Per a la resoluci6 de les estructures per metodes matematics s'han utilitzat el
paquet de programes SHELXTL i com a interficie grafica el programa Olex-
2. Els parametres de recopilaci6 i refinament de dades es mostren en cada

capitol corresponent.

Raigs-X de pols

Aquesta tecnica s'ha utilitzat per comprovar la puresa de les diferents mostres
cristal-lines, comparant amb els patrons obtinguts en el difractometre de raigs
X de monocristall. Es una técnica molt util per poder detectar impureses en el
material. Es basa en la incidéncia dels raigs X sobre una mostra del material

introduida en un capil-lar de 0,5 mm de diametre de vidre (material amorf,
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invisible als raigs X pel que no interfereix en la mesura). Els raigs X surten
difractats de la mostra amb un angle theta (0), i a causa de la llei de Bragg de
la diffraccié (A =2 - d sen0), es poden establir les relacions de les distancies
interatomiques. El detector es mou, recollint els diferents angles als quals
difracta la mostra i recollint el difractograma de pols que conté informacid
sobre l'estructura cristal-lina de la mostra. Les mesures es van realitzar en un
equip Empyrean PANalytical amb dos escombrats acumulats en el rang de 0

de 2 a 60°.

Mesures magnétiques

Les mesures magnetiques realitzades als compostos presentats en aquesta tesi
es van realitzar amb un magnetometre de tipus SQUID "Quantum Design
MPMS-XL-5". SQUID és l'acronim angles per "Superconducting Quantum
Interference Device" la traduccid seria "Dispositiu Superconductor
d'Interferéncia Quantica". Aquests susceptometres son capacos de mesurar
senyals magnétiques molt petites amb molt poc soroll. Les mesures d'aquest
treball es van realitzar generalment en l'interval de temperatures entre 2 1 300
K i aplicant camps magnétics de 0.1 T sobre les mostres poli-cristal-lines dels
compostos. Després de realitzar les mesures, les dades de susceptibilitat es
corregeixen per eliminar la contribucié del porta-mostres on es mesura i de

les contribucions diamagnetiques mitjangant les constants de Pascal.

Resum i conclusions
El treball descrit en aquesta tesi s'emmarca dins dels polimers de coordinacid
compartimentalitzats. Els polimers de coordinacié sén materials hibrids

organics-inorganics formats per un metall envoltat per uns lligands organics
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units mitjancant enllag de coordinacio i es poden obtenir estructures que
s'estenen en una, dues o tres direccions de l'espai. Les infinites possibilitats
que existeixen a causa de la gran varietat de metalls disponibles i
especialment, a la possibilitat de sintetitzar multiples lligands organics permet
dissenyar quimicament materials amb propietats "a la carta", a més de la
possibilitat de presentar multifuncionalitat, és a dir, la combinaci6 de diverses
propietats fent el material molt més interessant. Quan un polimer de
coordinacié presenta la caracteristica de porositat, és a dir, presenta canals
interns capagos d'allotjar hostes, ja siguin dissolvents, gasos o altres
molécules, al polimer de coordinaci6 se li crida Metal-Organic Framework

(MOF), xarxes metall-organiques.

Dins d'aquestes multiples propietats tenim l'estabilitat quimica, moltes
vegades necessaria per poder preparar un material util ja que estara exposat a
l'atac de diversos agents quimics que poden desgastar i inutilitzar les seves
interessants propietats. Els MOFs a més presenten altes arees superficials,
fent-los candidats perfectes per al seu s en catalisi. La possibilitat d'utilitzar-
los com a cel-lules de combustible també s'ha explorat, amb la mesura de les
seves propietats conductores. Perd la caracteristica estrela dels MOFs com ja
s'ha comentat €s la que els dona la seva particular designacié com sub-classe
de polimer de coordinacié i aquesta ¢s la preséncia de porositat. La possibilitat
d'allotjar hostes al interior d'aquests compostos (i el que pot comportar en la
modificacié d'una altra de les seves propietats) ha fet a aquests materials ser
un dels camps en auge des de fa 20 anys. El 1998 es va reportar el primer
exemple d'adsorcid de gasos en un d'aquests materials, mesurant I'adsorcié de

dioxid de carboni i de nitrogen en I'anomenat MOF-5. En els segiients anys,
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l'intens estudi en el camp dels MOFs va permetre anar augmentant cada

vegada més la capacitat d'emmagatzemar cada vegada més quantitat de gasos.

Pero amb el temps, la simple idea d'emmagatzemar cada vegada més quantitat
de gas va donar pas a una altra idea molt interessant, derivada de les
necessitats mediambientals del planeta: la separaci6 de gasos. Es va comengar
a estudiar un altre tipus de MOFs, els anomenats MOFs de ultramicroporus,
on en lloc de buscar una obertura de porus més gran per poder emmagatzemar
més quantitat de gas, es busca un porus més petit capa¢ de discriminar entre
diferents gasos que componen una barreja. La produccio de residus en la
industria petroquimica i electronica porta al desenvolupament de nous
materials capag d'eliminar les impureses originades en la produccio dels seus
materials i els MOFs son candidats perfectes per dur a terme aquesta tasca.
Per exemple, la produccié d'acetilé pur és un problema a causa de que es
genera una barreja gasosa d'acetile / dioxid de carboni. El 2005 es va reportar
un MOF que podia separar eficientment aquesta barreja gasosa. El MOF de
coure reportat podia absorbir l'acetilé molt millor que el dioxid de carboni,
permetent la separacio d'aquesta barreja. Pero realment la major utilitat seria
poder absorbir la impuresa de dioxid de carboni, ja que en aquest primer
material després €s necessari el cost d'alliberar 1'acetilé del material. Per aixo,
en 2016 es va demostrar que aixo era possible, amb la publicaci6 d'un treball
on es va sintetitzar un MOF de manganeés. A baixes pressions, es demostrava
que aquest material podia absorbir dioxid de carboni preferentment sobre
acetile. Els autors pensaren sobre aquest comportament a causa de la

interaccid entre el moment quadrupolar del gas 1 la xarxa metall-organica.
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Una altra barreja de gasos interessant de separar ¢és la formada per etile /
acetile. L'etile és utilitzat ampliament en la fructifera industria dels polimers,
pero en la seva produccio es generen diverses impureses, entre elles acetile.
En 2017 es va publicar sobre un MOF que permetia separar eficientment

mescles d'acetilé 1 etilé.

L'altra propietat estrela que poden presentar els MOFs, a més de la seva
intrinseca porositat, és el magnetisme. El magnetisme és una propietat que
poden presentar els materials basada en els portadors d'espi. Els MOFs
magnetics es poden dividir entre els que presenten interaccions magnetiques
de llarg rang, els que tenen centres single-molecule magnets (SMMS) i els

que presenten spin-Crossover.

La preséncia d'interaccions magnétiques de llarg rang i porositat és un
desafiament al qual s'han hagut d'enfrontar els quimics per combinar aquestes
dues propietats contraries: el magnetisme necessita distancies curtes entre els
centres metal-lics per poder propagar eficientment el bescanvi magnetic i la
porositat necessita llargues distancies per poder generar porus més grans.
Diverses estrategies s'han dut a terme per poder sortejar aquest inconvenient.
S'han utilitzat lligands curts que tot i aixi generaven estructures poroses, de
fet, el 2002 es va reportar un sistema amb un dels grups més curts, el grup
CN, que presentava magnetisme i a més l'adsorci6 de molecules d'oxigen pel
material modificava les seves propietats magnetiques. Una altra estratégia
duta a terme és combinar dos tipus de lligands: un de curt per obtenir un
bescanvi magnetic eficient en I'estructura i un altre més llarg a manera de

"pilar" que permeti obtenir grans porus. La familia del MOF-74 ¢és un clar
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exemple d'aquesta metodologia, podent haver sintetitzat una gran varietat de
derivats canviant el centre metal-lic (zinc, cobalt, niquel, magnesi, manganes,
coure, ferro ...). El derivat de ferro es va reportar el 2012, demostrant a més
que el bescanvi magnetic del MOF es podia ajustar fent servir 1'adsorcié de
diferents hidrocarburs. Depenent del fort que sigui la interaccid de
'hidrocarbur 1 la xarxa metall-organica, el canvi en el magnetisme és diferent.
Una altra possibilitat és la utilitzaciéo de radicals organics com lligands, a
causa de que la preseéncia dels espins individuals que posseeixen poden
promoure interaccions de bescanvi efectives. E1 2002 es va publicar el primer
exemple d'un MOF amb lligands organics radical i presentant propietats

magnetiques, encara que a molt baixa temperatura.

Els single-molecule magnets (SMMS) son moleécules magnétiques que
presenten baixa relaxacid de la magnetitzacié a baixes temperatures. La
inclusié d'aquestes interessants molécules en els nodes d'un MOF es va
produir per primera vegada el 2004, permetent estudiar eficientment el
magnetisme en aquests materials. Perd un derivat dels SMMS es va
desenvolupar posteriorment i aquests van ser els single-i6 magnets (SIMs).
Basats en complexos metal-lics mononuclears amb ions d'alta anisotropia
magnetica, tenen la particularitat que son interessants en el camp de la
computacio quantica ja que poden ser considerats com bits quantics. El primer
exemple de MOFs presentant SIMs en els nodes metal-lics es va produir en
2014 en el nostre propi grup. Es va sintetitzar tota una familia de SIM-MOFs

usant diferents lantanoides.
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L'altima propietat magnetica que poden presentar els MOFs ¢és la transicid
d'Espi. El primer exemple d'aquest fenomen es va reportar en 1930, pero no
va poder ser explicat eficientment fins anys més tard, quan les teories de camp
cristal-li i la seva evolucid, la del camp de lligands es van establir. El fenomen
es pot explicar quan un metall de transicié pateix la degeneracio energetica
dels seus cinc orbitals d en preséncia d'un camp octaédric de lligands. Es
formen tres orbitals no enllagants de menor energia i dos orbitals
antienllagants de major energia. El fenomen de la transici6 d'Espi pot
apareixer en ions de metalls de la primera serie de transici6 amb
configuracions electroniques de d* a d’ pero el i0 estrela estudiat en la
transicié d'espi és el ferro II, presentant una configuracid d°. Aquests 6
electrons tenen dues maneres de distribuir-se entre els 5 orbitals degenerats
comentats anteriorment i depén de la diferéncia energetica entre aquests dos
grups d'orbitals (anomenada energia de camp cristal-li) 1 l'energia
d'aparellament dels electrons, P. Quan P és molt més gran que l'energia de
camp cristal-1i, els electrons es col-loquen distribuits entre tots els orbitals
maximitzant la multiplicitat i obtenint un espi total a 2, anomenat 1'estat d'alt
espi (AE). En el cas energetic contrari, els sis electrons s'aparellen en els tres
orbitals d de menor energia, resultant en un espi total a 0, anomenat l'estat de
baix espi (BE). Quan l'energia del camp de lligands i I'energia d'aparellament
son properes, pot haver una transici6 entre els dos estats mitjangant un estimul
extern, ja sigui temperatura, pressio o llum 1 llavors passa el fenomen de la

transicio d'espi, el canvi d'AE a BE i viceversa.

La primera vegada que es va reportar un polimer de coordinacio presentant

transicié d'espi va ser el 1995 i1 des de llavors el camp ha estat ampliament
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estudiat. Per produir una bona transicié d'espi cal una cooperativitat elastica,
és a dir, la transicio d'espi es genera inicialment en un centre metal-lic i s'estén
per tota la xarxa. Per poder dur a terme aixo en un polimer de coordinaci6
infinit, cal tenir uns lligands organics apropiats que connectin els centres
metal-lics a més d'una estructura cristal-lina sense defectes. Quan es
compleixen ambdds requisits, tenim transicions d'espi abruptes. Un tipus de
compost que compleix aquestes caracteristiques son els anomenats clatrats de
Hofmann. La férmula general d'aquests compostos és {Ni (NH3)2 [Ni (CN)4]}
- 2 H sent H un hoste intern. Es van descobrir a principis del segle XX pero
no va ser fins a mitjans quan la seva estructura va ser resolta. Fins a 1996 no
es van introduir centres de ferro II en derivats de clatrats de Hofmann i va ser
llavors quan va apar¢ixer la transicié d'espi en aquest tipus de compostos. En
els anys posteriors el desenvolupament de derivats canviant la resta d'atoms
de la formula introduir riques variacions per al desenvolupament i l'estudi de

la transici6 d'espi en polimers de coordinacio.

Pero en aquesta tesi s'han utilitzat un altre tipus de lligands organics amb un
grup funcional determinat, els Tetrazols. Els Tetrazols séon un tipus de
compost organic heterociclic aromatic, compost per quatre atoms de nitrogen
1 un de carboni. Tenen una bona capacitat de coordinacié a centres metal-lics
a causa dels seus nitrogens dadors de densitat electronica. A més, quan es
coordinen en entorns de coordinacid octaédrics a centres de ferro II,
produeixen un camp de lligands apropiat per obtenir el fenomen de la
transicio d'espi. Els anys 80 i1 90 van ser molt fructifers en la publicaci6 de
treballs on es presentaven complexos mononuclears de ferro Il amb Tetrazols

coordinats exhibint transicid d'Espi. No va ser fins I'any 2000 que es va
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publicar el primer polimer de coordinacio basat en Tetrazols que presentava
transicio d'Espi. El polimer en qiiestio tenia una estructura lineal que s'estenia
infinitament en una direccido de l'espai, presentant una transicié d'Espi

gradual.

En els anys seglients el camp es va estendre en gran mesura, publicant altres
compostos 1D perd també 2D i 3D basats en Tetrazols. Els estudis es van
centrar en principi a afegir cada vegada més atoms de carboni alifatics situats
entre els dos grups Tetrazols. Diverses topologies i transicions d'Espi es van
anar publicant al llarg de la década dels 2000, encara que la majoria mantenia
la primera topologia trobada de cadenes 1D on els centres metal-lics de ferro
IT estaven connectats per tres lligands bis-Tetrazols, estenent l'estructura

infinitament

Un cop establerta la transicid d'Espi en els polimers de coordinacio, un dels
desafiaments als quals es va enfrontar el mon cientific va ser la capacitat per
a modificar aquesta transici6 d'Espi mitjancant un estimul quimic. La
coexistencia de porositat i transicid d'Espi en els MOFs és una aproximacio
perfecta, ja que la inclusié de molecules hoste dins el MOF pot arribar a
modificar aquesta transicid. El nostre grup va publicar el 2013 el primer
treball on l'adsorcié d'un gas modificava la transicié d'Espi. El compost en
qiiestio és un polimer de coordinacid de ferro II basat en Lligand bis-tetrazol.
L'estructura esta formada per cadenes 1D que s'estenen infinitament, on els
centres de ferro II estan triplement connectats per lligands bis-Tetrazols,
deixant cavitats aillades on es poden allotjar gasos. El polimer de coordinacid

presenta transicid d'Espi i els estudis d'adsorcid de gasos van demostrar que
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el material adsorbia preferentment dioxid de carboni sobre nitrogen. A més,
aquesta adsorci6 de dioxid de carboni modificava la transicio d'Espi causa de
la interaccid del moment quadrupolar del CO; amb I'anell de tetrazol, canviant

lleugerament el camp de lligands 1 per aixo, la transicid6 d'Espi.

En aquesta tesi s'ha estudiat en profunditat la formacio d'aquests sistemes de
polimers de coordinacié compartimentalitzats, és a dir, que presenten cavitats
aillades en el seu interior capagos d'allotjar gasos. La preséncia de ferro II 1
lligands tipus tetrazol ha permes obtenir transicidé d'Espi en tots els
compostos, a més de poder modificar aquesta. També s'ha estudiat el

creixement cristal-1i.

En el capitol 2, es va tractar la possibilitat d'adsorbir i separar diferents gasos
en dos polimers de coordinacié compartimentalitzats préviament reportats,
CCP-1 i CCP-2. Tots dos son isoestructurals i presenten la formula [Fe
(btzx)3] (ClO4)2 1 [Fe (btzx)s] (BF4)2, respectivament, sent btzx un Lligand
bis-tetrazol. Tots dos presenten cavitats aillades a l'interior de la seva
estructura cristal-lina i una transicié d'Espi centrada a uns 200 K. Préviament
ja es vareportar l'estudi d'adsorcid de nitrogen i dioxid de carboni en aquests
materials, perd en aquest capitol es va repetir més d'estendre amb CO
(monoxid de carboni), CHs (meta), CoHs (eta), CoHa (etile) 1 CoHa (acetile).
A les isotermes d'adsorcid ja s'aprecien alguns problemes de difusivitat en
alguns gasos, observant com el polimer de coordinacidé pot adsorbir
aproximadament una molécula de dioxid de carboni, meta, acetil¢ i etile; per
contra, el monoxid de carboni, el nitrogen i el eté queden practicament sense

adsorbir. Els valors volumeétrics en adsorcié son bastant competitius dins el
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camp dels materials per adsorcid, a causa de l'estructura intrinseca del
material, ja que aquests polimers de coordinacid compartimentalitzats

resenten una estructura "densa", a causa de 'abséncia de canals permanents.
9

Es van realitzar mesures en el sincrotr6 ALBA, Barcelona, per poder
determinar la localitzacié de les molécules gasoses a l'interior de les cavitats
en col-laboracio amb el Dr. I. J. Vitorica-Yrezéabal. L's de cavitats discretes
comporta l'avantatge que les molécules de gas estan confinades en un menor
espai, afavorint la interacci6 entre aquestes i la xarxa metall-organica. Els
difractogrames de pols de la mostra carregada amb dioxid de carboni, acetilé
1 meta es van mesurar al sincrotrd i mitjangant refinament Rietveld es va poder
determinar la posicid exacta de les molecules gasoses a l'interior de les
cavitats, demostrant que aquestes interaccionen amb l'anell de tetrazol. El
magnetisme de la mostra amb els diferents gasos adsorbits en el seu interior
també s'ha mesurat amb exit, trobant que diferents gasos modificaven la
transicio d'Espi d'una manera diferent. Per exemple, el dioxid de carboni
estabilitza I'estat de baix espi, desplacant la transicid a majors temperatures;
pero, l'etile estabilitza l'estat d'alt Espi, desplagant la transicié a menors
temperatures. Aix0 pot ser explicat a causa del diferent signe del moment

quadrupolar d'ambdos gasos.

Finalment, es van realitzar mesures breakthrough de separacié de mescles
gasoses de dioxid de carboni / nitrogen i dioxid de carboni / meta. Les mesures
van ser reeixides, demostrant que el polimer de coordinacid
compartimentalitzat podia separar eficientment el dioxid de carboni dels

altres gasos en les seves respectives mescles presentant selectivitats
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competitives respecte a la resta de materials del camp de separacié de gasos.

La conclusio d'aquest capitol és que s'han sintetitzat eficientment dos
polimers de coordinacidé compartimentalitzats que a més de presentar
interessants propietats magnetiques, aquestes poden ser modificades després
de la inclusio de gasos, a més de ser capac de separar dioxid de carboni
respecte nitrogen i meta, obrint la possibilitat d'ampliar l'estudi d'aquests
polimers compartimentalitzats com un dels millors materials per estudiar la

separacio 1 purificacio de mescles gasoses.

En el capitol 3 es va estudiar en profunditat la possibilitat de modificar la
transicio d'Espi. De totes les aproximacions per poder modificar la transicid
d'Espi es va utilitzar una de les més efectives: la possibilitat de combinar dues
lligands amb lleugeres diferéncies estructurals perd que mantinguin el mateix
centre de coordinaci6. Dos polimers de coordinacié préviament reportats,
[Fe(btzx)3](ClO4)2 1 [Fe(btix)3](ClOs)> presenten lligands molt semblants:
btzx és un bis-tetrazol (4 atoms de nitrogen en el heterocicle aromatic) i btix
¢és un bis-Triazol (3 atoms de nitrogen en el heterocicle aromatic). Son
isoestructurals, encara que el Lligand btix adopta una conformacid
lleugerament diferent, obtenint una estructura lleugerament més torsionada.
El major canvi s'observa en les seves propietats magnétiques: mentre el
derivat de tetrazol mostra una transicié d'Espi centrada a 200 K el derivat de
Triazol es manté en alt Espi en tot el rang de temperatures. La possibilitat de
crear una estructura hibrida amb dos lligands presents és la feina d'aquest
capitol, on es van preparar eficientment una familia de polimers de

coordinaci6, usant dilucions de Lligand. Aixi, es van preparar diferents sintesi
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combinant diferents proporcions de lligand, comengant amb una alta
proporcio de lligand tetrazol que és el que provoca la transici6 d'Espi i1 afegint
a poc a poc Lligand Triazol. També es va preparar una barreja fisica de tots
dos compostos per comprovar la naturalesa quimica de les mescles que

s'estaven sintetitzant.

Les analisis Pawley dels difractogrames de pols de les diferents dilucions
quimiques de Lligand van mostrar només una fase cristal-lina fins que el
percentatge de Triazol utilitzat va arribar al 30%, on va comengar a veure
Lligand sense reaccionar. Quan el Lligand Triazol utilitzat va arribar al 50%,
una barreja fisica de tots dos compostos es va trobar al difractograma de pols.
El magnetisme de les mostres sintetitzades va demostrar que s'havia
aconseguit crear una estructura hibrida de tots dos lligands: a baixes
concentracions de Triazol utilitzat, a més de la transici6 d'Espi original, es
genera una nova transicid6 d'Espi centrada a 140 K, a més d'un petit
desplagament de la transicio original de 200 K. a la xarxa infinita de centres
de ferro II amb 3 lligands tetrazol servint de ponts, quan es va introduint
Triazol en la barreja inicial, el Triazol s'insereix en algunes parts de la cadena,
generant un nou entorn de coordinacio de 5 Tetrazols i 1 Triazol en el ferro
I1, el que provoca l'aparici6 de la nova transicid. A més, el caracter torsionat
del Triazol fa que s'exerceixi una pressido quimica interna en l'estructura, la
responsable de desplagar lleugerament la transicid original. D'acord
augmentem la quantitat de Triazol, la transicid original disminueix en
intensitat 1 la nova augmenta, confirmant la teoria. A més, en cert moment 2
triazols coincidiran un al costat de 1'altre, generant un nou entorn octaedric de

4 Tetrazols i 2 triazols, generant una nova transicid. Aixo0 s'observa quan vam
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arribar a un 20% de Triazol, generant una nova transicié6 d'Espi a 60 K.
D'acord augmentem més la quantitat de Triazol, es perd la coheréncia
estructural a causa de la pressid a que es veu sotmesa l'estructura, i per 1% de

Triazol igual a 50 s'obté una barreja fisica de tots dos components separats.

Com a conclusio a aquest capitol s'han sintetitzat amb exit tota una familia de
dilucions quimiques d'un sistema de transici6 d'Espi original, observant com
no nomeés es pot modificar la transicid original, sind que es poden sintetitzar
sistemes amb multiples transicions d'Espi, generant diferents entorns
octaedrics en els centres metal-lics de ferro II, sent aquesta una aproximacio
senzilla de dur a terme i resolent molts dels problemes trobats en la recerca
de la modificaci6 de la corba de transicid6 d'Espi en els polimers de

coordinacio.

En el capitol 4 es van sintetitzar amb exit dos nous polimers de coordinaci6
compartimentalitzats, isoestructurals a CCP-1 1 CCP-2 i anomenats CCP-3 i
CCP-4, de formula Fe(btzbp);](ClOa4), 1 [Fe(btzbp);](BF4)2 respectivament.
El Lligand btzbp és un altre Lligand bis-tetrazol, perd amb un anell de benze
meés, en total 2 anells comparat amb 'anell present en btzx. La motivacié de
dissenyar quimicament aquest Lligand va ser la possibilitat de generar
cavitats discretes més grans en els polimers de coordinacid
compartimentalitzats, podent expandir la possibilitat d'adsorcié de gasos i
l'estudi magneétic. Mitjangant el disseny quimic del Lligand, es va realitzar la
sintesi d'aquest a partir de precursors comercials, podent dur-la a terme en 3
passos de sintesi organiques. A la primera, una reaccid de substitucid

nucleofilica permetia canviar els grups Br terminals per grups Ni. Una
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reduccié mitjangant hidrur d'alumini i liti en el segon pas va reduir el grup
azida a amina, 1 finalment es va realitzar la ciclacidé aromatica de I'anell de
tetrazol a partir de 1'amina, azida de sodi i trietil ortoformat. La puresa del

Lligand va ser comprovada per ressonancia magnetica nuclear.

Es van realitzar les sintesis inorganiques a reflux utilitzant les quantitats
adequades de Lligand i de les corresponents sals de ferro II, obtenint els
materials cristal-lins CCP-3 1 CCP-4, comprovant la seva puresa,
cristal-linitat 1 caracter isoestructural de tots dos per difraccié de raigs X de
pols. Un monocristall de CCP-4 es va poder obtenir, resolent la seva
estructura cristal-lina i comprovant que s'obtenia el polimer de coordinacid
compartimentalitzat, analeg a CCP-1 i CCP-2 pero amb cavitats internes

grans.

Es va realitzar un estudi d'adsorcié de gasos per dioxid de carboni, nitrogen i
meta. De les isotermes d'adsorci6é de gasos es desprén que nitrogen i meta
gairebé no s'adsorbeixen, perd mostrant una capacitat d'adsorbir dues
molecules de dioxid de carboni per cavitat interna. Com es va voler demostrar
al dissenyar quimicament aquest sistema, la capacitat de CCP-11 CCP-2 s'ha
doblat, ja que en aquests sistemes previs la capacitat era d'una molécula de

dioxid de carboni per cavitat.

El magnetisme de CCP-3 i CCP-4 es va estudiar, comprovant que mantenen
una transicié d'Espi relativament abrupta a 1951 199 K respectivament, fins i
tot per a centres de ferro II tan separats en I'espai. Aixo és a causa de la bona

cooperativitat elastica del sistema, a causa del triple pont tetrazol que propaga
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efectivament la transicido d'Espi per tota la xarxa cristal-lina. També es va
estudiar la capacitat de modificar aquesta transicio després d adsorbir dioxid
de carboni, estudiant que, per l'adsorci6 parcial del sistema d'una molécula,
la transicid es podia moure 7 K a temperatures majors, estabilitzant 1'estat de
baix Espi com en el cas de CCP -1 1 CCP-2. Sorprenentment, quan el sistema
adsorbeix dues molecules de dioxid de carboni, la transicié només es desplaga
3 K respecte a l'original. Inicialment, es podia esperar I'efecte acumulatiu, és
a dir, el moment quadrupolar d'una molécula de dioxid de carboni afecta la
densitat electronica de l'anell de tetrazol, modificant la seva transicié i una
segona molecula podia desplacar encara més aquesta transicid. L'efecte
observat esta relacionat amb certa interaccid interna entre les molécules de
dioxid de carboni, disminuint el moment quadrupolar total que afecta a I'anell

de tetrazol 1 per tant, desplacant la transicié d'Espi una menor temperatura.

Per acabar, es van dur a terme estudis de deposicié del sistema en substrats
de silici 1 quars, podent obtenir una bona deposicié d'aquest al de silici. La
caracteritzacio per raigs X i el magnetisme revelen que el sistema manté les
seves propietats quan aquest és dipositat sobre una superficie en dues

dimensions.

Com a conclusio, el disseny quimic d'un Lligand més llarg per obtenir un
sistema amb majors cavitats internes i permetre una major adsorcidé de
molécules de gas 1 I'estudi de les seves propietats magnétiques s'ha realitzat
amb exit. Aix0 obre possibilitats a l'estudi d'aquests sistemes, incloent
diferents funcionalitats en el disseny de nous lligands amb diferents

espaiadors entre els anells de tetrazol, permetent com afecta aquesta
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caracteristica a les seves propietats d'adsorci6 de gasos i magnétiques. A més,
la possibilitat de dipositar aquests interessants sistemes en dues dimensions
obre la possibilitat de poder fabricar membranes d'adsorcid de gasos que
continguin aquests polimers de coordinacié compartimentalitzats. Els estudis
de separacid de gasos en aquest sistema amb major cavitat interna també pot

ser un interessant treball a realitzar en el futur.

Per acabar, en el capitol 5, s'estudia el creixement cristal-li dels polimers de
coordinacié compartimentalitzats, amb ajuda de metodes microfluidics i en
col-laboraci6 amb el Dr. Josep Puigmarti de l'institut de quimica 1
bioenginyeria de I'ETH Zurich. La microfluidica s'ha demostrat com una eina
util per estudiar el creixement cristal-li. Normalment, els sistemes cristal-lins
sintetitzats al laboratori es realitzen sota condicions termodinamiques, aixo
¢s, temperatura, pH, composicidé del dissolvent etc. Perd en sistemes de
cristal-litzaci6 de sistemes vius per exemple, els processos ocorren sota
condicions de no equilibri, és a dir, amb gradients quimics, difusio dels
reactants, efectes hidrodinamics etc; el que pot portar a maneres de
creixement cristal-1i cinetics. Normalment, els efectes cinetics poden dominar
sobre els termodinamics, de manera que la microfluidica pot ser una eina
excepcional per estudiar el creixement cristal-1i dels polimers de coordinacio,
un camp forga inexplorat tot i les interessants propietats que poden presentar
aquests materials. El polimer de coordinacié compartimentalitzat mostrat en
el capitol 4, CCP-4, s'ha sintetitzat sota condicions de microfluidica i s'ha
estudiat el creixement cristal-li utilitzant microscopi electronic de
transmissio. Com s'ha dit anteriorment, CCP-4 presenta una capacitat

d'adsorbir dioxid de carboni a més de transicié d'Espi. La morfologia dels
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cristalls sintetitzats sota condicions termodinamiques al laboratori és d'unes

particules hexagonals perfectes.

Utilitzant la microfluidica es va sintetitzar el material MF-CCP-4, utilitzant
diferents temps de reaccio. La caracteritzacio6 de MF-CCP-4 va demostrar
per raigs X de pols i magnetisme que mantenia les mateixes caracteristiques
que CCP-4, de manera que el material és analeg. Els estudis de microscopi
electronic de les 876 microparticules obtingudes per microfluidica van revelar
que el sistema pot créixer controlat cin¢ticament a través de dos camins de
creixement cristal-li: en el primer, una "llavor" cristal-lina creix a través dels
seus vertexs, formant un hexagon incomplet que es va omplint fins completar-
se. Llavors una segiient etapa del creixement passa, tornant a créixer a través
dels vertexs. L'altre cami de creixement cristal-1i passa quan a partir d'una
"llavor cristal-lina", aquesta creix a partir dels laterals, fins a formar un
hexagon incomplet també que s'acaba omplint. Llavors una segiient etapa del
creixement passa, tornant a créixer a través dels laterals. Cal fer notar que els

dos camins porten al mateix producte, el microcristal hexagonal.

Es va estudiar també el creixement termodinamic realitzat al laboratori,
recollint diferents aliquotes de la dissolucié de sintesi original per intentar
"congelar" el creixement. L'analisi per microscopi electronic va revelar que
el creixement que es duia a terme és 1'auto-ensamblament de petits hexagons
cristal-lins, tots orientats en la mateixa direccid, formant un incomplet

hexagon més gran.
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Com a conclusi6, en aquest capitol s'ha revelat el creixement cristal-1i d'un
polimer de coordinaci6 compartimentalizat amb transiciéo d'Espi. L'us de la
microfluidica permet al sistema créixer fins per dos camins diferents, pero
obtenint finalment la mateixa estructura que en el producte termodinamic
obtingut per la sintesi classica. Malgrat que els camins trobats per
microfluidiques porten a temps de reaccid més llargs que pel metode
termodinamic, 1'Gs de la microfluidica forca al sistema a evolucionar per
aquests camins menys favorables energeticament. Aixo obre possibilitats de
metodes de cristal-litzacid6 "a la carta" en materials de similars

caracteristiques.
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