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Summary

SUMMARY

The work described in this thesis is motivated by the intention of developing new
stimuli-responsive magnetic coordination polymers, and through them learn about the
insights of dynamic behaviour. Two different areas, which refer to the scale at which
the systems are obtained, have been explored. In this sense, the thesis has been divided
in two parts: the first one deals with the preparation of crystalline stimuli-responsive
magnetic CPs, and the second part refers to the synthesis of responsive magnetic
nanoparticles (NP). Hence, macroscopic crystals or nanoparticles of CPs have been
obtained following different methodologies: for the preparation of CPs, methods of
crystal engineering based in soft-chemistry have been applied, whereas typical sol-gel

methods have been adjusted to obtain nanostructured CPs.

From a general point of view, both parts of the thesis have in common the use of
coordination chemistry as the key driving force to obtain new magnetic materials with
interesting dynamic and responsive behaviour. A rational ligand design has been
developed in order to provide different properties to the final frameworks. In this
sense, the ligands of use have promoted magnetic exchange interactions and/or
flexibility to the structure. Four different ligands have been used and are presented in

the following table:

— 4 —n AN N/N
o—J T W

2-(imidazol-2-yl)pyridine 1,4-bis(triazol-1-ylmethyl)benzene
N /N §y\{ ‘ AN r\{ /\N

N
Y—? NN F N §N/

1H-1,2 4-triazole 1,4-bis(tetrazol-1-ylmethyl)benzene
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The ligand 2-(imidazol-2-yl)pyridine, pyimH, has been used to obtain magnetic CPs,
since it is capable of promoting magnetic exchange interactions; the flexible ligand
1,4-bis(triazol-1-ylmethyl)benzene, btix, can adopt different conformations by the
effect of an external stimulus resulting in dynamic frameworks; and finally, the
ligands 1,4-bis(tetrazol-1-ylmethyl)benzene, btzx, and /H-1,24-triazole provide a

suitable ligand field for the appearance of spin-crossover phenomena.

The first part extends to Chapters 1-5, and deals with the preparation of the
responsive CPs as crystalline solids. To pursuit this objective, two different
approaches have been followed. The first method has used an imidazolate based
ligand that can promote magnetic exchange interactions to obtain magnetic CP. The
second approach refers to the use of flexible ligands which can respond to an external

stimulus and are capable to adapt to structural modifications.

After a general introduction to stimuli responsive magnetic MOFs in Chapter 1,
Chapter 2 presents a non-porous CP based on an imidazolate ligand, which can
modulate the physical properties by chemisorption of gas molecules. Upon
chemisorption of 3 equivalents of HCI molecules, the crystalline coordination polymer
undergo a severe structure transformation and converts to ionic solid, which is able to
extrude 2 equivalents of HCI yielding a molecular compound. The remarkable
concerted reorganization of covalent bonds that occurs during the sorption/desorption
processes results in significant changes in the magnetic properties of the materials,
from strong antiferromagnetic interactions to weak ferro- or antiferromagnetic

interactions.

Chapter 3 deals with the preparation of SCO coordination polymers whose spin
transition has shown to be strongly sensitive to physisorption of gas molecules (CO,)
despite the lack of permanent channels. These SCO-CPs remarkably sorb gas
molecules despite the absence of permanent pores due to the presence of a flexible
ligand. In addition, a selective sorption of CO, over N, is observed. Importantly,

structural evidence of the CO, molecules located in the discrete voids of the



Summary

frameworks has permitted the unequivocal description of the nature of the interaction
between the gas molecule and the host framework. Magnetic properties before and
after physisorption have been carried out to study the gas-mediated SCO modulation.
In this sense, magnetic properties are for the first time modulated upon sorption of gas

molecules in SCO systems.

Chapter 4 and Chapter 5 show examples of magnetic CPs that undergo structural
changes under physical and chemical stimuli, respectively. In Chapter 4 a physical
stimulus is able to induce motions in the bridging ligands, promoting a syn-anti
isomerism upon heating. Chapter 5 presents the study of flexible magnetic CPs that

suffer structural and magnetic modifications upon anion exchange.

The second part of the work moves towards the study of nanostructured SCO-CP. This
section deals with the synthesis, characterization and later processing of the nano-

objects and covers Chapters 6-9.

In Chapter 7 a detailed description of the synthetic protocol is described. Then,
essential analysis of the parameters that exert an influence on the particle size is
presented, with particular interest focused on the key parameter that can control the
particle size. Finally, the study of the size effect in the magnetic properties has been

also developed.

Chapter 8 deals with the preparation of a chemically modulated family of SCO-NPs
conducted by a successive ligand substitution. The effect of this chemical perturbation
has been studied by means of magnetic susceptibility measurements, since ligand

substitution provokes a clear modification in the transition temperature of the SCO.

Finally Chapter 9 focuses in the potential processing of SCO-NPs for their possible
integration in electronic nano-devices. Thus, NPs have been deposited onto different
substrates with the aim of understanding a possible preferentiality. In addition, stable
and homogeneous thin films of SCO-NPs with a few nanometers thickness have been
prepared following the spin-coating method. Finally, the controlled deposition of

SCO-NPs through conformal contact has been demonstrated.
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DYNAMIC MAGNETIC MOFS







Introduction to dynamic magnetic MOFs

Coordination Polymers (CPs) represent an important area in material

science with foremost applications in catalysis, magnetism, electronics and optics.'?
The term CP was first used by Bailar ef al. in 1964,3 who described and classified the
synthesis and structures of inorganic chain compounds. In the last two decades the
study of CPs has experienced a substantial progress and enormous research effort has
focused on the synthesis and study of novel CPs with singular chemical and physical
properties. CPs consists of metal and organic ligands connected via coordination
bonds that extend infinitely in 1, 2 or 3 dimensions (1D, 2D or 3D, respectively)
(figure 1.1)." The structure and properties of CPs vary depending on the type of metal
and ligand used. Therefore, the adaptable nature of the organic ligands and their
variety of coordination modes, together with the geometry of the constitutive metal
ions, provide an assortment of topologies and different architectures that can be
intended by chemical design.' In addition, their regular frameworks can be easily
prepared with inorganic crystal engineering by self-assembly of their components,
resulting in highly potential versatile materials.” Thus, a variety of CPs can be
foreseen ranging from robust frameworks of enhanced stability to flexible solids able

to respond to external stimuli given their dynamic structures.

Figure 1.1 Crystal stucture of the first CP by
B.F. Hoskins and R. Robson.”



Introduction to dynamic magnetic MOFs

Porous Coordination Polymers (PCPs) or metal-organic frameworks

(MOFs) are a specific type of hybrid inorganic-organic solid which present permanent
pores in their structure. MOFs are built up from the assembly of inorganic sub-units
(metals, clusters, or chains) and easily tunable multitopic organic linkers.® Since their
discovery a few decades ago,” a large number of studies have been devoted to the
synthesis and structural characterization of novel hybrid materials and also to their
potential applications in catalysis, separations of mixtures, energy storage media,
sensors, electronic devices and biomedicine.® As a consequence, the number of articles

published in the last 10 years has been rapidly increased as shown in figure 1.2.
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Figure 1.2 Rapid increase of papers dealing with porous CPs or

MOFs in the period 2003-2012 (source: ISI-web of knowledge).

MOFs possess unique characteristics such as highly regular frameworks, high porosity
and high specific surface area offering plausible tuneability of pore surface. In
comparison to their analogous inorganic porous materials zeolites, MOFs are of
remarkable significance due to their enhanced dynamic structures and the extensive
possibilities upon reasonable design. Upon appropriate variation of the metal nodes
and/or the organic ligands (primary building units), a wide range of MOFs structures
can be obtained. Transition-metal ions are often used as versatile connectors given
their different possibilities in coordination numbers and coordination geometries (see
figure 1.3). The organic ligands used for MOF construction contain coordinating

functional groups such as carboxylate, azolate, sulfonate, phosphonate or amine.
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Figure 1.3 Common coordination geometries

of metal ions used in network synthesis.

In this sense, multifunctional nanoporous materials can be obtained by incorporating
specific functionalities for magnetic,” electric,'® optical'' and chiral'® properties. This
approximation, based on reasonable design, opens the possibility for coexistence of
sorption behaviour with an additional functionality, or even more fascinating, can
promote the interplay between different properties in the same material. In the
following paragraphs, barely a limited number of well-known MOF structures will be

presented in a chronological order, focusing on their peculiarities and/or applications.

Milestone MOFs

In 1999 Williams and co-workers published a microporous 3D structure of formula
[Cus(BTC),(H,0);3] commonly known as CuBTC or HKUST-1 (HKUST = Hong
Kong University of Science and Technology).” This MOF comprises interconnected
units of Cu" acetate showing a paddle-wheel structure [Cuy(O,CR)4], which creates a
3D structure with internal channels with accessible pores (8.6 x 8.6 A” pore window)
representing 40 % of the total volume, affording a Langmuir surface > 900 m’°g ™' (see
figure 1.4a). This CuBTC material presents coordinated water molecules to the axial
sites of the paddle-wheel, which can be reversible removed upon thermal activation,
affording open metal sites for plausible functionalization.

The same year, Yaghi and co-workers published the well-known MOF-5 material
[Zn4(O)(BDT);] (figure 1.4b)."* This MOF is based on regular Zn,O tetrahedra that
form supertetrahedral cluster motifs [Zns(O)(CO,)s] with the central us-oxide

coordination. The significance of this solid relies on its unprecedented chemical

7
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stability and its sorption properties: Langmuir surface area of 2900 m°g "' and pore

volumes of 0.61 — 0.54 cm*-cm™

(2) (b)
Figure 1.4 (a) Crystal structure with the cubic unit cell of [Cu;(BTC),(H,0)s],

HKUST-1 illustrating its highly symmetric and porous framework. Neither the
disordered water molecules in the pores nor the H atoms on the aqua ligands and on
carbon are shown. (b) The cubic repeat unit of MOF-5, Zn,O(BDC);. The grey sphere

represents the large cavity.

In 2000, Kitagawa and co-workers reported a porous 3D CP based on [Cu(SiF¢)»(4,4-
bipy).], (figure 1.5a)."> The 3s-dimensionality results from bridging of 2D-{Cu(4,4'-
bipy),}>" nets by the SiF> dianions, displaying square channels of 8 x 8 A. This solid
exhibits a high adsorption capacity for CH, gas significantly better than zeolite 5A,
which is the zeolite with the highest methane adsorption capacity. This porous solid
opened a new dimension in the study of adsorbent materials based on CPs.

Later in 2002, the group of Férey obtained the MIL-53 series (MIL = Materials of
Institute Lavoisier), (MIL-53 = M"(OH):{0,C-C¢H4-CO,}-{HO,C-CsH4-CO,H} g 75),
the first nanoporous solids based on trivalent metal ions exhibiting zeolitic behaviour
(figure 1.5b). These solids present a very large breathing effect, a high thermal
stability, magnetic properties and sorption capacities.'® The 3D structure displays 1D
large pore channels filled with hosted molecules, which can be removed leading to a
nanoporous solid with Langmuir surface area over 1500 m’g . The flexibility of these

solids upon removal and reversible hydration affords a high breathing effect (more

than 5 A). The solid can therefore assume different shapes and porosities depending
8
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on the guest's presence or absence. Few years later, two new cubic zeotypic metal

carboxylates, MIL-100 and MIL-101, were reported by the same research group.'’

(a) (b
Figure 1.5 (a) Crystal structure of [Cu(p-SiF¢)(u-4,4'-bipy),] along the ab direction. The yellow sphere

with a radius of 4.5 A takes into account the van der Waals radii of the framework walls. (b) Crystal
structure of [AI(BDC)(u-OH)], MIL-53(Al) with a flexible, ‘breathing’ network adapting to guest

molecules.

pentagonal windows and hexagonal windows as largest windows in cages:

Figure 1.6 Structures of MIL100 and MIL-101.

Reproduced form reference 17.
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These systems are cubic zeotipic metal carboxylates, built up from trimers of
octahedral chromium and di- or tricarboxylic acids. In particular, crystalline 3D
mesoporous material MIL-101, [Cr;O(BDC);(F,OH)(H,0),], is a Cr-terephthalate
with inner free cage diameters up to 34 A and pore aperture windows up to 16 A
(figure 1.6). This CP has shown to be the most water-stable carboxylate MOFs. These
MIL porous solids have been recently investigated for its use as plausible drug

controlled delivery systems.'®"

Another significant category of hybrid materials comprises the family of zeolitic
imidazolate frameworks (ZIFs). ZIFs are special cases of MOFs in which transition
metal ions are linked by substituted imidazolate ions into frameworks with a topology
that is either that of a known zeolite or a zeolite-like topology. Thus, the ZIFs’ crystal
structures are based in the aluminosilicate zeolites where the tetrahedral Si(Al) and the
bridging O are replaced by Zn ion and imidazolate link, respectively (figure 1.7).
These ZIFs are characterized by a high thermal and chemical stability and permanent
porosity with a wide range of functional groups because of the ready availability of
substituted imidazoles. ZIFs are excellent candidates for selective absorption of

carbon dioxide from gas streams. The most relevant work dealing with this class of

solids was published in 2006 by Yaghi and co-workers.”

g8 38 %

Figure 1.7. Crystal structures of ZIFs. In each row, the net is shown as a stick diagram (left) and
as tiling (center). (Right) The largest cage in each ZIF is shown with ZnN, tetrahedra in blue, and,
for ZIF-5, InNg4 octahedra in red. H atoms are omitted for clarity. Reproduced from ref 200.

10
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STIMULI-RESPONSIVE MAGNETIC MOFS

One of the most exciting findings in this field is that some MOFs present flexible or
dynamic structures,”’ which are intrinsically related to the structural flexibility of the
ligand,” or to the ability of the coordination sites to accept, release and/or exchange
coordinating molecules. These dynamic materials undergo reversible structural
changes to respond to an applied stimulus, being exceptionally useful in the
preparation of functional materials with tunable or switching physical properties. This
is particularly interesting for magnetic materials since their physical properties are

extremely sensitive to minor structural changes provoked by an external stimulus.

Magnetic CPs are a class of magnetic materials of particular interest due to their
potential applications in the development of low-density magnetic materials, magnetic
sensors and intelligent or multifunctional materials.” Magnetism is based on
individual spin carriers, which are paramagnetic metal centres or organic radicals.
Thus, depending on the origin of the coupling between therse spin carriers, two
different magnetic MOFs can be distinguished: i) magnetic MOFs presenting long-
range magnetic ordering, as it occurs in general magnets; and ii) spin transition based
MOFs. In the former, magnetic ordering is derived from the cooperative exchange
interactions between the paramagnetic metal cations through superexchange pathways
of (typically) diamagnetic entities. Consequently, magnetic centres need to be
necessarily organized in specific topologies and linked by ligands that efficiently
promote magnetic exchange interactions to achieve a long-range control of the
magnetic interaction. The target is to control the magnetic exchange interactions by
regulating bridging distances, angles and electronic configuration of magnetic centres.
As a result, the ligand design is crucial, often resulting an intricate issue to merge
porosity and long-range magnetic ordering. To tackle this problem, one plausible
solution is the use of organic radicals as ligands, which possess individual spins and
may promote effective magnetic exchange interactions, thus alleviating the necessity
of short distances between metal centers.>* Notice that, even in the favourable cases,

the exchange interactions are in general weak and hence, the magnetic cooperativity is

11
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only observed at very low temperatures. The second type of magnetic CPs encloses
MOF based in spin transition complexes. Spin-crossover (SCO) is a phenomenon in
which electronic configurations of a transition metal ion can be switched between
high-spin (HS) and low-spin (LS) states in response to external stimuli (temperature,
pressure light irradiation, magnetic field, electric field, guest sorption), producing
changes in magnetism, colour and structure. In particular, Fe" compounds exhibit a
remarkable magnetic change between the paramagnetic HS (S = 2) and the

diamagnetic LS (S = 0) states.”’

In this last case, exchange interactions between the
neighbouring magnetic centers is not needed. However, cooperative effects are
required to make this SCO phenomenon useful, and they appear from the elastic
forces present in the solid and not from the magnetic exchange interactions. Hence,
this approximation seems to be better adapted to obtain stimuli-responsive magnetic
MOFs responding at high temperatures. A more detailed description of the SCO

phenomena is given in Chapter 6.

Stimuli-responsive magnetic MOFs have attracted considerable attention in recent
years, and interesting examples with appealing magnetic properties have been
observed including guest-modulated magnetic ordering,”® guest sensitive spin
crossover,” and guest-induced switching between different magnetic states.” In these
systems, magnetic properties can be dramatically modified by the structural changes
provoked by an external chemical or physical stimulus such as guest molecules,
temperature or pressure. The structural changes can also be chemically induced by the
exchange of anion or guest molecules. In the following paragraphs, a general
overview of the different sources that induce structural modifications in dynamic
magnetic MOFs will be illustrated, showing interesting examples with appealing

magnetic properties.

Chemically-induced transformations in magnetic MOF's

The use of a chemical stimulus such as guest inclusion to affect the magnetic
properties of a porous CP has been extensively explored.’’ In the following

paragraphs, some representative examples of chemically-driven magnetic modulations

12
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in MOFs are presented. The first 5 examples are MOFs presenting long-range
magnetic ordering which undergo magnetic transformation, followed by 6
representative examples of chemically-induced transformations in SCO-based MOFs.
Finally, special attention will be focused on examples of gas-mediated magnetic

transformations.

Solvent-mediated magnetic transformations

In 1999, Kahn and co-workers introduced the concept of “magnetic sponge’’,” a

magnetic material which can reversibly release and reabsorb both noncoordinated and
coordinated solvent molecules upon a reversible dehydration and polymerization
process, which is accompanied by a dramatic change of structure and of magnetic
properties. The discrete paramagnetic compound [CoCu(obbz)(H,0)4]-2H,O (obbz =
N,N’-bis(2-carboxyphenyl)oxamido) is converted to a 1-D ferrimagnet
[CoCu(obbz)(H,0);] (with T, < 2 K) and 2-D ferrimagnet [CoCu(obbz)(H,0)] (with
T. = 30 K) upon heating.> Therefore, this dynamic system transforms from a
nonmagnetic state to a magnetically ordered state through a simple chemical process
such as dehydration and rehydration. However, the lack of structural data after the
transformation limits the information of the changes that take place in both the metal

centres and the ligands.

Another example of magnetic sponge-like behaviour was later published by Veciana
and co-workers in 2003.** In this work, the open-framework structure
{[Cus(ptmtc),(py)s(EtOH),(H,O)]} (ptmtc = polychlorinated triphenylmethyl
tricarboxylic acid radical), known as MOROF-1 (MOROF = metal-organic radical
open-framework), undergoes a reversible and highly selective solvent-induced
‘shrinking—breathing’ process involving large volume changes (25-35 %) that
strongly influence the magnetic properties of the material (figure 1.8). Thus, a
reversible change from a 2-D ferrimagnet (with T, < 2 K) to an amorphous

paramagnet occurs by a desolvation/resolvation process.

13
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Figure 1.8 (a) Structure of {[Cus(ptmtc),(py)s(EtOH),(H,0)]}
showing the open-framework. (b) DC magnetic susceptibility

measurements.

The adsorption/desorption of coordinated water molecules was also shown to promote
a reversible magnetic conversion of the ferromagnetic Prussian blue analogue,
Co'5[Cr™(CN)g],'xH,0, from a ferromagnet (T, = 28 K) to a ferrimagnet (T, = 22 K)
depending on humidity. In this work reported by Ohkoshi and Hashimoto and co-
workers,” the humidity-induced variation in the present material changes the
coordination geometry of the Co ion from pseudo-octahedral to pseudo-tetrahedral, (6-
Co" < 4Co") and switches the magnetic interaction from ferromagnetic coupling

111

with a magnetic pathway of 6-Co"-NC—Cr" in the hydrated solid to antiferromagnetic

coupling with a magnetic pathway of 4-Co"-NC—Cr'" (figure 1.9).
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Figure 1.9 Colour change and structural modifications

upon reversible dehydration of Cos[Cr(CN)s],'xH,O

Later in 2007, also Ohkoshi, Hashimoto and co-workers®* reported the heterometallic
porous CP Cus[W(CN)g]x(pyrimidine),-8H,O whose magnetic properties can be tuned
by n-propanol vapours (figure 1.10). This CP is composed by alternated Cu and W
ions linked by cyanide groups. The two independent Cu®" ions present a pseudo-
octahedral geometry with the coordination sphere completed either by pyrimidine
ligands or water molecules. The two types of Cu centres result in two different Cu—
NC-W exchange couplings, one ferromagnetic and one antiferromagnetic. The
exposure of this MOF to vapours of n-propanol produces an exchange of the solvent
molecules, yielding a material of formula
Cu;[W(CN)glo(pyrimidine),-3/2PrOH-9/4H,0, where the non-coordinated water
molecules have been replaced by propanol molecules. More interestingly, however, is
the elimination of one of the Cu-coordinated water molecules, yielding two distinct
geometries: one Cu atom is 5-coordinated square pyramidal and other Cu atom is 6-
coordinated pseudo-octahedron. This change of coordination of one Cu centre
produces a change in the Cu—NC-W antiferromagnetic exchange coupling, whereas
the ferromagnetic exchange coupling involving the 6-coordinate Cu centre remains the
same. Thus, spontaneous magnetization is shifted from T, =9.5 K to T, = 12.0 K, and
an increase of the coercive field (from 30 G to 1000 G) is observed.
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Figure 1.10 Magnetic properties for Cus[W(CN)g],(pyrimidine),-8H,0 (blue closed
circle), Cus[W(CN)slo(pyrimidine),-3/2PrOH-9/4H,0 (red closed circle), and the
recovered sample (blue open circle). (a) Field-cooled magnetization curves in an

applied field of 50 G; (b) magnetic hysteresis loops at 2 K.

Another example of reversible magnetic conversions by a solvation/desolvation
process was reported by Ohba and Kitagawa in the same year.”®* A reversible single-
crystal-to-single-crystal (SCSC) transformation occurs in the compound
[Mn(HL)(H,O)][Cr(CN)s]-H,O (L = N,N-dimethylethylenediamine) between a 2-D
ferrimagnet (T, = 35.2 K) and a 3-D ferrimagnet (T, = 60.4 K) through release and

uptake of lattice and coordinated water molecules (figure 1.11).

All these magnetic CPs showing dynamic magnetic ordering could be potentially
developed for guest-responsive switching sensors and memory devices. However, this
approach is actually not very practical for sensing applications since the thermal
induced desorption/sorption of molecules takes place at relatively high temperature
while the magnetic ordering occurs at very low temperature. The spin-crossover
(SCO) phenomenon is one of the solutions to implement the combination of porous
and magnetic properties while overcoming the above-mentioned temperature gap.
MOFs based on SCO complexes may serve to defeat this difficulty in combining
magnetic cooperativity and porosity, since magnetic cooperativity is not required to
obtain a modulation on the magnetic properties. In addition, the SCO phenomenon can
occur near room temperature, being these paramagnetic complexes particularly

sensitive to the structural changes provoked by an external stimulus. MOFs based on
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these molecular complexes can also exhibit magnetic switching via a chemical
stimulus. Typically, the high sensitivity of these porous materials is evidenced by the

modification of the transition temperature upon physisorption of guest molecules

29,35-39
9

within the porous framework or even upon oxidative addition reactions

following gas sorption at metal sites that are far from the magnetic centres.**"'
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Figure 1.11 Projections of hydrated [Mn(HL)(H,0)][Cr(CN)s]-H,O (a) and dehydrated
(b) form onto the bc plane. (c) Temperature dependence of molar magnetic
susceptibility yv for as-synthesized form (red), dehydrated form (blue), and rehydrated
form (green) in an applied dc field of 500 Oe. The insert demonstrates the reversible TC

switching by dehydration/hydration treatments. Reproduced from reference 27a.

Guest modulated spin-crossover

The first example in which the SCO phenomenon was modulated by guest sorption in
a MOF was published by Kepert and co-workers.” The solid
Fey(azpy)s(NCS)4-(guest) (azpy = trans-4,4’-azopyridine) exhibits reversible uptake
and release of guest molecules (MeOH, EtOH, n-PrOH). The framework displays a
considerable flexibility with the guest uptake and release (figure 1.12), causing

substantial changes in the local geometry of the Fe" centres. The as-synthesized
17
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compound displays a broad half-SCO transition between 50 and 150 K, whereas the
desolvated form shows no SCO. The initial half-SCO behaviour is recovered by
immersion in alcohol solvent. In the synthetic procedure, the azopyridine ligand can
be replaced by different bis-pyridyl ligands producing the most extensive class of

porous SCO materials,**’

in which the desorption/adsorption of guest molecules into
the 1-D channels produces the variation of SCO temperature as a consequence of the

structural transformations associated to the guest sorption.

[Fe].(E1OH)
el

[Fe].(1-PrOH)

o 10 200 300
I N SN S TR |

50 100 150 200 250 300
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Figure 1.12 a) Reversible guest extrusion/uptake in Fe,(azpy)s(NCS)4-(guest)
provokes subtle changes that affect the network; b) effects of the guest

extrusion/uptake in the magnetic moment. Reproduced from reference 29a.
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Figure 1.13 a) Crystal structure of {Fe(pz)[M(CN)4]}-2H,0 showing the 1-D channels
which are filled with removable water molecules in the as-synthesised phase; b) temperature
dependence of X,,T for [Fe"(pz)Ni"(CN)4]-xGuest; guest = toluene (purple), acetone (green),

ethanol (red), methanol (blue), and acetonitrile (pink). Reproduced from reference 38.
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Later, in two independent studies, Ohba et al. and Southon et al. have shown the
effects of guest molecules in pillared Hofmann systems {Fe(pz)[M(CN),]} (M = Ni,*®
Pt*) (figure 1.13) exhibiting hysteretic spin-crossover at ambient conditions. In these
systems, the stabilization of either the high spin (HS) or the low spin (LS) states of the

porous framework upon sorption of guest molecules has been demonstrated.

Another example published by Real and co-workers proved how changes in the
coordination environment of the SCO centres induce a modulation in the spin
transition.*” The cyanide-based bimetallic 3D CP {Fe(pmd)(H,O)[M(CN),],} -H,O (M
= Ag, Au; pmd = pyrimidine), displays cooperative half-SCO with hysteresis (8 K
wide) centred at Ty, =219 K for M = Ag and 167 K for M = Au. After elimination of
the coordinated and lattice water molecules, a large structural change is induced as a
result of a topochemical solid-state reaction, in which the pmd ligands coordinate to
the nearest Fe' acting as a bridge. In the case of M = Ag, this structural transformation
results in shifting the T;, to 132.5 K with a larger hysteresis (17 K wide) while the
isostructural Au system completely loses the SCO behaviour after dehydration. The

initial half~-SCO behaviour is recovered by rehydration upon exposure to air.

Another possibility to promote changes in the spin-crossover properties consists on the
modification of the coordination sphere of the SCO centres. A beautiful example is the
work published by Aromi, Gamez and co-workers, in which a 1D CP,
[Fes(dpyatriz),(CH3CH,CN)4(BF4),](BF4)4-4CH;CH,CN, is capable of replacing the
coordinated propionitrile molecules upon immersion into different solvents.* Thus, a
decrease of the transition temperature from 300 K to 273 K (acetonitrile) or
suppression of the spin-crossover properties is observed, with retention of the overall
crystal structure (figure 1.14). However, replacement with water molecules from the
atmosphere results in reversible structural change. This transformation involves
suppression of the spin-crossover properties, presumably due to a reduction of the

ligand field around the Fe".
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Figure 1.14 a) 1D CP [Fes(dpyatriz),(CH3CH,CN)4(BF4),](BF4)4-4CH3CH,CN showing the coordinated
propionitrile molecules that can be replaced (non-coordinated molecules omitted for clarity); (b)
temperature-dependent DC magnetic susceptibilities of pristine material (squares), after acetonitrile
exchange (circles) and after 1-propanole exchange (triangles). Reproduced from reference 41.

Finally, one last example of dynamic porous CP showing a modulation of the
transition temperature is given by the oxidative chemisorption in Hofmann chlatrates
obtained by Real, Ohba and co-workers. In this system, exposure to dihalogens
promotes an oxidation of Pt" to PtV with a reduction of the dihalogen to the
corresponding halide resulting in the formation of {Fe(pz)[Pt(CN)4«(X),]} [X=CI"
(p=1), Br (p=1), I (0<p<1)].*** This oxidative chemisorption (figure 1.15) modifies
the o-donor capability of the nitrogen atom of the Pt—-CN group, provoking a change
of Ty, in a way that the more electronegative halogen induces a decrease of the ligand

field, and so T, is decreased.

¥, Tlem® K mol’

M

(a) (b)

Figure 1.15 (a) Crystal structure of {Fe(pz)[Pt(CN)4(X),]}. (b) xmT versus T
plot for 2Cl, 2Br and 2I a-phase.
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Gas-mediated magnetic transformations

Especially interesting are those systems in which magnetic properties are modulated
upon sorption of gas molecules. Most commonly, adsorbed gas molecules (H,, Ny,
COs;...) do not appreciably interact with the magnetic host network, thus provoking no
effects on the magnetic ordering or the spin transition temperatures. Indeed, the
observed gas sensitive, long-range magnetic ordering in a porous material has been
solely observed in two examples in magnetically ordered systems. In the following

paragraphs these two examples will be explained.

In 2008, Long and co-workers™ published the first example in which sorption of
paramagnetic gas molecules produced a magnetic transformation in microporous
magnets with high ordering temperatures. In this work, desolvation of the Prussian
blue analogues Cr3;[Cr(CN)s],'10H,O and  CsNi[Cr(CN)¢]-2H,O  afforded
Cr3[Cr(CN)l2'6H,O and CsNi[Cr(CN)g], respectively, which resulted to be
microporous magnets with BET surface areas of 360 and 400 m’g ' and magnetic
ordering temperatures of 75 and 219 K, respectively. Unexpectedly, both materials
were found to exhibit changes in their magnetic properties upon adsorption of O, but
not N,, indicating the presence of magnetic exchange coupling between the
paramagnetic O, guest molecules and the frameworks. The adsorption of O, results in
a net antiferromagnetic interaction with the ferrimagnetic nickel framework.
Interestingly, this exchange interaction switches to ferromagnetic for O, adsorbed
within the ferromagnet CsNi[Cr(CN)s], suggesting that ferromagnetic coupling
between O, and the [Cr(CN)q]* units provides the predominate exchange pathway in

each material.

The same year, Navarro, Parra, Sironi and co-workers® reported a gismondine-like
magnetic MOF, [Cu(F-pymo),(H,O),55], (F-pymo = 5-fluoropyrimidin-2-olate),
which suffers reversible changes in the ligand structure upon insertion of gas
molecules in the pores. This compound presents helical channels of ca. 2.9 A diameter
which are filled with water molecules that can be removed upon heating (figure 1.16).

The activated solid behaves as a molecular sieve and preferentially adsorbs H, over
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N,, in addition to CO,. The as-synthesized solid shows antiferromagnetic interactions
and it orders as a canted antiferromagnet below 7y = 24 K. Such temperature is
reduced to 22 K upon activation. Interestingly, the ordering temperature is increased
to 29 K when the material is loaded with CO, (figure 1.16b), presumably due to the
structural perturbation exerted by the CO, guests, which affect the exchange
interaction pathways through the ligands. This structural perturbation can tune the

magnetic properties of the [Cu(F-pymo),], network.

b)

05

TaaT (cm*K mot')

Figure 1.16 (a) Crystal structure of [Cu(F-pymo),(H,0); 5], highlighting the water filled
channels. (b) Effects of the guest molecules in the magnetic behaviour of the Cu MOF at

an external magnetic field of 100 Oe.

There is a special case comprising a SCO system in which the spin state of the host
has a substantial effect on the gas sorption. This example, published by Kepert and co-
workers,”® explains the different adsorption capacity depending on the spin state of a
robust pillared Hofmann-type SCO system. Therefore, the adsorption capacity for the
system towards sorption of N, and O, gas molecules in the HS is greater than that for
the LS. For CO, adsorption the effect of spin state on adsorption capacity is pressure
dependent, at higher pressures the behaviour is similar to N, and O,, but at lower
pressures (<0.5 bar) the system in the LS has a slightly higher adsorption capacity.
Importantly, there is a lack of examples in the literature for which gas-mediated
magnetic transformations occur in a SCO system, which has been one of the aims of

this thesis.
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Physically-induced transformations

Responsive magnetic MOFs responding to a physical stimulus are scarce in
comparison to the above-mentioned chemically-driven transformations. The vast
majority of such materials present a structural modification promoted by thermal
activation. In this sense, some of the materials presented in the previous section are
also thermally-driven, although the physisorption or chemisorption of molecules is

common to all of them.

A beautiful example of this category of dynamic MOFs was published in our group in

2005.** In this work the non-symmetric cyanide ligand undergoes a rotation induced

T

by pressure when it is connecting Fe" to Cr'" in a Prussian blue analogue.
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Figure 1.17 (a) Crystal structure of Ko 4Fe [Cr(CN)glos16H,0. (b) Reversibility plot:
magnetization changes induced upon alternating pressure application and release. (c)
Thermal dependence of the magnetization of Ky 4Fes[Cr(CN)gl,.s-16H,0 (applied field
= 0.1 T) at different pressures; (d) field dependence of the magnetization of
Ko4Fe4[Cr(CN)glos 16H,0 (T =2 K) at different applied pressures.
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This molecular magnet, formulated as KgsFes[Cr(CN)glos- 16H,0, presents structural
features typical of a Prussian blue analogue (figure x) and behaves as a soft
ferromagnet ordering at T, = 19 K. Upon application of external pressure (P) in the 0-
1200 MPa range, the magnetization decreases considerably and the Curie temperature
shifts to lower temperatures in a reversible manner (figure 1.17). An additional and
irreversible decrease of the magnetization and ordering temperature (T, = 8 K) is
observed after prolonged treatment (21 days) at 1200 MPa. This piezomagnetic
behaviour has been attributed to the linkage isomerism of the cyanide. In fact, under
pressure some of the Cr''-CN—Fe" linkages present in the compound isomerize to the
more compressed Cr'"-NC—Fe" form.*® This results in an increase of the ligand field
around the iron" centres, which undergo spin crossover to the diamagnetic LS state.
This molecular process explains that, as the pressure increases, the number of
paramagnetic centres in the cubic lattice decreases, as do the net magnetization and the
critical temperature of the material. At the local level, the rotational movement of the
cyanide anions can be considered as a molecular switch of the magnetic interaction

between nearest neighbours.
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2.1 Introduction

2.1 INTRODUCTION

The design of responsive magnetic materials has recently attracted considerable
attention in the field of molecular magnetism. In this sense, coordination chemistry
has resulted essential for the preparation of molecule-based materials in which
magnetic properties can be reversibly tuned at low temperatures through a physical
stimulus such as lightl’2 or pressure.3’4 In addition, the recent explosion in research on
MOFs™"! has opened the use of chemical stimulus such as gas sorption to affect the
magnetic properties of a porous coordination polymer. There are many examples of
magnetic MOFs in which the physisorption of guest molecules provoke subtle changes

in the framework that affect their magnetic properties.lz’13

However, the synthesis of
magnetic MOFs remains a challenging issue since long range magnetic ordering and
porosity are two properties inimical to one another: magnetic cooperativity requires
short distances to promote strong exchange interactions while porosity is improved
with long linkers which result in large distances between metal centres. Several
possible approaches can be taken to overcome this challenge. It is possible to take
advantage of the sensitivity of spin-crossover complexes to subtle structural changes
in metal coordination environments, which do not require magnetic cooperativity.'*"'®
Thus, it has been shown that MOFs based on spin crossover metal ions exhibit
magnetic switching at room temperature upon physisorption of specific molecules
within the porous framework.'”"® The high sensitivity of these materials is also
evidenced by the modification of the transition temperature upon oxidative addition
reactions following gas sorption at metal sites that are far from the magnetic
centres.'” Special attention will be paid to these spin crossover MOFs in Chapter 3.
A different approach to tune the magnetic properties of porous solids consists on the
modification of the magnetic ground state of the MOF, which can be achieved through
gas sorption processes that subtly affects the geometry of either the bridge between
metal centres” or the ligand substituents.”> The change of the oxidation state of the

.. . . 24
metal centre” or the variation of the coordination number upon

hydration/dehydration have also been used to modify the magnetic properties of
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porous materials. In all these cases the presence of pores is essential to accommodate
the gas molecules that induce the minor structural changes in the framework
provoking major changes in the magnetic properties. And, as mentioned before,

porosity and magnetism are often difficult to combine.

Interestingly, it has been shown that changes in the metal coordination environment
might also be feasible in non-porous materials through the chemisorption of some
molecular species (see figure 2.1).* Chemisorption consists on the reversible
incorporation of gases in the framework, commonly involving covalent bond breaking
and formation. A particular example of such a dramatic transformation involves the
reaction of molecular solids with gaseous HX (X = CI, Br) leading to profound

26,27

structural changes, " where porosity is not necessary since the chemisorption process

involves the removal/addition of HX from/to the framework.

Figure 2.1 Scheme of the controlled and fully reversible crystalline-state reaction
of gaseous SO, with a non-porous crystalline materials consisting of

organoplatinum molecules. Adapted from reference 25.

The observation that non-porous molecular complexes are able to sorb HX has been
the motivation to explore whether this chemisorption process could be used as an
approach to design responsive molecular materials with tunable magnetic properties.
Basically, this chemisorption would permit the uptake of gases in the absence of

pores, thus alleviating the difficulty in combining porosity and magnetic cooperativity.

In this Chapter is shown that upon chemisorption of 3 equivalents of HCl molecules,
the crystalline coordination compound [Cu(pyim)(Cl)(MeOH)] (1, where pyimH = 2-

(imidazol-2-yl)pyridine) changes its structure from a polymeric chain of
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pentacoordinated square-pyramidal Cu centres to an ionic solid, (H,pyimH)[CuCl4]
(2), containing discrete distorted tetrahedral [CuCly]*" anions. Compound 2 is able to
extrude 2 equivalents of HCI yielding the molecular compound cis-[CuCly(pyimH)]
(3) in which the Cu centres present a square-planar geometry. The remarkable
concerted reorganization of covalent bonds that occurs during the sorption/desorption
processes results in significant changes in the magnetic properties of the materials,
from strong antiferromagnetic interactions in 1 to weak ferro- or antiferromagnetic
interactions in 2 and 3, respectively. This can be precisely understood because of the
retention of crystallinity of the materials. The single-crystal nature of compounds 1
and 2 provides direct structural evidence of the profound structural changes as a result
of the sorption process, while complete structure determination for compound 3 was
carried out by ab initio synchrotron X-ray powder diffraction (XPRD) analysis, since

the removal of the gas molecules yields a uniform microcrystalline powder.

2.2 RESULTS AND DISCUSSION
2.2.1 Description of the structures

[Cu(pyim)(C)(MeOH)] (1). Structural analysis by X-ray single-crystal diffraction at
120 K revealed that 1 is composed of helical one-dimensional chains that run parallel
to the crystallographic c-axis (figure 2.2). Individual crystals are chiral, but single
crystals of both chiralities (space groups P3, and P3,) are found in the product, which
is a racemic mixture. Fully deprotonated [pyim] ligands connect adjacent Cu centres
via the imidazolate moieties within the ligands, forming a Cu—NCN—Cu bridge which
is reminiscent of that found in the recently discovered zeolitic imidazolate frameworks
(ZIFs)** and that has been exploited to promote magnetic interactions in Cu"
dimmers (figure 2.3).*° The ligand pyimH has been previously used in the synthesis of
mononuclear spin-crossover complexes acting as a bidentate ligand,”' but its
deprotonation to act as a tridentate ligand for the formation of a coordination polymer

is unprecedented. The Cu-N distances are 1.969(7), 1.979(7) and 2.034(7) A. The
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Chemisorption in non-porous magnetic coordination polymers

coordination sphere of the metal centres is completed with terminal Cl and MeOH
ligands [Cu—Cl: 2.274(2), Cu-O: 2.277(7) A], resulting in a distorted square
pyramidal pentacoordinated Cu centre. Each helical chain interacts with six
neighbouring independent chains via O-H--Cl hydrogen bonds® between the

methanol and chloride ligands.

@ (b)

(©

Figure 2.2 (a,b) Helical one-dimensional chains of compounds 1+ (a, space group P3,),
and 1- (b, space group P3;) viewed along the ¢ axis. (c) Crystal structure of compound
1+ showing the interaction of one chain with six neighbouring independent chains via O—
H---Cl hydrogen bonds (dashed red lines) between the methanol and chloride ligands.

Hydrogen atoms have been omitted for clarity.
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(@ (b)

Figure 2.3 (a) Structural unit of 1 showing the distorted square pyramidal
pentacoordinated Cu centre and the bridging [pyim]™ ligand. (b) View of the helical one-
dimensional coordination polymer 1 which runs parallel to the crystallographic c-axis.
The Cu—-NCN-Cu bridge provides the closest contacts between the Cu centres. Key: Cu,

orange; Cl, green; N, blue; O, red; C, black; H, white.

(H;pyimH)[CuCly] (2). After the HCI chemisorption of 1 we were able to isolate one

single crystal from a polycrystalline powder that has permitted the structural analysis

(4 ; ; 1 [
1Y . 2 st ©
¢ ©

of the product (H,pyimH)[CuCly], 2.

e
e
(2

() (b
Figure 2.4 (a) Structural unit of salt 2 showing the distorted tetrahedral [CuCls]*" anion and
[H,pyimH]*" cation. (b) Crystal structure of 2 showing the 2D hydrogen-bonded network formed
by N-H:-Cl-Cu hydrogen bonds. Key: Cu, orange; Cl, green; N, blue; O, red; C, black; H,
white. Black dotted lines represent non-covalent interactions.

Compound 2 is a hydrogen bonded salt that comprises distorted tetrahedral [CuCl,]*

anions and (HzpyirnH)2+ cations that form a 2D network of (6,3) topology. In the
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Chemisorption in non-porous magnetic coordination polymers

network each cation interacts with three anions via two N—H---Cl-Cu hydrogen bonds
(H-+Cl 2.162 and 2.184 A) and one asymmetrically bifurcated N-H--:Cl,Cu (H--Cl
2.383 and 2.798 A) (figure 2.4). Intermolecular Cu—Cl--Cl-Cu interactions [3.631(2)
A] provide the closest contacts between [CuCly]* anions, which form supramolecular

chains along the g-axis.

cis-|[CuCly(pyimH)] (3). Crystal structure of compound 3 (figure 2.5) has been
determined ab initio by X-ray powder diffraction and subsequent refinement by
Rietveld analysis (figure 2.6) since all attempts to recrystallize it from solution yield a
microcrystalline powder. Synchrotron data was collected by Prof. L. Brammer
(University of Sheffield) at the Diamond Light Source, UK. The structure of 3 consists
of neutral [CuCl,(pyimH)] units in which the copper atoms adopt a cis square-planar
geometry coordinated by two nitrogen atoms from pyimH and two chloride ligands
(figure 2.5) [Cu-N distances: 1.951(5) and 2.117(5)A; Cu—Cl distances: 2.195(5) and
2.255(5) A]. A one-dimensional coordination network structure is formed through a
weak apical interaction with one of the chlorine atoms of a neighbouring complex
[Cu—Cl--Cu 2.846(5) A]. These chains are linked into 2D layers through N-H--Cl
hydrogen bonds involving the imidazole group and chloride ligand and weaker C—

H--CI hydrogen bonds provide intermolecular links in the 3" dimension.

¢

[

&—f = '
\W

@ (b)

Figure 2.5 (a) Structural unit of 3 in which the Cu centres adopt a cis square-planar geometry and the
chelating ligand [pyimH] remains neutral. (b) One-dimensional coordination network structure of 3.
Black dotted lines represent a weak apical interaction with one of the chlorine atoms of a neighbouring

complex [Cu—Cl-+-Cu Key: Cu, orange; Cl, green; N, blue; O, red; C, black; H.
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Figure 2.6 X-ray powder pattern and Rietveld refinement of compound 3. Observed
(blue) and calculated (red) powder XRD pattern profiles and difference plot [(Zyps -
Lacq)] (grey) of the Rietveld refinement of a polycrystalline sample of 3 collected at
room temperature in the 26 range 2.0-40.0 ° using A = 0.826134 A. Rietveld refinement
after ab initio structure solution converged to R,,, = 0.02267, R, = 0.07678 (R,,," is the

background subtracted R,,,). The inset shows an expansion of the high angle region.

2.2.2 X-ray powder diffraction studies

Phase purity. To confirm the phase purity of the samples, X-ray powder diffraction
(XRPD) studies have been performed on a crystalline powder of samples 1 and 2. A
comparison of the experimental diffraction pattern obtained for each compound and
the simulated pattern calculated from single crystal diffraction data is presented in
figure 2.7. The perfect match between the two patterns (experimental and calculated)
reveals the purity of the sample. In addition, X-ray powder diffraction and Rietveld

refinement of compound 3 have been performed and are detailed on section 2.3.2.
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20 20

(@) (b)

Figure 2.7 X-ray powder diffraction patterns. Observed and calculated powder diffraction
patterns of compounds 1 (left) and 2 (right) (A = 0.71073 A). The observed pattern is shown in

black and the calculated pattern with full width at half maximum set to 0.25° is shown in blue.

2.2.3 Chemisorption/desorption of gaseous HCI molecules

Coordination polymer 1 is stable under ambient conditions, but possesses reactive Cu
centres that undergo ligand substitution when crystalline 1 is exposed to an
atmosphere of hydrochloric acid vapour in a sealed vessel despite the lack of pores in
the structure. Since there is no possibility of a “guest molecule” being accommodated
within pores, the gas molecules react with the material promoting significant chemical
changes and atomic motions within the crystalline solid. As a result, the gas molecules
are incorporated as part of the network. Thus, this process requires the cooperative
movement of atoms in the solid state. The sorption process leads to protonation of the
imidazolate ligand and modifies the geometry around the Cu centres as indicated by a
dramatic colour change from dark green to yellow within a few minutes (see figure
2.8). The chemisorption of HCIl occurs in 100 % yield within one hour, as
demonstrated unequivocally by X-ray powder diffraction and EPR spectroscopy
(figures 2.7 and 2.17, vide infra). Three equivalents of HCIl molecules are inserted into
all Cu—N bonds requiring rupture of the covalent bond of the gaseous molecules (H-
Cl) and of the coordination bonds of the polymeric compound in order that new N-H
and Cu—Cl bonds can be formed (figure 2.9). In addition, the MeOH molecules that
complete the coordination sphere in 1 are displaced during the sorption process.
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0 min 45 min 80 min 160 min 20 h 45 h

Figure 2.8 Pictures of the sample preparation for the magnetic measurements of compound 2 under HCl
atmosphere. It should be noted that the reaction is surface area dependent, and well-packed sample used

in this experiment results in an increase in the reaction time for completion.

When left to stand in air at room temperature, 2 is able to release two equivalents of
HCl gas leading to conversion into cis-[CuCly(pyimH)], 3. The complete
deprotonation of the ligand pyimH requires the use of basic conditions. The HCI
molecules that are liberated are part of the components of the framework, which
implies that porosity is not needed for the release reaction to take place. Rather, a
complete rearrangement of the solid takes place (figure 2.9). Interestingly, only the
least acidic of the three N—H groups (pK, = 13.4(1) in water),” which also forms the
longest N-H---Cl hydrogen bond, does not participate in the dehydrochlorination
process. This clearly confirms the significant role played by the N—H--Cl hydrogen
bonds in this type of reaction.”* This hydrogen bond donor capacity of chelated pyimH
has been previously reported in mononuclear Fe" spin-crossover systems.®
Remarkably, when subjected to an atmosphere of HCI vapour, compound 3 is able to
incorporate two equivalents of this gas and the resulting crystalline product was
confirmed to be salt 2, showing that the molecular coordination compound 3 and the
salt 2 can be interconverted as crystalline solids at room temperature. The sorption
behaviour of compound 3 is therefore analogous to that of compound 1 with the
proviso that only 2 equivalents of HCI are incorporated. Thus, compound 3 can be

seen as a likely intermediate in the uptake of 3 equivalents of HCI by 1 to yield 2 via a
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2-step process: an irreversible sorption of 1 equivalent of HCI (1—=3) followed by a

reversible sorption of 2 equivalents of HCI (3 = 2).

HN NH
[ : 2
————— Cl Cl------------gi Cl------
E \ICU/ \C e
.Gl NH----Cl' T
2+
HN N
2
AHCI -2HCl
* +2HCI
1 3
+ 1HC1 :
MeOH N _ | _C
Clu,,, | \»\\\\‘\N/-\,/\N N N/CU\CI
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Figure 2.9 Rearrangement of covalent bonds upon chemisorption and release of HCIL.
When crystalline [Cu(pyim)(Cl)(MeOH)] 1 is exposed to an atmosphere of
hydrochloric acid vapour an irreversible sorption of 3 equivalent of HCI (1—2) results
into the hydrogen bonded salt (H,pyimH)[CuCly], 2, which is able to release two
equivalents of HCI gas in a complete rearrangement of the solid, leading to conversion
into cis-[CuCl,(pyimH)], 3, which is capable of reversibly incorporate 2 equivalents of

HCI affording 2 (2 2 3). Alternatively, 3 can also be obtained by direct exposition of

1 to 1 equivalent of HCI (1—3). Chemisorption of HCl molecules involves insertion

into Cu—N bonds requiring rupture and formation of new covalent bonds.

Upon exposure of 1 to HCI vapours in the magnetic sample holder (vide infra), the
material closer to the vapours of HCI began to change colour from dark green to light
green (figure 2.8). This colour front moved along the capillary over time providing a
visual indication of the reaction front, which is completed in less than 1 hour. Upon
further exposure, a second colour front (light green-to-yellow) is observed, and

indicates completion in 1 day. This strongly suggests that the chemisorption process
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1—2 is a two-step process that occurs via the formation of 3. Interestingly, all
attempts to prepare crystalline 2 from aqueous solution by reaction of CuCl, with one
equivalent of pyimH in concentrated HCI afforded only a microcrystalline powder of
3. Thus, the synthesis of 2 is only achievable by a gas-solid reaction with either 1 or 3
as the starting material. We speculate that this is due to this process being a gas—solid
equilibrium reaction analogous to previous studies,” but the chelating effect of the

ligand pyimH affects the position of the equilibrium.

2.2.4 Magnetic response to HCI chemisorption

Upon HCI chemisorption/desorption major changes take place in the magnetic
properties as a consequence of the structural changes experienced by the compounds,
which modify the magnetic exchange paths between the copper centres (figure 2.10).
Thus, the magneto-structural switching of these materials arises from the presence of
labile copper(Il) centres which are capable of reacting with gaseous HCI or releasing

HCl in a cyclic manner without loss of effectiveness.

~~
() (b (©)

Figure 2.10 Different magnetic path for each compound: the Cu-NCN-Cu imidazolate

bridge in 1 (a) is shown in green; the two-halide Cu—Cl---Cl-Cu exchange pathway in 2 (b)

is shown in red; the Cu—Cl---Cu chloride bridge in 3 (c) is shown in blue.

The magnetic characterization of compound 1 shows that the product of the molar
magnetic susceptibility and temperature, 3T, has a value of 0.38 emu.K.mol™ at room
temperature (figure 2.11a). As the system is cooled, the y vT product decreases
continuously, indicating the presence of strong antiferromagnetic Cu---Cu interactions
through the imidazolate bridges. The spin Hamiltonian to describe the isotropic
interaction between nearest neighbour ions is presented in equation 1.7
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N=1 Eq. 1

The expression for the magnetic susceptibility of antiferromagnetic linear chains of S
37a

= 1/2 ions is obtained from the numerical results of Bonner and Fisher ™ and is
presented below:
2 2 2
. = Ng~u, 0.25+0.074975x +0.075235x Eq. 2

kT 1.0+0.9931x+0.172135x* +0.757825x"

where x = (| J | /kT)

This fit leads to a magnetic coupling J = —-45.7 cm™' (figure 2.11a), using a Landé-
factor g = 2.13 as measured by EPR (figure 2.14, vide infra). A small fraction of the

paramagnetic monomer is also detected at low temperatures (contribution of ca. 8%).

HCI chemisorption results in the protonation of the [pyim]™ ligand, which switches off
the efficient Cu-+Cu exchange pathway present in 1, and therefore the Cu' spins do
not show any interaction down to 20 K in compound 2, as demonstrated by the
constant xyT value of 0.45 emu.K.mol ' observed from 300 to 20 K. Upon further
cooling yuT increases to reach a value of 0.83 emu.K.mol " at 2.0 K (figure 2.11b),
indicating the presence of a weak ferromagnetic interactions. The magnetic data have
been analyzed using a model comprising a uniformly spaced linear ferromagnetic
chain of spin S = % as proposed by Baker er al.*® (see equation 3) affording an

exchange coupling of J=+0.76 cm ™' with a Landé-factor g = 2.07.

Xon
kT |D Eq. 3

A=10+57979916y +16.902653y" +29.376885y" +29.832959y* +14.036918y°
D=10+2.7979916y +7.0086780y> + 8.6538644y” + 45743114 y*
y =J/2kT
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2.2 Results and discussion

The susceptibility data of compound 2 has been fitted to a Curie-Weiss law (equation
4) where C is the Curie constant and 0 is the Weiss constant (or Weiss temperature). A
positive value of 0 indicates ferromagnetic exchange interactions whereas negative 0
indicates antiferromagnetic interactions. Representation of % ' gives a straight line of
which the slope is C™'. The intercept with the T axis yields both the sign and the value
of 0. Figure 2.12 shows the best fitting of the %' affording a Weiss constant of +2 K.

__Cc
X=(r-0) Eq. 4

The most plausible exchange pathway in 2 involves a two-halide Cu—Cl---Cl-Cu

interaction (figure 2.10),*

although it may also contain some influence from other
potential superexchange mechanisms such as Cu—Cl--*Cu non-bonding interactions or
N-H--Cl-Cu hydrogen bonds. Due to the rapid release of HCI by 2 (conversion to 3),
magnetic measurements were performed under HCl atmosphere to guarantee

homogeneity during the magnetic measurements.

After release of HCI, the magnetic behaviour of 3 indicates that the Cu---Cu
interactions are also very weak (figure 2.11c), which is due to the fact that after the
release of two equivalents of HCI (2 — 3) the imidazole ligand remains neutral and
does not act as a bridging ligand in the product. Instead, a chloride ligand bridges the
square-planar Cu" units. Similar to 2, exchange interactions are only detected in the
low temperature magnetic behaviour. Below 20 K, yuT increases slightly to reach a
maximum value of 0.45 emu.K.mol' at 13 K and then decreases at lower
temperatures. This behaviour is indicative of weak ferromagnetic interactions
coexisting with a dominant antiferromagnetic coupling. All these features have been
modeled by treating this compound as a uniformly spaced antiferromagnetic regular
chain, J, (equation 2).™ plus an additional inter-chain interaction (J'), modelled with
the molecular field approximation.’ The bridging chloride ligand provides the
magnetic pathway for the antiferromagnetic exchange (J = -4.46 cm') and the N—

H---Cl and C-H--Cl hydrogen bonds might be responsible for the weak ferromagnetic
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Figure 2.11 Thermal dependence of the y\T product of 1 (a), 2 (b) and 3 (c)
including the fit (red line).
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2.2 Results and discussion

coupling (J’ =+1.70). The small value of J is consistent with the structural features.
The out-of-plane bridging framework created by the packing of the square-planar Cu"
units linked through the chloride ligand is not favourable to promote any exchange
interaction since the magnetic orbital of the Cu" is mainly delocalized in the equatorial

plane and a very weak spin density is expected on its axial position.
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Figure 2.12 Best fitting (blue line) of the susceptibility data
of compound 2 from 300 to 200 K to a Curie-Weiss law
(Weiss constant 6 = +2 K).

The different magnetic response upon HCI chemisorption/desorption (see table 2.1) is
confirmed by the field dependence of the magnetization measured at 2 K (figure 2.13).
The strong antiferromagnetic nature of coordination polymer 1 is evident due to the
linear increase of the weak signal which is much below the calculated Brillouin curve
(Bn(x), see equation 5) for non-interacting spin S = 2 (Mg = 1 ug). Thus,
antiferromagnetic intrachain interactions are present in compound 1. For compound 2
the magnetization increase is sharper than that of the Brillouin function and saturates
at 5 T, whereas for 3 the magnetization values are always below the Brillouin function
and does not reach saturation, which agrees with the weak ferromagnetic (2) and weak

antiferromagnetic (3) exchange interactions in these compounds.
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The Brillouin function By (x):

Bn(x):é (S+;)coth (S+;)x}—;coth;} Eq. 5
Where X = Lo
kT

M (1)

H(T)

Figure 2.13 Field dependence of the magnetization, M, measured
at 2 K of compounds 1 (green), 2 (red) and 3 (blue) and the

Brillouin function for non-interacting S=1/2 (black dashed line).

Table 2.1 Fitting parameters for magnetic data according to different models and magnetic pathways.

Fitting model ref S J(em™) J'(em')  Magnetic pathway
1 1D linear-chain 37 172 -45.7 - Cu-NCN-Cu
2 1D linear-chain 38 172 +0.76 - Cu—Cl-+-Cl-Cu
3 1D linear-chain and 39,40 172 -4.46 +1.70 Cu—Cl--Cu

intermolecular interaction

2.2.5 EPR response to HCI chemisorption and monitoring

The substantial changes in coordination environments of the copper centres due to the
sorption/desorption processes permit the use of electron paramagnetic resonance

(EPR) spectroscopy, which is strongly sensitive to the coordination environment of
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2.2 Results and discussion

the metal centres and lead to clear differences in the EPR spectra of these compounds.

EPR spectra of compounds 1, 3 and 2 will be discussed below in this order.

EPR spectra of compound 1 have been measured at different temperatures (300, 200,
100, 50, 25, 10 and 4 K). An axial spectrum is obtained for all temperatures (g values
can be modeled to g, = 2.25 and g= 2.08; Zaverage = 2.13). These values (with g > g))
are in agreement with the coordination environment of the Cu, which presents a
pentacoordinated square-pyramidal geometry and a dx»’»’ magnetic orbital (see table
2.2). The Am, = =2 transition characteristic of dimeric species* is not observed at the
half-field region, in agreement with the dimensionality of the system (J-uniform

magnetic chains).

In order to demonstrate that the observed EPR signal does not correspond to the
monomer impurity, the variation of the intensity of the signal with temperature has
been studied (figure 2.14). The intensity of the EPR signal (/) is proportional to the
magnetic susceptibility, and is in agreement with the magnetic properties: the product
IT decreases with T, which demonstrates that the observed EPR signal corresponds to
the Cu chain. The signal intensities have been normalized such that the value of the /T
product at 300 K matches the observed y yT value. With this normalization, it is
observed that the /T product at 50 K matches also the observed yuT value.
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Figure 2.14 Thermal dependence of the product of the
normalized intensity of the EPR signal with temperature

of compound 1 (green) in the temperature range 50-300 K.
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EPR spectra of compound 3 have been measured at different temperatures (300, 200,
100, 50, 25, 10 and 4 K). An axial spectrum is observed at all temperatures (g values
can be modeled to g = 2.28 and g.= 2.08; Zaverage = 2.14). These values (with g, > g.)
are in agreement with the coordination environment of the Cu which indicates a dx’-)’

magnetic orbital.

EPR spectra of compound 2 at different temperatures (figure 2.15) shows that a split
of the signal occurs below 100 K. At 300 K an isotropic spectra can be observed with
g = 2.20, which fully agrees with an unresolved spectra with a distorted tetrahedral
environment exhibited by the Cu site (figure 2.4a). However, at low temperatures an
inverse axial spectrum with g; < g. is found (modeled values g; = 2.100 and g= 2.255;
Saverage = 2.20), indicating a d magnetic orbital, which is unusual for distorted
tetrahedral environments but typical for penta-coordinated Cu'" complexes with
trigonal bipyramid geometries.” This might be due to the presence of a Cu—Cl-+Cu
non-bonding interaction (figure 2.16) that results in a pseudo-pentacoordination of the
Cu atom which is closer to a trigonal bipiramid than to a square pyramidal geometry.
Hence, the anisotropy of the EPR spectra below 100 K can be seen as the result of an
intermediate situation between trigonal bipyramid (from the pseudopentacoordination
of the Cu) and distorted tetrahedral (from the real tetracoordination of the Cu), which
implies a ground state described by a mixture of the dv’»’ and dz* Cu(lIl) orbitals and
explains that g < g.. Previous studies on the variation of the EPR spectra of [CuCls]*
with temperature support this point of view.* In that work, Reinen and Friebel show
that the g anisotropy increases considerably upon decrease of temperature due to a
change of geometry of the [CuCls]* polyhedra due to a second-order Jahn-Teller
effect. The situation in compound 2 is somewhat similar: at room temperature there
are isolated [CuCl,]* anions with isotropic g values; upon decrease of temperature,
weak Cu—Cl--Cu interactions produce a splitting of the EPR signal, which can be
achieved due to the high plasticity of the [CuCly]* anions. Nevertheless, this small g-
anisotropy has no effect on the magnetic description of compound 2, which has been

demonstrated by calculating the magnetic susceptibility of a ferromagnetic S = 1/2

48



2.2 Results and discussion

Heisenberg chain with a fixed J value of 0.7 cm™' as a function of the degree of
anisotropy of the g tensor, with 0.8 < g/g1 < 1.2 maintaining in all cases g,, = 2.20.
All gy/g1 values yield the same magnetic susceptibilities, i.e. several fits with gj/gL
values in the range 0.8—1.2 and the same J value can reproduce the experimental

magnetic susceptibility of compound 2.
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Figure 2.15 X-band EPR spectra of compound 2 at different temperatures: 300 (a), 200 (b), 100 (c), 50
(d), 25 (e), and 10 K (f).

Figure 2.16 View of crystal structure of compound 2. The environment

of Cu centre in 2 shows a Cu—Cl'**Cu non-bonding interaction (dashed

red line) which results in a pseudo-pentacoordination of the Cu atom.
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Table 2.2 EPR spectral parameters and magnetic orbitals.

g g Saverage  Magnetic orbital
1 2.25 2.08 2.13 dey?
2 2.10%  2.26* 2.20 dv-? and d=
3 2.28 2.08 2.14 dey?

* Values for spectra recorded at T <100 K.

Table 2.3 Values of EPR signals for 2 and 3 at 3079 G and 3209 G.

Value at 3079 G~ Value at 3208.5 G %2 %3
Compound 2 0 -2030 0 100
Compound 3 8150 0 100 0
EPR 0 8146 - 100 0
EPR 1 - —-1768 12.9 87.1
EPR 2 8158 - 100 0
EPR 3 - -2016 0.7 99.3
EPR 4 8149 - 100 0
EPR 5 - —2006 1.2 98.8
EPR 6 8108 - 99.5 0.5
EPR 7 - —2031 0 100
EPR 8 8132 - 99.8 0.2
EPR 9 - —1840 9.4 90.6
EPR 10 8190 - 100 0
EPR 11 - -2017 0.6 99.4
EPR 12 8134 - 99.8 0.2
EPR 13 - —-1862 8.3 91.7
EPR 14 8155 - 100 0
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Figure 2.17 Monitored EPR signals at room temperature. (a) X-band EPR spectra of compounds 2
(red) and 3 (blue) showing broad signals at 300 K for both compounds. Arrows indicate the
resonance fields at which their EPR signals are zero, centred at different values (3079 G for 2 and

3209 G for 3). (b) “On/off” switching between crystalline 2 and 3 monitored at room temperature.

The changes from the distorted tetrahedral geometry in 2 to a square-planar copper
centre in 3 lead to clear differences in the room-temperature EPR spectra of these two
compounds, as shown in figure 2.19a. Although both compounds present broad
signals at room temperature, they are clearly distinct. More important than their
difference in shape is that their resonance fields, at which their EPR signals are zero,
are centred at different values (3079 G for 2 and 3209 G for 3, see arrows in figure
2.19a). This provides with the opportunity to monitor the position of the switch and
the ratio of 2 and 3 at a given point by measuring the EPR signals at these two fields.
The resonance fields of compounds 2 and 3 are centred at different values, at which
their EPR signals are zero (3079 G for 2 and at 3209 G for 3). Thus, the signals
measured at these two fields can be used to monitor the position of the switch and the
ratio of 2 and 3 at a given point. Hence, by fixing the field at 3079 G we can quantify
the amount of 3, whereas by fixing the field at 3209 G we quantify the amount of 2.
Note that the signal at 3079 G cannot be used to quantify 3 since this region

corresponds to the maximum slope of the spectra of 3, and a small variation of the
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field corresponds to a large variation of the signal. Similarly, the signal at 3209 G
cannot be used to quantify 2 (Table 2.3). Therefore, these two signals afford a good
estimation of the composition of a mixture of 2 and 3 at room temperature.
Interestingly, we show that the uptake-release of HCI is totally reversible and can be
repetitively switched “on” and “off” (Figure 2.19b), demonstrating the responsive

behaviour of this magnetic molecular material.

2.3 CONCLUSIONS

In this Chapter the possibility of modulating the magnetic properties through

chemisorption of a gas in the absence of pores has been presented.

The preparation of a non-porous coordination polymer [Cu(pyim)(Cl)(MeOH)] (1)
capable of modifying the magnetic properties upon sorption of HCI gas despite the
lack of porosity is described. The process can be illustrated as a two-step irreversible-

reversible chemisorption (1—=3 = 2): 1 forms antiferromagnetic chains of square

pyramidal Cu centres and is able to incorporate 3 equivalents of HCl molecules
resulting in the ionic solid 2 (H,pyimH)[CuCl,]; 2 presents ferromagnetic interactions
between the distorted tetrahedral [CuCly]* anions and is able to extrude 2 equivalents
of HCI yielding the molecular compound 3 cis-[CuCl,(pyimH)] where the square

planar Cu centres show antiferromagnetic interactions.

Importantly, these non-porous frameworks display a considerable flexibility with the
guest uptake and release, which do not disrupt the crystallinity of the compounds.
Thus, structural analysis from single crystal diffraction and ab initio structure
determination from powder diffraction have been performed and resulted essential to

rationalize the changes in the physical properties of these compounds.

The magnetic changes caused by the structural transformations in these compounds
are only observable in the low temperature region (below 10 K) except for compound

1, since the magnetic susceptibility is primarily sensitive to the magnetic interactions,
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which are quite weak in both 2 and 3. In spite of this, the substantial changes in
coordination environments due to the sorption/desorption processes have permitted the
use of electron paramagnetic resonance (EPR) spectroscopy to monitor the reaction at
room temperature due to its high sensitivity to the coordination environment of the
metal centres. Monitoring of the switch observed in the magnetic properties upon HCI

chemisorption has been explored, in particular, the reversible inter-conversion 2 =2 3.

To conclude, in this Chapter is shown that chemisorption of HCI by a non-porous
coordination polymer can be used as a novel approach to design responsive molecular

materials with tunable magnetic properties.

2.4 METHODS
2.4.1 Synthesis
All reagents were purchased from Aldrich and used as received.

Synthesis of 2-(1H-Imidazol-2-yl)pyridine L1. The ligand 2-(1H-Imidazol-2-
yl)pyridine (L1) was synthesized by the general method of Radziszewskias described
by Chiswell, Lions and Morris.* Ice-cold solutions of pyridine-2-aldehyde (22.65 g,
0.21 mol) in ethanol (20 mL) and glyoxal (29 mL of 40% aqueous solution) in ethanol
(20 mL) were mixed and then, ice-cold concentrated aqueous ammonia solution (85
mL of 20 N) was rapidly added. The yellow-brown solution was stirred at 0°C for 1 h,
then allowed to stand overnight at room temperature. Most of the ethanol was distilled
off and the cold residue extracted with ether (10 x 100 mL). The solvent was removed
from the combined, dried (Na,SO,4) ether extracts and the residual oil distilled in
vacuo. A pale yellow oil was collected and recrystallization from ethyl acetate and
methanol afforded the desired compound as yellow prisms. 'H-NMR (300 MHz, D6-
CD;CN): 8.54 (d, °J = 5, 1H); 8.07 (d, °J = 8, 1H); 7.81 (td, J = 7.8, 1.5, 1H); 7.30
(ddd, >J = 7.5, 4.8, 1.5, 1H); 7.13 (s, 1H); Analysis (caled., found for CgH;N3): C
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(66.19, 66.32), H (4.86, 4.92), N (28.95, 28.81). ESI-MS: (146, M-H").

Synthesis of [Cu(pyim)CI(MeOH)] (1). Single crystals of 1 were grown in a
methanol solution by a slow diffusion method using an H-shaped tube at room
temperature. A solution of CuCl,-2H,0 (34 mg, 0.2 mmol) in MeOH (2 mL) was
placed in one arm, and a solution of 2-(1H-Imidazol-2-yl)pyridine (29 mg, 0.2 mmol)
in MeOH (2 mL) and NEt; (28 pL, 0.2 mmol) were added to the other arm. Methanol
was added to connect the two arms. Needle-shaped dark green single crystals of both
chiralities (noted as 1+ and 1-) were obtained after several weeks in quantitative yield
in the product, which is a racemic mixture with no dichroic signal in the solid state
(figure 2.20, vide infra). Phase purity was established by X-ray powder diffraction and
EPR spectroscopy. Analysis (caled., found for CoH;(N;Cl,0,Cu;): C (39.28, 39.59), H
(3.66, 3.58), N (15.27, 15.01).

Synthesis of (H,pyimH)[CuCly] (2): uptake of HCI from aqueous HCI vapour by
1. 30 mg (0.1 mmol) of crystalline powder 1 was placed in a vial in the presence of
vapours of concentrated aqueous HCI (37%). A change of colour of the powder from
dark green to yellow occurred within minutes, but the sample was allowed to react for
1 day to ensure completion of the reaction. A small single crystal suitable for X-ray
single crystal diffraction was found among the crystalline powder. Phase purity was

established by X-ray powder diffraction and EPR spectroscopy.

Synthesis of cis-[CuCl,(pyimH)] (3): release of HCI by 2. Crystalline powder 2 was
left uncovered and a change in colour was observed after 2 hours (from yellow to
bright green). Completion of the reaction was obtained within 1 day. No single
crystals suitable for X-ray diffraction were found, and the structure was established by
X-ray powder diffraction. Phase purity was confirmed by EPR spectroscopy. Analysis
(calcd., found for CgH7N;C1,Cu): C (34.36, 33.79), H (2.52, 2.55), N (15.03, 15.01).
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2.4.2 Structural characterization
2.4.2.1 Single crystal diffraction for 1 and 2

Single crystals of compounds 1+, 1- and 2 were mounted on glass fibres using a
viscous hydrocarbon oil to coat the crystal and then transferred directly to the cold
nitrogen stream for data collection. X-ray data were collected at 120 K on a Supernova
diffractometer equipped with a graphite-monochromated Enhance (Mo) X-ray Source
(L=0.71073 A) at ICMol (University of Valencia). The program CrysAlisPro, Oxford
Diffraction Ltd., was used for unit cell determinations and data reduction. Empirical
absorption correction was performed using spherical harmonics, implemented in the
SCALE3 ABSPACK scaling algorithm. Crystal structures were solved and refined
against all F* values using the SHELXTL suite of programs.*® Non-hydrogen atoms
were refined anisotropically and hydrogen atoms were placed in calculated positions
that were refined using idealized geometries (riding model) and assigned fixed
isotropic displacement parameters. In 1+ and 1—, the coordinated methanol molecules
have the CHj; group disordered over two sites and have been modeled with 51(2):49(2)
and 66.6:33.3 ratios respectively. The single crystal of compound 2 was found to be
twinned as two domains related by a rotation of 180° about the a axis
[0.709(2):0.291(2)]. Crystal structure solution and refinement of the model was
performed using the major component with corrected intensities for the contribution of
the minor component to the overlapped reflexions. A summary of the data collection

and structure refinements is provided in table 2.4.
2.4.2.11 X-ray powder diffraction. Phase purity

Polycrystalline samples of 1 and 3 were lightly ground in an agate mortar and pestle
and filled into 0.5 mm borosilicate capillaries. Data were collected at room
temperature in the 20 range 2-30 ° on an Supernova diffractometer at ICMol

(University of Valencia), using Mo K, radiation.
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Table 2.4 Crystallographic data for compounds 1+, 1- and 2.

Compound 1+ 1- 2
Empirical formula CoH(N;OCICu  CoH|(N;OCICu  CgHoN;Cl,Cu
Formula weight 275.19 275.19 352.52
Crystal colour Dark green Dark green Yellow
Crystal size 0.21x0.06x0.04  0.08x0.07x0.03  0.06x0.03x0.03
Temperature (K) 120(2) 120(2) 120(2)
Wavelength (A) 0.71073 0.71073 0.71073
Crystal system, Z Trigonal, 3 Trigonal, 3 Monoclinic, 2
Space group P3, P34 Pc
a(A) 9.6491(3) 9.6383(5) 6.9831(10)
b(A) 9.6491(3) 9.6388(5) 7.2397(9)
c(A) 10.7075(6) 10.6890(8) 12.931(2)
a(®) 90 90 90

b (°) 90 90 105.067(15)
Y (°) 120 120 90
V(A% 863.36(6) 860.03(9) 631.28(15)
Oeate Mg/m®) 1.588 1.594 1.855
w(Mog.) (mm™) 2.105 2.114 2.550

O range (°) 3.09-27.48 3.10-27.48 2.81-27.54
Reflns collected 4663 4303 9442
Independent reflns (R;,) 2640 (0.0458) 2611(0.0631) 1558 (0.090)
Reflns used in refinement, n 2640 2611 9442

L. S. parameters, p/ restraints, 137/2 140/2 146/2
Absolute structure parameter 0.06(4) 0.03(3) 0.001(19)
R1(F),™ I>20(D)] 0.0699 0.0651 0.0546
wR2(F%),[™ all data 0.1647 0.1166 0.1506
S(F), all data 1.098 1.037 0.966

[a] RI(F) = 2(|F | ~ [F)/ZIF, |; [b] wR2(F?) = [Ew(F,* ~ FCZ)Z/ZW’FJ]%; [e] S(P) = [Ew(F, ~ FZYH(n+r-p)] %

2.4.2.I11 X-ray powder diffraction and Rietveld refinement for 3

A polycrystalline sample of 3 was lightly ground in an agate mortar and pestle and

filled into a 0.7 mm borosilicate capillary. Data were collected at room temperature in
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the 20 range 0 — 40 ° on beam line 111 at Diamond Light Source, UK, using A =
0.826134 A and a wide angle (90°) PSD detector comprising multiple Mythen-2

49,50
modules.™

A series of 6 pairs of scans were conducted at room temperature, each
pair related by a 0.25° detector offset to account for gaps between detector modules.
The resulting 12 patterns were summed to give the final pattern for structural analysis.
The diffraction pattern was indexed using DICVOL91’' to a monoclinic cell [F(18) =
71.0, M(18) = 19.8] and space group P2,/n was assigned from volume considerations
and a statistical consideration of the systematic absences. The dataset was
background-subtracted and truncated to d = 2.795 A (20 = 17.00°), for Pawley
refinement*’ and the structure was solved ab initio using the simulated annealing (SA)
global optimization procedure implemented in the DASH computer program.’>> The
SA structure solution involved the optimization of four independent fragments in the
asymmetric unit (one Cu atom, two Cl atom and one pyimH ligand), totalling 16
degrees of freedom. Z matrices describing the molecular topology of the fragments in
each compound were generated automatically for all fragments using DASH. Global
optimization of all external (rotational and translational) degrees of freedom against
the extracted intensities was carried out with all DASH SA control parameters set to
default values. 10 runs with 5x10" SA moves per run were implemented for each
structure determination. The best SA solutions had a chemically reasonable packing
arrangement, and exhibited no significant misfit to the data. The solved structure was
used as starting model for Rietveld refinement, conducted using TOPAS.*® All atomic
positions and displacement parameters, Ui, of non-hydrogen atoms were refined (one
for Cu atom, one for all CI atoms and one for all C and N atoms; H atoms were fixed
at idealised positions and the atomic displacement parameters were set as 1.2 times
those of non-hydrogen atoms), subject to a series of restraints on bond lengths, bond
angles and planarity of the aromatic rings. A March-Dollase correction of the
intensities for preferred orientation was applied in the final stage of refinement.
Rietveld refinement™ converged to R,, = 0.02267, R,,” = 0.07678 (R, is the

background subtracted R,,). The observed and calculated diffraction patterns for the
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refined crystal structures are shown in Figure 2.6. A summary of the data collection

and structure refinements is provided in Table 2.5.

Table 2.5 Data collection, structure solution and refinement parameters of 3.

Compound 3
Empirical formula CgH7N;5Cl1,Cu
Formula weight 279.62
Specimen colour Bright green
Specimen shape (mm) Cylinder 12 x 0.7 x 0.7
Wavelength, A (A) 0.826134
Crystal system Monoclinic
Space group, Z P2/n, 4
a(A) 15.6450(2)
b(A) 15.5700(3)
c(A) 3.91545(8)
a(®) 90

b (°) 94.722(2)
v (©) 90
V(A% 950.54(3)
Density (Mg/m®) 1.954
Temperature (K) 298

u (mm™) 4.248

20 range ( (°) 2.0t0 40.0
Increment in 26 (°) 0.004
Reflns measured, n 565
Specimen mounting 0.7 mm borosilicate capillary
Mode transmission
Detector 90 ° PSD
Parameters refined, p 116
Restraints, r 25

R 0.01697
R,," 0.02267
R 0.188
GoF 9, all data 12.086

7 ,
[a] R, ==y, —y/Z vgs [b] Rup = [EW(g — ¥ Zw ()] % 1) Rep = Ryy/GoF 5 [d] GoF = [Ew(y, ~y)/(n —p +1)] %
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2.4 Methods

2.4.3 Physical measurements

'H NMR spectra was recorded on a Bruker DPX300 (300 MHz) spectrometer. Proton
('H) chemical shifts are reported in parts per million (3) and referenced internally with
respect to the protic solvent impurity. Elemental analysis was carried out at the Centro
de Microandlisis Elemental, Universidad Complutense de Madrid. Circular dichroism
of compound 1 was measured with a JASCO J-810 circular dichroism spectrometer

(with a 150 W Xe lamp) at the Central Services of the University of Alicante.

mdeg

7 (nm)

Figure 2.18 Dichroic spectra of compound 1

(racemic mixture of 1+ and 1-) in KBr.
Magnetic measurements. Magnetic susceptibility measurements were performed on
single-phased polycrystalline samples with a Quantum Design SQUID magnetometer
at ICMol (University of Valencia). The susceptibility data were corrected from the
diamagnetic contributions as deduced by using Pascal’s constant tables. The d.c. data
were collected in the range 2-300 K for decreasing temperatures with an applied field
of 0.1 T and field dependent magnetization were collected at 2 K with an applied
magnetic field increased from 0 to 5 T. Electron paramagnetic resonance spectroscopy
was recorded with a Bruker ELEXYS E580 spectrometer operating in the X-band
(9.47 GHz).
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PHYSISORPTION IN NON-POROUS
FE' SPIN CROSSOVER
COORDINATION POLYMERS







3.1 Introduction

3.1 INTRODUCTION

The use of an external stimulus to affect the magnetic properties of a magnetic MOF
has been recently explored,' specially the effects of chemical stimuli. Most
commonly this involves the use of solvent molecules (H,O, MeOH, aromatic
molecules...) that can penetrate the pores producing changes in the crystal structures.”
’ However, adsorbed gas molecules (Ha, N,, CO,...) do not appreciably interact with
the magnetic host network, thus provoking no effects on the magnetic ordering or the
spin transition temperature. In fact, modification of the magnetic ordering of a porous
magnet through gas sorption has only been achieved in a Cu MOF in which the
presence of CO, molecules in the pores provokes an increase in Ty from 22 K to 29
K,'" whereas no effects have been reported in spin-crossover MOFs. The latter
materials are more interesting from an application point of view, since the spin-
crossover phenomenon can occur at temperatures of gas sorption, and even at room

temperature, which can cause a synergy in the properties.'"'?

This Chapter presents a new strategy to obtain a SCO coordination polymer whose
properties can be affected by gas sorption by using flexible organic ligands which can
respond to an external stimulus (figure 3.1). This contrasts to the most common
strategy that involves the use of rigid ligands to bridge between the metal nodes,

13-15 .
The main

which leads to robust and rigid frameworks with the formation of pores.
disadvantage of the use of flexible linkers arises from the difficulty in the formation of
porous materials. However, as presented in Chapter 2, the presence of pores is not a

requirement to tune magnetic properties through gas sorption.'®

Figure 3.1 1,4-bis(tetrazol-1-ylmethyl)benzene (btzx) ligand.

Arrows indicate the possible rotational motion of the phenyl ring.
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Physisorption in non-porous Fe' spin crossover coordination polymers

In this Chapter a family of SCO coordination polymers whose spin transition has
shown to be sensitive to gas sorption (CO,) despite the lack of permanent channels is
presented. In particular, two non-porous coordination polymers are shown to
selectively trap CO, over N, gas molecules, which cause a modification in the
transition temperatures. To fully characterize this selectivity, gravimetric adsorption
measurements of single-component and binary mixtures of gases have been addressed
to one of the systems. The gas molecules are incorporated into the internal cavities in
the absence of permanent pores given the existence of a dynamic framework, which is
mainly provided by the flexibility of the ligand. Magnetic measurements prior and
after gas loading have been performed to characterize the spin transition phenomena
and the perturbation exerted by the gas molecules. Finally, in situ powder X-ray
diffraction has been used to locate the binding sites of the CO, molecules and permits

the examination of the nature of the interaction with the framework.

3.2 RESULTS AND DISCUSSION

3.2.1 Description of the structures

[Fe(btzx);](C104), (4). The controlled reaction of Fe(ClO4),'xH,O with 1,4-
bis(tetrazol-1-ylmethyl)benzene (btzx, figure 3.1) affords blocked-shaped crystals of
[Fe(btzx);](ClO,), (4) after several hours. The crystal structure of 4 was determined in
the low-spin (LS) and the high-spin (HS) states using the same single crystal at 120 K
and 240 K, respectively (see section 3.4.2.1). In both states, 4 crystallizes in the P6s/m
space group and is composed of [Fe(btzx);]*" units that form linear chains that run
parallel to the crystallographic c-axis (figure 3.2). Each Fe" ion lies on the 3—fold axis
and is surrounded by six crystallographically related tetrazole rings coordinated
through nitrogen atoms from six btzx ligands in an almost perfect octahedral
environment. The N-Fe-N angles are of 90.2(2) and 89.8(2) ° at 120 K and 90.4(2) and
89.6(2) © at 240 K (see table 3.1) affording an octahedral distortion parameter (X) of
2.4 and 4.8 ° for LS and HS respectively (2 = 0 ° for an ideal octahedron). Structural
parameters for 4 at 120 K and 240 K are shown in table 3.2. At 120 K, all Fe-N
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3.2 Results and discussion

distances are 1.996(4) A, while these are 2.160(6) A at 240 K, which are in the
expected range for Fe—N distances at LS and HS, respectively, in Fe—tetrazolate
systems.'” This change in distance corresponds to a 8 % decrease of the bond length
upon the transition. In addition, the change in bond distances is accompanied by a
colour change of the crystal from pink (120 K) to colourless (240 K), further
confirming the different spin states of the Fe" centres. The most severe structural
change caused by the spin transition occurs along the c-axis, although the overall

structure remains practically identical (see section 3.2.2.1I).

(b)

Figure 3.2 (a) Coordination environment of the Fe" centres in 4, showing the connection to
three anti-btix ligands and the two ClO,” anions. (b) Crystal structure of compound 4 viewed
along the b-axis. The ClO4 anions and hydrogen atoms have been removed for clarity. Key:
Fe, orange; C, gray; N, blue, Cl, green and O, red. The yellow spheres (diameter of 9 A) are

placed in the structure as a visual indication of the empty space of the internal voids.

67



Physisorption in non-porous Fe" spin crossover coordination polymers

68

(b)

Figure 3.3 Crystal structure of 4. (a) View along the chain direction (c-axis) showing that
the chains are packed as would be expected for close packing of cylinders. Key: Fe, orange;
C, gray; N, blue, Cl, green and O, red. (b) View along the b-axis showing the position of the
ClO4 anions, which are coplanar to the Fe centers. Key: Fe, orange; Cl, green; O, red; C and

N, gray; H, omitted for clarity. Analogous structures are found for 5.



3.2 Results and discussion

The ligands arrange in a syn conformation acting as bridges between neighbouring Fe'
ions lying in a common plane, with Fe---Fe distances of 11.5752(9) A at 120 K and
11.7881(12) A at 240 K. Interestingly, propagation of this bridging mode leads to
cationic chains which display internal cavities with no permanent channels. The void
volumes were estimated using PLATON to be 10.8 % (at 120 K) and 11.7 % (at 240
K) of the unit cell (discrete voids of 117 A* and 132 A, respectively). Remarkably, no
solvent molecules are present in these cavities, as demonstrated by SQUEEZE'® and
thermogravimetric analysis (TGA) (figure 3.24). This contrasts with analogous
systems where solvent molecules are found in the voids of the as-synthetized
materials.” The chains are packed in a hexagonal arrangement separated by ClO4
counterions which are coplanar to the Fe centers (figure 3.3). The Fe---Fe distance
between chains is of 10.3668(4) A at 120K and 10.5117(7) A at 240 K. Each ClO,

anion interacts with three different chains through weak C—H:--O hydrogen bonds.

[Fe(btzx);](BF4), (5). 5 is obtained in a procedure analogous to that of 4 except that
Fe(BF,),-6H,0 was used. Crystal structure of § was determined in the low-spin (LS)
and the high-spin (HS) states at 120 K and 240 K, respectively (see section 3.4.2.1).
Compound 5 is isostructural to 4, thus, it also crystallizes in the P6s;/m space group for
the two spin states and is composed of [Fe(btzx);]*" units. The N-Fe-N angles are of
90.4(6) and 89.6(5) ° at 120 K and 91.2(5) and 88.8(5) ° at 240 K, affording an
octahedral distortion parameter (£) of 4.8 and 9.6 ° for LS and HS respectively
(structural parameters for 5 at 120 K and 240 K are shown in table 3.2). Fe-N
distances are 1.985(13) A at 120 K and 2.1156(15) A at 240 K (table 3.1), which are
also in the expected range for in Fetetrazolate systems.'” This change in distance
corresponds to a 7.4 % decrease of the bond length upon the transition. A colour
change of the crystal from pink (120 K) to colourless (240 K) is observed. Structural
changes caused by the spin transition are summarized in section 3.2.2.II. The
intrachain Fe---Fe distances are 11.4814(7) A at 120 K and 11.6924(16) A at 240 K
and the Fe---Fe distance between chains is of 10.3690(5) A at 120K and 10.5265(12)

A at 240 K. No solvent molecules are present in the internal cavities along the chains
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and the void volumes were estimated using PLATON to be 11.3 % (at 120 K) and
12.4 % (at 240 K) of the unit cell (discrete voids of 121 A® and 140 A%, respectively.

See table 3.2). The BF, counterions separate the chains, which are packed in a

hexagonal arrangement (figure 3.4). Each BF, anion interacts with three different

chains through weak C—H:---O hydrogen bonds.
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Figure 3.4 (a) Coordination environment of the Fe" centres in 5, showing
the connection to three anti-btix ligands and the two BF,” anions. Key:

Fe, orange; B, green; F, yellow; C and N, gray; H, omitted for clarity.

Table 3.1 Selected bond lengths (A), angles (°) and metal-metal distances for
4 and 5 in the HS (240 K) and LS (120 K) states.

4-LS 4-HS 5-LS 5-HS

Fe-N 1.996(4) 2.160(6) 1.985(13)  2.156(15)
N-Fe-N 90.18(16) 90.4(2) 90.4(6) 91.2(5)
89.82(16) 89.6(2) 89.6(5) 88.8(5)

180.00 180.0 180.00(3) 180.0(8)

Fe''Femm  11.5752(9)  11.7881(12) 11.4814(7)  11.6924(16)

Fe-Feme  10.3668(4)  10.5117(7)  10.3690(5)  10.5265(12)




3.2 Results and discussion

Table 3.2 Octahedral distortion parameters and voids for 4 and 5 in the HS (240 K)
and LS (120 K) states.

4-LS 4-HS 5-LS 5-HS
= 24 48 4.8 9.6
Discrete void (A%) ° 117 132 121 140
Voids % ° 10.8 11.7 113 12.4

?Octahedral distortion parameter X = £,'2(|90—i|) [Z = 0° for an ideal octahedron; ¢i represents
the twelve smallest L-M-L angles]
® Solvent accessible area (A%)

¢ Total potential solvent area volume per unit cell volume

3.2.2 X-ray powder diffraction studies
3.2.2.1 Phase purity. XRPD studies have served to establish the phase purity of

polycrystalline samples 4 and 5.
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Figure 3.5 Observed (blue) and calculated (red) profiles and difference plot [(Iops — Leaca)] (grey) of the

Pawley refinements for compounds 4 (a) and 5 (b) (20 range 2.0-60.0 °; maximum resolution 1.54 A).
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Pawley refinements have been applied to the experimental powder patterns of
polycrystalline samples 4 and 5. The observed and calculated diffraction patterns for
the refined crystal structures are shown in figure 3.5. Pawley refinement converged to
Ry, = 0.0270, Ryp,” = 0.0933 with a gof = 1.206 for 4 and Ry, = 0.0264, R,,,’ = 0.0961
and gof = 1.461 for 5 (R,  is the background subtracted R,).

3.2.2.11 Variation of the lattice parameters along the hysteresis loop. Temperature-
dependent XRPD data from temperature-dependent studies can be extremely useful in
the characterization of the spin transition and for determining changes of the lattice
parameters. In order to examine these parameters, X-ray variable temperature
experiments have been performed on crystalline powdered samples of 4 and 5. Powder
patterns were collected at 300, 210, 205, 200, 195, 190 and 150 K both in the cooling
and the heating mode. A detailed view of the most intense diffraction peak (7.2-8.0 °
in 26 range) is presented in figure 3.6 for 4 and 5. Upon cooling (diffractograms 1-7),
the maximum of the peak successively appears at higher values of 26 as a
consequence of the thermal contraction but mainly due to the spin transition from the
high spin to the low spin. The subsequent warming mode (diffractograms 7-13)
results in a reversible decrease of the maximum to lower 26 values indicating a spin
transition from the low spin to the high spin. In figure 3.7 the variation of the 26
position of the intense peak as a function of the temperature is presented. For both
systems, a reversible variation of ca. 0.16 ° is observed. No hysteresis is found in this

experiment.
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Figure 3.6 View of the most intense diffracted peak at different temperatures for 4 (a) and 5 (b) (260
range 7.2-8.0 °).

A Pawley refinement was carried out on each individual scan, in which profile

parameters, background and unit-cell parameters were refined. Consequently, refined

unit cell parameters were extracted for each temperature scan. The unit-cell

temperature dependence shows that the spin transition corresponds to a reversible

modification of the unit cell volume of 5.1 and 4.6 % for 4 and 5 respectively. This

difference in volume variation can be discussed in terms of anisotropy of the unit cell

modification at the spin transition (figure 3.8). Several considerations can be

highlighted: 1) for each compound the ¢ parameter presents a larger variation (—2.0

and —2.1 % for 4 and 5 respectively) than the a and b parameters (—1.6 % and —1.3 %

for 4 and 5 respectively); ii) the ¢ parameter decreases similarly in both systems from
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HS to LS; iii) a and b parameters in each system are affected slightly different by the
transition. These facts can be explained by careful analysis of the crystal structures.
For 4 and S the higher variation along the ¢ parameter compared with the a and b
parameters is essentially a consequence of the linear arrangement of the chains, which
run parallel to the crystallographic c-axis. As expected, the major change of the unit
cell upon spin transition occurs along the chains where all the Fe-N bonds are
propagated. For Fe" complexes the ty, orbitals are of non-bonding character, whereas
the e, orbitals are anti-bonding. Therefore, the metal-ligand bond length is
significantly higher in the HS state than in the LS state, because in the former the anti-
bonding orbitals are populated. In addition, the variation of the ¢ parameter is
equivalent in the two compounds, which is unsurprising given the similarity of the
chains. However, both a and b parameters vary in a different manner for each system.
This can be explained since the a and b parameters form the plane in which the anions

are located and each anion interacts differently with the framework.

X-ray variable temperature experiments support the absence of a structural phase
transition accompanying the spin crossover phenomenon as previously determined by
single crystal X-ray diffraction studies. Additionally, these experiments further

confirm the different spin states of the Fe" centres by means of unit cell variation.
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Figure 3.7 20 position displacement of the most intense

diffracted peak at different temperatures for 4 (black) and 5 (red).
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Figure 3.8 Variation of unit cell parameters for 4 (a) and 5 (b).

3.2.3 Gas adsorption properties

Since the frameworks of 4 and 5 possess flexibility in rotation through the Cgromatic—
Crethylene bonds of the btzx ligand, their solid-gas adsorption properties toward N (77
K) and CO, (273 K) have been evaluated despite the lack of gas-accessible channels.
This has been performed in collaboration with Prof. F. Rey from the Instituto de
Tecnologia Quimica of Valencia. As shown in figure 3.9, significant differences can
be observed between these two single component isotherms. Importantly, 4 and 5
exhibit a preferential adsorption of CO, over N,. In fact, N, molecules remain
practically unadsorbed in 4 at 100 kPa, whereas almost one CO, molecule is adsorbed
per void. In 5, less than 0.2 molecules of N, are adsorbed while one CO, molecule is
adsorbed per void. This is likely due to the larger kinetic diameter of N, compared to
CO; (3.64 vs. 3.30 A), and the large polarizability and quadrupolar moment of the
CO, molecules, which results in a stronger interaction with the cationic framework
(see table 3.3).20 In addition, the facilitated diffusion of CO, at 273 K versus N, at 77
K must be also a factor in this phenomenon. An additional factor to take into account,
although unlikely to have an important role in this case, is the different spin states of

the frameworks at the sorption temperatures, which modifies the volume voids (from
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132 to 117 A® in 4 and from 121 to 140 A’ in 5). However, this should not have an
important effect in the gas sorption, as the smaller void is still large enough to
accommodate gas molecules. This sorption behaviour is of remarkable relevance due
to the lack of permanent channels connecting the internal voids. However, gas
adsorption studies on organic molecular solids” and metallocycles” containing
constrained internal voids have shown that gas molecules can enter the solids through

molecular motion of the host,” which is likely to occur in this case.

Table 3.3 Physical properties of CO, and N, gases.

CO, N,
Kinetic diameter [A] 3.30 3.64
Quadrupolar moment [C-m’] 134-10% 47-10™%
Polarizability [cm”] 263107 17.6-107%

Gases listed in the above table do not have a permanent dipole moment.
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Figure 3.9 CO, (red) and N, (blue) adsorption isotherm at 273 K and 77 K, respectively of 4 (a)
and 5 (b).
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To further demonstrate the preferential adsorption of CO, over N, and dismiss the
possible facilitated diffusion effect due to the different temperatures, single-
component adsorptions of CO; and N, for 4, and CO, for 5, have been measured at the
same temperature (298 K, see figure 3.10) up to 10 bar. In these gravimetric
adsorptions the previous preferentiality is also observed even at higher pressures. The
unambiguously confirmation that 4 selectively sorbs CO, over N, has been performed
by evaluating the actual sorption capacity in a mixture of gases, which can provide
experimental evidence of the sorption preference.** Figure 3.11 shows the binary gas-
adsorption isotherm for a 20/80 partial pressure mixture of CO,/N, (black) compared
to pure CO; isotherm (red) at 298 K up to 10 bar. The gas sorption in the mixture is in
perfect agreement with CO, being the unique molecule sorbed, as the sorption
isotherm in the mixture is equivalent to that of pure CO, when comparing the partial
pressure of CO; (figure 3.11b), indicating that CO, uptake is a function of Pco, rather
than the total pressure (Py,) for these mixtures. Hence, we can unequivocally conclude
that 4 preferentially absorbs CO, over N, with selectivity close to 100 %, and the

presence of N, just acts as a diluting agent.
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% mass
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Figure 3.10 (a) Single-component adsorptions isotherms at 298 K of CO, (red) and N, (blue) for
4 (a) and for CO, for 5.
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Figure 3.11 (a). Adsorption isotherms at 298 K of a 20/80 binary mixture of CO,/N, (black) and
pure CO; (red) for 4. Figure (b) is plotted versus total pressure (P,) while figure (c) is plotted versus
CO, partial pressure (Pco,).
The Virial isotherm for fitting experimental data points has been applied. This
approach is just a polynomial fitting without any starting assumption about the
adsorption process, but which provides a precise extrapolation of the adsorption

constant at zero coverage (see equation 1).

ln(g) =a, +%+ (bo +%)-Q+ (Co «r%)-Q2 + (a’n +%)-Q3 +- Eq.l

& 1nP) d(1nP)

q, =R T* l pe L=m =R _")(IT) . Eq.2

It has been found that a fourth grade polynomial is able to properly describe the CO,
isotherms studied in this work at the different temperatures (figure 3.13). Then, the
isosteric heat of adsorption for CO, (figure 3.14) was calculated from the Clausius-
Clapeyron equation (see equation 2) using adsorption data collected at 273, 283, 298,
313 and 333 K for 4 and 5. The isosteric heat of adsorption at zero coverage was
estimated to be 21.2 and 22.0 kJ-mol™" for 4 and 5 respectively and remains nearly
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constant upon increasing CO, uptake (20-25 kJ-mol™" for 4 and 22-27 kJ-mol " for 5).

The calculated heat of adsorption in the two systems is within the typical range for

physisorption of CO, on a MOF.*? Thus, as expected, the 4-CO, and 5-CO,

interaction is mainly physisorptive in nature, without significant chemical association.

In addition, this low value might result from the compensation for the rearrangement

of the framework for the CO, molecules to enter the crystal. Thus, although the energy

of the system decreases when guest molecules are accommodated in the framework,

the required deformation of the host implies an energetic penalty.

0.001

0.001+

0.0008 -

Q (mol/g)

0.0006 4

0.0004

0.0002- [
#f

e 273K
¢ 283K
¢ 298K

Figure 3.12 CO, adsorption isotherms for 4 (a) and 5 (b) collected at 273, 283, 298, 313 and
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Figure 3.13 Plot of the isosteric heat of adsorption of CO, in 4 (left) and 5 (right).
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3.2.4 Magnetic properties

Magnetic susceptibility measurements were performed on polycrystalline powders of
4 and 5 in the temperature range 2-300 K at 1 K-min™" under an applied magnetic
field of 0.1 T. Compounds 4 and 5 exhibit analogous magnetic and chromatic
thermal-induced spin transition centred both at 200 K (Figure 3.14) with the
remarkable peculiarity that 4 displays in addition a hysteretic transition. At room
temperature the yuT value for both 4 and 5 is typical of Fe"' compounds in the HS
state (3.7 emu-mol'-K), whereas at low temperature a remanent yyT value of 0.3
emu-mol ‘K is observed in both, corresponding to a small fraction (ca. 8 %) of
residual HS Fe". Thus, the two systems display a complete spin transition from the HS
to the LS state. Significantly, the degree of completion and the transition temperature
are not affected by the choice of the counterion. This contrasts with previous studies
performed with analogous spin-crossover systems in which the counterion plays a
crucial role in both the degree of completion and the transition temperature."
However, it must be stated that the two anions here studied are very similar in size and
chemical behaviour. The synthesis of analogous systems with bulkier anions was tried,

but unsuccessful results were obtained.

m
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Figure 3.14 Temperature dependence of T for 4 (a) and 5 (b) in the temperature range 2-300 K at 0.1 T.
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The subsequent warming mode reveals the occurrence of a thermal hysteresis loop of
4 K wide in compound 4 (transition temperatures: Ti,| = 200 K and T;,1 = 204 K)
whilst in compound 5 the yuT product overlays that of the cooling mode and
consequently no hysteresis is observed. Hence, the hysteretic spin transition observed
in 4 is of remarkable significance for several reasons: i) the relatively large distance
between Fe centres (>10 A) hinders feasible intra- or inter-chain interactions; ii)
cooperativity mediated via counterion is reduced since permanent disorder of the

anion leads to weak interactions among the transition temperature.
3.2.5 Magnetic response to CO, sorption

We have studied the effect of the perturbation exerted by the CO, molecules on the
magnetic properties of 4 and 5. The response to gas molecules of SCO materials has
been previously studied in porous MOFs,”” but they produced no influence on the
magnetic properties. Since coordination polymers 4 and 5 posses more restricted
accessible space than a typical porous material, we expect an interplay between the
gas sorption and the spin-crossover behaviour. The magnetic response of compounds
4 and 5 upon CO, physisorption is presented in figure 3.15. These two analogous
compounds display similar gas—responsive behaviour. Indeed, loading of CO, gas
molecules onto 4 and 5 induces an increase of the T;, in both systems. CO,@4
(which refers to compound 4 loaded with CO;) experiences an increase in the T;;,
from 200 K to 209 K, with retention of the hysteresis, whereas in CO,@5 the T, is
modified from 200 K to 205 K. This difference may be related with minor
dissimilarity presented in the interaction between the CO; gas in each framework, and
will be discussed in section 3.2.6. Thus, physisorption of CO, gas molecules into the
cavities of the two frameworks serve to stabilize the LS state. Interestingly, apart from
the spin-crossover modulation in CO,@5 a hysteretic transition also appears as a

consequence of the inserted gas molecules.
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Figure 3.15 (a,b) Temperature dependence of T for 4 and CO,@4 and 5 and CO,@S5, respectively.

(c,d) Detailed view of the spin transition region. As-synthesized 4 and 5 shown in black and loaded with

CO, (CO,@4 and CO,@5 ) shown in red. Measured at 1 K-min™' with an applied field of 0.1 T.
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Figure 3.16 Derivative of the product y\T for 4 (a), 5 (b) (black) and CO,@4, CO,@5

(red), showing the increase in T}, upon CO, sorption.

This gas—responsive behaviour can be modulated depending on the number of CO, gas
molecules incorporated in the framework. Figure 3.17 shows the magnetic response of
4 and 5 with partial loading of CO; (ca. 0.3 per void). A shift of T;, towards higher
temperatures is also observed, although this increase is only partial when compared to
the fully loaded sample. Furthermore, upon removal of the CO, molecules T, is
shifted back to lower temperatures, which perfectly matches with the spin transition of
the activated 4’ and 5° (after heating at 150 °C for 3h), thus showing the reversibility

of this process.

In order to guarantee that modulation of the spin transition is due to the number of
CO, gas molecules incorporated in the framework, additional experiments have been
performed. Thus, the magnetic response of 4 under N, and under several CO,/N, gas
mixtures at 1 bar (figure 3.18) has been measured. As expected, the presence of N,
does not influence the spin transition temperature, since N, is not adsorbed as
demonstrated in the sorption experiments. Interestingly, in the gas mixtures the
transition temperature increases as if only the same amount of CO, was present. This

indicates the possibility of using spin-crossover for sensing CO; in the presence of N».

83



Physisorption in non-porous Fe" spin crossover coordination polymers

84

4 4
J—'
— C02@4
——(CO) @4
3L 2°03
——
S 5
g g
< ¥
g g
5 2 &
[ —
£ £
1
0 0 1 1 L 1
180 190 200 210 220 23 180 190 200 210 220 230
T (K) T(K)
(@) (b)

Figure 3.17 Magnetic response to CO, sorption for 4 (a) and 5 (b). Thermal dependence of the
ymT product in the temperature range 180-230 K of as-synthesised 4 and 5 (black); partially
loaded (COy)3@4 and (CO,)o3@5 (violet); fully loaded CO,@4 and CO,@5 (red); and after CO,
removal 4> and 5° (blue). Measured at 1 K-min ' with an applied field of 0.1 T.
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Figure 3.18 (a) Magnetic response of 4 under N, (blue) and under 20/80 (light blue), 50/50
(purple) and 80/20 (pink) CO,/N, gas mixtures at 1 bar. (b) Magnetic response of 4—as synthesized
(black), 4-activated (green), 4—under 1 bar of N, (blue) and 4—under 1 bar of CO, (red). Measured
at 1 K-min" with an applied field of 1 T.
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3.2.6 In situ structural determination upon CO; loading

In order to investigate the CO; sorption sites in 4 and 5, we have determined in situ
both structures with adsorbed CO, molecules by Rietveld analysis*’ using synchrotron
X-ray powder diffraction data (figure 3.19).”® Data was collected by Dr. L. J. Vitorica-
Yrezabal, from the University of Sheffield (UK), at Diamond SRS (Oxford, UK). The
gas molecules were refined as a rigid body and their occupancies were freely refined
with a constraint thermal parameter. The structures of CO,@4 (figures 3.20 and 3.21)
reveals that the framework remains unchanged, with the CO, molecules located in the
internal cavities. Analogous structure is obtained for CO,@5. The gas molecules are
disordered over six symmetry related positions, with a total refined occupancy of
0.93(1) CO, molecules per void in CO,@4, which agrees well with the calculated
loading of 0.90 CO, molecules per void from the adsorption isotherms at 100 kPa and
273 K (which are comparable conditions to those of the powder diffraction
experiments, see section 3.4.2.III). The refined occupancy in CO,@5 results of
0.94(1) CO, molecules per void and also correspond with the adsorption isotherms at
100 kPa and 273 K. Interestingly, in the two structures the CO, molecules interact
with the cationic framework in an end-on mode through the nucleophilic oxygen atom,
as previously established in other porous solids,”>* with a O=C=0(8")---my_x distance
of 2.591 and 2.608 A for CO,@4 and 2.925 and 2.746 A in CO,@5, an interaction
which is analogous in nature to the well established anion-m interactions.’* No
interaction between the framework and the electrophilic carbon atom is found.””>’
The end-on binding of the CO, molecules is in agreement with the increase in T, as

donation of electron density stabilizes the low-spin state.
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Figure 3.19 (a) Observed (blue) and calculated (red) profiles and difference
plot [(Lps — Iearca)] (grey) of the Rietveld refinement of compound CO,@4 (a)
and CO,@5 (b) (26 range 2.0-40.0 °, maximum resolution of 1.21 A).
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Figure 3.20 Crystal structure of CO,@4 showing the end-on interactions between the
gas molecules and the framework (O---N distances of 2.591 and 2.608 A). The
symmetry related CO, molecules have been coloured differently for clarity. Hydrogen
atoms and anions omitted for clarity. Key: Fe, orange; C, gray; N, blue. The same

figure may be attributed to CO,@5, where O---N distances are of 2.925 and 2.746 A.

Figure 3.21 Crystal structure of CO,@4 showing six different cavities each with a different
orientation of the disordered CO, molecules. Hydrogen atoms and anions omitted for

clarity. Key: Fe, orange; C, gray; N, blue. The same figure may be attributed to CO,@5.
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The most plausible mechanism for CO, sorption consists on the rotation of the phenyl
rings of the btzx through the Ciomatic—Crmethylene bonds, as this would permit the
connection between voids of different chains along the (100) and (010) directions
(figures 3.22 and 3.23). In addition, the extraframework ClO, and BF, anions
required to balance the framework charge are located at the planes formed by the Fe"
centres (figure 3.3b), without interfering with the sorption process. Thus, the aromatic
rings can be viewed as flexible barriers to CO, transport within the crystals acting in a

similar way to a rotary door.

Figure 3.22 Crystal structure of 4 viewed along the b-axis showing three different chains. Rotation of
the phenyl rings could permit the connection of discrete voids along the a-axis. The C1O4 anions and
hydrogen atoms have been removed for clarity. Key: Fe, orange; C, gray; N, blue. The gray spheres
(diameter of 9 A) are placed in the structure as a visual indication of the empty space of the internal

voids, which are blocked by the phenyl rings.
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(b)

Figure 3.23 (a) Crystal structure of 4 viewed along the b-axis showing three different chains.

(b) Rotated view along the a-axis to show that rotation of the phenyl rings could also permit
the connection of discrete voids along the b-axis. The central chains have been coloured in

red for clarity. The C1O,4 anions (and hydrogen atoms) have been removed for clarity.

3.3 CONCLUSIONS

In this Chapter, the synthesis of two tetrazolate based Fe' spin crossover coordination
polymers is presented. These non-porous coordination polymers are able to
incorporate gas molecules in their internal cavities albeit the absence of pores. This is
possible given the existence of a dynamic framework that permits the connection

between voids of different chains.
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This chapter shows the first example in which a modification in the spin transition of
SCO CP is achieved through gas sorption. The presented SCO CPs have been
designed to present multifaceted properties: i) they posses a sharp SCO transition at
200 K; ii) gas molecules can enter the crystals despite the lack of permanent pores due
to the presence of a flexible ligand; iii) a selective sorption of CO, over N, is
observed, with the CO, molecules located in the discrete voids of the framework
through O=C=0- & interactions; iv) the physisorption of CO; in the cavities produces
an increase in the SCO temperature. The confined space of the voids seems to be
essential for this unusual response to gas molecules.” In future work, the rotation of
phenyl rings®® and the insertion of other gas molecules in the voids will be studied for
better understanding the response of this nonporous SCO coordination polymer
toward gas sorption. This will permit the design of other multifunctional materials

with larger response occurring near room temperature.

3.4 METHODS
3.4.1 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 1,4-bis(tetrazol-1-ylmethyl)benzene (btzx). This ligand was prepared
adapting a literature method,"® which is based on Fujisawa’s patent for the preparation
of R-tetrazoles.* 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 %; 'H NMR
(300 MHz, [D6]DMSO): d=5.7 (s, 4H; ttz-CH,-ph), 7.4 (s, 4H; ph), 9.5 ppm (s, 2H;
ttz); IR: = 3118 cm™' (Cttz-H).
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Synthesis of [Fe(btzx);](Cl04), (4). 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. 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. Yield = 71 %.
Anal. calc. C50H30FeNpCl,05 (981.47): C, 36.71; H, 3.08; N, 34.25 %. Found: C,
36.98; H, 3.16; N, 34.03 %. IR: = 3147, 3118 (Cttz-H), 637 and 625 cm ' (C1Oy).

Synthesis of [Fe(btzx);](BF.), (5). S was synthesized in a procedure analogous to that
of 1 except that Fe(BF,),-6H,0 (135 mg, 0.4 mmol) was used. A white crystalline
precipitate was collected and washed with MeCN. Phase purity was established by X-
ray powder diffraction. Yield = 52 %. Anal. calc. C50H30FeN»4B,F5(956.18): C, 37.68;
H, 3.16; N, 35.16 %. Found: C, 38.81; H, 3.37; N, 35.34 %. IR: = 3148, 3117 (Cttz-
H), 1078 cm ™' (BF,).

3.4.2 Structural characterization

3.4.2.1 Single crystal X-ray diffraction for 4 and 5

Single crystals of compounds 4 and 5 were mounted on glass fibres using a viscous
hydrocarbon oil to coat the crystals and then transferred directly to the cold nitrogen
stream for data collection. X-ray data was collected at 240 K (4—HS, 5-HS) and then
at 120 K (4-LS, 5-LS) on a Supernova diffractometer equipped with a graphite-
monochromated Enhance (Mo) X-ray Source (A = 0.71073 A) at ICMol (University of
Valencia). The program CrysAlisPro, Oxford Diffraction Ltd., was used for unit cell
determinations and data reduction. Empirical absorption correction was performed
using spherical harmonics, implemented in the SCALE3 ABSPACK scaling
algorithm. Crystal structures were solved and refined against all F* values using the
SHELXTL suite of programs.”’ Non-hydrogen atoms were refined anisotropically
(except the disordered anions, which were modelled over two orientations) in 4-HS,
4-LS and 5-LS. However, in 5-HS only the Fe centre was refined anisotropically due

to the bad quality of the data. Hydrogen atoms were placed in calculated positions that
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were refined using idealized geometries (riding model) and assigned fixed isotropic
displacement parameters. Restraints in 5—LS were necessary to model the tetrazole
ring, and atom distances for these restraints were assigned from the structural model
of 4-LS. In addition, a planarity restraint on the tetrazole ring was also needed. A

summary of the data collection and structure refinements is provided in table 3.4.
Table 3.4 Crystallographic data for compounds 4 (4-HS and 4-LS) and 5 (5-HS and 5-LS).

Compound 4-HS 4-LS 5-HS 5-LS
Empirical formula C;H;50N,,CL,O4Fe C;H;N,,B,FgFe
Formula weight 981.53 981.53 956.25 956.25
Crystal colour Colourless Pink Colourless Pink
Crystal size (mm?®) 0.07x0.05%0.05 0.07x0.07x0.06
Temperature (K) 240(2) 120(2) 240(2) 120(2)
Crystal system, Z Hexagonal, 2 Hexagonal, 2 Hexagonal, 2 Hexagonal, 2
Space group P6,/m P6;/m P6,/m P6,/m
a(A) 10.5117(7) 10.3668(4) 10.5265(12) 10.3690(5)
b(A) 10.5117(7) 10.3668(4) 10.5265(12) 10.3690(5)
cd) 23.576(2) 23.1504(17) 23.385(3) 22.9628(15)
a(®) 90.00 90.00 90.00 90.00
B 90.00 90.00 90.00 90.00
7(°) 120.00 120.00 120.00 120.00
V(A% 2256.1(3) 2154.7(2) 2244.0(5) 2138.1(2)
Oeate Mg/m?) 1.445 1.513 1415 1.485
w(Moy.) (mm™) 0.527 0.551 0423 0.444

O range (°) 342-2504 348 -25.05 2.83-25.11 3.50-2501
Reflns collected 8181 15986 4614 9643
Independent reflns 1377 1308 1371 1300
(R, (0.1962) (0.1870) (0.1645) (0.1235)
Reflns used in refinement, n 1377 1308 1371 1300

L. S. parameters, p/ 97/0 100/0 50/8 95/13
restraints, r

R1(F) M [>20(1) 0.0984 0.0669 0.2383 0.2137
wR2(F?) " all data 0.2975 0.1943 0.6084 0.5254
S(F?) ) all data 1.009 1.062 1.758 1.128

[a] RI(F) = Z(|F | — [F|)/Z|F,l; [b] WR2(F?) = [ZW(FU2 - FCZ)Z/ZWF;]‘/Z; [c] S(F?) = [EW(FOZ - Fcz)ﬁ/((n +r —}7)]|/2
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3.4.2.I1 X-ray powder diffraction. Phase purity

Polycrystalline samples of 4 and 5 were lightly ground in an agate mortar and pestle
and filled into 0.5 mm borosilicate capillaries. Data were powder collected at room
temperature in the 20 range 2—-60 ° on an Empyrean PANalytical diffractometer, using
Cu K, radiation, at ICMol (University of Valencia). Pawley refinements* were
performed using the TOPAS computer program43 and revealed an excellent fit to a

one-phase model, indicating the absence of any other detectable crystalline phases.
3.4.2.111 X-ray powder diffraction and Rietveld refinement under CO; pressure

Polycrystalline samples of 4 and 5 were lightly ground in an agate mortar and pestle
and filled into a 0.7 mm borosilicate capillaries. Data were collected at room
temperature in the 20 range 0 — 40 ° on beam line 111 at Diamond Light Source (UK)
using A = 0.826179 A and a multi-analysing crystals (MAC) detector comprising five
arms with 45 MAC channels. The sample was pumped at a pressure of 1x10~ mbar
for 30 minutes, after which the CO, pressure was increased to 1.04 bar. The capillary
was allowed for stabilization for 30 minutes before data collection. A Rietveld
refinement”’ was undertaken with the program TOPAS,* using as the starting point
the structure determined at 240 K for 4 and 5. A CO; molecule was included in the
refinement, and refined as a rigid body with rotational and translational freedom. In
addition, the occupancy of the CO, molecule was also refined maintaining a fixed
thermal parameter. Atomic positions and displacement parameters of the non-
hydrogen atoms of framework were refined subject to a series of restraints on bond
lengths, bond angles and planarity of the aromatic rings. For 4 and 5, the perchlorate
and the tetrafluoroborate anions were modelled as disorder over two positions, as in
the single crystal experiment. A March-Dollase correction of the intensities for
preferred orientation was applied in the final stage of refinement. Rietveld refinement
converged to R,, = 0.0846 and R,,” = 0.2241 for 4 and R,, = 0.0644 and R,," =
0.1903 for 5 (R,,’ is the background subtracted R,,). The observed and calculated
diffraction patterns for the refined crystal structures are shown in figure 3.19. A
summary of the data collection and structure refinements is provided in table 3.5.
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Table 3.5 Data collection, structure solution and refinement parameters of compound

CO,@4 and CO,@5.

Compound CO,@4 CO,@5
Empirical formula Cy0.0:H50N,,CLO, o Fe Cy0.0.H50N,,B,F O, oFe
Formula weight 1122.83 1099.05
Specimen colour White White
Specimen shape (mm) Cylinder Cylinder

12 x0.7 x 0.7 mm 12 x0.7 x 0.7 mm
Wavelength, & (A) 0.826179 0.826179
Crystal system Hexagonal Hexagonal
Space group, Z P65/m, 2 P65/m, 2
a(A) 10.51427(6) 10.52516(5)
b(A) 10.51427(6) 10.52516(5)
c(A) 23.58103(29) 23.3805(2)
a(®) 90 90
b (°) 90 90
vy (©) 120 120
V(A% 2257.48(2) 2243.07(3)
Density (Mg/m®) 1.504 1.477
Temperature (K) 295 295
u (mm™) 0.796 0.430
20 range ( (°) 2.0 to 40.0 2.0 to 40.0
Increment in 26 (°) 0.003 0.003
Reflns measured, n 487 487

Specimen mounting
Mode

Detector

Parameters refined, p

Restraints, r
[a]
R,
b
pr[ ]
R

exp

GoF W all data

transmission
MAC
78
32
0.0668
0.0846
0.0519
1.630

0.7 mm borosilicate capillary 0.7 mm borosilicate capillary

transmission

MAC
78
32

0.0499
0.0644
0.0391

1.647

[al R, =Zly, —y /2 yy; [b] R, = [Ew(y, — )'E)Z/Ew(yo)z]l/z; [¢] R.., = R,,/GOF : [d] GoF = [Ew(y, - y.)*/(n—p + r)]yz



3.4 Methods

3.4.3 Physical measurements

'H NMR spectra was recorded on a Bruker DPX300 (300 MHz) spectrometer at the
Central Services of University of Valencia. Proton ('H) chemical shifts are reported in
parts per million (8) and referenced internally with respect to the protic solvent
impurity. Elemental analysis was carried out at the Centro de Microanalisis Elemental,
Universidad Complutense de Madrid. Thermogravimetric analysis (TGA) of 4 and 5
were carried out with a Mettler Toledo TGA/SDTA 851 apparatus at ICMol
(University of Valencia) in the 25270 °C temperature range under a 10 °C-min”' scan
rate and an air flow of 30 mL-min .

100 4———— —

80

60

% mass
% mass

404 40

204 20+

T T T T T
50 100 150 200 250 3 5‘() I(')O Iéo 260 Z;O 3
T(°C) T(°C)

Figure 3.24 Thermogravimetric analysis (TGA) of compounds 4 (a) and 5 (b) reveal the
thermal stability of the compounds which remain stable until 250 °C indicating the absence of
solvent molecules. At 250 °C the 4 and 5 rapidly decompose in a drastic manner, which is

typical for tetrazolate compounds.

Magnetic measurements. Magnetic susceptibility measurements were performed on
single-phased polycrystalline samples with a Quantum Design MPMS-XL-5 SQUID
susceptometer at ICMol (University of Valencia). The susceptibility data were
corrected from the diamagnetic contributions as deduced by using Pascal’s constant
tables. The susceptibility data were collected at 1 K-min ' with an applied field of 0.1
T for 4, (COy)p3@4, CO@4, 4’ and 5, (CO,)os@5, CO,@5 and 5°, while were
collected at 1 T for 4°, CO,/N, gas mixtures in 4. Magnetic susceptibility
measurements of gas loaded samples were performed by sealing a glass tube with 10
mg of 4 or 5 and a known amount of CO, (0.3 and 1 mol CO,/mol), N,, or after
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heating a loaded sample to remove all CO, molecules (4’ or 5’). Prior to the gas

loading, the sample was heated in situ at 150 °C for 3 h under vacuum.

Gas sorption studies. High-resolution isotherms were measured at a series of
temperatures in a Micromeritics ASAP 2010 volumetric instrument at ITQ
(Polytechnique University of Valencia) using approximately 150 mg of sample as a
powder. We have applied the Virial isotherm for fitting experimental data points and it
was found that a fourth grade polynomial is able to properly describe the CO,
isotherms. The heat of adsorption was calculated accordingly to the Clausius-
Clapeyron equation from the isotherms taken at different temperatures. High-Pressure
Isotherms and competitive CO,/N, adsorption experiments were performed in an IGA-
3 gravimetric analyzer (Hiden Isochema). Approximately 50 mg of the sample were
placed in the balance. Adsorption measurements were performed by introducing gas to

build up the desired pressures.
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4.1 Introduction

4.1 INTRODUCTION

Over the past decades, the most commonly used strategy for the synthesis of MOFs
has consisted on the use of rigid ligands to bridge between the metal nodes leading to
robust frameworks.' However, there is recently a growing interest in the search for
flexible and dynamic MOFs owing to their potential applications as functional
materials.>® These soft porous crystals® are porous solids that possess both a highly
ordered network and a dynamic structure. Therefore, they can be regarded as bistable

crystalline solids with long-range structural ordering.

Dynamic MOFs are susceptible of modifying their framework upon the effect of
external stimuli.’ As a result, a large variety of transformations that take place in the
crystalline state exist as a consequence of applied physical or chemical stimuli.
Several examples of ‘breathing” MOFs are known, in which structural changes occur
upon guest removal/inclusion without bond cleavage, implying that the framework
retains the same (or similar) topology.”” Even more extraordinary result those
examples of solid-state transformations that involve formation and cleavage of
covalent bonds, while maintaining the crystallinity.® In these cases a drastic
rearrangement of the network connectivity can occur, with changes in ligand
coordination which affect the dimensionality of the network and can influence the
physical properties of the coordination polymer.”'® Single-crystal-to-single-crystal
transformations (SCSC) are the most desirable of these reactions, since they permit the

unequivocal structural characterization of the product.'™'

Actually, large atomic
motions can provoke breaks in the single crystals and often yields a polycrystalline
powder that can hinder the structural characterization, thus disabling complete
comprehension of the changes in the properties of the material. Recent improvements
on X-ray powder diffraction analysis (XRPD) have permitted the ab initio structural

determination of MOFs after structural ‘[ransforma‘[ion,3b’13

although it can result very
challenging due to the high complexity of these systems. In Chapter 5, an example of
ab initio structural determination after structural transformation in a coordination

polymer will be presented. Spectroscopic techniques and thermoanalytical methods
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also provide useful information on the structural rearrangement, and molecular
dynamic simulations have also been reported to confirm the movement of a flexible

fragment for which a suitable model from X-ray powder data could not be obtained."

Incorporation of magnetic metal ions into these frameworks opens the possibility to
obtain magnetic porous materials with multifaceted properties, which can coexist in
the material or interplay in a more sophisticated device. As pointed out in Chapter 1,
there are different types of magnetic MOFs, those based on bistable molecules and the
ones that incorporate exchange coupled systems. They represent a versatile family of
systems since magnetic properties can be for example switched by an external
stimulus or triggered by light. For instance, as shown in previous Chapter 3, these
magnetic properties can be modified by the structural changes provoked by the uptake
of molecular species in the pores, making them suitable candidates for potential
application as switches or sensors.” An additional plausible mechanism to induce a
change in the magnetic properties of a flexible MOF is to provoke a structural
transformation. In particular, those transformation involving dimensionality changes
often generate tunable magnetic systems. Another relevant issue to take into account is
the degree of solvation of magnetic MOFs which has been proved to promote direct

effect on the magnetic properties."

The scope of this Chapter is the study of two families of dynamic magnetic
coordination polymers based on the flexible ligand 1,4-bis(triazol-1-
ylmethyl)benzene) (btix). This ligand can adopt different conformations, syn and anti,

as shown in figure 5.1.

%i}*“ fﬁt&*’rz\
VRS RN

(a) (b)
Figure 4.1 Diferent conformations of the flexible ligand btix: (a) syn; (b) anti.
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As previously seen in Chapter 3, dynamic frameworks based on an analogous ligand
are likely to develop structural transformations occurring in the crystalline state upon
sorption/release of gases. In this Chapter we will investigate in detail such possibility.
Thus, we will explore the different structures provided by the flexibility of an organic
ligand upon release of water molecules. We will show that the presence of magnetic
centres permits the application of electron paramagnetic resonance (EPR) and
magnetic susceptibility to gather information on structural features. Thus, EPR can
provide information on the changes of the coordination sphere of the metal, whereas
magnetic susceptibility measurements can help to elucidate the connectivity between
the metal centres. This kind of magneto-structural correlations has been extensively
applied to molecular coordination complexes in the early years of molecular
magnetism,'® but its application in flexible MOFs is novel.

4.2 RESULTS AND DISCUSSION

4.2.1 Description of the structures

{[M(btix),(OH,),]:2NO;-2H,0}, (6-8). The reaction of M(NO;),-6H,0 (M = Co",
Zn") and btix in a EtOH/H,0 solution results in the formation of block-shaped crystals
of formula {[M(btix),(OH,),]-2NO;-2H,0}, [M= Co (6)," Zn (7), Co-Zn (8)].
Crystallographic analysis reveals that compounds 6, 7, and 8 are composed of 1D

chains that run parallel to the crystallographic (10 1) direction (figure 4.2).

Figure 4.2 Crystal structure of 6 showing the one-dimensional chains that run parallel to the
crystallographic (10 T) direction. Cobalt, nitrogen, oxygen, carbon and hydrogen are coloured pink,

blue, red, black and white, respectively. Compounds 7 and 8 are isostructural to 6.

105



Physically-driven solid-state transformation in CPs

They crystallize in the triclinic P 1 space group. The asymmetric unit consists of one
crystallographycally independent M" that lies in the inversion centre with trans-N4O,
coordination octahedron mode. Each metal is coordinated by four triazole nitrogen
atoms derived from four syn-btix ligands in the equatorial positions and two oxygen
atoms from water molecules in the apical positions. The coordination environment of
the M" ions features a slightly distorted octahedron with Co—-N distances of 2.137(3)
and 2.162(3) A and Co—O distance of 2.094(2) A for compound 6, and Zn—N distances
of 2.140(2) and 2.173(2) A and Zn—O distances of 2.1295(14) A for compound 7, and
angles that slightly deviate from idealized octahedron geometry (see table 4.1). Two
syn-btix ligands act as bridges between adjacent metal centres leading to M--M

distances of 12.1087(17) and 12.1134(11) A for 6 and 7 respectively.
Table 4.1 Selected bond lengths (A), angles (°) and metal-metal distances for 4 and 5 in the HS (240 K)
and LS (120 K) states.

6 7 9 10
M-N (&) 2.137(3) 2.140(2) 2.121(2) 2.143(2)
2.162(3) 2.173(2) 2.137(2) 2.119(2)
M-0 (A) 2.094(2) 2.1295(14) 2.192(3)1 2.223(4)
2.154(3) 2.190(3)1
N-M-N (°) 92.72(10) 93.39(6) 90.35(6) 90.18(7)
180 180 180 180
N-M-0 (°) 92.07(10) 92.15(6) 91.32(9) 90.90(12)"!
92.08(9) 91.93(6) 102.08(10) 102.29(13)!
97.25(8)™ 97.67(10)
102.26(10)™ 102.22(12)¥
0-M-0 (°) 180 180 180 1801
1801 180

[a] This value corresponds to the NO; ™ anion with 48.1(3) % occupancy. [b] This value corresponds
to the NO5 ™ anion with 51.9(3) % occupancy. [c] This value corresponds to the NO;™ anion with
51.2(4) % occupancy. [d] This value corresponds to the NO; ™ anion with 48.8(4) % occupancy.
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4.2 Results and discussion

The one-dimensional networks are cationic and the charge is compensated by the
presence of NO; anions in the voids (figure 4.3). In addition, the voids are filled with
water molecules which complete a hydrogen bonding network that involves both the

coordinated and non-coordinated water molecules and the nitrate anions.

(b)
Figure 4.3 (a) One-dimensional chains formed by 6 and 7 that run parallel to the crystallographic (10 1)

direction showing the non-coordinated water molecules and nitrate anions that fill the voids. (b)
Hydrogen bonding network formed by both the coordinated and non-coordinated water molecules and
the nitrate anions. The cationic one-dimensional networks are represented in orange while nitrogen,
oxygen and hydrogen from nitrate and non-coordinated water molecules are coloured blue, red and

white, respectively. Black dotted lines represent hydrogen bonds.
{[M(btix),(NOs),]}. (9—11). The reaction of M(NO;),:6H,0 (M = Co", Zn") and btix
in MeOH results in the formation of block-shaped crystals of formula
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{[M(btix),(NO3),]}a [M= Co (9)," Zn (10), Co-Zn (11)]. Compounds 9, 10 and 11
crystallize in the monoclinic P2,/c space group. Each metal lies in an inversion centre
and is coordinated by four triazole nitrogen atoms from four anti-btix ligands and two
oxygen atoms from two nitrate ions in the apical positions. Thus, the coordination
sphere of each M" ion is very similar to those of 6-7, with trans-N402 coordination
octahedron mode. The Co-N distances are 2.121(2) and 2.137(2) A and the Co-O
distances are 2.192(3) and 2.154(3) A for the two disordered NO; anions for
compound 9, and the Zn-N distances are 2.143(2) and 2.119(2) A and the Zn-O
distances are 2.223(4) and 2.190(3) A for the two disordered NO; anions for
compound 10. The angles slightly deviate from idealized octahedron geometry (see
table 4.1). The anti-btix ligands act as bidentate linkers generating a 2D grid with (4,4)
topology with M-+M distances of 14.5346(6) and 14.5193(4) A for 9 and 10
respectively. Theses layers stack along the (101) direction in an ABCABC fashion
(figure 4.5). Weak C-H--O interlayer interactions are observed between the three
oxygen atoms of the nitrate anions from one sheet and aromatic and aliphatic C-H

groups of the ligand from the next sheet.
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Figure 4.4 Crystal structure of 9 showing the 2D grids with (4,4)
topology. Cobalt, nitrogen, oxygen, carbon and hydrogen are coloured
pink, blue, red, black and white, respectively. Hydrogen atoms have

been omitted for clarity. Compounds 10 and 11 are isostructural to 9.
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(b)
Figure 4.5 Crystal structure of compounds 9 showing the 2D grids with (4,4) topology

stacking along the 101 axis in an ABCABC fashion,Bhown in two orientations which are
related by rotation of 90 ° about the 101 axis. Red, green and blue represent three

different ABC layers. Hydrogen atoms and nitrate ligands have been omitted for clarity.
4.2.2 Thermogravimetric analysis

Compounds 6-8 present internal cavities that in principle result attractive for
adsorption of guest molecules. However, these voids are occupied by anions and

solvent molecules as seen in figure 4.2. The presence of the anions in the cationic
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framework is not necessarily an inconvenience since, in principle, non-coordinating
ions (which are permanent dipoles) could interact with guests molecules inducing a
temporary dipole, thus facilitating the diffusion of these guest molecules into the ionic

framework.'®

100

d

% loss of weight
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100 200 300 400 500 €00 700
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Figure 4.6 Thermogravimetric analysis of compounds 6 (black line) and 9
(blue line). TGA of compound 6 reveals that a continuous loss of 10.6%
occurs from 25 to 100 °C, which can be attributed to the loss of both
coordinating and non-coordinating water molecules (calc. 11.5%). TGA of
compound 9 shows the thermal stability of the compound which remains

stable until 280 °C and gradually decomposes until 700 °C.
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Figure 4.7 Gravimetric analysis of compound 6 exposed under a constant
temperature of 80 °C shows a total loss of weight of 10.9% after 10 minutes
of heating, which corresponds to the loss of all the water molecules (calc.

11.5%) and remains stable for hours.
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To increase the effective void volume of the framework and thus obtain a porous
system suitable for gas uptake, it is necessary to remove the solvent molecules from
the cavities. Thus, thermal stability of the compounds has been explored.
Thermogravimetric analysis performed on 6 shows a mass loss of 10.6 % between 70
and 120 °C, which corresponds to removal of four water molecules per formula unit
(expected 11.5 %), revealing that both the solvated and coordinated water molecules
in 6 are liberated below 120 °C (figure 4.6). In fact, this loss of water molecules can be
achieved by heating 6 at only 80 °C for 1 h (Figure 4.7). Several experiments were
performed at different temperatures and heating times in order to differentiate the
elimination of both the solvated and coordinated water molecules. However,
discrimination of both types of water molecules resulted unsuccessful. As a result,
both solvated and coordinated solvent molecules are therefore eliminated from the
coordination polymer at the same time. The final mass loss, between 100 and 700 °C,
corresponds to the decomposition of the complex. The same thermogravimetric
analysis has been applied to 9, showing that the compound remains stable up to 280
°C, where gradually decomposes until 700 °C, indicating the lack of solvent molecules

as previously established by structural characterization.

4.2.3 X-ray powder diffraction studies

4.2.3.1 Phase purity. XRPD studies have served to establish the phase purity of the
as-synthesized polycrystalline samples 7 and 10. Note that XRPD of samples 6 and 9
present a very poor resolution given a high background, which is due to the
fluorescence effect typical of cobalt-containing samples when measured with Cu X-
ray radiation. Therefore, instead of Co compounds 6 and 9, analogous Zn compounds
7 and 10 will be used in further experiments involving XRPD studies. A Pawley
refinement has been applied to the experimental powder patterns of polycrystalline
samples 7 and 10. The observed and calculated diffraction patterns for the refined
crystal structures are shown in figure 4.8. Pawley refinement converged to Ry, =
0.0368, Ry,” = 0.0641 and gof = 2.397 for 7 and Ry, = 0.0287, Ry,;,” = 0.0501 with a

gof = 1.944 for 10 (R, is the background subtracted Ry).
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Figure 4.8 Observed (blue) and calculated (red) profiles and difference plot [(Iops — lcaca)] (grey) of the
Pawley refinements for compound 7 (a) and 10 (b) (26 range 4.0-60.0 °; maximum resolution 1.54 A).

After thermal treatment of 7, it is necessary to confirm that crystallinity is preserved,
since desolvation processes commonly end with an amorphous phase. Thus, X-ray
powder diffraction (XRPD) experiment performed on crystalline powder after thermal
treatment 7° has established the maintenance of crystallinity. This implies that the
removal of both the solvated and the coordinated water molecules in 7° occurs without
disrupting the long-range order. However, the diffraction pattern is clearly different
from that of the original compound 7 indicating a totally different crystalline phase
(figure 4.9). A solid-state transformation has occurred during the evacuation process,
leading to a different compound. Interestingly, the XRPD pattern of the dehydrated
sample 7’ corresponds exactly to the XRPD pattern of compound 10, meaning that the

dehydration process is a solid-state reaction in which 7 is transformed into 10.
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Figure 4.9 Observed X-ray powder diffraction patterns of 7 before heating (green) and 7’

after heating at 350 K for 2h (blue), and compound 10 as synthesized (red). Selected 20

range 4-40 °.
Solid-state transformation. This conversion of the chain compound into the 2D
system is of remarkable significance, given the drastic rearrangement of coordination
bonds that occurs in the solid-sate. This structural transformation consists on a
conformational change of the btix ligand from syn-conformation in 6-8 to anti-
conformation in 9-11. The conformational change implies: i) the cleavage of
coordination bonds between M" ions and btix ligands; ii) the rotation of btix ligand
through the methylene groups to adopt the anti conformation and iii) the subsequent
re-formation of M—N bonds. Additionally to this conformational change, a ligand
substitution takes place since the loss of coordinated water molecules is followed by
coordination of the NO;5™ anions. As a result, this rearrangement ends with an increase
of the dimensionality of the network from 1D to 2D. Importantly, immersion of
compoundS 9-11 into water to induce the reversible process, that is reconversion into

6-8, resulted unsuccessful.
4.2.3.11 XRPD monitoring of the solid-state transformation

Temperature-dependent XRPD data from temperature-dependent studies have been
applied to monitor the solid-state transformation. X-ray variable temperature
experiments have been performed on crystalline powdered samples of 7. Powder

patterns were collected at 300, 320, 340, and finally at 350 K, remaining at this
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temperature and collecting a pattern every 20 minutes. A detailed view of a selected
20 range (7.5-14.5 °) is presented in figure 4.10. Upon heating from 300 to 340 K, the
intensity of the peaks corresponding to 7 successively diminishes. At 350 K new
peaks appear indicating that the solid-state transformation is initiated. Subsequent
measurements collected at 350 K show how new peaks corresponding to 10 grow in

intensity while the peaks corresponding to 7 disappear.
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Figure 4.10 View of the selected 26 range 4-60 ° for 7 at different temperatures and reaction times.
4.2.4 Sorption studies

Thermogravimetric analysis of coordination polymers 6-8 (section 4.4.2) have served
to established that the internal cavities that could in principle result attractive for
adsorption of guest molecules are not available once the solvent molecules are
eliminated. In spite of this, coordination polymers 9-11 could be considered as the
thermodynamic favourable system. Importantly, the morphology and structural
flexibility of coordination polymers 9-11 make them plausible candidates for guest-
induced “gate opening” behaviour. This phenomenon, first enunciated by Kitagawa et
al.,lg describes the gate effect that occurs when the framework structure of a

coordination polymer changes during the adsorption process from a closed structure to

114



4.2 Results and discussion

an open one at a specific pressure. As described in the structural section 4.2.1, the 2D
systems are formed of layers which stack in an ABCABC fashion and are weakly
connected through C—H--O interlayer interactions. Each layer presents individual 2D
windows of ca. 10 Az, which are not connected in the third direction (thus ending with
a closed structure). These windows could be connected in an opened structure if a
concrete displacement of the layers is achieved by gas sorption at high pressures (see
figure 4.5). Solid-gas adsorption properties of 9 towards N, (298 K) have been
evaluated at high pressure (60 bar). The adsorption isotherm of 9, shown in figure
4.11, reveals that N, molecules remain unadsorbed even at 60 bar. This clearly
confirms the incapability of 9 to change its conformation from a closed to an opened
structure upon high pressure exposure of N, gas.

1

0.8+

0.6+

0.4+

number of gas molecule per window

Figure 4.11 N, adsorption isotherm of 9 at 298 K.

4.2.5 Magnetic properties

The presence of magnetic centers in these families of coordination polymers has been
exploited to study the structural changes experienced by these solids. More precisely,
magnetic susceptibility measurements have been used to study whether the change in
metal connectivity (from 1D to 2D) has some influence on the magnetic

dimensionality. This could result very useful in the characterization of more complex

115



Physically-driven solid-state transformation in CPs

systems that also suffer structural transformations. The product of the molar magnetic
susceptibility and temperature, y T, of the Co" compounds (6 and 9) are shown in
figure 4.12. At room temperature yyT has a value of 3.12 and 3.38 emu.K.mol ' for 6
and 9 respectively, and decreases on cooling reaching a minimum value at 2 K of 2.17
and 1.90 emu.K.mol ™' for 6 and 9, respectively. This decrease is similar in both cases
and indicates that the Co-Co exchange interactions are very weak in both compounds,
being totally insensitive to the different conformations adopted by the bridging btix
ligand (syn vs. anti). The observed decrease in yuT down to 2 K has to be associated
to the single-ion behavior and arises from the depopulation of the excited spin-orbit
levels of octahedral Co". Hence, although the magnetic measurements clearly indicate
that the metal centers have a similar connectivity (via the btix ligand), it is insensitive
to the different dimensionality of the two networks caused by the change in

conformation of the ligand.
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Figure 4.12 Thermal dependence of the gy T product of 6 (a) and 9 (b) in the temperature range 2-300 K.

4.2.6 EPR studies

EPR spectroscopy has been used in solid samples of coordination polymers to detect

changes in the coordination sphere of the metal ion due to its strong sensitivity to the
116



4.2 Results and discussion

coordination environment of the metal centres. Magnetically diluted samples 8 and 11
have been prepared to improve the resolution of the spectra. The EPR spectrum of 8
(figure 4.13) displays a typical distorted axial pattern for high-spin Co" with g-values
6.49, 3.28 and 2.31, which is in good agreement with the distorted trans-N,O,
coordination octahedron mode observed in the crystallographic analysis.”’ The
hyperfine splitting is only apparent on the low-field component, and corresponds to a
coupling constant of 65 G for the I = 7/2 **Co nucleus. Upon heating, the EPR
spectrum stays unchanged, demonstrating that the coordination environment of the
metal is not enormously modified and retains the trans-N,O, coordination octahedron
mode. After the solid-state transformation the EPR spectrum remains rhombic, but the
g components slightly change to 6.70, 3.71 and 2.26, indicating the sensitivity to small
changes in the coordination environment. In contrast, significant differences are
observed in the hyperfine structure of the spectra, with hyperfine constants that
increase from 65 (in 8) to 100 G (in 11). This is consistent with the modification in the
nature of the oxygen ligand, which changes from (neutral) water molecules to
(anionic) nitrate ligands (figure 4.14). Thus, EPR spectroscopy is able to detect these
minor changes in which the coordination geometry remains similar albeit with

changes in the nature of the ligands (figure 4.12).
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Figure 4.13 X-band EPR spectra at 4 K of compounds 8 (a), and 11 (b).
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Figure 4.14 Coordination environments of cobalt(Il) centres in 8 (a) and 11 (b).

EPR monitoring of the solid-state transformation. To understand the path of the
reaction, we have followed the solid-state transformation 8—11 by EPR spectroscopy.
A sample of 8 was placed in an open capillary and heated at 353 K for 2 hours. It
should be noted that the reaction times are surface area dependent, so the well-packed
sample used in this experiment results in an increase in the reaction time for
completion. EPR spectra were recorded every 15 min intervals at 4 K (figure 4.15
shows a selection of the EPR spectra). Therefore, the reaction was quenched to obtain
a sequence of snapshots of the reaction during its progress. It can be observed that the
signal corresponding to 8 diminishes in intensity with time, whereas that
corresponding to 11 increases, indicating the lack of an intermediate in the reaction.
Thus, a concerted substitution reaction in which NO;™ ligands displace the coordinated
H,0 molecules is likely to occur.

—8

——8 heated 1h

—— 8 heated 1h15'

8 heated 1h30'
—— 8 heated 2h

I A 1 » I
1000 2000 3000
B(G)
Figure 4.15 X-band EPR spectra at 4 K of compounds 8 at different times of heating and 11.
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4.3 CONCLUSIONS

In this chapter two families of coordination polymers,
{IM(btix)2(OH,),]-2NO5-2H,0}, [M= Co (6), Zn (7), Co-Zn (8); btix = 1,4-bis(triazol-
1-ylmethyl)benzene] and {[M(btix),(NOs),]}, [M= Co (9), Zn (10), Co-Zn (11)], have
been studied. These families of coordination polymers present different
dimensionalities, which are related with the conformation adopted by the ligand,
which can adopt a syn or an anti conformation. Thus, compounds 6-8 consist of non-
interpenetrated 1D cationic chains with large cavities that are partially filled with
anions and solvent molecules, whereas compounds 9-11 form a 2D neutral grid with

(4,4) topology.

Given the attractiveness of 6-8 for gas sorption applications, removal of the solvent
molecules trapped into the cavities has been explored. Hence, thermogravimetric and
XRPD studies have been applied in 6. Interestingly, it has been shown that the chain
compounds are able to extrude both coordinated and non-bonded water molecules and
transform into the layered compounds in the solid state upon heating without loosing
their crystallinity, thanks to the flexibility of the btix ligand. This thermally-induced
solid-state process involves a change in conformation of the flexible btix ligands (from
syn to anti) and also requires a rearrangement in the metal environment with the

cleavage and formation of M—N bonds.

This structural transformation can be monitored through the use of magnetic
techniques as it provokes changes in the magnetic properties of these magnetic
coordination polymers. In particular, the use of EPR spectroscopy to detect the minor
modifications that suffer the Co" coordination sphere upon transformation of the
chains to the layers structures has been detailed. In addition, XRPD at variable
temperature has served to monitor the solid-state transformation. Consequently, the
thermally-induced solid-state process is determined to occur in a single step since no

intermediate has been detected during the reaction process.

Compound 9 has been tested as a plausible system to present gas sorption through the
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mechanism named ‘“gate opening behaviour”. Exposure of 9 at high pressures of N,

revealed the absence of any sorption process in the system.

To conclude, it has been shown that the presence of magnetic centres can provide very
useful information in structural changes in coordination polymers when there is a lack
of single crystal diffraction data. Thus, this methodology could be applied in more

complex systems to better understand solid-state transformations.

4.4 METHODS
4.4.1 Synthesis

The ligand btix was prepared according to a literature method with some
modifications.”' All reagents and solvents were commercially available and used

without further purification.

Synthesis of {[Co(btix),(OH,),]-2NO;-2H,0}, (6): A solution of Co(NOs),'6H,0O
(125.2 mg, 0.4 mmol) in 4 mL of H,O was added slowly into a EtOH/H,O solution
(7:1 v/v) of btix (96.0 mg, 0.4 mmol) without stirring. The mixture was left at RT for
crystallization. After several days, pink needle-shaped crystals were filtered off and
washed with water. Anal. calc. C,sH3,CoN14O0q9 (735.54): C, 39.19; H, 4.39; N,
26.66%. Found: C, 39.11; H, 4.39; N, 25.97%.

Synthesis of {[Zn(btix),(OH,),]-2NO;-2H,0}, (7): 7 was synthesized in a procedure
analogous to that of 6 except that Zn(NOs),-6H,O (120.0 mg, 0.4 mmol) was used
instead of Co(NOs),-6H,0. Colourless block-shaped crystals were filtered off and
washed with water. Anal. calc. CyH3,ZnN4040 (742.00): C, 38.85; H, 4.35; N,
26.43%. Found: C, 38.90; H, 4.32; N, 25.89%.

Synthesis of {[Zn.93/C0.02)(btix)2(OH>),]-2NO;-2H,0},, (8): 8 was synthesized in
a procedure analogous to that of 6 except that a mixture of Zn(NO3),-6H,0 (116.6 mg,
0.392 mmol) and Co(NOs3),-6H,0 (2.4 mg, 0.008mmol) was used. Light-pink needle-
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shaped crystals were filtered off and washed with water. Phase purity was established

by X-ray powder diffraction.

Synthesis of [Co(btix),(NOs),], (9): Different routes are available for the synthesis of
9. Crystals of 6 were heated to 353 K for 2 h to yield 9 as pale pink crystalline
powder. Alternatively, 9 can be obtained by slowly addition of a solution of
Co(NO3),-6H,0 (125.2 mg ,0.4 mmol) in 15 mL of MeOH into a solution of btix (96.0
mg, 0.4 mmol) in 20 mL of MeOH without stirring. The mixture was left at RT for
crystallization. After filtration, pink needle-shaped crystals were obtained in 24h and
washed with MeOH. Anal. calc. CyyH,4CoN 4O (663.48): C, 43.45; H, 3.65; N,
29.56%. Found: C, 42.77; H, 3.84; N, 28.32%.

Synthesis of [Zn(btix),(NOs),], (10): 10 was synthesized in a procedure analogous to
that of 9 except that Zn(NOs),'6H,O (120.0 mg, 0.4 mmol) was used instead.
Colourless block-shaped crystals were filtered off and washed with MeOH. Anal. calc.
C24H24ZnN1406 (669.94): C, 42.52; H, 4.76; N, 28.92%. Found: C, 42.66; H, 3.64; N,
28.74%.

Synthesis of [Zn .05 C0.02)(btix),(NO3),], (11): 11 was synthesized in a procedure
analogous to that of 9 except that a mixture of Zn(NOs),-6H,O (116.6 mg, 0.392
mmol) and Co(NOs),-6H,0 (2.4 mg, 0.008mmol) was used. Light-pink block-shaped
crystals were filtered off and washed with MeOH. Phase purity was established by X-

ray powder diffraction.

4.4.2 Structural characterization
4.4.2.1 Single crystal X-ray diffraction for 6, 7, 9 and 10.

Single crystals of compounds 6, 7, 9 and 10 were mounted on glass fibres using a
viscous hydrocarbon oil to coat the crystal and then transferred directly to the cold
nitrogen stream for data collection. X-ray data were collected at 120 K on a Supernova

diffractometer equipped with a graphite-monochromated Enhance (Mo) X-ray Source
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(AL =0.71073 A) at ICMol (University of Valencia). The program CrysAlisPro, Oxford
Diffraction Ltd., was used for unit cell determinations and data reduction. Empirical
absorption correction was performed using spherical harmonics, implemented in the
SCALE3 ABSPACK scaling algorithm. Crystal structures were solved and refined
against all F* values using the SHELXTL suite of programs.”* Non-hydrogen atoms
were refined anisotropically (except the disordered fragments) and hydrogen atoms
were placed in calculated positions that were refined using idealized geometries
(riding model) and assigned fixed isotropic displacement parameters except for those
of water molecules, which were located and refined with distance restraints. In 6 and
7, the (non-coordinated) NO;3 anions are disordered over two sites and have been
modeled with 51.2(13):48.8(13) and 62(4):38(4) ratios respectively. In 9 and 10, the
(coordinated) NO;5™ anions are disordered over two sites and have been modeled with
51.9(3):48.1(3) and 51.2(4):48.8(4) ratios respectively. In addition, the benzene
moiety of the btix ligand in compound 9 is disordered over two sites and have been
modeled with a 53.2(19):46.8(19) ratio. A summary of the data collection and

structure refinements is provided in table 4.2.
4.4.2.11 X-ray powder diffraction.

Phase purity. Polycrystalline samples of 7 and 10 were lightly ground in an agate
mortar and pestle and filled into 0.7 mm borosilicate capillaries. Data were collected
at room temperature in the 26 range 2 — 50 ° on an Empyrean PANalytical powder
diffractometer, using Cu K, radiation (A = 1.54177 A) at ICMol (University of
Valencia). Pawley refinements™ were performed using the TOPAS computer

program®*
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Table 4.2 Crystallographic data for compounds for compounds 6, 7, 8 and 9.

Compound 6 7 9 10
Empirical formula C24H32N|4010C0 C24H32N1401()Zl'1 C24H24N14O(,C0 C24H24N14O(,ZH
Formula weight 735.57 742.01 663.50 669.94
Crystal colour Pink Colourless Pink Colourless

Crystal size (mm®)
Temperature (K)
Crystal system, Z
Space group
a(A)

b(A)

c(A)

a(’)

BE®)

()

V(A%

Pestc (Mg/m’)
#(Mox.) (mm™)
O range (°)
Reflns collected

Independent reflns
(Rine)

Reflns used in
refinement, n

L. S. parameters, p/
restraints, »

RI(F),™ 20(1)
wR2(F?),"™ all data
S(F?),! all data

0.10 x 0.10 x 0.10

120(2)
Triclinic, 1
PT
9.0395(10)
9.3091(10)
10.5172(12)
80.840(9)
76.092(10)
61.651(11)
754.99(14)
1.618
0.650
2.61-27.57
10922
3232 (0.0865)

3232

233/4

0.0538
0.1245
0.964

0.20 x 0.10 x 0.10

120(2)
Triclinic, 1
PT
9.0695(7)
9.3491(7)
10.5511(8)
80.933(6)
75.831(7)
61.733(8)
763.08(10)
1.615
0.885
2.48-29.13
17419
4114 (0.0858)

4114

263/4

0.0394
0.0599
0.777

0.14 x 0.12 x 0.04

120(2)

Monoclinic, 2

P2\/c
8.2019(5)
20.7198(11)
8.4751(5)
90
105.604(6)
90
1387.19(14)
1.588
0.688
2.58-27.53
10941

3176 (0.0642)

3176

200/0

0.0378
0.0624
0.785

0.16 x 0.08 x 0.04

120(2)

Monoclinic, 2

P2\/c
8.1968(3)
20.7210(9)
8.4639(3)
90
105.358(4)
90
1386.22(9)
1.605
0.955
1.97-27.50
9927

3172 (0.00489)

3172

233/0

0.0422
0.0860
1.141

[a] RIGF) = S(Fo| ~ [FVEIFf; [b] wR2(F®) = [Sw(Fy* ~ FY/EwF "1 [e] SUF) = [Bw(F? — F(n + = p)]
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4.4.3 Physical measurements.

Thermogravimetric analysis. Thermogravimetric analysis of 6 and 9 were carried
out with a Mettler Toledo TGA/SDTA 851 apparatus at ICMol (University of
Valencia) in the 25-800 °C temperature range under a 10 °C-min”' scan rate and an
air flow of 30 mL-min”". In addition, thermogravimetric analysis of compound 6 was

also performed at a fixed temperature of 80 °C.

Magnetic measurements. Magnetic susceptibility measurements were performed on
single-phased polycrystalline samples of 6 and 9 with a Quantum Design SQUID
magnetometer at ICMol (University of Valencia). The susceptibility data were
corrected from the diamagnetic contributions as deduced by using Pascal’s constant
tables. The d.c. data were collected in the range 2-300 K for decreasing temperatures
with an applied field of 1000 G. Electron paramagnetic resonance spectroscopy was
recorded with a Bruker ELEXYS E580 spectrometer operating in the X-band (9.47
GHz).
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5.1 Introduction

5.1 INTRODUCTION

Since the origin of molecular magnetism, physical stimuli, such as pressure,
temperature or light, have been widely used to modulate the magnetic properties of
molecules and CPs (see Chapter 4)." The use of chemical stimuli for this purpose has
also been achieved.” The most studied solid-state transformations through chemical
modifications in CPs are, among others, those involving solvent effects or post-
synthetic modifications.’ In particular, post-synthetic variation of CPs have been used
as an interesting approach to produce functionalized materials. Specifically, the
chemical post-synthetic modifications of extended frameworks are mainly focused on
the modification of the organic ligand, with minor changes in the connectivity of the
metal centres, for which examples are scarce. A different type of chemical
modification of particular interest is that involving ion exchange process, which is an
extensively studied non-covalent post-synthetic chemical modification of CPs.” The
first example of anion exchange in an extended network was published by Hoskins
and Robson at the beginning of the 90s (see figure 5.1).>* It was then demonstrated
that crystals of CPs could undergo ready anion exchange in the crystalline state. More
recently, this chemical modification has been shown as an effective way to tune gas
sorption® and for anion recognition in more complex smart-materials.” Typically, the
ions are trapped in the pores of the CPs and are weakly bonded to the (ionic)
framework through weak interactions. In these cases, ion exchange often occurs in a
single-crystal-to-single-crystal (SCSC) manner since non-coordinated ions can be

easily exchanged without massive perturbation of the network.

A particularly interesting case of anion exchange is that involving metal-coordinated
anions in a CP.* This anion exchange is of remarkable significance since, occurring
quantitatively in the solid state, gives rise to drastic changes in covalent bonds that
involves the structural transformation. As expected, this exchange process often yields
a polycrystalline powder since cleavage and formation of coordination bonds usually
provoke breaks in the single crystals. Nevertheless, to obtain a SCSC transformation

in anion exchange processes could in principle be feasible even with major changes in

131



Chemically-driven solid-state transformation in CPs

covalent bonds, as it occurs with gas sorption processes of non-porous systems, as has
been demonstrated in Chapter 2. However, no examples of SCSC transformations

involving metal-coordinated anions in a CP have been reported yet.

AgX  +

X =NO;-

Figure 5.1 Schematic representation of the first example of ion exchange in the solid state involving

metal-coordinated anions in a CP. Adapted from ref 8a.
The scope of this Chapter is to analyse the structural transformations that occur in a
magnetic CP upon anion exchange and then to study the effect on the magnetic
properties. In particular a flexible three-dimensional (3D) CP, [Cu(btix),(BF4),], (12)
(btix = 1,4-bis(triazol-1-ylmethyl)benzene), with antiferromagnetic interactions
occurring via the organic ligand has been synthesized and characterized. Coordinated
BF, anions can be reversibly exchanged by different anions with retention (PF¢,
ClOy4") or modification (NO;3 , CI") of the network. However, an irreversible exchange
occurs with N5 anions to generate a new CP, [Cu(btix)(Ns),], (17), whose structure
has been determined ab initio by X-ray powder diffraction revealing that not only a
change in the configuration of the organic ligand occurs, but a totally different
connectivity between the Cu" centers is found, which now involves both the organic
and the inorganic ligands. As expected, this structural transformation is accompanied
with a change of the magnetic properties, which have been detected by EPR and
magnetic susceptibility measurements.
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5.2 RESULTS AND DISCUSSION

5.2.1 Description of the structures

Crystal structure of trans-[Cu(btix),(BF4),], (12). The reaction of Cu(BF,),-xH,O
and btix in MeOH results in the formation of block-shaped crystals of formula trans-
[Cu(btix)2(BF4)2]a (12).9 Single crystal X-ray analysis of compound 12 reveals that it is
composed of a three-dimensional network that crystallizes in the monoclinic C2/c
space group (figure 5.2). In this CP, the ligand adopts two different conformations, syn
and anti. The asymmetric unit contains one crystallographycally independent Cu" ion
which lies on an inversion center, one syn-btix and one anti-btix ligands and a
coordinated BF, anion. Each metal ion is coordinated by four triazole nitrogen atoms
derived from two syn-btix and two anti-btix ligands in the equatorial positions and two
fluor atoms from two BF, anions in the apical positions. The coordination
environment of the Cu" ions features a slightly distorted octahedron with Cu—N
distances of 2.006(6) and 2.000(6) A and a longer Cu—F distance of 2.422(5) A, as a
result of the Jahn-Teller elongation along the Cu—F bonds and of the weak
coordination ability of this anion.' The bond angles slightly deviate from the
idealized octahedron geometry (see table 5.1). All btix ligands act as bridges between
adjacent metal centres leading to Cu--Cu distances of 9.940(17) and 14.112(11) A.
Thus, compound 12 consists of a neutral three-dimensional network with a very
unusual coordination of BF, anions. The BF4 anion is commonly described as a non-
coordinated anion'® with a coordination ability index, a™ of —1.1, indicative of a poor
tendency to coordinate. Interestingly, each Cu centre is bonded to two BF, anions in
trans positions by Cu—FBF; coordination bonds. The parameter ' is defined as log
(c+s)/u,' where ¢, s and u are the number of structures with the group coordinated,
semicoordinated and uncoordinated, respectively. A positive value of ¢ indicates
that the group has more chance to coordinate to a transition metal atom than to remain
uncoordinated in its presence (the larger the positive value of a, the greater its
coordinating ability). On the other hand, large negative values of a indicate a poor
tendency to coordinate). The three-dimensional structure can be described as chains
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further linked in the other two directions. In this view, the syn-btix ligands link the Cu
centres forming an undulating chain along the [10-1] direction (see figure 5.2b), which
is connected to four neighbouring chains via the anti-btix ligands in an alternated
fashion: each Cu centre of the undulating chain is connected to two chains, but two
consecutive Cu centres do not connect the same two chains (see figures 5.2c and

5.2d).

i .
¥ A
. N l v_. ( e
. ("“ﬁ-“,/’ < |/ / {..
{7 '7/-’( B
(a) (b)

(©) (d)
Figure 5.2 (a) Coordination environment of the Cu" centres in 12, showing the connection to two
syn-btix, two anti-btix and two BF, anions (copper, nitrogen, carbon, boron and fluorine are
coloured orange, blue, black, green and yellow, respectively); (b) undulating chain along the [10-1]
direction formed by syn-btix ligands; (c) top view of the undulating chain (in blue) showing the
anti-btix ligands that connect with four adjacent chains (colours of the anti-btix refer to the colours
of the different undulating chain in d) to which they connect); (d) front view of the central chain (in
blue) and its four adjacent chains (in red, violet, green and yellow). Hydrogen atoms have been

omitted in all figures for clarity.

Crystal structures of trans-[Cu(btix),(X):], (13, X = ClOy4) and (14, X = PFg). The
direct anion exchange of crystalline powder samples of 12 also affords crystalline

powders 13 and 14 (see section 5.2.2). XRPD analysis of the crystalline powders 13
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and 14 reveal that the crystal structures are analogous to that of 12 (see previous

section for a detailed description of the networks)

Crystal structures of [Cu(btix),(X):], (15, X = NO;) and (16, X = Cl).9 Crystalline
powders 15 and 16 are obtained by direct anion exchange of crystalline powder
samples of 12 (see section 5.2.2). XRPD studies of crystalline powders of 15 and 16
reveal that both compounds are isostructural (see section 5.2.4). Previously reported
single crystal X-ray studies of 16 reveals that crystallizes in the triclinic P2,/c space
group. The asymmetric unit of 16 contains one crystallographycally independent Cu"
ion which lies on an inversion centre, two anti-btix ligands and two chloride atoms
(figure 5.3). Each metal centre is coordinated to four nitrogen atoms derived from four
anti-btix ligands in the equatorial positions and two chloride ions occupying the axial
positions. In 16 each anti-btix ligand acts as a bidentate ligand that bridges two Cu"
ions. All Cu" are linked by four anti-btix ligands to four Cu" neighbours thus
affording a 2D network with (4,4) topology structure. The 2D layers stack in an
ABCABC fashion (figure 5.3).
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Figure 5.3 (a) Coordination environment of the Cu" centres in 16. (b) Crystal structure of 16 showing
the 2D grids with (4,4) topology. Copper, nitrogen and carbon, are coloured orange, blue and black,

respectively; hydrogen atoms have been omitted for clarity. Compound 15 is isostructural to 16.

Crystal structure of [Cu(btix)(N3)2]n (17). Ad initio solution from X-ray powder

diffraction data and Rietveld refinement (see section 5.4.2.111, figure 5.4) show that
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compound 17 consists of a two-dimensional network that crystallizes in the
monoclinic group C2/c. The asymmetric unit contains one crystallographycally
independent Cu" located at the 2-fold axis, one anti-btix bridging ligand, and two
coordinated N3~ anions with asymmetric end-on bridging mode, resulting in a neutral
two-dimensional network (figure 5.4). The metal environment is distorted octahedral:
the basal plane is formed by four nitrogen atoms from two coordinated and two
semicoordinated azidos, whereas the axial positions are filled by two triazole nitrogen
atoms derived from two anti-btix (see table 5.1). The Cu—Nyx bond length (2.079(5)
9,l1a

The values

of the equatorial Cu-N,, are 2.036(10) and 2.886(10) A for coordinated and

A) is similar to those reported for other btix-containing Cu" complexes.

semicoordinated azido, respectively, indicating an asymmetric azido bridge which
leads to Cu--Cu distances of 4.342(8) A within this chain. The Cu-N,,~Cu angle is
122.9(4) °. The azido groups in 17 are essentially linear with a N-N-N bond angle of
179.8(10) °. The two N-N bond distances within the azido groups are significantly
different (1.095(10) and 1.113(11) A), the longer bond involving the end which is
coordinated to the metal ion, as expected. The anti-btix ligand acts as a bridge
between adjacent metal centres leading to Cu--Cu distances of 15.334(1) A, forming a

two-dimensional layer parallel to the (101) plane.

(a) (b)
Figure 5.4 Views of the crystal structure of 17. (a) One-dimensional azido-bridged chains connected by
anti-btix ligands showing the octahedral environment of the Cu" centres; (b) two-dimensional layers
viewed along the b axis. Copper, nitrogen and carbon, are coloured orange, blue and black, respectively;

hydrogen atoms have been omitted for clarity.
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Table 5.1 Selected bond lengths, distances and angles for 12 and 17.

12 17
Cu-N (A) 2.006(6)  Cu-N,, (A) 2.036(10)
2.000(6) 2.886(10)

Cu-F (A) 2422(5)  Cu-Ny (A) 2.079(5)
CuCu(A)  9.940(17)  Cu~Cu(A) 4.342(8)
14.112(11) 15.334(1)

N-Cu-N (°)  91.90 (22)  N,~Cu—Ny, () 96.2(3)

88.10(22) 81.9(3)

93.73 (21)

N-Cu-F () 89.99 (20)

F—Cu-F (°) 180

5.2.2 Anion exchange

The presence of a weakly coordinated BF4 anion in compound 12, together with the
insolubility of this polymer in common organic solvents (and water), opens the
possibility to explore whether the substitution of this anion could lead to a dynamic
response of the network which could modify the magnetic properties. Moreover, the
use of the flexible ligand btix, which provides adaptability properties to the
framework, is an additional feature that may facilitate the occurrence of the anion
exchange. For these reasons, anion exchange experiments have been performed as

follows.

Crystalline powder samples of 12 were immersed at room temperature for 1 day in 3
M aqueous solutions containing NaClO4, NaPFs, NaNOs, NaCl, or NaN;. The BF,~
anion in 12 is quantitatively exchanged with Cl104 (13), PFs (14), NO5; (15), CI (16)
and N; (17) accompanied with a colour change from purple to different blues for
polymers 13—-16 and a remarkably colour change to dark green in polymer 17. All

products 13-17 have been identified by elemental analysis (EA), infra-red
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spectroscopy (IR) and X-ray powder diffraction (XRPD). Reversibility of the anion
exchange was also examined by immersion of the exchanged products in 3 M NaBF,
for 1 day. The ClO4, PFs and CI™ anions in polymers 13, 14 and 16 are quantitatively
exchanged with BF, and therefore reconverted into 12. However, the NO5™ anion in
15 is only partially exchanged even when the solid is immersed in a 3 M NaBF,4

solution for 3 days.

It is important to remark that this anion exchange could also be a solvent mediated
process, as proposed by Khlobystov, Champness, Schroder and co-workers,'” who
have shown that the degree of reversibility of some solvent-induced anion-exchange
transformations is determined by the ratio of the solubility product constants for the

starting and resultant complexes.

Elemental analysis. EA provides information about the stoichiometry of the
exchanged products. Table 5.2 summarizes the experimental EA for 12-17 in
comparison with the theoretical expected values. Thus, although minor discrepancies
are observed in some cases (ca. 1 %), compounds 13—-16 show clearly a 1:2:2 ratio in

Cu:btix:anion, whereas this ratio is 1:1:2 for compound 17.

Table 5.2 Table of Elemental analysis for compounds 12—-17.

Compound C [%] H [%] N [%]
12 exptl 38.59 3.32 22.92
caled 40.17 3.37 23.42

13 exptl 37.59 3.43 21.88
caled 38.30 3.26 22.62

14 exptl 36.91 3.18 21.54
caled 34.56 2.90 20.15

15 exptl 41.39 3.55 27.27
caled 43.15 3.62 29.35

16 exptl 46.21 3.90 26.94
caled 46.87 3.93 27.33

17 exptl 37.53 3.19 42.17
calcd 37.16 3.12 43.34
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IR studies. IR studies result of particular importance, since they afford valuable
information of the exchange processes. This is mainly due to the large variations of

the IR spectra of different structures but, most importantly, of different anions.

1200 1100 1000 200 800 700 600 1400 1200 1000 800 600
cm’ em
(a) (®)

1400 1200 1000 800 32’00 30001600 1400 1200 1000 800 600 400
cm-1 el

(© (d)

(©

Figure 5.5 Infra-red spectra of the pristine materials (with BF,"), shown in black, after
anion exchange, shown in red, and recovered materials (shown in blue and green after
immersion for 1 day and 3 days, respectively): (a) C10, (13), (b) PFs (14), (c) NO; (15),
(d) CI" (16) and (e) N5 (17).
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The anion exchange processes and their possible reversibility have been monitored
using IR spectroscopy by detecting the disappearance and further appearance of a

strong IR peak at 1084 cm ' (characteristic of the BF, anion).

Basically, in the IR spectra of products 13-17, new stretching vibrations
corresponding to ClO4 (1105-1120 and 623 cm™'), PFs (839 and 558 cm '), NO;
(1384-1337 cm™"), and N3 (2046 and 2025 cm') clearly appear and then disappear
upon reversibility of the process (figure 5.5)". Of particular interest is the exchange
process from 12 to 17 which is characterized by the appearance of two new strong
peaks at 2046 and 2025 cm' (distinctive of the N3 anion). These peaks appear at
lower frequencies than usually expected for p,,-1,1-azido bridging anions in
agreement with the highly asymmetrical nature of the azido bridge in the polymer."
The appearance of two bands instead of a single band should be related to the presence
of two crystallographically independent N5~ anions. However, only one type of azido
can be found in the crystal structure of 17. This suggests the existence of some degree
of disorder in the azido bridging groups that is impossible to model in the Rietveld

refinement from powder data.

5.2.3 Structural transformations upon anion exchange
The anion exchange processes studied can be described in terms of the structural
transformation that takes place. Thus, depending on the modification occurred in the

framework, the CPs obtained could be classified in three main groups:

Group I: Retention of the framework. This is the case of polymers 13 and 14, which
basically maintain the original crystal structure after anion exchange. Thus, immersion
in 3 M solutions of NaPF¢ or NaClO4 of 12 produces an anion exchange with retention
of the crystal structure, as confirmed by XRPD studies (section 5.4.2.1I). In this

transformation, the ligands preserve their original conformation (see figure 5.6).

Group II: Reduction of the dimensionality. This group corresponds to the
transformation in dimensionality from 3D to 2D given in polymers 15 and 16. Upon

exposure of 12 to NOs; and Cl anions, the anion exchange process induces a
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conformational switch of half of the btix ligands from syn- conformation to anti-
conformation, with the formation of a neutral two-dimensional grid with (4,4)
topology (see figure 5.6). This transformation requires a rearrangement in the metal
environment and implies the cleavage of coordination bonds between Cu' ions and
btix ligands, followed by the rotation of btix ligand through the methylene groups to

adopt the anti conformation and subsequent re-formation of Cu—N bonds.

Figure 5.6 Schematic representation of the three different categories of CPs with the different
conformations of the btix ligand: (a) 3D network of compounds 12, 13 and 14 with I°0* connectivity
with half of the btix ligands in anti- conformation (represented in black) and half in syn-
conformation (represented in blue); (b) 2D network of compounds 15 and 16 with 1°0? connectivity
with all the btix ligands in anti- conformation; (c) 2D network of compound 17 with I'0'
connectivity with all the btix ligands in anti- conformation (green lines represent the inorganic

connectivity).

Group IlI: Complete rearrangement of the network. The most remarkable anion
exchange process is the transformation 12—17, which modifies enormously the
connectivity of the metal centres. When crystalline solid 12 is immersed in NaNj;
aqueous solutions, a remarkable colour change from purple to green is instantly
observed. During this process a drastic rearrangement of the network occurs due to the
exchange of the BF, anions by N;™ anions, accompanied by lose of one coordinated
btix ligand which is transferred to the aqueous solution, whereas the remaining btix
ligand remains in anti- conformation (see figure 5.6). This elimination of an organic
ligand during anion exchange is not unprecedented and has recently been reported.'’
This is an interesting process since it could be applied for the elimination of toxic

141



Chemically-driven solid-state transformation in CPs

azido ligands in aqueous solutions.'® Nevertheless, given the change in Cu:btix ratio
between 12 and 17, and the gross structural changes, it is likely that the reaction
occurs via dissolution of the precursor before (or simultaneously) with crystallization
of the final product, analogous to that demonstrated for some anion exchange

reactions involving crystalline solids."

The different categories of the exchanged CPs are clearly differentiated following the
classification introduced by Cheetham et al.,'” where CPs are categorized by the
dimensionality of their inorganic and organic connectivity as ["O", where “I” and “O”
refers to the connectivity through the inorganic and organic ligands, respectively, and
“m” and “n” refers to the dimensionality of each type of connectivity. Compound 12
falls in the category of I’0°, quite common in MOFs. Upon exchange with C10,™ (13)
and PF, (14), the dimensionality of the exchanged CPs is maintained as 1°0°.
However, anion exchange to NO; (15) and CI” (16) produces a change in the
connectivity to I°0? i.e. the dimensionality is reduced from 3D to 2D without
involvement of the inorganic ligand. Furthermore, a conformational change of half of
the ligands takes place during the anion exchange, as all btix ligands are found in anti-
configuration for compounds 15 and 16. Interestingly, upon exchange to N5~ (17), the
rare 1'0' topology is found, combining organic and inorganic ligands in the

connectivity of the CP (see figure 5.7).

13,14
3D structures: P03

12
3D structure: 1°03

BF,- Ny
NO;
1

C
15,16 17
2D structures: °0? 2D structure: 'O/

Figure 5.7 Schematic representation of the different transformation upon anion exchange

following the dimensionality of their inorganic and organic connectivity as I"O".
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Although the number of used anions is limited and it is difficult to extract a definite
conclusion, it seems that the modification of the framework upon anion exchange
might be related to the coordinating ability of the different anions.'” Thus, the
exchange of the weak coordinating ligand BF, (a™ = —1.1) by the also weak
coordinating ligands C10, (a'™ = —0.6) or PFs (a™ = —1.6) does not produce any
structural change and the original structure is maintained. However, when more
coordinating anions are used, as NO;™ (a'™ = 0.1) and Cl" (a™ = 1.3) , the structure is
slightly modified. Finally, when a highly coordinating ligand as N3~ (a' = 2.1) is
used, the structure is fully changed due to the strong coordinating tendency of the N;~
ligand. This difference in coordination ability might also be related with the
reversibility of the anion exchange. The less coordinating anions, ClO4  and PFs are
quantitatively exchanged with BF, and therefore, CPs 13 and 14 easily reconvert into
12. This idea implies that the more coordinating anions Cl°, NO;™ and N3~ should not
be quantitatively exchanged with BF,, as observed in the case of compounds 15 and
17. However, Cl anions are exchanged with BF, ", which could be due to the smaller
size of the CI” anion (that would favour its exit through the channels) as compared
with the NO;5 . However, this could also be a result of differences in solubility of the
CPs."”” As expected, reversibility is unfeasible for polymer 17, likely due to the
strength of the coordinating anion, but also due to the different Cu:btix ratio which

would require additional organic ligands in the media for the reverse reaction.

5.2.4 X-ray powder diffraction studies

Phase purity. The phase purity of polycrystalline samples of 12-16 has been
investigated by XRPD. A Pawley refinement has been applied to the experimental
powder patterns of polycrystalline samples 12—16 and the observed and calculated
diffraction patterns are shown in figure 5.8. Pawley refinements revealed an excellent
fit to a one-phase model and converged to Ry, = 0.0322 with a gof = 1.812 (12), Ry, =
0.0284 with gof = 1.606 (13), Ry, = 0.0368 and gof = 2.006 (14), Ry, = 0.0475 and
gof = 2.751(15) and R,,, = 0.0235 and gof = 2.438 (16). In all cases the unit cell

obtained from the Pawley refinement is consistent with those obtained for analogous
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Figure 5.8 Observed (blue) and calculated (red) profiles and difference plot [(Iops — lcarca)] (grey) of the

Pawley refinements (20 range 2.0-50.0°; maximum resolution 1.82 A) for compounds 12 (a), 13 (b), 14

(c), 15 (d) and 16 (e).

structures by single crystal diffraction (see table 5.3). Phase purity and Pawley

refinement of CP 17 are not presented here since they are implicit in its crystal

structure solution fully described in section 5.4.2.111, which has been obtained ab

initio from X-ray powder diffraction data and Rietveld refinement.

Table 5.3 Unit cell parameters from Pawley refinements for compounds 12-16 and those of

analogous compounds from single crystal diffraction data.

a(A) b(A) c(A) a(®) B ()

12 24.2369 9.5970 15.5184 90 124.50 90
[Cu(btix),(BFy)], ? 23.820 9.5063 15.544 90 123.97 90
13 24.2443 9.5894 15.5118 90 124.46 90
[Cu(btix),(BFy)], * 23.820 9.5063 15.544 90 123.97 90
14 24.2372 9.5946 15.5158 90 124.45 90
[Cu(btix),(BF,)], * 23.820 9.5063 15.544 90 123.97 90
15 8.0338 21.0590 8.3511 90 100.46 90
[Co(btix),(NO;),],° 8.2019 20.7198 8.4751 90 105.60 90
16 7.6511 21.3942 8.5296 90 106.65 90
[Cu(btix),Cl,],¢ 7.6671 21.327 8.5287 90 106.559 90

a: Structure 12 presented in this Chapter; b: Structure 9 in Chapter 4; c: ref. 9
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Chemically-driven solid-state transformation in CPs

In addition to establish phase purity, XRPD has served to investigate how the type of
anion substituted determines the final structure. Therefore, XRPD serves to classify
the exchanged polymers 13—17 into one of the three different categories mentioned in
section 5.2.3. Polymers 13 and 14 present XRPD patterns which match those of the
original polymer 12, indicating that the skeletal structure of the polymer remains
stable upon anion exchange and correspond to the group I: retention of the framework.
Polymers 15 and 16 show XRPD patterns similar to the 2D polymer trans-
[Cu(btix),CL], previously reported, and are enclosed in the group II: reduction of the
dimensionality.” Finally, polymer 17, whose XRPD pattern suggests a totally different
structure than the original network 12, is classified in the group III: complete

rearrangement of the network.

5.2.5 Magnetic properties

Magnetic susceptibility measurements were performed on polycrystalline powders of
12, 15, 16 and 17. The products of the molar magnetic susceptibility times the
temperature, I per Cu" ion for 12 is presented in figure 5.9 At room temperature
xnT has a value of 0.45 emu.K.mol ™, close to the expected value for an isolated S = 2
Cu" ion. When the temperature is decreased, x,,T remains constant down to ca. 10 K
where rapidly decreases reaching a value of 0.14 emu.K.mol ' at 2 K. The decrease
observed in x,I' for compound 12 indicates the presence of very weak
antiferromagnetic Cu---Cu interactions that, given the structure of this compound,
may be attributed to the presence of btix bridges between the Cu' ions. As explained
in section 5.2.1, compound 12 is formed by regular chains where the Cu" ions are
connected through equivalent syn-btix ligands (blue undulating chains in figure 5.2).
These chains are further connected with four equivalent chains via additional anti-btix
ligands in an alternating way (one Cu atom is linked to chains A and B and the
following Cu atom is linked to chains C and D). Accordingly, the magnetic data has
been modeled as proposed by Hatfield er al.'® (see expression in Chapter 2)

considering a regular chain (J) of antiferromagnetically coupled S = % spins plus an
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5.2 Results and discussion

additional inter-chain interaction (zJ’, with z = 4), modelled with the molecular field
approximation.'® This simple model satisfactorily reproduces the magnetic properties
of the title compound in the whole temperature range with a Landé-factor g =2.20, J =
41 cm'andJ =-1.1cm’! (with the spin Hamiltonian written as H = —J Y'S;S14n).
As expected, both exchange constants are weak and antiferromagnetic, nevertheless,
the syn-btix bridges are expected to yield a larger coupling constant whereas the anti-
btix ligands should provide a weaker coupling, in agreement with the proposed model.
Compounds 13 and 14 are expected to present similar magnetic properties due to their
analogous connectivity to 12, and, therefore, their magnetic properties have not been
measured.
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Figure 5.9 Thermal variation of the y,,T product per Cu" ion

for compound 12. Solid red line represents the best fit.

Compounds 15 and 16 present analogous magnetic behaviours. Their y;,T products at
room temperature present a value per Cu' ion of ca. 0.45 emu.K.mol™' and remains
constant down to very low temperatures and then show a smooth decrease which is

more abrupt in 16 than in 15 (figure 5.10). In particular, at 2 K the yx,,I" values are 0.42

and 0.38 emu.K.mol ' for 15 and 16, respectively. The magnetic behaviour observed
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for compounds 15 and 16 indicates that both compounds are essentially paramagnetic

with a very weak antiferromagnetic interaction between the Cu" ions.
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Figure 5.10 Thermal variation of the y,,T" product per cu"

ion for compounds 15 (a) and 16 (b). Solid red lines

represent the best fit to the models.
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5.2 Results and discussion

Since both compounds present 2D arrays of Cu' ions with two equivalent bridges in
both directions of the plane, a S = 2 2D quadratic layer antiferromagnet model
proposed by Lines (equation 5.1) has been used to fit the magnetic data.* This model
reproduces the observed behaviour of both compounds in the whole temperature range
with g=2.19 and J=—-0.2 cm ™' (for 15) and g =2.19 and J = -2.9 cm ' (for 16) (with

the spin Hamiltonian written as H = —J > S1S1:n).

Ne'wy® _op . 5 G Eq. 5.1
XJ ~ 8n—1

Where 0 =kT/JS(S+1)

and C, are the coefficients of series for each value of spin, s

Compound 17 presents a completely different magnetic behaviour. The y,,7 product at
room temperature shows a similar value (ca. 0.45 emu.K.mol ', figure 5.11) but when
the temperature decreases below 100 K, y;,7T increases to reach a maximum of ca. 1.06
emu.K.mol " at 3 K (inset in figure 5.11). An increase in ¥, T indicates the presence of
predominant weak ferromagnetic interactions between the Cu" ions. At very low
temperatures a decrease in X,7 appears and may be attributed to the presence of
weaker antiferromagnetic interactions. The structure of compound 17 shows that the
asymmetric 1,1’-Nj bridges form regular Cu" chains which are further connected
through the anti-btix ligands. Thus, given the presence of two kind of bridges, anti-
btix and asymmetric 1,1’-N; bridges, it can be assumed that the observed
ferromagnetic coupling is due to the asymmetric 1,1’—Nj bridges whereas the weaker
antiferromagnetic coupling is due to the presence of the anti-btix bridges, which is
also consistent with the observed antiferromagnetic coupling in 12, 14 and 16. A
simple regular (J) ferromagnetic chain model* with inter-chain interactions (zJ’, with
z =2) modelled with the molecular field approximation'® has been used to fit the data.
This model reproduces very satisfactorily the magnetic properties of compound 17 in

the whole temperature range, including the maximum at low temperatures, with a
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Chemically-driven solid-state transformation in CPs

Landé-factor g=2.21, J=+5.9 cm ' and J’ = —0.2 cm ' (with the spin Hamiltonian
written as H = —J Y S;S1+n). As expected, the ferromagnetic coupling constant results

larger than the absolute value of the antiferromagnetic coupling.

Although it is not very usual, the ferromagnetic coupling observed through the
asymmetric 1,1’-N3 bridge can be explained with the predictions based on DFT
calculations performed for this kind of asymmetric double bridges.”> These
calculations show that in double asymmetric 1,1’-N; bridges the main parameter
determining the sign and strength of the magnetic coupling is the long Cu—N bond
length. The coupling is usually weak and antiferromagnetic when this long Cu—N
bond is below ca. 2.8 A but it may be ferromagnetic for Cu—N bond lengths above ca.
2.8 A (antiferromagnetic < Cu-N bond lengths 2.8 A < ferromagnetic). This is
actually observed in compound 17, where the long Cu-N distance is 2.886(10) A, and

the coupling between Cu" results ferromagnetic.
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Figure 5.11 Thermal variation of the ,,T product per Cu"

ion for 17 sowing the best fit (red line).
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5.2 Results and discussion

Table 5.4 Magnetic exchange parameters and Landé-

factor values from best fits.

J(em™)  J(em™) g
12 -4.1 -1.1 2.20
15 -02 - 2.19
16  -29 - 2.19
17 +59 0.2 221

5.2.6 EPR studies

The solid X-band EPR spectra of 12 at room temperature (figure 5.12a) displays a
slightly axially distorted spectrum with a peak at ca. 3300 G and a weak and broad
signal at ca. 2950 G (g, = 2.06 and g.= 2.29 respectively, and gaverage = 2.14) which is
in agreement with the value found in the susceptibility measurements. When the
temperature is decreased, both an increase in intensity and a slight shift to lower fields
of the main signal is observed (higher g values). These results support the tetragonally
distorted coordination site, indicating that the unpaired electron of the Cu' ion is

situated in the dx’~? orbital, located in the equatorial CulN,4 plane.

Compound 17 presents a more complex X-band EPR spectrum (Figure 5.12b). Thus,
the EPR of 17 shows three signals at room temperature centred at ca. 3250 G (g =
2.08) that increase in intensity and split at low temperatures, leading in a g shift. The
rhombic signal suggests a lower symmetry of the Cu" centres. In addition, the splitting
in the three signals may be not only due to a narrowing of the signals as the
temperature is decreased but rather due to a shift of the two extreme components
toward lower and higher fields in each case. Clearly, this behaviour does not
correspond to isolated Cu" sites but rather to that of the low-dimensional exchange-

coupled formed in 17.
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Figure 5.12 X-band EPR spectra at different temperatures for compounds 12 (a) and 17 (b).

5.3 CONCLUSIONS

In this Chapter, the effect provoked in a magnetic CP by an external chemical
stimulus has been studied. In particular, the non-porous CP [Cu(btix),(BF4),] (12),
which displays dynamic transformations in the solid state, has been studied in detail.
This polymer reversibly exchanges the coordinated BF, anion with PFs and ClO4~
maintaining its structure or with NO;™ and CI” modifying the dimensionality of the
network due to changes in the conformation of the flexible organic ligand. Moreover,
this CP is capable of irreversibly convert into [Cu(btix)(N3),] (17) in the crystalline
state when it is immersed in aqueous solution of NaNj;. These anion exchange

processes have been monitored by IR spectroscopy.

The structural transformations that accompany the anion exchange processes have
been intensely studied. These processes undergo a variety of structural modifications
in CP 12 depending on the nature of the anion, which range from minor to severe
transformations in the framework. In this sense, XRPD studies resulted essential for

the comprehension of the modifications that take place. The main conclusion that can
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5.3 Conclusions

be extracted from the structural study is that the nature of the anion exchanged has
been proved to determine the final configuration adopted by the organic ligand. Thus,
a classification of the exchanged CPs into three different groups has been conducted
depending on the dynamic response developed in the framework: (i) a retention of the
configuration of the organic ligand with no major structural changes; (ii) a switch of
the configuration of the organic ligand with a reduction of the dimensionality of the
network; and (iii) a switch of the configuration of the organic ligand with a complete

rearrangement of the structure.

Interestingly, the structural changes provoked by the anion exchange affect the
magnetic properties of the CPs due to changes in the connectivity between the metal
centres. Magnetic susceptibility studies and EPR spectroscopy have been applied to
study the anion exchange effect. Consequently, depending on the connectivity, three
different types of frameworks with distinct magnetic properties are distinguished. CPs
12-14 present a 3D structure in which two different weak antiferromagnetic
interactions are present. The magnetic behaviour for 15 and 16 also present
antiferromagnetic interactions in a quadratic layer model. Finally, CP 17 is

characterized by a ferromagnetic interaction a weaker antiferromagnetic interaction.

5.4 METHODS

5.4.1 Synthesis
All reagents and solvents were commercially available and used without further
purification. The ligand btix (1,4-bis(triazol-1-ylmethyl)benzene) was prepared

according to a literature method.”

Synthesis of trans-[Cu(btix),(BF4),], (12). A solution of btix (321 mg, 1.3 mmol) in
50 mL of MeOH was added dropwise into a methanolic solution of Cu(BF,),-xH,O
(175 mg) without stirring. The mixture was left unperturbed at room temperature for
crystallization. After several hours, light purple block-shaped crystals suitable for X-
ray crystallography, were filtered off and washed with MeOH. Phase purity was
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established by X-ray powder diffraction. Yield 87%. Anal. calc. Cy4H,4CuN;,B,Fg
(717.68): C, 40.17; H, 3.37; N, 23.42%. Found: C, 38.54; H, 3.42; N, 22.41%. FT-IR
(KBr pellet, cm'): 3144(s), 1532 (vs), 1443 (m), 1427(s), 1346 (w), 1292 (m), 1125
(vs), 1083 (vs), 1115 (vs), 991 (vs), 897 (m), 766 (m), 732 (m), 676 (s), 520 (m).

Synthesis of anion exchanged solids 13-17. Powdered samples of 12 (50 mg) were
each immersed in aqueous solutions of NaClO,4, NaPFs, NaNO;, NaCl or NaN; (3 M,
5 mL) for 1 day. The resulting anion-exchanged solids 13-17 (exchanged with ClO4
(13), PFs (14), NO; (15), CI'(16) and N; (17)) were collected by centrifugation,
washed several times with water, and then dried in vacuum. The products were
characterized by EA, IR and XRPD. To verify the reversibility of the process, the
anion-exchanged solids were immersed in 3 M NaBF, for 1 day, collected by
centrifugation, washed several times with water, and then dried in vacuum. All solids

were characterized by FT-IR spectra, and XRPD.

5.4.2 Structural characterization

5.4.2.1 Single crystal X-ray diffraction of 12

A single crystal of compound 12 was mounted on 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 at 120 K on a Supernova
diffractometer equipped with a graphite-monochromated Enhance (Mo) X-ray Source
(A=0.71073 A) at ICMol (University of Valencia). 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 structure was solved and refined
against all F” values using the SHELXTL suite of programs.24 Non-hydrogen atoms
were refined anisotropically (except the disordered fragments) and hydrogen atoms
were placed in calculated positions that were refined using idealized geometries
(riding model) and assigned fixed isotropic displacement parameters except for those

of water molecules, which were located and refined with distance restraints. In 1, the
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benzene moiety of the syn-btix ligand is disordered over two sites and has been
modeled with a 50:50 ratio. A summary of the data collection and structure

refinements is provided in table 5.5.

Table 5.5 Crystallographic data for compound 12.

Compound

12

Empirical formula
Formula weight
Crystal color
Crystal size (mm®)
Temperature (K)

Crystal system, Z

Cp4Hy4N 2B, FsCu
717.71
Purple
0.15 x 0.15 x 0.05
120(2)

Monoclinic, 4

Space group C2/c

a (R) 23.820(9)

b (A) 9.5063(15)
c(A) 15.544(6)
a(®) 90.00

BE) 123.97(6)
r(®) 90.00
V(A% 2918.8(16)
Deate Mg/m?) 1.633
w(Mog.) (mm™) 0.840

6 range (°) 2.38-25.03
Reflns collected 6214
Independent reflns (R;,,) 2576 (0.1448)
Reflns used in refinement, n 2576

L. S. parameters, p/ restraints, »  212/0
R1(F),™ 5200 0.0763
wR2(F2),™™ all data 0.1510
S(F*), all data 0.973

[a] RI(F) = 2(|F | - [F)/Z|F,); [b] wR2(F?) = [Ew(F,,’ — Fcz)2/2wF0“]'/2; [c] S(F®) = [EW(F,) — F2)/(n + r— p)]'/2
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5.4.2.11 X-ray powder diffraction

Phase purity of polycrystalline samples of 12—16 was established by XRPD (figure
5.7). Polycrystalline samples of 12—16 were lightly ground in an agate mortar and
pestle and filled into 0.7 mm borosilicate capillaries. Data were collected at room
temperature in the 20 range 2 — 50 ° on an Empyrean PANalytical powder
diffractometer, using Cu K, radiation (A = 1.54177 A) at ICMol (University of
Valencia). Pawley refinements®™ were performed using the TOPAS computer

program.”®
5.4.2.111 X-ray powder diffraction and Rietveld refinement

A polycrystalline sample of 17 was lightly ground in an agate mortar and pestle and
filled into a 0.3 mm glass boron capillary prior to being mounted and aligned on a
Empyrean PANalytical powder diffractometer, using Cu K, radiation (A = 1.54177
A). 35 repeated measurements were collected at room temperature (20 = 3 — 70 °) and
merged in a single diffractogram. The diffraction pattern was indexed using TOPAS?
to a monoclinic cell and space group C2/c was assigned from volume considerations
and a statistical consideration of the systematic absences. The dataset was
background-subtracted and truncated to d = 2.885 A (20 = 31.00 °), for Pawley
refinement” and structure solution using the simulated annealing (SA) global
optimization procedure, described previously,”’ that is now implemented in the DASH
computer program.28 The SA structure solution involved the optimization of three
independent fragments in the asymmetric unit (one half-Cu atom, one half-btix ligand
and one azido ligand, considered from the composition of compound 17), totalling 19
degrees of freedom. Z-matrices describing the molecular topology of the fragments
were generated automatically within DASH using analogous moieties taken from the
CSD. Global optimization of all external (rotational and translational) degrees of
freedom against the extracted intensities was carried out with all DASH SA control
parameters set to default values. 10 runs with 5x10" SA moves per run were
implemented for each structure determination. The best SA solutions had a chemically

reasonable packing arrangement, and exhibited no significant misfit to the data. The
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solved structure was used as starting model for Rietveld refinement,” conducted using
TOPAS. All atomic positions and displacement parameters, Ui, of non-hydrogen
atoms were refined (one for Cu atom and one for all C and N atoms; H atoms were
fixed at idealized positions and the atomic displacement parameters were set as 1.2
times those of non-hydrogen atoms), subject to a series of restraints on bond lengths,
bond angles and planarity of the aromatic rings. A March-Dollase correction of the
intensities for preferred orientation was applied in the final stage of refinement. The
observed and calculated diffraction patterns for the refined crystal structures are
shown in figure 5.13. Rietveld refinement converged to Ry, of 0.0504, R,,,” = 0.14426
(Ryyp’ 1s the background subtracted Ry;).
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Figure 5.13 Observed (blue) and calculated (red) profiles and difference plot
[(Lobs - Learca)] (grey) of the Rietveld refinement of compound 17 (20 range 3.0—

70.0 °, maximum resolution of 1.34 A). Rietveld refinement converged to R,

0f 0.0504, R,;,” = 0.14426 (R, is the background subtracted Ry).
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Table 5.6. Data collection, structure solution and

refinement parameters of 17.

Compound 17
Empirical formula C,H 52N ,Cu
Formula weight 387.89
Specimen colour green
Specimen shape (mm) Cylinder

12 x 0.7 x 0.7 mm

Wavelength, & (A) 1.54177
Crystal system Monoclinic
Space group, Z C2/c, 4
a(A) 24.4913(10)
b(A) 4.34232(12)
c(A) 14.20752(55)
a(®) 90
B(®) 78.885(3)
Y (©) 90
V(A% 1482.61(9)
Peatc (Mg/m®) 1.737
Temperature (K) 298(5)
p(Cug) (mm™) 2.329

20 range (°) 3.0 to 70.0
Increment in 20 (°) 0.014
Reflns measured, n 331

Specimen mounting 0.7 mm borosilicate capillary

Mode transmission
Detector PIXcel
Parameters refined, p 94
Restraints, r 36

R 0.0386
R, 0.0504
Ry 0.0377
GoF 1, all data 1.320

1
[a] R, = Zlvy —vel/ Evg; [0] Ry = £y — 10V Z0(36)17% [€] Rup = Ryl GOF 3 [d] GoF = [Sw(yy — v (n—p + )]
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5.4.3 Physical measurements

Carbon, nitrogen, and hydrogen contents were determined by microanalytical
procedures using an EA 1110 CHNS-O elemental analyzer from CE Instruments.
Infrared spectra were recorded in a FT-IR Nicolet 5700 spectrometer at ICMol
(University of Valencia) in the 4000-400 cm ™' range using powdered samples diluted
in KBr pellets.

Magnetic propoerties. Magnetic susceptibility measurements were performed on
single-phased polycrystalline samples of 12, 15, 16 and 17 with a Quantum Design
MPMS-XL-5 SQUID susceptometer at ICMol (University of Valencia). The
susceptibility data were corrected from the diamagnetic contributions as deduced by
using Pascal’s constant tables. The d.c. data were collected in the range 2—300 K with
an applied field of 0.1 T. Field dependences of the magnetization were measured at
2.0 K. Electron paramagnetic resonance spectroscopy was recorded with a Bruker

ELEXYS E580 spectrometer operating in X-band (9.47 GHz).
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6.1 The SCO phenomenon

6.1 THE SPIN-CROSSOVER PHENOMENON
6.1.1 Ligand field considerations

Ligand field theory (LFT) describes the bonding, orbital arrangement, structural
features and other characteristics of coordination complexes of transition metals
(TMs). It represents an application of Molecular Orbital (MO) theory to TM
complexes. In its pure electrostaci from namely crystal field theory (CFT), the metal
centre is considered as a positive point charge, and the ligands are treated as negative
point charges. According to CFT, electrons located in the d orbitals of TMs, which are
energetically degenerated in a free ion, and break this degeneracy when placed into a
non-spherical ligand field (figure 6.1a). Thus, in the case of an octahedral TM
complex, the approach of the ligands towards the TM ion alters the energy of the
orbitals, which split into two subsets, namely the e, and t,, irreducible
representations.’ If ligands are placed lying in the between the axes, the dv?, dxz and
dyz orbitals (t,,) will be lowered in energy, while the dx’-* and d-’* orbitals (e,) will be
raised in energy as a result of electron—electron repulsion (figure 6.1b). However, the
total energy of the system when all orbitals are fully occupied will not change. The
resulting energy difference between the e, and t,, subsets is known as the ligand field
splitting, A, and its magnitude (10D4) depends on the type and oxidation state of the

metal as well as the nature of the ligands and on metal-ligand distance (r).

¢ -
oma e -2
L i L ‘8 . S
| d=" dv-—y "
L e
ey d,

_ T 8
) E| 444+ 4 ﬁl
s 3 °
.0 983 a.gl Free Fe!! _1'L_ _‘H_ _1+ l:g
o o e o 1 dey  dyz  dzv
by
(a) (®)

Figure 6.1 (a) Orientation of the d orbitals of a TM relative to a Cartesian coordinate system. (b) Effect
on the relative energy of the d orbitals of placing a TM ion into an octahedral (Oy) ligand field (Aoy).
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The order of occupation of the d orbitals by electrons is determined by the magnitude
of A and the energy required to spin-pair electrons within an orbital (the pairing
energy, P).' If A <P, the d orbitals in both tye and e, sets will become singly occupied
prior to spin-pairing of electrons within the same orbital, in accordance with Hund's
Rules. If A > P, the electrons will fill the d orbitals according to the Aufbau Principle,
meaning that the lower energy t,, subset will be completely filled before filling the
higher energy e, set. Thus, in the case of TM ions with a d* to d’ electronic
configuration in a ligand field with octahedral symmetry, two possible electronic
terms with distinct spin states can exist. These are the high spin state (HS), which has
the maximum spin multiplicity, and the low spin state (LS). For instance, the
distribution of the d electrons in the d® Fe'' metal ion generates two possible spin
states, 'A; [with an orbital occupation of (tzg)6] and S = 0, and Sng [with an orbital
occupation of (tzg)4(eg)2 and S = 2] (figure 6.2a). Whether the ground state will be 'A;
or Sng in a Fe" complex depends on the ligand field strength, as shown in the so-called
Tanabe-Sugano diagram,” which gives the dependence of the d orbital levels as a
function of A (figure 6.2b). Weak ligand-field strengths produces small ligand field
splitting A, and thus the electrons will fill up the orbitals following Hund’s rule,
affording the high-spin paramagnetic ground state Sng. For higher values of ligand
field splitting A, it is more favourable for the electrons to pair in the lower orbitals,
resulting in the low-spin diamagnetic 'A; ground state. For compounds with a crystal
field splitting value close to the critical value A, where A = P, a spin transition may
be induced by causing a change in the 10D, parameter through an external
perturbation such as light, temperature, magnetic field or pressure. This process is
known as spin-crossover phenomenon, and is possible when the difference in zero-
point energy between the HS and LS states (AE®y.) is approximately equal to the
thermal energy, i.e. AE®y. = E°ys — E°Ls = kgT (figure 6.3b).3'5

In Fe'" complexes the t,, orbitals are of non-bonding character, whereas the e, orbitals
are anti-bonding. Therefore, the metal-ligand bond length, r, is significantly higher in

the HS state than in the LS state, because in the former the anti-bonding orbitals are
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6.1 The SCO phenomenon

populated and, additionally, less electrons for d=—p= back donation are available.
Compounds with Fe"Ng core show typical values of rys =~ 2.16 —2.20 A and r s = 1.96
—2.00 A% i.e. a difference of about 10 % in the metal-ligand distance.

Apart from Fe', other transition metal ions of the first row are also known to form
spin-transition complexes. Examples for Com,7 CoH,8 Fem,9 and Ni“,lo are reported in
the literature. In most of the cases, their stronger ligand field and their weaker spin
pairing energy makes them rare. The cases for Ni' are sometimes referred to as

geometrical rearrangements, which are related to a change in spin multiplicity.
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Figure 6.2 (a) Scheme illustrating the SCO phenomenon for Fe' provoked by different external
stimuli in a Oh ligand field. (b) Tanabe and Sugano diagram for Fe" with the Sng and the'A spin

states shown in red and blue, respectively.
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Figure 6.3 (a) Configuration coordinate diagram for an Fe" compound

s

expressed along the totally symmetric metal-ligand stretch vibration, r(Fe-L).
(b) Representation of the regions where each of the states (HS, LS or Spin

Transition) is stable. Reproduced from reference 3.
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6.1.2 Classification of Spin-Crossover systems

The first example of a spin crossover was reported by Cambi et al.'' in 1931 on Fe'-
tris(dithiocarbamato) complexes. The first explanation of the phenomena arrived with
Pauling, who initially explained the change in the magnetic properties of
ferrihemoglobin hydroxide by the change in the bond type from covalent to ionic.'* It
took more than 20 years until Orgel suggested the correct explanation based on the
change in the spin state of the ion.” The first Fe" spin crossover system, namely
[Fe(phen),(NCS),] (phen = 1,10-phenanthroline), was found by Baker et al. 30 years
after the discovery of Cambi.'* This is very curious since SCO is much more common

11

in Fe" complexes than in Fe"", but the latter were found 30 years before. Since then,

the SC phenomenon and its mechanism has been studied extensively and reviewed by
different authors."”'®

The temperature at which a spin crossover material has an equal ratio of high spin and
low spin sites is called T1/2.5 Spin transition curves help to visualize the different type
of spin crossover behaviour observed in the solid state. These curves consist of a plot
of the molar fraction of the high spin component (YHS) as a function of temperature
and can be derived from measurements of physical properties such as magnetism
(susceptibility measurements), nuclear environment (Mossbauer spectroscopy), colour
(UV-vis spectroscopy), bond lengths and other structural features (diffraction
techniques). Figure 6.4 shows a series of spin transition curves that are most
commonly observed in crystalline materials.™'’ The simplest system to consider is that
in which very few cooperative interactions between metal centres are present. The
result is a very gradual spin transition (figure 6.4a), which may occur over several tens
or hundreds of Kelvin, and may be considered as a Boltzmann distribution across the
available spin states, randomly distributed throughout the crystal. It is possible for
spin crossover processes to be incomplete, where only some of the TM centres
undergo spin crossover, or stepped (figure 6.4b), where SCO centres undergo the spin
transition at distinct temperatures, separated by an intermediate state that contains
both HS and LS sites. When cooperative lattice interactions are present, abrupt

transitions (figure 6.4c) are observed often accompanied by hysteresis (figure 6.4d).
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This kind of hysteretic behaviour represents a form of molecular bistability and is

important to potential applications as molecular switches or memory storage devices.
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Figure 6.4 Spin transition curves for the most frequently observed types of transition
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represented in molar fraction of the high spin species (yys) as a function of temperature

(T). Reproduced from reference 3.

6.2 SPIN-CROSSOVER AT THE NANOMETER SCALE

Technological advances have moved electronic devices towards miniaturization (from
um to nm) and faster processing speed (from nanoseconds to femtoseconds). This has
been at the origin of molecular electronics, which is a multidisciplinary field that has
already resulted in exceptional examples of molecules acting as molecular-based
functional units such as memories, modulators, rectifiers, switches, transistors or

: 19-22
WIres.

Spin-crossover (SCO) systems represent one of the most promising systems as
molecular switches or memory storage devices due to the molecular bistability
associated with the SCO phenomenon.” Actually, our group has been involved in the
fabrication of a molecular device exhibiting switching near room temperature. This
device has been fabricated by contacting a bistable spin-crossover nanoparticle to two
electrodes (figure 6.5).** By measuring the conductance, it has been shown that is
possible to send current trough these particles, and that they show bistability in the
conductance as a function of temperature. Interestingly, this device has also shown the
possibility of controlling the spin state by applying an electric field. This discovery

opens the possibility of using such devices in spintronics.
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Figure 6.5 (a) Schematic side view of the device geometry with the SCO-NP placed on

top of the electrodes. (b) Conductance (I/V) as a function of temperature for the device

with 100 nm wide electrodes. Each point represents the average of the conductance at 0.4

V of 30 individual current-voltage characteristics. Reproduced from reference 24.
Implementation of SCO materials in practical devices involves the design of nanoscale
SCO systems which fulfil a number of requirements. In this sense, the SCO material
may ideally present a complete, abrupt and hysteretic spin transition centered at room
temperature, showing enhanced chemical stability.”> An additional requirement
involves the control on the miniaturization of the system. This is a challenging
condition since cooperativity, which is responsible of the first-order transition
necessary to obtain a memory effect, highly depends on the particle size. Accordingly,
in order to obtain nanostructured SCO materials optimal for spintronic devices, it is
essential to identify the critical particle size at which complete and hysteretic
transition is preserved.
A convinient approach to synthesize a nanoscopic material is based on the use of
water-in-oil (w/0) emulsions to confine the growth of the coordination network. The
reverse micelle technique was first applied by Mann et al. to obtain NPs of Prussian
Blue (NPs from 12 to 50 nm organized in domains of 200 nm),*® and was further
developed by the group of Mallah to obtain magnetic NPs of the Prussian blue type of
3 nm.”’” Concerning SCO materials, in 2004 the group of Létard reported preliminary
results of SCO nanoparticles based on the Fe'-NH,-triazole system with a size
comprised between 60 and 200 nm and a spin transition centred at room temperature,

which was measured by optical reflectivity.”® Later in 2007, thermal hysteresis was
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6.2 SCO at the nanometer scale

first evidenced in our group for small nanoparticles of [Fe(Htrz),(trz)](BF4) with
diameters around ca. 10 nm with a narrow distribution. This nanoparticles show a very
abrupt transition above room temperature with a wide thermal hysteresis of ca. 40 K,

thus preserving the properties of the bulk material.”

Since then, the number of publications dedicated to the study of SCO nanoparticles
has been strongly enlarged. The vast majority of studies have focused in the synthetic
procedures to gain control over the size and therefore physical properties of the SCO-
NPs. Actually, all efforts have focused mainly in two systems: the 1D coordination
30-34

polymers of the triazole family.

family [Fe(pz){M(CN)4}].**" The first family will be discussed in detail in Chapter 7.

and the 2D and 3D coordination polymers of the

Regarding the second family, nanoparticles were prepared by the reverse micelle
technique by different groups, allowing the stabilization and size tuning of particles
below 20 nm. Importantly, the particles have a magnetic behaviour different from that
of the bulk (figure 6.6). Upon reduction in the size, the transition is smoother, the
transition temperature shifts downward and the hysteresis loop is narrower, which is

almost vanished for the smaller particles.

4
35
3
[}
£ 25
ME 2 8 9 10 11
L
- 18
o 1 O width
05
0 : :
240 280 320 G
T (K) 1(mg;|nm)
() (b)

Figure 6.6 (a) Magnetic behaviour of coordination nanoparticles of the 3D network
Fe(pyrazine) {Pt(CN),}. (b) HAADF-STEM imaging and size distribution. Reproduced from

reference 35.
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AIM OF THE WORK

The following Chapters 7-9 are focused on the study of SCO-NPs, covering diverse
aspects mainly based in the synthetic procedure, physical properties and processing.

In Chapter 7, a detailed description of the synthetic protocol used for the synthesis of
SCO nanoparticles is presented. Extensive analyses have been developed in order to
rationalize all parameters that exert an influence on the physical properties. In
particular, a controlled reduction of the NP size and later analysis of this effect on the
spin transition have been investigated.

In Chapter 8 the effect of the ligand substitution in the transition temperature of SCO-
NPs has been investigated. For this study, a family of SCO-NPs responding to the
general formula [Fe(Htrz);_; (NH,trz);, ]J(ClO,4), has been synthesized, by successively
substituting one ligand by another, with the resulting variation of the chemical
composition. This chemical perturbation has shown to exert a dramatic effect in the
spin transition of the NPs.

Chapter 9 considers the necessity to advance in the processing of nano-objects for
nanodevices technologies. Different possibilities to organize the NPs onto surfaces are

presented with the final aim of their direct addressing and manipulation.
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7.1 INTRODUCTION
7.1.1 Generalities about the compound [Fe(Htrz),(trz)]|(BF,)

Among the spin-crossover (SCO) materials, the family of polymeric one-dimensional
(1D) SCO compounds of general formula [Fe(Rtrz);](A), (Rtrz = 4-substituted-4H-
1,2,4-triazole, and A = monovalent anion), is certainly one of the most intensely
studied. These systems were first synthesized by Haasnoot and co-workers in 1977,
but it was not until 1992 that they gained worldwide attention due to its utilization as
active elements of display devices.” Among these materials, [Fe(Htrz)(trz)](BFs)

(Htrz = 1,2,4-triazole and trz— = triazolate) results particularly interesting since it
presents an abrupt spin transition centred above room temperature (7' 1/2T =391 K and

!

T2 = 349 K) with a remarkable hysteresis loop of 42 K. In 1994, a more detailed

work published by Krober, Kahn and Haasnoot thoroughly described the synthesis and
the magnetic properties of the [Fe(Htrz)(trz)](BF4) complex.3 This compound

presents an abrupt transition with T 1/2T =385 K and T 1/2i = 345 K for the first cycle,
with a progressive reduction of T 1/2Tin the subsequent cycles, ending with a stable

hysteresis of ca. 40 K (see figure 7.1). Similar work based in the [Fe(Htrz),(trz)](BF4)
complex was published in 1994 by Sugiyarto and Goodwin.*
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Figure 7.1 Temperature dependence of the molar magnetic

susceptibility temperature product ()uT) for [Fe(Htrz),(trz)](BF,).
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Structural considerations were developed in parallel with the magnetic studies.
Haasnoot et al.' enunciated the first hypothetic structure based on spectroscopic
techniques, and referred to an octahedral environment of the Fe" formed by two
triazole and one triazolate ligands in a C,, symmetry, charge balanced with a BF,~
anion. Further investigations with Mossbauer and Diferential Scanning Calorimetry
(DSC) confirmed this hypothesis.’® This system is typically obtained as a
microcrystalline powder. As a consequence, the sole structural data used for this
compound during the last decades came from X-ray absorption spectroscopy.’ This
characterization gave a structural description of the close proximity of the metal
centres (3.6-3.7 A) and was used to corroborate the 1D polymeric structure, but gave
no information on the crystal structure itself. Recently, a X-ray powder diffraction
(XRPD) study on [Fe(Htrz),(trz)](BF4) led to a first structural hypothesis for both the
HS and the LS species,’ although a subsequent re-determination based on high
resolution powder data has concluded with an advanced more precise crystal structure
refinement.” The crystal structure is based on polymeric chains of Fe" ions situated
along the b axis with the three bridging triazoles in alternating invert positions, two
Htrz ligands and one trz ligand (figure 7.2a), which gives the formula [Fe"(Htrz),(trz~
)I(BFs) (Pnma space group). Each BF4 ion is located in cavities formed by the
triazole ligands (figure 7.2b) and no water molecules are found within the crystal
structure. The distance between two neighbouring iron centres within a chain is
exactly half of the b parameter. Each [Fe(Htrz),(trz)], chain is surrounded by six
identical adjacent chains (figure 7.3) with two different Fe---Fe interchain distances
denoted d; and d, (figure 7.3). The crystal packing shows a pseudohexagonal
structure, and it is the difference between d; and d, that mainly prevents 1 to adopt a
hexagonal unit cell. The SCO produces a change of the intrachain Fe---Fe distance of
0.23 A, with a variation of the b parameter of ca. 6.3 %, while the a and ¢ parameters
vary ca. 1.0 % and 4.0 %, respectively. The corresponding volume variation (11.5 %)
appears larger than in other SCO materials (1-5 %).® This structural study confirms a
chain architecture, that is formed by [Fe(Htrz),(trz)], chains connected through short

N-H---N contacts. Therefore, the unusually abrupt transition and large hysteresis of
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40 K above room temperatures is consequently ascribed to this structural

characterization.

i —

(@ (b)
Figure 7.2 (a) View of the cationic chains of [Fe(Htrz),(trz)](BF,) in which Fe" are aligned parallel
along the b axis with the three bridging triazoles in alternating invert positions (BF, anions are
omitted for clarity). (b) View of the BF, anion cavities within the crystal packing of
[Fe(Htrz),(trz)](BF4).

Figure 7.3 Crystal packing of [Fe(Htrz),(trz)](BF,)

showing interchain distances d; (red) and d, (blue).
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7.1.2 [Fe(Htrz),(trz)|(BF4) at the nanometre scale

One of the most intriguing aspects of the SCO phenomenon concerns the critical size
of the domain responsible of the SCO. This interest arises from the fact that SCO is a
truly molecular phenomenon, and then, it is possible to reduce the size of SCO solid
particles to reach the nanoscale while preserving the SCO phenomenon although
reducing the cooperativity.” A plausible method to obtain SCO-NPs is based on the
use of the reverse micelle technique.'® This method was employed by Létard ez al."" to
produce spin-crossover NPs (SCO-NPs) of the system [Fe(NH;-trz);]Br,,BEEERER
Lauropal 205 as surfactant, and reaching sizes of 30 to 120 nm. The first NPs (NPs)
based on the [Fe(Htrz),(trz)](BF,) system were synthesized by our group in 2007
following the same reverse micelle technique but using instead AOT as the surfactant
(section 7.1.3)."” These NPs were shown to exhibit abrupt transitions and large
hysteresis very similar to the bulk material, but with a reduced size of ca. 11 nm
(figure 7.4). Along this line, many studies have been developed and NPs ranging from
only a few nanometres up to 100 nm have been obtained with reasonably
polydispersity."> More recently, NPs of [Fe(Htrz)(trz)](BF,) have been synthesized in
the presence of TEOS (tetraethoxysilane), and a hybrid SiO,—-SCO system that can

incorporate multifunctionality (luminescence and SCO) has been obtained."*
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Figure 7.4 (a) Magnetic thermal hysteresis for as-prepared [Fe(Htrz),(trz)](BF,)
NPs. (b) Bistability of a suspension of the title NPs in octane: in the low-spin

state (left) and in the high-spin state (right).
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7.1.3 Generalities about the micellar systems
7.1.3.1 Some relevant definitions

The word amphiphile comes from the Greek roots amphi, which means “double”, and
philos, which expresses affinity. An amphiphilic substance exhibits a double affinity,
or, in terms of chemistry, a polar-apolar duality. A typical amphiphilic molecule is
based on two parts: a polar group and an apolar group, which is in general a
hydrocarbon chain. The polar part is often called hydrophilic or hydrophile since it
exhibits a strong affinity for polar solvents, water among them. The apolar part is

called hydrophobe or lipophile, from Greek roots phobos “fear” and lipos “grease”.

A particular case of amphiphile molecules are the surfactants (short for surface-active-
agent). These molecules exhibit superficial or interfacial activity due to their
equilibrated hydrophilic and lipophilic tendencies. Surfactants performance consists
on lowering the interfacial tension of the two phases in a microemulsion. An example

of a surfactant molecule commonly used is sodium dodecyl sulfate.

7.1.3.1I Reverse micelles as chemical reactors

As defined by Danielsson and Lindman" «

a microemulsion is a system of water, oil
and amphiphile which is a single optically isotropic and thermodynamically stable
liquid solution”. In other words, a microemulsion is a thermodynamically stable
dispersion of two immiscible liquids in the presence of an emulsifier or surfactant.'
These colloidal dispersions can be viewed as nanostructured chemical reactors
confining the synthesis to the nanoscale. Consequently, they represent a very versatile
reaction media that offers many applications in NP templating."” These particular
dispersions have been widely used to fine control the particle size of many inorganic
and organic materials due to their ability to solubilise insoluble materials. Boutonnet
et al. in 1982 used for the first time reverse micelles as a template to synthesize metal
NPs of Pt, Rh, Pd and Ir.'® Later in 2000, Mann ef al. used this micellar syntheses to

control the growth of the Prussian Blue molecular magnet thus obtaining highly

monodispersed magnetic NPs for the first time.'?
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This chemical reactor is also called a micellar media since the surfactant present in the
solution tends to form aggregates of colloidal dimensions, which are known as
micelles. Figure 7.5 shows different types of aggregates preferably formed by the

surfactants in the microemulsions.

Figure 7.5 Schematic representation of organized aggregates of

surfactants: (a) normal micelles, (b) reverse micelles, (c) cylindrical

micelle, (d) planar lamellar phases, (e) onion-like lamellar phases

and (f) interconnected cylinders. Reproduced from reference 16.
Microemulsions might be considered as a dynamic media, which means that the
domains are not static, but are in continuous movement and collision with each other,
thus permitting the interchange of material. This is the key point that enables this
method for the synthesis of nanostructured coordination compounds. In a typical
reverse micelle synthesis, the reactants, solubilised in individual reverse micelles
(nanoreactors), come in close contact and undergo homogenous mixing. Micelles
collide via random Brownian motion and coalesce to form dimers, which may
exchange their contents and then break apart again. Therefore, the micellar exchange
time depends directly on the collisions between micelles. This collision time (kex =
exchange constant) is defined as k.x = (8/3)kgT/n, where kg is the Boltzmann constant,
T the temperature and m the viscosity.'"” The exchange process is fundamental to NP
synthesis inside reversed micellar templates, allowing different reactants solubilised in
separate micellar solutions to react upon mixing. Once intermicellar exchange of the
reactants take place, nucleation starts with a specific growth rate leading to an increase

of the size.”” These reverse micelles favour the formation of small crystallites with a
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narrow size distribution. In addition, at the latter stages of growth, steric stabilisation
provided by the surfactant layer prevents the NPs from aggregating. A schematic

diagram of the reaction dynamics for a binary system is given in figure 7.6.

Microemulsion [ Microemulsion II
Aqueous Phase e Aqueous Phase
Metal Salt Reducing Agent
('FeCl,, FeCIz. ,OH, N,H,,
CuCl,, etc. =) NaBH,, etc.)
Mix Mi Isions I !f; n N
H X icroemulsions 1 an
Oil Phase Oil Phase
Collision and
Coalescence of Percolation
Droplets
|—Precipitate

Chemical Reaction Occurs or Metal Oxide)

Figure 7.6 Mechanism proposed for the formation of NPs by

the microemulsion approach. Reproduced from reference 20.
7.1.3.11I The surfactant

The choice of the surfactant results a critical subject since it has a direct effect in the
shape, size and stability of the NP. Surfactants can be classified depending in their

dissociation in water as ionic or non-ionic:

lonic Surfactants. This class encloses the anionic and the cationic surfactants, which
are dissociated in water in an amphiphilic anion/cation respectively and its
corresponding counterion. They are the most commonly used surfactants, although the
cationic ones are in general more expensive and used as bactericides. The most
common surfactants include, among others, alkylbenzene sulfonates, lauryl sulfate and
di-alkyl sulfosuccinates for anionic surfactants and azo- compounds such as fatty

amine salts and quaternary ammoniums as cationic surfactants.

Non-ionic Surfactants. They do not ionize in aqueous solution because their
hydrophilic group is of a non-dissociable type, such as alcohol, phenol, ether, ester, or
amide.
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For the present study the surfactant of choice is the AOT sodium salt (sodium bis(2-
ethylhexyl)sulfosuccinate) (figure 7.7). AOT is an anionic surfactant widely used in
micellar systems. When a small amount of AOT is dissolved in organic solvents,
thermodynamically stable reverse micelles are formed. These micelles consist of a
hydrophilic core compartmentalized by the hydrophilic head group of the AOT, and

with the hydrophobic alkyl tails extending into the nonpolar continuous phase solvent.

Figure 7.7 Chemical formula of AOT surfactant.

7.2 NANOPARTICLES OF [Fe(Htrz),(trz)|(BF4)
7.2.1 Experimental protocol

The experimental procedure follows the original protocol developed in our group in
2007'* with some modifications that will be discussed in detail in the next paragraphs.
The procedure has been divided in five different stages: (1) micellar composition; (2)

micelle formation; (3) micellar exchange; (4) NPs precipitation; (5) NPs extraction.

1. Micellar composition. This first step involves the preparation of two separate
micellar solutions incorporating the different reactants: an aqueous solution of
Fe(BF,),.6H,0 (0.3 mL, 1 M) is added to a previously prepared solution of
NaAOT (1 g) in n-octane (10 mL). Similarly, an aqueous solution of Htrz (0.3
mL, 3 M) ligand is added to a solution of NaAOT (1 g) in of n-octane (10 mL).

II.  Micelle formation. The creation of the micelles is achieved by stirring the
micellar solutions at room temperature. After ca. 30 min an optically isotropic

and thermodynamically stable microemulsion is formed.
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IIl.  Micellar exchange. Once the microemulsions are stabilized, they are mixed at
room temperature under Ar atmosphere. The microemulsion is stirred for 15 min
to ensure the micellar exchange and thus the growth of the NPs. A characteristic
pink colour appears immediately, indicating the occurrence of a nucleation
process and the formation of the complex in an optically transparent suspension.

IV. NPs precipitation. Acetone is added to destabilize the microemulsion and
therefore breaks the micelles. As a result, the NPs precipitate.

V. NPs extraction. NPs are collected by centrifugation (12000 rpm, 10 min) after
several washing cycles with portions of acetone (x3) and ethanol (x3) to remove
excess of water and surfactant. Finally, the powdered sample is dried under

vacuum for 2 h to remove excess of solvent.

Hence, the presented protocol has been developed following a careful evaluation of
the relevant parameters in each of the different stages of the procedure. The selection
of these parameters has been the origin of controversial debates.”’ This is mainly due
to the complexity in understanding all the energetic contributions existing in colloidal
systems, but more importantly, given the different behaviour of each structure in a
micellar system. However, the key parameters that have shown to influence size and
polydispersity are the following: (i) the type of solvent employed, (ii) the surfactant or
co-surfactants used, (iii) the concentration of reagents, and (iv) the molar ratio w, =
[water] / [surfactant]. In addition to these parameters, the physical properties of the
NPs can be influenced by other external factors such as temperature, reaction time and
method of precipitation and extraction. In this Chapter, a comprehensive analysis for
the selection of parameters has been investigated and is presented in the following
order: 1) the type of solvent used, 2) the ratio and concentration of reagents, 2) the
surfactant employed, 3) the times necessary for micelle formation and 4) intermicellar
exchange and finally, 5) the precipitation and extraction methods. The effect of these
parameters on the final size of the NPs has been studied at each stage of the method
with the aim to find a suitable value for each parameter to establish a general

procedure (section 7.2.2). Table 7.1 summarizes the ensemble of parameters that have
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been modified and will be discussed in detail in the following paragraphs. Finally, the

effect of the molar ratio, ,, has been studied in detail and will be fully described in

the separate section 7.3.

Table 7.1 Selection of parameters investigated at each stage of the procedure.

| 11 I IV and V
Micellar Micelle formation Micellar exchange NP precipitation and
composition extraction
1) Solvent effect 5) Time for micelle  6) Time for micellar 7) Destabilization,
formation exchange centrifugation and washing.

2) Surfactant

3) Ratio and
concentration of

reagents

4) Molar ratio, wg

7.2.2 Selection of synthetic parameters
7.2.1.1 Micellar composition

1) Solvent effect. The type of solvent used is a relevant parameter to take into account
since particle size is affected by the solvent type due to modulation of the growth rate.
This is known as the “solvent effect”. In all the experiments presented in this work, n-
octane has been used as the continuous phase. Importantly, the same solvent to
dissolve the two precursors (water) has been used in the two micellar solutions. This is
a modification from the previous method in which different solvents were used in each
microemulsion (water to dissolve the iron salt and ethanol to dissolve the ligand).
With this variation, the two micellar systems present an equivalent composition in
terms of solvents and surfactant, thus minimizing possible side effects derived from
the use of different solvents such as variation in density or polarity.

For a given value of wy, [water] / [surfactant], the two micellar solutions only differ in

the type of reagent, Fe'" or triazole. Especially relevant is the difference in pH of the
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two micellar systems, which is between 1-2 for the Fe" microemulsion and ca. 6 for
the triazole microemulsion. This discrepancy is responsible of the different micelle
formation, and will be discussed in section 7.2.11.

2) Surfactant and co-surfactant. As previously mentioned in section 7.1.3.1I1, the
surfactant selected is the AOT, since it is the most studied surfactant and also affords
the smallest NPs obtained for this system. The use of the behenic acid, which was
initially proposed to perform as the co-surfactant, has been investigated. A simple
experiment has been proposed in which three suspensions of NPs are synthesized in
parallel keeping identical all the parameters, but containing different amounts of
behenic acid: (1) stoichiometric amounts of behenic acid (AOT based), (2) catalytic
amounts and (3) without behenic acid. The results obtained in the 3 systems present
negligible differences in sizes. However, after 2 days without stirring a precipitate
appears in sample 1. Several conclusions can be extracted from this experiment: first,
colloidal stability is enhanced in the absence of this co-surfactant and, most
importantly, contrary to previous studies, the synthesis of the SCO NPs is feasible in
the absence of the behenic acid. For these reasons, and given the uncertain beneficial
role of the behenic acid as a co-surfactant, it has been eliminated from the original

synthetic procedure.

3) Ratio and concentration of reagents. In a first study, the appropriate molar ratio
for the reagents Fe:Htrz has been investigated keeping constant all other factors. The
stoichiometric relation from the general formula is 1:3 (Fe:Htrz). In a general
procedure, different micellar systems with a fixed concentration of Fe*', [Fe], is used
([Fe] = 1), and a variable amount of Htrz has been used to obtain the corresponding
relations 1:2.5, 1:3 and 1:5. For the three samples, the micellar solutions have been
prepared normally and with a correct solubility of the reagents. Upon intermicellar
exchange, a pink suspension indicative of the formation of NPs is obtained. The
resulting suspensions are analyzed by dynamic light scattering (DLS) and the size of
the NPs is given as number-based % (table 7.2). In the case of the triazole deficient

system, ratio 1:2.5, a precipitate is formed during the intermicellar exchange, while
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NPs of > 50 nm remain stable in the suspension. When an excess of triazole is used,
ratio 1:5, a high polydespersity is observed with NPs of 8 and 42 nm. Finally, for the
stoichiometric 1:3 ratio, NPs of 15 nm with a narrow distribution have been obtained.
These results clearly indicate that the appropriate relation of reagents is the

stoichiometric 1:3 ratio.
Table 7.2 Size for the NPs synthesized

with different Fe:Htrz ratios.

[Fe] [Htrz] Size
1 2.5 >50 nm and >1um
1 3 15 nm
1 5 8 and 42 nm

Then, once the ratio of reagents is established, it is time to study the optimal
concentration. This parameter refers to the concentration of reagents inside the
micelle. Several studies suggest that by increasing this concentration, the NP is
reduced in size and in polydispersity.”” An additional limitation is the solubility of the
reagents in water, since high concentrations may result in poor solubility. With these
two antagonic premises, in which higher concentrations afford smaller NPs with
enhanced polydispersity but poor solubility, the optimal Fe" concentration, [Fe], has
been designed as the highest plausible concentration that permits a correct
stabilization of the micellar solution. In order to find the appropriate concentration of
reagents for this system, the following experiment has been performed. Different Fe"
concentration, [Fe] = 0.5, 1 and 1.5 M, have been tested by changing the quantity of
Fe(BF,),.6H,0 while maintaining constant the water volume (0.3 mL) and the
surfactant (1 g). As previously described, stoichiometric amounts of Htrz has been
used in each case. For [Fe] < 0.5 M, the micellar solutions are prepared without
noticeable difficulty, although upon mixture of the two micellar solutions a brown
colour appears, indicating a partial or complete oxidation of the Fe'. Similarly, a Fe"
concentration [Fe] = 1.5 M results to be an upper limit since the corresponding

stochiometric amount of Htrz is not soluble in 0.3 mL of water ([Htrz] = 4.5 M). In all
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cases the resulting suspensions have been analyzed by DLS and the size of the NPs is
given as the hydrodynamic diameter based in number %. Elemental analysis of the

precipitated NPs and mean size distributions are given in table 7.3.

Table 7.3 Size and elemental analysis for NPs synthesized with different [Fe].

[Fe] Size (nm) Elemental analysis Cl[%] N[%] H[%] S[%] MW

0.5 25 experimental 33.57 2239 4.49 321
[Fe(Htrz),(trz),(BF,)-(AOT),, 3639 19.10 5.18 346  660.03

1 15 experimental 16.87 2931 3.13 0.22
[Fe(Htrz),(trz),J(BF,):(AOT), 4, 1755  28.79 201 0.15 43795

1.5 11 experimental 19.08 27.85 2.39 041

[Fe(Htrz),(rz), (BE,)-(AOT),,, 1829 2822 214 029 44684

From a general point of view, the three concentrations could be selected since they
afford NPs with a suitable polydispersity and are in the optimal range for the proper
solubility of reagents. However, and following the above-mentioned criteria, a Fe'
concentration [Fe] = 1 presents some advantages, which are the formation of NPs with
a reduced size compared with Fe'' concentration [Fe] = 0.5 M, and an effective and
rapid micelle formation as compared with a Fe" concentration [Fe] = 1.5 M (see
section 7.2.2.11 for details). Consequently, the most suitable concentration of [Fe] and

[Htrz] for this system are 1 M and 3 M, respectively.

4) Water to surfactant molar ratio (w,). The role of this parameter has been
extensively reviewed in the past decades.”” However, many studies have often
afforded different conclusions. Generally, the final size of the NP depends on the
water content, which is described by the water to surfactant molar ratio, .
Effectively, micelles play a pattern effect and, in principle, it is possible to influence
the NP size by fine-tuning these chemical reactors. It has been commonly established
that an augment of the w, parameter produces an increase of the droplets and therefore

an augment of the NP size. It is also generally observed that the size of the
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nanocrystals produced differs from that of the initial nanoreactors. Importantly, the
variation in particle size with w, is strongly dependent on the nature of the chemical
reaction and this is mainly the reason why it is difficult to establish a clear tendency

and. A detailed study regarding this effect is presented in section 7.3.

7.2.2.11 Micelle formation

5) Time for micelle formation. Once the parameters concerning the micellar
composition are fixed, it is necessary to establish the conditions in which the micelles
are formed. The essential factor in this step is the time required for stabilization of the
micelles upon stirring. The micelle formation occurs at room temperature and upon
vigorous stirring. This agitation permits the mixture of the different components of the
micellar mixture and thus the formation of the micelles resulting in a homogenous
media. This phenomenon can be easily detected since a visually clear and translucent
homogenous solution suggests the formation of the micelles (figure 7.8). The time
required to obtain a homogenous optically isotropic and thermodynamically stable
microemulsion depends on the ratio water/surfactant, ®,. For instance, for w, = 7, the
Fe' microemulsion ([Fe] = 1 M) is stabilized in ca. 30 minutes, while is ca. 3 min for
the triazole microemulsion ([Htrz] = 3 M). This difference is associated with the
difference in pH of both micellar systems (between 1-2 for the Fe' microemulsion
and 6-7 for the triazole microemulsion). Several considerations can be finally
discussed: 1) for Fe" microemulsions, the time required to stabilize the microemulsion
shows a linear dependence with the concentration as seen in figure 7.9 in the 0.1-1.5

M range; ii) for Htrz microemulsions this time is constant in the 0.3—3 M range.

Figure 7.8 Pictures of the micellar solution (a) before and (b) after micelle

formation upon stirring showing the difference in transparency.
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Figure 7.9 Representation of the stabilization time for the Fe'
microemulsions as a function of the metal concentration (0.1-1.5

M) with @, =5 (the black line serves as a reference to linearity).

7.2.2.111 Micellar exchange

6) Time for micellar exchange. In this part of the process the two microemulsions are
combined and stirred to permit the micellar exchange. The parameters relevant in this
step are the reaction time and the temperature. Typically, the appropriate temperature
for the synthesis is at room temperature, temperature at which the system remains
stabilized in the LS. There are several reasons for which this is an optimal
temperature: first, micelles are easily stabilized due to the absence of temperature
fluctuations, and in addition, the system in the LS state possesses an intense colour
that serves as an indication of the completion of the reaction. The use of an argon
atmosphere prevents Fe' from oxidation. On the contrary, the reaction time has been
reduced from 4 h to 30 min, for which completion of the intermicellar exchange is
already reached. Further stirring has been proved to promote no effect on the final NP

size.

7.2.2.IV NPs precipitation and extraction
7) Destabilization, centrifugation and washing. Finally, the reaction is stopped by

destabilization of the micelles upon addition of acetone. This addition promotes the
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precipitation of the NPs, which are then collected by centrifugation at 12000 rpm. By
this method, the NPs are separated form the n-octane/surfactant mixture. Further
treatment with acetone portions (x3) ensures elimination of the excess of reagents,
water and above all, the excess of surfactant. By this new method of
precipitation/extraction, the excess of surfactant in the final NPs has been highly
reduced, although not completely. Unfortunately, total elimination of the surfactant
excess still remains a question difficult to solve. This may be attributed to the ionic
nature of the AOT, which favours the anionic exchange between the AOT™ and the
BF, . As a result, part of the AOT strongly interacts with the NP and difficults its
elimination. In spite of this, compared with other surfactants AOT represents a clear
advantage, which is the fact that micelles formed by AOT have undoubtedly afforded
the smallest particle size ever obtained for this system. For instance, NPs based on the
same system synthesized by the group of Létard with the non-ionic surfactant

Lauropal, present a minimum size of 90 nm.

7.3 CONTROL OVER THE SIZE IN [Fe(Htrz),(trz)](BFs) NPs
7.3.1 Effect of w,yvariation on the nanoparticle size

As previously mentioned in section 7.2.1.I, the study of the w, (water to surfactant
molar ratio) effect on the NP size has been at the origin of intense debate. This effect
has been often studied in micellar systems containing AOT. General conclusions
claim that an increase of the w, parameter produces an increase of the droplets and
therefore an increase of the NP size, although different results can be obtained
depending on the system under study. For the system [Fe(Htrz),(trz)](BF.), this effect
of the w, on the particle size was already studied.”™ In this preliminary work, the
general trend was indeed observed for two different sizes, 11 and 6 nm NPs. However,
given that the number of samples used is limited, it was difficult to extract a definite

conclusion. Therefore, extensive analyses are required in order to establish a more
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accurate tendency. At this point, and given the modifications of the synthetic
parameters, a more detailed study has been proposed here. In this experiment, the
concentration of surfactant has been modified while the water content remains
constant, so that the concentration of reagents is not altered. Table 7.4 presents the
contents of the micellar compositions used in each synthesis of this study, which

strictly follows the first three steps of the protocol previously detailed.

Table 7.4 General parameters used in all the synthesis to study the w, effect.

[Fe] [Htrz] V H,O (mL) V n-octante (mL) mol AOT

1M 3M 03 10 variable

A series of NPs 1.1-1.13 has been synthesized in which each sample possesses a
variable amount of AOT. Thus, from 1.1 to 1.13 a progressive increase of w, (by a
decrease of the AOT content) has been reached. The variable of control is the size of
the NPs, which is given as the hydrodynamic diameter, obtained by measuring the
suspension of the as synthesized NPs in octane by dynamic light scattering (DLS). To
start with, the w, range of study has been determined: for values of w,< 5 the micellar
exchange becomes unstable and precipitation occurs; for w, > 11.5 the time for
micellar formation is extremely large (> 5 hours). Consequently, the study has been
located in the 5 < w, < 11.5 range. Table 7.5 summarizes the NPs synthesized with the

different w, values and their corresponding NP size (DLS-number based).

By representing the particle size as a function of w, (figure 7.10) three different zones
with clearly diverse tendencies can be distinguished. The first region corresponds to
the samples 1.1-1.4, synthesized in the 5 < w, < 6.5 range, for which an average
particle size of ca. 3.8 (1.2) nm is obtained. Upon further increasing the w, parameter
(by decreasing the AOT content), a clear increase of the NP size is observed for
samples 1.5-1.8, synthesized in the 7 < m, < 9 range, which present an average size of
ca. 14.6 (1.8) nm. Finally, successive increase of w, from 9 to 11.5 in samples 1.9—
1.13 affords a new series in which the same particle size of ca. 10 nm is constantly

obtained.
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Table 7.5 Samples obtained as a function of the w, parameter and

corresponding size distribution measured by DLS (number-based).

Sample (o1 Size (nm) Sample (o7 Size (nm)
1.1 5 4.5 1.7 8 13.5
1.2 55 38 1.8 9 15.7
1.3 6 3.6 1.9 9.5 10
1.4 6.5 3 1.10 10 10
1.5 7 13.5 1.11 10.5 10
1.6 7.5 15.7 1.12 11 11

1.13 11.5 10
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Figure 7.10 Representation of the NP size of 1.1-1.13

as a function of the w,.

This difference in tendencies can be explained as follows:

1) At low w, (0, < 5, the water inside the reverse micelles can be considered “bound”,

since there is insufficient water available to solvate both the surfactant head group and
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¢ With the water “bound”, the micelle interface is said to be “rigid”,

the counterion.
lowering intermicellar exchange and therefore lowering as well the growth rates.

Therefore, this ends with small NPs due to their difficulty in growing.

ii) As w, is raised, the micelle interface becomes more fluid due to the presence of
more water molecules, so the rate of growth increases until a given w, range,

promoting an increase of the particle size.***’

iii) At this point, a further decrease of the amount of AOT added (increase of w,)
causes the presence of extra of water in the micelles, which merely dilutes the reagents

and decreases the reaction rates, leading to a decrease in the particle size.**

From the results obtained, several conclusions can be extracted for this system: i) the
size of the NPs is noticeably affected by the w, parameter; ii) three different w, ranges
with clear size tendencies can be differentiated; iii) manipulation of the particle size is

possible upon accurate selection of the w, parameter.

Complete characterization of particles has been developed for a representative sample
of each group of sizes and will be discussed in the following paragraphs. In this sense,
samples 1.6 (16 nm), 1.10 (10 nm) and 1.2 (4 nm) have been selected. Size
distribution and EA of samples 1.6, 1.10 and 1.2 are illustrated in figure 7.11 and table

7.6 respectively.

30 4 30 30

20 20 20
5 5 5
£ e 2
z z z
= 10 < 104 < 104
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| 10 100 1000 1 10 100 1000 1 10 100 1000
d (nm) d (nm) d (nm)
(@) (b) ©

Figure 7.11 Number-based particle size distribution for the colloidal suspension 1.6 (a), 1.10 (b) and 1.2
(c) obtained by DLS analysis. (Parameters used for the data analysis: T =293 K, refractive index = 1.450).
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Table 7.6 Size and elemental analysis for samples 1.6, 1.10 and 1.2.

Sample  Size (nm) Elemental analysis C[%] N[%] HI[%] S[%] MW
1.6 16 experimental 25.59 28.93 348 1.77
1.10 10 experimental 2624  28.82 3.38 1.66
12 4 experimental 29.63 26.13 399 2.54
Theoretical [Fe(Htrz),(trz),[(BF,):(AOT),, 2743  28.78 3.86 146  437.5
Theoretical [Fe(Htrz),(trz),[(BF,):(AOT),, 29.88  26.14 4.00 199 48221

The determination of the size of the NPs permits to estimate the number of Fe" atoms
that contains each single NP. This can be done by considering the structural
parameters (unit cell: 17.35 A,7.33 A,9.19 A, 90 °, 90 °, 90 °; space group Pnma; Z =
4). The shape of the NPs plays an important role in this estimation since the number
of Fe" atoms varies depending on the direction of growth. Based on AFM studies
(figure 7.12), it can be observed that these NPs are not spherical but possess an
elongated shape, with one dimension approximately twice the other two dimensions.
This larger direction can be assigned to the b parameter, which corresponds to the
direction in which the cationic chains, [Fe(Htrz),(trz)]", are aligned. Table 7.7
summarizes the number of Fe" atoms in relation with the NP size, and figure 7.13

illustrates the most likely composition of the 4 nm NPs.

. .
100nm * . q
- i

(b)
Figure 7.12 AFM images measured in tapping mode of NPs on native SiO, (a),

topography image; (b), phase image.
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Table 7.7 number of Fe"' atoms in relation with the NP

size for samples 1.6, 1.10 and 1.2.

Sample Size (nm) Number of Fe"
atoms
1.6 16 3960
1.10 10 840
1.2 4 40

Figure 7.13 Cartoon representation of the most likely

composition of the 4 nm NPs

7.3.2 Influence of the size on the spin transition

Once established the best synthetic parameters and the w, size dependence for this
system, the next step consists on the analysis of how the size variation affects the spin
transition. For samples 1.6, 1.10 and 1.2, steps 4 and 5 of the synthetic protocol have
been applied (precipitation and extraction). Solid dried samples have been used for
magnetic measurements. The thermal dependence of yT for the three samples is

shown in figure 7.14, where ¥ is the molar magnetic susceptibility (in emu.K.mol ™).
Thermal spin transitions are characterized T’ 1/21‘ and T wl which are defined as the

temperatures for which 50% of both the LS and HS Fe" centres is present in the

sample in the cooling and warming modes, respectively. Finally, AT represents the
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hysteresis width that appears in all the spin transitions. All these parameters are

summarized in table 7.8.

NPs of 1.6 (ca. 16 nm) exhibit an abrupt spin transition centred above room

temperature with a large hysteresis of 38 K (T’ 1/2T =379 K and T 1/2J’ = 341 K), which

is comparable to that of the bulk material (T]/QT = 385 K and T1/2i = 345 K). This

behaviour is reproducible over successive thermal cycles. A relatively large HS
remnant fraction of 20 % (higher than that found in the bulk) remains at low
temperatures, which is indeed typical for these nanostructured chain compounds. This
characteristic HS remnant fraction can be ascribed to the different coordination
environment of the terminal Fe" in the chains, which is coordinated to oxygen atoms
from water ligands instead of the nitrogen atoms of the triazole ligand. Therefore, the
terminal Fe" in the chain presents a lower ligand field strength, which favours the HS
state in all range of temperatures. In nanostructured materials, the number of terminal
Fe is larger than in the bulk, and consequently the remnant fraction is also larger.

When the particle size is reduced to 10 nm (1.10), the magnetic behaviour starts to

deviate from the bulk (figure 7.14). A hysteresis of 31 K (T]/2l|\ =374 K and T1/2i =

343 K) is found in this case, with a similar remnant HS residue (~20 %). In addition,

the sharpness of the hysteresis is maintained.

Magnetic measurements for a representative sample of the smallest particles obtained

(1.2) show a reduced hysteresis loop of 24 K (TwT =367 K and T1/2i =343 K), which

corresponds to a 40 % reduction of the hysteresis found in the macroscopic material.
However, the occurrence of a hysteresis of 24 K is highly remarkable for 4 nm NPs
since hysteresis is a consequence of elastic cooperativity, which seems to be still
maintained for this small size. The HS residue is of ca. 23 %, slightly larger as
expected for a smaller particle size. In addition, the sharpness of the transition is
significantly maintained. This study confirms the tendency of reduced size NPs to

gradually suppress the first-order phase transition in favour of a continuous spin
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transition.®

Finally, the difference in the magnetic properties can be described in terms of the
number of Fe" atoms that form the NP (see table 7.7). Therefore, for the smallest NPs,
(sample 1.2) the occurrence of a hysteresis of 24 K is achieved by the cooperative
interaction of 4 chains containing 10 Fe'" atoms each.

Table 7.8 Physical characteristics of the thermal spin transition Ty,

and T,'and particle sizes (see text for definitions).

Sample Size (nm) Tint Tind AT %HS
1.6 16 379 341 38 23
1.10 10 374 343 31 20
1.2 4 367 343 24 20
4

—e— 16 nm (1.6)
354 —+—10 nm (1.10) - SARTER

——4nm (1.2)

2.5

(emu.K.mol™)

Yl

1.54

0.5

T T T T
300 320 340 360 380 400
T(K)

Figure 7.14 Temperature dependence of the molar magnetic
susceptibility temperature product (yT) for samples 1.2, 1.10 and 1.6

after several heating-cooling modes.
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7.4 CONCLUSIONS

In this Chapter, a detailed description of the synthetic protocol used for the synthesis
of SCO NPs is presented. In comparison with the previous method developed in our
group, the protocol herein described considers all the relevant parameters that play a
role in the physical properties of the NPs. To better rationalize and control the
synthesis of [Fe(Htrz),(trz)](BFs) NPs by the reverse micelle technique, the key
parameters responsible of the final physical properties have been modulated. The
parameters investigated are: the type of solvent (n-octane and water) the ratio and
concentration of reagents ([Fe] = 1 and [Htrz] = 3), the surfactant used (AOT in the
absence of behenic acid), the times for micelle formation (which depends directly to
,) and intermicellar exchange (30 min) and finally the precipitation and extraction
methods (addition of acetone followed by centrifugation processes with washing
steps). Most of these parameters have a minor influence on the final physical
properties by their own, but provide a robust and efficient approach when

systematically adjusted in the overall procedure.

In addition, there is a specific parameter that plays a crucial role in the physical
properties of the [Fe(Htrz),(trz)](BF,) NPs, which is the water to surfactant ratio, w,,.
As a matter of fact, the effect of w, had been already investigated. In that preliminary
work, the general trend was indeed observed for two different sizes, 11 and 6 nm NPs.
However, given that the number of samples used was limited, it was difficult to
extract a definite conclusion. Therefore, extensive analyses have been developed in
order to rationalize a more accurate tendency. The results obtained over 13 samples,
which only differ in the w, used, show that there are three different ranges of w, at
which only one size is preferably obtained. It is then possible to synthesize NPs of 4,
10 or 15 nm with low polydispersity in a controlled manner, by only selecting the
appropriate m, value. Thus, this method provides an efficient approach to control the

NPs size.
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The effects of the reduction in size on the spin transition have been investigated by
measuring the magnetic properties of 3 samples, a representative example of each size
group. Importantly, all three NP samples exhibit the same abruptness characteristic of
this system. However, noticeable changes are observed in the hysteresis width, which
is significantly reduced with the progressive miniaturization of the NP length. It is
important to note that this reduction of the hysteresis is produced by the decrease of
T, 1 while T,/ remains unaltered. This is, with the progressive decrease in size from
16 nm to 10 nm and then to 4 nm, T, ! has decreased from 379 K to 374 and 367 K,
respectively. Thus, modulation of the transition temperature is only possible upon

chemical modification, for instance, by ligand replacement.

Importantly, for NPs with a particle size of 16 nm or below, the SCO behaviour starts
to deviate from that of the system in bulk. It can be conclude that, for this system, the
critical size at which the properties of the bulk are compromised is ca. 16 nm. This
study was already effectuated on two samples of 11 and 6 nm synthesized by the
previous method, and the conclusion extracted agrees with the present study. Finally,
it is demonstrated that a relatively large hysteresis of 24 K is preserved for NPs of a
few nm (3—4 nm). The fact that the SCO phenomenon is retained at such small sizes is
a remarkable characteristic of this particular system, and may be attributed to the
strong cooperativity and dimensonality of the system. In this sense, this
nanostructured material is probably the most promising candidate for the

implementation of SCO-NPs in magnetic devices.

7.5 METHODS

7.5.1 General synthesis

In a typical procedure, the first step involves the preparation of two separate
microemulsions incorporating the different reactants. An aqueous solution of
Fe(BF,),.6H,0 (0.3 mL, 1M) with ca. 10 mg of ascorbic acid is added to a previously

prepared solution of NaAOT (1 g) in n-octane (10 mL) under vigorous stirring.
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Similarly, an aqueous solution of the ligand Htrz (0.3 mL, 3M) is added to a solution
of NaAOT (1g) in of n-octane (10 mL) under vigorous stirring. After 30 minutes of
continuous stirring the two microemulsions become stable and are mixed at room
temperature under Ar atmosphere. The resultant microemulsion is stirred for 30 min to
ensure the intermicellar exchange and thus the growth of the NPs. Then, acetone is
added to break the microemulsion and the NPs are collected by centrifugation after
several washing cycles with acetone (x3) to remove excess of surfactant. Finally, the
powdered sample is dried under vacuum for 2h to remove excess of solvent.

7.5.2 Physical measurements

Elemental analysis was carried out at the Centro de Microandlisis Elemental,
Universidad Complutense de Madrid. Dynamic light scattering (DLS) measurements
were performed on a Zetasizer Nano-S (Malvern Instrument, UK). A He-Ne laser at
A=632 nm was used as a light source and the scattering angle was 173°. The results of
scattering data were analyzed via a non-negative least squares algorithm (GP) as
implemented in the Zetasizer Nano software [ref: http://www.malvern.com].

Magnetic measurements. Magnetic susceptibility measurements were performed on
single-phased polycrystalline samples with a Quantum Design MPMS-XL-5 SQUID
susceptometer. The susceptibility data were corrected from the diamagnetic
contributions as deduced by using Pascal’s constant tables. The susceptibility data

were collected at 1 K-min ' with an applied field of 0.1 T.
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8.1 Introduction

8.1 INTRODUCTION

As previously detailed in Chapter 7, polymeric one-dimensional triazole-based Fe'
systems of general formula [Fe(Rtrz);]X,, represent one of the most promising spin
crossover (SCO) materials given its robustness and vast synthetic versatility.'
Depending on the R substituent, the anion and the degree of hydration, a variety of
thermal SCO can be observed ranging from extremely abrupt transitions with wide
hysteresis to smoother transition with a few K hysteresis. These SCO systems can be
synthesized as nanoparticles (NPs),” which implies their possible applicability into
devices. However, a practical implementation of this family of SCO NPs into real
applications involves requires to overcome several limitations: i) more stable colloidal
suspensions are required to further process these materials; and ii) the control of the
necessary fine-tuning of the transition temperatures. In terms of colloidal stability, a
interesting approach to improve the synthesis and therefore the stability of NPs has
been shown in Chapter 7. In addition, recent advances in the group of Boussekssou
demonstrated that NPs of [Fe(atrz);][ptol], and more recently [Fe(Cstrz);][ptol], can
be obtained in an homogeneous phase, thus avoiding the use of a surfactant.’ A
different approach consists on using silica as a matrix to attain colloidal stability while
opening the possibility of surface functionalization affording multifunctional
nanomaterials.* However, less attention has been paid to gain control over the
transition temperatures, which are actually subjected to a trial and error approach. A
rational method to modulate the transition temperature in spin crossover systems relies
on the application of a chemical perturbation. This modification of the chemical
composition has been proved to promote a variety of influences in the transition
temperatures ranging from subtle changes (metal dilution and counterion/solvate

effects) to drastic alterations (ligand substitution).’

Previous studies developed in our group demonstrated that the magnetic hysteresis of
[Fe(Htrz),(trz)](BF,) NPs can be tuned with subtle modifications of the chemical
composition.® This study was supported by the original concept of molecular alloy

proposed by Kahn to obtain a family of coordination polymers of general formula
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[Fe(Htrz); 3, (NH,trz);,](C10,), which show variable transition temperatures in the bulk
as a function of the composition.” As illustrated in figure 8.1, for the molecular alloy

with formula [Fe(Htrz), ss(NH,trz)o15](Cl04),-H,O, a spin transition centred at room

temperature was obtained.
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Figure 8.1 (a) Thermal spin transition centered at room temperature for the
[Fe(Htrz), gs(NHatrz)o 15](C104),-H,0 allow. (b) Variation of the spin transition temperature for
the system [Fe(Htrz); 3, (NH,trz)s,](C104),-H,O as a function of alloy composition.

The possibility to obtain NPs showing bi-stability closer to room temperature was
already established in our group.® The procedure consists on a systematically
replacement of the ligand to promote minor changes in the chemical composition
(0.016 < x < 0.1). For ligand substitutions of 2 %, 5 % and 10 %, the trend indicates
that the thermal hysteresis moves to lower temperatures as the ratio of amino-triazole
increases (figure 8.2). However, further ligand substitution (>10 %) resulted in

macroscopic precipitates.

In this Chapter this idea has been extended with the aim of further explore the ligand
effect in the spin transition when establishing not subtle but noticeable changes in the
chemical composition. With this purpose, a family of SCO-NPs with a significant
variation in the chemical composition has been synthesized, and therefore analyzed by

means of UV-vis spectroscopy and magnetic susceptibility measurements.
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Figure 8.2 Magnetic properties of SCO-NP previously synthesized in our group with different

compositions: (a) [Fe(Htrz),os(NH,trz)g05](ClOy4),, (b) [Fe(Htrz), gs(NHytrz)g 15](Cl04), and (c)
[Fe(Htrz), 79(NH;trz)o 30](C1O4),.

8.2 RESULTS AND DISCUSSION
The preparation of chemical mixtures or alloys of two different nanostructured SCO

coordination polymers has been developed to obtain novel SCO NPs with different

transition temperatures.

For the synthesis of the NPs with different chemical mixtures, two SCO coordination
polymers of the family [Fe(Rtrz);]X, have been selected: [Fe(Htrz);](ClO,),xH,0 and
[Fe(NH,trz);](Cl0O,),. The two pure systems present considerably different spin
crossover behaviour: while the hydrated triazole derivative shows abrupt spin
bistability with T,,1 = 313 K and T,,| = 296 K., the amino-triazole derivative
presents an abrupt transition centred at 200 K with a reduced hysteresis.’

The family of SCO-NPs synthesized responds to the general formula [Fe(Htrz),_
x(NH,trz);, ](CIO,),. Different chemical mixtures of NPs with x ranging between
0.066 and 0.5 and pure NPs (with x = 1 and x = 0) have been obtained (samples 2—6).
Notice that for values of x > 0.5 a macroscopic precipitate appears during the synthetic
procedure, and, consequently, the maximum ligand substitution possible has been

achieved in sample 5 and corresponds to the formula
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[Fe(Htrz), s(NHjtrz), s]J(ClO4),-H,O. In addition, the use of aminotriazole as the
unique ligand (i.e. x = 1) yields a gel.

The synthesis of the NPs is based on the same reverse micelle technique described in
detail in Chapter 7. All parameters have been systematically fixed in the synthesis,
aiming to obtain a comparable family of NPs with analogous size for a better
relationship of the spin transitions. Table 8.1 summarizes the synthetic parameters

used for all the samples.

Table 8.1 General parameters used in all the synthesis of samples 2—6.

[Fe] V H,O (mL) [L] V n-octante (mL) w, T

1M 03 3M 10 74 293 K

Samples 2—5 are obtained as a clear suspension, while sample 6 is obtained as a gel
(figure 8.3). Depending on the nature of the suspension in which the NPs are obtained,
the size distribution of the NPs has been measured by DLS for clear suspensions of
NPs in n-octane (samples 2—5), or by TEM analysis in case of gel formation (sample
6), as DLS is based on the Brownian motion of NPs in a suspension being thus
unfeasible with gels. Table 8.2 summarizes the size distributions obtained for each
sample (2-6) as a function of the mixture of ligands used. Small NPs of ca. 10 nm or

less are obtained for all ligand mixtures (number-based mean size distribution).

Table 8.2 Chemical composition and mean size distribution for samples 2-5.

Sample Stoichiometry 3x Size (nm)
2 [Fe(Htrz),(trz),](C1O,) 0 4
3 [Fe(Htrz), ((NH,trz),,](Cl10,), 0.2 8.7
4 [Fe(Htrz),(NH,trz),](ClO,), 1 8.7
5 [Fe(Htrz), s(NH,trz), s](Cl10,), 1.5 11.7
6 [Fe(NH,trz);](Cl1O,), 3 3
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() (b)

Figure 8.3 (a) From left to right, NPs of 2, 3, 4 and 5 suspended in n-octane with the same concentration

(b) Sample 6 is obtained as a SCO gel.

8.2.1 Optical properties

For equally concentrated samples 2—5 suspended in n-octane, it is possible to compare
the gradual variation of the colour in optically transparent suspensions (see figure
8.3a). This could be attributed to a gradual modulation of the transition temperature,
since NPs in the HS do not contribute to the colour. Therefore, a decrease in the
colour intensity can be a simple proof of the stabilization of the HS species due to a
ligand exchange.

The UV-visible absorption spectra have been recorded at 293 K for samples 2 and 3.
As an example, UV-visible absorption spectrum of 2 (20 mM) is shown in figure 8.4.
The LS absorption peak is centred at 531 nm for sample 2 (for sample 3 this peak is
centred at 532 nm), which can be assigned to the 'A; - 'T; transition.

The spin transition in these samples has been followed by the change in maximum
optical absorbance that resulted from the (dis)appearance of the d—d transition band in
the complex (centred at ca. 530 nm) that is characteristic of the low-spin (LS) state.
Samples 2-3 have been cycled between 300 and 380 K and the absorbance was
analyzed as a function of temperature. Optical absorption measurement on the stable,
limpid, colloidal suspension can be properly executed, although the high temperature

applied to reach a complete spin transition from the LS to the HS state results in minor
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concentration changes in sample 2, since the liquid medium is subjected to
evaporation. Figure 8.5 displays the thermal dependence of the absorbance at 531 and

532 nm for 2 and 3, respectively, in the heating (red) and cooling (blue) modes.
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Figure 8.4 Absorption spectrum of 2 recorded at 298 K in the visible

range showing the maximum absorption at 531 nm. The spectrum of

3 is essentially identical.
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Figure 8.5 Thermal dependence of the absorbance at 531 and 532 nm for 2 and 3, respectively, in the
heating (red) and cooling (blue) modes, in the temperature range 300-380 K.
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8.2.2 Magnetic properties

The SCO transitions have been addressed by recording the thermal variation of the
xmT product of the different samples 2—6 under an applied external magnetic field of
0.1 T. Thermal spin transitions have been recorded at a constant rate of 1 K-min™ in a
different temperature range for each sample. Figure 8.6 shows the different thermal
spin transitions recorded for each sample.

The evolution of the %\ T product with temperature of the pure triazole-based NPs (2)

(x = 0) suggests an extremely abrupt spin transition occurring above room temperature

(TI/ZT =371 K and T1/2J’ =328 K), showing a large hysteresis loop of 43 K. This large

hysteretic behaviour of 2 has only been observed in the analogous compounds
[Fe(Htrz),(trz)](BF,) and the anhydrous [Fe(NH,trz);]J(NOs),. Importantly, this
behaviour contrasts with the spin transition of the corresponding bulk material
[Fe(Htrz),(trz)](C1O,) which is characterized by an abrupt spin transition centred at ca.
304 K (T, =313 K and T,,| = 296 K) and a much more reduced hysteresis of 17
K/

Representation of he T product versus temperature of the pure aminotriazole-based
NPs (6) (x = 1) shows a gradual thermal spin transition centred at ca. 270 K with a
few Kelvin of hysteresis, which is reproducible over successive thermal cycles. This
behaviour is different than the observed for the system synthesized in bulk,” which
presents a spin transition centred at 200 K. This discrepancy may be attributed to the
formation of a gel during the synthetic procedure, although it could also be related to a
different hydrated degree or the formation of some amino-triazolate bridges.

The magnetic properties for samples 3-5 corresponding to the mixtures of ligands
display a progressive evolution of the transition temperatures from the pure triazole
(Htrz) system to the pure amino-triazole (4-NH,trz) system. As expected, by replacing
the Htrz ligand by a mixture of Htrz and 4-NH,trz ligands, the transition moves
towards lower temperatures in both cooling and heating modes. Sample 3 exhibits a
smooth spin transition occurring over 40 K centred above room temperature with a
hysteresis of 16 K (Ty,1 =332 K and Ty, = 316 K). This behaviour is reproducible
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over successive thermal cycles. Sample 4 shows a rather smooth thermal spin
transition, which occurs in more than 100 K. The gradual transition is centred closer to
room temperature, with a small hysteresis of 10 K (T;,1 =315 K and T;,| = 305 K).
Sample S exhibits a much smoother spin transition centred at 252 K with a reduced
hysteresis of 4 K. A relatively large HS remnant fraction remains present at low
temperatures for all samples, which is indeed typical for these nanostructured chain
compounds, as explained previously in Chapter 7 (section 7.3.2). The HS residues at
low temperatures are slightly different depending on the sample and vary in the 25-35
% range. These differences may be attributed to minor disparities in NP size, although
their difference in composition prevents further analysis and comparison.

Summarizing, these results are consistent with a gradual conversion from the pure
triazole compound to the pure amino-triazole compound as a consequence of a
systematic replacement of one ligand to another. This finding is in agreement with
previous results performed on minor diluted samples in which the trend indicates that
the thermal hysteresis moves to lower temperatures and becomes narrower as the ratio

of amino-triazole ligand is increased.’

3.5

%, T (emu.K.mol™)

T T T T
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Figure 8.6 Temperature dependence of xT for samples 2-6 in

the temperature range 400-150 K.
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Table 8.3 Physical characteristics of the thermal spin transition 7;,{ and 7,/ and

average particle sizes.

Sample Stoichiometry Size (nm) Tyt Tipd AT
bulk [Fe(Htrz),](C10,),xH,0 Ta - 296 313 17
2 [Fe(Htrz),]1(ClO,), 4 328 371 41
3 [Fe(Htrz), (NH,trz),,](C10,), 8.7 316 332 16
4 [Fe(Htrz),(NH,trz),](C10,), 8.7 305 315 10
5 [Fe(Htrz), s(NH,trz), s](C10,), 11.7 254 250 4
6 [Fe(NH,trz),](Cl1O,), 3 273 270 3
bulk [Fe(NH,trz),](C1O,), ° - 207 200 7

8.3 CONCLUSIONS

A family of SCO-NPs with the general formula [Fe(Htrz); ;(NH,trz);,](ClO,), has
been synthesized based in the parent compounds [Fe(Htrz);](ClO,),xH,O and
[Fe(NH,trz);](ClO,),. The effect of the ligand substitution on the spin transition has
been investigated and a gradual evolution from the nanostructured triazole system
Fe(Htrz);](Cl0,),'xH,0 to the nanostructured amino-triazole system
[Fe(NH,trz);](ClO,), has been achieved. All NPs have been obtained as stable

colloidal suspensions except sample 6, which has been obtained as a gel.

NPs based on the pure systems [Fe(Htrz);](ClO,), (2) and [Fe(NH,trz);](ClO,), (6)
have been synthesized for the first time. Magnetic measurements of both NPs show a
thermal spin transitions that contrast with the spin transition of the corresponding bulk
materials. Thus, NPs of 2 present an extremely abrupt spin transition with a large
hysteresis loop, which is reminiscent of analogous compounds [Fe(Htrz),(trz)](BF,)
and the anhydrous [Fe(NH,trz);]J(NOs),, and differs from the small hysteresis

transition (and lower temperature) of the bulk. In addition, magnetic measurements of
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6 show a gradual thermal spin transition that appears at higher temperatures than the

bulk material.

Finally, magnetic measurements of the mixtures 3-5 reveal a gradual conversion from
one system to another, which is accompanied of a suppression of the hysteresis.
Further studies are in progress with the analogous family of compounds with BF,

anion in order to corroborate this study.

8.4 METHODS

8.4.1 General synthesis

In a typical procedure, the first step involves the preparation of two separate
microemulsions incorporating the different reactants. An aqueous solution of
Fe(ClO,),.6H,0 (0.3 mL, 1M) with a.c. 10 mg of ascorbic acid is added to a
previously prepared solution of NaAOT (1 g) in n-octane (10 mL) under vigorous
stirring. Similarly, a particular amount (2, 6) or mixture (3-5) of Htrz and NH,trz
ligands is dissolved in 0.3 mL of water and added to a solution of NaAOT (1g) in of n-
octane (10 mL) under vigorous stirring (see table 8.2). After 30 minutes of continuous
stirring the two microemulsions become stable and are mixed at room temperature
under Ar atmosphere. A cha racteristic color appears immediately, which depends on
the ratio Htrz/NH,trz employed, indicating the occurrence of a nucleation process in
an optically transparent suspension (see figure 8.3). The microemulsion is stirred for
15 min to ensure the intermicellar exchange and thus the growth of the nanoparticles.
Then, acetone is added to break the microemulsion and the nanoparticles are collected
by centrifugation after several washing cycles with portions of acetone (x3) and
ethanol (x3) to remove excess of surfactant. Finally, the powdered sample is dryed

under vacuum for 2h to remove excess of solvent.
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8.4.2 Physical measurements

Dynamic light scattering (DLS) measurements were performed on a Zetasizer Nano-S
(Malvern Instrument, UK). A He-Ne laser at A=632 nm was used as a light source and
the scattering angle was 173°. The results of scattering data were analyzed via a non-
negative least squares algorithm (GP) as implemented in the Zetasizer Nano software

[ref: http://www.malvern.com]. TEM analysis was done using a JEOL 1010 electron

microscope operating at 100 keV. UV-vis was recorded in a Cary 100

spectrophotometer with a Cary temperature controller in the 20-100 °C range.

Magnetic measurements. Magnetic susceptibility measurements were performed on
single-phased polycrystalline samples with a Quantum Design MPMS-XL-5 SQUID
susceptometer. The susceptibility data were corrected from the diamagnetic
contributions as deduced by using Pascal’s constant tables. The susceptibility data

were collected at 1 K-min™" with an applied field of 0.1 T.
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PROCESSING OF SPIN-CROSSOVER
NANOPARTICLES







9.1 Introduction

9.1 INTRODUCTION

The steady expanding of nanotechnology as a modern industrial technology supports
the extended use of a technology capable of producing nanometer scale devices in one
dimension over large areas through simple processes. In this sense, it is essential to
advance and develop the processing of nano-objects for imminent nanodevices
technologies, in which the physical size of components extends deep into the
nanoscale. However, the fabrication of ordered nanoparticle (NP) films in large scale
remains a major challenge. In this sense, the patterning of NPs on different substrates
have been the focus of many investigations due to their unique potential for many
applications, including nanophotonics,' molecular spintronics,z’3 and biochemical

.4
sensing.

The studies about the formation of monolayers based on magnetic NPs have been
motivated by potential applications of the films in magnetic storage devices.
Reasonable applications of NPs rely on fabrication techniques that are facile, rapid,

and site selective.

In order to incorporate the spin-crossover nanoparticles (SCO-NPs) presented in the
previous two Chapters into information storage devices, it is crucial to organize them
onto surfaces for their direct addressing and manipulation. In addition, this should be
done in a controllable manner and, if possible, into specific positions on the surface,
with nanoscale accuracy. In our group, common processing techniques have been
exploited to create thin films or patterned arrays of molecules or magnetic

. 5-7
nanoparticles.

As an example based on SCO-CP, Boussekssou and co-workers used a combined top-
down/bottom-up approach for the nanoscale patterning of the 3D SCO system
Fe(pyrazine)[Pt(CN),] achieving a high spatial resolution while retaining spin-
crossover properties.” Later in 2012, also Boussekssou and co-workers elaborated
good quality thin films, with thicknesses below 100 nm, of the [Fe(hptrz);](OTs),
SCO complex by soft lithographic approach.
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Processing of spin-crossover nanoparticles

In this Chapter, efforts have been focused in understanding the preferential deposition
on different substrates of the SCO-NPs with the aim of improving the processing for
plausible implementation in electronic nano-devices.® In addition, we have studied

their optimal patterning as thin films to obtain thicknesses of a few nm.

The work presented in this Chapter has been developed in collaboration with Dr.

Alicia Forment-Aliaga.

9.2 PREFERENTIAL AND CONTROLLED DEPOSITION ONTO SURFACES

Previous studies developed in our group established the possibility of direct deposition
of SCO-NPs onto gold and silicon surfaces by drop casting approach, i.e. without
functionalization of the NP or the substrate.” Further investigations have been
developed in order to improve understanding in the preferential deposition of this
system. Nanoparticles of ca. 10 nm obtained with the reverse micelle technique

developed in Chapter 7 have been used for these studies (figure 9.1).
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Figure 9.1 Number-based particle size distribution for the
colloidal suspension of SCO-NP used in these experimets
obtained by DLS. (Parameters used for the data analysis: T
=293 K, refractive index = 1.450).

The approximation used for the deposition follows a general drop -casting
methodology described in section 9.4. Figure 9.2 shows atomic force microscopy

(AFM) images of SCO-NPs deposited on highly-ordered pyrolytic graphite (HOPG),

Au(111) and silicon surfaces. AFM studies revealed that the highest NPs density is
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9.2 Preferential and controlled deposition onto surfaces

reached on HOPG substrates, where the growth of compact NPs islands is observed. It

may well be justified by the presence of van der Waals interactions between NPs
alkylic chains and the HOPG surface. A preferential deposition of the SCO-NPs onto
the surface defects is observed when gold surfaces were used, whereas a random

deposition was observed in case of silicon substrates.

600nm
-

(2 () ®
Figure 9.2 AFM images measured in tapping mode of nanoparticles on HOPG (top), Au(111) (middle) and
native SiO, (bottom). (a,b,d,e,g,h), topography images; (c,f,i), phase images.

From these experiments, it can be concluded that the SCO-NPs are successfully

deposited over silicon, although a limited and random deposition is obtained (figure
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9.2). However, it is possible to improve this number of NPs deposited by modification

of different parameters such as the concentration of the NPs and the deposition time.

Another possibility to improve surface coverage involves the use of a pre-
functionalized surface to enhance the preferentiality of the SCO-NPs to be deposited.
Thus, different functionalized silicon substrates can be used to subtle change the
interaction with the SCO-NPs. This “bottom-up” approach consists on the surface
functionalization by patterning self-assembled monolayers (SAMs) of different nature
on the silicon surface. This method has already been successfully used in our group to
deposit with nanometric accuracy magnetic molecules as well as magnetic
nanoparticles.”” The method exploits the long-range interactions established between
the alkyl-terminated surfactant coating the NPs and the SAM grown onto the silicon
substrate. In order to study the affinity of the SCO-NPs, two types of SAMs have been
prepared with chemically distinct behaviour due to the nature of the terminating
group: aminopropyltriethoxysilane (APTES) and octadecyltrichlorosylane (OTS).
Whereas APTES possesses a —NH, hydrophilic terminating group, OTS has —CHj;

hydrophobic termination (see figure 9.3).

NH,

LO*Si—O

-
o)
Cli—Si—cl
¢
(a) (b)

Figure 9.3 Chemical formulas of APTES (a) and OTS
(b) molecules used for the preparation of SAMS.
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Figure 9.4 AFM images measured in tapping mode (a,b) and profiles (c,d) of the
deposition of SCO-NPs of ~10 nm over two different functionalized silicon surfaces:

(a) APTES grown on native SiO,. (b) OTS grown on native SiO,.

Considering these experiments of deposition over these different functionalized
SAMs, several conclusions can be extracted. In a first stage, the number of SCO-NPs
deposited considerably increases in both cases when compared with the non-
functionalized native silicon substrate (figure 9.4). In addition, a remarkable
preferentiality is observed when the NPs are deposited onto the OTS—-SAM in
comparison with the APTES-SAM. A plausible explanation may be the favoured van
der Waals interaction promoted between the alkyl-terminated coating in the NPs and

the hydrophobic alkyl-groups from the OTS-SAM.
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9.3 CONTROLLED TWO-DIMENSIONAL DISTRIBUTION OF NP IN THIN FILMS

Drop-casting is an efficient technique to deposit SCO-NPs and study the binding
ability to different substrates, although it has some drawbacks for the preparation of
devices such as reproducibility and efficiency. In this sense, the use of spin-coating
represent a possible solution to overcome these disadvantages. Spin-coating is a
deposition technique that has been studied and used since the beginning of the 20"
century. Basically, it consists on the deposition of a solution onto a horizontal rotating
disc, resulting in ejection and evaporation of the solvent, thus leaving a solid film.
Spin-coating is a unique technique in the sense that it is possible to apply a highly
uniform film to a substrate over a large area (~ 30 cm) with a highly controllable and
reproducible film thickness. The importance of spin-coating is manifested in its
widespread use in science and industry and applies to inorganic, organic and
inorganic/organic solution mixtures. The main application of this technique is the
preparation of thin films on two-dimensional surfaces of wafers for microelectronics
applications, such as in magnetic disks, flat screen displays, antireflection coatings
and compact discs (CD, DVD).

Previous studies in our group were devoted to the preparation of thin films of SCO-
NPs in a polymeric matrix.'"'> However, these results were not very convincing.
Thus, different polymers were tested as the matrix: polycarbonate (PC), polystyrene
(PS) and polyvinyltrimethylsilane (PVTMS) and preliminary results established that
when PC and PS were used as the polymer matrix films of ca. 150 and 220 nm were
obtained, respectively, while PVTMS promoted instantaneous degradation of the NPs.
The following part describes the development of the preparation of thin films of SCO-
NPs with the aim of achieving stable and homogeneous thin films of only a few
nanometers thickness. In a first stage, both the solvent and the polymer used have
been cautiously selected taking into account the stability of the NPs. The SCO NPs
can be directly prepared either in hexane or octane, whereas they can be suspended,
once prepared, in dichloromethane (DCM), chloroform or ethanol. Given the high

boiling point of hexane and octane they are not appropriate for spin-coating technique,
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9.3 Controlled two-dimensional distribution of NPs in thin films

and taking into account the solubility of the most common conducting polymers,
ethanol can be discarded. Importantly, highly volatile solvents usually result in thicker
films compared to low volatility solvents. For these reasons, the solvent of choice was

DCM, with a very low boiling point of 39.6 °C.

The polymer of selection has to prevent NPs from oxidation or decomposition and
may be soluble in a compatible solvent. Different conducting polymers such as
polypyrrole (PPY), polythiophene (PT) and polyaniline (PA) were tested, but
combination with the NP resulted in either decomposition or incompatible solubilities.
Similarly, polyvinylpyrrolidone (PVP) was discarded due to incompatibility of
solubilities. The selected polymer resulted to be the commonly used
polymethylmethacrylate (PMMA). This polymer fulfills the above-mentioned
premises and also encloses some interesting properties such as transparency and

thermal stability.
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Figure 9.5 Chemical structure of PPY (a), PT (b), PA (c), PVP (d) and PMMA (e).

In a general procedure, films of PMMA-NP composite are prepared as described in
section 9.4. In a first approximation, the NPs used for these experiments were
synthesized in octane and presented a mean size distribution centered at 4 nm (figure
9.6). Films of these NPs dispersed in the PMMA matrix were prepared on silicon
substrates. Preliminary results show the presence of an “oily” film, which can be

attributed to the presence of octane in the sample. This possibility has been
229



Processing of spin-crossover nanoparticles

circumvented by synthesizing the NPs in hexane, as this solvent presents a lower

boiling point and is expected to be easily evaporated during the process.

Number

70

0y,

0 2 4 6 8 10
d (nm)

Figure 9.6 Number-based particle size distribution for the hexane colloidal
suspension of SCO-NP used in spin-coating experiments obtained by DLS analysis.

Parameters used for the data analysis: T = 293 K, refractive index = 1.370.

Thin films of the composite PMMA and SCO-NPs synthesized in hexane have been
prepared on silicon substrates. The PMMA percentage (w/w %) present in the
composite has been modulated in the 15-0.1 % range in order to study this effect on
the thickness of the film. The thickness has been analyzed by perfilometry (for
thicknesses > 30 nm) and atomic force microscopy (AFM) (for thicknesses < 30 nm).
All the films are listed in table 9.1. Figure 9.7 illustrates how the thickness of the NP
thin film can be controlled as a function of the PMMA added.

Table 9.1. Different thicknesses obtained as a function of the

PMMA % used.
Sample PMMA % Thickness (nm)
1 15 65
2 10 49
3 5 35
4 2 18
5 1 12
6 0.2 10
7 0.1 10
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Figure 9.7 Representation of the different thin layer thickness
obtained as a function of the PMMA added in the composite.

Interestingly, AFM analysis of three different samples of thin layers with the lowest
thickness, reveal an interesting distribution of the NP in the film. In figure 9.8 a well-
dispersed distribution of nano-objects is observed for the three samples. These nano-
objects present a height of ca. 6 nm, which is in accordance with the hydrodynamic
diameter (4 nm) observed in a suspension of NPs in hexane by DLS (dynamic light
scattering). Thus, the nano-objects may well be seen as the SCO-NPs and minor
differences in size may be attributed to a possible coating with PMMA. Another
fascinating observation is the fact that in all three samples ultrathin layers of exactly 2
nm are clearly distinguished, which appear organized as islands of different two-
dimensional sizes.

In order to check the origin of the nano-objects and the islands, the following
experiment has been proposed. A sample of thin film has been prepared exactly in the
same conditions, with the same amount of PMMA but in the absence of NPs. AFM
analysis of this sample shows a totally different thin film in which neither the nano-
objects nor the islands appear (figure 9.9). In this case, a highly porous PMMA thin
film without layers is observed. Thus, the observed islands and nano-structures

observed in the composite PMMA-NPs are clearly due to the presence of the NPs.

In conclusion, thin films of SCO-NP nanocomposite have been prepared in a
reproducible and straightforward manner using the spin-coating technique. The NPs

are well dispersed in the thin films immersed in the polymer matrix.
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Figure 9.8 AFM images measured in tapping mode (a,b,c) and perfiles (d,e,f) of three different samples of

thin films showing a well-dispersed distribution of nano-objects of ca. 6 nm and islands of 2 nm height.
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Figure 9.9 AFM image measured in tapping mode (a) and profile (b) of a thin
film of PMMA showing a highly porous profile with roughness of 1 nm height.
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9.4 SCO-NPS PATTERNED ON S10; SURFACES

Another possibility to gain control over the deposition of SCO-NPs consists on taking
advantage of the fabrication approaches of nanopatterning. In this section, efforts have
been focused on the well-established micro contact printing technique.'' This “top-
down” approach, which has been extensively used in soft lithography, permits the
controlled deposition of nano-objects through conformal contact. In this sense, a
polydimethylsiloxane (PDMS) stamp has been patterned against a commercial master
to form a relief pattern of arrays. Inking of the stamp occurs through the application of
SCO-NPs solution. Applying the stamp to the substrate is easy and straightforward,
which is one of the main advantages of this process. Typically, the stamp is brought
into physical contact with the substrate under a controlled pressure and the NPs

solution is transferred to the substrate (figure 9.10).

Figure 9.10 AFM illustration of the PDMS stamp used for patterning of the SCO-NP.

The SCO-NPs used for this method require specific treatment, since both the octane
and hexane solvents employed in the synthesis are not compatible with the PDMS
stamp. Therefore, precipitation and further re-dispersion steps have been necessarily
included in the preparation protocol. Several solvents have been tested including,
among others DCM, acetonitrile and different alcohols, and the best results have been
obtained for NPs re-dispersed in ethanol.

Figure 9.11 illustrates the best results obtained so far, in which regular arrays of the

SCO-NP are clearly distinguished. These results show that the controlled deposition of
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SCO-NPs through conformal contact is indeed feasible, and opens the possibility to

deposit the SCO-NPs in a controlled manner for further applications in nanodevices.

Figure 9.11 AFM image in tapping mode showing regular arrays of the SCO-NP onto silicon substrate.

9.5 CONCLUSIONS

SCO-NPs have been successfully deposited onto HOPG, Au(111) and silicon surfaces
following the drop casting method. In addition, this deposition has been improved by
surface functionalization. Then, SCO-NPs have been deposited on different self-
assembled monolayers (SAMs) of different nature on silicon surfaces, OTS and
APTES SAMs. In particular, a clear preferentiality is observed when the NPs are
deposited onto the OTS—-SAM.

In addition, stable and homogeneous thin films of SCO-NPs with a few nanometers
thickness have been prepared following the spin-coating method. AFM studies reveal
that the SCO-NPs are well dispersed in the thin films.

Finally, a proof of concept for the controlled deposition of SCO-NPs through
conformal contact has been demontrated. This initial study opens the possibility for

nano-organization in more sophisticated devices.
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9.6 METHODS

Si cleaning process. Silicon surfaces of ca. 1 cm” are sonicated for 10 minutes in a
freshly-prepared H,O,:NH,OH:H,O (1:1:2) solution (x3 times). Then, the substrates
are rinsed with mili-Q water and then sonicated 5 minutes in mili-Q water (x2 times)
and finally dried under a N, stream. Ultrasonic cleaner: BRANASONIC MTH-5510

ultrasonic cleaner (power 185 W).

Au(111) preparation. Gold substrate is first cleaned with ethanol and then annealed to

ensure the formation of monoatomic terraces.

Drop casting deposition: A drop of the corresponding SCO-NP suspension is dropped
on top of the surface and left unperturbed for 30 second. Then, the substrate is rinsed
with pure solvent (same solvent as used in the NP preparation) and finally the

substrate is dried under a N, stream.

SAMs preparation. OTS monolayers are prepared inside the glove box in a controlled
Ar atmosphere in the absence of oxygen and moisture. Clean silicon substrates are
dipped in dry toluene solutions of OTS (2.8 mM) for three days. Then, the substrates
are rinsed with toluene and sonicated in toluene, chloroform and 2-propanol to remove
any physisorbed molecules. Finally, the samples are dried under N, stream. APTES
SAMs are prepared by dipping the substrates in ethanolic solutions (absolute, reagent
grade) of APTES (1 mM) for 45 minutes. Then, the samples are rinsed with ethanol
and sonicated in this solvent for 5 minutes (x2 times). Finally, substrates are dried
under N, stream. The quality of the SAMs are evaluated by water Advancing-
Receding Contact Angle measurements in a Ramé-hart automatized goniometer and

by AFM imaging.

Thin films of PMMA-NP. A specific amount of PMMA is dissolved in 10 mL of DCM.
Then, 200 uL of the NP suspension (in hexane or octane) is added to the solution and
sonicated until a homogeneous dispersion is obtained. The spin coating is performed

by dropping 200 pL of the above composite solution on the clean silicon substrate,
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and by rotating at 4000 rpm for 30 seconds in a DCM saturated atmosphere. The
thickness of the thin film is evaluated by perfilometry and/or AFM.

AFMs: Nanoscope Illa AFM (Veeco) and a Nanotec Cervantes Full Mode AFM

(Nanotec Electrénica S.L.).

Typical tips for tapping mode: Sharp silicon probes without coating (Tapping Mode
~42 N/m, ~320kHz) PPP-NCH (Nanosensors).
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RESUMEN

El trabajo descrito en esta tesis se enmarca en el ambito de los polimeros de
coordinacion (PC). Estos sistemas representan un area importante dentro de la
Quimica de los Materiales, siendo principalmente interesantes sus aplicaciones en
catalisis, electronica y Optica. Su origen data de principios de los afios 60, donde se
produjo la primera revision de estructuras de compuestos inorganicos que formaban
cadenas.' Los PC estan formados por ligandos organicos y metales enlazados por
enlaces de coordinacion que se extienden infinitamente en 1, 2 o 3 dimensiones. En
cuanto a su versatilidad quimica, las estructuras y propiedades varian en funcion de
los metales o ligandos utilizados. Asi pues, la variable naturaleza de los ligandos
organicos junto con la diversidad de metales posibles dan lugar a un abundante
numero de potenciales topologias y arquitecturas que pueden ser ingeniadas mediante
un disefio quimico apropiado. Los PC dan lugar a redes regulares con una tremenda
estabilidad quimica, aunque también pueden formar sélidos flexibles que responden a

estimulos externos de interés.

Uno de los hallazgos mas interesantes dentro de este campo de los PC ha sido el hecho
de constatar que muchos PC con estructuras flexibles presentan cierto dinamismo” que
estd directamente relacionado con la flexibilidad del ligando3 o con la habilidad que
poseen los centros metdlicos de coordinacidon para aceptar/intercambiar moléculas
coordinadas. Estos materiales dindmicos son capaces de desarrollar cambios
estructurales de forma reversible, siendo excepcionalmente utiles para la preparacion
de sofisticados materiales multifuncionales con propiedades fisicas modulables. Esto
resulta de particular interés en materiales magnéticos, ya que sus propiedades fisicas
son extremadamente sensibles a pequeiios cambios estructurales provocados por un

estimulo externo.

Los polimeros magnéticos de coordinacion (PMC) son una clase de materiales
magnéticos especialmente interesantes debido a sus potenciales aplicaciones en el
desarrollo de materiales magnéticos de baja densidad, sensores magnéticos y
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materiales inteligentes o multifuncionales.*

El magnetismo tiene su origen en los portadores de espin, que son centros metélicos
paramagnéticos o ligandos organicos radicales. Dependiendo del origen del
acoplamiento entre estos portadores, podemos distinguir entre dos tipos diferentes de
PMC: i) los PMC que presentan ordenamiento magnético; y ii) los PMC basados en

complejos de transicion de espin.

En el primer caso el magnetismo proviene de las interacciones de canje cooperativas
entre metales paramagnéticos por vias de supercanje a través de entidades
(normalmente) diamagnéticas. Asi pues, los centros magnéticos necesariamente deben
estar organizados en topologias especificas y unidos por ligandos que promuevan
eficientemente las interacciones de canje magnéticas. Por tanto, el disefio del ligando
es crucial en la sintesis de estos materiales, resultando incluso un problema de
delicada solucion la fusidon de porosidad y ordenamiento magnético. Para solventar
este problema, una posible solucion es el uso de ligandos orgénicos radicales, ya que
los espines individuales que poseen pueden promover interacciones de canje efectivas,
resolviendo asi la necesidad de mantener cortas distancias entre los centros metélicos.’
Es importante destacar que, en el mejor de los casos, las interacciones de canje son en
general débiles y por tanto, la cooperatividad magnética s6lo se observa a

temperaturas muy bajas.

El segundo tipo de polimero magnético de coordinacién se refiere a los sistemas
basados en complejos de transicidon de espin. La transicion de espin es un fendémeno en
el que la configuracion de iones de metales de transicion puede intercambiarse entre
bajo espin (BS) y alto espin (AE) en respuesta a un estimulo externo, como puede ser
la temperatura, la presiéon o la irradiacion de luz, produciendo cambios en el
magnetismo, el color y la estructura. En particular, los compuestos de Fe'' exhiben un
importante cambio magnético entre el estado paramagnético AE (S = 2) al estado
diamagnético de BE (S = 0).°® En este caso, las interacciones de canje entre centros
magnéticos vecinos no son necesarias. No obstante, se necesitan efectos cooperativos

para que el fendmeno de transicion de espin sea 1til. En este caso, la cooperatividad
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tiene su origen en las fuerzas elasticas presentes en el solido, y no en las interacciones
de canje magnético. De este modo, esta aproximacion resulta estar mejor adaptada a
las exigencias para obtener polimeros magnéticos de coordinacion que presenten las

propiedades magnéticas a mayores temperaturas.

Los polimeros magnéticos de coordinacion que responden a estimulo externo han sido
objeto de gran atencion en los ultimos afios, donde se han encontrado ejemplos con
interesantes propiedades magnéticas incluyendo ordenamiento magnético,” materiales
de transicion de espin sensible a moléculas huésped,'’ y intercambio entre diferentes
estados magnéticos inducido por moléculas huésped.'' En estos sistemas, las
propiedades magnéticas se ven dramaticamente afectadas por los cambios

estructurales provocados por un estimulo externo ya sea fisico, o quimico.

El objeto de estudio de esta tesis es el desarrollo de nuevos polimeros magnéticos de
coordinacion que respondan a estimulos externos. Para ello se han explorado dos
areas, las cuales se refieren a la escala a la cual se han obtenido los sistemas. En este
sentido. La tesis estd dividida en dos partes: la primera parte trata la preparacion de
PMC cristalinos que responden a estimulos externos, mientras que la segunda parte
aborda la preparacion de nanoparticulas magnéticas que responden a estimulos
externos. De este modo, mediante diferentes metodologias se han obtenido PMC

basados en cristales macroscopicos o nanoparticulas.

La primera parte comprende los Capitulos 1-5, y aborda la preparacion de PMC como
solidos cristalinos. El Capitulo 1 desarrolla una introduccion a los materiales que
responden a estimulos externos. El Capitulo 2 presenta un PC no poroso basado en un
ligando imidazolato, que es capaz de modular sus propiedades fisicas por
quimisorcion de moléculas gaseosas. Para ello es necesaria la reorganizacion de la red
cristalina mediante rotura y formacion de nuevos enlaces covalentes, que tiene lugar
durante la quimisorcidon/desorcion de gas, resultando en importantes cambios

estructurales que provocan cambios en las propiedades magnéticas del sistema.

El Capitulo 3 comprende la preparacion de PC de transicion de espin que resultan ser
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sensibles a la fisisorcion selectiva de CO,. Estos sistemas son capaces de adsorber
moléculas de gas a pesar de no poseer poros en su estructura. Esto es posible debido a
la presencia de un ligando flexible que dota a la red de dinamismo. Medidas
magnéticas realizadas antes y después de la fisisorciéon demuestran por primera vez la

modulacion de la transicion de espin debido a la adsorbidon de moléculas de gas.

Los Capitulos 4 y 5 muestran ejemplos de PMC que son capaces de desarrollar
cambios estructurales bajo el efecto de un estimulo externo fisico y quimico,

respectivamente.

La segunda parte de la tesis se refiere al estudio de sistemas de transicion de espin
nanoestructurados. Esta seccion comprende tanto la sintesis, caracterizacion como su

posterior procesado, a lo largo de los Capitulos 6-9.

El Capitulo 6 trata una pequena introduccidon general a la transiciéon de espin y, en

concreto, al polimero de coordinacidn que se estudia en los siguientes capitulos.

En el Capitulo 7 se describe el protocolo experimental para la obtencidon de
nanoparticulas bi-estables. En particular se describen los parametros que ejercen una
gran influencia sobre la propiedades fisicas de las nanoparticulas, asi como también se

desarrolla el estudio del efecto del tamafio de particula en las propiedades magnéticas.

El Capitulo 8 describe brevemente una familia de nanoparticulas que presentan una
modificacion quimica, que consiste en una substitucion gradual de ligando para

modular asi la temperatura de transicion de las mismas.

Finalmente, en el Capitulo 9 se trata el procesado de estas nanoparticulas para su
posible aplicaciéon en espintronica molecular. Para ello, las nanoparticulas se han
depositado con el fin de estudiar la preferencialidad frente a diferentes sustratos. Se
presenta también la posibilidad de organizar estas nanoparticulas en capas finas.
Finalmente se ha procedido a la deposicion de manera controlada en superficies

mediante técnicas de contacto.
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PARTI

[Cu(pyim)(C)(MeOH)],
(HopyimH)[CuCly]
cis-[CuCl,(pyimH)]
[Fe(btzx);](ClO4),
[Fe(btzx);](BF4),
{[Co(btix),(OH,),]-2NO;-2H,0},
{[Zn(btix)2(OH,),]-2NO5-2H,0},
{[Zn(0.98)C0(0.02)(btix)2(OH,),]-2NO5-2H,0},
[Co(btix),(NO3)1],
[Zn(btix)2(NO3).],
[Z10.98/C0(0.02)(btix)2(NO3)2],
trans-[Cu(btix),(BF4),],
trans-[Cu(btix),(ClO4),],
trans-[Cu(btix),(PFe),],
[Cu(btix)>(NO3),],
[Cu(btix)(Cl),],

[Cu(btix)(N3)2],
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PARTII

[Fe(Htrz)s(trz)](BF.)
[Fe(Htrz),](C10,),

[Fe(Htrz), s(NH,trz),,1(C10,),
[Fe(Htrz),(NH,trz),1(C10,),
[Fe(Htrz), s(NH,trz), s](C10,),
[Fe(NH,trz),](C10,),
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