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Summary

Considerable effort is being made to design new molecules with controllable
properties due to their diverse applicability, especially in device miniaturization.
One of the most demanding perspective in this field is the use of magnetic molecules
as active elements in devices for information storage and signal processing. Spin
Crossover (SCO) molecules are suitable for such applications, since they are able to
display magnetic bistability in response to an external stimulus. However, the
fragility of the SCO phenomena during the processing and nano-structuration
processes have limited their development for nano-technological applications.
Thus, the search of molecular material with proper and robust SCO properties at the
nanoscale is one of the main challenge in this research field.

In this Doctoral thesis, we have explored the basic molecular magnetism
through the coordination chemistry with a di-anionic triazole ligand (L? = 4-(1,2,4-
triazol-4-yl)ethanedisulfonate) and first-raw transition metal ions. In particular, we
describe the synthesis and crystal structure of linear trimers [NH;Me;]s[Ms(p-
L)s(H20)s] (M = Mn", Co", Ni", Fe'" and Cu") with the analysis of their magnetic
behavior. Special emphasis was devoted to study the thermal-induced SCO
phenomena of such Fe' trimer within different environments and dimensions. In
bulk, the SCO behavior was modulated towards more abrupt spin transition by
manipulating the connectivity between trimers via simple cationic exchange. In
highly diluted systems (in solid state and in liquid solution), the hysteretic behavior
do not present apparent dilution effect, and indeed, it is still maintained in systems
where the cooperative have been reduced down to single molecule level. This
surprisingly results open the opportunity to exploit the active-SCO molecule as
molecular memory. As a first approach to incorporate this molecule in nano-sized
devices, we deposit [NH:Me;]s[Ms(p-L)s(H20)s] complex onto diverse surfaces,
obtaining nanometer-thick films with SCO bistability onto silica surface and well-

ordered molecular arrays onto gold surface.
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Abbreviations
SCO Spin Crossover
LS Low Spin
HS High Spin
CFT Crystal Field Theory
10Dq Ligand Field Strength
P Pairing Energy
AEy Zero-point energy difference
Ks Boltzmann constant
T Temperature
Xm Magnetic susceptibility
Yus High Spin Fraction
TIESST Temperature-Induced Excited Spin- State trapping
LIESST Light-Induced Excited-Spin State Trapping

LD-CISSS  Light-driven coordination-induced spin-state switching
LD-LISC Ligand-Driven-Light-Induced Spin Change

LD-LIVT Ligand-Driven Light-Induced Valence Tautomerism
A-Ettrz 4-ethyl-1,2,4-triazole

Hyetrz 4-(2"- hydroxy-ethyl)-1,2,4-triazole

Iptrz 4-1sopropyl-1,2,4-triazole

Bntrz (Benzyl)-1,2,4-triazole

L Ligand: 4-(1,2,4-triazol-4-yl)ethanedisulfonate
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TIESST
LIESST
LD-CISSS
LD-LISC
Ti2( 1)
Ti2(\)
d
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Ms

AF

Ea

Temperature-Induced Excited Spin- State trapping
Light-Induced Excited-Spin State Trapping
Light-driven coordination-induced spin-state switching
Ligand-Driven-Light-Induced Spin Change
Transition Temperatures in the heating branch
Transition Temperatures in the cooling branch
Distance

Magnetization

Curie constant

g-factor

Bohr magneton

Weiss Constant

Avogadro’s number

Magnetic Field

Kilojoule

Saturation Magnetization

Ferromagnetic

Anti-Ferromagnetic

Activation Energy

Spin

Magnetic Coupling parameter

Facial

Average roughness
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UV-VIS
Abs
SMMs
PXRD
SCXRD
IR
SQuUID
ICP-OES
EDX
TGA
DSC
ESEM
AFM
STM

1D/2D/3D

Ultra Violet-Visible

Absorbance

Single Molecule Magnets

Powder X Ray Diffraction

Single Crystal X Ray Diffraction

Infrared

Super quantum interference device
Inductively coupled plasma optical emission spectrometry
Energy-dispersive X-ray spectroscopy
Thermogravimetric analysis

Differential Scanning Calorimetry
Environment Electron Scanning microscopy
Atomic Force Microscopy

Scanning Tunneling Microscopy

One, Two and Three Dimensional, respectively
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Chapter 1

General Introduction
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1.1. Magnetic molecular material

Inorganic network solids participate considerably in our technological society,
representing one of the most used materials for advancing technologies. The
development and design of novel and improved materials with interesting
magnetic, optical and/or electrical properties have important implications in
multiple areas of technology, as for example magnetic imaging, magneto-optics or
information storage application.? However, these solid state materials typically
lose their properties at the nanoscale in the miniaturization process through

common top-down approach.®™

Molecular materials have been considered as a plausible alternative to overcome
this size limitation,®° being good candidates for molecular-based components for

11715 1n addition to their intrinsic molecular properties (e.g.

data storage devices.
molecular dimensions, optical transparency or low density), molecular compounds
are more advantageous because their properties can be in principle finely

modulated by synthetic design with high synthetic versatility. Optical,*®?’

18,19 20,21

electric*®*” or magnetic®”** molecular materials have been widely explored, opening

the way to prepare also multifunctional materials able to combine those

properties.?7%

In particular, magnetic molecular material have attached great interest, attempting
to understand the correlations between molecular geometry and magnetic
features. Indeed, the rational design of molecular architectures to predict
appropriate magnetic behavior is still an open research field. In this direction, large
variety of original compounds have been synthesized containing several types of
metal ions, organic fragments and/or bridging ligands (obtaining multinuclear
compounds, clusters, chains, two- or three-dimensional architectures).?® These

materials exhibit large diversity of magnetic properties, including light-weight room
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27,28 29-33

temperature magnets, single-molecule magnets, or photo-active

magnets.34%7

Another important type of materials in this field are switchable magnetic
compounds. They can adapt their physicochemical properties (magnetic behavior)
as a consequence of a change in their electronic configuration in response to an
external perturbation. Several switchable molecules have already been
investigated, as for example, spin crossover (SCO), valence tautomerism or metal-
to-metal charge transfer (MMCT) complexes. All of them contribute significantly to
inaugurate the use of molecules as building blocks for the fabrication of electronic
devices and/or molecular memories. Indeed, some preliminary advances have been

already obtained in molecular switching, data storage and signal processing.*®

This chapter focuses on the spin crossover phenomenon, a spectacular example of

bistability in molecule-based materials and the major subject of this thesis.
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1.2. Spin Crossover (SCO) phenomenon

1.2.1. Discovery of SCO phenomenon

Spin crossover (SCO) phenomenon in metal-organic complexes arises from the
switch between the low spin (LS) ground state and the high spin (HS) excited state,
low enough in energy to be populated due to the particular crystal field imposed by
a variety of ligands. In this case, the HS state may be populated by external stimuli
such as temperature, light, pressure or magnetic field. The change of the spin state
also provokes additional changes, due to the different electronic structure, typically

associated to a different population of anti-bonding and non-bonding orbitals.

Thus, spin transition complexes can be found in nature, being a relevant process in
biology3*° and geology.***> The SCO phenomenon plays an important role in the
chemical reactivity of metallo—(as in the case of cytochrome P450)* or hem-derived
enzymes (as hemoglobin, where the spin transition is crucial for efficient oxygen
transport).** The SCO phenomenon is also present in minerals and geological

processes, being especially connected to pressure effects on spin transition.

In synthetic systems, SCO has been recognized since the 1930s, when Cambi and co-
workers observed a significant magnetic moment change as a function of
temperature for an iron(lll) ditiocarbamate complex.***® Simultaneously, Pauling
and co-workers published similar anomalous magnetic behaviour in
ferrihemoglobin hydroxides. 4’ Around twenty years later, Orgel attributed these
anomalous magnetic properties to an equilibrium between HS and LS state.*® In
1964, Baker and Bobonich synthesized the two first iron (Il) SCO complexes,
[Fe(phen)2(NCS)2] and [Fe(bipy)2(NCS);] (phen: 1,10-phenanthroline, bipy:2,2-
bipyridine) and reported their “unusual cooperative magnetic behavior”.** Three
years later, Konig and Madeja carried out detailed magnetic and Mdssbauer

spectroscopic studies on these complexes and attributed the origin of such
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cooperative magnetic behaviour to a spin transition induced by the temperature.*
This represented a starting point for further development of this research field. In

fact, since then, numerous thermal induced SCO Fe" and Fe" compounds have been

reported.851:5253

Nowadays, it is well-known that not only temperature but also light, pressure or
magnetic field can induce spin state switching. The first example of light as external
stimulus to promote the spin transition was reported in 1984 as the so-called Light
Induced Excited Spin State Trapping (LIESST) phenomenon.>* In these experiments,

green light could induce the spin transition from LS to HS state at low temperature.

Although iron (Il) complexes are the most common SCO complexes, other
coordination compounds of 3d transition metal such as Co",* Co"*¢, Cr",*” Mn",>®

or Mn"' *° can also display spin crossover behavior.

1.2.2. Principle of molecular spin state switching
The spin crossover phenomenon for d*-d’ transition metal ions can be rationalized
on the basis of crystal field theory, and can be predicted using Tanabe-Sugano

diagrams, following the ligand field strength.
Crystal Field Theory

The Crystal Field Theory (CFT) was firstly proposed by the physicist Hans Bethe in
1929,%° and six year later, J. H. Van Vleck introduced some modifications taking into

account the covalent bonding in paramagnetic anisotropy.®?

CFT describes the electronic distribution in the valence shell (d or f orbitals) of
transition metal ions in coordination complexes (see the schematic representation

of 3d orbitals in Figure 1.1).
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Figure 1.1. Representation of 3d-orbitals. dx...2: lobes lie on x and y axes; d,,: lobes between
x and y axes; d,;: lobes between y and z axes; dy.: lobes between x and z axes; dx,: two lobes

on the z axes and a donus-shape ring on the xy plane around the other lobes.

This theory is based on an electrostatic model to describe the interaction between
the metal ion and the coordinated ligands, whose anisotropic field affects the
atomic orbitals of the central metal. Firstly, considering the situation of a free and
gaseous metal ion, there are no electrostatic interactions between the orbitals from
the metal center and the ligands, and hence, this model supposes that the metalion
d orbitals are degenerated. In coordination complexes, the electrostatic interaction
between the electrons from the ligands and the d-electrons cause a splitting in
energy of the d orbitals, depending on the crystal field symmetry. For octahedral
complexes, where the ligands are oriented along the cartesian axes, the five 3d
orbitals are splitted into two sets: three t,; degenerate orbitals (dy,, dy; and dy.),
which are lower in energy and the remaining two degenerate e, orbitals (d,* and
d«%,?), which are higher in energy. The energy gap between these orbitals subsets is

symbolized by the parameter called Ligand Field Strength, 10Dq.%?

The electronic distribution of 3d*-3d’ transition metal ions is determined by the
relationship between 10Dg and the electron-electron repulsion energy, often
referred as spin-pairing energy, P. In strong ligand fields, when the 10Dq is greater
than P, the electrons tend to occupy preferably the non-bonding orbitals, t,5, and

the metal complex adopts the LS configuration. In weak ligand field, the 10Dq is
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smaller than P energy, the d electrons follow Hund’s first rule of maximum
multiplicity and the metal complex adopts the HS configuration. As an example,
Figure 1.2 shows a schematic representation of the two possible electronic ground
state for Fe" ion under an octahedral symmetry. In this case, the low spin state
exhibit ty°e,’ electronic configuration (*A; state) with no unpaired electrons (S = 0,
diamagnetic) and the high spin state present tyg*e,? configuration (°Ty, state) with

four unpaired electrons (S = 2, paramagnetic).

Q . e ®
. : ® .
o . o©o..
®
®
[ ) &
J— eg
. dxy?  dx? t
1 1 «
dxy?  dx? 4
!‘ T t t 10Dq(HS) 10Dqg(LS)
dey?  de dyy dz dyz 1 i v t
-14— 2g
Free ion (d°) dy  da dy: .T_l_ t2e
dxy e dyz
High Spin (HS)
10Dg <P Low Spin (LS)
S'ng 10Dg > P

Figure 1.2. Schematic representation of electronic distribution in splitted d-orbitals in an

octahedral environment. The case of Fe' ion with 3d° electronic configuration.

The possibility to induce a spin transition between LS and HS state by applying
external stimuli is directly associated to intermediate ligand field strength, where
10Dg and P energy values are comparable (10Dq = P). Based in this concept, the SCO
phenomenon may be considered an intra-ionic electron transfer between ez and ty

orbitals, Figure 1.3.
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Figure 1.3. Schematic representation of 3d® electronic distribution during the spin transition

in octahedral Fe " complexes.

Factors influencing ligand field splitting energy, 10Dg.

The ligand field splitting energy plays a relevant role in spin crossover phenomenon
at transition coordination complexes. The strength of 10Dq is strongly influenced by

the ligand nature and structural parameters.

Regarding the ligand nature, in general terms, the n-donor ligands cause lower fields
in comparison with the ligands with more m-acceptor character. The
spectrochemical series (Figure 1.4) classifies several ligands as a function of the
ligand field strength that they produce.®® Therefore, the chemical design of the
coordinated ligands is a strategy to control in advance the spin state of the metal

ion and also to promote the spin switching phenomenon.

I-<Br <S,”<SCN-< Cl- < NO;-<N;” < FF<OH < (,0,27 <H,0 < NCS <
CH;CN < pyridine (py)< NH; < ethylenediamine(en) < 2,2'-bipyridine
(bipy) < 1,10-phenanthroline (phen) < NO,” < PPh; < CN- < CO.

Figure 1.4. Classification of several coordinated ligands in function of the ligand field strength

that they can generate (from low to high ligand field strength).

Not only the ligand nature but also structural parameters, especially the metal-
ligand distance, are determinant for the ligand field strength.5*® Indeed, the HS
state involve substantially larger metal-ligand bond length than LS state, due to the

electrons populating the antibonding e, orbitals. In the case of Fe'" ion, the
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differences in Fe-N bond lengths between LS and HS states are between 0.1 - 0.3 A
. Therefore, the potential energy of both spin state correlates with radius, R

parameter, Figure 1.5.

" ARx~0.2 A
LS RHS
L R(Fe'-L)

Figure 1.5. Potential energy representation of the HS (°T»,) and LS state (*A1,4) depending on
the metal-to-ligand distance (R) for an octahedral Fe" complex. The vibrational energy levels

are represented as horizontal straight lines inside the potential wells.

The HS-potential well is shifted to longer metal-ligand distances compared to the
LS-potential well. This horizontal displacement averages around 0.2 A in Fe"
complexes, which accounts for 5 - 15% differences in bond length. On the other
hand, LS-potential well is lower in energy, as the ground state. The difference in
energy between the lowest vibrational levels of the HS and LS state (zero-point
energy difference, AEn) is an important parameter for the occurrence of spin
transition. For intermediate ligand field, AEy. may be small enough to induce excited
state (HS) population pumping energy into the system (thermal, light irradiation) or

by external effects modifying the energy diagram (pressure).
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Thermally induced spin crossover phenomenon is expected when AEy, is in the order
of magnitude of thermal accessible energy, KgT ¢ (AE% = KsT = 200 cm™ at 295 K).

At very low temperature, the SCO center is in the LS ground state. When the
temperature increases, the thermal energy is transformed into vibrational energy
and the excited vibrational levels are populated. According to Franck-Condon
principle, the spin transition from LS to HS state can occur from the crossing point
(Ac) of both potential wells, where the HS successor and LS precursor state have the
same geometry. Since SCO is an endothermic process, the transition from low to
high spin state is considered an entropy-driven process (greater electronic and
vibrational contributions in HS state), favoring the population of the HS state at high

temperatures.®26®

Tanabe-Sugano Diagrams

The repulsion between d-electrons of a transition metal ion involves different
electronic states, characterized by a spin multiplicity, 25+1, and an orbital moment,
L. These states are symbolized with 2*!L terms and their energies are calculated
from the Racah parameters of the electron-electron repulsion, B and C.%? Tanabe-
Sugano diagrams, for a given electronic configuration d", represent the energy of
the electronic states (vertical axis) respect to the ligand field strength (horizontal

axis), Figure 1.6.
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Figure 1.6. Simplified Tanabe-Sugano diagram for a 3d® metal ion in octahedral

environment.®?

For d® transition metal ion and weak ligand field, the coordination complex is in the
ground high spin (°Ty) state, which arises from °D state in the free metal ion. The
HS ground state remains stable until critical ligand field strength, A.. Such value
corresponds to the crossing point of the two potential wells in configurational
coordinate diagrams (see Figure 1.5) and is related to the magnitude of the P energy.
While at ligand fields higher than A, the low spin (*A;;) state becomes the ground

state.

According to Franck-Condon principle, the vertical allowed d-d transitions of this
diagram are reflected in the absorption spectra. The electronic spectra of HS species
show an absorption band in the near-infrared range, which arise from the °T,; =2 °E;
transition. The LS species exhibit two absorption bands in the UV-visible range: the
near-ultraviolet band is attributed to 'A;; = Ty, transition and the visible band
corresponds to Ajz = Ty, transition. Thus, the LS-HS transition results in a visible
thermochromism for ®d species, typically from pink-violet (LS) to colorless (HS),

providing an additional and rapid detection of the spin transition.
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1.2.3. Detection of the spin transition

The spin state transition is accompanied by significant variation in the chemical and

physical properties that depend on the electronic distribution of the 3d orbitals.

Predominantly, optical, vibrational, magnetic and structural properties reveal

notorious changes during the spin crossover process. The quantification of these

molecular changes enables to detect the spin transition and determine the external-

stimuli dependence in the SCO complex. In this section, we show an overview of the

physical experimental techniques that can be used to follow the main molecular

changes that occur during the spin transition, see Table 1.1.

Table 1.1. Overview of the physical experimental techniques commonly used to detect the

spin transition.

Experimental Techniques

Detected property

Magnetic measurements
(Evans’s NMR Method; SQUID)

Optical Spectroscopy
(UV-vis absorption)

Vibrational Spectroscopy
(FIR; Raman)

Mossbauer Spectroscopy

X-Ray Diffraction
(PXRD, SCXRD)

Calorimetric Measurements
(DSC)

Magnetic susceptibility
Effective magnetic moment

d-d transitions
Metal to Ligand Charge Transfer

Metal-ligand vibrational frequencies

Isomer shift/Electric quadrupole splitting
Electronic state of metal centers

Metal-Ligand distance

Heat Capacity
Crystallographic phase transitions
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Magnetic Measurements

The number of unpaired electrons is directly related to the magnetic susceptibility
(x) of the material. For Fe" ion, the high spin state exhibits four unpaired electrons
(S = 2) and the low spin state is diamagnetic with no unpaired electrons (S = 0). For
thermally induce SCO complexes, the magnetic susceptibility measurements as a
function of temperature, X(T), have been the main characterization method to
follow the spin switching process. The relation between the magnetic susceptibility

and the LS-HS fractions can be expressed as
X(T) = Yhs(T) Xns+ (1-yhs(T)) -Xvs Equation 1.1

where yus in the molar fraction of the SCO centers in HS state, whereas xus and Xus
are the magnetic susceptibility for each species. Therefore, from x(T) data the spin
transition curves, yus(T), can be estimated. The magnetic studies can be performed
in liquid state by Evans NMR method ©” or by magnetic susceptometer (SQUID) in

the solid state.
Optical Spectroscopy

Most SCO complexes present thermochromism as a typical feature of SCO
phenomena. The major subject in this thesis, iron(ll) SCO complexes with 1,2,4-
triazole ligands look generally colorless in the HS state and purple in the LS state.
This color change opens the possibility to follow the spin crossover process by
means of optical reflectance and UV-vis absorption spectroscopy. Since absorbance
is proportional to concentration, the population of each spin species can be
guantified by this methods. Temperature-dependent UV-vis spectroscopy has been

used in this thesis to monitor spin transitions in solution.
Vibrational Spectroscopy

The increment in the population of the antibonding e; orbitals in the HS state results

in a weakening of the metal-donor bonds, which is reflected in the far-infrared (FIR)
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region between 250 and 500 cm™ of vibrational spectrum. Therefore, FIR and Raman
spectroscopy can be employed to qualitatively recognize the spin crossover

behavior.
Mossbauer Spectroscopy

>’Fe Mossbauer spectroscopy is a highly sensitive technique to probe the oxidation
state and the spin state of coordination Fe(ll) complexes,®® since it is element
specific. Important parameters arising from the hyperfine interaction between the
nucleus and the surrounded electronic/magnetic field, vary significantly with
electronic configuration. The Mdssbauer spectra is proportional to the fraction of

spin state, enabling easy quantification.
X-Ray Diffraction Method

The variation of metal-ligand bond length during the spin switching process affects

89,79 provoking in some cases phase

the crystal lattice parameters in the solid state,
transitions beyond cell expansion. Thus, the spin transition can be monitored by X-
ray diffraction methods. Powder X-ray diffraction (PXRD) provides information
about the changes in cell parameters and symmetry, while single crystal X-ray
diffraction (SCXRD) may be able to determine the chemical structure of each metal

center in the solid, albeit disorder issues, along additional changes in intermolecular

interactions (hydrogen bonding, m-stacking...).
Calorimetric measurements

As previously mentioned, the spin transition from LS to HS state is an entropy-driven
process. The higher entropy in HS state arises from a higher spin multiplicity and
larger intermolecular vibrations. Therefore, SCO phenomena may be detected by
thermodynamic parameters: enthalpy (AH = Hus— His) and entropy (AS = Sus— Sis). In
the solid state, crystallographic phase transitions will also contribute to these

parameters, and can be easily detected by calorimetry.”* Generally, the enthalpy
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and entropy variations in SCO materials are in the 10-20 kJ mol™ and 50-80 KJ mol~
1 K™ range, respectively.”? Differential Scanning Calorimetry offers heat capacity

data, which is directly related to enthalpy and entropy parameters.
Other techniques

Other specific techniques for structural characterization, such as X-ray absorption
(XAS), or spin characterization (EPR) are also helpful to extract additional
information in SCO systems. Within this group, XAS near edge structure (XANES) and
extended XAS fine structure (EXAFS) are very powerful methods to offer information

about the local structure and variations upon spin transition.
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1.3. Light-induced Spin State Change

Photo-inducted spin state change was firstly observed by McGarvey and Lawthers
in 1982. They studied the perturbation of the equilibrium between the singlet (*A)
and quintuplet (°T) states in Fe"' complexes in solution by pulsed laser irradiation.”
Later, in 1984, Descurtins et al. discovered a Fe" SCO compound, [Fe(ptz)s](BFa):
ptz:1-propyltetrazole, that was photo-converted into the metastable long-live HS
state in solid state at sufficiently low temperatures.”’® This phenomenon, called
Light-Induced Excited-Spin State Trapping (LIESST) effect, was deeply studied by

Hauser et. al, finding also the reverse process (reverse-LIESST).”®

These phenomena and their mechanisms are today well-understood, Figure 1.7.7778

Regarding the direct process, typically green light (=514 nm) at low temperatures
can stimulate the spin allowed 'A; - !T; transition, with T;-lifetimes in the
nanosecond range (=50 ns). A fast relaxation processes over two successive crossing
steps through 3T, and T, intermediate states, populates the metastable T high spin
state. The °T, > 'A; transition is symmetry forbidden and can only occur by thermal
tunneling, resulting in a very long lifetime for the trapped HS state at low
temperatures (usually below 50 K). The metastable HS state can be converted back
to the ground LS state by warming up or by irradiation of red light (= 820 nm),
promoting the opposite transition. The latter phenomenon is called reverse-LIESST,
and it is achieved by a first excitation from °T, to °E state with consecutive crossing

processes ,°E - 3T; > !A;.
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Figure 1.7. Schematic mechanism of LIESST (green) and reverse-LIESST (red) phenomenon for
a SCO d° complex. Spin allowed d—d transitions promoted by light irradiation are denoted by

full black arrows and the relaxation processes are denoted by dotted arrows.

The photo-control of the spin state supposes a promising approach to use photo-
switchable SCO compounds as optically-sensitive memory materials. However, the
LIESST effect depends on very low temperatures, since high temperatures promote
faster relaxation of the photo-induced HS state, clearly limitating room temperature

applications.”

Alternative strategies for photo-induced spin transition have been investigated in
order to overcome such disadvantage in the LIESST effect. For example, some solid
materials have shown photo-induced spin conversion within the thermal hysteresis
region, due to a transition in the macroscopic phase by a laser pulse irradiation.8%2
Another example is the phenomenon called Ligand-Driven Spin Change, where the
light is used to produce a photo-isomerization of the coordinated ligand with

subsequent spin transition of the metal center, as a result of a change in the

coordination mode, called Light-driven coordination-induced spin-state switching
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(LD-CISSS) 8% or a change in the ligand field strength, called Ligand-Driven-Light-
Induced Spin Change (LD-LISC)®>®’ (Figure 1.8).

LD-CISSS
(
_
LD-LISC
H-—E'N~;’ Fe' HS u—i—"~,} Fe''LS
\N;N N. ﬂ» \N;N N

N’ N

\ N, \ N,
H-B~py S HBay' S

b o\= b=

Figure 1.8. Schematic representation of LD-CISS and LD-LISC with a corresponding example:
(Top) Ni-porphyrin complex with reversible cis-trans photoisomerization of azopyridine

moiety. (Bottom) Fe' complex with photoisomerizable diarylethene ligand.



UNIVERSITAT ROVIRA I VIRGILI

BISTABLE MOLECULAR MATERIALS: TRIAZOLE-BASED COORDINATION
CHEMISTRY OF FIRST ROW TRANSITION METALS

Andrea Moneo Corcuera

1.4. Pressure-induced Spin State Change

The spin transition is also very sensitive to an applied external pressure because of
the molecular volume difference between HS and LS species. The applied pressure
favors shorter metal-ligand distance, stronger ligand field and an increase in the
zero-point energy separation AE°y (see schematic illustration for Fe'" complexes,
Figure 1.9). So, an externally applied pressure stabilizes the LS state, as firstly
confirmed by Ewald et al. in their pressure-dependent studies on iron(lll)

complexes.®®

Therefore, the pressure have large influence on SCO behavior, typically shifting the
thermal spin transition toward higher temperatures (by stabilizing the LS ground
state) and also accelerating relaxation processes.? % In some examples, applied
pressure can induce spin state switching in materials that are HS in ambient
conditions. Firstly, Drickamer and coworkers observed experimental evidences of a

% More

pressure-induced HS = LS conversion for [Fe(phen),(NCS).] complex.
recently, M.L. Boillot et. al. reported a comparative XANES analysis for several iron"
SCO compounds, showing a pressure-induced structural phase transition.® Another
remarkable example was the memory effect of a cyanide-bridged Fe" SCO polymer,
Fe(pyrazine)[Ni(CN)4]-2H,0, reported by Azzedine group.?? This complex exhibits a
reproducible piezo-hysteresis loop at room temperature with characteristic spin

transition pressures of P12 =1350 bar and P1/,\, =650 bar through compression and

decompression processes, respectively.
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Figure 1.9. Scheme of the pressure effect on the potential walls for HS and LS state of a Fe"

complex.

The pressure effect on the spin conversion between two different electronic states

would enable the implementation of this type of SCO materials in devices for piezo-

electric memory or pressure sensors.%3
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1.5. Thermally-induced Spin State Change

Temperature is often used as an external perturbation to induce a spin state
switching in SCO complexes. Indeed, the work presented in this thesis is mainly
focused on thermally induced SCO phenomena. This section introduces the different
thermal SCO behaviors from theoretical (section 1.5.1) and experimental point of
views (section 1.5.2), and also the chemical modulation of the SCO behavior (section

1.5.3).
1.5.1. Thermodynamical aspects of the spin transition

Considering the system as an assembly of isolated non-interacting SCO centers, the
spin transition can be described in the basis of a simple thermodynamic model as
an equilibrium between two different phases. Under common experimental
conditions (isothermal and isobaric) the thermodynamic function applied to this

system is the Gibbs free energy (G) difference between HS and LS phases,
AG = Gys —Gs =AH —T - AS Equation 1.2

Where AH and AS are the enthalpy difference (Hys — H;s) and the entropy
variation (Sys — Sis) during a spin transition, respectively. According to this
equation, at low temperatures, the Gibbs free energy variation is dominated by
enthalpy factor and the LS state is the stable state. Upon increasing the
temperature, the entropy term becomes more significant, being the dominant
factor at high temperatures. In this case, the stable state is the more degenerated
HS state. There is an equilibrium temperature (T; ;) in which the Gibbs free energy
(G) difference is cero (i.e. Gys = Gs) and the proportion of LS and HS molecules are

the same. The equilibrium temperature is defined by Equation 1. 3,

Ty = AH/AS Equation 1.3
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AH can be divided into an electronic (AH,;) and a vibrational (AH,;;,-) contribution.
Apart from a few particular examples,®® in most SCO complexes, the general AH is
principally given by electronic enthalpy variation, AH,;. Conversely, the vibrational
part of entropy variation contribute significantly to the SCO system. The electronic

entropy contribution during the spin transition, is attributed to the change in the

total spin momentum, S, (ASSP™) and the change in angular orbital momentum, L,

orb
(ASeT™),
spin _ 2Sys+1 .
AS;; = Nykg ln_25L5+1 Equation 1.4
orb _ 2Lps+1 :
ASZ° = NpkgIn Py Equation 1.5

Where N4 is Avogadro’s number and kj is the Boltzmann constant.

For Fe" SCO complexes, heat capacity data reveals a remarkable difference between
AS values (40-80 J-K™*-mol™) and AS,; values (AS,; = AS:?in: 12-15 JK*'mol?).%®
This highlights the large contribution of the vibrational entropy in SCO system, which
arises mainly from the difference of the metal-ligand distances and the octahedral

distortion between the HS and LS state.

However, cooperativity between SCO centers is crucial in a spin transition process
in the solid state, when all centers belong to the crystal lattice, and intermolecular
interactions may play a significant role. Slitcher and Drickramer®® took into account

the cooperativity in the thermodynamical model, describing the free energy as,
G = nHSGHS + (1 - nHS)GHS + Fan(l - an) - TSmix Equation 1.6
Where I represents the intermolecular interaction between active SCO centers.

The high spin fraction as a function of temperature (Equation 1. 7) can be obtained
from first derivate of free energy expression and considering the thermal and

pressure equilibrium, (6G/8nuss,r= 0)
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AH+T (1-2ngs)

= 1-n
NAkBln( Hs/nys)

Equation 1.7

According to this equation, the spin transition curve ny¢(T) depends strongly on the
magnitude of cooperativity. Therefore, at low cooperativity, I’ < 2RTeq, the spin
transition curves would be gradual, as it happens in solution. On the other hand,
with stronger cooperative effects, the spin transition shows abrupt character (I =
2RTeq) and at very strong cooperativity (I > 2RTeq) the spin transition curve would
present a maximum and a minimum, opening the appearance of a thermal

hysteresis loop, Figure 1.10.
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Figure 1.10. Representation of spin transition curves, nys vs T plots, simulated according to

equation 1.7 with different cooperativity values.

1.5.2. Thermal spin transition behaviors

Variable temperature measurements of SCO systems gives the spin transition curve,
vus(T), from which is possible to determine the fraction of the HS or LS state at any
temperature. Although the origin of the SCO phenomenon is molecular, the yus(T)
curves depend deeply on intermolecular interactions. Therefore, these curves
provide information about the nature of the spin transition and the degree of

cooperativity between SCO centers. The extent of cooperativity can be interpreted
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in terms of the propagation of the spin change throughout the solid lattice, due to

elastics interactions between SCO centers.*?

There are different variants of spin transition curves (Figure 1.11), indicating the
peculiarities of thermally induced SCO behaviors in terms of cooperativity. The
gradual spin transition curve follows the Boltzmann distribution for thermal
equilibrium between vibronic levels of both spin states.”” Such behavior is
characteristic of SCO system in solution, where the transition takes places
essentially at molecular level without lattice interactions. On the other hand, for
solid systems, the gradual curve is the most common SCO behavior in the case of
short-range propagation in weak-cooperative solid systems, and until 1964 it was
the only trend observed. Baker and coworkers reported for the first time that an
abrupt spin transition curve, appearing when strong cooperativity is effective in the
solid lattice.*® Additionally, the transition can also occur in several steps (c),
suggesting the presence of different crystallographic SCO metal centers.’®% In other
cases, the transition can be also incomplete with residual HS or LS fraction due to

the presence of inactive SCO centers.

The SCO behavior with thermal hysteresis has attracted great interest due to their
potential implication in information storage applications. In such SCO systems, two
transition temperatures (T121 in the heating branch and Ti,{ in the cooling
branch) determine the width of the hysteresis loop, within which the SCO
compound presents bistability. The spin state at a given temperature is dependent
on the immediate thermal history of the complex, conferring a memory effect
within a certain temperature range. The first SCO complex with thermal hysteresis,
[Fe(4,7-(CHs),-phen),(NCS),)], was discovered by Konich and Ritter in 1976.1%

Afterwards, hysteretic SCO systems have been widely observed and studied.071%

The hysteresis can be interpreted as a kinetic effect, because of the difference in

energy between both spin states, which precludes a fast equilibrium between
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them.% Typically, the activation energy barrier for the transition is originated either
by a crystallographic phase transition or by the propagation of intramolecular

structural changes through the lattice, as mediated by intermolecular interactions.

1 Gradual *1  Incomplete 1 Two-step

Tip
Temperature Temperature Temperature

10{ Abrupt [/,,_.,_.,_.,_ﬁ 104 Hysteresis

Tip TyM Tt
Temperature Temperature

Figure 1.11. Representation of different experimental spin transition curves of thermally-

induced SCO complexes.

1.5.3. Chemical Influences on thermal SCO behavior

The different spin transition curves shown in the previous section can be modulated
though modifications of the external and/or internal coordination sphere of the SCO
complexes. This section deals with the effect of chemical modifications (metal

dilution, counter ions, or non-coordinating molecules) in the SCO behavior.
Metal dilution effects

The dilution of SCO complexes into isostructural lattices strongly affect the
propagation of the spin transition through the lattice. In such experiments, the SCO
active metal centers (e.g., Fe(ll)) are partially replaced by isostructural non-SCO-
active ions (e.g., Zn", or Cu") to progressively decrease interactions between SCO

106-109

centers. The result of these studies reveals a shift in transition temperatures,
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and a flattening of population curves, with one of the spin states becoming
dominant, and the only populated state above critical doping levels. The
displacement of the transition temperatures can be correlated to the influence of

IM

the inactive metal ions sizes that change the internal “chemical pressure” in the
system. For example in Zn/Fe dilutions, r (Zn") > r (Fes"), the larger dopant metal
ions induce a “negative pressure” in the crystal lattice and consequently stabilize
the larger HS state (downshifting the T1/2). Remarkably, the thermal hysteresis also
becomes narrower through the metal dilution and it disappears above a certain
dopant concentration. This critical doping is typically very low, with 10-20% doping
content being enough to vanish the SCO behavior. Two representative examples of
metal diluted SCO systems was reported by Andreas Hauser et. al. **° (Figure 1.12,
left) and by Jean-Francois Létard et. al.''' (Figure 1.12, right). The maximum
threshold value was observed for [FexCo1.«x(4,4'-bis-1,2,4-triazole)2(NCS),]-H20 single

mixed-crystals, with hysteresis disappearing above 64% Co" content.'*?

0.8-5:9:.9,?;:%#?75},; '}
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n 7 /'/v Jc/ r
I y |1 / _
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Figure 1.12. (Left) HS fraction vs T plots obtained from optical absorption spectroscopy for
[Zn1 «Fex(bbtr)s](ClO4),. (Right) Thermal magnetic susceptibility measurements for [FeMn -
«(bpp)2](BF4); series.
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Non-coordinated anions and solvents effects

The variation in non-coordinated counteranions and/or solvation molecules of SCO
species can affect their spin transition properties, generally through modifications
in the crystal structure (crystal lattice, “chemical pressure”, H-bonding network,
etc...). These changes are directly reflected on the cooperativity degree between the
SCO centers, and hence in the SCO properties. Numerous examples of anion and
solvents effects on SCO properties have been reported in the literature, going from
shifts in transition temperatures or hysteresis loop, to (dis)appearance of SCO
phenomena. However, such influence is not totally predictable since many weak
parameters may affect the solid state behavior. In these section we will describe
some representative examples of counter-anion and solvent effects reported in the

literature.

The anion effects were firstly observed for [Co(trpy).])** salts (trpy: terpyridine), and
later for Fe' salts, as [Fe(2-pic)s]* (2-pic: 2-Aminomethylpyridine). The magnetic
behavior of [Fe(pic)s]X2-EtOH (X=CI;, Br, I') salts shows drastic changes, from
complete and abrupt in the chloride salt to an incomplete transition in the iodine
salt, Figure 1.13 left, 113/ 114,115

Another example is the series of 1D- [Fe(NHatrz)s;]X-nH,O polymers. The SCO
behavior depends on the counterions, as found for the series of fluorinated

inorganic anions X = TiFe*, ZrF¢>, SnFe*, GeFs>, TaF,%, Figure 1.13 right.!t6
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Figure 1.13. Examples of non-coordinated anion (X) effect on the SCO properties of cationic

SCO Fe' species: (Left) [Fe(pic)s]X2-EtOH salts*3 and (Right) [Fe(NHtrz)s]X- H,0.1%°

The uncoordinated solvent molecules that participate in the crystal lattice could
have large influence in the spin crossover behavior. The effect of the solvent
content/nature has been widely studied including several cases, since it may modify

and mediate crystal packing, intermolecular interactions, and even the ligand field

strength at the metal center /7120

J.A. Real et. al. analyzed the solvent influence in the crystal structure and magnetic
behavior of [Fe(tap)2(NCS);]:-nCHsCN (n =), 1), (tap: tetraazaphenanthrene)
systems.''® Higher acetonitrile content in the crystal packing (from 0.5-CHsCN to
1-CH3CN) induces a shortening in metal-to-ligand bond distances, affecting the SCO
behavior: paramagnetic for n=0.5 and thermal-induced LS-HS state conversion for
n=1, Figure 1.14 left. On the contrary, in [Fe(dppFc).](BF4),-2Et,0,'*° lower diethyl

ether content induces LS stabilization and the appearance of a complete spin

transition for [Fe(dppFc).](BF4),-Et,0 (Figure 1.14 right).
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Figure 1.14. Magnetic susceptibility measurements for (Left) [Fe(tap)(NCS)2]-nCHsCN (n =%
and 1) Y8 and (Right) for [Fe(dppFc),](BF4)2-2Et,0 after different storage times.*®

In the same direction, C.J. Kepert et al. synthetized a molecular nanoporous
framework material, Fez(azpy)s(NCS)a-x(guest), (azpy: trans-4,4- azopyridine), that

undergoes spin  crossover behavior influenced by the reversible

adsorption/desorption of guest molecules (ethanol or 1-propanol), Figure 1.15
right.'?! The sorbed phases display SCO behavior due to H-bond between the guest

molecules and the thiocyanate sulfur atoms from the coordinating ligands, Figure

1.15 left.
o Z 5.54 Desorbed Fe,(azpy),(NCS),
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Figure 1.15. (Left) Representation of the desorption process for Fex(azpy)s(NCS)s2EtOH.
(Right) The magnetic behavior of both adsorbed and desorbed system for EtOH and PrOH

solvents.
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Ligand Effects

The ligand nature is at the core of the SCO phenonema. Thus, ligand substitution or
chemical modifications are common strategies to modify or tune the SCO behavior

of known materials

Ligand replacement strongly modifies the ligand field strength. A representative
example of ligand substitution is the Fe(phen)s™ / [Fe(NCS)(phen),] (phen = 1,10-
phenanthroline) system, Figure 1.16 left. The [Fe(phen)s]X2 compound is LS state,
while the substitution of one bidentate phen ligand by two thiocyanato groups
(NCS") weakens the ligand field strength sufficiently to present a thermal LS-HS
conversion with a transition temperature around 180 K. The same effect was
observed by the replacement with the weaker field NCSe™ ligand, reaching a
transition temperature around 230 K for Fe(NCSe),(phen),.'?* Substitution by every
weak ligand field anions: X = CI', Br,, I or N3 yields HS complexes Fe(X)2(phen),,*

Figure 1.16 right.

Fe(phen),*? Fe(NCS),(phen),

[FeCl,(phen),]
[FeBr,(phen),]
[Fel,(phen),]
[Fe(N,),(phen),]
[Fe(NCS),(phen),]
[Fe(NCSe),(phen),]

100 150 200 250 300

Fe' (LS state) Fe' (LS>HS state) K

Figure 1.16. (Left) Crystal structure of Fe(phen)s* and Fe(NCS),(phen); molecules and the
corresponding spin state.'?® (Right) Magnetic moment measurements for Fe(X),(phen); (X =

Cl, Br, I, N3, NCS, NCSe) systems.'?*

Similar effect in the modulation of crystal field strength can be observed by chemical
modification of the coordinating ligands. This can be illustrated with the series Fe(2-

X-phen)s*? (X= H, CHs, CH30 and Cl) complexes.’?>28 The incorporation of different
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functional groups in the 2—position of phen ligands involves an steric hindrance
effect and the consequent elongation of the Fe-N bond. This causes a weakening in
the crystal field (HS stabilization). yus(T) at a given temperature progressively
increases in the order H < CHsO < CHs < Cl, resulting in LS state in Fe(phen)s*,
promoting the appearance of SCO phenomenon in Fe(2-CHs-phen)s;™ and Fe(2-
CH30-phen)s*?, and HS state in Fe(2-Cl-phen)s*?, Figure 1.17 left. This can be
explained in terms of both steric and electronic influence of the substituent in the
coordinating N-atom.

In order to investigate the role of coordination steric barriers on SCO behavior,
substituents at no adjacent positions to coordinating N-atom were introduced in the
SCO [Fe(NCS),(phen);] complex, Figure 1.17 right. The SCO behavior of [Fe(NCS),(4-
CHs-phen),] and [Fe(NCS)2(4,7-CHs-phen);] complexes were analyzed, observing no

influence in the SCO behavior.#13°

=
N X
N
High Spin stabilization in Fe(2-X-phen),*? No influence in Fe(4,7-X-phen),(NCS),
X= H < CH;0 < CHy < Cl X = H, CH,
LS state  SCO Behavior HS state SCO Behavior

Figure 1.17. Influence of the substituent position in the ligand field strength of the phen
ligand. (Left) Functional group at 2-positions of phen ligand and (Right) Substituents in no

adjacent positions to coordinating N-atoms.
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1.6. Thermally-Induced in SCO Fe' Complexes

As already mentioned in section 1.2, the first examples of thermal SCO phenomenon
was observed in mononuclear compounds of iron (Ill) **#*¢ and iron (I1) *°. Later, it
was well known that the cooperative interaction between SCO metal centers can
tune the SCO properties, leading to abrupt ST process and large hysteresis loop.
However, the control of cooperativity in such mononuclear compounds is difficult.
One strategy to enhance cooperativity, and therefore memory effect, is the
formation of polymeric architectures where metal centers are connected through
covalent bonds.'31132 One of the most successful examples was achieved with 1,2,4-
triazole ligands, due to its capacity to form infinite 1D chain structures with metal
cations. Additional studies in funcitionalized 1,2,4-triazole ligand types also yielded
1D discrete chains, particularly trimers. This section describe some examples of
polynuclear SCO complexes based on 1,2,4 triazole and the 4-functionalized-1,2,4-
triazole, focusing the attention on trinuclear SCO complexes and particularly in a

polyanionic iron (I1) complex (complex used in the thesis; section 1.6.3.1.)
1.6.1. Triazole Ligands

As mentioned before, the spin crossover phenomenon requires a ligand field
strength (Ao) comparable to the pairing energy (P) to induce the switching between
low spin to high spin state through a minor external perturbation. 1,2,4-triazole
based-ligands often provide a ligand field strength at Fe' centers that is adequate
for the occurrence of SCO.1* The 1,2,4-triazole ligand can coordinate to transition
metal centers through their nitrogen donor atoms with strong tendency to act as a

bridge ligand in p1,- or pi4-0r even W 1,24 bridging modes, see Figure 1.18.
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Figure 1.18. Coordination modes of 1,2,4-triazole ligand to link two or three metal centers.

The Ni,N;-1,2,4-triazol bridge is the one favoring SCO behavior, since it provides
appropriate ligand field strength. Additionally, this short and rigid bridge also favors
effective spin transition propagation when compared with more flexible links.!3*
This also means that the functionalization of the triazole in the N4 position offers
interesting opportunities for SCO tuning, being possible to modulate the SCO

properties and the cooperativity with the nature of the 4-substituyent.
1.6.2. Polymeric SCO complexes based on 4-R-1,2,4-triazole

The family of polymeric Fe Il complexes of formula [Fe(4-R-1,2,4-triazole)s]** have
been widely studied due to their interesting SCO properties: abrupt ST curve and
wide hysteresis around room temperature®*>3’, For instance, [Fe(NH2trz)s](NOs),
and [Fe(Htrz),(trz)](BF4) polymers reveal SCO behavior with transition temperatures
of Ty2N=348 K, T2, =313 K37 and T12 =383 K, T1/2 = 345 K 138139 respectively.
The synthesis and magnetic measurements were reproduced in our group, see

Figure 1.19.
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Figure 1.19. (Left) General chemical structure of [Fe(Rtrz)s}* polymers. (Right) Magnetic
susceptibility measurements of [Fe(Htrz),(trz)](BF4) and [Fe(NHtrz)s](NOs), compounds.

However, the crystallization of these polymers is very difficult due to the fast
precipitation from solution yielding polycrystalline solids. Indeed, the crystal
structure was obtained only recently for [Fe(NH,trz)s](NOs);-2H,0 polymer.** Thus,
structural information cannot be obtained from single crystal X-ray diffraction data,
and other techniques such as EXAFS or LAXS (large-angle x-ray scattering) are

helpful.

In certain synthetic conditions and with some triazole-derivatives, the 1D chain does
not grow, and discrete polynuclear systems such as dimers, trimers or higher, are
obtained. These species can be crystallized, allowing for easier structural

characterization.
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1.6.3. Trinuclear Complexes based on 4-R-1,2,4-triazole

In the SCO trinuclear Fe'" complexes, the Fe' ions are connected through two triply

4(R)-1,2,4-triazole bridges, Figure 1.20. Their chemical structure present a central

FeNe octahedral center and the terminal Fe(ll) ions are coordinated by 3N donors

from the triazole ligands and three mono anions and/or solvent molecules to

complete the octahedral surrounding.

R R
(><>
N———N
/ S /,(N“_m

Figure 1.20. Representation of the general chemical structure of trinuclear triply-triazol

bridged SCO Fe'" complex.

The SCO properties of these complexes can be drastically tuned by changing the

coordinating anion/solvent molecules and the R group in the triazole ligand. Many

different 4-(R)-1,2,4-triazole ligands have been successfully used to form active-SCO

trinuclear Fe(ll) complexes. Here, we explain some examples of this complexes with

neutral triazole ligands, Figure 1.21.
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Neutral 4-R-1,2,4-triazole ligand
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4-Ettrz hyetrz iptrz bntrz
Figure 1.21. (Left) Neutral 4-R-1,2,4-triazole ligands to form cationic SCO Fe" trimers.

Most reported SCO trinuclear complexes have cationic overall charge with neutral
ligands. In 1983, Reedijk and coworkers published the first linear trimer Fe(ll)
complex, [(Fes(4-Ettrz)s(H,0)s)](CF3S0O3)e.**  Magnetic measurements and
Mossbauer spectroscopy revealed an abrupt spin transition of one-third of the iron
ions around 203 K. Later, Gutlich and coworkers synthetized a derivated Fe(ll)
trimer, [Fes(hyetrz)s(H,0)s](CFsSOs)s. Its magnetic behavior exhibits more gradual
ST and the transition temperature was shifted towards higher temperatures,
T12=290K.'*? The change in the magnetic properties was attributed to the
introduction of hydroxyl moiety that create H-bonds network. The anion effect was
studied by Haasnoot and co-workers on the [Fes(iptrz)s(H20)s]Xe-xH,0 complexes,
with X=p-toluenesulfonate (Tos) or trifluoromethanesulfonate (Trifl) anions.'** Both
complexes exhibited a gradual ST of the central iron ion centered at 242 K and 187
K, for the Tos and Trifl anions, respectively. In 2017, Marchivie and co-workers
reported the first example of SCO Fe (lI) trinuclear complex, [Fes(bntrz)s(tcnset)e],
tcnset=1,1,3,3-tetracyano-2-thioethylpropenide, that shows a complete and sharp

one-step spin transition above room temperature (T1/,=318K).1%
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Iron (1) trimer based on anionic triazole ligands

Our group has focused on the search for anionic triazole ligands to obtain overall
anionic SCO complexes. With this purpose, we synthetized sulfonated 1,2,4-triazole
derivatives: 4-(1,2,4-triazol-4-yl)ethanesulfonate ligand and 4-(1,2,4-triazol-4-

yl)ethanedisulfonate, Figure 1.22.

Anionic 4-R-1,2,4-triazole ligand

S04
H\S o5

&
7

L Lz
Figure 1.22. Anionic ligand to form neutral and anionic SCO Fe" trimers.

In 2014, we reported the hysteretic SCO behavior of an iron (ll) trimer,
[Fes(L)s(H20)6]sH20 (L™ = 4-(1,2,4-triazol-4-yl)ethanesulfonate) 1*° exhibiting thermal
hysteresis at very high temperature with T12,1=350 K and T1/2\,=343 K, Figure 1.23.
Typically, only polymeric architectures have memory effect at such high
temperatures due to the covalent interaction between SCO centers. However, the
neutral character of this complex and the highly polarity of the ligand can explain its
particular SCO behavior, since neutral SCO systems do not need counter-ions,

allowing shorter intermolecular distances between SCO molecules in the solid state.
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Figure 1.23. Magnetic susceptibility measurements for [Fes(L)s(H20)s]sH20 (L™ = 4-(1,2,4-

triazol-4-yl)ethanesulfonate).

This thesis is manly focused on the study and processing of the first polyanionic Fe'"
SCO complex ,[Fes(p-L)s(H20)6]®” L2~ =4-(1,2,4-triazol-4-yl)ethanedisulfonate, firstly
isolated as the dymethil ammonium salt, (Me2NH,)s[Fes(p-L)s(H20)s] (Complex 1) by

our group.®

The crystal structure revealed the trinuclear polyanion [Fes(p-L)s(H20)6]® (Figure
1.24) formed by a linear array of octahedral Fe (lIl) ions (Fel-Fe2- Fel) connected
by two triple p-triazole bridges. The terminal Fel ions completes its NsOs;
hexacoordination with three H,0 molecules in fac conformation. The central Fe2 ion
is octahedral coordinated with 6N donors from the ligands, forming the active SCO
FeN6 site. The metal-to-ligand distances at 100 K indicate Fe; is in high spin (with an
average Fe;-N=2.13 A) and Fe; is in low spin at 100 K (with average Fe,-N = 1.99 A).
The sulfonate moieties participate in hydrogen bonded network between the

trimers (Figure 1.25).
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Figure 1.24. Molecular structure of [Fes(u-L)s(H20)s]® (1> = 4-(1,2,4-triazol-4-
yl)ethanedisulfonate). Color code: Fe = purple; S = yellow; O = red; N = blue; C = black. H and

Oxigen from the ligand are omitted for clarity.
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Figure 1.25. H-bond interactions between [Fes(u-L)s(H20)s]®™ trimers.
The trimer remains in HS-LS-HS configuration at room temperature (Figure 1.26).
Above 360 K, a partial spin transition starts with a 90 K-wide thermal hysteresis loop

(T1/2(1) = 400 K, T1/2(L ) = 310 K).
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Figure 1.26. Magnetic measurements for complex 1 in the 2-300 K range and in the 270-

400 K range (inset). Scan rate = 0.1 K min™.

The thermal hysteresis of this complex changes remarkably with the temperature
rate (Figure 1.27 left). The heating branch does not show notorious changes,
whereas the cooling branch is very sensitive to scan rate, becoming significantly
quenched at scan rates as slow as 5 K-min™. With faster cooling rate, 10 K min™, and
the 57% of the complexes are trapped as HS-HS-HS configuration. Following the
method defined by Letard et al, a characteristic Triesst = 250 K was determined
(TIESST temperature-induced excited spin- state trapping), Figure 1.27 right. This is
the highest temperature reported for a thermally quenched SCO system, even

higher than the values displayed by Prussian blue analogues.**’
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Figure 1.27. (Left) Scan rate dependence of thermal hysteresis for the Fe' trimer. (Right)
heating up to 400 K and cooling down at 10 K min™%, and warming up again at 0.3 K min™.

Inset: 6(xmT)/8T vs T curve for the latter warming process.

Spin transition kinetics of this complex**® showed isothermal relaxation curves with

exponential character,’*’ typically associated to non-cooperative systems, Figure
1.28 left. The non-cooperative character of the relaxation process agrees with the
weak intermolecular interactions in the crystal lattice and the gradual ST curve.
Moreover, the relaxation process above Triesst becomes temperature independent,

Figure 1.28 right. A high activation energy (E. = 6370 + 1442 cm™) was estimated.

T 250K Tm%T

0.0
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Figure 1.28. (Left) Relaxation curves at different temperatures of the trapped HS fraction of

1. (Right) Variation of equilibrium constant (K) as a function of T
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1.7. Implementation of SCO on devices

The fascinating physicochemical changes of SCO complexes have been explored in

devices for photonic, mechanical or electronic applications.

As first step, numerous efforts have been done towards processing of SCO materials.
As discussed before, SCO behavior depends on multiple parameters, including
anions, solvent, intermolecular interactions, all of them tentative to be affected by
processing. Nano-structuration, integration into composite functional networks or
deposition/patterning onto surfaces have been studied, finding strong dependence
of SCO properties in size-reduction, or molecule-surface interaction.’? The strong

size influence in the SCO properties is analyzed in section 1.7.1.
1.7.1. SCO phenomenon at the nanoscale. Size Reduction Effect.

A decrease in dimension typically leads to an inevitable change in the SCO
phenomenon.'® Indeed, the size reduction involves a reduction of domain size,

150

decreasing cooperativity,” which directly impacts ST behavior.

A large variety of SCO nanomaterials such as nanoparticles, nanocomposites,
continuous or nano-patterned thin films have been studied. The most common
observations are: A) Shrinking in the thermal hysteresis loop upon size reduction. B)
Downshift in transition temperatures, as a consequence of the HS stabilization. C)
Incomplete spin transition curve with residual inactive fraction, predominantly HS

fraction.

In 2008, J.A. Real et al.»>! and T. Mallah et al.?>? reported nanoparticles of the 3D
SCO polymer, [Fe(pyrazine)Pt(CN)s], where SCO behavior at the nanoscale
significantly differs from bulk'®3, Figure 1.29 left. Very small nanoparticles (< 14 nm)
showed a significant downshift in transition temperatures, shrinking of hysteresis
width, and incomplete spin transition. Below 7 nm, hysteresis loop disappears,

Figure 1.29 right. When these nanoparticles are coated by silica, the differences in
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comparison to bulk are less pronounced due to higher cooperativity provided by the

rigid matrix.»*

4
Bulk 3
3. 230x230x55 nm —
E 'B 7nm
E 61x61x21 nm E 5]
X X
o 2 ()
= N =
Bulk
O i
200 250 300 350 200 240 280 320
Temperature (K) Temperature (K)

Figure 1.29. Magnetic susceptibility measurements for [Fe(pyrazine)Pt(CN),] in bulk and
different-sizes nanoparticles: (Left) average size of 230x230x55 nm and 61x 61x21 nm,*!

(Right) 14 nm and 7 nm-nanoparticles >

Similar size reduction effects have been also observed for other SCO

155-157

nanoparticles, where hysteresis notoriously decreases below a critical

minimum size, until disappearing.

SCO behavior remains at smaller sizes in the triazole 1D polymers series. For
example, Coronado et al. reported a relatively large hysteresis in nanoparticles
below 10 nm in [Fe(Htrz),(trz)](BF4) *%°, Figure 1.30. Upon size reduction, these
NPs preserve memory effect even below 4 nm (24 K of hysteresis loop). This
unexpected SCO behavior at the nanoscale is attributed to the high cooperativity
and low dimensionality of this particular SCO polymer. Nanoparticles of this
compound were introduced in porous silica matrix, obtaining ultra-small (=3.2 + 0.5
nm) nanoparticles with 65 K wide hysteresis above room temperature. The wider
hysteresis in comparison with the previous cases is attributed to the role of rigid

silica matrix.1%® Other examples of thermal hysteresis preserved at the nanoscale
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were found in different materials 1°#1°7:160.161 "with the best results found in the

1,2,4-triazole-based triazole chains.
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Figure 1.30. Magnetic thermal hysteresis of [Fe(Htrz),(trz)](BFs) nanoparticles. (Left)

Successive thermal cycles for =15 nm NPs. (Right) Thermal cycles for nanoparticles of 16, 10

and 4 nm.

Overall, the SCO behavior at the nanoscale is not easily predictable due to the large
diversity observed. Indeed, other factors such as defects, particle shape, residual

stresses, surface/interface effects or matrix effect can also interfere on SCO

behavior.
1.7.2. Deposition of SCO materials onto surfaces

The fabrication of SCO-based devices often involves the deposition of the SCO
materials onto surfaces, preferably as high-quality and homogeneous SCO film. A
large number of film fabrication techniques such as Langmuir—Blodgett,'6%163
layer-by-layer assembly,'®* high-vacuum sublimation,'®>1%° spin coating,'’® drop
casting!’? or lithography techniques!’? have been successfully used to create
mono/multi-layer and nanometer/micrometer thick films. Despite the difficulty to
maintain the SCO properties at the nanoscale and to avoid undesirable surface
effect on the SCO behavior, several thin films based on SCO materials can be found

in the literature in which the ST is preserved.
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For example, 3D-SCO coordination polymers, [Fe- (pyrazine){M(CN)4}] (M=Ni, Pd, or
Pt) were successfully deposited onto a surface by layer-by-layer assembly (Figure
1.31 left). This multilayer thin films display thermally-induced SCO phenomenon as
observed in the bulk material. The spin transition in the multilayers is less abrupt,
but the thermal hysteresis is maintained around room temperature (Figure 1.31

right). 1

E I_CHZ_CH) CN Fe*? (2) _Q"' R
Hr—CHs CHr—CH,
1) = i
'@N —QN— Fe(H,0)* 084 Fim
Au —
/—\ £0.6-
L = Pt(CN),* (3) _@ Fe H,0 N o
— cuf—cu i \_ /@ £
— 0.4
Fe H,0
0.2
Itil hi
CH—CM: m;:' averthin 0.0 T T T T T
N (2), (3),(4) etc 260 280 300 320 340

Temperature (K)

Figure 1.31. (Left) Scheme of the assembly of [Fe(pyrazine){Pt(CN)s}] multilayer. (Right)

Normalized Raman intensity vs temperature plots for powder and film samples.

Other interesting examples of ultrathin SCO films were fabricated by high-vacuum
sublimation techniques with sub-monolayer control of the thickness and high purity.
P. Rosa et. al. used neutral Fe(ll) SCO complexes, Fe(H.B(pz).)2(bipy)], to form
microcrystalline and smooth 300 nm-thick films'’3, with similar features to bulk
(Figure 1.32 left). Sub-monolayers of this complex maintain thermally and light-

induced SCO behavior, with no bistability, Figure 1.32 right.}*
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Figure 1.32. (Left) HS fraction vs T plots for Fe(H,B(pz)2)2(bipy)] in bulk (black points) and the
300 nm thick film before and after illumination (full and empty blue triangles, respectively).

(Right) HS fraction for the sub-monolayer of Fe(H:B(pz):).(bipy)] before and after

irradiation.”*

Another remarkable example of a SCO sub-monolayer was published by K. Bairagi
and coworkers.'”> The molecular complex, [Fe"((3, 5-(CHs).Pz)sBH),] Pz:1,4 —
pyyrazolyl, were deposited on gold substrate under high-vacuum, forming
molecular islands onto the surface. Their characterization was performed by
Scanning Tunneling Microscopy (STM) and Scanning Tunneling Spectroscopy (STS)
at 4.6 K. The blue light irradiation promotes the LS to HS switching of the molecules
and the excited HS molecules relax back after 9 hours without irradiation (Figure
1.33 and Figure 1.34), studying the dynamics and the propagative effects of the spin

transition at molecular level.
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A B C

Figure 1.33. STM images (scale bar 10 nm) for the sub-monolayer of Fe(H.B(pz):):(bipy)].
(Left) The initial state of the isolated molecules. (Middle) After blue light irradiation during 9

hours and (Right) the relaxed molecules after 9 hours without laser exposure.
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Figure 1.34. Time evolution of the normalized intensity for sub-monolayer of
Fe(H2B(pz);):(bipy)] (open squares) and their corresponding fitting (full line). The arrows

correspond with the STM images shown in Figure 1.33.



UNIVERSITAT ROVIRA I VIRGILI

BISTABLE MOLECULAR MATERIALS: TRIAZOLE-BASED COORDINATION
CHEMISTRY OF FIRST ROW TRANSITION METALS

Andrea Moneo Corcuera

1.8. THESIS OBJECTIVE AND OUTLINE

Molecular materials are a plausible alternative to overcome the miniaturization
limitations in current technological materials. Data storage applications may exploit
molecular compounds able to exhibit switchable magnetic/electronic properties.
Particularly, spin crossover system are one of the most attractive magnetic switches
given their very high working temperatures, being their implementation into

devices one of the main scientific challenges in this research area.

The objective of this PhD project will be the synthesis, processing and
characteriation of complexes with the dianionic ligand 4-(1,2,4-triazol-4-
yl)ethanedisulfonate (L), focussing on the Fe' complex, already known to display
thermally-induced spin state with slow kinetics and large thermal hysteresis. Special
emphasis will be devoted to to determine the effect of nanostructuration in the SCO

of the [Fes(u-L)s(H20)6)® polyanionic complex.

e In Chapter 2, we present the linear trimers [NH;Me;]s[M3(u-L)s(H20)6] (M =
Mn'", Co", Ni", Fe" and Cu"), with the analyses of their magnetic properties.

e Chapter 3 includes the counter-cation influence on the crystal structure and
SCO behavior of the polyanionic Fe'" trimer, [Fes(p-L)s(H20)s)®". The cesium
derivative was obtained as single crystals as the Csg[Fes(p-L)s(H20)s] salt,
with distinct crystal structure and different SCO properties in comparison to
dimethyl ammonium salt.

e Chapter 4 deals with dilution effects in the SCO properties of the , [Fes(p-
L)s(H20)6]® trimers. In the solid state with Zn" dopant, but also in liquid
solution. These dilution strategies reduce the cooperativity in the systems,
down to the single molecule level. The perseverance of magnetic bistability
in these non-cooperative systems opens unique opportunities to exploit this

SCO-active molecules in molecular memories.
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e In Chapter 5, the results obtained with the [NH.Me;ls[Fes(p-L)s(H20)e] salt s
deposited onto silica and gold surfaces are highlighted. On the one hand, we
achieved homogeneous film deposition on silica with controllable thickness,
maintaining hysteretic SCO behavior at the nanoscale. On the other hand, a
nanostructured sub-monolayer have been obtained on gold surface with

potential perspectives for future applications.

In summary, in this thesis we explore the basic molecular magnetism though
coordination chemistry with a dianionic triazole ligand, focusing on dimension and
size-dependence for the spin crossover phenomena: bulk, molecular and onto

surfaces.
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Abstract

The dianionic 4-(1,2,4-triazol-4-yl) ethanedisulfonate ligand (L) was reacted
with first row transition metals to obtain polyanionic trimers with general formula
[Ms(p-L)s(H20)6]®, M= Mn", Fe", Co", Ni"and Cu". All these complexes were isolated
in solid state as the corresponding dimethyl ammonium salt, as polycrystalline solids
and/or single crystals. In this chapter we present the synthesis, structure and
magnetic properties of these complexes. Their chemical structure has been
determined by single-crystal X-ray diffraction data and confirmed via Pawley fits
from powder X-Ray diffractograms. The polyanionic part of all complexes show the
same structural framework, which consist of a linear array of metal (1) ions linked
by triple Ni-N,-triazole bridges. The magnetic properties suggested dominant
intramolecular antiferromagnetic interactions, showing negatives values of the
Weiss constant in the Curie-Weiss fitting of their magnetic susceptibility data. The
experimental data was modeled to a simple isotropic Hamiltonian for a
centrosymmetric linear trimer, considering negligible all magnetic interactions

except those promoted by the direct M—N—N-M triazole bridges:
H =-2]s; (s1+s3)

Jvalues found: —0.25 K for Mn", — 3.5 K for Ni" and — 30 K for Cu". In the case of the
Fe" derivative, the low spin (S = 0) ground state configuration for the central Fe'"
cation yields negligible intramolecular exchange between the two terminal high spin

Fe' (S = 2) centers.
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2.1. Introduction

Molecular-based materials have been proposed as a plausible alternative for

LLZ

actual solid state materials due to their optical,*? electric®** or magnetic® properties.

These materials have been studied with excellent perspectives because they can
combine their properties, allowing to prepare multifunctional materials. This is
particularly true in magnetic materials, able to mimic and even surpass the
performance of solid state magnetic materials. The metal-organic materials have
great interest in the context of molecular-based magnetism®’ due to their promising

molecular magnetic performances.®*! Some unique examples include light-weight

12,13 14-18

room temperature magnets, single molecule magnets or photoactive

magnets.'%2?

The chemical design of the organic ligands supposes an attractive strategy to
synthetize novel coordination polynuclear metal complexes with desirable and

23-28

tailor-made magnetic properties as well as multifunctional materials with

combined properties. 273!

In particular, 1,2,4-triazole and its derivatives are interesting bridging ligands to
form stable metallic structures with different dimensionalities, such as discrete

3436 or 3D metal-organic-

polynuclear metal complexes,?** 1D/2D polymers
frameworks (MOFs),3% due to its capacity to form Ni-N, bridges between metal
centers. The Ni-N;-1,2,4-triazole bridges offer short and conjugated diatomic
pathway to propagate an effective magnetic superexchange between metal centers.
Moreover, the nitrogen donor atoms of the triazole ring can support the suitable

40-42 \which suppose an potential

ligand field for spin transition in ferrous complexes,
approach to molecule-based data storage application.**™* On the other hand, 1,2,4-
triazole plays a relevant role in the biochemistry field by mimicking enzymatic
reactions due to their geometrical similarity to imidazoles.*® For these reasons,

discrete polynuclear complexes with derivated-1,2,4-triazole are especially relevant
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for the study of magnetic interaction between the metal centers. In recent years, a
large number of polynuclear compounds based on 1,2,4-triazole and its derivatives
have been synthetized and investigated ™ to further understand the magnetic

superexchange coupling.

The chemical nature of the triazole substituents allow to have a control over the
structure of these complexes, and hence upon their magnetic properties.>**° One of
the most developed magnetic materials are those based on 4-functionalized 1,2,4-
triazoles. This type of triazole functionalization do not sterically hindered to the N1-
N2 bridging coordination mode and can confer different structural motifs to the
coordination complexes. In the literature, the most common functionalized group
in the family of 4-functionalized-1,2,4-triazole are pyridines,®*™3 triazol,>>*
tetrazoles,> aromatic rings® or alkyl tails.>” All of them lead to the formation of
neutral ligands, and therefore the synthesis of cationic coordination metal

complexes.

On the contrary, with the strategy to form anionic polynuclear complexes, we
recently synthetized a dianionic triazole ligand (L2 = 4-(1,2,4-triazol-4-
yl)ethanedisulfonate) with two sulfonated groups at the 4-position, which confer
high polar and anionic character. The coordination of this dianionic ligand with iron
(11) ions led to the formation of a polyanionic Fe" trinuclear complex (1) with spin

transition above room temperature.>®

We synthetize structural analogs with a series of other first-row transition metal
ions (Mn", Co", Ni", or Cu"). Here, we present the synthesis, crystal structure and

magnetic properties of these complexes.
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2.2. Results

2.2.1. Synthesis

The ligand, L% =4-(1,2,4-triazol-4-yl)ethanedisulfonate and the corresponding
perchlorate metal salt were dissolved in water in a 2.5:1 molar ratio, leading to the
formation of polyanionic linear trinuclear complexes with the formula [Ms(p-
L)6(H20)6]™® (M= Mn" (1), Fe" (2), Co"(3), Ni" (4), or Cu" (5)), see Experimental section
for the detailed procedure. These complexes were isolated in solid state as the
corresponding dimethyl ammonium salt by slow ethanol vapor diffusion into the
aqueous mixture reaction, Figure 2.1. This crystallization process yielded needle-
shape crystals for (1) — (4) compounds, with distinct colors depending on the metal
content: purple for Fe', white for Mn'", orange for Co", and blue-purple for Ni" (Figure
2.2). The high quality of these crystals enabled us to determine their crystal
structure from single crystal X-Ray diffraction data. We could not isolate (5) as single

crystals, although highly crystalline powder was obtained, and their crystal structure

was determined by Pawley refinement of the powder X-Ray diffractogram.

&
e <

— - g
g__/
Figure 2.1. Picture of (1) — (5) complexes in the synthesis solution after seven days in ethanol

vapor flow.
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Figure 2.2. Images from an optical microscope of (1) — (4) single crystals in the synthesis

solution.
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2.2.2. Single Crystal Structure

Single Crystal X-Ray Diffraction data were collected at 100 K. Crystallographic
refinement showed that the Mn", Fe", Co" and Ni" compounds contain the same
polyanionic trinuclear units, crystallizing in the triclinic P—1 space group, (Table 2.1).
The trimers are formed by linear array of three metal centers connected by six
triazole ligands through two triple N1-N; bridges, Figure 2.3. The central metal ion is
an MNg octahedral center and the terminal metal ions are MN3O3 coordinated with
three nitrogen from the bridging triazole ligands and three oxygen from three
terminal water molecules completing the octahedral geometry in fac configuration.
The coordination geometry of the metal centers for each complex is summarized in
Table 2.2. The metal-ligand bonding distances for Mn", Co" and Ni" trimers indicate
high spin configuration for all positions, terminal and central [average M-N (A)=
2.239 for Mn", 2.121 for Co" and 2.064 for Ni"]. These are in good agreement with
the corresponding metal ion radii in HS state [r (Mn'"ys) = 97 pm, r (Co"xs) = 88 pm
and r (Ni'ss) = 83 pm]. In contrast, the Fe' trimer exhibits distinct distances for the
terminal centers (average M-N = 2.13 A) and the central one (average M-N = 1.99

R), suggesting LS configuration for the latter.%®



UNIVERSITAT ROVIRA I VIRGILI

BISTABLE MOLECULAR MATERIALS: TRIAZOLE-BASED COORDINATION
CHEMISTRY OF FIRST ROW TRANSITION METALS

Andrea Moneo Corcuera

Table 2.1. Crystallographic data at 100 K for (Me;NH_)s [Ms(u-L)s(H20)s] complexes.

M =Mn M =Fe M =Co M = Ni
Formula C36H90Mn3.6N24042512 C36H100Fe3N24047512 C36H90C03N24042512 C36HooNi3N24042 S12
[+xH20] [+xH20] [+xH20]
Formula weigh 1873.16 2173.66 1816.26 1815.60
T(K) 100(2) 100(2) 100(2) 100(2)
Crystal system Triclinic Triclinic Triclinic Triclinic
Space group P-1 P-1 P-1 P-1

Crystal size 0.05x0.10x0.30 0.20x0.04x0.02 0.30x0.04x0.02 0.01x0.01x0.30
a(A) 14.377(3) 14.287(5) 14.2894(4) 14.1984(17)
b(A) 15.477(3) 15.1581(6) 15.2780(4) 15.2235(16)
c(A) 21.517(6) 21.3262(9) 21.3682(6) 21.239(2)
a(®) 80.249(8) 80.3780(14) 80.9239(9) 81.620(4)
B(°) 85.449(8) 84.2804(13) 84.9700(9) 85.252(4)
v(°) 87.090(7) 83.7729(14) 83.7924(10) 83.570(4)
Vv (A3) 4700.6(18) 4492.5(3) 4567.7(2) 4502.8(9)
z 2 2 2 2
Pealcd (g cmM3) 1.323 1.607 1.321 1.339
p (mm-™?) 0.824 0.860 0.895 0.982
F (000) 1884 2260 1842 1848
Refl. collected 65160 64559 72710 45072
Ind.reflections 23493 23819 23388 13182
Abs. correction Empirical Empirical Empirical Empirical
0 range (°) 2.26-28.07 1.37-29.15 1.356-29.192 2.26-23.38
Index ranges -19<h<19 -19<h<18 -14<h<19 -16<h<16
-21<k<21 -20<k<20 -12<k<20 -17<k<12
-29<1<29 -19<1<29 -29<1<29 -23<1<23
Data/restr/para. 23493/0/929 23819/3588/2115 23388/2700/1451 13182/2163/1339
Goodnesss-of-fit 1.040 1.047 1.041 1.049
R1 (1>20(1)) 0.0863 0.0740 0.0627 0.0597
wR2 (1>20(1)) 0.2480 0.2217 0.1721 0.1521
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Figure 2.3. Labeling structure for the general framework of (1) - (5) complexes. H atoms of

coordinating molecules have been omitted.

Table 2.2. Metal-Nitrogen Bond Length for (Me,NH>)s [M3(u-L)s(H20)s] complexes.

M-N Bond Length (A)

Bond M = Mn M = Fe M = Co M = Ni
M1-N11 2.258(4)  2.156(2) 2.120(3) 2.048(6)
M1-N9 2.239(4)  2.149(2) 2.119(3) 2.053(5)
M2-N12 2.221(4)  1.985(2) 2.114(3) 2.066(5)
M2-N8 2.210(4)  1.882(2) 2.114(3) 2.064(6)
M2-N14 2.230(4)  2.006(2) 2.125(3) 2.094(5)
M2-N6 2.221(4)  1.993(2) 2.113(3) 2.062(5)
M2-N17 2.255(4)  1.999(2) 2.149(3) 2.095(6)

The Fe", Co" and Ni" compounds are isostructural, with similar cell parameters and
analogous unit cell contents, including six dimethyl ammonium counter cations per
trimer, Figure 2.4 left. However, the Mn" compound crystallizes with a slightly
different packing, including an additional cation position for Mn" counter cations
with a 0.6 occupation factor. This position is coordinated to three oxygen atoms
from sulfonated groups from a trimer and three water molecules, Figure 2.4 right.
The low occupancy factor indicates delocalization of the Mn' cation among several
positions. This also brings a lower occupancy for the dimethyl ammonium cations

that are also disordered.
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Mnd

Figure 2.4. Chemical structure of the polyanionic part for Fe', Co" and Ni" complexes (left)
and for Mn" complex (right). Hydrogen atoms are omitted for clarity. Color code: M (Ni, Co

or Fe) = orange; Mn = purple, S = yellow; O = red; N = blue; C = black.

Regarding the crystallographic packing, the trimers are oriented parallel to c axis,
forming zig-zag chains, Figure 2.5. The intra-chain interactions are directed by
multiple H-bonds [d(O...H) = 1.9 - 2.5 A] between coordinated water molecules and
sulfonated groups of the adjacent trimers. The chains of trimers are connected to
each other along a and b axis by additional intramolecular H-bonding interactions
[d(O...H) = 1.9 - 2.5 A for Fe", Co" and Ni'complexes; d(O...H) = 2.3 - 2.5 A for Mn"
complex]. The dimethyl ammonium cations and water molecules are disordered in

the interstices between these chains.
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Figure 2.5. Packing diagrams showing the arrangement of the trimers in Fe', Co" and Ni"
complexes (left) and in Min" complex (right). Different color of manganese ions to note the zig-
zag chains of trimers (Mn with 0.6 occupancy are represented in blue/green color). H-bonded

interactions (1.9 — 2.5 A) are represented by dotted red lines.



UNIVERSITAT ROVIRA I VIRGILI

BISTABLE MOLECULAR MATERIALS: TRIAZOLE-BASED COORDINATION
CHEMISTRY OF FIRST ROW TRANSITION METALS

Andrea Moneo Corcuera

2.2.3. Further structural characterization in bulk

We confirmed the phase purity of the compounds when obtained as polycrystalline
samples in bulk from powder X-ray diffraction data. Pawley refinements were
carried out on experimental diffractograms (Figure 2.6), obtaining refined cell
parameters for each powder sample (Table 2.3). The refined cell parameters for Fe",
Co", and Ni" compounds are in good agreement with single crystal data, confirming
the materials present a single crystallographic phase. The XRD for the Cu" compound
indicates this material is isostructural to this series, although we could not obtain
single crystals. The refined cell parameters from the powder XRD for the Mn" sample
revealed some small differences with the single crystal, particularly for the y
parameter (y = 84.98°) in between the single crystal value (y = 87.09°) and the one
found in the Fe", Co", Ni" and Cu" series (y = 83°). This suggests that the presence of
Mn'" counter cations, at the origin of the differences in crystal structure, is variable
depending on preparation. Our efforts to obtain a pure phase, without additional

Mn'" counter cations were not successful.
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Figure 2.6. Pawley refinement (black line) of experimental XRD patterns (red circles). The
difference between fitting and experimental data (green line). Rexp, and Rup, show the

goodness of the fitting.
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Table 2.3. Cell parameters and cell volume obtained from Pawley refinement of experimental

PXRD pattern shown in Figure 2.6.

Cell Parameters M =Mn M =Fe M =Co M = Ni M =Cu
a(A) 14.21(2) 14.16(1) 14.10(1) 14.19(1) 14.573(5)
b (A) 15.48(2) 15.14(2) 15.44(2) 15.22(2)  14.966(5)
c(A) 21.62(5) 21.35(1) 21.31(2) 21.23(2)  21.216(5)
a (9 80.89(13) 80.51(1) 80.99(8) 81.62(5)  81.15(1)
B(° 85.39(18) 84.27(7) 84.62(11) 85.25(7)  84.51(2)
v (9) 84.98(10) 83.59(8) 83.57(19) 83.57(7)  83.53(3)
V (A3) 4670(10) 4474(10) 4541(11)  4502(8)  4528(10)

Fourier Transform Infrared (FTIR) spectrometry was performed for all these
complexes in order to have supplementary structural information. All the
compounds showed identical IR spectra (Figure 2.7) which again support the same
chemical structure for all linear metal trimers. The 400 - 700 cm™ region of the IR
spectra is attributed to the metal-ligand stretching vibrations (M-N and M-O
vibration modes). The band at 1200 cm™ and 1650 cm™ can be assigned to S=0 and
C=N stretching, respectively. The bands at 3491 cm™ (OH stretching) and at 1630
cm? (H-OH bending) evidence the presence of coordinated water molecules.
Noteworthy, although single crystal structural data for Cu" compound was not
obtained, IR and PXRD results reveal the same chemical structure as analogues Mn",

Fe" Co'"and Ni" complexes.
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Figure 2.7. IR spectra for (Me2NH>)s [Ms(u-L)s(H20)s] complexes.
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2.2.4. Magnetic Properties

In this section, we present the magnetic properties of these linear transition
metal trimers, (Me2NH,)s [Ms(p-L)s(H20)s] (M"= Mn (1), Fe (2), Co (3), Ni (4) and Cu
(5)), focusing on the analysis of the dominant magnetic intramolecular interactions
between the paramagnetic metal centers to establish the corresponding magneto-

structural correlations.
Variable Temperature Magnetic Susceptibility data

Single crystals or crystalline powders of (1) — (5) compounds were handpicked and
grained for magnetic measurements. Magnetic susceptibility measurements were

performed in the 300-2 K range, with an applied magnetic field of 0.1T, Figure 2.8.

15
M = Mn
124
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5 6177 M = Fe
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= 34— M = Ni
04 M=Cu

0 60 120 180 240 300
Temperature (K)

Figure 2.8. xmT versus T plots for (MexNH>)s [Ms(u-L)s(H20)s] complexes.

The ymT product at room temperature is in good agreement with the expected
values for magnetically diluted high spin samples with g = 2, Table 2.4, according to

the Equation 2.1 (detailed information in Annex |):

Ng*p ,
XTtheoretical = 3ks SS+1) Equation 2.1

Where N is the Avogadro’s number, g is the g-factor (g = 2 for ideal isotropic situation),

ks is the Boltzmann constant, fis the Bohr magneton and S is the total spin.
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Table 2.4. Comparison of theoretical and experimental xmT product for 1 — 5 complexes. The

data was calculated with g=2.

Metal S (Hsiion) XmT theoretical XmT theoretical XmT experimental
Per HSion Per trimer (cm3-mol-1-K)
Mn'" 5/2 4.37 13.12 14.07
Fe" 2 3 9 6.3
Co" 3/2 1.87 5.6 7.4
Ni" 1 1 3 3.66
Cu" 1/2 0.37 1.2 1.32

There are two exceptions, the Fe'' complex where the value corresponds to only two
HS Fe'ions (S =2) and one LS Fe' ion (S = 0), and the Co" complex that exhibits larger
values (g > 2) as result of the high magnetic anisotropy typically found in octahedral
Co" ions. In all the cases, the y»T product remains essentially constant when the
temperature decreases, down to = 60 K. Below this temperature y»T decreases
suggesting the presence of weak antiferromagnetic interactions (intramolecular), in
addition to other possible contributions (zero field splitting or intermolecular

interactions).

The thermal dependence of the susceptibility data at high temperatures (above 50
K, to minimize the participation of additional contributions) can be fitted to a Curie-
Weiss Law (Equation 2.2 and Figure 2.9), obtaining the parameters shown in Table
2.5. All Weiss constants (0 value) are negative, suggesting dominant
antiferromagnetic (AF) spin-spin coupling.

_ C
X = 7o)

Equation 2.2



UNIVERSITAT ROVIRA I VIRGILI

BISTABLE MOLECULAR MATERIALS: TRIAZOLE-BASED COORDINATION
CHEMISTRY OF FIRST ROW TRANSITION METALS

Andrea Moneo Corcuera

200

. A
—— Experimental Data /

- - - - Linear Fitt
1501 siope=c*
Intercep =- ©/C

=Cu

x* (cm®-mol)
=
o
o

a
o
|

o

0 60 120 180 240 300
Temperature (K)

Figure 2.9. X" vs T plots for (Me>NH.)s [Ms(u-L)s(H20)s]. The data have been measured at a
magnetic field of 1000 Oe.

Table 2.5. Magnetic Curie-Weiss parameters obtained from X' vs T plots.

Metal 0 (K) C(emu-K-mol?)
Fe" -3.54 6.5
Mn" -1.17 14.12
Co" -11.28 7.72
Ni" -6.23 3.77
cu" -43.20 1.487

These high temperature data can also be modelled with a simple isotropic
Hamiltonian (Equation 2.3) as a first approximation, considering the intermolecular

interactions and/or zero field splitting contributions as negligible.

H=-2]s,(s; + s3) Equation 2.3

Where S are the spins of the different metal centers and J is the magnetic exchange
constant expressed in kelvins, which measure the character and strength of the

spin—spin interactions.
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In this model we also assumed that the exchange pathway between the neighboring
metals are identical (J = J12 = J23) and that the coupling between terminal metal

centers is negligible (J13=0),>° Figure 2.10.

11703

Figure 2.10. Centrosymmetrical model of linear trinuclear complexes

From this Hamiltonian, the energy levels for each compound were calculated and
the susceptibility data reproduced with the MAGPPACK package.®®®* Two
compounds were not modeled, the Fe' derivative (the LS ground state of the central
Fe center makes J = 0), and the Co" derivative, due to its high single-ion anisotropy.
This isotropic model (see Annex | for detailed information) was satisfactory for the
rest of the series ( Mn" (°Azg) Ni' (*Az) and Cu" (*Ty)), obtaining the best fit

parameters (J and g) for each complex, Figure 2.11.
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Figure 2.11. Thermal dependence of ymT for Mn", Ni" and Cu" complexes and their

corresponding best fit (red line) from MAGPACK software.

In the Mn" compound, the x»T product at 300 K is 14.07 cm3-mol™*-K, in agreement
to the presence of three Mn" ions (13.12 cm3mol K for g=2). This value remains
constant above 70 K, and at lower temperatures the xmT decrease rapidly to reach
7.38 cm*mol™-K at 2 K. The best fitting parameters from magnetic exchange
calculations within 300 - 2 K range are g = 2.05 and J =- 0.26 K, which is in the same
order than those J values previously published for linear trinuclear Mn'"

complexes.5%%3



UNIVERSITAT ROVIRA I VIRGILI

BISTABLE MOLECULAR MATERIALS: TRIAZOLE-BASED COORDINATION
CHEMISTRY OF FIRST ROW TRANSITION METALS

Andrea Moneo Corcuera

In the Ni" compound reveals a xmT value of 3.66 cm®*mol*K at 300K, which is
consistent with the presence of three high spin Ni (1) ions with S =1 (3 cm3mol ™K,
for g = 2). This xmT value remains constant above 140 K, when it starts to decrease
quickly until 2.5 cm3-mol ™K at 10 K. At lower temperatures, a small decrease in xmT
appears, reaching a value of 2.0 cm3-mol™-K at 2K. The best fitting in the 300 - 100 K
range was obtained with g = 2.25 and J = - 3.5 K. Such J value is slightly lower than

those from -13.8 to -6.7 K in analogues triazole-bridge linear Ni" trimers.>%54-6¢

In the Cu" complex, the xmT product at 300 K is 1.32 cm?®*mol™-K at 300 K, which is in
good agreement with the spin-only value for three Cu"ions S = 1/2 (1.125 cm*-mol
LK, for g = 2). On cooling process, it decrease gradually to reach around 0.81
cm®*mol™-K at 15 K. Below 15 K, the xmT product abruptly decrease until 0.66
cm3mol™-K at 2 K. The high temperature regime can be well-modelled by MAGPACK
withJ=-30K, g=2.3. The value of ] parameter are in good agreement with previous
reported values in the literature for Cu" trimers, where the magnetic exchange only

occur through one side of the triazole bridge.®’

The Co" compound cannot be appropriately modeled with the simple isotropic
model used for the rest of the compounds due to the orbitally non-degenerate
ground state. The ground state of free Co(ll) ion is 4F, but under an octahedral
crystal field symmetry, the orbital degeneracy is removed by giving one *A,; and two
“T levels.®® Moreover, the large distorted octahedral environment of Co" ions involve
a large orbital contribution in the ground T, state, which is generally split into an
orbital singlet ground state and an orbital doublet excited state®. The modeling for
Co complexes requires a modified Lines approximation, a fictitious spin 5/3s (s =
1/2)).%%7% In the literature, some analogue linear Co(ll) trinuclear complexes with
triazole ligands have been modelled, presenting J value between — 6.9 K>° and — 4

K.64
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Low temperature data

The intra-trimer magnetic coupling explains the high temperature magnetic
data. However, the low-temperature data deviates from this simple model, pointing
towards additional contributions, which makes a complex problem to model since
it is difficult to differentiate all contributions of the data. In addition to the
previously mention, we also found paramagnetic impurities, with the T product for
most compounds tending to a plateau at very low temperatures, incompatible with

the isolated trimer models.

We also measured the field-dependence of the magnetization (M) at low

temperature (2 K) for 1- 5 complexes, Figure 2.12.

7 M = Mn
°
°
12 . °
@ 9+ o ° ‘ M=Fe
= i o e
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4 _e
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Figure 2.12. Magnetization (M) vs magnetic field (H) plots at 2 K for all compounds.

All the complexes show similar tendency in the M vs H curve. At lower applied field,
the magnetization is lineally proportional to magnetic field, effectively described by
Curie Law (M =) - H). When the magnetic field becomes larger, the magnetization

tends to a saturation value, Ms, generally described as Equation 2.4,
Mgupy=N-g-S§ Equation 2.4

Where N is the number of centers with a spin (S) and g-factor (g).
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We compared the experimental magnetization at 7 T with the expected value for

the ferromagnetic (F) state population with g = 2, shown in Table 2.6.

Table 2.6. Saturation magnetization from the experimental data and from equation 2.4 with

g = 2 for ferromagnetic (N = 3) and antiferromagnetic (N = 1) state population.

Metal MS (experimental) Ms Ms (ar)
Mn" 14 15 5
Fe" 8.5 8 2
Co" 3.7 9 4
Ni" 4.3 6 3
Cu" 1.5 3 1

The Mn" and Fe' complexes present similar magnetization values than the expected
values for all spins aligned, while Co", Ni" and Cu" complexes exhibit significantly
lower magnetization values in comparison with their corresponding theoretical
saturation magnetization. These results can be explained by the energy diagrams
for each trimer (Figure 2.13), where the energy states for Mn", Ni" and Cu"
complexes with respect to the AF ground state were calculated according to
Equation 6.19 (see Annex | and Table 6.1) and taking into account the J values
determined from experimental xT vs T data (- 0.25 K for Mn", — 3.5 K for Ni" and —

30 K for Cu' complex).

Mn' complex exhibits the lowest energy gap, making easier the population of
excited states by the Zeeman effect. The same is expected for the iron complex
where J = 0, facilitating typical paramagnetic behavior and reaching saturation. On
the other hand, Ni" and Cu" complexes show stronger antiferromagnetic coupling (J)
and higher energy difference between antiferro- and ferro- magnetic states. Thus,

saturation is more difficult to achieve at 2 K. In the Co complex, the strong single-
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ion anisotropy also contributes to the magnetization behavior, making the data

more complex to analyze.

90 =32
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Figure 2.13. Energy Diagram for Mn", Ni" and Cu" trimers with those J values determined

from experimental xT vs T data.
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2.3. Discussion

The anionic 4-(1,2,4-triazol-4-yl)ethanedisulfonate ligand acts as a N-N-bridge
between metal centers, promoting selectively the formation of linear trinuclear
metal complexes. We have obtained analog trimeric structures with several first-
raw transition metal ions (Fe", Mn", Co", Ni" and Cu"). Such high selectivity for
trimers synthesis could arise from the remarkable bulky and anionic nature of the
ligand that could confer huge steric hindrance and electrostatic repulsion in triazole-

bridge polymeric structures.

Regarding the magnetic properties, all these N-N-triazole-bridge trinuclear
compounds exhibit antiferromagnetic behavior. The magnetic coupling between
intra-trimer metal centers, defined by J, have been determined from experimental
XxT vs T data according to isotropic Hamiltonian, obtaining J values of - 0.25 K for

Mn'", - 3.5 K for Ni" and - 30 K for Cu" complex.

On one hand, the antiferromagnetic character of J is highly determined by the ligand
structure and bridging mode. In a simple polarization model, the number of atoms
forming the bridge between metals may predict anti-ferromagnetic interactions
(Figure 2.14), as we found in our compounds. This is also in good agreement with

previous N-N-triazole-bridged polynuclear complexes in the literature.5271:32

J;,<0

AF Interaction

Figure 2.14. Representation of Antiferromagnetic (AF) super-exchange through N-N-Bridges.
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Beyond this very simple model, magnetic orbital overlapping can better explain the
magnetic super-exchange.”® It is possible to relate the magnitude and sign of
magnetic super exchange to the orbital symmetry of the magnetic system. Typically,
orthogonality of the magnetic orbitals with no overlap favor ferromagnetic
interactions, whereas orbital mixing tends to favor electron pairing:
antiferromagnetic interactions. Indeed, the AF coupling is proportional to the

overlap integral between magnetic orbitals.

This is easy to observe in the trinuclear Cu" compounds, since the axially elongated
7% orbital is not magnetic and we expect the unique unpaired electron in dx?y? type
magnetic orbital. Thus, the magnetic coupling is minimized if Cu atoms were
exclusively connected through N-N-bridges in axial position (dx?y?orbital would be
perpendicular to the triazole ring).”®”° The fac triply bridged connectivity precludes
this possibility. Still, in this case only one of the bridges does not participate of an
axial Cu" position (Figure 2.15),%” resulting in a weak antiferromagnetic interaction
(J == 30 K) when compared with J value between - 70 K ¥ and - 107 K ¢ found in

other complexes where more bridges favor orbital overlap.
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Figure 2.15. Magnetic molecular orbitals representation in triazole-bridges complexes. The
triazole (pentagon) in the bottom exhibit the o overlap for an efficient AF exchange

propagation. The triazole in the top present an absence of orbital overlapping (orange line).

Analogous distorted bridging is found in the rest of the series, justifying the weaker
magnetic coupling (J = —0.25 K for Mn" and J = - 3.5 K for Ni") in comparison with
other p2-triazole trinuclear complexes in the literature (= =1 K for Mn" %2 and — 14 K

for Nill).59’64_66
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2.4. Conclusions

A series of analogous linear trinuclear complexes ,(MezNH>)e [M3(p-L)s(H20)6]
(M= Fe", Mn", Co", Ni"and Cu"), have been synthetized by the reaction of the ligand
L2 = 4-(1,2,4-triazol-4-yl)ethanedisulfonate with the corresponding metal (ll)
perchlorate salts in 2.5:1 molar ratio. Crystallographic data shows the same
molecular structure for all the complexes, formed by three metal ions linked by
triply N-N-triazole bridges. The Fe complex shows a conformation of Fe'ys-Fe'ls-Fe's
at 100 K, while the other metal trimers exhibit HS configuration for all metal centers.
Magnetic susceptibility studies showed dominant intra-trimer antiferromagnetic
interactions between terminal and central positions, as expected from Ni,Ns-
triazole-bridge polynuclear complexes. The magnetic exchange parameter, J, was
obtained from the fitting of the thermal dependence of the magnetic susceptibility
based on a general isotropic model for centrosymmetric linear trimers with
negligible intermolecular interactions. We observed slightly lower J values for these
compounds compared with those values for other analogous trimers in the

literature that we related to the local distortion of metal octahedral.
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2.5. Experimental

2.5.1. Synthesis

(Me;NHz)sL (L= 4-(1,2,4-triazol-4-yl)ethanedisulfonate) was synthetized as
previously reported:*® N,Ndimethylformamide azine (3.0 g, 21.0 mmol) and 2-
aminoethane-1,1-disulfonic acid (1.44 g, 7.0 mmol) are dissolved in 15 mL of water,
and the pH is adjusted at 6.0 with HCI. The solution is heated at 92°C overnight
under stirring. The solvent is removed under vacuum and after that, EtOH was
added obtaining a white precipitate. The product is removed by filtration as a white

solid, washed with diethyl ether and dried in air.

(Me2NHz)s [Mn3(u-L)6(H20)e] (1). Mn(ClOa4), (0.029g; 0.115 mmol) and (Me;NH,)sL
(0.1g ;0.287 mmol) were dissolved in 2 ml of water. The crystals of this complex
were isolated by slow vapor diffusion on this reaction mixture. IR (ATR): v= 3420,
3114, 1632, 1205, 1020, 838, 716, 636, 592, 505. Elemental Analysis experimental
and calculated for C2sHa;Mn3N18042S12 (1873.16 g/mol) (%exp; %calc): C (16.99%;
15.37 %), H (3.91%; 1.6 %) N (14.27%; 13.45 %), S (17.31%; 20.5 %).

(MezNH,)s [Fes(p-L)s(H20)s] (2) was synthetized as previously reported.*®
Fe(ClO4),-6H,0 (0.0212 g, 0.058 mmol) and (Me;NH;)eL (0.05 g, 0.144 mmol) were
both dissolved in water and then mixed ( total volume 2 ml). Slow vapor diffusion
on this aqueous reaction solution led to the formation of crystals of 2 after few days.
IR (ATR): v=3420, 3121, 1653, 1204, 1020, 844, 715, 639, 595, 505. Elemental
Analysis experimental and calculated for CasHaoN1sFe3042S12 (2173.66 g/mol) (Yexp;
%calc): C (13.24%; 14.86 %), H (1.93%; 1.31%) N(11.59%; 12.68 %), S (17.6%; 18.19%).
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(Me2NH,)s [Cos(p-L)s(H20)6] (3). Co(ClO4)2-6H,0 (0.02112 g, 0.050 mmol) and
(MezNH2)sL (0.05g, 0.144 mmol) were dissolved and mixed in 2ml of water.
Afterwards, crystallization was induced with the same procedure than compound 2,
obtaining orange crystals of 3 after few days. IR (ATR): v=3440, 3118, 1643, 1204,
1017, 841, 716, 636, 589, 505. Elemental Analysis experimental and calculated for
C24H42C03 N18042512 (1816.26) (%exp; Yocalc): C (17.28 %; 15.80 %), H (4.04%; 2.31 %) N
(14.10%; 13.87 %), S (16.51%; 21.14 %).

(MezNHz)s [Nis(u-L)s(H20)e] (4). Ni(ClO4)r6H.O (0.0212 g, 0.058 mmol) and
(MezNH3)6L (0.05 g, 0.144 mmol) were both dissolved in water and then mixed ( total
volume 2 ml). Slow vapor diffusion on this aqueous reaction solution led to the
formation of crystals of 4 after few days. IR (ATR): v=3420, 3121, 1653, 1204, 1020,
844, 715, 639, 595, 505. Elemental Analysis experimental and calculated for
C24H42N18Ni3042512 (1815.60 g/mol) (%exp; %carc): C (16.08%; 15.86 %), H (4.09%;
2.31%) N(15.42%; 13.88 %), S (16.14%; 21.19%).

(MezNH;)s [Cus(u-L)s(H20)6], (5). Cu(ClO4)r6H.O (0.0213 g, 0.058 mmol) and
(MezNHy)sL (0.05 g, 0.144 mmol) were both dissolved in water and then mixed ( total
volume 2 ml). Afterwards, ethanol was added to the aqueous reaction solution,
isolating the compound 1 as a blue powder. Crystals of 1 suitable for X-ray
diffraction was not obtained. IR (ATR): v=3467, 3119, 1643, 1205, 1020, 837, 712,
639, 589, 510. Elemental Analysis experimental and calculated for
C24Ha2N15CU304:512 (1829.85g/MOl) (%exp; %caic): C (19.3% ;15.73%), H (4.61% ;2.29%)
N(15.53% ;13.77%), S (16.61%; 20.98%).
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2.5.2. Physical methods

Thermogravimetric analysis (TGA) was performed using a TGA/SDTA851 Mettler
Toledo with a MT1 microbalance. The experiments were carried out from 20 to 500
OC to examine the stability of the samples and the presence of crystallization water
molecules (Figure 2.16). All compounds were stable above 300 °C and the loss of

twelve crystallization water were estimated.
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Figure 2.16. TGA analysis for 1 - 5 compounds from 20 °C to 500 °C under inert atmosphere.

Scan rate 1 °C/min.
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Inductively coupled plasma optical emission spectrometry (ICP-OES) was used to
carry out elemental analysis with Agilent 755-ES inductively coupled plasma optical
emission spectrometer at University of Valladolid.

Infrared spectroscopy (IR) spectra were collected with a FTIR Bruker spectrometer
model Alpha equipped with an ATR accessory.

Single crystal X-ray diffraction (SCXRD) measurements were performed on a
Bruker-Nonius diffractometer with an APPEX 2 4K CCD area detector at 100 K. The
total electron density in the unit cell was split up into tOwo parts with associated
contributions to Fn = Fn1 +F42. Fu1 is associated with the main molecule of interest,
(MeaNH2)s [M3 (u-L)s (H20)6], and Fn2 with the region where the non-coordination
water molecules are disordered. The SQUEEZE approach®! was used to determine
the contribution from the Fi2 region. Crystal data of 1 - 5 are given in Table 2.1 and
supplementary data for Fe complex can be obtained with CCDC 1016539 code.
X-ray powder diffraction (PXRD) measurements were made using a Siemens D5000
diffractometer (Bragg-Brentano parafocusing geometry and vertical ©0-6
goniometer) fitted with a curved graphite diffracted-beam monochromator,
incident and diffracted -beam Soller slits, a 0.06° receiving slit and scintillation
counter as a detector. The angular 26 diffraction range was between 5 and 40°. The
data were collected with an angular step of 0.05° at 10 s per step and sample
rotation. A low background Si (510) wafer was used as sample holder. Cu ka
radiation was obtained from a copper X-ray tube operated at 40 kV and 30 mA. The
obtained XPRD patterns were analysed by Pawley profile analysis using the Topas
software # and a Chebyshev function of seven terms was used to fit the background.
Magnetic measurements were carried out on grained solid powders with a
Quantum Design MPMS-XL SQUID magnetometer (Quantum Design, Inc, San Diego,
CA, USA). Variable temperature magnetic susceptibility measurements were carried
out under an applied field of 1000 Oe at 1 K-min between 300 and 2 K. Variable

field magnetization measurements were carried outat 2 KfromOto 7 T.
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Abstract

The magnetic behavior of the polyanionic iron (Il) trimer [Fes(p-L)s(H20)6]®
(L= (1,2,4-triazol-4-yl)ethanedisulfonate), as the corresponding
dimethylammonium salt (1), exhibits an interesting thermally-induced spin
crossover (SCO) behavior. The spin transition occurs above room temperature, with
a dynamic and wide thermal hysteresis over 85 K. In addition, it presents a
temperature-induced excited spin state trapping (TIESST) phenomena at 250 K, the
highest temperatures reported so far. Taking advantage of the anionic nature of this
trinuclear complex, we have substituted the dimethylammonium cations by
monovalent heavy alkali metal cations (Cesium and Rubidium) via simple
methathesis reactions. The cation exchange resulted in Cs¢[Fes(u-L)s(H20)s] and
Rbe[Fes(p-L)s(H20)6] salts, with different crystal packing and SCO features relative to
the dimethyl ammonium salt. Both compounds present more abrupt spin transition
above room temperature, but narrower hysteresis loop (over 50 K for the cesium
salt and 60 K for the rubidium salt). Albeit these differences, TIESST is observed with
almost identical characteristic temperature (Tresst = 250 K), an additional
experimental evidence supporting the molecular-origin of the TIESST behavior in

these materials.
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3.1. Introduction

One of the main challenges in molecular material science is the design of
molecules with bistability to be utilized for information processing and storage.'™
The bistability in this context may be defined as a property of a molecular system
that allows it to exist in two different electronic states over a certain range of
external perturbation. The most well-known example is the spin crossover
phenomena involving the switching between the low spin (LS) and the high spin (HS)
metastable excited state in octahedral 3d*-3d’ transition metal complexes.®™*? Such
spin conversion is controlled through an external stimulus such as temperature,
pressure, light or magnetic field. Several transition metal centers, e.g. Co'", Mn"/",
Ni""or Cr", are able to display this phenomena *37*°. However, most studies in this
field have been focused on Fe' compounds, where the switching between LS and HS
states (Fe'is (5=0); Fe'ys state (S = 2)) brings drastic magnetic variation and some
additional changes including spectroscopic properties and molecular volume.?>?! In
the solid state, these materials may show true memory effect. For example, Fe'"
complexes have shown interesting features such as wide thermal hysteresis,?

23725 or bistability in electromechanical

ultrafast photoinduced spin switching,
properties.?®?’Due to these reasons, SCO materials could be promising candidates
for the implementation of SCO molecules into molecular electronics, data storage

and display devices.?%26:28-31

In this direction, numerous effort have thus been directed to prepare SCO materials
with proper features for real applications: abrupt spin transition and bistability at
ambient conditions. From a synthetic point of view, the spin transition and thermal
hysteretic behavior can be tuned at and well above room temperature by controlling
the local coordination environment of the metal ion (i.e. ligands in the first
coordination sphere) and its external sphere,3273¢ being also of primary importance

in order to probe structure-magnetic properties relation.
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Alternatively, a common strategy to optimize the SCO behavior consist in the
modaulation of cooperative forces between SCO centers, taking the advantage of the
lattice-dynamic role in the spin transition.3° Indeed, the manipulation of non-
covalent interactions between SCO units is used to promote different solid-state
cooperativity. For example, a simple change in solvent content
(desorption/absorption or solvent change) or non-coordinated counter-ions may
drastically change the magnetic properties in a large range of SCO materials, as
observed in the case of metal organic frameworks,*® coordination polymers*! or

mononuclear complexes.**™’

As mentioned in the first chapter, our group is interested in anionic SCO complexes,
that are very scarce in comparison with cationic or neutral ones.*® Among the series
of polyanionic first-row transition metal complexes described in Chapter 2, the iron
(1) analogue (Me;NH,)s[Fes(p-L)s(H20)s] L?2:4-(1,2,4-triazol-4-yl)ethanedisulfonate
(1), exhibits an additional SCO behavior.**° Its molecular structure is formed by a
linear array of three octahedral Fe(ll) centers, bridged by two triple 1,2,4-triazole
bridges. The crystallographic packing of this complex consist in anionic trimers
connected by H-bonds, whereas the dimethyl ammonium cations and water
molecules are disordered in the interstices. In the solid state, as the corresponding
dimethyl ammonium (Me;NH,)* salt, a thermally induced spin transition from LS to
HS state above room temperature was found for the central Fe(ll), with a hysteresis
cycle of 85 K at very slow scan rate (1 K-min). A characteristic Triesst of 250 K was

determined, which is the highest Trsst reported up to date. °?

Taking the advantage of the interesting SCO behavior of 1 and the high influence of
crystal structure in the spin transition phenomena, we studied how the substitution
of the dimethyl ammonium cations by other cation type might influence the
bistability and switchability of these trimeric units. By analogy to counter-anion

effects in cationic SCO complexes.*1743:52-54



UNIVERSITAT ROVIRA I VIRGILI

BISTABLE MOLECULAR MATERIALS: TRIAZOLE-BASED COORDINATION
CHEMISTRY OF FIRST ROW TRANSITION METALS

Andrea Moneo Corcuera

In this chapter, we describe how simple metathesis in aqueous solution of 1 with an
excess of a Cs* or Rb* salts yields the corresponding Cs* (1-Cs) or Rb* (1-Rb) salts ,
that we were able to isolate as single crystals. These salts present distinct magnetic
features, confirming that the nature and size of the cations induces different

crystallographic packing, affecting the SCO behavior.
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3.2. Results

3.2.1. Synthesis and crystal structure

Single crystals of 1-Cs and 1-Rb compounds were obtained by ethanol slow vapor
diffusion into an aqueous solution of 1 with a 20-fold excess of cesium chloride and
rubidium chloride, respectively (see detailed procedure in the experimental
section). This reaction yields pink needle-like single crystal of 1-Cs and 1-Rb, Figure

3.1

Figure 3.1. Picture of 1-Rb and 1-Cs crystals in aqueous solution after the ethanol vapor
diffusion. (Right) Image from an optical microscope, evidencing the needle-like shape of the

crystals.

The crystal structure of both complexes was determined by single crystal X-Ray
Diffraction (SCXRD) data. These single crystals contain the same trinuclear
polyanion, [Fes(p-L)s(H20)s]® (Figure 3.2) than the parent compound (1),*° where all
dimethylammonium cations have been substituted by Cs*/Rb* cations. The metal to
ligand distances obtained at 100 K reveal the spin state of the metal centers to be
high spin (HS) for terminal Fel position (average Fel-N distance: 2.19 A for 1-Cs and
2.16 A for 1-Rb) and low spin (LS) for central Fe2 positions (average Fe2-N distance:
1.97 A for 1-Cs and 1.98 A for 1-Rb), see Table 3.1.
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TRIAZOLE-BASED COORDINATION

Figure 3.2. (Left) Molecular structure of [Fes(u-L)s(H20)s]"anionic part. (Right) Labelled

ORTEP representation of the core trimer showing the triple triazole-bridges and terminal

water molecules. (H atoms have been omitted for clarity).

Table 3.1. Selected bond lengths (A) of 1-Cs and 1-Rb complexes.

Bond Length (A) 1-Cs 1-Rb
Fe1-01 2.076(5) 2.054(3)
Fel-02 2.173(6) 2.130(2)
Fe1-03 2.098(6) 2.1651(4)
Fe1l-N1 2.174(6) 2.166(2)
Fe1-N5 2.184(7) 2.150(2)
Fel-N8 2.199(6) 2.164(2)
Fe2-N7 1.961(6) 1.997(2)
Fe2-N4 1.968(6) 1.971(2)
Fe2-N2 1.976(6) 1.974(2)

This polyanionic unit crystallizes with six monovalent cations (Cs* or Rb*) and non-

coordinating water molecules in a monoclinic (C2/c) symmetry for 1-Cs or triclinic

(P—1) symmetry for 1-Rb (see crystallographic data in Table 3.2).
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Table 3.2. Crystallographic data for 1-Cs and 1-Rb single crystals.

1-Cs 1-Rb
Chemical formula C24HesCssFesN15055512 C24H40RbeFesN1505,512[+xH>0]
Formula weigh 2838.69 2477.83
T(K) 100(2) 100(2)
Crystal system Monoclinic Triclinic
Space group C2/c P-1
Crystal size 0.01x0.02x0.4 0.4x0.02x0.01
a(A) 34.4273(12) 11.2345(3)
b(A) 11.4107(4) 14.5696(3)
c(A) 26.1316(9) 15.2673(4)
a(®) 90 73.673(2)
B(°) 128.2290(8) 84.148(2)
v(°) 90 70.911(2)
Vv (A%) 8064.0(5) 2266.2(1)
z 4 1
Pealed (8 €M) 2.338 1.815
p (mm1) 3.631 4.064
F (000) 5512 1356
Reflections collected 38646 35096
Indep. Reflections 9659 14444
Abs. correction Empirical Empirical
0 range (°) 1.583-28.010 1.898-31.659
Index ranges -45<h <44 -15<h<16
-14<k<12 -21<k<20
-32<1<34 -22<1<21
Data/restr/para. 9659/ 921/585 14444/0/533
Goodnesss-of-fit 1.028 1.023
R1 (1>20(1)) 0.0684 0.0438
wR2 (1>20(1)) 0.1988 0.1145

Despite these differences, both complexes present comparable crystallographic
packing. The cations and anions form segregated layers, following an ABAB stacking
pattern. (Figure 3.3 for 1-Cs and Figure 3.4 for 1-Rb). The cations layer are localized

close to the sulfonated groups of the anionic layer.
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Figure 3.3. Projection of the crystal structure of 1-Cs on the ac plane (left) and the ab plane

(right), showing the stacking of alternating layers along the a axis.
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Figure 3.4. Stacking of alternatives anionic and cationic layers of 1-Rb along the b axis in the
bc plane (left) and in the ab plane (right). (Solvation water molecules and H atoms have been

omitted for clarity).

Along the anionic layer, the adjacent trimers are connected by Hydrogen-
interactions, in which participate the oxygen atoms from the sulfonated groups and
from the coordinated water molecules, Figure 3.5. The cesium and rubidium salts
present multiple intermolecular H-bond interactions with very short H-bond
contacts in the range of 2.69 - 2.95 A. The 1-Cs compound presents a pseudo-
hexagonal structure of the anionic layers, with each trimer surrounded by six near
neighbors. The 1-Rb compound shows a less dense intralayer H-bonded network
with each trimer surrounded by four neighbors. The sulfonate groups that do not

participate in these H-interactions point towards the cation layers.
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1-Cs 1-Rb

Figure 3.5. Top view of the anionic layer for 1-Cs and 1-Rb complexes, showing the
arrangements of the trimers and their closest H-contacts (dotted lines). Trimers are in a

different color for clarity.

The cationic layers in 1-Cs are formed by two parallel planes of cations separated by
2.1(1) A, while 1-Rb shows two zig-zag planes of Rb* cations separated by 2.7(1) A,
Figure 3.6 top. In both compounds, each cation has short contacts with both
adjacent anionic layers, connecting them by Cation®-:-~0sS and Cation*: - - OH,
distances in the 2.9 - 3.4 A range. There are three crystallographic cationic positions
in both salts, with different coordination modes, Figure 3.6 bottom. In the cesium
salt, Cs1 is heptacoordinated, surrounded by three SO; groups in monodentate
coordination mode, and four water molecules. Cs2 is octacoordinated, by six SO;
groups (one acting as bidentate ligand) and one water molecule. And Cs3 is
heptacoordinated to four SOz groups (one acting as bidentate ligand), and two
water molecules. In the Rb salt, Rb1 is octacoordinated by six SOs; groups (two in
bidentate coordination mode) and two water molecules. Rb2 is hexacoordinated by
four SOs5 groups and two water molecule. And Rb3 is tetracoordinated surrounded
by three sulfonate groups and one water molecule, see summarized data in Table

3.3.
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Noteworthy, these interactions allows to communicate the trimers between layers

with direct O---Cation*---O contacts.

&Cs ‘. " k{
.Water < I_, §
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Figure 3.6. Side and top views of the cationic layer, showing the Cation*---O contacts in the
range of 2.9 - 3.4 A, as dotted lines. The cations are represented in two colors, to highlight

the two cationic planes.

Table 3.3. Summarized data of the different crystallographic cations in 1-Cs and 1-Rb.

Crystallographic Positions 1-Cs 1-Rb
Cation 1 Heptacoordinated Sixcoordinated
3 Cs*...0S03 6 Rb*...0S0;
Cation 2 Octacoordinated Octacoordinated
6 Cs*...0S0O3 4 Rb*...0SO3
Cation 3 Heptacoordinated Tetracoordinated

4 Cs*...0S03 3 Rb*...0S03
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Powder X-Ray diffraction data of the polycrystalline samples are in good agreement
with the theoretical pattern obtained from the single crystal structures, confirming
the single crystallographic phase of these compounds (Figure 3.7). Indeed, a Pawley-
fitting with TOPAS software was carried out on the experimental powder X-ray
pattern, obtaining similar refined-lattice parameters than the values obtained from
SCXRD data, Table 3.4. This evidences that the crystal structures of one single crystal
is also retained in a bulk samples of grained-crystals, with non-evidences of

crystalline impurities.

1-Cs Experimental 1-Rb Experimental
Fitting Fitting
Error Error
3 3 ,
S 8 .
> g o
D 2% o
é § R . | .;* x :‘ -
l
sl o

10 20 30 40 10 20 30 40
20(°) 20(°)

Figure 3.7. Experimental XRD and their corresponding Pawley fit for 1-Cs (left) and 1-Rb
(right). (Rwp=4.29 and Rexp,=2.95 for 1-Cs; Rup=9.43 and Rexp,=4.73 for 1-Rb).

Table 3.4. Lattice parameters and cell volume from PXRD pattern and SCXRD data.

1-Cs 1-Rb
Cell Parameters PXRD SCXRD PXRD SCXRD
a(A) 34.26(4) 34.427(1) 11.15(7) 11.234(3)
b(A) 11.38(1) 11.4107(4) 14.64(6) 14.569(3)
c(A) 26.13(3) 26.1316(9) 15.23(7) 15.267(4)
a(®) 90 90 74.4(2) 73.673(2)
B(°) 127.98(1) 128.2290(8) 83.1(3) 84.148(2)
v(°) 90 90 70.1(3) 70.911(2)
v (A3) 8030(2) 8064.0(5) 2256(22) 2266.2(1)




UNIVERSITAT ROVIRA I VIRGILI

BISTABLE MOLECULAR MATERIALS: TRIAZOLE-BASED COORDINATION
CHEMISTRY OF FIRST ROW TRANSITION METALS

Andrea Moneo Corcuera

3.2.2. Magnetic Measurements

The magnetic properties of grained single crystals of 1-Cs and 1-Rb were studied in
the 200 - 400 K range. Dehydration/hydration effect in the magnetic cycles have
been discarded by proper dehydrating the sample (purging cycles and heating)

before the measurements.
Cesium Salt

Thermal dependence of magnetic susceptibility of 1-Cs (Figure 3.8) shows a
thermally-induced spin transition above room temperature. The ¥mT product at
room temperature is 6.0 cm®*mol ™K, in good agreement with two HS Fe' centers
per trimer. At very slow temperature scan rate (0.3 K-min?), this value remains
constant in the 200 - 350 K temperature range. Above 350 K, xmT shows a sharp
increase, indicating the existence of a spin transition. This transition to the HS-HS-
HS state is two step, first a sharp increase to 8.1 cm3-mol ™K at 354 K, with a T12(1")
=352 K, and a second more gradual increase reaching 9.2 cm3-mol™-K at 400 K. This
second regime shows slow kinetics, and at 400 K (the highest T available in our set-
up), about 140 min are needed to reach saturation (see Figure 3.8 inset). According
to these values, about 2/3 of the SCO centers participate in the abrupt process, but
all anions reach the thermally induced HS — HS — HS state after the gradual transition
is over. When temperature is decreased at the same scan rate (0.3 K-min™), a
thermal hysteresis cycle opens for both regimes. The gradual step closes just below
300 K, where the abrupt transition drives the compound back to the ground state
with T12(\{/) = 305 K. This creates a thermal hysteresis cycle of 47 K for the abrupt
regime. We assign the gradual regime to a less-cooperative contribution that could
be due to defects in the crystal, surface effects, or to the appearance of two

crystallographically distinct trimers upon the abrupt step.
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Figure 3.8. YT vs T plot for 1-Cs during the heating and cooling processes at 0.3 K-min™. The

sample was kept at 400 K for 140 minutes to reach saturation (inset).

The hysteresis cycle in 1-Cs is very sensitive to the scan rate (Figure 3.9 left), as in
the dimethyl ammonium salt.3®°> The hysteresis width changes from 47 K at 0.3
K-min? to 65 K at 2 K:min™. The effect upon the cooling branch is particularly
significant, and the signature of temperature induced excited spin state trapping
(TIESST) is already apparent. At faster cooling rates, the compound is not able to
relax to the ground state, trapping a portion of molecules in the HS-HS-HS state.
About 8% at 2-K min™ (low temperature value of 6.25 cm?® K-mol™), 40% at 5 K-min~
1 and 52 % at 10 K-min™. A characteristic Triesst = 245 K was estimated following the

method established by Letard et al°®, Figure 3.9 right.
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Figure 3.9. (Left)Thermal hysteresis cycles for compound 1-Cs at different scan rates. (Right)
Heating branch (at 0.3 K min™) after trapping the sample via fast cooling. (Inset) Derivate of

the heating data that allows to extract the Tressr.

Rubidium Salt

The xmT product at room temperature for 1-Rb is 6.3 cm*-mol™-K, Figure 3.10.
Upon heating, a gradual spin transition starts immediately, becoming abrupt above
375K, T12(T) = 390 K. At 400 K, saturation is reached after 100 minutes, accounting
for =76 % of the trimers in HS-HS-HS (xmT = 8.3 cm*-mol™-K), Figure 3.10 inset. Upon
cooling down the sample, a wide hysteresis cycle appears. This spin conversion
occurs also in two steps, as an abrupt process down to 320 K with Ty2({/) = 325 K,

with a hysteresis loop of 55 K, and a second gradual step that closes at =250 K.
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Figure 3.10. Thermal dependence of the magnetic susceptibility for 1-Rb sample during the
heating and cooling processes at 0.3 K-min™. The sample was kept at 400 K for 100 minutes

to reach saturation (inset).

In this case, the hysteresis cycle does not show significant scan rate dependence
below 5 K-min™’. At faster scan rates, the transition temperature, T12\,, shifts to
lower temperatures, resulting in wider hysteresis loops (87 K at 5 K-min™ and 100 K
at 10 K:-min™!). However, the metastable HS-HS-HS excited state is not easily trapped
by rapid cooling. Only 16 % of the SCO Fe' centers are trapped in the HS state after
cooling down at 10 K-min’. Despite this, the characteristic TIESST temperature is in
good agreement with the dimethyl ammonium and cesium salt, giving a value

around 250 K, Figure 3.11 right.
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Figure 3.11. (Left) Thermal hysteresis cycles at different scan rates for 1-Rb. (Right) xT
evolution by warming the sample at 0.3 K-min trapping the sample via fast cooling (scan

rate 10 K-min). (Inset) The derivate of the curve that allows to extract the TIESST

temperature.
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3.2.3. Further characterization

The dehydration process and the stability of the samples was studied by
thermogavimetric analysis (TGA) from 25 to 300°C, Figure 3.12. Interstitial solvent
molecules are lost upon heating below 130°C (first step), and the bound water
molecules start to be removed above 160°C (second step). The gravimetric plateau
above 220°C, stable at least up to 300°C, correspond to a total weight loss around
8.7 % for both samples, indicating that not all water molecules are lost even at such
high temperatures. In addition, it also reveals that these complexes shows very high

thermal stability, with no decomposition of the organic matter in this temperature

range.
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Figure 3.12. TGA analysis for 1-Cs and 1-Rb from 25 to 300°C at 1 C®min™.

Differential Scanning Calorimetry (DSC) analysis within 20 — 120°C temperature
range (Figure 3.13) detected some dehydration processes during the first heating.
But successive cycles did not show any feature that could be assigned to a

crystallographic phase transition associated to spin transition.



UNIVERSITAT ROVIRA I VIRGILI

BISTABLE MOLECULAR MATERIALS: TRIAZOLE-BASED COORDINATION
CHEMISTRY OF FIRST ROW TRANSITION METALS

Andrea Moneo Corcuera

0.0
1-Cs 0.3- 1-Rb
3 z
E.01] =
=
g 3
[ L 0.04
T 027 )
First Cycle First Cycle
Second Cycle Second Cycle
. . . : -0.3 T r r T
20 40 60 80 100 120 20 40 60 80 100 120
Temperature (°C) Temperature (°C)

Figure 3.13. DSC measurements for 1-Cs and 1-Rb in successive cycles within 20- 120°C range

at 1 K-min™.

In the same direction, X-ray Diffraction from the same samples that were used for
multiple thermal hysteresis measurements (four cycles in the 200-400 K range)
confirms that the crystal structure is robust and preserved after these thermal
treatment (Figure 3.14), and after partial dehydration, supporting that no major

structural changes are occurring.
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Figure 3.14. PXRD pattern for 1-Cs and 1-Rb before and after multiple thermal cycles in 200
- 400 K range.
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3.3. Discussion

The polyanionic Fe'" trimer as cesium, rubidium or dimethylammonium salts
show significant differences regarding the crystal packing. The crystal structure of
cesium and rubidium salts show lower crystallographic disorder in the position of
the cations due to the localization of these heavier atoms. This also localizes and
strengthens the intermolecular interactions network in the crystal packing with
strong and directional anionic interlayer interactions mediated by the Cs*/Rb*
cations, absent in the dimethyl ammonium salt. Additionally, the cesium salt
presents stronger connectivity between intra-layer trimers, increasing the H-
contacts from four up to six nearest neighbors, which involves higher interaction

between trimers in all crystallographic directions.

Looking at the crystal structure, higher SCO cooperativity is expected in this order:
Cs salt > Rb salt > NH;(Me); salt. This is in good agreement with the magnetic data,
since cooperativity is related to abrupt spin transitions. 1-Cs shows the most abrupt
and complete SCO behavior, followed by 1-Rb (Figure 3.15). Additionally, SCO
behavior moves to lower temperatures in 1-Cs complex. Cooperativity is also
expected to increase the thermal hysteresis cycles. On the contrary, the thermal
hysteresis width decreases from 80 K for (1) down to 50 K for 1-Cs. This observation
is counterintuitive, and does not follow the common correlations established for
cooperative spin crossover materials.>’*® This along with the unexpectedly high
Triesst (record values in SCO phenomena) suggests the appearance of unknown

factors not previously observed in these materials.
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Figure 3.15. Comparison of the hysteresis cycle at 0.3 K-min for polyanionic Fe' trimer with

different cations (dimethyl ammonium, cesium or rubidium cations)
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3.4. Conclusions

Cesium and rubidium salts of the polyanionic trimer [Fes(p-Ls)(H20)s]® were
isolated by complete substitution of the dimethyl ammonium cations by metathesis
in solution with an excess of Cs* or Rb* cations, respectively. Their crystal structure
revealed lower cation disorder and higher connectivity between trimers thanks to

the localization of the heavier Cs*/Rb* cations.

These compounds display distinct SCO behavior relative to the dimethyl ammonium
salt, which we associate to stronger intermolecular connectivity. The 1-Cs shows a
two-step spin transition of the central Fe" atom in each trimer, from the
combination of an abrupt step above 350 K, and a gradual transition up to
completeness at 400 K. The difference between heating and cooling branches
showed a 47 K wide hysteresis cycle. The 1-Rb also exhibits a two-step spin
transition, a gradual transition down to 350 K and an abrupt and incomplete
transition at higher temperatures. The cooling branch opens a quasi-static 55 K wide
hysteresis loop in the abrupt regime. On the contrary, dimethyl ammonium salt (1)
showed more gradual transition and wider hysteresis loop (> 85 K). The abrupt steps
in the spin transition curves is attributed to an increase in the cooperativity in the
Cs and Rb salts. However, this suggested higher cooperativity does not promotes a
wider thermal hysteresis loop, as expected, provoking the opposite result, and
suggesting that the observed hysteresis may not be exclusively related to the

cooperativity phenomenon.

In line with previews studies with the dimethyl ammonium salt, our hypothesis deals
with the appearance of intramolecular contributions being at the origin of the
memory-like effects observed, that were thought to be irrelevant in SCO materials,
precluding single-molecule memory effect in such materials. Further studies to
confirm the appearance of single-molecule bistability in SCO are shown in chapter

4.
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3.5. Experimental

3.5.1. Synthesis

All reagents were obtained from commercial sources and used without further
purification. The ligand 4-(1,2,4-triazol-4yl)ethanedisulfonate (L), and the
dimethylammonium salt (Me:NH3)s[Fes(u-L)s(H20)s] (1) were prepared according to
the literature procedure.** Csg[Fes(u-L)s(H20)6)-3H20 (1-Cs) and Rbg[Fes(u-
L)s(H,0)s]-3H.0 (1-Rb) were obtained by metathesis from 1. No proper yield was
estimated, since only single crystals were used for further characterization, to

assure complete purity of the samples.

Css[Fes(p-L)s(H20)6]-13H,0 (1-Cs). 180 mg (0.082 mmol, 1 eq.) of 1 and 275.6 mg
(1.64 mmol, 20 eq.) of CsCl were separately dissolved in 5 mL of distilled water.
Ascorbic acid (= 2 mg) were added to both solutions to avoid the oxidation of Fe (1)
to Fe (IIl). Both solutions were mixed for 10 minutes under stirring. Afterwards, the
solution was filtered off and ethanol vapor was slowly diffused into the solution to
promote the growth of single crystals. After two days, single crystals of 2 were

collected, filtered, washed with ethanol and dried in air.

Rbg[Fes(p-L)s(H20)6)-13H,0 (1-Rb). 100 mg (0.047 mmol, 1 eq.) of 1 and 115 mg
(0.958 mmol, 20 eq.) of RbCl were separately dissolved in 5 mL of distilled water
with ascorbic acid. Both solutions were mixed under stirring. An inner tube was
introduced into the reaction solution to facilitate the formation of nucleation, was
induced by ethanol vapor diffusion. After several days, pink crystal and powder
appear in contact to the capillarity walls. They were collected and washed with

ethanol.
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3.5.2. Physical Methods

Thermogravimetric analyses (TGA) were performed using a TGA/SDTA851 Mettler

Toledo with a MT1 microbalance.

Differential Scanning Calorimetry (DSC) analyses were performed with a Mettler
Toledo /DSC822e instrument with a heating rate of 1°C min-1 in a nitrogen stream.
Magnetic measurements were carried out on grained single crystals with a Quantum

Design MPMS-XL SQUID magnetometer (Quantum Design, Inc, San Diego, CA, USA).

Magnetic susceptibility measurements were carried out under an applied field of
1000 Oe at different temperature scan rates within 200-400 K temperature range.
The sample was introduce in a gel capsule with glass wool. A hole of around Imm in
diameter was done in the top part of the capsule to facilitate the purge inside the
capsule. The diamagnetic contribution was corrected by Pascal constants. The

magnetic data treatment are detailed explained in Annex Il.

X-ray powder diffraction (PXRD) data were collected on a Siemens D5000
diffractometer (Bragg-Brentano parafocusing geometry and vertical ©0-6
goniometer) fitted with a curved graphite diffracted-beam monochromator,
incident and diffracted -beam Soller slits, a 0.06° receiving slit and scintillation
counter as a detector. The angular 26 diffraction range was between 5 and 40°. The
data were collected with an angular step of 0.05° at 10s per step and sample
rotation. A low background Si(510) wafer was used as sample holder. Cu ka
radiation was obtained from a copper X-ray tube operated at 40 kV and 30 mA. The

obtained XPRD patterns were fitted by Pawley profile by using the Topas software.*®

Single crystal X-ray diffraction (SCXRD) measurements were performed on a
Bruker-Nonius diffractometer with a APPEX 2 4K CCD area detector at 100 K. The
total electron density in the unit cell was split up into two parts with associated

contributions to Fn = Fn1 +F,2. Fu1 is associated with the main molecule of interest,
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(Cation)e [Fes (u-L)s (H20)e], and Fn2 with the region where the non-coordination
water molecules are disordered. The SQUEEZE approach & was used to determine
the contribution from the Fn2 region. Crystal structure solution and refinement were

performed using SHELXTL Version 6.10.



UNIVERSITAT ROVIRA I VIRGILI

BISTABLE MOLECULAR MATERIALS: TRIAZOLE-BASED COORDINATION
CHEMISTRY OF FIRST ROW TRANSITION METALS

Andrea Moneo Corcuera

3.6. References

10.

Raman, K. V. Kamerbeek, A. M., Mukherjee, A., Atodiresei, N., Sen, T.K., Lazi¢, P.,
Caciuc, V., Michel, R, Stalke, D., Mandal, S. K., Bliigel, S., Mlinzenberg, M., Moodera,
J. S. Interface-engineered templates for molecular spin memory devices. Nature 493,
509-513 (2013).

Varghese, S., Elemans, J. A. A. W., Rowan, A. E., Nolte, R. J. M. Molecular computing:
paths to chemical Turing machines. Chem. Sci. 6, 6050-6058 (2015).

Castellano, M. Ruiz-Garcia, R., Cano, J., Ferrando-Soria, J., Pardo, E., Fortea-Pérez, F.
R., Stiriba, S. E., Barros, W. P., Stumpf, H. O., Cafiadillas-Delgado, L., Pasan, J., Ruiz-
Pérez, C., de Munno, G., Armentano, D., Journaux, Y., Lloret, F., Julve, M..
Metallosupramolecular approach toward multifunctional magnetic devices for
molecular spintronics. Coord. Chem. Rev. 303, 110-138 (2015).

Dunbar, K. R. Special issue on new horizons for magnetic solids based on molecules:
From high-Tc magnets to nanomagnets to devices. J. Solid State Chem. 159, 251-252
(2001).

Ma, L. Chen, C., Agnolet, G., Nie, Ji., Zhao, H., Dunbar, K.R. Electric transport
properties of Mn12-acetate films measured with self-assembling tunnelling junction.
J. Phys. D. Appl. Phys. 42, (2009).

Mufioz, M. C., Real, J. A. Thermo-, piezo-, photo- and chemo-switchable spin
crossover iron(ll)-metallocyanate based coordination polymers. Coord. Chem. Rev.
255, 2068-2093 (2011).

Avendano, C. Hilfiger, M. G., Prosvirin, A., Sanders, C., Stepien, D., Dunbar, K. R..
Temperature and Light Induced Bistability in a Co3[0s(CN)gl,-6H,0 Prussian Blue
Analog. J. Am. Chem. Soc. 132, 13123-13125 (2010).

Bousseksou, A., Molnar, G., Salmon, L., Nicolazzi, W. Molecular spin crossover
phenomenon: Recent achievements and prospects. Chem. Soc. Rev. 40, 3313-3335
(2011).

Hilfiger, M. G. Chen, M., Brinzari, T. V., Nocera, T. M., Shatruk, M., Petasis, D. T.,
Musfeldt, J. L., Achim, C., Dunbar, K.R. An unprecedented charge transfer induced
spin transition in an Fe-Os cluster. Angew. Chemie - Int. Ed. 49, 1410-1413 (2010).

Li, Z. Y. Dai, J. W., Gagnon, K.J., Cai, H. L., Yamamoto, T., Einaga, Y., Zhao, H. H.,
Kanegawa, S., Sato, O., Dunbar, K. R., Xiong, R. G. A neutral Fe(lll) compound
exhibiting a two-step spin transition and dielectric anomalies. Dalt. Trans. 42,
14685-14688 (2013).



UNIVERSITAT ROVIRA I VIRGILI

BISTABLE MOLECULAR MATERIALS: TRIAZOLE-BASED COORDINATION
CHEMISTRY OF FIRST ROW TRANSITION METALS

Andrea Moneo Corcuera

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Shatruk, M. Dragulescu-Andrasi, A., Chambers, K. E., Stoian, S. A., Bominaar, E. L.,
Achim, C., Dunbar, K. R. Properties of prussian blue materials manifested in
molecular complexes: Observation of cyanide linkage isomerism and spin-crossover
behavior in pentanuclear cyanide clusters. J. Am. Chem. Soc. 129, 6104—6116 (2007).

Zhang, X., Xie, H., Ballesteros-Rivas, M., Wang, Z. X., Dunbar, K. R. Structural
distortions of the spin-crossover material [Co(pyterpy).](TCNQ)> mediated by
supramolecular interactions. J. Mater. Chem. C 3, 9292—-9298 (2015).

Hayami, S. Murata, K., Urakami, D., Kojima, Y., Akita, M., Inoue, K. Dynamic structural
conversion in a spin-crossover cobalt(ll) compound with long alkyl chains. Chem.
Commun. 6510-6512 (2008).

Scheuermayer, S., Tuna, F., Bodensteiner, M., Scheer, M., Layfield, R. A. Spin
crossover in phosphorus- and arsenic-bridged cyclopentadienyl- manganese(ll)
dimers. Chem. Commun. 48, 8087—8089 (2012).

Halepoto, D. M. Holt, D., Larkworthy, L. F., Povey, D.C., Smith, G.W., Leigh, G. Jeffrey.
Spin crossover in chromium(ll) complexes. Polyhedron 8, 1821-1822 (1989).

Klaeui, W., Eberspach, W., Guetlich, P. Spin-crossover cobalt(lll) complexes: steric
and electronic control of spin state. Inorg. Chem. 26, 3977-3982 (2005).

Morgan, G. G., Murnaghan, K. D., Miiller-Bunz, H., McKee, V., Harding, C. J. A
manganese(lll) complex that exhibits spin crossover triggered by geometric tuning.
Angew. Chemie - Int. Ed. 45, 7192-7195 (2006).

Clérac, R. Cotton, F. A., Daniels, L. M., Dunbar, K.R., Kirschbaum, K., Murillo, C. A,,
Pinkerton, A. A., Schultz, A. J., Wang, X. Linear tricobalt compounds with Di(2-
pyridyl)amide (dpa) ligands: Temperature dependence of the structural and
magnetic properties of symmetrical and unsymmetrical forms of Cos(dpa)4Cl; in the
solid state. J. Am. Chem. Soc. 122, 6226-6236 (2000).

Clérac, R. Cotton, F. A., Dunbar, K. R., Lu, T., Murillo, C. A,, Wang, X. New Linear
Tricobalt Complex of Di(2-pyridyl)amide (dpa), [Cos (dpa)s(CH3CN),][PFel.. Inorg.
Chem. 39, 3065-3070 (2002).

Gutlich, P., Gaspar, A. B., Garcia, Y. Spin state switching in iron coordination
compounds. Beilstein J. Org. Chem. 9, 342—391 (2013).

Koo, Y.-S., Galan-Mascards, J. R. Spin Crossover Probes Confer Multistability to
Organic Conducting Polymers. Adv. Mater. 26, 6785—6789 (2014).

Kahn, O. Spin-Transition Polymers: From Molecular Materials Toward Memory
Devices. Science. 279, 44—-48 (2002).

Marino, A. Chakraborty, P., Servol, M., Lorenc, M., Collet, E., Hauser, A. The role of



UNIVERSITAT ROVIRA I VIRGILI

BISTABLE MOLECULAR MATERIALS: TRIAZOLE-BASED COORDINATION
CHEMISTRY OF FIRST ROW TRANSITION METALS

Andrea Moneo Corcuera

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

ligand-field states in the ultrafast photophysical cycle of the prototypical iron(ll)
spin-crossover compound [Fe(ptz)s](BF4).. Angew. Chemie - Int. Ed. 53, 3863—3867
(2014).

Aubéck, G., Chergui, M. Sub-50-fs photoinduced spin crossover in [Fe(bpy)3]%*. Nat.
Chem. 7, 629-633 (2015).

Bertoni, R. Cammarata, M., Lorenc, M., Matar, S.F., Létard, J.F., Lemke, H.T., Collet,
E. Ultrafast Light-Induced Spin-State Trapping Photophysics Investigated in
Fe(phen),(NCS), Spin-Crossover Crystal. Acc. Chem. Res. 48, 774—781 (2015).

Manrique-Juarez, M. D. Mathieu, F., Shalabaeva, V., Cacheux, J., Rat, S., Nicu, L.,
Leichlé, T., Salmon, L., Molnar, G., Bousseksou, A. A Bistable Microelectromechanical
System Actuated by Spin-Crossover Molecules. Angew. Chemie - Int. Ed. 56, 8074—
8078 (2017).

Rat, S. Piedrahita-Bello, M., Salmon, L., Molnar, G., Demont, P., Bousseksou, A.
Coupling Mechanical and Electrical Properties in Spin Crossover Polymer
Composites. Adv. Mater. 30, 1-6 (2018).

Lefter, C. Rat, S., Costa, J. S., Manrique-Juarez, M. D., Quintero, C. M., Salmon, L.,
Séguy, |., Leichle, T., Nicu, L., Demont, P., Rotaru, A., Molnar, G., Bousseksou, A.
Current Switching Coupled to Molecular Spin-States in Large-Area Junctions. Adv.
Mater. 7508-7514 (2016).

Molnar, G., Rat, S., Salmon, L., Nicolazzi, W., Bousseksou, A. Spin Crossover
Nanomaterials: From Fundamental Concepts to Devices. Adv. Mater. 30, 1-23
(2018).

Chen, J., M. A. Reed, A. M. RawLett, J. M. Tour. Large on-off ratios and negative
differential resistance in a molecular electronic device. Science. 286, 1550-1552
(1999).

Koudriavtsev, A. B., Linert, W. Spin crossover - An unusual chemical equilibrium. J.
Struct. Chem. 51, 335365 (2010).

Craig, G. A. Costa, J. S., Roubeau, O., Teat, S.J., Shepherd, H. J., Lopes, M., Molndr, G.,
Bousseksou, A., Aromi, G.. High-temperature photo-induced switching and pressure-
induced transition in a cooperative molecular spin-crossover material. Dalt. Trans.
43,729-737 (2014).

Shatruk, M., Phan, H., Chrisostomo, B. A., Suleimenova, A. Symmetry-breaking
structural phase transitions in spin crossover complexes. Coord. Chem. Rev. 289—
290, 62—-73 (2015).

Gtlich, P. Spin crossover - Quo vadis? Eur. J. Inorg. Chem. 581-591 (2013).



UNIVERSITAT ROVIRA I VIRGILI

BISTABLE MOLECULAR MATERIALS: TRIAZOLE-BASED COORDINATION
CHEMISTRY OF FIRST ROW TRANSITION METALS

Andrea Moneo Corcuera

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Salitros, 1., Madhu, N. T., Boda, R., Pavlik, J., Ruben, M. Room-temperature spin-
transition iron compounds. Monatshefte fur Chemie 140, 695—733 (2009).

Brooker, S. Spin crossover with thermal hysteresis: Practicalities and lessons learnt.
Chem. Soc. Rev. 44, 2880-2892 (2015).

Ridier, K. Rat, S., Salmon, L., Nicolazzi, W., Molndr, G., Bousseksou, A. Scan-rate and
vacuum pressure dependence of the nucleation and growth dynamics in a spin-
crossover single crystal: The role of latent heat. Phys. Chem. Chem. Phys. 20, 9139—
9145 (2018).

Félix, G. Mikolasek, M., Peng, H., Nicolazzi, W., Molnar, G., Chumakov, A. I., Salmon,
L., Bousseksou, A. Lattice dynamics in spin-crossover nanoparticles through nuclear
inelastic scattering. Phys. Rev. B - Condens. Matter Mater. Phys. 91, 1-5 (2015).

Mikolasek, M., Nicolazzi, W., Terki, F., Molnar, G., Bousseksou, A. Finite-size effects
on the lattice dynamics in spin crossover nanomaterials. Il. Molecular dynamics
simulations. Phys. Rev. B 96, 1-10 (2017).

Halder, G. J., Kepert, C. J., Moubaraki, B., Murray, K. S., Cashion, J. D. Guest-
dependent spin crossover in a nanoporous molecular framework material. Science
(80-. ). 298, 1762—-1765 (2002).

Roubeau, O. Triazole-based one-dimensional spin-crossover coordination polymers.
Chem. - A Eur. J. 18, 15230-15244 (2012).

Luo, Y., Wen, G., Gu, L., Wang, M., Sun, B. Study of Spin Crossover in an Iron (ll) Tris
(diimine) System Tuned by Counter Anions. Polyhedron (2016).

Wang, S. Xu, W.T., He, W.R., Takaishi, S., Li, Y.H., Yamashita, M., Huang, W. Structural
Insights into the Counterion Effects on the Manganese(lll) Spin Crossover System
with Hexadentate Schiff-Base Ligands. Dalt. Trans. 45, 5676— 568 (2016).

Hostettler, M., Tornroos, K. W., Chernyshov, D., Vangdal, B., Biirgi, H. B. Challenges
in engineering spin crossover: Structures and magnetic properties of six alcohol
solvates of iron(ll) tris(2-picolylamine) dichloride. Angew. Chemie - Int. Ed. 43, 4589—
4594 (2004).

Bartel, M. Absmeier, A., Jameson, G., Werner, F., Kato, K., Takata, M., Boca, R,
Hasegawa, M., Mereiter, K., Caneschi, A., Linert, W. Modification of spin crossover
behavior through solvent assisted formation and solvent inclusion in a triply
interpenetrating three-dimensional network. Inorg. Chem. 46, 4220-4229 (2007).

Nihei, M., Han, L.,Oshio, H. Magnetic bistability and single-crystal-to-single-crystal
transformation induced by guest desorption. J. Am. Chem. Soc. 129, 5312-5313
(2007).



UNIVERSITAT ROVIRA I VIRGILI

BISTABLE MOLECULAR MATERIALS: TRIAZOLE-BASED COORDINATION
CHEMISTRY OF FIRST ROW TRANSITION METALS

Andrea Moneo Corcuera

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Li, B. Wei, R. J., Tao, J., Huang, R. B., Zheng, L. S., Zheng, Z. Solvent-induced
transformation of single crystals of a spin-crossover (SCO) compound to single
crystals with two distinct SCO centers. J. Am. Chem. Soc. 132, 1558—-1566 (2010).

Feltham, H. L. C., Barltrop, A. S., Brooker, S. Spin crossover in iron(ll) complexes of
3,4,5-tri-substituted-1,2,4-triazole (Rdpt), 3,5-di-substituted-1,2,4-triazolate (dpt-),
and related ligands. Coord. Chem. Rev. 344, 26-53 (2017).

Gdémez, V. Sdenz De Pipadn, C., Maldonado-illescas, P., Waerenborgh, J. C., Martin,
E., Benet-buchholz, J., Galan-mascards, J. R. Easy Excited-State Trapping and Record
High TTIESST in a Spin-Crossover Polyanionic Fell Trimer. J. Am. Chem. Soc. 137,
11924-11927 (2015).

Sdenz de Pipadn, C., Maldonado-lllescas, P., Gomez, V., Galan-Mascarés, J. Spin
Transition Kinetics in the Salt [H2N(CHs).]e[Fes(L)s(H20)e] (L = 4-(1,2,4-triazol-4-
yl)ethanedisulfonate). Magnetochemistry 2, 20 (2016).

Murnaghan, K. D. Carbonera, C., Toupet, L., Griffin, M., Dirtu, M.M., Desplanches, C.,
Garcia, Y., Collet, E., Létard, J. F., Morgan, G. G. Spin-state ordering on one sub-lattice
of a mononuclear iron(lll) spin crossover complex exhibiting LIESST and TIESST.
Chem. - A Eur. J. 20, 5613-5618 (2014).

Aromi, G., Barrios, L. A., Roubeau, O., Gamez, P. Triazoles and tetrazoles : Prime
ligands to generate remarkable coordination materials. Coord. Chem. Rev. 255, 485—
546 (2011).

Craig, G. A,, Costa, S., Roubeau, 0., Teat, S. J. Coupled Crystallographic Order —
Disorder and Spin State in a Bistable Molecule : Multiple Transition Dynamics. 3120—
3127 (2011).

Krober, J., Codjovi, E., Kahn, O., Grolibre, F., Jay, C. A Spin Transition System with a
Thermal Hysteresis at Room Temperature. J. Am. Chem. Soc. 115,9810-9811 (1993).

Kulmaczewski, R. Olguin, J., Kitchen, J. A., Feltham, H. L C., Jameson, G. N L., Tallon,
J. L., Brooker, S. Remarkable Scan Rate Dependence for a Highly Constrained
Dinuclear Iron(ll) Spin Crossover Complex with a Wide Thermal Hysteresis Loop. J.
Am. Chem. Soc 136, 878-881 (2014).

Paradis, N., Chastanet, G.,Létard, J. F. When stable and metastable HS states meet
in spin-crossover compounds. Eur. J. Inorg. Chem. 3618-3624 (2012).

Hayami, S., Gu, Z. Z., Yoshiki, H., Fujishima, A., Sato, O. Iron(lll) spin-crossover
compounds with a wide apparent thermal hysteresis around room temperature. J.
Am. Chem. Soc. 123, 11644-11650 (2001).

Guionneau, P., Marchivie, M., Bravic, G., Létard, J.-F., Chasseau, D. Structural Aspects



UNIVERSITAT ROVIRA I VIRGILI

BISTABLE MOLECULAR MATERIALS: TRIAZOLE-BASED COORDINATION
CHEMISTRY OF FIRST ROW TRANSITION METALS

Andrea Moneo Corcuera

of Spin Crossover. Example of the [Fe"Ln(NCS),]. Top Curr Chem 234, 97-128 (2004).

59. Coelho, A. A., Evans, J., Evans, I, Kern, A., Parsons, S. The TOPAS symbolic
computation system. Powder Diffr. 26, S22-525 (2011).



UNIVERSITAT ROVIRA I VIRGILI
BISTABLE MOLECULAR MATERIALS: TRIAZOLE-BASED COORDINATION

CHEMISTRY OF FIRST ROW TRANSITION METALS
Andrea Moneo Corcuera



UNIVERSITAT ROVIRA I VIRGILI
BISTABLE MOLECULAR MATERIALS: TRIAZOLE-BASED COORDINATION

CHEMISTRY OF FIRST ROW TRANSITION METALS
Andrea Moneo Corcuera



rrrrrrrrrrrrrrrrrrr

Chapter 4

Molecular Magnetic
Memory in Isolated SCO
Fell Trimer




UNIVERSITAT ROVIRA I VIRGILI
BISTABLE MOLECULAR MATERIALS: TRIAZOLE-BASED COORDINATION

CHEMISTRY OF FIRST ROW TRANSITION METALS
Andrea Moneo Corcuera



UNIVERSITAT ROVIRA I VIRGILI

BISTABLE MOLECULAR MATERIALS: TRIAZOLE-BASED COORDINATION
CHEMISTRY OF FIRST ROW TRANSITION METALS

Andrea Moneo Corcuera

Abstract

In Spin-crossover (SCO) materials, memory effect (thermal hysteresis) arises
from intermolecular cooperativity in the solid state, and hence, hysteretic behavior
inanisolated SCO moleculesis considered not possible. However, we have observed
contradictory behavior in the SCO thermal bistability of the polyanioniciron triazole
complex, [Fes(u-L)s(H20)6]® (L* = 4-(1,2,4-triazol)-ethanedisulfonate) (1), that
shows low cooperativity, but wide hysteresis. In this chapter we present further
studies we performed with this complex to analyze the effect of cooperativity. Our
results indicate that hysteresis appears in highly diluted samples: solid dilutions or
liquid solutions; very similar to bulk data, suggesting the behavior has a dominant
single-molecule origin. We assign this phenomena to the slow spin-state
interconversion resulting in appearance of an energy barrier for the spin transition,
analogous to the magnetic anisotropic barrier that opens the hysteresis cycle in
single-molecule magnets (SMMs). These results indicate that magnetic SCO single
molecules could be able to store information at room temperature, opening

opportunities for molecular magnetic data storage.
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4.1. Introduction

Electronic bistability at the single molecule level appears as the ultimate
miniaturization limit for high-density information technologies. In this field, spin
crossover (SCO) complexes are stimuli responsive molecules able to store
information in their metastable high spin (HS) excited state.! Indeed, their spin
switching between low spin (LS) and high spin (HS) state provide the interconversion
into two electronic states that can be associated to a binary code, with the target of
developing a molecular data storage switches.>® In particular, the thermally driven
spin switching acquire great importance for such applications due to the fact that
the memory effect associated to thermal hysteresis become feasible at nearly room

temperature.*®

One limitation with thermally-induced SCOs materials is miniaturization, since
memory effect at the single molecule level is not considered: thermal hysteresis
appears exclusively in bulk when the spin transition is associated to a
crystallographic phase transition via intermolecular cooperativity.®’ At the single
molecule level, in absence of cooperativity, the non-interacting SCO molecules
describe a thermal Boltzmann distribution following the overall vibronic levels of
the ground LS and excited HS states,®° resulting in a gradual spin conversion with
no thermal hysteresis loop, and transition temperature defined by the energy
differences between electronic states. This is well evidenced by theoretical and
experimental studies with diluted SCO systems in solution!'™*3 or in SCO-diluted
solid systems incorporating non-SCO dopants.}* 23 |n the latter cases, the hysteresis
width significantly decreases upon dilution of SCO molecules, and finally disappears
even at relatively low dopant concentration. For example, in the FexM;i.
«(pyrazine)[Pt(CN)s](M = Ni or Co) 3D-system, the initial hysteresis of 30 K (x = 1)
vanishes at x < 0.4,%8 in [FexZni—(bapbpy)(NCS),] (bapbpy = N6,N6-di(pyridin-2-yl)-

2,2-bipyridine-6,6-diamine), the hysteresis disappears at x < 0.76%° or in
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[FexMni_(dpp)2(NCS).]-py (dpp = dipyrido [3,2-a:2',3'-c] phenazine (py = pyridine),
the 40 K hysteresis (x = 1) is completely lost at just x = 0.88.2 Remarkably, no
hysteresis cycles remains below x < 0.37, record threshold value for [Fe«Coi-

X(b'[l’)z'(NCS)z]'HzO.17

One of the alternative strategy to achieve bistability in SCO single molecules is the
use of photo-switchable ligands to induce the spin transition at the metal center. A
photoreaction at the coordinated ligand (typically photo-isomerization) may trigger
indirectly the spin conversion by: 1) changing the ligand field strength (phenomenon
called Ligand-driven light-induced spin change, LD-LISC)**%%; 2) varying the
coordination number (Light-driven coordination-induced spin-state switching, LD-
CISSS)*39%; 3) altering the metal-metal antiferromagnetic coupling; or 4) promoting
the intramolecular electron transfer (Ligand-Driven Light-Induced Valence
Tautomerism, LD-LIVT).3! With these possibilities, the memory effect of SCO
molecules can be achieved at single molecular level, and in some cases, at constant
room temperature.?>?$293132 However, the main disadvantage of these strategies is
that the photoswitching through ligand-driven effects is almost limited to the liquid
phase. Despite this clear limitation, some examples of rigorously unidirectional

d,33_35

photoswitching in the solid state have been foun and exceptionally, an Fe'"

complex with a photoisomerizable diarylethene ligand have shown reversible
)36

photoswitching in solid state (spin conversion of =32%)>° and recently, in thin films

on Au(111) surface.’”

Continuing with the aim of looking for memory effect at single SCO molecule, the
polyanionic iron (Il) trimer, [Fes(p-L)s(H20)s)® (L = 4-(1,2,4-triazol-4-
yl)ethanedisulfonate), described in previous chapters as dimethyl ammonium (1) or
cesium salt (1-Cs), might be a very interesting SCO material in the miniaturization
process down to molecular scale. In bulk, this complex presents wide thermal

hysteresis for the HS - LS equilibria above room temperature, apparently not
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associated to high cooperativity. This particular and counterintuitive behavior
points towards different origin of the memory effect, that could be molecular. These
reasons prompt us to further test the influence of cooperative interactions on the

blStabllIty of (MezNHz)G [Fe3(|,l-|_)6(H20)6] salt (1)

Here we present dilution experiments of this SCO complex by introducing
diamagnetic dopant metal (Zn"ion) and also in aqueous solution. Both dilutions lead
to non-cooperative systems where the participation of molecule-lattice or
intermolecular SCO interactions are negligible. The introduction of the magnetically
silent Zn" ion lead to the formation of the (Me;NH,)s[Fes(u-L)s(H20)slx[Zn3(p-
L)s(H20)s](1-x) Series that were studied by magnetic susceptibility measurements. The
spin transition in highly diluted solutions of 1 (4mM and 1mM) in different aqueous
media (water-ethylene glycol and water-methanol) were followed by UV-vis

spectroscopic measurements.
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4.2. Results

4.2.1. Solid Dilution in a diamagnetic matrix

Synthesis and structural characterization

Crystals of 1, (Me:NHy)s [Fes(p-L)s(H20)s] (L? = 4-(1,2,4-triazol-4-
yl)ethanedisulfonate), and its Zn" analogue (2) were synthetized by following the
reported procedure.®® Both complexes are isostructural, with the same chemical
structure of the polyanionic part (Figure 4.1) and identical cell parameters (Table
4.1), as SCXRD data shows. Therefore, they can form solid mixed solutions of Fe" and

Zn" compounds.

Figure 4. 1. Molecular structure of [Ms(u-L)s(H20)e]'® (M = Fe, Zn). Color code: M = gray; S =

yellow; O = red; N = blue; C = black. (H atoms have been omitted for clarity).



UNIVERSITAT ROVIRA I VIRGILI

BISTABLE MOLECULAR MATERIALS:

Andrea Moneo Corcuera

TRIAZOLE-BASED COORDINATION
CHEMISTRY OF FIRST ROW TRANSITION METALS

Table 4. 1. Crystallographic data for Fe Complex (1) and Zinc Comlex (2) complexes.

1 2
Chemical Formula CsgH100Fe3N24047512 C36H100Zn3N24047512
Formula weigh 2173.66 2202.24
T(K) 100(2) 100(2)
Crystal system Triclinic Triclinic
Space group P-1 P-1

Crystal size
a(R)
b(A)
c(A)
af°)
B(°)
v()

v (A%)

z
Palcd (8 €M)
u(mm™)

F (000)
Refl. collected
Ind.reflections
Abs. correction

6 range (°)

Index ranges

Data/restr/para.
Goodnesss-of-fit
R1 (1>20(1))
wR2 (I>20(1))

0.20x0.04x0.02

14.287(5)
15.1581(6)
21.3262(9)

80.3780(14)
84.2804(13)
83.7729(14)
5(3)

23819
Empirical
1.37-29.15
-19<h<18
-20<k<20
-19<1<29

23819/3588/2115

1.047
0.0740
0.2217

0.02x0.04x0.20

14.2021(5

—_ —
- -

15.1967(5
21.5586(12)
80.5586(12)
84.6950(12)
81.8122(12)
4492.2(3)
2
1.636
1.183
2284
7774
23493
Empirical
1.554-26.641
-17<h <17
19<k<18
-26<1<26
18360/ 3524/1971
1.061
0.0915
0.2367
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The solid mixed [(Fes)«(Zns);x] compounds with the formula (Me;NHz)s[Fes(p-
L)e(H20)s]x[Zns(p-L)s(H20)6] 1% (x = 1.0, 0.6, 0.4, 0.2 and 0.05) were obtained by fast
precipitation with ethanol of the corresponding mixed aqueous solutions of the two
pure salts in the desired ratio, see Experimental section for detailed information.
This procedure affords solid powders with progressive pink — white color from

higher to lower Fe content, Figure 4.2.

a3

\ ; ." Yy .
9909

< - — “‘*_‘
x=1 x=0.6 x=04 x=0.2 x=0.05 x=0

Figure 4.2. Picture of solid mixed [(Fes)«(Zns)1x] complexes with purple/white color depending

on the Fe content.

The effective iron and zinc fractions present in these diluted samples were
determined from ICP-OES and ESEM-EDX analysis, both very close to the iron/zinc
ratio during the synthesis, Figure 4.3. Despite that, the surface EDX analysis reveal

higher values of Fe/Zn ratio than those obtained from ICP-OES analysis.

0.6
e
. [ )
Xiound = Xtheoretical -
0.4+ 3
k] ‘e
c
8 [ )
2
0.2+ &
R ICP-OES
’.,f: EDX
0.0+ . ; ;
0.0 0.2 0.4 0.6

X theoretical

Figure 4.3. Comparison between Fe fraction found in EDX and ICP-OES analysis (x found) as
a function of Fe fraction expected (x theoretical) according to the synthesis of [(Fes)x(Zns3)i]

complexes.
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The EDX analysis together with back scattering ESEM images were performed in five
distant areas of each sample (Figure 4.4), and the Fe and Zn content was calculated
from the average atomic percent value, Table 4.2. This analysis not only reveals the
Fe/Zn ratio but also evidence the homogenous spatial distribution of Fe and Zn over

the samples.

Figure 4.4. Back scattering ESEM images and EDX spectra for [(Fes)«(Zns)i.x] complexes.

Table 4.2. Fe and Zn fraction of [(Fes)«(Zns):x] complexes from ESEM-EDX analysis.

Xtheoretical Mean % Atomic Standart Desviation Xfound
EDX (Fe; Zn) (Fe; Zn) (EDX)

0.6 3.55;3 0.17; 0.19 0.541
04 1.88; 3.37 0.2; 0.17 0.358
0.2 0.89; 3.82 0.28; 0.86 0.188

0.05 0.19; 3.36 0.15;0.58 0.055
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The experimental powder X-Ray diffractograms were well-fitted by Pawley
refinement with TOPAS software®® (Figure 4.6), obtaining refined cell parameters in
good agreement with SCXRD data for pure complexes. As expected for solid
solutions of isostructural complexes, the cell parameters do not show significant
variations upon metal dilution, Figure 4.5. This evidences that the crystalline

structure of pure complexes is also retained in all mixed solids samples.

22
o) 85
ce s X Y
£ i i { % F3
211 84 1 ]
< > 5 B
£ 204 b L g 831
E?15_ * i LS L] I E?
t < 82
a 81{ *; 1t ' "
14 " ¢ . . i
: : : : : . 80— : : : : i
00 02 04 06 08 1.0 00 02 04 06 08 10
X X

Figure 4.5. Refined cell parameters from experimental XRD (shown in Figure 4.6) for the

series of [(Fes)«(Zns3)1x] complexes.
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Figure 4.6. Pawley refinement (black line) of PXRD patterns (red circles) for diluted

MMVMW‘ o
10

[(Fes)«(Zns3)1«] complexes. The difference between fitting and experimental data is

represented by green line.
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Magnetic measurements

Variable temperature magnetic measurements were performed for
(Mez2NH2)s[Fes(p-L)s(H20)6]x[Zns(p-L)s(H20)6]1x) samples (Figure 4.7) at very slow
scan rates (0.3 K/min) to avoid fast-scan artefacts.* The magnetic susceptibility was
calculated per mol of Fe trimer (mol)) and with the corresponding diamagnetic
corrections from sample holder and Zn" complex contributions (detailed
information in Experimental section). In all samples, the ymT product at room
temperature is within 7 - 7.5 cm3-(Fesmol)™-K range. Considering Fe"ps-Fe''sco-Fe'us
trimer configuration, the solid solution at room temperature present the 33 - 50%
of the SCO centers in HS state. The yuT product increases from room temperature
above 350K, reaching saturation (yuT = 9 cm?-(mol))™-K for Fe'ys-Fe'ys-Fe''ys) at 400
K after = 8 hours. Afterwards, the yuT product decreases upon cooling, opening a
wide hysteresis loop in all cases. Surprisingly, it is evident that the dilution has no
apparent effect on the hysteresis width (90 + 10 K) or transition temperatures
(T12M= 378 £ 3 K and Ti24d.= 290 + 10 K), with all SCO parameters remaining
consistent within experimental error, down to the most diluted sample (x = 0.05).

All these parameters are summarized in Table 4.3.

[°E

1
@ K)

(e0]

%, T(cm®-mol,

~
1

200 250 300 350 400
Temperature (K)

Figure 4.7. Variable temperature magnetic data for [(Fes)x(Zns)1..] compounds with x= 0.6 -

0.05. Arrows indicate the scan direction.
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Table 4.3. Transition temperatures and hysteresis width of thermal cycle at 0.3K/min for

[(Fes)x(Zns)1..] compounds with x= 0.6 - 0.05.

X calculated T121 (K) T124 (K) Hysteresis Width (K)
0.6 381 299 82
0.4 380 289 91
0.2 378 282 96
0.05 375 296 79

These results are uniqgue when compared with all previous metal dilution studies in
the literature, where a drastic effect in the SCO behavior was found upon metal
dilution. Particularly, the effect of dilution with Zn" analogue has also been reported
for different SCO complexes but it is not observed in the hysteresis cycles of our
(Fes)x(Zns)1-xcompounds (x = 0.6 - 0.05). According to the statistical analysis provided
by Martin et al.,** in highly diluted samples (x < 0.04) there is a very high probability
(=0.9) to have each Fe'sco center exclusively surrounded by Zn neighbors. Therefore,
we can say that complex 1 maintains the hysteresis loop where the SCO centers can
be considered isolated, suggesting that the hysteresis of 1 does not arise from

intramolecular cooperatives forces, since there is no effect upon dilution.

We studied in more detail the dynamics of the most diluted sample
(Mez2NHz)s[Fes(u-L)s(H20)6]x[Zns(p-L)s(H20)6] 1% (x = 0.05). While the heating branch
shows almost scan-rate independent dynamics, the cooling branch is highly scan
rate dependent, as already observed in pure 1 (x = 1).® When cooling down at 2
K/min, the HS state is trapped, reaching a ymT product of 7.95 cm?: (mol(3)) ™K, which
correspond to over 65 % of the SCO centers in HS state. Cooling down at 10 K/min,
the ymT product at 200 K is still 8.7 cm3-(molu)) ™K, indicating almost quantitative
trapping, with over 90 % of the Fe trimers quenched in the HS excited state, Figure
4.8 left. Once the metastable state is trapped at 200 K by faster cooling, the initial

ground state can be recovered by slow warming at 0.3 K/min. From the derivative
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of this ymT vs T curve, we determined the so-called Temperature Induced Excited

Spin State Trapping (TIESST) temperature®® around 250 K, Figure 4.8 right. It is

worthy to mention that all solid solutions present the same characteristic Trisst,

Figure 4.9, identical to that of bulk (1), indicating that this phenomena is not

influenced by intermolecular cooperativity and that have a molecular origin.
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Figure 4.8. (Left) Variable temperature magnetic data at different scan rates for (Fes)x(Zns):-

x (x = 0.05) compound. (Right) Determination of the Tressr from the heating branch (0.3

K/min) of the trapped HS state as cooled down at 10 K/min.
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Figure 4.9. Comparison of Tresst of the (Fes)«(Zns):-x complexes.
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We studied the kinetics of the isothermal relaxation process for quenched
(Fes)x(Zn3)x (x = 0.05) samples at different temperatures, Figure 4.10 left. First, the
samples were heated up to 400 K, and after saturation, the HS-HS-HS state was
thermally trapped by fast cooling down to the desired temperature to study the
relaxation kinetics to the ground state. The relaxation curves follow an exponential
function (Equation 4.1), typical of non-cooperative system, where the relaxation
rate constants for each isothermal process (kg ) and the characteristic ¥T at infinite

(xTwo) can be extracted:

XT(t) = ¥Too + (YT — ¥Teo)exp(—kpyy, - t) Equation 4.1

The dependence of the rate constant with temperature shows a quite unique
behavior (Figure 4.10 right): kg is constant above Tresst, and rapidly decreases
below this temperature, analogous to bulk measurements of 1.*? This behavior is
unprecedented in SCO materials, that typically show the opposite trend: constant
rate constants below Trisst, and the thermally activation region occur at higher

temperatures, 23404344

In our case, an Arrhenius fit (Equation 4.2) in the thermally activated region below
Triesst yields an estimated activation energy (E.) of 3005 K (2088 cm™), which

represents a large value for a molecular SCO complex.?

ky,(T) = kZOLeXp(Ea/kBT) Equation 4.2
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Figure 4.10. (Left) Spin relaxation processes for the trapped HS state at different
temperatures. (Right) Inky, vs T plot (black points) and a linear fit of the thermally active

region (red line) to estimate the activation energy from the slope.
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4.2.2. Liquid solutions

In the search for additional experimental evidences supporting (or discarding)
the molecular origin of the magnetic features with memory effect exhibited by the
[Fes(p-L)s(H20)6]®~ polyanion, we decided to carry out experiments in liquid
solutions, where cooperative effects are negligible, although other factors as
solvation energy may play a role in the SCO dynamics. To reach a larger temperature
range, we started our experiments with solutions of 1 in a water: ethylene glycol (3
: 4 % v.v) mixture. These solutions are colorless at room temperature, but become
pink upon cooling, Figure 4.11. This visible color change is attributed to the spin-
state conversion of the [Fes(u-L)s(H.0)s]> complex, by analogy with the bulk

samples.

e

293 K 243 K

Figure 4.11. Picture of 6 mM solution of 1 in water: ethylene glycol at 293 K (colorless
solution) and at 243 K (pink solution).

We used variable temperature UV-vis spectroscopy to follow the spin switching of
1 in solution. The absorption spectra for 1 (Solution 1; 4mM) dissolved in water:
ethylene glycol (3:4 % v.v) mixture shows significant temperature-dependence in
the absorbance intensity around 320 nm (Figure 4.12). This absorption peak may
correspond to d—d transition bands of the LS iron" species, arising from A; to T,
transition.® Since this absorption peak is completely bleached at room temperature,

the low spin fraction of complex 1 can be related to absorption intensity of this UV
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peak. At 293 K, the solution appeared colorless and the absorption spectra do not
exhibit a notable absorption band in ultraviolet region, which suggest that all the
iron" trimers are in the Fe'ys-Fe'ys-Fe'lys state. Upon cooling to 243 K the absorption
significantly increases (Figure 4.12 left), which is attribute to a Fe'ys-Fe's-Fe'lys >
Fe'ys-Fe's-Fe'lys transition. The opposite transition is observed during the warming
process up to 293 K (Figure 4.12 right), pointing to a reversible spin transition

process in solution within this temperature range.
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Figure 4.12. Temperature-dependence absorption spectra for Solution 1 (4mM of 1 in water/
ethylene glycol (3:4 %v.v.)). The temperature rate is 0.5 K/min in the cooling (left) and

warming process (right).

Indeed, the evolution of absorbance at 320 nm as a function of temperature (Figure
4.13) reveals the appearance of irreversibility between cooling and warming
branches. Remarkably, the thermal cycle shows an unexpected abrupt character in
the LS = HS conversion, that does not correspond to a Boltzmann distribution,
typical behavior of SCO in solution.® The transition temperature in LS = HS process
is around T12(\) = 270 K, whereas the HS—=>LS transition during the cooling branch
presents a more gradual character with a transition temperature T1/2(\/) = 256 K,
thus opening a 14 K wide hysteresis. Both branches converge above 273 K closing
the hysteresis loop and evidencing a complete and reversible spin transition process

in solution. The temperature dependent data was fitted to obtain Van't Hoff
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parameters for the cooling branch (AH = 81.8 KJ/mol AS = 307.9 J/mol-K) and the
warming branch (AH = — 132.75 KJ/mol and AS = — 491.4 J/mol-K (according to
Equation 4.8 and 4.9 detailed in Experimental section). The comparison of these
thermodynamic parameters show the different thermodynamic nature of the spin

transition between cooling and warming branches.

1.2+

0.8+

Abs at 320 nm

0.0
240 255 270 285 300
Temperature (K)

Figure 4.13. Thermal evolution of the absorbance at 320 nm for 4 mM-solution of 1 in
water/ethylene glycol (3:4% v.v.). The scan rate was 0.5 K/min (black points). Van't Hoff

fitting of the cooling branch (blue line) and warming branch (red line).

The thermal cycles were also performed at slower scan rates, to preclude the
influence of scan rate in the hysteresis opening. The hysteresis cycle (Figure 4.14)
shows consistent behavior and repeatability even at very slow scan rates down to

0.16 K-min?, discarding the influence of thermal fluctuations or inertia.
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Figure 4.14. Normalized 320nm-absorbance of solution 1 at different scan rates: 0.5, 0.25,

0.16 K/min. Arrow indicate the scan temperature direction.

We also studied the relaxation process inside the hysteresis loop looking at the long
time evolution of absorbance (at 260 K), in order to further confirm the genuine
appearance of hysteresis, beyond dynamic effects (Figure 4.15). The relaxation
processes, coming from a cooling branch (HS=>LS) or warming branch (LS2>HS),
show intrinsic different kinetics and reach a stable and constant values just after
one hour and maintaining a 6 % difference even after 5 hours. Additionally, the
relaxation processes can be fitted to exponential asymptotic functions, yielding
different populations at T.. This very slow spin-state interconversion in solution is
similar to that observed in bulk, and in solid solutions, supporting again the

intramolecular origin of the memory effect in this SCO compound.
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Figure 4.15. Absorbance evolution in time at 260 K, after cooling (black points) and warming
process (blue points) at 0.5 K/min. The red lines are the fitted asymptotic exponential
function (Abs=A-B-C"™¢, A =0.79, B = 0.16 and C = 0.16 after cooling and A=0.83, B=-0.04

and C = 0.16 after warming).

In order to discard any agglomeration or solvation effect on the hysteresis loop,
lower concentration solutions of 1 (ImM) in water/ethylene glycol (solution 2) and
water/methanol (solution 3) were studied. At these dilutions, we followed more
intense UV absorption bands, around 230 nm and 260 nm, which can also be

attributed to the LS state, Figure 4.16.
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Figure 4.16. Variable temperature absorption spectra for ImM-solution of 1 dissolved in
water /ethylene glycol (top) and water/methanol (3:4 %v.v.) mixture (bottom) in the cooling

and warming process at 0.5 K/min.

We did not find any significant changes upon more dilute samples, or upon
incorporation of methanol (Figure 4.17). In light of these results, we discarded the
solute-solute interaction and solvation effect (solute-solvent interaction, hydrogen
bonding or intermolecular vibrational modes) as responsible for the appearance of

the thermal hysteresis.
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Figure 4.17. Thermal hysteresis cycle at 0.5 K-min™* for ImM solution of 1 in water/ethylene
glycol and water/methanol mixture.
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4.3. Discussion

All the experimental data, extracted from the study of reduced-cooperative
systems based on dilution of 1, reveal the appearance of a hysteretic SCO behavior
with very slow spin-state interconversion (several hours at room temperature). Our
studies supports the hypothesis that the observed hysteresis is not emerging due to
intermolecular cooperative interactions, as the only accepted origin for such
phenomena. Instead, all our experimental data points towards a kinetic hysteresis
arising from the features of single molecules, probably due to the appearance of an
intramolecular energy barrier causing an extremely slow spin-state interconversion
rate. Our proposal can be well-explained by analogy to Single Molecule Magnets
(SMMs), where the kinetic hysteresis is a consequence of the slow intramolecular

relaxation due to a magnetic anisotropic barrier.*>4¢

We attribute the large barrier to spin transition in complex 1 to the large molecular
rearrangement needed in this case, and that does not obey the simple
configurational coordinate (scc) model,*”*® due to the bulky and charged ligands, L.
This concept was firstly proposed by Toftlund and McGarvey*® that explained the
long spin state lifetimes of light-induced SCO Fe'" complex with the hindrance
provided by stiff ligands. Later, it was further explored in some trigonal prismatic

iron' complexes with spin state lifetimes in the range of nanoseconds.>%>!

Based on this idea, we propose that the reorganization of the twelve dangling
anionic sulfonated groups on the periphery of the ligands during the SCO might
represent the main contribution to intramolecular energy barrier in complex 1, since
these twelve negatively charged functional groups must approach one another
upon the HS - LS transition, given the smaller radii of the centers Fe (LS) center.
Indeed, SCXRD data at 100 K of complex 1, Figure 4.18, reveals very short distances
between the O atoms from close ligands, being the shortest distances 3.7 — 4.02 A

similar to the sum of their van der Waals radii (3.22 A),%? confirming the existence
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of steric hindrance and electrostatic repulsion forces already in LS state. However,
the LS>HS transition would not come with such tendency, since the sulfonate
groups would be gaining additional space. This simple description fits very well the
experimental data. We observed very strong scan rate dependence in the cooling
branches (HS—>LS), reaching easy quenching of the excited state, whereas the

heating branches are almost scan rate independent.

Figure 4.18. Part of the chemical structure for 1 in Fe's-Fe' s-Fe's configuration. Color code:
Fe =pink; S = yellow; O =red; N = blue; C = gray. Four ligand and coordinating water molecules

was removed for clarity.
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4.4. Conclusions

Here, we explore the influence of the cooperative interaction on the bistability of
the thermally-induced Fe" SCO complex (1) by performing dilution experiments in

solid mixed Fe/Zn solution and in liquid solution.

The insertion of isostructural Zn" complexes in 1 do not present significant effect on
SCO properties, and remarkably, the hysteresis is still maintained at very low Fe"
concentration (less than 5% of Fe), contrary to all precedent materials. On the other
hand, diluted liquid solutions of this complex show the appearance of thermal

bistability, as monitored by spectroscopical measurements.

All these experimental data can be well-explained by the occurrence of magnetic
bistability at the single molecule level in this SCO complex. By analogy with single-
molecule magnets (SMMs), we assign this phenomenon to the appearance of an
intramolecular activation barrier resulting in extremely slow spin-state
interconversion (several hours at room temperature), probably related to the steric
hindrance and electrostatic repulsion arising between the twelve —SO* groups
decorating the central iron cation, that need to contract/expand and reorganize
during the SCO process. In this way, the ligand structure design appears as a strategy
to control the spin state lifetime, opening unique and promising options to build

molecular magnetic switches operating around room temperature.
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4.5. Experimental

4.5.1. Synthesis

The ligand 4-(1,2,4-triazol-4-yl)ethanedisulfonate (L*) was obtained as de

dimethylammonium salt (Me,NH,),L following a literature procedure. 32

(Me2NH,)¢ [Fes(n-L)s(H20)6] (1) was synthetized according to procedure reported
previously in our group'. Single crystals were hand collected and used for all further

experiments.

(Me2NH:)e [Zn3(p-L)s(H20)6] (2). Zn(ClO4),-6H,0 (38 mg; 0.10 mmol), and (Me;NH,),L
(90 mg; 0.24 mmol) were dissolved in water (5 ml total volume), obtaining a
colorless solution. Ethanol vapor was slowly diffused into this aqueous solution to
induce crystals growth. Single crystals of 2 were obtained after two days, filtered,
washed with ethanol (3 x 15 mL) and dried in air. The crystals were characterized by

single crystal X ray diffraction at 100 K confirming that 1 and 2 are isostructural.

Solid solutions (Me2NH:)s[Zns(p-L)s(H20)s]i1-x[Fes(u-L)s(H20)slx were prepared
from mixed aqueous solutions of 1 and 2 in the desired molar ratios (see Table 4.4),
with an excess of Ligand ((20 mg) 2.5 mmol/ mmol of 1 and 2) in a total volume of
10 ml of water. Acid ascorbic was also added in order to avoid the Fe" oxidation.
After 10 minutes stirring, the mixed samples were obtained by fast precipitation
with ethanol (20 ml). This suspension is centrifuged to collect the solid, that was
filtered and washed with ethanol/ diethyl ether and dried in air. Yield: (37.2 mg)
63.37% for x = 0.6; (38.7 mg) 63.8% for x = 0.4; (40.1 mg) 65.4% for x = 0.2; (43.5
mg) 54.37% for x= 0.05.
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Table 4.4. Specific amount of 1 and 2 added to form the solid solution mixtures.

FexZni mg (1) mmol (1) mg (2) mmol (2)
X=0.6 29.6 0.013 20 0.009
X=0.4 19.7 0.009 30 0.013
X=0.2 9.86 0.004 40 0.018
X =0.05 2.46 0.001 47.5 0.021

Liquid Solutions of (Me2NH:)s [Fes(p-L)s(H20)s] was dissolved in aqueous mixture
solution. yielding to solution 1, 2 and 3 with different concentrations. All these
solutions was prepared under inert atmosphere in order to avoid the Fe' oxidation.
Solution 1, 4mM concentration, was prepared dissolving complex 1 (30 mg; 0.014
mmol) in 3.4 ml of a mixture of water/ethylene glycol (3:4% v.v.).

Solution 2, 1mM in concentration, was prepared adding complex 1 (8 mg; 0.0038
mmol) to 3.4 ml of a mixture of water/ethylene glycol (3:4% v.v.).

Solution 3, 1ImM, was prepared by dissolving complex 1 (8 mg; 0.0038 mmol) in 3.4

ml of a mixture of water/methanol (3:4% v.v.).
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4.5.2. Physical measurements

ICP-OES was used to carry out elemental analysis with an Agilent 725-ES inductively

coupled plasma optical emission spectrometer at University of Valladolid.

Electron microscopy (ESEM) images and analysis were obtained with a QUANTA600

equipment (FI) under high vacuum conditions with a Large-Field Detector at 20 kV.

Single crystal X-ray diffraction measurements (SCXRD) were performed on a
Bruker-Nonius diffractometer equipped with an APEX Il 4K CCD area detector, a
FR591 rotating anode with MoK radiation, Montel mirrors as monochromator, a
Kappa 4-axis goniometer and an Oxford Cryosystems low temperature device
Cryostream 700 plus (T = -173 °C). Programs used were as follows: data collection
with APEX Il data reduction with Bruker Saint and absorption correction with
SADABS. The crystal structure solutions was achieved using direct methods as
implemented in SHELXTL and visualized using the program XP. Crystal data

collection for 1 and 2 are given in Table 4.1.

X-ray powder diffraction measurements were made using a Siemens D5000
diffractometer (Bragg-Brentano para-focusing geometry and vertical 6-6
goniometer) fitted with a curved graphite diffracted-beam monochromator,
incident and diffracted -beam Soller slits, a 0.06° receiving slit and scintillation
counter as a detector. The angular 26 diffraction range was between 5 and 40°. The
data were collected with an angular step of 0.05° at 10s per step and sample
rotation. A low background Si (510) wafer was used as sample holder. Cu ka

radiation was obtained from a copper X-ray tube operated at 40 kV and 30 mA.

The obtained XPRD patterns were analyzed by Pawley profile analysis using the
Topas software 3° and a Chebyshev function of seven terms was used to fit the

background.
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Magnetic measurements were carried out on grained solid powders with a
Quantum Design MPMS-XL SQUID magnetometer (Quantum Design, Inc, San Diego,

CA, USA) under an applied field of 1000 Oe at different temperature scan rates.

The experimental susceptibility was calculated per mol of iron trimer complex
(Equation 4.3), where the diamagnetism from the sample holder (capsule and wool)

was corrected, see Annex II.

_ (M=Mpag=Myoo1)- Mm(mg/mmol)
Xraw mg(Fe(IDtrimer)-H(0e)

Equation 4.3

The extra diamagnetic contribution was experimentally obtained by fitting of the
low temperature data (< 200 K) of each sample to a Curie-Weiss law with addition

of a diamagnetic term:
= 4 Equation 4.4
X = -0 XDiaA quation 4.

Variable temperature absorption spectra were recorded in 1 cm quartz cells with
an Agilent 8453 diode array spectrophotometer (A =190-1100 nm). A cryostat from
Unisoku Scientific Instruments was used for temperature control. A Pt100 sensor
was inserted into the quartz cell to monitor the exact temperature in the solution.

The measurements were carried out under inert atmosphere.
Temperature dependence of the absorbance was fitted using derived expression
from Van’t Hoff expression (Equation 4.5):

AH  AS
InK,q =— o Equation 4.5

where Keq is the equilibrium constant, AH enthalpy change and AS entropy change.

The equilibrium constant for cooling (HS - LS) and warming process (LS - HS) are

expressed as,

K,q(cooling procces) = (A(LT) — Aops)/(Aops —A(HT))  Equation 4.6
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K,q(warming procces) = (Aops — ACHT))/(A(LT) — Apps)) Equation 4.7

Where the Aobs is observed absorption and the high- and low-temperature limits

of absorption are A(HT) and A(LT), respectively.

Therefore, the temperature dependence absorption spectra for cooling and
warming branch of can be fitted with Equation 4.11 and Equation 4.12, respectively,
by using the Van’t Hoff expression and the corresponding equilibrium constant for

each process.

_AH_AS
e RT R-A(HT)+A(LT )
Aops = AH(AS o Equation 4.8
e RTTR +1
_AH AS @
e RT"R-A(LT)+A(HT )
Aops = 3H AS D) Equation 4.9

e RTTR +1
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Abstract

The interesting SCO behavior of [NH2(CHs)2]s[Fes(pu-L)s(H20)s] (1) complex
and the experimental evidence of molecular memory effect (shown in chapter 4)
makes this system very promising for molecular data storage applications. Here, we
present our first attempt to grow nanostructures of 1 onto a proper surface (either
fused silica or gold) in order to explore possible applications in SCO-based devices.
On one hand, we have been able to obtain homogeneous films of 1 onto fused silica
substrate with control over the thickness in the = 450 — 5 nm range by combining
drop casting and spin coating method. All the films exhibit comparable SCO behavior
with extremely slow spin interconversion and the resulting bistability within wide
temperature range around room temperature. On the other hand, we have studied
the deposition of molecules of 1 on Au (111) surface via controlled pulsed liquid
injection in ultra-high vacuum which allowed to prepare homogeneous sub-
monolayer with well-defined orientation over large range. Indeed, in-situ Scanning
Tunneling Microscopy (STM) images reveal that the material form well-ordered
structures that predominantly nucleate in the herringbone dislocations of the Au
(111) substrate. This represents a promising starting point to investigate the

individual magnetic properties of one single molecule on the surface.
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5.1. Introduction

Spin crossover (SCO) complexes are promising systems proposed for
multiple applications such as data storage, molecular electronics or spintronics.! The
realization of SCO-based application would require the manipulation of these SCO
materials at reduced length scales. Therefore, great efforts have been recently done
towards the preparation of nano-sized SCO materials such as coordination
nanoparticles,”™ thin films>”’ or nano-patterning on surfaces.®° Indeed, the
synthesis of these nanoscale materials,’' the study of their spin switching
properties'? and the development of new processing procedures have contributed
to renew the interest in this field, opening new technological perspectives through

the integration of SCO complexes in hano-devices.

In particular, one of the most appropriate configurations of nano-sized SCO
materials for their incorporation in devices would be continuous thin films, whose
thickness can be tuned with nanometer precision. With this purpose, several
procedures have been developed to transfer intact SCO molecules on solid surface.
Simple deposition methods such as dip coating, drop casting, * spin coating®® or
vacuum sublimation>”¢1® have been extended to a large variety of materials and
allowed the formation of homogeneous film with thickness in the nanometer scale.
On the other hand, more dedicated deposition strategies such as Langmuir-Blodgett
technique, *% chemical deposition?! or in-situ UHV deposition?? are required in

order to form ultra-thin film with fine-tuned thickness precision. 23

An important challenge in this context is to preserve the bistability of the SCO
materials after deposition onto solid surface, since the spin switching phenomenon
can be critically altered due to 1) molecule — surface interaction?2¢ and 2) differing
cooperative phenomena relative to the bulk. Regarding to the latter case, it is well-
known that the “macroscopic” SCO behavior is very sensitive to molecular

environment changes (e.g. solvent molecules, packing, etc...) and the memory effect
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(thermal hysteresis) is directly attributed to cooperative contribution.?’” The nano-
structuration process involves a reduction in the number of interacting centers
(cooperativity), leading to an inevitable change in the SCO properties, and typically,
the complete loss of memory effect at certain finite dimension in which
cooperativity becomes ineffective. Accordingly, it is still uncertain that the
hysteretic behavior may exists at single molecule level in monolayer or sub-
monolayer systems. Indeed, this was experimentally demonstrated by Wolfgang
Kuch et al. in the study of thermal-induced spin transition curves of
[(Fe(H2B(pz)2)2(2,2 -bipy)] complex on graphite surface. The authors observed that
modulating the film thickness from multilayer to sub-monolayer resulted in

apparent anti-cooperative behavior for sub-monolayer coverage.?®

In order to exploit SCO bistability in ultra-thin films, several alternative strategies
have been proposed in the literature. On the one hand, the light-induced
metastable spin trapping (LIESST) phenomenon is independent of cooperative
effects, finding this phenomenon in sub-monolayers of [(Fe(H.B(pz)2)2(bipy)]*° and
[Fe"((3,5-(CH3)2Pz)3BH),] (Pz : 1,4 — pyyrazolyl) complexes.?® Another remarkable
example of SCO bistability is the voltage-induced spin switching that was found by
Wulf Wulfhekel et al. in Fe-phen single molecules deposited on CuN/Cu(100)
surface.?* However, in all these cases low temperatures are still needed, which is

incompatible with room temperature applications.

The thermal-induced SCO complex, [NH2(CHs).]e[Fes(u-L)s(H20)s] (1), appear as an
ideal candidate to overcome this limitation. Complex 1 exhibit large hysteresis in
bulk (over 85 K) above room temperature, and also, experimental observations in
1-diluted systems suggested memory effect at single molecular level. For all these
reasons, the study of the SCO behavior of these molecules in nanostructured
systems are particularly attractive with promising perspectives in molecule-based

data storage application.3!
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In this chapter we prepared films of 1 onto fused silica substrate with controlled
thickness in the range of 450 — 5 nm via combined drop casting/spin coating-based
method. We report on the thermal-induced spin crossover around room
temperature for all these films investigated by variable temperature UV-
spectroscopy. Furthermore, we also obtain well-ordered arrangement of molecules
of 1 over long range of Au (111) surface via controlled pulsed liquid injection into
UHV chamber. The surface was characterized by current-constant Scanning
Tunneling Microscopy (STM) images at room temperature, whereas further

characterization and the investigation of their SCO properties are under progress.
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5.2. Results and discussion

5.2.1. Thin Films of 1 on fused silica substrate

Our first attempts to obtain thin films by a simple drop casting method from
aqueous solutions of 1 on fused silica substrate were not successful to reach a few
nanometer thick films. We found direct relationship between solution
concentration and film thickness after evaporation in film A, B and C (Table 5.1),
with @ minimum thickness of 120 + 20 nm. Lower concentrations did not yield

homogeneous films, and a different preparation method had to be attempted.

Direct spin coating of aqueous solutions of 1 did not result in homogeneous films.
Spin coated films show very low surface coverage since the high solubility of
molecules in aqueous solutions and the slow evaporation rate of water promote the

elimination of the molecules during the spinning.

Then, we tested a combination of both methods, starting with drop casting the
solution of 1, and then spin coating this silica substrate after a resting period of time,
to allow an initial solvent evaporation before spinning. This successive procedure
allowed us to obtain thinner films with controllable thickness depending on the

resting time before the spinning (

Table 5.2). With this strategy, we have able to obtain thinner films, with minimum

thickness over 5+ 1 nm for an optimum 15 min resting time.

Table 5.1. Drop-casted films of 1 as a function of solution concentration.

Film Thickness (nm) Concentration (1) (mg/ml)
A 450 + 40 10
B 350 + 30 5

C 120+ 20 1
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Table 5.2. Drop-casted/Spin coated films of 1 as a function of resting time before spinning.

Film Thickness (nm) Resting Time (min)
D 70+ 10 90
E 35+2 60
F 51 15

The thickness of films A - F was estimated by Atomic Force Microscopy (AFM)
scratching technique. For that, the deposited films were locally removed and the
scratched area was imaged to get a representative cross-section profile, Figure 5.1
and Figure 5.2). The thickness was obtained by subtracting the height of the bare
silica substrate (revealed after removing the deposited film) from the total height of
the layer. The cross-section profiles were performed in the central region of the

substrate, being the most representative zone in the film.



UNIVERSITAT ROVIRA I VIRGILI
BISTABLE MOLECULAR MATERIALS: TRIAZOLE-BASED COORDINATION

CHEMISTRY OF FIRST ROW TRANSITION METALS
Andrea Moneo Corcuera

Film A . /N\\

450
450 + 40 nm | \/\/ \/\«\
E 3001
>
150 (\A
0 e I .
0.00 um 20 30 40
X (um)
Film B
350 + 30 nm = %
. — :
0.00 nm 0 10 20 30 40
X (um)
200
Film C
150
T M
;5 1OO-WJ \\JJ 120 + 20 nm
0 : : T T
0.00 nm 0 10 20 30 40

X (um)

Figure 5.1. (Left) AFM images showing a scratch region of the drop casted films A - C (Right)

Representative cross-section profile across the scratch (Blue line).
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Figure 5.2. (Left) AFM images showing a scratch region of the drop-casted/spin coated films

D - F. (Right) Representative cross-section profile across the scratch (Blue line).
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The morphology and topography of the deposited films were analyzed through AFM
images at room temperature. In all films, the substrate was homogeneously covered
by the deposited layer, with lower agglomeration and surface roughness for thinner
films. This difference can be easily observed in Figure 5.3, which shows AFM images
for the most representative films (the thickest (A) and thinnest (F) film). The surface
roughness was extracted from 100 x 100 pum? AFM images, obtaining average

roughness (Ra) parameter of 64 nm for film A and 6.2 nm for film F.

655.41 nm

FilmA | 20+

80— &

™ T T T T T T °
0 20 40 60 80 100
X[um] X[um]

Figure 5.3. 100 x 100 um? AFM images for film A (top) and film F (bottom) and the

corresponding zoom AFM image.

Regarding the thinnest film F, more detailed AFM images collected over 10 x 10 um?
area (Figure 5.4 Top) reveal very thin layer with mean thickness around 5 £ 1 nm,
despite some nucleation points with average height of 35.6 £+ 0.6 nm randomly
distributed on the surface, Figure 5.4 Bottom. The error were calculated from

variance analysis (ANOVA).
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Figure 5.4. (Left) 10x10 um? AFM images of film F. (Middle) Representative analysis profile

showing the film thickness and nucleation point dimensions. (Right) Height distribution of

nucleation points.

Taking the advantage of the absorption properties of LS species of 1, films A - F were
also characterized by UV absorption spectroscopy. This provides a proportional
relation between the absorption intensity and the absorptive species, which allows
us to verify the thickness extracted from AFM images.3?3% UV absorption spectra
were collected for film A — F at 270 K, where the trimers are in Fe'ys-Fe'\s-Fe'ys
ground state. All the films exhibit a clear absorption peak centred at 278 nm (Figure

5.5 Left), which could be assigned to *A; = 1T, transition for Fe" in LS state. The 278
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nm absorbance (Abs) is lineally proportional to the estimated thickness (x), in good

agreement with the Lambert-Beer Law,
Abs = € -x Eg 5.1

According to that equation, the molar absorption coefficient (€) of complex 1 in
films was determined obtaining a value of 12-10® cm™, extracted from the lineal fit

of Abs (278 nm) vs thickness plot, Figure 5.5 right.

1.0
1.0 Abs at 278 nm 450 nm Lineal Fit (R*=0.966) .
350 nm B
1200m | 0.8 Slope = 0.0012(1) nm™
—~ 0.8 e
=] 35 nm )
8 5nm R 0.6
2L 0.6 5]
< %)
<
°'4'¥ -
E—
0.2 T T T 0.2 . . : .
200 250 300 350 400 0 100 200 300 400 500
Wavelength (nm) Thickness (nm)

Figure 5.5. Absorbance vs film thickness plot of films A-F. Red line is the linear fit of the

experimental data (black dot). The inset is the linear fit data.

We investigated the existence of the spin transition phenomena of 1 in the films A -
F. The magnetic response of these films cannot be studied directly with magnetic
measurements, due to their very small size and the contribution from the Si support.
As an alternative method, variable temperature UV absorption spectroscopy was
used to study the spin transition, taking advantage of the sighature spectroscopy

differences between high spin (HS) and low spin (LS) states for this material.

As expected, films A — F show significant temperature-dependence in the absorption
peak centred at 278 nm. Figure 5.6 show these UV absorption spectra for thicker
film (A) during warming and cooling process within 265 — 400 K range. Upon heating

process, the absorption peak remarkably decrease, assigned to the spin transition
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from LS to HS state of the central Fe" ion. An opposite behavior is observed during
cooling process, but the initial absorption spectra is not immediately reached during

this process.

1.0

Heating Process Cooling Process

0.8+

0.6+

Abs (a.u.)

0.4+

400K 400K
200 250 300 350 200 250 300 350
Wavelength (nm) Wavelength (nm)

Figure 5.6. Variable-temperature UV absorption spectra for film A upon heating (left) and

cooling process (right).

Similar temperature-dependence of the UV absorption spectra is observed in all the
films. The normalized 278 nm-absorbance evolution as a function of temperature
(Figure 5.7) reveals that the film thickness do not affect the spin crossover behavior.
Indeed, the SCO memory effect were preserved for the thinnest film (around 5 nm
od mean thickness). These observations are often not consistent with size reduction
effect studies,®* when thermal hysteresis is diminished, and eventually lost, via

nano-structuration.
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Figure 5.7. Evolution of 278 nm-absorbance within 270 — 400 K for films A—F.

Focussing on the SCO behaviour of the thinnest film (Figure 5.8 left) we observed a
continuous decrease in the absorbance value up to 400 K, at a scan rate of 1K/min
and even a further decrease when the temperature was hold for one hour at 400 K
until reaching saturation (Figure 5.8 inset). The HS population rate at 400 K follows
an exponential function [Abs = 0.281 + 0.0021-exp(0.041-T)], typical of non-
cooperative materials. The films were cooled down at a slower rate (0.5K/min), to
avoid any dynamic effects, and we found that absorbance keeps increasing slowly.
At the minimum temperature achieved (265K), the absorbance of the films kept
decreasing, needing 6 hours to recover the original LS ground state, Figure 5.8 right.
The spin relaxation kinetics can be well-fitted to exponential function [Abs = 0.287 -
0.0072-exp(-0.44-T)], leading to a non-cooperative spin transition. All these
experimental observation already suggest the appearance of a reversible spin
transition with memory effect at room temperature, and also extremely slow
kinetics of the spin interconversion processes, as previously observed in bulk and in

diluted systems of 1.
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Figure 5.8. (Left) Thermal evolution of 278 nm-absorbance for film F. (Inset) The absorbance

evolution rate at 400 K (Black squares) and at 293 K with the corresponding fit functions (full

lines). Arrows indicate the scan direction.

Moreover, this thermal cycle was reproducible and robust in successive cycles,

Figure 5.9.
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Figure 5.9. Two successive thermal cycles for film F. Arrows indicate the scan direction.



UNIVERSITAT ROVIRA I VIRGILI

BISTABLE MOLECULAR MATERIALS: TRIAZOLE-BASED COORDINATION
CHEMISTRY OF FIRST ROW TRANSITION METALS

Andrea Moneo Corcuera

5.2.2. Study of the deposition of 1 on Au (111) substrate

We studied the deposition of molecules of 1 onto gold surface in ultra-high vacuum
(UHV). The Au (111) substrate was selected due to the expected high affinity of the
sulfonated groups of 1 for gold surface. between the surface and the sulfonated

groups of the molecules.3>®

Before deposition, the surface topography of the bare Au (111) substrate was
characterized by constant current mode Scanning Tunneling Microscopy (STM) at
room temperature. Figure 5.10 shows typical Au (111) surface with characteristic
herringbone pattern referred to the surface atomic reconstruction.?’*® The
herringbone pattern appears in the STM images as bright pair of lines (soliton walls),
which separate alternatively Hexagonally Close-Packed (HCP) and Face-Centered
Cubic (FCC) regions with a width of 4.1 and 3.3 nm, respectively. The intersection of
the soliton walls (called “elbows”) are separated with a periodicity of = 18.7 nm. The
Au (111) surface also presents step-edge with height of 2.5 + 0.5 A, that correspond
to a monoatomic Au step.3® The observation of these features on the surface
(herringbone reconstruction and monoatomic steps) is often considered as criteria
of cleanliness. Moreover, these dislocations typically play a critical role on the
deposition of material over the surface. Indeed, previous deposition studies show
that the “elbows” and step-edges are the most reactive regions of the surface since

the materials predominantly nucleate at these regions.3™
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= 25+05A

Figure 5.10. (Left) STM image (V = 1 V; | = 0.057 nA) of bare Au (111) surface with a zoom
showing the herringbone pattern. (Top right) Cross-section profile across the step-edge (blue
line). (Bottom right) Representation of a herringbone reconstruction highlighting the fcc, hcp

and elbow regions.

Complex 1 was deposited onto clean Au (111) surface via controlled pulsed injection
of highly diluted aqueous solution of 1 (0.35 mM) in UHV. This deposition method is
based on pulsed fast-valve that allow to introduce small droplets of solution in UHV
chamber where the substrate is placed (see experimental section for detailed
information). After the deposition, the surface were characterized by in-situ STM
images, observing that the molecular coverage can be controlled as a function of
pulses number. Indeed, the increase of injection pulses number (from 2 to 12 pulses)
suppose a progressive coverage of molecules at the surface, Figure 5.11 Top. The
STM images of the substrate after 2 injection pulses reveal islands of material in the
FCC regions along the herringbone reconstruction and in the step-edges of the Au
(111) surface, in good agreement with previous deposition onto this surface.*>*!
Some of these entities are isolated with 1.1 — 1.8 nm in diameter (see blue arrows),

which approximately coincide to the molecular dimensions of the iron (l1) trimer.?

With 8 injection pulses, the deposited material grow in the FCC region from the
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nucleation points at the dislocations of the herringbone reconstruction. The STM
images of the substrate after 12 injection pulses show significant higher surface
coverage and molecular arrangement with apparent deviation from the initial

herringbone pattern.

In order to achieve smaller diffusion rate and to ensure the complete removal of the
solvent, these samples were kept overnight in the UHV chamber. The resulting STM
images (Figure 5.11 Bottom) remarkably reveal the appearance of higher ordered
structures on the surface relative to freshly-prepared samples. In particular, this
difference is more notorious in sample with 8 and 12 injection pulses, showing
molecular arrangement with well-defined orientation in long — range. In 8 pulses
sample, this orientation follow the herringbone pattern, while 12 pulses sample

present considerable deviation from the initial pattern.

2 Pulses 8 Pulses

Figure 5.11. STM images of 1 film on Au (111) after 2 pulses (V =-1V; 1 =0.032 nA), 8 pulses(V
=-1V;1=0.032nA)and 12 pulses (V=1V;1=0.028 nAand V=-1.33V; | =0.035 nA), injection

of 1-solution.
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Taking advantage of this observation, we have able to obtain highly homogeneous
and ordered sub-monolayer via two-step deposition process. As first step, a solution
of 1 (0.35 mM) was injected in 4 pulses of 5 ms into the UHV chamber. After keeping
the substrate overnight, the second deposition step of 4 injection pulses were
performed on the same position of the substrate. The resulting STM images of this
sample reveals that the deposited material form fiber-like shape structures with
well-defined orientation on a large scale, Figure 5.12. The preferential orientation
appear as parallel fibers with no tendency towards zig-zag reconstruction pattern,
Figure 5.12 Bottom. In some regions close to step-edges, the material start to
deposit in perpendicular directions to the preferential direction, resulting in an

ordered branchy network, Figure 5.12 Top.

Figure 5.12. (Left) STM image (V =-1V; | =0.026 nA) of Au (111) after two-step deposition of
8 total injection pulses. (Right) STM images (V = -1 V; | = 0.026 nA) showing the two

preferential orientations of the deposited material.
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Preferential orientation of parallel fibers are further analyzed by using a
representative constant current mode STM image of this sample, Figure 5.13. Cross-
sectional profiles along the deposited fibers show a mean width of the fibers of 3.5
1 0.3 nm and the mean periodicity perpendicular to the fibers of 6.9 + 0.3 nm, which
is in good agreement to the value obtained from Fourier Transform of 3 x 3 um STM
image (7.1 £ 0.3 nm). This data does not correspond to the width of FCC and HCP
region from the reconstruction of the bare substrate, suggesting a variation of the

herringbone pattern, probably due to the molecule-surface interaction.

H Fiber Width

1 T " Periodicity

15 30 45 60

X (nm)
8 7 8
Fiber Width ~~ Experimental o 7 E: i |
T 7+1nm
6+ 6+
\Z
S4 2 54 /
3 %’N 3 ) V)
|
21 % 21
é .
0 B A4 1 é / ao 0 : . .
3.0 42 45 6 7 8 9
X (nm)

Figure 5.13. (Top, Left) STM image (V = -1 V; | = 0.035 nA) of preferential orientation after
two-step deposition of 1 on Au (111). (Top, right) Cross section profile along blue line in the

STM images. (Bottom) Distance distribution of the fiber width and the periocity
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corresponding to different cross section of the STM image. The error were calculated by

variance analysis (ANOVA).

In order to discard any solvent effect, a blank solution (water no containing complex
1) was also deposited on clean Au (111) substrate. The resulting STM images after
the injection showed clean bare substrate with any features. This verifies that the
features previously shown are due to adsorbed molecules of 1 and not to a residual

solvent effect.
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5.3. Conclusions

In summary, we have prepared nanostructured films of [NH>(CHs)z]s[Fes(u-
L)s(H20)6] (1) complex onto fused silica substrate with control over the thickness
(range between 450 nm and 5 nm) by combining drop casting and spin coating
methods. We have investigated their SCO properties, observing the preservation of
the thermal hysteresis in all these nanostructured films. Contrary to typical SCO
materials in films, negligible thickness effect (associated to cooperativity effect) was
found in the spin transition behavior, and indeed, the thinnest film obtained (mean
thickness of 5 + 1 nm) also show wide hysteresis loop and extremely slow spin state
interconversion at room temperature as in the bulk and diluted systems. Therefore,
this particular SCO material open interesting perspectives towards the development

of SCO single molecule memories.

With this perspective, we have deposited molecules of 1 on Au (111) substrate
under high vacuum system via controlled liquid injection system. The molecules on
the surface arrange with well-defined orientation and they can form homogenous
and ordered sub-monolayer over long range. These results are actually the first step
toward further investigations of spin transition of a single molecule attached on a

surface.
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5.4. Experimental

5.4.1. Film Preparation onto fused silica substrate

The films were deposited onto fused silica substrates, which were cleaned with

acetone and isopropanol to remove contaminants.

Drop-casted films (A, B and C). Complex 1 was dissolved in Milli Q water under
nitrogen atmosphere at different concentrations (10.5, and 1 mg/ml). 30 pl of these
aqueous solutions were drop-casted onto the clean fused silica substrate.
Afterwards, solvent was evaporated at room temperature to yield films A,B and C,

respectively.

Drop-Casted/Spin-Coated films (D, E and F). Complex 1 (10 mg) was dissolved in
Milli Q water (1 mL) under nitrogen atmosphere. 30 ul of this aqueous solution were
drop-casted onto a fused silica substrate. After letting the substrate to stand at
room temperature (15, 30 and 90 min), the silica substrate was spinned at a 3000

rpm for one min to yield samples D, E and F, respectively.
5.4.2. Film Preparation onto Au (111) substrate

These experiments were carried out in the ICMM-CSIC in ESISNA group. The Au(111)
substrates were cleaned under UHV by multiple alternating Ar* sputtering (1 keV /

15pA) and thermal annealing at (470 °C) cycles of 10 minutes.

The deposition of complex 1 onto Au (111) substrate was performed in ultrahigh
vacuum chamber by controlled liquieid injection. The solution of complex 1 was
introduced into UHV chamber through Liquid Injection Valve (LIV), properly
connected to a vacuum pre-chamber (5-10° mbar), Figure 5.14.%% This deposition
method combine a fast injection of opening/closing time of 5 millisecond (variable

pulses number) and a vacuum technology (turbo molecular pump and a vacuum
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gauge). The pre-chamber pressure is recorded by a Pirani-Pening vacuum gauge and

mass quadrupole spectrometer.

Figure 5.14. Scheme of the LIV valve for controlled liquid injection into high vacuum

chamber.
5.4.3. Physical methods

Atomic Force Microscopy (AFM). The AFM images were acquired in Laboratoire de
Chimie de Coordination (LCC-CNRS) in Toulouse with SmartsSPM-1000 Scanning
Probe Microscope with a silicon tip (HQNSC15-AIBS, 325 Khz; 40N/m). AFM
measurements were performed by using tapping mode at room temperature. Film
thickness was estimated by using a scratching technique, which consist in imaging a
scratched area of the films to directly measure the depth profile. The surface
topographical images were treated with the WSxM 5.0 Develop 9.1. image

processing software.**

Ultraviolet Visible (UV-vis) spectroscopy. Temperature dependent UV absorption
spectra were acquired in the 200—400 nm range with a Cary 50 spectrophotometer
and a Linkam FTIR-600 liquid nitrogen cryostat. The sample chamber was purged
with nitrogen. The UV absorption spectra were collected in LCC-CNRS institute in

the team P.
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Scanning Tunneling Microscopy (STM). The experiments were conducted in an
ultrahigh vacuum (UHV) STM chamber (1 - 10'° mbar) equipped with a liquid
injection valve for the deposition and in-situ room temperature STM from
OMICRON. The STM images were recorded in the constant current mode at
stabilization bias voltages between -1.5 and 1.5 V. W tips, prepared in situ by
thermal annealing and field emission, were used. The STM images were analyzed by

WSxM. These experiments were carried out in the ICMM-CSIC in ESISNA group.
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General Conclusions

In the present doctoral thesis, the basic molecular magnetism of coordination
compounds based on the di-anionic ligand (L? = 4-(1,2,4-triazol-4-
yl)ethanedisulfonate) have been explored. In particular, the spin crossover (SCO)
phenomenon has been studied in different dimensions scales, from bulk to single

molecule, ending with application-oriented surface engineering.

e In Chapter 2, we have selectively synthetized linear trinuclear complexes with the
formula [NH.Me;]s[Ms(p-L)s(H20)s] (M = Mn", Co", Ni", Fe" and Cu") by the
reaction of the ligand (L) with the metal precursors. These trimers presented
dominant intra-trimer antiferromagnetic interactions, promoted by the triazole
bridging mode. We extracted the magnetic exchange parameters (J) from the
magnetic susceptibility data, finding slightly lower J values when compared with
analogous trimers in the literature, which we attributed to a higher local
distortion of metal octahedral in our compounds.

e In Chapter 3, we describe how simple cation-exchange yields new salts of the
polyanionic Fe" trimer [Fes(u-Le)(H20)6]®”, where different SCO behavior was
found. The substitution of dimethyl ammonium by heavy alkaline mono-cations
as Cs* and Rb* resulted in more abrupt transitions. We correlate this behavior to
stronger intermolecular connectivity (i.e. higher cooperativity) in these materials.
Remarkably, this increase in cooperativity does not promote wider thermal
hysteresis, as expected, which suggests that the observed hysteresis in this series
may be not exclusively associated to bulk cooperativity.

e In Chapter 4, we present our studies upon magnetic dilution of this [Fes(p-
Ls)(H20)6]®" trimer. Our results indicate that the thermal hysteresis is preserved
even in highly diluted systems: in Fe/Zn solid solutions and also in liquid solution.
The observation of hysteresis in such diluted materials, where the cooperative

forces are negligible, are unprecedented in SCO materials. By analogy to single
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molecule magnets, we assign the occurrence of SCO memory at the molecular
level to the appearance of an intramolecular activation barrier to the relaxation
process, resulting in extremely slow spin-state interconversion. These results
open the opportunity to exploit this SCO-active molecules in molecular data
storage.

e In Chapter 5, we exploit the molecular memory effect of this SCO Fe" complex
to fabricate nanometer film on fused silica with intact SCO bistability, even in
5nm-thick film. Furthermore, we were also able to push the miniaturization
process beyond nanometer size by growing well-ordered sub-monolayer of this
SCO complex on Au (111) surface. These results suppose our first step toward
the investigation of the spin transition of this single SCO molecule as deposited

on a surface.
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Annex |

Basic Molecular
Magnetism Concepts
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In order to understand the magnetic properties of transition metal
coordination complexes is required to know some definitions and basic concepts
about molecular magnetism. Here, we emphasize the importance of the number
of unpaired electrons in the resultant magnetic properties, focusing our attention

on temperature-dependent magnetic behavior.
Magnetic susceptibility and magnetization

Definition and Units

When a homogeneous magnetic field (H) interact with a molecular
compound (1 mol), it acquires a molar magnetization (M). The way in which M vary

with H is described as,

oM _

i X Equation 6.1

Where y represent the molar magnetic susceptibility of the compound.

When the magnetic field is weak enough, the susceptibility becomes independent

to the magnetic field,
M
a= X Equation 6.2

The units of these magnitudes are often defined by the CGS system. Where H is
magnetic field strength expressed in Gauss (G), M is expressed in cm?-G-mol?, and
represents the molar magnetic susceptibility (x) have the molar volume units

(cm3-mol?).
Diamagnetism and paramagnetism

The magnetic susceptibility can be described as the magnetic response of a
material to an applied magnetic field. According to this concept, there are
diamagnetic and paramagnetic substances with different behavior into an applied

field.
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On one hand, the diamagnetism is a common property of all the matter and it arises
from the interaction between the motion of the electrons in their orbits and the
magnetic field. The diamagnetism is related to materials with filled electronic shells
(i.e. paired electrons). The diamagnetic materials are repelled by the magnetic field,
showing negative and small values of the magnetic susceptibility, generally in -1 to
100-10° cm3 mol™ range. Moreover, the diamagnetic susceptibility is independent

to the temperature.

On the other hand, the paramagnetism is related to unpaired electrons and it is
generated from the interaction of this electrons with the magnetic field. The
paramagnetic materials concentrate the density of the magnetic lines of force. The
magnetic susceptibility of this substances present typically positive values, highly

dependent on the temperature.

Coordination transition metal complexes present a combination of both

diamagnetic and paramagnetic contribution through this algebraic sum,
x=x2+x° Equation 6.3

Where yPand P are the diamagnetic and paramagnetic contribution to the total

magnetic susceptibly of the complexes ().

Since, in most cases, the paramagnetic susceptibility is the interested variable,
diamagnetic corrections have to be carried out in the treatment of variable

temperature magnetic susceptibility data.
Fundamental Equations. Van Vleck Formula

When a magnetic field perturb a material, their magnetic moment vary in

function to the energy of their populated states (E),

s

M=

Equation 6.4
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The macroscopic magnetization is result of the sum of microscopic magnetization
(4, = —O6E,/ 6H) according to Boltzmann distribution for the population of energy
levels.

_ V() exe(~7)

T kT Ynexp (—i—?)

Equation 6.5

Where N is the Avogadro Numbers, K is the Boltzmann constant, T the temperature
and E,(lx) is the energy of different states (x).
This is a fundamental equation in the molecular magnetism field, from which other

important expressions have been deduced. For example, the Van Vleck Formula

(Equation 6.6) is based on this equation and in several approximations:

- The first approximation was the energy expressed as polynomial function

with the magnetic field,

E,=E® +EMVH+EPH? ..

SE,

Mo ==t = —EV 2Py

- Second approximation was very weak magnetic fields, H/kT<<<1
o =~ — 269

- Moreover, non-spontaneous magnetization (M=0 when H=0) and the lineal

dependence of magnetization with respect to H.

Thus, the equation 6.5. and previous approximations lead to the development of

Van Vleck Formula,

12
NZn<E’£—T-2E£2))exp (B /KT

= Equation 6.6
X Snexp (-ES /KT)

If the energy vary lineally with the magnetic field, E,Sz):o, then the Van Vleck

Formula can be simplified as,
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_ NI EM%expE® kT
kTZnexpESn/kT

Equation 6.7

The Curie Law

The Curie Law was proposed from experimental data in 1910 before the
guantum mechanics. The Curie Law suppose that the ground state has no angular
momentum and the excited states are very well-separated to the ground state. This
law describes that the paramagnetic susceptibility (x) vary inversely with the
temperature through the Equation 6.8, where C is the Curie Constant expressed in

cm3-K-mol™.

c
X=z Equation 6.8

Thus, the Curie constant can be extracted from experimental data of fitted y vs T

plot, where the slope is C*?, Figure 6.1.

. /
e
24 // -40
Y2 ./'/ =
2 g E
~ — 1
"’é l A Slope =C o
Sl y 20 &
1 —
= 1| /./ <
Vo
7
X
[ e S,
0Z£ : ; 0
0 100 200

Temperature (K)

Figure 6.1. y vs T plot and x * vs T plot for an example with C=4.37 cm®-mol*-K.

On the other hand, the Curie constant can be also determined theoretically. We use

the simplified Van Vleck formula and the equation of the energy levels (E, =

MsgpBH, with E,(lo) = 0) leading to Equation 6.9 and 6.10,

2
X = % Z?‘Z:_S MZ2/(25 +1) Equation 6.9
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2
X = N,;,gkf SS+1) Equation 6.10

Finally, applying the Curie thermal dependence of the magnetic susceptibility, the

Curie constant can be expressed as,

2 2
C = % SSE+1) = w Equation 6.11

Where N is the Avogadro's number (6.022-10%% mol™), g is the g-factor (typically g =
2 for ideal isotropic situation), k is the Boltzmann constant (9.27-10%* J/T), Bis the

Bohr magneton and S is the total spin.
The Curie-Weiss Law

The Curie Law is only applicable to ideal system when the magnetization vary
lineally with the magnetic field. Therefore, most magnetic system do not strictly
obey the Curie Law. This deviation can be caused by the population variation within
measured temperature range and/or the magnetic coupling between paramagnetic
centers. To take into account these deviations, a correction term is introduced in

Curie Law, leading to the called Curie-Weiss Law,

c

x(TD) = 0

Equation 6.12

Where C is the Curie constant and 6 is a correction term or also called Weiss
constant, with temperature units (K). Both parameters can be obtained empirically
from linear fit of x* vs T plots, where the slope correspond to C? value and the

abscissa intercept is - 8/C value.

_ T
x ==

c Equation 6.13

alo

The x* vs T line for systems following this law do not intercept the origin as ideal
systems, see Figure 6.2. Typically, negatives values of Weiss constant involve
antiferromagnetic interactions, while positives values are associated to

ferromagnetic interactions.
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Figure 6.2. Comparison of the magnetic material that follow the Curie and the Curie-Weiss
Law.

Magnetization. Brillouin Function
The magnetization data can be described as,
M =N g pBS - Bs(x) Equation 6.14

Where N is the number of centers with spin (S), g is the g-factor and B,(x) is the

Brilluoin Function:

B(x) = %coth (22—;1 y) - % coth (% y) Equation 6.15
x = gpSH/kT

Being S the Bohr magneton (5.7888 eV-T), H the external magnetic field applied

(Teslas), g the g-factor and kT is the Boltzmann constant (8.6173 eV-K%).

According to this magnetization description, when H/KT is small, the magnetization
is lineal with the magnetic field, while when H/kT is big enough the Brillouin
Function tends to the unity and the magnetization reach a saturation value (M, =
NgpS). The magnetization curve for g = 2 and different values of spins are shown

in Figure 6.3.



UNIVERSITAT ROVIRA I VIRGILI

BISTABLE MOLECULAR MATERIALS: TRIAZOLE-BASED COORDINATION
CHEMISTRY OF FIRST ROW TRANSITION METALS

Andrea Moneo Corcuera

51 e .t PRPSPS S S Sl '§§E};
.

4 - .”,. o . .7.,.,.——01——0 ofofo—og,:.é.,,.,‘
—_ //./
\3? 31 ¢ ./.
s s S=15

2+ ://‘ e oo oo 000000 0§—:01H

0 : . . |

0.0 0.5 1.0 15 2.0 25

uH/IKT

Figure 6.3. Magnetization with g=2 for Cu" (5=0.5), Ni" (S=1) Cous" (5=1.5) and Mnys" (5=2.5).

Magnetic Superexchange

The interaction between magnetic centers is probably one of the most
important source of magnetic exchange in transition metal ions. Typically, the
general model for coordination transition metal complexes is paramagnetic metal
ions with uncorrelated spins separated by diamagnetic atoms from the ligands.
Therefore, the spins of the metal centers can interact each other through atoms of
ligands. The strength of this spin-spin interaction depends on several factors
including the orbitals overlapping. This spin-spin exchange interaction is also called

magnetic superexchange.

To express the spin-spin exchange interaction, we use a general Hamiltonian

expression, called isotropic or Heisenberg Hamiltonian,
H,, = -2 Z]l.jSl- ) Equation 6.16

Where S are the spins of the different metal centers (i,j) and J is the exchange
constant expressed in Kelvins, which measure the character and strength of the
interaction. A negative value of J is attributed to antiferromagnetic interactions and

a positive value is associated to ferromagnetic interaction.
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In particular, the lineal trinuclear complexes shown in Chapter 2 have been
modulated as centrosymmetric linear trimer with exchange coupling parameter (J)
between neighboring and terminal metal centers. We assume that the exchange
pathway between the neighboring metal are identical (J = J12 = J23) and the coupling
between the terminal metal centers is zero (J13 = 0), Figure 6.4. Moreover, the
effective g-factor was considered to be identical for all the metal centers in the

trimer.

1157053

S, S5

S1

Figure 6.4. Simplified scheme of magnetic coupling for a lineal trimer system

The magnetic exchange interactions in this simplified model is expressed by the

isotropic Hamiltonian,
H, = —2J(S1 Sy + S5 S3) = —=2](5,(S1 + S3)) Equation 6.17
Where Sy, S; and S3 are the spins of the metal centers. If we describe S, = S +
Szand Sy =S4+ Sy,
H,, = —2J(S,-54) = —J(52 — §3 — 5%) Equation 6.18
The energies have been expressed in function of J,
E,=—J(Sr(Sp+1) —S,(5,+ 1) Equation 6.19

According to that energy equation, the energy levels were calculated in function to

J for Mn", Ni" and Cu" trimers, shown in Table 6.1.
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Table 6.1. Energy levels for trimers of Mn", Ni" and Cu".

Complexes n Sa St E.
1 5 15/2 -551J(-33.75)
M = Mn" 2 5 5/2 -30J(-8.75)
3 0 5/2 0 (+21.25)
1 2 3 -10J (-6)
M = Ni" 2 2 1 -61(-2)
3 0 1 0 (+4)
3/2 -3)(-7/4)
M = Cu" 2 1 1/2 -2)(-3/4)
3 0 1/2 0 (+5/4)

Therefore, if J is negative, the fundamental state is antiferromagnetic and if J is

positive the ferromagnetic state would be the lower energy level, see Figure 6.5.

Ferromagnetic states (E,)

Antiferromagnetic states (E;)

1 M

=
o
1

Normalize Energy
o

N Ml

o
o
1

1<0 J1>0

Figure 6.5. Energy diagram for negative or positive J parameter.
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Magnetic
Measurements
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Magnetic measurements

MPMS SQUID Magnetometer and functional parts

Magnetic measurements were performed in a Quantum Design Magnetic Property
Measurement System (MPMS) SQUID magnetometer. This analytical instrument is
able to study magnetic properties with high sensibility of small solid samples in wide
range of temperature and magnetic field. The principal components are shown in

Figure 7.1 and the most important functional components are:

e Temperature Control Module (TCM) that offer a regulated and precise range
of operation between 1.9 K and 400 K.

e Superconducting magnet with two Josepshon junction able to generate high
and uniform magnetic fields between -7 to 7 Teslas. There are several modes
to control the magnetic field, the Oscillate Mode, no overshoot mode and
high and low resolution mode.

e SQUID (Superconducting Quantum Interference Device) detector system
that consist in SQUID sensing loops, superconducting transformer with a RFI
shield, and the SQUID sensor. The detector is designed to reject the magnetic
field from the magnet.

e Liquid Helium system to refrigerate the superconducting detector, magnet

and to operate down to 1.9 K.
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Figure 7.1. MPMS System Components
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Sample Preparation

The MPSMS system was mainly use in this thesis to measure the magnetic
properties of several samples in variable temperature magnetic susceptibility

measurements and in magnetization measurements.

The grained-crystals or homogeneous powder, with known weight, was introduced
in a diamagnetic gel capsule. Glass wool was later introduced to hold the powder. A
hole of around 1mm in diameter was done in the top part of the capsule to facilitate
the purge inside the capsule. Kapton® polyimide film is fixed around the capsule to
avoid the separation of the two parts of the capsule. Finally, the capsule is placed in
a plastic tube (Figure 7.2), which is introduced in the pre-chamber of the instrument.
Cycles of vacuum and helium gas are performed in the pre-chamber in order to
avoid air and humidity. Afterwards, the sample is transported to the chamber where

the magnetic measurements takes places.

Figure 7.2. Picture of a sample ready to measure
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Sample Detection

The magnetic moment of the sample is detected through a superconducting
detection coil that is connected to the SQUID detector (Figure 7.3), which transform

the current intensity into magnetic moment signal.

SQUID Input Coil SQuID

Sample

Superconducting detection coil

/ T —

e

Magnet

Figure 7.3. Scheme of the detection of the magnetic response of the sample.

The sample is place inside a superconducting detection coils and the movement of
the sample changes the magnetic flux of the detections coils, AD, causing a
proportional induced intensity, Al. This Al can be related to A® through the circuit

impedance, L:

Al = - Equation 7.1

The superconducting detection coil and the SQUID Input Coin form a close-circuit,
which is connected to SQUID detector. SQUID detects the intensity in the
superconducting coils and it generates a proportional potential difference (V).

Therefore, the potential difference is also proportional to the magnetic response of
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the sample. The instrument mathematically transform the potential difference into

magnetization (M), expressed in emu or cm?.

The RSO option was used to perform variable temperature magnetic susceptibility
measurements. RSO option measure the sample by moving it rapidly through the
SQUID pickup coils. The sample movement is not stopped in the data reading. This

RSO measurements offer high sensitivity around 5-10° emu.
Sample Centering

Before the measurements, the sample have to be centered with respect to the
SQUID pickup coils to ensure that all the magnetic moment of the sample will be
read by the coins. For that, the magnetic response of the sample is measured while
it is moving vertically through the complete length of the sample transport’s travel
paths, Figure 7.4. The maximum voltage detected correspond to the middle of the

magnet, where the sample is adjusted.

12 SQUID RESPONSE
A -
P — o /\ /\
+ x
=
- < \/
SCAN (em)

Figure 7.4. DC Centering Measurement and Measured SQUID Voltage Response
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Magnetic data treatment
Variable-temperature magnetic susceptibility data

Magnetic susceptibility measurements were performed within 2 — 400 K

temperature range at applied magnetic field of 1000 Oe.

This equipment give us magnetization data expressed in emu or cm3. As mentioned
in Annex |, the total magnetic susceptibility can be calculated from the

magnetization value through,
M .
X = i Equation 7.2

Taking into account the magnetization generated by sample holder (Mysg and Myool),

the molar magnetic susceptibility (x) of the sample is determined by equation 7.4,

_ (Mraw_Mbag —Myyoo1)-Mm
mass -H

Xm Equation 7.3

Where the Mp, is the molar weight of the compound (mg/mmol), H is the magnetic
field expressed in Oe and mass is the exact weight of the sample (mg) and Mg,z and

Muwool are the diamagnetic contribution of the sample holder:

2.96773
Mbag(cm3) = H -mg(bag) - (—2.0188 -107* - H — 2.63066 + T) 10710

3.0461
Myy001(cm®) = H - mg(wool) - ( 7 ) .10-8

Typically, the variable temperature magnetic susceptibility measurements are
shown as xT product vs T plots in order to explore the magnetic response of the

sample without general thermal paramagnetic dependence.
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Variable-field magnetization data

Magnetization measurements were performed for variable magnetic field from 0 to

7 Teslas at 2 Kelvin.

The magnetization expressed as Bohr magneton are calculated from the measured

magnetization (M) through,

M = Myqw Mm

—— Equation 7.4

Where the M.y is the measured magnetization expressed in emu, mass is the exact

weight of the sample (mg) and B is the Bohr magneton (5584.8 emu/mol).
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