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Abstract

Hollauer, Henrique Von Pressentin; Escobar, Livia Lopes Batista (Advisor).
Magnetic and photoluminescence studies of coordination compounds
containing carboxylato and/or N-donor ligands complexed to transition or
lanthanide metal ions. Rio de Janeiro, 2024. 159 p. Dissertacdo de Mestrado —
Departamento de Quimica, Pontificia Universidade Catdlica do Rio de Janeiro
Molecular magnetism has created a lot of interest due to its possible
application in components of electronic materials. These types of materials can
be created through coordination compounds such as coordination polymers,
which have the capacity to be multifunctional materials. In this work, we
synthesized a total of 11 new complexes organized in two systems that differ
according to the composition of materials. The first system utilized the mixture
of polycarboxylate ligand BTB and N-donor ligand such as phen and dmdpy to
evaluate the influence of these auxiliary ligands in the complexes structure and
properties. The family utilizing phen as auxiliary ligand generated two isomorph
1D coordination polymers with Cu?* and Co?* as metal ions. EPR measurements
for Cu?* polymer showed almost no magnetic interactions between metal ions.
Due to both CPs being isomorph, the same small magnetic interactions were
expected for Co?* CP, which is an indicative of possible magnetic molecule
behavior due to cobalt strong ZFS. Out-of-Phase magnetic susceptibility
measurement showed the nanomagnet behavior. A relaxation time of 7o = 5.52(4)
x 107 s and energy barrier of 12.1(3) K were determined for this complex. The
change of N-donor ligand from phen to dmdpy resulted in a pentacoordinated
Cu?* dimer, however, since the divergent ligand for both families was the same,

the small interaction between the copper(Il) ions was obtained, as evidenced by

EPR and magnetization measurements.



The second system presents Ln®" ions with Coumarin-3-carboxylic acid
as the organic ligand, where two different families were obtained by changing
the proportion of Ln ions and ligand. First family 1D CP were obtained with both
components with the same proportion. Magnetocaloric studies were conducted
for the Gd** and the obtained ASmM®* value was smaller than the expected value.
For the Th®" and Dy®* CPs displayed potential as nanomagnets due to the signal
obtained in dynamic magnetic measurements. Photoluminescent studies for Eu*
and Th®" CPs were conducted, where 0.30 + 0.05 ms and 0.13 0.05 ms emission
lifetime was estimated. The second family obtained had a Ln®" and 3-HCCA
proportion of 1:3, and resulted in a 1D coordination polymer, where the
extension of the polymeric chain had the same mechanism. Photoluminescent
studies for Eu®* and Th** CPs were conducted, where an increase in the emission
lifetime from 0.30 + 0.05 ms to 0.45 0.05 ms for Eu®* derivate was observed due
to the removal of one H20 molecule coordinated to the europium ion.

This work resulted, at the time of this dissertation, in the publication of

two scientific papers, as well as a submitted paper that is currently under review.

Keywords

Coordination polymers, magnetic properties, lanthanides, polycarboxylates,

auxiliary ligands



Resumo

Hollauer, Henrique Von Pressentin; Escobar, Livia Lopes Batista (Orientador).
Estudos magnéticos e fotoluminescentes de compostos de coordenacéo
contendo ligantes carboxilato e/ou doadores nitrogenados complexados a
ions metalicos de transicdo ou lantanideos. Rio de Janeiro, 2024. 159 p.
Dissertacdo de Mestrado — Departamento de Quimica, Pontificia Universidade
Catdlica do Rio de Janeiro

O magnetismo molecular tem despertado muito interesse devido a
possivel aplicacdo em componentes de materiais eletronicos. Esses tipos de
materiais podem ser criados através de compostos de coordenacdo, como 0s
polimeros de coordenacdo, que tém a capacidade de serem materiais
multifuncionais. Neste trabalho foram sintetizados 11 compostos inéditos,
divididos em dois sistemas que diferem conforme a composi¢do dos materiais.
O primeiro sistema utilizou a mistura do ligante policarboxilato BTB e do ligante
N-doador como phen e dmdpy para avaliar a influéncia desses ligantes auxiliares
na estrutura e propriedades dos complexos. A familia que utiliza fen como
ligante auxiliar gerou dois polimeros de coordenacdo isomorfos 1D com Cu?* e
Co?* como ions metalicos. MedicBes de EPR para o polimero Cu?" ndo
mostraram quase nenhuma interacdo magnética entre ions metélicos. Devido ao
fato de ambos os CPs serem isomorfos, as mesmas pequenas interacoes
magnéticas eram esperadas para o Co* CP, o que é um indicativo do possivel
comportamento da molécula magnética devido ao forte ZFS de cobalto. A
medicéo da suscetibilidade magnética fora de fase mostrou 0 comportamento do
nanoima. Um tempo de relaxagio de 10 = 5,52(4) x 107s e barreira de energia
de 12,1(3) K foram determinados para este complexo. A mudanca do ligante
doador de N de phen para dmdpy resultou em um dimero de Cu?'

pentacoordenado, porém, como o ligante divergente para ambas as familias era



0 mesmo, a pequena interacdo entre os ions cobre(ll) foi obtida, como
evidenciado por EPR e magnetizacdo medigdes.

O segundo sistema apresenta fons Ln** com &cido cumarinico-3-
carboxilico como ligante organico, onde duas familias diferentes foram obtidas
alterando a proporcdo de ions Ln e ligante. A primeira familia 1D CP foi obtida
com ambos 0s componentes na mesma propor¢do. Estudos magnetocal6ricos
foram realizados para 0 Gd** e o valor de ASm™® obtido foi menor que o valor
esperado. Para os CPs Tb®" e Dy*" apresentaram potencial como nanoimés
devido ao sinal obtido nas medidas magnéticas dindmicas. Foram realizados
estudos fotoluminescentes para CPs Eu* e Tb%*, onde foram estimados tempos
de vida de emissdo de 0,30 £ 0,05 ms e 0,13 £ 0,05 ms. A segunda familia obtida
apresentou proporcéo de Ln®*" e 3-HCCA de 1:3, e resultou em um polimero de
coordenacdo 1D, onde a extensdo da cadeia polimérica teve 0 mesmo
mecanismo. Foram realizados estudos fotoluminescentes para CPs Eu®* e Th®",
onde foi observado um aumento no tempo de vida da emissao de 0,30 £ 0,05 ms
para 0,45 + 0,05 ms para o derivado Eu* devido a remocao de uma molécula de
H-O coordenada ao ion eurdpio.

Este trabalho resultou, até 0 momento desta dissertacdo, na publicacdo
de dois artigos cientificos, além de outro adicional que estd em processo de

review.

Palavras-chave

Polimeros de coordenacdo, propriedades magnéticas, lantanideos,

policarboxilatos, ligantes auxiliares
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1

General Introduction

Developing new technologies has been one of the many catalysts for new
research fields in physics and chemistry. In that regard, magnetism is an area
that has been interesting to society due to its exciting and unique properties. The
use of magnetic materials has been dated back to 206 BC, with recordings found
about the use of compass in early China [1]

In modern society, magnetic materials have been used in many different
areas, mainly being applied to construct electronic devices. This type of device
tends to decrease in size while increasing in efficiency. In that regard,
nanotechnology has played a significant role in the development of these
materials, such as in hard disk drives, where the memory system is based on
magnetic materials and their magnetization orientation.

Coordination compounds, such as coordination polymers, have received
significant amount of interest in possible application in electronic devices due to
the possibility of engineering the desired properties of the materials with the
choice of organic molecules since they directly impact the structure of the
compound. For instance, these types of materials can develop the so-called
molecular nanomagnets, coordination compounds that have superparamagnetic
properties and, at low temperatures, behave as tiny magnets that can be used for
magnetic memory systems. Another interesting possibility regarding these
coordination compounds is that they can behave as multifunctional materials,
displaying magnetic properties and luminescent, conductive, adsorptive, and

others [2].
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This field related to the synthesis and design of molecular systems for
magnetic study is called molecular magnetism. In this section, we will discuss
many topics related to these types of materials, ranging from historical markers
in this field to the structural, magnetic, and luminescence characteristics

observed on this subject.

1.1
Magnetic properties

When a magnetic measurement is made, we are interested in studying the
magnetic moment of the sample, called magnetization, in relation to
temperature. Considering an isotropic (no preference in magnetization
orientation) sample containing 1 mol of a molecular sample in the presence of

an external magnetic field, the molar magnetization (M) is given through Eq. 1

[3][4]:

oM
o~ X (Ea.1)

Where y is molar magnetic susceptibility, M is a vector related to molar
magnetic moment and H is a vector related to the magnetic field applied.

Magnetic susceptibility is the response of a sample under an external
magnetic field, and is given by the sum of components related to paramagnetism
(xp) and diamagnetism (ya):

X= Xp+ Xa(Eq.2)

Diamagnetism is related to the presence of paired electrons in a material.

Therefore, it is considered a universal property of matter. When a diamagnetic

material is under an external magnetic field, it will be repelled since the spin

magnetic moment (S) will align contrary to the applied magnetic field. However,
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the presence of unpaired electrons in a material creates different magnetic
properties (despite still presenting diamagnetism due to its pair electrons). The
presence of unpaired electrons is called paramagnetism. When a paramagnetic
material is under an external magnetic field, it will be attracted to it since its spin
magnetic moment will align towards the applied field. Paramagnetic behavior is
observed only in the presence of a magnetic field (but it is usually dependent of
the magnetic field’s intensity) and is temperature-related since there is a
competition between the tendency of randomizing spins due to thermal agitation
and the alignment of spins with the magnetic field applied. Paramagnetic

susceptibility magnitude is given by Curie law [3][4](Eq. 3):

_ Nujg? _cC
Xp =SS+ 1) = £ (Ea.9

5 S(S+1) C
Xp = 0.125g —7 =7

Where N = Avogadro’s number, g = Landé’s fator, up = Bohr’s
magneton, S = Spin magnetic moment, kp = Boltzmann’s constant, T =
Temperature and C = Curie’s constant.

Both diamagnetic and paramagnetic properties are characteristic of single
atoms. However, when paramagnetic atoms are close enough, they start
interacting with themselves, creating a cooperative effect and producing new
properties. These properties are ferromagnetism and antiferromagnetism.
Ferromagnetism is when the interactions between the magnetic dipoles of close
atoms point in the same direction, forming a parallel alignment. This alignment
occurs only below a critical temperature called Curie’s Temperature (Tc), and
above Tc, its susceptibility will obey Curie-Weiss (Eg. 4). Antiferromagnetism

occurs when magnetic dipoles with the same intensity form an antiparallel

alignment, resulting in a null resultant vector. The critical temperature where the
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sample goes from antiferromagnet to paramagnet is called Néel’s Temperature
(Tn). An extension of ferromagnetism is ferrimagnetism,; this happens when the
antiparallel vector does not have the same magnitude (in the case of systems with
a block d metal with a lanthanide, for example). Therefore, these vectors do not
cancel each other, resulting in an arrangement like ferromagnetism. These

interactions are well represented in Figure 1.

T— NN T

Paramagnetic material with random spins Ferromagnetic material spin ordering
Antiferromagnetic material spin ordering Ferrimagnetic material spin ordering

Figure 1: Schematic illustration of spin interactions for several magnetic

behaviors (adapted from [5]).
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Figure 2: Magnetic behavior as a function of temperature (adapted from [6]).

Magnetic behavior can be analyzed applying Curie-Weiss law (Eq. 4)

c
Xew = T—0 (Eq. 4)

Curie-Weiss law can also be rewritten as:
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__ Nugg*s(s+1)
XeW = BraT-z/5(5+1)

(Eq.5)

J is the coupling constant of the two closest magnetic species, and z is
the number of close species around a given magnetic molecule in the crystal
lattice. A common convention is that a positive value of J characterizes an
intermolecular ferromagnetic interaction, and a negative value of J characterizes
an intermolecular antiferromagnetic interaction.

0 is called the Weiss constant. We can identify the presence of
ferromagnetic and antiferromagnetic interactions through the inverse of y vs T.
If the system obeys the Curie-Weiss law, a straight line with a slope of C* is
formed, and the intercession with the temperature axis is used to estimate the
value of 6. If 0 is positive, ferromagnetic behavior is present, and if 0 is negative,

antiferromagnetic interactions are present (Fig. 3).

A
1/Xm

_TN
Figure 3: x! versus T for a sample that obeys Curie and Curie-Weiss law.

Magnetic interactions can also be related to the structure of a compound

(angles and bond distances) since the type of coupling can be predicted through

the overlap of magnetic orbitals (Figure 4). A strong orbital overlap contains an

angle between orbitals bigger than 90°, and this type of overlap favors

antiferromagnetic interactions. If the overlap is orthogonal, it favors
ferromagnetic interactions.
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Figure 4: Magnetic orbital overlapping.

111

Molecular nanomagnets

Molecular nanomagnets are a recent class of materials that have received
great interest in magnetic studies due to their unique property of slow magnetization
relaxation. The first ever molecular nanomagnet was synthesized in 1980 when Lis
obtained a dodecanuclear manganese cluster containing Mn** and Mn** with the
formula [Mn12012(CH3COO0)16(H20)4].4H20.2CH3COOH (Fig. 5). In the original
paper, there was no interpretation of magnetic properties; that only came in 1993 ,
where it was reported that the relaxation time of magnetization followed an
exponential law (Eq. 6), where at 2K, the relaxation time becomes the order of a

few months, and at 1.5K, at the order of 50 years [7][8].
T = Tyexp (A/kT) (Eq. 6), where A = energy barrier

This study showed that a single molecule could become and behave like a
tiny magnet, and the term Single-Molecule Magnet was suggested [9]. This term

was later applied to varied materials. When the structure that behaves as a
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nanomagnet contains only one metal ion, it is called a Single lon Magnet [10], and
when an entire chain behaves like a magnet with small magnetic interactions

between different chains, the material is called Single Chain Magnet [11].

Os=3/2

Figure 5: Sketch of the structure of Mn12Ac (adapted from [8]).

Single-molecule magnets and structures alike present magnetic anisotropy.
This phenomenon is described as a preferential orientation of the magnetization,
which originates from symmetry distortions (such as octahedral distortion) and the
Zero-Field Splitting effect (ZFS). ZFS happens due to the interactions between
unparallel electrons and spin-orbit coupling present in the sample and is exclusive
to systems with a spin magnetic moment S >1.

To be classified as SMM, the compound must be magnetic bistable and
present an energy barrier for the magnetic spin reversal, resulting in a slow
relaxation of magnetization. This can be explained through a double pit diagram, as
shown in Figure 6. The value of the energy barrier is given as Ues=S?|D|, where S
is the magnetic spin moment and D is the ZFS representation. It can either be a

negative or positive value.
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Figure 6: Double pit potential energy diagram, where both pits represent the
lowest msenergy states. U = energy barrier, S = spin magnetic moment, and D =
ZFS parameter (adapted from [12]).

As discussed previously, SMMs behave like tiny, isolated magnets. This
property is like the magnetic behavior of superparamagnetic nanoparticles, which
Is associated with the formation of monodomains. Domains are regions of a
ferromagnetic substance that, when demagnetized, have their magnetic moment, as
represented in Figure 7, where the separation of different domains is called Bloch

wall.

Figure 7: Representation of magnetic domains and the Bloch walls (adapted from

[13]).
With the reduction of particle size, the multidomain state of the matter
reduces until it reaches a single domain, followed by the state of
superparamagnetism. In this state, particles are extremely sensitive to thermal

fluctuation, and their magnetic moment changes rapidly if their volume are small
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enough so the energy barrier for magnetic reversal is smaller than kgT (ks =
Boltzman constant, T = Temperature), resulting in hysteresis loss. As the
Superparamagnetic behavior depends on temperature, when a SMM system’s
temperature is lowered enough, it will reach a point where the magnetic moments
will be blocked due to the energy barrier caused by anisotropy, acquiring slow

relaxation of magnetization [3].

i Single Multi Magnetization ————— Ferromagnetic
5 g i domain : - domain

Superpar
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_ | Magnetic field
L J

a) Nanoparticles radius b)
Figure 8: a) Coercitivity related to the reduction of nanoparticle sizes leading to
monodomain and superparamagnetism (adapted from [14]). b) Magnetic

hysteresis of different types of magnetism (adapted from [15]).

Molecular nanomagnets exhibit properties such as slow relaxation of
magnetization. AC magnetic susceptibility studies are needed to analyze these
characteristics.

In ac magnetic susceptibility experiments, an oscillating magnetic field is
applied, and this field has an angular frequency . At high temperatures and low
frequencies, the magnetic moment of the material can follow the magnetic field due
to its high internal energy. However, when temperature decreases and frequency
increases, the magnetic moments of the sample cannot follow the external field, and
its magnetization fades according to the equation below.

M(t) = Hye(x' cos(wt) + " sin(wt)) (EQ.7)

Where y’ represents the real or in-phase component, that is, the magnetic

moments that can follow the external field, and y’’ represents the imaginary or out-

of-phase components, that is, those moments detected at a 90° angle from the

28



applied external field. The total ac susceptibility can be written as Eq 8., with each

individual term being described as shown in Eq 9:

x=x"+ x"(Eq.8)

x = (I:II“C) cos (w) and y" = (Maz) sin (w) (Eq. 9)

ac Ha
Since the ac susceptibility depends on the frequency of the external field

applied, in the limits such as ® — 0 and ® — oo, ac susceptibility is called isotherm
(Xr) and adiabatic()s). When applying these limits, ac susceptibility can be

rewritten as:

XTt Xs
1+iwT

X=Xs*+ (Eq. 10)

The slow relaxation of the magnetization manifests itself as signals of both
in-phase and out-of-phase magnetic susceptibility components that depend on the
frequency of the applied oscillating magnetic field. In real systems, a relaxation
time distribution will always exist, meaning Eg. 10 can be rewritten by generalizing
Debye’s model:

(Xt— Xs)

W (Eq. 11)

X=Xs+

The a phenomenological parameter introduced is obtained through a Cole-

b

Cole plot, that is ¥,”” vs %’ maximum values for a specific frequency at a fixed
temperature. A small o value is expected for SMM behavior since higher o values
indicate wide distribution of relaxation times.

x> maximum peaks correspond to a temperature in which ® in the

oscillating magnetic field equals the spin reversal rate (1/t). Therefore, this

experiment gives kinetic data, and a graph based on Arrhenius law (t =

ToEXP (AE /kBT) can be constructed. In a thermally activated process of a single
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energy barrier, a graph of In (1/1) vs. (1/T) must be linear according to the following

equation, where 1o is related to the relaxation rate.

-Ueff
2= iexp( /ksT) (Eq. 12)
T To

The relaxation process can happen through several different mechanisms
and are diverse, complex, and extremely sensitive to numerous factors such as
temperature, magnetic field, and intermolecular interactions [16]. Magnetic
moment relaxation can be separated into two categories: those that occur through
Spin-phonon couplings, such as Orbach, Raman, and direct processes, and those
that occur through the quantum nature of the objects, such as Quantum Tunnelling
(QTM) and Thermally Assisted (TA-QTM) (Fig. 9.)

Orbach relaxation Raman relaxation

Real excited Virtual excited
state state
——

I
(h/21)-w, g / ﬁ (h/2r)w,  (hW/2r)w, & / \ (h/2m)-w,

Direct relaxation E

T

(h/2n)-wy

-

I I
Spin Lattice

—

—> QTM
— TA-QTM
> Raman

> Orbach

Magnetization

Figure 9: Representation of the most common relaxations of the magnetization
processes (adapted from [16]).

Orbach relaxation occurs when the system absorbs phonons from the crystal
network to the higher excited sublevel (Ms= 0) and then relaxes to either of the
ground Ms = = S, emitting new phonons. However, this process demands thermal
assistance and for cobalt-based systems is not present with energy barriers lower
than 150 cm™ [17]. Raman relaxation has a similar process to Orbach’s; however,

when a photon is absorbed, it goes to a virtual excited state, releasing another
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phonon and relaxing to a ground Ms = + S state. Direct relaxation is when a single
phonon directly emits a phonon with the energy difference of the + Mssublevels in
the ground state.

Few phonons are available at low temperatures for the spin to jump over the
potential barrier. In these conditions, the phenomenon related to the quantum nature
of the materials is more predominant. Quantum mechanics tell us that a particle in
symmetric double potential (analogous to Fig. 6) undergoes tunnel effect, called
quantum tunneling. This means that if a particle is put into an MS = - S state, it goes
to an Ms = + S state if the ground energy of both ground states has similar energy
[18]. If both energy levels associated with this spin switch are not at the ground

level, the relaxation process is called TA-QTM.

1.1.2

Electron paramagnetic resonance

Electron paramagnetic resonance (EPR) is a technique discovered in 1944
by the Russian physicist Zavoisky and is widely used for magnetic research. Based
on the principle that an electron put through an external magnetic field loses its
energy levels degeneracy, splitting in two due to the so-called Zeeman Effect. The
value of this loss of degeneracy is described through Eq. 12, where pp = Bohr’s
magneton, ge = g-factor for the free electron (2.00), and H = magnetic field applied
[19].

AE = g.upH (Eq. 12)

The standard in EPR studies is to fix the radiation source is in the
gigahertz range (GHz), which lies in the microwave region, and vary the
magnetic field intensity. When the energy gap caused by the degeneracy from

Zeeman effect reaches the same value as the microwave radiation emitted, an
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absorption signal is obtained. This radiation absorption is called the Hyes
resonance field (Fig 10). The EPR signal form is usually described with a
Lorentzian or Gaussian function that can be calculated as a function of the

resonance field and signal width.

Mg

a) E

hv=gugH

-1/2

b)  Absorption

H

Figure 10: a) Energy levels for a free electron with an applied magnetic field; b)

Absorption sign; c) First derivative of an EPR signal. (adapted from [20])

When an electron is placed in a molecule, its angular momentum changes
due to the added orbital angular momentum. This effect, called Spin-Orbit
interaction, changes the energy gap value.

Since UB is a constant, the H value can be measured, the g-factor value is
one of the parameters that can be obtained with this measurement, which gives
important information on the sample structure. The deviation on the measured g-
factor is anisotropic due to the orientation of the orbitals in the molecule. There is
a principal axis system for every paramagnetic molecule, and the g-factors
measured along this axis can present different values and are labeled gx, gy, and g
[21].
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Different classes emerge due to the relation between the different g-factor
values. Fig. 11 demonstrates these different classes and their respective EPR
signals. When all g -factors have the same value, an Isotropic system is present, and
only a signal is observed. The axial class happens when one value differs from the
other (9. # gx and gy), and two signals are present in EPR measurements. The last
scenario is when all g-factor values are different. This is called a Rhombic class,
and it presents three different signals.

a) Isotropic b) Axial ¢) Axial d) Rhombic
gv 25 g.= gy <g, gx=g_\- -8, g'(;é gy#:gz

<
-

Magnetic field

Absorption
derivative

Figure 11: Schematic representation of g tensor and the consequential EPR

spectra [21].

1.13

Magnetocaloric effect
The magnetocaloric effect, discovered in 1881 by Walburg, is based on the

heat exchange of the magnetic sample with its surroundings when put through an
external magnetic field. This process can be either adiabatic or isothermal. When
it’s an adiabatic process, the magnetic material changes its temperature; however,
when it’s isothermal, the sample exchanges heat with a thermal reservoir [22].
The total entropy of the magnetic material is the sum of three contributions
related to the solid’s lattice, electronic system and magnetic part. When applying

an external magnetic field, the entropy’'s magnetic and electronic parts decrease;
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therefore, the lattice entropy must increase to counter-react this effect. However, a
higher lattice entropy contribution (lattice vibrations) equals a higher material
temperature. Therefore, an increase in the magnetic field results in an increase in
temperature, and a decrease in the magnetic field results in a cooling process, which
makes this type of material a great candidate for cooling mechanisms [23].

This effect is therefore monitored by measuring the magnetic entropy
change AS = AQ/T (AQ = heat exchange with the environment). However, the
adiabatic temperature change AT characterizes the effect when the adiabatic process
is considered. One way to obtain the magnetic entropy change is to measure
magnetization as a function of magnetic field and temperature, M (H,T), and apply

the data to the equation below [22].

1.0
ASy (T, AS) = [ (5 dH (Eq.13)

1 . cH' H'
ASy =~ E[fo M(T + AT, H)dH — fo M(T,H)dH] (Eq. 14)

An ideal MCE material should have a negligible magnetic hysteresis to
avoid work losses due to rotating domains in the process, thus maximizing the
change in temperature [24]. In conventional magnetocaloric materials, materials
containing elements with large atomic moments are used to maximize the ASm [25].
Uniting both characteristics, Gadolinium-based materials are excellent for this
application due to their having a 4f’ configuration, which not only gives a great
magnetization signal, but its half-filled configuration exhibits a spherically
symmetric charge density, giving no magnetic anisotropy, resulting then in thin

hysteresis loop [26].
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1.2

Phenomena of Photoluminescence

Eilhard Wiedemann first introduced the term luminescence in 1888,
referring to all light phenomena not conditioned by the rise in temperature.
Nowadays, the most accepted definition of luminescence is the emission of light
that occurs when an entity (atom or molecule) goes from an electronically excited
state to a ground state [27].

G.G. Stokes's pioneer studies in the middle of the 19th century formed the
basis of spectroscopy. The concept of light emission was introduced, and the
process of luminescence was divided into two categories depending on the nature
of the excited state—fluorescence and phosphorescence [27].

Fluorescence is when the transition involves a singlet excited state. In this
singlet state the electron is paired by opposite spin to the second electron in the
ground state, therefore the return is spin allowed and occurs rapidly. On the other
hand, phosphorescence is the emission of light from the triplet excited state, where
the electron has the same spin orientation as the ground state electron, causing the
return to be forbidden, resulting in a slow emission rate. This characteristic is
portrayed in day-to-day objects that “glow in the dark”. After being exposed to
light, these objects can glow for long periods due to the slow return rate [28].

These light absorption and emission processes can be well visualized by the
Jablonski diagram (Figure 12), considered the father of fluorescence spectroscopy.
The diagram shows the singlet ground, first and second excited energy states
represented as So, S1, and S, respectively, and the triplet energy state depicted as
T1. Some subdivisions in each energy state are the vibrational energy levels. In
Figure 12, a few possible interactions were excluded to focus on the main transitions

in fluorescence studies.
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Figure 12: Simplified representation of the Jablonski diagram [28].

Absorption and emission typically occur through the lowest vibration
energy levels of the molecule due to an effect called internal conversion. Within 10
125, the fluorophore relaxes to the ground vibration energy state, releasing heat to
the environment.

Following energy absorption, the electron goes from ground So to the
excited state S1, and various processes can happen. Firstly, the electron can return
to the ground So state, emitting light through the process previously described as
fluorescence. Another alternative is the relaxation process to a high vibrational state
of So without the light emission, where the energy is dissipated through heat
(Internal conversion). The molecules can also undergo a spin conversation to the
first triplet state T1, a phenomenon called Intersystem Crossing. From the T; state,
another Intersystem Crossing can occur back to the So state, resulting in
phosphorescence. This transition is of lower energy; therefore, phosphorescence

emission is shifted to longer wavelengths than fluorescence.
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Fluorescence spectroscopy is a topic of much research that has grown
remarkably in the last twenty years due to its immense applications in different

fields, such as biotechnology, medical diagnostics, and forensics [28].

1.3

General concepts of lanthanides

Lanthanides are 15 elements with atomic numbers between 57 and 71 and
are part of a slightly bigger group of rare earths, which also contain scandium and
yttrium.

Lanthanide ions have only been discovered entirely around 1907 due to the
difficulty of separating and obtaining these elements with high purity. This happens
because, in a general way, they possess very similar chemical and physical
properties, greatly in part due to the graduate reduction of the ionic radius with the
gradual filling of 4f orbital, a phenomenon called “lanthanide contraction”. Typical
examples of this similarity of properties include the constant trivalent oxidation
state, various examples of isomorphism, and the predominant formation of ionic
compounds with high affinity for hard Pearson ligands [29].

The electronic distribution of lanthanides in their fundamental state assumes
the form of [Xe] 4f "5d © 6s 2, except for La, Ce, Gd, and Lu, which assumes a
configuration of [Xe] 4f n-1 5d 1 6s2. The most common oxidation state found is
+3, where the loss of electrons occurs in 4" and 6s? for all except La, Ce, Gd, and

Lu since the loss occurs for the 5d* and 6s? orbitals.
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Figure 13: Radial distribution function for Gadolinium (adapted from [30]).

The fact that the 5s and 5p orbitals are filled to protect the 4f orbitals (Fig.
13) causes the ion’s behavior to be like a free Ln"' since the coordination
environment does not have a big influence on the lanthanide’s properties, a behavior
different from that of the block d transition metals. This gives the lanthanides

unique magnetic and spectroscopy properties, which have received great interest in

developing Ln-based materials.

13.1

Magnetic properties of the lanthanides
All but La®" and Lu®* rare earth elements have unparalleled electrons and

possess a non-zero magnetic moment. The unparallel electrons spin in the 4f
orbitals, present a strong spin-orbit coupling, but weakly interact with the ligand
ambient. Two consequences emerge. First, the magnetic properties depend almost
exclusively on the fundamental state since the excited states are thermally
inaccessible. Second, magnetic characteristics are close to those predicted for the

free ion since they are independent of the chemical ambiance [29].
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Lanthanide-based complexes' magnetic responses are commonly difficult to
interpret due to the deviation from Curie’s law caused by the depopulation of the
energy sublevels at lower temperatures. Therefore, a deep analysis of their
electronic structures is needed to understand their magnetic properties better. Figure
14 shows the main factors that influence the energy levels of a free Ln'"" ion, where
the first observed break of degeneracy is the interelectronic repulsion, resulting in

a 2>*1L ground state term.
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Figure 14: The effect of interelectronic repulsion, Spin-Orbit coupling and
Zeeman effect (H = 1T) for a 4f" of a free Ln(l1l) ion (adapted from [31]).

Spin-orbit coupling is a strong factor in lanthanides-based materials. It is
usually represented as AL.S, where 1 is an energy unit, L is the total orbital angular
momentum, and S is spin momentum. It is also related to a parameter of spin-orbit
coupling ¢ through the equation A = + 5/2 ¢ Where the positive sign is used for an

electronic shell half full (n < 7 for lanthanides, n being the number of electrons) and

a negative sign is used for a more than half full orbital (n > 7) [3].
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Spin-orbit coupling splits the ground term 25*1L into 25*1L; multiplets that
have the same L, S but with different values of J in a way that the fundamental state
isJ =L - S ina case of a half-full orbital and J = L + S in a more than half full
orbital.

The remaining 25*1L; degeneracy can then be split by Zeeman effect into
2J+1 components represented by the term My, where its value varies by an integer
value from -J to +J. In that regard, Landé’s factor can be described in terms of J, L,
and S, as shows the equation below:

_ 3, S(S+1)-LL+1)
95 = 3 T 2J(J+1)

With that, the magnetic susceptibility of the the free Ln(l11) ions will follow

(Eq. 15)

Curie’s law:

N 49212
vy = —L2J(J + 1) (Eq.16)

3kT
The values of g; and YT calculated from Eq X for various rare earths ions

are shown in Table 1.
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Table 1: Values of gJ and 4T for Rare Earth lons in the Free-ion approximation

[3]-
Configuration 4f", AmT
lon N
n= (cm®Kmol?)

Ce(lll) 1 6/7 0.80
Pr(111) 2 4/5 1.60
Nd(111) 3 8/11 1.64
Pm(llI) 4 3/5 0.90
Sm(lll) 5 27 0.09
Eu(l1n), Sm(I) 6 5 0.00
Gd(111), Eu(ll) 7 2 7.88
Th(IIN) 8 312 11.82
Dy(I11) 9 4/3 14.17
Ho(I11) 10 5/4 14.07
Er(11) 11 6/5 11.48
Tm(I11) 12 716 7.15
Yb(lll) 13 8/7 2.57

Even though the ligands have a small influence in lanthanide-based
complexes, it is not completely negligible, as the Stark effect shows. This effect is
the interaction of non-spheric symmetry ligands with 4f" orbitals, which results in a
break of degeneracy of the 25*1L state, resulting in the origin of the so-called Stark

sublevels (Figure 15).
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Figure 15: Energetic structure of a Kramers ion (half-integer spin) in a ligand
field (Stark effect) (adapted from [31]).

1.3.2

Spectroscopic properties of the lanthanides

The f-f transition for lanthanide ions is prohibited, resulting in low
absorption spectra and luminescence intensity. In 1942, Weissman studied the
energy transition in Eu®* complexes with B-diketones and observed a higher
luminescence intensity when the complexes were excited in the absorption range
for the organic ligand. This study culminated in the now-known phenomenon called

the antenna effect.
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Figure 16: Representation of the antenna effect [27].

There are three different mechanisms by which the antenna effect can occur.
However, the one displayed in Figure 16 is the most commonly observed in Eu*
and Th® ions [32]. In summary, the ligand’s S; singlet excited state transfers energy
through a non-radiative intersystem crossing to the lowest energy triplet state T.
Later, an energy transfer occurs to the excited state of the Ln®", decaying radiatively
to the fundamental state [28].

A few aspects must be considered to guarantee the most efficient
luminescent effect. First, it is important that the energy of the triplet energy state of
the organic ligand needs to be close but slightly above related to the emission state
of the lanthanide ion. If these energy states are resonant and have the same energy,
a retro-transfer effect occurs (Fig. 16), resulting in both phosphorescence and
delayed fluorescence. The luminescence effect can present a quenching effect with
the presence of H2O molecules coordinated with the Ln®" ion due to the vibrational
coupling with O-H stretching frequency. In this regard, one of the strategies for
better luminescence efficiency is the substitution of H.O molecules with other

ligands, such as carboxylates or chelates N-donor ligands [28].
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As previously discussed, the Ln®*" 4f" orbitals are strongly shielded by full
5s? and 5p® orbitals. Therefore, their properties are similar to free Ln* ions.
Because of this, their emissions are characteristic of each lanthanide. Therefore,
these transitions can be tabled. Table 2 shows all transitions found for Eu®*-based
compounds, and Table 3 shows all transitions found for Th**-based compounds
[33].

Table 2: Overview of the transitions observed in luminescence spectra of Eu®*

compounds

Transition  Dipole  Wavelength Relative Remarks

character range (hnm) intensity

Dy — "Fo ED 570-585  vwtos Only in Cp, Chvand Cs
symmetry
Dg—'F1 MD 585-600 S Intensity independent of the

environment

Dg— "F2 ED 610-630 stovs Hypersensitive transition
D — 'F3 ED 640-660 vwtow Forbidden transition
5D — "F4 ED 680-710 mtos Dependent on environment
D — Fs ED 740-770 VW Forbidden transition
Dy — 'Fe ED 810-840 wvwtom Rarely observed

ED = induced magnetic dipole transition, MD = Magnetic dipole transition
vw = very weak, w = weak, m = medium, s = strong, vs = very strong.

Table 3: Overview of the transitions observed in luminescence spectra of Th®*

compounds

Transition Wavelength Relative Remarks

range (hm) intensity
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Ds— Fe

Dy — 'Fs

Ds— Fy

Dy — 'F3
Dy — Fp
Dy — 'F1

°Ds— "Fo

480-505

545-555

580-600

615-625

640-655

660-670

675-680

mtos

stovs

wtom

mtos

vw

vw

vw

Dependent on environment
High optical activity,
monitored in probe
applications
Dependent on environment,
modest optical activity
High optical activity

Dependent on environment

vw = very weak, w = weak, m = medium, s = strong, vs = very strong.

14

Coordination Polymers

Coordination polymers (CPs) are a class of materials that, since the late

1950s, have been reported a large amount in the literature because of their

capacity to cover a lot of fields [34], such as catalysis, gas adsorption,

magnetism, luminescent probes, and so on [35][36][37]. To understand its

multifunctionality, we need to understand its structure. CPs assemble metal

centers or clusters with various organic ligands forming one-, two- or three-

dimensional networks [38], as represented in Figure 17. If permanent porosity is

present in 3D CPs, they can be referred to as Metal-organic frameworks (MOFs)

or porous coordination polymers (PCPs) [39].
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Divergent
Metal center ligand
1D 2D

Figure 17: Representation of the dimensionality of coordination polymers
(adapted from [40]).

Coordination chemistry has been demonstrated to be the most versatile
choice for creating a wide variety of supramolecular structures since the presence
of different metal ions in CPs, alongside the large organic molecules, can provide
different coordination geometries [40]. As represented in Figure 18, there are two

categories of organic ligands: divergent ligands and convergent/auxiliary ligands.

{C‘:’:. + m ) m‘b\‘ . + m

sl . B .
:1. Discrete gy Divergent
"Wy species g Divergent metal

Protected Divergent ligand
convergent metal ligand
+ ,(-\ /\ Polymers m
@ ~ @ ®
Convergent u

ligand
Figure 18: Distinct roles of convergent and divergent ligands for coordination

species
Divergent metal

chemistry.

Divergent ligands have several coordination sites and are responsible for the
extension of the polymeric chain. An example of an interesting divergent ligand is
polycarboxylic acids since they have high structural stability, act as a pathway for
magnetic interactions, and several coordination sites [41]. Large divergent ligands
are interesting for SIM behavior since they can generate small magnetic interactions

due to the large distance between the metal ions. 1,3,5-tris(4-
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carboxylphenyl)benzene (BTB) is a divergent ligand that shows great promise for
developing these types of materials because of the presence of three coordination
sites and its large width. Coumarin-3-carboxylic acid (3-HCCA) is a molecule that
can form 1D coordination polymers coordinating through the carboxylic acid and

the carbonyl from the lactone group.

HO (0]

O O
/ OH
HO OH
O

o] 1,3,5-Tris(4-carboxyphenyl)benzene © Coumarin-3-carboxylic acid

Figure 19: a) Structure of the BTB ligand. b) Structure of the 3-HCCA

Auxiliary ligands, on the other hand, are molecules that can affect the
structure and properties of a polymer, and their insertion has been the topic of many
investigations [42]. One way to vary the structure of the compound is to utilize
chelating ligands that can prevent the expansion of the polymeric chain in certain
directions. N-donor chelate ligands such as 1,10-phenanthroline and 5 5’-dimethyl-

2 2’-bipyridine can generate different structure topologies [43].

§ N/Q\N ) {H}
1,10-phenanthroline 5,5"-dimethv]-2.2"-dipyridyl

Figure 20: Structure of 1,10-phenanthroline and 5,5’-dimethyl-2,2’-dipyridyl.
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15
State of the art

The development of new molecular nanomagnets is of extreme interest due
to the different possible potential applications of these types of materials, such as
in magnetic storage systems, molecular spintronics, qubits for applications in
quantum computers, and many others. In that regard, many authors have adopted
the interest in creating multifunctional materials, that is, materials that could be
applied in many different areas. As discussed previously, nonzero-dimensional
compounds such as coordination polymers enable this multifunctionality [44].

A Dbibliographic search used the keywords “Single Ion Magnet” and
“Coordination Polymers” to better understand the project's current state of the art.
Most works involve Co?* and Ln®" ions such as Gd, Th, and Dy due to their already
discussed magnetic properties.

Benmansour et al. [45] recently published a paper on developing three Dy®*
coordination polymers utilizing Anilato ligands with different substitutions. Due to
the structure of the ligand, they obtained a Metal-Organic Framework (MOF). They
studied the magnetic properties, where a Single-lon Magnet behavior was obtained
with an energy barrier ranging from 30-42 K.

Uhlmann and co-authors [46] have recently also published work that has
received much attention regarding the publication time. They published the first
rare-earth complexes with an organometallic ligand that contains 14-z-electrons. In
their coordination polymer, the Ln ions are sandwiched between the aromatic rings
of the ligands, and the polymeric chain extends in the direction of these rings. They

obtained SMM behavior for both Dy3* and Er®* complexes.
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Figure 21: Geometry and polymer extension from the discussed work [46].

The use of carboxy ligands for synthesizing coordination polymers is well
evidenced in Hong and co-authors work [47], where they obtained lanthanide-based
1D multifunctional coordination polymers utilizing a dicarboxylate ligand. The
supramolecular arrangement of the polymer resulted in a small interaction between
polymeric chains, and when dynamic magnetic studies were conducted, single-

chain Chain Magnet behavior was evident.

[ ] o [ ] . 9
< s g ’ b .@ Eu, Gd, Tb, Dy
o 2 ° 4 L ° 4 L °e

Figure 22: Geometry and polymeric extension from the discussed work [47].

Many works have presented the system of uniting carboxylates with
auxiliary N-donor ligands. Two works utilize the BTB alongside phenanthroline.

The first is a 2018 work from Nguyen et al. [47], where they obtained an Ytterbium
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(Yb) 2D coordination polymer that emits near-infrared. The most recent work is
from Coban [48], in 2023, where a 3D dimeric MOF Ho®*" was obtained through a
solvothermal route, exhibiting very strong and characteristic luminescence

emission in the visible region.
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Figure 23: a) 3D polymeric chain from [48] b) 3D polymeric chain from [49].
Co?* ions are also of extreme interest to develop these CPs due to its high
anisotropy caused by ZFS. Tao Long and co-authors [50] developed two rare 4-
coordinated Co?* coordination polymers that present zigzag and ribbon 1D
topologies. This tetrahedral geometry resulted in uniaxial anisotropy in

magnetization along its C» axis, mostly dependent on the Npy-Co-Npy bite angle.
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Figure 24: Polymer extension and geometry of the metal ion from the discussed
work [50].

To illustrate the possibles applications of molecular magnets we selected a
few works. Molecular magnets are one of the candidates for the development of
qubit devices. Fursina and Sintskii [51] recently published a review in which they
went through many important compound synthesized for this application. Firstly,
they explained that a good candidate for qubit are compounds that have a long
coherence time (lifetime of quantum superposition state), and this parameter is
related to both spin-lattice relaxation time and spin-spin relaxation time. Stewart et
al. [52] developed a Ho based complex that has potential work as qubits since it has
an easy-axis anisotropy and m; = + 8 quasi-doublets ground state that is well
separated from excited crystal field states.

Molecular magnetism is also present in refrigerate systems due to the
previously discussed magnetocaloric effect. Wang et al. [53] calculated
magnetocaloric effect for Gd** complexes, where they obtained a -ASm smaller than
the theoretical value, likely due to antiferromagnetic interactions between the Gd
ions. Zhang et al. [54] developed two frustrated lanthanide molecular compounds,
in which the frustrated configuration of Gd** spins lead to low temperature
paramagnetic state, prohibiting magnetic transition and these systems maintain

paramagnetic behavior at least down to 290 mK. With this cubane network, they
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attain extremely low temperatures below 1K with demagnetization range from 2 to
4T.

The current focus on molecular magnetism is the development of new
systems capable of generating molecules with higher anisotropy for SIM behavior
at higher temperatures. Ligands such as BTB are of great interest due to their large
size and the development of multifunctional materials. These ligand and auxiliary
N-donor molecules can generate different structures. 3-HCCA is a ligand that was
not explored in molecular magnetism, but its structure allows the creation of CPs
with possible SCM behavior. With this panorama, different systems have been
developed utilizing these ligands alongside d block metals such as Cu?* and Co?*

and lanthanides as Eu®*, Gd**, Tb*", and Dy*".
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2
Objective

2.1

General objective

Develop coordination compounds based on the combination of two different groups
of organic ligands (carboxylato and N-donor), with either transition metals ions
such as Co?* and Cu?* or lanthanide ions such as Eu®*, Gd*", Tb®", and Dy*", and
evaluate their potential as molecular nanomagnets and the photoluminescent

properties of Eu®* and Th®" based compounds.

2.2

Specific objectives
Synthesize two different systems of coordination compounds. The
first family contains transition metal ions such as Co®" and Cu?*,
BTB, and either Phen or Dmdpy acting as a N-donor ligand. The
second system includes two different compound families presenting
Ln3* ijons alongside 3-HCCA ligand, but differing regarding the
proportion of metal-ligand, in the first family being 1:1 and the
second family being 1:3;
. Compare the different structural, magnetic, and
photoluminescent properties when changing the N-donor ligand and
the number of organic ligands coordinated to the metal ion;
. Characterize the synthesized compounds’ structure through

infrared spectroscopy, thermogravimetry, and monocrystal and
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polycrystal X-ray diffraction when the non-amorphous sample is
obtained,;

. Study the magnetic properties of each system through many
different techniques, such as electron paramagnetic resonance
(EPR), through DC magnetic fields for in-phase magnetic
susceptibility data and AC magnetic fields to evaluate the possibility
of out-of-phase signals characteristic of molecular nanomagnets;

. Estimate both the energy barrier found in the molecular
nanomagnets as well as the relaxation of magnetization time found
for each system;

. Study photoluminescent properties for Eu®* and Tb®*
complexes through a fluorimeter, estimate the antenna effect
efficiency for each complex, and determine the emission state

lifetime.
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3

Methodology

3.1
Synthesis of MBTBPhen system

3.1.1

Synthesis of {{Cu(H3sBTB)z2(phen)](NO3)2}n and
{[Co(HBTB)2(phen)|DMF}n

Synthesis for both coordination polymers followed the same procedures,
and its scheme is represented in Figure 25. For Cu?* complex (1), 2,5 mL of distilled
water containing copper(ll) chloride dihydrate (8 mg, 0.04 mmol) was added to a
2,5 mL solution of DMF containing BTB (30 mg, 0.06 mmol) and phenanthroline
(8.5 mg, 0.05 mmol). Blue crystals suitable for single-crystal X-ray analysis were
formed after a few days of slow evaporation at room temperature (Yield: 50.49 %).
The Co?* complex (2), 2,5 mL of distilled water containing cobalt(Il) nitrate
hexahydrate (13,5 mg, 0.057 mmol) was added to a 2,5 mL solution of DMF
containing BTB (50 mg, 0.11 mmol) and phenanthroline (10,3 mg, 0.06 mmol).
Red crystals suitable for single-crystal X-ray analysis were formed after a few days

of slow evaporation at room temperature (Yield: 32.65 %).

CuCly.2H,0 [ — P
Co(NO3),.6H,0 + 2 r H + (,«' \"‘, _,‘:’,/ \:) - {[Cu(HBTB )g(phen)]DI\f{F tn
S ~ N\ 7/ N_/ {[Co(HzBTB)(phen)|(NOs)2}

Ho. A = " _OH

2.5 mL DMF

Figure 25: Synthesis for 1 and 2.
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3.1.2

Synthesis of [Cu(HBTB)Dmdpy]-2H20
Synthesis for [Cu(HBTB)Dmdpy] -2H20 (3) is represented in Figure 26. In

summary, 2,5 mL of distilled water containing copper(ll) chloride hexahydrate (7.8
mg, 0.045 mmol) was added to a 2,5 mL solution of DMF containing BTB (20 mg,
0.045 mmol) and 5,5’-dimethyl-2,2’-pyridyl (8.4 mg, 0.045 mmol). Blue crystals
suitable for single-crystal X-ray analysis were formed after a few days of slow

evaporation at room temperature.

HO. ]

CuCl1,.2H,O —
TR L + 7\
2.5 mL H,0 \ N/ -

=] (=]

2.5 mL DMF

[Cu(HBTB)Dmdpy]-H,0

Figure 26: Synthesis of 3.

3.2
Synthesis of Ln(3-HCCA)n system

3.21

Synthesis of {[LnCl2(3-CCA)(H20)3]H20}n
The synthesis of all four coordination polymers that is a part of the family

{[LnClI>(3-CCA)(H20)3]H20}n (Ln = Eu (4), Gd (5), Tb (6) and Dy (7)) followed
the same procedure and it’s represented in Figure 27. At first, the respective
lanthanide salt was dissolved in a mixture of 5 mL of Ethanol and 2.5 mL of distilled
water. Coumarin-3-carboxylic acid was dissolved in a mixture of Ethanol and

Acetone, with 5 mL each. The proportion of Ln and Coumarin is 1:1. Both solutions
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were mixed and put to magnetic agitation at room temperature for 1 hour. After
slow evaporation, pink crystals were obtained for characterization analysis.

o O

FuCly.6H,0 Ag}iltation
1
E)l;z((::llsg?ﬁ% + Ny ROTUIS {[LnCLG-CCAYH,0), 1,0},
3.4H; :
GdCl5.6H,0 =
Ethanol 5 ml. Ethanol 5 mL o
H,O 2,5mL Acetone 5 mL

Figure 27: Scheme of the {[LnCl2(3-CCA)(H20)3]H20}n synthesis.

3.2.2
Synthesis of {[Ln(3-CCA)3(H20)2](H20)2}n
The synthesis of all four coordination polymers contained in the family

{[Ln(3-CCA)3(H20)2](H20)2}n (In = Eu (8), Gd (9), Tb (10) and Dy (11)) followed
the same procedure as previously described. However, the difference is regarded as
the ratio of Ln:HCCA, which changed from 1:1 to 1:3. As summarized, the
respective lanthanide salt was dissolved in a mixture of 5 mL of Ethanol and 2.5
mL of distilled water. Coumarin-3-carboxylic acid was dissolved in a mixture of
Ethanol and Acetone, with 5 mL each. Both solutions were mixed and put to
magnetic agitation at room temperature for 1 hour. After slow evaporation,

colorless crystals were obtained for characterization analysis.

EUC13.6H20 ‘Alg]ifation
ours
g;((élfgg_%% + 3 on T“" {[Ln(3-CCA)(HyOh1(H O by
3 2 ’
GdCl, 6H,0 7
Ethanol 5 mL Ethanol 53 mL o
H,O 2,5 mL Acetone 5 mL

Figure 28: Scheme of the {[Ln(3-CCA)3(H20)2](H20)2}n synthesis.
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3.3

Instrumentation

FTIR analyses were performed in ATR mode using 32 scans and a
resolution of 4 cm1 using an Alpha Il spectrometer (Bruker).

Thermogravimetry was conducted with a Perkinelmer pyris 1 TGA
analyzer under a nitrogen atmosphere at 25-800 °C and a heating rate of 10 °C min
1. These analyses were conducted by Professor Rodrigo Souza from PUC-Rio.

Powder X-ray diffraction data for all the samples were collected on a Bruker
D8 Discover instrument equipped with a copper tube, nickel filter, and Lynxeye
detector. The scans were obtained in the 20 range 5 to 60°, with a step of 0.02cand
0.5 s per step. A beam knife was used to reduce air scattering. These analyses were
conducted and refined by Professor Sonia Letichevsky from PUC-Rio.

Single-crystal X-ray diffraction data for compounds 1 and 2 were collected
on a Bruker D8 Venture diffractometer with Mo Ko (A = 0.71073 A) radiation at
298 K. Data collection and cell refinement were performed with Bruker Instrument
Service v4.2.2 and APEX4, [55], respectively. Data reduction was carried out using
SAINT [56]. Empirical multiscan absorption correction using equivalent reflections
was performed with the SADABS program [57]. All the crystal structures were
solved and refined using the SHEL XS and SHELXL packages [58]. The structures
were drawn using the ORTEP-3 for Windows [59] and Mercury programs [60].
These analyses were conducted and refined by Professor Guilherme Pereira Guedes
from UFF, Professor Renata Diniz from UFMG, Professor Jorg Daniels from Uni-
Bonn, Germany, and Professor Adriano Oliveira from UFS.

Magnetic field measurements were performed using a vibrating sample
magnetometer (VSM) and an AC Measurement System (ACMS) operating in

accordance with the Quantum Design Physical Properties Measurement System
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(PPMS). The data were corrected based on the diamagnetic contributions of both
the sample holder and the sample. The Magprop routine of the Dave program [61]
was employed for the static magnetic data fitting process. Professor Luis Ghivelder
from UFRJ and Professor Stéphane Soriano from UFF conducted and refined these
analyses.

The electronic paramagnetic resonance (EPR) spectrum of 2 was recorded
in the solid-state (300 K) on a Bruker EMX-Plus spectrometer with an X-band
cavity (9.5 GHz) and a microwave power of 10 mW. The spectrum was simulated
using the EasySpin [62] MATLAB routine. Professor Odivaldo Cambraia from
UFF conducted and refined these analyses.

Emission spectra were recorded in a HORIBA Jobin Yvon
spectrofluorimeter model Fluorolog FL3-221, equipped with CW xenon flash lamp
and a photodiode detector (HORIBA PPD-850). The excited state lifetime values
of Eu®" and Tb®" were determined by exponentially fitting the PL decay curves
using a pulsed flash lamp. Bruno Onishi and Sidney Ribeiro (UNESP) conducted

these experiments.
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4

Results and discussion

4.1

Synthesis, characterization, and magnetic properties of three
complexes involving Co?*, Cu?*, 1,3,5-Tris(4-carboxylphenyl)benzene,
1,10-phenanthroline and 5,5’-dimethyl-2,2’-dipyridyl.

4.1.1

{[Co(HsBTB)2(phen)](NOs)2}n and {[Cu(HBTB)2(phen)] DMF}n
In this section, a system utilizing the H:BTB as a divergent ligand and 1,10-

phenanthroline as a chelate auxiliary ligand was obtained. Two different CPs were
obtained in this system, differing in the metal ion utilized, being for CP1 Cu?* and
for CP2 Co?". Structural characterization such as Infrared spectroscopy,
thermogravimetric, single-crystal and polycrystal X-Ray diffraction were
conducted. For CP1 EPR measurements were conducted, while for CP2 both direct
and alternated magnetic measurements were conducted due the possible SMM

behavior as observed for some Co?* based complexes reported in the literature.
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41.1.1

Structure characterization

41111

Infrared spectroscopy analysis

Phenanthroline

e

H,BTB

Transmittance (%)
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Figure 29: FTIR analysis of the pre-ligands, 1 and 2.

Both coordination polymers were characterized by infrared spectroscopy, as
shown in Figure 29. This analysis is made to have an early indication of the
coordination of the organic ligands to the metallic ions by verifying a slight shift in
bands from the free ligands and the complexes. At first, a strong band at 1686 cm™
(vC=0) attributed to the BTB ligand was shifted to 1669 cm™ and 1673 cm™ in
Co(I1) and Cu(ll) complexes, respectively [63]. The v(CC) and v(CN) modes from
the free 1,10-phenanthroline ligand at 1643 cm™, 1615 cm™ and 1585 cm™ are
overlapped (due to a strong peak at 1607 cm™ from BTB) for both complexes [64].
The coordination of the Phen ligand can be indicated from the shifts of the bands

around 855-730 attributed to the motions of the t(CCCC) phen rings [65], where it
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goes from 850 cm™, 777 cm™ and 736 in the free ligand to 844 cm™,772 cm™ and

729 cm* for both complexes.

Table 4: Main infrared bands for free organic ligands, 1 and 2.

Vibrational
HsBTB Phen 1 2
modes
ve-H (DMF) - - 2975 cm )
ve=0 1686 cm™ - 1670 cm™ 1674 cm™
VCC/CN - 1644 cmt 1639 cm* 1642 cm™
VCC/eN - 1585 cm?! 1547 cm'? 1562 cm?
T(ccec) - 850 cm™ 844 cm* 844 cm?
T(cceo) - 777 cmt 772 cmt 772 cmt
T(CCCe) - 736 cm™ 729 cm™? 729 cm™?
41.1.1.2

Structure description

Table A1 displays crystal data and refinement results for both Co?* and Cu?*

complexes. Ortep images of the asymmetric units of both complexes are displayed

in Fig. Al and Fig. A2. Both complexes are isostructural, and their fragments and

coordination environments are displayed in Figure 30 (hydrogen atoms, solvent,

and counterions were omitted for the sake of clarity).
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a)

Figure 30: a) Fragment of the coordination polymers. b) Polyhedral

representation of the coordination environment of metal ions.

Two nitrogen atoms (N1 and N17) from the Phen ligand are coordinated to
the metal ion forming a chelate ring of 4 members, and the coordination sphere is
completed by four oxygen atoms (Ol and O4) from four monodentate BTB
molecules, resulting in a coordination number of 6, with both metal ions adopting
a distorted octahedral geometry. BTB molecules act as bridges between the metal
ions, forming a one-dimensional coordination polymer extending at the

crystallographic axis c, as displayed in Figure 31.

Figure 31: Extension of the polymeric chain.

Even though both complexes have the same coordination environment and

structure, they present slight differences in bond lengths and bond angles. The main
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bond distances and angles for both complexes are displayed in Table 5. It’s
observed that for Co?* complex, the Co-O distances vary between 2.027(1) A and
2.156(1) A, while the Co-N distance is 2.115(2) A. The smallest angle found is the
N1-Col-N1, with a value of 78.80(11) °, and the biggest angle is the angle between
04-Co01-0O4 of 170.19(7)°. For the copper(ll) complex, the Jahn-Teller stretch
effect can be observed by comparing the distances of Cu?* ion with the different
oxygens with Cul-O1 bond distance being of 1.928(16) A while Cul-O4 bond
distance value is 2.477(1) A. The remaining bond distance Cul-N1 has a value of
2.014(2) A. The smallest angle found is the N1-Cu1-N1, with a value of 82.32(14)
°, and the biggest angle is the angle between O4-Cul-O4 of 172.12(9)°. The bonds
from Co?* (excluding the bond stretched by the Jahn-Teller effect) are slightly
smaller than Cu?*, which can be attributed to the bigger value of electronegativity
from the copper ion compared to the cobalt ion. Both CPs have a high interchain
metal-metal distance (16.2 A) due to BTB’s size, a value that indicates a small

magnetic interaction between these metal atoms.
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Table 5: Selected bond distances and angles for both polymers.

1
Bond distances Bond distances Angle(®)
Angle(®)
(R) (A)

O1- O1-

Cul- 1928 97.97( Col- 2.027( 97.97( Col- 2.027(
Cul- Col-

o1 2(16) 11) o1 1) 8) o1 1)
o1 o1
O1- O1-

Cul- 2.014( 89.86( Col- 2.115( 91.65( Col- 2.115(
Cul- Col-

N1 2) 9) N1 2) 6) N1 2)
N1 N1
04- 04-

Cul- 2.477( 172.1  Col- 2.156( 170.1 Col- 2.156(
Cul- Col-

04 1) 2(9) 04 1) 9(7) 04 1)
04 04
N1- N1-

Cul- 16.26 82.32( Col- 16.24 78.80( Col- 16.24
Cul- Col-

Cul 5(8) 14) Col 9(8) 11) Col 9(8)
N1 N1

Among the intermolecular interactions that stabilize the crystalline packing,

it can be highlighted the presence of hydrogen bonds between BTB molecules with

a distance of 2.15(9) A for 1 and 1.71(6) for 2, as shown in Figure 32, and n-n

stacking from the benzene rings with a centroid distance of 3.70(8) A for 1 and

3.67(8) A for 2. The smallest distance between metal ions of different polymeric

chains to be around 10.6 A for both complexes. This large distance indicates a small

magnetic interaction between polymeric chains.
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chains seen through crystallographic axis b. ¢) H bond interactions between chains

seen through crystallographic axis c.

Powder X-ray diffraction measurements for both complexes are displayed
in Figures 33. The experimental diffractogram was compared with the calculated
one obtained from the structure solved by single crystal X-ray diffraction data. For
both complexes, the diffraction pattern from both data matches, indicating a good

phase purity.
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Figure 33: a) PXRD analysis for 1. b) PXRD analysis for complex 2.

4.1.1.1.3 Thermal analysis

Thermogravimetric and Derivative thermogravimetric analyses were
performed on polycrystalline samples for both complexes under a dynamic nitrogen
atmosphere (Fig. 34). TG and DTG analysis for both complexes evidence three
weight loss steps. For complex 1, the first step happens at a temperature range of
100-230 °C, and corresponds to a 7.4% weight loss, which can be attributed to the
loss of the DMF molecule. The following two steps correspond to a 54.2% and
28.3% weight loss at 300 °C and 365-540 °C, respectively, and indicate the total
collapse of the framework. The mass stabilizes at 540 °C. For complex 2, the first
weight loss happens at 88-99 °C, corresponds to 7.6% mass loss and it’s attributed
to the NOstion. The second and third weight loss happens at a temperature range
of 380-460 °C, and it’s related to the decomposition of organic ligands. A stable
mass is obtained at 460 °C, indicating that complex 1 is more thermally stable than

complex 2.
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Figure 34: TGA analysis for a) 1. b) 2.

41.1.2

Magnetic properties

41121

{[Cu(HBTB)2(phen)]|DMF}n
Hyperfine interactions are manifested in EPR spectrum by small splitting of

resonance lines characterized by the interaction between the electronic and nuclear
spin magnetic moments. There are 2nl + 1 values of ny (i =1, I-1, ..., 0, ..., -1+1, -
I); when the hyperfine interactions occur, its terms divide the Zeeman transition
into 21+1 lines of equal intensity. For the case of an interaction with only one

proton, we have a value of | = %. Therefore, we have two lines in the EPR spectrum

[21].
N
E /_}\—+1/2gB(HO+HlOC)
I/ b N +1/2gB(H0_HIOC)
S
R A28 Ho
~——%-1/2gB(Hy+Hoo)

H=0 H=H,

Figure 35: Hyperfine interactions representation (adapted from [20]).
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Copper samples present a typical EPR signal due to their hyperfine
interactions. Cu?* presents a nuclear spin of 3/2, so the Zeeman line will be split
into four lines (ni=3/2, 1/2, -1/2, and -3/2).

X-band EPR spectroscopy was performed for copper complex in solid-state
at room temperature (300 K) (Fig. 36). Two g tensors values were obtained, with it
being g, = 2.26 and g, = 2.085 in the axial spectrum. This value of g is typical

for the d,.2_,2 orbital of the unpaired electron ground state. It is associated with the

N.O2 ligand set in the xy Cu?" ion plane. The g parallel to the spectrum exhibits
signals due to hyperfine interactions, as shown in the inset of Figure 36, between
unpaired electrons and the Cu nucleus with a nuclear spin of 3/2. The hyperfine
constant obtained by simulation using the easy spin MATLAB routine is 163.10*
cm. It is difficult to resolve the hyperfine interactions in the powder EPR

spectrum, suggesting that the Cu?* centers are isolated [48].

T T T T T T T T T T T
2600 2800 3000 3200 3400 3600 3800

H(G)

Figure 36: Powder EPR spectra (in black) recorded in derivative mode at 9.39
GHz and T =300 K, for compound 1. The calculated spectrum is shown as a red

line.
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Additionally, the experimental EPR spectrum of complex 1 could be
reproduced without considering any magnetic coupling constant (J). This is further
evidence that the metal centers in both complexes are essentially isolated, as
proposed by the small J obtained from the CASSCF calculations and magnetic

susceptibility measurements.

41.1.2.2
{[Co(HsBTB)2(phen)](NOs)2}n

The polymeric structure can provide some indications regarding the
magnetic properties that the compound can present. As discussed previously, Figure
37 shows that the intrachain distance between metal ions is around 16.2 A,
indicating that the magnetic interactions amongst these metals in the polymeric
chain are weak. However, this distance is not the smallest found in the crystalline
structure, which is a distance of 10.65 A for Co-Cp and 11.03 A for Cu-CP between
chains. Still, there is a large distance for significant magnetic interactions, but its
contribution to the Hamiltonian is present. Secondly, the angle M-BTBcentroid-M
for Co-CP is 114.31°, and for Cu-Cp is 113.92°, which means it is not an ideal
superposition for ferromagnetic interactions (orthogonal superposition). Therefore,

we can expect antiferromagnetic interactions.

Figure 37: Distance and angle between metal ions.
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Figure 38: Smallest metal-metal distance between polymeric chains.

Cobalt(ll) ions are interesting for magnetic studies due to their unique
properties. Due to its high fundamental state value of S=3/2 (spin magnetic
moment), the zero-field splitting (ZFS) is highly present. ZFS arises from spin-orbit
coupling and produces a single-ion magnetic orientation with lower energy, called
anisotropy [66]. Co?* centers also present distortions from octahedral symmetry,
removing the degeneracy of *Tiq. If the distortion is tetragonal, the ground state

becomes *A,q with an excited state “Eg.
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Figure 39: Combined effect of tetragonal distortion and spin-orbit coupling on

energy levels of high spin Co?* [67].

Spin-orbit coupling results in six Kramer’s doublets, with an M = £1/2

ground state and M = +3/2 first excited states. The gap between these states is

71



measured as 2D, with D being a “quantification” of anisotropy; hence, the bigger
its value, the bigger the preference for a magnetic orientation [68].

Magnetic susceptibility data from 2 was investigated in the temperature
range of 3K-320K, represented by the product of ymT versus T is shown in Figure
40. At 320 K, the ymT value is approximately 2.2 cm®mol™ K, and upon cooling,
we see a continuous decrease to 1.27 cm®mol™ K at 3K. This behavior can result
from antiferromagnetic interactions; however, we cannot exclude the zero-field
splitting effect for metal ions with S >1, which produces the same effect in
susceptibility data. The magnetic saturation value obtained is greater than the
expected value for uncoupled spin-only contributions (1.88 cm®mol™K), indicating

the presence of an orbital part in the magnetic moment.
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Figure 40: Thermal dependence of the ymT product for 2. The red solid line

corresponds to the best fit.

To better understand the magnetic field data, we utilized the spin
Hamiltonian (Eq. 16), where pg = Bohr magneton, D = ZFS axial parameter, S =
Spin magnetic moment, g = tensor g, and zJ’ = intermolecular interactions. For this,
only the axial term was considered, and the contribution of the magnetic
interactions within the compound was included through a mean field

approximation.
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H = pggB S+ DAZ? —2J'(S,)H, (Eq. 16)

The best fit was achieved using the following parameters: gx = gy = 2.04(1),
gz = 2.50(1), D = 74.7(3) cm™* and zJ" = -0.05(1) cm™. As seen from these fits, we
have a small value of zJ” of -0.05(1) cm™, indicating small magnetic interactions of
different polymeric chains, corroborating to the first assumption due to the large
distance between metal cores of different chains.

As previously discussed, the D value is a numeric representation of the
compound’s anisotropy, and we obtained a high value of 74.7(3) cm™, which lies
withing the observed range for octahedral Co?* ions [10][69] and corresponds to an
easy-plane magnetic configuration (D>0). This confirms a weak antiferromagnetic
interaction within the compound, which was expected from the long distances
between the metal centers. This suggests that the magnetic behavior of the
compound is governed by the magnetic response of single Co?* ions.

Because of this magnetic response behavior of single Co?* ions and high
anisotropy, 2 showed great potential as a single-ion magnet. In-phase and out-of-
phase magnetic susceptibilities data was obtained to investigate its potential as a
molecular nanomagnet. In the absence of a static background magnetic field (H=0
Oe) no signal was obtained. Cobalt-based SIMs reported in the literature tend to
present strong quantum tunneling of magnetization at low temperatures. Therefore,
no slow relaxation of magnetization was observed [10][44][71]. We can remove
this effect by applying a static magnetic field to change the system’s energy levels,
as represented in Figure 41. To determine the best-applied field, the frequency-
dependent magnetic susceptibilities were measured to different static magnetic

fields at 3 K (Figure 42), where we selected the optimum magnetic field as 2 kOe.
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Figure 41: Frequency dependence of the out-of-phase ac magnetic susceptibility

x' " of 2, at 3K, for different static magnetic fields.

In-phase and out-of-phase magnetic susceptibilities data were measured for
temperatures ranging from 2-5K and are related in Figure 43. Cole-Cole plot
semicircular shape is a signature of a single relaxation process for each temperature
(Figure 44), as corroborated by the small values of o indicates a narrow distribution
of relaxation times (Table A5). For a better understanding of the time and energy
barrier for magnetization reversal, we select the best relaxation times (Table A5)
from the local maximum of each temperature curve of out-of-phase magnetic
susceptibility data and apply to Arrhenius law (Eq. 17), which gives us Ues =
12.1(3) K and 70 = 5.52(4) x 10 s (Figure 45). As shown in Figures 45 and 46, the
fit is in perfect agreement with the experimental data for the following parameters:

A = 5600(100) K%, C = 730(20) 5K, and n = 3.25(2).

1 = AT + CT™ (Eq. 17)
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Figure 42: Frequency dependence at different temperatures of the in-phase (a)
and out-of-phase (b) ac magnetic susceptibilities for 2, under a static magnetic

field of 2 kOe, at different temperatures. The solid lines correspond to the best fits

by an extended Debye model.
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Figure 43: Cole-Cole plots of 2 at different temperatures, under a static magnetic
field of 2 kOe. The solid lines correspond to the best fits.
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Figure 44: Inverse of the relaxation time versus temperature for 2. The solid line

corresponds to the best fit by Eq. 17.
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Figure 45: Arrhenius plot for 2 at 2 kOe. The red solid line corresponds to the
best fit from Arrhenius's law (Eq. 6) for the highest temperatures, and the blue
solid line corresponds to the best fit from Eq. 17.

With this information, we can conclude how 2 magnetic relaxation occurs.
As discussed previously, no quantum tunneling is observed due to the suppression
with the applied static magnetic field. Due to the obtained low energy barrier
obtained, we can exclude the relaxation via the Orbach process since it involves
transitions between real magnetic states, and no such levels exist below 150 cm™.
A lower n value than expected for a Kramer ion (n = 9) [72] is commonly observed
in octahedral cobalt-based compounds with SIM behavior, suggesting the
contribution of acoustic and optical Raman processes [10,17,73-77] . With that, we

can conclude that magnetic relaxation occurs via direct and Raman processes.
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4.1.2
[Cu(HBTB)Dmdpy].2H20

For this complex, we utilized a system using HzBTB as divergent ligand,
but the auxiliary ligand was substituted from 1,10-phenanthroline to 5,5’-dimethyl-
2-2’dipyridyl. The main objective in this section is to compare the influence of a
different auxiliary ligand in both the complex’s geometry, supramolecular
arrangement and, as consequence, magnetic properties. In order to compare both
systems, the same structural characterization was conducted (Infrared spectroscopy,
thermogravimetric, single-crystal and polycrystal X-Ray diffraction). As only Cu?*
complex was obtained, only EPR and direct susceptibility measurements were

conducted.

41.2.1

Structure characterization
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Figure 46: Infrared spectroscopy analysis of 3.

IR spectra of the complex are displayed in Figure 46. It’s observed the presence
of three absorptions bands around 3550-3250 cm™ that can be attributed to
stretching vibrations of O-H from the water molecules present in the network. As
for the HBTB? we see a small shift related to the v(C=0) from 1686 cm™ in the
free ligand to 1679 cmt, the appearance of two bands in 1605 cm™ and 1547 cm
related to vasim. (COQO") and an intense peak at 1376 from vsim(COO"), indicating not
only the coordination of the polycarboxylate but also the deprotonation of a
coordination site. The ancillary ligand coordination is usually inferred through the
L(CC/CN). However, due to the large number of bands in the same spectral region,
we can infer the coordination through 80.,(CH) deformation [78], where we see in

the deformation peak at 824 cm™ for both ligand and complex, indicating the

presence of Dmdpy in the structure.
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Table 6: Main infrared bands for free organic ligands and 3.

Vibrational
H:BTB Dmdpy 3
modes
VO-H - - 3548 cm?
VO-H - - 3440 cmt
VO-H - - 3284 cmt
ve=0 1686 cm - 1679 cm?
vasim.(COO") - - 1605 cm*
Vasim.(COO") - - 1547 cm™?
vsim.(COQ") - - 1376 cm™*
VCC/CN - 824 cm? 824 cmt

412.1.2

Structure description

Complex 3 crystallizes in a triclinic crystal system with space group P-1. Figure
47 exhibits the dinuclear structure of this complex. Each Cu(ll) ion is involved in a
distorted square pyramidal environment (Figure 47b), as evidenced by the
trigonality index ts = 0.03 [79]. The metal ions are coordinated to two nitrogen
atoms (N1 and N2) from the dmdpy ligand and three oxygen atoms from two
HBTB? ligands (01, 05, and 06). The HBTB? ligand connects the metal ions in a
syn-syn bridging mode. Additionally, this ligand exhibits two different
coordination modes, syn-syn symmetric quelate (O5 and O6) and syn monodentate

(O1). The dmdpy ligand exhibits its usual coordination mode, bidentate chelate.
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Figure 47: a) Molecular structure of the complex. b) Coordination environment of

the cooper ion.

In the basal plane the bond distances are Cul-N1 = 1.995(2) A, Cul-N2 =
1.976(2) A, Cul-O1 = 1.911(2) A and Cul-06 = 1.944(2) A. While in the apical
position, the bond distance Cul-O5 = 2.738(2) A. The distance between the
connected metal ions in the dimeric metallacycle is 16.489(8) A.

Table 7: Selected bond distances and angles for complex 3.

Bond distances (A) Angle(®)
Cul-NI  1.995(19) NI-Cul-N2 81.29(8)
Cul-N2  1.976(19) O6-Cul-N1 164.15(8)
Cul-01 1911(15) O06-Cul-N2 93.81(7)
Cul-05 2738(2) OIL-Cul-N1 92.66(8)
Cul-06  1.944(15) O1-Cul-N2 164.36(9)

Cul-Cul’ 16.489 01-Cul-O6 95.63(7)

Figure 48 displays the main supramolecular interactions observed along the
crystallographic axes b and c. The non-coordinated oxygen atoms from the
carboxylate group of the HBTB2—Iligand (O3 and O4) is responsible for an
interaction between different cycles through H-bond interaction with the free H.O

molecules and the oxygen atom that did not coordinate with the metal ion (02).
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4b

Figure 48: Supramolecular interactions through the crystallographic a-axis of the

complex.

The principal intermolecular distances between Cu?* are 7.7445(5)-15.4833(6)
A, supporting the idea of a very densely packed cycle that is bounded through -n
stacking and interactions with the free water molecules. As a result, a small surface
area is present, a fact sustained by the almost-to-no solubility in many different

solvents and the Thermogravimetric study.

Figure 49: a) Dimer stacking seen from crystallographic axys b. b) n-x stacking

of the dimers.
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Figure 50: Powder pattern for the copper dimer.

Powder X-ray diffraction measurements were made for 3. The experimental
diffractogram was compared with the calculated one obtained from the structure
solved by single crystal X-ray diffraction data. We can observe that the diffraction

pattern from both data matches, indicating a good phase purity for the copper dimer.

412.1.3

Thermal analysis
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Figure 51: TG and DTG for 3.
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Thermogravimetric analysis (TGA) was performed on polycrystalline samples
of complex 3 under a dynamic nitrogen atmosphere (Figure 51), where it is possible
to see four weight loss events occurred. The first corresponds to the loss of the H.O
molecules inside the structure at around 100°C. The following step suggests the
start of decomposition of the organic molecules between 277-408°C, which
happens in three separate steps, totaling around 40% of weight loss. The remaining
mass after heating to 1000°C is around 60%, indicating that the crystalline

framework of the compound did not completely decompose.

4.1.2.2
Magnetic properties
An electron paramagnetic resonance (EPR) study was made for 3, and it is

shown in Figure 52.
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Figure 52: Powder EPR spectra (in black) recorded in derivative mode at 9.39
GHzand T = 300 K for 3. The simulated spectrum is shown as a red line.

Due to the previously discussed low solubility of the complex in many solvents,

EPR analysis was conducted in a crystal state. The g tensor reflects the local
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symmetry of the system. The simulation resulted in two g-values (g, = 2.239 and
gL = 2.053) in the axial spectrum (Fig. 52). This value of g is typical for the dx2-
y2 orbital of the unpaired electron ground state. It is associated with the N2O> ligand
set in the xy Cu?* ion plane [80]. The g-factors' values are close to those reported
for penta-coordinated copper dimers in the literature [81]. The hyperfine interaction
in the parallel part of the spectrum was poorly resolved with a hyperfine constant
of 172.10* cm™. This suggests that the Cu?* centers are well isolated.

The isothermal magnetization of compound 1 was measured at 2K, 4K, and 8K
with a magnetic field up to 7T (Figure 53). Considering the long distances between
the copper ions within the crystal structure, no significant magnetic interaction is
expected between the metal centers. Therefore, as a first attempt to reproduce the
magnetic data, we only considered two identical Brillouin functions for the S=1/2
copper ions. The fitting procedure was performed regarding all temperatures
simultaneously. The best fit, represented by the solid lines in Figure 53, was
obtained with g = 2.09 + 0.01 and is in very good agreement with the experimental
data. Furthermore, the g parameter is consistent with the EPR measurements.
Finally, as expected for isotropic non-interacting magnetic ions, the dependences
of the magnetization in the function of the magnetic field over temperature (H/T)

are superimposed for the different temperatures (Figure A4).
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Figure 53: Magnetization measurements for 3.

4.1.3

Conclusions

This section synthesized three new coordination compounds: two (1 and 2)
being isomorph coordination polymers and one copper dimer (3). They were
characterized with multiple techniques, with Single-crystal X-ray analysis showing
both 1 and 2 being hexacoordinated, adopting a distorted octahedral geometry, with
3 being pentacoordinated with a distorted square pyramidal geometry.

For the Cu?* CP, EPR was analyzed, but because it was analyzed in powder
form, the characteristic hyperfine interactions for copper (II) were not entirely
resolved. The Co?* complex displayed antiferromagnetic interactions, exhibiting
SIM-like behavior with slow relaxation of magnetization when a DC field was
applied in order to suppress QTM.

The synthesis of 3 was a great example of the influence of auxiliary ligands
in the synthesis of molecular magnetism. The change from Phen to Dmdpy ligand
changed from a CP to a copper dimer metallacycle with intense intermolecular

interactions, resulting in a low solubility for this complex. EPR and magnetization
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measurements were conducted for this complex, which showed a small interaction

between the Cu?* ions in the structure.
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4.2

Synthesis, characterization, magnetic, and luminescent properties of
four coordination polymers involving Gd3*, Dy®*, Eu®*, Tb%*, and

Coumarin-3-carboxylic acid.

4.2.1
{[LnCI2(3-CCA)(H20)3]H20}n

In this section, a system utilizing 4 different Ln®" ions and 3-HCCA ligand
in a 1:1 ratio was obtained. Structure characterization was conducted through
different techniques, such as infrared spectroscopy, thermogravimetry, single
crystal and polycrystal X-Ray diffraction. Magnetocaloric studies were conducted
for the Gd®* derivate. Due to the high anisotropy in Tb%* and Dy®" ions, direct and
alternate susceptibility measurements were conducted due. Both Eu®" and Tb%*
complexes exhibited photoluminescence, and the excitation and emission spectrum

for both CPs was obtained, as well as the emission lifetime was estimated.

42.1.1

Structure characterization
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Figure 54: Infrared spectroscopy for {[LnCl2(3-CCA)(H20)3]H20}n.

Infrared spectroscopy analysis was conducted for 4, 5, 6, and 7 to visualize
an indication of coordination due to a shift in the ligand’s bands. Both complexes'
spectrum was compared to the free 3-HCCA ligand. For complexes 5 and 7, we can
observe a prominent band characteristic of stretching vibrations of O-H from the
water molecules present in the network; however, shift from the other vibrations
from free organic ligand was not observed, likely due to the low % of the complex
present in the sample (See Table 13 at Thermal Analysis section). For complexes 4
and 6, we observe the significant stretching vibrations of O-H from the water
molecules are much more intense due to the more significant % of the complex in
the sample. Free 3-HCCA ligands coordinate through the C-O group. Therefore,
the indication of complexation will happen around the 1800-1300 cm™ range. The
v(C=0) band at 1736 cm™ in the free ligand shifts to 1687 cm™ for 6, while for 4
we can observe a loss of intensity, with the appearance of two bands at 1668 and

1613 (4 and 6) cm™ that are related to vasim(COO"), indicating not only the
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coordination of the polycarboxylate but also confirming the deprotonation of a
coordination site [78].

Table 8: Main infrared bands for free organic ligand, 4, 5, 6 and 7.

Vibrational
3-HCCA 4 5 6 7
modes
VO-H - 3350cm?  3350cm?  3350cm? 3350 cmt
Ve=0 1736 cm* 1736 cm?* 1736 cm?* 1687 cm™ 1736 cm™?
Vasim.(COO") - 1668 cm*! - 1668 cm™ -
Lasim.(COO") - 1613 cm* - 1613 cm™ -
4.21.1.2

Structure description

Table A3 displays crystal data and refinement results for all coordination
polymers. Figure A5 shows Ortep images of the asymmetric units of all complexes.
All complexes are isostructural, and their fragments and coordination environments

are displayed in Figure 55.

cn

a) b)

Figure 55: a) Fragment of the coordination polymers. b) Polyhedral
representation of the coordination environment of lanthanide ions (hydrogens,
solvent and counterions were omitted for the sake of clarity).
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The lanthanide ions are octacoordinated, with these ligands being two
chloride ions, three oxygens coming from water molecules, and three other oxygens
coming from two Coumarin-3-carboxylic acids, adopting a triangular
dodecahedron geometry (Shape Program). Although all coordination polymers
have the same coordination environment, they have slight deviations in angles and

bond distances, as shown in Tables 9 and 10.

Mﬁﬁﬁé‘

G

Figure 56: Extention of the polymeric chain seen through crystallographic axis b.

Table 9: Bond distances for {[LnCl>(3-CCA)(H20)3]H20}n.

Bonds Ln=Eu Ln=Gd Ln=Tb Ln = Dy

distance (A)

Ln-Cl1 2.736(9) 2.727(7) 2.714(9) 2.705(1)
Ln-CI2 2.862(1) 2.864(9) 2.861(1) 2.853(2)
Ln-01 2.311(3) 2.290(2) 2.228(3) 2.270(3)
Ln-02 2.353(3) 2.335(3) 2.327(4) 2.321(4)
Ln-03 2.487(3) 2.465(3) 2.461(3) 2.444(3)
Ln-07 2.469(3) 2.440(2) 2.425(3) 2.410(4)
Ln-08 2.401(3) 2.378(2) 2.355(3) 2.349(3)
Ln-09 2.486(3) 2.462(3) 2.425(3) 2.440(3)
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Table 10: Main angles found in the coordination environment for {[LnCl(3-

CCA)(H20)3]H20}.
Bond angles Ln =Eu Ln=Gd Ln=Tb Ln =Dy
()

Cl1-Ln-Cl2 80.19° 79.76° 79.73° 79.59°
01-Ln-09 73.15° 73.71° 73.54° 73.85°
01-Ln-0O3 73.62° 73.45° 73.52° 73.53°
01-Ln-0O8 94.41° 94.00° 93.27° 93.49°
02-Ln-03 69.72° 70.30° 70.65° 71.11°
02-Ln-07 69.80° 69.69° 69.78° 69.60°
02-Ln-09 75.84° 75.84° 75.84° 75.62°
O7-Ln-08 73.33° 73.67° 73.76° 73.43°

Table 11: Shortest Ln-Ln distances found for {[LnCl2(3-CCA)(H20)3]H20}n.

Intrachain Ln- Ln =Eu Ln=Gd Ln=Tb Ln = Dy

Ln distance
A)
Ln-Ln 6.4287(4) 6.4119(4) 6.3967(3) 6.3891(5)

Interchain Ln- Ln=Eu Ln=Gd Ln=Tb Ln = Dy

Ln distance
A)
Smallest 7.0855(4) 7.0230(5) 6.9561(5) 6.9533(6)

distance

Lanthanide ions are linked by the carboxylate part of the coumarin
molecule, as they act as a bridge through both O2 and O3 atoms. In this way, the
coordination polymer extends along crystallographic axis a, as shown in Figure 56.
As there is only a carboxylate bridge between the metal ions, its intrachain distance

is relatively small, ranging from 6.38 to 6.43, as reported in Table 11. Each
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coumarin molecule from the asymmetric unit interacts with itself via intrachain H-
bond (Fig. 57), where the distances found in each CP are in Table 12.

Table 12: non-classic intrachain H-bond distance in CP family.

03--H4-C4 D-H (&) H-A (A) DA (A) D-H—A (°)
Ln=Eu 0.930 2.376 3.295 169.33
Ln=Gd 0.964 2.323 3.272 167.91
Ln=Tb 0.975 2.292 3.260 171.26
Ln = Dy 0.869 2.395 3.253 168.95

04--H7-C7 D-H (&) H-A (A) DA (A) D-H-A (°)
Ln =Eu 0.930 2.592 3.484 161.04
Ln=Gd 0.972 2.544 2.457 156.62
Ln=Tb 0.915 2.610 3.454 153.73
Ln = Dy 0.917 2.604 3.453 154.31

Figure 57: Intrachain H-bond distance from the polymeric chain. Symmetry

codes: (i) x+1,y, z.

As for interchain interactions, we observe classic and non-classic H-bonds
between the free and coordinated H.O molecule, the coordinated Cl atoms, and the
O atoms from the HCCA ligand. These interactions are found in all CPs with a
slight difference in the distance for each polymer. This interaction is the main

reason we find small interchain distances between Ln core centers since these
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interactions create agglomerates described in Figure 58 (b) that go through the
entirety of the polymeric chain. Another interchain interaction is n-n stacking of the
aromatic rings from the coumarin molecule. Fig. 59 a) displays these stackings, and

Fig. 59 b) shows both interchain interactions simultaneously.
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Figure 58: a) H-bond interaction around the metal center. b) Interchain H-bond
seen from crystallographic axis a. Symmetry codes: (i) x-1, y, z; (ii) -x+2, -y+2, -
z+2; (iii) X, y-1, z; (V) -x+2, -y+1, -z+2.
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Figure 59: a) Stacking of the aromatic rings from HCCA ligand. b) Both

interchain interactions are found in this family of CP.

Powder X-ray diffraction measurements were made for 4, 5, and 6 and are
displayed in Figure 60. The experimental diffractogram was compared with the

calculated one obtained from the structure solved by single crystal X-ray diffraction

data.

—3-CCA
——5 Experimental
— Calculated

4 ——3.CCA 5
—— 4 Experimental
—— Calculated

6 —3-CCA
—— 6 Experimental
—— Calculated

Figure 60: Powder X-ray diffraction measurements for: a) 4. b) 5. c) 6.
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The experimental diffraction pattern for all complexes matches some peaks
from the calculated data. However, we can observe the presence of the organic
ligand 3-CCA crystallized alongside the complex. Although organic ligands do not
interfere with magnetic properties (diamagnetic impurities can be corrected), they
result in a mass error that reduces the magnetic signal, as will be discussed in this
dissertation. The purification of these complexes is still in progress for the paper’s

publication.

42.1.1.3

Thermal analysis

Thermogravimetric and Derivative thermogravimetric analyses were
performed on polycrystalline samples for the four polymers under a dynamic
nitrogen atmosphere (Fig. 61). We can observe three to four weight loss events for
all polymers. The first event usually happens at around 80-100°C, which we can
attribute to the loss of the free H.O molecules in the crystalline structure. The
second weight loss step happens at approximately 160-200°C and is related to the
coordinated H20 molecules on the structure. Later, for all four complexes, we see
a significant weight loss event that happens at around 230°C. However, we can
observe that the complex containing Eu does not have a considerable weight loss
event compared to the remaining three. In fact, for the Eu complex only, we can
observe another later weight loss event happening at around 380°C, corresponding
to the coordinated loss of both Cl atoms. Analyzing the remaining percentage of
mass for all complexes, we can observe a smaller obtained mass than what was
previously expected (Table 13), which was around 30-40%, due to the expected
formation of either Lng), Ln2O3 or even LnO for lanthanides such as Eu that can

exhibit +2 oxidation state. This indicates that the sample carried to the thermal
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analysis was not entirely pure; crystallized HCCA molecules that were not
coordinated were present and majorly decomposed at around 230°C, explaining the
significant weight loss event in all polymers. Only complexes 6 and 7 reached
thermal stability, so for the Dy sample we can estimate the amount of complex
contained in the sample (Table 13), while for the other two complexes we cannot
fully estimate, since they did not reach thermal stability.

We can observe the influence of this small % of the complex in the samples
in magnetic studies that were conducted and are reported in Section 3.1.4, where
we can observe smaller values of magnetization as were previously expected. This
happens since magnetization values are based on the molar mass of the compound.
Therefore, when the mass of the sample is reported and then measured, the
magnetization value is not as high as it should be (Table 1) since there is an organic

ligand in the sample.
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Figure 61: TGA analysis for a) 4; b) 5; ¢) 6; d) 7.
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Table 13: Percentage of remaining mass for all complexes.

Eu Gd Th Dy
Obtained % 27 11 18 13
% of the - - 48.32 34.48

complex in the

sample

42.1.2

Photoluminescent properties

Due to the unique photoluminescence properties of Eu* and Tb**, the
photoluminescent properties of both [EuCIl>(3-CCA)(H20)3]H20n and [ThClx(3-
CCA)(H20)3]H20n were investigated. When exposed to UV radiation, the Eu
complex emitted a red color, but the Th complex did not show a green emission
with a commercial UV-light lamp.

The emission and excitation spectra for 4 is shown in Figure 62. The
excitation spectra (blue color) were registered (250-500 nm), with the emission
monitored in the intense °Dg — 'F2 (Aemi = 614 nm) transition. We can observe an
intense and large band from 250-400 nm, attributed to the absorption energy from
the ligand’s aromatic rings S — So (m, ©*). We can also observe a fine band "Fo —

5D, corresponding to 4f — 4f transitions of Eu* ion.
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Figure 62: Emission and excitation spectra of 4 (experiment conducted in
crystalline form).

The emission spectra (color red) were registered in the interval of (375-750
nm) with the excitation fixed at the highest absorption from the 3-CCA ligand (Aexc
=366 nm). The complex emits many characteristic bands for Eu®*ion, from its main
emission state °Do to 'F3, with J =0, ..., 4. The transition °Do — "Fo in one band
indicates that all the Eu®*ions are experiencing a uniform crystalline field.

For the Th**complex, the excitation and emission spectra are displayed in
Figure 63. The excitation spectra (blue color) were registered at 300-525 nm, with
the emission monitored in the intense °Ds — 'Fs (kemi = 545 nm) band. We can
observe the same large band from 300-375 nm corresponding to the absorption
energy from the ligand S — So (m, m*). However, differently from the Eu®*complex,
we can observe another band later at around 410 nm, which is also present in the
emission spectrum (green color); that is an indication that the transfer of energy

from the 3-CCA™ was not effective, that is, the antenna effect was not prevalent,
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which can explain the lack of green emission when excited with a regular UV light

lamp.
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Figure 63: Emission and excitation spectra of 6 (experiment conducted in
crystalline form).

The emission spectra were registered at 375-725 nm, with the dexc =311 nm
being the highest absorption found for the organic ligand. We can observe that in
these spectra, differently than the Eu®*spectra, we can hardly see the Stark levels,
as the bands tend to be larger for Th**ions since both of their fundamental state 'Fs
and their excited state °D4 are degenerated. As previously discussed, we observed
the large band, indicating that the antenna effect was not prevalent. We can also
observe several characteristic bands from the Th*"ion involving the main emission

state for the lanthanide, °Ds — ‘Fywith T =3, ..., 6.
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Figure 64: Half-life analysis of a) 4 b) 6.

The transition involving the emission state Dy for the Eu**complex and °Da

for the Th3 complex was selected to analyze the complex's emission lifetime. The

first was excited at 366 nm, and their emissions were monitored in the maximum

emission wavelength (614 nm), while the latter was excited at 372 nm, with the

emission at 546 nm. We can observe that the emission lifetime for the Tb**complex

is smaller than literature values [82][83] and is smaller than the Eu®* one. This is

more evidence that the antenna effect was not prevalent for the Tb®*complex since

the opposite was expected due to the difference of energy of the emission state and

fundamental state for Th®" (°D4 — "Fe) being higher than the one for Eu* (°Do —

7Fo).
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4.2.1.3

Magnetic properties

4.2.1.3.1
{[GACl2(3-CCA)(H20)3]H20}n.

A magnetocaloric effect study was conducted for 5 because Gd** presented
no hysteresis curve. Magnetization measurements were performed at a field of 0-9
T in the temperature range of 1.8-10K (Figure 65). We can observe a continuous
increase in magnetization with the field increase, coming up to a value of around 4
NpB. When comparing this value to other Gd-based materials in the literature, the
obtained value is smaller (the expected value for one spin-only Gd** being 7 Np).
This error might be caused by the presence of the organic ligand in the sample
affecting the mass sample error or the temperature-independent paramagnetism

(TIP) effect.

pH (T)

Figure 65: Magnetization measurements for 5.

The AS value was obtained for different applied fields using Maxwell

equation Eq. 14, and Figure 66 displays the graphs of AS vs. T and AS vs. H.
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Figure 66: Maximum entropy variation for 5.

As observed in both graphs, the ASMM# obtained was around 20 Jkg*K™* at
2.1 K with an applied field of 9T. The theoretical value obtained by: ASy™& =
RIn(2S+1)/Mw, when using S = 7/2 and a molecular weight of 489.35 g/mol, the
expected value is 35.3 Jkg*K™. This theoretical value agrees with the values found
in the literature [84][85], but the smaller obtained value can be attributed to the

mass error previously discussed.

4.2.1.3.2

{[TbCl2(3-CCA)(H20)3]H20}n.
Direct current magnetic susceptibility data was measured for 6 from 2-350

K and is displayed in Figure 67 a). We can observe the ¥T value at 3.88 cm*K.mol"
! decreases its value with the decrease in temperature up until 8K due to the Stark
level’s depopulation, where it hits a value of 3.1 cm®K.mol* and increases upon
cooling, reaching 3.13 cm3K.mol* at the 3K mark. This increase in 4T value at low
temperatures might be due to temperature-independent paramagnetism (TIP), from
the sample’s sample holder.

The obtained T value was way smaller than the expected value for the free
ion approximation of an uncoupled Tb%* ion (ymT = 11.82 cm®.K.mol?) (Table 1).

Due to this, computational CASSCF calculations were conducted on this family of
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compounds, where Fig. 67 b) shows the calculated ¥T value for 6 of 11.66

cm®K.mol~, a value that is much closer to the expected value.
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Figure 67: a) ymT measurement for 6. b) CASSCF calculation for ymT for 6.

CASSCEF calculation is an ab initio form of calculation frequently used to
help understand magnetic data. They were conducted for 6, and Table 14 shows the
energy levels of the electronic states of Th®*ion for 6. Due to their accessible energy
states, only the first 12 energy states have a Boltzmann population relevant for
magnetic properties. After that, there is a massive increase in energy value, which

characterizes high anisotropy for 6.
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Table 14: Electronic state energy levels calculated from CASSCF calculation for

6.
Tb>* (6)
State Energy (cm™)
1 0
2 0.10
3 120.31
4 123.40
5 137.32
6 143.11
7 194.79
8 213.01
9 250.83
10 296.24
11 312.22
12 394.95
13 2250.14

Th3*-based coordination compounds can behave as SMMs due to their high
anisotropy. Therefore, alternating-current susceptibility measurements of the
complex were conducted. The in-phase and out-of-phase measurements are
displayed in Figure 68. Firstly, it evaluated the best static magnetic field to conduct
a slow relaxation of magnetization study. With an alternating field of Hac =10 Oe,
the in-phase and out-of-phase signals were evaluated by applying different

background static fields ranging from 0-4kOe. As observed in Figure 68, the
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background field that resulted in the best x’ signal was 1 kOe and 1.5 kOe, and the
ones that resulted in the best i’ signal were 1.5 kOe and 2 kOe. With that, 1.5 kOe

was the best-selected field for further analysis.
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Figure 68: a) In-phase ac measurements for 6. b) Out-of-phase ac measurements
for 6.

Purification processes are in progress since further analysis is needed to
determine the energy barrier, the relaxation time, and the mechanism of relaxation
due to the small signal obtained by organic ligands in the samples. However, Fig
68 b) shows us out-of-plane frequency-dependent signals that indicate the slow

relaxation of magnetization in 6.

4.2.1.33
{[DyCl2(3-CCA)(H20)3]H20}n.

Direct current magnetic susceptibility data was measured for 7 at a 2-350 K
temperature range, as shown in Figure 69. We can observe a ymT value of 9.55
cm®Kmol?, with a gradient reduction in the ymT with the decrease of temperature
reaching a value of 5.38 cm®Kmol? at 2K. This result is associated with the
depopulation of the Stark levels for Dy** ions. Compared to the literature and

tabulated data, the obtained ywT is smaller than expected (~14 cm3Kmol™?).
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Figure 69: ymT measurements for 7 at 1kOe.

Just like Tb** ions, Dy**-based compounds can behave as Single Molecule
Magnets. Therefore, dynamic magnetic studies were conducted. Figure 70 shows
us in-phase (a) and out-of-phase (b) magnetic measurements vs temperature at
different applied fields. We can observe the presence of maximum values at the
field range of 1 kOe — 1T for the out-of-phase at a fixed frequency of 1 kHz. This
indicates the slow relaxation of magnetization present in this compound; however,

further analysis is required to determine the relaxation time and the energy barrier

for the magnetization reversal.
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Figure 70: a) In-phase ac measurements for 7. b) Out-of-phase ac measurements
for 7.
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4.2.2

{[Ln(3-CCA)3(H20)2](H20)2}n

In this section, a different system was obtained utilizing 4 different Ln®" ions

and 3-HCCA ligand, but with a different Ln:3-HCCA ligand ratio, where in the

previous family a 1:1 ratio was obtained, and in this section a 1:3 ratio was obtained.

To compare both family properties, the same structure characterization was

conducted (infrared spectroscopy, thermogravimetry, single crystal and polycrystal

X-Ray diffraction). Both Eu** and Tb®" complexes exhibited photoluminescence,

and their excitation and emission spectrum and the emission lifetime for both CPs

was obtained and compared to the previous family.

4221

Structure characterization
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Figure 71: Infrared spectroscopy for 8 and 9.
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Infrared spectroscopy analysis was conducted for 8 and 9 to visualize an
indication of coordination due to a shift in the ligand’s bands. Both complexes'
spectrum was compared to the free 3-HCCA ligand. The behavior of these spectra
Is similar to the ones found in 4 and 6. We can observe weak bands at 3519 and
3441 cm™ due to H.0 molecules in the structure, with the v(C=0) band at 1736 cm’
L in the free ligand shifting to lose intensity in 8, with the appearance of a band at
1704 cm* for both complexes that can be attributed to a shift in v(C=0). However,
the presence of the band still in 1736 cm™ for 9 can indicate the presence of free
organic ligand in the sample in 9, since the position for the free ligand band is much
stronger than 8, while the peak at 1704 cm™ for the complex is much weaker than
8 (PXRD shows good purity for 8).

Table 15: Main infrared bands for the free organic ligand, 8 and 9.

Vibrational
3-HCCA 8 9
modes
VO-H - 3519cm?t 3519 cm*
VO-H 3441 cm?t 3441 cm?
Vc=0 1736 cm?* 1704 cm? 1704 cmt

42213

Structure description

Single-crystal X-ray analysis was conducted for two of the four complexes
obtained, and powder X-ray analysis was conducted for complex 8. Crystal data
and refinement results for 8 and 9 are displayed in Table A4. Ortep images of the
asymmetric units of both complexes are displayed in Fig. A6 and A7. Complex 8

and Complex 9 are eneacoordinated and octacoordinated, respectively. The bond

108



distances and central angles found for both CPs are displayed in Tables 15 and 16.
Their fragments and coordination environments are displayed in Figures 72 and 73

(hydrogens were omitted for clarity).
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Figure 72: a) Asymmetric unit of {[Eu(3-CCA)3(H20)2](H20)2}n, b) Polyhedron

representation of the metal’s surrounding.
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Figure 73: a) Asymmetric unit of {[Gd(3-CCA)3(H20)2](H20)2}n, b) Polyhedron
representation of the metal’s surrounding.

Complex 8 is enea-coordinated, adopting a Tricapped trigonal prism
geometry (Shape Program), where we can observe two oxygens coordinated from
H20 molecules, two oxygens coordinated through the carboxy! group of the ligand,
and two other HCCA coordinated through one of the oxygens from the carboxyl
group and one from the lactone part of the ligand. The remaining two coordination
spots are from the coumarin responsible for the polymeric chain extension,

coordinated with the lactone oxygen and one oxygen from the carboxyl group. In
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contrast, the remaining oxygen is coordinated with another Ln via bridge mode. We

can observe the extension of the polymeric chain in Figure 74.

Table 16: Bond distances found in the coordination environment for the

lanthanide ions.

Bonds Ln=Eu Bonds Ln=Gd
distances distances

Ln-02 2.531(3) Ln-02 2.333(4)
Ln-0O3 2.491(3) Ln-O6 2.339(5)
Ln-O6 2.414(3) Ln-O7 2.406(5)
Ln-O7 2.436(4) Ln-O8 2.471(5)
Ln-O8 2.464(4) Ln-010 2.299(5)
Ln-010 2.339(3) Ln-012 2.488(5)
Ln-012 2.561(4) Ln-O13 2.342(6)
Ln-O13 2.399(6) Ln-O14 2.396(5)
Ln-O14 2.463(6) - -

Complex 9 is octacoordinated, adopting a triangular dodecahedron
geometry (Shape Program) with two H,O coordinated to the Gd** ion alongside
three other 3-CCA molecules. The difference from Complex 8 is that none of the
organic ligands coordinates through both oxygens from the carboxylate group,
resulting in one less coordinated atom. Regardless of this fact, both CPs extend

similarly to each other, and their supramolecular arrangements are also similar.
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Table 17: Main angles found in the coordination environment for the lanthanide

ions.

Bond angles Ln =Eu Bond angles Ln=Gd
02-Ln-03 51.6° 02-Ln-06 80.9°
02-Ln-06 73.9° 02-Ln-07 72.9°
02-Ln-08 71.2° 02-Ln-013 96.6°

02-Ln-013 70.8° 06-Ln-08 72.0°
03-Ln-07 76.2° 06-Ln-010 79.9°
03-Ln-08 71.2° 06-Ln-014 76.5°
06-Ln-08 85.5° 0O7-Ln-08 69.7°
06-Ln-010 87.0° 07-Ln-012 70.4°
06-Ln-012 71.4° 08-Ln-012 70.6°
06-Ln-013 76.7° 010-Ln-012 68.5°
O7-Ln-08 68.8° 010-Ln-013 85.8°
0O7-Ln-010 91.5° 010-Ln-014 75.8°
07-Ln-012 71.1° 013-Ln-014 69.5°
07-Ln-014 71.0°

08-Ln-012 69.7°

010-Ln-012 67.9°
010-Ln-013 76.7°
010-Ln-014 70.6°

Figure 74: a) Extension of 8 as seen through the crystallographic axis b. b)

Extension of 9 as seen through the crystallographic axis b.
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The description of polymeric chain extension is similar to that of the
previous group discussed, where only one of the coumarin ligands is responsible
through the carboxyl group. Because of that, we observe similar intrachain
distances of Ln ion cores, as described in Table 17. However, unlike the previously
described polymers, we have a substitution of small ligands (H2O and ClI) for bigger
ones, resulting in a different supramolecular distribution.

Table 18: Smallest distances found in {[Ln(3-CCA)3(H20)2](H20)2}n

Intrachain Ln Ln=Eu Ln=Gd
distances
Ln-Ln 6.7038(4) 6.3944(7)
Interchain Ln Ln=Eu Ln=Gd
distances
Smallest distance 6.7468(5) 7.3846(8)

For 8 the polymeric chain extends through crystallographic axis a, as is
observed in Figure 75. (a). In this figure, we can also see one of two different
intermolecular interactions between chains that are observed in these complexes,
that is, a stacking of the aromatic rings from the HCCA ligand. However, we cannot
affirm that this interaction is n-n stacking due to the angles found between the
aromatic ring’s centroid being around 70°, which is not ideal for this type of
interaction. The other interchain interactions are H-bonds between the free,
coordinated H.O molecules and Oxygen atoms from the organic ligand in the
structure. Figure 75 (b) shows the H-bonds in more detail. These interactions are
responsible for a small interchain distance, where in the case of the Eu complex,
the value is obtained between metal centers like the ones found intrachain (~ 6.7 A)

(Table 17).
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Figure 75: Supramolecular arrangement for 8 as seen through crystallographic

axis a for a) Overall interactions; b) Classic H-bond interaction up close.

YA

a)

Figure 76: Supramolecular arrangement for 9 as seen through crystallographic
axis a for: a) Overall interactions; b) Classic H-bond interaction up close.

In Figure 76 a) we can observe the supramolecular arrangement for 9.
Differently than 8, we do not observe a stacking of aromatic rings. The main
supramolecular interactions found are classic (full green line, in more detail in (b))
between the coordinated and uncoordinated H,O molecules in the structure and
non-classic H-bonds (dotted line) from the cycle O atom found in the lactone part
of the ligand, with the polymeric chain extending through crystallographic axis a.
In the Gd complex, we obtained a smaller intrachain distance between Gd** cores
(~6.4 A), and we obtained a more considerable interchain distance (~7.38 A) when

compared to the Eu* complex.
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Figure 77: Supramolecular arrangement as seen through crystallographic axis b

for: a) Compound 8; b) Compound 9.

In Figure 77 we can observe the supramolecular arrangements seen through
crystallographic axis b. In (a), we can better observe the aromatic ring stacking for
8, as in (b), the classic H-bonds found in complex 9 are highlighted.

Powder X-ray diffraction measurements were made for 8 and are displayed
in Figure 78. The experimental diffractogram was compared with the calculated one
obtained from the structure solved by single crystal X-ray diffraction data. We can
observe that both diffractograms match, indicating good phase purity for further

analysis.

114



8 —— Experimental
——Calculated
W
5 10 15 20 25 30 35 40 45 5

26

Figure 78: Powder X-ray diffraction for 8.

4.2.2.2

Photouminescent properties

The emission and excitation spectra for 8 is shown in Figure 79. The
excitation spectra (blue color) were registered at 250-500 nm, with the emission
monitored in the intense °Do — 'F2 (Aemi = 614 nm) transition. We can observe an
intense and large band from 250-400 nm, attributed to the absorption energy from
the ligand S — So (m, m*). We can also observe a fine band 'Fo— °D; corresponding

to 4f — 4f transitions of Eu®* ion.
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Figure 79: Emission and excitation spectra of 8 (experiment conducted in

Wavelength (nm)

crystalline form).

The emission spectra (red color) were registered in the interval of (375-750

nm) with the excitation fixed at the highest absorption from the 3-CCA ligand (Aexc

=366 nm). The complex emits many characteristic bands for Eu®*ion, from its main

emission state *Do to Fj, with j = 0, ..., 4. Compared to the complex with only 1

coordinated 3-CCA ligand, the main emission band °Do — F» seems more intense

in this complex, most likely due to the more significant amount of ligand

transferring energy to the Eu®* ion. The transition °Do — "Fo in one band indicates

that all the Eu®* ions occupy the exact influence of the crystalline field.
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Figure 80: Emission and excitation spectra of 10 (experiment conducted in

crystalline form).

For the Tb3" complex, the excitation and emission spectra are displayed in
Figure 80. The excitation spectra (blue color) were registered in the interval of 300-
525 nm, with the emission monitored in the intense °D4 — "Fs (Aemi = 545 Nm) band.
We can observe the same large band from 300-375 nm corresponding to the
absorption energy from the ligand S — So (7, ©*). As expected, the antenna effect
was not prevalent, changing the number of organic ligands coordinated since it does
not alter the energy level of the molecules.

The emission spectra were registered in the interval of 375-725 nm, with the
hexc = 311 nm being the highest absorption found for the organic ligand. We can
observe several characteristic bands from the Tbh®* ion involving the main emission
state for the lanthanide, °Ds — 'Fy with J =3, ..., 6. However, the characteristics of
the bands °Ds — "F3 and °D4 — "F4 are different since, in this compound, we can

observe the Stark levels. We can also observe another peak at around 700 nm, which
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is characteristic of Eu®" compounds. That concludes that this sample was

contaminated with Eu®* ions, interfering in the photoluminescent analysis.
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Figure 81: a) Half-life analysis of 8. b) Half-life analysis of 10.

For the analysis of the complex's emission lifetime, the transition involving
the emission state °Dg for the Eu®* complex and 5D4 for the Th®* complex was
selected. The first was excited at 366 nm, and their emissions were monitored in
the maximum emission wavelength (614 nm), while the latter was excited at 372
nm, with the emission at 546 nm. We can observe that the emission lifetime for the

Tb®" complex is smaller than the Eu* one.
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Figure 82: Transition lifetime comparison of: a) 4 and 8 b) 6 and 10.

118



When comparing both Eu®* complexes obtained, we can observe that the
increase in coordinated organic molecules and the removal of 1 coordinated water
molecule increased the lifetime of the transition. This is due to the reduction in
quenching caused from the harmonics of O-H bond. For the Tb®* complexes, we
cannot affirm due to the contamination of the second sample; however, significant

differences in the lifetime are not expected due to the low practical antenna effect.

4.2.3

Conclusions

Two CP families were synthesized, and Single-Crystal X-ray analysis was
conducted. For the first family, all of them were isomorphs 1D CPs, and their crystal
structure was successfully discussed. However, the reproducibility of these
complexes’ synthesis is still to be optimized due to the crystallization of the
complex happening alongside the crystallization of the organic ligand, something
that interferes with other analyses such as 1V, TG, and DTG, PXRD, and Magnetic
susceptibility data. Luminescence studies were conducted for Eu®* and Tb®*
complexes, with an evident antenna effect for the Europium complex.
Magnetocaloric studies were conducted for the Gd** complex, but lower-than-
expected values were obtained due to the mass problem discussed. With the
evidence above, both Tb®" and Dy** behave as SIMs. However, further analysis is
yet to be conducted to precisely determine the relaxation time and energy barrier of
these CPs.

Changing the metal: ligand ratio from 1:1 to 1:3, four new CPs that were
synthesized. Eu*and Gd** complexes had Single-Crystal X-ray analysis conducted
where they were not isomorphs. However, both were 1D CPs and presented the
same amount of coordinated organic ligands and H>O molecules. Further
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characterization analysis for the remaining CP derivates is required to determine
their structure fully. However, IV analysis indicates that both other CPs (Tb** and
Dy*")) have similar structures. Adding two organic molecules and removing one
coordinated H20O molecule in the Eu* complex resulted in a higher luminescence
lifetime. The same was not seen for the Th3* complex due to a weak antenna effect.
However, the possible Eu* impurity in the Th*" complex can interfere with the
results. Magnetic analysis is yet to be conducted due to the possibility of Th*" and

Dy®* complexes behaving as SIMs.
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6

Final Considerations

Nine new coordination compounds were synthesized and characterized by
spectroscopy and analytic techniques. For the d-block metals, all the
characterizations and magnetic measurements were successfully conducted,
obtaining two CP’s containing six-coordinated Cu®* and Co?* with BTB and Phen
ligand and a Cu?* copper dimmer with the substitution of auxiliary N-donor ligand
from Phen to Dmdpy.

The Ln(3-CCA) systems still need further purification to repeat the
magnetic measurements and publication of the data. However, the preliminary
experiments could indicate the SIM behavior for Th3" and Dy®* due to the out-of-
phase signals obtained in AC magnetic measurements.

During this master’s work, two scientific papers were published. The first
one was in collaboration with the Lab of Synthesis and Analysis of Organic
Compounds (LabSint), where crystallographic measurements were made regarding
a new Coumarin molecule synthesized by the group. The second concerns both CPs
discussed in Chapter 2. The copper(ll) dimer and Ln(3-HCCA)n derivates are also
expected to generate two additional scientific papers.

In addition, three different presentations have been made regarding this
project. A banner was presented at the 46° annual reunion of the Brazilian Society
of Chemistry, and a banner and oral presentation were given at the 7° journey of
VIl Postgraduation and Research in Chemistry—"Teaching, research and

extension: the path to scientific and technological advancement."
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6.1

Future Perspective

The purification process of Ln(3-CCA), systems is still in development to
guarantee the reproducibility of this work and ensure precise characterization and
magnetic/spectroscopy measurement.

The author is registered in the PhD program in Chemistry at PUC-RIo,
where it will continue to optimize the Ln(3-CCA)n system alongside the PhD thesis
that will evolve the development of magnetic nanoparticles for cancer treatment

with magnetic hyperthermia.
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Appendix

Crystallographic data and ORTEP images

Table Al: Crystal data and refinement results for complexes 1 and 2.

{[Co(HsBTB)2(phen)](NOs)z}n

{[Cu(HBTB)2(phen)]|DMF},

Formula
Formula weight
Crystal system

Space group

a(A)

b (A)

c (A)

a(®)

B ()

Y ()

V (A3)

Y4
Crystal size (mm)
Dcalc (g cm3)
M(Mo Ka) (cm)
Tmin/ Tmax
Measured reflections
Unigue reflections
Observed reflections
No. parameters
R ([F? > 20(F?))
WR
S
CCDC No.

CesH44CON4O1s
1239.98
Monoclinic
C2/c
18.2202(7)
11.0533(4)
31.7162(10)
90
97.1750(10)
90
6337.4(4)
4
0.632 x 0.576 x 0.410
1.295
0.344
0.805/0.868
198860
6503
5978
440
0.053
0.152
1.05
2321446

C72Hs54CUN4O14
1262.73
Monoclinic
C2/c
18.3706(10)
11.0279(6)
31.8192(18)
90
98.864(2)
90
6369.24
4
0.249 x 0.201 x 0.103
1.317
0.413
0.905/0.958
160529
7319
5877
417
0.0517
0.1727
1.203
2321447




Figure Al: Ortep representation of the asymmetric unit of
[Co(HsBTB)2(phen)](NOs)2}n (Ellipsoids 50% probability). The free nitrate ion

has been omitted for sake of clarity.

Figure A2: Ortep representation of the asymmetric unit of
{[Cu(HBTB)2(phen)]DMF} (Ellipsoids 50% probability). The free DMF has
been omitted for sake of clarity.
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Table A2: Crystal data and refinement results for [Cu(HBTB)Dmdpy].2H>0

[Cu(HBTB)Dmdpy].2H.0

Formula
Formula weight
Crystal system

Space group
a(A)
b (&)
c
a (%)
B ()
Y (°)
V (A3)
Z
Crystal size (mm)
Dcalc (g cm3)
(Mo Ka) (cm1)
Tmin/ Tmax
Measured reflections
Unigue reflections
Observed reflections
No. parameters
R
WR
S
CCDC No.

C39H28CUN20s
720,20
triclinic

P-1
7.7445(3)
12.5128(3)
17.4762(6)
97.819(2)
92.791(3)
96.871(2)
1662.10(10)
2
0.12 x 0.08 x 0.04
1.439
1.417
0.946/0.848
25515
6842
5755
568
0.0468
0.1262

1.036
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Figure A3: Ortep representation of the asymmetric unit of
[Cu(HBTB)Dmdpy].2H20 (Ellipsoids 50% probability). The free H20 has been
omitted for sake of clarity.
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Figure A4: Isothermal field dependence of the magnetization at 2K, 4K and
8K for compound 3.
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Table A3- Crystal data and refinement results for {[LnCl2(3-CCA)(H20)3]H20}.

{[EuCl(3- {[GdCI>(3-CCA) {[TbCI(3- {[DyCl(3-
CCA)(H20)3]H.0}n (H20)3]H20} CCA)(H20)3]H20}y  CCA)(H20)3]H20}
Formula C10H13Cl2EuQOs C10H13Cl2GdOs C10H13Cl2ThOs C10H13Cl2DyOs
Formula weight 484.06 489.35 491.02 494.60
Crystal system Triclinic Triclinic Triclinic Triclinic
Space group P-1 P-1 P-1 P-1
a (A) 6.4287(3) 6.4119(3) 6.39670(10) 6.3891(4)
b (A) 7.0855(3) 7.0230(4) 7.0139(2) 7.0133(4)
c (A 17.5738(8) 17.4946(8) 17.4962(5) 17.4794(11)
a(®) 82.5290(10) 82.501(3) 82.5030(10) 82.556(4)
B () 85.4150(10) 85.193(3) 85.132(2) 85.231(3)
Y (°) 64.0870(10) 63.541(2) 63.678(2) 63.590(4)
V (A3 713.661 698.95(6) 697.25(3) 695.29(8)
Z 2 2 2 2
_ 0.140 x 0.100 0.152 x 0.056 x
Crystal size (mm)  0.404 x 0.258 x 0.080 0.208 x 0.082 x 0.060
x 0.090 0.054
Dcalc (g cm~2) 2.253 2.325 2.339 2.363
(Mo Ka) (cm™) 4.803 5.1410 5.490 5.793
Tmin/ Tmax 0.247/0.700 0.4107/0.7449 0.514/0.638 0.745/0.473
Measured 3783 4753
reflections 25548 14129
Unique reflections 2510 5758 2603 2853
Observed 2453 2596
reflections 2458 >33t
No. parameters 197 242 241 241
R 0.0183 0.0292 0.0310 0.0276
wR 0.0456 0.0714 0.0810 0.0628
S 1.220 1.045 1.046 1.070
CCDC No.
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Figure A5: Ortep representation of the asymmetric unit of
{[LnCI,HCCA(H20)3]H20}x. (Ellipsoids 50% probability). The free H2O has

been omitted for sake of clarity.
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Table A4: Crystal data and refinement results for {[Ln(3-CCA)3(H20)2](H20)2}n.

{[Eu(3-CCA)3(H20)2](H20)2}n

{[Gd(3-CCA)3(H20)2](H20)2}n

Formula
Formula weight
Crystal system

Space group
a (A
b (A)
c (A)
a (%)
B ()
Y (°)
V (A3)
4
Crystal size (mm)
Dcalc (g cm3)
(Mo Ka) (cm1)
Trin/ Tmax
Measured reflections
Unique reflections
Observed reflections
No. parameters
R
wR
S
CCDC No.

CaoH23EUO16
791.44
Triclinic
P-1
6.7038(2)
14.4738(6)
16.4695(5)
115.366(2)
93.898(2)
94.663(2)
1429.77(9)
2
0.330 x 0.044 x 0.032
1.838
2.277
0.520/0.931
14184
7786
6150
512
0.0385
0.0838

1.028

Cs0H23GdO16
796.73
Monoclinic
P 21/c
6.3944(4)
14.2250(8)
31.7647(19)
90
92.171(3)
90
2887.3(3)
4
0.350 x 0.022 x 0.010
1.833
2.380
0.490/0.977
14485
6262
2736
480
0.0501
0.0547

0.834
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Figure A6: Ortep representation of the asymmetric unit of
{[Eu(HCCA)3(H20)2]H20}x (Ellipsoids 50% probability). The free H2O has been
omitted for sake of clarity.

Figure A7: Ortep representation of the asymmetric unit of
{[Gd(HCCA)3(H20)2]H20}n (Ellipsoids 50% probability). The free H>O has been
omitted for sake of clarity.
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MAGNETIC DATA

Table A5- Summary of the parameters for the concurrent fit of the in-phase and

out-of-phase ac magnetic susceptibilities by the extended Debye model for 1.

Xs Ay
T (K) a T(s)
(cm3.mol?) (cm3.mol?)
2.0 0.040 0.549 0.064 5.48 x10°
2.2 0.041 0.507 0.060 4.58 x10°°
24 0.042 0.468 0.055 3.83 x10°
2.6 0.042 0.436 0.053 3.23x10°%
2.8 0.042 0.407 0.051 2.74 x10°
3.0 0.043 0.380 0.046 2.34 x10°%
3.2 0.043 0.357 0.045 2.00 x10%
34 0.043 0.336 0.049 1.71 x10°
3.6 0.043 0.316 0.046 1.48 x10°
3.8 0.043 0.299 0.046 1.29 x10°
4.0 0.044 0.283 0.045 1.13x10°
4.2 0.043 0.269 0.045 9.9 x10°¢
4.4 0.042 0.256 0.045 8.8 x10°¢
4.6 0.040 0.246 0.047 7.7 X106
4.8 0.038 0.237 0.050 6.8 x10°©
5.0 0.037 0.228 0.057 6.0 x10-6
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Methyl 2-(2-oxo-2H-chromen-4-ylamino)benzoate, C;;H;3NO, (1), was pre-
pared by condensation between 4-hydroxycoumarin and methyl 2-amino-
Keywords: crystal structure; coumarin; benzoate. It crystallizes in the orthorhombic space group Pca2; at 300 K. The
benzoate; ester. molecule of compound 1 consists of the 2H-chromen-2-one part connected by an
amine moiety (-NH-) to the methyl benzoate ring. The supramolecular array is
formed by hydrogen bonds between the aromatic ring and the O atoms of the
Supporting information: this article has lactone and ester portions. The structural details match the spectroscopic data
supporting information at journals.iucr.org/e acquired from NMR and IR SpeCtI‘OSCOpy.
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CCDC reference: 2289922

1. Chemical context

Coumarins are an important class of lactones composed of
benzene fused to an a-pyrone ring (Fig. 1). These structures
have two pharmacophoric groups: the aromatic ring, which
can promote hydrophobic interactions, such as m-interactions,
and the lactone group, which is a hydrogen-bond acceptor with
receptors such as enzymes (Yildirim et al., 2023).

These compounds are widely distributed in nature, espe-
cially as secondary metabolites of vascular plants. Coumarin
was first isolated from tonka beans (Dipteryx odorata Wild;
Fabaceae family) by Vogel in 1820. Since then, more than 1300
coumarins have been identified from natural sources (Bor et
al., 2016).

Their versatile scaffold also brings a wide range of appli-
cations, such as biocides, phytochemicals, pharmacological
agents and flavorings, widely used in different industries. In
medicinal chemistry, a widely used coumarin drug is warfarin,
an anticoagulant that has made it possible for thrombosis
treatment to be done orally (Annunziata et al, 2020). In
addition, multiple biological activities are well known,
including anti-inflammatory (Bansal ef al., 2013), antimicrobial
(Regal et al., 2020), antioxidant (Rosa et al., 2021), anti-allergic
(Liu et al., 2019), anti-HIV (Xu et al., 2021), anticancer (Emam
et al., 2023) and antiviral (Sharapov et al., 2023) activities.

Recent work has demonstrated the importance of cou-
marins in the design of small-molecule fluorescent chemo-
sensors (Cao et al., 2019). Here we report the synthesis and
characterization of methyl 2-(2-oxo-2H-chromen-4-ylamino)-
benzoate, 1 (Fig. 2), by condensation between 4-hydroxy-
coumarin and methyl 2-aminobenzoate, according to the
literature (Carneiro et al, 2021). The principal purpose of
producing this compound was to investigate its biological

® properties because coumarin derivatives are potential candi-
OPEN @ ACCESS dates for antileishmaniasis drugs (Carneiro et al., 2021). Also,
Published under a CC BY 4.0 licence studies involving the complexation of this molecule with metal
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Table 1 .

Hydrogen-bond geometry (A, °).

D—H---A D—H H--A D---A D—H---A
Cl1—HI1B-- 04' 0.96 2.52 3.232 (8) 131
C7—H7---04" 0.93 247 3.387 (6) 167
N1—HI.--02 0.84 (6) 1.92 (6) 2.631 (6) 141 (5)

Symmetry codes: (i) x — 1, y, z; (ii) x — % -y+2,z

ions, such as Cu" and Gd", are in progress in our laboratory
for future contributions.

2. Structural commentary

Compound 1 was synthesized via a reaction of the precursor
coumarin and the corresponding aniline (Scheme 1). The
resulting compound was recrystallized from dimethyl-
formamide to yield yellow single crystals. Compound 1 crys-
tallizes in the orthorhombic space group Pca2;, with the
asymmetric unit consisting of one methyl 2-(2-oxo-2H-
chromen-4-ylamino)benzoate molecule (Fig. 3). The absolute
structure could not be established with certainty.

NH, O

O (0]
P 1) 180°C, 1h
A+ 0" T2)MeOH, NaOH 1M
30 min NH
OH
30% SN

Scheme 1

The average C—C bond distance in the aromatic portion of
the coumarin is 1.374 (7) A, while the C9—C13, C9—C10 and
C10—C11 bond lengths in the lactone portion are 1.450 (7),
1.353 (7) and 1.412 (7) A, respectively, because of the partial
localization of m-bonding within the ring. The C11—03 and
C12—O03 bond lengths are equivalent at 1.374 (7) and
1373 (7) A, respectively, while the C11=04 distance is
1.204 (7) A. The sum of the angles about N1 is 359 (3)°,
implicating involvement of its lone pair in N—C m-bonding.
This is supported by the N1—C9 and N1—C4 distances of
1351 (6) and 1.391 (6) A, respectively. Similar geometrical
parameters are found in closely related structures (see Data-
base survey section), although the C4—N1—C9 angle at
130.9 (4)° is about 7° larger than in those molecules,
presumably due to the intramolecular NI1—HI1.--O2
hydrogen bond (Table 1). In the C3-C8 ring, the average C—C
bond distance is 1.379 (8) A, with the ester portion bond
lengths of C2=—02 = 1.203 (6), C2—0O1 = 1.316 (7) and
C1—O01 = 1.440 (8) A.

Aromatic

Ring Lactone

Figure 1
The main structure of coumarins.

0 @)

=

NH

Figure 2
Chemical structure of 1.

The dihedral angle between the mean plane which contains
the main structure of the coumarin and the mean plane
containing the aromatic ester portion is 31.21 (10)°.

The NMR spectra are shown in Figs. 4 and 5. The char-
acterization by 'H and '*C NMR confirms the product as
methyl 2-(2-oxo-2H-chromen-4-ylamino)benzoate. In the 'H
NMR spectrum, there is a singlet at § 3.74 ppm attributable to
the methoxy group of the ester, the coumarin vinylic H atom
appears at § 5.31 ppm and a singlet is seen at § 9.67 which can
be assigned to N—H. In addition, there are eight aromatic H
atoms between 8 7.44 and 8.14 ppm. In the *C NMR spec-
trum, the methoxy group appears at § 52.47 ppm, the two
carbonyl C atoms at § 166.50 and 161.40, and the vinylic and
aromatic C atoms between § 114 and 154 ppm.

3. Supramolecular features

The supramolecular array is formed by hydrogen bonds
between the H atoms of the methyl group and the O atom of

Figure 3
The asymmetric unit of 1, with the numbering scheme and 50% prob-
ability displacement ellipsoids.
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NMR-H: "H NMR (400 MHz, DMSO-dg) 8 9.67 (s, 1H), 8.14 (dd, J = 8.1, 1.2 Hz, 1H), 8.01 (dd,J = 7.9,1.5 Hz, 1H), 7.76-7.66 (m, 2H), 7.62 (d,J = 7.4 Hz,
1H), 7.44 (ddd, J = 15.4, 9.8, 4.6 Hz, 3H), 5.31 (s, 1H), 3.76 (d, J = 7.7 Hz, 3H).

the lactone portion (C1—H1B---04") and the H atom from
the aromatic ring (C7—H?7---04") (Table 1). These build
corrugated chains two molecules wide extending along the a-
axis direction (Fig. 6). The crystal packing (Fig. 7) involves
layers of chains parallel to the ab plane which stack along the
c-axis direction, all associated through van der Waals inter-
actions.

L(s)
122.33

H (s)
131.42

F PAE ﬂ
133.93 | 125.97

(809

N (s)
161.40

114.61

D (s)
151.84

4. Database survey

A search of the Cambridge Structural Database (CSD; Groom
et al., 2016; updated to March 2023) yielded a substantial
number of hits for chromenes having a nitrogen-containing
substituent in the 3-position of the lactone ring but relatively
few with this substituent in the 4-position. Most of the latter

A(s) C(s) E(s) I(s) M (s) 0(s) P(s)
166.50 153.38 138.85 126.29| [117.24 85.58 5247
1 1 [l 1 | B ] 1 1}
69 |[ k@)
132.60 || 124.07
L L L I | I
160 150 140 130 120 110 100 90 70 60 50 40 30 20 10 0

Figure 5

80
f1 (ppm)

NMR-C: *C NMR (101 MHz, DMSO-dg) § 166.50 (s) 161.40 (s), 153.38 (s), 151.84 (5), 138.85 (s), 133.93 (5), 132.60 (s), 131.42 (s5), 126.29 (s), 125.97 (s),

124.07 (d, J = 4.0 Hz), 122.33 (s), 117.24 (s), 114.61 (5), 85.58 (s), 52.47 (s).
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Table 2

Experimental details.

Crystal data

Chemical formula

Mr

Crystal system, space group
Temperature (K)

a, b, c (A)

V (A%

Z

Radiation type

p (mm™Y)
Crystal size (mm)

Data collection
Diffractometer
Absorption correction

Tmim Tmax

No. of measured, independent and
observed [I > 20(I)] reflections

Rim

(sin 0/A) max (A7)

Refinement

R[F? > 20(F%)], wR(F?), §
No. of reflections

No. of parameters

No. of restraints

H-atom treatment

Apmaxs Apmin (G A_3)
Absolute structure

Absolute structure parameter

C7H13NOy

295.28

Orthorhombic, Pca2,

298

12.7698 (16), 14.9212 (18),
7.1087 (8)

1354.5 (3)

4

Mo Ka

0.10

0.39 x 0.08 x 0.06

Bruker D8 Venture

Multi-scan (SADABS; Krause et
al., 2015)

0.666, 0.745

35019, 2328, 2096

0.102
0.595

0.066, 0.158, 1.08

2328

204

1

H atoms treated by a mixture of
independent and constrained
refinement

0.25, —0.37

Flack x determined using 771
quotients [(I") — (IN))/[(I") +
(I")] (Parsons et al., 2013)

0.2 (7)

Computer programs: APEX4 (Bruker, 2021), SAINT (Bruker, 2021), SHELXT2018

(Sheldrick, 2015a) and SHELXL2018 (Sheldrick, 2015b).

also contained a second substituent in the 3-position, such as
4-[(4-bromophenyl)amino]-3-(phenylselanyl)-2 H-chromen-2-
one (OFIHOE; Belladona et al., 2023), but only three are
directly comparable to 1. These are 4-(propylamino)-2H-
chromen-2-one (HIDYEB; Kumar et al., 2018), 4-[(pyridin-3-

Figure 6
Supramolecular array of 1. [Symmetry codes: (i) x — 35, —y + 2, z; (ii)

1
3
x—1,y, 2 (i) x + 3, —y + 2, 2]

Figure 7

Packing viewed along the ag-axis direction. The C—H---O hydrogen
bonds are depicted by dashed lines and non-interacting H atoms have
been omitted for clarity.

ylmethyl)amino]-2H-chromen-2-one (TUWLUYV; Ait-Ram-
dane-Terbouche ef al., 2020) and 4-(benzylamino)-2H-
chromen-2-one (ZOKVIE; Campbell et al., 1995). All three
have structural parameters very similar to those of 1, including
essentially planar chromene portions and some localization of
m-bonding in the lactone portion. The largest difference is
seen for the exocyclic C—N—C angles which are around 123°.

5. Synthesis and crystallization

The reaction was carried out according to the literature
(Carneiro et al., 2021) (Scheme 1). A mixture of A and the
aniline B (2 equiv.) was heated in a 50 ml Becher at 453 K for
1 h. A solution comprised of 30 ml of hot methanol and 30 ml
of aqueous NaOH (1 mol 1™") was then added to the solid.
This mixture was stirred for 30 min at 333 K and then filtered.
The solid was washed with water, dried and used without
further purification.

6. Refinement

Crystal data, data collection and structure refinement details
are summarized in Table 2.
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Synthesis, characterization and crystal structure of methyl 2-(2-oxo-2H-

chromen-4-ylamino)benzoate

Henrique V. P. Hollauer, Rachel C. Vilas Novas, Guilherme P. Guedes, Camilla D. Buarque

and Livia B. L. Escobar

Computing details

Data collection: APEX4 (Bruker, 2021); cell refinement: SA/NT (Bruker, 2021); data reduction: SA/NT (Bruker, 2021);
program(s) used to solve structure: SHELXT2018 (Sheldrick, 2015a); program(s) used to refine structure: SHELXL2018

(Sheldrick, 2015b).

Methyl 2-(2-ox0-2H-chromen-4-yl)benzoate

Crystal data

C7H13NO4
M,.=295.28
Orthorhombic, Pca2,
a=12.7698 (16) A
b=14.9212 (18) A
c=17.1087 (8) A
V=1354.5(3) A3
Z=4

F(000) =616

Data collection

Bruker D8 Venture
diffractometer

@ and w scans

Absorption correction: multi-scan
(SADABS; Krause et al., 2015)

Tin = 0.666, Thax = 0.745

35019 measured reflections

Refinement

Refinement on F?

Least-squares matrix: full
R[F?>20(F?)] = 0.066
wR(F?)=0.158

§=1.08

2328 reflections

204 parameters

1 restraint

Primary atom site location: dual

D,=1.448 Mg m™

Mo Ka radiation, 1 =0.71073 A

Cell parameters from 2328 reflections
0=2.1-25.0°

4 =0.10 mm™!

T=298K

Prismatic, yellow

0.39 x 0.08 x 0.06 mm

2328 independent reflections
2096 reflections with /> 20(J)
Rin=10.102

Omax = 25.0°, Oin =2.1°
h=-15—-15

k=-17—17

[=-7-8

Secondary atom site location: difference Fourier
map

Hydrogen site location: mixed

H atoms treated by a mixture of independent
and constrained refinement

w = 1/[6X(F,?) + (0.0648P)* + 1.5253P]
where P = (F,2 + 2F2)/3

(A/6)max < 0.001

Apmax = 0.25 ¢ A3

Appin=—037 ¢ A3
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Absolute structure: Flack x determined using
771 quotients [(I+)-(I-)])/[(I+)+(I-)] (Parsons et
al.,2013)

Absolute structure parameter: 0.2 (7)

Special details

Geometry. All esds (except the esd in the dihedral angle between two Ls. planes) are estimated using the full covariance
matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles;
correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate
(isotropic) treatment of cell esds is used for estimating esds involving L.s. planes.

Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (A2)

X y z Uiso®/Ueq
(0)} 0.4084 (3) 0.8237 (3) 0.3512 (7) 0.0553 (12)
02 0.5181 (3) 0.7166 (2) 0.4363 (8) 0.0536 (12)
03 1.0000 (3) 0.6344 (3) 0.4928 (7) 0.0527 (12)
04 1.0759 (3) 0.7520 (3) 0.3698 (9) 0.0669 (15)
N1 0.7132 (3) 0.7623 (3) 0.5069 (7) 0.0364 (11)
H1 0.664 (4) 0.725 (4) 0.502 (8) 0.032 (15)*
Cl 0.3280 (5) 0.7569 (5) 0.3295 (12) 0.067 (2)
H1A 0.349617 0.713581 0.237447 0.101*
H1B 0.264282 0.785039 0.288804 0.101*
HI1C 0.316334 0.727407 0.447724 0.101*
C2 0.5005 (4) 0.7946 (4) 0.4076 (9) 0.0405 (13)
C3 0.5768 (4) 0.8683 (3) 0.4321 (8) 0.0367 (13)
C4 0.6811 (4) 0.8507 (3) 0.4842 (8) 0.0326 (11)
C5 0.7468 (4) 0.9226 (3) 0.5221 (8) 0.0387 (13)
H5 0.814613 0.912215 0.564520 0.046*
Co6 0.7126 (5) 1.0084 (4) 0.4974 (10) 0.0477 (15)
H6 0.758040 1.055801 0.520819 0.057*
Cc7 0.6125 (5) 1.0258 (3) 0.4388 (11) 0.0539 (17)
H7 0.590562 1.084558 0.419550 0.065*
C8 0.5454 (4) 0.9566 (4) 0.4089 (10) 0.0476 (15)
H8 0.476977 0.968658 0.372170 0.057*
C9 0.8095 (4) 0.7251 (3) 0.5005 (8) 0.0325 (11)
C10 0.8978 (4) 0.7656 (3) 0.4380 (9) 0.0385 (13)
H10 0.894045 0.825120 0.399951 0.046*
Cl11 0.9952 (4) 0.7211 (4) 0.4284 (10) 0.0469 (15)
Cl12 0.9119 (4) 0.5900 (4) 0.5527 (9) 0.0401 (13)
C13 0.8153 (4) 0.6322 (3) 0.5592 (8) 0.0342 (12)
Cl4 0.7308 (4) 0.5799 (3) 0.6151 (8) 0.0371 (13)
H14 0.664447 0.605621 0.619064 0.045%*
Cl15 0.7421 (6) 0.4924 (4) 0.6640 (9) 0.0467 (14)
H15 0.684223 0.458872 0.700802 0.056*
Cle6 0.8405 (5) 0.4536 (4) 0.6587 (10) 0.0549 (17)
H16 0.848964 0.394016 0.694065 0.066*
C17 0.9249 (5) 0.5021 (4) 0.6022 (11) 0.058 (2)
H17 0.990900 0.475834 0.597178 0.069*

Acta Cryst. (2023). E79, 842-846 sup-2
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Atomic displacement parameters (4°)

Ull U22 l]33 UIZ U13 l]23
ol 0.033 (2) 0.047 (2) 0.086 (3) 0.0037 (19) ~0.006 (2) 0.004 (2)
02 0.034 (2) 0.034 (2) 0.093 (4) ~0.0002 (17) 0.001 (2) 0.001 (2)
03 0.034 (2) 0.039 (2) 0.085 (3) 0.0077 (16) ~0.006 (2) ~0.011 (2)
04 0.031 (2) 0.053 (3) 0.117 (4) ~0.009 (2) 0.014 (2) ~0.020 (3)
N1 0.028 (2) 0.024 (2) 0.057 (3) 0.0006 (18) 0.001 (2) 0.004 (2)
Cl 0.034 (3) 0.073 (5) 0.095 (6) ~0.006 (3) ~0.002 (4) 0.000 (4)
2 0.028 (3) 0.038 (3) 0.055 (4) 0.008 (2) 0.008 (3) ~0.001 (3)
c3 0.032 (3) 0.031 (3) 0.046 (3) 0.006 (2) 0.006 (2) ~0.002 (2)
C4 0.035 (3) 0.032 (2) 0.030 (3) 0.005 (2) 0.003 (2) 0.000 (2)
cs 0.035 (3) 0.034 (3) 0.047 (3) 0.000 (2) ~0.002 (3) ~0.002 (3)
C6 0.054 (4) 0.031 (3) 0.058 (4) ~0.004 (2) 0.004 (3) ~0.004 (3)
C7 0.056 (4) 0.025 (3) 0.081 (5) 0.011 (3) 0.005 (4) 0.001 (3)
Cs 0.038 (3) 0.038 (3) 0.066 (4) 0.014 (2) 0.003 (3) 0.004 (3)
C9 0.032 (3) 0.028 (2) 0.037 (3) 0.002 (2) ~0.003 (2) ~0.003 (2)
C10 0.035 (3) 0.029 (3) 0.051 (3) ~0.001 (2) ~0.002 (3) ~0.003 (2)
Cll 0.031 (3) 0.042 (3) 0.068 (4) ~0.001 (2) ~0.001 (3) ~0.021 (3)
c12 0.034 (3) 0.034 (3) 0.052 (3) 0.003 (2) ~0.009 (3) ~0.007 (3)
C13 0.035 (3) 0.028 (3) 0.040 (3) 0.005 (2) ~0.006 (2) ~0.005 (2)
Cl4 0.037 (3) 0.029 (3) 0.045 (3) 0.006 (2) ~0.001 (2) ~0.001 (2)
C1s 0.057 (4) 0.035 (3) 0.048 (4) ~0.005 (3) ~0.001 (3) 0.002 (3)
Cl16 0.069 (4) 0.032 (3) 0.064 (4) 0.006 (3) ~0.018 (4) 0.004 (3)
C17 0.046 (3) 0.041 (4) 0.087 (5) 0.021 (3) ~0.024 (4) ~0.007 (3)

Geometric parameters (4, )

01—C2 1.316 (7) C6—H6 0.9300
01—Cl 1.440 (8) Cc7—C8 1.358 (8)
02—C2 1.203 (6) C7—H7 0.9300
03—ClI2 1.373 (7) C8—H8 0.9300
03—Cl1 1.374 (7) C9—C10 1.353 (7)
04—Cl1 1.204 (7) Cc9—Cl13 1.450 (7)
N1—C9 1.351 (6) Cl10—Cl11 1.412 (7)
N1—C4 1.391 (6) C10—H10 0.9300
N1—HI 0.84 (6) Cl12—C17 1.367 (8)
Cl—HIA 0.9600 Ccl2—Cl13 1.385 (7)
Cl—HIB 0.9600 C13—Cl4 1.390 (7)
Cl—HIC 0.9600 Cl4—Cl5 1.359 (7)
C2—C3 1.479 (7) Cl4—H14 0.9300
C3—C8 1.387 (7) C15—C16 1.385 (10)
C3—C4 1.407 (7) C15—HI5 0.9300
C4—C5 1.388 (7) Cl6—C17 1.359 (10)
C5—C6 1.363 (8) Cl6—H16 0.9300
C5—HS 0.9300 C17—H17 0.9300
C6—C7 1.370 (9)
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supporting information

C2—01—Cl1
C12—03—C11
C9—N1—C4
C9—N1—H1
C4—N1—H1
Ol1—C1—HI1A
O1—C1—HIB
HIA—C1—HI1B
O1—C1—HIC
HIA—C1—HI1C
HIB—C1—HIC
02—C2—O01
02—C2—C3
01—C2—C3
C8—C3—C4
C8—C3—C2
C4—C3—C2
C5—C4—N1
C5—C4—C3
N1—C4—C3
Co—C5—C4
C6—C5—HS5
C4—C5—H5
C5—C6—C7
C5—C6—H6
C7—C6—H6
C8—C7—C6
C8—C7—H7
Co—CT7—H7
C7—C8—C3

C1—01—C2—02
Cl—01—C2—C3
02—C2—C3—C8
01—C2—C3—C8
02—C2—C3—C4
01—C2—C3—C4
C9—N1—C4—C5
C9—N1—C4—C3
C8—C3—C4—C5
C2—C3—C4—C5
C8—C3—C4—N1
C2—C3—C4—N1
NI1—C4—C5—C6
C3—C4—C5—C6
C4—C5—C6—C7
C5—C6—CT7—C8
C6—C7—C8—C3

116.2 (5)
121.5 (4)
130.9 (4)
114 (4)
114 (4)
109.5
109.5
109.5
109.5
109.5
109.5
122.5 (5)
125.2 (5)
112.3 (4)
118.8 (5)
120.1 (5)
121.1 (4)
122.2 (5)
118.7 (5)
119.0 (5)
120.4 (5)
119.8
119.8
121.1 (5)
119.5
119.5
119.4 (5)
120.3
120.3
121.5 (5)

1.4 (10)
~178.0 (6)
~174.9 (7)
4.5 (8)
3.2(9)
~177.3 (5)
~26.1 (9)
157.9 (6)
4.0 (8)
~174.2 (6)
~179.7 (6)
2.1(8)
179.8 (6)
~42(9)
1.4 (10)
1.6 (11)
~1.6 (11)

C7—C8—HS
C3—C8—HS
N1—C9—C10
N1—C9—C13
C10—C9—C13
C9—C10—Cl11
C9—C10—H10
C11—C10—H10
04—C11—-03
04—C11—C10
03—C11—C10
C17—C12—03
C17—C12—C13
03—C12—C13
C12—C13—C14
C12—C13—C9
C14—C13—C9
C15—C14—C13
C15—C14—H14
C13—C14—H14
C14—C15—C16
Cl14—CI15—HI15
Cl6—C15—HI15
C17—C16—C15
Cl17—Cl6—HI16
C15—Cl16—HI16
Cl16—C17—C12
Cl6—C17—H17
C12—C17—H17

C13—C9—C10—Cl11
C12—03—C11—04
C12—03—C11—C10
C9—C10—C11—04
C9—C10—C11—03
C11—03—C12—C17
C11—03—C12—C13
C17—C12—C13—C14
03—C12—C13—C14
C17—C12—C13—C9
03—C12—C13—C9
N1—C9—C13—C12
C10—C9—C13—C12
N1—C9—C13—C14
C10—C9—C13—C14
C12—C13—C14—C15
C9—C13—C14—Cl15

119.3
119.3
125.8 (5)
115.5 (4)
118.6 (4)
122.7 (5)
118.7
118.7
116.0 (5)
126.3 (6)
117.7 (5)
116.3 (5)
122.4 (6)
121.3 (5)
116.5 (5)
118.1 (5)
125.4 (5)
121.9 (6)
119.0
119.0
119.4 (6)
120.3
120.3
120.3 (6)
119.8
119.8
119.4 (6)
120.3
120.3

-0.2(9)
~176.1 (6)
4.4 (9)
177.8 (7)
~2.7(9)
175.9 (6)
-32(8)
~1.49)
177.6 (6)
~178.9 (6)
0.1(8)
179.0 (5)
1.6 (8)

1.7 (8)
~175.7 (5)
1.1 (8)
178.4 (6)
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supporting information

C4—C3—C8—C7 -1.2 (10) C13—C14—C15—C16 0.1(9)
C2—C3—C8—C7 177.0 (7) Cl4—Cl15—C16—C17 —1.1(10)
C4—N1—C9—CI10 —11.9 (10) C15—C16—C17—C12 0.8 (10)
C4—N1—C9—C13 171.0 (6) 03—C12—C17—C16 —178.6 (6)
N1—C9—C10—C11 —177.3 (6) C13—C12—C17—C16 0.5 (10)
Hydrogen-bond geometry (4, )

D—H-4 D—H H--A DA D—H-4
Cl—HI1B--04i 0.96 2.52 3.232 (8) 131
C7—HT7--04' 0.93 2.47 3.387 (6) 167
NI—H1--02 0.84 (6) 1.92 (6) 2.631 (6) 141 (5)

Symmetry codes: (i) x—1, y, z; (ii) x—1/2, —y+2, z.
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ARTICLE INFO ABSTRACT

Keywords:
Coordination polymers
Magnetic properties

Two 1D coordination polymers, {[Co(H3BTB)2(phen)](NO3)2}, (1) and {[Cu(HBTB)(phen)] DMF}, (2), were
synthesized through a slow diffusion reaction between the metal ions Go?* or Cu?*, 1,3,5-tris(4-carboxylphenyl)
benzene (H3BTB) and 1,10-phenanthroline (phen). Single-crystal X-ray diffraction revealed that both metal

centers are involved in a distorted octahedral environment. As expected for a Cu?* ion with a d’ configuration, a
pronounced Jahn-Teller distortion is observed. FTIR, powder XRD, and thermogravimetric analysis were
employed for the chemical characterization of the two complexes. CASSCF-NEVPT2 was used to calculate the
axial magnetic anisotropy (D) for complex 1, and the results were almost perfectly consistent with the experi-
mental measurements. The AC magnetic susceptibility measurements revealed field-induced single-ion magnet
(SIM) behavior at low temperatures for 1. EPR studies of complex 2 indicated that the Cu®* ions are essentially

isolated.

1. Introduction

Coordination polymers (CPs) are materials that have recently
received notable attention due to their reported applications in different
areas, such as catalysis, luminescent materials, gas adsorption, magne-
tism, and so on [1-3]. These compounds consist of uni- or polynuclear
complexes with different organic ligands formed by covalent bonds that
generate one-, two, or three-dimensional structures [2,3].

One of the most common ligands used to produce CPs is the poly-
carboxylic acid ligand. These molecules are interesting for developing
this type of material because they have high structural stability, the
ability to propagate magnetic interactions, several coordination sites,
and the possibility of forming highly porous materials. These properties
are crucial for good gas adsorption [4,5].

1,3,5-Tris(4-carboxylphenyl)benzene (H3BTB) is a polycarboxylic
acid of interest due to its six coordination sites and high electronic

* Corresponding author.
E-mail address: liviablescobar@puc-rio.br (L.B.L. Escobar).

https://doi.org/10.1016/j.molstruc.2024.137811

delocalization ability, and is well suited to synthesize many coordina-
tion polymers such as metal-organic frameworks (MOFs) due to its large
size and high structure variety, being able to form different types of
networks [6,7]. In 2019, Sapianik and coworkers reported interesting
work on the preparation of MOFs containing the H3BTB ligand, pivalic
acid, and the metal ions Zn?" and Co?'. The layered compounds
demonstrate permanent porosity with a BET surface area of up to 688
m2g~! and the possibility of selective gas adsorption (CO, over N, and
CH4) [8]. Moreover, H3BTB has great potential as a classic n-conjugated
organic lumiphore [9].

MOFs present several fascinating applications. For instance, modi-
fied MOFs with magnetic properties provide robust platforms for solving
the pollution of water bodies caused by adsorbents. In the work pub-
lished by Wang and coworkers in 2020 [10], they used a MOF formed by
a very similar HsBTB ligand and Co" to adhere to the Fe304 surface by
m-phenylenediamine. The material called Fe304@PmPD-[Co-BT] had
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notable adsorption performance for the CR dye, and the adsorption ca-
pacity could reach 347.8 mg g~ ! at room temperature [10].

Many variables can affect the structure and properties of coordina-
tion polymers, and the insertion of auxiliary ligands has been the topic of
many investigations [11]. Thus, the use of N-donor ligands such as 1,
10-phenanthroline can generate different topologies [7]. Recently,
Coban published an article reporting the crystal structure and lumi-
nescence properties of a 3D Ho(IIl)-based polymer [12]. Each Ho(IIl) ion
in this polymer is octacoordinated to six carboxylic oxygen atoms from
BTB®~ and two nitrogen atoms from the phen ligand, forming a distorted
square antiprismatic coordination geometry. Moreover, the complex is a
promising material for luminescent probes [12].

Recently, the design of CPs with molecular nanomagnet behavior has
received a lot of interest due to their potential applications in quantum
computing, molecular spintronics, etc. [13]. In addition to lanthanide
Single Ions Magnets (SIMs), SIMs with 3d metal centers also have
aroused growing interest. In the last decade, a large number of 3d SIMs
with different metal centers was reported. Among all these SIMs, the
Co®" complexes are of special interest. For this Kramers ion, slow
magnetic relaxation can be observed under a DC field, due to its orbital
contribution to the magnetic moment, resulting in high magnetic
anisotropy with various geometries [15,16].

An interesting work published recently by Wakizaka and coworkers
shows the results of the first example of single ion magnet in Zn2*
metal-organic frameworks (MOFs) and hybrid organic-inorganic pe-
rovskites (HOIPs) doped with Co®" ions. The doped Co?* sites in the
MOFs perform as SIM with a positive D term of zero-field splitting. The
longest magnetic relaxation time measured is 150 ms (0.2 mol% Co) at
1.8 K under a static field of 0.1 T [14].

In this work, we synthesized two one-dimensional CPs with Co?* and
Cu?* ions containing both 1,3,5-tris(4-carboxylphenyl)benzene
(H3BTB) and 1,10-phenanthroline ligands and studied their magnetic
properties.

2. Experimental
2.1. Synthesis

Complexes 1 and 2 were synthesized through slow diffusion.

{[Co(H3BTB)2(phen)](NO3)2}, (1): 5 mL of distilled water contain-
ing cobalt nitrate hexahydrate (13.6 mg, 0.06 mmol) was added to a 5
mL solution of DMF containing H3BTB (50.0 mg, 0.11 mmol) and phe-
nanthroline (10.3 mg, 0.06 mmol). Dark-pink crystals suitable for single-
crystal X-ray analysis were formed a few days after slow evaporation at
room temperature. Yield: 32.65 %. IR (ecm™)): v(C=0) 1674;0 (C=C)
1642, 1596, 1562, 1514; v (C—N)1641; ©(CCCC) 844, 774.

{[Cu(HBTB)2(phen)] DMF},, (2): Similarly to complex 1, for complex
2, 5 mL of distilled water containing copper(II) chloride hexahydrate
(9.4 mg, 0.06 mmol) was added to a 5 mL solution of DMF containing
H3BTB (50.0 mg, 0.11 mmol) and phenanthroline (10.3 mg, 0.06 mmol).
Blue crystals suitable for single-crystal X-ray analysis were formed a few
days after slow evaporation at room temperature. Yield: 50.49 %. IR
(em™1): v(C=0) 1670;v (C=C) 1639, 1547, 1567, 1517, 1421, v(C—N)
1641; ©(CCCC) 844, 774.

2.2. Instrumentation

FTIR analyses were performed in ATR mode using 32 scans and a
resolution of 4 cm™! using an Alpha II spectrometer (Bruker). Ther-
mogravimetry was conducted with a Perkin-Elmer Pyris 1 TGA analyzer
under a nitrogen atmosphere at 25-800 °C and a heating rate of 10 °C
min~.

Powder X-ray diffraction data for all the samples were collected on a
Bruker D8 Discover instrument equipped with a copper tube, nickel
filter, and Lynxeye detector. The scans were obtained in the 20 range 5
to 60°, with a step of 0.02° and 0.5 s per step. A beam knife was used to
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reduce air scattering.

Single-crystal X-ray diffraction data for compounds 1 and 2 were
collected on a Bruker D8 Venture diffractometer with Mo Ka (A =
0.71073 10\) radiation at 298 K. Data collection and cell refinement were
performed with Bruker Instrument Service v4.2.2 and APEX4, [15],
respectively. Data reduction was carried out using SAINT [16]. Empir-
ical multiscan absorption correction using equivalent reflections was
performed with the SADABS program [17]. All the crystal structures
were solved and refined using the SHELXS and SHELXL packages [18].
The structures were drawn using the ORTEP-3 for Windows [19] and
Mercury programs [20]. Summaries of the crystal data, data collection,
and refinement for compounds 1 and 2 are listed in Table 1. The selected
bond lengths and bond angles are summarized in Table S1.

CCDC 2321446 and 2321447 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.

Magnetic field measurements were performed using a vibrating
sample magnetometer (VSM) and an AC Measurement System (ACMS)
operating in accordance with the Quantum Design Physical Properties
Measurement System (PPMS). The data were corrected based on the
diamagnetic contributions of both the sample holder and the sample.
The Magprop routine of the Dave program [21] was employed for the
static magnetic data fitting process.

The electronic paramagnetic resonance (EPR) spectrum of 2 was
recorded in the solid-state (300 K) on a Bruker EMX-Plus spectrometer
with an X-band cavity (9.5 GHz) and a microwave power of 10 mW. The
spectrum was simulated using the EasySpin [22] MATLAB routine.

2.3. Computational details

Quantum mechanical studies of compounds 1 and 2 were performed
using the ORCA package [23-25]. The molecular frameworks used for
theoretical calculations are based on the crystal structure solved by
single-crystal X-ray diffraction, with only hydrogen atoms reoptimized
using the PBEh-3c [26] compound method. To reduce computational
costs during CASSCF calculations, the molecular framework in com-
pound 1 used a simplified version of the ligands without changing the

Table 1
Crystal data and refinement results for complexes 1 and 2.
{[Co(H3BTB)2(phen)] {[Cu(HBTB),(phen)]
(NO3)2}n DMF},
Formula CesH44CON4O1 g C72Hs4CuN4O14
Formula weight 1239.98 1262.73
Crystal system Monoclinic Monoclinic
Space group C2/c C2/c
a(A) 18.2202(7) 18.3706(10)
b (A) 11.0533(4) 11.0279(6)
cA) 31.7162(10) 31.8192(18)
a(®) 90 90
A 97.1750(10) 98.864(2)
Y(©) 90 90
V(A% 6337.4(4) 6369.24
V4 4 4
Crystal size (mm) 0.632x0.576x0.410 0.249x0.201x0.103
Dcalc (g em™) 1.295 1.317
u(Mo Ka) (em™1) 0.344 0.413
Tonin/ Trax 0.805,/0.868 0.905,/0.958
Measured 198,860 160,529
reflections
Unique reflections 6503 7319
Observed 5978 5877
reflections

No. parameters 440 417
R ([F* > 26(F%) 0.053 0.0517
WR 0.152 0.1727
S 1.05 1.203
CCDC No. 2321446 2321447
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immediate coordination environment of the cobalt ion (Figure S7).
Broken symmetry calculations for compound 2 were performed
using density functional theory with the UKS TPSS/Def2-TZVP [27,28]
level. All magnetic exchange interactions were evaluated based on the
isotropic Heisenberg-Dirac-van Vleck (HDvV) Hamiltonian [29] for
dimeric interactions (Eq. (1)) [30], and the effective exchange coupling
constant (J) was obtained from Eq. (2), as proposed by Soda et al. [31].

H = —J155:55 €8]

_ (Bus — Eps)
<SZ>HS - <S2>BS

Electronic and magnetic features were evaluated using TPSS/Def2-
TZVP [32] as the initial orbital guess and the State-Averaged Com-
plete Active Self-Consistent Field (SA-CASSCF) [33] with the Def2-TZVP
basis set with the Resolution of Identity (RI) Coulomb integral approx-
imation scheme and the N-Electron Valence State Perturbation Theory
(NEVPT2) [34] as the perturbational treatment. The SA-CASSCF calcu-
lation was performed on 10 quartets and 40 doublet states, with an
active space containing the 7 d valence electrons from the Co®" ion.
Spin-orbit coupling (SOC) contributions to zero-field splitting (ZFS)
were calculated using SA-CASSCF+NEVPT2 wavefunctions by applying
the quasidegenerate perturbation theory (QDPT) [35]. Axial and
rhombic ZFS parameters D and E were obtained using Effective Spin
Hamiltonian Theory [36]. The reference axis that diagonalizes the ZFS
parameters was chosen to fulfill the condition that 0 < E /D < 1 /3
[37]. Crystal field (CF) parameters were obtained with the application of
the Ab Initio Ligand-Field Theory (AILFT) implemented by Neese et al.
[38] in the ORCA package.

Jas = @

3. Results and discussion
3.1. Crystal structures

Powder X-ray diffraction patterns for compounds 1 and 2 were
compared with the simulated patterns predicted from the crystal struc-
ture. The experimental and simulated powder XRD patterns corre-
sponded well to the peak positions and relative intensities, confirming
the crystalline phase purity of the compounds (see the SI for details,
Figures S1 and S2).

Complexes 1 and 2 are isostructural compounds crystalizing in a
monoclinic crystal system with space group C2/c. The asymmetric units
of these complexes are shown in Figures S3 and S4. A representative
fragment of the crystal structure of polymers 1 and 2 is shown in Fig. 1a.

a)
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Both metal ions present a slightly distorted octahedral environment
(Fig. 1b) as indicated by continuous shape analysis [39]. They are co-
ordinated to two nitrogen atoms (N1 and N2) from the phen ligand to
two oxygen atoms (02 and 02') in the equatorial position and to two
oxygen atoms (03" and 03 from the carboxylic ligand in the axial
position. In the equatorial plane, the bond distances are M-N1 = 2.115
(3) A and M-02 = 2.027(3) A for 1 and M-N1 = 2.014(3) A and M-02 =
1.928(3) A for 2. In the axial positions, the bond distances are M-03 =
2.156(3) A for 1 and 2.477(3) A for 2. 1t is possible to note the pro-
nounced Jahn-Teller distortion in 2, as expected for the d° configuration.
Due to the longer bond distances in the axial positions, both metal
centers are involved in an elongated octahedral geometry.

Fig. 2 shows the extension of the polymeric chain along the crys-
tallographic c axis. The 1D coordination polymer is formed through the
connection of the H3BTB or HBTB2™ anion in 1 and 2, respectively,
which are coordinated with the metal ions via a bridging mechanism.
The phen moiety exhibited its usual coordination mode, bidentate
chelation. The distance between the connected metal ions along the
chain is 16.249(8) A for 1 and 16.265(8) A for 2.

The shortest intermolecular distance between the metal centers is
10.655(8) A. The equatorial angles around the metal ions are N1-M-N1k:
78.79(7)°, N1-M-0O1: 91.65(7)° and 01-M-01: 97.77(7)° for 1, and N1-
M-N1!: 82.32(9)°, N1-M-O1: 89.86(9)° and 01-01: 97.98(9)° for com-
pound 2. The angle involved in the axial bond 03-M-03 is 170.94(9)
for 1 and 164.36(9) for 2. n—=n stacking between the aromatic ring of
H3BTB (1) or the HBTB? anion (2) builds the supramolecular array, with
distances between the rings of approximately 3.71(8)A. The uncoordi-
nated carboxylic moieties from neighboring chains form intermolecular
hydrogen bonds between the hydrogen atoms from O5 and 06, as
demonstrated in Fig. 3, along the crystallographic axes b and c.

3.2. Theoretical calculation

3.2.1. Electronic structure

The SA-CASSCF calculation for complex 1 revealed that the ground
state of the molecule is a high spin quartet described by the combination
of three main electronic configurations: 36.6 % (dxy)z(dyz)z(dxz)l(dxg_
y2)'(d2)", 32.3 % (dyy)'(dy)*(dx)*(dx2y2)'(dz2)", and 18.1 % (dey)*(-
dyz)l(dxz)z(dxz_yz)l(dzz)l’ followed by two nonnegligible, less than 5 %,
contributions confirming the multiconfigurational character of this
system. The perturbatively corrected relative ligand-field splitting en-
ergies of the 3d orbitals described by the ab initio ligand-field are (dy)
0.0 em ™}, (dx) 99.4 cm ™!, (dyy) 587.8 em™Y, (dg2) 6462.0 cm ™!, and
(dx2y2) 10,057.4 cm L. The first electronic doublet state appears well
separated from the quartet state by 9254.5 cm ™!, ruling out spin-

Fig. 1. a) Fragment of the coordination polymers 1 and 2. For clarity, hydrogen atoms were left out. b) Polyhedral representation of the coordination environment of

metal ions in 1 and 2.
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Fig. 2. Extension of the polymeric chain along the crystallographic ¢ axis.
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Fig. 3. Representations of the supramolecular interactions through the crystallographic b axis a) and ¢ axis b).
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crossover. A comparison between the pure SA-CASSCF transition en- relevant property for describing the electronic state’s energies correctly.

ergies and the perturbatively corrected NEVPT2 energies showed that
the average correction for the first 10 electronic states was |2132.64|
em™!. This is considerable and indicates that dynamic correlation is a
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3.2.2. Anisotropy, zero-field splitting ab initio calculations and broken
symmetry

Since most intermolecular distances separating Co%* ions are sig-
nificant in complex 1 (Figure S5), with the shortest distance being ~ 10
A, magnetic exchange interactions are expected to be negligible and are
not considered in our computational simulations.

The axial and rhombic anisotropic components D and E obtained by
SA-CASSCF+NEVPT2 for 1 using effective Hamiltonian theory (EHT)
indicate the absence of an easy magnetization axis. D = +73.34 cm ™!
and the relation E/D = 0.12, indicating the formation of an easy plane.
The easy plane assumption is supported by g-tensor decomposition,
which gives gy = 2.02, gy = 2.53, g, = 2.71, and gjso= 2.42. In the same
manner, the lowest Kramers doublet appears as an admixture of the
effective |+£3/2> and |+1/2> pseudospins, with |+1/2> dominating
with a total weight of ~56 %, as shown in Scheme 1 below.

For complex 2, the chance of meaningful magnetic coupling between
Cu?* jons was evaluated using the broken-symmetry procedure through
the two shortest possible interaction paths of 10.71 and 16.26 A
(Figure S6). In both cases, the computational magnetic coupling con-
stant (J) was observed to be antiferromagnetic and less than —0.2 cm!
(-0.19 ecm ! and —0.13 ecm™}, respectively). As expected, the spin
density is strongly localized over the copper(Il) ions, and the spin den-
sity mostly reflects the dy, orbital for the paths analyzed.

3.3. FTIR

FTIR spectra of H3BTB, phen, and complexes 1 and 2 were measured
in the 4000-400 cm ™' range (Figure S7). The presence of a DMF
molecule in the crystal lattice of complex 2 can be evidenced by the band
at 2975 cm ! (vc—p)- The strong band at 1686 em! (vc—o) attributed to
the H3BTB ligand was shifted to 1674 cm ! and 1670 cm ! in 1 and 2,
respectively [12]. The vce/cn modes for the free 1,10-phenanthroline
ligand at 1644 cm™! and 1505 cm™! appear at 1642 cm™! and 1562
em ! for 1, and at 1639 cm ™! and 1547 cm ™! for 2 [40]. Moreover, its

D-tensors Eigenframe
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skeletal vibrational peak is found at approximately 1490 cm ™. The al-
terations in the main vibrational modes of H3BTB and phen ligands point
to their association with metal centers.

3.4. TGA

Thermogravimetric analysis (TGA) was performed on polycrystalline
samples of complexes 1 and 2 under a dynamic nitrogen atmosphere
(Figures S8 and S9). Figure S3 shows that, for compound 1, three weight
loss events occurred. The first one corresponds to the loss of the guest
NOs3ion from 88 to 99 °C, and the following steps suggest the decom-
position of the framework from 331 to 485 °C. Like in complex 1, the
weight loss of 2 is divided into three steps with increasing temperature.
In the first step, the weight loss is 7.4 % from 100 to 230 °C, which can
be attributed to the loss of the lattice guest DMF molecule. The other two
steps correspond to consecutive weight losses of 54.2 % at approxi-
mately 300 °C and 28.3 % at 365 to 540 °C, indicating the total collapse
of the framework.

3.5. Magnetic properties

The static magnetic properties of compound 1 were investigated in
the temperature range of 3K-320 K. The thermal dependence of the yuT
product, yu is the molar magnetic susceptibility, is shown in Fig. 4. At
320 K, the yyT value of 1 is approximately 2.2 cm® mol ! K, which is
greater than the expected value for uncoupled spin-only contributions

(1.88 cm® mol™Y), indicating the presence of an orbital part in the

magnetic moment. Upon cooling, yuT decreases continuously to 1.27

em® mol™! K at 3 K, which can result from antiferromagnetic in-

teractions and/or zero-field splitting (ZFS). To reproduce the magnetic
data, only the axial term of the crystal field was considered in the spin
Hamiltonian (Eq. 3). Furthermore, the contribution of the magnetic in-
teractions within the compound was included through a mean field
approximation.

Lowest Kramers Doublet
Weight Spin Ms
0.018643 3/2 3/2

0.012496 3/2 3/2
0.313272 3/2 1/2
0.028369 3/2 1/2
0.143811 3/2 -1/2
0.113723 3/2 -1/2
0.273453 3/2 -3/2
0.062776 3/2 -3/2
0.015305 3/2 -3/2

Scheme 1. Complex 1: Molecular frame relative to the d-tensor eigenframe and description of the lowest Kramers doublet by relative weights and pseudospins (Ms).
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Fig. 4. Thermal dependence of the yyT product for 1. The red solid line cor-
responds to the best fit (see text).
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The best fit was achieved for the following parameters: gx = gy =
2.04(1), gz = 2.50(1), D = 74.7(3) cm ™! and zJ’= —0.05(1) em ™. The
axial crystal field parameter corresponds to an easy-plane magnetic
configuration (D > 0) and its value lies within the observed range for
octahedral Co?" ions [41] The obtained data agrees with other Co?*
Field-induced Single Ion Magnet reported in the literature [42]. In Rey’s
work, the cobalt complex was obtained using the flexible ligand di
(4-pyridyl) sulfide and presented a weak magnetic intermolecular
interaction with D = 54.0 cm ™! [42].These parameters are in perfect
agreement with those obtained from the CASSCF calculations. The mean
field parameter confirmed a weak antiferromagnetic interaction within
the compound, which was expected from the long distances between the
metal centers. This suggests that the magnetic behavior of the compound
is mainly governed by the magnetic response of single Co?" ions.

Due to its potential as a single-ion magnet (SIM), the dynamic
magnetic response of 1 was studied by measuring the frequency and
temperature dependence of the in-phase and out-of-phase magnetic
susceptibilities. As commonly observed in cobalt-based SIMs, quantum
tunneling of magnetization (QTM) may occur at low temperatures [43].
This relaxation process can be hampered by applying a static magnetic
field. Therefore, to infer the best applied field, the frequency-dependent
magnetic susceptibilities were measured for different static magnetic
fields at 3 K (Figure S10). An optimum magnetic field was obtained for 2
kOe. Under that magnetic field, a clear frequency dependence of the
in-phase and out-of-phase magnetic susceptibilities was measured for
different temperatures (Fig. 5). The semicircular shape of the Cole-Cole
plots (Figure S11) is a signature of a single relaxation time for each
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temperature, as corroborated by the small values of @ which is the width
of the relaxation time distribution (Table S2). Hence, the in-phase and
out-of-phase data were fitted concurrently by an extended Debye model.
The best relaxation times obtained are shown in Table S2 and were used
to construct an Arrhenius plot (Fig. 6). From the curvature of this plot, it
appears that several relaxation processes occur in the compound. By
considering only the high-temperature relaxation times, the effective
energy barrier for magnetization reversal (Ug) can be estimated by
fitting the data to the Arrhenius law, which gives Uy = 12.1(3) K and
790 =5.52(4) x 1077s (Fig. 6), similar to other Co?" SIM such as the one
related by Garcia-Lopez et al., where utilizing the tridentate ligand
bppCOOH they obtained a complex with an energy barrier of 15.9 K and
a relaxation time of 2.7 x 107% s [44]. This energy barrier is notably
much lower than the activation barriers extracted from DC measure-
ments (~2D) and ab initio calculations. The Orbach process involves
transitions between real magnetic states, and no such levels exist below
150 cm™!; consequently, relaxation does not occur via the Orbach pro-
cess. Therefore, the relaxation time data were fitted to Eq. 4, which
considers the direct and Raman processes. As shown in Figures 6 and
S12, the fit is in perfect agreement with the experimental data for the
following parameters: A = 5600(100) s’lK’l, C=730(20) s’lK’n, andn
= 3.25(2).

! = AT 4 CT" 4

A lower n exponent than the expected value for a Kramer ion (n = 9)

1E-4

1E-5

T x I T T

T T T T T T T T d
0.20 0.25 0.30 0.35 0.40 0.45 0.50
1/Temperature (K")

Fig. 6. Arrhenius plot for 1 at 2 kOe. The red solid line corresponds to the best
fit from Arrhenius’s law for the highest temperatures. The blue solid line cor-
responds to the best fit from Eq. 4.

3" "(cm’.mol™)

Frequency (Hz)

Fig. 5. Frequency dependence at different temperatures of the in-phase (a) and out-of-phase (b) ac magnetic susceptibilities for 1 under a static magnetic field of 2
kOe at different temperatures. The solid lines correspond to the best fit by an extended Debye model (see text).
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[45] is commonly observed in octahedral cobalt-based compounds with
SIM behavior, suggesting the contribution of acoustic and optical Raman
processes in 1 [43,46-50].

3.6. EPR studies

X-band EPR spectroscopy was performed for complex 2 in the solid-
state at room temperature (300 K). The g tensor reflects the local sym-
metry of the system. The sample gives two g-values (namely, g, = 2.26
and g, = 2.085) in the axial spectrum. This value of g is typical for the
d,2_y» orbital of the unpaired electron ground state and is associated
with the N,O, ligand set in the xy Cu®" ion plane [51]. The region
parallel to the spectrum exhibits signals due to hyperfine interactions, as
shown in the inset of Fig. 7, between unpaired electrons and the Cu
nucleus with a nuclear spin of 3/2. The hyperfine constant obtained by
fitting using the easy spin MATLAB routine is 163.10™% ecm™L. It is
difficult to resolve the hyperfine interactions in the powder EPR spec-
trum, suggesting that the Cu®" centers are isolated [52].

Additionally, the experimental EPR spectrum of complex 2 could be
reproduced without considering any magnetic coupling constant (J).
This is further evidence that the metal centers in both complexes are
essentially isolated, as proposed by the small J obtained from the
CASSCF calculations and magnetic susceptibility measurements.

4. Conclusion

We have successfully developed two new 1D coordination polymers
with polycarboxylate coordinates in monodentate bridge mode with
metal centers. Co>" and Cu?* are involved in distorted octahedral en-
vironments. Even though complexes 1 and 2 exhibit thermal stability,
their surface area was not investigated due to the poor solvent loss.
Complex 1 exhibits slow relaxation of the magnetization under a dc
magnetic field with a large axial zero-field splitting parameter, D = 74.7
(3) cm ™! corroborated by magnetic susceptibility measurements and the
CASSCF calculations. EPR measurements confirmed that the metal
centers in both complexes are essentially isolated as suggested by the
theoretical calculations and the magnetic susceptibility measurements.
The production of other derivatives is in progress in our laboratory. New
synthetic methodologies will be employed to synthesize highly porous
magnetic materials.
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