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Preface 

The work presented in this thesis is a result of my PhD studies from August 2019 to 

July 2022 under the supervision of Professor Kasper Steen Pedersen at the 

Department of Chemistry, Technical University of Denmark. The project was 

funded by the Danish National Committee for Research Infrastructure for funding 

(ESS Lighthouse “SMART”). Furthermore, a three-month external stay was 

conducted in the laboratory of Associate Professor Stergios Piligkos at the 

Department of Chemistry, University of Copenhagen.  

Significant portions of the thesis' content are present in published and unpublished 

manuscripts attached at the end of the thesis. This dissertation is divided into several 

chapters. Chapter 1 introduces the concepts of metal-organic frameworks, 

magnetism, single-molecule magnets, tessellations, and tessellations in materials. 

Chapters 2-3 comprise the results and discussions. Chapter 4 presents the future 

outlook based on the findings. Chapter 5 is a brief discussion of the experiments 

conducted that are unrelated to the thesis topic. All the experiments and their results 

are provided in the attached document in detail. 
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Abstract 

Exploration of Archimedean Tessellations in Metal-Organic Frameworks is the 

thesis authored by Hua Chen describing the research conducted under the 

supervision of Professor Kasper Steen Pedersen and has been submitted to the 

Department of Chemistry at the Technical University of Denmark. 

Among the classes of highly porous materials, metal-organic frameworks (MOFs) 

have excellent tunability, structural variety, and chemical and physical properties. 

MOFs are extended crystalline structures in which metal ions or clusters are 

connected by multitopic organic linkers. The diversity of metal ions and organic 

linkers allows an infinite number of combinations. MOFs have been used in several 

applications such as catalysis, gas sorption and storage, electronics, magneto-

electronics, photonics, and quantum technology. The identification of quasicrystals 

that exhibit long-range order but lack translational symmetry introduced a new class 

of materials and was a revolutionary breakthrough in crystallography. The 

combination of quasicrystals and metal–organic structures results in promising 

multifunctional systems with great potential for applications. Their construction 

principles have been extensively studied, and they are represented by numerous 

complex amorphous and crystalline phases. However, the quasicrystalline order in 

MOFs has been difficult to identify thus far. In this study, Archimedean tessellations 

were constructed in bulk MOFs by exploiting the inherent tendency of lanthanides 

to exhibit high coordination numbers. The prepared MOFs were characterized and 

determined to be quasi-crystalline approximants that exhibited excellent magnetic 

properties. 

The use of the plasticity of lanthanide (Ln) ions arising from the sufficient 

coordinative nature and the large ionic radii forms pentagonal bipyramidal nodes 

rarely found in the transition metal coordination chemistry. The self-assembly of 
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linear {LnI2} nodes with ditopic organic spacers (4,4¢-bipyridine (bipy)) results in 

the formation of MOFs with layers exhibiting rare Archimedean tessellations that 

mimic the structural motifs of quasi-periodic 2D materials. The prepared MOFs 

(LnI2(bipy)2.5) display intriguing magnetic properties and some of MOFs exhibit 

single molecule magnets behaviour. 

Furthermore, the tunability of a coordination network was explored, starting out 

from EuI2(pyz)2.5 (pyz = pyrazine). The EuI2(pyz)2.5 processes the 

elongated triangular tiling that can be considered as defect 6-fold nodes, which 

paves a way for establishing the real 6-fold nodes. The exchange of metal ions and 

ligands results in forming completely different structures. Furthermore, the 

magnetic properties of prepared MOFs have also been demonstrated. 
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Danish Abstract 

Exploration of Archimedean Tessellations in Metal-Organic Frameworks er en 

afhandling skrevet af Hua Chen, der beskriver forskning udført under ledelse af 

professor Kasper Steen Pedersen og indsendt til Institut for Kemi ved Danmarks 

Tekniske Universitet. 

Blandt klasser af meget porøse materialer er metalorganiske rammer (MOF'er) 

uovertrufne i deres grad af indstillingsmuligheder og strukturelle variationer samt i 

deres brede kemiske og fysiske egenskaber. MOF'er er flerdimensionelle 

krystallinske strukturer, hvor metalioner eller -klynger er forbundet med 

multitopiske organiske ligander. Mangfoldigheden af metalioner og organiske 

ligander giver mulighed for et stort set uendeligt antal mulige kombinationer af disse. 

Derfor er MOF'er blevet anvendt til mange formål, herunder katalyse, gasadsorption 

og -lagring, elektronik, magneto-elektronik, fotonik og kvanteteknologi. 

Identifikationen af kvasikrystaller, som udviser langtrækkende orden, men mangler 

translationssymmetri, markerede både introduktionen af en ny klasse af materialer 

og var samtidig et revolutionerende gennembrud i krystallografien. Ved at 

kombinere kvasikrystaller med metal organiske netværk har man fundet lovende 

multifunktionelle systemer med store anvendelsespotentiale. Deres 

opbygningsprincipper er blevet undersøgt indgående og er repræsenteret i mange 

komplekse faser, både amorfe og krystallinske. Indtil nu har det imidlertid været 

vanskeligt at finde tegn på kvasikrystallinsk orden i MOF'er. I dette studie har vi 

konstrueret arkimediske tesseleringer i bulk-MOF'er ved at udnytte lanthanidernes 

naturlige tendens til at have høje koordinationstal. Disse kan betragtes som værende 

kvasikrystallinske tilnærmelser, der repræsentere en række sjældne eksempler på 

arkimediske tesseleringer i en MOF med lovende magnetiske egenskaber. 
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Som følge af deres tilstrækkeligt koordinerende natur og store ionradius kan 

lanthanidioner danne pentagonal bipyramidale komplekser, som sjældent findes i 

overgangsmetallers koordinationskemi. Ved at kombinere lineære {LnI2}-centre 

med en ditopisk organisk ligand, 4,4'-bipyridin (bipy), resulterer i dannelsen af 

lagdelte metal organiske netværk, der udviser sjældne arkimediske tesseleringer, 

som efterligner strukturmotiver i kvasi-periodiske 2D-materialer. De fremstillede 

MOF'er (LnI2(bipy)2.5) udviser spændende magnetiske egenskaber, og hvoraf 

enkelte udviser magnetisk adfærd svarende til det fundet i enkeltmolekylemagneter. 

Desuden blev effekten ved udskiftning af de organisker ligander undersøgt ved 

hjælp af EuI2(pyz)2.5 (pyz = pyrazine). EuI2(pyz)2.5 besidder den langstrakte 

trekantede tesselering, som kan betragtes som defekte 6-koordinerede centre, 

hvilket baner vejen for etableringen af egentlig 6-koordinering af metalcentrene. 

Udvekslingen af metalioner og ligander resulterer i dannelsen af helt 

forskellige strukturer. De magnetiske egenskaber af de fremstillede MOF'er er 

også blevet påvist. 
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Chapter 1. Introduction 

Metal-organic frameworks (MOFs), are a class of materials consisting of metal ions 

or clusters connected by organic linkers to form one-, two-, or three-dimensional 

structures (Fig. 1.1), with high surface areas1-5. In the last 30 years, MOFs have been 

widely applied in gas storage,6-10 gas separations,11-15 catalysis,16-20 owing their high 

porosity and chemical tunability.21-25 

Fig. 1.1 Schematic of MOFs. The blue bar represents the organic linker, and the red ball 

represents the metal ion or cluster. The linkers and metal ions/clusters coordinate to form 

MOFs. Adapted with permission from reference.26 Open access article. 

In recent decades, the chemistry of MOFs has evolved rapidly, allowing the 

customization of size, shape, network topology, and surface area for a wide range of 

applications. According to crystal engineering principles, the design and synthesis 

of new MOFs with the desired physical and chemical properties require insights into 

the molecular and/or intermolecular interactions within the three-dimensional (3D) 

arrangement.  

The structural features of MOFs are mostly governed by the large variety of 

coordination geometries employed by the metal ions, adoption of oligonuclear metal 

clusters as nodes, geometric features and versatility of the organic ligands, role of 
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counter ions, and reaction solvent.27-31 Depending on the electronic structure of the 

metal ions, the different coordination geometries which can be adopted by the metal 

nodes, will determine the topology and dimensionality of the MOF. Transition metal 

ions (especially those in the first row), lanthanides, and alkaline earth metals, have 

been used as metal nodes because they exhibit a wide diversity of coordination 

numbers and geometries, thus providing synthetic and structural versatility. The use 

of rigid or flexible organic ligands has an enormous impact on the design of MOFs 

because flexible ligands provide a greater number of degrees of freedom than those 

by rigid ligands and can lead to unpredictable crystal structures.31-35 The organic 

ligands used in MOFs normally contain one or more N-donor or O-donor atoms that 

act as a bridge between the metal ions. For example, pyridyl (pyrazine and 4,4′-

bipyridyl derivatives),36-41 carboxylates (aliphatic or aromatic containing one or 

more rings),42-48 cyano compounds,49-57 oxalic acid,58-65 phosphonates,66-74 and 

sulfonates75-79 are the most popular ligands for the synthesis of MOFs. 

1.1 Synthesis of metal-organic frameworks 

The synthesis of MOFs is determined by several factors related to the reaction time, 

temperature, solvent used, nature of the metal ions and organic ligands, size of the 

nodes and their structural features, presence of counterions, and crystallization 

kinetics, which lead to nucleation and crystal growth. MOFs are typically 

synthesized in liquid phase by mixing ligands and metal salts. The solvents are 

chosen based on their reactivity, solubility, and redox potential because the activation 

energy and thermodynamics of each reaction are affected by the solvent. Despite the 

difficulties encountered in growing single crystals, solid-state synthesis methods are 

occasionally used. MOF crystals are often grown by the slow evaporation of the 

reaction solution. Most MOFs are synthesized under solvothermal (aqueous) 

conditions at high temperature and pressure, which is the conventional method. 

Recently, alternative synthetic methods such as chemical vapor deposition and 
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electrochemical, microwave, and sonochemical methods have been developed, 

which are less expensive, faster, and more reliable than the conventional method. 

Some synthetic methods for MOFs are discussed below: 

Fig. 1.2 Eight common synthetic methods to prepare MOFs. Reprinted the figure from 

reference.80 Open access article. 

1.1.1 Diffusion method 

In this method, reagent solutions are layered over one another, separated by a layer 

of solvent, or are gradually diffused through a barrier submerged at a certain distance. 

In some instances, gel is used as a crystallization and diffusion mediator. Crystals 

are formed at the interface between the layers after the precipitated solvent gradually 

diffuses into a separate layer. The diffusion technique is employed when the product 

is not highly soluble. Yaghi et al. used the diffusion method to prepare MOF-5 and 

IRMOF-1 by diffusing triethylamine into a solution of Zn(NO3)2 and H2BDC in 

DMF/chlorobenzene.81 

1.1.2 Slow evaporation method 
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In this method, reagent solutions are mixed and left to evaporate slowly, forming 

crystals at a critical concentration that facilitates nucleation and crystal growth. 

Solvents with low boiling points are used in this method. Halper et al. used slow 

evaporation to prepare several MOFs. 82-86 

1.1.3 Solvothermal method 

In this method, the reaction is conducted in closed vessels under autogenous pressure 

above the boiling point of the solvent.83, 87-89 Most of the MOFs reported to date have 

been prepared using this method.90-96 Teflon-lined autoclaves are used when high 

pressure and temperature conditions are required. Solvents with high boiling points 

are used in this method. 97-99 

1.1.4 Electrochemical method 

MOF powders can be synthesized on an industrial scale using this method. The 

reaction mixture contains organic ligands and electrolytes, and the anode dissolves 

to provide the metal ions for the MOFs. This method is advantageous compared to 

the solvothermal method as it requires a lower reaction temperature and affords the 

desired MOFs rapidly under mild conditions. MOFs such as HKUST-1, ZIF-8, MIL-

100 (Al), MIL-53 (Al), and NH2-MIL-53 (Al) have been synthesized in 

electrochemical cells using this method, and the influence of several reaction 

parameters on their yields and textural properties has been studied.100-106 

1.1.5 Sonochemical method 

This method involves the chemical transformation of molecules under high-energy 

ultrasonic radiation (20 kHz to 10 MHz). When the reaction solution is irradiated by 

ultrasonic radiation, bubbles are formed, which generate short-lived local hotspots 

of high temperature and pressure, thereby promoting chemical reactions and the 

rapid formation of crystalline nuclei.107-109 Using this method, high-quality MOF-5 

and MOF-177 crystals were synthesized using 1-methyl-2-pyrrolidone as the solvent. 
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The crystals exhibited sizes of 5–20 μm and 5–25 μm, respectively, with shorter 

reaction times than those when the solvothermal method was used.110-115 

1.1.6 Microwave assisted method 

This method is commonly used to synthesize organic and nanoporous inorganic 

materials.116  and has been used for the synthesis of metal clusters117 and MOFs.118-

125 This method is advantageous because of its short reaction time, high yield, and 

low cost. Compared with the traditional solvothermal method, the microwave-

assisted synthesis of HKUST-1 afforded the product in higher yield and required less 

reaction time.126  

1.1.7 Post-synthetic modification 

This method has been extensively used to prepare isomeric MOFs with different 

physical and chemical properties.127-129 Post-synthetic modifications include the 

replacement of the structural units of MOFs using solvent-assisted ligand exchange 

and displacement of non-bridging ligands and metal junctions.130 

1.1.8 Chemical vapor deposition (CVD) 

In this method, gaseous substances are reacted with solids to produce solid deposits 

of high purity exhibiting the desired properties. Recently, researchers have 

successfully used CVD to prepare MOFs. 131-134 

1.2 Magnetism 

A compound can be either diamagnetic or paramagnetic.135 In diamagnetic materials, 

the magnetic flux density is lower inside the material than outside, whereas in 

paramagnetic materials, the magnetic flux density is greater inside the material than 

outside (Fig. 1.3).136 All matter that originates from the interaction between paired 

electrons and an applied magnetic field exhibit diamagnetism.136 When paired 
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electrons interact with an applied magnetic field, they produce a magnetic field that 

is oriented in the opposite direction to the applied magnetic field according to Lenz’s 

law.136 In contrast, paramagnetism occurs because of the angular momentum of the 

unpaired electrons interacting with an applied magnetic field.136 

In the absence of a magnetic field, a paramagnetic material will have randomly 

oriented spins to minimize the energy of the system, as depicted in Fig. 1.4, 

resulting in no magnetization.137 When a magnetic field is added, the magnetic 

moments align with the magnetic field. However, a thermal effect results in the 

opposite of this arrangement. In a paramagnetic material, if the magnetic 

behavior of a single paramagnetic ion is unrelated to its neighboring ions, it is 

termed as magnetically dilute, whereas if the behavior of the neighboring 

magnetic centers is not independent, then it is called magnetically 

concentrated.137 

The main types of magnetic interactions are ferromagnetic, antiferromagnetic and 

ferrimagnetic (Fig. 1.4). In ferromagnetic interactions, adjacent spins tend to align 

parallel to each other. In antiferromagnetic interactions, adjacent spins are aligned 

antiparallel to each other. In ferrimagnetic interactions, adjacent spin centers are 

coupled antiparallelly, but adjacent magnetic moments have different magnitudes. 

Fig. 1.3  Lines of flux in (a) diamagnetic and (b) paramagnetic materials. Reprinted with the 

permission from reference.138 Open access article. 
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Fig. 1.4 Arrangement of the spins in different types of magnetic materials. All spins are 

aligned randomly in paramagnetic interactions, which can be categorized as ferromagnetic, 

ferrimagnetic, and antiferromagnetic interactions depending on the alignment of spins. 

Reprinted with permission from reference.137 Copyright 2020 American Chemical Society. 

1.3 Synthetic routes for magnetic metal-organic frameworks 

A few factors must be considered when designing a magnetic material. To exhibit 

good magnetic properties, neighboring spins should have significant interactions, 

resulting in a long-range magnetic order.139 Different synthetic strategies can be 

considered to obtain such magnetic MOFs, as shown in Fig. 1.5. One strategy is to 

use a short ligand that can shorten the distance between the metal centers and enable 

the interaction of the spins of the neighboring metal centers. A second strategy is to 

use a metal complex that can act as a ligand and spin center that can react with the 

metal nodes, resulting in long-range magnetic order. Using this strategy, 

oligonuclear complexes based on oxyamines140 and phthalocyanine141-144 have been 

synthesized. A third approach to promote exchange coupling between the metal 
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centers of MOFs is to add additional spin carriers to organic ligands such as radical 

ligands. 145, 146

Fig. 1.5 Different synthetic routes for the preparation of magnetic MOFs. The rectangle, 

circle, arrow, and bent arrow represent ligands, metal nodes, spins, and interaction between 

spins, respectively. Reprinted with permission from reference.139 Open access article. 

1.4 Single molecule magnets 

The traditional macroscopic magnet consists of magnetic domains and 3D regions 

of atoms/molecules within which the spins are aligned, which are divided by domain 

walls.147 Hysteresis is apparent when magnetization vs. magnetic field (M vs. H) is 

plotted. This is related to the energy cost associated with breaking the domain walls 

to alter magnetization. Owing to the persistence of the domains, magnetization can 

persist for a long time after the field is removed.147 

Single molecule magnets (SMMs) are nano-sized magnetic materials in which each 

molecule can act as a magnetic unit and exhibit paramagnetic behavior under 

blocking temperatures (TB).148 A SMM consists of individual molecules that do not 

interact and therefore have a single magnetic domain. Although there are no domain 

walls between the molecules themselves, these complexes are magnetically isolated 

and do not interact with each other.147 As a result, SMMs exhibit properties 

associated with conventional macroscopic magnets. 
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SMMs can exhibit the hysteresis phenomenon of conventional magnets and thus 

have potential applications in quantum computing, molecular spintronics and ultra-

dense information storage.148-153 Since 1921, German chemists Fischer and Weinland 

first synthesized Mn12O12(OAc)16(H2O)4 (also known as Mn12) and in 1993, 

scientists Gatteschi and Christou reported that Mn12 shows hysteresis and  frequency 

dependence in an alternative magnetic field.154, 155 This has opened up a new 

interdisciplinary field of research that combines physics, chemistry, and materials. 

In recent years, compounds with higher TB and energy barrier (Ueff) have been 

synthesized, enabling practical applications. Attempts were made to synthesize 

SMMs with better performance, and research on the hysteresis mechanism, origin of 

magnetic behavior, and SMMs is gradually progressing.156-159 Therefore, SMMs 

have become an effective means to study the coexistence of quantum and classical 

effects and the link between quantum theory and classical magnetic theory, thus 

demonstrating its profound significance in theoretical research.160, 161 

When an SMM is magnetized, the unpaired spins of molecules align in the magnetic 

field direction, which is the most energy-efficient orientation. When the magnetic 

field is removed, magnetization can be retained in that direction for some time at 

low temperatures. The larger the energy barrier of the spin reversal (U, Fig. 1.6) is, 

the longer the magnetization can be maintained and the higher the temperature at 

which it can be observed. The time required to reverse the spins is called the 

relaxation time of magnetization (τ). 
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Fig. 1.6 Slow relaxation of magnetization in SMMs with an easy axis owing to an energetic 

preference for the magnetization to be aligned along the predominant axis of magnetic 

anisotropy. The spin must overcome the energy barrier U to reverse itself. Reprinted with 

permission from reference.147 Copyright 2014 Elsevier. 

The energy barrier to reverse the spin is related to magnetic anisotropy. A molecule 

is magnetically anisotropic if its magnetic properties depend on the orientation of 

the applied magnetic field; for many SMMs, it is preferable to have a magnetization 

orientation. This is called the “easy axis” and the most unfavorable orientation of 

magnetization is perpendicular to that axis and is called the “hard plane”. Hence, 

there are different energies for different orientations of magnetic moments.162 The 

difference between the energy levels is important for understanding magnetic 

behavior. The anisotropy of the magnetization is a result of the zero-field splitting 

(ZFS),163-165 which can be simply quantified by the parameter D. The effect of ZFS 

is well understood for 3d metal complexes, but is more complicated for 4f complexes 

because of the strong spin-orbit coupling of Ln(III) ions.166 In a 3d metal complex 

with total spin S, there are 2S+1 possible substates exist, each with a spin quantum 

number MS. MS is the summation of the individual spin quantum numbers of unpaired 

electrons. Hence, the values of MS range from -S to S in increments of one, where 

U

90° 180°0°

E

Angle of magnetization to anisotropic axis
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negative MS values are “spin down” and positive MS values are “spin up”. Each Ms 

state corresponds to a different orientation of spin projection. All MS states are 

degenerate if there is no ZFS, whereas the ZFS disrupts degeneracy. When D is 

negative, the largest magnitude Ms = ±S has the lowest energy. As a result, at low 

temperatures, magnetization can be trapped in one of the two Ms = ±S states because 

of the high-energy intermediate states and barrier U between the states. (Fig. 1.7) 

Fig. 1.7 Energy splitting of the S = 10 ground state of Mn12 into 21 sublevels owing to ZFS 

and relaxation of the magnetization from the “spin up” (Ms = 10) to “spin down” (Ms = -10) 

state at H = 0 and low temperature. Reprinted with permission from reference.147 Copyright 

2014 Elsevier. 

For SMMs, the energy of the system varies with the external temperature, magnetic 

field strength, and several other factors. As shown in Fig. 1.8, in the absence of an 

applied magnetic field, the two degenerate ground states of the SMM have the same 

occupancy, although the spin directions are opposite; thus, magnetic behavior is not 

observed.147 At low temperatures and when a magnetic field is applied, one state 

becomes more favorable, and the magnetization is trapped in one of the two MS 
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ground states, reaching its saturation value.147, 159  When the external magnetic field 

is removed, the split energy levels return to their initial degenerate state, and the 

occupancy of the states are evenly distributed. To achieve this, a fraction of the spins 

must cross an energy barrier to return to their original state, which was observed as 

a hysteresis loop.167 

Fig. 1.8 Energy levels for a spin state S with a negative D at low temperatures. (a) State in 

zero field where the two states are equally populated, (b) state in which one well becomes 

more populated after the application of a magnetic field, and (c) state after the field has been 

removed and the system has returned to equilibrium in a stepwise manner. Reprinted with 

permission from reference.168 Copyright Materials Research Society 2000. 

Before discussing the 4f SMMs, the electron configuration of the Ln ions must be 

discussed, which will help in understanding lanthanide SMM behavior. The Ln 

atoms in the electronic ground state are characterized by the gradual filling of the 4f 

shell, with the general configuration [Xe]4fn6s2 (with the exception of La, Ce, Gd, 

and Lu, where the ground state configuration is [Xe]4fn5d16s2). Hence, the most 

stable lanthanide ions are tripositive and obtained by the loss of one 5d and two 6s 

electrons or two 6s and one 4f electrons; Eu2+, Ce4+, and Tb4+ which have stable 

electronic configurations are the exceptions to this phenomenon. In Ln atoms, the 

electrons in the 4f shell are shielded by the completely filled 5s and 5p orbitals, and 

MS= +S MS= -S

Field on Field off

Ueff

Relaxation

(a) (b) (c)
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their behavior is less affected by the coordination environment than that of the 3d 

series. The Ln ions exhibit an unquenched orbital momentum because the core-like 

character of the 4f orbitals prevents the crystal field from quenching the orbital 

momentum. 

The energy level structure of the 4f states is determined by the following interaction: 

electron-electron interaction, spin orbital coupling, and crystal field. Compared to 

that of the 3d transition metal ions, the spin-orbit coupling is stronger owing to the 

higher nuclear mass, whereas its crystal field is lower because the 4f electrons that 

are located close to the core are shielded by 5s and 5p electrons. Because the spin-

orbit coupling of Ln ions is strong, the total spin and orbital angular momentum (L) 

are strongly coupled, resulting in a total angular momentum (J). Therefore, 

describing their magnetic properties in terms of S is not sufficient. In contrast to that 

in the MS states (for negative D), the MJ states do not have the maximum value as 

the ground state as they depend on the crystal field because J contains the spatial 

information of L. Thus, the magnetic behavior of lanthanide complexes is more 

complicated than that of 3d metal complexes. 

The Russell–Saunders169 coupling scheme is used to depict the electronic structure 

of Ln ions, where the total spin (S) and total orbital angular momentum (L) are 

strongly coupled to give the total angular momentum (J). J splits the 2S+1L term into 

multiplets with different J values (2S+1LJ), which is further split by the crystal field 

into 2J+1 states; depending on the symmetry, these states can be a combination of 

MJ states, where MJ is the projection of J along the Z-axis. (Fig. 1.9). The magnitude 

of the MJ state splitting depends on the ligand.140 To achieve a high performing 

SMM, the energy gap between the MJ ground state and the first excited MJ state 

should be as large as possible.163 To ensure that a high magnetic moment can be 

maintained at temperatures where only the ground state is populated, the ground 

state should be doubly degenerate and consist of a large |MJ| component.170 Double 
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degeneracy is important because the SMM is defined by the bistability of its ground 

state and therefore the singlet ground state has no magnetic interest.140 Kramers ions 

exhibit such doubly degenerate states in zero field. A Kramers ion has an odd number 

of electrons such as Dy(III) comprising f9 electrons. A non- Kramers ion has an even 

number of electrons such as Tb(III) comprising f8 electrons.140 The 2S+1LJ terms are 

energetically separated such that at room temperature or lower, only the ground state 

term is populated and contributes to the magnetic properties. Using Hund’s rule, we 

can determine which J multiplet is the ground state. When the 4f shell is less than 

half-filled, J = |L−S|, whereas if the 4f shell is more than half-filled, J = L+S.140 

Table 1 shows the ground state multiplets of the different trivalent lanthanide ions 

obtained by applying the above mentioned rules. 

Fig. 1.9 Ground state electronic structure of the Dy(III) ion. The ground state term 6H15/2 is 

split into 2J + 1 states, each with the quantum number MJ. Reprinted with permission from 

reference.147 Copyright 2014 Elsevier. 
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Table 1 Ground state multiplets of trivalent lanthanide ions  

La Ce Pr Nd Pm Sm Eu 
5F5/2 5F5/2 3H4 4I9/2 4I4 6H5/2 7F0 

Gd Tb Dy Ho Er Tm Yb 
8S7/2

7F6 6H15/2 5I8 4I15/2 3H6 2F7/2 

The basic shape of the lowest J state can be mathematically described by the 

quadrupole moment of the f-electron charge cloud. (Fig. 1.10) The shape can be 

prolate (axially elongated), oblate (equatorially expanded), or isotropic (spherical). 

This shape change in the f-electron charge cloud is caused by the strong angular 

dependence of the f orbitals.  

Fig. 1.10 Illustrations of the 4f orbitals from the highest magnitude ml (most oblate shape) to 

the lowest magnitude ml (most prolate shape). Reprinted with permission from reference.170 

Open access article. 

Because orbital occupancy is determined by Hund’s rule, the distribution of the free 

electron density for each ion can be approximated. (Fig. 1.11)  
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Fig. 1.11 Quadrupole approximations of the 4f-shell electron distribution for the trivalent 

lanthanides. Reprinted with permission from reference.170 Open access article. 

To maximize the magnetic anisotropy of an oblate ion, it should be placed in a crystal 

field where the electron density of the ligand is concentrated above and below the 

xy-plane. In this type of crystal field, the ground state has a bistable direction with 

MJ parallel and antiparallel to the molecular axis (large MJ) as these configurations 

can minimize repulsive contacts between the electron densities of the ligand and 

oblate ion. In contrast, a lower magnitude of the MJ orientation, such as the excited 

state, brings the electron density of the f-electron into direct contact with the ligand, 

resulting in a high-energy state (Fig. 1.12a). Therefore, for prolate ions, the electron 

density of the ligand should be concentrated in the equatorial plane to minimize 

contact with the f-electron density in the axial orientation (Fig. 1.12b). 

Different spin relaxation pathways exist for lanthanide complexes (Fig. 1.13). In one 

pathway, the spin relaxes within the ground state doublet through the quantum 

tunnelling of the magnetization (QTM) (Fig. 1.13a). QTM is often the dominant 

relaxation pathway at low temperatures, but the QTM can probably decrease by 

increasing molecular symmetry and adding an extra static direct current (dc) 

magnetic field.171-173 The other three relaxation pathways, the direct, Raman, and 

Orbach processes, are thermal activation processes.  
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Fig. 1.12 Schematic of the f-orbital electron density in low- and high-energy configurations 

for a 4f ion with an (a) oblate or (b) prolate electron density. The green arrows demonstrate 

the orientation of the spin angular momentum coupled to the orbital moments. In the case of 

the oblate electron density, an axial sandwich-type crystal field minimizes the energy of the 

MJ = J (high moment) state, making it suitable for designing single-molecule magnet. In 

contrast, in the case of the prolate electron density, an equatorial electron configuration 

minimizes the energy of the MJ = J state. Reprinted with permission from reference.170 Open 

access article. 

In the direct relaxation pathway (Fig. 1.13b), the molecule transitions directly from 

the MJ ground state to the excited state along with tunnelling the energy barrier. The 

energy difference is absorbed by the spin system as a phonon.159 In the Raman 

relaxation pathway (Fig. 1.13c), the spin is excited to a higher virtual state before 

the spin relaxes to the ground state.159, 174 In the Orbach relaxation pathway (Fig. 

1.13d), the spin is excited by an absorbed phonon and subsequently relaxes to the 

ground state, emitting a phonon.159, 175, 176 The overall relaxation process can be 

described by the following equation:162, 177 

𝜏!" =
𝐵"

1 + 𝐵#𝐻#
+ 𝐴𝐻$!𝑇 + 𝐶𝑇$" + 𝜏%!"exp	(−
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where &!
"'&"("

, 𝐴𝐻$!𝑇, 𝐶𝑇$" ,  and 𝜏%!"exp	(−
)
*#+

) represent the QTM, direct, 

Raman, and Orbach processes, respectively; A, C, and τ0 are free parameters; U is 

the energy gap between the ground state and the first excited crystal field state; kB is 

the Boltzmann constant; n1 is a variant exponent; n1 = 2 for a non-Kramers ion; n1 = 

4 for a Kramers ion; and n2 is a variant exponent that is usually 7 and 9 for non-

Kramers and Kramers ions, respectively.159, 178, 179  

Fig. 1.13 Different relaxation processes: (a) Quantum tunnelling of the magnetization, and 

(b) direct, (c) Raman, and (d) Orbach relaxation processes. Reprinted with permission from

reference.179 Open access article.

A SQUID magnetometer is a powerful technique for measuring the SMM behavior 

and magnetic properties down to 2 K. The behavior of the compound in direct current 

(dc) and alternating current (ac) magnetic fields can be measured. Magnetization (M)

describes how the energy changes with a magnetic field. In addition, magnetic
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susceptibility (χ) describes the susceptibility of a compound for magnetization. The 

magnetic susceptibility can be described as follows: 

𝜒 = 	
𝜕𝑀
𝜕𝐵

where B is the applied magnetic field. 

For free lanthanide ions, the magnetic susceptibility is expected to be close to the 

Curie constant at room temperature, and can be expressed as follows:163  

𝜒𝑇 =
𝑁,𝑔#𝜇&#

3𝑘&
𝐽(𝐽 + 1)𝐴 = 𝜋𝑟# ≈

𝑔#

8
𝐽(𝐽 + 1) = 𝐶 

where C is the Curie constant, NA is Avogadro’s number, g is the Landé factor,	J is 

the total angular momentum and μB is Bohr magneton. 

For lanthanide complexes, this phenomenon can indeed be observed experimentally 

as long as the crystal field splitting (CFS) is much smaller than room temperature. 

However, CFS usually tends to be larger than room temperature, in which case the 

magnetic susceptibility is smaller than the Curie constant.163   

One strategy to assess potential SMM behavior is to measure the compound’s 

response to an alternating current magnetic field. In this technique, a weak 

oscillating magnetic field is applied, which provides the in-phase (χ') and out-of-

phase (χ") components of magnetic susceptibility. If the alternating current 

susceptibility shows a non-zero χ", it means that the magnetization of the compound 

does not alternate as quickly as the phase of the magnetic field. This is owing to the 

energy barrier of spin reversal, which means that the spins require time to reorient, 

indicating that the compound exhibits SMM behavior. The time that the molecule 

takes to reorient is the relaxation time (τ), which can be determined from the 
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maximum χ" value as it can be expressed by the frequency as follows: τ = 

1 (⁄ 2𝜋𝜐).163  

1.5 Tessellations 

The tessellation of surfaces is found in pure art,180 mathematics,181-183material 

physics11 and molecular science.184 Four centuries ago, Johannes Kepler discovered 

the existence of 11 tessellation lattices based on symmetric polygonal cells in the 

Euclidean plane. Three of these lattices consist of one type of polygon (squares, 

triangles, and hexagons) with regular tilings, whereas the other eight require a 

combination of two or more polygons (triangles, squares, hexagons, octagons, and 

dodecagons). Tessellation that involves more than one type of polygon is called 

Archimedean tessellation. Some of the 11 tessellations are shown in Fig. 1.14. 

Fig. 1.14 Seven of the eleven regular (a, b, c) and semiregular Archimedean (d, e, f, g) 

tessellations in the Euclidean plane. Tilings from (a) to (g): triangular, square, hexagonal, 

snub hexagonal, trihexagonal (kagomé), elongated triangular, and snub square. Reprinted 

with permission from reference.185 Open access article. 
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1.6 Tessellations in materials 

Over the last few decades, surface-confined nanoarchitectures with supramolecules 

on their surfaces have been developed.186-188 In surface-confined structures, the 

structure is determined by the arrangement of molecules and interactions between 

the molecules and substrates. Metal-directed assembly protocols are robust methods 

that result in spatial regularity and are often used for synthesizing surface-confined 

structures.189, 190 Therefore, a wide variety of metal-directed assembly procedures 

were introduced to exploit the coordination ability of transition metals and their 

affinity to molecular species, especially those configured with carbonitrile,191-193 

pyridyl,194-196 and carboxylate functional groups.197-199 Urgel et al. investigated the 

formation of flexible carbonyl-lanthanide (cerium and gadolinium) coordination 

using scanning tunnelling microscopy and density functional theory.200 Complex 

networks were prepared by employing linear linkers equipped with terminal 

carbonyl functional groups and by tuning the local rare-earth metals to molecular 

stoichiometry, as shown in Fig. 1.15. 

Fig. 1.15 Schematic of the five-vertex lanthanide coordination on surfaces. Adapted with 

permission from reference.200 Copyright  2014, American Chemical Society. 
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Urgel et al. built two-dimensional quasicrystalline tilings on a well-defined gold 

substrate using rare-earth-directed assembly. By stoichiometrically controlling the 

Eu centers and functional linkers, they designed a porous network containing four-, 

five-, and six-fold vertices simultaneously (Fig. 1.16).201 

Fig. 1.16 (a) The para-quaterphenyl–dicarbonitrile (qdc) molecule. (b)–(e), High-resolution 

STM images of the distinct coordination networks designed at varying Eu:linker 

stoichiometries: (b) 2:3, (c) 2:4, (d) 2:5, and (e) 2:6; Vbias = –1.2 V, measured at 300 K; scale 

bar, 5 nm. (f)–(i), Atomistic models of (b)–(e) highlighting the distinct coordination nodes 

that stabilize the assemblies: (f) three-fold, (g) four-fold, (h) five-fold, and (i) six-fold. Color 

code: C, blue; N, brown; H, white; and Eu, purple. Adapted with permission from 

reference.201 Copyright 2016, Nature Publishing Group. 

However, in Urgel’s work, all the compounds were layers rather than bulk materials. 

In 2020, Kasper Steen Pedersen et al.185 reported a five-vertex node of Yb(II) in a 

two-dimensional (2D) coordination solid, YbI2(bipy)2.5. The semi-regular 

Archimedean tessellation structure approached quasicrystallinity and provided a 

route to achieve lanthanide-based metal–organic materials with intriguing photonic 

and magnetic properties. This indicates that metal–organic quasicrystalline phases 

can exist in a bulk material. 
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Fig. 1.17 Crystal structure of YbI2(bipy)2.5 as determined by single-crystal X-ray diffraction 

(SCXRD) at T = 120 K. (a) Fragment of the constituent coordination layers with an overlay 

of the ideal 33.42 tessellation. (b) Five-vertex node of trans- and bipy linkers in YbI2(bipy)2.5. 

The ∠N–Yb–N and ∠Yb–Yb–Yb are shown in blue and gray, respectively. Selected bond 

lengths (Å): Yb–I 3.1210(4), 3.1321(4), Yb–N 2.564 (4)–2.633(4). Yb···Yb separations (Å) 

amount to 12.14 and 12.25 for the squares, and 12.32, 12.14, and 12.34 for the triangles. 

Color codes: Yb, light blue; I, dark red; N, blue; C, gray; hydrogen atoms and co-crystallized 

CH3CN have been omitted for clarity). Adapted with permission from reference.185 Open 

access article. 
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Chapter 2. Complex tessellations in magnetic metal-organic frameworks 

The geometry of the organic linkers and coordination pattern of the inorganic metal 

ions or metal ion clusters can be controlled depending on the desired properties for 

the target MOF. The design and implementation of complexes and aperiodic 2D 

tessellations in molecular-based materials is a new strategy to imbue the materials 

with new photonic, electronic, and magnetic properties. The complex tessellations 

synthesized using this strategy will be different from their periodic counterparts.202-

204   

At the atomic and molecular levels, regular tessellations are ubiquitous in crystalline 

planes, surfaces of molecular crystals, and honeycomb structures such as graphene 

sheets and supramolecular lattices. Archimedean tessellations represent 

geometrically frustrated magnets205 and can be used to synthesize photonic 

crystals.206 Among the Archimedean tessellations, only the trihexagonal tiling (also 

called the Kagomé lattice) is widely reported in the literature.207-213 The 2D 

dodecagonal quasicrystalline phase (Fig. 2.1, ddQC) is prominent in both hard and 

soft materials as well as in supramolecular networks. In the ddQC system, the 

periodicity disappears, and local 12-fold rotational symmetry appears. Typically, 

ddQCs often co-occur with periodic Archimedean tessellations, which are referred 

to as quasicrystal approximants.214 For example, a single atomic layer of the quasi-

crystalline phase in an MOF was achieved through the co-evaporation of Eu atoms 

and organic linkers.201 Different types of tessellations are obtained based on the ratio 

of the metal ions and organic linkers (Fig. 1.16), which inspired this study.  

To achieve an MOF with a two-dimensional ddQC, five- and six-fold nodes must be 

constructed along with five or six chemical bonds confined to the plane. Hence, most 

transition metal ions cannot be used in this construction, but larger metal ions such 

as those found in the f-block may be sufficiently large. However, the oxidation state 

of the 4f ion nodes remain uncharacterized. Moreover, quasicrystals have not been 
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realized in the more robust bulk coordination networks and MOFs.202 This may be 

owing to the difficulty in crystallographic identification and absence of structures 

that can express quasicrystallinity.  

Fig. 2.1 Example of a random tiling in a dodecagonal quasicrystalline phase. 

Smetana et al. proposed the first example of snub square tiling in a bulk metal–

organic material using the pentagonal bipyramidal coordination of uranyl ions. 

Kasper Steen Pedersen et al. used {YbIII2} nodes as the five vertices of elongated 

triangular tiling to form YbIII2(bipy)2.5.
185

 Lanthanides can be used to achieve 

Archimedean tessellations and ddQC phases because they can be effectively 

incorporated into various local coordination geometries owing to their coordinative 

plasticity. In addition, their weak interactions with ligands are compatible with those 

that are intrinsic to aperiodic structures. Divalent lanthanide units must be used to 

construct the YbI2(bipy)2.5 framework. However, as previously mentioned, trivalent 

Ln ions are common. To overcome this problem, we developed a novel strategy for 

fabricating magnetic Archimedean tessellations incorporating trivalent lanthanide 

ions. Furthermore, we introduced radical ligands into MOFs. The presence of radical 

spins leads to strong magnetic interactions of the metal centers, which can be 
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controlled by the organic radical, metal ion, and the overlap of their magnetic 

orbitals containing an unpaired electron.146  

In the following sections, the incorporation of Ln(III) (Ln = Gd, Dy, Tb, Ho, and Er) 

as a five-fold vertex node to form quasicrystalline approximants will be presented. 

The assembly of {LnI2} nodes with ditopic ligands, 4,4′-bipyridine (bipy) and its 

anion radicals, provides a rare example of Archimedean tessellations in MOFs. The 

expression of Archimedean tessellations in Ln(III) coordination solids provides a 

blueprint for designing quasiperiodic MOFs with unique magnetic properties. 

2.1 Synthesis procedures 

2.1.1 Preparation of radical ligands 

Tomonari et al. reported that the reaction of sodium with aromatic compounds 

generates anion radicals.215 However, to date, only one single-crystalline compound 

bearing anion radicals, Na+(en)(bipy•−) (en = ethane-1,2-diamine), has been 

reported.216 Therefore, we reacted sodium with bipy to produce bipy radicals (bipy•−) 

whose formation is shown in Fig. 2.2. 

Fig. 2.2 Schematic of bipy radical formation. 

The reaction of sodium with 2.5 molar equivalents of bipy in CH3CN afforded a 

dark-blue solution. The electron paramagnetic resonance spectrum of the frozen 

solution showed a single narrow resonance at g = 2.00, which is attributed to the 

formation of an organic radical and is identical to that in the spectrum of 

Na+(en)(bipy•−) (g = 2.00429) (Fig. 2.3).216 
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Fig. 2.3 Frozen-solution (CH3CN) X-band (9.52 GHz) electron paramagnetic resonance 

spectrum at 77 K of the reaction product obtained from 1 equivalent of Na metal and 2.5 

molar equivalent of bipy. 

2.1.2 Preparation of GdI2(bipy)2.5 

Powdered GdI3 (135 mg, 250 μmol) and acetonitrile (14 mL) were vigorously stirred 

for 30 min. An acetonitrile solution containing 7 mL of 4,4¢-bipyridine (195 mg, 

1.25 mmol) and sodium metal (5.8 mg, 250 µmol) was added to the GdI3 suspension 

with stirring. A dark-blue microcrystalline powder was immediately formed. The 

mixture was stirred for 10 min. The solid material was isolated by suction filtration 

and washed with cold acetonitrile (–20 °C; 2 ×10 mL). Yield: 90 mg (45%). Anal. 

calcd. (found) for C27H23GdI2N6 (GdI2(bipy)2.5×CH3CN) %: C, 38.5 (38.2); H, 2.73 

(2.81); N, 9.98 (9.91); I, 30.2 (29.7); Gd, 18.7 (18.3). 

Dark-blue single crystals suitable for single-crystal X-ray diffraction (SCXRD) were 

obtained via slow diffusion (Fig. 2.4). Powdered GdI3 (135 mg, 250 μmol) was 

placed at the bottom of a glass test tube (160 mm ×16 mm). Acetonitrile (14 mL) 

and Na+(bipy•−)/bipy solution were gently layered on top of the powder. The test 

tube was covered and kept in a refrigerator (–20 °C) for 14 days.  
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Fig. 2.4 Schematic of the crystal growth procedure. 

2.1.3 Preparation of DyI2(bipy)2.5 

The synthesis procedure of DyI2(bipy)2.5 was same as that of GdI2(bipy)2.5 where 

single crystals of DyI2(bipy)2.5 were grown using DyI3. Yield: 86 mg (43%). Anal. 

calcd. (found) for C27H23DyI2N6 (DyI2(bipy)2.5×CH3CN): C, 38.2 (38.1); H, 2.73 

(2.76); N, 9.91 (9.87); I, 29.9 (29.9); Dy, 19.2 (19.3). 

2.1.4 Preparation of HoI2(bipy)2.5 

The synthesis procedure of HoI2(bipy)2.5 was same as that of GdI2(bipy)2.5 where 

single crystals of HoI2(bipy)2.5 were grown using HoI3. Yield: 134.6 mg (66.6%). 

Anal. calcd. (found) for C27H23HoI2N6 (HoI2(bipy)2.5×CH3CN): C, 38.12 (37.97); H, 

2.71 (2.72); N, 9.88 (9.81); I, 29.88 (29.76); Ho, 19.41 (19.34).  

2.1.5 Preparation of TbI2(bipy)2.5 

The synthesis procedure of TbI2(bipy)2.5 was identical to that of GdI2(bipy)2.5 where 

single-crystals of TbI2(bipy)2.5 were grown using TbI3. Yield: 121.2 mg (60.39%). 
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Anal. calcd. (found) for C27H23TbI2N6 (TbI2(bipy)2.5×CH3CN): C, 38.38 (38.85); H, 

2.73 (2.85); N, 9.95 (10.63); I, 30.09 (29.19); Tb, 18.84 (18.26). 

2.1.6 Preparation of ErI2(bipy)2.5 

The synthesis procedure of ErI2(bipy)2.5 was same as that of GdI2(bipy)2.5 where 

single crystals of ErI2(bipy)2.5 were grown using ErI3. Yield: 121.2 mg (60.39%). 

Anal. calcd. (found) for C27H23ErI2N6 (ErI2(bipy)2.5×CH3CN): C, 38.03 (36.91); H, 

2.70 (2.64); N, 9.86 (9.49); I, 29.81 (29.12); Tb, 19.60 (19.23).  

2.2 Archimedean tessellations and magnetic properties of GdI2(bipy)2.5 

Two isomers of GdI2(bipy)2.5, Gd and Gd¢, were formed simultaneously and could 

not be separated. The isomer mixture of GdI2(bipy)2.5 was used in all measurements 

except in SCXRD. In the following section, the crystal structures of Gd and Gd¢ are 

elucidated. 

2.2.1 Crystal structures of GdI2(bipy)2.5 

The careful layering of the bipy/bipy•−	solution on CH3CN-covered GdI3 yielded 

dark blue Gd crystals, which are suitable for SCXRD. Gd crystallized in the 

tetragonal I4122 space group and had the ideal snub square tessellation (Fig. 2.5), 

where the five-fold {GdI2} nodes are linked by the bipy/bipy•− linkers. Locally, the 

Gd–I bond lengths (3.04–3.05 Å) were slightly longer than those in [GdIIII2(thf)5]+ 

(thf = tetrahydrofuran, of 3.00 Å),217 and significantly shorter than the Eu–I bonds 

found in EuIII2(thf)5 (3.22–3.24 Å),218 which indicates the presence of Gd(III) and 

not Gd(II) in the Gd. The angle of I–Gd–I is linear (179.25°), and N–Gd–N 

angles are in the range of 67.9°–75.5° (Fig. 2.6a), indicating that the local 

coordination environment is similar to the D5h symmetry. In addition, the crystal 
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structure of Gd along the crystallographic c-axis revealed the presence of 

interpenetrating 2D layers (Fig. 2.6b). 

 

Fig. 2.5 Single-crystal X-ray structure of Gd viewed perpendicular to one of the snub square 

tiling layers. Color codes: Gd, green; I, purple; N, blue; C, gray. H atoms and co-crystallized 

CH3CN molecules have been omitted for clarity. 

 

Fig. 2.6 (a) Fragment of the structure of Gd displaying the N–Gd–N (blue) and Gd–Gd–Gd 

angles (black). (b) Crystal structure of Gd along the crystallographic c-axis showing the 

N—Gd—N 
angles 

Gd—Gd—Gd 
angles 

(a) (b)
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presence of interpenetrating 2D layers. Color codes: Gd, green; I, purple; N, blue; C, gray. 

H atoms and co-crystallized CH3CN molecules have been omitted for clarity. 

Goicoechea et al. previously demonstrated that the interpyridinic bond distance in 

bipy was shortened by ~4% under one-electron reduction.216 Similarly, in this study, 

we observed that the two crystallographically independent Gd centers are each 

linked by three bipy0/•− ligands with longer C–C bond lengths (1.48–1.51 Å) and two 

bipy0/•− ligands with short C–C bond lengths (1.45 Å), corresponding to a ~4% 

reduction in the bond distances. Moreover, the bipy•− ligands are localized, forming 

{GdIII
4(bipy•−)4} rhombi (Fig. 2.7). 

Fig. 2.7 Formation of {MIII4(bipy•−)4} rhombi in Gd as suggested by single-crystal X-ray 

diffraction analysis. Color code: bipy•−, yellow; bipy0, grey; Gd, green; I, purple; N, blue; H 

atoms and co-crystallized CH3CN molecules have been omitted for clarity. 

Interestingly, in each crystallization batch, a few dark-blue crystals for Gd¢ were 

obtained. Structural analysis of Gd¢ indicated an identical chemical composition to 

GdI2(bipy)2.5×CH3CN. The space group of Gd¢ is triclinic P1 and it has elongated 



46 

triangular tiling (Fig. 2.8). The tiling angle (α) of Gd¢ is 101° which is different from 

that of YbI2(bipy)2.5 (90°). Therefore, Gd¢ can also be considered as a defective six-

fold node, corresponding to α = 120°.  

Fig. 2.8 SCXRD structure of the Gd¢. Color codes: Gd, green; I, purple; N, blue; C, gray. H 

atoms and co-crystallized CH3CN molecules have been omitted for clarity. 

Locally, the Gd–I bond length is 3.02 Å and two-fifths of the bipy display 

short inter-pyridinic C–C bonds with an average length of 1.44 Å, whereas 

three-fifths exhibit normal, longer C–C bonds with lengths in the range 1.51–

1.53 Å. This indicates the existence of Gd(III), bipy, and bipy•− in Gd¢. 

Furthermore, the N–Gd–N angles are in the range 70.94°–73.66°, and the I–

Gd–I is linear (175.15°). In contrast to Gd, the layers of Gd¢ follow the AB-

type stacking and are not porous (Fig. 2.9). (If the top layer is directly stacked on 

the bottom layer, the stacking type is called AA-stacking. Furthermore, AB-stacking 

can be obtained by shifting the top layer of AA-stacking.219) 

The powder X-ray diffraction (PXRD) pattern (Fig. 2.10) shows that GdI2(bipy)2.5 

has two phases, which is consistent with the overlap of the Gd and Gd¢ simulation 
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patterns and confirms GdI2(bipy)2.5 was successfully prepared. The PXRD results 

are consistent with the crystallographic results and indicate that the compound does 

not have other impurities.  

Fig. 2.9 Schematic of layer-to-layer stacking of Gd¢. Color codes: Gd, green; I, purple; N, 

blue; C, gray. H atoms and co-crystallized CH3CN molecules have been omitted for clarity. 

Fig. 2.10 Experimental powder X-ray diffraction data of GdI2(bipy)2.5 (black curve). 

Simulated data of Gd (blue curve) and Gd¢ (red curve) are obtained from the SCXRD.  
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Owing to the mixed-valency in bipy0/•−, strong intervalence charge transfer (IVCT) 

transitions may occur in the mid- to near-infrared regions such as those observed for 

the transition metal complexes of mixed-valent 2,2¢-bipyridine0/•−.220 However, no 

such IVCT bands were observed for GdI2(bipy)2.5 (Fig. 2.11), which is ascribed to 

the weakly covalent nature of the metal-ligand bonds and localization of the unpaired 

electrons, as determined from crystallography. 

 

Fig. 2.11 Mid-IR/near-IR absorbance spectrum of GdI2(bipy)2.5 obtained at room 

temperature. Weak gas-phase absorption lines are observed at approximately 5300–5400 cm–

1 (OH stretching and bending fundamentals) and those at 7100-7200 cm-1 (first overtone of 

the OH stretching fundamental) correspond to uncompensated water vapor absorption. 

2.2.2 Magnetic properties of GdI2(bipy)2.5 

In last section, the crystal structures and characterizations of GdI2(bipy)2.5 were 

introduced. Then I would like to discuss the magnetic properties of GdI2(bipy)2.5. 

The room temperature value of the magnetic susceptibility-temperature products, 

cT, of GdI2(bipy)2.5 is 8.6 cm3 K mol–1, which is comparable to the expected value 

of an uncorrelated pair of a Gd (III) ion (4f7) and an organic radical (S = 1/2, g = 2.0) 

of 8.3 cm3 K mol–1. When the temperature was decreased, the cT product only 

slightly decreased, which is attributed to the relatively weak GdIII-bipy•− 
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superexchange interactions. Moreover, the field-dependence of the magnetization, 

M vs. H, showed that M saturates at low temperature at 8.0 µB at 9 T, as predicted 

for one GdIII and one bipy•− for each formula unit (Fig. 2.12). 

In addition, structural analyses confirmed the presence of {GdIII
4(bipy•−)4} rhombi. 

Therefore, adjacent GdIII and bipy•− are expected to be coupled via the 

superexchange mechanism. Thus, the magnetization data were modelled for an 

eight-membered ring of alternating Gd(III) ions and bipy•− radicals using the spin 

Hamiltonian (Eq. 1) as follows: 

HC = gµBBåiŜi + J (ŜGd1Ŝrad1 + ŜGd2Ŝrad1 + ŜGd2Ŝrad2 + ŜGd3Ŝrad2 + ŜGd3Ŝrad3 + ŜGd4Ŝrad3 + 

ŜGd4Ŝrad4 + ŜGd1Ŝrad4) (Eq. 1) 

where g = 2 is the isotropic g factor for both GdIII and the radical spins, µB is the 

Bohr magneton, B is the magnetic field, Ŝ is a spin operator indexed appropriately 

for each GdIII and bipy•−, and J is the coupling constant. gµBBåiŜi represents the 

Zeeman interaction for all GdIII and radical spins, and J (ŜGd1Ŝrad1 + ŜGd2Ŝrad1 + 

ŜGd2Ŝrad2 + ŜGd3Ŝrad2 + ŜGd3Ŝrad3 + ŜGd4Ŝrad3 + ŜGd4Ŝrad4 + ŜGd1Ŝrad4) represents the 

superexchange interaction. Anisotropy terms are neglected because they are 

expected to be small for GdIII and for the bipy•– radicals. The cT data of GdI2(bipy)2.5 

was fitted to the spin Hamiltonian (Eq. 1), which resulted in the best-fit 

superexchange coupling constant J/hc = 0.073(4) cm–1 (Fig. 2.12a, black trace). 
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Fig. 2.12 (a) Temperature dependence of the magnetic susceptibility-temperature product, 

cT, for polycrystalline GdI2(bipy)2.5 obtained under a direct current magnetic field of H = 

0.1 T. (b) The field dependence of the reduced magnetization, M vs. H/T, for GdI2(bipy)2.5. 

2.3 Archimedean tessellations and magnetic properties of DyI2(bipy)2.5 

2.3.1 Crystal structure of DyI2(bipy)2.5 

The careful layering of the dark-blue solution of Na+/bipy•−/bipy on a CH3CN-

covered DyI3 yielded dark-blue crystals of DyI2(bipy)1.5 suitable for SCXRD. 

DyI2(bipy)2.5 crystallized in the tetragonal I4122 space group and features an ideal 

snub square tessellation of DyI2(bipy)2.5×xCH3CN (Fig. 2.13), where five-fold {DyI2} 

nodes are linked by the bipy/bipy•− linkers, which are isostructural to Gd. Locally, 

the Dy–I bond lengths  (3.05 Å) were slightly longer than those in [GdIIII2(thf)5]+ 

(3.00 Å),72 and significantly shorter than the Eu–I bonds found in trans-[EuIII2(thf)5] 

of 3.22–3.24 Å.218 This indicates the presence of Dy(III) and not Dy(II) in 

DyI2(bipy)2.5. The I–Dy–I angle is linear (177.91°) and N–Dy–N angles are in the 

range 70.74°–74.11°,  indicating that the local coordination environment is similar 

to the D5h symmetry. Furthermore, the crystal structure of DyI2(bipy)2.5 along the 

crystallographic c-axis shows interpenetrating 2D layers, similar to that in Gd. 
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Fig. 2.13 SCXRD structure of DyI2(bipy)2.5 viewed perpendicular to one of the snub square 

tiling layers. Color codes: Dy, Green; I, purple; N, blue; C, gray. H atoms and co-crystallized 

CH3CN molecules have been omitted for clarity.  

2.3.2 Magnetic properties of DyI2(bipy)2.5 

The room temperature cT product of DyI2(bipy)2.5 was 13.8 cm3 K mol-1 (Fig. 2.14a), 

which is only slightly lower than the expected value (14.2 cm3 K mol–1) for a free 

Dy3+ ion with a 6H15/2 ground state and a bipy•− ligand. At lower temperatures, the cT 

product decreased slightly because of the depopulation of the excited ligand field 

states. Below 15 K, the cT product dropped dramatically, which may be attributed 

to magnetic superexchange interactions and the ligand field, resulting in only the 

ground state being populated. Furthermore, the non-overlap of the curves in the M 

vs. H data (Fig. 2.14b) for DyI2(bipy)2.5 indicates the existence of anisotropy. 



52 

Fig. 2.14 (a) Temperature dependence of the magnetic susceptibility-temperature product, 

cT, for polycrystalline DyI2(bipy)2.5 obtained under a direct current magnetic field of H = 

0.1 T. (b) Field dependence of the reduced magnetization, M vs. H/T, for DyI2(bipy)2.5. 

To investigate whether DyI2(bipy)2.5 is an SMM or not, the relaxation time of the 

electronic spins was investigated using alternating current susceptometry. As 

mentioned in the introduction, this technique applies a weak oscillating magnetic 

field and reveals the in-phase (c¢) and out-of-phase (c²) components of the magnetic 

susceptibility. If c² is non-zero, it means that the magnetic moment of the molecule 

cannot reorient following the oscillation of the magnetic field, and the time that the 

molecules take to reorient is the relaxation time (τ) of the molecules. 

We performed a temperature scan of DyI2(bipy)2.5 which revealed a c² signal in the 

frequency-dependent alternating current susceptibility in the absence of a direct 

current magnetic field (Fig. 2.15). The non-zero c² signal indicates that 

DyI2(bipy)2.5 has long relaxation time of the magnetization, indicating that 

DyI2(bipy)2.5 is an SMM. Furthermore, DyI2(bipy)2.5 shows one peak for each 

temperature, and as the temperature increased, the peaks shifted to higher 

frequencies, indicating that the thermally activated processes are active. 
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The temperature of the spin-lattice relaxation rate was approximated from the 

maxima of c² using the equation t –1 = 2pnac (Fig. 2.16). It was expressed as the sum 

of a term governing the temperature-independent QTM and a term representing the 

two-phonon Orbach process, which is often used to rationalize the relaxation in 

lanthanide-based SMMs, as shown below: 

t	(𝑇)	–" = t	.+/!" +	t%!"𝑒!D/*#+ 	(Eq. 2) 

The t vs T data are expressed by tQTM = 0.4 µs and D/hc = 22 cm–1 (t0–1 = 1.2 ´ 10–

7 s; Fig. 2.16, green trace). The tunnelling pathway is disrupted by the application of 

a sizable direct current magnetic field of 3 T (Fig. 2.16, red trace), and the t vs. T 

data can be expressed using only the Orbach process (D/hc = 63 cm–1, t0-1 = 3.5 ´ 

10–10 s).  

Fig. 2.15 (a) In-phase (c¢) and (b) out-of-phase (c²) alternating current susceptibility data for 

polycrystalline DyI2(bipy)2.5 obtained at selected temperatures and in the absence of a static 

(direct current) magnetic field.  
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Fig. 2.16 Temperature dependence of the paramagnetic relaxation rate of DyI2(bipy)2.5, t –1, 

vs. temperature. Gray data points were obtained without static direct current magnetic field, 

and purple data points are obtained in a 3 T static direct current magnetic field. 

2.4 Tunability of LnI2(bipy)2.5 

To demonstrate the general applicability of the synthesis method, TbI3, HoI3, and 

ErI3 were used to grow single crystals of the respective lanthanides. Single crystals 

of TbI2(bipy)2.5, HoI2(bipy)2.5, and ErI2(bipy)2.5 were not obtained because they are 

intrinsically difficult to prepare and easily decompose. Hence, we prepared a 

crystalline powder of each compound. The PXRD patterns (Fig. 2.17) of all three 

compounds are consistent with the simulation patterns of DyI2(bipy)2.5, which 

confirms that TbI2(bipy)2.5, HoI2(bipy)2.5, and ErI2(bipy)2.5 are pure and 

isostructural to DyI2(bipy)2.5. 
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Fig. 2.17 Powder X-ray diffractograms of TbI2(bipy)2.5 (red), HoI2(bipy)2.5 (blue), and 

ErI2(bipy)2.5 (green) measured at room temperature. The simulation in black corresponds to 

the 120 K single-crystal X-ray structure of DyI2(bipy)2.5.  

The χT values of TbI2(bipy)2.5 are shown in Fig. 2.18a.  The experimental χT value 

at room temperature was 11.69 cm3 K mol-1, which is in good agreement with the 

Curie constant of the free Tb(III) ion and one radical (12.19 cm3 K mol-1). The χT 

value decreased with decreasing temperature, which is attributed to the depopulation 

of the crystal field levels. Moreover, the field dependence of the magnetization was 

measured in the range 4–30 K, as shown in Fig. 2.18b. The non-overlap of the curves 

at different temperatures indicates the anisotropy of TbI2(bipy)2.5. HoI2(bipy)2.5 and 

ErI2(bipy)2.5 also show similar behavior to TbI2(bipy)2.5 (Fig. 2.19 and Fig. 2.20). 

The experimental χT value of HoI2(bipy)2.5 at room temperature was 14.28 cm3 K 

mol-1 which is comparable to the Curie constant of the free Ho(III) ion and one 

radical (14.44 cm3 K mol-1). The experimental χT value of ErI2(bipy)2.5 at room 

temperature was 11.18 cm3 K mol-1, which is consistent with the Curie constant of 

the free Er(III) ion and one radical (11.83 cm3 K mol-1). 
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Fig. 2.18 (a) Temperature dependence of the magnetic susceptibility-temperature product, 

cT, for TbI2(bipy)2.5 obtained under a direct current magnetic field of H = 1 T. (b) Field 

dependence of the reduced magnetization, M vs. H/T, for TbI2(bipy)2.5.  

Fig. 2.19 (a) Temperature dependence of the magnetic susceptibility-temperature product, 

cT, for HoI2(bipy)2.5 obtained under a dc magnetic field of H = 1 T. (b) The field dependence 

of the reduced magnetization, M vs. H/T, for HoI2(bipy)2.5.  
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Fig. 2.20 (a) Temperature dependence of the magnetic susceptibility-temperature product, 

cT, for ErI2(bipy)2.5 obtained under a direct current magnetic field of H = 1 T. (b) Field 

dependence of the reduced magnetization, M vs. H/T, for ErI2(bipy)2.5.  

Tb-, Ho-, and Er-based complexes can normally exhibit SMM behaviour.221-235 To 

investigate whether the TbI2(bipy)2.5, HoI2(bipy)2.5, and ErI2(bipy)2.5 are SMMs or 

not, the relaxation time of the electronic spins was measured using alternating 

current susceptometry.  

The frequency dependency of the alternating current susceptibility at 2 K was 

measured in different static applied magnetic fields. Fig. 2.21a shows the frequency 

dependency of TbI2(bipy)2.5. A non-zero c² signal was observed, indicating that 

TbI2(bipy)2.5
 exhibits SMM behavior. In the absence of a direct current magnetic 

field, no c² signal was observed at 2 K for either HoI2(bipy)2.5 (Fig. 2.21b) or 

ErI2(bipy)2.5 (Fig. 2.21c), indicating the presence of high QTM. When a direct 

current magnetic field is applied, QTM can be partially suppressed or fully 

quenched. All three compounds showed weak non-zero c² signals, and the peaks for 

all measured magnetic fields were outside the measured frequency. According to the 

equation τ = 1/(2πν), the higher the frequency, the shorter the relaxation time, which 

indicates weak SMM behavior; therefore, further measurements were not taken. 
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Fig. 2.21 Frequency dependence of the alternating current susceptibility for (a) TbI2(bipy)2.5, 

(b) HoI2(bipy)2.5, and (c) ErI2(bipy)2.5 in varying magnetic fields. 

(a)

(b)

(c)

TbI2(bipy)2.5

HoI2(bipy)2.5

ErI2(bipy)2.5
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The optimal magnetic field to measure the frequency dependence of the alternating 

current susceptibility for TbI2(bipy)2.5 was determined to be 0.4 T. Using the 0.4 T 

direct current magnetic field, the temperature scan of TbI2(bipy)2.5 was performed. 

TbI2(bipy)2.5 showed zero c² signals below 10 K, and the c² signals were observed 

with decreasing temperature. Furthermore, no peaks were observed in the measured 

frequency range, which confirmed the weak SMM behavior (Fig. 2.22).  

Fig. 2.22 Frequency dependence of the alternating current susceptibility for TbI2(bipy)2.5 at 

varying temperatures. 

2.5 Conclusions 

The self-assembly of linear {LnI2} nodes with ditopic organic spacers (bipy) results 

in the formation of complex tiling patterns that mimic the structural motifs of quasi-

periodic 2D materials, because their ability to host more than four ligands in the 

equatorial plane is significantly different from that of d-block metals. The 

semiregular Archimedean tessellations, snub square and elongated triangular tilings, 

were realized using paramagnetic Ln ions, Gd(III), Dy(III), Tb(III), Ho(III), and 
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Er(III) and a radical ligand (bipy•−) to form LnI2(bipy)2.5. The ligand bipy•− improves 

magnetic properties. Among the LnI2(bipy)2.5 compounds, DyI2(bipy)2.5, 

TbI2(bipy)2.5, HoI2(bipy)2.5, and ErI2(bipy)2.5 show SMM behaviors.  

In this chapter, we designed lanthanide-based Archimedean tessellations in bulk 

crystalline materials. This will promote the development of next-generation 

materials with complex and non-periodic tiling structures that exhibit novel photonic 

and magnetic phenomena owing to the unique physical properties of lanthanide ions. 
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Chapter 3. Archimedean tessellations in europium(II) coordination 

solids 

All divalent lanthanide ions are reducing owing to their strong preference for the 

trivalent oxidation state. In this chapter, we report the construction of tessellations 

in magnetic metal–organic frameworks using different divalent lanthanides and 

ligands of different lengths.  

As discussed in previous chapters, lanthanide chemistry is shaped by the nature of 

the 4f orbitals, which are close to the nucleus, as opposed to the spatially extended 

3d orbitals. Lanthanide ions exhibit ample coordinated plasticity and possess large 

ionic radii that allow their incorporation into arrays based on irregular molecules. 

Our group previously reported the preparation of CrCl2(pyz)2 (pyz = pyrazine) by 

reacting CrCl2 with pyrazine.236 CrCl2(pyz)2 exhibits a ferrimagnetic order below 55 

K and high electrical conductivity at room temperature, which are attributed to the 

redox activity of pyrazine ligands. Eu(II) is the most stable divalent lanthanide 

species with an aqueous reduction potential of EEu(III)/Eu(II) = -0.35V, which is similar 

to that of Cr(II) (ECr(III)/Cr(II) = -0.41 V). These comparable reduction potentials 

motivated us to explore potential tessellations in MOF materials. EuI2 reacts with 

pyz in MeCN. Subsequently, different divalent lanthanide ions (Eu(II), Sm(II), and 

Yb(II)) and ligands (pyz, 4-4¢-bipy, and 1,4-di(pyridin-4-yl)benzene (DPB)) were 

introduced to explore the effect of the size of the lanthanide ions and ligands on 

tessellation. 
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3.1 Synthesis procedures 

3.1.1 Preparation of EuI2(pyz)2.5 

EuI2 (101.3 mg, 250 μmol) and pyz (500 mg, 6.25 mmol) were dissolved in 4 mL of 

MeCN separately. The two solutions were then mixed by stirring for 1 h at room 

temperature. A reddish crystalline powder was formed. The solid material was 

isolated using suction filtration. Yield: 38.3 mg (25.3%). Anal. calcd. (found) for 

C10H10I2N5Eu (EuI2(pyz)2.5): C, 19.91 (19.80); H, 1.67 (1.65); N, 11.53 (11.55); I, 

41.51 (41.91); Eu, 24.79 (25.08). 

Reddish single crystals suitable for SCXRD were obtained via slow diffusion. EuI2 

powder (101.3 mg, 250 μmol) was placed in a standard test tube (160 mm × 16 mm, 

soda glass). An acetonitrile solution (8 mL) of pyz (800 mg, 10 mmol) was slowly 

layered on top of it, and the reaction mixture was left undisturbed in a refrigerator at 

–20 °C for 11 days to afford dark-reddish crystals.

3.1.2 Preparation of SmI2(pyz)2.5 

The dark-green crystals of SmI2(pyz)2.5 were grown from SmI2 using the same 

procedure used for EuI2(pyz)2.5. 

3.1.3 Preparation of YbI2(pyz)2.5 

The dark-green crystals of YbI2(pyz)2.5 were grown from YbI2 using the same 

procedure used for EuI2(pyz)2.5. 

3.1.4 Preparation of EuI2(bipy)2.5 

EuI2 (101.3 mg, 250 μmol) and bipy (195 mg, 1.25 mmol) were dissolved in 7 mL 

of MeCN separately. The two solutions were then mixed by stirring for 2 h at room 

temperature. A reddish crystalline powder was formed. The solid material was 

isolated using suction filtration. Yield: 134.6 mg (64.34%). Anal. calcd. (found) for 
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C27H23I2N6Eu (EuI2(bipy)2.5·C2H3N): C, 38.71 (38.44); H, 2.75 (2.65); N, 10.04 

(9.92); I, 30.35 (30.14); Eu, 18.16 (18.04). 

Single crystals suitable for SCXRD were obtained via slow diffusion. EuI2 powder 

(10.1 mg, 25μmol) was placed in an NMR test tube (tube diam. 5 mm, size 7 in.). 

An acetonitrile solution (bipy (19.5 mg, 125 μmol) dissolved in 2 mL MeCN) was 

slowly layered on top of it, and the reaction mixture was left undisturbed in a 

refrigerator at –20 °C for 14 days.  

3.1.5 Preparation of EuI2(DPB)2.5 

Single crystals suitable for SCXRD were obtained via slow diffusion. EuI2 powder 

(10.1 mg, 25μmol) was placed in a standard test tube (160 mm × 16 mm, soda glass). 

DPB (29 mg, 0.125 mmol) was dissolved in 12 mL of MeCN. The MeCN solution 

was then slowly layered on top of the EuI2 powder. The reaction mixture was left 

undisturbed in a refrigerator at –20 °C for 2 days to afford reddish crystals.  

3.1.6 Preparation of SmI2(bipy)2.5 

Single crystals suitable for SCXRD were obtained via slow diffusion. SmI2 powder 

(152 mg, 0.375 mmol) was placed in a test tube (160 mm × 16 mm, soda glass). The 

solid was carefully covered with 18 mL of MeCN using a pipette to avoid swirling 

the SmI2 layer at the bottom of the test tube. An MeCN solution (3 mL, 293 mg, 1.88 

mmol) was slowly layered on top of it, and the reaction mixture was left undisturbed 

in a refrigerator at –20 °C for 7 days to afford dark-green crystals. 

3.1.7 Preparation of BaI2(bipy)2 

Single crystals suitable for SCXRD were obtained as follows: BaI2 (9.8 mg, 0.025 

mmol) and bipy (19.5 mg) were dissolved in 1 mL of MeCN separately. The two 

solutions were then mixed, and MeCN was slowly evaporated for 24 h to afford large 

white crystals. 
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3.2 Archimedean tessellations and magnetic properties of EuI2(pyz)2.5 

The self-assembly reaction of EuI2 and pyz at –20 °C yielded dark-orange 

single crystals of EuI2(pyz)2.5 suitable for SCXRD. EuI2(pyz)2.5 crystallized 

in the triclinic space group P1 with the formula C10H10EuI2N5, forming a 

{EuN5} moiety, and the two Eu ions share one pyz ligand. The {EuN5} moiety 

skews slightly from planarity with a maximum distortion of ~3.7% from 

ideality for I1–Eu1–N4 and is comparable to a D5h coordination environment. 

The N–Eu–N angles were in the range 64.81°–91.39°, distorting from the ideal 

angle of 72° (Fig. 3.1b). The bond lengths of Eu–I were 3.186-3.189 Å, which 

are slightly shorter than those in Eu(II)I2(thf)5 and Eu(II)I2(CH3CN)5 (3.22–

3.24 Å),218, 237 confirming the presence of Eu(II) in the structure. The I–Eu–I 

angle was 174.28°, which is marginally different from the linear 180°. 

Furthermore, EuI2(pyz)2.5 formed a layered structure with each layer 

comprising an elongated triangular tessellation (Fig. 3.1a). Within the 2D 

plane, Eu(II) and pyz form both triangular and rhombus tiles. The 

triangles and rhombi are nearly equilateral geometries and the Eu–Eu 

distances were 8.19, 8.23, and 8.27 Å for the triangles and 8.19 and 8.22 Å 

for the rhombi. The 2D interplane layer distance was ~7.3 Å (the cavities 

of the adjacent layers) with an AB-type stacking (Fig. 3.2). As mentioned 

before, in an AA-type stacking, the top layer is directly stacked on 

the bottom layer. Furthermore, AB-stacking can be obtained by shifting the 

top layer of the AA-stacking.219 
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Fig. 3.1 Crystal structure of EuI2(pyz)2.5 as determined by SCXRD at T = 120 K. (a) Overlay 

of the fragments composing the coordination layer with the elongated triangular tessellation. 

(b) Five-vertex node of {EuI2}II and pyz linkers in EuI2(pyz)2.5. ∠N–Eu–N and ∠Eu–Eu–Eu

are shown in blue and black, respectively. The Eu-Eu distances are shown in red. Color code:

Eu, light green; I, dark purple; N, blue; C, gray; hydrogen atoms and co-crystallized CH3CN

have been omitted for clarity.

Fig. 3.2 Layer structures of the crystal structure of EuI2(pyz)2.5. (a) Layer distances of 

EuI2(pyz)2.5 showing cavities of the adjacent layers. (b) Schematic of the layer-stacking. 
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Color code: Eu, light green; I, dark purple; N, blue; C, gray; hydrogen atoms and co-

crystallized CH3CN have been omitted for clarity. 

PXRD was employed to confirm the purity of EuI2(pyz)2.5. As shown in Fig. 3.3a, 

the experimental result is in good agreement with the simulation result for the single-

crystal structure, which confirms the purity and validity of the as-prepared sample. 

The X-ray absorption fine structure (XAFS) is the modulation of the X-ray 

absorption coefficient at energies near and above the X-ray absorption edge, which 

is a specific energy at which the absorption coefficient increases.238, 239 The 

absorption edge is generated by the excitation of electrons in the inner layers of the 

atoms of the sample to the vacant or free state.239 The absorption edge is determined 

by the elemental species of the absorbing atoms.238 Therefore, XAFS is a powerful 

tool for studying the local environment of a compound, such as its atom oxidation 

state. Depending on the different inner-layer electron excitations, the absorption 

edges are named K-edge (1s electron excitation), L1-edge (2s electron excitation), 

L2-edge (2p1/2 electron excitation), and L3-edge (2p3/2 electron excitation).239 The 

XAFS spectra of the Eu L-edge corroborated the crystallographic information, as 

shown in Fig. 3.3b-d. All L-edge spectra of EuI2(pyz)2.5 overlap well with that of 

the Eu(II) reference compound EuI2 but not with that of the Eu(III) compound EuCl3, 

which further confirms that Eu(II) and not Eu(III) is in the structure.  
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Fig. 3.3 (a) PXRD pattern of EuI2(pyz)2.5. X-ray absorption fine structure (XAFS) at Eu L-

edges of EuI2(pyz)2.5: (b) L1-edge, (c) L2-edge, and (d) L3-edge. The Eu(II) and Eu(III) 

reference compounds are EuI2 and EuCl3, respectively. 

χT of EuI2(pyz)2.5 at room temperature was 7.8 cm3 K mol-1, which is 

comparable to the anticipated value of Eu(II) ion (g = 2, S = 7/2, 7.88 cm3 K 
mol-1) (Fig. 3.4a). The χT product decrease sharply at 13 K, indicating that the 
Eu-Eu superexchange interactions are weak and that only the ground state is 

populated at low temperatures. Moreover, the field dependence of the 
magnetization (M vs. H) revealed that the saturation of M at low temperatures 

(a) (b)

(c) (d)
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is 7.0 μB in a 9 T applied magnetic field (Fig. 3.4b). The magnetization curves at 

different temperatures overlapped, indicating the magnetic isotropy of EuI2(pyz)2.5. 

Fig. 3.4 (a) Temperature dependence of the χT product for EuI2(pyz)2.5. (b) Field dependence 

of the reduced magnetization, M vs. H/T, for EuI2(pyz)2.5. 

3.3 Tunability of EuI2(pyz)2.5 

3.3.1 Influence of metal ion  

Atomic radii play an important role in coordination chemistry and might affect 

tessellation. To explore the influence of the metal ions on the structure, EuI2 was 

replaced by SmI2 and YbI2.  

The self-assembly reaction of SmI2 and pyz at –20 °C yielded dark-green single 

crystals (SmI2(pyz)2.5) suitable for SCXRD. The SmI2(pyz)2.5 crystallized in the 

triclinic space group P1 with the formula C10H10SmI2N5, forming a {SmN5} moiety 

with two Sm ions sharing one pyz ligand. The skews of the {SmN5} moiety are 

comparable to a D5h coordination environment, and the N–Sm–N angles were in the 

range 64.91°–90.96°, distorting from the ideal angle of 72° (Fig. 3.5b). The bond 

lengths of Sm–I were in the range 3.190–3.194 Å, which are slightly shorter than 
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those in Sm(II)I2(thf)5 and Eu(II)I2(CH3CN)5 (3.22–3.24 Å)218, 237 and comparable to 

those in EuI2(pyz)2.5, thus confirming the existence of Sm(II) in the structure. The 

I–Sm–I angle was 174.14°, which is nearly linear. In addition, SmI2(pyz)2.5 formed 

a layered structure, and each layer has an elongated triangular tessellation Within 

the 2D plane, the Sm(II) and pyz forms both triangular and  rhombus tiles (Fig. 3.5a). 

YbI2(pyz)2.5 has similar tessellation and geometry to those of EuI2(pyz)2.5 and 

SmI2(pyz)2.5. The I–Yb bond length confirmed the presence of Yb(II) in 

YbI2(pyz)2.5. (Fig. 3.6). 

Fig. 3.5 Representations of the crystal structure of SmI2(pyz)2.5 as determined by SCXRD at 

T = 120 K. (a) Overlay of the fragments composing the coordination layer with the elongated 

triangular tessellation. (b) Five-vertex node of {SmI2} and pyz linkers in SmI2(pyz)2.5. ∠N–

Sm–N and ∠Sm–Sm–Sm are shown in blue and black, respectively. Color code: Sm light 

green; I dark purple; N blue; C gray; hydrogen atoms and co-crystallized CH3CN have been 

omitted for clarity. 
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Fig. 3.6 Representations of the crystal structure of YbI2(pyz)2.5 determined by SCXRD at T 

= 120 K. (a) Overlay of the fragments composing the coordination layer with the elongated 

triangular tessellation. (b) The five-vertex node of {YbI2} and pyz linkers in YbI2(pyz)2.5. 

The ∠N–Yb–N and ∠Yb–Yb–Yb are shown in blue and black, respectively. Color code: Yb 

green; I dark purple; N blue; C gray; hydrogen atoms and co-crystallized CH3CN have been 

omitted for clarity. 

3.3.2 Influence of ligand 

Crystallization of EuI2 with bipy in MeCN yielded orange crystals of EuI2(bipy)2.5, 

and its SCXRD showed that the structure has a pentagonal bipyramidal coordination 

similar to that of EuI2(pyz)2.5. EuI2(bipy)2.5 crystallized in the P1 space group and 

consists of layers of an elongated triangular tiling in which nearly five-fold {EuI2} 

nodes are linked by bipy linkers to form rhombi and triangles (Fig. 3.7a). Locally, 

the coordination geometry around Eu resembles that of a defective D5h coordination 

with N–Eu–N angles in the range 68.63°–80.3°, where the ideal angle is 72° (Fig. 

3.7b). In addition, the Eu–Eu–Eu angles were as expected for the elongated 

triangular tessellation. Moreover, as discussed before, electron transfer from Eu to 

the pyz ligands does not occur in EuI2(pyz)2.5 despite the properties of Eu(II) 

(EEu(III)/Eu(II) = -0.35 V). The reduction potential of bipy is similar to that of pyz,240 
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therefore, Eu(II) ion must be present in EuI2(bipy)2.5. The SCXRD data indicates 

that the bond length of Eu–I is 3.21 Å, which is slightly shorter than those in 

Eu(II)I2(thf)5 and Eu(II)I2(CH3CN)5 (3.22–3.24 Å),218, 237 and the	 I–Eu–I angle is 

177.1°, which is approximately linear, confirming that Eu(II) is in the structure. 

Fig. 3.7 Representation of the crystal structure of EuI2(bipy)2.5 as determined by SCXRD at 

T = 120 K. (a) Overlay of the fragments composing the coordination layer with the elongated 

triangular tessellation. (b) Five-vertex node of {EuI2} and bipy linkers in EuI2(bipy)2.5. ∠N–

Eu–N and ∠Eu–Eu–Eu are shown in blue and black, respectively. Color code: Eu, light green; 

I, dark purple; N, blue; C, gray; hydrogen atoms and co-crystallized CH3CN have been 

omitted for clarity. 

Fig. 3.8a shows the experimental PXRD, which are in good agreement with the 

simulation crystallographic result. XAFS at the Eu L-edge corroborated the 

crystallographic information shown in Fig. 3.8b-d. All the L-edge spectra of 

EuI2(bipy)2.5 are superimposable with the Eu(II) reference compound but also 

suggest the presence of small amounts of Eu(III), which is ascribed to the partial 

oxidation of the compound during the measurement or contamination of the 

compound during the preparation of the XAFS sample. The Eu(II) and Eu(III) 

reference compounds are EuI2 and EuCl3, respectively. 
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Fig. 3.8 (a) PXRD pattern of EuI2(bipy)2.5. XAFS at Eu L-edges of EuI2(bipy)2.5: (b) L1-

edge, (c) L2-edge, and (d) L3-edge. The Eu(II) and Eu(III) reference compounds are EuI2 and 

EuCl3, respectively. 

The crystallization of EuI2 with DPB in MeCN yielded orange crystals. The 

compound crystallized in the tetragonal space group I41/amd with the formula 

EuI2(DPB)2.5·CH3CN. Each Eu ion coordinates with five DPB ligands, forming a 

pentagonal bipyramidal coordination environment. However, in each EuI2(DPB)2.5 

moiety, one of the five Eu atoms adjacent to the central Eu atom is rotated by 90° 

and coordinated with DPB ligands forming a 3D structure (Fig. 3.9), which is 

different from the previous structures observed in this study and has never been 

reported thus far. Furthermore, the Eu–I bond length is 3.26 Å, which is slightly 
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longer than those in Eu(II)I2(thf)5 and Eu(II)I2(CH3CN)5 (3.22–3.24 Å),218, 237 

indicating that Eu(II) is in the structure. 

Fig. 3.9 (a) Five-vertex node of {EuI2} and DPB linkers in EuI2(DPB)2.5. The atoms in the 

red circle are the Eu and two I ions that are rotated by 90°. (b) Schematic of the 3D structure 

of EuI2(DPB)2.5. Color code: Eu, light green; I, dark purple; N, blue; C, gray; hydrogen 

atoms and co-crystallized CH3CN have been omitted for clarity.  

As shown in this thesis, all the elongated triangular tessellations in the compounds 

with bipy as the ligand are similar to those of the previously reported YbI2(bipy)2.5. 

Nevertheless, the tilting angle (α) (Fig. 3.10) of YbI2(bipy)2.5 (90°) is different from 

that of EuI2(bipy)2.5 (111.97°). Hence, EuI2(bipy)2.5 could have the defective six-

fold nodes (α = 120°). This may be attributed to the ionic radius of Eu2+ (1.39 

Å), which is larger than that of Yb2+ (1.28 Å) owing to the Ln contraction. 

To explore the influence of the atomic radii on the tilting angle, SmI2 (ionic radii, 

1.41 Å) and BaI2 (ionic radii, 1.56 Å) were reacted with bipy in MeCN separately. 
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Fig. 3.10 An example of the semiregular elongated triangular tiling. 

Dark-green crystals formed when SmI2 is reacted with bipy in MeCN crystallized in 

the P1 space group with elongated triangular tiling, which is identical to that of 

EuI2(bipy)2.5 (Fig. 3.11). However, the tiling angle was 105.2°, which is not 

expected, as it should be larger than 111.97° as observed for EuI2(bipy)2.5. The Sm–

I bond length was 3.23 Å, which is similar to those in Eu(II)I2(thf)5 and 

Eu(II)I2(CH3CN)5 (3.22–3.24 Å),218, 237 indicating that Sm(II) is in the structure.  

However, when BaI2 reacts with bipy in MeCN, white crystals of BaI2(bipy)2 

crystallize in the P21/c space group. The crystal structure was completely different 

from that of previously observed structures in this study. The two Ba ions are bridged 

by iodine ions, forming a step-like layer (Fig. 3.12, Fig. 3.13). 

Fig. 3.11 Representation of the crystal structure of SmI2(bipy)2.5 as determined by SCXRD 

at T = 120 K. (a) Overlay of the fragments composing the coordination layer with the 
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elongated triangular tessellation. (b) Five-vertex node of {SmI2} and bipy linkers in 

SmI2(bipy)2.5. ∠N–Sm–N and ∠Sm–Sm–Sm are shown in blue and black, respectively. 

Color code: Sm, light green; I, dark purple; N, blue; C, gray; hydrogen atoms and co-

crystallized CH3CN have been omitted for clarity. 

Fig. 3. 12 Structure of BaI2(bipy)2 determined by SCXRD at T = 120 K. Fragment of the 

structure showing the connectivity of the Ba ions. Color code: Ba, light green; I, dark purple; 

N, blue; C. gray; hydrogen atoms and co-crystallized CH3CN have been omitted for clarity. 

Fig. 3. 13 Step-like layer of BaI2(bipy)2 determined by SCXRD at T = 120 K. Color code: 

Ba, light green; I, dark purple; N, blue; C, gray; hydrogen atoms and co-crystallized CH3CN 

have been omitted for clarity. 
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3.4 Conclusions 

In this chapter, the tunability of the coordination network of EuI2(pyz)2.5, 

SmI2(pyz)2.5, YbI2(pyz)2.5, EuI2(bipy)2.5, EuI2(DPB)2.5, SmI2(bipy)2.5, BaI2(bipy)2 

were explored. EuI2(pyz)2.5 has the elongated triangular tiling of defective six-fold 

nodes, which paves the way for establishing the real six-fold nodes. Despite the 

reduction potential between Eu(II) and pyz, the mixed valency of pyz and IVCT in 

the compound could not be confirmed. The use of Ln(II) ions larger and smaller 

(Sm(II) and Yb(II), respectively) than Eu(II) resulted in a similar elongated 

triangular tiling to that of EuI2(pyz)2.5. The use of ligands other than pyz resulted in 

different structures. EuI2(bipy)2.5 displayed elongated triangular tiling, whereas 

EuI2(DPB)2.5 exhibited a 3D structure that is completely different from previously 

reported structures. Hence, the ligand plays a significant role in structural 

construction. Furthermore, SmI2(bipy)2.5 and BaI2(bipy)2 were prepared in an 

attempt to construct a six-fold node system. Nevertheless, SmI2(bipy)2.5 showed 

identical elongated triangular tessellation to that of EuI2(bipy)2.5, whereas 

BaI2(bipy)2 exhibited a different structure from a six-fold node structure, which is 

likely owing to its difficult assembly. 
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Chapter 4. Outlook 

The research presented in this thesis illustrates a chemical strategy to tailor 

Archimedean tessellation topologies in MOFs by exploiting Ln ions with high 

coordination numbers. The five-vertex tilings indicate the occurrence of metal–

organic quasicrystalline phases in a bulk material. The findings of this study promote 

the development of next-generation materials with complex and aperiodic structures 

exhibiting novel magnetic phenomena originating from the unique physical 

properties of Ln ions. 

In chapter 2, we discussed the preparation of bipy radical ligands and introduced 

them into the MOFs. Although these MOFs have interesting magnetic properties and 

Archimedean tessellations, their precarious structures limit their applications. 

Therefore, more stable MOFs with unique structures and different Ln ions and 

ligands should be synthesized and their properties must be investigated.  

In chapter 3, we presented MOFs containing longer ligands than pyz and different 

Ln ions, which altered the structures of the MOFs. These phenomena must be further 

explored by combining different ligands and metal ions to construct various MOFs. 

Some examples of further studies that can be conducted following the findings of 

this study are the exfoliation of layered EuI2(pyz)2 and post-synthetic reduction of 

EuI2(pyz)2.5.  

Moreover, Archimedean tessellations can also be incorporated in organic materials 

such as covalent organic frameworks and actinide ions, and based on the findings of 

this study, real six-fold node MOFs can be introduced in bulk materials. 
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Chapter 5. Other experiments 

In addition to the experiments presented in the previous chapters which involve 

magnetic Archimedean tessellations in MOFs, the preparation of various MOFs—

MOFs with pyrazine radical, an Eu(II)-based MOF with 2-fluoropyrazine, a 1D 

MOF, and a 2D bimetallic layered MOF—were attempted with unsuccessful results. 

5.1 Preparation of a metal-organic framework with pyrazine radical 

In chapter 2, we discussed the introduction of bipy radicals into Ln-based MOFs to 

achieve unique magnetic properties and tessellations, and in chapter 3, we 

described several magnetic Archimedean tessellations in MOFs with pyz ligands. 

During the course of this study, we attempted to introduce the pyz radical into Ln-

based MOFs. 

As previously mentioned, metallic sodium can reduce bipy to generate bipy 

radicals. The same method was used to introduce pyz radicals into an Ln-

based MOF. Metallic sodium was reacted with 2.5 molar equivalents of pyz in 

MeCN to afford a dark-brown solution, from which a white precipitate was formed 

after approximately 10 s. This is attributed to the high reactivity and short survival 

time of the pyz radical. Photographs of the various stages of the reaction process 

are shown in Fig. 5.1. Subsequently, different molar ratios of sodium and pyz, 

were employed, all of which exhibited similar results. When THF was used as the 

solvent, the reaction between sodium and pyz solution did not occur. Based on the 

solubility and reactivity of pyz, MeCN was determined to be the optimum solvent.  
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Fig. 5.1 Digital photographs of pyz radical preparation. (a) Colorless solution of pyz in 

MeCN solution, (b) dark-brown solution of sodium and pyz, and (c) white precipitate formed 

from the dark-brown solution after 10 s.   

Considering the short lifetime of the pyz radical, the synthesis procedure of Ln-

MOFs with pyz radicals was modified. Powdered DyI3 and pyz were dissolved in 

MeCN, and metallic sodium was added to the mixture, following which it was placed 

in a refrigerator. However, the single crystals obtained were unsuitable for SCXRD 

analysis. This is ascribed to the rapid formation and short lifetime of the pyz radical, 

which makes it extremely difficult to grow a single crystal in such a short time. 

However, when powdered DyI3 and pyz were dissolved in MeCN and added to 

metallic sodium while stirring, a brown precipitate was formed. The brown 

precipitate of DyI3-pyz was then isolated by suction filtration and washed with 

MeCN. Digital photographs of DyI3-pyz and isolated DyI3-pyz are shown in Fig. 

5.2. Moreover, DyI3-pyz burns and produces a fume when exposed to air, which 

indicates its high reactivity. 

The PXRD pattern of isolated DyI3-pyz is shown in Fig. 5.3. DyI3-pyz exhibited 

poor crystallinity, which is attributed to the rapid formation and disordered 

arrangement of DyI3-pyz. Therefore, the structure of DyI3-pyz and its purity could 

not be determined.   
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Fig. 5.2 Digital photographs of DyI3-pyz. (a) DyI3-pyz in MeCN solution and (b) isolated 

DyI3-pyz after washing with MeCN.    

Fig. 5.3 PXRD pattern of DyI3-pyz. 

5.2 Preparation of an Eu(II) based metal-organic framework with 2-

fluoropyrazine  

During the preparation of Eu(II)-based MOFs discussed in chapter 3, an attempt was 

made to substitute pyz with 2-fluoropyrazine (Fpyz) using the same synthesis 
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method. Different molar ratios of EuI2 to Fpyz, were employed at room temperature 

and at –20 °C; however, no crystals were obtained, which may be ascribed to the 

steric hindrance of Fpyz, which prevents its coordination with EuI2. 

5.3 Preparation of a 1D metal-organic framework 

Numerous studies on 2D MOFs have been reported in the literature. However, the 

synthesis of magnetic and conductive 1D MOFs has remained largely unexplored. 

1D MOFs have low densities, structural and chemical versatility, mild synthesis 

conditions, and easily exposed active sites. Based on the study by Jiang et al.,241 a 

1D Cr(II)-based MOF (named Cr-BTA) has been synthesized in this study using 

1,2,4,5-benzentatramine as the ligand and tetramethoxypropane to extend the π-

conjugation. The synthesis procedure is shown in Fig. 5.4. 

Fig. 5.4 Synthesis procedure of Cr-BTA. The reaction was conducted in a sealed ampule, 

which was heated in a furnace. 

The black powder of Cr-BTA obtained after the reaction was washed with DMF and 

THF. Its PXRD pattern (Fig. 5.5) indicates poor crystallinity, and the elemental 

analysis results are in good agreement with the theoretical values. Anal. calcd. 

(found) for C12H8N4Cr (Cr-BTA): C, 55.38 (53.72); H, 3.08 (3.28); N, 21.52 (20.47); 

Cr, 20 (19.23). Even though the reaction time and temperature were changed, the 

crystallinity of Cr-BTA was not improved.  
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Fig. 5.5 The PXRD pattern of Cr-BTA. 

The morphology of Cr-BTA was characterized by scanning electron microscopy 

(SEM) and transmission electron microscopy (TEM), as shown in Fig. 5.6. Cr-BTA 

has a spherical morphology with a diameter of approximately 3 μm and a smooth 

particle surface. We expect that XAFS could help in the determination of the local 

environment of the Cr atoms. 

Fig. 5.6 (a) The SEM image of Cr-BTA, scale bar 5 μm. (b) The TEM image of Cr-BTA, 

scale bar 200 nm.  
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5.4 Preparation of 2D bimetallic layered metal-organic frameworks 

Conventional MOFs have some drawbacks such as inherent low conductivity and 

blockage of metal centers by organic ligands.242 A layered 2D-conjugated MOF will 

solve these problems. This MOF has in-plane π-delocalization along 2D directions 

and weak out-of-plane π-π stacking, which results in a higher density of exposed 

metal centers.243, 244 2D-conjugated MOFs have been widely used in electrocatalysis 

such as the hydrogen evolution reaction244 and carbon dioxide reduction reaction.245 

However, the application of 2D-conjugated MOFs in heterogeneous catalysis such 

as biomass transfer is limited. Furthermore, owing to the tunability of MOFs, 2D-

conjugated MOFs with bimetallic centers with improved catalytic properties and 

applicability in numerous reactions can be synthesized. Inspired by Haixia Zhang et 

al. work published in 2020,242 three 2D-conjugated bimetallic MOFs (M-PcCu, M= 

Ni, Zn, and Cu) are synthesized. The synthetic procedure is shown in Fig. 5.7. 

Fig. 5.7 The synthesis procedure of M-PcCu. (M2+ = Ni2+, Zn2+, Cu2+) 
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The PXRD patterns of Zn-PcCu, Ni-PcCu, and Cu-PcCu shown in Fig. 5.8 are 

consistent with the previously reported results,242, 244  However, the crystallinity of 

the three compounds must be improved. 

Further experiments such as the purification and characterization of the intermediate 

and final products must be conducted and the applications of the prepared MOFs 

must be explored. 

Fig. 5.8 PXRD patterns of (a) Zn-PcCu, (b) Ni-PcCu, and (c) Cu-PcCu. 
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