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“Lanthanum has only one important oxidation state in aqueous solution, the +3 state. 

With few exceptions, this tells the whole boring story about the other 14 Lanthanides” 

G. C. Pimentel and R. D. Spratley, Understanding Chemistry, 

Holden-Day, San Francisco, 1971 
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1. Introduction 

1.1 The so-called rare earth elements 

As stated by the International Union of Pure and Applied Chemistry, the well-known 

IUPAC, the rare earth elements (RE) are a group of seventeen elements comprised between 

the fifteen metallic group Lanthanum(57) to Lutecium(71) series as well as Yttrium(39) and 

Scandium(21).1a The lanthanoids (more often used the term lanthanides) comprise the 

elements between La to Lu. The lanthanide elements are inserted between Barium(56) and 

Hafnium(72) in the periodic table, with Scandium(21), Yttrium(39) and Lutecium(71) 

forming the column in the third group. 

The most common oxidation state in which lanthanides (Ln) are found is +III with an [Xe]4fn 

electronic configuration. According to the n value, they are classified as the lighter and the 

heavier rare earth elements. The lighter RE comprises the ones with no paired electrons in the 

4f shell (with n=0-7) and they correspond from the La to Gd. The considered heavier RE are 

the ones bearing n=8-14 with at least two paired electrons in the 4f orbital. Moreover, Y has 

similar chemical properties to Dy and Ho elements, so it is included as a heavy RE element. 

Geochemical and chemical characteristics of Sc are comparable to the lanthanides in aqueous 

medium (reason why it is found in the RE group), however in solid state its properties are 

rather different from the other rare earth, and it is not included into this classification. 

These elements are highly electropositive, being a challenge to obtain their metallic forms 

unless specialized reduction techniques are used. However, these reduction techniques were 

not always accessible by the time the new RE elements were being separated and identified. 

Consequently, the RE elements were gradually discovered in their oxide forms rather than in 

their elemental state. 

For the Rare Earths, the term ‘rare’ is somehow not accurate. Some RE elements are more 

abundant in the Earth’s crust than other metals commonly used in technology like Silver or 

Indium and are found in quantities equivalent to the Lead metal. For instance, the abundance 
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of Cerium in the Earth’s crust is comparable to that of Copper. The term ‘rare’ arises 

because, despite having a relatively high concentration in certain minerals (about 35% to 

75%), these elements are typically dispersed and mixed within the rocks or sand where they 

are found, making its extraction more challenging. RE deposits have been identified in 

approximately 34 different countries. The estimated worldwide RE reserves are calculated to 

be 130 million tons, with China and Brazil holding about the 42.3% and 16.9% of these 

reserves, respectively. During the latter twentieth century the majority of RE were extracted 

from USA deposits, nonetheless, the extraction and exportation of RE elements as well as 

production of materials containing these elements (for instance the strong Neodymium 

magnets) is now governed by China. Rare earth elements are believed to play a crucial role in 

materials for the new technologies for energy transition. For instance, RE are necessary in the 

strong magnets that electric cars and wind turbines contain. As the demand for these 

materials increase, dependence of Europe on other countries becomes a significant concern. 

Recently,1c in 2024, what is believed to be the largest rare earth deposit in Europe was 

discovered in Norway, in a deposit called Fensfeltet, which it might contain about 8.8 million 

tons of resources. The extraction in this Norwegian deposit is believed to start in 2030.1c 

Although it is said that more than 270 minerals may contain RE, two specific minerals have 

been crucial in the discovery of the 4f elements. On one hand there is the Gadolinite, 

RE2FeBe2Si2O10 which contains Y and the heavier RE, Eu to Lu. On the other hand, a silicate 

complex with the (Ca,Ce)10(Fe3+)(SiO4)6(OH,F)5 composition which is mainly composed of 

La, Ce, Nd and fewer quantities of Sm and Eu.  

The different RE elements were gradually differentiated and isolated along the eighteenth to 

twentieth centuries. The first isolated RE element was Ce in 1751 followed by Y in 1797 

whereas the last one was the radioactive Pm in 1945 found in fission products of Uranium. 

The RE show similar chemical properties though it was possible to isolate and identify them, 

mainly employing fractional crystallization and precipitation methods (for instance with the 

addition of oxalates, a method used until today) with further help of spectroscopic 

techniques.2 
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1.1.1 Electronic configuration of lanthanides 

Focusing on the lanthanides, the electronic configuration of these elements shares the same 

core which corresponds to [Xe]=1s2, 2s2, 2p6, 3s2, 3p6, 3d10, 4s2, 4p6, 4d10, 5s2, 5p6. The 

valence electrons of the Ln series are placed into the 6s and 4f orbitals since the energy 

difference between the 4f and 5d orbitals is rather large (ΔE around 32,000 cm-1) with 

[Xe]4fn6s2. La, Gd and Lu are exceptions to this, since filling with one electron the 5d orbital 

lead to a favourable empty 4f0 orbital (for La), half-filled 4f7 orbital (for Gd) and fully 

occupied 4f14 orbital (for Lu), thus they follow [Xe]4fn-15d16s2. On the other hand, the 

valence electrons found in the 4f shell are highly localized due to the shielding of fully 

occupied 5s and 5p orbitals which are higher in energy. The atomic radius of the lanthanide 

(both in the elemental state and in higher oxidation states) decreases on increasing the atomic 

number. This is a consequence of the shielding of the 4f electrons. As the number of 

electrons in the 4f orbitals increase from La to Lu, they are drawn closer to the nucleus due to 

an increase of the attraction Coulombic force between the nucleus and the electrons, thereby 

decreasing the ionic radius. This phenomenon is called lanthanide contraction and 

significantly influences in the chemistry characteristics as well as the spectroscopic and 

magnetic properties of these elements.3 

As already commented, the most common oxidation state is +III because it leads to a 

favourable [Xe]4fn electronic configuration where n=0 for La3+ and n=14 for Lu3+. 

Nonetheless, Europium and Ytterbium can stabilize the +II oxidation state. Since this 

configuration leads to half-filled f orbitals for Eu2+ ion ([Xe]4f7) and fully occupied f orbital 

for the Yb2+ ion ([Xe]4f14). Owing to the same reasoning, Cerium and Terbium lanthanides 

can also be found in the +IV oxidation state due to stabilization of empty and half-filled 4f 

orbitals, respectively, with electronic configuration of [Xe]4f0 for Ce4+ and of [Xe]4f7 for 

Tb4+. It is worth remarking that due to the shielded quality of the 4f electrons, the chemical 

bond of a Ln3+ ion with adjacent atoms, once it is placed in a chemical environment (for 

instance in a coordination compound) is of electrostatic nature.4 
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1.1.2 4f electrons and the Ground state 

Pauli exclusion principle states that an electron of an atom must have its unique quantum 

state defined by the four n, ℓ, mℓ and ms quantum numbers, where n is the principal quantum 

number, ℓ is the azimuthal quantum number  (ℓ = 0, 1, …, n-1) which is represented by the 

letters ℓ = s, p, d, f, g, h, etc. corresponding to ℓ = 0, 1, 2, 3, 4, etc. and mℓ accounts to the 

magnetic quantum number which is comprised between mℓ =- ℓ, - ℓ +1, …, 0, …, ℓ -1, ℓ. The 

n, ℓ and mℓ quantum numbers define the size, the shape and the direction in space, 

respectively, of the Atomic Orbital in which the specific electron is set. Moreover, the spin 

quantum number (S) which define the intrinsic angular momentum of the electron is an 

intrinsic property of the electron and its quantized projections are represented as spin-up and 

spin-down by ms=-1/2, +1/2. 

For an electron found in the 4f orbitals of a lanthanide atom, the n quantum number is 4 and ℓ 

is 3. Then the electron will be defined by one of the magnetic quantum numbers mℓ =-3, -2, -

1, 0, +1, +2, +3. The orientation of the spin, given by the ms quantum number, will be one of 

the ±1/2 values. 

For a Ln3+ ion with a 4fn electron configuration, the degenerated ground state is split into 

2S+1Γ spectroscopic terms due to electronic repulsion, where S is the overall spin momentum 

(𝑆 = ∑ 𝑠𝑖𝑖 ) and 2S+1 is the spin multiplicity of the subshell. The overall orbital quantum 

number (𝐿 = ∑ ℓ𝑖𝑖 ) is represented as capital letters Γ = S, P, D, F, G, H, etc. corresponding to 

the values of L = 0, 1, 2, 3, 4, 5, etc. Then the spectroscopic term can be defined as 2S+1L. The 

interelectronic repulsion is large because the wave functions of the 4f electrons are 

contracted. The spin and orbital multiplicities provide the degeneracy of the spectroscopic 

term which is given by (2‧S+1)(2‧L+1). Hence, the 2S+1L spectroscopic terms are further split 

into J states due to the spin-orbit coupling giving 2S+1LJ spectroscopic levels, where J is the 

overall angular momentum quantum number. The J value in the ground state is J = L-S if the 

f shell is less than half filled (f1-f6) and J = L+S if the f shell is half or more than half filled 

(f7-f14) and the 2S+1L term is split on as many states as |L-S| ≤ J ≤ L+S can give. Finally, the 

ligand field perturbation caused by the chemical environment surrounding the Ln3+ ion splits 

the spectroscopic levels into sublevels. The 2S+1LJ level can split into 2J+1 sublevels 
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generating the ±mj Kramer doublets. Depending on the symmetry produced by the crystal 

field, the 2J+1 sublevels will be totally covered or not. The only method to reveal all 2J+1 

sublevels, for any metal ion, is to apply an external magnetic field, Figure 1. 1 a). As can be 

observed, due to the unquenched L that lanthanides present, spin-orbit coupling splitting is 

more energetic (about 104 cm-1) than the crystal field splitting (102 cm-1) in contrast to 

transition metal ions. 

Let’s take the example of Eu3+ to determine the ground state of a subshell. The electronic 

configuration of Eu3+ is [Xe]4f6, Figure 1. 1 b). According to the first Hund’s rule, the lowest 

energy state will be the one with largest spin multiplicity, then for a Eu3+, 𝑆 = ∑ 𝑠𝑖𝑖 =
1

2
‧6 =

3 and 2S+1 is 7. The second Hund’s rule implies that the lower energy level should present 

the higher orbital angular momentum thus, 𝐿 = ∑ ℓ𝑖𝑖 = |−3| + |−2| + |−1| + 0 + 1 + 2 +

3 = |−3| = 3. Hence, the ground spectroscopic term of an Eu3+ ion is 7F. Due to spin-orbit 

coupling the 7F states are further split into 7FJ spectroscopic levels with J=0, 2, 3, 4, 5 and 6. 

The third Hund’s rule states that the lower energy sublevel will be the one with J = L-S (J 

lowest value) if the f shell is less than half filled or J = L+S (J highest value) if the f shell is 

half or more than half filled. The 4f6 shell in the Eu3+ ion is less than half filled therefore the 

ground state correspond to the one with J = L-S = 3-3 = 0. In conclusion, the ground state of 

a Eu3+ ion is 7F0, Figure 1. 1 c).4,5 
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Figure 1. 1 a) Energy splitting Scheme produced by the different perturbation for a 4fn electronic 

configuration of a Ln3+ ion b) electronic configuration of Eu3+ ion and c) energy splitting Scheme of an 

Eu3+ ion. 
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1. 2 Luminescence properties  

1.2.1 Luminescence and selection rules 

Given two electronic states with different energy, an electron found in the lowest energy state 

such as the ground state, can absorb energy in a certain wavelength from the light and promote to 

the higher energy state, called excited state. This process may take place if the incident light 

coincides with the energy difference between the ground and excited states. Once the system is 

found in the excited state the molecule can either use this energy to react with the surrounding 

molecules as in a photochemistry process or, ultimately, it can relax to find the first situation 

where it was laying in the lowest energy state. 

Relaxation processes can be of different nature, non-radiative in which there is no photon 

emission or, on the other hand, radiative were photon emission takes place. Non-radiative 

deactivation involves different mechanisms. For instance, collision between particles that 

diminish the energy from the system or the process called internal conversion that transforms an 

electronic excitation into a vibrational excitation to decay to an excited vibrational sublevel 

within the ground electronic state (hot electronic lower state). Moreover, non-radiative 

transitions also can take place through quenching processes due to overlapping of the electronic 

states from another atom or molecule, the quencher.  

On the other hand, the radiative deactivation can take place via processes such as luminescence 

which encompasses fluorescence and phosphorescence. Let’s take the example of an organic 

chromophore molecule which absorbs light in the UV-visible range. In these molecules, the 

absorption of photons occurs throughout the molecular orbitals, particularly from the HOMO 

(Highest Occupied Molecular Orbital) to the higher in energy LUMO (Lowest Unoccupied 

Molecular Orbital). After absorption, the electronic configuration of the excited state of the 

chromophore presents an electron in its HOMO (π) and an electron in the LUMO (π*). In the 

excited state picture, the state can present singlet (S1) or triplet (T1) multiplicity. The triplet state, 

T1 is generated due to the inversion of the electron spin, through an intersystem crossing (ISC) 

process. Now if the deactivation of this excited state is through a radiative process, fluorescence 

is produced when the deactivation take place through the excited state, S1 to a S0 ground state, 
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whereas phosphorescence takes place when the radiative deactivation occurs via the T1 excited 

state to the S0 ground state. The T1→S0 deactivation in phosphorescence phenomena accounts 

for a spin forbidden transition since it requires a change on the total spin, therefore it is a slower 

process (microsecond to second scale) compared to the S1→S0 allowed transition occurring in 

fluorescence which is quicker and comprised in the nanosecond time scale. In many cases, the 

spin-forbidden nature of the phosphorescence process allows radiative deactivation to continue 

even after the excitation light has been removed, Figure 1. 2. 

 
Figure 1. 2 Jablonski diagram of an organic chromophore molecule showing the Singlet ground state (S0) 

Singlet excited state (S1) and Triplet excited state (T1). The light-green and black arrows represent 

radiative transitions, grey dotted line and wavy arrows represent non-radiative deactivation and dark-

green horizontal arrow represent Intersystem crossing from S1 to T1 excited states. 

Moreover, the electronic absorption of organic molecules displays broad bands due to significant 

vibronic coupling, known as the Franck-Condon principle, which is related to the movement of 

the chemical bonds of the excited species compared to the species found in the ground state. 

Regarding luminescence of trivalent lanthanide cations, they present intriguing luminescence 

properties that range from the Visible to the Infra-Red range. One notable aspect about Ln3+ 

luminescence is that each ion presents a unique emission spectrum, which can serve as a 

distinctive fingerprint for each cation. Given the fact that Ln3+ cations show similar chemical 

properties, their distinct luminescence characteristics were crucial in the extraction and 
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characterization of each lanthanide cation.4 The unique emission spectrum that each lanthanide 

ion presents is due to the intraconfigurational nature of lanthanide transitions which occur 

between the 4f orbitals. The partially filled 4f orbitals of the lanthanide(III) cations are shielded 

by the closed 5s2 and 5p6 shells, causing the energies of the lanthanide electronic states to be 

relatively independent of the Ln3+ chemical environment. Thus, there is no relevant shift in the 

emission wavelength when comparing the bands of emission spectra of two different luminescent 

coordination compounds containing the same Ln3+ cation. Moreover, they exhibit large Stokes 

shifts, so the absorption bands corresponding to the Ln3+ intrinsic f-f transitions appear at 

wavelengths significantly higher in energy compared to the respective emission transitions in 

contrast of a chromophore organic molecule in which generally the absorption and emission 

band overlap. Besides, in coordination compounds encompassing lanthanide ions, the Franck-

Condon effect is almost negligible due to the low-energy vibrations between Ln3+ ions and the 

donor atoms of the ligand molecule. Consequently, the emission from the Ln3+ ions is 

characterized by narrow bands, in contrast to the broader bands observed in organic 

chromophore molecules. The lanthanide(III) ions have no vibrational structure as understood for 

an organic molecule, thus radiationless deactivation is not produced because of internal 

conversion. However, different chemical species acting as quenchers can reduce or even cancel 

the luminescence characteristics of the lanthanide coordination compounds (see below). The 

quenching effect are of relevant importance in emissive lanthanides presenting lower energy 

separation between the emitting excited state and the ground state such as the near Infra-red 

(nIR) emitters: Nd3+, Er3+ and Yb3+.6 

The probability or strength of a transition is governed by several selection rules, including the 

spin selection rule (the most critical), the symmetry selection rule and the vibrational selection 

rule or Franck-Condon principle (particularly relevant in chromophore organic systems, though 

less important in Ln-based systems).  

Further to that, selection rules affect the intensity of the bands related to both, emission and 

absorption processes. For instance, to consider an allowed transition, the promoted electron 

cannot change its spin multiplicity during the transition, thus those transitions occurring between 

the triplet excited state to the singlet ground state T1→S0, in organic chromophore molecules, are 
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forbidden. Additionally, transitions within the same subshell or within orbitals of same 

symmetry, such as the intraconfigurational f-f in lanthanide cations, are also not allowed as they 

do not accomplish Laporte’s rule (they are forbidden by symmetry).  

On the other hand, the π→π* transitions in organic systems of S1→S0 nature are allowed by 

both, the Spin and Laporte selection rules. Because these transitions are allowed, they exhibit 

greater intensity and probability. Consequently, the bands higher in energy in a chromophore 

molecule are attributed to these transitions as can be seen in the Jablonski diagram in Figure 1. 2. 

However, in practical scenarios these selection rules are not absolute, and coupling between the 

wavefunctions of the energy levels can cause forbidden transitions happen. Nevertheless, they 

will remain slower, weaker and of lower probability compared to the allowed ones.  

As pointed out before, phosphorescence phenomena account to a Spin-forbidden transition 

(T1→S0). Firsts Hund’s rule stablishes that an energy state with higher spin multiplicity resides 

at a lower energy level than states with lower spin multiplicity, therefore T1→S0 transition will 

be less energetic than S1→S0 transition. 

For lanthanide ions, the f-f transitions with energy in the visible range overcome a change in Spin 

multiplicity (2S+1) whereas the f-f transitions with energy in the nIR do not change the spin. For 

instance, the characteristic emission of a Eu3+ ion takes place from the 5D0 emitting state to the 

7FJ=0-6 ground state. Spin multiplicity changes from 5 in the excited state to 7 in the ground state, 

thus emission transitions of Europium(III) are Spin forbidden. On the other hand, the nIR 

emission seen for a Yb3+ ion arise from 2F5/2→
2F7/2, were there is no change in Spin multiplicity: 

it accounts to a Spin allowed transition. It is common for several lanthanides to show emission 

from the Visible to the IR range and so forth, to present both mechanisms. That is why is best 

referring to luminescence when it comes to lanthanide absorption and emission transitions rather 

than just fluorescence or phosphorescence. Moreover, depending on the excitation method, 

different types of luminescence may be considered. Emission after excitation by exposure to an 

electromagnetic radiation leads to photoluminescence, emission produced by recombination of 

electrons and holes under the influence of an electric field refers to electroluminescence, the non-

thermal production of light by a chemical reaction will lead to chemiluminescence whereas the 
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emission observed by applying mechanical stress by fracture of the sample crystals may produce 

the intriguing property of triboluminescence.  

The symmetry forbidden character of the intraconfigurational f-f transitions is partially 

overcomed when the Ln3+ ions are set in a coordination compound. The distortion produced by 

the chemical environment around the ion modifies the symmetry of the f orbitals by mixing of 

the electronic states with states of the ligand field, or by coupling of 4f and 5d orbitals 

wavefunctions, leading to less forbidden f-f transitions. Because of their forbidden character (by 

Spin and Laporte in case of the Visible emitters), the f-f transitions are slower and the lanthanide 

luminescence tends to present longer lifetimes of the excited state (up to the ms scale) for those 

emitting in the Visible range.4,5 

On the other hand, the electronic transitions can be of different nature depending on the 

interaction between the incident light with the electric and magnetic dipoles of the molecules. An 

electric dipole (ED) transition is induced due to the interaction between the electric dipoles of the 

molecule with the oscillating electric field of light. Moreover, the electrons in the atomic orbitals 

and by extension in the molecular orbitals within a molecule also have magnetic dipole 

moments. Hence, the magnetic dipole transitions (MD) are those induced from the interaction of 

the magnetic dipole moments in the molecule with the oscillating magnetic field of an 

electromagnetic radiation. In organic chromophores, only electric dipole transitions are observed 

whereas in Ln3+ f-f luminescence both, ED and MD transitions are present.  

Electric dipole and magnetic dipole transitions are differentiated on the nature of their associated 

movements of charge, when interacting with the electromagnetic radiation and in their selection 

rules. ED transitions involve a linear movement of charge (ED operator transforms as x, y and z), 

reversing its direction under inversion, which gives them odd parity. On the other hand, MD 

transitions involve rotating movement of charge (MD operator transforms as Rx, Ry and Rz), 

which remains unaltered under inversion, giving them even parity. Hence, MD transitions are 

allowed within inner subshells, such as f-f intraconfigurational transitions though they are still 

weaker in intensity compared to the ED transitions. This is because MD transitions result from 

the electron’s rotational movement caused by the magnetic component of light, which changes 
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the symmetry selection rules compared to the straight-line movement in ED transitions. In MD 

the ΔJ=0, ±1 (but no 0↔0) selection rule is followed so few magnetic dipole transitions such as 

5D0→
7F1 from Eu3+ are known. Conversely, in ED transitions the ΔJ≤6 (2,4 or 6 if J or J’=0) 

selection rule is followed. As a result, MD transition intensities are practically unaffected by the 

chemical environment in which the Ln3+ cation is found. For instance, in Ln3+ ions within higher 

symmetry coordination environments, the intensity of ED transitions will diminish and 

consequently the MD will gain significance in the spectra. If the lanthanide cation is set around a 

coordination geometry with lower symmetry, the ED transition will increase its intensity.5 

In terms of luminescence efficiency of a compound it will depend on the kinetics of its 

deactivation processes, specifically the relation between radiative and non-radiative processes. If 

the radiative deactivation processes are faster than the non-radiative ones, the compound will 

exhibit efficient luminescence.  

1.2.2 Sensitized luminescence, the antenna effect 

For a luminescent trivalent lanthanide cation found in a coordination compound, the molar 

absorption coefficients (ε) resulting from the intrinsic f-f transitions are low (smaller than 10 M-1 

cm-1) due to its forbidden character.4,5 Only a very limited amount of radiation is absorbed by 

direct excitation from the 4f levels. Thus, it is essential to excite the lanthanide(III) cation in a 

more efficient way.  

The photosensitization effect (or just sensitization or antenna effect) is mainly based on using a 

molecule with higher molar absorption coefficient compared to the Ln3+ ion itself, generally a 

chromophore organic molecule acting as a ligand. Then the absorbed energy by the organic 

moiety will be transferred to the lanthanide excited emitting state, resulting in enhanced metal-

centred luminescence. The chromophore molecule is provided as the ligand in the lanthanide 

coordination compound, and it acquires the role of the antenna (or sensitizer). In addition to 

provide an efficient path for the excitation of lanthanide ions, the sensitization process also 

presents the advantage of conferring larger apparent “Stokes shift” to the final system, which 

allows an easy spectral separation between the absorption of the compound and luminescence 

emission from the metal ion. Alternative sensitization pathways other than using a chromophore 
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organic ligand are found in the literature, for instance sensitization of the lanthanide ion 

throughout d-metals7 or other lanthanides with a higher energy gap between the ground and 

emitting state compared to the sensitized Ln3+.8 

The sensitization mechanism first involves excitation of the ligand from the S0 ground state to a 

singlet excited level (S2). Then the excited S2 state will decay to its first singlet excited level (S1) 

through internal conversion (IC). The excited ligand can deactivate through non-radiative 

processes (𝑘𝑛𝑟
𝐿(𝑆)

) or by radiative processes involving fluorescence (𝑘𝑓
𝐿). In Figure 1. 3, decay 

pathways are indicated by their rate constants. In presence of a lanthanide(III) cation, the singlet 

states S1 and S2 can undergo spin-forbidden transitions known as the Intersystem Crossing (ISC) 

to populate the lowest energy triplet state (T1). Then the T1 excited state can deactivate non-

radiatively (𝑘𝑛𝑟
𝐿(𝑇)

) or radiatively through phosphorescence (𝑘𝑝ℎ
𝐿 ) to the S0 ground state. 

Ultimately, energy transfer (ET) to the lanthanide excited state from the T1 can take place 

through either Dexter or Förster mechanisms, exposed hereafter. After population of the 

lanthanide upper states, deactivation may proceed newly through non-radiative transitions of the 

metal (𝑘𝑛𝑟
𝐿𝑛) or alternatively via the desired radiative transitions by means of luminescence 

(𝑘𝑟𝑎𝑑
𝐿𝑛 ).  
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Figure 1. 3 Scheme of the sensitization effect (or the antenna effect) with a simplified Jablonski diagram. 

IC, ISC and ET stands for internal conversion, intersystem crossing and energy transfer respectively. In 

order to simplify the Scheme, only the lowest vibrational state of each S0, S1, S2, T1, T2, 2S+1L’J’ and 2S+1LJ 

electronic state is considered. However, the higher in energy vibrational states of each electronic state 

must not be forgotten when considering the sensitization mechanism as in Figure 1.2. 

A mechanism of direct sensitization of the lanthanide cation from the excited singlet state of the 

ligand was proposed by Weissman in 1942 whom reported the first description of lanthanide 

sensitized luminescence through intermolecular energy transfer from an organic fluorophore.9 

Thereafter, Dexter10 and Crosby11 introduced the role of the triplet state into the sensitization 

mechanism, although it was not until the later 1980 when Sabbatini and Lehn referred to the 

phenomenon as the antenna effect.12,13 

It is important to note that the ligand triplet states should be utilized in the emission processes of 

lanthanide complexes as it is evident by their long emission lifetimes compared to the singlet 

state. Actually, in the sensitization process, the lowest triplet state from the ligand is typically 

involved to improve energy transfer efficiency because it minimizes energy loss through internal 

conversion.14 However, the significance of alternative S1→
(2S+1)L𝐽′

′  routes have also gained 

recognition after being considered less important. Reports highlighting the relevance of multiple 
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donor states, or even a dominant singlet energy transfer have increased significantly, and several 

systems are now well-characterized.15,16,17 

As above mentioned, once the triplet state is populated, the energy transfer (ET) to the lanthanide 

(III) excited state may proceed by two different mechanisms. The Förster resonance energy 

transfer (FRET)18 and the Dexter electron transfer.19 Both mechanisms describe the ET from a 

donor (D) to an acceptor (A). The FRET mechanism relies on the Coulombic interactions and a 

dipole-dipole coupling. In this mechanism an electron from the A molecule found in the ground 

state is promoted to its excited state (A*). Then the electron from the excited donor molecule 

(D*) returns to the ground state releasing a virtual photon, Figure 1. 4, top. On the other hand, 

the Dexter mechanism involves an exchange of electrons between the excited and ground state of 

the D* and A molecules. The excited D* transfers an excited electron to the A which at the same 

time transfers an electron found in A ground state to the D ground state, Figure 1. 4 bottom.  

Both mechanisms depend on the overlap of the Donor and Acceptor energy levels and the 

distance between them. However, they differ in how the energy transfer rate decreases with 

distance. In Dexter mechanism, the energy transfer rate decreases exponentially with increasing 

distance (r) between D and A, whereas the FRET mechanism’s efficiency decreases with 1/r6. 

Consequently, the FRET mechanism does not require the donor and acceptor to be in close 

contact, they only need to be within a sufficient distance for energy transfer to occur. 

 



1. Introduction 

 
 

 

18 

 

Figure 1. 4 Top, Dexter mechanism and bottom, Förster energy transfer mechanism. 

Furthermore, in certain cases, a charge transfer can take place between the ligand (acting as the 

sensitizer) and the acceptor (trivalent lanthanide cation) in lanthanide complexes, termed a 

ligand-to-metal charge transfer (LMCT) transition. Conversely, metal-to-ligand charge transfer 

(MLCT) is less frequent due to the high ionization energies of the Ln3+ metals. Usually, the 

reduced lanthanide ion is re-oxidized by transferring an electron back to the oxidized ligand, 

similar to the Dexter mechanism. Moreover, in solid polycrystalline samples, ligands commonly 

interact via π-stacking, hydrogen bonding and other Van der Waals forces, inducing ligand-to-

ligand charge transfer (LLCT) transitions. These transitions, including LLCT, LMCT and 

MLCT, typically have lower energies than intraligand absorption. LLCT is particularly relevant 

for lanthanide ions coordinated to organic chromophores and is favoured in solid state, whereas 

some cases of LMCT are reported in the literature due to the easily reducible character of Eu3+ 

and Yb3+ ions to Eu2+ and Yb2+, respectively.20,21 

Moreover, the spin forbidden ISC transition between S1→T1 energy states (as well as T1→S1 

phosphorescence transition, which it can also be a drawback) can be favoured by the presence of 

heavy atoms in the so-called heavy atom effect. Adding the heavy atom may increase the spin-

orbit coupling within the atom and the nearby atoms. This enhancement in coupling improves the 

mixing of singlet and triplet states that will lead in a less strict spin selection rule making the 

S1→T1 transition more effective. This effect occurs not only with lanthanide atoms but also in 

presence of other heavy metals.22 However, it should be taken into account that the presence of a 
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heavy atom increases S1→T1 efficiency as well as T1→S0 phosphorescence which can be a 

drawback in terms of sensitization. 

Finally, in luminescent lanthanide coordination complexes, two kinds of chromophore ligands 

are generally employed to carry out the role of the sensitizer. First, organic molecules in which 

the chromophore is directly coordinated to the lanthanide such as aza-aromatic compounds (2,2’-

bipyridine, 1,10-phenantroline, terpyridine, etc.) or phenolate ligands. The proximity of the 

chromophore group to the emitting lanthanide centre makes this design effective. Besides, 

sensitized luminescence can also occur if the chromophore is not directly coordinated to the 

lanthanide cation but is found as part of the ligand. For example, a coordinating unit such as 

diethylenetriamine pentaacetate or a cyclen moiety in which one or more positions are 

substituted by a chromophore group. However, the increased distance between the chromophore 

and the Ln3+ may reduce sensitization efficiency. Nonetheless, this ligand design offers greater 

versatility in choosing the chromophore of the lanthanide coordination compound.4,23 

1.2.3 Quenching phenomena 

Back transfer energy 

As seen in the sensitization mechanism, the lanthanide ion can be de-excited via nonradiative 

deactivations just like any chromophore system. If the excited states of the sensitizer are too 

close in energy with the excited emitting level of the lanthanide(III), an energy transfer from the 

lanthanide ion back to the sensitizer might also be possible. Thus, the sensitizer can partially 

function as a quencher, along with solvent molecules or any other compounds close to the 

lanthanide ion. Hence, the emissive performance of the resulting lanthanide compound depends 

on the sensitization capacity and excited energy levels of the organic ligand. Latva et al.24 

proposed that the optimal energy difference between the lowest lying triplet state and Eu3+ 

emitting level (5D0: 17,267 cm-1) for an efficient S1→T1→
5D0 energy transfer should be in the 

range of 2,500-5,500 cm-1. While for a Tb3+ compound the energy difference between T1 and 5D4 

emitting state (20,400 cm-1) should be at least 1,850 cm-1 to avoid back energy transfer. These are 

known as the Latva’s rules, which are based on empirical statistics results. However, Latva’s 
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rules can only be considered in sensitization of Eu3+ and Tb3+ lanthanide coordination 

compounds.  

Quenching of the ligand triplet state 

Preventing the quenching of the triplet state in the sensitizing ligand is crucial for efficient 

energy transfer to the trivalent lanthanide cation. The triplet state, which has longer lifetimes 

than the singlet state, can be quenched by molecular oxygen through a triplet-triplet annihilation 

process. This process involves a collision where there is an energy transfer between the excited 

triplet state of the ligand to the triplet ground state of the oxygen. Consequently, the ligand 

returns to the ground singlet state (S0) while the oxygen is excited to its singlet state. Moreover, 

the rate at which triplet oxygen quenches the triplet states of organic molecules and the amount 

of singlet oxygen produced after quenching, depend on several factors. These include the energy 

of the organic molecule triplet state as well as the nature of its excited state, the redox potential 

of the excited state and the polarity of the solvent where the molecules are dissolved.25 

The triplet state quenching of the oxygen can occur, but it is usually reduced if the energy 

transfer from the ligand’s triplet state to the lanthanide is rather quick and efficient. If quenching 

by triplet oxygen becomes a problem in luminescence of our lanthanide system, removing the 

oxygen from the environment can effectively prevent this issue.  

Presence of high energy oscillators (multiphonon relaxation) 

The presence of high energy oscillators C-H, N-H and especially O-H from the ligands and/or 

from coordinating solvent molecules can effectively quench the lanthanide luminescence. 

Quenching is achieved through several vibrational quanta from the bound molecules (solvent or 

surrounding ligand) and/or through overtones of the implied vibrations.  

For the visible emitters Tb3+ and Eu3+, quenching of the luminescence due to high energy bond 

oscillations is mainly affected by quenching through the O-H oscillators in presence of 

coordinating H2O molecules or when dissolved in aqueous medium. In case of the Tb3+, it is less 

sensitive to quenching through O-H oscillations than other lanthanide ions because of its larger 

energy gap. Whereas the third harmonic (ν3) of the O-H stretching vibration effectively quenches 
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the 5D0 emitting state of Eu3+ (ν1 of water is 3,657 cm-1). The energy difference between 7F6 from 

the 7FJ=0-6 ground and the 5D0 excited state of Eu3+ is 12,297 cm-1.23 Interestingly, reports found 

in the literature have demonstrated that the quenching ability of the O-H vibrations are 

considerably attenuated when the water molecules coordinated to the lanthanide(III) are involved 

in strong intra or inter-molecular H-bonding within the crystal lattice.26 

Moreover, luminescence of the nIR emitting lanthanides among them Nd3+, Er3+ and Yb3+, is 

also significantly quenched by multiphonon relaxation due to vibronic coupling with O-H 

vibrations as well as C-H and N-H. The emission quantum yields and luminescence lifetimes of 

these nIR cations are lower compared to the Eu3+ and Tb3+ ones, due to the lower energy gap 

between the emitting excited state and the ground state that confers more probability to non-

radiative deactivation. Hence, these lanthanides with lower energy gaps are more susceptible to 

the O-H, C-H and N-H vibrations, because the energy at which these bonds oscillate is in 

resonance with the energy from the nIR emitting states. For instance, the second order C-H 

stretching vibration (ν2) oscillates at an energy close to the energy gap between 4I13/2 excited state 

and 4I15/2 ground state of Erbium(III). Similarly, the O-H stretching vibration (ν3~10.971 cm-1) 

effectively deactivates ytterbium’s emitting state because its energy is close to the gap between 

the 7F5/2 (~10,288 cm-1) excited state and the 7F7/2 ground state. These bonds are common in 

organic chromophores used as sensitizers and so they can become a problem in the obtaintion of 

efficient nIR emission from the lanthanides.  

A solution to reduce the quenching effect produced by the presence of high energy oscillators is 

deuteration of the sample. Furthermore, a more effective solution is fluorination of the C-H 

bonds of the organic moiety, or at least, fluorination of the C-H bonds closer to the lanthanide. 

C-D and especially C-F oscillate at lower frequencies, reducing this way the impact of quenching 

of the lanthanide emitting state due to multiphonon relaxation. Additionally, encapsulating 

lanthanides in confined inorganic cavities, such as zeolites, has been shown to improve Er3+ 

luminescence. This improvement is due to the reduction of non-radiative deactivation due to the 

absence of C-H bonds near the lanthanide cation.6,27 
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Finally, the non-radiative deactivation through multiphonon relaxation due to O-H, C-H and N-H 

bonds is temperature dependent. Thus, this quenching phenomenon should be effectively 

reduced at lower temperatures.23 If the luminescent properties do not improve with varying 

temperature, it suggests that multiphonon relaxation is not an important contribution of the 

quenching effect in the measured system.  

1.2.4 Emission Quantum Yield and luminescence lifetimes 

The emission efficiency of a compound is generally quantified by the emission quantum yield 

(Φ𝑒𝑚). It considers the relationship between the absorbed photons (𝑁𝑎𝑏𝑠) and the emitted 

photons (𝑁𝑒𝑚) of the luminescent compound as shown in Equation1.1. A Φ𝑒𝑚 yielding the unity 

value would indicate that all the absorbed photons are then emitted through radiative 

deactivation from the excited state whereas a value of 0 would indicate that deactivation of the 

excited state is taking place through non-radiative processes.  

𝜙𝑒𝑚 =
𝑁𝑒𝑚

𝑁𝑎𝑏𝑠
    Equation 1.1 

In a luminescent lanthanide coordination compound where luminescence takes place via the 

sensitization effect, the overall quantum yield (Φ𝐿𝑛
𝐿 ) is defined as the result of multiplying the 

intrinsic quantum yield (𝜙𝐿𝑛
𝐿𝑛) by the sensitization efficiency (sens) as follows in Equation 1.2. 

Φ𝐿𝑛
𝐿 = 

𝑠𝑒𝑛𝑠
∙  Φ𝐿𝑛

𝐿𝑛    Equation 1.2 

The sensitization efficiency (sens) accounts to the percentage of photons absorbed by the ligand 

transferred to the excited state of the lanthanide ion and it comprises the relative efficiencies of 

both, the intersystem crossing (
𝐼𝑆𝐶

) and energy transfer (
𝐸𝑇

) mechanisms, Equation 1. 3. 


𝑠𝑒𝑛𝑠

= 
𝐼𝑆𝐶
∙  

𝐸𝑇
    Equation 1.3 

The other step that elucidates the 𝜙𝐿𝑛
𝐿  is the intrinsic quantum yield (𝜙𝐿𝑛

𝐿𝑛 ) that refers to the 

quantum yield once the emitting level of the Ln3+ ion is populated, and it can be expressed as the 
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radiative decay (𝑘𝑟𝑎𝑑) from the excited lanthanide to the non-radiative decay (𝑘𝑛𝑜𝑛−𝑟𝑎𝑑) as in 

Equation 1.4.4,28 

𝜙𝐿𝑛
𝐿𝑛 =

𝑘𝑟𝑎𝑑

𝑘𝑟𝑎𝑑+𝑘𝑛𝑜𝑛−𝑟𝑎𝑑
    Equation 1.4 

Furthermore, in luminescent compounds, the time-resolved luminescence reveals that emission 

intensity diminishes as a function of time after exposure of a pulsed excitation. Generally, the 

emission decreases following a monoexponential law with time. This emission decay 

corresponds to the observed deactivation rate constant of the excited state (𝑘𝑜𝑏𝑠). This constant is 

defined by the sum of the radiative rate constant and the non-radiative rate constant, Equation 

1.5. 

𝑘𝑜𝑏𝑠 = 𝑘𝑟𝑎𝑑 + 𝑘𝑛𝑜𝑛−𝑟𝑎𝑑    Equation 1.5 

Moreover, the deactivation rate constant can be expressed as lifetime, Equation 1.6. 

𝜏𝑜𝑏𝑠 = 1/𝑘𝑜𝑏𝑠    Equation 1.6 

Then, by combining Equations 1.4, 1.5 and 1.6, the relation of the intrinsic quantum yield with 

the observed and radiative lifetimes can be expressed as in Equation 1.7. 

𝜙𝐿𝑛
𝐿𝑛 =

𝜏𝑜𝑏𝑠

𝜏𝑟𝑎𝑑
    Equation 1.7 

For a luminescent lanthanide coordination compound, the overall quantum yield can be 

measured experimentally by means of a method that uses a well characterized reference. This 

method is time consuming, it needs a reference emitting in a similar range as the studied 

compound and it can only be measured in solution.29 The use of an integrating sphere equipped 

with a multichannel spectrometer permits the measurement of the quantum yield based in an 

absolute method.30 On the other hand, luminescence lifetimes can be measured with the time-

resolved phosphorescence mode exciting the sample with a pulsed lamp. With this equipment 

luminescence lifetimes lower than around 9 microseconds are not able to measure. To measure 

lifetimes lower than 9 microseconds other instrumentation equipped with single phonon counting 

spectrometer with microsecond pulse lamp as the excitation is needed.31 
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The sensitization efficiency as well as the intrinsic quantum yield and the radiative lifetime may 

be more difficult to estimate. However, for the special case of Eu3+, 𝜏𝑟𝑎𝑑 can be calculated 

through a simpler equation presented by Werst et al.32 and experimentally validated by other 

researchers.29,33,34 Due to the rare property of the pure magnetic dipole  transition of the Eu3+ ion 

(5D0→
7F1) which intensity is practically independent of the chemical environment, 𝜏𝑟𝑎𝑑 can be 

calculated with Equation 1.8. Then only the corrected emission spectrum of the europium 

compound is needed. It is important to use the corrected spectrum to take into account the 

sensitivity function of the detector.  

1

𝑡𝑟𝑎𝑑
= 𝐴𝑀𝐷,0  ∙ 𝑛

3 ∙ (
𝐼𝑇𝑂𝑇

𝐼𝑀𝐷
)    Equation 1.8 

In Equation 1.8, 𝐴𝑀𝐷,0 is a constant (14.65 cm-1), 𝑛 is the refractive index and 
𝐼𝑇𝑂𝑇

𝐼𝑀𝐷
 is the ratio 

between the total integrated area measured from the corrected Eu3+ emission spectrum (𝐼𝑇𝑂𝑇) to 

the integrated area of the pure magnetic dipole transition 5D0→
7F1 (𝐼𝑀𝐷). Once the 𝜏𝑟𝑎𝑑 value is 

obtained, the intrinsic quantum yield as well as the sensitization efficiency of the particular Eu3+ 

coordination compound is calculated. 

1.2.5 Emission of the trivalent lanthanide ions 

One of the most interesting features about trivalent lanthanide ions is that their emission is 

comprised in a wide spectral range of energies from the Visible to the near Infrared (nIR) range 

and as already commented, their characteristic narrow bands make each lanthanide’s spectrum 

unique. The trivalent lanthanide cations that can show luminescence are Ce3+, Pr3+, Nd3+, Sm3+, 

Eu3+, Tb3+, Dy3+, Ho3+, Er3+, Tm3+ and Yb3+. The La3+ and Lu3+ cations don’t show luminescence 

due to their electronic configuration. The La3+ doesn’t have electron occupation in the f orbital 

whereas it is fully occupied in Lu3+. Moreover, Gd3+ with a half-filled 4f configuration, shows 

the highest energy gap between the excited state (6P7/2 ~32,500 cm-1) and the ground state (8S7/2) 

among all the lanthanide(III). Sensitization of Gd3+ through organic chromophores does not take 

place because the excited state of the ligand molecules is usually found in an energy level lower 

than the 6P7/2 gadolinium’s+ excited state.  
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Compounds with Ce3+ can show strong emission in the blue range. In contrast to the rest of Ln3+ 

ions, this observed fluorescence is due to a transition between the 5d to the 4f orbital. Due to its 

symmetry allowed character, emission assigned to this transition is rather intense and because of 

the 5d participation in this emission, its appearance strongly depends on the coordination 

environment.35 

 

 
 

Figure 1. 5 Emission spectra of a) Tb3+ and Eu3+ in the visible range b) Dy3+ and Sm3+ in both, Visible 

and nIR range and c) Yb3+, Nd3+ and Er3+ in the nIR range. All the emission spectra have been obtained 

from compounds presented in this Thesis work. 

On the other hand, Tb3+ and Eu3+ cations are the lanthanides showing emission purely in the 

Visible range leading to green and red emission, respectively, Figure 1. 5a). Moreover, emission 

of Pr3+, Sm3+, Dy3+, Ho3+ and Tm3+ can occur both, in the Visible and in the nIR range. Emission 

spectra of Dy3+ and Sm3+ are shown in Figure 1. 5b). However, the emission of Pr3+ and Tm3+ is 

rather weak. To obtain luminescence spectra from these cations, first, the chromophore ligands 
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as well as the coordination environment, must be well design. On the other hand, Nd3+, Er3+ and 

Yb3+, emit in the nIR range, Figure 1. 5c).4,5 

The highest emission quantum yields are presented by Tb3+ and Eu3+ coordination compounds 

while concerning emission in the nIR, Yb3+ is the one showing better performance.23 

If the emission spectra are recorded at low temperatures, the hyperfine structure can be observed 

for each emission band and 2J+1 components generated due to crystal field perturbation (all of 

them or some of them depending on the symmetry point group around the Ln3+ centre) can be 

well discerned and structural information from the spectroscopic measurements can be obtained.  

Interestingly, coordination compounds containing the Gd3+ cation can be used to extract 

information about the excited energies of the chromophore ligands. Due to the heavy atom effect, 

the ISC between the S1 and T1 states of the ligand is favoured, making them easier to be 

observed. Then from the edge of the absorption spectrum of the Gd3+ compound, the energy of 

the lowest singlet S1 state can be extracted. Whereas the lowest lying triplet state T1 can be 

measured from the phosphorescence spectrum of the same Gd3+ sample at low temperatures (at 

liquid nitrogen, 77 K or lower). The 0-phonon transition in the phosphorescence spectrum is 

assigned to the T1 state, Figure 1. 2. By characterizing the S1 and T1 states of our system, we 

could know about the ISC effectiveness. Also, knowing the T1 state can provide information 

about back energy transfer as well as get insights into the sensitization mechanism of the 

considered system. These analyses can also be performed for the La3+ and Lu3+ or even Y3+ 

analogues. However, the difference on the ionic radius of La3+ and Lu3+, which are at each 

extreme of the lanthanide series, may induce different structural motifs compared to the 

coordination system in which we want to study the sensitization mechanism.16,36 

The rather long luminescence lifetimes as well as the narrow emission bands presented by Ln3+ 

coordination compounds, makes them good candidates to be used as biomedical sensors for 

biomedical imaging and sensitization, in bioanalytical applications, in electroluminescence 

devices, in photovoltaics, in telecommunications or in inks and security markings, among 

other.23,37-40  
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1.2.6 Chirality in lanthanide systems 

Chiral molecules exist as a pair of non-superimposable mirror-image isomers, also known as 

enantiomers. Usually, enantiomers possess identical physical and chemical properties except for 

how each enantiomer interacts with polarized light of other chiral molecules. Characterization of 

chirality is of great relevance in pharmaceutic industry.41 When it comes to characterize one 

enantiomeric compound, single crystal X-Ray diffraction is the absolute method to know the 

structure. Chiroptical spectroscopies such as Circular Dichroism (CD) and Circularly Polarized 

Luminescence (CPL) are convenient tools to study the compound’s optical activity. 

CD consists of a differential absorption (ΔA) of the left- and right-handed circularly polarized 

light. According to Beer’s law, ΔA can be expressed as in Equation 1.9. 

∆𝐴 = ∆𝜀 ∙ 𝑙 ∙ 𝐶𝑥    Equation 1.9 

Where ∆𝜀 is the molar extinction coefficient, 𝐶𝑥 is the concentration of the measured sample and 

𝑙 is the path length. A positive CD signal denotes that left-handed circularly polarized light is 

absorbed to a greater extent than the opposite and vice versa. A racemic sample shows no CD 

signal. CD spectroscopy gives chiroptical information on the ground state of the chiral sample. 

This spectroscopic technique allows the analysing of the secondary structure or the specific 

conformation of macromolecules such as proteins upon changes in the molecular environment, 

pH or temperature. Each chiral compound has its own chiral fingerprint. 

On the other hand, CPL spectroscopy is the emission analogue to CD as fluorescence is to 

absorption. It is a more sensitive chiroptical technique as it is able to reflect the changes in the 

proximal environment of the local chiral structure. It probes the excited-state properties of a 

chiral luminescent system by measuring the difference in emission intensities of the left and 

right-handed circularly polarized light emitted by the luminescent chiral sample. In the CD 

technique, it is necessary for the chiral compound to absorb at some wavelength within the UV-

Visible range. However, to measure CPL properties, the compound must not only induce 

chirality to the structure but also it must be luminescent. This implies designing chiral lanthanide 

coordination compounds showing efficient sensitization effect that can lead to Ln3+ emission.42 
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CPL properties are characterized by means of the dissymmetry factor (𝑔𝑙𝑢𝑚) with Equation 1.10.  

𝑔lum = 2
𝐼𝐿−𝐼𝑅

𝐼𝐿+𝐼𝑅
= 2

𝛥𝐼

𝐼
    Equation 1.10 

Where IL and IR are the left- and right- handed intensities of the circularly polarized 

light of the chiral luminescent sample. A 𝑔𝑙𝑢𝑚 of 0 indicates no circular polarized 

emission while the maximum value of 𝑔lum yields 2. 

Furthermore, the sign and magnitude of CPL optical activity is governed by the 

rotatory strength (𝑅𝑖𝑗) of an i→j transition, Equation 1.11. 

𝑅𝑖𝑗 = |𝜇𝑖𝑗||𝑚𝑖𝑗|𝑐𝑜𝑠𝜃𝑖𝑗    Equation 1.11 

Where 𝜇𝑖𝑗 and 𝑚𝑖𝑗 are the electric-dipole (ED) and magnetic-dipole (MD) transition 

vectors, respectively, and 𝜃𝑖𝑗 is the angle between 𝜇𝑖𝑗 and 𝑚𝑖𝑗 vectors. 

Now, as mentioned before (Section 1.2.1), f-f transitions are electrical dipole forbidden 

transitions resulting in 𝑅𝑖𝑗=0. However, the ED transitions become less prohibited due 

to coupling mechanism when an asymmetric environment is applied around the 

emitting Ln3+ ion. When the Ln3+ is coordinated to ligand molecules conferring a 

distorted crystal field, the interconfigurational mixing of the 4f and 5d orbitals provides 

odd-parity interactions leading to the lanthanide transitions less prohibited, therefore 

𝑅𝑖𝑗 would become non-zero. Let remember that the majority of Ln3+ emission 

transitions are predominantly of ED nature except of 5D0→
7F1 transition of the Eu3+ 

cation which is of purely MD nature. 

The relationship between 𝑅𝑖𝑗 and 𝑔lum of a i→j transition can be represented by 

Equation 1.12. 

𝑔lum = 4
𝑅𝑖𝑗

𝐷𝑖𝑗
= 4

|𝜇𝑖𝑗||𝑚𝑖𝑗|

|𝜇𝑖𝑗|
2
+|𝑚𝑖𝑗|

2 𝑐𝑜𝑠𝜃𝑖𝑗 = 4
|𝑚𝑖𝑗|

|𝜇𝑖𝑗|
𝑐𝑜𝑠𝜃𝑖𝑗     Equation 1.12 
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Dij accounts for the dipole strength of the transition which is defined as 𝐷𝑖𝑗 = |𝜇𝑖𝑗|
2
+

|𝑚𝑖𝑗|
2
. Assuming that the total CPL intensities are attributed to transitions with 

predominantly electric dipole interaction mechanisms, we could do the approximation 

of 𝐷𝑖𝑗 to  |𝜇𝑖𝑗|
2
.43 

Consequently, the mathematical expression of 𝑔lum implies that transitions allowed by 

magnetic dipole but forbidden by electric dipole will result in larger values of 𝑔𝑙𝑢𝑚. 

This is the case of chiral Eu3+ compounds presenting CPL properties, where the highest 

𝑔lum value is generally assigned to the MD 5D0→
7F1 transition. Whereas transitions 

allowed by both magnetic and electric dipole mechanisms are likely to generate high 

CPL intensities. 

Most chiral organic fluorophores have high fluorescence quantum yields, however they 

generally exhibit low 𝑔lum (<10-2) values because emission in those systems is 

governed by ED transitions.44 Whereas for europium(III) compounds, 𝑔lum up to +1.38 

(in chloroform solution) has been observed for the MD 5D0→
7F1 transition.45  

In lanthanide coordination compounds the highest 𝑔lum values are observed for the 

Eu3+ compounds but CPL properties are also studied for compounds containing Sm3+, 

Tb3+ and Dy3+.46-48 Moreover, CPL properties have been measured in solution for the 

Yb3+ nIR emitter in the 900-1040 nm range and the highest |𝑔lum| values reported in 

the literature are 0.38 and 0.31 for an Yb3+ enantiomeric pair with formula [CsYb((+/-

)-hfbc)4], where hfbc is the 3-heptafluorobutylyryl camphorate.49 

Moreover, in CPL spectroscopy just as in luminescence spectra, the splitting of each J 

level due to crystal field perturbation can be differentiated. For instance, in CPL 

spectrum of a chiral Eu3+ coordination compound, the band assigned to 5D0→
7F1 

transition can split into a maximum of 2J+1 components (-1, 0, +1). If the three 

components are differentiated in such compounds, each one might present opposite 

sign. This feature make luminescence chiral compounds very interesting for application 

as sensors in molecular recognition50 In addition, chiral lanthanide(III) coordination 



1. Introduction 

 
 

 

30 

compounds are of great current interest for other applications such as Circularly 

Polarized organic light-emitting diodes (CP-OLEDs)51 and anti-counterfeiting 

devices.52 

Generally, the obtention of these chiral coordination compounds, can be achieved through 

several synthetic strategies in coordination chemistry: 

i) Disruption of Symmetry: Chirality can be induced by disrupting the symmetry of the 

coordination complex. This can be achieved by using asymmetric ligands or creating steric 

hindrance, leading to a non-symmetric arrangement around the metal center. 

ii) Chiral Induction: Chiral induction involves using a chiral environment, such as chiral solvents 

or catalysts, to influence the formation of a chiral complex. The chiral surroundings guide the 

complex to favor one enantiomer over the other through non-covalent interactions. 

iii) Addition of a Chiral Ligand: The most straightforward method to induce chirality is by 

incorporating chiral ligands into the coordination sphere of the metal center. Chiral ligands are 

molecules that possess inherent chirality, such as those with asymmetric carbon atoms or chiral 

centers. When these ligands coordinate to the metal, they induce their chirality to the entire 

complex. Examples of chiral ligands include chiral phosphines, amines, and carboxylates. This 

synthetic strategy is the one considered in the presented work, specifically using chiral 

carboxylates as ligands. Moreover, to increase and ensure good luminescence properties, an extra 

non-chiral chromophore ligand can be added to the final system. It will provide with good 

sensitization efficiency to the emitting trivalent lanthanide ion. 

Finally, the vast majority of CPL reports of lanthanide compounds are measured for 

mononuclear Eu3+ complexes, while it is more rarely investigated for complexes with higher 

nuclearity, such as binuclear helicates53 or trinuclear,54 heptanuclear55 as well as in polymeric56 

systems. Most of these measurements are found in solution while CPL properties measured in 

the polycrystalline samples remain rare. However, for these compounds to be used in chiral 

materials or as part of OLED devices, the CPL properties should remain in the solid state. 
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1.2.7 Organic Light-Emitting diode (OLED) devices 

A very interesting application of luminescent lanthanide compounds is to use their characteristic 

luminescence properties into the emissive layers of Organic Light-Emitting diode (OLED) 

devices. An OLED device is a display that emits light after the application of a potential 

difference thus it is based in the electroluminescence phenomenon. This emission light comes 

from an organic light-emitting material that is packed between the two electrodes (anode and 

cathode). The research on highly emissive compounds for OLED devices has been focused on 

pure organic dyes and transition-metal complexes owing to the suitable emission properties for 

optoelectronic modulation. However, emission spectra of these organic dyes and transition metal 

complexes present broad bands due to their complex electronic transitions. The broader nature of 

the emission bands excludes most of these complexes into the research of high-definition 

displays with narrow emission bands and high color purity. Nevertheless, luminescence 

compounds containing trivalent lanthanide cations are well characterized by its sharp bands from 

the f-f transitions and so, phosphors with high color purity emission can be obtained.23 

To improve charge carrier transport, additional layers are added to the emissive layer. The 

components resulting in an OLED device are depicted in Figure 1. 6. The different layers are 

comprised between the anode (bottom) and the cathode (top). The bias voltage is applied 

between the anode and cathode, then holes are injected from the anode and transported in the 

hole transport layer (HTL) whereas electrons are provided in the cathode and transported in the 

electron transport layer (ETL). The charge carriers (electrons and holes) meet at the emissive 

layer and recombine, exciting the emissive layer material leading to electroluminescence. 

Moreover, a hole injection layer (HIL) between the anode substrate and the HTL, and an electron 

injection layer (EIL) between the cathode substrate and the ETL can be added to improve hole 

and electron injection. At least one electrode should be transparent for visible light. In most 

cases, indium tin oxide (ITO) is used as transparent anode. Generally, the layers are added one 

on top of the other to mount the device, by thermal evaporation or spin coating. In thermal 

evaporation, the material should be thermally stable and volatile while in spin coating, solubility 

of the compound is more important.  
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Figure 1. 6 Layer sequence in an OLED device 

In Section 2.3 of Chapter 2 of this work, two OLED devices are prepared from two different 

lanthanide coordination compounds containing Europium and Ytterbium respectively.  

The OLED’s optoelectrical characteristics are measured by three basic parameters: 

i) Drive voltage (V) which is the threshold voltage at a luminance of 1 cd m-2. It is commonly 

defined as the turn-on voltage which is the voltage applied to the OLED device to power them. 

ii) Current density (mA cm-2) 

iii) Luminance (cd m-2): which is defined as the intensity of light emitted from a surface per unit 

area in each direction. Thus, luminance is an indicator of how bright the surface will appear. For 

computer screens and fluorescent lamps, 100 and 1000 cd m-2 are regarded as suitable levels of 

luminance for practical display and lighting, respectively. 

Then the electro-optical conversion efficiency of OLEDs is determined by: 

i) Current efficiency (CE, ηA) defined as the ratio of luminance to current. 

ii) Power efficiency (PE, ηP) defined as the ratio of luminance to electrical power. 

iii) External quantum efficiency (EQE, ηE) defined as the ratio of photons out of the device to the 

number of injected electrons.57 
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1.3 Molecular magnetism 

1.3.1 Magnetism and Curie Law 

Molecular magnetism studies how a molecule (for instance a radical or a metal) interacts with an 

external magnetic field to generate the sates described by the Zeeman Hamiltonian.58 The applied 

magnetic field in which researchers work to study the molecular magnetism properties of a 

substance is low, of the order of cm-1, therefore only the states derived from the electronic 

ground term are studied. The ground state population closely depends on temperature and 

Boltzmann distribution.  

When an external magnetic field (�⃗⃗� ) is applied to a substance containing unpaired electrons, the 

magnetic field measured inside the sample is different from the free magnetic field. This is 

known as magnetic induction (�⃗� ), Equation 1.13: 

�⃗� = �⃗⃗� + 𝛥�⃗⃗�      Equation 1.13 

The variation in the �⃗⃗�  is produced because of the magnetization (�⃗⃗� ) of the sample which 

accounts to the magnetic moment density (μ) oriented with �⃗⃗� . The complete orientation of the 

magnetic moments of the molecule, in some cases, can be observed at low temperatures. At 

higher temperatures, the thermal energy tends to oppose the coherence between the orientations 

of the magnetic moments, Equation 1.14. 

�⃗� = �⃗⃗� + 4𝜋�⃗⃗�     Equation 1.14 

A diamagnetic compound where all electrons (of the inner and valence shell) are paired will 

repel the external magnetic field whereas a paramagnetic compound, which contains unpaired 

electrons in the valence shell, will be attracted by the external magnetic field. In the 

paramagnetic sample, the unpaired electrons will align parallel to and in the same direction as �⃗⃗�  

making �⃗� >�⃗⃗� . 

In molecular magnetism, the magnetic susceptibility parameter (χ) is commonly used. It relates 

the variation of the magnetization of the sample with the applied magnetic field. Under 
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conditions of rather low magnetic fields and low temperatures, χ can be defined as in Equation 

1.15. 

𝜒 =
�⃗⃗� 

�⃗⃗� 
    Equation 1.15 

In molecular magnetism, the molar magnetic susceptibility (χM) is commonly used, and it is 

defined as in Equation 1.16: 

𝜒
𝑀
= 𝜒𝑊𝑀

𝜌
    Equation 1.16 

Where 𝑊𝑀 is the molecular weight of the sample (g‧mol-1) and 𝜌 accounts to the density in 

(g‧cm-3). Thus, the 𝜒𝑀 units are cm3mol-1. 

Furthermore, due to the unpaired electrons found in the inner shell of the atoms, a sample with 

unpaired electrons always will exhibit a certain diamagnetic character. Thus, the total measured 

susceptibility corresponds to the sum of both, diamagnetic and paramagnetic contributions. The 

diamagnetic contribution always has a negative value, whereas the paramagnetic contribution 

implies positive values. Therefore, when the susceptibility of a paramagnetic sample is 

calculated, the diamagnetic contribution is neglected, Equation 1.17. 

𝜒𝑃𝑎𝑟𝑎 = 𝜒𝑀𝑒𝑎𝑠 − 𝜒𝐷𝑖𝑎    Equation 1.17 

Diamagnetic of each atom contained in the measured sample can be calculated from the Pascal 

tables59 though it is a time-consuming process. Otherwise, an approximation can be obtained 

with Equation 1.18.58 

𝜒𝐷𝑖𝑎 = −
𝑊𝑀

2
10−6    Equation 1.18 

Following to that, Curie’s law describes magnetic susceptibility values for a considered isolated 

metal under the external magnetic field application (�⃗⃗� ) and at relatively high temperatures. 

Curie’s law defines magnetic susceptibility as in Equation 1.19: 
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𝜒 =
𝑀

𝐻
=
𝑁 𝑔2 𝜇𝛽

2

4𝑘𝐵𝑇
    Equation 1.19 

Thus, molar magnetic susceptibility can be described as in Equation 1.20: 

𝜒𝑀 =
𝑀

𝐻
=
𝑁 𝑔2 𝜇𝛽

2

4𝑘𝐵𝑇
∙
𝑊𝑀

𝜌
    Equation 1.20 

Where 𝑁 refers to Avogadro’s number, μB is the absolute value of the magnetic moment of the z-

component of a free ion (Bohr magneton) and 𝑘𝐵  is the Boltzmann constant equal to 0.695 cm-

1K-1. 

It is of a common practice among researchers in the field of molecular magnetism to represent 

the temperature dependence of 𝜒𝑀 as the product of 𝜒𝑀𝑇, therefore Curie’s law is described as in 

Equation 1.21: 

𝜒𝑀𝑇 =
𝑁 𝑔2 𝜇𝛽

2

4𝑘𝐵
∙
𝑊𝑀

𝜌
    Equation 1.21 

The above value of 𝜒𝑀𝑇 can be applied, using the Brillouin formula for magnetization, to 

compounds with transition metals that have an energy term with a zero-orbital component (L=0). 

For these compounds the magnetic moment is then described by the molecule’s spin moment (S), 

Equation 1.22. 

𝜒𝑀𝑇 =
𝑁 𝑔2 𝜇𝛽

2

3𝑘𝐵
∙
𝑊𝑀

𝜌
∙ 𝑆(𝑆 + 1)    Equation 1.22 

In contrast, due to the non-quenched L moment of lanthanide ions, magnetism of these ions is 

influenced by both, the spin magnetic moment (S) and the orbital magnetic moment (L≠0). 

Hence, for a free Ln3+ ion, the Curie law takes the following form, Equation 1.23: 

𝜒𝑀𝑇 =
𝑁 𝑔𝐽

2 𝜇𝛽
2

3𝑘𝐵
∙
𝑊𝑀

𝜌
∙ 𝐽(𝐽 + 1)    Equation 1.23 

Where Landé’s g-factor is described as in Equation 1.24: 
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𝑔𝐽 =
3

2
+
𝑆(𝑆+1)−𝐿(𝐿+1)

2𝐽(𝐽+1)
    Equation 1.24 

Then, by using the above Equations (Equation 1.23 and Equation1.24), the values of χMT and gJ 

can be obtained and they are listed in Table 1. 1 for all lanthanide(III) cations. As already 

discussed, in Ln3+ ions the Spin-Orbit coupling effect is more important than the ligand field 

effect to determine the electronic configuration. Hence, the impact of ligand field on the static 

magnetic properties in lanthanide compounds is noticeable only at low temperatures, down to 2 

K. At low temperatures, the thermal energy is reduced and the excited states (mj) are not 

populated. Besides, at room temperature, the experimental χMT values of coordination 

compounds typically match the tabulated ones. This is because the excited mj states are 

populated, then the Ln3+ is allowed to be treated as if it was isolated from the coordinating 

ligands.60 The comparison of experimental χMT values to the calculated ones can confirm the 

Ln3+ composition of the studied sample, such as oxidation state, presence of other spin carriers, 

number of spin carriers, etc.  

As seen in Table 1. 1, the experimental MT values for the Eu3+ ion are higher than the 0 value 

expected for a free ion. This is because Eu3+ has a rather small spin-orbit coupling parameter (λ) 

(around 300 cm-1) between the 7F(0-1) states. Then, at room temperature the higher energy 7FJ 

states closer to the ground state are thermally populated (mainly the 7F1 state) leading to a MT 

value different from 0. A similar effect happens to the Sm3+ cation for which the experimental 

MT value at room temperature is higher than the 0.09 cm3mol-1K calculated for a free ion. For a 

Sm3+ ion, the 6H ground state is split due to spin-orbit coupling by 6HJ=5/2-15/2 with a λ parameter 

around 200 cm-1. Therefore, at room temperature, the excited 6HJ states are also thermally 

populated leading to a higher value of MT.61 
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Table 1. 1 Compilation of electronic configuration, spectroscopic ground term, gJ and calculated and 

experimental room temperature magnetic susceptibility for isolated trivalent lanthanide ions. 

Ln3+ Configuration Ground 

state 

gJ χTcalc 

(emu mol-1K) 

χTexp 

(emu mol-1K) 

Ce f1 2F5/2 6/7 0.8 0.66–0.78 

Pr f2 3H4 4/5 1.6 1.45–1.62 

Nd f3 4I9/2 8/11 1.64 1.45–1.53 

Pm f4 5I4 3/5 0.9 1.05 

Sm f5 6H5/2 2/7 0.09 0.32 

Eu f6 7F0 — — 1.53 

Gd f7 8S7/2 2 7.88 7.61–7.80 

Tb f8 7F6 3/2 11.82 11.76–12.01 

Dy f9 6H15/2 4/3 14.17 13.01–14.05 

Ho f10 5I8 5/4 14.07 13.26–13.78 

Er f11 4I15/2 6/5 11.48 11.05–11.28 

Tm f12 3H6 7/6 7.15 7.03 

Yb f13 2F7/2 8.7 2.57 2.53 

 

1.3.2 Single Molecule Magnets (SMMs) 

A Single Molecule Magnet (SMM) is an isolated molecule system that below a certain 

temperature is able to keep the magnetization, temporally. Under application of the oscillating 

magnetic field, the ground state magnetic moment aligns into one of the possible directions: α or 

β (up-spin state or down-spin state). These are bistable states of equal energy but to switch the 

magnetic moment from one direction to the other, the systems need to surpass an energy barrier 

(ΔE). The value of ΔE corresponds to the energy difference between the excited and ground 

states. For a SMM molecule found at a low enough temperature, the magnetic moment will 

retain its orientation (for a concrete period of time) once the applied magnetic field is removed, 

due to the energy barrier. The energy barrier prevents reorientation towards the other bistable 

state and thus forces the spin to relax slower to the equilibrium state presenting slow relaxation 

of the magnetization, Figure 1. 7. It is crucial to understand that the SMM behaviour is an 

intrinsic property of the molecule itself, therefore each molecule unit can be considered as one 

magnet.60 Moreover, the SMM behaviour is only present below a certain temperature called the 

blocking temperature (TB). This temperature is defined as the highest temperature at which the 



1. Introduction 

 
 

 

38 

system presents a hysteresis cycle, in plots of magnetization vs magnetic field. Thus, for a SMM 

system, a saturation magnetization and coercive field (Hc), in principle, should be also described. 

Open hysteresis loops up to 80 K had been reported for a Dy3+ compound62 with a molecular 

formula of [(CpiPr5)Dy(Cp*)]+, where CpiPr5 is penta-iso-propylcyclopentadienyl and Cp* is 

pentamethylcyclopentadienyl. However, the large predominance of Quantum Tunnelling effect 

(presented hereafter) in most Ln-SMM systems lead to butterfly-shaped hysteresis cycles.63 

Additionally, it has been observed that TB strongly depends on the sweep rate of the magnetic 

field when measuring the hysteresis loop. Consequently, TB and Hc are generally less used to 

characterize Ln based SMM systems.64 

SMM compounds are of significant interest for their potential applications in quantum 

computing65, high-density memory storage66 and spintronics,67 among other fields, because a 

single molecule can act as one bit. However, due to their low temperatures and fast time scale in 

which slow relaxation is observed for these SMM systems, its applications are actually rather 

limited.  

 

Figure 1. 7 Graphical approximation of potential energy as a function of the ms quantum number of the 

Mn12 system.68 The red arrow represents spin of the magnetic moment. 

For a molecule containing transition metals two criteria are necessary to present a significant 

energy barrier between the two ground state spin configurations (α and β) and, consequently, to 

show SMM behaviour. First, the molecule should present a large overall ground spin state (S), 

which in transition metal compounds the S value can be increased by designing compounds with 

ferromagnetically coupled metal centres. The second requisite is to present axial magnetic 
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anisotropy which can be provided by inducing the adequate ligand field geometry around the 

transition metal centres. The latter is represented with the zero-field splitting parameter (D). In 

this context, the energy barrier can be calculated from Equations 1.25 for an integer and 

Equation 1.26 for a non-integer S value. 

∆𝐸 = |𝐷|𝑆2    Equation 1.25 

∆𝐸 = |𝐷|(𝑆2 − 1/2)    Equation 1.26 

The first molecular system in which SMM behaviour was observed is a mixed valence 

dodecanuclear manganese (Mn3+ and Mn4+) cluster with formula [Mn12O12(CH3COO)16(H2O)4] 

reported in 199368 and previously synthesized in 1980.69 This system is well known in the 

molecular magnetism community as Mn12 or Mn12acac. Mn12 presented an energy barrier 

between the S=±10 ground state (Ms=2S+1) of 51 cm-1 and a zero-field splitting parameter of 

D=-0.51. With this starting point, over the last three decades, the research for new molecules 

with SMM properties has expanded. Numerous complexes with SMM behaviour, based on other 

transition metals such as Vanadium, Iron, Cobalt and Nickel ions have been discovered, along 

with other numerous complexes containing Manganese cations.70 

In contrast to transition metal compounds, the 4f orbitals in trivalent lanthanide ions exhibit 

strong angular dependence because the 4f electrons are shielded by the full occupied 5s2 and 5p6 

orbitals, hence the interaction between the lanthanide ion and the donor atoms can be considered 

as electrostatic in nature. Consequently, Ln3+ ions (with the exception of Gd3+, 4f7 and Lu3+, 4f14) 

display significant unquenched orbital angular momentum (L≠0) and strong spin-orbit coupling 

in a ligand field. This results in strong single-ion anisotropies, leading to Single Molecule 

Magnet behaviour in mononuclear Ln3+ coordination complexes, known as Single Ion Magnets 

(SIM).71 

The first Ln-based SIM was isolated by N. Ishikawa et al.72 who designed a mononuclear 

phthalocyaninato-based double-decker complex of formula [TbPc2]
- (Pc=phthalocyanine) in 

2003. Since then, the most studied trivalent lanthanide ions showing SMM behaviour, within the 

4f series, are complexes containing Tb3+, Dy3+ and Er3+ due to the large ground state magnetic 

moment and magnetic anisotropy that these cations present.4,73-76 However, other less studied 
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lanthanides such as Ce3+, Nd3+, Ho3+, Tm3+ and Yb3+ are gaining importance and the slow 

relaxation of the magnetization of these compounds is also under study.77,78 

Experimentally, SMM behaviour at low temperatures can be observed through various 

measurement techniques. One is in zero-field-cooled (ZFC) and field-cooled (FC) magnetization 

measurements. Divergence between the measured curves might indicate slow relaxation of the 

magnetization. Additionally, the presence of hysteresis loop in magnetization response to an 

external magnetic field should be necessary to have a real SMM. Furthermore, SMM also exhibit 

frequency and temperature dependence of the in-phase (χM’) and out-of-phase (χM’’) components 

of magnetic susceptibility measured under an alternating current (ac) magnetic field. At low 

temperatures, magnetization of a SMM molecule cannot remain in phase with the oscillating 

magnetic field, then response of the χM’’ with temperature and frequency is observed. The latter 

method is the most usual when studying slow relaxation of the magnetization in a molecule, and 

the measurements are performed with a SQUID (Superconducting Quantum Interference Device) 

instrument which can measure magnetization and magnetic susceptibility from room temperature 

down to liquid helium (2 K) temperature. 

1.3.3 Alternating current magnetic susceptibility studies 

Alternating current (ac) magnetic susceptibility studies provide us information about the spin 

dynamics of the sample under an alternating magnetic field. With the appropriate treatment of 

magnetic data, information about relaxation of the magnetization of the molecule showing SMM 

behaviour can be extracted. This measurement consists of applying an alternating magnetic field 

at different oscillating frequencies in the specific temperature range. If a compound exhibits slow 

relaxation of the magnetization within a certain temperature range, the rate at which the spin 

transitions from the α to the β state, will be comparable to or match the oscillating frequency of 

the ac magnetic field. When this happens, the out-of-phase component of the magnetic 

susceptibility (χM’’) will show a maximum. This maximum corresponds to the frequency at 

which the spin is no longer able to follow the oscillations of the ac field because it is being 

retained in a particular state due to its magnet characteristics. The maximum move to higher 

temperatures on increasing the frequency, Figure 1. 8b). On the contrary, at this point, there will 

be fewer spins following the oscillating magnetic field, and therefore the in-phase component 
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(χM’) of the magnetic susceptibility should decline at the temperatures in which maxima of χM’’ 

appear, Figure 1. 8a). 

 
Figure 1. 8 In phase (a) and out-of-phase (b) magnetic susceptibility components with Temperature 

plotsof a Dy3+ SMM. The measurements are from compound 4-Dy presented in Chapter 2. 

When a magnet molecule is subjected to an oscillating magnetic field, it can undergo various 

relaxation mechanisms to return to the equilibrium state. The magnetic moment can relax via 

energy exchanges between the magnetic moment of the electrons in the paramagnetic ions and 

the vibrations of the structural lattice in which they are placed, known as spin-lattice relaxation. 

To understand this interaction, it is important to recognize that the magnetic system comprises 

two components, the spin system which is formed by the magnetic moments of the electrons and 

the lattice system, which refers to the vibrational energy of the lattice, described as phonon 

radiation. These two systems are typically in thermal equilibrium. When an oscillating magnetic 

field is applied to the sample, the equilibrium is disturbed. This causes energy exchanges 

between the spin system and the lattice system. This energy transfer may proceed through 

different mechanism with different relaxation times of the magnetization (τ).79 The relaxation 

processes are presented below and a simplified Scheme describing these mechanisms is depicted 

in Figure 1. 9. 
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Figure 1. 9 Scheme representing the relaxation of the magnetization mechanisms between ±mj states of a 

Ln3+ ground state 

The Orbach mechanism describes relaxation of the magnetization through the entire energy 

barrier from one of the ±mj ground states passing through the highest in energy excited mj state 

and relaxing to either of the ground ±mj states. It involves absorption and emission of two 

phonons. This process is described with Equation 1.27. It follows an Arrhenius law, from which 

the anisotropy barrier (ΔE) (representing the energy required for the spin to reorient to its 

equilibrium state) can be determined. Since the spin must overcome this energy barrier to pass 

from the ground state to the excited state, it needs sufficient energy for this process to occur. 

Consequently, the Orbach mechanism predominates at higher temperatures. Traditionally, 

relaxation of the magnetization times dependence with temperature is represented as ln(𝜏) vs T-1 

semi-log curves. This is because on applying the logarithmic function in the obtained 𝜏 values, 

Equation 1.27 is linearized. Thus, a system relaxing through the Orbach process should follow a 

linear trend of ln(𝜏) vs T-1 along all the temperature range. However, a lack of axial symmetry 

around the lanthanide ion can add rhombic contributions to the ground and excited ±mj states, 

leading to mixed states. Moreover, hyperfine coupling between the electronic spin and the 

nuclear spin as well as intermolecular interactions can also generate admixed states. The lack of 

pure mj states along with lack of well differentiated energy between the ground and excited mj 

levels may produce relaxation of the magnetization occur through underbarrier processes. In the 

ln(𝜏) vs T-1 plots, this is observed as a deviation of the linearity, generally on cooling the sample. 
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In Ln3+ based SMMs this deviation in the linear trend accounts to QTM (explained hereafter) 

when the ln(𝜏) vs T-1 curve reaches a plateau. In other cases, 𝜏 clearly show dependence with T, 

nonetheless the linear trend is somehow followed in few experimental points. Moreover, in this 

second case the extracted 𝛥𝐸 values become very low. This suggests that relaxation of the 

magnetization in the system is not dominated by the Orbach process, and other mechanisms 

should be considered.80 

𝜏−1 = 𝜏0
−1exp (

𝛥𝐸

𝑘𝐵
)    Equation 1.27 

In the Direct process, the spin system emits or absorbs a single lattice phonon that has the same 

energy as the energy between the α and β states, allowing the spin to change its configuration 

without needing to surpass the energy barrier between the states. This process takes place when 

an external direct current (dc) magnetic field is applied to the sample and breaks the degeneracy 

between the ±mj doublets. The relaxation time rate derived from this mechanism depend on the 

applied dc field (H) and the temperature (T) as in Equation 1.28. 

𝜏−1 = 𝐴𝐻𝑚𝑇    Equation 1.28 

A is an adjustable parameter whereas m equals 2 for non-Kramer ions (even number of unpaired 

electrons in the valence shell) or 4 for Kramer ions (odd number of unpaired electrons in the 

valence shell).  

The Raman process, which strongly depends on temperature, is a mechanism that involves two 

phonons. However, phonon absorption and emission doesn’t take place through a real mj excited 

state as in the Orbach mechanism, but it involves a virtual excited state with energy smaller than 

the Debye temperature. A virtual state is understood as a spin state which no longer is an 

eigenstate of the total system, including spin and phonons. In this scenario, external 

perturbations, such as phonons, can cause slight mixing of all ±mj doublets of the system.81 If 

relaxation of the magnetization takes place via the Raman mechanism, 𝜏 will follow Equation 

1.29. 

𝜏−1 = 𝐶𝑇𝑛    Equation 1.29 
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Where C is and adjustable parameter and n corresponds to 7 for non-Kramer ions and 9 for 

Kramer ions. However, experimentally the n parameter is also used as an adjustable parameter. 

Given that magnetization relaxation is taking place at very low temperatures, it is possible that in 

the spin-lattice exchange there is contribution of lower-energy phonons. In such cases, there may 

not be enough phonons available with the matching energies to effectively exchange with the 

spin. In these situations, the n value may yield smaller values, in the range of 1-6.81 

Moreover, another proposed spin-lattice relaxation mechanism is the Local mode, referred to a 

thermally dependent process which considers that the spin relaxation goes through a higher 

energy state that is a local vibration from the same mj ground state. The Local mode mechanism 

follows Equation 1.30 where Δloc can be extracted and is referred to the local mode energy 

(discrete vibrations of the molecule) (cm-1).82 𝐴𝑙𝑜𝑐 is a constant that is related to the amplitude of 

the mode that is activated in the relaxation process. Moreover, Δloc can be experimentally 

assigned from vibrational spectroscopic techniques.83,84 

𝜏−1 = 𝐴𝑙𝑜𝑐

(

 
 𝑒

−
∆𝑙𝑜𝑐
𝑘𝐵𝑇

(𝑒
−
∆𝑙𝑜𝑐
𝑘𝐵𝑇−1)

2

)

 
 

         Equation 1.30 

It is important to consider that significant care must be taken when fitting τ vs T data with the 

different relaxation of the magnetization mechanisms due to over parametrization when using 

such equations. 

On the other hand, after exposure of the oscillating magnetic field, the magnetic moment of a 

molecular magnet can also relax trough a mechanism of a quantum nature, the Quantum 

Tunnelling of Magnetization (QTM). This mechanism takes place between the ground state ±mj 

doublets. This relaxation process is fast and temperature independent, thus diminish relaxation of 

the magnetization times. It only shows dependence with an applied dc magnetic field. Therefore, 

reduction of this effect can be directed when applying an external dc magnetic field because it 

slightly perturbs the energy of the degenerate ±mj doublets. As mentioned before, this 

mechanism might appear because of transverse anisotropy caused by distortions of the axial 
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symmetry around the ion. In addition, the presence of hyperfine interactions between 4f electrons 

and the nuclear spin and the dipole-dipole interactions between different molecules also 

contributes to facilitate an efficient QTM relaxation path. Moreover, QTM relaxation mechanism 

can also occur between non-ground states of equal energy. Then this process is known as 

Thermally Activated Quantum Tunnelling of Magnetization (TA-QTM).73 This mechanism is 

quite common in Ln3+ complexes in contrast to polynuclear transition metal compounds where is 

less dominating due to the strong magnetic exchange coupling interactions between the metal 

centres. 

Generally, Direct, Raman and QTM mechanism become more prominent at lower temperatures 

and oppose to the Orbach mechanism. This effect may lead to a considerable reduction of the 

effective energy barrier of the orientation inversion of the magnetic moment. Therefore, to 

achieve compounds presenting good SMM properties with large energy barriers, the QTM, in 

principle, should be suppressed. Reduction of the underbarrier mechanism, especially the fast 

QTM, could be acquired by providing the Ln3+ ion with the suitable ligand field to stabilize the 

±mj doublet with the highest value as the ground state. A high magnetic moment is maintained at 

temperatures where only the ground state is significantly populated when the highest value of 

±mj ground state is populated. Additionally, the application of an external dc magnetic field and 

diluting the sample by co-crystallizing the diamagnetic analogues (Zn2+, Y3+ or La3+) might 

reduce quenching of slow relaxation of the magnetization by the QTM process.85 

1.3.4 Trivalent lanthanide Magnetism and Ligand Field 

Rinehard and Long et al.71 proposed a model to predict which ligand design around the metal 

would generate stronger magnetic anisotropy for a series of trivalent lanthanide ions, thus 

obtaining Ln3+ compounds with improved SMM performance. The ±mj ground state should 

possess a well-defined state with the highest possible absolute value. Moreover, the energetic 

separation between ±mj and ±mj±1 states need to be as high as possible to obtain high ΔE values. 

The axiality of the Ln3+ ions can be potentiated taking into account the charge distribution in the 

J ground state of the free ion which can be of oblate, prolate or spherical shape, based on their 

quadrupole moment. 
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The lanthanides with oblate electron distribution in the ground state are Ce3+, Pr3+, Nd3+, Tb3+, 

Dy3+ and Ho3+. Whereas the lanthanide cations exhibiting prolate charge distribution are Pm3+, 

Sm3+, Eu3+, Er3+, Tm3+ and Yb3+. Designing a magnet molecule, predicting the necessary crystal 

field that would lead to stronger easy-axis anisotropy, it can be easier if the shape of the J ground 

state charge cloud in the Ln3+ cation is considered. 

The ligand distribution should be designed in order to minimize the repulsive contacts between 

4f electron charge cloud and the electron density from the ligand donor atoms. In an oblate 

distribution, the negative charge is concentrated in the equatorial plane while the negative charge 

cloud is distributed along the axial plane for a prolate charge distribution, Figure 1. 10a). 

 

Figure 1. 10 a) Quadrupole approximation of the 4f electron distribution of J ground state of the Ln3+ 

series. Europium(III) is not depicted due to its J=0 ground state b) Scheme of the low-energy 

configuration of the f orbital electron density with respect to the crystal field environment for a 4f ion with 

oblate (right) and prolate (left) charge distribution in the ground J state. 

Therefore, to provide with stronger magnetic anisotropy in a Ln3+ with oblate ground state, the 

donor atoms from the ligand, with greatest electronic density should coordinate in the axial 

positions. Generally, the atoms with higher electron density will form shorter Ln-X bond 

distances, where X is the donor atom. The anisotropy axis will point to the donor atoms with 

higher electron density. Whereas, for a Ln3+ with prolate ground state, the donor atoms from the 

ligand showing greatest electron density should coordinate at equatorial positions to achieve 

axial anisotropy. In the latter case, the anisotropy axis lies perpendicular to the plane where the 

donor atoms with greatest electron density are located, Figure 1. 10b).71 
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However, control of the coordination geometry and coordination number of Ln3+ might become a 

difficult task. Due to the relatively large electronic radius that trivalent lanthanides present, the 

coordination compounds derived from these metals exhibit large coordination numbers 

(generally higher than 8).  

1.3.5 Treatment of alternating current (ac) magnetic data 

 
Figure 1. 11 Scheme of a Cole-Cole plot for a) a single relaxation of the magnetization process with one 

time constant b) with distribution of relaxation of the magnetization times c) with two processes with two 

times constants for each process and d) two processes with distribution of relaxation times. 

Alternating current magnetic data, χM’ and χM’’ with temperature and frequency generally are 

treated with the Debye model. This model allows the study of ac magnetic susceptibility (χAC) as 

a function of the oscillating frequency. If a molecule relaxes by a single relaxation process with a 

single relaxation time, for fixed values of magnetic field (H) and temperature (T), χAC is 

described in the Generalized Debye model as in Equation 1.31.  

𝜒𝐴𝐶(ω) = 𝜒𝑆 +
𝜒𝑇−𝜒𝑆

1+𝑖ω𝜏
    Equation 1.31 

In this equation, χS and χT are the adiabatic and isothermal magnetic susceptibilities respectively, 

τ is the relaxation of the magnetization time and ω is the angular frequency of the ac field 

(ω=2ᴨ). χT is the susceptibility in the limit of the lowest field frequencies where the thermal 
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equilibrium of the system is observed. On the contrary, χS (lower than the χT) is observed when 

the oscillations of the ac field are fast compared to the time constant, τ, and the magnetic system 

remains isolated from its environment.73 

With the so-called Cole-Cole plots (or Argand plots), it is possible to study the dependence of ac 

magnetic susceptibility components as a function of the oscillating frequency and temperature. In 

these plots, χAC magnetic data as a function of frequency are represented by decomposing into the 

imaginary or out-of-phase component (χM’’) in the y axis and the real or in-phase component 

(χM’) on the x axis for fixed values of H and T. Therefore, each curve represents χAC at a constant 

T and H and at variable frequencies which increase along the x axis. These representations are 

useful for quantifying the relaxation times of each curve. 

If the relaxation of the magnetization of the studied system relaxes through a single relaxation 

process via a single relaxation time, then the Cole-Cole plot shows a perfectly semicircle with 

the centre on the χM’ axis. Then the relaxation time (ω = τ-1) is determined by the angular 

frequency of the ac field in which χAC has its maximum [χmax=1/2(χT- χS)], Figure 1. 11a). 

On the other way, if the Cole-Cole plot show flattened, asymmetrical or uncompleted semicircles 

(which happens in most cases), it is an indication that there is a distribution of the relaxation of 

magnetization times, Figure 1. 11b). In this case, the χAC is better described in a modified 

Generalized Debye model described with the Casimir-Du Pré function as in Equation 1.32.86 

𝜒𝐴𝐶(ω) = 𝜒𝑆 +
𝜒𝑇−𝜒𝑆

1+(𝑖ω𝜏)1−𝛼
    Equation 1.32 

Where the α parameter quantifies the width of the τ distribution of each curve and it ranges from 

0 to 1. The wider the distribution, α acquires a larger value. Whereas a value of α = 0 indicates 

that relaxation of the magnetization takes place through a single mechanism described by a 

single τ, and we would have the case of Equation 1.31.  

Moreover, in some molecules the relaxation of the magnetization can take place through more 

than one process. In the case of two processes, they can be well differentiated if relaxation of the 

magnetization times are separated enough, one respect to the other. Then, in the Cole-Cole plot, 

two well separated semicircles accounting to two relaxation processes are observed in case that 
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relaxation of the magnetization of one process is significantly slower than the other. In contrast, 

if there are two processes with similar relaxation of the magnetization rates, the two merged 

semicircles appear in the Cole-Cole plot each one assigned to the two different relaxations, 

Figure 1. 11c) and d). In any case, if the two processes are well differentiated, then a two-step 

relaxation model is described by the sum of two modified Debye functions, Equation 1.33.87,88 

𝜒𝐴𝐶(ω) = 𝜒𝑆1 + 𝜒𝑆2 +
𝜒𝑇1−𝜒𝑆1

1+(𝑖ω𝜏1)
1−𝛼1

+
𝜒𝑇2−𝜒𝑆2

1+(𝑖ω𝜏2)
1−𝛼2

    Equation 1.33 

𝜒𝑆1 and 𝜒𝑆2 of each process cannot be determined therefore, 𝜒𝑆,𝑇𝑂𝑇 is defined as: 

𝜒𝑆,𝑇𝑂𝑇 = 𝜒𝑆1 +𝜒𝑆2    Equation 1.34 

𝜒𝑆,𝑇𝑂𝑇 represents the adiabatic susceptibility of both relaxation processes, then the difference of 

isothermal and adiabatic susceptibility of each process ∆𝜒1 and ∆𝜒2 can described as: 

∆𝜒1 = 𝜒𝑇1 +𝜒𝑆1    Equation 1.35 

∆𝜒2 = 𝜒𝑇2 +𝜒𝑆2    Equation 1.36 

Taking into consideration Equations 1. 34, 1.35 and 1.36, the two steps relaxation model can also 

be depicted with Equation 1.37. 

𝜒𝐴𝐶(ω) = 𝜒𝑆,𝑇𝑂𝑇 +
∆𝜒1

1+(𝑖ω𝜏1)
1−𝛼1

+
∆𝜒2

1+(𝑖ω𝜏2)
1−𝛼2

    Equation 1.37 

Each 𝜒𝐴𝐶(ω) equation split into their real (χ’(ω)) and imaginary (χ’’(ω)) components and the 

respective equations are found in APXII. The exact cause of the two distinct relaxation processes 

is often unclear and can vary between different cases. One possible explanation is the presence of 

two crystallographically independent compounds within the same structure.87 However, several 

compounds with a single paramagnetic ion in their crystal structure have also been observed to 

exhibit two sets of maxima. When two thermally activated processes are present in the case of a 

single ion, it has been suggested that these are either direct processes originating from the multi-

level system (caused by the existence on an external magnetic field) or due to interactions 

between molecules.89 
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1.4 Multiproperty lanthanide compounds 

Until here, we have presented both, luminescence and magnetic properties of trivalent lanthanide 

systems, separately. However, compounds containing Ln3+ can show SMM and luminescence 

properties at the same time, thus presenting multiproperty character. The first metal coordination 

compound in which multiproperty characteristics was highlighted, was in a manganese 

{Mn2
2+Mn2

3+} cluster reported by Hendrickson et al.90 which showed ligand-based fluorescence 

as well as SMM performance. Since then, compounds exhibiting multiple properties 

simultaneously have been sought after. Coordination compounds derived from trivalent 

lanthanides are good candidates for achieving multiproperty characteristics, particularly with 

good luminescence and magnetic responses. 

In the design for obtaining Ln3+ systems that present both optimized characteristics, an important 

factor should be taken into consideration. For enhancing an axial magnetic anisotropy and thus 

minimize the contribution of the QTM, a high order around the oblate or prolate ion with a high 

symmetry coordination sphere is demanded. On the other hand, to make the f-f emission 

transitions less prohibited, a more distorted thus, asymmetric, coordination environment is 

beneficial. Then, to obtain a molecular system showing both, magnetic and luminescence 

properties, a compromise point should be directed. Moreover, selection of the appropriate Ln3+ is 

important. Luminescent SMMs are presented in the literature based on few different trivalent Ln 

ions, including the visible emitters Sm3+, Dy3+ and Tb3+, or the nIR emitters Nd3+, Er3+ and Yb3+. 

Due to the outstanding SMM and luminescence properties shown separately for these 

compounds, further insights into their magneto-optical correlations as well as the switching of 

their emission using a magnetic field have been presented.69,91 

Correlation between luminescence and magnetic properties can be derived from multiproperty 

Ln3+-systems. From the luminescence spectrum, information about the crystal-field energy 

splitting of the ground multiplet can be obtained. Accordingly, if a well resolved luminescence 

spectrum (normally measured at low temperatures) is obtained, crystal field components (±mj) 

can be differentiated, thus the energy difference between the ±mj states of the J ground state can 

be extracted. Then if the calculated energy barrier from the ac magnetic data coincides with the 

±mj doublets separation from spectroscopic data, the Orbach mechanism is taking place. 
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Otherwise, if the obtained ΔE from the ac magnetic measurements is way lower than the one 

obtained in the luminescence spectrum, then a shortcut mechanism is taking place in the 

relaxation of the magnetization.92 Hence, magneto-optical correlation of multiproperty Ln3+-

systems affords insights into spin dynamics in the relaxation of the magnetization process. This 

analysis is performed for compound 4-Dy in Chapter 2.3 of this Thesis work.  

On the other hand, application of a magnetic field to the lanthanide sample might have an impact 

into the alignment of the Ln3+ magnetic moment, thereby altering the electronic transitions 

responsible for luminescence. In luminescent lanthanide SMM, the research carried out has 

observed notable shifts and splitting in emission bands when the compound is exposed to a 

magnetic field.93a This observation shows the capacity to manipulate or adjust emission 

characteristics of these materials by simply varying the intensity and direction of the applied 

magnetic field, this way obtaining luminescent switches. Application of magnetic fields to 

control luminescence of lanthanide SMMs not only highlights their intriguing magneto-optical 

characteristics but also introduces interesting applications comprised between optoelectronics 

and information processing.93 

Another interesting application of luminescence Ln-based SMMs would be in the luminescence 

thermometry field. As already seen, SMM behaviour strongly depends on temperature, whether 

in its relaxation pathways as much as the temperature in which the magnet performance is 

manifested (TB). Control of the temperature in which the system is found is crucial, however 

conventional thermometers are rather useless to accomplish this task. An SMM lanthanide 

system showing luminescence thermometry properties could work as a contactless and more 

precise thermometer. If the SMM compound is luminescent with emission properties (emission 

colour, band intensity and lifetime) significantly changing on varying temperature, it could also 

act as a luminescent thermometer. The important requisite for these systems, however difficult to 

acquire, is that both properties must overlap at the same temperature range.94 

Finally, further induction of chirality to the final luminescent lanthanide SMM molecule can lead 

to interesting functionalization of the compound. Incorporation of chirality to the system may 

lead to additional optical and magneto-optical properties. For instance, Magneto-Chiral 

Dichroism (MChD), which consists of the manipulation of unpolarized absorbed light of the 
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chiral molecule. The dependence of the absorbed light would depend on the direction of a 

magnetic field generated from the chiral magnetized system. Therefore, MChD doesn’t demand a 

circularly polarized source as opposed to other chiroptical techniques such as CPL. Compounds 

with MChD effect might present potential applications in advanced optical data processing using 

unpolarized light. However, compounds showing MChD are rather scarce due to the challenge it 

presents both, at the instrumental level to detect the phenomenon and at the design and synthesis 

of the compounds level to exhibit this characteristic.28 Alternatively, as presented before in this 

Thesis work, luminescent lanthanide compounds embedded in a chiral environment can present 

Circularly Polarized Luminescence (CPL). The CPL property is sensitive to external stimuli such 

as temperature, magnetic fields or the chemical environment. Therefore, CPL properties of new 

Chiral luminescent lanthanide SMM compounds could be manipulated by external magnetic 

fields and find potential applications as optical output magnetic data storage devices.91a 
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1.5 Research Objectives and Thesis organization 

With the main objective of obtaining multiproperty molecular materials, different lanthanide 

coordination compounds are synthetized and characterized in this Thesis work.  

In all the synthetized coordination compounds +III oxidation number is expected for all the 

lanthanide cations, as the starting salt used in all cases contain the Ln3+ ion. Mainly the 

luminescence and molecular magnetism properties will be investigated in this work. The new 

compounds will be principally synthetized from Ce, Nd, Sm, Eu, Tb, Dy, Er and Yb due to 

the interesting luminescent and magnetic properties that they can show. 

Different molecules will be used as ligands to achieve a range of nuclearities in the 

synthetized compounds. Additionally, some of these ligands will serve as sensitizers due to 

their potential chromophore properties. The molecules used to prepare the anionic forms of 

the main ligands along this Thesis work are 4,4,4-Trifluoro-1-phenyl-1,3-butanedione 

(HBtfa), 2-fluorobenzoic acid (2-HFBz), 2,6-difluorobenzoic acid (2,6-HF2Bz) and the chiral 

R- and S--methoxyphenylacetic acid (R- and S-HMPA) and R and S-2-phenylbutanoic acid 

(R and S-2-HPhBut), Scheme 1.1 a)-e). All syntheses are conducted in basic medium to 

deprotonate the ligands and facilitate their coordination to the lanthanide ion. Moreover, the 

molecules used as auxiliary ligands will be 4,4’-dinonyl-2,2’-bipyridine (4,4,’-dinonyl-bipy), 

1,10-phenanthroline (phen), 2,2’-bipyridil (bipy), 2,2';6',2"-terpyridine (terpy) and 4,7-

Diphenyl-1,10-phenanthroline (bathophen), Scheme 1.1 f)-j). 
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Scheme 1.1 a) 4,4,4-Trifluoro-1-phenyl-1,3-butanedione (HBtfa), b) 2-fluorobenzoic acid (2-

HFBz), c) 2,6-difluorobenzoic acid (2,6-HF2Bz), d) R- and S--methoxyphenylacetic acid 

(R- and S-HMPA), e) R and S-2-phenylbutanoic acid (R and S-2-HPhBut), f) 4,4’-dinonyl-

2,2’-bipyridine (4,4,’-dinonyl-2,2’-bipy), g) 2,2’-bipyridil (bipy), h) 1,10-phenanthroline 

(phen), i) 2,2';6',2"-terpyridine (terpy) and j) 4,7-Diphenyl-1,10-phenanthroline (bathophen). 

Compounds derived from the β-diketonate ligand 4,4,4-Trifluoro-1-phenyl-1,3-butanedionate 

(Btfa) are presented in Chapter 2.  Mononuclear compounds are expected by using this 

ligand. Two different families are synthetized. First, using only the Ce3+ cation and the 

different N,N- and N,N,N-polypyridyl ligands. In this family the magnetic properties are 
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studied, to expand the knowledge about the slow relaxation of magnetization behaviour of 

cerium(III) which is rather scarce in the literature. Moreover, a different approach of the 

magnetic data processing of the cerium(III) family is presented in comparison to the 

magnetic data of the rest of the compounds showing slow relaxation of the magnetization in 

this work. On the other hand, with Btfa and the chromophore 4,4’-dinonyl-2,2’-bipy ligand, 

lanthanide(III) compounds showing both, luminescence and magnetic properties are 

expected. The thermal stability of the Eu and Yb derivatives will be analysed to use these 

materials as the emissive layer of two different Organic Light Emitting Diode (OLED) 

devices. 

With the 2-fluorobenzoate (2-FBz) and 2,6-difluorobenzoate (2,6-F2Bz) derived lanthanide 

compounds, presented in Chapter 3, the main goal is to increase emission quantum yields of 

the Eu and Tb derivatives by designing new synthetic routes in order to remove completely 

the coordinating H2O molecules from the Ln3+ chemical environment. Due to the high 

coordination numbers and the oxyphilic character of Ln3+ cations, this task is not trivial. 

Moreover, by synthetizing the Ce, Nd, Sm, Dy, Gd, Er and Yb analogues, multiproperty 

compounds are expected. 

Finally, a third property is added to the lanthanide compounds presented in Chapter 4 by 

using the chiral carboxylates R/S-MPA and R/S-PhBut as ligands. With the complementation 

of the auxiliary chromophore ligands, 1,10-phenantroline and bathophenantroline, the 

luminescence, molecular magnetism and chiroptical properties will be studied for these two 

enantiopure lanthanide families. The chiroptical properties will be studied in terms of 

Circular Dichroism (CD) and Circular Polarized Luminescence (CPL).  

The study of all the synthetized lanthanide coordination compounds will be conducted, 

systematically, as follows. First, the crystal structure of at least one analogue of each family 

will be measured from a monocrystal from the sample. To confirm phase purity along all the 

obtained product, Powder X-Ray diffraction, ATR Infrared spectroscopy as well as elemental 

analysis will be performed in all the samples of this work. Moreover, to study the 

luminescence properties, excitation and emission spectra of solid samples are measured in 

the fluorimeter. For the compounds showing stability in solution, luminescence properties as 
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well as absorption spectra will be also measured in this medium. Emission quantum yield and 

luminescence lifetimes will be measured for those compounds showing best luminescence 

properties (generally the Eu3+ and Tb3+ analogues). For the magnetic properties, the direct 

current magnetic susceptibility from 2 K to Room Temperature will be measured for all 

compounds in the SQUID instrument. For those compounds that might present relaxation of 

the magnetization under an oscillating magnetic field, alternating current measurements will 

be also performed. A detailed description of the measurements performed along this Thesis 

work is depicted in APX.II. 
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2. Compounds derived from the 4,4,4-Trifluoro-

1-phenyl-butanedione (HBtfa): 

2.1  Introduction  

1,3-Diketones, more commonly called β-diketones, are widely used in the field of 

coordination chemistry due to the great synthetic flexibility they present and the wide 

range of interesting properties that the resulting compounds may exhibit in different areas 

such as luminescence and magnetism.1,2,3 Coordination compounds derived from β-

diketones have shown potential applications ranging from material science (Solar 

concentrators, Lasers, Sensors, OLEDs, etc) to biomedical analysis.4,5 β-diketone 

molecules exhibit a structural arrangement where two carbonyl groups are separated by 

one carbon atom (the α-carbon). This particular arrangement gives distinct chemical 

properties to the β-diketones differentiating them from other compounds containing 

carbonyl groups. The general structural formula of a β-diketone is as shown in Scheme 

2.1 a), where R1, R2 represent organic substituents. Generally, the substituent on the α-

carbon is a hydrogen atom, though it can also be provided with an organic functionalized 

group6. Acetylacetone (Hacac) is the simplest and extensively used β-diketone where the 

R substituents consist of two methyl groups. Hacac was first synthetized from acetone 

and ethyl acetate through a base-catalyzed condensation reaction, now well known as the 

Claisen condensation, named after the scientific who first described its preparation more 

than 100 years ago, Rainer Ludwing Claisen7 From then, multiple synthetic routes using 

different reactants, have been formulated. Otherwise, the R substituents can go from a 

methyl group to functionalized and more voluminous organic groups such as polypyridyl 

rings, groups with multiple aromatic rings, long alkyl chains etc., adjusting in this way 

the physicochemical properties of the final coordination compound. 

 

Scheme 2.1. β-diketone tautomerism 
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1,3-diketones usually present keto-enol tautomerism, Scheme 2.1. The characteristics of 

the prototropic tautomerism showing the double-single and single-double bonds in the 

keto-enol and enol-keto forms of free β-diketones are consolidated through coordination 

to the metal ion. Moreover, an interesting facility showed by these systems is that they 

can be easily deprotonated in basic medium. The resulting deprotonated β-diketonate can 

act as an anionic bidentate ligand which added to the Lewis acid character of the Ln3+ 

confers stable metal coordination compounds, even in solution.8 Generally, the most 

common ligand arrangement is in the chelating coordination mode, forming a six-

membered chelate ring with the metal ion, Scheme2.2 a). Other coordination modes such 

as μ and μ3 are found in other metal complexes extending from mononuclear to 

polynuclear coordination metal structures, Scheme2.2 b).9β-diketonate systems 

widespread from mono-β-diketonate to poly-β-diketonate molecules, thus opening up a 

whole range of possibilities from mononuclear to self-assembled metallo-supramolecular 

coordination compounds.9   

 

Scheme 2.2 Coordination modes of β-diketonate ligands. a) Chelating coordination mode b) 

chelating bridging η1:η2:μ and η1:η1:η2:μ3 coordination mode respectively c) 4.4.4-Trifluoro-1-

phenyl-1,3-butanedione (HBtfa) 

4.4.4-Trifluoro-1-phenyl-1,3-butanedione (HBtfa), Scheme 2.2c) is a mono-β-diketone 

ligand which R1 group is substituted by a phenyl group and the R2 group by a fluorinated 

-CF3. The α-carbon stays bonded to a hydrogen atom. Fluorination of C-H bonds reduce 

the degree of higher oscillator C-H vibrational quenching which may improve thermal 

stability, volatility and photoluminescence properties of the final lanthanide compound. 

In addition, the presence of an electron withdrawing group (-CF3), results in a more acidic 

β-diketone since -CF3 stabilizes better the negative charge left in the β-diketonate.10 

In this regard, HBtfa has been used in this work to obtain mononuclear lanthanide 

compounds in which the luminescence and single molecule magnetic properties will be 

studied. After deprotonation of HBtfa in basic medium, the 4.4.4-Trifluoro-1-phenyl-1,3-
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butanedionate anion (Btfa) coordinates to the lanthanide ion in the chelating coordination 

mode. To obtain neutral mononuclear compounds the 1:3 ratio lanthanide(III) to Btfa is 

used. Due to the high coordination numbers that Ln3+ ions can reach, we will add also 

ancillary ligands to occupy two or more coordinating positions and provide to the final 

compound with additional luminescent or magnetic properties. To accomplish this goal, 

the ancillary ligands used in the presented work are N,N- and N,N,N-donor polypyridyl 

ligands, presented hereafter. They confer additional stability to the final compound since 

they also coordinate in a chelating coordination mode. Moreover, all of them present 

aromatic rings which, due to the delocalized electron density, could provide with good 

optical properties.  

2.2 Compounds derived from Cerium(III) and 4,4,4-

Trifluoro-1-phenyl-butanedione (HBtfa). 

In the Single Molecular Magnets (SMM) field bearing lanthanide(III) coordination 

compounds, the most studied complexes, till date, are the ones containing Dy3+, Tb3+ and 

Er3+ ions with the dysprosium ones usually showing the most promising results. The 

above mentioned lanthanide atoms possess large number of unpaired electrons that lead 

to larger angular momentum (J=L+S) and large magnetic anisotropy which can also be 

improved by the adequate ligand field, as remarked in the Introduction Chapter. 

Cerium(III) compounds, together with those of Ho3+, Tm3+, Yb3+ and Nd3+, are less 

studied in this field. In any case, the few compounds studied exhibit quite interesting 

magnetic properties.11  

In this Chapter we focus on the lighter Ce3+ lanthanide cation. Cerium is one of the most 

abundant in nature and inexpensive rare earth element, its natural isotopes do not possess 

nuclear spin and it has been added as a dopant to one of the currently strongest permanent 

magnet, Nd2Fe14B, replacing dysprosium.12 Its electronic configuration is 4f1 with a 2F5/2 

ground state. Though having only one unpaired electron in the f orbital, relaxation of the 

magnetization of Ce3+ can be observed because the spin-orbit effect of the 4f1 electron 

creates non-negligible magnetic anisotropy. When the Ce3+ ion is set in a coordination 

complex, the spin-orbit coupling component (J) splits, due to crystal field, into (2J+1) 

±mj states: +J, +J-1 ,.., -J+1, -J: ±5/2, ±3/2 and ±1/2. With the aim to improve the SMM 

character in Ce3+ compounds we can try to choose the ideal coordination environment 
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around the lanthanide ion to stress an axial geometry that would stabilize the mj=±5/2 

Kramer Doublet (KD) with an oblate 4f-shell electron density distribution as the ground 

state and destabilize the prolate electron distribution in mj=±1/2 and ±3/2 states. Such 

systems would lead to a reduced Quantum Tunneling of Magnetization (QTM) effect with 

anisotropic barriers higher in energy (reduce mj mixing) and, in principle, improve the 

SMM performance.13, 14, 15 

Regarding β-diketonate systems, two series of mononuclear Ce3+ β-diketonate complexes 

with N-donor auxiliary ligands are found in the literature, Table 2.1. First, the 1,1,1-

trifluoro-5,5-dimethyl-2,4-hexadione (Hfdh) led to the [Ce(fdh)3(bpy)] compound with a 

D4d  symmetry.16 Moreover, with another β-diketonate ligand named 4,4,4-trifluoruro-1-

(naphthalene-2-yl)butane-1,3-dionato (ntfa), a new series of Ce3+ compounds were 

published showing slow relaxation of the magnetization under applied Hdc field with 

formulae [Ce(ntfa)3(MeOH)2], [Ce(ntfa)3(5,5’-Me2bipy)] and [Ce(ntfa)3(bipy)2] and with 

D2d, D2d and C2v point group symmetry respectively.3 For these mononuclear Ce3+ β-

diketonate complexes, the ab-initio calculations at zero field on the electron gyromagnetic 

ratio (g-tensor) for each mj states were described. Easy axial anisotropy was found (gxx 

and gyy <gzz) through the calculations which demonstrated that the effective g tensor of 

the ground doublet shows considerable transverse contributions (gxx and gyy) that led to 

the ground state wave function |±5/2〉mixed with the |±1/2〉 and |±3/2〉from the other 

excited mj doublets. 

Otherwise, the only Ce3+ compound showing SMM behavior till date is the trinuclear Zn-

Ce-Zn compound prepared from an o-vanillin Schiff base based ligand.17 For this 

heterometallic compound, the gzz yielded 4.06 from ab-initio calculations which is close 

to the theoretical value of 4.28 for a pure mj=±5/2 Kramer Doublet, gzz= 2gjmj.
18 From 

the measured High-field Electron Paramagnetic Resonance (HF-EPR) spectrum, gzz 

yielded 3.27 which is assigned to the ground state of mj=5/2 KD with slight mixing of the 

mj=1/2 pair. Nevertheless, two mononuclear metallocene Ce3+ compounds with the 

formulae [Ce(Cpttt)2{(C6F5-k
1-F)B(C6F5)3}] and [Ce(Cpttt)2Cl] (where Cpttt is C5H2tBu3-

1,2,4) are found in the literature where the gzz axial component obtained by 

multiconfigurational analysis shows even higher values than the trinuclear Zn-Ce-Zn 

SMM compound (4.16 and 4.22 respectively) and a ground state wavefunction of 100% 

|±5/2〉for the first compound.19 The two Cpttt groups placed in the axial positions of the 
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lanthanide cation and the low equatorial interactions of the [B(C6F5)4]
- and Cl- anions, led 

the Ce3+ centers in an axial stressed symmetry. Furthermore, for these organometallic 

compounds, the EPR measurements were performed and the experimental geff values were 

close to the computed ones. However, despite the calculated gzz values near 4.28, these 

compounds only showed slow relaxation of the magnetization when applying an external 

magnetic field of 0.1 T. The rest of the previous mononuclear Cerium(III) compounds 

found in the literature showing slow relaxation of the magnetization under an external Hdc 

with performed ab-initio calculations resulted of axial symmetry but with considerable 

rhombic contribution in the ground state. Their magnetic properties are compiled in 

Tables 2.1 and 2.2,20-24 Similar result was found in the dinuclear Ce3+ compound of 

formula [Ce2(RR-L)2(μ-Cl)6], where L is 1,4,7,10-tetrakis(2-pyridylmethyl)-1,4,7,10-

tetraaza-cyclododecane, Table 2.325 In addition, as previously mentioned, the natural 

isotopes of Ce3+ don’t have nuclear spin resulting in a more clarifying and interpretative 

EPR spectra. Interestingly, in the published studies where EPR is also measured for the 

Ce3+ compounds, the gxx, gyy and gzz experimental values are in good agreement with the 

computational experiments.17,19,20,25 At the moment, pure Ising type axial anisotropy 

(gz=4.28) hasn’t been found in the computational calculations nor in EPR measurements 

for any of the Ce3+ compounds found in the literature. It is worth to note that slow 

relaxation of the magnetization under relatively small Hdc fields was measured for some 

Ce3+ coordination complexes were multiconfigurational CASSCF calculations indicated 

easy plane magnetic anisotropy that led to larger contributions of the |±1/2〉 and |±3/2〉

wavefunctions in the ground state ±mj KD.20-24 Despite the existence of transverse 

contribution in the ground state, these compounds showed similar magnetic behavior as 

the ones showing more axial strained coordination geometries. Magnetic characteristics 

of the previous Ce3+ coordination compounds found in the literature are compiled in 

Tables 2.1-2.5. 

To further understand spin relaxation dynamics of Ce3+ coordination compounds, deep 

study of more examples of these complexes are needed. This way we could control and 

manipulate the synthesis of these compounds to be able to design Cerium based systems 

with enhanced magnetic properties and SMM performance. 
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To provide with new insights into the understanding of the Cerium(III) spin relaxation in 

coordination compounds, five new -diketonate Ce3+ complexes are presented. They 

derive from the -diketonate ligand Btfa = 4,4,4-trifluoro-1-phenyl-1,3-butanedionate 

and polypyridyl molecules as ancillary ligands. The polypyridyl ligands used are 1,10-

phenanthroline (phen), 2,2’-bipyridyl (bipy), 2,2′:6′,2′′-terpyridine (terpy) and 4,7-

Diphenyl-1,10-phenanthroline (bathophen), Scheme 2.3 b), c), d), e) respectively. With 

this purpose, the nitrogen donor N,N-L and N,N,N-L auxiliary ligands could be placed in 

the equatorial positions of the Ce3+ metallic center while the β-diketonates can be fixed 

in the axial positions, stressing in this way an axial geometry. The five new compounds 

have been structurally and magnetically characterized and a thorough investigation along 

the experimental magnetic data and ab initio calculations has been conducted to gain 

deeper insights into the spin dynamics involved in the relaxation of magnetization of these 

compounds.  
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2.1.1 Experimental procedure 

Scheme 2.3. Synthetic routes to obtain the presented Cerium(III) compounds. Molecular 

representations of compounds 1-H2O to 5-bathophen and of a) 4,4,4-trifluoro-1-phenyl-1,3-

butanedionate (HBtfa), b) 1,10-phenanthroline (phen), c) 2,2’-bipyridil (bipy), d) 2,2';6',2"-

terpyridine (terpy) and e) bathophenanthroline (bathophen). 

A schematic representation of obtention of the compounds from 1-H2O to 5-bathophen 

with the molecular representation of the compounds and the ligands we have used is 

shown in Scheme 2.3. First, compound 1-H2O with formula [Ce(Btfa)3(H2O)2] was 

synthetized and used as the precursor in the subsequent reactions. Synthesis of 1-H2O 

was carried out as follows: a methanol solution (5 mL) containing CeCl3·6H2O (2 mmol, 

0.745 mg) was added to a previous mixed methanol solution (10 mL) composed of NaOH 

(6 mmol, 240 mg) and HBtfa (6 mmol, 1296.96 mg). The solution was stirred for 1 hour 

at room temperature. Then 80 mL of deionized water were added to the reaction mixture, 

and it was allowed to stir overnight. The obtained orange precipitate was filtrated, cleaned 

with deionized water and dried under vacuum. Compound 1-H2O was obtained in a 82% 
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yield. Then, 0.125 mmol of 1-H2O powder were dissolved in 15 mL of ethanol to obtain 

single crystals by slow evaporation at room temperature. Orange block crystals suitable 

for X-Ray diffraction analysis were obtained in one week.  

Subsequently, compounds 2-phen, 3-bipy-EtOH, 4-terpy and 5-bathophen were 

obtained in a displacement reaction of the H2O molecules of 1-H2O by the different 

polypyridyl ligands. The auxiliar molecules used for this family of Cerium(III) 

compounds were: 1,10-phenanthroline (phen), 2,2’-bipyridil (bipy), 2,2';6',2"-terpyridine 

(terpy) and 4,7-Diphenyl-1,10-phenanthroline (bathophen) to obtain compounds 2-phen, 

3-bipy, 4-terpy and 5-bathophen respectively.  

Reaction of 1mmol of 1-H2O compound with the chelating N,N-L and N,N,N-L ligands 

in a 1:1 ratio led to the mononuclear Ce3+ coordination complexes of formula 

[Ce(Btfa)3(phen)] (2-phen), [Ce(Btfa)3(bipy)(EtOH)] (3-bipy-EtOH), [Ce(Btfa)3(terpy)] 

(4-terpy) and [Ce(Btfa)3(bathophen)(DMF)] (5-bathophen). The solvent used in each 

synthesis was ethanol for the obtention of compounds 2-phen, 3-bipy and 4-terpy and a 

mixture of dimethylformamide (DMF)/ethanol (1:3) in the case of  5-bathophen. Orange 

block single crystals of all compounds were obtained by slow evaporation at room 

temperature of the respective solutions. All of the above compounds crystallized in a 

week except compound 5-bathophen which needed a month, probably because of DMF 

which has a higher evaporation temperature. The compounds were obtained with high 

yields, all of them above 70%. 

In the case of the synthesis after the reaction of 1-H2O with the bipy ligand in ethanol, 

structural determination from single crystal X-ray diffraction by using one chosen crystal 

from the bulk product, indicated that the compound had the molecular formula 

[Ce(Btfa)3(bipy)(EtOH)]. We will label this product as 3-bipy-EtOH. By comparing 3-

bipy and 3-bipy-EtOH, the difference is that in 3-bipy-EtOH an ethanol molecule from 

the reaction solvent has entered into the Ce3+ coordination environment increasing by one 

the metal coordination number. Powder X-Ray Diffraction (PXRD) of the whole powder 

sample, indicated the presence of more than one phase (PXRD of all products are 

presented in the following Section). After various recrystallization processes of the 

product, the PXRD spectra was still the same. At that point, by choosing another single 
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crystal of the bulk compound, the SCXRD afforded a different structure of formula 

[Ce(Btfa)3(bipy)], 3-bipy. Therefore, the one pot reaction of 1-H2O and bipy in a 1:1 

ratio, afforded crystals containing the mononuclear Ce3+ coordination compounds with 

both crystal structures, 3-bipy-EtOH and 3-bipy, co-crystalizing at the same time, 

Scheme 2.3.  

From this mix of structures, complex 3-bipy can be isolated by removing all the 

coordinated EtOH molecules of [Ce(Btfa)3(bipy)(EtOH)] (3-bipy-EtOH) present in the 

bulk product. We found out two different pathways to do so. First, by leaving the obtained 

solid after the reaction in open air for 3 months. The second method was to keep the 

obtained product in the oven for 1h at 100ºC. Moreover, thermogravimetric analysis 

(TGA) measurements were performed on a freshly prepared product. As can be observed 

in Figure 2.1, between 29.6 ºC and 175.2 ºC there is a weight decrease corresponding to 

the loss of 4.9% of the sample content. This percentage coincides to the loss of one EtOH 

molecule. Then complex 3-bipy is formed and it is stable until approximately 300 ºC. 

However, compound 3-bipy-EtOH could not be isolated. 

 

Figure 2.1. TGA on a freshly prepared sample containing a mix of 3-bipy-EtOH and 3-bipy. 

For all compounds elemental analysis of C, H and N and the most characteristic bands 

obtained in Infra-red spectroscopy are depicted in Tables 2.6 and 2.7. 
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Table 2.6. Elemental analysis calculated and found, of compounds 1-H2O to 5-bathophen. 

 Calculated Found 

Compound %C %H %N %C %H %N 

1-H2O  

C30H22CeF9O8 , 821.6 

g/mol 

43.8 2.7 - 43.2 2.7 - 

2-phen 

C42H26CeF9N2O6, 965.8 

g/mol 

52.2 2.7 2.9 52 2.6 2.9 

3-bipy 

C40H26CeF9N2O6, 941.8 

g/mol 

51.0 2.8 2.9 51.2 2.8 2.8 

4-terpy 

C45H29CeF9N3O6, 

1018.8 g/mol 

53.0 2.9 4.1 52.6 2.6 4.0 

5-bathophen 

C57H41CeF9N2O7, 

1191.1 g/mol 

57.4 3.5 3.5 57.1 3.4 3.5 

 

Table 2.7 Selected bands (cm-1) of 1-H2O to 5-bathophen (s=strong, m=medium and w=weak, 

br=broad) obtained in ATR-IR spectroscopy. 

1-H2O 3648(m), 3363(br), 1608(s), 1571(s), 1530(m), 1483(m), 1457(m), 

1308(m), 1281(s), 1243(m), 1182(m), 1133(s), 1075(m), 943(m), 

771(m), 700(m), 629(m)  

2-phen 1609(s), 1576(s), 1521(s),1486(m), 1470(m9, 1320(m), 1287(s), 

1241(m), 1180(s), 1133(s), 945(m), 844(m), 746(s), 699(s), 628(m), 

578(m) 

Bulk crystal 

containing 

both, 3-bipy 

and 3-bipy-

EtOH 

3054(m, broad), 1635(m), 1606(s, split), 1572(s), 1523(m),1483(m), 

1466(m), 1433(m), 1313(m, split), 1280(s), 1240(m), 1170(m), 

1123(s, split), 1071(s), 1011(m), 941(m), 755(s, split), 699(s), 626(s), 

573(s) 
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3-bipy 1635(m), 1606(s, split), 1572(s), 1523(m),1483(m), 1466(m), 

1433(m), 1313(m, split), 1280(s), 1240(m), 1170(m), 1123(s, split), 

1071(s), 1011(m), 941(m), 755(s, split), 699(s), 626(s), 573(s) 

4-terpy 1609(s, split), 1576(s), 1526(m), 1469(s), 1439(m), 1313(m), 1277(s), 

1237(m), 1170(s), 1123(s), 1071(m), 1004(m), 938(m), 759(s), 716(s), 

696(s), 652(m), 629(s), 573(m). 

5-bathophen 1662(w), 1612(s, split), 1572(m), 1526(m), 1466(m), 1433(w), 

1310(m), 1277(s), 1234(m), 1180(s), 1123(s), 1067(m), 1021(m), 

938(m), 762(s, split), 696(s), 669(m), 626(s), 573(s). 

 

2.1.2 Structural characterization 

The structures of compound 1-H2O to 5-bathophen and 3-bipy-EtOH were obtained by 

Single Cristal X-Ray diffraction (SCXRD), and they are presented hereunder. Selected 

bond distances compilation and information about the single crystal measurement are 

depicted in Tables 2.8 and Tables APX.III.1 and APX.III.2. 
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Table 2.8. Selected bond lengths (Å) of compounds 1-H2O to 5-bathophen. 

 1-H2O 1-H2O 

r.t. 

2-phen 3-bipy-

EtOH 

3-bipy 4-terpy 5-bathophen 

Ce-O1 2.455(3) 2.438(7) 2.453(2) 2.443(3) 2.421(2) 2.450(2) 2.448(3) 

Ce-O2 2.427(4) 2.474(6) 2.467(2) 2.481(2) 2.467(1) 2.454(2) 2.461(3) 

Ce-O3 2.505(3) 2.522(6) 2.425(2) 2.460(3) 2.405(2) 2.531(2) 2.511(4) 

Ce-O4 2.390(3) 2.379(7) 2.419(1) 2.496(3) 2.459(2) 2.490(2) 2.470(3) 

Ce-O5 2.471(3) 2.422(7) 2.434(2) 2.464(3) 2.417(2) 2.428(2) 2.476(3) 

Ce-O6 2.402(4) 2.473(7) 2.416(2) 2.490(2) 2.446(2) 2.461(2) 2.479(3) 

Ce-O7 2.535(4) 2.509(7) - 2.570(3) - - 2.541(3) 

Ce-O8 2.520(3) 2.553(7) - - - -  

Ce-N1 -  2.659(2) 2.713(3) 2.660(2) 2.688(3) 2.701(4) 

Ce-N2 -  2.697(2) 2.730(3) 2.668(2) 2.717(2) 2.701(4) 

Ce-N3 -  - - - 2.680(3) - 

Shortest 

Ce---Ce  

6.105(4) 6.109(9) 8.806(1) 8.057(7) 8.647(6) 10.563(7) 10.770(6) 

 

[Ce(Btfa)3(H2O)2] 1-H2O: 

 

Figure 2.2. a) Partially labelled structure of 1-H2O where hydrogen atoms have been omitted for 

clarity. b) Idealized coordination polyhedron (triangular dodecahedron, TDD-8, D2d) compared 

with the real positions of the coordinating atoms of compound 1-H2O.Complex 1-H2O, with 

formula [Ce(Btfa)3(H2O)2], crystallizes in an orthorhombic crystal system, P212121 space 

group. The structure consists of mononuclear molecules in which each Ce3+ ion is octa-
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coordinated with a CeO8 coordination environment, Figure.2.2 a). The central ion is 

coordinated to six oxygen atoms from three different Btfa ligands, with Ce-O distances 

in the 2.390-2.505 Å range. In addition, the other two coordination sites around the central 

atom are occupied by the O7 and O8 atoms of two water molecules, with Ce-O(water) 

bond distances of 2.535 and 2.520 Å, respectively. The estimation of the distortion 

coefficients of the CeO8 coordination polyhedron for 1-H2O from the ideal eight vertex 

reference polyhedron was performed by employing the continuous shape measures theory 

and SHAPE software,26 as for all the other compounds presented herein, showing that the 

CeO8 disposition in 1-H2O is intermediate between different coordination polyhedra. The 

best SHAPE estimation led to triangular dodecahedron (TDD-8, D2d) geometry with a 

Continuous Shape Measurement (CShM) value of 0.416, Figure.2.2 b). 

 

Figure 2.3. Intermolecular interactions of compound 1-H2O. The H-bond interactions are 

represented by the blue dotted lines. 

Molecules in 1-H2O are arranged in space through hydrogen bonds forming an infinite 

1D chain in the [1 0 0] direction, Figure 2.3. The atoms contributing to these 

intermolecular interactions are the hydrogens from the two water molecules coordinated 

to the Cerium(III) atoms. On the one hand, the H atoms from O8 interact with O1 and O5 

from two different β-diketonates of the neighboring coordination complex with 

Donor(D)---Acceptor(A) distances of 2.777 and 2.761 Å respectively. On the other hand, 

the H atoms from the other O7 water molecule are connected through H-bonds with the 
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O3 and F34 atoms from the nearby complex with D---A distances of 2.868 and 3.026 Å 

respectively. The shortest Ce---Ce intermolecular distance is 6.105 Å.  

To verify that all the polycrystalline product is the same as the structure obtained through 

single crystal X-Ray diffraction, in other words, to check phase purity, PXRD of 1-H2O 

was obtained and the resulting diffractogram was compared with the calculated one from 

the single crystal measured at 100 K, Figure 2.4. However, the peaks don’t match. Not 

even after several recrystallizations of the product. Note that PXRD measurement is set 

at room temperature (294 K) as default.  

Then, one single crystal was measured by SCXRD at room temperature (300 K). The 

calculated pattern from this new structural determination matches the powder 

diffractogram measured at 294 K, as observed in Figure 2.4. Comparing the 

crystallographic data of 1-H2O at 100 K and at room temperature (Table APX.III.1) we 

can see that, on diminishing the temperature, there is a slight structural change. The 

Crystal System and Space group are still the same (Orthorhombic, α = β = γ = 90º and 

P212121), but the cell parameters change from a = 10.854, b = 13.219 and c = 23.317 Å at 

room temperature to a =10.809, b = 14.77 and c = 21.079 Å at 100 K. The structure at 

room temperature (294 K) shows Ce-O distances and angles that are slightly different 

from the measurement at 100 K. At room temperature, the coordination polyhedron 

geometry is still close to an ideal Triangular Dodecahedron (TDD-8, D2d) with a CShM 

value of 0.327 whereas the CShM value for 1-H2O at 100 K was 0.416. 

 

Figure 2.4. Powder XRD spectra of compound 1-H2O (green), calculated spectra from the 

crystal structure measured at 100K (black) and at 300K (blue). 

In Figure 2.5 the structures obtained at 300 K and 100 K are superimposed. The slight 

difference between the bond distances and angles is enough to change significantly the 
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cell parameters when cooling down the single crystal resulting in different PXRD 

patterns.  

 
 

Figure 2.5 Superimposed crystal structures of compound 1-H2O obtained by Single Crystal XRD. 

The structure in the default colours is the structure measured at 100 K and in green is the structure 

measured at 294 K. 

[Ce(Btfa)3(phen)] (2-phen) 

Complex 2-phen of formula [Ce(Btfa)3(phen)] crystallizes in the monoclinic crystal 

system and P21/c space group. In 2-phen each Ce3+ ion is octacoordinated with a CeN2O6 

coordination environment formed by one phen and three Btfa ligands, Figure 2.6. Two of 

the coordination sites around the central Ce3+ ion are occupied by the N1 and N2 atoms 

of the phen ligand, with Ce-N bond distances of 2.659 and 2.697 Å, respectively. In 

addition, the Ce3+ ion is also coordinated to six oxygen atoms from three different Btfa 

chelating ligands, with Ce-O distances in the 2.416-2.467 Å range. 

The CeN2O6 disposition for 2-phen is intermediate between different coordination 

polyhedra. The lowest CShM values for 2-phen correspond to triangular dodecahedron 

(TDD-8, D2d) and square antiprism (SAPR-8, D4d) geometries with CShM values of 1.700 

and 1.835, respectively, Figures. 2.6 b) and c). The PXRD diffractogram of a 2-phen 

polycrystalline sample compared to the calculated one from the single crystal structure 

match perfectly indicating the purity of the bulk product, Figure 2.7. 
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Figure 2.6. a) Partially labelled structure of 2-phen. The hydrogen atoms have been omitted for 

clarity. b)  Idealized coordination polyhedron (triangular dodecahedron TDD-8, D2d) compared 

with the real positions of the coordinating atoms of 2-phen. c) Idealized coordination 

polyhedron (square antiprism SAPR-8, D4d) compared with the real positions of the 

coordinating atoms of 2-phen. 

 

Figure 2.7. Calculated pattern from the crystal structure (black) compared to the PXRD 

diffractogram of compound 2-phen (purple).  

The [Ce(Btfa)3(phen)] molecules are arranged in the crystal lattice through π---π stacking 

interactions between the ring formed by C5 to C10 from one Btfa ligand (Cg3) and the 

three rings with delocalized electron density from the phen ligand (Cg9). The distance 

between the two centroids (Cg3---Cg9) is 3.921 Å and the interaction grow along the [0 

0 1] base vector as an infinite 1D-Chain Figure 2.8. The shortest Ce---Ce intermolecular 

distance is 8.806 Å.  
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Figure 2.8. Intermolecular interactions in compound 2-phen. The π-π stacking interactions are 

represented by the pink dotted lines. 

[Ce(Btfa)3(bipy)(EtOH)] (3-bipy-EtOH) 

 

Figure 1.9 a) Partially labelled structure of 3-bipy-EtOH where hydrogen atoms have been 

omitted for clarity. b) Idealized coordination polyhedron (Tricapped trigonal prism TCTPR-9, 

D3h) compared with the real positions of the coordinating atoms of compound 3-bipy-EtOH. 

Complex [Ce(Btfa)3(bipy)(EtOH)], 3-bipy-EtOH crystallizes in the triclinic crystal 

system, P-1 space group, Figure 2.9 a). Crystal structure of 3-bipy-EtOH consists of 

mononuclear molecules in which each Ce3+ ion is nonacoordinated with a CeN2O7 

coordination environment formed by six O atoms from the three deprotonated β-

diketonate ligands with Ce-O distances in the 2.496-2.443 Å range, two N atoms from 

the bipy ancillary ligand with Ce-N distances of 2.713 and 2.730 Å and the O atom from 
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the ethanol molecule with a Ce-O distance of 2.570 Å. The fluorine atoms from the -CF3 

group of the substituted β-diketone molecule show disorder. The CeN2O7 coordination 

polyhedron has a coordination geometry close to a Tricapped trigonal prism (TCTPR-9, 

D3h), Figure 2.9 b), with a CShM value of 0.562. 

 

Figure 2.10. Powder X-Ray Diffraction of compounds 3-bipy-EtOH and 3-bipy. a) and c) are 

the calculated PDRX spectra from the structure obtained in Single Crystal XRD of 3-bipy-

EtOH and 3-bipy respectively, b) PDRX of the powder 1 week later after obtention, d) PDRX 

spectra dried in the open air for 1 month and e) PDRX spectra after leaving the obtained powder 

in the oven at 100ºC for an hour.  

Powder X-Ray Diffraction was performed and compared with the calculated PXRD 

pattern from the single crystal structure of 3-bipy-EtOH, but the peaks did not match 

properly Figure 2.10 a). As mentioned before, this is because after addition of bipy to the 

[Ce(Btfa)3(H2O)2] (1-H2O) precursor, a mix of the structures [Ce(Btfa)3(bipy)(EtOH)] 

(3-bipy-EtOH) and [Ce(Btfa)3(bipy)] (3-bipy) co-crystallize. Unlike 3-bipy, compound 

3-bipy-EtOH could not be to isolate as pure compound in solid.    
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[Ce(Btfa)3(bipy)] (3-bipy) 

 

Figure 2.11. a) Partially labelled structure of 3-bipy where hydrogen atoms have been omitted 

for clarity. b) Idealized coordination polyhedron (square antiprism SAPR-8, D4d) compared with 

the real positions of the coordinating atoms of compound 3-bipy. 

Complex [Ce(Btfa)3(bipy)] (3-bipy) crystallizes in the monoclinic crystal system, P21/n 

space group. 3-bipy structure consists of molecules in which each Ce3+ ion is 

octacoordinated with a CeO6N2 coordination environment formed by six O atoms from 

the three Btfa molecules with Ce-O bond distances in the range of 2.467-2.405 Å and by 

two N atoms from the bipy ligand with Ce-N distances of 2.660 and 2.668 Å, Figure 2.11 

a). In this mononuclear complex the Ce-O and Ce-N bond distances are slightly shorter 

compared to the ones found in [Ce(Btfa)3(bipy)(EtOH)] 3-bipy-EtOH structure. The 

CeO6N2 octacoordinated polyhedron has a coordination geometry that is close to an ideal 

Square antiprism (SAPR-8, D4d) with a CShM value of 1.058, Figure 2.11 b). As 

explained in the General Syntheses section, compound 3-bipy can be isolated from the 

mixture of 3-bipy-EtOH and 3-bipy that is obtained after the reaction by letting the 

powder dry at the open air or by heating the sample in the oven for 1h at 100ºC. Through 

both methods powder containing only structure 3-bipy is obtained as verified in the 

PXRD diffractograms, Figure 2.10. 
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Figure 2.12. Intermolecular interactions of single crystal structures of a) 3-bipy-EtOH and b) 

3-bipy. The π---π stacking interactions are represented by the green dotted lines. 

Intermolecular interactions to consider for 3-bipy and also for structure 3-bipy-EtOH, 

are the π---π stacking interactions between the rings from the bipy ligands with Cg1---

Cg2 distances of 3.687 Å for 3-bipy-EtOH and of 3.999 Å for 3-bipy. Moreover, other 

weak intermolecular interactions such as π---H build up a three-dimensional 

supramolecular structure, Figures 2.12 a) and b) for 3-bipy-EtOH and 3-bipy packing 

respectively. The shortest Ce---Ce intermolecular distances are 8.058 Å for 3-bipy-EtOH 

and 8.647 Å for 3-bipy.  
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[Ce(Btfa)3(terpy)] (4-terpy) 

 

Figure 2.13. a) Partially labelled structure of 4-terpy where hydrogen atoms have been omitted 

for clarity. b) Idealized coordination polyhedron (Capped square antiprism CSAPR-9, C4v) 

compared with the real positions of the coordinating atoms of compound 4-terpy. 

 

 Complex 4-terpy crystallizes in a tetragonal crystal system in a Sohncke P43 space 

group. The Sohncke space groups are formed by 65 space groups which contain only the 

rotation and translation symmetry operations (operations of the first kind) and where the 

reflexion, glide reflexion, rotoinversion and inversion mirror operations are restricted. 

Some of the molecular structures containing these non-enantiogenic space groups, 22 out 

of 65, result in chiral crystal structures (which are different from chiral molecules). For 

example, proteins generally crystallize in Sohncke space groups.27 4-terpy structure 

consists in molecules in which each Ce3+ ion is nonacoordinated with a CeO6N3 

coordination environment. The CeO6N3 coordination sphere is generated by six O atoms 

from the three Btfa ligands with Ce-O distances ranging from 2.428 to 2.531 Å and the 

three N atoms from the terpy ligand with Ce-N distances ranging from 2.680 to 2.717 Å. 

The CeN3O6 nine coordination polyhedron has a coordination geometry close to an ideal 

Capped square antiprism (CSAPR-9, C4v) with a CShM value of 0.751, Figure 2.13 b).  

Each asymmetric unit is formed by one mononuclear entity. For 4-terpy, the asymmetric 

unit grows in space forming a laevorotatory 43-helical chain through the c axis (left-

handed chain) and, therefore, it is induced a propeller’s homo-chiral packing in the 

crystal.  
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Figure 2.14. a) Helical chain formed by the intermolecular interactions of compound 4-terpy. 

The π-π stacking interactions are represented by the purple dotted lines and b) helical chains 

along the 43 screw axe. 

The helix is formed around the crystallographic 43 screw axis via the π---π stacking 

interaction between two different rings with delocalized electron density, one from the 

terpy ligand (Cg1) and the other from one  β-diketonate ligand (Cg2) with an interligand 

distance of 3.767 Å, Figure 2.14 a). The helices stand along the a and b axis by weak Van 

der Waals interactions forming the chiral crystal, Figure 2.14 b). The shortest Ce---Ce 

intermolecular distance is 10.563 Å.  

The enantiomeric pair for this Sohncke space group is the P41 in which the helix would 

be dextrorotatory. To try to find a crystal with the enantiomeric P41 Sohncke space group, 

a second single crystal was measured. For this second measurement, the same P43 space 

group was found. Though both measured crystals presented the same chirality, we cannot 

assert that the final product is entirely chiral and neglect the idea that it could be a racemic 

mixture. The PXRD presented in Figure 2.15 supports one single phase for the whole 

powder product of 4-terpy.  
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Figure 2.15. Calculated powder XRD patter from the crystal structure (black) compared with 

the powder XRD diffractogram of compound 4-terpy (yellow).  

[Ce(Btfa)3(bathophen)(DMF)] (5-bathophen) 

 

Figure 2.16 a) Partially labelled structure of 5-bathophen where hydrogen atoms have been 

omitted for clarity. b) Idealized coordination polyhedron (Capped square antiprism CSAPR-9, 

C4v) compared with the real positions of the coordinating atoms of compound 5-bathophen. 

Complex [Ce(Btfa)3(bathophen)(DMF)], 5-bathophen, crystallizes in the monoclinic 

crystal system, P21/c space group. Structure of 5-bathophen consists of mononuclear 

molecules in which each Ce3+ ion is nonacoordinated with a CeN2O7 coordination 

environment, Figure 2.16 a). The coordination sphere encompasses six O atoms from 

three Btfa ligands with Ce-O bond distances in the 2.448 to 2.511Å range, two N atoms 

from the bathophen ligand with Ce-N distances of 2.724 and 2.701 Å and a DMF 

molecule through the O atom with a Ce-O bond distance of 2.541 Å. The N2O7 vertices 

are stablished around the Ce3+ metal in a polyhedron geometry that is close to an ideal 

Capped square antiprism (CSAPR-9, C4v) with a CShM value of 0.316, Figure 2.16 b).  
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Figure 2.17. Intermolecular interactions representation of compound 5-bathophen. The π---π 

stacking interactions are represented by the pink dotted lines 

The mononuclear complexes are arranged in the space through π---π stacking interactions 

between one of the aromatic rings from the bathophen ligand (Cg1) and one phenyl ring 

from a Btfa ligand, Cg(2). The Cg(1)---Cg(2) intermolecular distance is 3.818 Å and it 

grows along the c axis as shown in Figure 2.17. The shortest Ce---Ce intermolecular 

distance is 10.770 Å. Moreover, PXRD measurements were performed on the powder 

product. The calculated PXRD pattern from the single crystal structure was compared 

with the experimental one affirming a single phase through all the sample Figure 2.18. 
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Figure 2.18. Calculated spectra from the crystal structure (black) compared with the powder 

XRD spectra of compound 5-bathophen (maroon).  

2.1.3 Magnetic characterization 

Static magnetic properties 

 

Figure 2.19. χMT vs T plot (left) and M vs the magnetic field plot (right) for compounds 1-H2O 

to 5-bathophen. 

Direct current (dc) magnetic susceptibility and magnetization measurements were 

performed on polycrystalline samples of compounds 1-H2O to 5-bathophen. Since 

compound 3-bipy-EtOH could not be isolated as pure compound, the magnetic study 

was not performed for this sample. The MT vs T plots in the 2-300 K temperature range 

under a dc magnetic field of 0.3 T are shown in Figure 2.19 (left). At room temperature 

(300 K) the MT values for compounds 1-H2O to 5-bathophen are 0.67, 0.73, 0.68, 0.73 

and 0.76 cm3mol-1K respectively. These MT values are close to the calculated value for 

an isolated Ce3+ cation in the ground state 2F5/2 (S=1/2, L=3, J=5/2, gJ = 6/7) which is 0.8 

cm3mol-1K.28 On cooling the samples, the MT values decrease gradually due to the 
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progressive thermal depopulation of the mj states to finite values at 2 K of 0.23, 0.40, 0.44, 

0.32 and 0.38 cm3mol-1K for 1-H2O to 5-bathophen respectively. Other mononuclear 

Ce3+ coordination compounds show similar MT vs T curves.3,29,30 Field dependence of 

the magnetization (M) recorded at 2 K is depicted in Figure 2.19 (right). On increasing 

the external magnetic field up to 5 T, the magnetization values increase to 0.62, 0.84, 

0.89, 0.83 and 0.89 NAB for 1-H2O to 5-bathophen, respectively, without stabilization 

of the M values, showing no evidence of saturation of the magnetization (𝑔𝐽 ∙ 𝐽 =
6

7
∙ 3 =

2.6). Similar behavior is found for other Ce3+ compounds showing significant magnetic 

anisotropy.11,3,25 

Dynamic magnetic properties 

No frequency dependence of the out-of-phase magnetic susceptibility component (χM’’) 

was found under a 0 T external magnetic dc field for complexes 1-H2O to 5-bathophen 

(Figure APXIII.1), suggesting that the lack of pure axial Ising type geometry, that sets 

the mj=±5/2 as the ground doublet, makes that the reorientation of the magnetization 

occurs through the fast Quantum Tunneling of Magnetization (QTM) mechanism 

preventing the SMM behavior.28 Nevertheless, by applying a small direct current 

magnetic field (Hdc), the QTM was suppressed enough so that all the above compounds 

showed slow relaxation of the magnetization. 

To decide which external dc magnetic field was the optimal for each compound, ac 

measurements were performed at a constant temperature of 2.5 K for 1-H2O, 3-bipy and 

5-bathophen, of 3.5 K for 2-phen, and of 2.0 K for 4-terpy at oscillating frequencies 

between 1-1488 Hz and different Hdc fields. The measurements of χM’’ with frequency 

(v) plots, at a constant temperature, are depicted in Figure 2.20 for samples 1-H2O to 5-

bathophen. When applying a low Hdc (0.002-0.01 T), the χM’’ shows maximum values 

at higher frequencies. On increasing Hdc, the peaks increase on intensity reaching their 

maximum values and shifting to the 96-177 Hz frequency zone staying constant until 

higher Hdc are applied. Then χM’’ shifts again to higher frequencies diminishing its 

intensity. The optimal Hdc resulted of 0.1 T for 1-H2O and 3-bipy, 0.05 T for 2-phen and 

0.02 T for 4-terpy and 5-bathophen, (Figure APX.III.2). Given to the shorter Ce---Ce 

intermolecular distance of 6.105 Å, compound 1-H2O might require a greater external 
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Hdc.
13 The shortest Ce---Ce intermolecular distances found for structures of 2-phen to 5-

bathophen are 8.806, 8.647, 10.563 and 10.770 Å respectively.  

 

Figure.2.20. χM’’ component with frequency plots of compounds 1-H2O to 5-bathophen. 

The alternating current measurements were recorded at different external direct current 

magnetic fields and at a constant temperature of 2.5 K for 1-H2O, 3-bipy and 5-bathophen, 

of 3.5 K for 2-phen and 2 K for 4-terpy. Ac data dependent on the magnetic field were 

measured in the Hdc range of 0-1 T for 1-H2O, of 0-0.7 T for 2-phen and 5-bathophen and of 

0-1.2 T for 3-bipy and 4-terpy. Continuous black lines correspond to the fitting with the 

Generalized Debye model. The χM’’ vs ν curves measured at Hdc = 0 T, for 1-H2O to 4-terpy 

and at Hdc ç = 0 and 0.002 G for 5-bathophen could not be fitted to the Debye model due to 

the lack of χM’’ maxima. 
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Figure 2.21. Left, dependence of τ-1 on a static magnetic field (black dots) of compound 1-H2O, 

continuous purple line accounts for the fitting using the field dependent Equation 2.1. Inset 

shows the contribution of Raman, Direct and QTM mechanism to the τ-1 vs H of compound 1-

H2O. Right, dependence of τ-1 on a static magnetic field of compounds 2-phen to 5-bathophen. 

The continuous blue, green, orange and red lines correspond to the fitting with Equation 2.1 of 

the experimental magnetic data (discrete dots) of compounds 2-phen to 5-bathophen 

respectively. 

This behavior is represented as τ-1 vs the Hdc plots, Figure 2.21. At low magnetic fields, 

𝜏−1 values decrease corresponding to the suppression of the QTM mechanism by the 

external magnetic field. After 0.3 T for 1-H2O to 3-bipy and 5-bathophen, the 𝜏−1 values 

remain almost constant, accounting for the predominancy of Raman and the other 

thermally dependent relaxation processes. For compound 4-terpy, the constant trend at 

intermediate Hdc is rather poor and it is not well differentiated as in the rest of the 

compounds. When surpassing the specific Hdc, this constant tendency is broken, and  𝜏−1 

values increase exponentially following the H4 power law showing that the Direct process 

is taking place at higher magnetic fields. (𝜏−1 = 𝐴𝐻4𝑇 for the relaxation of the 

magnetization with a Direct Process) 

Under the chosen dc external magnetic field, dynamic measurements were performed 

under an oscillating ac field of 4·10-4 T in the 1-1488 Hz frequency range for 1-H2O, 3-

bipy and 5-bathophen, and in the 10-1488 Hz frequency range for 2-phen and 4-terpy. 

Maximum values of the out of phase magnetic susceptibility component can be seen 

below 5 K for 1-H2O to 5-bathophen, Figure APX.III.3. All the samples show slow 
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relaxation of the magnetization in a similar temperature range, being compound 2-phen 

the one in which the χM’’ dependence extends to higher temperature (5.7 K). 

 

Figure 2.22. χM’’ vs frequency plots for compound 1-H2O to 5-bathophen measured at an 

oscillating ac field of 4·10-4 T, and at a Hdc of 0.1 T for 1-H2O to 3-terpy, and of 0.02 T for 

4-terpy and 5-bathophen. The continuous lines correspond to the fitting with the 

Generalized Debye model. 
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Figure 2.23. Cole-Cole plots of 1-H2O to 5-bathophen from the temperature dependent ac 

magnetic data measured at a Hdc of 0.1 T for 1-H2O to 3-terpy and of 0.02 T for 4-terpy and 

5-bathophen. The continuous lines correspond to the fitting with the Generalized Debye 

model. 

The χM’’ vs oscillating frequency plots at different temperatures are depicted in Figure 

2.22. For complexes 1-H2O to 5-bathophen, the χM’’ peaks shift progressively to higher 

frequencies as the temperature increases showing thermal dependence of the relaxation 

of the magnetization. Therefore, we could assume that the QTM relaxation process is 

considerably reduced after the application of an external dc magnetic field.31 When 

comparing compounds 1-H2O to 5-bathophen, 2-phen is the one showing χM’’ 

dependence with T at lower frequencies whereas 3-bipy at higher ones. 

The Cole-Cole plots for 1-H2O to 5-bathophen (Figure 2.23) are not perfectly 

symmetrical semicircles. The curves could be fitted using the Generalized Debye model 

described with the Casimir-Du Pré function (Equation 1.32, Introduction Section)32 from 

which the relaxation times of the magnetization can be extracted. The distribution of the 

relaxation times (α) is narrow for the presented compounds mostly for 1-H2O, 4-terpy 

and 5-bathophen in which α values are comprised between 0.077-0.0041, 0.0529-0.0031 
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and 0.05-0.0118 respectively while for 2-bipy and 3-terpy α values are comprised in a 

slightly wider range of 0.1804-0.0018 and 0.1335-0.0146 respectively. 

For a spin system, the relaxation of the magnetization can occur through different 

relaxation mechanisms. The dependence of 𝜏 with temperature (T) and the applied 

external magnetic field (H) is expressed as in Equation 2.1.  

𝜏−1 = 𝑎𝐻4𝑇 + 𝑑 (
1+𝑒𝐻2

1+𝑓𝐻2
)𝑇𝑛 +

𝐵1

1+𝐵2𝐻
2
+ 𝜏0

−1exp (
−𝛥𝐸

𝑘𝐵𝑇
)       Equation 2.1 

The first term is the field dependent Direct process which involves one phonon, the 

second term refers to the Raman process that occurs through a virtual state involving two 

phonons. Here it is represented as a field dependent term using the Brons-Van Vleck 

equation which has a coefficient field dependent and the exponential dependence with 

temperature. The 𝑑 parameter represents zero-field relaxation, 𝑒 is related with the 

paramagnetic center concentration and the 𝑓 parameter reports the effect of the external 

field in suppressing the spin relaxation. The third term of Equation 2.1 describes the fast 

QTM and, finally, the last term relates to the so called thermally assisted relaxation 

process: the Orbach process. It follows an Arrhenius law and experimentally, when 

Orbach takes place, a linear trend of log(τ) with temperature is expected. The Orbach 

spin-lattice mechanism involves two phonons, and the relaxation occurs through an 

effective energy barrier from the ground state ±mj through a real excited state. Normally, 

the Orbach process takes place at the higher temperature range since the system needs 

enough energy to surpass the whole energy barrier between the ±mj ground states.33, 34 

For the titled compounds a linear slope seems to be followed in the higher temperature 

range. We have fitted the experimental τ values of 1-H2O to 5-bathophen using the 

Arrhenius law, and the obtained values of the activation energy barrier are in the range of 

12.2-19.8 cm-1 with τ0 values comprised between 10-7 and 10-8 s, Figure APX.III.4 and 

Table 2.9.  
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Table 2.9. Values obtained from the fitting of ln(τ) vs T-1 curves using the Arrhenius law that 

describe the Orbach mechanism. 

Arrhenius 1-H2O 2-phen 3-bipy 4-terpy 5-bathophen 

ΔE/cm-1 19.8 18.1 16.4 12.2 16.6 

τ0 /s 2.6e-8 9.7e-7 3.2e-7 8.5e-7 8.3e-8 

This linear trend could indicate that the relaxation of magnetization is taking place 

through an over-barrier Orbach mechanism for 1-H2O to 5-bathophen or a thermally 

assisted tunneling process through the first ±mj excited state. Nevertheless, for the 

Cerium(III) compounds found in the literature where the ab initio calculations were 

performed, the energy differences between the ±mj ground Kramer Doublet (KD) and the 

first excited ±mj KD are in the range of 258-339 cm-1 for mononuclear Ce3+-β-diketonate 

complexes,3,16 220-787 cm-1 for other Ce3+-mononuclear compounds,18-23, 35, 36 303-348 

cm-1 for Ce3+-polynuclear compounds25,37 and 180-303 cm-1 for Ce3+-heterometallic 

compounds.18,24,38,39 Interestingly, the activation energy barrier calculated from the 

experimental data (ΔEexp), with the Arrhenius law, considering an Orbach mechanism, led 

to very similar values for all the previous Ce3+ compounds. The maximum value reported 

is 38 cm-1,23 but the ΔEexp value for the vast majority of the published Ce3+ complexes lie 

in the 20-30 cm-1 range and there is no difference with the ones showing easy axial or 

easy plane symmetry.3,16,21,22,24,30,35,38,40,41 Besides, ab initio calculations (see below 

computational results) of the former Cerium (III) systems result in an energy difference 

between the ground and first excited mj states much higher in energy (151.9-372.6 cm-1, 

see Table 2.13) than the energy barriers obtained from the experimental data using the 

Arrhenius law that describes the Orbach process. 

The lack of a linear trend in the log(τ) vs T plots along all the temperature range could be 

explained by considering the presence of other relaxation of the magnetization 

mechanisms occurring at the same time as the Orbach or taking into consideration that 

the Orbach process is not taking place at all, as comparison of experimental data with ab 

initio calculations appears to indicate. Furthermore, hyperfine interactions between the 

electronic spin with the nuclear spin of a lanthanide ion can split the electronic doublet 

into different manifolds making in this way new pathways of the relaxation of the 

magnetization that could explain the linear trend with the temperature. But the natural 
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isotopes of cerium don’t possess nuclear spin. Another proposed spin-lattice relaxation 

mechanism is the Local mode, and it is referred to a thermally dependent process which 

considers that the spin relaxation goes through a higher energy state that is a local 

vibration from the same mj ground state following Equation 2.2. Then Δloc can be 

extracted and is referred to the local mode energy (cm-1).42 Δloc could be experimentally 

assigned from vibrational spectroscopic techniques.43,44 

𝜏−1 = 𝐴𝑙𝑜𝑐

(

 
 𝑒

−
∆𝑙𝑜𝑐
𝑘𝐵𝑇

(𝑒
−
∆𝑙𝑜𝑐
𝑘𝐵𝑇−1)

2

)

 
 

         Equation 2.2 

With the above exposed considerations, we tried to fit the magnetic data with the 

thermally dependent components of Equation 2.1 and adding the Local mode function 

instead of the Orbach one. Given that for 1-H2O to 5-bathophen, the temperature ranges 

in which there is magnetic response are small and the risk of over-parametrization when 

many parameters are used in the equation, we first proceed to fit the τ-1 with the magnetic 

field so in this way we can extract the parameters from the equations that are field 

dependent: dTn, e and f for Raman, B1 and B2 for the QTM and 𝑎 for Direct process 

(Equation 2.3) and then the parameters corresponding to these equations can be fixed in 

the temperature dependent function. 

The Cole-Cole plots from the field dependent experimental magnetic data measured at a 

constant temperature were fitted using the Generalized Debye model, Figure APX.III.5. 

The field dependent magnetic data could be fitted following Equation 2.3 for all the 

compounds. Since in the 𝜏−1 in front of H the different tendencies from the predominant 

mechanism QTM, Raman and Direct are well differentiated, first, each part was fitted 

independently with the corresponding mechanism and the fitted parameters were used as 

the starting point of the whole set, Figure 2.21. The obtained parameters from the field 

dependent fitting of compounds 1-H2O to 5-bathophen are compiled in Table 2.10 a). 

Inset Figure 2.21 and Figure APX.III.6 show the contribution of each relaxation 

mechanism to the magnetization relaxation along the applied magnetic field of 
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compounds 1-H2O to 5-bathophen. When looking at the dependence of 𝜏−1 with 

magnetic field, for all compounds, at low external bias dc magnetic fields, the QTM 

mechanism is the one dominating the relaxation of the magnetization. While at high 

external dc fields for 1-H2O and 3-bipy Direct is the dominant process whereas, for 2-

phen, 4-terpy and 5-bathophen the Raman is still relevant. 

𝜏−1 = 𝑎𝐻4𝑇 +
𝐵1

1+𝐵2𝐻
2
+ 𝑑 (

1+𝑒𝐻2

1+𝑓𝐻2
) 𝑇𝑛 + 𝐾(𝑇)         Equation 2.3 

 

Figure 2.24. Dependence of τ-1 with temperature obtained from the experimental magnetic 

data measured at an external magnetic field of 0.1 T for 1-H2O and 3-bipy, of 0.05 T for 2-

phen and of 0.02 T for 4-terpy and 5-bathophen. Left, plot of compound 1-H2O. Inset 

shows the contribution of each relaxation of the magnetization mechanisms separately. Right, 

plots of compounds 2-phen to 5-bathophen. 

Then the temperature dependent experimental magnetic data were fitted with Equation 

2.4 and the parameters 𝑛 from Raman and 𝐴𝑙𝑜𝑐  and 𝜔 from Local Mode spin relaxation 

mechanisms were obtained for 1-H2O to 5-bathophen. The τ-1 dependence with T plots 

are depicted in Figure 2.24 and the obtained parameters from the best fit are compiled in 

Table 2.10 b). The contribution of each relaxation mechanism for τ-1 with Temperature 

magnetic data is shown in Inset of Figure 2.24 for 1-H2O and in Figure APX.III.7. 
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𝜏−1 = 𝐴(𝐻)𝑇 + 𝐾(𝐻) + 𝐷(𝐻)𝑇𝑛 + 𝐴𝑙𝑜𝑐

(

 
 𝑒

−
∆𝑙𝑜𝑐
𝑘𝐵𝑇

(𝑒
−
∆𝑙𝑜𝑐
𝑘𝐵𝑇−1)

2

)

 
 

        Equation 2.4                                                               

From the global fit, the obtained Local Mode energy values for the different compounds 

are in the range of 11.5-20.9 cm-1 (16.6-30.1 K). With this approach, spin relaxation of 

compound 1-H2O appears to be governed by the Local mode mechanism, Figure 2.24 

inset. While for 2-phen, 4-terpy and 5-bathophen spin relaxation along the temperature 

range is best described by both, Raman and Local Mode mechanisms, Figure APX.III.7. 

In fact, for compound 4-terpy it is well discerned that Raman prevails in the lower 

temperature range while Local mode takes an important role at the higher temperature 

range, Figure APX.III.7(4-terpy). Moreover, compound 3-bipy shows smaller 

contribution of the local mode (ω is the smallest for the presented compounds with a value 

of 11.5 cm-1 /16.6 K) but higher contribution of the n parameter from the Raman process 

(n = 8.2) and the Direct mechanism (it has the highest A(H) value). These values suggest 

that for 3-bipy, the spin relaxation is mostly taking place through the Raman and Direct 

processes.  

On the other hand, the temperature dependence of τ could also be fit with only the Raman 

term as the ln(τ) vs ln(T) plots lead to straight lines of the magnetic data for all 

compounds, Figure APX.III.8. A fit of these plots taking into account just Raman 

relaxation of the magnetization mechanism described by the ln(𝜏) = −𝑛‧ ln(𝑇) + ln(𝐶) 

equation lead to good values of 𝑛 and 𝐶 with n = 8.9 and C = 5.9 for 1-H2O, n = 7.0 and 

C = 17.8 for 2-phen, n = 5.7 and C = 0.3 for 3-bipy, n = 4.7 and C = 0.0519 for 4-terpy 

and n = 7.5 and C = 0.9 for 5-bathophen. This leads us to considerate that Raman may 

actually be the relevant mechanism in the magnetic relaxation of these Cerium(III) 

compounds. However, a fit of temperature dependent data with Equation 2.4 without 

considering the Local mode but taking into account the contribution of all the field 

dependent terms, lead to unsuccessful fit of the data, Figure APX.III.9. Therefore, two 

different approaches are presented to explain spin dynamics of 1-H2O to 5-bathophen.  
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The first considers that the contributions of QTM and Direct processes in magnetic 

relaxation leads to overparametrization, then the parameters of those mechanisms are first 

obtained from the field dependent magnetic data and fixed in the temperature dependent 

fit. In this approach, Local mode needs to be considered to obtain a good fitting of 

relaxation of the magnetization times with temperature since only considering Raman 

lead to unsuccessful fit. The second approach is just considering Raman relaxation 

mechanism and neglect the contribution that Direct and QTM may have into spin 

relaxation, which also lead to reasonable results. Still the intervention of QTM and Direct 

mechanism into spin relaxation shouldn’t be overlooked, especially Direct mechanism if 

an external magnetic field is applied to measure the alternating current magnetic 

susceptibility. The second approach is actually a first approximation. The field dependent 

parameters are only calculated for the measurements at one constant T. Similarly, the 

temperature dependent parameters are calculated from the ac measurements at one 

constant Hdc field. However, in reality these parameters will change from one constant T 

and from one constant Hdc field. For instance, B1 and B2 parameters will slightly change 

when calculating them from the τ vs H curve measured at 2 K and from the same curve 

measured at 3 K. Similarly, the n parameter from Raman relaxation will not be exactly 

the same when calculated from the τ vs T curve at Hdc = 0.01T compared to the same 

curve obtained at Hdc = 0.02 T. Therefore, field dependent measurements should be 

performed at different constant T and temperature dependent measurements should be 

performed at different constant Hdc fields. This way we could obtain several τ vs H curves 

and different τ vs T curves. Then the field and temperature dependent parameters could 

be fitted from a tensor constructed from all these experimental data. These would lead to 

more accurate values of all the parameters. However, to realize this approach a large 

quantity of magnetic measurements are needed in addition to extensive knowledge in 

mathematics and programs for solving complex equations, therefore this has not been 

carried out in this Thesis work. 

The existence of multiple potential explanations to describe the spin dynamics 

phenomenon of compounds 1-H2O to 5-bathophen, once again, highlights the need for 

continued investigation into the magnetic behavior, at the molecular level, of Ce3+ 

coordination compounds. 
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Moreover, the geometry optimization and calculation of the DFT vibrational frequencies 

was performed for 1-H2O, 2-phen and 4-terpy. The analysis of the frequencies shows a 

large amount of low energy vibrational frequencies (Table APX.III.3) that can contribute 

to the spin relaxation through the Local mode process, however a spin-phonon calculation 

of those frequencies to verify their contribution is out of the scope of this Thesis work. 

Table 2.10. a) Values obtained from the fitting of the τ-1 vs H curves with the field dependent 

curve function: 𝝉−𝟏 = 𝑨𝑯𝟒𝑻 +
𝑩𝟏

𝟏+𝑩𝟐𝑯
𝟐 + 𝒅(

𝟏+𝒆𝑯𝟐

𝟏+𝒇𝑯𝟐
)𝑻𝒏+K(T) 

 Raman Direct QTM 

dTn (s-1) e (T-2) f (T-2) a (s-1 T-4) B1 (s-1) B2 (T-2) 

1-H2O  549.21 82.78 22760.23 526.71 1549.17 22760.21 

2-phen  370.07 214.49 77778.39 291.57 1691.25 77778.40 

3-bipy  575.89 1279.27 87007.58 1394.18 2054.14 87010.40 

4-terpy  585.82 23.25 15.40 1270.65 2055.59 556254.6 

5-bathophen  197.48 14891.10 3561.34 832.12 5754.71 42402.08 

Table 2.10 b) Values obtained from the fitting of the τ-1 vs H curves with the field dependent 

curve function: 𝝉−𝟏 = 𝑨𝒍𝒐𝒄 (
𝒆
−
𝛚
𝑻

(𝒆
−
𝛚
𝑻−𝟏)𝟐

)𝑻𝒏 +𝑫(𝑯)𝑻𝒏 +𝑨(𝑯)𝑻 + 𝑲(𝑯) 

 Raman Local Mode 

 n 𝑨𝒍𝒐𝒄 (s-1) ω (cm-1) / (K) 

1-H2O  4.82 4.03·107 19.95 / 28.71 

 2-phen  7.20 1.7·107 20.89 / 30.07 

3-bipy  8.27 3.16·105 11.55 / 16.61 

 4-terpy  2.40 3.05·106 15.42 / 22.19 

5-bathophen  6.16 1.20·107 17.70 / 25.47 

 

2.1.4 Computational results 

Ab initio calculations were performed on the crystallographic structures (See APX.II for 

the computational details). Complete Active Space Self-Consistent Field (CASSCF) 

calculations incorporating spin-orbit effects via the Restricted Active Space State 

Interaction (RASSI) approach were conducted to investigate the magnetic characteristics 

of compounds 1-H2O to 5-bathophen in detail. Cerium(III) complexes exhibit a 4f1 

configuration and a 2F5/2 ground state. The simulated magnetic susceptibility and 

magnetization profiles are similar to the experimentally observed curves, see Figures 
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APX.III.10 and APX.III.11, indicating a good agreement between theoretical predictions 

and actual experimental results.  

Table 2.11. Calculated components of the g tensor and wavefunction analysis of the ground 

Kramer doublet state at CASSCF-RASSI level. 

Compound gx gy gz Wavefunction 

1-H2O 0.563 1.391 2.392 0.28|±5/2〉 +0.42|±3/2〉+0.30|±1/2〉 

2-phen 0.108 0.481 3.754 0.90|±5/2〉 +0.005|±3/2〉+0.09|±1/2〉 

3-bipy 0.460 0.940 3.600 0.87|±5/2〉 +0.04|±3/2〉+0.09|±1/2〉 

4-terpy 0.775 1.255 3.379 0.89|±5/2〉 +0.08|±3/2〉+0.03|±1/2〉 

5-bathophen 0.501 1.500 3.350 0.82|±5/2〉 +0.04|±3/2〉+0.14|±1/2〉 

Except compound 1-H2O, the rest of the studied systems show larger gz component, see 

Table 2.11, indicating larger axial anisotropy. The values are similar to other previously 

reported Ce3+ systems (Table 2.1-2.5). However, for a perfectly axial Ce3+ complex the 

gz value should be 4.19 (30/7). Compounds 2-phen to 5-bathophen with values in the 

range of 3.3 – 3.8 are consistent with a mJ = ±5/2 ground state with a contribution of mJ 

= ±3/2 states. The orientation of the calculated gz is quite different depending on the 

compound, Figure 2.24. In the case of a mJ = ±5/2 ground state it is expected an oblate f 

electron density, with a perpendicular gz orientation. The gz would be oriented in a way 

that the metal-ligand electrostatic repulsion is reduced. It can be achieved by: i) the 

alignment of gz with the shortest Ce-O bond distances, in a way that the f electron density 

disc stays perpendicular to that direction or ii) the location of the f electron density disc 

in the plane containing the longest Ce-L bond distances. In this family of compounds in 

general gz is located in a way that it is not pointing to any ligand and the electron density 

disc tries to avoid all the ligands. This happens for 1-H2O, 2-phen, 4-terpy and 5-

bathophen. However, for 3-bipy it is mainly oriented with one of the Ce-O bonds (Ce1-

O5, which is the second shortest Ce-O bond distance in 3-bipy) and with the f electron 

density disc oriented close to the Ce-N bonds. In the case of 4-terpy gz is oriented in a 
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way that f electron density disc avoids most of the ligands but being in the same plane 

than some of the Ce-N bonds of the terpyridine ligand.  

The analysis of the decomposition of the RASSI wavefunction of the ground Kramer 

doublet can be found at Table 2.13. It shows, as expected, a different contribution for 1-

H2O, where a large mixture of the three components is observed, which correlates with 

smaller gz and larger gx and gy components. For the other compounds a larger contribution 

of the wave function |±5/2〉(80-90 %) mixed with the |±1/2〉 and |±3/2〉from the other 

excited mj doublets is found, explaining also the larger anisotropy of this Ce3+ complexes. 

 

Figure 2.24. Calculated orientations of the g tensor of the ground Kramers doublet, where gz, gy 

and gx components are represented by blue, green and red arrows, respectively. Cerium, fluor, 

oxygen, nitrogen, carbon and hydrogen are represented in yellow, light blue, red, blue, gray and 

pink respectively. 

The energy of the Kramer doublet and transition probabilities between the states were 

calculated, Figure 2.25. The first excited Kramer doublet is around 150 cm-1 in 1-H2O 

and 5-bathophen and around 300 cm-1 or more for the other complexes. In all cases, as 

21 3

54
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commented before, the energy difference is much larger than the energy barrier that could 

be obtained from the fit of the dependence of relaxation times with temperature to an 

Arrhenius equation, 12-20 cm-1. All complexes show large tunnelling probability in the 

ground state, having complex 2-phen the smallest one, but practically 0.1. This agrees 

with the need of applying an external dc field to show out-of-phase magnetic 

susceptibility signal. Besides 2-phen having the smallest tunnelling probability in this 

family of compounds the optimal field needed is not the smallest one (0.1 T for 1-H2O 

and 3-bipy, of 0.05 T for 2-phen and of 0.02 T for 4-terpy and 5-bathophen). This could 

also be related to the shorter Ce---Ce distance in 2-phen in comparison with 4-terpy and 

5-bathophen.  

 

Figure 2.25. Calculated states energies as a function of their magnetic moment, Mz, along the 

main anisotropy axis. The arrows correspond to the quantum tunneling mechanism of ground 

and first excited states (green), the hypothetical Orbach relaxation process (purple) and the 

transition between the ground and first Kramer’s doublet (red). The values close to the arrows 

indicate the matrix elements of the transition magnetic moments (efficient spin relaxation 

mechanism is expected above 0.1). 
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Table 2.13. Calculated energy (in cm-1) of the three lowest Kramer doublets and their 

wavefunction analysis 

Compound KDs E (cm-1) Wavefunction 

1-H2O GS 0 0.28|±5/2〉 +0.42|±3/2〉+0.30|±1/2 

 1st ES 151.9 0.23|±5/2〉 +0.24|±3/2〉+0.53|±1/2 

 2nd ES 641.7 0.49|±5/2〉 +0.34|±3/2〉+0.17|±1/2 

    

2-phen GS 0 0.90|±5/2〉 +0.005|±3/2〉+0.09|±1/2〉 

 1st ES 372.6 0.06|±5/2〉 +0.27|±3/2〉+0.67|±1/2〉 

 2nd ES 661.3 0.04|±5/2〉 +0.72|±3/2〉+0.24|±1/2〉 

    

3-bipy GS 0 0.87|±5/2〉 +0.04|±3/2〉+0.09|±1/2〉 

 1st ES 289.2 0.06|±5/2〉 +0.42|±3/2〉+0.52|±1/2〉 

 2nd ES 558.1 0.07|±5/2〉 +0.54|±3/2〉+0.39|±1/2〉 

    

4-terpy GS 0 0.89|±5/2〉 +0.08|±3/2〉+0.03|±1/2〉 

 1st ES 313.9 0.08|±5/2〉 +0.90|±3/2〉+0.02|±1/2〉 

 2nd ES 509.02 0.03|±5/2〉 +0.02|±3/2〉+0.95|±1/2〉 

    

5-bathophen GS 0 0.82|±5/2〉 +0.04|±3/2〉+0.14|±1/2〉 

 1st ES 158.0 0.07|±5/2〉 +0.78|±3/2〉+0.15|±1/2〉 

 2nd ES 344.1 0.11|±5/2〉 +0.18|±3/2〉+0.71|±1/2〉 
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2.3 Compounds derived from lanthanide(III), 4,4,4-

Trifluoro-1-phenyl-butanedione (HBtfa) and 4,4’-

dinonyl-2,2’-bipyridine. OLED preparation.  

As already Illustrated in Chapter 1., choosing a ligand that acts as an efficient sensitizer 

is key to enhance luminescence intensity of lanthanide coordination compounds. Added 

to their versatility and great stability in solid and solution state, β-diketonates are among 

the most important lanthanide sensitizers owing to the following merits: i) they show 

intense absorption from their conjugated π→π* transitions within a wide wavelength 

range, ii) they show efficient S1→T1 intersystem crossing, iii) several β-diketonate 

systems have shown to exhibit optimal triplet state energy, above the emitting level of the 

lanthanide ion, therefore providing adequate sensitization of the central atom, specially 

to Eu3+ and nIR emitters lanthanide(III) ions such as Yb3+, Er3+ and Nd3+.48  

On the other hand, Organic Light-Emitting Diode (OLED) devices are widely used in 

displays and lighting systems in modern technology because of their outstanding color 

quality, ease of construction, affordability, low impact on the environment and energy-

saving qualities. Kido et al.49a reported in 1994 a ternary Eu3+ complex of formula 

[Eu(DMB)3phen] where DMB and phen stands for 1,3-diphenylpropane-1,3-dionate and 

1,10-phenantroline respectively. The β-diketonate europium system was studied as the 

red emitter in an OLED device showing maximum luminance of 460 cd m−2. Since then 

β-diketonate derivatives have become the most popular anionic ligands for preparing 

electroluminescent europium(III) complexes. Owing to their characteristic f-f transitions, 

the emission of the lanthanide-based compounds leads to narrow and high colour purity 

bands which are essential for developing phosphors for OLED applications. Regarding 

the europium β-diketonate based systems, they show outstanding luminescence and, due 

to the rather high quantum yields, red color purity, thermal stability and great sensitization 

effect of the β-diketonate to the Eu3+: they are good candidates in OLED devices for 

multiple potential applications compressed between optical communications and 

lasers.49b,c Similarly, Yb3+ complexes displaying photoluminescence at ~1000 nm are 

ideal candidates for use in nIR-OLEDs which are far less studied compared with OLEDs 
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emitting in the visible range. Interesting application of nIR-OLEDS are compressed in 

biomedical and biosensing applications owing to the fact that the 700-1000 nm window 

matches with the biological tissue semitransparency window.50 Additionally, nIR-OLED 

devices show potential applications in telecommunications for data transmission and in 

night-vision readable displays for low-light environments.51a 

Despite their ability to produce nearly monochromatic emission, lanthanide compounds 

have a disadvantage when it comes to electroactivity, compared to organic dyes. One of 

the drawbacks is associated with high turn on voltages and lower efficiencies. Adding 

functional groups like heterocyclic rings or electron-donating and electron-withdrawing 

atoms may be a practical way to enhance the electrical characteristics of hole and electron 

injection and transportation of these compounds. 

In this regard 4,4,4-trifluoro-1-phenyl-1,3-butanedionate (Btfa), may be a good candidate 

to obtain ternary lanthanide(III) systems with good electroluminescence properties thanks 

to both, the phenyl group (electron-donating) found in one α-carbon and the -CF3 

(electron-withdrawing) group located at the other α-carbon. The phenyl group will 

increase electron delocalization of the anionic β-diketonate improving its molar 

absorptivity coefficient. Meanwhile, the introduction of C-F bonds, instead of higher 

energy frequency oscillator C-H bond, near the emitting lanthanide(III) center reduces 

non-radiative deactivation. Since the C-F bond oscillating energy is much lower than the 

C-H bond oscillating energy, radiative deactivation of the emissive energy levels of the 

lanthanide ion will be less quenched leading to an enhanced emission intensity of the final 

compound, especially for the nIR emitters. Also, by providing an asymmetric ligand such 

as Btfa which adds more distortion to the coordination environment of the lanthanide ion 

will make the f-f transitions less prohibited. This is especially important for the Eu3+ ion, 

since an asymmetry around its coordination environment will enhance the hypersensitive 

5D0→
7F2 band intensity leading, essentially, to monochromatic single-band red emission 

at around 612 nm.52 

Our aim in this Chapter section is to achieve two main objectives: i) the obtention of 

multiproperty lanthanide coordination compounds in which, fundamentally, the optical 

and magnetic properties will be studied and ii) the obtention of compounds showing good 



2. Compounds derived from the 4,4,4-Trifluoro-1-phenyl-butanedione (HBtfa) 

 

 

 

121 

electroluminescence properties and great thermal stability to be thermally deposited in 

neat films of the emissive layer of OLED devices. To try to accomplish the above-

mentioned targets, the auxiliary neutral ligand chosen is the 4,4’-dinonyl-2,2’-bipyridine 

(4,4’-dinonyl-bipy), Scheme 2.4 a). The addition of the Lewis base N-donor polypyridyl 

ligand reinforces the fluorescence emission of the final compound and also completes the 

coordination sphere of the lanthanide(III) ion preventing, this way, coordination of 

undesired H2O or EtOH molecules from the solvent reaction. Moreover, the fluorinated 

Btfa and the long alkyl tails provided by the 4,4’-dinonyl-bipy may enhance the thermal 

stability and increase the volatility of the final complexes which is of significant relevance 

to build the OLED device by vacuum deposition.53 

The obtained coordination complexes show the [Ln(Btfa)3(4,4’-dinonyl-bipy)] formula 

were Ln3+ is Sm3+ (1-Sm), Eu3+ (2-Eu), Tb3+ (3-Tb), Dy3+ (4-Dy), Er3+ (5-Er), Yb3+ (6-

Yb) and Gd3+ (7-Gd). The synthesized compounds were structurally analyzed and their 

photoluminescent and static and dynamic magnetic properties were studied. Due to the 

promising luminescence properties that the Eu3+ and Yb3+ analogues presented; the 

complexes were used in the emissive layer material of five different OLED devices which 

were properly characterized. 

2.3.1 Experimental procedure 

 

Scheme 2.4. Synthetic route to obtain compounds 1-Sm to 7-Gd. Molecular representations of 

a) 4,4’-dinonyl-2,2’-bipyridine (4,4’-dinonyl-bipy) b) precursor lanthanide compound 

[Ln(Btfa)3(H2O)2] and c) compounds 1-Sm to 7-Gd. 

Compounds 1-Sm to 7-Gd, with [Ln(Btfa)3(4,4’-dinonyl-bipy)] formula, were 

obtained in a straightforward room temperature reaction from the β-diketonate 
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precursor and the neutral 4,4’-dinonyl-bipy ligand in a 1:1 ratio, Scheme 2.4. 

The β-diketonate precursor was the Sm3+, Eu3+, Tb3+, Dy3+, Er3+, Yb3+ and 

Gd3+ analogues of compound 1-H2O (Chapter 2 Section 2.2). The synthesis 

procedure to obtain each precursor was the same as for 1-H2O, explained in 

section 2.2.1 Experimental procedure, but changing the CeCl3‧6H2O reactant to 

the respective lanthanide salts. The obtained pale powders (light pink for the 

Er3+ analogue) yielded around 70-80%. 

The synthesis of compounds 1-Sm to 7-Gd proceed as follows: an ethanol 

solution (15 mL) containing 4,4’-dinonyl-bipy (1 mmol, 408.7 mg) was added 

to another ethanol solution (15 mL) containing the corresponding 

[Ln(Btfa)3(H2O)2] compound (1 mmol). The solution was stirred for 30 

minutes and then it was left to stand at room temperature. Block like, single 

crystals suitable for X-Ray diffraction were obtained within a week (yield: 60-

70%).  

TGA measurements were performed in the temperature range between 30 and 600 °C for 

2-Eu and 6-Yb. The sample weight stays steady up until 250-300º C where it loses 75.2% 

(2-Eu) and 74.7% (6-Yb) of its weight, Figure 2.26. Decomposition of the compounds is 

observed at temperatures above 300 °C. One step decomposition at rather high 

temperatures is a promising indication that these compounds can potentially be used for 

vacuum vapor deposition.  

 

Figure 2.26. TGA analysis of compounds 1-Eu and 6-Yb. 
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For all compounds elemental analysis of C, H and N and the most characteristic bands 

obtained in Infra-red spectroscopy are depicted in Tables 2.14 and 2.15, respectively. 

Table 2.14. Elemental analysis calculated and found, for compounds 1-Sm to 6-Yb. 

 Calculated Found 

Compound 

C58H62F9N2O6Ln 

%C %N %H %C %N %H 

1-Sm 

1204.48 g/mol 

57.8 2.3 5.2 58.0 2.3 5.4 

2-Eu 

1206.1 g/mol 

57.8 2.3 5.2 58.0 2.3 5.4 

3-Tb 

1213.0 g/mol 

57.4 2.3 5.2 57.6 2.3 5.3 

4-Dy 

1216.6 g/mol 

57.3 2.3 5.1 57.0 2.3 5.2 

5-Er 

1221.4 g/mol 

57.0 2.3 5.1 57.4 2.4 5.3 

6-Yb 

1227.2 g/mol 

56.8 2.3 5.5 59.0 2.4 5.4 

7-Gd 

1211.4 g/mol 

57.5 2.3 5.2 58.1 2.2 5.0 

Table 2.15 Selected bands (cm-1) of compounds 1-Sm to 7-Gd compounds s=strong, 

m=medium and w=weak, br=broad obtained in ATR-IR spectroscopy. 

1-Sm 2928.6(m), 2858.5(m), 1608.5(s), 1573.4(m, split), 1522.4(m, split), 

1318.3(m), 1292.8(s), 1241.8(m), 1184.4(s), 1133.4(s), 1076.0(m), 

1015.4(m), 945.3(m), 763.5(s), 702.9(s), 632(m), 578.57(m) 

2-Eu 2924.0(m), 2847.6(m), 1612.2.5(s), 1569,0(m, split), 

1525.8(m, split), 1472.7(m), 1293.4(s), 1246.9(l), 1183.8(s), 

1133.4(s), 1120.7(s), 1015.4(m), 1070.9(l), 781.9(s), 679.0(s), 

562.7(m).  

3-Tb 2924.0(m), 2854.2(m), 1605.5(s), 1572.3(m), 1519.2(m), 1476.0(m), 

1286.7(s), 1183.8(s), 1124.0(s), 1074.2(m), 1076.0(m), 762.0(m), 

945.3(m), 692.3(m), 702.9(s), 625.8(m), 576.0(m). 

4-Dy 2924.0(m), 2850.9(m), 1608.9(s), 1572.3(m), 1522.5(m, split), 

1483.0(m, split), 1293.4(s), 1236.9(m), 1183.7(s), 1133.9(s), 
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1067.5(m), 1014.4(m), 945.3(m), 938.0(m), 758.7(s), 

695.6(m), 629.2(m), 576.0(m). 

5-Er 2920.6(m), 2854.2(m), 1605.5(s), 1572.3(m), 1522.5(m, split), 

1479.3(m, split), 1290.0(s), 1240.2(m), 1183.8(s), 1127.3(s), 

1067.5(m), 1007.7(l), 762.0(m), 695.6(m), 625.8(m), 

695.6(m), 576.0(m). 

6-Yb 2927.3(m), 2850.9(m), 1605.5(s), 1569.0(m), 1519.2(m, split), 

1486.0(m, split), 1290.0(s), 1240.2(m), 1177.1(s), 1127.3(s), 

1070.9(m), 1011.1(l), 944.7(l), 758.7(s), 695.6(s), 625.8(m), 

576.0(m). 

7-Gd 2927.3(m), 2850.9(m), 1605.5(s), 1575.6(m), 1522.5(m, split), 

1479.3(m, split), 1286.7(s), 1236.9(m), 1177.1(s), 1184.7(s), 

1130.6(s), 1074.2(l), 1011.0(l), 941.3(s), 758.6(s), 698.9(s), 625.8(m), 

579.3(m), 509.6(l), 463.1(l). 

 

2.3.2 Structural characteristics 

  

Figure 2.27 Left, crystal structure of complex 2-Eu. Only the atoms coordinating the central ion 

are labeled. Hydrogen atoms have been omitted for clarity. Right, ideal coordination polyhedron 

superimposed on the coordination sphere around the Eu3+ ion. 

Single crystal X-Ray diffraction was measured at 100 K on single crystals of 

compounds 2-Eu, 4-Dy and 6-Yb. Crystallographic details from the 



2. Compounds derived from the 4,4,4-Trifluoro-1-phenyl-butanedione (HBtfa) 

 

 

 

125 

measurement and selected bond distances and angles are compiled in Table 

APX.IV.1 and Table 2.16 respectively. The three compounds 2-Eu, 4-Dy and 

6-Yb are isostructural, therefore only the structure of compound 2-Eu will be 

described, Figure. 2.27 (left). 

Compound 2-Eu crystallizes in a triclinic crystal system and a P-1 space group. 

The Eu3+ ion is octacoordinated and the EuO6N2 polyhedron is made up of six 

O atoms from three β-diketonate ligands with Eu-O bond distances in the range 

2.343-2.389 Å and two N atoms from one polypyridyl ancillary ligand with Eu-

N distances of 2.559 and 2.575 Å. The closest Eu---Eu intermolecular distance 

is 8.968 Å. The six oxygen and two nitrogen atoms are gathered around the 

Eu3+ central ion, forming a geometrical polyhedron that is close to an ideal 

square antiprism (SAPR-8, D4d symmetry) Figure 2.28 (right). One of the 

basal planes is made up of the O1, O2, N1 and N2 atoms and the other one of 

O3, O4, O5 and O6. The geometry has been calculated with the SHAPE 

program.26 For compound 2-Eu the deviation from the optimal polyhedron 

accounted by the Continuous Shape Measurement (CShM) values for the 

SAPR-8 geometry is 1.040. For compounds 4-Dy and 6-Yb the CShM values 

for the SAPR-8 geometry are 0.902 and 0.790 respectively. 

 

Figure. 2.28 Crystal packing of compound 2-Eu.  
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The crystal packing in 2-Eu is built up through weak intermolecular interactions. Figure 

2.28. The shortest Cg---Cg distance is 3.938 Å from the pyridine ring constituted by N1, 

C31, C32, C33 C34, C35 atoms. The shortest H---π interaction is 2.7 Å from the ring of 

one β-diketone molecule and one hydrogen from the alkyl chain. All in all, the distances 

of the intermolecular interactions are large enough (longer than 3.35 Å for Cg---Cg 

interaction and 2.5 Å for Cg---H interaction) to consider isolated mononuclear systems 

packed in the crystal lattice. 

Table 2.16. Selected bond distances (Å) for 2-Eu, 4-Dy and 6-Yb. 

 2-Eu 4-Dy 6-Yb 

Ln-O1 2.389(2) 2.333(3) 2.283(2) 

Ln-O2 2.362(2) 2.311(3) 2.268(19) 

Ln-O3 2.343(2) 2.320(3) 2.292(2) 

Ln-O4 2.351(2) 2.311(3) 2.270(18) 

Ln-O5 2.364(2) 2.320(3) 2.278(2) 

Ln-O6 2.353(2) 2.355(3) 2.315(19) 

Ln-N1 2.559(3) 2.527(3) 2.488(2) 

Ln-N2 2.575(3) 2.540(3) 2.489(2) 

Shortest Ln---Ln 8.9668 8.921 8.920 

 

 

Figure 2.29 Powder X-Ray Diffraction pattern of the powder sample of 2-Eu compared to the 

pattern calculated from the Single Crystal structure. Powder X-Ray Diffraction is measured at 

room temperature (298 K) and the Single crystal structure is measured at 100 K. 
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Figure 2.30. Powder X-Ray Diffraction pattern of samples 1-Sm to 7-Gd measured at room 

temperature (298K) compared to the pattern calculated from the Single Crystal structure 

measured at 304 K. 

To verify the crystallinity and phase purity in bulk, Powder X-Ray Diffraction 

(PXRD) was recorded at room temperature for 1-Sm to 7-Gd complexes. The 

PXRD were compared to the calculated patterns obtained from the single 

crystal structure of 2-Eu, 4-Dy and 6-Yb recorded at 100 K, Figure 2.29. 

Interestingly, we observed that the experimental and calculated diffractograms 

did not match. Then, we performed a single crystal measurement at room 

temperature (304 K) using 3-Tb crystals (Figure 2.30 first spectrum). The 

calculated powder spectrum obtained from this measurement is in good match 

with the powder diffractograms of the other complexes Figure 2.30. From these 

results we conclude that upon changing the temperature from 300 K to 100 K, 

there is a slight change in the atomic coordinates of the crystals which results 

in a noticeable difference in some cell parameters (i.e. parameter b is greater 

compared to the 100 K measurements, Table APXIV.1), thus leading to a 

different PXRD pattern, but the crystal cell and space group remain the same, 

Figure 2.31. 



2. Compounds derived from the 4,4,4-Trifluoro-1-phenyl-butanedione (HBtfa) 

 

 

 

128 

 

Figure 2.31. Single crystal structure overlay of compound 1-Eu measured at 77K (green) and 

compound 3-Tb measured at 304 K (default colors). 

 

2.3.3 Luminescence properties 

 

Figure 2.32.  Absorption spectra of a) the Ln3+ compounds in chloroform solutions c = 10-6 M; 

and b) Spectra of the free 4,4’-dinonyl-2,2’-bipy ligand in CHCl3 solution and spectra of Btfa 

salt in a 1mM NaOH, CHCl3 solution. The free ligand absorption spectrum has been 

superimposed onto 1-Sm for sake of wavelength shift comparison. 

Absorption spectra were recorded for all complexes in chloroform solutions (c= 10-6 M), 

Figure 2.32 a). Spectra of complexes 1-Sm to 6-Yb show similar absorption pattern in 

the 235-370 nm range. As a means of assigning the absorption bands shown by the 

coordination complexes, absorption spectra were also recorded for the free ligands 

separately. The 4,4’-dinonyl-bipy ligand was diluted in chloroform solution (c= 10-6 M) 

and HBtfa was diluted in a 1 mM NaOH chloroform solution to measure absorption of 
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the β-diketonate salt, Figure 2.32 b). Absorption spectrum of the free 4,4’-dinonyl-bipy 

show two bands at 242 and 282 nm while Btfa shows an intense band at 325 nm and less 

intense bands at 220-248 nm corresponding to the →* and n→* singlet state 

transitions. The UV-Vis absorption spectra of 1-Sm to 6-Yb correlate with those of the 

constituent ligands. The band corresponding to coordinated Btfa absorption appears 

slightly blue shifted, compared to the free ligand, about 6 nm. Whereas the absorption 

bands of 4,4’-dinonyl-bipy were red-shifted, compared to the free ligand, about 25 nm 

upon coordination. The band appearing at 282 nm in the free 4,4’-dinonyl-bipy spectrum 

appears as a shoulder around 310 nm in the spectra of the complexes, superimposing to 

the Btfa associated absorption band. This may explain the intense and broader band 

appearing at 277-370 nm. Similar UV-Vis absorption spectra are obtained for previous 

published [Ln(β-diketonate)3(L)] systems, where L is an ancillary ligand based on N,N-

donor polypyridyl molecules.54 

 

Figure 2.33. Excitation spectra of the polycrystalline samples (left) and CHCl3 solutions (right) 

of compounds 1-Sm to 6-Yb.   

Excitation spectra of both, polycrystalline samples and CHCl3 solutions, were measured 

at the emission wavelength (λem) of 650 nm (4G5/2→
6H9/2) for 1-Sm, at 614 nm (5D0→

7F2) 

for 2-Eu, at 546 nm (5D4→
7F5) for 3-Tb, at 577 nm (7F9/2→

6H13/2) for 4-Dy, at 1526 nm 

(4I13/2 → 4I15/2) for 5-Er and at 1027 nm (5F5/2→
2F7/2) for 6-Yb, Figure 2.33 left and right. 

The narrow peak appearing at 325 nm in the solid state excitation spectra of 1-Sm 

corresponds to a harmonic signal of the lamp replica (614/2=307 nm). Reliably excitation 

spectra could not be obtained for the 10-6 M chloroform solutions containing compounds 
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4-Dy and 5-Er because of the poor luminescence properties that these complexes showed 

in solution. The CHCl3 solutions spectra of 1-Sm, 2-Eu and 3-Tb show similar profile 

with a broad band showing two peaks maxima. This is very similar to the absorption 

spectra obtained for those compounds, meanwhile, compound 6-Yb shows a band with a 

solely peak appearing at longer wavelengths. This may indicate that while sensitization 

of compounds 1-Sm, 2-Eu and 3-Tb take place through both ligands, Btfa and 4,4’-

dinonyl-bipy (lower wavelength peak), sensitization of 6-Yb takes place through only the 

Btfa ligand. β-diketonate singlet state is less energetic than the polypyridyl N,N-donor 

ligand as was seen in the absorption measurements. Since the emitting level of the Yb3+ 

ion is of lower energy, Btfa might play a more important role in 6-Yb sensitization effect. 

Emission spectra of all complexes in the series 1-Sm to 6-Yb were recorded in CHCl3 (c 

= 10-6 M) solution and in polycrystalline samples. To measure the emission spectra, 

samples were excited at the excitation wavelength (λexc) of 306 nm for 1-Sm and 2-Eu, 

of 320 nm for 3-Tb and of 360 nm for 6-Yb, for solution samples. Solution samples 4-

Dy and 5-Er were excited at 320 nm according to the absorption spectra since no reliably 

excitation spectra could be obtained. Polycrystalline samples were excited at the λexc of 

359 nm for 1-Sm to 6-Yb. After excitation of 1-Sm to 6-Yb in solution and solid state, 

the emission profiles shown in Figure 2.24 were obtained in the visible (400-700 nm) and 

nIR range (800-1600 nm). 

The expected emission profiles are recorded in all cases (with slightly better resolution in 

the polycrystalline samples) except for 4-Dy and 6-Er where no significant emission was 

observed in solution. Emission bands displayed by the aforementioned lanthanide 

compounds are assigned in Figure 2.24 and a compilation of the obtained wavelengths 

with the assignation of each transition can be found in Table 2.17. The characteristic red, 

green, and yellowish photoluminescence emission color of the 1-Sm, 2-Eu, 3-Tb and 4-

Dy samples in solid state and in solution, were sufficiently intense to be observed with 

the naked eye, Figsure 2.25. Color coordinates were calculated based on the measured 

emission spectra (in the visible range) recorded in solid and solution state and are shown 

in the Comission Internationale de l’éclairage (CIE) chromaticity diagram 1931 in Figure 

APX.IV.1.55 Compound 2-Eu showed CIE chromaticity coordinates of (0.667, 0.332) in 

solid and of (0.664, 0.335) in solution. These values are very close to the National 
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Television System Committee (NTSC) standard CIE values for red (x=0.67, y=0.33) 

denoting the high color purity red emission showed by 2-Eu. 

 

 
Figure. 2.24. Luminescence emission spectra of compounds 1-Sm to 6-Yb measured in 

polycrystalline samples and in a 1·10-6
 M CHCl3 solution.  
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Figure 2.25. Emission color observed by the naked eye of left, 1-Sm, 2-Eu, 3-Tb and 4-Dy 

polycrystalline samples and right, 1-Sm, 2-Eu, 3-Tb CHCl3 samples under the radiation 365 

nm of a laboratory UV lamp.  
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Table 2.17 Wavelength assigned to the emission transitions observed in the emission spectra of 

the compounds 1-Sm to 6-Yb. 

1-Sm 

Polycrystalline: 4G5/2→
6H5/2 at 566 nm, 4G5/2→

6H7/2 at 609 nm,  4G5/2→
6H9/2 at 651 

nm and 4G5/2→
6H11/2 at 702 nm. 

1·10-6M CHCl3 solution: 4G5/2→
6H5/2 at 564 nm, 4G5/2→

6H7/2 at 609 nm,  
4G5/2→

6H9/2 at 647 nm and 4G5/2→
6H11/2 at 709 nm. 

2-Eu 

Polycrystalline: 5D0→
7F0 at 581 nm, 5D0→

7F1 at 592 nm, 5D0→
7F2 at 614 nm, 

5D0→
7F3 at 653 nm and 5D0→

7F4 at 707 nm. 

1·10-6M CHCl3 solution: 5D0→
7F0 at 579 nm, 5D0→

7F1 at 591 nm, 5D0→
7F2 at 611 

nm, 5D0→
7F3 at 651 nm and 5D0→

7F4 at 703 nm. 

3-Tb 

Polycrystalline: 5D4→
7F6 at 492 nm, 5D4→

7F5 at 546 nm, 5D4→
7F4 at 583 nm, 

5D4→
7F3 at 619 nm and 5D4→

7F2-1 at 658 and 681 nm. 

1·10-6M CHCl3 solution: 5D4→
7F6 at 489 nm, 5D4→

7F5 at 545 nm, 5D4→
7F4 at 582 

nm, 5D4→
7F3 at 618 nm and 5D4→

7F2-1 at 658 and 681 nm. 

4-Dy 

Polycrystalline: 4F9/2→
6H15/2 at 481 nm, 4F9/2→

6H13/2 at 577 nm and 4F9/2→
6H11/2 at 

664 nm 

5-Yb 

Polycrystalline: 7F5/2→
2F7/2 at 998 nm 

1·10-6M CHCl3 solution: 7F5/2→
2F7/2 at 999 nm 

6-Er 

Polycrystalline: 4I13/2→
4I15/2 at 1524 nm 

The characteristic emission originated from the f-f transitions of each 

lanthanide ion can be observed for 1-Sm, 2-Eu, 3-Tb, and 5-Yb with no 

residual emission of the ligand in the 300-500 nm range. This indicates an 

efficient energy transfer from the excited state of the ligand to the lanthanide 

emitting energy levels, the so-called antenna effect. This is also confirmed by 

the corresponding excitation spectra which shows the broad and intense band 
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corresponding to the ligand while excitation transitions corresponding to the f-f 

lanthanide (III) ions are not observed.56 The emission bands at 564, 608, 647 

and 707 nm found in the 1-Sm spectrum are assigned to the transitions from 

the 4G5/2 energy level to the 6H5/2, 
6H7/2, 

6H9/2 and 6H11/2  ground state 6HJ level 

respectively, Figure 2.24 a). Additional bands are found at 953 nm in the nIR 

range, assigned to the 4G5/2→
6F5/2 transition, overlapped with the 4G5/2→

6F1/2, 

4G5/2→
6H15/2 and 4G5/2→

6F3/2 transitions. The less intense bands found at 1033, 

1188 and 1300 nm are assigned to 4G5/2→
6F7/2, 

4G5/2→
6F9/2 and 4G5/2→

6F11/2 

transitions respectively. A better defined nIR emission spectrum was observed 

for 1-Sm polycrystalline sample than in CHCl3 solution.57 

The emission spectrum of 2-Eu displays several bands at 579, 592 and 611 nm (most 

intense) that are assigned to the 5D0→
7F0 (ΔJ=0), 5D0→

7F1 (split due to the crystal field) 

and 5D0→
7F2 transitions respectively, Figure 2.24 b). While the band at 592 nm is a pure 

magnetic dipole transition in which the intensity is practically independent of the Eu3+ 

environment, the signal at 611 nm is assigned to the hypersensitive band since it accounts 

for an electric dipole transition. From the latter, the structure of the band with at least 

three components, ascribed to the 5D0→
7F2 transition, can be discerned. Differentiation 

of 5D0→
7F2 components may indicate that the Eu3+ ion is not occupying an inversion 

symmetry site inside the structure which agrees with the coordination geometry obtained 

from the SHAPE calculations (Square Antiprism, D4d symmetry). The less intense bands 

at 651 and at 703 nm are assigned to 5D0→
7F3 and 5D0→

7F4 transitions, respectively.52 

For compound 3-Tb, the bands found at 489, 545, 581 and 619 nm are assigned to the 

transitions from the 5D4 emissive state to the ground state 7F6, 
7F5, 

7F4 and 7F3 energy 

levels, respectively, Figure 2.24 c).  

For 4-Dy, the emission of the CHCl3 solution is mainly dominated by the ligand in the 

300-400 nm range instead of the transitions centered at the Dy3+ ion. For the 

polycrystalline sample, three intense emission bands originating from the dysprosium 

(III) 4F9/2 emissive energy level are differentiated at 481, 577, and 664 nm, Figure 2.24 

d). The bands are assigned to 4F9/2→
6H15/2, 

4F9/2→
6H13/2 and 

4F9/2→
6H11/2 transitions, 

respectively. In addition, a very low intense signal at 454 nm is observed. This signal is 
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assigned to the forbidden magnetic dipole transition (ΔJ=0) 4I13/2→
6H13/2, such as in the 

case of 5D0→
7F0 in the Eu3+ ion.58  

Furthermore, for the nIR Er3+ emitter (5-Er), the emission is totally quenched when the 

compound is found in the CHCl3 solution. However, in the solid-state sample, Er3+ 

centered emission is observed at 1526 nm which is assigned to the 4I13/2→
4I15/2 transition, 

Figure 2.24 e).  

Finally, 6-Yb displays the expected Yb3+ band corresponding to the 5F5/2→
2F7/2 transition 

appearing at 1000 nm, Figure 2.24 f). The band splitting due to crystal field effects is 

clearly visible. 52, 56 

Emission spectra of the polycrystalline samples were also recorded at 77 K, Figure. 2.25. 

Under these conditions, the crystal field splitting of the emission bands acquire better 

resolution in all the polycrystalline samples except for the 5-Er compound (not shown) 

where the emission spectrum remains unchanged from the luminescence observed at 

room temperature. For compounds 1-Sm, 4-Dy and 6-Yb the splitting into the 

degenerated ±mj components (for Kramer ions) due to crystal field can be clearly 

observed. However, for compounds 2-Eu and 3-Tb, the 2J+1 (non-Kramer ions) splitting 

of each emission band is not clearly resolved. Probably even lower temperatures than 77 

K are necessary to obtain high-resolution spectra in this case.56 
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Figure 2.25. Emission spectra measured at 77 K of the compounds 1-Sm to 6-Yb in the Visible 

a), b), c), d) and in the nIR range e) and f). 

nIR emission of compound 1-Sm at 77 K didn’t show any enhancement of its resolution 

therefore its spectrum is not shown. Interestingly, the nIR spectra of the 4-Dy compound, 

for which emission has not been observed at room temperature, could be recorded at 77 

K, Figure 2.25 e). Clear bands are now discerned at 964 and 1154 nm which are assigned 

to the 4F9/2→
6F7/2 and 4F9/2→

6F5/2, f-f Dy3+ transitions, respectively. Furthermore, the third 

band found at 1018 nm is attributed to the 6H5/2+
 6F7/2→

6H15/2 transition.59 

Luminescence quantum yield (𝝓𝑳𝒏
𝑳 ) and luminescence decay time (τobs) 

Overall photoluminescence quantum yields (𝜙𝐿𝑛
𝐿 ) and luminescence decay times (τobs) 

were measured in CHCl3 solution and polycrystalline samples at room temperature, and 

the results are presented in Table 2.18. 
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Table 2.18 Overall quantum yields and luminescence lifetime of compounds 1-Sm to 4-Dy 

measured in polycrystalline samples (𝝓𝑳𝒏
𝑳  polycryst and τobs polycryst) and CHCl3 solutions (𝝓𝑳𝒏

𝑳  solution 

and τobs solution). Samples were excited at the respective λexc found in the excitation spectra. a value 

not recorded due to limitations in the equipment. 

 𝝓𝑳𝒏
𝑳  polycryst 𝝓𝑳𝒏

𝑳
 solution τobs polycryst 

(ms) 

τobs solution 

(ms) 

1-Sm 0.03 0.03 0.06 0.07 

2-Eu 0.68 0.42 0.90 0.65 

3-Tb 0.01 0.006 a a  

4-Dy 0.005 a  a  a  

2-Eu is the complex showing the highest 𝜙𝐿𝑛
𝐿  and longest luminescence lifetime that is at 

least one order of magnitude larger compared to the values recorded for the other 

compounds. The 𝜙𝐿𝑛
𝐿  values recorded for 2-Eu, 3-Tb and 4-Dy are about 2-fold higher in 

the polycrystalline samples than in chloroform solution. Lifetimes are in order of ~60-70 

μs (1-Sm) to ~1 ms (2-Eu) while all samples display monoexponential luminescence 

lifetime curves, Figure 2.26. The presence of a single decay time component, τobs, for 1-

Sm and 2-Eu suggest a single radiative deactivation process, both in the solid state and 

in solution.52 

 

Figure 2.26. Luminescence lifetime curves are presented in semi-log plots for complexes 1-Sm 

and 2-Eu. The solid black lines represent the mono-exponential fit with  

𝐼(𝑡) = 𝐼0𝑒
−
𝑡
𝜏𝑜𝑏𝑠 + 𝐶 

The low 𝜙𝐿𝑛
𝐿  values observed in 3-Tb are consistent with other reported in the literature.60 

For these compounds, low luminescence 𝜙𝐿𝑛
𝐿  values are related to back energy transfer 

due to the low energy gap between the lowest triplet state of the ligands and terbium (III) 

5D4 (20,400 cm-1) emitting energy level. Latva et al.61 concluded that the back transfer 
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energy (studied for a large group of Tb3+ coordination compounds) usually occurs when 

this energy difference is below 1,850 cm-1. This could explain the low 𝜙𝐿𝑛
𝐿  that 3-Tb 

presents. Nevertheless, in order to make this statement with certainty, computational 

calculations would be needed for our specific system since the lowest triplet state energy 

may be influenced by both ligands. In this regard, luminescence characteristics of 7-Gd 

were studied. From the edge of the UV absorption spectrum the energy of the singlet state 

(S1) was obtained, 27,137 cm-1 (376 nm), Figure 2.27 left. The triplet state energy can be 

deduced from the 0-phonon band of the Gd3+ analogue phosphorescence spectrum 

measured at 77 K which appeared at 21,229 cm-1 (471 nm), Figure 2.27 right. The energy 

separating the S1 and T1 states is 5908 cm-1. Such small singlet-triplet energy difference 

(below 7,000 cm-1) favors Intersystem Crossing (S1→T1) leaving behind other 

competitive processes such as deactivation back to the S0 ground state. Moreover, the 

energy difference between the lowest triplet state and the emissive Tb3+ energy level, is 

829 cm-1. Thus, following Latva’s rule, compound 3-Tb shows a low quantum yield due 

to back energy transfer taking place as a result of the low energy difference between T1 

and terbium’s 5D4 emitting level.60 

 

Figure 2.27 Left, UV-Vis absorbance spectrum of compound 7-Gd measured on a 1mM CHCl3 

solution. Singlet state (S1) is extracted from the edge of the Gaussian function form the multi-

gaussian fit of the absorbance spectrum. Right, phosphorescence spectrum of 1 mM CHCl3 

solution containing 7-Gd measured at λexc = 336 nm. The band, corresponding to the ligand 

phosphorescence, was fitted with a multi-gaussian fit. Lowest triplet state (T1) is obtained from 

the barycenter of the gaussian function found in the highest energy range 

Additionally, the narrow energy gap of the Sm3+ cation promotes nonradiative relaxation 

processes, which shortens luminescence decay and reduces luminescence efficiency. This 
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also explains the low values of 𝜙𝐿𝑛
𝐿  and τobs obtained for 1-Sm which are common in other 

Sm-β-diketone systems.57 For 5-Yb and 6-Er samples, the 𝜙𝐿𝑛
𝐿  could not be measured as 

being too low to be recorded accurately. 

Additional parameters regarding the sensitization mechanism of 2-Eu system can be 

calculated. Owing to the pure magnetic dipole character of the 5D0→
7F1 transition, the 

radiative lifetime (rad) from the 5D0 emissive level of the 2-Eu compound can be 

calculated from the corrected emission spectrum with Equation 1.8.62 (see section 1.2.4 

of Introduction). For the 2-Eu polycrystalline sample rad is 1.26 ms and 1.23 ms for the 

CHCl3 solution. Then the intrinsic quantum yield (𝜙𝐿𝑛
𝐿𝑛) is 0.71 and 0.53 for the solid and 

solution samples, respectively. Moreover, the amount of energy absorbed by the 

chromophore ligands that is transferred to the excited state of the lanthanide ion is known 

as the sensitization efficiency (ηsens), and it plays a significant role in the overall quantum 

yield, which is defined as: 𝜙𝐿𝑛
𝐿 = 𝜂𝑠𝑒𝑛𝑠 · 𝜙𝐿𝑛

𝐿𝑛. Thus, the ηsens values are 0.95 in 

polycrystalline powder and 0.79 in CHCl3 solution, showing a nearly 100% efficient 

sensitization of the [Eu2(Btfa)3(4,4’-dinonyl-2,2’-bipy)] (2-Eu) system in solid state.52, 61a 

Stability of the coordination sphere in CHCl3 solutions  

If the corresponding normalized emission profiles in CHCl3 and polycrystalline samples 

are overlayed and observable changes are differentiated, a change in the lanthanide 

coordination environment due to solvation effects may be considered and therefore a lack 

of stability in solution of the coordination compound. However, emission spectra of the 

aforementioned compounds have similar shape, hinting that the coordination compound 

are still present in the CHCl3 solution.  

Moreover, spectroscopic-structure correlation (from solid state and CHCl3 solution) can 

be derived from the corrected emission spectra of 1-Sm and 2-Eu compounds owing to 

the distinctive emission bands exhibited by these lanthanide ions. The crystal field 

splitting of the hypersensitive band (5D0→
7F2) recorded for Eu3+ compound is the same 

in both solid and solution. Also, the integrated area of the magnetic dipole transition 

(5D0→
7F1) to the electric dipole ratio (0→1/0→2) gives information about the asymmetry 

factor being 0.09 for the polycrystalline sample and 0.07 in chloroform. The ratio between 
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these two bands is minor, evidencing that there is no significant change around the Eu3+ 

environment when dissolving the 2-Eu sample into chloroform. Same reasoning can be 

done for the 1-Sm compound since 4G5/2→
6H9/2 transition also has a hypersensitive 

character (yet not as strong as in Eu3+) and 4G5/2→
6H5/2 is predominantly magnetic dipole 

in nature. Then for the polycrystalline sample the (5/2→5/2)/(5/2→9/2) ratio is 0.26 and 

for the CHCl3 is 0.22. The difference of the asymmetric factor of 1-Sm is similar on 

changing the phase from solid to solution as well, therefore, suggesting that structural 

changes in the Samarium(III) environment are the slightest due to solvating effects.52, 57a 

By comparing the QY and ηsens values for the polycrystalline and solution 

samples we reach similar conclusions. Both diminish on dissolving the samples 

in CHCl3. There are more degrees of freedom in solution media, that is 

vibrations and rotations, hence escalating the non-radiative decay. In this way, 

4-Dy and 5-Er solution samples are virtually non-emissive.  

2.3.4 Organic light-emitting diodes (OLEDs) 

Despite their large molecular weight, complexes 2-Eu and 6-Yb sublime at relatively low 

temperatures, around 140-150 °C (significantly below the decomposition temperature at 

~290 °C) at ~10–6 mbar pressure. This may be due to their ball-like geometry and the 

peripheral alkyl and -CF3 ligand groups that reduce intermolecular interactions and 

increase the volatility of the material. This type of design is highly desirable in materials 

used in the emissive layer of OLEDs. Vacuum-deposited devices were produced as a 

proof-of-concept with this group of luminescent materials. OLED electroluminescence 

and electrical characteristics are shown in Figure 2.28, Figure 2.29, Figure APX.IV.2 and 

Figure APX.IV.3 as well as in Table 2.19. 

The complex 2-Eu displays high photoluminescence quantum yield (PLQY) both in neat 

film and in powder, indicating that photoluminescence quenching is negligible in the solid 

state. As 2-Eu can be used at higher loads in the emissive layer, OLEDs incorporating 2-

Eu at 20% load in the hole-transporting host mCP were produced {Device 1: ITO | HAT-

CN (10 nm) | TSBPA (40 nm) | mCP (2 nm) | mCP co 20% 2-Eu (20 nm) | PO-T2T (5 

nm) | TPBi (40 nm) | LiF (0.8 nm) | Al (100 nm)} or in the blend host mCP:TPBi {Device 
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2: ITO | HAT-CN (10 nm) | TSBPA (40 nm) | mCP (2 nm) | mCP:TPBi (60:40) co 20% 

2-Eu (20 nm) | TPBi (50 nm) | LiF (0.8 nm) | Al (100 nm)}. As 2-Eu does not significantly 

absorb light above 400 nm and its absorbance in the 350-400 nm region is limited, a non-

negligible level of host luminescence contaminating the EL spectrum is observed. An 

alternative approach to Devices 1 and 2 was to use a 5 nm thick neat emissive layer of 2-

Eu sandwiched between electron-blocking and hole-blocking materials {Device 3: ITO | 

HAT-CN (10 nm) | TSBPA (40 nm) | 2-Eu (5 nm) | PO-T2T (20 nm) | TPBi (30 nm) | 

LiF (0.8 nm) | Al (100 nm)}. This strategy led to eliminate the host emission and to 

improve the color purity. However, the maximum luminance of this OLED was 

significantly reduced. 

 

 

Figure. 2.28. Electroluminescence spectra of devices 1-5 from compounds 1-Eu (Top) and 6-

Yb (Bottom). Inset top, photoluminescence from a film of 1-Eu thermally deposited on 

aluminum foil (λexc=365 nm).  
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Figure 2.29. External quantum efficiency (EQE) vs current density characteristics of devices 1-

5 from compounds a) 1-Eu and b) 6-Yb. Radiant emittance vs voltage bias for devices 1-5 from 

compounds c) 1-Eu and d) 6-Yb. 

All three OLED structures (OLEDs 1-3) display similar EL spectra typical of 

luminescence originating from Eu3+complexes with visibly narrowband emission peak at 

614 nm, Figure 2.28 top. Significantly less intense emission bands in the 530-710 nm 

region are also observed. These EL spectra are significantly narrowband with FWHM of 

6-8 nm leading to high color purity, with potential for good color rendering in displays. 

The modest maximum external quantum efficiency (EQE) of 2.0-2.1 % and luminance 

~200-600 cd m–2 is most likely a result of the long photoluminescence lifetime 

characteristic of Eu3+complexes. Similar electroluminescent characteristics have been 

obtained for OLEDs containing Eu-Btfa systems as dopants in the emissive layer of the 

device.49 Additionally, [Eu(Btfa)3(bipy)] system used in a red emitting OLED device has 

been reported recently.49e Addition of the alkyl chains into the bipy ligand does not 

significantly affect the sublimation temperature (140-153 ºC for the reported 

[Eu(Btfa)3(bipy)] system) nevertheless the maximum luminance is slightly increased in 

our system. For the presented [Eu(Btfa)3(4,4’-dinonyl-bipy)] Lmax is 590 cd m-2 while for 

the reported [Eu(Btfa)3(bipy)] system Lmax is 428 cd m-2. 

Similarly to 2-Eu, complex 6-Yb offers also attractive luminescent properties, but this 

time in the near infra-red region. OLEDs with the similar structure of Device 2 but using 

6-Yb as the emitter were produced (Device 4). A significant electroluminescence 
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contribution from the host material is visible in this device, mostly due to the relatively 

small PLQY of the 6-Yb complex. However, the electroluminescence originating from 

the 6-Yb emitter appears at relatively longer wavelengths in the near infra-red region, and 

hence is attractive for various practical potential applications,50,51a Figure 2.28 bottom. 

The ~1000 nm electroluminescence band on its own reaches a maximum radiant 

emittance of 121 μW cm-2 and 0.1% EQE, which is comparable with other emitters in this 

wavelength range. To eliminate the electroluminescence from the host material, we used 

complex 6-Yb in neat film, reproducing the structure of Device 3. However, the thickness 

of 5 nm was found to be insufficient and a significant electroluminescence from a 

through-space TSBPA:PO-T2T exciplex was observed. Hence, Device 5 features an 

emissive layer of 10 nm 6-Yb neat film. This device produces a relatively strong near 

infra-red electroluminescence at ~1000 nm, but a weak contribution from the TSBPA:PO-

T2T exciplex is still present. Other Yb-β-diketonate systems show comparable results.51 

As for compounds derived from Yb-Btfa, luminescence properties have been studied, 

nevertheless as far as we are concerned this is the first Yb-Btfa based system used to 

generate a nIR-OLED device.63 
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Table 2.19. Electroluminescent properties of OLED devices 1-5. 

 Dev 1 Dev 2 Dev 3 Dev 4 Dev 5 

Emitter 2-Eu 2-Eu 2-Eu 6-Yb 6-Yb 

VON / V a 4.5 5.0 4.0 4.0 4.5 

Lmax / cd m–2 b 210 590 20 477 4 

Rmax / μW cm-2 c 135* 36* 28* 121** 9** 

λEL / nm d 581, 593, 

614, 655, 

694, 704* 

581, 593, 

614, 655, 

694, 704* 

581, 593, 614, 

655, 694, 704* 

977, 1005, 

1031** 

977, 1005, 

1031** 

CIE 1931 (x; y) e (0.51; 0.30) (0.52; 0.28) (0.60; 0.30) - - 

CEmax / cd A–1 f 2.6 2.6 0.4 - - 

EQEmax / % g 2.1 2.0 0.6 0.46 / 0.10** 0.17 

a turn-on voltage at 10-2 mA cm–2; b maximum luminance (visible spectrum); c maximum radiant 

emittance for the EL bands associated with the emitter; d EL maxima associated with the emitter 

emission; e colour coordinates of electroluminescence spectrum in colour space CIE 1931 as 

defined by the Commission Internationale de l’éclairage; f
 maximum current efficiency; g 

maximum external quantum efficiency.  * For wavelength range λ > 550 nm; ** For wavelength 

range λ > 900 nm. 
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2.3.5 Magnetic properties 

DC measurements 

  
Figure 2.30. Temperature dependence of MT 

measured at an external static field of 0.3 T, for 

compounds 1-Sm to 6-Yb.  

Figure 2.31. Magnetization dependence with an 

external magnetic field measured at 2 K for 

compounds 1-Sm to 6-Yb. 

Direct current (dc) magnetic susceptibility (M) and magnetization (M) measurements 

were performed on polycrystalline samples of 1-Sm to 6-Yb. The M measurements were 

carried out under a dc field of 0.3 T in the 2-300 K temperature range. The temperature 

dependence of MT is shown in Figure 2.30. MT values at room temperature (300 K) are 

0, 1.3, 11.8, 15.0, 11.2 and 2.6 cm3 mol-1 K for 1-Sm, 2-Eu, 3-Tb, 4-Dy, 5-Er, and 6-Yb 

respectively. For one isolated Ln3+ cation, the calculated MT values are: 0.09 cm3mol-1K 

for Sm3+ ground state 6H5/2 and gj=2/7; 0 cm3 mol-1 K for Eu3+ ground state 7F0; 11.82 

cm3 mol-1 K for Tb3+ ground state 7F6 and gj=3/2; 14.17 cm3 mol-1 K for Dy3+ ground state 

6H15/2 and gj=4/3, 11.48 cm3 mol-1 K for Er3+ ground state 4I15/2 and gj=6/5 and 2.57 

cm3 mol-1 K for Yb3+ ground state 2F7/2 and gj=8.7.28 

Owing to the relatively small spin-orbit coupling parameter (λ) between the 6HJ (for Sm3+) 

and 7FJ (for Eu3+) states, the J states higher in energy are found to be electronically 

populated at room temperature. This may explain why room temperature MT values of 

1-Sm and 2-Eu determined experimentally are larger than the calculated values. Upon 
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cooling both samples, MT curves decrease due to thermal depopulation of the excited J 

states of Sm3+ and Eu3+ ions respectively.64 

Room temperature MT of 3-Tb, 4-Dy, 5-Er and 6-Yb agree with the calculated 

parameters for an isolated Ln3+ ion. Upon decreasing the temperature, the MT curves of 

the four compounds remain nearly constant until ~50 K. Below this temperature, MT 

values decrease suddenly to 10.3, 11.9, 5.1 and 1.2 cm3 mol-1 K, for 3-Tb, 4-Dy, 5-Er and 

6-Yb respectively, due to thermal depopulation of the crystal field mj states. For the 

presented compounds, magnetic coupling between the lanthanide ions has not been 

considered due to i) the mononuclear nature of such compounds that lead to extensive 

Ln---Ln intermolecular distances and ii) the well shielded nature of electrons in the 4fn 

orbitals.31 

The curves of the magnetization dependence with an external magnetic field, measured 

at a constant temperature of 2 K, are depicted in Figure 2.31. None of the presented 

compounds show saturation of the magnetization at 5 T. (𝑔𝐽 ∙ 𝐽).
28  
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Alternating current measurements 

 

Fig. 2.32 a) χM” versus temperature plot obtained at a Hdc = 0 T for 4-Dy. Continuous lines 

serve as an eye guide, b) χM’’ versus Frequency plot obtained at a Hdc = 0 T for 4-Dy. 

Continuous black lines correspond to the best fit according to the Generalized Debye model, c) 

Cole-Cole plot for 4-Dy from the AC data recorded at a Hdc = 0 T. Continuous black line 

corresponds to the best fit according to the Generalized Debye model, d) χM” versus temperature 

plot obtained at a Hdc = 0.1 T for 4-Dy. Continuous lines serve as an eye guide, e) χM” versus 

frequency plot obtained at a Hdc = 0.1 T for 4-Dy. Continuous black line corresponds to the best 

fit according to the Generalized Debye model and f) Cole-Cole plot for 4-Dy from the AC data 

measured at a Hdc = 0.1 T. Continuous black line corresponds to the best fit according to the 

Generalized Debye model. 

Moreover, alternating current (ac) magnetic susceptibility measurements were performed 

for all lanthanide samples except for 1-Eu. Under a direct current external magnetic field 

(Hdc) of 0 T, only 4-Dy showed slow relaxation of the magnetization and therefore single 

ion magnet (SIM) behavior. Magnetic susceptibility imaginary component (χM”) shows 

maxima in the 2-18 K temperature range Figure 2.32 a). When cooling the sample down 

to 2 K, the χM” values increase again, though a second peak is not observed. This is 

probably due to the Quantum Tunnelling of the Magnetization mechanism that is taking 
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place at such low temperatures.31 The ac magnetic data were measured under an 

oscillating magnetic field of 4‧10-4 T in the 1-1488 Hz frequency range Figure 2.32 b). 

χM” maxima from the low temperature curves remain constant until a certain temperature 

where they move to higher frequencies upon heating the sample. This suggests that at low 

temperature the relaxation of the magnetization occurs via a temperature independent 

mechanism such as QTM whereas at the higher temperature range, thermally activated 

mechanisms, such as Orbach and/or Raman, are taking place.65 In-phase and out-of-phase 

magnetic susceptibility representation (χM’ vs χM”) in the so called Cole-Cole plot shows 

semicircles that are not perfectly symmetric, Figure 2.32 c).  

The Cole-Cole plot can be fitted using the one component Generalized Debye model in 

the 2.5-13.5 K temperature range. The α parameter quantifies the width distribution of 

the relaxation times of magnetization. For 4-Dy  varies from 0.24 at 2.5 K to 0.03 at 

13.5 K. The α value remains near 0 throughout the whole temperature range, indicating 

no change in relaxation mechanism as temperature changes. 

 

Figure.2.33 a) ln(τ) vs 1/T plot of 5-Dy obtained in the Hdc = 0 T. b) ln(τ) vs 1/T plot of 5-Dy 

obtained in the Hdc=0.1 T. In both Figures, continuous lines represent the best fit using the 

stated equations of the relaxation of magnetization mechanisms. 

The semi-log representation of the relaxation of the magnetization times as function of 

temperature (ln(τ) vs T-1) is depicted in Figure 2.33. In the high temperature range a clear 

linear trend is observed. The linear segment is fitted following an Arrhenius law. This 

mode describes the thermally assisted Orbach relaxation of the magnetization mechanism 



2. Compounds derived from the 4,4,4-Trifluoro-1-phenyl-butanedione (HBtfa) 

 

 

 

149 

taking place between the degenerate ±mj ground state levels via an energetically higher 

mj excited state of the Dy3+ ion.  

𝜏−1 = 𝜏0
−1exp (

−𝛥𝐸

𝑘𝐵𝑇
)      Equation 2.5 

By fitting the magnetic data in the 10-13.5 K temperature range with Equation 2.5, the 

effective energy barrier (ΔE) yielded 91.1 cm-1 and the pre-exponential factor (τ0) was 

7.2‧10-9 s. However, the linear fashion is not followed along all the temperatures. This 

indicates the presence of another mechanism responsible for the relaxation of the 

magnetization under 13.5 K. On cooling the sample, the ln(τ) vs T-1 curve enters to a 

plateau region indicating that the spin of the lanthanide ion returns to the equilibrium 

phase via the faster QTM process. Consequently, the ln(τ) vs T-1 curve was fitted with 

Equation 2.6 considering the three relaxation mechanisms. The best fit was obtained with 

ΔE =103.7 cm-1 and τ0 = 2.53×10-9 s for Orbach, C = 8.18×10-4 s-1 K-n and n = 5.5 for 

Raman and τQTM = 0.03 s for the QTM processes.  

𝜏−1 = 𝐶𝑇𝑛 + 𝜏0
−1exp (

−𝛥𝐸

𝑘𝐵𝑇
) + 𝜏𝑄𝑀𝑇

−1    Equation 2.6 

To remove the QTM in the relaxation of the magnetization process of 4-Dy, an external 

magnetic field can be applied while measuring the ac magnetic susceptibility response. 

An external magnetic field breaks the degeneracy between the ±mj states so the fast QTM 

between the mj levels is reduced or even eliminated.31 

To establish the optimal Hdc for the Dy3+ sample, χM’ and χM” components were measured 

at constant temperature (11 K) by applying different external magnetic fields, from 0 to 

1.8 T. A plot of τ vs Hdc shows that the relaxation time is the greatest when the applied 

external magnetic field is 0.1 T. This dc field was found to be the optimal, Figure 2.34. 
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Figure 2.34 Relaxation times in front of different static magnetic fields measured at a constant 

temperature of 2 K for 3-Tb and 5-Er, 11 K for 4-Dy and 2.7 K for 6-Yb under an ac magnetic 

field of 4·10-4 T oscillating between 1 to 1488 Hz. 

Figures 2.32 d) and e) show the ac measurement of 4-Dy at Hdc of 0.1 T. Now, on cooling 

the sample, no increase of the χM” component with temperature is observed, suggesting 

that the fastest relaxation mechanism observed at lower temperatures in the Hdc = 0 

experiments, QTM, is not present. The magnetic data were analyzed in the temperature 

range where the χM” vs T peaks appear between 5 and 13.5 K. The χM” versus the 

oscillating frequency relationship shows maxima that move progressively from lower 

frequency to higher frequency values as temperature increases, indicating a temperature 

dependent relaxation mechanism. The curves from the Cole-Cole plots, Figure 2.32 f), 

were fitted using the one component Generalized Debye model, and the obtained α values 

are in the range 0.02-0.05.  

The ln(τ) vs T-1 plot obtained in the Hdc = 0.1 T measurement is shown in Figure 2.33 b). 

A linear trend appears in the high temperature range corresponding to the Orbach 

relaxation mechanism. The linear part was fitted using the Arrhenius law giving ΔE 

=109.3 cm-1 and τ0 = 9.3‧10-10 s. The trend of the ln(τ) vs T-1 curve changes as the 

temperature decreases. Moreover, the plateau at low temperature seen in the ln(τ) vs T-1 
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curve of the Hdc = 0 T measurement, corresponding to the QTM, is not seen anymore. 

Thus, the fitting was done taking out the QTM part of Equation 2.6. The best fit gave ΔE 

=140.5 cm-1 and τ0 = 3.6×10-11 s values for the Orbach mechanism and C = 1.10×10-4 s-

1K-n and n = 6.2 values for the Raman mechanism. 

The magnetic behavior of the former compound is similar to other β-diketonate 

compounds with the DyO6N2 coordination environment. The ΔE value presented herein 

is similar to that obtained in other systems with the Btfa β-diketonate ligand found in the 

literature.67 The mononuclear compound with formula [Dy(Btfa)(bipy)]67a shows SIM 

behavior, but just a few maxima are found in the high frequency range. When applying 

an external magnetic field of 0.12 T, the QTM is reduced, and the SIM performance is 

improved with a ΔE of 62.9 cm-1. Changing the polypyridyl ligand from bipy to 4,4’-

dinonyl-bipy (6-Dy) in the presented work, the SIM performance improves with a ΔE of 

91.1 cm-1 at a 0 T dc external magnetic field and it is enhanced to 109 cm-1 when a Hdc of 

0.1 T is applied.  

The magnetic anisotropy axis of the mj= ±15/2 state can be calculated using a simple 

electrostatic model presented by the Chilton Group.68 To enhance the SMM behavior, the 

±mj state with the greatest value should be stabilized by the crystal field, as the ground 

state. In case of a Dy3+ ion with a 6H15/2 ground state the highest mj value would be the 

±15/2 state, which has an oblate electron density. Therefore, to stabilize this mj state, an 

axially stressed coordination environment should be induced. The more electron-rich 

atoms (O atoms from the β-diketone ligands in this case) should be in the axial positions. 

Generally, the atoms with highly electron-rich atoms will form the shortest Dy-donor 

atom bond distances. Therefore, by calculating the anisotropy axis, if it passes through 

the shortest Dy-O bond distances of the more electronegative atoms, this will indicate that 

the mj ground state is of ±15/2 in its major contribution, thus the largest mj value. To 

calculate the anisotropy axis from the crystallographic data, the Magellan program, which 

can only be used for Dy3+ ions, was employed. Figure 2.35 shows the magnetic axis in 

yellow, and it goes along the Dy-O bonds formed by Dy-O2 and Dy-O5 with the shortest 

bond distances of 2.311 and 2.320 Å, respectively. We can conclude that the stabilized 

mj ground state of compound 4-Dy has a major contribution of the ±15/2 state.  
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Figure 2.35. Orientation of the magnetic anisotropy axis of the mj= ±15/2 state (yellow rod) of 

compound 4-Dy 

The remaining lanthanide compounds, 3-Tb, 5-Er and 6-Yb, showed slow relaxation of 

the magnetization just when an external magnetic field was applied. The magnetic 

responses of such complexes were measured under the optimal Hdc = 0.1 T for 3-Tb and 

6-Yb and 0.05 T for 5-Er, Figure 2.34. The plots of the out-of-phase magnetic 

susceptibility components varying with temperature and frequency are depicted in Figure 

2.36 for 3-Tb, 5-Er and 7-Yb. 
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Figure 2.36 a), d) and g) temperature dependence of χM” for 3-Tb, 5-Er and 6-Yb respectively. 

Continuous lines serve as an eye guide. b), e) and h) χM” vs frequency plots for 3-Tb, 5-Er and 6-Yb 

respectively. Continuous black lines correspond to the best fit with the Generalized Debye model. c), f), i) 

Cole-Cole plots for compounds 3-Tb, 5-Er and 6-Yb respectively. Continuous black lines correspond to 

the best fit with the Generalized Debye model. The ac data were recorded with Hdc = 0.1 T for 3-Tb and 6-

Yb and 0.05 T for 5-Er. 

For 3-Tb, the maximum values of χM” appear upon cooling the sample down to the liquid 

helium temperature and at high oscillating frequencies. Nevertheless, the Cole-Cole plots 

for 3-Tb are uncompleted asymmetric semicircles that can be fitted using the one 

component Debye model with α values of 0.3 to 0.23 on increasing temperature. The ln(τ) 

vs T-1 plot is shown in Figure 2.37 a). No linear trend is followed along the temperature 

axis, indicating that the relaxation of the magnetization of the Tb3+ compound does not 
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occur through the Orbach process. Clearly, a temperature dependence of the relaxation 

times is observed, therefore the Raman process can be considered. The best fit of the 

magnetic data of 3-Tb is obtained when both, Raman and Direct mechanism, are 

considered with values of C = 0.93 s-1K-n and n = 5.21 for Raman and of A = 3275.1 s-1K-

1 for Direct process, Equation 2.7. 

𝜏−1 = 𝐶𝑇𝑛 + 𝐴𝑇         Equation 2.7 

The Terbium(III) ion has a 7F6 ground state. When the Tb3+ ion is coordinated to ligand 

molecules forming a coordination compound, J splits into 2J+1 ±mj states due to the 

crystal field effect. For J equal to 6, there may be13 mj sublevels comprised between +6 

to -6. Due to the non-Kramer nature of the Tb3+ ion, a certain crystal field can stabilize 

the mj ground state with the lower value which in this case would be mj = 0. If this 

occurred, then no relaxation of the magnetization nor SMM behavior could be seen at all. 

For a Tb3+ compound showing SMM behavior, the crystal field should optimize the oblate 

shaped electron density mj state with larger value (±mj = ±6). Therefore, the crystal field 

of compound 3-Tb stabilizes a ground state different than mj = 0, though there is 

transverse contribution in the ground state wavefunction because of QTM presence at Hdc 

= 0 T and even applying an optimal external magnetic field, slow relaxation of the 

magnetization is recorded but in a low and very narrow temperature range.69 

 

Figure 2.37 a) ln(τ) vs T-1 plot of a) 3-Tb, b) 5-Er and c) 6-Yb obtained at the Hdc = 0.1, 0.07 

and 0.1 T respectively. In the three figures, continuous lines represent the best fit using the 

stated equations of the relaxation of magnetization mechanisms. The black dotted line in Figure 

b) represents the fit in the high temperature range following an Arrhenius law. 
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Compounds 5-Er and 6-Yb show clear maxima of the χM” component in a rather low 

temperature range (1.8-2.7 K for 5-Er and of 2.1-4.3 K for 6-Yb). For 5-Er and 6-Yb, in 

the plots of the out-of-phase magnetic susceptibility components with temperature and 

frequency, the χM” peaks move progressively to higher frequencies upon increasing the 

temperature. The Cole-Cole plots show non-symmetric semicircles, Figures 2.36 c), f) 

and i). For 5-Er and 6-Yb, Cole-Cole curves could be fitted with the one component 

Generalized Debye model. The α values obtained from the fit are in the range of 0.08 to 

0.03 (for 5-Er) and of 0.16 to 0.02 (for 6-Yb) on increasing temperature. Relaxation of 

magnetization times with temperature characteristics are plotted in Figures 2.37 b) and 

c).  

For the 5-Er compound, the Arrhenius law is used to fit the linear segment in the higher 

temperature range. The obtained effective energy barrier is 13.0 cm-1 and the pre-

exponential factor is 8.75‧10-8 s. The linear trend is not followed along the curve, therefore 

a function with the equation including the Orbach and Raman relaxation mechanisms 

(first two components in Equation 2.6) gives the best fit. The obtained parameters are ΔE 

= 24.6 cm-1, τ0 = 8.75‧10-8 s, C = 96.1 s-1K-n and n=4.05. Finally, for compound 6-Yb, the 

magnetic data cannot be fitted using the Arrhenius law since there is no clear linear trend 

in the higher temperature range and therefore the relaxation of the magnetization by the 

Orbach process is excluded. The best fit of the ln(τ) vs T-1 curves is acquired when 

equations describing the Raman and Direct relaxation of the magnetization processes are 

considered, Equation 2.7, and the obtained parameters are C = 0.51 s-1K-n, n = 6.5 and A 

= 8.58 s-1K-1. Other Yb3+ coordination compounds where the slow relaxation of the 

magnetization process is dominated by Raman and Direct mechanisms rather than 

Orbach, are found in the literature.70 A compilation of the fitting parameters of 

compounds 3-Tb, 4-Dy, 5-Er and 6-Yb is found in Table 2.20. 
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Table 2.20. Compilation of the fitted parameters from the relaxation of the magnetization 

mechanisms of compounds 3-Tb, 4-Dy, 5-Er and 6-Yb. 

 Hdc 

(T) 

Orbach QTM Raman Direct 

𝛥𝐸 
(cm-1) 

𝜏0
⬚ 

(s) 

𝜏𝑄𝑇𝑀
⬚  

(s) 

𝐶 

(s-1K-n) 

𝑛 𝐴 

(s-1K-1) 

3-Tb 0.1    0.93 5.2 3275.14 

4-Dy 0 103.7 2.53·10-9 0.03 8.18·10-4 5.5  

0.1 140.5 3.6·10-11  1.10·10-4 6.2  

5-Er 0.05 24.64 8.75·10-8  96.1 4.1  

6-Yb 0.05    0.51 6.5 8.58 

 

Correlation between magnetic and spectroscopic data 

The relaxation of magnetization energy barrier described by the Orbach mechanism of 4-

Dy calculated by means of the magnetic data can be compared with the energy barrier 

calculated through the spectroscopic data. The emission spectrum of 4-Dy was obtained 

at T = 77 K configuring the experiment in a slower acquisition time measurement mode. 

By measuring the emission spectrum at such low temperature, the corresponding ±mj 

energy levels formed by the crystal field splitting can be distinguished. Assuming that 

only the first mj state of the 4F9/2 emitting level is populated and that at such low 

temperature we can reduce, as much as possible, the presence of hot bands and vibronic 

side bands, the 6H15/2 ground state of the Dy3+ Kramer ion splits due to the crystal field 

effect into J+1/2 degenerated doublets (2J+1 mj states): ±mj= ±15/2, ±13/2, ±11/2, ±9/2, 

±7/2, ±5/2, ±3/2, ±1/2. 

A multi-Gaussian function fit is performed for the 4F9/2→
6H15/2 emission band, Figure 

2.38. Different trials with more than eight Gaussian functions were performed to include 

the 'hot bands'. A good fit is obtained when 9 Gaussian functions are used. The ninth 

Gaussian function covers the small shoulder at the low energy range. This indicates that 

even at low temperatures the side emission bands such as the 'hot bands' are still present. 

They can appear even at lower temperatures as demonstrated in other published studies.71 

Thus, the first two bands that are higher in energy are assigned to the zero phonon 0’→0 

and 0’→1 transitions. The energy difference between the peaks of the two first Gaussian 

functions is 93.8 cm-1. Attending to the calculated ΔE value from the magnetic data (91 
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cm-1), the Orbach relaxation process occurs only through the first ±mj excited state. This 

could consider the fact that the thermally activated relaxation of the magnetization 

process (Orbach) does not take place through the whole energy barrier composed by all 

the ±mj doublets of the Dy3+ ion but only via the first ±mj excited state. Thus, suggesting 

that 4-Dy relaxation of the magnetization takes place via thermal activated QTM. 

In addition, the emission spectrum of the 6-Yb compound measured at 77 K shows that 

the 2F5/2→
2F7/2 emission transition is split due to crystal field into four well distinguished 

peaks, Figure 2.39. The Yb3+ 2F7/2 ground state breaks the degeneracy due to crystal field 

splitting and should lead to four ±mj doublets (±7/2, ±5/2, ±3/2, ±1/2). A multi-Gaussian 

fit of the emission spectra is performed successfully with four Gaussian functions. The 

splitting between the peaks is as follows: 25.1 (1st-2nd), 13.6 (2nd-3rd) and 17.7 cm-1 (3rd-

4th). The dynamic magnetic data for 6-Yb show that the magnetization does not relax 

through an effective energy barrier via the Orbach process. 

  

Figure 2.38 4F9/2→
6H15/2 emission band measured 

at 77 K of 4-Dy. Grey continuous line is the 

experimental emission band. Scattered red line is 

the total multi-Gaussian fit. 

Figure 2.39 2F5/2→
2F7/2 emission band measured 

at 77 K of 6-Yb. Blue continuous line is the 

experimental emission band. Scattered red line is 

the total multi-Gaussian fit. 
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2.3 Conclusions 

β-diketonate mononuclear lanthanide coordination compounds derived from the 4,4,4-

trifluoro-1-phenyl-1,3-butanedione (HBtfa), could be successfully synthetized by 

displacement reactions from the β-diketonate precursor of formula [Ln(Btfa3)(H2O)2] 

with the respective N,N- and N,N,N-polypyridyl ligands. Two different families of 

lanthanide compounds were synthetized in Chapter 2 which are compiled in Table 2.21.  

Table 2.21 Compilation of compounds synthetized in Chapter 2. 

Formula Coordination number 

and coordination 

polyhedron 

Identification code 

[Ce(Btfa3)(H2O)2] 8 

TDD-8, D2d 

1-H2O 

[Ce(Btfa3)(phen)] 8 

TDD-8, D2d and SAPR-8, 

D4d  

2-phen 

[Ce(Btfa3)(bipy)] 8 

SAPR-8, D4d 

3-bipy 

[Ce(Btfa3)(terpy)] 9 

CSAPR-9, C4v 

4-terpy 

[Ce(Btfa3)(bathophen)(DMF ) ]   9 

CSAPR-9, C4v 

5-bathophen 

[Ln(Btfa3)(4,4’-dinonyl-bipy)] 8 

SAPR-8, D4d 

1-Sm, 2-Eu, 3-Tb, 4-

Dy, 5-Er, 6-Yb and 

7-Gd 

First, with the aim to provide with new insights into the understanding of the Cerium(III) 

spin relaxation, five β-diketonate Ce3+ have been synthetized and structurally 

characterized. Moreover, the five compounds have been magnetically characterized and 

a meticulous study has been carried out to further understand the spin dynamics in the 

relaxation of the magnetization that they present under an external direct current magnetic 

field. Ab initio calculations were performed to support the experimental magnetic data. 

For all the compounds, the Orbach mechanism was disregarded in light of the published 

literature and the obtained ab initio results. Instead, the local mode mechanism was 

considered. The calculations also show the axiality of the compounds and corroborate the 

presence of low energy vibrational modes that could contribute to the spin relaxation 
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through the Local mode. Finally, a compilation of the Cerium(III) coordination 

complexes found in the literature before 2023 and showing slow relaxation of the 

magnetization are presented in Tables 2.1-2.5. From the published experimental data and 

ab initio calculations can be extracted that the stabilization of the mj with greatest value 

as the ground state, does not imply the presence of SMM behavior for the previously 

magnetically studied Ce3+ coordination compounds.  

Secondly, with the aim of obtaining multiproperty lanthanide complexes, isostructural 

mononuclear compounds derived from the Btfa and the 4,4’-dinonyl-2,2’-bipyridine 

ancillary ligand have been isolated and structurally characterized. Photoluminescence 

studies were performed for all complexes in CHCl3 solution and in solid state. 

Furthermore, the solid samples were also measured at the liquid nitrogen temperature 

(77 K). All polycrystalline samples show sensitized luminescence when exciting the 

samples at the ligand excitation band indicating an effective antenna effect. 

Luminescence quantum yield could be measured for the visible light emitters 1-Sm, 2-

Eu, 3-Tb, and 4-Dy in chloroform solution and in solid state, with the europium analogue 

yielding the highest value of 0.68 in polycrystalline sample and of 0.42 in solution. 

Moreover, luminescence decay lifetime was measured for the 1-Sm and 2-Eu compounds 

with the 2-Eu polycrystalline sample showing the greatest τobs = 0.90 ms.  

Owing to the peripheral alkyl and -CF3 groups of the 4,4’-dinonyl-2,2’-bipy and Btfa 

ligands, the 2-Eu and 6-Yb complexes showed a relatively low sublimation temperature, 

around 140-150 °C at ~10-6 mbar, hence they are promising materials for the emissive 

layer of OLED devices. Considering the good luminescence properties of the 2-Eu 

complex and 6-Yb they were selected to produce vacuum deposited OLEDs. The 2-Eu 

based OLED showed an external quantum efficiency of 2.0-2.1% and luminance in a 

range ⁓200-600 cd m-2. Using 6-Yb as the emitting material, gave a near infrared 

electroluminescence at ~1000 nm with an EQE of 0.1-0.17%.  

Moreover, from the magnetic study of this series of compounds, dynamic magnetic 

measurements proved that 5-Dy display Single Ion Magnet (SIM) behaviour at relatively 

high temperatures showing maximum values of the χM” component up to 14 K. The 

phonon lattice mechanism dominating in the high temperature range is the Orbach process 



2. Compounds derived from the 4,4,4-Trifluoro-1-phenyl-butanedione (HBtfa) 

 

 

 

160 

with an effective energy barrier of 91.1 cm-1. Moreover, at intermediate temperatures the 

Raman mechanism is present and the process of quantum nature, Quantum Tunneling of 

Magnetization (QTM), governs the relaxation of the magnetization at the low temperature 

range. By applying an optimal dc magnetic field of 0.1 T the QTM is removed, and the 

magnetic relaxation is still dominated by the Orbach process at high temperatures with a 

greater ΔE value of 109.3 cm-1 than that found at Hdc = 0 T. The Raman mechanism is 

involved while cooling the sample. Magnetic and spectroscopic correlation studies of 5-

Dy showed that the thermal activated relaxation of the magnetization process (Orbach) 

does not take place through the whole energy barrier composed of all the ±mj states of the 

Dy3+ ion but only via the first ±mj excited state. This may suggest that in reality, instead 

of the Orbach mechanism, a thermal activated QTM process is taking place. 

 In addition, 3-Tb, 5-Er and 6-Yb show slow relaxation of the magnetization under an 

applied external magnetic field. The mechanisms that best describe the relaxation of the 

magnetization of these three compounds resulted in a combination of Raman and Direct 

for 3-Tb and 6-Yb and Orbach and Raman for the 5-Er analogue. 
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3.  Lanthanide Fluorobenzoates 

In the syntheses of lanthanide(III) coordination compounds, the carboxylate anions have been 

widely used as ligands due to the strong interaction between the Ln3+ ions and the oxygen atoms 

from the carboxylate group. The lanthanide cations with a +3 oxidation state can be considered 

as a hard Lewis acids facilitating the coordination with hard Lewis bases such as the O atoms 

from a deprotonated carboxylic acid, providing high stability to the final coordination compound. 

The lanthanide ions in coordination compounds embedding carboxylate ligands present high 

coordination numbers up to eight or nine.1 Moreover, the carboxylate ligands, can present 

multiple coordination modes enhancing coordination flexibility and tunability of the final 

compound. The diverse coordination geometries that the carboxylate group can show, allows 

obtaining a wide range of coordination complexes, from mononuclear to polynuclear 

heterometallic compounds. Generally, obtention of lower nuclearity compounds is favored when 

the ligand contains only one carboxylate group, and it is used in an excess. Whereas if an excess 

of the metal is used during the syntheses or if the ligand molecule contains two to more 

carboxylate groups, defined as a polycarboxylate ligand, the final compound will result of higher 

nuclearity even polymeric structures.2-5 Some of the coordination modes that the carboxylate 

ligand can present are depicted in Scheme 3.1. Carboxylate coordinating geometries are diverse, 

from monodentate (a) to chelating (b) or to bridging coordination modes (c-g) or even bridging 

more than two metal centers (h and i). The bridging coordination mode leading to shorter Ln---

Ln intramolecular distances is the bridging-chelating (η2: η1:μ2) whereas the symmetric bridging 

anti-anti mode (η1: η1:μ2) leads to larger Ln---Ln distances. Normally, the η2: η1: μ2 coordination 

mode stabilizes better the Ln3+ cations with higher ionic radius such as Ce3+ or Nd3+ because it 

increases by one the coordination number of the metal compared to the η1: η1:μ2 mode.6 This 

trend of the coordination mode of the carboxylate ligand related with the ionic radius of the Ln3+ 

atom, because of lanthanide contraction, will be also reflected through this Thesis work. In 

addition, a number of lanthanide carboxylate compounds reported in the literature present 

remarkable characteristics including magnetic materials, optical sensors, Lewis acid catalysts and 

compounds where luminescence and single molecular magnet properties coexist.7-10 
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Scheme 3.1 Depiction of different coordination modes presented by carboxylate ligands: a) monodentate 

(η1), b) chelating (η1: η1), c) o-bridging (η2: μ2), d) syn-syn bridging (η1: η1:μ2), e) anti-anti bridging (η1: 

η1:μ2), f) syn-anti bridging (η1: η1:μ2), g) chelating-bridging (η2: η1:μ2) h) triple bridging η1: η2:μ3 and i) 

triple bridging η2: η2:μ3. 

Focusing now on the R- substituted benzoate ligands, the lanthanide coordination compounds 

derived from these molecules present interesting luminescence properties generated from the 

strong absorbing chromophore group of the organic fragment.6 On substituting the H atoms in 

the benzoate moiety to F atoms, the luminescence quenching due to high energy C-H oscillator 

bonds decreases. Thus, enhancing radiative deactivation instead and improving the luminescence 

of the lanthanide compound. 

One of the potential applications of the lanthanide fluorobenzoate coordination compounds is its 

use as bio-probes. The final compounds might accomplish some requisites to provide accurate 

imaging data in biological environments. Some of these requirements are water solubility, high 

thermodynamic stability, non-toxicity, high cell permeability as well as outstanding 

photoluminescent properties. Lanthanide coordination complexes, in particular derived from 

aromatic carboxylate ligands such as R-benzoates, efficiently fulfill these conditions. These may 

show high stability after exposition of UV radiation for a long time and they can show broad 

chemical modification possibilities. Because of their chemical structure, R-benzoates can be 

extensively modified to give researchers unique features for a variety of imaging applications 

and experimental requirements.7, 11, 12 
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Promising luminescence properties were observed in a study with R-benzoates presented by S. 

Bräse et al.13a,b who published a thorough study of lanthanide fluorobenzoate coordination 

compounds searching for the optimal lanthanide element and optimal ligand fluorination degree 

to obtain photo-stable, non-toxic and luminescent compounds suitable for their use as bio-probes. 

As a conclusion of the study, the europium and terbium 2-fluorobenzoate (2-FBz) dihydrate of 

formula [Ln2(μ-2-FBz)4(2-FBz)2(H2O)4] combined the best properties with a luminescence 

quantum yield of 0.15 (over 1) for the europium and of 0.5 for the terbium polycrystalline 

analogues. 

In this regard, Chapter 3 of this Thesis work focuses on obtaining lanthanide fluorobenzoate 

compounds with high emission quantum yields. The use of the 2-fluorobenzoate (2-FBz) and 

2,6-difluorobenzoate (2,6-F2Bz) as ligands, aims to synthetize multiproperty lanthanide 

coordination compounds, with special interest in high luminescent complexes emitting in the 

visible range. To increase the emission quantum yield, two strategies were considered. First, 

using the fluorobenzoate ligands to reduce C-H bonds with high energy oscillations, near the 

emissive lanthanide cation. Due to the good results that 2-FBz showed in previous works, this 

ligand will be used. Moreover, if 2-FBz containing only one fluorinated ortho position, increased 

the emission quantum yields, we hypothesized that 2,6-difluorobenzoate ligand also should 

present outstanding luminescence properties, as well as potential new structural features due to 

the extra fluorine atom. It should be noted that, as far as we know, only four lanthanide(III) 

coordination compounds with 2,6-difluorobenzoate ligand have been published.13c-e The second 

strategy will be to reduce or even eliminate coordinating water molecules to minimize the 

presence of O-H oscillators that effectively quench the lanthanide luminescence.  

We have considered to prepare the 2-fluorobenzoate monohydrate compound of formula [Ln2(μ-

2-FBz)4(2-FBz)2(2-HFBz)2(H2O)2] (2-HFBz is 2-fluorobenzoic acid) with the aim to increase the 

emission quantum yield considering that the number of quenching water molecules in the 

presented compound is a half with respect to the previously published compounds [Eu2(μ-2-

FBz)4(2-FBz)2(H2O)4] and [Tb2(μ-2-FBz)4(2-FBz)2(H2O)4].
13a This family of lanthanide 

fluorobenzoates is presented in Section 3.1.1. However, still remains one coordinating H2O 

molecule per lanthanide central atom. 
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To further minimize the presence of coordinating water molecules of the above compounds with 

formula [Ln2(μ-2-FBz)4(2-FBz)2(2-HFBz)2(H2O)2], alternative species were introduced into the 

synthesis to serve as counter ions in the final structure as well as an excess of basic agent to 

obtain an anhydrous compound with hypothetical structure that should resemble to [Ln2(μ-2-

FBz)4(2-FBz)4]
2-. The aim is that in structures presenting the [Ln2(μ-2-FBz)4(2-FBz)2(2-

HFBz)2(H2O)2] formula, the 2-fluorobenzoic acid coordinated to the lanthanide ion can be 

deprotonated and further coordinated as chelating ligand removing in this way the H2O 

molecules. Since the formal charge of the dinuclear compound will be -II, a counterion will be 

needed to neutralize the final structure. To do so, we tried tetraethylammonium chloride, 

tetramethylammonium hydroxide and tetraphenylphosphonium chloride. When using the first 

two ammonium salts, we obtained the same dinuclear complexes presented in Section 3.1.1. 

However, when using tetraphenylphosphonium chloride (PPh4Cl) a new structural motif of 

formula (PPh4)2[Eu2(μ-2-FBz)2(2-FBz)6(H2O)2] was obtained resulting in the family of 

lanthanide compounds presented in Section 3.1.2. Unfortunately, in the new dinuclear structure a 

H2O molecule coordinated to each lanthanide ion is still present. For the new 2-fluorobenzoate 

lanthanide series, the syntheses, structure characterization by Single Crystal X-Ray Diffraction, 

luminescence properties as well as magnetic properties are presented. 

3.1. Compounds derived from 2-fluorobenzoic acid (2-

HFBz): 

3.1.1 [Ce2(μ-2FBz)4(2FBz)2(H2O)4]n and a series of compounds 

with formula [Ln2(μ-2-FBz)4(2-FBz)2(2-HFBz)2(H2O)2]  

With the aim of reducing the number of H2O molecules coordinated to the Ln3+ ion and therefore 

increase the emission quantum yield, eight lanthanide compounds derived from the 2-

fluorobenzoic acid (2-HFBz) are presented in this section. The lanthanide ions used are Ce3+(8-

Ce), Sm3+(9-Sm), Eu3+(10-Eu), Gd3+(11-Gd), Tb3+(12-Tb), Dy3+(13-Dy), Er3+(14-Er) and 

Yb3+(15-Yb). Compounds 9-Sm to 15-Yb presented the formula [Ln2(μ-2-FBz)4(2-FBz)2(2-

HFBz)2(H2O)2] and they are isostructural to the previously reported Terbium(III) and 

Neodymium(III) analogues.14 For the previously published [Tb2(μ-2-FBz)4(2-FBz)2(2-
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HFBz)2(H2O)2] compound, luminescence emission spectrum was obtained though no study of 

the emission quantum yield nor luminescence lifetime was performed while for the Neodymium 

analogue only the crystal structure was published. Meanwhile, compound 8-Ce crystallized in a 

new layer-like structure with formula [Ce2(μ-2FBz)4(2FBz)2(H2O)4]n. Next, the structural 

description of compounds 8-Ce and 10-Eu are presented, followed by the characterization and 

description of luminescence and magnetic properties of all compounds.  

3.1.1.1 Experimental procedure 

To obtain compounds 8-Ce to 15-Yb, the same synthesis was carried out. Addition of an excess 

of 2-fluorobenzoic acid (2-HFBz) to the respective lanthanide(III) nitrate salt in basic medium 

led to dinuclear 2-fluorobenzoate compounds of formula [Ce2(μ-2FBz)4(2FBz)2(H2O)4]n for 8-Ce 

and of formula [Ln2(μ-2-FBz)4(2-FBz)2(2-HFBz)2(H2O)2] for 9-Sm to 15-Yb. The synthesis 

procedure was conducted as follows: 2-fluorobenzoic acid (140.1 mg, 1 mmol) and pyridine* 

(79.1 mg, 1 mmol) were dissolved to an ethanol/H2O (1:1) solution (20 mL). After the complete 

dissolution, a 10 mL ethanol solution containing the respective lanthanide salt, Ln(NO3)3·nH2O 

(0.22 mmol) was added dropwise. The solution was magnetically stirred for 30 minutes and then 

left to crystallize at room temperature. After 2 weeks (1 day for 8-Ce), white crystals suitable for 

monocrystal X-Ray diffraction appeared. The crystals were obtained by filtration and washed 

with a small amount of cold ethanol. All compounds were obtained in high yields, above 80%. 

*Same compounds were obtained when using triethylamine (101.19 mg, 1 mmol) instead of 

pyridine as the basic agent. 

 It is interesting to highlight that the presented compounds with formula [Ln2(μ-2-FBz)4(2-

FBz)2(2-HFBz)2(H2O)2] have been obtained in a simpler, room temperature straightforward 

synthesis avoiding this way the need of reflux or solvothermal techniques as were used in the 

syntheses of the already published Tb3+ and Nd3+ analogues.14 

Further characterization of these compounds was realized by carrying out elemental analysis, 

Table 3. 1 and ATR-Infrared spectroscopy, Table 3. 2.  
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Table 3. 1 Elemental analysis of compounds 8-Ce to 15-Yb 

 Calculated Found 

Compound %C %H %C %H 

8-Ce 
C42H32Ce2F6O16, 1186.9 g/mol 

42.5 2.7 42.0 2.6 

9-Sm 
C56H38F8O18Sm2, 1451.6 g/mol 

46.3 2.6 46.0 2.4 

10-Eu 
C56H38Eu2F8O18, 1454.8 g/mol 

46.2 2.6 46.0 2.4 

11-Gd 
C56H38F8O18Gd2, 1465.4 g/mol 

45.8 2.6 45.2 2.5 

12-Tb 
C56H38F8Tb2O18, 1468.7 g/mol 

45.9 2.6 45.7 2.6 

13-Dy 
C56H38Dy2F8O18, 1475.9 g/mol 

45.6 2.6 45.4 2.6 

14-Er 
C56H38Er2F8O18, 1485.4 g/mol 

45.3 2.6 45.2 2.6 

15-Yb 
C56H38F8O18Yb2, 1496.9 g/mol 

44.9 2.6 45.2 2.5 

 

Table 3. 2 Selected bands (cm-1) for 8-Ce to 15-Yb (s=strong, m=medium and w=weak, br=broad) 

obtained in ATR-IR spectroscopy. 

8-Ce 3256(br), 1612(m), 1589(s), 1526(s), 1486(m), 1449(m), 1399(s), 

1210(m, split), 1094(m), 868(s), 795(w), 755(s), 648 (m) 

9-Sm 3422(br), 1671(w), 1603(s, split), 1564(m), 1531(m), 1486(w), 

1448(m), 1425(m), 1385(s), 1295(m), 1250(w), 1238(m), 1160(w), 

1137(w), 1099(m), 1033(w), 953(w), 876(m), 857(m), 843(m), 

809(m), 790(w), 751(s), 691(w), 650(m), 565(m) 

10-Eu 3418(br), 1666(w), 1604(s, split), 1565(m), 1528(m), 1488(w), 

1454(m), 1422(m), 1381(s), 1293(m), 1250(w), 1210(m), 1164(w), 

873(m) 856(m), 841(m), 808(m), 789(w), 748(s), 693(w), 655(m), 

569(m)  

11-Gd 3419(br), 1667(w), 1605(s, split), 1567(m), 1529(m), 1489(w), 

1455(m), 1423(m), 1381(s), 1295(m), 1252(w), 1215(m), 1166(w), 

874(m) 857(m), 842(m), 809(m), 790(w), 749(s), 695(w), 656(m), 

570(m) 

12-Tb 3419(br), 1669(w), 1602(s, split), 1562(m), 1529(m), 1483(w), 
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1446(m), 1423(m), 1383(s), 1293(m), 1247(w), 1234(m), 1157(w), 

1131(w), 1097(m), 1031(w), 951(w), 875(m), 855(m), 842(m), 

808(m), 789(w), 749(s), 689(w), 649(m), 563(m) 

13-Dy 3420(br), 1669(w), 1602(s, split), 1563(m), 1530(m), 1485(w), 

1447(m), 1424(m), 1384(s), 1294(m), 1249(w), 1235(m), 1158(w), 

1135(w), 1098(m), 1033(w), 953(w), 876(m), 857(m), 843(m), 

809(m), 790(w), 751(s), 691(w), 650(m), 565(m) 

14-Er 3417(br), 1665(w), 1604(s, split), 1564(m), 1527(m), 1487(w), 

1452(m), 1421(m), 1379(s), 1291(m), 1247(w), 1209(m), 1162(w), 

872(m) 854(m), 839(m), 802(m), 788(w), 745(s), 691(w), 654(m), 

564(m) 

15-Yb 3420(br), 1669(w), 1602(s, split), 1563(m), 1530(m), 1485(w), 

1447(m), 1424(m), 1384(s), 1294(m), 1249(w), 1235(m), 1158(w), 

1135(w), 1098(m), 1033(w), 953(w), 876(m), 857(m), 843(m), 

809(m), 790(w), 751(s), 691(w), 650(m), 565(m) 

 

3.1.1.2 Structural characterization 

The following lanthanide 2-fluorobenzoate coordination compounds were obtained performing 

the same reaction pathway that uses an excess of the 2-fluorobenzoic acid in a 1:4.5 metal: 

ligand ratio. The reaction in a water/ethanol (1:1) solution provided with basic medium led to 

single crystals with molecular formula [Ln2(μ-2FBz)4(2FBz)2(2-HFBz)2(H2O)2] for 9-Sm to 15-

Yb. Molecules gathered in crystals containing the Ce3+ cation (8-Ce), showed a different and 

new arrangement in space compared to the other lanthanides with a molecular formula: [Ce2(μ-

FBz)4(2-FBz)2(H2O)4]n. Single crystal X-Ray diffraction measurements have been carried out for  

compounds 8-Ce, 10-Eu, 14-Er and 15-Yb. Compounds 10-Eu, 14-Er and 15-Yb are 

isostructural therefore only the 10-Eu structure will be described herein, in addition to 8-Ce. 

Selected bond distances and crystallographic details are compiled in Table 3. 3, Table 3. 4 and 

Table APX.V.1  

 



3. Lanthanide Fluorobenzoates 

 
 

 

182 

Table 3. 3 Selected bond lengths (Å) of compound 8-Ce. The symmetry transformation used to generate 

equivalent atoms is b: 1+x,y,z; _c: -x,1-y,1-z; _d: 1-x,1-y,-z. 

Ce1-O2 2.4851(16) Ce2-O4 2.511(2) 

Ce1-O5 2.3885(18) Ce2-O14 2.4452(18) 

Ce1-O7 2.4991(19) Ce2-O15 2.4772(19) 

Ce1-O9 2.5796(17) Ce2-O16 2.5582(17) 

Ce1-O11 2.6891(17) Ce2-O17 2.5764(18) 

Ce1-O12 2.5661(18) Ce2-O8_c 2.6036(18) 

Ce1-O13 2.6206(18) Ce2-O16_c 2.6966(17) 

Ce1-O6_b 2.4546(18) Ce1---Ce1_d 4.464 

Ce1-O11_d 2.5732(17) Ce2---C2_c 4.461 

Ce2-O1 2.6260(18) Ce1---Ce2 5.948 

Ce2-O3 2.4033(18)   

 

Table 3. 4 Selected bond lengths (Å) of compounds 10-Eu, 14-Er and 15-Yb. 

 10-Eu 14-Er 15-Yb 

Ln-O1 2.586(13) 2.549(14) 2.541(10) 

Ln-O2 2.430(13) 2.365(14) 2.343(10) 

Ln-O3 2.354(13) 2.273(13) 2.267(10) 

Ln-O4 2.356(13) 2.296(14) 2.241(9) 

Ln-O5 2.638(13) 2.443(15) 2.439(11) 

Ln-O5_a 2.638(13) 2.630(14) 2.326(10)      

Ln-O6_a 2.463(14) 2.391(14) 2.273(11) 

Ln-O7 2.481(13) 2.297(15) 2.661(10) 

Ln-O9 2.427(13) 2.356(14) 2.373(10) 

Ln---Ln 3.964 3.903 3.897 
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Figure 3. 1 Left, asymmetric unit of single crystal structure of 8-Ce. Hydrogen atoms have been omitted 

for clarity. Right, molecular arrangement of 8-Ce along the plane (0 1 0), hydrogen atoms and phenyl 

groups have been omitted for better clarification. Color code: Ce=orange, O=red, C=grey, F= green  

Compound 8-Ce crystallizes in a triclinic crystal system in a P-1 space group. Each asymmetric 

unit holds two crystallographically independent Ce3+ centers (Ce1 and Ce2), each one with a 

coordination number of 9, Figure 3. 1. The O atoms in each CeO9 moiety are displayed around 

the Ce atoms with a coordination geometry that exhibits a distorted polyhedron between the 

Spherical capped square antiprism (CSAPAR-9, C4v) and Muffin (MFF-9, Cs) geometries, 

Figure 3. 2. The calculated Continuous Shape Measurements (CShM) values with the SHAPE 

program15 are compiled in Table 3. 5. 

 
 
 

Table 3. 5 Calculated continuous Shape 

measurements of coordination polyhedra 

presented for Ce3+ atoms in structure of 7-Ce. 

 Ce1 Ce2 

CSAPR-9 (C4v) 1.803 1.870 

MFF-9 (Cs) 1.908 1.982 
 

 

 
Figure 3. 2 Coordination polyhedra of Ce1 and 

Ce2 of 8-Ce superimposed to an ideal Spherical 

Capped Square Antiprism (CSAPR) polyhedron 

geometry. 
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In 8-Ce, each Ce3+ ion is coordinated to two O atoms (O12, O13 and O1, O17 for Ce1 and Ce2 

respectively) from one 2-FBz ligand in the chelating coordination mode Scheme 3.2 a) with Ce-

O bond distances in the 2.566-2.626 Å range and to two O atom from two H2O molecules with 

Ce-O bond distances in the 2.477-2.511 range. 

 

Scheme 3.2 Coordination modes of 2-FBz found in compounds of Chapter 3: a) symmetrical syn-syn 

bidentate bridging, b) chelating-bridging c) chelating d) monodentate coordination mode and e) 

monodentate 2-fluorobenzoic acid. 

Furthermore, the cerium atoms are connected along the crystal lattice through 2-FBz ligands in 

both, the symmetrical syn-syn bidentate bridging (η1:η1:μ or 2.11 using Harris notation16) and 

chelating-bridging (η1:η2:μ or 2.21 using Harris notation) coordination mode, Scheme 3.1 b) and 

c) and Figure 3. 1 right. On one hand, Ce1 and Ce1_d from the adjacent asymmetric unit are 

bridged through two 2-FBz ligands in the chelating-bridging coordination mode by O9, O11 and 

O11_d with Ce-O bond distances in the 2.573-2.580 Å range. On the other hand, Ce2 and Ce2_c 

from the next asymmetric unit are also connected through two 2-FBz molecules in the bridging 

chelating coordination mode (O16, O16_c and O8_c) with Ce-O distances in the 2.558-2.697 Å 

range. Moreover, Ce1 and Ce2 from each asymmetric unit are linked by one 2-FBz ligand in the 

symmetrical syn-syn bidentate bridging mode. Linkage of Ce1 and Ce2 occurs in two directions 

along the crystal lattice vectors [1 0 0] and [0 0 1], through O5, O14 and O6_b, O3 from two 

different 2-FBz ligands with Ce-O bond distances ranging from 2.389 to 2.455 Å. Bridging of 

Ce1 and Ce2 results in the growth of the molecular arrangement in layers along the (0 1 0) plane. 

The shortest Ce---Ce distances are 4.464, 4.461, 5.948 Å for Ce1---Ce1_d, Ce2---Ce2_c and 

Ce1---Ce2, Figure 3. 3 left. The layers overlap along the b crystallographic axis by means of 



3. Lanthanide Fluorobenzoates 

 
 

 

185 

weak Van der Walls intermolecular interactions, Figure 3. 3 right.  The symmetry transformation 

used to generate equivalent atoms is _a: -1+x,y,z; _b: 1+x,y,z; _c: -x,1-y,1-z; _d: 1-x,1-y,-z. 

 

Figure 3. 3 Left, molecular arrangement of compound 8-Ce along the (0 1 0) crystallographic plane. 

Hydrogen atoms and phenyl groups have been omitted for better clarification. Right, depiction of the 

layered crystal structure of 8-Ce. 

On the other hand, compound 10-Eu crystallizes in a triclinic crystal system and a P-1 space 

group. The molecules in the crystal structure are arranged forming dinuclear entities, however 

the asymmetric unit is formed by half of the dinuclear structure therefore there is only one 

crystallographically independent Ln3+ ion. The coordination number of each Eu3+ center is 9. The 

oxygen atoms coordinated to each EuO9 are set up forming a distorted polyhedron that is close to 

an ideal Muffin-like geometrical shape (MFF-9, Cs) with a CShM value of 2.000. The CShM 

values from the LnO9 coordination sphere of 14-Er and 15-Yb, which crystal structures were 

also measured, are 1.839 and 1.807 respectively, Figure 3. 4. 
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Figure 3. 4 Coordination geometry of compounds a) 

10-Eu, b) 14-Er and c) 15-Yb superimposed to the 

ideal Muffin-like polyhedron. 

 

 

Figure 3. 5 Partially labelled structure of 

compound 10-Eu. Hydrogen atoms have been 

omitted for better clarity. Color code Eu=blue, 

O=red, C=grey, F=green. 

The coordination sphere of each Eu3+ in [Eu2(μ-2-FBz)4(2-FBz)2(2-HFBz)2(H2O)2] 10-Eu is 

formed by O1 and O2 from a 2-FBz ligand in the bidentate chelating coordination mode and O7 

from an 2-HFBz, Figure 3. 5. There are two 2-FBz ligands in the bidentate bridging coordination 

mode (Scheme 3.2 a) that are bonded to the Eu3+ atoms through O3 and O4_a and two 2-FBz 

ligands that are in the bidentate chelating-bridging coordination mode (Scheme 3.2 b) bonded to 

the lanthanide atom through the O5, O6_a and O5_a atoms. The latest O5_a atoms are doubly 

bridging both Eu3+ centers of the dinuclear structure. Finally, the coordination sphere is 

completed by O9 from a H2O molecule. Eu-O bond lengths are in the 2.348(2)-2.638(2) Å range. 

The Eu---Eu_a intramolecular distance is 3.964(3) Å. The symmetry transformation used to 

generate equivalent atoms is _a: -x+1,-y+1,-z+2. 

Intermolecular interactions to consider are the O-H---O H-bond from the H2O molecule and O1 

and O6 of two carboxylate groups in the bidentate chelating and bidentate bridging-chelating 

coordination mode respectively. The H9OA/H9OB---O1/O6 distance is 2.020 Å and the O9-

H9OA---O1 and O9-H9OB---O6. This arrangement propagates along the [1 0 0] direction of the 

crystal lattice, thus the final supramolecular structure consists of a 1D chain Figure 3. 6.  
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Figure 3. 6 Supramolecular arrangement representation of compound 10-Eu in the [100] direction. Purple 

dotted lines indicate H-O---H intermolecular hydrogen bonds. 

Moreover, Powder X-Ray Diffraction (PXRD) was performed to compounds 8-Ce, 10-Eu, 14-

Er and 15-Yb to ensure phase purity along all the obtained polycrystalline powder. The 

comparison of the measured diffractograms with the Powder Patterns calculated from the crystal 

structures, corroborate phase purity, Figure 3. 7. 

Besides, PXRD was measured to 9-Sm, 11-Gd, 12-Tb, 13-Dy to check if these compounds are 

isostructural to 10-Eu, 14-Er and 15-Yb compounds. Also, comparison of the respective powder 

diffractograms indicate that 9-Sm, 11-Gd, 12-Tb, 13-Dy are isostructural to 10-Eu, 14-Er and 

15-Yb.  

8-Ce crystallizes in a different structural motif than the rest of the lanthanide family. This may 

be due to the difference in the ionic radius though coordination number of Ce3+ in 8-Ce doesn’t 

increase compared to the other lanthanide structures. In fact, it remains 9 as in compounds 9-Sm 

to 15-Yb. 
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Figure 3. 7 PDRX diffractograms of compounds 8-Ce to 15-Yb. Black patterns correspond to the 

diffractograms calculated from the crystal structure. 

  

3.1.1.3 Luminescence properties 

Luminescence properties have been studied in solid state at room temperature for compounds 9-

Sm, 10-Eu, 12-Tb, 13-Dy, 14-Er, 15-Yb. Excitation spectra collected at the maximum emission 

wavelength (λem) of 597 nm (4G5/2→
6H7/2) for 9-Sm, 617 nm (5D0→

7F2) for 10-Eu, 544 nm 

(5D4→
7F5) for 12-Tb, 574 nm (4F9/2→

6H13/2) for 13-Dy and 1070 nm (2F5/2→
2F7/2) for 15-Yb are 

illustrated in Figure 3. 8.  
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Figure 3. 8 Excitation spectra for compounds 9-Sm to 15-Yb measured at room temperature. 

All compounds showed and intense and broad band at around 270-310 nm assigned to the 2-FBz 

ligand centered π→π* and n→π* excitation transitions. Moreover, weaker bands corresponding 

to the direct f-f excitation transitions from the respective lanthanide ion can be discerned. For 9-

Sm the bands appearing at 347, 363, 374 and 402 nm are assigned to transitions from the 6H5/2 

ground state to 4H9/2, 
4D3/2, 

4D1/2, 
4F7/2 excited states respectively17, Figure 3. 8a, while for 10-Eu, 

the bands appearing at 362, 394 and 465 nm correspond to excitation transitions from the 7F0 

ground state to 5D4, 
5L6 and 5D2 europium’s excited states, respectively18a, Figure 3. 8b. On the 

other hand, transitions originating from the lanthanide in 12-Tb and 13-Dy are very weak. 

Excitation spectrum of 13-Dy shows three small peaks at 325, 351 and 364 nm which are 

allocated to 6H15/2→
4M17/2, 

6P7/2 and 6P5/2 respectively19, Figure 3. 8d, while the relief appearing 

in the 350-400 nm range of 12-Tb spectrum could be due to 7F6→
5D1, 

5D0, 
5D2, 

5L10 and 5D3, 

from more to less energetic,20 Figure 3. 8c. Finally, the excitation spectrum of 15-Yb do not 

exhibit any lanthanide(III) intrinsic excitation transitions within the visible range. This is 

attributed to the 4f13 electronic configuration of Yb3+, which results in only two electronic states 

2F7/2 (ground state) and 2F5/2 (excited state) with a small energy gap between them. Thus, the 

absorption and emission occur at lower energy range, specifically in the nIR. Excitation 

corresponding to 2F7/2→
2F5/2 appears at around 910-930 nm, but for 15-Yb it was not observed, 

mainly due to the low luminescence intensity that this compound showed.21a The luminescence 

of compound 14-Er was totally quenched. 
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Excitation spectra of luminescent coordination compounds that are essentially dominated by the 

ligand absorption transitions may indicate efficient sensitization effect. Therefore, the antenna 

effect is clearly effective for 12-Tb which intrinsic f-f excitation transitions are barely discerned. 

However, the excitation of all lanthanide fluorobenzoate samples at ligand wavelength induced 

the characteristic lanthanide emission transitions, Figure 3. 9. Excitation wavelengths were 

monitored at 280, 274, 290, 283 and 275 nm for 9-Sm, 10-Eu, 12-Tb, 13-Dy and 15-Yb, 

respectively.  

 
Figure 3. 9 Emission spectra of polycrystalline compounds 9-Sm to 15-Yb measured at room 

temperature. 

Emission bands arising at 560, 597, 643 and 699 nm in 9-Sm spectrum are assigned to emission 

from the 4G5/2 emitting state to 6HJ=5/2-11/2 ground state, respectively. Despite ligand residual 

emission is observed at 400-500 nm, the pink color from Sm3+ luminescence could be seen by 

the naked eye, Figure 3. 10. 
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Figure 3. 10 Emission color of compounds 9-Sm to 13-Dy polycrystalline samples and compounds 10-

Eu and 12-Tb dissolved in H2O (10-Eu-H2O and 12-Tb-H2O) and D2O (10-Eu-D2O and 12-Tb-D2O), 

under 365 nm irradiation from a UV lamp. 

Emission spectrum of 10-Eu shows different bands originating from Eu3+ expected transitions at 

580, 593, 614, 653 and 698 nm that can be assigned to 5D0→
7FJ=0-4, besides the characteristic red 

color of Eu3+ could be seen by the naked eye, Figure 3. 10. In the emission spectrum of 12-Tb 

the first band at 490 nm is assigned to 5D4 → 7F6 whereas the most intense band centered at 544 

nm corresponds to the 5D4→
7F5 transition, responsible for the green emission color that can be 

seen in the naked eye under UV light excitation, Figure 3. 10. Furthermore, the weaker intense 

bands at 586 and 622 nm were assigned to 5D4→
7F4 and 5D4→

7F3 transitions, respectively. The 

emission spectrum of dysprosium analogue, 13-Dy, shows three well discerned bands at 485, 574 

and 663 nm matching transitions from 4F9/2 emitting state to 6H15/2, 
6H13/2 and 6H11/2 ground state 

respectively. In addition, the very low intense signal observed at 455 nm is assigned to the 

forbidden magnetic dipole transition (ΔJ=0) 4I13/2→
6H13/2. Its forbidden character makes it very 

weak in intensity.22 Emission from the 2-FBz ligand was observed for 13-Dy within the 350-400 

nm range (spectrum not shown). This emission predominated over the Dy3+ luminescence, as 

evidenced by the blue color observed by the naked eye under UV light, Figure 3. 10. Finally, in 

the case of the nIR emitter compound 15-Yb, the band observed at 980 nm is attributed to the 

distinctive 2F5/2→
2F7/2 Ytterbium transition. Emission spectrum of 15-Yb is obtained with low 

signal-to-noise ratio. In addition, the emission spectrum of 15-Yb in the Visible range was 
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recorded to verify if the low signal in the nIR was due to inefficient energy transfer of the ligand 

to ytterbium’s 2F5/2 emitting state. If this was the case, then in the Visible range, a broad and 

intense band corresponding to ligand emission should be seen. Effectively, a broad band at 350 

to 500 nm range appeared, Figure 3. 9, thus indicating low ligand to Yb3+ ion sensitization and 

poor luminescence.21 

 

Figure 3. 11 a) Absorption spectrum of compound 11-Gd dispersed in a KBr matrix. The lowest S1 state 

is extracted from the edge of the less energetic absorption band. b) Blue dotted line: phosphorescence 

spectrum measured at 77 K. The T1 state is extracted from the barycenter of the 0-phonon band. Green 

dotted line: emission spectrum of 11-Gd. Both, phosphorescence and emission spectra were monitored at 

a λexc=280 nm. 

To determine the energy of singlet and triplet states of the fluorobenzoate ligand in these 

coordination complexes, absorption spectrum and phosphorescence at 77 K measurements were 

conducted for the gadolinium analogue, 11-Gd, Figure 3. 11. The lowest energy singlet excited 

state (S1) was 35,149 cm-1 (284 nm) and the lowest triplet state (T1) assessed from the 0-phonon 

phosphorescence spectrum resulted of 24,640 cm-1 (405 nm). Singlet and Triplet states of 2-FBz 

ligand are of high energy, compared to other chromophore ligands such as the β-diketone ligand 

(T1=21,229 cm-1) presented in Chapter 2. This indicates that 2-FBz might be a good sensitizer 

for visible emitters such as the Tb3+ and Eu3+ ions, which emitting states are closer in energy to 

the ligand triplet state (5D4 at 20,400 cm-1 for a Tb3+ ion and 5D0 at 17,267 cm-1 for Eu3+ ion). 

However, the energy difference between 2-FBz triplet and Ytterbium’s 2F5/2 emitting states 

might be too large hindering lanthanide sensitization and allowing ligand’s emission instead. The 
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inefficient antenna effect of 2-FBz ligand to Yb3+ and the presence of high energy oscillating 

bonds from the coordinating H2O molecules, hold back ytterbium luminescence in 15-Yb. 

Nonetheless, compounds 10-Eu and 12-Tb didn’t show ligand emission in the 350-400 nm range 

and both compounds presented high luminescence intensities, proposing an effective antenna 

effect. 

As stated before, highly luminescent lanthanide(III) coordination compounds can be potentially 

used as bio-probes. For that, it is important to study the solubility in aqueous solution. For 

compounds 10-Eu and 12-Tb (which were the compounds showing best luminescence 

properties) the solubility values in deionized water were 8.0 and 6.2 mmol/L respectively. 

Furthermore, photophysical measurements were performed in H2O and in D2O solutions at their 

respective solubility concentrations, in order to study the possible structural changes and the 

optical properties of 10-Eu and 12-Tb in this media.  

 

Figure 3. 12 a) Excitation spectra measured at a λem of 617 nm of 10-Eu in H2O and D2O solutions. b) 

Emission spectra measured at a λexc of 298 nm of 10-Eu in H2O and D2O solutions superimposed to the 

polycrystalline 10-Eu sample (yellow spectrum). The spectra have been normalized for sake of 

comparison. 

Emission spectra of 10-Eu in H2O and D2O solution (10-Eu-H2O and 10-Eu-D2O) were 

monitored at a λexc of 298 nm, corresponding to ligand absorption, as found in their respective 

excitation spectra, Figure 3. 12a. Excitation at ligand π→π* transitions induced the expected 

europium 5D0→
7F0-4 bands. However, residual emission of the ligand could be seen at 300-500 
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nm. For 10-Eu-D2O, emission from the lanthanide ion was clearly more intense. The Eu3+ 

emission bands were found at the same wavelength in both, solid and solution samples, Figure 3. 

12b. Furthermore, 5D0→
7F0 transition appears as a single band for the three samples. Thus, we 

could assume that the lanthanide ion presents only one type of coordination sphere though high-

resolution emission spectra at low temperature measurements are required to confirm this 

statement. Since the splitting caused by the ligand field effect in the 7F0 ground state (2J+1) is 

one for a Eu3+ ion, any splitting observed in the 0 → 0 transition will be due to presence of 

compounds with different coordination environment.18a However, several changes in intensity 

and shape of emission bands, that are related to a change in the coordination environment of Eu3+ 

ion, were observed when dissolving the compounds into aqueous solutions. The 5D0→
7F2 

hypersensitive band is the responsible for the red emission of europium and it is sensible to Eu3+ 

surroundings. The red emission color can be seen with the naked eye, also, for 10-Eu-H2O and 

10-Eu-D2O samples, Figure 3. 10. For polycrystalline 10-Eu, this band is split, meaning that the 

lanthanide cation is not placed in a position with inversion symmetry inside the structure, but no 

splitting is seen for 10-Eu-H2O nor 10-Eu-D2O. In addition, the intensity ratio of the 5D0→
7F1 

and 5D0→
7F2 transitions (0→1/0→2 ratio) gives us information about the symmetry of the 

coordination environment. Hence a decrease of this ratio is attributed to an increase of 

asymmetry around Eu3+ surroundings.23 For 10-Eu, the 0→1/0→2 ratio is 0.2 in the solid state 

and 0.5 in water and deuterated oxide solutions respectively, indicating higher symmetry around 

the Eu3+ ions in the solution samples. This fact indicates a significant change in the coordination 

environment of the lanthanide anion and therefore a structural change of the [Eu2(μ-2-FBz)4(2-

FBz)2(2-HFBz)2(H2O)2] arrangement when the microcrystalline sample is dissolved in water 

solution.  
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Figure 3. 13 a) Excitation spectra measured at a λem of 546 nm of 12-Tb in H2O and D2O solutions. b) 

Emission spectra measured at a λexc of 297 nm of 12-Tb in H2O and D2O solutions superimposed to the 

polycrystalline 12-Tb sample (light green spectrum). The spectra have been normalized for sake of 

comparison. 

Moreover, emission spectra under the respective ligand excitation wavelength, λex of 297 nm for 

12-Tb-H2O and 12-Tb-D2O samples, gave rise to the characteristic bands from the f-f transitions 

of the Tb3+ ion, 5D4→
7F6-1 as observed in Figure 3. 13. Therefore, terbium characteristic green 

luminescence color is still evident when dissolving compound 12-Tb in aqueous media, Figure 

3. 10. Besides, weak residual emission from the ligand moieties is observed in 12-Tb-H2O but it 

is not as intense as the ligand emission observed in the europium’s analogue compound. 

Nevertheless, there is a slight change in the emission spectra when comparing 12-Tb in solid and 

aqueous samples. As can be seen in Figure 3. 13, the intensity ratio of the first and second 

emission band changes from polycrystalline to H2O samples accounting to a structural change 

due to solvation effects.  
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Figure 3. 14 Luminescence lifetimes of a) 10-Eu, 10-Eu-H2O and 10-Eu-D2O samples and b) 12-Tb, 

12-Tb-D2O and 12-Tb-H2O. Continuous lines correspond to the fit with the monoexponential equation. 

To know the number of H2O molecules coordinated to Eu3+ and Tb3+ centers once 10-Eu and 12-

Tb are dissolved in aqueous media, photoluminescence lifetimes (obs) in H2O and D2O solutions 

were performed as well as for polycrystalline samples. The emission decays, monitored at their 

respective excitation and emission wavelengths, can be fitted monoexponentially following I(t) 

=I0 exp(-t/τobs), Figure 3. 14. The obs values obtained from the best fit are compiled in Table 3. 

6. Compound 12-Tb showed longer obs than 10-Eu, both in solid and in solution. 

Table 3. 6 Measured lifetimes (τobs) and overall quantum yields (𝜙𝐿𝑛
𝐿 ) of 10-Eu and 12-Tb compounds in 

solid state and in H2O and D2O solutions. Calculated photoluminescence parameters for the Europium 

analogues: radiative lifetimes (τrad), intrinsic quantum yield (𝜙𝐿𝑛
𝐿𝑛) and sensitization efficiency (ηsens). 

 obs (ms) 𝝓𝑳𝒏
𝑳  rad (ms) 𝝓𝑳𝒏

𝑳𝒏  sens  

10-Eu 0.72 0.27 2.58 0.28 0.96 

10-Eu-H2O 

8.0 mmol L-1 

0.14 0.01 7.48 0.02 0.30 

10-Eu-D2O 

8.0 mmol L-1
 

2.68 0.30 7.86 0.34 0.88 

12-Tb 1.43 0.76    

12-Tb-H2O 

6.2 mmol L-1 

0.50 0.04    

12-Tb-D2O 

6.2 mmol L-1 

1.86 0.26    
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The number of the H2O (𝑞) molecules in the first coordination sphere was calculated using the 

equation presented by Horrocks and Sudnick, Equation 3.1:24a 

𝑞 = 𝐴 (
1

𝜏𝑜𝑏𝑠(𝐻2𝑂)
−

1

𝜏𝑜𝑏𝑠(𝐷2𝑂)
)      Equation 3.1 

Where 𝜏𝑜𝑏𝑠(𝐻2𝑂) and 𝜏𝑜𝑏𝑠(𝐷2𝑂) are the measured lifetimes in ms of 10-Eu and 12-Tb dissolved in 

H2O and D2O respectively. 𝐴 values are 1.05 and 4.2 water molecules‧ms for a Eu3+ and Tb3+ 

ions respectively.24a From this equation, 𝑞 values were 7.1 for 10-Eu-H2O and 6.1 for 12-Tb-

H2O.  

About twenty-three years later, Supkowski and Horrocks presented a revised equation,24b which 
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𝑞 = 𝐴 (
1

𝜏𝑜𝑏𝑠(𝐻2𝑂)
−

1

𝜏𝑜𝑏𝑠(𝐷2𝑂)
− 𝐵)      Equation 3. 1                                     

Where A is 1.11 for Eu3+ and 5 for Tb3+ ions. The B parameter accounts for the number and 

contribution of the XH oscillators and it is 0.31 for Eu3+ and 0.06 for Tb3+. The outcome number 

of coordination water molecules was also 7.1 for 10-Eu-H2O while for 12-Tb-H2O yielded 7. 

Thus, when compounds 10-Eu and 12-Tb are dissolved in water they coordinate to five 

additional H2O molecules. This collapses the dinuclear systems and initiates a fluxional 

equilibrium between different species where H2O molecules but also 2-FBz ligands are 

coordinated to the Ln3+ ions. Coordination of the ligands to the metal is confirmed since, even in 

water solutions, the expected red and green luminescence arising from Tb3+ and Eu3+ is seen on 

exciting the samples at the ligand absorption wavelength.  

Following with the study of the luminescence and sensitization efficiency of 10-Eu and 12-Tb in 

solid and solution samples, overall quantum yields (𝜙𝐿𝑛
𝐿 ) were measured. Polycrystalline 10-Eu 

compound yielded a 𝜙𝐿𝑛
𝐿  of 0.27 upon excitation at 274 nm. Moreover, 𝜙𝐿𝑛

𝐿  was 0.3 for 10-Eu-

D2O and it decreased dramatically to 0.01 for 10-Eu-H2O. Luminescence quantum yield of 

polycrystalline 12-Tb was 0.76, higher than the Europium analogue. Deuterated 12-Tb-D2O 

solution presented a 𝜙𝐿𝑛
𝐿  of 0.26 while in water solution, 12-Tb-H2O, quantum yield decreased 

down to 0.04.  
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The measured 𝜙𝐿𝑛
𝐿  of 10-Eu and 12-Tb polycrystalline samples were significantly larger than the 

previous values published for the [Ln2(μ-2-FBz)4(2-FBz)2(H2O)4] compounds which resulted of 

0.15 and of 0.5 for Eu3+ and Tb3+ analogues, respectively13a thus verifying that lowering the 

number of coordinating H2O molecules in these lanthanide fluorobenzoates is a good strategy to 

increase the luminescence quantum yield. The lower quantum yield in 10-Eu-H2O and 12-Tb-

H2O samples evidence the prevalence of non-radiative pathways, likely due to the presence of 

high energy bond vibrations within the lanthanide ion environment. This is attributed to the 

inner-sphere H2O molecules present in the aqueous medium. However, deuterated solutions 

showed greater 𝜙𝐿𝑛
𝐿  because O-D bonds oscillate at lower frequencies than O-H bonds, 

preventing quenching of the excited lanthanide. 

Finally, additional parameters regarding the sensitization phenomena of 10-Eu system can be 

calculated. The radiative lifetime (rad) from europium’s 5D0 emissive level can be calculated 

from the corrected emission spectrum of 10-Eu, 10-Eu-D2O and 10-Eu-H2O by means of 

Equation 1.825 (see Section 1.2.4 of Chapter 1). rad was 2.58 for the polycrystalline sample and 

7.48 and 7.86 ms for deuterated and water solutions respectively. The intrinsic quantum yield 

(𝜙𝐿𝑛
𝐿𝑛) was 0.28, 0.02 and 0.34 for 10-Eu, 10-Eu-D2O and 10-Eu-H2O samples respectively. 

Following to that, sensitization efficiency (𝜂𝑠𝑒𝑛𝑠) is known as the amount of energy absorbed by 

the chromophore ligand that is transferred to the excited state of the lanthanide ion and is a 

pivotal factor of the overall quantum yield definition: 𝜙𝐿𝑛
𝐿 = 𝜂𝑠𝑒𝑛𝑠 · 𝜙𝐿𝑛

𝐿𝑛. Thus, the calculated 

ηsens values for 10-Eu, 10-Eu-D2O and 10-Eu-H2O samples were 0.96, 0.30 and 0.88 showing a 

sensitization efficiency close to the unit for 10-Eu system in solid state, indicating great 

sensitization efficiency of the europium compound. According to Latva’s empirical rule, the 

optimal energy difference between the lowest lying triplet state and Eu3+ emitting level (5D0: 

17,267 cm-1) for an efficient S1→T1→
5D0 energy transfer should be in the range of 2,500-5,500 

cm-1. While for a Tb3+ compound the energy difference between T1 and 5D4 (20,400 cm-1) should 

be at least 1,850 cm-1 to avoid back energy transfer.11 Compound 12-Tb accomplish this 

requirement: the energy difference between T1 of 2-FBz ligand (assessed from the Gd3+ analogue 

phosphorescence spectrum) and 5D4 is 4,240 cm-1 whereas this energy difference is slightly 

larger than the optimal one stated for Latva’s rule, 7,376 cm-1, for the europium analogue, 

leading to less efficient sensitization effect. This may explain the lower quantum yield obtained 
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for 10-Eu with respect to 12-Tb. Nevertheless, the slight deviation of T1-
5D0 energy difference 

in 10-Eu from the optimal energy range isn’t a major concern, as it still yields a good value of 

𝜂𝑠𝑒𝑛𝑠. 

All in all, the emission and sensitization efficiency decreased considerably when compounds 10-

Eu and 12-Tb were dissolved in water because of luminescence quenching produced by the high 

O-H oscillators from the water molecules that promote energy loss by non-radiative 

processes.21,26 However, the luminescence properties were still present in H2O solution taking 

into account that 10-Eu and 12-Tb luminescence can be seen in the naked eye, making them a 

choice for candidates for bioanalytical applications.  

3.1.1.4 Magnetic properties 

Direct current (dc) measurements 

Direct current magnetic susceptibility (M) and magnetization (M) experiments were carried out 

on 8-Ce, 9-Sm, 10-Eu, 11-Gd, 12-Tb, 13-Dy, 14-Er and 15-Yb polycrystalline samples. The M 

measurements were carried out under an external direct current (dc) magnetic field of 0.3 T in the 

2-300 K temperature range. The MT dependence with T plots are presented in Figure 3. 15. At 

room temperature (300 K) the MT values are 1.52, 2.18, 2.78, 15.6, 23.70, 27.70, 22.96 and 4.90 

cm3mol-1K for 8-Ce, 9-Sm, 10-Eu, 11-Gd, 12-Tb, 13-Dy, 14-Er and 15-Yb respectively. For 

two isolated Ln3+ cations, the calculated MT values are: 1.6 cm3mol-1K for Ce3+ ground state 

2F5/2 and gJ=6/7; 0.18 cm3mol-1K for Sm3+ ground state 6H5/2 and gJ=2/7; 0 cm3mol-1K for Eu3+ 

ground state 7F0; 15.75 cm3mol-1K for Gd3+ ground state 8S7/2 and g=2; 23.64 cm3mol-1K for Tb3+ 

ground state 7F6 and gJ=3/2; 28.34 cm3mol-1K for Dy3+ ground state 6H15/2 and gJ=4/3; 22.96 

cm3mol-1K for Er3+ ground state 2F7/2 and gJ=6/5 and 5.14 cm3mol-1K for Yb3+ ground state 2F7/2 

and gJ=8.7.21a 
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Figure 3. 15 a) χMT vs T plots, measured under an external magnetic dc field of 0.3 T and b) 

Magnetization with external magnetic field dependence measured at 2 K of compounds 8-Ce to 15-Yb. 

The experimental MT values measured at room temperature of samples 9-Sm and 10-Eu are 

notably larger than the calculated values. In this lanthanide coordination compounds, the 

electronic ground state of a Sm3+ ion (6H) and a Eu3+ ion (7F) split due to spin-orbit coupling into 

the respective J states (6HJ=5/2-15/2 and 7FJ=0-6). The parameter defining the spin-orbit coupling 

energy gap (λ) between the ground and excited J states are relatively small, around 200 cm-1 for 

Sm3+ and of 300 cm-1 for Eu3+ ions. Due to this smaller λ values, the excited J states are closer in 

energy and are thermally populated at room temperature. Consequently, the MT component at 

300 K exceeds the calculated value for isolated Sm3+ or Eu3+ ions, which only considers the 

population of the 6H5/2 and 7F0 ground states, respectively. The decrease of MT vs T curves upon 

cooling the samples is attributed to thermal depopulation of the excited J states of these ions. At 

2 K, the MT value of 10-Eu is 0.03 cm3mol-1K, confirming that at low temperatures, the non-

magnetic ground state (J = 0) is stabilized.27 

The room temperature MT values agree well with the calculated ones for the rest of the 

compounds.  

For compound 11-Gd, MT vs T curve stays constant at 15.6 cm3mol-1K until 15 K where MT 

slightly decreases to 12.85 cm3mol-1K at 2 K. Gadolinium(III) is an isotropic ion, 8S7/2 with  

S=7/2 and L=0 quantum numbers, thus its ground state doesn’t have spin-orbit coupling. It 
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follows the Curie law, hence the small decrease of MT values at low temperatures can be 

attributed to weak antiferromagnetic coupling between the two Gd3+ centers forming the 

dinuclear [Ln2(μ-2-FBz)4(2-FBz)2(2-HFBz)2(H2O)2] unit.28, 29 

The MT vs T curves of compounds 8-Ce and 15-Yb decrease gradually on cooling the samples. 

At the limit temperature of 2 K the MT values are 0.56 and 2.89 cm3mol-1K, for 8-Ce and 15-Yb 

respectively. Regarding the polycrystalline samples 12-Tb, 13-Dy and 14-Er, the MT vs T 

curves present similar behavior. The MT magnetic susceptibility values stay practically constant 

on lowering the temperature down to ~50 K. Below this temperature, MT drop suddenly to 

12.07, 13.90 and 12.16 cm3mol-1K for 12-Tb, 13-Dy and 14-Er respectively at 2 K. The 

decrease observed in the MT vs T curves can be attributed to one or a combination of different 

phenomena: first, to the thermal depopulation of the excited mj doublets (of the ground J state) 

generated by the crystal field perturbation. Second, to dipolar interactions between the molecules 

of the crystal lattice. Third, to weak antiferromagnetic coupling between the Ln3+ centers, as can 

be seen for the isotropic Gd3+ analogue. The contracted nature of 4f electrons in lanthanide(III) 

ions make magnetic exchange coupling interactions rather weak. However, the intramolecular 

distance between Ln---Ln of the same dinuclear unit is fairly short of 3.964 Å for 10-Eu, 3.903 

Å for 14-Er and 3.897 Å for 15-Yb crystal structures for the weak magnetic exchange to 

occur.21a,30 

Magnetization dependence with applied magnetic field curves measured at 2 K for the former 

compounds are depicted in Figure 3. 15. Magnetization increases suddenly on applying an 

external magnetic field from 0 to ~1 T for all compounds. Then, for all compounds but 11-Gd 

the M vs H curves increase gradually without reaching saturation of the magnetization 𝑔𝐽 ∙ 𝐽. The 

M vs H curve of compound 11-Gd, arrives to a plateau with saturation of the magnetization (𝑔 ∙

𝑆). Finally, magnetization of 10-Eu at 2 K is maintained at 0 NμB, as expected. 

Alternating current (ac) measurements 

Alternating current (ac) magnetic susceptibility measurements were performed for all lanthanide 

samples except for 10-Eu. To investigate spin dynamics in case of slow relaxation of the 

magnetization, the magnetic measurements were monitored at an ac magnetic field of 4‧10-4 T, 
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oscillating between a frequency range of 1-1488 Hz for 8-Ce, 11-Gd and 13-Dy and of 9-1488 

Hz for 14-Er and 15-Yb. 

 

Figure 3. 16 a), b), c), e) and f) show the relaxation times in front of static magnetic fields measured at 

the constant temperature of 3.5 K for 8-Ce, of 3 K for 11-Gd and 13-Dy, 2.1 K for 14-Er and 2.9 K for 

15-Yb. The measurements are set under an ac magnetic field of 4·10-4 T oscillating between 1 and 1488 

Hz and d) χM’’ vs T curve measured at a Hdc = 0 G at two oscillating frequencies of 9997.3 and 9.9 Hz for 

13-Dy. 

Under no direct current magnetic field (Hdc = 0 T), only 13-Dy showed out-of-phase magnetic 

susceptibility component dependence with temperature. The χM’’ vs T curve increases on cooling 

the temperature until 2 K without reaching a maximum, Figure 3. 16d), probably due to fast 

Quantum Tunnelling of the Magnetization (QTM) relaxation process which is taking place at 

such low temperatures.31 This issue can be addressed by applying an external direct (dc) current 

magnetic field (Hdc).  

Compounds 8-Ce, 11-Gd, 14-Er and 15-Yb, didn’t show χM’’ dependence with temperature or 

oscillating frequency at Hdc = 0 T. However, they showed slow relaxation of the magnetization 

when an actual dc magnetic field was applied. Compounds 9-Sm and 12-Tb didn’t show χAC 

response neither, under 0 T nor under an applied direct current magnetic field. 
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Figure 3. 17 a), d), g), j) and m) χM’’ vs T plots for 8-Ce to 15-Yb. The continuous line is a guide to the 

eye b), e), h) k) and n) are the χM’’ vs ν plots for 8-Ce to 15-Yb. The continuous black line is the fitting to 

the Generalized Debye model. c), f), i), l) and o) are the Cole-Cole plots for 8-Ce to 15-Yb. Continuous 

black line represents the fitting to the Generalized Debye model. 

Then χAC measurements were first collected at different magnetic fields and at the constant 

temperature of 3.5 K for 8-Ce, of 3 K for 11-Gd and 13-Dy, 2.1 K for 14-Er and 2.9 K for 15-

Yb to determine the Hdc optimal field, Figure 3. 16. Thus, dynamic magnetic responses of 8-Ce, 

11-Gd, 13-Dy, 14-Er and 15-Yb were measured under the optimal Hdc of 0.3, 0.1, 0.3, 0.02 and 

0.06 T, respectively. The plots of the out-of-phase magnetic susceptibility component varying 

with temperature and frequency of these complexes are illustrated in Figure 3. 17. 

Compounds 8-Ce, 13-Dy, 14-Er and 15-Yb, show χM’’ maxima upon cooling the samples down 

to the temperature range of 2-5.5 K for 8-Ce, 2-4.5 K for 13-Dy and 15-Yb and to a smaller 

temperature range of 2-3.3 K for 14-Er, Figure 3. 17a), g), j), m). As for the χM’’ tendency with 

the oscillating frequency, compound 8-Ce starts showing χM’’ maxima at shorter frequencies 

whereas 14-Er χM’’ vs ν curves show peaks at higher ones. For all compounds, the χM’’vs ν 

maxima move progressively to higher frequencies on increasing temperature, Figure 3. 17b), h), 

k), n). Representation of the ac magnetic data in the Cole-Cole plots shows asymmetric 

semicircles for 8-Ce, 13-Dy and 15-Yb, while the semicircles of 14-Er are asymmetric and 

uncompleted. Nevertheless, the magnetic data of 8-Ce, 13-Dy, 14-Er and 15-Yb could be 

successfully fitted with the one component Debye model function with Equation 1.32, as shown 

in Figure 3. 17c), i), l), o). The α values obtained from such fittings were in the range of 0.1(2.1 

K)-0.02(5.7 K) for 8-Ce, 0.4(2.1 K)-0.2(5.4 K) for 13-Dy, 0.1(2 K)-0.08(3.1 K) for 14-Er and 

0.1(2.2 K)-0.02(5 K) for 15-Yb. For all compounds α decreases on increasing temperature 
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indicating a narrower distribution of the relaxation times at higher temperatures. Moreover, 

relaxation of the magnetization times with temperature in ln(τ) vs T-1 plots are depicted in Figure 

3. 18. The parameters obtained from the best fit of the ln(τ) vs T-1 curves for 8-Ce to 15-Yb are 

compiled in Table 3. 7.  

𝜏−1 = 𝜏0
−1 exp (

−𝛥𝐸

𝑘𝐵𝑇
)             Equation 3. 2 

𝜏−1 = 𝐶𝑇𝑛 + 𝐴𝑇                    Equation 3. 3 

𝜏−1 = 𝜏0
−1 exp (

−𝛥𝐸

𝑘𝐵𝑇
) + 𝐴𝑇  Equation 3. 4 

Regarding compound 8-Ce, the beginning of a linear trend can be distinguished in four 

experimental points. The fit of the magnetic data with the Arrhenius law that considers the 

Orbach relaxation of the magnetization (𝜏−1=𝜏0
−1 exp (

−𝛥𝐸

𝑘𝐵𝑇
)             Equation 3. 2) yielded 𝛥𝐸 

and τ0 values of 26.0 cm-1 and 7.41‧10-8 s respectively. Conversely, the best fit obtained for 

compound 8-Ce was when the equation describing Raman and Direct relaxation of the 

magnetization mechanism (𝜏−1=𝐶𝑇𝑛 + 𝐴𝑇                    Equation 3. 3), was considered. The 

values of the parameters obtained from such fitting were A = 26.10 s-1K-1 for Direct and C = 0.05 

s-1K-n and n = 7.38 for Raman. For 8-Ce the Orbach mechanism was disregarded for two reasons: 

i) a clear linear trend is not followed along representative magnetic data in the ln(τ) vs T-1 curve 

showed by 8-Ce ii) as it was explained in Chapter 2.2, Ce3+ compounds are not prone to relax by 

the Orbach mechanism. For the previous Ce3+ compounds found in the literature as well as the 

Ce3+ compounds 1-H2O to 5-bathophen presented in Chapter 2.2, the effective energy barrier 

values obtained in the experimental magnetic data are notably lower than the energy difference 

between the ground ±mj and the excited ±mj doublets obtained by ab initio calculations. With 

these precedents other temperature dependent mechanisms such as Raman or the Local mode 

should be considered.32 
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Figure 3. 18 a) ln(τ) vs T-1 plot for a) 8-Ce, 13-Dy and 15-Yb and b) 11-Gd and 14-Er from the magnetic 

data measured at the Hdc of 0.3, 0.1 0.30.06 and 0.02 T respectively. In both figures, continuous lines 

represent the best fit using the stated equations of the relaxation of magnetization mechanisms. The black 

dotted line in b) represents the fit of the high temperature range following the Arrhenius law. 

Moreover, compounds 13-Dy and 15-Yb show similar behavior as 8-Ce. Both compounds 

showed a linear trend at higher temperatures that can be fitted with the Arrhenius law. The 

obtained parameters were 𝛥𝐸 = 25.5 cm-1 and τ0 = 2.3‧10-8 s for 13-Dy and 𝛥𝐸 = 18.7 cm-1 and 

τ0 = 9.8‧10-8 s for 15-Yb, Figure APX.V.1. The effective energy values are quite low, especially 

for 13-Dy, where the energy of the first excited mj state is normally found at higher energy levels 

in Dy3+ compounds with SMM behavior. This fact suggest that relaxation of 13-Dy occurs 

through an underbarrier mechanism.4,33 Besides, the best fit of ln(τ) vs T-1 curves were obtained 

when the equation describing Raman and Direct mechanism was used, 𝜏−1=𝐶𝑇𝑛 +

𝐴𝑇                    Equation 3. 3.  

For the 14-Er compound, the Arrhenius law that describes the over barrier Orbach relaxation 

mechanism was used to fit the linear segment in the higher temperature range. The obtained 

effective energy barrier was 16.1 cm-1 and the pre-exponential factor was 4.9‧10-8 s. The linear 

trend is not followed along all the curve, therefore a function with the equation including Orbach 

and Direct relaxation mechanisms, 𝜏−1=𝜏0
−1 exp (

−𝛥𝐸

𝑘𝐵𝑇
) + 𝐴𝑇  Equation 3. 4, gave the best fit, 

Figure 3. 18b). The obtained parameters were ΔE = 23.90 cm-1, τ0 = 1.72‧10-9 s, A = 1015.56 s-

1K-1. 
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Table 3. 7 Compilation of the fitted parameters from the relaxation of the magnetization mechanisms of 

compounds 8-Ce to 15-Yb. 

 Hdc (T) Orbach QTM      Raman Direct 

  𝛥𝐸 
(cm-1) 

𝜏0
⬚ 

(s) 

𝜏𝑄𝑇𝑀
⬚  

(s) 

𝐶 

(s-1K-n) 

𝑛 𝐴 

(s-1K-1) 

8-Ce 0.3    0.05 7.38 26.10 

11-Gd 0.1    1.28 4.10  

13-Dy 0.3    0.04 8.35 357.95 

14-Er 0.02 23.91 1.72‧10-9    1015.56 

15-Yb 0.06    0.75 6.91 101.60 

 

Finally, the compound containing the isotropic lanthanide 11-Gd (ground state 8S7/2) showed a 

slightly different magnetic behavior compared to the other analogues, Figure 3. 17d), e), f). 

Compound 11-Gd show χM’’ maxima in 2-10 K temperature range under a direct current 

magnetic field of 0.1 T. From the χM’’ vs T plot, two maxima can be discerned. One appearing at 

higher temperatures whereas the second one arise nearly at 2 K, Figure 3. 17d). This is also seen 

in the χM’’ vs ν plot where two different behaviors are well discerned, one occurring at high 

frequencies and the other at low frequencies. From the high frequencies set, clear maxima 

dependent on frequency and temperature are differentiated. On the other hand, in the low 

frequency set, χM’’ increases on lowering the oscillating frequency, however, the signals exhibit 

poor dependency on frequency and no maxima are observed. The distinct contributions of χM’’ at 

high and low frequencies are also reflected in the representation of χM’ vs χM’’ magnetic data. 

The Cole-Cole plots display well defined semicircles for the curves corresponding to the high 

temperature and high frequency magnetic data. As the temperature decreases, a second peak 

begins to appear at the edge of these semicircles. This corresponds to the tails observed at lower 

frequencies and lower temperatures in the χM’’ vs T and χM’’ vs ν plots. We could successfully fit 

the Cole-Cole plots of 11-Gd with the extended Generalized Debye model (Equation 1.37) from 

which we obtained τ and α values for both relaxation processes, Figure 3. 17f). The α values for 

the process occurring at higher frequencies and temperatures range from 0.1(2.4 K) to 0.02(8 K). 

For the process occurring at lower frequencies and temperatures, the τ values didn’t seem to 

follow a concrete trend with temperature therefore we couldn’t proceed with a proper fit, 

FigureAPX.V.2. However, the extracted τ values from the process happening at higher 
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frequencies were dependent on temperature, Figure 3. 18b). As a first approximation, the ln(τ) vs 

T-1 values could only be fitted with a combination of equations describing Raman and Quantum 

Tunneling of the Magnetization (𝜏−1 = 𝐶𝑇𝑛 + 𝜏𝑄𝑇𝑀) with values of C = 1.28 and n = 4.1 for 

Raman and τQTM = 1016.9 s. 

However, for an isotropic metal with a spherical quadrupole moment such as Gd3+, talking about 

the conventional QTM as well as the Orbach spin relaxation mechanism is not accurate. An 

asymmetry around the Gd3+ ion produced by the crystal field may induce small values of axial 

zero field splitting (previously reported values calculated by EPR spectroscopy are found to be 

around 0.1 cm-1). The induced anisotropy would break the degeneration of the 7/2 spin level of 

the Kramer doublets. Then, exposure of moderate magnetic fields may produce multiple crossing 

of the 7/2, 5/2, 3/2 and 1/2 levels allowing different ΔS transitions of the adequate energy to 

interact with low-energy phonons that promote a relaxation of the magnetization, as suggested by 

S. Gao and M. Yamashita.28 Therefore, in the absence of an energy gap between ground and 

excited states generated by spin-orbit coupling, as is the case of isotropic Gd3+, the slow 

relaxation of the magnetization response under moderate dc magnetic fields, is not a result of 

suppressing Quantum Tunneling or an over-barrier process. This behavior contrasts with what is 

typically observed in conventional anisotropic systems, where Orbach as well as QTM become 

more relevant. EPR spectroscopic measurements as well as magnetic dilution could be 

performed to better understand relaxation of the magnetization taking place for 11-Gd, however 

spin dynamics of coordination compounds containing isotropic (or quasi-isotropic) cations are 

out of the scope of this Thesis work.34 
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3.1.2 Lanthanide (III) 2-Fluorobenzoate compounds with 

formula (PPh4)2[Ce2(-2-FBz)2(2-FBz)6(H2O)2]‧2H2O and 

(PPh4)2[Ln2(-2-FBz)2(2-FBz)6(H2O)2] 

3.1.2.1 Experimental procedure 

In this section of Chapter 3, six new lanthanide coordination compounds derived from the 2-

fluorobenzoic acid (2-HFBz) were synthetized. The complexes show the molecular formula 

(PPh4)2[Ce2(-2-FBz)2(2-FBz)6(H2O)2]‧2H2O where Ln is Ce3+ for 16-Ce and (PPh4)2[Ln2(-2-

FBz)2(2-FBz)6(H2O)2] where Ln is Eu3+ for 17-Eu, Tb3+ for 18-Tb, Dy3+ for 19-Dy, Er3+ for 20-

Er and Yb3+ for 21-Yb. The synthesis procedure consists as follows: 2-fluorobenzoic acid (140.1 

mg, 1 mmol) and potassium hydroxide (61.7 mg, 1.1 mmol) were dissolved in 20 mL of 

ethanol/water (1:1). The mixture was magnetically stirred till dissolution of the reactants. Then, 

the tetraphenylphosphonium chloride (PPh4Cl) was slowly added to the mixture containing the 

deprotonated 2-fluorobenzoate anion (2-FBz). The reaction mixture was stirred for about 30 

minutes always verifying the complete dissolution of PPh4Cl. After, an ethanolic solution (10 

mL) containing the respective Ln(NO3)3‧nH2O salt (0.25 mmol) was added to the pot reaction 

and the mixture was stirred for one hour. The clear solutions were allowed to crystallize at room 

temperature by slow evaporation. After 10-15 days square-shaped crystals suitable for 

monocrystal X-Ray diffraction appeared. The crystals were obtained by filtration with high 

yields above 75%. Despite our attempts, we were unable to obtain the samarium compound. The 

obtained powder concerning this lanthanide ion doesn’t match to the powder patterns as will be 

showed in the following Section.  

Further characterization of these compounds was realized by carrying out elemental analysis, 

Table 3. 8 Elemental analysis of compounds 16-Ce to 20-Yb and Infra-red Spectroscopy Table 3. 9. 
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Table 3. 8 Elemental analysis of compounds 16-Ce to 20-Yb 

 Calculated Found 

Compound %C %H %C %H 

16-Ce 
C56H36Ce2F8 

O18,2(C24H20P),2(H2O), 2157.9 

g/mol 

57.88 3.73 58.01 3.80 

17-Eu 
C56H36F8O18Eu2, 2(C24H20P), 

2131.6 g/mol 

58.60 3.59 59.00 3.20 

18-Tb 
C56H36F8O18Tb2, 2(C24H20P), 

2145.4 g/mol 

58.22 3.50 58.80 3.10 

19-Dy 
C56H36F8O18Dy2, 2(C24H20P), 

2152.6 g/mol 

58.02 3.55 58.00 3.70 

20-Er 
C56H36F8O18Er2, 2(C24H20P), 

2162.2 g/mol 

57.77 3.54 57.5 3.80 

21-Yb 
C56H36F8O18Yb2, 2(C24H20P), 

2173.7 g/mol 

57.46 3.52 57.91 3.21 

 

Table 3. 9 Selected bands (cm-1) for 15-Ce to 20-Yb (s=strong, m=medium and w=weak, br=broad) 

obtained in ATR-IR spectroscopy. 

15-Ce 3313(br), 1592(s), 1539(s), 1483(m), 1439(m), 1389(s, split), 

1214(s), 1104(m, split), 862(s), 759(m), 719(m),682(m), 659(m), 

519(s) 

16-Eu 3313(br), 1592(s), 1539(s), 1483(m), 1439(m), 1389(s, split), 

1214(s), 1104(m, split), 862(s), 759(m), 719(m),682(m), 660(m), 

519(s) 

17-Tb 3313(br), 1592(s), 1539(s), 1483(m), 1439(m), 1389(s, split), 

1214(s), 1104(m, split), 862(s), 759(m), 719(m),682(m), 660(m), 

519(s) 

18-Dy 3355(br), 1592(s), 1539(s), 1482(m), 1440(m), 1390(s, split), 

1215(s), 1105(m, split), 863(s), 759(m), 719(m),682(m), 659(m), 

519(s) 

19-Er 3357(br), 1593(s), 1539(s), 1483(m), 1440(m), 1391(s, split), 

1215(s), 1106(m, split), 864(s), 759(m), 722(m),682(m), 659(m), 
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520(s) 

20-Yb 3100(br), 1592(s), 1539(s), 1483(m), 1440(m), 1402(s, split), 

1215(s), 1110(m, split), 864(s), 755(m), 723(m),682(m), 659(m), 

520(s) 

 

3.1.2.2 Structural characterization 

Single Crystal X-Ray diffraction was measured on crystals of 16-Ce, 18-Tb and 21-Yb. 

Compounds 18-Tb and 21-Yb showed the same structural motif while in the structure of 16-Ce 

there is a slight difference in the coordination mode of the bridging ligands. Thus, crystal 

structure of both, 16-Ce and 21-Yb will be illustrated hereafter. Selected bond distances and 

crystallographic details are compiled in Table 3. 10 and Table APX.VI.1. 

Table 3. 10 Selected bond lengths (Å) of compounds 16-Ce, 18-Tb and 21-Yb. The symmetry 

transformation used to generate equivalent atoms is _a: 1-x,1-y,1-z. 

 16-Ce  18-Tb 21-Yb 

Ce1-O1 2.556(2) Ln-O1 2.493(2)  2.444(13) 

Ce1-O2 2.515(2) Ln-O2 2.425(2) 2.362(13) 

Ce1-O3 2.611(2) Ln-O3 2.417(2) 2.387(13) 

Ce1-O4 2.547(2) Ln-O4 2.434(2) 2.378(13) 

Ce1-O5 2.483(2) Ln-O5 2.291(2) 2.233(13) 

Ce1-O5_a 2.814(2) Ln-O6_a 2.335(2) 2.265(14) 

Ce1-O6_a 2.509(2) Ln-O7 2.312(2) 2.254(12) 

Ce1-O7 2.403(2) Ln-O8 2.447(2) 2.396(14) 

Ce1-O8 2.524(2) Ln---Ln_a 4.838 4.810 

Ce1---Ce1_a 4.388    
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Figure 3. 19 Partially labelled representation of 16-Ce crystal 

structure. Hydrogen atoms have been omitted for clarity. Color code: 

Ce=dark orange, O=red, C=grey, F=green, P=light orange. The 

symmetry transformation used to generate equivalent atoms is ‘: 1-x,1-

y,1-z 

 

 

 

 

 

Figure 3. 20 Coordination 

geometry of compound 16-Ce 

superimposed to the ideal 

muffin-like polyhedron. 

 

Compound 16-Ce crystallizes in a monoclinic crystal system in a P 21/c space group. It consists 

of a dinuclear entity where each Ce3+ ion has a coordination number of 9, Figure 3. 19. The CeO9 

coordination sphere is set up forming a geometry that is close to an ideal Muffin-like (MFF-9, 

Cs) polyhedron with a CShM value of 2.511, Figure 3. 20. There are two 2-FBz ligands in the 

chelating coordination mode (O1, O2, O3 and O4), with Ce-O bond distances ranging 2.515-

2.611 Å, and one 2-FBz molecule that coordinates only by one oxygen atom of the carboxylate 

group (O7) in a monodentate coordination mode, Scheme 3.2d), with Ce-O bond length of 2.403 

Å. The Ce3+ centers, in the dinuclear structure, are linked through two 2-FBz ligands by three O 

atoms (O5, O5_a and O_6) in the chelating-bridging coordination mode, Scheme 3.2 b), with Ce-

O distances in the range of 2.483-2.814 Å. Finally, coordination sphere of Ce3+ is completed by 

an O atom (O8) from a H2O molecule with Ce-O bond distance of 2.523 Å. The intramolecular 

Ce1---Ce1_a distance is 4.388 Å. Two PPh4
+ cations counteract the -II negative charge of the 

coordination compound. In addition, two water molecules crystallize within the crystal lattice. 

The symmetry transformation used to generate equivalent atoms is _a: 1-x,1-y,1-z. 
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On the other hand, the crystal structures of 18-Tb and 21-Yb are slightly different from 16-Ce. 

Compounds 18-Tb and 21-Yb are isostructural therefore only structure of 18-Tb will be 

described.  

 

Figure 3. 21 a) Partially labelled plot of structure 18-Tb. Hydrogen atoms are omitted for better 

clarification. Color code: Tb=blue, O=red, C=grey, F=green and P=light orange. The symmetry 

transformation used to generate equivalent atoms is ‘: 1-x,1-y,1-z b) and c) Coordination geometry of 

compounds 18-Tb and 21-Yb respectively, superimposed to the ideal Biaugmented Trigonal Prism 

polyhedron. 

18-Tb consists of a dinuclear molecule that crystallizes in a monoclinic crystal system in a P21/n 

space group, Figure 3. 21 a). Each Tb3+ center is found octacoordinated with a coordination 

TbO8 geometry that resembles to a distorted Biaugmented trigonal prism (BTPR-8, C2v) with a 

CShM value of 2.444. The CShM value calculated for 21-Yb structure was 2.475, Figure 3. 21 

b) and c). Furthermore, Terbium’s coordination sphere consists of two 2-FBz ligands 

coordinating in the bidentate chelating mode with Tb-O (O1, O2, O3 and O4) bond lengths 

ranging from 2.417 to 2.493 Å and the O7 atom from a 2-FBz coordinating in the monodentate 

coordination mode with a Tb-O bond distance of 2.312 Å. Moreover, a H2O molecule is also 

coordinated to the Tb3+ ion by O8 with a Tb-O distance of 2.447 Å. Finally, two PPh4
+ cations 

counteract the -II negative charge of the coordination compound. The main difference between 

structures 18-Tb and 16-Ce is that in the Terbium’s motif, the lanthanide centers are bridged 

through two 2-FBz ligands in the symmetrical syn-syn bidentate bridging coordination mode, 

Scheme 3.2a), by O5 and O6_a (2.291 and 2.335 Å) instead of the bridging-chelating mode 
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found in 16-Ce. Variation in the coordination arrangement of the bridging ligands causes the 

Tb3+ ion coordination number to decrease from 9 to 8. Furthermore, the two H2O molecules that 

co-crystallize in the crystal lattice of compound 16-Ce are absent in structures of 18-Tb and 21-

Yb. 

The observed structural change in both 2-FBz families (8-Ce to 15-Yb and 16-Ce to 21-Yb), 

where the Ce3+ complexes exhibit a distinct molecular arrangement compared to other 

lanthanides, may be attributed to the phenomenon known as lanthanide contraction.21 This effect 

refers to the gradual decrease in the ionic radius of lanthanide(III) ions as the atomic number 

increases. Ce3+ has a greater ionic radius than the rest of Ln3+ used in this work. Due to larger 

size, it tends to coordinate to more donor atoms, thus increasing the coordination number. In this 

case, this produces a structural change in the Cerium compounds respect to the rest of the 

lanthanide ions. This effect is also seen in the overall Ln-O distances which are larger for the 16-

Ce compounds, and they become shorter on diminishing the ionic radius 18-Tb >21-Yb. 

However, the Ln---Ln intermolecular distance, is larger for 18-Tb (4.838 Å) and 21-Yb (4.810 

Å) in comparation to the 16-Ce (4.388 Å). This is due to the bridging ligand coordination mode. 

The bridging-chelating mode offer an extra coordination ligand generating the Ln-O-Ln angle of 

111.73º, shortening in this way the Ce1---Ce1_a intramolecular distance. 

The dinuclear molecules together with the PPh4
+ counterions set in the crystal lattice by means of 

H---π stacking interactions and other weak Van der Waals interactions, Figure 3. 22. In both 

structures, 16-Ce and 18-Tb, the H---π interactions take place between i) a ring from a PPh4
+ 

entity and a H atom from an sp2 C of a 2-FBz bridging ligand, ii) the centroid of a 2-FBz ligand 

in the chelating coordination mode and a H from an sp2 C atom from an aromatic ring of a PPh4
+ 

counterion and iii) the centroid of an aromatic ring of a 2-FBz bridging ligand and the H atom of 

a sp2 C from another PPh4
+ unit. The Centroid---H intermolecular distances range from 2.620 to 

2.890 Å in 16-Ce, from 2.810 to 2.920 Å in 18-Tb and from 2.800 to 2.940 Å in 21-Yb. 

Moreover, it is worth considering a π---π stacking interaction that appears in structures 18-Tb 

and 21-Yb, which is not present in 16-Ce because the centroids in the latter are too far apart. The 

π---π stacking interaction occurs between the centroids of the aromatic ring from a 2-FBz in the 

chelating coordination mode and a ring of a PPh4
+. The considered intermolecular distances are 

found between the molecules that constitute each (PPh4)2[Ln2(μ-2-FBz)2(2-FBz)6(H2O)2] 
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structural unit. Then each structural unit expands in the crystal lattice by means of weak Van der 

Waals interactions. 

 

Figure 3. 22 Crystal packing of compounds a) 16-Ce and b) 18-Tb. 

 

To ensure phase purity along all the polycrystalline powder compounds, PXRD measurements 

were carried out for 16-Ce, 18-Tb and 21-Yb and compared to the PXRD patterns calculated 

from the crystal structures. For the three of them, the powder measurement agrees with the 

calculated one. Owing to the structural differences between 16-Ce compared to 18-Tb and 21-

Yb, their powder patterns are different. Furthermore, PXRD were measured to polycrystalline 

samples containing Eu3+, Dy3+ and Er3+ lanthanides (compounds 17-Eu, 19-Dy and 20-Er 

respectively). The obtained diffractograms matched the calculated patterns of structures 18-Tb 

and 21-Yb, confirming their isostructural nature as well as phase purity in all the powder 

samples, Figure 3. 23.  Finally, synthesis with Samarium was also carried out, nevertheless the 

obtained powder diffractogram was significantly different from the powder patterns of 16-Ce, 

18-Tb and 21-Yb. 
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Figure 3. 23 Powder X-Ray Diffraction of compounds 16-Ce to 22-Sm. CALC stands for the calculated 

Powder patterns obtained from the crystal structure and EXP for the measured diffractograms of those 

samples. 

3.1.2.3 Luminescence studies 

Photoluminescent properties of compounds 17-Eu, 18-Tb and 19-Dy have been studied in solid 

state at room temperature. Unfortunately, Erbium and Ytterbium analogues (20-Er and 21-Yb) 

showed very weak luminescence response, therefore meaningful excitation and emission spectra 

couldn’t be obtained.  

Excitation spectra collected at the maximum emission wavelength (λem) of 614 nm (5D0→
7F2) for 

17-Eu, of 545 nm (5D4→
7F5) for 18-Tb and of 574 nm (4F9/2→

6H13/2) for 19-Dy are showed in 

Figure 3. 24a), b) and c). The excitation spectra show a broad and intense band above 300 nm for 

18-Tb and 19-Dy while for 17-Eu the band is even broader and the signal starts appearing at 

wavelengths above 400 nm. It is assigned to 2-FBz ligand centered π→π* and n→π* excitation 
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transitions. Moreover, in excitation spectrum of 19-Dy some bands, way weaker than ligand 

excitation, appear at 325, 351 and 364 nm which correspond to Dy3+ excitation transitions from 

its own electronic states, and they are assigned to 6H15→
4M17/2 at 325 nm, 6H15→

6P7/2 at 351 nm 

and 6H15→
6P5/2 at 364 nm respectively.19 In the three excitation spectra the band corresponding 

to ligand absorption clearly prevail, anticipating a rather good sensitization effect.  

 
Figure 3. 24 a), b) and c) show excitation spectra of 17-Eu, 18-Tb and 19-Dy, respectively, and d), e) 

and f) show emission spectra of 17-Eu, 18-Tb and 19-Dy. Excitation spectra were monitored at the λem of 

614 nm for 17-Eu, at 545 nm for 18-Tb and at 574 nm for 19-Dy. Emission spectra were monitored at the 

λexc of 281 nm for 17-Eu, at 280 nm for 18-Tb and at 300 nm for 19-Dy.   

Exposure of 17-Eu, 18-Tb and 19-Dy polycrystalline samples at the excitation wavelength (λexc) 

of 281, 280 and 300 nm led to the characteristic lanthanide f-f emission transitions, Figure 3. 

24d), e) and f). The distinctive red and green luminescence could be seen with the naked eye 

from 17-Eu and 18-Tb samples, Figure 3. 25. 
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Figure 3. 25 a) Emission colors of compounds 17-Eu, 18-Tb and 19-Dy under irradiation of a UV lamp 

and b) Luminescence lifetimes of componds 17-Eu and 18-Tb monitored at a λexc=300 nm and λem=614 

nm for 17-Eu and at λexc=280 nm and λem =545 nm for 18-Tb. Continuous black line corresponds to the 

monoexponential fitting with: 𝐼(𝑡) = 𝐼0𝑒
−

𝑡

𝜏𝑜𝑏𝑠 + 𝐶 

The emission spectrum of 17-Eu reveals multiple bands at 581, 592 and 614 nm, the latter being 

the most intense one. These bands correspond to the 5D0→
7F0 (ΔJ=0), 5D0→

7F1 (which is split 

into two components due to crystal field) and 5D0→
7F2 transitions, respectively. The band at 591 

nm is a pure magnetic dipole transition which intensity is practically unaffected by the Eu3+ 

environment. On the other hand, the 614 nm band is an hypersensitive band since it is an electric 

dipole transition. At least three components of this band can be discerned which may indicate 

that the Eu3+ emitting center is not occupying an inversion symmetry site inside the structure. 

This is consistent with the coordination geometry derived from the SHAPE calculation which 

revealed a distorted Biaugmented trigonal prism polyhedron with a C2v symmetry. In addition, 

the less intense bands found at 653 and 705 nm are assigned to 5D0→
7F3 and 5D0→

7F4 transitions 

respectively.18a,21 For compound 18-Tb, the bands found at 490, 545, 586 and 621 nm are 

assigned to the transitions from terbium’s 5D4 emissive state to the ground 7F6, 
7F5, 

7F4 and 7F3 

states, respectively. Residual emission from the ligand molecules was not observed, neither in 

17-Eu nor in 18-Tb spectra, indicating a good sensitization effect from the 2-FBz to the 

lanthanide emitting states.  
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Three emission bands originating from Dy3+ 4F9/2 emissive energy level are differentiated in the 

19-Dy spectrum, at 481, 575 nm and a weaker one at 664 nm. The bands are assigned to 

7F9/2→
6H15/2, 

7F9/2→
6H13/2 and 

7F9/2→
6H11/2 transitions, respectively. A very weak signal at 454 

nm is observed. This band is assigned to the forbidden magnetic dipole transition (ΔJ=0) 

4I13/2→
6H13/2, such as in the case of 5D0→

7F0 of the Eu3+ ion.22 However, 2-FBz ligand emission 

was observed for 19-Dy within the 350-400 nm range (spectrum not shown) just as the Dy3+ 

analogue of the previous Section, compound 13-Dy. This emission predominated over 

dysprosium’s luminescence, as evidenced by the blue color observed by the naked eye under UV 

light, Figure 3. 25. 

Moreover, overall photoluminescence quantum yields (𝜙𝐿𝑛
𝐿 ) and luminescence lifetimes (τobs) 

were measured for the brightest polycrystalline samples, 17-Eu and 18-Tb, at the excitation 

wavelength of 300 and 280 nm respectively. Terbium compound yielded higher 𝜙𝐿𝑛
𝐿  and τobs 

compared to Europium analogue. The 𝜙𝐿𝑛
𝐿  resulted of 0.20 for 17-Eu while it increased to 0.34 

for 18-Tb. Luminescence lifetimes were monitored at the emission wavelength of 614 nm 

(5D0→
7F2) for 17-Eu and of 545 nm (5D4→

7F5) for 18-Tb. Both decay curves followed a 

monoexponential law and the resulting τobs values were 0.61 and 1.02 ms for 17-Eu and 18-Tb 

respectively. The presence of a single decay time component suggests a single radiative 

deactivation process.18a, 21 

In addition, the radiative lifetime (rad) from the 5D0 emissive level of 17-Eu was calculated from 

the corrected emission spectrum, with Equation 1.8,25 and it resulted of 1.50 ms. Then the 

intrinsic quantum yield (𝜙𝐿𝑛
𝐿𝑛) was calculated from 𝜙𝐿𝑛

𝐿𝑛 =
𝑘𝑟

𝑘𝑟+𝑘𝑛𝑟
=

𝜏𝑜𝑏𝑠

𝜏𝑟𝑎𝑑
 , and it was 0.41 for 17-

Eu. The sensitization efficiency (ηsens) calculated with Equation 1.2 resulted of 0.50. As stated 

before, this parameter gives us information about the efficiency of transferred energy from the 

ligand moieties to the resonant emissive state of the lanthanide ion. Sensitization efficiency of 

17-Eu has turned out to be almost half that the value obtained for compound [Eu2(μ-2-FBz)4(2-

FBz)2(H2-FBz)2(H2O)2] (10-Eu). Also, the overall quantum yields of Tb and Eu are reduced 

respect to the obtained for compounds 10-Eu and 12-Tb, see section 3.1.1.3. This may be due to 

the presence of monodentate 2-FBz ligand which may act as an electron-withdrawing group 

retaining electron density, thus slightly quenching sensitization efficiency of 17-Eu and 18-Tb. 
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Besides, compounds 17-Eu and 18-Tb with formula (PPh4)2[Ln2(-2-FBz)2(2-FBz)6(H2O)2], 

hold a slight distorted Biaugmented Trigonal prism (C2v point group) octacoordinated geometry 

whereas compounds 10-Eu and 12-Tb showed a Muffin-like (Cs point group) nonacoordinate 

polyhedron geometry. The symmetry around the coordination environment of the lanthanides 

centers is higher in the presented 17-Eu and 18-Tb compounds. As previously mentioned, to 

enhance lanthanide f-f emission transitions (as well as excitation transitions), the greater the 

asymmetry around the Ln3+ center, the better. Since larger asymmetry may produce f-mixing, 

making in this way the intraconfigurational transitions less prohibited. The asymmetry around 

10-Eu and 12-Tb (section 3.1.1.3.) provided by the O atoms from the ligands, may enhance f-f 

transitions leading to higher luminescence intensity compared to 17-Eu and 18-Tb. 

3.1.2.4 Magnetic studies 

Direct current (dc) measurements 

Direct current magnetic susceptibility (M) and magnetization (M) experiments were measured 

on 16-Ce, 17-Eu, 18-Tb, 19-Dy, 20-Er and 21-Yb polycrystalline samples. The M 

measurements were carried out under an external direct current (dc) magnetic field of 0.3 T in the 

2-300 K temperature range. The MT dependence with T plots are presented in Figure 3. 26. At 

room temperature (300 K) the MT values are 0.98, 2.78, 25.00, 28.33, 22.21, 4.87 cm3mol-1K for 

16-Ce, 17-Eu, 18-Tb, 19-Dy, 20-Er and 21-Yb respectively. For two isolated Ln3+ cations, the 

calculated MT values are: 1.6 cm3mol-1K for Ce3+ ground state 2F5/2 and gJ=6/7; 0 cm3mol-1K for 

Eu3+ ground state 7F0; 23.64 cm3mol-1K for Tb3+ ground state 7F6 and gJ=3/2; 28.34 cm3mol-1K 

for Dy3+ ground state 6H15/2 and gJ=4/3; 22.96 cm3mol-1K for Er3+ ground state 2F7/2 and gJ=6/5 

and 5.14 cm3mol-1K for Yb3+ ground state 2F7/2 and gJ=8.7.21a 



3. Lanthanide Fluorobenzoates 

 
 

 

221 

 

Figure 3. 26 a) χMT vs T plot, measured under an external magnetic dc field of 0.3 T and b) 

Magnetization with external magnetic field dependence measured at 2K of compounds 16-Ce to 21-Yb. 

The experimental MT value measured at room temperature of sample 17-Eu is larger than the 

calculated value. The electronic ground state of an Eu3+ ion (7F) splits due to spin-orbit coupling 

into the respective J states which are 7FJ=0-6. For the Eu3+ ion, the spin-orbit coupling energy gap 

(λ) between the excited J states and the ground state is defined by the small value of 300 cm-1. 

Thus, excited J states, particularly the 7F1, are closer in energy to the ground state so they 

become thermally populated at room temperature as a result of the small λ value. Consequently, 

the MT parameter at 300 K exceeds the calculated value for an isolated Eu3+ ion, which only 

considers the population of the 7F0 ground state. The decrease of MT vs T upon cooling the 

sample is attributed to thermal depopulation of the higher in energy 7FJ states. At 2 K, the MT 

value of 17-Eu is 0.03 cm3mol-1K, confirming that at low temperatures, the non-magnetic ground 

state (J = 0) is stabilized.27 For the rest of compounds, experimental room temperature MT 

values closely match the calculated ones. 

In compounds 16-Ce and 21-Yb, the MT vs T curves gradually decrease on cooling the samples. 

At the limit temperature of 2 K the MT values are 0.50 and 2.35 cm3mol-1K, for 16-Ce and 21-

Yb respectively. For 18-Tb, 19-Dy and 20-Er polycrystalline samples, the MT vs T curves show 

similar behavior. The MT magnetic susceptibility values stay practically constant on lowering 

the temperature down to ~50 K. Below this temperature, MT values drop suddenly to 15.84 and 

18.63 cm3mol-1K at 2 K for 18-Tb and 19-Dy while the decrease of MT to 12.16 cm3mol-1K at 2 
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K is more progressive for 20-Er. The diminution of MT on cooling the samples, can be 

attributed to one or a combination of different phenomena: i) due to thermal depopulation of the 

excited mj doublets (of the ground J state) generated by the crystal field perturbation, ii) due to 

dipolar interactions between the molecules of the crystal lattice and iii) due to weak 

antiferromagnetic coupling between the Ln3+ centers constituting each dinuclear unit. The 

contracted nature of the 4f electrons in lanthanide(IIII) ions make magnetic exchange coupling 

interactions rather weak. The intramolecular distance between Ln---Ln of the same dinuclear unit 

is of 4.388 Å for 16-Ce, 4.838 Å for 18-Tb and 4.810 Å for 21-Yb crystal structures. In 

structures 16-Ce to 21-Yb, the Ln3+ cations are connected through two 2-FBz molecules in the 

bridging-chelating (16-Ce) and bridging (17-Eu to 21-Yb) coordination mode. The two extra 2-

FBz bridging-chelating ligands found in structures 8-Ce to 15-Yb (See Section 3.1.1.1 of this 

Chapter) are not present for the former dinuclear units, enlarging this way the Ln---Ln 

intramolecular distance leading to a precluded magnetic superexchange between lanthanide 

centers.21a,30,29 

Magnetization dependence with applied magnetic field curves measured at 2 K for the former 

compounds are depicted in Figure 3. 26b). Magnetization increases suddenly on applying an 

external magnetic field from 0 to ~1 T for all compounds. Then, for all compounds the M vs H 

curves increase gradually without reaching saturation of the magnetization 𝑔𝐽 ∙ 𝐽. Finally, the 

magnetization values of 17-Eu at 2 K are maintained at 0 NμB, as expected. 

Alternating current (ac) measurements 

Alternating current (ac) measurements were performed for compounds 16-Ce to 21-Yb (except 

for 17-Eu) to investigate spin dynamics in case of slow relaxation of the magnetization. At Hdc = 

0 T, the magnetic moment of all the above compounds followed the oscillating field consistently, 

leading to no dependence of the χM’’ component with temperature and frequency. Nonetheless, 

under exposure of a direct current (dc) magnetic field, compounds 16-Ce and 21-Yb showed 

slow relaxation of the magnetization. Measurement of χM’ and χM’’ at different dc magnetic 

fields at the constant temperature of 2 K and 2.5 K for 16-Ce and 21-Yb respectively, revealed 

that the Hdc optimal field was 0.3 T for 16-Ce and 0.2 T for 21-Yb, Figure 3. 27. 
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Figure 3. 27 Relaxation times in front of static magnetic field measured at the constant temperature of 2 

K for a) 16-Ce and of 2.5 K for b) 21-Yb.  

Regarding compound 19-Dy, measurements of χM’’ were tried under different Hdc fields and at 

different oscillating frequencies. Out-of-phase magnetic susceptibility showed somehow 

dependence with oscillating frequency and temperature; however, this dependence was spotted 

as tails at 2 K and not as maxima data points, Figure APX.VI.1. This suggests a strong QTM that 

cannot be eliminated even with the application of an external magnetic field, due to the lack of 

axial symmetry which promotes rhombic contribution in dysprosium’s mj ground state.  

Under the optimal Hdc of 0.3 T, compound 16-Ce, showed χM’’ maxima in both, the χM’’ vs T 

and χM’’ vs oscillating frequency plots, indicating slow relaxation of the magnetization. The χM’’ 

maxima appeared on cooling the polycrystalline sample at about 4 K down to 2 K, Figure 3. 

28a). Moreover, χM’’ maxima are dependent on temperature and move progressively to higher 

frequencies on increasing temperature indicating that magnetization relaxes via a temperature 

dependent mechanism, Figure 3. 28b). 



3. Lanthanide Fluorobenzoates 

 
 

 

224 

 

Figure 3. 28 a) and d) χM’’ vs T plots of 16-Ce and 21-Yb. The continuous line is a guide to the eye b) 

and e) are the χM’’ vs ν plots of 16-Ce and 21-Yb. The continuous black line corresponds to the fitting to 

the Generalized Debye model and c) and f) are the Cole-Cole plots for 16-Ce and 21-Yb. Continuous 

black line represents the fitting to the Generalized Debye model. 

Representation of 16-Ce magnetic data in the so-called Cole-Cole plots leads to unsymmetrical 

semicircles that can be successfully fitted to the Generalized Debye model with Equation 1.32 of 

Chapter 1, in the 2.1 to 3.7 K temperature range, Figure 3. 28c). The α values obtained from 

such fitting are in the range of 0.1(2.1 K) to 0.04(3.7 K). Regarding compound 21-Yb, it showed 

χM’’ maxima with temperature in the 2 to 4.5 K temperature range whereas χM’’ vs ν peaks move 

progressively to higher oscillating frequencies on increasing temperature from 2 to 4.5 K, Figure 

3. 28d) and e). Representation of χM’ and χM’’ components in the Cole-Cole plots shows 

semicircles that become incomplete on increasing temperature. Even so, 21-Yb magnetic data 

could be fitted with the generalized Debye model for the semicircles in the 2.1-4.5 K temperature 

range and the obtained α values range from 0.2(2.1 K) to 0.009(4.5 K). The α values decrease on 

increasing temperature till a value of almost 0 at 4.5 K. This indicates that at high temperature 

only one mechanism dominates respect to the others, since distribution of relaxation times is 

practically zero.  
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𝜏−1 = 𝜏0
−1 exp (

−𝛥𝐸

𝑘𝐵𝑇
)                   Equation 3.3 

𝜏−1 = 𝐶𝑇𝑛 + 𝐴𝑇                    Equation 3. 4 

Thereafter, relaxation of magnetization times with temperature in the ln(τ) vs T-1 plots of 

compounds 16-Ce and 21-Yb, Figure 3. 29, show a rather inexistent linear trend in the higher 

temperature range. Nevertheless, as a first approximation, the curves were fitted with the 

Arrhenius law that describes the Orbach relaxation mechanism, Equation 3.3, and the obtained 

values were 𝛥𝐸 =10.13 cm-1 and τ0 = 1.44‧10-6 for 16-Ce and 𝛥𝐸 = 13.52 cm-1 and τ0 = 9.14‧10-7 

for 21-Yb, FigureAPX.VI.2. The values of the effective energy barrier are very low indicating 

that relaxation of the magnetization may proceed by an under-barrier mechanism. The best fit of 

the ln(τ) vs T-1 curves was obtained when a combination of Raman and Direct mechanisms were 

considered, 𝜏−1=𝐶𝑇𝑛 + 𝐴𝑇                    Equation 3. . The fitted parameters yielded C = 25.89 

s-1K-n and n = 4.68 for Raman and A = 459.33 s-1K-1 for Direct mechanism for 16-Ce and C = 

3.67 s-1K-n and n = 5.57 for Raman and A = 260 s-1K-1 for Direct mechanism for 21-Yb. 

 

Figure 3. 29 ln(τ) vs T-1 plots for compounds 16-Ce and 21-Yb of ac magnetic data measured under an 

external direct current magnetic field of 0.3 T and of 0.2 T for 16-Ce and 21-Yb, respectively. 

Continuous black lines correspond to the fit considering equation for Raman and Direct relaxation 

mechanisms. 
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3.2 Compounds derived from 2,6-Difluorobenzoic acid 

(2,6-HF2Bz): 

As already stated, presence of H2O molecules coordinated to the lanthanide ion is a drawback in 

terms of luminescence efficiency due to presence of high oscillator bonds such as O-H.  

Several trials were made to obtain a coordination sphere where the lanthanide is totally 

coordinated by deprotonated 2-FBz ligands with a predicted formula of [Ln2(2-FBz)8]
2-. 

However, by using 2-Fluorobenzoic acid we couldn’t obtain any kind of anhydrous 

fluorobenzoate lanthanide coordination compound. 

  

Scheme 3.3. a) 2,6-Difluorobenzoic acid (2,6-HF2Bz). Coordination modes of 2,6-F2Bz found in 

compounds of Chapter 3: b) symmetrical syn-syn bidentate bridging, c) chelating-bridging and d) 

chelating.  

Following this research line, we have used other fluorinated ligand: the 2,6-difluorobenzoate, 

2,6-F2Bz (Scheme 3.3a) which was not studied before in multi-property lanthanide coordination 

compounds.13c-e With this ligand, both C-H ortho positions (the ones closer to the emitting 

lanthanide) are fluorinated. Moreover, the addition of a second fluorine atom should provide 

more steric hindrance, thereby making it more difficult for H2O molecules to enter in the 

coordination sphere. With the hypothesis of increasing the luminescence overall quantum yield 

by i) adding a second C-F bond in the benzene orto position and ii) totally removing the H2O 

molecules coordinated to the Ln3+, the 2,6-F2Bz ligand was used in two different straightforward 

synthetic ways from which two families of lanthanide compounds with anhydrous structural 

motifs were obtained. The first showed a general formula of (HPy)2[Ln2(μ-2,6-F2Bz)4(NO3)4] 

(23-Eu, 24-Tb, 25-Dy, 26-Nd and 27-Yb) while the second presented the (HPy)2[Ln2(μ-2,6-
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F2Bz)4(2,6-F2Bz)4] formula (28-Eu, 29-Tb, 30-Dy, 31-Nd and 32-Gd), HPy+ is the pyridinium 

cation. Interestingly, only a slight change in the solvent used during the reaction made possible 

the isolation of two different series of compounds. Finally, neither of the two obtained structural 

series has water molecules in their coordination sphere. 

Obtention of 23-Eu to 27-Yb and of 28-Eu to 32-Gd took place in a basic medium with a clear 

excess of the carboxylate molecule to ensure its coordination. Pyridine was used to grant the 

basic media and to provide a counter ion in the final structure. Two different structural motifs 

were obtained when the same synthesis was carried out at different proportions of H2O/EtOH 

solvents (Scheme 3.4). When a mix of EtOH/H2O (1:1) is used as solvent reaction, the final 

compounds consist of a dinuclear entity with eight 2,6-F2Bz ligands coordinated to the 

lanthanide centers (28-Eu to 32-Gd). On the other hand, when the solvent is EtOH 99%, the 

final compound encompasses a dinuclear structure where the two Ln3+ atoms are linked by four 

2,6-F2Bz bridging ligands and four NO3
- anions acting as chelating ligands resulting in a never 

published [Ln2(μ-2,6-F2Bz)4(NO3)4]
2- structural motif (23-Eu to 27-Yb). In the following 

sections of Chapter 3, Section 3.2.1 and Section 3.2.2, the structural description, luminescence 

and magnetic properties will be developed for all of the above compounds. 

 

Scheme 3.4. Figure of (HPy)2[Ln2(μ-2,6-F2Bz)4(2,6-F2Bz)4] (right) and (HPy)2[Ln2(μ-2,6-F2Bz)4(NO3)4] 

(left). 
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3.2.1 Compounds with formula (HPy)2[Ln2(2,6-F2Bz)4(NO3)2] 

3.2.1.1 Experimental procedure 

Synthesis to obtain compounds 23-Eu, 24-Tb, 25-Dy, 26-Nd and 27-Yb was carried out as 

follows: an ethanol 99% solution (20ml) containing Ln(NO3)3nH2O (0.9 mmol) was added to 

another ethanol 99% solution (20 ml) containing 2,6-difluorobenzoic acid (632.4 mg, 4.0 mmol) 

and pyridine (316.4 mg, 4 mmol). The solution was stirred for 30 minutes and then left to stand 

at room temperature. Single crystals with a rhombic shape suitable for X-Ray diffraction were 

obtained within one month. The crystals were separated by filtration and washed with the lowest 

amount of cold ethanol. The compounds were obtained with yields ranging from 40 to 65 %. 

Through this straightforward room temperature synthetic procedure, lanthanide(III) dinuclear 

compounds showing the molecular formula (HPy)2[Ln2(μ-2,6-F2Bz)4(NO3)2] were successfully 

isolated. This series of compounds show anew structural motif. The Ln3+, 2,6-difluorobenzoic 

acid and pyridine ratio used in the syntheses was 1: 4.4: 4.4. Even though an excess of 

fluorinated ligand with respect to the lanthanide ion was used, nitrate molecules in the chelating 

coordination mode from the reactant lanthanide(III) salt were left in the final structure.  

Further characterization of these compounds was performed by carrying out elemental analysis, 

Table 3. 11 and ATR-Infrared Spectroscopy, Table 3. 12. 

Table 3. 11 Elemental analysis of compounds 23-Eu to 27-Yb 

 Calculated Found 

Compound %C %N %H %C %N %H 

23-Eu 
C28H12Eu2F8N4O20, 2(C5H6N) 

1340.5 g/mol 

34.04 6.27 1.80 34.56 6.00 1.67 

24-Tb 
C28H12Tb2F8N4O20, 2(C5H6N) 

1354.5 g/mol 

33.69 6.20 1.78 34.01 6.01 1.62 

25-Dy 
C28H12Dy2F8N4O20, 2(C5H6N) 

1361.6 g/mol 

33.51 6.17 1.77 34.8 5.90 1.30 

26-Nd 
C28H12F8N4Nd2O20,2(C5H6N)  

1325 g/mol 

34.44 6.34 1.82 35.03 6.02 1.72 

27-Yb 
C28H12Nd2F8N4O20Yb2,2(C5H6N)  

1382.7 g/mol 

33.00 6.08 1.74 33.9 5.89 1.52 
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Table 3. 12 Selected bands (cm-1) of 23-Eu to 27-Yb (s=strong, m=medium and w=weak, br=broad) 

obtained in ATR-IR spectroscopy. 

23-Eu 3256-2891 (w), 1602(s, split), 1539(w),1506(w), 1493(w), 1459(s), 

1406(s), 1317(m), 1270(w), 1230(m), 1001(s), 865(m),795(m), 

735(m), 996(m), 579(s), 516(m) 

24-Tb 3256-2891 (w), 1599(s, split), 1540(w),1506(w), 1494(w), 1460(s), 

1406(s), 1317(m), 1270(w), 1230(m), 1001(s), 865(m),795(m), 

735(m), 996(m), 579(s), 516(m) 

25-Dy 3252-2897 (w), 1599(s, split), 1543(w),1506(w), 1494(w), 1462(s), 

1407(s), 1317(m), 1270(w), 1231(m), 1001(s), 865(m),795(m), 

735(m), 996(m), 579(s), 516(m) 

26-Nd 3252-2897 (w), 1618(s, split), 1544(w),1506(w), 1496(w), 1463(s), 

1407(s), 1318(m), 1270(w), 1232(m), 1003(s), 865(m),796(m), 

736(m), 996(m), 583(s), 516(m) 

27-Yb 3252-2897 (w), 1619(s, split), 1545(w),1506(w), 1497(w), 1464(s), 

1407(s), 1319(m), 1270(w), 1233(m), 1004(s), 866(m),797(m), 

737(m), 997(m), 584(s), 516(m) 

 

3.2.1.2 Structural characterization  

Single crystal X-Ray diffraction was performed for europium (23-Eu) and terbium (24-Tb) 

analogues. Selected bond distances and crystallographic information are listed in Table 3. 13 and 

Table APX.VII.1. Since both compounds yielded the same structural motif, only the structure of 

compound 23-Eu is discussed below. A partially labelled plot of 23-Eu structure is depicted in 

Figure 3. 30a. Compound 23-Eu crystallized in a monoclinic crystal system in a P21/n space 

group. Each asymmetric unit is constituted of one Eu3+ ion, two chelating nitrate molecules and 

two 2,6-difluorobenzoate (2,6-F2Bz) ligands in the bridging coordination mode. To neutralize 

the negative charge, a protonated pyridine molecule (HPy) acts as the counterion. After 

application of symmetry operations provided by P21/n space group the asymmetric unit expands 

in space forming the dinuclear entities. In each dinuclear unit, both Eu3+ atoms are connected 
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through four 2,6-F2Bz ligands acting as bridging ligands. The ligands are found in two different 

coordination modes, two of them are in the symmetrical syn-syn bidentate bridging coordination 

mode (η1:η1:μ2) (Scheme 3.3b) with Eu-O bond lengths of 2.348 and 2.345 Å. The other two 2,6-

F2Bz molecules are best described as chelating-bridging (η1:η2:μ2) (Scheme 3.3c) and the Eu-O 

bond distances range from 2.353 to 2.554 Å. The Eu---Eu_a intramolecular distance is 3.886 Å. 

Moreover, there are two NO3
- molecules coordinated to each Eu3+ center in the chelating 

coordination mode, with Eu-O bond distances in the range of 2.451-2.539 Å. Each Eu3+ ion 

exhibits a coordination number of nine. The degree of distortion with respect to the ideal 

polyhedron is quantified as Continuous Shape Measurements (CShM) values with the SHAPE 

program.15 For compound 23-Eu, the polyhedron defining europium’s coordination sphere is 

close to a Muffin geometry (MFF-9, Cs) with a CShM value of 2.105, Figure 3. 30b. For 

compound 24-Tb, the TbO9 coordination was close to the same polyhedral geometry as 23-Eu 

with a CShM value of 2.016 for the MFF-9.  

 

Figure 3. 30 a) Partially labelled plot of compound 23-Eu. Hydrogen atoms have been omitted for clarity. 

The symmetry transformation used to generate equivalent atoms is ‘: 1-x, 1-y, 1-z. Color code: grey = C, 

red = O, green = F, light blue = N and turquoise = Eu, b) Muffin polyhedron (MFF-9, Cs) compared with 

the real positions of 23-Eu coordinating atoms.  

The Eu3+ dinuclear molecules are packed through π---π and H---π stacking intermolecular 

interactions along the crystal lattice. The pyridinium cation (Cg1) and one aromatic ring from 
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one of the 2,6-F2Bz ligands in the bridging coordination mode (Cg2) interact through a π---π 

stacking interaction with a Cg1---Cg2 distance of 3.571 Å. Moreover, the H---π stacking 

interaction is established by Cg2 and one H-atom (H5) from the aromatic ring of the 2,6-F2Bz 

ligand in the chelating bridging coordination mode, Figure 3. 31, with a H5---Cg2 intermolecular 

distance of 2.840 Å.35 In the crystal structure of compound 24-Tb, these intermolecular distances 

are 3.570 Å for the π---π stacking and 2.850 Å for the H----π stacking interactions. 

 

Figure 3. 31 Crystal packing of dinuclear molecules of 23-Eu. Discontinuous purple lines represent π-π 

interactions and discontinuous yellow lines represent H-π interactions. 
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Table 3. 13 Selected bond distances (Å) of 23-Eu and 24-Tb. Translation of symmetry to generate 

equivalent atoms code is _a: 1-x,1-y,1-z 

23-Eu 24-Tb 

Eu1-O1 2.353(8) Tb1-O1 2.445(13) 

Eu1-O3 2.345(9) Tb1-O2 2.426(12) 

Eu1-O5 2.491(9) Tb1-O4 2.461(11) 

Eu1-O6 2.539(9) Tb1-O5 2.520(11) 

Eu1-O8 2.451(11) Tb1-O7 2.488(13) 

Eu1-O9 2.470(11) Tb1-O8 2.534(11) 

Eu1-O1_a 2.554(8) Tb1-O9 2.320(11) 

Eu1-O2_a 2.509(11) Tb1-O8_a 2.325(10) 

Eu1-O4_a 2.348(9) Tb1-O11_a 2.320(11) 

Eu---Eu_a 3.886(9) Tb---Tb’ 3.849(11) 

To ensure phase purity along all the polycrystalline powders, Powder X-Ray Diffraction (PXRD) 

of 23-Eu and 24-Tb were carried out. The measured diffractograms and the calculated patterns 

from the single crystal structure matched, verifying phase purity. Moreover, to validate the 

isostructural nature of the synthetized 25-Dy, 26-Nd and 27-Yb complexes, PXRD was 

measured also to those polycrystalline samples. Once more, the obtained diffractograms match 

the calculated ones from structures 23-Eu and 24-Tb therefore confirming that 23-Eu to 27-Yb 

are isostructural and only one type of structure is present in the polycrystalline powder, Figure 3. 

32. 
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Figure 3. 32 Powder X-Ray Diffraction of compounds 23-Eu to 27-Yb. CALC stands for the calculated 

patterns form the Single Crystal structure and EXP for the diffractograms obtained from the PDRX 

measurement. 

3.2.1.3 Luminescence properties 

Luminescence studies were carried out for all the compounds in the solid state at room 

temperature. Excitation spectra were monitored at the emission wavelength (λem) of 616 nm 

(5D0→
7F2) for 23-Eu, of 546 nm (5D4→

7F5) for 24-Tb, of 574 nm (4F9/2→
6H13/2) for 25-Dy, of 

1061nm (4F3/2→
4I11/2) for 26-Nd and of 988 nm (2F5/2→

2F7/2) for 27-Yb. All spectra show an 

increase of signal intensity above 300 nm, Figure 3. 33. It is assigned to π→π* and n→π* 

excitation transitions of the 2,6-F2Bz ligand. This band couldn’t be fully recorded due to the 

instrument limitation measurement below 70 nm. Furthermore, bands due to lanthanide(III) 

intrinsic f-f excitation transitions are also discerned for 23-Eu to 27-Yb. The bands are assigned 

in each spectrum and a compilation of each band to the excitation transitions is found in Table 3. 

14.  
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Figure 3. 33 Excitation spectra of 23-Eu to 27-Yb polycrystalline samples measured at room 

temperature. 

 

Table 3. 14 Compilation of assignation of the bands to the excitation transitions of compounds 23-Eu to 

27-Yb, left column, and to the emission transitions of 23-Eu to 27-Yb, right column. 

23-Eu 23-Eu 
7F0→

5D4 at 375 nm, 7F0→
5L6 at 394 nm and 

7F0→
5D2 at 464 nm 

5D0→
7F0 at 581 nm, 5D0→

7F1 at 594 nm, 
5D0→

7F2 at 616 nm, 5D0→
7F3 not seen, 

5D0→
7F4 at 697 nm 

24-Tb 24-Tb 
7F6→

5L7 at 340 nm, 7F6→
5L9 at 352 nm, 

7F6→
5D2 at 359 nm, 7F6→

5L10 at 369 nm and 
7F6→

5G6 at 378 nm 

5D4→
7F6 at 491 nm, 5D4→

7F5 at 546 nm, 
5D4→

7F4 at 587 nm, 5D4→
7F3 at621 nm and 

5D4→
7F2-0 at 642-676 nm 

25-Dy 25-Dy 
6H15/2→

4M17/2 at 324 nm, 6H15/2→
6P7/2 at 350 

nm and 6H15/2→
6P5/2 at 364 nm 

4F9/2→
6H15/2 at 483 nm, 4F9/2→

6H13/2 at 577 

nm and 4F9/2→
6H11/2 at 660 nm 

26-Nd 26-Nd 
4I9/2→

4D3/2 at 355 nm, 4I9/2→
2P1/2 at 430 nm, 

4I9/2→
2G11/2 at 469 nm, 4I9/2→

2G9/2+
4G7/2 at 

515-526 nm and 4I9/2→
2G7/2+

2G5/2 at 586 nm 

4F3/2→
4I9/2 at 889 nm, 4F3/2→

4I11/2 at 1061 

nm, 4F3/2→
4I13/2 at 1338 nm 

27-Yb 27-Yb 
2F7/2→

2F5/2 at 930 nm 2F5/2→
2F7/2 at 1008 nm 
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Figure 3. 34 Emission spectra of 23-Eu to 27-Yb polycrystalline samples measured at room temperature. 

 

Emission spectra of all compounds were measured exciting the samples at the ligand centered 

absorption wavelength and at the f-f intrinsic lanthanide transitions. Excitation at the different 

λexc of all compounds induced the expected Ln3+ emission transitions, Figure 3. 34. For the sake 

of comparison of emission intensities, the same sample was excited at the different wavelengths 

at the same measurement conditions. Then emission spectra have been normalized to the higher 

in intensity band of the more intense spectrum for each lanthanide sample to compare the relative 

intensities on changing the excitation wavelength. Moreover, assignation of each emission band 

to the corresponding lanthanide(III) transition of 23-Eu to 27-Yb is found in Table 3. 14. 

For the visible emitters 23-Eu, 24-Tb and 25-Dy, stronger emission spectra are obtained when 

the polycrystalline samples are exposed at the λexc corresponding to 2,6-F2Bz ligand absorption 

wavelength, leading to luminescence that could be seen by the naked eye for the Eu3+ (red) and 

Tb3+ (green) analogues, Figure 3. 34 a) and b) and Figure 3. 35 b and c. Regarding 23-Eu 

emission spectrum, 5D0→
7F0 accounts to a forbidden transition by the ΔJ rule (ΔJ=0, ±1, 

J=0↮0), though for coordination geometries with Cnv, Cn or Cs symmetry, the electric dipole 

transition takes place due to mixing of higher configurations in the 4f wavefunctions due to 

crystal field perturbation (J-mixing). Nevertheless, 5D0→
7F0 is still very weak compared to the 
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other Eu3+ 5D0→
7FJ emission transitions, Figure 3. 34 inset. In addition, the band at 594 nm 

which is assigned to 5D0→
7F1 is practically independent of europium’s environment due to its 

pure magnetic dipole character. The stronger band at 616 nm assigned to 5D0→
7F2 is a 

hypersensitive band since it accounts for an electric dipole transition (ΔJ = 2). It appears split 

due to crystal field, indicating that europium ions are not occupying an inversion symmetry site 

inside the dinuclear structure which agrees with the coordination geometry obtained from the 

SHAPE calculations which resulted in a polyhedron with coordination geometry close to the 

ideal Muffin (Cs symmetry) and Spherical capped square antiprism (C4v symmetry).18a 

Nevertheless, though the characteristic emission bands of Dy3+ were observed in 25-Dy, ligand 

emission fluorescence is perceived below 450 nm indicating a rather inefficient sensitization 

effect, Figure 3. 34 c). On the other hand, the nIR emitters, 26-Nd and 27-Yb, showed intense 

luminescence when the samples were excited at the wavelengths corresponding to the intrinsic f-f 

excitation transitions, at 586 nm (4I9/2→
2G7/2+

2G5/2) for 26-Nd and at 930 nm (2F7/2→
2F5/2) for 

27-Yb, Figure 3. 34 d) and e). For 27-Yb, splitting of the 2F5/2→
2F7/2 emission band due to 

crystal field is seen when exciting at the Yb3+ intrinsic f-f transition.18 

 

Figure 3. 35 a) Luminescence lifetime curves of compounds 23-Eu and 24-Tb presented in a semi-

logarithmic plot. Solid black lines refer to the mono-exponential fit with 𝐼(𝑡) = 𝐼0𝑒
−

𝑡

𝜏𝑜𝑏𝑠 + 𝐶. b) and c) 

emission color observed with the naked eye of 23-Eu and 24-Tb polycrystalline samples, respectively, 

under the radiation of the laboratory UV lamp. 

Overall photoluminescence quantum yields (𝜙𝐿𝑛
𝐿 ) and luminescence lifetimes (τobs) were 

measured for the brightest polycrystalline samples, 23-Eu and 24-Tb, at the excitation 
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wavelength of 280 and 276 nm respectively. Both, 𝜙𝐿𝑛
𝐿  and τobs yielded similar values for Eu3+ 

and Tb3+ complexes. The 𝜙𝐿𝑛
𝐿  resulted of 0.07 for 23-Eu and of 0.08 for 24-Tb. Luminescence 

lifetimes were monitored at the emission wavelength of 616 nm (5D0→
7F2) for 23-Eu and of 546 

nm (5D4→
7F5) for 24-Tb. Both decay curves followed a monoexponential law with τobs of 1.42 

and of 1.48 ms for 23-Eu and 24-Tb respectively. The presence of a single decay time 

component is suggestive of a single radiative deactivation process.18a,21 

In addition, the radiative lifetime (rad) from the 5D0 emissive level of 23-Eu was calculated from 

the corrected emission spectrum, with Equation 1.8,25 giving 1.60 ms. Then the intrinsic quantum 

yield (𝜙𝐿𝑛
𝐿𝑛) can be calculated from 𝜙𝐿𝑛

𝐿𝑛 =
𝑘𝑟

𝑘𝑟+𝑘𝑛𝑟
=

𝜏𝑜𝑏𝑠

𝜏𝑟𝑎𝑑
  and it was 0.89. Following to that, the 

sensitization efficiency (ηsens) calculated with Equation.1.2 resulted of 0.08. As stated before, 

this parameter gives us information about the transferred energy from the ligands to the emissive 

excited state of the lanthanide ions. For 23-Eu, ηsens resulted quite low indicating a rather poor 

sensitization efficiency of the ligand moieties to the Eu3+ ion 18a,36 Considering that in 23-Eu and 

24-Tb crystal structures the coordinating H2O molecules where erased, they showed rather low 

quantum yields and sensitization efficiency. This may account to the fact that four coordination 

positions of the each Ln3+ ion are occupied by two NO3
- ions instead of the chromophore 2,6-

F2Bz ligand, thus reducing the photons absorbed by the ligand transferred to the emitting 

lanthanide. However, the 𝜙𝐿𝑛
𝐿𝑛 of 23-Eu (0.89) is high compared to the Eu3+ complexes with 2-

FBz previously presented in Sections 3.1.1.3 and 3.1.2.3, compounds 10-Eu and 17-Eu 

respectively. For 10-Eu the 𝜙𝐿𝑛
𝐿𝑛 was 0.28 whereas for 17-Eu it yielded 0.41. This is on account 

of the absence of coordinating H2O. The drawback in the (HPy)2[Ln2(μ-2,6-F2Bz)4(NO3)4] 

systems is that they may present low extinction coefficient, because the number of 2,6-F2Bz 

antenna ligands has been reduced by half, leading poorer sensitization effect. Moreover, 2,6-

F2Bz is a symmetric ligand, compared to 2-FBz. This increased symmetry around the Ln3+ could 

result in less f-orbital mixing, making the f-f transitions more forbidden by Laporte’s rule 

compared to those in the 2-FBz family. 
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3.2.1.4 Magnetic properties 

Direct current measurements 

 
Figure 3. 36 a) Temperature dependence of χMT measured at an external static field of 0.3 T, for 

compounds 23-Eu to 27-Yb and b) Magnetization dependence with an external magnetic field measured 

at 2 K for compounds 23-Eu to 27-Yb. 

Direct current (dc) magnetic susceptibility (M) and magnetization (M) data were measured on 

23-Eu to 27-Yb polycrystalline samples under a dc magnetic field of 0.3 T in the 2-300 K 

temperature range. Temperature dependence of MT plot is shown in Figure 3. 36. After 

diamagnetic correction, MT values at room temperature (300 K) are 2.78, 23.90, 28.03, 3.20 and 

5.03 cm3 mol-1 K for 23-Eu, 24-Tb, 25-Dy, 26-Nd and 27-Yb respectively. For two isolated Ln3+ 

cations, the calculated MT values are: 0 cm3 mol-1 K for Eu3+ ground state 7F0; 23.64 cm3 mol-1 K 

for Tb3+ ground state 7F6 and gj=3/2, 28.34 cm3 mol-1 K for Dy3+ ground state 6H15/2 and gj=4/3, 

3.28 cm3 mol-1 K for Nd3+ ground state 4I9/2 and gj=8/11 and 5.14 cm3 mol-1 K for Yb3+ ground 

state 2F7/2 and gj=8.7.21a Experimental room temperature MT values agree with the calculated 

ones for all compounds but 23-Eu which value is higher than the expected 0 cm3 mol-1 K. At 

room temperature, higher energy 7FJ states, closer to the ground state (7F0), are thermally 

populated (mainly the 7F1 state) due to the rather small spin-orbit coupling parameter (λ) between 

the 7F(0-1) electronic states. Then, on cooling the sample, the MT vs T curve decreases gradually 

due to thermal depopulation of the excited 7FJ states. At 2 K, MT achieves the value of 0.03 

cm3mol-1K confirming that at low temperature the non-magnetic ground state (J=0) is 

stabilized.27 
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For 24-Tb and 25-Dy polycrystalline samples the MT vs T curves show similar behavior. On 

lowering the temperature, magnetic susceptibility values stay practically constant till 50 K are 

reached. Below this temperature, MT values drop suddenly to 12.11 and 10.52 cm3mol-1K for 

24-Tb and 25-Dy, respectively, at 2 K. Regarding compounds 26-Nd and 27-Yb, the MT vs T 

curves decrease gradually on cooling the samples along all the temperature range. The MT 

values found at the limit temperature of 2 K are 1.19 and 3.06 cm3mol-1K for 26-Nd and 27-Yb 

respectively. For the presented dinuclear compounds, Ln---Ln intramolecular distance are 

relatively short (3.886 Å for 23-Eu and 3.849 Å for 24-Tb). The decrease of MT vs T curves on 

cooling the samples could be attributed to one a combination of different phenomena. Due to 

thermal depopulation of the excited mj doublets (of the ground J state) generated by the crystal 

field perturbation or due to weak antiferromagnetic coupling between the Ln3+ centers though the 

contracted nature of 4f electrons in lanthanide(III) ions make magnetic exchange coupling 

interactions rather weak.21a,30 

Magnetization (M) dependence with an applied magnetic field, monitored at 2 K of the presented 

compounds is depicted in Figure 3. 36. Magnetization was collected in an applied magnetic field 

ranging from 0 to 5 T for all compounds. M vs H curves increase suddenly from 0 to 1 T, 

approximately. Magnetization of 23-Eu is maintained at 0 NμB, as expected, while compounds 

24-Tb, 25-Dy, 26-Nd and 27-Yb don’t show saturation of the magnetization (𝑔𝐽 ∙ 𝐽). Absence of 

saturation of the magnetization can be attributed to the crystal-field induced perturbation of the 

mj levels as well as magnetic anisotropy.37 

Alternating current measurements 

Alternating current (ac) measurements were performed for compounds 24-Tb to 27-Yb to 

investigate spin dynamics in case of slow relaxation of the magnetization. Under an ac magnetic 

field of 4‧10-4 T oscillating between a 1-1488 Hz frequency range, compound 25-Dy showed 

Single Molecule Magnet (SMM) behavior in the 1.9 to 3.7 K temperature range. Moreover, 

under an external direct current magnetic field (Hdc) of 0.3 and 0.15 T, compounds 26-Nd and 

27-Yb respectively, showed slow relaxation of the magnetization. Compound 24-Tb didn’t show 

out-of-phase magnetic susceptibility response neither at 0 dc magnetic field nor by applying 

external direct current magnetic fields (Hdc).  
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As mentioned, 25-Dy is a SMM since it shows dependence of the out-of-phase magnetic 

susceptibility component (χM’’) with temperature and the oscillating frequency under a 0 T Hdc 

field. For 25-Dy, χM’’ maxima appear in a rather narrow temperature range (2.1-3.5 K). Then on 

further cooling, χM’’ vs T curves increase again without reaching a maximum, probably due to 

the Quantum Tunnelling of the Magnetization relaxation process that is taking place at such low 

temperatures, Figure 3. 37a).31 As for the dependence of χM’’ component with the oscillating 

frequency plot, at 1.9 K maxima are perceived at about 600 Hz. These maxima stay constant on 

increasing the temperature for a few more temperature measurements. χM’’ peaks move 

progressively to higher frequencies suggesting that at low temperatures relaxation of the 

magnetization takes place through a temperature independent mechanism. Then, on increasing T, 

relaxation is governed by thermally activated processes such as Orbach or Raman mechanisms, 

Figure 3. 37b).38 Representation of in-phase and out-of-phase magnetic susceptibility 

components (χM’’ vs χM’) in the Cole-Cole plot39 lead to uncompleted and asymmetrical 

semicircles, Figure 3. 37c). Nevertheless, the curves can be successfully fitted to the Generalized 

Debye model described by the Casimir-Du Pré function (Equation 1.32)40 using the CCFit 

software.41 The obtained  parameters are in the range of 0.34 (at 1.9 K) to 0.05 (at 3.7 K) 

indicating that distribution of the time constants around magnetization relaxation times (τ) 

decrease on increasing temperature.  
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Figure 3. 37 a) and d) χM’’ vs T plots of 25-Dy measured at Hdc = 0 and Hdc = 0.1 T. The continuous line 

is a guide to the eye; b) and e) are the χM’’ vs ν plots of 25-Dy measured at Hdc = 0 and Hdc = 0.1 T. The 

continuous black line corresponds to the fitting to the Generalized Debye model and c) and f) are the 

Cole-Cole plots of 25-Dy measured at Hdc = 0 and Hdc = 0.1 T. The continuous black line corresponds to 

the fitting to the Generalized Debye model. 

The plot of τ vs T-1 represented in a semi-log scale is found in Figure 3. 38. A linear trend is 

observed in the higher temperature region, then on cooling the sample, ln(τ) values reach a 

plateau region indicating that the spin returns to the equilibrium phase via the faster QTM 

process. First, the lineal segment was fitted considering an Arrhenius type law (Equation 3.3) 

that describes the thermally assisted Orbach relaxation process that takes place between the ±mj 

ground state doublet through an excited mj state of higher energy. 

𝜏−1 = 𝜏0
−1 exp (

−𝛥𝐸

𝑘𝐵𝑇
)                                       Equation 3.3 

𝜏−1 = 𝐶𝑇𝑛 + 𝜏0
−1 exp (

−𝛥𝐸

𝑘𝐵𝑇
) + 𝜏𝑄𝑀𝑇

−1           Equation 3.5 

By fitting the magnetic data in the 3.1-3.7 K temperature range with Equation 3.3 the effective 

energy barrier (ΔE) yielded 24.07 cm-1 (34.62 K) and the pre-exponential factor (τ0) was 1.39‧10-

9 s. However, the linear trend fades away on cooling the sample to enter to the temperature 
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independent regime. Therefore, the whole curve was fitted considering other relaxation of the 

magnetization mechanisms. The best fit of ln(τ) vs T-1 curve was obtained when considering 

Orbach, taking place at higher temperatures, Raman and finally QTM dominating relaxation at 

the lower temperatures with Equation 3.5. The parameters obtained from the fitting were: ΔE 

=31.40 cm-1 and τ0 = 3734.70 s for Orbach, C=4.20 s-1 K-n and n = 5.24 for Raman and τQTM = 

2.70‧10-4 s.   

 

Figure 3. 38 ln(τ) vs T-1 plots of compound 25-Dy measured at a Hdc of 0 and 0.1 T. Continuous blue line 

represents the fitting with Orbach, Raman and QTM (equation 3.5). Continuous pink line corresponds to 

the fitting considering Orbach and Raman mechanisms while black dotted lines are the fit with the 

Arrhenius law. 

Application of an external magnetic field (Hdc) breaks the degeneracy between the ±mj states of 

Dy3+ ground state, reducing or even eliminating the QTM. Thus, to establish the optimal Hdc field 

for 25-Dy, ac measurements were carried out at a constant temperature (2.5 K) and by applying 

different external magnetic fields in the 0 to 0.2 T range. A simple representation of τ with 

respect to Hdc shows an increase of relaxation times on applying the external magnetic field, 

probably due to quenching of QTM, till 0.1 T where the optimal magnetic field is reached. After 

this point, τ starts diminishing again due to enhancement of the Direct mechanism which has a 

strong dependence with the applied magnetic field (𝜏−1 = 𝐴𝐻4), Figure 3. 39a).31  
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Figure 3. 39 Relaxation times in front of static magnetic field measured at the constant temperature of 2.5 

K for a) 25-Dy, of 2.0 K for b) 26-Nd and of 3.5 K for c) 27-Yb. 

Ac measurements were performed for 25-Dy under the Hdc of 0.1 T to see if there was an 

improvement of magnetic behavior. Now in the χM” vs T plot Figure 3. 37d), maxima appear at 

similar temperature range (2.1-3.8 K) though the tails observed at the lowest temperature region 

due to QTM in the Hdc = 0 T measurement are reduced instead, χM” maxima are enhanced. 

Moreover, χM” vs ν plot, Figure 3. 37 e), shows that maxima start appearing at lower oscillating 

frequencies and they move progressively to higher frequencies on increasing the temperature 

indicating that thermally assisted relaxation of the magnetization mechanism are present along 

practically all the temperature range compared to the Hdc = 0 T measurement where part of ac 

signal was temperature independent. Cole-Cole plots of the Hdc=0.1 T experiment shows 

asymmetrical and completed semicircles that were fitted to the one component Generalized 

Debye model and the obtained  values are in the 0.34-0.05 range, Figure 3. 37f). Moreover, 

ln(τ) versus T-1 plot for Hdc = 0.1 T measurement is shown in Figure 3. 38. Relaxation of the 

magnetization times follow a liner trend in the higher temperature range assigned to the Orbach 

relaxation mechanism. The linear segment was fitted to the Arrhenius law equation (Equation 

3.3) and the resulting effective energy barrier was ΔE =31.08 cm-1 (44.73 K) and the pre-

exponential factor was τ0 =1.46‧10-10 s. The dependence of τ with temperature changes on 

cooling the sample. The linear trend is lost at lower temperatures indicating that other relaxation 

mechanisms different than Orbach are taking place. In any case, no plateau is observed in the 

ln(τ) vs T-1 curve thus validating the removal of QTM on applying an Hdc. Then, fit of ln(τ) vs. T-

1 curve was achieved taking out the 𝜏𝑄𝑀𝑇
−1  factor of Equation 3.5. The best fit was obtained with 

ΔE = 33.29 cm-1 and τ0 = 6.30‧10-11 s for Orbach and C = 4.39 s-1 K-n and n = 4.33 for Raman 

processes. Apparently, no improvement of magnetic behavior is discerned on applying an 
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external magnetic field since effective energy barrier remains comparable on applying Hdc and 

the ac signal persists in a narrow range of low temperatures. Nevertheless, the absence of τ 

dependence with T, attributed to the QTM, is removed in the second measurement where the 

magnetic field of 0.1 T is applied. The effective energy barrier obtained from the magnetic data 

of 25-Dy is rather low (24.1 cm-1 at Hdc = 0). Though 25-Dy shows SMM behavior, the effect of 

rhombic contribution might significantly lower the effective energy barrier due to an enhances 

QTM mechanism.  

For compounds 26-Nd and 27-Yb, slow relaxation of the magnetization was detected just under 

an external direct current magnetic field due to the strong efficiency of QTM at 0 T dc field. Ac 

measurements of 26-Nd and 27-Yb were carried out under the optimal dc fields of 0.3 and 0.15 

T respectively, Figure 3. 39b) and c). Plots depicting the out-of-phase magnetic susceptibility 

components in relation to temperature and frequency are displayed in Figure 3. 40.  

 

Figure 3. 40 a) and d) χM’’ vs T plots of 26-Nd and 27-Yb, respectively. The continuous line is a guide to 

the eye b) and e) are the χM’’ vs ν plots of 26-Nd and 27-Yb, respectively. The continuous black line 

corresponds to the fitting to the Generalized Debye model and c) and f) are the Cole-Cole plots of 26-Nd 

and 27-Yb, respectively. The continuous black line corresponds to the fitting to the Generalized Debye 

model. 
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χM’’ vs T plot of 26-Nd shows maxima in the 2.5 to 4.2 K temperature range, and a second set of 

less intense peaks appear at nearly liquid helium temperature, 2 K, Figure 3. 40a). This effect is 

translated in the χM’’ vs ν plot with two maxima appearing at different ranges of oscillating 

frequencies. More intense and well-defined peaks are differentiated at higher frequencies and 

non-zero going signals seen as tails appear at low frequencies indicating two distinct relaxation 

processes taking place at the higher and lower frequency regions, Figure 3. 40b). These tails are 

also seen in the Cole-Cole representation of 26-Nd, though in any case a second semicircle is 

discerned, Figure 3. 40c). Due to the few experimental data concerning these second relaxation 

process appearing at lower temperatures and frequencies, the fitting with the extended Debye 

model wasn’t successful. Nevertheless, for the other process appearing at higher temperatures 

and frequencies, χM’ vs χM’’ representation shows well defined semicircles. It can, certainly, be 

fitted with the one component Generalized Debye model leading to  values in the 0.23-0.04 

range on increasing temperature from 2 K to 4.2 K. On the other hand, compound 27-Yb show 

maxima of the χM’’ component in the 2.1 to 6.1 K temperature range at the optimal external 

magnetic field of 0.15 T, Figure 3. 40 d). Peaks of the χM’’ start appearing at 1.8 Hz, then they 

move progressively to higher frequencies on increasing temperature, Figure 3. 40e). Cole-Cole 

representation of 27-Yb is shown in Figure 3. 40f). The lower temperature curves appear as wide 

and uncompleted semicircles while they come narrower on increasing temperature. After fitting 

the Cole-Cole curves to the Debye model, the obtained  values go from 0.36 at 2.1 K to 0.02 at 

6.1 K.  

𝜏−1 = 𝐶𝑇𝑛 + 𝐴𝑇               Equation 3.4 

The relaxation of magnetization times with temperature characteristics of 26-Nd and 27-Yb are 

plotted in Figure 3. 41. The ln(τ) vs. T-1 curves show a short linear trend in the higher 

temperature range. Nevertheless, as a first approximation, the curves were fitted with the 

Arrhenius law that describes the Orbach relaxation mechanism with Equation 3.3, and the 

obtained values were 𝛥𝐸 =15.07 cm-1 and τ0 = 3.77‧10-7 for 26-Nd and 𝛥𝐸 =40.00 cm-1 and τ0 = 

8.17‧10-8 s for 27-Yb, FigureAPX.VII.1. However, the best fit of the ln(τ) vs. T-1 curves of 26-

Nd and 27-Yb is acquired when the equation describing the Raman and Direct relaxation of the 

magnetization processes are considered, Equation 3.4. The obtained parameters are C = 0.47 s-
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1K-n, n = 7.01 and A = 675.73 s-1K-1 for 26-Nd and C = 0.01 s-1K-n, n = 8.07 and A = 3.34 s-1K-1 

for 27-Yb. Relaxation of the magnetization mainly governed by Raman and Direct mechanisms 

instead of the Orbach process, points out to a largely rhombic contribution in the ground and 

excited ±mj doublets. Other Nd3+ and Yb3+ coordination compounds where slow relaxation of the 

magnetization process is mainly dominated by Raman and Direct mechanisms rather than 

Orbach, are found in the literature.42,43 A compilation of the fitted parameters for all compounds 

is found in Table 3. 15. 

 
Figure 3. 41 ln(τ) vs T-1 plots of compounds 26-Nd and 27-Yb from the magnetic data measured at the 

Hdc of 0.3 T and 0.15 T, respectively. Continuous black lines correspond to the fitting with Raman and 

Direct relaxation of the magnetization mechanisms. 

Table 3. 15 Compilation of the best fitting parameters from the relaxation of the magnetization 

mechanisms of compounds 25-Dy, 26-Nd and 27-Yb. 

 Hdc 

(T) 

Orbach QTM Raman Direct 

 𝛥𝐸 

(cm-1)/(K) 

𝜏0
⬚ 

(s) 

𝜏𝑄𝑇𝑀
⬚  

(s) 

𝐶 

s-1K-n 

𝑛 𝐴 

s-1K-1 

25-Dy 0 31.39 /45.16 8.73‧10-11 3734.70 4.20 5.24  

0.1 33.29 /47.90 6.30‧10-11  4.39 4.33  

26-Nd 0.3    0.47 7.10 675.73 

27-Yb 0.15    0.01 8.07 3.34 
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3.2.2 Compounds with formula (HPy)2[Ln2(μ-2,6-F2Bz)4(2,6-

F2Bz)4] 

3.2.2.1 Experimental procedure 

The general synthetic procedure to obtain compounds 28-Eu, 29-Tb, 30-Dy, 31-Nd and 32-Gd 

was carried out as follows: an ethanol/H2O (1:1) solution (10 ml) containing Ln(NO3)3nH2O 

(0.9 mmol) was added to another ethanol/H2O solution (20 ml) containing 2,6-difluorobenzoic 

acid (632.4 mg, 4.0 mmol) and pyridine (316.4 mg, 4 mmol). The resulting solution was stirred 

for 30 minutes and then left to stand at room temperature. Prism-like single crystals, suitable for 

X-Ray diffraction, were obtained within one month. The crystals were obtained by filtration and 

washed with the lowest amount of cold ethanol possible. The compounds were obtained with 

yields ranging from 30 to 40 %. 

The synthetic procedure carried out to obtain 28-Eu to 32-Gd was mainly the same used for 

obtaining compounds 23-Eu to 27-Yb. Just by using an ethanol/H2O (1:1) mixture instead of 

only ethanol as solvent, the obtained structures changed. By increasing the amount of H2O in the 

solvent of the reaction, the two chelating nitrate molecules found in the dinuclear 23-Eu to 27-

Yb complexes were substituted by two chelating 2,6-F2Bz ligands, leaving to a molecular 

formula of (HPy)2[Ln2(μ-2,6-F2Bz)4(2,6-F2Bz)4] for 28-Eu, 29-Tb and 32-Gd and of 

(HPy)2[Ln2(μ-2,6-F2Bz)4(2,6-F2Bz)4]‧H2O for 30-Dy. 

Further characterization of these compounds was realized by carrying out elemental analysis, 

Table 3. 16 and ATR-Infrared Spectroscopy, Table 3. 17. 
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Table 3. 16 Elemental analysis of compounds 28-Eu to 32-Gd. 

 Calculated Found 

Compound %C %N %H %C %N %H 

28-Eu 
C56H24F16O16Eu2, 2(C5H6N), 

1720.89 g/mol 

46.06 1.62 2.11 46.20 1.58 2.05 

29-Tb 
C56H24F16O16Tb2, 2(C5H6N), 

1778.00 g/mol 

45.69 1.61 2.09 45.32 1.50 1.96 

30-Dy 
C56H24F16O16Dy2, 

2(C5H6N),2(H2O) 

1778.00 g/mol 

44.58 1.57 2.26 44.21 1.50 2.12 

32-Gd 
C56H24F16O16Gd2, 2(C5H6N), 

1731.5 g/mol 

45.78 1.62 2.09 46.01 1.53 2.00 

Table 3. 17 Selected bands (cm-1) of 28-Eu to 32-Gd (s=strong, m=medium and w=weak, br=broad) 

obtained in ATR-IR spectroscopy 

28-Eu 3263-2894(w), 1606(s, split), 1536(w),1502(m), 1459(s), 1406(s), 

1313(s), 1270(m), 1234(m),1007(s), 791(m), 735(m), 669(m), 

579(m), 512(m) 

29-Tb 3080-2778(w), 1598(s, split), 1536(w),1502(m), 1460(s), 1407(s), 

1314(s), 1271(m), 1235(m), 1008(s), 793(m), 737(m), 670(m), 

579(m), 513(m) 

30-Dy 3080-2778(w), 1599(s, split), 1536(w),1502(m), 1460(s), 1407(s), 

1314(s), 1271(m), 1235(m), 1008(s), 793(m), 737(m), 670(m), 

579(m), 513(m) 

32-Gd 3080-2778(w), 1612(s, split), 1537(w), 1502(m), 1461(s), 1383(s), 

1315(s), 1272(m), 1235(m), 845(s), 793(m), 738(m), 671(m), 

579(m), 514(m) 

 

3.2.2.2 Structural characterization 

Single crystal X-Ray Diffraction was performed for compounds 29-Tb and 30-Dy. Selected 

bond distances are compiled in Table 3. 18 and Table 3. 19. Crystallographic information is 

found in Table APX.VIII.1. The molecules forming the dinuclear unit arrange in the same 
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manner for compounds 29-Tb and 30-Dy. However, in the dysprosium structure there are two 

water molecules crystallizing within the crystal lattice while they are absent in 29-Tb. 

Additionally, the dinuclear entities are disposed differently along the crystal lattice. These 

differences cause that the two compounds show different crystal systems as well as space groups.  

Table 3. 18 Selected bond distances (Å) of compound 29-Tb. 

29-Tb 

Tb1-O1 2.413(19) Tb2-O6 2.340(17) 

Tb1-O2 2.538(18) Tb2-O8 2.315(17) 

Tb1-O3 2.462(2) Tb2-O10 2.367(17) 

Tb1-O4 2.422(16) Tb2-O11 2.516(18) 

Tb1-O5 2.376(19) Tb2-O12 2.508(16) 

Tb1-O6 2.747(19) Tb2-O13 2.481(16) 

Tb1-O7 2.358(17) Tb2-O14 2.519(17) 

Tb1-O9 2.351(17) Tb2-O15 2.496(17) 

Tb1-O12 2.330(16) Tb2-O16 2.373(17) 

  Tb1---Tb2 3.911 

 

Table 3. 19 Selected bond distances (A) of compound 30-Dy. The symmetry transformation used to 

generate equivalent atoms is _a: 1-x, 1-y, 1-z and _b: 2-x, 2-y, 2-z. 

30-Dy 

Dy1-O1 2.397(2) Dy2-O9 2.435(2) 

Dy1-O2 2.474(19) Dy2-O10 2.455(2) 

Dy1-O3 2.459(19) Dy2-O11 2.470(2) 

Dy1-O4 2.525(2) Dy2-O12 2.466(2) 

Dy1-O5 2.313(18) Dy2-O13 2.317(19) 

Dy1-O7 2.301(19) Dy2-O15 2.354(19) 

Dy1-O6_a 2.477(19) Dy2-O13_b 2.568(19) 

Dy1-O8_a 2.332(19) Dy2-O14_b 2.442(2) 
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Dy1-O5_a 2.586(18) Dy2-O16_b 2.372(19) 

Dy1---Dy1_a 3.854 Dy2---Dy2_b 3.934 

 

Compound 29-Tb crystallizes in a monoclinic crystal system in a P21/n space group, Figure 3. 

42a. In contrast to the lanthanide fluorobenzoate dinuclear complexes previously presented in 

this Thesis work, the asymmetric unit of 29-Tb is made up by the whole dinuclear unit, therefore 

there are two Tb3+ ions that are crystallographically independent. Each Terbium ion is 

nonacoordinated. The TbO9 coordination sphere encompasses four O atoms from two 2,6-F2Bz 

ligands in the chelating coordination mode, Scheme 3.3d, with Tb-O bond lengths in the 2.373-

2.538 Å range. Two O atoms from two 2,6-F2Bz molecules in the symmetrical syn-syn bidentate 

bridging coordination mode, Scheme 3.3b with Tb-O distances in the 2.315-2.367 Å range and 

three O atoms from two 2,6-F2Bz ligands in the chelating-bridging coordination mode with Tb-

O bond lengths in the 2.330-2.516 Å range. To neutralize the negative charge of the dinuclear 

coordination compound, two pyridinium counterions are found for each dinuclear entity. The 

nine O atoms are placed around each Tb3+ ion (Tb1 and Tb2) in a coordination geometry that is 

close to an ideal Muffin-like (MFF-9, Cs symmetry) polyhedron with CShM values of 2.050 for 

Tb1 and of 2.014 for Tb2, Figure 3. 42b. The Tb1---Tb2 intramolecular distance is 3.911Å.  
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Figure 3. 42 a) Partially labelled plot of structure 29-Tb. Color code O=red, Tb=turquoise, C=grey, 

F=green and N=blue. Muffin polyhedra (MFF-9, Cs) compared to the real positions of coordinating 

Oxygen atoms of b) Tb1 and c) Tb2 of structure 29-Tb. 

The dinuclear (HPy)2[Ln2(μ-2,6-F2Bz)4(2,6-F2Bz)2] molecules of 29-Tb are organized in the 

crystal lattice through Van der Walls interactions. Two interactions worth to consider are π---π 

and H---π stacking intermolecular interactions that occur along the 29-Tb crystal lattice. On one 

hand, the centroid (Cg1) from one of the chelating 2,6-F2Bz ligand coordinated to Tb1 and the 

centroid (Cg2) from one chelating-bridging 2,6-F2Bz ligand interact through π---π stacking 

along the [0 1 0] base vector. On the other hand, the centroid (Cg3) from the aromatic ring of a 

chelating 2,6-F2Bz molecule coordinated to Tb2 and the H atom from a sp2 carbon of another 

chelating 2,6-F2Bz coordinated to Tb1, interact by means of H---π stacking interaction 

throughout the [1 0 0] base vector, Figure 3. 43. 
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Figure 3. 43 Crystal packing along the (0 0 1) plane of compound 29-Tb. Continuous pink lines indicate 

the π---π stacking interaction between Cg1 and Cg2 while continuous green lines illustrate the H---π 

interactions between Cg3 and H12. 

As previously mentioned, the dinuclear structure observed in 30-Dy exhibits a molecular 

arrangement that is fundamentally similar to that of 29-Tb. However, 30-Dy crystallizes in a 

triclinic crystal system and a P-1 space group, different than the monoclinic crystal system and 

P21/n space group found in 29-Tb. The asymmetric unit is formed by two halves of two 

dinuclear units. After application of symmetry operations provided by P-1 space group the 

asymmetric unit expands in space forming the dinuclear entities. 30-Dy is constituted by two 

Dy3+ ions bridged through four 2,6-F2Bz ligands. Two of them found in the symmetrical syn-syn 

coordination mode and the other two in the bridging-chelating mode. The coordination sphere of 

each Dy3+ ion is completed by two chelating 2,6-F2Bz ligands, Table 3. 19a. The arrangement of 

the O atoms coordinating the Dy3+ ion in 30-Dy structure also form a distorted Muffin-like 

polyhedron with CShM values of 1.954 for Dy1 and 1.848 for Dy2, Table 3. 19b and c. Two 
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protonated pyridine molecules neutralize the II- formal charge of the dinuclear coordination 

compound. Moreover, there are two H2O molecules crystallizing within the crystal lattice. 

 

Figure 3. 44 a) Partially labeled plot of crystal structure of 30-Dy. Color code: Dy=green, O=red, 

C=grey, F=light green and N=blue. Coordination sphere of b) Dy1 and c) Dy2 superimposed to an ideal 

Muffin-like (Cs) polyhedron. 

Due to the large presence of aromatic rings, π---π stacking interactions build the 3D 

supramolecular structure that defines 30-Dy. The π---π stacking interactions worth to consider 

are: i) the interaction between the aromatic rings of a chelating 2,6-F2Bz ligand coordinated to 

Dy2 (Cg1) with Cg1---Cg1’ intermolecular distance of 3.734 Å, ii) interaction between the 

aromatic rings from a 2,6-F2Bz ligand in the chelating bridging mode coordinated to Dy2 (Cg2) 

and a another chelating 2,6-F2Bz molecule, also, coordinated to Dy2 (Cg3) with Cg2---Cg3 

intermolecular distance of 3.677 Å and iii) the aromatic rings interaction from a 2,6-F2Bz 

chelating bridging ligand coordinated to Dy2, (Cg4) Figure 3. 45. 
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Figure 3. 45 Crystal packing of 30-Dy a) along the (1 0 0) plane and b) the (0 0 1) plane. Continuous 

blue, purple and pink lines illustrate --- stacking between Cg1 and Cg1, Cg2 and Cg3, Cg4 and Cg4 

respectively. 

Finally, to check phase purity in all the synthesized powder samples, PXRD of 29-Tb and 30-Dy 

were carried out. The measured powder diffractograms were compared to the calculated pattern 

from each crystal structure. We can assert that all the polycrystalline sample of 29-Tb and 30-Dy 

have the same crystal structure that the one found in the monocrystal XRD. Even though the 

ligand arrangement in each dinuclear unit of 29-Tb and 30-Dy is rather the same, the difference 

in the crystal packing and presence of H2O molecules in the crystal lattice of 30-Dy conduct to 

different X-ray Powder diffractograms. Furthermore, PXRD analyses were conducted on 

polycrystalline samples of 28-Eu, 31-Nd and 32-Gd to confirm their isostructural similarity with 

either 29-Tb or 30-Dy. 28-Eu and 32-Gd were isostructural to 29-Tb, nevertheless, the powder 

diffractogram of 31-Nd doesn’t match neither 29-Tb nor 30-Dy patterns, Figure 3. 46. 
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Figure 3. 46 Powder X-Ray Diffraction of compounds 28-Eu to 32-Gd. CALC stands for the calculated 

Powder patterns obtained from the crystal structure and EXP for the measured diffractograms of those 

samples. 

3.2.2.3 Luminescence properties 

Photoluminescent properties of compounds 28-Eu, 29-Tb and 30-Dy have been studied in solid 

state at room temperature. Additionally, absorption and phosphorescence spectra were measured, 

the latter spectrum at 77K. Then the lowest excited singlet (S1) and lowest lying triplet (T1) states 

of 2,6-F2Bz ligand were obtained. For 32-Gd, S1 was 36,036 cm-1 (277.5 nm) while T1 was 

found at 22,170 cm-1 (451 nm), Figure 3. 47. The Intersystem Crossing (ISC) energy for the 

(HPy)2[Gd2(μ-2,6-F2Bz)4(2,6-F2Bz)2] system resulted of 13,866 cm-1. A difference in energy of 

less than 7,000 cm-1 between the excited states S1 and T1 promotes the transition to the triplet 

state through ISC, rather than returning to the ground state (S0) through other competitive 

relaxation mechanism. Thus, the ISC energy of 2,6-F2Bz in this dinuclear compounds may be 

too large favoring other deactivation pathways and reducing subsequent S1→T1→Ln3+* energy 

transfer.44 
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Figure 3. 47 Absorption spectrum of compound 32-Gd dispersed in a KBr matrix. The lowest S1 state is 

extracted from the edge of the less energetic band.  b) Blue dotted line: phosphorescence spectrum of 32-

Gd measured at 77K. The T1 state is extracted from the barycenter of the 0-phonon band. Green dotted 

line: emission spectrum of 32-Gd. Both, phosphorescence and emission spectra were monitored at a 

λexc=274 nm. 

Excitation spectra collected at the maximum emission wavelength (λem) of 616 nm (5D0→
7F2) for 

28-Eu, of 545 nm (5D4→
7F5) for 29-Tb and of 575 nm (4F9/2→

6H13/2) for 30-Dy are illustrated in 

Figure 3. 48a)n b) and c) respectively. The broad and intense band above 300 nm is assigned to 

2,6-F2Bz ligand centered π→π* and n→ π* excitation transitions. Furthermore, bands due to 

lanthanide(III) intrinsic excitation transitions from the shielded f orbitals are discerned for 28-

Eu, 29-Tb and 30-Dy. The bands are assigned in each spectrum and a compilation of assignation 

to the excitation transitions is found in Table 3. 20. 

Table 3. 20 Compilation of assignation of the bands to the excitation transitions of compounds 28-Eu to 

30-Dy, left column, and to the emission transitions of 28-Eu to 30-Dy, right column. 

28-Eu 28-Eu 
7F0→

5D4 at 377 nm, 7F0→
5L6 at 393 nm and 

7F0→
5D2 at 462 nm 

5D1→
7F2 at 565 nm, 5D0→

7F0 at 581 nm, 
5D0→

7F1 at 594 nm, 5D0→
7F2 at 616 nm, 

5D0→
7F3 652, 5D0→

7F4 at 690 nm 

29-Tb 29-Tb 
7F6→

5L7 at 340 nm, 7F6→
5L9 at 352 nm, 

7F6→
5D2 at 359 nm, 7F6→

5L10 at 369 nm and 
7F6→

5G6 at 377 nm 

5D4→
7F6 at 490 nm, 5D4→

7F5 at 545 nm, 
5D4→

7F4 at 586 nm and 5D4→
7F3 at 622 nm  

30-Dy 30-Dy 
6H15/2→

4M17/2 at 324 nm, 6H15/2→
6P7/2 at 350 

nm and 6H15/2→
6P5/2 at 364 nm 

4F9/2→
6H15/2 at 480 nm, 4F9/2→

6H13/2 at 575 

nm and 4F9/2→
6H11/2 at 663 nm 
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Figure 3. 48 Emission spectra of 28-Eu to 30-Dy (a, b and c) and emission spectra of 28-Eu to 30-Dy (d, 

e and f) polycrystalline samples measured at room temperature. 

The emission spectra of all compounds were measured exciting the samples at the corresponding 

ligand centered absorption wavelength which was 276 nm for 28-Eu, 274 nm for 29-Tb and 278 

nm for 30-Dy. Excitation at the referred λexc induced the expected Ln3+ emission transitions. 

Additionally, for the three compounds, emission spectra were recorded at the wavelengths 

corresponding to the intrinsic lanthanide excitation transitions. For 28-Eu, the emission spectra 

obtained when exciting the polycrystalline sample at 377, 393 and 462 nm (corresponding to 

7F0→
5D4, 

5L6 and 5D2 respectively) are not shown since the intensity of the spectra obtained at 

274 nm (corresponding to ligand absorption) was by far more intense. Assignation of bands 

found in the emission spectra to the corresponding lanthanide(III) transition of 28-Eu, 29-Tb and 

30-Dy is presented in Table 3. 20. 

For the visible emitters 28-Eu, 29-Tb and 30-Dy, stronger emission spectra are obtained when 

exciting the polycrystalline samples at the λexc corresponding to the 2,6-F2Bz ligand absorption 

wavelength, Figure 3. 48 d), e) and f) respectively. For Eu3+ and Tb3+ analogues, emission from 
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the ligand at 300-500 nm wasn’t noticed even their indistinguishable red and green luminescence 

color could be seen with the naked eye, Figure 3. 49a.  

 

Figure 3. 49 a) and b) emission color observed with the naked eye of 28-Eu, 29-Tb and 30-Dy 

polycrystalline samples under exposure of UV radiation from a laboratory lamp. c) Luminescence lifetime 

curves of compounds 28-Eu and 29-Tb presented in a semi-log plot. Solid black lines refer to the mono-

exponential fit with 𝐼(𝑡) = 𝐼0𝑒
−

𝑡

𝜏𝑜𝑏𝑠 + 𝐶. 

As for 28-Eu, the weaker band at 581 nm accounts to 5D0→
7F0 which is a forbidden transition by 

the ΔJ rule (ΔJ=0, ±1, J=0↮0). However, due to crystal field perturbation the electric dipole 

transition can occur due to mixing of higher configurations in the 4f wavefunctions. This can 

happen if the Eu3+ ion is found in a coordination geometry with Cnv, Cn or Cs symmetries as it is 

the case of 28-Eu. Furthermore, the electric dipole transition at 616 nm (5D0→
7F2) is not clearly 

split but a shoulder can be differentiated in the band suggesting two components. Further to this, 

an additional band appears at 565 nm. It is consistent with a transition from an excited state 

higher in energy than the 5D0, specifically from the 5D1 excited state to the lower energy 7F2 

state. Emission from the 5D1, 
5D2 or even 5D3 europium excited states are unusual in molecular 

compounds since these emitting states have weaker radiation and shorter decay times compared 

to 5D0 excited state, thus being prone to fast deactivation.18 Excitation at the ligand absorption 

wavelength of 29-Tb resulted in the expected 5D4→
7FJ=6-3 transitions at 490, 545, 586 and 622 

nm, respectively. 
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Moreover, even though emission intensity was greater when 30-Dy was excited at 278 nm 

corresponding to the ligand excitation transition, emission form the 2,6-F2Bz ligands appeared 

overlapping dysprosium’s 4F9/2→
6H15/2

 transition. Emission of 30-Dy compound is mainly 

governed by the ligand radiative deactivation as also suggests the blue color of 30-Dy seen with 

the naked eye, Figure 3. 49b. 

Overall photoluminescence quantum yields (𝜙𝐿𝑛
𝐿 ) and luminescence lifetimes (τobs) were 

measured for 28-Eu and 29-Tb, at the excitation wavelength of 276 and 274 nm respectively. 

For this family of compounds, the followed trend was the same as found in all the previous 

lanthanide fluorobenzoate complexes synthetized in this Thesis work where the Terbium 

analogue yielded a higher 𝜙𝐿𝑛
𝐿  and τobs compared to the Europium analogue. The 𝜙𝐿𝑛

𝐿  resulted of 

0.26 for 28-Eu while it increased to 0.29 for 29-Tb. Moreover, luminescence lifetimes were 

monitored at the emission wavelength of 616 nm (5D0→
7F2) for 28-Eu and of 545 nm (5D4→

7F5) 

for 29-Tb. Both decay curves followed a monoexponential law which could be fitted following 

𝐼(𝑡) = 𝐼0𝑒
−

𝑡

𝜏𝑜𝑏𝑠 + 𝐶, Figure 3. 49c. The resulting τobs values were 1.31 and 1.6 ms for 28-Eu and 

29-Tb respectively. The presence of a single decay time component suggests a single radiative 

deactivation process.18a,21 

In addition, the radiative lifetime (rad) from the 5D0 emissive state of the europium analogue was 

calculated from the corrected emission spectrum following Equation 1.8.25 Careful attention must 

be paid in case of 28-Eu since in the emission spectra, the band corresponding to 5D1→
7F2 at 565 

nm is also appearing. Since we are calculating rad from the 5D0 excited state, integration of 

emission bands from any excited state different than 5D0 would be a wrong approach. For 28-Eu, 

rad was 2.20 ms. The intrinsic quantum yield (𝜙𝐿𝑛
𝐿𝑛) can be calculated from 𝜙𝐿𝑛

𝐿𝑛 =
𝑘𝑟

𝑘𝑟+𝑘𝑛𝑟
=

𝜏𝑜𝑏𝑠

𝜏𝑟𝑎𝑑
  

and for 28-Eu it was 0.28. The sensitization efficiency (ηsens) calculated with Equation 1.2 

resulted of 0.92. Sensitization efficiency of 2,6-F2Bz ligand to the 5D0 state in compound 28-Eu 

is rather good. It increased with respect to (HPy)2[Eu2(μ-2,6-F2Bz)4(NO3)2] (23-Eu) which ηsens 

was only of 0.08. On substituting the chelating NO3
- ions for 2,6-F2Bz ligands, sensitization as 

well as luminescence properties of both, 28-Eu and 29-Tb, are greatly enhanced. 
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Despite ISC may not be entirely efficient as we previously referred, the energy transfer to 5D0 

europium emitting center is rather good as the 𝜙𝐿𝑛
𝐿  and ηsens indicate. For 28-Eu the energy 

difference between the T1 and 5D0 states is 4,903 cm-1. In this case, this energy difference is 

found in the energy gap between 2,500-5,500 cm-1 in which energy transfer to 5D0 state is 

optimal.11   

3.2.2.4 Magnetic properties 

Direct current measurements 

 
Figure 3. 50 a) Temperature dependence of χMT measured at an external static field of 0.3 T, for 

compounds 28-Eu to 30-Dy and b) Magnetization dependence with an external magnetic field measured 

at 2 K for compounds 28-Eu to 30-Dy. 

Direct current (dc) magnetic susceptibility (M) and magnetization (M) data were measured on 

28-Eu, 29-Tb and 30-Dy polycrystalline samples under a dc magnetic field of 0.3 T in the 2-300 

K temperature range. Temperature dependence of MT plot is shown in Figure 3. 50a). The MT 

values at room temperature (300K) are 23.79, 2.70 and 32.62 cm3 mol-1 K for 28-Eu, 29-Tb and 

30-Dy, respectively. For two isolated Ln3+ cations, the calculated MT values are: 0 cm3 mol-1 K 

for Eu3+ ground state 7F0; 23.64 cm3 mol-1 K for Tb3+ ground state 7F6 and gj=3/2, 28.34 cm3 mol-

1 K for Dy3+ ground state 6H15/2.
21a Experimental room temperature MT values quite agree with 

the calculated ones for all compounds except for 28-Eu which value is higher than the calculated 

0 cm3 mol-1 K. At room temperature, higher energy 7FJ states, closer to the ground state (7F0), are 

thermally populated (mainly the 7F1 state) due to the rather small spin-orbit coupling parameter 

(λ) between the 7F(0-1) electronic states. Then, on cooling the sample, the MT vs T curve 
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decreases gradually due to thermal depopulation of the excited 7FJ states. At 2 K, MT achieves 

the value of 0.03 cm3mol-1K confirming that at low temperature the non-magnetic ground state 

(J=0) is stabilized.27 

As for the rest of polycrystalline samples, 29-Tb and 30-Dy, the MT vs T curves show similar 

behavior. On lowering the temperature, magnetic susceptibility values stay practically constant 

till 50 K are reach. Below this temperature, MT curves drop down to 12.1 and 19.51 cm3mol-1K 

for 29-Tb and 30-Dy, respectively, at 2 K. For the presented dinuclear compounds, Ln---Ln 

intramolecular distance is relatively short (of 3.934 Å for 29-Tb and of 3.911 Å for 30-Dy).                       

The decrease in the MT vs T curves as the sample is cooled, could be attributed to one or a 

combination of different phenomena. This might be due to thermal depopulation of excited mj 

doublets (of the ground J state) generated by the crystal field perturbation. Or due to weak 

antiferromagnetic coupling between the Ln3+ centers though the contracted nature of 4f electrons 

in lanthanide(III) ions make magnetic exchange coupling interactions rather weak.21a,30 

Magnetization (M) dependence with an applied magnetic field, monitored at 2 K, of the 

presented compounds is depicted in Figure 3. 50b). Magnetization was collected in an applied 

magnetic fields ranging from 0 to 5 T for all compounds. M vs H curves increase suddenly from 

0 to 1 T, approximately. Magnetization of 28-Eu is maintained at 0 NμB, as expected, while 

compounds 29-Tb and 30-Dy don’t show saturation of the magnetization (𝑔𝐽 ∙ 𝐽) at 5 T. Crystal-

field induced perturbation of the mj level as well as magnetic anisotropy may be responsible for 

the absence of saturation of magnetization.37 

Alternating current measurements 

Altern current (ac) measurements were performed for compounds 29-Tb and 30-Dy to 

investigate spin dynamics in case of slow relaxation of the magnetization. Under an ac magnetic 

field of 4‧10-4 T oscillating between a 1-1488 Hz frequency range, only compound 29-Dy 

showed Single Molecule Magnet (SMM) behavior in the 1.9 to 3.5 K temperature range. 

However, compound 29-Tb didn’t show out-of-phase magnetic susceptibility response neither at 

0 dc magnetic field (Hdc) nor by applying a Hdc.  
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30-Dy is an SMM since it shows dependence of the out-of-phase magnetic susceptibility 

component (χM’’) with temperature and the oscillating frequency, under a 0 T Hdc. 25-Dy 

presented in Section 3.2.1.4 showed a similar behavior. For 30-Dy, χM’’ maxima also appear in a 

narrow temperature range (1.9-3.5 K). On further cooling, χM’’ vs T curves increase again 

without reaching a maximum, due to the Quantum Tunnelling of the Magnetization (QTM) 

relaxation process that is taking place at such low temperatures, Figure 3. 51a).31 For the 

dependence of χM’’ component with the oscillating frequency plot, maximum starts at about 500 

Hz. Then the χM’’ maxima stay constant on increasing the temperature. Subsequently, the χM’’ 

peaks gradually shift towards higher frequencies indicating that a temperature independent 

process promotes the magnetization’s relaxation at lower temperatures. Then, when temperature 

increase, thermally processes including Orbach or Raman mechanisms may drive the relaxation, 

Figure 3. 51b).38 Representation of in-phase and out-of-phase magnetic susceptibility 

components (χM’’ vs χM’) in the Cole-Cole plot39 lead to uncompleted and distorted semicircles, 

Figure 3. 51c). Nevertheless, the curves can be successfully fitted to the Generalized Debye 

model described with the Casimir-Du Pré function.40 The obtained  parameters are in the range 

of 0.09 (at 1.9K) to 0.02 (at 3.5K) indicating a rather constant, and close to zero, distribution of 

the time constants around magnetization relaxation times (τ). Depiction of ln(τ) with temperature 

(T-1) represented in a semi-log scale is found in Figure 3. 51e). At the higher temperature range, 

a linear trend can be discerned, however it is constituted by a few experimental data points. 

Then, ln(τ) values reach a plateau region indicating that the spin returns to the equilibrium phase 

via the faster QTM process. First, the lineal segment was fitted with the Arrhenius equation 

(Equation 3.3) that describes the thermally assisted Orbach relaxation process taking place 

between the ±mj ground state doublet through an excited mj state of higher energy. 

𝜏−1 = 𝜏0
−1exp (

−𝛥𝐸

𝑘𝐵𝑇
)             Equation 3.3 

𝜏−1 = 𝐶𝑇𝑛 + 𝜏0
−1exp (

−𝛥𝐸

𝑘𝐵𝑇
) + 𝜏𝑄𝑀𝑇

−1    Equation 3.5 

By fitting the magnetic data in the 3.1-3.5 K temperature range with Equation 3.3, the effective 

energy barrier (ΔE) yielded 18.21 cm-1 (26.2 K) and the pre-exponential factor (τ0) was 1.81‧10-8 

s. As the sample cools down, the linear trend disappears, causing τ to become temperature 
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independent. Therefore, the whole curve was fitted considering other relaxation of the 

magnetization mechanisms. The best fit of ln(τ) vs. T-1 was obtained when Orbach, Raman and 

QTM were considered, the latter dominating relaxation at the lower temperatures. The 

parameters obtained from the fitting were: ΔE = 32.01 cm-1 and τ0 = 4.67‧10-4 s for Orbach, C = 

0.27 s-1 K-n and n = 5.50 for Raman and τQTM = 3598.10 s. These results are similar to 25-Dy with 

formula (HPy)2[Dy2(μ-2,6-F2Bz)4(NO3)4]. 

Furthermore, application of an external magnetic field (Hdc) breaks the degeneracy between the 

±mj states reducing or even eliminating the QTM. To establish the optimal Hdc field for 30-Dy, ac 

measurements were carried out at a constant temperature of 2 K and by applying different 

external magnetic fields in the 0 to 0.2 T range, Figure 3. 1d). The representation of τ with the 

applied Hdc shows an increase of relaxation times on increasing the external magnetic field, 

probably due to quenching from QTM, till 0.12 T where the optimal magnetic field is reached. 

After this point, τ starts diminishing again due to enhancement of the Direct mechanism which 

has a strong dependence with the applied magnetic field.31,33 

 

 



3. Lanthanide Fluorobenzoates 

 
 

 

264 

 

Figure 3. 51 a) χM’’ vs T plot of 30-Dy measured at Hdc=0 T. The continuous black line is a guide to the 

eye, b) χM’’ vs ν plot of 30-Dy measured at Hdc=0 T. The continuous black line corresponds to the fitting 

to the Generalized Debye model, c) Cole-Cole plot of 30-Dy measured at Hdc = 0 T. The continuous black 

line is a guide to the eye d) Relaxation times in front of static magnetic field measured at the constant 

temperature of 2 K for 30-Dy and e) ln(τ) vs T-1 plot of 30-Dy, measured at Hdc = 0 T. The continuous 

black line corresponds to the fit with Orbach and QTM mechanisms and the dotted black line corresponds 

to the fit with the Arrhenius law that describes the Orbach relaxation of the magnetization mechanism. 

Ac measurements were performed for 30-Dy under the Hdc of 0.12 T to see how the exposure of 

the external magnetic field affects relaxation of magnetization of the dysprosium compound and 

to reduce the QTM. Now in the χM” vs T plot Figure 3. 52a), maxima appear at similar 

temperature range (2.1-3.5 K) though the tails observed at the lowest temperature region due to 

QTM in the Hdc = 0 T measurement are not seen, instead a second set of χM” maxima appear. 

This suggests that at Hdc = 0 T, the fast QTM was covering this second relaxation process, but 

when a Hdc is applied, QTM is reduced opening a way to the slower relaxation process. In the 

χM” vs ν the two different kinds of χM” maxima are observed, Figure 3. 52b). One, less intense, 

that appears in a wider range of oscillating frequencies and the other, more intense, that emerges 

at higher frequencies. At lower temperatures, both processes are taking place while on increasing 

temperature the less intense process appearing in a wider range oscillating frequency, remains. 
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This is also well portrayed in the Cole-Cole plots, were for the lower temperature curves two 

merged semicircles can be differentiated while on increasing temperature only one semicircle 

remains, Figure 3. 52c). A successful fit could be obtained with the extended Debye model, 

Equation 1.32. From the fit two different relaxation of the magnetization times and the 

corresponding α values were obtained from each process. From the relaxation process appearing 

at higher frequencies and lower temperatures (τ1), the α values were in the range of 0.1(1.8 K) to 

0.4(2.7 K) while for the process appearing at higher temperatures and in a wider frequency range 

(τ2) the obtained α values were practically zero. A representation of relaxation of the 

magnetization times τ1 and τ2 in the ln(τ) vs T-1 plots is shown in Figure 3. 52d). The calculated 

ΔE and τ0 values were 20.81 cm-1 and 5.29‧10-10 s for the τ1 process and 29.73 cm-1 and 2.45‧10-10 

s for the τ2 process. Nevertheless, the entire ln(τ) vs T-1 curves don’t follow a linear trend in all 

the temperature range, therefore, they were fitted considering other relaxation of the 

magnetization processes. For τ1 process, a plateau emerges at lower temperatures thus, the best 

fit of ln(τ1) vs T-1 curve was obtained when Orbach and QTM equation were considered with 

values of ΔE =22.71 cm-1 and τ0 = 2.11‧10-10 s and τQTM = 0.001 s. On the other hand, τ2 changes 

its dependence on cooling the sample from a linear trend to a T3 power law. Hence the best fit of 

ln(τ2) vs T-1 curve was obtained when equations describing both, Orbach and Raman 

mechanisms, were considered and the fitted parameters yielded ΔE =30.7 cm-1, τ0 = 1.53‧10-10 s, 

C = 3.52 and n = 3.39.45 
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Figure 3. 52 a) χM’’ vs T plot of 30-Dy measured at Hdc = 0.12 T. The continuous black line is a guide to 

the eye, b) χM’’ vs ν plot of 30-Dy measured at Hdc = 0.12 T. The continuous black line corresponds to the 

fitting to the two component Debye model, c) Cole-Cole plot of 30-Dy measured at Hdc = 0.12 T. The 

continuous black line represents the fit with the extended Debye model and d) ln(τ) vs T-1 plot of the two 

magnetic processes taking place in the spin relaxation of compound 30-Dy under exposure of a Hdc = 0.12 

T. 
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3.3 Conclusions 

The lanthanide fluorobenzoates coordination compounds (8-Ce to 32-Gd) are synthetized in 

Chapter 3. Lanthanide compounds derived from the 2-fluorobenzoate (2-FBz) and 2,6-

difluorobenzoate (2,6-F2Bz) ligands are obtained herein with the aim of obtaining complexes 

presenting both, luminescence and magnetic properties, specially focusing on the emissive 

characteristics. To improve luminescence of the synthetized compounds, the syntheses were 

conducted to decrease or even remove the coordinating H2O molecules. The variety of 

coordination modes that characterize the carboxylate ligands (Scheme 3.1, 3.2 and 3.3) are also 

manifested in compounds 8-Ce to 32-Gd. All of them were obtained under “soft” synthetic 

conditions since the reactions were performed at room temperature with achievable solvents, 

where H2O is protagonist. Moreover, the amount of time needed for each reaction was actually 

short (30 min) and all of them crystallized relatively fast, within a maximum time of two weeks. 

A compilation of compounds presented in this Chapter is found in Table 3. 21. 

The first family of 2-FBz lanthanide derivatives present a compound with layer-like structure 

and formula [Ce2(μ-2-FBz)4(2-FBz)2(H2O)4]n (8-Ce) and seven compounds with dinuclear 

structures and formula [Ln2(μ-2-FBz)4(2-FBz)2(2-HFBz)2(H2O)2] (9-Sm to 15-Yb). The latter 

molecular structure was already published for the Terbium and Neodymium analogues with 

different synthetic pathways.14 However, studies on photoluminescence efficiency weren’t 

performed for the compounds found in the literature. On introducing tetraphenylphosphonium 

chloride (PPh4Cl) to the reaction, the obtained lanthanide 2-fluorobenzoate compounds present 

an anionic coordination structure of formula (PPh4)2[Ce2(-2-FBz)2(2-FBz)6(H2O)2]‧2H2O for 

16-Ce and (PPh4)2[Ln2(-2-FBz)2(2-FBz)6(H2O)2] for 17-Eu to 21-Yb. The difference between 

16-Ce and 17-Eu is mainly due to the coordination mode of the two 2-FBz bridging ligands. For 

16-Ce these are found in the bridging-chelating mode whereas in 17-Eu to 21-Yb, they are in the 

bidentate syn-syn bridging mode. The change on the coordination mode of the bridging ligand 

makes a change in the coordination number which decreases from 9 (16-Ce) to 8 (17-Eu to 21-

Yb) and also affects the coordination geometry which changes from a distorted Muffin-like 

polyhedron in 16-Ce to a Biaugmented trigonal prism in 17-Eu to 21-Yb. 
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Table 3. 21 Compilation of molecular formula, coordination number and coordination polyhedron and 

Identification code of compounds 8-Ce to 32-Gd. 

Formula Coordination 

number 

and coordination 

polyhedron 

Identification 

code 

[Ce2(μ-2FBz)4(2FBz)2(H2O)4]n 9 

MFF-9(Cs) and 

CSAPR-9 (C4v) 

8-Ce 

[Ln2(μ-2-FBz)4(2-FBz)2(2-HFBz)2(H2O)2] 

 

9 

MFF-9(Cs) 

9-Sm, 10-Eu, 11-

Gd, 12-Tb, 13-

Dy, 14-Er, 15-Yb 

(PPh4)2[Ce2(2-FBz)2(2-FBz)6(H2O)2]‧2H2O 9 

MFF-9(Cs) 

16-Ce 

(PPh4)2[Ln2(2-FBz)2(2-FBz)6(H2O)2] 8 

BTPR-8(C2v) 

17-Eu, 18-Tb, 19-

Dy, 20-Er, 21-Yb 

(HPy)2[Ln2(μ-2,6-F2Bz)4(NO3)4] 9  

MFF-9(Cs) 

23-Eu, 24-Tb, 25-

Dy, 27-Yb 

(HPy)2[Ln2(μ-2,6-F2Bz)4(2,6-F2Bz)4] 9  

MFF-9(Cs) 

28-Eu, 29-Tb, 32-

Gd 

(HPy)2[Ln2(μ-2,6-F2Bz)4(2,6-

F2Bz)4]‧2H2O 

9  

MFF-9(Cs) 

30-Dy 

 

Lanthanide contraction effect may be the cause of the structural changes seen in both 2-FBz 

families (8-Ce to 15-Yb and 16-Ce to 21-Yb), where the Ce3+ complexes show different 

molecular configuration compared to the other lanthanide structures. This effect is also observed 

in the overall Ln-O distances which are larger for the 8-Ce and 16-Ce compounds, and they 

become shorter on diminishing the ionic radius. 

Furthermore, two different families of lanthanide coordination compounds derived from the 2,6-

F2Bz ligand were obtained in Chapter 3. The first family showed the general formula 

(HPy)2[Ln2(μ-2,6-F2Bz)4(NO3)4] (23-Eu, 24-Tb, 25-Dy, 26-Nd and 27-Yb) whereas the second 

presented the (HPy)2[Ln2(μ-2,6-F2Bz)4(2,6-F2Bz)4] formula (28-Eu, 29-Tb, 30-Dy, 31-Nd and 

32-Gd). In both families, the Ln3+ centers are linked through four 2,6-F2Bz ligands in both, 

bridging-chelating and bidentate syn-syn coordination modes. Interestingly, to obtain the two 

different families only a slight change in the solvent used during the reaction made possible their 

isolation. Focusing on the (HPy)2[Ln2(μ-2,6-F2Bz)4(2,6-F2Bz)4] family, in the dysprosium 
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structure (30-Dy), there are two water molecules crystallizing within the crystal lattice while they 

are absent in 28-Eu, 29-Tb and 32-Gd. The presence of this two H2O molecules in 30-Dy, make 

the dinuclear entities dispose differently along the crystal lattice. This difference causes 30-Dy to 

crystallize in a different crystal system as well as space group compared to 28-Eu, 29-Tb and 

32-Gd structures. Moreover, single crystals of 31-Nd couldn’t be isolated and Powder X-Ray 

Diffraction revealed that it does not consists of the structure presented by 29-Tb with 

(HPy)2[Ln2(μ-2,6-F2Bz)4(2,6-F2Bz)4] formula.  

Following with luminescent properties, the lowest energy singlet excited state (S1) and the lowest 

triplet state (T1) of 2-FBz and 2,6-F2Bz were measured from the Gadolinium analogues (11-Gd 

and 32-Gd). For 2-FBz the S1 was 35,149 cm-1 (284 nm) and the T1 was 24,640 cm-1 (405 nm) 

whereas for 2,6-F2Bz, the measured S1 was 36,036 cm-1 (277.5 nm) and T1 was 22,170 cm-1 (451 

nm). 

Both fluorobenzoate ligands 2-FBz and 2,6-F2Bz showed rather good sensitization effect for the 

visible Ln3+ emitters (9-Sm, 10-Eu, 12-Tb, 17-Eu, 18-Tb, 23-Eu, 24-Tb, 28-Eu and 29-Tb) 

since stronger emission spectra is obtained when exciting the sample at the ligand excitation 

wavelength than at the intrinsic f-f transitions of the Ln3+ ion. However, for the dysprosium 

complexes 13-Dy and 19-Dy, radiative emission from the ligand was also observed. For the nIR 

emitters, both 2-FBz and 2,6-F2Bz ligands showed poor sensitization, added to the presence of 

coordinating H2O molecules in compounds 14-Er, 15-Yb, 20-Er and 21-Yb that led to nearly or 

even totally quenched luminescence within the nIR range. However, when polycrystalline 26-Nd 

and 27-Yb samples are excited at their characteristic intraconfigurational excitation transitions, 

enhanced nIR luminescence is observed, as these compounds do not contain coordinating H2O 

molecules. 

Luminescence quantum yields and lifetimes of all europium and terbium compounds presented 

in Chapter 3 are compiled in Table 3. 22. 
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Table 3. 22 Photoluminescent parameters compilation of all Eu and Tb analogues of lanthanide 

fluorobenzoates presented in Chapter 3. 

 τobs / ms 𝝓𝑳𝒏
𝑳  τrad / ms 𝝓𝑳𝒏

𝑳𝒏 ηsens 

10-Eu 0.72 0.27 2.58 0.28 0.96 

10-Eu-H2O 0.14 0.01 7.48 0.02 0.30 

10-Eu-D2O 2.68 0.30 7.86 0.34 0.88 

12-Tb 1.43 0.76    

12-Tb-H2O 0.50 0.04    

12-Tb-D2O 1.86 0.26    

17-Eu 0.61 0.20 1.20 0.41 0.50 

18-Tb 1.02 0.34    

23-Eu 1.42 0.07 1.60 0.89 0.08 

24-Tb 1.48 0.08    

28-Eu 1.31 0.26 2.20 0.28 0.92 

29-Tb 1.6 0.29    

 

Relative to the previously published [Ln2(μ-2-FBz)4(2-FBz)2(H2O)4] compounds,13a the measured 

𝜙𝐿𝑛
𝐿  of 10-Eu and 12-Tb polycrystalline samples with general formula [Ln2(μ-2-FBz)4(2-

FBz)2(2-HFBz)2(H2O)2] (two less water molecules) resulted significantly larger. For the previous 

Eu and Tb compounds the quantum yields were of 0.15 and 0.50, respectively, whereas for 10-

Eu and 12-Tb 2-Fluorobenzoates, presented herein, the quantum yield increases up to 0.27 and 

0.76, respectively. This confirms that reducing the coordinating H2O molecules of these 

lanthanide fluorobenzoates is an effective method to increase the luminescence quantum yield. 

Moreover, compounds 17-Eu and 18-Tb with general fomula (PPh4)2[Ln2(-2-FBz)2(2-

FBz)6(H2O)2] show poorer luminescence and sensitization efficiency compared to [Ln2(μ-2-

FBz)4(2-FBz)2(H2-FBz)2(H2O)2] compounds (10-Eu and 12-Tb). This may be due to two 

reasons: i) the presence of monodentate 2-FBz ligands which may act as an electron-withdrawing 

group retaining electron density, thus slightly quenching sensitization efficiency or ii) the higher 
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symmetry presented in coordination environment of 17-Eu and 18-Tb (C2v) compared to 10-Eu 

and 12-Tb (Cs). 

Though H2O molecules coordinated to the lanthanide ion could be removed completely from 

structures containing the 2,6-F2Bz, overall quantum yields of 23-Eu, 24-Tb, 28-Eu and 29-Tb 

were significantly lower than the ones observed for the lanthanide dinuclear complexes with 2-

FBz (10-Eu, 12-Tb, 17-Eu and 18-Tb). In this work, it has been demonstrated that sensitization 

of 2,6-F2Bz ligand to Eu3+ and Tb3+ lanthanides is less effective than 2-FBz ligand. One of the 

possible explanations could be because of less efficient intersystem crossing between S1 and T1 

states in the 2,6-F2Bz ligand. A difference in energy of less than 7,000 cm-1 between the excited 

states S1 and T1 promotes the transition to the triplet state through ISC, rather than returning to 

the ground state (S0) through other competitive relaxation mechanisms. Thus, the ISC energy for 

2,6-F2Bz in this dinuclear compounds may be too large favoring other deactivation pathways 

and reducing subsequent S1→T1→Ln3+* energy transfer. Additionally, 2,6-F2Bz is a symmetric 

ligand compared to 2-FBz, which is not, thus the first provides enhanced symmetry around the 

Ln3+ coordination environment. This greater symmetry around the Ln3+ ion may lead to reduced 

f-orbital mixing, causing the f-f transitions to be more restricted by Laporte’s rule compared to 

those in the 2-FBz family. 

According to the luminescence efficiency between 23-Eu and 24-Tb with 28-Eu and 29-Tb, the 

compounds with (HPy)2[Ln2(μ-2,6-F2Bz)4(NO3)4] formula show lower quantum yields. This 

may account to the fact that four coordination positions of the Ln3+ ion are occupied by two NO3
- 

ions (in 23-Eu and 24-Tb) instead of the chromophore 2,6-F2Bz ligand (in 28-Eu and 29-Tb), 

thus reducing the photons absorbed by the ligand transferred to the emitting lanthanide. The 

drawback in the (HPy)2[Ln2(μ-2,6-F2Bz)4(NO3)2] systems is that they may present low 

extinction coefficient, because the 2,6-F2Bz has been reduced by a half, leading poorer 

sensitization effect. However, luminescence lifetimes and 𝜙𝐿𝑛
𝐿𝑛 increase in 2,6-F2Bz compounds 

compared to 2-FBz derived compounds. The absence of coordinating H2O molecules enhances 

the emission transitions once the Ln3+ emitting state is populated. 

Finally, for the compounds presenting the best luminescence properties (10-Eu and 12-Tb), their 

emission characteristics were also studied in aqueous solution. When both compounds, 10-Eu 
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and 12-Tb, are dissolved in water solution they coordinate to five additional H2O molecules. 

This collapses the dinuclear systems and initiates a fluxional equilibrium between different 

species where H2O molecules but also, 2-FBz ligand are coordinated to the Ln3+ ions. 

Coordination of the ligand to the metal is confirmed since even in water solutions, the expected 

red and green luminescence arising from Tb3+ and Eu3+ is seen on exciting the samples at the 

ligand absorption wavelength.   

Regarding the magnetic properties, compounds 8-Ce, 13-Dy, 14-Er and 15-Yb showed slow 

relaxation of the magnetization under the optimal 0.3, 0.1, 0.3, 0.02 and 0.06 T static magnetic 

fields, respectively. Further analysis of the measured magnetic data revealed that the relaxation 

of the magnetization is not taking place through a purely Orbach mechanism for these 

compounds. Instead, relaxation is better described by the other underbarrier mechanisms. This 

may be due to the strong rhombic contribution in the ±mj ground state generated due to a lack of 

the adequate symmetry around the lanthanide cation. Moreover, relaxation of the magnetization 

was also observed for the isotropic 11-Gd compound. 

Compounds 16-Ce and 21-Yb showed slow relaxation of the magnetization under the optimal 

external magnetic field of 0.3 and 0.2 T, respectively. Spin relaxation of these compounds was 

best described by Raman and Direct mechanisms. 

Compound 25-Dy showed Single Molecule Magnet behavior in the 1.9 to 3.7 K temperature 

range. Moreover, under an external direct current magnetic field of 0.3 and 0.15 T, compounds 

26-Nd and 27-Yb, showed slow relaxation of the magnetization. Relaxation of the magnetization 

of 25-Dy was mainly governed by Orbach, Raman and QTM in the lower temperature range. The 

QTM effect of 25-Dy could be removed by applying a static magnetic field. The effective energy 

barrier obtained from the magnetic data of 25-Dy is rather low (24.1 cm-1 at Hdc = 0 T). Though 

25-Dy shows SMM behavior, the effect of rhombic contribution significantly lowers the 

effective energy barrier. Additionally, 26-Nd and 27-Yb spin relaxation was best described with 

Raman and Direct mechanisms.  

Finally, compound 30-Dy, also showed SMM behavior under the narrow temperature range of 

1.9-3.5 K and at Hdc = 0 T, relaxation of the magnetization was dominated by Orbach, Raman 

and QTM. Interestingly, on applying a static dc magnetic field, the QTM was partially removed 
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and a second process taking place at lower temperatures (close to 2 K) appeared. The presence of 

two different relaxation of the magnetization processes can be explained due to the presence of 

two crystallographycally independent Dy3+ ions in structure 30-Dy. However sometimes the 

presence of two processes is unclear. It can also be assigned due to direct processes originating 

from intermolecular interactions or from the multi-level system, caused because an external 

direct current magnetic field is applied to the dysprosium sample.46 
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4. Lanthanide coordination compounds 

derived from chiral carboxylates 

In Chapter 3 we have studied multiproperty lanthanide complexes derived from 

fluorocarboxylate ligands, which until now, includes luminescence and magnetic 

properties. In Chapter 4, continuing with the study of multiproperty lanthanide 

compounds, the study of the chiroptical characteristics is also developed. In this Thesis, 

the chiroptical properties of the final compounds are characterized by means of Circular 

Dichroism (CD) and Circular Polarized Luminescence (CPL). As stated in the 

introduction, chiral ligands may induce chirality to the final coordination compound 

conferring polarized luminescence in case of the compounds showing luminescence 

properties. The chiral ligands in charge to induce chirality to the new lanthanide(III) 

synthetized compounds which will be described in this Chapter are the pure 

enantiomeric R- or S-(+ or -)--methoxyphenylacetic acid (R- and S-HMPA), Scheme 

4.1a) and R or S-(- or +)-2-Phenylbutiric acid (R/S-2-HPhBut), Scheme 4.2c). 

Moreover, because of the weak f-f absorption transitions of the trivalent ions, suitable 

chromophore organic ligands able to effectively transfer the absorbed energy to the 

emitting states of the lanthanide ions, are employed in the design of the presented 

compounds. In Chapter 4, 1,10-phenantholine (phen) and 4,7-Diphenyl-1,10-

phenanthroline (bathophen) molecules, Scheme 4.1b) and d), are chosen to play the role 

of the sensitizer. 
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Scheme 4.1 a) R- and S--methoxyphenylacetic acid (R- and S-HMPA) b) 1.10-phenantroline 

(phen) c) R and S-2-phenylbutanoic acid (R and S-2-HPhBut) and d) 4,7-Diphenyl-1,10-

phenanthroline (bathophen). 

The reaction with R- and S-HMPA with Ln3+ salts, with the addition to the 1.10-

phenantroline (phen) auxiliary ligand, led to new 1D complexes showing general 

formula [Ln(-R-MPA)(R-MPA)2(phen)]n or [Ln(-S-MPA)(S-MPA)2(phen)]n (Section 

4.1). The enantiomeric pairs obtained in the first chiral family are R-33-Ce and S-34-

Ce, R-35-Nd and S-36-Nd, R-37-Eu and S-38-Eu, R-39-Tb and S-40-Tb, R-41-Dy and 

S-42-Dy, R-43-Sm and S-44-Sm and R-45-Er and S-46-Er. The presence of the 

methoxy group in the -methoxyphenylacetate ligand induces the formation of a 1D 

polymeric chain. In the literature, solved crystal structures of compounds derived from 

the R/S-MPA ligand are only found in transition metal coordination complexes (Co, Cu 

and Ni), where their magnetic properties were studied. However, lanthanide 

coordination compounds derived from the R/S-MPA ligand, focusing on their 

chiroptical properties, were still not reported.1 

Moreover, a second group of lanthanide chiral compounds is presented herein (Section 

4.2), with the enantiopure R or S-(- or +)-2-Phenylbutirate ligand (R/S-2-PhBut) as the 

chiral ligand and the 4,7-Diphenyl-1,10-phenanthroline (bathophen) molecule as the 

chromophore moiety. From these ligands, a new family of dinuclear lanthanide 

compounds of formula [Ln2(-R/S-2-PhBut)4(R/S-2PhBut)2(bathophen)2] was obtained. 

Interestingly this family of chiral complexes undergo through a structural change along 

the lanthanide 6th period, showing two different structural motifs a and b with 
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coordination numbers of 9 and 8 respectively where Ln = Nd3+ (R-47-Nd-a and S-48-

Nd-a), Sm3+ (R-49-Sm-a and S-50-Sm-a), Eu3+ (R-51-Eu-a and S-52-Eu-a), Tb3+ (R-

53-Tb-a and S-54-Tb-a, R-55-Tb-b and S-56-Tb-b), Dy3+ (R-57-Dy-a and S-58-Dy-a, 

R-59-Dy-b and S-60-Dy-b), Tm3+ (R-61-Tm-b and S-62-Tm-b) and Yb3+ (R-63-Yb-b 

and S-64-Yb-a) for R- or S-2-PhBut respectively. The structural motif a with 

coordination number 9 is found in lighter lanthanides whereas the structural motif b 

with coordination number 8 is found in heavier lanthanides.  

H.-R. Wen et al.2 published a family of dinuclear lanthanide compounds containing the 

R- or S-2-PhBut and phen ligands with formula [Ln2(-R/S-2-PhBut)4(R/S-

2PhBut)2(phen)2]. From those compounds only the circular dichroism measurements 

were conducted in solution, but no CPL studies were achieved. In the published report 

the europium and terbium analogues presented good luminescence properties. By 

replacing the phen ligand with a chromophore molecule that has higher electron 

delocalization such as bathophen, we expect to increase the luminescence efficiency of 

our compounds. Moreover, another study was realized by S. Kaizaki et al.3 where 

chiroptical properties via near Infrared CD were studied for a series of nIR emitters 

(Ho3+, Dy3+, Nd3+ and Yb3+) coordination compounds derived from the R/S-2-PhBut 

chiral ligand and a hydrotris(pyrazol-1-yl)borate molecule. 

Further lanthanide compounds derived from the R/S-2-PhBut ligand are found in the 

literature. For instance, a mononuclear Lanthanum compound with formula [La(R/S-2-

PhBut)2(phen)2(NO3)] which showed cleaving efficiency to the DNA or a dinuclear Nd-

based compound of formula [Nd2(μ-R/S-2-PhBut)4(R/S-2-PhBut)2(R/S-2-HPhBut)4] 

which could act as a neodymium carboxylate precursor for diene polymerization 

catalysis.4,5 

Returning to the new chiral compounds presented in this Chapter with formula [Ln2(μ -

R/S-2-PhBut)4(R/S-2PhBut)2(bathophen)2], the structural analyses were performed with 

single crystal X-Ray diffraction. Moreover, the luminescence as well as their chiroptical 

characteristics were analysed by means of Circular Dichroism and Circularly Polarized 

Luminescence. Magnetic studies are further studied herein as most of the compounds 

show both, luminescence and magnetic properties. 
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4.1 Compounds derived from (S)-(-)- or (R)-(+)-

α-Methoxyphenylacetic acid (R/S-HMPA) 

4.1.1 Experimental procedure 

Compounds R- and S- 33-46 were obtained through the following experimental 

procedure: into 20 mL of an ethanol/water solution in the 1:1 ratio, the respective R/S-α-

methoxyphenilacetic acid (R/S-HMPA) (1.5 mmol, 249 mg) and KOH (1.5 mmol, 84.2 

mg) were dissolved. Then, 1,10-phenantroline (0.3 mmol, 54 mg) dissolved in 5 mL of 

ethanol/water (1:1) was added. Afterward, a solution (5mL) in the same ethanol/water 

ratio with the Ln(NO3)3·nH2O salt (0.22 mmol) was added dropwise into the reaction 

mixture. The colorless solution was magnetically stirred for 1h and then left to stand at 

room temperature. After 1 week, needle shaped white single crystals suitable for 

monocrystal X-Ray diffraction appeared in fairly high yields between 70-80 %. 

Through this synthetic procedure, enantiomerically pure compounds of formula [Ln(-

R-MPA)(R-MPA)2(phen)]n or [Ln(-S-MPA)(S-MPA)2(phen)]n were obtained. The 

lanthanide used to obtain R- or S- 33-46 complexes were Ce3+ for R-33-Ce and S-34-

Ce, Nd3+ for R-35-Nd and  S-36-Nd, Eu3+ for R-37-Eu and S-38-Eu, Tb3+ for R-39-Tb 

and S-40-Tb, Dy3+ for R-41-Dy and S-42-Dy, Sm3+ for R-43-Sm and S-44-Sm and Er3+ 

for R-45-Er and S-46-Er. 

Further characterization of these compounds was realized by carrying out elemental 

analysis Table 4. 1 and ATR Infra-Red spectroscopy, Table APX.IX.1. 

Table 4. 1 Elemental analysis of compounds R- or S- 33-46. 

 Calculated Found  Calculated Found 

Compound %C %H %N %C %H %N Compound %C %H %N %C %H %N 

R-33-Ce 57.4 4.3 3.4 57.1 4.4 3.4 S-34-Ce 57.4 4.3 3.4 57.2 4.1 3.5 

R-35-Nd 57.1 4.3 3.4 56.8 4.5 3.6 S-36-Nd 57.1 4.3 3.4 57.1 4.3 3.5 

R-37-Eu 56.6 4.3 3.4 57.0 4.4 3.4 S-38-Eu 56.6 4.3 3.4 56.6 4.6 3.4 

R-39-Tb 56.1 4.2 3.4 56.5 4.4 3.4 S-40-Tb 56.1 4.2 3.4 56.2 4.3 3.4 

R-41-Dy 55.9 4.2 3.3 56.2 4.2 3.3 S-42-Dy 55.9 4.2 3.3 56.2 4.2 3.3 

R-43-Sm 56.7 4.3 3.4 57.0 4.3 3.4 S-44-Sm 56.7 4.3 3.4 56.5 4.4 3.4 

R-45-Er 55.6 4.2 3.3 55.8 4.2 3.1 S-46-Er 55.6 4.2 3.3 55.6 4.3 3.4 
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4.1.2 Structural characterization 

Single Crystal X-Ray diffraction measurements were performed for compounds R-37-

Eu and S-38-Eu, R-39-Tb and S-40-Tb, S-42-Dy and S-44-Sm. All compounds 

crystallize in the monoclinic P21 space group. Their asymmetric unit consists of a unit 

formed by one Ln3+ ion, two chelating R/S-α-methoxyphenylacetate (R/S-MPA) ligands, 

one R/S-MPA bridging ligand and one phen molecule. The asymmetric unit is expanded 

in space forming a 1D polymeric chain along the crystallographic a axis. All lanthanide 

compounds presented the same structural motif therefore only structure of compound R-

37-Eu is described below.  

A partially labelled plot of R-37-Eu is shown in Figure 4. 1 and the mirror image of R-

37-Eu and S-38-Eu compounds is depicted in Figure 4. 2. Selected bond distances of 

compounds R-37-Eu and S-38-Eu, R-39-Tb and S-40-Tb, S-42-Dy and S-44-Sm and 

crystallographic information are listed in Table 4. 3 and Table APX.IX.2 respectively.  

 

Figure 4. 1 a) partially labelled plot of compound R-37-Eu. Phenyl groups and H atoms have 

been omitted for a better view of the 1D structure and b) idealized coordination polyhedron 

(Spherical tricapped trigonal prism) compared with the real positions of the coordinating atoms 

in R-37-Eu. 
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Figure 4. 2 Compounds R-37-Eu and S-38-Eu presented as the mirror image of each other. 

 

Structure R-37-Eu consists of a 1D polymeric chain of formula [Eu(-R-MPA)(R-

MPA)2(phen)]n where each Eu3+ is nonacoordinated. The polymeric chain extends along 

the [1 0 0] direction. The EuO7N2 coordination sphere encompasses two R-MPA ligands 

that are coordinated in the bidentate carboxylate chelating coordination mode (Scheme 

4.2a) to Eu1 by O1, O2 and O4, O5 atoms, with Eu-O bond distances in the range of 

2.450-2.500 Å. Another R-MPA ligand is bridging two Eu3+ cations through the O7 and 

O8 atoms from the carboxylate group in the syn-anti conformation mode (Scheme 

4.2b). The O9 oxygen atom from the methoxy group of this R-MPA ligand coordinates 

also to the neighbouring europium atom, Figure 4. 1a). The Eu-O7, Eu-O8 and Eu-O9 

bond distances are 2.396, 2.388 and 2.539 Å respectively. Finally, the coordination 

sphere of the lanthanide ion is completed by two N atoms (N1 and N2) from the 1,10-

phenantroline molecule in the chelating coordination mode with Eu-N distances of 

2.569 and 2.558 Å for Eu-N1 and Eu-N2 respectively. The Eu1---Eu1_a intrachain 

distance is 6.048 Å and the shortest Eu---Eu interchain distance is 12.298 Å. The crystal 

structure of S-38-Eu is very similar to R-37-Eu but its configuration is mirror 

symmetrical with R-37-Eu. Symmetry operators for generating equivalent positions are: 

_a) -1+x, y, z. The 1D chains along the [1 0 0] base vector stands through weak Van der 

Waals interactions forming the chiral crystal.  
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Scheme 4.2. Coordination modes of R/S-α-methoxyphenylacetate (R/S-MPA) found in 

compound R-37-Eu.  

The SHAPE software,6 was used to determine the degree of distortion of the 

coordination polyhedron in compound R-37-Eu. The O and N atoms around the Eu3+ 

cation are set in a distorted polyhedron close to a Spherical tricapped trigonal prism 

(TCTPR-9, D3h), with a Continuous Shape Measurement (CShM) value of 1.821, Figure 

4. 1b). Moreover, coordination geometry found for compounds S-38-Eu, R-39-Tb and 

S-40-Tb, S-42-Dy and S-44-Sm also consisted of a distorted Spherical tricapped 

trigonal prism (TCTPR-9, D3h). The CShM values are compiled in Figure 4. 2.  

Table 4. 2 Continuous Shape measurements (CShM) 

obtained for the coordination geometry of compounds R-

37-Eu, S-38-Eu, R-39-Tb and S-40-Tb, S-42-Dy and S-44-

Sm. 

Compound TCTPR-9 

(D3h) 

R-37-Eu 1.821 

S-38-Eu 1.928 

R-39-Tb 1.821 

S-40-Tb 1.832 

S-42-Dy 1.775 

S-44-Sm 1.992 
 

 

The Ln-O and Ln-N bond lengths diminish following Sm3+>Eu3+>Tb3+>Dy3+, 

confirming the lanthanide(III) contraction tendency along the 6th period.7 
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Table 4. 3 Selected bond distances (Å) of compounds R-37-Eu, S-38-Eu, R-39-Tb, S-40-Tb, 

S-42-Dy and S-44-Sm. 

Bond 

distance 

(Å) 

R-37-Eu S-38-Eu R-39-Tb S-40-Tb S-42-Dy S-44-Sm 

Ln-O1 2.500(5) 2.478(3) 2.417(2) 2.461(3) 2.456(6) 2.461(2) 

LnO2 2.489(5) 2.445(4) 2.4601(18) 2.416(3) 2.464(5) 2.4891(19) 

Ln-O4 2.450(6) 2.489(3) 2.4740(18) 2.470(3) 2.395(6) 2.510(2) 

Ln-O5 2.476(5) 2.498(3) 2.4674(19) 2.475(3) 2.453(5) 2.4988(18) 

Ln-O7 2.396(5) 2.394(3) 2.3688(18) 2.371(2) 2.364(4) 2.4050(19) 

Ln-O8 2.388(4) 2.395(2) 2.3639(13) 2.365(2) 2.356(5) 2.4039(19) 

Ln-O9 2.539(5) 2.540(3) 2.525(19) 2.521(3) 2.513(5) 2.557(2) 

Ln-N1 2.569(5) 2.564(4) 2.545(2) 2.537(3) 2.527(7) 2.583(2) 

Ln-N2 2.558(6) 2.567(4) 2.538(2) 2.545(4) 2.523(6) 2.582(2) 

Ln---Ln 

(intrachain) 

6.048(5) 6.047(4) 6.054(8) 6.036(4) 6.025(4) 6.052(3) 

Ln---Ln 

Shortest 

interchain 

distance 

12.298 12.310 12.312 12.326 12.353 12.297 

 

Powder X-Ray Diffraction (PXRD) measurements were performed on S-38-Eu, R-39-

Tb and S-40-Tb, S-42-Dy and S-44-Sm powder samples to confirm phase purity along 

all the polycrystalline sample. The measured diffractograms were compared to the 

calculated patterns from the crystal structures, Figure 4. 3. Moreover, the calculated 

patterns were compared to the measured diffractograms of R-33-Ce, S-34-Ce, R-35-Nd, 

S-36-Nd, R-41-Dy, R-43-Sm, R-45-Er and S-46-Er polycrystalline samples. All PXRD 

measurements matched to the calculated patterns from crystal structures confirming that 

the obtained powders are phase pure and isostructural, Figure 4. 4. 
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Figure 4. 3 Powder X-Ray Diffraction of compounds S-38-Eu, R-39-Tb and S-40-Tb, S-42-Dy 

and S-44-Sm. CALC stands for the patterns calculated from the crystal structure and EXP 

stands for the calculated diffractograms. 

 
Figure 4. 4 Powder X- Ray Diffraction of compounds R-33-Ce, S-34-Ce, R-35-Nd, S-36-Nd, 

R-41-Dy, R-43-Sm, R-45-Er and S-46-Er compared to the calculated pattern of R-33-Eu. 

CALC stands for the patterns calculated from the crystal structure and EXP stands for the 

calculated diffractograms. 
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4.1.3 Luminescence properties 

Luminescence properties of all compounds were studied and measured in the solid state 

at room temperature. Since each enantiomer pair shows the same excitation and 

emission spectra, only the R- enantiomer of each lanthanide compound is discussed in 

this section.  

Excitation spectra were recorded at the emission wavelength (λem) of 1064 nm 

(4F3/2→
4I11/2) for R-35-Nd-a, at 614 nm (5D0→

7F2) for R-37-Eu, at 546 nm (5D4→
7F5) 

for R-39-Tb, at 572 nm (4F9/2→
6H13/2) for R-41-Dy, at 644 nm (4G5/2→

6H9/2) for R-42-

Sm and at 1515 nm for (4I13/2→
4I15/2) R-42-Er. The six spectra show an intense and 

broad band around 300 to 360 nm corresponding to the π→π* and n→π* ligand centred 

excitation transitions from the R-MPA and phen ligands, Figure 4. 5. 

 

Figure 4. 5 Excitation spectra of polycrystalline samples R-35-Nd to R-42-Er. Measurements 

were monitored at the λem of 1064 nm  (4F3/2→4I11/2) for R-35-Nd-a, at 614 nm (5D0→7F2) for R-

37-Eu, at 546 nm (5D4→7F5) for R-39-Tb, at 572 nm (4F9/2→6H13/2) for R-41-Dy, at 644 nm 

(4G5/2→6H9/2) for R-42-Sm and at 1515 nm for (4I13/2→4I15/2) R-42-Er. 

Room temperature emission spectra of R-35-Nd to R-42-Er were obtained exposing the 

samples at an excitation wavelength (λexc) of 330 nm.  

In the emission spectra of R-37-Eu, different bands can be observed at 580, 595, 614, 

650 and 691 nm corresponding to the 5D0→
7FJ=0-4 transitions, Figure 4. 6b. 5D0→

7F0 

corresponds to a forbidden transition (ΔJ=0), therefore its intensity is very weak and, in 

this case, it is almost imperceptible. The magnetically allowed 5D0→
7F1 transition, with 

intensity independent of the environment, is split due to the crystal field. For the 

presented Eu3+ compound, all the three components (2J+1) can be discerned in the 

emission spectra. Furthermore, 5D0→
7F2 is the most intense band located in the red 
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range and responsible for the red-orange emission colour that could be seen by the 

naked eye for R-37-Eu, Figure 4. 6a. This band is a hypersensitive transition, and in the 

case of R-37-Eu, its splitting indicates that the lanthanide ion is not located at a site 

with inversion symmetry within the structure.7,8 

The R-39-Tb compound shows green emission that could be seen by the naked eye, 

Figure 4. 6a. Moreover, the bands arising from the f-f Tb3+ transitions can be 

differentiated at 491, 546, 585 and 623 nm corresponding to the 5D4→
7FJ=6-3 transitions, 

Figure 4. 6c.   

 
Figure 4. 6 a) emission of compounds R-37-Eu and R-39-Tb under exposure of a UV lamp. 

Emission spectra of b) R-37-Eu and c) R-39-Tb polycrystalline samples monitored at the λexc of 

330 nm. 

In the visible range, the bands arising from the R-41-Dy compound can be observed at 

481 nm corresponding to the magnetically allowed 4F9/2→ 
6H15/2 transition, at 572 nm 

corresponding to the 4F9/2→ 
6H13/2 transition and at 659 nm (weak band) corresponding 

to the 4F9/2→ 
6H11/2 transition. Furthermore, in the near infrared range, two bands can be 

observed at 996 and 1144 nm, which are assigned to the transitions from the 4F9/2 energy 

level to 6F7/2 and 6F5/2 respectively, Figure 4. 7a) and b). 

For the R-42-Sm compound, four bands are identified at 563, 600, 644 and 705 nm in 

the visible range and assigned to the 4G5/2→
6H5/2-11/2 transitions. Furthermore, in the nIR 

range, the 4G5/2→
6H15/2 transition can be seen as a shoulder at 896 nm. The f-f emission 

transitions arising from the 4G5/2 emitting level to the 6F5/2-9/2 energy states are found at 

940, 1016 and 1166 nm respectively, Figure 4. 7c) and d).7 
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Figure 4. 7 Emission spectra of compounds a) and b) R-42-Sm and c) and d) R-41-Dy in the 

visible and nIR range. All measurements were monitored at the λexc of 330 nm. 

As for the nIR emitters, R-35-Nd and R-42-Er, excitation at the ligand absorption 

wavelength induced the characteristic Nd3+ and Er3+ emission. The three emission bands 

observed in R-35-Nd spectrum are assigned to 4F3/2→
4I9/2 at 902 nm, to 4F3/2→

4I11/2 at 

1064 nm and to 4F3/2→
4I13/2 at 1336 nm. Whereas the solely band found at 1515 nm in 

R-42-Er emission spectrum is assigned to the 4I13/2→
4I15/2 transition, Figure 4. 8a) and 

b).7 The Er3+ emission was quite weak. 

 
Figure 4. 8 Emission spectra of a) R-42-Er and b) R-35-Nd polycrystalline samples. Both 

measurements were monitored at a λexc of 330 nm. 

Excitation at the ligand absorption wavelengths for all compounds induced the expected 

emission bands corresponding to the characteristic f-f transitions from each lanthanide 

ion. Also, below 450 nm, no emission from the ligands is detected (except for R-42-Er) 
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indicating that energy transfer from the excited states of the organic moieties to the 

emitting energy level of the respective lanthanide (the antenna effect) takes place for 

these compounds. For the Erbium analogue, emission of the ligand was observed in the 

visible range (spectra not shown) indicating a rather poor sensitization effect of R-MPA 

and phen ligands to the Er3+ excited state.  

Nonetheless, the overall quantum yield (𝜙𝐿𝑛
𝐿 ), that is the ratio of the photons emitted by 

the lanthanide to the photons absorbed by the ligand, was measured with an integrating 

sphere with the intention to better characterize luminescent efficiency of the presented 

compounds. For R-37-Eu, the absolute quantum yield resulted to be 0.14. The 

photoluminescence time decay was recorded at the λex of 330 nm by collecting the 

measurement at the λem of 614 nm, corresponding to the 5D0→
7F2 transition. The curve 

of the intensity against time (ms), showed in Figure 4. 9, was fitted using a mono-

exponential equation. From the fit, the decay time (τobs) yielded 1.77 ms for R-37-Eu 

compound, confirming that the red emission of R-37-Eu comes from a single emitting 

centre and a single radiative deactivation process. In addition, more information about 

the sensitization mechanism that takes place for this system can be determined for the 

Eu3+ compound. The sensitization efficiency (sens) accounts to the percentage of energy 

absorbed by the chromophore ligands transferred to the excited state of the lanthanide 

ion and it is an important factor in the overall quantum yield, defined as: 𝜙𝐿𝑛
𝐿 = 𝜂𝑠𝑒𝑛𝑠 ∙

𝜙𝐿𝑛
𝐿𝑛 . The other step that elucidates 𝜙𝐿𝑛

𝐿  is the intrinsic quantum yield ( 𝜙𝐿𝑛
𝐿𝑛 ) that refers 

to the quantum yield once the emitting level of the Ln3+ ion is populated. The intrinsic 

quantum yield is described as the ratio between the measured time decay and the 

radiative lifetime  𝜙𝐿𝑛
𝐿𝑛 =

𝑘𝑟𝑎𝑑

𝑘𝑟𝑎𝑑+𝑘𝑛𝑜𝑛−𝑟𝑎𝑑
=

𝜏𝑜𝑏𝑠

𝜏𝑟𝑎𝑑
. Due to the pure magnetic dipole 

character of the 5D0→
7F1 transition, a simplified equation can be used to calculate the 

𝜏𝑟𝑎𝑑 from Eu3+, 5D0 excited state, corresponding to the lifetime in absence of non-

radiative deactivations, Equation1.8.8 For R-37-Eu, 𝜏𝑟𝑎𝑑 is 3.05 ms. Thus, the 𝜙𝐿𝑛
𝐿𝑛 

resulted of 0.58. As expected, it is higher than the measured 𝜙𝐿𝑛
𝐿 , because the intrinsic 

quantum yield do not depend on the efficiency of the ligand to Ln energy transfer, 

however, it takes into account deactivation mechanisms such as back-transfer energy or 

other quenching effects. Finally, the calculated  𝜂𝑠𝑒𝑛𝑠 results of 0.24 evidencing a 

sensitization effect that is rather low, nevertheless it is enough for R-37-Eu to present 

the desired optical properties.8,9 
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Figure 4. 9 Luminescence lifetime presented in semi-log plots for complexes R-37-Eu and R-

39-Tb. Both measurements were monitored at the λexc of 330 nm. The solid black lines 

represent the mono-exponential fit with  

𝐼(𝑡) = 𝐼0𝑒
−

𝑡
𝜏𝑜𝑏𝑠 + 𝐶 

On the other hand, the measured 𝜙𝐿𝑛
𝐿  for R-39-Tb sample was higher than the Eu3+ 

analogue, yielding 0.33. Moreover, the luminescence lifetime was measured by 

monitoring the emission decay at a λem of 546 nm, corresponding to the more intense 

emission band 5D4→
7F5, Figure 4. 9. The τobs calculated from the monoexponential 

fitting is 1.50 ms, also confirming the presence of one type of emitting specie and 

emission mechanism. 

For R-41-Dy and R-42-Sm, 𝜙𝐿𝑛
𝐿  and luminescent time decay couldn’t be measured due 

to the low emission intensity that the compounds present. 

4.1.4 Circular dichroism (CD) and Circular Polarized 

Luminescence measurements (CPL) 

The Circular Dichroism measurements were carried out at solid state for samples R-37-

Eu, S-38-Eu, R-39-Tb, S-40-Tb, R-41-Dy, S-42-Dy, R-43-Sm and R-44-Sm. The 

polycrystalline samples were dispersed in a KBr matrix and mounted on pellets. The 

complexes show rather weak Cotton effects. The bands around 200-460 nm are assigned 

mainly to the absorption of the phen ligand, with contributions from the π→π* and 

n→π* transition of R/S-MPA. For these 1D lanthanide chains the ligand arrangement 

formed by the chiral R/S-MPA and phen ligands are organized in space, around the 

metal ion, conferring low dissymmetry to the complex and leading to the weak CD 

associated to the ligand-centered electronic transitions, Figure 4. 10. 
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Figure 4. 10 Circular Dichroism spectra of compounds R-37-Eu, S-38-Eu, R-39-Tb, S-40-

Tb, R-41-Dy, S-42-Dy, R-43-Sm and R-44-Sm measured in the solid state. 

Circular Polarized Luminescence measurements were performed for R-37-Eu, S-38-Eu, 

R-39-Tb and S-40-Tb polycrystalline samples. The europium and terbium compounds 

were deposited in a quartz plate, from a suspension in n-pentane, which acts only as a 

dispersing agent, considering that the compounds are not soluble in this solvent. The 

emission spectra recorded simultaneously with CPL spectra were not significantly 

different from those measured on the polycrystalline samples. This suggests that n-

pentane does not induce any change to the complexes, Figure APX.IX.1. The CPL 

spectra of compounds R-37-Eu, S-38-Eu recorded at the excitation wavelength of 254 

nm are depicted in Figure 4. 11. 

The Eu3+ enantiomeric pairs show low intensity CPL signal, nevertheless, the mirror 

image bands corresponding to 5D0→
7F1, 

7F2 and 7F4 Eu3+ f-f transitions can be clearly 

discerned. The magnetic dipole transition, 5D0→
7F1, at 595 nm is the most intense one. 

Two well resolved components due to crystal field perturbation can be observed. The mj 

component located in the higher energy region of the transition shows a splitting that 

appears as a bifid structure revealing the three crystal field splitting components. Next, 

at 614 nm the 5D0→
7F2 transition shows lower intensity and only one component is well 

differentiated. Finally, at 691 nm, the 5D0→
7F4 transition appears with very low 

intensity, though at least two mj components can be differentiated.  

𝑔lum = 2
IL−IR

IL+IR
= 2

ΔI

I
                        Equation 4.1 

The dissymmetry factor could be quantified with Equation 4.1 for the 5D0→
7F1 and 

5D0→
7F2 transitions leading to a 𝑔𝑙𝑢𝑚 = ∆𝐼/𝐼 values of ±0.013 (+ for S-38-Eu) for the 
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5D0→
7F1 transition and ±0.003 (+ for the R-37-Eu enantiomer) for the hypersensitive 

transition, Table 4. 4. The presented 𝑔𝑙𝑢𝑚 values are similar to other reported Eu3+ 

coordination compounds with carboxylate ligands and to other Eu3+ polymeric chain 

complexes measured in the solid state.10,11  

 
Figure 4. 11 CPL spectra of R-37-Eu and S-38-Eu enantiomers. 

 

Table 4. 4 glum values of the R-37-Eu and S-38-Eu enantiomeric pair for the 5D0→7F1 and the 

5D0→7F2 transitions. 

R-37-Eu / 

S-38-Eu 

5D0→7F1 5D0→7F2 

glum ±0.013 

(+ for S-38-Eu) 

±0.003 

(+ for R-37-Eu) 

Moreover, CPL measurements were performed for the R-39-Tb and S-40-Tb 

compounds as well, but the intensity of the obtained spectra is too low to extract 

meaningful information, FigureAPX.IX.2. CPL studies in polymeric lanthanide chains 

measured in the solid state remains rare.12 Y. Hasegawa et at.13 presented a polymeric 

chain complex with 𝑔𝑙𝑢𝑚 values for the magnetic dipole transition up to 0.17 measured 

in the solid state. Due to lower luminescence showed by R-41-Dy, S-42-Dy, R-43-Sm 

and S-44-Sm, CPL measurements could not be performed. 
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4.1.5 Magnetic properties 

Direct current (dc) measurements 

 
Figure 4. 12 a) χMT vs T plot, measured under an external magnetic dc field of 0.3 T of the S- 

enantiomers of compounds S-34-Ce to S-46-Er. Continuous black line corresponds to the fitting 

of the MT vs T data of S-38-Eu using Equation 4.2 and b) Magnetization with external 

magnetic field dependence measured at 2 K of the S- enantiomers of compounds S-34-Ce to S-

46-Er. 

Since S- and R- enantiomers are expected to show the same magnetic properties, direct 

current (dc) magnetic susceptibility (M) and magnetization (M) measurements were 

performed for the S-enantiomers on the polycrystalline samples. The M measurements 

were carried out under a dc field of 0.3 T in the 2-300 K temperature range. The MT 

dependence with T plots are presented in Figure 4. 12a. At room temperature (300 K) 

the MT values are 0.70, 1.59, 1.43, 11.41, 13.82, 0.40 and 10.47 cm3mol-1K for S-34-

Ce, S-36-Nd, S-38-Eu, S-40-Tb, S-42-Dy, S-44-Sm and S-46-Er, respectively. For one 

isolated Ln3+ cation, the calculated MT values are: 0.80 cm3mol-1K for Ce3+ ground 

state 2F5/2 and gj=6/7; 1.64 cm3mol-1K for Nd3+ 4I9/2 and gj=1.64; 0 cm3mol-1K for Eu3+ 

ground state 7F0; 11.82 cm3mol-1K for Tb3+ ground state 7F6 and gj=3/2; 14.17 cm3mol-

1K for Dy3+ ground state 6H15/2 and gj=4/3; 0.09 cm3mol-1K  for Sm3+ ground state 6H5/2 

and gj=2/7 and 11.48 cm3mol-1K for Er3+ 4I15/2 and gj=6/5.7a 

On cooling the samples, for S-40-Tb, S-42-Dy and S-46-Er, the MT values remain 

almost constant until ~50 K (until ~100 K for S-46-Er) and below this temperature, the 

susceptibility values decrease up to 7.80 cm3mol-1 K for S-40-Tb to 8.49 cm3mol-1K for 

S-42-Dy and to 5.46 cm3mol-1K for S-46-Er. Regarding S-34-Ce and S-39-Nd the MT 

vs T curves decrease gradually on cooling the samples. At the limit temperature of 2 K 
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the MT values are 0.36 and 0.64 cm3mol-1K, for S-34-Ce and S-39-Nd, respectively. 

The decrease of MT on cooling the polycrystalline samples is mainly due to thermal 

depopulation of the mj states generated by crystal field perturbation. The possibility of 

magnetic coupling between the Ln3+ ions has not been considered for these compounds 

due to: i) the well shielded nature of electrons in the 4fn orbitals ii) the Ln---Ln intra and 

inter-molecular shortest distances are too long (6.04±0.01 and 12.32±0.02 Å 

respectively).  

Moreover, the experimental MT value at room temperature of compound S-38-Eu is 

higher than the calculated 0 value. Due to the rather small spin-orbit coupling parameter 

(λ) between the 7F(0-1) states, at room temperature the higher energy 7FJ states closer to 

the ground state are thermally populated (mainly the 7F1 state). Then the MT values 

decrease gradually on cooling the sample due to the thermal depopulation of the 7FJ 

excited states. At 2 K, MT is 0.017 cm3mol-1K confirming that at low temperature the 

non-magnetic ground state (J=0) is stabilized. If we consider the presented polymeric 

chain formed by non-magnetically coupled Eu3+ ions, the λ value can be calculated from 

the MT vs T data considering Eu3+ as a free ion by using Equation 4.214,15. A plot of the 

MT vs T data only for S-38-Eu is shown in Figure APX.IX.3. Then from the best fit 

with Equation 4.2, the λ value is 335 cm-1. Furthermore, the energy gap between the 7F0 

and 7F1 should correspond to the λ parameter measured from the spectroscopic data. The 

λ value has been calculated from the emission spectra of S-38-Eu measured at 77 K, 

Figure APX.IX.4 and Table APX.IX.3. This value is 377 cm-1 for S-38-Eu. This result 

is similar to other Europium compounds.16,17 

𝜒𝑀𝑇 = ((𝑁𝛽2 3𝑘𝑇𝑥⁄ )[24 + (27𝑥 2⁄ − 3 2⁄ )𝑒−𝑥 + (135𝑥 2⁄ − 5 2)𝑒−3𝑥⁄ + (189𝑥 −

7 2⁄ )𝑒−6𝑥 + (405𝑥 − 9 2)⁄ 𝑒−10𝑥 + (1485𝑥 2⁄ − 11 2⁄ )𝑒−15𝑥 + (2457𝑥 2⁄ − 13 2⁄ )𝑒−21𝑥]/

 [1 + 3𝑒−𝑥 + 5𝑒−3𝑥 + 7𝑒−6𝑥 + 9𝑒−10𝑥 + 11𝑒−15𝑥 + 13𝑒−21𝑥])𝑇      Equation 4.2 

With 𝑥 = 𝜆 𝑘𝑇⁄  

Finally, for S-44-Sm compound, the MT value at room temperature is also higher than 

the one calculated for a free ion. For a Sm3+ ion, the 6H ground state is split due to spin-

orbit coupling by 6HJ=5/2-15/2 with a λ parameter around 200 cm-1. Therefore, at room 

temperature, the excited 6HJ states are thermally populated. The diminution of MT on 
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cooling the sample is due to the thermal depopulation of the J states.14,15 S-44-Sm 

magnetic data could not be fitted successfully under the free ion approximation.  

The plots of the magnetization dependence with an applied magnetic field at 2 K for all 

compounds are depicted in Figure 4. 12b). None of the presented compounds showed 

saturation of the magnetization.  

Alternating current (ac) measurements 

In order to study the dynamic magnetic properties of the S-[Ln(-MPA)(MPA)2(phen)]n 

compounds, alternating current (ac) magnetic susceptibility measurements in a 4·10-4 T 

oscillating field were recorded for S-34-Ce, S-36-Nd, S-40-Tb, S-42-Dy, S-44-Sm and 

S-46-Er. 

 
Figure 4. 13 Relaxation times in front of static magnetic fields measured at the constant 

temperature of 3.5 K for S-34-Ce, of 3 K for S-36-Nd, of 3 K for S-42-Dy and of 2 K for S-46-

Er. The measurements were set under an ac magnetic field of 4·10-4 T oscillating between 1 and 

1488 Hz. 

At a 0 Oe dc external magnetic field, the in-face (χM’) and out-of-face (χM’’) magnetic 

susceptibility components were measured under an ac magnetic field oscillating 

between 10 and 1000 Hz. None of the above compounds showed χM’’ dependence with 

temperature or frequency. On applying an external magnetic dc field (Hdc), compounds 

S-34-Ce, S-36-Nd, S-42-Dy and S-46-Er showed maxima of the χM’’ component below 
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7, 6, 8 and 4 K, respectively. This suggests that the relaxation of the magnetization goes 

through a shortcut path between the two bi-stable ±mj states, the so-called quantum 

tunneling of the magnetization (QTM) when no Hdc is applied. To establish the optimum 

static magnetic field, measurements of the χM’ and χM’’ with frequency, at a constant 

temperature of 3.5 K for S-34-Ce, of 3 K for S-36-Nd, of 3 K for S-42-Dy and of 2 K 

for S-46-Er and applying different dc fields were performed. The plot of τ with Hdc 

showed that relaxation time is the greatest when the applied external magnetic field is 

0.3 T for S-34-Ce, 0.15 T for S-36-Nd, 0.01 T for S-42-Dy and 0.05 T for S-46-Er, 

Figure 4. 13. Then those dc magnetic fields were chosen as the optimal ones to conduct 

the χM’ and χM’’ measurements with respect to temperature. The plots of the out-of-

phase magnetic susceptibility components varying with temperature and frequency of 

these complexes are illustrated in Figure 4. 14. 
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Figure 4. 14 a), d), g) and j) χM’’ vs T plots of S-34-Ce to S-46-Er. The continuous line is a 

guide to the eye b), e), h) and k) are the χM’’ vs ν plots of S-34-Ce to S-46-Er. Continuous black 

line is the fitting to the Generalized Debye model and c), f), i) and l) are the representation in 

the Cole-Cole plots of S-34-Ce to S-46-Er. Continuous black line is the fitting to the 

Generalized Debye model. 

Compounds S-34-Ce, S-36-Nd, S-42-Dy and S-46-Er, showed χM’’ maxima upon 

cooling the samples down to the temperature range of 2.3-4.8 K for S-34-Ce, of 2.3-4.5 

K for S-36-Nd and of 2.3-5.4 K for S-42-Dy and to a smaller temperature range of 2.2-

3.5 for S-46-Er, Figure 4. 14a), d), g) and j). Furthermore, at 2 K in the χM’’ vs T plot of 

S-42-Dy, a second maximum is perceived suggesting a faster relaxation process 

differentiated from the one occurring at higher temperatures. This faster mechanism 
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probably accounts for the QTM, which is not totally removed on applying the external 

dc magnetic field.18 

As for the χM’’ tendency with the oscillating frequency, compounds S-34-Ce, S-36-Nd 

and S-42-Dy start showing χM’’ maxima at smaller oscillating frequencies whereas S-

46-Er χM’’ vs ν curves show peaks at higher ones. For all compounds, the χM’’ vs ν 

maxima move progressively to higher frequencies on increasing temperature, Figure 4. 

14b), e), h), k). Representation of the ac magnetic data in the Cole-Cole plots shows 

asymmetric semicircles for S-34-Ce, S-36-Nd and S-42-Dy while the semicircles of S-

46-Er are asymmetric and uncompleted. Moreover, in the Cole-Cole representation of 

S-42-Dy, a shoulder can be discerned corresponding to the χM’ vs χM’’ data points 

obtained at lower temperatures and lower frequencies accounting to the faster 

mechanism differentiated in the χM’’ vs T plot. 

Magnetic data of S-34-Ce, S-36-Nd and S-46-Er could be successfully fitted with the 

one component Debye model function as shown in Figure 4. 14 c), f), l). Additionally, 

the fit of S-42-Dy was not successful using the extended generalized Debye model 

because of the lack of enough experimental data points corresponding to the faster 

mechanism. Nevertheless, a good fit was obtained for the slower process using the one-

component generalized Debye model, Figure 4. 14i). 

Following to that, the α values obtained from such fittings were in the range of 0.01(2.3 

K)-0.003(4.8 K) for S-34-Ce, 0.004(2.3 K)-0.003(4.5 K) for S-36-Nd, 0.150(2.3 K)-

0.002(5.4 K) for S-42-Dy and 0.156(2.2 K)-0.05(3.5 K) for S-46-Er. For all compounds 

α values decrease on increasing temperature indicating a narrower distribution of the 

relaxation times at higher temperatures.  

Representation of relaxation of the magnetization times with temperature in the ln(τ) vs 

T-1 plots are depicted in Figure 4. 15. The parameters obtained from the best fit of the 

ln(τ) vs T-1 curves, of the S- enantiomer S-34-Ce to S-46-Er, are compiled in Table 4. 5.  
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Figure 4. 15 a) ln(τ) vs T-1 plot of S-34-Ce, S-36-Nd, S-42-Dy and S-46-Er from the magnetic 

data measured at the Hdc of 0.3, 0.15, 0.01 and 0.05 T, respectively. Continuous orange lines 

correspond to the fit with Raman and Direct equations continuous purple line correspond to the 

fit with Raman and Orbach equation, dotted blue line correspond to the fit of S-34-Ce and S-36-

Nd using only the Raman equation whereas dotted black line correspond to the fit with the 

Orbach mechanism. 

Performance of relaxation of the magnetization times with temperature of compounds 

S-34-Ce and S-36-Nd was very similar. First, both curves were fitted considering the 

Arrhenius law that describes the Orbach relaxation of the magnetization with Equation 

4.3, Figure APX.IX.5, and the obtained parameters were 𝛥𝐸 = 19.6 cm-1 and τ0 = 

3.07‧10-7 s for S-34-Ce and 𝛥𝐸 = 19.5 cm-1 and τ0 = 2.16‧10-7 s for S-36-Nd. However, 

the best fit of τ along all the temperature range was obtained when equation describing 

Raman and Direct relaxation mechanisms was used, Equation 4.4. The parameters 

obtained from the fit were C = 0.113, n = 4.1 and A = 6.00 for S-34-Ce and C = 0.125, n 

= 7.47 and A = 7.44 for S-36-Nd. In addition, Cole-Cole plots of the Cerium and 

Neodymium compounds showed α values very close to 0 indicating a very narrow 

distribution of the relaxation times, suggesting that relaxation of the magnetization is 

mainly governed by one mechanism. The ln(τ) vs T-1 plots were tried to fit considering 

only the Raman mechanism (first part of Equation 4.4). A good fit was obtained from S-

34-Ce and S-36-Nd ln(τ) vs T-1 curves especially in the higher temperature range. The 

obtained parameters were C = 0.17 and n = 6.98 for S-34-Ce and C = 0.19 and n = 7.17 
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for S-36-Nd. The last data points found in the lower temperature range don’t follow 

exactly the Raman function indicating that relaxation of the magnetization of S-34-Ce 

and S-36-Nd is mainly governed by the Raman process along all the temperature range 

where these compounds show spin relaxation, though at lower temperatures the Direct 

mechanism starts to emerge.  

𝜏−1 = 𝜏0
−1 exp (

−𝛥𝐸

𝑘𝐵𝑇
)               Equation 4.3 

𝜏−1 = 𝐶𝑇𝑛 + 𝐴𝑇                        Equation 4.4 

𝜏−1 = 𝜏0
−1 exp (

−𝛥𝐸

𝑘𝐵𝑇
) + 𝐴𝑇     Equation 4.5 

The linear trend in the slope at higher temperature region of S-42-Dy ln(τ) vs T-1 plot 

was fitted by an Arrhenius law, Equation 4.3. This model describes the relaxation of the 

magnetization by the thermally assisted Orbach mechanism that occurs between the ±mj 

degenerate states in the ground state via the highest energy excited mj state of the Dy3+ 

ion. The calculated energy barrier (𝛥𝐸) was 31.6 cm-1 and the pre-exponential factor (τ0) 

resulted of 4.9·10-9 s, Figure APX.IX.5. But linearity is followed only for few points, 

suggesting that at lower temperatures more than one relaxation mechanism is active. 

Also, the distribution of the coefficient values, obtained in the fitting by using the 

generalized Debye model in the Cole-Cole plots, is in the 0.150-0.002 range, suggesting 

the presence of other relaxation mechanisms such as the QTM, Direct and Raman other 

than just the Orbach. Thus, the ln(τ) vs 1/T curve was adjusted considering all the above 

mechanisms. The best fit was obtained when the spin-lattice relaxation mechanisms 

Raman and Direct were considered, Equation 4.4. The obtained parameters were C = 

0.011 s-1K-n, n = 9.07 and A = 183.29 s-1T-4K-1. Other Dysprosium(III) coordination 

compounds found in the literature show similar behaviour as S-42-Dy.18,19,20,21 

Finally, for S-46-Er compound, the Arrhenius law was used to fit the linear segment in 

the higher temperature range. The obtained effective energy barrier yielded 25.1 cm-1 

and the pre-exponential factor was 1.44‧10-9 s. The linear trend is not followed along all 

the temperature range, therefore a function with the equation including the Orbach and 

Raman relaxation mechanisms, Equation 4.5, gave the best fit. The obtained parameters 

from the fit were ΔE = 40.61 cm-1, τ0 = 3.83‧10-12 s, C = 13.74 s-1K-n and n = 5.12. 
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For a Kramer ion such as Ce3+, Nd3+, Dy3+ and Er3+ the dependence of τ with T should 

follow the power law τ ∝  𝑇9   when the relaxation of the magnetization goes through 

the two-phonon relaxation Raman process. Nevertheless, n values in the interval 1-6 has 

been claimed to be reasonable when the acoustic phonons, with less energy, are also 

considered in the spin-lattice relaxation of Raman. Important care must be taken when 

fitting the ac data with the different relaxation of the magnetization mechanisms due to 

over parametrization when using such equations.22-25 

Table 4. 5 Compilation of the fitted parameters from the relaxation of the magnetization 

mechanisms of the S- enantiomers S-34-Ce to S-46-Er. 

 Hdc 

(T) 

Orbach QTM      Raman Direct 

  𝛥𝐸 
(cm-1) 

𝜏0
⬚ 

(s) 

𝜏𝑄𝑇𝑀
⬚  

(s) 

𝐶 

(s-1K-n) 

𝑛 𝐴 

(s-1K-1) 

S-34-Ce 0.3    0.113 7.26 6.00 

S-36-Nd 0.15    0.13 7.47 7.44 

S-42-Dy 0.01    0.01 9.07 183.29 

S-46-Er 0.05 40.61 3.83‧10-12  13.74  5.12 
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4.2 Compounds derived from (S)-(+) or (R)-(-)-2-

Phenylbutyric acid (R/S-2-HPhBut) 

4.2.1 Experimental procedure 

Compounds R- and S- 47-64 were obtained as follows: into 20 mL of an ethanolic 

solution* in the 1:1 ratio, the respective R or S-(- or +)-2-Phenylbutiric acid (1.5 mmol, 

246.3 mg) and KOH (1.5 mmol, 84.2 mg) were dissolved. Separately, a DMF solution 

containing 4,7-Diphenyl-1,10-phenanthroline (bathophen) (0.5 mmol, 166 mg) was 

heated until dissolved (around 55 ºC). Then the bathophen solution was added to the 

previous ethanolic solution. The resulting solution was stirred for 10 min. Afterwards, a 

DMF solution containing the respective Ln(NO3)3‧6H2O salt (0.5 mmol) was added 

dropwise. The light pink transparent solution was magnetically stirred for 15 minutes at 

55 ºC. Then the reaction solution was cooled down until room temperature and left to 

stand to crystallize through slow evaporation. White crystals appeared after two weeks. 

Crystals obtained in the synthesis were dissolved into 3 mL of DMF and the solutions 

were left to crystallize through slow vapor diffusion with acetonitrile to obtain suitable 

crystals for single crystal X-Ray Diffraction measurement of S-52-Eu-a and S-62-Tm-

b. The compounds were obtained in yields ranging from 10 to 60 %. 

*To obtain structure a of the [Tb2(µ-2-R/S-PhBut)4(R/S-2-PhBut)4(bathophen)2] 

compound, the solvent used in this step should be methanol instead of ethanol. 

Elemental analyses are depicted hereunder in Table 4. 6. Significant bands of Infrared 

spectroscopy are depicted only for the R- enantiomer in Table APX.X.1. 

Table 4. 6 Elemental analysis of compounds R- or S- 47-64 

 Calculated Found  Calculated Found 

Compound %C %H %N %C %H %N Compound %C %H %N %C %H %N 

R-47-Nd-a 67.1 5.2 2.9 67.0 5.2 2.9 S-48-Nd-a 67.1 5.2 2.9 67.1 5.2 2.9 

R-49-Sm-a 66.7 5.1 2.9 66.6 5.2 2.9 S-50-Sm-a 66.7 5.1 2.9 66.7 5.1 2.9 

R-51-Eu-a 66.7 5.1 2.9 66.6 5.2 2.9 S-52-Eu-a 66.7 5.1 2.9 66.7 5.1 2.9 

R-53-Tb-a 66.1 5.0 2.8 65.9 5.1 2.8 S-54-Tb-a 66.1 5.0 2.8 66.1 5.0 2.8 

R-55-Tb-b 66.1 5.0 2.8 66.0 5.0 2.8 S-56-Tb-b 66.1 5.0 2.8 65.9 5.1 2.8 

R-57-Dy-a 65.9 5.0 2.8 65.5 5.1 2.8 S-58-Dy-a 65.9 5.0 2.8 65.0 5.0 2.8 

R-59-Dy-b 65.9 5.0 2.8 66.0 2.8 5.2 S-60-Dy-b 65.9 5.0 2.8 65.8 5.0 2.8 

R-61-Tm-b 65.5 5.0 2.8 65.4 4.9 2.8 S-62-Tm-b 65.5 5.0 2.8 65.4 4.9 2.8 

R-63-Yb-b 65.2 5.0 2.8 65.2 5.0 2.8 S-64-Yb-b 65.2 5.0 2.8 65.2 5.0 2.8 
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4.2.2 Structural characterization 

Single crystal X-Ray diffraction measurements were performed for compounds S-52-

Eu-a and S-62-Tm-b. Selected bond distances of S-52-Eu-a and S-62-Tm-b and 

crystallographic information are listed in Table 4. 7 and Table APX.X.2, respectively. 

Partially labelled plots of the crystal structure of S-52-Eu-a and S-62-Tm-b are shown 

in Figure 4. 16a) and b) respectively. 

 

Figure 4. 16 Partially labelled plots of compound a) S-52-Eu-a and b) S-62-Tm-b. H atoms 

have been omitted for a better view of the structure. Idealized coordination polyhedron 

compared with the real positions of the coordinating atoms of d) S-52-Eu-a (blue) and e) S-62-

Tm-b (orange). 
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Table 4. 7 Selected bond distances (Å) for S-52-Eu-a and S-62-Tm-b. 

S-52-Eu-a S-62-Tm-b 

Eu1-O1 2.481(4) Eu2-O4 2.413(4) Tm1-O1 2.356(8) Tm2-O4 2.258(7) 

Eu1-O2 2.434(5) Eu2-O6 2.397(5) Tm1-O2 2.382(8) Tm2-O6 2.266(7) 

Eu1-O3 2.356(5) Eu2-O8 2.326(4) Tm1-O3 2.268(9) Tm2-O8 2.289(9) 

Eu1-O5 2.366(4) Eu2-O9 2.773(4) Tm1-O5 2.290(9) Tm2-O10 2.249(9) 

Eu1-O7 2.518(5) Eu2-O10 2.401(5) Tm1-O7 2.234(9) Tm2-O11 2.342(9) 

Eu1-O8 2.594(4) Eu2-O11 2.404(5) Tm1-O9 2.291(7) Tm2-O12 2.412(8) 

Eu1-O9 2.439(4) Eu2-O12 2.543(4) Tm1-N1 2.516(10) Tm2-N3 2.585(7) 

Eu1-N1 2.583(4) Eu2-N3 2.648(4) Tm1-N2 2.579(7) Tm2-N4 2.526(10) 

Eu1-N2 2.649(4) Eu2-N4 2.567(4) Tm1---Tm2 4.287(7) 

Eu1---Eu2 4.000(5)   

Eu1-O8-Eu2 108.7   

Eu1-O9-Eu2 100.0   

 

All the synthetized compounds present the same molecular formula, but from the 

crystallographic data two different structural motifs can be found: structural type a 

(structure a) and structural type b (structure b).  

 
Scheme 4.3. Coordination modes of S/R-2-PhBut ligand a) symmetrical syn-syn bidentate 

bridging, b) chelating-bridging and c) chelating coordination mode. 

Structure a is found in S-52-Eu-a compound, which crystallizes in a triclinic crystal 

system in a P1 space group. Each asymmetric unit is constituted by a dinuclear entity in 

which each Eu3+ is nonacoordinated. In each dinuclear unit, the two Eu3+ atoms are 

bridged by four (S)-(+)-2-phenylbutirate ligands (S-2-PhBut) through two different 

coordination modes. Two of the bridging S-2-PhBut ligands are in the symmetrical syn-

syn bidentate bridging coordination mode (η1:η1:μ2 or 2.11 using Harris notation26) 

(Scheme 4.3a) with Eu-O bond lengths ranging 2.356(5)-2.413(4) Å. The other two S-2-

PhBut bridging ligands are best described as chelating-bridging (η1:η2:μ2 or 2.21) 

(Scheme 4.3b) in which O8 and O9 atoms connect the two Eu atoms with bond 

distances in the 2.326-2.773 Å range, meanwhile O7 and O10 are bonded only to a Eu 

atom with Eu-O bond lengths of 2.518 and 2.401 Å respectively. The Eu1···Eu2 

intramolecular distance is 4.000 Å. Moreover, there are two S-2-PhBut ligands 
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coordinated to each Eu3+ centre in the chelating coordination mode (Scheme 4.3c) with 

Eu-O bond distances in the 2.404-2.543 Å range. Finally, each EuN2O7 coordination 

sphere is completed by two N atoms of one bathophen ligand with Eu-N distances in the 

2.567-2.649 Å range. To determine the distortion degree of each lanthanide ion 

coordination polyhedron, SHAPE software6 was used, and it is quantified as Continuous 

Shape Measurements (CShM). For the former compound, the coordination polyhedron 

of the two Eu3+ atoms are close to a Muffin geometry (MFF-9, Cs) with a CShM value 

of 1.616 for both Eu3+ centres, Figure 4. 16c). The Europium ions of each dinuclear 

entity are crystallographically independent, but both show the same coordination 

environment. The molecules are arranged in space through 𝜋---H stacking from the 

bathophen ligands, Figure 4. 17. Centroid 1 (Cg1), formed by C97, C98, C99, C107, 

C108 and C109, interacts with H24 bonded to a sp2 carbon (C24) from one aromatic 

ring of the bathophen ligand of the adjacent dinuclear unit, with a Cg1---H24 

intermolecular distance of 2.540 Å. The 𝜋---H stacking interaction grows along the [0 0 

1] space vector. 

 
Figure 4. 17 π---H stacking intermolecular interactions along the S-52-Eu-a crystal lattice. The 

orange balls represent the calculated centroid of the bathophen aromatic rings. The π---H 

stacking interactions are represented by the pink dotted lines. 

On the other hand, the structural type b is found in S-62-Tm-b. It crystallizes in the 

monoclinic crystal system and the C2 space group. The asymmetric unit of S-62-Tm-b 

is composed of a dinuclear system where each Tm3+ ion is octacoordinated. The 

Thulium centres are bridged through four carboxylate S-2-PhBut ligands in the 

symmetrical syn-syn bidentate bridging coordination mode with Tm-O distances 
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ranging from 2.234 to 2.291 Å. The intramolecular distance between the two Tm metals 

is 4.287 Å. Also, there is one S-2-PhBut ligand coordinated to each lanthanide centre in 

the bidentate chelating coordination mode with Tm-O distances in the 2.312-2.412 Å 

range. Each TmN2O6 coordination sphere is fulfilled by two N atoms from one 

bathophen ligand with Tm-N distances in the 2.516-2.585 Å range. The coordinating N 

and O atoms are set around each Tm3+ ion in a geometry close to a triangular 

dodecahedron (TDD-8, D2d) with a CShM value of 1.288. Each Tm centre of the same 

dinuclear unit is crystallographically independent but both are placed in the same 

environment inside the crystallographic lattice. In this case there are any 𝜋---H and 𝜋---

𝜋 interaction with distances short enough to consider π-stacking between molecules 

therefore there are no intermolecular interaction promoting 2D or 3D supramolecular 

arrangement. The dinuclear molecules in S-62-Tm-b structure are set through weak Van 

der Walls interactions along the crystal lattice. 

  

Scheme 4.4. Scheme of structural type a (left) and structural type b (right). 

The main difference between structure a and structure b is the coordination mode of the 

bridging ligands, Scheme 4. 4. In structure b, the four bridging ligands are found in the 

same syn-syn bidentate bridging mode while in structure a, besides there are two 

carboxylate ligands in the syn-syn bidentate bridging mode, the other two are found in 

the chelating-bridging coordination mode. Consequently, the coordination number 

decreases from 9, in structure a, to 8, in structure b. The difference in the coordination 

number leads the chelating S-2-PhBut and bathophen ligands to rearrange differently in 

space also, changing the spatial group as well as the geometry of the coordination 

polyhedron from crystal motif a to b.    

To verify the phase purity along the whole powder samples, powder X-Ray Diffraction 

(PXRD) measurements were performed for each of the presented new compounds. 
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PXRD diffractograms of S-52-Eu-a and S-62-Tm-b samples matched well with the 

calculated PXRD patterns obtained from the single crystal structure, confirming its 

phase purity, Figure 4. 18 and Figure 4. 19.  

 
Figure 4. 18 Powder X-Ray Diffraction of all the enantiomeric pairs showing structure a type. 

First spectra, in black, corresponds to the calculated spectra from the single crystal structure of 

S-52-Eu-a. 

 
Figure 4. 19 Powder X-Ray Diffraction of all the enantiomeric pairs showing structure b type. 

First spectra, in black, corresponds to the calculated spectra from the single crystal structure of 

S-62-Tm-a. 

Then enantiopure compounds R-51-Eu-a and R-61-Tm-b were synthetized, as well as 

both enantiomeric pairs using other lanthanide ions such as Nd3+, Sm3+, Tb3+, Dy3+ and 

Yb3+. PXRD were performed for all the analogues (Figure 4. 18 and Figure 4. 19). 

Different powder diffractions patterns were obtained corresponding to structure a and 

structure b, depending on the lanthanide ion. The trend goes as follows: (Scheme 4.5) i) 
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for Nd3+, Sm3+ and Eu3+ ions the final product crystallizes as structure a (R-47-Nd-a, S-

48-Nd-a, R-49-Sm-a, S-50-Sm-b, R-51-Eu-a and S-52-Eu-b) whereas ii) for Tm3+ and 

Yb3+, the final product crystallizes as structure b (R-61-Tm-b, S-62-Tm-b, R-63-Yb-b 

and S-64-Yb-b). iii) Meanwhile, for Tb3+ and Dy3+ ions, both structure types are 

obtained. For Tb3+ the final structure type depends on the solvent used during the 

synthetic procedure. If the reaction is carried out in a methanol/DMF solution, a Tb3+ 

compound with structure a (R-53-Tb-a and S-54-Tb-a) type is obtained. However, 

when ethanol is used instead of methanol, the Tb3+ final compound shows the structure 

b (R-55-Tb-b and S-56-Tb-b) type. For the Dy3+ analogue, a mix of both structures is 

obtained in each synthesis. However, since the crystals corresponding to structure a and 

structure b can be discerned by the naked eye, each structure type can be isolated for the 

S and R-Dy compounds (R-57-Dy-a, S-58-Dy-a, R-59-Dy-b, S-60-Dy-b).  

 

Scheme. 4.5 Structure trend along the lanthanide group summary. 

This trend observed for the presented R/S-[Ln2(-2-PhBut)4(2-PhBu)2(bathophen)2] 

lanthanide family is mainly due to the gradual decrease in the lanthanide(III) ionic 

radius on increasing the atomic number which is a consequence of the so called 

lanthanide contraction.7a,27 The reduction of the Ln3+ radii induces a decrease in the 

coordination number. For the former compounds, the decrease of the coordination 

number also implies a change in the structure due to stearic hindrance promoted by the 

ligand molecules. As the Ln3+ radius decreases, the coordination number diminishes 

from 9 (structure a), for the lighter lanthanides, to 8 (structure b) for the heaviest ones. 

The lanthanide elements located in the middle of the 6th period (Tb3+ and Dy3+) can 

show both coordination numbers as structure a and structure b. For the Tb3+ analogue, 
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obtaining one structural type or the other is discriminated by the solvent used in each 

synthesis.   

In addition, the contraction along the lanthanide series can also be observed in the Ln-O 

and Ln-N bond distances in the S-52-Eu-a and S-62-Tm-b structures. The overall Eu-O 

and Eu-N bond lengths are larger than the Tm-O and Tm-N. The Ln---Ln intramolecular 

distance, though, is larger for S-62-Tm-b (4.287 Å) compared to the S-52-Eu-a (4.000 

Å). This is because in S-52-Eu-a the Eu3+ ions are bridged, apart from the bridging 

ligand in the syn-syn coordination mode, through one oxygen atom from two chelating-

bridging carboxylate ligands which generates two Ln-O-Ln angles of 108.7º and of 

100.0º shortening in this way the Eu---Eu intramolecular distance.  

4.2.3 Luminescence properties 

 
Figure 4. 20 a), b) and c) Excitation spectra of the polycrystalline samples monitored at λem of 

1062 nm  (4F3/2→4I11/2) for S-47-Nd-a, 597 nm (4G5/2→6H9/2) for S-50-Sm-a, 615 nm (5D0→7F2) 

for S-52-Eu-a, at 546 nm (5D4→7F5) for S-54-Tb-a and S-56-Tb-b, at 574 nm for S-58-Dy-a 

and  576 nm (4F9/2→6H13/2) for S-60-Dy-b and at 975 nm (2F5/2→2F7/2) for S-64-Yb-b. d) 

Absorption spectra of all compounds measured in 1mM DCM solution and e) Comparison of 

absorption spectrum of S-52-Eu-a and bathophen ligand in a 1 mM DCM solution. 

Luminescence properties of all compounds were studied and measured in the solid state 

and in 1 mM dichloromethane (DCM) solution at room temperature. Since each 

enantiomer pair shows the same emission and excitation spectra, only the S- enantiomer 
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of each lanthanide is discussed in this section. Excitation spectra of the polycrystalline 

enantiomers were recorded at the emission wavelength (λem) of 1062 nm  (4F3/2→
4I11/2) 

for S-47-Nd-a, 597 nm (4G5/2→
6H9/2) for S-50-Sm-a, 615 nm (5D0→

7F2) for S-52-Eu-a, 

at 546 nm (5D4→
7F5) for S-54-Tb-a and S-56-Tb-b, at 574 nm for S-58-Dy-a and 576 

nm (4F9/2→
6H13/2) for S-60-Dy-b and at 975 nm (2F5/2→

2F7/2) for S-64-Yb-b, Figure 4. 

20a)-c). All the spectra show an intense and broad band around 300-400 nm that is 

assigned to the π→π* and n→π* ligand centred excitation transitions from the 

bathophen ligand. In addition, for compound S-50-Sm-a, a very weak band around 403 

nm is differentiated and it is assigned to the 6H5/2→
4F7/2 f-f transition arising from the 

Sm3+ ion. Moreover, the shoulder found in S-58-Dy-a and S-60-Dy-b spectra in the 375 

to 400 nm range could be attributed to the 6H15/2 → 6P7/2 and 6H15/2 →
6P5/2 Dy3+ centred 

f-f excitation transitions.28 Moreover, absorption spectra were recorded for all 

complexes and for the free bathophen ligand (c= 1 mM), Figure 4. 20d), e). All spectra 

show similar absorption patterns. The maxima appearing at 284 nm is assigned to the 

π→π* and n→ π* from the bathophen ligand. In the superimposed spectra of the 

bathophen free ligand, the maximum is slightly blue shifted in comparison to the S-52-

Eu-a spectrum indicating coordination to the metal.  
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Figure 4. 21 Emission spectra of S- enantiomers of compounds S-48-Nd-a to S-64-Yb-b. The 

polycrystalline samples were excited at the λexc of  355, 354, 355, 355, 360, 360, 356 and 359 

nm for S-50-Sm-a, S-52-Eu-a, S-54-Tb-a, S-56-Tb-b, S-58-Dy-a, S-60-Dy-b, S-48-Nd-a and 

S-64-Yb-b respectively whereas the 1mM DCM solutions were excited at a λexc of 284 nm. 

To measure the emission spectra, solid state samples were excited at the excitation 

wavelength (λexc) of 355, 354, 355, 355, 360, 360, 356 and 359 nm for S-50-Sm-a, S-

52-Eu-a, S-54-Tb-a, S-56-Tb-b, S-58-Dy-a, S-60-Dy-b, S-48-Nd-a and S-64-Yb-b, 

respectively. Emission spectra of the DCM solutions were monitored at λexc of 284 nm 

for all compounds. Excitation at the respective λexc, resulted in emission of the predicted 

lanthanide f-f transitions within the visible and nIR range. Besides, characteristic red 

and green luminescence colours of Eu and Tb-based systems respectively could be seen 

by the naked eye. For a more accurate comparison of their luminescence, emission 

spectra of the S-54-Tb-a/ S-56-Tb-b and S-58-Dy-a/S-60-Dy-b pairs were monitored in 

the same exact conditions. The expected profiles were recorded in all cases, with some 

differences in the polycrystalline and solution samples, except for S-58-Dy-a and S-60-
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Dy-b, where no significant emission was observed in solution. Moreover, luminescence 

properties of S-62-Tm-b are not discussed as its emission spectra is entirely dominated 

by ligand emission. Emission bands exhibited by the former lanthanide complexes are 

given in Figure 4. 21.  

Excitation of S-50-Sm-a led to emission bands at 563, 597, 644 and a very weak one at 

705 nm, Figure 4. 21a). This bands correspond to the Sm3+ centred emission transitions 

from the 4G5/2 emitting energy level to the 6HJ ground state where J is 5/2, 7/2, 9/2 and 

11/2 respectively. Residual emission from the ligand, which becomes more prominent 

in DCM solution, is detected at 450-500 nm indicating rather low sensitization 

efficiency for the S-50-Sm-a.  

The expected Eu3+ bands corresponding to the 5D0→
7FJ=0-4 are distinguished after 

excitation of S-52-Eu-a, Figure 4. 21b). The forbidden transition (ΔJ=0) appears as a 

sharp, low-intense band at 581 nm. For the J ground state 7F0, the splitting due to crystal 

field perturbation is 1. Hence, any splitting of the emission band associated to the 0→0 

transition suggests the presence of more than one Eu3+ emitting centre, each with 

different environment. In the crystal structure of the dinuclear S-52-Eu-a compound, 

there are two Eu3+ ions that are crystallographically independent, though each have the 

same chemical environment, and both present the same coordination geometry (CShM 

value is the same). Therefore, compound S-52-Eu-a shows one Eu3+ emitting centre 

with a single 0→0 emission band. The magnetically allowed 5D0→
7F1 transition, with 

intensity independent of the environment, arises at 594 nm and it is split into two 

components due to crystal field perturbation. Furthermore, the most intense band 

located in the red range at 615 nm is assigned to 5D0→
7F2 and it is mostly responsible 

for the red emission colour of S-52-Eu-a. The splitting of the hypersensitive band 

suggests that the lanthanide ion does not occupy an inversion symmetry site inside the 

structure found in solid and in solution samples. Finally, the broader band at 701 nm 

which also appears split due to crystal field perturbation, is assigned to 5D0→
7F4 

transition.8 

S-54-Tb-a and S-56-Tb-b polycrystalline powders show the bands arising from the f-f 

Tb3+ transitions at 491, 546, 585 and 623 nm which are assigned to 5D4→
7FJ=6-3 for both 

samples. As can be seen in the superimposed spectra (Figure 4. 21d) S-54-Tb-a and S-

56-Tb-b luminescence present significant differences. The S-54-Tb-a signals are more 
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intense than the corresponding to the S-56-Tb-b isomer, as it is also seen for the 

measured Quantum Yields (see below). Besides, for S-Tb-b, the bands corresponding to 

5D4→
7F4 and 5D4→

7F3 transitions are split due to crystal field perturbation and the 

5D4→
7F3 band is higher in intensity than the 5D4→

7F4 which it is not usually seen. 

Furthermore, spectra of both, S-54-Tb-a and S-56-Tb-b, show the same pattern when 

they are found in DCM solution (Figure 4. 21e) and at the same time the two spectra are 

different from the polycrystalline sample suggesting that the dinuclear unit is probably 

not maintained when S-54-Tb-a and S-56-Tb-b are dissolved in DCM.  

As for the Dy-based systems, when exciting the polycrystalline S-58-Dy-a and S-60-

Dy-b samples at the corresponding ligand excitation wavelengths, very weak emission 

corresponding to the Dy3+ luminescence could be measured, Figure 4. 21c. Weak bands 

at 481 and 574 nm can be discerned corresponding to the 7F9/2→
6H15/2 and 7F9/2→

6H13/2 

transitions. Emission spectra are mainly governed by a more intense and broader band 

in the blue range (400-450 nm) corresponding to ligand emission. Superimposed spectra 

reveal that the emission of S-58-Dy-a is slightly more intense than S-60-Dy-b, 

following the same trend as the Tb3+ counterparts. For S-58-Dy-a and S-60-Dy-b in 

DCM solution the luminescence is totally quenched, and just emission from the ligand 

could be detected (spectra not shown). 

Regarding the nIR emitters, after excitation of S-48-Nd-a powder to the ligand 

absorption wavelength, f-f transitions from the emission of the Nd3+ ion are clearly 

recognized, Figure 4. 21f). The more intense band arising at 1061 nm is assigned to 

4F3/2→
4I11/2 whereas the two less intense bands at 886 and 1339 nm correspond to 

4F3/2→
4I9/2 and 4F3/2→

4I13/2 transitions.  

Finally, the expected luminescence band from the Yb3+ ion is induced after excitation of 

S-64-Yb-b at 359 nm. The band appearing at 976 nm concerns to the 2F5/2→
2F7/2 

transition and it appears split due to crystal field perturbation.7a 

In all compounds, the emission spectra in solution are slightly different compared to the 

polycrystalline spectra. This may indicate a change in the lanthanide coordination 

environment due to solvation effects therefore the stability of these compounds in 

solution should be considered. 
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For instance, regarding europium’s pure magnetic dipole and electric dipole nature of 

the 5D0→
7F1 and 5D0→

7F2 transitions respectively, some structural information can be 

obtained from its luminescence spectra. The integrated areas of 5D0→
7F1 band to the  

5D0→
7F2 band ratio (0→1/0→2) provides information about the symmetry around the 

Eu3+ environment and it is also often employed to compare the intensity of 

hypersensitive transitions among different Eu3+ compounds.8 For the polycrystalline 

sample S-52-Eu-a, the ratio value is 0.3 while in solution it changes to 0.2 indicating 

that a slight change is produced around the Eu3+ site on dissolving the sample into DCM 

solution. Furthermore, spectra of S-54-Tb-a and S-56-Tb-b appear to be identical when 

they are found in DCM solution, as already mentioned, suggesting that the dinuclear 

unit is not maintained. Instead, a new compound, probably a mononuclear system, is 

found and perhaps equilibrium of different species is active in this medium. Because 

good luminescence properties remain in the solution samples, the solvated systems 

could correspond to a molecular system where the S-2-PhBut ligand is till coordinated 

to the Ln3+ cation to maintain the neutral charge and at least one chromophore 

bathophen molecule is also coordinated to the metal. Hence excitation at the ligand 

absorption wavelength induces the Ln3+ characteristic emission, also in DCM solution. 

In addition, residual ligand emission was observed in S-54-Tb-a and S-56-Tb-b spectra, 

pointing to back transfer energy from the Tb3+ emitting level to the triplet state of the 

ligand or a possible equilibrium between the free ligand and the lanthanide complex. 

There is no evidence trend on red or blue shifting of the emission bands in solid respect 

to the DCM solution ones. Moreover, 1H-NMR spectra of S-52-Eu-a and S-56-Tb-b in 

deuterated DCM solutions were measured, Figure APX.X.1. The spectra are poorly 

resolved, and one can obtain only limited information. It is clear that the compounds go 

through a dynamic equilibrium between species of different geometries with possible 

exchange of bathophen ligand between a linked and a free form. On the contrary, the 

chiral carboxylate ligand appears mostly bonded to the Ln in both cases.  

All things considered, excitation at the ligand absorption wavelengths resulted in the 

expected emission bands corresponding to the distinctive f-f transitions from each 

lanthanide ion for the Eu3+, Tb3+, Nd3+ and Yb3+ solid samples. Additionally, no 

emission from the ligands is sensed above 500 nm, showing that energy transfer from 

the excited states of the organic moieties towards the lanthanide(III) emitting energy 

level, the antenna effect, occurs for such Ln3+ coordination compounds.7a As for S-50-
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Sm-a, the anticipated luminescence from the Sm3+ ion was recorded but also emission 

from the ligand was observed. The same is observed for the Tb-based compounds (S-

54-Tb-a and S-56-Tb-b) in 1 mM DCM solutions, indicating back transfer energy or 

equilibrium between the free ligand and the lanthanide complex. However, for the S-58-

Dy-a, S-60-Dy-b and S-62-Tm-b analogues, the excited level of the ligand moieties is 

not in resonance with the Dy3+ and Tm3+ emitting energy level leading to ligand 

emission and weak luminescence from the Ln3+ symmetry forbidden f-f transitions. In 

addition, observed differences exist between the polycrystalline spectra and the DCM 

solution spectra, suggesting a structural change in solution that could involve the 

dissociation of the dinuclear entity. 

In addition, the overall photoluminescence quantum yields (𝜙𝐿𝑛
𝐿 ) and luminescence 

lifetimes (τobs) were measured for both, polycrystalline and solution samples at room 

temperature, of compounds showing higher emission intensity: S-51-Eu-a, S-53-Tb-a 

and S-56-Tb-b samples. The results are presented in Table 4. 8. 

Table 4. 8 Overall quantum yields and luminescence lifetime of compounds S-52-Eu-a, S-54-

Tb-a and S-56-Tb-b measured in polycrystalline samples (𝜙𝐿𝑛
𝐿  polycryst and τobs polycryst) and DCM 

solutions (𝜙𝐿𝑛
𝐿  DCM and τobs DCM). Samples were excited at the corresponding λexc. a Value not 

recorded due to too low τobs. 

 𝝓𝑳𝒏
𝑳  polycryst 𝝓𝑳𝒏

𝑳
 solution τobs polycryst 

(ms) 

τobs solution 

(ms) 

S-51-Eu-a 0.71 0.31 1.90 1.80 

S-53-Tb-a 0.10 0.015 0.40 a 

S-56-Tb-b 0.05 0.015 0.30 a  

 

Figure 4. 22 Lifetime curves of compounds S-51-Eu-a, S-53-Tb-a and S-56-Tb-b. Solid lines 

represent the mono-exponential fit. 
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S-51-Eu-a is the compound showing the highest 𝜙𝐿𝑛
𝐿  which is about 2-fold in the 

polycrystalline sample compared to DCM solution. Also, S-51-Eu-a shows the longest 

luminescence lifetime (τobs) among the presented compounds. Comparing S-54-Tb-a 

and S-56-Tb-b complexes, S-54-Tb-a showed higher luminescence intensity when 

comparing the emission spectra of the polycrystalline samples. This trend is also 

corroborated with the measured 𝜙𝐿𝑛
𝐿  , where S-56-Tb-b quantum yield was reduced to 

the half compared to S-54-Tb-a. While for the 1 mM DCM Tb3+ samples, the measured 

𝜙𝐿𝑛
𝐿  turned out to be the same for both, S-54-Tb-a and S-56-Tb-b, suggesting once 

more that the hinted Ln3+ compounds go through a structural change due to solvating 

effects and when the Tb polycrystalline complexes dissolve, whether it is structure a or 

structure b, the final arrangement found in solution is the same. In addition, τobs polycryst 

of S-54-Tb-a is slightly greater than S-56-Tb-b.  

All decay curves could be fitted by a monoexponential decay law following 𝐼(𝑡) =

𝐼0 exp (−
𝑡

𝑡𝑜𝑏𝑠
), Figure 4. 22. The presence of a single decay time component, τobs, for 

the former compounds is suggestive of a single radiative deactivation process, both in 

the solid state and in solution. Interestingly, in the dinuclear compounds derived from 

the R/S-2-PhBut and phen ligands found in the literature, showing the [Ln2(-R/S-2-

PhBut)4(R/S-2PhBut)2(phen)2] formula, the measured 𝜙𝐿𝑛
𝐿  were 0.46 and 0.35 for the 

Eu3+ and Tb3+ polycrystalline samples, respectively.2 Replacing the phen to bathophen 

(in this work), 𝜙𝐿𝑛
𝐿  increases up to 0.71 for the Eu3+ derivative. However, for the Tb3+ 

derivatives the 𝜙𝐿𝑛
𝐿  decreased notably for the compound with the bathophen ligand. 

This suggests that bathophen has lower sensitization efficiency for terbium cation 

compared to phen molecules. 

In addition, more information concerning the sensitization mechanism of S-51-Eu-a can 

be extracted from the spectroscopic data. 𝜏𝑟𝑎𝑑
⬚  is consistent with the luminescence 

lifetime in absence of non-radiative deactivation and it is different from each 

compound, since it depends on the Eu3+ environment and on the refractive index of the 

medium in which the emitting sample is found. The radiative lifetime (𝜏𝑟𝑎𝑑
⬚ ) from the 

5D0 emissive state can be calculated from the corrected emission spectrum of S-51-Eu-a 

compound by means of a simplified equation (Equation 1.8).9,29 Just for the Eu3+ ion, 

we can avoid going through the tedious process of calculating spontaneous emission 
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coefficients from Judd-Ofelt parameters given the pure magnetic dipole nature of 

5D0→
7F1 transition. For S-51-Eu-a in the polycrystalline sample, 𝜏𝑟𝑎𝑑

⬚  is 2.29 ms and 

3.40 ms in the DCM solution. Then the intrinsic quantum yield (𝜙𝐿𝑛
𝐿𝑛) is 0.82 and 0.52 

for the solid and solution samples respectively. Moreover, the sensitization efficiency 

(ηsens) is described as the amount of energy absorbed by the ligands that is transferred to 

the excited state of the lanthanide ion. It assumes a significant role in the overall 

quantum yield defined as 𝜙𝐿𝑛
𝐿 = 𝜂𝑠𝑒𝑛𝑠 · 𝜙𝐿𝑛

𝐿𝑛. Hence, the ηsens results of 0.86 in 

polycrystalline powder and of 0.60 in DCM solution determining a rather efficient 

sensitization effect from the ligand moieties to the Eu3+ emitting energy level specially 

when S-51-Eu-a is found as a polycrystalline sample. Moreover, if the dinuclear Eu3+ 

coordination compound S-51-Eu-a remained after dissolving it in the 1 mM DCM 

solution, the relation 𝜏𝑟𝑎𝑑−𝐷𝐶𝑀
⬚ =

𝑛𝑝𝑜𝑙𝑦𝑐𝑟𝑦𝑠𝑡.
3

𝑛𝐷𝐶𝑀
3 𝜏𝑟𝑎𝑑−𝑝𝑜𝑙𝑦𝑐𝑟𝑦𝑠𝑡.

⬚  ratio should be obeyed and 

𝜏𝑟𝑎𝑑−𝐷𝐶𝑀
⬚  would yield 2.80 ms. However, the calculated 𝜏𝑟𝑎𝑑−𝐷𝐶𝑀

⬚  from the corrected 

emission spectra is 3.4 ms. The former fact suggests that the system found in solution 

differs from the one in the polycrystalline sample.9 

4.2.4 Circular dichroism (CD) and Circular polarized 

Luminescence measurements (CPL). 

Chiroptical studies were performed for the Eu3+, Tb3+ and Dy3+ analogues. Circular 

Dichroism measurements were carried out in solid state in polycrystalline samples 

dispersed into a KBr matrix. CD spectra of powder samples turned out to be very weak 

and it was not possible to derive a significant interpretation. Mirror images could be 

discerned only for the S-54-Tb-a and S-56-Tb-b enantiomeric pair in the 210 to 400 nm 

range assigned to absorption of the ligand moieties, Figure 4. 23a).  
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Figure 4. 23 Circular Dichroism spectra of compounds a) S-54-Tb-a and S-56-Tb-b measured 

in the solid state and of compounds b) R-51-Eu-a and S-52-Eu-a c) R-53-Tb-a, S-54-Tb-a, R-

55-Tb-b and S-56-Tb-b and d) R-57-Dy-a, S-58-Dy-b, R-59-Dy-b and S-60-Dy-b compounds 

measured in 1 mM DCM solution. 

Nevertheless, the spectrum shows rather weak Cotton effects. For the presented 

dinuclear complexes, bathophen ligands coordinating the lanthanide ion are quasi-

coplanar in the crystal lattice, defining an overall low dissymmetry to the final 

compound, leading to the absence of significant exciton coupling. In addition, CD 

spectra were measured in 1 mM DCM solution for all the compounds. The dinuclear 

lanthanide entities undergo a structural change, as was already observed in the 

luminescence studies, probably forming a mononuclear arrangement with both, the 

enantiopure R/S-2-PhBut and bathophen ligands, coordinated to the lanthanide ion. The 

new species formed in DCM solution acquire higher dissymmetry, hence stronger CD 

spectra are obtained, Figure 4. 23b), c) d). Mirror image spectra are obtained for the 

enantiomer pairs of the complexes in the bathophen absorption wavelength, indicating 

that the chirality of R/S-2-PhBut ligand is transferred to the chromophore bathophen.  

Circular Polarized Luminescence spectra were measured in solid state and 1 mM DCM 

solutions for compounds showing higher luminescence emission intensity: the R-51-Eu-

a and S-52-Eu-a, R-53-Tb-a and S-54-Tb-a, R-55-Tb-b and S-56-Tb-b enantiomeric 

pairs at the excitation wavelength of 365 nm for solid and 254 nm for 1 mM DCM 

solution. The solid samples were dispersed in a quartz plate, from a suspension in n-
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pentane, considering that the compounds are not soluble in such solvent. Solid 

deposition of compounds R-51-Eu-a and S-52-Eu-a show rather weak but measurable 

mirror image signals for the 5D0→
7F1 and 5D0→

7F2 transitions, Figure 4. 24a. Due to the 

weak and noisy spectra obtained for the polycrystalline R-51-Eu-a and S-52-Eu-a pair, 

a reliably dissymmetry factor, 𝑔𝑙𝑢𝑚, could not be extracted from CPL data. R-55-Tb-b 

and S-56-Tb-b were measured only for the most intense emission band corresponding 

to terbium(III)’s 5D4→
7F5 transition. Three components with opposite sign (+, -, + for 

the S- enantiomer) can be distinguished Figure 4. 24b. The dissymmetry factor could be 

quantified and for the more intense component of Tb 5D4→
7F5 transition 𝑔𝑙𝑢𝑚 = ∆𝐼/𝐼 

approximately equal to ± 2∙10-3 was found (+ for S-Tb-b), Figure APX.X.2. Meaningful 

CPL spectra could not be measured for the R-53-Tb-a and S-54-Tb-a enantiomeric 

pair. 

 

Figure 4. 24 a) Top, S-52-Eu-a emission of 5D0→7F1 and 5D0→7F2 transitions. Bottom, solid 

state CPL spectra for R-51-Eu-a and S-52-Eu-a complexes on a quartz plate deposition, b) Top, 

S-56-Tb-b emission of 5D4→7F5 transition. Bottom, solid state CPL spectra of R-55-Tb-b and 

S-56-Tb-b complexes on a quartz plate deposition. 

CPL spectra of the 1 mM DCM solutions of Eu3+ and Tb3+ complexes were measured. 

Under such conditions, CPL spectra are significantly different form the ones measured 

in powder depositions. Following the same fashion as the CD spectra, CPL 

measurements of R-51-Eu-a and S-52-Eu-a, R-53-Tb-a and S-54-Tb-a, R-55-Tb-b and 

S-56-Tb-b DCM solutions were more intense and clearer. Well resolved mirror image 

spectra were obtained for the R-51-Eu-a and S-52-Eu-a enantiomeric pair, where all the 

bands can be distinguished, Figure 4. 25a). The most intense band, as usually happens 

in CPL spectra of luminescent Eu3+ compounds, was the pure magnetic dipole 5D0→
7F1 
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transition. It is split into two components with opposite sign (+ and - for the R- 

enantiomer) corresponding to the mj=±1 and 0 states generated by crystal field 

perturbation. The 𝑔𝑙𝑢𝑚 factors obtained for R-51-Eu-a and S-52-Eu-a pair range ±0.03 

(+ for R-51-Eu-a) and ±0.02 (+ for S-52-Eu-a) for the most intense component of 

5D0→
7F1 and 5D0→

7F3 transitions, respectively and ±8‧10-4 (+ for R-51-Eu-a) for the 

electric dipole 5D0→
7F2 transition, Figure APX.X.3. On the other hand, DCM solutions 

of Tb-based systems also presented well resolved CPL bands, Figure 4. 25b). R-55-Tb-

b and S-56-Tb-b pair shows mirror image spectra where the band arising from 5D4→
7F5 

transition clearly stands out among the others. It presents three components, each with 

alternated different sign (-, + and - for the S- enantiomer). Interestingly, the sign of 

crystal field components of this band is the opposite for the CPL measurement in solid 

state of the R-55-Tb-b and S-56-Tb-b pair. The 𝑔𝑙𝑢𝑚 value for the most intense 

component of the 5D4→
7F5 transition is ±0.03 (- for the S- enantiomer), Figure 

APX.X.4. DCM solutions of R-53-Tb-a and S-54-Tb-a showed the same CPL 

properties evidencing that the species obtained in solution were the same for both 

compounds regardless of the structure of the crystal phase (structure a or structure b), 

Figure 4. 25b) bottom). Similar CPL properties are found for other reported Eu3+ and 

Tb3+ polynuclear compounds measured in the solid state and in solution.11,12,30,31 

 

Figure 4. 25 CPL of 1 mM DCM solutions of compounds a) R-51-Eu-a and S-52-Eu-a and b) 

R-55-Tb-b, S-54-Tb-b and R-53-Tb-a. Black line in both figures shows the emission spectra of 

each luminescent compound. 
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4.2.5 Magnetic properties 

Direct current (dc) magnetic susceptibility studies 

Direct current magnetic susceptibility (M) and magnetization (M) experiments were 

carried out primarily for the R- enantiomers on the polycrystalline samples, as S- and R- 

enantiomers are expected to exhibit identical magnetic properties. The M measurements 

were carried out under an external direct current (dc) magnetic field of 0.3 T in the 2-

300 K temperature range. The MT dependence with T plots are presented in Figure 4. 

26a) and b). At room temperature (300 K) the MT values are 3.08, 2.18, 2.78, 23.17, 

23.34, 28.48, 28.24, 14.45 and 4.78 cm3mol-1K for R-47-Nd-a, R-49-Sm-a, R-51-Eu-a, 

R-53-Tb-a, R-55-Tb-b, R-57-Dy-a, R-59-Dy-b, R-61.Tm-b and R-63-Yb-b 

respectively. For two isolated Ln3+ cations, the calculated MT values are: 3.28 cm3mol-

1K for Nd3+ ground state 4I9/2 and gj=8/11; 0.18 cm3mol-1K for Sm3+ ground state 6H5/2 

and gj=2/7; 0 cm3mol-1K for Eu3+ ground state 7F0; 23.64 cm3mol-1K for Tb3+ ground 

state 7F6 and gj=3/2; 28.34 cm3mol-1K for Dy3+ ground state 6H15/2 and gj=4/3, 7.15 

cm3mol-1K for Tm3+ ground state 3H6 and gj=7/6 and 5.14 cm3mol-1K for Yb3+ ground 

state 2F7/2 and gj=8.7.7a 

 
Figure 4. 26 a) χMT vs T plots, measured under an external magnetic dc field of 0.3 T, of 

compounds R-53-Tb-a, R-55-Tb-b, R-57-Dy-a, R-59-Dy-b and R-61-Tm-b and b) χMT vs T 

plots, measured under an external magnetic dc field of 0.3 T, of compounds R-47-Nd-a, R-49-

Sm-a, R-51-Eu-a and R-63-Yb-b and c) M vs the magnetic field plots measured at 2K for all 

compounds. 
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The experimental MT values at room temperature obtained for R-47-Sm-a and R-51-

Eu-a compounds are noticeably larger than the calculated ones. The electronic ground 

state 6H, of a Sm3+ ion and 7F, of an Eu3+ ion, in a coordination compound, split due to 

spin-orbit coupling by 6HJ=5/2-15/2 and 7FJ=0-6, J states respectively. The parameter (λ) 

defining the spin orbit coupling energy gap between the ground and excited J states is 

rather small, around 200 cm-1 for Sm3+ and 300 cm-1 for Eu3+ ion. Because of these 

smaller λ values, excited J states are closer in energy, and these are found thermally 

populated at room temperature. Thus, the MT value at 300 K is higher than the 

calculated one which only considers the population of the 6H5/2 and 7F0 ground states 

(for Sm3+ and Eu3+ respectively). The decrease of the MT values on cooling the sample 

is due to thermal depopulation of the excited J states of these ions. At 2 K, MT value of 

R-51-Eu-a is 0.01 cm3mol-1K confirming that at low temperature the non-magnetic 

ground state (J=0) is stabilized.16,17 

The MT vs T plots of compounds R-47-Nd-a and R-63-Yb-b, decrease gradually on 

cooling the samples. The continuous diminution is ascribed to a progressive thermal 

depopulation of the excited mj doublets, generated by the crystal field perturbation. At 

the limit temperature of 2 K the MT values are 1.12 and 2.69 cm3mol-1K, for R-47-Nd-

a and R-63-Yb-b respectively, where apparently only the mj ground state is populated.16 

Regarding the polycrystalline samples R-53-Tb-a, R-55-Tb-b, R-57-Dy-a, R-59-Dy-b 

and R-61-Tm-a, the MT vs T curves show similar behaviour. The MT magnetic 

susceptibility values stay practically constant on lowering the temperature down to ~50 

K. Below this temperature, MT drop suddenly to 15.69, 11.34, 19.34, 21.39, 12.13 

cm3mol-1K respectively at 2 K. The decrease of MT is attributed to thermal 

depopulation of the excited ±mj states of the ground J state. Different trends are 

observed when comparing structures type a and b of those lanthanides that present both 

structure types (Tb3+ and Dy3+). At the lowest temperature limit, sample R-55-Tb-b 

drop to smaller MT values compared to R-53-Tb-a while R-57-Dy-a decreases more 

compared to R-59-Dy-b. The difference of the decrease in MT vs T curves between 

structure a and b could be attributed to one or a combination of different phenomena. 

First, due to thermal depopulation of the excited mj doublets (of the ground J state) 

generated by the crystal field perturbation. Second, due to weak antiferromagnetic 

coupling between the Ln3+ centres though the contracted nature of 4f electrons in 
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lanthanide (III) ions make magnetic exchange coupling interactions rather weak. Third 

due to dipolar interactions between the molecules of the crystal lattice. For the former 

compounds, the lanthanide ions in the dinuclear molecules are separated by 4.000 and 

4.287 Å (for the S-52-Eu-a and S-62-Tm-b single crystal structures respectively).7a,32 

Magnetization dependence with applied magnetic field curves monitored at 2 K for the 

former compounds are depicted in Figure 4. 26. Magnetization increases suddenly on 

applying an external magnetic field from 0 to ~1 T. The compounds do not show 

saturation of the magnetization while for S-52-Eu-a, the magnetization value at 2 K is 

maintained at 0 NμB, as expected. 

Alternating current (ac) magnetic susceptibility studies 

Furthermore, alternating current (ac) magnetic susceptibility measurements, under an 

oscillating 4·10-4 T magnetic field, were carried out for compounds R-47-Nd-a, R-49-

Sm-a, R-53-Tb-a, R-55-Tb-b, R-57-Dy-a, R-59-Dy-b, R-61-Tm-b and R-63-Yb-b. 

The samples containing Dy3+, Nd3+ and Yb3+ showed slow relaxation of the 

magnetization. 

Concerning Dy-based compounds, magnetic behaviour is quite different when varying 

from structure a (R-57-Dy-a) to structure b (R-59-Dy-b). At a 0 T direct current (Hdc) 

magnetic field, ac response of R-57-Dy-a was absent, while R-59-Dy-b showed maxima 

of the out-of-phase magnetic susceptibility component (χM’’) in the 1.8 to 6.5 K 

temperature range and therefore Single Molecule Magnet (SMM) behaviour, Figure 4. 

27a). Compound R-57-Dy-a showed slow relaxation of magnetization just under a Hdc 

of 0.1 T. 
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Figure 4. 27 a) and d) χM’’ vs T plots of R-59-Dy-b measured at a Hdc of 0 and of 0.06 T, 

respectively. The continuous lines are a guide to the eye b) and e) χM’’ vs ν plots of R-59-Dy-b 

measured at a Hdc of 0 and of 0.06 T, respectively. Continuous black lines are the fitting to the 

Generalized Debye model and c) and f) are the representation in the Cole-Cole plots of R-59-

Dy-b measured at a Hdc of 0 and of 0.06 T, respectively. Continuous black line is the fitting to 

the Generalized Debye model. 

The plot of χM’’ with the oscillating frequency of R-59-Dy-b at Hdc= 0 T, is presented in 

Figure 4. 27b). First, on increasing the temperature, χM’’ maxima remain almost 

constant. While upon heating the sample until 7 K, the peaks move progressively to 

higher frequencies. Above this temperature ac response is not observed anymore. The 

Cole-Cole plot (χM’ vs χM’’ representation) in Figure 4. 27c) shows non-symmetric 

semicircles that can be fitted with the one component Generalized Debye model 

described by the Casimir-Dupré function, Equation 1.32.33 The fitting leads to α values 

that remain almost constants along all the temperature range: 0.27 to 0.28. The extracted 

relaxation times with temperature (ln(τ) vs T-1) are depicted in Figure 4. 28. 

Interestingly, in the ln(τ) vs T-1 curve no clear linear trend is discerned in the high 

temperature range suggesting that the spin relaxation of the R-59-Dy-b system does not 

take place through the thermally activated Orbach mechanism. The Orbach spin-lattice 

relaxation takes place through an effective energy barrier from the ground ±mj state 

through a real excited state by a series of phonon absorption and emission processes and 

it is described by an Arrhenius law, Equation 4.3. Normally, the Orbach process takes 
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place at the higher temperature range since the system needs enough energy to surpass 

the whole energy barrier.23 

𝜏−1 = 𝜏0
−1exp (

−𝛥𝐸

𝑘𝐵𝑇
)    Equation 4.3 

𝜏−1 = 𝐶𝑇𝑛 + 𝐴𝑇                                   Equation 4.4 

𝜏−1 = 𝜏0
−1 exp (

−𝛥𝐸

𝑘𝐵𝑇
) + 𝐴𝑇                  Equation 4.5 

By using such equation in the higher temperature range of the R-59-Dy-b ln(τ) vs T-1 

curve, the obtained activation energy is 9.19 cm-1 and τ0 = 4.77‧10-5 s, therefore we 

could stand for the idea that the over barrier mechanism is not prevailing for this 

relaxation process, Figure APX.X.5.34 Nonetheless, it could be possible that for R-59-

Dy-b the relaxation of the magnetization is taking place in the low energy vibrational 

structure (through less energetic acoustic phonons) through the Raman mechanism as 

already experienced in other Dy-based systems showing slow relaxation of the 

magnetization.35,36 

𝜏−1 = 𝐶𝑇𝑛 + 𝜏𝑄𝑇𝑀
−1

⬚
               Equation 4.6 

The best fit of the ln(τ) vs T-1 curve was obtained when Raman and Quantum 

Tunnelling of the magnetization (QTM) spin relaxation mechanisms (Equation 4.6) 

were considered, and the obtained parameters are C = 28.6 s-1K-n with n = 2.4 for 

Raman and 𝜏𝑄𝑇𝑀= 0.0097 s for QTM processes, Figure 4. 28. A compilation of the 

fitted parameters obtained from the equations that describe the different relaxation 

mechanisms for the presented compounds is found in Table 4. 9. 
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Figure 4. 28 ln(τ) vs T-1 plots of R-59-Dy-b obtained at Hdc = 0 T, R-59-Dy-b obtained at Hdc = 

0.06 T and R-57-Dy-a obtained at Hdc = 0.1 T. Continuous lines represent the best fit according 

to Raman + QTM equations for R-59-Dy-b at Hdc = 0 T, Raman for R-59-Dy-b at Hdc = 0.06 T 

and Orbach + Direct equations for R-57-Dy-a at Hdc = 0.1 T. 

Furthermore, the field dependence of χM’’ measured at 3.5 K shows that for R-59-Dy-b 

maxima shift to lower oscillating frequencies with the application of a dc magnetic 

field. The relaxation of the magnetization times with respect to a static magnetic field 

reach the highest value at the optimal field of 0.06 T, Figure 4. 29a). At Hdc = 0.06 T, 

χM’’vs ν maxima start to appear at lower frequencies compared to the Hdc = 0 G 

measurement, Figure 4. 27e). Also, the temperature range in which χAC signal appears is 

higher (2.5-9 K) than in the 0 T magnetic measurement. The χM’’ peaks move 

progressively to higher oscillating frequencies on increasing the temperature suggesting 

that spin relaxation of R-59-Dy-b, at Hdc =0.06 T, takes place through a thermal 

dependent mechanism along all the temperature range and that by applying the external 

Hdc, the fast QTM is reduced or even removed. The Cole-Cole plots were fitted with the 

one component Generalized Debye model, Figure 4. 27f). The α parameter remains in a 

range of smaller values compared to the Hdc = 0 G measurement and it also stays 

constant along all the temperature range varying from 0.011 to 0.014, indicating that the 

width distribution of the relaxation times diminishes on applying a dc magnetic field for 

the SMM Dy3+ compound. The ln(τ) vs T-1 plot is represented in Figure 4. 28. By fitting 

the higher temperature range data with the Arrhenius law that describes the Orbach 

mechanism, the energy barrier slightly increased to 12.2 cm-1 (τ0=4.98‧10-6s) compared 

to the Hdc=0 T measurement, Figure APX.X.5. However, the best fit of the curve is 

obtained when only the equation corresponding to the Raman relaxation mechanism 

(first part of Equation 4.6) is used and the obtained parameters are C = 1.2 s-1K-n with n 
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= 4, Figure 4. 28. The fast QTM is removed by applying the external magnetic field. α 

values obtained from the Cole-Cole magnetic data are practically 0. Thus, the narrow 

distribution of relaxation times agrees with the fact that at Hdc = 0.06 T relaxation of the 

magnetization of compound R-59-Dy-b is mainly governed by one process with one 

mechanism, Raman in this case. 

Table 4. 9 Compilation of the fitted parameters obtained from the different equations that 

describe the different relaxation of the magnetization mechanisms for compounds presenting 

slow relaxation of the magnetization: R-47-Nd-a, R-57-Dy-a, R-59-Dy-b and R-63-Yb-b. 

 Orbach Raman Direct QTM 

 𝛥𝐸/cm-1(K) τ0/s C/s-1K-n n A/s-1K-1 𝜏𝑄𝑇𝑀 

R-47-Nd-a   0.8 6.4 435.9  

R-57-Dy-a 23.5 (33.7) 3.2‧10-10   1425.0  

R-59-Dy-b 

Hdc=0G 

  28.6 2.4  0.0097 

R-59-Dy-b 

Hdc=500G 

  1.2 4.1   

R-63-Yb-b   1.26 5.7 126.5  

 

 
Figure 4. 29 Relaxation of the magnetization times dependency with static magnetic field 

measured at a) 3.5 b) 2.0 c) 2.5 and d) 2.0 K for R-59-Dy-b, R-57-Dy-a, R-63-Yb-b and R-47-

Nd-a, respectively. 
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Furthermore, as previously mentioned, compound R-57-Dy-a showed slow relaxation of 

the magnetization under an external magnetic dc field. Field dependent measurements at 

2 K showed that τ is the greatest when the Hdc field is 0.07 T, Figure 4. 29b). The in-

phase and out-of-phase magnetic susceptibility measurements of R-57-Dy-a were 

monitored at a Hdc of 0.1 T. R-57-Dy-a showed maxima of the χM’’ component in a 

small temperature range of 2-3.1 K, Figure 4. 30a). Cole-Cole plots (χM’’ with χM’ 

representation), Figure 4. 30b), show non-symmetric semicircles that become 

incomplete on increasing the temperature. The plots were successfully fitted to the one 

component generalized Debye model, leading to α values in the range of 0.008 (at 2 K) 

to 0.2 (at 3.1 K) indicating that the width of distribution of magnetization relaxation 

times increases with increasing temperature. The semi-log representation of τ with T-1 is 

showed in Figure 4. 28. At the higher temperature range, few points follow a linear 

trend. The ln(τ) vs T-1 curve of R-57-Dy-a compound was fitted considering only the 

Orbach mechanism in the higher temperature range thus leading to an effective energy 

barrier of 18.9 cm-1 (27.2 K) and a pre-exponential factor (τ0) of 2.59‧10-9 s. However, 

the linear trend is not followed in all the temperature range. The equation that fit best 

the magnetic data of R-57-Dy-a are the ones that combines the Orbach (followed in the 

higher temperature range) and Direct (appears on cooling the sample) relaxation of the 

magnetization mechanisms, Equation 4.5. The values from the fit are 𝛥𝐸 = 23.5 cm-1 

(33.7 K) and τ0 of 3.2e-10 s for Orbach and A = 1425.0 s-1K-1 for Direct. Though 𝛥𝐸 of 

R-57-Dy-a system is larger compared to the one calculated for R-59-Dy-b, still, it is 

quite low. To verify if R-57-Dy-a magnetization is relaxing through the Orbach 

mechanism, ab initio calculation should be performed to know the energy difference 

between ±mj ground and excited states in R-59-Dy-b. With such low energy barrier, 

Raman relaxation could be prevailing in the relaxation mechanism though, in this case, 

no successful fit could be obtained by using the equation describing only this 

mechanism. Moreover, the temperature range in which R-57-Dy-a is showing ac 

response is very short (around 1 K) therefore it is difficult to interpret τ tendency with 

temperature since few empirical data are obtained.  
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Figure 4. 30 a) χM’’ vs T plot of R-57-Dy-a measured at a Hdc of 0.1 T. The red continuous line 

is a guide to the eye b) χM’’ vs ν plots of R-57-Dy-a measured at a Hdc of 0.1 T. Continuous 

black line is the fitting to the Generalized Debye model and c) representation of the Cole-Cole 

plots of R-57-Dy-a measured at a Hdc of 0.1 T. Continuous black line corresponds to the fitting 

to the Generalized Debye model. 

Regarding compounds R-47-Nd-a and R-63-Yb-b, at 0 T dc magnetic field, none of 

them showed magnetic response under the alternating current field indicating that the 

relaxation of the magnetization goes through the fast QTM relaxation mechanism. A 

small magnetic field of 0.1 T is enough for both compounds to show χM’’ maxima. 

Thus, field dependence measurements at a constant temperature of 2 and 2.5 K were 

performed for R-47-Nd-a and R-63-Yb-b respectively. Relaxation of the magnetization 

times with the magnetic field reach the highest value at the optimal field of 0.15 T for 

R-47-Nd-a and of 0.2 T for R-63-Yb-b, Figure 4. 29c) and d).  
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Figure 4. 31 a) and b) χM’’ vs T plot of R-47-Nd-a and R-63-Yb-b measured at a Hdc of 0.15 

and 0.2 T respectively. The continuous lines are guide to the eye b) χM’’ vs ν plots R-47-Nd-a 

and R-63-Yb-b measured at Hdc of 0.15 and 0.2 T, respectively. Continuous black line is the 

fitting to the Generalized Debye model and c) Cole-Cole plot of R-47-Nd-a and R-63-Yb-b 

measured at a Hdc of 0.15 and 0.2 T respectively. Continuous black line is the fitting to the 

Generalized Debye model. 

Then, ac measurements at the respective optimal dc magnetic field were carried out for 

each compound. R-47-Nd-a showed maxima of the imaginary magnetic susceptibility 

component in the 2.1 to 4.8 K temperature range while the ac signal appeared in a wider 

temperature range of 2.1-6 K for R-63-Yb-b, Figure 4. 31a) and d). For both lanthanide 

compounds, χM’’ vs ν maxima move progressively to higher frequencies on increasing 

temperature as showed in Figure 4. 31b) and e). Cole-Cole plot representation shows 

semicircles that can be well fitted with the one component Debye model, Figure 4. 31c) 

and f). The collected α parameters range from 0.0035 to 0.0103 for R-47-Nd-a and from 

0.094 to 0.01 for R-63-Yb-b. α values remain close to 0 in both cases, indicating a 

narrow distribution of magnetization relaxation times.  
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Figure 4. 32 ln(τ) vs 1/T plot of R-47-Nd-a obtained at Hdc = 0.15 T and R-63-Yb-b obtained at 

Hdc = 0.2 T. Continuous lines represent to the best fit according to Raman and Direct equations 

for both compounds. 

Next, the semi-log curve representation of the extracted relaxation times with 

temperature (ln(τ) vs T-1) successfully fit to the sum of both contributions, Raman and 

Direct mechanisms with Equation 4.4, Figure 4. 32. The values of the parameters 

obtained from the best fit yielded C = 0.8 s-1K-n with n = 6.4 for Raman and A = 435.9 s-

1K-1 for Direct for R-47-Nd-a and C = 1.26 s-1K-n with n = 5.74 for Raman and A = 26.3 

s-1K-1 for Direct for R-63-Yb-b. Certainly, at the higher temperature range a linear trend 

might appear, though by fitting those data points using the Arrhenius law the obtained 

energy barrier is rather low with values of 18.2  and 18.1 cm-1 and 𝜏0 of 2.0‧10-7 and 

3.8‧10-7 s for R-47-Nd-a and R-63-Yb-b, respectively, Figure APX.X.6. Moreover, this 

linear trend is just followed in a few experimental points thus leading to a better fit 

when the equations including other relaxation mechanisms are used, in this case Raman 

and Direct. Other Yb3+ and Nd3+ compounds with slow relaxation of the magnetization 

under an external dc magnetic field showed similar behavior.34,37 

Finally, R-49-Sm-a, R-53-Tb-a, R-55-Tb-b and R-61-Tm-b polycrystalline powders 

didn’t show χM’’ dependence with neither temperature nor frequency under the 

oscillating magnetic field. 
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4.3 Conclusions 

In Chapter 4, thirty-two enantiomerically pure lanthanide coordination compounds have 

been successfully isolated and structurally characterized. Moreover, luminescence, 

chiroptical and magnetic studies were conducted. Two different families of chiral 

compounds are presented herein: first, coordination compounds derived from the 

enantiomerically pure (R/S)-(-/+)-α-Methoxyphenylacetic acid (R/S-HMPA) and 1,10-

phenantroline (phen) and second, coordination compounds derived from the 

enantiomerically pure (R/S)-(-/+)-2-Phenylbutyric acid (R/S-2-HPhBut) and the 4,7-

Diphenyl-1,10-phenanthroline (bathophen).  

From the first family presented in Section 4.1 of this Chapter, the synthetized chiral 

compounds consist of 1D polymers that expands along the a crystallographic axis. The 

compounds present the [Ln(μ-R/S-MPA)(R/S-MPA)2(phen)]n formula where Ln is Ce3+ 

(R-33-Ce and S-34-Ce), Nd3+ (R-35-Nd and S-36-Nd), Eu3+ (R-37-Eu and S-38-Eu), 

Tb3+ (R-39-Tb and S-40-Tb), Dy3+  (R-41-Dy and S-42-Dy), Sm3+ (R-43-Sm and S-44-

Sm) and Er3+ (R-45-Er and S-46-Er). From Single Crystal X-Ray diffraction, the 

crystal structures of R-37-Eu and S-38-Eu, R-39-Tb and S-40-Tb, S-42-Dy and S-44-

Sm were obtained. The lanthanide ions present a coordination number of 9 with the O 

and N donor atoms forming a distorted Spherical tricapped trigonal prism (D3h) 

polyhedron around the Ln3+ cation.  

On the other hand, from the second group presented in Section 4.2 of this Chapter, the 

new compounds consist of chiral dinuclear coordination complexes with formula 

[Ln2(-R/S-2-PhBut)4(R/S-2-PhBu)2(bathohen)2] where Ln is Nd3+ (R-47-Nd-a and S-

48-Nd-a), Sm3+ (R-49-Sm-a and S-50-Sm-a), Eu3+ (R-51-Eu-a and S-52-Eu-a), Tb3+ 

(R-53-Tb-a and S-54-Tb-a, R-55-Tb-b and S-56-Tb-b), Dy3+ (R-57-Dy-a and S-58-

Dy-a, R-59-Dy-b and S-60-Dy-b), Tm3+ (R-61-Tm-b and S-62-Tm-b) and Yb3+ (R-63-

Yb-b and S-64-Yb-a). Two different structural motifs (structure a and structure b) have 

been found in this family of compounds. The molecular formula of structure a and b is 

the same, the difference is found in the coordination modes of the bridging ligands that 

connect both metals in each dinuclear unit. The coordination number decreases form 9 

in structure a, to 8 in structure b. This change in coordination number causes the S/R-2-

PhBut and bathophen ligands to reorganize in the crystal lattice, thereby altering the 
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geometry of the coordination polyhedra which consists of a Muffing-like polyhedron in 

structure a whereas the polyhedron is better described as a triangular dodecahedron in 

structure b, Table 4. 10. Powder X-Ray diffraction data of all compounds revealed that 

the fact of presenting structural motif a or b depends on the Ln3+ ionic radius along the 

lanthanide series.  

Table 4. 10 Compilation of molecular formula, coordination number and coordination 

polyhedron and Identification code of compounds R- or S-, R-33-Ce to S-64-Yb-b. 

Formula Coordination 

number 

and 

coordination 

polyhedron 

Identification code 

[Ln(-R/S-MPA)(R/S-MPA)2(phen)]n 9 

TCTPR-9 

(D3h) 

R-33-Ce, S-34-Ce, R-35-Nd, 

S-36-Nd, R-37-Eu, S-38-Eu, 

R-39-Tb, S-40-Tb, R-41-Dy, 

S-42-Dy, R-43-Sm, S-44-Sm, 

R-45-Er and S-46-Er. 

 

[Ln2(µ-R/S-2-PhBut)4(R/S-2-

PhBut)4(bathophen)2] 

structure a 

9 

MFF-9 

(Cs) 

R-47-Nd-a, S-48-Nd-a, R-49-

Sm-a, S-50-Sm-b, R-51-Eu-a, 

S-52-Eu-b, R-53-Tb-a, S-54-

Tb-a, R-57-Dy-a and S-58-Dy-

a 

[Ln2(µ-R/S-2-PhBut)4(R/S-2-

PhBut)4(bathophen)2] 

structure b 

8 

TDD-8  

(D2d) 

R-55-Tb-b, S-56-Tb-b, R-59-

Dy-b, S-60-Dy-b, R-61-Tm-b, 

S-62-Tm-b and R-63-Yb-b, S-

64-Yb-b 

 

Moreover, luminescence studies were carried out for all polycrystalline samples, as well 

as for the 1 mM DCM solutions only for the dinuclear [Ln2(µ-R/S-2-PhBut)4(R/S-2-

PhBut)4(bathophen)2] series. For the 1D chiral chain complexes, all the compounds 

presented sensitized luminescence associated to the expected f-f transitions. As for the 

dinuclear R/S-2-PhBut derived compounds, excitation at the ligand absorption 

wavelengths resulted in the expected emission bands corresponding to the f-f transitions 

from each lanthanide ion for the Eu3+, Tb3+, Nd3+ and Yb3+ polycrystalline samples, 

both in solid and DCM solutions. However, the excited triplet state of the ligand 

moieties is not in resonance with S-Dy-a, S-Dy-b and S-Tm-b emitting energy levels, 
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leading to ligand emission and poor luminescence from the f-f symmetry forbidden 

transitions of the Dy3+ analogues. All europium and terbium compounds presented 

rather good luminescence intensities with measurable Quantum Yields. Moreover, 

difference of the emission intensities is discerned for S-53-Tb-a and S-55-Tb-b. The 

Muffin-like (Cs) coordination polyhedron presented in S-53-Tb-a induces more 

distortion around the Tb3+ cation due to the lower symmetry of the geometry presented 

by this polyhedron in comparison with the Triangular dodecahedron (D2d) presented in 

S-55-Tb-b. Lower symmetry around the emitting lanthanide centre is related to more 

emission intensity since it produces the intrinsic f-f transitions to be less prohibited by 

Laporte’s rule explaining the lower Quantum yield measured for S-53-Tb-a compound 

compared to S-56-Tb-b. Quantum yields as well as luminescence lifetimes of the Eu3+ 

and Tb3+ derivatives of both chiral families are compiled in Table 4. 11. 

 

Table 4. 11 Photoluminescent parameters compilation of all Eu and Tb analogues of the 

lanthanide chiral compounds presented in Chapter 4. 

 τobs / ms 𝝓𝑳𝒏
𝑳  τrad / ms 𝝓𝑳𝒏

𝑳𝒏 ηsens 

R-37-Eu 1.77 0.14 3.05 0.58 0.24 

R-39-Tb 1.50 0.33    

S-51-Eu-a 

solid 

1.80 0.71 2.29 0.82 0.86 

S-51-Eu-a 

1mM DCM 

0.40 0.31 3.40 0.52 0.60 

S-53-Tb-a 

solid 

0.40 0.10    

S-53-Tb-a 

1mM DCM 

a 0.015    

S-56-Tb-b 

solid 

0.30 0.05    

S-56-Tb-b 

1mM DCM 

a 0.015    

 

As for chiroptical properties, Circular Dichroism and Circular Polarized Luminescence 

were measured for the Europium and Terbium derivatives of both chiral families.  

For the first lanthanide family presented in Section 4.1, measurements were only 

performed in the solid state due to its polymer nature. For the europium enantiomeric 
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pair (R-37-Eu and S-38-Eu), mirror image spectra could be obtained where the 

different f-f transitions can be discerned. On the other hand, for the Tb3+ analogues (R-

39-Tb and S-40-Tb) the intensity in the CPL spectra was too low and no reliable 

conclusions could be extracted from it. 

For the dinuclear [Ln2(µ-R/S-2-PhBut)4(R/S-2-PhBut)4(bathophen)2] family, CD and 

CPL measurements of R-51-Eu-a and S-52-Eu-a, R-53-Tb-a and S-54-Tb-a, R-55-Tb-

b and S-56-Tb-b revealed rather poor chiroptical properties in the solid state, though for 

the 1mM DCM solutions clearer mirror image and more intense spectra were obtained. 

Further comparation of luminescence, CD and CPL studies of such compounds in solid 

and in 1mM DCM solutions reveals that the dinuclear coordination compound goes 

through a deep structural change on dissolving each polycrystalline sample into 

solution.  

Magnetic studies were conducted for both chiral lanthanide families. For the polymeric 

[Ln(μ-R/S-MPA)(R/S-MPA)2(phen)]n derivatives, compounds S-34-Ce, S-36-Nd, S-42-

Dy and S-46-Er showed slow relaxation of the magnetization under an external 

magnetic field. Slow relaxation of the magnetization was best described by an 

underbarrier process (Raman and Direct) for compounds S-34-Ce, S-36-Nd and S-42-

Dy whereas, ln(τ) vs T-1 curve of S-46-Er presented an Orbach contribution, however 

the calculated energy value was low. Further magnetic measurements of the chiral 

dinuclear compounds, revealed Single Molecular Magnet behaviour for R-59-Dy-b 

while slow relaxation in the isomeric R-57-Dy-a compound was only observed under an 

external magnetic dc field of 0.1 T. The mechanism prevailing in the relaxation of the 

magnetization of the SMM compound was the Raman process. In addition, compounds 

R-47-Nd-a and R-63-Yb-b showed slow relaxation of the magnetization under an 

external DC magnetic field of 0.15 and 0.20 T respectively. Both compounds show 

quite similar magnetic behaviour with relaxation best described by the contribution of 

Raman and Direct mechanisms. The difference of magnetic behaviour between 

compounds R-57-Dy-a and R-59-Dy-b may be associated with the higher symmetry 

around the coordination environment found in structure b motifs (TDD-8, T2d), that 

enhance axiality around the oblate Dy3+ ground state conferring SMM character 

compared to R-57-Dy-a (MFF-9, Cs). 
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5. Abstract 

The main goal of this Thesis work is the obtention of new lanthanide(III) coordination 

compounds presenting luminescence and magnetic properties, hence presenting 

multiproperty behavior. Moreover, by inducing chirality to the compounds, a third 

property is added to two families of lanthanide complexes presented herein. The 

chiroptical properties are studied by means of Circular Dichroism (CD) and Circular 

Polarized Luminescence (CPL) measurements. This Thesis is organized in four main 

chapters. First the introduction part, where a fundamental knowledge about 

lanthanides, luminescence phenomena, chiroptical properties and molecular 

magnetism is untangled as well as the research objectives are presented. The second, 

third and fourth chapters consists of the presentation and further discussion of the 

obtained results.  

To obtain compounds 1-H2O to S-64-Yb-b, different molecules are used as ligands 

to achieve different range of nuclearities. Additionally, some of these ligands will 

serve as sensitizers due to their potential chromophore properties. The molecules used 

to prepare the anionic forms of the main ligands along this Thesis work are 4,4,4-

Trifluoro-1-phenyl-1,3-butanedione (HBtfa), 2-fluorobenzoic acid (2-HFBz), 2,6-

difluorobenzoic acid (2,6-HF2Bz) and the enantiopure R- and S--

methoxyphenylacetic acids (R- and S-HMPA) and R and S-2-phenylbutanoic acids (R 

and S-2-HPhBut). All syntheses are conducted in basic medium to deprotonate the 

ligands and facilitate their coordination to the lanthanide ion. Moreover, the molecules 

used as auxiliary ligands are 4,4’-dinonyl-2,2’-bipyridine (4,4,’-dinonyl-bipy), 1,10-

phenanthroline (phen), 2,2’-bipyridil (bipy), 2,2';6',2"-terpyridine (terpy) and 4,7-

Diphenyl-1,10-phenanthroline (bathophen).  

In Chapter 2, ternary 4,4,4-trifluoro-1-phenyl-1,3-butanedione mononuclear 

lanthanide compounds are obtained by displacement reactions from the 

[Ln(Btfa3)(H2O)2] precursor with the respective N,N- and N,N,N-polypyridyl ligands. 

Chapter 2.2 presents a cerium(III) family with general formula [Ln(Btfa3)(L)], where 

L is phen, bipy, terpy and bathophen. In this family the magnetic properties are 

studied, with the goal of expanding the knowledge about the slow relaxation of 

magnetization behavior of Cerium, which is rather scarce in the literature. The 
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magnetic characterization of the Ce3+ compounds was supported by Ab-initio 

calculations which showed that the Orbach mechanism is not involved in relaxation 

of the magnetization. Otherwise, the relaxation processes are mainly governed by 

Raman, Direct and Local-Mode mechanisms. For the second Btfa family, presented 

in Chapter 2.3 with the current [Ln(Btfa3)(4,4-dinonyl-2,2’-bipy)] general formula, 

luminescence in the solid state as well as in 1 mM chloroform solutions were studied. 

Form the spectroscopic analysis, no significant structural change is observed when 

dissolving the polycrystalline powders into chloroform solutions, accounting to a 

great stability of the compounds in the solvent medium. Due to the outstanding 

luminescence properties as well as great thermal stability presented for the Eu (2-Eu) 

and Yb (6-Yb) derivatives, these two compounds  could be successfully used in the 

emissive layer of two different Organic Light Emitting Diode (OLED) devices. 

Moreover, the Dysprosium analogue of this family (5-Dy) showed Single Ion Magnet 

(SIM) behavior and sensitized luminescence, hence multiproperty characteristics. 

In Chapter 3, four families of lanthanide fluorobenzoates derived from the 2-FBz and 

2,6-F2Bz ligands are obtained. For these compounds, the main goal is to increase 

emission quantum yields of the Eu and Tb derivatives by designing new synthetic 

routes in order to completely remove the coordinating H2O molecules from the Ln3+ 

chemical environment. Using the 2-FBz and 2,6-F2Bz ligands, four different families 

of dinuclear compounds were obtained. Compound 4-Ce with 2-FBz ligand, is an 

exception and it  crystallized into a 2D layer-like structure.  Water molecules could 

not be totally removed from the Ln3+ coordination sphere in structures containing 2-

FBz ligand with the general formula [Ln2(μ-2FBz)4(2FBz)2(H-2FBz)2(H2O)2] (9-Sm 

to 15-Yb) and (PPh4)2[Ln2(μ-2-FBz)2(2-FBz)6(H2O)2] (16-Ce to 22-Sm). Whereas in 

compounds derived from 2,6-F2Bz ligand, two different dinuclear anhydrous 

structures with the general formula (HPy)2[Ln2(μ-2,6-2FBz)4(NO3)4] (23-Eu to 27-

Yb) and (HPy)2[Ln2(μ-2,6-2FBz)4(2,6-2FBz)4] (28-Eu to 32-Gd) were obtained. The 

Eu and Tb compounds of these flurorobenzoate families presented good luminescence 

properties. Moreover, synthesis with Ce, Nd, Dy, Er and Yb where also synthetized 

to study both properties, luminescence and slow relaxation of the magnetization. The 

dinuclear Dysprosium compounds derived from 2,6-F2Bz ligand (25-Dy and 30-Dy), 

showed Single Molecular Magnet (SMM) behavior. However the sensitized 

luminescence was rather weak for these two SMM compounds. 
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Finally, in Chapter 4, the chirality property is added to the luminescent and magnetic 

characteristics of the final compounds. This is accomplished by using the R- and S-

HMPA and R and S-2-HPhBut enantiomerically pure ligands. To improve the 

luminescence properties, the auxiliary chromophore ligands, phen and bathophen are 

also used for these chiral families.  

In the synthesis of lanthanide coordination compounds derived from the 

enantiomerically pure R/S-HMPA acids and phen chromophore ligand, 1D chiral 

polymeric chains were obtained with the general formula [Ln(-R/S-MPA)(R/S-

MPA)2(phen)]n. Circular Polarized Luminescence and Circular Dichroism spectra are 

measured for the Eu and Tb analogues in the solid state. Moreover, the Ce, Nd, Dy 

and Er, 1D chiral chains present slow relaxation of the magnetization added to the 

sensitized luminescence of the Nd, Dy and Er compounds. 

With the enantiomerically pure R/S-HPhBut acid and the bathophen chromophore 

ligand, dincuclear lanthanide coordination compounds with the general formula 

[Ln2(-R-2-PhBut)4(R-2PhBut)2(Bphen)2] were obtained. The compounds undergo a 

structural change (from structure a to structure b) on increasing the atomic number 

along the lanthanide series (Nd to Yb). The change in the structural motif results from 

a variance in the coordination number producing a special rearrange between the 

coordinating ligands, altering the crystal structure form a to b. For the Eu and Tb 

enantiomeric pairs, CD and CPL spectra were measured in solid state as well as in 

1mM DCM solutions with improved chiroptical properties for the solution samples. 

The significant difference seen in the CD and CPL spectra from solid to solution 

samples, account to a structural change when dissolving the compounds into the DCM 

solutions. Moreover, the Nd, Dy, Yb, Sm compounds were synthetized and all present 

luminescence (ligand based fluorescence in the case of the Dy compounds) as well as 

slow relaxation (for Nd, Dy and Yb) and SMM behaviour, for the Dy compound.  
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6.  Conclusions 

- From the structural characterization as well as from the luminescence and 

magnetic studies of compounds 1-H2O to S-64-Yb-b presented along this work 

the following final remarks can be concluded: 

- -4,4,4-trifluoro-1-phenyl-1,3-butanedionate (Btfa) mononuclear lanthanide 

compounds (1-H2O to 7-Gd) were obtained by displacement reactions from the 

[Ln(Btfa)3(H2O)2] precursor with the respective N,N- and N,N,N-polypyridyl 

ligands.  

- -Dinuclear compounds were obtained using 2-Fluorobenzoate (2-FBz) (9-Sm to 

21-Yb) and 2,6-Difluorobenzoate (2,6-F2Bz) (23-Eu to 32-Gd) ligands. 

Compound 8-Ce crystallized into a 2D layer-like structure. Coordinating H2O 

molecules could not be totally removed from the Ln3+ coordination sphere in 

structures containing 2-FBz whereas in compounds derived from 2,6-F2Bz, two 

different dinuclear anhydrous structures with general formula (HPy)2[Ln2(μ-2,6-

F2Bz)4(NO3)4] and (HPy)2[Ln2(μ-2,6-F2Bz)4(2,6-F2Bz)4], were obtained. 

- -Lanthanide contraction effect is revealed in compounds 16-Ce to 20-Yb of the 2-

FBz family where the 16-Ce present a higher coordination number compared to 

the rest of the lanthanide compounds.  

- -For all 2-FBz and 2,6-F2Bz compounds 8-Ce to 32-Gd, the Ln-O bond lengths 

decrease on increasing the atomic number along the lanthanide series as a 

consequence of the lanthanide contraction effect. 

- -In the synthesis of lanthanide coordination compounds derived from the 

enantiomerically pure R- or S--methoxyphenylacetic acids (R- or S-HMPA) and 

the 1,10-phenanthroline (phen) chromophore ligand, 1D chiral polymeric chains 

were obtained. Lanthanide contraction effect is also observed in Ln-O and Ln-N 

bond distances of R- or S- 33-46 which decrease on increasing the atomic number 

along the 6th period. 

- -With the enantiomerically pure R or S-2-phenylbutanoic acids (R or S-2-

HPhBut). and the Diphenyl-1,10-phenanthroline (bathophen) chromophore 

ligand, dinuclear lanthanide coordination compounds were obtained. The 

compounds undergo a structural change (from structure a to structure b) on 
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increasing the atomic number along the lanthanide series (Nd to Yb). The change 

in the structural motif results from a change in the coordination number (from 9 

to 8) producing a rearrangement between the coordinating ligands in space, 

altering the crystal structure form a to b. This change is newly, a result of the 

lanthanide contraction effect.  

- -From the Ce-Btfa family (1-H2O to 5-bathophen), magnetic characterization 

supported by ab-initio calculations showed that the Orbach mechanism is not 

involved in relaxation of the magnetization of these Ce3+ compounds. Otherwise, 

the relaxation processes are mainly governed by Raman, Direct or Local-Mode 

mechanisms.  

- -A different approach for fitting the magnetic data of the Ce-Btfa family is 

presented. This method involves first, obtaining the field-dependent parameters 

form the τ vs H curve and then fix these parameters into the temperature-

dependent τ vs T curve. As for the remaining compounds presented in this Thesis 

(from 1-Sm to S-64-Yb-b) that exhibit slow relaxation of the magnetization, the 

relaxation mechanisms are derived from the temperature dependent magnetic 

data, while the field dependent data are only used to determine the optimal field 

in which the compounds show best χAC performance. 

- -Compounds 1-Sm, 2-Eu, 3-Tb, 4-Dy, 6-Yb, 9-Sm, 10-Eu, 12-Tb, 13-Dy, 17-

Eu, 18-Tb, 19-Dy, 23-Eu, 24-Tb, 25-Dy, 28-Eu, 29-Tb, 30-Dy, R-37-Eu, R-39-

Tb, R-42-Sm, R-41-Dy, R-35-Nd, S-50-Sm-a, S-52-Eu-a, S-54-Tb-a, S-56-Tb-

b, S-48-Nda-a and S-64-Yb-b showed sensitized luminescence in the solid state. 

- For a Er3+ coordination compound, showing sensitized luminescence is more 

unlikely due to the energy gap law and the facility of luminescence quenching due 

to presence of C-H oscillators. Even so, the Erbium analogues, 5-Er and R-42-Er 

showed sensitized luminescence. 

- -Compounds 26-Nd and 27-Yb showed luminescence after excitation at the 

wavelengths corresponding to intraconfigurational f-f absorption transitions.  

- -From the absorption and phosphorescence (the latter at 77 K) spectra of the 

gadolinium analogues 7-Gd, 11-Gd and 32-Gd, the lowest energy singlet and 

triplet states of each system were measured. 

- -Luminescence properties in solution were measured for the Btfa derivatives 1-

Sm to 6-Yb compounds, for the 2-FBz derivatives 10-Eu and 12-Tb compounds 
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and for the chiral S-50-Nd-a to S-64-Yb-b compounds. The 1-Sm, 2-Eu, 3-Tb, 

6-Yb showed sensitized luminescence in 1mM CHCl3 solutions and from the 

spectroscopic measurements, no evident structural change is observed on 

dissolving the samples. On the other hand, compounds 10-Eu and 12-Tb and the 

chiral S-50-Sm-a to S-64-Yb-b (except for the chiral Dy3+ analogues) showed 

sensitized luminescence in aqueous media and in 1mM DCM solutions, 

respectively. However, for the latter two groups, the dinuclear structures collapse 

in solution, suggesting a fluxional equilibrium between different structural 

arrangements in these media.  

- Totally removing the H2O coordination molecules in the 2,6-2FBz derivatives 

don’t improve emission quantum yields compared to compounds 10-Eu and 12-

Tb (with 2-FBz ligand) due to poorer sensitization effect and higher symmetry 

provided by the symmetric 2,6-F2Bz compared to the 2-FBz. 

- -Emission quantum yields were measured for all Tb3+ and Eu3+ compounds. The 

highest quantum yields were 0.76 for 12-Tb and 0.71 for S-51-Eu-a.  

- -Luminescence lifetimes were measured for all Eu and Tb compounds, except for 

3-Tb due to low emission intensity. All the measured curves followed a 

monoexponential law with a single τobs. 

- -Compounds 2-Eu and 6-Yb could be successfully used in the emissive layer of 

two different organic light-emitting diodes (OLED) devices. Both devices showed 

electroluminescence, in the red range for 2-Eu and in the nIR range for the 6-Yb 

derived devices, after application of a voltage.  

- -Solid state Circular Dichroism (CD) spectra of compounds R-37-Eu, S-38-Eu, 

R-39-Tb, S-40-Tb, R-41-Dy, S-42-Dy, R-43-Sm and S-44-Sm are weak 

indicating that ligand arrangement provided by R/S-MPA and phen ligands confers 

low dissymmetry around the metal ion. 

- The enantiomeric pair of compounds R-37-Eu and S-38-Eu showed good Circular 

Polarized Luminescence (CPL) properties in the solid state.  

- -Meaningful solid state CD spectra of the [Ln2(-R/S-2-PhBut)4(R/S-2-

PhBut)2(Bphen)2] family could only be obtained for R-55-Tb-b and S-56-Tb-b 

enantiomeric pair due to the weak signal. However, for the 1mM DCM solutions 

of R-51-Eu-a, S-52-Eu-a, R-53-Tb-a, S-54-Tb-a, R-55-Tb-b, S-56-Tb-b, R-57-

Dy-a, S-58-Dy-b, R-59-Dy-b and S-60-Dy-b mirror images in the Bphen 
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absorption range are observed indicating that the specie formed in solution shows 

higher dissymmetry compared to the structure in solid state. 

- -Solid state CPL measurements of R-51-Eu-a/S-52-Eu-a and R-55-Tb-b/S-56-

Tb-b enantiomeric pairs turned out to be weak, however for the 1mM DCM 

solutions well resolved mirror image with quantifiable glum values were obtained. 

This again demonstrates that the species formed in solution exhibit higher 

dissymmetry compared to the structures in the solid state. 

- -Compound 4-Dy is a SIM operating above 15 K. Moreover, the 2,6-F2Bz 

derivatives 25-Dy and 30-Dy are SMMs in the 1.9-3.7 K and in the 1.9-3.5 K 

temperature ranges, respectively. For the three compounds, relaxation of the 

magnetization is governed by the Orbach, Raman and QTM mechanisms under a 

Hdc = 0 T. However, magneto-luminescence correlation of 4-Dy indicates that the 

relaxation might be taking place through the first excited mj state, therefore 

through thermal assisted-QTM. Whereas the chiral R-59-Dy-b compound is a 

SMM showing χAC signal in the 1.8 to 6.5 K temperature range, the spin relaxation 

is mainly governed by Raman and QTM under a Hdc = 0 T. In all dysprosium(III) 

compounds, the QTM is removed upon the application of an external magnetic 

field. 

- -Compounds 3-Tb, 5-Er, 6-Yb, 8-Ce, 13-Dy, 15-Yb, 14-Er, 16-Ce, 21-Yb, 26-

Nd, 27-Yb, S-34a-Ce, S-36-Nd, S-42-Dy, S-46-Er, R-57-Dy-a, R-47-Nd-a and 

R-63-Yb-b showed slow relaxation of the magnetization only when an external 

direct current magnetic field was applied.  

- -Relaxation of the magnetization of the terbium compound 3-Tb, of the cerium 

compounds 8-Ce, 16-Ce and S-34a-Ce as well as the dysprosium 13-Dy and S-

42-Dy compounds was best described by Raman and Direct relaxation 

mechanisms. 

- All the neodymium 26-Nd, S-36-Nd and R-47-Nd-a compounds as well as all the 

ytterbium compounds 15-Yb, 21-Yb, 27-Yb and R-63-Yb-b presented in this 

Thesis work exhibit relaxation of the magnetization under a Hdc and the spin 

dynamics under the applied dc magnetic field are best described with Raman and 

Direct mechanisms. Presence of underbarrier mechanisms may be explained 

because of a lack of axial symmetry around the oblate Nd3+ and prolate Yb3+ 

cations. 
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- -The Erbium compounds 5-Er, 14-Er and S-46-Er presented slow relaxation of 

the magnetization under a Hdc and the relaxation mechanisms describing the spin 

dynamics were Orbach and Raman for 5-Er and S-46-Er and Orbach and Direct 

for 14-Er, with relatively low effective energy barriers pointing out a lack of axial 

symmetry around the prolate ions. 

- -Slow relaxation of the magnetization was measured for the isotropic 7-Gd.  

- -Compound 4-Dy presents multiproperty characteristics: it shows sensitized 

luminescence and it is a Single Ion Magnet above 15 K. The magneto-optical 

correlation has been performed for 4-Dy. Moreover, the dinuclear compounds 25-

Dy and 30-Dy and the chiral R-59-Dy-b are SMM operating at lower temperatures 

compared to 4-Dy, however their luminescence is mainly dominated by ligand 

emission due to weak sensitization effect. 
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7. Appendices 

APPENDIX I 

𝜒𝐴𝐶(ω) = 𝜒𝑆 +
𝜒𝑇−𝜒𝑆

1+(𝑖ω𝜏)1−𝛼
    Equation APX.I.1 

The generalized Debye model described by the Casimir-Du Pré function split into the 

real and imaginary components χ’ and χ’’, Equation APX.I.2 and Equation APX.I.3: 

𝜒′(ω) = 𝜒𝑆 + (𝜒𝑇 − 𝜒𝑆) +
1+(ω𝜏)1−𝛼 sin(

𝜋

2
𝛼)

1+2(ω𝜏)1−𝛼 sin(
𝜋

2
𝛼)+(ω𝜏)2−2𝛼

    Equation APX.I.2 

 

𝜒′′(ω) = (𝜒𝑇 − 𝜒𝑆)
(ω𝜏)1−𝛼 cos(

𝜋

2
𝛼)

1+2(ω𝜏)1−𝛼 sin(
𝜋

2
𝛼)+(ω𝜏)2−2𝛼

    Equation APX.I.3 

The two step relaxation model described by the sum of the two modified Debye functions 

is described by Equation APX.I.4: 

𝜒𝐴𝐶(ω) = 𝜒𝑆,𝑇𝑂𝑇 +
∆𝜒1

1+(𝑖ω𝜏1)1−𝛼1
+

∆𝜒2

1+(𝑖ω𝜏2)1−𝛼2
    Equation APX.I.4 

Furthermore, Equation APX.I.4 splits into the real and imaginary part χ’ and χ’’ as seen 

in Equations APX.I.5 and APX.I.6: 

𝜒′(ω) = 𝜒𝑆,𝑇𝑂𝑇 + ∆𝜒1

1+(ω𝜏1)1−𝛼1 sin(
𝜋

2
𝛼1)

1+2(ω𝜏1)1−𝛼1 sin(
𝜋

2
𝛼1)+(ω𝜏1)2−2𝛼1

+

∆𝜒2

1+(ω𝜏2)1−𝛼2 sin(
𝜋

2
𝛼2)

1+2(ω𝜏2)1−𝛼2 sin(
𝜋

2
𝛼2)+(ω𝜏2)2−2𝛼2

    Equation APX.I.5 

𝜒′′(ω) = ∆𝜒1

1+(ω𝜏1)1−𝛼1 cos(
𝜋

2
𝛼1)

1+2(ω𝜏1)1−𝛼1 sin(
𝜋

2
𝛼1)+(ω𝜏1)2−2𝛼1

+

∆𝜒2

1+(ω𝜏2)1−𝛼2 cos(
𝜋

2
𝛼2)

1+2(ω𝜏2)1−𝛼2 sin(
𝜋

2
𝛼2)+(ω𝜏2)2−2𝛼2

    Equation APX.I.6 
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APPENDIX II 

Elemental analyses of compounds 1-H2O to S-64-Yb-b were performed in Centres 

Científics i Tecnològics de la Universitat de Barcelona. 

Attenuated Total Reflectance (ATR) Infrared Spectroscopy spectra of all compounds 

were measured in a FT-IR Specac® instrument equipped with a Golden Gate® plates. 

Single crystal X-Ray Diffraction of good quality crystals of compounds 1-H2O, 2-phen, 

3-bipy-EtOH, 3-bipy, 4-terpy, 5-bathophen, 2-Eu, 4-Dy, 6-Yb, 3-Tb, 8-Ce, 10-Eu, 

14-Er, 15-Yb, 16-Ce, 18-Tb, 21-Yb, 23-Eu, 24-Tb, 29-Tb, 30-Dy, R-37-Eu, S-38-Eu, 

R-39-Tb, S-40-Tb, S-42-Dy, S-44-Sm, S-52-Eu-a and S-62-Tm-b were mounted on a 

D8VENTURE (Bruker) diffractometer with CMOS detector. All the structures were 

refined by the least-squares method. Intensities were collected with a multilayer 

monochromated Mo-Kα radiation. Lorentz polarization and absorption corrections were 

made for all the crystal measurements. The structures were solved by direct methods, 

using the SHELXS-97 computer program1 and refined by full-matrix least-squares 

method, using the SHELXL-2014 computer program.2 The non-hydrogen atoms were 

located in successive difference Fourier syntheses and refined with anisotropic thermal 

parameters on F2. For hydrogen atoms isotropic temperature factors have been assigned 

as 1.2 respective of the C atom in which the H is attached. Additional software, Mercury3 

and PLATON4 were used to obtain the figures of the structures and to obtain the 

crystallographic tables, respectively. 

Powder X-ray diffraction (PDRX) was measured at room temperature for all 

polycrystalline samples. The data were recorded at the Serveis Científics i Tecnològics of 

the Universitat de Barcelona with PANalytical X’Pert PRO MPD θ/θ powder 

diffractometer of 240 millimeters of radius, in a configuration of convergent beam and a 

focalizing mirror and a transmission geometry. The samples were sandwiched between to 

films with low absorption Cu Kα radiation (λ=1.5418 Å). The work power is set in 45 kV 

and 40 mA. The slits of the incident beam define a beam height of 0.4 milli-meters. The 

detector of the incident and diffracted beam is a 0.02 radians Soller slits PIXcel with an 

active length of 3.347º. The 2θ/θ scans are from 2 to 70º 2θ with a step size of 0.026º 2θ. 

The measuring time is set at 298 seconds per step. 

Thermogravimetric analyses (TGA) were measured in the Serveis Científics i Tecnològics 

of the Universitat de Barcelona. The TGA measurements were carried out under a N2 
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atmosphere in a Mettler TG 50 instrument at a heating rate of 10 °C min-1. The TGA 

measurement were performed in the temperature range between 30 and 600 °C.  

Solid and solution state luminescence spectra of all compounds were recorded on a 

Horiba Jobin Yvon SPEX Nanolog fluorescence spectrophotometer (Fluorolog-3 v3.2, 

HORIBA Jobin Yvon, Cedex, France) equipped with a three slit double grating excitation 

and emission monochromator with dispersions of 2.1 nm/mm (1200 grooves/mm) at room 

temperature. The steady-state luminescence was excited by unpolarized light from a 450 

W xenon CW lamp and detected at an angle of 22.5° for solid state and at an angle of 90º 

for solution measurement, by a red-sensitive Hamamatsu R928 photomultiplier tube. The 

equipment was adjusted to obtain the highest background-to-noise ratio. Spectra were 

corrected for both the excitation source light intensity variation (lamp and grating) and 

the emission response (detector and grating).  

The luminescence lifetimes curves were measured in the same instrument in the 

phosphorescence mode using a 450 W xenon pulsed lamp (at the corresponding λexc and 

1.5 ns pulse). The measured decays were analyzed using the Origin software package. All 

the decay curves fitted monoexponentially: 𝐼(𝑡) = 𝐼0 exp (−
𝑡

𝑜𝑏𝑠
). The fit quality was 

determined by the 2 method of Pearson.  

Absolute Quantum Yield (𝜙𝐿𝑛
𝐿 ) measurements were acquired in the G8 Quantum 

Integrating Sphere from GMP with an interior reflective coating made of Spectralon®. 

Then the 𝜙𝐿𝑛
𝐿 was calculated following: 

𝜙 =
𝐸𝑐 − 𝐸𝑐(𝑏𝑙𝑎𝑛𝑘)

𝐿𝑎 − 𝐿 𝑐
⬚

 

𝐿𝑎 is the calculated area of the outgoing amount of light without interaction with a sample 

(blank) at the used λexc and 𝐿𝑐 is the calculated area after interaction with the sample. Ec 

refers to the calculated area from the emission spectrum of the sample and Ec(blank) from 

the emission spectrum of the blank. The lowest possible band pass was employed in both, 

𝜙𝐿𝑛
𝐿  and luminescence lifetime measurements to not surpass the 106 CPS to make sure 

that we are not measuring in the non-linear optic zone, otherwise the results would not be 

correct. 

The assembly of the OLED devices and their characterization were realized by Professors 

Piotr Pander and Fernando B. Dias at the Physics Department of Durham University, 

Sound Road, Durham, DH1 3LE, UK. To assemble the OLED device, pre-cleaned 
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indium-tin-oxide (ITO) coated glass substrates with a sheet resistance of 20 Ω/sq and ITO 

thickness of 100 nm, were used. The substrates were first washed with distilled water, 

acetone and then sonicated in acetone and isopropanol, for 15 min each time. Substrates 

were dried with compressed air and transferred into an oxygen plasma generator for 6 

min at full power. Thermally deposited layers were obtained using Kurt J. Lesker Spectros 

II deposition system at 10–6 mbar base pressure. All organic materials and aluminium 

were deposited at a rate of 1 Å s–1. The LiF layer was deposited at a rate of 0.1–0.2 Å s–

1. Characterisation of OLED devices was conducted in a 10 inch integrating sphere 

(Labsphere) connected to a Source Measure Unit (SMU, Keithley) and coupled with a 

spectrometer USB4000 or QePro (Ocean Optics). Further details are available in 

reference.5 Devices of 4×2 mm pixel size were fabricated.  

Electronic Circular Dichroism spectra were recorded with a Jasco J-1500 

spectropolarimeter on the polycrystalline samples dispersed in a KBr matrix. In order to 

check for and minimize contributions from linear dichroism/linear birefringence, for each 

sample, different spectra were recorded rotating the sample by 180º around the optical 

axis and then all the spectra were averaged. Solution spectra were recorded in DCM 

solution (1 mM) in a 1 cm cell. 

The Circularly Polarized Luminescence experiments of the chiral compounds 

presented herein were carried out with a home-built CPL spectrofluoropolarimeter6 that 

acquires simultaneously the luminescence and CPL data, under UV irradiation 

(λmax = 254 nm) on quartz plate depositions and on 1 mM DCM solutions. The 

depositions of the complexes were obtained from n-pentane dispersions. N-pentane was 

chosen as a dispersant as it does not dissolve the studied compounds and in this way the 

complexes are deposited as a microcrystalline powder film. Spectra were acquired 

rotating the sample by ±90º around the optical axis and by flipping the sample by 180º 

around the axis perpendicular to the collection beam. At least 2 spectra were recorded for 

each configuration. All the spectra were then averaged to give the final spectra. 

Acquisition parameters were slit width 0.5 mm, scan speed 0.5 nm/sec, integration time 

2 sec, PMT voltage 680/700 V. 

Magnetic measurements were performed on solid polycrystalline samples with a 

Quantum Design MPMS-XL SQUID magnetometer at the Magnetic Measurements Unit 

from Scientific and Technological Centers (CCiTUB) of the University of Barcelona. 
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Data were collected for powder microcrystalline samples or for crushed polycrystalline 

samples of all compounds. The samples were mounted in a gelatin capsule. Direct current 

(dc) susceptibility measurements were acquired in a 2-300 K temperature range and under 

an external magnetic field of 0.3 T. Blank measurements were also performed for the 

capsule and holder and their diamagnetic contributions were corrected. Alternating 

current (ac) susceptibility measurements were carried out by applying an oscillating ac 

field of 4 Oe with ac frequencies between 1 and 1500 Hz or between 10 to 1500 Hz at 

different temperatures and different dc applied fields as indicated along all the magnetic 

properties discussion of this Thesis work. 

Ab initio calculations were performed using crystallographic structures and Orca 

software, version 5.0.3. The def2-TZVP basis set was used. NEVPT2 calculations were 

not performed to include dynamic correlations as it was previously demonstrated for Ce 

complexes that it is not essential due to the large ionic character of the Ln-O and Ln-N 

bonds.7 The selected active space was (1,7), considering the six doublets. The 

SINGLE_ANISO module, as implemented in Orca was employed.8 

To evaluate the vibrational frequencies, the experimental geometries were optimized with 

Gaussian09,9 B3LYP functional10 and using the Stuttgart pseudo/basis set11 for Ce and a 

TZV basis set12 for lighter atoms. 
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APPENDIX III 

Crystallographic data from Chapter 2.2 

 

 Table APX.III.1. Crystallographic information from the Single Crystal X-Ray Diffraction 

measurements of compounds 1-H2O, 2-phen and 3-bipy-EtOH 

 

 

 

 

 

 

 

 

 

Complex [Ce(Btfa)3(H2O)2] 

(1-H2O) 

[Ce(Btfa)3(H2O)2] 

(1-H2O) r.t. 

[Ce(Btfa)3(phen)] 

(2-phen) 

[Ce(Btfa)3(bipy)(EtOH)] 

(3-bipy-EtOH) 

Formula C30H22CeF9O8   C30H22CeF9O8 C42H26CeF9N2O6 C42H31CeF9N2O7 

FW [g/mol] 821.59 821.59 965.77 986.81 

Crystal 

System     

orthorhombic orthorhombic monoclinic triclinic 

 Space Group P212121 P212121 P 21/c P-1   

  a [Å]   10.8091(3)      10.8548(16) 9.6048(7) 10.8841(8) 

  b [Å]   14.0772(5) 13.219(2) 36.456(3) 12.3497(9) 

 c [Å]   21.0790(7) 23.317(4) 10.9642(7) 17.1066(12) 

α[º] 90 90 90 88.341(3) 

β [º] 90 90 93.010(3) 76.600(3) 

γ [º] 90 90 90 66.494(3) 

V [Å3]  3207.42(18)   3345.8(9) 3833.9(5) 2046.0(3) 

Z  4 4 4 2 

T[K] 100 294 100 100 

λ(Mo k) [Å] 0.71073 0.71073 0.71073 0.71073     

 Dcalc [g cm-3]  1.701   1.631 1.673 1.602   

 µ(Mo K) 

 [ mm -1]  

1.519   1.457   1.283 1.206   

R  0.0307 0.0527 0.0332 0.0491 

wR2 0.0633 0.1523 0.0617 0.1253 
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Table APX.III.2. Crystallographic information from the Single Crystal X-Ray Diffraction 

measurements of compounds 3-bipy, 4-terpy and 5-bathophen 

Complex [Ce(Btfa)3(bipy)] 

(3-bipy) 

[Ce(Btfa)3(terpy)] 

(4-terpy) 

[Ce(Btfa)3(batophen)(DMSO)] 

(5-bathophen) 

Formula C40H26CeF9N2O6   C45H29CeF9N3O6 C57H41CeF9N3O7 

FW [g/mol] 941.75 1018.83    1191.05 

Crystal 

System     

Monoclinic Tetragonal monoclinic 

 Space Group P21/n P43 P21/c  

  a [Å]   11.1505(8) 10.5626(6) 15.4985(6) 

  b [Å]   22.8068(15) 10.5626(6) 17.0389(7) 

 c [Å]   15.0009(12) 38.185(2) 20.7744(9) 

α[º] 90 90 90 

β [º] 99.925(3) 90 107.757(2) 

γ [º] 90 90 66.494(3) 

V [Å3]     3757.8(5)   4260.3(5) 90 

Z  4 4 4 

T[K] 100 100 100 

λ(Mo k) [Å] 0.71073 0.71073 0.71073     

 Dcalc [g cm-3]  1.701   1.673 1.602   

 µ(Mo K) [ 

mm -1]  

1.519   1.283 1.206   

R  0.0307 0.0332 0.0491 

wR2 0.0633 0.0617 0.1253 
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Magnetic data from Chapter 2.2 

 

 

 

 
Figure APX.III.1. Dynamic magnetic measurements for compounds 1-H2O to 5-bathophen 

under no external magnetic field (Hdc=0G). The measurements were performed in an altern 

current magnetic field of 4 G oscillating between 10 and 997 Hz. The in-phase χM’ (left 

column) and out-of-phase χM’’ (right column) magnetic susceptibility components are 

presented. 
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Figure APX.III.2. Relaxation of the magnetization times in front of the Hdc measured at a 

constant temperature of 2.5 K for 1-H2O, 3-bipy and 5-bathophen, of 3.5 K for 2-phen and 2 

K for 4-terpy at an oscillating frequency of 1-1488 Hz.  

 

 

 
Figure APX.III.3. Magnetic susceptibility out-of-phase component (χM’’) with temperature 

plots of compounds 1-H2O to 5-bathophen. The altern current measurements are recorded at 

different temperatures and at the optimal external magnetic field of 0.1 T for 1-H2O to 3-bipy 

and of 0.02 T for 4-terpy and 5-bathophen. 
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Figure APX.III.4. ln(τ) vs. 1/T plot of compounds 1-H2O to 5-bathophen. Continuous blue 

line corresponds to the fit using the Arrhenius law that describes the Orbach relaxation of the 

magnetization process: ln(𝜏) = ln (𝜏0)exp (
−𝛥𝐸

𝑘𝐵𝑇
) 
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Figure APX.III.5 Cole-Cole plots of compounds 1-H2O to 5-bathophen of the alternating 

current magnetic data measured at different Hdc and at a constant temperature of 2.5 K for 1-

H2O, 3-bipy and 5-bathophen, of 3.5 K for 2-phen and 2 K for 4-terpy, continuous black lines 

correspond to the fitting with the Generalized Debye model. 

 

 

Figure APX.III.6. Contribution of Raman, Direct and QTM mechanism to the τ-1 vs. H of 

compounds 2-phen to 5-bathophen. Discontinuous pink line refers to the fit of magnetic data to 

Eq.2.3. 

 



7. Appendices 

 

 

 

378 

 

 

Figure APX.III.7. Contribution of Raman, Local Mode, Direct and QTM mechanism to the τ-1 

vs. H of compounds 2-phen to 5-bathophen. Discontinuous pink line refers to the fit of 

magnetic data to Eq.2.4. 
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Figure APX.III.8. Ln(τ) vs ln(T) plots of compounds 1-H2O to 5-bathophen. Discontinuous 

blue lines correspond to the fit considering ln(𝜏) = −𝑛‧ ln(𝑇) + ln(𝐶) which describes 

only the Raman relaxation of the magnetization mechanism. 
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Figure APX.III.9. Ln(τ) vs ln(T) plots of compounds 1-H2O to 5-bathophen. Continuous pink 

line refers to the fit with Eq.2.4 without considering the Local Mode part.  
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Table APX.III.3. Energy of the lowest 30 vibrational frequencies calculated with DFT for 1, 2 

and 4.  

Frequency 1 2 4 

1 6.9 13.0 5.5 

2 10.1 15.0 10.7 

3 10.2 16.3 12.7 

4 12.3 18.1 14.9 

5 14.3 21.3 17.5 

6 17.9 24.6 19.6 

7 18.7 26.8 21.6 

8 21.1 34.7 23.7 

9 25.3 35.1 25.4 

10 26.7 37.7 27.1 

11 41.4 38.9 28.6 

12 45.6 40.8 34.5 

13 46.2 48.1 36.3 

14 52.2 51.9 37.6 

15 57.3 71.6 38.7 

16 64.2 74.9 41.6 

17 68.1 84.6 52.7 

18 69.0 89.8 56.7 

19 75.1 94.4 61.4 

20 78.1 99.9 66.7 

21 82.2 107.1 67.1 

22 85.8 112.6 74.5 

23 93.0 122.4 79.4 

24 95.5 127.0 79.6 

25 106.3 136.6 82.4 

26 110.4 139.9 86.4 

27 118.7 153.3 88.7 

28 126.0 158.9 100.4 

29 139.6 164.2 109.1 

30 156.9 173.0 118.4 
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Figure APX.III.10. Experimental (symbols) and calculated (lines) of χMT vs T plots of 

compounds 1-H2O to 5-bathophen. 

 
Figure APX.III.11. Experimental (symbols) and calculated (lines) of M vs H of compounds 1-

H2O to 5-bathophen. 
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APPENDIX IV 

Crystallographic data from Chapter 2.2 

Table APX.IV.1. Crystallographic information from the Single Crystal X-Ray Diffraction 

measurements of compounds 2-Eu, 4-Dy and 5-Yb 

Complex 2-Eu 4-Dy 6-Yb 3-Tb 

r.t 

Formula C58H62EuF9N2O6   C58H62DyF9N2O6 C58H62F9N2O6Yb C58H62F9N2O6Tb 

FW [g/mol] 1206.05   1216.59 1227.14 1213.01 

Crystal 

System     

triclinic triclinic triclinic Triclinic 

 Space 

Group 

    P-1       P-1   P-1 P-1 

  a [Å]     12.8601(5) 12.8613(12) 12.8760(8) 12.8570(6) 

  b [Å]   14.0622(7) 14.1376(14) 14.2205(9) 14.9805(7) 

 c [Å]   16.1521(7) 16.0565(15)   15.9478(10) 16.1248(8) 

α[º] 106.558(2) 106.879(4) 107.041(2) 107.762(2) 

β [º] 94.495(2) 94.113(4) 93.862(2) 93.451(2) 

γ [º] 94.606(2) 94.906(4) 94.880(2) 93.871(2) 

V [Å3]    2775.1(2) 2769.2(5) 2768.7(3) 2940.2(2) 

Z  2 2 2 2 

T[K] 100     100 100 304(2) 

λ(Mo k) [Å] 0.71073 0.71073 0.71073 0.71073 

 Dcalc [g cm-3]    1.443 1.459 1.472   1.370 

 µ(Mo K) 

 [ mm -1]  

1.211 1.430   1.770 1.279 

R  0.0410   0.0421 0.0373  0.0761 

wR2 0.0817 0.1076 0.0863 0.2564 

 

 

 

 

 



7. Appendices 

 

 

 

384 

Optical properties from Chapter 2.2 

 

 

Figure APX.IV.1 CIE chromaticity diagram 1931 color coordinates, calculated for all emission 

spectra recorded in solid and solution state. CIE chromaticity coordinates for compounds 1-Sm 

to 4-Dy are 1-Sm: polycrystalline (0.574, 0.420) and solution (0.608, 0.391), 2-Eu: 

polycrystalline (0.667, 0.332) and solution (0.664, 0.332), 3-Tb: polycrystalline (0.317, 0.445) 

and solution (0.279, 0.578) and 4-Dy: polycrystalline (0.368, 0.402). 
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Figure APX.IV.2 Current Density vs. Voltage bias for devices 1-5. Devices 1, 2 and 3 are 

derived from compound 2-Eu and Devices 4, 5 derived from compound 6-Yb. 

 

Figure APX.IV.3 Luminance vs. Voltage bias for devices 1-5. Devices 1, 2 and 3 are derived 

from compound 2-Eu and Devices 4, 5 derived from compound 6-Yb. 
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APPENDIX V 

Crystallographic data from Chapter 3.1.1 

Table APX.V.1 Crystallographic information from the Single Crystal X-Ray Diffraction 

measurements of compounds 8-Ce, 10-Eu, 14-Er and 15-Yb. 

 

 

 

 

 

 

 

Crystal Data 8-Ce 10-Eu 14-Er 15-Yb 

Formula C42H32Ce2F6O16 C56H38Eu2F8O18 C56H38Er2F8O18 C56H38F8O18Yb2 

FW [g/mol] 1186.91 1454.78 1485.75 1496.94 

Crystal 

System 

Triclinic Triclinic Triclinic Triclinic 

Space Group P-1 P-1 

 

P-1 P-1   

a [Å] 8.9805(5) 9.095(8) 8.9912(17) 8.9457(6) 

b [Å] 14.6476(8) 11.378(10) 11.362(2) 11.4051(8) 

c [Å] 16.5224(8) 13.659(12) 13.688(3)   13.6544(10) 

α[deg] 74.604(2) 110.68(3) 111.062(7) 110.971(2) 

β [deg] 89.840(2) 93.12(3) 92.805(7) 92.919(2) 

γ [deg] 85.666(2) 92.45(3) 91.732(7) 91.365(2) 

V [Å3] 2089.08(19) 1317.6(2) 1301.6(4) 1297.83(16) 

Z 2 1 1 1 

T(K) 100 100 100 100 

λ(Mo k) 

(Å) 

0.71073 0.71073 0.71073 0.71073 

Dcalc  

[g cm-3] 

1.887 1.833 1.895 1.915 

µ(Mo K)  

[ mm -1] 

2.253 2.464 3.309 3.688 

 

R 0.0229 0.0199 0.0178 0.0124 

wR2 0.0585 0.0467 0.0429 0.0309 
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Magnetic Properties from Chapter 3.1.1 

 

Figure APX.V.1 ln(τ) vs T-1 plots of compounds 13-Dy and 15-Yb. The curves are fitted 

considering the Arrhenius law that describes the Orbach mechanism. 

 

Figure APX.V.2 ln(τ) vs T-1 plots of compound 11-Gd. From the fit of the two component 

Debye model, two relaxations of the magnetization times were extracted. τ1 follows a 

dependency with temperature that could be fitted with Raman and QTM relaxation of the 

magnetization mechanisms. However, τ2 refers to the relaxation time obtained form the χM’’ tails 

observed at lower temperatures and lower oscillating frequencies. As observed, τ2 does not 

exhibit a dependency with temperature that can be fitted with the known equations of the 

relaxation of magnetization.  
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APPENDIX VI 

Crystallographic data from Chapter 3.1.2 

Table APX.VI.1 Crystallographic information from the Single Crystal X-Ray Diffraction 

measurements of compounds 16-Ce, 17-Eu and 21-Yb. 

 

 

 

 

 

 

 

 

Crystal Data 16-Ce 18-Tb 21-Yb 

Formula C56H36Ce2F8 

O18,2(C24H20P),2(H2O) 

C56H36F8O18Tb2, 

2(C24H20P) 

C56 H36.51 F8.51 O18 

Yb2, 2(C24 H20 P) 

FW [g/mol] 2143.86 2145.45 2183.77 

Crystal 

System 

monoclinic   monoclinic monoclinic 

Space Group P21/c P21/n P21/n 

a [Å] 12.0135(9) 12.3043(11) 12.3281(5) 

b [Å] 13.2434(9) 27.324(2) 27.2854(10) 

c [Å] 28.780(2) 13.1918(9) 13.1939(5) 

α[deg] 90 90 90 

β [deg] 99.079(3) 95.038(3) 95.118(1) 

γ [deg] 90 90 90 

V [Å3] 4521.5(6) 4418.0(6) 4420.4(3) 

Z 2 2 2 

T(K) 100 100 100 

λ(Mo k) 

(Å) 

0.71073 0.71073 0.71073 

Dcalc  

[g cm-3] 

1.575 1.613 1.641 

µ(Mo K)  

[ mm -1] 

1.120 1.714 2.230 

R 0.0405 0.0351 0.0212 

wR2 0.1075 0.0721 0.0476 
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Magnetic properties from Chapter 3.1.2 

 

 

Figure APX.VI.1 Compound 19-Dy χM’’ vs T plots measured at an external direct current 

magnetic field of 500 G, 1500 G, 2000 G, 1000 G and 3000 G and an oscillation frequency of 2, 

10, 100 and 1000 Hz. 
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Figure APX.VI.2 ln(τ) vs T-1 plots of compounds 16-Ce and 21-Yb. The dotted black line 

corresponds to the fit with the Arrhenius law yielding values of 𝛥𝐸 =10.13 cm-1 and τ0 = 

1.44‧10-6 for 16-Ce and 𝛥𝐸 =13.52 cm-1 and τ0 = 9.14‧10-7 for 21-Yb 
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APPENDIX VII 

Crystallographic data from Chapter 3.2.1 

Table APX.VII. 1 Crystallographic information from the Single Crystal X-Ray Diffraction 

measurements of compounds of compounds 23-Eu and 24-Tb.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Complex 23-Eu 24-Tb 

Formula C28H12Eu2F8N4O20, 

2(C5H6N)  

C28H12Tb2F8N4O20, 

2(C5H6N) 

FW [g/mol] 1340.55 1354.49 

Crystal 

System     

Monoclinic  Monoclinic 

 Space Group    P21/n P21/n 

  a [Å]   11.0802(7) 11.0785(4) 

  b [Å]   11.4591(7) 11.4260(5) 

 c [Å]   16.8755(10) 16.8331(6) 

α[º] 90 90 

β [º] 93.137(2) 93.126(1) 

γ [º] 90 90 

V [Å3]  2139.5(2) 2127.61(14) 

Z  2 2 

T[K] 100 100 

λ(Mo k) 

([Å) 

0.71073 0.71073 

 Dcalc (g cm-3)  2.081 2.114 

 µ(Mo K) 

 ( mm -1)  

  3.032   3.425 

R  0.0124 0.0149 

wR2 0.0297 0.0359 
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Magnetic properties from Chapter 3.2.1 

 

 

Figure APX.VII.1 ln(τ) vs T-1 plots of compounds 26-Nd and 27-Yb. The dotted black line 

corresponds to the fit with the Arrhenius law yielding values of 𝛥𝐸 =15.61 cm-1 and τ0 = 

0.03‧10-7 for 26-Nd and 𝛥𝐸 =27.7 cm-1 and τ0 = 8.17‧10-8 for 27-Yb 
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APPENDIX VIII 

Crystallographic data from Chapter 3.2.2 

Table APX.VIII. 1 Crystallographic information from the Single Crystal X-Ray Diffraction 

measurements of compounds of compounds 29-Tb and 30-Dy.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Complex 29-Tb 30-Dy 

Formula C56H24F16O16Tb2, 

2(C5H6N) 

C56H24Dy2F16O16, 

2(C5H6N), 2(H2O) 

FW [g/mol] 1734.83 1778.00 

Crystal 

System     

monoclinic   triclinic 

 Space Group P21/n P-1 

  a [Å]   15.5938(8) 11.0756(7) 

  b [Å]   19.7954(10) 15.7099(10) 

 c [Å]   20.2664(11) 18.4939(11) 

α[º] 90 93.549(2) 

β [º] 92.846(2) 94.867(2) 

γ [º] 90 98.898(2) 

V [Å3]  6248.2(6) 3158.5(3)   

Z  4 2 

T[K] 100 100 

λ(Mo k) 

(Å) 

0.71073 0.71073 

 Dcalc (g cm-3)  1.844 1.870 

 µ(Mo K) 

 ( mm -1)  

2.366 2.472 

R  0.0261 0.0266 

wR2 0.0592 0.0753 
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APPENDIX IX 

Table APX.IX.1 Selected bands (cm-1) of R- or S- 33-46 s=strong, m=medium and w=weak, 

br=broad obtained in ATR-IR spectroscopy 

R-33-Ce 3081-2815 (w), 1606 (m), 1553 (s), 1508 (m), 1305 (s), 1325 (w), 1194 

(m), 1098 (m), 1063 (m), 985 (m), 837 (m), 711 (s, split), 632(m) 

S-34-Ce 3081-2815 (w), 1606 (m), 1553 (s), 1508 (m), 1305 (s), 1325 (w), 1194 

(m), 1098 (m), 1063 (m), 985 (m), 838 (m), 711 (s, split), 632(m) 

R-35-Nd 3082-2817 (w), 1607 (m), 1554 (s), 1509 (m), 1306 (s), 1326 (w), 1195 

(m), 1099 (m), 1066 (m), 987 (m), 839 (m), 709 (s, split), 633(m) 

S-36-Nd 3082-2817 (w), 1607 (m), 1554 (s), 1509 (m), 1306 (s), 1326 (w), 1195 

(m), 1099 (m), 1066 (m), 987 (m), 839 (m), 709 (s, split), 633(m) 

R-37-Eu 3083-2817 (w), 1608 (m), 1552 (s), 1509 (m), 1400 (s), 1326 (w), 1196 

(m), 1100 (m), 1065 (m), 987 (m), 839 (m), 713 (s, split), 635(m) 

S-38-Eu 3086-2817 (w), 1613 (m), 1557 (s), 1509 (m), 1404 (s), 1317 (w), 1200 

(m), 1096 (m), 1065 (m), 983 (m), 839 (m), 713 (s, split), 635 (m) 

R-39-Tb 3091-2817 (w), 1613 (m), 1561 (s), 1509 (m), 1404 (s), 1330 (w), 1200 

(m), 1096 (m), 1070 (m), 983 (m), 839 (m), 717 (s, split), 635 (m) 

S-40-Tb 3091-2817 (w), 1613 (m), 1557 (s), 1509 (m), 1404 (s), 1330 (w), 1200 

(m), 114 (m), 1065 (m), 991 (m), 839 (m), 717 (s, split), 635 (m) 

R-41-Dy 3087-2817 (w), 1617 (m), 1569 (s), 1513 (m), 1396 (s), 1326 (w), 1204 

(m), 1096 (m), 1065 (m), 983 (m), 839 (m), 717 (s, split), 635 (m) 

S-41-Dy 3087-2817 (w), 1617 (m), 1569 (s), 1513 (m), 1396 (s), 1326 (w), 1204 

(m), 1096 (m), 1065 (m), 983 (m), 839 (m), 717 (s, split), 635 (m) 

R-43-Sm 3091-2817 (w), 1609 (m), 1552 (s), 1509 (m), 1396 (s), 1326 (w), 1200 

(m), 1100 (m), 165 (m), 983 (m), 843 (m), 713 (s, split), 635 (m) 

S-44-Sm 3091-2813 (w), 1609 (m), 1574 (s), 1509 (m), 1396 (s), 1322 (w), 1196 

(m), 1104 (m), 1065 (m), 991 (m), 839 (m), 713 (s, split), 635 (m) 

R-45-Er 3095-2821 (w), 1611 (m), 1554 (s), 1510 (m), 1408(s), 1340 (w), 1210 

(m), 1101 (m), 167 (m), 985 (m), 844 (m), 715 (s, split), 637 (m) 

S-46-Er 3095-2821 (w), 1611 (m), 1554 (s), 1510 (m), 1408(s), 1340 (w), 1210 

(m), 1101 (m), 167 (m), 985 (m), 844 (m), 715 (s, split), 637 (m) 
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Crystallographic data from Chapter 4.1 

Table APX.IX.2 Crystallographic information from the single crystal X-Ray Diffraction 

measurements of compounds R-37-Eu, S-38-Eu, R-39-Tb, S-40-Tb, S-42-Dy and S-44-Sm. 

Crystal 

Data 

R-37-Eu S-38-Eu R-39-Tb S-40-Tb S-42-Dy S-44-Sm 

Formula C39H35EuN2O9 C39H35EuN2O9 C39H35N2O9Tb C39H35N2 

O9Tb 

C39H35DyN2O9 C39H35N2O9Sm 

FW 

[g/mol] 

827.65 827.65 834.61 834.61 838.19 826.04 

Crystal 

System 

monoclinic monoclinic monoclinic monoclinic monoclinic Monoclinic 

Space 

Group 

P21 P21 P21 P21 P21 P21 

a [Å] 6.0481(3) 6.0472(3) 6.0348(3) 6.0361(3) 6.0246(2) 6.0523(2) 

b [Å] 23.7053(12) 23.7026(11) 23.6379(12) 23.618(1) 23.5732(10) 23.7820(9) 

c [Å] 12.2981(6) 12.3102(6) 12.3125(7) 12.3265(5) 12.3531(5) 12.2968(4) 

α[deg] 90 90 90 90 90 90 

β [deg] 100.971(2) 100.945(2) 101.130(2) 100.962(2) 101.095(2) 101.027(1) 

γ [deg] 90 90 90 90 90 90 

V [Å3] 1730.98(15) 1732.38(15) 1723.34(16) 1725.21(13) 1721.59(12) 1737.27(10) 

Z 2 2 2 2 2 2 

T(K) 100 100 100 100 100 100 

λ(Mo 

k) (Å) 

0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 

Dcalc [g 

cm-3] 

1.588 1.587 1.608 1.607 1.617 1.579 

µ(Mo 

K) [ 

mm -1] 

1.872 1.870 2.112 2.110 2.231 1.750 

 

R 0.0394 0.0320 0.0118 0.0259 0.0308 0.0179 

wR2 0.0817 0.0614 0.0281 0.0575 0.0736 0.0405 

Flack x -0.002(7) 0.006(4) 0.002(3) 0.019(9) 0.018(15) 0.008(3) 
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Circular Polarized Luminescence measurements of Chapter 

4.1 

 
Figure APX.IX.1 Emission spectra of compound R-37-Eu measured from the polycrystalline 

sample in a quartz plate (solid line) and the same polycrystalline sample dispersed in n-pentane 

in the quartz plate deposition (dashed line). The difference in the crystal field splitting that is 

differentiated in the polycrystalline sample is because the slits used in the different 

measurements where different and therefore, a change in the resolution of the spectra is 

observed. In the n-pentane dispersion the slits were 1mm and in the polycrystalline sample, the 

splits used where 0.3 nm. 

 

 

Figure APX.IX.2 CPL spectra of the R-39-Tb (black) and S-40-Tb (red) enantiomeric 

pair. 
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Magnetic properties of Chapter 4.1 

 
Figure APX.IX.3 MT vs T plot of compound S-38-Eu. Red line corresponts to the best fitting 

using Equation 4.2. 

 
Figure APX.IX.4 Emission spectra of compound S-38-Eu measured at 77K. The transition 

energies to 7F0 and 7F1 are depicted in Table APX.IX.3. 
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Table APX.IX.3 The spin-orbit coupling parameter (λ) is the energy gap between the 7F0 and 7F1 

states. The three components arising from 7F1 transition due to crystal field are averaged. The 

resulting λ parameter is 377 cm-1 in agreement with the calculated from the magnetic data. The 

transition energies are in cm-1. 

5D0→ 7F0 17212 

5D0→ 7F1 16920 

16835 

16750 

 

  

 

 

Figure APX.IX.5 ln(τ) vs T-1 plots of compounds S-34-Ce, S-36-Nd and S-42-Dy. Continuous 

black lines correspond to the fit with the Arrhenius law that describes the Orbach relaxation of 

the magnetization mechanism. 
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APPENDIX X 

Table APX.X.1 Selected bands (cm-1) of R-47-Nd-a to R-63-Yb-b s=strong, m=medium and 

w=weak, br=broad obtained in ATR-IR spectroscopy. 

R-47-Nd-a 3056.8(w), 3020.3(w), 2960.5(w), 2927.3(w), 2867.5(w), 1595.6(s), 

1555.7(m), 1539.1(s), 1519.2(m), 1492.6(m), 1449.4(m), 1402.9(s), 

1296.7(w), 1230.3(w), 1084.1(w), 854.9(w), 831.7(w), 801.8(w), 

692.3(s), 625.8(w), 569.4(w), 542.80(w) 

R-49-Sm-a 3053.5(w), 3026.9(w), 2957.2(w), 2927.3(w), 2870.9(w), 1595.6(s), 

1578.9(m), 1545.8(s), 1519.2(m), 1489.3(w), 1452.8(w), 1409.6(s), 

1300.0(w), 1230.2(w), 1087.4(w), 851.7(w), 835.1(w), 805.2(w), 

742.1(m), 695.6(s), 625.8(m), 576.0(m), 542.8(m) 

R-51-Eu-a 3053.5(w), 3020(w), 2957.2(w), 2930.6(w), 2870.8(w), 1598.9(s), 

1575.7(m), 1549.1(s), 1518.2(m), 1489.3(m), 1449.4(m), 1406.2(s), 

1296.7(w), 1230.2(w), 1087.4(w), 851.7(w), 831.7(w), 801.9(w), 

738.7(m), 692.3(s), 629.2(m), 572.7(m), 542.8(m) 

R-53-Tb-a 3053.5(w), 3021.0(w), 2960.2(w), 2931.9(w), 2872.5(w), 1601.4(s), 

1579.2(m), 1553.8(s), 1522,3(m), 1493.4(m), 1453.6(m), 1409.7(s), 

1299.5(w), 1235.2(w), 1094.3(w), 864.3(w), 835.3(w), 804.2(w), 

740.7(m), 694.1(s), 635.8(m), 572.7(m), 541.8(m) 

R-55-Tb-b 3098.4(w), 3057.3(w), 3021.7(w), 2962.6(w), 2929.3(w), 2875.3(w), 

1650.7(s), 1587.9(m), 1545.8(s), 1525.4(w), 1500.4(w), 1447.7(m), 

1421.8(s), 1379.3(w), 1237.3(w), 1096.9(w), 860.5(w), 837.3(w), 

805.3(w), 776.4(m), 747.7(m), 700.7(s), 630.7(w), 590.8(w), 554.6(w) 

R-57-Dy-a 3051.4(w), 3019.4(w), 2955.6(w), 2925.3(w), 2865.3(w), 1595.6(s), 

1573.1(m), 1543.5(s), 1515.3(m), 1482.5(m), 1441.1(m), 1401.9(s), 

1293.4(w), 1226.0(w), 1083.7(w), 848.7(w), 825.9(w), 799.3(w), 

730.1(m), 691.4(s), 619.5(m), 571.3(m), 540.6(m) 

R-59-Dy-b 3086.3(w), 3056.5(w), 3022.6(w), 2962.3(w), 2928.6(w), 2873.1(w), 

1648.6(s), 1579.3(m), 1542.7(s), 1522.6(w), 1498.5(w), 1440.3(m), 

1415.6(s), 1301.8(w), 1234.8(w), 1093.6(w), 855.3(w), 833.6(w), 

802.3(w), 769.4(m), 743.6(m), 699.4(s), 627.2(w), 576.1(w), 547.5(w) 
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R-61-Tm-b 3086.7(w), 3053.5(w), 3023.6(w), 2960.5(w), 2924.0(w), 2870.1(w), 

1645.4(s), 1575.7(m), 1545.8(s), 1519.2(w), 1489.3(w), 1439.48(m), 

1412.9(s), 1300(w), 1230.3(w), 1090.8(w), 851.7(w), 831.7(w), 

801.9(w), 768.6(m), 742.1(m), 695.6(s), 625.8(w), 576.0(w), 546.1(w) 

R-63-Yb-b 3083.4(w), 3060.2(w), 3023.6(w), 2957.2(w), 2924.0(w), 2870.9(w), 

1645.4(s), 1598.9(w), 1578.9(m), 1545.8(s), 1519.2(w), 1489.3(w), 

1409.6(s), 1296.7(w), 1233.6(w), 1087.5(w), 851.7(w), 835.1(w), 

808.5(w), 771.9(s), 742.1(s), 692.3(s), 625.8(w), 572.7(w), 542.8(w) 

 

Crystallographic data from Chapter 4.2 

TableAPX.X.2. Crystallographic information from the Single Crystal X-Ray Diffraction 

measurements of compounds S-52-Eu-a and S-62-Tm-b. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Complex S-52-Eu-a S-62-Tm-b 

Formula C108H98Eu2N4O12   C108H98N4O12Tm2 

FW [g/mol] 1947.82 1981.76   

Crystal 

System     

Triclinic   Monoclinic 

 Space Group    P1 C2 

  a [Å]   11.5491(5) 29.7283(12) 

  b [Å]   13.4718(5) 12.0158(5) 

 c [Å]   15.6226(5) 27.0234(12) 

α[º] 103.639(1) 90 

β [º] 109.404(1) 110.874(2) 

γ [º] 93.014(2) 90 

V [Å3]  2205.12(15) 9019.5(7) 

Z  1 4 

T[K] 100 100 

λ(Mo k) [Å] 0.71073 0.71073 

 Dcalc [g cm-3]  1.467 1.459 

 µ(Mo K) 

 [ mm -1]  

1.477 2.021 

R  0.0258 0.71073 

wR2 0.0556 0.1333 
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Luminescence and Chiroptical properties from Chapter 4.2 

 

 

Figure APX.X.1 1H-NMR spectra of compounds S-52-Eu-a (down) and S-56-Tb-b (bottom). 
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Figure APX.X.2 Dissymmetry factor (glum) with wavelength plot for R-55-Tb-b and S-56-

Tb-b enantiomeric pair extracted from the CPL measurement of the polycrystalline 

samples. 

 

Figure APX.X.3 Dissymmetry factor (glum) with wavelength plot for R-51-Eu-a and 

S-52-Eu-a enantiomeric pair extracted from the CPL measurement of the 1mM 

DCM solutions. 
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Figure APX.X.4 Dissymmetry factor (glum) with wavelength plot for R-55-Tb-b and S-56-

Tb-b enantiomeric pair extracted from the CPL measurement of the 1mM DCM solutions 

obtained for each Tb3+ 5D4→7FJ transitions. For transition 5D4→7F6, CPL bands are very 

weak therefore consistent glum values could not be extracted 

Magnetic properties from Chapter 4.2 

 
Figure APX.X.5 ln(τ) vs T-1 plots of compound R-59-Dy-b measured at a Hdc of 0 and 0.06T. 

The dotted purple line corresponds to the fit with the Arrhenius law at the higher temperature 

range. 
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Figure APX.X.6 ln(τ) vs T-1 plots of compound R-47-Nd-a and R-63-Yb-b measured at a Hdc 

of 0.15 and 0.2 T, respectively. The dotted black line corresponds to the fit with the Arrhenius 

law at the higher temperature range. 
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Improving the emission quantum yield in
dinuclear Eu(III) and Tb(III) complexes with
2-fluorobenzoate†

Ànnia Tubau,ab Laura Rodrı́guez,ab Ariadna Lázaro,ab Ramon Vicente *ab and
Mercè Font-Bardı́ac

The reaction of Ln(NO3)2�6H2O salts (Ln = Eu and Tb) with an excess of 2-fluorobenzoic acid (H-2FBz)

in an ethanol/water mixture allows the isolation of dinuclear compounds with the formula [Ln2
(m2-2FBz)4(2FBz)2(H-2FBz)2(H2O)2] (Ln = Eu (1) and Tb (2), 2FBz = 2-fluorobenzoate). A solid-state

photoluminescence study of complexes 1 and 2 shows the 4f–4f lanthanide transitions in the visible

range with improved emission quantum yields. 1 and 2 are water soluble and photoluminescence studies

have also been performed in water and D2O solutions, showing that the emission due to the 4f–4f elec-

tronic transitions is still present. The magnetic behaviors of 1 and 2 are also reported.

Introduction

Usually lanthanide(III) (Ln(III)) coordination compounds show lumi-
nescence from 4f–4f electronic transitions within the closed shell of
individual ions (responsible for the light emission). The energy
bands generated from these transitions are narrow and character-
istic of each Ln(III) and the emitting excited states are long-lived.
Since the f–f transitions are parity-forbidden, free Ln(III) ions have
extremely low molar extinction coefficients (el) for direct excitation
leading to a low luminescence intensity. To overcome this problem,
the presence of light-harvesting ligands coordinated to Ln(III) can
enhance the metal luminescence via an energy transfer process,
commonly known as the antenna effect.1–3 On the other hand,
luminescent lanthanide complexes are of interest due to their wide
range of applications in materials science and biosciences.1–14

For the synthesis of Ln(III) coordination compounds,
R-benzoate anions have been widely used as ligands due to
the strong interaction between the Ln(III) ions and the oxygen
atoms from the carboxylate group and also because of the

luminescence properties generated from the strongly absorbing
chromophore group of the organic fragment.1,15,16

Recently, S. Bräse et al. have published a thorough study of
lanthanide fluorobenzoate coordination compounds searching
for the optimal lanthanide and optimal ligand fluorination
degree to obtain photostable, non-toxic and luminescent com-
pounds suitable for use as bio-probes.17 As a conclusion of the
study, europium 2-fluorobenzoate (2FBz) dihydrate of formula
[Eu2(2FBz)6(H2O)4] combined the best properties with a poly-
crystalline quantum yield (QY) of 15%.

The quenching of luminescence is due to high-energy vibra-
tions (namely OH stretching for water).1,3 In Eu(III) the gap
between the 5D0 and

7F6 states is approximately 12 000 cm�1. It
follows that the quenching of the emissive state is easily
accomplished through three vibrational quanta of the O–H
bond, with a vibrational energy of 3600 cm�1.1b Taking into
account the experience of our research group in the syntheses
and luminescence study of 2-fluorobenzoate lanthanide(III)
coordination compounds18,19 we have considered the prepara-
tion of a new europium 2-fluorobenzoate monohydrate com-
pound of the formula [Eu2(m2-2FBz)4(2FBz)2(H-2FBz)2(H2O)2]
(H-2FBz is 2-fluorobenzoic acid) with the aim of increasing
the emission quantum yield taking into account that the
number of quenching water molecules in the new compound
is a half with respect to [Eu2(2FBz)6(H2O)4].

In this work we present the synthesis and structure of a new
dinuclear compound, [Eu2(m2-2FBz)4(2FBz)2(H-2FBz)2(H2O)2]
(1), which is isostructural to the previously reported [Tb2
(m2-2FBz)4(2FBz)2(H-2FBz)2(H2O)2] (2) compound.20 1 and 2
have been prepared by us using a new straightforward room
temperature synthetic method. The coordination number of
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the lanthanide ions is 9 for 1 and 2. Suitable single crystals for
single crystal X-ray diffraction were obtained for compound 1.
The obtained powders of 1 and 2 were characterized by infra-
red spectroscopy by attenuated total reflectance, elemental
analysis, powder X-ray diffraction and thermogravimetry.
Furthermore, for 1 and 2, the magnetic behaviour and lumines-
cence properties including the emission quantum yield in solid
and in water and D2O solutions are reported.

Results and discussion
Syntheses

In our experiment, we have used a straightforward room tempera-
ture synthetic procedure that is different from the refluxing
procedure used to prepare the already published complexes
[Tb2(m2-2FBz)4(2FBz)2(H-2FBz)2(H2O)2]

20 or [Nd2(m2-2FBz)4(2FBz)2
(H-2FBz)2(H2O)2].

21 We have successfully obtained with our new
synthetic procedure a new dinuclear europium(III) compound [Eu2
(m2-2FBz)4(2FBz)2(H-2FBz)2(H2O)2] (1) and the yet structurally pub-
lished [Tb2(m2-2FBz)4(2FBz)2(H-2FBz)2(H2O)2] (2). The key of our
straightforward room temperature synthetic method is the addition
of a big excess of 2-fluorobenzoic acid which occupies two coordina-
tion water positions with respect to the previously reported
[Ln2(2FBz)6(H2O)4].

Infrared spectra

The characteristic bands observed for the 2-fluorobenzoic acid
(H-2FBz) molecule and compounds 1 and 2 are summarized in
Table 1. For the Eu(III) and Tb(III) compounds, the characteristic
nCQO stretching vibration at 1684 cm�1 from the free ligand,
H-2FBz, disappears in the IR spectra while the asymmetric
(nas(COO�)) and symmetric (ns(COO�)) absorption peaks of the
COO� group at around 1602–104 and 1383–1381 cm�1, respec-
tively, appear, indicating the coordination of the ligands to the
lanthanide ions by oxygen donor atoms. Furthermore, the
broad band corresponding to the nO–H of compounds 1 and 2
is different from the band corresponding to the nO–H stretching
of the free ligand. The free ligand O–H stretching mainly arises
from the COOH group while in the complexes this vibration is
assigned to the H2O molecules that are coordinated to
Ln3+ atoms.

X-Ray crystal structure
Structural motif of [Eu2(l2-2FBz)4(2FBz)2(H-2FBz)2(H2O)2] 1

Compound 1 crystallizes in a triclinic crystal system with a P-1
space group. A partially labelled molecular plot and the coordi-
nation geometry figure are shown in Fig. 1. The crystallographic

data and selected bond lengths and angles are listed in Tables
S1 and S2 (ESI†), respectively.

The calculation of the distortion degree of the EuO9 coordi-
nation polyhedron for 1 (Fig. 1b) with respect to the ideal nine-
vertex polyhedra, using the continuous shape measure theory
and SHAPE software,22,23 shows an intermediate distortion
between various coordination polyhedra. The lowest continu-
ous shape measure (CShM) values for compound 1 correspond
to Muffin (MFF-9, Cs), spherical capped square antiprism
(CSAPR-9, C4v) and spherical tricapped trigonal prism
(TCTPR-9, D3h) with values of 1.233, 1.475, 1.999 and 2.617,
respectively (Fig. 1b).

The crystal structure of 2 was previously published by Xia
Li et al.20 Powder X-ray diffraction measurements (Fig. S1, ESI†)
have been realized for both synthesized compounds (1 and 2),
confirming that they are isostructural and that all the products
obtained from the reactions are the desired products with the
formula [Ln2(m2-2FBz)4(2FBz)2(H-2FBz)2(H2O)2]. The calculation
of the degree of distortion of the TbO9 coordination polyhedron
for 2 (Fig. 2) with respect to the ideal nine-vertex polyhedra,
using the continuous shape measure theory and SHAPE
software,22,23 shows an intermediate distortion between various
coordination polyhedra. The lowest continuous shape measure
(CShM) values for compound 2 correspond to the spherical
capped square antiprism (CSAPR-9, C4v), spherical tricapped
trigonal prism (TCTPR-9, D3h) and tricapped trigonal prism
(JTCTPR-9, D3h) with values of 2.337, 2.820 and 2.926,
respectively.

The coordination sphere of each Eu(III) is formed by O1 and
O2 from a 2FBz ligand in the bidentate chelating coordination
mode (Fig. 3a) and O7 from an H-2FBz (Fig. 3d). There are two
ligands in the bidentate bridging coordination mode (Fig. 3b)
that are bonded to the Eu(III) atoms through O3 and O4_a and
two 2FBz ligands that are in the bidentate chelating bridging
coordination mode (Fig. 3c) bonded to the lanthanide atom
through the O5, O6_a and O5_a atoms. The latest O atom
is doubly bridging both Eu(III) centres of the structure.

Table 1 Assignment of selected IR spectra bands for the free ligand and
the complexes (cm�1)

nCQO nH–O nas(COO�) ns(COO�)

H-2FBz 1685 2870 — —
1 (Eu) — 3428 1588 1394
2 (Tb) — 3419 1602 1383

Fig. 1 (Right) Partially labelled plot of compound 1. H atoms are omitted
for clarity. The symmetry transformation used to generate equivalent
atoms is1 �x + 1, �y + 1, �z + 2. Colour code: grey = C, red = oxygen,
green = fluorine and blue = Eu. (Left) Coordination polyhedron of the Eu(III)
ions in compound 1. The blue line shows the ideal Muffin (MFF-9)
polyhedron.
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The symmetry transformation used to generate equivalent
atoms is _a: �x + 1, �y + 1, �z + 2. Finally, the coordination
sphere is completed by O9 from an H2O molecule. The Eu–O
bond length is in the range of 2.348(2) to 2.638(2) Å,
the Eu� � �Eu intramolecular distance is 3.964(3) Å and the
O1–Eu–O2 bite angle of the 2FBz ligand in the bidentate
chelating coordination mode is 51.69(4)1.

Intermolecular interactions to consider are the O–H� � �O H-
bond from the H2O molecule and O1 and O6 of two carboxylate
groups in the bidentate chelating and bidentate chelating
bridging coordination modes, respectively. The H9OA/
H9OB� � �O1/O6 distance is 2.020 Å and the O9–H9OA� � �O1
and O9–H9OB� � �O6 angles are 154.061 and 149.341. This
arrangement propagates along the [100] direction of the crystal
lattice, and thus the final supramolecular structure consists of
a 1D chain Fig. 4.

Thermal stability

Compounds 1 and 2 are thermally stable until 100 1C. In the
interval 100–250 1C, 1 and 2 lose the two H-2FBz and the two
water molecules: found 21.79% (21.73% expected for 1); found
21.48 (21.63% expected for 2). Fig. S2a and b (ESI†) for 1 and 2
respectively.

Photophysical properties of 1 and 2

Photoluminescence properties have been studied in the solid
state at room temperature for both lanthanide compounds. As
stated before, highly luminescent lanthanide(III) coordination
compounds can be potentially used as bio-probes. For this, it is
important to study the solubility in aqueous solution.

For compounds 1 and 2 the solubility values in deionized water
were 7.98 and 6.2 mmol L�1, respectively. Furthermore, photo-
physical measurements were performed in H2O and in D2O
solutions at their respective solubility concentrations, in order
to study the possible structural changes and the optical proper-
ties of 1 and 2 in these media.

Europium compound. Excitation spectra collected at a max-
imum emission wavelength (lem) of 617 nm (5D0 - 7F2)
showed an intense band at 274 nm for the solid state sample
(Eu–s), and at 298 nm for the H2O (Eu–H2O) and D2O (Eu–D2O)
solutions. This band corresponds to the p - p* transitions
centered on the ligand molecules.17 In addition, for the three
excitation spectra, direct f–f transitions of Eu(III) could be
discerned: 5D4 ’ 7F0 at 361 nm and 5L6 ’ 7F0 at 394 nm,
Fig. S3 (ESI†).

Emission spectra were recorded upon excitation of the
samples at a wavelength (lex) of 274 nm for the Eu–s sample
and at 298 nm for the solution samples Eu–H2O and Eu–D2O,
which correspond to the ligand absorption maxima. For the
three samples, excitation at the ligand wavelength induced the
emission of Eu(III), Fig. 5. The bands that arise from the f–f
transitions were assigned to 5D0 -

7F0 at 580 nm, 5D0 -
7F1 at

593 nm, 5D0 - 7F2 at 617 nm, 5D0 - 7F3 at 651 nm and
5D0 - 7F4 at 698 nm. For the Eu–D2O and Eu–H2O samples,

Fig. 2 Coordination polyhedron of the Tb(III) ions in compound 2. The
green line shows the ideal spherical capped square antiprism (CSAPR-9)
polyhedron.

Fig. 3 Representation of the different coordination modes of 2-FBz and
H-the 2-FBz ligand: (a) chelating bridge, (b) syn–syn bridge, (c) chelating-
bridge, and (d) monodentate for the H-2-FBz acid.

Fig. 4 Supramolecular arrangement representation of compound 1 in the
[100] direction. In blue: H–O� � �H intermolecular hydrogen bonds.

Fig. 5 Emission spectra of compound 1 in the microcrystalline sample
(Eu–s), dissolved in water (Eu–H2O) and in deuterium oxide (Eu–D2O). To
the right of the spectra is shown the naked eye luminescence of each
sample.
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residual ligand emission could be seen in the 300–500 nm
range, though for the Eu–D2O sample, the emission from the
lanthanide ion was clearly more intense. For the Eu–s sample,
no emission from the ligand was seen, proposing an effective
antenna effect. The emission wavelengths of the f–f transitions
were the same in both the solid sample and the solution
samples. Also, the 5D0 - 7F0 transition appears as a single
band for the three samples; therefore, we could assume that the
lanthanide ion presents only one type of coordination sphere
though high-resolution emission spectra recorded at low tem-
peratures are required in order to confirm this statement. Since
the degeneracy of the electronic ground state (2J + 1) caused by
the ligand field effect is one for an Eu(III) ion, any splitting that
we can see in the 0- 0 transition will be due to the presence of
compounds with different coordination environments.24 How-
ever, several changes in the band shape and intensity, that are
related to a change in the coordination environment of Eu(III)
ions, were seen when dissolving the compounds into aqueous
solutions. The 5D0 -

7F2 hypersensitive band is responsible for
the red emission of europium and it is sensitive to the Eu(III)
surroundings. The red emission colour can be seen in the
naked eye for the three europium samples, Fig. 5 (right). For
the Eu–s sample, this band is split, indicating that the lantha-
nide cation is not placed in a position with inversion symmetry
inside the structure, but no splitting is seen for the Eu–H2O and
Eu–D2O systems. In addition, the intensity ratio of the 5D0 -
7F2 and 5D0 - 7F1 transitions (0 - 2/0 - 1 ratio) gives us
information about the symmetry of the coordination environ-
ment and hence an increase of this ratio is attributed to an
increase of the asymmetry around the Eu(III) surroundings.25,26

For 1 the 0- 2/0- 1 ratio is 5 in the solid state and 2 in water
and deuterated oxide solutions, respectively, indicating higher
symmetry around the Eu(III) ions in the solution samples. This
fact indicates a significant change in the coordination environ-
ment of the lanthanide anion and therefore a structural change
of the [Eu2(m2-2FBz)4(2FBz)2(H-2FBz)2(H2O)2] arrangement
when the microcrystalline sample is dissolved in water
solution. The suggested structural changes account for the
solvation of the lanthanide ions and in order to know how
many H2O molecules coordinate to the Eu(III) center, the
photoluminescence lifetimes (tobs) in H2O and D2O solution
were obtained, Fig. S4 (ESI†). The emission decays, monitored
at a lem of 617 nm, were fitted monoexponentially (I(t) = I0
exp(�t/tobs)), confirming the presence of single emitting spe-
cies, and the tobs values were 0.14 ms for the Eu–H2O sample
and 2.68 ms for the Eu–D2O sample. The number of H2O(q)
molecules in the first coordination sphere was calculated using
the equation presented by Horrocks and Sudnick (eqn (1)):27

q ¼ A
1

tobsðH2OÞ
� 1

tobsðD2OÞ

� �
(1)

where tobs(H2O) and tobs(D2O) are the lifetimes in ms of Eu(III)
dissolved in H2O and D2O, respectively, and A is 1.05 for Eu(III).
With this equation, q was 7.1.

Using the revised equation presented by Supkowski and
Horrocks28 (eqn (2)), which also takes into account the H2O

molecules in the second coordination sphere, the q value was
also 7.1. In the refined equation, A is 1.11 and B is 0.31 for
Eu(III).

q ¼ A
1

tobsðH2OÞ
� 1

tobs D2Oð Þ
� B

� �
(2)

Thus, the europium compound when solved in water solvates to
7 H2O molecules, probably breaking the dinuclear system,
leading to mononuclear europium species with water and 2-
fluorobenzoate ligands coordinated to the metal.

In order to study the luminescence and sensitization effi-
ciency of both europium solid and aqueous systems further, the
overall quantum yields (QYs) were measured and the corres-
ponding photophysical parameters were calculated, Table 2.
The QY can be defined as a result of multiplying the intrinsic
quantum yield (fLn) by the sensitization efficiency (Zsens) as
follows in eqn (3):

QY = Zsens�fLn (3)

fLn describes the efficiency of direct absorption and emis-
sion of lanthanide f–f transitions and Zsens indicates the ligand
to lanthanide energy transfer efficiency. In addition, the intrin-
sic quantum yield can be calculated using eqn (4):

fLn ¼ tobs
trad

(4)

where trad refers to the radiative lifetime which corresponds to
the lifetime in the absence of non-radiative deactivations.
Because of the pure magnetic dipole character of the
5D0 - 7F1 transition, this band is almost independent of the
local symmetry around Eu(III). Therefore, the trad parameter can
be calculated from the corrected emission spectrum of the
europium compound by means of eqn (5)24,29,30

1

trad
¼ AMD;0 � n3

ITOT

IMD

� �
(5)

where AMD,0 is a constant (14.65 cm�1), n is the refractive index
(1.517 for the microcrystalline sample and 1.334 for water) and
ITOT

IMD
is the ratio between the total integrated area measured

from the corrected Eu(III) emission spectrum (ITOT) to the
integrated area of the pure magnetic dipole transition 5D0 -
7F1 (IMD).

31

Upon the lex of 274 nm, the QY for the polycrystalline
sample (Eu–s) was 27%. Also the photoluminescence decay

Table 2 Lifetimes (tobs), overall quantum yields (QYs) and the calculated
photoluminescence parameters: radiative lifetimes (trad), intrinsic quantum
yield (fLn) and sensitization efficiency (Zsens) of compound 1 in the micro-
crystalline sample (Eu–s), dissolved in water (Eu–H2O) and in deuterium
oxide (Eu–D2O)

tobs (ms) QY (%) trad (ms) fLn (%) Zsens (%)

Eu–s 0.72 27 2.58 28 96
Eu–H2O 7.9 mmol L�1 0.14 0.6 7.48 2 30
Eu–D2O 7.9 mmol L�1 2.68 30 7.86 34 88
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time could be fitted monoexponentially for the solid sample
leading to a tobs value of 0.72 ms. The fLn and Zsens values were
28% and 96%, respectively, indicating a very good sensitization
efficiency of the europium compound in the solid sample. The
values of QY and tobs for Eu–s are significantly larger than the
previously published values for the [Eu2(2FBz)6(H2O)4] com-
pound which are 15% and 0.52 ms, respectively,17 thus verify-
ing the effect of the highest number of coordinated water
molecules in the quantum yield. By dissolving the solid sample
of 1 into a 6.2 mmol L�1 aqueous solution, the QY was 30% for
the Eu–D2O sample and it decreased drastically down to 0.6%
for the Eu–H2O sample. The fLn and Zsens values were 2% and
30%, respectively, for the Eu–H2O sample.

The lower quantum yield of the Eu–H2O sample indicates
the presence of more favored non-radiative pathways, because
of the high energy bond vibrations that are present in the
europium ion environment due to the seven inner sphere water
molecules. The Eu–D2O sample yields larger values of fLn and
Zsens (34% and 88%, respectively).

Terbium compound. Excitation spectra recorded at a max-
imum emission wavelength (lem) of 543 nm for the polycrystal-
line sample (Tb–s) and at 548 nm (5D4 -

7F5) for the aqueous
solutions in H2O (Tb–H2O) and D2O (Tb–D2O) showed an
intense band at 290 nm, for Tb–s, and at 297 nm for Tb–H2O
and Tb–D2O corresponding to the p- p* excitation transitions
from the ligand moieties, Fig. S5 (ESI†). Emission spectra under
the respective ligand excitation wavelength (lex = 290 nm for
Tb–s and 297 nm for Tb–H2O and D2O) gave rise to character-
istic bands from the f–f transitions of the Tb(III) ion, Fig. 6. For
the three samples, the first band at 490 nm is assigned to
5D4 -

7F6 whereas the most intense bands centered at 544 nm
for the Tb–s sample and at 546 nm for the Tb–H2O and Tb–D2O
samples correspond to the 5D4 -

7F5 transition, responsible for
the green emission colour that can be seen through the naked
eye under excitation of UV light for the three different samples
of compound 2 (Fig. 6, right). Furthermore, the weaker intense
bands at 586 and 622 nm were assigned to the 5D4 -

7F4 and
5D4 -

7F3 transitions, respectively.
32

A compilation of the measured photoluminescence para-
meters of compound 2 is presented in Table 3. The measured
lifetime for the Tb–H2O sample was also in the millisecond
range (0.50 ms), higher than the tobs observed for the Eu–H2O
compound (0.14 ms). Compound 2 dissolved in D2O (Tb–D2O)
reached a tobs of 1.86 ms. The outcome number of coordination
water molecules, q, for the terbium compound was 6.1 taking
into account the first coordination sphere (eqn (1))27 (A = 4.2 for
Tb(III)) and 7 using the developed equation that considers also
the second coordination sphere contribution, (eqn (2), where A
is 5 and B is 0.06 for the Tb(III) ion ).33 The Tb(III) ion
coordinates to 5 more molecules of H2O when dissolved
in aqueous solution, shifting 2 nm to the red range of the
5D4 - 7F5 emission transition. Therefore, structural changes
also take place when dissolving the Tb(III) polycrystalline sam-
ple in H2O solution. The QYs in solution for compound 2 were
4% (Tb–H2O) and 26% (Tb–D2O). Furthermore, for the Tb(III)
solid sample the tobs was 1.43 ms and the compound showed a

rather high sensitization quantum yield of 76%. The decay
times recorded for the three Tb(III) samples were fitted mono-
exponentially in agreement with a single emitting species,
Fig. S6 (ESI†).

All in all, the emission and sensitization efficiency decreases
considerably when compounds 1 and 2 are dissolved in water
because of the luminescence quenching produced by the high
O–H vibrating bonds from the water molecules that promote
energy loss by non-radiative processes.1,3 However, the photo-
luminescence properties are still present in water solution
taking into account that their luminescence can be seen
through the naked eye for compounds 1 and 2, making them
an ideal choice as candidates for bioanalytical applications.

Magnetic properties

Direct current (dc) magnetic susceptibility and magnetization
measurements were performed for compounds 1 and 2 on
polycrystalline samples. wMT versus temperature plots in the
2–300 K temperature range under a dc magnetic field of 0.3 T
are depicted in Fig. 7. At room temperature (300 K) the wMT
values are 2.8 and 24.3 cm3 mol�1 K for 1 and 2, respectively.
For 2, the room temperature wMT value is close to the one
expected for two isolated Tb(III) ions in the ground state (7F6,
S = 3, L = 3, J = 6, gJ = 3/2) which is 23.64 cm3 mol�1 K.1 However,
for 1 the room temperature wMT value is not 0, revealing the
presence of populated excited J states (7F1) that are very close in
energy to the ground state (7F0, S = 3, L = 3, J = 0, gJ = 0).

Fig. 6 Emission spectra of compound 2 in the microcrystalline sample
(Tb–s) and dissolved in water solution (Tb–H2O) and in deuterium oxide
(Tb–D2O). To the right of the spectra is shown the naked eye lumines-
cence of each sample.

Table 3 Lifetimes (tobs) and overall quantum yields (QYs) of compound 2
in the microcrystalline sample (Tb–s), dissolved in water (Tb–H2O) and in
deuterium oxide (Tb–D2O)

tobs (ms) QY (%)

Tb–s 1.43 76
Tb–H2O 6.2 mmol L�1 0.50 4
Tb–D2O 6.2 mmol L�1 1.86 26
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On cooling the samples, for 1, the wMT values decrease gradu-
ally up to 0.03 cm3 mol�1 K. This value is very close to 0 and it
suggests that the ground state at this temperature (2 K) agrees
with mj = 0. The susceptibility values of compound 2 are almost
independent versus temperature until B50 K where they
decrease suddenly to a finite value of 12.1 cm3 mol�1 K. This
fact may be attributed to the depopulation of mj states (split
levels form the crystal field) in the ground state.

Magnetization dependence on an applied magnetic field
measured at 2 K, Fig. S7 (ESI†), reveals no saturation in a high
magnetic field (5 T) with a magnetization value of 0.10 NmB for
1. Compound 2 in a high applied magnetic field presents a
saturation magnetization value of 10.2 NmB.

The wM versus T plot (inset Fig. 7) of 1 shows a smooth
increase of wM values. Below 125 K, wM reaches a constant value
of 0.012 cm3 mol�1 K, confirming the thermal depopulation of
the mixed 7F1 excited state, and only the 7F0 ground state is
populated at this point. At very low temperatures of B4 K, the
europium compound shows a small increase of wM values
because of the presence of some remnant paramagnetic spe-
cies. For an europium ion, the energy difference between the
ground state term (7F0) with the first (7F1) and second (7F2)
excited levels is small and mixing of these J levels can occur
because of the crystal field effect or Zeeman effect. The wM
versus T plot of 2 results in a typical paramagnetic behavior.

The plot of 1/wM versus T resulted in a linear tendency for
compound 2 (Fig. 8), in the whole measured temperature range,
confirming that the terbium compound obeys the Curie Weiss

law wM ¼ C

T � y

� �
. The Curie constant (C) and Weiss tempera-

ture (y) were determined to be 24.2 cm3 mol�1 and 2.6 K,
respectively.

The obtained magnetic results of 1 and 2 are in agreement
with other Eu(III) and Tb(III) compounds.1,32,34–38

Conclusions

With the aim of studying the effects of the reduction of the
number of water molecules on the photoluminescence proper-
ties with respect to the previously published compounds of
formula [Ln2(2FBz)6(H2O)4], we have presented structural, mag-
netic and luminescence studies of two homodinuclear
lanthanide compounds of formula [Ln2(m2-2FBz)4(2FBz)2
(H-2FBz)2(H2O)2] Ln = Eu (1) and Tb (2), which show a diminu-
tion of half the number of coordinated water molecules. From a
synthetic point of view, we have used a new straightforward
room temperature synthetic procedure to avoid the refluxing
step used to prepare the previously published [Tb2
(m2-2FBz)4(2FBz)2(H-2FBz)2(H2O)2] compound.

A solid-state photoluminescence study of complexes 1 and 2
shows the 4f–4f lanthanide transitions in the visible range. The
overall quantum yield has values of 27 and 76% for 1 and 2,
respectively. For the previously published compounds of for-
mula [Ln2(2FBz)6(H2O)4] the quantum yields were 15 and 50%
for the corresponding Eu and Tb derivatives, respectively.17

Compounds 1 and 2 are water soluble, with solubility values of
7.98 and 6.2 mmol L�1 for 1 and 2, respectively. The QYs
decrease to 0.23% and 3.8% for 1 and 2, respectively when
dissolved in water. Photoluminescence lifetimes are 0.13 and
0.42 ms for 1 and 2, respectively. In addition, the radiative
lifetime, intrinsic quantum yield and sensitization efficiency of
1 in water solution are 7.48 ms, 2% and 30%, respectively. In 1
and 2 the photoluminescence properties are still present in
water solution, making them an ideal choice as candidates for
bioanalytical applications.

A magnetic study of 1 and 2 shows no SMM behavior and is
in agreement with other Eu(III) and Tb(III) compounds.1,32,34–38

Fig. 7 wMT vs. T plots for compounds 1 and 2.

Fig. 8 1/wM vs. T plot for compound 2.
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Experimental section
Starting materials

Ln(NO3)3�xH2O salts (Strem Chemicals) and 2-fluorobenzoic
acid (Aldrich) were used as received.

Spectral and magnetic measurements

The elemental analyses of the compounds were performed at
the Serveis Cientı́fics i Tecnològics of the Universitat de Barce-
lona. Infrared spectra (4000–400 cm�1) were recorded by KBr
pellets using a PerkinElmer 380-B spectrophotometer. Solid
state fluorescence spectra were recorded using a Horiba Jobin
Yvon SPEX Nanolog fluorescence spectrophotometer at room
temperature. Lifetimes were recorded using a DeltaPro TCSPC
equipment from Horiba Scientific upon excitation of the sam-
ples with a 283 nm nanoLED. Luminescence quantum yields
were recorded using an Absolute PL quantum yield spectro-
meter from Hamamatsu Photonics upon excitation of the
samples at 274 and 290 nm for 1 and 2, respectively.

Thermal analyses were carried out using an STA 409 PC Luxx
thermoanalyzer (NETZSCH, Germany) in the temperature range
of 30–600 1C under a N2 atmosphere, with a heating rate of
10 1C min�1.

Magnetic measurements were performed on solid polycrys-
talline samples using a Quantum Design MPMS-XL SQUID
magnetometer at the Magnetic Measurements Unit of the
Universitat de Barcelona. Pascal constants were used to esti-
mate the diamagnetic corrections, which were subtracted from
the experimental susceptibilities to give the corrected molar
magnetic susceptibilities.

Solubility

Water solubility of 1 and 2 was measured by refluxing a
suspension of 150 mg of the respective lanthanide compound
in 5 mL of deionized water for 1 h. Then the mixture was
allowed to cool at room temperature. After this, 3 mL of clear
solution was placed in a crystallizer of known mass and allowed
to evaporate. The variance in the mass of the crystallizer
corresponds to the product mass that was dissolved in 3 mL
of deionized water.

X-Ray crystallography

A colorless prism-like specimen of 1, with approximate dimen-
sions of 0.046 mm � 0.055 mm � 0.181 mm, was used for X-ray
crystallographic analysis. The X-ray intensity data was mea-
sured using a D8 Venture system equipped with a multilayer
monochromator and a Mo microfocus (l = 0.71073 Å).

The frames were integrated with the Bruker SAINT software
package39 using a narrow-frame algorithm. The integration of
the data using a triclinic unit cell yielded a total of 48 286
reflections to a maximum y angle of 30.581 (0.70 Å resolution),
of which 8053 were independent (average redundancy 5.996,
completeness = 99.4%, Rint = 3.37%, Rsig = 2.32%) and
7500 (93.13%) were greater than 2s(F2). The final cell constants
of a = 9.0953(8) Å, b = 11.3783(10) Å, and c = 13.6591(12) Å,
a = 110.681(3)1, b = 93.121(3)1, g = 92.453(3)1, and

volume = 1317.6(2) Å3 are based upon the refinement of the
XYZ-centroids of reflections above 20s(I). Data were corrected
for absorption effects using the Multi-Scan method (SADABS).40

The calculated minimum and maximum transmission coeffi-
cients (based on crystal size) are 0.6698 and 0.7461.

The structure was solved and refined using the Bruker
SHELXTL Software Package,41 using the space group P%1, with
Z = 1 for the formula unit, C56H38Eu2F8O18. The final
anisotropic full-matrix least-squares refinement on F2 with
385 variables converged at R1 = 1.99%, for the observed data
and wR2 = 4.67% for all data. The goodness-of-fit was 1.104. The
largest peak in the final difference electron density synthesis
was 0.998 e� Å�3 and the largest hole was �0.754 e� Å�3 with
an RMS deviation of 0.097 e� Å�3. On the basis of the final
model, the calculated density was 1.833 g cm�3 and F(000),
716 e�.

Molecular plots were obtained using the MERCURY
program.

Synthesis of the [Ln2(2FBz)4(2FBz)2(H-2FBz)2(H2O)2] complexes

An ethanol solution (20 mL) containing Ln(NO3)3�nH2O
(0.9 mmol) was added to an ethanol/H2O (1 : 1) solution
(20 mL) containing 2-fluorobenzoic acid (540.40 mg, 4 mmol)
and pyridine (355.95 mg, 4.5 mmol). After the reagents were
dissolved, 2-fluorobenzoic acid (270.2 mg, 2 mmol) was added.
The solution was stirred for 30 minutes and then allowed to
stand at room temperature. Single crystals suitable for X-ray
diffraction were obtained within two weeks. The crystals were
obtained by filtration and washed with ethanol.

[Eu2(l2-2FBz)4(2FBz)2(H-2FBz)2(H2O)2]. White crystals. Yield
(%) 33. IR: 3418(br), 1666(w), 1604(s, split), 1565(m), 1528(m),
1488(w), 1454(m), 1422(m), 1381(s), 1293(m), 1250(w), 1210(m),
1164(w), 873(m) 856(m), 841(m), 808(m), 789(w), 748(s), 693(w),
655(m), 569(m) cm�1. Anal. calcd (found) for C56H38Eu2F8O18: C
(%) 46.23 (46.07), H (%) 2.63 (2.39).

[Tb2(l2-2FBz)4(2FBz)2(H-2FBz)2(H2O)2]. White crystals. Yield
(%) 55. IR: 3419(br), 1669(w), 1602(s, split), 1562(m), 1529(m),
1483(w), 1446(m), 1423(m), 1383(s), 1293(m), 1247(w), 1234(m),
1157(w), 1131(w), 1097(m), 1031(w), 951(w), 875(m), 855(m),
842(m), 808(m), 789(w), 749(s), 689(w), 649(m), 563(m) cm�1.
Anal. calcd (found) for C56H38Tb2F8O18: C (%) 45.80 (45.23), H
(%) 2.60 (2.50).
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J. Luzón, J. Bartolomé and C. Turta, Dalton Trans., 2014, 43,
12342–12356.

37 J. Legendziewicz, V. Tsaryuk, V. Zolin, E. Lebedeva,
M. Borzechowska and M. Karbowiak, New J. Chem., 2001,
25, 1037–1042.
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Luminescence, CPL and magnetic properties of 1D
enantiopure Ln3+ complexes with (S-) and (R-)
α-methoxyphenylacetate ligand†

Ànnia Tubau,a Francesco Zinna, b Lorenzo Di Bari, *b Mercè Font-Bardíac and
Ramon Vicente *a

The reaction of Ln(NO3)2·6H2O (Ln = Eu, Tb, Dy and Sm) with (R)-(−)-α-methoxyphenylacetic acid

(R-HMPA) and 1,10-phenanthroline (phen) in EtOH/H2O allows the isolation of 1D chiral compounds of

formula [Ln(μ-R-MPA)(R-MPA)2(phen)]n in which Ln = Eu (R-Eu), Tb (R-Tb), Dy (R-Dy) and Sm (R-Sm).

The same synthesis by using (S)-(+)-α-methoxyphenylacetic acid (S-HMPA) instead of

(R)-(−)-α-methoxyphenylacetic acid allows the isolation of the enantiomeric compounds with formula

[Ln(μ-S-MPA)(S-MPA)2(phen)]n where Ln = Eu (S-Eu), Tb (S-Tb), Dy (S-Dy) and Sm (S-Sm). Single crystal

X-Ray diffraction measurements were performed for compounds R/S-Eu, R/S-Tb, S-Dy and S-Sm. The

luminescence and the circular dichroism measured in the solid state are reported. All compounds show

sensitized luminescence, notably the Eu3+ and Tb3+ ones, whose emission color can be perceived by the

naked eye. For the Eu3+ and Tb3+ derivatives the quantum yield and the circular polarized luminescence

have been measured. For the magnetic allowed transition 5D0 → 7F1 of the Eu3+ compound, the an-

isotropy factor glum is ±0.013 (+for S-Eu). Also, magnetic properties of all compounds were studied with

the Dy3+ analogue showing slow relaxation of the magnetization under a direct current magnetic field of

1000 Oe.

Introduction

Lanthanide(III) compounds are currently mainly studied for
their peculiar magnetic and luminescent properties derived
from their partially filled 4f valence shell. Regarding magnetic
properties, since the discovery of the first mononuclear lantha-
nide complexes of formula [Pc2Ln]

−·TBA+ (Ln = Tb, Dy; Pc =
dianion of phthalocyanine; TBA+ = tetrabutylammonium)
showing slow magnetization relaxation and acting as single
molecule magnets (SMMs),1 a plethora of mono and poly-
nuclear SMMs complexes derived from lanthanide ions with
large orbital momentum and strong magnetic anisotropy have

been reported.2 On the other hand, lanthanide(III) complexes
with luminescence properties are of interest due to their appli-
cations in materials and biosciences.3 The preparation of
chiral lanthanide(III) coordination compounds is of high
current interest to achieve circularly polarized luminescence
(CPL)4 for applications in circularly polarized organic light-
emitting diodes (CP-OLEDs),5 biological sensing6 and anti-
counterfeiting devices.7 Moreover, CPL active lanthanide com-
plexes are studied in the context of molecular magnetism.8

The chiral ligands naturally induce a dissymmetric environ-
ment around the Ln3+ ion, which determines the onset of chir-
optical properties allied to the f–f transitions of the ion. In
emission this is sensitively monitored through CPL, which can
be conveniently quantified by means of the dissymmetry factor
glum, eqn (1):

glum ¼ 2
IL � IR
IL þ IR

¼ 2
ΔI
I

ð1Þ

where IL and IR are the left and right circularly polarized com-
ponents of the emission of the compound.

Usually, non-aggregated organic molecules or d-metal com-
plexes display glum factors of the order of 10−4–10−3,9 while
lanthanide complexes may show much higher values (10−1–
1.4).10 Usually, CPL is measured for mononuclear Eu3+ com-

†Electronic supplementary information (ESI) available. CCDC 2191286 (S-Dy),
2191287 (R-Eu), 2191288 (R-Tb), 2191289 (S-Tb), 2191290 (S-Sm) and 2191291
(S-Eu). For ESI and crystallographic data in CIF or other electronic format see
DOI: https://doi.org/10.1039/d2dt03356a

aDepartament de Química Inorgànica i Orgànica, Secció de Química Inorgànica,

Universitat de Barcelona, Martí i Franquès 1-11, 08028 Barcelona, Spain.

E-mail: rvicente@ub.edu
bDipartimento di Chimica e Chimica Industriale, Università di Pisa, via Moruzzi 13,

I 56124 Pisa, Italy. E-mail: lorenzo.dibari@unipi.it
cDepartament de Mineralogia, Cristal lografia i Dipòsits Minerals and Unitat de

Difracció de Raigs X. Centres Científics i Tecnològics de la Universitat de Barcelona

(CCiTUB). Universitat de Barcelona, Solé i Sabarís 1-3, 08028 Barcelona, Spain
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plexes, while it is more rarely investigated for complexes with
higher nuclearity, such as binuclear helicates11 or trinuclear12

and heptanuclear13 systems.
Recently14 we have used the chiral bidentate bridging car-

boxylate ligands generated from (S)-(+)- or (R)-(−)-2-phenylpro-
pionic acid and S-(+)- and R-(−)-2-(6-methoxy-2-naphthyl)pro-
pionic acid to synthesize two series of enantiomeric pure
dinuclear 4f-metal ion complexes of formula [Ln2(S-
L)6(phen)2] or [Ln2(R-L)6(phen)2] (HL = chiral carboxylic acid)
by adding simultaneously neutral chelating 1,10-phenanthro-
line (phen) ligands which block two coordination sites per
Ln3+ ion and terminate further aggregation. The 1,10-phen-
anthroline ligands have also the role to sensitize the lumine-
scence of the lanthanide ion, through the so-called antenna
effect. In fact, because of the weak f–f absorption of trivalent
lanthanide ions, a suitable chromophoric organic ligand
should be employed to populate the lanthanide emitting states
through an energy transfer process.15

For the published R and S complexes of formula [Eu2(2-phe-
nylpropionate)6(phen)2] and [Eu2([2-(6-methoxy-2-naphthyl)
propionate])6(phen)2], the analysis of the data yielded values of
glum factors for 5D0 → 7F1/

7F2 transitions around glum = ±1 ×
10−2 and glum = ±1 × 10−3 respectively.14

With the aim to obtain new lanthanide compounds in
which luminescent, chiroptical and magnetic properties could
coexist, and therefore, obtain multifunctional materials, we
present herein the structural, magnetic and optical studies of
eight new chiral lanthanide coordination complexes derived
from the use of the pure enantiomeric R- or S-species of the
α-methoxyphenylacetic acid (R- and S-HMPA respectively,
(Scheme 1)) and the auxiliary ligand 1,10-phenanthroline.
The reaction of the above ligands with the respective
nitrate lanthanide salts lead to new 1D complexes with the
formula [Ln(μ-R-MPA)(R-MPA)2(phen)]n or [Ln(μ-S-MPA)(S-
MPA)2(phen)]n for R- or S-HMPA respectively (Ln = Eu, Tb, Dy
and Sm). The presence of the methoxy group in the
α-methoxyphenylacetate ligand induces the formation of a 1D
polymeric chain along the a axis instead of the dinuclear
compounds of formula [Ln2(R/S-L)6(phen)2] found for the
previous chiral compounds published by our group where
R/S-L = R/S-2-phenylpropionic acid and R/S-2-(6-methoxy-2-
naphthyl)propionic acid.14

Experimental section
Starting materials

Ln(NO3)3·6H2O salts, (S)-(+)- or (R)-(−)-α-methoxyphenylacetic
acid and 1,10-phenantroline (Aldrich) were used as received.

Synthesis of 1D complexes [Ln(μ-R/S-MPA)(R/S-MPA)2(phen)]n.
Into 20 mL of an ethanol/water solution in the 1 : 1 ratio, the
respective R/S-α-methoxyphenilacetic acid (1.5 mmol, 249 mg)
and KOH (1.5 mmol, 84.2 mg) were dissolved. Then, 1,10-phen-
antroline (0.3 mmol, 54 mg) dissolved in 5 mL of ethanol/
water (1 : 1) was added. Afterward, a solution (5 mL) in the
same ethanol/water ratio with the Ln(NO3)3·nH2O salt
(0.22 mmol) was added dropwise into the reaction mixture.
The colorless solution was magnetically stirred for 1 h and
then left to stand at room temperature. After 1 week, needle
shaped white single crystals suitable for monocrystal X-Ray
diffraction appeared. Anal. Calc. (%) for R-Eu C, 56.6; H, 4.3;
N, 3.4, found: C, 57,0; H, 4.4; N, 3.4. Calc(%) for S-Eu C, 56.6;
H, 4.3; N, 3.4, found: C, 56.6; H, 4.6; N, 3.4. Calc. (%) for R-Tb
C, 56.1; H, 4.2; N, 3.4, found: C, 56.5; H, 4.4; N, 3.4. Calc(%)
for S-Tb C, 56.1; H, 4.2; N, 3.4, found: C, 56.2; H, 4.3; N, 3.4.
Calc. (%) for R-Sm C, 56.7; H, 4.3; N, 3.4, found: C, 57,0; H,
4.3; N, 3.4. Calc(%) for S-Sm C, 56.7; H, 4.3; N, 3.4, found: C,
56.5; H, 4.4; N, 3.4. Calc. (%) for R-Dy C, 55.9; H, 4.2; N, 3.3,
found: C, 56.2; H, 4.2; N, 3.3. Calc(%) for S-Dy C, 55.9; H, 4.2;
N, 3.3, found: C, 56.2; H, 4.2; N, 3.3. Selected IR bands (KBr
pellet, cm−1, Fig. S1†) 3083–2817 (w), 1608 (m), 1552 (s), 1509
(m), 1400 (s), 1326 (w), 1196 (m), 1100 (m), 1065 (m), 987 (m),
839 (m), 713 (s, split), 635(m) for R-Eu, 3086–2817 (w), 1613
(m), 1557 (s), 1509 (m), 1404 (s), 1317 (w), 1200 (m), 1096 (m),
1065 (m), 983 (m), 839 (m), 713 (s, split), 635 (m) for S-Eu,
3091–2817 (w), 1613 (m), 1561 (s), 1509 (m), 1404 (s), 1330 (w),
1200 (m), 1096 (m), 1070 (m), 983 (m), 839 (m), 717 (s, split),
635 (m) for R-Tb, 3091–2817 (w), 1613 (m), 1557 (s), 1509 (m),
1404 (s), 1330 (w), 1200 (m), 114 (m), 1065 (m), 991 (m), 839
(m), 717 (s, split), 635 (m) for S-Tb, 3091–2817 (w), 1609 (m),
1552 (s), 1509 (m), 1396 (s), 1326 (w), 1200 (m), 1100 (m), 165
(m), 983 (m), 843 (m), 713 (s, split), 635 (m) for R-Sm,
3091–2813 (w), 1609 (m), 1574 (s), 1509 (m), 1396 (s), 1322 (w),
1196 (m), 1104 (m), 1065 (m), 991 (m), 839 (m), 713 (s, split),
635 (m) for S-Sm, 3087–2817 (w), 1617 (m), 1569 (s), 1513 (m),
1396 (s), 1326 (w), 1204 (m), 1096 (m), 1065 (m), 983 (m), 839
(m), 717 (s, split), 635 (m) for R-Dy and 3087–2817 (w), 1617
(m), 1569 (s), 1513 (m), 1396 (s), 1326 (w), 1204 (m), 1096 (m),
1065 (m), 983 (m), 839 (m), 717 (s, split), 635 (m) for S-Dy.

IR and magnetic measurements

Infrared spectra (4000–400 cm−1) were recorded from KBr
pellets on a PerkinElmer 380-B spectrophotometer.

Magnetic measurements were performed on solid polycrys-
talline samples with a Quantum Design MPMS-XL SQUID mag-
netometer at the Magnetic Measurements Unit of the
University of Barcelona. Pascal’s constants were used to esti-
mate the diamagnetic corrections, which were subtracted from
the experimental susceptibilities to give the corrected molar
magnetic susceptibilities.Scheme 1 R/S-α-Methoxyphenylacetic acid (R/S-HMPA).
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Luminescence properties

Solid state fluorescence spectra of compounds were recorded
on a Horiba Jobin Yvon SPEX Nanolog fluorescence spectro-
photometer (Fluorolog-3 v3.2, HORIBA Jobin Yvon, Cedex,
France) equipped with a three slit double grating excitation
and emission monochromator with dispersions of 2.1 nm
mm−1 (1200 grooves per mm) at room temperature. The
steady-state luminescence was excited by unpolarized light
from a 450 W xenon CW lamp and detected at an angle of
22.5° for solid state measurement by a red-sensitive
Hamamatsu R928 photomultiplier tube. The equipment was
adjusted to obtain the highest background-to-noise ratio.
Spectra were corrected for both the excitation source light
intensity variation (lamp and grating) and the emission spec-
tral response (detector and grating).

The excited state decay curves were measured in the same
instrument in the phosphorescence mode using a 450 W
xenon pulsed lamp (λ = 371 nm, 1.5 ns pulse). The measured
decays were analyzed using the Origin software package. Both

decay curves fitted monoexponentially: IðtÞ ¼ I0 exp � t
τobs

� �
.

The fit quality was determined by the χ2 method of Pearson.
Absolute quantum yield (ΦTOT) measurements were acquired
in the G8 Quantum Integrating Sphere from GMP with an
interior reflective coating made of Spectralon®. Then the ΦTOT

was calculated following eqn (2):

Φ ¼ Ec � EcðblankÞ
La � Lc

ð2Þ

La is the calculated area of the outgoing amount of light
without interaction with a sample (blank) at the used λexc and
Lc after interaction with the sample. Ec refers to the calculated
area from the emission spectrum of the sample and Ec (blank)
from the emission spectrum of the blank. Band pass of 0.3 nm
for the QY measurements and of 0.5 nm for lifetime measure-
ments were employed in order to not surpass the 106 CPS to
make sure that we are not measuring in the non-linear optic
zone, otherwise the results would not be correct.

Chiroptical spectroscopy measurements

ECD spectra. ECD spectra were recorded with a Jasco J-1500
spectropolarimeter on the polycrystalline samples dispersed in
a KBr matrix. In order to check for and minimize contri-
butions from linear dichroism/linear birefringence, for each
sample, different spectra were recorded rotating the sample by
180° around the optical axis and then all the spectra were
averaged.

CPL spectra. The circularly polarized luminescence experi-
ments for compounds S/R-Eu and S/R-Tb were carried out with
a home-built CPL spectrofluoropolarimeter16 that acquires
simultaneously the luminescence and CPL data, under UV
irradiation (λmax = 254 nm) on quartz plate depositions. The
depositions of the complexes were obtained from n-pentane
dispersions. N-pentane was chosen as a dispersant as it does
not dissolve the compounds and in this way the complexes are

deposited as a microcrystalline powder film. Several spectra
were acquired rotating the sample by ±45° around the optical
axis and by flipping the sample by 180° around the axis per-
pendicular to the collection beam.

X-ray crystallography. Good quality crystals of R/S-Eu,
R/S-Tb, S-Dy and S-Sm were selected and mounted on a
D8VENTURE (Bruker) diffractometer with CMOS detector. The
crystallographic data, conditions retained for the intensity
data collection, and some features of the structure refinements
are listed in Table S1.† All the structures were refined by the
least-squares method. Intensities were collected with a multi-
layer monochromated Mo-Kα radiation. Lorentz polarization
and absorption corrections were made for the R/S-Eu, R/S-Tb,
S-Dy and S-Sm crystal measurements. The structures were
solved by direct methods, using the SHELXS-97 computer
program17 and refined by full-matrix least-squares method,
using the SHELXL-2014 computer program.18 The non-hydro-
gen atoms were located in successive difference Fourier synth-
eses and refined with anisotropic thermal parameters on F2.
For hydrogen atoms isotropic temperature factors have been
assigned as 1.2 respective of the C atom in which the H is
attached.

Results and discussion
General syntheses

A straightforward room temperature synthetic route using the
R/S-α-methoxyphenylacetic acid (HMPA), 1,10-phenantroline
(phen) and Ln(NO3)3·H2O (Ln = Eu R/S-Eu, Tb R/S-Tb, Dy
R/S-Dy and Sm R/S-Sm) with further slow evaporation of the
solvent, lead to enantiopure chiral R/S-[Ln(μ-MPA)
(MPA)2(phen)]n 1D chain compounds. Several trials were
carried out before concluding that the best conditions for
obtaining single crystals suitable for monocrystal X-Ray diffrac-
tion were by using an excess of the R/S-HMPA ligand with
H2O/EtOH in a 1 : 1 (v/v) proportion as the solvent.

Molecular structures of the R/S-[Ln(μ-MPA)(MPA)2(phen)]n
compounds. Single crystal X-Ray diffraction measurements
were performed for compounds R/S-Eu, R/S-Tb, S-Dy and
S-Sm. All the compounds crystallize in the monoclinic P21
space group. The asymmetric unit of R/S-Ln consists of a
unit formed by one Ln3+ ion, two chelating R/S-
α-methoxyphenylacetate (R/S-MPA) ligands, one R/S-MPA brid-
ging ligand and one phen molecule. The asymmetric unit is
expanded in space forming a 1D polymeric chain along the
crystallographic a axis.

All the Ln3+ compounds are isostructural as it is seen in the
powder X-Ray diffraction spectra (Fig. S2†), also, affirming the
pure phase and crystallinity of the compounds. Therefore, only
the new compound R-Eu will be discussed.

A partially labelled plot of the structure of compound R-Eu
is shown in Fig. 1 and the mirror image of R/S-Eu compounds
is depicted in Fig. 2. Selected bond distances of R/S-Eu,
R/S-Tb, S-Dy and S-Sm and crystallographic information are
listed in Table 1 and Table S1† respectively.
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The structure consists of a polymeric 1D chain of formula
[Eu(μ-R-MPA)(R-MPA)2(phen)]n where each Eu3+ is nonacoordi-
nated. The polymeric chain extends along the [1 0 0] direction.
The EuO7N2 coordination sphere encompasses two R-MPA
ligands that are coordinated in the bidentate carboxylate che-

lating coordination mode (Scheme 2a) to Eu1 by the O1, O2
and O7, O8 atoms, with Eu–O distances in the range of
2.450–2.500 Å. Another R-MPA ligand is bridging two Eu3+

through the O7 and O8 atoms from the carboxylate group in
the syn-anti conformation (Scheme 2b). The O9 oxygen atom
from the methoxy group of this R-MPA ligand coordinates also
to the neighbouring europium atom. The Eu–O7, Eu–O8 and
Eu–O9 distances are 2.396, 2.388 and 2.539 Å respectively.
Finally, the coordination sphere of the lanthanide ion is com-
pleted by two N atoms (N1 and N2) from the 1,10-phenantro-
line molecule in the chelating coordination mode with Eu–N
distances of 2.569 and 2.558 Å for Eu–N1 and Eu–N2 respect-
ively. The Eu1⋯Eu1_a intrachain distance is 6.048 Å and the
shortest interchain distance is 12.298 Å. The crystal structure
of S-Eu is very similar to R-Eu but its configuration is mirror
symmetrical with R-Eu. Symmetry operators for generating
equivalent positions are: (a) −1 + x, y, z.

The SHAPE software,19 was used to determine the degree of
distortion of the coordination polyhedron in compound R-Eu.
It consists of a distorted polyhedron between the spherical tri-
capped trigonal prism (D3h), spherical capped square anti-
prism (C4v) and muffing (Cs) geometries with Continuous
Shape measurements (CShM) of 1.821, 2.084 and 2.075
respectively (Fig. 1, right). The degree of distortion of the
coordination geometry of the other compounds is shown in
Table S2.†

Fig. 1 Left, partially labeled plot of compound R-Eu. Phenyl groups and
H atoms have been omitted for a better view of the 1D structure. Right,
idealized coordination polyhedron (spherical tricapped trigonal prism)
compared with the real positions of the coordinating atoms of com-
pound R-Eu.

Fig. 2 Compounds R- and S-Eu presented as the mirror image of each
other.

Table 1 Selected bond distances (Å) for R/S-Eu, R/S-Tb, S-Dy and S-Sm

Bond distance (Å) R-Eu S-Eu R-Tb S-Tb S-Dy S-Sm

Ln–O1 2.500(5) 2.478(3) 2.417(2) 2.461(3) 2.456(6) 2.461(2)
LnO2 2.489(5) 2.445(4) 2.4601(18) 2.416(3) 2.464(5) 2.4891(19)
Ln–O4 2.450(6) 2.489(3) 2.4740(18) 2.470(3) 2.395(6) 2.510(2)
Ln–O5 2.476(5) 2.498(3) 2.4674(19) 2.475(3) 2.453(5) 2.4988(18)
Ln–O7 2.396(5) 2.394(3) 2.3688(18) 2.371(2) 2.364(4) 2.4050(19)
Ln–O8 2.388(4) 2.395(2) 2.3639(13) 2.365(2) 2.356(5) 2.4039(19)
Ln–O9 2.539(5) 2.540(3) 2.525(19) 2.521(3) 2.513(5) 2.557(2)
Ln–N1 2.569(5) 2.564(4) 2.545(2) 2.537(3) 2.527(7) 2.583(2)
Ln–N2 2.558(6) 2.567(4) 2.538(2) 2.545(4) 2.523(6) 2.582(2)
Ln⋯Ln (intrachain) 6.048(5) 6.047(4) 6.054(8) 6.036(4) 6.025(4) 6.052(3)
Ln⋯Ln shortest interchain distance 12.298 12.310 12.312 12.326 12.353 12.297

Scheme 2 Coordination modes of R/S-α-methoxyphenylacetate.
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The Ln–O and Ln–N bond lengths diminish following Sm3+

> Eu3+ > Tb3+ > Dy3+, confirming the lanthanide(III) contraction
tendency along the 6th period.20

Luminescence properties

Luminescence properties of all compounds were studied and
measured in the solid state at room temperature. Since each
enantiomer pair shows the same luminescence properties,
only the R-enantiomer of each lanthanide is discussed in this
section. The excitation and absorbance spectra measured in
the solid state of the enantiomers of each compound are dis-
played in Fig. S3 and S4.†

Excitation spectra were recorded at the emission wavelength
(λem) of 614 nm (5D0 →

7F2) for R-Eu, at 546 nm (5D4 →
7F5) for

R-Tb, at 572 nm (4F9/2 →
6H13/2) for R-Dy and at 644 nm (4G5/2

→ 6H9/2) for R-Sm. The four spectra show an intense and
broad band around 300 to 360 nm corresponding to the π →
π* and n → π* ligand centred excitation transitions from the
R-MPA and phen ligands. Only for compound R-Eu, excitation
arising from Eu f–f transitions could be discerned at 375, 395
and 464 nm corresponding to 5D4 →

7F0,
5L6 →

7F0 and
5D2 →

7F0 respectively. Room temperature emission spectra of R-Eu,

Tb, Dy and Sm, were obtained by employing an excitation
wavelength (λexc) of 330 nm.

In the emission spectra of R-Eu, (Fig. 3a) different bands
can be observed at 580, 595, 614, 650 and 691 nm corres-
ponding to the 5D0 → 7FJ = 0–4 transitions. 5D0 → 7F0 corres-
ponds to a forbidden transition (ΔJ = 0), therefore its intensity
is very low and in this case is almost imperceptible. The mag-
netically allowed 5D0 → 7F1 transition, with intensity indepen-
dent of the environment, is split due to the crystal field. For a
coordination geometry with symmetry lower than cubic, hexag-
onal, trigonal and tetragonal (meaning D2h, D2, C2v, C2h, C2,
Cs, S2 or C1), the degeneracy is lifted up to 2J + 1 mj com-
ponents due to crystal field splitting. For the 7F1 state, mj

values are 2J + 1 = 3 and for the presented Eu3+ compound, all
the three components can be discerned in the emission
spectra. This result is consistent with the structural character-
ization of R-Eu since the calculated ideal coordination poly-
hedron with less distortion with respect to the experimental,
presents a distortion between the D3h, C4v but also with the low
symmetry Cs point group. Furthermore, 5D0 →

7F2 is the most
intense band located in the red range and responsible for the
red-orange emission colour that could be seen by the naked
eye for S-Eu, Fig. S5.† This band is a hypersensitive transition,

Fig. 3 (a) Emission spectra of compound R-Eu (λexc = 330 nm). Bottom, CPL spectra of S- and R-Eu enantiomers. (b) Emission spectra for com-
plexes R-Tb, R-Dy and R-Sm recorded at λexc = 330 nm. (c) Lifetimes curves for compounds R-Tb and R-Eu. Solid lines represents mono-exponential
fittings.
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and in the case of S-Eu, its splitting indicates that the lantha-
nide ion is not occupying an inversion symmetry site inside
the structure.21

The R-Tb compound shows green emission that could be
seen by the naked eye (Fig. S5†). The bands arising from the
f–f Tb3+ transitions can be differentiated at 491, 546, 585 and
623 nm corresponding to the 5D4 → 7FJ = 6–3 transitions
(Fig. 3b).

In the visible range, the bands arising from the R-Dy com-
pounds can be observed at 481 nm, corresponding to the mag-
netically allowed 4F9/2 → 6H15/2 transition, at 572 nm, corres-
ponding to the 4F9/2 → 6H13/2 transition and at 659 nm (weak
band) corresponding to the 4F9/2 → 6H11/2 transition.
Furthermore, in the near infrared (NIR) range, two bands can
be observed at 996 and 1144 nm (Fig. S6†), which are assigned
to the transitions from the 4F9/2 energy level to 6F7/2 and 6F5/2
respectively.

For the R-Sm compound, four bands are identified at 563,
600, 644 and 705 nm in the visible range and assigned to the
4G5/2 →

6H5/2–11/2 transitions (Fig. 3b), furthermore, in the NIR
range, the 4G5/2 → 6H15/2 transition can be seen as a shoulder
at 896 nm. The f–f emission transitions arising from the 4G5/2

emitting level to the 6F5/2–9/2 energy states are found at 940,
1016 and 1166 nm respectively (Fig. S7†).3a,20

The excitation at the ligand absorption wavelengths for all
compounds induced the expected emission bands corres-
ponding to the characteristic f–f transitions from each lantha-
nide ion. Also, below 450 nm, no emission from the ligands is
detected, indicating that energy transfer from the excited
states of the organic moieties to the emitting energy level of
the respective lanthanide (the antenna effect) takes place for
these compounds.20 Nonetheless, the overall quantum yield
(ϕL

Ln), that is the ratio of the photons emitted by the lanthanide
to the photons absorbed by the ligand, was measured with an
integrating sphere with the intention to better understand the
luminescent efficiency of the presented compounds. For S-Eu
the absolute quantum yield resulted to be 0.14. The photo-
luminescence time decay was recorded at the λex of 330 nm
and collecting the measurement at 614 nm, corresponding to
the 5D0 → 7F2 transition. The curve of the intensity against
time (ms), showed in Fig. 3c, was fitted using a mono-exponen-
tial equation (see Experimental section) with a decay time
(τobs) of 1.77 ms for the Eu3+ compound, confirming that the
red emission of S-Eu comes from a single emitting centre and
a single radiative deactivation process. In addition, more infor-
mation about the sensitization mechanism that takes place for
this system can be determined for the Eu3+ compound. The
sensitization efficiency (ηsens) accounts to the percentage of
energy absorbed by the chromophore ligands transferred to
the excited state of the lanthanide ion and it is an important
factor in the overall quantum yield that can be defined as: ϕL

Ln

= ηsens·ϕLn
Ln. The other step that elucidates the ϕL

Ln is the
intrinsic quantum yield (ϕLn

Ln) that refers to the quantum yield
once the emitting level of the Ln3+ ion is populated. The intrin-
sic quantum yield is described as the ratio between the
measured time decay and the radiative lifetime

ϕLn
Ln ¼ krad

krad þ knon‐rad
¼ τobs

τrad
. Due to the pure magnetic dipole

character of the 5D0 → 7F1 transition, a simplified equation
can be used to calculate the τrad from Eu3+ 5D0 excited state,
corresponding to the lifetime in absence of non-radiative deac-
tivations (eqn (S1)†).21 For S-Eu, τrad is 3.05 ms. Therefore, the
ϕLn
Ln is 0.58. As expected, it is higher than the measured ϕL

Ln,
because the intrinsic quantum yield do not depend on the
efficiency of the ligand to Ln energy transfer, however, it takes
into account deactivation mechanisms such as back-transfer
energy or other quenching effects. Finally, the calculated ηsens
results of 0.24 evidencing a sensitization effect that is rather
low, nevertheless it is enough for S-Eu to present the desired
optical properties.21,22

On the other hand, the measured ϕL
Ln for the S-Tb sample

was higher than the Eu3+ analogue, yielding 0.33. Moreover,
the luminescence lifetime was measured by monitoring the
emission decay at 546 nm, corresponding to the more intense
emission band 5D4 →

7F5, Fig. 3c. The τobs calculated from the
monoexponential fitting is 1.50 ms, confirming also the pres-
ence of one type of emitting specie and emission mechanism.

For R-Dy and R-Sm, the QY and the luminescent time decay
were not measured due to the low emission intensity of the
compounds.

Circular dichroism (CD) and circular polarized lumine-
scence (CPL) measurements. The Circular Dichroism (CD)
measurements were carried out in solid state on pellets con-
taining the sample dispersed in a KBr matrix. The complexes
show rather weak Cotton effects (Fig. 4). The bands around
200–460 nm are assigned mainly to the absorption of the phen
ligand, with contributions from the π → π* transition of MPA.
Spectra of the free ligand are found in Fig. S8.† For these 1D
lanthanide chains the ligand arrangement formed by the MPA
and phen ligands are organized in the space around the metal
ion conferring low dissymmetry to the complex and leading to
the weak CD associated to the ligand-centered electronic
transitions.

Circular Polarized Luminescence (CPL) measurements were
performed for R/S-Eu and R/S-Tb. The samples were deposited
in a quartz plate, from a suspension in n-pentane, which acts
only as a dispersing agent, considering that the compounds
are not soluble in this solvent. The emission spectra recorded
simultaneously with CPL spectra were not significantly
different from those measured on the polycrystalline samples
(see above). This suggests that n-pentane does not induce any
change to the complexes (Fig. S9†). The CPL spectra of com-
pounds R/S-Eu recorded at the excitation wavelength of
254 nm are depicted in Fig. 3a, bottom. The Eu3+ enantiomeric
pairs show low intensity CPL signal, nevertheless, the mirror
image bands corresponding to 5D0 →

7F1,
7F2 and

7F4 Eu(III) f–f
transitions can be clearly discerned. The magnetic dipole tran-
sition, 5D0 →

7F1, at 595 nm is the most intense one. Two well
resolved components due to crystal field can be observed. The
mj component located in the higher energy region of the tran-
sition shows a splitting that appears as a bifid structure reveal-
ing the three crystal field splitting components. Next, at

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2023 Dalton Trans., 2023, 52, 1122–1132 | 1127

Pu
bl

is
he

d 
on

 1
5 

D
ec

em
be

r 
20

22
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ita
t d

e 
B

ar
ce

lo
na

 o
n 

6/
16

/2
02

4 
7:

53
:3

8 
PM

. 
View Article Online

https://doi.org/10.1039/d2dt03356a


614 nm the 5D0 → 7F2 transition shows lower intensity and
only one component is well differentiated. Finally, at 691 nm,
the 5D0 → 7F4 transition appears with very low intensity,
though at least two mj components can be differentiated. The
dissymmetry factor could be quantified (Eq.1) for the 5D0 →
7F1 and

5D0 →
7F2 transitions leading to a glum = ΔI/I of ±0.013

(+for S-Eu) for the 5D0 → 7F1 transition and ±0.003 (+for the
R-Eu enantiomer) for the hypersensitive transition (Table 2).
The presented glum values are similar to other reported Eu3+

coordination compounds with carboxylate ligands and to
other Eu3+ polymeric chain complexes measured in the solid
state.14,23 CPL measurements were performed for the S/R-Tb
compounds as well, but the intensity of the obtained spectra is
too low to extract meaningful information (Fig. S10†). CPL
studies in polymeric Lanthanide chains and measured in the
solid state remains rare.24 Y. Hasegawa et al.25 presented a
polymeric chain complex with glum values for the magnetic
dipole transition up to 0.17 measured in the solid state.

Due to low luminescence, the CPL of R/S-Dy and R/S-Sm
could not be measured.

Magnetic properties

DC magnetic susceptibility studies. Since S- and
R-enantiomers are expected to show the same magnetic pro-
perties, direct current (dc) magnetic susceptibility (χM) and
magnetization (M) measurements were performed for the
S-enantiomers on the polycrystalline samples. The χM
measurements were carried out under a dc field of 0.3 T in the
2–300 K temperature range. The χMT dependence with T plots
are presented in Fig. 5. At room temperature (300 K) the χMT
values are 1.43, 11.41, 13.82 and 0.40 cm3 mol−1 K for S-Eu,
S-Tb, S-Dy and S-Sm respectively. For one isolated Ln3+ cation,
the calculated χMT values are: 0 cm3 mol−1 K for Eu3+ ground
state 7F0; 11.82 cm3 mol−1 K for Tb3+ ground state 7F6 and gj =

3/2; 14.17 cm3 mol−1 K for Dy3+ ground state 6H15/2 and gj =
4/3, 0.09 cm3 mol−1 K for Sm3+ ground state 6H5/2 and gj = 2/7.3a

The experimental χMT value at room temperature for com-
pound S-Eu is higher than 0. Due to the rather small spin–
orbit coupling parameter (λ) between the 7F(0–1) states, at room
temperature the higher energy 7FJ states closer to the ground
state are thermally populated (mainly the 7F1 state). Then the
χMT values decrease gradually on cooling the sample due to
the thermal depopulation of the 7FJ excited states. At 2 K, χMT
is 0.017 cm3 mol−1 K confirming that at low temperature the
non-magnetic ground state ( J = 0) is stabilized. The χM vs. T
plot for compound S-Eu (Fig. S11†) shows an increase of the
χM values when approaching to 2 K due to remnant paramag-
netic rare earth impurities. If we consider the presented poly-
meric chain formed by non-magnetically coupled Eu3+ ions,
the λ value can be calculated from χMT vs. T data considering
Eu3+ as a free ion by using eqn (S2)†26,27 (the plot of the χMT
vs. T data only for S-Eu is shown in Fig. S12†). From the best
fitting the λ value is 335 cm−1. From the spectroscopic data,
the energy gap between the 7F0 and 7F1 should correspond to
the λ parameter. The λ value has been calculated from the
emission spectra of S-Eu measured at 77 K, Fig. S13 and
Table S3.† This value is 377 cm−1 for S-Eu. This result is
similar to other Europium compounds.28,29

Fig. 4 Circular dichroism spectra of compounds R/S-Eu, R/S-Tb, R/S-Dy and R/S-Sm measured in the solid state.

Table 2 glum values of the R/S-Eu enantiomeric pair for the 5D0 → 7F1
and the 5D0 → 7F2 transitions

R/S-Eu 5D0 →
7F1

5D0 →
7F2

glum ±0.013 (+for S-Eu) ±0.003 (+for R-Eu)

Fig. 5 χMT temperature dependence measured at an external static
field of 0.3 T. Continuous black line corresponds to the fitting of the χMT
versus T data using eqn (S2)† for compound S-Eu.
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On cooling the samples, for S-Tb and S-Dy, the χMT values
remain almost constant till ∼50 K and below this temperature,
the susceptibility values decrease up to 7.80 cm3 mol−1 K for
S-Tb and to 8.49 cm3 mol−1 K for S-Dy due to thermal depopu-
lation of the mj states. The possibility of magnetic coupling
between the Ln3+ ions has not been considered for these com-
pounds due to: (i) the well shielded nature of electrons in the
4fn orbitals (ii) the Ln–Ln intra and inter-molecular shortest
distances are too long (6.04 ± 0.01 and 12.32 ± 0.02 Å
respectively).

For the S-Sm compound, the χMT value at room tempera-
ture is also higher than the one calculated for a free ion. For a
Sm3+ ion, the 6H ground state is split due to spin–orbit coup-
ling by 6HJ = 5/2–15/2 with a λ parameter around 200 cm−1.
Therefore, at room temperature, the excited 6HJ states are ther-
mally populated. The diminution of χMT on cooling the
sample is due to the thermal depopulation of the J states.26,27

S-Sm magnetic data could not be fitted successfully under the
free ion approximation.

Magnetization dependence with an applied magnetic field
at 2 K for all compounds are depicted in Fig. S14.† None of the
presented compounds show saturation of the magnetization.

AC magnetic susceptibility studies

In order to study the dynamic magnetic properties of the R/S-
[Ln(μ-MPA)(MPA)2(phen)]n compounds, ac magnetic suscepti-
bility measurements in a 4 × 10−4 T oscillating field were
recorded for compounds S-Tb, S-Dy and S-Sm.

At a 0 Oe dc external magnetic field, the in-face (χ′M) and
out-of-face (χ″M) magnetic susceptibility components were
measured in an oscillating field at 10 and 1000 Hz and in the
2 to 12 K temperature range. Only for compound S-Dy, a temp-
erature dependence for the χ′M component was observed,
where it increases on decreasing the temperature without
reaching a maximum point above 2 K. Nevertheless, no χ″M
dependence with temperature and frequency was observed at
all, Fig. S15.† This fact suggests that the relaxation of the mag-
netization goes through a shortcut path between the two bi-
stable ±mj states, the so called quantum tunneling of the mag-
netization (QTM). In order to suppress the fast QTM, two
different dc fields (10 and 1000 Oe) at different temperatures

where applied to the samples. Then, maxima in the χ′M and
χ″M components were discerned below 8 K only for the S-Dy
compound. In order to establish the optimum dc magnetic
field, measurements of the χ′M and χ″M with frequency, at a
constant temperature of 3 K, and applying dc fields from 0 to
3000 Oe, were performed for S-Dy. A plot of τ (1/2πω) with the
dc field shows that the relaxation time is the greatest when the
applied external magnetic field is 1000 Oe. Then this dc field
is chosen as the optimal one (Fig. S16†).

On performing the measurements with a 1000 Oe dc field,
a dependence of the χ″M with temperature and frequencies is
clearly observed and maximum points are discerned for the
magnetic susceptibility components below 8 K (Fig. 6, left).
Nevertheless, at 2 K in the χ″M(T ) plot, a second maximum is
perceived suggesting a faster relaxation process differentiated
from the one occurring at higher temperatures (Fig. S17†).
This faster mechanism probably accounts for the QTM, which
is not totally removed on applying the external dc field.30

The representation of the ac data in the Cole–Cole plots,
Fig. 6, middle, shows semicircles that are not perfectly sym-
metric. Furthermore, a shoulder can be discerned corres-
ponding to the χ′M vs. χ″M points obtained at lower tempera-
tures and lower frequencies accounting to the faster mecha-
nism differentiated in the χ″M(T ) plot. The fit was not success-
ful using a two component generalized Debye model because
of the lack of a sufficient number of experimental data points
corresponding to the faster mechanism. Nevertheless, a good
fit was obtained for the slower process using the one-com-
ponent generalized Debye model (eqn (S3) and Table S4†).31

The fitting of the Cole–Cole curves were obtained using the
CCFit software.32 The representation of ln(τ) vs. 1/T is depicted
in Fig. 6, right. The linear trend in the slope in the low temp-
erature region was fitted by an Arrhenius law. This model
describes the relaxation of the magnetization by the thermally
assisted Orbach mechanism that occurs between the ±mj

degenerate states in the ground state via the highest energy
excited mj state of the Dy3+ ion. The calculated energy barrier
(Δ) is 31.6 cm−1 and the pre-exponential factor (τ0) of the
Arrhenius law is 4.9 × 10−9 s. But linearity is followed only for
few points, suggesting that at higher temperature more than
one relaxation mechanism is active. Also the distribution of

Fig. 6 Left, χ’’M vs. frequency plot for compound S-Dy and middle, Cole–Cole plot. Black lines correspond to the fitting with the one component
Debye model for both graphics. Right, ln(τ) vs. 1/T plot, dashed line represents the fitting with the Arrhenius law and orange line with eqn (3).

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2023 Dalton Trans., 2023, 52, 1122–1132 | 1129

Pu
bl

is
he

d 
on

 1
5 

D
ec

em
be

r 
20

22
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ita
t d

e 
B

ar
ce

lo
na

 o
n 

6/
16

/2
02

4 
7:

53
:3

8 
PM

. 
View Article Online

https://doi.org/10.1039/d2dt03356a


the coefficient values (α) obtained in the fitting by using the
generalized Debye model in the Cole–Cole plots, that are in
the 0.150–0.002 range, suggest the presence of other relaxation
mechanisms such as the QTM, Direct and Raman other than
just the Orbach. Thus, the ln(τ) vs. 1/T curve was adjusted
taking into account all of the above mechanisms. The best fit
was obtained when the spin–lattice relaxation mechanism,
Raman and Direct equations are considered, eqn (3).

τ�1 ¼ CT n þ AH 4T ð3Þ

The obtained parameters from the best fit where C = 0.011
s−1 K−9.07, n = 9.07 and A = 183.29 s−1 T−4 K−1. For a Kramer
ion such as Dy3+, the dependence of τ with T should follow the
power law τ ∝ T9 when the relaxation of the magnetization
goes through the two phonon relaxation Raman process.
Nevertheless, n with values in the interval 1–6 has been
claimed to be reasonable when the acoustic phonons are also
considered in the spin–lattice relaxation of Raman. Important
care has to be taken when fitting the ac data with the different
relaxation of the magnetization mechanisms due to over para-
metrization when using such equations.33–37

Similar behaviour has been reported for other carboxylate
bridged Dy3+ complexes and polymeric chains38–40 and nine
coordinate Dy3+ compounds with similar coordination geome-
try as the presented compound.30,41–43

For compounds S-Tb and S-Sm, no dependence of either
magnetic susceptibility components (χ′M and χ″M) was
observed neither at a 0 dc field nor at higher dc applied fields.

Conclusion

In this work, eight enantiomerically pure lanthanide coordi-
nation compounds have been successfully isolated. The
lanthanide compounds consist of a chiral coordination 1D
polymer that expands along the a crystallographic axis. The
compounds have the [Ln(μ-R/S-MPA)(R/S-MPA)2(phen)]n
formula where R/S-HMPA stands for (R/S)-
(±)-α-methoxyphenylacetic acid and Ln = Eu3+, Tb3+, Dy3+ and
Sm3+. Single crystal X-Ray diffraction measurements were per-
formed for compounds R/S-Eu, R/S-Tb, S-Dy and S-Sm. R/S-Eu,
R/S-Tb, R/S-Dy and R/S-Sm coordination compounds have
been characterized by means of Powder X-Ray Diffraction and
Infrared spectroscopy. Moreover, luminescence studies have
been carried out, as all the compounds presented sensitized
luminescence associated to the expected f–f transitions. The
S-Eu and S-Tb compounds showed rather good luminescence
properties with measured Quantum Yields of 0.14 and 0.33
respectively. Also, the luminescence lifetime was measured
and from the monoexponential curves, a τobs of 1.77 ms for
R-Eu and of 1.50 ms for R-Tb analogue were extracted.
Furthermore, a chiroptical study was performed on these
coordination polymers in the solid state. Circular dichroism
spectra were recorded and CPL measurements were performed
for the most luminescent analogues (R/S-Eu and R/S-Tb). For
the europium compounds, mirror image spectra could be

obtained where the different f–f transitions can be discerned.
On the other hand, for the Tb3+ analogue the intensity in the
CPL spectra was too low and no reliable conclusions could be
extracted from it. Finally, magnetic studies were performed for
all the S-enantiomers. Only the S-Dy compound shows slow
relaxation of the magnetization under an external magnetic
field. Thus, the S-Dy compound displays luminescent, chiral
and field-induced SMM properties and can be considered as a
multifunctional complex. All luminescence, chirooptical and
magnetic measurements were carried out in the solid state
since the compounds presented here consist of chiral poly-
meric chains, which would be disrupted by dissolution into
any solvent.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

R. V. and A. T. acknowledge the financial support from
Ministerio de Ciencia, Innovación y Universidades (Spain),
project PGC2018-094031-B-100.

References

1 N. Ishikawa, M. Sugita, T. Ishikawa, S. Y. Koshihara and
Y. Kaizu, J. Am. Chem. Soc., 2003, 125, 8694.

2 (a) J. Tang and P. Zhang, Lanthanide Single Molecule
Magnets, Springer-Verlag, Berlin Heidelberg, 2015;
(b) H. L. C. Feltham and S. Brooker, Coord. Chem. Rev.,
2014, 276, 1; (c) D. N. Woodruff, R. E. P. Winpenny and
R. A. Layfield, Chem. Rev., 2013, 113, 5110; (d) A. Zabala-
lekuona, J. M. Seco and E. Colacio, Coord. Chem. Rev., 2021,
441, 213984; (e) A. Borah and R. Murugavel, Coord. Chem.
Rev., 2022, 453, 214288.

3 (a) The Rare Earth Elements, Fundamentals and Applications,
ed. D. A. Atwood, John Wiley& Sons Ltd, 2012; (b) Z. Xia,
Z. Xu, M. Chen and Q. Liu, Dalton Trans., 2016, 45, 11214;
(c) J.-C. G. Bünzli and C. Piguet, Chem. Soc. Rev., 2005, 34,
1048; (d) J.-C. G. Bünzli, Acc. Chem. Res., 2006, 39, 53;
(e) S. Swavey and R. Swavey, Coord. Chem. Rev., 2009, 253,
2627; (f ) S. V. Eliseeva and J.-C. G. Bünzli, Chem. Soc. Rev.,
2010, 39, 189; (g) E. G. Moore, A. P. S. Samuel and
K. N. Raymond, Acc. Chem. Res., 2009, 42, 542;
(h) C. P. Montgomery, B. S. Murray, E. J. New, R. Pal and
D. Parker, Acc. Chem. Res., 2009, 42, 925; (i) S. J. Butler,
M. Delbianco, L. Lamarque, B. K. McMahon, E. R. Neil,
R. Pal, D. Parker, J. W. Walton and J. M. Zwier, Dalton
Trans., 2015, 44, 4791; ( j) J. C. Bünzli, Coord. Chem. Rev.,
2015, 293–294, 19; (k) Q. Zhang, W. Ge, X. Zhang and
X. Chen, Dalton Trans., 2022, 51, 8714; (l) P. Pradhan,
S. Priya, M. Rajendran, K. Singh and S. Vaidyanathan,
Dalton Trans., 2022, 51, 715.

Paper Dalton Transactions

1130 | Dalton Trans., 2023, 52, 1122–1132 This journal is © The Royal Society of Chemistry 2023

Pu
bl

is
he

d 
on

 1
5 

D
ec

em
be

r 
20

22
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ita
t d

e 
B

ar
ce

lo
na

 o
n 

6/
16

/2
02

4 
7:

53
:3

8 
PM

. 
View Article Online

https://doi.org/10.1039/d2dt03356a


4 (a) G. Koeckelberghs, S. Sioncke, T. Verbiest, A. Persoons
and C. Samyn, Chem. Mater., 2003, 15, 2870; (b) S. Dang,
J.-H. Zhang, Z.-M. Sun and H.-J. Zhang, Chem. Commun.,
2012, 48, 11139; (c) E. Peeters, M. P. T. Christiaans,
R. A. J. Janssen, H. F. M. Schoo, H. P. J. M. Dekkers and
E. W. Meijer, J. Am. Chem. Soc., 1997, 119, 9909;
(d) J. P. Leonard, P. Jensen, T. McCabe, J. E. O’Brien,
R. D. Peacock, P. E. Kruger and T. Gunnlaugsson, J. Am.
Chem. Soc., 2007, 129, 10986; (e) F. Stomeo, C. Lincheneau,
J. P. Leonard, J. E. O’Brien, R. D. Peacock, C. P. McCoy and
T. Gunnlaugsson, J. Am. Chem. Soc., 2009, 131, 9636.

5 (a) F. Zinna, U. Giovanella and L. Di Bari, Adv. Mater., 2015,
27, 1791; (b) F. Zinna, M. Pasini, F. Galeotti, C. Botta, L. Di
Bari and U. Giovanella, Adv. Funct. Mater., 2017, 27,
1603719; (c) F. Zinna, L. Arrico, T. Funaioli, L. di Bari,
M. Pasini, C. Botta and U. Giovanella, J. Mater. Chem. C,
2022, 10, 463.

6 (a) S. Shuvaev, E. A. Suturina, K. Mason and D. Parker,
Chem. Sci., 2018, 9, 2296; (b) M. Leonzio, A. Melchior,
G. Faura, M. Tolazzi, M. Bettinelli, F. Zinna, L. Arrico, L. Di
Bari and F. Piccinelli, New J. Chem., 2018, 42, 7931;
(c) J. Yuasa, T. Ohno, H. Tsumatori, R. Shiba,
H. Kamikubo, M. Kataoka, Y. Hasegawa and T. Kawai,
Chem. Commun., 2013, 49, 4604; (d) K. M. Ayers,
N. D. Schley and G. Ung, Inorg. Chem., 2020, 59, 7657;
(e) J. Gong and X. Zang, Coord. Chem. Rev., 2022, 453,
214329; (f ) N. F. M. Mukthar, N. D. Schley and G. Ung,
J. Am. Chem. Soc., 2022, 144, 6148; (g) P. Stachelek,
L. MacKenzie, D. Parker and R. Pal, Nat. Commun., 2022,
13, 553; (h) A. T. Frawley, R. Pal and D. Parker, Chem.
Commun., 2016, 52, 13349.

7 (a) M. Górecki, L. Carpita, L. Arrico, F. Zinna and L. Di
Bari, Dalton Trans., 2018, 47, 7166; (b) L. E. MacKenzie and
R. Pal, Nat. Rev. Chem., 2021, 5, 109–124.

8 (a) F. Gendron, S. Di Pietro, L. Abad Galán, F. Riobé,
V. Placide, L. Guy, F. Zinna, L. Di Bari, A. Bensalah-Ledoux,
Y. Guyot, G. Pilet, F. Pointillard, B. Baguenard, S. Guy,
O. Cador, O. Maury and B. Le Guennic, Inorg. Chem. Front.,
2021, 8, 914; (b) B. Lefeuvre, C. A. Mattei, J. Flores
Gonzalez, F. Gendron, V. Dorcet, F. Riobé, C. Lalli, B. Le
Guennic, O. Cador, O. Maury, S. Guy, A. Bensalh-Ledoux,
B. Baguenard and F. Pointillard, Chem. – Eur. J., 2021, 27,
7362.

9 E. M. Sánchez-Carnerero, A. R. Agarrabeitia, F. Moreno,
B. L. Maroto, G. Muller, M. J. Ortiz and S. de la Moya,
Chem. – Eur. J., 2015, 21, 13488.

10 (a) F. Zinna and L. Di Bari, Chirality, 2015, 27, 1;
(b) J. L. Lunkley, D. Shirotani, K. Yamanari, S. Kaizaki and
G. Muller, Inorg. Chem., 2011, 50, 12724; (c) F. Zinna,
C. Resta, S. Abbate, E. Castiglioni, G. Longhi, P. Mineo and
L. Di Bari, Chem. Commun., 2015, 51, 11903.

11 (a) M. Cantuel, G. Bernardinelli, G. Muller, J. P. Riehl and
C. Piguet, Inorg. Chem., 2004, 43, 1840; (b) F. Stomeo,
C. Lincheneau, J. P. Leonard, J. E. Obrien, R. D. Peacock,
C. P. McCoy and T. Gunnlaugsson, J. Am. Chem. Soc., 2009,
31, 9636.

12 (a) O. Mamula, M. Lama, S. G. Telfer, A. Nakamura,
R. Kuroda, H. Stoeckli-Evans and R. Scopelitti, Angew.
Chem., 2005, 117, 2583; (b) M. Lama, O. Mamula,
G. S. Kottas, F. Rizzo, L. De Cola, A. Nakamura,
R. Kuroda and H. Stoeckli-Evans, Chem. – Eur. J., 2007, 13,
7358.

13 G. Bozoklu, C. Gateau, D. Imbert, J. Pecaut, K. Robeyns,
Y. Filinchuk, F. Memon, G. Muller and M. Mazzanti, J. Am.
Chem. Soc., 2012, 134, 8372.

14 (a) B. Casanovas, F. Zinna, L. Di Bari, M. S. El Fallah,
M. Font-Bardía and R. Vicente, Dalton Trans., 2017, 46,
6349; (b) B. Casanovas, S. Speed, M. S. El Fallah, R. Vicente,
M. Font-Bardía, F. Zinna and L. Di Bari, Dalton Trans.,
2019, 48, 2059.

15 (a) K. Miyata, Y. Konno, T. Nakanishi, A. Kobayashi,
M. Kato, K. Fushimi and Y. Hasegawa, Angew. Chem., Int.
Ed., 2013, 52, 6413; (b) Y. Kuramochi, T. Nakagawa,
T. Yokoo, J. Yuasa, T. Kawaia and Y. Hasegawa, Dalton
Trans., 2012, 41, 6634; (c) H. Xin, F.-Y. Li, M. Shi, Z.-Q. Bian
and C.-H. Huang, J. Am. Chem. Soc., 2003, 125, 7166;
(d) A. P. Bassett, S. W. Magennis, P. B. Glover, D. J. Lewis,
N. Spencer, S. Parsons, R. M. Williams, L. D. Cola and
Z. Pikramenou, J. Am. Chem. Soc., 2004, 126, 9413;
(e) X.-P. Yang, R. A. Jones and S.-M. Huang, Coord. Chem.
Rev., 2014, 273, 63; (f ) M. Tropiano, N. L. Kilah, M. Morten,
H. Rahman, J. J. Davis, P. D. Beer and S. Faulkner, J. Am.
Chem. Soc., 2011, 133, 11847; (g) J. D. Moore, R. L. Lord,
G. A. Cisneros and M. J. Allen, J. Am. Chem. Soc., 2012, 134,
17372; (h) B. Alpha, J.-M. Lehn and G. Mathis, Angew.
Chem., Int. Ed. Engl., 1987, 26, 266; (i) C. Bazzicalupi,
A. Bencini, A. Bianchi, C. Giorgi, V. Fusi, A. Masotti,
B. Valtancoli, A. Roque and F. Pina, Chem. Commun., 2000,
561.

16 F. Zinna, T. Bruhn, C. A. Guido, J. Ahrens, M. Bröring, L. Di
Bari and G. Pescitelli, Chem. – Eur. J., 2016, 22, 16089.

17 G. M. Sheldrick, Acta Crystallogr., Sect. A: Fundam.
Crystallogr., 2008, 64, 112.

18 G. M. Sheldrick, Acta Crystallogr., Sect. C: Cryst. Struct.
Commun., 2015, 71, 3.

19 (a) M. Llunell, D. Casanova, J. Cirera, P. Alemany and
S. Alvarez, Shape Program., version 2, Universitat de
Barcelona, Barcelona, Spain, 2010; (b) P. Alemany,
D. Casanova, S. Alvarez, C. Dryzun and D. Avnir, Rev.
Comput. Chem., 2017, 30, 2892.

20 Luminescence of Lanthanide Ions in Coordination Compounds
and Nanomaterials, ed. A. de Bettencourt-Dias, John Wiley
& Sons Ltd, 2014.

21 K. Binnemans, Coord. Chem. Rev., 2015, 295, 1.
22 A. Aebischer, F. Gumy and J.-C. G. Bünzli, Phys. Chem.

Chem. Phys., 2009, 11, 1346.
23 C. A. Mattei, K. Dhbaibi, B. Lefeuvre, V. Dorcet,

G. Argouarch, O. Cador, B. Le Guennic, O. Maury, C. Lalli,
S. Guy, A. Bensalah-Ledoux, F. Riobé, B. Baguenard and
F. Pointillart, Chirality, 2022, 34, 34.

24 (a) H.-Y. Wong, W.-S. Lo, K.-H. Yim and G.-L. Law, Chem,
2019, 5, 3058; (b) X.-Z. Li, C.-B. Tian and Q.-F. Sun, Chem.

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2023 Dalton Trans., 2023, 52, 1122–1132 | 1131

Pu
bl

is
he

d 
on

 1
5 

D
ec

em
be

r 
20

22
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ita
t d

e 
B

ar
ce

lo
na

 o
n 

6/
16

/2
02

4 
7:

53
:3

8 
PM

. 
View Article Online

https://doi.org/10.1039/d2dt03356a


Rev., 2022, 122, 6374; (c) Y. Kitagawa, M. Tsurui and
Y. Hasegawa, ACS Omega, 2020, 5, 3786.

25 Y. Hasegawa, Y. Miura, Y. Kitagawa, S. Wada, T. Nakanishi,
K. Fushimi, T. Seki, H. Ito, T. Iwasa, T. Taketsugu, M. Gon,
K. Tanaka, Y. Chujo, S. Hattori, M. Karasawa and K. Ishii,
Chem. Commun., 2018, 54, 10695.

26 J. Legendziewicz, V. Tsaryuk, V. Zolin, E. Lebedeva,
M. Borzechowska and M. Karbowiak, New J. Chem., 2001,
25, 1037.

27 A. Arauzo, A. Lazarescu, S. Shova, E. Bartolomé, R. Cases,
J. Luzón, J. Bartolomé and C. Turta, Dalton Trans., 2014,
43, 12342.

28 M. Andruh, E. Bakalbassis, O. Kahn, J. C. Trombe and
P. Porcher, Inorg. Chem., 1993, 32, 1616.

29 O. Kahn, Molecular Magnetism, VHC Publishers, Inc., USA,
1993.

30 H.-R. Tu, W.-B. Sun, H.-F. Li, P. Chen, Y.-M. Tian,
W.-Y. Zhang, Y.-Q. Zhang and P.-F. Yan, Inorg. Chem. Front.,
2017, 4, 499.

31 Y.-N. Guo, G.-F. Xu, Y. Guo and J. Tang, Dalton Trans., 2011,
40, 9953.

32 N. F. Chilton, CC-FIT, program/ https://www.nfchilton.com/
software.html, 2014.

33 G. Handzlik, M. Magott, M. Arczyński, A. M. Sheveleva,
F. Tuna, S. Baranc and D. Pinkowicza, Dalton Trans., 2020,
49, 11942.

34 L. Gu and R. Wu, Phys. Rev. B, 2021, 103, 014401.
35 K. N. Shrivastava, Phys. Status Solidi B, 1983, 117, 437.
36 M. Briganti, F. Santanni, L. Tesi, F. Totti, R. Sessoli and

A. Lunghi, J. Am. Chem. Soc., 2021, 143, 13633.
37 D. Aravena and E. Ruiz, Dalton Trans., 2020, 49, 9916.
38 M. Fang, J.-J. Li, P.-F. Shi, B. Zhao and P. Cheng, Dalton

Trans., 2013, 42, 6553.
39 J. Tian, B. Li, X. Zhang, X. Li, X. Li and J. Zhang, Dalton

Trans., 2013, 42, 8504.
40 W.-H. Zhu, X. Xiong, C. Gao, S. Li, Y. Zhang, J. Wang,

C. Zhang, A. K. Powell and S. Gao, Dalton Trans., 2017, 46,
14114.

41 D. N. Woodruff, R. E. P. Winpenny and R. A. Layfield,
Lanthanide Single-Molecule Magnets, Chem. Rev., 2013,
113(7), 5110–5148.

42 A. Zabala-Lekuona, J. Cepeda, I. Oyarzabal, A. Rodríguez-
Diéguez, J. A. García, J. M. Seco and E. Colacio,
CrystEngComm, 2017, 19, 256.

43 P. Antal, B. Drahoš, R. Herchel and Z. Trávníček, Dalton
Trans., 2016, 45, 15114.

Paper Dalton Transactions

1132 | Dalton Trans., 2023, 52, 1122–1132 This journal is © The Royal Society of Chemistry 2023

Pu
bl

is
he

d 
on

 1
5 

D
ec

em
be

r 
20

22
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ita
t d

e 
B

ar
ce

lo
na

 o
n 

6/
16

/2
02

4 
7:

53
:3

8 
PM

. 
View Article Online

https://www.nfchilton.com/software.html
https://www.nfchilton.com/software.html
https://www.nfchilton.com/software.html
https://doi.org/10.1039/d2dt03356a


Dalton
Transactions

PAPER

Cite this: Dalton Trans., 2024, 53,
9387

Received 22nd March 2024,
Accepted 4th May 2024

DOI: 10.1039/d4dt00848k

rsc.li/dalton

New series of mononuclear β-diketonate
cerium(III) field induced single-molecule magnets†

Ànnia Tubau,a Silvia Gómez-Coca, *a,b Saskia Speed,a Mercè Font-Bardíac and
Ramon Vicente *a

Five new β-diketonate Ce3+ mononuclear complexes, [Ce(Btfa)3(H2O)2] (1), [Ce(Btfa)3(phen)] (2), [Ce

(Btfa)3(bipy)] (3), [Ce(Btfa)3(terpy)] (4) and [Ce(Btfa)3(bathophen)(DMF)] (5), where Btfa− = 4,4,4-trifluoro-1-

phenyl-1,3-butanedionate, phen = 1,10-phenanthroline, bipy = 2,2’-bipyridyl, terpy = 2,2’:6’,2’’-terpyridine

and bathophen = 4,7-diphenyl-1,10-phenanthroline, have been synthesized and structurally characterized

through X-ray diffraction of single crystals. The central Ce3+ atom displays a coordination number of 8 for

1, 2 and 3 and of 9 for 4 and 5. Under a 0 T external magnetic field, none of the given compounds exhibits

single molecule magnet (SMM) behaviour. However, a small magnetic field, between 0.02 and 0.1 T, is

enough for all the compounds to exhibit slow relaxation of the magnetization. A comprehensive magnetic

analysis, with experimental magnetic data and ab initio calculations, was undertaken for all the complexes,

and the study highlights the significance of the different spin relaxation mechanisms that must be con-

sidered for a Ce3+ lanthanide ion.

Introduction

Magnetically bistable molecules that exhibit slow relaxation of
the magnetization below a critical temperature, TB, are named
single molecule magnets (SMMs). The energy barrier separ-
ating the two bistable magnetic states is named the effective
energy barrier (Ueff ) and, for transition metal compounds, it is
described by the magnetic anisotropy (D) and the square of
the overall ground spin state (S): Ueff = |D|·S2 or Ueff = |D|·(S2 −
1/4) for integer and non-integer S values respectively. The first
molecular system for which single-molecular magnet type
behaviour was observed was the mixed valence dodecanuclear
Mn12 cluster with the formula [Mn12O12(CH3COO)16(H2O)4] in
1993,1 previously reported in 1980.2 At the end of the twentieth
century, efforts to obtain new SMMs with higher TB and Ueff

centred on transition metal clusters.3 SMM systems show very
interesting properties and could be used in many potential

applications such as memory storage.3,4 After a plethora of 3d
metal clusters were studied, the field of single molecule
magnets moved onto lanthanide(III) ions, starting with the
mononuclear Tb(III) phthalocyaninato-based double-decker
complex [TbPc2]

− (Pc = phthalocyanine). It showed SMM behav-
iour and it was isolated in 2003 by N. Ishikawa et al.5 Due to the
shielding of the 4fn electrons by the filled 5s2 and 5p6 orbitals,
the interaction between the lanthanide ion and the donor atoms
can be considered as electrostatic in nature. Consequently,
lanthanide ions have unquenched orbital angular momentum
(L) that leads to strong spin–orbit coupling and therefore, intrin-
sic magnetic anisotropy; this makes them good candidates for
SMMs. Mononuclear SMMs, also called single ion magnets
(SIMs), are mononuclear systems that show slow relaxation of
the magnetization.6–13 In lanthanides, the intrinsic magnetic an-
isotropy that the ions show is a key factor determining the mag-
netic properties of lanthanide(III) compounds, but the crystal
field effect has relevance in the modulation of such anisotropy
to tune the magnetic properties depending on the electron
density of the mj ground state. Rinehart and Long14 revealed
that the electron density of the mj ground state could be oblate
(equatorially extended) or prolate (axially extended). For
instance, in the [TbPc2]

− compound, the donor atoms of the
ligand are located in the axial positions leading to an axial
stressed coordination environment that enhances magnetic an-
isotropy on the easy axis leading to a good SMM performance of
this Tb3+ compound with an oblate mj ground state.5

In the design of SMMs, heavy metal lanthanides such as
Tb3+, Dy3+ and Er3+ ions have been extensively used because of

†Electronic supplementary information (ESI) available: Thermogravimetric
curves, elemental analysis and IR data, SCXRD and PXRD data, excitation
spectra, emission spectra at 77 K, ac magnetic data. CCDC 2261969–2261974
and 2341701. For ESI and crystallographic data in CIF or other electronic
formats see DOI: https://doi.org/10.1039/d4dt00848k

aDepartament de Química Inorgànica i Orgànica, Universitat de Barcelona,
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Diagonal 645, 08028 Barcelona, Spain
cDepartament de Mineralogia, Cristal lografia i Dipòsits Minerals and Unitat de

Difracció de R-X. Centre Científic i Tecnològic de la Universitat de Barcelona
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their large magnetic and angular momentum J, where J = L + S
for half-filled Ln3+ ions, and consequently large magnetic an-
isotropy. Indeed, a rapid overview of the literature on lantha-
nide-based SMMs shows that most of the scientific production
on this subject is related to Dy3+, Tb3+ and Er3+ based species,
with Dy3+ being the most popular.3,6–13 For instance, the
mononuclear dysprosium complex [(CpiPr5)Dy(Cp*)][B(C6F5)4],
where CpiPr5 = pentaisopropylcyclopentadienyl and Cp* =
pentamethylcyclopentadienyl, was shown to exhibit the
highest reported blocking temperature of 80 K.10,11,15 Still, the
most relevant permanent magnets that are employed in indus-
try are the ones based on light lanthanide ions, including the
NdFeB and SmCo5 ferromagnets.16 In this sense, the number
of reported lanthanide-based SMMs of light lanthanides such
as Ce3+ or Nd3+ ions is much smaller than those mentioned
above.17 Focusing on cerium(III), its electronic configuration is
4f1 with a 2F5/2 ground state and in some Ce3+ compounds
magnetic relaxation can be observed because the spin–orbit
effect of the 4f1 electron can create non-negligible magnetic
anisotropy.

When the Ce3+ ion (2F5/2 ground state) is set in a coordi-
nation complex, the spin–orbit coupling component ( J) splits
into (2J + 1) ±mj states: +J, +J − 1,…, −J + 1, −J, due to the
crystal field: ± 5/2, ± 3/2 and ±1/2. For Ce3+ compounds the
goal would be to choose the ideal coordination environment
around the lanthanide ion to yield an axial geometry that
would stabilize the mj = ±5/2 Kramers doublet (KD) with an
oblate 4f-shell electron density distribution as the ground state
and destabilize the prolate electron distribution, mj = ±1/2 and
±3/2 states. Such systems would lead to a reduced quantum
tunneling of magnetization (QTM) effect with anisotropic bar-
riers higher in energy (reduced mj mixing) and, in principle,
improve the SMM performance.14,18,19 Regarding β-diketonate
systems, two series of mononuclear Ce3+ β-diketonate com-
plexes with N-donor auxiliary ligands are found in the litera-
ture, Table S1.† First, 1,1,1-trifluoro-5,5-dimethyl-2,4-hexa-
dione (Hfdh) led to the [Ce(fdh)3(bpy)] compound with D4d

symmetry.20 Based on the 4,4,4-trifluoruro-1-(naphthalene-2-
yl)butane-1,3-dionato (ntfa) β-diketonate ligand, we recently
published a series of compounds: [Ce(ntfa)3(MeOH)2],
[Ce(ntfa)3(5,5′-Me2bipy)] and [Ce(ntfa)3(bipy)2], with field
induced SIM behavior and D2d, D2d and C2v point group sym-
metries, respectively.21 For these mononuclear Ce3+

β-diketonate complexes, ab initio calculations at zero field on
the electron gyromagnetic ratio (g tensor) for each mj state
were described. Easy axial anisotropy was found (gxx and gyy <
gzz) through the calculations, which demonstrated that the
effective g tensor of the ground doublet presented considerable
transverse contributions (gxx and gyy) that led to the ground
state wavefunction |±5/2〉 mixed with |±1/2〉 and |±3/2〉 from
the other excited mj doublets.

Otherwise, the only Ce3+ compound showing SMM behavior
to date is the trinuclear Zn–Ce–Zn compound prepared from
an o-vanillin Schiff base based ligand.22 For this heterometallic
compound, gzz yielded 4.06 from ab initio calculations; this is
close to the theoretical value of 4.28 for a pure mj = ±5/

2 Kramers doublet, gzz = 2gjmj.
23 From the measured high-field

electron paramagnetic resonance (HF-EPR) spectrum, gzz is
3.27, which is assigned to the ground state of mj = 5/2 KD with
slight mixing of the mj = 1/2 pair. Nevertheless, two mono-
nuclear Ce3+ metallocene compounds, [Ce(Cpttt)2{(C6F5-k

1-F)B
(C6F5)3}] and [Ce(Cpttt)2Cl], are found in the literature where
the gzz axial component obtained by multiconfigurational ana-
lysis shows even higher values than the trinuclear Zn–Ce–Zn
SMM compound, with values up to 4.16 and 4.22, respectively,
and a ground state wavefunction of 100% |±5/2〉 for the first
compound.24 The two Cpttt groups placed in the axial positions
of the lanthanide cation and the low equatorial interactions of
the [B(C6F5)4]

− and Cl− anions, led to Ce3+ centers in an axial
stressed symmetry. Furthermore, for these organometallic
compounds, the EPR measurements were recorded and the
experimental geff values were close to the computed ones.
However, despite the calculated gzz values being near 4.28,
these compounds only showed slow relaxation of the magneti-
zation when applying an external magnetic field of 1000 Oe.
The other mononuclear cerium compounds found in the lit-
erature showing slow relaxation of the magnetization under an
external Hdc, according to ab initio calculations, resulted from
axial symmetry but with a considerable rhombic contribution
to the ground state. Their magnetic properties are compiled in
Tables S1 and S2.† 25–29 A similar result was found for the
dinuclear Ce3+ compound [Ce2(RR-L)2(μ-Cl)6], where L is
1,4,7,10-tetrakis(2-pyridylmethyl)-1,4,7,10-tetraaza-cyclodode-
cane, Table S3.†30 In addition, the natural isotopes of Ce3+ do
not have nuclear spin; this results in clearer and easier to
interpret EPR spectra. Interestingly, in the studies published
where EPR was also measured for the Ce3+ compounds, the
gxx, gyy and gzz experimental values were in good agreement
with the computational experiments.22,24,25,30 At the moment,
as far as we know, pure Ising type axial anisotropy (gz = 4.28)
has not been found in the computational calculations nor in
EPR measurements for any of the Ce3+ compounds found in
the literature. It is worth noting that slow relaxation of the
magnetization under relatively small Hdc fields was measured
for some Ce3+ coordination complexes where multiconfigura-
tional CASSCF calculations indicated easy plane magnetic
anisotropy that led to larger contributions of the |±1/2〉 and
|±3/2〉 wavefunctions in the ground state ±mj KD.

25–29 Even
though there was a transverse contribution to the ground
state, the compounds showed similar magnetic behavior to
those compounds with more axially strained coordination
geometries. We attempted to compile the magnetic character-
istics of the Ce3+ compounds found in the literature in
Tables S1–S5.†

More examples of Ce3+ SMM compounds are needed to
further understand their spin relaxation and so that we can
control and manipulate it to be able to design compounds
with better SMM performance. With the aim of increasing this
limited family of compounds and providing new insights into
the understanding of cerium(III) spin relaxation, five new
β-diketonate Ce3+ coordination compounds are presented. The
presented complexes are derived from the β-diketonate ligand
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Btfa− = 4,4,4-trifluoro-1-phenyl-1,3-butanedionate with polypyr-
idyl molecules as ancillary ligands and they have the formulae
[Ce(Btfa)3(H2O)2] (1), [Ce(Btfa)3(phen)] (2), [Ce(Btfa)3(bipy)] (3),
[Ce(Btfa)3(terpy)] (4) and [Ce(Btfa)3(bathophen)(DMF)] (5),
where phen = 1,10-phenanthroline, bipy = 2,2′-bipyridyl, terpy
= 2,2′:6′,2″-terpyridine and bathophen = bathophenanthroline.
For this purpose, the nitrogen donor N,N-L and N,N,N-L auxili-
ary ligands could be placed in the equatorial positions of the
Ce3+ metallic center while the β-diketonates could be fixed in
the axial positions, thus, in this way, stressing an axial geome-
try. Moreover, the five compounds were structurally and mag-
netically characterized and a thorough investigation of the
experimental magnetic data and ab initio calculations was con-
ducted to gain deeper insights into the spin dynamics involved
in the magnetization relaxation of these compounds.

Experimental section
Starting materials

4,4,4-Trifluoro-1-phenyl-1,3-butanedione (HBtfa), 2,2′-bipyridyl
(bipy), 1,10-phenanthroline (phen), 2,2′:6′,2′-terpyridine (terpy)
and bathophenanthroline (bathophen) were purchased from
Sigma-Aldrich. Cerium(III) chloride hexahydrate was obtained
from Strem Chemicals and the other chemicals used were of
analytical grade.

[Ce(Btfa)3(H2O)2] (1). A methanol solution (5 mL) containing
CeCl3·6H2O (2 mmol, 0.745 mg) was added to a previously
mixed methanol solution (10 mL) composed of NaOH
(6 mmol, 240 mg) and HBtfa (6 mmol, 1296.96 mg). The solu-
tion was stirred for 1 hour at room temperature. Then 80 mL
of deionized water was added to the reaction mixture and it
was allowed to stir overnight. The orange precipitate was fil-
tered and dried under vacuum (yield: 75%). Anal. Calc. for
C30H22CeF9O8 (821.59 g mol−1): C, 43.9; H, 2.7%. Found: C,
43.2; H, 2.7%. Selected IR bands (ATR-IR, cm−1): 3648(m),
3363(br), 1608(s), 1571(s), 1530(m), 1483(m), 1457(m),
1308(m), 1281(s), 1243(m), 1182(m), 1133(s), 1075(m), 943(m),
771(m), 700(m), 629(m) cm−1.

[Ce(Btfa)3(1,10-phen)] (2). An ethanol solution (15 mL) con-
taining phen (1 mmol, 180.21 mg) was added to another
ethanol solution (15 mL) containing [Ce(Btfa)3(H2O)2]
(1 mmol, 824.6 mg). The solution was stirred for 30 minutes
and then left to stand undisturbed at room temperature.
Orange single crystals suitable for X-ray diffraction were
obtained within a week (yield: 56%). Anal. Calc. for
C42H26CeF9N2O6 (965.77 g mol−1): C, 52.2; N, 2.9; H, 2.7%.
Found: C, 52.0; N, 2.9; H, 2.6%. Selected IR bands (ATR-IR,
cm−1): 1609(s), 1576(s), 1521(s), 1486(m), 1470(m), 1320(m),
1287(s), 1241(m), 1180(s), 1133(s), 945(m), 844(m), 746(s),
699(s), 628(m), 578(m).

[Ce(Btfa)3(bipy)(EtOH)]/[Ce(Btfa)3(bipy)] (3a/3). An ethanol
solution (15 mL) containing bipy (1 mmol, 156.2 mg) was
added to another ethanol solution (15 mL) containing [Ce
(Btfa)3(H2O)2] (1 mmol, 824.6 mg). The solution was stirred for
30 minutes and then left to stand at room temperature.

Orange single crystals suitable for X-ray diffraction were
obtained within a week (yield: 82%). X-ray diffraction analysis
of several single crystals of the sample showed that the bulk
compound was a mixture of two compounds: [Ce(Btfa)3(bipy)
(EtOH)] (3a) and [Ce(Btfa)3(bipy)] (3). Compound 3 can be
obtained in two different ways: after exposure of the single
crystals from the bulk sample to the open air for three months
or by heating the bulk sample in the oven for 1 h at 100 °C.
Anal. Calc. for C40H26CeF9N2O6 (941.7 g mol−1) (3): C, 51.0; N,
3.0; H, 2.8%. Found: C, 51.2; N, 2.8; H, 2.8%. Selected IR
bands (ATR-IR, cm−1): for compound 3a 3054(m, broad),
1635(m), 1606(s, split), 1572(s), 1523(m), 1483(m), 1466(m),
1433(m), 1313(m, split), 1280(s), 1240(m), 1170(m), 1123(s,
split), 1071(s), 1011(m), 941(m), 755(s, split), 699(s), 626(s),
573(s), for compound 3 1635(m), 1606(s, split), 1572(s),
1523(m), 1483(m), 1466(m), 1433(m), 1313(m, split), 1280(s),
1240(m), 1170(m), 1123(s, split), 1071(s), 1011(m), 941(m), 755
(s, split), 699(s), 626(s), 573(s).

[Ce(Btfa)3(terpy)] (4). An ethanol solution (15 mL) contain-
ing terpy (1 mmol, 233.3 mg) was added to another ethanol
solution (15 mL) containing [Ce(Btfa)3(H2O)2] (1 mmol,
824.6 mg). The solution was stirred for 30 minutes and then
left to stand at room temperature. Orange single crystals suit-
able for X-ray diffraction were obtained within a week (yield:
21%). Anal. Calc. for C45H29CeF9N3O6 (1018.8 g mol−1): C,
53.0; N 4.1, H 2.9%. Found: C, 52.6; N, 3.4; H, 2.6%. Selected
IR bands (ATR-IR, cm−1): 1609(s, split), 1576(s), 1526(m),
1469(s), 1439(m), 1313(m), 1277(s), 1237(m), 1170(s), 1123(s),
1071(m), 1004(m), 938(m), 759(s), 716(s), 696(s), 652(m),
629(s), 573(m).

[Ce(Btfa)3(bathophen)(DMF)] (5). An N,N-dimethyl-
formamide (DMF) solution (10 mL) of bathophen (1 mmol,
332.40) was added to an ethanol solution (20 mL) containing
[Ce(Btfa)3(H2O)2] (1 mmol, 824.6 mg). The orange solution was
stirred for 30 min at 80 °C, filtered and left to stand undis-
turbed at room temperature. Orange single crystals suitable for
X-ray diffraction were obtained within a month (yield: 24%).
Anal. Calc. for C57H41CeF9N3O7 (1191.1 g mol−1): C, 57.5; N,
3.5; H, 3.5%. Found: C, 57.1; N, 3.5; H, 3.4%. Selected IR
bands (ATR-IR, cm−1): 1662(w), 1612(s, split), 1572(m),
1526(m), 1466(m), 1433(w), 1310(m), 1277(s), 1234(m), 1180(s),
1123(s), 1067(m), 1021(m), 938(m), 762(s, split), 696(s),
669(m), 626(s), 573(s).

IR and elemental analyses

Infrared spectra of solid complexes were recorded on a Bruker
Alpha P (platinum-ATR-cap) spectrometer. Elemental microa-
nalyses were carried out with an Elementar Vario EN3
analyser.

Magnetic measurements

Magnetic measurements were performed on solid polycrystal-
line samples with a Quantum Design MPMS-XL SQUID mag-
netometer at the Magnetic Measurements Unit of the
Scientific and Technological Center (CCiTUB) of the University
of Barcelona. Data were collected for powdered microcrystal-
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line samples or for crushed polycrystalline samples of com-
pounds 1 to 5, the purity and structural integrity of which were
analyzed by powder X-ray diffraction (see Molecular structure
section of the Results and discussion). The samples were
mounted in a gelatin capsule. Direct current (dc) susceptibility
measurements were made over the 2–300 K temperature range
and under an external magnetic field of 0.3 T. Blank measure-
ments were also recorded for the capsule and holder and their
diamagnetic contributions were corrected. Pascal’s constants
were used to estimate the diamagnetic corrections, which were
subtracted from the experimental susceptibilities to give the
corrected molar magnetic susceptibilities. Alternating current
(ac) susceptibility measurements were carried out by applying
an oscillating ac field of 4 Oe with ac frequencies between 1
and 1500 Hz for 1, 3 and 5 and between 10 and 1500 Hz for
compounds 2 and 4 at different temperatures and different dc
applied fields indicated in the text.

X-ray crystallography

Crystals of 1–5 were mounted in air on a D8VENTURE (Bruker)
diffractometer with a CMOS detector. Crystallographic data,
conditions required for intensity data collection and some fea-
tures of the structure refinements are listed in Tables S6 and
S7.† All the structures were refined by the least-squares
method. Intensities were collected with multilayer monochro-
mated Mo-Kα radiation. Lorentz polarization and absorption
corrections were made for all samples. The structures were
solved by direct methods, using the SHELXS-97 computer
program31 and refined by the full-matrix least-squares
method, using the SHELXL-2018 computer program.32 The
non-hydrogen atoms were located in successive difference
Fourier transformations and refined with anisotropic thermal
parameters on F2. For hydrogen atoms, isotropic temperature
factors were assigned to be 1.2 or 1.5 times the respective
parent.

Powder X-ray diffraction (PXRD) measurements (see
Fig. S1–S5†) were used to check the bulk phase purity. The
powder patterns were recorded on a Bruker D8 Advance diffr-
actometer (Bruker AXS, Madison, WI, USA) with a LynxEye
detector in Bragg–Brentano θ/θ geometry, with the sample dis-
persed thinly on a zero-background Si sample holder, λ(CuKα)
= 1.54060 Å, scanning from 2θ = 5° to 50°, with a step size of
0.02°.

Computational details

Ab initio calculations were performed using crystallographic
structures and Orca software, version 5.0.3. The def2-TZVP basis
set was used.33 NEVPT2 calculations did not include dynamic
correlations as it was previously demonstrated for Ce complexes
that this was not essential due to the large ionic character of the
Ln–O and Ln–N bonds.34 The selected active space was (1,7),
considering the seven doublets. The SINGLE_ANISO module, as
implemented in Orca, was employed.35

To evaluate the vibrational frequencies, the experimental
geometries were optimized with Gaussian09,36 the B3LYP func-
tional37 and using the Stuttgart pseudo/basis set38 for Ce and
a TZV basis set39 for lighter atoms.

Results and discussion
General syntheses

Deprotonation of the β-diketone 4,4,4-trifluoro-1-phenyl-1,3-
butanedione (HBtfa; Scheme 1a) in a basic medium and
further addition of cerium(III) chloride led to the precipitation
of the neutral [Ce(Btfa)3(H2O)2] (1) aqua complex. Compound 1
was used as the precursor in subsequent reactions.
Compounds 2–5 were obtained through the displacement of
the H2O molecules of 1 by different polypyridyl ligands. The
nitrogen containing molecules used for this family of cerium(III)
compounds were: 1,10-phenanthroline (phen; Scheme 1b),
2,2′-bipyridyl (bipy; Scheme 1c), 2,2′;6′,2″-terpyridine (terpy;
Scheme 1d) and bathophenanthroline (bathophen;
Scheme 1e). The reaction of precursor compound 1 with
chelating N,N-L and N,N,N-L ligands in a 1 : 1 ratio and in an
ethanolic solution (DMF/ethanol in the case of complex 5)
led to the mononuclear Ce3+ coordination complexes
[Ce(Btfa)3(phen)] (2), [Ce(Btfa)3(bipy)] (3), [Ce(Btfa)3(terpy)] (4)
and [Ce(Btfa)3(bathophen)(DMF)] (5).

In the case of compounds 3a and 3, after the reaction of
precursor 1 with the 2,2′-bipyridyl (bipy) ligand in ethanol as a
solvent, structure determination by single crystal X-ray diffrac-
tion by using one chosen crystal from the bulk product indi-
cated that the compound was [Ce(Btfa)3(bipy)(EtOH)], 3a.
Powder X-ray diffraction (PXRD) of the whole powder sample,
Fig. S3,† indicates the presence of two phases. After various
recrystallization processes of the product, the PXRD spectra

Scheme 1 Molecular representations of (a) 4,4,4-trifluoro-1-phenyl-1,3-butanedionate (HBtfa), (b) 1,10-phenanthroline (phen), (c) 2,2’-bipyridyl
(bipy), (d) 2,2’;6’,2’’-terpyridine (terpy) and (e) bathophenanthroline (bathophen).
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were still the same. At that point, by choosing another single
crystal of the bulk compound, SCXRD afforded a different
structure with the formula [Ce(Btfa)3(bipy)] (3).

Complex 3 can be isolated by removing all the coordinated
EtOH molecules present in the bulk product from
[Ce(Btfa)3(bipy)(EtOH)] (3a). We found two different ways to do
so. First, by leaving the obtained product in the open air for
3 months. The second method was to keep sample 3a in the
oven for 1 h at 100 °C, Fig. S3e.† Moreover, TGA measurements
were performed on a freshly prepared sample, which probably
predominantly contained compound 3a. As can be observed in
Fig. S6,† at around 100 °C there is a weight decrease corres-
ponding to the loss of 4.9% of the sample content. This per-
centage corresponds to one EtOH molecule; the decrease of
the curve starts at 29.56 °C and finishes at 175.17 °C. Then
complex 3 was isolated as can be seen by PXRD, Fig. S1.†

Molecular structures of the compounds

The structures of compounds 1–5 and 3a are presented here. A
partially labelled plot of the Ce3+ mononuclear complexes,
coordination polyhedra and intermolecular interaction
arrangements are presented in Fig. 1–8 and Fig. S7–S10.†

Crystallographic data are collected in Tables S6 and S7.†
Selected bond lengths of compounds 1–5 are listed in Table 1.

[Ce(Btfa)3(H2O)2] (1). Complex 1, with the formula
[Ce(Btfa)3(H2O)2], crystallizes in an orthorhombic crystal
system, P212121 space group. The structure of 1 consists of
mononuclear molecules in which each Ce3+ ion is octa-co-
ordinated in a CeO8 coordination environment (Fig. 1a). The
central ion is coordinated to six oxygen atoms from three
different Btfa− ligands, with Ce–O distances in the 2.390(3)–
2.505(3) Å range. In addition, the other two coordination sites
around the central atom are occupied by the O7 and O8 atoms
of two water molecules, with Ce–O(water) distances of 2.535(4)
and 2.520(3) Å, respectively. The estimation of the distortion
coefficients of the CeO8 coordination polyhedron for 1 with
reference to the ideal eight vertex polyhedron was performed
by employing the continuous shape measure theory and
SHAPE software,40 as for all the other compounds presented
herein, showing that the O8 disposition for 1 was intermediate
between different coordination polyhedra. The best SHAPE
estimation led to the triangular dodecahedron (TDD-8, D2d)
geometry with a continuous shape measurement (CShM) value
of 0.416, Fig. 1b.

Fig. 1 (a) Partially labelled structure of 1 where hydrogen atoms have been omitted for clarity. (b) Idealized coordination polyhedron (triangular
dodecahedron; TDD-8, D2d) compared with the real positions of the coordinating atoms of compound 1.

Fig. 2 Superimposed crystal structures of compound 1 obtained by single crystal XRD. The structure in default colours is the structure measured at
100 K and in green is the structure measured at 294 K.
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Molecules of 1 are arranged in space through hydrogen
bonds forming an infinite 1D chain in the [1 0 0] direction,
Fig. S7.† The atoms contributing to these intermolecular inter-
actions are the hydrogens from the two water molecules co-
ordinated to the cerium(III) atoms. On one hand, the H atoms

from O8 interact with O1 and O5 from two different
β-diketonates of the neighbouring coordination complex with
donor (D)⋯acceptor (A) distances of 2.777 and 2.761 Å. On the
other hand, the H atoms from the other O7 water molecule are
connected through H-bonding with the O3 and F34 atoms

Fig. 3 (a) Partially labelled structure of 2. The hydrogen atoms have been omitted for clarity. (b) Idealized coordination polyhedron (triangular dode-
cahedron; TDD-8, D2d) compared with the real positions of the coordinating atoms of compound 2. (c) Idealized coordination polyhedron (square
antiprism; SAPR-8, D4d) compared with the real positions of the coordinating atoms of compound 2.

Fig. 4 (a) Partially labelled structure of 3awhere hydrogen atoms have been omitted for clarity. (b) Idealized coordination polyhedron (tricapped tri-
gonal prism; TCTPR-9, D3h) compared with the real positions of the coordinating atoms of compound 3a.

Fig. 5 (a) Partially labelled structure of 3 where hydrogen atoms have
been omitted for clarity. (b) Idealized coordination polyhedron (square
antiprism; SAPR-8, D4d) compared with the real positions of the coordi-
nating atoms of compound 3.

Fig. 6 (a) Partially labelled structure of 4 where hydrogen atoms have
been omitted for clarity. (b) Idealized coordination polyhedron (capped
square antiprism; CSAPR-9, C4v) compared with the real positions of the
coordinating atoms of compound 4.
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from the nearby complex with D–A distances of 2.868 and
3.026 Å respectively. The shortest Ce–Ce intermolecular dis-
tance is 6.105 Å.

PXRD for 1 was measured at 294 K, and the resulting spec-
trum was compared with the calculated one for the single
crystal measured at 100 K to verify that the entire polycrystal-
line product was the same as the structure obtained by single
crystal X-ray diffraction, Fig. S1.† However, the spectra do not
match very well. Not even after several recrystallizations of the
product. Then, one single crystal was measured by XRD at
room temperature (300 K). The calculated spectrum for this
new structure determination matches the spectrum of the
powder one measured at 294 K, Fig. S1.† Comparing the crys-
tallographic data for compound 1 at 100 K and at room temp-
erature (Table S6†), we can see that, on decreasing the temp-
erature, there is a slight structural change. The crystal system
and space group are still the same (orthorhombic, α = β = γ =
90° and P212121), but the cell parameters change from a =
10.854, b = 13.219 and c = 23.317 Å at room temperature to a =
10.809, b = 14.77 and c = 21.079 Å at 100 K. The structure at
room temperature (294 K) shows Ce–O distances and angles
that are slightly different from those measured at 100 K,
Table 1. At room temperature, the coordination polyhedral
geometry is still close to an ideal triangular dodecahedron

Fig. 7 (a) Helical chain formed by the intermolecular interactions of compound 4. The π–π stacking interactions are represented by the purple
dotted lines and (b) helical chains along the 43 screw axis.

Fig. 8 (a) Partially labelled structure of 5 where hydrogen atoms have
been omitted for clarity. (b) Idealized coordination polyhedron (capped
square antiprism; CSAPR-9, C4v) compared with the real positions of the
coordinating atoms of compound 5.

Table 1 Selected bond lengths (Å) of compounds 1–5

1 1 r.t. 2 3a 3b 5 6

Ce–O1 2.455(3) 2.438(7) 2.453(2) 2.443(3) 2.421(2) 2.450(2) 2.448(3)
Ce–O2 2.427(4) 2.474(6) 2.467(2) 2.481(2) 2.467(1) 2.454(2) 2.461(3)
Ce–O3 2.505(3) 2.522(6) 2.425(2) 2.460(3) 2.405(2) 2.531(2) 2.511(4)
Ce–O4 2.390(3) 2.379(7) 2.419(1) 2.496(3) 2.459(2) 2.490(2) 2.470(3)
Ce–O5 2.471(3) 2.422(7) 2.434(2) 2.464(3) 2.417(2) 2.428(2) 2.476(3)
Ce–O6 2.402(4) 2.473(7) 2.416(2) 2.490(2) 2.446(2) 2.461(2) 2.479(3)
Ce–O7 2.535(4) 2.509(7) — 2.570(3) — — 2.541(3)
Ce–O8 2.520(3) 2.553(7) — — — —
Ce–N1 — 2.659(2) 2.713(3) 2.660(2) 2.688(3) 2.701(4)
Ce–N2 — 2.697(2) 2.730(3) 2.668(2) 2.717(2) 2.701(4)
Ce–N3 — — — — 2.680(3) —
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(TDD-8, D2d) with a CShM value of 0.327, whereas the CShM
value for 1 at 100 K is 0.416.

In Fig. 2 the structures obtained at 300 K and 100 K are
superimposed. The slight difference between the distances
and angles is enough to change the cell parameters when
cooling the single crystal resulting in different powder XRD
patterns.

[Ce(Btfa)3(phen)] (2). Complex 2 with the formula
[Ce(Btfa)3(phen)] crystallizes in the monoclinic crystal system,
P21/c space group. In 2 each Ce3+ ion is octacoordinated with a
CeN2O6 coordination environment formed by one phen and three
Btfa− ligands, Fig. 3a. Two of the coordination sites around the
central Ce3+ ion are occupied by the N1 and N2 atoms of the
phen ligand, with Ce–N distances of 2.659(2) and 2.697(2) Å,
respectively. In addition, the Ce(III) ion is also coordinated to six
oxygen atoms from three different Btfa− chelating ligands, with
Ce–O distances in the 2.416(2)–2.467(2) Å range.

The CeN2O6 disposition for 2 is intermediate between
different coordination polyhedra. The lowest CShM values for
2 correspond to the triangular dodecahedron (TDD-8, D2d) and
square antiprism (SAPR-8, D4d) geometries with CShM values
of 1.700 and 1.835, respectively, Fig. 3b and c. The PXRD spec-
trum of the powder sample of 2 compared to the one calcu-
lated for the single crystal structure matchs perfectly indicat-
ing the purity of the bulk product, Fig. S2.†

The [Ce(Btfa)3(phen)] molecules are arranged in the crystal
lattice through π–π stacking interactions between the ring
formed by C5–C10 from one Btfa− ligand (Cg3) and the three
rings with delocalized electron density from the phen ligand
(Cg9). The intermolecular distance between the two centroids
(Cg3⋯Cg9) is 3.921 Å and the interaction grows along the [0 0
1] base vector as an infinite 1D chain Fig. S8.† The shortest
Ce–Ce intermolecular distance is 8.806 Å.

[Ce(Btfa)3(bpy)(EtOH)] (3a). Complex 3a, [Ce(Btfa)3(bpy)
(EtOH)], crystallizes in the triclinic crystal system, with the P1̄
space group, Fig. 4a. The structure of 3a consists of mono-
nuclear molecules in which each Ce3+ ion is nonacoordinated
with a CeN2O7 coordination environment formed by six O
atoms from the three deprotonated β-diketonate ligands with
Ce–O distances in the 2.496–2.443 Å range, two N atoms from
the bipy ancillary ligand with Ce–N distances of 2.713 and
2.730 Å and the O atom from the ethanol molecule with a
Ce–O distance of 2.570 Å. The fluorine atoms from the –CF3
group of the substituted β-diketone molecule show disorder.
The CeN2O7 nine coordination polyhedron has a coordination
geometry close to that of a tricapped trigonal prism (TCTPR-9,
D3h), Fig. 4b, with a CShM value of 0.562.

Powder X-ray diffraction was performed and the result was
compared with the calculated PXRD spectrum of the single
crystal structure of 3a, but the spectra did not properly match,
Fig. S3b.† As mentioned before, this is because, after the reac-
tion of the [Ce(Btfa)3(H2O)2] precursor with bipy, a mixture of
structures [Ce(Btfa)3(bipy)(EtOH)] (3a) and [Ce(Btfa)3(bipy)] (3)
crystallizes. Unlike 3, compound 3a cannot be isolated.

[Ce(Btfa)3(bipy)] (3). Complex [Ce(Btfa)3(bipy)] (3) crystallizes
in the monoclinic crystal system, with the P21/n space group.

The structure of 3 consists of molecules in which each Ce3+

ion is octacoordinated with a CeO6N2 coordination environ-
ment formed by six O atoms from the three Btfa− molecules
with Ce–O distances in the range of 2.467–2.405 Å and by two
N atoms from the bipy ligand with Ce–N distances of 2.660
and 2.668 Å, Fig. 5a, Table 1. In this mononuclear complex the
Ce–O and Ce–N distances are slightly shorter compared to the
ones found in [Ce(Btfa)3(bpy)(EtOH)] (3a). The CeO6N2 octa-
coordinated polyhedron has a coordination geometry that is
close to an ideal square antiprism (SAPR-8, D4d) with a CShM
value of 1.058, Fig. 5b. As explained in the General syntheses
section, compound 3 can be isolated from the mixture of 3a
and 3 that is obtained after the reaction by heating the sample
in an oven for 1 h at 100 °C.

The intermolecular interactions to consider for both struc-
tures, 3a and 3, are the π–π stacking interactions between the
rings from the bipy ligands with Cg1–Cg2 distances of 3.687 Å
for 3a and of 3.999 Å for 3. Moreover, other weak inter-
molecular interactions such as π–H build up a three-dimen-
sional supramolecular structure, see Fig. S9a and S9b.† The
shortest Ce–Ce intermolecular distance is 8.647 Å.

[Ce(Btfa)3(terpy)] (4). Complex 4 crystallizes in a tetragonal
crystal system in the Sohncke P43 space group. The Sohncke
space groups are formed of 65 space groups, which contain
only rotation and translation symmetry operations (operations
of the first kind) and where the reflection, glide reflection,
rotoinversion and inversion mirror operations are restricted.
Some of the molecular structures containing these non-enan-
tiogenic space groups, 22 out of 65, result in chiral crystal
structures (which are different from chiral molecules). For
example, proteins generally crystallize in Sohncke space
groups.41 The structure of 4 consists of molecules in which
each Ce3+ ion is nonacoordinated with a CeO6N3 coordination
environment, Fig. 6a. The CeO6N3 coordination sphere is gen-
erated by six O atoms from the three Btfa− ligands with Ce–O
distances ranging from 2.428 to 2.531 Å and the three N atoms
from the terpy ligand with Ce–N distances ranging from 2.680
to 2.717 Å. The CeN3O6 nine coordination polyhedron has a
coordination geometry close to an ideal capped square anti-
prism (CSAPR-9, C4v) with a CShM value of 0.751, Fig. 6b.

Each asymmetric unit is formed by one mononuclear entity.
For 4, the asymmetric unit grows in space forming a laevorota-
tory 43-helical chain through the c axis (left-handed chain)
and, therefore, homo-chiral packing of helices in the crystal is
induced. The helix is formed around the crystallographic 43
screw axis via the π–π stacking interaction between two
different rings with delocalized electron density, one from the
terpy ligand (Cg1) and the other from one Btfa− β-diketone
molecule (Cg2) with an intermolecular distance of 3.767 Å,
Fig. 7a. The helices align themselves along the a and b axis
through weak Van der Waals interactions, resulting in the
formation of a chiral crystal structure, Fig. 7b. The shortest
Ce⋯Ce intermolecular distance is 10.563 Å.

The enantiomeric pair for this Sohncke space group is P41
in which the helix would be dextrorotatory. To find a crystal
with the enantiomeric P41 Sohncke space group, a second
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single crystal was measured. For this second measurement,
the same P43 space group was found. Though both crystals
presented the same chirality, we cannot assert that the final
product is purely chiral and neglect the idea that it could be a
racemic mixture. The powder XRD results presented in
Fig. S4† support one single phase for the whole powder
product of 4.

[Ce(Btfa)3(bathophen)(DMF)] (5). Complex
[Ce(Btfa)3(bathophen)(DMF)] (5) crystallizes in the monoclinic
crystal system, P21/c space group. The structure of 5 consists of
mononuclear molecules in which each Ce3+ ion is nonacoordi-
nated with a CeN2O7 coordination environment, Fig. 8a. The
coordination sphere encompasses six O atoms from three
Btfa− ligands with Ce–O distances in the 2.448 to 2.511 Å
range, two N atoms from the bathophen ligand with Ce–N dis-
tances of 2.724 and 2.701 Å and a DMF molecule through the
O atom with a Ce–O distance of 2.541 Å. The N2O7 vertexes are
established around the Ce3+ metal in a polyhedral geometry
that is close to an ideal capped square antiprism (CSAPR-9,
C4v) with a CShM value of 0.316, Fig. 8b. The mononuclear
complexes are arranged in space through π–π stacking inter-
actions between one of the aromatic rings from the bathophen
ligand (Cg1) and one phenyl ring from a Btfa− ligand. The Cg
(1)–Cg(2) intermolecular distance is 3.818 Å and it grows along
the c axis as shown in Fig. S4.† The shortest Ce–Ce inter-
molecular distance is 10.770 Å. Moreover, PXRD measure-
ments were performed on the powder product. The calculated
PXRD spectrum from the single crystal structure was compared
with the experimental one, which affirmed a single phase
throughout the sample, Fig. S5.†

Magnetic properties
Static magnetic properties

Direct current (dc) magnetic susceptibility and magnetization
measurements were performed on polycrystalline samples of
compounds 1–5. Since compound 3a was not isolated as a
pure compound, the magnetic study was not performed for
this sample. The χMT vs. T plots in the 2–300 K temperature

range under a dc magnetic field of 0.3 T are shown in Fig. 9
(left). At room temperature (300 K) the χMT values for com-
pounds 1–5 are 0.67, 0.73, 0.68, 0.73 and 0.76 cm3 mol−1 K
respectively. These χMT values are close to the calculated value
for an isolated Ce3+ cation in the ground state, 2F5/2 (S = 1/2,
L = 3, J = 5/2, gJ = 6/7), which is 0.8 cm3 mol−1 K.8 On cooling
the samples, the χMT values decrease gradually due to the pro-
gressive thermal depopulation of the mj states to finite values
at 2 K of 0.23, 0.40, 0.44, 0.32 and 0.38 cm3 mol−1 K for com-
pounds 1–5 respectively. Other mononuclear Ce3+ coordination
compounds show similar χMT vs. T curves.21,42,43 The field
dependence of the magnetization (M) recorded at 2 K is
depicted in Fig. 9 (right). On increasing the external magnetic
field up to 5 T, the magnetization values increase to 0.62, 0.84,
0.89, 0.83 and 0.89 NAμB for 1–5 respectively without stabiliz-
ation of the M values, showing no evidence of saturation of the
magnetization (gJ·J). Similar behavior is found for other Ce3+

compounds showing significant magnetic anisotropy.17,21,30

Dynamic magnetic properties

No frequency dependence of the out-of-phase magnetic sus-
ceptibility component (χM″) was found under a 0 T external
magnetic dc field for complexes 1–5 (Fig. S11†), suggesting the
lack of a pure axial Ising type geometry, which sets mj = ±5/2 as
the ground doublet, and makes the reorientation of the mag-
netization occur through the fast quantum tunneling of mag-
netization (QTM) mechanism preventing the SMM behavior.23

Nevertheless, by applying a small direct current (dc) magnetic
field (Hdc), the QTM was suppressed enough so that all
the above compounds showed slow relaxation of the
magnetization.

To decide which external dc magnetic field was optimal for
each compound, ac measurements were performed at a con-
stant temperature of 2.5 K for 1, 3 and 5, of 3.5 K for 2, and of
2 K for 4 at oscillating frequencies between 1 and 1488 Hz and
under different Hdc fields. The measurements of χM′ and χM″

with frequency (v) plots, at a constant temperature, are
depicted in Fig. S12† for samples 1–5. When applying low Hdc

(0.002–0.01 T), χM″ shows maximum values at higher frequen-
cies. On increasing Hdc, the peaks increase in intensity, reach-

Fig. 9 χMT vs. T plot (left) and M vs. magnetic field plot (right) for compounds 1–5.
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ing their maximum values and shifting to the 96–177 Hz fre-
quency zone, then staying constant until higher Hdc is applied.
Then χM″ shifts again to higher frequencies, diminishing its
intensity. The optimal Hdc was 0.1 T for 1 and 3, 0.05 T for 2
and 0.02 T for 4 and 5, Fig. S13.† Given the shorter Ce⋯Ce
intermolecular distance of 6.105 Å, compound 1 might require
a greater external Hdc. The shortest Ce⋯Ce intermolecular dis-
tances found for structures 2–5 are 8.806, 8.647, 10.563 and
10.770 Å respectively.

This behavior is represented as τ−1 based on the Hdc plots,
Fig. 10. At low magnetic fields, τ−1 values decrease, corres-
ponding to suppression of the QTM mechanism by the exter-
nal magnetic field. After 0.3 T for 1–3 and 5, the τ−1 values
remain almost constant, accounting for the predominancy of
Raman and other thermally dependent relaxation processes.
For compound 4, the constant trend at intermediate Hdc is
rather poor and it is not as well differentiated as for the other
compounds. When surpassing the specific Hdc, this constant
tendency is broken, and τ−1 values increase exponentially fol-
lowing the H4 power law, showing that the direct process is
taking place at higher magnetic fields. (τ−1 = AH4T for relax-
ation of the magnetization through a direct process.)

Under the chosen dc external magnetic field, dynamic
measurements were performed under an oscillating ac field of
4 × 10−4 T in the 1–1488 Hz frequency range for 1, 3 and 5,
and of 10–1488 Hz for 2 and 4. Maximum values of the out of
phase magnetic susceptibility component can be seen below
5 K for 1–5, Fig. S14.† All the samples show slow relaxation of
the magnetization over a similar temperature range; com-
pound 2 is the one for which the χM″ dependence extends to
higher temperature (5.7 K).

The χM″ vs. oscillating frequency plots at different tempera-
tures are depicted in Fig. 11 and χM′ vs. ν plots at different
temperatures are found in Fig. S15.† For complexes 1–5, the
χM″ peaks shift progressively to higher frequencies as the

temperature increases, demonstrating the thermal dependence
of magnetization relaxation. Therefore, we could assume that
the QTM relaxation process would be considerably reduced
after the application of an external dc field.3 When comparing
compounds 1–5, 2 shows χM″ dependence on T at lower fre-
quencies, whereas 3 shows a dependence at higher ones.

The Cole–Cole plots for 1–5 (Fig. 12) are not perfectly sym-
metrical semicircles. The curves could be fitted using the gen-
eralized Debye model described with the Casimir–Du Pré func-
tion (eqn (S1)†)44 from which the relaxation times for magneti-
zation can be extracted. The resulting parameters obtained
from the fitting are presented in Tables S8–S12.† The distri-
bution of relaxation times (α) is narrow for the presented com-
pounds mostly for 1, 4 and 5 in which α values are
0.077–0.0041, 0.0529–0.0031 and 0.05–0.0118 respectively
while for 2 and 3 α values are over a slightly wider range of
0.1804–0.0018 and 0.1335–0.0146 respectively.

For a spin system, magnetization relaxation can occur
through different relaxation mechanisms. The dependence of τ
on temperature (T ) and the applied external magnetic field (H)
is expressed in eqn (1).

τ�1 ¼ aH4T þ d
1þ eH2

1þ fH2

� �
Tn þ B1

1þ B2H2 þ τ0
�1 exp

�ΔE
kBT

� �

ð1Þ

The first term is the field dependent direct process, which
involves one phonon, the second term refers to the Raman
process that occurs through a virtual state involving two
phonons. Here it is represented as a field dependent term
using the Brons–Van Vleck equation, which has a coefficient
field dependence and exponential dependence on tempera-
ture. The d parameter represents zero-field relaxation, e is
related to the paramagnetic center concentration and the f
parameter reports the effect of the external field on suppres-

Fig. 10 Left, dependence of τ−1 on a static magnetic field (black dots) for compound 1, continuous purple line accounts for the fitting using field
dependent eqn (3). Inset shows the contribution of Raman, direct and QTM mechanisms to τ−1 vs. H for compound 1. Right, dependence of τ−1 on a
static magnetic field for compounds 2–5. The continuous blue, green, orange and red lines correspond to the fitting of the experimental magnetic
data (discrete dots) of compounds 2 to 5 respectively with eqn (3).
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sing spin relaxation. The third term of eqn (1) describes the
fast QTM and, finally, the last term relates to the so called ther-
mally assisted relaxation process, the Orbach process. It
follows the Arrhenius law and experimentally, when the
Orbach process takes place, a linear trend of log(τ) with temp-
erature is expected. This spin–lattice mechanism involves two
phonons, and relaxation occurs through an effective energy
barrier from the ground state ±mj through a real excited state.
Normally, the Orbach process takes place at a higher tempera-
ture range since the system needs enough energy to surpass
the whole energy barrier between the ±mj ground states.45,46

For the title compounds a linear slope appears to be fol-
lowed in the higher temperature range. We fit the experimental
τ values of 1–5 using the Arrhenius law, and the values
obtained for the activation energy barrier are in the range of

12.2–19.8 cm−1 with τ0 values between 10−7 and 10−8 s,
Table S13 and Fig. S16.† This linear trend could indicate that
the relaxation of magnetization is taking place through an
over-barrier Orbach mechanism for 1–5 or a thermally assisted
tunneling process through the first ±mj excited state.
Nevertheless, for all the cerium(III) compounds found in the
literature where ab initio calculations were performed, the
energy differences between the ±mj ground Kramers doublet
(KD) and the first excited ±mj KD are in the range of
258–339 cm−1 for mononuclear Ce3+–β-diketonate
complexes,20,21 220–787 cm−1 for other Ce3+–mononuclear
compounds,23–28,47,48 303–348 cm−1 for Ce3+–polynuclear
compounds30,49 and 180–303 cm−1 for Ce3+–heterometallic
compounds.29,34,50,51 Interestingly, the activation energy
barrier calculated from experimental data (ΔEexp), with the

Fig. 11 χM’’ vs. frequency plots for compounds 1–5 measured at an oscillating ac field of 4 × 10−4 T, and at a Hdc of 0.1 T for 1–3, and of 0.02 T for
4 and 5. The continuous lines correspond to the fitting with eqn (S1).†
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Arrhenius law, considering an Orbach mechanism, led to very
similar values for all the previous Ce3+ compounds. The
maximum value reported is 38 cm−1,28 but the ΔEexp values for
the vast majority of published Ce3+ complexes lie in the
20–30 cm−1 range and it appears that there is no difference
between compounds presenting easy axial or easy plane
symmetry.20,21,26,27,29,43,47,50,52,53 Besides, ab initio calculations
(see the Computational results section) of the former cerium
(III) systems result in an energy difference between the ground
and first excited mj states much higher in energy
(151.9–372.6 cm−1, see Table S14†) than the energy barrier
obtained from experimental data using the Arrhenius law that
describes the Orbach process.

The lack of a linear trend in the log(τ) vs. T plots throughout
the temperature range could be explained by considering the

presence of other magnetization relaxation mechanisms occur-
ring at the same time as the Orbach process or taking into con-
sideration that the Orbach process is not taking place at all, as
a comparison of experimental data with ab initio calculations
appears to indicate. Furthermore, hyperfine interactions
between the electronic spin and the nuclear spin of a lantha-
nide ion can split the electronic doublet into different mani-
folds making new pathways for magnetization that could
explain the linear trend with temperature. But the natural iso-
topes of cerium do not possess nuclear spin. Another pro-
posed spin–lattice relaxation mechanism is the local mode,
and it is referred to as a thermally dependent process,
which considers that spin relaxation goes through a higher
energy state that is a local vibration from the same mj ground
state following eqn (2). Then Δloc can be extracted and is

Fig. 12 Cole–Cole plots for compounds 1–5. The continuous black lines refer to the fitting with the generalized Debye model.
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referred to as the local mode energy (cm−1).54 Δloc could be
experimentally assigned from vibrational spectroscopic
techniques.55,56

τ�1 ¼ Aloc
e�

Δloc
kBT

e�
Δloc
kBT � 1

� �2

0
BBB@

1
CCCA ð2Þ

With the above exposed considerations, we tried to fit the
magnetic data with the thermally dependent components of
eqn (1) but by adding the local mode function instead of the
Orbach one. Given that the temperature ranges over which
there is a magnetic response for 1–5 are small and the risk of
over-parametrization when many parameters are used in the
equation, we first proceed to fit the dependence of τ−1 on the
magnetic field so in this way we can extract the parameters
from the equations that are field dependent: dTn, e and f for
Raman, B1 and B2 for the QTM and a for the direct process
(eqn (3)) and then the parameters corresponding to these
equations can be fixed in the temperature dependent function.

The Cole–Cole plots of the field dependent experimental
magnetic data measured at a constant temperature were fitted
using the generalized Debye model, Fig. S17 and Tables S15–
S19.† The field dependent magnetic data could be fitted fol-
lowing eqn (3), for all the compounds, Fig. 10. In the τ−1 vs H
plot, the different tendencies from the predominant QTM,
Raman and direct mechanisms are well differentiated, first,

each part is fitted independently with the corresponding
mechanism and the fitted parameters are used as the starting
point for the whole set. The obtained parameters from the
field dependent fitting of compounds 1–5 are compiled in
Table 2. The inset in Fig. 10 and Fig. S18† show the contri-
butions of each relaxation mechanism to magnetization relax-
ation along the magnetic fields of compounds 1–5.

τ�1 ¼ aH4T þ B1

1þ B2H2 þ d
1þ eH2

1þ fH2

� �
Tn þ KðTÞ ð3Þ

Then the temperature dependent experimental magnetic
data were fitted with eqn (4) and the parameters n from the
Raman process and c and ω from the local mode spin relax-
ation mechanism were obtained for 1–5. The τ−1 dependence
on T plots are depicted in Fig. 13 and the obtained parameters
from the best fit are compiled in Table 3. The contribution of
each relaxation mechanism to τ−1 with temperature is shown
in the inset of Fig. 13 and in Fig. S19.†

τ�1 ¼ AðHÞT þ KðHÞ þ DðHÞTn þ Aloc
e�

Δloc
kBT

e�
Δloc
kBT � 1

� �2

0
BBB@

1
CCCA ð4Þ

When looking at the dependence of τ−1 on the field, for all
the compounds under low external bias dc magnetic fields,
the QTM mechanism is the one dominating magnetization
relaxation. Under high external dc fields for 1 and 3 the direct

Table 2 Values obtained from the fitting of τ−1 vs. H curves with the field dependent curve function: τ�1 ¼ AH4T þ B1
1þB2H2 þ d 1þeH2

1þfH2

� �
Tn þ KðTÞ

Compound

Raman Direct QTM

dTn (s−1) e (T−2) f (T−2) a (s−1 T−4) B1 (s
−1) B2 (T

−2)

1 549.21 82.78 22 760.23 526.71 1549.17 22 760.21
2 370.07 214.49 77 778.39 291.57 1691.25 77 778.40
3 575.89 1279.27 87 007.58 1394.18 2054.14 87 010.40
4 585.82 23.25 15.40 1270.65 2055.59 556 254.6
5 197.48 14 891.10 3561.34 832.12 5754.71 42 402.08

Fig. 13 Dependence of τ−1 on temperature obtained from the experimental magnetic data measured at an external magnetic field of 0.1 T for 1 and
3, of 0.05 for 2 and of 0.02 T for 4 and 5. Left, the plot of compound 1. Inset shows the contributions of each magnetization relaxation mechanism
separately. Right, the plots for compounds 2–5.
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process is the dominant one while for 2, 4 and 5 the Raman
process is still relevant, Fig. 10 and Fig. S18.†

From the global fit the obtained local mode energy values
for the different compounds are in the range of
11.55–20.90 cm−1 (16.61–30.07 K). With this approach, the
spin relaxation of compound 1 appears to be governed by the
local mode mechanism, Fig. 13 inset. While for 2, 4 and 5 spin
relaxation over the temperature range is best described by both
the Raman and local mode mechanisms, Fig. S19.† In fact for
compound 4 it is well discerned that the Raman mechanism
prevails in the lower temperature range while the local mode
mechanism plays an important role in the higher temperature
range, Fig. S19(4).† Moreover, compound 3 shows a smaller
contribution of the local mode (ω), which is the smallest of the
presented compounds with a value of 11.55 cm−1 (16.61 K),
but there is a higher contribution from the n parameter from
the Raman process (n = 8.2) and the direct mechanism (it has
the highest A(H) value). This suggests that for 3, spin relax-
ation is mostly taking place through the Raman and direct
processes.

Additionally, the temperature dependence of τ could also
be fitted with only the Raman term as the ln(τ) vs. ln(T ) plots
lead to straight lines for the magnetic data for all compounds,
Fig. S20.† A fitting of these plots taking into account just
Raman relaxation of the magnetization mechanism described
by the ln(τ) = −n·ln(T ) + ln(C) equation leads to good values of
n and C, which are n = 8.9 and C = 5.9 for 1, n = 7.0 and C =
17.8 for 2, n = 5.7 and C = 0.3 for 3, n = 4.7 and C = 0.0519 for
4 and n = 7.5 and C = 0.9 for 5. This leads us to consider that
the Raman process may actually be the relevant mechanism
for the magnetic relaxation of these cerium(III) compounds.
However, a fitting of temperature dependent data with eqn (3)
without considering the local mode but taking into account

the contribution of all the field dependence terms, leads to
unsuccessful fitting of the data, Fig. S21.† Therefore, two
different approaches are presented to explain the spin
dynamics of 1–4.

The first is that, when considering the contributions of
QTM and direct processes to magnetic relaxation, this would
lead to overparametrization, so the parameters for those
mechanisms are first obtained from the field dependent mag-
netic data and fixed in the temperature dependent fitting. In
this approach, the local mode has to be considered to obtain a
good fitting of magnetization relaxation times with tempera-
ture since only considering the Raman process leads to unsuc-
cessful fitting. The second approach is just to consider the
Raman relaxation mechanism and neglect the contribution
that direct and QTM mechanisms may have on spin relaxation;
this also leads to reasonable results. Still the contributions of
the QTM and direct mechanisms to spin relaxation should not
be overlooked, especially the direct mechanism, if an external
magnetic field is applied to measure the alternating current
magnetic susceptibility.

The existence of multiple potential explanations to describe
the spin dynamics phenomenon of compounds 1–5, once
again, highlights the need for continued investigation into the
magnetic behavior, at the molecular level, of Ce(III) coordi-
nation compounds.

Geometry optimization and calculation of the DFT
vibrational frequencies were performed for 1, 2 and 4. The ana-
lysis of the frequencies shows a large amount of low energy
vibrational frequencies (Table S20†) that can contribute to
spin relaxation through the local-mode process; however, a
spin–phonon calculation of these frequencies to verify their
contribution is out of the scope of this paper.

Computational results

Ab initio calculations were performed on the crystallographic
structures, see the Computational details section. CASSCF cal-
culations incorporating spin–orbit effects via the RASSI
approach were conducted to delve into the magnetic character-
istics of compounds 1–5. Cerium(III) complexes exhibit a 4f1

and a 2F5/2 ground state. The simulated magnetic susceptibility
and magnetization profiles are similar to the experimentally
observed curves, see Fig. S22 and S23,† indicating good agree-
ment between theoretical predictions and actual experimental
results.

Except compound 1, the remaining systems studied show a
large gz component, see Table 4, indicating large axial an-
isotropy. The values are similar to those for other previously

Table 3 Values obtained from the fitting of τ−1 vs. H curves with the
field dependent curve function:

τ�1 ¼ C e�
ω
T

e�
ω
T�1

� �2
 !

Tn þ DðHÞTn þ AðHÞT þ KðHÞ

Compound
Raman

Local mode

n C (s−1) ω (cm−1)/(K)

1 4.82 4.03 × 107 19.95/28.71
2 7.20 1.7 × 107 20.89/30.07
3 8.27 3.16 × 105 11.55/16.61
4 2.40 3.05 × 106 15.42/22.19
5 6.16 1.20 × 107 17.70/25.47

Table 4 Calculated components of the g tensor and wavefunction analysis of the ground Kramers doublet state at the CASSCF-RASSI level

Compound gx gy gz Wavefunction

1 0.563 1.391 2.392 0.28| ± 5/2〉 + 0.42| ± 3/2〉 + 0.30| ± 1/2〉
2 0.108 0.481 3.754 0.90| ± 5/2〉 + 0.005| ± 3/2〉 + 0.09| ± 1/2〉
3 0.460 0.940 3.600 0.87| ± 5/2〉 + 0.04| ± 3/2〉 + 0.09| ± 1/2〉
4 0.775 1.255 3.379 0.89| ± 5/2〉 + 0.08| ± 3/2〉 + 0.03| ± 1/2〉
5 0.501 1.500 3.350 0.82| ± 5/2〉 + 0.04| ± 3/2〉 + 0.14| ± 1/2〉
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Fig. 14 Calculated orientations of the g tensor of the ground Kramers doublet, where gz, gy and gx components are represented by blue, green and
red arrows, respectively. Cerium, fluorine, oxygen, nitrogen, carbon and hydrogen are represented in yellow, light blue, red, blue, gray and pink.

Fig. 15 Calculated state energies as a function of their magnetic moment, Mz, along the main anisotropy axis. The arrows correspond to the
quantum tunneling mechanism of ground and first excited states (green), the hypothetical Orbach relaxation process (purple) and the transition
between the ground and first Kramers doublets (red). The values close to the arrows indicate the matrix elements of the transition magnetic
moments (efficient spin relaxation mechanism is expected above 0.1).
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reported Ce systems (see Tables S1–S5†); however, for a per-
fectly axial Ce3+ complex the value should be 4.19 (30/7).
Compounds 2–4 with values in the range of 3.3–3.8 are consist-
ent with an mJ = ±5/2 ground state with a contribution from mJ

= ±3/2 states. The orientation of the calculated gz is quite
different for the compounds (see Fig. 14). The coordination
numbers are also different, eight for 1–3, and nine for 4 and 5.
In the case of an mJ = ±5/2 ground state an oblate f electron
density, with a perpendicular gz orientation, is expected. The gz
tensor would be oriented in a way that the metal–ligand
electrostatic repulsion would be reduced. It can be achieved by
(i) the alignment of gz with the shortest Ce–O distances, in a
way that the f electron density disc stays perpendicular to that
direction or (ii) the location of the f electron density disc in
the plane containing the longest Ce–L distances. In this family
of compounds in general gz is located in a way that it is not
pointing to any ligand and the electron density disc tries to
avoid all the ligands. This happens for 1, 2, 4 and 5. However,
for 3 it is mainly oriented with one of the Ce–O bonds
(Ce1–O5) and with the f electron density disc oriented close to
the Ce–N bonds. In the case of 4 gz is oriented in a way that
the f electron density disc avoids most of the ligands but is in
the same plane as some of the Ce–N bonds of the terpyridine
ligand.

The analysis of the decomposition of the RASSI wavefunc-
tion of the ground Kramers doublet can be found in Table 4. It
shows, as expected, a different contribution for 1, where a
large mixture of the three components is observed; this corre-
lates with smaller gz and larger gx and gy components. For the
other compounds a larger contribution from the wave function
|±5/2〉 (80–90%) mixed with |±1/2〉 and |±3/2〉 from the other
excited mj doublets is found; this also explains the larger an-
isotropy of these Ce complexes.

The energy of the Kramers doublet and transition probabil-
ities between the states were calculated, see Fig. 15. The first
excited Kramers doublet is around 150 cm−1 in 1 and 5 and
around 300 cm−1 or more for the other complexes, see also
Table S14.† In all the cases, as commented on before, the
energy difference is much larger than the energy barrier that
can be obtained from the fit of the dependence of relaxation
times on temperature with the Arrhenius equation,
12–20 cm−1. All the complexes show a large tunnelling prob-
ability in the ground state, with complex 2 having the smallest
one, of 0.1. This agrees with the necessity to apply an external
dc field to show an out-of-phase magnetic susceptibility signal
(χM″). Besides 2 having the smallest tunnelling probability in
this family of compounds the optimal field needed is not the
smallest one. This is probably also related to the shorter
Ce⋯Ce distance in 2 in comparison with 4 and 5.

Conclusions

As a continuation of our interest in the less studied lanthanide
(III) SIM compounds derived from Ce3+ ions,21 in this paper we
have presented five new β-diketonate–Ce3+ coordination com-

pounds with the aim of providing new insights into under-
standing the cerium spin relaxation. The five structurally
characterized new Ce3+ complexes are derived from the
β-diketone HBtfa = 4,4,4-trifluoro-1-phenyl-1,3-butanedione
with polypyridyl molecules as ancillary ligands: [Ce
(Btfa)3(H2O)2] (1), [Ce(Btfa)3(phen)] (2), [Ce(Btfa)3(bipy)] (3),
[Ce(Btfa)3(terpy)] (4) and [Ce(Btfa)3(bathophen)(DMF)] (5),
where phen = 1,10-phenanthroline, bipy = 2,2′-bipyridine,
terpy = 2,2′:6′,2″-terpyridine and bathophen = 4,7-diphenyl-
1,10-phenanthroline. In the new reported compounds, Ce3+

displays a coordination number of 8 for 1, 2 and 3 and a
coordination number of 9 for 4 and 5. Moreover, the five com-
pounds have been magnetically characterized and a meticu-
lous study has been carried out to further understand the spin
dynamics in the magnetization relaxation of these new field
induced SMM compounds. Furthermore, ab initio calculations
were performed for the former compounds. For all the com-
pounds, the Orbach mechanism was disregarded in light of
the published literature and the obtained ab initio results. The
local mode mechanism was used instead. The calculations
also show the axiality of the compounds and corroborate the
presence of low energy vibrational modes that could contribute
to spin relaxation through the local mode. Finally, a compi-
lation of the cerium(III) coordination complexes found in the
literature before 2023 and showing slow magnetization relax-
ation is given in Tables S1–S5.† From the published experi-
mental data and ab initio calculations, we can infer that the
stabilization of mj with the highest value as the ground state
does not imply the presence of SMM behavior for the pre-
viously magnetically studied Ce3+ coordination compounds.
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Slow magnetic relaxation and luminescence
properties in b-diketonate lanthanide(III)
complexes. Preparation of Eu(III) and Yb(III)
OLED devices†

Ànnia Tubau,a Laura Rodrı́guez, a Piotr Pander, bcd Lucy Weatherill, d

Fernando B. Dias, d Mercè Font-Bardı́ae and Ramon Vicente *a

The reaction of [Ln(btfa)3(H2O)2] (btfa
� = 4,4,4-trifluoro-1-phenyl-1,3-butanedionate) with 4,40-dinonyl-

2,20-bipyridyl (4,40-dinonylbipy) in ethanol allows isolation of mononuclear complexes [Ln(btfa)3(4,40-

dinonylbipy)] Ln = Sm (1-Sm), Eu (2-Eu), Tb (3-Tb), Dy (4-Dy), Er (5-Er) and Yb (6-Yb). The solid state

luminescence emission in the visible region for 1-Sm, 2-Eu, 3-Tb and 4-Dy and in the NIR region for 1-

Sm, 5-Er and 6-Yb shows efficient energy transfer from the 4,4,4-trifluoro-1-phenyl-1,3-butanedionate

ligands to the central Ln3+ ion for all the compounds. Finally, complexes 2-Eu and 6-Yb were

successfully used as emitters in multilayer vacuum-deposited OLEDs. The electroluminescence quantum

efficiency (EQE) of the corresponding devices reached 2.1% and B0.1–0.2% for 2-Eu (lEL = 614 nm) and

6-Yb (lEL = 977 nm), respectively. Maximum radiant emittance recorded for the Ln-associated emission

achieved 135 mW cm�2 for 2-Eu and 121 mW cm�2 for 6-Yb. These values for efficiency and radiant

emittance are unusually high for such type of emitters. Moreover, magnetic studies were performed on

all compounds. Alternating current (AC) dynamic measurements indicated Single Molecular Magnet

(SMM) behaviour for 4-Dy and field-induced slow relaxation of the magnetization for complexes 3-Tb,

5-Er and 6-Yb. The anisotropy energy barriers and pre-exponential factors are 91.1 cm�1, t0 = 7.2 �
10�9 s (under zero magnetic field) and DE = 109.3 cm�1, t0 = 9.3 � 10�10 s under 0.1 T magnetic field

for 4-Dy and DE = 24.6 cm�1, t0 = 8.7 � 10�8 s (under 0.07 T) for 5-Er. Besides, we observe that for

compounds 3-Tb and 6-Yb the relaxation of the magnetization does not occur through the Orbach

process.

1. Introduction

Single-molecule magnets (SMMs) refer to magnetically bistable
molecules that exhibit slow relaxation of the magnetization
below a critical temperature, TB, while Ueff is the energy barrier

separating the two spin ground states. By the end of the
twentieth century, the effort to obtain SMMs with the highest
TB and Ueff focused on transition metal clusters. The first
mononuclear lanthanide complexes ([Pc2Ln]

��TBA+ with Ln =
Tb, Dy; Pc2� = phthalocyanine dianion; and TBA+ = tetrabuty-
lammonium) showing slow relaxation of the magnetization
were published in 2003.1 Consequently, the research effort in
the field of SMMs with higher TB and/or Ueff was shifted to
complexes derived from lanthanide ions with large orbital
momentum and strong magnetic anisotropy.2 Due to the
shielding of the 4fn electrons, the interaction between the
lanthanide ion and the donor atoms of the ligands can be
considered as electrostatic in nature. Consequently, lanthanide
ions have unquenched orbital angular momentum (L) that
leads to strong spin–orbit coupling interactions and therefore
intrinsic magnetic anisotropy, which make them good candi-
dates for SMMs. Single Ion Magnets (SIMs) are thus mono-
nuclear lanthanide systems that show slow relaxation of
the magnetization. A notable example of SIMs are Dy(III)
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compounds exhibiting an anisotropy barrier, Ueff, of 1837 cm�1 3

with TB = 80 K above that of liquid nitrogen.4

In addition to the magnetic properties, the lanthanide(III)
ions also display intrinsic photoluminescent properties due to
the 4f–4f electronic transitions, which result in long-lived and
narrowband photoluminescence. The lanthanide(III) ions have
an incompletely filled 4f subshell, which is protected from the
coordinating atoms due to the filled 5s2 and 5p6 orbitals and
thus the transitions yield sharp emissive lines characteristics of
each central ion. However, the electronic 4f–4f transitions are
Laporte forbidden due to the parity selection rule, leading to
low molar extinction coefficients (e o 10 M�1 cm�1) for direct
photoexcitation of Ln(III) ions. To address this problem, it is
necessary to use organic chromophores that absorb energy and
subsequently transfer it to the Ln(III) ion. This sensitization
mechanism is commonly known as the ‘‘antenna effect’’.5,6

The characteristic narrow emission bands and long emis-
sion lifetimes of lanthanide(III) coordination compounds over a
wide wavelength range (vis/near-IR)7–14 makes these com-
pounds interesting for potential applications in telecommuni-
cations and biological imaging.15–17 Particular attention has
been drawn towards complexes of Nd3+, Er3+ and Yb3+ cations
as they exhibit near infrared (NIR) emission.6–9,12–14 In this
regard, b-diketones are among the most important ‘‘antenna
ligands’’ owing to the following merits: (1) they show intense
absorption from their conjugated p–p* transitions within a
wide wavelength range; (2) they show efficient S1 - T1 inter-
system crossing; (3) several b-diketone systems have shown to
exhibit optimal triplet state energy, above the emitting level of the
lanthanide ion, therefore providing adequate sensitization of the
central atom (specially Eu3+); (4) they can form stable adducts with
Ln(III) ions through O,O bidentate chelating modes.18

The interest in luminescent multifunctional materials that
can act as SMMs is increasing.7,8,19 We have previously pub-
lished a series of multifunctional Nd(III) coordination
complexes20 derived from the b-diketonate ligand 4,4,4-
trifluoro-1-(2-naphthyl)butane-1,3-dionato (ntfa�) of the form
[Nd(ntfa)3(ANCL)], (ANCL = ancillary ligand). More recently
we published a new series of luminescent multifunctional
SMM materials derived from the 4,4,4-trifluoro-1-phenyl-1,3-
butanedionate anion (btfa�) of the form HAcr[Ln(btfa)4], Ln =
Nd(III), Dy(III), and Yb(III); HAcr = acridinium cation, with the
aim of studying their photophysical and magnetic behaviour.21

To extend the number of multifunctional complexes derived
from the b-diketonate anion 4,4,4-trifluoro-1-phenyl-1,3-
butanedionate (btfa�), we report here a series of compounds
of the form [Ln(btfa)3(4,40-dinonylbipy)], Ln = Sm (1-Sm), Eu (2-
Eu), Tb (3-Tb), Dy (4-Dy), Er (5-Er) and Yb (6-Yb); 4,40-
dinonylbipy = 4,40-dinonyl-2,2 0-bipyridyl. Alternating current
(AC) dynamic measurements of 3-Tb, 5-Er and 6-Yb indicated
field-induced slow relaxation of the magnetization under the
application of a 0.1, 0.07 and 0.1 T magnetic field, respectively.
Besides that, 4-Dy compound shows SMM behaviour with an
anisotropy energy barrier and pre-exponential factor yielding
91.1 cm�1 and t0 = 7.2 � 10�9 s respectively. The solid state
luminescence in the visible region for 1-Sm, 2-Eu, 3-Tb and 4-

Dy and in the NIR region for 1-Sm, 4-Dy, 5-Er and 6-Yb upon
excitation of ligand-centred absorption bands demonstrate
efficient energy transfer from the 4,4,4-trifluoro-1-phenyl-1,3-
butanedionate ligands to the central Ln3+ ion in all these
compounds.

On the other hand, lanthanide(III) complexes show potential
as emitters in organic light-emitting diodes (OLEDs). For
instance, the Eu3+ complexes display high colour purity in red
emission. Eu3+ complexes provided with an asymmetrical
ligand field facilitate the 5D0 - 7F2 transition to yield essen-
tially monochromatic single-band red emission at around
612 nm. Similarly, Yb3+ complexes displaying photolumines-
cence at B1000 nm are ideal candidates for use in NIR OLEDs.
Kido et al. reported in 199422 a ternary Eu3+ complex
[Eu(DBM)3Phen] (DBM� = 1,3-diphenylpropane-1,3-dionate
and Phen = 1,10-phenanthroline) showing maximum lumi-
nance of 460 cd m�2 in an OLED.23 Since this work b-
diketonate ligands have been profusely used in luminescent
Ln(III) complexes for application in OLEDs. In this work, we
present new OLEDs built by using complexes of the form
[Ln(btfa)3(4,40-dinonylbipy)], where Ln = Eu(III) in 2-Eu and
Ln = Yb(III) in 6-Yb. The electroluminescence quantum effi-
ciency (EQE) of the corresponding devices reached 2.1% for
2-Eu (lEL = 614 nm) and B0.1–0.2% for 6-Yb (lEL = 977 nm).
Maximum radiant emittance recorded for the Ln-associated
emission achieved 135 mW cm�2 for 2-Eu and 121 mW cm�2 for
6-Yb. These efficiency and radiant emittance figures are unu-
sually high for such type of emitters.23

2. Experimental
2.1. Materials and physicochemical measurements

4,4,4-Trifluoro-1-phenyl-1,3-butanedione and 4,40-dinonyl-2,2 0-
bipyridyl were purchased from Sigma-Aldrich. Lanthanide
chloride hexahydrates and lanthanide(III) nitrate hexahydrates
were obtained from Strem Chemicals. Materials used for OLED
fabrication have been purchased from suppliers indicated in
parentheses: HAT-CN – dipyrazino[2,3-f:20,30-h]quinoxaline-
2,3,6,7,10,11-hexacarbonitrile (sublimed, LUMTEC); TSBPA –
4,40-(diphenylsilanediyl)bis(N,N-diphenylaniline) (LUMTEC);
mCP – 1,3-bis(carbazol-9-yl)benzene (sublimed, LUMTEC); TPBi
– 1,3,5-tris(1-phenyl-1H-benzimidazol-2-yl)benzene (Sublimed,
LUMTEC); PO-T2T – 2,4,6-tris[3-(diphenylphosphinyl)phenyl]-
1,3,5-triazine (LUMTEC); LiF (99.995%, Sigma Aldrich); Al pel-
lets (99.9995%, Lesker).

Infrared spectra (4000–400 cm�1) were recorded in KBr
pellets using a PerkinElmer 380-B spectrophotometer. Infrared
spectra and a compilation of the most significant bands of all
compounds are depicted in Fig. S1 in the ESI.†

The elemental analyses of all compounds were performed at
the Serveis Cientı́fics i Tecnològics of the Universitat de Barcelona.

2.2. Crystal structure analysis

Crystallographic data for the structures of 2-Eu, 4-Dy and
6-Yb were collected at 100(2) K on a Bruker D8 Venture
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diffractometer using Mo-Ka radiation. These data showed that
2-Eu, 4-Dy and 6-Yb were isostructural. Crystallographic data
for the structure of 3-Tb were collected at room temperature
(304 K). Crystallographic data of the four complexes are sum-
marized in Table S1 (ESI†). Following data reduction, Lp and
absorption corrections (programs APEX and SADABS24,25 and
solution by direct methods, the structures were refined against
F2 with full-matrix least-squares method using the program
SHELX-2014).26 Anisotropic displacement parameters were
employed for non-hydrogen atoms. Hydrogen atoms were
added at calculated positions and refined by use of a riding
model with isotropic displacement parameters based on those
of the parent atom. Additional software: Mercury27 and
PLATON.28 The full crystallographic data for the structures of
complexes 2-Eu, 4-Dy and 6-Yb have been deposited at the
Cambridge Structural Database (CSD).

Powder X-ray diffraction (PXRD) room temperature measure-
ments were used to verify bulk phase purity. PXRD data were
recorded at the Serveis Cientı́fics i Tecnològics of the Universi-
tat de Barcelona with PANalytical X’Pert PRO MPD y/y powder
diffractometer of 240 millimetres of radius, in a configuration
of convergent beam with a focalizing mirror and a transmission
geometry with flat samples sandwiched between low absorbing
films Cu Ka radiation (l = 1.5418 Å). Work power: 45 kV – 40
mA. Incident beam slits defining a beam height of 0.4 milli-
metres. Incident and diffracted beam 0.02 radians Soller slits
PIXcel detector: Active length = 3.3471. 2y/y scans from 2 to 701
2y with a step size of 0.0261 2y and a measuring time of
298 seconds per step. The alert found in structures 4-Dy and
6-Yb were mainly due to the fact that there is a q peak that is
not assigned to any element. However, when observed
closely the electron density appears close to the lanthanide
ion. For 4-Dy the more intense q peaks appear at a distance of
0.970 and of 0.996 Å from the Dy3+ ion. For 6-Yb the more
intense q peak appear at a distance of 1.75 Å from the last sp3 C
atom of one of the aliphatic chains. Hence, due to the incon-
sistent distance, it is unlikely that such residual density origi-
nates form unaccounted atom types since this residual density
peak challenges any chemical interpretation. Moreover, powder
X-ray diffraction analysis matches the pattern calculated from
both single crystal structures. This alert probably arises from
strong absorption effects that could not be fully corrected.

2.3. Magnetic measurements

Magnetic measurements were performed by the Mesures Mag-
nètiques Unit from Scientific and Technological Centers (CCi-
TUB), Universitat de Barcelona, using a Quantum Design
MPMS-XL SQUID magnetometer. Pascal’s constants were used
to estimate the diamagnetic corrections, which were subtracted
from the experimental susceptibilities to give the corrected
molar magnetic susceptibilities.

2.4. Thermogravimetric measurements

Thermogravimetric analysis (TGA) measurements were carried
out under N2 atmosphere in a Mettler TG 50 instrument at a
heating rate of 10 1C min�1. For compounds 2-Eu and 6-Yb,

TGA measurement were performed in the temperature range
between 30 and 600 1C. The sample weight stays steady up until
250–300 1C where it loses 75.2% of its weight. Decomposition
of the compounds is observed at temperatures above 300 1C
(Fig. S2, ESI†).

2.5. Luminescence measurements

Solid state and solution fluorescence spectra were recorded on
a Horiva Jobin Yvon SPEX Nanolog fluorescence spectrophot-
ometer equipped with a three slit double grating excitation and
emission monochromator with dispersions of 2.1 nm mm�1

(1200 grooves per mm) at room temperature. The steady-state
luminescence was excited by unpolarized light from a 450 W
xenon CW lamp and detected at an angle of 221 for solid state
and of 901 for the solution measurements by a red-sensitive
Hamamatsu R928 photomultiplier tube. Spectra were reference
corrected for both the excitation source light intensity variation
(lamp and grating) and the emission spectral response (detec-
tor and grating). Near infra-red spectra were recorded at an
angle of 221 using a liquid nitrogen cooled, solid indium/
gallium/arsenic detector (850–1600 nm). To measure the emis-
sion spectra, samples were excited at the excitation wavelength
(lexc) of 306 nm for 1-Sm and 2-Eu, of 320 nm for 3-Tb and of
360 nm for 6-Yb, for solution samples. Solution samples 4-Dy
and 5-Er were excited at the emission wavelength of 320 nm
according to the absorption spectra since no reliably excitation
spectra could be obtained. Polycrystalline samples were excited
at the lexc of 359 nm for 1-Sm to 6-Yb.

The excited state decay curves were measured in the same
instrument in the phosphorescence mode using a 450 W xenon
pulsed lamp (1.5 ns pulse). Experiments were monitored at
the respective lexc and at the emission wavelength (lem) of
651 nm (4G5/2 - 6H9/2) for 1-Sm and of 614 nm (5D0 - 7F2)
for 2-Eu. The measured decays were analyzed using the Origin
software package. Both decay curves fitted monoexponentially:

ln Ið Þ ¼ ln I0ð Þ � 1

tobs
. The fit quality was determined by Pear-

son’s w2 test. Luminescence quantum yields (fL
Ln) were

recorded using an Absolute PL quantum yield spectrometer
from Hamamatsu Photonics upon excitation of samples at the
respective lexc.

2.6. OLED characterization

We used pre-cleaned indium-tin-oxide (ITO) coated glass sub-
strates with a sheet resistance of 20 O sq�1 and ITO thickness of
100 nm. The substrates were first washed with distilled water,
acetone and then sonicated in acetone and isopropanol, for
15 min each time. Substrates were dried with compressed air
and transferred into an oxygen plasma generator for 6 min at
full power. Thermally deposited layers were obtained using
Kurt J. Lesker Spectros II deposition system at 10�6 mbar base
pressure. All organic materials and aluminium were deposited
at a rate of 1 Å s�1. The LiF layer was deposited at a rate of 0.1–
0.2 Å s�1. Characterisation of OLED devices was conducted in a
10 inch integrating sphere (Labsphere) connected to a Source
Measure Unit (SMU, Keithley) and coupled with a spectrometer
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USB4000 or QePro (Ocean Optics). Further details are available
in reference.29 Devices of 4 � 2 mm pixel size were fabricated.

2.7. Syntheses of the complexes

Synthesis of [Ln(Btfa)3(H2O)2]. A methanol solution (10 mL)
containing NaOH (6 mmol, 240 mg), HBtfa (6 mmol,
1296.9 mg) and LnCl3�nH2O (2 mmol) was stirred for 1 hour
at room temperature. Then 80 mL of deionized water were
added to the reaction mixture and it was allowed to stir over-
night. The pale precipitate (light pink for the Er3+ compound)
was filtrated and dried under vacuum (yield: 70–80%).21

Synthesis of [Ln(Btfa)3(4,40-dinonyl-2,20-bipy)]. An ethanol
solution (15 mL) containing 4,40-dinonyl-2,2 0-bipy (1 mmol,
408.7 mg) was added to another ethanol solution (15 mL)
containing the corresponding [Ln(Btfa)3(H2O)2] (1 mmol). The
solution was stirred for 30 minutes and then left to stand at
room temperature. Block like single crystals suitable for X-ray
diffraction were obtained within a week (yield: 60–70%).

3. Structural characterization
3.1. Monocrystalline X-ray diffraction

Addition of the 4,40-dinonyl-2,2 0-bipyridyl ligand to the
[Ln(Btfa)3(H2O)2] precursor, yielded neutral mononuclear com-
pounds with formula [Ln(Btfa)3(4,40-dinonyl-2,20-bipy)]: Ln =
Sm3+(1-Sm), Eu3+ (2-Eu), Tb3+ (3-Tb), Dy3+ (4-Dy), Er3+ (5-Er) and
Yb3+ (6-Yb). The single crystal X-ray diffraction structure at
100 K was obtained for compounds 2-Eu, 4-Dy and 6-Yb.
Crystallographic details from the measurement and selected
bond distances and angles are compiled in Tables S1 and S2
(ESI†) respectively. Compounds 1-Sm to 6-Yb are isostructural,
therefore only the structure of compound 2-Eu will be
described, Fig. 1(left).

Compound 2-Eu crystallizes in a triclinic crystal system and
a P%1 space group. The Eu3+ metal ion is octacoordinated and
the EuO6N2 polyhedron is made up of six O atoms from three b-
diketonate ligands with Eu–O bond distances in the range of
2.343–2.389 Å and two N atoms from one polypyridyl ancillary
ligand with Eu–N distances of 2.559 and 2.575 Å. The closest
Eu� � �Eu intermolecular distance is 8.968 Å. The six oxygen and
two nitrogen atoms are gathered around the Eu3+ central ion,
forming a geometrical polyhedron that is close to an ideal
square antiprism (SAPR-8, D4d symmetry) Fig. 1(right). One of

the basal planes is made up of the O1, O2, N1 and N2 atoms
and the other one of O3, O4, O5 and O6. The geometry has been
calculated with the SHAPE program.30,31 For compound 2-Eu
the deviation from the optimal polyhedron accounted by the
continuous shape measurement (CShM) values for the SAPR-8
geometry is 1.040. For compounds 4-Dy and 6-Yb the CShM
values for the SAPR-8 geometry are 0.902 and 0.790 respectively.

The crystal packing in 2-Eu is built up through weak inter-
molecular interactions. Fig. S3 (ESI†) therefore, we can consider
that the mononuclear complexes are isolated one from the
other through the crystal lattice.

3.2. Powder X-ray diffraction

To verify the crystallinity and phase purity in bulk, Powder X-ray
Diffraction (PXRD) were recorded at room temperature for 1-Sm
to 6-Yb complexes. The measured PXRD were compared to the
calculated pattern obtained from the single crystal structure of
2-Eu, 4-Dy and 6-Yb recorded at 100 K, Fig. S4 (ESI†). Interest-
ingly, we observed that the experimental and calculated pat-
terns did not match. Therefore, we then perform a single crystal
measurement at room temperature (304 K) using 3-Tb crystals
(Fig. S5 and Table S1, ESI†). The calculated powder pattern
obtained from this measurement matches the powder diffrac-
tograms of the other complexes, Fig. S6 (ESI†). From these
results we conclude that upon changing the temperature from
300 K to 100 K, there is a slight change in the atomic
coordinates of the crystals which results in a noticeable differ-
ence in some cell parameters (i.e. parameter b is greater
compared to the 100 K measurements), thus leading to a
different PXRD pattern, but the crystal cell and space group
remain the same, Table S1 (ESI†).

4. Optical properties

Absorption spectra were recorded for all complexes in chloro-
form solutions (c = 10�6 M), Fig. 2a. Spectra of complexes 1-Sm
to 6-Yb show similar absorption pattern in the 235–370 nm
range. As a means of assigning the absorption bands shown by
the coordination complexes, absorption spectra were also
recorded for the free ligands separately. The 4,40-dinonyl-2,2 0-
bipy ligand was diluted in chloroform solution (c = 10�6 M) and
HBtfa was diluted in a 1 mM NaOH chloroform solution to
measure absorption of respective b-diketone salt, Fig. 2b.
Absorption spectrum of the free 4,40-dinonyl-2,2 0-bipy show
two bands at 242 and 282 nm while Btfa shows an intense
band at 325 nm and less intense bands at 220–248 nm corres-
ponding to the p- p* and n- p* singlet state transitions. The
UV-Vis absorption spectra of 1-Sm to 6-Yb correlate with those
of the constituent ligands. The band corresponding to coordi-
nated Btfa absorption appears slightly blue shifted, compared
to the free ligand, about 6 nm. Whereas the absorption bands
of 4,40-dinonyl-2,2 0-bipy where red-shifted, compared to the
free ligand, about 25 nm nm upon coordination. The band
appearing at 282 nm in the free 4,40-dinonyl-2,20-bipy spectra
appears as a shoulder around 310 nm in the complexes spectra

Fig. 1 Left: Crystal structure of complex 2-Eu with labels for atoms
coordinating the central ion. Hydrogen atoms have been omitted for
clarity. Right: Ideal coordination polyhedron superimposed on the coor-
dination sphere around the Eu3+ ion.
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superimposing to the Btfa associated absorption band. This
may explain the intense and broader band appearing at 277–
370 nm. Similar UV-Vis absorption spectra are obtained for
previous published [Ln(b-diketonate)3(L)] systems, where L is
the ancillary ligand based on N,N-donor polypyridyl
molecules.18g,h

The emission spectra of all complexes in the series 1-Sm to
6-Yb were recorded in CHCl3 solutions and in polycrystalline
samples. The measurements were monitored by exciting the
samples at the respective absorption maxima (Fig. 2(left) and
Fig. S7, ESI†) giving rise to the emission of the respective
lanthanide f–f transitions in the visible (400–700 nm) and
NIR range (800–1600 nm) (Fig. 3). The expected emission
profiles are recorded in all cases (with slightly better resolution
in the polycrystalline samples) except for 4-Dy and 6-Er where
no significant emission was observed in solution. Emission
bands displayed by the aforementioned lanthanide compounds
are assigned in Fig. 3 and a compilation of the obtained
wavelengths with the assignation of each transition can be
found in Table S3 (ESI†). The characteristic red, green, and
yellowish photoluminescence emission color of the 1-Sm, 2-Eu,
3-Tb and 4-Dy samples in solid state and in solution, were
sufficiently intense to be observed with the naked eye, Figs. S8
and S9 (ESI†). Color coordinates were calculated for all emis-
sion spectra recorded in solid and solution state and are shown
in the CIE chromaticity diagram 1931 in Fig. S10 (ESI†).

The characteristic emission originated from the f–f transi-
tions of each lanthanide ion can be observed for 1-Sm, 2-Eu, 3-
Tb, and 5-Yb with no residual emission of the ligand in the
300–500 nm range. This indicates an efficient energy transfer
from the excited state of the ligand to the lanthanide emitting
energy levels, the so-called antenna effect. This is also con-
firmed by the corresponding excitation spectra which shows
the broad and intense band corresponding to the ligand while
excitation transitions corresponding to the f–f lanthanide(III)
ions are not observed.32 The emission bands at 564, 608, 647
and 707 nm found in the 1-Sm spectrum are assigned to the
transitions from the 4G5/2 energy level to the 6H5/2,

6H7/2,
6H9/2

and 6H11/2 levels of the 6HJ ground state respectively, Fig. 3a.
Additional bands are found in the NIR range, at 953 nm
assigned to the 4G5/2 - 6F5/2 transition overlapped with the
4G5/2 -

6F1/2,
4G5/2 -

6H15/2 and
4G5/2 -

6F3/2 transitions. The
less intense bands found at 1033, 1188 and 1300 nm are
assigned to 4G5/2 - 6F7/2,

4G5/2 - 6F9/2 and 4G5/2 - 6F11/2
transitions respectively. A better defined NIR emission spec-
trum was observed for 1-Sm polycrystalline sample than in
CHCl3 solution.

The emission spectrum of 2-Eu displays several bands at
579, 592 and 611 nm (most intense) that are assigned to the
5D0 -

7F0 (DJ = 0), 5D0 -
7F1 (split due to the crystal field) and

5D0 - 7F2 transitions respectively, Fig. 3b. While the band at
592 nm is a pure magnetic dipole transition in which the
intensity is practically independent of the Eu3+ environment,
the signal at 611 nm is assigned to the hypersensitive band
since it accounts for an electric dipole transition. From the
latter, the structure of the band is distinguished where at least
three components, ascribed to the 5D0 -

7F2 transition, can be
discerned. Differentiation of 5D0 - 7F2 components may
indicate that the Eu3+ ion is not occupying an inversion
symmetry site inside the structure which agrees with the
coordination geometry obtained from the SHAPE calculations
(square antiprism, D4d symmetry). The less intense bands at
651 and at 703 nm are assigned to 5D0 - 7F3 and 5D0 - 7F4
transitions, respectively.

For compound 3-Tb, the bands found at 489, 545, 581 and
619 nm are assigned to the transitions from the 5D4 emissive
state to the ground state 7F6,

7F5,
7F4 and 7F3 energy levels,

respectively. As for 4-Dy, emission of the CHCl3 solution, is
mainly dominated by the ligand in the 300–400 nm range
instead of the transitions centered at the Dy3+ ion. While for
the polycrystalline sample, three intense emission bands origi-
nating from the dysprosium(III) 7F9/2 emissive energy level are
differentiated at 481, 577, and 664 nm, Fig. 3d. The bands are
assigned to 7F9/2 - 6H15/2,

7F9/2 - 6H13/2 and 7F9/2 - 6H11/2

transitions, respectively. In addition, a very low intense signal
at 454 nm is observed. This signal is assigned to the forbidden

Fig. 2 Absorption spectra of (a) the Ln3+ compounds in chloroform solutions c = 10�6 M; and (b) spectra of the free 4,40-dinonyl-2,2 0-bipy ligand in
CHCl3 solution and spectra of Btfa salt in a 1 mM NaOH, CHCl3 solution. The free ligand absorption spectra has been superimposed onto 1-Sm spectra
for sake of wavelength shift comparison.
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magnetic dipole transition (DJ = 0) 4I13/2 - 6H13/2, such as in
the case of 5D0 - 7F0 in the Eu3+ ion.33 Furthermore, for the
NIR Er3+ emitter (5-Er), emission is totally quenched when the
compound is found in the CHCl3 solution. However, in the
solid-state sample, Er3+ centered emission is observed at
1526 nm which is assigned to the 4I13/2 - 4I15/2 transition,
Fig. 3e. Finally, sample 6-Yb displays the expected Yb3+ band
corresponding to the 5F5/2 - 2F7/2 transition appearing at
1000 nm, Fig. 3f. The band splitting due to crystal field effects
is clearly visible.32,34

Emission spectra of the polycrystalline samples were also
recorded at 77 K (Fig. S11, ESI†). Under these conditions, the
crystal field splitting of the emission bands acquires better
resolution in all the polycrystalline samples except for the 5-Er
compound (not shown) where the emission spectrum remains
unchanged from the luminescence observed at room tempera-
ture. For compounds 1-Sm, 4-Dy and 6-Yb the splitting into J + 1

2
component (for Kramer ions) due to crystal field can be clearly
observed. However, for compounds 2-Eu and 3-Tb, the 2J + 1

(non-Kramer ions) splitting of each emission band is not clearly
resolved. Perhaps even lower temperatures than 77 K are
necessary to obtain high-resolution spectra in this case.32

Interestingly, the NIR spectra of the 4-Dy compound, for
which emission has not been observed at room temperature,
could be recorded at 77 K, Fig. S11e (ESI†). Clear bands are now
discerned at 964 and 1154 nm which are assigned to the
4F9/2 -

6F7/2 and
4F9/2 -

6F5/2 f–f Dy
3+ transitions, respectively.

Furthermore, the third band found at 1018 nm is attributed to
the 6H5/2 +

6F7/2 -
6H15/2 transition.

35

4.1. Photoluminescence quantum yield (/L
Ln) and

luminescence decay time (sobs)

The overall photoluminescence quantum yields (fL
Ln) and

luminescence decay times (tobs) were measured in both, CHCl3
solution and polycrystalline samples at room temperature, and
the results are presented in Table 1.

2-Eu is the complex showing the highest fL
Ln and longest

luminescence lifetime that is at least one order of magnitude

Fig. 3 Luminescence emission spectra of compounds 1-Sm to 6-Yb measured in polycrystalline samples and in a 1�10�6 M CHCl3 solution. To measure
the emission spectra, samples were excited at the excitation wavelength (lexc) of 306 nm for 1-Sm and 2-Eu, 320 nm for 3-Tb and 360 nm for 6-Yb, for
solution samples. Moreover, solution samples of 4-Dy and 5-Er were excited at the emission wavelength of 320 nm according to the absorption profile
since no reliably excitation spectra could be obtained. Polycrystalline samples were excited at the lexc of 359 nm for 1-Sm to 6-Yb.
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larger compared to the values recorded for the other com-
pounds. The fL

Lnvalues recorded for 2-Eu, 3-Tb and 4-Dy are
about 2-fold higher in the polycrystalline samples than in
chloroform solution. Lifetimes are in order of B60–70 ms (1-
Sm) to B1 ms (2-Eu) while all samples display monoexponen-
tial luminescence decay (Fig. 4). The presence of a single decay
time component, tobs, for 1-Sm and 2-Eu is suggestive of a
single radiative deactivation process, both in the solid state and
in solution.34

The low fL
Ln values observed in 3-Tb are consistent with

other reported in the literature. For these compounds, low
luminescence fL

Ln are related to back energy transfer due to
the low energy gap between the lowest triplet state of the
ligands and terbium(III) 5D4 (20 400 cm�1) emitting energy level.
Latva et al.36 concluded that the back transfer energy (studied
for a large group of Tb3+ coordination compounds) usually
occurred when this energy difference was below 1850 cm�1. In
this regard, the gadolinium analogue of compounds 1-Sm to 6-
Yb, [Gd(Btfa)3(4,40-dinonyl-2,2 0-bipy)] 7-Gd, was synthetized.
From the edge of the UV absorption spectrum the singlet state
(S1) energy was obtained, 27 137 cm�1 (376 nm), Fig. S12 (ESI†)
bottom left. The triplet state energy can be deduced from the 0-
phonon band of the Gd3+ analogue phosphorescence spectrum
measured at 77 K which appeared at 21 229 cm�1 (471 nm), Fig.
S12 (ESI†) bottom right. The energy separating the S1 and T1

state is 5908 cm�1. Such small singlet–triplet energy difference
(below 7000 cm�1) favors intersystem crossing (S1- T1) leaving

behind other competitive processes such as relaxation back to
the S0 ground state.37a Moreover, the energy difference between
the lowest triplet state and the emissive Tb3+ energy level, is
829 cm�1. Thus, following Latva’s rule, compound 3-Tb shows a
low quantum yield due to back energy transfer taking place as a
result of the low energy difference between T1 and terbium’s
5D4 emitting level.37

Additionally, the narrow energy gap of the Sm(III) cation
promotes nonradiative relaxation processes, shortening lumi-
nescence decay and reducing luminescence efficiency. This also
explains the low values of fL

Ln and tobs obtained for 1-Sm which
are common in other Sm-b-diketone systems.38 For 5-Yb and 6-
Er samples, the QY could not be measured as being too low to
be recorded accurately.

Additional parameters regarding the sensitization mecha-
nism of 2-Eu system can be calculated. Owing to the pure
magnetic dipole character of 5D0 -

7F1 transition, the radiative
lifetime (trad) from the 5D0 emissive level, of 2-Eu compound
can be calculated from the corrected emission spectrum,
eqn (S2) (ESI†).39 For the Eu3+ polycrystalline sample trad is
1.26 ms and 1.23 ms for the CHCl3 solution. Then the intrinsic
quantum yield (fL

Ln) is 0.71 and 0.53 for the solid and solution
samples, respectively (see Section 1.3 of ESI†). Moreover, the
amount of energy absorbed by the chromophore ligands that is
transferred to the excited state of the lanthanide ion is known
as the sensitization efficiency (Zsens), and it plays a significant
role in the overall quantum yield, which is defined as: fL

Ln =
Zsens�fLn

Ln. Thus, the Zsens figures of 0.95 in polycrystalline
powder and of 0.79 in CHCl3 solution, show a nearly 100%
efficient sensitization of the [Eu2(Btfa)3(4,40-dinonyl-2,20-bipy)]
(2-Eu) system in solid state.34,37a

4.2. Stability of the coordination sphere in CHCl3 solutions

If the corresponding normalized emission profiles in CHCl3
and polycrystalline samples are superimposed and observable
changes are differentiated, a change in the lanthanide coordi-
nation environment due to solvation effects may be considered
and therefore a lack of stability in solution of the coordination
compound. However, emission spectra of the aforementioned

Table 1 Overall quantum yields and luminescence lifetime of compounds
1-Sm to 4-Dy measured in polycrystalline samples (fL

Lnpolycryst and tobs
polycryst) and CHCl3 solutions (fL

Ln solution and tobs solution). Samples were
excited at the respective absorption maxima (see Section 2.7 of the
Experimental section)

fL
Lnpolycryst fL

Ln solution tobs polycryst (ms) tobs solution (ms)

1-Sm 0.03 0.03 0.06 0.07
2-Eu 0.68 0.42 0.90 0.65
3-Tb 0.01 0.006 a a

4-Dy 0.005 a a a

a Value not recorded due to limitations in the equipment.

Fig. 4 Luminescence lifetime curves are presented in semi-log plots for complexes 1-Sm and 2-Eu. The solid black lines represent the mono-

exponential fitting with I tð Þ ¼ I0e
� t
tobs þ C.
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compounds have similar shape, hinting that the coordination
compound are still present in the CHCl3 solution.

Moreover, spectroscopic–structure correlation (from solid
state and CHCl3 solution) can be derived from the corrected
emission spectra of 1-Sm and 2-Eu compounds owing to the
distinctive emission bands exhibited by these lanthanide
ions. The crystal field splitting of the hypersensitive band
(5D0 - 7F2) recorded for Eu3+ compound is the same in both
solid and solution. Also, the integrated area of the magnetic
dipole transition (5D0 - 7F1) to the electric dipole ratio
(0 - 1/0 - 2) gives information about the asymmetry factor
being 0.09 for the polycrystalline sample and 0.07 in chloro-
form. The ratio between these two bands is minor, evidencing
that there is no significant change around the Eu3+ environ-
ment when dissolving the 2-Eu sample into chloroform. Same
reasoning can be done for the 1-Sm compound since 4G5/2 -
6H9/2 transition also has a hypersensitive character (yet not as
strong as in Eu3+) and 4G5/2 -

6H5/2 is predominantly magnetic
dipole in nature. Then for the polycrystalline sample the (5/2-

5/2)/(5/2 - 9/2) ratio is 0.26 and for the CHCl3 is 0.22. The
difference of the asymmetric factor of 1-Sm is similar on
changing the phase from solid to solution as well, therefore,
suggesting that structural changes in the samarium(III) environ-
ment are the slightest due to solvating effects.34,38a

By comparing the QY and Zsens values for the polycrystalline
and solution samples we reach similar conclusions. Both
diminish on dissolving the samples in CHCl3. There are
more degrees of freedom in solution media (i.e. vibrations
and rotations), hence escalating the non-radiative decay. In
this way, 4-Dy and 5-Er solution samples are virtually non-
emissive.

4.3. Organic light-emitting diodes (OLEDs)

Despite their large molecular weight, complexes 2-Eu and 6-Yb
sublime at relatively low temperatures, around 140–150 1C
(significantly below the decomposition temperature at
B290 1C) at B10�6 mbar pressure. This may be due to their
ball-like geometry and the peripheral alkyl and –CF3 ligand

groups that reduce intermolecular interactions and increase
the volatility of the material. This type of design is highly
desirable in materials used in the emissive layer of OLEDs.
Vacuum-deposited devices were produced as a proof-of-concept
with this group of luminescent materials. OLED electrolumi-
nescence and electrical characteristics are shown in Fig. 5 and
Fig. S13–S15 (ESI†) as well as in Table 2.

The complex 2-Eu displays high photoluminescence quan-
tum yield (PLQY) both in neat film and in powder, indicating
that photoluminescence quenching is negligible in the solid
state. As 2-Eu can be used at higher loads in the emissive
layer, OLEDs incorporating 2-Eu at 20% load in the hole-
transporting host mCP were produced {Device 1: ITO|HAT-CN
(10 nm)|TSBPA (40 nm)|mCP (2 nm)|mCP co 20% 2-Eu
(20 nm)|PO-T2T (5 nm)|TPBi (40 nm)|LiF (0.8 nm)|Al
(100 nm)} or in the blend host mCP : TPBi {Device 2: ITO|-
HAT-CN (10 nm)|TSBPA (40 nm)|mCP (2 nm)|mCP : TPBi
(60 : 40) co 20% 2-Eu (20 nm)|TPBi (50 nm)|LiF (0.8 nm)|Al
(100 nm)}. As 2-Eu does not significantly absorb light above
400 nm and its absorbance in the 350–400 nm region is limited,
a non-negligible level of host luminescence contaminating the
EL spectrum is observed. An alternative approach to Devices 1
and 2 was to use a 5 nm thick neat emissive layer of 2-Eu
sandwiched between electron-blocking and hole-blocking
materials {Device 3: ITO|HAT-CN (10 nm)|TSBPA (40 nm)|2-
Eu (5 nm)|PO-T2T (20 nm)|TPBi (30 nm)|LiF (0.8 nm)|Al
(100 nm)}. This strategy led to the host emission being elimi-
nated and colour purity improved. However, the maximum
luminance of this OLED was significantly reduced.

All three OLED structures (OLEDs 1–3) display similar EL
spectra typical of luminescence originating from Eu3+com-
plexes with visibly narrowband emission peak at 614 nm.
Significantly less intense emission bands in the region 530–
710 nm are also observed. These EL spectra are significantly
narrowband with FWHM of 6–8 nm leading to high colour
purity, with potential for good colour rendering in displays. The
modest maximum external quantum efficiency (EQE) of 2.0–
2.1% and luminanceB200–600 cd m�2 is most likely a result of

Fig. 5 External quantum efficiency (EQE) vs. current density characteristics of devices 1–5 from compounds (a) 1-Eu and (b) 6-Yb. Radiant emittance vs.
voltage bias for devices 1–5 from compounds (c) 1-Eu and (d) 6-Yb.
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the long photoluminescence lifetime characteristic of
Eu3+complexes.

Similarly to 2-Eu, complex 6-Yb also offers attractive lumi-
nescent properties, but this time in the near infra-red region.
OLEDs with the similar structure of Device 2 but using 6-Yb as
the emitter were produced (Device 4). A significant electrolu-
minescence contribution from the host material is visible in
this device, mostly due to the relatively small PLQY of the 6-Yb
complex. However, the electroluminescence originating from
the 6-Yb emitter appears at relatively longer wavelengths in the
near infra-red region, and hence is attractive for various
potential practical applications. The B1000 nm electrolumi-
nescence band on its own reaches a maximum radiant emit-
tance of 121 mW cm�2 and 0.1% EQE, which is comparable with
other emitters in this wavelength range. In order to eliminate
the electroluminescence from the host material, we used
complex 6-Yb in neat film, reproducing the structure of Device
3. However, the thickness of 5 nm was found to be insufficient
and a significant electroluminescence from a through-space
TSBPA:PO-T2T exciplex was observed. Hence, Device 5 features
an emissive layer of 10 nm 6-Yb neat film. This device produces
a relatively strong near infra-red electroluminescence at
B1000 nm, but a weak contribution from the TSBPA:PO-T2T
exciplex is still present.

Magnetic properties
DC measurements. Direct current (DC) magnetic suscepti-

bility (wM) and magnetization (M) measurements were per-
formed on polycrystalline samples 1-Sm to 6-Yb. The wM
measurements were carried out under a DC field of 0.3 T in
the 2–300 K temperature range. The temperature dependence
of wMT is shown in Fig. 6. wMT values at room temperature
(300 K) are 0, 1.3, 11.8, 15.0, 11.2 and 2.6 cm3 mol�1 K for 1-Sm,
2-Eu, 3-Tb, 4-Dy, 5-Er, and 6-Yb respectively. For one isolated
Ln3+ cation, the calculated wMT values are: 0.09 cm3 mol�1 K for
Sm3+ ground state 6H5/2 and gj = 2/7; 0 cm3 mol�1 K for Eu3+

ground state 7F0; 11.82 cm3 mol�1 K for Tb3+ ground state 7F6
and gj = 3/2; 14.17 cm3 mol�1 K for Dy3+ ground state 6H15/2

and gj = 4/3, 11.48 cm3 mol�1 K for Er3+ ground state 4I15/2 and
2.57 cm3 mol�1 K for Yb3+ ground state 2F7/2 and gj = 8.7.32a

Owing to the relatively small spin–orbit coupling parameter
(l) splitting the 6HJ (for Sm3+) and 7FJ (for Eu3+) states, the J

states higher in energy are found to be electronically
populated at room temperature. This may explain why room
temperature wMT values of 1-Sm and 2-Eu determined
experimentally are larger than the calculated values. Upon
cooling both samples, wMT curves decrease due to thermal
depopulation of the excited J states of Sm3+ and Eu3+ ions
respectively.40

Room temperature wMT of 3-Tb, 4-Dy, 5-Er and 6-Yb agree
with the calculated parameters for an isolated Ln3+ ion. Upon
decreasing the temperature, the wMT curves of the four com-
pounds remain nearly constant until B50 K. Below this tem-
perature, wMT values decrease suddenly to 10.3, 11.9, 5.1 and
1.2 cm3 mol�1 K, for 3-Tb, 4-Dy, 5-Er and 6-Yb respectively, due
to thermal depopulation of the crystal field mj states. For the
presented compounds, magnetic coupling between the lantha-
nide ions has not been considered due to (i) the mononuclear
nature of such compounds that lead to extensive Ln� � �Ln
intermolecular distances and (ii) the well shielded nature of
electrons in the 4fn orbitals.41

The curves of the magnetization dependence with an exter-
nal magnetic field, measured at a constant temperature of 2 K,
are depicted in Fig. 7. None of the presented compounds shows
saturation of the magnetization at 5 T (gj�J).32

Table 2 Electroluminescent properties of OLED devices 1–5

Emitter

Dev 1 Dev 2 Dev 3 Dev 4 Dev 5

2-Eu 2-Eu 2-Eu 6-Yb 6-Yb

VON/V
a 4.5 5.0 4.0 4.0 4.5

Lmax/cd mb 210 590 20 477 4
Rmax/mW cmc 135h 36h 28h 121i 9i

lEL/nm
d 581, 593, 614, 655, 694, 704h 581, 593, 614, 655, 694, 704h 581, 593, 614, 655, 694, 704h 977, 1005, 1031i 977, 1005, 1031i

CIE 1931 (x; y)e (0.51; 0.30) (0.52; 0.28) (0.60; 0.30) — —
CEmax/cd Af 2.6 2.6 0.4 — —
EQEmax/%

g 2.1 2.0 0.6 0.46/0.10i 0.17

a Turn-on voltage at 10�2 mA cm�2. b Maximum luminance (visible spectrum). c Maximum radiant emittance for the EL bands associated with the
emitter. d EL maxima associated with the emitter emission. e Colour coordinates of electroluminescence spectrum in colour space CIE 1931 as
defined by the International Commission on Illumination. f Maximum current efficiency. g Maximum external quantum efficiency. h For
wavelength range l 4 550 nm. i For wavelength range l 4 900 nm.

Fig. 6 Temperature dependence of wMT measured at an external static
field of 0.3 T, for compounds 1-Sm to 6-Yb.
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Alternating current measurements. Moreover, alternating cur-
rent (AC) magnetic susceptibility measurements were per-
formed for all lanthanide samples except for 1-Eu. Under a
direct current external magnetic field (Hdc) of 0 T, only 4-Dy
showed slow relaxation of the magnetization and therefore
single ion magnet (SIM) behaviour. Magnetic susceptibility
imaginary component (wM00) shows maxima in the 2–18 K
temperature range Fig. 8a. When cooling the sample down to
2 K, the wM00 values increase again, though a second peak is not
observed. This is probably due to the Quantum Tunnelling of

the Magnetization (QTM) mechanism that is taking place at
such low temperatures.41 The AC magnetic data were measured
under an oscillating magnetic field of 4 � 10�4 T in the 1–1488
Hz frequency range Fig. 8b. wM00 maxima from the low tempera-
ture curves remain constant until a certain temperature where
they move to higher frequencies upon increasing the tempera-
ture. This suggests that at low temperature the relaxation of the
magnetization occurs via a temperature independent mecha-
nism such as QTM whereas at the higher temperature range,
thermally activated mechanisms, such as Orbach and/or
Raman, are taking place.42 In-phase and out-of-phase magnetic
susceptibility representation (wM0 vs. wM00) in the so called Cole–
Cole plot show semicircles that are not perfectly symmetric,
Fig. 8c.

The Cole–Cole plot can be fitted using the one component
Generalized Debye model in the 2.5–13.5 K temperature range,
eqn (S3) (ESI†)43 The fits of the Cole–Cole curves of the different
magnetic data were obtained using the CCFit software44 (Table
S4, ESI†). The a parameter quantifies the width distribution of
the relaxation times of magnetization. For 4-Dy a varies from
0.24 at 2.5 K to 0.03 at 13.5 K.

The semi-log representation of the relaxation of the magne-
tization times as function of temperature (ln(t) vs. 1/T) is
depicted in Fig. 9a. In the high temperature range a clear linear
trend is observed. The linear segment is fitted following an
Arrhenius type law, eqn (1). This model describes the thermally
assisted Orbach relaxation of the magnetization mechanism
taking place between the degenerate �mj ground state levels via

Fig. 7 Magnetization dependence with an external magnetic field mea-
sured at 2 K for compounds 1-Sm to 6-Yb.

Fig. 8 (a) wM00 versus temperature plot obtained at a Hdc = 0 T for 4-Dy. Continuous lines serve as an eye guide, (b) wM00 versus frequency plot obtained at
a Hdc = 0 T for 4-Dy. Continuous black lines correspond to the best fit according to eqn (S3) (ESI†), (c) Cole–Cole plot for 4-Dy from the AC data
recorded at a Hdc = 0 T. Continuous black line corresponds to the best fit according to eqn (S3) (ESI†), (d) wM00 versus temperature plot obtained at a Hdc =
0.1 T for 4-Dy. Continuous lines serve as an eye guide, (e) wM00 versus frequency plot obtained at a Hdc = 0.1 T for 4-Dy. Continuous black line corresponds
to the best fit according to eqn (S3) (ESI†) and (f) Cole–Cole plot for 4-Dy from the AC data measured at a Hdc = 0.1 T. Continuous black line corresponds
to the best fit according to eqn S3 (ESI†).
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an energetically higher excited mj state of the Dy3+ ion.

t�1 ¼ t0�1exp
�DE
kBT

� �
(1)

By fitting the magnetic data in the 10–13.5 K temperature
range using eqn (1), the effective energy barrier (DE) yielded
91.1 cm�1 and the pre-exponential factor (t0) was 7.2 � 10�9 s.
However, the linear fashion is not followed along all the
temperatures. This indicates the presence of another mecha-
nism responsible for the relaxation of the magnetization under
13.5 K. On cooling the sample, the ln(t) vs. T�1 curve enters a
plateau region indicating that the spin of the lanthanide ion
returns to the equilibrium phase via the faster QTM process.
Consequently, the ln(t) vs. T�1 curve was fitted with eqn (2)
considering the three relaxation mechanisms. The best fit was
obtained with DE = 103.7 cm�1 and t0 = 2.53 � 10�9 s for
Orbach, C = 8.18 � 10�4 s�1 K�n and n = 5.5 for Raman and
tQTM = 0.03 s for the QTM processes.

t�1 ¼ CTn þ t0�1 exp
�DE
kBT

� �
þ tQMT

�1 (2)

To remove the QTM in the relaxation of the magnetization
process of 4-Dy, an external magnetic field can be applied while
measuring the ACmagnetic susceptibility response. An external
magnetic field breaks the degeneracy between the �mj states so
the fast QTM between the mj levels is reduced or even
eliminated.41

To establish the optimal Hdc for the Dy3+ sample, wM’ and
wM00 components were measured at constant temperature (11 K)
and by applying different external magnetic fields, from 0 to
1.8 T. A plot of t (1/2po) vs. Hdc shows that the relaxation time is
the greatest when the applied external magnetic field is 0.1 T.
This DC field was found to be optimal, Fig. S17 (ESI†).

Fig. 8d and e show the AC measurement of 4-Dy at Hdc of
0.1 T. Now, on cooling the sample, no increase of the wM00

component with temperature is observed, suggesting that the
fastest relaxation mechanism observed at low temperatures in
the Hdc = 0 experiments, QTM, is not present. The magnetic

data were analysed in the temperature range where the wM00 vs. T
peaks appear between 5 and 13.5 K. The wM00 versus the
oscillating frequency relationship shows maxima that move
progressively from lower frequency to higher frequency values
as temperature increases, indicating a temperature dependent
relaxation mechanism. The curves from the Cole–Cole plots,
Fig. 8f, were fitted using the one component Generalized Debye
model, and the obtained a values are in the range 0.02–0.05,
Table S5 (ESI†).

The ln(t) versus T�1 plot for Hdc = 0.1 T measurement is
shown in Fig. 9b. A linear trend appears in the high tempera-
ture range corresponding to the Orbach relaxation mechanism.
The linear part was fitted using the Arrhenius law giving DE =
109.3 cm�1 and t0 = 9.3 � 10�10 s. The trend of the ln(t) vs. T�1

curve changes as the temperature decreases. Moreover, the
plateau at low temperature seen in the ln(t) vs. T�1 curve of
the Hdc = 0 T measurement, corresponding to the QTM, is not
seen anymore. Thus, the fitting was done taking out the QTM
part of eqn (2). The best fit gave DE = 140.5 cm�1 and t0 = 3.6 �
10�11 s values for the Orbach mechanism and C = 1.10 �
10�4 s�1 K�n and n = 6.2 values for the Raman mechanism.

The magnetic behaviour of the former compound is similar
to other b-diketonate compounds with the DyO6N2 coordina-
tion environment. The DE value presented herein is similar to
that obtained in other systems with the Btfa� b-diketonate
ligand found in the literature.45 The mononuclear compound
with formula [Dy(Btfa)(bipy)]45a shows SIM behaviour, but just
a few maxima are found in the high frequency range. When
applying an external magnetic field of 0.12 T, the QTM is
reduced, and the SIM performance is improved with a DE
of 62.9 cm�1. Changing the polypyridyl ligand from bipy to
4,40-dinonyl-2,2 0-bipy (6-Dy) in the presented work, the SIM
performance improves with a DE of 91.1 cm�1 at a 0 DC
external magnetic field and it is enhanced to 109 cm�1 when
a Hdc of 0.1 T is applied.

The magnetic anisotropy axis of the mj = �15/2 state can be
calculated using a simple electrostatic model presented by the
Chilton Group.46 To enhance the SMM behavior, the �mj

ground state stabilized by the crystal field should be the one

Fig. 9 (a) ln(t) vs. 1/T plot of 5-Dy obtained in the Hdc = 0 T. (b) ln(t) vs. 1/T plot of 5-Dy obtained in the Hdc = 0.1 T. In both figures, continuous lines
represent the best fit using the stated equations of the relaxation of magnetization mechanisms.
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with the greatest value: �15/2, for a Dy3+ ion, which has an
oblate electron density. Therefore, to stabilize this mj state, an
axially stressed coordination environment should be induced.
The more electron-rich atoms (O atoms from the b-diketonate
ligands in this case) should be in the axial positions. Generally,
the atoms with highly electron-rich atoms will form the shortest
Dy-donor atom bond distances. Therefore, by calculating the
anisotropy axis, if it passes through the shortest Dy–O bond

distances of the more electronegative atoms, this will indicate
that the mj ground state is in its major contribution of �15/2
(the largest mj value). To calculate the anisotropic axis from the
crystallographic data, the Magellan program, which can only be
used for Dy3+ ions, was used. Fig. 10 shows the magnetic axis in
yellow, and it goes along the Dy–O bonds formed by Dy–O2 and
Dy–O5 with the shortest bond distances which are 2.311 and
2.320 Å, respectively. We can conclude that the stabilized mj

ground state of compound 4-Dy is �15/2.
The remaining lanthanide compounds, 3-Tb, 5-Er and 6-Yb,

showed slow relaxation of the magnetization just when an
external magnetic field was applied. The magnetic response
of such complexes was measured under the optimal Hdc = 0.1 T
for 3-Tb and 6-Yb and 0.05 T for 5-Er, Fig. S16 and S17 (ESI†).
The plots of the out-of-phase magnetic susceptibility compo-
nents varying with temperature and frequency are depicted in
Fig. 11 for 3-Tb, 5-Er and 7-Yb.

For 3-Tb, the maximum values of wM00 appear upon cooling
the sample down to the liquid helium temperature and at high
oscillating frequencies. Nevertheless, the Cole–Cole plots for 3-
Tb are uncompleted asymmetric semicircles that can be fitted

Fig. 10 Orientation of the magnetic anisotropy axis of the mj = �15/2
state (yellow rod) of compound 4-Dy.

Fig. 11 (a), (d) and (g) temperature dependence of wM00 for 3-Tb, 5-Er and 6-Yb respectively. Continuous lines serve as an eye guide. (b), (e) and (h) wM00

versus frequency characteristics for 3-Tb, 5-Er and 6-Yb respectively. Continuous black lines correspond to the best fit according to eqn (S3) (ESI†). (c),
(f), (i) Cole–Cole plots for compounds 3-Tb, 5-Er and 6-Yb respectively. Continuous black lines correspond to the best fit according to eqn (S3) (ESI†).
The AC data were recorded with Hdc = 0.1 T for 3-Tb and 6-Yb and 0.05 T for 5-Er.
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using the one component Debye model with a values of 0.3 to
0.23 on increasing temperature, Table S6 (ESI†). The ln(t) vs.
T�1 plot is shown in Fig. 12a. No linear trend is followed along
the temperature axes, indicating that the relaxation of the
magnetization of the Tb3+ compound does not occur through
the Orbach process. Clearly, a temperature dependence of the
relaxation times is observed, therefore the Raman process can
be considered. The best fit of the magnetic data of 3-Tb is
obtained when both, Raman and Direct mechanism, are con-
sidered with values of C = 0.93 s�1 K�n and n = 5.21 for the
Raman and of A = 3275.1 s�1 K�1 for the Direct process. The
terbium(III) ion has a 7F6 ground state. When the Tb3+ ion is
coordinated to ligand molecules forming a coordination com-
pound, J splits into 2J + 1 �mj states due to the crystal field
effect. For J equal to 6, that would be 13 mj sublevels comprised
between +6 to �6. Due to the non-Kramer nature of the Tb3+

ion, a certain crystal field can stabilize the mj ground state with
the lower value which in this case would be mj = 0. If this
occurred, then no relaxation of the magnetization nor SMM
behaviour could be seen at all. For a Tb3+ compound showing
SMM behaviour, the crystal field should optimize the oblate
shaped electron density mj state with larger value (mj = 6).
Therefore, the crystal field of compound 3-Tb stabilizes a
ground state different than mj = 0, though there is transverse
contribution in the ground state wavefunction because of QTM
presence at Hdc = 0 T and even applying an optimal external
magnetic field, slow relaxation of the magnetization is recorded
but in a very narrow temperature range.47

Compounds 5-Er and 6-Yb show clear maxima of the wM00

component in a rather low temperature range (1.8–2.7 K for 5-
Er and of 2.1–4.3 K for 6-Yb). For 5-Er and 6-Yb, in the plots of
the out-of-phase magnetic susceptibility components versus
temperature and frequency, the wM00 peaks move progressively
to higher frequencies upon increasing the temperature. The
Cole–Cole plots show non-symmetric semicircles, Fig. 11c, f
and i. For 5-Er and 6-Yb, Cole–Cole curves could be fitted with
the one component Generalized Debye model equation,
eqn (S3) and Tables S7 and S8 (ESI†). The a values obtained
from the fit are in the range of 0.08 to 0.03 (for 5-Er) and of 0.16
to 0.02 (for 6-Yb) on increasing temperature. Relaxation of

magnetization times with temperature characteristics are
plotted in Fig. 12b and c.

For the 5-Er compound, the Arrhenius law is used to fit the
linear segment in the higher temperature range. The obtained
effective energy barrier is 13.0 cm�1 and the pre-exponential
factor is 8.75 � 10�8 s. The linear trend is not followed along
the curve, therefore a function with the equation including the
Orbach and Raman relaxation mechanisms (first two compo-
nents in eqn (2)) gives the best fit. The obtained parameters are
DE = 24.6 cm�1, t0 = 8.75� 10�8 s, C = 96.1 s�1 K�n and n = 4.05.
Finally, for compound 6-Yb, the magnetic data cannot be fitted
using the Arrhenius law since there is no clear linear trend in
the higher temperature range and therefore the relaxation of
the magnetization by the Orbach process is excluded. The best
fit of the ln(t) vs. T�1 curves is acquired when equations
describing the Raman and Direct relaxation of the magnetiza-
tion processes are considered, eqn (3), and the obtained para-
meters are C = 0.51 s�1 K�n, n = 6.5 and A = 8.58 s�1 K�1. Other
Yb3+ coordination compounds where the slow relaxation of the
magnetization process is dominated by Raman and Direct
mechanisms rather than Orbach, are found in the
literature.48 A compilation of the fitted parameters for all
compounds is found in Table S9 (ESI†).

t�1 = CTn + AT (3)

It is important to consider that the low temperature range in
which the 3-Tb, 5-Er and 6-Yb compounds show slow relaxation
of the magnetization is very narrow and therefore not many
values of t can be extracted. Added to the over-parametrization
when using the different combinations of the equations
(Raman, Direct, Orbach, QTM, Local mode) to acknowledge
the relaxation of the magnetization mechanisms, it becomes
difficult to extract accurate conclusions.

4.4. Correlation between magnetic and spectroscopic data

The relaxation of magnetization energy barrier described by the
Orbach mechanism of 4-Dy calculated by means of the mag-
netic data can be compared with the energy barrier calculated
through the spectroscopic data. The emission spectrum of 4-Dy

Fig. 12 (a) ln(t) vs. 1/T plot of (a) 3-Tb, (b) 5-Er and (c) 6-Yb obtained at the Hdc = 0.1, 0.07 and 0.1 T respectively. In the three figures, continuous lines
represent the best fit using the stated equations of the relaxation of magnetization mechanisms. The black dotted line in (b) represents the fit in the high
temperature range following an Arrhenius law.
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was obtained at T = 77 K configuring the experiment to use a
slower acquisition time. By measuring the emission spectrum
at such low temperature, the corresponding �mj energy levels
formed by the crystal field splitting can be distinguished.
Assuming that only the first mj state of the 4F9/2 emitting level
is populated and that at such low temperature we can reduce,
as much as possible, the presence of hot bands and vibronic
side bands, the 6H15/2 ground state of the Dy3+ Kramer ion
splits due to the crystal field effect by J + 1/2 states:�mj =�15/2,
�13/2, �11/2, �9/2, �7/2, �5/2, �3/2, �1/2.

A multi-Gaussian function fit is performed for the 7F9/2 -
6H15/2 emission band, Fig. S18 (ESI†). Different trials with more
than eight Gaussian functions were performed to include the ’hot
bands’. A good fit is obtained when 9 Gaussian functions are
used. The ninth Gaussian function covers the small shoulder at
the low energy range. This indicates that even at low temperatures
the side emission bands such as the ‘hot bands’ are still present.
They can appear even at lower temperatures as demonstrated in
other published studies.49 Thus, the first two bands that are
higher in energy are assigned to the zero phonon 00 - 0 and
00 - 1 transitions. The energy difference between the peaks of the
two first Gaussian functions is 93.8 cm�1. Attending to the
calculated DE value from themagnetic data (91 cm�1), the Orbach
relaxation process occurs only through the first �mj excited state.
This could consider the fact that the thermally activated relaxation
of the magnetization process (Orbach) does not take place
through the whole energy barrier composed by all the �mj states
of the Dy3+ ion but only via the first �mj excited state.

Moreover, the emission spectra of the 6-Yb compounds mea-
sured, also, at 77 K show that the 2F5/2-

2F7/2 emission transition
is split due to crystal field into four well distinguished peaks. The
Yb3+ 2F7/2 ground state break of the degeneracy due to crystal field
splitting, should lead to four �mj states (�7/2, �5/2, �3/2, �1/2).
A multi-Gaussian fit of the emission spectra is performed success-
fully with four Gaussian functions, Fig. S19 (ESI†). The splitting
between the peaks is as follows: 25.1 (1st–2nd), 13.6 (2nd–3rd) and
17.7 cm�1 (3rd–4th). The dynamic magnetic data for 6-Yb show
that the magnetization does not relax through an effective energy
barrier via the Orbach process.

5. Conclusions

Six new b-diketonate lanthanide coordination compounds have
been synthesized and fully characterized spectroscopically and
magnetically. The new mononuclear compounds with formula
[Ln(btfa)3(4,40-dinonylbipy)] Ln = Sm (1-Sm), Eu (2-Eu), Tb (3-
Tb), Dy (4-Dy), Er (5-Er) and Yb (6-Yb) have been isolated
through the reaction of [Ln(btfa)3(H2O)2] (btfa� = 4,4,4-
trifluoro-1-phenyl-1,3-butanedionate) with 4,40-dinonyl-2,2 0-
bipyridyl (4,40-dinonylbipy) in ethanol. The structural charac-
terization has been carried out by single crystal X-ray diffraction
and by X-ray powder diffraction.

Photoluminescence studies were performed for all com-
plexes in CHCl3 solution and in solid state. Furthermore the
solid samples were also measured at the liquid nitrogen

temperature (77 K). All polycrystalline samples show sensitized
luminescence when exciting the samples at the ligand excita-
tion band indicating an effective antenna effect.

Luminescence quantum yield could be measured for the
visible light emitters 1-Sm, 2-Eu, 3-Tb, and 4-Dy in chloroform
solution and in solid state, with the europium compound
yielding the highest value of 0.68 in polycrystalline sample
and of 0.42 in solution. Moreover, luminescence decay lifetime
was measured for the 1-Sm and 2-Eu compounds with the 2-Eu
polycrystalline sample showing the greatest tobs = 0.90 ms.

Owing to the peripheral alkyl and –CF3 groups of the 4,40-dinonyl-
2,20-bipy and btfa� ligands, the 2-Eu and 6-Yb complexes showed
a relatively low sublimation temperature, around 140–150 1C at
B10�6 mbar, hence they are promising materials for OLEDs.
Considering the good luminescence properties of the 2-Eu
complex and intriguing long wavelength PL of 6-Yb they were
selected to produce vacuum deposited OLEDs. The 2-Eu based
OLED showed an external quantum efficiency of 2.0–2.1% and
luminance in a range B200–600 cd m�2. Using 6-Yb as the
emitter gave a near infrared electroluminescence at B1000 nm
with an EQE of 0.1–0.17%.

From the magnetic study of this series of compounds,
dynamic magnetic measurements proved that 5-Dy display
SIM behaviour at relatively high temperatures showing max-
imum values of the wM00 component up to 14 K. The phonon
lattice mechanism dominating in the high temperature range is
the Orbach process with an effective energy barrier of
91.1 cm�1. Moreover, at intermediate temperatures the Raman
mechanism is present and the process of quantum nature,
QTM, governs the relaxation of the magnetization at the low
temperature range. By applying an optimal DC magnetic field
of 0.1 T the QTM is removed, and the magnetic relaxation is
still dominated by the Orbach process at high temperatures
with a greater DE value of 109.3 cm�1 than that found at Hdc =
0 T. The Raman mechanism is involved while cooling the
sample. Magnetic and spectroscopic studies of 5-Dy showed
that the thermal activated relaxation of the magnetization
process (Orbach) does not take place through the whole energy
barrier composed of all the �mj states of the Dy3+ ion but only
via the first �mj excited state. In addition, 3-Tb, 5-Er and 6-Yb
show slow relaxation of the magnetization under an external
applied magnetic field. The mechanisms that best describe the
relaxation of the magnetization of these three compounds
resulted in a combination of Raman and Direct for 3-Tb and
6-Yb and Orbach and Raman for the 5-Er analogue.
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and R. A. Layfield, Magnetic hysteresis up to 80 kelvin in a
dysprosium metallocene single-molecule magnet, Science,
2018, 362, 1400–1403.

5 Y. Hasegawa, Y. Kitagawa and T. Nakanish, Effective photo-
sensitized, electrosensitized, and mechanosensitized lumi-
nescence of lanthanide complexes, NPG Asia Mater., 2018,
10, 52–70.

6 (a) J.-C. G. Bünzli, On the design of highly luminescent
lanthanide complexes, Coord. Chem. Rev., 2015, 293–294,
19–47; (b) G. F. de Sá, O. L. Malta, C. de Mello Donegá,
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