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ABSTRACT 

 

COORDINATION COMPLEXES OF 1,2,3,5-DITHIADIAZOLYL RADICAL LIGANDS: 

MAGNETO-STRUCTURAL CORRELATIONS OF MOLECULE BASED MAGNETS 

 

Adam C. Maahs        Advisor: 

University of Guelph, 2017      Kathryn E. Preuss 

 

 This thesis presents examples of lanthanide and transition metal complexes of 1,2,3,5-

dithiadiazolyl radical ligands. Three-dimensionally ordered complexes and complexes 

demonstrating single molecule magnet (SMM) behaviour are reported. 

 The radical ligand 4-(2ʹ-benzoxazolyl)-1,2,3,5,-dithiadiazolyl (boaDTDA) has been 

coordinated to several lanthanide ions (CeIII, PrIII, NdIII, EuIII) forming 1D coordination polymers 

of the formula [Ln(hfac)3(boaDTDA)]n (hfac = 1,1,1,5,5,5-hexafluoroacetylacetonato). 

Lanthanide-radical coupling in [Ln(hfac)3(boaDTDA)]n complexes is ferromagnetic (FM). Due to 

FM interchain interactions, [Nd(hfac)3(boaDTDA)]n orders FM below 2.2 K. 

 1D lanthanide-radical chains are also obtained for the radical ligand 4-(2ʹ-pyrimidyl)-

1,2,3,5-dithiadiazolyl (pymDTDA). [Ln(hfac)3(pymDTDA)]n complexes (Ln = La, Ce, Pr, Nd, Sm, 

Eu, Gd, Tb) exhibit antiferromagnetic (AF) lanthanide-radical coupling. As a result of interchain 

interactions, [Tb(hfac)3(pymDTDA)]n orders AF below 3.2 K. 

 A series of new substituted pymDTDA radical ligands is presented in this thesis. The 

synthesis and characterization of 4-(2ʹ-4-(2ʹʹ-R)-pyrimidyl)-1,2,3,5-dithiadiazolyl (R = furyl, 

pyridyl, thiophenyl) ligands is presented along with a diamagnetic analogue, 4-(2ʹ-furyl)-

2,2ʹ-bipyrimidine (furylbipym). Dysprosium complexes of 4-(2ʹ-4-(2ʹʹ-furyl)-pyrimidyl)-

1,2,3,5-dithiadiazolyl (furylpymDTDA) and furylbipym exhibit SMM behaviour. By 



design, DyIII ions bridged by furylpymDTDA and furylbipym are coordinated in unique 

environments unrelated by symmetry and are magnetically coupled to each other. The 

complexes [Dy(hfac)3]2(furylpymDTDA) and [Dy(hfac)3]2(furylbipym) therefore fulfill 

the basic requirements to function as a CNOT quantum computing gate. 

 The transition metal complexes Ni(hfac)2(furylpymDTDA) and 

Co(hfac)2(furylpymDTDA) are isomorphous and form intermolecular contacts through π-

stacking of furylpymDTDA ligands which lead to FM intermolecular coupling. As a result 

of further FM intermolecular interactions, Co(hfac)2(furylpymDTDA) orders FM below 

4.6 K. 
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Chapter 1: Introduction 

 

GENERAL MAGNETISM 

 

 A magnetic response of either attraction (a paramagnetic response) or repulsion (a 

diamagnetic response) to an applied magnetic field is observed for all atom-based matter. Electrons 

are responsible for the majority of this response given their magnetic moment is two to three orders 

of magnitude larger than that of a proton.1 A diamagnetic response occurs as a result of the 

circulation of paired electrons, such as core electrons and those in bonds or lone pairs, and is 

therefore present in all atoms and molecules. Materials containing one or more unpaired electrons 

exhibit a paramagnetic response which, being two to three orders of magnitude larger than the 

diamagnetic response, dominates in such systems.2 

 Magnetization (M) of a material is induced by the application of a magnetic field (H). 

Using the cgsemu system of units, the units of magnetization are emu Oe mol-1 which is formally 

equivalent to cm3 Oe mol-1. The Oested, Oe, is the unit of magnetic field, which may elsewhere be 

expressed in Gauss, G, the unit of magnetic induction, B, or Tesla, T (1 T = 10000 G). B is related 

to H through B = μ0H, where μ0 is the vacuum permeability (μ0 = 1 in the cgsemu system). For a 

paramagnetic species, this response is linear at low field but will eventually saturate at high field 

(MSAT). In the linear region, where H/T is small, the total magnetic susceptibility (χTOT) can be 

found as M/H. More generally, χTOT can be found as the slope of magnetization as a function of the 

applied field at any field (Figure 1.1).2 As the derivative of magnetization with respect to the applied 

field, the units of magnetic susceptibility to be used in this thesis are cm3 K mol-1 which is 

equivalent to emu K mol-1. 

 The magnetization is not linear with respect to the magnetic field when H/T is large. At 

high field it can be calculated as: 

M = 𝑁A𝑔𝜇B𝑆𝐵𝑆(𝑦)      (1) 



 

2 

 

y = gμBSH/kBT 

where S is the total spin of the system and BS(y) is the Brillouin function. When H/T becomes very 

large, BS(y) approaches 1, so MSAT = NAgμBS. For materials in which the Brillouin function is valid, 

repetition of magnetization measurements as a function of magnetic field at different temperatures 

will give identical plots of M vs H/T. A significant change in plots of M vs H/T for different 

temperatures is an indication of some form of spontaneous magnetization (vide infra). For the 

purpose of field dependant magnetization plots, M will be expressed in units of μB mol-1 in this 

thesis. Alternatively, it may be expressed elsewhere with the units cm3 G mol-1, where 1 μB mol-1 

= 5585 cm3 G mol-1. 

Figure 1.1: Plot of magnetization (M) as a response to an applied field (H) for a sample of 

MnCl2·4H2O measured using a SQUID VSM at 1.85 K. Highlighted is the region of linear response 

in which susceptibility (χ) is the slope of M as a function of H, at high field the maximum 

magnetization reached is termed the saturation magnetisation, MSAT. 

 

For typical open-shell molecule-based materials, the total magnetic susceptibility is the 

sum of the diamagnetic susceptibility (χdia), paramagnetic susceptibility (χpara), and a possible 
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contribution from temperature independent paramagnetism (χTIP). Diamagnetic susceptibility is a 

component of the total susceptibility of all systems. Numerically, χdia is negative and typically on 

the order of -10-6 cm3 mol-1. Pascal’s constants, which estimate the diamagnetic susceptibility 

contribution of atoms and functional groups,2 can be used to estimate the contribution from χdia, 

and since we are typically concerned with determining χpara, χdia is subtracted from measurements. 

In some materials, temperature independent paramagnetism can arise from coupling of a 

diamagnetic ground state with degenerate excited states that are not thermally occupied (hence the 

name temperature independent). Numerically, χTIP is positive and its magnitude is small (similar in 

magnitude to χdia). As χTIP is not essential to understand the systems presented in this thesis, it will 

not be discussed further. Our main interest is in χpara (from here on referred to simply as χ). χ varies 

with temperature, and the behaviour of χ with respect to temperature is indicative of the type of 

interactions (or lack of interactions) between magnetic moments.2 

Examining the case of an ideal paramagnetic material where each magnetic moment is free 

to orient itself in a static applied field, χ (most conveniently expressed on a per mole basis) is related 

to the average magnetization per mole (and therefore the average moment per molecule): 

𝜒 =  
�⃑⃑⃑� 𝑁A

H⃑⃑ 
       (2) 

The average magnetization, �⃑⃑� , is temperature dependant since thermal motion precludes fully 

cooperative alignment. The relationship of �⃑⃑�  to the individual magnetic moment of the molecules, 

μ, is as follows: 

�⃑⃑� =  
𝜇2H⃑⃑ 

3𝑘B𝑇
       (3) 

where kB is the Boltzmann constant, and T is the temperature in degrees Kelvin. The combination 

of (2) and (3) gives the Curie Law, whose most recognizable property is that magnetic susceptibility 

is inversely proportional to temperature, represented graphically in Figure 1.2. Additionally, the 

inverse of magnetic susceptibility, 1/χ, can be plotted as a function of temperature to give a straight 

line with a slope of C. 
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𝜒 =  
𝑁A𝜇2

3𝑘B𝑇
=

𝐶

𝑇
       (4) 

The equation can be simplified by use of the Curie constant, C = NAμ2/3kB. The magnetic moment 

is more conveniently expressed in units of Bohr magnetons (μB) by the relationship μ = μeff · μB and 

can be related to the total spin of the system, S: 

𝜇𝑒𝑓𝑓 = 𝑔√𝑆(𝑆 + 1)      (5) 

The Curie law can now be rewritten to relate the measured magnetic susceptibility of a system to 

its spin: 

𝜒 =  
𝑁A𝑔2𝜇B

2

3𝑘B𝑇
𝑆(𝑆 + 1)      (6) 

This equation is simplified by the assumption that g is isotropic and that spin orbit coupling (vide 

infra) is negligible. We will see that the latter assumption is often inappropriate and the total angular 

momentum J should be used in place of S. 

Figure 1.2: Curie behavior represented graphically for a material with a Curie constant of 0.375 

cm3 K mol-1. (a) Plot of magnetic susceptibility (χ) as a function of temperature (T). (b) Plot of 

inverse magnetic susceptibility (1/χ) as a function of temperature (T). 
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MAGNETIC COUPLING 

 

Of course, most systems are not ideal paramagnets featuring purely non-interacting 

magnetic moments. Even magnetic moments which are spatially well separated rarely behave 

magnetically as fully isolated, especially at low temperatures. Coupling of a pair of interacting 

magnetic moments can cause them to align in a manner which increases or decreases their total 

magnetic moment, representing ferromagnetic (FM) and antiferromagnetic (AF) coupling 

respectively. The difference in energy between the two coupling orientations is reflected by the 

exchange constant, J, of the spin Hamiltonian, which describes the observed phenomenon of 

magnetic coupling. As the exchange constant J has units of energy, the value of J/kB can be quoted 

in units of Kelvin (K), where kB is Boltzmann’s constant. Although many formats of the spin 

Hamiltonian exist, this thesis will use: 

�̂� =  −2𝐽(𝑆�̂� ∙ 𝑆�̂�)      (7) 

where 𝑆�̂� and 𝑆�̂� are interacting magnetic moments. FM and AF coupling are indicated by the sign 

of J: FM positive, AF negative. 

 In the context of Curie behavior, weak intermolecular coupling can be accounted for by the 

Curie-Weiss law: 

𝜒 =  
𝐶

𝑇− 𝜃
       (8) 

where θ is the Weiss constant, defined as: 

𝜃 =  
𝑧𝐽ʹ𝑆(𝑆+1)

3𝑘B
       (9) 

with z being the number of nearest neighbours with which a molecule’s magnetic moment interacts 

and zJʹ representing a bath of magnetic interactions. zJʹ is modelled as an average of all present 

magnetic interactions when it is impractical or impossible to identify the structural origin of each 

interaction. For materials obeying the Curie-Weiss law, a plot of 1/χ as a function of temperature 

gives a straight line with a y-intercept of -θ/C (Figure 1.3). 
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Figure 1.3: Curie-Weiss behavior represented graphically for a material with a Curie constant of 

0.375 cm3 K mol-1. (a) Plot of magnetic susceptibility (χ) as a function of temperature (T) for (i) θ 

= -5 (ii) θ = 0 and (iii) θ = 5. (b) Plot of inverse magnetic susceptibility (1/χ) as a function of 

temperature (T) for (i) θ = -5 (ii) θ = 0 and (iii) θ = 5. 

 

 

MAGNETIC BEHAVIOUR OF DINUCLEAR COMPOUNDS 

 

 It is only appropriate to use the Curie-Weiss law for weak intermolecular coupling whose 

individual contributions cannot be reasonably identified. Stronger coupling can no longer be 

accounted for within the framework of Curie-Weiss behaviour and any coupling where the 

structural origin of the interaction can be identified is more appropriately modelled by the van 

Vleck equation. A ground state spin and one or more excited spin states are separated by an energy 

gap determined by the exchange constant, J. In the simplest example of two Si = Sj = 1/2 spins, the 

magnetic ground state is ST = 0 for antiferromagnetic coupling and ST = 1 for ferromagnetic 

coupling. As the temperature is lowered, thermally excited states are depopulated according to a 

Boltzmann distribution (vide infra). The effect of coupling upon the magnetic susceptibility as a 

function of temperature is represented graphically in Figure 1.4. For ease of interpretation, the χT 
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product with respect to temperature is a common way of presenting the data (Figure 1.4). It is plain 

to see that a system with coupled spins no longer obeys the Curie-Weiss law since a plot of 1/χ vs 

T is no longer linear in such systems. 

Figure 1.4: (a) magnetic susceptibility (χ) plotted as a function of temperature (T) for a system 

composed of a pair of S = 1/2 spin carriers which are: (i) non-interacting, following the Curie Law; 

(ii) coupled ferromagnetically; (iii) coupled antiferromagnetically. (b) inverse of susceptibility 

(1/χ) plotted as a function of temperature (T) for a system composed of a pair of S = 1/2 spin carriers 

which are: (i) non-interacting, following the Curie Law; (ii) coupled ferromagnetically; (iii) 

coupled antiferromagnetically. (c) product of magnetic susceptibility and temperature (χT) plotted 

as a function of temperature (T) for a system composed of a pair of S = 1/2 spin carriers which are: 

(i) non-interacting, following the Curie Law; (ii) coupled ferromagnetically; (iii) coupled 

antiferromagnetically. 

 

The population of spin states above the ground state is governed by a Boltzmann 

distribution. At the high temperature limit, coupling interactions can be neglected and the spins can 

be considered as non-interacting. χT at the high temperature limit is the sum of the χT products for 

each spin. For coupled spins SA and SB with a global, isotropic g, the high temperature limit of χT 

is given as: 
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(𝜒𝑇)𝐻𝑇 = 
𝑁A𝑔2𝜇B

2

3𝑘B
[𝑆𝐴(𝑆𝐴 + 1) + 𝑆𝐵(𝑆𝐵 + 1)]   (10) 

The low temperature limit depends on the type of coupling observed between spins. When coupling 

is AF, χT decreases to reach the low temperature limit: 

(𝜒𝑇)𝐿𝑇 = 
𝑁A𝑔2𝜇B

2

3𝑘B
[(𝑆𝐴 − 𝑆𝐵)2 + |𝑆𝐴 − 𝑆𝐵|]   (11) 

When coupling is FM, χT increases to reach the low temperature limit: 

(𝜒𝑇)𝐿𝑇 = 
𝑁A𝑔2𝜇B

2

3𝑘B
[(𝑆𝐴+𝑆𝐵)(𝑆𝐴 + 𝑆𝐵 + 1)]   (12) 

While the magnitude of coupling does not affect the high and low temperature limits, it does affect 

the shape of the curve for a plot of χT as a function of temperature.  From Figure 1.5, it can be seen 

that stronger coupling causes the χT product to tend towards the low temperature limit at higher 

temperatures than more weakly coupled systems. 

Figure 1.5: Product of magnetic susceptibility and temperature (χT) plotted as a function of 

temperature (T) for a system composed of a pair of S = 1/2 spin carriers which are coupled, at 

various strengths (a) antiferromagnetically; (b) ferromagnetically. 
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MAGNETIC BEHAVIOUR OF ONE-DIMENSIONAL CHAINS 

 

One-dimensional infinite chains of interacting spins are not amenable to exact solutions in 

the same way as magnetic systems of finite size. Useful approximations are obtained by 

extrapolation of finite rings to infinite size. At this extreme, the ring curvature is negligible (see 

Figure 1.6) and the model becomes a 1D chain. Complete solutions for rings of up to 11 atoms 

were calculated by Bonner and Fisher who also proposed an extrapolation for an infinite ring for 

the case of AF coupling.3 Some parameters useful in describing 1D chains are depicted in Figure 

1.7. In an array of evenly spaced spins at low temperature, domain walls separate the chain into 

segments with aligned spin orientations. The size of a domain is 2ξ where ξ is the correlation length. 

Real life systems also include chain defects, separated by an average distance L.  

Figure 1.6: Closed n-membered ring chains where n = 5, 10, a large finite value, and where n is 

infinite.  

Figure 1.7: A chain of ferromagnetically coupled spins, evenly spaced by a distance, a; the 

correlation length, 2ξ is the distance between domain walls (solid rectangles); L is the distance 

between chain defects (dotted rectangles). 
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For a chain of equally spaced identical classical spins, each site fulfills the condition Si+n = 

Si for any value of n. The following isotropic Hamiltonian is used for the classical-spin Heisenberg 

chain model: 

�̂� =  −2𝐽∑ 𝑆 𝑖 ∙ 𝑆 𝑖+1𝑖       (13) 

�̂� =  −2𝐽𝑆2 ∑ �⃑� 𝑖 ∙ �⃑� 𝑖+1𝑖       (14) 

where �⃑� 𝑖 is a unit vector. The value of the χT product depends on the average correlation, Γ𝑛 =

 〈�⃑� 𝑖�⃑� 𝑖+1〉, between all spins in the chain (i.e., all values of n). 

𝜒𝑇

𝐶
= ∑ Γ𝑛𝑛=+∞

𝑛=−∞ = 
1+Γ

1−Γ
      (15) 

Γ = coth(2𝐽𝑆2 𝑘B𝑇⁄ ) − 1 (2𝐽𝑆2 𝑘B𝑇⁄ )⁄     (16) 

At very low temperatures, Г approaches 1 and the expression for the χT product can be simplified 

to 

𝜒𝑇

𝐶
≈ 4𝐽𝑆2 𝑘B𝑇⁄ ≈

2ξ

𝑎
       (17) 

In the case of quantum spins, a high-temperature expansion series proposed by Baker4 and 

valid for both FM and AF coupling can be used to model the magnetic susceptibility of a 1D array 

of S = 1/2 spins: 

𝜒 =  
𝑁A𝑔2𝜇B

2

4𝑘B𝑇
[
𝐴

𝐵
]
2/3

      (18) 

A = 1+ 5.7979916 y + 16.902653 y2 + 29.376885 y3 + 29.832959 y4 + 14.036918 y5 

B = 1 + 2.7979916 y + 7.0086780 y2 + 8.6538644 y3 + 4.5743114 y4 

y = J/kBT 

Calculating χ based on extrapolating from increasing ring sizes becomes difficult at low 

temperatures for AF coupled chains. χ for even membered rings tends to zero while χ for odd 

numbered rings increases at low temperature. It is not possible to reach an ST = 0 state for an odd 

membered AF coupled ring chain since at least one spin will always be forced to be aligned parallel 

with its neighbour, this is known as spin frustration. Bonner and Fisher’s expression for χ is valid 
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for T > 1.282│J│/kB above which even and odd membered ring solutions converge.3 Similarly, 

Baker’s expression is unreliable at very low temperatures. 

At low temperature, the χT product of a regular chain of FM coupled units increases sharply 

due to an increase in the overall magnetic moment of the system. The low temperature limit of an 

AF coupled chain of S = 1/2 spins is not zero, as one might expect by extension of finite size 

systems. While the magnetic ground state is ST = 0, there is no energy gap in the continuum of 

energy levels. The higher lying energy values are therefore populated at any temperature above 

absolute zero.2 Bonner and Fisher, for an extrapolated infinite size ring, determined the low 

temperature limit to be: 

(𝜒𝐿𝑇) = 0.07346
𝑁A𝑔2𝜇B

2

|𝐽|
     (19) 

The treatment of alternating chains is of particular relevance to this thesis as it can deal 

with [metal-radical]n coordination polymers. A model developed by Seiden5 treats the alternating 

spins as one classical and one quantum spin in an evenly spaced chain and was first used to describe 

an alternating MnII – CuII 1D chain. Sieden’s model uses the isotropic Hamiltonian 

   �̂� =  ∑ 𝐻�̂�
𝑁−1
𝑖=1  ,  𝐻�̂� = 2𝐽(𝑆 𝑖 + 𝑆 𝑖+1)𝑠 𝑖     (20) 

where 𝑆 𝑖 is a classical spin vector and 𝑠 𝑖 is a quantum spin vector. At low temperatures, the 

magnetic susceptibility can be expressed as 

   𝜒 =  
𝑁A𝜇B

2

3𝑘B𝑇

𝐽𝑆

𝑘B𝑇
(𝑔𝑆𝑆 − 

𝐽

|𝐽|
𝑔𝑠𝑠)

2
     (21) 

For chains of spins with significant anisotropy, an anisotropic Hamiltonian is used. 

   �̂� =  −2𝐽∑ 𝑆𝑖 ∙ 𝑆𝑖+1𝑖 + 𝐷 ∑ 𝑆𝑖𝑧
2

𝑖      (22) 

where D is magnetoanisotropy, D < 0 corresponds to an easy axis (vide infra). When │D│ >> J, 

spins are aligned with the easy axis and the Ising model is used, with the Hamiltonian: 

�̂� =  −2𝐽𝑆2 ∑ 𝜎𝑖 ∙ 𝜎𝑖+1𝑖       (23) 
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where 𝜎𝑖 is the orientation (±1) of the ith spin. The size of a domain wall depends on the relationship 

between the magnetoanisotropy of the spins, D, and the exchange constant, J. The D/J ratio of 4/3 

is considered to be the Ising limit, above this point the domain walls are sufficiently small that 

neighbouring spins on either side of a domain wall will be antiparallel (i.e., there are no spins at 

some intermediate angle between 0 and 180° relative to the last spin before the domain wall). The 

number of domain walls decreases exponentially with decreasing temperature while the correlation 

length, and therefore the magnetic susceptibility, increases exponentially. The magnetic 

susceptibility is saturated when the correlation length, ξ, is great enough that 2ξ > L, the distance 

between diamagnetic chain defect sites. 1D Ising chains have the potential to act as single chain 

magnets (SCMs) (vide infra). 

 

ORIGINS OF MAGNETIC COUPLING 

 

 A magnetic field is present in the vicinity of a magnetic dipole. The classical interaction 

between magnetic dipoles gives rise to an energy gap between parallel and antiparallel alignment 

of magnetic moments. The strength of the dipole-dipole interaction decreases rapidly with 

increasing distance, expressed as a function of 1/r3. The strength of the dipole-dipole interaction 

also varies as a function of the angle, Θ, formed between the dipole vector and a line formed 

between the dipoles as a function of 3cos2Θ – 1. 

When some amount of overlap between one-electron atomic orbitals is present, coupling 

via the quantum effect of electron exchange can occur. Electron exchange is a Coulombic effect 

rather than having magnetic origins, but it leads to magnetic coupling by introducing an energy gap 

between parallel and antiparallel spins. The Pauli exclusion principle forbids two electrons from 

sharing the same spatial and spin wavefunctions since their total wavefunction must be 

antisymmetric with respect to electron exchange. The exchange interaction is responsible for the 

energy difference between the singlet and triplet state of a two-electron system (2J in our spin 
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Hamiltonian). In the interaction of two degenerate one-electron orbitals with some overlap, spatial 

wavefunctions, ψ, are of the general form: 

Symmetric  𝜓 =  
1

√2
[𝜙𝑎(1)𝜙𝑏(2) + 𝜙𝑎(2)𝜙𝑏(1)]          (24) 

Antisymmetric  𝜓 =  
1

√2
[𝜙𝑎(1)𝜙𝑏(2) − 𝜙𝑎(2)𝜙𝑏(1)]          (25) 

The allowable spin wavefunctions, γ, are: 

Symmetric  𝛾 =  𝛼(1)𝛼(2)             (26) 

   𝛾 =  𝛽(1)𝛽(2)             (27) 

   𝛾 =  𝛼(1)𝛽(2) +  𝛼(2)𝛽(1)           (28) 

Antisymmetric  𝛾 =  𝛼(1)𝛽(2) −  𝛼(2)𝛽(1)           (29) 

where α and β represent mutually opposite spin orientations (also referred to as “up” and “down”). 

The symmetric spin wavefunctions correspond to microstates of a triplet spin multiplicity, 

antisymmetric to a singlet. Appropriate total wavefunctions are antisymmetric with respect to 

electron exchange and are therefore formed by combination of symmetric spatial and antisymmetric 

spin wavefunctions or antisymmetric spatial and symmetric spin wavefunctions. The difference in 

energy between singlet and triplet states, as evaluated by Kahn and Briat,6 depends on the valence 

bonding exchange integral, K, which can be further broken down as the sum of the electron-electron 

repulsion of the overlap region (Coulomb auto-repulsion integral), k, and the attraction of the 

overlap density to each nucleus, tS. t is the transfer integral (sometimes referred to as the resonance 

integral, β) and S is the overlap density integral. For strictly orthogonal orbitals, S = 0. As a 

simplification here, S terms with exponents greater than one are neglected, so the singlet-triplet 

energy gap is expressed as: 

𝐸𝑠𝑖𝑛𝑔𝑙𝑒𝑡 − 𝐸𝑡𝑟𝑖𝑝𝑙𝑒𝑡  =  2𝐽 = 2𝑘 − 4𝑡S    (30) 

The sign of J, and therefore the ground state spin of the system, can be predicted by examination 

of the overlap integral, S, of the interacting orbitals (Figure 1.8). Orthogonal overlap, for which S 

= 0, reduces the expression to 2J = 2k. As k is a positive value, the coupling is FM for orthogonal 
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overlap. The S = 0 scenario is consistent with Hund’s rule, which states that unpaired electrons are 

arranged in degenerate orbitals to maximize Ms before doubly occupying an orbital to minimize 

electron-electron repulsion. For non-negligible values of S, the -4tS term dominates and the 

exchange constant is negative, therefore, the coupling is AF. Based on their competing nature and 

known signs, the terms 2k and 4tS are referred to as the FM, JF, and AF, JAF, terms respectively.  

Figure 1.8: Interactions between degenerate overlapping atomic orbitals which are (a) orthogonal 

(b) non-orthogonal; the magnitude of the overlap integral, S, determines whether exchange 

coupling is ferromagnetic or antiferromagnetic. 

 

 Of course, not all interacting orbitals are degenerate. For non-degenerate orbitals (see 

Figure 1.9) the singlet-triplet gap is effectively approximated as: 

2𝐽 ≈ 2𝑘 − 2S√Δ2 − 𝛿2      (31) 

where δ is the energy gap between the interacting orbitals and Δ is the energy gap between the 

resulting product orbitals.7 
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Figure 1.9: Molecular orbital energy level diagrams of interacting atomic orbitals that are (a) 

degenerate (b) non-degenerate; the exchange constant, 2J, is expressed as a function of electron-

electron repulsion in the region of overlap; the energy gap between interacting orbitals, and the 

energy gap between product orbitals. 

 

The total spin of a paramagnetic molecule is not strictly localized to a single atom, 

especially in the case of an aromatic system. Spin polarization of underlying filled orbitals serves 

to further distribute the spin around the molecule. As a consequence, many atoms possess some 

amount of spin density. The dominant spin of a paramagnetic molecule is termed the α or positive 

spin density, however, areas of opposing spin density (termed β or negative spin density) can exist 

as well. To properly evaluate the overall interaction, we must consider the local interactions 

between atoms and their spin density rather than the total spin of the molecule. To do this, 

McConnell developed the following Hamiltonian in 1963.8 

�̂� =  −2�̂�𝐴 ∙ �̂�𝐵 ∑ 𝐽𝑖𝑗
𝐴𝐵

𝑖𝑗 𝜌𝑖
𝐴𝜌𝑗

𝐵     (32) 

where �̂� represents the spin operator of an entire molecule, 𝜌𝑖
𝐴 and 𝜌𝑗

𝐵 are the spin densities of 

atoms i and j of molecules A and B respectively, and 𝐽𝑖𝑗
𝐴𝐵 is the exchange integral for the spin 
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interaction of atoms i and j. The overlap of molecular orbitals is usually such that 𝐽𝑖𝑗
𝐴𝐵 is negative, 

so for the most typical case, an interaction between pairs of atoms having α-spin density, effective 

AF coupling is observed. The special case of overlap of opposing spin densities (i.e., the product 

𝜌𝑖
𝐴𝜌𝑗

𝐵 is negative) leads to an effective FM interaction between spins. This model is known as the 

McConnell I mechanism. 

As an example, consider an interaction between two stacked allyl radicals (Figure 1.10). 

The SOMO of an allyl radical is π-type and non-bonding. Spin density, ρ, is α at C1 and C3, β at 

C2. When stacked such that molecules A and B are directly above one another, the following 

intermolecular interactions are present C1A···C1B, C2A···C2B, C3A···C3B. Effective AF coupling 

of spins is predicted in this case since each interaction is between atoms of same-sign spin density. 

Alternatively, the radicals may be arranged offset to give contacts between C1A···C2B and 

C2A···C3B. Now, as described by the McConnell I mechanism, the intermolecular interactions are 

between atoms of opposite-sign spin density and effective overall FM coupling of spins is 

predicted.9 
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Figure 1.10: (a) SOMO of allyl radical; (b) spin density distribution of allyl radical; blue denotes 

α-spin density, green denotes β-spin density; (c) stacking arrangement of allyl radicals predicted to 

give effective antiferromagnetic coupling of spins; (d) stacking arrangement of allyl radicals 

predicted to give effective ferromagnetic coupling of spins. 

 

Numerous mechanisms exist by which magnetic moments are coupled despite having 

negligible overlap between interacting magnetic orbitals. Such interactions are broadly described 

as superexchange. However, only a selection relevant to this thesis will be discussed. 

Goodenough proposed a superexchange mechanism based on the interaction between 

ground configuration (GC) and a charge transfer configuration (CTC) of neighbouring 

paramagnetic atoms.10 An example system has orthogonal orbitals a1 and a2 on atom A and orbital 

b1 on atom B; in the GC, both a1 and b1 are singly occupied, a2 empty (see Figure 1.11). In the CTC 

a1a2, the triplet state is lower in energy than the singlet state based on Hund’s rule. Interaction of 
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the CTC with the GC stabilizes the triplet more than the singlet, the singlet triplet energy gap is 

given as: 

𝐽𝐹 = 
2(𝑡12)

2𝑘

(𝑈12
2−𝑘2)

       (33) 

where t12 is the transfer integral (also known as the resonance integral) for the charge transfer b1 to 

a2, k is the Coulomb auto-repulsion integral, and U12 is the mean energy needed to transfer an 

electron from b1 to a2. Since t12 and k are both positive, charge transfer to an unoccupied orbital 

makes an FM contribution. An AF contribution is made by: 

𝐽𝐴𝐹 = −
2(𝑡11)

2

𝑈12
       (34) 

where t11 is the transfer integral for the charge transfer b1 to a1. t11 favours AF coupling by necessity 

due to the Pauli exclusion principle. In order for FM coupling due to predominate, t12 must be much 

larger than t11.  

Figure 1.11: Orbital energy diagram for neighbouring atoms A and B, each with one singly 

occupied orbital and one empty orbital. Charge transfer via the transfer integral t12 favours 

ferromagnetic coupling, while the transfer integral t11 favours antiferrogmagnetic coupling. 

 

The most relevant examples, in the context of this thesis, of CTC interaction stabilizing a 

high spin state are metals or organic radicals coordinated to lanthanide ions. The transfer integrals 

t(3d-4f) or t(rad-4f) are very small when the 3d orbitals or radical SOMO do not penetrate the 

lanthanide 4f orbitals (whose radial probability distribution reaches its maximum close to the 

nucleus); so too is the AF contribution JAF. Unoccupied lanthanide 5d orbitals however, can have 
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non-negligible transfer integrals with ligand orbitals, t(3d-5d) or t(rad-5d). Since the unoccupied 

LnIII 5d orbitals are orthogonal with LnIII 4f orbitals, FM coupling is predicted by this mechanism. 

Indeed, ferromagnetic coupling is observed in the majority of reported GdIIICuII11–13 and GdIII 

neutral radical systems.14–19 Radicals which are very close in distance to a lanthanide ion due to 

strong coordination, including neutral radicals15,20–26 and radical anions,27–29 exhibit AF LnIII-radical 

exchange coupling as the JAF term dominates due to an increase in t(rad-4f). 

The 4f orbitals of lanthanide atoms are generally assumed not to participate in bonding 

interactions with neighbouring atoms in molecular or metallic systems, with the exception of 

strongly coordinated ligands vide supra. Anomalous 4f orbital bonding interactions are however 

seen in alloys and compounds of cerium and ytterbium. The Kondo effect, which describes the 

presence of a minimum in resistivity of a metal at low temperatures (in a metallic conductor 

resistivity decreases monotonically as the temperature approaches 0 K), is observed in alloys of Y30 

and La31 with Ce impurities and Ag-Au alloys with Yb impurities.32 Among the lanthanide series, 

Kondo behaviour is only observed for dilute alloys of Ce and Yb, for the remaining lanthanides, 

metallic conductivity is observed. Antiferromagnetic coupling between Ce or Yb 4f electrons and 

conduction band electrons reduces the number of charge carriers at low temperatures in order for a 

resistance minimum to occur. As modelled by Coqblin and Scrieffer, the exchange interaction 

between Ce (4f1) or Yb (4f13) states and conduction electrons is a function of the mixing potential 

between states.33 The exchange interaction therefore must be antiferromagnetic so electrons can 

hop between states without a reversal in spin. 

In molecular systems of CeIII and YbIII ions coordinated to radical ligands, Kondo 

behaviour arises from the hybridization of lanthanide 4f orbitals with lanthanide 5d orbitals which 

have significant orbital overlap with the radical SOMO.34 While coordinated radical SOMOs 

typically do not have strong overlap with 4f orbitals (vide supra), the strong interaction of the 

radical SOMO with the hybrid 4f-5d orbitals allows for exchange coupling to occur between the 
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radical spin and the lanthanide 4f electrons. The Kondo effect has been observed in Ce sandwich 

complexes34,35 and Yb34,36 coordinated to a radical anion. 

In systems where paramagnetic species are bridged by a diamagnetic ligand, the magnetic 

moments are separated by a great enough distance that there is negligible overlap density between 

magnetic atomic orbitals. Strong interactions mediated through diamagnetic bridging ligands can, 

however, take place; both FM and AF coupling of magnetic moments are possible.37 In the case of 

two S = 1/2 atoms bridged by a diamagnetic ligand, the singlet-triplet gap is approximated as: 

2𝐽 = 2𝑘 − 
(𝑒1−𝑒2)

2

𝑈
      (35) 

where e1 and e2 are the energies of the two singly occupied molecular orbitals in the triplet state 

(Figure 1.12) and U is the mean energy needed to transfer an electron from one spin bearing atom 

to the other.38 The energy gap between singly occupied molecular orbitals is clearly an important 

factor in determining the sign of J. Furthermore, it is a factor that can be manipulated by molecular 

design.39 The singlet-triplet gaps of hydroxo-bridged CuII ions are found to vary with the Cu-O-Cu 

angle because the singly occupied molecular orbitals e1 and e2 behave differently with respect to 

changes in the Cu-O-Cu angle.38  

Figure 1.12: Singly occupied molecular orbitals of the triplet state of hydroxo-bridged CuII ions. 

The energy difference │e1 - e2│ dictates the magnitude of the antiferromagnetic term. 
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Oxalato bridged CuII ions exhibit strong, AF interaction.40 Replacement of oxalate O atoms 

with NR groups40 or S atoms41 enhances the AF coupling interaction by raising the bridging ligand 

orbital energies closer to that of the metal d orbitals, giving stronger orbital interaction. One could 

also envision maintaining a constant bridging ligand while altering the paramagnetic species as a 

means of influencing the coupling interaction (Figure 1.13).  

 

Figure 1.13: (left) Oxamido bridged CuII ions have a greater energy difference between singly 

occupied molecular orbitals of the triplet state than oxalato bridged compounds. The 2pN-3dCu 

interaction is stronger than the 2pO-3dCu interaction. (right) For a given diamagnetic bridge, singly 

occupied orbitals connected through 2pN should have a greater energy difference than those 

connected through 2pO. 

 

 

MAGNETIC ORDERING 

 

The discussion to this point has focused on magnetic systems considered to be well 

isolated; including chains of infinite length in one direction which have been treated thus far as 

being isolated from neighbouring chains. At low temperatures, this assumption is not valid and 

intermolecular interactions must be considered. Through intermolecular coupling, any system with 
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a magnetic ground state is expected to have a three dimensionally ordered phase below a finite 

critical temperature (TCrit).2 Whether TCrit is within the range of temperatures that can reasonably 

be measured depends on the strength of intermolecular interactions present. Well above TCrit the 

correlation length, along which neighbouring spins are oriented either parallel or antiparallel 

according to the type of coupling present, is zero. The correlation length increases as the 

temperature approaches TCrit and becomes infinite at TCrit. For a plot of χT vs T well above TCrit, 

intermolecular interactions are effectively modelled using the Van Vleck equation (vide supra).  

In the case of FM intermolecular interactions, as the temperature approaches TCrit (known 

as the Curie temperature, TC, for FM ordering behaviour) the χT product increases rapidly along 

with the correlation length. At TC a spontaneous magnetization appears and the magnetization 

increases with further cooling until saturated. For two systems composed of identical spin carriers, 

one a FM ordered phase and one a paramagnetic phase, the saturation magnetization will be reached 

at a lower field for the FM ordered phase as the applied field rapidly displaces the domain walls to 

align all of the spins (Figure 1.14).2 A convenient way to detect a spontaneous magnetization in a 

material is to visualize the magnetization response as a function of H/T at various low temperatures. 

The Brillouin function (vide supra) is a function of gμBSH/kBT. For an ideal paramagnet, plots of 

M vs H/T is superimposable at all temperatures, so a significant increase in the low field slope of 

an M vs H/T plot at low temperature experiments relative to higher temperatures is indicative of 

the presence spontaneous magnetization (Figure 1.14).  
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Figure 1.14: Magnetization of a ferromagnetically ordered sample in applied field plotted as (a) M 

vs H (b) M vs H/T at (i) a high temperature (ii) an intermediate temperature (iii) a low temperature. 

 

 When intermolecular interactions are AF, paramagnetic behaviour is observed above the 

critical temperature for AF order, the Néel temperature, TN, below which a long range antiparallel 

alignment of magnetic moments is stabilized.42–44 As a function of temperature, χ increases with 

decreasing temperature in the paramagnetic phase and reaches a maximum at TN before decreasing 

upon further cooling (Figure 1.15). Graphically, the transition from a paramagnet with AF 

interactions exhibiting Curie-Weiss behaviour (vide supra) to an AF ordered phase can be seen in 

a plot of 1/χ vs T (Figure 1.15) as a minimum in 1/χ at TN. 
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Figure 1.15: (a) Magnetic susceptibility of an AF ordered system as a function of temperature (solid 

lines) with the susceptibility of a Curie-Weiss paramagnet extrapolated below the Néel temperature, 

TN (dotted line). (b) Inverse magnetic susceptibility of an AF ordered system as a function of 

temperature (solid lines) with the susceptibility of a Curie-Weiss paramagnet extrapolated below 

the Néel temperature, TN to the x-intercept at θ (dotted line) (θ is the Weiss constant). 

 

 

ALTERNATING CURRENT MAGNETIC MEASUREMENTS 

 

 The measurements discussed to this point, obtaining magnetization as a function of applied 

field or temperature, take place in a static applied field and are known as direct current (dc) 

susceptibility measurements. Interpretation of the magnetic susceptibility from these measurements 

is restricted to the low field, liner region of a plot of M vs H/T. Alternating current (ac) susceptibility 

measurements obtain the magnetic susceptibility as a function of ∂M/∂H rather than M/H and can 

therefore be performed when M is not linear with respect to H or at very low applied fields without 

loss of sensitivity. To measure ac susceptibility, the sample is placed in a small oscillating magnetic 
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field, h, generated by an ac current passed though a coil surrounding the sample. An additional 

static field, H0, may also be present, so the applied field is: 

H =  H0 + ℎ cos𝜔t      (36) 

where ω is the angular frequency of the ac current and t is time. Some amount of time is required 

for a system to reach an equilibrium in an applied field, know as the relaxation time, τ. For very 

low ac frequencies (ωτ << 1) equilibrium is reached rapidly and the measured ac susceptibility is 

the isothermal susceptibility, χ = χT. When the frequency is very high (ωτ >> 1) the system has no 

time to reach an equilibrium and the measured ac susceptibility is the adiabatic susceptibility, χ = 

χS.45 Between these extremes, the measured susceptibility can be expressed as:46 

𝜒(𝜔) = 𝜒𝑆 + 
𝜒𝑇− 𝜒𝑆

1+ 𝑖𝜔𝜏
      (37) 

Both χT and χS are real, but the measured susceptibility can be separated into real and imaginary 

components, χʹ and χʺ respectively, also known as the in-phase and out-of-phase susceptibilities. 

𝜒′(𝜔) =  
𝜒𝑇− 𝜒𝑆

1+ 𝜔2𝜏2      (38) 

𝜒′′(𝜔) =  
(𝜒𝑇− 𝜒𝑆)𝜔𝜏

1+ 𝜔2𝜏2       (39) 

When an out-of-phase signal is present, the magnetization of the sample lags behind the applied 

field by a phase shift, φ. 

𝜒′ =  𝜒 cos𝜑       (40) 

𝜒′′ =  𝜒 sin𝜑       (41) 

𝜒 =  √𝜒′ 2 + 𝜒′′ 2      (42) 

 The relaxation time, τ, can be deduced from an Argand plot of the real and imaginary 

components of the ac susceptibility, χʹ and χʺ respectively (Figure 1.16). Presentation of measured 

ac susceptibility data as real and imaginary components is also referred to as a Cole-Cole plot after 

Kenneth Cole’s work with ac resistance measurements of biological samples ranging from calf 

blood to potatoes47,48 and later, along with his brother Robert Cole, dielectric constants of 

liquids.49,50 The maximum of the semi-circle shaped plot occurs for ω-1 = τ. For systems in which 
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multiple distinct relaxation processes with significantly different relaxation times occur at a given 

temperature, the plot will appear as multiple semi-circles with maxima corresponding to ωn
-1 = τn 

for each relaxation process. 

Figure 1.16: Cole-Cole plot comparing the real (χʹ) and imaginary (χʺ) components of ac magnetic 

susceptibility for a system with (a) one observed relaxation process (b) two observed relaxation 

processes. The relaxation time is found as the inverse of ω at a maximum (ω = 2πν). 

 

 The presence of a out-of-phase signal, χʺ, is associated with the onset of slow magnetic 

relaxation dynamics in a system caused by any number of phenomena including 3D magnetic 

ordering or an energy barrier intrinsic to a molecule, as in single molecule magnets (SMM) (vide 

infra), or a chain, as in single chain magnets (SCM) (vide infra). These magnetic phenomena, 

characterized by their slow relaxation, cannot be identified by dc measurements alone. 

 

1,2,3,5-DITHIADIAZOLYL RADICALS 

 

The 1,2,3,5-dithiadiazolyl radical (DTDA) is a five-membered heterocycle with 7 π 

electrons. The unpaired electron resides in a π* type singly occupied molecular orbital (SOMO) 

(see Figure 1.17). While the SOMO is nodal at the C4 position, this does not preclude the presence 

of spin density outside the DTDA heterocycle.51 Due to spin polarization of underlying molecular 

orbitals, spin density can be present on substituents of the DTDA carbon (Figure 1.17). Organic 
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radicals are often short-lived intermediates due to irreversible C-C σ bond formation, H abstraction, 

or disproportionation. DTDAs however, having a SOMO that is nodal at carbon, do not dimerize 

in this manner. Instead, S···S and S···N contacts are formed52 which are reversible in solution53 

and, sometimes, in the solid state.54 

DTDA radicals readily participate in electrostatic intermolecular interactions. Since the 

DTDA ring is unsubstituted at the sulfur and nitrogen atoms, no steric considerations prevent 

contacts from occurring. Figure 1.17 shows the distribution of partial charge density for a DTDA 

ring. Contacts between DTDA sulfur atoms, which carry partial positive charge, and surrounding, 

partially negatively charged functional groups can serve to direct crystal packing and, as a result of 

the high spin density present on the sulfur atoms, magnetic interactions.55,56 Partially negatively 

charged nitrogen atoms are able to interact with Lewis acids (e.g., hard metal ions) and will be 

discussed (vide infra). 

Intermolecular contacts between areas of moderate or high spin density provide a pathway 

for magnetic coupling between radicals. The most common of such interactions are the S···S and 

S···N contacts of dimerized radical pairs formed through pancake bonding of DTDA rings. Since 

the resulting overlap is between areas of α-spin density, exchange coupling is AF and favours a low 

spin ground state. Typical [DTDA]2 dimers do not exhibit thermal population of any higher-lying 

state at ambient temperature and are therefore considered diamagnetic. Overlap may also occur 

between an area of α-spin density of one molecule (e.g., a DTDA sulfur atom) and an area of β-

spin density of another molecule (e.g., part of an aromatic substituent).57 In this case, AF exchange 

coupling between the contacting regions produces a high spin ground state since the dominant α-

spin of both molecules will now be aligned parallel. The latter case is the one described by the 

McConnell I mechanism8 discussed above.  
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Figure 1.17: (a) line drawing of HDTDA (b) SOMO of geometry optimized HDTDA calculated 

using uB3LYP/6-31g(d,p) and rendered at isovalue = 0.02; (c) spin density distribution of geometry 

optimized HDTDA calculated using uB3LYP/6-31g(d,p) and rendered at isovalue = 0.0004; blue 

denotes α-spin density, green denotes β-spin density; (d) charge density distribution of HDTDA; 

red denotes partial negative charge, green denotes partial positive charge. 

 

 

SYNTHESIS OF 1,2,3,5-DITHIADIAZOLYLS 

 

1,2,3,5-Dithiadiazolyl-containing molecules can be synthesized by a variety of methods, 

but most commonly from the corresponding nitrile. The first reported DTDA chloride salts were 

obtained by the reaction of nitriles (tBuCN, PhCN, Cl3CCN) with S3N3Cl3.58 More recent work, 

including this thesis, follows a multi-step procedure, producing a persilylated amidine via reaction 

of a nitrile, lithium bis(trimethylsilyl)amide etherate and chlorotrimethylsilane,59 followed by ring 

formation via reaction with sulfur monochloride. Many variations of this procedure exist (see 

Figure 1.18). DTDA radicals are prepared via one electron reduction of the chloride salt. Many 

methods exist but the use of SbPh3 or SbCl3 is most relevant to this thesis. 
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Figure 1.18: Synthetic methods for the preparation of 1,2,3,5-dithiadiazolyl radicals. 

 

 

RADICAL LIGANDS 

 

Systems composed of paramagnetic ligands coordinated to metal ions have been of interest 

in the field of molecule-based magnetism for some time.60,61 Orbital overlap between radicals and 

metal ions is a reliable way to achieve predictable and strong magnetic coupling. Appropriately 

designed radical ligands can mediate coupling between multiple metal ions, an effective strategy 

in the formation of molecules with high spin ground states. Consider a hypothetical radical ligand 

bridging two identical paramagnetic metal ions. The exchange integral J describes the interaction 

between metal and radical. As depicted in Figure 1.19, regardless of the sign of J the magnetic 

moments of the metal ions will ensure a non-zero spin ground state. When bridged by a diamagnetic 

ligand, coupling between magnetic moments is typically AF, giving an S = 0 ground state. To 

achieve a non-zero spin ground state, a mechanism for FM superexchange between metal ions must 

exist. However, superexchange is more difficult to predict and manipulate, and is typically a longer-

range, weaker interaction. 
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Figure 1.19: Spin vectors representative of identical metal ions bridged by (a) a paramagnetic ligand 

ferromagnetically coupled to each metal, (b) a paramagnetic ligand antiferromagnetically coupled 

to each metal, (c) a diamagnetic ligand, metal ions coupled antiferromagnetically through space, 

(d) a diamagnetic ligand capable of promoting ferromagnetic superexchange between metal ions. 

 

 A variety of neutral radical ligands suitable for the formation of metal complexes or chain 

polymers have been developed. Notable examples include ligands based on nitroxide, nitronyl 

nitroxide, imino nitroxide, verdazyl, and thiazyl radicals (Figure 1.20). Complexes of anionic 

radical ligands have also been obtained, but are outside the scope of this thesis.  

Figure 1.20: A selection of stable neutral radicals for which transition metal or lanthanide ion 

complexes have been reported (a) nitroxide (b) nitronyl nitroxide (c) imino nitroxide (d) 

oxoverdazyl (e) 1,2,3,5-dithiadiazolyl 
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The formation of discrete molecular complexes, bridged species of the general form 

(metal)n(radical)n-1, or infinite chain polymers can be aided by appropriate selection of substituents 

(e.g., 2ʹ-pyridyl for discrete complexes and 2ʹ-pyrimidyl for bridged species or chains) (Figure 

1.21). 

Figure 1.21: Stable neutral radical moieties (in bold) with appropriate substituents for the formation 

of: discrete molecular complexes (a) nitroxide (b) nitronyl nitroxide (c) imino nitroxide; or bridged 

species and chains (c) oxoverdazyl (d) 1,2,3,5-dithiadiazolyl. 

 

 

DTDA COMPLEXES 

 

The first reported DTDA metal coordination complex was prepared by Banister et al. in 

1989 using PhDTDA and iron carbonyls62 Fe2(CO)9 and Fe3(CO)12 and, later, other low valent 

transition metal compounds, all of which achieved coordination via insertion into the S – S bond 

(Figure 1.22). While the iron complex was a diamagnetic imine, protonated at one of the thiazyl 

nitrogens, an S-coordinated DTDA Ni complex remained paramagnetic.63 N-coordinated DTDA 

complexes were first reported by the Preuss group in 2004.64 In contrast to previous DTDA 

coordinations to soft metal centres, the first N-coordination complex, Co(hfac)2(pyDTDA), 

employed a hard transition metal ion and a DTDA ligand designed for bidentate chelation (Figure 

1.22). 
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Figure 1.22: DTDA coordination complexes (a) Fe2(CO)6PhDTDAH (b) Ni2(Cp)2PhDTDA (c) 

Co(hfac)2(pyDTDA). 

 

The possibilities for N-coordination do not end with bidentate chelation. Complexes based 

upon monodentate, bis-bidentate, tridentate, and both bidentate and tridentate coordination motifs 

have been prepared (Figure 1.23), some of which are reported in this thesis. Radicals with multiple 

coordination sites are of great interest for mediating strong magnetic coupling between 

paramagnetic metal ions and possibility of chain formation.60 

Figure 1.23: DTDA radicals used as ligands with various available coordination sites (a) 

CNfurylDTDA (b) pyDTDA (c) pymDTDA (d) bpyDTDA (e) furylpymDTDA. 
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LANTHANIDES 

 

The radial distribution of the 4f orbitals of lanthanide ions reaches its maximum probability 

density much closer to the nucleus than the 6s and 5d orbitals (Figure 1.24). The 4f orbitals are 

therefore minimally perturbed by the coordination environment. While rigid coordination 

geometries are observed for many transition metal complexes, lanthanide coordination geometries 

tend to be flexible and strongly influenced by sterics due to the predominantly electrostatic nature 

of the bonding interactions. Lanthanide ions are generally most stable as trivalent cations, although 

many LnII and LnIV ions are moderately stable (e.g., CeIV, SmII, EuII, TbIV, YbII), especially when 

stable electron configurations 4f 0, 4f 7, or 4f 14 can be reached. The 4f electrons do not effectively 

shield the 5s and 5p electrons, so when the nuclear charge is increased across the series, the decrease 

in ionic radius is greater than expected (Figure 1.24). Smaller than expected ionic radii are also 

observed for the 6d transition metals; this effect is known as the lanthanide contraction.  

Figure 1.24: (a) radial distribution of the 4f, 5s, 5p, and 6s atomic orbitals of a Gd+ ion (b) ionic 

radii of tripositive lanthanide ions. Radial distribution plot has been reprinted from Physical 

Review, 127(6), 2060, Copyright (1962), with permission from American Physical Society. 
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Because the 4f orbitals are effectively non-interacting with their surroundings, magnetic 

coupling with neighbouring magnetic orbitals (e.g., from an organic radical) does not efficiently 

take place through electron exchange involving the 4f orbitals unless the radical is coordinated 

strongly. Charge transfer from a neighbouring magnetic orbital to a lanthanide 5d orbital provides 

a mechanism of coupling, proposed by Goodenough, discussed (vide supra). Coupling of an 

electron’s spin, and its orbital angular momentum, known as spin-orbit coupling, increases 

proportional to the atomic number as Z4 and cannot be neglected when discussing the 4f orbitals.65 

For the lanthanides, coupling of the total spin, S, and total orbital angular momentum, L, gives 

accurate results for the total angular momentum, J.66 This is known as Russell-Saunders coupling, 

or LS coupling. For even heavier atoms, the individual angular momenta, j, are found from l and s 

then coupled together to give J (known as j-j couping).67 The total angular momentum, J, can have 

values, increasing by 1, from │L - S│ to L + S. For a multiplet split by spin-orbit coupling, each J 

state is displaced from the center of the multiplet by 

∆𝐸𝑆,𝐿,𝐽 = 
𝜆

2
[J(J+ 1) − 𝐿(𝐿 + 1) − 𝑆(𝑆 + 1)]   (43) 

where λ is the spin-orbit coupling parameter.68 

Spin orbit coupling of electrons in 4f orbitals is much greater than that of electrons in 3d 

orbitals; so much so that the use of the spin quantum number, S, is no longer appropriate and the 

total angular momentum quantum number, J, must be used in its place. The value of g also varies 

greatly when accounting for the total angular momentum: 

𝑔𝐽 =
3

2
+

𝑆(𝑆+1)−𝐿(𝐿+1)

2𝐽(𝐽+1)
      (44) 

The values of J, gJ, and other relevant magnetic data calculated in the context of the free ion 

approximation for LnIII ions are summarized in Table 1.1. 

𝜒𝑇 =  
𝑆(𝑆+1)𝑔2

8
       (45) 
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Table 1.1: Magnetic characteristics of lanthanide (III) ions 

Ion S L J gJ 

Ground state 

term symbol 

Calculated room 

temperature χT 

(cm3 K mol-1) 

Experimental room 

temperature χT66 

(cm3 K mol-1) 

LaIII 0 0 0 0 1S0 0 0 

CeIII 1/2 3 5/2 6/7 2F5/2 0.80 0.82 

PrIII 1 5 4 4/5 3H4 1.60 1.54 

NdIII 3/2 6 9/2 8/11 4I9/2 1.64 1.57 

PmIII 2 6 4 3/5 5I4 0.90 No data (radioactive) 

SmIII 5/2 5 5/2 2/7 6H5/2 0.09 (0.31) 0.27 

EuIII 3 3 0 0 7F0 0 (1.50) 1.40 

GdIII 7/2 0 7/2 2 8S7/2 7.88 8.10 

TbIII 3 3 6 3/2 7F6 11.81 11.33 

DyIII 5/2 5 15/2 4/3 6H15/2 14.17 13.91 

HoIII 2 6 8 5/4 5I8 14.06 13.52 

ErIII 3/2 6 15/2 6/5 4I15/2 11.48 11.28 

TmIII 1 5 6 7/6 3H6 7.15 6.51 

YbIII 1/2 3 7/2 8/7 2F7/2 2.57 2.49 

Values in brackets include second order effects calculated by Van Vleck66 

  

 Significant deviations from the χT value calculated considering only the ground state are 

seen for SmIII and EuIII. In each case, the multiplet splitting due to spin orbit coupling is not 

exceptionally large in comparison to kBT (as is the case for other LnIII ions) so excited states exist 

close enough in energy to the ground state that they cannot be neglected. The contribution from 

low lying excited states is obtained as the average of their susceptibilities weighted by their 

population at a given temperature.68 The contribution of excited states does not fully account for 
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the observed room temperature magnetic susceptibility, a temperature independent contribution is 

also significant when low lying excited states are present.68 

𝜒TIP = 
2𝑁A𝜇B

2(𝑔𝐽−1)(𝑔𝐽−2)

3𝜆
     (46) 

 

 

SINGLE-MOLECULE MAGNETS 

 

 Single molecule magnets (SMMs) are magnetically zero dimensional materials and, 

therefore, do not order. The slow relaxation observed in SMMs originates entirely from a finite 

unit. The general requirements for SMM behaviour are strong, uniaxial magnetoanisotropy (i.e., a 

large negative value of D) and, when discussing transition metal SMMs, a high spin ground state, 

S (for lanthanides, total angular momentum, J, is used). Magnetoanisotropy lifts the degeneracy of 

the 2S + 1 microstates, the sign of D determines whether spins are preferentially distributed parallel 

(or antiparallel) to an axis (D < 0) or distributed within a plane (D > 0). Uniaxial magnetoanisotropy 

ensures that two energy minima are present, for maximized positive and negative values of mS. The 

axis with which spins are preferentially aligned is referred to as the easy axis. The formation of an 

easy plane when D > 0 results in the microstate mS = 0 being lowest in energy. 

 An energy barrier equal to │D│SZ
2 separates the +mS and -mS microstates in the absence 

of an applied field (Figure 1.25). Relaxation can occur thermally, over this energy barrier, or 

through quantum tunnelling between +mS and -mS microstates. Additionally, thermally assisted 

quantum tunneling can occur between spin microstates above the ground state after thermal 

excitation that is not sufficient to overcome the │D│SZ
2 energy barrier. 
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Figure 1.25: Free energy diagram for an SMM with a spin of 5/2. Relaxation processes are indicated 

by arrows. The thermal energy barrier is equal to │D│SZ
2. 

 

The application of a dc field lowers the energy of microstates parallel to the applied field 

while raising the energy of microstates antiparallel to the applied field (Figure 1.26). Selection of 

an appropriate dc field can greatly supress quantum tunnelling, although it cannot be eliminated 

entirely for a system of more than two microstates. When a field is applied such that the maximum 

spin microstate of one orientation is equal in energy to any spin microstate of the opposite 

orientation, quantum tunnelling is most pronounced (Figure 1.26). Applied dc fields for which 

quantum tunnelling is maximized occur at integer multiples of D/gμB. The occurrence of quantum 

tunnelling at regular intervals of applied dc field causes distinct vertical “steps” to appear in 

hysteresis loops measured for SMMs (Figure 1.27). 
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Figure 1.26: Free energy diagram for an SMM with a spin of 5/2 in (a) zero applied field (b) an 

applied field at which quantum tunnelling is minimized (c) an applied field at which quantum 

tunnelling is maximized. 
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Figure 1.27: Magnetic hysteresis of [Mn12(CH3COO)16(H2O)4O12]·2CH3COOH·4H2O at 2.1 K. 

Steps are observed at fields consistent with maximized quantum tunnelling as indicated by dotted 

lines. Magnetic hysteresis plot has been reprinted from Journal of Alloys and Compounds, 317, 8, 

Copyright (2001), with permission from Elsevier. 

 

 At sufficiently low temperatures, an out-of-phase component is detected in ac susceptibility 

measurements of SMMs due to slow relaxation of magnetization. Since relaxation can occur by 

either overcoming a thermal barrier or through quantum tunnelling (vide supra), two differing 

relaxation regimes can be observed in ac measurements by tracking the maxima of χʺ as a function 

of ac frequency at low temperatures. In the temperature range of thermal relaxation, the maxima of 

χʺ as a function of ac frequency are temperature dependant. At lower temperatures, χʺ is maximized 
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at lower frequencies as the thermal relaxation slows down. At sufficiently low temperatures, the 

maxima of χʺ as a function of ac frequency are independent of temperature, indicating that quantum 

tunnelling is responsible for the observed relaxation of magnetization (Figure 1.28).  

 For thermal relaxation, the relaxation time can be expressed as a thermally activated 

process with an effective energy barrier: 

𝜏 =  𝜏0exp(𝑈𝑒𝑓𝑓/𝑘B𝑇)      (47) 

The energy barrier, Ueff/kB, can be quoted in units of Kelvin and is the preferred measurement to 

compare SMMs in this thesis. 

Figure 1.28: Plot of ln of relaxation time, ln(τ), vs 1/T for a typical SMM. Relaxation is thermally 

activated at high temperatures, the slope of the high temperature region is equal to the energy barrier 

Ueff/kB. Relaxation at low temperatures is achieved via quantum tunnelling with no energy barrier. 

 

 The significant magnetic moments and large magnetic anisotropy of lanthanide ions (e.g., 

TbIII, DyIII, ErIII) make them useful in the formation of SMMs since these factors (S and D 

respectively) determine the energy barrier for the relaxation of magnetization.69–71 Record energy 

barriers have been achieved in SMMs based on lanthanide ions.72–74 
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SINGLE-CHAIN MAGNETS 

 

 1D chains of anisotropic spins exhibiting slow relaxation are known as single chain 

magnets (SCM). While no long range ordering can be observed above 0 K for a 1D system, the 

phase transition at 0 K is second order so the presence of short range order can be detected at 

measurable temperatures.75,76 The correlation length, 2ξ, for 1D chains increases exponentially at 

low temperatures coincident with the exponential decrease in the number of domain walls (vide 

supra). For a 1D chain of ferromagnetically coupled anisotropic spins, the activation energy for the 

formation of a domain wall, Δξ, can be deduced from a plot of ln(χʹT) as a function of inverse 

temperature (Figure 1.29) because the in-phase magnetic susceptibility increases exponentially 

along with the correlation length. 

𝜒′𝑇

𝐶
= 

2ξ

𝑎
= exp (

Δξ

𝑘B𝑇
)      (48) 

The slope of the linear region of the ln(χʹT) vs. 1/T plot is the activation energy of the domain wall 

which, for an Ising chain where D >> J, is equal to 4JS2. As a simplification, this section assumes 

D >> J for any SCM systems discussed. 
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Figure 1.29: Plot of ln(χʹT) as a function of 1/T for [Mn2(saltmen)2Ni(pao)2(py)2](ClO4)2 at 1 Hz in 

zero DC field. χʹ is the in phase magnetic susceptibility which is proportional to the correlation 

length, ξ, of a 1D chain. (saltmen2- = N,Nʹ-(1,1,2,2-tetramethylethylene) bis(salicylideneiminate); 

pao- = pyridine-2-aldoximate; py = pyridine). Reprinted from Structure and Bonding, 164, 143-

184, Copyright (2015), with permission from Springer. 

 

At high temperature, the plot of ln(χʹT) vs 1/T deviates from a straight line because the 

approximation of spin as used in the domain wall energy 4JS2 is not longer valid. Below a crossover 

temperature, T*, the χʹT product is saturated due to an increase in the correlation length to the point 

that 2ξ > L, and only one magnetic domain is present between defects. The regions above and below 

T* are described as the infinite-chain and finite-chain regimes respectively. 

 The relaxation time, τ, is temperature-dependant and can be deduced from a plot of the out-

of-phase susceptibility (χʺ) at a given temperature as a function of ac frequency (vide supra). A 

description of relaxation in Ising systems was developed by Glauber in 1963 in which some spins 

are required to flip during the relaxation.77 The probability of flipping the ith spin of an Ising chain 

depends on its neighbours, which create the local field, Ei, experienced by the spin: 

𝐸𝑖 = 2𝐽𝑆2(𝜎𝑖−1 + 𝜎𝑖+1)     (49) 
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Several acceptable choices are available for the expression of the transition probability, Wi(σi) for 

flipping the ith spin’s orientation. This thesis will use Glauber’s model, which expresses the 

transition probability as: 

𝑊𝑖(𝜎𝑖) =  
1

2𝜏0
(1 −

y

2
𝜎𝑖(𝜎𝑖−1 + 𝜎𝑖+1))    (50) 

y = tanh(4JS2/kBT) 

where 𝜏0 is the relaxation time in the absence of any interactions. SCMs have two distinct regions 

of differing relaxation modes corresponding to the relationship between the correlation length, ξ, 

and the distance between chain defects, L (the finite-chain and infinite-chain regimes). We will 

first examine the finite-chain case, in which 2ξ < L. At the low temperature limit, the relaxation 

time is given by: 

𝜏 =  
𝜏0

2
exp(2∆ξ/𝑘B𝑇)      (51) 

𝜏0 itself is thermally activated. The activation energy is the energy barrier for flipping a spin in the 

absence of any interactions: 

𝜏0 = 𝜏𝑖exp(∆𝐴/𝑘B𝑇)      (52) 

𝜏𝑖 is a relaxation time intrinsic to the spin with no energy barrier. The activation energy, ∆𝐴, is 

equal to DS2 for an Ising chain. The relaxation time for an Ising chain in the temperature regime 

for which 2ξ < L is therefore: 

𝜏 =  
𝜏𝑖

2
exp[(2Δξ + Δ𝐴)/𝑘B𝑇]     (53) 

Below the crossover temperature, as 2ξ becomes much greater than L in the infinite-chain regime, 

the relaxation time of an Ising chain is given by: 

𝜏 =  
𝜏𝑖𝐿

2𝑎
exp[(Δξ + Δ𝐴)/𝑘B𝑇]     (54) 

A plot of ln(τ) vs 1/T allows for the experimental activation energy in the finite and infinite chain 

regimes (Δτ1 and Δτ2 respectively) to be determined as the slope of a straight line (Figure 1.30). 

Δ𝜏1 = 2Δξ + Δ𝐴      (55) 
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Δ𝜏2 = Δξ + Δ𝐴       (56) 

The difference between Δτ1 and Δτ2 is therefore equal to Δξ, the activation energy for the formation 

of a domain wall. The determination of Δξ based on experimental relaxation times should be in 

agreement with Δξ as determined by the relationship of ln(χʹT) vs 1/T (vide supra). The relaxation 

time for SCM systems is also field dependant when AC measurements are conducted at a constant 

temperature in an applied dc field, with a maximum occurring at zero applied field.78 

Figure 1.30: Plot of ln(τ) vs 1/T for a typical SCM. Infinite-chain (T > T*) and finite-chain (T < T*) 

regimes are present, with experimentally determined activation energies Δτ1 and Δτ2 respectively. 

 

 SCMs are 1D chains and therefore cannot exhibit long-range order above 0 K (i.e., at any 

real temperature). Interchain interactions (present in all systems) can, however, lead to a 3D ordered 

phase at very low temperatures, depending on the magnitude of interchain coupling. Interchain 

coupling in SCM systems is commonly AF, but the presence of a 3D AF ordered phase does not 

prevent the system from having a thermally activated increase in correlation length, corresponding 

to SCM behaviour, above the critical temperature, nor does it prevent slow relaxation of 
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magnetization from occurring below the critical temperature.76,79,80 In the absence of 3D AF order, 

a plot of ln(χʹT) vs 1/T is saturated at low temperature (vide supra). In the discussion of an onset of 

3D AF ordering in an SCM, χT is used rather than χʹT. This substitution is appropriate for 

temperatures at which no out-of-phase susceptibility is detected and allows the field dependence of 

the magnetic susceptibility at low temperatures to be studied (Figure 1.31).  

Figure 1.31: Plot of χT on a ln scale as a function of 1/T for [Mn2(5-

MeOsaltmen)2Ni(pao)2(phen)2](PF6)2 at 0, 500, and 1000 Oe applied dc field. (5-MoOsaltmen2- = 

N,Nʹ-(1,1,2,2-tetramethylethylene) bis(5-methoxysalicylideneiminate); pao- = pyridine-2-

aldoximate; phen = 1,10-phenanthroline). Reprinted from Structure and Bonding, 164, 143-184, 

Copyright (2015), with permission from Springer. 

 

 The onset of 3D antiferromagnetic ordering at the Néel temperature (TN) is accompanied 

by a field-dependant decrease in the χT product upon further cooling. The greatest decrease is 

observed at zero dc field. The relaxation time of any SCM is field-dependent. In the absence of 

ordering, the maximum is at zero applied field. For AFM ordered systems below the Néel 

temperature, the maximum relaxation time is not observed at zero field but rather at the minimum 

applied field required to overcome AFM order, i.e., transition to a paramagnetic phase.79  



 

46 

 

REFERENCES 

 

(1)  Drago, R. S. Physical Methods for Chemists, 2nd ed.; Surfside Scientific Publishers: 

Gainsville, FL, 1992. 

(2)  Kahn, O. Molecular Magnetism; Wiley-VCH: New York, 1993. 

(3)  Bonner, J. C.; Fisher, M. E. Phys. Rev. 1964, 135 (3A). 

(4)  Baker, G. A.; Rushbrooke, G. S.; Gilbert, H. E. Phys. Rev. 1964, 135, A1274. 

(5)  Seiden, J. J. Phys. Lett. 1983, 44, 947. 

(6)  Briat, B.; Russel, M. F.; Rivoal, J. C.; Chapelle, J. P.; Kahn, O. Mol. Phys. 1977, 34 (5), 

1357–1389. 

(7)  Kahn, O. Theor. Approaches Struct. Bond. 1987, 68 (Ii), 89–167. 

(8)  McConnell, H. M. J. Chem. Phys. 1963, 39 (7), 1910. 

(9)  Yoshizawa, K.; Hoffmann, R.; Yoshizawat, K.; Hoffmann, R. J. Am. Chem. Soc. 1995, 117 

(26), 6921–6926. 

(10)  Goodenough, J. B. Magnetism and The Chemical Bond; Interscience: New York, 1963. 

(11)  Bencini, A.; Benelli, C.; Caneschi, A.; Carlin, R. L.; Dei, A.; Gatteschi, D. J. Am. Chem. 

Soc. 1985, 107 (21), 8128–8136. 

(12)  Bencini, A.; Benelli, C.; Caneschi, A.; Dei, A.; Gatteschi, D. Inorg. Chem. 1986, 25, 572–

575. 

(13)  Benelli, C.; Caneschi, A.; Gatteschi, D.; Guillou, O.; Pardi, L. Inorg. Chem. 1990, 29, 1750–

1755. 

(14)  Benelli, C.; Caneschi, A.; Gatteschi, D.; Pardi, L. Inorg. Chem. 1992, 31 (3), 741–746. 

(15)  Lescop, C.; Luneau, D.; Rey, P.; Bussière, G.; Reber, C. Inorg. Chem. 2002, 41 (21), 5566–

5574. 

(16)  Xu, J. X.; Ma, Y.; Xu, G. F.; Wang, C.; Liao, D. Z.; Jiang, Z. H.; Yan, S. P.; Li, L. C. Inorg. 

Chem. Commun. 2008, 11 (11), 1356–1358. 



 

47 

 

(17)  Pointillart, F.; Bernot, K.; Poneti, G.; Sessoli, R. Inorg. Chem. 2012, 51 (22), 12218–12229. 

(18)  Hu, P.; Guo, H.-F.; Li, Y.; Xiao, F.-P. Inorg. Chem. Commun. 2015, 59, 91–94. 

(19)  Kanetomo, T.; Yoshitake, T.; Ishida, T. Inorg. Chem. 2016, 55 (16), 8140–8146. 

(20)  Lescop, C.; Luneau, D.; Belorizky, E.; Fries, P.; Guillot, M.; Rey, P. Inorg. Chem. 1999, 38 

(24), 5472–5473. 

(21)  Tsukuda, T.; Suzuki, T.; Kaizaki, S. Mol. Cryst. Liq. Cryst. 2002, 379 (1), 159–164. 

(22)  Tsukuda, T.; Suzuki, T.; Kaizaki, S. Polyhedron 2007, 26 (13), 3175–3181. 

(23)  Ishida, T.; Murakami, R.; Kanetomo, T.; Nojiri, H. Polyhedron 2013, 66, 183–187. 

(24)  Kanetomo, T.; Ishida, T. Inorg. Chem. 2014, 53 (20), 10794–10796. 

(25)  Kanetomo, T.; Ishida, T. Chem. Commun. 2014, 50 (19), 2529–2531. 

(26)  Wang, X.; Zhu, M.; Wang, J.; Li, L. Dalton Trans. 2015, 44 (31), 13890–13896. 

(27)  Caneschi, A.; Dei, A.; Gatteschi, D.; Sorace, L.; Vostrikova, K. Angew. Chem. Int. Ed. 2000, 

39 (1), 246–248. 

(28)  Rinehart, J. D.; Fang, M.; Evans, W. J.; Long, J. R. Nat. Chem. 2011, 3 (7), 538–542. 

(29)  Demir, S.; Zadrozny, J. M.; Nippe, M.; Long, J. R. J. Am. Chem. Soc. 2012, 134 (2), 18546–

18549. 

(30)  Sugawara, T. J. Phys. Soc. Japan 1965, 20 (12), 2252. 

(31)  Sugawara, T.; Eguchi, H. J. Phys. Soc. Japan 1966, 21 (4), 725. 

(32)  Boes, J.; Van Dam, A. J.; Bijvoet, J. Phys. Lett. 1968, 28A (2), 101–102. 

(33)  Coqblin, B.; Schrieffer, J. R. Phys. Rev. 1969, 185 (2), 847–853. 

(34)  Booth, C. H.; Walter, M. D.; Daniel, M.; Lukens, W. W.; Andersen, R. A. Phys. Rev. Lett. 

2005, 95 (26), 2–5. 

(35)  Ashley, A.; Balazs, G.; Cowley, A.; Green, J.; Booth, C. H.; O’Hare, D. Chem. Commun. 

2007, 1515–1517. 

(36)  Lukens, W. W.; Magnani, N.; Booth, C. H. Inorg. Chem. 2012, 51 (19), 10105–10110. 

(37)  Crawford, V. H.; Richardson, H. W.; Wasson, J. R.; Hodgson, D. J.; Hatfield, W. E. Inorg. 



 

48 

 

Chem. 1976, 15 (9), 2107–2110. 

(38)  Hay, P. J.; Thibeault, J. C.; Hoffmann, R. J. Am. Chem. Soc. 1975, 97 (17), 4884–4899. 

(39)  Charlot, M. F.; Jeannin, S.; Jeannin, Y.; Kahn, O.; Lucrece-Abaul, J.; Martin-Frere, J. Inorg. 

Chem. 1979, 18 (6), 1675–1681. 

(40)  Kahn, O. Angew. Chem. Int. Ed. 1985, 24, 834–850. 

(41)  Vicente, R.; Ribas, I. J.; Alvarez, S.; Segui, A.; Solans, X.; Verdaguerlc, M. Inorg. Chem. 

1987, 26, 4004–4009. 

(42)  Néel, L. Influence des Fluctuations des Champs Moléculaires sur les Propriétés 

Magnétiques des Corps, Université de Strasbourg, 1932. 

(43)  Lidiard, A. B. Reports Prog. Phys. 1954, 17, 201–244. 

(44)  Cullity, B. D. Introduction to Magnetic Materials; Addison-Wesley: Reading, 

Massachusetts, 1972. 

(45)  Gatteschi, D.; Sessoli, R.; Villain, J. Molecular Nanomagnets; Oxford University Press: 

New York, 2006. 

(46)  Casmir, H. B. G.; Du Pre, F. K. Physica 1938, 6, 507–511. 

(47)  Cole, K. S. J. Gen. Physiol. 1928, 12, 29–36. 

(48)  Cole, K. S. J. Gen. Physiol. 1932, 15, 641–649. 

(49)  Cole, K. S.; Cole, R. H. J. Chem. Phys. 1941, 9, 341–351. 

(50)  Cole, K. S.; Cole, R. H. J. Chem. Phys. 1942, 10, 98–105. 

(51)  Cordes, A. W.; Goddard, J. D.; Oakley, R. T.; Westwood, N. P. C. J. Am. Chem. Soc. 1989, 

111 (16), 6147–6154. 

(52)  Preuss, K. E. Polyhedron 2014, 79, 1–15. 

(53)  Britten, J.; Hearns, N. G. R.; Preuss, K. E.; Richardson, J. F.; Street, S. B.; Louis, V.; 

Carolina, N.; Uni, S.; Carolina, N. 2007, 46 (10), 3934–3945. 

(54)  Fatila, E. M.; Mayo, R. A.; Rouzières, M.; Jennings, M. C.; Dechambenoit, P.; Soldatov, D. 

V.; Mathonière, C.; Clérac, R.; Coulon, C.; Preuss, K. E. Chem. Mater. 2015, 27 (11), 4023–



 

49 

 

4032. 

(55)  Fatila, E. M.; Goodreid, J.; Clérac, R.; Jennings, M.; Assoud, J.; Preuss, K. E. Chem. 

Commun. 2010, 46 (35), 6569–6571. 

(56)  Preuss, K. E. Coord. Chem. Rev. 2015, 289–290 (1), 49–61. 

(57)  Fatila, E. M.; Clérac, R.; Jennings, M.; Preuss, K. E. Chem. Commun. 2013, 49 (82), 9431. 

(58)  Vegas, A.; Perez-Salazar; Banisrter, A. J.; Hey, R. G. J. Chem. Soc., Dalt. Trans. 1980, 

1812–1815. 

(59)  Cordes, A. W.; Haddon, R. C.; Oakley, R. T.; Schneemeyer, L. F.; Joseph, V.; Young, K. 

M.; Zimmerman, N. M. J. Am. Chem. Soc. 1991, 113, 582–588. 

(60)  Caneschi, A.; Gatteschi, D.; Sessoli, R.; Rey, P. Acc. Chem. Res. 1989, 22 (11), 392–398. 

(61)  Preuss, K. E. Dalton Trans. 2007, No. 23, 2357. 

(62)  Banister, A. J.; Gorrell, I. B.; Clegg, W. J. Chem. Soc., Dalt. Trans. 1989, 2229–2233. 

(63)  Banister, A. J.; Gorrell, I. B.; Clegg, W.; Jorgenson, K. A. J. Chem. Soc., Dalt. Trans. 1991, 

1105–1109. 

(64)  Hearns, N. G. R.; Preuss, K. E.; Richardson, J. F.; Bin-Salamon, S. J. Am. Chem. Soc. 2004, 

126 (32), 9942–9943. 

(65)  Atkins, P.; de Paula, J. Physical Chemistry, 8th ed.; Oxford University Press: New York, 

2006. 

(66)  Van Vleck, J. H. The Theory of Electric and Magnetic Susceptibilities; Oxford: London, 

1932. 

(67)  Sorace, L.; Gatteschi, D. In Lanthanides and Actinides in Molecular Magnetism; Layfield, 

R. A., Murugesu, M., Eds.; Weinheim, Germany, 2015; pp 1–26. 

(68)  Casey, A. T.; Mitra, S. In Theory and Applications of Molecular Paramagnetism; 

Boudreaux, E. A., Mulay, L. N., Eds.; John Wiley & Sons: New York, 1976; pp 271–316. 

(69)  Ishikawa, N.; Sugita, M.; Ishikawa, T.; Koshihara, S. Y.; Kaizu, Y. J. Am. Chem. Soc. 2003, 

125 (29), 8694–8695. 



 

50 

 

(70)  Rinehart, J.; Long, J. Chem. Sci. 2011, 2, 2078–2085. 

(71)  Woodruff, D. N.; Winpenny, R. E. P.; Layfield, R. A. Chem. Rev. 2013, 113 (7), 5110–

5148. 

(72)  Gonidec, M.; Luis, F.; Vilchez, À.; Esquena, J.; Amabilino, D. B.; Veciana, J. Angew. 

Chem. Int. Ed. 2010, 49 (9), 1623–1626. 

(73)  Gonidec, M.; Biagi, R.; Corradini, V.; Moro, F.; De Renzi, V.; Del Pennino, U.; Summa, 

D.; Muccioli, L.; Zannoni, C.; Amabilino, D. B.; Veciana, J. J. Am. Chem. Soc. 2011, 133 

(17), 6603–6612. 

(74)  Ganivet, C. R.; Ballesteros, B.; De La Torre, G.; Clemente-Juan, J. M.; Coronado, E.; 

Torres, T. Chem. Eur. J. 2013, 19 (4), 1457–1465. 

(75)  Caneschi, A.; Gatteschi, D.; Lalioti, N.; Sangregorio, C.; Sessoli, R.; Venturi, G.; Vindigni, 

A.; Rettori, A.; Pini, M. G.; Novak, M. A. Angew. Chem. Int. Ed. 2001, 40 (9), 1760. 

(76)  Coulon, C.; Pianet, V.; Urdampilleta, M.; Clérac, R. Struct. Bond. 2015, 164, 143–184. 

(77)  Glauber, R. J. J. Math. Phys. 1963, 4 (2), 294–307. 

(78)  Coulon, C.; Clérac, R.; Wernsdorfer, W.; Colin, T.; Saitoh, A.; Motokawa, N.; Miyasaka, 

H. Phys. Rev. B: Condens. Matter 2007, 76, 214422(1)-214422(15). 

(79)  Coulon, C.; Clérac, R.; Wernsdorfer, W.; Colin, T.; Miyasaka, H. Phys. Rev. Lett. 2009, 102 

(16), 167204(1)-167204(4). 

(80)  Miyasaka, H.; Takayama, K.; Saitoh, A.; Furukawa, S.; Yamashita, M.; Clérac, R.; 

Furakawa, S.; Yamashita, M.; Clérac, R. Chem. Eur. J. 2010, 16 (12), 3656–3662. 

 



 

51 
 

Chapter 2: FM ordering of –[Ln(III)-radical]n– coordination polymers 

 

PROJECT OVERVIEW 

 

 The focus of this thesis is the coordination complexes of DTDA radical ligands. The current 

chapter deals with lanthanide – radical coordination polymers of a weakly coordinating radical 

ligand, 4-(2ʹ-benzoxazolyl)-1,2,3,5-dithiadiazolyl (boaDTDA) (Figure 2.1) (Lanthanide – radical 

coordination polymers with a strongly coordinated radical ligand are discussed in Chapter 3). In 

this chapter, the synthesis, characterization, and solid-state magnetic properties of the isostructural 

series of 1D coordination polymers [Ln(hfac)3(boaDTDA)]n (Ln = Ce, Pr, Nd, Eu) is described. As 

a result of interchain interactions, [Nd(hfac)3(boaDTDA)]n orders three-dimensionally as a 

ferromagnet below 2.2 K. 

Figure 2.1: 4-(2ʹ-benzoxazolyl)-1,2,3,5-dithiadiazolyl (boaDTDA). 

 

 BoaDTDA was first synthesized by Elisa Fatila of the Preuss group.1 The nitrile precursor, 

2-cyanobenzoxazole, is not commercially available but can be prepared from 2-aminophenol 

(Figure 2.2). 
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Figure 2.2: Synthesis of 4-(2ʹ-benzoxazolyl)-1,2,3,5-dithiadiazolyl (boaDTDA) from 2-

aminophenol. 

 

 BoaDTDA coordinates to transition metals and lanthanides via N,N-chelation.1–3 1D chain 

compounds of early lanthanides (La – Eu, excluding Pm) can be formed with boaDTDA bridging 

lanthanides through N,N-chelation on one side and N,O-chelation on the other (Figure 2.3).4,5 

BoaDTDA complexes of smaller, late lanthanides (e.g., Gd, Dy) do not form chains, instead, 

dimeric units of N,N-chelated complexes are formed through pancake bonding between boaDTDA 

radicals.3 

Figure 2.3: Coordination motifs observed for 1:1 complexes of boaDTDA (left) N,N-chelation 

(right) Repeating unit of N,N- and N,O-chelation. 
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 The newly synthesized [Ln(hfac)3(boaDTDA)]n (Ln = Ce, Pr, Nd, Eu) coordination 

polymers and the previously published [La(hfac)3(boaDTDA)]n
4 and [Sm(hfac)3(boaDTDA)]n

5 are 

isostructural. As a series of lanthanide complexes, small differences in interatomic distances result 

from the decrease in ionic radius of lanthanide ions with increasing atomic number. The elucidation 

of structure-property relationships can be achieved through systematic variation of structural 

parameters, therefore the compounds studied in this chapter present an opportunity to examine the 

interchain coupling interactions which lead to the 3D FM ordered phase of 

[Nd(hfac)3(boaDTDA)]n. The following manuscript, prepared as a full paper to be submitted for 

publication, examines the structural data to identify interchain contacts whose interaction is 

consistent with the observed magnetic behaviour of [Ln(hfac)3(boaDTDA)]n complexes. 
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ABSTRACT 

 

 Lanthanide-radical coordination complexes of CeIII, PrIII, NdIII, and EuIII with the bridging 

paramagnetic ligand 4-(2ʹ-benzoxazolyl)-1,2,3,5-dithiadiazolyl (boaDTDA) are reported. 

[Ln(hfac)3(boaDTDA)]n coordination polymers form in the crystalline state,  can be sublimed 

quantitatively, and are soluble in organic solvents. The four new complexes presented herein 

complete an isostructural series, including the previously published LaIII and SmIII analogs. Subtle 

structural differences, related to the LnIII ionic radii, are compared across the series, as are the 

magnetic properties. Similar to LaIII, EuIII has a diamagnetic ground state, and the EuIII complex 

exhibits ferromagnetic (FM) coupling between boaDTDA radicals, similar to the LaIII complex. 

FM magnetic coupling between the radical ligand and the lanthanide ion moments is observed for 

the PrIII and NdIII complexes, similar to the SmIII complex. Ac susceptibility measurements show 

no ordering above 2 K for PrIII, however they reveal that the NdIII complex orders ferromagnetically 
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(TC = 2.2 K) at a lower temperature than the SmIII complex (TC = 3 K). Interestingly, 

antiferromagnetic (AF) coupling between the ligand and lanthanide moments is observed for the 

CeIII complex, which we propose is an example of Kondo coupling occurring within a molecule 

due to hybridization of the 4f and 5d orbitals. Single crystal X-ray analyses of all 

[Ln(hfac)3(boaDTDA)]n complexes are discussed in detail here, are used to identify trends in 

intermolecular contacts and how they contributed to the observed magnetic properties.   

 

INTRODUCTION 

 

 Systems of low magnetic dimensionality are of theoretical interest in molecular magnetism 

due to their comparative lack of complexity versus 3D systems.6 The existence of exact solutions 

for the susceptibility of finite spin clusters affords the opportunity to correlate structural changes 

to magnetic consequences.7 Not all 1D arrangements of spins are exactly solvable, but useful 

expressions for their susceptibility can be obtained by extrapolation of finite size systems.7–9 1D 

chains in real-life compounds however, are always part of a 3D structure. The presence of interchain 

interactions, even weak interactions, can therefore lead to 3D order at low temperatures. In relation 

to the susceptibility of a 1D chain, the susceptibility of a 3D compound can be expressed as 

𝜒3𝐷(𝑇) = 𝜒1𝐷(𝑇)/[1 − 𝑛𝐽ʹ𝜒1𝐷(𝑇)]    (1) 

where the interchain interaction, Jʹ, occurs with n neighboring chains.10,11 The opportunity to 

systematically tune Jʹ exists for series of isostructural chains of paramagnetic ions by changing the 

ion, thereby changing the ionic radius and subtly changing interchain contact distances. The 

chemical similarity of the tripositive lanthanide ions and their trend of decreasing ionic radius with 

increasing atomic number makes them ideal candidates for the strategy of making small structural 

changes by varying the ion used. 

 To obtain materials with a high-spin ground state with magnetic dimensionality beyond a 

single, isolated spin, a pathway for exchange coupling between spins that increases the overall spin 
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of the system must exist. For a 1D array of evenly spaced identical spins, the exchange coupling 

between spins must be ferromagnetic (FM) to achieve a non-zero spin ground state, but enforcing 

strict orbital orthogonality to guarantee FM coupling between spins can be difficult.6 As described 

by the so-called metal-radical approach, bridging paramagnetic metal ions with organic radicals 

leads to effective FM alignment of the metal ion magnetic moments regardless of the nature of the 

metal-radical exchange coupling interaction.12 

 Many paramagnetic ligands capable of bridging lanthanide ions have been shown to form 

one-dimensional lanthanide-radical chains such as nitronyl nitroxides,13–26 oxoverdazyls,27 and 

dithiadiazolyls (DTDAs).4,5 Magnetically isolated one-dimensional chains with sufficient 

magnetoanisotropy can exhibit slow relaxation of magnetization as single chain magnets 

(SCMs),28–32 however no one-dimensional object can have a three-dimensionally ordered phase at 

any temperature above 0 K. Three-dimensional order requires a three-dimensional network of 

magnetic interactions.  

 A distinct structural feature of thiazyl radicals is the sterically unencumbered nature of 

atoms with high spin density. S and N atoms are unsubstituted and readily form non-bonding 

electrostatic interactions which direct crystal packing in the solid state and can facilitate magnetic 

and conductive properties, which require a network beyond a single molecule.33 Owing to the 

partial negative charge density of thiazyl N atoms, thiazyl-containing molecules can be modified 

with Lewis base-containing substituents to form paramagnetic ligands which have been 

coordinated to transition metal and lanthanide ions.4,33–35 

 Many examples of non-bonding intermolecular contacts, involving thiazyl atoms of 

significant spin density, in the solid-state structures of complexes of DTDA radicals, have been 

observed to create magnetic exchange pathways.33 Intermolecular contacts between DTDA atoms 

and aryl groups formed through π-stacking can provide a pathway for exchange coupling.2,36 

Through electrostatic S∙∙∙O interactions between DTDA sulfur atoms and atoms of partially 
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negative charge coordinated to metal ions, exchange coupling between radical and metal magnetic 

moments can occur.1,37–39 

 The thiazyl radical ligand 4-(2ʹ-benzoxazolyl)-1,2,3,5-dithiadiazolyl1 (boaDTDA) forms a 

series of one-dimensional, isostructural chains with the general formula [Ln(hfac)3(boaDTDA)]n 

(Ln-boaDTDA) with the trivalent lanthanide ions, CeIII, PrIII, NdIII, and EuIII, in bicapped square 

antiprismatic coordination environments (hfac = 1,1,1,5,5,5-hexafluoroacetoacetanato) (Figure 

2.4). The isostructural La-boaDTDA and Sm-boaDTDA chains have been reported in previous 

communications.4,5 

Figure 2.4: (a) Line drawing of boaDTDA (b) Line drawing of the repeat unit of Ln-boaDTDA 

(Ln = Ce, Pr, Nd, Eu) coordination polymers. 

 

 A three-dimensional network of non-bonding contacts involving DTDA sulfur atoms, 

benzoxazole carbon atoms, and hfac fluorine atoms is studied in the isostructural series of Ln-

boaDTDA (Ln = Ce, Pr, Nd, Eu) polymers. The observed decrease in contact distances from Ce-

boaDTDA to Eu-boaDTDA is a key factor in our understanding of the three-dimensional magnetic 

behavior of these one-dimensional coordination polymers. Of the series, only Nd-boaDTDA orders 

ferromagnetically within the measured temperature regime. A higher ordering temperature was 

observed for Sm-boaDTDA5 (TC = 3 K compared with TC = 2.2 K for Nd-boaDTDA) whose non-

bonding contacts are shorter than Nd-boaDTDA, suggesting the identified non-bonding contacts 

are responsible for the observed three-dimensional ordering. The study of an isostructural series 
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with minute modifications of the three-dimensional contact network, caused by the decreasing ionic 

radius of the lanthanide ions, is essential in confirming the role of interchain non-bonding contacts 

in the formation of a three-dimensionally ordered phase for Nd-boaDTDA. 

 

EXPERIMENTAL SECTION 

 

 General Considerations. Synthesis of Nd(hfac)3(DME) was performed under ambient 

atmosphere but the product was stored under inert atmosphere due to its hygroscopic nature (DME 

= 1,2-dimethoxyethane). Preparation of Ln-boaDTDA (Ln = Ce, Pr, Nd, Eu) coordination 

polymers and of Eu(hfac)3(pyDTDA) was performed under argon atmosphere using standard 

Schlenk techniques (pyDTDA = 4-(2ʹ-pyridyl)-1,2,3,5-dithiadiazolyl). HPLC grade hexanes was 

obtained from Fisher Scientific and used as received. Dry, degassed dichloromethane was 

dispensed from an LC solvent purification system using a dry packed column containing 3 Å 

molecular sieves from a solvent keg filled by Caledon Laboratories. Reagents were purchased from 

Aldrich, Alfa Aesar, Strem, and Acros Organics, and used as received. IR spectra were collected 

using a Nicolet 510-FTIR spectrometer at ambient temperature at 4 cm-1 resolution. IR samples of 

Nd(hfac)3(DME) were prepared as a nujol mull on a KBr plate, all other samples were prepared as 

KBr pressed pellets. Elemental analyses were performed by MHW laboratories in Phoenix, AZ, 

USA. Sublimations were carried out on a tube furnace with three programmable temperature zones 

under dynamic vacuum. For [Ln(hfac)3(boaDTDA)]n complexes all three zones were set to 70 °C 

overnight to remove any unreacted Ln(hfac)3(DME) staring material, pure [Ln(hfac)3(boaDTDA)]n 

was then allowed to deposit in the second zone by raising the temperature of the first zone to the 

required sublimation temperature. The segment of the glass tube containing the desired product 

was cut from the remainder of the tube and the product was collected in an argon glove box. 

Nd(hfac)3(H2O)2 was prepared by a modification40 of a literature procedure.41 Ln(hfac)3(DME) (Ln 

= Ce, Pr, Eu),40  boaDTDA,1 and pyDTDA34 were prepared according to literature procedures.  
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 Nd(hfac)3(DME): Anhydrous dimethoxyethane (1.3 mL, 12 mmol) was added to a stirred 

suspension of Nd(hfac)3(H2O)2 (1.9335 g, 2.4126 mmol) in 65 mL hexanes. The resulting pale blue 

solution was stirred 2.5 h, then concentrated to obtain a blue oil. Repeated dissolution in hexanes 

and evaporation of the solvent using a rotary evaporator afforded a pale blue-purple solid which 

was purified by sublimation at 68 °C under dynamic vacuum (10-2 Torr). Yield: 0.6695 g (32%). 

Melting point 82-84 C. IR (Nujol): 3307 (w), 3291 (w), 3145 (w), 1651 (m), 1612 (w), 1583 (w), 

1537 (w), 1492 (w), 1463 (s), 1377 (s), 1350 (w), 1255 (s), 1208 (s), 1146 (s), 1097 (m), 1046 (m), 

1020 (w), 950 (w), 864 (m), 806 (s), 772 (w), 741 (w), 722 (m), 659 (s), 584 (m) cm-1. Analysis 

calculated for NdC19H13O8F18: C, 26.67; H, 1.53% Found: C, 26.60; H, 1.70%. 

 Eu(hfac)3(pyDTDA): Anhydrous dichloromethane (40 mL) was added to a solid mixture 

of Eu(hfac)3(DME) (1.1010 g, 1.2750 mmol) and pyDTDA (0.2105 g, 1.155 mmol) under argon. 

The purple solution was stirred for 2 h. The solvent was removed under reduced pressure to afford 

a bright red solid. Sublimation of the red solid at 95 °C at 10-2 Torr yielded red-purple blocks; yield 

(0.7698 g, 70%). IR (KBr): 3138 (vw), 2957 (w), 2915 (w), 2846 (vw), 1664 (m), 1649 (s), 1610 

(w, br), 1561 (mw), 1534 (mw), 1497 (m, br), 1461 (mw, sh), 1406 (w, br), 1349 (w), 1329 (w), 

1257 (s), 1207 (s), 1145 (s), 1100 (m), 1052 (w), 1015 (vw), 851 (vw, br), 839 (vw), 803 (m), 790 

(mw, sh), 742 (w), 661 (ms), 637 (vw), 586 (m), 525 (w), 467 (vw), 435 (vw) cm-1. Analysis 

calculated for EuC21H7N3O6S2F18: C, 26.40; H, 0.74; N, 4.40%. Found: C, 26.23; H, 0.90; N, 4.33%. 

 [Ce(hfac)3(boaDTDA)]n: Anhydrous dichloromethane (20 mL) was added to a solid 

mixture of Ce(hfac)3(DME) (0.3159 g, 0.3710 mmol) and boaDTDA (0.0814 g, 0.366 mmol) under 

argon. The resulting dark brown solution was stirred for 1 h, at ambient temperature. The solvent 

was removed under reduced pressure to afford a dark purple solid. Sublimation of the dark solid at 

a set temperature of 120 °C at 10-2 Torr dynamic vacuum yielded green needles; yield 0.0430 g 

(12%). IR (KBr): 3139 (vw), 1646 (vs), 1613 (w), 1561 (mw), 1535 (m), 1486 (ms, sh), 1448 (m), 

1431 (w), 1349 (w, sh), 1323 (w), 1254 (vs), 1230 (w), 1207 (s), 1142 (vs), 1093 (m), 1010 (vw), 

997 (vw), 945 (vw), 888 (vw), 843 (mw), 805 (m), 783 (w), 761 (mw), 750 (mw), 741 (w), 659 
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(m), 617 (vw), 585 (m), 546 (vw), 528 (vw), 499 (vw), 464 (vw), 433 (vw) cm-1. Analysis calculated 

for CeC23H7O7F18N3S2: C, 28.09; H, 0.72; N, 4.28%. Found: C, 28.12; H, 0.88; N, 4.42%. 

 [Pr(hfac)3(boaDTDA)]n: Anhydrous dichloromethane (20 mL) was added to a solid 

mixture of Pr(hfac)3(DME) (0.1545 g, 0.1813 mmol) and boaDTDA (0.0402 g, 0.181 mmol) under 

argon. The brown solution was stirred for 30 min. at ambient temperature. The solvent was removed 

under reduced pressure to afford a dark purple solid. Sublimation of the dark solid at a set 

temperature of 120 °C under dynamic vacuum (10-2 Torr) yielded green needles; yield 0.0206 g 

(12%). IR (KBr): 3141 (w), 1645 (s), 1612 (m), 1561 (m), 1534 (m), 1486 (m), 1448 (m), 1432 

(m), 1336 (w), 1253 (s), 1231 (w), 1206 (s), 1141 (s), 1092 (m), 1012 (w), 997 (w), 980 (w), 944 

(w), 917 (w), 888 (w), 843 (m), 804 (s), 782 (m), 760 (m), 750 (m), 740 (m), 659 (s), 628 (w), 617 

(w), 584 (s), 545 (m), 527 (m), 498 (m), 446 (m), 433 (m) cm-1. Analysis calculated for 

PrC23H7O7F18N3S2: C, 28.06; H, 0.72; N, 4.27% Found: C, 27.84; H, 0.67; N, 3.96%. Crystals 

suitable for x-ray analysis were obtained by sublimation at 100 °C in a glass tube sealed under static 

vacuum (10-2 Torr). 

 [Nd(hfac)3(boaDTDA)]n: Anhydrous dichloromethane (25 mL) was added to a solid 

mixture of Nd(hfac)3(DME) (0.3456 g, 0.4040 mmol) and boaDTDA (0.0897 g, 0.404 mmol) 

under argon. The resulting brown solution was stirred for 1 h. The solvent was removed under 

reduced pressure to afford a dark purple solid. Sublimation of the dark solid at 120 °C and 10-2 Torr 

dynamic vacuum yielded green needles; yield 0.0649 g (16%). IR (KBr): 3137 (vw), 2916 (w), 

2915 (vw), 2844 (vw), 1646 (s), 1613 (m), 1561 (m), 1535 (m), 1488 (s), 1457 (w), 1449 (m), 1434 

(w), 1335 (w), 1322 (w), 1255 (s), 1229 (w), 1206 (s), 1142 (s), 1094 (m), 1013 (vw), 995 (vw), 

979 (vw), 942 (w), 919 (w), 889 (w), 845 (m), 804 (s), 783 (w), 761 (m), 751 (m), 741 (m), 660 

(s), 632 (vw), 617 (w), 586 (m), 546 (w), 528 (w), 499 (w), 466 (w), 434 (w) cm-1. Analysis 

calculated for NdC23H7O7N3F18S2: C, 27.97; H, 0.71; N, 4.25% Found: C, 28.12; H, 0.61; N, 4.26%. 

Crystals suitable for x-ray analysis were obtained by sublimation at 100 °C in a glass tube sealed 

under static vacuum (10-2 torr). 
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 [Eu(hfac)3(boaDTDA)]n: Anhydrous dichloromethane (15 mL) was added to a solid 

mixture of Eu(hfac)3(DME) (0.3410 g, 0.3950 mmol) and boaDTDA (0.0877 g, 0.395 mmol) under 

argon. The brown solution was stirred for 1 h. The solvent was removed under reduced pressure to 

afford a dark purple solid. Sublimation of the dark solid at a set temperature of 120 °C under 

dynamic vacuum (10-2 Torr) yielded green needles; yield 0.0802 g (20%). IR (KBr): 3136 (vw), 

1647 (vs), 1613 (mw), 1561 (m), 1535 (m), 1492 (ms,sh), 1450 (m), 1433 (w), 1340 (w), 1320 (w), 

1255 (vs), 1204 (s), 1142 (vs), 1095 (m), 1001 (vw), 982 (vw), 946 (vw), 921 (vw), 888 (vw), 848 

(mw), 804 (m), 784 (m), 762 (m), 753 (m), 741 (mw), 660 (ms), 632 (vw), 615 (w), 587 (m), 546 

(w), 529 (w), 499 (w), 469 (vw), 436 (vw) cm-1. Analysis calculated for EuC23H7O7F18N3S2: C, 

27.75; H, 0.71; N, 4.22%. Found: C, 28.00; H, 0.89; N, 4.22%. 

 Heated Solution of [Sm(hfac)3(boaDTDA)]n. Anhydrous dichloroethane (50 mL) was 

added to a solid mixture of Sm(hfac)3(DME) (0.3175 g, 0.3685 mmol) and boaDTDA (0.0810 g, 

0.364 mmol) under argon. The light brown solution was heated using an oil bath and photographs 

were taken of the solution at 27, 35, 45, 50, 55, 57, 62, 64, and 67 °C. 

 Computational Studies. The boaDTDA singly occupied molecular orbital (SOMO) and 

spin density distribution were determined from a geometry optimized structure of boaDTDA using 

uB3LYP/6-31g(d,p) as available in the Gaussian 03W computational package version Revision C-

3.01.42 Surfaces were rendered using GaussView 3.043 at an isovalue of 0.02 for the SOMO and 

0.0004 for the spin density distribution. 

 Powder X-ray Diffraction Studies of boaDTDA, Eu(hfac)3(DME), crude 

Eu(hfac)3(boaDTDA), and sublimed Eu(hfac)3(boaDTDA). Experimental details can be found 

in the Supporting Information. 

 Crystallographic Measurements of Eu-pyDTDA and Ln-boaDTDA (Ln = Ce, Pr, Nd, 

Eu). Experimental details can be found in the Supporting Information. 

 Magnetic Measurements. Magnetic susceptibility measurements were obtained with the 

use of a Quantum Design SQUID magnetometer MPMS-XL, functioning between 1.8 and 400 K 
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for dc applied fields ranging from -70000 to 70000 Oe. For alternating-current (ac) susceptibility 

measurements, an oscillating ac field of 3 Oe with a frequency between 1 and 1500 Hz was 

employed. Measurements were performed on polycrystalline samples of Eu(hfac)3(pyDTDA) (18.6 

mg) and Ln-boaDTDA (Ln = Ce, Pr, Nd, Eu) (10.1 mg, 18.9 mg, 24.4 mg, and 18.1 mg, 

respectively) sealed in polypropylene bags under argon atmosphere. Prior to the experiments, the 

field-dependent magnetization was measured at 100 K in order to detect the presence of any bulk 

ferromagnetic impurities. The samples appeared to be free of any significant ferromagnetic 

impurities. The magnetic data were corrected for the sample holder and the diamagnetic 

contribution. 

 

RESULTS 

 

 To investigate the brown color of the crude Ln-boaDTDA (Ln = La,4 Ce, Pr, Nd, Sm,5 Eu) 

reaction mixtures, a solution of Sm(hfac)3(DME) and boaDTDA was prepared in dichloroethane 

(b.p. = 84 °C) so the solution could be heated above room temperature. The solution reversibly 

changes in color from brown to green at approximately 55 °C as documented in a series of 

photographs (Figure 2.5).  
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Figure 2.5: A solution of Sm(hfac)3(DME) and boaDTDA in dichloroethane at various 

temperatures. 

 

 Computational Studies. The singly occupied molecular orbital (SOMO) was calculated 

for a geometry optimized boaDTDA molecule using uB3LYP/6-31g(d,p) (Figure 2.6). The SOMO 

of boaDTDA is nodal at the DTDA carbon atom, so the SOMO is localized to the DTDA 

heterocycle. Spin polarization of the underlying filled orbitals allows for spin density, both α (“spin 

up” or “positive”) and β (“spin down” or “negative”), to be present throughout the molecule. When 

there is orbital overlap between regions of α spin density of one molecule and β spin density of 

another molecule, the McConnell I mechanism predicts an increase in the overall magnetic moment 

between the two molecules (i.e., FM coupling).44,45 In the case of boaDTDA, the calculated spin 

density surface shows the presence of β spin density on carbon atoms of the benzoxazole moiety. 
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Figure 2.6: (a) SOMO of a geometry optimized boaDTDA calculated using uB3LYP/6-31g(d,p) 

and rendered at isovalue = 0.02; (b) spin density distribution of boaDTDA calculated using 

uB3LYP/6-31g(d,p) and rendered at isovalue = 0.0004; blue denotes α-spin density, green denotes 

β-spin density. 

 

 Crystal Structures. Structural details for Eu(hfac)3(pyDTDA) can be found in the 

Supporting Information. All complexes of the Ln-boaDTDA series (Ln = La,4 Ce, Pr, Nd, Sm,5 

Eu) crystalize in the space group Pbca as 1D coordination polymers propagating in [010] (Figure 

2.7, Table 2.1). Within the isostructural series, bond distances and interchain contact distances 

gradually decrease from La-boaDTDA to Eu-boaDTDA which can be used to rationalize the 

observed solid-state magnetic properties. The local coordination environment of each lanthanide 

ion consists of three O,O-hfac ligands, one N,N-boaDTDA ligand, and a nitrogen atom of a 

neighboring boaDTDA ligand. An oxygen atom of a neighboring boaDTDA ligand is also present 

in the coordination sphere, but at a distance outside the sum of van der Waals radii and thus has 

been illustrated as a dotted line in Figure 2.8.  
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Figure 2.7: ORTEP46 representation of the asymmetric unit of Nd-boaDTDA, representative of all 

Ln-boaDTDA (Ln = La, Ce, Pr, Nd, Sm, Eu) (thermal ellipsoids for 150 K structure are shown at 

50% probability). 

Figure 2.8: (a) 1D structure of Nd-boaDTDA, representative of all Ln-boaDTDA (Ln = La, Ce, 

Pr, Nd, Sm, Eu), viewed normal to (001) (b) An excerpt from the crystal structure of Nd-

boaDTDA, representative of all Ln-boaDTDA (Ln = La, Ce, Pr, Nd, Sm, Eu), viewed normal to 

(001) illustrating the coordination sphere of each NdIII ion. 
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 In addition to the overall decrease in coordination distances, the monomeric units of Ln-

boaDTDA (Ln = La, Ce, Pr, Nd, Sm, Eu) also become more isolated with increasing atomic number 

as the lanthanide to N,N-boaDTDA distances decrease while the lanthanide to N,O-boaDTDA 

distances increase (Table 2.1). Ln-boaDTDA chains have not been observed for lanthanides 

smaller than Eu (i.e., Gd – Lu). Both Gd and Dy complexes of boaDTDA form dimeric units 

through a pancake bond between boaDTDA radicals.3 Short S∙∙∙O contacts between DTDA S atoms 

and hfac O atoms are found within chains (Figure 2.9). The S∙∙∙O distances between a DTDA S 

atom and the hfac O atoms of the lanthanide ion to which it is N,N-coordinated (S2∙∙∙O21, O31, 

O41) decrease with increasing atomic number. S∙∙∙O distances between a DTDA S atom and the 

hfac O atoms of the lanthanide ion to which it is N,O-coordinated (S3∙∙∙O31, O41) do not change 

greatly among members of the series (Table 2.1).  

Figure 2.9: (a) 1D structure of Nd-boaDTDA, representative of all Ln-boaDTDA (Ln = La, Ce, 

Pr, Nd, Sm, Eu), viewed normal to (001) (b) An excerpt from the crystal structure of Nd-

boaDTDA, representative of all Ln-boaDTDA (Ln = La, Ce, Pr, Nd, Sm, Eu), viewed normal to 

(001) illustrating the S∙∙∙O contacts between thiazyl S atoms and hfac O atoms within a 1D chain. 

  

 Chains neighbouring along [001] are positioned such that the DTDA moieties of one chain 

are in close proximity to benzoxazole moieties of another chain. Contacts are found between thiazyl 
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S atoms (having α-spin density) and benzoxazolyl C atoms (having β-spin density) (Table 2.1, 

Figure 2.10). Chains neighboring along [100] have interchain contacts between hfac F atoms 

(having residual α-spin density from the lanthanide ion to which they are coordinated, except Eu-

boaDTDA where EuIII is diamagnetic) and benzoxazolyl C atoms (having β-spin density). F∙∙∙C 

interchain interactions decrease in length with increasing atomic number (Table 2.1, Figure 2.11). 

Figure 2.10: An excerpt from the crystal structure of Nd-boaDTDA, representative of all Ln-

boaDTDA (Ln = La, Ce, Pr, Nd, Sm, Eu), illustrating a close contact between a thiazyl S atom 

(having α-spin density) and a benzoxazole C atom (having β-spin density) viewed (a) normal to 

(100) (b) normal to (010).  
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Figure 2.11: An excerpt from the crystal structure of Nd-boaDTDA, representative of all Ln-

boaDTDA (Ln = La, Ce, Pr, Nd, Sm, Eu), illustrating close contacts between hfac F atoms (having 

α-spin density) and a benzoxazole C atom (having β-spin density) (a) viewed normal to (010) (b) 

viewed normal to (001). 
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Table 2.1: Crystallographic details including structure refinement data and selected structural data for Ln-boaDTDA complexes (Ln = La, Ce, Pr, 

Nd, Sm, Eu) 

Complex La-boaDTDA Ce-boaDTDA Pr-boaDTDA Nd-boaDTDA Sm-boaDTDA Eu-boaDTDA 

Formula LaC23H7F18N3O7S2 CeC23H7F18N3O7S2 PrC23H7F18N3O7S2 NdC23H7F18N3O7S2 SmC23H7F18N3O7S2 EuC23H7F18N3O7S2 

Formula 

Weight 

(g/mol) 

982.35 983.56 984.35 987.68 993.79 995.40 

Wavelength 

(Å) 

0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 

Crystal 

System 

orthorhombic orthorhombic orthorhombic orthorhombic orthorhombic orthorhombic 

Space Group Pbca Pbca Pbca Pbca Pbca Pbca 

T (K) 150(2) 150(2) 150(2) 150(2) 150(2) 150(2) 

Unit cell 

dimensio

ns (Å) 

a 20.0045(2) 19.9594(2) 19.9637(2) 19.94183(15) 19.85308(16) 19.82068(18) 

b 14.6473(2) 14.61473(12) 14.61439(11) 14.62308(10) 14.68673(10) 14.76884(15) 

c 21.3848(3) 21.34240(17) 21.34987(19) 21.34011(13) 21.32145(13) 21.3477(2) 
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Complex La-boaDTDA Ce-boaDTDA Pr-boaDTDA Nd-boaDTDA Sm-boaDTDA Eu-boaDTDA 

Unit cell 

angles (°) 

α 90 90 90 90 90 90 

β 90 90 90 90 90 90 

γ 90 90 90 90 90 90 

Volume (Å3) 6266.03(13) 6225.60(9) 6228.98(10) 6223.01(7) 6216.84(8) 6249.08(10) 

Z 8 8 8 8 8 8 

Density calc. 

(g/cm3) 

2.083 2.099 2.099 2.108 2.124 2.116 

Absorption 

coefficient 

(mm-1) 

1.653 1.754 1.855 1.960 2.181 2.297 

F(000) 3784 3792 3800.0 3808.0 3824 3832.0 

Θ range for 

data 

collection (°) 

3.34 to 30.51 1.91 to 32.03 1.97 to 36.32 3.34 to 30.51 1.97 to 37.78 1.91 to 36.32 
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Complex La-boaDTDA Ce-boaDTDA Pr-boaDTDA Nd-boaDTDA Sm-boaDTDA Eu-boaDTDA 

Index ranges -28 ≤ h ≤ 28 

-20 ≤ k ≤ 20 

-30 ≤ l ≤ 30 

-29 ≤ h ≤ 29 

-21 ≤ k ≤ 21 

-31 ≤ l ≤ 31 

-33 ≤ h ≤ 32 

-24 ≤ k ≤ 21 

-35 ≤ l ≤ 31 

-28 ≤ h ≤ 28 

-20 ≤ k ≤ 20 

-30 ≤ l ≤ 30 

-34 ≤ h ≤ 34 

-25 ≤ k ≤ 24 

-36 ≤ l ≤ 36 

-33 ≤ h ≤ 33 

-24 ≤ k ≤ 24 

-35 ≤ l ≤ 35 

Refl. Coll. 145052 133615 107155 147609 145067 191487 

Completenes

s to Θ max 

(%)  

99.9 100 100 99.9 100 100 

Absorption 

correction 

Semi-empirical 

from equivalents 

Multi-scan Multi-scan Multi-scan Semi-empirical 

from equivalents 

Multi-scan 

Max. and 

min. 

transmission 

0.790 and 0.595 1 and 0.79031 1 and 0.73292 1 and 0.93013 0.670 and 0.311 1 and 0.71744 

Refinement 

method 

Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 
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Complex La-boaDTDA Ce-boaDTDA Pr-boaDTDA Nd-boaDTDA Sm-boaDTDA Eu-boaDTDA 

Data / 

restraints / 

parameters 

9558 / 234 / 514 10829 / 160 / 524 15100 / 117 / 515 9484 / 196 / 552 16678 / 87 / 543 15153 / 117 / 515 

Goof on F2 1.043 1.012 1.066 1.000 1.088 1.054 

Final R 

indices [I > 

2σ(I)] 

R1 = 0.0205 

wR2 = 0.0536 

R1 = 0.0252 

wR2 = 0.0576 

R1 = 0.0318 

wR2 = 0.0797 

R1 = 0.0203 

wR2 = 0.0508 

R1 = 0.0268 

wR2 = 0.0556 

R1 = 0.0550 

wR2 = 0.1133 

R indices (all 

data) 

R1 = 0.0241 

wR2 = 0.0536 

R1 = 0.0345 

wR2 = 0.0625 

R1 = 0.0461 

wR2 = 0.0868 

R1 = 0.0243 

wR2 = 0.0525 

R1 = 0.0471 

wR2 = 0.0625 

R1 = 0.1034 

wR2 = 0.1360 

Largest diff. 

peak & hole 

(e.Å3) 

0.7 & -0.5 1.24 & -0.99 2.40 & -1.05 0.74 & -0.62 2.3 & -1.0 7.15 & -2.66 

Selected bond distances (Å) 

Ln – N1 2.8312(13) 2.8088(15) 2.7907(16) 2.7694(14) 2.7438(12) 2.724(3) 

Ln – N4 2.9345(13) 2.9339(16) 2.9365(17) 2.9509(14) 3.0062(13) 3.063(3) 
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Complex La-boaDTDA Ce-boaDTDA Pr-boaDTDA Nd-boaDTDA Sm-boaDTDA Eu-boaDTDA 

Ln – N14 2.7492(12) 2.7123(15) 2.6919(16) 2.6695(13) 2.6285(12) 2.612(3) 

Ln – O7 3.2073(10) 3.2401(13) 3.2731(11) 3.3136(12) 3.3948(11) 3.456(3) 

Ln – O21 2.4715(12) 2.4383(15) 2.4188(17) 2.4055(13) 2.3722(12) 2.359(3) 

Ln – O25 2.5222(11) 2.5050(13) 2.4923(14) 2.4751(12) 2.4501(10) 2.440(3) 

Ln – O31 2.4968(11) 2.4725(13) 2.4554(14) 2.4346(11) 2.3989(10) 2.386(3) 

Ln – O35 2.4729(12) 2.4430(14) 2.4312(15) 2.4145(13) 2.3828(12) 2.371(3) 

Ln – O41 2.5035(11) 2.4755(14) 2.4579(15) 2.4421(12) 2.4084(11) 2.394(3) 

Ln – O45 2.4523(11) 2.4238(13) 2.4075(15) 2.3940(12) 2.3661(11) 2.358(3) 

Sum of Ln – N and Ln – O distances (Å) 

 26.672 26.454 26.356 26.271 26.093 26.163 

Selected Bond Angles (Degrees) 

N1 – Ln – 

N14 

59.65(4) 60.09(4) 60.51(5) 60.86(4) 61.57(4) 61.86(9) 

N4 – Ln – O7 53.31(3) 52.97(4) 52.68(4) 52.26(4) 51.08(3) 50.24(7) 
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Complex La-boaDTDA Ce-boaDTDA Pr-boaDTDA Nd-boaDTDA Sm-boaDTDA Eu-boaDTDA 

O21 – Ln – 

O25 

68.40(4) 69.01(5) 69.45(5) 70.07(4) 70.94(4) 71.42(10) 

O31 – Ln – 

O35 

69.72(4) 70.31(4) 70.78(5) 71.36(4) 72.08(4) 72.42(9) 

O41 – Ln – 

O45 

69.15(4) 69.61(4) 70.10(5) 70.70(4) 71.44(4) 71.78(9) 

Sum of Bite Angles to hfac and boaDTDA Ligands 

 320.23 321.99 323.52 325.25 327.11 327.72 

Selected Interchain Contact Distances (Å) 

S2···O21 3.6640(12) 3.65497(16) 3.6403(16) 3.6279(14) 3.6228(12) 3.620(3) 

S2···O31 3.1097(11) 3.0937(14) 3.0867(15) 3.0813(12) 3.0822(13) 3.074(3) 

S2···O41 3.7736(11) 3.7522(14) 3.7398(15) 3.7245(13) 3.7114(12) 3.704(3) 

S3···O31 3.2631(12) 3.2546(15) 3.2400(16) 3.2373(13) 3.2528(13) 3.286(3) 

S3···O41 3.1791(11) 3.1791(14) 3.1727(16) 3.1726(12) 3.1957(11) 3.222(3) 

S2···C10 3.8037(19) 3.781(2) 3.775(3) 3.765(2) 3.7525(18) 3.761(5) 
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Complex La-boaDTDA Ce-boaDTDA Pr-boaDTDA Nd-boaDTDA Sm-boaDTDA Eu-boaDTDA 

S2···C11 3.7194(17) 3.701(2) 3.690(2) 3.6786(19) 3.6695(17) 3.669(4) 

F21···C10 3.689(2) 3.671(3) 3.658(3) 3.634(3) 3.571(2) 3.529(7) 

F21···C11 3.356(2) 3.352(3) 3.358(3) 3.362(2) 3.351(2) 3.350(5) 

F21···C12 3.638(2) 3.651(3) 3.664(3) 3.673(2) 3.691(2) 3.705(5) 

Angle between least-squares planes formed by DTDA atoms of nearest ligands in the chain (°) (See Figure 2.26) 

 32 32 32 32 32 32 
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 Powder X-ray Diffraction. In order to evaluate the composition of various steps towards 

[Ln(hfac)3(boaDTDA)]n products, powder diffraction patterns were collected for boaDTDA, 

Eu(hfac)3(DME), the crude Eu-boaDTDA product resulting from the reaction of boaDTDA and 

Eu(hfac)3(DME), and sublimed Eu-boaDTDA. The powder patterns are presented together in 

Figure 2.12. 

Figure 2.12: PXRD patterns of (top to bottom) boaDTDA, Eu(hfac)3(DME), crude Eu-boaDTDA, 

and sublimed Eu-boaDTDA. 
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 It is clear from Figure 2.12 that the crude Eu-boaDTDA, which is mostly Eu(hfac)3(DME) 

by mass, is essentially identical to Eu(hfac)3(DME), suggesting that the crude mixture is an 

admixture of boaDTDA an Eu(hfac)3(DME). The powder pattern of sublimed Eu-boaDTDA is 

significantly different than the powder pattern of crude Eu-boaDTDA. 

 Magnetic Measurements. We have measured the dc magnetic susceptibilities of 

Eu(hfac)3(pyDTDA) and coordination polymers Ce-boaDTDA, Pr-boaDTDA, Nd-boaDTDA, 

and Eu-boaDTDA and ac susceptibilities of Nd-boaDTDA. We have previously reported the solid-

state magnetic properties of La-boaDTDA,4 showing that boaDTDA radicals are coupled 

ferromagnetically through diamagnetic LaIII ions, and Sm-boaDTDA,36 which orders three-

dimensionally as a ferromagnet due to interchain interactions. 

 Eu(hfac)3(pyDTDA): (Figure 2.13) To provide a comparison to Eu-boaDTDA, in which 

both the EuIII ion and DTDA radical contribute to the observed magnetism, magnetic measurements 

were performed on Eu(hfac)3(pyDTDA), in which no magnetic contribution from DTDA radicals 

is apparent due to intermolecular dimerization. The room temperature χT product of 1.5 cm3 K mol-

1 is consistent with the calculated value for one EuIII ion (4f 6, S = 3, L = 3, 7F0) after accounting for 

thermally populated excited states and temperature independent paramagnetism (TIP). PyDTDA 

radicals are strongly dimerized and therefore magnetically silent. As the temperature is lowered, 

the χT product decreases and tends towards zero as paramagnetic excited states are depopulated 

and only the diamagnetic 7F0 EuIII ground state is detected. 



 

78 
 

Figure 2.13: Temperature dependence of the χT product for Eu(hfac)3(pyDTDA) at 3000 Oe (black 

dots) and 10000 Oe (red dots) (with χ defined as molar magnetic susceptibility equal to M/H per 

asymmetric unit of Eu(hfac)3(pyDTDA)). 

 Ce-boaDTDA: (Figure 2.14) The room temperature χT product of 1.15 cm3 K mol-1 is 

consistent with the expected value for one CeIII ion (4f 1, S = 1/2, L = 3, 2F5/2, gJ = 7/8; χT = 0.80 

cm3 K mol-1) and one Srad = 1/2 boaDTDA radical (g = 2; C = 0.375 cm3 K mol-1). As the 

temperature is lowered, the χT product gradually decreases due to thermal depopulation of the low 

lying CeIII 2F7/2 excited state. Below 20 K, the χT product decreases rapidly indicative of local 

antiferromagnetic interactions between neighboring CeIII ions and boaDTDA radicals. 

Figure 2.14: Temperature dependence of the χT product for Ce-boaDTDA at 1000 Oe (black dots) 

and 10000 Oe (red dots) (with χ defined as molar magnetic susceptibility equal to M/H per 

asymmetric unit of Ce-boaDTDA). 
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 Pr-boaDTDA: (Figure 2.15) The room temperature χT product of 2.15 cm3 K mol-1 is 

consistent with the expected value for one PrIII ion (4f 2, S = 1, L = 5, 3H4, gJ = 4/5; χT = 1.60 cm3 

K mol-1) and one Srad = 1/2 boaDTDA radical (g = 2; C = 0.375 cm3 K mol-1). As the temperature 

is lowered, the χT product decreases to a minimum of 0.95 cm3 K mol-1 at 5 K, consistent with 

thermal depopulation of PrIII excited states. Upon continued cooling, the χT product increases 

indicative of a ferromagnetic PrIII-radical interaction. 

Figure 2.15: Temperature dependence of the χT product for Pr-boaDTDA at 1000 Oe (with χ 

defined as molar magnetic susceptibility equal to M/H per asymmetric unit of Pr-boaDTDA). 

 

 Nd-boaDTDA: (Figure 2.16) The room temperature χT product of 2 cm3 K mol-1 is 

consistent with the expected value for one NdIII ion (4f 3, S = 3/2, L = 6, 4I9/2, gJ = 8/11; χT = 1.64 

cm3 K mol-1) and one Srad = 1/2 boaDTDA radical (g = 2; C = 0.375 cm3 K mol-1). As the 

temperature is lowered, the χT product gradually decreases due to thermal depopulation of the low 

lying 4I11/2 excited state. The χT product increases rapidly below 20 K and becomes dependent on 

the applied dc field, indicating the stabilization of a magnetically ordered ground state. AC 

susceptibility measurements, measured as a function of temperature between 10 and 10000 Hz 

(Figure 2.17 and 2.18), show an out-of-phase signal below 2.2 K. This is consistent with a 

ferromagnetically ordered phase with a spontaneous magnetization. 
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Figure 2.16: Temperature dependence of the χT product for Nd-boaDTDA at 1000 Oe (black dots) 

and 10000 Oe (red dots) (with χ defined as molar magnetic susceptibility equal to M/H per 

asymmetric unit of Nd-boaDTDA). 

 

Figure 2.17: Temperature dependence of the ac, in-phase susceptibility at different ac frequencies 

in zero-dc for Nd-boaDTDA (with χ defined as molar magnetic susceptibility equal to M/H per 

asymmetric unit of Nd-boaDTDA). Solid lines are visual guides. 



 

81 
 

Figure 2.18: Temperature dependence of the ac, out-of-phase susceptibility at different ac 

frequencies in zero-dc for Nd-boaDTDA (with χ defined as molar magnetic susceptibility equal to 

M/H per asymmetric unit of Nd-boaDTDA). Solid lines are visual guides. 

  

 Eu-boaDTDA: (Figure 2.19) The room temperature χT product of 1.69 cm3 K mol-1 is 

reasonable for one EuIII ion (4f 6, S = 3, L = 3, 7F0, room temperature χT = 1.50 cm3 K mol-1 

accounting for excited state population and temperature independent paramagnetism)47 and one Srad 

= 1/2 boaDTDA radical (g = 2; C = 0.375 cm3 K mol-1). As the temperature is lowered, the χT 

product decreases to 0.45 cm3 K mol-1 due to the depopulation of EuIII excited states. As EuIII has a 

diamagnetic ground state, below 8 K, the radicals are responsible for the observed magnetism. The 

χT product rises to 0.64 cm3 K mol-1 at 1.8 K, indicative of ferromagnetic interactions between 

boaDTDA radicals through the diamagnetic EuIII ions, analogous to the LaIII complex. 
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Figure 2.19: Temperature dependence of the χT product for Eu-boaDTDA at 1000 Oe (black dots) 

and 10000 Oe (red dots) (with χ defined as molar magnetic susceptibility equal to M/H per 

asymmetric unit of Eu-boaDTDA). 

 

 The ferromagnetic interactions between boaDTDA radicals through the EuIII ions is 

partially obscured by the magnetic contribution of the EuIII ions which have a diamagnetic ground 

state but many populated excited states contributing to the magnetic susceptibility. In order to 

isolate the radical contribution to the magnetism, the magnetic behavior of Eu-boaDTDA was 

compared to that of Eu(hfac)3(pyDTDA). The pyDTDA radicals in Eu(hfac)3(pyDTDA) form 

dimers through “pancake” bonds, therefore the dimeric units are effectively diamagnetic with no 

radical magnetic behavior detectable even at 300 K, the magnetism of Eu(hfac)3(pyDTDA) is 

therefore exclusively due to the EuIII ion. A point-by-point subtraction of the susceptibility of 

Eu(hfac)3(pyDTDA) from the susceptibility of Eu-boaDTDA was performed as an attempt to 

remove the magnetic contribution of EuIII (Figure 2.20). Assuming the different coordination 

environments of Eu-boaDTDA and Eu(hfac)3(pyDTDA) do not cause significant differences in 

the depopulation of excited EuIII states, subtraction should isolate the magnetic contribution of the 

boaDTDA radicals. Below 120 K, the thermal dependence of the Eu-boaDTDA – 
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Eu(hfac)3(pyDTDA) difference plot of the χT product is in good agreement with a 1D chain of 

ferromagnetically coupled S = 1/2 spins. The Hamiltonian 

�̂� = −2𝐽 ∑ 𝑆𝑖𝑖 𝑆𝑖+1      (2) 

was used to fit the magnetic susceptibility to Baker’s 1D chain model.48 Below 120 K, an excellent 

fit is obtained using g = 1.9(1) and J/kB = +0.23 K.  

Figure 2.20: Temperature dependence of the χT product for Eu-boaDTDA at 10000 Oe (black 

dots) and Eu(hfac)3(pyDTDA) at 10000 Oe (red dots) (with χ defined as molar magnetic 

susceptibility equal to M/H per complex). Blue dots represent a point by point subtraction of the 

χT values of Eu(hfac)3(pyDTDA) from Eu-boaDTDA. The red line represents the best fit obtained 

with the 1D model described in the text. 

 

DISCUSSION 

 

 A solution of Sm(hfac)3(DME) and boaDTDA (forming Sm-boaDTDA in situ) in 

dichloroethane gradually changes color with temperature. The solution is brown at room 

temperature and green above 55 °C. Thiazyl radicals and their complexes can reversibly form π-

dimers in solution through pancake bonds, dimers are typically red to purple in color due to intense 
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absorption in the visible region.49 The formation of dimers is more favorable at low temperatures 

due to entropy. The brown color of the Sm-boaDTDA solution at room temperature can be 

attributed to the formation of π-dimers between boaDTDA radicals while the green solution 

obtained when heated consists of monomeric Sm-boaDTDA complexes. A similar color change as 

a function of temperature has been quantified for Cu(hfac)2(pyDTDA), dilute solutions of which 

are nearly colourless at room temperature and intensely orange-red when cooled to -93 °C.50 The 

sublimed complex can be redissolved without dissociation of the radical ligand, with no change in 

colour detected over several days. 

 PXRD experiments provide information on the crystallographic phase and composition of 

the sample being measured. In the synthesis of Ln-boaDTDA complexes (Ln = Ce, Pr, Nd, Eu), 

each of the Ln(hfac)3(DME) materials is a different colour (Ce: orange, Pr: green, Nd: pale purple, 

Eu: light yellow), both boaDTDA and the crude products are purple while the sublimed products 

are green. Compounds of Eu were selected for PXRD analysis since the Eu(hfac)3(DME) colour is 

the weakest and therefore EuIII f-f transitions do not contribute strongly to the colour of the 

complexes. From PXRD measurements (Figure 2.12) it can be deduced that the crude Eu-

boaDTDA, obtained by removing the solvent from a dichloromethane solution of Eu(hfac)3(DME) 

and boaDTDA, still contains microcrystalline Eu(hfac)3(DME), therefore the ligand is not 

coordinated at this stage. BoaDTDA must also be present in this mixture despite the absence of 

boaDTDA signals in the PXRD pattern in order for it to be possible to obtain Eu-boaDTDA from 

sublimation. BoaDTDA signals are absent from the PXRD pattern for one of two reasons, either 

the mass percentage of boaDTDA is too small for it to be seen or it is amorphous in this mixture 

and no peaks are expected. Attempted co-sublimation of solid mixtures of Ln(hfac)3(DME) and 

boaDTDA do not yield [Ln(hfac)3(boaDTDA)]n however, so the solution processing stage is 

necessary to obtain the desired product. The difference in phase between crude Eu-boaDTDA and 

sublimed Eu-boaDTDA is confirmed in PXRD experiments (Figure 2.12). 
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 With the notable exception of Ce-boaDTDA, the interactions between neighboring LnIII 

ions and boaDTDA radicals in each complex are ferromagnetic (FM) in nature. FM coupling is 

typical of weakly coordinated neutral radical – lanthanide systems.51 Goodenough proposed a 

superexchange mechanism52 based on the interaction of a charge transfer configuration and the 

ground configuration of neighboring paramagnetic species which provides an appropriate 

description of the FM coupling observed for boaDTDA-lanthanide systems. Since LnIII 4f orbitals 

have limited orbital overlap with surrounding ligands, the transfer integral t(4f-radical) is very 

small. By contrast, the empty LnIII 5d orbitals have significant orbital overlap with ligand orbitals. 

The transfer integral t(5d-radical) is therefore non-negligible. The charge transfer configuration 

(CTC) in which an electron is transferred between the radical SOMO and lanthanide 5d orbitals 

stabilizes the state where the radical and 4f electrons are FM coupled more so than the 

antiferromagnetically (AF) coupled state. FM coupling is preferred since the 4f and 5d orbitals are 

orthogonal to one another, thus spin is maximized according to Hund’s rule. The coupling 

interaction can be quantified as: 

𝐽 =  
2(𝑡5𝑑−𝑟𝑎𝑑𝑖𝑐𝑎𝑙)2𝑘

(𝑈2−𝑘2)
      (3) 

where k is the Coulomb auto-repulsion integral and U is the mean energy needed to transfer an 

electron between the radical and LnIII 5d orbital. Goodenough’s superexchange mechanism was 

first applied in the context of coupling to a LnIII ion by Kahn et al. for a GdIIICuII system.53 Cu 3d 

and Gd 4f electrons are FM coupled due the interaction of the Gd 5d and Cu 3d orbitals. The d9 

CuII ion is an appropriate metal ion comparison to organic radicals with π-type SOMOs since both 

are S = 1/2 systems with similarly diffuse magnetic orbitals. 

 The treatment of lanthanide f orbitals as being uninvolved in lanthanide-ligand bonding is 

widely used. Most textbooks assert that lanthanide bonding is electrostatic in nature. However, this 

is not a rule without exception. For example, in alloys of Y54 and La55 with most lanthanide 

impurities, metallic conductivity is observed (i.e., the resistivity decreases as the temperature 
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decreases) for most lanthanides since the presence of 4f electrons does not decrease the number of 

available charge carriers. That is, except for Ce impurities for which resistance minima are observed 

just above liquid helium temperatures (resistance minima are also observed for Ag-Au alloys with 

Yb impurities);56 this phenomenon is known as the Kondo effect. The increase in resistance 

corresponding to a decrease in the number of charge carriers occurs due to the coupling of 4f 

electrons with conduction band electrons by forming localized magnetic singlets. Coqblin and 

Schrieffer derived the exchange interaction between the 4f1 cerium or 4f13 ytterbium state and 

conduction electrons at the Fermi level as a function of the mixing potential between states.57 The 

coupling between Ce or Yb f electrons and conduction band electrons is antiferromagnetic when 

mixing occurs so electrons can hop between states without a reversal of spin. 

 At a molecular level, Kondo like behavior has also been shown to occur in CeIII- or YbIII-

containing molecular compounds.58–62 Electrons from a radical ligand, whose SOMO has orbital 

overlap with the lanthanide 5d orbitals, are coupled AF with lanthanide 4f electrons, so the effect 

is contained to a single molecule. The model for Kondo behavior at the molecular level hybridizes 

the 4f and 5d lanthanide orbitals. The resulting hybrid orbitals can have strong, non-orthogonal 

overlap with the radical SOMO and AF coupling is predicted. AF coupling between lanthanide ion 

f electrons and ligand electrons has been observed for cerium sandwich complexes58,60 as well as 

cerium and ytterbium ions coordinated to a bipyridine or terpyridine radical anions.58,59,61–63 These 

examples stand in contrast with the vast majority of weakly coordinated lanthanide-radical 

complexes which exhibit ferromagnetic coupling consistent with Goodenough’s superexchange 

mechanism. In Ce-boaDTDA, invoking Ce 4f – 5d hybridization accurately predicts the observed 

AF Ce – radical coupling. Ln 4f – 5d hybridization is negligible in the other Ln-boaDTDA 

complexes (Ln = Pr, Nd, Sm) such that its effect is not apparent in the magnetic measurements, an 

unsurprising result since the 4f – 5d energy gap is much greater in PrIII, NdIII, and SmIII compared 

with CeIII. The observed FM Ln – radical coupling (Ln = Pr, Nd, Sm) is better predicted by 

Goodenough’s superexchange mechanism than by invoking hybridization. 
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 The 4f electrons of a LnIII ion do not effectively shield the 5s and 5p electrons whose radial 

distribution maximum is further from the nucleus. When the nuclear charge of the LnIII ion is 

increased across the series (La to Lu), the decrease in ionic radius is greater than expected compared 

with other periods. This decrease, along with the decrease in ionic radii of the 6d transition metals, 

is known as the lanthanide contraction. The corresponding decrease in the sum of coordination 

distances to the lanthanide ions of an isostructural series has been shown to decrease quadratically 

as a function of the number of f electrons.64,65 A quadratic decrease in the sum of Ln – O and Ln – 

N distances is observed for the series of Ln-boaDTDA compounds (Ln = La, Ce, Pr, Nd, Sm, Eu) 

(Figure 2.21). As a consequence of shortened Ln – O and Ln – N coordination distances, a quadratic 

increase in the sum of O – Ln – O, O – Ln – N, and N – Ln – N bite angles of chelated ligands is 

observed for the series of Ln-boaDTDA compounds (Ln = La, Ce, Pr, Nd, Sm, Eu) (Figure 2.22). 

Figure 2.21: The sum of coordinated Ln – O and Ln – N bond distances in 150 K crystal structures 

of Ln-boaDTDA (Ln = La, Ce, Pr, Nd, Sm, Eu) plotted as a function of the number of f electrons 

of the LnIII ion. 
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Figure 2.22: The sum of chelated O – Ln – O, O – Ln – N, and N – Ln – N bite angles in 150 K 

crystal structures of Ln-boaDTDA (Ln = La, Ce, Pr, Nd, Sm, Eu) plotted as a function of the 

number of f electrons of the LnIII ion. 

 

 In the single crystal x-ray structures of Ln-boaDTDA chains (Ln = La, Ce, Pr, Nd, Sm, 

Eu), electrostatic S∙∙∙O contacts are found within chains between DTDA S atoms and hfac O atoms. 

Previously, S∙∙∙O intermolecular interactions have been reported as contacts which provide a 

pathway for intermolecular exchange coupling to occur.1,37–39 S∙∙∙O contacts within Ln-boaDTDA 

chains (Ln = La, Ce, Pr, Nd, Sm, Eu) may play a role in LnIII-radical intrachain coupling. 

 FM interactions between chains are required for Nd-boaDTDA to undergo a transition to 

an FM ordered phase at a finite temperature (since no 1D object can order above 0 K).8 Between 

Ln-boaDTDA chains, non-bonding contacts are present between benzoxalole C atoms (having β-

spin density) and DTDA S atoms and hfac F atoms (both having α-spin density). While the local 

coupling interaction between atoms with spin density is AF, the overall coupling interaction 

between molecules in contact through areas of opposing spin density (α-spin on one molecule and 

β-spin on another molecule) is FM since the dominant α-spins of the molecules are aligned parallel 



 

89 
 

to each other. This pathway for the alignment of magnetic moments through supramolecular 

contacts is known as the McConnell I mechanism.44 

 S∙∙∙C and F∙∙∙C interchain contacts are found in all isostructural Ln-boaDTDA (Ln = La, 

Ce, Pr, Nd, Sm, Eu) chains and decrease in length with increasing atomic number, as summarized 

in Table 2.1. The decrease in S∙∙∙C and F∙∙∙C contact distances with increasing atomic number 

explains why no three-dimensionally ordered phase is detected for Ce-boaDTDA or Pr-boaDTDA 

at the temperatures studied. The necessary interchain interactions are weaker when the S∙∙∙C and 

F∙∙∙C contact distances are longer. No three-dimensionally ordered phase would be expected for 

Eu-boaDTDA; because EuIII is diamagnetic no α-spin density would be present on hfac F atoms in 

F∙∙∙C contacts and no magnetoanisotropy would be present in the system. 

 

CONCLUSION 

 

 The neutral thiazyl radical boaDTDA forms one-dimensional coordination polymers with 

the formula [Ln(hfac)3(boaDTDA)]n for CeIII, PrIII, NdIII, and EuIII upon deposition from 

sublimation. The polymers can be resublimed quantitatively, and are soluble in common organic 

solvents without decomposition. Solid-state magnetic measurements have been performed on the 

reported complexes. Coupling between neighboring boaDTDA radicals through diamagnetic EuIII 

ions is FM like the previously published LaIII compound, indicative of a superexchange mechanism 

through Eu orbitals. Lanthanide – radical coupling is FM for Pr-boaDTDA and Nd-boaDTDA via 

Goodenough’s superexchange mechanism. AF lanthanide – radical coupling is observed for Ce-

boaDTDA. The anomalous CeIII – boaDTDA coupling is an example of the Kondo effect at a 

molecular level occurring due to the hybridization of the Ce 4f and 5d orbitals. 

 The decrease in ionic radius of lanthanide ions from La to Eu results in a trend of decreasing 

inter-chain non-bonding contact distances. Contacts between chains are required for the formation 

of an FM ordered phase. The trend in contact distances within the isostructural series allows for an 
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examination of the structure – property relationship of identified interchain non-bonding contacts. 

Interchain contacts in Nd-boaDTDA lead to the formation of an ordered FM phase at 2.2 K, slightly 

below the ordering temperature of Sm-boaDTDA.5 Specific contacts between areas of α-spin 

density on one chain and β-spin density on another are shown to decrease in length with increasing 

atomic number (i.e., they are shorter for the NdIII complex compared to the CeIII and PrIII 

complexes), explaining the absence of a three-dimensionally ordered phase at the measured 

temperatures for Ce-boaDTDA and Pr-boaDTDA. The study of an isostructural series of chains 

is therefore useful in the identification of specific structural factors which cause three-dimensional 

ordering. 
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SUPLEMENTARY INFORMATION: FM ordering of –[Ln(III)-radical]n– coordination 

polymers: the role of intermolecular contacts in an isostructural series 

 

 Crystallographic Measurements. Green needles of [Ce(hfac)3(boaDTDA)]n, 

[Pr(hfac)3(boaDTDA)]n, [Nd(hfac)3(boaDTDA)]n, and [Eu(hfac)3(boaDTDA)]n were grown by 

sublimation in vacuum and were mounted on MiTeGen cryoloops, protected with type NVH 

immersion oil and studied in the flow of nitrogen at 150 K generated by Cryojet XL device (Oxford 

Instruments). On a crystal of [Ce(hfac)3(boaDTDA)]n with the dimensions 0.25 x 0.1 x 0.05 mm, 

data was collected to the maximum resolution of 0.67 Å. On a crystal of [Pr(hfac)3(boaDTDA)]n 

with the dimensions 0.5 x 0.1 x 0.1 mm, data was collected to the maximum resolution of 0.6 Å. 

On a crystal of [Nd(hfac)3(boaDTDA)]n with the dimensions 0.12 x 0.12 x 0.08 mm, data was 

collected to the maximum resolution of 0.7 Å. On a crystal of [Eu(hfac)3(boaDTDA)]n with the 

dimensions 0.25 x 0.15 x 0.10 mm, data was collected to the maximum resolution of 0.6 Å. 

Measurements on [Ln(hfac)3(boaDTDA)]n compounds (Ln = Ce, Pr, Nd, Eu) were conducted on a 

SuperNova Agilent single-crystal diffractometer equipped with a microfocus MoKα (λ = 0.71073 

Å) radiation source and Atlas CCD detector. Measurement of Eu(hfac)3(pyDTDA) was conducted 

on a Bruker single-crystal diffractometer equipped with a fine-focus sealed tube MoKα (λ = 0.71073 

Å) radiation source and APEX-II CCD detector.  Diffraction intensity data were collected using ω-

scan. The unit cell parameters were refined using the entire data sets. The data were processed using 

CrysAlisPro software.66 Absorption corrections were applied using the multiscan method. The 

structure was solved (direct methods) and refined (full- matrix least-squares on F2) using SHELXS 

and SHELXL-97.67 Geometric calculations were carried out using the WinGX68 and Olex69 

software packages. Non-hydrogen atoms were refined anisotropically, while hydrogen atoms were 

introduced at calculated positions as riding on their corresponding carbon atoms and refined 

isotropically. 
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 Powder X-ray Diffraction Studies. PXRD were performed using a PANalytical 

Empyrean diffractometer in a reflection (Bragg−Brentano) geometry with Cu Kα radiation source, 

Ni Kβ filter, and PIXcel1D linear detector. Ground samples of sublimed boaDTDA, sublimed 

Eu(hfac)3(DME), crude Eu-boaDTDA, and sublimed Eu-boaDTDA were loaded into a 0.5 mm 

diameter capillary (borosilicate glass, 0.01 mm wall, purchased from the Charles Supper 

Company), which was mounted on a spinning capillary stage with 1 cm of the capillary length 

within the window of detection. Powder diffractograms were recorded in the 3.5−40 ° 2θ range. 

Data collection was controlled with the Data Collector software.70 

 

Table 2.2: Crystallographic details including structure refinement data for Eu(hfac)3(pyDTDA) 

Complex Eu(hfac)3(pyDTDA) 

Formula C21H7F18N3O6S2Eu 

Formula Weight (g/mol) 955.38 

Wavelength (Å) 0.71073 

Crystal size (mm) 0.20 x 0.16 x 0.06 

Crystal System Monoclinic 

Space Group C2/c 

T (K) 150(2) 

Unit cell dimensions (Å) a 42.756(4) 

b 19.102(2) 

c 15.6251(16) 

Unit cell angles (°) α 90 

β 105.358(3) 

γ 90 

Volume (Å3) 12306(2) 
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Z 16 

Density calc. (g/cm3) 2.063 

Absorption coefficient (mm-1) 2.326 

F(000) 7344.0 

Θ range for data collection (°) 2.35 to 28.39 

Index ranges -56 ≤ h ≤ 36 

-24 ≤ k ≤ 24 

-15 ≤ l ≤ 20 

Refl. Coll. 19682 

Ind. Refl. 3831 [Rint = 0.0433] 

Completeness to Θ max (%)  24.9 

Absorption correction Multi-scan 

Max. and min. transmission 0.8730 and 0.6534 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3831 / 758 / 597 

Goof on F2 1.047 

Final R indices [I > 2σ(I)] R1 = 0.0398, wR2 = 0.0946 

R indices (all data) R1 = 0.0484, wR2 = 0.0994 

Largest diff. peak & hole (e.Å3) 0.83 / -0.71 

 

 Dimers of Eu(hfac)3(pyDTDA) are formed through pancake bonding between DTDA 

moieties (Figure 2.23). Crystallographic disorder with respect to pyDTDA orientation and 

positional disorder between pyDTDA and an hfac ligand is present in the structure (Figure 2.24). 
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Figure 2.23: An excerpt of the single crystal x-ray structure of Eu(hfac)3(pyDTDA) showing DTDA 

dimers. 

Figure 2.24: (right) An excerpt of the single crystal x-ray structure of Eu(hfac)3(pyDTDA) showing 

disorder of the orientation of pyDTDA. (left) An excerpt of the single crystal x-ray structure of 

Eu(hfac)3(pyDTDA) showing disorder of an hfac ligand and pyDTDA. 
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Figure 2.25: (a) An excerpt from the crystal structure of Nd-boaDTDA viewed normal to (001) 

illustrating the S∙∙∙O contacts between thiazyl S atoms and hfac O atoms within a 1D chain. (b) 

Selected S∙∙∙O contact distances plotted with respect to the number of f electrons of the compound’s 

lanthanide ion. Solid lines are a visual guide only. 

Figure 2.26: An excerpt from the crystal structure of Nd-boaDTDA illustrating the angle between 

planes formed by DTDA atoms within a chain, viewed normal to (010). 
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Figure 2.27: (a) Selected S∙∙∙C contact distances plotted with respect to the number of f electrons 

of the compound’s lanthanide ion. Solid lines are a visual guide only. (b) Selected F∙∙∙C contact 

distances plotted with respect to the number of f electrons of the compound’s lanthanide ion. Solid 

lines are a visual guide only. 

 

 Magnetic Measurements. The field-dependant magnetization of Eu(hfac)3(pyDTDA) and 

[Ln(hfac)3(boaDTDA)]n (Ln = Ce, Pr, Nd, Eu) complexes was measured at 100 K to check samples 

for ferromagnetic impurities. Field-dependant magnetization measurements have also been made 

at 8, 5, 3, and 1.85 K. 

 [Ce(hfac)3(boaDTDA)]n: No ferromagnetic impurities were detected in the sample by 

measuring the field-dependent magnetization at 100 K (Figure 2.28). The field-dependant 

magnetization does not saturate at 70000 Oe and 1.85 K (Figure 2.29). Based on the slopes of the 

M vs H lines at low field in various temperature, no ordering behaviour is apparent. 
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Figure 2.28: Field-dependent magnetization of [Ce(hfac)3(boaDTDA)]n at 100 K. 

Figure 2.29: Field dependant magnetization of [Ce(hfac)3(boaDTDA)]n at 8, 5, 3, and 1.85 K up to 

70000 Oe. 

 

 [Pr(hfac)3(boaDTDA)]n: No ferromagnetic impurities were detected in the sample by 

measuring the field-dependent magnetization at 100 K (Figure 2.30). The field-dependant 

magnetization does not saturate at 70000 Oe and 1.85 K. Plotted as a function of H/T, the data for 

M at various temperatures is not superimposed onto a master curve indicating the presence of 

interactions beyond the molecular unit (e.g., a chain) (Figure 2.31). 
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Figure 2.30: Field-dependent magnetization of [Pr(hfac)3(boaDTDA)]n at 100 K. 

Figure 2.31: Field dependant magnetization of [Pr(hfac)3(boaDTDA)]n at 8, 5, 3, and 1.85 K up to 

70000 Oe as a function of H (right) and H/T (left). 

 

 [Nd(hfac)3(boaDTDA)]n: No ferromagnetic impurities were detected in the sample by 

measuring the field-dependent magnetization at 100 K (Figure 2.32). The field-dependant 

magnetization is nearly saturated at 2.4 μB at 70000 Oe and 1.85 K, a reasonable value for 4 

unpaired electrons (1 from boaDTDA, 3 from NdIII) and a g value of 1.05 approximated with the 

formula 

𝑔𝑠 =
(1+𝑐)𝑔𝐴+ (1−𝑐)𝑔𝐵

2
      (4) 

𝑐 =
𝑆𝐴(𝑆𝐴+1)− 𝑆𝐵(𝑆𝐵+1)

𝑆(𝑆+1)
      (5) 
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Plotted as a function of H/T, the data for M at various temperatures is not superimposed onto a 

master curve. The observed crossing of magnetization data lines of varied temperature is indicative 

of a spontaneously magnetized ground state (e.g., FM order) (Figure 2.33). 

Figure 2.32: Field-dependent magnetization of [Nd(hfac)3(boaDTDA)]n at 100 K. 

Figure 2.33: Field dependant magnetization of [Nd(hfac)3(boaDTDA)]n at 8, 5, 3, and 1.85 K up to 

70000 Oe as a function of H (right) and H/T (left). 

 

 [Eu(hfac)3(boaDTDA)]n: No ferromagnetic impurities were detected in the sample by 

measuring the field-dependent magnetization at 100 K (Figure 2.34). The field-dependant 

magnetization is saturated at 1.1 at μB 70000 Oe and 1.85 K, a reasonable value for one unpaired 

electron and a g value of approximately 2. Plotted as a function of H/T, the data for M at various 
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temperatures is not superimposed onto a master curve indicating the presence of interactions 

beyond the molecular unit (e.g., a chain) (Figure 2.35). 

Figure 2.34: Field-dependent magnetization of [Eu(hfac)3(boaDTDA)]n at 100 K. 

Figure 2.35: Field dependant magnetization of [Eu(hfac)3(boaDTDA)]n at 8, 5, 3, and 1.85 K up to 

70000 Oe as a function of H (right) and H/T (left). 

 

 Eu(hfac)3(pyDTDA): No ferromagnetic impurities were detected in the sample by 

measuring the field-dependent magnetization at 100 K (Figure 2.36). Since the pyDTDA radicals 

form diamagnetic dimers and EuIII excited states are mostly depopulated below 8 K, very little 

magnetization is detected at low temperatures (Figure 2.37). 
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Figure 2.36: Field-dependent magnetization of Eu(hfac)3(pyDTDA) at 100 K. 

Figure 2.37: Field dependant magnetization of Eu(hfac)3(pyDTDA) at 8, 5, 3, and 1.85 K up to 

70000 Oe as a function of H (right) and H/T (left). 
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Chapter 3: One-Dimensional –[Ln(III)-radical]n– Coordination Polymers with Unusual An-

tiferromagnetic Coupling Between Neutral Radicals and Lanthanide Ions 

 

PROJECT OVERVIEW 

 

 The radical ligand 4-(2ʹ-pyrimidyl)-1,2,3,5-dithiadiazolyl, pymDTDA (Figure 3.1), coor-

dinates to lanthanide ions forming one-dimensional coordination polymers, 

[Ln(hfac)3(pymDTDA)]n (Ln = La, Ce, Pr, Nd, Sm, Eu, Gd, Tb). This chapter discusses the syn-

thesis, characterization, and solid-state magnetic properties of these complexes with an emphasis 

on the effects of strong lanthanide radical coupling. 

Figure 3.1: 4-(2ʹ-pyrimidyl)-1,2,3,5-dithiadiazolyl (pymDTDA) 

 

 PymDTDA was first synthesized by Kyle Wu of the Preuss group from the commercially 

available nitrile (Figure 3.2).1 Coordination to transition metals and lanthanides occurs through 

N,N-chelation and is capable of bridging and mediating coupling between paramagnetic ions.1,2 

Depending on the metal radical ratio, bridged bimetallic systems or infinite chains can be obtained 

(Figure 3.3). 
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Figure 3.2: Synthesis of 4-(2ʹ-pyrimidyl)-1,2,3,5-dithiadiazolyl from 2-cyanopyrimidine. 

Figure 3.3: Coordination motifs for pymDTDA: (a) bidentate (b) bis-bidentate (c) bis-bidentate as 

part of an infinite chain. 

 

 In the formation of molecular magnetic materials, strong coupling between spins is desired 

for many design objectives, e.g., raising the onset temperature of critical phenomena, or suppress-

ing the relaxation of magnetization in SCMs (vide infra) and SMMs (Chapter 4). In taking the 

metal-radical approach to building molecular materials, we aim to couple paramagnetic metal ion 

spins via mediation of bridging paramagnetic ligands. To do so as effectively as possible, the 

strength of the metal-radical coupling interaction must be maximized through increased orbital 

overlap and optimized overlap symmetry. To this end, the paramagnetic bridging ligand 

pymDTDA, which coordinates strongly to lanthanide ions, has been used to form alternating lan-

thanide-radical chains. What follows is a selection of topics that may be of interest to the reader 

regarding the magnetic interactions of lanthanide – radical chains. Next is a manuscript, prepared 
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as a full paper, which examines the structural and magnetic properties of two isostructural com-

pounds, [Gd(hfac)3(pymDTDA]n and [Tb(hfac)3(pymDTDA]n. Additional work with 

[Ln(hfac)3(pymDTDA)]n (Ln = La, Ce, Pr, Nd, Sm, Eu) is also presented following the manuscript. 

 

COUPLING IN ONE-DIMENSIONAL LANTHANIDE – RADICAL CHAINS 

 

 Within a 1D chain of spins, all coupling interactions, not just those between nearest neigh-

bours, must be accounted for to obtain a complete solution of the system’s magnetic susceptibility. 

Exact computations of magnetic susceptibility have been performed for small rings3 of spins but 

become increasingly difficult as the number of atoms increases (1D chains can be approximated as 

a ring of infinite size). From a practical standpoint, satisfactory results can be obtained considering 

only short range interactions (Figure 3.4). Gadolinium – radical alternating chains can be modelled 

as a double chain by the nearest neighbour exchange interaction, JGd-R, and next nearest neighbour 

interactions, JR-R and JGd-Gd.4 

Figure 3.4: A representation of the coupling interactions of a 1D alternating Gadolinium – radical 

chain depicted as (a) a uniformly spaced chain, (b) a double chain. Black circles represent GdIII 

ions, white circles represent organic radicals. 

 

 When next nearest neighbour exchange interactions are antiferromagnetic, as is the case 

with the radical-radical interactions in Ln(hfac)3(pymDTDA) and Ln(hfac)3(NIT-R) chains, spin 
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frustration is predicted regardless of the nature of lanthanide-radical coupling.5 The collective be-

haviour of the chain depends on the relative magnitudes of the nearest neighbour and next nearest 

neighbour interactions (Figure 3.5). When nearest neighbour interactions dominate, the chain acts 

as a 1D ferromagnet (if J > 0) or 1D ferrimagnet (if J < 0). When next nearest neighbour interactions 

dominate, the chain acts as a 1D antiferromagnet.4,5 

Figure 3.5: Spin vector orientations corresponding to (a) a 1D ferromagnet, (b) a 1D ferrimagnet, 

(c) a 1D antiferromagnet. 

 

 The antiferromagnetic nature of radical-radical exchange coupling in 

Ln(hfac)3(pymDTDA) and Ln(hfac)3(NIT-R) chains can be confirmed by magnetic susceptibility 

measurements of the europium containing chains Eu(hfac)3(pymDTDA) and Eu(hfac)3(NIT-R). 

Mathematically, in the case of two S = 1/2 radical ligands bridged by a diamagnetic EuIII ion, the 

singlet-triplet gap is approximated as: 

2𝐽 = 2𝑘 −  
(𝑒1−𝑒2)2

𝑈
      (1) 

where e1 and e2 are the energies of the two singly occupied molecular orbitals in the triplet state 

and U is the energy difference between open and closed shell singlet states (i.e., the energy required 

to transfer an electron from one radical to another without a change in spin).6 
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MAGNETIC MODELLING 

 

 Alternating spin chains, such as [Gd(hfac)3(pymDTDA)]n can be effectively modelled by 

Seiden’s classical-quantum spin chain model,7 provided the lanthanide-radical exchange coupling 

interaction is dominant compared to the radical-radical interaction. GdIII ions are described as S = 

7/2 classical spin vectors while pymDTDA radicals are described as S = 1/2 quantum spin vectors. 

The χT product is modelled as 

𝜒𝑇 =  
𝑁AμB

2

3𝑘B𝑇

𝐽𝑆

𝑘B
(𝑔𝑆𝑆 − 

𝐽

|𝐽|
𝑔𝑠𝑠)

2
    (2) 

where S is the classical spin, gS is the g value for the classical spin, s is the quantum spin, and gs is 

the g value for the quantum spin. 

 In the Ising model of a one-dimensional chain, anisotropic spins with significant axial mag-

netoanisotropy (i.e., D >> J) are aligned either parallel or antiparallel with the easy axis. The ani-

sotropic nature of terbium’s magnetic moment allows for alternating terbium-radical one-dimen-

sional chains to be treated using the Ising model. In the case of [Tb(hfac)3(pymDTDA)]n intrachain 

coupling is antiferromagnetic. Since the magnitude of terbium and pymDTDA spins are not equal, 

the chain is ferrimagnetic. At low temperatures when thermally excited states are depopulated, 

domains of the chain aligned in accordance with the intrachain coupling are separated by domain 

walls. In the infinite chain regime (i.e., when the distance between chain defect sites is greater than 

twice the correlation length) the energy required to change the orientation of a spin and create a 

domain wall, Δξ, is equal to 4JS2 for an Ising chain and can be determined experimentally as the 

slope of a plot of ln(χʹT) vs 1/T. 

 The crossover to a finite chain regime, in which the correlation length increases such that 

the space between defect sites is composed of a single domain, is not observed for 

[Tb(hfac)3(pymDTDA)]n. Interchain interactions are of sufficient strength to allow for three-di-

mensional antiferromagnetic order below 3.2 K. 
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ANTIFERROMAGNETIC ORDERING 

 

 The complexes Tb-pymDTDA and Nd-boaDTDA (Chapter 2) are both three-dimension-

ally ordered at low temperature. However, the ordered phase of Tb-pymDTDA is AF while Nd-

boaDTDA orders FM. Without a significant difference in the geometry of the network of coupling 

interactions, the difference is expected to arise due to the sign of the exchange interactions (AF vs 

FM) (Figure 3.6). Interchain interactions of magnetic consequence in both Tb-pymDTDA and Nd-

boaDTDA chains center around aryl carbons of the radical ligand, which have β-spin density. 

Chains neighbouring along [001] have interchain non-bonding contacts between thiazyl S atoms 

and aryl C atoms while chains neighbouring along [100] have interchain non-bonding contacts 

between hfac F atoms (with residual spin density from the coordinated lanthanide) and aryl C at-

oms. In both instances, the coupling interaction has the effect of aligning the α-spin of the DTDA 

with the spin of the neighbouring radical, [001], or neighbouring fluorine and lanthanide ion, [100] 

(i.e. J[001] and J[100] are both FM). The difference in three-dimensional ordering behaviour arises as 

a result of the intrachain coupling, which is AF in Tb-pymDTDA and FM in Nd-boaDTDA. Be-

cause chains neighbouring along [100] are offset, such that the interaction, J[100], is between DTDA 

and lanthanide spins, AF intrachain coupling has the effect of creating an S = 0 ground state for all 

spins in the (100) plane. As shown in Figure 3.6, the three-dimensional network of coupling inter-

actions produces an AF phase for Tb-pymDTDA and an FM phase for Nd-boaDTDA. 



113 
 

Figure 3.6: A representation of the three-dimensional coupling networks of (a) Tb-pymDTDA and 

(b) Nd-boaDTDA. Black circles represent LnIII ions, white circles represent organic radicals. Lan-

thanide-radical chains propagate [010].
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ABSTRACT 

 

 Lanthanide-radical coordination complexes of GdIII and TbIII bridged by the paramagnetic 

ligand 4-(2ʹ-pyridyl)-1,2,3,5-dithiadiazolyl (pymDTDA) are reported. The new complexes crystal-

lize as isostructural coordination polymers, [Ln(hfac)3(pymDTDA)]n (Ln = Gd, Tb), via sublima-

tion, can be resublimed quantitatively, and are soluble in organic solvents. The complexes are iso-

morphous with the previously published series of [Ln(hfac)3(boaDTDA)]n polymers (Ln = La – Eu 

excluding Pm) (boaDTDA = 4-(2ʹ-benzoxazolyl)-1,2,3,5-dithiadiazolyl), however the increased 

coordinating strength of pymDTDA in comparison to boaDTDA allows for the formation of pol-

ymers for the smaller lanthanide ions, GdIII and TbIII. LnIII-radical coupling is antiferromagnetic 

(AF) within 1D chains of [Ln(hfac)3(pymDTDA)]n. AF exchange coupling between radicals and 

lanthanide ions occurs only for complexes with short coordination distances, due to strong coordi-

nation, and is unusual in chains. Due to interchain interactions, 1D Ising chains of 
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[Tb(hfac)3(pymDTDA)]n order AF below 3.2 K. Through single crystal x-ray studies, intermolec-

ular contacts are examined to propose structural correlations to the observed magnetic behaviour. 

 

INTRODUCTION 

 

 The design and creation of molecular magnetic materials requires careful consideration of 

the interaction between individual magnetic moments. The ability to enforce cooperative spin in-

teractions in a predictable and controlled manner is therefore of tremendous benefit to researchers. 

Increasing the ground state spin of a system or increasing the system’s magnetic dimensionality 

can be aided by incorporating an organic radical as a bridge capable of mediating magnetic coupling 

between spins.8 Exciting developments include dramatic advancements in single molecule magnet 

(SMM) blocking temperatures9–12 and the realization of single chain magnets (SCMs) as predicted 

by Glauber in 1963.13,14 The nature and magnitude of the exchange coupling observed between 

interacting magnetic moments are subject to both the symmetry and size of their orbital overlap. 

Often, a simple orbital model reliably predicts coupling. Ideally, there are only two cases: orthog-

onal orbital overlap leads to ferromagnetic (FM) coupling, and non-orthogonal overlap to antifer-

romagnetic (AF) coupling.8,15 However, in real systems, overlap between orbitals on neighboring 

atoms is rarely strictly orthogonal. The overlap integral S is rarely exactly zero. Thus, the type of 

coupling observed is sensitive to the value of the orbital overlap integral in a more complex way. 

In the simple case of degenerate magnetic orbitals, the interplay of three factors can be quantified 

as: 

2𝐽 =  2𝑘 –  4𝑡S       (3) 

 

where J is the exchange constant, k is the Coulomb auto-repulsion integral, t is the transfer integral 

(sometimes referred to as, , the resonance integral), and S is the overlap density integral.16 The 

term 2k contributes to FM coupling while an AF contribution is made by the -4tS term. Considering 
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the interaction of two paramagnetic species, the magnitudes of S and t increase with proximity and 

are affected by the relative orbital orientations. A stronger bond corresponds to a decrease in the 

separation distance, therefore, the type of coupling interaction observed can be influenced by bond 

strength. 

 In the case of a paramagnetic ligand coordinated to a paramagnetic lanthanide ion, achiev-

ing strong magnetic coupling is especially challenging due to the contracted nature of the lanthanide 

4f orbitals. Direct, non-orthogonal overlap between a ligand’s singly occupied molecular orbital 

(SOMO) and lanthanide 4f orbitals leads to AF exchange coupling due to an increase in t and S. AF 

exchange is in competition with FM superexchange via lanthanide 5d orbitals, the charge transfer 

configuration (CTC) in which an electron is transferred between the radical SOMO and lanthanide 

5d orbitals stabilizes an FM ground state due to the orthogonality of the 4f and 5d orbitals. The 

magnitudes of S and t for the radical-4f interaction, and therefore the type of coupling observed, 

will depend upon whether the ligand’s proximity and symmetry in relation to the lanthanide ion 

permits strong interaction between radical SOMO and lanthanide 4f orbitals, a consequence of 

strong bonding and a diffuse SOMO. This dependence is borne out for discrete lanthanide-radical 

complexes, where coupling to lanthanide ions is AF for strongly coordinated neutral radicals,17–24 

and more strongly AF for radical anions.9,11,25 When neutral radicals are coordinated to lanthanide 

ions through longer bond distances (i.e., weaker coordination) which decreases t or symmetry 

which reduces S, FM coupling via a superexchange mechanism is observed as the radical-5d inter-

action predominates.18,26–30 The overwhelming majority of 1D –[LnIII-radical]n– chains feature rad-

ical ligands coupled FM with lanthanide ions.31–46 To our knowledge, only two reports of an AF 

coupled –[LnIII-radical]n– chains exist in the literature: [Ln(hfac)3(imvd)]n (Ln = Gd, Tb, Dy; imvd 

= 3-imidazolyl-1,5-dimethyl-6-oxoverdazyl)47 and [Ce(hfac)3(boaDTDA)]n (Chapter 2) (Figure 

3.7). 
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Figure 3.7: Line drawings of stable radicals used in –[LnIII-radical]n– chains. 

 

 SCMs are one-dimensional chains of anisotropic spins which exhibit slow relaxation of 

magnetization arising from the magnetic interactions between spins. The energy barrier for the for-

mation of a domain wall (i.e., inversion of a spin) is proportional to the exchange coupling J be-

tween neighboring spins in the chain. Once formed, there is no energetic barrier to the propagation 

of the domain wall along the chain, which can lead to the complete reversal of magnetization for a 

segment of the chain. Therefore, to prevent relaxation of magnetization, significant exchange cou-

pling between elements within the chain is desired. Since the radial probability distribution of the 

4f orbitals reaches a maximum much closer to the nucleus than that of the unoccupied 5d orbitals, 

coupling of lanthanide ion spins, typically through either dipolar or superexchange mechanisms, 

tends to be very weak or negligible. Paramagnetic bridging ligands offer an effective alternative 

strategy to mediate coupling between lanthanide ions. 

 Gatteschi et al. first used a nitronyl nitroxide radical ligand in an SCM as an alternating 

CoII-radical chain,14 then later, an alternating DyIII-radical SCM.37 Many reports of alternating Tb-

nitronyl nitroxide chains have followed.38,43,44,48 The reported Ln-nitronyl nitroxide chains have 

featured weak ligands, so FM coupling to lanthanide ions is observed in these examples. 

 Previously, we have reported one dimensional [Ln(hfac)3(radical)]n chains using the radical 

ligand 4-(2ʹ-benzoxazolyl)-1,2,3,5-dithiadiazolyl (boaDTDA)49 for La, Ce, Pr, Nd, Sm, and Eu 

(hfac = 1,1,1,5,5,5-hexafluorocetoacetanato) (Chapter 2).46,50 Lanthanide-radical coupling is AF in 
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the case of Ce and FM for Pr, Nd, and Sm. For Ln ions smaller than EuIII, boaDTDA forms molec-

ular species, not chains (e.g., Gd and Dy).51 Exploiting the large, unquenched angular momentum 

of the late lanthanide ions in chains formed with DTDA radicals necessitated stronger ligand-radi-

cal coordination. Herein, we report chain complexes using a strongly coordinating neutral radical 

ligand, pymDTDA,1 that promotes AF coupling between lanthanide ions and the bridging radical. 

PymDTDA lanthanide chains are a rare example of an AF coupled –[LnIII-radical]n– chain. 

 

EXPERIMENTAL SECTION 

 

 General Considerations. Preparation of Ln-pymDTDA (Ln = Gd, Tb) coordination pol-

ymers was performed under argon atmosphere using standard Schlenk techniques (pymDTDA = 

4-(2ʹ-pyrimidyl)-1,2,3,5-dithiadiazolyl). Dry, degassed dichloromethane was dispensed from an LC 

solvent purification system using a dry packed column containing 3 Å molecular sieves from a 

solvent keg filled by Caledon Laboratories. Reagents were purchased from Aldrich, Alfa Aesar, 

Strem, and Acros Organics, and used as received. IR spectra were collected using a Nicolet 510-

FTIR spectrometer at ambient temperature at 4 cm-1 resolution. Elemental analyses were performed 

by MHW laboratories in Phoenix, AZ, USA. Sublimations were carried out on a tube furnace with 

three programmable temperature zones under dynamic vacuum. For [Ln(hfac)3(pymDTDA)]n com-

plexes all three zones were set to 70 °C overnight to remove any unreacted Ln(hfac)3(DME) staring 

material, pure [Ln(hfac)3(pymDTDA)]n was then allowed to deposit in the second zone by raising 

the temperature of the first zone to the required sublimation temperature. The segment of the glass 

tube containing the desired product was cut from the remainder of the tube and the product was 

collected in an argon glove box. Ln(hfac)3(DME) (Ln = Gd, Tb)52 and pymDTDA1 were prepared 

according to literature procedures (DME = 1,2-dimethoxyethane).  

 [Gd(hfac)3(pymDTDA)]n: In a 50 mL side arm round bottom flask, 0.5580 g 

Gd(hfac)3(DME) (0.6425 mmol) and 0.1180 g pymDTDA (0.6440 mmol) were dissolved in 20 mL 
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of dichloromethane. The resulting brown solution was stirred 40 min then the solvent was removed 

under vacuum to give 0.5275 g of crude purple-grey solid (86% yield). The crude product was 

purified by dynamic sublimation (120 °C, 10-2 torr) to give 0.1996 g of light blue powder (32% 

yield). Crystals suitable for single crystal x-ray diffraction were obtained by sublimation under 

static vacuum (160 °C, 10-2 torr). IR(KBr): 3136 (w), 2958 (w), 1652 (s), 1611 (w), 1561 (m), 1534 

(m), 1499 (s), 1389 (w), 1350 (w), 1257 (s), 1208 (s), 1145 (s), 1101 (m), 1047 (w), 1024 (w), 947 

(w), 867 (w), 802 (s), 742 (m), 661 (s), 589 (s), 528 (m), 469 (w) cm-1. Analysis calculated for 

C20H6F18GdN4O6S2: C, 24.98; H, 0.63; N, 5.83%. Found C, 25.33; H, 0.60; N, 5.55%. 

 [Tb(hfac)3(pymDTDA)]n: In a 50 mL side arm round bottom flask, 0.4103 g 

Tb(hfac)3(DME) (0.4715 mmol) and 0.0870 g pymDTDA (0.475 mmol) were dissolved in 20 mL 

of dichloromethane. The resulting purple solution was stirred 40 min then the solvent was removed 

under vacuum to give 0.3373 g of crude purple-grey solid (74% yield). The crude product was 

purified by dynamic sublimation (100 °C, 10-5 torr) to give 0.0431 g of blue powder (10% yield). 

Crystals suitable for single crystal x-ray diffraction were obtained by sublimation under static vac-

uum (160 °C, 10-2 torr). IR(KBr): 3302 (w), 3144 (w), 3096 (w), 1651 (s), 1608 (m), 1585 (m), 

1566 (m), 1533 (s), 1495 (s), 1387 (s), 1349 (m), 1255 (s), 1204 (s), 1142 (s), 1097 (m), 1013 (w), 

950 (w), 838 (m), 828 (w), 801 (s), 771 (w), 741 (m), 714 (w), 660 (s), 644 (m), 587 (s), 526 (s), 

467 (w), 436 (w) cm-1. Analysis calculated for C20H6F18N4O6S2Tb: C, 24.94; H, 0.63; N, 5.82%. 

Found C, 25.22; H, 0.58; N, 5.59%. 

 Computational Studies. The pymDTDA singly occupied molecular orbital (SOMO) and 

spin density distribution were determined from a geometry optimized structure of boaDTDA using 

uB3LYP/6-31g(d,p) as available in the Gaussian 03W computational package version Revision C-

3.01.53 Surfaces were rendered using Gaussview 3.054 at an isovalue of 0.02 for the SOMO and 

0.0004 for the spin density distribution. 

 Crystallographic Measurements of Gd-pymDTDA and Tb-pymDTDA. Experimental 

details can be found in the Supporting Information. 
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 Magnetic Measurements. Magnetic susceptibility measurements were obtained with the 

use of a Quantum Design SQUID magnetometer MPMS-XL, functioning between 1.8 and 400 K 

for dc applied fields ranging from -70000 to 70000 Oe. For alternating-current (ac) susceptibility 

measurements, an oscillating ac field of 3 Oe with a frequency between 1 and 1500 Hz was em-

ployed. Measurements were performed on polycrystalline samples of Gd-pymDTDA (14.5 mg) 

and Tb-pymDTDA (10.9 mg) sealed in polypropylene bags under argon atmosphere. Prior to the 

experiments, the field-dependent magnetization was measured at 100 K in order to detect the pres-

ence of any bulk ferromagnetic impurities. The samples appeared to be free of any significant fer-

romagnetic impurities. The magnetic data were corrected for the sample holder and the diamagnetic 

contribution. 

 

RESULTS 

 

 [Ln(hfac)3(pymDTDA)]n complexes (Gd-pymDTDA, Ln = Gd; Tb-pymDTDA, Ln = Tb) 

(Figure 3.8) are obtained from a 1:1 reaction of the appropriate Ln(hfac)3(DME)52 and pymDTDA1 

in anhydrous dichloromethane. After removing the solvent under reduced pressure, blue-green nee-

dles are obtained by sublimation of the solid residue. 

Figure 3.8: (a) Line drawing of the repeat unit of Gd-pymDTDA and Tb-pymDTDA. (b) ORTEP 

representation of the asymmetric unit of Gd-pymDTDA (thermal ellipsoids for 150 K structure are 

shown at 50% probability). 
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 Complexes Gd-pymDTDA and Tb-pymDTDA crystalize in the space group Pbca as 

isostructural 1D coordination polymers (Figure 3.9, Table 3.1). Each lanthanide ion is coordinated 

to three O,O-hfac ligands and two N,N-pymDTDA ligands in a bicapped square antiprismatic co-

ordination environment, forming a chain propagating in [010]. Four symmetry equivalent chains 

are found in each unit cell. Within Gd-pymDTDA and Tb-pymDTDA chains, short S∙∙∙O contacts 

are found between thiazyl S atoms and hfac O atoms coordinated to lanthanides on either side of 

the radical within a chain (three S∙∙∙O contacts to one side and two S∙∙∙O contacts to the other side) 

(Figure 3.9). Electrostatic S∙∙∙O contacts between DTDA S atoms and hfac O atoms have been 

shown to mediate magnetic coupling between radicals and transition metal or lanthanide ions of 

different molecules.1,2,49,55 

Figure 3.9: (a) 1D structure of Gd-pymDTDA (b) An excerpt from the crystal structure of Gd-

pymDTDA viewed normal to (001) illustrating the S∙∙∙O contacts between thiazyl S atoms and hfac 

O atoms within a 1D chain. 
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Table 3.1: Summary of Crystallographic Data and Select Bond Distances (Å) for Gd-pymDTDA 

and Tb-pymDTDA. 

Complex Gd-pymDTDA Tb-pymDTDA 

Formula C20H6F18N4O6S2Gd C20H6F18N4O6S2Tb 

Formula Weight (g/mol) 961.66 963.33 

Wavelength (Å) 0.71073 0.71073 

Crystal Size (mm) 0.3 x 0.1 x 0.05 0.35 x 0.18 x 0.04 

Resolution (Å) 0.59 0.61 

Crystal System Orthorhombic Orthorhombic 

Space Group Pbca Pbca 

T (K) 150(2) 150(2) 

Unit cell dimensions 

(Å) 

a 19.5569(2) 19.52452(19) 

b 14.24273(8) 14.25181(8) 

c 21.14667(15) 21.12891(15) 

Unit cell angles (°) α 90 90 

β 90 90 

γ 90 90 

Volume (Å3) 5890.27(8) 5882.11(8) 

Z 8 8 

Density calc. (g/cm3) 2.169 2.176 

Absorption coefficient 

(mm-1) 

2.553 2.706 

F(000) 3680.0 3688.0 
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Complex Gd-pymDTDA Tb-pymDTDA 

Θ range for data collection 

(°) 

2.53 to 37.03 2.62 to 35.63 

Index ranges -33 ≤ h ≤ 33 

-24 ≤ k ≤ 24 

-35 ≤ l ≤ 35 

-32 ≤ h ≤ 32 

-23 ≤ k ≤ 23 

-34 ≤ l ≤ 34 

Refl. Coll. 179708 183696 

Ind. Refl. 15013 [Rint = 0.0503] 13575 [Rint = 0.0514] 

Completeness to Θ max 

(%)  

99.9 99.9 

Absorption correction Multi-scan Multi-scan 

Max. and min. transmis-

sion 

1 and 0.73908 1 and 0.58670 

Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2 

Data / restraints / parame-

ters 

15013 / 117 / 488 13575 / 117 / 476 

Goof on F2 1.004 1.011 

Final R indices [I > 2σ(I)] R1 = 0.0405, wR2 = 0.0960 R1 = 0.0446, wR2 = 0.1284 

R indices (all data) R1 = 0.0711, wR2 = 0.1103 R1 = 0.0751, wR2 = 0.1534 

Largest diff. peak & hole 

(e.Å3) 

3.78 & -1.73 5.21 & -2.29 

Selected coordination distances (Å) 

Ln∙∙∙N1 2.759(2) 2.761(3) 

Ln∙∙∙N11 2.744(2) 2.736(3) 
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Complex Gd-pymDTDA Tb-pymDTDA 

Ln∙∙∙N4 2.729(2) 2.727(3) 

Ln∙∙∙N7 2.889(2) 2.905(3) 

Selected intermolecular contact distances (Å) 

S2∙∙∙O21 3.481(2) 3.479(3) 

S2∙∙∙O31 2.896(2) 2.905(3) 

S2∙∙∙O41 3.496(2) 3.488(3) 

S3∙∙∙O31 3.144(2) 3.142(3) 

S3∙∙∙O41 3.060(2) 3.062(3) 

S2∙∙∙C8 5.653(3) 5.625(4) 

S2∙∙∙C9 4.924(3) 4.902(4) 

S2∙∙∙C10 5.520(3) 5.507(4) 

F21∙∙∙C8 3.988(5) 4.002(6) 

F21∙∙∙C9 3.381(5) 3.399(5) 

F21∙∙∙C10 3.849(4) 3.893(5) 

Angle between DTDA planesa 

 36 36 

a)  Mean plane of the atoms of the DTDA heterocycle

 

 The magnetic properties of Gd-pymDTDA and Tb-pymDTDA have been studied by dc 

and ac techniques between 300 and 1.8 K with applied fields of up to 70000 Oe. 

[Gd(hfac)3(pymDTDA)]n (Figure 3.10): The room temperature χT product of 8.7 cm3 K mol-1 is 

consistent with the expected value for one GdIII ion (4f7, S = 7/2, L = 0, 8S7/2, g = 2, C = 7.88 cm3 K 

mol-1) and one pymDTDA radical (g = 2, S = 1/2, C = 0.375 cm3 K mol-1). As the temperature is 

lowered, the χT product decreases, and reaches a minimum of 8.05 cm3 K mol-1 at 20 K, before 
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increasing with further cooling. Using the method of Seiden,7 the GdIII-radical chain is modelled as 

a chain of alternating classical S = 7/2 spins and quantum spins of S = 1/2. An excellent fit is 

obtained with g = 2.07(5), J/kB = -2.3 K. Below 5 K, thermally populated excited states correspond-

ing to the AF coupling manifold within an individual [GdIII-radical] monomeric unit are depopu-

lated and the chain can be considered as a classical Heisenberg chain of S = 3 units. The suscepti-

bility, χ, increases as a function of T-2 and a straight line is obtained from a plot of χT/C vs 1/T 

(Figure 3.11). An effective coupling constant for the interaction between neighboring monomeric 

S = 3 units can be deduced as Jeff/kB = +0.13 K from the slope of the line of best fit from 5 to 1.8 K 

(Figure 3.11).56 

Figure 3.10: Temperature dependence of the χT product for Gd-pymDTDA at 1000 Oe with χ 

defined as molar magnetic susceptibility M/H. Black circles indicate data points. Red line is a line 

of best fit for an alternating quantum-classical spin chain as described in the text. 
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Figure 3.11: Inverse temperature dependence of the χT product for Gd-pymDTDA with χ defined 

as molar magnetic susceptibility M/H. Blue circles indicate dc susceptibility data at 1000 Oe. Black 

circles indicate in-phase ac susceptibility data measured at 1500 Hz in zero applied field. Blue line 

is a line of best fit for a Heisenberg chain as described in the text. 

 

 

 [Tb(hfac)3(pymDTDA)]n (Figure 3.12) The room temperature χT product of 12.3 cm3 K 

mol-1 is consistent with the expected value for one TbIII ion (S = 3, L = 3, 7F6, gJ = 3/2, χT = 11.81 

cm3 K mol-1) and one pymDTDA radical (g = 2, S = 1/2, χT = 0.375 cm3 K mol-1). As the tempera-

ture is lowered, a small decrease in the χT product is observed, reaching a minimum of 11.4 cm3 K 

mol-1 at 30 K. From 20 to 5 K the χT product (in a 1000 Oe dc field) increases exponentially, 

indicative of a thermally activated increase in correlation length. Below 20 K, the χT product be-

comes dependent on the applied dc field, indicating the stabilization of a magnetically ordered 

ground state. 
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Figure 3.12 Temperature dependence of the χT product for Tb-pymDTDA at 1000 Oe with χ de-

fined as molar magnetic susceptibility M/H. Black circles indicate data points measured at 1000 

Oe, red circles indicate data points measured at 10000 Oe. Inset: alternate scale of χT emphasizing 

the observed minimum at 30 K. 

 

 Ac susceptibility measurements of Tb-pymDTDA as a function of temperature (measured 

between 300 and 1.8 K) and frequency (between 1 and 10000 Hz) have been performed. The in-

phase ac susceptibility of Tb-pymDTDA increases as a function of 1/T as the temperature is de-

creased from 20 to 3 K (Figure 3.13). Below 8 K, a frequency dependent out-of-phase signal is 

detected (Figure 3.13).  
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Figure 3.13: (left) Temperature dependence of the ac, in-phase susceptibility at different ac fre-

quencies in zero-dc for Tb-pymDTDA. (right) Temperature dependence of the ac, out-of-phase 

susceptibility at different ac frequencies in zero-dc for Tb-pymDTDA. (χ is defined as molar mag-

netic susceptibility equal to M/H per asymmetric unit of Tb-pymDTDA). Solid lines are visual 

guides. 

 

 A plot of ln(χʹT) vs 1/T (Figure 3.14) is linear between 20 and 3 K with a slope correspond-

ing to the activation energy for the formation of a domain wall within the 1D chain, Δξ = 9.2 K. 

Within the Ising limit, Δξ is equal to 4JS2. For a single chain magnet (SCM), χʹT is expected to 

saturate at very low temperatures for isolated chains due to finite size effects occurring because of 

chain defects. However, the observed decrease in χʹT upon cooling below 3.2 K indicates AF inter-

chain interactions. 
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Figure 3.14: Inverse temperature dependence of the χT product, plotted logarithmically, for Tb-

pymDTDA with χ defined as molar magnetic susceptibility M/H. Blue circles indicate dc suscep-

tibility data at 1000 Oe. Black circles indicate in-phase ac susceptibility data measured at 100 Hz 

in zero applied field. Blue line is a line of best fit using the 100 Hz in-phase ac susceptibility data 

to determine the activation energy for the formation of a domain wall in a 1D Ising chain. 

 

 The relaxation time, τ, deduced from the in-phase and out-of-phase susceptibility, is plotted 

as a function of 1/T in Figure 3.15 to determine the energy barrier of relaxation. Two distinct relax-

ation regimes are observed. Above 3.2 K the relaxation corresponds to the finite chain regime of 

an SCM. Below 3.2 K Tb-pymDTDA orders antiferromagnetically. 
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Figure 3.15: Inverse temperature dependence of relaxation time, τ, for Tb-pymDTDA plotted log-

arithmically. Blue circles indicate measured data points. Blue line is a line of best fit above 3.2 K. 

Black line is a line of best fit below 3.2 K. 

 

 Computational Studies. The singly occupied molecular orbital (SOMO) was calculated 

for a geometry optimized pymDTDA molecule (Figure 3.16). The SOMO of pymDTDA is nodal 

at the DTDA carbon atom, so the SOMO is localized to the DTDA heterocycle. Spin polarization 

of the underlying filled orbitals allows for spin density, both α (“spin up” or “positive”) and β (“spin 

down” or “negative”), to be present throughout the molecule. When there is orbital overlap between 

regions of α-spin density of one molecule and β-spin density of another molecule, the McConnell 

I mechanism predicts an increase in the overall magnetic moment between the two molecules (i.e., 

FM coupling).57,58 In the case of boaDTDA, the calculated spin density surface shows the presence 

of β-spin density on carbon atoms of the benzoxazole moiety. 
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Figure 3.16: (top) SOMO of a geometry optimized pymDTDA calculated using uB3LYP/6-

31g(d,p) and rendered at isovalue = 0.02; (bottom) spin density distribution of pymDTDA calcu-

lated using uB3LYP/6-31g(d,p) and rendered at isovalue = 0.0004; blue denotes α-spin density, 

green denotes β-spin density. 

 

DISCUSSION 

 

 FM coupling between weakly coordinated radical ligands and LnIII ions is accurately pre-

dicted by a superexchange mechanism, proposed by Goodenough,6,59 based on the interaction be-

tween ground state and charge transfer configurations of neighboring paramagnetic species. Spe-

cific to the case of a LnIII ion coordinated to a paramagnetic ligand, competing FM and AF pathways 

depend upon the transfer integrals t(rad-5d) and t(rad-4f) respectively. 

𝐽𝐹 =  
2(𝑡rad−5𝑑)2𝑘

(𝑈2−𝑘2)
      (4) 

𝐽𝐴𝐹 =  −
2(𝑡rad−4𝑓)2

𝑈
      (5) 

The transfer integral t(rad-4f) is negligible in the case of weakly coordinated radical ligands and 

FM coupling is observed. For ligands with stronger donor ability, t(rad-4f) can no longer be ne-

glected and AF coupling is observed. 

 The coupling between GdIII and pymDTDA in Gd-pymDTDA chains is AF. This behav-

iour is unlike nearly all other –[LnIII-radical]n– chains, in which the lanthanide and radical are FM 
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coupled, e.g., [Gd(hfac)3(NIT-R)]n (R = Et,32 J/kB = +0.30 K; R = iPr,33 J/kB = +0.30 K). The only 

other reports of –[LnIII-radical]n– chains in which lanthanide-radical coupling is AF are the series 

[Ln(hfac)3(imvd)]n (Ln = Gd, Tb, Dy; imvd = 3-imidazolyl-1,5-dimethyl-6-oxoverdazyl)47 and 

[Ce(hfac)3(boaDTDA)]n (Chapter 2). Imvd radicals bridge lanthanide ions through two monoden-

tate coordination sites, the oxoverdazyl O and an imidazole N (J1/kB = -2.27 K, J2/kB = -0.60 K). 

The spin density distribution of an oxoverdazyl radical places -spin density on the coordinated 

oxygen atom. The effective AF coupling between the oxoverdazyl radical and lanthanide ion is, 

therefore the result of FM superexchange between the radical -spin and lanthanide magnetic mo-

ment through the lanthanide 5d orbitals. 

 AF lanthanide-radical coupling requires strong radical-4f orbital interaction, achieved by 

increased overlap through shortened coordination distances. In mononuclear Ln-radical complexes, 

multidentate coordination typically results in short distances and thus AF coupling. The formation 

of AF coupled lanthanide-radical chains is hindered by the increasing steric demands of multiden-

tate ligands. DTDA radicals are able meet the conflicting requirements of an AF coupled lantha-

nide-radical chain, due to the sterically unencumbered nature of the DTDA ring. 

 Magnetic interactions between chains are a requirement for the existence of the AF ordered 

phase observed in Tb-pymDTDA since 3D order cannot be observed for a 1D object at any tem-

perature above 0 K. AF ordered phases have been observed for other –[LnIII-radical]n– chains con-

taining LnIII ions with significant magnetoanisotropy with interchain coupling described as arising 

from weak dipolar interactions.34,35,41,43,44 Dipolar interactions may contribute to the interchain cou-

pling in Tb-pymDTDA, however interchain coupling can also be explained in the context of the 

McConnell I mechanism, an explanation of the observed low temperature ferromagnetic coupling 

of organic radicals proposed in the 1960’s.57 Contacts with significant orbital overlap between areas 

of α-spin density on one molecule and -spin density on a neighboring molecule lead to an increase 

in the overall magnetic moment of a system.57,58 Contacts in Gd-pymDTDA and Tb-pymDTDA 
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between thiazyl S atoms (α-spin density) and pyrimidyl C atoms (-spin density) found on neigh-

boring chains in the direction [001] (Figure 3.17) are similar in geometry to those found in the 

[Ln(hfac)3(boaDTDA)]n series of chains (Ln = La, Ce, Pr, Nd, Sm, Eu) wherein the McConnell I 

mechanism appears to be necessary to explain the observed magnetic ordering (Chapter 2).46,50 

Figure 3.17: An excerpt from the crystal structure of Tb-pymDTDA illustrating a close contact 

between a thiazyl S atom (having α-spin density) and a benzoxazole C atom (having β-spin density) 

viewed normal to (010). 

 

 In keeping with previous observations, similar to [Ln(hfac)3(boaDTDA)]n chains, Tb-

pymDTDA chains which are neighbors in the direction [100] have contacts formed between py-

rimidyl C atoms (β-spin density) and hfac F atoms which have residual spin from Tb which is 

antiferromagnetically coupled to the radical (i.e., β-spin density relative to the thiazyl moiety) (Fig-

ure 3.18). Interaction between areas of like spin density give rise to AF exchange coupling. Since 

Tb-pymDTDA is ordered AF below 3.2 K, interchain C∙∙∙F contacts accurately predict the ob-

served magnetic behavior. The McConnell I mechanism has been previously used to explain the 

observed FM coupling of units of Ni(hfac)2(boaDTDA)60 and 3D FM ordering of 

[Nd(hfac)3(boaDTDA)]n and [Sm(hfac)3(boaDTDA)]n. 
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Figure 3.18: An excerpt from the crystal structure of Tb-pymDTDA illustrating a close contact 

between a benzoxazole C atom (having β-spin density) and an hfac F atom (having β-spin density 

relative to the thiazyl moiety) viewed normal to (010). 

 

CONCLUSION 

 

 1D –[LnIII-radical]n– coordination polymers of GdIII and TbIII are obtained with the bridging 

radical ligand pymDTDA. While the previously reported boaDTDA radical ligand does not form 

chains with lanthanides smaller than Eu, pymDTDA is able to form chains with Gd and Tb due to 

an increase in coordination strength. The lanthanide-radical coupling in the 1D –[LnIII-radical]n– 

chains Gd-pymDTDA and Tb-pymDTDA is AF, J/kB = -2.3 K for Gd-pymDTDA. AF coupling 

has been demonstrated for isolated, molecular lanthanide-radical complexes of strongly coordi-

nated radical ligands, but is highly unusual in lanthanide-radical chains. 
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 Interchain non-bonding contacts are present between DTDA S atoms and pyrimidyl C at-

oms as well as between hfac F atoms and pyrimidyl C atoms. These interchain contacts are similar 

in structure and geometry to interchain contacts in [Ln(hfac)3(boaDTDA)]n chains which are used 

to explain the observed ordering behavior in the context of the McConnell I mechanism. Due to 

interchain interactions, Tb-pymDTDA orders AF below 3.2 K.
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SUPPLEMENTARY INFORMATION AND ADDITIONAL WORK 

 

 The following figures are added to depict the interchain interactions found in Gd-

pymDTDA and Tb-pymDTDA in detail and from alternative angles. Interactions between hfac F 

atoms and pyrimidyl C atoms are depicted in Figure 3.19, interactions between DTDA S atoms and 

pyrimidyl C atoms are depicted in Figure 3.20. The plane angle between DTDA moieties of neigh-

bouring pymDTDA ligands is shown in Figure 3.21. 

Figure 3.19: An excerpt from the crystal structure of Tb-pymDTDA illustrating a close contact 

between an hfac F atom (having β-spin density relative to the radical spin) and a benzoxazole C 

atom (having β-spin density) (a) viewed normal to (001) (b) viewed normal to (010). 
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Figure 3.20: An excerpt from the crystal structure of Tb-pymDTDA illustrating a close contact 

between a thiazyl S atom (having α-spin density) and a benzoxazole C atom (having β-spin density) 

(a) viewed normal to (100) (b) viewed normal to (010). 
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Figure 3.21: An excerpt from the crystal structure of Tb-pymDTDA illustrating the angle between 

planes formed by DTDA atoms within a chain, viewed normal to (010). 

 

OTHER –[Ln(III)-pymDTDA]n– COMPLEXES 

 

 In addition to Gd and Tb, [Ln(hfac)3(pymDTDA)]n 1D coordination polymers have also 

been prepared for La, La-pymDTDA; Ce, Ce-pymDTDA; Pr, Pr-pymDTDA; Nd, Nd-

pymDTDA; Sm, Sm-pymDTDA; and Eu, Eu-pymDTDA via 1:1 reaction of pymDTDA and the 

appropriate Ln(hfac)3(DME) in anhydrous dichloromethane. After evaporation of the solvent, blue-

green needles are obtained by sublimation. Quality x-ray crystal data has been collected for Pr-

pymDTDA, Nd-pymDTDA, and Eu-pymDTDA which are isostructural and crystallize in the 

space group P21/c (Table 3.2). Locally the coordination environment around each lanthanide ion 

consists of three O,O-hfac ligands and two N,N-pymDTDA ligands, forming a chain (Figure 3.24). 

PymDTDA radicals are crystallographically disordered with respect to their orientation, “head-to-

tail” disorder, as illustrated in Figure 3.25. The angle between planes formed by pymDTDA ligands 

is between 8-10°. Unlike Gd-pymDTDA and Tb-pymDTDA, early lanthanide pymDTDA chains 
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do not have interchain contacts between thiazyl sulfur atoms and pyrimidyl carbon atoms or inter-

chain contacts between hfac fluorine atoms and pyrimidyl carbon atoms (such contacts are con-

sistent with the presence of a 3D ordered phase of Tb-pymDTDA) (Table 3.2). 

 

EXPERIMENTAL 

 

 General Considerations. Preparation of [Ln(hfac)3(pymDTDA)]n (Ln = La, Ce, Pr, Nd, 

Sm, Eu) coordination polymers was performed under argon atmosphere using standard Schlenk 

techniques (pymDTDA = 4-(2ʹ-pyrimidyl)-1,2,3,5-dithiadiazolyl). Dry, degassed dichloromethane 

was dispensed from an LC solvent purification system using a dry packed column containing 3 Å 

molecular sieves from a solvent keg filled by Caledon Laboratories. Reagents were purchased from 

Aldrich, Alfa Aesar, Strem, and Acros Organics, and used as received. IR spectra were collected 

using a Nicolet 510-FTIR spectrometer at ambient temperature at 4 cm-1 resolution. Elemental 

analyses were performed by MHW laboratories in Phoenix, AZ, USA. Sublimations were carried 

out on a tube furnace with three programmable temperature zones under dynamic vacuum. For 

[Ln(hfac)3(pymDTDA)]n complexes all three zones were set to 70 °C overnight to remove any 

unreacted Ln(hfac)3(DME) staring material, pure [Ln(hfac)3(pymDTDA)]n was then allowed to de-

posit in the second zone by raising the temperature of the first zone to the required sublimation 

temperature. The segment of the glass tube containing the desired product was cut from the remain-

der of the tube and the product was collected in an argon glove box. Ln(hfac)3(DME) (Ln = La, Ce, 

Pr, Nd, Sm, Eu)52 and pymDTDA1 were prepared according to literature procedures. 

 [La(hfac)3(pymDTDA)]n: In a 50 mL side arm round bottom flask, 0.4560 g 

La(hfac)3(DME) (0.5364 mmol) and 0.1000 g pymDTDA (0.5458 mmol) were dissolved in 20 mL 

of dichloromethane. The resulting blue solution was stirred 1 h then the solvent was removed under 

vacuum to give 0.4831 g of crude blue-grey solid (95% yield). The crude product was purified 

sublimation under dynamic vacuum (160 °C, 10-5 Torr) to give 0.2266 g of light blue powder (45% 
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yield). Crystals suitable for single crystal x-ray diffraction were obtained by sublimation under 

static vacuum (160 °C, 10-2 Torr). IR(KBr): 3295 (vw), 3139 (w), 3096 (vw), 1649 (s), 1608 (w), 

1587 (m), 1569 (m), 1558 (m), 1531 (m), 1491 (s), 1464 (w), 1386 (m), 1340 (w), 1255 (s), 1217 

(s), 1144 (s), 1095 (m), 1017 (w), 949 (w), 837 (m), 802 (s), 768 (w), 740 (w), 660 (s), 648 (w), 

584 (s), 527 (m), 460 (w) cm-1. Analysis calculated for C20H6F18N4O6S2La: C, 25.47; H, 0.64; N, 

5.94%. Found C, 25.58; H, 1.09; N, 5.90%. 

 [Ce(hfac)3(pymDTDA)]n: In a 50 mL side arm round bottom flask, 0.2078 g 

Ce(hfac)3(DME) (0.2441 mmol) and 0.0452 g pymDTDA (0.247 mmol) were dissolved in 25 mL 

of dichloromethane. The resulting blue-green solution was stirred 1 h then the solvent was removed 

under vacuum to give 0.1750 g of crude green-grey solid (76% yield). The crude product was pu-

rified by sublimation under dynamic vacuum (152 °C, 10-5 torr) to give 0.0628 g of light blue 

powder (27% yield). Crystals suitable for single crystal x-ray diffraction were obtained by subli-

mation under static vacuum (160 °C, 10-2 torr). IR(KBr): 3291 (vw), 3143 (w), 3091 (vw), 1649 

(s), 1607 (w), 1587 (m), 1568 (m), 1558 (m), 1531 (m), 1490 (s), 1466 (w), 1386 (m), 1341 (w), 

1254 (s), 1217 (s), 1144 (s), 1096 (s), 1017 (w), 949 (w), 893 (vw), 837 (m), 802 (s), 770 (w), 741 

(m), 713 (vw), 660 (s), 647 (w), 584 (s), 527 (m), 461 (w) cm-1. Analysis calculated for 

C20H6F18N4O6S2Ce: C, 25.43; H, 0.64; N, 5.93%. Found C, 25.51; H, 0.88; N, 5.78%. 

 [Pr(hfac)3(pymDTDA)]n: In a 50 mL side arm round bottom flask, 0.4910 g 

Pr(hfac)3(DME) (0.5762 mmol) and 0.1055 g pymDTDA (0.5758 mmol) were dissolved in 20 mL 

of dichloromethane. The resulting blue solution was stirred 30 min then the solvent was removed 

under vacuum to give 0.5136 g of crude blue-grey solid (94% yield). The crude product was puri-

fied by sublimation under dynamic vacuum (155 °C, 10-5 torr) to give 0.3873 g of light blue powder 

(71% yield). Crystals suitable for single crystal x-ray diffraction were obtained by sublimation un-

der static vacuum (160 °C, 10-2 torr). IR(KBr): 3138 (vw), 3095 (vw), 1650 (s), 1608 (w), 1587(w), 

1558 (w), 1531 (m), 1491 (s), 1387 (m), 1342 (w), 1255 (s), 1217 (s), 1144 (s), 1097 (m), 1017 

(w), 949 (w), 837 (m), 802 (s), 767 (vw), 741 (m), 660 (s), 647 (vw), 585 (s), 527 (m), 462 (w), 
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436 (vw) cm-1. Analysis calculated for C20H6F18N4O6S2Pr: C, 25.41; H, 0.64; N, 5.93%. Found C, 

25.66; H, 0.81; N, 5.54%. 

 [Nd(hfac)3(pymDTDA)]n: In a 50 mL side arm round bottom flask, 0.3782 g 

Nd(hfac)3(DME) (0.4421 mmol) and 0.0805 g pymDTDA (0.439 mmol) were dissolved in 20 mL 

of dichloromethane. The resulting blue suspension was stirred 45 min then the solvent was removed 

under vacuum to give 0.3920 g of crude blue-grey solid (94% yield). The crude product was puri-

fied by sublimation under dynamic vacuum (150 °C, 10-5 torr) to give 0.1182 g of blue powder 

(28% yield). Crystals suitable for single crystal x-ray diffraction were obtained by sublimation un-

der static vacuum (160 °C, 10-2 torr). IR(KBr): 3295 (vw), 3138 (w), 3099 (vw), 1650 (s), 1606 

(w), 1588 (m), 1569 (m), 1558 (m), 1531 (m), 1493 (s), 1465 (w), 1387 (m), 1344 (w), 1255 (s), 

1218 (s), 1144 (s), 1097 (m), 1017 (w), 950 (w), 838 (m), 801 (s), 768 (vw), 741 (m), 713 (vw), 

660 (s), 647 (w), 585 (s), 527 (m), 463 (w) cm-1. Analysis calculated for C20H6F18N4O6S2Nd: C, 

25.32; H, 0.64; N, 5.91%. Found C, 25.12; H, 0.46; N, 5.79%. 

 [Sm(hfac)3(pymDTDA)]n: In a 50 mL side arm round bottom flask, 0.4907 g 

Sm(hfac)3(DME) (0.5695 mmol) and 0.1040 g pymDTDA (0.5676 mmol) were dissolved in 30 

mL of dichloromethane. The resulting brown-green solution was stirred 2 h then the solvent was 

removed under vacuum to give 0.5148 g of crude blue-grey solid (95% yield). The crude product 

was purified by sublimation under dynamic vacuum (130 °C, 10-5 torr) to give 0.3220 g of blue 

powder (59% yield). Crystals suitable for single crystal x-ray diffraction were obtained by subli-

mation under static vacuum (160 °C, 10-2 torr). IR(KBr): 3299 (vw), 3144 (w), 3099 (vw), 1650 

(s), 1606 (w), 1588 (m), 1569 (m), 1558 (m), 1531 (m), 1494 (s), 1468 (w), 1388 (m), 1346 (w), 

1255 (s), 1204 (s), 1144 (s), 1099 (m), 1017 (w), 950 (w), 837 (m), 801 (s), 770 (w), 741 (m), 717 

(vw), 660 (s), 647 (w), 585 (s), 527 (s), 464 (w) cm-1. Analysis calculated for C20H6F18N4O6S2Sm: 

C, 25.15; H, 0.63; N, 5.87%. Found C, 25.12; H, 0.80; N, 5.78%. 

 [Eu(hfac)3(pymDTDA)]n: In a 50 mL side arm round bottom flask, 0.3960 g 

Eu(hfac)3(DME) (0.4587 mmol) and 0.0839 g pymDTDA (0.458 mmol) were dissolved in 20 mL 
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of dichloromethane. The resulting brown solution was stirred 1 h then the solvent was removed 

under vacuum to give 0.3806 g of crude purple-grey solid (87% yield). The crude product was 

purified by sublimation under dynamic vacuum (115 °C, 10-5 torr) to give 0.1902 g of blue-green 

powder (43% yield). Crystals suitable for single crystal x-ray diffraction were obtained by subli-

mation under static vacuum (160 °C, 10-2 torr). IR(KBr) (cm-1): 3141 (vw), 3099 (vw), 1650 (s), 

1605 (vw), 1589 (w), 1569 (m), 1559 (m), 1532 (m), 1495 (s), 1388 (m), 1347 (w), 1256 (s), 1218 

(s), 1144 (s), 1099 (m), 1017 (w), 951 (w), 837 (m), 801 (s), 770 (w), 741 (m), 661 (s), 646 (w), 

586 (s), 527 (m), 465 (w) cm-1. Analysis calculated for C20H6F18N4O6S2Eu: C, 25.12; H, 0.63; N, 

5.86%. Found: C, 25.17; H, 0.79; N, 5.87%. 

 

 Crystallographic Measurements. Blue needles of [Ln(hfac)3(pymDTDA)]n (Ln = Pr, Nd, 

Eu, Gd, Tb) were grown by sublimation in vacuum and were mounted on MiTeGen cryoloops, 

protected with type NVH immersion oil and studied in the flow of nitrogen at 150 K generated by 

Cryojet XL device (Oxford Instruments). All measurements were conducted on a SuperNova Ag-

ilent single-crystal diffractometer equipped with a microfocus MoKα (λ = 0.71073 Å) radiation 

source and Atlas CCD detector. Diffraction intensity data were collected using ω-scan. The unit 

cell parameters were refined using the entire data sets. The data were processed using CrysAlisPro 

software.61 Absorption corrections were applied semi-empirically from equivalent reflections. The 

structure was solved (direct methods) and refined (full- matrix least-squares on F2) using SHELXS 

and SHELXL-97.62 Geometric calculations were carried out using the WinGX63 and Olex64 soft-

ware packages. Non-hydrogen atoms were refined anisotropically, while hydrogen atoms were in-

troduced at calculated positions as riding on their corresponding carbon atoms and refined isotrop-

ically. 
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Table 3.2: Crystallographic details and selected bond distances for [Ln(hfac)3(pymDTDA)]n (Ln = 

Pr, Nd, Eu) compounds. 

Complex Pr-pymDTDA Nd-pymDTDA Eu-pymDTDA 

Formula C20H6F18N4O6S2Pr C20H6F18N4O6S2Nd C20H6F18N4O6S2Eu 

Formula Weight 

(g/mol) 

945.32 948.65 956.37 

Wavelength (Å) 0.71073 0.71073 0.71073 

Crystal Size 

(mm) 

0.9 x 0.1 x 0.1 0.3 x 0.1 x 0.09 0.2 x 0.12 x 0.06 

Resolution (Å) 0.58 0.65 0.79 

Crystal System Monoclinic Monoclinic Monoclinic 

Space Group P21/c P21/c P21/c 

T (K) 150(2) 150(2) 150(2) 

Unit cell di-

mensions 

(Å) 

a 14.1943(2) 14.1244(8) 14.0762(4) 

b 12.3408(2) 12.3004(5) 12.2041(3) 

c 18.87189(3) 18.8710(9) 19.0494(6) 

Unit cell 

angles (°) 

α 90 90 90 

β 106.8145(17) 106.901(6) 107.093(3) 

γ 90 90 90 

Volume (Å3) 3164.42(8) 3137.0(3) 3127.90(15) 

Z 4 4 4 

Density calc. 

(g/cm3) 

1.984 2.009 2.031 
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Complex Pr-pymDTDA Nd-pymDTDA Eu-pymDTDA 

Absorption co-

efficient (mm-1) 

1.820 1.938 2.289 

F(000) 1820.0 1824.0 1836.0 

Θ range for data 

collection (°) 

2.69 to 33.77 2 to 31.61 2.01 to 26.95 

Index ranges -22 ≤ h ≤ 22 

-19 ≤ k ≤ 19 

-12 ≤ l ≤ 29 

-20 ≤ h ≤ 20 

-18 ≤ k ≤ 18 

-27 ≤ l ≤ 27 

-17 ≤ h ≤ 17 

-15 ≤ k ≤ 15 

-13 ≤ l ≤ 24 

Refl. Coll. 12629 10853 6644 

Ind. Refl. 12629 [Rint = 0.0000] 11074 [Rint = 0.0000] 6644 [Rint = 0.0000] 

Completeness to 

Θ max (%)  

99.6% 99.1% 97.7% 

Absorption cor-

rection 

Semi-empirical from 

equivalents 

Semi-empirical from 

equivalents 

Semi-empirical from 

equivalents 

Max. and min. 

transmission 

1 and 0.69624 1 and 0.88553 1 and 0.67849 

Refinement 

method 

Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 

Data / restraints / 

parameters 

12629 / 592 / 636 11074 / 155 / 507 6644 / 403 / 581 

Goof on F2 1.000 1.000 1.019 

Final R indices 

[I > 2σ(I)] 

R1 = 0.0744 

wR2 = 0.2144 

R1 = 0.0860 

wR2 = 0.2145 

R1 = 0.0685 

wR2 = 0.1820 
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Complex Pr-pymDTDA Nd-pymDTDA Eu-pymDTDA 

R indices (all 

data) 

R1 = 0.0910 

wR2 = 0.2220 

R1 = 0.1291 

wR2 = 0.2386 

R1 = 0.0896 

wR2 = 0.2004 

Largest diff. 

peak & hole 

(e.Å3) 

3.88 / -2.72 5.44 / -3.67 1.73 / -1.42 

Selected Coordination Distances (Å) 

Ln∙∙∙N3 2.791(4) 2.783(8) 2.765(7) 

Ln∙∙∙N5 2.765(5) 2.730(8) 2.716(7) 

Ln∙∙∙N11 2.786(5) 2.773(8) 2.746(8) 

Ln∙∙∙N13 2.777(5) 2.739(9) 2.750(8) 

Angle between planes of neighbouring DTDA rings (°)a 

 10 9 8 

a)  Mean plane of the atoms of the DTDA heterocycle 
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 Complexes Pr-pymDTDA, Nd-pymDTDA, and Eu-pymDTDA crystallize in the space 

group P21/c as isostructural 1D coordination polymers (Figure 3.22, Table 3.2). Each lanthanide 

ion is coordinated to three O,O-hfac ligands and two N,N-pymDTDA ligands, forming a chain 

propagating [010]. The single x-ray crystal structures of Pr-pymDTDA, Nd-pymDTDA, and Eu-

pymDTDA contain crystallographic disorder with respect to the orientation of pymDTDA ligands 

described as “head-to-tail” disorder (Figure 3.23). This disorder occurs either randomly throughout 

the chain, or involves disorder of an entire chain, the later appearing more likely in our estimation 

due to the absence of strong interchain interactions to influence the chain as a whole but with in-

trachain interactions likely sufficient to orient the ligands relative to each other. 

Figure 3.22: ORTEP representation of the repeating unit of [Pr(hfac)3(pymDTDA)]n, thermal ellip-

soids at 50%. Only one of two “head-to-tail” disordered positions of each pymDTDA ligand is 

shown. 
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Figure 3.23: ORTEP representation of one Pr(hfac)3(pymDTDA) unit with “head-to-tail” 

disorder of the pymDTDA ligand. Thermal ellipsoids at 50%. 

 

 

MAGNETIC MEASUREMENTS 

 

 Additional Measurements for Gd-pymDTDA and Tb-pymDTDA. The magnetization 

of Gd-pymDTDA and Tb-pymDTDA as a function of the dc applied field was measured at 100 

K to confirm the absence of bulk ferromagnetic impurities and at 8, 5, 3, and 1.85 K to examine 

the magnetization at low temperature. For Gd-pymDTDA, no ferromagnetic impurities were de-

tected in the sample by measuring the field-dependent magnetization at 100 K (Figure 3.24). At 

1.85 K the magnetization of Gd-pymDTDA is saturated at 6.6 μB, slightly above the expected 

value of 6.2 μB that would be expected for a ground state spin of 3 with g = 2.07 determined in the 
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text using the Seiden model of alternating quantum and classic spins. Plotted as a function of H/T, 

data from all four temperatures are not superimposed onto one master curve, indicative of interac-

tions beyond a single molecular unit (e.g., a chain) (Figure 3.25). 

Figure 3.24: Field-dependent magnetization of [Gd(hfac)3(pymDTDA)]n at 100 K. 

Figure 3.25: Field-dependent magnetization of [Gd(hfac)3(pymDTDA)]n at 8, 5, 3, and 1.85 K. (a) 

Plotted as M vs H (b) plotted as M vs H/T. 

 

 For Tb-pymDTDA, no ferromagnetic impurities were detected in the sample by measuring 

the field-dependent magnetization at 100 K (Figure 3.26). At 1.85 K the magnetization of Tb-

pymDTDA does not saturate at 70000 Oe, M = 4.4 μB at 70000 Oe. Plotted as a function of H/T, 
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lines of data from the four temperatures studied cross each other, an indication of spontaneous 

magnetization at low temperature (Figure 3.27). 

Figure 3.26: Field-dependent magnetization of [Tb(hfac)3(pymDTDA)]n at 100 K. 

Figure 3.27: Field-dependent magnetization of [Tb(hfac)3(pymDTDA)]n at 8, 5, 3, and 1.85 K. (a) 

Plotted as M vs H (b) plotted as M vs H/T. 

 

 DC magnetic susceptibility measurements of [Ln(hfac)3(pymDTDA)]n chains (Ln = La, 

Ce, Pr, Nd, Sm, Eu) as a function of temperature (between 1.85 and 300 K) in applied fields of 

1000 and 10000 Oe have been performed. Measurements obtained using a Quantum Design Vi-

brating Squid Magnetometer (VSM), with a temperature range of 1.8 and 300 K and a dc applied 
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field range of -70000 to 70000 Oe. Measurements were performed on powder samples (La = 10.8 

mg, Ce = 13.0 mg, Pr = 15.3 mg, Nd = 16.5 mg, Sm = 14.6 mg, Eu = 11.7 mg) sealed in plastic 

powder sample holders purchased from Quantum Design mounted in a brass trough and secured 

with a small length of Teflon tape. Prior to susceptibility experiments, the field-dependant magnet-

ization was measured at 100 K in order to detect the presence of any bulk ferromagnetic impurities 

which, if present, were subtracted from the magnetic susceptibility of the sample using the method 

of Honda and Owen.65 The data were also corrected for the sample holder and the diamagnetic 

contribution. When ferromagnetic impurities are not too large, their magnetization can be assumed 

to be saturated. The magnitude of impurity that must be subtracted is determined as the difference 

between the susceptibility measured at 100 K for a given field (as M/H) and the susceptibility 

determined from the field-dependent magnetization at 100 K (as ∂M/∂H) for the same field. 

 

 [La(hfac)3(pymDTDA)]n: Minimal ferromagnetic impurities were detected in the sample 

by measuring the field-dependent magnetization at 100 K (Figure 3.28). The small impurity was 

subtracted from the susceptibility data. The magnetization as a function of the dc applied field was 

measured at 8, 5, 3, and 1.85 K. At 1.85 K the magnetization is saturated at 1.02 μB in good agree-

ment with a single unpaired electron per molecule. Plotted as a function of H/T, the data for M at 

various temperatures is not fully superimposed onto a master curve indicating the presence of in-

teractions beyond the molecular unit (e.g., a chain) (Figure 3.29). 
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Figure 3.28: Field-dependent magnetization of [La(hfac)3(pymDTDA)]n at 100 K. 

Figure 3.29: Field-dependent magnetization of [La(hfac)3(pymDTDA)]n at 8, 5, 3, and 1.85 K. (left) 

Plotted as M vs H (right) plotted as M vs H/T. 

 

 The room temperature χT product of 0.40 cm3 K mol-1 (at 10000 Oe) is similar to the ex-

pected value for one diamagnetic LaIII ion and one Srad = 1/2 pymDTDA radical (g = 2; C = 0.375 

cm3 K mol-1). The χT product remains constant as the temperature is lowered before a sharp de-

crease below 10 K, indicative of antiferromagnetic coupling between pymDTDA radicals through 



152 
 

the diamagnetic LaIII ion (Figure 3.30). Baker’s S = 1/2 chain model66 was used to fit the data 

considering the Hamiltonian:  

�̂� = −2𝐽 ∑ �̂�𝑖 ∙ �̂�𝑖+1𝑖       (6) 

As shown in Figure 3.30, an excellent fit is obtained with g = 2.079(2) and J/kB = -0.181(6) K, 

where J is the exchange constant for the interaction between neighbouring radicals. 

Figure 3.30: (left) Temperature dependence of the χT product for [La(hfac)3(pymDTDA)]n at 1000 

Oe (black dots) and 10000 Oe (red dots). (right) Temperature dependence of the χT product for 

[La(hfac)3(pymDTDA)]n at 10000 Oe (black circles) The red line represents the best fit obtained 

with the 1D model described in the text. χ is defined as molar magnetic susceptibility equal to M/H 

per asymmetric unit of [La(hfac)3(pymDTDA)]n.  

 

 [Ce(hfac)3(pymDTDA)]n: A small ferromagnetic impurity was detected in the sample by 

measuring the field-dependent magnetization at 100 K (Figure 3.31). The impurity was subtracted 

from the susceptibility data. The field-dependant magnetization of [Ce(hfac)3(pymDTDA)]n does 

not saturate at 70000 Oe and 1.85 K. Plotted as a function of H/T, the data for M at various tem-

peratures is not superimposed onto a master curve indicating the presence of interactions beyond 

the molecular unit (e.g., a chain) (Figure 3.32). 
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Figure 3.31: Field-dependent magnetization of [Ce(hfac)3(pymDTDA)]n at 100 K. 

Figure 3.32: Field-dependent magnetization of [Ce(hfac)3(pymDTDA)]n at 8, 5, 3, and 1.85 K. (left) 

Plotted as M vs H (right) plotted as M vs H/T. 

 

 The room temperature χT product of 1.26 cm3 K mol-1 is slightly above the expected value 

for one CeIII ion (4f 3, S = 3/2, L = 3, 2F5/2, gJ = 6/7; χT = 0.80 cm3 K mol-1) and one Srad = 1/2 

pymDTDA radical (g = 2; C = 0.375 cm3 K mol-1). As the temperature is lowered, the χT product 

decreases, consistent with thermal depopulation of CeIII excited states. Upon continued cooling 
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below 20 K the χT product decreases sharply, indicative of an antiferromagnetic CeIII-radical inter-

action (Figure 3.33). 

Figure 3.33: Temperature dependence of the χT product for [Ce(hfac)3(pymDTDA)]n at 1000 Oe 

(black dots) and 10000 Oe (red dots) (with χ defined as molar magnetic susceptibility equal to M/H 

per asymmetric unit of [Ce(hfac)3(pymDTDA)]n). 

 

 [Pr(hfac)3(pymDTDA)]n: No ferromagnetic impurities were detected in the sample by 

measuring the field-dependent magnetization at 100 K (Figure 3.34). The field-dependant magnet-

ization of [Pr(hfac)3(pymDTDA)]n does not saturate at 70000 Oe and 1.85 K. Plotted as a function 

of H/T, the data for M at various temperatures is not superimposed onto a master curve indicating 

the presence of interactions beyond the molecular unit (e.g., a chain) (Figure 3.35). 
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Figure 3.34: Field-dependent magnetization of [Pr(hfac)3(pymDTDA)]n at 100 K. 

Figure 3.35: Field-dependent magnetization of [Pr(hfac)3(pymDTDA)]n at 8, 5, 3, and 1.85 K. (left) 

Plotted as M vs H (right) plotted as M vs H/T. 

 

 The room temperature χT product of 1.98 cm3 K mol-1 is consistent with the expected value 

for one PrIII ion (4f 2, S = 1, L = 5, 3H4, gJ = 4/5; χT = 1.60 cm3 K mol-1) and one Srad = 1/2 pymDTDA 

radical (g = 2; C = 0.375 cm3 K mol-1). As the temperature is lowered, the χT product decreases, 

consistent with thermal depopulation of PrIII excited states. Upon continued cooling below 50 K 
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the χT product decreases more sharply, indicative of an antiferromagnetic PrIII-radical interaction 

(Figure 3.36). 

Figure 3.36: Temperature dependence of the χT product for [Pr(hfac)3(pymDTDA)]n at 1000 Oe 

(black dots) and 10000 Oe (red dots) (with χ defined as molar magnetic susceptibility equal to M/H 

per asymmetric unit of [Pr(hfac)3(pymDTDA)]n). 

 

 [Nd(hfac)3(pymDTDA)]n: Minimal ferromagnetic impurities were detected in the sample 

by measuring the field-dependent magnetization at 100 K (Figure 3.37). The impurity was sub-

tracted from the susceptibility data. The field-dependant magnetization of 

[Nd(hfac)3(pymDTDA)]n does not saturate at 70000 Oe and 1.85 K. Plotted as a function of H/T, 

data all four temperatures are not superimposed onto a master curve indicating the presence of 

interactions beyond the molecular unit (e.g., a chain) (Figure 3.38). 
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Figure 3.37: Field-dependent magnetization of [Nd(hfac)3(pymDTDA)]n at 100 K. 

Figure 3.38: Field-dependent magnetization of [Nd(hfac)3(pymDTDA)]n at 8, 5, 3, and 1.85 K. 

(left) Plotted as M vs H (right) plotted as M vs H/T. 

 

 The room temperature χT product of 2.02 cm3 K mol-1 is consistent with the expected value 

for one NdIII ion (4f 3, S = 3/2, L = 6, 4I9/2, gJ = 8/11; χT = 1.64 cm3 K mol-1) and one Srad = 1/2 

pymDTDA radical (g = 2; C = 0.375 cm3 K mol-1). As the temperature is lowered, the χT product 

gradually decreases due to thermal depopulation of the low lying 4I11/2 excited state reaching a 

minimum of 1.62 at 18 K. The χT product increases rapidly below 18 K and becomes dependent 
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on the applied dc field, indicating the possibility of the presence of spontaneous magnetization 

(Figure 3.39). 

Figure 3.39: Temperature dependence of the χT product for [Nd(hfac)3(pymDTDA)]n at 1000 Oe 

(black dots) and 10000 Oe (red dots) (with χ defined as molar magnetic susceptibility equal to M/H 

per asymmetric unit of [Nd(hfac)3(pymDTDA)]n). 

 

 [Sm(hfac)3(pymDTDA)]n: No ferromagnetic impurities were detected in the sample by 

measuring the field-dependent magnetization at 100 K (Figure 3.40). The field-dependant magnet-

ization of [Sm(hfac)3(pymDTDA)]n does not saturate at 70000 Oe and 1.85 K. Plotted as a function 

of H/T, data all four temperatures are not superimposed onto a master curve indicating the presence 

of interactions beyond the molecular unit (e.g., a chain) (Figure 3.41). 
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Figure 3.40: Field-dependent magnetization of [Sm(hfac)3(pymDTDA)]n at 100 K. 

Figure 3.41: Field-dependent magnetization of [Sm(hfac)3(pymDTDA)]n at 8, 5, 3, and 1.85 K. 

(left) Plotted as M vs H (right) plotted as M vs H/T. 

 

 The room temperature χT product of 0.64 cm3 K mol-1 is consistent with the expected value 

for one SmIII ion (4f 5, S = 5/2, L = 5, 6H5/2, gJ = 2/7; room temp χT = 0.27 cm3 K mol-1) and one Srad 

= 1/2 pymDTDA radical (g = 2; C = 0.375 cm3 K mol-1). As the temperature is lowered, the χT 

product gradually decreases due, to depopulation of the 6H7/2 excited state and temperature inde-

pendent paramagnetism, reaching a minimum of 0.47 at 28 K. The χT product increases rapidly 
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below 20 K and becomes dependent on the applied dc field, indicating the possibility of the pres-

ence of spontaneous magnetization (Figure 3.42). 

Figure 3.42: Temperature dependence of the χT product for [Sm(hfac)3(pymDTDA)]n at 1000 Oe 

(black dots) and 10000 Oe (red dots) (with χ defined as molar magnetic susceptibility equal to M/H 

per asymmetric unit of [Sm(hfac)3(pymDTDA)]n). (inset) 0 to 20 K range to highlight low temper-

ature behaviour. 

 

 [Eu(hfac)3(pymDTDA)]n: No ferromagnetic impurities were detected in the sample by 

measuring the field-dependent magnetization at 100 K (Figure 3.43). The magnetization as a func-

tion of the dc applied field was measured at 8, 5, 3, and 1.85 K. At 1.85 K the magnetization is 

saturated at 1.05 μB in good agreement with a single unpaired electron per molecule. Plotted as a 

function of H/T, data all four temperatures can be superimposed onto one master curve (Figure 

3.44). 
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Figure 3.43: Field-dependent magnetization of [Eu(hfac)3(pymDTDA)]n at 100 K. 

Figure 3.44: Field-dependent magnetization of [Eu(hfac)3(pymDTDA)]n at 8, 5, 3, and 1.85 K. (left) 

Plotted as M vs H (right) plotted as M vs H/T. 

 

 The room temperature χT product of 1.9 cm3 K mol-1 is consistent with the expected value 

for EuIII ion (4f 6, S = 3, L = 3, 7F0, room temperature χT = 1.50 cm3 K mol-1 accounting for excited 

state population and temperature independent paramagnetism) and one Srad = 1/2 pymDTDA radi-

cal (g = 2; C = 0.375 cm3 K mol-1). As the temperature is lowered, the χT product decreases due to 
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the depopulation of EuIII excited states. At temperatures approaching 0 K, all excited states of EuIII 

are depopulated and the radicals are solely responsible for the observed magnetism. The χT product 

reaches a minimum of 0.30 cm3 K mol-1 at 1.8 K, indicative of antiferromagnetic coupling between 

radicals through the diamagnetic, bridging EuIII ion (Figure 3.45). 

Figure 3.45: Temperature dependence of the χT product for [Eu(hfac)3(pymDTDA)]n at 1000 Oe 

(black dots) and 10000 Oe (red dots) (with χ defined as molar magnetic susceptibility equal to M/H 

per asymmetric unit of [Eu(hfac)3(pymDTDA)]n).  
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Chapter 4: New Substituted DTDA Radical Ligands Designed to Asymmetrically Bridge 

Paramagnetic Metal Ions 

 

PROJECT OVERVIEW 

 

 This chapter introduces four new ligands capable of bridging two crystallographically 

unique metal ions. Three radicals: 4-(2ʹ-4-(2ʹʹ-furyl)-pyrimidyl)-1,2,3,5-dithiadiazolyl 

(furylpymDTDA), 4-(2ʹ-4-(2ʹʹ-pyridyl)-pyrimidyl)-1,2,3,5-dithiadiazolyl (pypymDTDA), and 4-

(2ʹ-4-(2ʹʹ-thiopehenyl)-pyrimidyl)-1,2,3,5-dithiadiazolyl (thiophenepymDTDA), and a 

diamagnetic ligand, 4-(2ʹ-furyl)-2,2ʹ-bipyrimidine (furylbipym), are described in this chapter 

(Figure 4.1). Lanthanide complexes in which two crystallographically unique lanthanide ions are 

magnetically coupled to each other are also presented. The synthesis, characterization, and solid-

state magnetic properties of lanthanide complexes of furylpymDTDA, furylbipym, and 

pypymDTDA are discussed. 

Figure 4.1: Line drawing of furylpymDTDA, pypymDTDA, thiophenepymDTDA, and 

furylbipym. 

 

 All of the new ligands discussed in this chapter have two sites in which multi-dentate 

coordination can occur, one bidentate and one tridentate (Figure 4.2). Bidentate coordination of 

transition metals by furylpymDTDA is discussed in Chapter 5. Lanthanide complexes, when 

prepared with a 2:1 lanthanide ligand ratio, coordinate in both bidentate and tridentate coordination 
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pockets. Tridentate complexes without bidentate coordination have not yet been observed. 

Bidentate/tridentate ligands are potentially capable of size discrimination of lanthanide ions to form 

heterometallic complexes in single pot reactions whose coordination behaviours can be reliably 

determined (i.e., not a statistical mixture) since higher coordination numbers are preferred for early 

lanthanides and lower coordination numbers are preferred for later lanthanides.1 

Figure 4.2: Coordination motifs for furylpymDTDA: (a) bidentate (b) one bidentate, one tridentate. 

 

 In quantum computing, each unit of information is known as a qubit. In contrast with a 

classical bit, which can be either 0 or 1, a qubit can be a superposition of the quantum states |0⟩ 

and |1⟩. Two-qubit quantum gates, systems in which qubits are linked together, are required to 

execute quantum computing functions. One quantum gate of particular interest is the controlled 

NOT gate (CNOT) which flips the state of the target qubit if and only if the control qubit is |1⟩. 

The control qubit and target qubit must therefore meet two requirements: they must (i) react 

differently in response to an external stimulus and (ii) be coupled so that the control qubit can 

influence the target qubit. Ideally the coupling is weak so the ground state is nearly degenerate. The 

degeneracy allows both |0⟩ and |1⟩ states of a qubit to be accessible regardless of the state of the 

coupled qubit. The states |0⟩ and |1⟩ can be represented by electronic spin (i.e., “down” and “up”) 

in molecular systems. Molecular systems in which dissimilar SMMs or organic radicals are weakly 

coupled have been demonstrated to fulfill the function of a CNOT gate.2–4 

 A dysprosium complex of boaDTDA, Dy(hfac)3(boaDTDA), is dimerized through 

pancake bonding between DTDA units (Figure 4.3) and has been previously reported by our 
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research group.5 Crystallographically, the two DyIII ions in a dimeric unit of 

[Dy(hfac)3(boaDTDA)]2 are in unique environments since they are not symmetry related. Although 

both 8-coordinate, the coordination environment around each Dy(III) ion is significantly different. 

The DyIII ions in a dimeric unit are separated in space by 8.263 Å and are weakly 

antiferromagnetically (AF) coupled. 

Figure 4.3: Crystal structure of Dy(hfac)3(boaDTDA) highlighting intermolecular dimerization. 

 

At low temperatures, Dy(hfac)3(boaDTDA) exhibits SMM behaviour. In the absence of an applied 

field, the dimeric unit acts as one SMM but the AF coupled DyIII ions can be decoupled by an 

applied dc field of 700 Oe. When decoupled, two unique SMMs are observed instead. This is an 

example of a compound that meets both requirements as a model for a CNOT gate, since there are 

two unique SMMs which are weakly coupled. 

 The absence of crystallographic symmetry relating the two DyIII ions to one another in 

[Dy(hfac)3(boaDTDA)]2 is a serendipitous result due to crystal packing, and such an occurrence 

cannot be relied upon when we attempt to synthesize new related systems. Small differences in 

coordination environment as a result of crystal packing may also be too subtle in some cases to 
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allow ions to have detectably different magnetic behaviour. Additionally, the presence of 

intermolecular dimerization is no guarantee in crystal packing. In order to ensure the presence of 

dissimilar, coupled DyIII ions, the ligands furylpymDTDA, pypymDTDA, thiopheneDTDA, and 

furylbipym were designed and synthesized. These ligands each have one bidentate and one 

tridentate coordination pocket ensuring that bridged LnIII ions will have different coordination 

numbers and therefore cannot be symmetrically related. 2:1 lanthanide:ligand complexes of 

paramagnetic R-pymDTDA (R = 2ʹ-furyl, 2ʹ-pyridyl; Ln = Gd, Tb, Dy) and diamagnetic 

furylbipym (Ln = Dy) have been obtained. As described in the so-called metal radical approach,6 

a parallel alignment (effectively ferromagnetic (FM) coupling), of LnIII ion magnetic moments 

bridged by R-pymDTDA can be reliably predicted regardless of the observed exchange coupling 

between DyIII and R-pymDTDA. DyIII ions bridged by furylbipym, which is closed shell and has 

strong orbital overlap with the DyIII ions, are expected to weakly couple AF. Mathematically, the 

coupling interaction can be expressed as 

2𝐽 = 2𝑘 −
(𝑒1−𝑒2)

2

𝑈
      (1) 

 The synthesis of the new ligands furylpymDTDA, pypymDTDA, thiophenepymDTDA, 

and furylbipym is described in detail below. The following manuscript, prepared as a 

communication, describes the structural and magnetic properties of [Dy(hfac)3]2(furylpymDTDA) 

and [Dy(hfac)3]2(furylbipym), each of which bridges crystallographically unique DyIII ions coupled 

to each other, fulfilling the basic design requirements of a CNOT gate. Additional work on 

lanthanide coordination complexes of furylpymDTDA and pypymDTDA is also included. 

 

SYNTHETIC WORK 

 

 The family of new thiazyl radical ligands furylpymDTDA, pypymDTDA, and 

thiopheneDTDA were synthesized starting from 2-acetylfuran, 2-acetylpyridine, and 2-
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acetylthiophene respectively (Figure 4.4). The appropriate 2-acetyl compound is reacted neat with 

dimethylformamide diethylacetal with a catalytic amount of 2-guanidine acetic acid.7 The product, 

1-(dimethylamino)-3-(2ʹ-R)-propen-3-one, (IV-1), forms 4-(2ʹ-R)-pyrimidine-2(1H)-thione, (IV-

2), via condensation with thiourea in ethanol under basic conditions.8 4-(2ʹ-R)-2-(methylthio)-

pyrimidine, (IV-3), is generated through deprotonation and alkylation of (IV-2) using aqueous 

NaOH and MeI.9 Alternative literature methods to produce (IV-3) include the use of K2CO3
10 or 

NaH.11 4-(2ʹ-R)-2-(methanesulfonyl)-pyrimidine (IV-4) is obtained by oxidation with mCPBA in 

chloroform to convert (IV-3) to a sulfone. (IV-4a) was previously reported in patent literature using 

hydrogen peroxide as an oxidizing agent.12 Undesired oxidation of the pyridyl and thiophenyl 

groups of (IV-3b) and (IV-3c) was avoided by limiting the reaction time to a few hours since the 

oxidation of the thioether group by mCPBA occurs much faster. No undesired N or S oxidation of 

(IV-3b) or (IV-3c) was detected by NMR and no separation of products was necessary before 

continuing to the next step. The sulfone is an appropriate leaving group to be replaced with a nitrile 

using KCN in DMSO to give 2-cyano-4-(2ʹ-R)-pyrimidine, (IV-5). In a previous publication, (IV-

5a) was obtained from 2-chloro-4-(2ʹ-furyl)-pyrimidine and KCN catalyzed by 3-quinuclidinol.13 

From (IV-5), furylpymDTDA, pypymDTDA, and thiophenepymDTDA are obtained using a 

slight modification of established synthetic methods.14 SbCl3 was used to reduce DTDA+Cl- salts 

to DTDA radicals as opposed to the more commonly used SbPh3 since it was found to be easier to 

separate the byproduct, SbCl5, from the radical via sublimation than SbPh3Cl2 for this family of 

radicals. 
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Figure 4.4: Synthesis of 4-(2ʹ-4-(2ʹʹ-furyl)-pyrimidyl)-1,2,3,5-dithiadiazolyl (furylpymDTDA), 4-

(2ʹ-4-(2ʹʹ-pyridyl)-pyrimidyl)-1,2,3,5-dithiadiazolyl (pypymDTDA), and 4-(2ʹ-4-(2ʹʹ-thiophenyl)-

pyrimidyl)-1,2,3,5-dithiadiazolyl (thiophenepymDTDA). 

 

 To obtain furylbipym, (IV-1a) is reacted with pyridine-2-carboxamidine in an ethanol 

solution of KOH. Pyridine-2-carboxamidine is prepared from 2-cyanopyrimidine via reaction with 

lithium bis(trimethylsilyl)amide diethyletherate quenched with HCl (Figure 4.5). 
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Figure 4.5: Synthesis of 4-(2ʹ-furyl)-2,2ʹ-bipyrimidine (furylbipym). 

 

 Complexes with a 2:1 lanthanide-radical ratio of furylpymDTDA, 

[Ln(hfac)3]2(furylpymDTDA) and pypymDTDA, [Ln(hfac)3]2(pypymDTDA), have been prepared 

for Gd, Tb, and Dy (Gd2furylpymDTDA, Tb2furylpymDTDA, Dy2furylpymDTDA, 

Gd2pypymDTDA, Tb2pypymDTDA, and Dy2pypymDTDA) by reacting two equivalents of the 

appropriate Ln(hfac)3(DME)15 and one equivalent of furylpymDTDA or pypymDTDA in 

dichloromethane. For Ln2furylpymDTDA (Ln = Gd, Tb, Dy), evaporation of the solvent yields a 

purple solid which is sublimed to give green blocks. For Ln2pypymDTDA however, evaporation 

of the solvent yields a purple oil which must be stirred several days in cyclohexane to obtain a 

workable powder. Green blocks are obtained by sublimation of the crude solid. 

[Dy(hfac)3]2(furylbipym), Dy2furylbipym has been obtained from the 2:1 reaction of 

Dy(hfac)3(DME) and furylbipym in dichloromethane. From the crude orange oil obtained by 

evaporation of the solvent a yellow solid is obtained by stirring in pentane. Yellow blocks are 

obtained by sublimation. Single crystal x-ray data has been obtained for Dy2furylbpym, 

Ln2furylpymDTDA, and Ln2pypymDTDA (Ln = Gd, Tb, Dy) complexes, all of which are 

isomorphous and crystallize in the space group P-1. Single crystal x-ray data has also been obtained 

for the radical ligands pypymDTDA and thiophenylpymDTDA. 
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ABSTRACT 

 

 A pair of complexes in which non-equivalent DyIII ions are bridged by an asymmetric 

bridging ligand each exhibit two distinct single-molecule magnet (SMM) relaxation processes. The 

type of coupling between DyIII ions is dictated by the bridging ligand. DyIII ions bridged by the 

radical ligand 4-(2ʹ-4-(2ʹʹ-furyl)-pyrimidyl)-1,2,3,5-dithiadiazolyl (furylpymDTDA) are coupled 

ferromagnetically (FM) as mediated through DyIII-radical coupling. DyIII ions bridged by the 

diamagnetic ligand 4-(2ʹ-furyl)-2,2ʹ-bipyrimidine (furylbipym) are coupled antiferromagnetically 

(AF). The complexes are thermally stable, soluble in common organic solvents, and can be purified 

by sublimation. Weakly coupled non-equivalent SMMs represent possible designs for CNOT 

quantum computing gates. 
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INTRODUCTION 

 

 Single molecule magnets (SMMs) exhibit slow magnetic relaxation due to an energy 

barrier to spin inversion which occurs at the molecular level as a result of uniaxial 

magnetoanisotropy.16,17 Rapid relaxation can, however, occur via a quantum tunnelling mechanism 

(QTM) between degenerate spin states.18 Strong coupling between lanthanide ions is an important 

design strategy for limiting quantum tunnelling relaxation processes in SMMs.19–24 By coupling 

multiple spins within an SMM, tunnelling in the absence of an applied field between degenerate 

spin states MS and -MS can be suppressed as multiple spins would be required to tunnel 

simultaneously. In information storage applications, the loss of magnetization corresponds to a loss 

of information so the absence of quantum tunnelling at zero field is vital. 

 Quantum bits, qubits, which can assume the states |0⟩, |1⟩, or any linear superposition of 

these states, can be represented by electronic spin (e.g., the spin of an SMM). Two-qubit quantum 

gates are required to execute quantum algorithms. The CNOT gate, which flips the target qubit if, 

and only if, the control qubit is |1⟩, is a universal two-qubit gate which, in combination with other 

one-qubit gates, can be used to construct all other gates of any complexity.4 

 To function as a CNOT gate, the two qubits must exhibit unique behaviour in response to 

a magnetic field while also being weakly coupled such that the state of one qubit can influence the 

other. In order to obtain systems with two inequivalent, weakly coupled SMMs some form of 

asymmetry between the SMMs must be enforced. CNOT gates based on electronic spin have been 

designed through asymmetric bridging of organic radicals,3 use of asymmetric supramolecular 

linkages between SMMs,4 and bridging of two TbIII ions by asymmetric, multidentate organic 

ligands.2 

 Coupling of SMMs is an essential feature of a CNOT gate. As described by the so-called 

metal-radical approach, the magnetic moments of paramagnetic ions bridged by a radical ligand 

with symmetric orbital interactions will have a parallel alignment regardless of the type of metal-



177 
 

radical exchange coupling observed.6 Complexes where a paramagnetic ligand bridges two 

paramagnetic metal centres will therefore have effective ferromagnetic (FM) coupling of metal 

magnetic moments as a result of metal-radical exchange coupling. Coupling of paramagnetic ions 

bridged by a diamagnetic ligand occurs through superexchange, which is most commonly 

antiferromagnetic (AF) for symmetric orbital interactions and is typically a weaker interaction than 

exchange coupling.25 

 Two ligands, 4-(2ʹ-4-(2ʹʹ-furyl)-pyrimidyl)-1,2,3,5-dithiadiazolyl (furylpymDTDA), 

which is paramagnetic, and 4-(2ʹ-furyl)-2,2ʹ-bipyrimidine (furylbipym), which is diamagnetic, 

were prepared as structurally similar bridging ligands (Figure 4.6). FurylpymDTDA and 

furylbipym are both capable of bridging two metal ions such that each ion is in a unique 

environment, since both ligands have a bidentate coordination site as well as a tridentate site. 

FurylpymDTDA and furylbipym have been coordinated to bridge two [Dy(hfac)3] centres. The 

large magnetic moment and uniaxial anisotropy of DyIII allows the molecule to exhibit SMM 

behaviour.  

Figure 4.6: Line drawings of 4-(2ʹ-4-(2ʹʹ-furyl)-pyrimidyl)-1,2,3,5-dithiadiazolyl 

(furylpymDTDA) (left) and 4-(2ʹ-furyl)-2,2ʹ-bipyrimidine (furylbipym) (right). 
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RESULTS AND DISCUSSION 

 

 [Dy(hfac)3]2(furylpymDTDA), Dy2furylpymDTDA, was obtained from a 2:1 reaction of 

Dy(hfac)3(DME)15 and furylpymDTDA in anhydrous dichloromethane. After removing the 

solvent under reduced pressure, green block crystals are obtained by sublimation of the solid 

residue. [Dy(hfac)3]2(furylbipym), Dy2furylbipym was obtained from a 2:1 reaction of 

Dy(hfac)3(DME) and furylbipym. The solvent was under reduced pressure to give a tacky yellow 

solid. After multiple sublimations of the tacky solid residue a solid which could be more easily 

manipulated was obtained. Complexes Dy2furylpymDTDA and Dy2furylbipym both crystalize in 

the space group P-1. In each complex, one DyIII ion is coordinated to three O,O-hfac ligands and 

N,N-chelated to the bridging ligand while the other DyIII ion is coordinated to three O,O-hfac 

ligands and N,N,O-chelated to the bridging ligand (Figure 4.7, Table 1). 

Figure 4.7: (left) Asymmetric unit of the crystal structure of Dy2furylpymDTDA (right) 

asymmetric unit of the crystal structure of Dy2furylbipym. 
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Table 4.1: Selected distances for Dy2furylpymDTDA and Dy2furylbipym (Å). 

Complex Dy2furylpymDTDA Dy2furylbipym 

N,N,O-chelated Dy1∙∙∙N (DTDA/pyrimidyl) 2.611(2) 2.616(2) 

N,N,O-chelated Dy1∙∙∙N (DTDA/pyrimidyl) 2.5992(19) 2.577(2) 

N,N,O-chelated Dy1∙∙∙O (furyl) 2.706(2) 2.700(2) 

N,N-chelated Dy2∙∙∙N (DTDA/pyrimidyl) 2.5597(19) 2.551(2) 

N,N-chelated Dy2∙∙∙N (furylpyrimidine) 2.567(2) 2.535(2) 

Dy1∙∙∙Dy2 6.67127(18) 6.6725(2) 

 

 The magnetic properties of Dy2furylpymDTDA and Dy2furylbipym have been studied by 

dc and ac techniques between 300 and 1.8 K with applied fields of up to 7 T. Dy2furylpymDTDA: 

(Figure 4.8) The room temperature χT product of 27.0 cm3 K mol-1 is slightly below the expected 

value for two DyIII ions (4f 9, S = 3/2, L = 5, 4H7/2, gJ = 4/3; χT = 14.17 cm3 K mol-1) and one Srad = 

1/2 furylpymDTDA radical (g = 2; C = 0.375 cm3 K mol-1). As the temperature is lowered the χT 

product decreases, indicative of antiferromagnetic DyIII-radical coupling and, therefore, effective 

FM coupling between DyIII ion magnetic moments. Susceptibility measurements conducted at an 

applied field of 1000 Oe reach a minimum χT product of 23 cm3 K mol-1 at 15 K. Below 15 K, the 

χT product is highly field dependant on the applied dc field, indicating the stabilization of a 

spontaneously magnetized ground state. 
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Figure 4.8: Temperature dependence of the χT product for Dy2furylpymDTDA at 1000 Oe (blue 

circles) and 10000 Oe (red circles) (with χ defined as molar magnetic susceptibility equal to M/H 

per asymmetric unit of Dy2furylpymDTDA). 

  

 In ac susceptibility measurements between 1 and 10000 Hz, an out-of-phase signal is 

detected below 25 K. Plotted as a function of frequency, the out-of-phase ac susceptibility has two 

distinct maxima, indicative of two coexisting relaxation processes (Figure 4.9). Based on the 

molecular structure of Dy2furylpymDTDA, the two relaxation modes are consistent with thermal 

relaxation of two unique SMMs. The relaxation times of both the high- and low-frequency 

relaxation modes, deduced from the relationship between the in-phase and out-of-phase ac 

susceptibilities, have thermally activated regimes above 15 K (Figure 4.10). The energy barriers, 

Δeff/kB, of the high- and low-frequency relaxation modes were determined to be 87 K and 158 K 

with pre-exponential factors of 1.2 × 10-8 and 1.1 × 10-8 respectively. The presence of quantum 

effects at low temperature is indicated by the curvature of the logarithmic plot of τ vs 1/T. The 

absence of a thermally independent region of the plot is due to the coupling of DyIII magnetic 

moments mediated by the furylpymDTDA radical ligand. The quantum tunnelling of 

magnetization at zero field in systems with two coupled magnetic moments is suppressed due to 

the decreased probability of the two magnetic moments tunnelling simultaneously. 
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Figure 4.9: Temperature (left) and frequency (right) dependence of the real (top) and imaginary 

(bottom) parts of the ac susceptibility, between 1 and 10000 Hz and between 1.8 and 24 K, 

respectively, for Dy2furylpymDTDA in zero dc field. Solid lines are visual guides. 

Figure 4.10: Relaxation time, τ, plotted as a function of inverse temperature for 

Dy2furylpymDTDA in zero dc field. Solid lines are best fits to the Arrhenius law for the first four 

points of the high-temperature linear regime of each data series. 
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 Dy2furylbipym: (Figure 4.11) The room temperature χT product of 28.3 cm3 K mol-1 is 

consistent with the expected value for two DyIII ions (4f 9, S = 3/2, L = 5, 4H7/2, gJ = 4/3; χT = 14.17 

cm3 K mol-1). As the temperature is lowered, the χT product decreases very slightly. A more rapid 

decrease is observed below 30 K, indicative of antiferromagnetic coupling between DyIII ions. The 

low temperature susceptibility is dependent on the applied dc field, indicating the stabilization of a 

spontaneously magnetized ground state.  

Figure 4.11: Temperature dependence of the χT product for Dy2furylbipym at 1000 Oe (blue 

circles) and 10000 Oe (red circles) (with χ defined as molar magnetic susceptibility equal to M/H 

per asymmetric unit of Dy2furylbipym). 

 

 In ac susceptibility measurements between 1 and 10000 Hz, an out-of-phase signal is 

detected below 25 K with two distinct maxima observed (Figure 4.12). Based on the molecular 

structure of Dy2furylpymDTDA, the two relaxation modes are consistent with thermal relaxation 

of two unique SMMs. The relaxation times of both the high- and low-frequency relaxation modes 

have thermally activated regimes above 10 K (Figure 4.13). The energy barriers, Δeff/kB, of the 

high- and low-frequency relaxation modes were determined to be 92 K and 134 K with pre-
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exponential factors of 1.1 × 10-8 and 1.4 × 10-8 respectively. Below 5 K, the relaxation time is 

temperature independent, indicative of quantum tunnelling of the magnetization. 

Figure 4.12: Temperature (left) and frequency (right) dependence of the real (top) and imaginary 

(bottom) parts of the ac susceptibility, between 1 and 10000 Hz and between 1.8 and 25 K, 

respectively, for Dy2furylbipym in zero dc field. Solid lines are visual guides. 
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Figure 4.13: Relaxation time, τ, plotted as a function of inverse temperature for Dy2furylbipym in 

zero dc field. Solid lines are best fits to the Arrhenius law for the first four points of the high-

temperature linear regime of each data series. 

 

 Coupling between DyIII and furylpymDTDA in Dy2furylpymDTDA is AF, consistent 

with strongly coordinated multidentate radical ligands (Chapter 3).26,27 Strong coordination allows 

for an increase in the orbital overlap between the furylpymDTDA singly-occupied molecular 

orbital (SOMO) and DyIII 4f orbitals, favouring AF coupling. Given the structure of 

Dy2furylpymDTDA, in which DyIII ions are bridged by furylpymDTDA, AF DyIII-radical 

coupling interactions lead to effective FM coupling between DyIII ions. In Dy2furylbipym, DyIII 

ions are bridged by the diamagnetic ligand furylbipym, their coupling interaction is AF, typical of 

paramagnetic species bridged by a diamagnetic ligand coupled via superexchange.25 Exchange 

coupling between DyIII ions mediated by furylpymDTDA is stronger than the superexchange 

coupling between DyIII ions bridged by furylbipym. The effect of the difference in the magnitude 

of the coupling interactions can be seen in the low temperature relaxation behaviour of 

Dy2furylpymDTDA and Dy2furylbipym. Quantum tunnelling at low temperature can be 

suppressed by strong coupling between magnetic moments in SMMs.19–24 In Dy2furylpymDTDA, 

tunnelling is suppressed by DyIII-DyIII coupling mediated by DyIII-radical exchange coupling. 
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Because of this, no temperature independent relaxation regime for the relaxation time deduced from 

the ac susceptibility data is observed (Figure 4.10). No such suppression of quantum tunnelling is 

observed for Dy2furylbipym, which does have temperature independent relaxation at low 

temperatures (Figure 4.13), indicative of weaker DyIII-DyIII coupling than is observed in 

Dy2furylpymDTDA. Coupling between non-equivalent SMMs is required for the function of a 

CNOT gate since the behaviour if the target qubit must be influenced by the state of the control 

qubit. The systems presented, Dy2furylpymDTDA and Dy2furylbipym, each fulfil the basic 

design requirements of a CNOT gate yet with a varied magnitude of coupling between DyIII ions. 

 

CONCLUSION 

 

 In Dy2furylpymDTDA and Dy2furylbipym, slow magnetic relaxation at low temperatures 

occurs through two distinct relaxation modes. Independent relaxation modes are active for each 

DyIII ion of a given molecule since they are in different coordination environments. Effective 

magnetic coupling between DyIII ions is apparent from dc susceptibility measurements of 

Dy2furylpymDTDA and Dy2furylbipym, however, the magnitude of the coupling interaction is 

different in the two compounds. Effective FM coupling between DyIII ions in Dy2furylpymDTDA 

occurs via AF DyIII-furylpymDTDA exchange coupling. The resulting Dy-Dy coupling interaction 

is strong due to the incorporation of the paramagnetic ligand, and magnetic relaxation via quantum 

tunnelling is suppressed at low temperature. DyIII ions in Dy2furylbipym are AF coupled by a 

comparatively weaker superexchange interaction through the structurally similar diamagnetic 

furylbipym. Relaxation of magnetization via quantum tunnelling occurs at low temperatures for 

Dy2furylbipym. Considering inequivalent DyIII ions as potential qubits which are weakly 

interacting, Dy2furylpymDTDA and Dy2furylbipym represent potential designs for CNOT 

quantum computing gates. The similarities in structure and SMM relaxation barriers could allow 

the complexes to be used to explore the effect of coupling magnitude on CNOT gate functionality.  
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SUPPLEMENTARY INFORMATION AND ADDITIONAL WORK 

 

EXPERIMENTAL 

 

 General Considerations. Preparations of R-pymDTDA+Cl- and R-pymDTDA (R = 2ʹ-

furyl, 2ʹ-pryimidyl, 2ʹ-thiophenyl), Ln2R-pymDTDA (R = 2ʹ-furyl, 2ʹ-pryimidyl; Ln = Gd, Tb, Dy) 

and Dy2furylbipym were performed under argon atmosphere using standard Schlenk techniques. 

All other compounds (IV-1, IV-2, IV-3, IV-4, IV-5 and furylbipym) can be prepared and stored 

under ambient conditions. Dried and degassed solvents were obtained from an LC solvent 

purification system using dry packed columns containing 3 Å molecular sieves from a solvent keg 

filled by Caledon Laboratories. Solvents for procedures performed under ambient conditions were 

obtained from Fisher Scientific and Caledon Laboratories and used as received. Reagents were 

purchased from Aldrich, Alfa Aesar, Strem, and Acros Organics, and used as received. IR spectra 

were collected using a Nicolet 510-FTIR spectrometer at ambient temperature at 4 cm-1 resolution. 

Elemental analyses were performed by MHW laboratories in Phoenix, AZ, USA. Sublimations 

were carried out on a tube furnace with three programmable temperature zones under dynamic 

vacuum. For all complexes, all three zones were set to 70 °C overnight to remove any unreacted 

Ln(hfac)3(DME) staring material, pure sublimed complex was then allowed to deposit in the second 

zone by raising the temperature of the first zone to the required sublimation temperature. The 

segment of the glass tube containing the desired product was cut from the remainder of the tube 

and the product was collected in an argon glove box. Ln(hfac)3(DME) (Ln = Gd, Tb, Dy) were 

prepared according to a literature procedure.15 

 1-(Dimethylamino)-3-(2ʹ-furyl)-propen-3-one: 2-Acetylfuran (14.27 g. 0.1296 mol), 

dimethylformamide diethylacetal (21 mL, 0.16 mol), and 2-guanidineacetic acid (1.70 g, 0.145 

mol) were heated to reflux overnight in a round bottom flask with stirring. After cooling to room 

temperature, excess dimethylformamide diacetal was removed under reduced pressure to give a 
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red-brown solid sufficient for further use without purification (17.49 g, 81%). 1H-NMR (400 MHz, 

CDCl3) δ(ppm): 7.70 (1H, d, J = 12.4 Hz), 7.46 (1H, dd, Ja = 1.6 Hz, Jb = 0.8 Hz), 7.03 (1H, d, J = 

3.6 Hz), 6.44 (1H, dd, Ja = 3.6 Hz, Jb = 1.6 Hz), 5.64 (1H, d, J = 12.4 Hz), 3.11 (3H, s), 2.88 (3H, 

s). IR (KBr): 3275 (vw), 3174 (vw), 3136 (w), 3117 (w), 3082 (m), 3000 (vw), 2919 (w), 2807 (w), 

2544 (vw), 2464 (vw), 1942 (vw), 1820 (vw), 1758 (vw), 1646 (s), 1582 (s), 1549 (s), 1492 (w), 

1464 (s), 1424 (s), 1387 (m), 1354 (m), 1289 (m), 1262 (s), 1158 (s), 1122 (m), 1084 (w), 1066 (s), 

1020 (s), 974 (m), 932 (s), 910 (w), 885 (s), 853 (w), 785 (s), 761 (m), 745 (w), 615 (m), 599 (m), 

579 (w), 484 (w), 418 (vw) cm-1. 

 4-(2ʹ-Furyl)-pyrimidine-2(1H)-thione: 1-(Dimethylamino)-3-(2ʹ-furyl)-propen-3-one 

(18.48 g, 0.1119 mol) and thiourea (17.67 g, 0.2321 mol) were added to a stirring solution of 

potassium hydroxide (8.04 g, 0.143 mol) in 200 mL ethanol. The resulting brown suspension was 

refluxed overnight. After cooling to room temperature, 200 mL ether was added to precipitate the 

product which was collected by filtration and washed with a further 200 mL ether. The product was 

dried in air giving a pale yellow-green solid (19.05 g, 95%). 1H-NMR (400 MHz, DMSO-d6) 

δ(ppm): 7.98 (1H, d, J = 6.8 Hz), 7.77 (1H, s), 7.00 (1H, d, J = 4.4 Hz), 6.70 (1H, d, J = 6.4 Hz), 

6.60 (1H, dd, Ja = 4.4 Hz, Jb = 1.2 Hz). IR (KBr): 3127 (vw), 3089 (w), 3019 (vw), 2998 (vw), 

2943 (vw), 2189 (vw), 2146 (vw), 1647 (w), 1598 (s), 1555 (s), 1527 (m), 1476 (s), 1431 (w), 1402 

(m), 1379 (m), 1327 (s), 1314 (w), 1289 (w), 1233 (m), 1204 (m), 1191 (m), 1184 (m), 1156 (w), 

1092 (w), 1081 (w), 1018 (s), 980 (w), 932 (w), 916 (m), 883 (m), 832 (m), 819 (w), 782 (s), 765 

(m), 739 (m), 693 (w), 685 (m), 674 (w), 615 (vw), 592 (m), 502 (w), 490 (w), 442 (w) cm-1. 

 4-(2ʹ-Furyl)-2-(methylthio)-pyrimidine: Iodomethane (4.8 mL, 77 mmol) was added to 

a suspension of 4-(2’-furyl)-pyrimidine-2(1H)-thione (6.14 g, 34.5 mmol) in 95 mL 1M NaOH and 

stirred overnight. The resulting solution was extracted with 400 mL dichloromethane. The organic 

extracts were dried over magnesium sulfate and evaporated to give a brown solid (4.24 g, 64%). 

1H-NMR (400 MHz, CDCl3) δ(ppm): 8.48 (1H, d, J = 5.2 Hz), 7.57 (1H, m), 7.26 (1H, d, J = 3.2 

Hz), 7.23 (1H, d, J = 5.2 Hz), 6.55 (1H, dd, Ja = 3.2 Hz, Jb = 1.6 Hz). IR (KBr): 3140 (w), 3121 
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(w), 3089 (w), 3069 (vw), 3037 (w), 2966 (vw), 2927 (w), 2662 (vw), 2611 (vw), 2508 (vw), 2378 

(vw), 2303 (vw), 2273 (vw), 1981 (vw), 1971 (vw), 1945 (vw), 1768 (w), 1701 (vw), 1655 (w), 

1647 (vw), 1599 (s), 1556 (s), 1525 (s), 1479 (s), 1427 (m), 1380 (m), 1326 (s), 1238 (w), 1222 (s), 

1198 (s), 1162 (w), 1089 (w), 1061 (w), 1015 (m), 995 (m), 979 (w), 919 (s), 882 (m), 840 (m), 

824 (s), 790 (s), 765 (s), 754 (m), 719 (w), 688 (m), 675 (s), 588 (m), 555 (vw), 489 (m), 448 (m), 

431 (w) cm-1. 

 4-(2ʹ-Furyl)-2-(methanesulfonyl)-pyrimidine: A solution of m-chloroperbenzoic acid 

(mCPBA) (9.79 g, 56.7 mmol) in 75 mL chloroform was added to an ice cooled solution of 4-(2ʹ-

furyl)-2-(methylthio)-pyrimidine (3.94 g, 20.5 mmol) in 30 mL chloroform. The resulting 

suspension was stirred for 3.5 hours at 0 °C, filtered, and washed with saturated solutions of Na2SO3 

and NaHCO3. Magnesium sulfate was used to dry the chloroform solution which was then 

evaporated to give a yellow solid (2.33 g, 51%). 1H-NMR (400 MHz, CDCl3) δ(ppm): 8.82 (1H, d, 

J = 6.8 Hz), 7.73 (1H, d, J = 6.8 Hz), 7.65 (1H, d, J = 0.8 Hz), 7.47 (1H, d, J = 4.8 Hz), 6.62 (1H, 

m), 3.36 (3H, s). IR(KBr): 3151 (vw), 3117 (w), 3061 (vw), 3031 (vw), 3013 (w), 2929 (w), 2849 

(vw), 1701 (w), 1676 (w), 1651 (w), 1596 (s), 1561 (s), 1523 (w), 1475 (s), 1440 (w), 1413 (w), 

1386 (w), 1356 (m), 1307 (s), 1243 (vw), 1233 (vw), 1217 (w), 1193 (w), 1163 (w), 1130 (s), 1093 

(vw), 1074 (w), 1035 (w), 1015 (m), 985 (m), 974 (w), 951 (vw), 918 (m), 885 (m), 857 (w), 841 

(m), 798 (w), 781 (s), 756 (s), 671 (s), 602 (m), 592 (m), 545 (s), 507 (s), 474 (m), 443 (w) cm-1. 

 2-Cyano-4-(2ʹ-furyl)-pyrimidine: Potassium cyanide (2.84 g, 43.6 mmol) was added in 

portions to a solution of 4-(2ʹ-furyl)-2-(methanesulfonyl)-pyrimidine (4.79 g, 21.4 mmol) in 10 mL 

DMSO at 15 °C. The solution turned from yellow to red-brown and was stirred at 15 °C for 3 hours 

before being poured over 200 mL ice cold saturated NaHCO3 and extracted with 4 x 100 mL ether. 

The combined organic extracts were dried over magnesium sulfate and evaporated to give the crude 

product as a brown solid (3.06 g, 84%). Pure, light yellow, solid product was obtained by 

sublimation under dynamic vacuum (100 °C, 10-2 torr) (2.24 g, 61%). 1H-NMR (400 MHz, CDCl3) 

δ(ppm): 8.75 (1H, d, J = 7.2 Hz), 7.71 (1H, d, J = 7.2 Hz), 7.64 (1H, d, J = 1.2 Hz), 7.42 (1H, d, J 
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= 4.8 Hz), 6.62 (1H, dd, Ja = 4.8 Hz, Jb = 2.4 Hz). IR(KBr): 3143 (m), 3129 (vw), 3115 (vw), 3057 

(w), 3028 (vw), 2988 (w), 2897 (w), 2408 (w), 2252 (w), 1995 (w), 1782 (w), 1719 (w), 1676 (w), 

1649 (w), 1598 (s), 1563 (s), 1525 (w), 1476 (s), 1440 (m), 1423 (w), 1404 (w), 1393 (m), 1367 

(s), 1336 (vw), 1304 (m), 1260 (w), 1249 (w), 1226 (m), 1205 (w), 1174 (w), 1137 (w), 1107 (m), 

1075 (m), 1063 (w), 1055 (w), 1008 (s), 985 (s), 927 (s), 877 (s), 837 (w), 830 (s), 778 (s), 689 (s), 

616 (w), 594 (m), 579 (s), 468 (m) cm-1. 

 4-(2ʹ-4-(2ʹʹ-Furyl)-pyrimidyl)-1,2,3,5-dithiadiazolium chloride: 2-Cyano-4-(2ʹ-furyl)-

pyrimidine (1.58 g, 9.23 mmol) was added to a solution of lithium bis(trimethylsilyl)amide 

diethyletherate (2.28 g, 9.44 mmol) in 80 mL toluene and stirred for 2 hours followed by the 

addition of chlorotrimethylsilane (1.8 mL, 14 mmol). The solution was refluxed overnight, filtered 

to remove LiCl, and the toluene was removed under vacuum to give a crude red-brown oil. The oil 

was then dissolved in 100 mL acetonitrile. S2Cl2 (3.8 mL, 48 mmol) was added and the resulting 

brown suspension was refluxed overnight. The suspension was filtered and the precipitate dried 

under vacuum to give an orange solid sufficient for further use without purification (2.3842 g, 

91%). IR(KBr): 3088 (w), 1699 (w), 1686 (w), 1603 (s), 1588 (s), 1566 (s), 1529 (m), 1508 (w), 

1478 (s), 1459 (w), 1445 (vw), 1420 (m), 1352 (s), 1244 (m), 1213 (m), 1164 (vw), 1100 (w), 1070 

(vw), 1011 (m), 992 (w), 968 (w), 912 (w), 896 (m), 883 (w), 852 (m), 834 (m), 778 (m), 766 (m), 

749 (m), 733 (w), 675 (m), 664 (m), 591 (w), 578 (vw), 556 (vw), 503 (w), 430 (w) cm-1. 

 4-(2ʹ-4-(2ʹʹ-Furyl)-pyrimidyl)-1,2,3,5-dithiadiazolyl: SbCl3 (0.9865 g, 4.324 mmol) and 

4-(2ʹ-4-(2ʹʹ-furyl)-pyrimidyl)-1,2,3,5-dithiadiazolium chloride (1.8696 g, 65.66 mmol) were 

suspended in 60 mL acetonitrile and stirred for 3 hours. The suspension was filtered and the 

precipitate dried under vacuum to give a crude brown solid (1.5069 g, 92%) which was twice 

purified sublimation under dynamic vacuum (170 °C, 10-2 torr) to give a black solid (0.3602 g, 

22%). IR(KBr): 3119 (vw), 3031 (vw), 2957 (vw), 2923 (w), 2850 (vw), 1601 (s), 1567 (s), 1528 

(m), 1478 (s), 1439 (m), 1410 (w), 1341 (s), 1303 (w), 1280 (m), 1232 (m), 1198 (m), 1164 (w), 

1103 (w), 1075 (w), 1020 (m), 1007 (m), 987 (m), 952 (m), 907 (m), 884 (w), 834 (m), 804 (m), 
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777 (s), 747 (s), 716 (w), 677 (m), 642 (w), 588 (m), 560 (w), 517 (w), 490 (w), 429 (w) cm-1. 

Analysis calculated for C9H5N5OS2: C, 43.36; H, 2.02; N, 22.47%. Found C, 43.44; H, 2.30; N, 

22.69%. 

 1-(Dimethylamino)-3-(2ʹ-pyridyl)-propen-3-one: 2-Acetylpyridine (10.74 g, 88.66 

mmol), dimethylformamide diethylacetal (14.5 mL, 105 mmol), and 2-guanidineacetic acid (1.08 

g, 9.22 mmol) were heated to reflux overnight. The reaction mixture was washed with 3 × 100 mL 

hexanes to give a green-black solid sufficient for further use without purification (12.37 g, 79%). 

1H-NMR (400 MHz, CDCl3) δ(ppm): 8.61 (1H, d, J = 5.6 Hz), 8.12 (1H, d, J = 10.8 Hz), 7.89 (1H, 

d, J = 16.8 Hz), 7.77 (1H, td, Ja = 10 Hz, Jb = 2.4 Hz), 7.33 (1H, m), 6.43 (1H, d, J = 16.8 Hz), 3.15 

(3H, s), 2.97 (3H, s). IR (KBr): 3105 (vw), 3077 (vw), 3059 (vw), 3045 (vw), 3015 (w), 2994 (vw), 

2920 (w), 2890 (vw), 2821 (w), 2798 (vw), 1986 (vw), 1870 (vw), 1718 (vw), 1701 (vw), 1685 

(vw), 1638 (s), 1610 (vw), 1586 (m), 1566 (s), 1535 (s), 1491 (w), 1445 (w), 1432 (s), 1408 (m), 

1362 (s), 1287 (s), 1269 (w), 1260 (s), 1236 (w), 1219 (vw), 1195 (w), 1142 (vw), 1130 (m), 1098 

(vw), 1083 (w), 1066 (s), 1040 (m), 1014 (m), 991 (m), 904 (s), 814 (w), 774 (s), 751 (s), 694 (s), 

660 (s), 617 (m), 581 (w), 478 (w), 445 (vw), 427 (vw) cm-1. 

 4-(2ʹ-Pyridyl)-pyrimidine-2(1H)-thione: 1-(Dimethylamino)-3-(2ʹ-pyridyl)-propen-3-

one (17.42 g, 98.85 mmol) and thiourea (16.77 g, 220.3 mmol) were added to a solution of 

potassium hydroxide (7.59 g, 0.135 mol) in 200 mL ethanol. The resulting brown suspension was 

refluxed overnight. After cooling to room temperature, 200 mL ether was added to precipitate the 

product which was collected by filtration and washed with a further 200 mL ether. The product was 

dried in air giving a pale yellow-green solid (17.70 g, 95%). 1H-NMR (400 MHz, DMSO-d6) 

δ(ppm): 8.62 (1H, d, J = 5.2 Hz), 8.29 (1H, d, J = 10.4 Hz), 8.09 (1H, d, J = 6.4 Hz), 7.90 (1H, td, 

Ja = 10.4 Hz, Jb = 2.0 Hz), 7.42 (1H, m), 7.32 (1H, d, J = 6.8 Hz). IR (KBr): 3061 (vw), 3047 (w), 

2995 (w), 2924 (vw), 1655 (vw), 1624 (vw), 1590 (w), 1547 (s), 1536 (s), 1486 (s), 1436 (w), 1423 

(w), 1404 (s), 1322 (s), 1298 (w), 1270 (m), 1237 (vw), 1205 (s), 1148 (m), 1102 (m), 1072 (w), 
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1040 (m), 1006 (w), 992 (s), 978 (m), 850 (m), 830 (s), 794 (s), 768 (s), 749 (m), 717 (m), 669 

(vw), 648 (s), 618 (m), 511 (m), 484 (vw), 467 (vw), 440 (s), 421 (w) cm-1. 

 2-(Methylthio)-4-(2ʹ-pyridyl)-pyrimidine: Iodomethane (8.5 mL, 0.14 mol) was added 

to a solution of 4-(2ʹ-pyridyl)-pyrimidine-2(1H)-thione (11.65 g, 0.06156 mol) in 150 mL 1M 

NaOH and stirred overnight. The solution was extracted with 500 mL ether. The organic extracts 

were dried over magnesium sulfate and evaporated to give a yellow solid (7.67 g, 61%). 1H-NMR 

(400 MHz, DMSO-d6) δ(ppm): 8.69 (1H, d, J = 5.6 Hz), 8.63 (1H, d, J = 6.8 Hz), 8.48 (1H, d, J = 

10.4 Hz), 8.00 (1H, d, J = 6.8 Hz), 7.83 (1H, td, Ja = 10.4 Hz, Jb = 2 Hz), 7.38 (1H, m), 2.64 (1H, 

s). IR(KBr): 3102 (vw), 3058 (w), 3019 (vw), 3003 (vw), 2964 (vw), 2925 (m), 2850 (vw), 1624 

(w), 1560 (s), 1535 (s), 1474 (m), 1421 (s), 1350 (s), 1335 (s), 1316 (w), 1282 (w), 1259 (vw), 1244 

(v), 1212 (s), 1179 (vw), 1149 (w), 1098 (m), 1086 (w), 1044 (m), 994 (m), 967 (m), 901 (vw), 855 

(m), 833 (s), 797 (s), 767 (s), 743 (m), 715 (m), 682 (vw), 643 (s), 619 (m) cm-1. 

 2-(Methanesulfonyl)-4-(2ʹ-pyridyl)-pyrimidine: A solution of mCPBA (17.51 g, 78.13 

mmol) in 150 mL chloroform was added to an ice cooled solution of 2-(methylthio)-4-(2ʹ-pyridyl)-

pyrimidine (7.67 g, 37.7 mmol) in 70 mL chloroform. The resulting suspension was stirred for 3 

hours at 0 °C, filtered, and washed with saturated solutions of NaSO3 and NaHCO3. Magnesium 

sulfate was used to dry the chloroform solution which was then evaporated to give a yellow solid 

(8.55 g, 96%). 1H-NMR (400 MHz, DMSO-d6) δ(ppm): 8.98 (1H, d, J = 5.2 Hz), 8.72 (1H, dt, Ja = 

4.8 Hz, Jb = 0.8 Hz), 8.58 (1H, d, J = 5.2 Hz), 8.56 (1H, dd, Ja = 7.6 Hz, Jb = 0.8 Hz), 7.88 (1H, td, 

Ja = 7.6 Hz, Jb = 1.6 Hz), 7.46 (1H, m), 3.41 (3H, s). IR (KBr): 3101 (vw), 3079 (vw), 3057 (w), 

3010 (m), 2924 (w), 2433 (vw), 2366 (vw), 2021 (vw), 1983 (vw), 1948 (vw), 1923 (vw), 1883 

(vw), 1819 (vw), 1718 (w), 1629 (vw), 1577 (s), 1568 (s), 1526 (s), 1477 (w), 1439 (w), 1438 (w), 

1428 (s), 1356 (s), 1311 (s), 1280 (vw), 1247 (m), 1233 (w), 1204 (vw), 1185 (m), 1129 (s), 1081 

(m), 1047 (w), 996 (m), 991 (m), 972 (s), 910 (w), 878 (m), 831 (w), 807 (s), 779 (m), 761 (s), 711 

(m), 639 (s), 620 (m), 541 (s), 511 (s), 457 (m), 426 (vw) cm-1. 
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 2-Cyano-4-(2ʹ-pyridyl)-pyrimidine: Potassium cyanide (5.57 g, 85.5 mmol) was added 

in portions to a solution of 2-(methanesulfonyl)-4-(2ʹ-pyridyl)-pyrimidine (9.97 g, 42.4 mmol) in 

27 mL DMSO at 15 °C. The solution turned from yellow to red and was stirred at 15 °C for 3.5 

hours before being poured over ice cold saturated NaHCO3 and extracted with ether 3 × 400 mL. 

The organic extracts were dried over magnesium sulfate and evaporated to give a crude yellow 

solid. The crude product was purified by sublimation under dynamic vacuum (100 °C, 10-2 torr) to 

give an off white solid (5.46 g, 71%). 1H-NMR (400 MHz, DMSO-d6) δ(ppm): 8.92 (1H, d, J = 5.2 

Hz), 8.72 (1H, m), 8.57 (1H, d, J = 5.2 Hz), 8.52 (1H, m), 7.90 (1H, td, Ja = 7.8 Hz, Jb = 2 Hz), 

7.47 (1H, m). IR(KBr): 3066 (vw), 2988 (vw), 2784 (vw), 2718 (vw), 2677 (vw), 2611 (vw), 2560 

(vw), 2505 (vw), 2446 (vw), 2403 (w), 2342 (vw), 2299 (vw), 2245 (vw), 2185 (vw), 2022 (w), 

1990 (w), 1955 (w), 1925 (w), 1890 (w), 1820 (w), 1785 (w), 1762 (w), 1719 (w), 1663 (w), 1637 

(w), 1617 (m), 1573 (s), 1533 (s), 1475 (m), 148 (w), 1421 (s), 1360 (s), 1314 (m), 1285 (w), 1246 

(s), 1206 (m), 1147 (m), 1127 (vw), 1099 (m), 1086 (m), 1045 (m), 1013 (vw), 995 (s), 988 (s), 

934 (vw), 915 (w), 881 (s), 869 (s), 806 (s), 779 (s), 747 (s), 735 (m), 665 (m), 647 (s), 620 (s), 578 

(s), 542 (vw), 520 (vw), 508 (vw), 431 (m), 417 (w) cm-1. 

 4-(2ʹ-4-(2ʹʹ-Pyridyl)-pyrimidyl)-1,2,3,5-dithiadiazolium chloride: 2-Cyano-4-(2ʹ-

pyridyl)-pyrimidine (1.63 g, 8.95 mmol) was added to a solution of lithium bis(trimethylsilyl)amide 

diethyletherate (2.39 g, 9.90 mmol) in 80 mL toluene and stirred for 1.5 hours followed by the 

addition of chlorotrimethylsilane (2.0 mL, 16 mmol). The solution was refluxed overnight, filtered 

to remove LiCl, and the toluene was removed under vacuum to give a crude red-brown oil. The oil 

was then dissolved in 80 mL acetonitrile and S2Cl2 (3.2 mL, 40 mmol) was added. The resulting 

brown suspension was refluxed overnight. The suspension was filtered and the precipitate dried 

under vacuum to give a yellow-green solid (2.1103 g, 80%). IR(KBr): 3051 (w, br), 1701 (w), 1575 

(s), 1554 (vw), 1533 (s), 1476 (vw), 1458 (vw), 1428 (m), 1354 (s), 1296 (w), 1240 (vw), 1223 

(w), 1116 (w), 1084 (w), 1044 (vw), 994 (m), 966 (w), 894 (m), 872 (w), 853 (m), 801 (w), 789 
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(s), 750 (m), 716 (m), 702 (w), 671 (vw), 644 (m), 619 (m), 582 (vw), 553 (vw), 504 (w), 466 (w), 

425 (vw) cm-1. 

 4-(2ʹ-4-(2ʹʹ-Pyridyl)-pyrimidyl)-1,2,3,5-dithiadiazolyl: SbCl3 (1.4277 g, 6.2585 mmol) 

was added to a suspension of 4-(2ʹ-4-(2ʹʹ-pyridyl)-pyrimidyl)-1,2,3,5-dithiadiazolium chloride 

(2.8250 g, 9.5513 mmol) in 100 mL acetonitrile and stirred for 90 minutes. The suspension was 

filtered and the precipitate dried under vacuum to give a brown crude solid (2.6470 g) which was 

purified twice sublimation under dynamic vacuum (170 °C 10-2 torr) to give a purple-black solid 

(0.2149 g, 9%). IR(KBr): 3054 (w), 1569 (s), 1536 (s), 1474 (m), 1421 (s), 1342 (s), 1306 (w), 

1280 (vw), 1246 (w), 1197 (m), 1166 (vw), 1152 (vw), 1118 (vw), 1086 (w), 1045 (w), 995 (m), 

944 (w), 913 (vw), 868 (w), 856 (w), 833 (m), 803 (w), 786 (s), 762 (s), 743 (m), 702 (w), 693 (s), 

647 (m), 619 (m), 591 (w), 520 (w), 489 (w), 463 (w) cm-1. Analysis calculated for C10H6N5S2: C, 

46.14; H, 2.32; N, 26.90%. Found: C, 46.00; H, 2.50; N, 26.69%. 

 1-(Dimethylamino)-3-(2ʹ-thiophenyl)-propen-3-one: 2-Acetyl thiophene (10.34 g, 81.95 

mmol), dimethylformamide diethylacetal (13 mL, 94 mmol), and 2-guanidineacetic acid (1.07 g, 

9.14 mmol) were heated to reflux overnight. The reaction mixture was cooled and washed with 

hexanes to give an orange solid sufficient for further use without purification (13.86 g, 93%). 1H-

NMR (400 MHz, CDCl3) δ(ppm): 7.76 (1H, d, J = 12 Hz), 7.60 (1H, dd, Ja = 3.6 Hz, Jb = 1.2 Hz), 

7.44 (1H, dd, Ja = 5.2 Hz, Jb = 1.2 Hz), 7.05 (1H, dd, Ja = 4.8 Hz, Jb = 3.6 Hz), 5.60 (1H, d, J = 12 

Hz) 3.11 (3H, s), 2,90 (3H, s). IR (KBr): 3167 (vw), 3071 (w), 2996 (vw), 2919 (w), 2804 (w), 

2024 (vw), 1939 (vw), 1882 (vw), 1830 (vw), 1773 (vw), 1635 (s), 1546 (s), 1517 (s), 1486 (w), 

1435 (w), 1410 (s), 1360 (s), 1284 (s), 1248 (s), 1202 (w), 1114 (m), 1085 (m), 1065 (s), 1014 (m), 

972 (m), 938 (w), 916 (vw), 887 (s), 858 (s), 781 (s), 764 (s), 736 (s), 727 (s), 660 (w), 628 (vw), 

609 (vw), 592 (w), 568 (w), 460 (w), 436 (w) cm-1. 

 4-(2ʹ-Thiophenyl)-pyrimidine-2(1H)-thione: 1-(Dimethylamino)-3-(2ʹ-thiophenyl)-

propen-3-one (13.84 g, 0.07636 mol) and thiourea (11.78 g, 0.1548 mol) were added to a solution 

of potassium hydroxide (5.29 g, 94.3 mol) in 150 mL ethanol. The resulting brown suspension was 
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refluxed overnight. After cooling to room temperature, 300 mL ice cold ether was added to 

precipitate the product which was collected by filtration and washed with a further 50 mL ether. 

The product was dried in air giving a yellow solid (11.02 g, 74%). 1H-NMR (400 MHz, DMSO-d6) 

δ(ppm): 7.96 (1H, d, J = 5.2 Hz), 7.70 (1H, dd, Ja = 3.6 Hz, Jb = 1.2 Hz), 7.60 (1H, dd, Ja = 5.2 Hz, 

Jb = 1.2 Hz), 7.11 (1H, dd, Ja = 5.2 Hz, Jb = 3.6 Hz), 6.90 (1H, d, J = 5.2 Hz). IR (KBr): 3398 (s, 

br), 2923 (vw), 2852 (vw), 2142 (w), 1618 (s), 1560 (s), 1522 (vw), 1459 (w), 1425 (s), 1406 (s), 

1355 (m), 1313 (m), 1284 (w), 1272 (w), 1231 (m), 1192 (m), 1152 (w), 1082 (w), 1002 (m), 960 

(vw), 856 (m), 800 (s), 772 (w), 720 (m), 708 (m), 685 (w), 625 9m), 580 (w), 484 (m), 469 (m) 

cm-1. 

 2-(Methylthio)-4-(2ʹ-thiophenyl)-pyrimidine: Iodomethane (4.0 mL, 64 mol) was added 

to a solution of 4-(2ʹ-thiophenyl)-pyrimidine-2(1H)-thione (4.38 g, 22.5 mol) in 90 mL 1M NaOH 

and stirred overnight. The solution was extracted with 200 mL dichloromethane. The organic 

extracts were dried over magnesium sulfate and evaporated to give an orange solid (1.62 g, 35%). 

1H-NMR (400 MHz, DMSO-d6) δ(ppm): 8.42 (1H, d, J = 5.2 Hz), 7.72 (1H, dd, Ja = 3.6 Hz, Jb = 

1.2 Hz), 7.49 (1H, Ja = 5.2 Hz, Jb = 1.2 Hz), 7.18 (1H, J = 5.2 Hz), 7.12 (1H, m), 2.86 (3H, s). 

IR(KBr): 3077 (vw), 3064 (w), 3019 (vw), 2988 (vw), 2923 (vw), 1686 (w), 1647 (m), 1619 (w), 

1606 (w), 1561 (s), 1536 (s), 1524 (s), 1435 (s), 1411 (s), 1363 (m), 1323 (s), 1294 (w), 1240 (m), 

1202 (s), 1102 (m), 1064 (w), 1007 (m), 979 (w), 965 (w), 909 (vw), 855 (m), 822 (s), 798 (s), 771 

(w), 735 (s), 678 (s), 623 (s), 563 (w), 475 (w), 457 (w), 449 (w), 422 (w) cm-1. 

 2-(Methanesulfonyl)-4-(2ʹ-thiophenyl)-pyrimidine: A solution of mCPBA (16.16 g, 

72.11 mmol) in 200 mL chloroform was added to an ice cooled solution of 2-(methylthio)-4-(2ʹ-

thiophenyl)-pyrimidine (7.10 g, 34.1 mmol) in 80 mL chloroform. The resulting suspension was 

stirred for 5 hours at 0 °C, filtered, and washed with saturated solutions of NaSO3 and NaHCO3. 

Magnesium sulfate was used to dry the chloroform solution which was then evaporated to give a 

yellow-brown solid (7.48 g, 91%). 1H-NMR (400 MHz, DMSO-d6) δ(ppm): 8.80 (1H, d, J = 5.6 

Hz), 7.89 (1H, dd, Ja = 4 Hz, Jb = 1.2 Hz), 7.68 (1H, d, J = 5.6 Hz), 7.63 (1H, dd, Ja = 5.2 Hz, Jb = 
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1.2 Hz) 7.19 (1H, m). IR (KBr): 3447 (br), 3094 (w), 3006 (vw), 2930 (vw), 1685 (w), 1655 (w), 

1636 (vw), 1610 (vw), 1571 (s), 1520 (m), 1439 (s), 1411 (m), 1362 (m), 1341 (m), 1309 (s), 1244 

(w), 1194 (w), 1129 (s), 1068 (s), 1007 (w), 985 (m), 964 (m), 858 (m), 841 (m), 800 (w), 776 (vw), 

745 (s), 733 (w), 716 (m), 677 (m), 660 (vw), 623 (s), 565 (vw), 542 (s), 504 (s), 436 (m) cm-1. 

 2-Cyano-4-(2ʹ-thiophenyl)-pyrimidine: Potassium cyanide (4.22 g, 64.8 mmol) was 

added in portions to a solution of 2-(methanesulfonyl)-4-(2ʹ-thiophenyl)-pyrimidine (7.48 g, 31.1 

mmol) in 15 mL DMSO at 15 °C. The brown suspension was stirred at 15 °C for 3 hours before 

being poured over ice cold saturated NaHCO3 and extracted with ether 300 mL. The organic 

extracts were dried over magnesium sulfate and evaporated to give a crude brown solid. The crude 

product was purified by sublimation under dynamic vacuum at (100 °C, 10-2 torr) to give a light 

yellow solid (1.36 g, 23%). 1H-NMR (400 MHz, DMSO-d6) δ(ppm): 8.71 (1H, d, J = 5.2 Hz), 7.86 

(1H, Ja = 4 Hz, Jb = 1.2 Hz), 7.67 (1H, J = 5.6 Hz) 7.63 (1H, dd, Ja = 5. Hz, Jb = 1.2 Hz) 7.19 (1H, 

Ja = 5 Hz, Jb = 4 Hz). IR(KBr): 3095 (vw), 3060 (vw), 2359 (w), 2341 (w), 1594 (w), 1573 (s), 

1522 (w), 1463 (s), 1442 (s), 1418 (m), 1377 (s), 1342 (m), 1258 (w), 1236 (w), 1206 (w), 1017 

(w), 985 (s), 854 (s), 834 (m), 780 (m), 736 (s), 691 (w), 626 (w) cm-1. 

 4-(2ʹ-4-(2ʹʹ-Thiophenyl)-pyrimidyl)-1,2,3,5-dithiadiazolium chloride: 2-Cyano-4-(2ʹ-

thiophenyl)-pyrimidine (1.16 g, 6.20 mmol) was added to a solution of lithium 

bis(trimethylsilyl)amide diethyletherate (1.53 g, 6.34 mmol) in 100 mL toluene and stirred for 3 

hours followed by the addition of chlorotrimethylsilane (2.0 mL, 16 mmol). The solution was 

refluxed overnight, filtered to remove LiCl, and the toluene was removed under vacuum to give a 

crude brown oil. The oil was then dissolved in 100 mL acetonitrile and S2Cl2 (2.4 mL, 30 mmol) 

was added. The resulting orange-brown suspension was refluxed overnight. The suspension was 

filtered and the precipitate dried under vacuum to give an orange solid (1.6330 g, 88%). IR(KBr): 

3063 (vw), 2962 (vw), 1695 (w), 1610 (w), 1575 (s), 1524 (w), 1505 (w), 1444 (s), 1409 (s), 1362 

(s), 1347 (s), 1277 (vw), 1258 (w), 1236 (m), 1208 (m), 1104 (m), 1060 (w), 1024 (m), 989 (m), 
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944 (w), 893 (s), 859 (w), 848 (m), 825 (s), 751 (w), 724 (s), 677 (m), 623 (s), 562 (w), 551 (m), 

512 (w), 483 (w), 467 (m) cm-1. 

 4-(2ʹ-4-(2ʹʹ-Thiophenyl)-pyrimidyl)-1,2,3,5-dithiadiazolyl: SbCl3 (1.11 g, 4.87 mmol) 

was added to a suspension of 4-(2ʹ-4-(2ʹʹ-thiophenyl)-pyrimidyl)-1,2,3,5-dithiadiazolium chloride 

(1.5902 g, 5.2864 mmol) in 100 mL acetonitrile and stirred for 3 hours. The suspension was filtered 

and the precipitate dried under vacuum to give a brown crude solid (1.1497 g) which was purified 

twice by sublimation under dynamic vacuum (150 °C 10-2 torr) to obtain a black-purple solid 

(0.2751 g, 20%). IR(KBr): 3078 (w), 3063 (w), 3029 (vw), 1569 (s), 1512 (m), 1438 (s), 1406 (w), 

1363 m), 1340 (m), 1319 (w), 1288 (w), 1270 (w), 1224 (m), 1192 (m), 1106 (w), 1092 (w), 1064 

(vw), 1026 (m), 987 (m), 922 (w), 862 (m), 833 (m), 823 (m), 801 (m), 778 (s), 753 (w), 737 (s), 

707 (m), 685 (m), 622 (m), 598 (w), 553 (vw), 524 (w), 514 (w), 470 (w) cm-1. Analysis calculated 

for C10H6N5S5: C, 40.74; H, 1.90; N, 21.11%. Found: C, 40.84; H, 2.09; N, 21.50%. 

 4-(2ʹ-Furyl)-2,2ʹ-bipyrimidine: 1-(dimethylamino)-3-(2ʹ-furyl)-propen-3-one (1.38 g, 

8.35 mmol) and pyridine-2-carboxamidine (1.25 g, 10.2 mmol) were added to a soluton of KOH 

(0.69 g, 12 mmol) in 20 mL of ethanol which was heated to reflux overnight. The resulting brown 

solution was cooled to room temperature and the solvent was removed under vacuum. The residual 

solid was extracted with ether to obtain an orange crystalline solid (0.43 g, 23%). 1H-NMR (400 

MHz, CDCl3) δ(ppm): 9.01 (2H, d, J = 4.4 Hz), 8.96 (1H, d, J = 2.8 Hz), 7.69 (1H, d, J = 2.8 Hz), 

7.63 (1H, d, J = 1.6 Hz), 7.48 (1H, dd, Ja = 3.6 Hz, Jb = 0.4 Hz), 7.42 (1H, t, J = 5 Hz), 6.59 (1H, 

dd, Ja = 3.6 Hz, Jb = 1.6 Hz). IR (thin film, NaCl): 3444 (s, br), 3136 (w), 2984 (w), 2550 (vw), 

2388 (w), 2225 (m), 2091 (vw), 1966 (w), 1694 (s), 1602 (s), 1564 (s), 1537 (w), 1480 (s), 1445 

(w), 1419 (m), 1392 (s), 1371 (s), 1323 (w), 1273 (m), 1231 (m), 1212 (w), 1168 (m), 1089 (w), 

1074 (vw), 1016 (m), 989 (m), 921 (m), 885 (m), 829 (m), 808 (vw), 779 (w), 755 (vw), 729 (vw), 

706 (m), 673 (m), 635 (m), 594 (w) cm-1. 

 [Gd(hfac)3]2(furylpymDTDA): A solid mixture of 0.6241 g Gd(hfac)3(DME) (0.7186 

mmol) and 0.0883 g furylpymDTDA (0.354 mmol) was dissolved in 20 mL dichloromethane. The 
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brown-purple solution was stirred 30 minutes then the solvent was removed under vacuum to give 

0.5360 g of crude purple solid (85% crude yield). The crude product was purified by dynamic 

sublimation (135 °C, 10-2 torr) to give 0.1553 g of green powder (12% yield). Crystals suitable for 

single crystal x-ray diffraction were obtained by sublimation under static vacuum (135 °C, 10-2 

torr). IR(KBr): 3300 (vw), 3167 (vw), 3141 (w), 3098 (vw), 1649 (s), 1607 (m), 1562 (m), 1537 

(m), 1484 (s), 1431 (vw), 1390 (w), 1371 (vw), 1325(w), 1260 (s), 1210 (s), 1146 (s), 1099 (m), 

1067 (vw), 1026 (m), 1014 (m), 972 (m), 952 (w), 915 (m), 883 (m), 843 (s), 807 (s), 766 (m), 753 

(w), 742 (s), 720 (vw), 690 (s), 660 (s), 643 (vw), 587 (s), 551 (w), 528 (m), 505 (m), 471 (m), 443 

(vw) cm-1. Analysis calculated for C39H11F36N4O13S2Gd2: C, 25.94; H, 0.61; N, 3.10%. Found: C, 

26.18; H, 0.46; N, 3.03%. 

 [Tb(hfac)3]2(furylpymDTDA): A solid mixture of 0.5356 g Tb(hfac)3(DME) (0.6155 

mmol) and 0.0765 g furylpymDTDA (0.307 mmol) was dissolved in 20 mL dichloromethane. The 

brown-purple solution was stirred 40 minutes then the solvent was removed under vacuum to give 

0.4858 g of crude purple solid (87% crude yield). The crude product was purified by dynamic 

sublimation (135 °C, 10-2 torr) to give 0.1691 g of green powder (15% yield). Crystals suitable for 

single crystal x-ray diffraction were obtained by static sublimation (135 °C, 10-2 torr). IR(KBr): 

3295 (vw), 3165 (vw), 3142 (w), 3094 (vw), 1650 (s), 1607 (m), 1562 (m), 1537 (m), 1489 (s), 

1431 (vw), 1391 (m), 1372 (vw), 1341 (vw), 1325 (w), 1255 (s), 1214 (s), 1144 (s), 1103 (m), 1068 

(vw), 1027 (m), 1014 (m), 972 (m), 952 (w), 915 (m), 883 (m), 844 (s), 807 (s), 766 (m), 753 (w), 

742 (s), 720 (vw), 690 (s), 661 (s), 588 (s), 551 (w), 528 (m), 505 (m), 472 (m), 443 (vw) cm-1. 

Analysis calculated for C39H11F36N4O13S2Tb2: C, 25.89; H, 0.61; N, 3.10%. Found: C, 25.67; H, 

0.83; N, 2.86%. 

 [Dy(hfac)3]2(furylpymDTDA): In a 50 mL side arm round bottom flask, 0.4450 g 

Dy(hfac)3(DME) (0.5093 mmol) and 0.0634 g furylpymDTDA (0.254 mmol) were dissolved in 

20 mL dichloromethane. The brown-purple solution was stirred 50 minutes then the solvent was 

removed under vacuum to give 0.3546 g of crude purple solid (78% crude yield). The crude product 
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was purified by sublimation under dynamic vacuum (135 °C, 10-2 torr) to give 0.1346 g of green 

powder (29% yield). Crystals suitable for single crystal x-ray diffraction were obtained by 

sublimation under static vacuum (135 °C, 10-2 torr). IR (KBr): 3165 (vw), 3142 (w), 1650 (s), 1607 

(m), 1561 (m), 1537 (m), 1491 (s), 1429 (w), 1391 (w), 1373 (w), 1341 (vw), 1325 (w), 1257 (s), 

1211 (s), 1145 (s), 1103 (m), 1068 (vw), 1027 (m), 1015 (m), 972 (w), 953 (w), 916 (m), 883 (m), 

845 (m), 807 (s), 766 (w), 753 (vw), 742 (m), 718 (vw), 691 (m), 661 (s), 641 (vw), 588 (s), 552 

(w), 528 (m), 505 (m), 472 (m) cm-1. Analysis calculated for C39H11F36N4O13S2Dy2: C, 25.79; H, 

0.61; N, 3.08% Found: C, 26.00; H, 0.88; N, 2.92%. 

 [Gd(hfac)3]2(pypymDTDA): A solid mixture of Gd(hfac)3(DME) (0.6097 g, 0.7020 

mmol) and pypymDTDA (0.0922 g, 0.354 mmol) was dissolved in 40 mL dichloromethane. The 

green solution was stirred 90 minutes then the solvent was removed under vacuum to give a purple 

oil. The oil was stirred one week in 20 mL cyclohexane until a suspension of free-flowing powder 

was obtained. The solvent was removed under vacuum to give a crude purple solid. The crude 

product was purified by sublimation under dynamic vacuum (150 °C, 10-2 torr) to give 0.1528 g of 

green solid (24% yield). Crystals suitable for single crystal x-ray diffraction were obtained by 

sublimation in a glass tube sealed under static vacuum (150 °C, 10-2 torr). IR(KBr): 3301 (vw), 

3145 (w), 1648 (s), 1599 (m), 1560 (m), 1534 (m), 1476 (s), 1430 (vw), 1371 (w), 1333 (w), 1255 

(s), 1208 (s), 1144 (s), 1103 (m), 1025 (w), 1013 (w), 952 (w), 848 (m), 801 (s), 789 (w), 769 (w), 

742 (m), 710 (w), 700 (w), 660 (s), 634 (w), 586 (s), 550 (w), 528 (m), 510 (w), 469 (m), 419 (w) 

cm-1. Analysis calculated for C40H12F36N5 O12S2Gd2: C, 26.44; H, 0.67; N, 3.85%. Found: C, 26.41; 

H, 0.90; N, 3.86%. 

 [Tb(hfac)3]2(pypymDTDA): A solid mixture of Tb(hfac)3(DME) (0.6751 g, 0.7758 

mmol) and pypymDTDA (0.1004 g, 0.3857 mmol) was dissolved in 40 mL dichloromethane. The 

green solution was stirred 60 minutes then the solvent was removed under vacuum to give a purple 

oil. The oil was stirred four days in 20 mL cyclohexane until a suspension of free-flowing powder 

was obtained. The solvent was removed under vacuum to give a crude purple solid. The crude 
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product was purified by sublimation under dynamic vacuum (150 °C, 10-2 torr) to give 0.1602 g of 

green solid (23% yield). Crystals suitable for single crystal x-ray diffraction were obtained by 

sublimation in a glass tube sealed under static vacuum (150 °C, 10-2 torr). IR(KBr): 3144 (vw), 

1648 (s), 1599 (m), 1560 (m), 1534 (m), 1477 (s), 1372 (w), 1347 (w), 1334 (w), 1255 (s), 1208 

(s), 1144 (s), 1104 (w), 1025 (w), 1012 (w), 950 (w), 848 (w), 801 (m), 769 (w), 742 (w), 711 (vw), 

700 (w), 660 (s), 634 (vw), 587 (m), 551 (vw), 528 (w), 507 (vw), 470 (w), 419 (vw) cm-1. Analysis 

calculated for C40H12F36N5 O12S2Tb2: C, 26.39; H, 0.66; N, 3.85%. Found: C, 26.56; H, 0.58; N, 

4.01%. 

 [Dy(hfac)3]2(pypymDTDA): A solid mixture of Dy(hfac)3(DME) (0.6796 g, 0.7778 

mmol) and pypymDTDA (0.1005 g, 0.3861 mmol) was dissolved in 40 mL dichloromethane. The 

green solution was stirred 60 minutes then the solvent was removed under vacuum to give a purple 

oil. The oil was stirred four days in 40 mL cyclohexane until a suspension of free-flowing powder 

was obtained. The solvent was removed under vacuum to give a crude green-purple solid. The 

crude product was purified by sublimation under dynamic vacuum (150 °C, 10-2 torr) to give 0.2084 

g of green solid (30% yield). Crystals suitable for single crystal x-ray diffraction were obtained by 

sublimation in a glass tube sealed under static vacuum (150 °C, 10-2 torr). IR(KBr): 3302 (vw), 

3146 (w), 1648 (s), 1600 (m), 1569 (m), 1534 (m), 1478 (s), 1373 (w), 1336 (w), 1255 (s), 1209 

(s), 1143 (s), 1105 (w), 1026 (w), 1012 (w), 953 (w), 848 (m), 800 (s), 789 (w), 768 (w), 742 (m), 

710 (w), 700 (w), 661 (s), 634 (w), 587 (s), 551 (w), 528 (w), 511 (vw), 470 (w), 420 (w) cm-1. 

Analysis calculated for C40H12F36N5 O12S2Dy2: C, 26.29; H, 0.66; N, 3.83%. Found: C, 26.51; H, 

0.91; N, 3.91%. 

 [Dy(hfac)3]2(furylbipym): In a 50 mL side arm round bottom flask, Dy(hfac)3(DME) 

(0.5093 g, 0.5829 mmol) and 4-(2ʹ-furyl)-2,2ʹ-bipyrimidine (0.0687 g, 0.306 mmol) were dissolved 

in 20 mL dichloromethane. The orange-yellow solution was stirred 50 minutes then the solvent was 

removed under vacuum, giving a sticky orange residue. The residue was stirred overnight in 

pentane and the solvent was removed under vacuum to give a yellow solid. The crude product was 
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twice purified by sublimation under dynamic vacuum to obtain a yellow powder (0.1387 g, 27%). 

Crystals suitable for single crystal x-ray diffraction were obtained by sublimation under static 

vacuum (130 °C, 10-2 Torr). IR (KBr): 3169 (vw), 3145 (w), 3104 (vw), 1650 (s), 1611 (m), 1598 

(w), 1585 (m), 1561 (m), 1541 (m), 1492 (s), 1426 (m), 1394 (m), 1384 (vw), 1354 (w), 1257 (s), 

1210 (s), 1145 (s), 1103 (m), 1024 (m), 1016 (m), 953(w), 935 (m), 884 (w), 853 (w), 829 (w), 805 

(s), 772 (m), 742 (m), 715 (m), 688 (m), 661 (s), 588 (s), 528 (m), 471 (w) cm-1. Analysis calculated 

for C42H14F36N4O13Dy2: C, 28.16; H, 0.79; N, 3.13% Found C, 28.31; H, 0.91; N, 3.02%. 

 

 Crystallographic Measurements. Green blocks of [Ln(hfac)3]2(R-pymDTDA) (Ln = Gd, 

Tb, Dy; R = 2ʹ-furyl, 2ʹ-pyridyl), brown-purple needles of pypymDTDA and red-purple plates of 

thiophenepymDTDA were grown by sublimation under vacuum and were mounted on MiTeGen 

cryoloops, protected with type NVH immersion oil and studied in the flow of nitrogen at 150 K 

generated by Cryojet XL device (Oxford Instruments). All measurements were conducted on a 

SuperNova Agilent single-crystal diffractometer equipped with a microfocus MoKα (λ = 0.71073 

Å) radiation source and Atlas CCD detector. Diffraction intensity data were collected using ω-scan. 

The unit cell parameters were refined using the entire data sets. The data were processed using 

CrysAlisPro software.28 Absorption corrections were applied using the multiscan method. The 

structure was solved (direct methods) and refined (full- matrix least-squares on F2) using SHELXS 

and SHELXL-97.29 Geometric calculations were carried out using the WinGX30 and Olex31 

software packages. Non-hydrogen atoms were refined anisotropically, while hydrogen atoms were 

introduced at calculated positions as riding on their corresponding carbon atoms and refined 

isotropically. 

 Crystallographic disorder is observed in the positions of the hfac ligands of 

Dy2furylpymDTDA and Dy2furylbipym. The majority occupancy is depicted in Figure 4.7, 

Figure 4.14 depicts the majority and minority occupancy sites of hfac ligands for 
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Dy2furylpymDTDA (74% and 26% respectively). Figure 4.15 depicts the majority and minority 

occupancy sites of hfac ligands for Dy2furylpymDTDA (69% and 31% respectively). 

Figure 4.14: Single x-ray crystal structure of Dy2furylpymDTDA, hfac ligands of the N,N,O-

chelated DyIII are disordered. (left) 74% occupancy structure (right) 26% occupancy structure. 

Figure 4.15: Single x-ray crystal structure of Dy2furylbipym, hfac ligands of the N,N,O-chelated 

DyIII are disordered. (left) 69% occupancy structure (right) 31% occupancy structure. 

 

 Gd2pypymDTDA, Tb2pypymDTDA, and Dy2pypymDTDA are isostructural and also 

isomorphous with the Ln2furylpymDTDA (Ln = Gd, Tb, Dy) series of compounds. The single 

crystal x-ray structure of Gd2pypymDTDA, chosen as being representative of the series of 

Ln2pypymDTDA (Ln = Gd, Tb, Dy) complexes, is shown in Figure 4.16. 
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Figure 4.16: Single crystal x-ray structure of Gd2pypymDTDA, representative of all 

Ln2pypymDTDA (Ln = Gd, Tb, Dy) complexes. 
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Table 4.2: Crystallographic details including structure refinement data for [Dy(hfac)3]2(furylpymDTDA) and [Dy(hfac)3]2(furylbipym) complexes. 

Complex Gd2 

furylpymDTDA 

Tb2 

furylpymDTDA 

Dy2 

furylpymDTDA 

Gd2 

pypymDTDA 

Tb2 

pypymDTDA 

Dy2 

pypymDTDA 

Dy2 

furylbipym 

Formula C39H11F36N4O13S2

Gd2 

C39H11F36N4O13S2

Tb2 

C39H11F36N4O13S2

Dy2 

C40H12F36N5 

O12S2Gd2 

C40H12F36N5 

O12S2Tb2 

C40H12F36N5 

O12S2Dy2 

C42H14F36N4

O13Dy2 

Formula 

Weight 

(g/mol) 

1806.14 1809.48 1816.64 1817.17 1820.51 1827.67 1791.57 

Wavelength 

(Å) 

0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 

Crystal size 

(mm) 

0.14 x 0.12 x 0.10 0.3 x 0.2 x 0.12 0.14 x 0.1 x 0.08 0.35 x 0.3 x 0.2 0.22 x 0.2 x 

0.14 

0.3 x 0.25 x 

0.17 

0.1 x 0.2 x 

0.4 

Resolution 

(Å) 

0.58 0.58 0.6 0.58 0.58 0.59 0.6 

Crystal 

System 

Triclinic Triclinic Triclinic Triclinic Triclinic Triclinic Triclinic 
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Complex Gd2 

furylpymDTDA 

Tb2 

furylpymDTDA 

Dy2 

furylpymDTDA 

Gd2 

pypymDTDA 

Tb2 

pypymDTDA 

Dy2 

pypymDTDA 

Dy2 

furylbipym 

Space Group P-1 P-1 P-1 P-1 P-1 P-1 P-1 

T (K) 150(2) 150(2) 150(2) 150(2) 150(2) 150(2) 150(2) 

Unit cell 

dimensio

ns (Å) 

a 12.04490(13) 12.0184(2) 11.99580(19) 13.06342(16) 13.0590(2) 13.03194(14) 11.97827(18) 

b 13.83871(17) 13.8338(2) 13.8373(2) 14.04608(18) 14.05426(13) 14.04827(17) 13.7093(2) 

c 17.6139(2) 17.6545(2) 17.6557(3) 16.1169(2) 16.1067(2) 16.08747(19) 17.9169(3) 

Unit cell 

angles (°) 

α 94.5912(11) 94.8811(13) 95.0146(12) 82.5514(10) 82.8082(10) 82.8989(10) 93.3231(14) 

β 90.4010(10) 90.5098(13) 90.4921(13) 89.9237(10) 89.8501(12) 89.8549(9) 90.7189(14) 

γ 97.5260(10) 97.6753(14) 97.6307(13) 84.5331(10) 84.3412(10) 84.1445(9) 98.3813(13) 

Volume (Å3) 2900.90(6) 2897.78(7) 2892.98(8) 2918.81(6) 2918.45(6) 2907.24(6) 2905.23(8) 

Z 2 2 2 2 2 2 2 

Density calc. 

(g/cm3) 

2.068 2.074 2.085 2.068 2.072 2.088 2.048 
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Complex Gd2 

furylpymDTDA 

Tb2 

furylpymDTDA 

Dy2 

furylpymDTDA 

Gd2 

pypymDTDA 

Tb2 

pypymDTDA 

Dy2 

pypymDTDA 

Dy2 

furylbipym 

Absorption 

coefficient 

(mm-1) 

2.515 2.669 2.812 2.499 2.650 2.798 2.729 

F(000) 1722.0 1726.0 1730.0 1734.0 1738.0 1742.0 1708.0 

Θ range for 

data 

collection (°) 

2.66 to 34.97 2.75 to 37.78 2.75 to 36.32 2.25 to 37.78 2.06 to 37.78 2.49 to 37.04 2.64 to 36.32 

Index ranges -19 ≤ h ≤ 19 

-22 ≤ k ≤ 22 

-28 ≤ l ≤ 28 

-20 ≤ h ≤ 20 

-23 ≤ k ≤ 23 

-30 ≤ l ≤ 30 

-19 ≤ h ≤ 19 

-23 ≤ k ≤ 23 

-29 ≤ l ≤ 29 

-22 ≤ h ≤ 22 

-24 ≤ k ≤ 24 

-27 ≤ l ≤ 27 

-22 ≤ h ≤ 22 

-24 ≤ k ≤ 24 

-27 ≤ l ≤ 27 

-22 ≤ h ≤ 22 

-23 ≤ k ≤ 23 

-27 ≤ l ≤ 27 

-19 ≤ h ≤ 19 

-22 ≤ k ≤ 22 

-29 ≤ l ≤ 29 

Refl. Coll. 103510 107187 97587 118400 109390 116281 89225 

Ind. Refl. 25499 [Rint = 

0.0326] 

31104 [Rint = 

0.0296] 

28014 [Rint = 

0.0309] 

31317 [Rint = 

0.0263] 

31285 [Rint = 

0.0279] 

29617 [Rint = 

0.262] 

28136 [Rint = 

0.0325] 
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Complex Gd2 

furylpymDTDA 

Tb2 

furylpymDTDA 

Dy2 

furylpymDTDA 

Gd2 

pypymDTDA 

Tb2 

pypymDTDA 

Dy2 

pypymDTDA 

Dy2 

furylbipym 

Completenes

s to Θ max 

(%)  

99.9 100 99.9 100 99.9 100 99.9 

Absorption 

correction 

Multi-scan Multi-scan Multi-scan Multi-scan Multi-scan Multi-scan Multi-scan 

Max. and 

min. 

transmission 

1 and 0.94608 1 and 0.86068 1 and 0.75829 1 and 0.90403 1 and 0.89238 1 and 0.81995 1 and 

0.96080 

Refinement 

method 

Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 

Full-matrix 

least-squares 

on F2 

Full-matrix 

least-squares 

on F2 

Full-matrix 

least-squares 

on F2 

Full-matrix 

least-squares 

on F2 

Data / 

restraints / 

parameters 

25499 / 226 / 870 31104 / 433 / 906 28014 / 732 / 1138 31317 / 826 / 

1079 

31285 / 679 / 

1051 

29617 / 867 / 

1069 

28136 / 643 / 

1099 
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Complex Gd2 

furylpymDTDA 

Tb2 

furylpymDTDA 

Dy2 

furylpymDTDA 

Gd2 

pypymDTDA 

Tb2 

pypymDTDA 

Dy2 

pypymDTDA 

Dy2 

furylbipym 

Goof on F2 1.012 1.034 1.137 1.008 1.004 1.002 1.110 

Final R 

indices [I > 

2σ(I)] 

R1 = 0.0406 

wR2 = 0.1171 

R1 = 0.0376 

wR2 = 0.1130 

R1 = 0.0322 

wR2 = 0.0682 

R1 = 0.0329 

wR2 = 0.0810 

R1 = 0.0369 

wR2 = 0.0954 

R1 = 0.0327 

wR2 = 0.0958 

R1 = 0.0361 

wR2 = 0.0773 

R indices (all 

data) 

R1 = 0.0589 

wR2 = 0.1307 

R1 = 0.0536 

wR2 = 0.1242 

R1 = 0.0549 

wR2 = 0.0825 

R1 = 0.0471 

wR2 = 0.0884 

R1 = 0.0603 

wR2 = 0.1089 

R1 = 0.0484 

wR2 = 0.1072 

R1 = 0.0634 

wR2 = 0.0951 

Largest diff. 

peak & hole 

(e.Å3) 

2.96 / -2.19 2.65 / -1.53 4.19 / -1.83 2.70 / -1.16 4.27 / -1.64 3.07 / -1.36 4.23 / -1.96 
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 Single crystal x-ray structures have been obtained for pypymDTDA and 

thiophenepymDTDA. PypymDTDA crystallizes in the space group P-1 and cis-cofacial dimers 

are formed through pancake bonds between DTDA moieties (Figure 4.17). ThiophenepymDTDA 

crystallizes in the space group P-1 and twisted-cofacial dimers are formed through pancake bonds 

between DTDA moieties (Figure 4.18). 

Figure 4.17: Single crystal x-ray structure of pypymDTDA viewed normal to (010). 

 

Figure 4.18 Single crystal x-ray structure of thiophenepymDTDA viewed normal to (-111). 
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Table 4.3: Crystallographic details including structure refinement data for pypymDTDA and 

thiophenepymDTDA. 

Complex pypymDTDA thiophenepymDTDA 

Formula C10H6N5S2 C9H5N4S3 

Formula Weight (g/mol) 260.32 265.35 

Wavelength (Å) 0.71073 0.71073 

Crystal size (mm) 0.25 x 0.1 x 0.07 0.24 x 0.22 x 0.14 

Resolution (Å) 0.7 0.6 

Crystal System Triclinic Triclinic 

Space Group P-1 P-1 

T (K) 150(2) 150(2) 

Unit cell dimensions 

(Å) 

a 7.25482(9) 6.16546(15) 

b 22.3578(3) 9.9607(3) 

c 27.5908(4) 17.4833(3) 

Unit cell angles (°) α 112.6037(12) 97.465(2) 

β 97.0981(11) 96.0811(18) 

γ 90.0196(10) 104.238(2) 

Volume (Å3) 4094.25(10) 1021.21(5) 

Z 16 4 

Zʹ 8 2 

Density calc. (g/cm3) 1.689 1.726 

Absorption coefficient 

(mm-1) 

0.501 0.698 

F(000) 2128.0 540.0 
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Complex pypymDTDA thiophenepymDTDA 

Θ range for data collection 

(°) 

2.41 to 29.57 2.14 to 36.32 

Index ranges -10 ≤ h ≤ 9 

-31 ≤ k ≤ 28 

0 ≤ l ≤ 38 

-10 ≤ h ≤ 10 

-16 ≤ k ≤ 16 

-29 ≤ l ≤ 29 

Refl. Coll. 22905 35592 

Ind. Refl. 22905 [Rint = 0.0000] 9904 [Rint = 0.0211] 

Completeness to Θ max 

(%)  

99.9 100 

Absorption correction Multi-scan Multi-scan 

Max. and min. 

transmission 

1 and 0.92329 1 and 0.95495 

Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2 

Data / restraints / 

parameters 

22905 / 7 / 1283 9904 / 66 / 320 

Goof on F2 1.044 1.000 

Final R indices [I > 2σ(I)] R1 = 0.0554, wR2 = 0.1373 R1 = 0.0288, wR2 = 0.1000 

R indices (all data) R1 = 0.0697, wR2 = 0.1437 R1 = 0.0345, wR2 = 0.1064 

Largest diff. peak & hole 

(e.Å3) 

1.07 / -0.56 0.53 / -0.71 
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MAGNETIC MEASUREMENTS 

 

 EPR Experiments. EPR spectra were collected using a Bruker EMX X-band spectrometer. 

Dilute solutions of furylpymDTDA and pypymDTDA in dichloromethane were prepared in an 

argon filled glovebox in rotaflo® sealed quartz EPR tubes. The solution X-band EPR spectra of 

furylpymDTDA (Figure 4.19), pypymDTDA (Figure 4.20), and thiophenepymDTDA (Figure 

4.19) are plotted as the first derivative or absorption intensity as a function of the magnetic field. 

All compounds studied have five-line absorption patterns with the intensity ratio 1:2:3:2:1, as 

expected for a DTDA radical with spin density on two nitrogen atoms (N14, nuclear spin = 1). 

Coupling constants and g factors are summarized in Table 4.4. 

Figure 4.19: X-band EPR spectrum of a dilute solution of furylpymDTDA in dichloromethane. 

Figure 4.20: X-band EPR spectrum of a dilute solution of pypymDTDA in dichloromethane. 
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Figure 4.21: X-band EPR spectrum of a dilute solution of thiophenepymDTDA in 

dichloromethane. 

 

Table 4.4: Simulation parameters and correlation for furylpymDTDA, pypymDTDA, and 

thiophenepymDTDA EPR spectra. 

Compound g factor Coupling (aN) Correlation 

furylpymDTDA 2.0132 5.164 0.999 

pypymDTDA 2.0133 5.105 0.997 

thiophenepymDTDA 2.0136 5.014 0.994 

 

 Magnetic Measurements. Magnetic susceptibility measurements were obtained with the 

use of a Quantum Design SQUID magnetometer MPMS-XL, functioning between 1.8 and 400 K 

for dc applied fields ranging from -70000 to 70000 Oe. For alternating-current (ac) susceptibility 

measurements, an oscillating ac field of 3 Oe with a frequency between 1 and 1500 Hz was 

employed. Measurements were performed on polycrystalline samples of Dy2furylpymDTDA 

(20.4 mg), Dy2furylbipym (12.1 mg), and Gd2pypymDTDA (18.7 mg) sealed in polypropylene 

bags under argon atmosphere. Prior to the experiments, the field-dependent magnetization was 

measured at 100 K in order to detect the presence of any bulk ferromagnetic impurities. The 
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samples appeared to be free of any significant ferromagnetic impurities. The magnetic data were 

corrected for the sample holder and the diamagnetic contribution. 

 Dy2furylpymDTDA: No ferromagnetic impurities were detected in the sample by 

measuring the field-dependent magnetization at 100 K (Figure 4.22). The field-dependant 

magnetization of Dy2furylpymDTDA does not saturate at 70000 Oe and 1.85 K (M = 10.4 μB at 

70000 Oe, 1.85 K). Plotted as a function of H/T, the data for M at various temperatures is not 

superimposed onto a master curve indicating the possibility of a spontaneously magnetized ground 

state (e.g., an SMM) (Figure 4.23). 

Figure 4.22: Field-dependent magnetization of [Dy(hfac)3]2(furylpymDTDA) at 100 K. 

Figure 4.23: Field-dependent magnetization of [Dy(hfac)3]2(furylpymDTDA) at 8, 5, 3, and 1.85 

K. (left) Plotted as M vs H (right) plotted as M vs H/T. 
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 Dy2furylbipym: No ferromagnetic impurities were detected in the sample by measuring 

the field-dependent magnetization at 100 K (Figure 4.24). The field-dependant magnetization of 

Dy2furylbipym is nearly saturated at 10.8 μB (at 70000 Oe and 1.85 K). Plotted as a function of 

H/T, the data for M at various temperatures is not superimposed onto a master curve indicating the 

possibility of a spontaneously magnetized ground state (e.g., an SMM) (Figure 4.25). 

Figure 4.24: Field-dependent magnetization of [Dy(hfac)3]2(furylbipym) at 100 K. 

Figure 4.25: Field-dependent magnetization of [Dy(hfac)3]2(furylbipym) at 8, 5, 3, and 1.85 K. 

(left) Plotted as M vs H (right) plotted as M vs H/T. 

 

 [Gd(hfac)3]2(pypymDTDA): No ferromagnetic impurities were detected in the sample by 

measuring the field-dependent magnetization at 100 K (Figure 4.26). The field-dependant 
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magnetization of Gd2pypymDTDA is saturated at 13.0 μB (at 70000 Oe and 1.85 K) in excellent 

agreement with a spin ground state of S = 13/2 and g of approximately 2. Plotted as a function of 

H/T, the data for M at various temperatures is effectively superimposed onto a master curve 

matching a Brilluoin function, indicating a lack of spontaneous magnetization or long range 

interaction (Figure 4.27). 

Figure 4.26: Field-dependent magnetization of [Gd(hfac)3]2(furylpymDTDA) at 100 K. 

Figure 4.27: Field-dependent magnetization of [Gd(hfac)3]2(furylpymDTDA) at 8, 5, 3, and 1.85 

K. (left) Plotted as M vs H (right) plotted as M vs H/T, red line represents the Brillioun function 

for S = 13/2, g = 1.99. 
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 The room temperature χT product of 15.6 cm3 K mol-1 is in decent agreement with the 

expectation for two GdIII ions (S = 7/2, C = 7.875 cm3 K mol-1) and one S = 1/2 radical (C = 0.375 

cm3 K mol-1). As the temperature is lowered, the χT product decreases slightly to a minimum of 

14.97 cm3 K mol-1 at 30 K before a dramatic increase upon further cooling indicative of AF 

coupling between GdIII ions and the pypymDTDA radical. The coupling was modelled using 

Heisenberg’s trispin model with the Hamiltonian 

�̂� = −2𝐽(�̂�𝐺𝑑1 ∙ �̂�𝑟𝑎𝑑 + �̂�𝐺𝑑2 ∙ �̂�𝑟𝑎𝑑) − 2𝐽ʹ(�̂�𝐺𝑑1 ∙ �̂�𝐺𝑑2) 

An excellent fit is obtained using J/kB = -2.8 K, g = 1.98 and neglecting weak coupling between 

GdIII ions (Jʹ = 0) (Figure 4.28). 

Figure 4.28: (left) Temperature dependence of the χT product for [Gd(hfac)3]2(pypymDTDA) at 

1000 Oe (black dots) and 10000 Oe (red dots) (with χ defined as molar magnetic susceptibility 

equal to M/H per asymmetric unit of [Gd(hfac)3]2(pypymDTDA). (right) Enlarged to highlight the 

χT minimum. 
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Chapter 5: Ferromagnetically Coupled π-Stacked Thiazyl Radical Transition Metal 

Complexes 

 

PROJECT OVERVIEW 

 

 This chapter examines 1D magnetic chains of transition metal-radical units formed through 

intermolecular non-bonding contacts between 4-(2ʹ-4-(2ʹʹ-furyl)-pyrimidyl)-1,2,3,5-dithiadiazolyl 

(furylpymDTDA) (Figure 5.1) radical units (furylpymDTDA is described in Chapter 4). The 

synthesis, characterization, and solid-state magnetic properties of nickel (II) and cobalt (II) 

complexes of furylpymDTDA are discussed. 

Figure 5.1: 4-(2ʹ-4-(2ʹʹ-furyl)-pyrimidyl)-1,2,3,5-dithiadiazolyl (furylpymDTDA). 

 

 In the complexes Ni(hfac)2(furylpymDTDA) (Ni-furylpymDTDA) and 

Co(hfac)2(furylpymDTDA) (Co-furylpymDTDA), the transition metal is N,N-chelated to 

furylpymDTDA in an octahedral coordination environment. A 1D “chain” is formed through 

stacking of furylpymDTDA ligands of neighbouring molecules (Figure 5.2). The use of the word 

chain may seem curious in this context as there are no bonds of any type linking neighbouring 

radicals. However, the presence of non-bonding interactions between stacked furylpymDTDA 

radicals allows Ni-furylpymDTDA and Co-furylpymDTDA compounds to behave magnetically 

as 1D chains. In the complex Ni(hfac)2(boaDTDA) (boaDTDA = 4-(2ʹ-benzoxazolyl)-1,2,3,5-

dithiadiazolyl), intermolecular contacts between DTDA S atoms (having α-spin density) and C 
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atoms of the benzoxazole moiety (having β-spin density) give rise to ferromagnetic (FM) coupling 

as predicted by the McConnell I mechanism (Figure 5.2). Similar intermolecular interactions are 

present in Ni-furylpymDTDA and Co-furylpymDTDA between DTDA S atoms and the DTDA 

C atom, at which β-spin density is present (Figure 5.2). 

Figure 5.2: (left) An excerpt of the single crystal x-ray structure of Ni(hfac)2(boaDTDA) 

highlighting the stacking of boaDTDA radicals. (right) An excerpt of the single crystal x-ray 

structure of Co-furylpymDTDA highlighting the stacking of furylpymDTDA radicals. Hfac 

ligands are omitted for clarity. 

 

 The creation of molecular magnetic materials with long range order beyond a single 

molecular unit requires an extended network of intermolecular interactions. The sterically 

unhindered nature of DTDA S and N atoms, along with the significant spin density on these atoms, 

presents an opportunity for intermolecular magnetic coupling to occur.1–7 Spin density is also 

present outside of the DTDA ring on aryl substituents which can be involved in intermolecular 

magnetic coupling interactions.5,7 What follows is a brief overview of the spin topology of Ni-

furylpymDTDA and Co-furylpymDTDA chains as a primer for the manuscript, prepared as a 

communication, which reports the structural and magnetic properties of Ni(hfac)2(furylpymDTDA) 

and Co(hfac)2(furylpymDTDA) in which an extended network of intermolecular contacts gives rise 

to long range correlation in magnetic behaviour. 
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MAGNETIC MODELLING 

 

 The spin topology of Ni-furylpymDTDA and Co-furylpymDTDA compounds is depicted 

in Figure 5.3. Stacking of furylpymDTDA (white circles) extends in one direction while pendant 

M(hfac)2 (M = Ni, Co) moieties (black circles) hang from a chain perpendicular to the direction of 

radical chain propagation on alternating sides of the chain. 

Figure 5.3: A representation of the coupling interactions of a 1D chain of Ni-furylpymDTDA and 

Co-furylpymDTDA compounds formed through radical-radical contacts. Black circles represent 

transition metal ions, white circles represent furylpymDTDA radicals. 

 

 Exact solutions for susceptibility of the unique chains in Ni-furylpymDTDA and Co-

furylpymDTDA are not available. The susceptibility is therefore modelled as metal-radical units 

interacting in the frame of the mean field approximation, which is a general way to account for all 

intermolecular interactions as an average “bath” of magnetic interactions. The interaction between 

furylpymDTDA radicals is therefore not directly determined in this way, but as the shortest range 

intermolecular interaction it makes a significant contribution to the combined mean field.  
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ABSTRACT 

 

 Transition metal coordination complexes of NiII and CoII and the paramagnetic thiazyl 

ligand 4-(2ʹ-4-(2ʹʹ-furyl)-pyrimidyl)-1,2,3,5-dithiadiazolyl (furylpymDTDA) are reported. 

Intermolecular contacts between furylpymDTDA radical ligands are formed through 1D stacking 

such that regions of α- and β-spin densities are in alignment with each other. The McConnell I 

mechanism correctly predicts ferromagnetic (FM) intermolecular exchange coupling as a result of 

these contacts. Additionally, Co(hfac)2(furylpymDTDA) is FM ordered below 4.6 K. 

 

INTRODUCTION 

 

 Exchange coupling between the magnetic moments of paramagnetic metal ions and radical 

ligands has been exploited in the formation of molecules with high-spin ground states and 1D-chain 

structures through the use of coordination chemistry.7–17 Magnetic coupling pathways formed as a 
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result of non-bonding intermolecular contacts are comparatively less predictable but nevertheless 

necessary to achieve long-range magnetic order (e.g., Chapters 2 and 3) and many magnetically 

ordered systems exist without any paramagnetic metal ions.18–23 Non-bonding contacts can also 

lead to high-spin ground states beyond one molecular unit.1–6 As described by the McConnell I 

mechanism, intermolecular contacts which lead to an increase in the overall spin of a system can 

be realized through non-orthogonal orbital overlap between atoms of α-spin density on one 

molecule and atoms of β-spin density on another molecule. While the local coupling interaction 

through non-orthogonal orbital overlap is antiferromagnetic (AF), the overall coupling of magnetic 

moments is effectively ferromagnetic (FM) when the overlap occurs between  areas of dissimilar 

spin densities.24,25 

 An interesting feature of 1,2,3,5-dithiadiazolyl (DTDA) radicals is the sterically 

unencumbered nature of S and N atoms with significant α-spin density. The DTDA C atom has 

significant β-spin density. The spin density of DTDA radicals is not strictly localized to the DTDA 

heterocycle. As a result of spin polarization of underlying, filled molecular orbitals, aryl 

substituents of DTDA radicals also have regions of spin density (both α-spin and β-spin), therefore 

intermolecular contacts involving these atoms can provide pathways for magnetic coupling. For 

1D –[lanthanide(III)-(DTDA radical)]n– chains, interchain contacts between DTDA S atoms and 

aryl C atoms have been identified as the likely cause of 3D order in [Sm(hfac)3(boaDTDA)]n,7 

[Nd(hfac)3(boaDTDA)]n (Chapter 2), and [Tb(hfac)3(pymDTDA)]n (Chapter 3) (boaDTDA = 4-

(2ʹ-benzoxazolyl)-1,2,3,5-dithiadiazolyl; pymDTDA = 4-(2ʹ-pyrimidyl)-1,2,3,5-dithiadiazolyl). 

Extended π-stacking of DTDA radical ligands in transition metal complexes has been shown to 

produce magnetic behaviour reminiscent of a 1D chain in Ni(hfac)2(boaDTDA).5 The combination 

of a lack of steric hindrance to the formation of intermolecular contacts and the distribution of spin 

density throughout the molecule makes DTDA radicals attractive building blocks for molecular 

materials with long-range order. 
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RESULTS AND DISCUSSION 

 

 A pair of transition metal complexes of 4-(2ʹ-4-(2ʹʹ-furyl)-pyrimidyl)-1,2,3,5-dithiadiazolyl 

(furylpymDTDA) (Chapter 4) has been prepared. [Ni(hfac)2(furylpymDTDA)]n, Ni-

furylpymDTDA, and [Co(hfac)2(furylpymDTDA)]n, Co-furylpymDTDA, are formed via the 

reaction of the appropriate M(hfac)2(THF)2 and furylpymDTDA in anhydrous dichloromethane. 

After removal of the solvent under vacuum, the crude residues are purified by sublimation (Figure 

5.4). 

Figure 5.4: Line drawing of furylpymDTDA and ORTEP representation of the asymmetric unit of 

Co-furylpymDTDA, also representative of all three molecules in the asymmetric unit of Ni-

furylpymDTDA (thermal ellipsoids for 150 K structure are shown at 50% probability). 

 

 Ni-furylpymDTDA and Co-furylpymDTDA both crystallize in the space group P21/c. In 

each complex, the metal ion is coordinated to two O,O-hfac ligands and N,N-chelated to 

furylpymDTDA (Table 5.1). Intermolecular contacts between furylpymDTDA ligands, (DTDA-

S1)∙∙∙∙(DTDA-C4) are found in supramolecular chains which propagate along [101] (Figure 5.5). 

In the case of Ni-furylpymDTDA, three nearly identical molecules are found in the asymmetric 

unit (i.e., Zʹ = 3) resulting in a tripling of the a dimension of the unit cell. 
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Table 5.1: Crystallographic details including structure refinement data for 

Ni(hfac)2(furylpymDTDA) and Co(hfac)2(furylpymDTDA) complexes. 

Complex Ni-furylpymDTDA Co-furylpymDTDA 

Formula C19H7F12N4O5S2Ni C19H7N4O5F12S2Co 

Formula Weight (g/mol) 722.12 722.34 

Wavelength (Å) 0.71073 0.71073 

Crystal size (mm) 0.35 x 0.08 x 0.06 0.44 x 0.09 x 0.02 

Resolution (Å) 0.67 0.67 

Crystal System Monoclinic Monoclinic 

Space Group P21/c P21/c 

T (K) 150(2) 150(2) 

Unit cell dimensions 

(Å) 

a 32.8254(6) 11.0606(16) 

b 25.8200(4) 25.9294(3) 

c 9.31584(14) 9.2317(4) 

Unit cell angles (°) α 90 90 

β 98.2997(15) 98.702(11) 

γ 90 90 

Volume (Å3) 7813.0(2) 2617.1(4) 

Z 12 4 

Zʹ 3 1 

Density calc. (g/cm3) 1.842 1.833 

Absorption coefficient (mm-1) 1.031 0.941 

F(000) 4284.0 1424.0 

Θ range for data collection (°) 2.34 to 27.93 2.37 to 31 
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Complex Ni-furylpymDTDA Co-furylpymDTDA 

Index ranges -43 ≤ h ≤ 43 

-33 ≤ k ≤ 33 

-12 ≤ l ≤ 12 

-16 ≤ h ≤ 16 

-37 ≤ k ≤ 37 

-13 ≤ l ≤ 13 

Refl. Coll. 18631 59558 

Ind. Refl. 18631 [Rint = 0.0000] 8330 [Rint = 0.0491] 

Completeness to Θ max (%)  99.9 99.9 

Absorption correction Multi-scan Multi-scan 

Max. and min. transmission 1 and 0.64442 1 and 0.71995 

Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2 

Data / restraints / parameters 18631 / 0 / 1163 8330 / 0 / 388 

Goof on F2 1.042 1.003 

Final R indices [I > 2σ(I)] R1 = 0.0491, wR2 = 0.1417 R1 = 0.0475, wR2 = 0.1290  

R indices (all data) R1 = 0.0954, wR2 = 0.1622 R1 = 0.0698, wR2 = 0.1411 

Largest diff. peak & hole (e.Å3) 0.72 / -0.79 0.76 / -0.65 

S1∙∙∙C4 distance (Å) 3.447(6) 

3.446(6) 

3.462(7) 

3.4422(19) 
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Figure 5.5: An excerpt of the single crystal x-ray structure of Co-furylpymDTDA highlighting the 

stacking of furylpymDTDA radical ligands. Stacks are propagated along [101]. 

 

 The magnetic properties of Ni-furylpymDTDA and Co-furylpymDTDA have been 

studied by dc and ac techniques between 300 and 1.8 K with applied fields of up to 7 T. Ni-

furylpymDTDA: (Figure 5.6) The room temperature χT product of 1.75 cm3 K mol-1 is consistent 

with the presence of an SNi = 1 NiII ion and an Srad = 1/2 furylpymDTDA ligand. As the temperature 

is lowered, the χT product increases, consistent with ferromagnetic coupling between the NiII ion 

and furylpymDTDA radical and ferromagnetic coupling between neighboring radicals which form 
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a one-dimensional supramolecular chain. Coupling between NiII-radical units has been modelled in 

the frame of the mean field approximation with a good fit obtained down to 15 K with gav = 2.2, 

JNi-rad/kB = +33.9 K, zJʹ/kB = +3.3 K. 

Figure 5.6: Temperature dependence of the χT product for Ni-furylpymDTDA at 1000 Oe (black 

dots) and 10000 Oe (red dots) (with χ defined as molar magnetic susceptibility equal to M/H per 

asymmetric unit of Ni-furylpymDTDA) (left) showing all collected data (right) alternate y-axis 

scale to emphasize curve shape. 

  

 Co-furylpymDTDA: (Figure 5.7) The room temperature χT product of 3.4 cm3 K mol-1 is 

consistent with the presence of a CoII ion (SNi = 3/2, g = 2.54, C = 3 cm3 K mol-1) and an Srad = 1/2 

furylpymDTDA ligand (C = 0.375 cm3 K mol-1). As the temperature is lowered, the χT product 

increases, consistent with ferromagnetic coupling between the CoII ion and furylpymDTDA 

radical and ferromagnetic coupling between neighboring radicals which form a one-dimensional 

chain.  The magnetization of Co-furylpymDTDA was measured as a function of applied field at 

low temperature to study the field-dependence of the magnetic saturation. The field-dependent 

magnetization increase at low field is much steeper at low temperatures, indicative of spontaneous 

magnetization (e.g. 3D ordering) (Figure 5.8). 
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Figure 5.7: (Temperature dependence of the χT product for Co-furylpymDTDA at 1000 Oe (black 

dots) and 10000 Oe (red dots) (with χ defined as molar magnetic susceptibility equal to M/H per 

asymmetric unit of Co-furylpymDTDA) (left) showing all collected data (right) alternate y-axis 

scale to emphasize curve shape. 

Figure 5.8: Field-dependent magnetization of Co-furylpymDTDA at 8, 5, 3, and 1.85 K (left) from 

0 to 70000 Oe (right) from 0 to 2000 Oe to highlight the low field behaviour. 

 

 Ac susceptibility measurements of Co-furylpymDTDA as a function of temperature 

(measured between 300 and 1.8 K) and frequency (between 1 and 10000 Hz) have been performed. 

The in-phase ac susceptibility of Co-furylpymDTDA increases as a function of 1/T as the 

temperature is decreased between 20 and 5 K (Figure 5.9). Below 4.6 K, a frequency dependent 
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out-of-phase signal is detected indicative of 3D magnetic order (Figure 5.9). The 3D ordered phase 

of Co-furylpymDTDA is FM, a conclusion supported by the low field magnetization behaviour in 

which no point of inflection (corresponding to spin reversal in antiferromagnetically ordered 

systems) is observed (Figure 5.8). 

 Consistent with the exponential increase in correlation length of an Ising chain, a plot of 

ln(χʹT) vs 1/T is linear above 7 K (Figure 5.10). The slope of the linear portion of the plot 

corresponds to the activation energy, Δξ, for the formation of a domain wall in the chain. 

Figure 5.9: (left) Temperature dependence of the ac, in-phase susceptibility at different ac 

frequencies in zero-dc for Co-furylpymDTDA. (right) Temperature dependence of the ac, out-of-

phase susceptibility at different ac frequencies in zero-dc for Co-furylpymDTDA (χ is defined as 

molar magnetic susceptibility equal to M/H per asymmetric unit of Co-furylpymDTDA). Solid 

lines are visual guides. 
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Figure 5.10: Inverse temperature dependence of the χT product, plotted logarithmically, for Co-

furylpymDTDA with χ defined as molar magnetic susceptibility M/H. Red circles indicate dc 

susceptibility data at 1000 Oe. Blue circles indicate in-phase ac susceptibility data measured at 1 

Hz in zero applied field. Black circles indicate in-phase ac susceptibility data measured at 100 Hz 

in zero applied field. The blue line is a line of best fit for the linear regions of the data series to 

determine the activation energy for the formation of a domain wall in a 1D Ising chain. 

 

 The spin density distribution of one unit of Co-furylpymDTDA, taken from the single 

crystal x-ray structure, was calculated (using uB3LYP/6-31g++(d,p)) in order to examine which 

intermolecular interactions may be of importance magnetically (Figure 5.11). In addition to the CoII 

ion and the DTDA heterocycle, spin density is also located on the hfac ligands and the pyrimidyl 

ring of furylpymDTDA. Intermolecular contacts involving DTDA S atoms (having α-spin density) 

and DTDA C atoms β-spin in Ni-furylpymDTDA and Co-furylpymDTDA occur in the form of 

stacks of evenly spaced furylpymDTDA radicals. Despite the lack of extended coordination 

geometry through bridging ligands, intermolecular contacts between furylpymDTDA radicals 

allow Ni-furylpymDTDA and Co-furylpymDTDA to have magnetic behaviour reminiscent of 

magnetically 1D-chains. Intermolecular (DTDA S)∙∙∙(DTDA C) interactions are predicted to be FM 
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by the McConnell I mechanism since the spin density of the atoms involved are opposite in sign 

(Figure 5.12). 

Figure 5.11: Spin density distribution of Co-furylpymDTDA calculated using uB3LYP/6-

31g++(d,p) and rendered at isovalue = 0.0004; blue denotes α-spin density, green denotes β-spin 

density. 

Figure 5.12: An excerpt of the single crystal x-ray structure of Co-furylpymDTDA highlighting 

intermolecular contacts between atoms of α-spin density (S1) and atoms of β-spin density (C4) on 

molecules neighbouring in the [101] direction. 
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 Any 1D chain is also a part of a 3D structure with a network of interchain contacts 

extending in all directions. A 3D ordered phase of magnetically 1D chains can therefore exist at 

low temperatures, even when interchain interactions are weak. In addition to stacking of 

furylpymDTDA radicals which form a 1D chain propagating [101], contacts between hfac F atoms 

and pyrimidyl C atoms are found between molecules neighbouring along [010] (Figure 5.13). Based 

on the calculated spin density distribution (Figure 5.10) a small amount of α-spin density is present 

at the hfac F atom and β-spin density is found at both pyrimidyl C atoms involved in the non-

bonding contacts. An FM coupling interaction is therefore predicted based on the McConnell I 

mechanism. 

Figure 5.13: An excerpt of the single crystal x-ray structure of Co-furylpymDTDA highlighting 

intermolecular contacts between hfac F atoms and pyrimidyl C atoms between molecules 

neighbouring along [010]. 
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Table 5.2: Selected intermolecular contacts of Ni-furylpymDTDA and Co-furylpymDTDA. 

Complex Ni-furylpymDTDA Co-furylpymDTDA 

[010] (hfac F)∙∙∙(pym C8) 

distance (Å) 

3.260(6) 

3.269(6) 

3.258(6) 

3.308(3) 

[010] (hfac F)∙∙∙(pym C9) 

distance (Å) 

3.365(6) 

3.352(6) 

3.360(6) 

3.409(3) 

 

 

CONCLUSION 

 

 Transition metal complexes of NiII and CoII with the neutral thiazyl radical ligand 

furylpymDTDA form 1D π-stacks of neighbouring furylpymDTDA ligands in the solid state. 

Solid-state magnetic measurements reveal that the π-stacking interactions give rise to 

ferromagnetic intermolecular coupling and magnetic behaviour reminiscent of a 1D chain in both 

complexes. Ferromagnetic coupling between π-stacked furylpymDTDA radicals is accurately 

predicted by the McConnell I mechanism based on the calculated spin density distribution of 

Co(hfac)2(furylpymDTDA). 1D Ising chain behaviour is observed in the case of 

Co(hfac)2(furylpymDTDA) as a result of the anisotropy of the CoII ion, and a thermally activated 

increase in chain correlation length is seen above 7 K. As a result of additional intermolecular 

contacts, Co(hfac)2(furylpymDTDA) exhibits 3D FM order below 4.6 K. Contacts have been 

identified for which FM coupling is predicted based on the McConnell I mechanism and the 

calculated spin density distribution of Co(hfac)2(furylpymDTDA). 
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SUPPLEMENTARY INFORMATION: Ferromagnetically Coupled π-Stacked Thiazyl 

Radical Transition Metal Complexes 

 

EXPERIMENTAL 

 

 General Considerations. Preparations of furylpymDTDA, Ni-furylpymDTDA and Co-

furylbipym were performed under argon atmosphere using standard Schlenk techniques. Dried 

and degassed solvents were obtained from an LC solvent purification system using dry packed 

columns containing 3 Å molecular sieves from a solvent keg filled by Caledon Laboratories. 

Reagents were purchased from Aldrich, Alfa Aesar, Strem, and Acros Organics, and used as 

received. IR spectra were collected using a Nicolet 510-FTIR spectrometer at ambient temperature 

at 4 cm-1 resolution. Elemental analyses were performed by MHW laboratories in Phoenix, AZ, 

USA. Sublimations were carried out on a tube furnace with three programmable temperature zones 

under dynamic vacuum. For M(hfac)2(furylpymDTDA) complexes all three zones were set to 70 

°C overnight to remove any unreacted M(hfac)2(THF)2 staring material, pure 

M(hfac)2(furylpymDTDA) was then allowed to deposit in the second zone by raising the 

temperature of the first zone to the required sublimation temperature. The segment of the glass tube 

containing the desired product was cut from the remainder of the tube and the product was collected 

in an argon glove box. 

 Ni(hfac)2(furylpymDTDA): A solid mixture of Ni(hfac)2(THF)2 (0.3607 g, 0.5846 mmol) 

and furylpymDTDA (0.1448 g, 0.5809 mmol) was dissolved in 30 mL of dichloromethane. The 

green solution was stirred for 1 h then concentrated under vacuum to give a crude purple-brown 

solid. The crude solid was purified by sublimation under dynamic vacuum (140 °C, 10-2 torr) 

yielding a green solid (0.1657 g, 40%). IR (KBr): 3279 (vw), 3142 (w), 3065 (vw), 1650 (s), 1640 

(s), 1599 (s), 1559 (w), 1529 (m), 1486 (m), 1471 (s), 1387 (w), 1379 (m), 1350 (w), 1258 (s), 1198 

(s), 1148 (s), 1105 (w), 1071 (vw), 1012 (w), 961 (vw), 951 (vw), 911 (vw), 885 (vw), 866 (w), 
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843 (vw), 812 (w), 796 (m), 764 (m), 753 (w), 744 (w), 672 (m), 646 (vw), 588 (m), 566 (vw), 529 

(w), 501 (w) cm-1. Analysis calculated for C19H7F12N4O5S2Ni: C, 31.60; H, 0.98; N, 7.76%. Found: 

C, 31.87; H, 1.17; N, 7.59%. Crystals suitable for single crystal x-ray diffraction were obtained by 

sublimation under static vacuum (140 °C, 10-2 torr). 

 Co(hfac)2(furylpymDTDA): A solid mixture of Co(hfac)2(THF)2 (0.4920 g, 0.7971 

mmol) and furylpymDTDA (0.1989 g, 0.7979 mmol) was dissolved in 40 mL of dichloromethane. 

The dark orange-purple solution was stirred for 1 h then concentrated under vacuum to give a crude 

orange-brown solid. The crude solid was purified by sublimation under dynamic vacuum (140 °C, 

10-2 torr) yielding an orange-brown solid (0.3393 g, 59%). IR (KBr): 3270 (vw), 3145 (w), 3062 

(vw), 2923 (vw), 2852 (vw), 1646 (s), 1598 (s), 1583 (w), 1561 (w), 1534 (w), 1472 (s), 1458 (w), 

1410 (vw), 1386 (w), 1378 (m), 1350 (w), 1259 (s), 1207 (s), 1197 (s), 1147 (s), 1133 (w), 1103 

(m), 1072 (vw), 1020 (w), 1009 (m), 959 (w), 947 (w), 910 (w), 886 (w), 865 (w), 842 (w), 799 

(m), 764 (m), 752 (w), 743 (w), 679 (vw), 669 (m), 646 (w), 587 (m), 565 (w), 541 (vw), 528 (w), 

499 (w), 432 (vw) cm-1. Analysis calculated for C19H7F12N4O5S2Co: C, 31.59; H, 0.98; N, 7.76%. 

Found: C, 31.75; H, 1.15; N, 7.59%. Crystals suitable for single crystal x-ray diffraction were 

obtained by sublimation under static vacuum (140 °C, 10-2 torr). 

 

 Crystallographic Measurements. Green needles of Ni(hfac)2(furylpymDTDA) and 

orange-brown needles of Co(hfac)2(furylpymDTDA) were grown by sublimation in vacuum and 

were mounted on MiTeGen cryoloops, protected with type NVH immersion oil and studied in the 

flow of nitrogen at 150 K generated by a Cryojet XL device (Oxford Instruments). All 

measurements were conducted on a SuperNova Agilent single-crystal diffractometer equipped with 

a microfocus MoKα (λ = 0.71073 Å) radiation source and Atlas CCD detector. Diffraction intensity 

data were collected using ω-scan. The unit cell parameters were refined using the entire data sets. 

The data were processed using CrysAlisPro software.26 Absorption corrections were applied using 

the multiscan method. The structure was solved (direct methods) and refined (full- matrix least-
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squares on F2) using SHELXS and SHELXL-97.27 Geometric calculations were carried out using 

the WinGX28 and Olex29 software packages. Non-hydrogen atoms were refined anisotropically, 

while hydrogen atoms were introduced at calculated positions as riding on their corresponding 

carbon atoms and refined isotropically. 

Figure 5.14: Single crystal x-ray structure of Ni-furylpymDTDA showing the three nearly identical 

molecules in each asymmetric unit (Zʹ = 3). 

 

 Magnetic Measurements. Magnetic susceptibility measurements were obtained with the 

use of a Quantum Design SQUID magnetometer MPMS-XL, functioning between 1.8 and 400 K 

for dc applied fields ranging from -70000 to 70000 Oe. For alternating-current (ac) susceptibility 

measurements, an oscillating ac field of 3 Oe with a frequency between 1 and 1500 Hz was 

employed. Measurements were performed on polycrystalline samples of Ni-furylpymDTDA (19.4 

mg) and Co-furylpymDTDA (12.6 mg) sealed in polypropylene bags under argon atmosphere. 

Prior to the experiments, the field-dependent magnetization was measured at 100 K in order to 

detect the presence of any bulk ferromagnetic impurities. The samples appeared to be free of any 

significant ferromagnetic impurities. The magnetic data were corrected for the sample holder and 

the diamagnetic contribution. 
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MAGNETIC MEASUREMENTS 

 

 Ni-furylpymDTDA: No ferromagnetic impurities were detected in the sample by 

measuring the field-dependent magnetization at 100 K (Figure 5.15). The field-dependant 

magnetization is saturated at 2.75 μB at 70000 Oe and 1.85 K, which is slightly below the value of 

3 that would be expected for a system with three unpaired electrons (2 from NiII and 1 from 

furylpymDTDA) and a g value of 2. A comparatively low magnetization value for NiII radical 

complexes is not unique to Ni-furylpymDTDA. The magnetization of Ni(hfac)2(pyvd) is 2.3 μB at 

50000 Oe and 3 K.30 Strong coupling between NiII and radical spins may play a role in altering the 

field dependant magnetization behaviour of the complex. Plotted as a function of H/T, the data for 

M at various temperatures is not superimposed onto a master curve indicating the presence of 

interactions beyond the molecular unit (e.g., a chain) (Figure 5.16). 

Figure 5.15: Field-dependent magnetization of Ni(hfac)2(furylpymDTDA) at 100 K. 
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Figure 5.16: Field dependant magnetization of Ni(hfac)2(furylpymDTDA)]n at 8, 5, 3, and 1.85 K 

up to 70000 Oe as a function of H (right) and H/T (left). 

 

 Co-furylpymDTDA: No ferromagnetic impurities were detected in the sample by 

measuring the field-dependent magnetization at 100 K (Figure 5.17). Field dependant 

magnetization data of Co-furylpymDTDA is given in Figure 5.8. The magnetization can also be 

plotted as a function of H/T where the data is not superimposed onto a master curve and data series 

at different temperatures are seen to cross each other, an indication of 3D order (Figure 5.18). 

Figure 5.17: Field-dependent magnetization of Co(hfac)2(furylpymDTDA) at 100 K. 
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Figure 5.18: Field dependant magnetization of Co(hfac)2(furylpymDTDA) at 8, 5, 3, and 1.85 K 

up to 70000 Oe as a function of H/T. 
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Chapter 6: Additional Work and Future Directions 

 

PROJECTS 

 

 This chapter is a brief presentation of potential future directions of the presented projects 

as well as some work which has begun but was not completed. FurylpymDTDA and the related 

ligands pypymDTDA, thiophenepymDTDA, and furylbipym (Chapter 4) are intended to bridge 

paramagnetic metal ions in different coordination environments. Bidentate transition metal 

complexes of furylpymDTDA (Chapter 5) were originally obtained with the intention of also 

coordinating a lanthanide ion in a tridentate fashion (Figure 6.1). This stepwise approach to mixed 

metal coordination complexes has been used to obtain a complex of furylpymDTDA with Mn2+ 

and Gd3+, Mn(hfac)2Gd(hfac)3(furylpymDTDA), which has been characterized by elemental 

analysis but suitable single crystals have not yet been obtained. Based on the differences in size 

and coordination chemistry of transition metal (II) and lanthanide (III) ions, single pot reactions 

should be feasible. Additionally, due to the difference in size between lanthanide ions, 

furylpymDTDA and related ligands could be used to bridge different lanthanide ions in which 

each ion occupies a defined position, rather than a having a statistical mixture, in a one pot synthesis 

(Figure 6.1). 
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Figure 6.1: General procedures to possible coordination motifs of furylpymDTDA. 

 

 A variety of substituents outside of 2ʹ-furyl, 2ʹ-pyridyl, 2ʹ-thiophenyl are possible for 

substituted pymDTDA ligands with the general synthesis beginning from the aryl acetyl 

compound. DTDA ligands with anionic substituents are of interest in the Preuss group for their 

ability to coordinate strongly to paramagnetic metal ions. Starting from 2-acetylpyrrole, a pyrrole 

substituted pymDTDA ligand could be prepared using the methods discussed in Chapter 4. 

Figure 6.2: A pyrrole substituted pymDTDA radical which could be deprotonated to from a radical 

anion. 

 

 Two qubit CNOT quantum computing gates require qubits to be weakly interacting so the 

state of the target qubit is influenced by the state of the control qubit. The interaction should ideally 

be weak so the ground state of the system is nearly degenerate. Weakly coupled dissimilar SMMs 

have been demonstrated as functioning CNOT gate systems.1,2 FurylpymDTDA (Chapter 4) was 
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designed to bridge DyIII ions in different coordination environments and ensure a magnetic coupling 

interaction takes place, mediated by the DTDA radical moiety. To examine the effect of changing 

the magnitude of the DyIII-DyIII coupling interaction, the diamagnetic furylbipym (Chapter 4) was 

also used to bridge unique DyIII ions. Further tuning of the DyIII-DyIII coupling interaction could be 

achieved through substitution of furylpymDTDA. The previously published 4-(2ʹ-furyl)-2-

(methylthio)-6-(trifluoromethyl)-pyrimidine3 could be used to obtain a CF3 substituted 

furylpymDTDA ligand which would be a weaker ligand due to the electron withdrawing effect of 

the CF3 group. Weaker coordination decreases the orbital overlap between the DTDA SOMO and 

lanthanide 4f orbitals and could be used as a way to modify the DyIII-DyIII coupling interaction. 

Figure 6.3: Proposed synthesis of a trifluoromethyl substituted furylpymDTDA ligand from the 

previously published 4-(2ʹ-furyl)-2-(methylthio)-6-(trifluoromethyl)pyrimidine. 

 

 Modifications to pymDTDA have been attempted with two goals in mind. First, donor 

substituents were incorporated to increase the coordinating strength of the ligand. Ideally, 

lanthanide-radical chains could be formed for DyIII, however pymDTDA lanthanide-radical chains 

are only observed for La to Tb (Chapter 3). Secondly, since interchain contacts in pymDTDA 

lanthanide-radical chains lead to three dimensional ordering in [Tb(hfac)3(pymDTDA)]n, a 

suppression of interchain coupling is necessary to obtain single-chain magnets (SCMs). 

Substitution to increase the steric bulk of the pymDTDA ligand can help physically separate 
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neighbouring chains to suppress coupling. Ligand modification has been used in DyIII nitronyl 

nitroxide chains where 3D order is seen for small ligand substituents and SCM behaviour is seen 

for larger ligand substituents.4,5 

 2-Cyano-4,6-dimethylpyrimidine was obtained (by a slight modification6 of a literature 

procedure)7 with the intention of synthesizing the corresponding DTDA compound. However, the 

typical route used in the Preuss group to synthesize DTDAs was unsuccessful. Alternative synthetic 

procedures to obtain the DTDA radical are worth investigating (Figure 6.4). 

Figure 6.4: Synthesis of 2-cyano-4,6-dimethylpyrimidine. 

 

 Another substituted pymDTDA ligand, 4-(2ʹ-5-methylpyrimidyl)-1,2,3,5-dithiadiazolyl 

(5-MepymDTDA), was targeted (Figure 6.5). The nitrile, 2-cyano-5-methylpyrimidine, was 

obtained analogous to previously published procedures8 with slight modification,9 but the 

formation of the radical could not be confirmed. Possibly due to an increase in the strength of the 

pancake bonds between DTDA moieties, the crude product would not sublime or dissolve in 

organic solvents. The synthetic procedure used to obtain 2-cyano-5-methylpyrimidine can be 

applied to other starting materials to obtain 5-substituted pymDTDA radical ligands aimed at 

increasing interchain distances between 1D lanthanide coordination polymers. 
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Figure 6.5: Synthesis of 2-cyano-5-methylpyrimidine. 
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EXPERIMENTAL 

 

 General Considerations. Preparation of Mn(hfac)2Gd(hfac)3(furylpymDTDA) was 

performed under argon atmosphere using standard Schlenk techniques (furylpymDTDA = 4-(2ʹ-4-

(2ʹʹ-furyl)-pyrimidyl)-1,2,3,5-dithiadiazolyl). Dry, degassed dichloromethane was dispensed from 

an LC solvent purification system using a dry packed column containing 3 Å molecular sieves from 

a solvent keg filled by Caledon Laboratories. Reagents were purchased from Aldrich, Alfa Aesar, 

Strem, and Acros Organics, and used as received. IR spectra were collected using a Nicolet 510-

FTIR spectrometer at ambient temperature at 4 cm-1 resolution. Elemental analyses were performed 

by MHW laboratories in Phoenix, AZ, USA. Sublimations were carried out on a tube furnace with 

three programmable temperature zones under dynamic vacuum. For 

Mn(hfac)2Gd(hfac)3(furylpymDTDA), all three zones were set to 70 °C overnight to remove any 

unreacted Gd(hfac)3(DME) or Mn(hfac)2(THF)2 staring material, pure sublimed complex was then 

allowed to deposit in the second zone by raising the temperature of the first zone to the required 

sublimation temperature. The segment of the glass tube containing the desired product was cut from 

the remainder of the tube and the product was collected in an argon glove box. Gd(hfac)3(DME) 

was prepared according to a literature procedure.10 

 Mn(hfac)2Gd(hfac)3(furylpymDTDA): A solid mixture of furylpymDTDA (0.0729 g, 

0.292 mmol) and Mn(hfac)2(THF)2 (0.1878 g, 0.3062 mmol) was dissolved in 20 mL of 

dichloromethane. The purple solution was stirred for 40 min then the solvent was removed under 

vacuum to give a purple solid. The solid was dissolved in 20 mL of methylene chloride and to the 

solution was added Gd(hfac)3(DME) (0.2500 g, 0.2878 mmol). The resulting brown-green solution 

was stirred for 40 minutes then the solvent was removed under vacuum to give a light purple solid. 

The crude product was purified by sublimation under dynamic vacuum (160 °C, 10-5 torr) (0.0612 

g, 14%). IR (KBr): 3142 (w), 1649 (s), 1604 (m), 1561 (w), 1536 (m), 1491 (s), 1388 (w), 1371 

(w), 1347 (w), 1324 (vw), 1258 (s), 1209 (s), 1145 (s), 1101 (w), 1023 (vw), 1014 (w), 971 (vw), 
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952 (vw), 913 (w), 884 (w), 850 (w), 806 (m), 765 (w), 742 (w), 690 (w), 661 (s), 587 (s), 528 (w), 

504 (w), 471 (w) cm-1. Elemental analysis calculated for C34H10F30N4O11S2GdMn: C, 27.28; H, 

0.67; N, 3.74%. Found: C, 27.48; H, 0.74; N, 3.67%. 

 (4,6-Dimethylpyrimid-2′-yl)-trimethylammonium Chloride: 2-Chloro-4,6-

dimethylpyrimidine (6.07 g, 42.6 mmol) was suspended in 10 mL of trimethylamine (45 wt% 

solution in water) at 0 °C. The suspension was stirred overnight and allowed to warm slowly to 

ambient temperature, resulting in an orange-brown solution. The water was removed under reduced 

pressure with gentle heating until the remaining solid was thoroughly dry. The solid was then 

washed with 3 × 50 mL ether and dried under vacuum. The off-white solid (7.61 g, 37.7 mmol, 

88%) was used without further purification. 1H-NMR (400 MHz, DMSO) (δ ppm): 7.65 (s, 1H), 

3.58 (s, 9H, N(CH3)3
+), 2.55 (s, 6H). 

 2-Cyano-4,6-dimethylpyrimidine: A solution of NEt4CN (3.60 g, 23.0 mmol) in 20 mL 

of CH2Cl2 was added to a suspension of (4,6-dimethylpyrimid-2′-yl)-trimethylammonium chloride 

(4.42 g, 21.9 mmol) in 30 mL of CH2Cl2. The reaction mixture was stirred for 1 h and then washed 

with 3 × 50 mL of water. The organic layer was dried with MgSO4, and the solvent was removed, 

yielding 2.10 g of the crude, brown solid product. Pure product was obtained as a colorless 

crystalline solid by sublimation using a dynamic vacuum (10−2 Torr) at a programmed temperature 

of 90 °C (2.10 g, 15.1 mmol, 69%); mp 83−84 °C using a Mel-Temp melting point apparatus 

(visually, some loss of transparency at ∼81 °C); mp 83.3 °C (std. 0.2 °C) by DSC. 1H-NMR (400 

MHz, DMSO) (δ ppm): 7.19 (1H, s), 2.52 (6H, s). 

 5-methyl-2-(methylsulfonyl)-pyrimidine: A solution of mCPBA (9.36 g, 41.8 mmol) in 

60 mL of CHCl3 was added to a solution of 5-methyl-2-(methylthio)-pyrimidine (2.79 g, 19.9 

mmol) in 30 mL CHCl3 at 0 °C. The resulting yellow suspension was stirred 3 h then filtered. The 

filtrate was washed with saturated solutions of Na2SO3 and NaHCO3 then dried with MgSO4. The 

solvent was removed by rotary evaporation to afford the product as a light yellow solid (3.05 g, 

89%). 1H-NMR (400 MHz, CDCl3) (δ ppm): 8.73 (2H, d, J = 0.8 Hz), 3.31 (3H, s), 2.44 (3H, s). 
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 2-cyano-5-methylpyrimidine: KCN (2.31 g, 35.5 mmol) was added to a solution of 5-

methyl-2-(methylsulfonyl)-pyrimidine (3.05 g, 17.7 mmol) in 17 mL DMSO at 15 °C. The red 

suspension was stirred 3.5 h before being poured over 300 mL of ice cold saturated NaHCO3. The 

resulting brown suspension was extracted with 3 x 100 mL ether. The combined ether extracts were 

dried with MgSO4 then the solvent was removed by rotary evaporation to give the product as a 

light brown solid (1.43 g, 68%). 1H-NMR (400 MHz, CDCl3) (δ ppm): 8.65 (2H, d, J = 0.8 Hz), 

2.41 (3H, s). 
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APPENDIX 1: Compound Data Sheets 

Compound Name: Dimethoxyethane tris(hexafluoroacetylacetonate) Neodymium(III) 

Nd(hfac)3(DME) 

MW: 855.51 g/mol 

 

 

 

 

 

Appearance: pale blue-purple solid 

Notebook: AM-2-46 

First Made: 17 January 2012 by Adam Maahs 

Melting point: 82-84 °C 

IR(nujol) (cm-1): 3307 (w), 3291 (w), 3145 (w), 1651 (m), 1612 (w), 1583 (w), 1537 (w), 1492 

(w), 1463 (s), 1377 (s), 1350 (w), 1255 (s), 1208 (s), 1146 (s), 1097 (m), 1046 (m), 1020 (w), 950 

(w), 864 (m), 806 (s), 772 (w), 741 (w), 722 (m), 659 (s), 584 (m). 

Elemental Analysis: Analysis calculated for NdC19H13O8F18: C, 26.67; H, 1.53% Found: C, 26.60; 

H, 1.70%. 
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Compound Name: 4-(2’-benzoxazolyl)-1,2,3,5-dithiadiazolyl tris(hexafluoroacetylacetonate) 

Cerium(III) 

[Ce(hfac)3(boaDTDA)]n 

MW: 983.53 g/mol 

 

 

 

 

 

 

Appearance: green solid 

Notebook: EF-10-76 

First Made: 2 April 2013 by Elisa Fatila 

IR(KBr) (cm-1): 3139 (vw), 1646 (vs), 1613 (w), 1561 (mw), 1535 (m), 1486 (ms, sh), 1448 (m), 

1431 (w), 1349 (w, sh), 1323 (w), 1254 (vs), 1230 (w), 1207 (s), 1142 (vs), 1093 (m), 1010 (vw), 

997 (vw), 945 (vw), 888 (vw), 843 (mw), 805 (m), 783 (w), 761 (mw), 750 (mw), 741 (w), 659 

(m), 617 (vw), 585 (m), 546 (vw), 528 (vw), 499 (vw), 464 (vw), 433 (vw). 

Elemental Analysis: Analysis calculated for CeC23H7O7F18N3S2: C, 28.09; H, 0.72; N, 4.28%. 

Found: C, 28.12; H, 0.88; N, 4.42%. 

Crystal Data: Collected on an Agilent Super Nova Atlas CCD diffractometer using 

monochromated Mo-Kα radiation (λ = 0.71073 Å) at the University of Guelph at 150(2) K, 

orthorhombic space group Pbca, a = 19.9637(2), b = 14.61473(12), c = 21.34240(17) Å, α = 90, β 

= 90, γ = 90 °, Calculated density = 2.099 g/cm3, V = 6225.60(9) Å3, Z = 8, Zʹ = 1, 524 parameters 

were refined using 10829 unique reflections to give R = 2.52% and wR = 5.76%. 
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Compound Name: 4-(2’-benzoxazolyl)-1,2,3,5-dithiadiazolyl tris(hexafluoroacetylacetonate) 

Praseodymium(III) 

[Pr(hfac)3(boaDTDA)]n 

MW: 984.33 g/mol 

 

 

 

 

 

 

Appearance: green-blue solid 

Notebook: AM-3-84 and AM-4-47 

First Made: 9 April 2013 by Adam Maahs 

IR(KBr) (cm-1): 3141 (w), 1645 (s), 1612 (m), 1561 (m), 1534 (m), 1486 (m), 1448 (m), 1432 (m), 

1336 (w), 1253 (s), 1231 (w), 1206 (s), 1141 (s), 1092 (m), 1012 (w), 997 (w), 980 (w), 944 (w), 

917 (w), 888 (w), 843 (m), 804 (s), 782 (m), 760 (m), 750 (m), 740 (m), 659 (s), 628 (w), 617 (w), 

584 (s), 545 (m), 527 (m), 498 (m), 446 (m), 433 (m). 

Elemental Analysis: Analysis calculated for PrC23H7O7F18N3S2: C, 28.06; H, 0.72; N, 4.27% 

Found: C, 27.84; H, 0.67; N, 3.96%. 

Crystal Data: Collected on an Agilent Super Nova Atlas CCD diffractometer using 

monochromated Mo-Kα radiation (λ = 0.71073 Å) at the University of Guelph at 150(2) K, 

orthorhombic space group Pbca, a = 19.9637(2), b = 14.61439(11), c = 21.34240(17) Å, α = 90, β 

= 90, γ = 90 °, Calculated density = 2.099 g/cm3, V = 6228.98(10) Å3, Z = 8, Zʹ = 1, 515 parameters 

were refined using 15100 unique reflections to give R = 3.18% and wR = 7.97%. 
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Compound Name: 4-(2’-benzoxazolyl)-1,2,3,5-dithiadiazolyl tris(hexafluoroacetylacetonate) 

Neodymium(III) 

[Nd(hfac)3(boaDTDA)]n 

MW: 987.66 g/mol 

 

 

 

 

 

 

Appearance: green-blue solid 

Notebook: AM-2-75 

First Made: 28 March 2012 by Adam Maahs 

IR(KBr) (cm-1): 3137 (vw), 2916 (w), 2915 (vw), 2844 (vw), 1646 (s), 1613 (m), 1561 (m), 1535 

(m), 1488 (s), 1457 (w), 1449 (m), 1434 (w), 1335 (w), 1322 (w), 1255 (s), 1229 (w), 1206 (s), 

1142 (s), 1094 (m), 1013 (vw), 995 (vw), 979 (vw), 942 (w), 919 (w), 889 (w), 845 (m), 804 (s), 

783 (w), 761 (m), 751 (m), 741 (m), 660 (s), 632 (vw), 617 (w), 586 (m), 546 (w), 528 (w), 499 

(w), 466 (w), 434 (w). 

Elemental Analysis: Analysis calculated for NdC23H7O7N3F18S2: C, 27.97; H, 0.71; N, 4.25% 

Found: C, 28.12; H, 0.61; N, 4.26%. 

Crystal Data: Collected on an Agilent Super Nova Atlas CCD diffractometer using 

monochromated Mo-Kα radiation (λ = 0.71073 Å) at the University of Guelph at 150(2) K, 

orthorhombic space group Pbca, a = 19.94183(15), b = 14.62308(10), c = 21.34011(13) Å, α = 90, 

β = 90, γ = 90 °, Calculated density = 2.108 g/cm3, V = 6223.01(7) Å3, Z = 8, Zʹ = 1, 552 parameters 

were refined using 9484 unique reflections to give R = 2.03% and wR = 5.08%. 
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Compound Name: 4-(2’-benzoxazolyl)-1,2,3,5-dithiadiazolyl tris(hexafluoroacetylacetonate) 

Europium(III) 

[Eu(hfac)3(boaDTDA)]n 

MW: 995.38 g/mol 

 

 

 

 

 

 

Appearance: green-blue solid 

Notebook: EF-11-44 

First Made: 29 July 2013 by Elisa Fatila 

IR(KBr) (cm-1): 3136 (vw), 1647 (vs), 1613 (mw), 1561 (m), 1535 (m), 1492 (ms,sh), 1450 (m), 

1433 (w), 1340 (w), 1320 (w), 1255 (vs), 1204 (s), 1142 (vs), 1095 (m), 1001 (vw), 982 (vw), 946 

(vw), 921 (vw), 888 (vw), 848 (mw), 804 (m), 784 (m), 762 (m), 753 (m), 741 (mw), 660 (ms), 632 

(vw), 615 (w), 587 (m), 546 (w), 529 (w), 499 (w), 469 (vw), 436 (vw). 

Elemental Analysis: Analysis calculated for EuC23H7O7F18N3S2: C, 27.75; H, 0.71; N, 4.22%. 

Found: C, 28.00; H, 0.89; N, 4.22%. 

Crystal Data: Collected on an Agilent Super Nova Atlas CCD diffractometer using 

monochromated Mo-Kα radiation (λ = 0.71073 Å) at the University of Guelph at 150(2) K, 

orthorhombic space group Pbca, a = 19.82068(18), b = 14.76884(15), c = 21.3477(2) Å, α = 90, β 

= 90, γ = 90 °, Calculated density = 2.116 g/cm3, V = 6249.08(10) Å3, Z = 8, Zʹ = 1, 515 parameters 

were refined using 15153 unique reflections to give R = 5.50% and wR = 11.33%. . 

 

  



261 
 

 

  



262 
 

Compound Name: 4-(2’-pyrimidyl)-1,2,3,5-dithiadiazolyl tris(hexafluoroacetylacetonate) 

Lanthanum(III) 

[La(hfac)3(pymDTDA)]n 

MW: 943.29 g/mol 

 

 

 

 

 

Appearance: light blue solid 

Notebook: AM-11-14 

First Made: 25 January 2016 by Adam Maahs 

IR(KBr) (cm-1): 3295 (vw), 3139 (w), 3096 (vw), 1649 (s), 1608 (w), 1587 (m), 1569 (m), 1558 

(m), 1531 (m), 1491 (s), 1464 (w), 1386 (m), 1340 (w), 1255 (s), 1217 (s), 1144 (s), 1095 (m), 1017 

(w), 949 (w), 837 (m), 802 (s), 768 (w), 740 (w), 660 (s), 648 (w), 584 (s), 527 (m), 460 (w). 

Elemental Analysis: Analysis calculated for C20H6F18N4O6S2La: C, 25.47; H, 0.64; N, 5.94%. 

Found C, 25.58; H, 1.09; N, 5.90%. 
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Compound Name: 4-(2’-pyrimidyl)-1,2,3,5-dithiadiazolyl tris(hexafluoroacetylacetonate) 

Cerium(III) 

[Ce(hfac)3(pymDTDA)]n 

MW: 944.50 g/mol 

 

 

 

 

 

Appearance: blue-green solid 

Notebook: EF-12-3 

First Made: 20 March 2014 by Elisa Fatila 

IR(KBr) (cm-1): 3291 (vw), 3143 (w), 3091 (vw), 1649 (s), 1607 (w), 1587 (m), 1568 (m), 1558 

(m), 1531 (m), 1490 (s), 1466 (w), 1386 (m), 1341 (w), 1254 (s), 1217 (s), 1144 (s), 1096 (s), 1017 

(w), 949 (w), 893 (vw), 837 (m), 802 (s), 770 (w), 741 (m), 713 (vw), 660 (s), 647 (w), 584 (s), 

527 (m), 461 (w). 

Elemental Analysis: Analysis calculated for C20H6F18N4O6S2Ce: C, 25.43; H, 0.64; N, 5.93%. 

Found C, 25.51; H, 0.88; N, 5.78%. 
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Compound Name: 4-(2’-pyrimidyl)-1,2,3,5-dithiadiazolyl tris(hexafluoroacetylacetonate) 

Praesodymium(III) 

[Pr(hfac)3(pymDTDA)]n 

MW: 945.29 g/mol 

 

 

 

 

 

Appearance: light blue solid 

Notebook: AM-10-7 

First Made: 23 June 2015 by Adam Maahs 

IR(KBr) (cm-1): 3138 (vw), 3095 (vw), 1650 (s), 1608 (w), 1587(w), 1558 (w), 1531 (m), 1491 

(s), 1387 (m), 1342 (w), 1255 (s), 1217 (s), 1144 (s), 1097 (m), 1017 (w), 949 (w), 837 (m), 802 

(s), 767 (vw), 741 (m), 660 (s), 647 (vw), 585 (s), 527 (m), 462 (w), 436 (vw) cm-1. 

Elemental Analysis: Analysis calculated for C20H6F18N4O6S2Pr: C, 25.41; H, 0.64; N, 5.93%. 

Found C, 25.66; H, 0.81; N, 5.54%. 

Crystal Data: Collected on an Agilent Super Nova Atlas CCD diffractometer using 

monochromated Mo-Kα radiation (λ = 0.71073 Å) at the University of Guelph at 150(2) K, 

monoclinic space group P21/c, a = 14.1943(2), b = 12.3408(2), c = 18.87189(3) Å, α = 90, β = 

106.8145(17), γ = 90 °, Calculated density = 1.984 g/cm3, V = 3164.42(8) Å3, Z = 4, Zʹ = 1, 636 

parameters were refined using 12629 unique reflections to give R = 7.44% and wR = 21.44%. 
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Compound Name: 4-(2’-pyrimidyl)-1,2,3,5-dithiadiazolyl tris(hexafluoroacetylacetonate) 

Neodymium(III) 

[Nd(hfac)3(pymDTDA)]n 

MW: 948.63 g/mol 

 

 

 

 

 

Appearance: blue solid 

Notebook: AM-10-57 

First Made: 28 October 2015 by Adam Maahs 

IR(KBr) (cm-1): 3295 (vw), 3138 (w), 3099 (vw), 1650 (s), 1606 (w), 1588 (m), 1569 (m), 1558 

(m), 1531 (m), 1493 (s), 1465 (w), 1387 (m), 1344 (w), 1255 (s), 1218 (s), 1144 (s), 1097 (m), 1017 

(w), 950 (w), 838 (m), 801 (s), 768 (vw), 741 (m), 713 (vw), 660 (s), 647 (w), 585 (s), 527 (m), 

463 (w). 

Elemental Analysis: Analysis calculated for C20H6F18N4O6S2Nd: C, 25.32; H, 0.64; N, 5.91%. 

Found C, 25.12; H, 0.46; N, 5.79%. 

Crystal Data: Collected on an Agilent Super Nova Atlas CCD diffractometer using 

monochromated Mo-Kα radiation (λ = 0.71073 Å) at the University of Guelph at 150(2) K, 

monoclinic space group P21/c, a = 14.1244(8), b = 12.3004(5), c = 18.8710(9) Å, α = 90, β = 

106.901(6), γ = 90 °, Calculated density = 2.009 g/cm3, V = 3137.0(3) Å3, Z = 4, Zʹ = 1, 507 

parameters were refined using 11074 unique reflections to give R = 8.60% and wR = 21.45%. 
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Compound Name: 4-(2’-pyrimidyl)-1,2,3,5-dithiadiazolyl tris(hexafluoroacetylacetonate) 

Samarium(III) 

[Sm(hfac)3(pymDTDA)]n 

MW: 954.75 g/mol 

 

 

 

 

 

Appearance: blue solid 

Notebook: AM-11-28 

First Made: 1 March 2016 by Adam Maahs 

IR(KBr) (cm-1): 3299 (vw), 3144 (w), 3099 (vw), 1650 (s), 1606 (w), 1588 (m), 1569 (m), 1558 

(m), 1531 (m), 1494 (s), 1468 (w), 1388 (m), 1346 (w), 1255 (s), 1204 (s), 1144 (s), 1099 (m), 1017 

(w), 950 (w), 837 (m), 801 (s), 770 (w), 741 (m), 717 (vw), 660 (s), 647 (w), 585 (s), 527 (s), 464 

(w). 

Elemental Analysis: Analysis calculated for C20H6F18N4O6S2Sm: C, 25.15; H, 0.63; N, 5.87%. 

Found C, 25.12; H, 0.80; N, 5.78%. 
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Compound Name: 4-(2’-pyrimidyl)-1,2,3,5-dithiadiazolyl tris(hexafluoroacetylacetonate) 

Europium(III) 

[Eu(hfac)3(pymDTDA)]n 

MW: 956.35 g/mol 

 

 

 

 

 

Appearance: blue-green solid 

Notebook: AM-10-13 

First Made: 6 July 2015 by Adam Maahs 

IR(KBr) (cm-1): 3141 (vw), 3099 (vw), 1650 (s), 1605 (vw), 1589 (w), 1569 (m), 1559 (m), 1532 

(m), 1495 (s), 1388 (m), 1347 (w), 1256 (s), 1218 (s), 1144 (s), 1099 (m), 1017 (w), 951 (w), 837 

(m), 801 (s), 770 (w), 741 (m), 661 (s), 646 (w), 586 (s), 527 (m), 465 (w) cm-1. 

Elemental Analysis: Analysis calculated for C20H6F18N4O6S2Eu: C, 25.12; H, 0.63; N, 5.86%. 

Found: C, 25.17; H, 0.79; N, 5.87%. 

Crystal Data: Collected on an Agilent Super Nova Atlas CCD diffractometer using 

monochromated Mo-Kα radiation (λ = 0.71073 Å) at the University of Guelph at 150(2) K, 

monoclinic space group P21/c, a = 14.0762(4), b = 12.2041(3), c = 19.0494 Å, α = 90, β = 

107.093(3), γ = 90 °, Calculated density = 2.031 g/cm3, V = 3127.90(15) Å3, Z = 4, Zʹ = 1, 581 

parameters were refined using 6644 unique reflections to give R = 6.85% and wR = 18.20%. 
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Compound Name: 4-(2’-pyrimidyl)-1,2,3,5-dithiadiazolyl tris(hexafluoroacetylacetonate) 

Gadolinium(III) 

[Gd(hfac)3(pymDTDA)]n 

MW: 961.64 g/mol 

 

 

 

 

 

Appearance: blue solid 

Notebook: EF-5-50, EF-5-83, and AM-9-79 

First Made: 5 July 2010 by Elisa Fatila 

IR(KBr) (cm-1): 3136 (w), 2958 (w), 1652 (s), 1611 (w), 1561 (m), 1534 (m), 1499 (s), 1389 (w), 

1350 (w), 1257 (s), 1208 (s), 1145 (s), 1101 (m), 1047 (w), 1024 (w), 947 (w), 867 (w), 802 (s), 

742 (m), 661 (s), 589 (s), 528 (m), 469 (w). 

Elemental Analysis: Analysis calculated for C20H6F18GdN4O6S2: C, 24.98; H, 0.63; N, 5.83%. 

Found C, 25.33; H, 0.60; N, 5.55%. 

Crystal Data: Collected on an Agilent Super Nova Atlas CCD diffractometer using 

monochromated Mo-Kα radiation (λ = 0.71073 Å) at the University of Guelph at 150(2) K, 

orthorhombic space group Pbca, a = 19.5569(2), b = 14.24273(8), c = 21.4667(15) Å, α = 90, β = 

90, γ = 90 °, Calculated density = 2.169 g/cm3, V = 5890.27(8) Å3, Z = 8, Zʹ = 1, 488 parameters 

were refined using 15013 unique reflections to give R = 4.05% and wR = 9.60%. 
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Compound Name: 4-(2’-pyrimidyl)-1,2,3,5-dithiadiazolyl tris(hexafluoroacetylacetonate) 

Terbium(III) 

[Tb(hfac)3(pymDTDA)]n 

MW: 963.31 g/mol 

 

 

 

 

 

Appearance: blue solid 

Notebook: AM-9-35, EF-12-9 

First Made: 14 January 2015 by Adam Maahs 

IR(KBr) (cm-1): 3302 (w), 3144 (w), 3096 (w), 1651 (s), 1608 (m), 1585 (m), 1566 (m), 1533 (s), 

1495 (s), 1387 (s), 1349 (m), 1255 (s), 1204 (s), 1142 (s), 1097 (m), 1013 (w), 950 (w), 838 (m), 

828 (w), 801 (s), 771 (w), 741 (m), 714 (w), 660 (s), 644 (m), 587 (s), 526 (s), 467 (w), 436 (w). 

Elemental Analysis: Analysis calculated for C20H6F18N4O6S2Tb: Needed C, 24.94; H, 0.63; N, 

5.82%. Found C, 25.22; H, 0.58; N, 5.59%. 

Crystal Data: Collected on an Agilent Super Nova Atlas CCD diffractometer using 

monochromated Mo-Kα radiation (λ = 0.71073 Å) at the University of Guelph at 150(2) K, 

orthorhombic space group Pbca, a = 19.52452(19), b = 14.25181(8), c = 21.12891(15) Å, α = 90, 

β = 90, γ = 90 °, Calculated density = 2.176 g/cm3, V = 5882.11(8) Å3, Z = 8, Zʹ = 1, 476 parameters 

were refined using 13575 unique reflections to give R = 4.46% and wR = 12.84%. 
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Compound Name: 2-cyano-4-(2ʹ-furyl)-pyrimidine 

MW:  171.16 g/mol 

 

 

Appearance: Light yellow solid 

Notebook: AM-6-73, AM-6-87, AM-6-92, AM-7-39, AM-8-8, AM-8-56, AM-8-84 

First Made: 3 April 2014 by Adam Maahs 

1H-NMR (400 MHz, CDCl3) δ(ppm): 8.75 (1H, d, J = 7.2 Hz), 7.71 (1H, d, 7.2 Hz), 7.64 (1H, d, 

J = 1.2 Hz), 7.42 (1H, d, 4.8 Hz), 6.62 (1H, dd, Ja = 4.8 Hz, Jb = 2.4 Hz). 

IR(KBr) (cm-1): 3143 (m), 3129 (vw), 3115 (vw), 3057 (w), 3028 (vw), 2988 (w), 2897 (w), 2408 

(w), 2252 (w), 1995 (w), 1782 (w), 1719 (w), 1676 (w), 1649 (w), 1598 (s), 1563 (s), 1525 (w), 

1476 (s), 1440 (m), 1423 (w), 1404 (w), 1393 (m), 1367 (s), 1336 (vw), 1304 (m), 1260 (w), 1249 

(w), 1226 (m), 1205 (w), 1174 (w), 1137 (w), 1107 (m), 1075 (m), 1063 (w), 1055 (w), 1008 (s), 

985 (s), 927 (s), 877 (s), 837 (w), 830 (s), 778 (s), 689 (s), 616 (w), 594 (m), 579 (s), 468 (m). 
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Compound Name: 4-(2ʹ-4-(2ʹʹ-furyl)-pyrimidyl)-1,2,3,5-dithiadiazolium chloride 

furylpymDTDA+Cl- 

MW: 284.75 g/mol 

 

 

Appearance: Orange solid 

Notebook: AM-7-4, AM-7-25, AM-8-57, AM-8-77, AM-9-33, AM-11-29 

First Made: 23 April 2014 by Adam Maahs 

IR(KBr) (cm-1): 3088 (w), 1699 (w), 1686 (w), 1603 (s), 1588 (s), 1566 (s), 1529 (m), 1508 (w), 

1478 (s), 1459 (w), 1445 (vw), 1420 (m), 1352 (s), 1244 (m), 1213 (m), 1164 (vw), 1100 (w), 1070 

(vw), 1011 (m), 992 (w), 968 (w), 912 (w), 896 (m), 883 (w), 852 (m), 834 (m), 778 (m), 766 (m), 

749 (m), 733 (w), 675 (m), 664 (m), 591 (w), 578 (vw), 556 (vw), 503 (w), 430 (w). 
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Compound Name: 4-(2ʹ-4-(2ʹʹ-furyl)-pyrimidyl)-1,2,3,5-dithiadiazolyl 

furylpymDTDA 

MW: 249.29 g/mol 

 

 

Appearance: Black solid 

Notebook: AM-8-83, AM-11-37 

First Made: 22 October 2014 by Adam Maahs 

IR(KBr) (cm-1): 3119 (vw), 3031 (vw), 2957 (vw), 2923 (w), 2850 (vw), 1601 (s), 1567 (s), 1528 

(m), 1478 (s), 1439 (m), 1410 (w), 1341 (s), 1303 (w), 1280 (m), 1232 (m), 1198 (m), 1164 (w), 

1103 (w), 1075 (w), 1020 (m), 1007 (m), 987 (m), 952 (m), 907 (m), 884 (w), 834 (m), 804 (m), 

777 (s), 747 (s), 716 (w), 677 (m), 642 (w), 588 (m), 560 (w), 517 (w), 490 (w), 429 (w). 

Elemental Analysis: Analysis calculated for C9H5N5OS2: Needed C, 43.36; H, 2.02; N, 22.47%. 

Found C, 43.44; H, 2.30; N, 22.69%. 
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Compound Name: 2-cyano-4-(2ʹ-pyridyl)-pyrimidine 

MW: 182.18 g/mol 

 

 

Appearance: Off-white solid 

Notebook: AM-8-9, AM-8-28, AM-8-53, AM-10-88 

First Made: 11 July 2014 by Adam Maahs 

1H-NMR (400 MHz, CDCl3) δ(ppm): 8.92 (1H, d, J = 5.2 Hz), 8.72 (1H, m), 8.57 (1H, d, J = 5.2 

Hz), 8.52 (1H, m), 7.90 (1H, td, Ja = 7.8 Hz, Jb = 2 Hz), 7.47 (1H, m). 

IR(KBr) (cm-1): 3066 (vw), 2988 (vw), 2784 (vw), 2718 (vw), 2677 (vw), 2611 (vw), 2560 (vw), 

2505 (vw), 2446 (vw), 2403 (w), 2342 (vw), 2299 (vw), 2245 (vw), 2185 (vw), 2022 (w), 1990 

(w), 1955 (w), 1925 (w), 1890 (w), 1820 (w), 1785 (w), 1762 (w), 1719 (w), 1663 (w), 1637 (w), 

1617 (m), 1573 (s), 1533 (s), 1475 (m), 148 (w), 1421 (s), 1360 (s), 1314 (m), 1285 (w), 1246 (s), 

1206 (m), 1147 (m), 1127 (vw), 1099 (m), 1086 (m), 1045 (m), 1013 (vw), 995 (s), 988 (s), 934 

(vw), 915 (w), 881 (s), 869 (s), 806 (s), 779 (s), 747 (s), 735 (m), 665 (m), 647 (s), 620 (s), 578 (s), 

542 (vw), 520 (vw), 508 (vw), 431 (m), 417 (w). 
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Compound Name: 4-(2ʹ-4-(2ʹʹ-pyridyl)-pyrimidyl)-1,2,3,5-dithiadiazolium chloride 

pypymDTDA+Cl- 

MW: 295.77 g/mol 

 

 

Appearance: Yellow-green solid 

Notebook: AM-8-13, AM-8-29, AM-8-82, AM-11-12, AM-11-70 

First Made: 15 July 2014 by Adam Maahs 

IR(KBr) (cm-1): 3051 (w, br), 1701 (w), 1575 (s), 1554 (vw), 1533 (s), 1476 (vw), 1458 (vw), 

1428 (m), 1354 (s), 1296 (w), 1240 (vw), 1223 (w), 1116 (w), 1084 (w), 1044 (vw), 994 (m), 966 

(w), 894 (m), 872 (w), 853 (m), 801 (w), 789 (s), 750 (m), 716 (m), 702 (w), 671 (vw), 644 (m), 

619 (m), 582 (vw), 553 (vw), 504 (w), 466 (w), 425 (vw). 
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Compound Name: 4-(2ʹ-4-(2ʹʹ-pyridyl)-pyrimidyl)-1,2,3,5-dithiadiazolyl 

pypymDTDA 

MW: 260.32 g/mol 

 

 

Appearance: Purple-black solid 

Notebook: AM-8-85, AM-11-13, AM-11-71 

First Made: 27 October 2014 by Adam Maahs 

IR(KBr) (cm-1): 3054 (w), 1569 (s), 1536 (s), 1474 (m), 1421 (s), 1342 (s), 1306 (w), 1280 (vw), 

1246 (w), 1197 (m), 1166 (vw), 1152 (vw), 1118 (vw), 1086 (w), 1045 (w), 995 (m), 944 (w), 913 

(vw), 868 (w), 856 (w), 833 (m), 803 (w), 786 (s), 762 (s), 743 (m), 702 (w), 693 (s), 647 (m), 619 

(m), 591 (w), 520 (w), 489 (w), 463 (w). 

Elemental Analysis: Analysis calculated for C10H6N5S2: C, 46.14; H, 2.32; N, 26.90%. Found: C, 

46.00; H, 2.50; N, 26.69%. 

Crystal Data: Collected on an Agilent Super Nova Atlas CCD diffractometer using 

monochromated Mo-Kα radiation (λ = 0.71073 Å) at the University of Guelph at 150(2) K, triclinic 

space group P-1, a = 7.25482(9), b = 22.3578(3), c = 27.5908(4) Å, α = 112.6037(12), β = 

97.0981(11), γ = 90.0196(10) °, Calculated density 1.689 = g/cm3, V = 4094.25(10) Å3, Z = 16, Zʹ 

= 8, 1283 parameters were refined using 22905 unique reflections to give R = 5.54% and wR = 

13.73%. 
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Compound Name: 2-cyano-4-(2ʹ-thiophenyl)-pyrimidine 

MW: 187.22 g/mol 

 

 

Appearance: Light yellow solid 

Notebook: AM-8-70, AM-11-22, AM-11-48 

First Made: 2 October 2014 by Adam Maahs 

1H-NMR (400 MHz, DMSO-d6) δ(ppm): 8.71 (1H, d, J = 5.2 Hz), 7.86 (1H, Ja = 4 Hz, Jb = 1.2 

Hz), 7.67 (1H, J = 5.6 Hz) 7.63 (1H, dd, Ja = 5. Hz, Jb = 1.2 Hz) 7.19 (1H, Ja = 5 Hz, Jb = 4 Hz). 

IR(KBr) (cm-1): 3095 (vw), 3060 (vw), 2359 (w), 2341 (w), 1594 (w), 1573 (s), 1522 (w), 1463 

(s), 1442 (s), 1418 (m), 1377 (s), 1342 (m), 1258 (w), 1236 (w), 1206 (w), 1017 (w), 985 (s), 854 

(s), 834 (m), 780 (m), 736 (s), 691 (w), 626 (w). 
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Compound Name: 4-(2ʹ-4-(2ʹʹ-thiophenyl)-pyrimidyl)-1,2,3,5-dithiadiazolium chloride 

thiophenepymDTDA+Cl- 

MW: 300.81 g/mol 

 

 

Appearance: Orange solid 

Notebook: AM-8-71, AM-11-58 

First Made: 6 October 2014 by Adam Maahs 

IR(KBr) (cm-1): 3063 (vw), 2962 (vw), 1695 (w), 1610 (w), 1575 (s), 1524 (w), 1505 (w), 1444 

(s), 1409 (s), 1362 (s), 1347 (s), 1277 (vw), 1258 (w), 1236 (m), 1208 (m), 1104 (m), 1060 (w), 

1024 (m), 989 (m), 944 (w), 893 (s), 859 (w), 848 (m), 825 (s), 751 (w), 724 (s), 677 (m), 623 (s), 

562 (w), 551 (m), 512 (w), 483 (w), 467 (m). 

 



293 
 

 

  



294 
 

Compound Name: 4-(2ʹ-4-(2ʹʹ-thiophenyl)-pyrimidyl)-1,2,3,5-dithiadiazolyl 

thiophenepymDTDA 

MW: 265.36 g/mol 

 

 

Appearance: Black-purple solid 

Notebook: AM-11-61 

First Made: 9 May 2016 by Adam Maahs 

IR(KBr) (cm-1): 3078 (w), 3063 (w), 3029 (vw), 1569 (s), 1512 (m), 1438 (s), 1406 (w), 1363 m), 

1340 (m), 1319 (w), 1288 (w), 1270 (w), 1224 (m), 1192 (m), 1106 (w), 1092 (w), 1064 (vw), 1026 

(m), 987 (m), 922 (w), 862 (m), 833 (m), 823 (m), 801 (m), 778 (s), 753 (w), 737 (s), 707 (m), 685 

(m), 622 (m), 598 (w), 553 (vw), 524 (w), 514 (w), 470 (w). 

Elemental Analysis: Analysis calculated for C10H6N5S5: C, 40.74; H, 1.90; O, 21.11%. Found: C, 

40.84; H, 2.09; O, 21.50%. 

Crystal Data: Collected on an Agilent Super Nova Atlas CCD diffractometer using 

monochromated Mo-Kα radiation (λ = 0.71073 Å) at the University of Guelph at 150(2) K, triclinic 

space group P-1, a = 6.16546(15), b = 9.9607(3), c = 17.4833(3) Å, α = 97.465(2), β = 96.0811(18), 

γ = 104.238(2) °, Calculated density = 1.726 g/cm3, V = 1021.21(5) Å3, Z = 4, Zʹ = 2, 320 parameters 

were refined using 9904 unique reflections to give R = 2.88% and wR = 10.00%. 
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Compound Name: 4-(2ʹ-furyl)-2,2ʹ-bipyrimidine 

furylbipym 

MW: 224.22 g/mol 

 

 

Appearance: Orange solid 

Notebook: AM-7-23 

First Made: 11 May 2014 by Adam Maahs 

1H-NMR (400 MHz, CDCl3) δ(ppm): 9.01 (2H, d, J = 4.4 Hz), 8.96 (1H, d, J = 2.8 Hz), 7.69 (1H, 

d, J = 2.8 Hz), 7.63 (1H, d, 1.6 Hz), 7.48 (1H, dd, Ja = 3.6 Hz, Jb = 0.4 Hz), 7.42 (1H, t, J = 5 Hz), 

6.59 (1H, dd, Ja = 3.6 Hz, Jb = 1.6 Hz). 

IR(thin film, NaCl) (cm-1): 3444 (s, br), 3136 (w), 2984 (w), 2550 (vw), 2388 (w), 2225 (m), 2091 

(vw), 1966 (w), 1694 (s), 1602 (s), 1564 (s), 1537 (w), 1480 (s), 1445 (w), 1419 (m), 1392 (s), 1371 

(s), 1323 (w), 1273 (m), 1231 (m), 1212 (w), 1168 (m), 1089 (w), 1074 (vw), 1016 (m), 989 (m), 

921 (m), 885 (m), 829 (m), 808 (vw), 779 (w), 755 (vw), 729 (vw), 706 (m), 673 (m), 635 (m), 594 

(w). 
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Compound Name: 4-(2’-4-(2’’-furyl)-pyrimidyl)-1,2,3,5-dithiadiazolyl η2-

tris(hexafluoroacetylacetonato) Gadolinium(III) η3- tris(hexafluoroacetylacetonato) 

Gadolinium(III) 

[Gd(hfac)3]2(furylpymDTDA) 

MW: 1806.10 g/mol 

 

Appearance: emerald green solid 

Notebook: AM-9-23 and AM-9-52 

First Made: 4 January 2015 by Adam Maahs 

IR(KBr) (cm-1): 3300 (vw), 3167 (vw), 3141 (w), 3098 (vw), 1649 (s), 1607 (m), 1562 (m), 1537 

(m), 1484 (s), 1431 (vw), 1390 (w), 1371 (vw), 1325(w), 1260 (s), 1210 (s), 1146 (s), 1099 (m), 

1067 (vw), 1026 (m), 1014 (m), 972 (m), 952 (w), 915 (m), 883 (m), 843 (s), 807 (s), 766 (m), 753 

(w), 742 (s), 720 (vw), 690 (s), 660 (s), 643 (vw), 587 (s), 551 (w), 528 (m), 505 (m), 471 (m), 443 

(vw). 

Elemental Analysis: Analysis calculated for C39H11F36N4O13S2Gd2: C, 25.94; H, 0.61; N, 3.10%. 

Found: C, 26.18; H, 0.46; N, 3.03%. 

Crystal Data: Collected on an Agilent Super Nova Atlas CCD diffractometer using 

monochromated Mo-Kα radiation (λ = 0.71073 Å) at the University of Guelph at 150(2) K, triclinic 

space group P-1, a = 12.04490(13), b = 13.83871(17), c = 17.6139(2) Å, α = 94.5912(11), β = 

90.4010(10), γ = 97.5260(10) °, Calculated density = 2.068 g/cm3, V = 2900.90(6) Å3, Z = 2, Zʹ = 

1, 870 parameters were refined using 25499 unique reflections to give R = 4.06% and wR = 11.71%. 
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Compound Name: 4-(2’-4-(2’’-furyl)-pyrimidyl)-1,2,3,5-dithiadiazolyl η2-

tris(hexafluoroacetylacetonato) Terbium(III) η3- tris(hexafluoroacetylacetonato) 

Terbium(III) 

[Tb(hfac)3]2(furylpymDTDA) 

MW: 1809.45 g/mol 

 

Appearance: emerald green solid 

Notebook: AM-9-49 

First Made: 23 February 2015 by Adam Maahs 

IR(KBr) (cm-1): 3295 (vw), 3165 (vw), 3142 (w), 3094 (vw), 1650 (s), 1607 (m), 1562 (m), 1537 

(m), 1489 (s), 1431 (vw), 1391 (m), 1372 (vw), 1341 (vw), 1325 (w), 1255 (s), 1214 (s), 1144 (s), 

1103 (m), 1068 (vw), 1027 (m), 1014 (m), 972 (m), 952 (w), 915 (m), 883 (m), 844 (s), 807 (s), 

766 (m), 753 (w), 742 (s), 720 (vw), 690 (s), 661 (s), 588 (s), 551 (w), 528 (m), 505 (m), 472 (m), 

443 (vw).  

Elemental Analysis: Analysis calculated for C39H11F36N4O13S2Tb2: C, 25.89; H, 0.61; N, 3.10%. 

Found: C, 25.67; H, 0.83; N, 2.86%. 

Crystal Data: Collected on an Agilent Super Nova Atlas CCD diffractometer using 

monochromated Mo-Kα radiation (λ = 0.71073 Å) at the University of Guelph at 150(2) K, triclinic 

space group P-1, a = 12.0184(2), b = 13.8338(2), c = 17.6545(2) Å, α = 94.8811(13), β = 

90.5098(13), γ = 97.6753(14) °, Calculated density = 2.074 g/cm3, V = 2897.78(7) Å3, Z = 2, Zʹ = 

1, 906 parameters were refined using 31104 unique reflections to give R = 3.76% and wR = 11.30%. 
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Compound Name: 4-(2’-4-(2’’-furyl)-pyrimidyl)-1,2,3,5-dithiadiazolyl η2-

tris(hexafluoroacetylacetonato) Dysprosium(III) η3- tris(hexafluoroacetylacetonato) 

Dysprosium(III) 

[Dy(hfac)3]2(furylpymDTDA) 

MW: 1816.60 g/mol 

 

 

 

 

 

Appearance: emerald green solid 

Notebook: AM-7-9 and AM-8-68 

First Made: 3 May 2014 by Adam Maahs 

IR(KBr) (cm-1): 3165 (vw), 3142 (w), 1650 (s), 1607 (m), 1561 (m), 1537 (m), 1491 (s), 1429 (w), 

1391 (w), 1373 (w), 1341 (vw), 1325 (w), 1257 (s), 1211 (s), 1145 (s), 1103 (m), 1068 (vw), 1027 

(m), 1015 (m), 972 (w), 953 (w), 916 (m), 883 (m), 845 (m), 807 (s), 766 (w), 753 (vw), 742 (m), 

718 (vw), 691 (m), 661 (s), 641 (vw), 588 (s), 552 (w), 528 (m), 505 (m), 472 (m).  

Elemental Analysis: Analysis calculated for C39H11F36N4O13S2Dy2: C, 25.79; H, 0.61; N, 3.08% 

Found: C, 26.00; H, 0.88; N, 2.92%. 

Crystal Data: Collected on an Agilent Super Nova Atlas CCD diffractometer using 

monochromated Mo-Kα radiation (λ = 0.71073 Å) at the University of Guelph at 150(2) K, triclinic 

space group P-1, a = 11.99580(19), b = 13.8373(2), c = 17.6557(3) Å, α = 95.0146(12), β = 

90.4921(13), γ = 97.6307(13) °, Calculated density = 2.085 g/cm3, V = 2892.98(8) Å3, Z = 2, Zʹ = 

1, 1138 parameters were refined using 28014 unique reflections to give R = 3.22% and wR = 6.82%. 
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Compound Name: 4-(2’-4-(2’’-pyridyl)-pyrimidyl)-1,2,3,5-dithiadiazolyl η2-

tris(hexafluoroacetylacetonato) Gadolinium(III) η3- tris(hexafluoroacetylacetonato) 

Gadolinium(III) 

[Gd(hfac)3]2(pypymDTDA) 

MW: 1817.12 g/mol 

 

 

 

 

 

Appearance: Emerald green solid 

Notebook: AM-11-43 

First Made: 10 April 2016 by Adam Maahs 

IR(KBr) (cm-1): 3301 (vw), 3145 (w), 1648 (s), 1599 (m), 1560 (m), 1534 (m), 1476 (s), 1430 

(vw), 1371 (w), 1333 (w), 1255 (s), 1208 (s), 1144 (s), 1103 (m), 1025 (w), 1013 (w), 952 (w), 848 

(m), 801 (s), 789 (w), 769 (w), 742 (m), 710 (w), 700 (w), 660 (s), 634 (w), 586 (s), 550 (w), 528 

(m), 510 (w), 469 (m), 419 (w). 

Elemental Analysis: Analysis calculated for C40H12F36N5 O12S2Gd2: C, 26.44; H, 0.67; N, 3.85%. 

Found: C, 26.41; H, 0.90; N, 3.86%. 

Crystal Data: Collected on an Agilent Super Nova Atlas CCD diffractometer using 

monochromated Mo-Kα radiation (λ = 0.71073 Å) at the University of Guelph at 150(2) K, triclinic 

space group P-1, a = 13.06342(16), b = 14.04608(18), c = 16.1169(2) Å, α = 82.5514(10), β = 

89.9237(10), γ = 84.5331(10) °, Calculated density = 2.068 g/cm3, V = 2918.81(6) Å3, Z = 2, Zʹ = 

1, 1079 parameters were refined using 31317 unique reflections to give R = 3.29% and wR = 8.10%. 
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Compound Name: 4-(2’-4-(2’’-pyridyl)-pyrimidyl)-1,2,3,5-dithiadiazolyl η2-

tris(hexafluoroacetylacetonato) Terbium(III) η3- tris(hexafluoroacetylacetonato) 

Terbium(III) 

[Tb(hfac)3]2(pypymDTDA) 

MW: 1820.47 g/mol 

 

 

 

 

 

Appearance: Emerald green solid 

Notebook: AM-11-69 

First Made: 6 June 2016 by Adam Maahs 

IR(KBr) (cm-1): 3144 (vw), 1648 (s), 1599 (m), 1560 (m), 1534 (m), 1477 (s), 1372 (w), 1347 (w), 

1334 (w), 1255 (s), 1208 (s), 1144 (s), 1104 (w), 1025 (w), 1012 (w), 950 (w), 848 (w), 801 (m), 

769 (w), 742 (w), 711 (vw), 700 (w), 660 (s), 634 (vw), 587 (m), 551 (vw), 528 (w), 507 (vw), 470 

(w), 419 (vw). 

Elemental Analysis: Analysis calculated for C40H12F36N5 O12S2Tb2: C, 26.39; H, 0.66; N, 3.85%. 

Found: C, 26.56; H, 0.58; N, 4.01%. 

Crystal Data: Collected on an Agilent Super Nova Atlas CCD diffractometer using 

monochromated Mo-Kα radiation (λ = 0.71073 Å) at the University of Guelph at 150(2) K, triclinic 

space group P-1, a = 13.0590(2), b = 14.05426(13), c = 16.1067(2) Å, α = 82.8082(10), β = 

89.8501(12), γ = 84.3412(10) °, Calculated density = 2.072 g/cm3, V = 2918.45(6) Å3, Z = 2, Zʹ = 

1, 1051 parameters were refined using 31285 unique reflections to give R = 3.69% and wR = 9.54%. 
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Compound Name: 4-(2’-4-(2’’-pyridyl)-pyrimidyl)-1,2,3,5-dithiadiazolyl η2-

tris(hexafluoroacetylacetonato) Dysprosium(III) η3- tris(hexafluoroacetylacetonato) 

Dysprosium(III) 

[Dy(hfac)3]2(pypymDTDA) 

MW: 1827.62 g/mol 

 

 

 

 

 

Appearance: Emerald green solid 

Notebook: AM-11-34 

First Made: 15 March 2016 by Adam Maahs 

IR(KBr) (cm-1): 3302 (vw), 3146 (w), 1648 (s), 1600 (m), 1569 (m), 1534 (m), 1478 (s), 1373 (w), 

1336 (w), 1255 (s), 1209 (s), 1143 (s), 1105 (w), 1026 (w), 1012 (w), 953 (w), 848 (m), 800 (s), 

789 (w), 768 (w), 742 (m), 710 (w), 700 (w), 661 (s), 634 (w), 587 (s), 551 (w), 528 (w), 511 (vw), 

470 (w), 420 (w). 

Elemental Analysis: Analysis calculated for C40H12F36N5 O12S2Dy2: C, 26.29; H, 0.66; N, 3.83%. 

Found: C, 26.51; H, 0.91; N, 3.91%. 

Crystal Data: Collected on an Agilent Super Nova Atlas CCD diffractometer using 

monochromated Mo-Kα radiation (λ = 0.71073 Å) at the University of Guelph at 150(2) K, triclinic 

space group P-1, a = 13.03194(14), b = 14.04827(17), c = 16.08747(19) Å, α = 82.8989(10), β = 

89.8549(9), γ = 84.1445(9) °, Calculated density = 2.088 g/cm3, V = 2907.24(6) Å3, Z = 2, Zʹ = 1, 

1069 parameters were refined using 29617 unique reflections to give R = 3.27% and wR = 9.58%. 
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Compound Name: 4-(2ʹ-furyl)-2,2ʹ-bipyrimidine η2-tris(hexafluoroacetylacetonato) 

Dysprosium(III) η3- tris(hexafluoroacetylacetonato) Dysprosium(III) 

[Dy(hfac)3]2(furylbipym) 

MW: 1791.52 g/mol 

 

 

 

 

 

Appearance: Yellow solid 

Notebook: AM-7-30 

First Made: 16 May 2014 by Adam Maahs 

IR(KBr) (cm-1): 3169 (vw), 3145 (w), 3104 (vw), 1650 (s), 1611 (m), 1598 (w), 1585 (m), 1561 

(m), 1541 (m), 1492 (s), 1426 (m), 1394 (m), 1384 (vw), 1354 (w), 1257 (s), 1210 (s), 1145 (s), 

1103 (m), 1024 (m), 1016 (m), 953(w), 935 (m), 884 (w), 853 (w), 829 (w), 805 (s), 772 (m), 742 

(m), 715 (m), 688 (m), 661 (s), 588 (s), 528 (m), 471 (w). 

Elemental Analysis: Analysis calculated for C42H14F36N4O13Dy2: C, 28.16; H, 0.79; N, 3.13% 

Found C, 28.31; H, 0.91; N, 3.02%. 

Crystal Data: Collected on an Agilent Super Nova Atlas CCD diffractometer using 

monochromated Mo-Kα radiation (λ = 0.71073 Å) at the University of Guelph at 150(2) K, triclinic 

space group P-1, a = 11.97827(18), b = 13.7093(2), c = 17.9169(3) Å, α = 93.3231(14), β = 

90.7189(14), γ = 98.3813(13) °, Calculated density = 2.048 g/cm3, V = 2905.23(8) Å3, Z = 2, Zʹ = 

1, 1099 parameters were refined using 28136 unique reflections to give R = 3.61% and wR = 7.73%. 
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Compound Name: 4-(2’-4-(2’’-furyl)-pyrimidyl)-1,2,3,5-dithiadiazolyl η2-

bis(hexafluoroacetylacetonato) Manganese(II) η3- tris(hexafluoroacetylacetonato) 

Gadolinium(III) 

Mn(hfac)2Gd(hfac)3(furylpymDTDA) 

MW: 1496.73 g/mol 

 

Appearance: purple solid 

Notebook: AM-9-48 

First Made: 23 February 2015 by Adam Maahs 

IR(KBr) (cm-1): 3142 (w), 1649 (s), 1604 (m), 1561 (w), 1536 (m), 1491 (s), 1388 (w), 1371 (w), 

1347 (w), 1324 (vw), 1258 (s), 1209 (s), 1145 (s), 1101 (w), 1023 (vw), 1014 (w), 971 (vw), 952 

(vw), 913 (w), 884 (w), 850 (w), 806 (m), 765 (w), 742 (w), 690 (w), 661 (s), 587 (s), 528 (w), 504 

(w), 471 (w). 

Elemental Analysis: C34H10F30N4O11S2GdMn: C, 27.28; H, 0.67; N, 3.74%. Found: C, 27.48; H, 

0.74; N, 3.67%. 
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APPENDIX 2: Sublimation Techniques 

 

DYNAMIC VACUUM 

 

 Sublimations described in this thesis carried out under dynamic vacuum conditions were 

performed on a tube furnace with three programmable temperature zones (Figure A2.1). The 

sample, in a two-dram vial, is placed in a 30 inch long glass tube and slid inside a slightly larger 

diameter and longer outer glass tube which is connected to the vacuum apparatus. Pressures down 

to 10-2 torr are achieved using a rotary vacuum pump. Pressures of 10-5 torr are achieved using a 

rotary vacuum pump in combination with an oil diffusion pump. For crude products with no volatile 

by-products, the first temperature zone (containing the crude material) is heated slowly to the point 

of sublimation of the product and pure material is allowed to collect in the second temperature zone 

which is set to a lower temperature. For crude products with volatile by-products, all three 

temperature zones are heated slowly to the point at which the by-product(s) sublime and the by-

product(s) are allowed to collect beyond the third temperature zone. The first temperature zone 

(containing the crude material) is then heated further to the point of sublimation of the product and 

pure material is allowed to collect in the second temperature zone which is set to a lower 

temperature. When to more pure material can be obtained from the sublimation pot, all three 

temperature zones are allowed to cool to room temperature. The entire assembly is then filled with 

argon gas, the inner glass tube is removed from the tube furnace, and quickly sealed with a rubber 

stopper. The segment of the glass tube containing the desired product is cut from the remainder of 

the tube by scoring the glass with a glass knife and rapidly heating the scored area with a flame 

heated glass rod. If the product is air sensitive, the tube segment is quickly transferred to an argon 

filled glove box to collect the sublimed product. 

 

 



315 
 

 

Figure A2.1: Three temperature tube furnace used for dynamic sublimation. 

 

STATIC VACUUM 

 

 Sublimations described in this thesis carried out under static vacuum conditions to obtain 

crystals suitable for single crystal x-ray diffraction studies were performed in a programable tube 

furnace with a single temperature zone (Figure A2.2) in a sealed glass tube. Crude samples were 

loaded into a 12 inch long glass tubes ranging between 8-10 mm in diameter, air sensitive samples 

were loaded in the tube inside an argon glove box. The tube was evacuated using a rotary vacuum 

pump to a pressure of approximately 10-2 torr before being carefully sealed using a flame to collapse 

the glass walls of the tube inward. The sealed tube was then placed in a bed of glass wool inside 

the tube furnace with a portion of the glass tube outside the tube furnace. The temperature of the 

tube furnace was slowly raised until material sublimed from the heated portion of the tube, 

collecting at the comparatively cooler portion of the tube outside the furnace. The sublimed material 

was inspected for crystallinity under a microscope. 
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Figure A2.2: Tube furnace used for sublimations under static vacuum 


