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ABSTRACT 

 

1,2,3,5-DITHIADIAZOLYL RADICAL LIGANDS WITH SULFUR-CONTAINING 

HETEROCYCLIC  R-GROUPS AND THEIR COORDINATION COMPLEXES 

  

  

Carolyn Michalowicz       Advisor: 

University of Guelph, 2016     Professor Kathryn E. Preuss 

  

      

This thesis presents the first 1,2,3,5-dithiadiazolyl (DTDA) radicals with a sulfur-

containing moiety outside the DTDA ring. Three new DTDA-based ligands were synthesized 

and characterized along with several of their lanthanide and transition metal complexes. The 

three novel radicals are 4-(γ -benzoisothiazolyl)-1,2,3,5-dithiadiazolyl (bitaDTDA), 4-(5-methyl-

γ -benzoisothiazolyl)-1,2,3,5-dithiadiazolyl (bitaplusDTDA) and 4-(benzothiazol-β -yl)-1,2,3,5-

dithiadiazolyl (betaDTDA).  BitaDTDA has been coordinated to three lanthanide ions; La(III), 

Gd(III) and Dy(III).  BitaplusDTDA has been coordinated to Mn(II) and Dy(III).  BetaDTDA 

has been coordinated to Mn(II), Fe(II), La(III), Pr(III), Gd(III), Tb(III), Dy(III) and Er(III).  

Almost all the complexes and radicals presented in this thesis dimerize in the solid state.   

Also described in this thesis are three Dy(III) single molecule magnets with energy 

barriers of 84 K, 85 K and 126 K.  The coordination of La(III) to bitaDTDA resulted in the first 

ten (10) coordinate Ln-DTDA complex of a DTDA dimer, such that the Ln(III) is coordinated to 

both the ligands of the dimer.  Three polymorphs of La(hfac)3(betaDTDA)2 have been identified 

and characterized.  Over ten new compounds have been synthesized and characterized. 
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Chapter 1: Introduction 

1.1 Foreword 

Magnetic materials have a wide range of applications1 and are found in everyday objects 

like compasses, credit cards, hard drives, motors, and transformers.  Most bulk magnetic 

materials are composed of metals, metal alloys and metal oxides, such as naturally occurring 

magnetite, which is an iron oxide (Fe3O4).  These traditional magnetic materials, or “bulk” 

magnetic material, have certain limitations when compared to molecule-based magnetic 

materials.  The magnetic properties of “bulk” materials arise from large domains interacting with 

an applied magnetic field, whereas molecule-based magnetism can arise from domains as small 

as a discrete molecule.  Discrete molecules can be designed with specific functional groups to 

influence a variety of different properties including, magnetism, luminescence, and conductivity.  

Molecule-based materials can be useful because there is a vast amount of knowledge about how 

synthetic operations work and how to tailor molecules to intended specifications.  Molecule-

based materials can be soluble in organic solvents and volatile making processing of molecule-

based materials easier.  Finally molecular design can be employed to create multifunctional 

materials with a combination of properties. 

Organic radicals can be used as building blocks for molecule-based magnetic materials.2,3  

The range and variety of magnetic properties is vast, including magnetostriction,1 

magnetocaloric effects,4 ferrofluids,5 and single molecule magnets.6,7  This thesis focuses on 

organic radicals as building blocks for molecule-based magnetic materials and employs a metal-

radical approach with organic radicals and paramagnetic metals.8  There is a handful of organic 

radicals used for these purposes but the focus of this work is on DTDAs, a class of thiazyls.3,9       
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1.2 General Magnetism 

In order to design molecule-based magnets, it is necessary to understand the interaction 

of orbital and magnetic moments of electrons.  Spin orbit coupling refers to the interaction 

between the angular momentum of the electron and the atomic orbital of the electron.  For a 

single electron the “spin” (intrinsic angular momentum) is represented by the quantum number s 

= 1/2.  Electrons have a spin quantum number, ms, that indicates the direction of the magnetic 

moment either “up” (+1/2) or “down” (-1/2) (Figure 1.1).  The orbital angular momentum of an 

electron is represented by l and describes the orbital shape whereas the magnetic quantum 

number ml refers to the spatial orientation of the orbital (Figure 1.1).  The vector sum of the l 

and s provides the electron angular momentum j (Figure 1.1).  In a system with more than one 

electron, the sum of each j value provides the total angular momentum J , known as j-j 

coupling.10  

 

Figure 1.1: The spin angular momentum ms = ± ½ (a), orbital angular momentum of a d-orbital 

(b), spin orbit coupling (c) parallel spin orbit coupling of magnetic moments 

The interaction between the total spin angular momentum S and the total orbital angular 

momentum L is referred to as Russell-Saunders coupling and it is a more convenient method 

than j-j coupling for determining the total angular momentum J.  This is a valid simplification 

when only light atoms are involved.  When rationalizing magnetic interactions and single ion 

magnetism the term symbol (Figure 1.2) provides relevant information about the electron 

configuration.  Spin orbit coupling can have a large impact on the magnetic nature of a species, 
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as the interaction between electrons and orbital momentum may affect the magnetic moment and 

magnetoanisotropy of a system.  Relevant to this thesis, the spin-orbit coupling of lanthanide 

ions is important when designing single molecule magnets (vide infra).     

2S+1LJ 

Figure 1.2: Term symbol for atomic states (Russell-Saunders coupling); 2S+1 is the spin 

multiplicity  

All atom-based matter will interact with an external applied magnetic field, however the 

type of interaction changes based on the electronic structure of the matter in question.  

Diamagnetic materials are repelled by a magnetic field.  All the electrons in a diamagnetic 

material are paired, and the net magnetic moment ST of a diamagnetic species in its ground state 

is zero.  The electron pairs (core, bonding, and lone pairs) produce a weak magnetic dipole 

opposing the external field and therefore are repelled by the field, and thus the diamagnetic 

material is repelled by the field.  Paramagnetic materials have one or more unpaired electron(s) 

with randomly oriented spins and no permanent orientation of the magnetic moment.  When a 

magnetic field is applied, the moment of an unpaired electron aligns with the external field.  A 

paramagnetic material usually has lower lying filled orbitals (i.e., paired electrons), that 

contribute a diamagnetic response, but the paramagnetic response is 2 to 3 orders of magnitude 

greater than the diamagnetic contribution.11  Thus, a paramagnetic material is attracted to a 

magnetic field.  

 � = �� + �         Equation 1.1    

To determine the magnetic nature of a material, a measure of the magnetization M as a 

function of applied field H provides the magnetic susceptibility χ (at low applied magnetic field) 

(Figure 1.3).  There are several possible ways of measuring M as a function of H (e.g., Faraday 

balance, Evans’ σMR method, etc.).  The data presented herein were collected and modeled by 

our collaborator, Dr. Rodolphe Clérac, at U. Bordeaux/CRPP using either a Magnetic Property 

Measurement System (MPMS) or a Physical Property Measurement System (PPMS), both of 

which rely on SQUID (Superconducting Quantum Inference Device) technology. 

Instrumentation details are provided in the appropriate experimental sections.  The magnetic 



 

4 
 

susceptibility χ of a species is a bulk measurable quantity typically reported as the molar 

magnetic susceptibility in units of cm3∙mol-1.  When diamagnetic materials are subjected to a 

magnetic field they produce a negative magnetic susceptibility (repelled), whereas a 

paramagnetic material is attracted to the field, producing a positive magnetic susceptibility 

(Figure 1.3).  For both diamagnetic and paramagnetic materials, when the applied magnetic field 

is removed, the net magnetization returns to zero, as neither species exhibits permanent 

magnetization.  The overall magnetic susceptibility can be described as a linear combination of 

several contributions, most importantly, the diamagnetic and paramagnetic susceptibility 

(Equation 1.1).10       

 � = �  

Figure 1.3: Ideal relationship of magnetization as a function of an applied field for a 

paramagnetic system (a) and a diamagnetic system (b)    

 Figure 1.3 is only valid for a weak magnetic field.  With increasing magnetic field, 

eventually the slope will deviate from linearity because the sample will eventually reach 

magnetic saturation (Msat).  Any further increase in applied field will not affect the magnetization 

(Figure 1.4).  The relative energy of the spin states changes upon application of a magnetic field.  

An applied field will lift the degeneracy of spin microstates such that there is an energy gap 

created (Zeeman splitting).  As the magnetic field increases, the gap between the microstates 

becomes larger, and if the gap is wide enough, the excited states will no longer be thermally 

occupied (Boltzmann distribution) and only one state is populated (saturation).  The saturation 

magnetization measurement is performed at very low temperature (typically 2 K) to minimize 

the contribution from the thermal component and therefore reach magnetic saturation at an 
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achievable applied field (e.g., between 5 and 10 T).  For a paramagnetic species, removal of the 

magnetic field is accompanied by the magnetization returning to zero. 

 

Figure 1.4: Magnetic Saturation for a paramagnetic species  

The Curie Law describes an ideal paramagnet in which the magnetic moments of the 

isolated spins are completely independent of one another.  Thus, the Curie Law treats non-

interacting paramagnetic species and does not take into account inter- or intra-molecular 

interactions between unpaired electrons.  Furthermore the Curie law is only valid when H/kBT is 

small (H/T< 1.5 T/K).  This condition is met in the linear region of the magnetization as a 

function of applied field, χ = M/H.  Then, the magnetic susceptibility is predicted to be inversely 

proportional to temperature. � = �2� = C
T
        Equation 1.2 

Equation 1.2 shows the Curie law in which, NA is Avogadro’s number, kB is the Boltzmann 

constant and  is the magnetic moment.  The Curie constant “C” predicts a linear relationship 

between paramagnetic susceptibility and the temperature (for small H/kBT).  Although ideal 

paramagnetic behavior is uncommon, many compounds present near-Curie behavior. Weak 

interactions between unpaired electrons cause a small deviation from the Curie Law, and it is 

reasonable to use a modification to the Curie Law to account for the magnetic “bath” that a 

paramagnetic molecule experiences when surrounded by other paramagnetic molecules.       
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The Curie-Weiss Law (Equation 1.3) is a modification of the Curie law that attempts to 

account for small deviations from ideal Curie behavior, usually interpreted as weak 

intermolecular interactions. In the solid state, the individual paramagnetic species are not isolated 

from one another, but are in a weak net magnetic field imposed by their neighbors.  The sign of 

the Weiss constant “ϴ” is then interpreted as an indication of overall FM or AF interactions 

between the individual paramagnetic species and the magnetic “bath” in which they reside.  A 

negative ϴ indicates a net AF interaction whereas a positive ϴ indicates a net FM interaction.  

The magnitude of the Weiss constant delineates the strength of the intermolecular interactions.    

 � = C
T−�        Equation 1.3 

   

The Weiss constant ϴ can be defined by (Equation 1.4), where z represents the number 

of interactions of some magnitude J’.  Since the model does not make any attempt to isolate the 

specific weak interactions, the value of the zJ’ product is normally quoted.  Strong, specific, or 

directional interactions between magnetic moments cannot be modeled reasonably by the Curie-

Weiss equation.     � = ��' +�         Equation 1.4 

 

1.3 Magnetic Coupling (Exchange Coupling) 

The interaction between magnetic orbitals of molecular species is an important factor in 

characterizing the magnetic properties in this thesis.  When magnetic centers interact through 

space, through bonds, or through intermolecular contacts their magnetic properties can be 

understood by identifying characteristic features in the behavior of the χT product as a function 

of temperature (Figure 1.5).  In Figure 1.5, a two-moment system (two spin centers interacting) 

is used as a representative case.   
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Figure 1.5: Magnetic susceptibility as a function of temperature representing ferromagnetic 

coupling (red), antiferromagnetic coupling (blue) and ideal paramagnetic behavior (black) for a 

two magnetic moment system 

An ideal paramagnetic material is represented by a straight line in the plot of χT as a 

function of temperature (Figure 1.5).  Using a two-electron system as an example, a 

ferromagnetic interaction accounts for a parallel alignment of “spins”, meaning that the ground 

state has the highest spin multiplicity.  As the temperature is decreased (from room temperature) 

the excited state (S = 0) is thermally depopulated and the population of the ground state (S = 1) 

increases.  At low enough temperature, the excited state may become completely depopulated, 

and the χT ceases to change as a function of temperature.  An antiferromagnetic interaction is an 

antiparallel alignment of “spins”, meaning that the ground state has the lowest spin multiplicity 

(S = 0).  An antiferromagnetic interaction is observed when a decrease in temperature results in 

depopulation of the thermally populated excited S = 1 state (Figure 1.6).  The singlet-triplet 

energy gap is given by ΔEST = 2J (Figure 1.6).  The interaction parameter J between magnetic 

moments is either a positive or a negative number depending on either an FM or AF exchange 

coupling, respectively.    
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Figure 1.6: Energy gap between singlet and triplet electronic configurations; ferromagnetic 

coupling (left), antiferromagnetic coupling (right) 

The Heisenberg- Dirac-Van Vleck Hamiltonian (HDVV) is a phenomenological model 

used to express the coupling interactions between spin magnetic moments.12  The spin 

Hamiltonian may be written in different forms, however for the work presented in this thesis the 

spin Hamiltonian will refer to (Equation 1.5).  The magnitude and sign of J are a direct 

indication of the “strength” of the exchange coupling between the spin angular momentum 

operator’s Ŝi and Ŝj.  The spin operators are defined by different subscripts representing two 

different magnetic moments involved in exchange coupling.  The stronger the interaction 

between spins, the larger the energy difference will be between the S = 0 and S = 1 state.  If there 

is no interaction between the magnetic moments then the J value will be zero.   �̂ = − � ̂ ∙ ̂         Equation 1.5 

Based on the symmetry of the overlapping magnetic orbitals, the sign of J can be 

predicted (FM or AF).  Figure 1.7 illustrates a simple model for the interaction of two electrons, 

one in a p orbital, representing the π system of a paramagnetic ligand, and one in a d orbital, 

representing a paramagnetic metal ion.  FM coupling occurs when there is orthogonal overlap of 

the orbitals and AF coupling occurs when there is non-orthogonal overlap of the magnetic 

orbitals.  FM coupling is essentially a statement of Hund’s rule in which the lowest energy 

electronic configuration for a set of unpaired electrons in a set of orthogonal orbitals is one in 

which maximum spin multiplicity is achieved (electrons of like spin cannot be in the same space 
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resulting in lower electrostatic repulsion).8  The ground state is therefore the highest spin state 

(FM coupling) for orthogonal magnetic orbitals.  AF coupling is predicted to occur if the 

interacting orbitals are non-orthogonal.  AF coupling is essentially an extension of the Pauli 

Exclusion Principle, in which no two electrons will have the same four quantum numbers (three 

of these numbers are for spatial distribution and one is for spin orientation) and therefore the 

ground state is expected to be a lower spin state, zero if the two magnetic moments are equal 

(Figure 1.7).10   

  

Figure 1.7: Orbital theory for ferromagnetic and antiferromagnetic exchange coupling 

 

1.4 The Metal-Radical Approach 

The metal-radical approach employs spin bearing ligands to mediate the exchange 

coupling between paramagnetic metal ions to create high spin molecule-based materials.8  The 

interaction between the magnetic moments of radicals and metal ions can result in ferromagnetic 

or antiferromagnetic coupling.8  There is direct overlap between the magnetic orbital of the metal 

and the ligand, which results in exchange coupling.  If a paramagnetic ligand is used to bridge 

two paramagnetic metal ions, there can be exchange coupling between the magnetic moments of 

the ligands and both metal centers.8  Intermolecular interactions can also provide exchange 

coupling pathways.13  The magnetic moments can orient themselves in either a parallel or 

antiparallel fashion (Figure 1.8).  Ferromagnetic and antiferromagnetic coupling between the 

metal and ligand orbitals can be reliably predicted based upon the symmetry of the interacting 

orbitals (orthogonal overlap for FM and non-orthogonal overlap for AF).  Figure 1.8 provides an 

example of the possible orbital interactions between a paramagnetic metal ion and a 
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paramagnetic ligand.9  A π-type orbital is used in Figure 1.8 to represent the ligand because this 

is a reasonable simplification for the magnetic orbital of most organic light-atom radical ligands.   

 

Figure 1.8: Simple orbital overlap model to represents FM and AF interactions; “M” represents 

a paramagnetic metal and “L” represents a paramagnetic ligand  

 

1.5  Magnetic Ordering 

The internal magnetic dipoles of atom-based matter respond to an applied magnetic field.   

Many different types of magnetism exist, however for the purpose of this thesis, only a few 

relevant examples will be discussed.  Ferromagnetism (FM) and antiferromagnetism (AF) are 

based on long range ordering of unpaired electrons in 3-D systems and are critical phenomena.  

Above a critical temperature they no longer order magnetically and instead behave as a 

paramagnet.  The magnetic moments of an ideal paramagnetic material do not show any 

preference in their alignment relative to one another in the absence of a magnetic field.  

Ferromagnetic and antiferromagnetic interactions result in parallel or antiparallel alignment of 

magnetic moments respectively.  Different types of magnetism exhibit characteristic behavior in 

magnetic susceptibility (χ) as a function of temperature (Figure 1.9).  For ferromagnetic and 

antiferromagnetic (ordered) materials, the large domains of spins behave cooperatively below a 

critical temperature, referred to as the Curie temperature for FM ordering and the Néel 

temperature temperature for AF ordering (Figure 1.9).  



 

11 
 

 

Figure 1.9: Magnetic susceptibility as a function of temperature; ferromagnetism (red), 

paramagnetism (black, antiferromagnetism (blue) (TC = Curie Temperature, TN = Néel 

Temperature) 

Magnetic hysteresis occurs in materials that order ferromagnetically as a result of 

magnetic domains aligning with an applied field causing a bulk magnetization.  Once the sample 

saturates magnetically (Msat), it retains magnetization (remnant magnetization, MR) after the 

applied field is removed.  For the magnetization to return to zero, a magnetic field must be 

applied in the opposite direction.  The reversal of the orientation of magnetic field can be 

observed in a magnetic hysteresis loop (Figure 1.10), which is represented in a plot of M vs. H.      

The purple dotted line in Figure 1.10 represents the initial magnetization of a virgin material to 

magnetic saturation.  The width of the magnetic hysteresis loop is referred to as the coercive 

field HC, which is the field required to reverse, or “flip”, the orientation of the magnetic moment.  

The coercive field defines a material as a “hard” or “soft” magnet depending on the width of the 

loop.  A hard magnetic material has a large coercive field whereas a soft magnetic material has a 

small coercive field.  Since ferromagnetism is a critical phenomenon, hysteresis can only be 

observed below a certain onset temperature.   
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Figure 1.10: Magnetic hysteresis loop for a ferromagnetic system, Msat is the magnetic 

saturation, MR is the remnant magnetization, HC is the coercive field, Happ is the applied field, 

and the magenta dashed line represents that initial magnetization  

 

1.6 Single Molecule Magnets (SMMs)  

In the last 25 years, single molecule magnets (SMMs) have become an increasingly 

popular and a promising field of research.  Single molecule magnets possess the potential for 

spin-based high-density storage and quantum computing devices.7  SMMs are discrete molecular 

entities that have a bi-stable magnetic ground state with an energy barrier that separates the 

inversion of spin orientations.  The effective energy barrier “Ueff” results in a slow relaxation 

between spin states and in some cases magnetic hysteresis.14,15,16  Relaxation refers to the process 

in which the net moment returns to its original state.  The relaxation time of an SMM is about 

108 times slower than that of a paramagnet.14  In order to exhibit SMM properties, a molecule 

must have uniaxial magnetoanisotropy (D) and a high spin ground state (S).  An oversimplified 

equation for the effective energy barrier of an SMM can be given by Equation 1.6.     = | |         Equation 1.6 

Magnetoanisotropy refers to a preferential direction for magnetization, in the case of SMMs 

there is an “easy axis”.  The easy axis is the energetically favourable direction for magnetization.  

Magnetoanisotropy is caused by zero field splitting, which removes the degeneracy of 
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microstates in the absence of an applied magnetic field.  Spin orbit coupling contributes to the 

zero-field splitting.  Crystal field effects can also contribute to enhancing the effective energy 

barrier.    

 

Figure 1.11: Thermal energy barrier and quantum tunneling mechanism (QTM) for spin 

relaxation in an SMM 

There are two ways that relaxation between spin states can occur; over the energy barrier 

(thermal activation) or through the energy barrier (quantum tunneling) (Figure 1.11).  Single 

molecule magnetism is a quantum phenomenon so the relaxation can occur via a quantum 

tunneling mechanism (QTM).  If a SMM demonstrates hysteresis then the quantum tunneling 

mechanism results in “steps” in the plot of M vs. H (Figure 1.12). 

   

Figure 1.12: Simple oversimplified magnetic hysteresis loop showing “steps” due to quantum 

tunneling 
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Quantum tunneling can be significantly reduced, but not removed entirely, by applying a 

weak dc field that lifts degeneracy of the lower lying spin microstates “MS” (Figure 1.13).  By 

reducing relaxation via QTM, the relaxation time for the SMM should be increased.  SMMs are 

tested with the application of different dc fields to determine the optimal field in which QTM is 

diminished the most.            

 

Figure 1.13: Application of a dc field lifts degeneracy of lowest microstates and diminishes the 

contribution from the Quantum Tunneling Mechanism (QTM)  

There are different ways to characterize SMMs.  The two most common methods are to 

measure the thermal energy barrier (the effective energy barrier) between spin states or to 

measure the magnetic blocking temperature.  The magnetic blocking temperature TB is the 

highest temperature at which the SMM displays hysteresis in plots of magnetization (M) versus 

magnetic field (H).17  Comparing the magnetic blocking temperatures for SMMs requires a 

special type of magnetometer known as a microSQUID and must be examined carefully because 

the blocking temperature depends on the sweep rate of the magnetic field applied and not all 

SMMs exhibit hysteresis.17  Consequently all of the SMMs presented in this thesis will be 

examined by comparing their effective energy barrier.  Comparing the effective thermal energy 

barrier is more universally applicable (comparison between SMM can be ambiguous).  
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1.7 Magnetic Measurements for SMMs 

Slow magnetization dynamics associated with SMMs can be characterized by ac 

susceptibility measurements with a SQUID.  When the oscillation frequency of the applied field 

is increased, the magnetic moment of the species experiences a “lag” and is no longer in sync 

with the oscillating direction of the applied field.  An “out-of-phase” component appears in the 

magnetic susceptibility.  A peak maximum in the plot of the out-of-phase component of the 

susceptibility (χ ) as a function of temperature at various frequencies characterizes the slow 

relaxation dynamics (Figure 1.14).  Figure 1.14 shows both the thermally activated mechanism 

and the QTM.  The χ  components show frequency dependence in the high temperature region 

signaling the relaxation of spins through thermally activated pathways.  At low temperatures, 

quantum tunneling is predominate.      

     

Figure 1.14: The thermal and quantum relaxation regimes on a generic plot of χ  (cm3∙mol-1) as 

a function of T (K) at various frequencies indicating slow relaxation dynamics for a SMM, 

different coloured data points represent various ac frequencies 

An applied dc field can suppress QTM so that an effective thermal energy barrier can be 

measured (vide supra).  The out-of-phase susceptibility (χ ) measured as a function of frequency 

can be used to determine the relaxation time and in turn the effective energy barrier.  The χ ( ) 

isotherms provide an average relaxation time “ ” for each temperature.  The best fit to the 

Arrhenius relationship will give the (Ueff) thermal energy barrier.  From a plot of ln( ) as a 

function of 1/T, the anisotropic barrier (Ueff) is extracted from the slope when ln( ) is linearly 

dependent on 1/T.  The characteristic time can also be referred to as the pre-exponential factor 0 
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and the Boltzmann constant is represented by kB.  A characteristic time between 10-7 and 10-10 

seconds is expected for molecular species.18 

 � = � ��� �         Equation 1.7 

The energy barriers presented in this thesis are measured in Ueff/kB that is quoted in units of K, 

however they can also be presented in units of wavenumbers (cm-1) (1 K = 0.695 cm-1/kB).  The 

average energy barrier (Ueff/kB) for single ion SMMs is 86 K.14,19 

In 1993 the first SMM, Mn12O12(OAc)16(H2O)4 (Mn12), was reported in the literature.7,20  

Often referred to as Mn12, it is considered to be a generic model for SMMs.  The M12 SMM 

(Figure 1.15) has both high spin and significant magnetoanisotropy.  Mn12 consists of Mn(III) 

and Mn(IV) ions AF coupled to one another.  The AF coupling between the Mn(III) ions and the 

Mn(IV) ions generates an overall total ground state spin S = 10.  Most SMMs after the discovery 

of M12 were transition metal based, 19,20 but more recently there has been a push towards using 

lanthanides for SMMs due to their magnetically promising electronic structures.15   

 

Figure 1.15: The Mn12O12 core 

1.8 Lanthanides  

Lanthanides are commonly referred to as rare earth metals.  However the title “rare earth” 

can be misleading as lanthanides are not rare in terms of abundance, but are difficult to extract 

and separate from one another.  For instance dysprosium is derived from the Greek word 

“dysprositos” meaning “hard to find”.21  The electronic structure of lanthanides can give rise to 

some interesting and useful magnetic properties.15,22  Two of the strongest magnets known have 
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compositions that include lanthanides; SmCo5 and Nd2Fe14B.1,23  An alloy of terbium and 

dysprosium (Terfenol-D) has the highest magnetostriction of any material.1  Magnetostriction is 

the property of a material that causes them to change shape when magnetized.    

The electronic structure of lanthanides has a general configuration of [Xe]4fn5d16s2.22  

The loss of 5d and 6s electrons makes the 3+ oxidation state the most stable for Ln (III) ions. 

With the 4f electrons buried in the Xe core, the bonding is primarily electrostatic.  Weakly 

interacting 4f electrons are shielded by completely filled 5s and 5p orbitals leading to 

unquenched orbital momentum of the 4f orbitals,24 unlike 3d metals in which the crystal field can 

lift degeneracies and quench the orbital angular momentum, the 4f electrons’ angular momentum 

is unquenched leading to significant magnetoanisotropy.  Magnetic properties of lanthanides 

primarily arise from strong spin-orbit coupling.24   

Lanthanide contraction accounts for the increase in nuclear charge experienced by the 4f 

electrons with atomic number.  The steady decrease in the atomic radii across the periodic table 

from La to Lu results in a lower than expected atomic radius for Hf.  The difference in atomic 

radii due to lanthanide contraction has consequences when it comes to coordination number and 

the geometrical environment of Ln(III) ions.  Earlier lanthanides have a larger atomic radii and it 

is therefore possible for them to have larger coordination polyhedra.  Coordination numbers of 

lanthanides are typically higher than that of transition metals (8-10).            

 

Figure 1.16: Prolate, isotropic “spherical”, and oblate geometries (left to right) 

The f-electron clouds for lanthanide ions can be described as prolate, oblate or isotropic 

(Figure 1.16).14  The prolate tripositve (3+) lanthanide ions are Pm, Sm, Er, Tm, and Yb.  The 

oblate tripostive lanthanide ions are Ce, Pr, Nd, Tb, Dy and Ho and the spherical tripostive 

lanthanide ions are Gd, and Lu.  Prolate is described as an axially elongation, oblate is described 

as an axial compression and isotropic refers to a spherical distribution.  The unquenched 4f 

electron’s orbital can lead to a favoured orientation for magnetization along the easy axis.  The 
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spatial distribution of ligands can maximize the anisotropy of the Ln(III) ion.  To minimize 

electron repulsion and increase the anisotropy of a prolate ion, an equatorial ligand coordination 

environment is favoured.14  An axial ligand coordination would be preferred to maximize the 

anisotropy of an oblate Ln(III) ion.  Designing and tuning ligands in attempts to alter 

coordination geometries of Ln(III) can have a significant impact on the species properties.  

   

1.9 Lanthanide SMMs 

The first lanthanide SMM reported in 2003 contained a central lanthanide sandwiched 

between two phthalocyanine ligands (Figure 1.17).25  Lanthanide SMMs have exhibited (on 

average) higher energy barriers than transition metals and therefore some of the focus for SMMs 

has shifted greatly towards lanthanides.17  The [Pc2Tb]- complex has a very high energy barrier 

(330 K) compared to other mononuclear lanthanide compounds.14,26-28  The mononuclear Tb(III) 

ion is sandwiched between axial coordinating phthalocyaninato ligands, which resulted in a very 

large thermal energy barrier (Figure 1.17).25  The central Tb(III) ion has a D4d coordination 

environment.  It is therefore feasible that the coordination environment of the lanthanide ions 

impact the thermal energy barrier of SMMs and it may therefore be beneficial to calculate the 

polyhedron geometry of the coordination sphere (vide infra).      

  

Figure 1.17: [Pc2Tb]- 25 

Lanthanides can be classified as Kramers ions and non-Kramers ions.  Kramers theorem 

states that half integer J states (total angular momentum quantum number) will have at least a 

two-fold degeneracy in zero field.  Kramers ions (odd number of electrons) will therefore have a 



 

19 
 

doubly degenerate bi-stable ground state, regardless of the crystal field.  Non-Kramers ions (even 

number of electrons) need significant ligand crystal field symmetry because they have a non-

degenerate ground state in the absence of an applied field.  When the spin multiplicity is even, 

the two-fold degenerate components are called Kramers doublets.  SMM behavior is observed 

for some Ln complexes because of the large magnetic anisotropy of the individual ions.  This 

anisotropy is caused by strong spin-orbit coupling and the crystal field effects from the ligand 

field.29  The effective energy barrier is sometimes a consequence of the unquenched orbital 

momentum, commonly found in lanthanides.  The ligand field is small in lanthanides and only 

partially removes the orbital degeneracy.   

Dy(III) is often chosen for the design of lanthanide SMMs because it has significant 

magnetoanisotropy and is a high spin Kramers ion.  Therefore it has a doubly degenerate ground 

state with eight Kramers doublets (bi-stable ground state).17  Although Dy(III) is the most 

common lanthanide used in SMMs reported in the literature, many other lanthanides have also 

been employed for SMM purposes; Er(III), Tb(III), Ho(III).  Non Kramers ions (e.g., Tb(III) 

used in single molecule magnets) can produce very high effective energy barriers between spin 

states under certain conditions.  For Tb(III)-SMMs the ground state is only bistable when the 

ligand field has significant axial symmetry because Tb(III) is not a Kramers ion, but it does have 

oblate electron density.  An excellent model that shows the importance of ligand symmetry on 

Kramers and non-Kramers ions is [Pc2Ln]n (Figure 1.17).25   

Ever since the first lanthanide SMM was reported there has been a steady rise in interest.  

Mononuclear, dinuclear and polynuclear SMMs have been observed.19  Dinuclear or 

polymetallic Ln complexes can demonstrate high Ueff leading to magnetic hysteresis at 14 K.30,31   

It is evident that the ligand environment plays a critical role in determining the energy barrier for 

the SMM.  As Murugesu demonstrated when working with Dy2(valdien)2(L)2, the energy barrier 

was significantly increased when electron withdrawing auxiliary ligands were used in relation 

with valdien (N,N-bis(3-methoxysalicylidene)diethylenetriamine).32  There are also reported 

examples of radicals mediating magnetic coupling between lanthanides to increase the energy 

barrier of the SMM.18,31,33  The N2
3- paramagnetic bridging ligand provides a pathway between 

Dy(III) ions and enhances the slow magnetic relaxation compared to the diamagnetic N2
2- 

analogue30,31,33        
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1.10 Shape Parameter Measurements  

Shape parameter measurements (SM) are calculations that can quantify how much a 

species deviates from a standard symmetry/geometry.  The shape-measure deviation “SM” is a 

measure of how closely a coordination polyhedron relates to a standard polyhedron geometry, 

i.e., D2d, C2v, D4d.
34  It is the root mean square standard deviation relative to the standard 

geometry.  Shape parameter measurements are only possible for 4-9 coordinate complexes.      

�� = ��� [  
 √1� ∑ �� − ���= ]  

 
 

Equation 1.8: Shape measure parameter equation- SM = shape measure, min = minimum, δi = 

observed dihedral angle θi = corresponding dihedral angle for a reference structure, m = number 

of possible edges34-36 

Equation 1.8 represents the shape-measure deviation calculation measuring the difference 

between the dihedral angles along the edges for the crystal structure of the actual compound and 

the reference shape.17  The dihedral angle can also be referred to as the phi twist angle (Figure 

1.18).      

 

Figure 1.18: φ twist angle or dihedral angle between planes of the ligands17,35 

Other methods exist to determine the coordination polyhedron of the complexes, however 

the shape measure deviation provides a quantitative number to compare coordination geometries 

to one another.34,37  This is particularly useful when a crystal structure is composed of two 

unique Ln(III) ions. 
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SM calculations can determine the relative geometry of the lanthanide ions for SMMs.  

The height of the thermal energy barrier for an SMM relies on both the spin orbit coupling and 

the crystal field effects.  The thermal energy barrier is linked to the coordination environment of 

the lanthanide ion.14,38  Therefore by determining the symmetry of the central lanthanide ion it 

may be possible to rationalize the difference in energy barriers between the Ln(III) SMMs and 

consequently determine why certain Ln complexes do not act as SMMs.17,39   

1.11 Electron Paramagnetic Resonance (EPR) 

Electron Paramagnetic Resonance (EPR) spectroscopy is a valuable tool in the 

characterization of radical species because it is a non-destructive spectroscopic technique that 

provides qualitative and quantitative analysis related to the distribution of the spin density.   

 

Figure 1.19: EPR absorption example and first derivative, E represents energy and B0 represents 

magnetic flux 

During an EPR experiment, when a magnetic field is applied, the magnetic moment of an 

unpaired electron can align with the magnetic field (ms= -1/2) or against the magnetic field (ms= 

+1/2) so that there is an energy difference between these two states (Figure 1.19).  The 

difference in energy between these two states is known as the resonance energy.  In EPR 

experiments, the magnetic field is varied until the difference between the two microstates (Ms) 

matches with the energy of radiation being applied (Figure 1.19).40  The energy difference 
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resulting from an applied magnetic field (i.e., Zeeman splitting) can be stated with the following 

equation.  ∆ = ��         Equation 1.9 

The energy absorbed by the electron can be defined as ΔE.  The magnitude of B0 is the magnetic 

flux and  is a constant referred to as the Bohr magneton, which expresses the magnetic moment 

of an electron.  Based on Plank’s law, when ΔE = h , electromagnetic radiation can be absorbed; 

h represents Planks constant and v is the frequency of radiation.  The g-factor “g” is a 

dimensionless scalar quantity. The environment that surrounds the unpaired electron (the 

shielding) will affect the value of the g-factor.    In organic molecules containing such atoms as 

H,C,O and N, the nuclei present will have only a small impact on the g-factor however larger 

nuclei (like transition metals) will make a significant impact on the g-factor due to spin orbit 

coupling.  For a free electron in a vacuum the g-factor is 2.002313043617.41    

The absorption peak (Figure 1.19) is converted into the first derivative using a phase 

sensitive detector.40  There are several benefits in using the first derivative; it makes the features 

of the spectrum distinguishable from noise, it also makes it easier to determine the center of the 

signal (as it passes through zero) and to resolve multiplicity.  Not only does the applied magnetic 

field affect the electron but the nuclei of many atoms, specifically certain isotopes, will also 

produce a local magnetic field at the electron.  The interaction between the electron and nuclei is 

referred to as hyperfine coupling.     

2NI+1 = number of lines on the EPR spectrum (Equation 1.10) 

N = number of magnetic nuclei 

I = magnetic spin of nuclei 
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Figure 1.20: Hyperfine coupling 

 The number of lines in an EPR spectrum can be predicted by Equation 1.9 and is 

dependent on the type of nuclei and the spin of the nuclei that will produce a magnetic field at 

the electron.  The “a” value seen in Figure 1.20 represents the hyperfine coupling and is reported 

in units of Gauss.  The relative intensity of the lines of the spectrum for EPR is dependent on the 

number of nuclei affecting the unpaired electron.  For example, if there is only one nucleus 

affecting the unpaired electron, then every line will have the same intensity.  If a paramagnetic 

species has more than one equivalent (symmetry related) nucleus interacting with the unpaired 

electron than the relative intensity of the EPR lines will change (Table 1.1).    

Table 1.1: The number of nuclei (N) with the relative intensities of the EPR spectrum specific to 

an I=1 nucleus 

N Relative Intensities 

0 1 

1 1:1:1 

2 1:2:3:2:1 

3 1:3:6:7:6:3:1 

4 1:4:10:16:19:16:10:4:1 

5 1:5:20:45:51:45:20:15:5:1 

6 1:6:21:40:80:116:141:116:80:40:21:6:1 
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1.12 1,2,3,5-Dithiadiazolyls (DTDAs)  

Thiazyl chemistry encompasses a variety of compounds with S-N linkages including (the 

explosive) S2N2, S4N4 and polymeric (SN)x.  Even though the polymeric (SN)x was reported in 

literature as early as 1910,42 it was not until the 1λ70’s that interest in this compound resurfaced, 

with the discovery that this metallic polymer was superconducting at low temperature (0.3 

K).43,44  The metallic nature of (SN)x led to work with a variety of other compounds, including 

cyclic thiazyl radicals.  The first characterized thiazyl radical was 1,2,4,3,5- trithiadiazolyl 

radical cation (S3N2
+•), followed by a family of related species, including 1,2,3,5-dithiadiazolyls 

(DTDAs).45,46  The inclusion of carbon atoms into the thiazyl ring provides the possibility for 

diverse functionality.    

DTDAs are neutral, heterocyclic five-membered rings, with the framework consisting of 

nitrogen and sulfur atoms with a carbon atom at the 4-position (Figure 1.21).47  The nitrogen 

atoms have a partial negative charge and the sulfur atoms bear a partial positive charge.  The 

charge distribution between the “hard” nitrogen atoms and the “soft” sulfur atoms enables 

electrostatic interactions which affect the solid state packing of both the radicals themselves and 

their derivatives.9  The charge separation allows for the nitrogen atoms to act as a Lewis base 

when coordinating to “hard” metals.9        

  

Figure 1.21: Spin density and charge distribution for HDTDA 

The DTDA ring is a 7π electron system with the unpaired electron residing in a π 

antibonding orbital, referred to as the SOMO (singly occupied molecular orbital) (Figure 1.22).9  

The spin density map of the DTDA shows alpha spin (spin up) density on the sulfur and nitrogen 

atoms and beta spin (spin down) density on the carbon atom (Figure 1.21).  Although the SOMO 
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is nodal at the C-4 position, spin polarization of the underlying orbitals by the unpaired electron 

results in large beta spin density at the carbon atom.     

  

Figure 1.22: Molecular orbital diagram for a generic DTDA48 

 The nodal planes in the SOMO pass through the sulfur-sulfur bond and the sulfur- 

nitrogen bonds due to a2 symmetry of this orbital (Figure 1.22).  An advantageous consequence 

of having a nodal plane bisect the DTDA ring through the carbon-4 position is that the R 

substituent can be changed with little effect on the electronic structure of the DTDA ring (to a 

first approximation).  The R substituent can therefore be tailored to meet different specifications.  

Alterations to the R-substituent can influence crystal packing and introduce chelation pockets, 

thereby affecting the magnetic properties.    

 

1.13 Dimerization 

DTDAs have a propensity for reversible formation of π stacked dimers due to their 

electronic structure.  This type of dimerization may also be referred to as a “pancake bond” 

throughout this thesis (however “pancake bond” is not strictly representative of all dimerization 

motifs, e.g., trans-cofacial motif, vide infra).  Dimerization occurs via overlap between π 

SOMOs from two radicals resulting in a bonding interaction (Figure 1.23).9  In a solid-state 
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structure, dimerization is often characterized by the distance between the sulfur atoms being less 

than the sum of the van der Waals radii of two S2- ions (3.6 Å).  The overlap between the 

SOMOs on neighboring DTDAs results in a spin paired singlet ground state (Figure 1.23).  

Although the ground state is usually diamagnetic, in some instances the excited triplet state can 

be thermally populated if the energy gap is sufficiently small.  Dimerization of DTDAs is a 

reversible process in solution resulting in a monomer-dimer equilibrium.49  It should also be 

noted that a lanthanum complex of DTDA (La(hfac)3pyDTDA) has dimerized units at low 

temperature and exhibits a reversible breaking of the pancake bonds in the solid state.50  

Solutions of monomeric DTDAs are typically colourless or yellow, however upon cooling to 

liquid nitrogen temperatures the equilibrium is pushed towards dimerization affording colour 

change (often to intense red-orange).49  The difference in colour can be attributed to the HOMO-

LUMO energy gap for the dimer.49    

         

Figure 1.23: HOMO and LUMO energy gap of dimer shown as a simplified molecular orbital 

energy51,52 

The energy difference between the paramagnetic monomeric species (unpaired electrons) 

and the diamagnetic dimeric species (paired electrons) is shown in Figure 1.23.  Dimerization 

between DTDAs is an enthalpically favourable process with an energy similar to strong 

hydrogen bonding (ca. 35 kJ/mol).53,54  The thiazyl radicals alone are entropically favoured as 

monomeric units.  Rawson examined a variety of chlorinated aromatic DTDAs to further 

understand the singlet-triplet energy gap.55  Results indicate that an increase in the intra-dimer 

S…S distance between DTDAs is often accompanied by a decrease in the SOMO-SOMO 
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overlap.  When the interaction between SOMOs is weakened, the energy difference between the 

HOMO and LUMO decreases and the triplet state becomes thermally accessible.55     

  There are several different modes of dimerization that DTDAs have exhibited.  The 

electronic and steric nature of the R substituent can have a large impact on the dimerization 

motif.  Five dimerization motifs for DTDAs have been recorded in the literature (Figure 1.24).  

The cis-cofacial dimer is the most common form of dimerization between DTDA radicals.46  The 

solid state structure of a DTDA is difficult to predict due to possible electrostatic interactions and 

steric hindrance of the R group.  Therefore the R group can be tuned to manipulate properties, 

such as changing the dimerization motif or possibly inhibiting dimerization.    

 

Figure 1.24: Dimerization Modes of DTDA9,46,53 

There are only a handful of DTDA radicals that do not dimerize in the solid state.  The 

radicals shown in Figure 1.25 have been tailored to inhibit dimerization by using electron 

withdrawing fluorinated aromatics.  These DTDAs also experience internal σ…F repulsions 

leading to twist angles ranging from 42°- 87° between the perflurophenyl and diathiazolyl ring 

planes.56,57      
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Figure 1.25: Undimerized DTDAs in the solid state56-59 

When DTDAs and other light-atom radicals remain undimerized (paramagnetic), they 

have the potential to order magnetically at low temperatures.2  The first organic ferromagnet was 

reported in 1991, ordering below 0.6 K.60  The  and -polymorphs of p-nitrophenyl nitronyl 

nitroxide radical paved the way for light-atom organic radicals like DTDAs.61  Arguably, the 

most exceptional undimerized DTDA is p-CNC6F4DTDA, first reported by Banister and Rawson 

(Figure 1.25).49,62  The p-CNC6F4DTDA radical orders as a spin-canted antiferromagnet below 

36 K, which is the highest critical temperature for any light-atom ordered species.63    

 

1.14 Synthesis of DTDA radicals 

Synthetic routes for obtaining DTDAs are well established in the literature.  

PhenylDTDA (Figure 1.26) was the first DTDA synthesized, but since then there have been a 

wide variety of DTDAs synthesized with different R groups.64  DTDAs are perhaps one of the 

most studied paramagnetic thiazyls and have garnered a great deal of interest in the molecule-

based magnetic research community.    

 

Figure 1.26: PhenylDTDA (PhDTDA)64 

There are several approaches to synthesizing a DTDA, however the most common and 

efficient is to start from the corresponding nitrile (Scheme 1.1).  For the most part, if a nitrile has 
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been synthesized with the desired R group, a DTDA can be synthesized following the established 

synthetic preparations.  All radicals presented in this thesis have been synthesized based on the 

approach described below (Scheme 1.1).  It is important to note that this synthetic process will 

not work for all nitriles.  Depending on the chosen R substituent, certain factors can inhibit the 

process or make it synthetically challenging.  For instance, an R substituent with an acidic proton 

or another moiety susceptible to nucleophilic attack will be problematic.  Starting with the 

appropriate nitrile, R-CN, to make R-DTDA, the first step involves using LiN(SiMe3)2∙Et2O to 

convert the nitrile to a perysilylated amidine.65  With an excess (~4 equivalents) of sulfur 

monochloride, the heterocyclic ring is closed to afford the chloride salt [DTDA+][Cl-].  The 

closed shell DTDA chloride salt is reduced to the radical using a half molar equivalent of SbPh3.  

The SbPh3 is oxidized during the reaction to create a byproduct, SbPh3Cl2, which is removed 

when the radical is purified.  Most DTDAs are volatile and can be purified via sublimation at 

reduced pressure.  DTDAs are quite thermally stable, often requiring sublimation temperatures of 

100- 130 °C (at ~10-2 Torr). 

 

Scheme 1.1: Generic synthesis of DTDAs from nitrile starting material65-68 

Depending on the chemical/structural composition of the R group, solubility of the 

DTDA radicals will differ in organic solvents.  Minor modifications to the organic solvents 

therefore need to be made to accommodate different steps in the synthetic process.  The reaction 

sequence from nitrile to corresponding purified DTDA is a moderately high yielding reaction 

(~50%), although it does vary among differently substituted R groups.  DTDAs are moisture 

sensitive, consequently special considerations must be taken when synthesizing, purifying, and 

storing them (inert atmosphere).  Recrystallization from solvent is often avoided for DTDAs 

because it can be tedious (finding the right solvent) and the sample may decompose if exposed to 

moisture.  Solvent choice for recrystallization can be limited as protic solvents (e.g., methanol) 

must be avoided and non-polar organic solvents generally do not work.  Sublimation is also an 
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advantageous form of purification for DTDAs and can also be used to grow suitable crystals for 

X-ray diffraction.    

 

1.15 Previous Coordination of DTDAs to soft transition metals 

A key hypothesis for this work is that high spin species can be obtained by coordinating 

paramagnetic ligands to paramagnetic metal ions.  Prior to the work that the Preuss group carried 

out with DTDAs and their complexes, the coordination of DTDAs to soft transition metals has 

been explored.  The first metals coordinated to DTDAs were “soft” low valent 3d and 4d metals 

that were expected to coordinate through S atoms.  PhenylDTDA was the first DTDA 

coordinated to a transition metal in 1989.69  The “soft” metals coordinated to early DTDAs 

include Fe(0), Ni(I) and Pt(II).  However thiophilic metals insert themselves into the DTDA ring 

at the sulfur atoms changing the electronic structure of the radical.69-71  The reaction of PhDTDA 

with Fe2(CO)9 or Fe3(CO)12 afforded a diamagnetic complex (Fe2(CO)6PhDTDAH) in which the 

Fe(0) ions were inserted into the S-S bond, and the nitrogen atom underwent protonation (Figure 

1.27).72 

 

Figure 1.27: Insertion coordination complexes of NiI and Fe0 to PhDTDA through sulfur 

atoms69,71 Fe2(CO)6PhDTDAH (left) and Ni2Cp2PhDTDA (right) 

The thiazyl portion of the Ni2Cp2PhDTDA complexes retains the radical character, therefore 

remaining a paramagnetic species (Figure 1.27).71  The reaction of PhDTDA and Pt(PPh3)4 

generated a complex in which PhDTDA also retained its radical integrity, however this 

compound is unstable.70  The mononuclear [Pt(PPh3)2]PhDTDA system rapidly decomposes in 

solution to a form a diamagnetic trinuclear complex (Figure 1.28).70       
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Figure 1.28: Mononuclear and trinuclear Pt(II) coordination insertion to PhDTDA70 

Cr(I) does not insert into the S-S bond but instead coordinates through a η2 chelation.73  The 

species depicted in Figure 1.30 are both diamagnetic.  The previous work on coordination 

complexes with DTDAs all resulted in chelation through the sulfur atoms, often affecting the 

radical structure of the DTDAs.  

 

Figure 1.30: exo and endo isomers of Cr(I) coordination to generic DTDA73 

 

1.16 N-coordinating DTDA ligands 

The Preuss group was the first to explore the use of “hard” metals for possible 

coordination through the nitrogen atoms instead of the sulfur atoms.  With the addition of a 

nitrogen atom outside of the DTDA ring, these radicals were transformed into N,N- chelating 

paramagnetic ligands.  The design and manipulation of these DTDAs has led to new possibilities 

concerning the use of radicals to mediate magnetic coupling between metal centers in order to 

achieve high spin systems.     
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Figure 1.30: N-coordinating DTDA ligands synthesized by the Preuss group13,74-78 

All of the radicals presented above have been successfully coordinated to transition 

metals, lanthanides or both.  The cfDTDA ligand is the only radical presented in Figure 1.30 that 

does not have a bidentate coordination pocket and instead exhibits monodentate coordination,78  

but it is possible that the oxygen atom is assisting coordination. 

The bidentate N,N- coordination pocket has advantages over monodentate coordination.  

A rigid structure where the ligand has a fixed geometry and cannot rotate is one of the benefits of 

bidentate coordination.72  A ligand that is coordinated to a metal in a monodentate fashion will 

be free to rotate, ultimately arranging in an energetically favourable orientation.10  The nature of 

the magnetic interaction between orbitals can be predicted based on the symmetry of the 

overlapping orbitals, however if a molecule is fluxional in solution then it is difficult to predict 

how the structure will be arranged in the solid state.  Without a rigid structure it is difficult to 

predict the nature of magnetic interaction and orbital symmetry.   

        

1.17 Coordination of DTDAs to “Hard” Transition Metal Ions 

The first DTDA coordination complex with a “hard” metal ion was Co(hfac)2(pyDTDA) 

(Figure 1.31),75 where hfac refers to 1,1,1,5,5,5-hexafluoroacetylacetonato and pyDTDA refers 

to 4-(2 -pyridyl)-1,2,3,5-dithiadiazolyl.  The Co(hfac)2(pyDTDA) complex is undimerized in the 

solid state and exhibits ferromagnetic coupling between the radical and the Co(II) center.  The 

first binuclear complex was with 4-(2 -pyrimidyl)-1,2,3,5-dithiadiazolyl (pymDTDA) and Mn(II) 
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(Figure 1.32).76  The [Mn(hfac)2]2pymDTDA complex exhibits antiferromagnetic coupling 

between the organic radical and the Mn(II) ion.76 4-(Benzoxazol-2 -yl)-1,2,3,5-dithiadiazolyl 

(boaDTDA) formed a variety of interesting coordination complexes, a notable example being 

Mn(hfac)2 boaDTDA.13  Mn(hfac)2boaDTDA remains undimerized in the solid state, but exhibits 

intermolecular electrostatic interactions between the oxygen atom on the hfac ligand and the 

sulfur atom on the DTDA ring (Figure 1.32).  The Sδ+…τδ- contacts provide a pathway for an 

AF coupling between the radical and Mn(II) ion magnetic moments resulting in an overall 

ground state spin of ST = 4 per pair of molecules.13,72  The Mn(hfac)2boaDTDA complex is an 

excellent example of the metal-radical approach in effect as well as how radicals can be used to 

mediate magnetic coupling between complexes to achieve a greater than zero overall spin state.8     

 

 

Figure 1.31: Coordination complexes Co(hfac)2(pyDTDA) and [Mn(hfac)2]2(pymDTDA)75,76 

 

Figure 1.32: Magnetic coupling between two molecules of Mn(hfac)2boaDTDA13 
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1.18 Lanthanide Coordination of DTDAs 

Recently, the focus of the Preuss group has shifted towards lanthanide coordination for 

molecule-based magnetism purposes.  The electronic and magnetic properties of lanthanides are 

very different from transition metals (vide supra).  Lanthanides in the 3+ oxidation state are 

“hard” species ideal for coordination to a nitrogen bidentate pocket.  The coordination spheres of 

tripositive lanthanide ions can accommodate large coordination environments along with a 

flexible arrangement.  Early lanthanides coordinated to thiazyl radicals have exhibited 

coordination numbers of up to ten (10).50,79  The coordination of boaDTDA to La(hfac)3(DME)2 

resulted in a 1-D polymeric chain of radicals and lanthanum ions (Figure 1.33).72,79  The central 

lanthanum ion does not contribute to the overall magnetic moment of the system because it does 

not have unpaired electrons.  The DTDA ligands are well isolated from one another (the distance 

between neighboring boaDTDA ligands is greater than 5 Å), and dimerization of DTDA units is 

not observed.72,79  Since, FM coupling between the thiazyl radicals in La(hfac)3boaDTDA is 

observed,  the only reasonable superexchange pathway between the boaDTDA radical moments 

is through the empty 5d orbitals of the lanthanum center.10,72,79          

              

Figure 1.33: La(hfac)3boaDTDA 1-D chain and Dy(hfac)3boaDTDA79 

BoaDTDA has also been coordinated to the later lanthanides, the most notable result 

being with Dy(III).  The dimerized Dy(hfac)3boaDTDA complex exhibits novel properties 

(Figure 1.34).80  At zero applied dc field this complex behaves as a single molecule magnet with 

two crystallographically unique dysprosium ions.  Upon application of a dc field the Dy(III) ions 

can be magnetically decoupled revealing two relaxation barriers instead of one, implying that the 

Dy(III) ions are weakly AF coupled to one another.80  In summation, at zero dc field there is one 
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energy barrier, and with an applied dc field of 700 Oe there are two different energy barriers.  

These Dy(III) ions are acting independently from one another even though they are dimerized 

through the DTDA radical.   

 

Figure 1.34: Crystal structure of dimerized Dy(hfac)3boaDTDA (hfac’s removed for clarity)80  

All the metal and lanthanide complexes presented in this thesis contain hfac groups as 

auxiliary ligands.  1,1,1,5,5,5-Hexafluoroacetylacetonato (hfac-) provides several benefits as an 

auxiliary ligand in transition metal and lanthanide complexes with DTDAs.  Hfac ligands 

provide charge balance to both divalent transition metals and trivalent lanthanides. They are 

electron withdrawing groups that remove electron density from the metal center increasing the 

relative “hardness” of the metal ion, which is ideal when coordinating to “hard” nitrogen atoms 

form the DTDA ligands.  Hfac ligands also increase the volatility of complexes which is 

advantageous for the purification of the complexes by sublimation.  The bulky structure and 

composition of hfac ligands can help to inhibit dimerization between DTDA ligands and the 

presence of oxygen atoms can provide electrostatic interactions to mediate magnetic 

coupling.13,32  The hfac auxiliary ligands thus contribute to the overall structural, electronic and 

magnetic properties of the complexes.    
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1.19 Polymorphism 

Polymorphism occurs when a pure sample crystallizes in two or more different 

arrangements, called morphologies.  Polymorphs possess the same chemical formula and the 

same molecular components but the intermolecular contacts differ, changing the orientation of 

the molecules in the crystal structure.51  Magnetic data rely heavily on the crystal structure of a 

sample, as intermolecular contacts can provide a pathway for magnetic coupling.13,51,74  Magnetic 

coupling is significantly influenced by the crystal structure of the molecule, so if a sample has a 

variety of polymorphs then the magnetic properties cannot be accurately measured.  Not only 

must a sample sent for magnetometry be clean of any ferromagnetic impurities but it also must 

contain only one polymorph.  The differences between polymorphs can be very subtle and only 

noticeable when examined by X-ray diffraction, or they can be very obvious in that the size, 

colour, or crystal habit of the polymorphs may differ greatly.  Powder X-ray diffraction (PXRD) 

can be employed if there is uncertainty about a bulk sample containing polymorphs.  Polymorphs 

are not uncommon for thiazyl radicals and the thiazyl-complexes; this is often due to the method 

by which they are crystallized.51,62,81,82  All the compounds presented in this thesis are purified by 

sublimation.  Single crystals are grown by dynamic and static vacuum sublimation.  Sublimation 

can cause the products to crystallize in a kinetically favourable state, which may not be at the 

lowest energy (thermodynamic) state but the closest to the energy level of the original gas phase 

state.  A sublimed polycrystalline sample can be comprised of both thermally stable and 

kinetically stable polymorphs.  τstwald’s rule states that a species that transitions from one state 

to another state that is not the most thermodynamically stable but has stability closest to the 

original sample.83   

A notable example of polymorphism in DTDAs is p-NCC6F6DTDA which has yielded 

two polymorphs following sublimation.63  The alpha phase is grown by rapid sublimation at 120 

°C while the beta phase is grown via slow sublimation at 100 °C.62  The thermodynamically 

stable beta form crystallizes as dark red orthorhombic blocks, while the alpha phase crystallizes 

as small dark red triclinic blocks.62,81     
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Figure 1.35: Alpha phase of p-NCC6F6DTDA81,84 

In the crystal structure for the alpha phase the twist angle between the heterocyclic ring 

and the aryl ring is 32.2°.  The radicals are arranged in a head-to-tail fashion through S…σ 

connections, and the chains are lying antiparallel to one another (Figure 1.36).  The distances 

between the nitrogen and sulfur atoms are 3.068 Å and 3.105 Å.63           

 

Figure 1.36: Beta-phase of p-NCC6F6DTDA62,81 

The beta phase is arranged by chains that are linked through S…σ contacts lying parallel 

to one another through distances of 2.986 Å (Figure 1.36).  The twist angle between the 

heterocyclic ring and aryl ring is 57.8°.  The differences in structure and intermolecular contacts 

between the alpha and beta phase lead to magnetic differences.  Both phases exhibit 

antiferromagnetic coupling, however the alpha phase orders antiferromagnetically below 8 K, Tc 

and the beta phase, which is non-centrosymmetric, orders as a spin-canted antiferromagnet below  

a critical temperature of 35.5 K.51    

Polymorphism may also occur when recrystallizing DTDA complexes.  A noteworthy 

example is Mn(hfac)2boaDTDA.13,50  Sublimation of this complex at 110 °C leads to 

crystallization in a monoclinic space group.  Recrystallization from toluene at -15 °C leads to 
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crystallization in a triclinic space group.  The major difference between these two polymorphs is 

that sublimation affords an undimerized structure whereas recrystallization from solution leads to 

cis-cofacial dimerization between the DTDA ligands (Figure 1.37).  Toluene may act as a crutch 

to support dimerization by creating contacts from each sulfur atom to the carbon atoms on 

toluene.  The closest distance between the S…S contacts when sublimed is γ.747 Å.  The closest 

distance between the S…S atoms when recrystallized from solution is γ.00γ Å and γ.01γ Å (well 

within the sum of the van der Waals radii).   

 

Figure 1.37: Polymorphs of Mn(hfac)2boaDTDA; left- dimerized via recrystallization in toluene 

(-15°), right- undimerized via sublimation13,50 

The solid state packing of these polymorphs differs greatly implying that they should 

have very different magnetic properties.  Magnetometry was never collected on the dimerized 

polymorph, however based on the structure we can surmise that due to the dimerized radicals, 

there will not be paramagnetic contribution from the radicals.  The undimerized polymorph of 

Mn(hfac)2boaDTDA displays very interesting magnetic properties due to the crystal packing.  

The intermolecular S…τ contacts provide a pathway for exchange coupling between 

neighboring molecules.  The radical ligand of molecule is AF coupled to the Mn(II) center of the 

neighboring molecule.  The radicals are undimerized so they contribute to the overall magnetic 

moment of the system.  The total ground spin state for a pair of neighboring molecules is ST = 

4.13,72  The above points make it clear that differences in crystal packing between polymorphs 

can have a large impact on the magnetic properties of a compound and it is therefore imperative 

to separate polymorphs before magnetometry.    
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Chapter 2: Synthesis and characterization of 4-(γʹ-benzoisothiazolyl)-1,2,3,5-

dithiadiazolyl and 4-(5-methyl-γʹ-benzoisothiazolyl)-1,2,3,5-dithiadiazolyl radical 

ligands 

2.1 Introduction  

This thesis explores the impact of including sulfur atoms in the R group of R-DTDA 

radical ligands.  The present chapter discusses two related paramagnetic ligands, 4-(γ -

benzoisothiazolyl)-1,2,3,5-dithiadiazolyl (bitaDTDA) and 4-(5-methyl-γ -benzoisothiazolyl)-

1,2,3,5-dithiadiazolyl (bitaplusDTDA), designed and prepared for the first time as part of the 

thesis work.  Both of these radicals have been isolated, characterized, and coordinated to 

lanthanide (III) ions.  BitaplusDTDA has also been coordinated to manganese (II).      

 

Figure 2.1: 4-(γ -benzoisothiazolyl)-1,2,3,5-dithiadiazolyl (bitaDTDA, R=H) and 4-(5-methyl-

γ -benzoisothiazolyl)-1,2,3,5-dithiadiazolyl (bitaplusDTDA, R=Me) 

Both radicals discussed herein have a bidentate N,N-coordination pocket similar to most 

other DTDA ligands designed by the Preuss group.1  BitaDTDA and bitaplusDTDA differ by 

one methyl group in the 5 position on the phenyl ring (Figure 2.1).  Inclusion of the methyl 

appendage alters the chemical and physical properties of the ligand, and the coordination 

complexes, compared to the unmethylated bitaDTDA.  The orientation of the DTDA ring with 

respect to the aryl ring for bitaDTDA and bitaplusDTDA is different from every other DTDA 

that has been synthesized previously by the Preuss group. 2  In most DTDAs, the DTDA 

heterocyclic ring lies at a 180 angle to the benzene ring (Figure 2.2).  In the case of bitaDTDA 

and bitaplusDTDA a different placement of the DTDA ring is seen in relation to the R group.  

The angle between the DTDA ring and aryl ring is approximately 106° (Figure 2.2).  The design 

of bitaDTDA and bitaplusDTDA should have a significant impact on the intermolecular packing 

from both steric hindrance and availability of the sulfur atom for possible electrostatic 

interactions.  The sulfur atom outside of the DTDA should have a partial positive charge.   
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Figure 2.2: Orientation difference between pyDTDA (left) and bitaDTDA (right)3 

 

2.2 Synthesis of 3-cyano-1,2-benzisothiazole (bitaCN) and 5-methyl-1,2-benzoisothiazole-

3-carbonitrile (bitaplusCN) as starting materials for bitaDTDA and bitaplusDTDA 

The synthetic approach used for making bitaDTDA is almost identical to that used for 

bitaplusDTDA.  In the first step thiophenol or 4-methylbenzenethiol is added to a mixture of 

anhydrous ether and oxalyl chloride and subsequently refluxed for 1.5 hours.4  Special 

considerations must be taken when working with thiophenol and 4-methylbenzethiol due to the 

potent nature of their undesirable aromas.  Thioisatin is commercially available (1 g/$208.00), 

however it is more cost effective to make it from cheaper starting materials.  A moisture 

sensitive lime green acid chloride is created in situ and then converted to thioisatin or 5-

methyl(thioisatin) via a Friedal Crafts acylation using aluminum chloride in anhydrous 

dichloromethane (Scheme 2.1).  Thioisatin or 5-methyl(thioisatin) is stirred with conc. 

ammonium hydroxide and hydrogen peroxide for 96 hours to produce an amide.  A neat reaction 

of the amide with phosphorus oxychloride produces the respective nitriles (bitaCN and 

bitaplusCN).  BitaCN sublimes at 70 °C at (10-2 Torr) as colourless crystals and bitaplusCN 

sublimes at 60 °C at (10-2 Torr) as pale yellow crystals.    
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Scheme 2.1: Preparation of bitaCN and bitaplusCN from thiophenol and 4-methylbenzethiol4-6 

 

2.3 Crystal Styructures of bitaCN and bitaplusCN 

Suitable crystals of bitaCN and bitaplusCN were obtained by sublimation under dynamic 

vacuum and examined by X-ray diffraction.  Both nitriles crystallize in the monoclinic space 

group P21/c.   

 

Figure 2.3: Crystal structure of the asymmetric unit of bitaCN (left) and bitaplusCN (right) at 

room temperature  

In both crystal structures the sulfur atom experiences electrostatic interactions with 

neighboring nitrogen atoms.  BitaCN (Figure 2.3) experiences a greater number of 

intermolecular contacts than bitaplusCN (Figure 2.3).  It is reasonable to conclude that the 
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addition of the methyl group adds steric bulk to bitaplusCN and therefore limits the number of 

intermolecular contacts.  BitaCN (Figure 2.4) has S…σ contacts between S1 and N1 whereas 

bitaplusCN (Figure 2.5) has electrostatic contacts between S1 and N2 however there are shorter 

intermolecular distances between the sulfur and nitrogen atoms in bitaplusCN as compared to 

bitaCN.  The contacts in the crystal structures validate the hypothesis of sulfur atoms 

contributing to the intermolecular packing.  The differences in the intermolecular packing 

between bitaCN and bitaplusCN foreshadows the difference between their respective radicals.          

 

Figure 2.4: Electrostatic interactions between the sulfur, nitrogen and carbon atoms in the 

crystal structure of bitaCN 
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Figure 2.5: Electrostatic interactions between sulfur and nitrogen atoms in the crystal structure 

of bitaplusCN 

 

2.4 Synthesis of bitaDTDA and bitaplusDTDA from respective nitriles 

One of the most efficient ways to synthesize a DTDA radical is to start from a nitrile.  

Both bitaDTDA and bitaplusDTDA radicals are synthesized from their respective nitriles.  The 

nitriles are each added to a solution of LiN(SiMe3)2∙Et2O
7 in anhydrous toluene and then stirred 

for approximately 5 hours before trimethylsilyl chloride (TMSCl) is added.  The resulting 

solution is then refluxed overnight, becoming a muddy brown colour.  Both silylated amidines 

are purified by distillation at 110 °C, yielding bright yellow/green oils.  The silylated amidines 

are then dissolved in acetonitrile and excess sulfur monochloride is added to afford bright orange 

mixtures.8  One of the few differences in the synthetic preparation of these radicals is the 

apparent thermal decomposition of [bitaplusDTDA+][Cl-].  When the chloride salt of bitaDTDA 

was gently heated, decomposition was not observed, however, as a precaution, neither chloride 

salt was ever heated again during synthesis.  The chloride salts are then reduced to their 

respective radicals using triphenyl antimony in acetonitrile (Scheme 2.2).9  BitaDTDA is left in 

this reducing solution for approximately 1 hour.  By contrast, bitaplusDTDA is filtered 

approximately 10 minutes after triphenyl antimony is added because it begins to decompose 
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when left in the reaction flask for more than 30 minutes.  The difference between stability of the 

two crude radicals at this stage may be due, in part, to the increased solubility of a 

bitaplusDTDA, allowing it to remain in solution and react with impurities from the crude 

chloride salt.  Both radicals are purified on a gradient stage furnace by sublimation.  Under a 

dynamic vacuum of 10-2 Torr, bitaDTDA and bitaplusDTDA sublime at 120 °C.  Upon 

sublimation of the crude radicals, bitaDTDA produces dark green needles and bitaplusDTDA 

produces lustrous dark purple blocks.   

 

Scheme 2.2: Synthesis of bitaDTDA and bitaplusDTDA from prospective nitriles 

 

2.5 Crystallography of bitaDTDA and bitaplusDTDA 

2.5.1 Crystal Structure of bitaDTDA 

A crystal structure of bitaDTDA was obtained from a single green needle by X-ray 

diffraction.  BitaDTDA has two pairs of dimerized molecules in the asymmetric unit (Figure 

2.6).  Both pairs exhibit a cis-cofacial dimerization mode with intermolecular S…S distances at 

approximately 3.1 Å.  The dimerization distance is within the sum of the van der Waals radii for 

S2- ions.  There are numerous lateral contacts between neighboring DTDA molecules (Figure 

2.7).  The design of bitaDTDA clearly allows for extensive intermolecular contacts between 

sulfur and nitrogen atoms.  There are intermolecular contacts between the benzoisothiazole 
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sulfur atoms and the DTDA sulfur atom, not surprising as sulfur contacts were observed in the 

bitaCN crystal structure.   

 

Figure 2.6: Asymmetric unit of bitaDTDA collected at 150 K 

 

Figure 2.7: Lateral contacts between heteroatoms on bitaDTDA (red) and dimerization contacts 

(black) 

2.5.2 Crystal Structure of bitaplusDTDA 

The crystal structure of bitaplusDTDA consists of one molecule in the asymmetric unit.  

BitaplusDTDA and 4 -CN-pyDTDA10 are the only DTDA radicals synthesized by the Preuss 

group to have a twisted-cofacial dimerization motif.1  The twisted-cofacial dimerization mode is 
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most likely due to the steric hindrance from the protruding methyl group.  Accordingly, other 

DTDAs with nonplanar R groups (CF3
11, Me12 and NMe2

13)  appear to avoid cis-cofacial 

dimerization.  The incorporation of the methyl group on bitaDTDA changes the crystal packing 

thermodynamics enough to alter dimerization as compared to bitaDTDA.  The S…S 

intermolecular distance between the dimers is approximately 2.9 Å, well within the sum of van 

der Waals radii for two S2-.  Similar to bitaDTDA, bitaplusDTDA experiences intermolecular 

contacts between the benzoisothiazole sulfur atom and other heteroatoms.  In the solid-state 

bitaplusDTDA radicals are layered in sheets on top of one another (Figure 2.8).   

 

Figure 2.8: Intermolecular contacts (red) between sulfur atoms and dimerization (black) in the 

crystal structure of bitaplusDTDA 

Table 2.1: Relevant structural information for bitaDTDA and bitaplusDTDA 

  bitaDTDA bitaplusDTDA 

Dimerization motif cis-cofacial twisted-cofacial 

S…S distanceDTDA (Å)  3.131, 3.146 2.964 

3.226, 3.154 

 S…S distancebenzoisothiazole…DTDA (Å)  3.390, 3.431 3.495 

S…S distancebenzoisothiazole (Å)  -- 3.519 

number of molecules in asymmetric 4 1 
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2.6 Computational Studies of bitaDTDA and bitaplusDTDA 

2.6.1 Computation Analysis for bitaDTDA 

Unrestricted DFT calculations on bitaDTDA show significant alpha spin density on the 

nitrogen and sulfur atoms of the DTDA ring.  Spin density is almost entirely located on the 

nitrogen and sulfur atoms.  There is moderate beta spin density on the sulfur and nitrogen atoms 

outside the DTDA ring due to spin polarization from underlying orbitals.  The SOMO resides on 

the DTDA ring (Figure 2.9).   

 

Figure 2.9: SOMO of bitaDTDA (left), total spin density (right); generated using G03 uB3LYP 

6-31G(d,p)14  

 

2.6.2 Computation Analysis for bitaplusDTDA  

Computational studies of bitaplusDTDA show that the SOMO resides on the DTDA ring 

(Figure 2.10).  Unrestricted DFT calculations on bitaplusDTDA show significant alpha spin 

density on the nitrogen and sulfur atoms of the DTDA ring.  Similar to bitaDTDA, the moderate 

beta spin density on the benzoisothiazole nitrogen and sulfur atoms can be attributed to spin 

polarization from underlying filled orbitals (Figure 2.10).  The methyl group is a sigma donor 

and therefore contributes to the spin density on the ortho and para positions of the phenyl ring. 
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Figure 2.10: SOMO of bitaplusDTDA (left) and total spin density; generated using G03 

uB3LYP 6-31G(d,p)14 

There are subtle numerical differences in the charge density distribution for atoms in 

bitaDTDA and bitaplusDTDA (Table 2.2).  Comparing bitaDTDA and bitaplusDTDA, there is a 

slight difference in spin density on the benzoisothiazole nitrogen atom which may result from the 

methyl group on bitaplusDTDA.  Both this slight increase in spin density on bitaplusDTDA, and 

the possible steric contribution from the methyl group, may contribute to the increase in 

dimerization enthalpy. 

    

Figure 2.11: BitaDTDA and bitaplusDTDA with labeled atoms coinciding with Table 2.2  
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Table 2.2: Spin density distribution for bitaDTDA and bitaplusDTDA using geometry optimized 

G03 uB3LYP 6-31G(d,p)14 

Mulliken Spin Density 

bitaDTDA bitaplusDTDA 

S11 0.277627 S1 0.267984 

S12 0.310214 S2 0.312314 

N10 0.263302 N1 0.271239 

N13 0.310990 N2 0.330420 

N14 -0.023055 N3 -0.031748 

S1 -0.011369 S3 -0.012792 

C9 -0.159034 C1 -0.192278 

C8 0.031789 C2 0.050949 

C7 -0.011741 C3 -0.003994 

C6 0.007426 C8 0.010558 

C5 0.004568 C7 -0.002186 

C4 0.000891 C6 0.004056 

C3 0.001129 C5 -0.005247 

C2 -0.002496 C4 0.001773 

 

C9 0.000283 

 

2.7 EPR spectra of bitaDTDA and bitaplusDTDA 

2.7.1 EPR of bitaDTDA 

Electron paramagnetic resonance (EPR) measurements were obtained on a dilute solution 

of bitaDTDA in anhydrous toluene.  A five line pattern with an intensity of 1:2:3:2:1 was 

observed.  This is a characteristic pattern for an unpaired electron coupling to two approximately 

equivalent 14N nuclei with a g value of 2.0132 and aN= 5.055 G.  



 

55 
 

 

Figure 2.12: EPR spectrum of bitaDTDA in anhydrous toluene at room temperature 

 

2.7.2 EPR spectrum of bitaplusDTDA 

Electron paramagnetic measurements where obtained for a solution of bitaplusDTDA 

partially dissolved in anhydrous toluene.  A five line pattern with an intensity of 1:2:3:2:1 was 

obtained with a g value of 2.0131 and aN = 5.137 G.   

 

Figure 2.13: EPR spectrum of bitaplusDTDA in anhydrous toluene at room temperature 

3470, 3485, 3500, 3515, 3530,

Field (G) 

3470, 3485, 3500, 3515, 3530,

Field (G) 
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Based on the EPR results there is no reason to suggest that the methyl group on 

bitaplusDTDA is significantly affecting the measurable spin density on the nitrogen atoms in the 

DTDA ring.  The hyperfine coupling constant for bitaplusDTDA is slightly larger than for 

bitaDTDA (Table 2.3), possibly due to a slight increase in spin density of the nitrogen atoms in 

bitaplusDTDA.  When the EPR spectra of bitaDTDA and bitaplusDTDA are superimposed on 

one another there is not a noticeable difference.     

Table 2.3: Summary of the EPR data for bitaDTDA and bitaplusDTDA collected at room 

temperature 

  bitaDTDA (II-6) bitaplusDTDA (II-12) 

solvent anhydrous toluene anhydrous toluene 

pattern 5-line (1:2:3:2:1) 5-line (1:2:3:2:1) 

g-factor 2.0132 2.0131 

aN(G) 5.055 5.137 

 

2.8 Magnetometry of bitaDTDA and bitaplusDTDA 

2.8.1 Magnetometry of bitaDTDA 

A microcrystalline sample of bitaDTDA was sent for magnetic property measurements.  

Field (H) dependent magnetization (M) at 100 K confirmed the absence of ferromagnetic 

impurities, illustrated in Figure 2.14 by the intercept at H = 0 for M = 0.  The M vs. H data also 

confirms the diamagnetism expected from dimerization of the radical in the solid state.   
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Figure 2.14: Field dependent magnetization of bitaDTDA at 100 K 

The temperature dependent magnetic susceptibility measurements of II-6 are presented in 

a plot of χT vs. T (Figure 2.15).  The value of χT remains roughly constant from 1.8 - 250 K at 

approximately 0 cm3∙K∙mol-1.  A diamagnetic singlet ground state electronic structure is 

consistent with spin pairing of the radicals as a result of the overlap of SOMOs.  On warming 

above 250 K there is a rapid increase in the χT product, consistent with a thermally populated 

triplet state. 

 

Figure 2.15: Plot of temperature vs. magnetic susceptibility at applied fields of 10000 Oe and 

1000 Oe 
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2.8.2 Magnetometry of bitaplusDTDA 

The magnetic measurements preformed on a polycrystalline sample of bitaplusDTDA 

also revealed diamagnetic behavior characteristic of a spin paired ground state.  The 

bitaplusDTDA sample was first tested for ferromagnetic impurities.  A plot of magnetization (M) 

versus applied magnetic field (H) at 100 K shows the absence of any significant ferromagnetic 

impurities (Figure 2.16).  Magnetization is linearly dependent on the applied field for dc 

susceptibility and passes through the origin upon demagnetization.    

 

Figure 2.16: Field dependent magnetization for bitaplusDTDA at 100 K 

 

In a plot of χT as a function of temperature the χT product remains unchanged as the 

temperature is varied.  At room temperature the χT product is 0 ± 0.002 cm3∙K∙mol-1.  As the 

temperature is decreased the χT product remains constant at 0 ± 0.002 cm3∙K∙mol-1 indicating a 

diamagnetic response at all temperatures measured (Figure 2.17).  The magnetic data for 

bitaplusDTDA is consistent with a singlet ground state electronic structure associated with the 

dimerized radicals.  It is reasonable to assume that the triplet energy state is higher in energy 

relative to the ground state than bitaDTDA and in the case of bitaplusDTDA the triplet state 

appears to be thermally inaccessible below 350 K. 
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Figure 2.17: χT product versus temperature at applied fields on 1000 τe (black) and 10000 τe 

(red) 

2.9 Summary and Discussion  

BitaDTDA was synthesized, characterized and employed as a ligand before any attempt 

to synthesis bitaplusDTDA was imagined.  Attempts were made to coordinate bitaDTDA to a 

Mn(hfac)2 fragment, but the product did not sublime at 10-2 Torr.  The large number of contacts 

in the crystal structure of the bitaDTDA radical led to the hypothesis that the “complex” may 

also possess a great deal of interactions due to the S atoms of the ligand, and that these 

contributed to a large negative lattice enthalpy, preventing sublimation. 

The two radicals have proven to be fairly different from one another both physically and 

chemically.  BitaDTDA crystallizes as green needles upon sublimation and bitaplusDTDA as 

lustrous purple blocks.  The difference in colour is indicative of different dimerization energies.  

Comparing the distances between the sulfur atoms on the DTDA ring, it is apparent that 

bitaplusDTDA has a higher dimerization energy.  The distance between the dimerized atoms in 

bitaplusDTDA are 2.964 Å and 3.109 Å, i.e., shorter compared to those in bitaDTDA which has 

dimer bonds of 3.131- 3.226 Å for both dimerized pairs.  Both the dimer bond lengths and 

colours exemplify that the dimerization energy of bitaplusDTDA is stronger than that of 

bitaDTDA.  The electromagnetic spectrum (Figure 2.18) is used to describe energy differences 

based on the absorbance and transmission of different wavelengths.  In the visible region these 

can be seen as colours.  The purple colour that bitaplusDTDA exhibits means that it absorbs in 
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the yellow region (higher energy) of the electromagnetic spectrum (Figure 2.18).  BitaDTDA 

displays a green colour meaning that it absorbs in the red region (lower energy), coinciding with 

the relative energy differences between the HOMO and LUMO.    

   

Figure 2.18: Electromagnetic Spectrum (left) and Colour Wheel (right) 

The magnetic data modeled for bitaDTDA shows a possible thermally excited triplet state 

at T > 250 K.  The singlet –triplet energy gap for bitaDTDA is most likely lower in energy than 

the singlet–triplet energy gap for bitaplusDTDA.  The intra-dimer distance associated with 

bitaDTDA is slightly larger than bitaplusDTDA.  When the S…S distance is increased the 

SOMO-SOMO π overlap is decreased and therefore the π* interaction is weakened.15  If the π-π 

interaction is weakened then the triplet state is lower in energy relative to the singlet state and the 

triplet state can become thermally accessible.  

In summary, BitaDTDA and bitaplusDTDA differ in structure by a methyl group at the 5-

position on the aryl ring.  Clearly this methyl group has played a significant role in the magnetic 

differences between bitaDTDA and bitaplusDTDA.  Having different functional groups affects 

the local spin density on atoms and therefore dimerization and magnetic properties.    

2.10 Experimental 

2.10.1 General Considerations 

Starting reagents were purchased from Sigma Aldrich, Alfa Aesar and Acros organics.  

Many of the initial starting materials, such as thiophenol and 2-methylbenzenethiol, are 

malodorous and should be handled in a fume hood at all times.  The syntheses of all compounds 

except II-2 and II-8 were performed under Ar(g) atmosphere using standard Schlenk techniques.  

All anhydrous solvents were obtained from an LC solvent purification system using dry packed 
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columns contained 3 Å molecular sieves.  Elemental Analysis was performed by MHW 

Laboratories, Phoenix, AZ, USA.  The IR spectra were collected using a Nicolet 510-FTIR 

spectrometer at room temperature.  Magnetic measurements were conducted and modeled by Dr. 

Rodolphe Cleréc at the Centre de Recherche Paul Pascal, CRPP-CNRS, Pessac, France.  EPR 

was collected using an X-band (9.8 GHz) Bruker EMX EPR spectrometer.  Crystal structures 

were obtained by Prof. D. Soldatov, Department of Chemistry, University of Guelph, Ontario, 

Canada.  Full structure refinement of II-6 was performed by Dr. Micheal Jennings.  Full 

structure refinement of II-3 was performed by Adam Maahs and II-9 was performed by 

Christopher Gissane.            

2.10.2 Synthesis 

 

Thioisatin4 (II-1): Oxalyl chloride (3.8 mL, 44 mmol) was syringed into a 

solution of thiophenol (2.8 mL, 27 mmol) in anhydrous ether (20 mL).  The 

yellow solution was refluxed for 1.5 hours.  The solvent was removed in vacuo to 

produce a yellow/green solid.  The solid was then dissolved in anhydrous dichloromethane (50 

mL) and cooled with an ice bath, whereupon aluminum trichloride (3.2 g, 24 mmol) was added.  

The solution was refluxed for 1 hour and changed from yellow to dark brown.  The solution was 

then poured over ice and the organic layer was washed with a saturated aqueous sodium 

bicarbonate solution (200 mL) followed by water (2×100 mL) and a NaCl solution (100 mL).  

The organic layer was dried over magnesium sulfate.  The solvent was then removed in vacuo to 

afford a red/orange, gelatinous solid.  Hexanes (100 mL) was then added and the solution was 

filtered to obtain orange crystals. Yield 0.87 g (19%) mp: 114-120 °C. FTIR (KBr, cm-1): 3404 

(w), 1713 (s), 1588 (s), 1572 (s), 1450 (s), 1283 (s), 1215 (m), 1065 (w), 994 (m), 887 (s), 746 

(s), 447 (s). 

 

1,2-Benzisothiazole-3-carboxamide4 (II-2): Hydrogen peroxide (30%) (5.2 

mL) was added drop wise to a solution of thioisatin (2.4512 g, 14.930 mmol) 

and concentrated ammonium hydroxide (28%) (57 mL).  The solution was then 

stirred for 96 hours.  A white precipitate formed and was collected by filtration. Yield: 1.7464 g, 
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(66%) mp: 126-128 °C. 1H NMR (400 MHz, CDCl3, 25 °C, ppm) δμ 8.88 (1H, d, J = 8.4 Hz), 

7.89 (1H, d, J = 8.4 Hz), 7.48 (2H, m), 7.42 (1H, s), 5.83 (1H, s). FTIR (KBr, cm-1): 3420 (m), 

3276 (m), 3145 (m), 1686 (s), 1603 (m), 1591 (m), 1461 (s), 1417 (m), 1390 (m), 1293 (s), 1253 

(m), 1156 (w), 1129 (w), 1014 (w), 815 (m), 796 (m), 738 (m), 714 (m), 669 (m), 617 (m), 561 

(m), 492 (m).  Literature4 1H NMR (CDCl3): 8.98 (1H,d), 7.97 (1H,d), 7.57 (2H,m), 7.27 (1H,br 

s), 5.62 (1H, br s). 

 

3-Cyano-1,2-benzisothiazole/ bitaCN4 (II-3): In an ice bath, 1,2-benzisothiazole-

3-carboxamide (1.1832 g, 6.639 mmol) was added to phosphorus oxychloride (22.0 

mL, 228 mmol) and stirred for 15 minutes, then refluxed for 3 hours to produce a 

brown/red solution.  The solvent was removed in vacuo to afford a grey/ purple residue.  The 

residue was dissolved in ethyl acetate (300 mL), washed with water (100 mL) and then dried 

with magnesium sulfate.  The solvent was removed in vacuo affording pink crystals.  The crude 

product was purified by sublimation under vacuum (10-2) Torr at 70 °C. Yield: 0.9430 g, (89%) 

mp: 84-88 °C. 1H NMR (400 MHz, CDCl3, 25 °C, ppm) δμ 8.21 (1H, d, J = 11.2 Hz), 8.02 (1H, 

d, J = 10.8 Hz), 7.62 (2H, m). FTIR (KBr, cm-1): 3403 (w), 2975 (w), 2233 (w), 1591 (w), 1462 

(m), 1453 (m), 1387 (m), 1345 (m), 1325 (m), 1251 (w), 1165 (w), 1139 (w), 1049 (m), 815 (m), 

764 (s), 732 (s), 711 (m), 640 (m), 598 (m), 443 (s).  Literature 1H NMR (CDCl3) 8.26 (1H, d), 

8.06 (1H, d), 7.67 (2H, m).    

 

Benzisothiazole-N,N,Nʹ-tris(trimethylsilyl)amidine (II-4): 3-Cyano-1,2-

benzisothiazole (1.8447 g, 11.51 mmol) was added to a solution of 

LiN(SiMe3)2∙Et2O (2.92 g, 12.1 mmol) in anhydrous toluene (130 mL).  The 

yellowish solution quickly turned into a thick, orange/pink slurry and was left 

to stir for 5 hours.  Trimethylsilyl chloride (2.00 mL, 15.8 mmol) was added 

via syringe and the reaction mixture was refluxed overnight.  The cloudy brown solution was 

filtered hot and the solvent was removed in vacuo to afford brown oil.  The oil was purified by 

distillation at 110 °C to afford lime green oil. Yield: 2.7950 g (61 %). FTIR (neat, cm-1): 3356 

(wb), 3064 (w), 2955 (s), 2897 (m), 1661 (s), 1593 (m), 1473 (s), 1442 (m), 1418 (m), 1342 (m), 

1319 (w), 1251 (s), 1216 (m), 1166 (w), 1118 (w), 1055 (m), 1017 (m), 970 (m), 917 (w), 842 

(s), 786 (w), 743 (s), 688 (w), 632 (w). 
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 [BitaDTDA+][Cl-] (II-5): A solution of benzisothiazole-N,N,N -

tris(trimethylsilyl)amidine (4.44 g, 11.3 mmol) in anhydrous acetonitrile (5 mL) 

was slowly added to a solution of sulfur monochloride (3.6 mL, 45 mmol) in 

anhydrous acetonitrile (40 mL).  The orange/red solution was then gently 

refluxed overnight whereupon it was filtered in vacuo to afford a bright orange powder.  Crude 

yields are typically >100% at this stage as contamination with elemental sulfur is common.  

FTIR (KBr, cm-1): 2363 (w,br), 1685 (w), 1560 (w), 1474 (m), 1457 (m), 1442 (m), 1427 (s), 

1336 (m), 1336 (m), 1293 (m), 1253 (m), 1078 (w), 1017 (w), 887 (w), 844 (m), 797.4 (m), 768 

(w), 757 (w), 734 (m), 677 (m), 624 (w), 608 (w), 543 (w), 412 (m). 

 

BitaDTDA (II-6): Triphenylantimony (0.71 g, 2.01 mmol) was added to a slurry 

of anhydrous acetonitrile (20 mL) and chloride salt II-5 (0.9951 g, 3.634 mmol).  

The dark purple mixture was stirred for 3 hours at room temperature. The 

solution was then filtered in vacuo to afford a brown/purple powder.  The crude 

product was purified by sublimation under dynamic vacuum at 120 °C Torr (10-2) using a 

temperature gradient tube furnace.  Static vacuum sublimation of the purified product at 120 °C 

was used to grow crystals suitable for X-ray crystallography. Sublimed yield: 313.2 mg (36% 

from nitrile).  FTIR (KBr, cm-1): 1649 (m), 1626 (m), 1561 (m), 1458 (w), 1412 (w), 1389 (w), 

1355 (w), 1240 (w), 1103 (w), 1017 (w), 947 (w), 828 (m), 804 (w), 769 (m), 732 (s), 686 (m), 

613 (m), 564 (w), 493 (m), 452 (w), 421 (w). Anal. Calcd. for C8H4N3S3: C, 40.31; H, 1.69; N, 

17.63%. Found: C, 40.48; H, 2.00; N, 17.38%. EPR (toluene, 25 °C) five line pattern consistent 

with coupling to two equivalent 14N nuclei; aN = 5.021 G, g = 2.013(0). 

5-Methyl(thioisatin) (II-7): Oxalyl chloride (1.5 mL, 21 mmol) was syringed 

into a solution of 4-methylbenzenethiol (2.55 mL, 20.5 mmol) and anhydrous 

ether (20 mL). The yellow solution was then refluxed for 1.5 hours.  The 

solvent was removed in vacuo to produce a yellow/green solid which was then dissolved in 

anhydrous dichloromethane (80 mL) and cooled using an ice bath.  Aluminum trichloride (3.0 g, 

24 mmol) was added, the ice bath was removed, and the solution was refluxed for 1 hour 

whereupon the solution changed from yellow to dark brown. The solution was then poured over 

ice. The organic layer was washed with a saturated sodium bicarbonate solution (200 mL) 
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followed by water (2×100 mL) and a NaCl solution (100 mL).  The organic layer was dried with 

magnesium sulfate and the solvent was then removed in vacuo to afford a red precipitate.  

Hexanes (100 mL) was then added and the solution was filtered to obtain bright orange/pink 

crystals. Yield 1.45 g (40%). 1H NMR (300 MHz, CDCl3, 25 °C, ppm) δμ 7.62 (1H, m), 7.48 

(1H, m), 7.29 (1H, m), 2.37 (3H, s). FTIR (KBr, cm-1): 1735 (m), 1708 (s), 1597 (m), 1560 (m), 

1469 (m), 1469 (m), 1283 (m), 1232 (w), 1156 (w), 1074 (w), 1016 (w), 986 (w), 924 (m), 890 

(w), 827 (m), 803 (m), 772 (m), 690 (w), 634 (w), 520 (w), 493 (m), 440 (m). 

                            

5-Methyl-1,2-benzisothiazole-3-carboxamide 

 / 5-methylbenzo[d]isothiazole-3-carboxamide (II-8): Hydrogen peroxide 

(30%) (24 mL) was added drop wise to a mixture of 5-methyl(thioisatin) 

(8.5622 g, 8.2273 mmol) and concentrated ammonium hydroxide (28%) (300 

mL) turning the solution from red to a cloudy peach colour.  The solution was then stirred for 96 

hours at room temperature.  A peach coloured precipitate formed and was collected by filtration. 

Yield 6.3718 g (69%) FTIR (KBr; cm-1): 3414 (mb), 3281 (w), 3140 (mb), 1685 (s), 1601 (m), 

1474 (m), 1405 (m), 1330 (m), 1282 (s), 1253 (m), 1181 (m), 1162 (w), 1097 (w), 892 (m), 812 

(m), 799 (m), 769 (w), 731 (w), 682 (m), 650 (m), 621 (m), 506 (s).  

 

 

5-Methyl-1,2-benzoisothiazole-3-carbonitrile / 5-methylbenzo[d]isothiazole-

3-carbonitrile/ bitaplusCN (II-9): In an ice bath, 5-methyl-1,2-

benzoisothiazole-3-carboxamide (2.7602 g, 14.358 mmol) was added to a 

solution of phosphorus oxychloride (20 mL) in anhydrous acetonitrile (40 mL).  The mixture was 

then refluxed for 3 hours to produce a crimson solution.  The solvent was removed in vacuo to 

afford a purple/pink residue.  The residue was dissolved in ethyl acetate (300 mL), washed with 

water (100 mL) and then dried with magnesium sulfate.  The solvent was then removed in vacuo 

to produce pink/purple crystals.  The crude product was purified by dynamic vacuum 

sublimation (10-2) Torr 60 °C affording yellow crystals. Yield 1.8103 g (74%) 1H NMR (400 

MHz, CDCl3, 25 °C, ppm) δμ  7.96 (1H, s), 7.88 (1H, d, J = 8.4 Hz), 7.46 (1H, dd, J = 8.6 Hz, J = 

1.2 Hz), 2.55 (3H,s). 
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5-Methyl-1,2-benzoisothiazole-N,N,Nʹ-tris(trimethylsilyl)amidine (II-

10): 5-Methyl-1,2-benzoisothiazole-3-carboxamide (1.6177 g, 9.2854 

mmol) was added to a solution of LiN(SiMe3)2∙Et2O (2.6377 g, 10.924 

mmol) and anhydrous toluene (200 mL).  The yellowish solution quickly 

turned to a thick, orange/pink slurry and was stirred overnight.  

Trimethylsilyl chloride (2.00 mL, 15.6 mmol) was syringed into the reaction and refluxed 

overnight.  The resulting brown solution was filtered hot and the solvent was removed in vacuo 

to afford brown oil.  The oil was purified by distillation at 110 °C to obtain a lime green oil. 

Yield 2.354 g (62%) 1H NMR (300 MHz, CDCl3, 25 °C, ppm) δμ 8.50 (1H, s), 7.66 (1H, m), 7.25 

(1H, m), 2.38 (3H, s), 0.00 (27H, s).  FTIR (neat, cm-1) 3354 (w), 2955 (m), 2898 (m), 1627 (s), 

1524 (w), 1471 (s), 1414 (m), 1345 (m), 1345 (m), 1298 (w), 1252 (s), 1226 (m), 1172 (m), 1123 

(w), 1123 (w), 1077 (w), 1050 (m), 974 (m), 932 (w), 842 (s), 756 (m), 729 (w), 703 (w), 693 

(w), 649 (w). 

 

 [BitaplusDTDA+][Cl-] (II-11): A solution of 5-methyl-1,2-benzoisothiazole-

N,N,N -tris(trimethylsilyl)amidine (2.3542 g, 5.7729 mmol) and anhydrous 

acetonitrile (5 mL) was slowly added to a solution of excess sulfur 

monochloride (4.0 mL, 50 mmol) and anhydrous acetonitrile (40 mL).  The 

orange/red solution was stirred overnight.  The solution was filtered in vacuo to afford a bright 

orange powder.  Crude yields are typically >100% at this stage as contamination with elemental 

sulfur is common.  The crude product was used for subsequent steps without further purification. 

Yield (1.5978 g) FTIR (KBr, cm-1): 3002 (wb), 1674 (w), 1628 (w), 1560 (w), 1544 (w), 1484 

(m), 1458 (m), 1415 (m), 1379 (m), 1321 (w), 1292 (m), 1260 (w), 1236 (w), 1185 (w), 1158 

(m), 1041 (w), 938 (w) 896 (s), 857 (w), 840 (w), 799 (m), 782 (m), 707 (w), 652 (w), 622 (w), 

542 (m), 518 (s). 

 

 

4-(5-Methyl-γʹ-benzoisothiazolyl)-1,2,3,5-dithiadiazolyl (bitaplusDTDA) 

(II-12): Triphenylantimony (0.66 g, 1.87 mmol) was added to a slurry of 

anhydrous acetonitrile (25 mL) and chloride salt II-11 (0.73 g, 2.5 mmol) 

under argon.  The dark purple/black mixture was stirred for 10 minutes at room 
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temperature.  The solution was then filtered to afford a dark purple powder.  The product was 

purified by dynamic vacuum sublimation at 120 °C Torr (10-2) using a temperature gradient tube 

furnace to produce dark purple crystals suitable for X-ray crystallography. Sublimed Yield 191.1 

mg (14% from nitrile). FTIR (KBr, cm-1): 3057 (w), 2911 (w), 1477 (w), 1437 (w), 1412 (w), 

1378 (w), 1309 (w), 1265 (w), 1237 (s), 1174 (s), 1158 (m), 1079 (w), 1038 (w), 886 (w), 826 

(s), 805 (s), 785 (s), 763 (s), 719 (w), 686 (w), 596 (w), 513 (s), 434 (w). Anal. Calcd for 

C9H6N3S3: C, 42.83; H, 2.40; N, 16.65%. Found: C, 42.94; H, 2.47; N, 16.49%.  EPR (toluene, 

25 °C) five line pattern consistent with exchange between coupling to two equivalent 14N nuclei; 

aN = 5.055 G, g = 2.013(0).  
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Chapter 3: The 4-(benzothiazol-2ʹ-yl)-1,2,3,5-dithiadiazolyl radical ligand 

3.1 Introduction 

Arguably, one of the most remarkable ligands used in the Preuss group has been 

boaDTDA (Figure 3.1),1-3  first synthesized by Dr. Elisa Fatila.  As previously discussed in 

Chapter 1, metal complexes of boaDTDA have exhibited a number of interesting properties 

including ferromagnetic coupling between radicals in 1-D coordination polymers with early 

lanthanides, SMMs and high spin supramolecular systems.1,2  It was hypothesized that replacing 

the oxygen atom with a sulfur atom would change the nature of intermolecular interactions, 

resulting in either enhanced properties similar to boaDTDA, or completely new properties.  4-

(Benzothiazol-2 -yl)-1,2,3,5-dithiadiazolyl has been a direct offshoot of boaDTDA and will be 

referred to as betaDTDA for the entirety of this thesis.  BoaDTDA and betaDTDA are 

isoelectronic, differing only by the nature of the chalogen outside the DTDA ring (Figure 3.1).     

 

Figure 3.1: Isoelectronic structures of boaDTDA (left) and betaDTDA (right)  

The intention of having a sulfur-containing moiety in the form of the benzothiazole 

portion of the radical was to influence both the packing in the crystal structure and the possible 

coordination environments with metals.  The oxygen atom in boaDTDA led to formation of 

coordination polymers when coordinated to early lanthanide ions, where O-Ln contacts in 

addition to N,N-bidentate coordination resulted in the structure shown in Figure 3.2.  The 

oxygen atom may be providing assistance to the lanthanum ion in the coordination complex 

because they are both “hard” species.  It is therefore possible that a “soft” sulfur atom may assist 

coordination to a “soft” metal.  Sulfur and oxygen atoms may belong to the same column in the 

period table but they are inheritably different in nature.  The “softer” sulfur atoms are 

electropositive and can form Sδ+...Xδ-, whereas a “hard” oxygen atom may experience different 

electrostatic interactions.    
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Figure 3.2: Coordination of boaDTDA to La(III) ion 

3.2 Synthesis of betaCN, a starting material for betaDTDA 

The most common synthesis to create DTDAs is to start from the respective nitrile with 

the desired R group. Thus the ability to find an efficient synthetic route to the respective nitrile is 

the key to creating DTDAs.  The compound 2-cyanobenzothiazole is not commercially available.  

Two different routes were proposed for the synthesis of 2-cyanobenzothiazole.  The first attempt 

followed a synthetic approach very similar to that for the preparation of boaDTDA.  This 

synthetic method uses Appel’s salt4 and aminobenzene.  Appel’s salt is synthesized through the 

reaction of chloroacetonitrile with excess sulfur monochloride in methylene chloride and 

Adogen® 464.  The synthesis of Appel’s salt4 is depicted in Scheme 3.1. 

 

Scheme 3.1: Synthesis of Appel’s salt4 

Appel’s salt is reacted with aniline to produce the protonated σ-(4-chloro-5H-1,2,3-

dithiazol-5-ylidene)aniline chloride salt, which is then heated in toluene and pyridine to produce 

2-cyanobenzothiazole (Scheme 3.2).5-7  There is a published paper in which the free base of the 

chloride salt undergoes thermolysis with the use of a microwave reactor to form betaCN 

(Scheme 3.2).5  Attempts to replicate this in our lab have been futile.  BetaCN was synthesized 

by heating the protonated N-(4-chloro-5H-1,2,3-dithiazol-5-ylidene)aniline chloride salt in 

toluene, however the yield was extremely poor.  The route was attempted a few times but it was 

concluded that other synthetic routes should be explored to find a more efficient synthesis.   
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Scheme 3.2: Synthesis of betaCN using first approach5,6 

The second attempt to make 2-cyanobenzothiazole proposes an entirely different 

synthetic route (Scheme 3.3) starting from ethyl 2-benzothiazolecarboxylate, which is available 

commercially but rather expensive (5 g/$85.90).  Ethyl 2-benzothiazolecarboxylate was 

synthesized by refluxing 2-aminothiophenol and diethyl oxalate.8  The carboxylic ester was then 

dissolved in methanol, and ammonium hydroxide was added in excess to afford the amide.  Once 

the amide was synthesized, it was converted to the nitrile with phosphorus oxychloride, 

analogous to the synthesis of bitaCN and bitaplusCN.   The second route produced much higher 

yields of betaCN than the first.  BetaCN was purified by sublimation under dynamic vacuum 

(~10-2 Torr) to produce white crystals at 60 °C.     
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Scheme 3.3: Synthetic route for betaCN8-10  

Preparation of the betaDTDA radical from betaCN follows the already discussed 

established procedure, wherein the nitrile is converted to a silylated amidine,11 which is then 

reacted with excess sulfur monochloride generating the [betaDTDA+][Cl-] salt (Scheme 3.4).12  

The chloride salt is reduced to the crude radical with a half molar equivalent of 

triphenylantimony to produce dark purple/black solid betaDTDA radical and the byproduct 

triphenylantimony dichloride.13 The crude betaDTDA was purified via sublimation to afford 

beautiful dark green crystals under a dynamic vacuum of 10-2 Torr at 120 °C.  It is worth noting 

that, unlike many previous DTDA syntheses that isolate and purify the silylated amidine, the 

synthesis of the [betaDTDA+][Cl-] salt is best performed as a one-pot synthesis from the nitrile.  

The betaDTDA radical sublimes in much higher yields than bitaDTDA or bitaplusDTDA.      

 

Scheme 3.4: Synthesis of betaDTDA from betaCN 
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3.3 EPR spectrum of betaDTDA 

In an EPR cell, betaDTDA was partially dissolved in toluene.  The EPR spectrum of 

betaDTDA produced a 5 line pattern characteristic of most mono-radical DTDAs.  This five line 

pattern had an intensity pattern of 1:2:3:2:1 indicative of an unpaired electron coupling to two 

essentially equivalent 14N nuclei.  The EPR spectrum has a g value of 2.0131 and aN = 5.021 G.   

 

Figure 3.3: EPR spectrum of betaDTDA at room temperature in anhydrous toluene 

 

3.4 Crystal structure of betaDTDA 

Suitable single crystals of betaDTDA were examined using X-ray diffraction to afford a 

crystal structure of the radical (Figure 3.4).  In the sample of single crystals, six crystals where 

screened: three plates and three prisms. There are at least two distinct crystal habits and these 

may be indicative of two different polymorphs.  The crystal plates did not diffract well enough to 

obtain a crystal structure, and so the structure of these could not be collected.  X-ray diffraction 

of the crystal prisms was more successful and a crystal structure was obtained.  A crystal was 

mounted with Mitegen oil and a molybdenum source was used at 150 K.  Unfortunately the R-

value of the refined crystal structure has remained rather high at ~9%, even with multiple 

attempts to refine and solve.  There are two molecules in the asymmetric unit and these are 

arranged in a [betaDTDA]2 dimer.  The mode of dimerization is cis-cofacial, the most common 

among crystal structures of DTDA radicals.14  The intermolecular distances between the sulfur 

3465 3475 3485 3495 3505 3515 3525

Field (G) 



 

73 
 

atoms in the DTDA ring are approximately 3.0 Å, well within the sum if the van der Waals radii 

of 3.6 Å for two S-2 ions.  The distances between the sulfur atoms participating in dimerization 

between the two molecules agree with the general distance for the cis-cofacial dimerization 

between DTDA molecules of 3.04- 3.19 Å.14  The betaDTDA radical crystallizes in a monoclinic 

space group P21/c.   

 

Figure 3.4: Asymmetric unit of the crystal structure of betaDTDA at 150 K 

 

Figure 3.5: Crystal Structure of betaDTDA with intermolecular contacts (red) from the 

benzothiazole sulfur atom and dimer contacts (black) 
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The addition of a sulfur atom outside of the DTDA ring has led to electrostatic contacts 

with a nitrogen atom and intermolecular contacts to sulfur atoms as hypothesized.  The immense 

number of contacts is shown in Figure 3.5.  The structural differences between the crystal 

structures of boaDTDA and betaDTDA are indicated in Table 3.2.   

 

3.5 Computational Analysis 

Unrestricted DFT calculations on betaDTDA show significant alpha spin density on the 

nitrogen and sulfur atoms of the DTDA ring (Figure 3.6).  The moderate beta spin density on the 

benzothiazole nitrogen atom can be attributed to spin polarization of underlying filled orbitals.  

The SOMO clearly resides on the DTDA ring.      

  

Figure 3.6: SOMO of betaDTDA (left) and total spin density map (right); generated using G03 

uB3LYP 6-31G(d,p)15 

 

Figure 3.7: Mulliken charge density map of betaDTDA (red- negative charge density, green-

positive charge density)15 
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The charge density calculation for betaDTDA shows partial positive charges on the sulfur 

atoms and partial negative charge on the nitrogen atoms (Figure 3.7), consistent with the initial 

hypotheses.  Partial charges are important for the electrostatic interactions in the solid state.   

Table 3.1: Spin density distribution and charge distribution (Mulliken Population Analysis 

(MPA)) for betaDTDA using geometry optimized G03 uB3LYP 6-31G(d,p)15 

 

Mulliken Spin Density MPA Charge 

S1 0.263966 0.277 

S2 0.277759 0.288 

N1 0.288047 -0.497 

N2 0.307509 -0.464 

S3 -0.004772 0.271 

N3 -0.024355 -0.472 

 

The charge density calculations performed on betaDTDA suggest that there is a partial 

positive charge on the sulfur atom (0.27).  Already reported in previous literature is the partial 

negative charge associated with the oxygen atom (-0.50) on boaDTDA.16   

Table 3.2: Comparisons between boaDTDA and betaDTDA16 

  boaDTDA betaDTDA 

heteroatom "hard" "soft" 

X=S, O oxygen sulfur 

C-X-C angle (°)  103 88 

S…S dimer contacts 3.197, 

3.004 

3.070, 

2.955 
Bidentate pocket distance   

σ…σ  2.936 2.875 

X…σ  2.681 2.912 

Dimerization mode cis-cofacial cis-cofacial 
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3.6 Magnetometry of betaDTDA 

Crystals of betaDTDA were sent to collaborators in France to preform solid state 

magnetometry.  Until it is confirmed that only one polymorph of betaDTDA was present in the 

microcrystalline sample sent for magnetometry, this magnetic data must be considered 

preliminary data and is subject to change.  The first step in measuring magnetometry is to check 

for ferromagnetic impurities.  Figure 3.8 shows the relationship between magnetization 

(cm3∙τe∙mol-1) and applied field (Oe) at 100 K.  The relationship between magnetization and 

applied field shows that the diamagnetic sample of betaDTDA has no significant ferromagnetic 

impurities.          

 

Figure 3.8: Plot of Magnetization as a function of applied field at 100 K 

A plot of χT versus temperature indicates that in the solid state betaDTDA is a 

diamagnetic species at all measured temperatures (Figure 3.9).  The magnetic susceptibility 

remains consistent as the temperature is increased suggesting that the triplet state is thermally 

inaccessible.  An energetically high triplet state relative to the singlet ground state coincides with 

a strong overlap between SOMOs of the dimerized radicals.   
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Figure 3.9: Plot of magnetic susceptibility (χT) as a function of temperature (K) at various 

applied fields of 1000 Oe (black) and 10000 Oe (red) 

BetaDTDA was not designed to exhibit novel magnetic properties on its own and there 

do not exist any N,N-coordinate radicals that are undimerized in the solid state.14  By introducing 

radicals into metal and lanthanide complexes it is possibly to create new and improved molecule-

based magnetic species.   

3.7 Summary/ Discussion   

Even though sulfur and oxygen belong to the same group on the periodic table their 

inherent properties have led to noticeable differences between boaDTDA and betaDTDA.  The 

S-C bond is noticeably longer than the O-C bond leading to a much smaller C-X-C bond angle in 

the five membered ring of benzothaizole (88°) as compared to benzoxazole (103°) (Figure 3.10).  

The smaller C-S-C angle in betaDTDA contributes to the sulfur atom protruding from the 

benzothiazole and will affect the coordination properties of this ligand.  The N,N-coordination 

pocket for betaDTDA (2.875 Å) is smaller than that of boaDTDA (2.936 Å).  Polarizability of 

the external heteroatoms plays an important role in electrostatic contacts.  The partial negative 

charge on oxygen compared to the partial positive charge on sulfur will influence the crystal 

packing.  The distance between the chalogen atom and the nitrogen atom on the opposite side to 

the bidentate pocket is significantly longer for betaDTDA (2.912 Å) compared to boaDTDA 

(2.681 Å).  The structural and chemical differences between betaDTDA and boaDTDA will lead 

to very different coordination complexes with transition metals and lanthanides. 
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Figure 3.10: Bidentate pocket distances for boaDTDA (left) and betaDTDA (right)2 

 

3.8 Experimental 

3.8.1 General Considerations 

Starting reagents were purchased from Sigma Aldrich, Alfa Aesar and Acros organics.  2-

Aminothiophenol is malodorous and should be kept in the fumehood at all times.  The synthesis 

of all compounds except III-1 and III-2 were performed under Ar(g) atmosphere using standard 

Schlenk techniques.  All anhydrous solvents were obtained from an LC solvent purification 

system using dry packed columns containing 3 Å molecular sieves.  Elemental Analysis was 

performed by MHW Laboratories, Phoenix, AZ, USA.  The IR spectra were collected using a 

Nicolet 510-FTIR spectrometer at room temperature.  Magnetic measurements were conducted 

and modeled by Dr. Rodolphe Cleréc at the Centre de Recherche Paul Pascal, CRPP-CNRS, 

Pessac, France.  EPR was collected using an X-band (9.8 GHz) Bruker EMX EPR spectrometer.  

Crystal structures were obtained by Prof. D. Soldatov, Department of Chemistry, University of 

Guelph, Ontario, Canada.   

3.8.2 Synthesis 

 

Ethyl 2-benzothiazolecarboxylate8 (III-1): A liquid mixture of 2-

aminothiophenol (10.0 mL, 96.7 mmol) and diethyl oxalate  (25.0 mL, 184 

mmol) was refluxed for 4 hours.  Upon cooling this yellow/green solution was added to a 2.4 M 

solution of HCl(aq).  After 12 hours of stirring at room temperature, the reaction mixture was 

filtered to collect an off white powder. Yield 9.73 g (51%).  FTIR (KBr, cm-1): 3063 (w), 2973 

(w), 2941 (w), 1750 (s), 1552 (w), 1498 (s), 1485 (w), 1457 (w), 1361 (w), 1316 (m), 1289 (s), 

1257 (s), 1227 (s), 1163 (w), 1098 (m), 1050 (w), 1013 (m), 892 (w), 855 (m), 807 (m), 758 (s), 

723 (s), 431 (m).  
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Benzothiazole-2-carboxamide (III-2):10 Concentrated ammonium hydroxide 

(28%) (9 mL) was added to solution of ethyl 2-benzothiazolecarboxylate 

(1.4455 g, 6.974 mmol) in methanol (20 mL). After 10 minutes of stirring at 

room temperature, a white precipitate appeared.  The solution was filtered to afford a white 

powder. Yield 1.118 g (90%). FTIR (KBr, cm-1): 3320 (m), 3223 (m), 1696 (m), 1664 (s), 1619 

(m), 1587 (w), 1508 (w), 1457 (w), 1407 (m), 1312 (m), 1117 (m), 1086 (w), 1049 (w), 763 (m), 

754 (m), 721 (m), 685 (w), 582 (m). 

 

2-Cyanobenzothiazole10 (III-3): Phosphorus oxychloride (10.0 mL, 39.8 

mmol) was syringed into a slurry of anhydrous acetonitrile (20 mL) and 

benzothiazole-2-carboxamide (1.1215 g, 6.2931 mmol). The solution became brown upon 

refluxing for 3 hours. Solvent was removed in vacuo to afford a beige residue. The residue was 

dissolved in ethyl acetate (300 mL) and washed with water (3×100 mL). The organic layer was 

dried with magnesium sulfate and then solvent was removed in vacuo to produce yellow crystals. 

The product was purified by dynamic vacuum sublimation (10-2 Torr) on a three stage tube 

furnace at 60 °C to yield white crystals. Yield 0.7762 g (77%). 1H NMR (300 MHz, CDCl3, 25 

°C, ppm) δμ 8.ββ (1H, m), 7.97 (1H, m), 7.63 (2H, m). FTIR (KBr, cm-1): 3066 (w), 2964 (w), 

2230 (s), 1719 (w), 1655 (w), 1629 (w), 1560 (w), 1550 (m), 1499 (w), 1468 (s), 1456 (s), 1421 

(m), 1318 (m), 1261 (m), 1242 (m), 1242 (w), 1201 (w), 1149 (m), 1134 (s), 1041 (m), 952 (w), 

874 (m), 801 (m), 763 (s), 727 (s), 703 (w), 617 (w), 541 (w), 498 (w), 447 (w). 

    

BetaDTDA Cl (III-4):  2-Cyanobenzothiazole (1.0211 g, 6.3739 mmol) 

was added to a solution of LiN(SiMe3)2∙Et2O (1.8531 g, 7.6748 mmol) 

dissolved in anhydrous diethyl ether (95 mL).  After 3 hours of stirring which resulted in a dark 

purple solution, trimethylsilylchloride (2.4 mL, 19 mmol) was added.  The reaction mixture was 

left to stir for 12 hours before it was filtered in situ.  The solvent was removed in vacuo to obtain 

a dark red solid, which was then dissolved in anhydrous CH2Cl2 (20 mL).  Excess sulfur 

monochloride (2.5 mL, 31 mmol) was added to this solution which was subsequently stirred 

overnight at room temperature affording a bright orange solution and precipitate.  A bright 
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orange powder was recovered by filtration.  Crude yields are typically >100% at this stage as 

contamination with elemental sulfur is common.  The solid was used without further purification.  

FTIR (KBr, cm-1): 3060 (w), 1685 (w), 1550 (w), 1507 (s), 1384 (s), 1316 (m), 1131 (s), 878 (s), 

847 (m), 840 (m), 778 (s), 705 (m), 541 (w).                  

 

4-(Benzoxazol-2ʹ-yl)-1,2,3,5-dithiadiazolyl (betaDTDA) (III-5): 

Triphenylantimony (1.02 g, 2.01 mmol) was added to a slurry of anhydrous 

acetonitrile (35 mL) and chloride salt III-5 (1.41 g, 5.15 mmol) under argon.  The resulting dark 

purple/black slurry was stirred for 30 minutes at room temperature.  The slurry was then filtered 

in vacuo to afford a black/purple powder.  The product was purified by dynamic vacuum 

sublimation at 120 °C Torr (10-2) using a temperature gradient tube furnace.  Static vacuum 

sublimation at 120 °C was then used to grow crystals suitable for X-ray crystallography. 

Sublimed Yield 658.2 mg (54% from nitrile).  FTIR (KBr, cm-1): 1552 (w), 1508 (m), 1451 (w), 

1355 (m), 1301 (m), 1115 (s), 1059 (m), 902 (s), 833 (s), 813 (s), 797 (s), 765 (s), 754 (s), 724 

(m), 687 (w), 498 (s), 425 (w).  Anal. Calcd. for C8H4N3S3: C, 40.31; H, 1.69; N, 17.63%. 

Found: C, 40.48; H, 2.00; N, 17.38%. EPR (toluene, 25 °C) five line pattern consistent with 

exchange between coupling to two equivalent 14N nuclei; aN = 5.021 G, g = 2.013(0). 
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Chapter 4: Transition metal complexes of betaDTDA and bitaplusDTDA 

4.1 Introduction 

This chapter will review transition metal complexes with novel DTDAs reported in 

Chapters 2 (bitaplusDTDA) and 3 (betaDTDA).  The Preuss group has reported transition metal 

complexes with several different bidentate N,N-coordinating DTDA ligands (Figure 4.1).1,2  The 

transition metals used in coordination to DTDAs have been 3d divalent transition metal ions (M 

= Mn – Zn).1,3-6  All the transition metals used in this work are considered “hard” species and 

therefore coordinate through the N,N pocket on the DTDAs.  The “hard” nitrogen pocket 

observed in Figure 4.1 acts as a Lewis base when coordinating to transition metals.   

 

Figure 4.1: A small selection of N,N-bidentate DTDA ligands that have been coordinated to 

transition metals (from left to rightν pyDTDA, boaDTDA, 4 -CN-pyDTDA4,5,7,8 

Several different N,N-bidentate DTDAs have been coordinated to transition metals in 

attempts to create novel magnetic systems.  Transition metal complexes with DTDA ligands can 

be broken down into two generalized categories, those that crystallize as dimers and those that 

remain undimerized in the solid state.  For transition metal-DTDA complexes that form “pancake 

bonds” in the solid state the magnetic data often shows a weak interaction between magnetic 

moments of the metal centers with no contribution from the diamagnetic dimerized DTDA 

ligands.  For the cases in which the DTDA ligands remain undimerized, the magnetic moment of 

paramagnetic ligand and metal center can interact with one another to produce a ferromagnetic or 

antiferromagnetic response.  By alternating and tuning the DTDA ligands it is possible to create 

DTDA ligands that may dimerize as discrete pairs but when in coordination complexes do not 

dimerize.  It is difficult to predict how structural changes in DTDA ligands will influence dimer 

formation in complexes.  For instance Mn(hfac)2(pyDTDA) dimerizes in the solid state, whereas 

Mn(hfac)2(4-CN-pyDTDA) remains undimerized as does Mn(hfac)2boaDTDA.4,7,9  A subtle 
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structural change between bitaDTDA and bitaplusDTDA (methyl group) could therefore result in 

a discrepancy between magnetic properties of possible transition metal complexes.  Changing the 

oxygen atom in boaDTDA to a sulfur atom (betaDTDA) may have large impact on dimer 

formation and magnetic interactions of subsequent complexes.    

Three transition metal complexes are reported herein, one with bitaplusDTDA, and two 

with betaDTDA.  Although a transition metal complex with bitaDTDA and Mn(II) was 

attempted, purification attempts by sublimation resulted in decomposition.  It was hypothesized 

that the thermal instability of the complex may be the result of increased electrostatic interactions 

and that adding a methyl group may hinder these interactions and increase volatility.  

4.2 Synthesis of Transition metal complexes with bitaplusDTDA and betaDTDA 

The transition metal starting material M(hfac)2(THF)2 was synthesized following literature 

procedure.10  The complexes are synthesized by the addition of anhydrous methylene chloride to 

a solid mixture of the radical and M(hfac)2(THF)2 (Scheme 4.1).  The complexes tend to be very 

soluble and are recovered from solution by removal of the solvent, then purified by sublimation 

at 10-2 Torr by dynamic vacuum.  The transition metals complexes successfully synthesized and 

characterized are bitaplusDTDA with Mn(II) and betaDTDA with Mn(II) and Fe(II).     

 

 

Scheme 4.1: Synthesis of transition metal complexes with betaDTDA (top), 

Mn(hfac)2bitaplusDTDA synthesis (bottom) 
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4.3 Crystal Structure of Mn(hfac)2betaDTDA 

Dark purple needle crystals of Mn(hfac)2betaDTDA (IV-2) were grown by reduced 

pressure sublimation at 120 °C.  The structure of Mn(hfac)2betaDTDA was obtained from single 

X-ray diffraction at 150 K (Figure 4.2).  The species crystallizes in the monoclinic space group 

C2/c.       

 

Figure 4.2: Asymmetric unit of Mn(hfac)2betaDTDA 

Mn(hfac)2betaDTDA is dimerized in the solid state.  A twisted-cofacial dimerization 

motif is observed between radical ligands (Figure 4.3).  The closest intermolecular distance 

between the sulfur atoms on the DTDA rings is 2.935 Å, well within the sum of the van der 

Waals radii for sulfurν γ.6 Å.  There are electrostatic interactions between Sβ…τγ with a 

distance of 3.182 Å. 
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Figure 4.3: Pair of molecules illustrating a dimerized unit of Mn(hfac)2betaDTDA (fluorine and 

hydrogen atoms removed for clarity)  

 

4.4 Magnetometry of Mn(hfac)2betaDTDA 

The Mn(hfac)2betaDTDA sample was first tested for ferromagnetic impurities.  A plot of 

magnetization (M) versus applied field (H) shows no sign of remnant magnetization at 100 K 

because the plot passes through the origin upon demagnetization (Figure 4.4); therefore the 

sample is free of any significant ferromagnetic impurities.        

 

Figure 4.4: Field dependent magnetization of IV-2 at 100 K 
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In the solid state, Mn(beta) is dimerized through DTDA S…S contacts.  The overlap 

between SOMOs of the individual radical ligands has been shown to result in spin-pairing, thus it 

is reasonable to assume that the ligand portion of the [DTDA]2 dimer is diamagnetic. The ligands 

make no contribution to the paramagnetic susceptibility of the system, and therefore no 

contribution to the overall magnetic moment.  The χT product was plotted as a function of 

temperature (Figure 4.5).  At 300 K the value for χT is 4.3 cm3∙K∙mol-1.  The expected value of 

χT for a system where S = 5/2 and g = 2 is 4.375 cm3∙K∙mol-1.  The Heisenberg Hamiltonian 

used to model this system considers only the interaction of two Mn(II) ions in a dimeric unit, 

where ŜMn1 and ŜMn2 are their spin operators.   �̂ = − �{̂�� ∙ ̂�� }          Equation 4.1 

Using this model, the best fit for the data is achieved with an exchange coupling between the 

Mn(II) ions of J/kB = -0.98(5) K and a g value of 1.99(5).  The sign and magnitude of J/kB is 

indicative of very weak antiferromagnetic coupling, presumably between the moments of two 

Mn(II) ions within a dimer unit.  Inter-dimer interactions have not been explicitly included in this 

model.  

 

Figure 4.5: χT product as a function of temperature at two different fields (red = 10000 Oe, 

black = 1000 Oe) 
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4.5 Crystal Structure of Fe(hfac)2betaDTDA 

Dark purple needles of Fe(hfac)2betaDTDA (IV-3) were grown by sublimation at 120 °C 

and a reduced pressure of 10-2 Torr.  A preliminary structure of Fe(hfac)2betaDTDA was 

collected at 150 K however, since the crystals were of very poor quality and very small, new 

crystals have subsequently been grown and are awaiting analysis for publishable results.  The 

bulk sample passed elemental analysis signifying that coordination of a 1:1 species was 

achieved.  A microcrystalline sample of IV-3 was sent for magnetometry and preliminary results 

suggest that this species is undimerized in the solid state.      

 

Figure 4.6: Preliminary crystal structure of Fe(hfac)2betaDTDA 

 

4.6 Crystal Structure of Mn(hfac)2bitaplusDTDA 

The structure of Mn(hfac)2bitaplusDTDA (IV-1) was determined by single crystal X-ray 

diffraction.  The compound crystallizes in the tetragonal space group of I41/acd.  The unit cell for 

this structure is very large compared to all other crystal structures presented in this thesis.  The 

volume of the unit cell of Mn(hfac)2bitaplusDTDA is 21782.3 Å3 compared to 4792.32 Å3 for 

Mn(hfac)2betaDTDA, for example.  Most DTDA complexes crystallize in lower symmetry space 

groups, such as triclinic or monoclinic.1 
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Figure 4.7: Asymmetric unit of Mn(hfac)2betaDTDA collected at 150 K 

In the solid state Mn(hfac)2bitaplusDTDA is dimerized in a twisted cofacial motif.  In 

this “pancake bond”, the closest intermolecular distance between the sulfur atoms is 2.961 Å, 

well within the sum of the van der Waals radii of 3.6 Å.  The methyl group on the phenyl ring 

may contribute to the dimerization mode.  A cis-cofacial dimerization mode is likely to be 

sterically hindered due to repulsion between the methyl group and phenyl ring of stacking thiazyl 

ligands or repulsion between the methyl group and the hfac ligands.  The intra-dimer τ…S 

electrostatic interactions have a distance of 3.097 Å and may contribute to the packing motif 

(Figure 4.8).       

 

Figure 4.8: Twisted cofacial dimerization of Mn(hfac)2bitaplusDTDA (hydrogen atoms hfac 

ligands removed expect for O positions of hfac ligands) 
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Manganese (II) is currently the only transition metal that bitaplusDTDA has been 

coordinated to.  The bulk microcrystalline sample has passed elemental analysis, however FTIR 

has not been collected.  Due to the dimerization of the radical ligands as a result of the overlap of 

SOMOs (spin-paired) it is reasonable to expect that there will be no contribution from the radical 

to the overall magnetic moment of the system, the only paramagnetic contribution will be from 

the metal centers.   

 

4.7 Discussion/Summary 

The Mn(II) transition metal complexes with betaDTDA and bitaplusDTDA are both 

dimerized in the solid state.  Based on how the magnetic data was modeled it is reasonable to 

claim that Mn(hfac)2betaDTDA displays weak antiferromagnetically coupled Mn(II) ions 

through a diamagnetic bridging dimer of the radical.  Therefore Mn(hfac)2betaDTDA does not 

display magnetic properties akin to Mn(boaDTDA) as originally hypothesized, despite similar 

τ…S contacts.  Mn(hfac)2boaDTDA does not dimerize in the solid and displays 

antiferromagnetic interactions between the supramolecular Mn(hfac)2boaDTDA pairs through 

intermolecular S…τ contacts (vide supra).7  The antiferromagnetic interaction between the 

magnetic moments of radical and metal afford a ground state spin of ST = 4 between neighboring 

molecules.  The magnetic properties of Mn(hfac)2betaDTDA are more similar to those of 

Mn(hfac)2boaDSDA than of Mn(hfac)2boaDTDA.11  Mn(hfac)2boaDSDA utilizes selenium 

instead of sulfur as part of the thiazyl ring.  Both of these complexes exhibit weakly 

antiferromagnetic coupling between the magnetic moments of the Mn(II) ions.  

 

Figure 4.9: Mn(hfac)2boaDSDA dimerized pairs 
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Mn(hfac)2boaDSDA is dimerized in a twisted-cofacial motif (Figure 4.9) and has a 

intermolecular coupling  value of -0.255 K between the Mn(II) centers.11  It is curious that the 

selenium analogue of Mn(hfac)2boaDTDA has similar magneto-structural features to 

Mn(hfac)2betaDTDA. 

Attempts have been made to synthesize Mn(hfac)2bitaDTDA, however this complex has 

not been successfully characterized due to apparent thermal instability upon sublimation.  

Attempts at recrystallize crude “Mn(hfac)2bitaDTDA” from ether and methylene chloride have 

also resulted in decomposition.  Mn(hfac)2bitaplusDTDA has been successfully synthesized and 

characterized.  The twisted cofacial dimerization motif in the crystal structure has τ…S 

electrostatic interactions between the sulfur atoms on the DTDA ring and the oxygen atoms on 

the hfac ligands.  Mn(hfac)2bitaplus displays interesting crystal packing and high symmetry, 

however it is unlikely that it will be magnetically interesting due to the dimerized DTDA ligands.  

“Mn(hfac)2bitaDTDA” decomposed upon sublimation and Mn(hfac)2bitaplusDTDA afforded a 

very poor yield from sublimation.  There was only one attempt made to synthesize IV-1 and 

therefore it is difficult to speculate why Mn(hfac)2bitaplusDTDA sublimed in a poor yield, this 

could be a function of the compounds volatility or experimental error.  Unfortunately there was 

not enough polycrystalline sample of IV-1 for FTIR, elemental analysis and a crystal structure so 

priority was given to obtaining a crystal structure and elemental analysis.  As 

Mn(hfac)2bitaplusDTDA is dimerized in the solid state, no further attempts were made to re-

synthesize this complex for this thesis.  Potential future work includes further attempts at 

coordination of these sulfur-containing radicals to the later divalent transition metals, as only 

preliminary attempts were made in this work.     

        

4.8 Experimental 

4.8.1 General Considerations 

Reagents were purchased from Sigma Aldrich, Alfa Aesar and Acros organics.  

Mn(hfac)2(THF)2 was synthesizing by Dr. Elisa Fatila and Adam Maahs, Fe(hfac)2(THF)2 was 

synthesized by Michelle Mills.  BitaplusDTDA and betaDTDA were prepared according to 

synthetic procedures previously reported in Chapter 2 and Chapter 3.  The synthesis of all 
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compounds were performed under Ar(g) atmosphere using standard Schlenk techniques.  

Anhydrous solvents were obtained from an LC solvent purification system using dry packed 

columns contained 3 Å molecular sieves.  Elemental Analysis was performed by MHW 

Laboratories, Phoenix, AZ, USA.  The IR spectra were collected using a Nicolet 510-FTIR 

spectrometer 4 cm-1 resolution at room temperature.  Magnetic measurements were conducted 

and modeled by Dr. Rodolphe Cleréc at the Centre de Recherche Paul Pascal, CRPP-CNRS, 

Pessac, France.  Crystal structures were obtained by Prof. D. Soldatov, Department of 

Chemistry, University of Guelph, Ontario, Canada on a SuperNova diffractometer with Altas 

CCD detector and with a molybdenum source.  The crystal structures were solved by direct 

methods using Olex2.    

4.8.2 Synthesis 

Mn(hfac)2bitaplusDTDA (IV-1): Anhydrous CH2Cl2 (30 mL) was added to a mixture of 

Mn(hfac)2(THF)2 (0.2074 g, 0.3382 mmol) and bitaplusDTDA (0.3206 g, 0.0809 mmol).  The 

dark purple solution was stirred for 1 hour and then the solvent was removed in vacuo.  The 

crude purple solid was sublimed at 105 °C under dynamic vacuum (Torr 10-2) to produce dark 

purple crystals suitable for X-ray diffraction.  Yield 0.0099 g (4%).  Anal. Calcd for 

MnC19H8F12N3O4S3: C, 31.63; H, 1.12; N, 5.76%. Found: C, 31.31; H, 1.56; N, 5.76%.  The 

yield was too low to obtain FTIR.    

Mn(hfac)2betaDTDA (IV-2):  Anhydrous CH2Cl2 (30 mL) was added to a mixture of 

betaDTDA (0.1290 g, 0.5413 mmol) and Mn(hfac)2(THF)2 (0.4681 g, 0.7633 mmol).  The dark 

purple reaction mixture was stirred for 1 hour.  The solvent was then removed in vacuo to afford 

a purple solid.  The product was purified by dynamic vacuum sublimation (10-2 Torr) on a three 

stage tube furnace at 120 °C to afford dark purple crystals suitable for X-ray crystallography. 

Yield 0.1286 g (34%).  FTIR (nujol on NaCl plates, cm-1): 1652 (s), 1639 (s), 1557 (m), 1531 

(m), 1496 (s), 1347 (w), 1263 (s), 1194 (s), 1139 (s), 1094 (w), 948 (w), 922 (w), 874 (w), 796 

(m), 765 (m), 741 (m), 741 (w), 730 (w), 679 (w), 664 (m).  Anal. Calcd for MnC18H6F12N3O4S3: 

C, 30.56; H, 0.85; N, 5.94%. Found: C, 30.60; H, 1.01; N, 5.80%.      

Fe(hfac)2betaDTDA (IV-3): Anhydrous CH2Cl2 (35 mL) was added to a mixture of betaDTDA 

(0.0994 g, 0.3853 mmol) and Fe(hfac)2(THF)2 (0.4549 g, 0.8991 mmol).  After 1 hour of stirring 

the solution became a homogenous dark purple solution.  This solvent was subsequently 
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removed in vacuo to produce a dark purple solid.  The crude product was purified via 

sublimation.  On a three stage tub furnace under dynamic vacuum the complex sublimed at 130 

°C under 10-2 Torr to afford dark purple feathery crystals.  Yield 0.0953 g (35%).  FTIR (nujol 

on NaCl plates, cm-1): 1634 (s), 1556 (m), 1526 (m), 1495 (m), 1348 (w), 1266 (s), 1214 (s), 

1191 (s), 1139 (s), 1103 (w), 949 (w), 923 (w), 874 (w), 806 (m), 794 (m), 761 (m), 741 (w), 729 

(w), 679 (w), 666 (m).  Anal. Calcd for FeC18H6F12N3O4S3: C, 30.52; H, 0.85; N, 5.93% Found: 

C, 30.66; H, 1.05; N, 5.93%.    

 

4.9 References 

(1) Preuss, K. E. Coordination Chemistry Reviews 2014. 

(2) Preuss, K. E. Dalton Transactions 2007, 2357. 

(3) Fatila, E. M.; Clérac, R.; Rouzières, M.; Soldatov, D. V.; Jennings, M.; Preuss, K. E. 

Journal of the American Chemical Society 2013, 135, 13298. 

(4) Hearns, N. G. R.; Clérac, R.; Jennings, M.; Preuss, K. E. Dalton Transactions 2009, 

3193. 

(5) Hearns, N. G. R.; Preuss, K. E.; Richardson, J. F.; Bin-Salamon, S. Journal of the 

American Chemical Society 2004, 126, 9942. 

(6) Fatila, E. M.; Clérac, R.; Jennings, M.; Preuss, K. E. Chemical communications 

(Cambridge, England) 2013, 49, 9431. 

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

Communications 2010, 46, 6569. 

(8) Preuss, K. E. Polyhedron 2014, 79, 1. 

(9) Britten, J.; Hearns, N. G. R.; Preuss, K. E.; Richardson, J. F.; Bin-Salamon, S. Inorganic 

Chemistry 2007, 46, 3934. 

(10) Izumi, F.; Kurosawa, R.; Kawamoto, H.; Akaiwa, H. Bulletin of the Chemical Society of 

Japan 1975, 48, 3188. 

(11) Fatila, E. M. PhD. Thesis 2013, University of Guelph. 

 

 



 

93 
 

Chapter 5: Lanthanide Complexes of bitaDTDA and bitaplusDTDA 

5.1 Introduction  

BitaDTDA and bitaplusDTDA are very different from the other N,N-coordinate radicals 

explored previously by the Preuss group.  The unique “L” shaped structure and sulfur moiety 

outside of the DTDA ring are features only characteristic to bitaDTDA and bitaplusDTDA.  

Isolation of transition metal complexes with bitaDTDA was never achieved due to apparent 

thermal instability of the complexes and decomposition upon recrystallization from solution 

attempts.  However, lanthanide ions provide the advantage of a large coordination sphere in 

which hfac auxiliary ligands can enhance volatility of the overall complex.  Lanthanide 

complexes with bitaDTDA and bitaplusDTDA have been synthesized, purified by sublimation, 

and characterized.  The lanthanide complexes discussed herein are all 8-cooridnate species.    

Lanthanide complexes have exhibited SMM behavior with significantly higher 

anisotropic energy barriers than transition metal complexes.1-3  Recently, the Preuss group has 

made advances in the coordination of thiazyl radicals to lanthanide centers, and this was a major 

focus of the work described in this thesis.  One of the most recent successes in the Preuss group 

was a complex of boaDTDA and Dy(III), which exhibited unusual and remarkable SMM 

properties.4  The dimerized complex (which contains two Dy ions) behaves as a single SMM 

when measured at zero dc field.  However, upon applying a weak dc field (700 Oe), two distinct 

relaxation modes are observed, meaning the complex behaves as two distinct SMMs.  The ability 

to ‘decouple’ Dy(III) ions by applying a magnetic field implies that this system can be used as a 

model for a CNOT quantum computing gate.4  The Preuss group has synthesized a variety of 

other Dy(III)- radical SMMs, and one objective for bitaDTDA and bitaplusDTDA was to 

examine their magnetic properties when coordinated to Dy(III), as well as to other lanthanides 

(Er and Gd).   

The lanthanide precursor must be anhydrous due to moisture sensitivity of the radicals.  

Chapter 4 presented anhydrous transition starting materials that utilized THF as a labile ligand.  

The hydration enthalpy of lanthanides is greater than transition metals due to their larger atomic 

radius.  A higher hydration enthalpy makes it marginally more difficult to synthesize anhydrous 

lanthanide starting materials as opposed to anhydrous transition starting materials.  The 
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lanthanide starting material Ln(hfac)3DME was synthesized from a literature procedure, in which 

the coordination water is replaced with 1,2-dimethoxyethane (DME) (Scheme 5.1).5  Lanthanide 

starting materials containing THF have been investigated however the yields were very poor and 

DME was chosen instead.6      

 

Scheme 5.1: Synthesis of Ln(III) starting material from Ln(hfac)3(H2O)2
5

 

 

5.2 Synthesis of lanthanide complexes of bitaDTDA 

In anhydrous methylene chloride a mixture of Ln(hfac)3DME and radical were dissolved 

and the solution was stirred for approximately 1 hour.  Due to the high solubility of both radicals 

and starting material in methylene chloride, homogenous solutions were obtained within 10 

minutes.  The solvent was then removed in vacuo to produce a solid.  The crude complexes were 

purified by sublimation on a dynamic vacuum at 10-2 Torr.   

 

Scheme 5.2: Synthesis of Ln(hfac)3bitaDTDA and Ln(hfac)3bitaplusDTDA with sublimed yields 

To date, crystal structures of Gd(bita), Dy(bita), and Dy(bitaplus) have been obtained.  

Single crystal X-ray diffraction has been performed on Er(bita) and Er(bitaplus) however the 
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resulting data is still being processed.  All of the reported complexes presented in this chapter 

have passed elemental analysis.      

 

5.3 Crystal Structure of Gd(hfac)3bitaDTDA and Dy(hfac)3bitaDTDA 

Single crystals of Gd(hfac)3bitaDTDA and Dy(hfac)3DTDA were grown by sublimation 

under reduced pressure.  Gd(hfac)3bitaDTDA and Dy(hfac)3bitaDTDA are isomorphous to one 

another and crystallize in the monoclinic space group P21/c.  In the solid state, the compounds 

are dimerized in a cis-cofacial motif (Figure 5.1) with S…S distances well within the sum of van 

der Waals radii for S2-.  The intramolecular S…S distances between dimerized ligands is 3.083 Å 

and 3.093 Å for V-1 and 3.076 Å and 3.082 Å for V-2.  There are two crystallographically 

unique Ln(III) ions in the asymmetric unit of V-1 and V-2.  The crystallographic comparisons 

are shown in Table 5.1. 

 

Figure 5.1: Asymmetric unit of Dy(hfac)3bitaDTDA and Gd(hfac)3bitaDTDA collected at 150 K 
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Table 5.1: Relevant crystallographic data for Gd(hfac)3bitaDTDA and Dy(hfac)3bitaDTDA 

Compound Gd(hfac)3bitaDTDA Dy(hfac)3bitaDTDA 

Space group P21/c P21/c 

Dimerization mode cis-cofacial cis-cofacial 

S…S contacts (Å) 3.083, 3.093 3.076, 3.082 

# of molecules in 
asymmetric unit 

2 2 

Volume (Å3) 6663.75 6619.94 

a (Å) 9.9453(2) 9.86376(13) 

b (Å) 19.5982(4) 19.6295(3) 

c (Å) 34.4342(7) 34.4110(6) 

α (°) 90 90 

 (°) 96.8436(19) 96.4935(15) 

 (°) 90 90 

 

 

5.4 Shape Parameter Analysis of Dy(hfac)3bitaDTDA 

Shape parameter measurements7 were calculated for each unique Dy(III) ion in the 

asymmetric unit of Dy(hfac)3bitaDTDA.  With two unique Dy(III) ions in the crystal structure it 

was pertinent to discover if they shared similar coordination symmetry.  Dy1 is most correlated 

with C2v symmetry and Dy2 is most correlated with D2d symmetry (Figure 5.2).    

The ideal geometry of a bicapped trigonal prism and a dodecahedron are depicted in 

Figure 5.2.  As is evident in Figure 5.2 the coordination spheres do not perfectly exemplify 

ideal symmetry, but these are the symmetries with which they are most closely associated.  The 

Dy1(III) ion is most similar to a bicapped trigonal prism geometry, whereas the Dy2(III) ion is 

most related to a dodecahedral geometry.  Even though these Dy(III) ions are coordinated to the 

same ligands they do not share an identical ligand environment.   
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Figure 5.2: Coordination environments for Dy(III) ions for Dy(hfac)3bitaDTDA- Bicapped 

trigonal prism Dy1(left), Dodecahedral Dy2 (right), shapes below Dy1 and Dy2 illustrate the 

ideal geometry  

Shape parameter calculations are achieved by comparing how closely the actual structure 

relates to each of a series of standard geometries.  The lower the value the more closely the 

experimental geometry fits with a standard geometry.  The shape measure deviations from 

different polyhedra are noted in Table 5.2.  The strongest deviation is seen between Dy1 and the 

tricapped trigonal prism polyhedron environment (42.51).  Shape measure analysis of the central 

ions provides quantitative comparisons between complexes which in turn may help to rationalize 

the differences between anisotropic barrier for SMMs.8 
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Table 5.2: Shape-measure deviation from geometry standards for the Dy(III) ions of 

Dy(hfac)3bitaDTDA 

  Dy1(°) Dy2 (°) 

Square antiprism D4d 13.44 15.44 

bicapped trigonal prism C2v 6.06 8.91 

Dodecahedral D2d 9.29 7.20 

Cube Oh 34.09 33.62 

Hexaonal bipyramid D6h 28.94 28.45 

Tricapped Trigonal Prism D3h 42.51 41.97 

 

5.5 Crystal Structure of Dy(hfac)3bitaplusDTDA 

Dy(hfac)3bitaplusDTDA crystallizes in the monoclinic space group P21/c (Figure 5.3).  

There are two molecules in the asymmetric unit bridged by dimerized DTDA ligands and 

therefore the structure contains two crystallographically unique Dy(III) ions.  The overlap 

between SOMOs of the individual radical ligands has been shown to result in spin-pairing, thus it 

is reasonable to assume that the ligand portion of the [DTDA]2 dimer is diamagnetic.  The 

twisted-cofacial dimerization may be a consequence of steric hindrance from the methyl group.  

Unlike the structure of Dy(hfac)3bitaDTDA, the methyl group on bitaplusDTDA may result in 

cis-cofacial dimerization motif being energetically unfavourable.  There are electrostatic S…τ 

contacts between the oxygen atoms of hfac ligands and the sulfur atoms on neighboring DTDA 

rings (Figure 5.3).  Electrostatic interactions may be a factor in the packing of the complex such 

that the thiazyl portion radical is in proximity to these oxygen atoms.     
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Figure 5.3: Dy(hfac)3bitaplusDTDA dimerized unit showing twisted-cofacial dimerization mode 

(only O positions of the hfac ligands are shown and hydrogen atoms removed for clarity) (right) 

and full structure (left) 

5.6 Shape parameter measurements of Dy(hfac)3bitaplusDTDA 

Shape parameter measurements were obtained for each unique dysprosium ion in the 

asymmetric unit of Dy(hfac)3bitaplusDTDA to determine the respective coordination 

polyhedron.  The shape measurements have shown that both Dy (III) ions are most closely 

related with D2d symmetry (Figure 5.4).  The Dy(III) ions share the same coordination geometry 

but they are not identical because the degree of distortion from an ideal dodecahedral polyhedron 

is slightly different.   

   

Figure 5.4: Dodecahedral coordination spheres of Dy1 and Dy2 and ideal dodecahedron 

polyhedron 
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There is no question that both Dy(III) ions are most strongly related to a dodecachedral 

polyhedron coordination environment.  Table 5.3 confirms that the shape measure deviation 

from every other geometry is at least 2 times greater than from a dodecahedral polyhedron.    

Table 5.3: Shape parameter measurements for unique Dy(III) ions in Dy(hfac)3bitaplusDTDA 

  Dy1 (°) Dy2 (°) 

Square antiprism D4d 16.21 14.29 

Bicapped trigonal prism C2v 11.51 10.9 

Dodecahedral D2d 4.64 5.26 

Cube Oh 32.91 33.33 

Hexaonal bipyramid D6h 29.74 29.17 

Tricapped trigonal prism D3h 42.48 43.06 

 

5.7 Magnetometry of Ln(III) bitaDTDA complexes 

5.7.1 Magnetometry of Dy(hfac)3bitaDTDA 

The magnetic measurements preformed on a polycrystalline sample of Dy(bita) revealed 

SMM behavior.  The Dy(hfac)3bitaDTDA sample was first tested for ferromagnetic impurities.  

A plot of magnetization (M) versus applied magnetic field (H) at 100 K shows the absence of 

any significant ferromagnetic impurities (Figure 5.5).  Magnetization is linearly dependent on 

the applied field for dc susceptibility and passes through the origin upon demagnetization.    

 

Figure 5.5: Field dependent magnetization for V-2 at 100 K 
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Figure 5.6 shows a gradual decrease in the χT product when the temperature is lowered, 

indicative of significant magnetoanisotropy from the Dy(III) ions.  The expected χT value for an 

isolated ground state Dy(III) (g = 4/3, 6H15/2) at room temperature is 14.17 cm3∙K∙mol-1, which is 

in agreement with the data in Figure 5.6.  τn cooling χT decreases gradually until 50 K and then 

more rapidly owing to single-ion crystal field effects.      

 

Figure 5.6: χT product as a function temperature for V-2 at 1000 Oe (black) and 10000 Oe (red) 

The magnetization (M) was measured as a function of H and H/T at temperatures below 

10 K.  In the plot of M vs. H/T (Figure 5.7) the curves are not superimposable at varying 

temperatures owing to significant magnetoanisotropy.  The low temperature magnetization (M) 

as a function of applied magnetic field (H) saturates at 5 T, Dy…Dy interactions must be weak 

or absent.9  
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Figure 5.7: Magnetization as a function of applied field at varying temperatures (T ≤ 10K) for 

V-2 

To determine the presence of slow magnetic relaxation for the sample, a small oscillating 

ac field is applied (no dc field is applied for these initial measurements).  When a magnetic field 

is applied, the magnetic moment of the sample will align with the field.  Upon ‘flipping’ the 

applied field (i.e., applying a magnetic field in the opposite direction), the magnetic moment of 

the sample will follow suit and align with the new applied field.  Increasing the oscillation 

frequency of the applied ac magnetic field will determine whether the sample possess slow 

magnetization dynamics.  Slow magnetization dynamics are characterized by a peak maximum 

in (χ ) the out-of-phase (χ ) component as a function of temperature (Figure 5.8).  Slow 

magnetization dynamics imply that the field is flipping so fast that the magnetic moment of the 

sample is ‘lagging’ behind.  A true paramagnet would always align with the applied magnetic 

field no matter the frequency.  At 20 K the magnetic susceptibility is no longer changing in the in 

and out-of-phase components because of a thermal population of excited states (Figure 5.8).   

0

1

2

3

4

5

6

1.85 K

2 K

3 K

4 K

5 K

6 K

8 K

10 K

0 20000 40000 60000

M
 /

 m
B

H / Oe

0

1

2

3

4

5

6

1.85 K

2 K

3 K

4 K

5 K

6 K

8 K

10 K

0 20000 40000

M
 /
 m

B

H T-1 / Oe K-1



 

103 
 

 

Figure 5.8: In (χ′) (left) and out (χ′′) (right) of phase magnetic susceptibility as a function of 

temperature at varying frequencies 

Slow magnetization dynamics can also be observed in a plot of the in-phase and out-of-

phase susceptibility of the sample vs. frequency with varying temperature (Figure 5.9).  The 

contribution to the in-phase component decreases with an increase in frequency.  The largest 

decrease in the in-phase susceptibility is seen at 1.85 K.  Slow magnetization dynamics should be 

most apparent at low temperatures because thermal population of the excited states is minimal.  

At higher temperatures, the relaxation is no longer temperature dependent.  There comes a point 

when the states at the thermal energy barrier are heavily populated and slow dynamics are no 

longer observed.  There is a notable difference in the out-of-phase (χ ) component measured at 

1.85 K compared to 15 K.    
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Figure 5.9: In (χ ) and out (χ ) of phase magnetic susceptibility as a function of frequency at 

varying temperatures 

To determine an accurate thermal energy barrier for this system, a dc field is applied to 

reduce the contribution from quantum tunneling through the energy barrier.  At 1.85 K various 

dc fields are applied to determine which will suppress quantum tunneling the most.  At lower 

frequencies, the out-of-phase component is frequency dependent signifying a thermal process.  

At higher frequencies the quantum tunneling relaxation is observed.  The largest out-of-phase 

component is observed at 1000 Oe (Figure 5.10) in the plot of χ  vs. .  When larger dc fields 
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are applied (1200 – 5500 Oe), the out-of-phase component decreases.  The in-phase (χ ) and out-

of-phase (χ ) components as a function of frequency are each split into two plots for clarity. 

 

 

Figure 5.10: In phase (χ ) and out-of-phase (χ ) susceptibility as a function of frequency at 

various applied dc fields (1.85 K) 

The plots of χ  vs.  at 1.85 K show that the highest out-of-phase contribution was seen at 

1000 Oe (Figure 5.10).  A plot of the frequency at which the maximum χ  occurs as a function 

of applied dc field (Figure 5.11) provides a more visually obvious illustration of the applied dc 

field that will provide the greatest reduction to quantum tunneling through the energy barrier.     
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Figure 5.11: Relaxation frequency as a function of applied field at 1.85 K 

The in- and out-of-phase susceptibilities are once again plotted as a function of 

temperature and at a variety of frequencies but now with an applied dc field of 1000 Oe.  The 

comparison between Figure 5.8 (zero dc field) and Figure 5.12 (1000 Oe dc field) shows a 

significant reduction to quantum tunneling mechanism and an increase in the thermal activation 

region.  Peak maxima are clearly observed in both the in and out-of-phase susceptibilities for 

higher frequencies at approximately 12 K.   

 

Figure 5.12: In (χ ) and out (χ ) of phase components as a function of temperature at various 

frequencies with an applied dc field of 1000 Oe 
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The in and out-of-phase susceptibilities were measured as a function of frequency at 

temperatures ranging from 1.85 to 16.5 K with an applied dc field of 1000 Oe.  The majority of 

the relaxation can now be attributed to thermal relaxation over the energy barrier, and a better 

estimate of the height of the energy barrier is possible.  For clarity purposes the plots are broken 

up into three graphs (Figure 5.13).       
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Figure 5.13: In (χ ) and out (χ ) of phase susceptibility as a function of frequency and various 

temperatures with an applied dc field of 1000 Oe 

The best fit to the Arrhenius equation yields an effective energy barrier (Ueff) of 84.7 K 

and 0 = 3.3 × 10-8 s.  Figure 5.14 illustrates the profound difference in relaxation times between 

QTM and thermal activation pathway.   

 

Figure 5.14: Arrhenius plot to determine thermal energy barrier (red) and the quantum tunneling 

mechanism (blue) for V-2  
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The closest distance between unique Dy(III) ions is 8.169 Å.  The crystal structure of 

Dy(bita) has two unique Dy(III) ions.  It cannot be determined whether there are interactions 

between the Dy(III) ions.  There is only one energy barrier for this system even though there are 

two unique Dy(III) ions.  Dy(boa) had two unique Dy(III) ions and two energy barriers.  It was 

hypothesized that this arose from the crystallographic difference between Dy(III) ions, and that 

replication may be possible with Dy(hfac)3bitaDTDA.  However, it appears that the phenomenon 

is caused by more subtle qualities besides the presence of two crystallographically unique 

Dy(III) ions.  There needs to be AF coupling between the magnetic moments of Dy(III) ions and 

it must be weak enough to be decoupled at very low dc field.  Structure is part of the puzzle but 

not the only contributing factor.    

5.7.2 Magnetometry of Dy(hfac)3bitaplusDTDA 

Dy(bitaplus) exhibits slow magnetization dynamics characteristic of SMMs, similar to 

the bitaDTDA complex.  Similar magnetic measurements were carried out and are summarized 

below.  Before other magnetic measurements can be obtained the samples need to be checked for 

ferromagnetic impurities by measuring the field dependence of magnetization at 100 K.  An 

intercept through approximately M = 0 and H = 0 demonstrates that there are no significant 

ferromagnetic impurities present (Figure 5.15).    

 

Figure 5.15: Field dependant magnetization at 100 K of V-4 

The ground state for a Dy(III) ion is 6H15/2.  For a single uncoupled Dy(III) ion  at room 

tempertaure the g = 4/γ and χT = 14.17 cm3∙K∙mol-1.  At γ00 K the χT product observed in 

Figure 5.16 is approximately 14.2 cm3∙K∙mol-1.  As temperature is gradually lowered the χT 
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product steadily decreases.  The rapid decrease in χT at low temperatures is due to the significant 

magnetianisotropy from the Dy(III) ions.      

 

Figure 5.16: χT as a function temperature for V-4 at 1000 Oe (black) and 10000 Oe (red) 

The curves in the plot of M vs. H indicate a rapid increase in magnetization at 

approximately 5000 Oe (Figure 5.17 right).  In the M vs. H/T plot (Figure 5.17 left) all isotherm 

magnetization data does not superimpose onto a master curve indicating high magnetoanisotropy 

of the system.10   

 

Figure 5.17: Magnetization as a function of applied field as at varying temperatures (T ≤ 10 K) 
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The presence of slow magnetization dynamics can be established through ac 

susceptabiliy measurements on Dy(bitaplus).  The in-phase (χ ) and out-of-phase (χ ) magenitc 

susceptibility are measured with a small ac field in zero dc field.  The relaxtion of the magnetic 

moment through a thermally activated pathway is observed in the plot of the out-of-phase 

susceptibility vs. tempertaure at various frequecies.  At low temperatures (0-5 K) quantum 

tunneling through the energy barrier is observed.  The thermally-activated mechanism is 

observed at approimately 10 K to 15 K.      

 

Figure 5.18: In (χ ) and out-of-phase (χ ) magnetic susceptibility as a function of temperature at 

various frequencies 

 

Figure 5.19: In-phase (χ ) and out-of-phase (χ ) susceptibility as a function of frequency as 

various temperatures (1.80 K – 20 K) 
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To determine the applied dc field for suppressing quantum tunneling the temperature is 

held constant at 5 K in a measurement of out-of-phase susceptibility as a function of frequency.  

Figure 5.20 elucidates the applied dc in which quantum tunneling in reduced the most.  At low 

frequencies an applied field of 1200 Oe has the highest out-of-phase component in the thermal 

relaxation region.  Therefore 1200 Oe was chosen to lift the degeneracy of the spin microstates.   

 

Figure 5.20: In phase (χ ) and out (χ ) of phase components as a function of frequency at various 

dc fields and a constant temperature of 5 K 

A plot of frequency vs. applied dc field produces a different visualization of the data to 

illustrate at which field quantum tunneling experiences the greatest reduction.  The data from 

Figure 5.20 is re-plotted with frequency as a function of applied field to more visually observe 

that quantum tunneling is reduced the most at 1200 Oe (Figure 5.21).           
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Figure 5.21: Frequency as a function of applied field at 5 K 

Once it is determined that 1200 Oe is the best applied dc field to reduce quantum 

tunneling, magnetic measurements are taken to determine the thermal energy barrier.  In a plot of 

the out-of-phase component as a function of temperature with an applied dc field of 1200 Oe, it 

is apparent that quantum tunneling has been reduced.  Comparing the Figure 5.18 to Figure 5.22 

it is apparent that the thermal energy region has been increased.  The higher the frequency, the 

higher the temperature in which and χ  maxima are observed.  The out-of-phase susceptibilities 

are once again plotted as a function of frequencies at varying temperatures, but this time with an 

applied dc field of 1200 Oe.  

  

Figure 5.22: In (χ ) and out (χ ) of phase magnetic susceptibility as a function of temperature as 

various frequencies (1 Hz to 10000 Hz) 
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Figure 5.23: Out-of-phase magnetic susceptibility as a function of frequency are various 

temperatures (1.80 K to 20 K) 

Under static zero dc field, the effective barrier is 97.4 K.  With an apFplied dc field of 

1200 Oe the thermal energy barrier increased to 126.3 K because quantum tunneling is being 

reduced significantly.  Figure 5.24 illustrates the use of the Arrhenius relationship to determine 

the thermal energy barrier.   

 

Figure 5.24: Summary of relaxation times at zero applied field (black) and 1200 Oe applied field 

(red) 
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Table 5.5: Summary of relevant magnetic relaxation characteristics for  V-4 

  Hdc = 0 Oe Hdc = 1200 Oe 

0 (s) 1.3 × 10-8 1.9 × 10-9 

Ueff/kB (K) 97.4 126.3 

QTM (s) 6.8 × 10-4 --- 

 

5.7.3 Summary of the Magnetic Properties of Dy(hfac)3(bitaDTDA) and 

Dy(hfac)3(bitaplusDTDA) 

Two dysprosium complexes with bitaDTDA and bitaplusDTDA have been synthesized 

and fully characterized.  Dy(bita) and Dy(bitaplus) possess slow magnetization dynamics 

characteristic of SMMs.  It is evident from the two Dy(III) complexes above that the ligand field 

and coordination geometry of the central Dy(III) ion have a significant impact on the energy 

barrier of the SMM.  Both Dy(III) complexes possess the same hfac auxiliary ligands, and very 

similar DTDA radical ligands differing only by one methyl group,  which leads to inherently 

different structural and magnetic properties of the Dy(III) complexes (Table 5.6).  The thermal 

energy barrier for V-4 (126 K) is significantly higher than the thermal energy barrier for V-2 (84 

K).  It cannot be stated definitively as to why the thermal energy barrier between these two 

complexes differ, however probable conclusions can be made based on reasonable assumptions.  

The major difference in anisotropic barrier between Dy(bita) and Dy(bitaplus) is likely due to the 

slight changes in the ligand sphere brought about by the different packing of the complexes.  

While the two Dy(III) complexes have inherit differences they also have similarities.  Both 

crystal structures indicate that there are two unique Dy(III) ions in each structure.  Figure 5.2 

and Figure 5.4 based on shape parameter measurements illustrate the polyhedron coordination 

spheres of each unique pair of Dy(III) ions in both complexes.  In V-4 both unique Dy(III) ions 

have a coordination environment that relates most to dodecahedral geometry.  The Dy(III) ions 

in V-2 correlate most strongly to a dodecahedral and bicapped trigonal prism geometry.  Based 

on previous literature an axial ligand field should enhance the thermal energy barrier of an oblate 

Dy(III) ion.3,8  In each Dy(III) complex reported above the Dy(III) ions are bridged by a pair of 

dimerized thiazyl radicals.  It cannot be stated whether the Dy(III) ions are interacting with one 

another through space, antiferromagnetically, ferromagnetically or at all.  A magnetic dilution 

experiment would need to be performed to determine if the magnetic relaxation has a single ion 
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origin.  A diamagnetic yttrium (III) analogue doped with V-2 and V-4 would need to be 

synthesized and then ac susceptibility measurements would need to be carried out to determine if 

the effective energy barrier remained the same.  Dipolar interactions and intermolecular forces 

can also contribute to the thermal energy barrier.    

Table 5.6: Relevant Magnetic and crystallographic data for Dy(bita) and Dy(bitaplus) 

Complex Dy(bita) (V-2) Dy(bitaplus) (V-4) 

# of Unique Dy(III) ions in 2 2 

# of Energy Barriers 1 1 

Symmetry of Dy(III) ion C2v, D2d D2d 

Shortest Dy…Dy distance (Å) 8.169 8.183 

S…τ contacts (Å) --- 3.179, 3.310 

Dimerization motif cis-cofacial twisted-cofacial 

Thermal Energy barrier (K) 84.7 126.3 

 

 

5.7.4 Magnetometry of Er(hfac)3bitaDTDA 

Single crystal structure data of Er(hfac)3bitaDTDA are currently being processed, 

however the complex has passed elemental analysis and magnetic data has been collected.  There 

were no significant ferromagnetic impurities observed in the sample sent for magnetometry.  

Field dependence of the magnetization for the compound showed an approximate intercept of M 

= 0 and H = 0.  Ferromagnetic impurities would have remnant magnetization at a zero applied 

field.    
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Figure 5.25: Field dependent magnetization of V-3 at 100 K 

At low temperatures the χT decreases as the temperature decreases (Figure 5.26).  The 

decrease in magnetic susceptibility with decreasing temperature indicates antiferromagnetic 

coupling between the Er(III) ions on opposing sides of the bridging dimerized ligands.  The room 

temperature χT value for an uncoupled Er3+ ion is 11.48 cm3·K·mol-1 (g = 6/5, 4I15/2).  This value 

agrees with the experimental χT = 11.6 cm3·K·mol-1 at 300 K.  When the sample was cooled to 

1.85 K the value of χT reaches a minimum of χT = 6.7 cm3·K·mol-1.  This decrease in χT with 

decreasing temperature could be attributed to weak antiferromagnetic coupling between the 

Er(III) ions.  The magnetic data is consistent with AF arrangement of the magnetic moments of 

neighboring Er(III) ions, however decreasing temperature increases the magnetoanisotropy.  

Therefore a decrease in the χT product can also signify magnetoanisotropy.          

 

Figure 5.26: Temperature dependence of the χT product at 1000 τe(black) and 10000 Oe (red) 

for V-3 
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At low temperatures the plot of magnetization versus applied field demonstrates the presence of 

magnetic anisotropy of the system.  The data points are not superimposable as would be expected 

for an isotropic system.  The plot of M vs. H displays no magnetic hysteresis as the sample 

represents a paramagnetic system (Figure 5.27).  At low temperatures the sample does not retain 

magnetization once the applied field is removed.   

  

Figure 5.27: Magnetization as a function of applied magnetic field at low temperatures (1.85 K- 

8 K) 

5.8 Summary 

Er(hfac)3bitaDTDA and Er(hfac)3bitaplusDTDA have passed elemental analysis and 

single crystals of suitable quality for X-ray diffraction were obtained, unfortunately the 

crystallographic data is still being processed.  Gd(hfac)3bitaDTDA and Dy(hfac)3bitaDTDA are 

isomorphous to one another.  They have the same dimerization motif, with two 

crystallographically unique molecules in the asymmetric unit, and crystallize in the same P21/c 

space group.  Gd(bita) is dimerized through neighboring DTDA ligands and therefore it is 

reasonable to assume that the spin-pairing  as a result of the overlap between SOMOs of these 

radical ligands would not contribute to the overall magnetic moment of the system.  BitaDTDA 

has also been coordinated to Er(III), unfortunately the crystal structure of Er(bita) has not been 

processed yet so it is difficult to speculate as to the magneto-structural correlations.  Because the 

Er(bita) complex does not have magnetic properties characteristic of SMMs then it is reasonable 

to assume that the ligand field does not support the ideal environment to maximize the 
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anisotropic barrier.8   Despite the categorization of Er(III) as a Kramers ion, Er-containing 

SMMs are very rare and sufficient equatorial symmetry of the ligands would be needed.11 

Based on how the magnetic data were modeled, it is reasonable to state that Dy(bita) and 

Dy(bitaplus) are SMMS.  Both Dy(III) complexes have two unique Dy(III) ions in the crystal 

structure but only one thermal energy barrier.  Dy(hfac)3boaDTDA also has two Dy(III) ions 

unrelated by symmetry and two thermal energy barriers (vide supra).4  It would appear that the 

Dy(III) ions present in V-2 and V-4 are perhaps too similar to have two different energy barriers.  

Dy(bitaplus) (126 K) has a significantly higher energy barrier then Dy(bita) (84 K).  Only 

speculations can be made as to why one of these SMMs is better than the other.  Dy(bitaplus) 

experiences more intermolecular contacts than Dy(bita), has a different coordination 

environment and dimerization motif.  The different thiazyl radicals warp the ligand field and 

therefore change the solid state packing, which has magneto-structural affects.  By altering the 

coordination environments of the Dy(III) ions the anisotropic barrier is subject to change.12 

Table 5.7: Summary of progress with Ln(III) complexes of bitaDTDA 

Complex Elemental Analysis Crystal structure Magnetometry 

Gd(hfac)3bita yes yes no 

Dy(hfac)3bita yes yes yes 

Er(hfac)3bita yes in progress yes 

Dy(hfac)3bitaplus yes yes yes 

Er(hfac)3bitaplus yes in progress no 

 

5.9 Experimental 

5.9.1 General Considerations 

Reagents were purchased from Sigma Aldrich, Alfa Aesar and Acros organics.  The 

syntheses of all compounds was performed under Ar(g) atmosphere using standard Schlenk 

techniques.  All lanthanide starting materials were prepared by Michelle Mills.  BitaDTDA and 

bitaplusDTDA were prepared according to the synthetic procedures previously reported in 

chapter 2.  All anhydrous solvents were obtained from an LC solvent purification system using 

dry packed columns contained 3 Å molecular sieves.  Elemental Analysis was performed by 
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MHW Laboratories, Phoenix, AZ, USA.  The IR spectra were collected using a Nicolet 510-

FTIR spectrometer at 4 cm-1 resolution at room temperature.  Magnetic measurements were 

conducted and modeled by Dr. Rodolphe Cleréc at the Centre de Recherche Paul Pascal, CRPP-

CNRS, Pessac, France.  Crystal structures were obtained by Prof. D. Soldatov, Department of 

Chemistry, University of Guelph, Ontario, Canada on a SuperNova diffractometer with Altas 

CCD detector and with a molybdenum source.  The crystal structures were solved by direct 

methods using Olex2.    

5.9.2 Synthesis 

Gd(hfac)3bitaDTDA (V-1):  Anhydrous CH2Cl2 (20 mL) was added to a mixture of bitaDTDA 

(0.1031 g, 0.4326 mmol) and Gd(hfac)3(DME) (0.3821 g, 0.4400 mmol). The dark purple 

reaction mixture was stirred for 1 hour until homogenous.  The solvent was then removed in 

vacuo to afford a brown/purple solid.  The product was purified by dynamic vacuum sublimation 

(10-2 Torr) on a three stage tube furnace at 115 °C to afford dark purple crystals suitable for X-

ray crystallography. Yield 0.1764 g (40%).  FTIR (nujol on NaCl, cm-1): 1663 (s), 1646 (s), 1614 

(w), 1561 (m), 1534 (m), 1495 (s), 1259 (s), 1208 (s), 1145 (s), 1101 (m), 854 (w), 804 (m), 784 

(w), 772 (w), 740 (m), 660 (m), 586 (w). Anal. Calcd for GdC23H7F18N3O6S3: C, 27.17; H, 0.69; 

N, 4.13%. Found: C, 26.96; H, 0.81; N, 4.00%.   

Dy(hfac)3bitaDTDA (V-2):  Anhydrous CH2Cl2 (20 mL) was added to a mixture of bitaDTDA 

(0.1011 g, 0.4242 mmol) and Dy(hfac)3(DME) (0.3788 g, 0.4401 mmol).  The dark purple 

reaction mixture was stirred for 30 minutes.  The solvent was then removed in vacuo to afford a 

red/purple solid.  The product was purified by dynamic vacuum sublimation (10-2 Torr) on a 

three stage tube furnace at 120 °C to afford dark purple crystals.  The purified product was then 

sublimed under static vaccum to produce crystals suitable for X-ray crystallography. Yield 

0.2124 g (49%).  FTIR (KBr, cm-1): 1648 (m), 1560 (w), 1534 (w), 1259 (m), 1208 (m), 1147 

(m), 1101 (w), 802 (w), 721 (w), 660 (w).  Anal. Calcd for DyC23H7F18N3O6S3: C, 27.03; H, 

0.69; N, 4.11%. Found: C, 26.95; H, 1.00; N, 3.99%.   

 

Er(hfac)3bitaDTDA (V-3):  Anhydrous CH2Cl2 (25 mL) was added to a mixture of bitaDTDA 

(0.1033 g, 0.4325 mmol) and Er(hfac)3DME (0.3810 g, 0.4336 mmol).  The dark purple reaction 

mixture was stirred for 30 minutes.  The solvent was then removed in vacuo to afford a 
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red/purple solid.  The product was purified by dynamic vacuum sublimation (10-2 Torr) on a 

three stage tube furnace at 120 °C to afford dark purple crystals.  The purified product was then 

sublimed under static vaccum to produce crystals suitable for X-ray crystallography. Yield 

0.1994 g (54%).  FTIR (KBr, cm-1): 1648 (m), 1560 (w), 1534 (w), 1259 (m), 1208 (m), 1147 

(m), 1101 (w), 802 (w), 721 (w), 660 (w).  Anal. Calcd for ErC23H7F18N3O6S3: C, 26.91; H, 0.69; 

N, 4.09%. Found: C, 27.06; H, 1.02; N, 3.81%.   

Dy(hfac)3bitaplusDTDA (V-4):  Anhydrous CH2Cl2 (30 mL) was added to a mixture of 

bitaplusDTDA (0.1482 g, 0.5873 mmol) and Dy(hfac)3DME (0.5731 g, 0.5933 mmol).  The 

reaction mixture was stirred for 45 minutes until a homogenous solution had developed.  The 

solvent was then removed in vacuo to afford a purple solid.  The product was purified by 

dynamic vacuum sublimation (10-2 Torr) on a three stage tube furnace at 125 °C to afford dark 

purple crystals suitable for X-ray crystallography. Yield 0.2360 g (39%). FTIR (nujol on NaCl, 

cm-1): 1662 (s), 1646 (s), 1611 (m), 1563 (m), 1536 (m), 1488 (w), 1427 (w), 1258 (s), 1202 (s), 

1147 (s), 1098 (m), 950 (w), 881 (w), 858 (m), 803 (s), 764 (m), 741 (m), 724 (w), 587 (m).  

Anal. Calcd for DyC24H9F18N3O6S3: C, 27.82; H, 0.88; N, 4.06%. Found: C, 28.02; H, 1.29; N, 

4.11%.   

Er(hfac)3bitaplusDTDA (V-5):  Anhydrous CH2Cl2 (20 mL) was added to a mixture of 

bitaplusDTDA (0.0895 g, 0.3547 mmol) and Er(hfac)3DME (0.3223 g, 0.3669 mmol).  The dark 

purple reaction mixture was stirred for 1 hour.  The solvent was then removed in vacuo to afford 

a dark purple solid. The product was purified by dynamic vacuum sublimation (10-2 torr) on a 

three stage tube furnace at 120 °C to afford dark purple/blue/green crystals suitable for X-ray 

crystallography. Yield 0.0777 g (21%).  FTIR (nujol on NaCl, cm-1): 1666 (s), 1650 (s), 1613 

(w), 1562 (m), 1536 (m), 1499 (m), 1261 (s), 1261 (s), 1207 (s), 1147 (s), 1103 (m), 951 (w), 

881 (w), 861 (m), 806 (s), 768 (m), 741 (m), 723 (w), 660 (s), 589 (m).  Anal. Calcd for 

ErC24H9F18N3O6S3: C, 27.70; H, 0.87; N, 4.04%. Found: C, 28.00; H, 1.13; N, 3.85%.   
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Chapter 6: Lanthanide complexes of betaDTDA 

6.1 Introduction 

A push towards using lanthanides in molecule-based materials has seen a recent increase 

due to their potential for novel magnetic properties.1-3  Both diamagnetic and paramagnetic 

ligands have been employed to enhance the magnetic characteristics of lanthanides.4-7  A handful 

of DTDAs have been coordinated to lanthanides in attempts to yield novel properties.4,8  The 

most notable example (vide supra) is boaDTDA, that when coordinated to Dy(III) afforded a 

SMM with two thermal energy barriers. We hypothesized that by utilizing betaDTDA it would 

be possible to replicate the qualities of the Dy(boa) complex.       

BetaDTDA has been coordinated to Pr, Gd, Tb, Dy and Er to form 8-coordinate 

complexes.  All complexes presented in this chapter are 1:1 (Ln-betaDTDA) 8 coordinate 

species.  The complexes of betaDTDA with Pr(III), Gd(III), Tb(III), Dy(III), and Er(III) ions 

have all been synthesized and purified via sublimation.  A crystal structure of each complex has 

been obtained.  The degree of refinement of the crystal structures presented in this chapter varies.  

Some structures have proven to be more challenging and are still in the process of being refined.  

Out of these five complexes magnetic data has been collected on three of them.   

6.2 Synthesis of lanthanide coordination complexes of betaDTDA 

The synthesis of all the Ln(III) 1:1 complexes with betaDTDA follow the same 

procedure.  A mixture of radical and lanthanide starting material are dissolved in anhydrous 

methylene chloride and stirred for a given amount of time.  The solvent is then removed in vacuo 

and the remaining solid is purified by sublimation at 10-2 Torr.  The sublimed yields range from 

24-41%.       

 

Scheme 6.1: Synthesis for 1:1 lanthanide (III) complexes with betaDTDA (sublimation yields) 
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6.3 Crystal Structure of Pr(hfac)3betaDTDA, Gd(hfac)3betaDTDA, and 

Dy(hfac)3betaDTDA   

Crystal structures of Pr(hfac)3betaDTDA, Gd(hfac)3betaDTDA and Dy(hfac)3betaDTDA 

were obtained by single crystal X-ray diffraction.  All three of these complexes crystallize in the 

triclinic space group P-1 and are isomorphous to one another (Figure 6.1).   

   

Figure 6.1: Structure of Pr(hfac)3betaDTDA (VI-1), Gd(hfac)3betaDTDA (VI-2) and 

Dy(hfac)3betaDTDA (VI-4) represented by one structure collected at 150 K (left), Trans-

antarafacial dimerization motif (right) (only O positions of the hfac ligands are shown and 

hydrogen atoms removed for clarity)  

In the solid state, trans-antarafacial dimerization occurs between two neighboring DTDA 

ligands (Figure 6.1) for all three complexes.  The trans-antarafacial dimerization motif is less 

common than cis-cofacial or twisted-cofacial which are observed in other structures present in 

this thesis.9  The S…S distances between the dimerized ligands are well within the sum of the 

van der Waals radii for VI-1, VI-2, VI-4 (Table 6.1), but it increases from VI-1 to VI-4.  The 

trend in S…S distance correlates to the trend in atomic radii of the lanthanide ions, which 

decrease from Pr(III) to Dy(III).  With shorter Ln-N bonds the thiazyl ligands on neighboring 

molecules cannot pack closely together due to steric hindrance/repulsion leading to larger S…τ 
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distances (Table 6.1).  The solid state structure of VI-1 is the only structure that has electrostatic 

S…τ contacts within sum of the van der Waals radii (γ.γ Å) from the sulfur atom on the 

benzothiazole portion of the ligand to the oxygen atom on the hfac ligand (Figure 6.1).   

 

 Table 6.1: Select crystallographic information for isomorphous complexes Pr(hfac), Gd(hfac), 

and Dy(hfac) 

  Pr(beta) VI-1 Gd(beta) VI-2 Dy(beta) VI-4 

T(K) 150 150 150 

Space group P-1 P-1 P-1 

Dimerization mode trans-
antarafacial 

trans-
antarafacial 

trans-
antarafacial 

# of molecules in asymmetric unit 1 1 1 

S…S contacts (Å) 3.104 3.115 3.123 

S…τ (benzothiazole, hfac) (Å) 3.313 3.615 3.814 

Ln-N (DTDA) (Å) 2.652(1) 2.571(7) 2.534(6) 

Ln-N (benzothizaole) (Å) 2.713(1) 2.597(8) 2.578(6) 

bond angle N-M-N (°) 62.70(4) 64.6(2) 65.0(2) 

Volume (Å3) 1630.68 1653.87 1649.5 

a (Å) 10.9982(2) 11.1137(3) 10.9673(2) 

b (Å) 11.4855(2)  11.5891(5) 11.6803(3) 

c (Å)  13.8178(2) 14.0499(6) 14.1134(3) 

α (°) 71.2888(15) 80.154(4) 79.939(2) 

 (°) 80.7690(14) 68.140(3) 67.952(2) 

 (°) 89.0372(15) 88.049(3) 87.478(2) 

 

6.4 Shape Analysis of Dy(hfac)3betaDTDA 

Shape parameter measurements10 were calculated for Dy(hfac)3betaDTDA to determine 

the respective symmetry of the central Dy(III) ion.  There is only one unique Dy(III) ion in the 

crystal structure.  The Dy(III) coordination sphere has a geometry most related to bicapped 

trigonal prismatic polyhedron (Figure 6.2).  The coordination environment of the Dy(III) ions is 

most strongly correlated with C2v symmetry.  
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Figure 6.2: Coordination environment for Dy(III) ion (oxygen and nitrogen positions)(left) and 

ideal bicapped trigonal prism polyhedron (right) 

To determine which polyhedron best relates to the actual coordination sphere of 

Dy(hfac)3betaDTDA the shape parameter measurements are calculated against 6 different 8 

coordinate polyhedrons (Table 6.2).  The numbers in Table 6.2 represent the deviation from an 

ideal symmetry, therefore a larger number signifies that the Dy(III) ion does not have a similar 

geometry.  The greatest deviation is from the tricapped trigonal prism.  The Dy(III) ion deviates 

the least from the bicapped trigonal prism geometry; however it does not perfectly represent that 

symmetry.  Determining the geometry of the coordination environment may lead to magneto-

structural correlations in rationalizing the anisotropic barrier.11  For an oblate Dy(III) ion, is has 

been proposed that axial ligand charge density is desired to enhance the thermal energy barrier.5               

Table 6.2: Deviation of symmetry from point groups for the coordination sphere of 

Dy(hfac)3betaDTDA 

Symmetry Point Group Dy (°) 

Square antiprism D4d 10.22 

Bicapped trigonal prism C2v 7.14 

Dodecahedral D2d 9.30 

Cube Oh 29.83 

Hexaonal bipyramid D6h 29.02 

Tricapped trigonal prism D3h 41.94 

 



 

127 
 

6.5 Magnetometry of Dy(hfac)3betaDTDA 

Field dependent magnetization at 100 K of Dy(hfac)3betaDTDA (Figure 6.3) indicated 

that there were no significant ferromagnetic impurities and further magnetic measurements could 

be performed.  The plot of M vs. H at 100 K extrapolates through the origin of approximately   

M = 0, H = 0.            

 

Figure 6.3: Field dependent magnetization (100 K) shows no significant ferromagnetic 

impurities 

A plot of χT as a function of temperature with an applied field of 1000 Oe shows a 

decrease in the χT product with a decrease in temperature, indicative of significant 

magnetoanisotropy.12  For an isolated Dy(III) ion (g = 4/3, 6H15/2) the expected χT product at 

room temperature would be 14.17 cm3∙K∙mol-1.  Figure 6.4 shows an approximate χT product of 

14.2 cm3∙K∙mol-1 from γ00 K to 60 K, and then a slight decrease in the χT product is observed at 

low temperatures.   
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Figure 6.4: χT as a function temperature for VI-4 at 1000 Oe  

Figure 6.7 shows the plot of field dependent magnetization.  There is a sharp increase in 

the magnetization at low fields (H < 2 × 104) and then almost reaches magnetic saturation at high 

fields.  The plots are not superimposable on one another signifying magnetoanisotropy due to 

zero field splitting from the Dy(III) ion.  The plot of M vs. H at low temperatures (Figure 6.5) 

indicates that there is no magnetic hysteresis observed in this system. 

 

Figure 6.5: Field dependence of magnetization for VI-4 at temperatures ≤ 8 K 

 Low temperature ac magnetic susceptibility measurements preformed on Dy(beta) 

revealed SMM behavior (Figure 6.6).  In the plot of χ  vs. T a peak maxima of χ  is observed 

around 15 K.  Figure 6.6 shows the “lag” that the magnetic moment of the system experiences 
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when the oscillation frequency becomes is too high for the magnetic moment to align with.  Both 

the in phase and out-of-phase magnetic susceptibilities show frequency dependence below 20 K 

at zero dc field. 

 

Figure 6.6: The in phase component (χ ) and out-of-phase component (χ ) and a function of 

temperature (K) at different frequencies (Hz) 

 

Figure 6.7: The in phase component (χ ) and out-of-phase component (χ ) as a function of 

frequency (Hz) at different temperatures (K) 

Slow magnetization dynamics can also be observed in a plot of the in (χ ) and out-of-

phase (χ ) magnetic susceptibilities as a function of frequency at various temperatures (Figure 
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6.7).  At 1.85 K the most dramatic changes to the in and out-of-phase magnetic susceptibilities 

are observed when the frequency in increased and at 20 K the changes are minimal.         

Quantum tunneling dominates at temperatures lower than 5 K.  To achieve an accurate 

thermal relaxation barrier, quantum tunneling must be minimized by applying a dc field.  Plots of 

the in and out-of-phase susceptibility were plotted against frequency at various applied dc fields 

and a constant temperatures of 1.9 K, 3 K and 5 K.  At 1000 Oe it appears that the out-of-phase 

magnetic susceptibility is the greatest at low frequencies.   
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Figure 6.8: The in phase (χ ) and out-of-phase (χ ) component as a function of frequency (Hz) at 

a varitey of different applied dc fields at 1.9 K, 3 K and 5 K  

The magnetic susceptability as a function of frequency was measured at three 

tempertatures; 1.9 K, 3 K and 5 K.  The data from the plots in Figure 6.8 were replotted to 

provide a more visually obvious illustration as to the applied dc field to reduce quantum 

tunneling.  Figure 6.9 confirms that 1000 Oe will have the greatest impact at reducing quantum 

tunneling.    

 

Figure 6.9: Frequency as a function of applied field at 1.9 K (red), 3 K (blue) and 5 K (black)  
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With an applied dc field of 1000 Oe the quantum relaxation time increases from 6 × 10-5 

s to 5 × 10-2 s (Table 6.3).  By applying a 1000 Oe dc field the quantum tunneling mechanism is 

significantly decreased, this is apparent from the increase in the thermal region (T >10 K) 

between Figure 6.6 and Figure 6.10.         

 

Figure 6.10: The in phase (χ ) and out-of-phase (χ ) component as a function of temperature (K) 

at different frequencies with an appied dc field of 1000 Oe 

  

Figure 6.11: The in phase (χ ) and out-of-phase (χ ) component as a function of frequency (Hz) 

at different frequencies with an appied dc field of 1000 Oe 

The in and out-of-phase susceptability are once again measured as a function of 

frequnecy at various temperatures but now with an applied static 1000 Oe dc field (Figure 6.11).  
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The application of a 1000 Oe dc field minimizes the effects from quantum tunneling and slow 

magnetization dynamics come from over the thermal barrier and not through the barrier.   

An accurate thermal energy barrier for relaxation of the spin dynamics was obtained from 

plots of the out-of-phase magnetic susceptibility as a function of temperature.  Linear regression 

on the basis of the Arrhenius law for a thermally activated mechanism afforded a barrier of Ueff = 

85.1 K and a 0 = 1.2 × 10-7 s (Figure 6.12).  Figure 6.12 illustrates the difference in relaxation 

times when a zero dc field in applied (black) and when a 1000 Oe dc field is applied (red).   

 

Figure 6.12: Temperature dependence on relaxation at zero applied field (black) and 1000 Oe 

applied field (red) 

At a zero dc field the quantum tunneling relaxation time is 6 × 10-5 s.  With an applied 

static dc field of 1000 Oe the relaxation time from quantum tunneling is effectively increased to 

6 × 10-2 s.  The thermal energy barrier for Dy(beta) is 85.1 K.  Dy(beta) has one 

crystallographically unique Dy(III) and one thermal energy barrier.  As mentioned previously 

Dy(boa) is a SMM and had two crystallographically unique Dy(III) ions and two thermal energy 

barriers.  Even though betaDTDA and boaDTDA share a similar ligand structure, when 

coordinated to Dy(III) the structural and magnetic properties were very different.     

The central Dy(III) ions coordination polyhedron for Dy(boa) as compared to Dy(beta) 

are quite different.  Dy(boa) has two crystallographically unique Dy(III) ions; one has a roughly 

square antiprism geometry and the other has a dodecahedral geometry.  Dy(beta) has one 
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crystallographically unique Dy(III) ion that is roughly a bicapped trigonal prism.  The spatial 

distribution of the ligands around the Dy(III) ion may have a significant effect on the anisotropic 

barrier for SMMs.  It has be theorized that to enhance a Dy(III) SMM thermal energy barrier the 

ligand field should have a axial symmetry because Dy(III) has a oblate spherical distribution.  

The two thermal energy barriers obtained from the magnetic measurements on 

Dy(hfac)3boaDTDA are 99 K and 102 K; slightly higher than VI-4’s thermal energy barrier of 

85.1 K.4  The difference between anisotropic barriers may be a result of the different 

coordination polyhedra of the Dy(III) complexes.  The ligand field has an impact on the height of 

the anisotropic barrier of SMMs.11  The changes in packing of different Dy(thiazyl) species may 

have an effect of the nature of the easy axis and therefore affect the thermal energy barrier.   

 

6.6 Magnetometry of Gd(hfac)3betaDTDA 

Solid state data was collected for a polycrystalline sample of Gd(hfac)3betaDTDA.  Field 

dependent magnetization data was collected and the sample showed no significant ferromagnetic 

impurities (Figure 6.13).   

 

Figure 6.13: Field dependent magnetization at 100 K 

For a single uncoupled Gd(III) ion, the expected χT product at room temperature is 7.875 

cm3∙K∙mol-1 (8S7/2, g = β).   At room temperature the observed χT product for 

Gd(hfac)3betaDTDA is 7.9 cm3∙K∙mol-1.  There is a straight horizontal line for a plot of χT 

versus T, signifying that this compound obeys the Curie Law and therefore there is no significant 
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interaction between Gd(III) ions (Figure 6.14).  There is a slight decrease in the χT product at 

very low temperatures (4 K) which is due to very weak antiferromagnetic coupling between 

neighboring Gd(III) moments.  Due to overlap between the SOMOs of the individual thiazyl 

ligands, it is therefore reasonable to assume that the diamagnetic [DTDA]2 is not contributing to 

the overall magnetic moment of the system.  The shortest through-space distance between 

Gd(III) ions of the two complexes in a dimer pair is 9.5858 Å.   

 

Figure 6.14: χT product as a function of temperature at applied fields of 1000 τe (black) and 

10000 Oe (red) 

In the plot of magnetization as a function of applied field (Figure 6.15) there is no 

magnetic hysteresis observed for this system.  At low temperatures there is no remnant 

magnetization after a field has been applied and then removed.  At various temperatures the plot 

of magnetization as a function of H/T are all superimposable with one another signifying that 

there is no significant interaction between the magnetic moments of neighboring Gd(III) ions 

displaying near Curie behavior (Figure 6.15, right).12  The super imposable curves in the plot of 

M vs. H/T also signify a lack of magnetoanisotropy characteristic of isotropic Gd(III).11  The plot 

of M vs. H at 1.85 K saturates at high magnetic fields also implying an absence of 

magnetoanisotropy in the system.       



 

136 
 

 

Figure 6.15: Plot of magnetization as a function of magnetic field as various temperatures (left), 

plot of magnetization as a function of H/T at various temperatures (right) 

 

6.7 Crystal structure of Tb(hfac)3betaDTDA 

A microcrystalline sample of Tb(hfac)3betaDTDA has passed elemental analysis and a 

crystal structure has been obtained concluding that the bulk sample is indeed VI-3.  The 

preliminary crystal structure of VI-3 has some irregularities and must be further refined before 

publication is possible (the R factor is high (13.3 %), there are atoms missing and there are four 

molecules in the asymmetric unit).  It has been proposed that the initial space group in which the 

structure was solved may not be correct and therefore further attempts need to be made to refine 

the structure.  Currently the structure has been processed in the monoclinic space group P21 

(Figure 6.16).  The preliminary structure shows two dimerized pairs (cis-cofacial dimerization) 

of molecules in the asymmetric unit.  VI-3 will not be compared to any other structures in this 

thesis because it is unclear if this structure is correct.        
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Figure 6.16: Preliminary asymmetric unit of Tb(hfac)3betaDTDA collected at 150 K 

6.8 Crystal structure of Er(hfac)3betaDTDA 

Er(hfac)3betaDTDA crystallizes in the monoclinic space group P21/n.  The asymmetric 

unit of Er(hfac)3betaDTDA has two crystallography unique Er(III) ions (Figure 6.17).  The 

closet S…S distance between the dimerized DTDA rings is γ.061 Å.  The S…S distance is 

within the sum of van der Waals radii and a cis-cofacial dimerization mode is observed.    

 

Figure 6.17: Asymmetric unit cell of Er(hfac)3betaDTDA displaying cis-cofacial dimerization 
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6.9 Shape Analysis of Er(hfac)3betaDTDA 

Shape analysis measurements10 for each Er(III) ion were performed to determine the 

symmetry of each crystallographically unique Er(III) center.  Both Er(III) ions have an 

approximate D4d coordination environment (Figure 6.18).  The shape analysis measurements 

show that the Er(III) ions deviate from a the D4d geometry environment by a different factor, 

however the difference between the deviation factors is very small (Table 6.3).  Differences 

between deviations within two degrees are fairly insignificant.10  The Er(III) ions most relate to a 

square anti-prismatic polyhedron.  The numbers in Table 6.3 represent the deviation from six 

ideal polyhedra.  The Er(III) ions deviate the most strongly from the tricapped trigonal prism 

geometry (Table 6.3).   

   

 

Figure 6.18: Square antiprismatic coordination environment of Er(III) ions (top) and ideal 

square antiprisms (bottom) 
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Table 6.3: Shape analysis of unique Er(III) ions in Er(hfac)3betaDTDA 

Geometric symmetry  Er1 (°) Er2 (°) 

Square antiprism D4d 4.36 5.29 

Bicapped trigonal prism C2v 7.70 6.73 

Dodecahedral D2d 12.07 12.00 

Cube Oh 30.57 33.02 

Hexaonal bipyramid D6h 30.98 31.71 

Tricapped trigonal prism D3h 43.44 43.88 

 

The shape analysis measurements may provide insight as to why Er(beta) does not 

behave as a single molecule magnet.  An axial arrangement of ligands may not be preferential for 

a prolate Er(III) ion to enhance the anisotropic barrier.1,11  Er(III) single ion SMMs are still rare 

in the literature and there is much needed research to enhance the anisotropic barriers.13,14   

    

6.10 Magnetometry of Er(hfac)3betaDTDA 

Field dependent magnetometry at 100 K confirmed that there were no significant 

ferromagnetic impurities in the sample.  A straight line plotted for magnetization vs. field 

showed that there was no remnant magnetization present at low magnetic fields.   

 

Figure 6.19: Field dependent magnetization at 100 K  
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In the plot of the χT product as a function of temperature the χT product decreases as the 

temperature is lowered (Figure 6.22 right).  For an isolated Er(III) ion the χT product at room 

temperature is 11.475 cm3.K/mol (4I15/2, g = 6/5) agreeing with the observed χT = 11.β 

cm3∙K/mol at γ00 K.  At 40 K the χT product begins to decrease dramatically from λ.4 

cm3∙K/mol to 6.2 cm3∙K/mol at 1.85 K.  The decrease of χT in response to a decrease in 

temperature may be attributed to antiferromagnetic coupling between the Er(III) ions or 

magnetoanisotropy of the system.  There is no contribution from the dimerized diamagnetic 

radicals to the overall magnetic moment of the system.  The dimerized betaDTDA ligands are 

bridging the Er(III) ions acting like a supramolecular synthon.  The distance between the bridged 

Er(III) ions is 7.904 Å.                  

  

Figure 6.20: χT as a function of temperature at 1000 τe (black) and 100 τe (red) (left) zoomed 

in (right) 

There is no magnetic hysteresis observed for this system (Figure 6.21).  In the plot of M 

vs. H, the lack of magnetic saturation indicates significant magnetoanisotropy of the system 

(Figure 6.21 right).  At low temperatures there is no magnetic saturation observed under 7 T.  

Below 7 T, the magnetization is 5.2 B at 1.85 K.  The field dependent magnetization plot of M 

vs. H/T as a function of applied field at low temperatures (1.85 – 8 K) are not superimposable on 

one other representing the presence of zero field splitting and therefore magnetoanisotropy 

(Figure 6.21 left).15  When a small ac field was applied to the system slow magnetization 

dynamics were not observed.   
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Figure 6.21: Field dependent magnetization as a function of applied field at low temperatures 

(1.85 – 8 K) 

6.11 Summary/ Discussion  

Crystal structures of five Ln(hfac)3betaDTDA complexes have been obtained; Pr, Gd, Tb, 

Dy, and Er.  Unfortunately the crystal structure of Tb(beta) is not definitive and needs to be 

further examined.  Table 6.5 illustrates the progress with 1:1 lanthanide-betaDTDA complexes 

and the work that still needs to be accomplished.  The complexes of Pr, Gd and Dy are 

isomorphous to one another and dimerize in a trans-antarafacial motif.  Er(hfac)3betaDTDA has 

a different solid state packing orientation compared to Pr, Gd and Dy, with cis-cofacial 

dimerization of the DTDA units.  Out of the five complexes reported magnetometry data has 

been collected on three of them; Gd, Dy and Er.   

It is reasonable to suggest that there may be antiferromagnetic coupling between the 

magnetic moments on neighboring Er(III) ions based on how the magnetic data was modeled.  

As the temperature is lowered a decrease in χT can signify antiferromagnetic coupling (vide 

supra) or/and significant magnetoanisotropy.  The closest distance between neighboring Er(III) 

ions is 7.904 Å which is significantly smaller than the distance between Gd(III) ions (9.5858 Å).  

There is no significant coupling between the Gd(III) ions most likely due to the large through-

space distance.  Based on the shape parameter measurements from Er(beta) the magnetic data 

that was collected may not be surprising.  Er(III) has a prolate f-electron density and is a 

Kramers ion, therefore significant equatorial symmetry from the ligands is needed to enhance the 

anisotropic barrier.11  The shape parameter measurements suggest an approximate axial 
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symmetry for the coordination environment of Er(hfac)3betaDTDA.  Er(III) complexes have the 

potential to exhibit SMM behavior, however this may be dependent on significant equatorial 

ligand symmetry.11   

The Dy(beta) complex possess slow relaxation dynamics characteristic of an SMM.  The 

thermal energy barrier is reported as 85.1 K, an average value compared to other mononuclear 

Dy(III) SMMs.16  Based on the current magnetic data it cannot be stated whether or not the 

neighboring Dy(III) ions are interacting with one another through the bridging thiazyl ligands.  A 

dilution experiment with yttrium would need to be performed to determine if the Dy(III) ions are 

interacting with one another.  The complexes presented in this chapter may not exhibit novel 

magnet properties but they help to shed light on the complex theory of magneto-structural 

correlations.    

Table 6.4: Crystallographic data for dimerized 1:1 complexes of Ln(hfac)3(betaDTDA) 

  VI-1 VI-2 VI-3 VI-4 VI-5 

T (K) 150 150 150 150 150 

Space group P-1 P-1 P21 P-1 P21/n 

Dimerization mode trans-
antarafacial 

trans-
antarafacial 

cis-cofacial trans-
antarafacial 

cis-cofacial 

Z′ 1 1 4 1 2 

S…S contacts (Å) 
3.115 3.104 

3.096, 3.046, 

3.042, 3.103 3.123 3.061, 3.068 

Ln-N (DTDA)  (Å) 2.652(1) 2.571(7) 2.55(2) 2.534(6) 2.516(3) 

  

  

2.60(2) 

 

2.529(2) 

  

  

2.62(3) 

 

  

  

  

2.53(3) 

 

  

Ln-N (benzothizaole) 2.713(1) 2.597(8) 2.63(2) 2.578(6) 2.532(2) 

      2.59(1)   2.556(3) 

      2.56(3)     

      2.58(3)     

bond angle N-Ln-N (°) 62.70(4) 64.6(2) 65.0(5) 65.0(2) 65.63(9) 

      64.1(6)   64.96(8) 

      63.3(8)     

      64.3(9)     
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Table 6.5: Progress for Ln(hfac)3betaDTDA complexes 

Complex Elemental Analysis Crystal Structure Magnetometry 

Pr(hfac)3betaDTDA Yes Yes No 

Gd(hfac)3betaDTDA Yes Yes Yes 

Tb(hfac)3betaDTDA Yes Preliminary No 

Dy(hfac)3betaDTDA Yes Yes Yes 

Er (hfac)3betaDTDA Yes Yes Yes 

 

6.12 Experimental 

6.12.1 Experimental Considerations 

Reagents were purchased from Sigma Aldrich, Alfa Aesar and Acros organics.  

Pr(hfac)3(DME) was synthesized by Dr. Elisa Fatila and Gd(hfac)3(DME), Dy(hfac)3(DME) and 

Er(hfac)3(DME) were synthesized by Michelle Mills.  BetaDTDA was prepared according to the 

synthetic procedure previously reported in Chapter 3.  The synthesis of all compounds were 

performed under Ar(g) atmosphere using standard Schlenk Line techniques.  All anhydrous 

solvents were obtained from an LC solvent purification system using dry packed columns 

contained 3 Å molecular sieves.  Elemental Analysis was performed by MHW Laboratories, 

Phoenix, AZ, USA.  The IR spectra were collected using a Nicolet 510-FTIR spectrometer at 

room temperature.  Magnetic measurements were conducted and modeled by Dr. Rodolphe 

Cleréc at the Centre de Recherche Paul Pascal, CRPP-CNRS, Pessac, France.  Crystal structures 

were obtained by Prof. D. Soldatov, Department of Chemistry, University of Guelph, Ontario, 

Canada on a SuperNova diffractometer with Altas CCD detector and with a molybdenum source.  

The crystal structures were solved by direct methods using Olex2.  A full structure solution of 

VI-4 was performed by Dr. Michael Jennings.   

6.12.2 Synthesis 

Pr(hfac)3betaDTDA (VI-1):  Anhydrous CH2Cl2 (35 mL) was added to a mixture of betaDTDA 

(0.1088 g, 0.4565 mmol) and Pr(hfac)3(DME) (0.3886 g, 0.4869 mmol).  The dark purple 

reaction mixture was stirred until homogenous (1 hour).  The solvent was then removed in vacuo 

to afford a brown/purple solid.  The product was purified by dynamic vacuum sublimation (10-2 

Torr) on a three stage tube furnace at 115 °C to afford red crystals suitable for X-ray 
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crystallography. Yield 0.1116 g (24%).  FTIR (nujol on NaCl, cm-1): 1644 (s), 1610 (m), 1561 

(m), 1536 (m), 1345 (w), 1318 (w), 1255 (s), 1206 (w), 1143 (w), 1100 (w), 949 (w), 922 (w), 

855 (w), 806 (s), 792 (s), 766 (s), 741 (m), 734 (m), 659 (s), 584 (s), 516 (w).  Anal. Calcd for 

PrC23H7F18N3O6S3: C, 27.61; H, 0.71; N, 4.20%. Found: C, 27.77; H, 1.29; N, 4.18%.   

Gd(hfac)3betaDTDA (VI-2):  Anhydrous CH2Cl2 (20 mL) was added to a mixture of 

betaDTDA (0.1061 g, 0.4452 mmol) and Gd(hfac)3(DME) (0.4106 g, 0.4728 mmol).  The dark 

red reaction mixture was stirred for 1 hour.  The solvent was then removed in vacuo to afford a 

red solid.  The product was purified by dynamic vacuum sublimation (10-2 Torr) on a three stage 

tube furnace at 115 °C to afford red crystals suitable for X-ray crystallography. Yield 0.1736 g 

(38%).  FTIR (nujol on NaCl, cm-1): 1647 (s), 1610 (w), 1560 (m), 1535 (m), 1317 (w), 1259 (s), 

1209 (s,), 1140 (s), 1101 (s), 951 (w), 860 (m), 801 (s), 763 (m), 741 (m), 733 (m), 660 (s), 585 

(s).  Anal. Calcd for GdC23H7F18N3O6S3: C, 27.17; H, 0.69; N, 4.13%. Found: C, 27.26; H, 0.90; 

N, 4.18%. 

Tb(hfac)3betaDTDA (VI-3):  Anhydrous CH2Cl2 (25 mL) was added to a mixture of betaDTDA 

(0.1011 g, 0.4242 mmol) and Tb(hfac)3(DME) (0.3775 g, 0.4338 mmol).  The dark purple 

reaction mixture was stirred for 1 hour.  The solvent was then removed in vacuo to afford a 

brown/purple solid.  The product was purified by dynamic vacuum sublimation (10-2 Torr) on a 

three stage tube furnace at 115 °C to afford dark purple crystals suitable for X-ray 

crystallography. Yield 0.1290 g (30%).  FTIR (nujol on NaCl, cm-1): 1664 (s), 1648 (m), 1611 

(w), 1560 (m), 1534 (m), 1496 (m), 1260 (s), 1210 (s), 1145 (s), 1103 (m), 861 (w), 801 (m), 789 

(m), 760 (w), 741 (m), 732 (w), 660 (m), 587 (m).  Anal. Calcd for TbC23H7F18N3O6S3: C, 27.13; 

H, 0.69; N, 4.13%. Found: C, 27.10; H, 0.48; N, 3.94%.    

Dy(hfac)3betaDTDA (VI-4):  Anhydrous CH2Cl2 (40 mL) was added to a mixture of betaDTDA 

(0.1451 g, 0.6075 mmol) and Dy(hfac)3(DME) (0.5997 g, 0.6209 mmol).  The dark purple 

reaction mixture was stirred for 1 hour.  The solvent was then removed in vacuo to afford a 

brown/purple solid.  The product was purified by dynamic vacuum sublimation (10-2 Torr) on a 

three stage tube furnace at 115 °C to afford dark purple crystals suitable for X-ray 

crystallography. Yield 0.2554 g (41%).  FTIR (nujol on NaCl, cm-1): 1650 (s), 1610 (w), 1561 

(m), 1534 (m), 1495 (s), 1351 (w), 1317 (w), 1258 (s), 1209 (s), 1440 (s), 1103 (s), 952 (w), 861 
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(w), 861 (m), 801 (s), 762 (m), 733 (m), 661 (w), 604 (s), 587 (s). Anal. Calcd for 

DyC23H7F18N3O6S3: C, 27.03; H, 0.69; N, 4.11%. Found: C, 26.99; H, 0.89; N, 4.03%.   

Er(hfac)3betaDTDA (VI-5):  Anhydrous CH2Cl2 (20 mL) was added to a mixture of betaDTDA 

(0.1004 g, 0.4212 mmol) and Er(hfac)3(DME) (0.3772 g, 0.4293 mmol).  The maroon solution 

was stirred for 1 hour.  The solvent was then removed in vacuo to afford a purple/maroon solid. 

The product was purified by dynamic vacuum sublimation (10-2 Torr) on a three stage tube 

furnace at 105 °C to afford red crystals suitable for X-ray crystallography. Yield 0.1449 g (34%).  

FTIR (nujol on NaCl, cm-1): 1665 (w), 1649 (m), 1560 (w), 1560 (w), 1534 (w), 1499 (m), 1260 

(s), 1210 (s), 1145 (s), 1105 (w), 800 (w), 760 (w), 661 (m).  Anal. Calcd for ErC23H7F18N3O6S3: 

C, 26.91; H, 0.69; N, 4.09%. Found: C, 26.81; H, 0.88; N, 3.99%.   

 

6.13 References  

(1) Sorace, L.; Benelli, C.; Gatteschi, D. Chemical Society Reviews 2011, 40, 3092. 

(2) Sorace, L.; Gatteschi, D. In Lanthanides and Actinides in Molecular Magnetism; Wiley-

VCH Verlag GmbH & Co. KGaA: Weinheim, 2015, p 1. 

(3) Woodruff, D. N.; Winpenny, R. E. P.; Layfield, R. A. Chemical Reviews 2013, 113, 

5110. 

(4) Fatila, E. M.; Rouzières, M.; Jennings, M. C.; Lough, A. J.; Clérac, R.; Preuss, K. E. 

Journal of the American Chemical Society 2013, 135, 9596. 

(5) Zhang, P.; Zhang, L.; Tang, J. Dalton Transactions 2015, 44, 3923. 

(6) Poneti, G.; Bernot, K.; Bogani, L.; Caneschi, A.; Sessoli, R.; Wernsdorfer, W.; Gatteschi, 

D. Chemical Communications 2007, 1807. 

(7) Mondal, A. K.; Goswami, S.; Konar, S. Dalton Transactions 2015, 44, 5086. 

(8) Fatila, E. M.; Clérac, R.; Rouzières, M.; Soldatov, D. V.; Jennings, M.; Preuss, K. E. 

Chemical Communications 2013, 49, 6271. 

(9) Preuss, K. E. Coordination Chemistry Reviews 2014. 

(10) Xu, J.; Radkov, E.; Ziegler, M.; Raymond, K. N. Inorganic Chemistry 2000, 39, 4156. 

(11) Rinehart, J. D.; Long, J. R. Chemical Science 2011, 2, 2078. 

(12) Kahn, O. Molecular Magnetism 1st ed.; VCH Publishers Inc.: New York, 1993. 

(13) Le Roy, J. J.; Korobkov, I.; Murugesu, M. Chemical Communications 2014, 50, 1602. 



 

146 
 

(14) Zhang, P.; Zhang, L.; Wang, C.; Xue, S.; Lin, S.-Y.; Tang, J. Journal of the American 

Chemical Society 2014, 136, 4484. 

(15) Layfield, R. A.; McDouall, J. J. W.; Sulway, S. A.; Tuna, F.; Collison, D.; Winpenny, R. 

E. P. Chemistry – A European Journal 2010, 16, 4442. 

(16) Blagg, R. J.; Muryn, C. A.; McInnes, E. J. L.; Tuna, F.; Winpenny, R. E. P. Angewandte 

Chemie International Edition 2011, 50, 6530. 

 



 

147 
 

Chapter 7: Polymorphs of La(hfac)3(betaDTDA)2 - Synthesis and Characterization 

7.1 Introduction 

The large ionic radius of early lanthanide trications provides the possibility of nine (9) 

and ten (10) coordinate systems.  It is therefore possible to coordinate two radical ligands to one 

lanthanide (III) center.  A ten (10) coordinate environment has been observed for 

La(hfac)3(pyDTDA)2 and a nominally nine (9) coordinate environment has been observed for 

La(hfac)3boaDTDA (Figure 7.1).1,2  The coordination of the La(III)(hfac)3 fragment to 

boaDTDA affords a 1-D coordination polymer composed of alternating -[La(hfac)3boaDTDA]n- 

units.  A coordination polymer is possible owing to the structure of the boaDTDA ligand which 

has two coordination pockets, one N,N- and one N,O-, and can therefore act as a bridging ligand.  

Within the polymer, the paramagnetic ligands are ferromagnetically coupled to one another.  A 

superexchange mechanism involving the empty valence orbitals of the diamagnetic La(III) ion 

accounts for the observed magnetic properties.  By contrast, the coordination of La(III) to 

pyDTDA, a ligand that only has one bidentate coordination pocket, affords a 2:1 complex with 

radical ligands on either side of the La(III) ion (Figure 7.1).  La(hfac)3(pyDTDA)2 exhibits 

interesting phase transition properties.2  The complex is diamagnetic at low temperatures, with 

pancake bonding of the radical ligands of neighboring units.  At low temperature (100 K), the 

space group is monoclinic (C2/c), but upon heating to 160 K half of the pancake bonding is 

ruptured and the now paramagnetic species symmetry is lowered to a triclinic space group (P-1).  

Upon further heating to 310 K the remaining pancake bonds are ruptured, accompanied by a 

return to a C2/c space group.  The changes experiences by La(hfac)3(pyDTDA)2 is a relatively 

rare phenomenon known as a re-entrant phase transition.2  Clearly, taking advantage of the large 

ionic radius of the early lanthanides in order to obtain higher-coordinate complexes can lead to 

interesting behaviors.  

Attempts at isolating a 2:1 complex of boaDTDA and La(III) have been unsuccessful to 

date.  The 1-D polymeric chain described above is consistently the product of these attempts and 

it is isolated by sublimation, which also yields one molar equivalent of uncoordinated boaDTDA 

ligand.  It was hypothesized that betaDTDA and La(III) might also make a 1-D coordination 

polymer because of the similarity in structure between betaDTDA and boaDTDA.  A 1-D 
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coordination polymer of La(III) and betaDTDA was not obtained, however coordination of the 

lanthanide and radical led exclusively to 2:1 complexes upon sublimation.  Despite boaDTDA 

and betaDTDA being somewhat structurally similar they afforded very different La(III) 

complexes, apparently due to the “hard” oxygen atom versus the “soft” sulfur atom.   

       

Figure 7.1: La(hfac)3boaDTDA (left), La(hfac)3(pyDTDA)2 (right)2,3 

Two separate reactions of betaDTDA and La(III) starting materials led to three distinct 

outcomes (three characterized polymorphs).  The first attempt to coordinate La(III) to betaDTDA 

was with an intended 1:1 ratio.  Stoichiometric quantities of La(hfac)3DME and betaDTDA were 

reacted, however when a crystal structure of the sublimed material was collected it proved to be 

a 2:1 complex (one La(III) center for every two betaDTDA molecules).  Two single crystals 

from the bulk crystalline sample were examined by X-ray diffraction; each crystal had a different 

solid state packing arrangement (two polymorphs).  By inspection of the apparent crystal habits, 

there was a suspicion that more than two polymorphs were present, which was indeed confirmed 

by powder X-ray diffraction (PXRD).   

A 2:1 complex was also synthesized intentionally, using an appropriate 2:1 ratio of 

radical to La(hfac)3DME.  The material sublimed as dark-red trigonal prisms, crystallizing in a 

monoclinic space group (Cc).  PXRD of the bulk material from this sublimation showed that 

only one polymorph was present in the sample.  Of the three characterized 

La(hfac)3(betaDTDA)2 polymorphs, all the morphologies include dimerization of the complex 

through short intermolecular contacts of the DTDA rings in the solid state. 
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7.2 Synthesis of La(hfac)3(beta)2 

The La(hfac)3DME starting material was synthesized from a literature procedure.4  In 

both the 1:1 and 2:1 synthetic schemes described above, betaDTDA and La(hfac)3DME were 

dissolved in anhydrous methylene chloride and the resulting solution was stirred for 

approximately 1 hour (Scheme 7.1).  Upon removal of the solvent, both syntheses afforded a 

red/purple solid.  Complexes were purified under dynamic vacuum sublimation (10-2 Torr) at 120 

°C to produce small red/purple crystals.     

 

Scheme 7.1: Synthesis of La(hfac)3(betaDTDA)2 

 

7.3 Crystal Structures of La(hfac)3(betaDTDA)2; triclinic and orthorhombic polymorphs 

The relative placement of the DTDA ligands in the coordination sphere of the La(III) ion 

from a 1:1 reaction ratio of La(III) to betaDTDA radical is very different from previous DTDA 

lanthanide complexes.  In the bulk polycrystalline sublimed sample two polymorphs were 

characterized; orthorhombic (Pbcn) and triclinic (P-1).  The two crystals examined by X-ray 

diffraction shared superficial similarities; the orthorhombic polymorph crystals were dark-red 

plates and crystals of the triclinic polymorph were dark-red tetragonal prisms.  Even though 

triclinic and orthorhombic polymorphs crystallize in different space groups they share a similar 

packing motif and are isostructural to one another (Figure 7.2).  There is one molecule in the 

asymmetric unit of the triclinic polymorph of La(hfac)3(betaDTDA)2.  Half of the molecule in 

the orthorhombic polymorph composes the asymmetric unit meaning that the two DTDA rings 
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coordinated to the same La(III) ion are identical to one another.  Therefore the orthorhombic 

polymorph has higher symmetry then the triclinic polymorph.     

  

Figure 7.2: A 2:1 complex of La(hfac)3(betaDTDA)2 triclinic polymorph (left) and 

orthorhombic polymorph (right) 

The triclinic and orthorhombic polymorphs have a twisted-cofacial dimerization mode.  

The S…S distance between the dimerized ligands in the triclinic polymorph is 3.083 Å, well 

within the sum of the van der Waals radii.  The S…S distance between the dimerized ligands in 

the orthorhombic polymorph is 3.094 Å.  In each structure the dimerization between molecules 

creates a 1-D chain (Figure 7.3, Figure 7.4).  There are intermolecular contacts between the 

sulfur atoms on the benzothiazole portions of neighboring DTDA ligands.  The intermolecular 

distance between neighboring benzothiazole sulfur atoms is 3.486 Å for the triclinic polymorph 

(Figure 7.3) and 3.568 Å for the orthorhombic polymorph (Figure 7.4), both within the sum of 

van der Waals radii.  The La(III) ion in each complex has a ten (10) coordinate environment.  

The orientation of ligands relative to the La(III) center is unique and is the first time that two 

thiazyl ligands coordinated to the same Ln(III) ion have overlapped with one another.  Instead of 

the more commonly seen orientation of two ligands on opposite sides of the La(III) ion, the 

ligands are positioned so that the phenyl rings are overlapping one another creating an almost 

“L” shaped arrangement (Figure 7.3).  The unique arrangement of the thiazyl ligands around the 
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La(III) center observed for both polymorphs is unusual as the ligands to not lay in plane with the 

lanthanide center.    

 

 

Figure 7.3: Crystal packing of the La(hfac)3(beta)2 triclinic polymorph, illustrating the 1D 

structure formed by close intermolecular S…S contacts (only the τ atoms of the hfac ligands are 

shown and the H atoms are removed for clarity) 
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Figure 7.4: Dimerized La(hfac)3(betaDTDA)2 - orthorhombic polymorph (only the O atoms of 

the hfac ligands are shown and the H atoms are removed for clarity)  

The triclinic and orthorhombic polymorph each have an overlap between the aryl rings of 

the coordinated betaDTDA ligands on the same La(III) ion.  The degree of overlap between these 

aryl rings differs for each polymorph.  The π-stacking of phenyl rings has both repulsive and 

attractive qualities.  Hunter and Sanders described the π electron cloud having a partial negative 

charge and the  electron cloud having a partial positive charge (Figure 7.5).5  When aromatic 

aryl rings overlap with one another there exist π-π repulsive forces and π-  attractive forces.5  

Based on these partial charges electrostatic interactions can influence the supramolecular 

structure in the solid state.     

  

Figure 7.5: Charge distribution for phenyl rings5,6 

In general, for closed-shell aromatic hydrocarbons, a stacking geometry wherein there is 

an off-set, or lateral translation, between neighboring molecules is favoured because the π-  

attraction will dominate.  By contrast, in a perfectly face-to-face geometry, the π-π repulsion will 
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dominate.5  In both polymorphs of La(hfac)3(betaDTDA)2 there is an offset π-stacking geometry 

of the aryl rings (Figure 7.6).  The two polymorphs do not exemplify a perfect offset geometry 

as the relative angles between the overlapping aryl groups result in the C…C distances varying 

significantly.   

  

 

Figure 7.6: Crystal structure and generic model of offset π-stacked geometry for the 

orthorhombic polymorph (left) and triclinic polymorph (right) 

Table 7.1: Distances measured in Å between overlapping aryl rings for La(hfac)3betaDTDA 

polymorphs 

Orthorhombic Triclinic 

Centroid...Centroid   3.723 Centroid...Centroid   3.995 

C1…C1  3.223 C1…Cλ 3.139 

C5…C5  3.945 C5…C1γ 3.782 
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The aryl portions of the overlapping betaDTDA ligands in the orthorhombic polymorph 

have a centroid-centroid distance of 3.995 Å and the triclinic polymorph has a distance of 3.723 

Å between the centroids of overlapping aryl rings (Table 7.1).  For the context of this chapter the 

centroid is defined as the center of the phenyl rings on the betaDTDA ligands.  The triclinic 

polymorph has slightly shorter distances between the aryl rings.  In both polymorphs, the average 

planes of the aryl rings are not parallel to one another.  Obviously these are not isolated 

molecules and the rest of the ligand will factor into how the aryl moieties overlap with one 

another.  The aryl portions of the DTDA ligands coordinated to the same La(III) ion are angled 

away from one another (Figure 7.7), which can be seen by the varying distance between the 

carbon atoms (Table 7.1).  The position of the ligands with respect to the La(III) ion suggests 

that attractive forces that favour π stacking and repulsions between specific sites on the aryl rings 

are both at play.  The aryl rings are overlapping in an offset (displaced) face to face interaction 

and are not planar to one another.   There appears to be π-  attraction between C6 and the 

centroid for both polymorphs.  There also appears to be π-π repulsion between C5 and C5 on the 

orthorhombic polymorph and C5 and C13 on the triclinic polymorph (Table 7.1).         

The betaDTDA ligand itself is not perfectly planar when coordinated to La(III).  There is 

a small angle between the mean aryl plane and the DTDA mean plane (Figure 7.7).  The aryl 

ring and DTDA ring are bent away from one another.  In the triclinic polymorph, the angle 

between the planes of the aryl and DTDA ring is slightly smaller than that found in the 

orthorhombic polymorph.  The angular displacement suggests that there is some π-π repulsion 

between the aryl rings.         

 

Figure 7.7: Triclinic (left) and orthorhombic (right) polymorphs of La(hfac)3(betaDTDA)2 

illustrating the bend angle between mean DTDA plane and mean aryl plane 
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Although only two polymorphs were identified by single crystal X-ray diffraction of 

crystals selected from the sublimed sample, it is worth noting that powder X-ray diffraction 

indicates that there are more than these two polymorphs present.  Sublimation can produce 

kinetically (meta)stable polymorphs as well as the thermodynamically favoured polymorph.  

Perhaps if this sample were purified by slow recrystallization in solvent only the 

thermodynamically favourable polymorph would crystallize.   

Table 7.2: La(hfac)3(betaDTDA)2 polymorphs 

  Orthorhombic Triclinic 

aryl-DTDA angle (°) 12.38 8.31, 11.53 

angle between aryl rings (°) 17.57 14.31 

cell dimensions 

a (Å) 9.1759 9.3239 

b (Å) 23.3015 14.0523 

c (Å) 18.4256 17.8474 

α (°) 90 84.925 

 (°) 90 76.534 

 (°) 90 71.064 

 

7.4 Crystal Structure of La(hfac)3(beta)2- monoclinic polymorph 

Because a 1:1 reagent ratio of La(III) and betaDTDA resulted in a 2:1 radical:metal 

complex, a subsequent synthesis was performed using two equivalents of radical to a single 

equivalent of La(hfac)3DME.  The 2:1 reagent ratio also produces a 2:1 complex, however the 

coordination geometry of the two radical ligands about the metal center is very different from the 

complexes isolated from the first reaction.  The new, non-centrosymmetric, monoclinic 

polymorph of La(hfac)3(betaDTDA)2 has DTDA radical ligands on opposite sides of the La(III) 

center.  Unlike the previously observed the triclinic and orthorhombic polymorphs, there are no 

short contacts between the two coordinated ligands.  The orientation of the two DTDA ligands 

about the metal center is similar to that observed in a previously published 2:1 structure of a 

related complex, La(hfac)3(pyDTDA)2 (Figure 7.8).2  Furthermore, powder X-ray diffraction 

indicates that there is only one polymorph (monoclinic) present in the bulk crystalline sample. 
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Figure 7.8: Asymmetric unit of La(hfac)3(betaDTDA)2 monoclinic polymorph 

In the monoclinic polymorph, the complex dimerizes to create a 1-D chain.  The closet 

S…S distance is β.λ54 Å from neighboring DTDA ligands.  The only overlap between DTDA 

ligands is from the twisted-cofacial dimer.  Unlike the triclinic and orthorhombic polymorphs 

there is no phenyl ring overlap observed between ligands on the same La(III) ion (Figure 7.9).      
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Figure 7.9: 1-D dimerized chain of the monoclinic La(hfac)3(betaDTDA)2 polymorph (only the 

O atoms of the hfac ligands are shown and the H atoms are removed for clarity) 

The monoclinic polymorph is the only crystal structure of La(hfac)3(betaDTDA)2 that 

does not contain S…S contacts between benzothiazole sulfur atoms.  The distance between the 

benzothiazole sulfur atoms on neighboring DTDA ligands is 4.117 Å, outside the sum of van der 

Waals radii.  A polycrystalline sample of this complex is currently in France awaiting 

magnetometry, and will be probed for phase transition behavior similar to La(hfac)3(pyDTDA)2.  
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7.5 Summary/Discussion 

The sublimed products of both synthetic attempts at forming complexes of betaDTDA 

with La(III) resulted in complexes containing two coordinated radicals.  Three crystal structures 

were obtained of three distinct polymorphs.  Although only two reactions have been performed, 

and reproducibility has not been tested, preliminary results suggest that when La(hfac)3(DME) is 

reacted with twice the stoichiometric amount of radical the ligands, coordination occurs on 

opposite sides of the La(III) ion, whereas a stoichiometric ratio of radical and La(hfac)3(DME) 

affords a 2:1 complex with two ligands overlapping one another when coordinated to the same 

La(III) ion.  The polymorphs have the DTDA ligands arranged in different orientations relative 

to the La(III) ion.  In the monoclinic polymorph the thiazyl ligands are on opposite sides of the 

La(III) ion antiparallel to one another.  The orthorhombic and triclinic polymorphs consist of two 

thiazyl ligands positioned nearly perpendicular to one another coordinated to the same La(III) 

ion.  All three polymorphs are dimerized in a twisted-cofacial motif.  The monoclinic polymorph 

has the shortest dimerization length possibly because there is little overlap with any other ligands 

(less steric hindrance).   

Table 7.3: Summary of relevant crystallographic data from three polymorphs of 

La(hfac)3(betaDTDA)2 

Polymorph Orthorhombic Triclinic Monoclinic 

Colour dark- red dark-red dark-red 

Shape/geometry plate tetragonal prism short trigonal prism 

Space group Pbcn P-1 Cc 

Centrosymmertric yes yes no (polar space group ) 

S…S (DTDA) (Å) 3.094 3.083 2.954 

S…S (benzothiazole) 3.568 3.486 4.117 

Dimerization motif twisted-cofacial twisted-cofacial twisted-cofacial 

Angle between the aryl 12.38 8.31 8.72 

   11.53 14.74 

Centroid-centroid 3.995 3.723 --- 

 

Lanthanum (III) typically requires a 9-10 coordination environment, assuming standard 

ligands that are neither unusually large nor small.  Both 9 and 10 coordination spheres have been 
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observed with thiazyl ligands.  While lanthanide complexes with two coordinated DTDA ligands 

have been observed, this is the first time that two DTDA ligands coordinated to the same 

lanthanide ion have been observed to overlap with one another.  The coordination environment 

of the monoclinic polymorph (where radicals are coordinated on opposite sides of the metal) has 

been observed before with pyDTDA and the early lanthanides (La-Nd) (Figure 7.10).   

 

Figure 7.10: Crystal Structure of La(hfac)3(pyDTDA)2 (left), and La(hfac)3(betaDTDA)2-

monoclinic polymorph (right)  

When boaDTDA was coordinated to La(III) the sublimed product was a 1-D polymeric 

chain of alternating -[La(hfac)3boaDTDA]n- units (Figure 7.11).  Unlike the 10 coordinate 

La(hfac)3betaDTDA, La(hfac)3boaDTDA is a 9 coordinate species.  

 

Figure 7.11: Crystal structure of 1-D La(hfac)3boaDTDA3 

The difference between coordination complexes of boaDTDA and betaDTDA with 

La(III) can be attributed to hard/soft acid base theory.  BoaDTDA contains a “hard” oxygen atom 

while betaDTDA contains a “soft” sulfur atom outside of the DTDA ring.  Lanthanum (III) ions 
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and nitrogen atoms are considered “hard” species.  In the La(hfac)3boaDTDA complex the 

boaDTDA ligand has two different coordination pockets.  BoaDTDA is coordinated to La(III) 

through a N,N-bidentate coordination pocket and a N,O-monodenate chelation.  The distance 

between the oxygen atom and La(III) ion is 3.207 Å and the distance between La(III) and the 

nitrogen atom is 2.935 Å.  Although the La-O distance is longer than what is normally 

considered a bonding distance, it is reasonable to suggest that the oxygen atom is at least 

“assisting” the monodentate coordination of the nitrogen atom because it is “hard” and has 

partial negative charge density.  By contrast, the “soft” and partially positively charged sulfur 

atom on betaDTDA is unlikely to be a good Lewis base for coordination to the “hard” La(III) 

ion, and may even hinder monodentate coordination to the nitrogen atom.    

 

Figure 7.12: Partial charges of nitrogen, oxygen and sulfur atoms along with the partial charge 

on La(III) 

The sulfur atom on the benzothiazole portion of betaDTDA protrudes more from the 

ligand than the oxygen atom from boaDTDA due to the difference in bond angles in the ring.  

The C-O-C bond angle in boaDTDA is larger (103°) than the C-S-C bond angle in betaDTDA 

(88°).  Both the size of the sulfur atom and the partial positive charge density will inhibit the 

possibility of a monodentate coordination to the nitrogen atom in the S,N pocket (Figure 7.12).  

Even though sulfur and oxygen belong to the same periodic column their inherent differences 

change the solid state structures.  BetaDTDA does not make a 1-D coordination polymer chain 

like La(hfac)3boaDTDA (Figure 7.11).  Even though betaDTDA seems structurally similar to 

boaDTDA the coordination environments of the La(III) complexes are very different. 

It is important to note that only characterization techniques on sublimed polycrystalline 

samples were performed.  It is possible that the triclinic and orthorhombic 2:1 coordination 

complexes identified from the 1:1 reaction were the product of thermal decomposition upon 

sublimation.  Whereas the monoclinic 2:1 coordination complex identified from the 2:1 reaction 

was more likely a molecular geometry achieved in solution, prior to sublimation.  A 2:1 complex 
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forming from a 1:1 reaction upon sublimation would be a reasonable explanation for the novel 

ligand orientation for the orthorhombic and triclinic polymorphs.  Each polycrystalline sample 

passed elemental analysis and therefore it can be stated that the bulk sublimed samples are 

exclusively 2:1 complexes.  In the future, IR spectrometry and PXRD must be performed on the 

crude samples before sublimation.  The bulk sample of La(hfac)3betaDTDA that contained more 

than one polymorph should be re-synthesized and recrystallized from solution rather than 

sublimation.  Sublimation can be the cause for multiple polymorphs forming under the same 

conditions.  Sublimation favours the initial formation of kinetically stable products because the 

energy is close to that of the original crude material, however the result is not necessarily the 

lowest energy structure.  These complexes must be resynthesized and a method for separation of 

polymorphs must be determined.  This could arrive from a different form of crystallization 

technique – either slow recrystallization from solution or careful, very slow sublimation.  A 

sample containing different polymorphs cannot be sent for magnetometry because different 

structures often have different magnetic properties.  In order to get a clear picture of the metal-

radical interactions in the complex, each polymorph must be obtained and measured as a pure 

sample.   

 

7.6 Experimental 

7.6.1 General Considerations 

La(hfac)3(DME) was synthesized by Adam Maahs from a literature preparation.3  

Reagents were purchased from Sigma Aldrich, Alfa Aesar and Acros organics and used as 

received.  BetaDTDA was prepared according to the synthetic procedure previously reported in 

chapter 3.  The synthesis of all compounds was performed under Ar(g) atmosphere using standard 

Schlenk techniques.  Anhydrous solvents were obtained from an LC solvent purification system 

using dry packed columns containing 3 Å molecular sieves.  Elemental Analysis was performed 

by MHW Laboratories, Phoenix, AZ, USA.  The IR spectra were collected at room temperature 

using a Nicolet 510-FTIR spectrometer with a resolution of 4 cm-1.  Crystal structures were 

obtained by Prof. D. Soldatov, Department of Chemistry, University of Guelph, Ontario, Canada, 

on a SuperNova diffractometer with Altas CCD detector and with a molybdenum source.  The 
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crystal structures were solved by direct methods using Olex2.  The PXRD samples were obtained 

by Travis Fillion on a SuperNova diffractometer with a copper source.      

     

7.6.2 Synthesis   

La(hfac)3(betaDTDA)2 (triclinic and orthorhombic) (VII-1a and VII-1b) (7-Ia and 7-Ib):  

Anhydrous CH2Cl2 (25 mL) was added to a mixture of betaDTDA (0.1099 g, 0.4601 mmol) and 

La(hfac)3(DME) (0.3839 g, 0.4515 mmol).  The dark red reaction mixture was stirred for 1 hour.  

The solvent was then removed in vacuo to afford a dark red/purple solid.  The product was 

purified by dynamic vacuum sublimation (10-2 Torr) at 120 °C to afford dark purple crystals.  

The purified product was resublimed under static vacuum to produce crystals suitable for X-ray 

crystallography. Yield 0.1116 g (20%).  Anal. Calcd for LaC31H11F18N6O6S6: C, 30.11; H, 0.90; 

N, 6.80%. Found: C, 30.13; H, 0.1.30; N, 6.46%.  FTIR (nujol on NaCl plates, cm-1); 1649 (s), 

1553 (w), 1525 (w), 1317 (w), 1252 (m), 1197 (m), 1138 (m), 1094 (w), 915 (w), 847 (w), 796 

(m), 782 (m), 759 (w), 738 (w), 659 (m). 

La(hfac)3(betaDTDA)2 (monoclinic) (7-II):  Anhydrous CH2Cl2 (25 mL) was added to a 

mixture of betaDTDA (0.1104 g, 0.4632 mmol) and La(hfac)3(DME) (0.2454 g, 0.2086 mmol). 

The dark red reaction mixture was stirred for 1 hour.  The solvent was then removed in vacuo to 

afford a dark red/purple solid.  The product was purified by dynamic vacuum sublimation (10-2 

Torr) on a three stage tube furnace at 110 °C to afford dark purple crystals. The purified product 

was resublimed under static vacuum to produce crystals suitable for X-ray crystallography. Yield 

0.2517 g (44%).  Anal. Calcd for LaC31H11F18N6O6S6: C, 30.11; H, 0.90; N, 6.80%. Found: C, 

30.36; H, 0.91; N, 6.71%.  FTIR (nujol on NaCl plates, cm-1); 1649 (s), 1555 (w), 1528 (w), 

1314 (w), 1252 (m), 1203 (m), 1146 (m), 1129 (m), 1095 (w), 914 (w), 846 (w), 798 (m), 778 

(m), 761 (w), 726 (w), 659 (m). 
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Chapter 8: Conclusion and Future Work 

8.1 Conclusion 

The objective of this thesis was to synthesize three novel spin bearing ligands (with sulfur 

moiety outside of the DTDA ring) to be further coordinated to a variety of transition metals and 

lanthanides.  The inclusion of a sulfur moiety was intended to enhance intermolecular contacts 

leading to novel magnetic properties (magneto-structural correlations).  More than ten new 

compounds have been synthesized and characterized.  Exploring the magnetic nature of these 

new compounds has added to the library of thiazyl-metal complexes and helped to further the 

development of molecule-based magnetic materials through the design of spin bearing ligands.     

The three novel DTDA ligands that have been synthesized and fully characterized are 

bitaDTDA, bitaplusDTDA and betaDTDA.  These are the first DTDA ligands to have a sulfur 

atom outside the DTDA ring.  BoaDTDA revealed several interesting properties when 

coordinated to lanthanides and transition metals.1,2  BetaDTDA was synthesized in an attempt to 

replicate and possibly enhance some of these properties, however the replacement of an oxygen 

atom (benzoxazolyl) with a sulfur atom (benzothiazolyl) in the structure led to very different 

coordination complex geometries and thus very different properties.  

Each of the three novel ligands has been coordinated to a lanthanide ion or to a transition 

metal ion, or both, and almost all complexes synthesized have been fully characterized.  The 

complexes have provided valuable insight into the packing behavior of S-containing radicals.  

Table 8.1 provides a display of the coordination progress that has been made with bitaDTDA, 

bitaplusDTDA and betaDTDA.  Many combinations of lanthanide-DTDA and transition metal –

DTDA complexes have not been attempted yet.  In the future, many more of these combinations 

could be attempted in order to complete the lanthanide series and increase the library of 

transition metal coordination complexes. 
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Table 8.1: Summary of complexes with bitaDTDA, bitaplusDTDA and betaDTDA (all 

complexes have hfac auxiliary ligands) 

  Transition metals Lanthanides 

DTDAs Mn2+ Fe2+ La3+ Pr3+ Gd3+ Tb3+ Dy3+ Er3+ 

bita          %◊   %◊Ω %Ω 

bitaplus ◊           %◊Ω % 

beta %◊Ω %◊ %◊ %◊ %◊Ω %◊ %◊Ω %◊Ω 

 

Legend 

Elemental Analysis % 

Crystal structure ◊ 

Magnetometry Ω 

 

Single crystal X-ray diffraction data have been collected on several crystalline samples, 

however they are still waiting to be processed and refined.  The complexes awaiting completion 

include La(hfac)3(bitaDTDA)2, Tb(hfac)3bitaDTDA,  Fe(hfac)2betaDTDA, 

Pr(hfac)3(betaDTDA)2, and Er(hfac)3bitaplusDTDA.   

 

Figure 8.1: Preliminary crystal structure of Er(hfac)3bitaplusDTDA collected at 150 K 

The preliminary structure of Er(hfac)3bitaplusDTDA has been obtained (Figure 8.1) 

however the R value is still high and further processing of the data is required before it is suitable 

for publication.  The structure is dimerized through DTDA units in a cis-cofacial motif.  

BitaplusDTDA was also coordinated to both Mn(II) and Dy(III), with both complexes exhibiting 
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twisted-cofacal dimerization of the DTDA units.  It was hypothesized that the methyl group 

protruding from bitaplusDTDA would inhibit cis-cofacial dimerization, however this proves to 

be false.  In Figure 8.1 the ligands are shown overlapping in a cis-cofacil motive but are slightly 

twisted away from one another to accommodate repulsion from the methyl group.  The structure 

also features two unique Er(III) ions that are unrelated by symmetry.     

The purpose of this thesis was to examine the magnetic nature of the radicals and 

complexes, and the initial expectation was to replicate and improve on some of the previous 

magnetic properties, in addition to discovering new ones.  The goal of coordination of the 

radicals to Dy(hfac)3 was to build on the novel magnetic properties exhibited by 

Dy(hfac)3boaDTDA (vide supra).3  The Dy complexes provided some interesting conclusions, 

including an improvement upon the thermal energy barrier of the Dy(boaDTDA) complex. 

Table 8.2 represents three Dy(III)-DTDA SMMs synthesized in this thesis and two Dy(III)-

DTDA SMMs previously reported by the Preuss group.3,4  The thermal energy barriers vary 

between complexes, with Dy(hfac)3bitaplusDTDA displaying the highest thermal energy barrier 

of the group.  Thermal energy barriers of SMMs are sensitive to the ligand environment, 

however rational design of ligands to enhance the anisotropic barrier can be challenging.  Three 

out of the five complexes have two crystallographically unique Dy(III) ions in the crystal 

structure; Dy(boa), Dy(bita) and Dy(bitaplus).  Out of those three complexes Dy(boa) is the only 

SMM that exhibits 2 thermal energy barriers that can be decoupled with an applied dc field.  It is 

reasonable to assume that the Dy(III) ions in both dy(bita) and dy(bitaplus) are too similar in 

geometry (they only deviate slightly from each other according to SM).  Comparing five Dy(III)- 

DTDA complexes, the highest energy barriers are from boaDTDA and bitaplusDTDA.  Both 

Dy(boa) and Dy(bitaplus) have a twisted co-facial dimerization motif and at least D2d symmetry.  

For an oblate Dy(III) ion, axial symmetry of the negative charges on the ligands should enhance 

the anisotropic barrier.5  Dy(bitaDTDA) has one Dy(III) ion that shows D2d symmetry but 

another that shows C2v symmetry.  Dy(bita) and Dy(beta) both have C2v symmetry of the ligand 

sphere.  
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Table 8.2: Relevant crystallographic and magnetometry information for Dy(III) SMMs with 

DTDAs3,4 

Complex Dy(boa) Dy(bita) Dy(bitaplus) Dy(beta) Dy(py) 

# of Unique Dy(III) ions in 2 2 2 1 1 

# of Energy Barriers 2 1 1 1 1 

Symmetry of ligand sphere D2d, D4d C2v, D2d D2d C2v  -- 

Shortest Dy…Dy distance 8.263 8.169 8.183 9.557 7.914 

dimerization motif 
twisted 
cofacial 

cis-
cofacail 

twisted 
cofacial 

trans-
antarafacial 

cis-
cofacial 

Thermal Energy barrier (K) 99-102 84.7 126.3 85.1 70 

 

In summation, the DTDA ligands are like a family, with boaDTDA being the 

overachieving older sibling and betaDTDA, bitaDTDA and bitaplusDTDA are just trying to live 

up to the expectations.  

 

8.2 Future work 

Based on the work presented in this thesis there are still some additional projects to explore.    

8.2.1 Preliminary Solid State EPR spectra of bitaDTDA and bitaplusDTDA 

Variable temperature solid state EPR studies should be performed on bitaDTDA and 

bitaplusDTDA.  Due to the magnetic data collected from both crystalline samples, it is 

reasonable to suggest that the EPR spectra of bitaDTDA should exhibit a half field resonance 

peak associated with the spin-forbidden S = 1.  Attempts were made to examine this peak at 

room temperature however successful determination of the half field resonance was not 

achieved.  Half field resonance has been observed in radical DTDA species.6  Successfully 

performing solid state EPR will verify if the increase in χT as a function of temperature is 

attributed to a thermally accessible triplet state or a breakdown of the dimer into S = 1/2 

exhibiting paramagnetism.7    

8.2.2 Transition metal complexes with bitaDTDA, bitaplusDTDA and betaDTDA 

BetaDTDA has “soft” sulfur atoms that provide the possibility for coordination to a 

borderline “hard/soft” metal.  Fe2+ and an auxiliary group less electronegative that hfac (e.g., 
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acetylacetone (acac)) is one such possibility.  In addition to this, the sulfur atom could assist 

coupling to a “soft” metal (Fe2+), much like where oxygen being “hard” assisted the formation of 

a 9 coordinate polymer for the earlier lanthanide complexes of boaDTDA.1         

 

Figure 8.2: Hypothetical bonding of a “soft” transition metal “M” with some sort of oxygen 

based auxiliary group 

Synthesis of Mn(hfac)2bitaDTDA was attempted, however upon dynamic vacuum 

sublimation at 10-2 Torr the sample decomposed.  Attempts should be made to re-synthesize this 

compound and try purification methods through dynamic vacuum sublimation at a lower reduced 

pressure (10-6 Torr) and/or through slow-cooling solvent recrystallization.  Mn(hfac)2bitaDTDA 

suffers from apparent thermal instability, and both of these methods would hopefully promote 

crystallization before thermal decomposition.  Mn(hfac)2bitaplusDTDA was identified by X-ray 

diffraction, however this only proves that one crystal in the sample was Mn(hfac)2bitaplusDTDA 

and does not represent the entire microcrystalline bulk sample, therefore elemental analysis and 

IR of the bulk must be obtained.  Mn(hfac)2bitaplusDTDA thus also requires resynthesizing in 

order to complete the characterization.     

8.2.3 Early lanthanide complexes with bitaDTDA, bitaplusDTDA and betaDTDA 

Early lanthanides possess the potential to have a 8-10 coordinate environment with 

DTDA ligands.1,4  A 1:1 complex of betaDTDA and Pr(III) was successfully synthesized and 

characterized whereas a 1:1 stoichiometric mixture of betaDTDA and La(III) resulted only in a 

2:1 complex.  A crystal of the sublimed product of a 2:1 mixture of betaDTDA and Pr(III) has 

been sent for crystallography, which will determine if this is a 2:1 complex, however the 

complex will then need to be re-synthesized and examined by elemental analysis and IR.  The 

next logical step would be to coordinate betaDTDA to Ce(III) in a 1:1 stoichiometric ratio and 

see whether Ce(III) favours an 8 coordinate environment (like Pr(III)) or a 10 coordinate 
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environment (like La(III)).  In the f block, cerium lies in between lanthanum and praseodymium 

in terms of ionic radius size.  It would also be useful to explore other recrystallization methods 

for La(hfac)3betaDTDA to see if the 2:1 complex is a result of thermal decomposition during 

sublimation and if it is possible to form a 1:1 complex through a 1:1 stoichiometric reaction.      

An initial crystal structure from a 1:1 reaction of La(III) and bitaDTDA suggests that 

bitaDTDA and La(III) form a 2:1 complex exclusively (similar to La(hfac)3(betaDTDA)2).  The 

initial crystal structure (Figure 8.3) is only representative of one crystal and not the bulk sample.  

Michelle Mills has continued to work on this project and reported that the bulk product 

recovered from the coordination of bitaDTDA and La(III) in a 2:1 ratio is isostructural (and has 

passed EA), indicating that this is the favoured coordination motif for this combination of radical 

and metal center.  The preliminary crystal structure of this complex is the first time two thiazyl 

radicals on the same metal center have had DTDA moieties with S atoms within the sum of van 

der Waals radii (i.e. a dimerized (bitaDTDA)2 unit coordinated to the same metal) (Figure 8.3).  

Future work for this complex should involve magnetic measurements to determine the 

interactions between the radicals and the La(III) ion, as well as cyclic voltammetry of the 

complex.  Attempts at coordination of (bitaDTDA)2 units to more early Ln(III) ions is currently 

being explored by Michelle Mills.  Based on PXRD data collected from a sample of 

Ce(hfac)3(bitaDTDA)2 it appears that it is isostructural to La(hfac)3(bitaDTDA)2.  It will be 

interesting to see it the same coordination motif continues starting with Ce(III) and continuing 

along the lanthanide series.  It may be beneficial to examine the coordination of bitaplusDTDA 

to early lanthanides to observe the coordination environment it favours.   

 

Figure 8.3: Preliminary crystal structure of La(hfac)3(bitaDTDA)2 collected at 150 K 
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Appendix A:   Crystallographic Data 

Compound bitaCN bitaplusCN 

Formula C8H4N2S C9H6N2S 

M.W. (g/mol) 160.20 174.22 

Space Group P21/c P21/c 

Z 4 4 

Volume (Å3) 713.246 836.433 

R (%) 3.87 4.01 

a (Å) 10.59736(15) 3.92955(7) 

b (Å) 9.33698(12) 17.4484(3) 

c (Å) 7.35701(10) 12.2193(2) 

α (°) 90 90 

 (°) 101.5380(13) 93.2833(16) 

 (°) 90 90 

T (K) 298.15 298.15 
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Compound bitaDTDA bitaplusDTDA betaDTDA 

Formula C8H4N3S3 C9H6N3S3 C8H4N3S3 

M.W. (g/mol)  238.33  252.36 238.33  

Space Group P21 C2/c P21/c 

Z 8 8 8 

Volume (Å3) 1760.87 2032.41 1796.51 

R (%) 6.77 3.36 9.06 

a (Å) 7.29613(11) 13.4776(3) 9.7305(3)  

b (Å) 12.11404(19) 19.1960(3) 17.2350(4) 

c (Å) 20.1313(3) 8.00912(15) 10.7195(2) 

α (°) 90.00 90 90 

 (°) 98.2581(14) 101.2303(19) 92.098(2) 

 (°) 90.00 90 90 

T (K) 150 150 150 
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Compound Gd(hfac)3bitaDTDA Dy(hfac)3bitaDTDA 

Formula GdC23H7F18N3O6S3 DyC23H7F18N3O6S3 

M.W. (g/mol) 1016.73   1021.98 

Space Group P21/c P21/c 

Z 8 8 

Volume (Å3) 6663.75 6619.94 

R (%) 9.41 6.88 

a (Å) 9.9453(2) 9.86376(13) 

b (Å) 19.5982(4) 19.6295(3) 

c (Å) 34.4342(7) 34.4110(6) 

α (°) 90 90 

 (°) 19.5982(4) 96.4935(15) 

 (°) 90 90 

T (K) 150 150 
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Compound Mn(hfac)2bitaplusDTDA Dy(hfac)3bitaplusDTDA 

Formula MnC19H8F12N3O4S3 DyC24H9F18N3O6S3 

M.W. (g/mol) 721.4  1036.01 

Space Group I41/acd P21/c 

Z ---  8 

Volume (Å3) 21782.3 6815.01 

R (%)  --- 3.64 

a (Å) 27.6788(5) 12.00082(12) 

b (Å) 27.6788(5) 28.9119(3) 

c (Å) 28.4320(7) 20.37066(18) 

α (°) 90 90 

 (°) 90 105.3742(10)  

 (°) 90 90 

T (K) 150 150 
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Compound Mn(hfac)2betaDTDA Pr(hfac)3betaDTDA Gd(hfac)3betaDTDA 

Formula MnC18H6F12N3O4S3 PrC23H7F18N3O6S3 GdC23H7F18N3O6S3 

M.W. (g/mol) 707.37 1000.39 1016.73 

Space Group C2/c P-1 P-1 

Z 8 2 2 

Volume (Å3) 4792.32 1630.68 1653.87 

R (%) 3.6 3.14 11.89 

a (Å) 25.6737(5) 10.9982(2) 11.1137(3) 

b (Å) 12.7940(2) 11.4855(2) 11.5891(5) 

c (Å) 14.9461(2) 13.8178(2) 14.0499(6) 

α (°) 90 71.2888(15) 80.154(4) 

 (°) 102.5348(17) 80.7690(14) 68.140(3) 

 (°) 90 89.0372(15) 88.049(3) 

T (K) 150 150 150 
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Compound Tb(hfac)3betaDTDA Dy(hfac)3betaDTDA Er(hfac)3betaDTDA 

Formula TbC23H17F18N3O6S3 DyC23H17F18N3O6S3 ErC23H17F18N3O6S3 

M.W. (g/mol) 1018.41 1021.98 1026.74 

Space Group P21 P-1 P21/n 

Z 8 2 8 

Volume (Å3) 6751.56 1649.5 6708.62 

R (%) 13.3 5.7 2.98 

a (Å) 16.2072(2) 10.9673(2) 16.16263(9) 

b (Å) 21.0651(3) 11.6803(3) 20.98132(14) 

c (Å) 20.0138(3) 14.1134(3) 20.01140(12) 

α (°) 90 79.939(2) 90 

 (°) 98.8462(13) 67.952(2) 98.6680(6) 

 (°) 90 87.478(2) 90 

T (K) 150 150 150 
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Compound La(hfac)3(betaDTDA)2 

monoclinic 

La(hfac)3(betaDTDA)2  

orthorhombic 

La(hfac)3(betaDTDA)2 

triclinic 

Formula LaC31H11F18N6O6S6 LaC31H11F18N6O6S6 LaC31H11F18N6O6S6 

M.W. (g/mol) 1236.72 1236.72 1236.72 

Space Group C/c Pbcn P-1 

Z 4 4 2 

Volume 4338.32 4277.81 2150.87 

R (%) 4.42 5 4.71 

a (Å) 12.27233(16) 9.17595(9) 9.3239(3) 

b (Å) 20.6632(2) 25.3015(3) 14.0523(5) 

c (Å) 17.78185(19) 18.42569(18) 17.8474(6) 

α (°) 90 90 84.925(3) 

 (°) 105.8251(12) 90 76.534(3) 

 (°) 90 90 71.067(3) 

T (K) 150 150 150 
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Appendix B:   Compound Data Sheets 

 

Compound name: Benzisothiazole-N,N,N -tris(trimethylsilyl)amidine  

MW: 393.77 g/mol 

Appearance: lime green/yellow oil 

Lit. and/or notebook # and page: 

CM-1-64  

 

First made on date: May 13, 2013 

Made by: Carolyn Michalowicz 

Purification Method: Distillation (110 °C, 10-2 Torr) 

Experimental Data 

IR (neat) ν/cm-1: 3356 (wb), 3064 (w), 2955 (s), 2897 (m), 1661 (s), 1593 (m), 1473 (s), 1442 

(m), 1418 (m), 1342 (m), 1319 (w), 1251 (s), 1216 (m), 1166 (w), 1118 (w), 1055 (m), 1017 (m), 

970 (m), 917 (w), 842 (s), 786 (w), 743 (s), 688 (w), 632 (w). 
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Compound name: 4-(γ -benzoisothiazolyl)-1,2,3,5-dithiadiazoliumchloride (bitaDTDACl) 

MW: 273.79 g/mol 

Appearance: bright orange solid 

Lit. and/or notebook # and page: 

CM-1-66 

First made on date: May 16, 2013 

Made by: Carolyn Michalowicz 

Purification Method: None. 

Experimental Data 

IR (KBr) ν/cm-1: 2363 (w,br), 1685 (w), 1560 (w), 1474 (m), 1457 (m), 1442 (m), 1427 (s), 

1336 (m), 1336 (m), 1293 (m), 1253 (m), 1078 (w), 1017 (w), 887 (w), 844 (m), 797 (m), 768 

(w), 757 (w), 734 (m), 677 (m), 624 (w), 608 (w), 543 (w), 412 (m). 
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Compound name: 4-(γ -benzoisothiazolyl)-1,2,3,5-dithiadiazolyl (bitaDTDA) 

MW: 238.33 g/mol 

Appearance: dark purple solid 

Lit. and/or notebook # and page: 

CM-1-67 

First made on date: May 18, 2013  

Made by: Carolyn Michalowicz 

Purification Method: sublimation (120 °C, 10-2 Torr) as dark green needles 

Experimental Data 

IR (nujol on NaCl) ν/cm-1: 1411 (w), 1288 (w), 1257 (w), 1240 (m), 1168 (w), 1039 (w), 829 

(w), 804 (w), 771 (m), 735 (m). 

Elemental Anal. Anal. Calcd. for C8H4N3S3: C, 40.31; H, 1.69; N, 17.63%. Found: C, 40.48; H, 

2.00; N, 17.38%. 

Crystal Data collected on an Agilent Supernova Atlas CCD diffractometer using 

monochromated Cu-K\α radiation (  = 1.5418 Å) at the University of Guelph at 150 K, 

monoclinic space group P21, a = 7.29613(11) Å, b = 12.11404(19) Å, c = 20.1313(3) Å, α = λ0, 

 = 98.2581(14),  = λ0, V = 1760.87 Å3, Z = 8, R = 6.77%  
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Compound name: 5-methyl-1,2-benzoisothiazole-N,N,N -tris(trimethylsilyl)amidine  

MW: 407.80 g/mol 

Appearance: lime green/yellow 

oil 

Lit. and/or notebook # and 

page: CM-2-38 

First Made on: Sept. 16, 2013 

Made by: Carolyn Michalowicz 

Purification Method: Distillation (110 °C, 10-2 Torr) 

Experimental Data 

IR (neat) ν/cm-1: 3354 (w), 2955 (m), 2898 (m), 1627 (s), 1524 (w), 1471 (s), 1414 (m), 1345 

(m), 1345 (m), 1298 (w), 1252 (s), 1226 (m), 1172 (m), 1123 (w), 1123 (w), 1077 (w), 1050 (m), 

974 (m), 932 (w), 842 (s), 756 (m), 729 (w), 703 (w), 693 (w), 649 (w). 
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Compound name: 4-(5-methyl-γ -benzoisothiazolyl)-1,2,3,5-dithiadiazoliumchloride 

(bitaplusDTDACl) 

MW: 238.33 g/mol 

Appearance: bright orange 

solid 

Lit. and/or notebook # and 

page: CM-2-39 

First Made on: Sept. 19, 2013 

Made by: Carolyn Michalowicz 

Purification Method: None. 

Experimental Data 

IR (KBr) ν/cm-1: 3002 (wb), 1674 (w), 1628 (w), 1560 (w), 1544 (w), 1484 (m), 1458 (m), 1415 

(m), 1379 (m), 1321 (w), 1292 (m), 1260 (w), 1236 (w), 1185 (w), 1158 (m), 1041 (w), 938 (w) 

896 (s), 857 (w), 840 (w), 799 (m), 782 (m), 707 (w), 652 (w), 622 (w), 542 (m), 518 (s). 
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Compound name: 4-(5-methyl-γ -benzoisothiazolyl)-1,2,3,5-dithiadiazolyl (bitaplusDTDA) 

MW: 238.33 g/mol 

Appearance: dark purple solid 

Lit. and/or notebook # and page: 

CM-2-46 

First Made on: Oct. 2, 2013 

Made by: Carolyn Michalowicz 

Purification Method: sublimation (120 °C, 10-2 Torr) as dark purple blocks 

Experimental Data 

IR (KBr) ν/cm-1: 3057 (w), 2911 (w), 1477 (w), 1437 (w), 1412 (w), 1378 (w), 1309 (w), 1265 

(w), 1237 (s), 1174 (s), 1158 (m), 1079 (w), 1038 (w), 886 (w), 826 (s), 805 (s), 785 (s), 763 (s), 

719 (w), 686 (w), 596 (w), 513 (s), 434 (w). 

Elemental Anal. Anal. Calcd for C9H6N3S3: C, 42.83; H, 2.40; N, 16.65%. Found: C, 42.94; H, 

2.47; N, 16.49%.   

Crystal Data collected on an Agilent Supernova Atlas CCD diffractometer using 

monochromated Cu-K\α radiation (  = 1.5418 Å) at the University of Guelph at 150 K, 

monoclinic space group C2/c, a = 13.4776(3) Å, b = 19.1960(3), c = 8.00912(15), α = λ0,  = 

101.2303(19),  = 90, V = 2032.41 Å, Z = 8, R = 3.36%  
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Compound name: 4-(benzothiazol-β -yl)-1,2,3,5-dithiadiazoliumchloride (betaDTDACl) 

MW: 273.79 g/mol 

Appearance: orange solid 

Lit. and/or notebook # and 

page: CM-2-69 

First Made on: Jan. 9, 2014 

Made by: Carolyn 

Michalowicz 

Purification Method: None. 

 

Experimental Data 

IR (KBr) ν/cm-1: 3060 (w), 1685 (w), 1550 (w), 1507 (s), 1384 (s), 1316 (m), 1131 (s), 878 (s), 

847 (m), 840 (m), 778 (s), 705 (m), 541 (w). 
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Compound name: 4-(benzothiazol-β -yl)-1,2,3,5-dithiadiazolyl (betaDTDA) 

MW: 238.33 g/mol 

Appearance: dark purple 

solid 

 

Lit. and/or notebook # and page: CM-2-72 

First Made on: Jan. 13, 2014 

Made by: Carolyn Michalowicz 

Purification Method: sublimation (120 °C, 10-2 Torr) as dark purple/green crystals  

Experimental Data 

IR (KBr) ν/cm-1: 1552 (w), 1508 (m), 1451 (w), 1355 (m), 1301 (m), 1115 (s), 1059 (m), 902 

(s), 833 (s), 813 (s), 797 (s), 765 (s), 754 (s), 724 (m), 687 (w), 498 (s), 425 (w). 

Elemental Anal. Anal. Calcd. for C8H4N3S3: C, 40.31; H, 1.69; N, 17.63%. Found: C, 40.48; H, 

2.00; N, 17.38%. 

Crystal Data collected on an Agilent Supernova Atlas CCD diffractometer using 

monochromated Cu-K\α radiation (  = 1.5418 Å) at the University of Guelph at 150 K, 

monoclinic space group P21/c, a = 9.7305(3) Å, b = 17.2350(4) Å, c = 10.7195(2) Å, α = λ0,  = 

92.098(2),  = λ0, V = 1796.51 Å3, Z = 8, R = 9.06%    
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Compound name: 4-(5-methyl-γ -benzoisothiazolyl)-1,2,3,5-DTDA 

bis(hexafluoroacetylacetonato) Mn(II)  

Mn(hfac)2bitaplusDTDA 

MW: 721.40 g/mol 

Appearance: dark 

purple solid 

Lit. and/or notebook # 

and page: CM-3-41 

First Made on: July 24, 

2014 

Made by: Carolyn Michalowicz 

Purification Method: sublimation (105 °C, 10-2 Torr) as dark purple crystals 

Experimental Data 

Elemental Anal. Anal. Calcd for MnC19H8F12N3O4S3: C, 31.63; H, 1.12; N, 5.76%. Found: C, 

31.31; H, 1.56; N, 5.76%.     

Crystal Data collected on an Agilent Supernova Atlas CCD diffractometer using 

monochromated Mo-K\α radiation (  = 0.71076 Å) at the University of Guelph at 150 K, 

monoclinic space group I41/acd, a = 27.6788(5) Å, b = 27.6788(5) Å, c = 28.4320(7) Å, α = λ0, 

 = 90,  = 90, V = 21782.3 Å3 
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Compound name: 4-(benzothiazol-β -yl)-1,2,3,5-DTDA bis(hexafluoroacetylacetonato) Mn(II) 

Mn(hfac)2betaDTDA  

MW: 707.37 g/mol 

Appearance: dark purple 

solid 

Lit. and/or notebook # 

and page: CM-3-10 

First Made on: March 

13, 2014 

Made by: Carolyn Michalowicz 

Purification Method: sublimation (120 °C, 10-2 Torr) as dark purple needles 

Experimental Data 

IR (nujol on NaCl) ν/cm-1: 1652 (s), 1639 (s), 1557 (m), 1531 (m), 1496 (s), 1347 (w), 1263 (s), 

1194 (s), 1139 (s), 1094 (w), 948 (w), 922 (w), 874 (w), 796 (m), 765 (m), 741 (m), 741 (w), 730 

(w), 679 (w), 664 (m).       

Elemental Anal. Anal. Calcd for MnC18H6F12N3O4S3: C, 30.56; H, 0.85; N, 5.94%. Found: C, 

30.60; H, 1.01; N, 5.80%.   

Crystal Data collected on an Agilent Supernova Atlas CCD diffractometer using 

monochromated Mo-K\α radiation (  = 0.71076 Å) at the University of Guelph at 150 K, 

monoclinic space group C2/c, a = 25.6737(5) Å, b = 12.7940(2) Å, c = 14.9461(2) Å, α = λ0,  = 

102.5348(17),  = λ0, V = 4792.32 Å3, Z = 8, R = 3.6%     
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Compound name: 4-(benzothiazol-β -yl)-1,2,3,5-DTDA bis(hexafluoroacetylacetonato) Fe(II)  

Fe(hfac)2betaDTDA 

MW: 708.28 g/mol 

 Appearance: dark purple 

solid 

Lit. and/or notebook # 

and page: CM-3-13 

First Made on: April 15, 

2014 

Made by: Carolyn Michalowicz 

Purification Method: sublimation (130 °C, 10-2 Torr) as dark purple needles 

Experimental Data  

IR (nujol on NaCl plates) ν/cm-1 1634 (s), 1556 (m), 1526 (m), 1495 (m), 1348 (w), 1266 (s), 

1214 (s), 1191 (s), 1139 (s), 1103 (w), 949 (w), 923 (w), 874 (w), 806 (m), 794 (m), 761 (m), 

741 (w), 729 (w), 679 (w), 666 (m). 

Elemental Anal. Anal. Calcd for FeC18H6F12N3O4S3: C, 30.52; H, 0.85; N, 5.93% Found: C, 

30.66; H, 1.05; N, 5.93%.   
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Compound name: 4-(γ -benzoisothiazolyl)-1,2,3,5-DTDA tris(hexafluoroacetylacetonato) 

Gd(III) 

Gd(hfac)3bitaDTDA 

MW: 1016.73 g/mol 

Appearance: dark purple 

solid 

Lit. and/or notebook # and 

page: CM-3-12 

First Made on: April 4, 

2014 

Made by: Carolyn Michalowicz 

Purification Method: sublimation (115 °C, 10-2 Torr) as dark purple crystals 

Experimental Data 

IR (nujol on NaCl plates) ν/cm-1: 1663 (s), 1646 (s), 1614 (w), 1561 (m), 1534 (m), 1495 (s), 

1259 (s), 1208 (s), 1145 (s), 1101 (m), 854 (w), 804 (m), 784 (w), 772 (w), 740 (m), 660 (m), 

586 (w). 

Elemental Anal. Anal. Calcd for GdC23H7F18N3O6S3: C, 27.17; H, 0.69; N, 4.13%. Found: C, 

26.96; H, 0.81; N, 4.00%.   

Crystal Data collected on an Agilent Supernova Atlas CCD diffractometer using 

monochromated Mo-K\α radiation (  = 0.71076 Å) at the University of Guelph at 150 K, 

monoclinic space group P21/c, a = 9.9453(2) Å, b = 19.5982(4) Å, c = 34.4342(7) Å, α = λ0,  = 

19.5982(4),  = λ0, V = 6663.75 Å3, Z = 8, R = 9.41%   
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Compound name: 4-(γ -benzoisothiazolyl)-1,2,3,5-DTDA tris(hexafluoroacetylacetonato) 

Dy(III)  

Dy(hfac)3bitaDTDA 

MW: 1021.98 g/mol 

Appearance: dark purple 

solid 

Lit. and/or notebook # and 

page: CM-2-4 

First Made on: July 17, 

2013 

Made by: Carolyn Michalowicz 

Purification Method: sublimation (120 °C, 10-2 Torr) as dark purple crystals 

Experimental Data 

IR (nujol on NaCl plates) ν/cm-1: 1648 (m), 1560 (w), 1534 (w), 1259 (m), 1208 (m), 1147 (m), 

1101 (w), 802 (w), 721 (w), 660 (w). 

Elemental Anal. Anal. Calcd for DyC23H7F18N3O6S3: C, 27.03; H, 0.69; N, 4.11%. Found: C, 

26.95; H, 1.00; N, 3.99%.   

Crystal Data collected on an Agilent Supernova Atlas CCD diffractometer using 

monochromated Mo-K\α radiation (  = 0.71076 Å) at the University of Guelph at 150 K, 

monoclinic space group P21/c, a = 9.86376(13) Å, b = 19.6295(3) Å, c = 34.4110(6) Å, α = λ0,  

= 96.4935(15),  = λ0, V = 6619.94 Å3, Z = 8, R = 6.88%      
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Compound name: 4-(γ -benzoisothiazolyl)-1,2,3,5-DTDA tris(hexafluoroacetylacetonato) 

Er(III)  

Er(hfac)3bitaDTDA 

MW: 1026.74 g/mol 

Appearance: dark purple 

solid 

Lit. and/or notebook # and 

page: CM-3-22 

First Made on: May 12, 

2014 

Made by: Carolyn Michalowicz 

Purification Method: sublimation (105 °C, 10-2 Torr) as purple crystals 

Experimental Data 

IR (nujol on NaCl plates) ν/cm-1: 1648 (m), 1560 (w), 1534 (w), 1259 (m), 1208 (m), 1147 (m), 

1101 (w), 802 (w), 721 (w), 660 (w). 

Elemental Anal. Anal. Calcd for ErC23H7F18N3O6S3: C, 26.91; H, 0.69; N, 4.09%. Found: C, 

27.06; H, 1.02; N, 3.81%.  
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Compound name: 4-(5-methyl-γ -benzoisothiazolyl)-1,2,3,5-DTDA 

tris(hexafluoroacetylacetonato) Dy(III)  

Dy(hfac)3bitaplusDTDA 

MW: 1036.01 g/mol 

Appearance: dark 

purple solid 

Lit. and/or notebook # 

and page: CM-2-73 

First Made on: Jan. 15, 

2014 

Made by: Carolyn Michalowicz 

Purification Method: sublimation (120 °C, 10-2 Torr) as dark purple crystals 

Experimental Data 

IR (nujol on NaCl plates) ν/cm-1: 1662 (s), 1646 (s), 1611 (m), 1563 (m), 1536 (m), 1488 (w), 

1427 (w), 1258 (s), 1202 (s), 1147 (s), 1098 (m), 950 (w), 881 (w), 858 (m), 803 (s), 764 (m), 

741 (m), 724 (w), 587 (m). 

Elemental Anal. Anal. Calcd for DyC24H9F18N3O6S3: C, 27.82; H, 0.88; N, 4.06%. Found: C, 

28.02; H, 1.29; N, 4.11%.  

Crystal Data collected on an Agilent Supernova Atlas CCD diffractometer using 

monochromated Mo-K\α radiation (  = 0.71076 Å) at the University of Guelph at 150 K, 

monoclinic space group P21/c, a = 12.00082(12) Å, b = 28.9119(3) Å, c = 20.37066(18) Å, α = 

λ0,  = 105.3742(10),  = λ0, V = 6815.01 Å3, Z = 8, R = 3.64%       
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Compound name: 4-(5-methyl-γ -benzoisothiazolyl)-1,2,3,5-DTDA 

tris(hexafluoroacetylacetonato) Er(III)  

Er(hfac)3bitaplusDTDA 

MW: 1040.77 g/mol 

Appearance: dark 

green/blue solid 

Lit. and/or notebook # 

and page: CM-3-40 

First Made on: July 23, 

2014 

Made by: Carolyn Michalowicz 

Purification Method: sublimation (120 °C, 10-2 Torr) as dark green crystals  

Experimental Data 

IR (nujol on NaCl plates) ν/cm-1 1666 (s), 1650 (s), 1613 (w), 1562 (m), 1536 (m), 1499 (m), 

1261 (s), 1261 (s), 1207 (s), 1147 (s), 1103 (m), 951 (w), 881 (w), 861 (m), 806 (s), 768 (m), 741 

(m), 723 (w), 660 (s), 589 (m). 

Elemental Anal. Anal. Calcd for ErC24H9F18N3O6S3: C, 27.70; H, 0.87; N, 4.04%. Found: C, 

28.00; H, 1.13; N, 3.85%.  



 

208 
 

 

 

 

 

 

 

 

 

 

 

 



 

209 
 

Compound name: 4-(benzothiazol-β -yl)-1,2,3,5-DTDA tris(hexafluoroacetylacetonato) Pr(III) 

Pr(hfac)3betaDTDA 

MW: 1000.39 g/mol 

Appearance: dark 

purple/brown solid 

Lit. and/or notebook # 

and page: CM-2-86 

First Made on: Feb. 11, 

2014 

Made by: Carolyn Michalowicz 

Purification Method: sublimation (115 °C, 10-2 Torr) as dark green/purple crystals 

Experimental Data 

IR (nujol on NaCl plates) ν/cm-1 1644 (s), 1610 (m), 1561 (m), 1536 (m), 1345 (w), 1318 (w), 

1255 (s), 1206 (w), 1143 (w), 1100 (w), 949 (w), 922 (w), 855 (w), 806 (s), 792 (s), 766 (s), 741 

(m), 734 (m), 659 (s), 584 (s), 516 (w). 

Elemental Anal. Anal. Calcd for PrC23H7F18N3O6S3: C, 27.61; H, 0.71; N, 4.20%. Found: C, 

27.77; H, 1.29; N, 4.18%.  

Crystal Data collected on an Agilent Supernova Atlas CCD diffractometer using 

monochromated Mo-K\α radiation (  = 0.71076 Å) at the University of Guelph at 150 K, triclinic 

space group P-1, a = 10.9982(2) Å, b = 11.4855(2) Å, c = 13.8178(2) Å, α = 71.2888(15),  = 

80.7690(14),  = 89.0372(15), V = 1630.68 Å3, Z = 2, R = 3.14%       
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Compound name: 4-(benzothiazol-β -yl)-1,2,3,5-DTDA tris(hexafluoroacetylacetonato) Gd(III) 

Gd(hfac)3betaDTDA 

MW: 1016.73 g/mol 

Appearance: dark red 

solid 

Lit. and/or notebook # 

and page: CM-2-82 

First Made on: Feb. 5, 

2014 

Made by: Carolyn Michalowicz 

Purification Method: sublimation (113 °C, 10-2 Torr) as dark green crystals 

Experimental Data 

IR (nujol on NaCl) ν/cm-1: 1647 (s), 1610 (w), 1560 (m), 1535 (m), 1317 (w), 1259 (s), 1209 

(s,), 1140 (s), 1101 (s), 951 (w), 860 (m), 801 (s), 763 (m), 741 (m), 733 (m), 660 (s), 585 (s).  

Elemental Anal. Anal. Calcd for GdC23H7F18N3O6S3: C, 27.17; H, 0.69; N, 4.13%. Found: C, 

27.26; H, 0.90; N, 4.18%. 

Crystal Data collected on an Agilent Supernova Atlas CCD diffractometer using 

monochromated Mo-K\α radiation (  = 0.71076 Å) at the University of Guelph at 150 K, triclinic 

space group P-1, a = 11.1137(3) Å, b = 11.5891(5) Å, c = 14.0499(6) Å, α = 80.154(4),  = 

68.140(3),  = 88.049(3), V = 1653.87 Å3, Z = 2, R = 11.89%      
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Compound name: 4-(benzothiazol-β -yl)-1,2,3,5-DTDA tris(hexafluoroacetylacetonato) Tb(III) 

Tb(hfac)3betaDTDA 

MW: 1018.41 g/mol 

Appearance: dark 

purple/brown solid 

Lit. and/or notebook # 

and page: CM-3-9 

First Made on: March 12, 

2014 

Made by: Carolyn Michalowicz 

Purification Method: sublimation (120 °C, 10-2 Torr) as dark purple crystals 

Experimental Data 

IR (nujol on NaCl) ν/cm-1 1664 (s), 1648 (m), 1611 (w), 1560 (m), 1534 (m), 1496 (m), 1260 

(s), 1210 (s), 1145 (s), 1103 (m), 861 (w), 801 (m), 789 (m), 760 (w), 741 (m), 732 (w), 660 (m), 

587 (m).  

Elemental Anal. Anal. Calcd for TbC23H7F18N3O6S3: C, 27.13; H, 0.69; N, 4.13%. Found: C, 

27.10; H, 0.48; N, 3.94%.    

Crystal Data collected on an Agilent Supernova Atlas CCD diffractometer using 

monochromated Mo-K\α radiation (  = 0.71076 Å) at the University of Guelph at 150 K, 

monoclinic space group P21, a = 16.2072(2) Å, b = 21.0651(3) Å, c = 20.0138(3) Å, α = 90,  = 

98.8462(13),  = 90, V = 6751.56 Å3, Z = 8, R = 13.3%     
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Compound name: 4-(benzothiazol-β -yl)-1,2,3,5-DTDA tris(hexafluoroacetylacetonato) Dy(III) 

Dy(hfac)3betaDTDA 

MW: 1021.98 g/mol 

Appearance: dark 

purple/red/brown solid 

Lit. and/or notebook # 

and page: CM-2-76 

First Made on: Jan. 21, 

2014 

Made by: Carolyn Michalowicz 

Purification Method: sublimation (115 °C, 10-2 Torr) as dark purple crystals  

Experimental Data 

IR (nujol on NaCl) ν/cm-1 1650 (s), 1610 (w), 1561 (m), 1534 (m), 1495 (s), 1351 (w), 1317 

(w), 1258 (s), 1209 (s), 1440 (s), 1103 (s), 952 (w), 861 (w), 861 (m), 801 (s), 762 (m), 733 (m), 

661 (w), 604 (s), 587 (s). 

Elemental Anal. Anal. Calcd for DyC23H7F18N3O6S3: C, 27.03; H, 0.69; N, 4.11%. Found: C, 

26.99; H, 0.89; N, 4.03%.   

Crystal Data collected on an Agilent Supernova Atlas CCD diffractometer using 

monochromated Mo-K\α radiation (  = 0.71076 Å) at the University of Guelph at 150 K, triclinic 

space group P-1, a = 10.9673(2) Å, b = 11.6803(3) Å, c = 14.1134(3) Å, α = 79.939(2),  = 

67.952(2),  = 87.478(2), V = 1649.5 Å3, Z = 2, R = 5.7%      
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Compound name: 4-(benzothiazol-β -yl)-1,2,3,5-DTDA tris(hexafluoroacetylacetonato) Er(III) 

Er(hfac)3betaDTDA 

MW: 1026.74 g/mol 

Appearance: dark 

purple/red solid 

Lit. and/or notebook # 

and page: CM-3-14 

First Made on: April 16, 

2014 

Made by: Carolyn Michalowicz 

Purification Method: sublimation (115 °C, 10-2 Torr) as red crystals 

Experimental Data  

IR (nujol on NaCl plates) ν/cm-1: 1665 (w), 1649 (m), 1560 (w), 1560 (w), 1534 (w), 1499 (m), 

1260 (s), 1210 (s), 1145 (s), 1105 (w), 800 (w), 760 (w), 661 (m).   

Elemental Anal. Anal. Calcd for ErC23H7F18N3O6S3: C, 26.91; H, 0.69; N, 4.09%. Found: C, 

26.81; H, 0.88; N, 3.99%.   

Crystal Data collected on an Agilent Supernova Atlas CCD diffractometer using 

monochromated Mo-K\α radiation (  = 0.71076 Å) at the University of Guelph at 150 K, 

monoclinic space group P21/n, a = 16.16263(9) Å, b = 20.98132(14) Å, c = 20.01140(12) Å, α = 

90,  = 98.6680(6),  = 90, V = 6708.62 Å3, Z = 8, R = 2.98%              
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Compound name: bis(4-(benzothiazol-β -yl)-1,2,3,5-DTDA) tris(hexafluoroacetylacetonato) 

La(III)  

La(hfac)3(betaDTDA)2 

MW: 1236.72 g/mol 

Appearance: 

dark 

purple/red 

solid 

Lit. and/or 

notebook # 

and page: 

CM-2-80 

First Made on: Jan. 29, 2014 

Made by: Carolyn Michalowicz 

Purification Method: sublimation (120 °C, 10-2 Torr) as dark purple/red crystals 

Experimental Data 

IR (nujol on NaCl plates) ν/cm-1: 1649 (s), 1553 (w), 1525 (w), 1317 (w), 1252 (m), 1197 (m), 

1138 (m), 1094 (w), 915 (w), 847 (w), 796 (m), 782 (m), 759 (w), 738 (w), 659 (m). 

Elemental Anal. Anal. Calcd for LaC31H11F18N6O6S6: C, 30.11; H, 0.90; N, 6.80%. Found: C, 

30.13; H, 1.30; N, 6.46%.  

Crystal Data collected on an Agilent Supernova Atlas CCD diffractometer using 

monochromated Mo-K\α radiation (  = 0.71076 Å) at the University of Guelph at 150 K, 

orthorhombic space group Pbcn, a = 9.17595(9) Å, b = 25.3015(3) Å, c = 18.42569(18) Å, α = 

90,  = 90,  = 90, V = 4277.81 Å3, Z = 4, R = 5%       
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Crystal Data collected on an Agilent Supernova Atlas CCD diffractometer using 

monochromated Mo-K\α radiation (  = 0.71076 Å) at the University of Guelph at 150 K, triclinic 

space group P-1, a = 9.3239(3) Å, b = 14.0523(5) Å, c = 17.8474(6) Å, α = 84.925(3),  = 

76.534(3),  = 71.067(3), V = 2150.87 Å3, Z = 2, R = 4.71%      
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Compound name: bis(4-(benzothiazol-β -yl)-1,2,3,5-DTDA) tris(hexafluoroacetylacetonato) 

La(III)   

La(hfac)3(betaDTDA)2 

MW: 1236.72 g/mol 

Appearance: 

dark purple/red 

solid 

Lit. and/or 

notebook # 

and page: CM-

2-91 

First Made on: 

Feb. 21, 2014 

Made by: Carolyn Michalowicz 

Purification Method: sublimation (120 °C, 10-2 Torr) as dark purple/red crystals 

Experimental Data 

IR (nujol on NaCl plates) ν/cm-1 1649 (s), 1555 (w), 1528 (w), 1314 (w), 1252 (m), 1203 (m), 

1146 (m), 1129 (m), 1095 (w), 914 (w), 846 (w), 798 (m), 778 (m), 761 (w), 726 (w), 659 (m). 

Elemental Anal. Anal. Calcd for LaC31H11F18N6O6S6: C, 30.11; H, 0.90; N, 6.80%. Found: C, 

30.36; H, 0.91; N, 6.71%.  

Crystal Data collected on an Agilent Supernova Atlas CCD diffractometer using 

monochromated Mo-K\α radiation (  = 0.71076 Å) at the University of Guelph at 150 K, 

monoclinic space group C/c, a = 12.27233(16) Å, b = 20.6632(2) Å, c = 17.78185(19) Å, α = 90, 

 = 105.8251(12),  = 90, V = 4338.32 Å3, Z = 4, R = 4.42%                
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