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ABSTRACT 

  

In 1993, the first report of a single molecule magnet (SMM) appeared in the 

literature, namely [Mn12(CH3COO)16(H2O)4O12]•2CH3COOH•2H2O (Mn12OAc). This 

molecule was remarkable in that it exhibits hysteresis similar to that of a bulk magnetic 

material. In this case, however, rather than an extended structure property with long range 

ordering as in solid state magnetic materials, each Mn12OAc molecule behaves as a tiny 

magnet with a thermal barrier to the reversal of the magnetization. This discovery led to 

the realization that such materials are promising for the study for applications such as data 

storage and spintronics. In Mn12OAc, hysteretic behavior was only be observed up to 4 K, 

making practical applications impossible. Since this time, the field has focused on 

increasing the blocking temperature for SMMs, and much progress has been made.  

Recently, the field has focused on low spin, highly symmetric molecules, some 

with only one paramagnetic metal center responsible for the magnetic behavior. The work 

in this dissertation is involved in this pursuit, with the goal of testing predictions and 

lending credence to future synthetic pathways for better SMMs. The first part of the work 

focuses on trigonally symmetric 3d SMMs using highly bulky ligands. Chapter II focuses 

on a direct comparison of two geometries, namely trigonal monopyramidal and 

bipyramidal. A series of divalent iron, cobalt, and nickel complexes were synthesized in 

both geometries through use of a tris-anionic, tetradentate ligand, and in the case of the 

bipyramidal structures, a water molecule. Additionally, the effect of electron donating and 

withdrawing substituents on the Co(II) trigonal bipyramidal structures was investigated.  
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The third chapter is a study of the differences in magnetic behavior between partial and 

complete metal encapsulation through neutral, tetradentate based ligands which 

coordinate one or two Co(II) metal centers. The fourth chapter describes a series of 

octahedral 3d metal molecules that employ Ti(IV) as a new diamagnetic capping ligand. 

The fifth chapter focuses on lanthanide based SMMs in a geometry never before observed 

for SMM behavior, namely cubic. The goal was to observe how this highly symmetric 

geometry would affect the magnetic behavior of trivalent Dy, Er, and Tb complexes.  

 

 

 

 

 

 

  

 

 

 

 



 

iv 

 

DEDICATION 

 

To my parents. Thank you. 

 

 

 

 



 

v 

 

ACKNOWLEDGEMENTS 

 

I would like to thank my advisor, Professor Kim Dunbar, for her support and 

dedication though out my time at Texas A&M. I am grateful for her guidance through all 

of my projects, as well as her support of personal growth both inside and outside of the 

laboratory. 

Thank you to my committee members: Dr. Hughbanks, Dr. Nippe, and Dr. Naugle. 

Your support and assistance throughout my Ph.D. studies is much appreciated.  

Thank you to all the members, past and present, in the Dunbar group. I would not 

have been able to finish this without all your help and support over the years. I enjoyed 

working with you all, and wish you the best in your future endeavors, wherever they may 

be. 

I would also like to thank a few extra mentors throughout my scientific career so 

far. To Dr. Yu-Sheng Chen at Argonne National Lab, who taught me many things about 

crystallography, especially how synchrotron radiation can be used in single crystal 

diffraction experiments. To my undergraduate advisor Prof. Matthew Shores, thank you 

for starting me on my magnetism career. Working in your group was the reason I pursed 

my graduate degree, and my successes here would not have been possible without that 

experience. 

Finally, thank you to my friends and family. Graduate school would not have been 

the same without the wonderful group of people I met here. Your support certainly ensured 

my successes. To my family, thank you for always being there as I rode the crazy roller 



 

vi 

 

coaster that is graduate school. Your support and faith was invaluable. Finally, thank you 

to my soon to be husband, Carl. Your unending patience and unwavering support 

throughout means more than I can express. Thank you for always reminding me what is 

truly important.  



 

vii 

 

CONTRIBUTORS AND FUNDING SOURCES 

 

This work was supervised by a dissertation committee consisting of my advisor 

Professor Kim Dunbar, and my committee members, Professor Timothy Hughbanks and 

Professor Michael Nippe of the Department of Chemistry, and Professor Donald Naugle 

of the Department of Physics.  

 

Computational studies throughout the dissertation were performed by Dr. Kuduva 

R. Vignesh, of the Department of Chemistry. Dr. Dimitris I. Alexandropoulos, of the 

Department of Chemistry, contributed equally to the work in Chapter V. 

 

All other work for the dissertation was completed by the student, under the 

advisement of Professor Kim Dunbar of the Department of Chemistry. 

 

This work was made possible in part by the Department of Energy under Grant 

Numbers DE-SC0012582 and DE-FG02-02ER45999 and the Welch Foundation under 

Grant Number A-1449. 

 

Its contents are solely the responsibility of the authors and do not necessarily 

represent the official views of the Department of Energy or the Welch Foundation. 

 



 

viii 
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AC Alternating Current 

DBM 1,3-diphenyl-1,3-propanedionate 

DC Direct Current 

DCM Dichloromethane 

DMA Dimethylacetamide 

EPR Electron Paramagnetic Resonance 

FST N,N',N"-(nitrilotris(ethane-2,1-diyl))tris(4-(trifluoromethyl) 

benzene-sulfonamide) 

L1 6,16,2,5-tribenzena(1,4)-1,4,8,11,14,18,23,27-octaazabicyclo 

[9.9.9]nonacosaphane 

MST N,N',N''-(nitrilotris(ethane-2,1-diyl))tris(2,4,6-trimethylbenzene-

sulfonamide) 

PST N,N',N''-(nitrilotris(ethane-2,1-diyl))tribenzenesulfonamide 

SMM Single molecule magnet 

SOC Spin-orbit coupling 

TBP Trigonal Bipyramidal 

TMP Trigonal Monopyramidal 

Tp tri(1H-pyrazol-1-yl)hydroborate 

Tp* tris(3,5-dimethyl-1H-pyrazol-1-yl)hydroborate 

Tren tris(2-aminoethyl)amine 
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TST N,N',N''-(nitrilotris(ethane-2,1-diyl))tris(4-methylbenzene-

sulfonamide) 

ZFS Zero field splitting 
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CHAPTER I  

INTRODUCTION  

 

I.1 Magnetic Behavior and the Problem with the Top-Down Approach 

Paramagnetic materials which exhibit the ability to behave as magnets are essential 

in our daily lives. The capability of retaining magnetization once a magnetic field has been 

removed is the defining characteristic of a magnet. One of the major methods of 

characterization of magnetic materials is the observation hysteresis curves, Figure I.1.1 In 

this case, a magnetic field is applied to the material and the spins align with the field until 

they reach a saturation point. Once the field is removed, the magnetization that remains is 

known as the remnant magnetization. The magnetic field can then be applied in the 

opposite direction, and a coercive field is observed upon return to zero magnetization. 

Upon continued application of the field, saturation is reached in the opposite direction. 

One-half of the difference between the two coercive fields, known as coercivity, is a way 

to measure the resistance a magnetic material exhibits to changes in magnetization. The 

magnetic materials which we use in technology, for example in data storage, must exhibit 

high coercivity to retain magnetic memory without relaxation for extended periods of 

time. 
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Figure I.1 Sample hysteresis curve for magnetic materials. Ms, Mr, and Hci stand for the 

saturation magnetization, remnant magnetization, and coercive field respectively. 

Reproduced by permission from Elsevier: Journal of Magnetism and Magnetic Materials 

from reference 1, copyright 2003.  

 

 

Technology is essential to our society, and its advancement is an ever pressing 

issue. In particular, the ability to store and process larger volumes of information on 

smaller and smaller magnetic particles is a big challenge. One method to do this can be 

thought of as taking a magnetic material and cutting it into smaller and smaller pieces. 

This continual decrease in the size of materials can be defined as a top-down approach. 

Once the material becomes small enough, it becomes a superparamagnet, in which 

it is defined by a single domain where all of the spins align with the applied magnetic 

field. A problem with this size is that the coercivity decreases, and thermal energy begins 

to compete with the preferred spin orientation, or anisotropy, of these particles. As a result, 

coercivity decreases and magnetic memory is no longer possible at room temperature, 

Figure I.2.2 
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Figure I.2 Coercivity as a function of particle diameter, exhibiting the sharp decline in 

coercivity as magnetic materials get small and smaller in size. Reproduced with 

permission by Cambridge Press: Magnetic Materials, Fundamentals and Applications, 2nd 

Edition from Reference 2, copyright 2010. 

 

 

This competition between the anisotropy of a system and thermal energy is 

restricting to the success of the top-down approach. When such a method is no longer 

viable, it is perhaps better to start with a bottom up approach. In this case, materials are 

designed starting with the smallest particle, an atom, and building up around it to form a 

strongly anisotropic magnetic material. One field which takes distinct advantage of this 

method is that of single molecule magnets. Strong anisotropy is engendered in single 

molecules, where each molecule can be thought of as a tiny bar magnet. These materials 

have the ability to overcome the thermal energy competition and retain magnetization at 

temperatures closer to room temperature. 

I.2 Discovery of Single Molecule Magnets 

The saga of single molecule magnets began in 1980 when Lis postulated that his 

newly reported molecule, [Mn12(CH3COO)16(H2O)4O12]•2CH3COOH•2H2O (Mn12OAc) 
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should exhibit interesting magnetic properties (Figure I.3).3 The core structure of Mn12Ac 

is defined by four MnIV metal centers bridged via µ3-oxo bridges, forming a cube. 

Surrounding this cube is a ring of eight MnIII metal centers connected to each other and 

the cubane core via µ3-oxo and acetate bridges.  

 

 
Figure I.3 Structure of [Mn12(CH3COO)16(H2O)4O12]•2CH3COOH•2H2O. Hydrogen 

atoms are omitted for clarity. Colors are as follows: purple, Mn; red, O; grey, C.3  
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Figure I.4 Hysteresis loops of single crystals of Mn12OAc at temperatures from 0.1 K to 

4 K under a constant field sweep rate of 2 mT s-1. The loops exhibit steps due to quantum 

tunneling between MS energy levels. The hysteresis loops become temperature 

independent below 0.6 K, demonstrating quantum tunneling at the lowest energy levels. 

Reproduced with permission by Elsevier: Nature Materials from reference 6, copyright 

2008. 

 

 

Although Lis was certainly correct about interesting magnetic properties due to 

exchange between each of the Mn metal centers via the oxo bridges, it was not until 1991 

that the magnetic properties started to be investigated by Gatteschi, Sessoli, Caneschi, et 

al.4 They confirmed an S=10 ground state for the molecule via magnetization data, and 

verified that the Ms = -10 state is lowest in energy via magnetization and high field EPR 

studies. Interestingly, they also observed that the in-phase component of the susceptibility 

(χ’) began to decrease to zero around 8 K. Correspondingly, the out-of-phase susceptibility 

(χ”) exhibited a signal that was frequency dependent. This behavior was previously only 

observed in superparamagnets and spin glasses, and suggested that bistable behavior on 

the molecular scale was possible. 

The origin of this behavior remained elusive until 1993, when Gatteschi, Sessoli, 



 

6 

 

Caneschi, and Novak built upon their previous studies when they reported the first 

example of hysteresis observed in a molecular system, Figure I.4.5,6 The molecular origin 

of this bistability was confirmed due to the “steps” observed in the hysteresis loop. These 

are due to quantum tunneling of the spins, a phenomenon that is molecular in origin. 

Around the same time, the Hendrickson group published a paper confirming the origin of 

the out-of-phase susceptibility which agreed with the work by the Novak group.7 Friedman 

and Sarachik confirmed that the steps observed in the hysteresis loop originated from 

thermally assisted quantum tunneling.8  

 

 
Figure I.5 Barrier to spin reversal for the Mn12OAc molecule. The thermal barrier results 

in bistability and subsequent hysteresis. Reproduced with permission by Elsevier: 

Coordination Chemistry Reviews from reference 7, copyright 2008.  

 

 

 The origin of this barrier comes from a breaking of the degeneracy of the MS states 

in 21 sublevels due to zero field splitting that lifts the degeneracy resulting in the ±MS =10 

state being lowest in energy while the ±MS = 1 state is highest in energy. A thermal barrier 
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between the +MS and -MS states exists as a result, leading to a thermal spin reversal, Figure 

I.5.9 The effective height of this barrier is defined by two equations for integer and non-

integer spins, respectively: 

𝑈𝑒𝑓𝑓 =  |𝐷|𝑆2 

𝑈𝑒𝑓𝑓 =  |𝐷|(𝑆2 − 1
4⁄ ) 

Where Ueff is the effective barrier height, D is the zero field splitting parameter, and S is 

the total spin of the system. These equations formed the basis for the field by providing a 

template for the operating temperature at which bistability is observed.  

The work of the Christou group delved into the exploration of manganese SMMs 

with higher and lower nuclearity, alternative carboxylate derivatives, and alternative metal 

complexes such as a V4 complex.10-13 Pursuits then began to focus on increasing the spin 

of the system, given its quadratic relation to the barrier. To this end, a number of 

complexes of note appeared in the literature. The first is another manganese based SMM, 

[MnIII
12MnII

7(μ4-O)8(μ3,η
1-N3)8(HL)12(MeCN)6]

2+ which exhibits a record bearing ground 

spin state of 83/2.14 However, the effective barrier for this compound is only 5.75 K. 

Another prominent example is the record cyanide compound which exhibits a ground spin 

state of 31, but only exhibits glassy magnet behavior.15 In this case the spins are locked 

into random orientations at low temperatures, and some barrier exists to changing those 

orientations. It cannot be attributed to SMM behavior due to this difference in origin.  

Around this time, theory was published in the literature by Waldmann, noting that, 

while the current equations to describe the barrier are correct, D is also inversely 

proportional to S2.16 The realization of these countervailing trends led to the focus in the 
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field being turned towards increasing the zero field splitting parameters. The spin 

Hamiltonian which describes the ZFS can described by the following: 

�̂� = 𝐷(�̂�𝑧
2 − 1

3⁄ �̂�2) + 𝐸(�̂�𝑥
2 + �̂�𝑦

2) 

Where D and E are the axial and rhombic zero field splitting parameters, respectively, Ŝ 

is the total spin operator, and Ŝi is the spin operator projected along an axis. Spin-orbit 

coupling (SOC) is key to increasing the splitting between MS states, and subsequently 

increasing the barrier height, as given by the equation:17 

𝜆 =  
𝜁

2𝑆
 

Where λ is spin-orbit coupling parameter, ζ is the single electron spin orbit coupling 

parameter, and S is the spin of the system. Spin-orbit coupling can largely be classified 

into two different categories, first-order and second-order. The former is direct mixing of 

the spin and orbital momentum components in the ground state of a given system, 

commonly observed in lanthanide and heavier transition metal spin centers. The latter type 

of SOC requires the mixing of an excited state which possesses orbital angular momentum 

with the ground state that does not exhibit spin-orbit coupling, commonly observed in 3d 

metals. Maximizing the anisotropy via spin-orbit coupling has subsequently become the 

focus for increasing the barrier height and operating temperatures of SMMs.  
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Figure I.6 In-phase (χ’) and out-of-phase (χ”) components of the susceptibility for the 

compound [Li(THF)Co(N3N)]. Reproduced with permission by John Wiley and Sons: 

Chemistry – A European Journal from reference 12, copyright 2017. 

 

 

  At this stage, it is important to explore the methods that are used to measure the 

magnetic properties of these complexes. Measurements under both a static DC field and a 

dynamic AC field are performed inside a Superconducting Quantum Interference Device 

(SQUID). The most definitive way to observed SMM behavior is through the observation 

of hysteresis. In this case, the highest temperature at which hysteresis is observed is known 

as the blocking temperature (TB). As a cautionary note, while more definite proof of SMM 

behavior, hysteresis parameters from one experiment to another can often be hard to 

compare. If different sweep rates are used, no direct comparison can be made as the faster 

the sweep rate, the wider the hysteresis loop will be. 
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Often hysteresis is measured on too slow of a time scale, and no signal is observed 

for potential SMMs. In this case, it is possible to use an AC field, which operates on a 

much faster time scale, to measure the SMM behavior. To observe the in-phase (χ’) and 

out-of-phase (χ”) components of the magnetic susceptibility, an AC field is applied in 

which the field oscillates at a particular frequency, υ. The ability of the spins to follow the 

fluctuating field is then measured. The magnitude of χ’ can be thought of as a measure of 

the number of spins which are able to keep up with that oscillating field. If the thermal 

barrier exists for the compound being measured, some of the spins will get trapped on one 

side of the barrier and will not be able to keep up with the field as a result. This is observed 

in χ’ as a steep drop off in the susceptibility. The value of χ” represents a measure of the 

number of spins which are not able to keep up with the oscillating field. When a barrier is 

present, a frequency dependent maximum in χ” will be observed. The observed peak in 

this plot is the point at which the frequency of the oscillating field is equivalent to the rate 

of spin reversal (τ) according to the following equation: 

𝜏 =  
1

2𝜋𝜐
 

A combined plot of χ’ and χ” are given in Figure I.6 as a representative example 

of these concepts.18 Given that these experiments are a measure of a kinetic process, an 

Arrhenius plot may be constructed based on thermal relaxation over the barrier. This plot 

should be linear according to the equation, where τo is the relaxation rate:  

(
1

𝜏
) =  (

1

𝜏0
) 𝑒

(
−𝑈𝑒𝑓𝑓

𝑘𝑏𝑇
)
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Figure I.7 Possible pathways for spin relaxation in SMMs. Blue lines represent spin states. 

The grey line represents a virtual state by which Raman relaxation process. Color code is 

as follows: green, ground state quantum tunneling of magnetization; red, thermally 

assisted quantum tunneling of magnetization; purple, Orbach relaxation; grey, Raman 

relaxation. Reproduced with permission by Royal Society of Chemistry: Chemical 

Science from reference 11, Copyright 2015. 

 

 

Non-linearity is often observed in these Arrhenius plots due to the presence of 

alternate relaxations wherein the spins are relaxing without all the way over the barrier, 

Figure I.7.17 The ideal relaxation for SMMs, Orbach relaxation, takes place via thermal 

relaxation of the spins up and over the total barrier height, but, in most cases, this is not 

the only relaxation that takes place. A number of other dominant relaxations have been 

identified and explored. A prominent one is quantum tunneling, in which the spins relax 

via tunneling through the barrier. Quantum tunneling often dominates at lower 

temperatures until thermal relaxation becomes energetically more favorable at higher 

temperatures. Alternative pathways include thermally assisted quantum tunneling and 
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Raman relaxations. The former type is where the spins relax after excitation to a higher 

MS state via quantum tunneling to the other side of the barrier, and subsequent relaxation 

down to the lowest MS state. Raman relaxation is similar to Orbach relaxation, but the 

excitation is into a virtual state rather than a real MS state. Given these components, the 

original equation for the Arrhenius plot can now be modified in the following way to 

account for the alternate relaxation pathways. 

1

𝜏
=  𝜏𝑄𝑇𝑀

−1 + 𝐴𝑇 + 𝐶𝑇𝑛 + (
1

𝜏0
) 𝑒

(
−𝑈𝑒𝑓𝑓

𝑘𝑏𝑇
)
 

The first term describe the relaxation rate due to quantum tunneling. The second describes 

the direct relaxation process. The third, Raman relaxation process. The last part still 

corresponds to the Orbach relaxation process. 

 

 
Figure I.8 a) Schematic representing thermally assisted quantum tunneling. b) Effect on 

energy wells under the application of a DC field. Degeneracy of the MS states is broken, 

and quantum tunneling is suppressed. c) Further application of a DC field which can result 

in aligning of MS microstates of differing MS values, resulting in the potential for quantum 

tunneling to once again be allowed. Adapted with permission by John Wiley and Sons: 

Angewandte Chemie International Edition from reference 15, copyright 2003. 

 

 

 One of the biggest problems in this field is the suppression of quantum tunneling 

in these molecules. A main approach is to impose certain geometries on the metal center 
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via ligand coordination. Purely axial symmetry that is trigonally symmetric or higher 

completely suppresses quantum tunneling as the process is forbidden.19-20 Even small 

deviations from perfect symmetry, however, allow for quantum tunneling to become 

operative. Perfect geometries are difficult to achieve, so this method is not always 

sufficient. An alternate method is to apply a DC field to the compound while taking AC 

measurements. Such a field results in a breaking of the degeneracy of the sublevels, 

suppressing quantum tunneling.21 However, the distortion of the two wells can become so 

much that two different sublevels become degenerate, and quantum tunneling is once 

again promoted, Figure I.8. For this reason, a test of the DC fields is required to ascertain 

at which field the best SMM behavior can be observed. Admittedly, for true magnetic 

bistability to be observed, a field should not be necessary, and those that do require one 

are often referred to as field-induced SMMs. Another method to minimize quantum 

tunneling is to use Kramer’s doublets, or systems with half-integer spin. In this case, the 

doublet degeneracy can help suppress quantum tunneling.17, 22  

  With the goals of increasing spin-orbit coupling, and subsequently the ZFS 

parameter, the field of mononuclear SMMs, also known as single ion magnets, began to 

flourish. In this case, one metal center is responsible for the interesting magnetic behavior 

rather than a collection of coupled metal spin centers. Research in this area has rapidly 

expanded to include metals across the transition metal block, as well as with key examples 

in the lanthanides and actinides. To date, mononuclear SMMs have been reported for the 

following metal ions: CrII, MnIII, FeIII, FeII, FeI, CoII, CoI, NiII, NiI, CuIII, ReIV, CeIII, NdIII, 

TbIII, DyIII, HoIII, ErIII, TmIII, YbIII, UIII, UV, NpIII, and PuIII.23 The majority of mononuclear 
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SMMs are based on 3d metals and the lanthanide metals.  

SMMs have applications in quantum computing and spintronics, and progress 

towards these goals is contingent on identifying molecules that could be useful for devices 

in the future. Namely, the possibility of these applications is contingent upon increasing 

the operating temperature of single molecule magnets to, at least, liquid nitrogen 

temperatures and long relaxation times without quantum tunneling of the magnetization. 

The true “holy grail” of magnetism is the isolation of an SMM that operates at room 

temperature. In the following sections, the design basis and records for 3d and lanthanide 

metal based categories of SMMs are discussed in reference to this goal of designing higher 

operating temperature SMMs. 

I.3 3d Metal Single Molecule Magnets 

The field of 3d metal, mononuclear SMMs began in 2010 with the discovery by 

Long et al. of slow magnetic relaxation in a high spin Fe(II) trigonal monopyramidal 

complex: K[(tpaMes)Fe] (tpa = tris(pyrrolyl-α-methyl)amine), Figure I.9.24 The geometry 

around the metal center is enforced by an N4 coordination sphere. For the first time, slow 

magnetic relaxation was observed in a mononuclear, 3d metal based system, a remarkable 

advance in the field. The authors report a barrier of Ueff = 42 cm-1 under an applied DC 

field of 1500 Oe. No χ” signal was observed under zero applied DC field, which was 

attributed to the small rhombic ZFS parameter caused by distortions from trigonal 

symmetry, as well as the low spin state due which increases the probability for quantum 

tunneling. The D value is a remarkable -39.6 cm-1, resulting in a maximum possible barrier 

height (U) of 158 cm-1. The E value is a small -0.4 cm-1. Although the actual thermal 
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barrier is much lower due to alternate relaxation methods, the large, negative D value and 

observable slow magnetic relaxation confirmed the plausibility of designing molecules 

with inherently large ZFS parameters in mind. Quickly thereafter, a series of these trigonal 

monopyramidal complexes was published, also by the Long group, with various electron 

donating and withdrawing groups decorating the end of the tpa ligands.25 Interestingly, the 

only compound in the series with crystallographically imposed trigonal symmetry about 

the metal center exhibits the highest barrier of the entire series. Theoretical analysis of 

these compounds revealed a direct correlation between the sigma donor ability (eσ
e) and 

the magnitude of the ZFS parameter.26  

 

 
Figure I.9 Simplified structure and slow magnetic relaxation for the compound. Hydrogen 

atoms are omitted for clarity. Colors are as follows: orange, Fe; grey, C; blue, N. 

Reproduced with permission by American Chemical Society: Journal of the American 

Chemical Society from reference 18, copyright 2010. 
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 As the research continued, it was discovered in 2011 that the sign of D does not 

have to be negative to observe SMM behavior. The compound [(3G)CoCl](CF3SO3) (3G 

= 1,1,1-tris-[2N-(1,1,3,3-tetramethylguanidino)methyl]ethane) was probed by high-field 

EPR spectroscopy which revealed a positive D value of 12.7 cm-1.27 In this case, the MS = 

±1/2 sublevel is lower in energy than the MS = ±3/2 sublevel. AC magnetic studies resulted 

in slow magnetic relaxation with a Ueff = 24 cm-1 and τo = 1.9 x 10-10 s. In the case that D 

is positive, the molecule has easy plane, rather than easy axis, anisotropy. This means that 

the magnetization preferentially lies in a plane rather than along an axis. Given that a 

positive D value is the result of smaller MS sublevels lying lower in energy than higher 

MS sublevels, this has the effect of turning the double well potential diagram on its head, 

Figure I.10.  

 

 
Figure I.10 Effect of positive D compared to negative D on the double well energy 

diagram for SMMs. Reproduced with permission by Royal Society of Chemistry: 

Chemical Science from reference 11, Copyright 2015. 
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Many examples of this phenomenon have been reported to date, but in each case 

an applied field is required to observe any slow magnetic relaxation.27-36 The reasoning 

behind the observation is a topic that continues to be debated within the magnetism 

community. Some potential theories that have been presented include a phonon bottle neck 

which traps the relaxing spins by reducing the number of vibrational modes that the spins 

can use to relax,27 spin flip controlled by, and the effective barrier defined by, the E 

(rhombic) zero-field splitting parameter,28 and acoustic and optical Raman processes.33 

The majority of complexes exhibiting a positive D value are CoII ions, though recently a 

few ReIV species have been shown to exhibit positive D values as well.37-39 Remarkably, 

it is possible for these complexes to exhibit waist-restricted hysteresis, wherein the curve 

is open at each end of the highest fields, but not in the middle, Figure I.11.28 

 

 
Figure I.11 Waist-restricted hysteresis observed in the shown molecule which exhibits a 

positive D value of 98 cm-1. Reproduced with permission by American Chemical Society: 

Journal of the American Chemical Society from reference 22, copyright 2012. 
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 At this stage, it became obvious that there is a need to predict which metals, 

oxidation states, and geometries would be most promising to pursue out of the wide 

myriad of possibilities available. In an attempt to tackle this problem, Ruiz et al. published 

a paper in 2013 describing a theoretical investigation of numerous possible 

combinations.40 The base model for their calculations was a FeII(NH3)x complex, from 

which they varied electron configurations from d1 to d9 in combination with 31 different 

geometries, Table I-1. The Jahn-Teller distortions of the complexes were calculated, and 

the resulting orbital energies and the orbitals involved in the first excitation were 

subsequently calculated. The main results are predictions of the sign and magnitude of the 

D values. Complexes with large positive or negative D values should be promising to 

pursue as potential SMMs. The origin of the sign of D comes from the orbitals that are 

involved in the first excitation. If that excitation takes place between two orbitals with the 

same |ml| values, dxy and dx2-y2 (ml = ±2) or dxz and dyz (ml = ±1), then the sign of D will 

be negative. If the excitation occurs between two orbitals with different ml values, then 

the sign of D will be positive. The magnitude of D is determined by the excitation energy 

of the first excitation. The smaller that energy, the larger |D| becomes, Figure I.12. Upon 

comparison to published examples, the predictions appear to generally be correct. For 

example, the first 3d SMM, which is d6 trigonal monopyramidal, is predicted to lead to a 

large, negative D value.  
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Table I-1 Estimation of the D values for high spin mononuclear transition metal 

complexes with different electronic configurations and coordination modes using 

ammonia ligands (using the molecular orbitals of FeII(NH3)x models)a. Reproduced with 

permission by American Chemical Society: Journal of the American Chemical Society 

from reference 34, copyright 2012. 

 
aGreen and blue squares indicate large and small negative values, in that order, while red 

and orange represent large and small positive values, respectively. Cases with more than 

one color indicate that the nondistorted structure has a zero D value, and different options 

are possible depending on the symmetry of the Jahn-Teller distortion. 
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Figure I.12 Splitting of the d orbitals due to the Jahn−Teller effect for three cases with 

negative D values: d6-trigonal planar coordination (left), d4-octahedral coordination 

(middle), and d4-prism trigonal coordination (right). The energy difference indicated by 

the arrow in each case corresponds to the first excitation that leads to the main contribution 

to Dzz. The smaller the excitation energy, the larger |D| becomes. Reproduced with 

permission by American Chemical Society: Journal of the American Chemical Society 

from reference 34, copyright 2012. 

 

 

 

Based on literature predictions such as the previous example, as well as 

experimental evidence, the field quickly began to focus on unusual geometries that are 

promising for SMM behavior. With the publication of a tetrahedral CoII compound in 

2011, (Ph4P)2Co(SPh)4, slow magnetic relaxation was observed in a 3d metal mononuclear 

SMM in the absence an applied DC field.41 This was a big step forward as it verified that 

3d metal based SMMs could indeed exhibit SMM behavior. New records for various 3d 

metals began to appear in literature. The most notable examples to date are [K(crypt-

222)][FeI(C(TMS)3)2] with a Ueff barrier of 226 cm-1,42 [(sIPr)CoIINDmp] with a Ueff 

barrier of 413 cm-1,43 and most recently, CoII(C(SiMe2ONaphthyl)3)2 with a Ueff barrier of 

450 cm-1.44 Both cobalt complexes exhibit magnetic hysteresis. 
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I.4 Lanthanide Metal Single Molecule Magnets 

 The first mononuclear SMM in the literature was the report of [TBA][Pc2Tb] in 

2003.45 This molecule exhibited a remarkable barrier of 260 cm-1, significantly surpassing 

the barriers of any polynuclear SMMs that had been reported at the time. However, the 

description of the barrier height as S2|D| is not applicable to such a highly anisotropic 

system owing to the fact that lanthanide and actinide molecules exhibit strong first order 

spin-orbit coupling. The spin value S is longer a valid quantum number to describe the 

sublevels causing the thermal barrier.  

When considering 3d metal systems, the energy of the sublevels is usually 

primarily determined by the ligand field, and secondly by spin orbit coupling. However, 

in lanthanides, the opposite is true, Figure I.13.9 Electron interactions still establish the 

ground state term. However, next the Russel Saunders term must be used to describe the 

splitting of the orbitals due to spin orbit coupling, formatted as 2S+1LJ. S is the total spin 

of the system and J is the total angular momentum quantum number which takes on the 

values of |L+S| to |L-S|. The degeneracy of the 2S+1LJ states is broken by the spin-orbit 

coupling according to the equation: 

𝐸𝑆.𝑂. = (
𝜆

2
) [𝐽(𝐽 + 1) − 𝐿(𝐿 + 1) − 𝑆(𝑆 + 1)] 

where λ is the spin-orbit coupling constant.46 The ordering of these states is determined 

by the maximum S allowed given the Pauli Exclusion Principle and Hund’s rule. L is 

determined by applying the maximum value, and going down from there. If the f orbitals 

in lanthanides are less than half filled, then the smallest J value is lowest in energy. If the 

f orbitals are greater than half filled, then the largest J value is lowest in energy.47  
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Figure I.13 The 2J+1 sublevels with quantum number MJ created by the effect of a ligand 

field on the 6H15/2 ground state of a Dysprosium(III) ion. Not all 6HJ states of the 

Dysprosium(III) ion are shown. The sixteen MJ sublevels of 6H15/2 are arranged in eight 

Kramers doublets. Reproduced with permission by Elsevier: Coordination Chemistry 

Reviews from reference 7, copyright 2008. 

 

 

 The lowest energy 2S+1LJ state is subsequently split into MJ sublevels from +J to –

J due to interactions with the ligand field. The ordering of these microstates is determined 

by interactions between the electrons from the ligand with the electron cloud of the 

lanthanide metal center. In this case, the largest MJ state can be stabilized by minimizing 

these interactions. These MJ states are the basis for the thermals barrier that allow 

lanthanide complexes to behave as SMMs. In summary, rather than the MS microstates 

which define the barrier for transition metal based SMMs, MJ microstates define the 

barrier for lanthanide metal based SMMs, Figure I.14.48 In the ideal scenario, the highest 

MJ state will be lowest in energy, and there will be no mixing between MJ states. 
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Figure I.14 Energy barrier for a dysprosium(III) SMM, which is defined by the MJ 

sublevels. Reproduced with permission by John Wiley and Sons: Angewandte Chemie 

International Edition from reference 42, Copyright 2017. 

 

 

 Since the discovery of the first lanthanide mononuclear SMM in 2004, the field 

has evolved to make predictions about how to synthesize improved magnets. The 

theoretical basis for this improvement was first proposed in 2011 by Rinehart and Long 

who described two classifications of lanthanide metals based on the shape of their electron 

clouds: oblate and prolate, Figure I.15.49 The oblate lanthanides are defined by 4f electron 

clouds that are compressed in the axial direction, resulting in short and wide electron 

clouds. The prolate lanthanides are defined by compression in the equatorial direction, 

resulting in tall and thin electron clouds. The oblate lanthanide metals include trivalent 

Ce, Pr, Nd, Tb, Dy, and Ho ions. The prolate lanthanide metals include trivalent Pm, Sm, 

Er, Tm, and Yb ions. Eu is neither due to a J=0 ground state, and Gd and Lu are isotropic 

due to half and fully filled 4f electron counts, respectively.   
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Figure I.15 Quadrupole approximations of the 4f-shell electron distribution for the 

tripositive lanthanides. Values are calculated using the total angular momentum quantum 

number (J), the Stevens coefficient of second order (α) and the radius of the 4f shell 

squared ‹r2›. Europium is not depicted due to a J = 0 ground state. Reproduced with 

permission by the Royal Society of Chemistry: Chemical Science from reference 43, 

Copyright 2011. 

 

 

 As previously mentioned, a way to lower the energy of the ground MJ state is 

through minimal interaction between the electron clouds of the ligand and the metal center. 

As demonstrated by Rinehart and Long, for oblate lanthanide ions, this is in the form of 

axial coordination. For prolate lanthanide ions, this is in the form of equatorial 

coordination, Figure I.16. This simple basis is the foundation upon which great strides 

have been made in the field, with lanthanide based SMMs continually holding and 

breaking the current records for Tb in all SMMs. 
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Figure I.16 Depictions of low- and high-energy configurations of the f-orbital electron 

density with respect to the crystal field environment for a 4f ion of oblate (left) and prolate 

(right) electron density. The green arrow represents the orientation of the spin angular 

momentum coupled to the orbital moment. For the oblate electron density, an axial 

‘‘sandwich’’ type crystal field minimizes the energy of the MJ = J (high moment) state, 

making it a desirable target for single-molecule magnet design. In the prolate electron 

density case, an equatorial electron configuration minimizes the energy of the MJ = J state. 

Reproduced with permission by the Royal Society of Chemistry: Chemical Science from 

reference 43, Copyright 2011. 

 

 

 Due to the reliance of the energy barrier on interactions with the crystal field, 

geometric control is just as important for lanthanide based SMMs as it is for transition 

metal based SMMs. A major breakthrough for mononuclear SMMs came in 2011 with the 

publication of [K(18-crown-6)(THF)2] [([(Me3Si)2N]2(THF)Tb)2(μ-η2:η2-N2)] which 

exhibits hysteresis up to 14 K.50 In 2013, a new record for mononuclear SMMs appeared 

in the literature with (Zn2Dy(L12)2(MeOH)]NO3·3MeOH·H2O (L12=2,2’,2’’-(((nitrilo-

tris(ethane-2,1-diyl))tris(azanediyl))tris(methylene))tris-(4-bromo-phenol)) which 

exhibits hysteresis up to 11 K.51 In 2016, the Tb record jumped to 20 K with the report of 

a mononuclear Dy SMM in D5h symmetry: [Dy(Cy3PO)2(H2O)5]Br3-

·2(Cy3PO)·2H2O·2EtOH.52 The record Ueff barrier also increased to unprecedented 
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temperatures in 2016 with the report of [Dy(bbpen)Br] (bbpen = N,N′-bis(2-

hydroxybenzyl)-N,N′-bis(2-methylpyridyl)ethylenediamine) which exhibits a Ueff barrier 

of 1,025 K and hysteresis up to 14 K.53 These records held until 2017 when the barrier 

jumped to an incredible 60 K with the simultaneous reporting of [Dy(Cpttt)2][B(C6F5)4] 

(Cpttt = C5H2
tBu3-1,2,4) by the Chilton and Layfield groups.48, 54 This was very exciting 

as 60 is getting close to the goal of 77 K, which is liquid nitrogen temperature. The goal 

of 77 K was met and exceeded very recently in 2018 with the report of [(η5-Cp*)Dy(η5-

CpiPr5)][B(C6F5)4], which exhibits hysteresis up to 80 K, Figure I.17.55 These records are 

exemplary examples of how careful control over the coordination geometry in lanthanide 

ion based SMMs can result in exceptional performance in SMMs. The current focus is not 

only to further improve these records, but to explore new geometries and modes of 

relaxation in lanthanide based SMMs. Also of great importance is the air stability of the 

compounds, which is typically not the case for the record holders. 

 

 
Figure I.17 Left: Crystal structure of [(η5-Cp*)Dy(η5-CpiPr5)][B(C6F5)4]. Hydrogen atoms 

and counter-anion are omitted for clarity. Colors are as follows: black, C; Green, Dy. 

Right: Magnetization vs. field hysteresis loops in the temperature ranges of 2 to 75 K using 

a field sweep rate of 200 Oe s-1. Reproduced with permission by The American 

Association for the Advancement of Science: Science from reference 49, copyright 2018. 
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I.5 Summary of Work 

The preceding summary of the origin and history of single molecule magnets, 

while not comprehensive, serves as the backdrop and foundation for the research presented 

in the following chapters. Where appropriate, more specific details and history of SMMs 

will be discussed in each of the chapters. Chapter II describes two different series: the first 

comprises of six divalent Fe, Co, and Ni complexes in trigonal mono- and bi-pyramidal 

geometries. The effect of this small, but significant geometry change on SMM behavior is 

explored. The second series is that of four divalent CoII trigonal bipyramidal complexes 

in which the electron donating and withdrawing properties of the ligand are varied with 

the resulting magnetic properties being compared. Chapter III details the synthesis and 

magnetic behavior of a series of CoII molecules that are partially or fully encapsulated by 

cage-like structures. The differences in magnetic behavior due to these ligand enclosures 

and accompanying halide coordination is described. Chapter IV explores TiIV as a new 

inorganic metal ligand, and describes the magnetic properties of a series of divalent Mn, 

Fe, Co, and Ni complexes. This research is a continuation of work started by Andrew 

Brown at the end of his Ph.D. studies. Chapter V involves the chemistry of an extremely 

rare geometry for lanthanide based SMMs, namely cubic. Structural and magnetic 

characterization data were collected on a series of four complexes and are described. 
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CHAPTER II  

EFFECTS OF COORDINATION SPHERE AND LIGAND DONOR STRENGTH ON 

THE MAGNETISM OF TRIGONALLY SYMMETRIC MOLECULES* 

 

II.1 Introduction 

 In the presence of axial magnetic anisotropy, the total spin, S, of a system will split 

into a bistable ground state of the microstates +ms and -ms. A thermal barrier exists 

between these levels which must be overcome to reverse the orientation of the spins (U or 

ΔE), which is defined as U =|D|S2 for integer spins, or U=|D|(S2-1/4) for non-integer spin 

systems in the case of second order or quenched spin-orbit coupling effects. After 

application and subsequent removal of a DC field, this barrier results in magnetic memory 

and hysteresis reminiscent of bulk magnetic materials. Single Molecule Magnets (SMMs) 

have applications in quantum computing, spin transistors, and data storage.6, 56-57 While 

the Orbach relaxation process over the barrier is the ideal pathway, relaxation also occurs 

via Raman and quantum tunneling processes which undercut the barrier resulting in a 

lower blocking temperature.17 The effective barrier, or Ueff, is the experimentally observed 

barrier described only by the Orbach relaxation process. 

After the first recognition in 1993 of a Singe Molecule Magnet (SMM) in the case 

of [Mn12O12(OAc)16(H2O)4]
5, known as Mn12OAc, attention quickly turned towards 

                                                 

* Reproduced with permission from “Effects of coordination sphere on unusually large zero field splitting and slow 

magnetic relaxation in trigonally symmetric molecules” Schulte, K. A.; Vignesh, K. R.; Dunbar, K. R. Chemical 

Science, 2018, 9, 9018. Reproduced by permission of the Royal Society of Chemistry. 
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increasing the barrier by increasing the spin of the system. It has largely been the case, 

however, that even significant increases in the ground spin state do not result in the 

expected increase in barrier height, with a prominent example being an S = 83/2 system 

that exhibits a barrier of Ueff = 4 cm-1.14 Relying on exchange interactions in polynuclear 

systems has led to the successful increase in S values but with a concomitant decrease in 

D,16, 58 resulting in lower barriers. Clearly increasing the axial anisotropy is vital to 

increasing the operating temperature of SMMs.  

In this vein, recent focus has been on the single molecule magnet behavior of 

mononuclear complexes for which spin orbit coupling can be maximized.23 Mononuclear 

complexes hold the recent hysteresis records of 20 K52 and 60 K.48, 54 While rare-earth 

SMMs exhibit the highest barriers, several 3d metal complexes have been found to exhibit 

barriers similar to their lanthanide counterparts. Complexes of d-block elements have the 

distinct advantage of being highly tunable, such that strict control over magnetic 

anisotropy is feasible, making them highly promising targets as well. 

The first reported mononuclear 3d SMM is the trigonal monopyramidal Fe(II) 

complex K[(tpaMes)Fe] (tpa = tris(pyrrolyl-α-methyl)amine).24 Since this finding and the 

subsequent exploration of a family with various tpaR ligands25, many more 3d SMMs have 

been reported. To date, first row transition metal SMM behavior has been observed in 

complexes of CrII, MnIII, FeI,II,III, CoI,II, NiI,II, and CuIII.23 The Ueff barriers above 100 cm-1 

have been found in complexes with coordination numbers of 2-4,43, 59-63 a clear indication 

that low coordinate and highly symmetric 3d SMMs are worth pursuing. The current 

records for Fe, Co, and Ni are [K(crypt-222)][FeI(C(TMS)3)2],
60 [(sIPr)CoIINDmp] (Dmp 
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= 2,6-dimesitylphenyl),43 and [NiII(MDABCO)2Cl3]ClO4 (MDABCO = 1-methyl-4-aza-

1-azo-niabicyclo[2.2.2]octanium)64 with barriers of 226, 413, 48 cm-1 respectively. 

Although the barrier of [NiII(MDABCO)2Cl3]ClO4 is not particularly large, the zero field 

splitting parameter (D) is a record holding -535 cm-1. The iron and cobalt complexes are 

both linear molecules, and the nickel complex is in a trigonal bipyramidal geometry. 

In line with these trends in literature as well as theoretical predictions by Ruiz et 

al.,40 the work described in this chapter involves the pursuit of  complexes containing 3d6, 

3d7, and 3d8 metal centers in trigonal monopyramidal or bipyramidal geometries. These 

complexes are expected to lead to large negative D values for d6,8 and large positive D 

values for d7 complexes. Previously, the Dunbar group has demonstrated that both trigonal 

monopyramidal18 (TMP) and bipyramidal65 (TBP) geometries can indeed lead to slow 

magnetic relaxation. These studies also unearthed the fact that very small perturbations in 

symmetry and metal to metal distances have a distinct effect on magnetic behavior  for 

compounds in the same geometry.65 

 

 
Figure II.1 Crystal field splitting diagram for divalent iron, cobalt and nickel in ideal 

trigonal mono and bipyramidal geometries, as indicated by the orange, blue, and green 

electron arrows. Reprinted by permission from reference 98. 
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The current aim is to further explore the effect of specific coordination changes 

across a series. To this end, a comparison of TMP and TBP complexes was pursued. The 

crystal field splitting diagram for these geometries can be found in Figure II.1, for which 

divalent iron, cobalt, and nickel complexes have total spins, S, of 2, 3/2, and 1 respectively. 

The energies of the orbitals differ between the two geometries due to additional 

coordination in the second axial position, but the relative order remains the same with the 

dxz,yz orbitals being the lowest in energy, followed by the dxy,dx2-y2 orbitals, and finally by 

the dz2 orbital at the highest energy. Ideally, this geometry will lead to first order spin-

orbit coupling in the iron and nickel complexes, generating large axial anisotropies, but 

the reality is that Jahn-teller distortions will result in a breaking of the degeneracy of these 

orbitals and subsequent quenching of first order spin orbit coupling. A strategy for 

minimizing the effects of these distortions is to use rigid, bulky ligands in an effort to 

isolate a near perfect geometry. To this end, it is prudent to choose a polydentate ligand 

that binds to all four of the positions of the TMP geometry. In this case, one can also 

prepare five-coordinate TBP adducts with the second axial position being occupied.  

 

 

Figure II.2 Structural formula of the neutral ligand N,N',N''-[nitrilotris(ethane-2,1-

diyl)]tris(2,4,6-trimethylbenzenesulfonamide) [H3MST]. Reprinted by permission from 

reference 98. 
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The tetradentate ligand N,N′,N″-[2,2′,2″-nitrilotris-(ethane-2,1-diyl)]tris(2,4,6-

trimethylbenzenesulfonamide) [H3MST], first reported by the Borovik group in research 

with iron and cobalt metal ions, nicely fits these requirements, Figure II.2.66-67 They 

focused on using these to mimic active sites in biologically relevant proteins and enzymes 

such as nonheme iron-containing monooxygenases and secondary coordination spheres in 

metalloproteins.66, 68-69 In the present work with 3d metals, the steric bulk of the mesityl 

substituents enforces trigonal monopyramidal geometry with an open axial position. 

Subsequent coordination of a water molecule in the second axial position results in the 

trigonal bipyramidal geometry. Herein, experimental and computational studies are 

reported in order to understand the magnetic behavior of six compounds, viz., 

(Me4N)[Co(MST)], (Me4N)[Co(MST)(OH2)], (Me4N)[Fe(MST)], 

(Me4N)[Fe(MST)(OH2)], (Me4N)[Ni(MST)], and (Me4N)[Ni(MST)(OH2)].  

II.2 MST Complexes Experimental Details 

II.2.1 Complex Synthesis 

All syntheses were conducted under a N2 atmosphere. Anhydrous complexes were 

synthesized in an MBRAUN glovebox under rigorous anhydrous conditions. The 

synthesis of the water complexes took place in a Vacuum Atmosphere glovebox with the 

catalyst turned off so that it was not a totally dry atmosphere. Commercial anhydrous 

dimethylacetamide (DMA) was dried over BaO, and stored in the drybox over molecular 

sieves. Diethyl ether was purified using an MBRAUN purification system and stored over 

3Å molecular sieves. Dichloromethane (DCM) was dried over P2O5 and stored over 3Å 

molecular sieves. Diethyl ether and dichloromethane in the purge box were degassed with 
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an Argon stream. Co(OAc)2, Fe(OAc)2 and NaH were purchased from VWR and used as 

received. Ni(OAc)2•4H2O and Me4NOAc were dried under vacuum at 100°C overnight. 

Dryness was confirmed for each of these starting materials using infrared spectroscopy. 

The ligand H3[MST] was synthesized according to literature procedures.66 Syntheses of 

the (Me4N)[MII(MST)] and (Me4N)[MII(MST)(OH2)] complexes were performed with 

modified procedures from literature;66-68 the details are provided in the following sections. 

(Me4N)[Co(MST)] (1). A 20 mL vial was charged with H3[MST] (300 mg, 0.43 mmol), 

NaH (31.2 mg, 1.30 mmol), Me4NOAc (86.4 mg, 0.65 mmol), and DMA (5 mL). The 

reaction was stirred until all of the NaH had reacted. Co(OAc)2 (76.5 mg, 0.43 mmol) was 

added to the reaction and the mixture was stirred for overnight to give a dark pink solution 

which was subsequently filtered over a fine frit. Crystals were obtained via diethyl ether 

diffusion into the DMA solution. The crystals were further purified by dissolution in 

dichloromethane and filtration over a fine frit. Slow diffusion of diethyl ether resulted in 

sky blue crystals (181 mg, 51% yield). Analysis calculated for (Me4N)[Co(MST)] 

(C37H57CoN5O6S3): C: 54.00%, H: 6.98%, N: 8.51%. Found: C: 53.77%, H: 7.25%, N: 

8.31%. 

(Me4N)[Co(MST)(OH2)]•DCM (2). Crystals of 1 were dissolved in dichloromethane and 

water was added dropwise to the rapidly stirring solution until it turned bright pink. Slow 

diffusion of diethyl ether resulted in the isolation of pink crystals (166 mg, 90% yield). 

Analysis calculated for (Me4N)[Co(MST)(OH2)]•DCM (C38H61Cl2CoN5O7S3): C: 

49.29%, H: 6.64%, N: 7.56%. Found: C: 49.53%, H: 6.64%, N: 7.64%. 
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(Me4N)[Fe(MST)] (3). 3 was synthesized in a manner akin to 1 using Fe(OAc)2 (74.8 mg, 

0.43 mmol), H3[MST] (300 mg, 0.43 mmol), NaH (31.2 mg, 1.30 mmol), Me4NOAc (86.4 

mg, 0.65 mmol), and DMA (5 mL). Pale yellow-to-colorless crystals suitable for x-ray 

analysis were obtained via slow diffusion of diethyl ether into the original DMA solution 

(194 mg, 55% yield). Analysis calculated for (Me4N)[Fe(MST)] (C37H57FeN5O6S3): C: 

54.20%, H: 7.01%, N: 8.54%. Found: C: 54.38%, H: 7.28%, N: 8.03%. 

(Me4N)[Fe(MST)(OH2)] (4). To a solution of 3 in DMA was added 10 µL of water. Pale 

yellow crystals suitable for x-ray analysis were obtained via slow diffusion of diethyl ether 

into the DMA solution (172 mg, 87% yield). Analysis calculated for 

(Me4N)[Fe(MST)(OH2)] (C37H57FeN5O6S3): C: 52.04%, H: 7.10%, N: 6.66%. Found: C: 

52.85%, H: 7.32%, N: 8.09%. 

(Me4N)[Ni(MST)] (5). 5 was synthesized in a manner analagous to 1 using Ni(OAc)2 

(76.0 mg, 0.43 mmol), H3[MST] (300 mg, 0.43 mmol), NaH (31.2 mg, 1.30 mmol), 

Me4NOAc (86.4 mg, 0.65 mmol), and DMA (5 mL). Salmon colored crystals suitable for 

x-ray analysis were obtained via slow diffusion of diethyl ether into the original DMA 

solution (134 mg, 38% yield). Analysis calculated for (Me4N)[Ni(MST)] 

(C37H57NiN5O6S3): C: 54.01%, H: 6.98%, N: 8.51%. Found: C: 54.24%, H: 6.75%, N: 

8.21%. Yield can be increased by adding DCM to the solid which was collected by 

filtration and re-filtering the orange solution. Crystals were grown via slow diffusion of 

diethyl ether into the DCM solution (184mg, 52% total yield). 

(Me4N)[Ni(MST)(OH2)] (6). To a stirred solution of 5 in DMA, water was added 

dropwise until the solution turned green. Green crystals suitable for x-ray analysis were 
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obtained via slow diffusion of diethyl ether into the DMA solution (175 mg, 93% yield). 

Analysis calculated for (Me4N)[Ni(MST)(OH2)]•H2O (C37H57NiN5O6S3): C: 51.75%, H: 

7.16%, N: 8.16%. Found: C:51.38%, H: 7.54%, N: 7.77%. 

 II.2.2 Crystallography 

Structural characterization was performed with single crystals on Bruker QUEST 

and VENTURE instruments with Mo Kα and microfocus Cu Kα sources respectively. 

Compounds 1, 2, and 6 were collected on the VENTURE instrument equipped with a 

CMOS detector and 3, 4, and 5 were collected on the QUEST instrument equipped with a 

CCD detector. Suitable crystals were mounted on MiTeGen microloops using ®Paratone 

oil and placed in a cold stream of N2 for collection at 100 K. The collected data was 

integrated within the APEX 2 software suite, as well as SADABS for absorbance 

corrections.70 The structures were solved and refined using SHELXT71 and SHELXL72 

respectively within the OLEX program.73 Hydrogen atoms were added in calculated 

positions. In some cases, reorientations of hydrogen atoms were performed to match 

visible electron density as well as due to obvious hydrogen bonding interactions.  

All non-hydrogen atoms were refined anisotropically, with the exception of 

disordered solvent in 2. The structure of 2 exhibits disordered dichloromethane over two 

positions in a ratio of 85:15. The major component of the disorder could be modelled 

anisotropically, whereas the minor component could only be refined isotropically. The 

SIMU and SADI restraints were necessary in order to achieve a reasonable model of the 

disorder. Structures 4 and 6 exhibit disorder in the [Me4N]+ cation. For 4, three of the 

methyl groups rotate around an axis between the central carbon and remaining methyl 
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group. The two parts exist in a 51:49 ratio. The same type of disorder exists in 6, but with 

one orientation being preferred 77% of the time. Further crystallographic details can be 

found in Table II-1.  

 

Table II-1 Crystal structure data and refinement parameters for (Me4N)[MII(MST)] and 

(Me4N)[MII(MST)(OH2)] complexes. Reprinted by permission from reference 98. 

Identification code (Me4N)[Co(MST)] (Me4N)[Co(MST)(OH2)] 

Empirical formula C37H57CoN5O6S3 C38H63Cl2CoN5O8S3 

Formula weight 822.98 943.94 

Temperature/K 100 100 

Crystal system monoclinic triclinic 

Space group P21/n P-1 

a/Å 21.1512(8) 8.8767(7) 

b/Å 9.0244(4) 14.5893(11) 

c/Å 21.2686(9) 19.0022(14) 

α/° 90 107.139(2) 

β/° 95.072(2) 97.232(2) 

γ/° 90 101.356(2) 

Volume/Å3 4043.8(3) 2260.7(3) 

Z 4 2 

ρcalcg/cm3 1.352 1.387 

μ/mm-1 5.18 5.799 

F(000) 1748 998 

Crystal size/mm3 0.693 × 0.079 × 0.036 0.548 × 0.103 × 0.088 

Radiation CuKα (λ = 1.54178) CuKα (λ = 1.54178) 

2Θ range for data 

collection/° 
5.648 to 130.166 4.962 to 136.062 

Index ranges 
-24 ≤ h ≤ 24, -10 ≤ k ≤ 10, -24 ≤ l 

≤ 24 

-10 ≤ h ≤ 10, -17 ≤ k ≤ 17, -22 ≤ l 

≤ 22 

Reflections collected 44132 26923 

Independent reflections 
6898 [Rint = 0.0598, Rsigma = 

0.0375] 

7962 [Rint = 0.0391, Rsigma = 

0.0366] 

Data/restraints/parameters 6898/0/482 7962/50/544 

Goodness-of-fit on F2 c 1.044 1.057 

Final R indexes [I>=2σ (I)] 

a,b 
R1 = 0.0413, wR2 = 0.0912 R1 = 0.0477, wR2 = 0.1232 

Final R indexes [all data] 

a,b 
R1 = 0.0566, wR2 = 0.0984 R1 = 0.0499, wR2 = 0.1246 

Largest diff. peak/hole / e 

Å-3 
0.64/-0.52 0.45/-0.90 
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Table II-1 Continued. 
Identification code (Me4N)[Fe(MST)] (Me4N)[Fe(MST)(OH2)] 

Empirical formula C37H57FeN5O6S3 C37H59FeN5O7S3 

Formula weight 819.9 837.92 

Temperature/K 100 100 

Crystal system monoclinic monoclinic 

Space group P21/n C2/c 

a/Å 21.1950(6) 26.6560(8) 

b/Å 9.0313(3) 9.6645(3) 

c/Å 21.2797(6) 31.5226(9) 

α/° 90 90 

β/° 94.9100(10) 90.4400(10) 

γ/° 90 90 

Volume/Å3 4058.4(2) 8120.5(4) 

Z 4 8 

ρcalcg/cm3 1.342 1.371 

μ/mm-1 0.576 0.579 

F(000) 1744 3568 

Crystal size/mm3 0.21 × 0.209 × 0.121 0.584 × 0.134 × 0.129 

Radiation Mo Kα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data 

collection/° 
4.902 to 51.482 4.484 to 56.73 

Index ranges 
-24 ≤ h ≤ 24, -10 ≤ k ≤ 10, -25 

≤ l ≤ 25 

-35 ≤ h ≤ 35, -12 ≤ k ≤ 12, -41 

≤ l ≤ 41 

Reflections collected 85488 132799 

Independent reflections 
7470 [Rint = 0.0482, Rsigma = 

0.0274] 

9986 [Rint = 0.0581, Rsigma = 

0.0339] 

Data/restraints/parameters 7470/0/482 9986/0/523 

Goodness-of-fit on F2 c 1.118 1.081 

Final R indexes [I>=2σ 

(I)] a,b 
R1 = 0.0412, wR2 = 0.0904 R1 = 0.0388, wR2 = 0.0902 

Final R indexes [all data] 

a,b 
R1 = 0.0550, wR2 = 0.0947 R1 = 0.0553, wR2 = 0.0965 

Largest diff. peak/hole / e 

Å-3 
0.44/-0.44 0.49/-0.49 
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Table II-1 Continued. 

Identification code (Me4N)[Ni(MST)] (Me4N)[Ni(MST)(OH2)] 

Empirical formula C37H57N5NiO6S3 C39H66N5NiO8.5S3 

Formula weight 822.76 895.85 

Temperature/K 100 100 

Crystal system monoclinic triclinic 

Space group P21/n P-1 

a/Å 21.0944(17) 8.9571(7) 

b/Å 8.9422(8) 14.5969(11) 

c/Å 21.3506(17) 18.6587(14) 

α/° 90 107.6400(10) 

β/° 94.977(2) 99.2520(10) 

γ/° 90 103.1570(10) 

Volume/Å3 4012.2(6) 2193.3(3) 

Z 4 2 

ρcalcg/cm3 1.362 1.356 

μ/mm-1 0.69 2.432 

F(000) 1752 958 

Crystal size/mm3 0.207 × 0.096 × 0.027 0.322 × 0.213 × 0.163 

Radiation Mo Kα (λ = 0.71073) CuKα (λ = 1.54178) 

2Θ range for data 

collection/° 
4.942 to 50.974 5.13 to 144.956 

Index ranges 
-24 ≤ h ≤ 25, -10 ≤ k ≤ 10, -25 

≤ l ≤ 25 

-11 ≤ h ≤ 11, -18 ≤ k ≤ 17, -23 

≤ l ≤ 22 

Reflections collected 65547 33214 

Independent reflections 
7410 [Rint = 0.1191, Rsigma = 

0.0572] 

8550 [Rint = 0.0206, Rsigma = 

0.0170] 

Data/restraints/parameters 7410/0/482 8550/75/582 

Goodness-of-fit on F2 c 1.156 1.056 

Final R indexes [I>=2σ 

(I)]a,b R1 = 0.0904, wR2 = 0.2314 R1 = 0.0295, wR2 = 0.0787 

Final R indexes [all data] 

a,b 
R1 = 0.1162, wR2 = 0.2436 R1 = 0.0309, wR2 = 0.0818 

Largest diff. peak/hole / e 

Å-3 
1.35/-0.95 0.35/-0.42 

aR1 = (||Fo| – |Fc||)/|Fo|.  
bwR2 = [[w(Fo

2 - Fc
2)2]/[w(Fo

2)2]]1/2 cGoodness-of-fit = 

[Σ[w(Fo
2 – Fc

2)2]/(n - p)]1/2, where n is the number of reflections and p is the total 

number of parameters refined. 
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(Me4N)[Co(MST)]. The coordination of this molecule involves the four nitrogen atoms 

contained in the MST ligand. Tetramethylammonium co-crystallizes with the CoII anionic 

moiety. This confirms both the divalent state of the cobalt center, as well as full 

deprotonation of the ligand. The compound crystallizes in the monoclinic space group 

P21/n. The crystal structure of the anion can be found in Figure II.3. The three arms of the 

ligand coordinate to the cobalt cation with bond angles that vary between 117.56(10)° and 

120.34(10)°. These deviations away from 120° are indicative of a break in ideal trigonal 

geometry about the metal center. The bond lengths vary between 1.959(2) Å and 1.972(2) 

Å, further emphasizing this distortion from ideal geometry. The metal center is also above 

the plane generated by these three equatorial nitrogen atoms by 0.207 Å. The closest 

intermolecular distance between two of the cobalt centers is 8.508 Å.  

 

 
Figure II.3 Crystal structure and atom numbering scheme of the [Co(MST)]- anionic 

moiety. The Me4N
+ cation and hydrogen atoms were omitted for clarity. Thermal 

ellipsoids were drawn at the 50% probability level. Colors are as follows: turquoise, Co; 

blue, N; yellow, S; red, O; grey, C. 
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(Me4N)[Co(MST)(OH2)]. The molecule consists of the metal ion being bound to four 

nitrogen atoms of the MST ligand and one water molecule in the axial position. 

Tetramethylammonium co-crystallizes with the CoII anionic moiety, as well as DCM and 

water. The compound crystallizes in the triclinic space group P1̅. The crystal structure of 

the anion is depicted in Figure II.4. The three arms of the ligand coordinate about the 

cobalt cation with bond angles that vary between 114.81(10)° and 120.04(10)°. These 

deviations away from 120° are indicative of a non-ideal trigonal geometry about the metal 

center. The bond lengths vary between 2.022(2) Å and 2.033(3) Å, further emphasizing 

this distortion. The bond angle between the axial nitrogen atom, cobalt ion, and axial 

oxygen atom is 176.72(9)°. The metal center is also above the plane generated by these 

three equatorial nitrogen atoms by 0.295 Å. The closest intermolecular distance between 

two of the cobalt centers is 8.479 Å. 

 

 
Figure II.4 Crystal structure and atom numbering scheme of the [Co(MST)(OH2)]

- 

anionic moiety. The Me4N
+ cation, hydrogen atoms, and solvent were omitted for clarity. 

Thermal ellipsoids were drawn at the 50% probability level. Colors are as follows: 

turquoise, Co; blue, N; yellow, S; red, O; grey, C. 
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(Me4N)[Fe(MST)]. Coordination and crystallization of this molecule is identical to 1, 

with divalent iron substituting for cobalt. The crystal structure of the anion is depicted in 

Figure II.5. The three arms of the ligand coordinate about the iron cation with bond angles 

that vary between 116.71(9)° and 119.99(9)°. The bond lengths vary between 2.002(2) Å 

and 2.018(2) Å. The metal center is also above the plane generated by these three 

equatorial nitrogen atoms by 0.261 Å. The closest intermolecular distance between two of 

the iron centers is 8.588 Å. 

 

 
Figure II.5 Crystal structure and atom numbering scheme of the [Fe(MST)]- anionic 

moiety. The Me4N
+ cation and hydrogen atoms were omitted for clarity. Thermal 

ellipsoids were drawn at the 50% probability level. Colors are as follows: brown, Fe; blue, 

N; yellow, S; red, O; grey, C. 

 

 

(Me4N)[Fe(MST)(OH2)]. Coordination of this molecule is identical to 2, with divalent 

iron substituting for cobalt. The compound crystallizes in the monoclinic space group 

C2/c. The crystal structure of the anion is depicted in Figure II.6. The three arms of the 

ligand coordinate about the iron cation with bond angles that vary between 113.74(6)° and 
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120.84(6)°. The bond lengths vary between 2.0564(15) Å and 2.0981(15) Å. The bond 

angle between the axial nitrogen atom, iron ion, and axial oxygen atom is 171.74(5)°. The 

metal center is also above the plane generated by these three equatorial nitrogen atoms by 

0.358 Å. The closest intermolecular distance between the iron centers is 8.427 Å.  

 

 
Figure II.6 Crystal structure and atom numbering scheme of the [Fe(MST)(OH2)]

- anionic 

moiety. The Me4N
+ cation and hydrogen atoms were omitted for clarity. Thermal 

ellipsoids were drawn at the 50% probability level. Colors are as follows: brown, Fe; blue, 

N; yellow, S; red, O; grey, C. 

 

 

(Me4N)[Ni(MST)]. Coordination and crystallization of this molecule is identical to 1, with 

divalent nickel substituting for cobalt. The crystal structure of the anion is depicted in 

Figure II.7. The three arms of the ligand coordinate about the nickel cation with bond 

angles that vary between 116.2(3)° and 122.5(3)°. The bond lengths vary between 

1.965(6) Å and 1.998(6) Å. The metal center is also above the plane generated by these 

three equatorial nitrogen atoms by 0.159 Å. The closest intermolecular distance between 

two of the nickel centers is 8.423 Å. 
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Figure II.7 Crystal structure and atom numbering scheme of the [Ni(MST)]- anionic 

moiety. The Me4N
+ cation and hydrogen atoms were omitted for clarity. Thermal 

ellipsoids were drawn at the 50% probability level. Colors are as follows: green, Ni; blue, 

N; yellow, S; red, O; grey, C. 

 

 

 

(Me4N)[Ni(MST)(OH2)]. Coordination of this molecule is identical to 2, with divalent 

iron substituting for cobalt. Water and diethyl ether co-crystallize with the NiII anionic 

moiety. The compound crystallizes in the triclinic space group P1̅. The crystal structure 

of the anion is depicted in Figure II.8. The three arms of the ligand coordinate about the 

nickel cation with bond angles that vary between 108.42(5)° and 128.98(5)°. The bond 

lengths vary between 2.0254(12) and 2.0383(12). The bond angle between the axial 

nitrogen atom, nickel ion, and axial oxygen atom is 178.44(4)°. The metal center is also 

above the plane generated by these three equatorial nitrogen atoms by 0.222 Å. The closest 

intermolecular distance between two of the cobalt centers is 8.356 Å. 
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Figure II.8 Crystal structure and atom numbering scheme of the [Ni(MST)(OH2)]

- anionic 

moiety. The Me4N
+ cation, water, diethyl ether, and hydrogen atoms were omitted for 

clarity. Thermal ellipsoids were drawn at the 50% probability level. Colors are as follows: 

green, Ni; blue, N; yellow, S; red, O; grey, C. 

 

 

 

II.2.3 Magnetic Measurements 

Magnetic data were collected on a Quantum Design MPMS-3 SQUID from 1.8-

300 K with DC fields from 0-7 T. Compounds 1-4, 6 were collected in plastic bags and 

compound 5 was collected in an NMR tube under a coating of eicosaine. Diamagnetic 

corrections were applied for the bags, NMR tube, and eicosaine. The diamagnetic 

contribution from the compounds were calculated based on Pascal’s constants.74  

II.2.4 Computational Methods 

Ab initio calculations were performed by Dr. Kuduva R. Vignesh, a postdoctoral 

researcher in our laboratories. These calculations were based on the wave function theory 

approach were used to compute the ZFS of CoII, FeII, and NiII ions in 1−6 using ORCA 

3.0 suite of programs.75 The BP86 functional was employed, along with scalar relativistic 



 

45 

 

ZORA Hamiltonians and def2-TZVP basis sets for the metal ions and the first 

coordination sphere and def2-SVP for the rest of the atoms. The RI approximation with 

secondary TZV/J Columbic fitting basis sets were used along with increased integration 

grids (Grid 5 in ORCA convention). The tight SCF convergence was used throughout the 

calculations (1x10-8 Eh). The spin-orbit coupling (SOC) contributions in the ab initio 

framework were obtained using second-order perturbation theory as well as by employing 

the effective Hamiltonian approach, which enables calculations of all matrix elements to 

be made of the anisotropic spin Hamiltonian from the ab initio energies and wave 

functions numerically. Here we have employed the state average-CASSCF (Complete 

Active Space Self-Consistent Field) method to compute the ZFS. The active space 

involves seven active electrons in five active d-orbitals (d7 system; CAS (7,5)) for the CoII 

ion, six active electrons in five active d-orbitals (d6 system; CAS (6,5)) for the FeII ion, 

and eight active electrons in five active d-orbitals (d8 system; CAS (8,5)) for the NiII ion. 

With this active space, all of the 10 quartet and 40 doublet states for the CoII ion, 5 quintet 

and 45 triplet states for the FeII ion, and 10 triplet and 15 singlet states for the NiII ion were 

calculated in the configuration interaction procedure.76 In addition to the converged 

CASSCF wave function, NEVPT2 (n-electron valence state perturbation theory) 

calculations were performed to treat the dynamical correlations.77-78 

�̂�𝑠𝑜 = ∑ 𝜉𝑖  (𝑙𝑍𝑖. �̂�𝑍𝑖 +
1

2
 (𝑙+𝑖. �̂�−𝑖 + 𝑙−𝑖. �̂�+𝑖))

𝑖

 

The sign and the magnitude of D values are rationalized using the spin−orbit 

operator, see above equation. When a spin-allowed excitation of a β-electron between 
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orbitals with same |±ml| levels occurs, the ∑  𝑖 𝑙𝑍𝑖. �̂�𝑍𝑖 operator couples those orbitals and 

leads to a negative D value. Conversely, when such an excitation occurs between orbitals 

with different |±ml| levels, the  
1

2
 ∑  𝑖 (𝑙+𝑖. �̂�−𝑖 + 𝑙−𝑖. �̂�+𝑖) operator couples those orbitals 

and leads to a positive D value.40, 65 

II.3 Results and Discussion 

II.3.1 Crystallographic Details 

 The six compounds, (Me4N)[Co(MST)] (1), 

(Me4N)[Co(MST)(OH2)]•DCM (2), (Me4N)[Fe(MST)] (3), 

(Me4N)[Fe(MST)(OH2)] (4), (Me4N)[Ni(MST)] (5), (Me4N)[Ni(MST)(OH2)] (6) 

were synthesized based on literature procedures66 via a reaction between the 

deprotonated ligand using NaH, the appropriate metal(II) acetate salt, and 

tetramethylammonium acetate in dimethylacetamide (DMA) as the solvent. 

Crystals were obtained by slow diffusion of diethyl ether into either DMA or 

dichloromethane (DCM) solutions. The anhydrous salts crystallize in the 

monoclinic space group P21/n, whereas complexes 2 and 6 crystallize in triclinic 

P1̅ and 4 in monoclinic C2/c. The structures of 1, 2, and 4 were previously 

reported.66-67 Compound 2 was collected in an alternate space group of triclinic P�̅� 

rather than the reported C2/c. The monoclinic space group was isolable by their 

reported synthesis method or via slow diffusion of diethyl ether directly into the 

DMA solution. The triclinic crystals form in a larger excess of water followed by 

slow diffusion of diethyl ether into the DCM solution. The triclinic phase was 

studied for ease of synthesis and consistency in crystallization methods. 
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Figure II.9 Inner coordination spheres of complexes 3 (left) and 4 (right). Shaded 

polyhedron emphasize the trigonal monopyramidal and bipyramidal geometries. Atom 

colors: brown for iron, blue for nitrogen, and grey for carbon. All other atoms have been 

omitted for clarity. Reprinted by permission from reference 98. 

 

 

The coordination environment for 1, 3, and 5 consists of nitrogen atoms from 

the tetradentate ligand MST. The three arms of the ligand coordinate in an 

equatorial plane around the metal center and the central nitrogen atom binds in one 

of the axial positions. The second axial position is unoccupied which generates 

TMP geometry. In addition to the MST ligand, complexes 2, 4, and 6 feature 

coordination of a water molecule resulting in TBP geometry. Figure II.9 highlights 

the trigonal monopyramidal and bipyramidal geometries of the inner coordination 

sphere in complexes 3 and 4. The geometries of the complexes were confirmed 

using the SHAPE program79-80 which compares the experimental metrical 

parameters to the perfect geometry, with 0 indicating a perfect match to that 

geometry. These results can be found in Table II-2, with the trigonal monopyramidal 

complexes being much closer to the ideal geometry than the trigonal bipyramidal 

complexes. 
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Table II-2 Shape measurements for compounds 1-6. Abbreviations are as follows: SP, 

square; T, tetrahedron; SS, seesaw; vTBPY, axially vacant trigonal bipyramid; PP, 

pentagon; vOC, vacant octahedron; TBPY, trigonal bipyramid; SPY, square pyramid; 

JTBPY, Johnson trigonal bipyramid. Reprinted by permission from reference 98. 

 SP T SS vTBPY PP vOC TBPY SPY JTBPY 

1 35.505 5.094 8.176 0.233      

3 35.555 5.675 8.338 0.350      

5 34.630 5.046 7.822 0.176      

2     35.541 7.083 0.695 5.309 2.498 

4     34.330 7.205 1.050 5.154 2.770 

6     33.794 5.213 0.669 3.966 3.135 

 

 

 In each structure, the metal center is above the equatorial plane generated by the 3 

coordinating nitrogen atoms, with 5 exhibiting the least distortion at a Ni-Nplane distance 

of 0.159 Å. The M-Nplane distances in the aquo adducts are ~0.1 Å further out of plane than 

their anhydrous counterparts. See Table II-3 for a summary of these measurements for all 

compounds. 

 

Table II-3 Selected intermolecular and intramolecular distances (Å) of 1-6. Reprinted by 

permission from reference 98. 

 1 3 5 2 4 6 

N3…Ma 0.207 0.261 0.159 0.295 0.358 0.222 

M…Mb 8.508 8.588 8.423 8.479 8.427 8.356 
a distance between the metal center and the plane generated by the three equatorially 

coordinated nitrogen atoms (N2-N4) 
b closest intermolecular distance between two metal centers 

 

 

In each case, there is deviation from the ideal trigonal angle of 120° in the 

equatorial plane and compounds 2, 4, and 6 have angles between the axial nitrogen and 

oxygen atoms that are <180°. This bend can be attributed to hydrogen bonding between 
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the water and the sulfonyl oxygen atoms. See Table II-4 for a summary of the relevant 

distances and angles. Coordination of water results in a lengthening of the M-N bonds in 

all of the complexes by at least 0.04 Å indicating a decrease in bond strength. 

 

Table II-4 Selected bond lengths (Å) and angles (°) around the inner coordination sphere 

of 1-6. Reprinted by permission from reference 98. 

 1 2 3 4 5 6 

N1 2.118(2) 2.180(2) 2.165(2) 2.2495(14) 2.035(6) 2.0885(11) 

N2 1.972(2) 2.032(2) 2.018(2) 2.0692(15) 1.965(6) 2.0311(12) 

N3 1.969(2) 2.033(3) 2.002(2) 2.0981(15) 1.984(6) 2.0254(12) 

N4 1.959(2) 2.022(2) 2.018(2) 2.0564(15) 1.998(6) 2.0383(12) 

N2-M-

N3 

117.56(10) 120.04(10) 118.34(9) 116.66(6) 122.5(3) 108.42(5) 

N3-M-

N4 

118.83(10) 114.81(10) 119.99(9) 120.84(6) 116.2(3) 128.98(5) 

N4-M-

N2 

120.34(10) 118.90(10) 116.71(9) 113.74(6) 119.4(3) 118.00(5) 

N1-M-

O7 

 176.72(9)  171.74(5)  178.44(4) 

  

 

 

II.3.2 DC Magnetic Studies and Computational Studies 

Static DC measurements were performed on complexes 1-6 from 1.8 – 300 K using 

a SQUID magnetometer, Figure II.10. The χmT values of 2.45 and 2.57 emu K mol-1 at 

300 K for complexes 1 and 2 respectively are higher than 1.87 emu K mol-1, the ideal 

value for an S=3/2 system with g=2. Complexes 3 and 4 exhibit χmT values of 3.19 and 

3.92 emu K mol-1, higher than the expected 3.0 emu K mol-1 for an S=2 system with g=2. 

Complexes 5 and 6 follow the same trend with χmT values of 1.55 and 2.19 emu K mol-1, 

higher than the expected value of 1 emu K mol-1 for an S=1 system with g=2. These 

deviations from ideality reflect spin-orbit coupling. Compounds 1-5 exhibit Curie-like 



 

50 

 

behavior until ~30 K, after which χmT decreases as expected due to zero-field splitting. 

Compound 6 exhibits TIP, resulting in a linear increase in χmT at higher temperatures.  

 

 
Figure II.10 χT vs T data for compounds 1-6, as labelled, under a 1000 Oe DC field. Solid 

lines are guides for the eye. Reprinted by permission from reference 98. 

 

 

The anisotropic nature of these complexes is also supported by the M versus H 

plots at 1.8 K that do not saturate even up to 7 T. The expected saturation point for 

compounds 1 and 2 is 3 µB. Neither compound reaches this value, with 1 reaching a 

maximum below 2 µB at 7 T and 2 reaching a maximum below 2.5 µB, Figure II.11. In 

both cases, the lack of saturation and values well below those expected are indicative of 

significant anisotropy.  
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a) 

 
b) 

 
Figure II.11 Magnetization vs Field for a) compound 1 and b) compound 2. Solid lines 

are guides for the eye. Reprinted by permission from reference 98. 

 

 

The expected saturation point for compounds 3 and 4 is 4 µB. Neither compound 

reaches this value, with 3 reaching a maximum below 3.5 µB at 7 T and 2 also reaching a 

maximum below 3.5 µB, Figure II.12. In both cases, the lack of saturation and values well 

below those expected are indicative of significant anisotropy. 
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a) 

 
b) 

 
Figure II.12 Magnetization vs Field for a) compound 3 and b) compound 4. Solid lines 

are guides for the eye. Reprinted by permission from reference 98. 

 

 

The expected saturation point for compounds 5 and 6 is 2 µB. Neither compound 

reaches this value, with 5 reaching a maximum below 1.5 µB at 7 T and 6 also reaching a 

maximum below 1.5 µB, Figure II.13. In both cases, the lack of saturation and values well 

below those expected are indicative of significant anisotropy. 



 

53 

 

a) 

 
b) 

 
Figure II.13 Magnetization vs Field for a) compound 5 and b) compound 6. Solid lines 

are guides for the eye. Reprinted by permission from reference 98. 

 

 

Reduced magnetization was measured for 1-6 between 1.8 and 4 K and 

subsequently fit with the PHI program.81 The reduced magnetization for Compound 1 

shows a lack of superposition in the isofield lines, indicative of anisotropy.  The data were 

fit with g, D, and E values equal to 2.24, 33 cm-1, and 0.2 cm-1, respectively, Figure II.14. 
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The reduced magnetization for Compound 2 also shows a lack of superposition in the 

isofield lines, indicative of anisotropy.  The data were fit with g, D, and E values equal to 

2.40, 24 cm-1, and 0.001 cm-1, respectively, Figure II.15. 

 

 
Figure II.14 Reduced magnetization for 1. Solid lines are fits to the experimental data 

using the PHI program. Reprinted by permission from reference 98. 

 

 

 
Figure II.15 Reduced magnetization for 2. Solid lines are fits to the experimental data 

using the PHI program. Reprinted by permission from reference 98. 
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The reduced magnetization for Compound 3 shows a lack of superposition in the 

isofield lines, indicative of anisotropy.  The data were fit with g, D, and E values equal to 

2.19, -31 cm-1, and 4.7 cm-1, respectively, Figure II.16. The reduced magnetization for 

Compound 4 also shows a lack of superposition in the isofield lines, indicative of 

anisotropy.  The data were fit with g, D, and E values equal to 2.37, 8.7 cm-1, and 2.4 cm-

1, respectively, Figure II.17. 

 

 
Figure II.16 Reduced magnetization for 3. Solid lines are fits to the experimental data 

using the PHI program. Reprinted by permission from reference 98. 
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Figure II.17 Reduced magnetization for 4. Solid lines are fits to the experimental data 

using the PHI program. Reprinted by permission from reference 98. 

 

 

The reduced magnetization for Compound 5 shows a lack of superposition in the 

isofield lines, indicative of anisotropy.  The data were fit with g, D, and E values equal to 

2.67, -276 cm-1, and 2.1 cm-1, respectively, Figure II.18. The reduced magnetization for 

Compound 6 also shows a lack of superposition in the isofield lines, indicative of 

anisotropy.  The data were fit with g, D, and E values equal to 2.81, -209 cm-1, and 1.8 

cm-1, respectively, Figure II.19. 
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Figure II.18 Reduced magnetization for 5. Solid lines are fits to the experimental data 

using the PHI program. Reprinted by permission from reference 98. 

 

 

 
Figure II.19 Reduced magnetization for 6. Solid lines are fits to the experimental data 

using the PHI program. Reprinted by permission from reference 98. 
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In each case, the experimental fittings lead to a smaller D value for the water 

containing complexes versus the anhydrous complexes. These findings are in accord with 

the longer M-N bond distances in the water complexes as well as the greater geometric 

distortion in the trigonal bipyramidal complexes. If one compares these results to the 

predictions in the paper of Ruiz et al.40, they are in good agreement except for 4. In this 

case, a negative D value was predicted on the basis of electron count and geometry, but a 

small, positive D value was observed.  

In order to rationalize the observed zero field splitting parameters for complexes 

1−6, and to probe the change in D values among the two geometries, ab initio CASSCF 

and NEVPT2 calculations were performed. The first four excited state energies were 

calculated, along with gx, gy, and gz values to find the resulting D and g values for each of 

compounds 1-6, Table II-5. 

 

Table II-5 CASSCF (NEVPT2) computed energies (cm-1) and contributions to D value 

from the first four excited states for 1 – 6 along with the gx, gy, and gz values from the 

effective Hamiltonian. Reprinted by permission from reference 98. 

Complex gx, gy, gz Excited state Energy D Contribution 

1 2.00, 2.35, 2.36 

(2.00, 2.25, 2.26) 

First 

Second 

Third 

Fourth  

4811.3 (4731.5) 

4972.8 (4894.5) 

5706.6 (5562.3) 

5738.5 (5594.2) 

17.1 (12.0) 

16.3(11.5) 

-0.6 (-0.4) 

-0.1(-0.1) 

2 2.09, 2.31, 2.34 

(2.07, 2.23, 2.25) 

First 

Second 

Third 

Fourth 

3384.0 (3381.9) 

4054.2 (4105.6) 

4870.8 (4912.1) 

5204.3 (5219.2) 

-3.7 (-2.6) 

-0.1(-0.1) 

13.1 (9.4) 

12.6 (8.9) 

3 1.83, 1.89, 2.56 

(1.85, 1.92, 2.54) 

First 

Second 

Third 

Fourth 

874.9 (879.2) 

5650.5 (5643.4) 

6962.3 (6959.0) 

7126.2 (7132.9) 

-36.0 (-33.9) 

2.5 (2.0) 

0.7 (0.6) 

0.6 (0.5) 
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Table II-5 Continued. 

Complex gx, gy, gz Excited state Energy D Contribution 

4 2.03, 2.09, 2.19 

(2.02, 2.07, 2.15) 

First 

Second 

Third 

Fourth 

1284.6 (1346.2) 

4617.8 (4622.5) 

5393.8 (5499.3) 

8814.1 (8711.7) 

4.1 (3.3) 

-1.1 (-0.9) 

1.2 (0.9) 

1.6 (1.2) 

5 1.85, 1.85, 3.75 

(1.79, 1.80, 3.73) 

First 

Second 

Third 

Fourth 

77.6 (77.7) 

5671.8 (5688.1) 

5763.7 (5775.8) 

5987.5 (6002.5) 

-530.8 (-500.0) 

34.3 (23.6) 

    13.1 (8.3) 

15.4 (11.1) 

6 2.13, 2.16, 3.25 

(2.13, 2.15, 2.96) 

First 

Second 

Third 

Fourth 

244.3 (253.2) 

6494.9 (6522.1) 

7384.7 (7380.3) 

9036.9 (9011.6) 

-264.0 (-186.6) 

24.6 (17.2) 

    21.6 (15.3) 

7.1 (4.8) 

 

 

 

From these calculations, the predicted g, D, and E values could be identified and 

compared to experimental results. This comparison is summarized in Table II-6, where 

the experimental, CASSCF, and NEVPT2 calculation results are reported. The CASSCF 

calculations follow the experimentally observed trend of the trigonal monopyramidal 

complexes 1, 3, and 5, namely higher magnitudes for the D value compared to the water 

coordinated complexes 2, 4, and 6. The transverse ZFS parameters (E) are close to zero, 

as expected for complexes with trigonal symmetry. The experimental giso and E values are 

universally higher than predicted by the computations, but still in agreement. 
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Table II-6 Top row: g, D, and E values for compounds 1-6 based on fittings of reduced 

magnetization data. Bottom rows: Calculated values for g, D (cm-1), and E (cm-1) based 

on CASSCF and NEVPT2 methods, as labelled. Reprinted by permission from reference 

98. 

 

 

 The reduced magnetization data were simulated based on these calculations. The 

deviation of the experimental data from computational data is expected given the increase 

in giso and transverse ZFS parameters. The simulated results for compound 1 can be found 

in Figure II.20. Visually, the CASSCF simulation more closely models the data than the 

NEVPT2 simulation. 

 

 
Figure II.20 Reduced magnetization for 1. Solid lines are simulations of CASSCF (left) 

and NEVPT2 (right) computational results. Reprinted by permission from reference 98. 

  1 2 3 4 5 6 

PHI g 2.24 2.40 2.19 2.37 2.67 2.81 

 D 33 24 -31 8.7 -276 -209 

 |E| 0.2 0.001 4.7 2.4 2.1 1.8 

CASSCF g 2.24 2.25 2.09 2.10 2.48 2.51 

 D 37.8 25.4 -30.1 6.6 -434.1 -185.7 

 E 0.7 0.1 0.15 0.23 0.6 0.007 

NEVPT2 g 2.17 2.18 2.10 2.08 2.44 2.41 

 D 30.4 20.7 -28.6 6.0 -428.9 -131.3 

 E 0.6 0.05 0.16 0.14 0.001 0.007 
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The simulated results for compound 2 can be found in Figure II.21. Visually, the 

deviation from the experimental data is about equal between both the CASSCF and 

NEVPT2 simulated data sets. The simulations have very similar shapes and spacing, but 

overall lower magnetization values. 

 

 
Figure II.21 Reduced magnetization for 2. Solid lines are simulations of CASSCF (left) 

and NEVPT2 (right) computational results. Reprinted by permission from reference 98. 

 

 

The simulated results for compound 3 can be found in Figure II.22. Visually, the 

deviation from the experimental data is about equal between both the CASSCF and 

NEVPT2 simulated data sets. The simulations have very similar shapes and spacing, but 

overall lower magnetization values. 
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Figure II.22 Reduced magnetization for 3. Solid lines are simulations of CASSCF (left) 

and NEVPT2 (right) computational results. Reprinted by permission from reference 98. 

 

 

The simulated results for compound 4 can be found in Figure II.23. Visually, the 

NEVPT2 simulated data is closer to experimental than the CASSCF experimental, 

particularly at the highest fields. Overall, the predicted magnetization values are lower 

than those observed experimentally, especially at the lowest fields. 

 

 
Figure II.23 Reduced magnetization for 4. Solid lines are simulations of CASSCF (left) 

and NEVPT2 (right) computational results. Reprinted by permission from reference 98. 
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The simulated results for compound 5 can be found in Figure II.24. Visually, the 

simulated data is significantly different from the experimental, particularly in the 

superposition of the field lines. The can likely be attributed to the large difference in 

experimental and calculated D values which originates from the difficulty in isolating an 

anhydrous sample. 

 

 
Figure II.24 Reduced magnetization for 5. Solid lines are simulations of CASSCF (left) 

and NEVPT2 (right) computational results. Reprinted by permission from reference 98. 

 

The simulated results for compound 6 can be found in Figure II.25. Visually, the 

simulated data is significantly different from the experimental, particularly in the 

superposition of the field lines. Similar to compound 5, the can likely be attributed to the 

large difference in experimental and calculated D values, given extremely large D values 

can be difficult to fit. 
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Figure II.25 Reduced magnetization for 6. Solid lines are simulations of CASSCF (left) 

and NEVPT2 (right) computational results. Reprinted by permission from reference 98. 

 

 

In order to further assess the effect of water coordination on the magnetic behavior, 

the orientation of the Dxx, Dyy, and Dzz axes were computed for complexes 1−6, Figure 

II.26. In the trigonal monopyramidal complexes 1, 3 and 5, the Dzz axis passes through the 

C3 axis of symmetry of the molecule along the MII-Naxial bonds. When the water molecule 

is coordinated in the other axial position, the Dzz axis deviates from the C3 axis of 

symmetry, explaining the significant reduction in the magnitude of the D values.  

The CASSCF computed D values were validated by inclusion of dynamic 

correlations using the NEVPT2 method, which resulted in reduced D values. The dynamic 

correlation stabilizes the ground state, rather than the excited states, increasing the energy 

gap between orbitals resulting in lower D values. NEVPT2 computed D, E and g values 

follow the same trend as the CASSCF computed values, which offers additional support 

to the results.  
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Figure II.26 CASSCF computed Dxx, Dyy, and Dzz axes (pink dotted lines) for a) 1 b) 2 c) 

3 d) 4 e) 5 f) 6. The blue arrow emphasizes the direction and orientation of the Dzz axis. 

Reprinted by permission from reference 98. 

 

 

The computed crystal splitting of the d orbitals for complexes 1 and 2, Figure II.27, 

indicate that the first excitation should involve the dyz and dx
2
-y

2/dxy orbitals with different 

|±ml| levels, resulting in the observed positive D value. In the case of 1, the energy gap 

between the ground and the first and second excited quartet states are relatively large 

(~4800 cm-1), contributing the most to the total D value, whereas the other excited states 

only marginally affect the D value. In the case of 2, the third and fourth excited states 

contribute the most to the positive D value. A small, negative contribution from the first 

excited state is due to a decrease in energy gap between the ground and first excited state 

(~3380 cm-1), attributed to the presence of a water molecule in the axial position. This 
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small negative contribution is not sufficient to offset the total positive D value. The 

experimental D values of 33 cm-1 for 1 and 24 cm-1 for 2 are in agreement with the 

calculations, falling in between the CASSCF and NEVPT2 values of 37.8 and 30.4 cm-1, 

and 25.4 and 20.7 cm-1 respectively. These results lend credence to the ability of the 

calculated orbitals and excitations to accurately model the magnetic behavior of these 

systems. Moreover, a positive rather than negative D value resulted in better fits of the 

experimental data and was in agreement with the calculations for 1 and 2. 

 

 
Figure II.27 CASSCF-computed d-orbital ordering for complex a) 1 and b) 2. Reprinted 

by permission from reference 98. 

 

 

The d-orbital splitting for the FeII ion in complexes 3 and 4 are shown in Figure 

II.28. In 3, the first excitation between the dxz and dyz levels (same |±ml| value) causes the 

largest negative contribution to D (-36.0 cm-1) due to the low-lying first excited state (~870 

cm-1). The other three excitations cause a small positive contribution on D, resulting in a 
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slightly smaller negative D value. For compound 4, both CASSCF and NEVPT2 

calculations predict that the first excitation occurs unusually between the dxz and dxy levels 

(different |±ml| values) rather than dxz and dyz levels (same |±ml| values) resulting in a 

positive contribution to D. The magnitude of D decreases due to an increase in the first 

excited state energy (~1300 cm-1). A small negative contribution to D from the second 

excitation (between the dxz and dyz levels) and positive D contributions from the third and 

fourth excitations lead to the overall positive D value for this compound. The fitted D 

values of -31 cm-1 for 3 and 8.7 cm-1 for 4 are slightly higher than the CASSCF and 

NEVPT2 values of -30.1 and -28.6 cm-1, and 6.6 and 6.0 cm-1 respectively. A positive D 

value results in a better fit of the experimental data for 4 which is in line with the 

calculations. 

 

 
Figure II.28 CASSCF-computed d-orbital ordering for complexes a) 3 and b) 4. Reprinted 

by permission from reference 98. 
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The d-orbital splitting for complexes 5 and 6 are depicted in Figure II.29. The 

enormous magnitude of D for both complexes arises from three predominant spin-

conserved triplet excitations.82 Both the CASSCF and NEVPT2 methods predict that the 

first spin-free excitation between the dx
2
-y

2 and dxy orbitals is lowest in energy for NiII 

complexes 5 and 6. A relatively large negative contribution to the D value from this 

excited state leads to a giant zero field splitting for these two complexes (Table 3). For 5, 

a very low-lying first excited state (below 80 cm-1) causes the largest negative contribution 

to D of -530 cm-1. The other excited states are much higher in energy from the ground 

state (above 5500 cm-1), resulting in a small positive contribution to D. Overall, this 

situation leads to a giant negative D value for compound 5. In the case of complex 6, the 

first excited state (∼250 cm−1) is approximately three times higher in energy than that of 

complex 5, thereby reducing the magnitude of D. As is the case for 5, the next three excited 

states are much higher in energy (above 6,400 cm-1) and result in relatively small positive 

contributions to the D value. Although smaller than the corresponding value for 5, 6 still 

displays an unusually large axial ZFS parameter. The fitted value of D for 6 of -209 cm-1 

is slightly higher than the calculated D values of -185.7 and -131.3 cm-1.  

The biggest discrepancy in all of these fits occurs with 5 which exhibits an 

experimentally fitted value of -276 cm-1 versus the calculated values of 434.1 and 428.9 

cm-1. A rigorously anhydrous atmosphere could not be maintained during handling, and, 

given that this complex is extraordinarily hygroscopic, a rigorously dehydrated sample 

could not be obtained. The differences in the experimental and calculated values is 

attributed to partial coordination of water, a hypothesis that is supported by an observed 
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visible change from salmon to orange/tan before the sample could be sealed under 

vacuum. Given the accuracy of the other five complexes in terms of the calculations, it is 

expected that the actual D value is much closer to the computed D values rather than the 

fitted D value. 

 

 

 
Figure II.29 Ab initio computed crystal field splitting for compounds a) 5 and b) 6. 

Reprinted by permission from reference 98. 

 

   

 

II.3.3 AC Magnetic Studies 

Dynamic AC measurements under varying fields were performed on complexes 1-

6. No signal was observed for any of the complexes without an applied DC field. As a 

result, AC measurements under applied DC fields from 400-2000 Oe were measured, and 

complexes 1-3 were found to exhibit slow magnetic relaxation. The field used for further 
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studies was chosen as the one with the most obvious maximum in χ” signals at the lowest 

frequencies.  

Compound 1 exhibits a maximum around 40 Hz, and its water counterpart exhibits 

a maximum at a higher frequency of approximately 100 Hz. Compound 3 displays the 

lowest frequency maximum at ~10 Hz. Interestingly, the coordination of water in 4 results 

in complete quenching of slow magnetic relaxation, with no signals up to 2000 Oe. 

Complexes 5 and 6 did not display slow relaxation at 1.8 K under applied fields up to 2000 

Oe. Fittings of the Cole-Cole plots for 1-3 were performed to extract Ueff, τ, and α 

parameters based on a modified Debye Function. The resulting Arrhenius plot was fit 

using the following equation. To avoid over-parameterization, A was assumed to be 0. 

𝝉−𝟏 =  𝝉𝑸𝑻𝑴
−𝟏 + 𝑨𝑻 + 𝑪𝑻𝒏 +  𝝉𝟎

−𝟏𝒆𝒙𝒑 (−
𝑼𝒆𝒇𝒇

𝒌𝑩𝑻
) 

Complex 1 was measured under an applied DC field of 1000 Oe. A maximum in 

χ” was observed up to 5.8 K, along with the corresponding decrease in χ’. The low 

temperature regime is dominated by frequency independent quantum tunneling up to 

approximately 3 K, after which temperature the thermal regime becomes more prevalent. 

The χ’ and χ” plots can be found in Figure II.30. 
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a) 

 
b) 

 
Figure II.30 a) In phase susceptibility (χ’) vs Frequency and b) out of phase susceptibility 

(χ”) for 1. Solid lines are guides for the eye. Adapted by permission from reference 98. 

 

 

 

The in-phase and out-of-phase susceptibility plots were subsequently converted 

into Cole-Cole plots. These were subsequently fit using CC-fit83 which led to a maximum 
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α value of 0.27, indicating a moderately wide range of relaxations times. The fit of all 

temperatures in the Arrhenius plot resulted in a barrier of Ueff/kb = 45 K and τo = 3.1 x 10-

9 s, Figure II.31. Extracted Raman parameters of C = 0.014 s-1 and n = 7.3 are in agreement 

with the expected range for a Kramers ion.84 The τ-1 value for quantum tunneling was fit 

to 0.003 s. 

 

a) 

 
b) 

 
Figure II.31 a) Cole-Cole plot fit via CC-fit, black lines are fits to the data b) ln(τ) vs 1/T, 

black dots are experimental data and colored lines are fits as labelled. Adapted by 

permission from reference 98. 
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The water complex, 2, was also measured under an applied DC field of 1000 Oe. 

A maximum of χ” could be observed up to 3.8 K. Interestingly, the low temperature range 

is no longer dominated by quantum tunneling, but rather by thermal relaxation. The χ’ and 

χ” plots can be found in Figure II.32.  

 

a) 

 
b) 

 
Figure II.32 a) In phase susceptibility (χ’) vs Frequency and b) out of phase susceptibility 

(χ”) for 2. Solid lines are guides for the eye. Adapted by permission from reference 98. 
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The α values are less than 0.17, indicating a narrower range of relaxation times 

compared to 1. A fit of all temperatures in the Arrhenius plot was conducted, Figure II.33, 

to give Ueff/kb = 9.9 K and τo = 1.5 x 10-5 s. Extracted Raman parameters of C = 0.008 s-1 

and n = 7.2 are in agreement with the expected range for a Kramers ion. The τ-1 value for 

quantum tunneling was fit to be 0.0014 s. 

 

a) 

 
b) 

 
Figure II.33 a) Cole-Cole plot fit via CC-fit, black lines are fits to the data b) ln(τ) vs 1/T, 

black dots are experimental data and colored lines are fits as labelled. Adapted by 

permission from reference 98. 
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Complex 3 also displays SMM behavior under an applied DC field, with the 

optimum field being 1200 Oe. A maximum in χ” can be observed up to 5.6 K. The low 

temperature regime exhibits some quantum tunneling, after which temperature the thermal 

regime becomes more prevalent. The χ’ and χ” plots can be found in Figure II.34.  

 

a) 

 
b) 

 
Figure II.34 a) In phase susceptibility (χ’) vs Frequency and b) out of phase susceptibility 

(χ”) for 3. Solid lines are guides for the eye. Adapted by permission from reference 98. 
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The α values vary from 0.14 to 0.16, indicating a small range of relaxation times. 

A fit of all temperatures in the Arrhenius plot was conducted resulting in a barrier of Ueff/kb 

= 63.9 K and τo = 1.98 x 10-8 s, Figure II.35. Extracted Raman parameters of C = 1.41 s-1 

and n = 4.4 are in agreement with the expected range for a non-Kramers ion. The τ-1 for 

quantum tunneling is 0.0012 s.  

 

a) 

 
b) 

 
Figure II.35 a) Cole-Cole plot fit via CC-fit, black lines are fits to the data b) ln(τ) vs 1/T, 

black dots are experimental data and colored lines are fits as labelled. Adapted by 

permission from reference 98. 
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The barriers of both 1 and 2 are lower than expected given the 2|D| energy 

gaps between the mS = 1/2 and mS = 3/2 microstates, which are 66 and 48 cm-1, 

respectively. This situation in 1 can be attributed to the quantum tunneling and 

Raman relaxations being larger contributors than the Orbach process. The same 

conclusion is reached for complexes 3 and 4, for which the expected barrier height 

(U) would be 4|D|, or 124 and 34 cm-1 respectively. No slow magnetic relaxation is 

observed in 5 and 6 due to significant quantum tunneling, although the barrier could 

be as high as 434 cm-1, given that the energy between the mS=0 and mS=1 

microstates is |D|. This finding is not entirely unexpected as, to the best of our 

knowledge, only two divalent nickel complexes exhibiting slow magnetic 

relaxation have been reported, and a large applied field of 2000 Oe was necessary 

to observe that behavior.64, 85 

II.3.4 Structural, Magnetic, and Computational Correlations 

Detailed crystallographic, computational, and magnetic studies were undertaken 

in order to understand the strong variance in magnetic behavior that coordination of a 

single water molecule exerts on trigonal monopyramidal complexes. Generally, the 

original species all exhibit slow magnetic relaxation at higher temperatures with higher D 

values than their trigonal bipyramidal water adducts. 

Comparisons of crystal structures revealed a few trends across the 3 pairs of 

compounds. The trigonal monopyramidal complexes are all much closer to ideal geometry 

than their trigonal bipyramidal counterparts. The results of our studies lend credence to 

the requirement of strict geometric control for superior magnetic behavior. Compounds 1, 
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3, and 5 exhibit M…M separations that are larger than their partners 2, 4, and 6 

respectively; the variation across the anhydrous versus water adduct pairs is 0.029, 0.161, 

and 0.067 Å for cobalt, iron, and nickel, respectively. These parameters are in accord with 

the magnetic behavior, but are unlikely to be a major contributing factor. For example, the 

distances observed for the cobalt complexes are larger than the ~8 Å at which dipolar 

relaxations are expected to be suppressed. Therefore, it appears that the geometric 

distortions have greater control over the observed magnetic properties. 

The computational results support this hypothesis. In each case, the trigonal 

monopyramidal geometries exhibit lower excitations than their trigonal 

bipyramidal pair which follows the observed trend in the AC susceptibility studies. 

The increased distortion in 2 results in a larger energy gap between the d-orbitals, 

causing a smaller D value. Computations also explain why no slow relaxation is 

observed for 4 even under an applied field. In this case, rather than the expected 

excitation between the dxz and dyz orbitals, the excitation takes place between the 

dxz and dxy orbitals resulting in a positive D value. The decrease in magnitude and 

change in sign of D completely quenches slow relaxation.  

It must be noted that this work does not imply that TMP geometry is 

inherently better for SMM behavior than TBP geometry. The TMP complexes are 

closer to ideal geometry than the TBP complexes across the series, which 

corresponds to improved magnetic properties. While 1 performs better, to the best 

of our knowledge, than any of the reported barriers for divalent cobalt trigonal 

monopyramidal and bipyramidal SMMs, with only 8 complexes available for 
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comparison (6 TBP and 2 TMP), a concrete conclusion cannot be drawn.18, 40, 65, 86-

87 [Co(TPMA)(CH3CN)](BF4)2 (TPMA = tris(2-pyridylmethyl)amine) is the only 

other TBP compound reported to have a positive D value.65 In both cases, the 

positive sign of D is largely due to contributions from the third and fourth excited 

states.  

No reports of a divalent iron TBP complex exhibiting slow magnetic 

relaxation have appeared in literature and the only TMP complexes prior to this 

work is the tpaR series by Long, et al.24-25 Compound 3 exhibits a barrier only 

slightly smaller than these molecules which range from 36 to 93.5 K. In each case, 

an applied field is necessary to observe slow magnetic relaxation. The SHAPE 

values for these complexes are all similar to that of 3, with no observable trend 

between the SHAPE value and barrier height. It is important to note, however, that 

the only complex with crystallographically imposed trigonal symmetry displays the 

highest barrier among the previously reported complexes as well as the one in this 

work. Theoretical analysis of the series by Long et al. emphasized the importance 

of σ-donating and withdrawing substituents on the magnetic behavior in that there 

is a correlation between increased σ donation and an increase in the D value.26 These 

considerations must also be taken into account. 

There is only one reported divalent nickel complex in trigonal bipyramidal 

geometry which exhibits slow relaxation, viz., [Ni(MDABCO)2Cl3]ClO4 with a D 

value of -535 cm-1, which is close to the theoretical maximum of 668 cm-1, given 

by the one electron spin-orbit coupling parameter for a Ni(II) free ion.64, 88 The 
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SHAPE value of 0.13 is much closer to ideal TBP geometry than is 6, which is in 

agreement with the magnetic behavior. The structure of 5 is much closer to ideal 

geometry with a shape value of 0.18, which more closely aligns with 

[Ni(MDABCO)2Cl3]ClO4. Both 5 and 6 exhibit equatorial bond angles deviating 

from the ideal 120° more so than [Ni(MDABCO)2Cl3]ClO4. The slightly lower D 

value of -434 cm-1 for 5 and absence of slow magnetic relaxation could possibly be 

attributed to this slightly greater deviation from ideal geometry. These results are 

consistent with theoretical calculations and high pressure studies on TBP Ni(II) 

complexes underscoring the importance of equatorial bond angles as close to 120° 

as possible for SMM behavior to be observed.89-90 

II.4 Cobalt RST Complexes Experimental Details 

II.4.1 Complex Synthesis 

All syntheses were conducted under a N2 atmosphere. The original syntheses were 

performed in a MBRAUN glovebox under rigorous anhydrous conditions. The conversion 

to the water complexes took place in a Vacuum Atmosphere glovebox with the catalyst 

turned off so that it was not a totally dry atmosphere. Commercial anhydrous 

dimethylacetamide (DMA) was dried over BaO, and stored in the drybox over molecular 

sieves. Diethyl ether and dichloromethane solvents in the purge box were degassed with 

an Argon stream. Co(OAc)2 and NaH were purchased and used as received. Me4NOAc 

was dried under vacuum at 100°C overnight. Dryness was confirmed for each of these 

starting materials using infrared spectroscopy. The ligands H3[PST], H3[TST], and  

H3[FST] were synthesized according to literature procedures.66, 69 Syntheses of 
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(Me4N)[CoII(RST)(OH2)] complexes were performed with modified procedures from 

literature;66-69 details are below. 

(Me4N)[Co(PST)(OH2)] (7). A 20 mL vial was charged with H3[PST] (100 mg, 0.17 

mmol), NaH (13.1 mg, 0.55 mmol), Me4NOAc (35 mg, 0.26 mmol), and DMA (5 mL). 

The reaction was stirred until all of the NaH had reacted. Co(OAc)2 (31.2 mg, 0.17 mmol) 

was added to the reaction, and the mixture was stirred for overnight to give a dark pink 

solution which was subsequently filtered over a fine frit. This solution was transferred into 

the wet glovebox, and water was added until the solution turned light pink. Crystals were 

obtained via diethyl ether diffusion into the DMA solution (83 mg, 67% yield).  

(Me4N)[Co(TST)(OH2)] (8). Compound 8 was synthesized in a manner akin to 7 using 

Co(OAc)2 (29.1 mg, 0.16 mmol), H3[TST] (100 mg, 0.16 mmol), NaH (12 mg, 0.50 

mmol), Me4NOAc (32.8 mg, 0.25 mmol), and DMA (5 mL). Pink crystals suitable for x-

ray analysis were obtained via slow diffusion of diethyl ether into the original DMA 

solution (71 mg, 59% yield). 

(Me4N)[Co(FST)(OH2)] (9). Compound 9 was synthesized in a manner akin to 7 using 

Co(OAc)2 (23.0 mg, 0.13 mmol), H3[FST] (100 mg, 0.13 mmol), NaH (9.7 mg, 0.40  

mmol), Me4NOAc (25.9 mg, 0.19 mmol), and DMA (5 mL). Pink crystals suitable for x-

ray analysis were obtained via slow diffusion of diethyl ether into the original DMA 

solution (76 mg, 65% yield).  

II.4.2 Crystallography 

Structural characterization was performed with single crystals on a Bruker QUEST 

instrument with a Mo Kα source. Compounds 7, 8, and 9 were collected on the QUEST 
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instrument equipped with a CCD detector. Suitable crystals were mounted on MiTeGen 

microloops using ®Paratone oil and placed in a cold stream of N2 for collection at 100 K. 

The collected data was integrated within the APEX 2 software suite, as well as SADABS 

for absorbance corrections.70 The structures were solved and refined using SHELXT71 and 

SHELXL72 respectively within the OLEX program.73 Hydrogen atoms were added in 

calculated positions. In some cases, reorientations of hydrogen atoms was performed to 

match visible electron density as well as due to obvious hydrogen bonding interactions.  

All non-hydrogen atoms were refined anisotropically, with the exception of 

compound 9. The best crystals diffracted to 1.2 Å on QUEST or with a synchrotron source, 

and so the structure was refined isotropically. SIMU and SADI restrains as well as EADP 

constraints were necessary to reasonably refine all atoms. There is disorder in the phenyl 

rings that could not be modelled due to the available data. Disorder can be observed in the 

[Me4N]+ cation of compound 8, where three methyl groups rotate about an axis formed by 

the remaining methyl group and central carbon atom. The two orientations exist in a ratio 

of 65:35. Further disorder is present in the SO2 linking group for one arm of one 

[Co(TST)(OH2)]
- anion. The rocking behavior is modelled with two parts which exist in a 

60:40 ratio. SADI and SIMU restraints and EADP constraints were necessary to refine the 

disorder anisotropically.  Further crystallographic details can be found in Table II-7. 
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Table II-7 Crystal structure data and refinement parameters for (Me4N)[MII(RST)(OH2)] 

complexes. 

Identification code (Me4N)[Co(PST)(OH2)] (Me4N)[Co(TST)(OH2)] 

Empirical formula C28H41CoN5O7S3 C186H278.88Co6N30O41.08S18 

Formula weight 714.77 4523.16 

Temperature/K 100 110 

Crystal system monoclinic monoclinic 

Space group P21/n P21/c 

a/Å 8.8333(4) 27.6756(7) 

b/Å 19.4522(9) 28.1247(8) 

c/Å 18.8765(8) 27.3928(7) 

α/° 90 90 

β/° 98.9080(10) 98.7760(10) 

γ/° 90 90 

Volume/Å3 3204.4(2) 21072.0(10) 

Z 4 4 

ρcalcg/cm3 1.482 1.426 

μ/mm-1 0.784 0.719 

F(000) 1500.0 9534.0 

Crystal size/mm3 0.114 × 0.057 × 0.042 0.95 × 0.36 × 0.23 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data 

collection/° 
4.188 to 50.15 4.154 to 45.972 

Index ranges 
-10 ≤ h ≤ 10, -23 ≤ k ≤ 23, -22 ≤ l 

≤ 21 

-30 ≤ h ≤ 30, -30 ≤ k ≤ 

30, -30 ≤ l ≤ 30 

Reflections collected 66775 305314 

Independent reflections 
5703 [Rint = 0.1211, Rsigma = 

0.0623] 

29257 [Rint = 0.0698, 

Rsigma = 0.0420] 

Data/restraints/parameters 5703/0/402 29257/83/2637 

Goodness-of-fit on F2 c 1.087 1.121 

Final R indexes [I>=2σ (I)] 
a,b 

R1 = 0.0449, wR2 = 0.1040 
R1 = 0.0472, wR2 = 

0.0942 

Final R indexes [all data] a,b R1 = 0.0806, wR2 = 0.1259 
R1 = 0.0754, wR2 = 

0.1032 

Largest diff. peak/hole / e 

Å-3 
0.38/-0.60 0.36/-0.49 
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Table II-7 Continued. 

Identification code (Me4N)[Co(FST)(OH2)] 

Empirical formula C62H76Co2F18N10O14S6 

Formula weight 1837.54 

Temperature/K 120 

Crystal system monoclinic 

Space group P21/c 

a/Å 29.724(4) 

b/Å 9.1042(13) 

c/Å 32.574(5) 

α/° 90 

β/° 114.795(4) 

γ/° 90 

Volume/Å3 8002(2) 

Z 4 

ρcalcg/cm3 1.525 

μ/mm-1 0.677 

F(000) 3768.0 

Crystal size/mm3 0.054 × 0.032 × 0.008 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 4.2 to 34.888 

Index ranges -24 ≤ h ≤ 24, -7 ≤ k ≤ 7, -27 ≤ l ≤ 27 

Reflections collected 78285 

Independent reflections 4985 [Rint = 0.1423, Rsigma = 0.0540] 

Data/restraints/parameters 4985/17/397 

Goodness-of-fit on F2 c 1.097 

Final R indexes [I>=2σ (I)] a,b R1 = 0.2284, wR2 = 0.4716 

Final R indexes [all data] a,b R1 = 0.2385, wR2 = 0.4777 

Largest diff. peak/hole / e Å-3 2.19/-1.95 
aR1 = (||Fo| – |Fc||)/|Fo|.  bwR2 = [[w(Fo

2 - Fc
2)2]/[w(Fo

2)2]]1/2 cGoodness-of-fit = 

[Σ[w(Fo
2 – Fc

2)2]/(n - p)]1/2, where n is the number of reflections and p is the total number 

of parameters refined. 

 

 

(Me4N)[Co(PST)(OH2)]. Similar to compound 2, the coordination of this molecule takes 

place between the four nitrogen atoms of the PST ligand and one water molecule in the 

axial position. Tetramethylammonium co-crystallizes with the CoII anionic moiety. This 

confirms both the divalent state of the cobalt center, as well as full deprotonation of the 
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ligand. The compound crystallizes in the monoclinic space group P21/n. The molecular 

structure of the anion is depicted in Figure II.36. The three arms of the ligand coordinate 

about the cobalt cation with bond angles that vary between 116.99(12)° and 118.91(12)°. 

These deviations away from 120° are indicative of deviation in ideal trigonal geometry. 

The bond lengths vary between 2.026(3) Å and 2.043(3) Å, and the bond angle between 

the axial nitrogen atom, cobalt ion, and axial oxygen atom is 174.57(10) which 

corroborates the distortion. The metal center is out of the plane generated by these three 

equatorial nitrogen atoms by 0.318 Å. The closest intermolecular distance between two of 

the cobalt centers is 8.833 Å. 

 

 
Figure II.36 Crystal structure and atom numbering scheme of the [Co(PST)(OH2)]

- 

anionic moiety. The Me4N
+ cation and hydrogen atoms were omitted for clarity. Thermal 

ellipsoids were drawn at the 50% probability level. Colors are as follows: turquoise, Co; 

blue, N; yellow, S; red, O; grey, C. 
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(Me4N)[Co(TST)(OH2)]. Coordination of this molecule is identical to 7. The compound 

crystallizes in the monoclinic space group P21/c. The asymmetric unit contains 6 

(Me4N)[Co(TST)(OH2)] molecules. The differences in these structures largely originates 

in the coordination of water, which varies from fully occupied to occupied 62% of the 

time. Three of the molecules are fully occupied, with the remaining molecules containing 

water with occupancies of 0.62, 0.64, and 0.81. SADI and SIMU restraints were placed 

on the disordered sulfur and oxygen atoms, as well as the bonded carbon and nitrogen 

atoms. SADI and EADP were applied to the disordered tetramethylammonium cation. 

These commands resulted in reasonable anisotropic refinement of the disorder. The crystal 

structure of one of the anionic molecules can be found in Figure II.37, representative of 

the coordination found in each of the 6 molecules in the asymmetric unit. The three arms 

of the ligand coordinate about the cobalt cation with bond angles that vary between 

116.33(13)° and 119.38(13)°. The bond lengths vary between 2.002(3) Å and 2.040(3) Å. 

The bond angle between the axial nitrogen atom, cobalt ion, and axial oxygen atom is 

177.20(11). The metal center is out of the plane generated by these three equatorial 

nitrogen atoms by 0.300 Å. The closest intermolecular distance between two of the cobalt 

centers is 9.116 Å. 
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Figure II.37 Crystal structure and atom numbering scheme for one of the 

[Co(TST)(OH2)]
- anionic moieties. The Me4N

+ cation, hydrogen atoms, and remaining 

(Me4N)[Co(TST)(OH2)] molecules were omitted for clarity. Thermal ellipsoids were 

drawn at the 50% probability level. Colors are as follows: turquoise, Co; blue, N; yellow, 

S; red, O; grey, C. 

 

 

(Me4N)[Co(FST)(OH2)]. Coordination of this molecule is identical to 7. The compound 

crystallizes in the monoclinic space group P21/c. The asymmetric unit contains 2 

(Me4N)[Co(FST)(OH2)] molecules. The crystal structure of one of the anions can be found 

in Figure II.38. The three arms of the ligand coordinate about the cobalt cation with bond 

angles that vary between 114.1(12)° and 125.4(11)°. The bond lengths vary between 

1.99(3) Å and 2.05(3) Å. The bond angle between the axial nitrogen atom, cobalt ion, and 

axial oxygen atom is 174.3(11)°. The metal center is out of the plane generated by these 

three equatorial nitrogen atoms by 0.334 Å. The closest intermolecular distance between 

two of the cobalt centers is 8.833 Å. 
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Figure II.38 Crystal structure and atom numbering scheme of the [Co(FST)(OH2)]

- 

anionic moiety. The Me4N
+ cation, hydrogen atoms, and remaining 

(Me4N)[Co(TST)(OH2)] molecules were omitted for clarity. Thermal ellipsoids were 

drawn at the 50% probability level. Colors are as follows: turquoise, Co; green, F; blue, 

N; yellow, S; red, O; grey, C. 

 

 

II.4.3 Magnetic Measurements 

Magnetic data were collected on a Quantum Design MPMS-3 SQUID from 1.8-

300 K with DC fields from 0-7 T. Compounds 7-9 were collected in plastic bags. 

Diamagnetic corrections were applied for the bags. The diamagnetic contribution from the 

compounds were calculated based on Pascal’s constants.74  

II.5 Results and Discussion 

II.5.1 Crystallographic Details 

The three new compounds, (Me4N)[Co(PST)(OH2)] (7), 

(Me4N)[Co(TST)(OH2)] (8), and (Me4N)[Co(FST)(OH2)] (9) were synthesized 

based on literature procedure69 via a reaction between the deprotonated ligand using 

NaH, the appropriate metal(II) acetate salt, and tetramethylammonium acetate in 
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dimethylacetamide (DMA) as the solvent. A schematic of the ligand synthesis is 

provided in Figure II.39.  

 

 

Figure II.39 Schematic of the synthetic procedure for the ligands H3[PST], H3[TST], 

H3[MST], and H3[FST]. 

 

 

Crystals were obtained by slow diffusion of diethyl ether into either DMA 

or dichloromethane (DCM) solutions. Complex 7 crystallizes in the space group 

monoclinic P21/n, and complexes 8 and 9 in monoclinic P21/c. These three 

compounds were compared to complex 2, which crystallized in the triclinic space 

group P1̅, as it fits in with the series as a whole.  

The geometries of all four complexes were confirmed using the SHAPE 

program79-80 which compares the experimental metrical parameters to the perfect 

geometry, with 0 indicating a perfect match to that geometry. These results are 

summarized in Table II-8, with the trigonal monopyramidal complexes being much 

closer to the ideal geometry than the trigonal bipyramidal complexes. 
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Table II-8 Shape measurements for compounds 2,7-9. Abbreviations are as follows: PP, 

pentagon; vOC, vacant octahedron; TBPY, trigonal bipyramid; SPY, square pyramid; 

JTBPY, Johnson trigonal bipyramid. 

 PP vOC TBPY SPY JTBPY 

2 35.541 7.083 0.695 5.309 2.498 

7 35.793 7.384 0.809 5.417 2.698 

8 35.250 7.283 0.868 5.382 2.320 

9 33.875 6.834 0.992 5.277 3.028 

  

 

In each structure, the metal center is above the equatorial plane generated by the 3 

coordinating nitrogen atoms, with 2 exhibiting the least distortion at a Co-Nplane distance 

of 0.295 Å. See Table II-9 for a summary of these measurements for all compounds. 

 

Table II-9 Selected intermolecular and intramolecular distances (Å) of 2, 7-9. 

 2 7 8 9 

N3…Ma 0.295 0.318 0.300 0.334 

M…Mb 8.479 8.833 9.116 8.500 
a distance between the metal center and the plane generated by the three equatorially 

coordinated nitrogen atoms (N2-N4) 
b closest intermolecular distance between two metal centers 

 

 

 

In each case, there is deviation from the ideal trigonal angle of 120° in the 

equatorial plane, and the angles between the axial nitrogen and oxygen atoms are <180°. 

This bend can be attributed to hydrogen bonding between the water and the sulfonyl 

oxygen atoms. See Table II-10 for a summary of the relevant distances and angles.  
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Table II-10 Selected bond lengths (Å) and angles (°) around the inner coordination 

sphere of 2, 7-9. 

 2 7 8 9 

N1 2.180(2) 2.171(3) 2.207(3) 2.29(3) 

N2 2.032(2) 2.043(3) 2.040(3) 2.05(3) 

N3 2.033(3) 2.058(3) 2.008(3) 1.99(3) 

N4 2.022(2) 2.026(3) 2.002(3) 2.03(3) 

N2-M-N3 120.04(10) 116.99(12) 119.38(13) 125.4(11) 

N3-M-N4 114.81(10) 116.99(12) 116.33(13) 114.2(13) 

N4-M-N2 118.90(10) 118.91(12) 117.75(13) 114.1(12) 

N1-M-O7 176.72(9) 174.57(10) 177.20(11) 174.3(11) 

 

 

II.5.2 DC Magnetic Studies 

Static DC measurements were performed on complexes 7-9 from 1.8 – 300 K using 

a SQUID magnetometer, Figure II.40. Complex 2, discussed previously in this chapter, is 

also shown in Figure II.40. The χmT values are all higher than 1.87 emu K mol-1, the ideal 

value for an S=3/2 system with g=2. Complex 7 exhibits a χmT value of 2.77 emu K mol-

1 at 300 K, which slowly decreases to 2.30 emu K mol-1 at 50 K, after which temperature 

there is a steep decrease to 1.51 emu K mol-1 at 2 K. Complex 8 exhibits a χmT value of 

2.47 emu K mol-1 at 300 K, which slowly decreases to 2.23 emu K mol-1 at 50 K, after 

which there is a steep decrease down to 1.47 emu K mol-1 at 2 K. Complex 9 exhibits a 

χmT value of 2.67 emu K mol-1 at 300 K, which slowly decreases to 2.30 emu K mol-1 at 

50 K and a steep decrease to 1.47 emu K mol-1 at 2 K. These deviations from ideality 

reflect spin-orbit coupling. Each compound exhibits Curie-like behavior until ~30 K, after 

which χmT decreases as expected due to zero-field splitting.  
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Figure II.40 χmT vs T data for compounds 2, 7-9, as labelled, under a 1000 Oe DC field. 

Solid lines are guides for the eye. 

 

 

The anisotropic nature of these complexes is also supported by the M versus H 

plots at 1.8 K that do not saturate even up to 7 T. The expected saturation point for each 

compound is 3 µB. Compound 2 reaches a maximum below 2.5 µB, Figure II.11, 7 reaches 

a maximum below 2.5 µB at 7 T, Figure II.41, 8 reaches a maximum below 2.5 µB, Figure 

II.42, and compound 9 also reaches a maximum below 2.5 µB, Figure II.43. In all cases, 

the lack of saturation and values well below those expected are indicative of significant 

anisotropy in all four systems.  
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Figure II.41 Magnetization vs field for compound 7. Solid line is a guide for the eye. 

 

 

 
Figure II.42 Magnetization vs field for compound 8. Solid line is a guide for the eye. 
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Figure II.43 Magnetization vs field for compound 9. Solid line is a guide for the eye. 

 

 

Reduced magnetization data were measured for 1-6 between 1.8 and 4 K and fit 

with the PHI program.81 The reduced magnetization data for 7 lack superposition of the 

isofield lines, as is the case with anisotropic contributions.  The data were fit with g, D, 

and E values equal to 2.24, 33 cm-1, and 0.2 cm-1, respectively, Figure II.44. The reduced 

magnetization data for 8 also exhibit a lack of superposition in the isofield lines.  The data 

were fit with g, D, and E values equal to 2.40, 24 cm-1, and 0.001 cm-1, respectively, Figure 

II.45. In a similar manner, compound 9 does not show superposition in the isofield lines. 

The data were fit with g, D, and E values equal to 2.40, 24 cm-1, and 0.001 cm-1, 

respectively, Figure II.46. 
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Figure II.44 Reduced magnetization for 7. Solid lines are fits to the experimental data 

using the PHI program. 

 

 

 
Figure II.45 Reduced magnetization for 8. Solid lines are fits to the experimental data 

using the PHI program. 
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Figure II.46 Reduced magnetization for 9. Solid lines are fits to the experimental data 

using the PHI program. 

 

 

A summary of the g, D, and E values for compounds 2 and 7-9 can be found in 

Table II-11. These results are in good agreement with the predictions in the paper of Ruiz 

et al.40. Each complex exhibits a large, positive D value as expected. Complexes 2 and 8 

were fit to very similar D values, and 7 has a slightly lower D value. Complex 9 displays 

the lowest D value in the series. These results indicate a rough correlation between 

decreasing electron donating abilities and decreasing D values. 

 

Table II-11 Comparison of g, D (cm-1), and E (cm-1) values for compounds 2 and 7-9. 

 

 

  2 7 8 9 

PHI g 2.40 2.40 2.26 2.29 

 D 24 21 24 20 

 |E| 0.001 0.08 0.07 0.04 
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II.5.3 AC Magnetic Studies 

Dynamic AC measurements under varying fields were performed on complexes 7-

9. No signal was observed for any of the complexes without an applied DC field. As a 

result, AC measurements under applied DC fields from 400-2000 Oe were measured, and 

all three were found to exhibit slow magnetic relaxation. The field used for further studies 

was chosen as the one with the most obvious maximum in χ” signals at the lowest 

frequencies.  

Compound 7 exhibits the lowest frequency maximum around 70 Hz, 8 displays a 

frequency maximum at ~650 Hz, and compound 9 displays a frequency maximum at ~860 

Hz. Fittings of the Cole-Cole plots for 7-9 were performed to extract Ueff, τ, and α 

parameters based on a modified Debye Function. The linear portion of the resulting 

Arrhenius plot was fit to extract the barrier (Ueff) for each complex. 

Complex 7 was measured under an applied DC field of 1200 Oe. A maximum in 

χ” was observed up to 4.6 K, along with the corresponding decrease in χ’. The low 

temperature regime is dominated by frequency independent quantum tunneling up to 

approximately 3.4 K, after which temperature the thermal regime becomes more prevalent. 

The χ’ and χ” plots can be found in Figure II.47. 
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a) 

 
b) 

 
Figure II.47 a) In phase susceptibility (χ’) vs Frequency and b) out of phase susceptibility 

(χ”) for 7. Solid lines are guides for the eye. 

 

 

The in-phase and out-of-phase susceptibility plots were subsequently converted 

into Cole-Cole plots and fit using CC-fit,83 which led to a maximum α value of 0.25, 

indicating a moderately wide range of relaxations times. A linear fit of the temperatures 

between 4.0 K and 4.8 K in the Arrhenius plot, Figure II.48, resulted in a barrier of Ueff/kb 

= 25 K and τo = 5.5 x 10-7 s.  
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a) 

 
b) 

 
Figure II.48 a) cole-cole plot fit via CC-fit, black lines are fits to the data b) ln(1/τ) vs 1/T 

for 7. Green data was fit with the black line shown. 

 

 

Complex 8 was measured under an applied DC field of 800 Oe. A maximum in χ” 

was observed up to 2.2 K, along with the corresponding decrease in χ’. A clear maximum 

is only visible for a few temperatures, and data were collected up to 3.2 K. The χ’ and χ” 

plots can be found in Figure II.49. 
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a) 

 
b) 

 
Figure II.49 a) In phase susceptibility (χ’) vs Frequency and b) out of phase susceptibility 

(χ”) for 8. Solid lines are guides for the eye. 

 

 

The Cole-Cole plot was fit using CC-fit83 which led to a maximum α value of 0.04, 

indicating a narrow range of relaxations times. A linear fit of the temperatures between 

1.8 K and 2.6 K in the Arrhenius plot, Figure II.50, resulted in a barrier of Ueff/kb = 4.4 K 

and τo = 2.25 x 10-5 s.  
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a) 

 
b) 

 
Figure II.50 a) Cole-Cole plot fit via CC-fit, black lines are fits to the data b) ln(1/τ) vs 

1/T for 8. Black line is a linear fit to the data. 

 

 

Complex 9 was measured under an applied DC field of 1200 Oe. A maximum in 

χ” was observed up to 1.9 K, along with the corresponding decrease in χ’, Figure II.51. 
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a) 

 
b) 

 
Figure II.51 a) In phase susceptibility (χ’) vs Frequency and b) out of phase susceptibility 

(χ”) for 9. Solid lines are guides for the eye. 

 

 

The Cole-Cole plot was fit using CC-fit83 which led to a maximum α value of 0.04, 

indicating a narrow range of relaxations times. A linear fit of the temperatures between 

1.8 K and 2.6 K in the Arrhenius plot, Figure II.52, resulted in a barrier of Ueff/kb = 4.2 K 

and τo = 1.67 x 10-5 s.  
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a) 

 
b) 

 
Figure II.52 a) Cole-Cole plot fit via CC-fit, black lines are fits to the data b) ln(1/τ) vs 

1/T fpr 9. Black line is a linear fit to the data. 

 

 

The barriers for all 3 compounds are lower than expected given the 2|D| 

energy gaps between the mS = 1/2 and mS = 3/2 microstates, which are 42, 48, and 

40 cm-1, for complexes 7, 8, and 9, respectively. These results are attributed to the 

presence of alternative relaxations such as Raman and quantum tunneling. There is 
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not sufficient data for compounds 8 and 9 to adequately fit these alternative 

relaxations.  

II.5.4 Magneto-structural Correlations 

Comparisons of crystal structures for compounds 7-9 and 2 revealed a general 

trend that the best performing magnets exhibit the most ideal geometries. These results 

lend credence to the requirement of strict geometric control for superior magnetic 

behavior. There does not appear to be a correlating trend between M…M separation and 

magnetic behavior which is not surprising because all compounds have distances greater 

than 8 Å, at which dipolar relaxations are expected to be suppressed.65 

A comparison of the D values and Ueff barriers for compounds 7-9 and 2, 

Table II-12, reveals that the D values for the complexes appear to generally correlate 

with electron donating abilities of the substituents, but the barrier height appears to 

be more dependent upon geometric distortion. A more direct comparison between 

the two best performing magnets, compounds 2 and 7, would require computational 

analysis. [Co(TPMA)(CH3CN)](BF4)2 (TPMA = tris(2-pyridylmethyl)amine) is the 

only other trigonal bipyramidal compound reported to have a positive D value, 

which is equal to 9.9 cm-1.65 The reported barrier height (Ueff) is 22 K. This report 

is quite similar to the results that were found for these four complexes in terms of 

the barrier height.  

 

Table II-12 Comparison of D and Ueff values for complexes 2 and 7-9. 

 

 

 2 7 8 9 

D (cm-1) 24 21 24 20 

Ueff (K) 10 25 4.4 4.2 
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 Another series that probed the effect of electron donating and withdrawing 

substituents on magnetic behavior is the trigonal monopyramidal [Fe(tpaR)]- series 

by Long, et al.25 Theoretical studies on the series found a direct correlation between 

electron donating ability and the D value, similar to what was observed in this 

chapter.26 A similar computational study of these complexes would certainly yield 

interesting insights into the origin of the magnetic behavior of these complexes. 

II.6 Conclusions 

In the first half of this chapter, results of the syntheses and characterization of three 

pairs of complexes in this work underscored the importance of ideal geometries. A general 

trend of trigonal monopyramidal geometries exhibiting superior SMM behavior as 

compared to the trigonal bipyramidal geometries was described. The trigonal 

monopyramidal cobalt and iron complexes exhibit slow magnetic relaxation under applied 

fields, resulting in barriers of 44 K and 40 K respectively. Coordination of a single water 

molecule in the open axial site of the trigonal monopyramidal complexes exerts a drastic 

dampening effects on the D value as well as slow relaxation. Computations reveal that 

coordination of water rotates the Dzz axis away from the C3 axis of symmetry resulting in 

a smaller D value. The aquo species (Me4N)[Co(MST)(OH2)] still shows slow magnetic 

relaxation under an applied field,  but the barrier is reduced to  9.9 K. Water coordination 

totally quenches the magnetic behavior in the iron complex, and reduces the D value for 

nickel to -185 cm-1. The drastic effect of a single coordinated water molecule emphasizes 

the subtle nature of SMM behavior in mononuclear complexes. 
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In the second half of this chapter, results of the syntheses and characterization of 

three trigonal bipyramidal complexes based on the MST ligand with varying electron 

donating and withdrawing substituents was investigated. This study stresses the 

importance, not only of strict geometric control, but also fine tuning of ligands via electron 

donating substituents. The D values of the complexes were found to roughly correlate with 

the electron donating ability of the phenyl substituents.  

The new data reported in this chapter add valuable information to the growing 

knowledge base of mononuclear transition metal SMMs. In the future, the knowledge 

gleaned from these two projects can be used to synthesize new SMMs that exhibit 

magnetic behavior at even higher temperatures. The fundamental principles can be used 

to build molecules purposely designed to have highly improved magnetic properties. 
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CHAPTER III  

MAGNETIC STUDIES OF PARTIALLY AND FULLY ENCAPSULATED 

DIVALENT COBALT IONS WITH TRIGONALLY SYMMETRIC LIGANDS 

 

III.1 Introduction 

Single molecule magnets were first recognized in 1993, and, since this time, the 

topic has grown into a major field of study. Gatteschi et al. discovered that 

Mn12O12(O2CCH3)16(H2O)4 (referred to as Mn12) demonstrates magnetic bi-stability 

similar to what is observed in bulk magnetism.3, 5 These materials exhibit hysteresis which 

looks very similar to those of bulk magnets, but which is of a very different origin. The 

SMM hysteresis arises from a barrier (U) for spin reversal between the ms microstates 

from the total spin S of the system. These microstates are non-degenerate due to a negative 

zero field splitting (ZFS) parameter -Dz, and the barrier created by the separation of 

microstates is  equal to S2|D| and (S2-1/4)|D| for integer and non-integer spin states, 

respectively.17 Over the past 20 years of SMM research, there has been a focus on 

increasing the spin reversal barrier (U) to higher temperatures for hysteresis to occur. 

Lately, the focus of the field has been towards increasing the axial zero field splitting 

parameter Dz rather than the spin value.40 

Strict control over the geometry of these molecules, and their interactions with 

each other, are vital to improving the magnetic behavior. The controlled synthesis of 

mononuclear complexes can subsequently be used in the building block approach to build 

multinuclear complexes with controlled anisotropy and coupling. However, direct 
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comparison between a mononuclear and dinuclear complex is often difficult due to 

significant changes in coordination, geometry, and oxidation state. A symmetric ligand 

structure that could either coordinate with two metal centers or be forced to coordinate 

with one metal center would be ideal for such a study. Cryptand-like organic ligands are 

promising as both ends are identical to each other, and they exhibit high symmetry in the 

tethers connecting those ends. These types of molecules have been used for the 

coordination of cations,91 anions,92-93 and transition metal ions.94-97 

In particular, the cryptand-like ligand 6,16,2,5-tribenzena(1,4)-

1,4,8,11,14,18,23,27-octaazabicyclo[9.9.9]nonacosaphane (L1), Figure III.1, was chosen. 

When considering what would be a good mimic of one-half of this cryptand, the ligand 

tris(2-(benzylidene)amino)ethyl)amine (trenbn), Figure III.1, is a close relation. These 

ligands are ideal for a comparison between partially and fully encapsulated transition 

metal centers. Divalent cobalt was chosen as the transition metal to pursue because it has 

strong anisotropy and compounds exhibiting interesting magnetic behavior have been 

observed,18, 43, 63, 65, 98 particularly in trigonal symmetries.65, 86-87 A direct comparison of 

these complexes should yield fascinating magnetic results and insights. 

For this chapter, the syntheses, structures, and magnetic properties of two 

mononuclear cobalt complexes, [Co(trenbn)Cl](BPh4) (1) and [Co(trenbn)Br](BPh4) (2), 

and two dinuclear cobalt complexes, [Co2(L
1)(Cl)](ClO4)3 (3) and  [Co2(L

1)(Br)](ClO4)3 

(4), were studied and their properties compared. 
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Figure III.1 Schematic drawing of the ligand structures for L1 (left) and trenbn (right). 

 

 

III.2 Experimental Methods 

III.2.1 Complex Synthesis 

The synthesis of 1 and 2 took place in an MBRAUN glovebox under a nitrogen 

atmosphere. Acetonitrile was degassed, refluxed over molecular sieves, and stored in the 

drybox over molecular sieves. Diethyl ether was purified using an MBRAUN purification 

system and stored over 3Å molecular sieves. Dichloromethane (DCM) was dried over 

P2O5 and stored over 3Å molecular sieves. Sodium tetraphenylborate was dried under 

vacuum at 100°C overnight and stored in the glovebox. Anhydrous CoCl2 and CoBr2 were 

purchased from Fisher Scientific, and used as received. For 3 and 4, Co(ClO4)2, NH4Cl, 

and (n-Bu)4NBr were purchased commercially, stored in a desiccator, and used as 

received. Acetonitrile and methanol were purchased from Fisher Scientific, stored under 

ambient conditions, and used as received. Caution, perchlorate salts are potentially 

explosive and must be handled with care and in small quantities. Trenbn, L1, 3, and 4 were 

synthesized by following literature procedures.99-100 
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[Co(trenbn)Cl](BPh4) (1). Trenbn (100 mg, 0.24 mmol) was dissolved in 10 mL of 

acetonitrile. CoCl2 (58 mg, 0.24 mmol) was added resulting in a dark blue solution. The 

reagent NaBPh4 was then added and the solution turned bright purple and cloudy. After 

stirring overnight, the acetonitrile was removed and the residue was dissolved in DCM. 

After stirring overnight, the resulting cloudy, purple solution was filtered through a fine 

frit to give a clear, purple solution. Slow diffusion of Et2O into the filtrate resulted in 

purple crystals suitable for single crystal X-ray diffraction (148 mg, 74.7% yield).   

[Co(trenbn)Br](BPh4) (2). Trenbn (100 mg, 0.24 mmol) was dissolved in 10 mL of 

acetonitrile. CoBr2 (53 mg, 0.24 mmol) was added resulting in a purple solution, followed 

by NaBPh4 resulting in a dark purple, cloudy solution. After stirring overnight, the 

acetonitrile was removed and the residue was dissolved in DCM. After stirring overnight, 

the resulting cloudy, purple solution was filtered through a fine frit resulting in a clear, 

purple solution. Slow diffusion of Et2O into the filtrate resulted in purple crystals suitable 

for single crystal X-ray diffraction (153 mg, 73.6% yield).   

[Co2(L1)(Cl)](ClO4)3 (3). Co(ClO4)2•6H2O (122 mg, 0.33 mmol) was dissolved in 5 mL 

of methanol and 5 mL of acetonitrile. NH4Cl (8.9 mg, 0.167 mmol) was subsequently 

added to the solution, followed by L1 (100 mg, 0.167 mmol) which was added dropwise 

as a methanolic solution (5 mL). After 4 hours, the resulting purple solid was isolated via 

filtration and dissolved in CH3CN. Slow evaporation resulted in purple, x-ray quality 

single crystals (32 mg, 16% yield). 

[Co2(L1)(Br)](ClO4)3 (3). Co(ClO4)2•6H2O (122 mg, 0.33 mmol) was dissolved in 5 mL 

of methanol and 5 mL of acetonitrile. (n-Bu)4NCl (54 mg, 0.167 mmol) was subsequently 
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added to the solution, followed by dropwise addition of L1 (100 mg, 0.167 mmol) in 

methanol (5 mL). After 4 hours, the resulting purple solid was isolated via filtration and 

dissolved in CH3CN. Slow evaporation resulted in purple, X-ray quality single crystals 

(32 mg, 15% yield). 

III.2.2 Crystallography 

Structural characterization for 1 and 2 was performed using the synchrotron at 

Argonne National Laboratory. Suitable crystals were mounted on glass fibers using 

Paratone oil and placed in a cold stream of N2 for collection at 100 K. Crystals of 3 and 4 

were collected on a Bruker QUEST instrument equipped with a Mo Kα source and CCD 

detector. Suitable crystals were mounted on MiTeGen microloops using Paratone oil and 

placed in a cold stream of N2 for collection at 100 K. The collected data for 1-4 were 

integrated within the APEX 2 software suite, as well as SADABS for absorbance 

corrections.70 The structures were solved and refined using SHELXT71 and SHELXL72, 

respectively, within the OLEX program.73 Hydrogen atoms were added in calculated 

positions. In some cases, reorientations of hydrogen atoms were performed to match 

visible electron density as well as due to obvious hydrogen bonding interactions.  

All non-hydrogen atoms were refined anisotropically. Both 1 and 2 exhibit 

positional disorder over one of the phenyl group arms in the main cationic molecule in 

ratios of 57:43 and 63:37, respectively. The use of SIMU and SADI restraints were 

necessary in order to achieve a reasonable model of the disorder. Additionally, 1 and 2 

were run through the program SQUEEZE.101  Diethyl ether co-crystallizes, disordered 

over multiple positions in each structure. Attempts to model the solvent molecule were 
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not successful. The electron counts of 40 and 41 for 1 and 2, respectively, from the 

program are very close to the 42 electrons in one diethyl ether molecule. No disorder was 

visible in the structures for 3 and 4. Further crystallographic details are listed in Table 

III-1.  

 

Table III-1 Crystal data and structure refinement for complexes 1-4. 

Identification code co_trenbn_cl co_trenbn_br 

Empirical formula C51H50BClCoN4 C51H50BBrCoN4 

Formula weight 824.14 868.60 

Temperature/K 100 100 

Crystal system monoclinic monoclinic 

Space group C2/c C2/c 

a/Å 34.5671(15) 34.7669(18) 

b/Å 15.0100(7) 15.0215(8) 

c/Å 20.2852(9) 20.2934(10) 

α/° 90 90 

β/° 120.5490(10) 120.6030(10) 

γ/° 90 90 

Volume/Å3 9064.1(7) 9122.1(8) 

Z 8 8 

ρcalcg/cm3 1.208 1.265 

μ/mm‑1 0.476 0.691 

F(000) 3464.0 3608.0 

Crystal size/mm3 0.97 × 0.16 × 0.15 0.56 × 0.098 × 0.065 

Radiation Synchrotron (λ = 0.41328) Synchrotron(λ = 0.41328) 

2Θ range for data 

collection/° 
4.664 to 53.112 2.712 to 26.712 

Index ranges 
-43 ≤ h ≤ 43, -18 ≤ k ≤ 18, 

-24 ≤ l ≤ 24 

-38 ≤ h ≤ 38, -16 ≤ k ≤ 16, 

-21 ≤ l ≤ 22 

Reflections collected 100023 72745 

Independent reflections 
9205 [Rint = 0.0585, Rsigma 

= 0.0259] 

6480 [Rint = 0.0636, 

Rsigma = 0.0284] 

Data/restraints/parameters 9205/177/578 6480/177/578 

Goodness-of-fit on F2 1.056 1.062 

Final R indexes [I>=2σ (I)] R1 = 0.0520, wR2 = 0.1548 R1 = 0.0426, wR2 = 0.1196 

Final R indexes [all data] R1 = 0.0581, wR2 = 0.1595 R1 = 0.0483, wR2 = 0.1231 

Largest diff. peak/hole / e 

Å-3 
1.45/-0.64 1.00/-0.56 
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Table III-1 Continued. 

Identification code CoLCl CoLBr 

Empirical formula C42H67Cl4Co2N11O14 C42H67BrCl3Co2N11O14 

Formula weight 1209.72 1254.18 

Temperature/K 100 120 

Crystal system triclinic triclinic 

Space group P-1 P-1 

a/Å 12.9884(11) 13.0947(3) 

b/Å 13.9606(12) 13.9256(3) 

c/Å 15.4677(14) 15.5508(3) 

α/° 87.470(2) 87.4040(10) 

β/° 66.461(2) 65.9870(10) 

γ/° 81.663(2) 81.6510(10) 

Volume/Å3 2543.8(4) 2562.54(10) 

Z 2 2 

ρcalcg/cm3 1.579 1.625 

μ/mm‑1 0.938 1.658 

F(000) 1260.0 1296.0 

Crystal size/mm3 0.78 × 0.056 × 0.042 0.085 × 0.053 × 0.046 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data 

collection/° 
4.148 to 55.754 4.212 to 56.612 

Index ranges 
-17 ≤ h ≤ 17, -18 ≤ k ≤ 18, 

-20 ≤ l ≤ 20 

-17 ≤ h ≤ 17, -18 ≤ k ≤ 18, 

-20 ≤ l ≤ 20 

Reflections collected 118176 130830 

Independent reflections 
11856 [Rint = 0.0510, 

Rsigma = 0.0273] 

12713 [Rint = 0.0756, 

Rsigma = 0.0327] 

Data/restraints/parameters 11856/0/667 12713/0/667 

Goodness-of-fit on F2 c 1.041 1.077 

Final R indexes [I>=2σ 

(I)]a,b 
R1 = 0.0385, wR2 = 0.0819 R1 = 0.0518, wR2 = 0.1333 

Final R indexes [all data]a,b R1 = 0.0522, wR2 = 0.0875 R1 = 0.0804, wR2 = 0.1658 

Largest diff. peak/hole / e 

Å-3 
0.90/-0.67 3.12/-1.53 

aR1 = (||Fo| – |Fc||)/|Fo|.  bwR2 = [[w(Fo
2 - Fc

2)2]/[w(Fo
2)2]]1/2 cGoodness-of-fit = 

[Σ[w(Fo
2 – Fc

2)2]/(n - p)]1/2, where n is the number of reflections and p is the total number 

of parameters refined. 
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[Co(trenbn)Cl](BPh4) and [Co(trenbn)Br](BPh4). The crystal structures for 1 and 2 are 

very similar, and will be discussed together. Coordination for both complexes involves 

four nitrogen atoms from the trenbn ligand in the equatorial positions, as well as one axial 

position. The remaining axial position is filled by chloride or bromide anions for 1 and 2, 

respectively, resulting in trigonal bipyramidal geometry for both compounds. The anion 

tetraphenylborate is present for charge balance. These findings confirm the divalent 

oxidation state of the cobalt centers. Both complexes crystallize in the monoclinic space 

group C2/c. The crystal structures for 1 and 2 can be found in Figure III.2 and Figure III.3, 

respectively.  

 

 
Figure III.2 Crystal structure and atom numbering scheme of [Co(trenbn)Cl](BPh4). 

Hydrogen atoms and half of the disorder were omitted for clarity. Thermal ellipsoids were 

drawn at the 50% probability level. Colors are as follows: turquoise, Co; blue, N; yellow, 

B; green, Cl; grey, C. 
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Figure III.3 Crystal structure and atom numbering scheme of [Co(trenbn)Br](BPh4). 

Hydrogen atoms and half of the disorder were omitted for clarity. Thermal ellipsoids were 

drawn at the 50% probability level. Colors are as follows: turquoise, Co; blue, N; yellow, 

B; brown, Br; grey, C. 

 

 

For 1, the three arms of the ligand coordinate about the cobalt cation with bond 

angles that vary between 107.80(8)° and 123.01(9)°. In 2, these angles vary between 

108.12(11)° and 123.05(12)°. These distortions from 120° are indicative of a deviation 

from ideal trigonal geometry. The bond lengths in 1 vary between 2.055(2) Å and 2.114(2) 

Å. For 2, the bond lengths varied between 2.046(3) Å and 2.111(3) Å. These variations in 

length further emphasize the distortion from ideal geometry. The bond angles between the 

axial nitrogen atom, cobalt ion, and axial halide are 174.65(6)° and 174.06(8)°, for 1 and 

2, respectively. The metal center is out of the plane generated by these three equatorial 

nitrogen atoms by 0.400 Å and 0.396 Å for 1 and 2, respectively. The closest 

intermolecular distance between two of the cobalt centers is 8.608 Å and 8.708 Å for 1 

and 2, respectively. 

 



 

116 

 

[Co2(L1)(Cl)](ClO4)3 and [Co2(L1)(Br)](ClO4)3. The crystal structures for 3 and 4 are 

very similar, and will be discussed together. The complexes are coordinated to four 

nitrogen atoms from the L1 ligand in the equatorial positions, as well as one axial position, 

on both ends of the cage-like structure. The remaining axial position is filled by a bridging 

chloride or a bridging bromide anion for 3 and 4, respectively, resulting in trigonal 

bipyramidal geometry for the cobalt centers. Three perchlorate anions, as well as three 

acetonitrile and two water molecules, are also present in the crystals. Both complexes 

crystallize in the triclinic space group P1̅. The crystal structures for 3 and 4 can be found 

in Figure III.4 and Figure III.5, respectively.  

 

 
Figure III.4 Crystal structure and atom numbering scheme of [Co2(L

1)(Cl)](ClO4)3. 

Hydrogen atoms and solvent molecules were omitted for clarity. Thermal ellipsoids were 

drawn at the 50% probability level. Colors are as follows: turquoise, Co; blue, N; green, 

Cl; red, O; grey, C. 
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Figure III.5 Crystal structure and atom numbering scheme of [Co2(L

1)(Br)](ClO4)3. 

Hydrogen atoms and solvent molecules were omitted for clarity. Thermal ellipsoids were 

drawn at the 50% probability level. Colors are as follows: turquoise, Co; blue, N; green, 

Cl; brown, Br; red, O; grey, C. 

 

 

For compound 3, the three arms of the ligand coordinate to the cobalt cations with 

bond angles that vary between 116.24(7)° and 117.05(7)° on one end and 116.09(7)° and 

117.80(7)° on the other end. In 2, these angles vary between 116.74(13)° and 117.83(13)° 

on one end and 116.75(13)° and 118.15(12)° on the opposite end. These deviations from 

120° indicate a distorted trigonal geometry for each metal center. The bond distances in 1 

vary between 2.1175(18) Å and 2.1284(17) Å on one end, and 2.1160(18) Å and 

2.1295(18) Å on the opposite end. For 2, the bond lengths varied between 2.114(3) Å and 

2.124(3) Å on one end, and 2.115(3) Å and 2.133(3) Å on the other. These variations 

further emphasize the distortion from ideal geometry. The bond angles between the axial 

nitrogen atom, cobalt ion, and axial halide in 3 are 178.86(5)° and 178.18(5)° on each end. 
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The angle between the two cobalt cations and the bridging halide is 178.83(3)°. The bond 

angles between the axial nitrogen atom, cobalt ion, and axial halide in 4 are 179.26(8)° 

and 178.24(8)° on each end. The angle between the two cobalt cations and the bridging 

halide is 178.43(2)°. The metal center is above the plane generated by these three 

equatorial nitrogen atoms by 0.382 Å and 0.389 Å on each end of 3. In 4, these distances 

are 0.354 Å and 0.350 Å.  

III.2.3 Magnetic Measurements 

Magnetic data were collected on a Quantum Design MPMS-3 SQUID from 1.8-

300 K with DC fields from 0-7 T. Compounds 1-4 were collected in plastic bags. 

Diamagnetic corrections were applied for the bags using pre-calibration, and diamagnetic 

contribution from the compounds were calculated based on Pascal’s constants.74  

III.3 Results and Discussion 

III.3.1 Crystallographic Details 

Reported herein are the four compounds: [Co(trenbn)Cl](BPh4) (1), 

[Co(trenbn)Br](BPh4) (2), [Co2(L
1)(Cl)](ClO4)3 (3), and [Co2(L

1)(Br)](ClO4)3 (4). 

Compounds 1 and 2 were synthesized with CoX2 (X=Cl,Br), the ligand trenbn, and 

NaBPh4 in acetonitrile. Crystals were obtained by slow diffusion of diethyl ether 

into dichloromethane (DCM) solutions. Compounds 3 and 4 were synthesized from 

Co(ClO4)2, L1, and NH4Cl (for 3) or N(n-bu)4Br (for 4) in a 50:50 mixture of 

methanol and acetonitrile. Crystals were obtained by slow evaporation. Complexes 

1 and 2 crystallize in the monoclinic space group C2/c, and complexes 3 and 4 

crystallize in triclinic P1̅. The structures of 3 and 4 were previously reported using 
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slow diffusion of diethyl ether as the crystallization method rather than slow 

evaporation.102 The structures of 1 and 3 are shown in Figure III.6. The blue 

polyhedra emphasize the trigonal bipyramidal geometries in each complex. 

 

 
Figure III.6 Crystal structure for 1 and 3 as representative examples. All hydrogen atoms 

and co-crystallizing anions and solvent have been omitted for clarity. Colors are as 

follows: turquoise, Co; blue, N; green, Cl; grey, C. Blue polyhedra were generated around 

the cobalt ions. 

 

 

The geometries of the complexes were confirmed using the SHAPE 

program79-80 which compares the experimental metrical parameters to the perfect 

geometry, with 0 indicating a perfect match to that geometry. In all cases, trigonal 

bipyramidal is the best geometry to describe the coordination of 1-4, Table III-2. 

Complex 1 is closer to an ideal trigonal bipyramidal geometry than complex 2. For 3 and 

4, 3 is slightly closer to an ideal geometry, but they are quite similar to each other. 
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Additionally, while there is some variation, both cobalt ions in each cage exhibit similar 

values, indicating similar amounts of distortion on each side of the cage. 

 

Table III-2 Shape measurements for compounds 1-4. For 3 and 4, t and b represent the 

top and bottom of each cage-like structure. Abbreviations are as follows: PP, pentagon; 

vOC, vacant octahedron; TBPY, trigonal bipyramid; SPY, square pyramid; JTBPY, 

Johnson trigonal bipyramid. 

 PP vOC TBPY SPY JTBPY 

1 33.275 6.555 1.732 5.214 2.929 

2 33.431 6.791 2.203 5.546 2.825 

3_t 37.147 8.050 1.541 6.660 2.452 

3_b 36.567 8.017 1.499 6.539 2.445 

4_t 37.152 8.041 1.588 6.730 2.335 

4_b 36.573 8.049 1.549 6.589 2.329 

 

 

In each structure, the metal center is above the equatorial plane generated by the 

three coordinating nitrogen atoms, with 4 exhibiting the least distortion with a Co-Nplane 

distance of 0.350 Å. A comparison of the mononuclear complexes to the dinuclear 

compounds reveals that the cobalt ions in the latter complexes are closer to in plane than 

those in the mononuclear complexes. The intermolecular distances in the mononuclear 

complexes are ~0.6 Å closer than those in the dinuclear complexes. See Table III-3 for a 

summary of these measurements for all compounds. 

 

 

Table III-3 Selected intermolecular and intramolecular distances (Å) of 1-4. 

 1 2 3_t 3_b 4_t 4-b 

N3…Ma 0.400 0.396 0.382 0.389 0.354 0.350 

M…Mb 8.608 8.708 9.270 9.270 9.272 9.272 
a distance between the metal center and the plane generated by the three equatorially 

coordinated nitrogen atoms (N2-N4) 
b closest intermolecular distance between cobalt ions in two different molecules 
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The bond lengths are longer upon comparison of 1 vs 3 and 2 vs 4, with 3 and 4 

being longer in each case. In each case, there is deviation from the ideal trigonal angle of 

120° in the equatorial plane, and the angles between the axial nitrogen and halide atoms 

are <180°. In 3 and 4, the angle between the two cobalt centers and the halide atom is 

slightly less than 180°. See Table III-4 for a summary of the relevant distances and angles.   

 

 

Table III-4 Selected bond lengths (Å) and angles (°) around the inner coordination sphere 

of 1-4. Nitrogen atoms labelled per molecule or end of the cage structure, X=Cl/Br. 

 1 2 3_t 3_b 4_t 4-b 

N1/N5 2.2469(19) 2.241(3) 2.2801(18) 2.2766(18) 2.259(3) 2.262(3) 

N2/N6 2.055(2) 2.081(3) 2.1175(18) 2.1196(18) 2.124(3) 2.133(3) 

N3/N7 2.114(2) 2.111(3) 2.1215(17) 2.1160(18) 2.114(3) 2.116(3) 

N4/N8 2.0862(19) 2.046(3) 2.1284(17) 2.1295(18) 2.119(3) 2.115(3) 

X 2.2818(7) 2.4349(6) 2.4241(6) 2.4196(6) 2.4970(6) 2.4922(6) 

N2/6-M-N3/7 107.80(8) 118.10(12) 116.24(7) 116.09(7) 117.23(13) 117.11(12) 

N3/7-M-N4/8 118.26(8) 108.12(11) 117.05(7) 117.80(7) 116.74(13) 116.75(13) 

N4/8-M-N2/6 123.01(9) 123.05(12) 116.84(7) 116.60(7) 117.83(13) 118.15(12) 

N1/5-M-X 174.65(6) 174.06(8) 178.86(5) 178.18(5) 179.26(8) 178.24(8) 

Co1-X-Co2   178.83(3)  178.43(2)  

 

 

III.3.2 DC Magnetic Studies 

Static DC measurements were performed on complexes 1-4 from 1.8 – 300 K using 

a SQUID magnetometer. The χmT vs T plots for 1 and 2 are visualized in Figure III.7. The 

χmT values are all higher than 1.87 emu K mol-1, the ideal value for an S=3/2 system with 

g=2. Complex 1 exhibits a χmT value of 2.27 emu K mol-1 at 300 K, which slowly 

decreases to 2.09 emu K mol-1 at 50 K, after which there is a steep decrease down to 1.39 

emu K mol-1 at 2 K. Complex 2 exhibits a χmT value of 2.54 emu K mol-1 at 300 K, which 

slowly decreases to 2.38 emu K mol-1 at 50 K, after which there is a steep decrease to 1.50 

emu K mol-1 at 2 K. These deviations from ideality reflect spin-orbit coupling. Each 
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compound exhibits near Curie-like behavior until ~50 K, after which χmT decreases as 

expected due to zero-field splitting.  

 

 
Figure III.7 χmT vs T data for compounds 1 and 2, as labelled, under a 1000 Oe DC field. 

Solid lines are fits to the data using the program PHI. 

 

 

The χmT vs T plots for 3 and 4 (Figure III.8) indicate that the χmT value at 300 K 

for 3 is 3.74 emu K mol-1, which is equal to the spin-only value for two non-interacting 

S=3/2 ions with g=2. Compound 4 is lower than this value at 3.46 emu K mol-1. In both 

cases, χmT rapidly decreases to 0.12 emu K mol-1 and 0.04 emu K mol-1 for 3 and 4, 

respectively, which is consistent with antiferromagnetic coupling. In a fully coupled 

system, this would result in a non-magnetic ground state. Interestingly, for 3, an increase 

in χmT occurs below 14 K, where χmT increases from 0.18 emu K mol-1 to 0.31 emu K 

mol-1 at 7 K, after which a steep decrease is observed. This increase is absent in 4. 
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Figure III.8 χmT vs T data for compounds 3 and 4, as labelled, under a 1000 Oe DC field. 

Solid lines are fits to the data using the program PHI. 

 

 

The anisotropic nature of 1 and 2 is supported by the M versus H plots at 1.8 K 

that do not saturate, even up to 7 T. The expected saturation point for each compound is 3 

µB, a value which neither of the compounds reach. Compound 1 shows a maximum below 

2.5 µB, Figure III.9. Compound 2 reaches a maximum equal to 2.5 µB at 7 T, Figure III.10.  
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Figure III.9 Magnetization vs field for compound 1. Solid line is a guide for the eye. 

 

 

 
Figure III.10 Magnetization vs field for compound 2. Solid line is a guide for the eye. 
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For compounds 3 and 4, the maximum in magnetization should be very low, 

corresponding to antiferromagnetic coupling at 1.8 K. For 3, the maximum is below 0.1 

µB at 7 T, indicating nearly full antiferromagnetic coupling at low temperatures, Figure 

III.11. Compound 4 reaches a maximum slightly above 0.1 µB, also indicating nearly full 

antiferromagnetic coupling at low temperatures, Figure III.12. 

 

 
Figure III.11 Magnetization vs field for compound 3. Solid line is a guide for the eye. 
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Figure III.12 Magnetization vs field for compound 4. Solid line is a guide for the eye. 

 

 

In order to determine experimental giso, D, and E values for 1 and 2, χT and reduced 

magnetization plots were simultaneously fit using PHI.81 The fits to the susceptibility plots 

are provided in Figure III.7. The reduced magnetization for compound 1 shows a lack of 

superposition in the isofield lines as expected for an anisotropic Co(II) system. The data 

were fit with g, D, and E values equal to 2.13, 12.21 cm-1, and 0.16 cm-1, respectively, 

Figure III.13. The reduced magnetization for compound 2 also shows a lack of 

superposition in the isofield lines, indicative of anisotropy.  The data were fit with g, D, 

and E values equal to 2.26, 13.2 cm-1, and 0.07 cm-1, respectively, Figure III.14. 
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Figure III.13 Reduced magnetization for 1. Solid lines are fits to the experimental data 

using the PHI program. 

 

 

 
Figure III.14 Reduced magnetization for 2. Solid lines are fits to the experimental data 

using the PHI program. 

 

 



 

128 

 

 Reduced magnetization were also collected for 3 and 4. As expected for the 

antiferromagnetically coupled systems, the magnetization values are low, Figure III.15. 

For this reason, only χmT was fit using PHI to extract g, D, and J values to evaluate the 

anisotropy of the cobalt centers, as well as the strength of the coupling between the two 

metal centers, Figure III.8. To avoid over parameterization, the g and D values for each 

cobalt center were assumed to be equal. The sign of D could not be determined based on 

the experimental fits to χmT, with both positive and negative D yielding similar results, 

and so the |D| is reported for 3 and 4. In the case of 3, only the temperature range between 

300 K and 18 K was fit due to the peak in χmT at low temperatures. This resulted in g, |D|, 

and J values of 2.31, 16.02 cm-1, and -21.21 cm-1 respectively. For 4, the total temperature 

range between 300 K and 2 K was fit. This resulted in g, |D|, and J values of 2.28, 26.1 

cm-1, and -25.29 cm-1 respectively. 

 

 
Figure III.15 Reduced magnetization at 1.8 K for 3 (left) and 4 (right).  
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Upon comparison to the predictions made by Ruiz et al.40, 1 and 2 strongly agree. 

Both 1 and 2 exhibit relatively large, positive D values based on the data fits. Compound 

2 has a slightly larger D value as expected due to the coordination of a heavier halide. A 

direct comparison of 3 and 4 is difficult due to the issue in assigning the sign of D. Both 

positive and negative D values have been observed in literature for trigonal bipyramidal 

Co(II) complexes, so an assumption cannot be made on literature precedence either.65, 98, 

100, 103 The g, D, E, and J values for 1-4 are summarized in Table III-5. 

 

Table III-5 Experimental values of g, D, E, and J for 1-4 based on PHI fittings. 

 1 2 3 4 

g 2.13 2.26 2.31 2.28 

D (cm-1) 12.21 13.2 16.02 26.1 

E (cm-1) 0.16 0.07   

J (cm-1)   -21.21 -25.29 

 

 

III.3.3 AC Magnetic Studies 

Compounds 1-4 were also measured under an AC field to probe the magnetic 

properties using DC fields from 0 Oe to 2000 Oe. Compound 1 exhibits only the beginning 

of an out-of-phase signal under applied DC fields up to 2000 Oe, Figure III.16.  Compound 

2 exhibits slightly better magnetic behavior, with a peak visible under a 2000 Oe DC field 

at high frequencies, Figure III.17. 

 



 

130 

 

 
Figure III.16 Out-of-phase susceptibility for compound 1 under applied DC fields from 

0 Oe to 2000 Oe, as labelled. 

 

 

 
Figure III.17 Out-of-phase susceptibility for compound 2 under applied DC fields from 

0 Oe to 2000 Oe, as labelled. 
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Complex 2 was measured under an applied DC field of 2000 Oe. A maximum in 

χ” was observed up to 2.2 K, along with the corresponding decrease in χ’. The χ’ and χ” 

plots are provided in Figure III.18. 

 

a) 

 
b) 

 
Figure III.18 a) In-phase susceptibility (χ’) vs Frequency and b) out-of-phase 

susceptibility (χ”) for 2 under an applied DC field of 2000 Oe. Solid lines are guides for 

the eye. 
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The in-phase and out-of-phase susceptibility plots were converted into a Cole-Cole 

plot. It was subsequently fit using CC-fit83 which led to a maximum α value of 0.17, 

indicating a relatively narrow range of relaxations times. The resulting Arrhenius plot was 

fit with a linear fit line resulting in a barrier of Ueff/kb = 6.7 K and τo = 1.20 x 10-8 s, Figure 

III.19.  

 

a) 

 
b) 

 
Figure III.19 a) Cole-Cole plot fit via CC-fit and b) ln(τ) vs 1/T fit with a linear regression. 

Black lines are fits to the data. 
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 The magnetic behavior for 3 and 4 was also investigated. Compound 3 exhibits an 

out-of-phase signal under a zero applied DC field. However, the in-phase susceptibility 

also exhibited a similar shaped signal, Figure III.20. This shape of the in-phase data 

indicates that the spin blocking that is being observed cannot be attributed to SMM 

behavior.  

 

a) 

 
b) 

 
Figure III.20 a) In-phase and b) out-of-phase susceptibility for 3 under 0 applied DC field 

at the frequencies indicated. 
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 The maximum peaks in both graphs start close to the same temperature at which 

there was a maximum in the low temperature regime in the χmT vs T plots, indicative of a 

change in the interaction between molecules. In this vein, the Mydosh parameter was 

calculated according to the equation Χ = Δ𝑇/(𝑇𝑓 ∗ Δ(log10 𝜐)).104-105 This resulted in a 

value of 0.045 and 0.055 for χ’ and χ”, respectively. These values are an order of 

magnitude smaller than what is usually observed in SMM behavior. They are in the range 

observed for complexes that behave as glassy magnets.104-105 Additional confirmation 

comes from χ” being approximately 10% of χ’.104-105 In order to further assess the glassy 

magnetic behavior, the field cooled (FC) and zero field cooled (ZFC) magnetic 

susceptibilities were investigated. Cooling for the FC data took place under a DC field of 

10,000 Oe. Strong irreversibility in the susceptibility is observed, indicated by the 

significant divergence at approximately 5 K, Figure III.21. This behavior is expected for, 

and evidence towards, the blocking of the spins in random orientations, resulting in the 

glassy magnetic bheavior.105-106 

 

 
Figure III.21 Susceptibility for 3 from 2 K to 15 K under field cooled (FC) and zero field 

cooled (ZFC) conditions. 
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 The out-of-phase susceptibility in 4 was measured to probe for any similar glassy 

magnet behavior. The in-phase and out-of-phase susceptibility data were measured under 

applied DC fields from 0-2000 Oe at 1.8 K and 5 K, Figure III.22. No signal was observed 

at either temperature. Correspondingly, there is no divergence in the FC and ZFC data, 

Figure III.23. 

 

 
Figure III.22 Out-of-phase susceptibility for 4 at 5 K under applied DC fields from 0 Oe 

to 2000 Oe, as labelled. 

 

 

 
Figure III.23 Susceptibility from 2 K to 15 K for 4 under field cooled (FC) and zero field 

cooled (ZFC) conditions. 
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III.3.4 Magneto-Structural Correlations 

Comparisons of the crystal structures for the mononuclear complexes 1 and 2 and 

the dinuclear complexes 3 and 4 indicate that the geometry about each ion could be 

described as trigonal bipyramidal. Compounds 3 and 4 exhibit geometries closer to ideal 

than their mononuclear analogues. When comparing the chloride containing molecules 

with the bromide derivatives, the chloride complexes, 1 and 3, are closer to ideal geometry 

than their bromide analogues. The intermolecular distances are longer in 3 and 4 by 

approximately 0.6 Å.  

For both pairs of complexes, the D value for the bromide containing complexes is 

larger than the D value for the chloride containing complexes. This is expected due to the 

heavy atom effect of the bromide ion, and has been observed in literature.107-112 

Additionally, the D values for 3 and 4 are larger than those for 1 and 3. This correlates 

with the SHAPE values that were observed for the complexes. Based on these 

observations, the full cage appears to help stabilize the low coordination sphere around 

each cobalt ion, resulting in a more ideal geometry and higher D values.  

The out-of-phase susceptibility data also correlate with the observed D values for 

1 and 2. Although neither exhibits SMM behavior in the absence of a DC field, compound 

2 exhibits slow relaxation at slightly higher temperatures than 1, which directly correlates 

with geometric trends, as well as with the D values. Both complexes have barriers 

significantly under the maximum value based on the 2|D| energy gaps between the spin 

microstates, which would give U=24.4 cm-1 and 26.4 cm-1 for 1 and 2, respectively. This 
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is likely due to significant quantum tunneling effects due to the deviation from an ideal 

trigonal bipyramidal geometry.  

Both 3 and 4 exhibit significant antiferromagnetic coupling between the two metal 

centers through the halide bridge, with strongest coupling observed for 4. This is predicted 

due to the larger and more diffuse orbitals of the Br atom compared to the Cl atom.100 

Trends in the magnetic coupling between similar cage-like compounds have been studied 

by Murugesu, et al.100 Their cages differ only in coordination to the bridging phenyl group, 

which takes place in the 1,3 positions rather than the 1,4 positions. The authors observe 

an inverse relationship between coupling strength and the distance between the two metal 

centers; the shorter the distance, the stronger the coupling. Interestingly, the same trend is 

not observed in complexes 3 and 4. While 4 has a longer intermetallic bond distance of 

4.989 Å, as compared to 4.844 Å in 3, it also exhibits stronger coupling. The authors also 

reported no out-of-phase susceptibility for each of their complexes, even the chloride 

analogue to the one presented herein.  

Recently, the out-of-phase susceptibility for two complexes employing the same 

cage-like ligand as the one in this chapter have been reported. In this case, coordination of 

only one cobalt center with an azide ligand in the axial position resulted in slow magnetic 

relaxation under an applied DC field of 500 Oe.103 When the cage is fully occupied with 

two cobalt centers, antiferromagnetic coupling is observed, but no out-of-phase signal. It 

would be interesting to perform a similar study with chloride and bromide in the axial 

position. Particularly in the case of 3, it would lend insight into the origin of the glassy 

magnetic behavior, and whether it is dependent upon the antiferromagnetic coupling. 
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Additionally, computational studies of all four complexes would lend further evidence 

towards the sign and magnitude of the D values in 1-4, as well as the J values for 3 and 4.   

III.4 Conclusions 

In this chapter, the syntheses of four complexes was reported, along with their 

structural and magnetic characterization. A direct comparison between two pairs of 

molecules, one mononuclear and the other dinuclear, was made. The nitrogen donor 

ligands that were used were either partially encapsulated or fully encapsulated the divalent 

cobalt ions, with chloride or bromide in the open axial site.  

Both mononuclear complexes exhibited slow magnetic relaxation under an applied 

field, with the heavier halide bromide resulting in improved magnetic behavior. Both of 

the dinuclear complexes exhibited strong antiferromagnetic coupling, with the bromide 

ion engendering stronger coupling between the two cobalt centers. The chloride containing 

dinuclear complex exhibited glassy magnetic behavior up to 6 K. In comparison, no out-

of-phase signal was observed for the bromide analogue. 

Together, these results yield fascinating insights into the magnetic behavior of four 

closely related complexes. The need for strict geometric control, as well as the advantage 

of heavier atoms in SMM behavior were verified. Computational studies would yield more 

information about how the orbitals in each complex contribute to the vastly different 

magnetic behavior. Future studies also include partial coordination of the cage-like 

structures with only one cobalt ion, as well alternative bridging ligands which restrict 

coupling between the metal centers. 
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CHAPTER IV  

MAGNETIC RELAXATION DYNAMICS OF 3D TRANSITION METAL 

MOLECULES USING A TI(IV) FRAGMENT AS AN INORGANIC BLOCKING 

LIGAND 

 

IV.1 Introduction 

Recently, great strides have been made in increasing the temperature at which 

hysteresis is observed for single molecule magnets (SMMs). With the current record of 80 

K, these molecules are becoming feasible for real application in technologies such as data 

storage and quantum computing.6, 48, 54, 56-57 Single molecule magnets exhibit hysteresis, 

of a different origin than bulk magnets due to the presence of a thermal barrier between 

the spin microstates +ms and -ms of the total Spin ground state S. In 3d metal complexes, 

this thermal barrier is defined as U=|D|S2 for integer systems and U=|D|(S2-1/4) for non-

integer systems. Research has focused on maximizing D, the axial zero field splitting 

parameter. Initially, attempts were made to increase the barrier by synthesizing high spin 

systems. However, experimental and computational results have revealed that increasing 

spin is not the most effective method to increase the barrier.16, 58 

While lanthanide based SMMs have held the record for many years now, 3d 

transition metal based SMMs have remained important as they have been found to exhibit 

barriers close to those achieved by lanthanide systems, and have been vital to 

understanding the various relaxation mechanisms present in SMMs. Orbach relaxation of 

the spins up and over the barrier is the ideal relaxation process, but Raman and quantum 
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tunneling processes also occur which serve to undercut the barrier and lower the operating 

temperature of the magnets.17 Geometric control over the symmetry around the 3d metal 

center has come to the forefront as a way to increase barrier height in the complexes. For 

example, the record temperatures for both cobalt and iron systems come from linear 

systems; [K(crypt-222)][FeI(C(TMS)3)2] and [(sIPr)CoIINDmp] (Dmp = 2,6-

dimesitylphenyl) exhibit barriers of 226 cm-1 and 413 cm-1 respectively.43, 60 

  One of the problems observed in mononuclear SMMs is relaxation of the spins via 

interaction between two molecules, i.e. dipolar interactions. This is often observed in both 

lanthanide and 3d metal mononuclear systems. A few methods have been used to control 

geometry and prevent dipolar interactions between molecules: solid state dilution, bulky 

ligands, and multinuclear systems with diamagnetic metal centers surrounding the 

paramagnetic metal center. Solid state dilution commonly uses Zn(II) for 3d metal systems 

and Y(III) for lanthanide metal systems. Dilution with an isomorphic complex employing 

a diamagnetic metal, while effective, cannot be universally applied to every system. 

Sometimes it is not possible to isolate an identical structure with the diamagnetic ion, 

particularly with zinc.  

In the case of bulky ligands, those with trigonal symmetry have been pursued due 

to their ability to limit quantum tunneling mechanisms.18, 24-25, 64-65, 86-87, 113-114 It is also 

advantageous for this ligand to help control coordination in the remaining open positions 

for the metal center. Finally, it is ideal for the ligand to be bulky enough to help separate 

the paramagnetic metal centers from one another. One such ligand that has been used is 

the scorpionate trispyrazolylborate (Tp) ligand and its derivatives, employed in the 
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synthesis of polynuclear and mononuclear complexes exhibiting SMM behavior.115-122 

 

 
Figure IV.1 Schematic of the Tp* anion used in the synthesis of the four compounds 

described herein. 

 

 

Trivalent cobalt in an octahedral geometry has been employed several times to 

functionally act as a diluting agent in multinuclear complexes with MnIII and CoII 

SMMs.107, 123-124 No other metals in a diamagnetic ground state have been used in this 

manner to the best of our knowledge. The goal was to synthesize complexes that would 

take advantage of both ligand and diamagnetic metal dilution effects. To this end, the 

recently reported complexes (TEA)[Tp*TiCl3] and (TEA)[Tp*Ti(CN)3]
125, which used 

the methylated derivative of the Tp ligand, tris(3,5-dimethyl-1-pyrazolyl)borate, were 

employed, Figure IV.1. The premise is that if the titanium in these complexes is oxidized 

to the tetravalent ion, it would become diamagnetic and could subsequently be used as 

novel bulky inorganic ligand.  

Herein, the report of the successful synthesis of air stable, trinuclear complexes 

containing Tp*TiIV as a capping group around divalent manganese, iron, cobalt, and nickel 

is described. Acetate and oxo bridges act as the connection between the metal centers, 
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resulting in the compounds [(Tp*Ti)2(µ-O2)(µ-OAc)4Mn], [(Tp*Ti)2(µ-O2)(µ-OAc)4Ni], 

[(Tp*Ti)2(µ-O2)(µ-OAc)4Ni], and[(Tp*Ti)2(µ-O2)(µ-OAc)4Ni].  

IV.2 Experimental Methods 

IV.2.1 Complex Synthesis 

Acetonitrile was degassed, refluxed over molecular sieves, and stored in an 

MBRAUN glovebox over molecular sieves. Anhydrous DMF was purchased and stored 

over molecular sieves. (TEA)[Tp*Ti(CN)3] was synthesized according to literature 

procedure125 and stored in an MBRAUN drybox under nitrogen. All other chemicals were 

purchased from commercial sources and used as received.  

[(Tp*Ti)2(µ-O)2(µ-OAc)4Mn]•4CH3CN (1). Mn(OAc)2•4H2O (44 mg, 0.18 mmol) was 

dissolved in DMF (20 mL) under ambient conditions. (TEA)[Tp*Ti(CN)3] (100 mg, 0.18 

mmol) was dissolved in CH3CN (20 mL) under an N2 atmosphere. The 

(TEA)[Tp*Ti(CN)3] solution was brought out of the glovebox and immediately poured 

into the Mn(OAc)2 solution resulting in a color change from pale yellow to lime green to 

dark yellow over the course of 8 hours. After sitting for 24 hours, yellow, X-ray quality 

crystals of 1 were isolated (59 mg, 28% yield).  

[(Tp*Ti)2(µ-O)2(µ-OAc)4Fe]•4CH3CN (2). Fe(OAc)2 (31.4  mg, 0.18 mmol) was 

suspended in DMF (20 mL) and (TEA)[Tp*Ti(CN)3] (100 mg, 0.18 mmol) was dissolved 

in CH3CN (20 mL) under an N2 atmosphere. Both solutions were brought out of the 

glovebox and the (TEA)[Tp*Ti(CN)3]was immediately poured into the Fe(OAc)2 

suspension resulting in a color change from orange to red to dark green over the course of 

24 hours. Dark blue-green, X-ray quality crystals of 2 were isolated (79 mg, 37% yield).  
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[(Tp*Ti)2(µ-O)2(µ-OAc)4Co]•4CH3CN (3). Co(OAc)2•4H2O (48 mg, 0.19 mmol) was 

dissolved in DMF (20 mL) under ambient conditions. (TEA)[Tp*Ti(CN)3] (105 mg, 0.19 

mmol) was dissolved in CH3CN (20 mL) under an N2 atmosphere. The 

(TEA)[Tp*Ti(CN)3] solution was brought out of the glovebox and immediately poured 

into the Co(OAc)2 solution resulting in a color change from purple to dark green over the 

course of 8 hours. After sitting for 24 hours, yellow-orange, X-ray quality crystals of 3 

were isolated (72 mg, 32% yield).  

[(Tp*Ti)2(µ-O)2(µ-OAc)4Ni]•4CH3CN (4). Ni(OAc)2•4H2O (40 mg, 0.14 mmol) was 

dissolved in DMF (20 mL) under ambient conditions. (TEA)[Tp*Ti(CN)3] (80 mg, 0.14 

mmol) was dissolved in CH3CN (20 mL) under an N2 atmosphere. The 

(TEA)[Tp*Ti(CN)3] solution was brought out of the glovebox and immediately poured 

into the Ni(OAc)2 solution resulting in a color change to pale yellow. After sitting for 24 

hours, pale yellow x-ray quality crystals of 4 were isolated (54 mg, 25% yield).  

IV.2.2 Crystallography 

Structural characterization of 1-4 was performed using a Bruker QUEST 

instrument equipped with a Mo Kα source and CCD detector. Once the single crystals 

were selected, they were mounted on the instrument using paratone oil and a MiTeGen 

microloop. Collection took place under a cold stream of nitrogen at 100 K. The frames 

were integrated using the Apex2 software, and the absorbance was corrected using 

SADABS integrated in Apex2.70 The structure was solved using SHELXT71 and refined 

using SHELXL72 with the OLEX 2 program.73 All atoms were refined anisotropically, 

with the exception of hydrogen atoms which were placed in calculated positions.  
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Compounds 1 and 2 were solved as twins. Compound 1 was solved using the twin 

law (-1, 0, 0, 0, -1, 0, 0.987, 0, 1) with a minor component of 17.14(8) percent. Compound 

2 was solved using the twin law (-1, 0, 0, 0, -1, 0, 0.995, 0, 1) with the minor component 

present at 31.45(10) percent. Both twin laws were found using the PLATON program.126 

All four compounds have four molecules of acetonitrile co-crystallized with the 

compound. Crystallographic and refinement details can be found in Table IV-1. 

 

Table IV-1 Crystal data and structure refinement for Ti2M complexes. 

Identification code Ti2Mn Ti2Fe 

Empirical formula C46H68B2MnN16O10Ti2 C46H68B2FeN16O10Ti2 

Formula weight 1177.52 1178.43 

Temperature/K 100 100 

Crystal system monoclinic Monoclinic 

Space group P21/n P21/n 

a/Å 19.2441(11) 19.1509(6) 

b/Å 15.7449(9) 15.7078(5) 

c/Å 21.4998(12) 21.5380(7) 

α/° 90 90 

β/° 116.2190(10) 116.2570(10) 

γ/° 90 90 

Volume/Å3 5844.1(6) 5810.5(3) 

Z 4 4 

ρcalcg/cm3 1.338 1.347 

μ/mm-1 0.545 0.581 

F(000) 2460.0 2464.0 

Crystal size/mm3 0.153 × 0.125 × 0.059 0.111 × 0.105 × 0.031 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data collection/° 4.234 to 50.308 4.254 to 50.248 

Index ranges 
-22 ≤ h ≤ 22, -18 ≤ k ≤ 18, -25 ≤ 

l ≤ 25 

-22 ≤ h ≤ 22, -18 ≤ k ≤ 18, -25 ≤ 

l ≤ 25 

Reflections collected 128162 127847 

Independent reflections 
10532 [Rint = 0.0482, Rsigma = 

0.0197] 

10538 [Rint = 0.0748, Rsigma = 

0.0290] 

Data/restraints/parameters 10532/0/715 10538/0/709 

Goodness-of-fit on F2 c 1.121 1.107 

Final R indexes [I>=2σ (I)]a,b R1 = 0.0460, wR2 = 0.1105 R1 = 0.0464, wR2 = 0.1052 

Final R indexes [all data]a,b R1 = 0.0517, wR2 = 0.1151 R1 = 0.0574, wR2 = 0.1118 

Largest diff. peak/hole / e Å-3 0.63/-0.72 0.98/-0.72 
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Table IV-1 Continued. 
Identification code Ti2Co Ti2Ni 

Empirical formula C46H68B2CoN16O10Ti2 C46H68B2N16NiO10Ti2 

Formula weight 1181.51 1181.29 

Temperature/K 110 100 

Crystal system monoclinic monoclinic 

Space group P21/n P21/n 

a/Å 19.1158(7) 19.0749(8) 

b/Å 15.6992(6) 15.6645(7) 

c/Å 21.4240(8) 21.3475(9) 

α/° 90 90 

β/° 115.4670(10) 115.2880(10) 

γ/° 90 90 

Volume/Å3 5804.7(4) 5767.4(4) 

Z 4 4 

ρcalcg/cm3 1.352 1.360 

μ/mm-1 0.617 0.660 

F(000) 2468.0 2472.0 

Crystal size/mm3 0.13 × 0.12 × 0.047 0.131 × 0.128 × 0.052 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data collection/° 4.584 to 50.904 4.588 to 50.232 

Index ranges 
-23 ≤ h ≤ 23, -18 ≤ k ≤ 18, -25 ≤ 

l ≤ 25 

-22 ≤ h ≤ 22, -18 ≤ k ≤ 18, -25 ≤ 

l ≤ 25 

Reflections collected 132663 128873 

Independent reflections 
10694 [Rint = 0.0831, Rsigma = 

0.0319] 

10271 [Rint = 0.1168, Rsigma = 

0.0430] 

Data/restraints/parameters 10694/0/714 10271/0/714 

Goodness-of-fit on F2 c 1.109 1.073 

Final R indexes [I>=2σ (I)]a,b R1 = 0.0498, wR2 = 0.1073 R1 = 0.0458, wR2 = 0.0874 

Final R indexes [all data]a,b R1 = 0.0680, wR2 = 0.1149 R1 = 0.0725, wR2 = 0.0966 

Largest diff. peak/hole / e Å-3 0.63/-0.58 0.40/-0.39 
aR1 = (||Fo| – |Fc||)/|Fo|.  bwR2 = [[w(Fo

2 - Fc
2)2]/[w(Fo

2)2]]1/2 cGoodness-of-fit = 

[Σ[w(Fo
2 – Fc

2)2]/(n - p)]1/2, where n is the number of reflections and p is the total number 

of parameters refined. 
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[(Tp*Ti)2(µ-O)2(µ-OAc)4Mn]•4CH3CN. The Mn ion is coordinated to four acetate 

bridging ligands and two oxo-bridging ligands; there are also four interstitial acetonitrile 

molecules. The total charge of the compound is neutral, with TiIV and MnII oxidation 

states. The compound crystallizes in the monoclinic space group P21/n. The molecular unit 

is depicted in Figure IV.2. Coordination of the equatorial plane in the octahedron around 

the MnII center is a result of the acetate ligands, and the axial positions are filled by the 

oxo-bridges. The angles between the acetate ligands varies between 88.80(10)° and 

91.68(10)°. The angle between O1 and O6 is 175.49(9)°. These deviations from 90° and 

180° for the equatorial and axial atoms, respectively, are indicative of distortion away 

from an ideal octahedral geometry. The bond lengths vary between 2.171(3) Å and 

2.180(2) Å in the equatorial positions and 2.114(2) Å to 2.116(2) Å in the axial positions, 

which indicates an axial compression. The closest intermolecular distance between two of 

the manganese centers is 10.641 Å. 

 

 
Figure IV.2 Crystal structure and atom numbering scheme of the [(Tp*Ti)2(µ-O)2(µ-

OAc)4Mn]. The acetonitrile molecules and hydrogen atoms were omitted for clarity. 

Thermal ellipsoids were drawn at the 50% probability level. Colors are as follows: purple, 

Mn; orange, Ti; blue, N; yellow, B; red, O; grey, C. 



 

147 

 

[(Tp*Ti)2(µ-O)2(µ-OAc)4Fe]•4CH3CN. Coordination and crystallization of this 

molecule is identical to 1. The molecular structure is provided in Figure IV.3. The angles 

between the acetate ligands varies between 87.86(11)° and 92.38(10)°. The angle between 

O1 and O6 is 177.00(10)°. These deviations from 90° and 180° for the equatorial and axial 

angles, respectively, are indicative of distortion away from an ideal octahedral geometry. 

The bond lengths vary between 2.127(3) Å and 2.132(3) Å in the equatorial positions and 

equals 2.036(2) Å for the axial positions, in accord with an axial compression. The closest 

intermolecular distance between two of the iron centers is 10.734 Å.  

 

 

Figure IV.3 Crystal structure and atom numbering scheme of the [(Tp*Ti)2(µ-O)2(µ-

OAc)4Fe]. The acetonitrile molecules and hydrogen atoms were omitted for clarity. 

Thermal ellipsoids were drawn at the 50% probability level. Colors are as follows: brown, 

Fe; orange, Ti; blue, N; yellow, B; red, O; grey, C. 
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[(Tp*Ti)2(µ-O)2(µ-OAc)4Co]•4CH3CN. Coordination and crystallization of this 

molecule is identical to 1. The molecular structure is provided in Figure IV.4. The angles 

between the acetate ligands varies between 88.18(10)° and 92.50(10)°. The angle between 

O1 and O6 is 178.05(9)°. These deviations from 90° and 180° are indicative of distortion 

away from an ideal octahedral geometry. The bond lengths vary between 2.084(2) Å and 

2.100(2) Å in the equatorial positions and between 2.037(2) Å and 2.040(2) Å for the axial 

positions, which indicates axial compression. The closest intermolecular distance between 

two of the cobalt centers is 10.754 Å.  

 

 

Figure IV.4 Crystal structure and atom numbering scheme of the [(Tp*Ti)2(µ-O)2(µ-

OAc)4Co]. The acetonitrile molecules and hydrogen atoms were omitted for clarity. 

Thermal ellipsoids were drawn at the 50% probability level. Colors are as follows: 

turquoise, Co; orange, Ti; blue, N; yellow, B; red, O; grey, C. 
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[(Tp*Ti)2(µ-O)2(µ-OAc)4Ni]•4CH3CN. Coordination and crystallization of this 

molecule is identical to 1. The molecular structure is provided in Figure IV.5. The angles 

between the acetate ligands varies between 87.77(9)° and 92.90(8)°. The angle between 

O1 and O6 is 178.40(8)°. The bond lengths vary between 2.039(2) Å and 2.056(2) Å in 

the equatorial positions and between 2.0186(18) Å and 2.0232(18) Å. These distances and 

angles indicate distortion and axial compression of the octahedral geometry. The closest 

intermolecular distance between two of the nickel centers is 10.692 Å.  

 

 

Figure IV.5 Crystal structure and atom numbering scheme of the [(Tp*Ti)2(µ-O)2(µ-

OAc)4Ni]. The acetonitrile molecules and hydrogen atoms were omitted for clarity. 

Thermal ellipsoids were drawn at the 50% probability level. Colors are as follows: green, 

Ni; orange, Ti; blue, N; yellow, B; red, O; grey, C. 
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IV.2.3 Magnetic Measurements 

Magnetic data were collected on a Quantum Design MPMS-3 SQUID from 1.8-

300 K with DC fields from 0-7 T. Compounds 1-4 were collected in plastic bags. 

Diamagnetic corrections were applied for the bags based on a prior calibration, and 

diamagnetic contribution from the compounds were calculated based on Pascal’s 

constants.74  

IV.2.4 Computational Details 

Ab initio calculations were performed to compute the ZFS (D) of MnII, FeII, CoII, 

and NiII ions in 1−4 using ORCA 3.0 suite of programs.127 We employed the BP86 

functional along with scalar relativistic ZORA Hamiltonians and ZORA-def2-TZVP basis 

sets for the metal ions and the first coordination sphere, and def2-SVP for the rest of the 

atoms. The RI approximation with secondary TZV/J Columbic fitting basis sets were used 

along with increased integration grids (Grid 5 in ORCA convention). The tight SCF 

convergence was used throughout the calculations (1x10-8 Eh). The SOC contributions in 

the ab initio framework were obtained using second-order perturbation theory as well as 

by employing the effective Hamiltonian approach, which enables calculations of all matrix 

elements to be made of the anisotropic spin Hamiltonian from the ab initio energies and 

wave functions numerically. Here the state average-CASSCF (Complete Active Space 

Self-Consistent Field) method was employed to compute the ZFS. The active space is 

comprised of five active electrons in five active d-orbitals (d5 system; CAS (5,5)) for the 

MnII ion, six active electrons in five active d-orbitals (d6 system; CAS (6,5)) for the FeII 

ion, seven active electrons in five active d-orbitals (d7 system; CAS (7,5)) for the CoII ion, 
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and eight active electrons in five active d-orbitals (d8 system; CAS (8,5)) for the NiII ion. 

With this active space, all of 1 sextet for the MnII ion, 5 quintet and 45 triplet states for the 

FeII ion, 10 quartet and 40 doublet states for CoII the ion, and 10 triplet and 15 singlet 

states for the NiII ion were calculated in the configuration interaction procedure. 76 

�̂�𝑠𝑜 = ∑ 𝜉𝑖  (𝑙𝑍𝑖. �̂�𝑍𝑖 +
1

2
 (𝑙+𝑖. �̂�−𝑖 + 𝑙−𝑖. �̂�+𝑖))

𝑖

 

The sign and the magnitude of D values are rationalized using the spin−orbit 

operator, given in the equation above. When a spin-allowed excitation of a β-electron 

occurs between orbitals with same |±ml| levels, the ∑  𝑖 𝑙𝑍𝑖. �̂�𝑍𝑖 operator couples those 

orbitals and leads to a negative D value. Conversely, when such an excitation occurs 

between orbitals with different |±ml| levels, the  
1

2
 ∑  𝑖 (𝑙+𝑖. �̂�−𝑖 + 𝑙−𝑖. �̂�+𝑖) operator couples 

those orbitals and leads to a positive D value. 40, 98 

IV.3 Results and Discussion 

IV.3.1 Crystallographic Details 

 The compounds [(Tp*Ti)2(µ-O2)(µ-OAc)4Mn]•4CH3CN (1), [(Tp*Ti)2(µ-O2)(µ-

OAc)4Fe]•4CH3CN (2), [(Tp*Ti)2(µ-O2)(µ-OAc)4Co]•4CH3CN (3), and[(Tp*Ti)2(µ-

O2)(µ-OAc)4Ni]•4CH3CN (4) were synthesized via reaction between the relevant 

M(OAc)2 salt and (TEA)[Tp*Ti(CN)3] in a 1:1 mixture of dimethylformamide (DMF) and 

acetonitrile. After standing for 24 hours, square block crystals were isolated. Single crystal 

X-ray crystallographic studies revealed that all four compounds crystallize in the space 

group monoclinic P21/n. The central atom is in the divalent oxidation state with octahedral 

coordination, and the titanium metal centers are in the tetravalent oxidation state with 



 

152 

 

trigonal octahedral coordination, Figure IV.6. The cyanide ligands have hydrolyzed, and 

are not present in the final product. 

 

 

Figure IV.6 Crystal structure of compound 3 as a representative example of all four 

complexes. Hydrogen atoms and acetonitrile molecules were omitted for clarity. Colors 

are as labelled. 

 

 

Coordination around each TiIV metal center consists of one Tp* ligand, an oxo-

bridge, and one half of two acetate bridges. The titanium core is out of plane from the 

equatorially coordinated atoms towards the central 3d metal. The central core is defined 

by the pertinent 3d metal atom, two oxo-bridges, and four acetate bridges. In each case, 

the octahedral geometry is axially compressed. Tables Table IV-2 and Table IV-3 contain 

a summary of relevant bond distances and angles, respectively, around the divalent metal 

centers for compounds 1-4.  
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Table IV-2 M...O bond distances (Å) for compounds 1-4. 

 O1 O2 O3 O4 O5 O6 

1 2.116(2) 2.176(2) 2.171(3) 2.180(2) 2.178(3) 2.114(2) 

2 2.036(2) 2.130(3) 2.132(3) 2.124(3) 2.131(3) 2.036(2) 

3 2.040(2) 2.098(2) 2.084(2) 2.100(2) 2.086(2) 2.037(2) 

4 2.0232(18) 2.050(2) 2.039(2) 2.056(2) 2.041(2) 2.0189(18) 

 

 

 

Table IV-3 Selected bond angles (°) around M in compounds 1-4. 

 O1 – M – O6  O2 – M – O3 O3 – M – O4 O4 – M – O5 O5 – M – O2 

1 175.49(9) 91.68(10) 90.72(10) 88.80(10) 88.82(10) 

2 177.00(10) 89.61(10) 87.86(11) 92.38(10) 90.16(10) 

3 178.08(9) 92.50(10) 88.96(9) 90.36(10) 88.18(10) 

4 178.40(8) 92.90(8) 88.66(8) 90.67(8) 87.77(9) 

 

 

The SHAPE program80 was used to analyze how close the geometry is to perfectly 

octahedral (0 is no distortion). The results are summarized in Table IV-4, where the values 

range from 1 as the most distorted compound at 0.091, and 3 as the least distorted at 0.045. 

The other possible geometries for a six coordinate compound were also investigated to 

confirm octahedral as the geometry.  

  

Table IV-4 SHAPE values for compounds 1-4. Geometry abbreviations are as follows: 

HP, Hexagon; PPY, Pentagonal bipyramid; OC, octahedral; TPR, trigonal prism; JPPY 

Johnson pentagonal pyramid. 

 HP PPY OC TPR JPPY 

1 32.24 28.75 0.091 15.54 32.06 

2 32.46 28.82 0.084 15.76 32.06 

3 32.36 29.00 0.045 15.83 32.45 

4 31.41 28.69 0.061 15.87 32.15 
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The distance between the divalent metal centers in each molecule was measured 

to observe how effective the inorganic blocking ligand was at separating the paramagnetic 

metal centers from each other. These values are listed in Table IV-5 and range from 

compound 1 with the closest distance of 10.641 Å to compound 3 with the longest distance 

of 10.754 Å. These distances are longer than the typical distance of 8 Å at which dipolar 

interaction should be suppressed.65 

 

Table IV-5 M…M distances (Å) for the divalent metal centers in compounds 1-4. 

 1 2 3 4 

M…M Distance 10.641 10.734 10.754 10.692 

 

 

IV.3.2 DC Magnetic Studies 

Static DC magnetic studies were performed on compounds 1-4 from 300 – 2 K 

under fields of 0 – 7 T. The χT data for complexes 1-4 from 300 – 2 K can be found in 

Figure IV.7. Compound 1 exhibits Curie paramagnetic behavior with χT ranging from 

4.36 emu K mol-1 at 300 K to 4.03 emu K mol-1 at 2K. This is very close to the expected 

χT value of 4.375 emu K mol-1 for an S=5/2 system with g=2.  Compound 2 shows a linear 

decrease of χT from 4.37 emu K mol-1 at 300 K to approximately 3.17 emu K mol-1 at 20 

K, with a steeper decrease occurring down to 2.56 emu K mol-1 at 2 K. Compound 3 

exhibits a χT of 3.00 emu K mol-1 at 300 K with only a slight decrease down to 2.85 emu 

K mol-1 at 140 K, and then a steeper decrease in χT down to 1.96 emu K mol-1 at 2 K. 

Compound 4 behaves like a Curie paramagnet with a χT of 1.16 emu K mol-1 from 300 K 

to approximately 15 K, which is expected for a S=1 system with g=1.14. After 15 K, a 
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sharp decrease occurs down to a χT of 0.87 emu K mol-1 at 2 K which can be attributed to 

zero-field splitting and spin-orbit coupling. 

 

 
Figure IV.7 χT vs T plots for complexes 1-4, as labelled. Black lines are fits to the data 

using the program PHI. 

 

 

The isotropic nature of complex 1 is supported by the M versus H plot at 1.8 K 

which saturates by 7 T. The expected saturation point is 5 µB, and the experimentally 

observed saturation point of 4 µB is just below that, Figure IV.8. The anisotropic nature of 

complexes 2-4 is also supported by the M versus H plots at 1.8 K that do not saturate even 

up to 7 T. The expected saturation point for compound 2 is 4 µB. The graph does not 

saturate and reaches a maximum of 3.12 µB at 7 T, Figure IV.9. 
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Figure IV.8 Magnetization vs field for compound 1. Solid line is a guide for the eye. 

 

 

 
Figure IV.9 Magnetization vs field for compound 2. Solid line is a guide for the eye. 
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The expected saturation point for compound 3 is 3 µB. The graph does not saturate 

and reaches a maximum of 2.17 µB at 7 T, Figure IV.10. The expected saturation point for 

compound 4 is 2 µB. The graph does not saturate and reaches a maximum of 1.94 µB at 7 

T, Figure IV.11. 

 

 
Figure IV.10 Magnetization vs field for compound 3. Solid line is a guide for the eye. 

 

 

 
Figure IV.11 Magnetization vs field for compound 4. Solid line is a guide for the eye. 
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In order to determine experimental giso, D, and E values, χT and reduced 

magnetization plots were simultaneously fit using PHI.81 The fits to the susceptibility plots 

can be found in Figure IV.7. The reduced magnetization data for compound 1 show a 

superposition of the isofield lines as expected for the isotropic Mn(II) system.  The data 

were fit with g, D, and E values equal to 1.98, -0.04 cm-1, and 0.0002 cm-1, respectively, 

Figure IV.12. The reduced magnetization data for compound 2 show a lack of 

superposition in the isofield lines, indicative of anisotropy.  The data were fit with g, D, 

and E values equal to 2.04, 2.49 cm-1, and 0.59 cm-1, respectively, Figure IV.13. 

 

 
Figure IV.12 Reduced magnetization for 1. Solid lines are fits to the experimental data 

using the PHI program. 
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Figure IV.13 Reduced magnetization for 2. Solid lines are fits to the experimental data 

using the PHI program. 

 

 

The reduced magnetization data for compound 3 show a lack of superposition of 

the isofield lines, indicative of anisotropy.  The data were fit with g, D, and E values equal 

to 2.58, 85.1 cm-1, and 27.95 cm-1, respectively, Figure IV.14. The reduced magnetization 

data for compound 4 show a lack of superposition in the isofield lines, indicative of 

anisotropy.  The data were fit with g, D, and E values equal to 2.14, -5.1 cm-1, and 0.080 

cm-1, respectively, Figure IV.15. 
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Figure IV.14 Reduced magnetization for 3. Solid lines are fits to the experimental data 

using the PHI program. 

 

 

 
Figure IV.15 Reduced magnetization for 4. Solid lines are fits to the experimental data 

using the PHI program. 
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If one compares these results to the predictions in the paper of Ruiz et al.40, they 

are largely in good agreement. Compound 1 is very nearly isotropic as expected for a high 

spin, S=5/2 system. Slight distortions in the octahedral geometry resulted in a D value just 

below 0. A d6 compound is predicted to have a large positive or negative D value, but the 

experimental value for 2 is small and positive. A d7 compound is predicted to have a large 

positive or negative D value. The experimental results for 3 agree, with a large, positive 

D value based on the data fits. A d8 compound is predicted to have a small positive or 

negative D value. The experimental results for 4 are in agreement, with a small, negative 

D value observed from the data fits. 

Ab initio CASSCF calculations were carried out essentially to probe the origin and 

sign of the observed D values of metal ions in 1-4. Computed gx, gy and gz values, along 

with the transition energies of the first four excited states and their contributions to the D 

value for 1 – 4 are tabulated in Table IV-6. Though the MnII ion in 1 is isotropic in nature, 

calculations were performed to obtain the orbital splitting diagram of the ion. Calculations 

yielded a very small D value with a g value of 2.0, both of which support the isotropic 

nature for an octahedral MnII ion. The crystal field splitting for 1 can be found in Figure 

IV.16. 
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Table IV-6 CASSCF computed gx, gy and gz values, transition energies (cm-1) and 

contributions to D value from the first four excited states for 1 – 4. 

Complex gx, gy, gz Excited state Energy D Contribution 

1 2.00, 2.00, 2.00 

 

First 

Second 

Third 

Fourth  

23286.0 

23373.1 

23750.8 

25993.2 

-0.31 

-0.3 

0.56 

0.0 

2 2.09, 2.13, 2.14 

 

First 

Second 

Third 

Fourth 

6809.6 

6981.3 

7607.8 

9886.6 

3.7 

2.2 

-4.1 

0.002 

3 1.21, 1.75, 3.17 

 

First 

Second 

Third 

Fourth 

20.4 

698.7 

6222.6 

6404.9 

68.1 

34.1 

0.9 

6.9 

4 2.31, 2.32, 2.33 

 

First 

Second 

Third 

Fourth 

1289.4 

1372.3 

7068.1 

11858.0 

-61.1 

29.8 

29.5 

0.01 

 

 

 
Figure IV.16 CASSCF computed crystal field splitting for 1 (left) and 2 (right). Red 

arrows indicate the labels for each orbital. Spin-up (black) and spin-down (red) arrows 

represent α and β electrons. 

 



 

163 

 

The CASSCF computed crystal splitting of the d orbitals for the FeII ion in 2 is 

shown in Figure IV.16. The results signify that the first transition of a β electron occurs 

between orbitals with different |ml| levels, dxy and dxz, which leads to a positive D value.40, 

98, 128 This transition requires a relatively large energy (~1300 cm-1), which causes a small 

positive D value (+3.7 cm-1). The second transition occurs between dxy and dyz orbitals, 

further increasing the positive D value total. A comparatively large, negative contribution 

(‒4.1 cm-1) from the third transition subsequently reduces the total D value to the very 

small value of 1.03 cm-1.  

The d-orbital splitting for the CoII ion in complex 3 and the NiII ion in complex 4 

are shown in Figure IV.17. In 3, the spin-free, first excitation occurs between the dyz and 

dxz orbitals, and the second excitation occurs between the dyz and dx
2

-y
2/dz

2 levels (different 

|ml| values). Both excitations cause large, positive contributions to the D value (68.1 and 

34.1 cm-1). This is due to the very low-lying excited states (~20 and ~700 cm-1). The third 

and fourth excitations also cause a positive contribution on D, resulting an overall large, 

positive D value for complex 3. For 4, the CASSCF methods predict that the first spin-

free excitation occurs between the dxy and dx
2

-y
2 orbitals (same |ml| value), with a small 

required energy, which leads to a large negative D value.129 The second excitation also 

happens with a small required energy, but arises between the dxy and dz
2 orbitals (different 

|ml| values), which leads to a large, positive D value. This large, positive D value from 

the second transition tremendously reduces the overall negative D value to -1.74 cm-1.  
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Figure IV.17 CASSCF computed crystal field splitting for 3 (left) and 4 (right). Purple 

arrows indicate the labels for each orbital. Spin-up (black) and spin-down (red) arrows 

represent α and β electrons. 

 

 

These computational results were then compared back to the experimental data 

that were fit with PHI. The results are summarized in Table IV-7. These CASSCF 

computed D values of -0.02, 1.03, 123.9 and -1.74 cm-1 are in good agreement with the 

experimental D values of -0.04, 2.5, 85.1 and -5.1 cm-1 for 1, 2, 3 and 4, respectively. 

 

Table IV-7 Experimentally fitted and CASSCF calculated g, D (cm-1), and E (cm-1) values 

for complexes 1-4. 

 1 2 3 4 

EXP           g 1.98 2.04 2.58 2.14 

                   D -0.04 2.49 85.1 -5.1 

                   E 0.0002 0.59 27.95 0.080 

CASSCF    g 2 2.12 2.04 2.32 

                   D -0.02 1.1 123.9 -1.75 

                   E 0.002 0.154 33.45 0.0875 
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IV.3.3 AC Magnetic Studies 

Compounds 2-4 were also measured under an AC field to probe the dynamic 

magnetic properties using DC fields from 0 Oe to 3500 Oe. Compound 2 exhibits only the 

beginning of an out-of-phase signal under applied DC fields up to 2000 Oe, Figure IV.18.  

Compound 4 did not exhibit any signal up to 2000 Oe DC fields, Figure IV.19.  

 

 
Figure IV.18 Out-of-phase susceptibility for compound 2 under applied DC fields from 

0 Oe to 2000 Oe, as labelled. 
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Figure IV.19 Out-of-phase susceptibility for compound 4 under applied DC fields from 

0 Oe to 2000 Oe, as labelled. 

 

 

Compound 3 exhibits slow magnetic relaxation under applied DC fields. This 

compound was measured at 1.8, 2.5, and 4 K under DC fields from 0 – 10,000 Oe to 

identify the fields at which to collect data, as shown in Figure IV.20, Figure IV.21, and 

Figure IV.22, respectively. Based on these measurements from 0-10,000 Oe, the fields 

375, 1000, 2000, and 3500 Oe were selected to observe the field dependent relaxations 

which appeared to be present. 

The Cole-Cole plots for each compound at a particular field were subsequently fit 

using CC-fit.83 The resulting Arrhenius plot was fit according to the equation: 

𝝉−𝟏 =  𝝉𝑸𝑻𝑴
−𝟏 + 𝑨𝑻 + 𝑪𝑻𝒏 +  𝝉𝟎

−𝟏𝒆𝒙𝒑 (−
𝑼𝒆𝒇𝒇

𝒌𝑩𝑻
) 

In order to avoid over parameterization, A was assumed to be equal to 0. 
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Figure IV.20 Out-of-phase susceptibility for 3 at 1.8 K under DC fields ranging from 125 

Oe to 10000 Oe. Solid lines are guides for the eye. 

 

 

 
Figure IV.21 Out-of-phase susceptibility for 3 at 2.5 K under DC fields ranging from 125 

Oe to 10000 Oe. Solid lines are guides for the eye. 
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Figure IV.22 Out-of-phase susceptibility for 3 at 4 K under DC fields ranging from 125 

Oe to 10000 Oe. Solid lines are guides for the eye. 

 

 

 Under a DC field of 375 Oe, quantum tunneling dominates as the major form of 

relaxation. A maximum peak around 322 Hz decreases in amplitude, indicative of 

quantum tunneling, until about 3.4 K, and then a temperature dependent shift in frequency 

is observed. The in-phase and out-of-phase plots can be found in Figure IV.23. 
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a) 

 
b) 

 
Figure IV.23 a) In-phase susceptibility (χ’) vs Frequency and b) out-of-phase 

susceptibility (χ”) for 3 under an applied DC field of 375 Oe. Solid lines are guides for the 

eye.  

 

 

The in phase and out of phase susceptibility plots were subsequently converted 

into Cole-Cole plots. These were subsequently fit using CC-fit83 which led to a maximum 
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α value of 0.30, indicating a relatively wide range of relaxations times. The fit of all 

temperatures in the Arrhenius plot, Figure IV.24, resulted in a barrier of Ueff/kb = 6.7 K 

and τo = 1.3 x 10-4 s. Extracted Raman parameters of C = 0.026 s-1 and n = 7.9 are in 

agreement with the expected range for a Kramers ion.84 The τ-1 value for quantum 

tunneling was fit to 0.0005 s. 

 

a) 

 
b) 

 
Figure IV.24 a) Cole-Cole plot fit via CC-fit, black lines are fits to the data b) ln(τ) vs 

1/T, black dots are experimental data and colored lines are fits as labelled. 
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Under a DC field of 1000 Oe, quantum tunneling dominates as the major form of 

relaxation. A maximum peak around 159 Hz decreases in amplitude, indicative of 

quantum tunneling, until about 3.0 K, after which a temperature dependent shift in 

frequency is observed. The in-phase and out-of-phase plots can be found in Figure IV.25. 

 

a) 

 
b) 

 
Figure IV.25 a) In-phase susceptibility (χ’) vs Frequency and b) out-of-phase 

susceptibility (χ”) for 3 under an applied DC field of 1000 Oe. Solid lines are guides for 

the eye. 
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The resulting Cole-Cole plot was fit using CC-fit83 which led to a maximum α 

value of 0.30, indicating a relatively wide range of relaxations times. The fit of all 

temperatures in the Arrhenius plot, Figure IV.26, resulted in a barrier of Ueff/kb = 10.0 K 

and τo = 4.5 x 10-5 s. Raman parameters of C = 0.042 s-1 and n = 7.4 are in agreement with 

the expected range for a Kramers ion.84 The τ-1 value for quantum tunneling was fit to 

0.001 s. 

 

a) 

 
b) 

 
Figure IV.26 a) Cole-Cole plot fit via CC-fit, black lines are fits to the data b) ln(τ) vs 

1/T, black dots are experimental data and colored lines are fits as labelled. 
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Under a DC field of 2000 Oe, quantum tunneling dominates as the major form of 

relaxation. A maximum peak around 159 Hz exhibits a temperature dependent shift in 

frequency which increases as the temperature increases. The in-phase and out-of-phase 

plots can be found in Figure IV.27. 

 

a) 

 
b) 

 
Figure IV.27 a) In-phase susceptibility (χ’) vs Frequency and b) out-of-phase 

susceptibility (χ”) for 3 under an applied DC field of 2000 Oe. Solid lines are guides for 

the eye. 
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The resulting Cole-Cole plot was fit using CC-fit83 which led to a maximum α 

value of 0.20, indicating a moderate range of relaxations times. The fit of all temperatures 

in the Arrhenius plot, Figure IV.28, resulted in a barrier of Ueff/kb = 14.4 K and τo = 1.7 x 

10-5 s. Raman parameters of C = 0.045 s-1 and n = 9 are in agreement with the expected 

range for a Kramers ion.84 The τ-1 value for quantum tunneling was fit to 0.001 s. 

 

a) 

 
b) 

 
Figure IV.28 a) Cole-Cole plot fit via CC-fit, black lines are fits to the data b) ln(τ) vs 

1/T, black dots are experimental data and colored lines are fits as labelled. 
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Under a DC field of 3500 Oe, a thermal relaxation appears to be the major form of 

relaxation. A maximum peak around 211 Hz decreases in amplitude and exhibits a 

temperature dependent shift in frequency over all measured temperatures. The in-phase 

and out-of-phase plots can be found in Figure IV.29. 

 

a) 

 
b) 

 
Figure IV.29 a) In-phase susceptibility (χ’) vs Frequency and b) out-of-phase 

susceptibility (χ”) for 3 under an applied DC field of 3500 Oe. Solid lines are guides for 

the eye. 
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The resulting Cole-Cole plot was fit using CC-fit83 which led to a maximum α 

value of 0.12, indicating a narrow range of relaxations times. The fit of all temperatures 

in the Arrhenius plot, Figure IV.30, resulted in a barrier of Ueff/kb = 6.8 K and τo = 6.2 x 

10-5 s. Raman parameters of C = 0.033 s-1 and n = 7.8 are in agreement with the expected 

range for a Kramers ion.84 The τ-1 value for quantum tunneling was fit to 0.001 s. 

 

a) 

 
b) 

 
Figure IV.30 a) Cole-Cole plot fit via CC-fit, black lines are fits to the data b) ln(τ) vs 

1/T, black dots are experimental data and colored lines are fits as labelled. 
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The barrier of complex 3 is lower across all applied DC fields than expected 

given the 2|D| energy gap between the mS = 1/2 and mS = 3/2 microstates, which 

would give U=2|D|=170.2 cm-1. For the sake of comparison, a summary of the 

relaxation values for 3 at each field can be found in Table IV-8. The Ueff barrier 

increases with increasing field for the first three fields studied. At 3500 Oe, the 

barrier decreases back down nearly to the same value as 375 Oe. The α values 

decrease as the field increases, which is expected when stronger fields are applied. 

This supports the suppression of quantum tunneling due to applied field, which can 

be seen in the out-of-phase plots, where temperature dependent shifts change from 

less than half the data at 375 Oe to describing the full set of data at 3500 Oe. Raman 

relaxation is prominent at all four fields. 

 

Table IV-8 Values for Orbach, Raman, and quantum tunneling relaxations for compound 

3 under the applied fields indicated. 

 

 

IV.3.4 Structural, Magnetic, and Computational Correlations 

Detailed crystallographic, computational, and magnetic studies were undertaken 

in order to understand the magnetism of complexes employing the new Ti(IV) inorganic 

blocking ligand. As the Co(II) complex was the only one to exhibit slow magnetic 

 Ueff/kb (K) τo (s) τ-1
QTM (s) C (s-1 K-n) n 

3 – 375 Oe 6.7 1.3 x 10-4 0.0005 0.026 7.9 

3 – 1000 Oe 10.0 4.5 x 10-5 0.001 0.042 7.4 

3 – 2000 Oe 14.4 1.7 x 10-5 0.001 0.045 9 

3 – 3500 Oe 6.8 6.2 x 10-5 0.001 0.033 7.8 
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relaxation, computations were performed to explore the reason behind this observed 

behavior. 

All four of the compounds crystallize in the same space group. Each one exhibits 

octahedral geometry which is axially compressed. As expected, this results in splitting of 

the eg orbitals, with dz2 highest in energy for all four complexes, followed by the dx2-y2 

orbital. The differences in the remaining complexes comes from the splitting of the t2g 

orbitals. In compounds 1 and 2, the dxz and dyz orbitals are higher in energy than the dxy 

orbital. However, in the case of compounds 3 and 4, the dxy orbital is higher in energy than 

the dxz and dyz orbitals. As previously stated, the resulting D values are generally consistent 

with predictions. 

The observed results in for the experimentally and computationally derived 

D values can also be correlated with SHAPE values. Compound 3 is the least 

distorted, and is also the only one to exhibit slow magnetic relaxation. Compound 

1 is the most distorted, which explains the deviation away from a purely isotropic 

system that was observed. Compound 2 is the second most distorted. This relatively 

large distortion partially explains why a smaller D value was observed than 

expected. This is supported by the computational results which show high energy 

excitations, resulting in small D values. The mix of positive and negative D values 

from the first four excitations further reduces that D value. Compound 4 is the 

second least distorted, and the experimentally and computationally derived D 

values are close to what is predicted.  
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The positive D value of 3 is consistent with the majority of large 

coordination number Co(II) SMMs that have been reported, which also exhibit easy 

plane anisotropy. To date, only two isostructural, octahedral compounds have been 

reported that exhibit negative D values.130 There are no reported octahedral Fe(II) 

SMMs which have been reported, to the best of our knowledge. Compound 2 is 

consistent with these results. There is one reported octahedral, Ni(II) SMM which 

has a small D value of -13 cm-1.131 This compound is one of only two reported Ni(II) 

SMMs. Though this compound also exhibits an axially compressed octahedron 

about the metal center, the sign of D is opposite of that for 4. Predictions have been 

made about Ni(II) ions, in which axial compression should result in negative D 

values, whereas equatorial compression should result in positive D values.132 At 

first, compound 4 appears to contradict these predictions. However, upon 

computational exploration of the first four excited states, it can be seen that the first 

excitation indeed results in a large, negative D value. The second and third 

excitations contribute large, and positive D values, resulting in an overall small, 

positive D value. This highlights the importance of the effects of higher order 

excitations on the overall D value of a given complex. 

As Ti(IV) is proposed as a new blocking ligand, it is prudent to compare 

these results to those of other SMMs employing the use of inorganic blocking 

ligands. Octahedral Co(III) is the only other 3d metal which has been employed as 

an inorganic blocking ligand.17, 23 Three complexes have been reported employing 

octahedral, low spin Co(III) as a diamagnetic blocking ligand.123, 130 Each exhibits 



 

180 

 

a large, negative D value. Two of these complexes are octahedral, and the third is 

trigonal prismatic. The closest intermolecular cobalt distances for these complexes 

are 7.635, 8.355, and 12.661 Å. The same distance in 3 of 10.754 falls short of one 

of these examples, but is longer than the other two. This presents Ti(IV) with Tp* 

as a viable choice for diamagnetic dilutions. 

Ti(IV) as a diamagnetic blocking ligand has distinct advantages over the 

current options of Co(III) as an inorganic blocking ligand and Zn(II) complexes as 

dilution agents. It can be difficult to isolate isostructural Zn(II) complexes, which 

can limit its ability in dilutions. It can also be difficult to be exact when performing 

dilutions with a small amount of paramagnetic material. When a diamagnetic 

blocking ligand is employed, the uncertainty in the structure and measurements is 

reduced. In terms of Co(III) as an inorganic blocking ligand, it is only viable in the 

low-spin state with a triply degenerate ground state. This severely limits the 

potential ligands and coordination environments which can be pursued. Ti(IV) will 

remain diamagnetic no matter the geometry as it is d0. This greatly increases the 

versatility of coordination with the Ti(IV) ion, as well as coordination of the ion to 

the relevant paramagnetic metal center. This is quite advantageous given the strong 

correlation between geometry and magnetic behavior for SMMs. Although the 

SMM behavior observed in 3 is not extraordinary, it does exemplify the 

opportunities which lie in this new type of ligand in the magnetic community. 
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IV.4 Conclusions 

In this chapter, the results of the syntheses and characterization of four new 

complexes presented Ti(IV) as a new inorganic blocking ligand for SMMs. One 

compound was found to exhibit slow magnetic relaxation under an applied field. The 

Tp*TiIV blocking ligand was found to be effective at separating the paramagnetic ions 

from one another, with intermolecular distances consistently greater than 10 Å.  

Although the magnetic data are not record bearing, these complexes serve as a 

solid proof of principle for the use of Ti(IV) as an inorganic blocking ligand. In the future, 

directed focus on different ligands to alter the geometry about the paramagnetic centers 

would be promising to pursue. Given the d0 electron count of Ti(IV), it will be particularly 

versatile in this venture. 
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CHAPTER V  

SLOW MAGNETIC DYNAMICS IN A FAMILY OF MONONUCLEAR 

LANTHANIDE COMPLEXES EXHIBITING THE RARE CUBIC COORDINATION 

GEOMETRY* 

 

V.1 Introduction 

Bistable molecular species that retain their magnetization below a characteristic 

blocking temperature in the absence of a magnetic field and exhibit magnetic hysteresis 

loops reminiscent of the diagnostic property of classical magnets are classified as Single 

Molecule Magnets (SMMs).133-134 Slow magnetic relaxation of SMMs originates from an 

appreciable ground state spin value combined with significant uniaxial magnetic 

anisotropy  (-Dz) which can lead to large energy barriers (Ueff) to the reversal of 

magnetization and high blocking temperatures (TB).134 Experimental detection of the 

relaxation process is the observation of temperature and frequency dependence of the in-

phase (χ′) and the out-of-phase (χ′′) components of the AC magnetic susceptibility.133-134  

 Lanthanide complexes have proven to be ideal candidates for SMM behavior due 

to the fact that most of the rare earth ions, especially DyIII and TbIII, possess remarkably 

large single-ion anisotropies as compared to other paramagnetic ions of the periodic 

table.49, 135-137 A variety of polynuclear and mononuclear 4f metal SMMs have been 

                                                 

* Parts of this chapter reproduced with permission from “Slow magnetic dynamics in a family of mononuclear 

lanthanide complexes exhibiting the rare cubic coordination geometry” Alexandropoulos, D. I.; Schulte, K. A.; 

Vignesh, K. R.; Dunbar, K. R. Chem. Commun. 2018, 54 (72), 10136-10139. Reproduced by permission of the Royal 

Society of Chemistry. 
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reported49, 135-137 since the first example in 200345, 138-139. Recently, a highly successful 

trend in this area of research has been to maximize the axial magnetic anisotropy of 

individual metal ions by choosing appropriate ligands to affect the strength and the 

symmetry of the crystal field in low-coordinate systems or highly symmetric coordination 

environments.140-141 The former strategy has produced remarkable results, particularly in 

the case of the highly sterically congested compound [(Cpttt)2Dy][B(C6F5)4] (Cpttt=1,2,4-

tri(tert-butyl) cyclopentadienide), which exhibits magnetic hysteresis up to 60 K.54, 142   

Lanthanide ions, however, usually prefer much higher coordination numbers than 

the aforementioned case, including 8-coordinate species. The most common geometries 

for 8-coordinate Ln complexes are bicapped trigonal prismatic (C2v), triangular 

dodecahedral (D2d), and square antiprismatic (D4d) architectures. The latter symmetry is 

ubiquitous in the field of rare earth SMMs, with an impressive number of 

bis(phthalocyanine) complexes displaying some of the highest reported energy barriers to 

date.45, 138-139 Although the square antiprismatic geometry is the most prevalent 

coordination geometry for 4f metal ions with eight donor ligands, higher symmetries 

remain very rare and are largely unexplored vis-à-vis their magnetic properties. In higher 

symmetries the crystal field parameters responsible for the transverse anisotropy can be 

minimized and thus the SMM properties can be improved. 

To this end, the high-yield syntheses, structures, and magnetic properties of a new 

family of isostructural mononuclear complexes [CoIII(Tp)2]1.3[M(NO3)2(dbm)2](NO3)0.3 

(M = Tb (1), Dy (2), Er (3), and Y (4)) were studied. The ligands are the oxygen donor 

ligands 1,3-diphenyl-1,3-propanedionate (dbm) and nitrate.  
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V.2 Experimental Methods 

V.2.1 Complex Synthesis 

All syntheses were performed under ambient conditions. Co(dbm)2
143 and KTp144 were 

synthesized according to published procedures. All other chemicals were commercially 

available and used as received.  

Synthesis of [CoIII(Tp)2]1.3[Tb(NO3)2(dbm)2](NO3)0.3 (1). To a colorless solution of KTp 

(12.6 mg, 0.05 mmol) in MeCN (7.5 mL) was added solid Co(dbm)2 (25.2 mg, 0.05 mmol) 

followed by stirring for 5 min. The reagent Tb(NO3)3∙5H2O (21.7 mg, 0.05 mmol) was 

then added and the resulting dark orange solution was stirred for a further 15 min.  The 

solution was subsequently filtered, and left to stand undisturbed for crystallization. Slow 

evaporation of the solvent gave diffraction quality crystals of 1 after 1 week which were 

collected by filtration, washed with hexanes (3 x 5 mL), and dried in air. Yield is 65% 

(45.69 mg). Anal. Calc. for C54H48.67N18.33B2.67O11Co1.33Tb (1): C, 46.44; H, 3.51; N, 18.38 

%. Found: C, 46.55; H, 3.57; N, 18.28 %. Selected ATR data (Nujol mull, cm-1): 1589 

(w), 1541 (w), 1516 (w), 1305 (s), 1221 (m), 1117 (m), 1073 (m), 1053 (m), 800 (w), 771 

(m), 721 (s), 681 (m), 617 (w), 511 (w). 

Synthesis of [CoIII(Tp)2]1.3[Dy(NO3)2(dbm)2](NO3)0.3 (2). This complex was prepared in 

the same manner as complex 1 but using Dy(NO3)3∙6H2O (22.8 mg, 0.05 mmol) in place 

of Tb(NO3)3∙5H2O. After 1 week, diffraction quality crystals of 2 had appeared; these were 

collected by filtration and washed with Hexanes (3 x 5 mL); the yield is 55% (38.50 mg). 

Anal. Calc. for C54H48.67N18.33B2.67O11Co1.33Dy (2): C, 46.32; H, 3.50; N, 18.34 %. Found: 

C, 46.23; H, 3.37; N, 18.21 %. Selected ATR data (Nujol mull, cm-1): 1589 (m), 1542 (m), 
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1516 (w), 1323 (m), 1220 (m), 1118 (m), 1073 (m), 1053 (m), 772 (m), 745 (s), 721 (s), 

682 (m), 619 (w), 509 (w). 

Synthesis of [CoIII(Tp)2]1.3[Er(NO3)2(dbm)2](NO3)0.3 (3). This complex was prepared in 

the same manner as complex 1 but using Er(NO3)3∙5H2O (22.1 mg, 0.05 mmol) in place 

of Tb(NO3)3∙5H2O. After 1 week, diffraction quality crystals of 3 had appeared; these were 

collected by filtration and washed with hexanes (3 x 5 mL); the yield is 60% (42.14 mg). 

Anal. Calc. for C54H48.67N18.33B2.67O11Co1.33Er (3): C, 46.17; H, 3.49; N, 18.27 %. Found: 

C, 46.28; H, 3.57; N, 18.19 %. Selected ATR data (Nujol mull, cm-1): 1587 (w), 1540 (w), 

1516 (w), 1305 (m), 1221 (m), 1117 (m), 1075 (m), 1053 (m), 774 (m), 742 (m), 722 (m), 

681 (w), 620 (w). 

Synthesis of [CoIII(Tp)2]1.3[Y(NO3)2(dbm)2](NO3)0.3 (4). This complex was prepared in 

the same manner as complex 1 but using Y(NO3)3∙6H2O (21.7 mg, 0.05 mmol) in place of 

Tb(NO3)3∙5H2O. After 1 week, diffraction quality crystals of 4 had appeared which were 

collected by filtration and washed with hexanes (3 x 5 mL); the yield is 50% (33.16 mg). 

Anal. Calc. for C54H48.67N18.33B2.67O11Co1.33Y (4): C, 48.89; H, 3.70; N, 19.35 %. Found: 

C, 49.01; H, 3.59; N, 19.27 %.  Selected ATR data (Nujol mull, cm-1): 1590 (m), 1543 (s), 

1516 (m), 1306 (m), 1221 (m), 1117 (m), 1072 (m), 1053 (m), 938 (m), 800 (w), 771 (m), 

744 (s), 721 (s), 681 (m), 659 (w), 617 (w), 514 (w). 
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V.2.2 Crystallography 

Structural characterization of the complexes was performed on single crystals at 

the APS housed in the Argonne National Laboratory. X-ray data were collected using a 

synchrotron source with a wavelength of 0.41328 Å and a Pilatus 1M (CdTe) pixel array 

detector. Crystals suitable for diffraction were affixed to glass fibers using Paratone oil. 

Collection was performed at 100 K under a N2 cold stream. The frames were integrated 

using the Apex II software program with a pre-existing mask supplied before collection.145 

A multiscan absorption correction was performed using SADABS within the APEX II 

software suite. The structures were solved with SHELXT146 and refined with SHELXL-

2014147 within the OLEX program.73 Dispersion corrections calculated in PLATON were 

applied to all structures for each element according to the wavelength of collection.148 All 

hydrogen atoms were placed in calculated positions. All non-hydrogen atoms were 

finished with anisotropic refinement. 

The structures for [CoIII(Tp)2]1.3[Tb(NO3)2(dbm)2](NO3)0.3, 

[CoIII(Tp)2]1.3[Dy(NO3)2(dbm)2](NO3)0.3, [CoIII(Tp)2]1.3[Er(NO3)2(dbm)2](NO3)0.3, and 

[CoIII(Tp)2]1.3[Y(NO3)2(dbm)2](NO3)0.3  were all refined in the cubic space group I23 as 

an inversion twin with minor components of 0.49, 0.42, 0.45, and 0.47 for the Tb, Dy, Er, 

and Y complexes respectively. The higher symmetry space group Im3̅ was investigated, 

but the additional mirror plane symmetry does not allow for torsion in the bidentate ligands 

coordinated to the lanthanide metal centers. In order to obtain a more accurate model of 

these ligands, the structure was refined as an inversion twin in the lower symmetry space 

group.  
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Each of the structures was run through the program SQUEEZE.101 The electron 

density accounts for the remaining 1/3 of a nitrate anion needed to charge balance the 

compound as well as co-crystallizing acetonitrile molecules. Attempts were made to try 

and model the disorder but were not successful. The electron density, after accounting for 

the nitrate anion, results in 5.3, 4.3, 5.1, and 4.4 acetonitrile molecules in the Tb, Dy, Er, 

and Y complexes, respectively.  

There is a small amount of disorder in the lanthanide metal centers and directly 

coordinated atoms. Modeling this disorder did not significantly improve the refinement. 

The Cambridge Crystallographic Database Centre numbers for each complex are: 

1847190 for [CoIII(Tp)2]1.3[Tb(NO3)2(dbm)2](NO3)0.3, 1847187 for 

[CoIII(Tp)2]1.3[Dy(NO3)2(dbm)2](NO3)0.3, 1847188 for 

[CoIII(Tp)2]1.3[Er(NO3)2(dbm)2](NO3)0.3, and 1847189 for 

[CoIII(Tp)2]1.3[Y(NO3)2(dbm)2](NO3)0.3. Unit cell parameters, structure solution and 

refinement details for all complexes are summarized in Table V-1. The programs used for 

molecular graphics were MERCURY149 and Diamond.150  

Powder diffraction data was collected on all four complexes to confirm bulk purity 

of samples prior to magnetic measurements. Simulated powder patterns were generated 

using the program Mercury based on the structures from single crystal diffraction 

experiments. 
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Table V-1 Crystal data and structural refinement parameters for compounds 1-4. 

Reproduced by permission from Alexandropoulos, D. I.; Schulte, K. A.; Vignesh, K. R.; 

Dunbar, K. R. Chem. Commun. 2018, 54 (72), 10136-10139. 
Complex  1 2 

Empirical formula  C54H48.67B2.67Co1.33N18O10Tb C54H48.67B2.67Co1.33N18O10Dy 

Formula weight  1376.08  1379.67  

Temperature/K  100.0  100.0  

Crystal system  cubic  cubic  

Space group  I23  I23  

a/Å  20.9135(4)  20.9059(3)  

b/Å  20.9135(4)  20.9059(3)  

c/Å  20.9135(4)  20.9059(3)  

α/°  90  90  

β/°  90  90  

γ/°  90  90  

Volume/Å3  9147.0(5)  9137.1(4)  

Z  6  6  

ρcalcg/cm3  1.499  1.504  

μ/mm-1  0.396  0.397  

F(000)  4158.0  4164.0  

Crystal size/mm3  0.94 × 0.121 × 0.113  0.143 × 0.13 × 0.071  

Radiation  
Synchrotron 

 (λ = 0.41328)  

Synchrotron 

(λ = 0.41328)  

2Θ range for data collection/°  2.774 to 30.706  2.774 to 40.22  

Index ranges  

-18 ≤ h ≤ 18 

 0 ≤ k ≤ 18 

 2 ≤ l ≤ 26  

-24 ≤ h ≤ 24 

 0 ≤ k ≤ 24 

 2 ≤ l ≤ 34  

Reflections collected  3381  7378  

Independent reflections  

3381 

Rint = 0.0442 

Rsigma = 0.0105  

7378 

Rint = 0.0392 

Rsigma = 0.0116 

Data/restraints/ 

parameters  
3381 / 0 / 200  7378 / 0 / 200  

Goodness-of-fit on F2  1.147  1.076  

Final Ra,b indexes  

[I>=2σ (I)]  

R1 = 0.0334 

wR2 = 0.0810  

R1 = 0.0469 

wR2 = 0.1192  

Final R a,b indexes  

[all data]  

R1 = 0.0337 

 wR2 = 0.0813  

R1 = 0.0505 

wR2 = 0.1217  

Largest diff. peak 

/hole / e Å-3  
0.40 / -1.36  1.64 / -3.50  

 



 

189 

 

Table V-1 Continued. 
Complex  3 4 

Empirical formula  C54H48.67B2.67Co1.33N18O10Er   C54H48.67B2.67Co1.33N18O10Y  

Formula weight  1384.44  1306.08  

Temperature/K  100.0  100.0  

Crystal system  cubic  cubic  

Space group  I23  I23  

a/Å  20.9076(4)  20.9091(4)  

b/Å  20.9076(4)  20.9091(4)  

c/Å  20.9076(4)  20.9091(4)  

α/°  90  90  

β/°  90  90  

γ/°  90  90  

Volume/Å3  9139.3(5)  9141.3(5)  

Z  6  6  

ρcalcg/cm3  1.509  1.424  

μ/mm-1  0.434  0.338  

F(000)  4176.0  4002.0  

Crystal size/mm3  0.255 × 0.242 × 0.214  0.97 × 0.105 × 0.102  

Radiation  
Synchrotron 

(λ = 0.41328)  

Synchrotron 

(λ = 0.41328)  

2Θ range for data collection/°  2.774 to 40.356  2.774 to 35.354  

Index ranges  

-24 ≤ h ≤ 24 

0 ≤ k ≤ 24 

2 ≤ l ≤ 34  

-21 ≤ h ≤ 21 

0 ≤ k ≤ 21 

2 ≤ l ≤ 30  

Reflections collected  7435  5076  

Independent reflections  

7435 

Rint = 0.0431 

Rsigma = 0.0120  

5076  

Rint = 0.0413 

Rsigma = 0.0117  

Data/restraints/ 

parameters  
7435 / 0 / 200  5076 / 0 / 200  

Goodness-of-fit on F2  1.064  1.063  

Final Ra,b indexes  

[I>=2σ (I)]  

R1 = 0.0454 

wR2 = 0.1191  

R1 = 0.0330 

wR2 = 0.0890  

Final R a,b indexes  

[all data]  

R1 = 0.0474 

wR2 = 0.1208  

R1 = 0.0348 

wR2 = 0.0901  

Largest diff. peak 

/hole / e Å-3  
1.70 / -3.76  0.37 / -1.25  

aR1 = (||Fo| – |Fc||)/|Fo|.  
bwR2 = [[w(Fo

2 - Fc
2)2]/[w(Fo

2)2]]1/2, w = 1/[σ 2(Fo
2) + (ap)2 + bp], 

where p = [max(Fo
2, 0) + 2Fc

2]/3. 



 

190 

 

[CoIII(Tp)2]1.3[Tb(NO3)2(dbm)2](NO3)0.3 The coordination of lanthanide containing 

anion in this salt involves two nitrate ligands and two dbm ligands. The cobalt containing 

cation in this salt is coordinated to two Tp* ligands. Both the terbium and cobalt metal 

ions are in the trivalent oxidation state. The compound crystallizes in the cubic space group 

I23. The crystal structure and powder pattern of the compound can be found in Figure V.1 

and Figure V.2, respectively.  

 

 
Figure V.1 Crystal structure of [CoIII(Tp)2]1.3[Tb(NO3)2(dbm)2](NO3)0.3. Hydrogen atoms 

were omitted for clarity. Thermal ellipsoids were drawn at the 50% probability level. 

Colors are as follows: Colors are as follows: orange, Tb; turquoise, Co; blue, N; yellow, 

B; red, O; grey, C. 



 

191 

 

 
Figure V.2 Powder pattern for [CoIII(Tp)2]1.3[Tb(NO3)2(dbm)2](NO3)0.3. Reproduced by 

permission from Alexandropoulos, D. I.; Schulte, K. A.; Vignesh, K. R.; Dunbar, K. R. 

Chem. Commun. 2018, 54 (72), 10136-10139. 

 

 

[CoIII(Tp)2]1.3[Dy(NO3)2(dbm)2](NO3)0.3 This compound is isostructural with 1. It can be 

described similarly, with dysprosium as the lanthanide cation. The crystal structure and 

powder pattern of the compound can be found in Figure V.3 and Figure V.4, respectively.  

 

 
Figure V.3 Crystal structure of [CoIII(Tp)2]1.3[Dy(NO3)2(dbm)2](NO3)0.3. Hydrogen atoms 

were omitted for clarity. Thermal ellipsoids were drawn at the 50% probability level. 

Colors are as follows: Colors are as follows: orange, Dy; turquoise, Co; blue, N; yellow, 

B; red, O; grey, C. 
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Figure V.4 Powder pattern for [CoIII(Tp)2]1.3[Dy(NO3)2(dbm)2](NO3)0.3. Reproduced by 

permission from Alexandropoulos, D. I.; Schulte, K. A.; Vignesh, K. R.; Dunbar, K. R. 

Chem. Commun. 2018, 54 (72), 10136-10139. 

 

 

[CoIII(Tp)2]1.3[Er(NO3)2(dbm)2](NO3)0.3 This compound is isostructural with 1. It can be 

described similarly, with erbium as the lanthanide cation. The crystal structure and powder 

pattern of the compound can be found in Figure V.5 and Figure V.6, respectively.  

 

 
Figure V.5 Crystal structure of [CoIII(Tp)2]1.3[Er(NO3)2(dbm)2](NO3)0.3. Hydrogen atoms 

were omitted for clarity. Thermal ellipsoids were drawn at the 50% probability level. 

Colors are as follows: Colors are as follows: pink, Er; turquoise, Co; blue, N; yellow, B; 

red, O; grey, C. 
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Figure V.6 Powder pattern for [CoIII(Tp)2]1.3[Er(NO3)2(dbm)2](NO3)0.3. Reproduced by 

permission from Alexandropoulos, D. I.; Schulte, K. A.; Vignesh, K. R.; Dunbar, K. R. 

Chem. Commun. 2018, 54 (72), 10136-10139. 

 

 

[CoIII(Tp)2]1.3[Y(NO3)2(dbm)2](NO3)0.3 This compound is isostructural with 1. It can be 

described similarly, with yttrium as the lanthanide cation. The crystal structure and powder 

pattern of the compound are provided in Figure V.7 and Figure V.8, respectively.  

 

 
Figure V.7 Crystal structure of [CoIII(Tp)2]1.3[Y(NO3)2(dbm)2](NO3)0.3. Hydrogen atoms 

were omitted for clarity. Thermal ellipsoids were drawn at the 50% probability level. 

Colors are as follows: Colors are as follows: pink, Er; turquoise, Co; blue, N; yellow, B; 

red, O; grey, C. 
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Figure V.8 Powder pattern for [CoIII(Tp)2]1.3[Y(NO3)2(dbm)2](NO3)0.3. Reproduced by 

permission from Alexandropoulos, D. I.; Schulte, K. A.; Vignesh, K. R.; Dunbar, K. R. 

Chem. Commun. 2018, 54 (72), 10136-10139. 

 

 

V.2.3 Magnetic Measurements 

Magnetic data were collected on a Quantum Design MPMS-3 SQUID from 1.8-

300 K with DC fields from 0-7 T. Compounds 1-4 were collected in plastic bags. 

Diamagnetic corrections were applied for the bags based on a previous calibration. The 

diamagnetic contribution from the compounds were calculated based on Pascal’s 

constants.74  

V.2.4 Computational Details 

Using MOLCAS 8.0,151 ab initio calculations were performed for the DyIII ion using the 

crystal structures of 2 to rationalize the observed SMM behavior. Relativistic effects are 

taken into account on the basis of the Douglas−Kroll Hamiltonian.152 The spin-free eigen 

states are achieved by the Complete Active Space Self-Consistent Field (CASSCF) 

method.153 The basis sets were taken from the ANORCC library for the calculations.154 
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We employed the [ANO-RCC... 8s7p5d3f2g1h.] basis set for DyIII atoms, the [ANO-

RCC...3s2p.] basis set for C atoms, the [ANO-RCC...2s.] basis set for H atoms, the [ANO-

RCC...3s2p1d.] basis set for N atoms, and the [ANO-RCC...3s2p1d.] basis set for O atoms. 

In the first step, a guessorb calculation was run using a Seward module to create the 

starting guess orbitals. Nine electrons across seven 4f orbitals of the DyIII ion were 

included. Then using these guess orbitals, the active space was chosen based on the 

number of active electrons in the number of active orbitals and carried out the SA-

CASSCF calculations. The Configuration Interaction (CI) procedure was computed for 

the DyIII ion and considered twenty-one sextet excited states in the calculations to compute 

the anisotropy. After computing these excited states, the RASSI-SO155 module was used 

to calculate the spin-orbit (SO) coupled states. Moreover, these computed SO states were 

considered in the SINGLE_ANISO156 program to compute the g-tensors. The g-tensors 

for the Kramers doublets of Dy3+ were computed based on the pseudospin S = ½ 

formalism.156 Crystal-field (CF) parameters were extracted using the SINGLE_ANISO 

code, as implemented in MOLCAS 8.0.  

V.3 Results and Discussion 

V.3.1 Crystallographic Details 

Reactions of Co(dbm)2, M(NO3)3·xH2O (M = TbIII, DyIII, ErIII, and YIII), and 

KTp in a 1 : 1 : 1 molar ratio in MeCN produced pale-yellow/orange crystals of 

[CoIII(Tp)2]1.3[M(NO3)2(dbm)2](NO3)0.3 (M = Tb (1), Dy (2), Er (3) and Y (4)) (yields 

>50%). After slow evaporation over the course of 1 week, orange crystals were isolated. 

Single crystal x-ray crystallographic studies revealed that all four compounds crystallize 
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in the space group Cubic I23. The lanthanide ions are in the trivalent oxidation state with 

cubic coordination, and the cobalt metal centers are in the trivalent oxidation state with 

octahedral coordination. The formulae of 1-4 are based on metric parameters, charge-

balance considerations, and bond valence sum (BVS) calculations on the Co atom. The 

dbm ligand was selected as one of the chelating ligands since β-diketonate complexes have 

been successfully used in the design of mononuclear Ln SMMs.157-158 The diamagnetic 

[CoIII(Tp)2]
+ cation (Tp = tris(pyrazolyl)borate) was generated in situ and imposes high 

crystallographic symmetry and helps to impart greater intermolecular separation between 

molecules than smaller cations. In these compounds, the eight-coordinate lanthanide ions 

are in a cubic geometry. These results constitute rare examples in which lanthanide ions 

exhibit a distorted Oh local symmetry in a LnO8 coordination environment;159-160 the only 

other related example is [Dy(ntbi)2]3Cl [ntbi = tris(benzimidazol-2-ylmethyl)amine] with 

a LnN8 core.161 

 In view of the structural similarities of 1-4, only the structure of 2 will be described 

as a representative example. The asymmetric unit features one quarter of the 

[Dy(NO3)2(dbm)2]
- anion, with the remainder related through two C2 axes. There is also 

one-third of a [Co(Tp)2]
+ cation, lying on a C3 axis, and one-third of a disordered nitrate 

ion in the asymmetric unit. In 2, the 8-coordinate DyIII ion is surrounded only by oxygen 

donor atoms with four coordination sites being occupied by two trans chelating nitrates 

and the remaining four positions being filled by the O atoms of two chelating dbm ligands, 

Figure V.9. The anion of 2 crystallizes with a [Co(Tp)2]
+ cation. 
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Figure V.9 (left) Crystal structure of anion 2 and (right) cubic geometry of Dy1 in the 

structure of 2. Points connected by the black lines define the vertices of the ideal 

polyhedron. H atoms were omitted for the sake of clarity. Color scheme: Dy, yellow; N, 

blue; O, red; C, black. Reproduced by permission from Alexandropoulos, D. I.; Schulte, 

K. A.; Vignesh, K. R.; Dunbar, K. R. Chem. Commun. 2018, 54 (72), 10136-10139. 

 

  

Charge considerations require a formal CoIII description for the cation in 2, which 

is further supported by the Co-N bond distances (all <1.933(2) Å) which clearly indicate 

a low-spin CoIII ion. The assignment of the Co oxidation state is confirmed by BVS 

calculations, Table V-2. The crystal packing of 2 reveals well-isolated [Dy(NO3)2(dbm)2]
- 

moieties with [Co(Tp)2]
+ cations inserted in between, Figure V.10. The closest 

intermolecular Dy···Dy contact is 10.453(2) Å.  

 

Table V-2 Bond valence sum (BVS)c calculations for Co atoms in 1-4. Reproduced by 

permission from Alexandropoulos, D. I.; Schulte, K. A.; Vignesh, K. R.; Dunbar, K. R. 

Chem. Commun. 2018, 54 (72), 10136-10139. 

Compound 1 2 3 4 

CoII 3.43 3.47 3.46 3.46 

CoIII 3.17 3.20 3.19 3.19 
c The underlined value is the one closest to the charge for which it was calculated. The 

oxidation state is the nearest whole number to the underlined value.  
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Figure V.10 Packing diagram of 2 along  axis. Hydrogen atoms are omitted for the sake 

of clarity. Reproduced by permission from Alexandropoulos, D. I.; Schulte, K. A.; 

Vignesh, K. R.; Dunbar, K. R. Chem. Commun. 2018, 54 (72), 10136-10139. 

 

 

 SHAPE79 calculations were performed for the Dy1 atom and revealed that it adopts 

a geometry closest to cubic (CShM: 3.08). The SHAPE results for all four complexes can 

be found in Table V-3. The two O4-planes are defined by O1 and O2 atoms with the DyIII 

ion being centered between the O4-planes (dDy-O4 = 1.190(2) Å). The CShM value is large, 

implying a distorted coordination environment which is further supported by the fact that 

the Dy-O distances are not equal (2.273(2) Å for Dy-O1 and 2.500(1) Å for Dy-O2), 

indicating deviations from the ideal symmetry. 
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Table V-3 Shape measures of the 8-coordinate lanthanide coordination polyhedra. The 

values in boldface indicate the closest polyhedron according to the Continuous Shape 

Measures. Reproduced by permission from Alexandropoulos, D. I.; Schulte, K. A.; 

Vignesh, K. R.; Dunbar, K. R. Chem. Commun. 2018, 54 (72), 10136-10139. 

Polyhedrond 1 2 3 4 

OP-8 31.30 31.80 31.00 31.48 

HPY-8 26.19 26.23 26.28 26.27 

HBPY-8 7.88 7.78 8.18 7.96 

CU-8 3.26 3.07 3.60 3.37 

SAPR-8 6.83 6.97 5.83 6.34 

TDD-8 5.97 6.02 5.29 5.61 

JGBF-8 11.07 11.22 10.81 10.93 

JETBPY-8 22.39 22.29 22.66 22.45 

JBTPR-8 7.15 7.31 6.17 6.65 

BTPR-8 7.05 7.23 6.06 6.56 

JSD-8 8.18 8.38 7.10 7.61 

TT-8 4.18 3.99 4.51 4.29 

ETBPY-8 20.68 20.67 20.91 20.75 
d Abbreviations: OP-8, octagon; HPY-8, heptagonal pyramid; HBPY-8, hexagonal 

bipyramid; CU-8, cube; SAPR-8, square antiprism; TDD-8, triangular dodecahedron; 

JGBF-8, Johnson gyrobifastigium; JETBPY-8, Johnson elongated triangular bipyramid; 

JBTPR-8, Johnson biaugmented trigonal prism; BTPR-8, biaugmented trigonal prism; 

JSD-8, Johnson snub diphenoid; TT-8, triakis tetrahedron; ETBPY-8, elongated trigonal 

bipyramid. 

 

 

In order to evaluate the symmetry of the inner coordination sphere around the 

lanthanide ion in 2, several key geometrical parameters were evaluated, Figure V.11. 

Firstly, the angle between the four-fold axis and the Ln-O bond direction (compression 

angle, ) that describes the axial distortion of the coordination environment was examined. 

A value of   = 54.74 corresponds to an ideal non-distorted cubic environment while 

smaller or wider angles reflect axial elongation and compression, respectively. 136, 160, 162-

163 In 2,  was calculated to be 59.59 (average value), revealing axial compression. 
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Figure V.11 Key geometrical parameters analyzed for the coordination environment of 

Dy in 2; see the text for details. Reproduced by permission from Alexandropoulos, D. I.; 

Schulte, K. A.; Vignesh, K. R.; Dunbar, K. R. Chem. Commun. 2018, 54 (72), 10136-

10139. 

 

 

Also, the ratio between the interplanar distance dpp = 2.381(1) Å, between the upper 

and lower O4-planes, and the shortest O-O distance in the O4-plane, din = 2.905(2) Å, 

indicates axial compression.136, 160, 162-163 The din value is similar to those reported for the 

axially compressed Ln polyoxometallate complexes LnPOM (2.785-2.964). Another 

crucial parameter for the determination of the symmetry of the lanthanide coordination 

geometry is the skew or twist angle, φ, defined as the angle between the diagonals of the 

two different O4-planes. A value of φ = 0 is expected for an ideal square prismatic or cubic 

symmetry while a value of φ = 45° describes a non-distorted square antiprismatic 

geometry.136, 160, 162-163 In 2, φ angle gave an average of 10.22 (calculated as the torsion 

angle between all different O4-planes). This value is lower than those reported for the 

square antiprismatic Ln phthalocyanine LnPc2 (34.4-45)136 and Ln polyoxometalate 

LnPOM (39.1-46.9)160 complexes, suggesting that while the geometry of the Dy ion is 

very distorted, it is best described as cubic rather than as square antiprismatic. See Table 

V-4 to find these values for complexes 1, 3, and 4. 
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Table V-4 Key geometrical parameters analyzed for the coordination environment of 8-

coordinate lanthanide ions in 1, 3, and 4. Reproduced by permission from 

Alexandropoulos, D. I.; Schulte, K. A.; Vignesh, K. R.; Dunbar, K. R. Chem. Commun. 

2018, 54 (72), 10136-10139. 

Compounde 1 3 4 

dM-O1 / Å 2.280(1) 2.253(2) 2.259(1) 

dM-O2 / Å 2.499(2) 2.461(1) 2.478(1) 

dM-Oplane / Å 1.183(2) 1.184(2) 1.188(2) 

dpp / Å 2.367(2) 2.368(2) 2.375(2) 

din / Å 2.908(2) 2.862(1) 2.876(1) 

 /  13.46 16.49 14.93 

 /  59.84 59.36 59.40 
e Abbreviations: dM-O1 and dM-O2, metal-oxygen distances; dM-Oplane,  distance between the 

metal ion and the O4-plane; dpp, distance between the upper and lower O4-planes; din, the 

shortest O-O distance in the O4-plane; , skew or twist angle, angle between the diagonals 

of the two different O4-planes (average value); , compression angle, angle between the 

four-fold axis and the M-O bond direction. 

 

 

V.3.2 DC Magnetic Studies 

The static direct current (DC) magnetic properties of 1-4 were measured from 2 to 

300 K in a 1000 Oe applied field, Figure V.12. The data for the diamagnetic complex 4 

further support a trivalent oxidation state for the cobalt ion and confirm that the observed 

paramagnetic behavior of 1-3 arises exclusively from the 4f LnIII ions. The experimental 

χMT values at 300 K for complexes 1-3 (11.63 cm3 K mol-1 for 1, 14.13 cm3 K mol-1 for 

2, and 11.37 cm3 K mol-1 for 3) are in good agreement with the theoretical values (11.82 

cm3 K mol-1 for 1, 14.17 cm3 K mol-1 for 2, and 11.48 cm3 K mol-1 for 3) expected for a 

single TbIII (7F6, S = 3, L = 3, g = 3/2), DyIII (6H15/2, S = 5/2, L = 5, g = 4/3), or ErIII (4I15/2, 

S = 3/2, L = 6, g = 6/5) ion.46 Complexes 1-3 exhibit similar behavior, with χMT decreasing 

slightly from 300 K to reach a value of 10.90 cm3 K mol-1 for 1, 13.44 cm3 K mol-1 for 2, 
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and 9.98 cm3 K mol-1 for 3 at 100 K. Below these temperatures, χMT decreases more 

rapidly to a minimum value of 8.84 cm3 K mol-1 for 1, 12.22 cm3 K mol-1 for 2, and 5.68 

cm3 K mol-1 for 3 at 2.0 K. This steeper decrease observed below 100 K can mainly be 

attributed to the presence of magnetic anisotropy and/or depopulation of the excited Stark 

sublevels of the LnIII ions rather than to the presence of intermolecular interactions 

(average Ln-Ln distance ~10.455(1) Å).  

 

 
Figure V.12 Temperature dependence of χMT for 1-4. Black solid line is the ab initio 

calculated data for 2. Reproduced by permission from Alexandropoulos, D. I.; Schulte, K. 

A.; Vignesh, K. R.; Dunbar, K. R. Chem. Commun. 2018, 54 (72), 10136-10139. 

 

 

This conclusion is further supported by the lack of saturation in the M vs H plots 

for complexes 1-3, Figure V.13. 1 and 2 reach a maximum value below 6 µB, and 3 reaches 

a maximum below 5 µB. These results are in accord with the reduced magnetization data 

for 1-3, in which all the isofield lines are non-superimposed, Figure V.14, Figure V.15, 

and Figure V.16 for 1-3, respectively. 
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a) 

 
b) 

 
c) 

 
Figure V.13 Magnetization vs Field for compounds a) 1, b) 2, and c) 3. Reproduced by 

permission from Alexandropoulos, D. I.; Schulte, K. A.; Vignesh, K. R.; Dunbar, K. R. 

Chem. Commun. 2018, 54 (72), 10136-10139. 
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Figure V.14 Plot of reduced magnetization (M/NμB) vs. HT-1 for compound 1 at applied 

fields of 2–7 T and in the 2–5 K temperature range. Solid lines are guides for the eye. 

Reproduced by permission from Alexandropoulos, D. I.; Schulte, K. A.; Vignesh, K. R.; 

Dunbar, K. R. Chem. Commun. 2018, 54 (72), 10136-10139. 

 

 

 
Figure V.15 Plot of reduced magnetization (M/NμB) vs. HT-1 for compound 2 at applied 

fields of 2–7 T and in the 2–5 K temperature range. Solid lines are guides for the eye. 

Reproduced by permission from Alexandropoulos, D. I.; Schulte, K. A.; Vignesh, K. R.; 

Dunbar, K. R. Chem. Commun. 2018, 54 (72), 10136-10139. 
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Figure V.16 Plot of reduced magnetization (M/NμB) vs. HT-1 for compound 3 at applied 

fields of 2–7 T and in the 2–5 K temperature range. Solid lines are guides for the eye. 

Reproduced by permission from Alexandropoulos, D. I.; Schulte, K. A.; Vignesh, K. R.; 

Dunbar, K. R. Chem. Commun. 2018, 54 (72), 10136-10139. 

 

 

V.3.3 AC Magnetic Studies 

Alternating current (ac) magnetic susceptibility measurements were also 

performed in order to probe the magnetic dynamics of 1-3. Complex 1 only exhibited 

quantum tunneling of magnetization, Figure V.17. Complex 3 showed only the beginnings 

of an out-of-phase signal even under applied DC fields up to 2000 Oe, Figure V.18. As 

such, further magnetic characterization of either of these complexes could not be 

performed.  
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a) 

 
b) 

 
Figure V.17 a) In-phase and b) out-of-phase susceptibility for compound 1 at applied DC 

fields from 0-2000 Oe, as labelled. Adapted by permission from Alexandropoulos, D. I.; 

Schulte, K. A.; Vignesh, K. R.; Dunbar, K. R. Chem. Commun. 2018, 54 (72), 10136-

10139. 
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a) 

 
b) 

 
Figure V.18 a) In-phase and b) out-of-phase susceptibility for compound 3 at applied DC 

fields from 0-2000 Oe, as labelled. Adapted by permission from Alexandropoulos, D. I.; 

Schulte, K. A.; Vignesh, K. R.; Dunbar, K. R. Chem. Commun. 2018, 54 (72), 10136-

10139. 
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Only complex 2 exhibits in-phase (χ′) and out-of-phase (χ″) AC susceptibility 

signals that are frequency and temperature dependent in the absence of an applied DC 

field. No peak maxima of the χ″ signals were observed in the frequency range of 1-1000 

Hz from 2 to 19 K, indicating significant quantum tunneling of the magnetization (QTM), 

Figure V.19.  

 

 
Figure V.19 Temperature dependence of the in-phase T product (top) and out-of-phase 

 (bottom) ac susceptibility signals of 2 in a 2.0 G field oscillating at the indicated 

frequencies. Reproduced by permission from Alexandropoulos, D. I.; Schulte, K. A.; 

Vignesh, K. R.; Dunbar, K. R. Chem. Commun. 2018, 54 (72), 10136-10139. 
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Such QTM behavior can be suppressed by the application of a small DC field. To 

this end, AC susceptibility measurements at various static fields (0 – 2000 Oe) were 

performed, and the DC field of 200 Oe was chosen as the optimum field at which a well-

resolved maximum in χ″ is visible at 10 K, Figure V.20.  

 

a) 

 
b) 

 
Figure V.20 Out-of-phase susceptibility for compound 2 at various DC fields from 0-0.2 

T at a) 1.8 K and b) 10 K. Solid lines are guides for the eye. Reproduced by permission 

from Alexandropoulos, D. I.; Schulte, K. A.; Vignesh, K. R.; Dunbar, K. R. Chem. 

Commun. 2018, 54 (72), 10136-10139. 



 

210 

 

In-phase and out-of-phase susceptibility data were subsequently collected on 2 

under a 200 Oe DC field. The presence of peaks that shift to lower frequency as the 

temperature decreases is indicative of slow magnetic relaxation. At low temperatures, a 

distinct tail appears at high frequencies, suggesting a second relaxation process.  

 

a) 

 
b) 

 
Figure V.21 a) In-phase and b) out-of-phase susceptibility for 2 under a 200 Oe DC field. 

Adapted by permission from Alexandropoulos, D. I.; Schulte, K. A.; Vignesh, K. R.; 

Dunbar, K. R. Chem. Commun. 2018, 54 (72), 10136-10139. 
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As a result, the experimental data between 2-19 K were fit using a generalized 

Debye model in CC-fit to extract τ and α parameters with two relaxation processes being 

considered, Figure V.22.164 Ueff and τ0 values could not be obtained for the second 

thermally activated relaxation process since QTM, although reduced to some extent, still 

dominates the low-temperature regime. The relaxation times from fitting the main, lower 

frequency relaxation were plotted as ln() vs. 1/T. To extract an effective energy barrier, 

and to quantify the Raman process which usually dictates the intermediate regime in the 

ln() vs. 1/T plot, the data between 2 to 19 K were analyzed by the following equation165: 

τ−1 =  τQTM
−1 + CTn +  τ0

−1exp (−
Ueff

kBT
) 

where τQTM
−1, CTn, and τ0

−1 exp(−Ueff/kBT) represent QTM, Raman, and Orbach relaxation 

processes, respectively. A Ueff/kBT of 95.7 K and a pre-exponential factor τ0 = 1.9 × 10-8 

s were extracted at high-temperatures, while the τQTM
−1 parameter was obtained as 0.07 s 

at low-temperatures.166 Additionally, the following Raman components were extracted: n 

= 2.79 and C = 0.98 s-1 K-2.79.  
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a) 

 
b) 

 
Figure V.22 a) Cole-cole plot for 2 and b) resulting Arrhenius plot. Solid black lines are 

the fits to the cole-cole plot using CC-fit. Black dots are the experimental data from that 

fit. Red and green lines are fit lines, as labelled. Adapted by permission from 

Alexandropoulos, D. I.; Schulte, K. A.; Vignesh, K. R.; Dunbar, K. R. Chem. Commun. 

2018, 54 (72), 10136-10139. 
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Given the small required field to suppress quantum tunneling, hysteresis 

measurements were also undertaken at 1.8 K. No hysteresis behavior was observed for 2, 

including butterfly-type hysteresis, Figure V.23.  

 

 
Figure V.23 Magnetization (M) vs. applied dc field (H) measurements for a 

microcrystalline sample of 2 at 1.8 K. Reproduced by permission from Alexandropoulos, 

D. I.; Schulte, K. A.; Vignesh, K. R.; Dunbar, K. R. Chem. Commun. 2018, 54 (72), 10136-

10139. 

 

 

To further understand the observed magnetic behavior of 2, 

CASSCF/RASSI/SINGLE_ANISO ab initio calculations were performed using 

MOLCAS 8.0. These calculations revealed that the ground state Kramers doublet (KD) of 

the DyIII ion has small transverse components (gx, gy), with the gz value reaching close to 

the expected value (20) for a pure Ising |𝑚𝐽 = ±15/2 >multiplet, Table V-5.  

These results indicate a small QTM value for the ground state KD and indicate that 

magnetic relaxation can occur through higher excited states. The transverse components 
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are enhanced in excited states. Indeed, the second excited KD has larger transverse 

components, as compared to the first, suggesting that relaxation of magnetization via these 

KDs is more favorable. This conclusion is in good agreement with the experimental data 

where an extremely small DC field is required to achieve SMM behavior. The correlation 

between the ab initio computed and the experimental magnetic susceptibility data of 2, 

Figure V.12, lends confidence to the extracted parameters. 

 

Table V-5 Ab Initio Computed Eight Low-lying Kramers Doublet Energies (cm-1) and g-

tensors of each Kramers Doublets in 2. Reproduced by permission from Alexandropoulos, 

D. I.; Schulte, K. A.; Vignesh, K. R.; Dunbar, K. R. Chem. Commun. 2018, 54 (72), 10136-

10139. 

KDs Energy (cm-1) gx, gy and gz 

1 0.0 0.0202 

0.0237 

19.7199 

2 234.9 0.0459 

0.1109 

15.4744 

3 317.6 1.8979 

2.0641 

12.2892 

4 457.0 1.7856 

4.3905 

9.4439 

5 572.6 0.1305 

1.2204 

17.9329 

6 609.6 8.1826 

8.0311 

0.0825 

7 716.1 3.5694 

4.1807 

12.2314 

8 886.1 0.3676 

0.6645 

18.3199 
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The computed energy barrier was extracted by constructing the magnetic 

relaxation mechanisms, Figure V.24. In 2, the ground state axial nature is well reflected 

in the negligible transversal moment matrix elements relevant to small QTM process 

(0.0073 μB). This is further supported by the wave function analysis where the ground KD 

is mostly made up of the mJ =  15/2 > state with small contributions from the mJ =  13/2 

> state. Notably, the enhanced transverse first excited KD anisotropy components are 

supported by considerable transversal moment matrix elements within the first excited 

state doublets, corresponding to the Thermally Assisted-QTM (TA-QTM) process (0.026 

μB). Additionally, magnetic moment matrix elements related to spin-phonon transitions 

(Orbach and Raman; green and purple arrows in Figure V.24) between ground and higher 

excited states (i.e. 1.7/0.02 μB) is not sufficient to promote relaxation via the first excited 

KD.  

On the other hand, the first excited KD transverse anisotropy is witnessed by 

enhanced mixed character i.e. combination of mJ =  13/2 > and mJ =  9/2 > states. 

Additionally, the second KD possesses small gx and gy components, with a gz value of 

approximately 16 indicating the presence of strong axial nature, even in the first excited 

energy level. This finding, in conjunction with the small angle between the ground and 

first excited KDs (0.01°), stimulates relaxation via second excited KDs.167 The large 

transverse components (gx = 1.89, gy = 2.06) in the second excited KDs enable fast TA-

QTM (0.66 μB) between these states. This delineates Ucal as 317.6 cm-1 (457 K) which is 

highly overestimated compared to the experimentally determined energy barrier of 95.7 

K. This situation is perhaps due to the exclusion of intermolecular and hyperfine 
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interactions in the calculation and the possibility of a non-Orbach relaxation 

mechanism.168 

 

 
Figure V.24 Magnetization blocking barrier for 2. Thick blue lines indicate Kramers 

doublets (KDs) as a function of the computed magnetic moment. Green/purple double-

dashed arrows show possible pathways through Orbach/Raman relaxations. Double-

dashed red arrows represent QTM/TA-QTM between the connecting pairs. The numbers 

at each arrow are absolute values for the corresponding matrix element of the transition 

magnetic moment. The yellow curve shows the most feasible magnetic relaxation 

pathway. Reproduced by permission from Alexandropoulos, D. I.; Schulte, K. A.; 

Vignesh, K. R.; Dunbar, K. R. Chem. Commun. 2018, 54 (72), 10136-10139. 

 

 

V.4 Conclusions 

A new family of 8-coordinate, mononuclear lanthanide complexes in which the 

metal ions are in a very rare cubic coordination geometry has been isolated. The presence 

of significant distortions in 1-3, as revealed by the structural analysis, breaks the ideal Oh 

symmetry of the inner coordination sphere. As a result, slow relaxation of the 

magnetization at low temperatures was only observed for complex 2 under an applied field 
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of 200 Oe. Fitting of the data, considering all the possible relaxation pathways, gave an 

energy barrier Ueff = 95.7 K with 0 = 1.9  10-8 s for the thermal relaxation. Ab initio 

calculations support the SMM behavior of 2, but overestimate the energy barrier. Work in 

progress includes substitution of the nitrate ions by other chelating ligands, such as beta 

diketonates and sterically enhanced dbm derivates, in order to probe how deviations from 

the cubic symmetry affect the crystal field splitting of the lanthanide ion and the magnetic 

properties of the compounds. 
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CHAPTER VI  

CONCLUSIONS AND FUTURE OUTLOOK 

 

To date, one of the biggest challenges in the field of single molecule magnets has 

been to increase the operating temperature above liquid nitrogen temperatures (77 K) or 

above. This goal has recently been achieved, but it is imperative that we understand the 

mechanisms that are operative in leading to magnetic relaxation, and to work on increasing 

the air and thermal stability of the magnets as extremely air sensitive molecules are not 

practical for use in devices. The work presented herein focused on these two goals, with 

the aim of building on the current foundation of knowledge to design ideal magnets with 

controlled relaxation in the future.  

In Chapter II, two series of molecules were presented exploring the effects of 

changes in geometry and the effect of electron donating and withdrawing substituents on 

slow magnetic relaxation. In the first half of the chapter, a series of trigonal 

monopyramidal complexes were synthesized employing a tetradentate, nitrogen based 

donor which coordinated with divalent iron, cobalt, and nickel. When water was added to 

these complexes, coordination of a water molecule in the axial position took place, 

resulting in trigonal bipyramidal complexes. It was found that the trigonal monopyramidal 

complexes universally had more ideal geometries, resulting in larger D values, and better 

magnetic behavior. Computational and experimental analysis revealed that coordination 

of the water molecule tilted the Dzz axis off of the C3 symmetry axis, which in turn lead 

too poorer magnetic behavior. 
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In the second series of compounds in the chapter, the substituents decorating the 

tetradentate ligand were modified to varying electron donating and withdrawing groups. 

The D values of the complexes were found to roughly directly correlate with the electron 

donating ability of the phenyl substituents, which resulted in large changes in Ueff. 

Together, these results showcase the drastic effect that a small change in the coordination 

environment can have on magnetic behavior, as well as that trigonal monopyramidal 

geometry can lead to near record D values. 

In Chapter III, the magnetic behavior of four complexes were explored to probe 

the effect of partial and full encapsulation of divalent cobalt ions by nitrogen donor 

ligands. The mononuclear complexes showcased that slow magnetic relaxation improves 

with coordination of heavier halide atoms in the axial position, with the bromide 

containing complex exhibiting a higher barrier than the chloride containing complex. After 

generating a fully encapsulating cage by joining two ligands together through a phenyl 

bridge, antiferromagnetic coupling took place between two cobalt ions via the halide 

bridge connecting them. The chloride containing structure exhibited glassy magnet 

behavior up to 6 K, but such behavior was absent in the bromide analogue. Together, these 

molecules represent a rich exploration of magnetism, with small changes resulting in huge 

changes in the magnetic behavior. 

In Chapter IV, tetravalent titanium was presented as a new option for solid state 

dilution of magnetic molecules. In particular, a scorpionate ligand coordinated to Ti(IV), 

combined with divalent manganese, iron, cobalt, or nickel, resulted in trinuclear structures 

with octahedral geometry about the paramagnetic metal center. The inorganic blocking 
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ligands were effective at separating the metal centers from each other, with the closest 

metal-metal distance of 10.641 Å. Only the cobalt complex displayed slow magnetic 

relaxation, with an applied DC field being required to suppress quantum tunneling. These 

complexes introduce Ti(IV) as an effective inorganic ligand, and open the door for 

exploration of this new dilution method in both transition metal and lanthanide based 

single molecule magnets. 

In Chapter V, the first lanthanide based single molecule magnet in a cubic 

geometry was presented. A series of lanthanide complexes were synthesized employing 

bidentate, oxygen donor ligands. A diamagnetic, cobalt(III) containing counter-cation was 

generated in-situ to further dilute the paramagnetic metal centers. Significant distortions 

in the geometry about the Dy(III) center are present which led to the need for a small 

applied DC field in order to observe slow magnetic relaxation behavior. By reducing these 

distortions, air-stable, lanthanide single molecule magnets should be possible to design. 

Given the progress that has been made on single molecule magnet behavior to date, 

the overall goal to use these molecules in applications such as data storage and quantum 

computing is becoming more feasible. For this to be possible, however, single molecule 

magnets must be deposited onto a surface. Given the sensitivity of most of the SMM 

molecules under investigation, deposition onto a surface can have strong effects on the 

magnetic behavior, or even complete degradation of the compound. One method to 

accomplish this is through incorporation into metal-organic frameworks (MOFs). 

Examples of this have resulted in improved thermal stability and isolation due to the 

framework.169-173 Another method is direct deposition onto a surface. Using this technique, 
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it has been reported that in some cases the magnetic behavior is retained, as is the case for 

Mn12OAc on a carbon nanotube, where as in other cases it is suppressed, as is the case for 

TbPc2 on a cobalt surface.174-177  Very recently, another alternative was studied wherein 

an SMM was deposited onto a gold nanoparticle.178 The authors utilize a chiral magnetic 

molecule, [Mn9O4(Me-sao)6(L)3(MeO)3(MeOH)3]Cl (Me-saoH2 = methylsalicylaldoxime, HL 

= lipoic acid), and demonstrate retention of both its magnetic and optical properties upon 

deposition. Another technique that has recently been reported is direct bonding of a single 

molecule magnet to a metal oxide surface through the ligand on the SMM.179 Therein the 

authors were still able to observe hysteresis after coordination, indicating that this method 

is another viable option. This area of the field is growing, and is certainly vital to the future 

realization of SMM containing devices. 
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