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Abstract 

The rational design of molecular magnetic materials is an ongoing effort 

involving physics, materials science, and chemistry.  A common approach to 

design of complexes and interpretation of magnetic data is the spin Hamiltonian 

formalism. In this approach, magnetic data is interpreted through constants 

extracted from the parameterization of data. In design, certain structural motifs 

are pursued, rationalized by the minimization or maximization of terms in the spin 

Hamiltonian. In this work, monometallic complexes were prepared to simplify 

magnetic behavior and allow the examination of specific factors that influence 

single molecule magnetism like coordination geometry, ligand identity, symmetry, 

and spin-orbit coupling. A series of hydridotris(3-phenylpyrazolylborato) 

scorpionate compounds are presented, some of which are inadequately 

described by the parameterization of magnetic data, and others for which the 

alteration of terms within the spin Hamiltonian gives the predicted result. These 

discoveries and ramifications for single molecule magnetism will be discussed. A 

series of dmf adducts of transition metal para-toluenesulfonates is also 

presented. 
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List of Abbreviations, Units, Symbols 

AO Atomic Orbital 

�⃗�  magnetic flux density 

c0 = 299 792 458 m s-1 speed of light in a vacuum1 

Cn rotation by 2/n 

0 = 8.854 187 817 x 10-12 C2 m-

1 J-1 
permittivity of vacuum1 

e- = -1.602 176 487(4) x 10-19 C charge of electron1 

ge = -2.002 319 304 362 2(15) Landé g factor for free electron1 

h =6.626 068 96(3) x 10-34 J s Planck constant1 

�⃗⃗�  magnetic field strength 

�̂� Hamiltonian operator 

i inversion 

IUPAC 
International Union of Pure and Applied 

Chemistry 

kB = 1.380 658(12) 10-23 J K-1 Boltzmann constant1 

|𝐿⟩ summation of orbital angular momentum 

|𝑙⟩ azimuthal quantum vector 

0 = 410-7 N A-2 permeability of vacuum1 

B = 9.274 009 15(2) x 10-24 J 

T-1 
Bohr magneton1 

�⃗⃗�  magnetization 

|𝑀𝑠⟩ summation of spin angular momentum 

|𝑚𝑙⟩ magnetic quantum vector 

|𝑚𝑠⟩ spin magnetic moment quantum vector 

me = 9.109 382 15(5) x 10-31 kg mass of electron1 

n principal quantum number 

r radius 

SMM single molecule magnet 

T temperature (K) 

TC Curie temperature 

TN Néel temperature 

 Weiss constant 

 magnetic susceptibility 
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M molar magnetic susceptibility 

Z atomic number 
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Chapter 1.  Overview of Magnetism and Instrumental Methods 

 

1.1. Objectives 

The research undertaken in this dissertation was done with the objective 

of preparing and examining monometallic transition metal single molecule 

magnets. By preparing monometallic paramagnetic transition metal clusters, 

several benefits can be realized.  These materials can readily be characterized 

by traditional chemistry methods, variables of magnetic behavior like spin-spin 

coupling and transverse magnetic anisotropy can be minimized or eliminated, 

and single molecule magnetism can be studied in simple systems that can later 

be incorporated into more complicated systems.2-3 

 

1.2. Introduction 

Before outlining the general principles of molecular magnetism, it is appropriate 

to justify the effort by briefly considering the uses of magnetic materials. 

Magnetism, for all its unanswered questions, has been known to man since 

prehistoric times and plays a central role in modern technology, the often-

scapegoated foundation of civilization itself.4-7 As we will see, magnetism also 

provided an impetus for the development of quantum mechanics, since it could 

not be described by classical approaches.8-11 Current applications of magnetic 

materials include information storage, medicine, interconversion of mechanical 

and electrical energy in alternators, generators, relays, speakers, power 
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distribution, and communication equipment; 5, 12-14 as recently as 2000, the world 

market for magnetic materials exceeded that of semiconductors.4  

 Moreover, the economic benefits of miniaturization have driven much 

recent technological advancement in electronic devices, and this incentive is still 

present for magnetic materials.15-17 Currently, however, the superparamagnetic 

limit poses a barrier to further reductions in size of magnetic devices, particularly 

magnetic data storage.4, 14 This superparamagnetic limit is a minimum domain 

size (r = 10 - 100 nm at room temperature) at which a material still exhibits the 

superparamagnetism necessary for magnetic data storage. Below this size, the 

magnetization is overcome by thermal effects, and the recorded data is lost. 

Advances in engineering like perpendicular recording have led to moderately 

increased storage density, but a novel method for storage appears to be a 

longer-lasting answer to the superparamagnetic limit.18-20 

 Single molecule magnets (SMMs) show promise as new magnetic 

materials to improve current devices or deliver new devices without classical 

counterparts through their novel properties.4, 12-13, 21-28 Information storage,13, 21 

(nuclear) magnetic resonance imaging (MRI) contrast agents,12 molecular 

spintronics,26 quantum computing,23-24, 27-28 and magnetic refrigeration22 are 

some proposed applications. Since the remnant magnetization in SMMs arises 

from a different process than in superparamagnetism, the superparamagnetic 

limit does not apply and storage densities can approach a single molecule in 

size, an improvement of 3-4 orders of magnitude over commercial technologies.4 

The origins of this remnant magnetization will be examined in greater detail in 
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section 1.4. For MRI contrast agents, spin relaxation in SMMs can be used to 

contrast MRI images to improve signal to noise ratios, relaxation rates, and 

reduce the use of more toxic elements like Gd.12 Lastly, SMMs may be suitable 

materials for molecular spintronics, devices that use charge and spin to carry 

information in circuits.26, 29-31 As a single molecule can operate in this capacity, it 

may prove to be a large step in miniaturization and the combining of multiple 

functionalities into a single device.26 It has been observed that some applications 

have yet to be envisioned as there are no classical analogies to SMMs so that 

entirely new devices and functionalities may be possible.26  

 Already advances have been made not only in the development of 

materials but in their incorporation into devices.24, 28, 30-33 The readout of magnetic 

memory for a single Fe4 SMM was reported in 2009, demonstrating that the SMM 

behavior was retained even when tethered to Au surfaces.24 In 2012, 

Wernsdorfer et al. reported the electronic readout of a single nuclear spin in a 

TbIII SMM.28 Discrete states exhibited lifetimes on the order of tens of seconds, 

and the Kondo effect was observed. The Kondo effect is an anomalous 

scattering of conduction band electrons caused by magnetic impurities, in this 

case a single TbIII complex. Molecular layers of an SMM have shown exchange 

bias, an important step towards spin valves.30 Furthermore, this particular 

material is operative near room temperature, an important advance. 

 This optimistic picture of advances is tempered by current challenges to 

the creation of new SMMs and their incorporation in devices.4, 34-36 The design of 

SMMs is chemically challenging, and the predictive principles are not analogous 
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to other areas of chemistry.4, 34, 37-38 While quantum mechanical effects cause 

some of the useful properties of SMMs, quantum tunneling of the magnetization 

(QTM) undermines remnant magnetization in these materials.37-38 As the energy 

separations between states can be low, most SMMs are only 'operative' (exhibit 

zero field magnetization) at very low temperatures.39-40 Nevertheless, SMMs 

provide a route to improvement of current magnetic technology, new devices, 

and compounds to study the physics in the transition between single 

paramagnetic centers and extended structures.22  

 As many have observed, there is a tendency for physicists and chemists 

to continue using cgs units in describing magnetic properties. In this work the SI 

system is used to follow the guidelines of the International Union for Pure and 

Applied Chemistry (IUPAC).1 

 

1.3. Classical Magnetism 

The classical mechanics interpretation of magnetism models a bulk 

material interacting with a magnetic field and is described by continuous 

functions.8, 41-43 This model was developed to describe the experimental 

observations of macroscopic quantities of materials interacting with magnetic 

fields, so a consideration of phenomena at the molecular level is not intrinsically 

part of the treatment.41 However, the idea that a macroscopic paramagnetic 

insulator consists of magnetic moments associated with spatial points was often 

accepted in the classical treatment, and leads to the idea of a paramagnetic 

center. A paramagnetic center is simply an atom or collection of atoms with 
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significant unpaired spin density.43 While this definition is not placed in 

chronological order, it is an assumption that underpins all modern treatments and 

much of the classical approach. All materials, when placed in an inhomogeneous 

magnetic field, experience a net attraction or repulsion to the stronger portion of 

the field.42 The repulsion is called diamagnetism and is exhibited by all materials, 

in the sense that the net interaction of a material will include a diamagnetic 

contribution. This arises when the applied field causes the paired electrons to 

move in their orbitals to create an opposing field, so that the magnetic field lines 

are directed away from the sample via Lenz's law. Since all stable compounds 

contain paired electrons, all materials exhibit this diamagnetism. If one or more 

unpaired electrons in a material align with the applied field, it concentrates 

magnetic flux lines through the material and results in paramagnetism.   

 Figure 1.1 provides a visualization of the interaction of diamagnetic and 

paramagnetic materials with a magnetic field.42 The sample material is 

represented by the circle in the center, with the squares standing for the north 

and south poles of magnets providing the field with which the sample interacts. 

Given that the paramagnetic spins give magnetic moments that are typically one 

to two orders of magnitude greater than diamagnetic contributions, both must be 

accounted for in real systems, and the paramagnetic contribution almost always 

overcomes the diamagnetic contribution.  
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Figure 1.1. Left: Magnetic flux lines directed outside a diamagnetic material. 
Right: Magnetic flux lines concentrated in a paramagnetic material. Adapted from 
reference 42. 

The magnetization �⃗⃗�  is the magnetic moment per unit of volume, 

expressed in amperes per meter, A m−1. �⃗⃗�  is the magnetic field, also measured 

in A m−1. �⃗�  is the induction or magnetic flux density acting on matter, measured 

in Tesla (T) or Gauss (G) (1T = 104 G). The three are related by 

�⃗� = 𝜇0(�⃗⃗� + �⃗⃗� ) Equation 1.1 

At the weak field limit (|�⃗⃗� | ≪ 𝑘B𝑇) the magnetization of a paramagnetic material 

is related to field strength by 

�⃗⃗� = 𝜒�⃗⃗�  Equation 1.2 

 



Ferko, Philip 2019, UMSL, p. 20 

 

Figure 1.2. Reciprocal molar susceptibilities versus temperature for 
antiferromagnetic, paramagnetic (Curie), ferromagnetic, and ferrimagnetic 
materials. Adapted from 44. 

where 𝜒 is magnetic susceptibility, a dimensionless constant for each material at 

a given temperature. At higher field strengths, the magnetization levels off to a 

constant and the material is said to be magnetically saturated.44 Physically, the 

spins of the material are largely aligned with �⃗⃗�  and since the number of spins is 

finite, the magnetization cannot increase to infinity. The constant 𝜒 can also be 

expressed on a per mole basis, 𝜒M. This magnetic susceptibility can be 

expressed as the sum of paramagnetic and diamagnetic contributions by the 

equation 

𝜒 = 𝜒diamagnetic + 𝜒paramagnetic 

 
Equation 1.3 

which also holds for magnetic susceptibility on a per mole or per volume basis.42 

The temperature dependence of 𝜒M is described in the Curie-Weiss law, 

𝜒M
−1 =

𝑇 − 𝜃

𝐶
 

 

 Equation 1.4 
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relating 𝜒M to 𝜃 and 𝐶, the Weiss and Curie constants respectively.42, 44 This 

relationship is empirical, and when plotted, curves of 𝜒
M
−1 versus 𝑇 will yield the 

values for 𝜃 and 𝐶.7, 44 The deviations from linearity and the x-intercept provide 

additional information. 

 

Figure 1.2 shows four hypothetical plots of typical results from this procedure. In 

the simplest case, a line passes through the origin of the graph and the material 

exhibits simple paramagnetism. If a line intercepts the x-axis at a value above 

zero, the material is ferromagnetic. In two instances the plots are curved, and the 

materials are then ferrimagnetic or antiferromagnetic. At higher temperatures, 

these two types exhibit roughly linear plots, but deviate at lower temperatures. 

For antiferromagnetic materials, the plot asymptotically approaches a value 

called the Néel temperature, 𝑇N.  For ferrimagnetic materials the plot exhibits a 

negative deviation and intercepts the x-axis at the critical temperature, 𝑇C. More 

compactly, 
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θ > 0 ⟹ ferromagnetism Equation 1.5 

θ < 0 ⟹ antiferromagnetism or ferrimagnetism. Equation 1.6 

Combined, these plots show that at high temperatures all paramagnetic materials 

show a linear trace, but deviations from this behavior occur at low temperature, 

with the details differentiating the four classes of materials. For a ferromagnetic 

material, an interaction between paramagnetic centers leads to the maximum 

unpaired spin being the ground state. For an antiferromagnetic material, 

interaction between paramagnetic centers makes the spin-paired state the 

ground state where all electrons are paired. Ferrimagnetic materials also have a 

spin-paired state that is the ground state, but the pairing is incomplete, and a 

residual magnetic moment is present. The paramagnetic behavior at higher 

temperatures for all four types of materials led researchers to consider the origins 

of the effect as a competition between magnetic ordering of the materials and 

thermal disorder.  

 For a paramagnetic material where |�⃗⃗� | ≪ 𝑘B𝑇, the paramagnetic 

component of the magnetic susceptibility (see Equation 1.3) is described by the 

Langevin equation,  

𝜒paramagnetic = 𝜇0𝑁A (
𝜇2

3𝑘B𝑇
) 

 

Equation 1.7 

where 𝜇0 is the permittivity constant, 𝜇 is the magnetic moment of the atom, 𝑁A is 

Avogadro's number, and 𝑘B is Boltzmann's constant.44 The diamagnetic 

contribution is described by the term 

𝜒diamagnetic = −
𝑁A𝑒2

6𝑚𝑒𝑐2
∑ 〈𝑟𝑛〉

2

𝑛
 

 

Equation 1.8 
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where 〈𝑟𝑛〉 is the radius of an atom, 𝑚𝑒 is the mass of the electron, and the 

contribution is summed for all electrons on an atom.7 Equation 1.7 treats the 

magnetic moments of atoms as dipoles present in a lattice able to assume any 

orientation and undergo a disordering that is temperature-dependent, in line with 

the previous observation regarding the interplay of magnetic ordering and 

temperature. At high temperature, the denominator of Equation 1.7 becomes 

larger than the numerator and 𝜒 → 0. As the temperature approaches 0, 𝜒 →∞ 

but in real systems 𝜒 approaches a constant value. In earlier work a constant, 𝛼, 

was included in the numerator and described "high frequency terms" which 

accounted for a temperature-independent contribution to the magnetic 

susceptibility.43  

  While Equation 1.7 describes the linear range and the deviations can be 

attributed to interactions between the magnetic moments of the atoms, later work 

showed the Langevin treatment of magnetic susceptibility to be inadequate and 

in fact inconsistent.8-11 Niels Bohr and Henrika van Leeuwen independently 

published work showing that "in a constant magnetic field and in thermal 

equilibrium the magnetization of an electron gas in the classical Drude-Lorentz 

model is identically zero."8-9, 11 In a classical statistical mechanics treatment, the 

application of an external field to the paramagnetic material would induce an 

opposing field on its surface. This opposing field would shield the remainder of 

the material from the external field, leading to no net magnetization. Bohr's report 

of this result has been referred to as "the most deflationary publication of all time 

in physics."7  
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1.4. Quantum Mechanical Origins of Magnetism 

The failure of classical mechanics to describe magnetism in a self-

consistent manner pushed workers towards a more complete description of the 

phenomenon.8 A step towards this was published by Van Vleck,43 who described 

the magnetization of materials in a complementary method to that of Langevin. 7, 

43-46 In the Van Vleck equation,  

𝜒M =
𝑁A ∑ [

(𝐸𝑛
1)2

𝑘B𝑇
− 2∑𝐸𝑛

2] 𝑒𝑥𝑝 (−
𝐸𝑛

0

𝑘B𝑇
)

∑ 𝑒𝑥𝑝 (−
𝐸𝑛

0

𝑘B𝑇
)𝑛

 

 

Equation 1.9 

the resultant microstates (𝐸𝑛
𝑚) of a magnetic system are described instead of 

individual spins where 𝑁𝐴 = Avogadro’s number, 𝑘𝐵 = Boltzmann constant, and T 

= temperature.45 𝐸𝑛
0 is the energy of a given level n in zero field, and 𝐸𝑛

1 and 𝐸𝑛
2 

are the first and second Zeeman coefficients giving the energies dependent upon 

an applied field. These are populated by the familiar partition function, and a 

summation over all states is taken. This equation holds true for paramagnetic 

systems with no cooperativity between spins (magnetically dilute) and |�⃗⃗� | ≪

𝑘B𝑇.42, 44 The importance of the Van Vleck equation for magnetic susceptibility is 

that it was the first to provide a justification for the Curie law that incorporates 

Boltzmann statistics and quantum mechanics.8 In practice, the ground state or 

states are often sufficient to model the magnetic susceptibility of a material and if 

this fails, inclusion of excited states that are thermally accessible often remedies 

the problem. Next, the origin of the magnetic moments that lead to the observed 

microstates will be examined.  
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 The magnetic moment of inorganic materials is derived mostly from 

contributions of electron spin and orbital angular momentum present on the metal 

ions.41 If the magnetic moment is solely attributable to electron spin, the Bose-

Stoner formula for the magnetic moment in weak fields (|�⃗⃗� | ≪ 𝑘B𝑇) holds,1 

 

𝜇SO = 2√𝑆(𝑆 + 1) Equation 1.10 

where 

𝑆 = ∑||𝑚𝑠,𝑖⟩|

𝑖

 Equation 1.11 

and  

𝜇 = 𝜒�⃗⃗�  Equation 1.12 

for unpaired electrons on a paramagnetic center.47-49 Equation 1.11 describes the 

relationship between the spin of a paramagnetic center and the individual 

electron spins. The magnetic moment associated with a paramagnetic center is a 

vector, an important point when considering the mathematical treatment of 

magnetic systems. When orbital angular momentum and other effects begin to 

contribute to the magnetic properties of a material, a more thorough description 

becomes necessary. Prior to outlining the spin Hamiltonian approach to 

paramagnetism, it is appropriate to state the problem or conditions that are being 

met. This approach seeks to accurately describe bulk magnetic, atomic 

magnetic, and spectroscopic properties of paramagnetic insulators. It must also 

use discrete math or wave mechanical descriptions to reflect the quantum 

 
1 This formula is in accord with present sources, earlier papers often gave the formula as 

√4𝑆(𝑆 + 1). 
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mechanical origins of magnetism. To do this, observables--i.e., values that can 

be directly measured via experiment--must be related to the quantum numbers 

describing the system and potentially additional constants that also describe the 

system. In this formalism, the system is the smallest unit that exhibits the 

complete magnetic properties of the material. Two sources of error can stem 

from a misunderstanding of this definition, the first being that in which a spin 

system is too small and interactions between parts are neglected. In the other, 

the spin system is defined as larger than it is. The latter often occurs in systems 

that are chemically linked but where the paramagnetic centers behave 

independently. As will be shown, the first error leads to poor modelling of the 

behavior, and the second to over-parameterization that accurately models the 

system but leaves parameters that are physically meaningless.  

 The electrons in a paramagnetic insulator can often be accurately described 

by the four quantum numbers 𝑛, 𝑙,𝑚𝑙 , and 𝑚𝑠. If a paramagnetic material is an 

insulator, the electrons are localized or associated with a particular atom or 

atoms. Electron spin angular momentum has no classical analogy since the 

electron itself cannot spin, having no spatial dimension.41 The name spin results 

from the fact that in macroscopic systems, moving current gives rise to a 

magnetic field, and it was assumed a similar process created the magnetic 

moment of elementary particles. The spin of an electron |𝑚𝑠⟩ is described by the 

spin quantum number which has the allowed values of ±
1

2
.41, 50 The magnetic 

moment |𝜇⟩ of an electron is related to |𝑚𝑠⟩ by  

|𝜇⟩ = −
𝑒−

𝑚𝑒

|𝑠⟩ Equation 1.13 
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where  

||𝑠⟩| =
ℎ

4𝜋
 

Equation 1.14 

From this the cancellation of the magnetic moment of two electrons in one orbital 

is apparent if they obey the Pauli exclusion principle. Since the two allowed 

values are fixed and of equal and opposite magnitude, the magnetic moments of 

the electrons cancel, and no magnetic moment is observed. 

 Orbital angular momentum |𝑚𝑙⟩ takes on the allowed values of 0 =  𝑠, 1 =

 𝑝, 2 =  𝑑, … which result in the familiar shapes of the 𝑠, 𝑝, 𝑑, 𝑓, . .. orbital series. 

The impact of orbital angular momentum on the magnetic moment of an electron 

depends on its interaction with the electron spin through spin-orbit coupling 

(SOC).7, 41, 50-51 For lighter atoms SOC is a weak effect that can be treated as a 

perturbation via the Russell-Saunders coupling scheme.52 For the first and 

second row transition metals, SOC can be observed in susceptibility 

measurements as a small deviation from the spin-only value of 𝜇eff. One of the 

simplest ways SOC is quantified for transition metals is the Landé 𝑔 value which 

is included in the Bose-Stoner equation  

𝜇eff = 𝑔√𝑆(𝑆 + 1) (BM) 
 

Equation 1.15 

and this Landé 𝑔 is allowed to vary to match experimental data.41-42 This is a 

restatement of Equation 1.10 where the fixed value 2 becomes 𝑔 and is allowed 

to vary. For a material with no SOC, 𝑔 = 2.0023. 41-42, 50 The deviation from 2.00 

is a result of relativistic considerations first described by Dirac in 1928 but still 

represents only the spin contribution to the magnetic moment of an electron.53 

For heavier atoms, the coupling of spin and orbital angular momentum can no 
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longer be treated as a weak perturbation of the electron spin moment and the 𝑗 −

𝑗 coupling scheme is used. Since it is not pertinent to the present work, it will not 

be examined in detail; it will merely be said that the spin and orbital angular 

momentum vectors are added to each other and the resulting vector, 𝐽  is used to 

complete calculation of the eigenstates in the spin Hamiltonian. 

  The Zeeman effect is the splitting of degenerate magnetic levels in a weak 

magnetic field.54 For an energy level with a given spin, S, the degeneracy is 2S + 

1. These degenerate states, upon application of an external magnetic field �⃗⃗� , 

undergo Zeeman splitting to give 2S + 1 states of energy determined by 

�̂� = 𝐸0 + 𝜇B𝑆𝑔B⃗⃗  Equation 1.16 

where 𝐸0 is the energy of the degenerate states in the absence of a magnetic 

field, and the difference in energy between adjacent states (ΔS = ± 1) is 𝜇B𝑔B⃗⃗ . In 

cases where SOC is present and the field is sufficiently strong, the spin and 

orbital momentum is decoupled, and the Paschen-Back effect that leads to 

further splitting is observed.54-58 It is mentioned for the sake of completeness but 

will not be considered here as the phenomenon is not observed in this work.  

 In some cases, a splitting of otherwise degenerate states can occur with no 

external magnetic field, and this is aptly named zero-field splitting (ZFS). The 

quantification of ZFS is complicated by often being an anisotropic phenomenon. 

The orientation of the material in a magnetic field for the measurement of 

electronic states in an EPR or electronic absorption experiment can influence the 

results. The Hamiltonian for ZFS is 
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�̂� = 𝐷𝑆z
2 + 𝐸(𝑆x

2 − 𝑆y
2) Equation 1.17 

 where 𝑆x, 𝑆y, and 𝑆z are the projection of spin 𝑆 in the Cartesian coordinate 

system, 𝐷 is the axial component of the ZFS tensor, and 𝐸 is the transverse 

component of the ZFS tensor. The ZFS tensor is real, symmetric, and describes 

the separation of |±𝑆⟩ eigenstates in the absence of a magnetic field and is 

related to the anisotropic projection of the spin in real space.41 In the case of 

cubic symmetry (𝑂h) 𝐷 = 𝐸 = 0 and for axial symmetry 𝐸 = 0.35 The symmetry 

refers to the environment of the unpaired electrons under consideration. For 𝑂h 

complexes ZFS is not present or if seen, very weak. Axial complexes, those 

possessing a 𝐶n axis, can show ZFS, that is, for Equation 1.17, 𝐷 ≠ 0 and 𝐸 = 0. 

Small changes in the ligand field or symmetry can have an influence on the 

magnetic properties such that the typically minor distinction between pseudo-𝐶n 

and 𝐶n becomes of great importance, as will be discussed in section 1.4. When 

𝐷 < 0, the anisotropy is called Ising anisotropy or easy axis anisotropy, and the 

ground state or states are ones that maximize the magnitude of the spin |±𝑆⟩.34 

Conversely, when 𝐷 > 0, easy plane anisotropy is present and the ground state 

is |𝑆 = 0, 1 2⁄ ⟩.  

 Up to this point we have considered systems with unpaired electrons on 

one atom or set of atoms to form one paramagnetic center, but it is possible (and 

common) to have multiple paramagnetic centers that interact with each other to 

create a single spin system. The interaction between paramagnetic centers is 

termed "coupling" and described in the spin Hamiltonian formalism via the 

interaction term 
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�̂�interaction = ∑−𝐽𝑖𝑗𝑆𝑖𝑆𝑗 + 𝑆𝑖𝐷𝑖𝑗𝑆𝑗 + 𝑑𝑖𝑗𝑆𝑖 × 𝑆𝑗
𝑖,𝑗

 

 

Equation 1.18 

which quantifies the isotropic, anisotropic, and antisymmetric exchange between 

paramagnetic centers, respectively.59-60 𝐽𝑖𝑗 is the singlet-triplet energy gap, 𝐷𝑖𝑗 is 

the magnetic anisotropy tensor, and 𝑑𝑖𝑗 is the Dzialoshinski-Moriya vector. This 

third term is less familiar to most chemists but arises from SOC and results in the 

spin canting observed in some systems.61-62  Often the interaction between 

paramagnetic centers is modeled by considering only isotropic coupling, 

�̂�interaction = ∑−𝑆𝑖𝐽𝑖𝑗𝑆𝑗
𝑖,𝑗

 

 

Equation 1.19 

If we have a system with Ising-type anisotropy and nonzero spin ground states, it 

leads to the creation of a spin reversal energy barrier and a double well potential 

energy curve with |±𝑆⟩ maximized for each well, which differs from the other only 

by sign. Reversal of the magnetization must overcome an energy barrier of 

𝑈eff~|𝐷|𝑆2 Equation 1.20 

for integer systems and 

𝑈eff~|𝐷|𝑆2 − 1/4 
 

Equation 1.21 

for half integer systems. The significance of Equation 1.20 and Equation 1.21 will 

be discussed further in section 1.4. Combining Equation 1.16, Equation 1.17, and 

Equation 1.19, we arrive at 

�̂�spin = [𝐷𝑆z
2 + 𝐸(𝑆x

2 − 𝑆y
2)] + ∑−𝑆𝑖𝐽𝑖𝑗𝑆𝑗

𝑖,𝑗

+ 𝜇B𝑆𝑔�⃗�  

 

Equation 1.22 

which is sufficient for understanding the basic properties of many SMMs. 

Neglected from this Hamiltonian are terms for hyperfine coupling and the nuclear 
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Zeeman effect. These can have effects on the observed properties of SMMs and 

will be discussed further in section 1.4. 

 Figure 1.3 depicts the eigenstates for an |𝑀𝑆⟩ = 10 SMM with the 

corresponding barrier to magnetization reversal in zero field. Allowed states 

within the wells are indicated by horizontal lines in a similar fashion to vibrational 

energy levels.  When a magnetic field is applied, the Zeeman effect increases the 

splitting on one side and reduces the effect of ZFS on the other, so that the 

stabilized state can be populated at the expense of the other. When the field is 

switched off, the population imbalance is maintained and can only be overcome 

by a thermal redistribution (neglecting quantum tunneling effects, section 1.4).  

 

Figure 1.3. Eigenstates and relaxation processes for [Mn12O12(O2CMe)16(H2O)4], 
an 𝑆 =  10 SMM. The blue arrows indicate thermal processes and the red arrow 
QTM which can occur below Ueff. Reproduced from 4. 

 

1.5. Molecular Orbital Model of Exchange 

While the spin Hamiltonian approach is a useful route to interpretations of 

spectroscopic and magnetic data, it is insufficient to describe the mechanism by 
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which coupling, ZFS, and SOC occur. Using the concepts of molecular orbital 

(MO) theory, a description of magnetic exchange in molecules has been 

developed.50 MO theory has several assumptions or features worth listing before 

a further discussion of the description of magnetic exchange. Metal complexes 

are ionic in the sense that charged species are combined to prepare them, but 

significant covalency is present in the resultant complexes.50 MO theory assumes 

a covalent interaction between atoms. Bonding between metal and ligand is 

predominantly an interaction between the 𝑠 orbital and ligand orbitals, with a 

smaller interaction between the metal 𝑝 orbitals and the ligands due to a large 

energy mismatch. The 𝑑 orbitals participate in bonding the least, although they 

have a significant role in magnetic properties.  

 According to MO theory, the stabilization of an electron in a molecule or 

ion is dependent on the overlap integral 

�̂�μν = ⟨𝜒μ|𝜒ν⟩ Equation 1.23 

and exchange integral 

 

�̂�μν = ⟨𝜒μ|�̂�eff|𝜒ν⟩ Equation 1.24 

for two atomic orbitals 𝜒μ and 𝜒ν. �̂�eff is the one electron Hamiltonian, which 

gives the energy values for the electron.63 It is important to note that �̂�𝜇𝜈 

increases as orbital overlap increases and that �̂�μν = 0 does not imply that �̂�μν =

0. When �̂�μν ≠ 0, a molecular orbital made from a combination of atomic orbitals 

𝜒μ and 𝜒ν is created, and this resultant orbital is then populated via the Pauli 

exclusion principle. If two electrons are present in this orbital, they must have 



Ferko, Philip 2019, UMSL, p. 33 

spins of +
1

2
 and −

1

2
 respectively. This stabilizes the singlet state as the spin 

momenta cancel out. For the exchange integral �̂�μν, two electrons occupying 

atomic orbitals 𝜒𝜇 and 𝜒𝜈 can exchange with each other if they both have the 

same spin quantum number i.e. the spins are aligned. This stabilizes the triplet 

state. In most cases �̂�μν is significantly larger than �̂�μν so that the singlet state is 

stabilized, leading to the large singlet-triplet energy gaps observed in many 

compounds. However, the weaker bonding of transition metal complexes and the 

smaller overlaps between 𝑑 and other orbitals leads to the smaller �̂�μν term 

taking on a larger role in determining the singlet and triplet energies, and in some 

cases favoring the triplet ground state. The interactions that lead to coupling are 

quantified by the value 𝐽 which is the energy difference between the ground and 

excited states for two coupled spins. It can be decomposed as 

𝐽 =  𝐽F + 𝐽AF Equation 1.25 

where 𝐽F > 0 and 𝐽AF < 0. In general, the �̂�μν term favors ferromagnetic coupling 

and the �̂�μν term favors antiferromagnetic coupling. 

 For the purposes of coupling between magnetic orbitals in first row 

transition metal complexes, two processes are observed, direct exchange and 

superexchange. Direct exchange coupling does not occur through mediating 

atoms between paramagnetic centers; rather, the magnetic orbitals themselves 

interact.41, 64 This depends on the symmetry of the interacting orbitals. The 

overlap integral typically decreases as it moves through the series of symmetric 

interactions , , , to strict orthogonality (Figure 1.4). The overlap integrals 

decrease across the series, leading to a smaller antiferromagnetic contribution 
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while the ferromagnetic contribution from exchange decreases less rapidly, so 

that even when the overlap integral is zero a ferromagnetic interaction between 

the magnetic orbitals can exist. This is reflected in a trend from strong 

antiferromagnetic to weak ferromagnetic coupling (Figure 1.4). A well-known 

example of direct exchange occurs in bimetallic paddlewheel complexes where 

the formation of metal-metal bonds results in fewer unpaired electrons than in the 

individual metal ions.65-67  

 
   

 
strong 

antiferromagnetic 

 
 

 
 

orthogonal 
weak 

ferromagnetic 

Figure 1.4. The role of orbital overlap symmetry in the direct exchange 
mechanism. From left to right the bonding interaction decreases to zero. 
Reproduced from 41. 
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 Superexchange occurs when paramagnetic centers interact through 

nominally diamagnetic bridging atoms or ligands.41, 60 The most common cases 

of this are in systems with one or two bridging atoms between paramagnetic 

centers. Bridges with higher atom counts typically couple too weakly to be 

observed, and the paramagnetic centers instead behave as magnetically dilute, 

isolated atoms where no spin-spin interactions occur. For the purposes of the 

present work the discussion will focus on diatomic bridging ligands, especially 

cyanides. In superexchange through cyanides,  and  interactions must be 

taken into consideration. Figure 1.5 A. depicts a right-handed coordinate system 

for a bimetallic species with a cyanide bridge. Lone pairs on the C and N termini 

act as  donors to the metal centers A and B. Figure 1.5 B shows how an 

unshared electron on atom B can delocalize onto the ligand into an orbital with  

symmetry and an unshared electron can delocalize onto the cyanide into an 

orbital with  symmetry. Since the two orbitals on the ligand are orthogonal  

�̂�μν = 0 but the proximity of the two orbitals leads to �̂�μν ≠ 0 so that the two 

resulting MOs constructed from atomic orbitals (AOs) on the metal and ligand are 

populated via Hund's rules, i.e. with aligned spin. Figure 1.5 C shows the case 

where unpaired electrons interact via a common * orbital on the ligand leading 

A. B. C. 

   

Figure 1.5. A. Coordinate system for two six coordinate metal ions bridged by a 
cyanide with C4V symmetry. B. Superexchange in orthogonal orbitals across 
cyanide bridge leading to ferromagnetic coupling. C. Superexchange between 
orbitals with stronger overlap leading to antiferromagnetic coupling. 
Reproduced from 41. 
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to spin pairing as two electrons in the same orbital cannot have the same spin. In 

many systems of interest these two schemes, direct exchange and 

superexchange, can be used to harness the power of MO theory to describe and 

even predict magnetic coupling in polymetallic systems. 

 

1.6. Single Molecule Magnetism 

From a physical standpoint, a SMM can be viewed as a molecular material 

that has unpaired electron spin that has preferred spatial orientations and 

exhibits magnetic hysteresis in an AC magnetic field.38, 68-70 The application of a 

magnetic field can orient the spins in one of the two preferred directions, and 

upon removal of the field this spin alignment can become disordered (relaxed). 

Relaxation from this metastable state can be accomplished by three routes: spin-

lattice interactions, spin-spin-interactions, and quantum tunneling of the 

magnetization.38 In recent work, spin-spin interactions are sometimes considered 

negligible in SMMs, explained by the distances between paramagnetic centers.71 

Older literature discusses the possible effects of spin-spin interactions as non-

negligible, and some workers chose magnetically dilute systems to avoid this 

problem.7, 72-74 The few recent papers examining this in SMM experiments have 

sometimes found significant interactions between spin centers perturbing 

relaxation dynamics.34, 75-77 The largest effect can be seen in zero field as well as 

bias fields that render two states degenerate, allowing the spin-spin transitions.  

In principle, interactions with nearest neighbors ultimately couple all the spin 

centers together, but in practice the couplings past the nearest neighbors drop in 
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strength and probability rendering all but the nearest neighbors irrelevant.  

Selection of a bias field that suppresses spin-spin interactions is also an effective 

strategy to examine the relaxation dynamics of an isolated spin center. For this 

work we will consider spin-lattice interactions and quantum tunneling of the 

magnetization as the dominant relaxation pathways. There are three spin-lattice 

interactions that we will consider: direct relaxation, the Raman process, and the 

Orbach process (Figure 1.6). The energies absorbed or emitted by a 

paramagnetic center to move between |𝑆⟩ states are small so the quanta for 

these transitions are absorbed or provided by the lattice as vibrational energy 

(phonons).  

 Quantum tunneling of the magnetization (QTM) occurs between 

degenerate |𝑆⟩ states whether they are degenerate in zero field or made 

degenerate by an applied magnetic field.38 Since the |𝑆⟩ states are degenerate, 

total energy is conserved without the absorption or emission of a phonon so the 

process itself is unaffected by temperature.  However, if multiple degenerate 

states exist, the tunneling probability between each can differ.  The population of 

the states is dependent on temperature, and so the tunneling rate can be 

indirectly affected by temperature. Quantum tunneling of the magnetization 

Figure 1.6. Schematic representation of A.) direct relaxation, B.) Raman 
process, C.) Orbach process, and D.) quantum tunneling of the 
magnetization. 
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(QTM) can occur at temperatures below those necessary to thermally overcome 

𝑈eff.
38, 78 Macroscopic systems with two stable configurations assume one or the 

other, whereas in QTM the wave-like nature of the magnetic moment means that 

in the case of degenerate | + 𝑆⟩ and | − 𝑆⟩ states, the eigenfunction can take on 

non-zero values on both sides of the barrier. Consequently, in these cases there 

is a probability of finding either value upon measurement. This QTM allows for 

spin flipping below the thermal barrier, undermining the remnant magnetization 

even below 𝑈eff , and is often a relevant process for the magnetic dynamics of 

SMMs. In SMMs, the rate of QTM is influenced not only by temperature but also 

by the eigenstates between which the tunneling occurs, which can be thermally 

populated below the barrier. Specifically, the probability of QTM increases in 

excited states compared to the ground state. Application of an external magnetic 

field breaks the degeneracy of the double wells, but QTM is still possible in the 

instance where two energy levels are the same in energy even if | |𝑆i⟩| values are 

not the same.38   

 Direct relaxation is dropping from an excited state to a lower energy state 

with the emission of a phonon.72, 74 A paramagnetic center in an excited state will 

drop and the photon will be removed into the lattice, ultimately lost as thermal 

energy to the surroundings in the same way dark processes will conserve energy 

in the absorption of a photon.  The direct process is linearly proportional to 

temperature. 

 Raman and Orbach processes are both two-phonon in nature.72, 74, 79-83 In 

each process, an excited state absorbs a phonon before emitting a phonon of 
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higher energy to relax to a lower state. These phonons consist of quantized 

energy transferring between the microstate of the magnetic center and the crystal 

lattice. The difference between the two is the lifetime of the second excited state. 

Raman processes are instantaneous, while the second excited state of the 

Orbach process has a measurable lifetime.74  

 The overall relaxation rate as a function of temperature, as proposed by 

Scott and Jeffries and including terms for direct relaxation, tunneling, Raman, 

and Orbach mechanisms respectively is:  

𝜏−1 = 𝐴𝐻2𝑇 +
𝐵1

1 + 𝐵2𝐻2
+ 𝐶𝑇𝑛 + 𝜏0

−1𝑒𝑥𝑝 (
−𝑈eff

𝑘B𝑇
) 

 

Equation 1.26 

where A, B1, B2, and C are parametric terms fitted from data, 𝜏0
−1 is the pre-

exponential term from Orbach relaxation, H is field strength, 𝑘B is the Boltzmann 

constant, and 𝑇 is the temperature.70, 72  For a Kramers ion, n = 9 and for a non-

Kramers ion n = 7 although the validity of this has been questioned.  Some 

workers opt to fit the data with n as a variable and often find lower values to 

provide a better fit.70, 84-86 Often the numerous terms are found by fitting data 

which risks over-parameterization, yet they do describe valid, observable 

processes which undermine the remnant magnetization of SMMs.38, 70, 74  

 According to early approaches to modeling spin-lattice interactions, a 

paramagnetic crystalline material can be modeled as a collection of 

paramagnetic centers.  These paramagnetic centers in a crystal are canonical 

ensembles in thermal equilibrium with a heat bath such that Boltzmann statistics 

can model the thermodynamics of the system.87 In other words, each 

paramagnetic center has ground and excited states.  In order to conserve 
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energy, any transition from an excited state to the ground state must be 

accompanied by an increase of thermal energy.  The initial assumption was that 

this energy is transferred to vibrations of the lattice (the phonon system) and this 

phonon system is strongly coupled to the bath so that the temperature of the 

lattice and the bath are identical. This assumption is not necessarily valid, 

however, and leads to the discrepancy between the above-described Waller 

model and its derivatives and observation.74, 87-89 Given the extremely low 

temperatures at which these magnetic measurements are made, certain 

peculiarities cause the Waller model to be insufficient to explain the relaxation 

times of SMMs at lower temperatures. Figure 1.7 depicts the plot of phonon 

mode density of states as a function of phonon mode energy. At low energies 

(and by extension, at low temperatures) the density of phonon states obeys a 

cubic relationship to energy up to the Debye temperature (dashed line).90 Above 

this phonon energy value, the density of states breaks from ideal behavior. For 

some SMMs the relaxation rate deviates from prediction to a slower value. 



Ferko, Philip 2019, UMSL, p. 41 

 

Figure 1.7. A qualitative plot of phonon mode density of states as a function of 
phonon mode energy for a non-conducting solid. Adapted from reference 90. 

 This is the observation that led to improved models at extremely low 

temperature, which account for Raman and Orbach relaxation, and specifically 

the deviations observed to a lower value.  An individual paramagnetic center or 

spin interacts with the lattice through the spin-lattice interactions.  The lattice then 

interacts with the thermal bath.  The initial assumption was that the thermal bath 

is always of the same temperature as the lattice, that any excess energy in the 

lattice is immediately absorbed into the bath.  This assumption is incorrect and 

leads to the eventual failure of Waller's model.   

 The energy differences between ground and excited spin states for a 

paramagnetic center are small, especially in comparison to most phonon modes 

in a lattice.  According to Debye theory, the phonon modes are not distributed 

evenly in energy.90  At lower temperatures the density of phonon states obeys a 

power law such that the number of low energy phonons in a lattice are small. The 
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number of spin centers can be greater than this number of low energy phonon 

modes so that relaxation of the spin centers can saturate the available low 

energy phonon modes if the probability of lattice-bath energy transfer is less than 

the probability of spin-lattice interaction.72, 74, 81  If true, this populates a few 

excited phonon states in the lattice and creates a deviation from the Boltzmann 

distribution.  Further relaxation of spin centers is dependent on the transfer of 

energy from these phonon modes to the thermal bath.  This slows the relaxation 

rate and is referred to as the phonon bottleneck. 

 For the Orbach process, a transfer of energy from the lattice to the spin 

center moves the spin center to a higher energy state from which it can relax to 

the ground state.74  This is advantageous for faster relaxation.  By including the 

small energy difference between the two states into a larger emitted phonon, the 

resultant lattice vibration will fall in a region of the phonon spectrum that is more 

dense.91  The increased density of states increases the heat capacity and 

sometimes avoids the bottleneck.  Since the Orbach process accesses a specific 

phonon mode, a bottleneck can still be observed when this mode becomes 

saturated, again, if the probability of lattice-bath interaction is lower than spin-

lattice interaction.   As the temperature of the sample increases, more excited 

states become accessible so that the bottleneck is avoided by distributing energy 

into multiple phonon modes.   

 The Raman process is a more general case of the Orbach process where 

wide bands of phonon modes instead of specific phonons are accessed.  This 

requires a greater lattice temperature to reach sufficiently dense states, but once 
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it has occurred the heat capacity of these bands is far greater than that of all the 

paramagnetic centers and no bottleneck is typically observed. It is important to 

note the strong temperature dependence of the Raman and Orbach processes.  

These two spin-lattice interactions are effectively gated by thermal energy in the 

lattice as a threshold temperature must be met to provide the phonons necessary 

for accessing the excited states necessary for emission and relaxation to the 

ground state. 

 Having discussed interactions between the spin and lattice, we now turn to 

the interaction of the lattice with the thermal bath.  In the classic thermodynamics 

treatment, the efficient transfer of heat between a system and its surroundings is 

assumed, which in the case of magnetic systems at very low temperatures is not 

always the case. This point was raised in earlier work where it was observed that 

the frequency of phonon transfer to the heat bath can be lower than that of the 

spin-lattice interactions.72, 74, 91  The resistance to the transfer of energy from a 

lattice to a thermal bath (thermal transfer resistance) depends on the surface of 

the interfacing materials as well as the speed of sound in the materials.92-94 A 

large mismatch in the speed of sound leads to internal reflections of phonons in 

much the same way a large difference in refractive indices leads to internal 

reflection of light.92 This suggests that material preparation and the interface 

through which low temperatures are maintained may have a strong influence on 

the magnetic relaxation dynamics.94  

 In consideration of the relaxation pathways described above, the ideal 

SMM would have an isolated ground state well-separated from excited states 
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and no transverse anisotropy (E = 0).  The isolated ground state prevents Orbach 

and Raman relaxation and E = 0 suppresses QTM.70  

 The above-mentioned ZFS term describes a further splitting of the 

microstates for a paramagnetic system and is dependent upon coupling of spin 

and orbital angular momentum, leading to a deviation of the magnetic moment 

from the spin-only value.95-97 The two relevant contributions to this splitting are 

referred to as first- and second-order, first-order being in-state mixing and 

second-order out-of-state.98 First-order contributions arise from spin-orbit 

coupling that occurs in the ground state. In order for this to occur, two orbitals 

with angular momentum 𝑚𝑙 ≠ 0 and related by a rotation axis must be 

degenerate and partially occupied so as to generate an 𝐸 or 𝑇 state (Error! Not 

a valid bookmark self-reference..A, B).35 The electronic configuration in Error! 

Not a valid bookmark self-reference..A is a 𝑇 state, which would have first-

order contributions to spin-orbit coupling. Typically, Jahn-Teller distortions will 

undermine first order SOC in SMMs.99 One exception is a group of structurally-

related linear monometallic Fe complexes reported by Long et al. where the 

linear two coordinate geometry precludes any Jahn-Teller distortions.23, 70, 100-101  

 

Figure 1.8. A. High spin d6 configuration in octahedral symmetry giving rise to a 
5T state. B. The xz, yz, and xy orbitals related by rotation. 
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Second-order spin-orbit coupling arises when a low-lying excited state of 

the appropriate symmetry mixes with the ground state.102 Spin-orbit coupling will 

then become active, and is typically manifested in a deviation of the Landé 𝑔 

from 2.00023. Previous work has demonstrated the impact of second-order spin-

orbit coupling on ZFS, namely that it can increase SOC sufficiently to deviate g 

from the spin-only value.103 Spin-orbit coupling also undermines spin selection 

rules by rendering the quantum numbers of ground and excited states less well-

defined.50 This allows spin-forbidden transitions to states which can also 

contribute angular momentum.35 Regardless of whether SOC is first or second 

order, the result is a radially asymmetric magnetic susceptibility of the complex, 

e.g. magnetic anisotropy.104 

 Given the numerous factors that influence single molecule magnetism, it is 

not surprising that there are multiple approaches to preparing these materials 

that are being actively pursued.2, 25, 35, 85, 105-118 Among the more extreme of these 

approaches, there are efforts to maximize 𝑆 or 𝐷, while others attempt to 

optimize both in small nuclearity clusters. Perhaps the best-known examples of 

approaches to maximizing 𝑆 are the Mn12 polymetallic complexes.2, 114-115 Other 

high-spin approaches are the development of single-chain magnets and large 

combinations of 3𝑑 and 4𝑓 metals in polynuclear clusters.109, 116-118 In these 

clusters and chains, the large 𝑆 value is intended to contribute to 𝑈eff via 

Equation 1.20 and Equation 1.21. 
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In single-chain magnets, an additional term to the energy barrier to 

magnetization reversal is included.109, 116-117, 119 The spontaneous spin-flip of one 

link in the chain creates two domain walls in the chain, one on either side of the 

flipped link.109 Depending on the strength of the coupling between adjacent metal 

centers, this effect can be quite strong. For mixtures of 3𝑑 and 4𝑓 ions, the 4𝑓 

ions are intended to contribute the majority of the magnetic anisotropy through 

their substantial SOC.50 Between 4f ions, spin-spin coupling is typically weak so 

3𝑑 ions are included as linkers between these 4f ions, which couples them more 

effectively, allowing greater communication of spin alignment between the 4𝑓 

metal centers.118 

 The alignment of magnetic anisotropy vectors in [(TpR)Mn(CN)3]n-4 

complexes is important in controlling uniaxial magnetic anisotropy and 

consequently, blocking temperature in polynuclear clusters.104 The conjectured 

anisotropy tensor is aligned with the principal rotation axis in these complexes so 

that preparation of multi-metallic clusters with close alignment of these axes 

affords an enhancement of the magnetization reversal barrier. A 2011 report by 

Holmes et al. demonstrated this principle in the case of two SMMs where 

differences in the spin ground states and nuclearity gave similar blocking 

temperatures, attributed to the larger magnitude of the 𝐷 term (-1.1 vs. -0.5 cm-

1).104 This is in accord with a growing body of theoretical work and experimental 

evidence that emphasizes the role of 𝐷 in determining the blocking temperature, 

undermining the viewpoint that solely increasing 𝑆 is paramount.35-36, 120 
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 Motivated by the above-mentioned relationships of 𝑆 and 𝐷 to 𝑈eff, 

(Equation 1.20 and Equation 1.21) workers have endeavored to maximize the 

magnitude of 𝑆. As an example, Murugesu et al. reported the synthesis and 

characterization of [Mn25O18(OH2)(N3)12(pdm)6(pdmH)6](Cl)2•12MeCN.108 It was 

anticipated to have a substantial thermal barrier to magnetization reversal. 

Subsequent analysis found 𝐷 =  −0.022 𝑐𝑚−1 and a thermal barrier of 8.3 𝑐𝑚−1. 

This illustrates the trend that in large clusters, ZFS tends to be small or stabilize 

𝑚𝑠 = 0 states, that coupling between multiple metal centers is sensitive to small 

changes in bond angles, that super-exchange in better-known bridging ligands 

tends to be weak, and that excited states are frequently only a few wavenumbers 

higher in energy than the ground state.35-36, 40, 121 Additionally, QTM can also be 

operative, leading to complexes with no out-of-phase magnetic susceptibility in 

the absence of a magnetic bias field.38 These effects in various permutations 

often cause the temperatures at which SMM behavior is observed to be below 

liquid nitrogen temperature, since thermal energy readily overcomes the low 𝑈eff 

and QTM is rampant. Furthermore, temperature control is of no avail in 

preventing quantum tunneling processes. Instead, the local field must break the 

degeneracy of spin states or the transverse magnetic field must be zero, as the 

admixing of states allows tunneling. Because of these challenges, effort could be 

put towards controlling the sign and magnitude of 𝐷.35-36 In the ZFS tensor 

magnitude and direction both play a role. Often in large spin systems 

misalignment of ZFS tensors for the building blocks cancels most of the effect, 

leading to a small 𝑈eff.
104 
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 For transition metals, this approach entails the use of rigid ligands or those 

with high steric demand to prepare complexes of reduced coordination numbers, 

as well as axial symmetry.70, 100, 122 This aims to render the ground state well 

separated from excited states, minimize intermolecular interactions, and (for 

transition metals) to increase orbital contributions to the magnetic moment.123 

This also increases the ZFS for these complexes by allowing for first or second 

order SOC and relaxing selection rules that allow more states to contribute 

angular momentum to the magnetic anisotropy35, 124 The first report of a 

monometallic transition metal SMM was K[(tpaMes)Fe] (tpaMes = tris((5-

mesitylpyrrol-2-yl)methyl)amine) in 2010 by Long, featuring a tetradentate N 

coordination environment.122 The ZFS for this complex is almost 40 𝑐𝑚−1.122 

Since then others have been reported, including a series of two coordinate linear 

Fe(II) complexes.3, 70, 125-126 In these complexes, the low coordination number and 

symmetry of the ligand field lead to orbital degeneracies and significant SOC 

arising from the 5 ground state and relaxed selection rules for electronic 

transitions.70  

 Since the first published example of a 3d monometallic transition metal 

SMM in 2010,122  work has focused on increasing the number of known 

compounds in this category and understanding their design and properties. The 

coordination number, geometry, and metal identity have all been varied in an 

effort to increase 𝐷 and 𝑈eff.
3, 70, 76, 84, 101, 122, 125-135 Theoretical studies and other 

experiments have sought to elucidate structure/activity relationships.3, 23, 35, 120, 132, 

136-139    
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Figure 1.9.  Structures of (Ph4P)2[Co(OPh)4](CH3CN) (top left), 

K(Ph4P)[Co(OPh)4] (top right), (Ph4P)2[Co(SPh)4] (bottom left), and 

(Ph4P)2[Co(SePh)4]) (bottom right). 

 Cobalt complexes have also proven to be viable candidates for SMM 

behavior (Error! Reference source not found.). Most reported Co single 

molecule magnets have tetrahedral or distorted tetrahedral coordination 

geometries.76, 84, 125, 128, 130, 132, 140-141 These fall into pseudo C3 or D2 space 

groups.76, 84, 128, 132, 140-141 Examples of other geometries and higher coordination 

numbers are known, but the present discussion will be limited to the four-

coordinate case as this is most relevant.140, 142 One series of related complexes 

consists of homoleptic distorted tetrahedral CoII compounds 

((Ph4P)2[Co(OPh)4](CH3CN), K(Ph4P)[Co(OPh)4], (Ph4P)2[Co(SPh)4], 

(Ph4P)2[Co(SePh)4]) (Figure 1.9).125 These complexes have a local D2d or pseudo 

D2d symmetry at the metal center. All have easy axis magnetic anisotropy, which 

creates barriers to magnetization reversal. Three of the compounds show zero 



Ferko, Philip 2019, UMSL, p. 50 

field remnant magnetization. The alteration of the coordinating atom through the 

series O, S, Se has an impact, increasing the magnitude of the ZFS. In contrast, 

the observed blocking temperatures do not show the same consistent trend, 

highlighting the limitations of 𝐷 in determining SMM dynamics. 

K(Ph4P)[Co(OPh)4] shows a strong curvature in the Arrhenius plot, suggesting 

that intermolecular interactions are operative in magnetic relaxation throughout 

the temperature range investigated.125 Regardless, the impact of heavier atoms 

and increased covalency on ZFS is demonstrated in this series of compounds.  

 Carl et al. report a compound, Co{(NtBu)3SMe}2, which exhibits a similar 

[N4] environment imposed by two bidentate ligands.143 Thermally assisted 

relaxation of the magnetization is observed at about 10 K, but below this 

temperature QTM becomes the dominant relaxation pathway. Experiments were 

conducted to show hysteresis exhibiting the characteristic sigmoidal lineshape. 

Inclusion of a Raman term was necessary to fit the magnetic data and suggests 

that mixing of the | ± 3/2⟩ and | ± 1/2⟩ states is occurring. (HNEt3)2[Co(L1)2] also 

exhibits slow relaxation in zero field.84 However, the ligand field appears to 

suppress Raman relaxation to a greater extent, giving a higher blocking 

temperature.  

 
Figure 1.10. Structure of Co{(NtBu)3SMe}2. The charge assignments are adapted 

from 143. 
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 [Co(LBr)2], [Co(LPh)2], [CoII(L2)2], [Co(L3)2], and [Co(hpbdti)2] all contain a 

CoII ion coordinated in a [N2O2] environment with the ligands creating distortions 

away from the angles expected for purely tetrahedral bonds.144 For [Co(LBr)2] 

and [Co(LPh)2], Arrhenius plots are linear down to 4 and 3 K respectively, 144  

below which QTM is the dominant relaxation pathway. [CoII(L2)2] and [Co(L3)2] 

have linear Arrhenius plots down to ca. 6.5 K,145  with QTM being the dominant 

process below this range. Magnetic characterization of [Co(hpbdti)2] reveals the 

existence of two relaxation modes in the range 2.5-5.2 K, which is confirmed by 

Argand plots.146 Argand plots are discussed in Section 1.5  AC Magnetic 

Susceptibility. At higher temperatures, a single relaxation pathway is observed. 

The multiple relaxation pathways at lower temperatures were ascribed to the 

non-collinearity of magnetic anisotropy vectors at low temperature. The formation 

of dimers in the crystal structure through hydrogen bonds and - interactions is 

proposed to occur. These types of close contacts are often considered 

responsible for dipole-mediated QTM, but the three different relaxation modes 

can be fitted as Orbach processes.144, 146 

  The next structural type to consider are 4-coordinate complexes with two 

N, P, or As atoms and two halogen or pseudo-halogens coordinated in a cis 

fashion.25, 76, 128, 141, 144, 147 While the bond angles are reminiscent of distorted 

tetrahedral complexes, they are in fact closer to C2 because of the different 

ligands present. None of these complexes ([(dmph)CoBr2], [Co(biq)Cl2], 
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[Co(biq)Br2], [Co(biq)I2], [Co(bzi)2(NSC)2], [Co(PPh3)2Cl2], [Co(DPEphos)Cl2], 

[Co(Xantphos)Cl2], [Co(PPh3)2Br2], [Co(PPh3)2I2], or [Co(AsPh3)2I2])  

 exhibit zero field remnant magnetization.25, 76, 128, 141, 144, 147  In some cases, 

incorporation of heavier coordinating atoms increases the ZFS ([Co(PPh3)2Br2], 

[Co(PPh3)2I2], or [Co(AsPh3)2I2]), but this is not always the case (see [Co(biq)Cl2], 

[Co(biq)Br2], and [Co(biq)I2]).128, 141 [(dmph)CoBr2], [Co(biq)Cl2], [Co(biq)Br2], and 

[Co(biq)I2] exhibit easy axis magnetic anisotropy.25, 76 Application of a DC bias 

field allows for the observation of SMM behavior, yet there is not a clear 

relationship between ZFS and 𝑈eff. For [Co(biq)I2], fitting of the magnetic data 

arrives at 𝐸 =  4.1 cm-1 which may be allowing for QTM that leads to faster 

relaxation.25  [(L3)CoCl](CF3SO3) is the sole member of the C3 structural family 

for CoII, with easy axis magnetic anisotropy and a putative phonon bottleneck 

that allows for observation of out-of-phase magnetic susceptibility.130 The three 

compounds reported by Eichöfer, [Li(15-crown-5)] [Co{N(SiMe3)2}3], 

[Co{N(SiMe3)2}2(thf)], and [Co{N(SiMe3)2}2(PCy3)], are a few degrees from 

trigonal planar and possess easy axis magnetic anisotropy.148 Calculations 

indicate that excited state mixing must introduce most of the SOC as the ground 

states are all 𝐿 =  0. The last series, [Co(L4)(Cl)2(MeCN)], [Co(L4)(Br)2(MeCN)], 

[Co(L5)(Cl)2(MeCN)], and  [Co(L5)(Br)2(MeCN)],, are four-coordinate complexes 

with low symmetry from the inclusion of three different ligands. Switching from O 

to S atoms on the tetrazolium ligand appears to change the sign of 𝐷, moving 

from positive values for [Co(L4)(Cl)2(MeCN)] and [Co(L4)(Br)2(MeCN)] to 

negative values for [Co(L5)(Cl)2(MeCN)] and  [Co(L5)(Br)2(MeCN)].149 
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With a greater number of examples some conclusions can be drawn that 

the limited number of Fe examples does not provide. There are several examples 

((HNEt3)2[Co(L1)2], [Co(LBr)2], [Co(LPh)2], [CoII(L2)2], [Co(hpbdti)2], 

[Co(L4)(Cl)2(MeCN)], and [Co(L4)(Br)2(MeCN)])with 𝐷 >  0 that exhibit remnant 

magnetization, the origin of which is unclear but has been ascribed to the phonon 

bottleneck.25, 76, 130 The use of heavier atoms in the ligands appears to often 

increase the magnitude of 𝐷 as well as change the magnetic anisotropy of the 

spin systems to easy axis versus easy plane. Lastly, it is worth noting that the 

estimated 𝑈eff values found from 𝐷 are not necessarily accurate, demonstrated 

particularly well by [Co(AsPh3)2I2] and [(L3)CoCl](CF3SO3) , indicating the role of 

multiple relaxation pathways.  
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Table 1.1. Magnetic and structural data for low coordinate monometallic Co 
single molecule magnets. Reproduced from 144. 

Compound D (cm-1) Ueff 

(cm-1) 

0 (s) ref 

(Ph4P)2[Co(OPh)4](CH3CN) -11.1 21 7.0x10-10 125 

K(Ph4P)[Co(OPh)4] -23.8 - - 125 

(Ph4P)2[Co(SPh)4] -62 19 1.0x10-6 125 

(Ph4P)2[Co(SePh)4] -83 34 3x10-6 125 

Co{(NtBu)3SMe}2 -58 75 2.64x10-8 143 

(HNEt3)2[Co(L1)2]a -115 118 3.89x10-8 84 

[Co(LBr)2]b -36.7 36 5.6x10-10 144 

[Co(LPh)2]c -39.8 43 8.4x10-10 144 

[CoII(L2)2]d 31 62 1.0x10-10 145 

[Co(L3)2]e 22 44 2.6x10-9 145 

[Co(hpbdti)2]f not reported 39.4 1.3x10-8 146 

[(dmph)CoBr2]g +10.6 22.9 3.7x10-10 76 

[Co(biq)Cl2]h +10.5 29.6 1.9x10-10 25 

[Co(biq)Br2]h +12.5 27.5 1.2x10-10 25 

[Co(biq)I2]h +10.3 39.6 3.2x10-13 25 

[Co(bzi)2(NSC)2]i -10.1 14.7 1.86x10-8 150 

[Co(PPh3)2Cl2] -14 25.8 1.2x10-9 147 

[Co(DPEphos)Cl2]j -14.4 24.3 2.1x10-10 147 

[Co(Xantphos)Cl2]k -15.4 20.8 6.0x10-9 147 

[Co(PPh3)2Br2] -12.5 25.9 9.44x10-11 128 

[Co(PPh3)2I2] -36.9 21.3 4.65x10-10 141 
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 In the case of Ni, at least two compounds relevant to SMMs have been 

reported.135, 151 K{Ni(N[CH2C(O)NC(CH3)3]3)} was found to have 𝐷 =  −200 𝑐𝑚−1 

but shows no out-of-phase susceptibility even under a DC bias magnetic field.135 

The origins of the lack of a barrier to magnetization reversal were not 

investigated further. [Ni(6-Mes)2]Br (6-Mes= 1,3-bis(2,4,6-trimethylphenyl)-

3,4,5,6-tetrahydropyrimidin-2-ylidene) is another Ni complex showing SMM 

behavior.151 The synthetic strategy of using bulky ligands to enforce a nearly 

linear geometry was applied in this work, similar to the method described for Fe 

complexes (vide supra). AC magnetic susceptibility studies found that under an 

applied DC magnetic bias field, frequency dependent behavior was observed. 

Fitting of the curves found 𝑈eff  =  12 𝑐𝑚−1 and 0  =  4.6 × 10−6 𝑠. Interestingly, a 

structurally related complex with a formal NiII center was found to exhibit no SMM 

[Co(AsPh3)2I2] -74.7 22.7 1.5x10-8 141 

[(L3)CoCl](CF3SO3)m +12.7 24 1.9x10-10 130 

[Li(15-crown-5)] [Co{N(SiMe3)2}3] -57 16.1 3.5x10-7 148 

[Co{N(SiMe3)2}2(thf)] -72 18.1 9.3x10-8 148 

[Co{N(SiMe3)2}2(PCy3)] -82 19.1 3.0x10-7 148 

[Co(L4)(Cl)2(MeCN)]n +15.61 10.3 7.68x10-7 149 

[Co(L4)(Br)2(MeCN)]n +11.16 8.2 8.39x10-7 149 

[Co(L5)(Cl)2(MeCN)]p -11.30 20.2 1.49x10-9 149 

[Co(L5)(Br)2(MeCN)]p -10.32 13.8 8.12x10-8 149 
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behavior, which was ascribed to the creation of a nondegenerate ground state 

versus the degenerate ground state of [Ni(6-Mes)2]Br. 

 As shown above, monometallic transition metal complexes have 

demonstrated potential as materials to exhibit single molecule magnetism. In 

preparing monometallic complexes the effects of magnetic coupling can be 

minimized to allow the examination of magnetic anisotropy in the individual 

magnetic centers. Combined with structural information, structure/activity 

relationships may be determined allowing for the engineering of magnetic 

materials with desirable properties. 

 Whether a given complex has in-state or out-of-state SOC, it is desirable 

that it have axial symmetry to minimize the transverse anisotropy term which 

allows for QTM.35-36, 70, 100 For the following work, altering the divalent first row 

transition metal changes the number of electrons in the 𝑑 subshell. If a ligand 

field has some degenerate orbitals, the population of that subshell arrangement 

will determine if in-state or out-of-state SOC is allowed. The examination of 

magnetic data should then support or refute the hypothesis that in-state SOC will 

have a greater effect on the ZFS than out-of-state contributions. The ligand field 

can also contribute to SOC through the bonding interactions themselves. Bonds 

with greater covalency and to heavier atoms can increase the contributions to 

SOC and further increase the ZFS. Related complexes can be prepared with 

systematic alteration of one ligand and then studied for the impact on SMM 

properties. Lastly, the coupling of well-characterized monometallic complexes 

can provide an entry into polymetallic clusters. Bimetallics are particularly 
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desirable as there is only one coupling interaction between the two metal 

centers. The comparison between well-characterized monometallic complexes 

and their coupling products will allow for greater understanding of the changes in 

the magnetic properties. 

  

1.7. Instrumental Methods 

1.7.1. UV-vis Spectroscopy 

The absorption bands in electronic spectra in liquids are typically 

inhomogenously broadened meaning that they can be accurately modeled as 

Gaussian line shapes, a treatment that has a firm basis in theory.152-154 The 

experimental value of this fact is the ability to extract max values by curve fitting, 

especially in the case of overlapping bands. In doing so more accurate values 

can be determined with this accuracy being propagated through crystal field 

splitting calculations. There are some qualifying assumptions made in this 

theoretical treatment; that the solvent is nonpolar, the solutions are dilute, and 

the volume of the analyte molecule or ion is larger than that of the solvent 

molecules.152-154  If the volume of the analyte molecule is larger than that of the 

solvent, interactions between solvent are averaged out and solvent effects are 

minimized, provided that the solvent is nonpolar. The use of nonpolar solvents 

had the additional benefit of not coordinating to the metal center, which would 

lead to erroneous electronic spectra as the species in solution would not be the 

same as the solid state. Since the magnetic phenomena are examined in the 

solid state, care must be taken to ensure that the coordination environment in 
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electronic spectra measurements is the same as the solid-state environment. In 

accordance with previous literature work, the extinction coefficients are reported 

from the original spectrum, not the fitted value.155 

 The equation for a Gaussian peak is of the form 

𝑦 = 𝑦0 +
𝐴

𝑤√𝜋 2⁄
𝑒

−2
(𝑥−𝑥𝑐)

2

𝑤2  Equation 1.27 

where 𝑦0 is the baseline, 𝐴 is the area, 𝑊 is the peak width, and 𝑥𝑐 is the local 

maximum of the peak.154, 156 Figure 1.11 depicts a peak with the relevant 

parameters labelled. The values 𝑤 and 𝐹𝑊𝐻𝑀 are similar in that they quantify 

the peak width.154, 157 The former is a measure derived from the statistical 

approach, while the latter is more commonly used to quantify peak width in 

spectroscopy. Peak positions were visually estimated and then iteratively fitted 

until convergence was reached. The condition for convergence was defined as 

𝜒2 < 1 ⋅ 10−9. In instances where the number of peaks was not visually apparent 

a count was determined by multiple factors. The number of peaks was not 

𝑦0 

𝑦𝑐 − 𝑦0

2
 

𝑊 

𝐹𝑊𝐻𝑀 

𝐴𝑟𝑒𝑎 

(𝑥𝑐, 𝑦𝑐) 

𝑥𝑐 𝜎 −𝜎 

Figure 1.11. Gaussian lineshape with relevant parameters labelled. 
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allowed to exceed those justifiable by the Tanabe-Sugano secular equations or 

comparison to related compounds.158 Comparison to related compounds was 

necessary because of the reduction of symmetry that could split peaks further 

and SOC effects that also led to splitting.50 The minimum number of peaks 

necessary for a fit with 𝑅2  >  0.999 was used as long as it did not exceed the 

number from the previous condition. 

 

1.7.2. Bulk Magnetic Susceptibility 

Despite some limitations, bulk magnetic susceptibility can provide 

important magnetic information more rapidly than intensive cryogenic methods. 

Through it, the 𝑆 value and Landé 𝑔 factor can be measured at room 

temperature.45, 48 The Bose-Stoner formula for transition metals, Equation 1.10, 

relates the number of unpaired electrons to the magnetic moment of the spin 

center.42, 44-45, 48-49 This characterizes a material as low or high spin and can 

indicate SOC contributions to the magnetic moment.49 The limitation present is 

that at room temperature and weak external magnetic field values, magnetic 

systems can readily occupy excited states such that 𝑆 and 𝑔 are in fact averages 

for a thermal population of the ground state as well as low-lying excited states. 

For this reason, the magnetometry measurements conducted with more sensitive 

instruments at low temperature remain essential experiments.44 

 The magnetic susceptibility balance measures the response of a material 

placed in an inhomogeneous magnetic field as a weight change as the solid is 

either attracted or repulsed by the magnetic field.42 A torsion balance is the 
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component that measures this change of weight as for a paramagnetic material 

the change is small. From the apparent mass difference the magnetic 

susceptibility of the sample can be calculated by Equation 1.15.48 

 

1.7.3. Alternating Current Magnetic Susceptibility 

 Another use of magnetic techniques involves the oscillation of the magnetic 

field at a frequency (𝜈) and measuring the magnetic moment.44 This experiment 

can be conducted in a few different ways and the data also processed differently 

to provide insight into the dynamics of the SMM behavior.38, 121, 149 If a magnetic 

material is placed in an oscillating (AC) magnetic field, the response can be 

decomposed into in-phase (𝜒′) and out-of-phase (𝜒′′) components related to the 

susceptibility as 

𝜒 = 𝜒′ + 𝑖𝜒′′ Equation 1.28 

where 

𝜒′ = 𝜒 cos𝜑 Equation 1.29 

and 

𝜒′′ = 𝜒 sin𝜑 Equation 1.30 

If the magnetization of the material follows the oscillation of the field completely 

𝜒′′ = 0, but 𝜒′′ takes on significant nonzero values when the relaxation rate is 

roughly equal to 𝜔, 𝜔 = 2𝜋𝜈. (If a material does not follow the oscillating field at 

all, the phase relationship is not constant with respect to time, so the model 

breaks down). A peak is observed in 𝜒′′(𝑇) when the relaxation rate is equal to 

𝜔. Figure 1.12 left plots typical results from this experiment.  The x-axis is often 

plotted logarithmically to better show the lineshape, and the individual plots can 
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hold temperature or DC magnetic bias field strength constant. The relaxation rate 

can be found this way, and then the intrinsic barrier to magnetization reversal can 

be found using the Arrhenius equation121, 

𝜏 = 𝜏0𝑒𝑥𝑝 (
𝑈eff

𝑘B𝑇
) Equation 1.31 

This assumes that the Arrhenius plot is linear; deviations indicate more than one 

relaxation pathway is active. A typical Arrhenius plot is shown in  Figure 1.12 

right. The fitted line and extracted parameters are shown in red. 

  

Figure 1.12. Left: Plots of ’' versus frequency for (TpPh)CoCl in a bias field of 
500 Oe at selected temperatures in the range of 1.8 to 4 K. Right: Arrhenius plot 
of the characteristic frequencies (ω) for the out-of-phase magnetic susceptibility 
of (TpPh)CoCl. 
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E.; Llobet, A.; Macgregor, S.A.; Mahon, M.F.; Murphy, D.M., Synthesis, 

Electronic Structure, and Magnetism of [Ni (6-Mes) 2]+: A Two-Coordinate Nickel 

(I) Complex Stabilized by Bulky N-Heterocyclic Carbenes. Journal of the 

American Chemical Society 2013, 135 (37), 13640-13643. 

70. Zadrozny, J.M.; Atanasov, M.; Bryan, A.M.; Lin, C.-Y.; Rekken, B.D.; 

Power, P.P.; Neese, F.; Long, J.R., Slow Magnetization Dynamics in a Series of 

Two-Coordinate Iron(II) Complexes. Chemical Science 2013, 4 (1), 125-138. 

71. Reiff, W.M.; LaPointe, A.M.; Witten, E.H., Virtual Free Ion Magnetism and 

the Absence of Jahn-Teller Distortion in a Linear Two-Coordinate Complex of 

High-Spin Iron (II). Journal of the American Chemical Society 2004, 126 (33), 

10206-10207. 



Ferko, Philip 2019, UMSL, p. 71 

72. Scott, P.L.; Jeffries, C.D., Spin-Lattice Relaxation in Some Rare-Earth 

Salts at Helium Temperatures; Observation of the Phonon Bottleneck. Physical 

Review 1962, 127 (1), 32-51. 

73. Bloembergen, N.; Shapiro, S.; Pershan, P.; Artman, J., Cross-Relaxation 

in Spin Systems. Physical Review 1959, 114 (2), 445. 

74. Orbach, R., Spin-Lattice Relaxation in Rare-Earth Salts. Proceedings of 

the Royal Society of London Series A 1961, 264 (1319), 458-484. 

75. Wernsdorfer, W.; Bhaduri, S.; Tiron, R.; Hendrickson, D.N.; Christou, G., 

Spin-Spin Cross Relaxation in Single-Molecule Magnets. Physical Review Letters 

2002, 89 (19). 

76. Huang, W.; Liu, T.; Wu, D.; Cheng, J.; Ouyang, Z.; Duan, C., Field-

Induced Slow Relaxation of Magnetization in a Tetrahedral Co(Ii) Complex with 

Easy Plane Anisotropy. Dalton Transactions 2013, 42 (43), 15326-15331. 

77. Ruamps, R.; Batchelor, L.J.; Guillot, R.; Zakhia, G.; Barra, A.-L.; 

Wernsdorfer, W.; Guihéry, N.; Mallah, T., Ising-Type Magnetic Anisotropy and 

Single Molecule Magnet Behaviour in Mononuclear Trigonal Bipyramidal Co (Ii) 

Complexes. Chemical Science 2014, 5 (9), 3418-3424. 

78. Wernsdorfer, W.; Sessoli, R.; Caneschi, A.; Gatteschi, D.; Cornia, A., 

Nonadiabatic Landau-Zener Tunneling in Fe8 Molecular Nanomagnets. EPL 

(Europhysics Letters) 2000, 50 (4), 552. 

79. Finn, C.B.P.; Orbach, R.; Wolf, W.P., Spin-Lattice Relaxation in Cerium 

Magnesium Nitrate at Liquid Helium Temperature: A New Process. Proceedings 

of the Physical Society 1961, 77 (2), 261. 



Ferko, Philip 2019, UMSL, p. 72 

80. Orbach, R.; Blume, M., Spin-Lattice Relaxation in Multilevel Spin Systems. 

Physical Review Letters 1962, 8 (12), 478-480. 

81. Orbach, R., Spin-Lattice Relaxation in Rare-Earth Salts: Field 

Dependence of the Two-Phonon Process. Proceedings of the Royal Society of 

London Series A 1961, 264 (1319), 485-495. 

82. Alexander, S.; Entin-Wohlman, O.; Orbach, R., Relaxation and 

Nonradiative Decay in Disordered Systems. Iii. Statistical Character of Raman 

(Two-Quanta) Spin-Lattice Relaxation. Physical Review B 1987, 35 (3), 1166-

1173. 

83. Orbach, R., On the Theory of Spin-Lattice Relaxation in Paramagnetic 

Salts. Proceedings of the Physical Society 1961, 77 (4), 821. 

84. Rechkemmer, Y.; Breitgoff, F.D.; van der Meer, M.; Atanasov, M.; Hakl, 

M.; Orlita, M.; Neugebauer, P.; Neese, F.; Sarkar, B.; van Slageren, J., A Four-

Coordinate Cobalt(Ii) Single-Ion Magnet with Coercivity and a Very High Energy 

Barrier. Nature communications 2016, 7, 10467. 

85. Novikov, V.V.; Pavlov, A.A.; Nelyubina, Y.V.; Boulon, M.-E.; Varzatskii, 

O.A.; Voloshin, Y.Z.; Winpenny, R.E., A Trigonal Prismatic Mononuclear Cobalt 

(Ii) Complex Showing Single-Molecule Magnet Behavior. Journal of the American 

Chemical Society 2015, 137 (31), 9792-9795. 
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Chapter 2.  Synthesis and Characterization of 4-Coordinate Scorpionates for 

Single Molecule Magnetism 

2.1. Overview of 4-Coordinate Scorpionates 

Since their first description in 1967, scorpionates have been an intensely 

studied class of ligands.159-161 While initial reports focused on first row transition 

metal complexes162-164, second and third row, lanthanide, and main group 

complexes are known and have been studied for a variety of applications.159 The 

results of these efforts are over a thousand papers and multiple monographs.160 

The applications investigated include model complexes of enzyme active sites, 

catalysts, luminescent materials, contrast agents, spin-crossover systems, radio-

tracers, and the present matter, SMMs.104, 110, 165-174 The axial symmetry of C3v or 

C3 monometallic scorpionates may give rise to ZFS, which is associated with 

SMM behavior.175  

The substitution of the pyrazole rings in the 3, 4, and 5 positions allows for 

steric effects on the coordination geometry of the metal.160-161, 176 The substitution 

also affects the electronic properties of the ligand.172 Combined, these properties 

make scorpionates a useful ligand for the preparation of complexes of interest to 

the SMM community.104, 155, 173, 175, 177 The coordination geometry can be 

manipulated towards axial symmetry causing the transverse anisotropy term, E, 

to approach zero. If E is zero, no mixing of the degenerate ground states can 

occur, and quantum tunneling of the magnetization is suppressed.38 The 

reduction of the coordination number also allows for SOC, which is largely 
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nonexistent in coordinatively saturated complexes, particularly 6-coordinate Oh 

complexes. By altering the electron donating ability of the ligand, the electron 

density on the metal can be altered and influence the interaction with other 

ligands that may be present besides the scorpionate.  

Tris-pyrazol-1-yl and tetrakis-pyrazol-1-yl borates (“scorpionates”) are 

prepared by Scheme 2.1 wherein pyrazoles of a given structure can be prepared 

by the reaction of a substituted 1,3-dione with hydrazine.161 These pyrazoles can 

then be heated with MBH4 salts (M = Li, Na, K) to prepare the scorpionate 

ligands as alkali salts.161, 163-164, 178 Three factors controlling the degree of 

substitution on the boron atom are the steric bulk of the pyrazole, the 

stoichiometry of the reaction, and the maximum temperature of the reaction 

mixture.161, 163  

 

 

 

 

 

 

 

 

 

Scheme 2.1 The synthesis of pyrazolylborates or "scorpionates". 

The addition of pyrazole to a hydridoborate passes through a five-

membered ring transition state that is sensitive to the steric bulk of the pyrazole 



Ferko, Philip 2019, UMSL, p. 86 

ring (Figure 2.1, middle).161-162 Bulky pyrazoles such as 3-phenylpyrazole can 

only add to form the tris-pyrazolylborate as the boron atom becomes increasingly 

sterically hindered with each substitution to a point where the fourth substitution 

is prevented.161 However, tris- and tetrakis- scorpionates are known for the 

unsubstituted pyrazole derivative.163 Stoichiometry and temperature are also 

used to control whether three or four pyrazoles are added since the addition of 

pyrazole rings to the boron atom proceeds in a stepwise fashion.160 Typically, 

asymmetric pyrazoles add to give the less sterically-demanding product.161, 174 

 

Figure 2.1 Left: Numbering scheme for the potentially substituted positions on the 
scorpionate ligand. L indicates the position of the axial ligand. Middle: The five-
membered ring transition state of the reaction between pyrazoles and the 
borohydride anion. Right: The 𝐶3 symmetry of the coordinated scorpionate 
ligand. 

Synthesis of metal complexes with scorpionates proceeds by a variety of 

reaction types.155, 160-161, 174, 179-180 Simple salt metathesis reactions were the first 

reported routes, typically involving the addition of a group IA salt of the 

scorpionate to a metal halide with the precipitation of MX (M = Na, K; X = group 

VIIA). The use of Tl or Sn salts of scorpionates was later reported.181-182 The 

strong lattice energy of TlX (X = group VIIA) salts favors the products to a greater 

degree, generally improving the yield. Later work focused on introduction of other 
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ligands in the remaining axial position.159 The use of thiocyanate and cyanate 

salts of the metal to prepare the initial complex or their incorporation into a 

mixture of scorpionate and metal halide led to the isolation of many "pseudo-

halide" complexes.159, 161 

Subsequent ligand substitution can occur by a variety of methods.167, 183-

186 Simple substitution of labile solvent ligands has been observed.183 Treatment 

with reducing agents like Mg or KC8 increases electron density on the metal 

centers and allows for coordination to normally inert molecules like N2.184 Halide 

ligands can be substituted with alkyl and aryl fragments by reaction with Grignard 

reagents. The precipitation of MgX2 salts drives these reactions forward.185 More 

covalent ligands can be substituted through salt metathesis as well, not limiting 

the route to more electrostatic products.185 Scorpionate complexes with an alkyl 

ligand in the axial position are reactive towards compounds with activated H 

atoms such that -SH, -SMe, -OEt, -OiPr, and -NHPh complexes have been 

prepared.159 

The relevance of the numerous reaction pathways is that the combination 

of axial symmetry and synthetic versatility makes this ligand system attractive for 

future work. Systematic alteration of the axial ligand can provide structurally 

related complexes wherein the axial ligand alters the magnetic properties and 

may provide for bridging between metal centers to examine magnetic properties 

in bimetallics.187-188 

Sterically demanding hydrido-(trispyrazolyl)borates (TpR)- are often 

referred to as “tetrahedral enforcers” to recognize their propensity to form 4-
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coordinate, non-square planar complexes of first row transition metals.179, 182, 184, 

189-190 Tetrahedral is somewhat misleading as the bond angles are closer to the 

90° of an octahedral complex than the 109.47° of a true tetrahedral 

environment.161, 174 The (TpR)- family of ligands is isolobal to the Cp- ligand and 

often coordinates in the same fashion, occupying three positions on one face of a 

metal ion.159 This often results in a C3 symmetry about the metal center (Figure 

2.2, right).  

In contrast to (Cp)-, the electronic and steric effects can be more readily 

tuned, and this has led to some of the interest in (TpR)- ligands in coordination 

and organometallic chemistry.161, 172 For catalytic and biomimetic chemistry much 

of the interest is engendered by the reduction of symmetry and coordination 

numbers that often accompany novel or increased reactivity of transition metal 

complexes.167, 171-172, 184, 191-194 Synthetically this can be challenging as (TpR)MX 

complexes are generally unstable and will undergo ligand exchange reactions to 

form (TpR)2M complexes.161 These may or may not have all three pyrazole rings 

from the second scorpionate coordinated to the metal, dependent upon steric 

considerations.159, 191, 195 

The electronic structure and tunability of scorpionate complexes is being 

harnessed in the present work and has been investigated by other 

researchers.34, 97, 155, 172, 175, 186, 196-197 Of interest is the relationship between Td 

and C3v-symmetric mononuclear complexes. Interpretation of spectroscopic data 

for Ni has been accomplished by treating the C3v case as a distorted Td 

symmetry (Figure 2.3).155, 175 In this model the z2 orbital is the most sensitive to 
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changes in donor strength, which can be seen in Figure 2.3 as the orbital 

increases in energy from left to right. From Td to C3v with a weak axial ligand, the 

electronic density oriented directly at the orbital increases, thus increasing the 

energy of the orbital. As the donor strength of the axial ligand increases, it further 

destabilizes the z2 orbital.  

 

 

 

 

 

 

Figure 2.3. Relative orbital energies for Td (Left) and C3v-symmetric (Middle, 
Right) ligand fields. Adapted from 155. 

 

2.2. Introduction to the Present Work 

The preparation of (TpPh)MnCl offers a material useful for comparison to 

other monometallic complexes and a possible reagent to prepare other 

complexes. Given the relatively weak ligand field of an [N-3 Cl-1] environment, 

the complex is expected to have an S = 5/2 ground state with no orbital angular 

momentum contributions. No in-state SOC is possible in the 6A1 ground state, as 

there is no electronic degeneracy and excited states violate spin selection rules 

or are very high in energy. From this it is expected that (TpPh)MnCl will have a 

room temperature magnetic susceptibility close to the spin-only value and exhibit 

no out-of-phase to the AC magnetic susceptibility with or without a bias field. 
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Preparation and characterization of the complex as described in this work 

confirms these predictions. 

 Investigation of (TpPh)CoX complexes is motivated by predicted magnetic 

properties and literature reports of SMM behavior in CoII complexes.84, 86, 125, 128, 

130, 140-142, 144, 146-147, 198 The syntheses of (TpPh)CoCl and (TpPh)CoBr were 

previously reported, albeit with limited infrared, UV-vis, and magnetic data.191 

However, the axial symmetry, degenerate ground state, and large magnetic 

moment make the complexes attractive for investigation of magnetic properties. 

In C3v symmetry, CoII complexes are predicted to have a degenerate ground 

state, creating in-state SOC (Figure 2.4).155 This can increase the magnetic 

anisotropy of the molecule, and the axial symmetry of the C3v space group can 

render the transverse anisotropy E = 0. This suppresses quantum tunneling of 

the magnetization.38  

 

Figure 2.4. Relative ordering of orbitals for (TpPh)CoX (X = Cl, Br, I). The z2 
orbital is most sensitive to the identity of the axial ligand. Here the orbital 
energies are plotted with a weak field ligand (halide) in the axial position. 

Some of these possibilities have been realized in other CoII complexes. 

Monometallic SMMs with CoII ions have been reported in the literature, including 
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one that shows zero field remnant magnetization.76, 84, 125, 128, 130, 132, 140-141 A 

series reported by Zadrozny et al.125 contains (Ph4P)2[Co(OPh)4](CH3CN), 

(Ph4P)2[Co(SPh)4], and (Ph4P)2[Co(SePh)4], three structurally related compounds 

with the largest change between them being the alteration of the coordinating 

atom of the ligands through the series, O, S, and Se (Figure 2.5).  

 

 

 

 

 

Figure 2.5. Structures of the anion of (Ph4P)2[Co(OPh)4](CH3CN), 
(Ph4P)2[Co(SPh)4], and (Ph4P)2[Co(SePh)4] as reported by Zadrozny et. al.125 

As Z increases for the coordinating atom, the ZFS value found by 

magnetic susceptibility measurements also increases. For 

(Ph4P)2[Co(OPh)4](CH3CN) D = -11.1 cm-1, (Ph4P)2[Co(SPh)4] D = -62 cm-1, and 

(Ph4P)2[Co(SePh)4] D = -83 cm-1. While all three are approximately D2d in 

symmetry, (Ph4P)2[Co(OPh)4](CH3CN) shows tetragonal compression in contrast 

to (Ph4P)2[Co(SPh)4], and (Ph4P)2[Co(SePh)4], which both show tetragonal 

elongation. The authors argue that SOC, tetragonal distortion, and covalent 

interactions through larger orbitals in a weaker ligand field all contribute to 

increase the magnetic anisotropy. In examining (TpPh)CoX (X = Cl, Br, I), it is 

reasonable to expect a similar trend to arise. This has been observed in a series 

of related NiII complexes, (Tp*)NiX (X = Cl, Br, I).155 HFEPR measurements 

enabled detailed spin Hamiltonian analysis, which found strong contributions to 



Ferko, Philip 2019, UMSL, p. 92 

the ZFS parameter from the halides.155 This resulted in experimentally 

determined D values of +3.93(2) cm-1, -11.43(3) cm-1, and -23.01(4) cm-1 for 

(Tp*)NiCl, (Tp*)NiBr, and (Tp*)NiI. This supports the idea that substitution of Cl 

atoms with heavier halides can increase the SOC and in turn the magnetic 

anisotropy.175 The increased magnetic anisotropy could result in greater 

magnetic hysteresis arising from a large D value, minimal E, and higher blocking 

temperatures, QTM notwithstanding.  

Previously, NiII complexes with axial symmetry have been reported to 

exhibit SMM behavior.151 This arises from out-of-state or excited state SOC as 

they assume a non-degenerate ground state.155 Since excited states may be low 

in energy, it is possible that significant mixing could occur. Additionally, 

preparation of NiII scorpionate complexes will yield reagents for the preparation 

of heterobimetallics and NiI and NiIII complexes that may show in-state SOC. 

As a diamagnetic control for comparison purposes, the synthesis of 

(TpPh)ZnCl was completed and the product characterized. This compound also 

provides a reagent for magnetic dilution experiments.131, 199  

 

2.3. Results and Discussion 

2.3.1. Synthesis 

The first compound in the series moving across the first row is (TpPh)MnCl. 

This was prepared by a salt metathesis reaction between MnCl2 and K(TpPh) 

(Scheme 2.2).  
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Scheme 2.2. Salt metathesis reaction to prepare (TpPh)MnCl. 

K(TpPh) is soluble in dichloromethane while the MnCl2 is insoluble.161 However, 

after stirring for an extended period of time the ligand chelates MnCl2 and the 

product is soluble. The insolubility of KCl in dichloromethane precludes the 

reverse reaction, driving it to completion. After 16 hr of stirring the supernatant 

takes on a straw or tan color and can be filtered. This salt metathesis route in low 

polarity, poorly coordinating solvents proves to be effective for the preparation of 

other complexes in the series.  

 The synthesis of (TpPh)CoCl is shown in Scheme 2.3. 

 

 

 

Scheme 2.3. The synthesis of (TpPh)CoCl by salt metathesis. 

 Again, salt metathesis and the production of insoluble KCl drives the 

reaction forward. Purification was accomplished by drying the reaction mixture in 

vacuo at 60 C and extracting with tetrahydrofuran. This was more effective than 

re-dissolving in dichloromethane, which did not extract the product as effectively, 

and prolonged stirring would pulverize the KCl making it more difficult to remove 

via filtration. After filtering, layering with hexanes and standing at -20 C gave a 

crystalline product. 

 The synthesis of (TpPh)CoBr (Scheme 2.4) proved more complicated than 
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that of other compounds. 

 

 

Scheme 2.4. Synthesis of - and -(TpPh)CoBr 

The stirring time was increased as the reaction progressed more slowly than the 

preparation of the chloride complex. The evacuation, extraction, and filtration 

were carried out similarly to (TpPh)CoCl except that dichloromethane was used to 

re-dissolve the crude reaction mixture. It appears that the bromide complex is 

more soluble in dichloromethane than the chloride complex. Layering with 

pentanes and standing at -20 C gives not one but two crystalline products, the 

- and -polymorphs. No lattice solvent is incorporated in either, the only 

difference is in the crystal packing arrangement and bond distances and angles. 

These can be separated by the Pasteur method (visual inspection and manual 

separation with the aid of a microscope). Alternately, the crystals can be rinsed 

with cold acetone, in which the -polymorph dissolves more rapidly and can be 

washed away.  

 The preparation of (TpPh)NiCl proceeded by (Scheme 2.5).  

 

 

 

Scheme 2.5. Synthesis of (TpPh)NiCl. 

The crude reaction mixture included two products, the desired (TpPh)NiCl and 

(TpPh)Ni(phpy)Cl (phpy = 5-phenylpyrazole) resulting in a mustard color. 

Fractional recrystallization in dichloromethane and diethyl ether separated the 
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two complexes as (TpPh)NiCl was less soluble in nonpolar solvents. The isolation 

of pyrazole adducts of other Ni scorpionate complexes has been reported.182, 185 

Attempts to prepare (TpPh)NiCl from anhydrous NiCl2 resulted in low yields due to 

the insolubility of NiCl2 in nonpolar solvents and the increased acidity of partially 

dehydrated hydrates of NiII. This leads to hydrolysis of the scorpionate.185 

 In contrast to (TpPh)NiCl, the bromide could be prepared from anhydrous 

NiBr2 (Scheme 2.6). Stirring for two days was sufficient for the reaction to 

proceed, suggesting that anhydrous NiBr2 is more soluble in dichloromethane, 

perhaps due to the larger polarizability of Br- versus Cl-. Purification was 

accomplished by decanting to remove KBr, drying to isolate a crude solid, and 

recrystallization from dichloromethane and pentanes. 

 

 

 

Scheme 2.6. Preparation of (TpPh)NiBr by salt metathesis in dichloromethane. 

 The preparation of (TpPh)ZnCl was performed again by salt metathesis 

(Scheme 2.7). 

Owing to the d10 configuration, no colors were observed. A white 

precipitate of KCl formed from the clear solution, which was then decanted and 

evaporated. The white crude product was then recrystallized from 

dichloromethane with pentanes as a counter solvent to yield a clear crystalline 

product. 
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Scheme 2.7. Synthesis of (TpPh)ZnCl by salt metathesis. 

 The yields for these reactions ranged from 43-65%, which is in line with 

yields reported for similar compounds and syntheses.161, 184 The yields may be 

determined by the solubility of the metal salts as similar reactions with 

tetrafluoroborate salts of transition metals typically have higher yields.196 Higher 

yields are also possible with Tl salts of scorpionate ligands, but these were 

avoided due to toxicity.182 Trace amounts of water can cause hydrolysis of the 

(TpPh)- ligand, which may have impacted the yields, especially in the case of 

(TpPh)NiCl, where a six-fold stoichiometry of water was introduced into the 

reaction mixture by use of the hydrated salt of Ni.182  

 

2.3.2. Infrared Spectroscopy 

The B-H bond in hydridotrispyrazolylborato complexes provides a 

spectroscopic handle that correlates with the electron donation from ligand to 

metal ion.200 Potassium hydridotris(3-phenylpyrazolyl)borate shows a single 

absorption band at 2415 cm-1 which shifts to higher energies upon binding with 

first row transition metals.161  The B-H stretches for the compounds described 

above are listed in Table 2.1. 
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Table 2.1. B-H bond stretching energies. 

Compound  (B-H) (cm-1) 

K(TpPh)  2415 

(TpPh)MnCl 2474 

(TpPh)CoCl 2495 

(TpPh)CoBr 2479 

(TpPh)CoI 2478 

(TpPh)NiCl 2478 

(TpPh)NiBr 2504 

(TpPh)NiI 2503 

(TpPh)Ni(phpy)Cl 2503 

(TpPh)ZnCl 2512 

 

The negative charge of the ligand, when uncompensated by covalent 

binding of a metal ion, results in more antibonding character for the B-H bond, 

weakening it and resulting in a lower vibrational energy. 

 

 Overall, the compounds follow a trend of increasing B-H stretching 

energies moving from left to right across the first-row transition metals. This is 

attributable to the increase of Zeff moving from left to right, caused by incomplete 

shielding of the nuclear charge by d electrons. The increased charge draws more 

electron density away from the (TpPh)- ligand, increasing the B-H stretch energy. 

It is important to note that the pattern is not strict, overlap exists between the 
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ranges of Co and Ni complexes. This indicates that multiple effects are in play, 

and they are similar in magnitude.  

For Co complexes, the ν (B-H) values decrease as the halides increase in 

mass. This is consistent with stronger bonding between metal and halide, 

lessening the inductive effect by the metal on the (TpPh)- ligand. In contrast to the 

changing of the metal ion present, descending the halide series greatly increases 

Z. This is relevant as SOC is proportional to Z, so changing from Cl (Z = 17) to Br 

(Z = 35) to I (Z = 53) has the potential to greatly increase SOC affecting the 

magnetic properties, if the magnetic orbitals of the resulting complex include 

substantial halide character.175  

For Co, many complexes with weaker ligands are known, including halides 

and pseudo-halides, which are included in Table 2.2 and used for comparison. 

Comparison of the cobalt complexes in Table 2.1 to these compounds shows 

that they fall on the lower end of ν (B-H) energies. This suggests a weaker 

interaction between ligand and metal than seen in most analogous compounds. If 

the interaction is weaker, two processes could have a greater impact on the 

magnetic properties. First, the interaction between halide and metal can be 

stronger, leading to greater SOC in the heavier halides. The second is a weaker 

crystal field, which will also reduce the quenching of SOC. Based on this, it is 

expected that the magnetic anisotropy will follow the order (TpPh)CoCl < 

(TpPh)CoBr < (TpPh)CoI.  

In the case of Ni, descending group VIIA does not systematically alter the 

(BH) frequency. The chloride  (BH) = 2478 cm-1, bromide  (BH) = 2504 cm-1, 
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and iodide  (BH) = 2503 cm-1. Comparison of  (BH) values for (TpPh)NiCl, 

(TpPh)NiBr, and (TpPh)NiI to related complexes shows that the values are 

redshifted versus the analogous (TpPh,Me) complexes (TpPh,Me)NiCl (2544 cm-1), 

(TpPh,Me)NiBr 2547 cm-1, (TpPh,Me)NiI (2544 cm-1).182 This is an average difference 

of 50 cm-1, surprisingly large given the structural similarity of (TpPh)- and (TpPh,Me)-

. Measurements and calculations on similar compounds suggest that increasing 

covalency is present in the Ni-X bond moving from (TpPh)NiCl to (TpPh)NiI.155, 175 

As the covalency increases, presumably from improved orbital overlap, the 

effective charge of the metal ion is decreased, leaving more electron density on 

the scorpionate ligand. Based on the  (BH) and Z values, we propose that 

magnetic anisotropy, if observed, will be (TpPh)NiCl < (TpPh)NiBr < (TpPh)NiI since 

Z is proportional to SOC and the increasing energy of  (B-H) indicates a 

stronger interaction between the halide and metal, introducing more halide 

character to the magnetic orbitals. 

 

Table 2.2. Literature  (BH) values for selected complexes. 

compound  (BH) (cm-1) 
sample 

preparation 
reference 

(Tp’)MnCl 2506 KBr pellet 201 

(Tpt-Bu)MnCl 2519 Nujol mull 202 

(TpPh,Me)MnCH2Si(Me)3 2543 Nujol mull 185 

(TpPh,Me)MnCH2Ph 2543 Nujol mull 185 

(TpNp)Co(NNN) 2490 Nujol mull 203 
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(TpNp)Co(NCO) 2495 Nujol mull 203 

(Tpi-Pr)Co(NCS) 2495 Nujol mull 204 

(TpNp)CoCl 2495 Nujol mull 203 

(TpPh)CoBr 2502 None reported 191 

(TpPh)CoCl 2503 None reported 191 

(Tpt-Bu)Co(NNN) 2505 Nujol mull 161 

(TpPh)Co(NCS) 2510 Nujol mull 161 

(TpPh)Co(NCO) 2510 Nujol mull 161 

(Tpt-Bu)Co(NCO) 2515 Nujol mull 161 

(Tp’)CoCl 2520 KBr pellet 201 

(Tpi-Pr)Co(NCO) 2524 Nujol mull 204 

(Tpt-Bu)CoCl 2540 Nujol mull 161 

(Tpt-Bu)CoF 2545 Nujol mull 202 

(TpPh,Me)Co(NNN) 2549 Nujol mull 185 

(Tp’)Co(NCS) 2550 KBr pellet 201 

(TpNp)CoI None 

reported 

None reported 205 

(TpPh,Me)NiCH2Ph 2472 Nujol mull 185 

(Tpi-Pr)Ni(NCS) 2480 Nujol mull 204 

(TpNp)Ni(NNN) 2490 KBr pellet 174 

(TpNp)NiCl 2495 Nujol mull 203 

(TpNp)Ni(NCO) 2495 Nujol mull 203 

(TpNp)Ni(NCS) 2495 Nujol mull 203 
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(TpNp)Ni(NNN) 2495 Nujol mull 203 

(TpNp)Ni(NCO) 2495 Nujol mull 174 

(Tpt-Bu)Ni(NCO) 2495 KBr pellet 174 

(Tp’)Ni(NCO) 2495 KBr pellet 174 

(Tpp-tol)Ni(NCS) 2504 KBr pellet 174 

(Tpi-Pr)Ni(NCO) 2505 Nujol mull 204 

(TpNp)Ni(NCS) 2510 Nujol mull 174 

(Tpt-Bu)Ni(NCS) 2510 KBr pellet 174 

(Tpt-Bu)Ni(NCO) 2515 Nujol mull 161 

(Tpt-Bu)Ni(NNN) 2515 Nujol mull 161 

(Tpt-Bu)Ni(NCS) 2527 Nujol mull 161 

(TpPh,Me)NiCH2Si(Me)3 2527 Nujol mull 185 

(TpPh,Me)Ni(NNN) 2543 Nujol mull 185 

(TpPh,Me)NiCl 2544 KBr pellet 182 

(TpPh,Me)NiI 2544 KBr pellet 182 

(Tpt-Bu,Me)Ni(NNN) 2545 KBr pellet 174 

(Tpt-Bu,Me)Ni(NCO) 2545 KBr pellet 174 

(TpPh,Me)NiBr 2547 KBr pellet 182 

(Tp’)Ni(NCS) 
None 

reported 
None reported 204 

(TpNp)Zn(NNN) 2495 Nujol mull 203 

(TpNp)ZnCl 2495 Nujol mull 203 

(TpNp)Zn(NCO) 2495 Nujol mull 203 



Ferko, Philip 2019, UMSL, p. 102 

(Tpt-Bu)Zn(NNN) 2502 Nujol mull 161 

(TpPh)Zn(NNN) 2505 Nujol mull 161 

(TpPh)Zn(NCS) 2508 Nujol mull 161 

(Tpt-Bu)Zn(NCO) 2510 Nujol mull 161 

(TpPh)Zn(NCO) 2510 Nujol mull 161 

(Tp’)Zn(Cl) 2510 Nujol mull 204 

(Tpi-Pr)Zn(NNN) 2510 Nujol mull 178 

(Tpi-Pr)Zn(NCS) 2512 Nujol mull 204 

(TpNp)Zn(NCS) 2515 Nujol mull 203 

(Tpi-Pr)Zn(NCO) 2520 Nujol mull 204 

(Tpt-Bu)Zn(NCS) 2529 Nujol mull 161 

(Tp’)Zn(NNN) 2550 Nujol mull 204 

(Tp’)Zn(NCS) 2550 Nujol mull 204 

(Tp’)Zn(NCO) 2550 Nujol mull 204 

 
Electrochemical study of (TpPh)NiX (X = Cl, Br, I) by Dougherty et. al indicates a 

dissimilar electronic environment from (Tpt-Bu)NiX (X = Cl, Br, I) complexes.179 

This precludes a closer comparison or reasoning by analogy to describe the 

chemical properties of (TpPh)- complexes. The electron-withdrawing effect of 

phenyl rings vs. t-Bu substituents decreases the donor strength of the 

scorpionate ligand. This is shown in reduction potentials for (Tpt-Bu)- vs. (TpPh)- 

scorpionates where the reduction of the (TpPh)- complexes occurs under less 

reducing conditions vs. the (Tpt-Bu)-. With alteration of the halide little change is 

seen in the reduction potentials, which they hypothesize is related to distortion of 
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the coordination environments, which tempers the orbital overlap trends.179 This 

fits with the ν (B-H) frequencies to a degree. For (TpPh)NiBr and (TpPh)NiI, the 

stretching frequencies are almost identical. Since the reduction potentials of the 

Cl and Br are within 0.04 V of each other, and the stretching frequencies for 

(TpPh)NiBr and (TpPh)NiI are also close, it suggests that the (TpPh)- ligand and 

halides are similar in donor strength such that as one increases donation the 

other decreases, resulting in a very similar electronic environment for the NiII ion. 

This will be further demonstrated in the UV-vis measurements (vide infra). While 

it appears that axial ligand identity can alter the (B-H) frequency, the 

determining factor remains the identity of the transition metal. 

 

2.3.3. UV/vis/NIR Spectroscopy 

To determine the electronic ground state and in some cases estimate the 

strength of the ligand field, electronic spectra were collected for (TpPh)MnCl, 

(TpPh)CoCl, α-(TpPh)CoBr, and β-(TpPh)CoBr.50 If the complexes were of Td or Oh 

symmetry, interpretation would be as straightforward as consulting Tanabe 

Sugano diagrams.158, 206-207 While the complexes are not, the electronic spectra 

can sometimes be interpreted by treating the deviation from higher symmetry as 

a perturbation of the parent symmetry group, and this approach is applied to the 

Co compounds in this work.155, 172, 195 A given band present in Td or Oh symmetry 

can be split into two or more bands in a manner that can be predicted to a certain 

degree based on symmetry arguments with mixing being the predominant factor 

in deviations. This approach has literature precedence especially for the Co and 
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Ni compounds.191, 208-209 Calculations and band assignments have been 

determined by comparison to the tetrahedral Tanabe-Sugano secular equations 

for the appropriate electron count for many related complexes.158 There is no 

indication in the electronic spectra, magnetic data, or X-ray structures of ligand 

non-innocence, which would alter the electron count at the metal center 

necessitating the use of Tanabe-Sugano secular equations for a different d 

electron count than those for the reagent metal ion.50, 210-211  

For (TpPh)MnCl, The UV-vis spectrum in dichloromethane shows no 

absorptions, which is consistent with the 6A1 ground state. Given that there are 

no excited states above 6A1 easily accessed at room temperature, all transitions 

are spin-forbidden with the effect that there can be minimal excited state 

contributions to SOC. This does not preclude excited state contributions to the 

ZFS, however, as the selection rule is that any transition where ΔS = 0, ± 1 

contributes to the ZFS.35 The large energy differences between ground and 

excited states that meet the ΔS = 0, ± 1 selection rule likely minimize this effect, 

which would lead to an isotropic, spin only magnetic moment. These two 

inferences are supported by magnetic data (vide infra, Section 2.3.3). Since the 

ground state is isotropic and well-separated from any excited states that could 

contribute to SOC or ZFS, the magnetic moment is expected to be spin-only and 

isotropic overall.  

 For the (TpPh)CoX complexes (TpPh)CoCl and (TpPh)CoBr, the collected 

spectral data is similar to spectroscopy data and calculations available in 

literature sources.97, 125, 172, 174, 189, 191, 205, 208-209, 212-214 As mentioned previously, 
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C3 and D2 symmetric chromophores are treated as variations of Td spectra, that 

is to say, the spectra are analyzed as a distortion of the Td T-S diagram for 

tetrahedral d7 ions. Naturally, a splitting of bands arises, yet the CoII spectra of 4-

coordinate complexes with C3 or D2 symmetry still show similarities to the Td 

spectrum.84, 172, 191, 196, 212 For a free d7 ion, two terms of relevance are present: 

the 4F ground state and the 4P excited state.50, 158 In a tetrahedral crystal field the 

4F ground state splits into a 4A2 ground state and 4T1 and 4T2 excited states. The 

4P term changes to 4T1.84  

It has been proposed that excited state J-T effects leads to splitting of the 

4T1(P) band even in Td environments, which fits with the fine structure observed 

for these types of complexes.208 In C3v, d7 configurations still have a degenerate 

ground state whereas in D2 they do not, yet D2 complexes still show fine 

structure.84 To explain the wider phenomenon, SOC and vibronic coupling have 

both been invoked.172 In C3v symmetry mixing between the xz, yz, and xy, x2-y2 

orbital pairs is allowed, which could also be the origin of the splitting.97 

Theoretical investigations support the conclusion that accurate interpretation of 

CoII spectral data requires full configuration interaction calculations.215  

The CoII complexes exhibit similar spectra. They both have several 

convolved peaks around 625 nm, a broad absorption above 900 nm, and another 

around 1650 nm in the near infrared (Figure 2.7, Figure 2.8). The extinction 

coefficients are in the range ( = 50-800 M-1cm-1) expected for d-d transitions in a 

tetrahedral ligand field where transitions are spin-forbidden but Laporte-allowed 

(Table 2.3).50  
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Figure 2.7. Deconvolution of UV-visible absorption spectrum of (TpPh)CoCl. • = 

experimental spectrum, •,•,•,•,• = fitted peaks, • = fitted curve. 

 

Figure 2.8. Deconvolution of UV-visible absorption spectrum of (TpPh)CoBr. • = 

experimental spectrum, •,•,•,•,• = fitted peaks, • = fitted curve. 
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Table 2.3. Electronic spectra of (TpPh)CoCl and (TpPh)CoBr. 

Compound Solvent 4T1(P)4A2 4T1(F)4A2 4T2(F)4A2 

(TpPh)CoCl CH2Cl2 544 (60) sh 

586 (400) sh 

632 (800) 

663 (700) sh 

  

 CCl4  933 (50) 1653 (70) 

(TpPh)CoBr CH2Cl2 561 (70) sh 

598 (300) sh 

643 (600)  

673 (500) sh 

  

 CCl4  942 (50) 1691 (80) 

 

The electronic spectrum for (TpPh)CoCl is plotted in Figure 2.7.  The peaks at 

544, 586, 632, and 663 nm are all assigned to the 4T1(P)4A2 transition.172, 216-217 

The splitting of a single band into multiple absorptions has been noted in many 4-

coordinate CoII systems.172, 191, 208  

Peaks in the (TpPh)CoBr spectrum (Figure 2.8) are red-shifted in 

comparison to (TpPh)CoCl, and the peaks around 625 nm are less distinct than in 

(TpPh)CoCl. Nevertheless, attempts to fit the spectrum with fewer peaks resulted 

in poorer fits, and the spectra are otherwise quite similar. The results of the peak 

fitting are presented in Table 2.3 and further parameters for all fittings are 

presented in Table A.1. 
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 The spectra of (TpPh)CoCl and (TpPh)CoBr can be discussed together as 

they are similar. Several challenges to the traditional electronic spectra 

interpretation methods have been observed.218 The absence of an inversion 

center allows the mixing of p and d orbitals, which is reflected in the increased 

extinction coefficients for formally d-d transitions in comparison to octahedral 

complexes, which possess an inversion center. SOC is allowed, which splits 

bands, as well as bands present due to low symmetry components of the ligand 

field. It has also been noted that excited states for the 4A2 CoII ion could be 

perturbed due to second order J-T distortions. Even in the case of tetrahedral 

CoII complexes with halide ligands the electronic spectra differ from that 

predicted by the Tanabe-Sugano diagram, which indicates some mixing of 

electronic states. 172, 208, 217 The listed effects make CoII ions magnetically 

interesting, but also complicates the interpretation of electronic spectra. Herein 

we will attempt an interpretation of the data using the approach of Telser et al.172, 

which builds on the work of Jesson and Larrabee.172, 217-218 In this approach, the 

multiplet near 625 nm is analogous to the 4T1(P) 4A2 transition, which splits into 

4A2 and 4E bands in C3v. At lower energies, the 4T2(F) 4A2 and 4T1(F) 4A2 

absorptions are observed. It is interesting to note that the multiplet observed 

around 600 nm is also observed in tetrahedral CoII complexes where the 

Tanabe-Sugano secular equations predict a single absorption band.172, 208, 217 

This has been ascribed to vibronic coupling, which can occur in higher symmetry 

systems, leaving open to debate the origin of this multiplet, whether from vibronic 

coupling or the reduction in symmetry. From these band assignments Racah 
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parameters can be calculated to estimate the effect of the ligand field on SOC. 

The coupling of spin and orbital angular momentum is maximized in the free ion, 

and the Racah parameter B can be used to calculate the nephelauxetic 

parameter.  As the nephelauxetic parameter approaches the free ion value, so 

too will the SOC. For (TpPh)CoCl and (TpPh)CoBr the calculations were made 

using the 4T2(F) 4A2 and 4T1(F) 4A2 bands as these are not split by SOC or 

vibronic coupling. Table 1.4 shows the results. The  values in Table 1.4 indicate 

that SOC gives (TpPh)CoCl and (TpPh)CoBr over 85% of the free ion value. The 

nephelauxetic ratios are higher than the values for (CoCl4)2- and (CoBr4)2- which 

are 0.72 and 0.70, respectively.50 These results seem implausibly high and as 

such bring the underlying assumptions into question.  

Table 2.4. Transitions and calculated crystal field values for CoII complexes. 

 
Transitions as assigned in Td 

(cm-1) 
Calculated values 

 4T1(F) 4A2 4T2(F) 4A2 B (cm-1) β ΔT (cm-1) 

(TpPh)CoCl 10616 5928 861 0.87 2635 

(TpPh)CoBr 10616 5910 866 0.88 2627 

 

 

To better examine the electronic structure, calculations were performed by 

Dr. Eric Majzoub. The structure was taken from X-ray data and used without 

optimization. Calculations were completed with GAMESS-US with multiple basis 
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sets including unrestricted Hartree-Fock and High Spin Open Shell Self-

Consistent Field Theory methods.219-221  Basis sets used were TZV, N31, PW91, 

and B3LLYP.222-224 All calculations that converged arrived at the same ordering 

of the d subshell as depicted below. The results are shown in Figure 2.9. This 

ordering places an 4E state lowest in energy which is consistent with the large, 

presumably in-state SOC seen in the magnetic data (vide supra). The 

calculations show significant SOC coupling that spreads electron density over 

multiple atoms, especially Co and Cl. This renders the quantum numbers less 

descriptive as the microstates are not orthogonal and significant mixing is 

present. Since the 4A2 state is no longer lowest in energy, the values calculated 

in Table 2.4 can no longer be considered valid. It is not clear from the data, nor 

can it be determined, how general this change of the ground state from 4A2 to 4E 

is for pseudo-tetrahedral CoII complexes. With a 4E ground state, the z2 orbital of 

Co must be lowest in energy, which supports the idea that the interaction 

between the halide and (TpPh)Co+ fragment is largely electrostatic. This is at odds 

with Telser et al. having observed that the extinction coefficient values are 

sensitive to the identity of the axial ligand and that this indicates significant ligand 

character in the d orbitals.172 They argue that one result is that the axial ligand 

affects the SOC in a significant manner, which is true in the compounds they 

have studied. However, referring to ions like NCS-, NNN-, and NCO- as pseudo-

halides due to their position on the spectrochemical series may linguistically blur 

an important distinction: these pseudo-halides tend to be π acceptors whereas 
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halides are most often π donors. This difference may explain the weak covalent 

interaction of the halides versus the pseudo-halides. 

                                                        

 

                   

 

                                                                

 

Figure 2.9. Left: Frontier orbitals of (TpPh)CoCl as determined from preliminary 
DFT calculations. Right: Corresponding orbitals and the ground state electronic 
configuration. 

Changing the ground state from 4A2, which has no expected in-state orbital 

contribution to the magnetic moment, to 4E with allowed in-state SOC has the 

potential to alter the ZFS by increasing the magnitude of D. The drop from cubic 

to axial symmetry also decreases the transverse anisotropy term, E, potentially to 

zero (not to be confused with the term symbol). The potential increase of SOC is 

supported by the Racah parameter B and the nephelauxetic ratio, .  

For the NiII series, the electronic spectra are similar to each other and 

literature reports of related Ni scorpionates.155, 174 Two convolved peaks are 
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present around 500 nm, with two peaks at 800 and 900 nm (Figure 2.10, Figure 

2.11). The peaks at 500 nm and 800 nm are narrow, while the peak at 900 nm is 

broad.  

 

Figure 2.10. Deconvolution of UV-visible absorption spectrum of (TpPh)NiCl. • = 

experimental spectrum, •,•,•,•,• = fitted peaks, • = fitted curve. 
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Figure 2.11. Deconvolution of UV-visible absorption spectrum of (TpPh)NiBr. • = 

experimental spectrum, •,•,•,•,• = fitted peaks, • = fitted curve. 

 

Figure 2.12. Deconvolution of UV-visible absorption spectrum of (TpPh)NiI. • = 

experimental spectrum, •,•,•,• = fitted peaks, • = fitted curve. 
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The presence of these numerous peaks has been ascribed to trigonal 

splitting that is present in C3v symmetry. With this reduction in symmetry (Td → 

C3v), the 3T1 (F), 3T2 (F), and 3T1 (P) states all split into two energy levels each 

(Figure 2.13).  This makes calculation of the Racah parameters by traditional 

methods impossible. 

 

Figure 2.13. Microstate splitting on reduction of symmetry from Td to C3v for NiII. 
Reproduced from 155. 

Figure 2.10, Figure 2.11, and Figure 2.12 depict the spectra with the 

deconvolution results overlaid.  Analogous halide complexes with the ligand 

hydridotris(3,5-dimethylpyrazolyl)borate (Tp*) have been studied.155, 175 These 

complexes, (Tp*)NiX (X = Cl, Br, I) are interesting and relevant for several 

reasons. While the steric bulk of a methyl group is less than a phenyl, these form 

C3 symmetric four-coordinate complexes similar to the present matter, 

presumably due to electronic effects.155 These compounds were also 

characterized by electronic spectroscopy including NIR measurements. Due to 

the structural similarities, they are an apt comparison and bands in the electronic 
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spectra can be assigned by analogy to complexes reported by Desrochers et. 

al.155 For purposes of comparison the electronic spectra data for these 

compounds are presented in Table 2.5.   

Table 2.5. Electronic spectra of selected nickel complexes in CH2Cl2. 
Wavelengths are reported in nm and extinction coefficients in parentheses (M-1 
cm-1). 

cmpd 3A2(3A2,F) 

3A2(3T1,F) 

3E(3T1,P) 

3A2(3T1,F) 

3A2(3T1,P) 

3A2(3T1,F) 

3E(3T1,F) 

3A2(3T1,F) 

(Tp*)NiCl 481 (500) 560 (70) 794 (150) 883 (170) 

(Tp*)NiBr 498 (450) 574 (65) 810 (140) 894 (138) 

(Tp*)NiI 521 (700) 575 (120) 826 (150) 907 (123) 

(TpPh)NiCl 486 (80) 524 (30) 805 (10) 950 (30) 

(TpPh)NiBr 497 (300) 532 (200) 817 (50) 951 (90) 

(TpPh)NiI 443 (70) 517 (50) 584 (30) ‡ 

‡The NIR spectrum of this compound has not been collected. 
 

Qualitatively, (TpPh)NiX exhibits similar spectra to other (TpR)NiX 

complexes. The absorption bands for both (Tp*)- and (TpPh)- complexes show a 

red shift going down the halide series, consistent with a weaker crystal field. This 

follows the spectrochemical series for halides. Compared to the (Tp*)NiX series, 

(TpPh)NiX complexes exhibit similar absorption spectra with small shifts the 

bands. The exception is the 3E(3T1,P) 3A2(3T1,F) transition which shifts to higher 

energy in the (TpPh)- series. The absorptions for the (TpPh)- series are less 

intense overall than the (Tp*)- series although the absorptions increase in the 
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order Cl < Br < I. The low intensity suggests the transitions are predominantly d-d 

in character.155  

The electronic spectra are in accordance with a 3A2(3T1,F) ground state as 

found in other systems and theoretical experiments.97 This result is of particular 

importance as it is in agreement with magnetic measurements and supports the 

hypothesis of an out-of-state origin of magnetic anisotropy for (TpPh)NiCl since 

the spectra are similar to other complexes with a 3A2(3T1,F) ground state. The 

spectrum for (TpPh)NiI (Figure 2.12) stands apart from (TpPh)NiCl (Figure 2.10) 

and (TpPh)NiBr (Figure 2.11) in the difference in relative intensities of the 

absorptions. The stronger absorptions for (TpPh)NiI indicate a greater mixing 

between Ni and I orbitals. This could be the product of a better match in orbital 

energies or greater overlap.    A charge transfer band is observed for (TpPh)NiI at 

387 nm (ε = 1200 M-1cm-1) but not in the spectral ranges measured for (TpPh)NiCl 

or (TpPh)NiBr. It is plausible that magnetic characterization for (TpPh)NiI will find a 

greater magnetic anisotropy and perhaps increased blocking temperature in 

comparison to (TpPh)NiCl and (TpPh)NiBr because of the increased orbital 

interaction between I and Ni. 

 

2.3.4. High Field Electron Paramagnetic Resonance Spectroscopy 

High Field EPR (HFEPR) data were collected at the National High 

Magnetic Field Laboratory in Tallahassee, FL by Steven Hill using a transmission 

probe that propagates microwaves through cylindrical light-pipes. HF microwave 

radiation was generated by a phase-locked Virginia Diodes solid-state source 
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operating at 13 ± 1 GHz and followed by a chain of multipliers and amplifiers.  

High strength magnetic fields were produced by a 17 T superconducting 

magnet.225  Single-crystal HFEPR experiments were performed in a Quantum 

Design PPMS system with a 7 T superconducting magnet.  A millimeter-wave 

Vector Network Analyzer served as a microwave source and detector.226-227 

Due to the large ZFS and S > 1/2 for these complexes, high field 

measurements were necessary to observe the electron paramagnetic spectra. 

HFEPR measurements were made on (TpPh)NiCl to better understand the 

electronic structure and its role in the observed magnetic behavior. Given the S = 

1 ground state and the C3 symmetry of the molecule in the solid state, the 

following spin Hamiltonian was used to fit the data: 

 ℋ𝑠𝑝𝑖𝑛 = 𝜇𝐵�⃗� ⋅ 𝑔 ⋅ �̂� + 𝐷�̂�𝑧
2 Equation 2.1 

   
Field strength and frequency domains were scanned from 1-14 T and 100-400 

GHz and the experimental resonances fitted to the spin Hamiltonian. The 

following parameters are extracted from this experiment: D = 1.5 cm-1, gx = gy = 

2.28, gz = 2.29. The positive value of the zero field splitting results in the |𝑀𝑆⟩ = 0 

state being the ground state. For this reason, hysteresis is only observed in an 

applied bias field. A related series of (Tp*)NiX (X = Cl, Br, I) complexes have 

been studied via HFEPR, UV-vis absorbance spectroscopy, DFT, and ab initio 

calculations.155, 175 For (Tp*)NiCl D was found to be +3.93 cm-1. A nonzero E 

value of +0.348 cm-1 was found, and gx, gy, gz were extracted as 2.28, 2.27, and 

2.25 respectively. The spin Hamiltonian used to extract these parameters was 

not identical to Equation 2.1; an additional 𝐸(𝑆𝑥
2 − 𝑆𝑦

2) term was included. 



Ferko, Philip 2019, UMSL, p. 118 

Including the transverse anisotropy term accounts for the lowered symmetry of 

(Tp*)NiCl; the chloride ligand deviates from axial symmetry by tilting off the 

principal rotation axis. This reduced symmetry also leads to the different values 

of gx and gy. The sign and magnitude of D is sensitive to the identity of the axial 

ligand, substituting Cl for Br and I led to negative values of D with increasing 

magnitude in the (Tp*)NiX series. Computational studies suggest the metal 

center has a variety of transitions that influence the SOC, but these terms are 

overwhelmed by the SOC contributions of the heavier halides.175 This is in 

accord with studies of other systems. Figure 2.14 shows the experimental 

spectra for (TpPh)NiCl as a function of magnetic field strength at a range of 

frequencies.  The large signal at low field on all four spectra is the half-field 

transition, the result of a Δms = 2 transition.  

 

 

 

 

 

 

 

 

Figure 2.14. HFEPR spectra for (TpPh)NiCl. B||z (•), B||xy (•), and half field 

transmissions (•) are marked. 

 Figure 2.15 is a plot of calculated energy levels as lines with experimental 

data overlaid as black circles.   Five of the features are close to parallel with a 
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sixth having double the slope. The slope reflects the increasing separation of 

states under an applied field described by the Zeeman term of the spin 

Hamiltonian. Two lines in red correspond to B||z resonances, two blue lines 

correspond to B||xy components. An additional transition in Figure 2.15 is plotted 

with a pink line and indicates a double quantum transition, assigned as it appears 

at fields close to g = 2.3 over the range of the measurements.228 It can be seen in 

Figure 2.15 as the feature between the B||xy resonances. The purple line is a half 

field transition, the slope of roughly twice that of the B||xy components.  

 

 

Figure 2.15. HFEPR experimental data points plotted on top of the calculated 
energy levels for (TpPh)NiCl. 

 

2.3.5. X-ray Structural Studies 

X-ray diffraction measurements provide important information about the 

coordination environment of the metal ions as well as the structure of the crystal 
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lattice. These are relevant to the modeling of magnetic data and a component of 

deducing the electronic structure of the metal ions. In particular, static Jahn-

Teller effects can be observed or an upper limit to their extent placed.97, 205 In 

contrast, spectroscopic measurements are often made in solution which isolates 

complexes from each other and at room temperature has a tendency to average 

out various distortions.229 Substituents which freely rotate in solution are often 

locked into position in the solid state, and small changes in the periphery of 

magnetic complexes can have profound effects on the magnetic properties of 

these materials. Since the design of monometallic SMMs is built on the creation 

of orbital degeneracy, Jahn-Teller distortions are possible and can undermine the 

strictly axial symmetry that gives rise to a barrier to magnetization reversal.205 In 

the case of four coordinate scorpionates, it has been suggested that a distortion 

from C3 symmetry arises as a result of Jahn-Teller distortion.97 By shifting the 

axial ligand off the principal rotation axis the degeneracy of the dxz/dyz and dx
2-

y
2/dxy orbital pairs can be broken. To better describe the distortion of 4-coordinate 

species from ideal Td symmetry, a geometry index has been devised (τ4) wherein 

the two largest angles are defined as  and  as in Equation 2.2 and Figure 

2.16.97, 205, 230 (It is important to note that the largest angles are often between 

trans ligands). Using Equation 2.2 an index can be calculated with a value of 1 

for Td and 0 for square planar.230  

 𝜏4 =
(360° − (𝛼° + 𝛽°))

141°
 

Equation 2.2 

In the case of these 4-coordinate scorpionates, in a rigorous C3 symmetric 

molecule, a single vector passes through the H-BM-X bonds to form a principal 
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rotation axis about which the rest of the molecule can be defined. In some 

instances, a distortion occurs at the M-X bond where the X ligand is no longer 

collinear with the BM vector. This breaks the symmetry of the coordination 

environment of the metal ion with the X-M-N bond angles taking two different 

values. In addition to the index giving a numerical description of the distortion, 

the values of  and  also describe if the C3 symmetry is broken. If  = , the 

rotation axis is maintained but if unequal the rotation axis is broken and an 

investigation into the origin of the distortion can be made. 

 

 

 

 

 

 

 

Figure 2.16. The definition of the  and  angles to quantify distortions from 
tetrahedral symmetry. Adapted from 97. 

 Table 2.6 lists the angles for each complex and the calculated 4 index. 

As can be seen, the indices show a substantial distortion from Td symmetry, but 

often the complexes maintain C3 symmetry. This is important as it is the axial 

symmetry that eliminates E (transverse magnetic anisotropy) and suppresses 

tunneling of the magnetic moment. The 4 index can be less than one while the 

complex still maintains a principal rotation axis. 
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Table 2.6. Selected geometric data derived from X-ray crystal structures for 
(TpPh)MnCl, (TpPh)CoCl, α-(TpPh)CoBr, β-(TpPh)CoBr, (TpPh)NiCl, (TpPh)NiBr, 
(TpPh)NiI, and (TpPh)ZnCl. 

Metal Axial 

Ligand 

α (°) β (°) 4 M-X (Å) N-M (Å) 

MnII Cl 123.77(6) 125.08(6) 

126.07(7) 

0.77 2.2774(8) 2.133 (2) 

2.147 (2) 

2.156 (3) 

CoII Cl 122.07(5) 122.07(5) 0.85 2.1771(11) 2.0296(19) 

 α-Br  121.98(6) 121.98(6) 0.85 2.3229(5) 2.0361(9) 

 β-Br 120.68(5) 122.85(5) 

122.23(5) 

0.85 2.3539(3) 2.0413(16) 

2.0457(18) 

2.0373(17) 

NiII Cl 123.59(5) 123.59(5) 0.79 2.1615(5) 2.0064(8) 

 Br 123.47(5) 123.47(5) 0.81 2.2927(3) 2.0046(7) 

 I 123.46(7) 123.46(7) 0.81 2.4463(8) 2.0041(15) 

ZnII Cl 123.02(3) 123.02(3) 0.81 2.1565(9) 2.0350(12) 

 

 (TpPh)MnCl. The single crystal XRD experiment indicates a monometallic 

complex of C1 symmetry that crystallizes in the monoclinic crystal system and the 

P21/n space group. Figure 2.17 depicts the asymmetric unit and atom labeling 

scheme for (TpPh)MnCl. Four equivalent molecules occupy the unit cell. The 
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experimental details are given in Table A.2.  

Table A.3,  

Table A.4, and  

 

Table A.5 tabulate the atom coordinates, bond angles, and bond lengths.  

 

 

 

 

 

 

 

Figure 2.17. Numbering scheme and ORTEP for (TpPh)MnCl. Ellipsoids plotted at 
50% probability. 

The Cl ligand is distorted from axial symmetry by tilting away from the 

principal rotation axis of the molecule, exhibiting three different N-Mn-Cl bond 

angles. The Mn-N bond lengths are similar, ranging from 2.133(2) to 2.156(3) Å. 

The Mn-Cl bond is 2.2774(8) Å in length. From this, the τ4 index can be 

calculated and is found to be 0.78, showing a significant tilt of the axial ligand. 

The phenyl rings are not related by symmetry and two of the three are nearly 

coplanar. This allows for the two phenyl rings to approach pyrazole rings on 

neighboring molecules at distances of 4.169(6) and 3.568(5) Å. The third ring, 

containing C22-C27, is not oriented planar or perpendicular to nor does it as 

closely approach any other aromatic portion of adjacent molecules. This 
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precludes any strong stabilizing π interactions and suggests that the two 

coplanar phenyl rings have a greater effect on the crystal packing.  

There are two possible causes for the tilt of the axial ligand, either crystal 

packing is stabilized by the distortion or the Jahn-Teller effect causes a static 

distortion. The latter is less likely as the 6A ground state should have no first 

order Jahn Teller effect. However, excited state mixing is possible and has been 

indirectly observed via ZFS in MnII complexes in 4-coordinate geometry. Since 

the ZFS in such cases is no greater than 1 cm-1 in magnitude for other MnII 

complexes, it seems more likely that the crystal packing causes this tilt and the 

reduction of the τ4 index.231 

 

 (TpPh)CoCl. This compound crystallizes in the P3̅ space group and the 

complexes possess C3 symmetry with the principal rotation axis passing through 

the collinear H, B, Co, and Cl atoms ( 

Figure 2.18). The unit cell contains two molecules related by an inversion center. 

As such, the principal rotation axes of the molecules are parallel. The 

experimental details are given in Table A.6.  

Table A.7,  

Table A.8, and  

Table A.9 tabulate the atom coordinates, bond angles, and bond lengths.  
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Figure 2.18. Numbering scheme and ORTEP for (TpPh)CoCl. Ellipsoids plotted at 
50% probability. 

 There are none of the typical phenyl ring spatial arrangements associated 

with π interactions present in the lattice. It appears that the complex crystallizes 

to minimize void space by placing antiparallel stacks adjacent to each other. The 

τ4 index for (TpPh)CoCl is 0.82, indicating that it is closer to tetrahedral than 

(TpPh)MnCl. (TpPh)CoCl shows no distortion despite an E ground state with the N-

Co-Cl  = 122.07(5). The deviation in the τ4 index arises from the difference in 

bond lengths between Co-N and Co-Cl, but the local coordination environment 

remains rigorously C3 within the experimental error of the single crystal XRD 

experiment. Investigation of similar compounds in the literature indicate that this 

axial symmetry is not always present.172 In the case of (Tpt-Bu,Me)CoCl the N-Co-

Cl  = 121.51(5). For (Tpt-Bu,Tn)CoCl, the N-Co-Cl angles are unique, with the 

values 122.51(7), 119.81(7), and 122.11(7). This suggests the compound may 

show SMM behavior as the E term of the spin Hamiltonian should be zero. Of 

course, magnetic measurements are the absolute test for SMM behavior.  
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α-(TpPh)CoBr, -(TpPh)CoBr. This compound has been isolated in two crystal 

systems, a trigonal and a tetragonal polymorph with space groups of P3̅ and 

P42/n. The polymorphs are labelled as -(TpPh)CoBr and -(TpPh)CoBr. Both are 

solvent-free and -(TpPh)CoBr has a Z of 2 whereas -(TpPh)CoBr has a Z of 8. 

The numbering schemes for -(TpPh)CoBr and -(TpPh)CoBr are presented in 

Figure 2.19 and Figure 2.20. 

 

Figure 2.19. Numbering scheme and ORTEP for α-(TpPh)CoBr. Ellipsoids plotted 
at 50% probability. 
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Figure 2.20. Numbering scheme and ORTEP for -(TpPh)CoBr. Ellipsoids plotted 
at 50% probability. 

 The isolation of two polymorphs of (TpPh)CoBr provides a chance to 

examine the role of small changes in coordination geometry and crystal packing 

in the magnetic properties of the compound in the solid state. Two prominent 

changes occur between the two polymorphs, a small distortion of the axial ligand 

position and a large change in the orientation of individual molecules with respect 

to each other. Figure 2.21 depicts the crystal packing of -(TpPh)CoBr with red 

arrows denoting the principal rotation axes of the individual molecules. These 

rotation axes are in the plane of the figure, as is the principal rotation axis of the 

unit cell. Figure 2.22 depicts the -(TpPh)CoBr polymorph with the principal 

rotation axis of the unit cell perpendicular to the plane of the figure. The vectors 

in -(TpPh)CoBr are parallel whereas they are canted in -(TpPh)CoBr. To our 

knowledge there are few reports of polymorphism in monometallic SMMs, and 

being able to isolate two solvent-free polymorphs gives an opportunity to 

examine the role of the crystal lattice in SMM phenomena.232 In other 
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magnetically anisotropic systems, a spatial orientation of the anisotropy has been 

shown, and the alignment of the anisotropy for multiple spin centers has a 

marked effect on the magnetic properties.104, 123 Experimental details, atom 

coordinates, bond angles, and lengths for both polymorphs are recorded in Table 

A.10 - Table A.17. 

 

Figure 2.21. Unit cell of α-(TpPh)CoBr with the CoBr axis denoted by the red 
vectors. 
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Figure 2.22. Unit cell of β-(TpPh)CoBr with the CoBr axis denoted by the red 
vectors. 

 

 (TpPh)NiCl. This compound crystallizes in the trigonal crystal system in the P 3̅ 

space group. The monometallic complexes have C3 symmetry and the unit cell 

contains two molecules. Figure 2.23 depicts the numbering scheme and ORTEP. 

The experimental details, atom coordinates,  bond angles, and bond lengths are 

contained in Table A.18 - Table A.21.  
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Figure 2.23. ORTEP and numbering scheme for (TpPh)NiCl plotted at 50% 
probability. 

Overall, the individual complex shows relatively high symmetry. For 

B1···Ni1···Cl1,  = 180°, and N1,3,5-Ni1-Cl1  = 92.34(3)°. Each phenylpyrazole 

is related by rotation to the other two, as indicated by the numbering scheme. 

Since these are not completely planar the symmetry of the molecule is lowered to 

C3 from C3v. Despite the high symmetry, the τ4 index is 0.80, attributable solely to 

angle distortion from perfect tetrahedral from the difference in bond length 

between the Ni-N bond (2.0064(8) Å) and the Ni-Cl bond (2.1615 (5) Å). In other 

words, there is no distortion from axial symmetry even though τ4≠ 1. From this it 

can be inferred that neither crystal packing nor potential Jahn-Teller distortion is 

sufficient to break the symmetry of the complex. While it may appear reasonable 

to assign a nondegenerate ground state from the X-ray data, it is insufficient as 

crystal packing could be at odds with a distortion. At best, it may be said that the 

crystal structure is more consistent with an A ground state.  In the crystal lattice 

the principal rotation axes of the complexes are parallel or antiparallel to each 

other. This favors the magnetic anisotropy being aligned in the crystalline 

material. 

 

(TpPh)Ni(phpy)Cl. The addition of a 5-phenylpyrazole as a ligand to (TpPh)NiCl 

causes several large changes in the crystal structure. Moving from four-
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coordinate to five-coordinate, the geometry around the metal changes from 

distorted tetrahedral to a distorted square pyramidal with one N of the 

scorpionate occupying the axial position and the remaining coordinating atoms in 

basal positions (Figure 2.24). The potential for high symmetry in the scorpionate 

is eliminated such that the complex possesses C1 symmetry. N1, N3, and N5 are 

the bonding atoms of the scorpionate ligand with bond lengths of 2.0767(11), 

2.0407(11), and 2.0693(10) Å. The N7-Ni1 bond is 2.0705(11) Å in length and 

the Ni1-Cl1 bond is 2.3201 (4) Å long. The increased length of the Ni-Cl bond in 

comparison to (TpPh)NiCl is likely caused by the increased electron density on Ni 

from the additional ligand in (TpPh)Ni(phpy)Cl. The similar lengths of the three Ni-

N bonds trans to other Ni-N bonds suggests roughly equal donor strength while 

the shorter axial Ni-N bond forming the peak of the square pyramidal geometry 

likely results from the absence of a ligand in the trans position.  

 (TpPh)Ni(phpy)Cl crystallizes in the triclinic crystal system in the 𝑃1̅ space 

group with a Z of 2. The experimental details, atom coordinates,  bond angles, 

and bond lengths are contained in Table A.22, - Table A.25.  The low symmetry 

of the coordination environment breaks any degeneracy that would lead to a 

Jahn-Teller distortion. The τ4 index is also inapplicable making that form of 

structural comparison to the other reported compounds impossible. 
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Figure 2.24.  ORTEP and numbering scheme of (TpPh)Ni(phpy)Cl plotted at the 
50% probability level. 

 

(TpPh)NiBr. This compound follows the trend of highly symmetrical complexes in 

space groups with small Z values. It is trigonal and belongs to the 𝑃3̅ space 

group with a Z of 2. Each of the molecules in the unit cell exhibits axial symmetry 

with the principal rotation axis passing through B1, Ni1, and Br1. Figure 2.25 

depicts the ORTEP and numbering scheme for the complex. Each 

phenylpyrazole is related by rotation around the B1···Ni1···Br1 axis giving the 

complex strict axial symmetry. The experimental details, atom coordinates, bond 

angles, and bond lengths are presented in Table A.26 - Table A.29. The τ4 index 

is calculated as 0.81 with the deviation arising solely from the difference in bond 

length between N-Ni and Ni-Br that in turn influences the angles. In other words, 

there is no tilting of the Ni-Br bond in (TpPh)NiBr. If the complex has a degenerate 

ground state, it does not manifest in a Jahn-Teller distortion. The bond length for 

all three N-Ni1 bonds is 2.0046(7) Å. This is shorter than the length of 2.0064(8) 
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Å in (TpPh)NiCl. The length of the Ni1-Br1 bond is 2.2927(3) Å, a little over 0.1 Å 

difference from the Ni-Cl bond in (TpPh)NiCl. 

 

 

Figure 2.25. ORTEP of (TpPh)NiBr plotted at 50% probability with the numbering 
scheme depicted. 

 

 (TpPh)NiI. This compound crystallizes as monometallic complexes in the 𝑃3̅ 

space group, a member of the trigonal crystal system. The complex itself has C3 

symmetry with the principal rotation axis containing the B, Ni, and I atoms (Figure 

2.26). Each of the three phenylpyrazole rings is related to the other two by 

rotation, but since they are not completely planar there are no mirror planes in 

the structure. This rotation of the phenyl ring accommodates the iodine atom in 

the axial position. The N1-Ni1 and Ni1-I1 bonds are 2.0041 (15) and 2.4463 (8) Å 

in length. For N1-Ni1-I1  = 123.42 (4). The 4 index is calculated as 0.80, the 

same as (TpPh)NiBr. In the same way as (TpPh)NiCl and (TpPh)NiBr, the geometry 

does not indicate any Jahn-Teller distortion to stabilize a degenerate ground 

state. Table A.30 - Table A.33 provide experimental details, atom coordinates, 
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bond angles, and bond lengths. 

 

Figure 2.26. ORTEP of (TpPh)NiI plotted at 50% probability with the numbering 
scheme depicted. Symmetry codes: (a) 1-y, 1+x,-y, z; (b) -x+y, 1-x, z. 

 

 (TpPh)ZnCl. This compound crystallizes in the trigonal crystal system in the P3̅ 

space group. The phenylpyrazole rings are also related by rotation about a 

principal axis defined by the B, Zn, and Cl atoms (Figure 2.27). The phenyl rings 

are rotated to fit the chlorine atom, precluding the existence of mirror planes, 

giving the monometallic complex C3 symmetry in the solid state. With a Z of 2, 

the two molecules in the unit cell are related by an inversion center. The N1-Zn1 

and Zn1-Cl1 bonds are 2.0350(12) and 2.1565(9) Å in length. For N1-Zn1-Cl1  

= 123.02(3)°. This places the Cl ligand on the principal rotation axis and gives a 

τ4 index of 0.81. Experimental details and results are recorded in Table A.34 - 

Table A.37. 
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Figure 2.27. ORTEP of (TpPh)ZnCl plotted at 50% probability with the numbering 
scheme depicted. 

 

2.3.6. Magnetic Characterization  

Four compounds have been magnetically characterized and show a range 

of behaviors with two being consistent with single molecule magnetism. Table 1.7 

lists the compounds and their predicted or experimentally determined S values. 

Predicted values are italicized 

 

Table 2.7. Monometallic complexes prepared and their spin 
ground states. 

Complex S 

(TpPh)MnCl 5/2 

(TpPh)CoCl 

(TpPh)CoBr 

3/2 

3/2 
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(TpPh)CoI 3/2 

(TpPh)NiCl 

(TpPh)NiBr 

1 

1 

(TpPh)ZnCl 0 

 

 Magnetic susceptibility experiments were conducted at a range of 

temperatures (1.8 K to room temperature) and field strengths (0 to 70000 Oe). In 

AC magnetic susceptibility experiments a range of frequencies were employed (0 

to 10000 Hz). By collecting data as a function of several variables over 3-4 

orders of magnitude, the robustness of the data is ensured, and the 

parameterization is over a large sample population. For HFEPR measurements a 

similar effort was made to cover a wide range. In all cases the physical limitations 

of the instrumentation provide the boundaries for the data sets.  

 

(TpPh)MnCl. The magnetic characterization of this compound shows an isotropic, 

S = 5/2 complex with no barrier to magnetization reversal and minimal interaction 

between paramagnetic centers. Figure 2.28 depicts a plot of magnetization vs. 

field strength at room temperature. The linear fit (R = 1) indicates the absence of 

ferromagnetic impurities that could give spurious results in further magnetic 

measurements. To best characterize SMM behavior, measurements must be 

made at low temperature. Figure 2.29 depicts the magnetic susceptibility as a 

function of temperature in static magnetic fields from 1.85 to 300 K. At low 

temperatures, the magnetic susceptibility approaches zero as long-range order 
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sets in, but over much of the temperature domain the magnetic susceptibility 

remains constant at a value of 4.4 cm3 K mol-1. 

 

 

Figure 2.28. Magnetization versus field strength at room temperature for 
(TpPh)MnCl. 
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Figure 2.29. Magnetic susceptibility at 1000 and 10000 Oe as a function of 
temperature from 0-300 K for (TpPh)MnCl. 

This saturation of the magnetization indicates a lack of anisotropy of the 

magnetic moment created by any process, either the formation of 

superparamagnetic domains or single molecule magnetism. By Equation 1.15 the 

saturation magnetization value gives S = 5/2 and g = 2.00(5). A more accurate 

determination of the S and g values can be made by measuring the 

magnetization as a function of field strength divided by temperature and fitting a 

Brillouin function to the data. Figure 2.30 shows the plot of magnetization versus 

field strength divided by temperature. The plots become superimposed with each 

other and the fitted Brillouin function gives g = 2.006  0.0017. The plot shows a 

linear relationship at small field strengths. This indicates that the material is near 

the weak field limit where (|�⃗⃗� | ≪ 𝑘B𝑇), but as the field strength increases, 

saturation of the magnetization is approached where all the magnetic moments 

are in the ground state.  
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Figure 2.30. Magnetization vs field strength divided by temperature to enable 
fitting with a Brillouin function for (TpPh)MnCl. Results of curve fitting for the 1.85 
K data set are included as a red inset. Experimental data are open circles and 
the fitted curve is plotted in red. 

 To restate the results of characterization of (TpPh)MnCl, the compound is 

pseudo C3 symmetric in the solid state with small deviations from strict axial 

symmetry. It has no absorbance bands in the UV-visible region of the 

electromagnetic spectrum, and all magnetic measurements indicate a spin state 

of S = 5/2 and a Landé g equal to the spin-only value within experimental error, 

the result of an isotropic 6A ground state.  

 

 (TpPh)CoCl. The potential for in-state SOC in (TpPh)CoCl makes it a promising 

candidate for exhibiting SMM behavior. At room temperature, the plot of 

magnetization versus magnetic field strength indicates that the compound 

contains no ferromagnetic impurities or ferromagnetic ordering (Figure 2.31).  

 



Ferko, Philip 2019, UMSL, p. 140 

Figure 2.31. A plot of magnetization versus field strength at room temperature for 
(TpPh)CoCl with a best fit line overlaid.   

Figure 2.31 shows that up to 40000 Oe, the compound is at the weak field 

limit.  Measurement of T vs. T at 1000 and 10000 Oe from 0-300 K gives a 

saturation value of 2.45 cm3 K mol-1 (Figure 2.32).  From this a value of 2.3(1) for 

g can be calculated suggesting the presence of SOC as it deviates from the spin-

only value of g = 2.00, consistent with a high spin CoII center. 

 

Figure 2.32. Magnetic susceptibility as a function of temperature at 1000 and 
10000 Oe for (TpPh)CoCl. 

 

At lower temperatures, measurement of the magnetization as a function of 

field strength show no apparent saturation of the magnetization at field strengths 

up to 40000 Oe at 1.85 K (Figure 2.33). The plot of magnetization versus HT-1 

demonstrates that saturation of the magnetization is not achieved as accounting 
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for temperature does not make each isothermal superimposed on the others.  

Because there is no saturation, the fitting of a Brillouin function was not 

attempted. The deviation of g from the spin only value and the failure to reach 

saturation of the magnetization at low temperature and high magnetic field 

strength suggest that for (TpPh)CoCl, remnant magnetization may be observed 

under suitable conditions. 

 

 

Figure 2.33. Magnetization versus magnetic field strength divided by temperature 
for (TpPh)CoCl at temperatures between 1.85 and 8 K. 

The characteristic frequency versus field strength was examined and 

shows a minimum around 500 Oe indicating that this is the optimum DC 

magnetic bias field to increase the out-of-phase magnetic susceptibility. Using 

this strength of DC bias magnetic field, AC magnetic susceptibility measurements 

were conducted on the temperature domain 1.85-8 K and AC frequency domain 
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10-10000 Hz. At low frequencies, ' comprises most of the total susceptibility. As 

the frequency increases, '' increases to a maximum value that is frequency-

dependent. In all cases, increasing temperature undermines the magnetization of 

the sample Figure 2.34 depicts the results. The lineshapes are clearer but exhibit 

the same trends. 

 

 

 

 

 

 

 

 

 

 

Figure 2.34. Left: Plots of ' versus frequency for (TpPh)CoCl in a bias field of 500 
Oe at selected temperatures in the range of 1.8 to 4 K. The x axis has been 

plotted logarithmically to better present the lineshape. Right: Plots of ' versus 
frequency for (TpPh)CoCl in a bias field of 500 Oe at selected temperatures in the 
range of 1.8 to 4 K. The x axis has been plotted logarithmically to better present 
the lineshape. 

The local maxima of '' can be made into an Arrhenius plot (Figure 2.35) 

from which a thermal barrier value and pre-exponential factor can be extracted.  
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Figure 2.35. Arrhenius plot of the characteristic frequencies (ω) for the out-of-
phase magnetic susceptibility of (TpPh)CoCl. 

 

With an applied dc magnetic field of 500 Oe, an effective blocking temperature of 

33 K is found with a pre-exponential factor of 2.3x10-10 s. The linear range of the 

Arrhenius plot extends up to roughly 0.375, above which there is a deviation. 

This is attributable to relaxation pathways other than the Orbach process, which 

become dominant at lower temperatures and obey power laws other than 1/T, 

specifically quantum tunneling of the magnetization. Via Equation 1.21 |D|  

11.(5) cm-1. 

Other mononuclear SMMs with CoII have been reported.34, 84, 86, 105, 125-126, 

128, 130-131, 140, 144-145, 148 While many exhibit magnetic hysteresis only in an applied 

bias field, some examples are known that show magnetic hysteresis in zero bias 

field. Interestingly, these examples are tetrahedral or D2 complexes that lack the 

rigid axial symmetry that has been considered a prerequisite for the suppression 

of quantum tunneling of the magnetization. This could be brought about by low-

lying excited states that undermine the validity of quantum numbers and the 
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selection rules that govern them. The low symmetry and weak crystal field 

splitting can achieve this by eliminating the Laporte selection rule and increasing 

the density of states. It appears that a negative D value is necessary, but not 

sufficient, to observe SMM behavior in zero bias field. AC magnetic susceptibility 

is one method to determine the magnitude of D, but unequivocal assignment of 

the sign is more elusive, and other techniques are more suited to doing so. The 

magnetization dynamics suggest that the sign of D is positive, that easy plane 

anisotropy is present.  

EPR measurements are a method by which the sign and magnitude of D 

can be measured. In comparison to other complexes |D|  11.(5) cm-1 is typical 

and by no means approaches the highest values found to date. This leads to a 

calculated Ueff of roughly 26 K, but quantum tunneling decreases the observed 

lifetimes. The preexponential factor of 2.3x10-10 s is also comparable to literature 

values for monometallic Co complexes that show SMM behavior. These can 

range from 10-6 – 10-13.25, 125 

 

(TpPh)NiCl. While the lack of a degenerate ground state for NiII in C3 symmetry 

precludes in-state SOC, out-of-state contributions to the SOC interaction may still 

introduce anisotropy to the magnetization. With a barrier to spin reversal, 

remnant magnetization may still be observed. These facts motivate the 

investigation of (TpPh)NiCl for SMM behavior. 

A plot of the magnetization versus field strength at room temperature for 

(TpPh)NiCl (Figure 2.36) shows a linear relationship (R = 1), ruling out the 
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presence of ferromagnetic impurities or ferromagnetic ordering of the material. It 

is well-modeled by Equation 1.2 indicating that the material is at the weak field 

limit at fields up to 40000 Oe.  

The magnetic susceptibility when plotted from 1.85 to 300 K shows a 

saturation at high temperature, deviating to lower values at low temperature 

(Figure 2.37). 

 

Figure 2.36. Magnetization versus field strength for (TpPh)NiCl at room 
temperature with a linear fit overlaid. 

 



Ferko, Philip 2019, UMSL, p. 146 

 

Figure 2.37. Magnetic susceptibility versus temperature at 1000 and 10000 Oe 
for (TpPh)NiCl. The x axis has been plotted logarithmically to include data over 
the entire temperature range from 1.8 K to room temperature while making the 
deviation at low temperature more visible. 

 

The magnetic susceptibility at room temperature is 1.3 cm3 K/mol which via 

Equation 1.15 gives g = 2.3, an agreement with the value from HFEPR, g = 

2.3(1).  

This deviation of g from the spin-only value prompted further investigation 

of the magnetic properties of (TpPh)NiCl. This was accomplished in a manner 

similar to the approach for (TpPh)CoCl wherein the field and frequency 

dependencies were examined at low temperatures where the weak field limit no 

longer applies, and thermal disorder and field strength are comparable. 

Magnetization versus field strength, accounting for temperature, shows nearly 

superimposable traces that suggest weak magnetic anisotropy (Figure 2.38).  

Stronger magnetic anisotropy would manifest as a greater range of temperature-
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adjust plots as in the case of (TpPh)CoCl. No attempt to fit the data with a Brillouin 

function was attempted. 

 

Figure 2.38. Magnetization versus field strength divided by temperature in the 
temperature range of 1.85 to 8 K for (TpPh)NiCl. 

Next, the in-phase and out-of-phase magnetic susceptibility was surveyed 

at a range of DC bias fields to determine if hysteresis could be observed at zero 

bias field and the optimal conditions for making measurements to determine the 

characteristic frequency. Measurements were made at 1.9 K at ac field 

frequencies of 10 to 10000 Hz with applied bias fields in the range of 0 to 2500 

Oe. At 0 Oe bias field, no hysteresis is observed. As a DC bias field is applied, 

frequency-dependent deviations appear as reductions in the magnetic moment. 

This strongly suggests that magnetic hysteresis can be observed with application 

of a bias field to suppress quantum tunneling of the magnetization. This is 

confirmed by examination of the out-of-phase data collected. Measurements 

were collected at 1.9 K, AC frequencies from 10 to 10000 Hz, and bias fields 

from 0 to 10000 Oe. Characteristic frequencies were extracted from the data and 
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when show an optimum bias field of 2500 Oe. The out-of-phase signal was 

measured by varying the temperature from 1.86 to 5 K. The results are shown in 

Figure 2.39.  

 

Figure 2.39. Out-of-phase susceptibility as a function of frequency at selected 
temperatures for (TpPh)NiCl. 

 

The diminution of signal with increasing temperature is consistent with 

thermal energy overcoming hysteresis. From this data an Arrhenius plot was 

prepared (Figure 2.40). The extracted pre-exponential term is 4.6x10-6 s and Ueff 

= 3.4 K. 
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Figure 2.40. Arrhenius plot of magnetic data to determine the blocking 
temperature and pre-exponential term for (TpPh)NiCl. 

 

 (TpPh)Ni(phpy)Cl. While this compound was not a synthetic target of this work, 

the low symmetry of the complex was thought to be interesting enough to 

examine the magnetic properties. The plot of magnetization versus field strength 

at 100 K (Figure 2.41) shows no long-range ordering or ferromagnetic impurities.  
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Figure 2.41. A plot of magnetization versus field strength at room temperature for 
(TpPh)Ni(phpy)Cl with a best fit line overlaid. 

 

 The magnetic susceptibility was measured in two DC magnetic fields from 

the lower limit of the instrument to room temperature. The results are plotted in 

Figure 2.42. 

 

Figure 2.42. Magnetic susceptibility versus temperature at 1000 and 10000 Oe 
for (TpPh)Ni(phpy)Cl. The x axis has been plotted logarithmically to include data 
over the entire temperature range from 1.8 K to room temperature while making 
the deviation at low temperature more visible. 
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From this plot, the room temperature χT = 1.32 cm3 K mol-1, giving g = 

2.31 which suggests a large degree of SOC, an assertion supported by further 

magnetic measurements. At 1.8 K there is no saturation of the magnetization up 

to 70000 Oe indicating a large magnetic anisotropy, and the fitting of data using 

the spin Hamiltonian formalism is poor. The χT vs. T data in Figure 2.42 can be 

fitted to give g = 2.29(5) and D = 22.5(5) K, but attempts to fit the M vs. H data 

failed. Each isothermal could be fitted with the g from the χT vs. T data, but each 

gave a different D value (Figure 2.43).  The fitted D parameters for 1.85, 3, 5, 

and 8 K were 25.8(3), 25.9(7), 28.1(3), and 30.5(8) cm-1. Superimposed 

isothermal plots will allow for a fit with acceptable residuals, but clearly this will 

not occur for this compound. One explanation is out-of-state contributions to 

SOC. This implies that excited states are present that are very low in energy, and 

as the temperature increases, these are quickly populated with each contributing 

to the resultant D value. This is a plausible explanation for the temperature-

dependent ZFS. As the temperature increases, the population of states is 

altered, and each of these states has a different contribution to the ZFS. This 

causes the spin Hamiltonian formalism to fail. 
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Figure 2.43. Magnetization versus field strength divided by temperature in the 
temperature range of 1.85 to 8 K for (TpPh)Ni(phpy)Cl. 

   

 Experiments at the range of the instrument to observe out-of-phase 

magnetic susceptibility found no evidence of this even with applied DC bias 

fields. For magnetic anisotropy to be present but no out-of-phase signal to be 

observed even with a DC bias field implies a density of states that makes 

suppression of QTM difficult. In the case where the compound is optimized for 

QTM, several processes can be operating in concert. These include spin-spin 

coupling, hyperfine interactions, and resonance QTM. 58Ni (68%, I = 0) 60Ni 

(26%, I = 0), 61Ni (1%, I = 3/2), 62Ni (4%, I = 0), and 64Ni (1%, I = 0) are naturally 

occurring isotopes. Hyperfine interactions can split one Ms state into several, and 

this covers a wider range of energies, increasing the probability of quantum 

tunneling. Spin-spin coupling can provide a sink for I = 0 nuclei that have a lower 

probability of QTM by exchanging spin states such that the excited state is 

located on an I = 3/2 nucleus, i.e. 61Ni, that can then engage in the enhanced 
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QTM discussed above. While this may seem daunting to unravel experimentally, 

there are techniques that could demonstrate what processes are occurring. Spin-

spin coupling can be disrupted by increasing the mean distance between 

paramagnetic centers by magnetic dilution. While the compound 

(TpPh)Zn(phpy)Cl is not known to our knowledge, the preparation is likely to be 

accomplished by the addition of 1 equivalent of 3-phenylpyrazole to (TpPh)ZnCl. 

A small amount of (TpPh)Ni(phpy)Cl (ca. 1% mol:mol) could then be co-

crystallized with (TpPh)Zn(phpy)Cl. This would suppress spin-spin interactions, if 

present in pure (TpPh)Ni(phpy)Cl. The preparation of crystals of (TpPh)Zn(phpy)Cl 

with evenly distributed (TpPh)Ni(phpy)Cl could be challenging. The two 

compounds may not mix evenly, and (TpPh)Zn(phpy)Cl might not be stable as the 

ionic radius of ZnII is less than that of NiII. An alternate route would be to prepare 

(TpPh)58Ni(phpy)Cl and (TpPh)61Ni(phpy)Cl. Due to its usefulness in 

radiomedicine, pure isotopes of Ni are commercially available. A given isotope of 

Ni metal can be reacted with HCl, isolated, and used as a reagent to prepare 

(TpPh)58Ni(phpy)Cl or (TpPh)61Ni(phpy)Cl. Luckily, 58Ni and 61Ni are stable, 

avoiding the need for special equipment or precautions needed for radioactive 

isotopes.  

 

2.4. Conclusions 

For (TpPh)MnCl it has been demonstrated that the complex is a simple 

paramagnetic material that exhibits no remnant magnetization. The 6A ground 

state is isolated from any excited states that could contribute to out-of-state SOC 
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and create a barrier to magnetization reversal. Furthermore, although (TpPh)MnCl 

has a non-degenerate ground state, a tilting of the Cl- ligand away from 

collinearity with the MB vector is observed in the solid state. This arises from 

crystal packing considerations and shows that this type of distortion is not 

necessarily from a Jahn-Teller effect.  

The compound (TpPh)CoCl has been spectroscopically and magnetically 

characterized and shows slow relaxation in the presence of a DC bias magnetic 

field. The AC magnetic susceptibility measurements show an S = 3/2 ground 

state and Ueff = 33.4K. |D|  11.(5) cm-1 with the sign of D most likely being 

positive, as no slow relaxation is observed without a bias magnetic field. 

Alteration of the halide from Cl to Br and I may increase the magnitude of D and 

change to easy axis anisotropy. Further characterization of (TpPh)CoBr and 

(TpPh)CoI are necessary. Magnetic measurements and EPR of both polymorphs 

of (TpPh)CoBr could also be made to examine the role of the crystal lattice in 

magnetization. 

(TpPh)NiCl has been prepared and shows slow relaxation in a DC bias 

magnetic field.  The lower barrier to magnetization reversal (Ueff = 3.4 K) can be 

ascribed to the smaller contribution of out-of-state mixing to generate SOC.  

Alteration of the axial ligand to heavier halides may increase the ZFS and 

potentially change the sign of D which is most likely positive. The addition of a 

ligand in (TpPh)Ni(phpy)Cl has a profound effect on the magnetic properties of the 

material, but they are unsuitable for investigation using the Spin Hamiltonian 

formalism.  There is not one D value, but a temperature dependence.  Either a 



Ferko, Philip 2019, UMSL, p. 155 

more detailed model needs to be employed or alternate characterization methods 

should be used like EPR.  

Given the fruitful investigations of compounds (TpPh)CoCl, (TpPh)CoBr 

(TpPh)NiCl, (TpPh)NiBr, and (TpPh)NiI, effort should be made to complete the 

characterizations of the halide series for both Co and Ni. The increased SOC and 

contribution to the ZFS of heavier halides may increase the observed blocking 

temperature, increase |D | and render D < 0. This may increase the observed 

barrier to magnetization reversal and even make it observable under no DC bias 

magnetic field.  

 

2.5. Experimental 

All samples were prepared at the University of Missouri-Saint Louis using 

inorganic synthesis techniques including inert atmosphere methods. Schlenk 

lines and glove boxes were used to prepare and manipulate materials to produce 

samples and prepare them for further investigation. Argon gas (Airgas) was the 

inert atmosphere for Schlenk line manipulations and was used as received. A 

Vacuum Atmospheres Corporation glovebox was used with nitrogen gas (Airgas) 

as the inert atmosphere. When possible, nitrogen was provided from a high 

pressure boil off tank as these contain less water and oxygen. The VAC glovebox 

uses an adsorbent bed to remove oxygen and water from recirculated nitrogen 

gas, maintaining the concentration of oxygen below 0.3 ppm.  

 Potassium hydridotris(3-phenylpyrazolyl) borate was prepared according 

to literature procedure.161 Rinsing with toluene, hexanes, and heating in vacuo 
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removed residual 3(5)-phenylpyrazole. Anhydrous metal halides of Zn, Co, and 

Mn were prepared by heating hydrated salts in vacuo. FeCl21.5thf was prepared 

according to literature procedure.233 The compounds (TpPh)NiCl, (TpPh)NiBr, and 

(TpPh)NiI were reported while this manuscript was in preparation by a different 

method than that reported here.179 

 Pentane, hexane, diethyl ether, toluene, and tetrahydrofuran (Fisher) were 

refluxed with Na metal and benzophenone under a nitrogen atmosphere and 

distilled prior to use.234 Dichloromethane (Fisher) was refluxed over calcium 

hydride under a nitrogen atmosphere and distilled prior to use.234 Methanol 

(Fisher) was refluxed over magnesium turnings and iodine under a nitrogen 

atmosphere and distilled prior to use.234 Acetone was stirred over drierite™ 

(calcium sulfate) and distilled under reduced pressure prior to use.234 

(TpPh)MnCl. This compound was synthesized by drying 0.172 g (0.869 mmol) 

MnCl24OH2 in vacuo at 150 °C after which 0.396 g (0.824 mmol) potassium 

hydridotris(3-phenylpyrazolyl) borate was added and the mixture stirred 16 hr 

with 15 mL dichloromethane. Filtering and reducing the volume to ca. 5 mL 

yielded a straw-colored solution. Upon layering with hexane tan crystals formed 

(0.212 g, 0.399 mmol). Yield: 48.4%. (M.W. = 531.71 g/mol). IR (Nujol, cm-1): 

3314 (m), 3119 (m), 3050 (m), 3031 (m), 2854 (vs), 2474 (m) 2334 (w), 2201 (w), 

2136 (w), 1944 (w), 1877 (w), 1800 (w), 1771 (w), 1741 (w), 1677 (w), 1605 (w), 

1581 (w), 1523 (m), 1493 (vs), 1467 (vs), 1365 (vs), 1279 (w), 1251 (m), 1182 

(vs), 1118 (m), 1103 (m), 1089 (m), 1052 (vs), 1027 (m), 1007 (m), 957 (w), 914 
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(w), 887 (w), 872 (w), 840 (w), 789 (s), 759 (vs), 746 (m), 732 (s), 704 (s), 695 

(vs), 676 (m), 651 (w), 527 (w), 518 (w), 453 (w), 439 (w).  

(TpPh)CoCl. Anhydrous CoCl2 (0.217 g, 1.67 mmol) and KTpPh (0.478 g, 0.995 

mmol) were combined as solids and CH2Cl2 (40 mL) was added. The mixture was 

magnetically stirred for 16 h at room temperature. The following day the blue 

mixture was filtered, and the filtrate evacuated to dryness at 60 °C. The blue 

residue was dissolved in tetrahydrofuran (3 mL), layered with hexanes (15 mL), 

and allowed to stand for 2 d at -20 °C. The blue crystals were isolated via suction 

filtration and dried under vacuum at room temperature for 2 min. Yield: 0.270 g 

(51.5%). Anal. Calcd for C27H22BClCoN6: C, 60.54; H, 4.14; N, 15.69. Found: C, 

60.78; H, 3.97; N, 15.55. IR (Nujol/KBr, cm-1): 3868 (w), 3814 (w), 3748 (w), 3742 

(w), 3654 (w), 3646 (w), 3287 (m), 3139 (s), 3113 (s), 3050 (s), 3031 (s), 2854 

(vs), 2495 (s), 2349 (w), 2285 (w), 2201 (w), 2133 (w), 1962 (w), 1942 (w), 1892 

(w), 1877 (w), 1819 (w), 1798 (w), 1766 (w), 1743 (w), 1658 (w), 1600 (w), 1582 

(w), 1524 (s), 1492 (vs), 1450 (vs), 1366 (vs), 1329 (m), 1181 (vs), 1118 (s), 

1104 (s), 1089 (s), 1074 (vs), 1051 (vs), 1029 (vs), 1009 (s), 960 (m), 915 (m), 

885 (m), 872 (m), 840 (m), 800 (vs), 790 (vs), 757 (vs), 741 (s), 728 (vs), 694 

(vs), 676 (s), 648 (m), 633 (w), 619 (w), 569 (w), 528 (w), 517 (w), 458 (m), 440 

(w). UV-vis (CH2Cl2): max/nm (M/M-1 cm-1): 595 (486), 632 (783), 668 (674), 930 

(52), 1653 (70). 

 /-(TpPh)CoBr. CoBr2 (0.219 g, 1.00 mmol) and KTpPh (0.459 g, 0.956 mmol) 

were added as solids to CH2Cl2 (10 mL) and allowed to magnetically stir for 2 d 

at room temperature. The mixture was filtered, and the filtrate evacuated to 
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dryness at 60 °C. The blue residue was dissolved in CH2Cl2 (ca. 3 mL), layered 

with 10 mL pentanes and allowed to stand for 2 d at -20 °C. The blue crystals 

were isolated via suction filtration and dried under vacuum at room temperature 

for 2 min. Yield: 0.237 g (42.7%). Two polymorphs (α-(TpPh)CoBr and -

(TpPh)CoBr) may be isolated via manual separation of crystals or extraction of the 

more soluble tetragonal polymorph (-(TpPh)CoBr) into cold acetone. Anal. Calcd 

for C27H22BBrCoN6 (mixture of α-(TpPh)CoBr and -(TpPh)CoBr): C, 55.90; H, 

3.82; N, 14.49. Found: C, 56.06; H, 3.89; N, 14.63. IR (Nujol, cm-1): 3143 (m), 

3114 (m), 2854 (vs), 2479 (m), 1943 (w), 1869 (w), 1792 (w), 1772 (w), 1749 (w), 

1734 (w), 1717 (w), 1698 (w), 1684 (w), 1670 (w), 1653 (w), 1647 (w), 1636 (w), 

1617 (w), 1576 (w), 1558 (w), 1541 (w), 1525 (m), 1493 (vs), 1468 (vs), 1249 

(m), 1181 (vs), 1117 (m), 1087 (s), 1075 (s), 1048 (vs), 1005 (m), 962 (w), 912 

(w), 872 (w), 793 (s), 762 (vs), 755 (vs), 727 (vs), 695 (vs), 674 (m), 648 (w), 618 

(w), 524 (w), 452 (w), 419 (w). UV-vis (CH2Cl2): max/nm (M/M-1 cm-1): 561 (68), 

598 (325), 643 (653), 673 (516), 942 (53), 1691 (80). 

(TpPh)CoI. In the absence of light, addition of an acetone (5 mL) solution of NaI 

(0.1545 g, 1.031 mmol) to a suspension of (TpPh)CoBr (0.4059 g, 0.7549 mmol) 

in acetone (15 mL) immediately gave a blue-green mixture that was magnetically 

stirred for 3 h at room temperature. The mixture was evacuated to dryness at 

room temperature and the residue was extracted into CH2Cl2 (8 mL). The mixture 

was filtered and pentane (30 mL) precipitated a blue-green powder.  

Yield: 0.212 g (44.6%). Anal. Calcd for C27H22BIN6Co: C, 51.71; H, 3.54; N, 

13.40. Found: C, 51.24; H, 3.31; N, 13.06. IR (Nujol, cm-1): 3140 (w), 3114 (w), 



Ferko, Philip 2019, UMSL, p. 159 

2478 (m, sh), 1740 (w), 1650 (m), 1581 (w), 1524 (m), 1491 (vs), 1309 (m), 1216 

(m), 1246 (s), 1216 (m), 1185 (vs), 1178 (vs), 1116 (m), 1089 (m), 1073 (s), 1046 

(vs, sh), 910 (m), 871 (w), 792 (s), 761 (vs), 754 (vs), 730 (vs), 725 (vs), 692 (vs, 

sh), 646 (m), 519 (m), 499 (m), 440 (m). 

(TpPh)NiCl. In methanol Ni(OH2)6Cl2 (0.176g, 0.740 mmol) was dissolved and 

added to a slurry of 0.310g (0.645 mmol) KTpPh in tetrahydrofuran. The green 

and cloudy suspension was stirred for 16 hr to give a mustard yellow suspension. 

This gave a pink powder after evacuation to dryness. The solid was extracted 

with 20 mL dichloromethane and layered with 30 mL diethyl ether to give dark 

magenta X-ray quality crystals. A second crop was isolated with additional ether. 

Overall yield: 0.2256 g (65.4%). IR (Nujol, cm-1): 3851 (w), 3139 (m), 3126 (s), 

3074 (m), 3049 (m), 3023 (m), 2854 (vs), 2505 (m), 2314 (w), 2141 (w), 1993 

(w), 1965 (w), 1939 (w), 1915 (w), 1887 (w), 1838 (w), 1812 (w), 1759 (w), 1671 

(w), 1615 (w), 1580 (w), 1522 (m), 1494 (vs), 1404 (w), 1366 (s), 1278 (w), 1191 

(vs), 1117 (m), 1093 (m), 1070 (s), 1053 (vs), 1028 (m), 955 (m), 919 (m), 883 

(m), 843 (w), 821 (w), 797 (vs), 767 (vs), 741 (m), 730 (vs), 709 (s), 701 (vs), 676 

(s), 638 (w), 617 (w), 530 (m). UV-vis (CH2Cl2): 486 (81), 524 (33), 805 (12), 950 

(26) Anal. Calcd for C27H22BClN6Ni (M.W. = 535.71 g/mol) C, 60.56; H, 4.14; N, 

15.69. Found: C, 60.39; H, 3.89; N, 15.63. 

(TpPh)NiBr. Solid NiBr2 (0.744 g, 3.42 mmol) and KTpPh (1.63 g, 3.39 mmol) were 

suspended into CH2Cl2 (25 mL) and magnetically stirred for 48 h. The mixture 

was filtered, and the purple filtrate was evacuated to dryness at room 

temperature. The residue was re-dissolved in a minimum of CH2Cl2 (ca. 5 mL), 
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layered with pentane (10 mL), and allowed to stand for 7 d at -20 °C. Yield: 0.910 

g (46.3%). Anal. Calcd for C27H22BBrNiN6: C, 55.92; H, 3.82; N, 14.49. Found: C, 

55.92; H, 3.91; N, 14.63. IR (Nujol, cm-1): 3138 (m), 3125 (s), 3023 (s), 2504 (m), 

1990 (w), 1963 (w), 1886 (w), 1837 (w), 1811 (w), 1759 (w), 1670 (w), 1580 (w), 

1521 (m), 1493 (vs), 1467 (vs), 1366 (vs), 1190 (vs), 1117 (m), 1093 (m), 1071 

(s), 1053 (vs), 1028 (m), 1013 (m), 970 (w), 954 (m), 918 (m), 883 (m), 842 (w), 

796 (vs), 767 (vs), 741 (m), 730 (vs), 701 (vs), 676 (s), 617 (w), 530 (m), 445 (m). 

UV-vis (CH2Cl2): max/nm (M/M-1 cm-1): 497 (338), 532 (173), 817 (51), 951 (92). 

NIR (CCl4): max/nm (M/M-1 cm-1): 1255 (10), 1391 (200), 1691 (80). 

(TpPh)Ni(phpy)Cl. This compound was isolated as a side product from the 

synthesis of (TpPh)NiCl.  

(TpPh)ZnCl. To prepare (TpPh)ZnCl, 0.160 g (1.17 mmol) ZnCl2 and 0.403 g 

(0.834 mmol) KTpPh were dissolved in 10 mL dried MeOH and stirred 16 h. This 

mixture was evacuated to dryness and extracted with 15 mL dried 

dichloromethane. Filtering removed precipitated KCl and the clear supernatant 

was reduced in volume to ca. 5 mL. Layering with dry diethyl ether gave clear 

crystals (0.266 g, 0.491 mmol) Yield: 0.266 g (58.9%) Anal. Calcd for 

C27H22BClN6Zn (M.W. = 542.15 g/mol) C, 59.82; H,4.09; N, 15.50. Found: C, 

59.58; H, 3.93; N, 15.20. IR (Nujol, cm-1): 3139 (s), 3125 (s), 3075 (m), 3049 (s), 

3024 (s), 2854 (vs), 2512 (m), 2503 (s), 1993 (w), 1966 (w), 1915 (w), 1888 (w), 

1837 (w), 1813 (w), 1761 (w), 1687 (w), 1673 (w), 1580 (w), 1568 (w), 1523 (vs), 

1494 (vs), 1468 (vs), 1447 (vs), 1420 (m), 1403 (m), 1380 (vs), 1370 (vs), 1277 

(m), 1187 (vs), 1137 (m), 1117 (s), 1093 (s), 1071 (vs), 1053 (vs), 1027 (s), 1009 
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(s), 955 (s), 919 (s), 884 (s), 844 (s), 797 (vs), 768 (vs), 742 (vs), 730 (vs), 709 

(vs), 701 (vs), 676 (vs), 648 (w), 638 (w), 617 (w), 530 (s), 444 (s), 436 (m). 
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Chapter 3.  Chapter 3. Para-toluenesulfonates of Divalent First Row Transition 

Metals 

3.1. Introduction 

The results in this chapter were originally published in 2017 in 

Polyhedron.235 The author’s contribution to the work was the confirmation of 

syntheses, yields, bulk magnetic susceptibilities, and collection of UV-vis spectra. 

Crystals suitable for X-ray diffraction were prepared and the unit cells measured 

to confirm crystal structures.  Powder X-ray diffraction was not suitable for this as 

the compounds readily de-solvate when ground. 

Weakly-coordinating anions (WCAs) can modulate the solid state, 

solution, and gas phase structure and reactivity of a wide range of compounds 

containing bonds with significant ionic character.236-238 In doing so, WCAs find 

applications in catalysis, electrochemistry, ionic liquids, non-aqueous battery 

electrolytes, and trivalent lanthanide extraction; they also stabilize reactive Lewis 

acids to a degree at which they can be isolated.236, 238-242 Notable successes of 

this approach are electrochemical measurements in low-polarity solvents, new 

catalytic materials, and shelf-stable electrophilic trifluoromethylation reagents.243-

245 In low polarity solvents, the lack of a strong association with cations avoids 

ion pairing and oxidation by species generated in situ that can alter 

electrochemical measurements.236 In catalytic applications with metals, the 

absence of ligation allows for open coordination sites where substrates may bind. 

While sulfonates have long been known to participate in coordination to metal 

centers and hydrogen bonding, arenesulfonates offer some advantages over the 
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traditional WCAs like [NO3]-, [PF6]-, [SbF6]-, [BF4]-, and [ClO4]-. These anions can 

be redox-active, and hydrolysis creates reactive species that can readily destroy 

desired products. Perchlorates have been widely used as they form salts soluble 

in a wide range of solvents. Perchlorate salts are known for many group I and II 

metals, main group metals, d block metals, and inner transition metals.246 In 

anhydrous and organic solvate forms, perchlorate and nitrate salts can be friction 

and shock sensitive and strong oxidizers.246-249 Perchlorates are also harmful to 

the environment and inhibit iodine uptake in the thyroid.248, 250 While these 

shortcomings do not preclude their use, they make less hazardous alternatives 

desirable.247 Aryl sulfonates are electrochemically stable in a wide window and 

soluble in many organic solvents.251-252  

Hydrated p-toluenesulfonate salts of numerous metals are known, 

including ScIII, YIII, TiIII, MnII, FeII, RuIII, CoII, NiII, CuII, ZnII, LaIII, CeIII, NdIII, SmIII, 

EuIII, GdIII, TbIII, DyIII, HoIII, ErIII, YbIII, and LuIII.238, 253-256 Related compounds such 

as benzenesulfonates and substituted naphthalenesulfonates are also known 

and share synthetic approaches.240, 242, 245 Multiple routes to these compounds 

have been used, including salt metathesis, acid/base neutralization reactions, 

and treatment of the metal powder with toluenesulfonic acid (Scheme 3.1).238-239, 

242, 245, 257-258 Omitted from this scheme are the solvent molecules which often fill 

the coordination sphere.  
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Scheme 3.1. Preparative routes to metal toluenesulfonates.257-258 

For transition metals, the inner coordination sphere is occupied solely by 

aquo ligands with the p-toluenesulfonate anions having no direct bonding 

interaction with the metal centers.238 This is attributed to weak dative bonding 

between sulfonate oxygens and transition metals. For group one and two metals 

and lanthanides, coordination of arenesulfonates is more common, with 

examples existing for NaI, KI, RbI, and BaII.240-241 The presence of hydrated 

cations and relatively large organic anions causes layered materials to be a 

typical structural motif. This creates layers of charge-assisted hydrogen bonded 

tapes alternated with layers of stacked aromatic systems.259 This tendency has 

led some to observe that cis aquo ligands hydrogen bonding to deprotonated 

sulfonate groups can be considered a reliable synthon.260  

Para-toluenesulfonate salts of various metals have been a subject of 

research attention for their potential as transition metal/organic hybrid materials 

and their similarity to layered metal oxide materials with the potential for ion 

exchange, shape and size exclusion catalysis, and intercalation behavior.245, 261 

While sulfonate materials have not been extensively studied (with exceptions), 
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phosphonate materials have been examined and found to have certain 

characteristics which preclude application in tunable systems intended to replace 

metal oxide materials.245, 262 Phosphonates have a local C3v symmetry and 

terminal oxygen atoms in common with sulfonates; the charge difference appears 

to break any other similarity. While phosphonates often have a charge of -2 that 

dictates a more specific stereochemistry, sulfonates carry a charge of -1, which 

leads to a more varied coordination chemistry.  

 

Figure 3.1 shows some of the possible coordination modes of the sulfonate 

group.263 AgI sulfonates have been studied more than most other metal types in 

terms of supramolecular structure, although they are still largely an unexplored 

class of compounds.262, 264-266  

 

Figure 3.1. Coordination modes of sulfonate anions. Adapted from reference 29. 
A single SO3 group can engage in multiple coordination modes with more than 
one metal. 

Because of the thermal stability of the p-toluenesulfonate anion, these 
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salts can be dehydrated and the aquo ligands replaced by other ligands via 

recrystallization. The preparation of water-free solvated transition metal salts is a 

common route to preparing soluble transition metal reagents for non-aqueous 

coordination chemistry synthesis and more broadly a way to alter the electronic 

structure and reactivity.233, 267-270  

N,N-dimethylformamide (dmf) is a well-known organic liquid that is used 

as a polar solvent in laboratory and industrial settings, ligand, organic reagent, 

and model for peptide bonds.268, 271-272 Some of the characteristics that lead to 

this versatility are strong Lewis basicity of the carbonyl oxygen, high dipole 

moment of 3.91 Debye, a high permittivity of 36.7, and the presence of a peptide-

like C-N bond.249, 271-273 Given this utility, the structure and vibrational 

spectroscopy of dmf has been extensively studied.249, 267, 272-275  dmf has Cs point 

group symmetry, which allows for significant mixing of vibrational modes such 

that assignment is not straightforward.249 Furthermore, the charge-separated 

resonance form has a significant contribution to the electronic structure of the 

molecule (Figure 3.2).273 This is reflected in the planarity or near planarity of all 

non-hydrogen atoms in the uncoordinated or coordinated molecule.273, 275 The 

Lewis basicity of the molecule is enhanced by the contribution of resonance form 

II (Figure 3.2).273 

 

Figure 3.2. Resonance forms of N,N-dimethylformamide. Reproduced from 

reference 40. 
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The assignment of bands has a long and complicated history. Ab initio 

calculations, DFT calculations, gas phase and liquid phase infrared studies, and 

isotopic substitution have all been applied to the problem. However, some points 

are consistent between experiments. The infrared band at 1677 cm-1 is 

predominantly  (CO) in character and the band at 1507 cm-1 is predominantly  

(CN) in character.249 Upon coordination,  (CO) decreases in energy and  (CN) 

often, but not always, increases in energy.249, 268 Coordination also often 

increases the energy of the NC3 umbrella deformation.249To prepare a water-

free, soluble source of divalent metal p-toluenesulfonates, the aquo complexes 

were dehydrated and the resulting solids recrystallized from dmf. 

 

3.2. Results and Discussion 

3.2.1. Syntheses and Solubilities 

Using Schlenk techniques to prevent oxidation by air, hydrated p-

toluenesulfonate salts of Cr, Mn, Fe, Co, Ni can be synthesized by treatment of 

metal powders with toluenesulfonic acid in water (vide supra, Scheme 3.1, 

Top).238, 253-254, 256, 276 These salts crystallize readily, providing a well-

characterized starting material for the subsequent transformations. Heating under 

vacuum removes the coordinated and lattice waters to give an anhydrous metal 

p-toluenesulfonate salt.258 These are then re-dissolved in dmf and crystallized to 

form a series of chains {trans-[CrII(OTs)2(dmf)2]}n, {trans-[MnII(OTs)2(dmf)2]}n (n 

→∞) and monometallic complexes, trans-[FeII(OTs)2(dmf)4], trans-

[CoII(OTs)2(dmf)4], and [NiII(dmf)6][OTs]2. Another compound, trans-
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[FeII(OTs)2(OH2)2(dmf)2], can crystallize from wet dmf/diethyl ether solutions of 

trans-[FeII(OTs)2(dmf)4]. Attempts to prepare this complex in high yields were 

unsuccessful. {Trans-[CrII(OTs)2(dmf)2]}n, {trans-[MnII(OTs)2(dmf)2]}n, trans-

[FeII(OTs)2(dmf)4], trans-[CoII(OTs)2(dmf)4], and [NiII(dmf)6][OTs]2 quickly dissolve 

in polar organic solvents including dmf, MeOH, nitromethane, and 

ethylenediamine, in addition to water. In contrast, solutions of {Trans-

[CrII(OTs)2(dmf)2]}n, {trans-[MnII(OTs)2(dmf)2]}n, trans-[FeII(OTs)2(dmf)4], trans-

[CoII(OTs)2(dmf)4], and [NiII(dmf)6][OTs]2 are unstable in acetone and 

dichloromethane, precipitating the anhydrous toluenesulfonate salts which 

indicates lability of the dmf ligands.277-279 The solubilities of trans-

[CoII(OTs)2(dmf)4], and [NiII(dmf)6][OTs]2 were examined in numerous solvents 

and the results presented in Table 3.1. 

Table 3.1. Qualitative solubilities of trans-[CoII(OTs)2(dmf)4] and 

[NiII(dmf)6][OTs]2 in selected organic solvents (dielectric constant, ). 
Reproduced from reference 235. 

MII b
e

n
z
e

n
e

 (
2

.3
) 

d
ie

th
y
l 
e

th
e

r 
(4

.3
) 

c
h

lo
ro

fo
rm

 (
4

.8
) 

te
tr

a
h

y
d

ro
fu

ra
n

 (
7

.5
) 

e
th

y
l 
a

c
e

ta
te

 (
6

.0
) 

d
ic

h
lo

ro
m

e
th

a
n
e

 (
9

.1
) 

p
y
ri
d

in
e

 (
1

2
.3

) 

te
rt

-b
u

ty
l 
a

lc
o
h

o
l 
(1

2
.5

) 

1
,2

-d
ia

m
in

o
e

th
a

n
e

 

(1
4

.2
) 

2
-p

ro
p

o
a

n
o

l 
(1

8
.3

) 

1
-p

ro
p

a
n

o
l 
(2

0
.1

) 

a
c
e

to
n

e
 (

2
0

.7
) 

e
th

a
n

o
l 
(2

4
.6

) 

2
,4

-p
e
n

ta
n

e
d

io
n

e
 

(2
5

.7
) 

(2
5
.7

) 
m

e
th

a
n
o

l 
(3

2
.6

) 

n
it
ro

m
e
th

a
n

e
 (

3
5

.8
) 

a
c
e

to
n

it
ri
le

 (
3
7

.5
) 

d
im

e
th

y
ls

u
lf
o

x
id

e
 (

4
7

) 

Co                   

Ni                   

 = precipitation;  = insoluble;  = sparingly soluble;  = soluble. 

 



Ferko, Philip 2019, UMSL, p. 185 

3.2.2. Infrared Spectroscopy 

The infrared spectrum of N,N-dimethylformamide as a thin film has 

previously been reported. The primary bands are 1685 (vs), 1512 (m), 1460 (w), 

1450 (m), 1410 (s), 1395 (vs), 1268 (s), 1099 (vs), 1067 (m), 870 (m), 660 (s), 

405 (m), and 319 (m).280 The low symmetry of the N,N-dimethylformamide 

molecule allows for strong coupling of modes that complicates band 

assignments, leading to a substantial body of literature on the topic.249, 273, 280-281 

However, in the case of the band at 1685 cm-1, the predominant contributor is the 

CO stretching mode, which is perturbed by coordination of the O lone pair to the 

metal center.273 Also potentially affected by shifting of electron density is the CN 

bond, which has significant double bond character as indicated by a barrier to 

rotation of ca. 89 kJ mol-1 and increased stretching frequency of 1268 cm-1 

versus ca. 1100 cm-1 for single bond C-N.280 Finally, the aldehyde C-H stretch 

may show an effect from the altered electron density at aldehyde C, but the effect 

is likely to be less than the previous two bonds as it will be an inductive effect 

rather than a direct change in the bond order.  

In assigning the origin of infrared absorption bands arising from dmf in the 

compounds, a few different factors must be taken into account: 1.) the mixed 

nature of free dmf vibrational modes, 2.) plausible  and  interactions of the 

metal center with the dmf ligand, and 3.) the point group symmetry of the metal 

center. 

Table 3.2 presents the sulfonate stretching frequencies for the anhydrous 

M(OTs)2 salts. The presence of two higher frequency S-O stretches and one 
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lower frequency stretch suggest that monodentate coordination is present in all 

cases. The two high frequency stretches arise from symmetric and antisymmetric 

S=O modes, assuming a low symmetry complex. The lower frequency stretch 

arises from the S-O bond where the O is coordinated to the metal. No rigid trends 

are observed in the frequencies, which fall in the range 1240-1216 cm-1.  These 

bands also show splitting, which may be a result of changing symmetry with 

respect to the metal center.  These values provide a basis of comparison for the 

IR spectra of {CrII(OTs)2(dmf)2}n {trans-[MnII(OTs)2(dmf)2]}n, trans-

[FeII(OTs)2(dmf)4], trans-[CoII(OTs)2(dmf)4], and [NiII(dmf)6][OTs]2. 

 

Table 3.2. Infrared spectral data for anhydrous M(OTs)2 (M = Cr, Mn, Fe, Co, 
Ni) salts. Reproduced from reference 276. 

cmpd (CH) a(SO2) s(SO2) (CH) (CH) (CH) (SO) (CS) 

Cr(OTs)2 
3060 

3039 
1235 1161 1060 1015 817 688 575 

Mn(OTs)2 
3060 

3037 
1200 1144 1065 1017 815 690 574 

Fe(OTs)2 
3061 

3039 
1195 1143 1065 1018 815 688 576 

Co(OTs)2 
3061 

3039 
1194 1142 1065 1018 819 686 576 

Ni(OTs)2 
3063 

3041 
1201 1142 1067 1018 819 686 577 
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 The infrared spectra of {Trans-[CrII(OTs)2(dmf)2]}n {trans-

[MnII(OTs)2(dmf)2]}n, trans-[FeII(OTs)2(dmf)4], trans-[CoII(OTs)2(dmf)4], and 

[NiII(dmf)6][OTs]2 contain absorptions that indicate dmf and para-toluenesulfonate 

anions are present.257, 276, 282 Aromatic CH bending modes are observed in the 

range of 1040 to 801 cm-1, assignable to the aromatic tolyl rings on the para-

toluenesulfonate anions. The CS bond is observed via the (CS) mode between 

569 and 559 cm-1. Antisymmetric and symmetric (SO2) stretches are observed 

at 1170 and 1130-1119 cm-1. In {Trans-[CrII(OTs)2(dmf)2]}n and {trans-

[MnII(OTs)2(dmf)2]}n, aromatic overtones are observed at 1919 and 1922 cm-1, 

consistent with the presence of the toluenesulfonate anion. However, these 

absorptions are not observed in the other compounds.  

Absorptions in the range 1657-1648 cm-1 are likely (CO) stretching 

modes shifted to lower energies as the coordination bond weakens the CO bond 

of dmf. The overall trend is that the frequency decreases across the period, 

consistent with a stronger metal-ligand bonding from left to right. This matches 

with the crystal structures, which show dmf replacing toluenesulfonate anions as 

ligands from left to right. Because the compounds are hygroscopic, spectral 

indicators of absorption of environmental water are present. For {Trans-

[CrII(OTs)2(dmf)2]}n, {trans-[MnII(OTs)2(dmf)2]}n, and trans-[FeII(OTs)2(dmf)4], 

(OH) and (HOH) bands are observed around 3300 and 1650 cm-1, similar to 

the range for the related [MII(OH2)6][OTs]2 complexes.276 
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3.2.3. UV-vis Spectroscopy 

The electronic spectra for {trans-[CrII(OTs)2(dmf)2]}n, {trans-

[MnII(OTs)2(dmf)2]}n, trans-[FeII(OTs)2(dmf)4], trans-[CoII(OTs)2(dmf)4], and 

[NiII(dmf)6][OTs]2 fulfill expectations for divalent metal ions in octahedral 

coordination environments.158, 283-285 {Trans-[CrII(OTs)2(dmf)2]}n exhibits a single 

band at 728 nm (5T2g  5Eg) consistent with a high spin d4 ion in an octahedral 

environment. An absorption at 408 nm is attributable to small amounts of a CrIII 

impurity.50, 283-284, 286 {trans-[MnII(OTs)2(dmf)2]}n exhibits no absorptions in the UV-

visible range as expected for an S = 5/2 6A1g ground state with no spin- or 

Laporte-allowed transitions, supporting the presence of MnII.158 Octahedral 

complexes of FeII typically exhibit a single 5Eg  5T2g transition. In trans-

[FeII(OTs)2(dmf)4], this transition is expected to be near 1000 nm based on 

comparison to the FeII aquo ion, outside the range of measurement.207 However, 

a shoulder is observed at the low energy end (850 nm) of the spectrum which fits 

with the presence of this peak.286 

 The electronic spectrum of trans-[CoII(OTs)2(dmf)4] is typical for a high 

spin d7 CoII ion (S = 3/2, 4T1g ground state), complicated by the presence of 

additional bands besides the three expected transitions. These expected 

transitions are 4T2g  4T1g (1), 4A2g 4T1g (2), 4T1g (P)  4T1g (3), and the 

related hexaaqua CoII complex exhibits them near 1235 nm, 625 nm, and 515 

nm. 50, 285-286 In trans-[CoII(OTs)2(dmf)4], 1 falls in the near infrared, outside the 

UV-visible spectroscopy window of 350-850 nm. 2 and 3 fall at lower energies 

than the comparable hexaaqua complex, suggesting that dmf creates a larger 
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ligand field splitting. This suggests that dmf is a weaker field ligand as ligand 

strength  is proportional to the energy difference between the t2g and eg orbital 

sets.50 Solutions of [NiII(dmf)6][OTs]2 in dmf exhibit the green color associated 

with solutions of divalent Ni. The Tanabe Sugano diagram for a d8 ion in 

octahedral symmetry predicts three absorption bands, two of which typically fall 

in the UV-visible range.50, 158, 285 For [NiII(dmf)6][OTs]2 absorptions are seen at 

739, 679, and 402 nm. The absorptions at 679 and 739 nm are likely a splitting of 

the 3T1g  3A2g (3F) band due to spin orbit coupling.  This leaves the 3T1g (P) 

3A2g (3) transition at 402 nm, with the third transition, 3T2g  3A2g (1), falling 

outside the range of measurements making determination of O impossible. 

Table 3.3 summarizes the spectroscopic data collected in the UV-vis range. 

Table 3.3. Spectroscopic data for {trans-[CrII(OTs)2(dmf)2]}n, trans-
[CoII(OTs)2(dmf)4], and [NiII(dmf)6][OTs]2. 

Compound λ (nm) ε (M-1cm-1) Assignment 

{trans-

[CrII(OTs)2(dmf)2]}n 

725 19 5T2g  5Eg 

trans-[CoII(OTs)2(dmf)4] 479 

497 

527 

11 

14 

19 

4T1g  4T1g(F) 

4T1g  4T1g(F) 

4T1g  4T1g(F) 

[NiII(dmf)6][OTs]2 402 

679 

739 

11 

4.2 

4.3 

3T1g (P) 3A2g(3F) 

3T1g  3A2g(3F) 

3T1g  3A2g(3F) 
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3.2.4. Single Crystal X-Ray Diffraction Studies 

{trans-[CrII(OTs)2(dmf)2]}n. This compound crystallizes in the P21/n space group 

with Z = 2 and Cr atoms situated at inversion centers ( 

Figure 3.3). Table B.1 - Table B.4 contain the experimental details, atomic 

coordinates, bond angles, and bond lengths. The Cr atoms form 1-D chains of 

corner-sharing squares with sulfonate groups bridging in an 2,2 fashion (Figure 

3.4).  Two molecules of dmf complete the inner coordination sphere for each 

metal ion. The SO bonds of the sulfonate functional group have two bond 

lengths, 1.444(2) Å (S1-O1 and S1-O3) and 1.482(2) Å (S1-O2) which indicates 

a degree of localization of the negative charge onto O2, which is bound to Cr.  

This is surprising as the SO bond lengths for the uncoordinated O1 and O3, 

coordinated to Cr, are identical within experimental error. The Cr-O2 bond length 

is 2.076(2) Å while the Cr-O3 bond length is 2.403(3) Å, a large difference of 

14%. This lengthening of otherwise identical bonds is consistent with a Jahn-

Teller distortion, which is expected for CrII ions in an octahedral environment. 

Another effect of this distortion may be observed in the SO stretches which are 

lower in energy overall for {trans-[CrII(OTs)2(dmf)2]}n versus {trans-

[MnII(OTs)2(dmf)2]}n.  The aromatic rings of the toluenesulfonate anions are 

oriented roughly perpendicular to the squares.  These rings are also relatively 

close to rings on adjacent chains (5.224(2) Å and 5.213(3) Å) which supports the 

idea that  interactions are present and in part influence the crystal structure. The 

tolyl rings are also parallel to the dmf ligands, which presumably allows for 

stabilizing interactions. 
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Figure 3.3. The numbering of atoms in {trans-[CrII(OTs)2(dmf)2]}n. Non-hydrogen 
atoms are plotted at 50% probability and hydrogens have been omitted for clarity. 
Symmetry codes: (a) x, −1 + y, z; (b) x, 1 + y, z; (c) 1 − x, −y, −z; (d) 1 − x, 1 − y, 
−z. 

 

Figure 3.4. ORTEP of {Trans-[CrII(OTs)2(dmf)2]}n showing the polymeric 
structure. Chromium (gray), oxygen (light red), sulfur (yellow), and carbon (black) 
atoms are plotted at 50% probability. Hydrogen atoms are plotted at calculated 
distances as spheres with an arbitrary radius. 

When viewed down the a-axis, the layered structure of the compound is 
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apparent with metal ions sandwiched between layers of coordinated solvent and 

anion (Figure 3.5).  The anion and dmf ligands do not interdigitate but instead 

form two layers that take a herringbone-like arrangement with regards to each 

other. 

 

Figure 3.5. ORTEP of {Trans-[CrII(OTs)2(dmf)2]}n viewed down the a axis. 
Chromium (gray), oxygen (light red), sulfur (yellow), and carbon (black) atoms 
are plotted at 50% probability. Hydrogen atoms are plotted at calculated 
distances as spheres with an arbitrary radius. 

 

   Viewed down the b-axis, the Cr atoms and oxygen-containing functional 

groups form small polar columns largely isolated from each other by the less 

polar portions of the anion and solvent (Figure 3.6).  No dmf is observed 

uncoordinated to the metal, a trend that is observed for all the compounds 

reported here. The Cr center is coplanar with the O atoms of the sulfonates 

because of the inversion center present at each Cr atom. Two Cr-O bonds to the 

tosylate are present, measuring 2.038(2) Å and 2.403(2) Å. The Cr-O bonds to 
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N,N-dimethylformamide are in the plane of the longer tosylate bond and tilted 

towards one tosylate with a distance of 2.076(2) Å. The presence of one Cr-O 

bond longer than the other two is consistent with a Jahn-Teller distortion, which is 

expected for a d4 ion in a pseudo-octahedral environment. Similar differences in 

bond length have been observed in related compounds, including 

[CrII(OH2)6][OTs]2 and [NH4]2[CrII(OH2)6][SO4]2H2O. The Cr-O bonds in the 

former range between 2.035(1) and 2.487(1) Å and 2.052(1) and 2.327(1) Å in 

the latter, and the difference is attributed to J-T distortions.257 Viewed down the 

a* axis the tolyl rings appear to be somewhat herringbone in packing, but the 

methyl groups appear to preclude a closer packing arrangement. The tolyl rings, 

planar N,N'-dimethylformamide ligands, and S=O bonds are all parallel to each 

other.  

 

Figure 3.6. ORTEP of {Trans-[CrII(OTs)2(dmf)2]}n viewed down the b axis. 
Chromium (gray), oxygen (light red), sulfur (yellow), and carbon (black) atoms 
are plotted at 50% probability. Hydrogen atoms are plotted at calculated 
distances as spheres with an arbitrary radius. 
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{trans-[MnII(OTs)2(dmf)2]}n. The crystal structure of {trans-[MnII(OTs)2(dmf)2]}n is 

similar to the Cr analogue, again crystallizing in the monoclinic crystal system 

and P21/n space group with Z = 2. Figure 3.7 displays the atom numbering 

scheme.  Two bridging sulfonates coordinating in 2,2 fashion between adjacent 

metal centers form corner-sharing squares built into 1-D chains. Two distinct Mn-

O bonds are present that include the p-toluenesulfonate anion, Mn1-O2 and 

Mn1-O3.  They measure 2.1935(11) Å and 2.1564(12) Å respectively. One 

unique S atom is present in the asymmetric unit, with three different SO bonds of 

1.4646(12) Å (S1-O1), 1.4484(12) Å (S1-O2), and 1.4558(11) Å (S1-O3) in the 

sulfonate functional group.  The shortest of the three bonds, corresponds to the 

unbound O3.  A similar packing of the tolyl substituents as in the case of Cr is 

observed. The chains are formed by the metal ions and polar sulfonate groups 

being surrounded by the less polar tolyl groups. Table B.5 - Table B.8 record the 

atom coordinates, bond angles, and bond lengths for {trans-[MnII(OTs)2(dmf)2]}n. 
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Figure 3.7. Atom numbering scheme for {trans-[MnII(OTs)2(dmf)2]}n. Non-
hydrogen atoms are plotted at 50% probability and hydrogens are plotted at 
calculated distances as spheres with an arbitrary radius. Symmetry codes: (a) x, 
−1 + y, z; (b) x, 1 + y, z; (c) − x, −y, −z; (d) − x, 1 − y, −z. 

 

trans-[FeII(OTs)2(dmf)4]. The compound trans-[FeII(OTs)2(dmf)4] is a departure 

from the pattern set by the crystal structures of [trans-CrII(dmf)2(OTs)2]n and 

{trans-[MnII(OTs)2(dmf)2]}n. The neutral mononuclear complex crystallizes in the 

P21/n space group with Z = 2. Four dmf ligands occupy equatorial positions with 

monodentate tosylates coordinating axially (Figure 3.8). Table B.9 - Table B.12 

detail experimental conditions, atom coordinates, bond angles, and bond lengths. 

The FeII-Odmf bonds are close in length at 2.1574(7) (Fe1-O2) and 2.1237(7) Å 

(Fe1-O1).  The FeII-OTs bond is shorter than the FeII-Odmf bonds at 2.0958(7) Å 

(Fe1-O3), which can be rationalized as follows. The bond to the OTs is more 



Ferko, Philip 2019, UMSL, p. 196 

electrostatic in character allowing for a closer interaction than in the case of the 

dmf ligand. The S1-O3 bond is 1.4793(8) Å compared to 1.4466(8) Å and 

1.4532(8) Å for S1-O4 and S1-O5 suggesting some charge localization. These 

FeII-O bonds are comparable in length to {FeII(OH2)6]2+ cations in 

[NH4]2[FeII(OH2)6][SO4]2 and [FeII(OH2)6][SiF6]2. In contrast, differences in bond 

angles exist comparing these three compounds compared to trans-

[FeII(OTs)2(dmf)4]. No lattice solvent is present, and a herringbone-type pattern is 

observed in the aromatic rings and dimethylamino groups of the dmf. The bond 

angles are all less than one degree from 90°, similar to those observed in 

hexaaquoiron (II) complexes. Since J-T distortions can occur through changes in 

bond angle or length, it may be that energy minimization occurs through the 

presence of different bond lengths rather than angular distortion.  

 

 

Figure 3.8. Atom numbering scheme for [Fe(dmf)4(OTs)2]. Non-hydrogen atoms 
are plotted at 50% probability. Symmetry code: (a) 1 − x, −y, −z. 



Ferko, Philip 2019, UMSL, p. 197 

 

{trans-[Fe(dmf)2(OTs)2(OH2)2}. In {trans-[Fe(dmf)2(OTs)2(OH2)2} (Figure 3.9), 

the symmetry is reduced in comparison to the remainder of the series as it 

crystallizes in the 𝑃1̅ space group. The experimental details, atom coordinates, 

bond angles, and bond lengths are recorded in Table B.13 - Table B.16. The Fe-

O bond angles are all within 4 of 90, and the deviation is likely a result of crystal 

packing. Since the metal center has pseudo D2h symmetry, the rigorous 

degeneracy of the e orbitals that would be present in Oh is broken, rendering a 

Jahn-Teller distortion less likely.  The Fe-OH2 (Fe1-O1) bond length is 2.1498(9) 

Å, the Fe-Odmf bond (Fe1-O2) 2.0804(7) Å, and the Fe-OTs bond (Fe1-O3) is 

2.1428(8) Å. The aryl rings are disordered with 50% occupancy in two positions.  

 

Figure 3.9. Atom numbering scheme for trans-[Fe(dmf)2(OTs)2(OH2)2]. Non-
hydrogen atoms are plotted at 50% probability and hydrogens are omitted for 
clarity. Symmetry code: (a) − x, −y, 2 − z. 
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Two hydrogen bonds are also observed, as shown in Figure 3.10. The first 

is intramolecular hydrogen bonding between the O-H of water and the sulfonate.  

The O-H∙∙∙O angle is 159.4(7)° and the OH bond length in the aquo ligand is 

0.819(17) Å. The distance between the H and sulfonate O is 1.969(15) Å. The 

interaction is likely limited by strain within the ring formed by this potential 

interaction.  

 

Figure 3.10. Hydrogen bonding in trans-[Fe(dmf)2(OTs)2(OH2)2]. Iron (orange), 
oxygen (light red), sulfur (yellow), and carbon (black) atoms are plotted at 50% 
probability. Hydrogen atoms are plotted at calculated distances as spheres with 
an arbitrary radius. The dmf ligands have been removed to clearly show the 
ribbon motif created by hydrogen bonding. 

The intermolecular hydrogen bonding shows lengths and angles 

suggesting a stronger interaction.  The O-H∙∙∙O angle is 174.4(8)° and the 

distance is 1.87(2) Å. The O-H bond length in the aquo ligand is 0.818(19) Å.  

These intermolecular hydrogen bonds create ribbons in the crystal structure and 



Ferko, Philip 2019, UMSL, p. 199 

may be the reason the herringbone arrangement of tolyl groups is no longer 

observed (Figure 3.10). 

Trans-[Co(dmf)4(OTs)2]. The compound crystallizes with Z = 2 in the P21/c 

space group. Each monometallic complex contains four equatorial dmf ligands 

with the two toluenesulfonate anions occupying the axial positions (Figure 3.11). 

Experiment data, atom coordinates, bond angles, and bonds lengths are detailed 

in Table B.17 - Table B.20.  The Co-OTS bond is 2.0282(14) Å in length and the 

Co-Odmf bonds show two different lengths of 2.0487(14) Å and 2.2310(16) Å with 

bonds of the same length in the trans positions.  All O-Co-O bond angles deviate 

no more than 4° from 90° expected for an octahedral configuration. The packing 

of these complexes into the crystal lattice forms a herringbone pattern of dmf and 

tolyl rings (Figure 3.12).  In comparison to the earlier metals of the series, the 

dmf ligands are becoming competitive in strength, disrupting the chain motif 

observed in Cr and Mn.     
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Figure 3.11. Atom numbering scheme for trans-[Co(dmf)4(OTs)2]. Non-hydrogen 
atoms are plotted at 50% probability. Hydrogens are omitted for clarity. 
Symmetry code: (a) − x, −y, −z. 

 

Figure 3.12. Trans-[Co(dmf)4(OTs)2]. Cobalt (gray), oxygen (red), sulfur (yellow), 
and carbon (black) atoms are plotted at 50% probability. Hydrogen atoms are 
plotted at calculated distances as spheres with an arbitrary radius. 
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[Ni(dmf)6][OTs]2. This compound crystallizes in the P21/n space group with Z = 

2. Table B.21 - Table B.24 document the experimental details, atom coordinates, 

bond angles, and bond lengths. The tosylate anions no longer directly bind to the 

metal center, and instead the Ni is ligated by six N,N-dimethylformamide 

molecules (Figure 3.12). Three unique Ni-O bonds are present, measuring 

2.0620(13) Å, 2.0510(12) Å, and 2.0422(12) Å. The bond angles are all within 3° 

of 90°, close to the ideal octahedral arrangement of the ligands. The S1-O bond 

lengths are very close in value which indicates the negative charge is delocalized 

across the SO3
- moiety in contrast to the other structures where bond lengths 

indicate that the charge is largely on the coordinating O atom. This is further 

supported by a longer S1-C7 bond.  

 

Figure 3.13. Atom numbering scheme for [Ni(dmf)6][OTs]2. Non-hydrogen atoms 
are plotted at 50% probability. Hydrogen atoms and the second tosylate anion, 
symmetric about the inversion center, have been omitted for clarity. Symmetry 
code: (a) − x, −y, −z. 
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3.2.5. Bulk Magnetic Measurements 

Since the first-row transition metal complexes under discussion here can 

be paramagnetic, the measurement of the bulk magnetic susceptibility was 

undertaken to fully characterize the compounds. From the bulk susceptibility the 

magnetic momenta of the compounds were calculated, and the results are 

presented in Table 3.4.  

Table 3.4. Experimental magnetic momenta and spin only values for {trans-
[CrII(OTs)2(dmf)2]}n, {trans-[MnII(OTs)2(dmf)2]}n, trans-[FeII(OTs)2(dmf)4], trans-
[CoII(OTs)2(dmf)4],and [Ni(dmf)6][OTs]2. 

Compound μeff (exp., BM) 
μeff 

(calc. spin-only,BM))287 

{trans-[CrII(OTs)2(dmf)2]}n 5.02 4.90 

{trans-[MnII(OTs)2(dmf)2]}n 5.92 5.92 

trans-[FeII(OTs)2(dmf)4] 4.82 4.90 

trans-[CoII(OTs)2(dmf)4] 3.87 3.87 

[Ni(dmf)6][OTs]2 2.71 2.83 

These measurements show the complexes to be paramagnetic, high spin 

compounds of divalent metals.287 The charges determined from them are 

consistent with the presence of two tosylate anions per metal.  The SOC is 

largely quenched by the crystal field, giving all complexes a magnetic moment at 

or near the spin only value.   

 

3.3. Conclusions 

Five compounds, {trans-[CrII(OTs)2(dmf)2]}n, {trans-[MnII(OTs)2(dmf)2]}n, 

trans-[FeII(OTs)2(dmf)4], trans-[CoII(OTs)2(dmf)4], [Ni(dmf)6][OTs]2 have been 
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synthesized and spectroscopically characterized.  Another compound, 

[FeII(OTs)2(OH2)2(dmf)2], was isolated in the preparation of crystals suitable for 

single crystal X-ray diffraction.  The UV-visible spectra show that no oxidation or 

reduction of the transition metal cation takes place if air sensitive techniques are 

used, and the compounds are soluble in a range of solvents.  Combined, these 

show that the complexes could have use as sources of divalent Cr, Mn, Fe, Co, 

and Ni for inorganic and organometallic syntheses.  The magnetic 

characterization shows minimal deviation from the expected spin-only values, so 

these complexes are unlikely to show magnetically interesting phenomena. 

Structural variety is provided in the series of compounds due to the similar 

donor strengths of the dmf and toluenesulfonate ligands as well as the variable 

denticity of the sulfonate functional group.  The CrII and MnII compounds form 

chains with sulfonate bridging ligands, the remainder of the coordination sphere 

being filled with dmf ligands. On moving to FeII, the bridging motif is no longer the 

most stable and instead the p-toluenesulfonates occupy axial positions with the 

remainder filled with dmf.  The same type of structure is observed for CoII.  With 

NiII the shift of ligand strength is complete; dmf fills all coordination sites with the 

toluenesulfonate present as an unbound anion. 

 

3.4. Experimental 

All syntheses and manipulations were carried out under an Ar atmosphere 

using Schlenk techniques or a nitrogen-filled glovebox. Stainless steel cannulae, 

needles, and ground glass syringes were used to transfer solutions and solvents. 
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The anhydrous para-toluenesulfonate salts were prepared by dehydrating the 

hydrates under heat (160 C) and vacuum for at least 1 hr. N,N'-

dimethylformamide was purified and dried using a Vacuum Atmospheres 

Corporation solvent purification system. Diethyl ether was dried by distillation 

over sodium and benzophenone in a nitrogen atmosphere, and all solvents were 

sparged before use. Elemental analyses were performed by Robertson Microlit 

laboratories. For some compounds the calculated value includes lattice solvent 

not observed in the single crystal X-ray structures.  It is likely that the solvent was 

included on the surface of microanalysis samples as exposure to dynamic 

vacuum can de-solvate compounds and this was deliberately avoided by short 

drying times at room temperature.   

 Measurements of the bulk magnetic susceptibility at room temperature 

were conducted with a Johnston Matthey bulk magnetic susceptibility balance 

Mk. 1. The instrument was calibrated using HgCo(NCS)4.288 Pascal's corrections 

were applied to the samples.289 

 In the present work two instrumental setups were used to collect single 

crystal X-ray diffraction data. Both used Mo K radiation to avoid excessive 

absorption by the crystal samples. For {trans-[CrII(OTs)2(dmf)2]}n and 

[FeII(OTs)2(OH2)2(dmf)2], a Nonius kappa CCD diffractometer was used to collect 

data. The initial cell parameters were determined from ten frames 1° apart 

(DENZO) and subsequently refined using the full data set.290 Lorentz and 

polarization corrections were applied as part of the data reduction. The solution 

and refinement of the data was completed using SHELXS97 (direct methods) 
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and SHELXL97 (F2 by weighted full-matrix least-squares refinement).291-292 

Empirical absorption corrections were applied using SCALEPACK.290 

 For the structures of {trans-[MnII(OTs)2(dmf)2]}n, trans-[FeII(OTs)2(dmf)4], 

trans-[CoII(OTs)2(dmf)4] and [NiII(dmf)6][OTs]2 a Bruker Apex-II CCD 

diffractometer was used to collect the data. Preliminary unit cell determinations 

were made from 36 10 s frames and refined using Bruker SAINT. The data was 

integrated using Bruker SAINT and absorption correction models were 

determined using SADABS. The solution and refinement of the data was 

completed using SHELXS97 (direct methods) and SHELXL97 (least squares 

refinement).291-292 In both cases Lorentz and polarization corrections were 

applied as part of the data reduction. The data were integrated using Bruker 

SAINT, and absorption correction models were determined using SADABS.293 

The solution and refinement of the data were completed using SHELXS97 (direct 

methods) and SHELXL97 (least squares refinement).291-292 

 For {trans-[CrII(OTs)2(dmf)2]}n, {trans-[MnII(OTs)2(dmf)2]}n, trans-

[FeII(OTs)2(dmf)4], [FeII(OTs)2(OH2)2(dmf)2], trans-[CoII(OTs)2(dmf)4], and 

[NiII(dmf)6][OTs]2 hydrogen atoms were located using difference maps, placed at 

calculated positions using riding models, and isotropically refined. All non-

hydrogen atoms were anisotropically refined. Atomic scattering factors were 

taken from the International Tables for Crystallography Vol. C. 82.294 Figures 

were generated using VESTA.295 

The infrared spectra were recorded from Nujol mulls pressed between KBr 

plates on a Thermo-Fisher 6700 FTIR spectrometer on the domain of 4000-400 
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cm-1. The UV-visible spectra were recorded as N,N-dimethylformamide solutions 

using an Ocean Optics Flame S-UV-VIS-ES spectrophotometer from 200-850 nm 

using a DH-2000-BAL deuterium tungsten source.  

{trans-[CrII(OTs)2(dmf)2]}n. Solid Cr(OTs)2 (2.00 g, 5.07 mmol) was dissolved 

into N,N-dimethylformamide (10 mL) with stirring, and the pale blue-green 

solution was layered with diethyl ether (30 mL). After 7 days the pale blue 

crystals were isolated via filtration, washed with diethyl ether (2 × 5 mL), and 

dried under vacuum for 2 min. at room temperature. Yield: 1.68 g (59.4%). Anal 

Calcd. for CrC20H30O9N2S2 ({trans-[CrII(OTs)2(dmf)2]}+H2O): C, 43.00; H, 5.42; N, 

5.01. Found: C, 42.67; H, 5.22; N, 4.67. IR (Nujol, cm-1): 3304 (w), 3148 (w), 

1919 (w), 1655 (vs), 1497 (s), 1419 (s), 1240 (vs), 1164 (vs), 1120 (vs), 1039 

(vs), 1015 (vs), 950 (m), 819 (vs), 801 (s), 703 (vs), 685 (vs), 588 (s), 559 (vs), 

420 (m). UV-vis (DMF):  max /nm (M /M-1 cm-1) 728 nm (19). μeff = 5.02 BM. 

{trans-[MnII(OTs)2(dmf)2]}n. Anhydrous N,N-dimethylformamide (10 mL) was 

added to Mn(OTs)2 to form a colorless solution. Upon layering with diethyl ether 

(40 mL) and allowing to stand 7 days, colorless crystals were isolated and 

washed with diethyl ether (3 × 10 mL) and dried for 2 min. under vacuum. Yield: 

1.19 g (49.3%). Anal Calcd. for MnC20H30O9N2S2 ({trans-

[MnII(OTs)2(dmf)2]}n+H2O): C, 42.78; H, 5.38; N, 4.98. Found: C, 42.11; H, 5.37; 

N, 4.50. IR (Nujol, cm-1): 3300 (w), 3147 (w), 3062 (m), 3024 (m), 2954 (vs), 2923 

(vs), 2855 (vs), 2734 (w), 1922 (w), 1657 (vs), 1620 (vs, sh), 1599 (s), 1573 (m), 

1497 (s), 1457 (s), 1444 (s), 1438 (s), 1416 (s), 1392 (s), 1379 (s, sh), 1364 (m, 

sh), 1311 (w), 1288 (w, sh), 1253 (vs), 1234 (vs), 1176 (vs), 1130 (vs), 1114 (vs), 
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1107 (vs), 1058 (s, sh), 1049 (vs), 1017 (vs), 974 (w), 951 (w), 870 (m), 851 (w), 

847 (w), 819 (vs), 801 (s), 709 (s), 688 (vs), 683 (vs), 580 (vs), 565 (vs), 557 (vs), 

413 (m), 409 (m), 401 (s). μeff = 5.92 BM. 

trans-[FeII(OTs)2(dmf)4]. Dissolving Fe(OTs)2 (2.00 g, 5.02 mmol) into N,N-

dimethylformamide (10 mL) created a pale green solution. Layering with diethyl 

ether (40 mL) initiated crystallization of the pale green product. Collection of 

crystals after 7 days, washing with diethyl ether (3 × 10 mL), and drying in vacuo 

for two minutes yielded 1.90 g of pale green crystals (68.8%). Anal Calcd. for 

FeC26H44O11N4S2 (trans-[FeII(OTs)2(dmf)4]+H2O): C, 44.06; H, 5.91; N,7.21. 

Found: C, 44.07; H, 6.26; N, 7.91. IR (Nujol, cm-1): 3291(m, br), 3012 (m), 3000 

(m), 2951 (vs), 2923 (vs), 2854 (vs), 1693(m), 1648 (vs, br), 1616 (s, sh), 1600 

(m, sh), 1497 (s), 1457 (s),1440 (s), 1411 (s), 1376 (vs), 1285 (w),1248 (vs), 

1216 (s), 1169 (vs), 1119 (s), 1106 (s), 1097 (s), 1063 (m), 1047 (m), 1011 (vs), 

865 (w), 854 (w), 825 (s), 815 (m), 799 (w), 714 (w), 682 (s), 575(m), 567 (s), 560 

(s), 492 (w), 411 (m), 401 (m). μeff = 4.82 BM. 

trans-[CoII(OTs)2(dmf)4] Co(OTs)2 was dissolved (3.2927 g, 8.2049 mmol) into 

N,N-dimethylformamide (15 mL),and the pink solution was layered with diethyl 

ether (30 mL). After four days pink crystals were collected by decanting and 

rinsed with 2x10 mL diethyl ether before drying under vacuum for 2 min. Yield: 

4.997 g (7.204 mmol, 87.8 %). Anal Calcd. for CoC26H42O10N4S2: C, 45.02; H, 

6.10; N, 8.08. Found: C, 44.45; H, 5.70; N, 7.74. IR (Nujol, cm-1): 3013 (m), 3001 

(s), 2952 (vs), 2923 (vs), 2867 (vs), 2854 (vs), 1693 (m), 1648 (vs, br), 1613 (s, 

sh), 1602 (s), 1497 (s), 1457 (s), 1439 (s), 1416 (s), 1411 (s), 1375 (vs), 1284 
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(w), 1245 (vs), 1228 (s), 1183 (s), 1169 (vs), 1120 (vs), 1107 (vs), 1096 (vs), 

1063 (w), 1039 (s), 1011 (vs), 866 (vs), 854 (vs), 826 (s), 815 (m), 800 (w), 713 

(w), 689 (vs), 682 (vs), 576 (s), 656 (vs), 559 (vs), 414 (m), 401 (m).UV-vis 

(DMF): max /nm (M /M-1 cm-1) 479 (11), 497 (14), 527 (19). μeff = 3.87 BM 

[Ni(dmf)6][OTs]2. Solid Ni(OTs)2 (2.00g, 4.98 mmol) was disolved into N,N-

dimethylformamide (10 mL) to give a green solution. This was layered with 

diethyl ether (30 mL). Green crystals formed within 1 hour. After 7 days, crystals 

were isolated via cannulation, washed with diethyl ether (2 × 10 mL) and dried 

under vacuum for 2 min. Yield: 2.10 g (2.2629 mmol, 60.7%). Anal Calcd. for 

NiC26H42O10N4S2 ([Ni(dmf)6][OTs]2 – 2dmf): C, 45.03; H, 6.10; N, 8.08. Found: C, 

44.75; H, 6.06; N, 7.91. IR (Nujol, cm-1): 3143 (m), 3083 (m), 3062 (m), 3048 (m), 

3015 (s), 3003 (s), 2955 (vs), 2924 (vs), 2867 (vs), 2855 (vs), 1690 (s, sh), 1653 

(vs, br), 1611 (vs, sh), 1601 (s, sh), 1497 (vs), 1455 (vs), 1439 (vs), 1417 (s), 

1410 (vs), 1402 (vs), 1372 (vs), 1283 (s), 1244 (vs), 1227 (vs), 1213 (vs), 1170 

(vs), 1119 (vs), 1108 (vs), 1098 (vs), 1063 (s), 1048 (s), 1035 (vs), 1012 (vs), 868 

(m), 855 (m), 849 (m), 825 (vs), 800 (s), 713 (s), 691 (vs), 681 (vs), 636 (w), 578 

(s), 565 (vs), 558 (vs), 498 (w). UV-vis (DMF): max /nm (M /M-1 cm-1) 402 (11), 

679 (4.2), 739 (4.3). μeff = 2.71 BM. 
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Chapter 4.  Partially Completed Work 

4.1. Introduction 

Novel compounds were pursued as part of the work documented in 

chapter 2. Incomplete characterizations from these efforts are a starting point for 

future work.  The goal of all the compounds presented below was the preparation 

and study of magnetically interesting compounds.  They can be divided into 

monometallic and bimetallic complexes.  The monometallic complexes were 

prepared to examine in greater detail the role of the axial ligand in determining 

the electronic structure. Additional monometallic complexes with weak field 

ligands were prepared.  These were made to examine the effect of small 

changes in the ligand strength and symmetry on the magnetic properties.  

Monometallic complexes with stronger ligands were also attempted.  It remains 

an open question as to whether a sufficiently strong ligand is available to change 

the ground state in (TpPh)- complexes by shifts in the molecular orbital 

predominantly z2 in character.  

 The partial characterization of compounds in this chapter often includes 

single crystal X-ray diffraction.296-299 While the method is robust, and valid 

structures can be provided even with significantly flawed datasets, it is possible 

to solve and refine incorrect structures.  The production of a valid, quality crystal 

structure, that is, one with correctly assigned Laue group, space group, accurate 

bond lengths and angles, and correct identification of atoms, depends on the 

collection of a quality dataset.  A quality dataset includes diffraction data from low 

to high angles with the intensities exhibiting a large signal to noise ratio, collected 
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from a small number of highly crystalline domains.  Most of the crystal structures 

presented in this chapter are based on preliminary data that is not of a quality 

suitable for publishing.  Nevertheless, they have been included as they provide a 

starting point for further research efforts.   

 

4.2. Results and Discussion 

(TpPh)FeCl. Experiences with Co and Ni indicated that use of anhydrous metal 

chlorides was the preferred synthetic route to avoid hydrolysis of the scorpionate 

ligand. Attempts to prepare (TpPh)FeCl were made using FeCl2•1.5thf as a source 

of anhydrous, divalent Fe.233  In principle, a one-step synthesis is possible since 

the metal chloride is being combined with the ligand in the same reagent.  

K(TpPh) was stirred with FeCl2•1.5thf in CH2Cl2 or toluene in an inert atmosphere.  

The irreversible formation of KCl was to drive the reaction. In the case of toluene, 

no reaction occurred after 72 hours.  In CH2Cl2, the reaction proceeded slowly, 

and due to ambient temperature fluctuations and the softening of vacuum grease 

by CH2Cl2, air and water typically began reacting and forming undesirable side 

products at more than 48 hours stirring. FeCl2•1.5thf has low solubility in toluene, 

CH2Cl2, and thf and this appears to slow the reaction.  For the crystal structure 

presented, the reaction mixture in CH2Cl2 was filtered, reduced in volume to give 

a pale green solution, and layered with diethyl ether. Preparation of larger 

quantities will be necessary for a complete characterization.  Some possible 

methods include vacuum line synthesis by the procedure here, or synthesis of a 

solvated five or six coordinate precursor followed by vacuum desolvation and 
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recrystallization. A more polar solvent like acetonitrile or thf may work. 

Alternately, the synthesis of an FeII complex with a more weakly coordinating 

anion followed by anion substitution may be preferable.  Fe(OTs)2 or Fe(OTf)2 

could be reacted with K(TpPh), purified, and the anion substituted with Cl- by salt 

metathesis. The OTs- or OTf- anion could also be subsituted by Br- and I- to 

complete the halide series. The full characterization, including magnetic data, is 

desirable as low coordinate FeII in axial coordination modes has been shown to 

have significant magnetic anisotropy.300-302 

 

Scheme 4.1. Synthesis of (TpPh)FeCl. 

The preliminary crystal structure (Figure 4.1) supports the synthesis of 

(TpPh)FeCl in showing the connectivity of the compound and unit cell parameters 

and data in line with other (TpPh)MCl complexes.  

Magnetically, FeII in the C3v or pseudo-C3v environment could show in-

state SOC.  If the z2 orbital is lowest in energy as in the case of CoII, the six d 

electrons of FeII will form a 5E ground state, which would create in-state SOC. 

(TpPh)FeCl could also be used as a reagent for the preparation of bimetallics, 

similar to (TpPh)CoCl and (TpPh)NiCl, as discussed below. 
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Figure 4.1. ORTEP from tentative XRD structure for (TpPh)FeCl with isotropic 
ellipsoids plotted at 50% level. 

 

(TpPh)Fe(thf)Cl. In altering solvents to produce (TpPh)FeCl, thf was used and 

resulted in the formation of a small amount of a crystalline material tentatively 

identified by XRD crystallography as (TpPh)Fe(thf)Cl. The conjectured compound 

crystallizes in the C2/c space group with 8 molecules occupying the unit cell. 

Each molecule is a monometallic, five coordinate complex with distorted trigonal 

bipyramidal symmetry.  Further characterization to confirm the identity and purity 

of the compound followed by magnetic characterization are desirable, as it is 

structurally similar to (TpPh)Ni(phpy)Cl, and the low symmetry of the complex may 

increase the magnetic anisotropy through SOC allowed by the relaxation of 

selection rules.   
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Figure 4.2. Atom numbering scheme for (TpPh)Fe(thf)Cl plotted at 50% 
probability.  Hydrogens have been omitted for clarity. 

 

(TpPh)Fe(phpy)Cl•solvent. As in the case of (TpPh)NiCl synthesis, hydrolysis 

appears to generate 3-phenylpyrazole, which allows for the formation of 

(TpPh)Fe(phpy)Cl. A crystal of the compound was isolated from a CH2Cl2 solution 

layered with diethyl ether. The tentative crystal structure shows the presence of 

solvent, but due to the poor diffraction of the sample crystal, the location and 

identity of the solvent cannot be positively determined (vide infra).  A complete 

synthesis and characterization may be made from treatment of (TpPh)FeCl with 3-

phenylpyrazole and crystallization from the same solvents, or altering the 

solvents to prepare different materials. This is dependent on the discovery of a 
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high-yield synthesis of (TpPh)FeCl. The compound crystallizes in the P-1 space 

group.  

Attempts to complete refinement with solvent disorder modeled using 

atomistic methods resulted in numerous fragments and overall poor fit.  The use 

of SQUEEZE is further justified because the solvents are diethyl ether and 

dichloromethane, both of which will interact weakly with the complex, if at all. The 

fit finds 85.4 electrons in 278.8 Å3, which corresponds to roughly two CH2Cl2 

molecule per (TpPh)Fe(phpy)Cl.  Examination of the crystal lattice in this tentative 

X-ray structure reveals relatively large pores that could contain solvent without 

limiting the position and orientation.  This, combined with weak intermolecular 

interactions between CH2Cl2 and the complex, could explain the observed 

disorder. It is possible that better data sets will reveal intrinsic solvent disorder. 
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Figure 4.3. ORTEP from tentative XRD structure for (TpPh)Fe(phpy)Cl•solvent 
with ellipsoids plotted at 50% level. Hydrogens and solvent have been omitted for 
clarity. 

 

The possibility of intriguing magnetic properties for low-symmetry, five-

coordinate FeII complexes has been outlined previously and supports the 

thorough investigation of such compounds.  A more efficient synthetic strategy 

could increase the yield and purity, providing a larger amount of material to be 

used to grow better crystals.  A quality X-ray structure is essential for the 

interpretation of any magnetic data collected. Having two crystal types of the 

same compound could allow for the examination of effects of interatomic 

distances between paramagnetic centers.  
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(TpPh)Fe(phpy)Br•CH2Cl2.  during the synthesis or crystallization of (TpPh)FeBr 

hydrolysis appears to generate 3-phenylpyrazole which coordinates to the Fe 

center to form (TpPh)Fe(phpy)Br.  The compound was crystallized from CH2Cl2 

layered with diethyl ether as in the case of the chloride, but the crystal quality 

was higher, indicating the presence of CH2Cl2 in the lattice. 

This compound crystallizes in the P-1 space group, the same as for 

(TpPh)Fe(phpy)Cl and (TpPh)Ni(phpy)Cl. An intrinsically disordered data set was 

collected (Rint = 0.1940), solved and refined with a Goof = 1.018 and for [I>=2σ 

(I)] R1 = 0.0656, indicating the poor refinement of the structure.  

 

 

 

Figure 4.4. A view of the ORTEP of (TpPh)Fe(phpy)Br•CH2Cl2 depicting the 
numbering scheme.  The hydrogens and lattice solvent have been omitted for 
clarity.   
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(TpPh)CoN3. The synthesis of (TpPh)CoN3 and (TpPh)NiN3 was attempted by 

treatment of the corresponding halide complexes with NaN3, a synthetic strategy 

employed by other workers to prepare azide derivatives of scorpionate 

complexes.185 These compounds must be synthesized and handled carefully as 

they may be friction or shock sensitive.303 (TpPh)CoN3 was isolated in low yields, 

but the isolation procedure could be optimized to improve the yield, and the 

reaction run on a larger scale, taking care to not generate too much potentially 

shock or friction sensitive material.  The experimental procedure and infrared 

data are presented in the experimental section. 

 

Scheme 4.2. The synthesis of (TpPh)CoN3 by salt metathesis. 

X-ray diffraction data were collected, solved, and refined. The numbering scheme 

is presented in Scheme 4.2Error! Reference source not found.. 
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Figure 4.5. A view of the structure of (TpPh)CoN3, showing the atom-labelling 
scheme. Displacement ellipsoids are drawn at the 50% probability level. 

 

(TpPh)Co(thf)Cl. This compound can be formed by the crystallization of 

(TpPh)CoCl from tetrahydrofuran and pentanes. For complete characterization, 

more material should be prepared. 



Ferko, Philip 2019, UMSL, p. 228 

 

 
Figure 4.6. Numbering scheme and ORTEP for (TpPh)Co(thf)Cl. Ellipsoids plotted 
at 50% probability. 
 

(TpPh)NiN3. The synthesis of (TpPh)NiN3 was attempted by treatment of the 

corresponding halide complexes with NaN3, a synthetic strategy employed by 

other workers to prepare azide derivatives of scorpionate complexes.185 Green 

crystals were isolated but characterization has not been completed. A procedure 

and limited data are presented in the experimental section along with UV/vis 

data. 

 

Scheme 4.3. The synthesis of (TpPh)NiN3 by salt metathesis. 
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(TpPh)2Ni2•thf.  Attempted one electron reduction of (TpPh)NiCl with a Na/Hg 

amalgam resulted in the formation of a bimetallic cluster (Scheme 4.4). A full 

characterization may find interesting magnetic results, but the structure shown in  

Figure 4.7 shows a Ni-Ni bond which will likely result in a diamagnetic complex 

similar to paddlewheel complexes.65 

 

Scheme 4.4. The synthesis of (TpPh)2Ni2 by one electron reduction. 

This compound crystallizes in the triclinic P1̅ space group with a Z of one and 

one disordered thf molecule present as lattice solvent.  Based on the charge 

balance, the Ni centers can be assigned a formal oxidation state of one.  The 

Ni1-Ni1a distance is 2.7121(5) Å, longer than the Ni-Ni bond in metallic Ni of 

2.49(4) Å.304 It is possible that reaction of this compound with a ligand may 

generate a monometallic NiI complex which in a C3 environment could show 

strong SOC and magnetic anisotropy. 
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Figure 4.7. ORTEP and numbering scheme of (TpPh)2Ni2•thf plotted at the 50% 
probability level. Symmetry code: (a) 1-x, 1-y, 1-z. 

 

[(Tp*)Fe(CN)2-CN-Ni(NCMe)(TpPh)].  The treatment of 

[NEt4][(Tp*)Fe(CN)3]H2O with (TpPh)NiCl as shown in Scheme 4.5 gives the 

cyanide-bridged bimetallic shown in Figure 4.8.  Sodium tetraphenylborate was 

added to provide soluble Na+ ions to scavenge Cl- and drive the reaction forward.  

This complex is of interest as both reagents have been magnetically 

characterized.213 In completing the magnetic characterization of this bimetallic, 

the synergistic effects of the two magnetic centers may be examined. 
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Scheme 4.5. Synthesis of [(Tp*)Fe(CN)2-CN-Ni(NCMe)(TpPh)]. 

The atom numbering for the X-ray structure is shown in Figure 4.8.  

 

Figure 4.8. ORTEP and numbering scheme for [(Tp*)Fe(CN)2-CN-
Ni(NCMe)(TpPh)].  Ellipsoids plotted at 50% probability.  Hydrogen atoms and 
lattice solvent molecules have been omitted for clarity. 

 

[(Tp*)Fe(CN)2-CN-Co(dmf)(TpPh)]•2dmf. Treatment of [NEt4][ 

(Tp*)Fe(CN)3]•H20 in dmf with (TpPh)CoCl in MeCN in air yields a dark red 

solution that is more intense than either of the starting material solutions, 

indicative of a charge transfer band for the cyanide-bridged Fe/Co compounds.  

Slow evaporation in air yielded the crystalline product, and the preliminary X-ray 
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structure shown in Figure 4.9 was determined. However, the crystal weakly 

diffracted and the isotropic structure is below the standards for publication.     

 

Figure 4.9. ORTEP and numbering scheme for [(Tp*)Fe(CN)2-CN-
Co(dmf)(TpPh)]•2dmf.  The solvent molecules have been omitted for clarity.  
Hydrogen positions were not solved. Displacement spheres plotted at 50% 
probability. 

 

4.3. Conclusions 

The progress towards synthesis and characterization of several 

compounds has been summarized here with the intent of providing a starting 

point for future work. Optimization of reaction and crystallization conditions will 

provide crystalline compounds of purity necessary for characterization.  These 

compounds, especially the monometallic and homobimetallic ones, can also 
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undergo further transformations to generate novel, magnetically interesting, 

compounds. 

 

4.4. Experimental 

Unless otherwise noted, all syntheses and manipulations were carried out 

under an Ar atmosphere using Schlenk techniques or a nitrogen-filled glovebox.  

Stainless steel cannulae, needles, and ground glass syringes were used to 

transfer solutions and solvents.  The anhydrous para-toluenesulfonate salts were 

prepared by dehydrating the hydrates under heat (160 C) and vacuum for at 

least 1 hr.  N,N'-dimethylformamide was purified and dried using a Vacuum 

Atmospheres Corporation solvent purification system.  Diethyl ether was dried by 

distillation over sodium and benzophenone in a nitrogen atmosphere, and all 

solvents were sparged before use.  Elemental analyses were performed by 

Robertson Microlit laboratories.  

(TpPh)CoN3.  0.2346 g (0.4363 mmol) (TpPh)CoCl was dissolved in 15 mL 

dichloromethane.  With Ar counterflow 0.0462 g (0.711 mmol) was added as a 

solid.  The mixture was stirred overnight and filtered to isolate a blue solution.  

The volume was reduced in vacuo to 5 mL and 20 mL of pentanes were added.  

Storing at -20 °C for one week yielded 0.0736 g blue crystals.  Yield: 30.9%.  IR 

(nujol, cm-1): 3394 (w), 3142 (w), 3117 (w), 2503 (m), 2073 (s), 1649 (w), 1525 

(w), 1491 (m), 1344 (m), 1183 (s), 1090 (m), 1048 (s), 909 (w), 876 (w), 839 (W), 

792 (m), 756 (s), 694 (m), 675 (m), 646 (w), 630 (w), 595 (w), 528 (w), 5145 (w), 

457 (w), 418 (s).   
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(TpPh)NiN3.  Dissolved 0.2452 g (0.4579 mmol) (TpPh)NiCl in 15 mL 

dichloromethane.  Suspended 0.0436 g (0.6708 mmol) NaN3 in 5 mL 

dichloromethane and transferred via cannula into (TpPh)NiCl solution.  Stirred 

overnight and evacuated to dryness.  Extracted with 8 mL dichloromethane and 

added 40 mL pentanes while stirring.  Storing at -20 °C overnight yielded 0.0520 

g dark green needles    Yield: 20.9%.  UV/vis dichloromethane (nm, M-1cm-1): 376 

(1820), 473 (836), 578 (128).   

 

(TpPh)(NCMe)Ni(NC)Fe(CN)2(Tp*).  In air, 0.3570 g (0.6162 mmol) 

[NEt4][(Tp*)Fe(CN)3]H2O was dissolved in 10 mL acetonitrile.  A slurry of 0.3303 

g (0.6168 mmol) (TpPh)NiCl in 20 mL acetonitrile was prepared and added 

dropwise to the first solution.  Stirring for 1 hour gave a dark red solution.  0.2111 

g (0.6169 mmol) NaBPh4 was dissolved in 3 mL acetonitrile and added dropwise 

to the dark red solution.  After stirring 15 minutes the solution was evacuated to 

dryness and extracted with 10 mL dichloromethane and 1 mL acetonitrile.  After 

filtering the solution was layered with 20 mL diethyl ether and standing overnight 

at -20 °C gave 0.6346g (0.5780 mmol) of dark red crystals.  93% yield.  IR (nujol, 

cm-1): 3095 (m), 3052 (s), 2539 (m), 2312 (w), 2285 (w), 2250 (w), 2149 (s), 2119 

(m), 1942 (w), 1885 (w), 1809 (w), 1648 (w), 1581 (w), 1544 (s), 1523 (m), 1488 

(vs), 1415 (vs), 1268 (m), 1193 (vs), 1182 (vs), 1117 (m), 1094 (w), 1064 (vs), 

1047 (vs), 996 (m, br), 908 (w), 867 (m), 846 (w), 815 (w), 800 (m), 784 (s), 759 
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(vs), 745 (s), 734 (vs), 709 (vs), 696 (vs), 674 (w), 652 (w), 642 (w), 627 (w), 613 

(w), 604 (m), 538 (w), 498 (w), 480 (w), 462 (w), 437 (w). 

 

[(TpPh)Ni]2.   0.130 g (TpPh)NiCl was dissolved in 20 mL tetrahydrofuran and 

cannulated onto 1.255g 0.699% Na/Hg.  Stirring for one hour resulted in a color 

change from magenta to red passing through an orange color.  The 

tetrahydrofuran was decanted off and filtered.  The resulting solution was 

reduced to 5 mL in volume and layered with 10 mL of hexane.  0.0556 g red 

solid.   
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Chapter 5.  Conclusions 

5.1. The Limitations of the Spin Hamiltonian Formalism in Single Molecule 

Magnetism 

In Chapter 1 the context of this work in single molecule magnetism is 

summarized with the approaches to description and prediction from chemistry 

and physics being presented.  The general concepts of magnetic phenomena are 

described from the unpaired electron to the cooperativity between spin centers in 

extended lattices. Physics provides the underlying theory and descriptions from 

over 100 years of concerted research. This includes the spin Hamiltonian 

formalism, the approach applied to the compounds in this work.59-60, 64, 74, 83  More 

recently, chemistry has provided, via molecular orbital theory, a method to 

explain, predict, and possibly design magnetic materials.60, 64, 305-310  The chapter 

concludes with an explanation of AC magnetic susceptibility,38, 121, 149, 311 which is 

a specialized technique that provides important information about magnetic 

dynamics and physical parameters like 𝑔, 𝐷, and 𝐸 can be determined.  

The important hypothesis put forth by others35, 70, 100-101 and discussed in 

the introduction is the role of axial symmetry in suppressing QTM in single 

molecule magnets.  Based on mathematical arguments, a perfectly axial complex 

should have orthogonal microstates, suppressing QTM.38  The axial symmetry 

and lack of higher symmetry elements in the complexes should also relax 

selection rules, allowing for greater state mixing, increasing SOC.61, 96, 123 These 

hypotheses are examined in Chapter 2, which documents the preparation and 
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characterization of eight compounds.  The general synthetic route to scorpionate 

complexes is discussed and their application in many areas of research briefly 

mentioned. Fruitful efforts have been made and described to systematically alter 

the identity of the metal ion and the axial ligand.  This generates a related set of 

compounds for magnetic study which, to date, has been partially completed.  

While none show zero-field remnant magnetization, magnetic hysteresis can be 

observed in three of them ((TpPh)CoCl, (TpPh)NiCl, and (TpPh)Ni(phpy)Cl) with 

several others awaiting full magnetic characterization.  For these compounds, 

axial symmetry predicts magnetic hysteresis, but the presence of remnant 

magnetization in zero field depends on the sign of D. Axial symmetry is low 

enough to allow mixing of states by relaxing selection rules, and this increases 

SOC, giving rise to ZFS. This supports the hypothesis that axially symmetric 

complexes allow greater mixing of states, leading to SOC.  

The larger magnitude of in-state SOC versus out-of-state SOC is shown in 

(TpPh)CoCl and (TpPh)NiCl, but the latter compound shows that even out-of-state 

SOC can give rise to magnetic hysteresis.  The contribution rapidly drops off as 

the energy difference increases between the two states that are mixing, but if 

they are close in energy, they can mix without being strictly degenerate. The 

compound (TpPh)Ni(phpy)Cl shows the limitations of the spin Hamiltonian 

approach to magnetic characterization.  Instead of a single D value that 

quantifies the ZFS, a temperature dependence is observed.  This suggests that 

the density of states is higher than in (TpPh)NiCl and that a more detailed model 
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is necessary to describe the magnetic behavior. Computational methods may 

better explain the observations, and this is a route many in the field are taking.   

In Chapter 3 the preparation of five divalent transition metal 

paratoluenesulfonates with coordinated dmf ligands was reported.  The 

characterization of the compounds showed a variety of structural motifs from 1-D 

ribbons to monomolecular complexes.  The spectroscopic data is consistent with 

a weaker ligand field, making these complexes substitutionally labile and 

promising sources of MII ions for inorganic synthesis.  The reported complexes 

show solubility in solvents with low polarity.  The paratoluenesulfonate anion is 

more environmentally benign than other weakly coordinating anions and less 

expensive. These compounds also avoid the hazardous nature of anions like 

perchlorate and nitrate, which can be shock and friction sensitive.    

Chapter 4 documents the partially completed work related to the 

objectives and efforts towards single molecule magnets presented in Chapter 3.  

Some of the compounds are magnetically interesting, while others may be useful 

intermediates in the preparation of novel magnetic materials. Completion of this 

work will allow for examination of a larger set of compounds with further trends 

perhaps being observed.  It may also aid answering the questions above. 
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Appendix A. Supplemental Data for Chapter 2 

Table A.1. Peak fitting results for (TpPh)CoCl, (TpPh)CoBr, (TpPh)NiCl, (TpPh)NiBr, 
(TpPh)NiI. 

cmpd peak (nm) w (nm) A  (nm) 
FWHM 

(nm) 

(TpPh)Co

Cl 
1 557 ± 1.6 44 ± 2 

4100 ± 

300 
22 ± 1.1 52 ± 3 

 2 594 ± 0.3 
25.7 ± 

0.5 

12300 ± 

600 
12.9 ± 0.3 30.2 ± 0.6 

 3 628 ± 0 
31.2 ± 

0.7 

27400 ± 

900 
15.6 ± 0.3 36.8 ± 0.8 

 4 
665.0 ± 

0.3 

34.2 ± 

0.3 

27400 ± 

500 

17.1 ± 

0.14 
40.3 ± 0.3 

 5 930 ± 0.9 
137.9 ± 

1.9 

8700 ± 

100 
69.0 ± 0.9 162 ± 2 

(TpPh)Co

Br 
1 

558 ± 0.8 35 ± 1 

2600 ± 

100 17.7 ± 0.5 42 ± 1.2 

 2 
604 ± 0.5 

32.4 ± 

0.8 

13100 ± 

600 16.2 ± 0.4 38.1 ± 0.9 

 3 
634 ± 0.3 

28.7 ± 

0.6 

14900 ± 

900 14.4 ± 0.3 33.8 ± 0.7 

 4 
664 ± 0.3 

37.1 ± 

0.3 

26100 ± 

400 

18.5 ± 

0.12 43.6 ± 0.3 
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 5 
942 ± 0.4 

137.9 ± 

0.8 9090 ± 40 68.9 ± 0.4 

162.3 ± 

0.9 

(TpPh)Ni

Cl 
1 

486.15 ± 

0.09 

33.5 ± 

0.3 
52.0 ± 0.8 

16.8 ± 

0.14 
39.5 ± 0.3 

 2 
525.1 ± 

0.8 

90.9 ± 

0.9 
63 ± 1 45.5 ± 0.4 107 ± 1.0 

 3 
805.2 ± 

0.7 
27 ± 1.5 4.0 ± 0.3 13.6 ± 0.8 32 ± 1.8 

 4 
950.5 ± 

0.5 
172 ± 1.2 

105.8 ± 

0.6 
85.8 ± 0.6 202 ± 1.4 

(TpPh)Ni

Br 
1 

197.21 ± 

0.05 

35.3 ± 

0.15 
70.0 ± 0.6 

17.64 ± 

0.08 

41.5 ± 

0.18 

 2 
532.0 ± 

0.4 

84.7 ± 

0.3 
89.4 ± 0.7 

42.3 ± 

0.17 
99.7 ± 0.4 

 3 820.5426 
34.2 ± 

0.8 
7.5 ± 0.3 17.1 ± 0.4 311 ± 8 

 4 
940.6 ± 

0.4 
95 ± 2 37 ± 2 47 ± 1.1 112 ± 3 

 5 980 ± 4 264 ± 7 103 ± 1.4 132 ± 3 311 ± 8 

(TpPh)NiI 1 
386.8 ± 

0.2 

72.9 ± 

0.6 
66.8 ± 0.6 36.5 ± 0.3 85.8 ± 0.7 

 2 
443.3 ± 

0.13 

35.6 ± 

0.4 
15.8 ± 0.4 

17.8 ± 

0.18 
41.9 ± 0.4 
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Table A.2. Single crystal X-ray diffraction experimental details for (TpPh)MnCl. 

Chemical formula C27H22BClMnN6 

Mr 531.73 

Crystal system, space group Monoclinic, P21/n 

Temperature (K) 100 

a, b, c (Å) 9.6804(17), 15.691(3), 16.811(3) 

β (°) 96.555(11) 

V (Å3) 2536.8(8) 

Z 1 

Radiation type Mo K  = 0.71073 Å 

 (mm-1) 0.65 

Crystal size (mm) 0.25 x 0.22 x 0.18 

Diffractometer Bruker APEX II CCD 

Absorption correction none 

No. of measured, independent, and 

observed [I > 2 (I)] reflections 
36573, 7455, 4565 

Rint 0.133 

(sin  /)max (Å-1) 0.716 

 3 
516.8 ± 

0.11 

43.9 ± 

0.2 

25.7 ± 

0.18 

22.0 ± 

0.11 
51.7 ± 0.3 

 4 
583.9 ± 

0.6 

63.9 ± 

0.9 

11.2 ± 

0.18 
32.0 ± 0.5 75 ± 1.1 
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R[F2 > 2s(F2)], wR(F2), S 0.058, 0.169, 1.02 

No. of reflections 7455 

No. of parameters 328 

H-atom treatment 

H atoms treated by a mixture of 

independent and constrained 

refinement 

Largest diff. peak/hole (e Å-3)  0.94, -1.24 

 

Table A.3. Atom Coordinates for (TpPh)MnCl. 

Atom x y z Occupancy 

Mn1 0.24992 0.24315 0.26064 1.000 

Cl1 0.47087 0.28742 0.30099 1.000 

N6 0.04070 0.10366 0.24676 1.000 

N3 0.15600 0.23898 0.13869 1.000 

N1 0.06510 0.29090 0.30269 1.000 

N5 0.18030 0.11347 0.27063 1.000 

N4 0.02220 0.20906 0.13236 1.000 

C21 0.22550 0.03920 0.30461 1.000 

C3 0.02450 0.34150 0.36028 1.000 

C9 0.23220 0.43770 0.38118 1.000 

H9 0.24840 0.42900 0.32710 1.000 

C22 0.37450 0.02180 0.32625 1.000 

C20 0.11440 -0.01850 0.30425 1.000 
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H20 0.11650 -0.07470 0.32520 1.000 

C12 0.18320 0.25760 0.06399 1.000 

C4 0.12120 0.39590 0.41079 1.000 

C13 0.31760 0.29180 0.04593 1.000 

N2 -0.05270 0.25015 0.26732 1.000 

C19 0.00190 0.02510 0.26655 1.000 

H19 -0.08970 0.00290 0.25610 1.000 

C2 -0.11950 0.33360 0.36212 1.000 

H2 -0.17500 0.36180 0.39710 1.000 

C7 0.29830 0.50450 0.50746 1.000 

H7 0.35830 0.54140 0.54020 1.000 

C8 0.31880 0.49130 0.42898 1.000 

H8 0.39310 0.51930 0.40740 1.000 

C5 0.10130 0.41000 0.49087 1.000 

H5 0.02680 0.38260 0.51280 1.000 

B1 -0.04620 0.17830 0.20618 1.000 

H1 -0.14260 0.15780 0.18830 1.000 

C11 0.06570 0.23930 0.00972 1.000 

H11 0.05610 0.24660 -0.04670 1.000 

C1 -0.16300 0.27670 0.30289 1.000 

H1A -0.25630 0.25870 0.28900 1.000 

C6 0.18940 0.46370 0.53856 1.000 

H6 0.17510 0.47250 0.59290 1.000 



Ferko, Philip 2019, UMSL, p. 249 

C18 0.44250 0.26840 0.08960 1.000 

H18 0.44180 0.22950 0.13290 1.000 

C27 0.47340 0.05510 0.28069 1.000 

H27 0.44520 0.09300 0.23790 1.000 

C24 0.55810 -0.05480 0.40440 1.000 

H24 0.58710 -0.09240 0.44730 1.000 

C14 0.32230 0.34790 -0.01822 1.000 

H14 0.23860 0.36420 -0.04950 1.000 

C10 -0.03190 0.20860 0.05523 1.000 

H10 -0.12290 0.19020 0.03550 1.000 

C25 0.65530 -0.02160 0.35800 1.000 

H25 0.75050 -0.03710 0.36830 1.000 

C15 0.44880 0.37980 -0.03654 1.000 

H15 0.45080 0.41860 -0.07980 1.000 

C17 0.56870 0.30110 0.07088 1.000 

H17 0.65310 0.28550 0.10190 1.000 

C26 0.61210 0.03330 0.29720 1.000 

H26 0.67820 0.05690 0.26590 1.000 

C16 0.57040 0.35590 0.00730 1.000 

H16 0.65650 0.37730 -0.00630 1.000 

C23 0.41960 -0.03310 0.38849 1.000 

H23 0.35420 -0.05620 0.42060 1.000 
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Table A.4. Bond angles for (TpPh)MnCl (°). 

N3—Mn1—Cl1 125.08(6) N3—C12—C11 109.4(3) 

N3—Mn1—N5 86.77(9) C11—C12—C13 127.6(3) 

N1—Mn1—Cl1 126.07(7) C9—C4—C3 122.2(2) 

N1—Mn1—N3 92.72(8) C9—C4—C5 117.6(3) 

N1—Mn1—N5 91.40(9) C5—C4—C3 120.1(2) 

N5—Mn1—Cl1 123.77(6) C18—C13—C12 122.1(3) 

N5—N6—B1 120.6(2) C18—C13—C14 118.1(3) 

C19—N6—N5 109.0(2) C14—C13—C12 119.8(3) 

C19—N6—B1 130.4(2) N1—N2—B1 122.3(2) 

N4—N3—Mn1 112.22(15) C1—N2—N1 108.8(2) 

C12—N3—Mn1 141.15(19) C1—N2—B1 128.4(2) 

C12—N3—N4 106.6(2) N6—C19—C20 109.9(3) 

C3—N1—Mn1 140.45(18) C1—C2—C3 105.4(2) 

C3—N1—N2 106.7(2) C8—C7—C6 119.5(3) 

N2—N1—Mn1 112.17(17) C7—C8—C9 120.5(3) 

N6—N5—Mn1 112.87(18) C6—C5—C4 120.7(3) 

C21—N5—Mn1 139.43(19) N4—B1—N6 109.1(2) 

C21—N5—N6 106.7(2) N2—B1—N6 108.8(2) 

N3—N4—B1 122.1(2) N2—B1—N4 111.2(3) 

C10—N4—N3 109.8(2) C10—C11—C12 105.6(3) 

C10—N4—B1 128.1(2) N2—C1—C2 109.4(2) 

N5—C21—C22 121.7(3) C7—C6—C5 120.4(3) 
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N5—C21—C20 110.1(3) C13—C18—C17 121.0(3) 

C20—C21—C22 127.5(3) C26—C27—C22 120.6(3) 

N1—C3—C4 122.8(2) C23—C24—C25 120.3(3) 

N1—C3—C2 109.7(3) C15—C14—C13 120.4(3) 

C2—C3—C4 127.6(3) N4—C10—C11 108.6(3) 

C8—C9—C4 121.3(3) C26—C25—C24 119.1(3) 

C27—C22—C21 120.7(3) C16—C15—C14 120.4(3) 

C23—C22—C21 121.1(3) C16—C17—C18 119.7(3) 

C23—C22—C27 118.0(3) C25—C26—C27 120.9(3) 

C19—C20—C21 104.3(3) C15—C16—C17 120.4(3) 

N3—C12—C13 123.0(2) C24—C23—C22 121.0(3) 

 

 

Table A.5. Bond lengths for (TpPh)MnCl (Å). 

Mn1—Cl1 2.2774(8) C20—C19 1.378(4) 

Mn1—N1 2.133(2) C12—C13 1.471(4) 

Mn1—N3 2.147(2) C12—C11 1.404(4) 

Mn1—N5 2.156(3) C4—C5 1.399(4) 

N6—N5 1.374(3) C13—C18 1.390(4) 

N6—C19 1.341(4) C13—C14 1.397(4) 

N6—B1 1.554(4) N2—B1 1.532(4) 

N3—N4 1.370(3) N2—C1 1.347(3) 

N3—C12 1.344(3) C2—C1 1.367(4) 
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N1—C3 1.345(4) C7—C8 1.372(4) 

N1—N2 1.382(3) C7—C6 1.385(5) 

N5—C21 1.348(4) C5—C6 1.387(4) 

N4—B1 1.549(4) C11—C10 1.370(4) 

N4—C10 1.342(3) C18—C17 1.394(4) 

C21—C22 1.473(4) C27—C26 1.383(4) 

C21—C20 1.405(4) C24—C25 1.390(5) 

C3—C4 1.464(4) C24—C23 1.379(4) 

C3—C2 1.404(4) C14—C15 1.389(5) 

C9—C4 1.399(4) C25—C26 1.364(5) 

C9—C8 1.379(4) C15—C16 1.369(5) 

C22—C27 1.393(4) C17—C16 1.373(5) 

C22—C23 1.388(4)   

 

Table A.6. Single crystal X-ray diffraction experimental details for (TpPh)CoCl. 

Chemical formula C27H22BClCoN6 

Mr 535.69 

Crystal system, space group Trigonal, P-3 

Temperature (K) 100 

a, c (Å) 11.4035(6), 11.3047(5) 

V (Å3) 1273.11(15) 

Z 2 

Radiation type Mo K  = 0.71073 Å 
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 (mm-1) 0.81 

Crystal size (mm) 0.17 × 0.17 × 0.13 

Diffractometer Bruker APEX-II CCD  diffractometer 

Absorption correction Multi-scan  SADABS2012/1 (Bruker, 

2012) 

Tmin, Tmax 0.651, 0.745 

No. of measured, independent, and 

observed [I > 2 (I)] reflections 

7135, 1576, 1247 

Rint 0.055 

(sin  /)max (Å-1) 0.602 

R[F2 > 2 (F2)], wR(F2), S 0.035, 0.078, 1.05 

No. of reflections 1576 

No. of parameters 109 

H-atom treatment H-atom parameters constrained 

Largest diff. peak/hole (e Å-3) 0.24, -0.27 

 

Table A.7. Atom Coordinates for (TpPh)CoCl. 

Atom x y z Occupancy 

Co1 0.66667 0.33333 0.30816 1.000 

Cl1 0.66667 0.33333 0.11558 1.000 

N1 0.67014 0.48585 0.40350 1.000 

N2 0.67266 0.46324 0.52284 1.000 

C3 0.68200 0.60880 0.39311 1.000 
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C2 0.69270 0.66490 0.50530 1.000 

H4 0.70230 0.75070 0.52340 1.000 

C1 0.68620 0.57060 0.58333 1.000 

H5 0.69070 0.57950 0.66710 1.000 

C4 0.67860 0.66880 0.27823 1.000 

C9 0.57940 0.59390 0.19480 1.000 

H8 0.51920 0.50010 0.20740 1.000 

C5 0.76910 0.80450 0.25470 1.000 

H10 0.83920 0.85630 0.30980 1.000 

B1 0.66667 0.33333 0.56970 1.000 

H15 0.66667 0.33333 0.65810 1.000 

C6 0.75880 0.86520 0.15230 1.000 

H1 0.82160 0.95780 0.13710 1.000 

C7 0.65680 0.79050 0.07240 1.000 

H2 0.64820 0.83250 0.00300 1.000 

C8 0.56770 0.65590 0.09280 1.000 

H7 0.49790 0.60480 0.03730 1.000 

 

Table A.8. Bond angles for (TpPh)CoCl (°) 

N1ii—Co1—Cl1 122.07(5) C4—C3—C6 127.0(2) 

N1—Co1—Cl1 122.07(5) C5—C4—C3 105.5(2) 

N1i—Co1—Cl1 122.07(5) N2—C5—C4 109.0(2) 

N1i—Co1—N1ii 94.42(7) C8—C6—C3 120.9(2) 
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N1i—Co1—N1 94.42(7) C10—C6—C3 120.4(2) 

N1ii—Co1—N1 94.42(7) C10—C6—C8 118.5(2) 

N2—N1—Co1 110.69(13) C6—C8—C7 120.3(2) 

C3—N1—Co1 142.73(15) C1—C10—C6 121.0(3) 

C3—N1—N2 106.27(17) N2i—B15—N2ii 108.86(17) 

N1—N2—B15 121.4(2) N2i—B15—N2 108.86(17) 

C5—N2—N1 109.44(18) N2ii—B15—N2 108.86(17) 

C5—N2—B15 129.1(2) C2—C1—C10 119.7(3) 

N1—C3—C4 109.8(2) C7—C2—C1 120.3(3) 

N1—C3—C6 123.2(2) C2—C7—C8 120.1(3) 

Symmetry codes: (i) - x + y + 1, - x + 1, z; (ii) - y + 1, x - y, z. 

 

Table A.9. Bond lengths for (TpPh)CoCl (Å) 

Co1—Cl1 2.1771(11) C4—C5 1.365(3) 

Co1—N1 2.0296(19) C6—C8 1.391(3) 

Co1—N1i 2.0296(19) C6—C10 1.390(3) 

Co1—N1ii 2.0296(19) C8—C7 1.393(3) 

N1—N2 1.377(2) C10—C1 1.384(3) 

N1—C3 1.345(3) B15—N2i 1.542(2) 

N2—C5 1.343(3) B15—N2ii 1.542(2) 

N2—B15 1.542(2) C1—C2 1.379(4) 

C3—C4 1.398(3) C2—C7 1.372(4) 

C3—C6 1.477(3)   

Symmetry codes: (i) - x + y + 1, - x + 1, z; (ii) - y + 1, x - y, z. 
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Table A.10. Single crystal X-ray diffraction experimental details for α-(TpPh)CoBr. 

Chemical formula C27H22BBrCoN6 

Mr 580.15 

Crystal system, space group Trigonal, P-3 

Temperature (K) 100 

a, c (Å) 11.4026(19), 11.485(2) 

V (Å3) 1293.2(5) 

Z 2 

Radiation type Mo K  = 0.71073 Å 

 (mm-1) 2.24 

Crystal size (mm) 0.29 × 0.28 × 0.28 

Diffractometer Bruker APEX-II CCD  diffractometer 

Absorption correction 

Multi-scan  SADABS2014/3 

(Bruker,2014) 

Tmin, Tmax 0.659, 0.747 

No. of measured, independent, and 

observed [I > 2 (I)] reflections 
34662, 3470, 3043 

Rint 0.040 

(sin /)max (Å-1) 0.790 

R[F2 > 2 (F2)], wR(F2), S 0.025, 0.064, 1.04 

No. of reflections 3470 



Ferko, Philip 2019, UMSL, p. 257 

No. of parameters 110 

H-atom treatment H-atom parameters constrained 

Largest diff. peak/hole (e Å-3)  0.53, -0.32 

 

Table A.11. Atom Coordinates for -(TpPh)CoBr. 

Atom x y z Occupancy 

Br1 0.33333 0.66667 0.88837 1.000 

Co2 0.33333 0.66667 0.68606 1.000 

B14 0.33333 0.66667 0.42840 1.000 

N1 0.32916 0.81607 0.59229 1.000 

C1 0.30735 0.97443 0.49237 1.000 

N3 0.32732 0.79139 0.47469 1.000 

C2 0.31947 0.98957 0.71671 1.000 

C6 0.31430 0.88501 0.41436 1.000 

C5 0.31799 0.92766 0.60309 1.000 

C3 0.41790 1.01194 0.80070 1.000 

C4 0.22810 1.03520 0.73879 1.000 

C7 0.23650 1.10440 0.84168 1.000 

C8 0.33730 1.12950 0.92279 1.000 

C9 0.42740 1.08333 0.90277 1.000 

H14 0.33333 0.66667 0.33400 1.000 

H4 0.15980 1.01900 0.68337 1.000 

H7 0.17350 1.13420 0.85627 1.000 



Ferko, Philip 2019, UMSL, p. 258 

H8 0.34430 1.17830 0.99186 1.000 

H9 0.49570 1.10000 0.95839 1.000 

H3 0.47840 0.97853 0.78827 1.000 

H1 0.29756 1.05056 0.47486 1.000 

H6 0.31048 0.88943 0.33207 1.000 

 

Table A.12. Bond angles for -(TpPh)CoBr (°). 

N1i—Co1—Br1 121.97(2) C9—C4—C3 121.17(9) 

N1—Co1—Br1 121.97(2) C9—C4—C5 118.86(9) 

N1ii—Co1—Br1 121.97(2) C5—C4—C3 119.82(9) 

N1ii—Co1—N1i 94.55(3) N1—C3—C2 109.81(8) 

N1ii—Co1—N1 94.55(3) N1—C3—C4 123.00(9) 

N1i—Co1—N1 94.55(3) C2—C3—C4 127.16(9) 

N2—N1—Co1 110.57(6) C8—C9—C4 120.45(10) 

C3—N1—Co1 142.55(7) C7—C8—C9 120.18(11) 

C3—N1—N2 106.60(8) C6—C5—C4 120.57(10) 

N1—N2—B1 121.57(9) C6—C7—C8 119.91(10) 

C1—N2—N1 109.82(8) C7—C6—C5 120.00(10) 

C1—N2—B1 128.57(10) N2ii—B1—N2i 108.73(7) 

C1—C2—C3 105.11(8) N2ii—B1—N2 108.73(7) 

N2—C1—C2 108.66(9) N2i—B1—N2 108.74(7) 

Symmetry codes: (i) - y + 1, x - y + 1, z; (ii) - x + y, - x + 1, z. 
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Table A.13. Bond lengths for α-(TpPh)CoBr (Å). 

Br1-Co1 2.3229(5) C4-C9 1.4012(14) 

Co1-N1i 2.0361(9) C4-C5 1.4029(14) 

N1-N2 1.3735(12) C9-C8 1.3961(15) 

N1-C3 1.3513(12) C8-C7 1.3938(17) 

N2-C1 1.3464(12) C5-C6 1.3970(16) 

N2-B1 1.5514(10) C7-C6 1.3926(18) 

C2-C1 1.3859(14) B1-N2ii 1.5514(11) 

C2-C3 1.4055(14) B1-N2i 1.5514(11) 

C4-C3 1.4779(14)   

Symmetry codes: (i) -y + 1, x – y + 1, z; (ii) -x + y, -x + 1, z. 

 

Table A.14. Single crystal X-ray diffraction experimental details for -(TpPh)CoBr. 

Chemical formula C27H22BBrCoN6 

Mr 580.15 

Crystal system, space group Tetragonal, P42/n 

Temperature (K) 100 

a, c (Å) 22.4801(17), 9.8562(8) 

V (Å3) 4980.9(9) 

Z 8 

Radiation type Mo K  = 0.71073 Å 
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 (mm-1) 2.32 

Crystal size (mm) 0.39 × 0.37 × 0.22 

Diffractometer Bruker APEX-II CCD  diffractometer 

Absorption correction 

Multi-scan  SADABS2014/3 (Bruker, 

2014) 

Tmin, Tmax 0.560, 0.745 

No. of measured, independent, and 

observed [I > 2 (I)] reflections 
86883, 5126, 4869 

Rint 0.052 

(sin  /)max (Å-1) 0.626 

R[F2 > 2 (F2)], wR(F2), S 0.021, 0.048, 1.03 

No. of reflections 5126 

No. of parameters 326 

H-atom treatment H-atom parameters constrained 

Largest diff. peak/hole (e Å-3)  0.32, -0.22 

 

Table A.15. Atom Coordinates for -(TpPh)CoBr. 

Atom x y z Occupancy 

Br1 0.80118 0.50102 0.51086 1.000 

Co1 0.75079 0.49748 0.30165 1.000 

N1 0.79696 0.49428 0.12347 1.000 

N5 0.69213 0.56176 0.24098 1.000 

C27 0.67578 0.60408 0.52900 1.000 
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H27 0.67960 0.56220 0.51930 1.000 

C18 0.67392 0.40400 0.55530 1.000 

H18 0.67360 0.44550 0.53750 1.000 

N2 0.75826 0.49347 0.01542 1.000 

N3 0.69109 0.43225 0.25636 1.000 

C1 0.78802 0.50158 -0.10042 1.000 

H1 0.77090 0.50270 -0.18860 1.000 

B1 0.69031 0.49234 0.03710 1.000 

H1A 0.66980 0.49050 -0.05280 1.000 

N4 0.67231 0.43792 0.12376 1.000 

C13 0.67136 0.36380 0.44810 1.000 

N6 0.67158 0.54952 0.11266 1.000 

C22 0.67312 0.63989 0.41380 1.000 

C2 0.84745 0.50811 -0.07100 1.000 

H2 0.87890 0.51470 -0.13360 1.000 

C10 0.63532 0.39274 0.09400 1.000 

H10 0.61630 0.38660 0.00900 1.000 

C19 0.63664 0.59471 0.07020 1.000 

H19 0.61710 0.59680 -0.01520 1.000 

C6 1.00651 0.54412 0.17920 1.000 

H6 1.03770 0.56950 0.14930 1.000 

C7 1.01391 0.50952 0.29500 1.000 

H7 1.05020 0.51100 0.34420 1.000 
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C21 0.66832 0.61443 0.27690 1.000 

C4 0.90687 0.50546 0.15060 1.000 

C16 0.67727 0.32325 0.71580 1.000 

H16 0.67880 0.30950 0.80680 1.000 

C17 0.67700 0.38369 0.68860 1.000 

H17 0.67890 0.41140 0.76120 1.000 

C12 0.66483 0.38306 0.30630 1.000 

C20 0.63386 0.63693 0.16990 1.000 

H20 0.61300 0.67370 0.16730 1.000 

C11 0.62952 0.35695 0.20570 1.000 

H11 0.60640 0.32170 0.21320 1.000 

C5 0.95354 0.54152 0.10740 1.000 

H5 0.94900 0.56470 0.02750 1.000 

C26 0.67288 0.62866 0.65650 1.000 

H26 0.67460 0.60350 0.73390 1.000 

C23 0.66891 0.70198 0.43160 1.000 

H23 0.66800 0.72750 0.35480 1.000 

C3 0.85196 0.50298 0.06980 1.000 

C14 0.67208 0.30304 0.47740 1.000 

H14 0.67040 0.27500 0.40540 1.000 

C8 0.96810 0.47301 0.33830 1.000 

H8 0.97310 0.44930 0.41720 1.000 

C9 0.91477 0.47082 0.26700 1.000 
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H9 0.88360 0.44570 0.29750 1.000 

C25 0.66753 0.68955 0.67360 1.000 

H25 0.66490 0.70630 0.76190 1.000 

C15 0.67526 0.28327 0.61020 1.000 

H15 0.67610 0.24180 0.62850 1.000 

C24 0.66613 0.72555 0.56020 1.000 

H24 0.66320 0.76740 0.57110 1.000 

 

Table A.16. Bond angles for -(TpPh)CoBr (°). 

N1—Co1—Br1 120.68(5) C27—C22—C21 121.8(2) 

N1—Co1—N5 95.81(7) C27—C22—C23 118.2(2) 

N5—Co1—Br1 122.85(5) C23—C22—C21 119.7(2) 

N3—Co1—Br1 122.23(5) C1—C2—C3 105.73(18) 

N3—Co1—N1 96.95(7) N4—C10—C11 109.07(19) 

N3—Co1—N5 91.13(6) N6—C19—C20 109.0(2) 

N2—N1—Co1 110.19(11) C5—C6—C7 119.9(2) 

C3—N1—Co1 142.40(13) C8—C7—C6 119.7(2) 

C3—N1—N2 106.03(15) N5—C21—C22 123.7(2) 

N6—N5—Co1 110.13(13) N5—C21—C20 109.8(2) 

C21—N5—Co1 143.18(15) C20—C21—C22 126.2(2) 

C21—N5—N6 106.51(17) C5—C4—C3 119.29(19) 

C26—C27—C22 120.7(2) C5—C4—C9 118.65(18) 

C13—C18—C17 120.4(2) C9—C4—C3 122.02(19) 
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N1—N2—B1 121.29(15) C15—C16—C17 119.6(2) 

C1—N2—N1 110.08(14) C16—C17—C18 120.3(2) 

C1—N2—B1 128.06(17) N3—C12—C13 123.08(19) 

N4—N3—Co1 110.05(12) N3—C12—C11 109.48(19) 

C12—N3—Co1 143.08(15) C11—C12—C13 127.4(2) 

C12—N3—N4 106.76(17) C19—C20—C21 105.3(2) 

N2—C1—C2 108.73(18) C10—C11—C12 105.64(19) 

N2—B1—N4 110.41(17) C6—C5—C4 121.0(2) 

N2—B1—N6 108.85(17) C27—C26—C25 120.9(2) 

N6—B1—N4 108.71(16) C24—C23—C22 120.0(2) 

N3—N4—B1 121.10(16) N1—C3—C2 109.43(18) 

C10—N4—N3 109.05(17) N1—C3—C4 123.97(18) 

C10—N4—B1 129.69(18) C2—C3—C4 126.60(18) 

C18—C13—C12 122.3(2) C15—C14—C13 120.7(2) 

C18—C13—C14 118.5(2) C7—C8—C9 120.4(2) 

C14—C13—C12 119.1(2) C8—C9—C4 120.32(19) 

N5—N6—B1 121.26(16) C24—C25—C26 118.9(2) 

C19—N6—N5 109.27(18) C16—C15—C14 120.5(2) 

C19—N6—B1 129.44(18) C23—C24—C25 121.3(2) 

 

Table A.17. Bond lengths for -(TpPh)CoBr (Å). 

Br1—Co1 2.3539(3) N6—C19 1.351(3) 

Co1—N1 2.0413(16) C22—C21 1.470(3) 
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Co1—N5 2.0457(18) C22—C23 1.410(3) 

Co1—N3 2.0373(17) C2—C3 1.397(3) 

N1—N2 1.375(2) C10—C11 1.370(3) 

N1—C3 1.359(2) C19—C20 1.367(3) 

N5—N6 1.374(2) C6—C7 1.391(3) 

N5—C21 1.347(3) C6—C5 1.386(3) 

C27—C22 1.393(3) C7—C8 1.384(3) 

C27—C26 1.375(3) C21—C20 1.403(3) 

C18—C13 1.392(3) C4—C5 1.393(3) 

C18—C17 1.392(3) C4—C3 1.470(3) 

N2—C1 1.336(2) C4—C9 1.398(3) 

N2—B1 1.543(3) C16—C17 1.385(3) 

N3—N4 1.379(2) C16—C15 1.376(4) 

N3—C12 1.347(3) C12—C11 1.400(3) 

C1—C2 1.375(3) C26—C25 1.384(4) 

B1—N4 1.546(3) C23—C24 1.375(4) 

B1—N6 1.544(3) C14—C15 1.384(3) 

N4—C10 1.345(3) C8—C9 1.391(3) 

C13—C12 1.470(3) C25—C24 1.381(4) 

C13—C14 1.396(3)   

 

Table A.18. Single crystal X-ray diffraction experimental details for (TpPh)NiCl. 

Chemical formula C27H22BClN6Ni 
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Mr 535.48 

Crystal system, space group Trigonal, P-3 

Temperature (K) 143 

a, c (Å) 11.3577(2), 11.2575(3) 

V (Å3) 1257.63(5) 

Z 2 

Radiation type Mo K  = 0.71073 Å 

 (mm-1) 0.91 

Crystal size (mm) 0.25 × 0.25 × 0.15 

Diffractometer Bruker APEX-II CCD  diffractometer 

Absorption correction Multi-scan  SADABS v2008/1 

Tmin, Tmax 0.805, 0.876 

No. of measured, independent, and 

observed [I > 2 (I)] reflections 
41082, 3264, 2867 

Rint 0.047 

(sin  /)max (Å-1) 0.785 

R[F2 > 2 (F2)], wR(F2), S 0.029, 0.079, 1.02 

No. of reflections 3264 

No. of parameters 109 

H-atom treatment H-atom parameters constrained 

Largest diff. peak/hole (e Å-3)  0.44, -0.52 
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Table A.19. Atom Coordinates for (TpPh)NiCl. 

Atom x y z Occupancy 

Ni1 0.66667 0.33333 0.69040 1.000 

Cl1 0.66667 0.33333 0.88241 1.000 

B1 0.66667 0.33333 0.42327 1.000 

H1 0.66667 0.33333 0.33440 1.000 

N2 0.78944 0.32552 0.47214 1.000 

N1 0.81154 0.32886 0.59180 1.000 

C3 0.92285 0.31680 0.60651 1.000 

C2 0.97195 0.30538 0.49508 1.000 

H2A 1.04880 0.29550 0.47940 1.000 

C1 0.88459 0.31158 0.41314 1.000 

H3A 0.89080 0.30680 0.32930 1.000 

C4 0.98478 0.32085 0.72280 1.000 

C5 1.02839 0.22773 0.74721 1.000 

H5A 1.00860 0.15630 0.69270 1.000 

C6 1.10054 0.23900 0.85073 1.000 

H6A 1.12860 0.17470 0.86710 1.000 

C7 1.13144 0.34412 0.93007 1.000 

H7A 1.18290 0.35330 0.99950 1.000 

C8 1.08692 0.43578 0.90771 1.000 
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H8A 1.10730 0.50720 0.96240 1.000 

C9 1.01239 0.42334 0.80540 1.000 

H9A 0.98020 0.48490 0.79170 1.000 

 

Table A.20. Bond angles in (TpPh)NiCl (°). 

N1i—Ni1—N1 92.34(3) N2—N1—Ni1 113.85(6) 

N1i—Ni1—N1ii 92.34(3) N1—C1—C2 109.60(8) 

N1—Ni1—N1ii 92.34(3) N1—C1—C4 124.21(8) 

N1i—Ni1—Cl1 123.59(2) C2—C1—C4 126.15(9) 

N1—Ni1—Cl1 123.59(2) C3—C2—C1 105.25(8) 

N1ii—Ni1—Cl1 123.59(2) N2—C3—C2 108.44(8) 

N2—B1—N2i 108.00(7) C9—C4—C5 118.78(9) 

N2—B1—N2ii 108.00(7) C9—C4—C1 121.41(9) 

N2i—B1—N2ii 108.00(7) C5—C4—C1 119.55(9) 

C3—N2—N1 110.06(8) C6—C5—C4 120.55(11) 

C3—N1—B1 129.35(9) C7—C6—C5 120.08(11) 

N1—N2—B1 120.57(9) C6—C7—C8 119.85(11) 

C1—N1—N2 106.66(8) C7—C8—C9 120.26(11) 

C1—N1—Ni1 139.21(7) C8—C9—C4 120.41(10) 

Symmetry code(s): (i) -x+y+1, -x+1, z; (ii) -y+1, x-y, z. 

 

Table A.21. Bond lengths in (TpPh)NiCl (Å). 

Ni1—N1i 2.0064(8) C1—C2 1.4049(14) 
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Ni1—N1 2.0064(8) C1—C4 1.4759(13) 

Ni1—N1ii 2.0064(8) C2—C3 1.3821(14) 

Ni1—Cl1 2.1615(5) C4—C9 1.3974(14) 

B1—N2 1.5423(10) C4—C5 1.4012(14) 

B1—N2i 1.5423(10) C5—C6 1.3933(16) 

B1—N2ii 1.5423(10) C6—C7 1.3882(19) 

N2—C3 1.3436(12) C7—C8 1.3889(17) 

N2—N1 1.3673(11) C8—C9 1.3941(15) 

N1—C1 1.3482(12)   

Symmetry codes: (i) -x + y + 1, -x + 1, z; (ii) -y + 1, x - y, z. 

 

Table A.22. Single crystal X-ray diffraction experimental details for 
(TpPh)Ni(phpy)Cl. 

Chemical formula C36H30BClN8Ni 

Mr 679.66 

Crystal system, space group Triclinic, P-1 

Temperature (K) 100 

a, b, c (Å) 9.0933(4), 12.2962(5), 14.3846(6) 

α, β, γ (°) 93.5735(17), 95.4836(14), 93.6953(14) 

V (Å3) 1593.89(12) 

Z 2 

Radiation type Mo K  = 0.71073 Å 
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 (mm-1) 0.73 

Crystal size (mm) 0.31 × 0.24 × 0.21 

Diffractometer Bruker Apex II 

Absorption correction none 

No. of measured, independent, 

and observed  

[I > 2 (I)] reflections 

34257, 13056, 9255 

Rint 0.051 

(sin  /)max (Å-1) 0.795 

R[F2 > 2 (F2)], wR(F2), S 0.039, 0.096, 0.92 

No. of reflections 13056 

No. of parameters 431 

H-atom treatment 
H atoms treated by a mixture of independent 

and constrained refinement 

Largest diff. peak/hole (e Å-3)  0.55, −0.81 

 

Table A.23. Atom Coordinates for (TpPh)Ni(phpy)Cl. 

Atom x y z Occupancy 

Ni1 0.40952 0.68098 0.73941 1.000 

Cl2 0.15861 0.65710 0.68940 1.000 

N2 0.59809 0.53492 0.64733 1.000 
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N1 0.45593 0.53539 0.67085 1.000 

N5 0.37014 0.81990 0.81954 1.000 

N3 0.53273 0.77047 0.65609 1.000 

N5 0.59227 0.65592 0.83074 1.000 

N8 0.23273 0.85483 0.81627 1.000 

N9 0.71918 0.64268 0.78995 1.000 

N4 0.66864 0.73499 0.64315 1.000 

C11 0.53033 0.87022 0.62247 1.000 

C12 0.23111 0.40662 0.64495 1.000 

C13 -0.03825 0.96618 0.81126 1.000 

C14 0.38437 0.44256 0.63074 1.000 

C15 0.22830 0.95301 0.86234 1.000 

C16 0.08850 1.00496 0.86770 1.000 

C17 0.39998 0.93511 0.62273 1.000 

C18 0.26945 0.61063 1.02925 1.000 

C19 0.48058 0.38347 0.58019 1.000 

C20 0.74899 0.81027 0.60268 1.000 

C21 0.37212 0.98299 0.89886 1.000 

C22 0.78158 0.65393 0.94203 1.000 

C23 0.66547 0.89768 0.58828 1.000 

C24 0.18978 0.39273 0.73414 1.000 

C25 0.37090 0.61907 0.96397 1.000 

C26 0.62818 0.66084 0.92362 1.000 
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C27 0.12764 0.37901 0.56828 1.000 

C28 0.26151 0.89055 0.58620 1.000 

C29 -0.17222 1.01213 0.81958 1.000 

C30 0.83450 0.64192 0.85598 1.000 

C31 0.04969 0.34922 0.74645 1.000 

C32 0.31220 0.64058 1.12261 1.000 

C33 0.07997 1.09283 0.93241 1.000 

C34 0.51603 0.66087 0.99049 1.000 

C35 -0.05200 0.32082 0.66953 1.000 

C36 0.45470 0.68377 1.14972 1.000 

C37 0.45569 0.89775 0.87029 1.000 

B38 0.71529 0.62729 0.68248 1.000 

C39 0.55544 0.69469 1.08438 1.000 

C40 -0.01330 0.33709 0.58067 1.000 

C41 -0.05332 1.13923 0.94043 1.000 

C42 0.61341 0.44492 0.59262 1.000 

C43 0.41590 1.04396 0.65749 1.000 

C44 0.15580 1.05976 0.62257 1.000 

C45 -0.17958 1.09848 0.88503 1.000 

C46 0.29270 1.10498 0.65762 1.000 

C47 0.13984 0.95299 0.58620 1.000 

H38 0.82280 0.61040 0.66130 1.000 

H27 0.15397 0.38903 0.50689 1.000 
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H40 -0.08376 0.31942 0.52789 1.000 

H35 -0.14809 0.29024 0.67785 1.000 

H31 0.02311 0.33878 0.80772 1.000 

H24 0.25854 0.41335 0.78722 1.000 

H43 0.51090 1.07637 0.68106 1.000 

H46 0.30360 1.17886 0.68229 1.000 

H44 0.07190 1.10192 0.62333 1.000 

H47 0.04498 0.92189 0.56095 1.000 

H28 0.24964 0.81688 0.56101 1.000 

H39 0.65285 0.72564 1.10362 1.000 

H36 0.48370 0.70609 1.21362 1.000 

H32 0.24370 0.63147 1.16790 1.000 

H18 0.17008 0.58418 1.00992 1.000 

H25 0.34140 0.59611 0.90026 1.000 

H33 0.16606 1.12106 0.97123 1.000 

H41 -0.05796 1.19956 0.98439 1.000 

H45 -0.27122 1.12962 0.89181 1.000 

H29 -0.25839 0.98446 0.78057 1.000 

H13 -0.03343 0.90712 0.76608 1.000 

H19 0.45869 0.31549 0.54489 1.000 

H20 0.84722 0.80415 0.58666 1.000 

H21 0.40702 1.04797 0.93572 1.000 

H22 0.83719 0.65694 1.00162 1.000 
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H23 0.69361 0.96318 0.56082 1.000 

H30 0.93482 0.63439 0.84496 1.000 

H37 0.55951 0.89579 0.88515 1.000 

H42 0.70160 0.42663 0.56671 1.000 

H8 0.16570 0.81200 0.78430 1.000 

 

Table A.24. Bond angles for (TpPh)Ni(phpy)Cl (°). 

Cl1—Ni1—N1 93.18(3) C21—C15—C16 132.98(12) 

Cl1—Ni1—N7 89.34(3) C15—C16—C13 121.20(12) 

Cl1—Ni1—N3 114.87(3) C33—C16—C13 118.66(13) 

Cl1—Ni1—N5 152.26(3) C33—C16—C15 120.11(12) 

N7—Ni1—N1 174.55(4) C28—C17—C11 120.88(13) 

N3—Ni1—N1 91.73(4) C43—C17—C11 120.00(13) 

N3—Ni1—N7 91.59(4) C43—C17—C28 119.09(14) 

N5—Ni1—N1 84.81(4) C32—C18—C25 120.16(15) 

N5—Ni1—N7 90.71(4) C42—C19—C14 105.17(12) 

N5—Ni1—N3 92.86(4) C23—C20—N4 108.39(12) 

B38—N2—N1 121.71(10) C37—C21—C15 105.61(12) 

C42—N2—N1 109.88(11) C30—C22—C26 105.66(12) 

C42—N2—B38 128.41(11) C20—C23—C11 105.50(12) 

N2—N1—Ni1 113.59(8) C31—C24—C12 120.65(13) 

C14—N1—Ni1 139.40(9) C34—C25—C18 120.78(14) 

C14—N1—N2 106.37(10) C22—C26—N5 109.24(12) 
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N8—N7—Ni1 119.82(8) C34—C26—N5 122.33(12) 

C37—N7—Ni1 134.51(9) C34—C26—C22 128.09(12) 

C37—N7—N8 105.12(11) C40—C27—C12 120.49(14) 

N4—N3—Ni1 115.87(8) C47—C28—C17 120.24(16) 

C11—N3—Ni1 136.44(9) C45—C29—C13 119.62(14) 

C11—N3—N4 106.22(11) C22—C30—N6 107.98(12) 

N6—N5—Ni1 115.00(8) C35—C31—C24 120.01(15) 

C26—N5—Ni1 137.52(9) C36—C32—C18 119.70(16) 

C26—N5—N6 106.96(10) C41—C33—C16 120.32(14) 

C15—N8—N7 112.79(11) C26—C34—C25 121.21(12) 

C30—N6—N5 110.13(11) C39—C34—C25 118.19(14) 

B38—N6—N5 120.30(10) C39—C34—C26 120.39(13) 

B38—N6—C30 129.53(12) C40—C35—C31 119.78(15) 

C20—N4—N3 110.25(11) C39—C36—C32 120.27(15) 

B38—N4—N3 120.18(11) C21—C37—N7 110.72(12) 

B38—N4—C20 129.26(12) N6—B38—N2 108.34(11) 

C17—C11—N3 122.57(12) N4—B38—N2 109.34(10) 

C23—C11—N3 109.64(12) N4—B38—N6 106.96(11) 

C23—C11—C17 127.79(12) C36—C39—C34 120.82(15) 

C24—C12—C14 120.97(12) C35—C40—C27 120.18(14) 

C27—C12—C14 120.05(12) C45—C41—C33 120.48(14) 

C27—C12—C24 118.84(13) C19—C42—N2 108.74(12) 

C29—C13—C16 121.12(14) C46—C43—C17 119.86(16) 
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C12—C14—N1 123.99(11) C47—C44—C46 119.80(16) 

C19—C14—N1 109.83(12) C41—C45—C29 119.78(14) 

C19—C14—C12 126.03(12) C44—C46—C43 120.62(17) 

C16—C15—N8 121.25(12) C44—C47—C28 120.35(17) 

C21—C15—N8 105.75(11)   

 

Table A.25. Bond lengths for (TpPh)Ni(phpy)Cl (Å). 

Ni1—Cl1 2.3201(4) C15—C16 1.4653(18) 

Ni1—N1 2.0767(11) C15—C16 1.4653(18) 

Ni1—N7 2.0705(11) C15—C21 1.3801(19) 

Ni1—N3 2.0407(11) C16—C33 1.3925(19) 

Ni1—N5 2.0693(10) C17—C28 1.382(2) 

N2—N1 1.3674(15) C17—C43 1.393(2) 

N2—B38 1.5332(19) C18—C25 1.382(2) 

N2—C42 1.3401(17) C18—C32 1.382(2) 

N1—C14 1.3452(16) C19—C42 1.373(2) 

N7—N8 1.3447(15) C20—C23 1.370(2) 

N7—C37 1.3278(16) C21—C37 1.3977(19) 

N3—N4 1.3623(15) C22—C26 1.4038(19) 

N3—C11 1.3470(16) C22—C30 1.373(2) 

N5—N6 1.3580(15) C24—C31 1.381(2) 

N5—C26 1.3413(16) C25—C34 1.394(2) 

N8—C15 1.3454(17) C26—C34 1.467(2) 
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N6—C30 1.3468(16) C27—C40 1.382(2) 

N6—B38 1.5425(19) C28—C47 1.387(2) 

N4—C20 1.3382(17) C29—C45 1.384(2) 

N4—B38 1.5407(18) C31—C35 1.384(2) 

C11—C17 1.4709(19) C32—C36 1.379(2) 

C11—C23 1.396(2) C33—C41 1.384(2) 

C12—C14 1.4716(18) C34—C39 1.3942(19) 

C12—C24 1.3884(19) C35—C40 1.381(2) 

C12—C27 1.3895(18) C36—C39 1.380(2) 

C13—C16 1.3845(19) C41—C45 1.380(2) 

C13—C29 1.388(2) C43—C46 1.388(2) 

C14—C19 1.3998(18) C44—C46 1.367(3) 

 

Table A.26. Single crystal X-ray diffraction experimental details for (TpPh)NiBr. 

Chemical formula C27H22BBrN6Ni 

Mr 579.93 

Crystal system, space group Trigonal, P-3 

Temperature (K) 100 

a, c (Å) 11.3592(8), 11.3914(9) 

V (Å3) 1272.9(2) 

Z 2 

Radiation type Mo K  = 0.71073 Å 

 (mm-1) 2.36 
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Crystal size (mm) 0.29 × 0.26 × 0.19 

Diffractometer Bruker P4 

Absorption correction 

Multi-scan  SADABS2012/1 

(Bruker,2012) 

Tmin, Tmax 0.629, 0.748 

No. of measured, independent, and 

observed [I > 2 (I)] reflections 
22639, 5625, 4420 

Rint 0.024 

(sin  /)max (Å-1) 0.949 

R[F2 > 2s(F2)], wR(F2), S 0.027, 0.071, 1.04 

No. of reflections 5625 

No. of parameters 109 

H-atom treatment H-atom parameters constrained 

Largest diff. peak/hole (e Å-3)  0.60, -0.76 

 

Table A.27. Atom Coordinates for (TpPh)NiBr. 

Atom x y z Occupancy 

Br1 0.33333 0.66667 0.38592 1.000 

Ni1 0.33333 0.66667 0.18465 1.000 

N2 0.46419 0.67506 -0.03054 1.000 

N1 0.48294 0.67162 0.08758 1.000 

C3 0.60627 0.68400 0.10223 1.000 

C4 0.66421 0.68094 0.21736 1.000 
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C1 0.57327 0.68937 -0.08878 1.000 

H1 0.58420 0.69421 -0.17164 1.000 

C2 0.66712 0.69588 -0.00786 1.000 

H2 0.75395 0.70616 -0.02335 1.000 

C9 0.58895 0.57946 0.29969 1.000 

H9 0.49538 0.51734 0.28584 1.000 

C5 0.80066 0.77458 0.24157 1.000 

H5 0.85245 0.84522 0.18714 1.000 

B1 0.33333 0.66667 -0.07879 1.000 

H1a 0.33333 0.66667 -0.16667 1.000 

C6 0.86122 0.76499 0.34503 1.000 

H6 0.95361 0.82944 0.36108 1.000 

C7 0.78636 0.66117 0.42453 1.000 

H7 0.82804 0.65331 0.49410 1.000 

C8 0.65035 0.56886 0.40201 1.000 

H8 0.59901 0.49822 0.45658 1.000 

 

Table A.28. Bond angles for (TpPh)NiBr (°). 

N1i—Ni1—Br1 123.479(19) C2—C3—C4 126.27(7) 

N1—Ni1—Br1 123.479(19) C9—C4—C3 121.31(7) 

N1ii—Ni1—Br1 123.479(19) C5—C4—C3 119.64(7) 

N1ii—Ni1—N1i 92.50(3) C5—C4—C9 118.85(7) 

N1—Ni1—N1i 92.50(3) C2—C1—N2 108.50(7) 
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N1ii—Ni1—N1 92.50(3) C1—C2—C3 105.11(7) 

C1—N2—N1 110.04(6) C8—C9—C4 120.40(8) 

B1—N2—N1 120.57(7) C6—C5—C4 120.56(8) 

B1—N2—C1 129.37(7) N2ii—B1—N2 108.03(6) 

N2—N1—Ni1ii 113.71(5) N2i—B1—N2 108.03(6) 

C3—N1—Ni1ii 139.26(5) N2i—B1—N2ii 108.03(6) 

C3—N1—N2 106.75(6) C7—C6—C5 120.01(8) 

C4—C3—N1 124.11(7) C8—C7—C6 119.84(8) 

C2—C3—N1 109.60(7) C7—C8—C9 120.30(8) 

Symmetry codes: (i) −x + y, −x + 1, z; (ii) −y + 1, x – y + 1, z. 

 

Table A.29. Bond lengths for (TpPh)NiBr (Å). 

Br1—Ni1 2.2927(3) C3—C2 1.4055(11) 

Ni1—N1i 2.0046(7) C4—C9 1.3978(11) 

Ni1—N1ii 2.0046(7) C4—C5 1.4004(11) 

Ni1—N1 2.0046(7) C1—C2 1.3830(11) 

N2—N1 1.3659(9) C9—C8 1.3941(12) 

N2—C1 1.3419(10) C5—C6 1.3960(12) 

N2—B1 1.5424(8) C6—C7 1.3897(14) 

N1—C3 1.3466(10) C7—C8 1.3901(13) 

C3—C4 1.4755(11)   

Symmetry codes: (i) −x + y, −x + 1, z; (ii) −y + 1, x – y + 1, z. 
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Table A.30. Single crystal X-ray diffraction experimental details for (TpPh)NiI. 

Chemical formula C27H22BIN6Ni 

Mr 626.92 

Crystal system, space group Trigonal, P-3 

Temperature (K) 100 

a, c (Å) 11.395(3), 11.661(3) 

V (Å3) 1311.2(5) 

Z 1 

Radiation type Mo K  = 0.71073 Å 

 (mm-1) 1.94 

Crystal size (mm) 0.52 × 0.45 × 0.24 

Diffractometer Bruker APEX-II CCD 

Absorption correction 

Multi-scan  

SADABS2014/5 (Bruker,2014/5) was 

used for absorption correction 

Tmin, Tmax 0.578, 0.747 

No. of measured, independent, and 

observed  

[I > 2 (I)] reflections 

35172, 3544, 3240 
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Rint 0.041 

(sin  /)max (Å-1) 0.795 

R[F2 > 2 (F2)], wR(F2), S 0.031, 0.098, 1.02 

No. of reflections 3544 

No. of parameters 108 

H-atom treatment H-atom parameters constrained 

Largest diff. peak/hole (e Å-3)  2.02, −1.55 

 

Table A.31. Atom Coordinates for (TpPh)NiI. 

Atom x y z Occupancy 

I1 0.33333 0.66667 0.11209 1.000 

Ni1 0.33333 0.66667 0.32188 1.000 

C2 0.66667 0.69676 0.50976 1.000 

H2 0.75331 0.70734 0.52504 1.000 

C4 0.66376 0.68181 0.29010 1.000 

N2 0.46396 0.67541 0.53165 1.000 

N1 0.48249 0.67151 0.41667 1.000 

C3 0.60599 0.68414 0.40249 1.000 

C5 0.79970 0.77590 0.26599 1.000 

H5 0.85160 0.84550 0.31976 1.000 

C9 0.58900 0.58100 0.20955 1.000 

H9 0.49630 0.51770 0.22380 1.000 
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C6 0.85920 0.76850 0.16420 1.000 

H6 0.95100 0.83333 0.14830 1.000 

B1 0.33333 0.66667 0.57880 1.000 

H1 0.33333 0.66667 0.66460 1.000 

C8 0.64940 0.57260 0.10850 1.000 

H8 0.59820 0.50280 0.05470 1.000 

C7 0.78440 0.66610 0.08600 1.000 

H7 0.82550 0.65990 0.01710 1.000 

C1 0.57301 0.69046 0.58851 1.000 

H1a 0.58404 0.69589 0.66944 1.000 

 

Table A.32. Bond angles in (TpPh)NiI (°). 

N1i—Ni1—I1 123.42(4) C3—N1—Ni1ii 139.45(13) 

N1—Ni1—I1 123.42(4) C3—N1—N2 106.63(14) 

N1ii—Ni1—I1 123.42(4) C4—C3—C2 126.46(16) 

N1ii—Ni1—N1i 92.57(6) N1—C3—C2 109.67(16) 

N1—Ni1—N1i 92.57(6) N1—C3—C4 123.86(16) 

N1ii—Ni1—N1 92.57(6) C6—C5—C4 120.70(19) 

C1—C2—C3 105.04(15) C8—C9—C4 120.44(18) 

C5—C4—C3 119.82(17) C7—C6—C5 119.93(19) 

C9—C4—C3 121.28(16) N2ii—B1—N2 108.01(14) 

C9—C4—C5 118.72(17) N2i—B1—N2 108.01(14) 

B1—N2—N1 120.62(17) N2i—B1—N2ii 108.01(14) 
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C1—N2—N1 110.01(15) C7—C8—C9 120.2(2) 

C1—N2—B1 129.35(18) C8—C7—C6 120.0(2) 

N2—N1—Ni1ii 113.59(11) N2—C1—C2 108.65(16) 

Symmetry codes: (i) −x + y, −x + 1, z; (ii) −y + 1, x – y + 1, z. 

 

Table A.33. Bond lengths in (TpPh)NiI (Å). 

I1—Ni1 2.4463(8) N2—N1 1.363(2) 

Ni1—N1i 2.0041(15) N2—B1 1.543(2) 

Ni1—N1ii 2.0041(15) N2—C1 1.342(2) 

Ni1—N1 2.0041(15) N1—C3 1.351(2) 

C2—C3 1.401(3) C5—C6 1.390(3) 

C2—C1 1.382(3) C9—C8 1.392(3) 

C4—C3 1.473(3) C6—C7 1.388(3) 

C4—C5 1.402(3) C8—C7 1.390(3) 

C4—C9 1.396(3)   

Symmetry codes: (i) −x + y, −x + 1, z; (ii) −y + 1, x – y + 1, z. 

 

Table A.34. Single crystal X-ray diffraction experimental details for (TpPh)ZnCl. 

Chemical formula C27H22BClN6Zn 

Mr 542.19 

Crystal system, space group Trigonal, P-3 

Temperature (K) 100 
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a, c (Å) 11.326(3), 11.335(3) 

V (Å3) 1259.3(5) 

Z 2 

Radiation type Mo K  = 0.71073 Å 

 (mm-1) 1.11 

Crystal size (mm) 0.28 × 0.18 × 0.17 

Data collection  

Diffractometer Bruker APEX-II CCD  diffractometer 

Absorption correction Multi-scan  SADABS v2008/1 

No. of measured, independent, and 

observed [I > 2 (I)] reflections 
12667, 2620, 2162 

Rint 0.096 

(sin  /)max (Å-1) 0.720 

R[F2 > 2 (F2)], wR(F2), S 0.033, 0.088, 0.99 

No. of reflections 2620 

No. of parameters 110 

H-atom treatment 

H atoms treated by a mixture of 

independent and constrained 

refinement 

Largest diff. peak/hole (e Å-3)  0.41, -0.62 
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Table A.35. Atom Coordinates for (TpPh)ZnCl. 

Atom x y z Occupancy 

Zn1 0.66667 0.33333 0.30592 1.000 

Cl1 0.66667 0.33333 0.11567 1.000 

N1 0.67013 0.48569 0.40375 1.000 

C3 0.68208 0.60851 0.39296 1.000 

N2 0.67319 0.46339 0.52252 1.000 

C4 0.67860 0.66787 0.27801 1.000 

C9 0.57861 0.59321 0.19470 1.000 

H9 0.51730 0.49890 0.20750 1.000 

C2 0.69309 0.66503 0.50477 1.000 

H2 0.70290 0.75140 0.52260 1.000 

C1 0.68682 0.56999 0.58333 1.000 

H1 0.69140 0.57870 0.66700 1.000 

B1 0.66667 0.33333 0.56930 1.000 

H1A 0.66667 0.33333 0.65760 1.000 

C5 0.76953 0.80379 0.25491 1.000 

H5 0.84010 0.85610 0.30970 1.000 

C6 0.75840 0.86455 0.15205 1.000 

H6 0.82160 0.95790 0.13680 1.000 

C7 0.65650 0.79020 0.07246 1.000 

H7 0.64790 0.83270 0.00330 1.000 

C8 0.56730 0.65520 0.09279 1.000 
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H8 0.49750 0.60350 0.03720 1.000 

 

Table A.36. Bond angles in (TpPh)ZnCl (°). 

N1—Zn1—Cl1 123.02(3) C1—N2—B1 128.29(14) 

N1ii—Zn1—Cl1 123.02(3) C9—C4—C3 121.47(14) 

N1i—Zn1—Cl1 123.02(3) C5—C4—C3 119.97(14) 

N1ii—Zn1—N1 93.13(5) C5—C4—C9 118.37(14) 

N1i—Zn1—N1 93.13(5) C4—C9—C8 120.66(16) 

N1i—Zn1—N1ii 93.13(5) C1—C2—C3 105.84(13) 

C3—N1—Zn1 141.54(10) N2—C1—C2 108.07(13) 

C3—N1—N2 106.43(11) N2i—B1—N2ii 108.67(11) 

N2—N1—Zn1 111.71(9) N2i—B1—N2 108.66(11) 

N1—C3—C4 122.96(13) N2ii—B1—N2 108.67(11) 

N1—C3—C2 109.50(13) C4—C5—C6 120.53(17) 

C2—C3—C4 127.51(14) C7—C6—C5 120.27(17) 

N1—N2—B1 121.52(14) C8—C7—C6 119.99(17) 

C1—N2—N1 110.15(12) C7—C8—C9 120.14(18) 

Symmetry codes: (i) -x + y + 1, -x + 1, z; (ii) -y + 1, x - y, z. 

 

Table A.37. Bond lengths in (TpPh)ZnCl (Å). 

Zn1—Cl1 2.1565(9) C4—C9 1.390(2) 

Zn1—N1i 2.0350(12) C4—C5 1.383(2) 

Zn1—N1ii 2.0350(12) C9—C8 1.390(2) 
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Zn1—N1 2.0350(12) C2—C1 1.373(2) 

N1—C3 1.3343(18) B1—N2i 1.5324(16) 

N1—N2 1.3734(17) B1—N2ii 1.5324(16) 

C3—C4 1.476(2) C5—C6 1.391(2) 

C3—C2 1.397(2) C6—C7 1.372(3) 

N2—C1 1.3317(18) C7—C8 1.367(3) 

N2—B1 1.5324(16)   

Symmetry codes: (i) -x + y + 1, -x + 1, z; (ii) -y + 1, x - y, z. 
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Appendix B. Supplemental Data for Chapter 3 

Table B.1. Single crystal X-ray diffraction experimental details for {trans-
[CrII(OTs)2(dmf)2]}n.  

Chemical formula C20H28CrN2O8S2 

Mr 540.56 

Crystal system, space group Monoclinic, P21/n 

Temperature (K) 90 

a, b, c (Å) 14.5952(5), 5.2241(2), 17.0215(8) 

β (°) 112.454(2) 

V (Å3) 1199.44(8) 

Z  2 

Radiation type  Mo K  = 0.71073 Å 

 (mm-1) 0.70 

Crystal size (mm) 0.30 × 0.25 × 0.10 

Diffractometer 
Nonius Kappa CCD  

diffractometer 

Absorption correction 

Multi-scan  

SCALEPACK (Otwinowski & Minor, 

1997) 

No. of measured, independent, and 

observed [I > 2 (I)] reflections 

0.818, 0.933 

Rint 4520, 2492, 1661   

(sin  /)max (Å-1) 0.058 
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R[F2 > 2 (F2)], wR(F2), S 0.052,  0.140,  1.05 

No. of reflections 2492 

No. of parameters 154 

H-atom treatment H-atom parameters constrained 

Largest diff. peak/hole (e Å-3)  0.68, -0.50 

 

Table B.2. Atom Coordinates for {trans-[CrII(OTs)2(dmf)2]}n. 

Atom x y z Occupancy 

Cr1 0.50000 0.50000 0.00000 1.000 

C1 0.06210 0.32130 0.13190 1.000 

H1A 0.02160 0.41680 0.08090 1.000 

H1B 0.07270 0.42600 0.18240 1.000 

H1C 0.02790 0.16280 0.13530 1.000 

C2 0.16140 0.25690 0.12750 1.000 

C3 0.24320 0.41070 0.16580 1.000 

H3 0.23740 0.55930 0.19580 1.000 

C4 0.33480 0.35180 0.16140 1.000 

H4 0.39080 0.45830 0.18840 1.000 

C5 0.34230 0.13580 0.11720 1.000 

C6 0.26150 -0.01810 0.07860 1.000 

H6 0.26720 -0.16510 0.04790 1.000 

C7 0.17130 0.03990 0.08420 1.000 

H7 0.11600 -0.06960 0.05820 1.000 
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C8 0.68450 0.77350 0.10760 1.000 

H8 0.64200 0.88150 0.12340 1.000 

C9 0.82080 1.03470 0.19790 1.000 

H9A 0.76680 1.12640 0.20660 1.000 

H9B 0.85700 1.15310 0.17560 1.000 

H9C 0.86600 0.96410 0.25220 1.000 

C10 0.85020 0.67910 0.11460 1.000 

H10A 0.81430 0.55020 0.07220 1.000 

H10B 0.89720 0.59390 0.16520 1.000 

H10C 0.88630 0.79310 0.09070 1.000 

O1 0.51511 -0.06270 0.19868 1.000 

O2 0.50648 0.28940 0.10545 1.000 

O3 0.43858 -0.12510 0.04557 1.000 

O4 0.64647 0.58810 0.05949 1.000 

N1 0.77995 0.82820 0.13777 1.000 

S1 0.45934 0.04804 0.11644 1.000 

 

Table B.3. Bond angles in {trans-[CrII(OTs)2(dmf)2]} (°). 

O4—Cr1—O4i 180.0 C5—C6—C7 120.2(3) 

O4—Cr1—O2 89.85(8) C6—C7—C2 120.5(3) 

O4i—Cr1—O2 90.15(8) O4—C8—N1 124.1(3) 

O4—Cr1—O2i 90.15(8) S1—O2—Cr1 133.61(13) 

O4i—Cr1—O2i 89.85(8) C8—O4—Cr1 128.2(2) 
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O2—Cr1—O2i 180.0 C8—N1—C9 121.6(3) 

C3—C2—C7 118.7(3) C8—N1—C10 121.8(3) 

C3—C2—C1 121.2(4) C9—N1—C10 116.6(3) 

C7—C2—C1 120.1(4) O1—S1—O3 114.80(14) 

C2—C3—C4 121.2(3) O1—S1—O2 110.25(14) 

C5—C4—C3 118.9(3) O3—S1—O2 112.76(13) 

C6—C5—C4 120.5(3) O1—S1—C5 106.53(14) 

C6—C5—S1 120.0(3) O3—S1—C5 105.81(14) 

C4—C5—S1 119.4(3) O2—S1—C5 106.00(15) 

Symmetry code: (i) -x + 1, -y + 1, -z. 

 

Table B.4. Bond lengths in {trans-[CrII(OTs)2(dmf)2]} (Å). 

Cr1—O4 2.038(2) C5—S1 1.773(3) 

Cr1—O4i 2.038(2) C6—C7 1.389(5) 

Cr1—O2 2.076(2) C8—O4 1.253(4) 

Cr1—O2i 2.076(2) C8—N1 1.318(4) 

C1—C2 1.518(5) C9—N1 1.449(4) 

C2—C3 1.379(5) C10—N1 1.457(4) 

C2—C7 1.390(5) O1—S1 1.444(2) 

C3—C4 1.402(5) O2—S1 1.482(2) 

C4—C5 1.384(5) O3—S1 1.444(2) 

C5—C6 1.370(5)   

Symmetry code: (i) -x + 1, -y + 1, -z. 
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Table B.5. Single crystal X-ray diffraction experimental details for [trans-
Mn(dmf)2(OTs)2]n. 

Chemical formula C20H28MnN2O8S2 

Mr 543.50 

Crystal system, space group Monoclinic, P21/n 

Temperature (K) 100 

a, b, c (Å) 14.8262 (8), 5.2111 (3), 16.2554 (9) 

 (°) 107.948 (3) 

V (Å3) 1194.79 (12) 

Z 2 

Radiation type Mo K  = 0.71073 Å 

 (mm-1) 0.78 

Crystal size (mm) 0.30 × 0.08 × 0.05 

Diffractometer Bruker APEX-II CCD 

Absorption correction Multi-scan  

SADABS v2008/1 

 Tmin, Tmax 0.800, 0.965 

No. of measured, independent, and 

observed [I > 2 (I)] reflections 

16816, 3769, 2838  

Rint 0.045 

(sin  /)max (Å-1) 0.722 

R[F2 > 2(F2)], wR(F2), S 0.036, 0.097, 1.02 
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No. of reflections 3769 

No. of parameters 154 

H-atom treatment H-atom parameters constrained 

Largest diff. peak/hole (e Å-3) 0.59, -0.48 

 

Table B.6. Atom Coordinates for [trans-Mn(dmf)2(OTs)2]n. 

Atom x y z Occupancy 

Mn1 0.50000 0.00000 0.00000 1.000 

S1 0.46608 0.48378 0.12785 1.000 

O1 0.64976 -0.07980 0.05335 1.000 

O2 0.50351 0.23370 0.11318 1.000 

O3 0.51630 0.58380 0.21276 1.000 

O4 0.46036 0.66300 0.05771 1.000 

N1 0.78168 -0.29200 0.13173 1.000 

C1 0.68910 -0.25240 0.10467 1.000 

H1 0.65020 -0.36270 0.12580 1.000 

C2 0.82449 -0.49240 0.19400 1.000 

H2A 0.77450 -0.59060 0.20760 1.000 

H2B 0.86600 -0.41410 0.24700 1.000 

H2C 0.86170 -0.60720 0.16930 1.000 

C3 0.84565 -0.13910 0.09971 1.000 

H3A 0.87060 -0.24450 0.06170 1.000 

H3B 0.89830 -0.07770 0.14860 1.000 
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H3C 0.81130 0.00800 0.06720 1.000 

C4 0.34712 0.43270 0.12434 1.000 

C5 0.32396 0.22340 0.16704 1.000 

H5 0.37150 0.10420 0.19640 1.000 

C6 0.23076 0.19020 0.16641 1.000 

H6 0.21490 0.04770 0.19570 1.000 

C7 0.16037 0.36290 0.12346 1.000 

C8 0.18491 0.57090 0.08179 1.000 

H8 0.13750 0.69090 0.05290 1.000 

C9 0.27790 0.60700 0.08146 1.000 

H9 0.29370 0.74960 0.05220 1.000 

C10 0.05871 0.31940 0.12115 1.000 

H10A 0.02450 0.48320 0.11100 1.000 

H10B 0.05760 0.24730 0.17650 1.000 

H10C 0.02820 0.19960 0.07440 1.000 

 

Table B.7. Bond angles in [trans-Mn(dmf)2(OTs)2]n (º) 

O4i—Mn1—O4ii 180.00(7) O4i—Mn1—O2 88.49(4) 

O4i—Mn1—O1 86.98(5) O4ii—Mn1—O2 91.51(4) 

O4ii—Mn1—O1 93.02(5) O1—Mn1—O2 90.82(4) 

O4i—Mn1—O1iii 93.02(5) O1iii—Mn1—O2 89.18(4) 

O4ii—Mn1—O1iii 86.98(5) O2iii—Mn1—O2 180.0 

O1—Mn1—O1iii 180.0 C9—C4—C5 120.39(15) 
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O4i—Mn1—O2iii 91.51(4) C9—C4—S1 119.62(13) 

O4ii—Mn1—O2iii 88.49(4) C5—C4—S1 119.95(13) 

O1—Mn1—O2iii 89.18(4) C6—C5—C4 119.45(16) 

O1iii—Mn1—O2iii 90.82(4)   

Symmetry codes: (i) -x+1, -y+1, -z; (ii) x, y-1, z; (iii) -x+1, -y, -z; (iv) x, y+1, z. 

 

Table B.8. Bond lengths in [trans-Mn(dmf)2(OTs)2]n. 

Mn1—O4i 2.1564(12) O4—Mn1iv 2.1564(12) 

Mn1—O4ii 2.1564(12) N1—C1 1.322(2) 

Mn1—O1 2.1606(11) N1—C3 1.452(2) 

Mn1—O1iii 2.1606(11) N1—C2 1.457(2) 

Mn1—O2iii 2.1935(11) C4—C9 1.387(2) 

Mn1—O2 2.1935(11) C4—C5 1.391(2) 

S1—O3 1.4484(12) C5—C6 1.389(2) 

S1—O4 1.4558(12) C6—C7 1.392(3) 

S1—O2 1.4646(12) C7—C8 1.385(3) 

S1—C4 1.7672(15) C7—C10 1.513(2) 

O1—C1 1.243(2) C8—C9 1.393(2) 

Symmetry codes: (i) -x + 1, -y + 1, -z; (ii) x, y - 1, z; (iii) -x + 1, -y, -z; (iv) x, y + 1, 

z. 

 

 

 



Ferko, Philip 2019, UMSL, p. 297 

Table B.9. Single crystal X-ray diffraction experimental details for trans-
[FeII(OTs)2(dmf)4]. 

Chemical formula C20H32FeN2O10S2 

Mr 580.45 

Crystal system, space group Triclinic, P-1 

Temperature (K) 100 

a, b, c (Å) 6.3485(1), 8.6866(2), 12.1192(2) 

α, β, γ (°) 87.850(1), 84.329(1), 76.859(1) 

V (Å3) 647.57(2) 

Z 1 

Radiation type Mo K  = 0.71073 Å 

 (mm-1) 0.80 

Crystal size (mm) 0.23 × 0.12 × 0.07 

Diffractometer Bruker APEX-II CCD 

Absorption correction Multi-scan  

SADABS v2008/1 

 Tmin, Tmax 0.838, 0.946 

No. of measured, independent, and 

observed [I > 2 (I)] reflections 

21481, 4885, 4271   

Rint 0.032 

(sin  /)max (Å-1) 0.781 

R[F2 > 2(F2)], wR(F2), S 0.031, 0.084, 1.03 

No. of reflections 4885 
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No. of parameters 202 

No. of restraints 3 

H-atom treatment H atoms treated by a mixture of 

independent and constrained 

refinement 

Largest diff. peak/hole (e Å-3)  0.47, -0.59 

 

Table B.10. Atom Coordinates for trans-[FeII(OTs)2(dmf)4]. 

Atom x y z Occupancy 

Fe1 0.50000 0.00000 0.00000 1.000 

S1 0.69326 0.11985 0.13282 1.000 

O1 0.29965 0.00290 0.10930 1.000 

O2 0.33872 0.05767 -0.17766 1.000 

O3 0.63983 0.06348 0.15187 1.000 

O4 0.73648 0.12782 -0.01161 1.000 

O5 0.83256 0.13859 0.28238 1.000 

N1 0.22219 -0.00950 0.33063 1.000 

N2 0.12175 0.12349 -0.26452 1.000 

C1 0.31772 -0.02118 0.23793 1.000 

H1 0.40500 -0.04960 0.27180 1.000 

C2 0.25894 -0.03560 0.48701 1.000 

H2A 0.35940 -0.06150 0.50740 1.000 

H2B 0.14940 -0.05480 0.48610 1.000 
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H2C 0.29280 -0.00810 0.57290 1.000 

C3 0.08460 0.03329 0.28541 1.000 

H3A 0.12830 0.06420 0.35910 1.000 

H3B -0.02900 0.01950 0.29310 1.000 

H3C 0.06220 0.04490 0.17370 1.000 

C4 0.19993 0.08129 -0.17337 1.000 

H4 0.14680 0.06800 -0.09950 1.000 

C5 -0.04415 0.14781 -0.25627 1.000 

H5A -0.07920 0.12880 -0.17450 1.000 

H5B -0.14280 0.14480 -0.36240 1.000 

H5C -0.02180 0.18610 -0.22640 1.000 

C6 0.20042 0.14909 -0.37274 1.000 

H6A 0.31480 0.13080 -0.36260 1.000 

H6B 0.22480 0.18740 -0.34340 1.000 

H6C 0.11460 0.14630 -0.48510 1.000 

C7 0.49620 0.15922 0.10846 1.000 

C8 0.37571 0.14338 0.18373 1.000 

H8 0.39630 0.11070 0.24470 1.000 

C9 0.22513 0.17563 0.16910 1.000 

H9 0.14280 0.16470 0.21990 1.000 

C10 0.19362 0.22393 0.08063 1.000 

C11 0.31324 0.23863 0.00291 1.000 

H11 0.29120 0.27080 -0.06040 1.000 
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C12 0.46460 0.20665 0.01704 1.000 

H12 0.54580 0.21720 -0.03550 1.000 

C13 0.03224 0.25904 0.06938 1.000 

H13A 0.06900 0.28570 0.15760 1.000 

H13B -0.06590 0.23630 0.07860 1.000 

H13C -0.01120 0.27790 -0.03530 1.000 

 

Table B.11. Bond angles in trans-[FeII(OTs)2(dmf)4] (º). 

O1—Fe1—O1i 180.0 O1B—C1B—N1B 124.72(12) 

O1—Fe1—O1Ai 90.73(3) C1B—N1B—C3B 121.90(11) 

O1i—Fe1—O1Ai 89.27(3) C1B—N1B—C2B 121.37(11) 

O1—Fe1—O1A 89.27(3) C3B—N1B—C2B 116.68(10) 

O1i—Fe1—O1A 90.73(3) S1—O1—Fe1 137.01(6) 

O1Ai—Fe1—O1A 180.0 O3—S1—O2 114.76(6) 

O1—Fe1—O1Bi 89.46(3) O3—S1—O1 113.25(6) 

O1i—Fe1—O1Bi 90.54(3) O2—S1—O1 110.24(6) 

O1Ai—Fe1—O1Bi 88.36(3) O3—S1—C1 106.83(6) 

O1A—Fe1—O1Bi 91.65(3) O2—S1—C1 106.02(6) 

O1—Fe1—O1B 90.54(3) O1—S1—C1 104.93(6) 

O1i—Fe1—O1B 89.47(3) C6—C1—C2 120.15(12) 

O1Ai—Fe1—O1B 91.64(3) C6—C1—S1 119.85(10) 

O1A—Fe1—O1B 88.35(3) C2—C1—S1 119.99(10) 

O1Bi—Fe1—O1B 180.0 C3—C2—C1 119.72(12) 
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C1A—O1A—Fe1 122.63(8) C2—C3—C4 120.80(12) 

O1A—C1A—N1A 123.80(12) C5—C4—C3 118.73(12) 

C1A—N1A—C2A 121.78(11) C5—C4—C7 121.12(13) 

C1A—N1A—C3A 121.10(11) C3—C4—C7 120.15(13) 

C2A—N1A—C3A 116.95(11) C6—C5—C4 120.78(13) 

C1B—O1B—Fe1 125.20(8) C1—C6—C5 119.80(12) 

Symmetry code: (i) -x, -y, -z. 

 

Table B.12. Bond lengths in trans-[FeII(OTs)2(dmf)4] (Å). 

Fe1—O3 2.0958 (7) N1—C2 1.4547 (13) 

Fe1—O3i 2.0958 (7) N1—C3 1.4595 (14) 

Fe1—O1 2.1237 (7) N2—C4 1.3233 (12) 

Fe1—O1i 2.1237 (7) N2—C6 1.4560 (13) 

Fe1—O2i 2.1574 (7) N2—C5 1.4603 (13) 

Fe1—O2 2.1574 (7) C7—C12 1.3917 (14) 

S1—O4 1.4466 (8) C7—C8 1.3944 (14) 

S1—O5 1.4532 (8) C8—C9 1.3923 (14) 

S1—O3 1.4793 (8) C9—C10 1.3967 (15) 

S1—C7 1.7736 (10) C10—C11 1.3966 (16) 

O1—C1 1.2434 (11) C10—C13 1.5087 (15) 

O2—C4 1.2487 (12) C11—C12 1.3944 (15) 
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N1—C1 1.3265 (12)   

Symmetry code: (i) -x, -y, -z. 

 

Table B.13. Single crystal X-ray diffraction experimental details for trans-
[FeII(dmf)2(OTs)2(OH2)2]. 

Chemical formula C20H32FeN2O10S2 

Mr 580.45 

Crystal system, space group Triclinic, P-1 

Temperature (K) 100 

a, b, c (Å) 6.3485(1), 8.6866(2), 12.1192(2) 

α, β, γ (°) 87.850(1), 84.329(1), 76.859(1) 

V (Å3) 647.57(2) 

Z 1 

Radiation type Mo K  = 0.71073 Å 

 (mm-1) 0.80 

Crystal size (mm) 0.23 × 0.12 × 0.07 

Diffractometer Bruker APEX-II CCD 

Absorption correction Multi-scan  

SADABS v2008/1 

Tmin, Tmax 0.838, 0.946 

No. of measured, independent, and 

observed [I > 2 (I)] reflections 

21481, 4885, 4271   

Rint 0.032 
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(sin  /)max (Å-1) 0.781 

R[F2 > 2(F2)], wR(F2), S 0.031, 0.084, 1.03 

No. of reflections 4885 

No. of parameters 202 

No. of restraints 3 

H-atom treatment H atoms treated by a mixture of 

independent and constrained 

refinement 

Largest diff. peak/hole / e Å-3  0.47, -0.59 

 

Table B.14. Atom Coordinates for trans-[FeII(dmf)2(OTs)2(OH2)2]. 

Atom x y z Occupancy 

Fe1 0.00000 0.00000 1.00000 1.000 

S1 0.36202 -0.03332 0.77737 1.000 

O1 0.07855 0.16632 1.10724 1.000 

H1A -0.02700 0.19000 1.15300 1.000 

H1B 0.18200 0.13300 1.14350 1.000 

O2 0.20647 -0.19187 1.06963 1.000 

O3 0.24984 0.04521 0.87929 1.000 

O4 0.30936 -0.18620 0.76489 1.000 

O5 0.59378 -0.03996 0.76946 1.000 

N1 0.50936 -0.36677 1.11363 1.000 

C1 0.26249 0.08717 0.66470 1.000 
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C4 0.11260 0.26257 0.47898 1.000 

C7 0.03190 0.35467 0.37762 1.000 

H7A 0.00810 0.46810 0.39110 1.000 

H7B -0.10510 0.32980 0.36190 1.000 

H7C 0.14020 0.32590 0.31400 1.000 

C8 0.40782 -0.23953 1.06081 1.000 

H8 0.49240 -0.18180 1.01400 1.000 

C9 0.38640 -0.45598 1.18867 1.000 

H9A 0.23130 -0.40580 1.19090 1.000 

H9B 0.43430 -0.45770 1.26320 1.000 

H9C 0.41070 -0.56450 1.16240 1.000 

C10 0.74517 -0.41962 1.10187 1.000 

H10A 0.80740 -0.34910 1.04980 1.000 

H10B 0.78580 -0.52760 1.07360 1.000 

H10C 0.80100 -0.41760 1.17420 1.000 

C2 0.39540 0.18630 0.61830 0.500 

H2 0.52450 0.19420 0.64900 0.500 

C3 0.32580 0.27210 0.52440 0.500 

H3 0.41220 0.33800 0.48770 0.500 

C5 0.00570 0.16770 0.53920 0.500 

H5 -0.12900 0.15840 0.51550 0.500 

C6 0.07310 0.08090 0.63370 0.500 

H6 -0.01540 0.01940 0.67400 0.500 
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C2' 0.39870 0.11970 0.57046 0.500 

H2' 0.55100 0.07870 0.56880 0.500 

C3' 0.31550 0.20990 0.48041 0.500 

H3' 0.41160 0.23190 0.41980 0.500 

C5' -0.04690 0.22660 0.56380 0.500 

H5' -0.19830 0.26140 0.55740 0.500 

C6' 0.03240 0.13840 0.65520 0.500 

H6' -0.06700 0.11150 0.71240 0.500 

 

Table B.15. Bond angles in trans-[FeII(dmf)2(OTs)2(OH2)2] (°). 

O2—Fe1—O2i 180.0 C6—C1—C2 125.73(17) 

O2—Fe1—O3 93.18(3) C6—C1—C2' 109.20(17) 

O2i—Fe1—O3 86.82(3) C2—C1—C6' 117.27(16) 

O2—Fe1—O3i 86.82(3) C2'—C1—C6' 115.32(16) 

O2i—Fe1—O3i 93.18(3) C6—C1—S1 118.73(14) 

O3—Fe1—O3i 180.0 C2—C1—S1 115.51(11) 

O2—Fe1—O1i 86.90(3) C2'—C1—S1 123.02(11) 

O2i—Fe1—O1i 93.10(3) C6'—C1—S1 120.98(12) 

O3—Fe1—O1i 91.17(3) C3'—C4—C5 109.90(18) 

O3i—Fe1—O1i 88.83(3) C3'—C4—C5' 123.74(17) 

O2—Fe1—O1 93.10(3) C3'—C4—C7 117.93(15) 

O2i—Fe1—O1 86.90(3) C5—C4—C7 124.16(16) 

O3—Fe1—O1 88.83(3) C5'—C4—C7 118.04(15) 
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O3i—Fe1—O1 91.17(3) C5—C4—C3 113.16(15) 

O1i—Fe1—O1 180.0 C5'—C4—C3 113.01(15) 

O5—S1—O4 113.79(5) C7—C4—C3 122.67(14) 

O5—S1—O3 111.59(5) O2—C8—N1 123.07(10) 

O4—S1—O3 111.52(5) C3—C2—C1 115.56(19) 

O5—S1—C1 105.69(5) C2—C3—C4 121.4(2) 

O4—S1—C1 106.79(5) C4—C5—C6 126.2(2) 

O3—S1—C1 106.94(5) C1—C6—C5 117.6(2) 

C8—O2—Fe1 132.58(7) C3'—C2'—C1 122.05(19) 

S1—O3—Fe1 134.45(5) C4—C3'—C2' 120.38(19) 

C8—N1—C9 120.23(9) C6'—C5'—C4 116.8(2) 

C8—N1—C10 121.88(10) C5'—C6'—C1 121.3(2) 

C9—N1—C10 117.86(9)   

Symmetry code(s): (i) -x, -y, -z + 2. 

 

Table B.16. Bond lengths in trans-[FeII(dmf)2(OTs)2(OH2)2] (Å). 

Fe1—O2 2.0804(7) C1—C6 1.308(3) 

Fe1—O2i 2.0804(7) C1—C2 1.404(2) 

Fe1—O3 2.1428(8) C1—C2' 1.423(2) 

Fe1—O3i 2.1428(8) C1—C6' 1.442(3) 

Fe1—O1i 2.1498(9) C4—C3' 1.267(3) 

Fe1—O1 2.1498(9) C4—C5 1.336(3) 

S1—O5 1.4530(9) C4—C5' 1.447(3) 
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S1—O4 1.4578(9) C4—C7 1.5085(18) 

S1—O3 1.4720(9) C4—C3 1.531(3) 

S1—C1 1.7668(11) C2—C3 1.390(3) 

O2—C8 1.2460(13) C5—C6 1.396(4) 

N1—C8 1.3234(13) C2'—C3' 1.395(3) 

N1—C9 1.4558(15) C5'—C6' 1.392(3) 

N1—C10 1.4568(14)   

Symmetry code: (i) -x, -y, -z + 2. 

 

Table B.17. Single crystal X-ray diffraction experimental details for trans-
[CoII(dmf)4(OTs)2]. 

Chemical formula C26H42CoN4O10S2 

Mr 693.69 

Crystal system, space group Monoclinic, P21/c 

Temperature (K) 90 

a, b, c (Å) 7.84650(10), 24.5324(3), 8.79750(10) 

β (°) 110.926(6) 

V (Å3) 1581.76(3) 

Z 2 

Radiation type Mo K  = 0.71073 Å 

 (mm-1) 0.73 

Crystal size (mm) 0.20 × 0.20 × 0.20 
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Diffractometer Nonius Kappa CCD  

diffractometer 

Absorption correction Multi-scan  

SCALEPACK (Otwinowski & Minor, 

1997) 

No. of measured, independent, and 

observed [I > 2 (I)] reflections 

7142, 3644, 2817  

Rint 0.056 

(sin  /)max (Å-1) 0.778 

R[F2 > 2(F2)], wR(F2), S 0.037, 0.103, 1.052 

No. of reflections 3644 

No. of parameters 201 

H-atom treatment H-atom parameters constrained 

Largest diff. peak/hole (e Å-3)  0.59, -0.58 

 

              

Table B.18. Atom coordinates for trans-[CoII(dmf)4(OTs)2]. 

 x y z Occupancy 

Co1 0.00000 0.00000 0.00000 1.000 

O1A 0.30360 0.00363 0.11202 1.000 

C1A 0.41730 -0.02108 0.23930 1.000 

H1A 0.36780 -0.05100 0.27830 1.000 

N1A 0.60610 -0.00974 0.32890 1.000 



Ferko, Philip 2019, UMSL, p. 309 

C2A 0.72840 -0.03587 0.48530 1.000 

H2A1 0.83270 -0.05300 0.46770 1.000 

H2A2 0.65960 -0.06360 0.51950 1.000 

H2A3 0.77240 -0.00800 0.57010 1.000 

C3A 0.69720 0.03325 0.28230 1.000 

H3A1 0.62290 0.04580 0.17280 1.000 

H3A2 0.81540 0.02030 0.28240 1.000 

H3A3 0.71640 0.06350 0.35940 1.000 

O1B -0.01860 0.05729 -0.17464 1.000 

C1B 0.12430 0.08102 -0.17100 1.000 

H1B 0.24060 0.06850 -0.10160 1.000 

N1B 0.10990 0.12298 -0.26390 1.000 

C2B -0.07820 0.14852 -0.37390 1.000 

H2B1 -0.17810 0.12930 -0.35430 1.000 

H2B2 -0.09250 0.14490 -0.48870 1.000 

H2B3 -0.08110 0.18720 -0.34690 1.000 

C3B 0.28400 0.14770 -0.25600 1.000 

H3B1 0.38550 0.12750 -0.17830 1.000 

H3B2 0.28830 0.18570 -0.22060 1.000 

H3B3 0.29380 0.14640 -0.36390 1.000 

O1 0.01090 0.06250 0.15411 1.000 

O2 -0.05490 0.13839 0.28063 1.000 

O3 -0.25150 0.12646 -0.01280 1.000 



Ferko, Philip 2019, UMSL, p. 310 

S1 -0.06359 0.11902 0.13233 1.000 

C1 0.10890 0.15885 0.10810 1.000 

C2 0.30470 0.14334 0.18380 1.000 

H2 0.33650 0.11030 0.24370 1.000 

C3 0.43990 0.17579 0.16880 1.000 

H3 0.56520 0.16610 0.21540 1.000 

C4 0.38180 0.22417 0.08010 1.000 

C5 0.18480 0.23873 0.00260 1.000 

H5 0.15270 0.27150 -0.05860 1.000 

C6 0.04850 0.20644 0.01650 1.000 

H6 -0.07700 0.21560 -0.03210 1.000 

C7 0.53250 0.25979 0.06900 1.000 

H7A 0.56990 0.28550 0.16030 1.000 

H7B 0.48910 0.28010 -0.03370 1.000 

H7C 0.63680 0.23710 0.07320 1.000 

 

Table B.19. Bond angles in trans-[CoII(dmf)4(OTs)2] (°). 

O1i—Co1—O1 180.0 O1B—C1B—N1B 118.6(2) 

O1i—Co1—O1B 92.44(6) C1B—N1B—C3B 115.32(19) 

O1—Co1—O1B 87.56(6) C1B—N1B—C2B 123.70(18) 

O1i—Co1—O1Bi 87.56(6) C3B—N1B—C2B 120.94(16) 

O1—Co1—O1Bi 92.44(6) S1—O1—Co1 134.14(9) 

O1B—Co1—O1Bi 180.0 O2—S1—O1 108.48(9) 
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O1i—Co1—O1A 96.26(6) O2—S1—O3 116.47(10) 

O1—Co1—O1A 83.74(6) O1—S1—O3 114.94(9) 

O1B—Co1—O1A 94.74(6) O2—S1—C1 98.36(10) 

O1Bi—Co1—O1A 85.26(6) O1—S1—C1 104.55(9) 

O1i—Co1—O1Ai 83.74(6) O3—S1—C1 112.21(10) 

O1—Co1—O1Ai 96.26(6) C6—C1—C2 123.55(19) 

O1B—Co1—O1Ai 85.26(6) C6—C1—S1 114.81(17) 

O1Bi—Co1—O1Ai 94.74(6) C2—C1—S1 121.62(16) 

O1A—Co1—O1Ai 180.0 C3—C2—C1 121.3(2) 

C1A—O1A—Co1 130.95(13) C2—C3—C4 115.8(2) 

O1A—C1A—N1A 129.54(18) C3—C4—C5 122.3(2) 

C3A—N1A—C1A 120.97(18) C3—C4—C7 114.9(2) 

C3A—N1A—C2A 110.98(18) C5—C4—C7 122.8(2) 

C1A—N1A—C2A 127.85(17) C6—C5—C4 122.3(2) 

C1B—O1B—Co1 118.44(14) C5—C6—C1 114.8(2) 

Symmetry code: (i) -x, -y, -z. 

Table B.20. Bond lengths in trans-[CoII(dmf)4(OTs)2] (Å). 

Co1—O1i 2.0281(14) N1B—C2B 1.578(3) 

Co1—O1 2.0282(14) O1—S1 1.4903(15) 

Co1—O1B 2.0487(14) O2—S1 1.3670(15) 

Co1—O1Bi 2.0487(14) O3—S1 1.5790(18) 

Co1—O1A 2.2310(16) S1—C1 1.743(2) 

Co1—O1Ai 2.2310(16) C1—C6 1.401(3) 
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O1A—C1A 1.305(3) C1—C2 1.489(3) 

C1A—N1A 1.435(3) C2—C3 1.370(3) 

N1A—C3A 1.414(3) C3—C4 1.404(3) 

N1A—C2A 1.510(3) C4—C5 1.493(3) 

O1B—C1B 1.254(3) C4—C7 1.501(3) 

C1B—N1B 1.294(3) C5—C6 1.371(3) 

N1B—C3B 1.473(3)   

Symmetry code: (i) -x, -y, -z. 

 

Table B.21. Single crystal X-ray diffraction experimental details for 
[NiII(dmf)6][OTs]2. 

Chemical formula C32H56N6NiO12S2 

Mr 839.66 

Crystal system, space group Monoclinic, P21/c 

Temperature (K) 100 

a, b, c (Å) 9.5355(7), 22.6964(14), 9.3886(6) 

β (°) 94.884(4) 

V (Å3) 2024.5(2) 

Z 2 

Radiation type Mo K  = 0.71073 Å 

 (mm-1) 0.65 

Crystal size (mm) 0.20 × 0.17 × 0.08 
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Diffractometer Bruker APEX-II CCD 

Absorption correction Multi-scan  

SADABS v2008/1 

 Tmin, Tmax 0.882, 0.948 

No. of measured, independent, and 

observed [I > 2 (I)] reflections 

29822, 4168, 3307   

Rint 0.061 

(sin  /)max (Å-1) 0.627 

R[F2 > 2(F2)], wR(F2), S 0.032, 0.077, 1.02 

No. of reflections 4168 

No. of parameters 248 

H-atom treatment H-atom parameters constrained 

Largest diff. peak/hole (e Å-3)  0.27, -0.48 

 

Table B.22. Atom Coordinates for [NiII(dmf)6][OTs]2. 

Atom x y z Occupancy 

Ni1 0.50000 1.00000 0.50000 1.000 

O1 0.38052 0.92500 0.50490 1.000 

O2 0.35190 1.05043 0.59165 1.000 

O3 0.59374 0.98217 0.69904 1.000 

N1 0.28005 0.84326 0.40125 1.000 
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N2 0.13254 1.06424 0.66240 1.000 

N3 0.60389 0.94149 0.91979 1.000 

C1 0.34890 0.89348 0.39800 1.000 

H1 0.37640 0.90660 0.30840 1.000 

C2 0.23120 0.82042 0.53310 1.000 

H2A 0.27610 0.84230 0.61460 1.000 

H2B 0.25570 0.77860 0.54280 1.000 

H2C 0.12880 0.82500 0.53070 1.000 

C3 0.23910 0.80972 0.27120 1.000 

H3A 0.28370 0.82700 0.19070 1.000 

H3B 0.13660 0.81100 0.25150 1.000 

H3C 0.26960 0.76870 0.28450 1.000 

C4 0.23410 1.03128 0.61654 1.000 

H4 0.21590 0.99050 0.60170 1.000 

C5 0.15230 1.12690 0.68940 1.000 

H5A 0.25110 1.13730 0.68160 1.000 

H5B 0.12670 1.13620 0.78580 1.000 

H5C 0.09230 1.14940 0.61900 1.000 

C6 -0.00450 1.03953 0.68530 1.000 

H6A -0.00070 0.99650 0.67720 1.000 

H6B -0.07520 1.05510 0.61320 1.000 

H6C -0.02980 1.05030 0.78090 1.000 

C7 0.54270 0.95064 0.79059 1.000 
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H7 0.45460 0.93220 0.76560 1.000 

C8 0.54300 0.90239 1.02060 1.000 

H8A 0.45090 0.88860 0.97950 1.000 

H8B 0.53180 0.92370 1.10970 1.000 

H8C 0.60540 0.86850 1.04040 1.000 

C9 0.74050 0.96744 0.96580 1.000 

H9A 0.76780 0.99500 0.89270 1.000 

H9B 0.81120 0.93620 0.97950 1.000 

H9C 0.73410 0.98860 1.05610 1.000 

S1 0.13959 0.87511 0.89540 1.000 

O4 0.12234 0.90205 1.03325 1.000 

O5 0.24047 0.82679 0.90508 1.000 

O6 0.16511 0.91755 0.78467 1.000 

C10 -0.02680 0.84278 0.84350 1.000 

C11 -0.07730 0.79888 0.92930 1.000 

H11 -0.02040 0.78480 1.01010 1.000 

C12 -0.21020 0.77585 0.89670 1.000 

H12 -0.24380 0.74610 0.95630 1.000 

C13 -0.29600 0.79512 0.77900 1.000 

C14 -0.24470 0.83887 0.69400 1.000 

H14 -0.30160 0.85290 0.61320 1.000 

C15 -0.11120 0.86235 0.72580 1.000 

H15 -0.07760 0.89210 0.66620 1.000 
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C16 -0.44220 0.77005 0.74660 1.000 

H16A -0.46790 0.77160 0.64340 1.000 

H16B -0.50970 0.79320 0.79640 1.000 

H16C -0.44380 0.72900 0.77910 1.000 

 

Table B.23. Bond angles in [NiII(dmf)6][OTs]2 (°). 

O3—Ni1—O3i 180.000(1) C5—N2—C6 117.13(17) 

O3—Ni1—O1i 89.10(5) C7—N3—C8 121.70(17) 

O3i—Ni1—O1i 90.90(5) C7—N3—C9 121.53(17) 

O3—Ni1—O1 90.90(5) C8—N3—C9 116.67(16) 

O3i—Ni1—O1 89.10(5) O1—C1—N1 124.36(17) 

O1i—Ni1—O1 180.000(1) O2—C4—N2 124.07(18) 

O3—Ni1—O2 89.43(5) O3—C7—N3 123.78(18) 

O3i—Ni1—O2 90.57(5) O6—S1—O4 113.38(9) 

O1i—Ni1—O2 87.14(5) O6—S1—O5 113.20(9) 

O1—Ni1—O2 92.86(5) O4—S1—O5 112.67(9) 

O3—Ni1—O2i 90.57(5) O6—S1—C10 106.10(9) 

O3i—Ni1—O2i 89.43(5) O4—S1—C10 104.58(9) 

O1i—Ni1—O2i 92.86(5) O5—S1—C10 105.99(9) 

O1—Ni1—O2i 87.14(5) C15—C10—C11 119.01(19) 

O2—Ni1—O2i 180.00(6) C15—C10—S1 122.10(16) 
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C1—O1—Ni1 123.66(12) C11—C10—S1 118.76(15) 

C4—O2—Ni1 123.06(12) C12—C11—C10 119.9(2) 

C7—O3—Ni1 125.27(13) C11—C12—C13 121.6(2) 

C1—N1—C2 121.63(16) C12—C13—C14 118.0(2) 

C1—N1—C3 121.96(16) C12—C13—C16 120.8(2) 

C2—N1—C3 116.26(16) C14—C13—C16 121.1(2) 

C4—N2—C5 121.45(17) C15—C14—C13 120.8(2) 

C4—N2—C6 121.41(17) C10—C15—C14 120.6(2) 

Symmetry code: (i) -x + 1, -y + 2, -z + 1. 

 

Table B.24. Bond lengths in [NiII(dmf)6][OTs]2 (Å). 

Ni1—O3 2.0422(13) N3—C7 1.317(2) 

Ni1—O3i 2.0422(13) N3—C8 1.454(2) 

Ni1—O1i 2.0510(13) N3—C9 1.461(2) 

Ni1—O1 2.0511(13) S1—O6 1.4529(15) 

Ni1—O2 2.0619(13) S1—O4 1.4534(14) 

Ni1—O2i 2.0619(13) S1—O5 1.4564(15) 

O1—C1 1.248(2) S1—C10 1.778(2) 

O2—C4 1.245(2) C10—C15 1.384(3) 

O3—C7 1.249(2) C10—C11 1.393(3) 
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N1—C1 1.317(2) C11—C12 1.381(3) 

N1—C2 1.455(2) C12—C13 1.388(3) 

N1—C3 1.463(2) C13—C14 1.389(3) 

N2—C4 1.324(2) C13—C16 1.513(3) 

N2—C5 1.454(3) C14—C15 1.389(3) 

N2—C6 1.454(3)   

Symmetry code: (i) -x + 1, -y + 2, -z + 1.    
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Appendix C. Supplemental Data for Chapter 4. 

Table C.1. Single crystal X-ray diffraction experimental details for (TpPh)FeCl. 

Chemical formula C27H22BClFeN6 

Mr 2130.55 

Crystal system, space group Monoclinic, P21/n 

Temperature (K) 100 K 

a, b, c (Å) 9.5304(15), 15.733(3), 16.641(2) 

β (°) 94.281(5) 

V (Å3) 2488.2(7) 

Z 1 

F(000) 1098.3109 

Radiation type Mo K  = 0.71073 Å 

 (mm-1) 0.74 

Crystal size (mm) 0.2×0.2 ×0.1  

Diffractometer Bruker APEX-II CCD 

Absorption correction none 

No. of measured, independent and 

observed [I > 2 (I)] reflections 

10399, 1879, 1631  

Rint 0.107 

θmax (°) 18.7 

(sin  /)max (Å-1) 0.451 
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R[F2 > 2σ(F2)], wR(F2), S 0.059, 0.106, 1.11 

No. of reflections 1879 

No. of parameters 328 

No. of restraints 0 

No. of constraints 42 

H-atom treatment H atoms treated by a mixture of 

independent and constrained 

refinement 

Weighting scheme w = 1/[σ2(Fo
2) + (0.0223P)2 + 11.2201P]  

where P = (Fo
2 + 2Fc

2)/3 

(Δ/σ)max < 0.001 

Largest diff. peak/hole (e Å-3) 0.65, −0.65 

 

Table C.2. Atom Coordinates for (TpPh)FeCl. 

Atom x y z Occupancy 

Fe1 0.26534 0.25691 0.73936 1.000 

N3 0.56820 0.24640 0.73430 1.000 

N4 0.47500 0.39340 0.75680 1.000 

N6 0.47970 0.28620 0.86890 1.000 

N7 0.44850 0.20750 0.69840 1.000 

N11 0.34390 0.25790 0.86010 1.000 

N30 0.33500 0.38250 0.73160 1.000 

Cl1 0.05382 0.21534 0.69077 1.000 
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C4 0.30610 0.23770 0.93470 1.000 

C5 0.29080 0.45790 0.70000 1.000 

C16 0.02390 0.12310 1.03490 1.000 

H16 0.01690 0.08730 1.08030 1.000 

C8 0.68110 0.21920 0.69810 1.000 

H8 0.77570 0.23580 0.71170 1.000 

C1 -0.09620 0.14510 0.98740 1.000 

H1 -0.18570 0.12490 1.00040 1.000 

C2 -0.14170 0.51210 0.63960 1.000 

H2 -0.23810 0.52580 0.62760 1.000 

C3 0.39300 0.10540 0.58910 1.000 

C6 -0.03980 0.54810 0.59580 1.000 

H6 -0.06640 0.58630 0.55320 1.000 

C7 0.52350 0.28480 0.94710 1.000 

H7 0.61380 0.30240 0.96880 1.000 

C17 0.40120 0.51560 0.70290 1.000 

H17 0.39960 0.57240 0.68340 1.000 

C9 0.49320 0.15690 0.64030 1.000 

C19 0.41880 0.25440 0.99130 1.000 

H19 0.42190 0.24630 1.04800 1.000 

C10 0.03660 0.43810 0.71920 1.000 

H10 0.06190 0.40060 0.76270 1.000 

C11 -0.08440 0.19610 0.92190 1.000 
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H11 -0.16640 0.21090 0.88890 1.000 

C12 0.14180 0.47350 0.67560 1.000 

C13 0.04430 0.22650 0.90280 1.000 

H13 0.05030 0.26190 0.85690 1.000 

C14 0.16600 0.20590 0.95040 1.000 

C18 0.15340 0.15280 1.01650 1.000 

H18 0.23520 0.13700 1.04920 1.000 

C15 0.28220 0.06340 0.62110 1.000 

H15 0.26890 0.06930 0.67680 1.000 

C1a 0.19010 0.01290 0.57360 1.000 

H1a 0.11440 -0.01500 0.59670 1.000 

C1b 0.63700 0.16290 0.63760 1.000 

H1b 0.69390 0.13440 0.60170 1.000 

C1c 0.20880 0.00340 0.49310 1.000 

H1c 0.14640 -0.03140 0.46040 1.000 

C1d 0.41130 0.09490 0.50760 1.000 

H1d 0.48750 0.12230 0.48450 1.000 

C1e -0.10280 0.45650 0.70030 1.000 

H1e -0.17280 0.43040 0.72970 1.000 

C20 0.51390 0.47230 0.74010 1.000 

H20 0.60530 0.49530 0.75200 1.000 

C1f 0.31940 0.04480 0.45970 1.000 

H1f 0.33190 0.03870 0.40390 1.000 
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C1g 0.10070 0.52900 0.61340 1.000 

H1g 0.16980 0.55410 0.58260 1.000 

B2 0.55750 0.31710 0.79770 1.000 

H2a 0.65300 0.33700 0.81600 1.000 

 

Table C.3. Bond angles in (TpPh)FeCl (°). 

N11—Fe1—N7 93.9(2) C1b—C9—C3 128.5(7) 

N30—Fe1—N7 93.2(2) C7—C19—C4 104.8(6) 

N30—Fe1—N11 87.7(2) H19—C19—C4 127.6(4) 

Cl1—Fe1—N7 122.36(18) H19—C19—C7 127.6(4) 

Cl1—Fe1—N11 127.17(18) C12—C10—H10 119.4(4) 

Cl1—Fe1—N30 122.75(18) C1e—C10—H10 119.4(4) 

C8—N3—N7 109.1(5) C1e—C10—C12 121.1(6) 

B2—N3—N7 121.2(6) H11—C11—C1 119.4(5) 

B2—N3—C8 129.3(7) C13—C11—C1 121.1(7) 

C20—N4—N30 109.3(5) C13—C11—H11 119.4(4) 

B2—N4—N30 118.7(6) C10—C12—C5 120.4(7) 

B2—N4—C20 131.9(6) C1g—C12—C5 121.6(7) 

C7—N6—N11 108.9(5) C1g—C12—C10 117.7(6) 

B2—N6—N11 122.2(6) H13—C13—C11 119.8(4) 

B2—N6—C7 128.9(7) C14—C13—C11 120.5(6) 

N3—N7—Fe1 112.2(4) C14—C13—H13 119.8(4) 

C9—N7—Fe1 141.1(5) C13—C14—C4 123.3(7) 
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C9—N7—N3 106.0(5) C18—C14—C4 118.6(7) 

N6—N11—Fe1 112.0(4) C18—C14—C13 118.1(6) 

C4—N11—Fe1 141.0(5) C14—C18—C16 120.7(7) 

C4—N11—N6 107.0(5) H18—C18—C16 119.6(5) 

N4—N30—Fe1 113.8(4) H18—C18—C14 119.6(4) 

C5—N30—Fe1 139.7(5) H15—C15—C3 119.2(4) 

C5—N30—N4 106.0(5) C1a—C15—C3 121.5(7) 

C19—C4—N11 109.3(6) C1a—C15—H15 119.2(5) 

C14—C4—N11 123.4(7) H1a—C1a—C15 120.1(5) 

C14—C4—C19 127.3(7) C1c—C1a—C15 119.7(7) 

C17—C5—N30 110.3(6) C1c—C1a—H1a 120.1(4) 

C12—C5—N30 121.4(6) C9—C1b—C8 105.7(6) 

C12—C5—C17 128.0(7) H1b—C1b—C8 127.2(4) 

C1—C16—H16 119.8(5) H1b—C1b—C9 127.2(4) 

C18—C16—H16 119.8(5) H1c—C1c—C1a 120.1(4) 

C18—C16—C1 120.4(7) C1f—C1c—C1a 119.8(7) 

H8—C8—N3 125.7(4) C1f—C1c—H1c 120.1(4) 

C1b—C8—N3 108.7(6) H1d—C1d—C3 119.7(4) 

C1b—C8—H8 125.7(4) C1f—C1d—C3 120.6(6) 

H1—C1—C16 120.4(5) C1f—C1d—H1d 119.7(4) 

C11—C1—C16 119.2(7) C10—C1e—C2 120.6(7) 

C11—C1—H1 120.4(5) H1e—C1e—C2 119.7(5) 

C6—C2—H2 120.3(5) H1e—C1e—C10 119.7(4) 
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C1e—C2—H2 120.3(5) C17—C20—N4 109.5(6) 

C1e—C2—C6 119.4(7) H20—C20—N4 125.2(4) 

C15—C3—C9 121.3(7) H20—C20—C17 125.2(4) 

C1d—C3—C9 120.5(6) C1d—C1f—C1c 120.1(6) 

C1d—C3—C15 118.2(6) H1f—C1f—C1c 119.9(4) 

H6—C6—C2 119.7(5) H1f—C1f—C1d 119.9(4) 

C1g—C6—C2 120.5(7) C12—C1g—C6 120.6(7) 

C1g—C6—H6 119.7(5) H1g—C1g—C6 119.7(5) 

H7—C7—N6 125.0(4) H1g—C1g—C12 119.7(4) 

C19—C7—N6 110.0(6) N4—B2—N3 108.2(6) 

C19—C7—H7 125.0(4) N6—B2—N3 111.2(6) 

H17—C17—C5 127.6(4) N6—B2—N4 109.0(6) 

C20—C17—C5 104.8(6) H2a—B2—N3 109(3) 

C20—C17—H17 127.6(4) H2a—B2—N4 108(3) 

C3—C9—N7 120.9(6) H2a—B2—N6 111(3) 

C1b—C9—N7 110.6(6) 
  

 

Table C.4. Bond lengths in (TpPh)FeCl (Å). 

Fe1—N7 2.072(5) C6—H6 0.9500 

Fe1—N11 2.091(6) C6—C1g 1.382(9) 

Fe1—N30 2.091(6) C7—H7 0.9500 

Fe1—Cl1 2.2141(19) C7—C19 1.370(9) 

N3—N7 1.390(7) C17—H17 0.9500 
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N3—C8 1.342(8) C17—C20 1.379(9) 

N3—B2 1.543(10) C9—C1b 1.377(9) 

N4—N30 1.379(7) C19—H19 0.9500 

N4—C20 1.330(8) C10—H10 0.9500 

N4—B2 1.563(10) C10—C12 1.397(9) 

N6—N11 1.366(7) C10—C1e 1.373(9) 

N6—C7 1.337(8) C11—H11 0.9500 

N6—B2 1.523(10) C11—C13 1.375(9) 

N7—C9 1.345(8) C12—C1g 1.388(9) 

N11—C4 1.356(8) C13—H13 0.9500 

N30—C5 1.352(8) C13—C14 1.392(9) 

C4—C19 1.400(9) C14—C18 1.393(9) 

C4—C14 1.468(9) C18—H18 0.9500 

C5—C17 1.387(9) C15—H15 0.9500 

C5—C12 1.469(9) C15—C1a 1.386(9) 

C16—H16 0.9500 C1a—H1a 0.9500 

C16—C1 1.385(10) C1a—C1c 1.373(10) 

C16—C18 1.375(9) C1b—H1b 0.9500 

C8—H8 0.9500 C1c—H1c 0.9500 

C8—C1b 1.381(9) C1c—C1f 1.390(9) 

C1—H1 0.9500 C1d—H1d 0.9500 

C1—C11 1.366(9) C1d—C1f 1.386(9) 

C2—H2 0.9500 C1e—H1e 0.9500 
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C2—C6 1.378(10) C20—H20 0.9500 

C2—C1e 1.367(10) C1f—H1f 0.9500 

C3—C9 1.474(9) C1g—H1g 0.9500 

C3—C15 1.386(9) B2—H2a 0.99(6) 

C3—C1d 1.391(9) 
  

 

 

Table C.5. Single crystal X-ray diffraction experimental details for (TpPh)Fe(thf)Cl. 

Chemical formula C31H29BClFeN6O 

Mr 603.74 

Crystal system, space group Monoclinic, C2/c 

Temperature (K) 100 

a, b, c (Å) 18.2420(5), 14.6476(4), 22.9043(8) 

β (°) 110.319(1) 

V (Å3) 5739.2(3) 

Z 8 

F(000) 2508.7906 

Radiation type Mo K  = 0.71073 Å 

 (mm-1) 0.66 

Crystal size (mm) 0.44 × 0.30 × 0.28 

Diffractometer Bruker APEX-II CCD 

Absorption correction none 
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No. of measured, independent and 

observed [I > 2 (I)] reflections 

89293, 15182, 12271  

Rint 0.044 

θ values (°) θmax = 41.4, θmin = 1.8 

(sin  /)max (Å-1) 0.930 

R[F2 > 2σ(F2)], wR(F2), S 0.034, 0.103, 1.02 

No. of reflections 15182 

No. of parameters 370 

No. of restraints 0 

No. of constraints 55 

H-atom treatment H-atom parameters constrained 

Weighting scheme w = 1/[σ2(Fo
2) + (0.0584P)2 + 2.1213P]  

where P = (Fo
2 + 2Fc

2)/3 

(Δ/σ)max 0.0001 

Largest diff. peak/hole  (e Å-3) 1.06, −0.85 

 

Table C.6. Atom coordinates for (TpPh)Fe(thf)Cl. 

Atom x y z Occupancy 

Fe1 0.36691 0.65885 0.34517 1.000 

Cl1 0.49241 0.61540 0.35735 1.000 

N5 0.34884 0.54390 0.40013 1.000 

N6 0.29934 0.56959 0.42710 1.000 

N1 0.35299 0.75487 0.40727 1.000 
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N2 0.28509 0.74062 0.41664 1.000 

C3 0.37592 0.84220 0.42431 1.000 

C21 0.38749 0.46792 0.43036 1.000 

C1 0.26548 0.81724 0.43827 1.000 

C19 0.30871 0.51220 0.47405 1.000 

C2 0.32167 0.88375 0.44390 1.000 

C20 0.36492 0.44650 0.47822 1.000 

N3 0.23975 0.64279 0.29409 1.000 

N4 0.19642 0.63869 0.32835 1.000 

C22 0.43937 0.41314 0.41032 1.000 

C10 0.11685 0.62907 0.29020 1.000 

C11 0.10744 0.62726 0.22956 1.000 

C4 0.44797 0.88359 0.42203 1.000 

C12 0.18634 0.63558 0.23401 1.000 

B1 0.23922 0.64873 0.40015 1.000 

C27 0.42365 0.40843 0.34767 1.000 

C26 0.47103 0.35422 0.32851 1.000 

O1 0.35418 0.77054 0.28133 1.000 

C23 0.50267 0.36059 0.45377 1.000 

C13 0.21241 0.63747 0.18358 1.000 

C9 0.51179 0.83062 0.42272 1.000 

C24 0.54964 0.30574 0.43436 1.000 

C25 0.53439 0.30307 0.37205 1.000 
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C14 0.16702 0.68635 0.12942 1.000 

C28 0.29345 0.84254 0.26269 1.000 

C31 0.41189 0.78864 0.25544 1.000 

C8 0.57858 0.87158 0.41939 1.000 

C6 0.52118 1.01938 0.41834 1.000 

C5 0.45344 0.97888 0.42014 1.000 

C15 0.19173 0.69003 0.08183 1.000 

C7 0.58327 0.96605 0.41701 1.000 

C18 0.28245 0.59154 0.18933 1.000 

C30 0.39611 0.88653 0.23329 1.000 

C29 0.30444 0.89471 0.21187 1.000 

C17 0.30736 0.59555 0.14168 1.000 

C16 0.26188 0.64490 0.08806 1.000 

H23 0.51137 0.36481 0.49705 1.000 

H24 0.59079 0.27124 0.46275 1.000 

H25 0.56642 0.26636 0.35648 1.000 

H26 0.46240 0.34965 0.28525 1.000 

H27 0.38168 0.44146 0.31899 1.000 

H5 0.41059 1.01576 0.42010 1.000 

H6 0.52509 1.08404 0.41800 1.000 

H7 0.62903 0.99408 0.41448 1.000 

H8 0.62130 0.83501 0.41873 1.000 

H9 0.50940 0.76604 0.42549 1.000 
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H18 0.31071 0.55891 0.22611 1.000 

H17 0.35445 0.56617 0.14329 1.000 

H16 0.28019 0.64758 0.05401 1.000 

H15 0.16320 0.72195 0.04479 1.000 

H14 0.11985 0.71573 0.12761 1.000 

H1 0.21965 0.82543 0.44843 1.000 

H19 0.28012 0.51581 0.50163 1.000 

H2 0.32223 0.94471 0.45822 1.000 

H20 0.38284 0.39846 0.50762 1.000 

H10 0.07508 0.62445 0.30582 1.000 

H11 0.06126 0.62195 0.19400 1.000 

H1a 0.19936 0.64723 0.42105 1.000 

H28a 0.24075 0.81463 0.24872 1.000 

H28b 0.29850 0.88318 0.29842 1.000 

H31 0.45158 0.74887 0.25248 1.000 

H30a 0.42191 0.92985 0.26744 1.000 

H30b 0.41468 0.89839 0.19820 1.000 

H29a 0.27800 0.86596 0.17079 1.000 

H29b 0.28698 0.95884 0.21109 1.000 

 

Table C.7. Bond angles in (TpPh)Fe(thf)Cl (°). 

N5—Fe1—Cl1 93.42(2) C23—C22—C21 122.20(8) 

N1—Fe1—Cl1 117.25(2) C23—C22—C27 121.31(8) 
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N1—Fe1—N5 92.77(3) C11—C10—N4 112.10(7) 

N3—Fe1—Cl1 148.21(2) C12—C11—C10 99.39(9) 

N3—Fe1—N5 83.30(3) C9—C4—C3 121.68(8) 

N3—Fe1—N1 94.52(3) C5—C4—C3 119.20(9) 

O1—Fe1—Cl1 99.257(19) C5—C4—C9 119.11(9) 

O1—Fe1—N5 166.06(3) C11—C12—N3 115.18(7) 

O1—Fe1—N1 86.59(3) C13—C12—N3 119.76(8) 

O1—Fe1—N3 82.87(3) C13—C12—C11 125.06(9) 

N6—N5—Fe1 108.34(5) N2—B1—N6 107.43(7) 

C21—N5—Fe1 139.45(5) N4—B1—N6 111.73(7) 

C21—N5—N6 108.20(6) N4—B1—N2 111.45(7) 

C19—N6—N5 106.45(7) C26—C27—C22 116.49(9) 

B1—N6—N5 121.86(7) C25—C26—C27 121.84(9) 

B1—N6—C19 131.48(7) C28—O1—Fe1 129.09(5) 

N2—N1—Fe1 110.03(5) C31—O1—Fe1 120.77(6) 

C3—N1—Fe1 137.26(5) C31—O1—C28 109.88(7) 

C3—N1—N2 107.99(7) C24—C23—C22 122.04(9) 

C1—N2—N1 108.13(7) C14—C13—C12 118.02(9) 

B1—N2—N1 122.78(6) C18—C13—C12 118.18(9) 

B1—N2—C1 129.01(7) C18—C13—C14 123.80(8) 

C2—C3—N1 109.15(8) C8—C9—C4 120.38(10) 

C4—C3—N1 124.71(8) C25—C24—C23 116.07(10) 

C4—C3—C2 126.13(8) C24—C25—C26 122.24(8) 
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C20—C21—N5 110.77(7) C15—C14—C13 118.64(11) 

C22—C21—N5 125.08(7) C29—C28—O1 107.80(8) 

C22—C21—C20 123.90(8) C30—C31—O1 103.74(8) 

C2—C1—N2 110.06(8) C7—C8—C9 120.11(11) 

C20—C19—N6 112.30(7) C7—C6—C5 120.28(10) 

C1—C2—C3 104.67(8) C6—C5—C4 120.12(11) 

C19—C20—C21 102.24(8) C16—C15—C14 117.29(11) 

N4—N3—Fe1 115.60(6) C6—C7—C8 119.95(10) 

C12—N3—Fe1 141.01(5) C17—C18—C13 117.54(11) 

C12—N3—N4 103.39(7) C29—C30—C31 103.53(8) 

C10—N4—N3 109.94(7) C30—C29—C28 97.83(8) 

B1—N4—N3 116.52(7) C16—C17—C18 118.18(11) 

B1—N4—C10 133.49(7) C17—C16—C15 124.54(9) 

C27—C22—C21 116.39(8) 
  

 

Table C.8. Bond lengths in (TpPh)Fe(thf)Cl (Å). 

Fe1—Cl1 2.2979(3) C10—C11 1.3392(13) 

Fe1—N5 2.1947(7) C11—C12 1.4123(13) 

Fe1—N1 2.0778(7) C4—C9 1.3947(14) 

Fe1—N3 2.2182(8) C4—C5 1.4011(13) 

Fe1—O1 2.1524(6) C12—C13 1.3940(11) 

N5—N6 1.3136(9) C27—C26 1.3542(12) 

N5—C21 1.3697(11) C26—C25 1.4461(16) 
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N6—C19 1.3285(11) O1—C28 1.4810(12) 

N6—B1 1.5677(12) O1—C31 1.4012(10) 

N1—N2 1.3448(10) C23—C24 1.3572(12) 

N1—C3 1.3602(11) C13—C14 1.4225(15) 

N2—C1 1.3251(11) C13—C18 1.4089(14) 

N2—B1 1.5604(12) C9—C8 1.3837(14) 

C3—C2 1.3637(12) C24—C25 1.3566(15) 

C3—C4 1.4646(13) C14—C15 1.3174(13) 

C21—C20 1.3354(11) C28—C29 1.4633(13) 

C21—C22 1.4323(11) C31—C30 1.5148(14) 

C1—C2 1.3873(13) C8—C7 1.3887(17) 

C19—C20 1.3851(13) C6—C5 1.3843(15) 

N3—N4 1.2942(9) C6—C7 1.3848(19) 

N3—C12 1.3867(12) C15—C16 1.403(2) 

N4—C10 1.4177(13) C18—C17 1.3212(13) 

N4—B1 1.5633(13) C30—C29 1.5754(16) 

C22—C27 1.3640(13) C17—C16 1.418(2) 

C22—C23 1.4554(14) 
  

 

Table C.9. Single crystal X-ray diffraction experimental details for 
(TpPh)Fe(phpy)Cl•solvent. 

Chemical formula C37H30BCl3FeN8 

Mr 759.73 

Crystal system, space group Triclinic, P1 
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Temperature (K) 100 

a, b, c (Å) 12.004(3), 12.117(3), 13.617(4) 

α, β, γ (°) 81.334(14), 82.298(14), 68.116(15) 

V (Å3) 1810.4(9) 

Z 2 

F(000) 781.8104 

Radiation type Mo K  = 0.71073 Å 

 (mm-1) 0.68 

Crystal size (mm) 0.28 × 0.18 × 0.17 

Diffractometer Bruker APEX-II CCD 

Absorption correction none 

No. of measured, independent and 

observed [I > 2 (I)] reflections 

52898, 11011, 6997  

Rint 0.208 

θ values (°) θmax = 31.0, θmin = 1.8 

(sin  /)max (Å-1) 0.725 

R[F2 > 2σ(F2)], wR(F2), S 0.121, 0.425, 1.48 

No. of reflections 11011 

No. of parameters 436 

No. of restraints 0 

No. of constraints 60 

H-atom treatment H-atom parameters constrained 
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Weighting scheme w = 1/[σ2(Fo
2) + (0.2P)2]  

where P = (Fo
2 + 2Fc

2)/3 

(Δ/σ)max 15.000 

Largest diff. peak/hole (e Å-3) 2.84, −9.54 

 

Table C.10. Atom coordinates for in (TpPh)Fe(phpy)Cl•solvent. 

Atom x y z Occupancy 

Fe1 0.57646 0.27188 0.27213 1.000 

Cl2 0.71636 0.22887 0.13566 1.000 

N6aa 0.73820 0.00200 0.29530 1.000 

H6aa 0.77350 0.01360 0.23580 1.000 

N7aa 0.36140 0.50340 0.27830 1.000 

N8aa 0.65730 0.09050 0.34450 1.000 

N9aa 0.47690 0.46490 0.23250 1.000 

N0ba 0.41080 0.24150 0.27970 1.000 

N1ba 0.53410 0.32730 0.41730 1.000 

N2ba 0.31300 0.31700 0.32970 1.000 

C3ba 0.72580 0.25790 0.49310 1.000 

C1aa 0.59320 0.31180 0.49780 1.000 

C2aa 0.22240 0.27340 0.34350 1.000 

H2aa 0.14460 0.31020 0.37570 1.000 

C3aa 0.51020 0.36020 0.57630 1.000 

H3aa 0.52740 0.36060 0.64230 1.000 
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C4aa 0.62540 0.03620 0.43000 1.000 

H4aa 0.56830 0.07610 0.48050 1.000 

N5aa 0.41450 0.38730 0.44300 1.000 

C15 0.46500 0.04970 0.21010 1.000 

C16 0.39920 0.40680 0.54000 1.000 

H16 0.32490 0.44580 0.57630 1.000 

C17 0.68670 -0.08600 0.43530 1.000 

H17 0.68010 -0.14400 0.48880 1.000 

C18 0.29780 0.61360 0.23540 1.000 

H18 0.21570 0.65880 0.25290 1.000 

C19 0.84460 -0.21860 0.31170 1.000 

C20 0.59980 0.59050 0.00180 1.000 

H20 0.52720 0.62070 -0.03040 1.000 

C21 0.48360 0.55410 0.16240 1.000 

C22 0.38140 0.14880 0.26330 1.000 

C23 0.37190 0.64930 0.16200 1.000 

H23 0.35170 0.72280 0.11990 1.000 

B24 0.31990 0.42750 0.36680 1.000 

H24 0.23950 0.47620 0.39790 1.000 

C25 0.59740 0.54970 0.10350 1.000 

C26 0.79770 0.26850 0.40520 1.000 

H26 0.76040 0.30920 0.34610 1.000 

C27 0.75900 -0.10680 0.34780 1.000 
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C28 0.61150 -0.02540 0.07250 1.000 

H28 0.65670 -0.01100 0.01250 1.000 

C29 0.78280 0.19740 0.57720 1.000 

H29 0.73610 0.18810 0.63780 1.000 

C30 0.70850 0.58750 -0.05320 1.000 

H30 0.70910 0.61450 -0.12250 1.000 

C31 0.70540 0.50920 0.14840 1.000 

H31 0.70600 0.48310 0.21780 1.000 

C32 0.81420 0.54550 -0.00720 1.000 

H32 0.88760 0.54350 -0.04440 1.000 

C2 0.26250 0.16720 0.30290 1.000 

H2 0.21880 0.11630 0.30170 1.000 

C3 0.90740 -0.22150 0.21820 1.000 

H3 0.89490 -0.14980 0.17450 1.000 

C4 0.53110 0.07110 0.12190 1.000 

H4 0.52180 0.15080 0.09520 1.000 

C5 0.86270 -0.32460 0.37400 1.000 

H5 0.82050 -0.32410 0.43820 1.000 

C6 0.47890 -0.06760 0.24820 1.000 

H6 0.43360 -0.08300 0.30790 1.000 

C7 0.90550 0.15070 0.57450 1.000 

H7 0.94260 0.11050 0.63370 1.000 

C8 0.81280 0.50650 0.09280 1.000 
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H8 0.88570 0.47750 0.12450 1.000 

C9 0.55960 -0.16220 0.19850 1.000 

H9 0.56970 -0.24220 0.22500 1.000 

C11 0.98960 -0.33090 0.18860 1.000 

H11 1.03250 -0.33220 0.12460 1.000 

C12 1.00910 -0.43470 0.24940 1.000 

H12 1.06640 -0.50780 0.22910 1.000 

C1 0.62490 -0.14110 0.11120 1.000 

H1 0.67920 -0.20630 0.07770 1.000 

C0aa 0.94410 -0.43230 0.34120 1.000 

H0aa 0.95480 -0.50500 0.38300 1.000 

C5aa 0.92380 0.22010 0.40250 1.000 

H5aa 0.97140 0.22860 0.34230 1.000 

C6aa 0.97780 0.16060 0.48710 1.000 

H6ab 1.06310 0.12660 0.48640 1.000 

Cl1 0.89910 -0.20420 -0.08730 1.000 

Cl0a 0.88960 0.04230 -0.13900 1.000 

C7aa 0.97510 -0.10950 -0.08170 1.000 

 

Table C.11. Bond angles in (TpPh)Fe(phpy)Cl•solvent (°). 

N8aa—Fe1—Cl2 91.16(13) N5aa—C16—C3aa 107.6(5) 

N9aa—Fe1—Cl2 100.84(12) C27—C17—C4aa 106.3(5) 

N9aa—Fe1—N8aa 167.29(16) C23—C18—N7aa 108.7(5) 
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N0ba—Fe1—Cl2 121.28(13) C3—C19—C27 122.4(5) 

N0ba—Fe1—N8aa 88.32(18) C5—C19—C27 118.3(5) 

N0ba—Fe1—N9aa 88.96(16) C5—C19—C3 119.3(6) 

N1ba—Fe1—Cl2 147.39(13) C30—C20—C25 120.7(5) 

N1ba—Fe1—N8aa 86.62(17) C23—C21—N9aa 109.9(5) 

N1ba—Fe1—N9aa 81.03(16) C25—C21—N9aa 122.2(5) 

N1ba—Fe1—N0ba 91.20(17) C25—C21—C23 127.8(5) 

C27—N6aa—N8aa 112.3(4) C15—C22—N0ba 122.4(5) 

C18—N7aa—N9aa 109.5(4) C2—C22—N0ba 109.1(5) 

B24—N7aa—N9aa 122.1(4) C2—C22—C15 128.5(5) 

B24—N7aa—C18 128.4(5) C21—C23—C18 105.4(5) 

N6aa—N8aa—Fe1 122.1(3) N2ba—B24—N7aa 109.4(4) 

C4aa—N8aa—Fe1 131.3(4) N5aa—B24—N7aa 107.6(4) 

C4aa—N8aa—N6aa 105.2(4) N5aa—B24—N2ba 109.3(4) 

N7aa—N9aa—Fe1 112.7(3) C21—C25—C20 121.2(5) 

C21—N9aa—Fe1 139.2(4) C31—C25—C20 117.8(5) 

C21—N9aa—N7aa 106.5(4) C31—C25—C21 120.9(5) 

N2ba—N0ba—Fe1 117.2(3) C5aa—C26—C3ba 121.2(6) 

C22—N0ba—Fe1 134.3(4) C17—C27—N6aa 105.6(5) 

C22—N0ba—N2ba 107.0(4) C19—C27—N6aa 123.4(5) 

C1aa—N1ba—Fe1 136.7(4) C19—C27—C17 131.0(5) 

N5aa—N1ba—Fe1 115.8(3) C1—C28—C4 120.0(6) 

N5aa—N1ba—C1aa 107.3(4) C7—C29—C3ba 120.8(7) 
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C2aa—N2ba—N0ba 109.8(4) C32—C30—C20 120.2(6) 

B24—N2ba—N0ba 120.1(4) C8—C31—C25 120.9(5) 

B24—N2ba—C2aa 129.9(5) C8—C32—C30 119.6(6) 

C26—C3ba—C1aa 121.8(5) C22—C2—C2aa 106.0(5) 

C29—C3ba—C1aa 120.2(5) C11—C3—C19 119.7(6) 

C29—C3ba—C26 117.9(6) C28—C4—C15 119.9(6) 

C3ba—C1aa—N1ba 121.1(4) C0aa—C5—C19 119.3(6) 

C3aa—C1aa—N1ba 108.8(5) C9—C6—C15 119.8(6) 

C3aa—C1aa—C3ba 130.0(5) C6aa—C7—C29 121.7(7) 

C2—C2aa—N2ba 108.1(5) C32—C8—C31 120.7(6) 

C16—C3aa—C1aa 106.8(5) C1—C9—C6 120.7(7) 

C17—C4aa—N8aa 110.7(5) C12—C11—C3 121.4(7) 

C16—N5aa—N1ba 109.4(4) C0aa—C12—C11 118.8(6) 

B24—N5aa—N1ba 121.9(4) C9—C1—C28 120.1(7) 

B24—N5aa—C16 128.6(4) C12—C0aa—C5 121.3(7) 

C4—C15—C22 120.9(5) C6aa—C5aa—C26 119.6(7) 

C6—C15—C22 119.6(5) C5aa—C6aa—C7 118.8(6) 

C6—C15—C4 119.5(6) Cl0a—C7aa—Cl1 109.8(6) 

 

Table C.12. Bond lengths in (TpPh)Fe(phpy)Cl•solvent (Å). 

Fe1—Cl2 2.3126(16) C15—C6 1.394(9) 

Fe1—N8aa 2.182(5) C17—C27 1.374(8) 

Fe1—N9aa 2.213(4) C18—C23 1.376(8) 
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Fe1—N0ba 2.140(4) C19—C27 1.469(7) 

Fe1—N1ba 2.119(4) C19—C3 1.388(9) 

N6aa—N8aa 1.344(6) C19—C5 1.389(8) 

N6aa—C27 1.353(7) C20—C25 1.399(7) 

N7aa—N9aa 1.380(6) C20—C30 1.406(9) 

N7aa—C18 1.353(7) C21—C23 1.406(8) 

N7aa—B24 1.547(7) C21—C25 1.476(7) 

N8aa—C4aa 1.331(8) C22—C2 1.403(8) 

N9aa—C21 1.348(6) C25—C31 1.394(8) 

N0ba—N2ba 1.360(6) C26—C5aa 1.403(9) 

N0ba—C22 1.352(7) C28—C4 1.404(9) 

N1ba—C1aa 1.337(6) C28—C1 1.378(10) 

N1ba—N5aa 1.370(6) C29—C7 1.365(10) 

N2ba—C2aa 1.356(7) C30—C32 1.378(10) 

N2ba—B24 1.535(7) C31—C8 1.397(8) 

C3ba—C1aa 1.475(7) C32—C8 1.372(9) 

C3ba—C26 1.397(9) C3—C11 1.404(9) 

C3ba—C29 1.379(8) C5—C0aa 1.402(9) 

C1aa—C3aa 1.396(7) C6—C9 1.393(10) 

C2aa—C2 1.369(9) C7—C6aa 1.393(12) 

C3aa—C16 1.367(8) C9—C1 1.379(11) 

C4aa—C17 1.382(8) C11—C12 1.357(10) 

N5aa—C16 1.353(6) C12—C0aa 1.381(11) 
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N5aa—B24 1.534(7) C5aa—C6aa 1.367(11) 

C15—C22 1.464(8) Cl1—C7aa 1.726(11) 

C15—C4 1.394(8) Cl0a—C7aa 1.850(11) 

 

Table C.13. Single crystal X-ray diffraction experimental details for 
(TpPh)Fe(phpy)Br•CH2Cl2. 

Chemical formula C37H32BCl2BrFeN8 

Mr 806.20 

Crystal system, space group Triclinic, P1 

Temperature (K) 100 

a, b, c (Å) 11.8688(4), 12.0462(4), 13.6051(4) 

α, β, γ (°) 81.5926(17), 81.4590(17), 68.2233(19) 

V (Å3) 1777.51(10) 

Z 1 

F(000) 820.9616 

Radiation type Mo K  = 0.71073 Å 

 (mm-1) 1.74 

Crystal size (mm) 0.34 × 0.26 × 0.19 

Diffractometer Bruker APEX-II CCD 

Absorption correction none 

No. of measured, independent and 

observed [I > 2 (I)] reflections 

54678, 11896, 9349  

Rint 0.085 
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θ values (°) θmax = 31.9, θmin = 1.8 

(sin  /)max (Å-1) 0.744 

R[F2 > 2σ(F2)], wR(F2), S 0.062, 0.174, 1.10 

No. of reflections 11896 

No. of parameters 450 

No. of restraints 0 

No. of constraints 63 

H-atom treatment H-atom parameters constrained 

Weighting scheme w = 1/[σ2(Fo
2) + (0.1P)2]  

where P = (Fo
2 + 2Fc

2)/3 

(Δ/σ)max 0.005 

Largest diff. peak/hole  (e Å-3) 1.52, −1.04 

 

  

Table C.14. Atom coordinates for (TpPh)Fe(phpy)Br•CH2Cl2. 

Atom x y z Occupancy 

Br1 0.26998 0.77907 0.87772 1.000 

Fe2 0.42251 0.73048 0.72903 1.000 

Cl3 0.10420 0.20103 0.08424 1.000 

Cl4 0.10080 -0.03673 0.15688 1.000 

N5 0.68807 0.68457 0.67016 1.000 

N6 0.46446 0.67295 0.58342 1.000 

N7 0.63900 0.49824 0.72149 1.000 
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C8 0.40460 0.68780 0.50290 1.000 

N9 0.52222 0.53769 0.76850 1.000 

N10 0.34130 0.90988 0.65573 1.000 

N11 0.58521 0.61321 0.55533 1.000 

N12 0.25789 1.00092 0.70441 1.000 

N13 0.58789 0.76165 0.72077 1.000 

C14 0.23850 1.10920 0.65100 1.000 

C15 0.51580 1.07300 0.74890 1.000 

C16 0.15330 1.22270 0.68680 1.000 

C17 0.73990 0.83530 0.69760 1.000 

C18 0.29120 0.49200 0.85230 1.000 

C19 0.39840 0.41030 0.99950 1.000 

C20 0.31470 1.08710 0.56300 1.000 

C21 -0.00970 1.44140 0.74810 1.000 

C22 0.46820 0.93580 0.88090 1.000 

C23 0.18210 0.45370 1.00940 1.000 

C24 0.36880 1.14920 0.88770 1.000 

C25 0.51510 0.44750 0.83810 1.000 

C26 0.13690 1.32880 0.62360 1.000 

C27 0.37560 0.96210 0.56940 1.000 

C28 0.59950 0.59270 0.45830 1.000 

B29 0.68040 0.57310 0.63230 1.000 

C30 0.08810 1.22730 0.77970 1.000 
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C31 0.77970 0.72800 0.65590 1.000 

C32 0.39980 0.45130 0.89790 1.000 

C33 0.00610 1.33630 0.81100 1.000 

C34 0.28970 0.41130 1.05520 1.000 

C35 0.07150 0.78420 0.60440 1.000 

C36 0.61940 0.85360 0.73720 1.000 

C37 0.38610 1.03330 0.92920 1.000 

C38 0.08520 0.85240 0.42960 1.000 

C39 0.62750 0.35150 0.83760 1.000 

C40 0.18340 0.49380 0.90880 1.000 

C41 0.26950 0.74330 0.50960 1.000 

C42 0.43400 1.16950 0.79830 1.000 

C43 0.21220 0.80320 0.42450 1.000 

C44 0.70270 0.38740 0.76300 1.000 

C45 0.53270 0.95510 0.78980 1.000 

C46 0.48700 0.63920 0.42240 1.000 

C47 0.06530 0.08070 0.06170 1.000 

C48 0.05540 1.43810 0.65510 1.000 

C49 0.19850 0.73400 0.59900 1.000 

C50 0.01580 0.84240 0.51890 1.000 

H49 0.23680 0.69310 0.65720 1.000 

H35 0.02350 0.77850 0.66600 1.000 

H50 -0.07070 0.87560 0.52190 1.000 
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H38 0.04650 0.89290 0.37150 1.000 

H43 0.25980 0.81030 0.36290 1.000 

H19 0.47190 0.38160 1.03060 1.000 

H34 0.28900 0.38330 1.12420 1.000 

H23 0.10770 0.45510 1.04730 1.000 

H40 0.10960 0.52290 0.87810 1.000 

H18 0.29150 0.51820 0.78300 1.000 

H22 0.48020 0.85620 0.91010 1.000 

H37 0.34180 1.01970 0.99100 1.000 

H24 0.31210 1.21510 0.92060 1.000 

H42 0.42290 1.24950 0.77050 1.000 

H15 0.56020 1.08730 0.68740 1.000 

H30 0.09920 1.15550 0.82290 1.000 

H33 -0.03880 1.33850 0.87500 1.000 

H21 -0.06540 1.51580 0.76920 1.000 

H48 0.04470 1.51030 0.61240 1.000 

H26 0.18120 1.32660 0.55930 1.000 

H12 0.22051 0.99082 0.76406 1.000 

H17 0.78460 0.88600 0.69910 1.000 

H20 0.32390 1.14430 0.50960 1.000 

H27 0.43350 0.92030 0.51890 1.000 

H28 0.67480 0.55270 0.42120 1.000 

H29 0.76210 0.52390 0.60070 1.000 
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H31 0.85850 0.69070 0.62270 1.000 

H39 0.64740 0.27790 0.87940 1.000 

H44 0.78560 0.34180 0.74400 1.000 

H46 0.46920 0.63840 0.35670 1.000 

H47a -0.02320 0.10960 0.05530 1.000 

H47b 0.10940 0.05050 -0.00230 1.000 

 

Table C.15. Bond Angles in (TpPh)Fe(phpy)Br•CH2Cl2 (°). 

N6—Fe2—Br1 147.13(6) C34—C19—C32 120.3(2) 

N9—Fe2—Br1 100.81(6) C27—C20—C14 105.5(2) 

N9—Fe2—N6 81.26(8) C48—C21—C33 120.2(3) 

N10—Fe2—Br1 91.44(6) C45—C22—C37 120.1(3) 

N10—Fe2—N6 85.89(8) C40—C23—C34 120.1(3) 

N10—Fe2—N9 166.87(9) C42—C24—C37 120.1(3) 

N13—Fe2—Br1 120.44(6) C32—C25—N9 122.2(2) 

N13—Fe2—N6 92.28(8) C39—C25—N9 110.5(2) 

N13—Fe2—N9 89.16(8) C39—C25—C32 127.2(2) 

N13—Fe2—N10 88.67(8) C48—C26—C16 119.9(3) 

B29—N5—N13 119.96(19) C20—C27—N10 111.0(2) 

C31—N5—N13 109.8(2) C46—C28—N11 108.7(2) 

C31—N5—B29 130.1(2) N7—B29—N5 108.6(2) 

C8—N6—Fe2 137.09(16) N11—B29—N5 109.7(2) 

N11—N6—Fe2 115.84(16) N11—B29—N7 108.7(2) 
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N11—N6—C8 106.7(2) C33—C30—C16 120.8(3) 

B29—N7—N9 121.67(19) C17—C31—N5 108.6(2) 

C44—N7—N9 109.8(2) C19—C32—C18 119.4(2) 

C44—N7—B29 128.5(2) C25—C32—C18 120.1(2) 

C41—C8—N6 120.8(2) C25—C32—C19 120.4(2) 

C46—C8—N6 110.0(2) C30—C33—C21 119.7(3) 

C46—C8—C41 129.2(2) C23—C34—C19 119.7(3) 

N7—N9—Fe2 112.79(15) C50—C35—C49 119.5(3) 

C25—N9—Fe2 139.87(17) C17—C36—N13 110.1(2) 

C25—N9—N7 105.95(19) C45—C36—N13 121.5(2) 

N12—N10—Fe2 122.52(17) C45—C36—C17 128.4(2) 

C27—N10—Fe2 130.77(17) C24—C37—C22 120.4(3) 

C27—N10—N12 105.1(2) C50—C38—C43 120.1(3) 

C28—N11—N6 109.3(2) C44—C39—C25 104.9(2) 

B29—N11—N6 120.7(2) C23—C40—C18 120.7(2) 

B29—N11—C28 129.9(2) C43—C41—C8 119.9(2) 

C14—N12—N10 112.4(2) C49—C41—C8 120.9(2) 

N5—N13—Fe2 116.86(16) C49—C41—C43 119.1(2) 

C36—N13—Fe2 135.50(16) C24—C42—C15 120.1(3) 

C36—N13—N5 106.31(19) C41—C43—C38 120.2(3) 

C16—C14—N12 123.5(2) C39—C44—N7 108.8(2) 

C20—C14—N12 106.0(2) C22—C45—C15 119.2(2) 

C20—C14—C16 130.4(2) C36—C45—C15 119.8(2) 
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C45—C15—C42 120.1(3) C36—C45—C22 121.0(2) 

C26—C16—C14 118.6(2) C28—C46—C8 105.3(2) 

C30—C16—C14 122.0(2) Cl4—C47—Cl3 112.2(2) 

C30—C16—C26 119.3(2) C26—C48—C21 120.1(3) 

C36—C17—C31 105.2(2) C41—C49—C35 120.7(3) 

C40—C18—C32 119.8(3) C38—C50—C35 120.4(2) 

 

Table C.16. Bond lengths in (TpPh)Fe(phpy)Br•CH2Cl2 (°). 

Br1—Fe2 2.4869(4) C16—C30 1.378(4) 

Fe2—N6 2.123(2) C17—C31 1.377(4) 

Fe2—N9 2.206(2) C17—C36 1.399(3) 

Fe2—N10 2.169(2) C18—C32 1.402(3) 

Fe2—N13 2.116(2) C18—C40 1.385(4) 

Cl3—C47 1.754(4) C19—C32 1.398(4) 

Cl4—C47 1.743(4) C19—C34 1.392(4) 

N5—N13 1.369(3) C20—C27 1.403(4) 

N5—B29 1.544(4) C21—C33 1.388(4) 

N5—C31 1.350(3) C21—C48 1.378(4) 

N6—C8 1.348(3) C22—C37 1.395(4) 

N6—N11 1.368(3) C22—C45 1.393(4) 

N7—N9 1.376(3) C23—C34 1.393(4) 

N7—B29 1.535(4) C23—C40 1.383(4) 

N7—C44 1.353(3) C24—C37 1.379(4) 
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C8—C41 1.485(3) C24—C42 1.382(4) 

C8—C46 1.394(4) C25—C32 1.473(3) 

N9—C25 1.352(3) C25—C39 1.404(3) 

N10—N12 1.354(3) C26—C48 1.396(4) 

N10—C27 1.331(3) C28—C46 1.377(4) 

N11—C28 1.352(3) C30—C33 1.394(4) 

N11—B29 1.551(4) C35—C49 1.396(4) 

N12—C14 1.354(3) C35—C50 1.389(4) 

N13—C36 1.349(3) C36—C45 1.473(4) 

C14—C16 1.466(3) C38—C43 1.395(4) 

C14—C20 1.384(4) C38—C50 1.379(4) 

C15—C42 1.394(4) C39—C44 1.379(4) 

C15—C45 1.399(4) C41—C43 1.396(4) 

C16—C26 1.398(4) C41—C49 1.390(4) 

 

Table C.17. Single crystal X-ray diffraction experimental details for (TpPh)CoN3. 

Chemical formula C27H22BCoN9 

Mr 542.27 

Crystal system, space group Monoclinic, P21/c 

Temperature (K) 100 

a, b, c (Å) 16.2428(13), 9.2163(7), 18.4858(14) 

β (°) 114.998(4) 

V (Å3) 2508.1(3) 
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Z 4 

F(000) 1116 

Radiation type Mo K  = 0.71073 Å 

 (mm-1) 0.72 

Crystal size (mm) 0.28 × 0.20 × 0.11 

Absorption correction Multi-scan  

SADABS2014/5 (Bruker,2014/5) was 

used for absorption correction. 

wR2(int) was 0.0812 before and 

0.0632 after correction.  

Tmin, Tmax 0.687, 0.746 

No. of measured, independent and 

observed [I > 2σ(I)] reflections 

58659, 8043, 6205  

Rint 0.069 

θ values (°) θmax = 31.2, θmin = 2.2 

(sin  /)max (Å-1) 0.729 

R[F2 > 2σ(F2)], wR(F2), S 0.038, 0.095, 1.03 

No. of reflections 8043 

No. of parameters 343 

No. of restraints 0 

H-atom treatment H-atom parameters constrained 

Weighting scheme w = 1/[σ2(Fo
2) + (0.0357P)2 + 1.3195P]  

where P = (Fo
2 + 2Fc

2)/3 
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(Δ/σ)max 0.002 

Largest diff. peak/hole (e Å-3) 0.52, −0.42 

 

 

     

Table C.18. Atom coordinates for (TpPh)CoN3. 

Atom x y z Occupancy 

Co1 0.27151 0.43167 0.33983 1.000 

N1 0.25672 0.60092 0.40265 1.000 

N2 0.26323 0.55732 0.47611 1.000 

N5 0.38264 0.34654 0.43202 1.000 

N3 0.17896 0.30953 0.36049 1.000 

N7 0.28175 0.44340 0.24033 1.000 

N8 0.23144 0.48470 0.17479 1.000 

N4 0.20089 0.30314 0.44078 1.000 

N9 0.18673 0.52267 0.11036 1.000 

N6 0.36935 0.34340 0.50067 1.000 

B1 0.27941 0.39588 0.50140 1.000 

H1 0.28190 0.38420 0.55500 1.000 

C5 0.27908 0.96473 0.33755 1.000 

H5 0.31180 1.00250 0.38840 1.000 

C14 0.02120 0.06925 0.20414 1.000 

H14 0.01930 -0.00480 0.23760 1.000 
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C19 0.43989 0.27733 0.55905 1.000 

H19 0.44630 0.26210 0.61090 1.000 

C1 0.25554 0.67369 0.51659 1.000 

H1A 0.25790 0.67200 0.56770 1.000 

C21 0.46294 0.28131 0.44924 1.000 

C13 0.06484 0.19962 0.23690 1.000 

C27 0.50417 0.37334 0.34099 1.000 

H27 0.47650 0.46170 0.34090 1.000 

C3 0.24466 0.74616 0.39913 1.000 

C22 0.50202 0.26153 0.39103 1.000 

C12 0.10849 0.21842 0.32403 1.000 

C2 0.24360 0.79589 0.47030 1.000 

H2 0.23640 0.89100 0.48350 1.000 

C8 0.18003 0.85410 0.18535 1.000 

H8 0.14690 0.81730 0.13430 1.000 

C17 0.02560 0.28975 0.10287 1.000 

H17 0.02680 0.36360 0.06900 1.000 

C18 0.06609 0.31003 0.18518 1.000 

H18 0.09430 0.39780 0.20610 1.000 

C10 0.14609 0.20741 0.45386 1.000 

H10 0.14840 0.18300 0.50350 1.000 

C11 0.08604 0.15161 0.38177 1.000 

H11 0.04030 0.08400 0.37300 1.000 
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C23 0.54278 0.12830 0.38928 1.000 

H23 0.54150 0.05310 0.42230 1.000 

C4 0.23629 0.82945 0.32838 1.000 

C20 0.50122 0.23588 0.52943 1.000 

H20 0.55620 0.18810 0.55660 1.000 

C9 0.18623 0.77585 0.25168 1.000 

H9 0.15670 0.68700 0.24480 1.000 

C24 0.58503 0.10760 0.33877 1.000 

H24 0.61130 0.01850 0.33760 1.000 

C6 0.27281 1.04245 0.27110 1.000 

H6 0.30190 1.13160 0.27760 1.000 

C7 0.22346 0.98760 0.19534 1.000 

H7 0.21930 1.04010 0.15090 1.000 

C25 0.58797 0.21970 0.29007 1.000 

H25 0.61690 0.20610 0.25660 1.000 

C26 0.54785 0.35230 0.29097 1.000 

H26 0.55010 0.42740 0.25820 1.000 

C15 -0.01947 0.04950 0.12189 1.000 

H15 -0.04870 -0.03750 0.10070 1.000 

C16 -0.01672 0.15830 0.07141 1.000 

H16 -0.04310 0.14370 0.01650 1.000 

 

Table C.19. Bond angles in (TpPh)CoN3 (°). 
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N1—Co1—N5 95.44(5) N5—C21—C20 109.55(14) 

N1—Co1—N3 92.43(5) C20—C21—C22 126.69(15) 

N3—Co1—N5 95.34(5) C14—C13—C12 119.87(15) 

N7—Co1—N1 125.98(6) C14—C13—C18 118.66(15) 

N7—Co1—N5 114.65(6) C18—C13—C12 121.48(14) 

N7—Co1—N3 125.46(6) C22—C27—C26 119.92(16) 

N2—N1—Co1 111.33(9) N1—C3—C2 109.78(14) 

C3—N1—Co1 142.03(11) N1—C3—C4 121.10(14) 

C3—N1—N2 106.62(12) C2—C3—C4 129.11(14) 

N1—N2—B1 120.72(12) C27—C22—C21 122.14(14) 

C1—N2—N1 109.27(13) C27—C22—C23 119.16(15) 

C1—N2—B1 130.00(13) C23—C22—C21 118.60(15) 

N6—N5—Co1 110.49(9) N3—C12—C13 122.38(14) 

C21—N5—Co1 142.60(11) N3—C12—C11 109.32(14) 

C21—N5—N6 106.66(13) C11—C12—C13 128.29(15) 

N4—N3—Co1 110.56(9) C1—C2—C3 105.17(14) 

C12—N3—Co1 141.96(11) C9—C8—C7 119.90(17) 

C12—N3—N4 106.93(12) C18—C17—C16 119.67(16) 

N8—N7—Co1 133.38(12) C17—C18—C13 120.77(15) 

N9—N8—N7 176.22(18) N4—C10—C11 108.85(14) 

N3—N4—B1 121.04(12) C10—C11—C12 105.44(14) 

C10—N4—N3 109.46(13) C24—C23—C22 120.62(17) 

C10—N4—B1 129.50(13) C5—C4—C3 120.07(15) 
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N5—N6—B1 121.31(12) C9—C4—C5 118.99(15) 

C19—N6—N5 109.76(13) C9—C4—C3 120.94(14) 

C19—N6—B1 128.61(14) C19—C20—C21 105.32(14) 

N2—B1—N4 109.19(13) C8—C9—C4 120.51(16) 

N6—B1—N2 109.81(13) C25—C24—C23 119.88(17) 

N6—B1—N4 108.25(13) C7—C6—C5 120.14(17) 

C6—C5—C4 120.30(17) C6—C7—C8 120.15(16) 

C15—C14—C13 120.44(16) C24—C25—C26 120.25(16) 

N6—C19—C20 108.72(14) C25—C26—C27 120.14(17) 

N2—C1—C2 109.17(14) C16—C15—C14 120.46(16) 

N5—C21—C22 123.76(14) C15—C16—C17 119.98(16) 

 

Table C.20. Bond lengths in (TpPh)CoN3 (Å). 

Co1—N1 2.0188(13) C1—C2 1.378(2) 

Co1—N5 2.0442(13) C21—C22 1.474(2) 

Co1—N3 2.0391(13) C21—C20 1.407(2) 

Co1—N7 1.9187(14) C13—C12 1.470(2) 

N1—N2 1.3767(17) C13—C18 1.402(2) 

N1—C3 1.350(2) C27—C22 1.395(2) 

N2—B1 1.548(2) C27—C26 1.397(2) 

N2—C1 1.343(2) C3—C2 1.400(2) 

N5—N6 1.3745(18) C3—C4 1.473(2) 

N5—C21 1.346(2) C22—C23 1.402(2) 
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N3—N4 1.3735(17) C12—C11 1.407(2) 

N3—C12 1.348(2) C8—C9 1.389(2) 

N7—N8 1.201(2) C8—C7 1.391(3) 

N8—N9 1.156(2) C17—C18 1.392(2) 

N4—B1 1.551(2) C17—C16 1.393(2) 

N4—C10 1.346(2) C10—C11 1.376(2) 

N6—B1 1.544(2) C23—C24 1.386(2) 

N6—C19 1.343(2) C4—C9 1.393(2) 

C5—C4 1.402(2) C24—C25 1.385(3) 

C5—C6 1.388(2) C6—C7 1.382(3) 

C14—C13 1.396(2) C25—C26 1.389(3) 

C14—C15 1.390(2) C15—C16 1.383(3) 

C19—C20 1.378(2) 
  

 

Table C.21. Single crystal X-ray diffraction experimental details for 
(TpPh)Co(thf)Cl. 

Chemical formula C31H30BClCoN6O 

Mr 607.80 

Crystal system, space group Monoclinic, C2/c 

Temperature (K) 100 

a, b, c (Å) 18.2368(9), 14.5530(7), 22.8613(15) 

β (°) 110.296(2) 

V (Å3) 5690.7(5) 

Z 8 
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Radiation type Mo K  = 0.71073 Å 

 (mm-1) 0.73 

Crystal size (mm) 0.55 × 0.51 × 0.50 

Absorption correction Multi-scan  

SADABS v2014/5 

Tmin, Tmax 0.743, 0.802 

No. of measured, independent and 

observed [I > 2σ(I)] reflections 

70872, 13882, 11698  

Rint 0.030 

(sin  /)max (Å-1)) 0.835 

R[F2 > 2σ(F2)], wR(F2), S 0.034, 0.101, 1.04 

No. of reflections 13882 

No. of parameters 370 

H-atom treatment H-atom parameters constrained 

Largest diff. peak/hole (e Å-3) 0.62, −0.68 

 

    

Table C.22. Atom coordinates for (TpPh)Co(thf)Cl. 

Atom x y z Occupancy 

Co1 0.73096 0.59214 0.34501 1.000 

Cl1 0.61770 0.63792 0.35501 1.000 

O1 0.67686 0.48177 0.28355 1.000 

N1 0.80144 0.70630 0.40041 1.000 
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N2 0.87802 0.68147 0.42736 1.000 

N3 0.80515 0.49697 0.40639 1.000 

N4 0.88243 0.51029 0.41597 1.000 

N5 0.80506 0.60964 0.29483 1.000 

N6 0.88273 0.61398 0.32842 1.000 

C1 0.91508 0.73939 0.47449 1.000 

H1 0.96850 0.73570 0.50050 1.000 

C2 0.86251 0.80467 0.47850 1.000 

H2 0.87170 0.85400 0.50740 1.000 

C3 0.79224 0.78250 0.43047 1.000 

C4 0.72056 0.83784 0.41020 1.000 

C5 0.69982 0.88972 0.45355 1.000 

H5 0.73110 0.88710 0.49650 1.000 

C6 0.63371 0.94505 0.43402 1.000 

H6 0.61990 0.98020 0.46370 1.000 

C7 0.58770 0.94932 0.37146 1.000 

H7 0.54200 0.98640 0.35840 1.000 

C8 0.60868 0.89907 0.32785 1.000 

H8 0.57760 0.90230 0.28490 1.000 

C9 0.67490 0.84431 0.34720 1.000 

H9 0.68940 0.81080 0.31720 1.000 

C10 0.92302 0.43295 0.43802 1.000 

H10 0.97770 0.42520 0.44790 1.000 
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C11 0.87183 0.36694 0.44386 1.000 

H11 0.88380 0.30560 0.45830 1.000 

C12 0.79833 0.40964 0.42386 1.000 

C13 0.72373 0.36923 0.42174 1.000 

C14 0.71537 0.27366 0.42027 1.000 

H14 0.75780 0.23570 0.42040 1.000 

C15 0.64553 0.23400 0.41865 1.000 

H15 0.64070 0.16900 0.41850 1.000 

C16 0.58281 0.28853 0.41732 1.000 

H16 0.53460 0.26120 0.41510 1.000 

C17 0.59072 0.38357 0.41931 1.000 

H17 0.54790 0.42130 0.41860 1.000 

C18 0.66112 0.42362 0.42230 1.000 

H18 0.66660 0.48860 0.42470 1.000 

C19 0.92343 0.62387 0.28973 1.000 

H19 0.97870 0.62870 0.30200 1.000 

C20 0.87149 0.62590 0.22921 1.000 

H20 0.88340 0.63190 0.19210 1.000 

C21 0.79735 0.61718 0.23435 1.000 

C22 0.72056 0.61501 0.18434 1.000 

C23 0.65609 0.66011 0.19045 1.000 

H23 0.66170 0.69410 0.22720 1.000 

C24 0.58352 0.65562 0.14291 1.000 
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H24 0.53970 0.68610 0.14740 1.000 

C25 0.57534 0.60633 0.08889 1.000 

H25 0.52580 0.60290 0.05650 1.000 

C26 0.63951 0.56208 0.08237 1.000 

H26 0.63380 0.52880 0.04530 1.000 

C27 0.71188 0.56628 0.12969 1.000 

H27 0.75560 0.53600 0.12490 1.000 

C28 0.71876 0.41027 0.26359 1.000 

H28A 0.74550 0.36830 0.29860 1.000 

H28B 0.75820 0.43750 0.24790 1.000 

C29 0.65668 0.35940 0.21197 1.000 

H29A 0.67180 0.29470 0.20910 1.000 

H29B 0.64600 0.38970 0.17110 1.000 

C30 0.58674 0.36626 0.23382 1.000 

H30A 0.53690 0.35620 0.19890 1.000 

H30B 0.59090 0.32150 0.26740 1.000 

C31 0.59323 0.46404 0.25762 1.000 

H31A 0.56730 0.50730 0.22320 1.000 

H31B 0.56900 0.47020 0.29010 1.000 

B1 0.91200 0.60292 0.40011 1.000 

H1A 0.97040 0.60490 0.41740 1.000 

 

Table C.23. Bond angles for (TpPh)Co(thf)Cl (°). 
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N5—Co1—N3 93.34(3) C15—C14—H14 119.8 

N5—Co1—O1 88.24(3) C13—C14—H14 119.8 

N3—Co1—O1 89.26(3) C16—C15—C14 120.41(10) 

N5—Co1—N1 82.15(3) C16—C15—H15 119.8 

N3—Co1—N1 90.06(3) C14—C15—H15 119.8 

O1—Co1—N1 170.32(3) C15—C16—C17 119.64(10) 

N5—Co1—Cl1 144.76(2) C15—C16—H16 120.2 

N3—Co1—Cl1 121.86(2) C17—C16—H16 120.2 

O1—Co1—Cl1 93.35(2) C16—C17—C18 120.17(12) 

N1—Co1—Cl1 95.21(2) C16—C17—H17 119.9 

C28—O1—C31 109.62(7) C18—C17—H17 119.9 

C28—O1—Co1 124.82(6) C17—C18—C13 120.48(10) 

C31—O1—Co1 125.51(6) C17—C18—H18 119.8 

C3—N1—N2 106.08(7) C13—C18—H18 119.8 

C3—N1—Co1 139.58(6) N6—C19—C20 108.56(8) 

N2—N1—Co1 111.11(5) N6—C19—H19 125.7 

C1—N2—N1 110.21(7) C20—C19—H19 125.7 

C1—N2—B1 129.00(8) C19—C20—C21 105.09(8) 

N1—N2—B1 120.58(7) C19—C20—H20 127.5 

C12—N3—N4 106.41(7) C21—C20—H20 127.5 

C12—N3—Co1 135.62(6) N5—C21—C20 109.47(8) 

N4—N3—Co1 113.87(5) N5—C21—C22 122.00(8) 

C10—N4—N3 110.19(7) C20—C21—C22 128.53(8) 
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C10—N4—B1 128.90(8) C23—C22—C27 119.36(9) 

N3—N4—B1 120.88(7) C23—C22—C21 121.39(8) 

C21—N5—N6 107.11(7) C27—C22—C21 119.25(9) 

C21—N5—Co1 136.42(6) C24—C23—C22 120.38(10) 

N6—N5—Co1 116.46(5) C24—C23—H23 119.8 

C19—N6—N5 109.76(7) C22—C23—H23 119.8 

C19—N6—B1 129.93(8) C25—C24—C23 119.83(12) 

N5—N6—B1 120.23(7) C25—C24—H24 120.1 

N2—C1—C2 108.48(8) C23—C24—H24 120.1 

N2—C1—H1 125.8 C26—C25—C24 119.98(11) 

C2—C1—H1 125.8 C26—C25—H25 120.0 

C1—C2—C3 104.90(8) C24—C25—H25 120.0 

C1—C2—H2 127.6 C27—C26—C25 120.34(11) 

C3—C2—H2 127.6 C27—C26—H26 119.8 

N1—C3—C2 110.29(8) C25—C26—H26 119.8 

N1—C3—C4 123.13(8) C26—C27—C22 120.11(11) 

C2—C3—C4 126.29(8) C26—C27—H27 119.9 

C9—C4—C5 118.96(8) C22—C27—H27 119.9 

C9—C4—C3 120.71(8) O1—C28—C29 105.19(8) 

C5—C4—C3 120.19(8) O1—C28—H28A 110.7 

C6—C5—C4 120.22(9) C29—C28—H28A 110.7 

C6—C5—H5 119.9 O1—C28—H28B 110.7 

C4—C5—H5 119.9 C29—C28—H28B 110.7 
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C7—C6—C5 120.35(9) H28A—C28—H28B 108.8 

C7—C6—H6 119.8 C28—C29—C30 101.33(8) 

C5—C6—H6 119.8 C28—C29—H29A 111.5 

C6—C7—C8 119.78(9) C30—C29—H29A 111.5 

C6—C7—H7 120.1 C28—C29—H29B 111.5 

C8—C7—H7 120.1 C30—C29—H29B 111.5 

C9—C8—C7 119.94(9) H29A—C29—H29B 109.3 

C9—C8—H8 120.0 C31—C30—C29 102.08(8) 

C7—C8—H8 120.0 C31—C30—H30A 111.4 

C8—C9—C4 120.71(9) C29—C30—H30A 111.4 

C8—C9—H9 119.6 C31—C30—H30B 111.4 

C4—C9—H9 119.6 C29—C30—H30B 111.4 

N4—C10—C11 108.44(8) H30A—C30—H30B 109.2 

N4—C10—H10 125.8 O1—C31—C30 104.68(8) 

C11—C10—H10 125.8 O1—C31—H31A 110.8 

C10—C11—C12 105.22(8) C30—C31—H31A 110.8 

C10—C11—H11 127.4 O1—C31—H31B 110.8 

C12—C11—H11 127.4 C30—C31—H31B 110.8 

N3—C12—C11 109.73(8) H31A—C31—H31B 108.9 

N3—C12—C13 123.15(8) N2—B1—N4 109.46(7) 

C11—C12—C13 127.12(8) N2—B1—N6 108.29(7) 

C18—C13—C14 118.86(9) N4—B1—N6 108.67(7) 

C18—C13—C12 121.69(8) N2—B1—H1A 110.1 
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C14—C13—C12 119.44(9) N4—B1—H1A 110.1 

C15—C14—C13 120.40(11) N6—B1—H1A 110.1 

 

Table C.24. Bond Lengths in (TpPh)Co(thf)Cl (Å). 

Co1—N5 2.0693(8) C13—C18 1.3929(14) 

Co1—N3 2.0978(7) C13—C14 1.3982(13) 

Co1—O1 2.1367(7) C14—C15 1.3872(16) 

Co1—N1 2.2106(8) C14—H14 0.9500 

Co1—Cl1 2.2562(3) C15—C16 1.384(2) 

O1—C28 1.4548(12) C15—H15 0.9500 

O1—C31 1.4551(12) C16—C17 1.3896(18) 

N1—C3 1.3454(11) C16—H16 0.9500 

N1—N2 1.3652(10) C17—C18 1.3901(14) 

N2—C1 1.3500(11) C17—H17 0.9500 

N2—B1 1.5319(12) C18—H18 0.9500 

N3—C12 1.3509(11) C19—C20 1.3794(14) 

N3—N4 1.3629(10) C19—H19 0.9500 

N4—C10 1.3454(11) C20—C21 1.4031(13) 

N4—B1 1.5412(12) C20—H20 0.9500 

N5—C21 1.3449(11) C21—C22 1.4691(13) 

N5—N6 1.3584(11) C22—C23 1.3951(14) 

N6—C19 1.3453(11) C22—C27 1.3971(14) 

N6—B1 1.5458(12) C23—C24 1.3926(16) 
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C1—C2 1.3752(13) C23—H23 0.9500 

C1—H1 0.9500 C24—C25 1.391(2) 

C2—C3 1.4055(13) C24—H24 0.9500 

C2—H2 0.9500 C25—C26 1.388(2) 

C3—C4 1.4670(12) C25—H25 0.9500 

C4—C9 1.3945(13) C26—C27 1.3875(16) 

C4—C5 1.3983(12) C26—H26 0.9500 

C5—C6 1.3885(13) C27—H27 0.9500 

C5—H5 0.9500 C28—C29 1.5152(14) 

C6—C7 1.3859(15) C28—H28A 0.9900 

C6—H6 0.9500 C28—H28B 0.9900 

C7—C8 1.3928(15) C29—C30 1.5260(16) 

C7—H7 0.9500 C29—H29A 0.9900 

C8—C9 1.3852(14) C29—H29B 0.9900 

C8—H8 0.9500 C30—C31 1.5134(14) 

C9—H9 0.9500 C30—H30A 0.9900 

C10—C11 1.3779(13) C30—H30B 0.9900 

C10—H10 0.9500 C31—H31A 0.9900 

C11—C12 1.4025(13) C31—H31B 0.9900 

C11—H11 0.9500 B1—H1A 1.0000 

C12—C13 1.4674(13) 
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Table C.25. Single crystal X-ray diffraction experimental details for 
(TpPh)2Ni2•2thf. 

Chemical formula C54H44B2N12Ni2·2(C4H8O) 

Mr 1144.26 

Crystal system, space group Triclinic, P1 

Temperature (K) 100 

a, b, c (Å) 9.5953 (8), 12.2934 (11), 12.8107 (12) 

α, β, γ (°) 65.681 (3), 84.333 (2), 82.250 (2) 

V (Å3) 1362.9 (2) 

Z 1 

F(000) 598 

Dx (Mg m−3) 1.394 

Radiation type Mo K  = 0.71073 Å 

 (mm-1) 0.75 

Crystal shape Rectangular 

Colour Red 

Crystal size (mm) 0.30 × 0.16 × 0.14 

Diffractometer Bruker APEX-II CCD 

Scan method φ and ω scans 
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Absorption correction Multi-scan  

SADABS v2014/2 

Tmin, Tmax 0.770, 0.862 

No. of measured, independent and 

observed [I > 2σ(I)] reflections 

14515, 6226, 5254  

Rint 0.028 

θ values (°) θmax = 27.5, θmin = 1.8 

(sin  /)max (Å-1) 0.651 

R[F2 > 2σ(F2)], wR(F2), S 0.035, 0.080, 1.02 

No. of reflections 6226 

No. of parameters 377 

No. of restraints 70 

H-atom treatment H-atom parameters constrained 

Weighting scheme w = 1/[σ2(Fo
2) + (0.0289P)2 + 0.9187P]  

where P = (Fo
2 + 2Fc

2)/3 

(Δ/σ)max 0.001 

Δρmax, Δρmin (e Å−3) 0.65, −0.39 

 

  

Table C.26. Atom coordinates for (TpPh)2Ni2•2thf. 

Atom x y z Occupancy 

Ni1 0.56316 0.59955 0.47963 1.000 

N1 0.81250 0.42675 0.50878 1.000 
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N2 0.72466 0.48988 0.55999 1.000 

N3 0.63005 0.61624 0.32547 1.000 

N4 0.73186 0.53723 0.30502 1.000 

N5 0.69785 0.31387 0.41297 1.000 

N6 0.56049 0.30370 0.45389 1.000 

C1 0.92785 0.37498 0.57074 1.000 

H1 1.00430 0.32730 0.55220 1.000 

C2 0.91623 0.40263 0.66433 1.000 

H2 0.98140 0.37820 0.72300 1.000 

C3 0.78799 0.47456 0.65564 1.000 

C4 0.72627 0.52680 0.73676 1.000 

C5 0.81293 0.57250 0.78700 1.000 

H5 0.91080 0.57200 0.76650 1.000 

C6 0.75790 0.61853 0.86635 1.000 

H6 0.81790 0.64930 0.90000 1.000 

C7 0.61470 0.61966 0.89672 1.000 

H7 0.57660 0.65120 0.95110 1.000 

C8 0.52781 0.57454 0.84729 1.000 

H8 0.42980 0.57590 0.86750 1.000 

C9 0.58283 0.52749 0.76870 1.000 

H9 0.52260 0.49550 0.73630 1.000 

C10 0.77491 0.58300 0.19335 1.000 

H10 0.84470 0.54490 0.15810 1.000 
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C11 0.70183 0.69339 0.13885 1.000 

H11 0.71100 0.74630 0.06030 1.000 

C12 0.61090 0.71112 0.22392 1.000 

C13 0.50765 0.81526 0.21214 1.000 

C14 0.37434 0.80162 0.26684 1.000 

H14 0.34800 0.72350 0.31260 1.000 

C15 0.27950 0.90177 0.25494 1.000 

H15 0.18890 0.89170 0.29280 1.000 

C16 0.31670 1.01623 0.18814 1.000 

H16 0.25160 1.08450 0.17940 1.000 

C17 0.44940 1.03023 0.13426 1.000 

H17 0.47580 1.10850 0.08940 1.000 

C18 0.54390 0.93100 0.14520 1.000 

H18 0.63420 0.94170 0.10680 1.000 

C19 0.74153 0.22657 0.37587 1.000 

H19 0.83300 0.21420 0.34420 1.000 

C20 0.63367 0.15831 0.39082 1.000 

H20 0.63470 0.09130 0.37170 1.000 

C21 0.52190 0.20871 0.44029 1.000 

C22 0.37796 0.17165 0.47135 1.000 

C23 0.30990 0.14512 0.39482 1.000 

H23 0.35720 0.14890 0.32490 1.000 

C24 0.17330 0.11324 0.42029 1.000 
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H24 0.12700 0.09700 0.36680 1.000 

C25 0.10414 0.10496 0.52263 1.000 

H25 0.01030 0.08380 0.53940 1.000 

C26 0.17288 0.12780 0.60078 1.000 

H26 0.12690 0.12010 0.67230 1.000 

C27 0.30874 0.16195 0.57475 1.000 

H27 0.35450 0.17880 0.62810 1.000 

B1 0.78850 0.41557 0.39700 1.000 

H1A 0.88350 0.39390 0.36690 1.000 

O1 0.99390 0.19970 0.10970 0.687 

C28 0.96720 0.11750 0.06310 0.687 

H28A 0.94690 0.03980 0.12550 0.687 

H28B 1.05010 0.10320 0.01620 0.687 

C29 0.83750 0.17560 -0.01260 0.687 

H29A 0.86690 0.21590 -0.09460 0.687 

H29B 0.77330 0.11530 -0.00320 0.687 

C30 0.77000 0.26470 0.03420 0.687 

H30A 0.70920 0.22620 0.10360 0.687 

H30B 0.71360 0.33190 -0.02380 0.687 

C31 0.89640 0.30640 0.06230 0.687 

H31A 0.93870 0.36680 -0.00770 0.687 

H31B 0.86990 0.34230 0.11880 0.687 

O1' 1.01710 0.22250 0.06250 0.313 
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C28' 0.98760 0.14970 0.00480 0.313 

H28C 1.04370 0.07040 0.03550 0.313 

H28D 1.01010 0.18960 -0.07860 0.313 

C29' 0.83550 0.13650 0.02740 0.313 

H29C 0.81920 0.06390 0.09780 0.313 

H29D 0.79550 0.12950 -0.03760 0.313 

C30' 0.76840 0.24760 0.04200 0.313 

H30C 0.69580 0.22760 0.10600 0.313 

H30D 0.72470 0.30620 -0.02890 0.313 

C31' 0.89010 0.29640 0.06940 0.313 

H31C 0.89730 0.38040 0.01390 0.313 

H31D 0.87510 0.29530 0.14740 0.313 

 

Table C.27. Bond angles for (TpPh)2Ni2•2thf (°). 

N6i—Ni1—N3 136.07(6) C19—C20—C21 104.90(15) 

N6i—Ni1—N2 122.40(6) C19—C20—H20 127.6 

N3—Ni1—N2 96.60(6) C21—C20—H20 127.6 

N6i—Ni1—Ni1i 107.58(4) N6—C21—C20 110.25(15) 

N3—Ni1—Ni1i 92.73(4) N6—C21—C22 122.19(15) 

N2—Ni1—Ni1i 86.81(4) C20—C21—C22 127.51(16) 

C1—N1—N2 109.90(14) C27—C22—C23 118.96(16) 

C1—N1—B1 123.62(15) C27—C22—C21 121.98(16) 

N2—N1—B1 126.48(14) C23—C22—C21 119.05(16) 
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C3—N2—N1 105.92(14) C24—C23—C22 120.33(18) 

C3—N2—Ni1 132.30(12) C24—C23—H23 119.8 

N1—N2—Ni1 120.78(11) C22—C23—H23 119.8 

C12—N3—N4 106.35(14) C25—C24—C23 120.56(18) 

C12—N3—Ni1 129.61(12) C25—C24—H24 119.7 

N4—N3—Ni1 122.90(11) C23—C24—H24 119.7 

C10—N4—N3 109.48(14) C24—C25—C26 119.41(17) 

C10—N4—B1 125.94(15) C24—C25—H25 120.3 

N3—N4—B1 124.57(14) C26—C25—H25 120.3 

C19—N5—N6 109.20(14) C25—C26—C27 120.23(18) 

C19—N5—B1 123.03(15) C25—C26—H26 119.9 

N6—N5—B1 127.44(14) C27—C26—H26 119.9 

C21—N6—N5 106.18(14) C22—C27—C26 120.46(17) 

C21—N6—Ni1i 124.05(12) C22—C27—H27 119.8 

N5—N6—Ni1i 129.77(11) C26—C27—H27 119.8 

N1—C1—C2 108.69(16) N1—B1—N4 111.28(14) 

N1—C1—H1 125.7 N1—B1—N5 114.24(15) 

C2—C1—H1 125.7 N4—B1—N5 112.09(14) 

C1—C2—C3 105.51(16) N1—B1—H1A 106.2 

C1—C2—H2 127.2 N4—B1—H1A 106.2 

C3—C2—H2 127.2 N5—B1—H1A 106.2 

N2—C3—C2 109.98(16) C28—O1—C31 108.1(4) 

N2—C3—C4 123.30(16) O1—C28—C29 106.9(4) 
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C2—C3—C4 126.72(16) O1—C28—H28A 110.3 

C5—C4—C9 118.70(16) C29—C28—H28A 110.3 

C5—C4—C3 119.81(16) O1—C28—H28B 110.3 

C9—C4—C3 121.43(15) C29—C28—H28B 110.3 

C6—C5—C4 120.81(17) H28A—C28—H28B 108.6 

C6—C5—H5 119.6 C30—C29—C28 102.1(5) 

C4—C5—H5 119.6 C30—C29—H29A 111.4 

C5—C6—C7 119.96(17) C28—C29—H29A 111.4 

C5—C6—H6 120.0 C30—C29—H29B 111.4 

C7—C6—H6 120.0 C28—C29—H29B 111.4 

C8—C7—C6 119.67(17) H29A—C29—H29B 109.2 

C8—C7—H7 120.2 C29—C30—C31 101.8(6) 

C6—C7—H7 120.2 C29—C30—H30A 111.4 

C9—C8—C7 120.48(17) C31—C30—H30A 111.4 

C9—C8—H8 119.8 C29—C30—H30B 111.4 

C7—C8—H8 119.8 C31—C30—H30B 111.4 

C8—C9—C4 120.38(16) H30A—C30—H30B 109.3 

C8—C9—H9 119.8 O1—C31—C30 105.1(6) 

C4—C9—H9 119.8 O1—C31—H31A 110.7 

N4—C10—C11 109.09(16) C30—C31—H31A 110.7 

N4—C10—H10 125.5 O1—C31—H31B 110.7 

C11—C10—H10 125.5 C30—C31—H31B 110.7 

C10—C11—C12 105.05(16) H31A—C31—H31B 108.8 
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C10—C11—H11 127.5 C31'—O1'—C28' 108.1(8) 

C12—C11—H11 127.5 O1'—C28'—C29' 105.5(8) 

N3—C12—C11 110.02(16) O1'—C28'—H28C 110.6 

N3—C12—C13 122.02(16) C29'—C28'—H28C 110.6 

C11—C12—C13 127.96(17) O1'—C28'—H28D 110.6 

C14—C13—C18 118.75(18) C29'—C28'—H28D 110.6 

C14—C13—C12 121.71(17) H28C—C28'—H28D 108.8 

C18—C13—C12 119.53(17) C28'—C29'—C30' 106.2(9) 

C15—C14—C13 120.39(18) C28'—C29'—H29C 110.5 

C15—C14—H14 119.8 C30'—C29'—H29C 110.5 

C13—C14—H14 119.8 C28'—C29'—H29D 110.5 

C16—C15—C14 120.31(19) C30'—C29'—H29D 110.5 

C16—C15—H15 119.8 H29C—C29'—H29D 108.7 

C14—C15—H15 119.8 C29'—C30'—C31' 103.7(9) 

C17—C16—C15 119.49(19) C29'—C30'—H30C 111.0 

C17—C16—H16 120.3 C31'—C30'—H30C 111.0 

C15—C16—H16 120.3 C29'—C30'—H30D 111.0 

C16—C17—C18 120.50(19) C31'—C30'—H30D 111.0 

C16—C17—H17 119.8 H30C—C30'—H30D 109.0 

C18—C17—H17 119.8 O1'—C31'—C30' 108.3(10) 

C17—C18—C13 120.55(19) O1'—C31'—H31C 110.0 

C17—C18—H18 119.7 C30'—C31'—H31C 110.0 

C13—C18—H18 119.7 O1'—C31'—H31D 110.0 
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N5—C19—C20 109.46(16) C30'—C31'—H31D 110.0 

N5—C19—H19 125.3 H31C—C31'—H31D 108.4 

C20—C19—H19 125.3 
  

Symmetry code: (i) −x+1, −y+1, −z+1. 

 

Table C.28. Bond lengths in (TpPh)2Ni2•2thf (Å). 

Ni1—N6i 1.9498(14) C17—C18 1.384(3) 

Ni1—N3 1.9509(15) C17—H17 0.9500 

Ni1—N2 1.9716(15) C18—H18 0.9500 

Ni1—Ni1i 2.7121(5) C19—C20 1.369(3) 

N1—C1 1.352(2) C19—H19 0.9500 

N1—N2 1.370(2) C20—C21 1.395(2) 

N1—B1 1.536(2) C20—H20 0.9500 

N2—C3 1.354(2) C21—C22 1.478(2) 

N3—C12 1.351(2) C22—C27 1.388(3) 

N3—N4 1.3673(19) C22—C23 1.394(2) 

N4—C10 1.348(2) C23—C24 1.387(3) 

N4—B1 1.542(2) C23—H23 0.9500 

N5—C19 1.346(2) C24—C25 1.381(3) 

N5—N6 1.3717(19) C24—H24 0.9500 

N5—B1 1.552(2) C25—C26 1.389(3) 

N6—C21 1.352(2) C25—H25 0.9500 

N6—Ni1i 1.9497(14) C26—C27 1.390(3) 
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C1—C2 1.365(3) C26—H26 0.9500 

C1—H1 0.9500 C27—H27 0.9500 

C2—C3 1.400(2) B1—H1A 1.0000 

C2—H2 0.9500 O1—C28 1.428(5) 

C3—C4 1.473(2) O1—C31 1.446(7) 

C4—C5 1.397(2) C28—C29 1.558(6) 

C4—C9 1.397(2) C28—H28A 0.9900 

C5—C6 1.386(3) C28—H28B 0.9900 

C5—H5 0.9500 C29—C30 1.500(7) 

C6—C7 1.390(3) C29—H29A 0.9900 

C6—H6 0.9500 C29—H29B 0.9900 

C7—C8 1.387(3) C30—C31 1.507(7) 

C7—H7 0.9500 C30—H30A 0.9900 

C8—C9 1.385(3) C30—H30B 0.9900 

C8—H8 0.9500 C31—H31A 0.9900 

C9—H9 0.9500 C31—H31B 0.9900 

C10—C11 1.371(3) O1'—C31' 1.438(12) 

C10—H10 0.9500 O1'—C28' 1.442(9) 

C11—C12 1.398(3) C28'—C29' 1.478(12) 

C11—H11 0.9500 C28'—H28C 0.9900 

C12—C13 1.474(2) C28'—H28D 0.9900 

C13—C14 1.393(3) C29'—C30' 1.506(12) 

C13—C18 1.397(3) C29'—H29C 0.9900 
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C14—C15 1.392(3) C29'—H29D 0.9900 

C14—H14 0.9500 C30'—C31' 1.512(12) 

C15—C16 1.387(3) C30'—H30C 0.9900 

C15—H15 0.9500 C30'—H30D 0.9900 

C16—C17 1.384(3) C31'—H31C 0.9900 

C16—H16 0.9500 C31'—H31D 0.9900 

Symmetry code: (i) −x+1, −y+1, −z+1. 

 

Table C.29. Single crystal X-ray diffraction experimental details for 

[(Tp*)Fe(CN)2-CN-Ni(NCMe)(TpPh)]. 

Chemical formula C47H47B2FeN16Ni·C2H3N·CH2Cl2 

Mr 1098.16 

Crystal system, space group Monoclinic, P21/c 

Temperature (K) 100 

a, b, c (Å) 10.8728 (4), 21.5195 (8), 22.2856 (8) 

β (°) 95.0484 (14) 

V (Å3) 5194.1 (3) 

Z 4 

F(000) 2276 

Dx (Mg m−3) 1.404 

Radiation type Mo K  = 0.71073 Å 

 (mm-1) 0.80 

Crystal shape Rectangle 
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Colour Orange 

Crystal size (mm) 0.26 × 0.14 × 0.08 

Diffractometer Bruker APEX-II CCD 

Scan method φ and ω scans 

Absorption correction Multi-scan  

twinabs v2012/1 

Tmin, Tmax 0.602, 0.746 

No. of measured, independent and 

observed [I > 2σ(I)] reflections 

56124, 14321, 11901 

Rint 0.059 

θ values (°) θmax = 28.3, θmin = 1.8 

(sin  /)max (Å-1) 0.668 

R[F2 > 2σ(F2)], wR(F2), S 0.052, 0.122, 1.08 

No. of reflections 14321 

No. of parameters 674 

No. of restraints 41 

H-atom treatment H-atom parameters constrained 

Weighting scheme w = 1/[σ2(Fo
2) + (0.0335P)2 + 8.8776P]  

where P = (Fo
2 + 2Fc

2)/3 

(Δ/σ)max 0.005 

Δρmax, Δρmin (e Å−3) 0.76, −0.63 
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Table C.30. Atom coordinates for [(Tp*)Fe(CN)2-CN-Ni(NCMe)(TpPh)]. 

Atom x y z Occupancy 

Ni1 0.20132 0.17915 0.33288 1.000 

Fe1 0.21181 0.40980 0.37076 1.000 

N1 0.27660 0.44143 0.29505 1.000 

N2 0.36170 0.48867 0.30120 1.000 

N3 0.18540 0.49912 0.39536 1.000 

N4 0.27710 0.54105 0.38648 1.000 

N5 0.38280 0.41114 0.41000 1.000 

N6 0.44930 0.46555 0.40549 1.000 

N7 0.21040 0.27196 0.33735 1.000 

N8 0.27130 0.17829 0.24915 1.000 

N9 0.21100 0.13837 0.20911 1.000 

N10 0.02470 0.15591 0.30213 1.000 

N11 0.01530 0.11286 0.25685 1.000 

N12 0.24870 0.08692 0.33587 1.000 

N13 0.20590 0.05355 0.28619 1.000 

N14 0.16590 0.18149 0.42255 1.000 

N15 -0.05000 0.40481 0.30527 1.000 

N16 0.13190 0.36483 0.49294 1.000 

C1 0.25700 0.42894 0.23577 1.000 

C2 0.32960 0.46870 0.20466 1.000 

H2 0.33380 0.47000 0.16230 1.000 
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C3 0.39400 0.50590 0.24657 1.000 

C4 0.17050 0.37980 0.20985 1.000 

H4A 0.18750 0.34060 0.23140 1.000 

H4B 0.18230 0.37410 0.16710 1.000 

H4C 0.08520 0.39260 0.21400 1.000 

C5 0.48630 0.55640 0.23860 1.000 

H5A 0.45640 0.59550 0.25460 1.000 

H5B 0.49730 0.56130 0.19570 1.000 

H5C 0.56550 0.54540 0.26050 1.000 

C6 0.08950 0.53101 0.41337 1.000 

C7 0.12010 0.59462 0.41623 1.000 

H7 0.06960 0.62770 0.42800 1.000 

C8 0.23860 0.59912 0.39833 1.000 

C9 -0.03060 0.50271 0.42598 1.000 

H9A -0.07720 0.49140 0.38790 1.000 

H9B -0.07820 0.53270 0.44760 1.000 

H9C -0.01530 0.46540 0.45070 1.000 

C10 0.31570 0.65534 0.38814 1.000 

H10A 0.39780 0.65020 0.40950 1.000 

H10B 0.27600 0.69230 0.40340 1.000 

H10C 0.32370 0.66020 0.34490 1.000 

C11 0.45500 0.37258 0.44560 1.000 

C12 0.56650 0.40205 0.46277 1.000 
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H12 0.63410 0.38520 0.48740 1.000 

C13 0.55980 0.46005 0.43728 1.000 

C14 0.65320 0.51128 0.44220 1.000 

H14A 0.68390 0.51850 0.40270 1.000 

H14B 0.72220 0.49950 0.47130 1.000 

H14C 0.61480 0.54940 0.45580 1.000 

C15 0.41760 0.30859 0.46295 1.000 

H15A 0.35270 0.31140 0.49070 1.000 

H15B 0.48920 0.28680 0.48270 1.000 

H15C 0.38630 0.28570 0.42680 1.000 

C16 0.21600 0.32415 0.34907 1.000 

C17 0.04640 0.40713 0.33093 1.000 

C18 0.15750 0.38112 0.44646 1.000 

C19 0.34480 0.21370 0.21766 1.000 

C20 0.32870 0.19709 0.15658 1.000 

H20 0.36800 0.21500 0.12430 1.000 

C21 0.24430 0.14946 0.15323 1.000 

H21 0.21440 0.12800 0.11760 1.000 

C22 0.43450 0.25754 0.24745 1.000 

C23 0.49730 0.24244 0.30294 1.000 

H23 0.48000 0.20440 0.32220 1.000 

C24 0.58520 0.28305 0.33020 1.000 

H24 0.62760 0.27230 0.36780 1.000 
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C25 0.61150 0.33880 0.30310 1.000 

H25 0.67020 0.36660 0.32230 1.000 

C26 0.55150 0.35330 0.24800 1.000 

H26 0.57030 0.39120 0.22890 1.000 

C27 0.46290 0.31310 0.21930 1.000 

H27 0.42270 0.32360 0.18110 1.000 

C28 -0.08930 0.16207 0.32041 1.000 

C29 -0.17240 0.12409 0.28546 1.000 

H29 -0.25870 0.12020 0.28820 1.000 

C30 -0.10250 0.09392 0.24656 1.000 

H30 -0.13230 0.06440 0.21710 1.000 

C31 -0.11970 0.20227 0.37096 1.000 

C32 -0.18370 0.17600 0.41635 1.000 

H32 -0.20690 0.13350 0.41410 1.000 

C33 -0.21380 0.21200 0.46500 1.000 

H33 -0.25500 0.19380 0.49650 1.000 

C34 -0.18310 0.27450 0.46709 1.000 

H34 -0.20380 0.29920 0.50010 1.000 

C35 -0.12290 0.30115 0.42170 1.000 

H35 -0.10360 0.34420 0.42310 1.000 

C36 -0.09030 0.26506 0.37369 1.000 

H36 -0.04790 0.28350 0.34270 1.000 

C37 0.29870 0.04569 0.37635 1.000 
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C38 0.28640 -0.01442 0.35216 1.000 

H38 0.31330 -0.05220 0.37110 1.000 

C39 0.22730 -0.00744 0.29542 1.000 

H39 0.20540 -0.03990 0.26760 1.000 

C40 0.35300 0.06320 0.43600 0.864 

C41 0.42170 0.11740 0.44640 0.864 

H41 0.43620 0.14380 0.41370 0.864 

C42 0.46960 0.13320 0.50480 0.864 

H42 0.51400 0.17090 0.51220 0.864 

C43 0.45050 0.09210 0.55210 0.864 

H43 0.47980 0.10260 0.59220 0.864 

C44 0.39000 0.03700 0.54090 0.864 

H44 0.38210 0.00860 0.57300 0.864 

C45 0.34060 0.02220 0.48390 0.864 

H45 0.29780 -0.01590 0.47690 0.864 

C40' 0.36000 0.07000 0.43480 0.136 

C41' 0.43600 0.12300 0.43570 0.136 

H41' 0.44800 0.14340 0.39910 0.136 

C42' 0.49400 0.14500 0.49040 0.136 

H42' 0.55560 0.17620 0.49070 0.136 

C43' 0.46000 0.11950 0.54460 0.136 

H43' 0.50250 0.13030 0.58220 0.136 

C44' 0.36200 0.07900 0.54170 0.136 
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H44' 0.32860 0.06780 0.57810 0.136 

C45' 0.31100 0.05360 0.48900 0.136 

H45' 0.24400 0.02550 0.48900 0.136 

C46 0.14440 0.19397 0.47001 1.000 

C47 0.11750 0.21110 0.53110 1.000 

H47A 0.09900 0.25560 0.53250 1.000 

H47B 0.18920 0.20180 0.55940 1.000 

H47C 0.04600 0.18740 0.54230 1.000 

B1 0.39690 0.51730 0.36370 1.000 

H1 0.45800 0.55180 0.36120 1.000 

B2 0.13170 0.08570 0.23248 1.000 

H2A 0.10880 0.05500 0.19970 1.000 

Cl1 -0.22660 0.32488 0.13245 1.000 

Cl2 -0.02279 0.24642 0.17762 1.000 

C3S -0.14830 0.29040 0.19820 1.000 

H3SA -0.11860 0.32320 0.22700 1.000 

H3SB -0.20600 0.26330 0.21820 1.000 

N1S 0.04290 -0.06990 0.46870 0.746 

C2S -0.03070 0.01330 0.38810 0.746 

H2S1 0.01830 0.05040 0.39920 0.746 

H2S2 -0.11880 0.02330 0.38770 0.746 

H2S3 -0.01260 -0.00070 0.34800 0.746 

N1S' 0.08200 -0.07690 0.42980 0.254 
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C2S' -0.13000 -0.00700 0.44170 0.254 

H2S4 -0.18170 -0.04070 0.45530 0.254 

H2S5 -0.17010 0.01110 0.40460 0.254 

H2S6 -0.12020 0.02510 0.47300 0.254 

C1S -0.00140 -0.03320 0.42950 1.000 

 

 

angles 

Table C.31. Bond angles for [(Tp*)Fe(CN)2-CN-Ni(NCMe)(TpPh)] (°). 

N7—Ni1—N10 107.56(13) N9—C21—C20 108.3(3) 

N7—Ni1—N12 162.40(13) N9—C21—H21 125.8 

N10—Ni1—N12 89.99(13) C20—C21—H21 125.8 

N7—Ni1—N14 86.57(12) C23—C22—C27 119.1(4) 

N10—Ni1—N14 94.60(13) C23—C22—C19 120.2(3) 

N12—Ni1—N14 93.43(12) C27—C22—C19 120.6(3) 

N7—Ni1—N8 91.91(12) C24—C23—C22 120.2(4) 

N10—Ni1—N8 95.99(12) C24—C23—H23 119.9 

N12—Ni1—N8 84.82(12) C22—C23—H23 119.9 

N14—Ni1—N8 169.26(13) C25—C24—C23 120.9(4) 

C16—Fe1—C17 84.08(14) C25—C24—H24 119.6 

C16—Fe1—C18 85.91(14) C23—C24—H24 119.6 

C17—Fe1—C18 92.73(15) C26—C25—C24 119.1(4) 

C16—Fe1—N5 94.78(14) C26—C25—H25 120.4 
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C17—Fe1—N5 178.55(14) C24—C25—H25 120.4 

C18—Fe1—N5 88.07(14) C25—C26—C27 121.2(4) 

C16—Fe1—N1 95.57(13) C25—C26—H26 119.4 

C17—Fe1—N1 90.29(14) C27—C26—H26 119.4 

C18—Fe1—N1 176.76(14) C22—C27—C26 119.5(4) 

N5—Fe1—N1 88.92(13) C22—C27—H27 120.3 

C16—Fe1—N3 173.00(14) C26—C27—H27 120.3 

C17—Fe1—N3 90.23(13) N10—C28—C29 109.9(3) 

C18—Fe1—N3 90.29(13) N10—C28—C31 124.1(3) 

N5—Fe1—N3 90.96(12) C29—C28—C31 126.0(4) 

N1—Fe1—N3 88.53(12) C30—C29—C28 105.2(4) 

C1—N1—N2 107.0(3) C30—C29—H29 127.4 

C1—N1—Fe1 136.2(3) C28—C29—H29 127.4 

N2—N1—Fe1 116.8(2) N11—C30—C29 108.8(3) 

C3—N2—N1 109.9(3) N11—C30—H30 125.6 

C3—N2—B1 130.0(3) C29—C30—H30 125.6 

N1—N2—B1 119.9(3) C36—C31—C32 119.3(4) 

C6—N3—N4 107.5(3) C36—C31—C28 122.4(4) 

C6—N3—Fe1 134.4(2) C32—C31—C28 118.2(4) 

N4—N3—Fe1 117.5(2) C33—C32—C31 120.3(4) 

C8—N4—N3 109.8(3) C33—C32—H32 119.9 

C8—N4—B1 131.5(3) C31—C32—H32 119.9 

N3—N4—B1 118.7(3) C34—C33—C32 119.5(4) 
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C11—N5—N6 106.4(3) C34—C33—H33 120.2 

C11—N5—Fe1 136.4(3) C32—C33—H33 120.2 

N6—N5—Fe1 117.1(2) C35—C34—C33 120.6(4) 

C13—N6—N5 109.6(3) C35—C34—H34 119.7 

C13—N6—B1 130.7(3) C33—C34—H34 119.7 

N5—N6—B1 119.4(3) C34—C35—C36 120.1(4) 

C16—N7—Ni1 169.8(3) C34—C35—H35 120.0 

C19—N8—N9 106.8(3) C36—C35—H35 120.0 

C19—N8—Ni1 138.2(2) C31—C36—C35 120.2(4) 

N9—N8—Ni1 113.6(2) C31—C36—H36 119.9 

C21—N9—N8 109.9(3) C35—C36—H36 119.9 

C21—N9—B2 130.2(3) N12—C37—C38 109.3(3) 

N8—N9—B2 119.5(3) N12—C37—C40 123.3(9) 

C28—N10—N11 106.2(3) C38—C37—C40 127.4(9) 

C28—N10—Ni1 137.6(3) N12—C37—C40' 118(6) 

N11—N10—Ni1 114.8(2) C38—C37—C40' 132(6) 

C30—N11—N10 109.8(3) C39—C38—C37 105.9(3) 

C30—N11—B2 128.8(3) C39—C38—H38 127.1 

N10—N11—B2 120.6(3) C37—C38—H38 127.1 

C37—N12—N13 106.6(3) N13—C39—C38 107.9(3) 

C37—N12—Ni1 138.2(3) N13—C39—H39 126.0 

N13—N12—Ni1 114.6(2) C38—C39—H39 126.0 

C39—N13—N12 110.3(3) C41—C40—C45 119.1(7) 
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C39—N13—B2 128.8(3) C41—C40—C37 122.6(7) 

N12—N13—B2 120.6(3) C45—C40—C37 118.3(7) 

C46—N14—Ni1 167.6(3) C40—C41—C42 120.7(6) 

N1—C1—C2 108.6(4) C40—C41—H41 119.7 

N1—C1—C4 124.0(3) C42—C41—H41 119.7 

C2—C1—C4 127.4(4) C41—C42—C43 118.4(6) 

C3—C2—C1 107.3(4) C41—C42—H42 120.8 

C3—C2—H2 126.4 C43—C42—H42 120.8 

C1—C2—H2 126.4 C44—C43—C42 120.7(5) 

N2—C3—C2 107.2(4) C44—C43—H43 119.7 

N2—C3—C5 122.4(4) C42—C43—H43 119.7 

C2—C3—C5 130.4(4) C43—C44—C45 120.8(6) 

C1—C4—H4A 109.5 C43—C44—H44 119.6 

C1—C4—H4B 109.5 C45—C44—H44 119.6 

H4A—C4—H4B 109.5 C44—C45—C40 120.2(6) 

C1—C4—H4C 109.5 C44—C45—H45 119.9 

H4A—C4—H4C 109.5 C40—C45—H45 119.9 

H4B—C4—H4C 109.5 C41'—C40'—C45' 117(3) 

C3—C5—H5A 109.5 C41'—C40'—C37 121(4) 

C3—C5—H5B 109.5 C45'—C40'—C37 119(4) 

H5A—C5—H5B 109.5 C40'—C41'—C42' 120(3) 

C3—C5—H5C 109.5 C40'—C41'—H41' 119.8 

H5A—C5—H5C 109.5 C42'—C41'—H41' 119.8 
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H5B—C5—H5C 109.5 C43'—C42'—C41' 119(2) 

N3—C6—C7 109.0(3) C43'—C42'—H42' 120.7 

N3—C6—C9 124.4(3) C41'—C42'—H42' 120.7 

C7—C6—C9 126.6(3) C44'—C43'—C42' 118(2) 

C8—C7—C6 106.1(3) C44'—C43'—H43' 121.0 

C8—C7—H7 127.0 C42'—C43'—H43' 121.0 

C6—C7—H7 127.0 C45'—C44'—C43' 123(2) 

N4—C8—C7 107.7(3) C45'—C44'—H44' 118.4 

N4—C8—C10 122.0(3) C43'—C44'—H44' 118.4 

C7—C8—C10 130.2(3) C44'—C45'—C40' 119(2) 

C6—C9—H9A 109.5 C44'—C45'—H45' 120.6 

C6—C9—H9B 109.5 C40'—C45'—H45' 120.6 

H9A—C9—H9B 109.5 N14—C46—C47 179.1(4) 

C6—C9—H9C 109.5 C46—C47—H47A 109.5 

H9A—C9—H9C 109.5 C46—C47—H47B 109.5 

H9B—C9—H9C 109.5 H47A—C47—H47B 109.5 

C8—C10—H10A 109.5 C46—C47—H47C 109.5 

C8—C10—H10B 109.5 H47A—C47—H47C 109.5 

H10A—C10—H10B 109.5 H47B—C47—H47C 109.5 

C8—C10—H10C 109.5 N4—B1—N6 108.9(3) 

H10A—C10—H10C 109.5 N4—B1—N2 106.5(3) 

H10B—C10—H10C 109.5 N6—B1—N2 108.0(3) 

N5—C11—C12 109.2(3) N4—B1—H1 111.1 
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N5—C11—C15 124.0(3) N6—B1—H1 111.1 

C12—C11—C15 126.8(3) N2—B1—H1 111.1 

C13—C12—C11 106.7(3) N11—B2—N9 110.0(3) 

C13—C12—H12 126.6 N11—B2—N13 106.6(3) 

C11—C12—H12 126.6 N9—B2—N13 108.7(3) 

N6—C13—C12 108.1(3) N11—B2—H2A 110.5 

N6—C13—C14 122.9(3) N9—B2—H2A 110.5 

C12—C13—C14 129.0(4) N13—B2—H2A 110.5 

C13—C14—H14A 109.5 Cl2—C3S—Cl1 109.5(3) 

C13—C14—H14B 109.5 Cl2—C3S—H3SA 109.8 

H14A—C14—H14B 109.5 Cl1—C3S—H3SA 109.8 

C13—C14—H14C 109.5 Cl2—C3S—H3SB 109.8 

H14A—C14—H14C 109.5 Cl1—C3S—H3SB 109.8 

H14B—C14—H14C 109.5 H3SA—C3S—H3SB 108.2 

C11—C15—H15A 109.5 C1S—C2S—H2S1 109.5 

C11—C15—H15B 109.5 C1S—C2S—H2S2 109.5 

H15A—C15—H15B 109.5 H2S1—C2S—H2S2 109.5 

C11—C15—H15C 109.5 C1S—C2S—H2S3 109.5 

H15A—C15—H15C 109.5 H2S1—C2S—H2S3 109.5 

H15B—C15—H15C 109.5 H2S2—C2S—H2S3 109.5 

N7—C16—Fe1 175.2(3) C1S—C2S'—H2S4 109.5 

N15—C17—Fe1 177.4(3) C1S—C2S'—H2S5 109.5 

N16—C18—Fe1 176.1(3) H2S4—C2S'—H2S5 109.5 
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N8—C19—C20 109.4(3) C1S—C2S'—H2S6 109.5 

N8—C19—C22 121.9(3) H2S4—C2S'—H2S6 109.5 

C20—C19—C22 128.4(3) H2S5—C2S'—H2S6 109.5 

C21—C20—C19 105.6(3) N1S—C1S—C2S 169.6(10) 

C21—C20—H20 127.2 N1S'—C1S—C2S' 153.4(16) 

C19—C20—H20 127.2 
  

 

Table C.32. Bond lengths for [(Tp*)Fe(CN)2-CN-Ni(NCMe)(TpPh)] (Å). 

Ni1—N7 2.002(3) C21—H21 0.9500 

Ni1—N10 2.044(3) C22—C23 1.397(6) 

Ni1—N12 2.050(3) C22—C27 1.398(5) 

Ni1—N14 2.069(3) C23—C24 1.394(6) 

Ni1—N8 2.076(3) C23—H23 0.9500 

Fe1—C16 1.907(3) C24—C25 1.384(6) 

Fe1—C17 1.935(4) C24—H24 0.9500 

Fe1—C18 1.937(4) C25—C26 1.375(7) 

Fe1—N5 1.984(3) C25—H25 0.9500 

Fe1—N1 2.004(3) C26—C27 1.406(6) 

Fe1—N3 2.026(3) C26—H26 0.9500 

N1—C1 1.347(5) C27—H27 0.9500 

N1—N2 1.373(4) C28—C29 1.402(5) 

N2—C3 1.348(5) C28—C31 1.480(5) 

N2—B1 1.540(5) C29—C30 1.366(6) 
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N3—C6 1.339(4) C29—H29 0.9500 

N3—N4 1.372(4) C30—H30 0.9500 

N4—C8 1.351(4) C31—C36 1.388(5) 

N4—B1 1.527(5) C31—C32 1.397(6) 

N5—C11 1.351(5) C32—C33 1.395(6) 

N5—N6 1.384(4) C32—H32 0.9500 

N6—C13 1.346(5) C33—C34 1.385(7) 

N6—B1 1.529(5) C33—H33 0.9500 

N7—C16 1.154(4) C34—C35 1.378(7) 

N8—C19 1.346(5) C34—H34 0.9500 

N8—N9 1.364(4) C35—C36 1.393(5) 

N9—C21 1.348(5) C35—H35 0.9500 

N9—B2 1.542(5) C36—H36 0.9500 

N10—C28 1.345(5) C37—C38 1.403(5) 

N10—N11 1.367(4) C37—C40 1.456(8) 

N11—C30 1.345(5) C37—C40' 1.51(4) 

N11—B2 1.536(5) C38—C39 1.375(6) 

N12—C37 1.346(5) C38—H38 0.9500 

N12—N13 1.367(4) C39—H39 0.9500 

N13—C39 1.346(5) C40—C41 1.393(7) 

N13—B2 1.547(5) C40—C45 1.401(12) 

N14—C46 1.135(5) C41—C42 1.399(7) 

N15—C17 1.150(5) C41—H41 0.9500 
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N16—C18 1.151(5) C42—C43 1.406(8) 

C1—C2 1.390(6) C42—H42 0.9500 

C1—C4 1.496(6) C43—C44 1.367(10) 

C2—C3 1.374(6) C43—H43 0.9500 

C2—H2 0.9500 C44—C45 1.372(8) 

C3—C5 1.501(6) C44—H44 0.9500 

C4—H4A 0.9800 C45—H45 0.9500 

C4—H4B 0.9800 C40'—C41' 1.40(2) 

C4—H4C 0.9800 C40'—C45' 1.41(2) 

C5—H5A 0.9800 C41'—C42' 1.407(19) 

C5—H5B 0.9800 C41'—H41' 0.9500 

C5—H5C 0.9800 C42'—C43' 1.41(2) 

C6—C7 1.409(5) C42'—H42' 0.9500 

C6—C9 1.489(5) C43'—C44' 1.37(2) 

C7—C8 1.386(5) C43'—H43' 0.9500 

C7—H7 0.9500 C44'—C45' 1.37(2) 

C8—C10 1.500(5) C44'—H44' 0.9500 

C9—H9A 0.9800 C45'—H45' 0.9500 

C9—H9B 0.9800 C46—C47 1.465(5) 

C9—H9C 0.9800 C47—H47A 0.9800 

C10—H10A 0.9800 C47—H47B 0.9800 

C10—H10B 0.9800 C47—H47C 0.9800 

C10—H10C 0.9800 B1—H1 1.0000 
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C11—C12 1.391(5) B2—H2A 1.0000 

C11—C15 1.496(5) Cl1—C3S 1.790(5) 

C12—C13 1.371(5) Cl2—C3S 1.754(6) 

C12—H12 0.9500 C3S—H3SA 0.9900 

C13—C14 1.497(5) C3S—H3SB 0.9900 

C14—H14A 0.9800 N1S—C1S 1.243(12) 

C14—H14B 0.9800 C2S—C1S 1.380(12) 

C14—H14C 0.9800 C2S—H2S1 0.9800 

C15—H15A 0.9800 C2S—H2S2 0.9800 

C15—H15B 0.9800 C2S—H2S3 0.9800 

C15—H15C 0.9800 N1S'—C1S 1.30(3) 

C19—C20 1.403(5) C2S'—C1S 1.56(3) 

C19—C22 1.472(5) C2S'—H2S4 0.9800 

C20—C21 1.374(6) C2S'—H2S5 0.9800 

C20—H20 0.9500 C2S'—H2S6 0.9800 

 

Table C.33. Single crystal X-ray diffraction experimental details for 

[(Tp*)Fe(CN)2-CN-Co(dmf)(TpPh)]•2dmf. 

Chemical formula 4(C48H51B2CoFeN16O)·8(C3H7NO) 

Mr 4602.66 

Crystal system, space group Monoclinic, P21/n 

Temperature (K) 101 

a, b, c (Å) 13.370 (5), 13.064 (5), 32.181 (14) 

β (°) 95.961 (14) 
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V (Å3) 5590 (4) 

Z 1 

F(000) 2411.5669 

Dx (Mg m−3) 1.367 

Radiation type Mo K  = 0.71073 Å 

 (mm-1) 0.62 

Crystal shape Hexagonal 

Colour Red 

Crystal size (mm) 0.43 × 0.21 × 0.09 

Data collection 

Diffractometer Bruker APEX-II CCD 

Scan method φ and ω scans 

Absorption correction – 

No. of measured, independent and 

observed [I > 2 (I)] reflections 

26677, 7350, 2997 

Rint 0.156 

θmax (°) 23.4 

(sin  /)max (Å-1) 0.560 

R[F2 > 2σ(F2)], wR(F2), S 0.275, 0.677, 2.25 

No. of reflections 7350 

No. of parameters 329 

No. of restraints 0 

No. of constraints 106 
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H-atom treatment H-atom parameters constrained 

Weighting scheme w = 1/[σ2(Fo
2) + (0.2P)2]  

where P = (Fo
2 + 2Fc

2)/3 

(Δ/σ)max 2.943 

Δρmax, Δρmin (e Å−3) 10.86, −5.78 

 

    

Table C.34. Atom coordinates for [(Tp*)Fe(CN)2-CN-Co(dmf)(TpPh)]•2dmf. 

Atom x y z Occupancy 

Ni1 0.20132 0.17915 0.33288 1.000 

Fe1 0.21181 0.40980 0.37076 1.000 

N1 0.27660 0.44143 0.29505 1.000 

N2 0.36170 0.48867 0.30120 1.000 

N3 0.18540 0.49912 0.39536 1.000 

N4 0.27710 0.54105 0.38648 1.000 

N5 0.38280 0.41114 0.41000 1.000 

N6 0.44930 0.46555 0.40549 1.000 

N7 0.21040 0.27196 0.33735 1.000 

N8 0.27130 0.17829 0.24915 1.000 

N9 0.21100 0.13837 0.20911 1.000 

N10 0.02470 0.15591 0.30213 1.000 

N11 0.01530 0.11286 0.25685 1.000 

N12 0.24870 0.08692 0.33587 1.000 
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N13 0.20590 0.05355 0.28619 1.000 

N14 0.16590 0.18149 0.42255 1.000 

N15 -0.05000 0.40481 0.30527 1.000 

N16 0.13190 0.36483 0.49294 1.000 

C1 0.25700 0.42894 0.23577 1.000 

C2 0.32960 0.46870 0.20466 1.000 

H2 0.33380 0.47000 0.16230 1.000 

C3 0.39400 0.50590 0.24657 1.000 

C4 0.17050 0.37980 0.20985 1.000 

H4A 0.18750 0.34060 0.23140 1.000 

H4B 0.18230 0.37410 0.16710 1.000 

H4C 0.08520 0.39260 0.21400 1.000 

C5 0.48630 0.55640 0.23860 1.000 

H5A 0.45640 0.59550 0.25460 1.000 

H5B 0.49730 0.56130 0.19570 1.000 

H5C 0.56550 0.54540 0.26050 1.000 

C6 0.08950 0.53101 0.41337 1.000 

C7 0.12010 0.59462 0.41623 1.000 

H7 0.06960 0.62770 0.42800 1.000 

C8 0.23860 0.59912 0.39833 1.000 

C9 -0.03060 0.50271 0.42598 1.000 

H9A -0.07720 0.49140 0.38790 1.000 

H9B -0.07820 0.53270 0.44760 1.000 
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H9C -0.01530 0.46540 0.45070 1.000 

C10 0.31570 0.65534 0.38814 1.000 

H10A 0.39780 0.65020 0.40950 1.000 

H10B 0.27600 0.69230 0.40340 1.000 

H10C 0.32370 0.66020 0.34490 1.000 

C11 0.45500 0.37258 0.44560 1.000 

C12 0.56650 0.40205 0.46277 1.000 

H12 0.63410 0.38520 0.48740 1.000 

C13 0.55980 0.46005 0.43728 1.000 

C14 0.65320 0.51128 0.44220 1.000 

H14A 0.68390 0.51850 0.40270 1.000 

H14B 0.72220 0.49950 0.47130 1.000 

H14C 0.61480 0.54940 0.45580 1.000 

C15 0.41760 0.30859 0.46295 1.000 

H15A 0.35270 0.31140 0.49070 1.000 

H15B 0.48920 0.28680 0.48270 1.000 

H15C 0.38630 0.28570 0.42680 1.000 

C16 0.21600 0.32415 0.34907 1.000 

C17 0.04640 0.40713 0.33093 1.000 

C18 0.15750 0.38112 0.44646 1.000 

C19 0.34480 0.21370 0.21766 1.000 

C20 0.32870 0.19709 0.15658 1.000 

H20 0.36800 0.21500 0.12430 1.000 
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C21 0.24430 0.14946 0.15323 1.000 

H21 0.21440 0.12800 0.11760 1.000 

C22 0.43450 0.25754 0.24745 1.000 

C23 0.49730 0.24244 0.30294 1.000 

H23 0.48000 0.20440 0.32220 1.000 

C24 0.58520 0.28305 0.33020 1.000 

H24 0.62760 0.27230 0.36780 1.000 

C25 0.61150 0.33880 0.30310 1.000 

H25 0.67020 0.36660 0.32230 1.000 

C26 0.55150 0.35330 0.24800 1.000 

H26 0.57030 0.39120 0.22890 1.000 

C27 0.46290 0.31310 0.21930 1.000 

H27 0.42270 0.32360 0.18110 1.000 

C28 -0.08930 0.16207 0.32041 1.000 

C29 -0.17240 0.12409 0.28546 1.000 

H29 -0.25870 0.12020 0.28820 1.000 

C30 -0.10250 0.09392 0.24656 1.000 

H30 -0.13230 0.06440 0.21710 1.000 

C31 -0.11970 0.20227 0.37096 1.000 

C32 -0.18370 0.17600 0.41635 1.000 

H32 -0.20690 0.13350 0.41410 1.000 

C33 -0.21380 0.21200 0.46500 1.000 

H33 -0.25500 0.19380 0.49650 1.000 
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C34 -0.18310 0.27450 0.46709 1.000 

H34 -0.20380 0.29920 0.50010 1.000 

C35 -0.12290 0.30115 0.42170 1.000 

H35 -0.10360 0.34420 0.42310 1.000 

C36 -0.09030 0.26506 0.37369 1.000 

H36 -0.04790 0.28350 0.34270 1.000 

C37 0.29870 0.04569 0.37635 1.000 

C38 0.28640 -0.01442 0.35216 1.000 

H38 0.31330 -0.05220 0.37110 1.000 

C39 0.22730 -0.00744 0.29542 1.000 

H39 0.20540 -0.03990 0.26760 1.000 

C40 0.35300 0.06320 0.43600 0.864 

C41 0.42170 0.11740 0.44640 0.864 

H41 0.43620 0.14380 0.41370 0.864 

C42 0.46960 0.13320 0.50480 0.864 

H42 0.51400 0.17090 0.51220 0.864 

C43 0.45050 0.09210 0.55210 0.864 

H43 0.47980 0.10260 0.59220 0.864 

C44 0.39000 0.03700 0.54090 0.864 

H44 0.38210 0.00860 0.57300 0.864 

C45 0.34060 0.02220 0.48390 0.864 

H45 0.29780 -0.01590 0.47690 0.864 

C40' 0.36000 0.07000 0.43480 0.136 
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C41' 0.43600 0.12300 0.43570 0.136 

H41' 0.44800 0.14340 0.39910 0.136 

C42' 0.49400 0.14500 0.49040 0.136 

H42' 0.55560 0.17620 0.49070 0.136 

C43' 0.46000 0.11950 0.54460 0.136 

H43' 0.50250 0.13030 0.58220 0.136 

C44' 0.36200 0.07900 0.54170 0.136 

H44' 0.32860 0.06780 0.57810 0.136 

C45' 0.31100 0.05360 0.48900 0.136 

H45' 0.24400 0.02550 0.48900 0.136 

C46 0.14440 0.19397 0.47001 1.000 

C47 0.11750 0.21110 0.53110 1.000 

H47A 0.09900 0.25560 0.53250 1.000 

H47B 0.18920 0.20180 0.55940 1.000 

H47C 0.04600 0.18740 0.54230 1.000 

B1 0.39690 0.51730 0.36370 1.000 

H1 0.45800 0.55180 0.36120 1.000 

B2 0.13170 0.08570 0.23248 1.000 

H2A 0.10880 0.05500 0.19970 1.000 

Cl1 -0.22660 0.32488 0.13245 1.000 

Cl2 -0.02279 0.24642 0.17762 1.000 

C3S -0.14830 0.29040 0.19820 1.000 

H3SA -0.11860 0.32320 0.22700 1.000 
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H3SB -0.20600 0.26330 0.21820 1.000 

N1S 0.04290 -0.06990 0.46870 0.746 

C2S -0.03070 0.01330 0.38810 0.746 

H2S1 0.01830 0.05040 0.39920 0.746 

H2S2 -0.11880 0.02330 0.38770 0.746 

H2S3 -0.01260 -0.00070 0.34800 0.746 

N1S' 0.08200 -0.07690 0.42980 0.254 

C2S' -0.13000 -0.00700 0.44170 0.254 

H2S4 -0.18170 -0.04070 0.45530 0.254 

H2S5 -0.17010 0.01110 0.40460 0.254 

H2S6 -0.12020 0.02510 0.47300 0.254 

C1S -0.00140 -0.03320 0.42950 1.000 

 

Table C.35. Bond angles for [(Tp*)Fe(CN)2-CN-Co(dmf)(TpPh)]•2dmf (°). 

N14—Co1—N10 93.4(7) B2—N13—N12 123.7(18) 

N1—Co1—N10 88.1(8) C15—C16—C17 107(2) 

N1—Co1—N14 106.3(8) N7—C5—C6 105(2) 

N12—Co1—N10 83.9(8) C4—C5—C6 133(2) 

N12—Co1—N14 91.2(8) C4—C5—N7 121(2) 

N12—Co1—N1 161.2(8) C27—C26—C25 113(2) 

O1—Co1—N10 161.8(7) N13—C28—C29 105(2) 

O1—Co1—N14 102.4(7) N9—C10—C9 118(2) 

O1—Co1—N1 95.8(7) C11—C10—C9 134(2) 
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O1—Co1—N12 86.9(7) C11—C10—N9 106(2) 

N6—Fe1—N4 87.1(9) N13—N12—Co1 112.5(14) 

C3—Fe1—N4 97.6(11) C30—N12—Co1 143.8(18) 

C3—Fe1—N6 172.6(12) C30—N12—N13 103(2) 

C2—Fe1—N4 179.1(10) B2—N15—N14 125.5(18) 

C2—Fe1—N6 92.1(10) C37—N15—N14 113.1(19) 

C2—Fe1—C3 83.1(12) C37—N15—B2 121.2(19) 

N8—Fe1—N4 91.9(8) C16—C15—N5 110(2) 

N8—Fe1—N6 94.2(9) C14—C15—N5 117(2) 

N8—Fe1—C3 91.3(11) C14—C15—C16 132(2) 

N8—Fe1—C2 88.6(9) C12—N8—Fe1 139.1(17) 

C1—Fe1—N4 89.9(8) N9—N8—Fe1 118.4(14) 

C1—Fe1—N6 88.2(9) N9—N8—C12 102.5(17) 

C1—Fe1—C3 86.2(11) N2—C1—Fe1 176.3(19) 

C1—Fe1—C2 89.6(9) N8—N9—C10 110.4(19) 

C1—Fe1—N8 177.1(9) B1—N9—C10 132(2) 

C17—N4—Fe1 139.3(19) B1—N9—N8 116.9(19) 

N5—N4—Fe1 114.3(12) N13—B2—N11 105.2(17) 

N5—N4—C17 106(2) N15—B2—N11 109(2) 

C40—C45—C44 124(2) N15—B2—N13 103.3(17) 

C21—N10—Co1 137.7(16) C19—C20—C21 109(2) 

N11—N10—Co1 116.2(14) C10—C11—C12 107(2) 

N11—N10—C21 105.1(18) C25—C24—C23 124(3) 
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C22—C21—N10 120(2) N5—B1—N7 107(2) 

C20—C21—N10 108(2) N9—B1—N7 112(2) 

C20—C21—C22 131(2) N9—B1—N5 109(2) 

C7—N6—Fe1 137.2(18) C24—C25—C26 122(3) 

N7—N6—Fe1 115.0(17) C32—C31—C30 123(2) 

N7—N6—C7 105.1(19) C36—C31—C30 119(2) 

N1—C3—Fe1 166(2) C36—C31—C32 117(2) 

N15—N14—Co1 114.9(15) N12—C30—C29 114(2) 

C39—N14—Co1 136.7(17) C31—C30—C29 124(2) 

C39—N14—N15 107.9(19) C31—C30—N12 122(2) 

C3—N1—Co1 160(2) C39—C40—C45 121(2) 

C43—C44—C45 121(3) C41—C40—C45 114(2) 

N3—C2—Fe1 178(2) C41—C40—C39 124(2) 

C5—C6—C7 111(2) C40—C39—N14 126(2) 

C6—C7—N6 108(2) C38—C39—N14 108(2) 

C8—C7—N6 120(2) C38—C39—C40 126(2) 

C8—C7—C6 131(2) C37—C38—C39 110(2) 

C24—C23—C22 114(2) C42—C43—C44 118(3) 

C16—C17—N4 112(2) C41—C42—C43 118(3) 

C18—C17—N4 123(2) C38—C37—N15 100.7(19) 

C18—C17—C16 125(2) C42—C41—C40 124(2) 

C5—N7—N6 109.4(19) C33—C32—C31 124(3) 

B1—N7—N6 120(2) C35—C36—C31 119(3) 
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B1—N7—C5 131(2) C34—C33—C32 120(3) 

C20—C19—N11 105(2) C35—C34—C33 120(3) 

C23—C22—C21 114(2) C26—C27—C22 125(3) 

C27—C22—C21 124(3) C34—C35—C36 120(3) 

C27—C22—C23 122(3) C46—O1—Co1 130.4(15) 

C19—N11—N10 112(2) N16—C46—O1 127(2) 

B2—N11—N10 120.0(18) C48—N16—C46 123(2) 

B2—N11—C19 128(2) C47—N16—C46 121(2) 

C30—C29—C28 105(2) C47—N16—C48 116.3(18) 

C15—N5—N4 104.7(17) C49—N17—C50 131(3) 

B1—N5—N4 117.8(19) C51—N17—C50 112(3) 

B1—N5—C15 137(2) C51—N17—C49 117(3) 

C11—C12—N8 114(2) O2—C49—N17 121(4) 

C13—C12—N8 124(2) C54—N18—C52 116(3) 

C13—C12—C11 123(2) C53—N18—C52 123(3) 

N12—N13—C28 113.2(18) C53—N18—C54 121(3) 

B2—N13—C28 122.9(18) O3—C52—N18 128(4) 

 

 

Table C.36 Bond lengths for [(Tp*)Fe(CN)2-CN-Co(dmf)(TpPh)]•2dmf (Å). 

Co1—N10 2.10(2) C12—C13 1.55(3) 

Co1—N14 2.093(19) N13—C28 1.35(3) 

Co1—N1 2.03(2) N13—N12 1.37(3) 
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Co1—N12 2.12(2) N13—B2 1.68(3) 

Co1—O1 2.012(15) C16—C15 1.29(3) 

Fe1—N4 2.022(19) C5—C4 1.41(3) 

Fe1—N6 2.03(2) C26—C25 1.45(4) 

Fe1—C3 1.86(3) C26—C27 1.45(4) 

Fe1—C2 1.92(3) N2—C1 1.13(3) 

Fe1—N8 1.916(18) C10—C9 1.49(3) 

Fe1—C1 1.880(19) C10—N9 1.39(3) 

N4—C17 1.23(3) C10—C11 1.36(4) 

N4—N5 1.48(3) N12—C30 1.30(3) 

C45—C44 1.36(4) C14—C15 1.51(4) 

C45—C40 1.39(3) N15—B2 1.54(3) 

N10—C21 1.39(3) N15—C37 1.39(3) 

N10—N11 1.39(3) N8—N9 1.46(3) 

C21—C22 1.49(3) N9—B1 1.50(3) 

C21—C20 1.35(3) C24—C25 1.22(4) 

N6—C7 1.37(3) C31—C30 1.49(3) 

N6—N7 1.41(3) C31—C32 1.40(3) 

C3—N1 1.26(4) C31—C36 1.36(4) 

N14—N15 1.32(3) C40—C39 1.42(3) 

N14—C39 1.37(3) C40—C41 1.36(3) 

C44—C43 1.41(4) C39—C38 1.34(3) 

N3—C2 1.16(3) C38—C37 1.44(3) 
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C6—C7 1.39(4) C43—C42 1.37(4) 

C6—C5 1.35(3) C42—C41 1.45(4) 

C7—C8 1.49(3) C32—C33 1.31(4) 

C23—C22 1.42(4) C36—C35 1.44(4) 

C23—C24 1.46(3) C33—C34 1.39(4) 

C17—C16 1.41(3) C34—C35 1.36(4) 

C17—C18 1.55(3) O1—C46 1.23(3) 

N7—C5 1.40(3) C46—N16 1.31(3) 

N7—B1 1.51(4) N16—C48 1.43(3) 

C19—N11 1.32(3) N16—C47 1.49(3) 

C19—C20 1.41(4) N17—C50 1.54(4) 

C22—C27 1.23(3) N17—C49 1.33(4) 

N11—B2 1.56(3) N17—C51 1.49(4) 

C29—C28 1.37(3) O2—C49 1.29(4) 

C29—C30 1.38(4) N18—C52 1.35(5) 

N5—C15 1.36(3) N18—C54 1.41(4) 

N5—B1 1.55(3) N18—C53 1.44(4) 

C12—N8 1.32(3) O3—C52 1.18(4) 

C12—C11 1.41(3) 
  

 

 


	University of Missouri, St. Louis
	IRL @ UMSL
	7-25-2019

	Capabilities and Limitations of the Spin Hamiltonian Formalism in Single Molecule Magnets
	Philip Ferko
	Recommended Citation


	tmp.1565105201.pdf.UjirY

