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Chapter 1 – Introduction 

1.1 Supramolecular Chemistry and the Information Storage Paradigm  

The field of supramolecular chemistry pioneered by Nobel Prize Laureate Jean-Marie Lehn 

specializes in molecular systems involving non-covalent interactions including hydrogen 

bonding, van der Waals forces, electrostatic forces, and donor-acceptor interactions.1 

Originally, the field started with selective binding of alkali metals to crown ethers and 

cryptands,2,3 but eventually expanded towards synthetic molecular receptors and substrates 

as well as self-assembled oliogonuclear and polynuclear complexes.4 The ability to 

manipulate the non-covalent interactions for molecular recognition provides a means for 

building complex structural architectures with specific preprogrammed functions. For 

instance, careful ligand design along with appropriate metal ion selection afforded a variety 

of molecular structures ranging from double and triple helical complexes,5–7 as well as rack-8 

and grid-like arrays.9–11 More complex structures involving multicomponent systems with 

several different ligand strands and metal ions have also been developed, as observed in 

multicompartamental cylindrical cages.12  

From an information storage point of view, supramolecular chemistry, in particular self-

assembled [n x n] grid-like arrays, have gained significant interest over the recent years. The 

requirements for molecular storage devices involve the need for two or more bistable states 

that can be accessed by an external stimulus such as temperature, light, or pressure.13 The 

supramolecular structure of [n x n] grid-like arrays, in which a set of metal ions are locked in 

between mutually perpendicular ligand strands, provides several attractive features for this 

purpose.11,14 Firstly, a variety of unique chemical and physical properties including multiple 

stable redox states, spin crossover and magnetic coupling have been well documented.9,11 

Secondly, the two dimensional network of metal ions in a matrix-like array resembles those 

found in crossbar switches found in electronic information processing applications and may 

also be extended onto surfaces, as observed in molecular wires.15  

An alternative possibility for molecular information storage with grid-like arrays involves the 

so-called Quantum Cellular Automata (QCA), which functions on the basis of energetically 

degenerate structured cells composed of different redox centers or spins states (i.e. FeII, FeIII 

or HS-FeII, LS-FeII).16,17 The two degenerate states can be interconverted by electron transfer 

within the cell such that electrostatic interactions between the neighbouring cells lift the 

degeneracies affording two distinguishable states labeled “0” and “1” (Figure 1.1). Unlike 

crossbar switches, QCA functions strictly on Coulomb interactions and thus current is not 

generated affording less power dissipation lost. Application of this model was first 

implemented by Lent using quantum dots,18 but can be extended to spin crossover (SCO) 

complexes with a mixed valent [HS-LS-HS-LS] configuration. In this case, spin crossover must 

occur at each of the metal centers to form the other degenerate [LS-HS-LS-HS] state, while the 

overall [2HS-2LS] spin-state of the cell remains unchanged.  
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Accordingly, [2 x 2] grid-like arrays display a multitude of attractive features for QCA as well 

as potential for other interesting redox and magnetic properties including spin crossover and 

single molecule magnet behaviour. Prior to discussing the recent advances in homonuclear 

and heterometallic [2 x 2] grid-like motifs, a brief introduction to the origins of spin crossover 

and single molecule magnets will be discussed in this chapter.  

1.2 - Origins of Spin Crossover Complexes 

The spin crossover phenomena occurs in molecules capable of switching from a low-spin (LS) 

configuration to a high-spin (HS) configuration when induced by an external stimulus such as 

light, temperature, pressure, electric field, or guest molecules.19,20 This phenomena typically 

occurs in d4-d7 octahedral complexes, with the most common associated with Fe-based  

molecules .20–22 In the absence of ligands, the FeII cation exhibits five degenerate 3d orbitals. 

Upon coordination of ligand(s) to form an octahedral environment, the degeneracy of the 3d 

orbitals is lifted to form two new sets of orbitals. The lower energy orbitals, t2g, are comprised 

of the dxy, dxz, and dyz orbitals, while the higher energy level, eg, consist of the dz
2 and dx

2
y

2 

orbitals. The energy difference between the t2g and eg orbital sets in an octahedral 

environment, ∆o, is determined by the ligand field induced by the coordinating ligands (Figure 

1.2).23  

Consequently, two ground-states are possible depending on the ligand field and the pairing 

energy (P) associated with population of two electrons on the same orbital.24,25 In the case of 

strong-field ligands giving rise to a large energy gap, ∆o, the preference for pairing of the 

electrons is much greater than population of the eg orbitals (∆o > P), and thus a diamagnetic 

LS-FeII state is favoured. On the other hand, with weak field ligands corresponding to a small 

energy gap ∆o, the preference for the electrons to occupy the d-orbitals according to Hund’s 

rule is favoured (∆o < P), giving rise to a HS-FeII state. If the ligand field (∆o) and pairing energy 

(P) are of the same order of magnitude, an external stimuli may induce a spin transition 

between the two states.20   

Figure 1.2. Schematic representation of SCO in an FeII complex induced by an external 

stimulus such as light, temperature or pressure. ∆O is the energy gap between the two sets of 

orbitals in an octahedral environment.  

Figure 1.1. Possible implementations for a four dot Quantum Cellular Automata.  
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Since the high-spin and low-spin states are accompanied by distinct changes in the molecular 

structure, a wide variety of techniques can be used to detect the SCO phenomena. For 

instance, occupation of the antibonding orbitals in the high-spin state affords longer metal-

ligand bond lengths than the low-spin state.19 Thus, the structural changes observed in SCO 

complexes can be measured using temperature dependent X-ray crystallography. However, 

the changes in bond lengths for FeII SCO complexes are often more pronounced than SCO 

involving FeIII ions due to the electron hole in the t2g orbital. Furthermore, with the presence 

of Fe atoms,  Mӧssbauer (MB) spectroscopy26,27 can also be used to quantify the different spin-

states at different temperatures, which will be discussed in more detail in section 1.4. A more 

direct method commonly used to monitor SCO complexes is variable temperature magnetic 

susceptibility measurements, in which different χMT values would be observed for a 

diamagnetic low-spin FeII complex (S = 0) versus a paramagnetic high-spin FeII  

complex (S = 2).  

In many cases, the LS state assumes the ground-state at low temperatures. However, at higher 

temperatures, the HS state assumes the thermodynamic ground-state governed by Gibbs free 

energy (eq. 1.1), where ∆H and ∆S is the difference in enthalpy and entropy of the HS and LS 

state, respectively.13 At temperatures below the transition temperature (T½), ∆H is dominant 

and thus the LS state is the thermodynamic ground-state. However, at higher temperatures, 

∆S becomes much larger due to the contributions from the electronic entropy component, 

∆Sel, and the vibrational entropy component, ∆Svib. While a small contribution is made from 

the increase in spin multiplicity in ∆Sel (13.38 J mol-1 K-1 for HS-FeII), studies have shown ∆Svib 

is favoured for the HS state and at higher temperatures, ranging up to 40 – 80 J mol-1 K-1.28 

Consequently, the SCO phenomena is typically called an entropy driven process.  

∆𝐺 =  ∆𝐻 −  𝑇∆𝑆 

1.3 - Role of Cooperativity in SCO Complexes 

Since the first spin crossover complex discovered by Cambi and Szego in 1931,29 numerous 

other SCO complexes have been reported with distinctly different SCO profiles.19,21 A 

schematic representation of possible SCO curves plotted in the form of HS fraction as a 

function of temperature is given in Figure 1.3.21 The majority of these SCO curves are a result 

of cooperative effects originating from elongation or shortening of the Fe-N bond distances in 

SCO materials.28,30 In the case of a gradual conversion from the LS to HS state (Figure 1.3a), 

minimal cooperativity is present in the SCO material. This is typically detected for complexes 

in solution, in which the SCO curve follows a simple Boltzmann distribution.21 In contrast, 

large structural changes associated with solid-state SCO complexes may give rise to abrupt 

spin transitions signifying a high degree of cooperativity (Figure 1.3b). In some cases, SCO 

may be abrupt and hysteretic such that the spin crossover temperature T½ is different during 

the warming and cooling phase (Figure 1.3c).13 The existence of hysteresis has gained 

substantial interest especially in the field of molecular information storage devices since an 

intrinsic memory effect is implemented in the system. Although quite rare among 

mononuclear FeII complexes, SCO may occur in two steps, in which an intermediate phase 

transition is thermodynamically stable over a small temperature range (Figure 1.3d).31–33 This 

phenomena can be extended to polynuclear systems such as [n x n] grid-like arrays where a 

spin-transition at one site may induce a spin-transition at another site affording a step-wise 

SCO curve. To date, a systematic approach to design and/or predict SCO behaviour with high 

cooperativity and hysteresis does not exist. However, incorporation of hydrogen bonds and 

1.1 
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π-stacking have demonstrated enhanced cooperativity for mononuclear FeII complexes in the 

solid-state.34 The goal many SCO chemists continue to strive for is to design ligands with the 

appropriate ∆o for SCO as well as enforce cooperativity between the metal centers through 

the use of strong bonding interactions.   

 

 

 

 

 

 

 

 

 

 

1.4 – Mӧssbauer Spectroscopy for Iron Containing SCO Complexes 

As mentioned previously, MB spectroscopy is a valuable tool for investigating iron containing 

SCO complexes. The technique discovered by Rudolf L. Mӧssbauer in 1958 relies on the 

recoilless emission and absorption of gamma radiation to probe the hyperfine interactions 

between the electrons and nuclear moments, later termed the Mӧssbauer Effect.26 If an 

excited state nucleus (source) decays, gamma radiation is emitted which is subsequently 

absorbed by a second nucleus (sample) if the emitted energy is in resonance with the energy 

required to excite the second nucleus (Figure 1.4). For many free nuclei, absorption or 

emission of gamma radiation is accompanied by a recoil energy, ER, due to conservation of 

momentum, which inherently leads to a decrease in energy in the emitting source. The same 

recoil energy occurs at the absorbing nuclei albeit in the opposite direction.35 This results in 

an increase in energy of the same magnitude at the absorbing nuclei. Consequently, the 

emitted γ-radiation from the source is no longer identical to the energy required to excite the 

second nucleus.  

  

Figure 1.3. Schematic representation of possible SCO curves: (a) gradual, (b) abrupt, (c) with 

hysteresis, (d), step-wise, and (e) incomplete. Reprinted with permission from Chakrabarty, 

R. et. al. Copyright (2011) American Chemical Society.19  
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In order to achieve recoilless emission and absorption, the experiment must be carried out 

either in the solid-state or in frozen solution. For a single atom, the recoil energy ER is given 

in Equation 1.2, where Eγ corresponds to the emitted γ-radiation, m is the mass of the emitting 

particle or atom, and c is the velocity of light. In the case of a single atom, the recoil energy is 

large since the mass is dependent only on a single nucleus. However, atoms embedded in a 

solid matrix will significantly increase the overall effective mass, m, and thus drastically 

decrease the recoil energy ER.26 The degree of recoilless absorption and emission can be 

measured by the so-called Debye-Waller factor, f. According to the Debye model, this factor is 

dependent on the bonding interactions in the crystal lattice and transition energies, in which 

molecules with stronger bonds and smaller transition energies correspond to larger f values. 

Moreover, the Debye Waller factor is inversely proportional to the temperature, such that at 

lower temperatures, f is larger.   

𝐸𝑅 =
𝐸𝛾

2

2𝑚𝑐2
 

For 57Fe MB spectroscopy, a radioactive 57Co is used as the source, which upon electron 

capture from the K-shell, decays initially to the 136 keV nuclear level corresponding to the 
57Fe with nuclear quantum number I = 5/2 (Figure 1.5). This excited state (life time ~ 10 ns) 

further decays to the 14.4 keV level (I = 3/2) with 85% probability or directly to the ground 

state (I = ½) with 15% probability.26 The combination of the half-life of the I = 3/2 level (100 

ns) and the emitted γ-quanta (14.4 keV) are ideal for 57Fe MB spectroscopy.  

  

Figure 1.4.  Decay of the excited state emits gamma radiation which is subsequently absorbed 

by a second nucleus if the energies are identical.  

1.2 
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If the nuclei of the emitting (source) and absorbing (sample) nuclei are identical, a single line 

would be observed. However, the resonance effect may be perturbed by the interaction of the 
57Fe nucleus with the surrounding environment giving rise to three main hyperfine 

interactions: the isomer shift, the quadrupole splitting, and the magnetic dipole splitting.26 

The isomer shift is defined by the interaction between the protons of the nucleus and 

electrons (predominately s-electrons) with the nuclear field, also known as the electric 

monopole interaction. This interaction may shift the isomer shift, δ, either to more positive or 

negative values relative to the source (i.e. α-Fe). For FeII (S = ½), the presence of six d-

electrons exerts a high degree of shielding on the s-electrons, which reduces the s-electron 

density at the nucleus pushing the isomer shift to more positive values. In contrast, for FeVI  

(S = 1) species with only two d-electrons, the shielding effect is much less affording a much 

higher s-electron density at the nucleus, and thus more negative isomer shift values.26 The 

isomer shift δ may also be affected indirectly by shielding effects, presence of strong π-

acceptors, electronegativity of the ligands, as well as the metal-to-ligand bond distances. 

Based on the isomer shift, the oxidation state, spin state, bond properties as well as 

electronegativity can be determined.  

The second parameter, quadrupole splitting (∆EQ), involves the interaction between the 

nuclear quadrupole moment and an inhomogeneous electric field gradient (EFG). A nuclear 

quadrupole moment is observed for systems with I > ½ which may lift the degeneracies of the 

nuclear states. For instance, in the presence of an inhomogeneous EFG, the excited state of 
57Fe (I = 3/2) will split into two substates with magnetic quantum numbers, ml = ± ½ and  

ml = ± 3/2. The difference between the transitions from the ground-state (I = ½) to the excited 

states (I = 3/2, ml = ± ½ and I = 3/2, ml = 3/2) gives rise to two different lines in the spectrum. 

The separation between the two lines is known as the quadruple splitting ∆EQ. In general, 

there are two components that affect the quadrupole splitting: the lattice contribution and 

the valence contribution. The lattice contribution arises from non-cubic symmetry of the 

charged ligands surrounding the Mӧssbauer atom. The valence contribution arises from 

anisotropic population of the d-orbitals. For instance, for HS-FeIII ions, the d-electrons are 

distributed evenly among the d-electrons (i.e. one in each orbital), affording an electric field 

gradient of zero. On the other hand, HS-FeII ions typically have large quadruple splitting 

parameters due to the Jahn-Teller distortion, which gives rise to the anisotropic distribution 

of the electrons in the d-orbitals. The effect of different σ-bonding and π-backbonding may 

Figure 1.5. Simplified nuclear decay scheme and transitions for 57Fe MB spectroscopy.  
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also affect the quadruple splitting. Using the obtained quadrupole splitting parameter, 

information regarding the molecular symmetry, oxidation state, spin-state and bond 

properties can be determined.   

The last hyperfine interaction observed in a MB spectrum is the magnetic dipole splitting 

arising from the interaction between the nuclear magnetic dipole moment, μ, and the 

magnetic field at the nucleus. The ground state (I = ½) and excited state (I = 3/2) are split into 

2I +1 substates with quantum numbers ml (Figure 1.6). Thus, in the case of the excited state I 

= 3/2, four states characterized by ml = +3/2, +1/2, -1/2, and -3/2 are observed. Similarly, 

the ground state I = ½ is split into two states characterized by ml = -½ and ml = +½. For a 

typical 57Fe Mӧssbauer spectrum with magnetic dipole interactions, six lines are observed 

governed by the selection rules for magnetic dipole transitions: ∆I = ±1 and ∆ml = 0, ±1. 

Through simulation of the spectra based on theoretical models, the relaxation time, zero-field 

splitting (ZFS) parameters, and g-values may also be determined.   

For iron-containing SCO complexes, MB spectroscopy has proven to be a highly valuable tool 

used for monitoring the changes in the electronic structure at various temperatures. For 

instance, the Meyer group reported a step-wise SCO FeII
4 grid confirmed by variable 

temperature magnetic susceptibility measurements and MB spectroscopy (Figure 1.7).36  At 

295 K, the presence of a [HS-HS-HS-HS] configuration was confirmed by the presence of one 

doublet with an isomer shift of δ = 0.92 mms-1 and quadruple splitting of ∆EQ = 2.02 mms-1 in 

the MB spectrum. Upon lowering the temperature to 133 K, step-wise SCO was observed in 

which one HS-FeII ion undergoes SCO to LS-FeII, giving an overall [3HS-1LS] state, confirmed 

by a second doublet with a relative area of 28% and an isomer shift of δ = 0.38 mms-1  

(∆EQ = 0.90 mms-1), consistent with LS-FeII ions. Further cooling to 5 K afforded a further 

decrease in the HS-FeII ions, but full conversion was never obtained. Nevertheless, MB 

spectroscopy has demonstrated to be a powerful technique in conjunction with variable 

temperature magnetic susceptibility measurements to determine the spin-state of the Fe ions 

during SCO.  

Figure 1.6. The splitting of the ground state and excited state of 57Fe from magnetic dipole 

interactions affording six lines in the 57Fe MB spectrum.   
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Figure 1.7. Molecular structure of Fe4 grid with the corresponding variable temperature 

magnetic susceptibility and MB spectra illustrating the change in spin-state at various 

temperatures.36  

1.5 – Cobalt(II)-based Single Molecule Magnets  

Single molecule magnets (SMMs) are defined by molecules with paramagnetic metal ions, 

which retain their magnetization for long periods of time in the absence of an external field 

at low temperatures.37,38 In principle, the molecular nature of SMMs hold potential for various 

applications including high-density information storage devices.39,40 However, practical 

applications are limited due to the extremely low operating temperatures (usually at liquid 

helium temperatures), in which the intrinsic memory effect is often lost upon warming.41 

However, from a fundamental point of view, SMMs are a unique class of magnetic materials 

that have been extensively studied since the discovery of the first single molecule magnet, 

[Mn12O12(OAc)16(H2O)4]·2HOAc·4H2O (“Mn12acetate”), which has a thermal barrier for spin 

reversal of μeff = 51 cm-1.38,42 A variety of other molecules exhibiting SMM and single ion 

magnet (SIM) behaviour based on 3d-transition metals (i.e. Fe, Co, Ni, and Mn) have been 

developed,43 in which one particular linear FeI compound displayed a thermal barrier to spin 

reversal of μeff = 226 K.44 Another method involves incorporation of lanthanides due to their 

large unquenched molecular orbital momentum and large spin-orbit coupling, which are both 

essential for SIM anisotropies. In particular, molecules containing DyIII ions have displayed 

remarkably high relaxation energy barriers45–48 with a record of μeff = 1277 cm-1 for 

[(Cpttt)2Dy][B-(C6F5)4] (Cpttt = 1,2,4-tri(tert-butyl)cyclopentadienide).49    

A variety of methods are used to characterize the properties of an SMM including the blocking 

temperature, TB, the coercive magnetic field Hc, and the effective energy barrier for spin 

reversal, Ueff (mentioned above). The blocking temperature refers to the highest temperature 

a molecule exhibits hysteresis, but is strongly dependent on the sweep rate of the magnetic 

field. Hence, direct comparisons must be done cautiously.41 The coercive field corresponds to 

the field at which remnant magnetization is reduced to zero. The last, and by far, the most 

commonly used parameter is the Ueff, which describes the thermal energy barrier for spin 

reversal. For molecules with a high Ueff, slow relaxation of the spins coupled with a hysteretic 

effect is typically observed. This thermal energy barrier can be described by equation 1.3 and 

1.4 for SMMs with integer or non-integer spins, respectively. Here, D corresponds to the axial 

zero-field splitting (ZFS) parameter and S corresponds to the total spin of the system.  

𝑈𝑒𝑓𝑓 = |𝐷|𝑆2 

 

𝑈𝑒𝑓𝑓 = |𝐷|(𝑆2 −
1

4
) 

1.3 

1.4 



9 
 

Based on the above equation, the simplified approach in designing SMMs with a large Ueff 

involves increasing the overall ground spin state S and ZFS parameter D. In order to achieve 

a non-zero ground spin state, the choice of metal centers (i.e. mixed valent) and bridging 

ligands are essential. For instance, metal ions in different oxidation states may induce an 

overall magnetic moment even if the overall exchange coupling is antiferromagnetic such as 

MnIII/MnIV in Mn12acetate.50 Moreover, bridging ligands with angles of approximately 90° 

induces an accidental orthogonality between the metal centers affording ferromagnetic 

exchange, as observed in cubanes with a {Ni4O4} core, which afforded an S = 4 ground 

state.51,52 Although this method revealed SMM behaviour in several complexes, the correlation 

between S and D have been well established such that increasing the overall ground spin-state 

does not increase the ZFS parameter D by a factor of S2 since D is also proportional to 1/S2 

(eq. 1.5).53,54 Thus, focus on increasing D is a more viable strategy, especially in the weak field 

limit as observed for CoII ions.  

𝐷 =
1

𝑆2
 

The second strategy focuses on increasing the ZFS parameter, D. By definition, ZFS refers to 

lifting the degeneracies of the spin states in the absence of a magnetic field. This is typically 

accompanied by an axial or equatorial (rhombic) distortion commonly described by ZFS 

parameters D and E, respectively. The simplest example is the triplet state, S = 1 with Ms = +1, 

0, -1 microstates. In the absence of a magnetic field, the three microstates are degenerate. 

However, if the molecules are compressed along the z-axis or elongated along the x-axis, the 

degeneracy of the microstates are lifted as shown in Figure 1.8, giving rise to positive D and E 

values. In contrast, negative D values signifies elongation along the z-axis. The ZFS parameters 

can be obtained by EPR spectroscopy as well as magnetic susceptibility measurements. 

In pursuit of intrinsically large ZFS parameters, lanthanide ions have gained significant 

interest due to the large diffused 4f/5f magnetic orbitals resulting in stronger magnetic 

exchange and spin-orbit coupling.55 The presence of spin-orbit coupling often lifts the 

degeneracies of the orbitals giving rise to large ZFS parameters required for single molecule 

magnet behaviour. While numerous SMMs utilize lanthanide ions for their intrinsic large 

unquenched magnetic momentum,56 the focus of this section will be on 3d-transition metal 

SMMs, in particular CoII ions, which has been used extensively throughout this work.  

Figure 1.8. Schematic representation for zero-field splitting (ZFS) in an S = 1 triplet state 
arising from distortions along the x-, y-, and z-axis.   

1.5 
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In general, CoII ions have a first order orbital momentum contribution which may lead to a 

large anisotropy depending on the ligand field and coordination environment. In many cases, 

CoII ions are not in strictly octahedral coordination spheres, which lifts the degeneracy of the 
4T1g state. In the case of elongation or compression of the axial or equatorial bonds (tetragonal 

distortion), the 4T1g state is split into a new 4A2g ground state and an excited 4Eg state (Figure 

1.9).57 When spin-orbit coupling takes into effect, six Kramer’s doublets are observed, with 

the 4A2g state splitting further into a M = ± 3/2 ground state and M = ± 1/2 excited state (or 

vice versa, depending on the system).58 Typically, the separation between the 4Eg and 4A2g 

state are large such that population of only the lowest energy Kramer’s doublet is observed 

(i.e. only from the 4A2g state). The separation between the M = ± 3/2 ground state and M = ± 

1/2 excited state is 2D. However, a further approximation can be made at low temperatures, 

in which only the lowest lying Kramer’s doublet is populated.59 Hence, |2𝐷| can be used to 

approximate the thermal barrier to spin inversion between the +3/2 and -3/2 state (or - ½ 

and +½ state).  

Typically, in order to study the slow magnetic relaxation of SMMs, alternative current (ac) 

magnetic susceptibility is used to monitor the molecule’s magnetic moment’s response to an 

oscillating magnetic field. At higher frequencies, the magnetic moment may lag behind the 

applied field and thus two components are observed: the real component (in-phase, χ’) and 

imaginary component (out-of-phase, χ”). If the maximum of χ’ and χ” changes as a function of 

temperature at different frequencies this signifies slow relaxation and a barrier to spin 

reversal. The average relaxation time, τ, can be determined from the χ” curve at each 

temperature and the barrier to spin reversal Ueff can be determined based on the Arrhenius-

like equation (eq. 1.6), in which a plot of ln(τ) versus (1/T) can be used to determine the 

energy barrier (∆E/KB) and the relaxation time τ0.   

𝜏 =  𝜏0𝑒𝑥𝑝
∆𝐸
𝑘𝐵𝑇 

For 6-coordinated CoII ions, |𝐷| can be exceptionally large with thermal barriers up to  

Ueff = 67 cm-1, as reported in a CoII complex [Co(hfpip)2{D2py2(TBA)}]2, with hexafluoro-4-(4-

tert-butylphenylimino)-2-pentanoate (hfpip) and diazo-dipyridyl ligands [D2py2(TBA)].60 

For comparison, the original Mn12acetate has a thermal energy barrier of Ueff = 51 cm-1. Larger 

barriers (Ueff = 104 – 181 cm-1) in 3d-transition metal based SMMs have been achieved with a 

family of linear two-coordinate FeII complexes.61 

Figure 1.9. The combined effect of tetragonal distortion and spin-orbit coupling for a CoII ion.  

1.6 
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To date, numerous CoII complexes with varying molecular structures have been shown to 

exhibit SMM behaviour including Co4 cubanes,62–65 Co4 molecular squares,66 Co7 discs,67–70 and 

Co5 square pyramids.71 A particular Co4 molecular square consisting of four Co4 ions linked 

together by μ-bridging alkoxide and Co-N-N-Co ligands (Figure 1.10) displayed ferromagnetic 

coupling between the CoII ions, confirmed by magnetic susceptibility measurements.66 

Furthermore, ac magnetic measurements revealed a frequency dependence as a function of 

temperature typically observed in superparamagnets and slow relaxing molecule clusters.41 

Using the Arrhenius law, an energy barrier of ∆E/kB = 39 K (27.0 cm-1) and a relaxation time 

of τ0 = 5.4 x 10-9 s was obtained.  

1.6 – Homonuclear [2 x 2] Grids 

In pursuit of new material with novel properties such as those described above (SCO and 

SMM), homoleptic [n x n] grids are attractive candidates since the molecular properties of the 

aggregate are a direct consequence of the metal ions, donors, and/or bridging groups. Since 

grid formation depends strictly on the orientation of the ligands and the metal binding 

affinity, typically rigid, planar polydentate ligands are used (Chart 1.1). To date, ligands with 

nitrogen donors such as pyridines, pyrimidine,72 imidazole and pyrazole moieties are the 

most common,11,14,73 however carbohydrazide 1-5 and thiocarbohydrazide 1-6 based ligands 

have also been observed for grid-like formation.73,74  

Figure 1.10. Molecular structure of the [Co4L4] square and ac magnetic susceptibility 

illustrating the in-phase (χ) and out-of-phase (χ”) dependence on temperature and 

frequency. Reprinted (adapted) with permission from Wu, D. et. al. Copyright (2009) 

American Chemical Society.66   
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Chart 1.1. Selected ditopic ligands for [n x n] grid-like assembly.  

The first reported [2 x 2] grid-like array consists of four 3,6-bis(2’-pyridyl)pyridazine (dppn)  

1-1 ligands with four copper(I) ions.75 Each copper(I) ion is coordinated to two mutually 

perpendicular ligand strands in a distorted tetrahedral environment. The distortion from a 

square to a rhombus most likely originates from π-stacking between the parallel pairs of dppn 

ligands. More importantly, the spontaneous self-assembly of the Cu4 grid was studied in 

solution, in which the formation of the Cu4 grid appears to be controlled thermodynamically. 

In the presence of excess dppn ligand (3-fold compared to Cu), an equilibrium between the 

mononuclear [Cu(dppn)2]+ and the [Cu4(dppn)4]4+ are observed in solution. Upon removal of 

the solvent, 1H NMR spectroscopy revealed the formation of the [Cu4(ddpn)]4+ grid and 

liberation of four dppn ligands, as shown according to scheme 1.1.  

 

Since the first homonuclear [2 x 2] grid-like arrays, considerable advances have been made 

to fine-tune the ligands for the desired molecular properties. In terms of SMM behaviour, the 

majority is limited to lanthanide-based grids,76–80 however, the Meyer group recently 

reported a redox-induced SMM in a mixed valent [L1-4CoII
2CoIII

2][BF4]4 grid using a derivative 

of the known compartmental pyrazolate-bridged ligand 1-4.81 While the homonuclear  

[L1-4CoII
4][BF4]4 grid displayed antiferromagnetic coupling between the CoII ions, upon 

oxidation to the mixed valent congener [L1-4CoII
2CoIII

2][BF4]6, two diagonally opposed LS-CoIII 

ions are magnetically switched off, such that the remaining HS-CoII ions are magnetically 

isolated giving rise to SMM behaviour.  

Another important feature displayed by several [2 x 2] grid-like arrays is their potential for 

cooperative SCO. While cooperativity is not guaranteed simply with the presence of multiple 

Scheme 1.1. Dissolution of [Cu(dppn)2][CF3SO3] afforded the Cu4 molecular square along 

with four dppn ligands, confirmed by 1H NMR spectroscopy.  
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metal ions, it provides an avenue for scientists to investigate the effect of a spin transition at 

one site on the entire molecule. To that end, the Meyer group recently reported another family 

of [LBr
4FeII

4]X4 grids (X = PF6, BF4, ClO4, Br) with a bromine substituent at the 4-position of the 

pyrazole backbone of 1-3 (R = Br).82 Six new compounds with varying solvents and 

counterions were characterized, each displaying different spin-states as well as SCO 

properties. The structural distortions in each compound were characterized by Continuous 

Symmetry Measures (CSM),83 in which the bond distances and angles of a molecule were 

compared to an ideal octahedron. For small S(Oh) values, deviations from an ideal octahedral 

environment are small, while high S(Oh) values indicate a highly distorted coordination 

sphere. To no surprise, LS-FeII ions typically have small S(Oh) values while HS-FeII ions are 

typically associated with high S(Oh) values. Generally, FeII ions which display high S(Oh) values 

are typically locked in the HS state and thermal spin-transitions are highly unlikely.  

Using the S(Oh) values obtained from CSM calculations of the six [LBr
4FeII

4]X4 (X = PF6, BF4, 

ClO4, Br) grids with different counterions and solvent lattice molecules, a high degree of 

cooperativity was observed in the grid imparted by the strain effects during a spin-transition 

throughout the entire molecule. In particular, a spin-transition at one site (Figure 1.11, blue) 

induces a lowering of the S(Oh) value for the metal ion at the opposite corner (Figure 1.11, 

green). At the same time, further SCO is severely hampered in the [2HS-2LS] state due to the 

high distortion of the coordination polyhedral of the HS-FeII ions.  

 
Figure 1.11. Continuous symmetry measures on various [LBr

4Fe4]X4 grids (X = PF6, BF4, ClO4, 

Br) illustrating the cooperativity effect within the grid. In particular, high S(Oh) values 

typically correspond to HS-FeII, while low S(Oh) values correspond to LS-FeII ions. During a 

spin transition at one Fe center, the metal center on the opposite corner is ultimately affected 

and prone to become LS while further SCO from the [2HS-2LS] state is severely hampered.82  
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1.7 - Heterometallic [2 x 2] Grids 

Using the appropriate ditopic ligand and metal ions, homonuclear grids can be easily 

synthesized by a one-pot reaction via self-assembly. While a variety of interesting properties 

have been exhibited with homonuclear [n x n] grids, heterometallic grids involving two or 

more different metal ions provide the possibility for multiple stable redox states as well as 

site specific responses. However, heterometallic grids are synthetically more challenging 

since different isomers, syn or anti, are equally possible and metal ion scrambling may occur. 

Consequently, in order to selectively insert a metal ion in a grid-like array, careful ligand 

design with the appropriate binding pockets for specific metal ions must be judiciously 

engineered. For this purpose, asymmetric ligands with bidentate and tridentate binding 

moieties are typically employed (Chart 1.2).10 Utilizing the preferential coordinating number 

of the metal ions, the octahedral cavity created from two tridentate binding sites of two 

mutually perpendicular ligands 1-7 was occupied by ZnII ions while the tetrahedral cavity 

created by the bidentate binding sites of two orthogonal ligand strands 1-7 was occupied by 

CuI ions forming the expected heterometallic [2 x 2] grid-like architecture.84 Hydrazone 

ligands developed by Thompson have also been used for several heterometallic [n x n] grids. 

One particular system using ligand 1-8 afforded a unique [FeIIICuII
3]4+ grid, in which one of the 

corners is occupied by an FeIII atom and the remaining sites are occupied by CuII ions.85 While 

the Cu···Cu ions are antiferromagnetically coupled, the Cu···Fe interactions display weak 

ferromagnetic coupling, affording a ground state of S = 3. Similarly, using ligand 1-9, a neutral 

[MnII
2CuII

2] grid was obtained with a ferrimagnetic ground state of S = 4.86 Hence, using 

asymmetric ligands with specific sites for different metal ions, a non-zero ground state can 

also be achieved using heterometallic grid-like arrays ideal for potential SMM behaviour.  

Chart 1.2. Selected ligands used for the synthesis of heterometallic [n x n] grid-like arrays.  
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In the case of symmetric ligands, a complementary method was developed by Lehn, in which 

a step-wise approach coupled with protection/deprotection is employed (Figure 1.12).87,88 In 

the case of 1-10, protection of one of the peripheral pyridine moieties with a methyl moiety 

was employed to give 1-10b.  Addition of RuCl3 to 1-10b afforded the kinetically stable RuII 

“corner complex” 1-13b,87 which was subsequently deprotected with dabco to form 1-13. 

Introduction of a more labile metal such as FeII, CoII, or NiII into a solution of 1-13 afforded the 

desired heterometallic [2 x 2] grid. In some cases, protection/deprotection is not required 

due to the kinetic stability of the first metal ion relative to the second metal ion. This was 

demonstrated with the OsII “corner complex” with ligand 1-10, in which exclusive formation 

of [L1-10
2Os]2+ 1-14 was obtained without protection of the pyridine moiety. Naturally, using 

the above methodology, three different metal ions can also be incorporated into the grid-like 

array. Addition of two equivalents of FeII ions to an equimolar solution of [L1-10
2Os]2+ and  

[L1-10
2Ru]2+ afforded the OsII and RuII ions at opposite corners and the remaining sites were 

occupied by FeII ions.87 However, mixtures of [L1-10
4OsRuFe2]4+, [L1-10

4Ru2Fe2]4+ and  

[L1-10
4Os2Fe2]4+ in the ratio of 2:1:1 were observed in fast-atom-bombardment mass 

spectrometry (FAB-MS) and 1H NMR spectroscopy.  

 
Figure 1.12. Step-wise approach coupled with protection/deprotection developed by Lehn 

for the synthesis of heterometallic [2 x 2] grids.  

Recently, in pursuit of SMM behaviour in supramolecular clusters, ligands with much larger 

cavities were designed in order to incorporate lanthanide ions into heterometallic grids. 

Indeed, using ligand 1-11, a [DyIII
4Cu II

4] grid was isolated with the DyIII ions positioned in the 

O-N-N-O binding pocket of the corners of the grid, while the CuII ions occupy the N-N-N 

pockets in between the DyII ions.80 Analysis of the ac magnetic susceptibility measurement of 

the [DyIII
4CuII

4] grid afforded an energy barrier of Ueff = 32.2 K and a relaxation time of  

τ0 = 8.1 x 10-9 s. While this field is still much in its infancy, incorporation of lanthanide ions 

into grid-like arrays have demonstrated the potential for significant improvements in the field 

of molecular magnetism in [n x n] grids.   

In extension to [2 x 2] grids, heterometallic [3 x 3] grid-like arrays can also be synthesized by 

following these methods.89 Although quite rare, a series of heterometallic [3 x 3] grids using 

tritopic ligands such as 1-12 with two different coordination sites were reported.73 Initially, 

the homometallic MnII
9 [3 x 3] grid was synthesized, in which electrochemistry demonstrated 

the metal centers at the corner of the grid are easily oxidized, signifying a low degree of 
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stability at the corners of the grid. Consequently, addition of CuII ions afforded a metal 

substitution at the four corners to give a new heterometallic [L1-12Mn5Cu4] grid.9   

Overall, since the first [2 x 2] grid was reported, considerable progress has been made to 

synthesize molecules with a preprogrammed architecture with complementary physical 

properties. To date, a variety of homonuclear grids have been reported and an easily 

expandable class of ligands (pyrazoles, pyridines, hydrazones etc) are continuously being 

developed for this purpose. In the case of heterometallic grids, despite the synthetic 

challenges, significant progress has also been made in this domain. The ability to selectively 

introduce metal ions at certain sites provides a means to design and fine-tune 

electrochemical, photochemical, and magnetic properties. From an application perspective, 

understanding the structure property correlations will help for future rational design of 

potential molecular-based materials.  
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1.8 - Thesis Outline 

The field of self-assembled homonuclear and heterometallic [n x n] grids are quite diverse in 

terms of the type of ligands, size, and molecular properties. In the Meyer group, the family of 

rigid pyrazolate-bridged compartmental ligands 1-390 has been used for numerous [2 x 2] 

grid-like assemblies. Using this ligand, a series of [LR
4FeII

4]4+ grids have been synthesized with 

various substituents on the pyrazole backbone (R = H, Me, Br).36,82,91 As already mentioned, 

the parent [LH
4FeII

4][BF4]4 grid (R = H) displayed step-wise SCO and the cooperativity effects 

were explained using the diverse spin-states exhibited by the [LBr
4FeII

4]4+ (R = Br) grid with 

different counterions and lattice solvent molecules. In hopes of stabilizing the [2HS-2LS] state 

for applications in quantum cellular automata, the ligand field was increased by substitution 

of a methyl moiety on the pyrazole backbone.91 Indeed, this afforded a large stability of the 

[2HS-2LS] state from 7 – 250 K and step-wise SCO was no longer observed. At the same time, 

new FeII
4 and CoII

4 grids were developed using the ligand 1-4, in which the mixed valent  

[L1-4
4CoII

2CoIII
2][BF4]6 grid displayed SMM behaviour.81  

 

Chart 1.3. Ligands used for this work.  

Due to the diverse magnetic properties exhibited by the series of FeII
4 grids, the structural 

changes accompanied by optical excitation may provide insight on the cooperativity effects 

between the metal ions during optical excitation. Moreover, with the presence of several 

metal ions, new relaxation pathways differing from typical mononuclear Fe SCO complexes 

may be realized. Since the excitations most likely occur on short time-scales (i.e. femtosecond 

– nanoseconds), transient absorption spectroscopy is a versatile technique to investigate 

these changes. To that end, in collaboration with the group of Prof. Dr. Dirk Schwarzer (MPI 

for Biophysical Chemistry), UV-vis pump/broadband-mid-IR probe spectroscopy will be used 

to investigate the electronic structure of the optically excited states on the previously 

reported homonulcear [LR
4FeII

4][BF4]4 grids (R = H, Br) in solution. The results will be 

discussed in Chapter 2.  

While a series of homometallic [2 x 2] grids have already been developed using the ligand  

1-3 (R = H, Br, Me), the quest for new heterometallic [2 x 2] grids may provide new interesting 

properties. Although single molecule magnet behaviour in [2 x 2] grids are rare due to 

antiferromagnetic coupling between the metal ions to form a diamagnetic ground state  

ST = 0, SMM behaviour was observed in the mixed valent [L1-4CoIICoIII][BF4]6 grid arising from 

magnetically isolated HS-CoII ions. A similar strategy may be employed by introducing 

diamagnetic RuII ions at opposite corners of the grid following the step-wise approach 

developed by Lehn. Consequently, the magnetically active HS-CoII ions at the remaining 

corners of the grid may give rise to SMM behaviour. The results of the [LH
4Ru2Co2][BF4]4 grid 

along with the mixed valent [LH
4Ru2Co2][BF4]6 grid will be discussed in Chapter 3. Similarly, 

FeII ions may also be incorporated into the [2 x 2] grid-like array. Naturally, with the presence 

of FeII ions, interesting magnetic properties including SCO may be realized. Moreover, the 
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intervalence charge transfer (IVCT) between the metal ions will also be investigated (Chapter 

4).  

In pursuit of new [n x n] grids, a new ligand HL1 was synthesized with additional electron 

donating groups (NMe) inserted in between the pyridine moieties of HLH. While these types 

of ligands are typically used for enhanced luminescent properties in RuII complexes,92 

incorporation of CoII ions have shown to be in the regime of SCO under mild pressures.93 

Consequently, FeII and CoII ions were used. Moreover, the ligand HL1 can be easily 

functionalized with different electron donating or electron withdrawing groups on the 

pyrazole backbone to tune the ligand field. However, only the unsubstituted derivative 

(hydrogen on the pyrazole backbone) was studied in the course of this work (Chapter 5).  

The last chapter entails the synthesis of an asymmetric ligand in pursuit of developing 

another class of heterometallic [2 x 2] grids. The ligand HL2 is composed of a hybrid of both 

precursors used in HLH and HL1, namely two bipyridine moieties on one end and two 

bipyridine groups connected by an NMe moiety on the other end. While the overall goal is to 

create new heterometallic grids, homonuclear grid formation must be determined initially. 

The preliminary results for the homometallic Fe4 grids will be discussed in Chapter 6.   
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Chapter 2 – Femtosecond Investigations on Optically Excited Homonuclear Fe Grids 

2.1 – Introduction 

Spin crossover (SCO) complexes are prime candidates for information storage devices due to 

their bistable nature. Interconversion between the low-spin (LS) state and the high-spin (HS) 

state can be triggered by an external stimulus such as light, temperature, or pressure. While, 

to date, numerous SCO complexes have been reported with the majority being Fe based,19,21 

the mechanistic pathway behind the optical excitation and the structural changes associated 

with SCO have only been recently investigated with the help of ultrafast spectroscopy.94–97 In 

particular, FeII spin crossover (SCO) complexes have been extensively investigated by 

femtosecond (fs) transient absorption (or pump-probe) spectroscopy in solution. In general, 

optical excitation from the 1A1 ground state to the 1,3MLCT state is followed by relaxation to 

the quintet 5T2 state.97 However, using various ultrafast spectroscopic techniques, an 

intermediate 3T state was also identified (Figure 2.1).95  

 

In extension to mononuclear systems, polynuclear complexes containing several metal ions 

have also gained significant interest due to the potential for cooperativity between elastically 

coupled metal ions in a rigid framework. In particular, the mechanistic pathway as well as 

structural dynamics associated with optical excitation of tetranuclear [2 x 2] grids may lead 

to different relaxation pathways compared to mononuclear Fe complexes. For instance, in 

addition to MLCT transitions, metal-to-metal charge transfer, also known as intervalence 

charge transfer (IVCT) may also be possible. In some cases, electron transfer between two 

metal ions may induce a spin transition, also called the charge transfer induced spin-

transition (CTIST), which were observed for various Prussian Blue Analogues (PBAs).98 These 

systems, consisting of Fe and Co ions bridged by a cyanide (CN) moiety, can be interconverted 

thermally and by light irradiation.99 During this process, an electron is transferred from the 

LS-FeII ion in diamagnetic LS-FeII-CN-LS-CoIII to the LS-CoIII ion, which induces a spin-

transition to form paramagnetic LS-FeIII-CN-HS-CoII
. These compounds are also potential 

candidates for ultrafast spectroscopy, however, the focus of this chapter will be on 

homonuclear [2 x 2] grid-like arrays.  

 

Figure 2.1. Schematic relaxation cascade from the excited 1,3MLCT state to the HS quintet 5T2 

state. Reproduced from Zhang W. et. al.97  
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In pursuit of oligonuclear SCO complexes, the Meyer group has developed a series of [LR
4Fe4]4+ 

grids (R = H, Me, Br) using the known compartmental pyrazolate-bridged ligand 2-1a-c (Chart 

2.1).36,82,90,91 As already mentioned in chapter 1, the parent [LH
4Fe4][BF4]4 grid (R = H) 

exhibited step-wise spin crossover (SCO) from the [4HS] state at room temperature to the 

[3HS-1LS] state at 133 K and further incomplete SCO to the [2HS-2LS] state below 133 K.36 In 

contrast, variable temperature magnetic susceptibility measurements on the methylated 

[LMe
4Fe4][BF4]4 grid revealed a stabilization of the [2HS-2LS] configuration from 7-250 K in 

the solid-state.91 In extension to the parent (R = H) and methylated (R = Me) [LR
4Fe4][BF4]4 

grids, a family of brominated [LBr
4Fe4]X4 grids (X = PF6, BF4, ClO4, Br) were synthesized which 

displayed different spin configurations depending on the anions and solvent lattice molecules. 

Using Continuous Symmetry Measures (CSM) for the different [LBr
4Fe4]X4 grids, the 

cooperative nature of the Fe ions was established in which a spin transition at one site induces 

a second spin transition at the opposite corner.82 Furthermore, a trinuclear defect 

[LH
2(HLH)2Fe3][BF4]4 grid using the parent ligand 2-1a (R = H) was also synthesized by using 

stoichiometric amounts of FeII salt.100 The overall spin-state of [LH
2(HL)2Fe3][BF4]4 was 

confirmed by X-ray crystallography (Fe-N: 1.96 Å (LS), Fe-N: 2.18 Å (HS)) and Mӧssbauer 

(MB) spectroscopy, revealing the presence of a [1HS:2LS] configuration in the solid-state. 

Surprisingly, the presence or absence of solvent molecules in [LH
2(HLH)2Fe3][BF4]4 

demonstrated a profound effect on the magnetic properties. In the presence of acetonitrile, 

the spin-state remains [2LS-1HS] from 2-380 K. However, removal of the solvent afforded an 

abrupt and hysteretic SCO at 355 K. Although transient absorption X-ray crystallography 

(Prof. Dr. Simone Techert, DESY) were conducted on single crystals of 2-2a-c and 2-3, the 

results are not reported in this work.  

 
Chart 2.1. Schematic representation of the pyrazolate-bridged ligand 2-1a-c, [LR

4Fe4]4+  

2-2a-c and the trinuclear defect Fe3 grid 2-3.  

The diversity of the magnetic properties and established cooperative nature of the Fe grids in 

the solid-state provides an avenue for scientists to investigate the structural dynamics of 

oligonuclear SCO complexes. However, prior to femtosecond transient absorption 

measurements, several things must be addressed. Firstly, since the transient absorption 

measurements are conducted in solution, the ground-state must also be determined in 

solution by variable temperature magnetic susceptibility measurements. Secondly, an 

optically excited state must be accessible from the ground-state. In this specific instrument 

setup (Prof. Dr. Dirk Schwarzer, Max Planck Institute), only a single-photon excitation can be 

employed (i.e. [3HS-1LS]  [4HS] or [2HS-2LS]  [3HS-1LS]). Consequently, only selected Fe 
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grids with a [2HS-2LS] or [3HS-1LS] spin configuration were pursued for femtosecond 

transient absorption spectroscopy in solution at room temperature.  

 

Although the brominated [LBr
4Fe4][BF4]4 grid displayed a thermally stable [2HS-2LS] 

configuration from 30 – 250 K in the solid-state, magnetic measurements in MeCN revealed 

gradual SCO commencing at approximately 50 K (discussed in section 2.3.3). Similarly, the 

parent [LH
4Fe4][BF4]4 grid displayed step-wise SCO in the solid-state, however, variable 

temperature magnetic susceptibility revealed a remarkable difference in solution, in which 

step-wise SCO was no longer present. Instead, gradual SCO was observed similar to 

[LBr
4Fe4][BF4]4 in acetonitrile. Although incomplete gradual SCO was observed for both 

[LR
4Fe4][BF4]4 grids (R = H, Br), the overall spin configuration  at room temperature may be 

estimated using the χMT value at 295 K. Finally, [LH
2(HLH)2Fe3][BF4]4 is also of interest due to 

its intrinsic abrupt hysteretic SCO behaviour in the solid-state. Unfortunately, this effect 

vanishes in solution, and once again only gradual SCO is observed.  

 

Although femtosecond IR/UV-vis transient absorption spectroscopy was conducted on all 

three grids in acetonitrile, analysis of the spectra was exceptionally challenging due to the 

onset of incomplete SCO below room temperature. Additionally, the large size of the Fe grids 

requires extensive theoretical calculations for vibrational band assignments as well as excited 

state calculations. Nevertheless, the magnetic measurements in solution on the parent 

[LH
4Fe4][BF4]4 grid, the brominated [LBr

4Fe4][BF4]4 grid, and the trinuclear defect Fe3 grid 

[LH
2(HLH)2Fe3][BF4]4 will be discussed followed by the preliminary transient absorption 

IR/UV-Vis spectra of all three Fe grids. However, prior to discussing these results, a basic 

overview of transient absorption spectroscopy will be introduced.  

2.2 - Pump-Probe Spectroscopy 

Information regarding spatial distribution as well as structural changes during optical 

excitations are often studied using relaxation dynamics. Especially for nanomaterials, in 

which the relaxation times following optical excitation typically fall into the femtosecond 

range, ultrafast transient absorption, or pump-probe spectroscopy has become a versatile 

technique used to investigate these materials in real time.101 In transient absorption 

spectroscopy, a sample is excited by irradiation with a pump pulse followed by a probe pulse 

with a time delay, ∆t (Figure 2.2a). A difference in absorbance spectra (∆A or ∆OD) at a certain 

wavelength (pump pulse) between the excited state and ground state is obtained at different 

time delays affording a map of ∆A as a function of time, t. Using this, the life times of the excited 

states can be derived.  
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Figure 2.2. (a) Schematic representation of pump-probe spectroscopy. (b) Illustration of a 

typical absorbance spectrum of a sample at the ground-state (yellow), stokes-shifted 

stimulated emission (blue) and excited state (red). (c) The difference in absorbance ∆A of the 

excited and ground-state is plotted as a function of wavelength.102  

In general, the changes in ∆A originate from several processes: ground-state bleaching, 

stimulated emission, excited state absorption, and product absorption. Ground-state 

bleaching refers to the excitation of a fraction of the molecules affording negative ∆A values 

corresponding to the depletion of the ground-state at that specific wavelength. For instance, 

prior to optical excitation, the ground-state displays a band at a certain wavelength, λ (Figure 

2.2b, yellow line). Following optical excitation with the pump pulse, a probe pulse at time 

delay t1 results in a ground-state bleach (-∆A) at the same wavelength λ (Figure 2.2c). After a 

certain time, t2, ∆A gradually returns to zero, suggesting full conversion from the excited state 

to the ground state. In some cases, stimulated emission from the probe pulse may cause a 

photon from the excited state to relax to the ground-state affording negative ∆A values, which 

may be Stokes-shifted with respect to the ground-state bleach (Figure 2.2b, blue line). 

However, the Stokes shift may be extremely small such that it merges with the ground-state 

bleach and only one band is observed in the difference in absorbance spectrum ∆A.101  

 

In response to bleaching of the ground-state, an excited state absorption is generally observed 

at a different wavelength with a positive ∆A value (Figure 2.2c). From the example above, 

bleaching of the ground-state affords a new band at higher wavelengths, λ, corresponding to 

the new excited state species. Another possibility involves absorption of the sample, in which 

upon optical excitation, the molecule undergoes a reaction to form new species such as triplet 

states or isomerization processes. In these cases, a new long-lived species is formed affording 

new bands in the positive ∆A spectrum.  
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2.3 - Results 

2.3.1 – Synthesis of the pyrazolate-bridge Ligand & Homonuclear Fe Grids 

As mentioned previously, compounds 2-2a-c and 2-3 were used to study transient absorption  

X-ray crystallography. However, only [LRFe4][BF4]4 (R = H, Br) and the defect 

[LH
2(HLH)2Fe3][BF4]4 grid were used for transient absorption spectroscopy in solution. 

Therefore, only the synthesis of HLH and HLBr will be discussed in the follow section.  The 

parent ligand 2-1a (R = H) was synthesized according to literature procedures with minimal 

changes (Scheme 2.1).90 The synthesis commences with oxidation of commercially available 

2,2’-bipyridine 2-4 with hydrogen peroxide to form the N-oxide 2-5. Once activated, a nitrile 

group can be incorporated ortho to one of the nitrogen atoms on the pyridine ring using 

trimethylsilyl cyanide and benzoyl chloride affording a white powder 2-6, which was 

subsequently used for two separate precursors: the ester 2-7 and the ketone 2-8. For the 

ester 2-7, the cyano-precursor 2-6 undergoes methanolysis with sodium methoxide 

(generated in situ) in methanol, while acetylation of 2-6 to obtain 2-8 was achieved using 

methylmagnetisum bromide as a Grignard reagent. Condensation of the ester 2-7 and ketone 

2-8 with sodium t-butoxide (NaOtBu) in dry 1,4-dioxane followed by acidic workup afforded 

the diketone 2-9. Lastly, reaction of the diketone 2-9 with hydrazine monohydrate afforded 

the desired pyrazolate-bridged ligand 2-1a (HLH). In order to incorporate a bromide moiety 

onto the pyrazole backbone, elemental bromine was added to a solution of HLH in 

dichloromethane and sodium carbonate (Na2CO3). The reaction was stirred at room 

temperature for 16 hours to give HLBr as a fine yellow powder 2-1c.82      

 
Scheme 2.1. Synthetic scheme for the ligands HLH 2-1a and HLBr 2-1c.   

The tetranuclear [LR
4Fe4][BF4]4 (R = H, Me, Br) grids were also synthesized according to 

literature procedures.36,82 Since 2-2a-c were synthesized following similar procedures, only 

the synthesis of the parent [LH
4Fe4][BF4]4 grid will be discussed (Scheme 2.2).  The parent 

ligand 2-1a was deprotonated with an excess of NaOtBu in a degassed solution of MeCN:THF 



24 
 

(1:1) followed by addition of stoichiometric amounts of FeII(BF4)2. The reaction was stirred 

for 16 hours at room temperature, the product precipitated with diethyl ether and 

crystallized by slow diffusion of diethyl either into a solution of 2-2a in acetonitrile to give 

brown crystalline material.  

 

For the synthesis of the defect Fe3 grid [LH
2(HLH)2Fe3][BF4]4, stoichiometric amounts of base 

and FeII salt were required to produce the Fe3 grid exclusively.100 To that end, a ratio of 4:3:2 

of HLH, FeII(BF4)2, and NaOtBu was employed in dry acetonitrile. Consequently, one corner of 

the grid remains protonated and devoid of a metal ion. The reaction was stirred at room 

temperature for 16 hours followed by crystallization by slow diffusion of diethyl ether into a 

solution of the product in acetonitrile to give [LH
2(HL)2Fe3][BF4]4  as dark red crystalline 

material.  

 
Scheme 2.2. Synthetic scheme for [LR

4Fe4][BF4]4 grids (R = H, Me, Br) and trinuclear defect 

Fe3 grid [LH
2(HLH)2Fe3][BF4]4. 

2.3.2 – Mӧssbauer Spectroscopy on Homonuclear Fe Grids 

Prior to the pump-probe IR/UV-vis measurements, the electronic structures of the 

homonuclear Fe grids were determined by Mӧssbauer (MB) spectroscopy in the solid-state 

and in frozen solution. All three Fe grids displayed minimal differences between the two 

measurements, suggesting negligible contributions from intermolecular interactions on the 

spin-state at 80 K. Since the transient absorption measurements were conducted in solution, 

only the MB spectra in frozen solution are shown in Figure 2.3. All parameters are tabulated 

in Table 2.1 
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Figure 2.3. MB spectrum of (a) the parent [LH
4Fe4][BF4]4 grid (R = H), brominated 

[LBr
4Fe4][BF4]4 grid (R = Br) and (c) [LH

2(HLH)2Fe3][BF4]4 at 80 K in frozen acetonitrile.  

 

Table 2.1. MB parameters for [LH
4Fe4][BF4]4, [LBr

4Fe4][BF4]4, and [LH
2(HLH)2Fe3][BF4]4. 

Compound Temperature (K) δ [mms-1] ∆EQ [mms-1] Area 

[LH
4Fe4][BF4]4 80 

1.05 2.81 48 

0.35 1.01 52 

[LBr
4Fe4][BF4]4 80 

1.07 2.53 56 

0.37 0.98 44 

[LH
2(HL)2Fe3][BF4]4 80 

1.07 2.83 36 

0.34 0.95 64 

 

The Mӧssbauer spectrum of the parent [LH
4Fe4][BF4]4 grid revealed two doublets with an 

isomer shift of δ = 1.05 mms-1 (∆EQ = 2.81 mms-1) and δ = 0.35 mms-1 (∆EQ = 1.01 mms-1) with 

a relative area of 48:52 (HS:LS) consistent with two HS-FeII and two LS-FeII ions, respectively. 

All parameters are consistent with those reported in the literature.36 Although the MB 

spectrum of the brominated [LBr
4Fe4][BF4]4 grid revealed subtle differences between the 

solid-state and frozen solution MB spectra of the same sample, the ratio between the HS-FeII 

ions and LS-FeII ions varied significantly from one synthesis to another. For instance, although 

a ratio of 50:50 (HS-FeII : LS-FeII) was reported,100 the relative area of the two quadrupole 

doublets for [LBrFe4][BF4]4 can vary up to 70:30 (HS-FeII: LS-FeII) even with repeated 

crystallizations. For the purpose of the transient absorption measurements, crystalline 

material exhibiting a ratio of approximately 50:50 (HS:LS) was used.  

 

Similar to the preceding MB spectra, the MB spectrum of the defect Fe3 grid 

[LH
2(HLH)2Fe3][BF4]4 displayed negligible differences in the solid-state and in frozen solution. 

Once again, two doublets were observed with an isomer shift of δ = 1.07 mms-1 (∆EQ = 2.83 

mms-1) and δ = 0.34 mms-1 (∆EQ = 0.95 mms-1), consistent with HS-FeII and LS-FeII, 

respectively. The relative area of 36:64 (HS:LS) suggests a spin configuration of [1HS:2LS] at 

80 K, consistent with the reported molecular structure.  

 

  

Fe
3
 (R = H) 

(b) (a) (c) 

Fe
4
 (R = Br) Fe

4
 (R = H) Fe

3
 (R = H) 
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2.3.3 – Magnetic Measurements in Solution 

Since the transient absorption measurements were conducted at room temperature in 

solution, the ground state spin state pattern was determined by variable temperature 

magnetic susceptibility measurements in solution. As mentioned in the introduction, the 

parent [LH
4Fe4][BF4]4 grid exhibited step-wise SCO in the solid-state, while the brominated 

[LBr
4Fe4][BF4]4  grid displayed a magnetic susceptibility value of χMT = 7.44 cm3 K mol-1 

between 50 K – 250 K in the solid-state, corresponding to a [2HS-2LS] configuration.82 Above 

250 K, a small increase of χMT was observed, signifying the onset of gradual SCO behaviour. 

Below 50 K, a steep decrease in the χMT values originate from the ZFS of the HS-FeII (S = 2) 

ions.  In comparison, variable temperature magnetic susceptibility measurements on the 

brominated [LBr
4Fe4][BF4]4 grid in acetonitrile also afforded gradual SCO. However, the SCO 

temperature is much lower commencing at 50 K. Full conversion to the [3HS-1LS] 

configuration occurs at approximately 330 K. Similar to the solid-state measurement, a 

significant decrease in χMT is observed below 50 K as a result of ZFS for HS-FeII ions  

(Figure 2.4a, orange). Since this phenomenon occurs in all the Fe grids, this low temperature 

feature will not be mentioned in each case. Using the magnetic susceptibility value at 295 K 

(χMT = 8.86 cm3mol-1K) along with χMT(3HS-1LS) = 9.3 cm3mol-1K (100% 3HS-1LS) and 

χMT(2HS-2LS)= 6.2 cm3mol-1K (0% 3HS-1LS), a ratio of 86:14 (3HS-1LS : 2HS-2LS) was 

determined. Therefore, the overall HS:LS ratio for [LBr
4Fe4][BF4]4 is 72:28 ± 5%  (HS:LS) at 

295 K. 

 

Figure 2.4. (a) Variable magnetic susceptibility of the parent [LH
4Fe4][BF4]4  grid in DMF and 

brominated [LBr
4Fe4][BF4]4  grid in MeCN. (b) Variable magnetic susceptibility of the defect 

Fe3 grid 2-3 in the solid-state and in solution.  

In the case of the parent [LH
4Fe4][BF4]4 grid, a similar gradual SCO behaviour was observed in 

DMF. The measurements were also conducted in acetonitrile illustrating comparable results, 

however, only the magnetic measurements in DMF are shown due to solubility reasons 

(Figure 2.4a, brown). Nevertheless, a similar trend of gradual SCO is observed, although at 

much higher temperatures (~220 K). At 350 K, the χMT approaches full conversion to the 

[3HS-1LS] state, however, full conversion was not obtained due to the temperature limit of 

the experiment. Following procedures similar to [LBr
4Fe4][BF4]4, the ground state for 

[LH
4Fe4][BF4]4 at 295 K (χMT = 8.09 cm3mol-1K-1) consisting of a ratio of  

61:39 (3HS-1LS : 2HS-2LS) affords an overall ratio of 72:28 HS:LS at 295 K.  

(a) (b) 



27 
 

 

The final compound studied by magnetic susceptibility measurements in solution was the 

defect [LH
2(HLH)2Fe3][BF4]4 grid. As mentioned previously, SCO for this complex is highly 

dependent on the solvation of the molecule. In the presence of acetonitrile molecules in the 

crystal lattice, the Fe3 grid retains a χMT value of 3.1 cm3 K mol-1 from 200 – 400 K, consistent 

with a [1HS-2LS] configuration.100 However, removal of solvents in the crystal lattice afforded 

an abrupt and hysteretic SCO at 355 K with a χMT value of 6.34 cm3 K mol-1, consistent with 

SCO of one iron atom to form the [2HS-1LS] state (Figure 2.4b). Unsurprisingly, the magnetic 

properties of [LH
2(HLH)2Fe3][BF4]4 in acetonitrile reflect the [1HS-2LS] configuration from  

50-250 K similar to the solvated congener and the onset of gradual SCO commences above 

250 K. Once again, the overall spin configuration at room temperature was determined by 

using the χMT value at 295 K (3.78 cm3mol-1K) affording a ratio of 88:12 (1HS:2LS : 2HS-1LS) 

for [LH
2(HL)2Fe3][BF4]4,  which translates into a ratio of 37:63 ± 5% of HS:LS at 295 K.  

 

2.3.4 – Variable Temperature UV-Vis Spectroscopy 

In addition to variable temperature magnetic susceptibility measurements, optical 

spectroscopy is also a well-established technique used to monitor SCO complexes due to the 

vibrant colour changes exhibited by numerous FeII complexes.19,103,104 Although only gradual 

SCO was observed for the Fe grids in solution, variable temperature UV-vis spectroscopy of 

2-2a,c and 2-3 in MeCN was conducted to determine if any significant changes occur between 

-25 °C to 35 °C (limit of the femtosecond IR/UV-vis pump-probe instrument). Since the UV-

vis spectra of all the Fe grids displayed little differences, only the variable temperature UV-

vis spectra of the brominated [LBr
4Fe4][BF4]4 grid are shown (Figure 2.5).   

Figure 2.5. Variable temperature UV-vis spectroscopy on [LBr
4Fe4][BF4]4 from -25 °C – 35 °C 

in MeCN.  
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At 35 °C, three intense bands at 235 nm, 265 nm, and 310 nm were observed corresponding 

to the ligand π-π* transition.36,82,100 The weak broad band at 549 nm is assigned to a MLCT 

transition. Upon lowering the temperature, a small decrease in the absorbance of all bands 

was observed. Since only subtle changes were observed in the variable temperature UV-Vis 

spectra, transient absorption spectroscopy was only conducted at room temperature.   

2.3.5 – Transient Absorption Mid IR and UV-vis Pump-Probe Spectroscopy 

In order to investigate the electronic structure of the optically excited states, pump probe IR 

and UV-vis spectroscopy were conducted in acetonitrile at room temperature. Unlike the 

simple schematic spectra depicted in the introduction, the vibrational bands in the pump-

probe IR measurements of the Fe4 grids are more challenging to decipher since the bands 

cannot be distinctly assigned to a specific group of the molecule. Nevertheless, optical 

excitation at 400 nm on [LH
4Fe4][BF4]4 revealed an immediate bleaching of the ground state 

at 1610 cm-1 and the rise of a new band at 1595 cm-1 (Figure 2.6a). After 270 picoseconds, this 

band is shifted to slightly higher wavenumbers and with a smaller intensity. The signals at 

1440 cm-1 and 1565 cm-1 appear relatively unaffected during the optical excitation, signifying 

these bands are present in the ground-state as well as in the excited state species. 

Surprisingly, the signal at 1462 cm-1 displayed an immediate bleaching of the ground-state, 

but the long-lived species (yellow band) has the exact same wavenumber as the ground-state, 

suggesting the excited state and ground state may not be subjected to large structural 

deviations. Using the change in optical density at five different frequencies (1446, 1462, 1557, 

1565, and 1610 cm-1), the curve was modelled following a biexponential function affording 

two time constants, τ1 = 15.4 ps and a long lived species with a lifetime of τ2 > 1000 ps.  

The time constants of the optically excited states were also determined using pump-probe  

UV-vis spectroscopy (Figure 2.6b). Once again, the sample was excited at 400 nm revealing a 

bleaching of the MLCT band at 573 nm. The presence of additional bands were not observed 

between 350 – 750 nm. Using the change in optical density at three different wavelengths 

(365, 573, and 442 nm), the data was fitted using a triexponential function affording three 

different life times, τ1’ << 100 fs, τ1 = 20 ps, and τ2 > 1 ns. Due to the higher sensitivity of pump-

Figure 2.6. (a) Femtosecond IR transient absorption and (b) UV-vis spectroscopy on the 

parent [LH
4Fe4][BF4]4 grid in acetonitrile at room temperature.   

(a) (b) 
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probe UV-vis spectroscopy, a short-lived species in the femtosecond range was also detected. 

Nevertheless, the relaxation times obtained from both spectroscopic techniques (IR and UV-

Vis) are comparable. Unfortunately, the identity of the excited species cannot be determined 

without the help of theoretical calculations. All relaxation times from the pump-probe IR/UV-

vis spectroscopy are tabulated in Table 2.2. 

Table 2.2. Summary of the life times of the excited states of the Fe grids.  

Complex IR pump-probe 

measurements 

UV-vis pump-probe measurements 

 τ1[ps] τ2 [ps] τ1’[fs] τ1 [ps]  τ 2 [ns] 

2-2a 15.4 > 1000 << 100  20 >> 1 

2-2c 12.6 > 1000 << 100 19 0.6 

2-3 - - << 100 19 2.5 

 

The effect of the bromo-substituent on the relaxation times of the excited states of the 

[LBr
4Fe4][BF4]4 grid was investigated using pump-probe IR spectroscopy. With the presence 

of the bromide moiety on the pyrazole backbone, an additional band at 1518 cm-1 was 

observed in the IR spectrum. Optical excitation at 400 nm afforded a ground-state bleach at 

this band and a new absorption band at marginally lower wavenumbers at 1511 cm-1 (Figure 

2.7a). Similar to the parent [LH
4Fe4][BF4]4 grid, several new absorption bands were observed 

similar wavelengths as the ground-state bleach, suggesting minimal structural changes after 

optical excitation. The change in optical density at six different wavelengths were fitted with 

a biexponential function affording a short-lived species with a life time of τ1 = 12.6 ps and a 

long lived species (τ2 > 1000 ps). The time constants of the excited states were further 

confirmed with pump-probe UV-vis spectroscopy at 400 nm, in which a ground-state bleach 

was once again observed at 573 nm. The change in optical density at three wavelengths (365, 

618, and 718 nm) was fitted with a triexponential function affording time constants of  

τ1’ << 100 fs, τ1 = 19 s, and τ2 = 600 ps (Figure 2.7b). The life time of all transient species are 

reminiscent to the parent [LH
4Fe4][BF4]4 grid, suggesting the bromo-substituent has little 

effect on the relaxation dynamics of the excited states.   
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The last compound investigated using pump-probe spectroscopy was the defect 

[LH
2(HLH)2Fe3][BF4]4 grid. Although transient absorption IR spectroscopy was not obtained at 

this time, pump-probe UV-vis spectroscopy was conducted in acetonitrile revealing a ground-

state bleach at 555 nm (Figure 2.8). However, new adsorption bands were not observed 

between 350 – 750 nm. The change in optical density at 422 nm and 360 nm were fitted with 

a triexponential function affording three time constants, τ1’ << 100 fs, τ1 = 19 ps and τ2 = 2.5 

ns, corresponding to a short-lived species followed by a transient species in the picosecond 

range and finally a long-lived species. Once again, without theoretical calculations, definitive 

assignment of the transient species cannot be deduced. Nevertheless, based on the pump-

probe IR and UV-vis spectroscopy measurements of the three Fe grids, the relaxation cascade 

can be summarized as follows: optical excitation affords a short-lived species in the sub-100 

femtosecond range followed by a transient species with a life time between 15-20 ps. This 

state further relaxes into a long-lived species. While a variety of hypotheses can be made, 

further experiments and theoretical calculations must be done to definitively elucidate the 

mechanistic pathway.  

  

Figure 2.7. (a) Femtosecond IR and (b) UV-vis transient absorption spectroscopy on the 

brominated [LBr
4Fe4][BF4]4 grid in acetonitrile at room temperature.  

(a) (b) 
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2.4 – Summary & Conclusion 

In summary, the electronic structures of the homonuclear Fe grids in solution were 

determined by Mӧssbauer spectroscopy and variable temperature magnetic susceptibility 

measurements. The spin configuration of the Fe grids was confirmed by Mӧssbauer 

spectroscopy in frozen acetonitrile at 80 K, revealing little differences compared to their 

solid-state counterparts. Variable temperature magnetic susceptibility measurements in 

solution revealed gradual SCO between 50K -250 K for all Fe grids, differing substantially 

from the solid-state measurements. While in principle the Fe grids are ideal candidates for 

studying the nature of the optical excitation and the structural changes accompanied by 

optical excitation, analysis of the pump-probe spectra is rather challenging for several 

reasons. Firstly, SCO occurs well below room temperature and thus precise determination of 

the ground-state at 295 K has a large margin of error (±5%). Secondly, the Fe grids do not 

exhibit any signature bands in the IR spectrum which can be monitored (i.e. distinctive new 

bands in the excited-state absorption spectrum). Thirdly, due to the large size of the Fe grids, 

theoretical calculations for the vibrational assignments as well as for elucidating the 

electronic and magnetic structures of potential transient species remains a challenge. 

Nevertheless, based on the preliminary transient absorption spectroscopy on the Fe grids, the 

family of Fe grids behave quite similarly despite the different substitution on the pyrazole 

backbone. While a schematic reaction pathway can be deduced by the relaxation times, the 

exact nature of the transient species will require detailed theoretical calculations.  

  

Figure 2.8. Femtosecond UV-vis transient absorption spectroscopy on [LH
2(HLH)2Fe3][BF4]4 

in acetonitrile at room temperature.  
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Chapter 3 – Heterometallic Ru2Co2 [2 x 2] Grid with Localized Single Molecule Magnet 

Behaviour 

3.1 – Introduction 

In the preceding chapters, a family of pyrazolate-bridged Fe4 grids developed by the Meyer 

group were introduced and their unique magnetic and physical properties including 

ferromagnetic and antiferromagnetic coupling, multiple stable redox states, and cooperative 

spin crossover.36,82,91 The latter was heavily investigated for the homonuclear Fe4 grid as well 

as the so-called defect Fe3 grid100 (where only three metal centers are assembled in a grid-like 

array) by time-resolved UV-vis pump-broadband mid-IR probe spectroscopy, in hopes of 

understanding the nature of the optical excitations. In order to complement these studies, 

new heterometallic [2 x 2] grids were pursued, where the presence of two different metal 

centers holds potential for more interesting chemical and physical properties.  

To date, numerous homonuclear grids have been synthesized, however, heterometallic grids 

are less frequently reported. The synthetic challenges associated with heterometallic [2 x 2] 

grids arise from the need for rigid and planar ligands with well-defined binding pockets for 

different metal ions to prevent scrambling of the metal centers. While a variety of 

heteronuclear supramolecular structures have been developed using this method,73,105–107 

metals with similar coordination geometries (i.e. octahedral) cannot be employed as a result. 

Consequently, a complementary method pioneered by Lehn utilizes the kinetic stability of the 

metal ions in a step-wise manner to develop heterometallic [2 x 2] grids.87,108 In order for this 

to be effective, the first metal ion introduced must be kinetically inert compared to the second 

metal ion to prevent scrambling of the metal centers.  

While there has been considerable progress since the first heterometallic grid, the properties 

of [n x n] grids using 3d transition metals in the field of molecular magnetism, in particular 

single molecule magnets (SMMs),38 tend to be limited, with some notable exceptions.66,81 The 

challenge with 3d transition metals lies in mediating the antiferromagnetic coupling between 

the metal centers, where strong intramolecular magnetic interactions typically lead to a 

diamagnetic ground state ST = 0.90,109 However, in some cases, insertion of large bulky 

substituents to enforce large separations between the metal ions has effectively prevented 

strong intermolecular interactions of the metal ions leading to single ion magnet (SIM) 

behaviour. One particular example involves insertion of a γ-cyclodextrin subunit to 

implement large Co···Co separations (~11 Å) in a heterometallic dodanuclear sandwich-type 

complex, [Co4Li8], where the magnetically isolated CoII ions displayed a positive zero-field 

splitting (ZFS) parameter and field-induced slow magnetic relaxation typical of single ion 

magnets (SIM).110 

More recently, the Meyer group introduced the usage of inert diamagnetic centers in a mixed 

valent CoII
2CoIII

2 [2 x 2] grid to prevent intermolecular interactions between the two 

paramagnetic cobalt centers.81 Prior to oxidation, the homovalent CoII
4 grids are 

antiferromagnetically coupled affording a diamagnetic ground state ST = 0. However, upon 

oxidation to the mixed valent CoII
2CoIII

2 grid, two diagonally positioned high-spin CoII ions are 

magnetically switched off to low-spin CoIII. Consequently, the combination of the isolated 

high-spin CoII ions and the highly distorted octahedral environment afforded single molecule 

magnet behaviour exclusively in the mixed valent [2 x 2] CoII
2CoIII

2 grid, but not in the 

homovalent CoII
4 grid.    
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Following a similar strategy, a new heterometallic [LH
4Ru2Co2][BF4]4 grid was synthesized 

using the known compartmental pyrazolate-bridged ligand.90 Ruthenium ions were selected 

based on their kinetic inertness, multiple stable redox states, and potential as a diamagnetic 

chemical spacer to prevent antiferromagnetic coupling between the other metal ions. At the 

same time, cobalt ions were chosen for their intrinsic large magnetic anisotropy that may lead 

to SMM behaviour, as observed in numerous other cobalt complexes.58  

Herein, we report the synthesis of a kinetically stable ruthenium “corner complex”, which 

selectively enforces an anti-arrangement of the four metal ions, such that the ruthenium and 

cobalt ions are situated at opposite corners of the [2 x 2] grid. Consequently, the magnetically 

active HS-CoII spins are, once again, isolated in highly distorted environments giving rise to 

SMM behaviour. Furthermore, the redox properties and characterization of the doubly 

oxidized [LH
4Ru2Co2][BF4]6 grid will also be discussed in the following sections. The results of 

this chapter have been published and thus some parts are adapted from manuscript.111  

3.2 – Ruthenium “Corner Complex” 

3.2.1 – Synthesis of the [HLH
2Ru]2+ “Corner Complex” 

As mentioned in the introduction, prior to the self-assembly of the [2 x 2] [LH
4Ru2Co2][BF4]4 

grid, a kinetically inert RuII “corner complex”, [HLH
2Ru]2+ with the previously reported 

pyrazolate-bridged ligand, HLH, must be synthesized. Although both [HLH
2Ru][BF4]2 3-1a and 

[HLH
2Ru][OTf]2 3-1b were synthesized, only [HLH

2Ru][BF4]2 was used for the subsequent 

synthesis of  [LH
4Ru2Co2][BF4]4. The synthesis commences by combining an excess of the 

pyrazolate-bridged ligand, HLH, with Ru(DMSO)4Cl2 in a degassed solution of acetone:ethanol 

(1:1), as shown in Scheme 3.1. The reaction was heated at reflux for 16 hours followed by 

precipitation and crystallization by slow diffusion of diethyl ether into a solution of 3-1 in 

acetonitrile to give red crystalline material.   

Scheme 3.1. Synthetic scheme for the RuII “corner complex”. 

3.2.2 –X-ray Crystallography of the RuII “Corner Complex” 

The RuII “corner complex” crystallizes as a dimer in the monoclinic space group C2/c with 

hydrogen bond interactions (2.062 Å – 2.128 Å) between the protonated sites of the pyrazole 

moiety and the adjacent pyridine ring of another ligand strand (Figure 3.1). The ruthenium 

ions are coordinated to six nitrogen atoms in an {N6} environment arising from two mutually 
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perpendicular tridentate ligand strands. Analysis of the average Ru-N bond lengths of 1.98 Å 

– 2.08 Å fall well within range of typical RuII ions coordinated to bipyridine systems.112 

Selected bond lengths and distances are tabulated in Table 3.1.  

The distortion from an ideal octahedral environment was determined by Continuous 

Symmetry Measures (CSM),83 in which the difference between the bond lengths and angles of 

the metal coordination sphere are compared to an ideal octahedral environment. Typically, a 

small S(Oh) value corresponds to an ideal octahedron, whereas a large S(Oh) value signifies 

high distortion in the coordination sphere. Generally, strong distortions from an ideal 

octahedral environment results in a trigonal prism coordination sphere. The trigonal prism 

distortion parameter, S(itp) can also be calculated by CSM, in which large S(Oh) values 

typically correspond to small S(itp) values. Using this method, the overall distortion was 

determined affording S(Oh) values of 2.98 for both ruthenium ions, indicating only minor 

distortions as expected for low-spin RuII ions.  

Table 3.1. Relevant bond lengths and Continuous Symmetry Measures for 3-1a.  

 davg (Å) Spin-state S(Oh) S(itp) 

Ru1-N 2.040 LS 2.98 10.91 

Ru2-N 2.043 LS 2.98 11.17 

 

 

Figure 3.1. Molecular structure of the RuII “corner complex” 3-1a, crystallizing as a 
hydrogen-bonded dimer (50% probability thermal ellipsoids). Dash lines indicate hydrogen 
bonding between the nitrogen atoms of the pyridine and pyrazole moiety.   
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3.2.3 –1H NMR Spectroscopy and Mass Spectrometry on [HLH
4Ru2][BF4]4  

1H NMR spectroscopy of 3-1a was conducted in MeCN-d3 affording 15 distinct signals in the 

diamagnetic region (Figure 3.2). The distinctive singlet at 8.1 ppm corresponds to the 

hydrogen atom on the backbone of the pyrazole moiety, and the broad resonance at 15.1 ppm 

can be assigned to the NH proton. The remaining signals are assigned according to 1H-1H COSY 

experiments. Although the X-ray structure revealed the presence of a dimer in the solid-state, 

the persistence of the dimer in solution was investigated using mass spectrometry and DOSY 

experiments (discussed in the following section). Similar to the first homonuclear 

[Cu4(dppn)4][OTf]4 grid presented in chapter 1, in which an equilibrium between the 

mononuclear [Cu(dppn)2][OTf] and [Cu4(dppn)4][OTf]4 grid existed in the presence of excess 

ligand, an equilibrium between the mononuclear [HLH
2Ru][BF4]2 and the dimer 

[HLH
4Ru2][BF4]4 was also observed depending on the concentration. For solutions with 

concentrations of less than 10-5 M, two species with m/z = 853 and m/z = 458, corresponding 

to the monomer [HLH
2Ru]2+ and dimer [HLH

4Ru2NaF]4+, respectively, were detected in the ESI 

mass spectrum. In more concentrated solutions (10-4 M), the equilibrium is shifted towards 

the dimer, as observed with a much higher intensity of the m/z = 458 peak relative to the  

m/z = 853 peak (Figure A21).  

 

Figure 3.2. 1H NMR spectrum of [HLH
2Ru][BF4]2 3-1a in MeCN-d3 revealing the expected 15 

peaks. All protons are assigned according to 1H-1H COSY experiments.   

To further confirm the presence of the monomer or dimer in solution, DOSY experiments 

were performed on the RuII “corner complex” referenced to the ligand HLH in a mixture of 

CDCl3:CD3CN (1:1) at 323 K (Figure 3.3). At room temperature, dynamic exchange of the NH 

moiety on the ligand results in a broad NH resonance, which gives rise to a broad signal 

affording a higher margin of error in determining the diffusion coefficient. Consequently, the 

DOSY experiments were conducted at 323 K. The diffusion coefficient was obtained by 

averaging the relaxation times of a set of resonances of each compound (Figure A27) to give 
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diffusion coefficients of 7.15 x 10-10 m2s-1 and 1.33 x 10-9 m2s-1 for the RuII “corner complex” 

and the ligand HLH, respectively (Table 3.2). Using these values, the hydrodynamic radius of 

each compound was calculated following the Stokes Einstein equation (eq. 3.1), where kB is 

Boltzmann constant, T is the temperature, η is the viscosity of the solvent, and rs is the 

hydrodynamic radius. The ratio of the hydrodynamic volumes were determined to be 5.428, 

suggesting the presence of a dimer at concentrations greater than 10-3 M.  

𝐷 =
𝑘𝐵𝑇

6𝜋𝜂𝑟𝑠
 

 

 

  

3.1 

Figure 3.3. DOSY experiments on the (a) RuII “corner complex” and the (b) ligand HLH in 
CDCl3:CD3CN at 323 K.  

(a) 

(b) 
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Table 3.2. Diffusion coefficient and calculated hydrodynamic volumes for 3-1a and HLH.  
 D [m2s-1] rs [Å] 4πr3 [Å3] 

3-1a 7.15 x 10-10 7.086 4471.11 

HLH 1.33 x 10-9 4.032 823.704 

 

3.2.4 – Electrochemical Experiments 

The redox properties of the RuII “corner complex” were investigated by cyclic voltammetry in 

acetonitrile with [Bu4N]PF6 as the electrolyte (Figure 3.4). Two quasi-reversible waves are 

observed at E½ = 0. 556 V and E½ = 1.017 V vs Fc/Fc+  corresponding to the sequential  

one-electron oxidations of the dimer; viz, the RuIIRuII/RuIIRuIII couple and RuIIRuIII/RuIIIRuIII 

couple, respectively, consistent with other reported dinuclear RuII complexes.113,114 Although 

the potential changes slightly with increasing scan rates, E½ remains relatively constant and 

peak separations ∆Ep for the first anodic wave range between 102-180 mV, while ∆Ep for the 

second anoidic wave range between 96-108 mV. However, at slower scan rates, the second 

anodic peak becomes less reversible as indicated by a significantly smaller current during the 

reverse scan (Figure A34), most likely arising from partial deprotonation of the NH moieties 

and possibly further transformations after the second oxidation.  

 

 

 

 

 

 

 

 

3.2.5 – UV-Vis Spectroelectrochemistry 

In order to monitor the electrochemical changes associated with the first oxidation of the RuII 

“corner complex”, UV-vis spectroelectrochemistry was conducted by applying a potential of 

0.885 V vs Fc/Fc+ followed by the re-reduction to the original RuII species at -0.2 V vs Fc/Fc+. 

Prior to applying a potential, the characteristic RuII band115–117 at 440 nm along with a weak 

shoulder centered at 530 nm corresponding to the MLCT bands are observed. Oxidation to 

RuIII afforded a decrease in the band at 440 nm and a concomitant formation of a new broad 

band at 500 nm (Figure 3.5a). Subsequently, re-reduction to the original RuII species was 

achieved by applying a potential of -0.2 V vs Fc/Fc+, displaying a similar spectrum  

(Figure 3.5b, orange) after 20 minutes suggesting full chemical reversibility.  

Figure 3.4. (a) Cyclic voltammogram and (b) square wave voltammogram of the RuII “corner 

complex” at 100 mV/s in acetonitrile with [Bu4N]PF6 as the conducting salt. All potentials are 

referenced versus Fc/Fc+.  

(a) (b) 
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The second anodic wave was also monitored by UV-vis spectroelectrochemistry by applying 

a potential of 1.4 V vs Fc/Fc+. The band at 440 nm vanishes as expected, while the broad band 

centered at 640 nm continues to increase in intensity (Figure 3.6a). Surprisingly, the reverse 

process to obtain the original RuII species afforded a stark broadening of the band at 440 nm 

(Figure 3.6b), most likely due to deprotonation of the NH moieties and possibly dissociation 

of the dimer after the second oxidation of the RuII “corner complex”; viz, the second oxidation 

is not fully reversible.  

 

 

 

 

Figure 3.5. (a) UV-Vis spectroelectrochemistry of the first anodic wave (RuIII) by applying a 

potential of 0.885 V followed by (b) the re-reduction by applying a potential at -0.2 V. All 

potentials are referenced vs Fc/Fc+. 

Figure 3.6. (a) UV-vis spectroelectrochemistry of the conversion of the RuII species (-0.2 V) 

to the doubly oxidized species (1.4 V), followed by (b) the reversed process to form the 

original RuII species. All potentials are referenced against Fc/Fc+.   

(b) (a) 

(a) (b) 
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3.2.6 – EPR Spectroscopy on the Oxidized [HLH
4Ru2

III]5+ Complex 

Oxidation of the RuII “corner complex” with an excess of NOBF4 afforded a dark purple 

solution. Due to the paramagnetic nature of the oxidized “corner complex” [HLH
4Ru2]5+, EPR 

spectroscopy was conducted on [HLH
4Ru2]5+ in frozen acetonitrile (Figure 3.7). Simulation 

with EasySpin afforded two g-values of g1 = g2 = 2.40 and g3 = 1.78 illustrating a uniaxial 

spectrum, consistent with other RuIII systems.118,119 Surprisingly, the oxidized [HLH
4Ru2]5+ 

appears to gradually revert to the original RuII species suggested by the colour change from 

dark purple ([HLH
4Ru2]5+) to light orange ([HLH

4Ru2]4+).  

3.3.1 – Synthesis of [LH
4Ru2Co2][BF4]4 Grid 

Once the “corner complex” 3-1a was obtained, the desired heterometallic [LH
4Ru2Co2][BF4]4 

grid 3-2 was synthesized by adding an excess of sodium t-butoxide (NaOtBu) to a solution of 

3-1a in dry acetonitrile followed by one equivalent of CoII(BF4)2, affording a dark red solution 

(Scheme 3.2). The reaction was heated at reflux for 48 hours. Subsequently, the solution was 

filtered and precipitated with diethyl ether to give a brown solid, which was further purified 

by slow diffusion of diethyl either into a solution of [LH
4Ru2Co2][BF4]4 in acetonitrile.   

Figure 3.7. EPR spectrum of the oxidized [HLH
4Ru2]5+ with five equivalents of NOBF4 in frozen 

acetonitrile.  
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Scheme 3.2. Synthetic scheme of the [LH
4Ru2Co2][BF4]4 grid commencing from the stable RuII 

“corner complex” 3-1a.  

3.3.2 – Mass Spectrometry  

The integrity of [LH
4Ru2Co2][BF4]4 was confirmed by mass spectrometry in acetonitrile 

affording a single prominent peak at m/z = 455 corresponding to the tetracationic 

[LH
4Ru2Co2]4+ grid (Figure 3.8). The distinctive RuII isotopic pattern can be simulated 

accordingly, as shown in the inset of Figure 3.8. Consequently, based on ESI mass 

spectrometry, [LH
4Ru2Co2][BF4]4 is stable and remains intact in acetonitrile.  

 

Figure 3.8. ESI-MS of [LH
4Ru2Co2][BF4]4 in acetonitrile displaying one dominant peak at  

m/z = 455 corresponding to [LH
4Ru2Co2]4+. Experimental and simulated isotopic distribution 

patterns are shown in the inset.  
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3.3.3 – 1H NMR Spectroscopy 

As mentioned in the introduction, the presence of two different metal ions in heterometallic  

[2 x 2] grids may give rise to scrambling of the metal centers. However, using the kinetically 

stable RuII “corner complex”, only the anti-isomer was observed, which was confirmed by the 

simplicity of the 1H NMR spectrum. In the case of the syn-isomer, 28 signals would be observed 

excluding the hydrogen atom closest to the paramagnetic center. This was confirmed by 

previous 1H NMR studies on similar CoII
4 grids as well as an analogous [LH

4Ru2Fe2][BF4]4 grid 

discussed in Chapter 4. On the contrary, for the anti-isomer, only 14 signals would be 

observed by virtue of symmetry. This was confirmed by 1H NMR spectroscopy in MeCN-d3 at 

room temperature, which revealed 14 distinct signals from -30 ppm to +120 ppm (Figure 3.9). 

While 2D NMR spectroscopy was conducted on similar CoII
4 grids,81 the broad linewidths of 

this particular grid prevented any 2D NMR experiments. Nevertheless, based on the 

symmetric nature of the 1H NMR spectrum, one can conclude that the [LH
4Ru2Co2][BF4]4 grid 

remains intact in solution and only the trans-isomer is formed.  

  

Figure 3.9. 1H NMR spectrum of [LH
4Ru2Co2][BF4]4 in MeCN-d3 at room temperature. 

δ (ppm) 
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3.3.4 – X-ray Crystallography 

Crystals of [LH
4Ru2Co2][BF4]4 suitable for X-ray diffraction were obtained by slow diffusion of 

diethyl ether into a solution of 3-2 in acetonitrile revealing the expected [2 x 2] grid-like 

topology. [LH
4Ru2Co2][BF4]4 crystallizes in the monoclinic space group P21/n with four BF4

- 

anions to ensure electroneutrality of the species in the solid-state. Moreover, acetonitrile 

molecules are present in the crystal lattice. Similar to the previously reported mixed valent [2 

x 2] grids, the ruthenium and cobalt ions are situated at opposite corners of the grid and are 

crystallographically independent. Both metal ions are coordinated to six nitrogen atoms from 

two perpendicularly bridging ligands forming an octahedral environment. Analysis of the 

average Ru-N and Co-N bond lengths of 2.05 Å and 2.16 Å suggests the presence of low-spin 

RuII ions and high-spin CoII ions. The crystal structure of [LH
4Ru2Co2][BF4]4 is shown in Figure 

3.10 and relevant bond lengths are tabulated in Table 3.3.  

The neighbouring metal centers (Ru1, Ru2, Co1, and Co2) are separated by approximately 

4.55 Å with angles of 100° and 80° forming a rhombus, reminiscent to the parameters found 

in the previously reported homonuclear Fe4-grids. The distortion of the octahedral 

environment for each metal center varies depending on the planarity of the ligand strands as 

described by the torsion angle between the pyrazole moiety and the terminal pyridine group 

(Figure 3.10b). This was further confirmed by Continuous Symmetry Measures (CSM),83 

where a small S(Oh) value of 2.95 and 3.60 was determined for Ru1 and Ru2, respectively. In 

contrast, a large S(Oh) value of 6.57 and 7.11 were obtained for Co1 and Co2, respectively, 

indicative of a highly distorted octahedral environment. For comparison, the S(itp) values 

reflecting the distortion from a trigonal prism geometry were also computed and tabulated 

in Table 3.3. Based on the bond lengths and high S(Oh) value (corresponding to a low S(itp) 

value), the cobalt ions are most likely locked in the high-spin state and thermal switching to 

the low-spin state is highly unlikely.  

 

 

 

 

 

 

 

 

 

 

 

  

Figure 3.10. (a) Molecular structure of the cation [LH
4Ru2Co2][BF4]4 (50% probability 

thermal ellipsoids). Counterions and hydrogen atoms are omitted for clarity. (b) Schematic 

representation of the Ru···Co distances (black), Ru-Co-Ru and Co-Ru-Co angles (purple), and 

torsion angles defined by the plane of the pyrazole moiety and terminal pyridine group of the 

same ligand strand (blue). 

(a) (b) 
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Table 3.3. Relevant bond lengths and CSM for [LH
4Ru2Co2][BF4]4. 

 davg (Å) Spin-state S(Oh) S(itp) 

Ru1-N 2.04 LS 2.95 10.12 

Ru2-N 2.06 LS 3.60 9.46 

Co1-N 2.16 HS 6.57 5.47 

Co2-N 2.16 HS 7.11 4.73 

 

3.3.5 – Single Molecule Magnet Behaviour of [LH
4Ru2Co2][BF4]4  

In order to investigate the magnetic behaviour of [LH
4Ru2Co2][BF4]4, variable temperature 

magnetic susceptibility measurements were conducted from 2 – 210 K (Figure 3.11a). The 

maximum temperature at 210 K was chosen based on the pour point of the oil that was used 

to prevent preferential orientation of the crystals to the magnetic field. Although a thermal 

spin transition was not observed in this temperature range, a large molar susceptibility of  

χMT = 5.44 cm3mol-1K was observed for two CoII high-spin ions (2.72 cm3mol-1K for one CoII 

ion) compared to the expected spin-only value of 1.875 cm3mol-1K for a S = 3/2  system. This 

phenomenon is typically observed for highly distorted CoII complexes resulting in large 

contributions to the molecular susceptibility from the unquenched orbital angular 

momentum.59 Upon lowering the temperature, the χMT decreases substantially below 100 K 

reaching a minimum of 3.65 cm3mol-1K at 2 K, suggestive of a sizable zero-field splitting (ZFS) 

parameter, D.  

In order to determine the ZFS parameter more precisely, variable temperature variable field 

(VTVH) magnetization measurements were also conducted (Figure 3.11b). Magnetization of 

[LH
4Ru2Co2]4+ was measured from 0 – 2 K at 1, 3, and 5 T displaying three distinct 

magnetization curves at different fields, confirming the presence of zero-field-splitting. 

Variable temperature magnetic susceptibility χMT and VTVH magnetization data were 

simultaneously fitted following the spin Hamiltonian for one cobalt (S = 3/2) ion shown in 

equation 3.2.  

 

Figure 3.11. (a) Magnetic susceptibility measurements of [LH
4Ru2Co2][BF4]4 from  

210 K – 2K. (b) In order to obtain the ZFS parameter, D, magnetization plots at different 

magnetic fields were measured.  The solid lines represent the best fits (see text).  

(a) (b) 
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Using the spin Hamiltonian (Equation 3.2), gx and gy were determined to be 2.32, while a value 

of 2.64 was obtained for gz. All three g-values are significantly larger than the spin-only case  

(g = 2.0), confirming the non-negligible angular orbital contribution of the CoII ions  

(S = 3/2).120 Moreover, the large negative axial zero-field splitting value, D, was determined 

to be D = -64 cm-1 (the rhombic zero field splitting parameter, E, was assumed to be negligible, 

where E/D =0), which suggest exclusive population of the Kramer’s doublets with Ms = ± 3/2 

states at lower temperatures. Consequently, the thermal barrier to spin inversion between 

the MS = +3/2 and MS = -3/2 states can be approximated by |2D| ~ 128 cm-1, which is 

remarkably large and suggestive of single molecular magnet (SMM) behaviour.  

�̂� =  𝜇𝐵(𝑆𝑥𝑔𝑥𝐵𝑥 + 𝑆𝑦𝑔𝑦𝐵𝑦 + 𝑆𝑧𝑔𝑧𝐵𝑧) + 𝐷[�̂�𝑧
2 −

1

3
𝑆(𝑆 + 1) +

𝐸

𝐷
(�̂�𝑥

2 − �̂�𝑦
2)] 

Consequently, alternating current (ac) magnetic measurements were conducted from  

2.0 K – 5.8 K with an applied dc field of Hdc = 3000 Oe, displaying a temperature dependent 

out-of-phase (χ”) signal (Figure 3.12). As the temperature increases from 2 K to 5.8 K, the 

maxima is shifted to higher frequencies, suggestive of a barrier to spin reversal, a typical 

phenomenon for superparamagnets and/or slow relaxing molecular clusters.  

 

 

 

An effective method to investigate the magnetization dynamics involves the usage of the so-

called Cole-Cole plots or Argand diagrams, where the out-of-phase (χ’’) signals are plotted 

against the in-phase (χ’) signals. Magnetization relaxation times as well as the width of its 

distribution can be extracted from the frequency dependent ac susceptibility curves. For a 

single relaxation process, one can fit the data according to equation 3.3, where χT and χS is the 

isothermal and adiabatic susceptibility, respectively. If a molecule exhibits a single relaxation 

process, a perfect semicircle centered on the χ’ axis would be observed in the Cole-Cole 

diagram. Using the maximum frequency of absorption, v, the relaxation time τ can be 

determined according to equation 3.4.    

𝜒𝐴𝐶(𝜔) = 𝜒𝑠 + 
𝜒𝑇 − 𝜒𝑆

1 + 𝑖𝜔𝜏
 

𝜏 =
1

2𝜋𝑣
 

3.3 

3.4 

Figure 3.12. (a) in-phase (χ’) and (b) out-of-phase (χ”) ac magnetic susceptibility 

measurements for [LH
4Ru2Co2][BF4]4

 displaying temperature dependent out-of-phase (χ”) 

signals over a temperature range of 2.0 – 5.8 K.  

(a) (b) 

3.2 
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Of course, there lies a possibility where χ” does not reach the maximum of the calculated value 

affording a flattened or stretched out semicircle, suggestive of the presence of one or more 

time constants or a distribution of relaxation times. In this case, equation 3.3 is modified to 

include a distribution factor, α, shown in equation 3.5. This distribution factor, α, ranges 

between 0 and 1, where if α = 0, only one relaxation process is observed while if α = 1, the 

relaxation process is absent.  

𝜒(𝜔) = 𝜒𝑠 + 
𝜒𝑇 − 𝜒𝑆

1 + (𝑖𝜔𝜏)1−𝛼
 

Thus, in order to determine the number of relaxation processes [LH4Ru2Co2][BF4]4 exhibits, a 

Cole-Cole diagram with an applied dc field of Hdc = 3000 Oe between 2.0 and 5.8 K was 

constructed and fitted with the Debye model with the C-C Fit program (Figure 3.13a, black 

lines). The obtained distribution index α ranges from 0.1 to 0.2, with small deviations between 

the temperature limits, confirming the presence of a single relaxation process.  

𝜏 = 𝜏𝑜𝑒
(
𝑈𝑒𝑓𝑓

𝜇𝐵𝑇
)
 

The thermally activated relaxation times can be extracted from the Arrhenius plot  

(Figure 3.13b). The linear portion is fitted according to the Arrhenius law given in equation 

3.6, where τ is the relaxation time, Ueff is the effective energy barrier, μB is the Bohr magneton, 

and τ0 is the pre-exponential factor. Using this equation, the relaxation time τ0 and energy 

barrier for spin inversion, Ueff, was determined to be τo = 3.1 x 10-5 s and Ueff = 8.8 cm-1, which 

is consistent with typical CoII SMMs.58 However, the relaxation time τo appears quite large and 

the energy barrier is relatively small compared to systems exhibiting Orbach relaxation, 

which suggests that the relaxation is most likely dominated by a Raman process. 

Consequently, the entire temperature range was fitted solely for Raman relaxation (Figure 

A43), which was also observed in other reported CoII SMMs. For comparison with other 

reported CoII SMMs, the Arrhenius plot is typically shown.  

  

3.5 

3.6 

Figure 3.13. (a) Cole-Cole diagram with an applied dc field of Hdc = 3000 Oe between 2.0 and 

5.8 K. The black lines are the theoretical fit using the Debye model. (b) Relaxation times are 

calculated using the linear portion of the Arrhenius plot.  

(a) (b) 
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Although Ueff is quite low compared to current single molecular magnets (SMM), not many 

grid-like complexes exhibit this type of magnetic behaviour. Among those that are known, 

only lanthanide-based [2 x 2] grids (DyIII) have shown SMM behaviour due to their intrinsic 

weak intermolecular interactions between the metal centers.77,78 However, in terms of 3d-

transition metal [2 x 2] grid-like complexes, aside from the previously reported mixed valent 

CoII
2CoIII

2 grid, this is the first heterometallic 3d-transition metal grid exhibiting SMM 

properties. 

3.3.6 – Probing the Redox Properties of [LH
4Ru2Co2][BF4]4 with Cyclic Voltammetry  

With the presence of two different metal centers, the potential to have multiple stable redox 

states was investigated by cyclic voltammetry in acetonitrile with [Bu4N]PF6 as the conducting 

salt. As expected, four oxidation waves were observed corresponding to the oxidation of each 

of the metal centers in [LH
4Ru2Co2][BF4]4 (Figure 3.14). A large separation between the second 

and third oxidative waves suggest a high thermodynamic stability of the doubly oxidized 

[LH
4Ru2Co2][BF4]6 grid (Kc = 3.35 x 107; calculated using E½(6+/7+) – Epf(5+/6+)), which was 

indeed chemically synthesized permitting a definitive assignment of the anodic waves. In 

particular, the first two anodic peaks are assigned to the oxidation of both CoII ions at opposite 

corners, while the latter two anodic peaks are assigned to oxidation of the RuII ions.   

 

 

 

Table 3.4 Electrochemical potentials for [LH
4Ru2Co2][BF4]4

 in acetonitrile.  

 Ea
p [mV] E½

 [mV] ∆Ep [mV] E½ - E½ [mV] 

4+/5+ 272 - 136b - 

5+/6+ 496 - - - 

6+/7+ 977 941 72 148 

7+/8+ 1121 1089 64  
aAll chemical potentials are referenced to Fc/Fc+. bUsing the broad cathodic wave at Ec

p = 136 

mV.  

Interestingly, as the polarity was reversed, only three cathodic waves were observe. Initially, 

the broad reductive wave at 136 mV was attributed to a two-electron reduction from the two 

cobalt ions. Based on several reported CoII
4 grid-like complexes as well as similar 

Figure 3.14. Cyclic voltammogram of [LH
4Ru2Co2][BF4]4 in degassed acetonitrile with 

[NBu4]PF6 as the electrolyte at 100 mV/s.    



48 
 

mononuclear cobalt complexes, the electron transfer of the CoIII/CoII redox couple is known 

to be kinetically hampered due to large structural reorganization during oxidation affording 

ill-resolved and broad waves.121–123 Using scan-rate dependent CV measurements, the quasi-

reversible broad peak at 136 mV can be separated into two peaks at extremely slow scan rates 

(2 mV/s), supporting the slow electron transfer kinetics from CoIII to CoII (Figure 3.15). 

Moreover, coulometry experiments were conducted to electrochemically generate the doubly 

oxidized [LH
4Ru2Co2]6+ grid, followed by the re-reduction. However, the amount of charge 

passed through the cell during electrochemical oxidation did not reach the expected charge 

for a two-electron process after 24 hours. Consequently, coulometry experiments on the re-

reduction was never obtained.  

 

3.3.7 – UV-Vis Spectroscopy and Spectroelectrochemistry on [LH
4Ru2Co2][BF4]4 

UV-vis spectroscopy was conducted on a solution of [LH
4Ru2Co2][BF4]4 in acetonitrile 

displaying four bands at 320 nm, 388 nm, 505 nm, and 620 nm, whereas, in the case of the 

homonuclear Fe4 grids, only one band is observed in the visible (400-800 nm) region due to 

the four equivalent iron atoms. The most intense band at 320 nm corresponds to the ligand-

based π  π* transition, also observed in the Fe4 grids.36,82,91 The remaining three weaker 

bands are assigned to metal-to-ligand-charge-transfer (MLCT) bands arising from the 

different metal ions.  

From the cyclic voltammetry experiments discussed in the previous section, four waves were 

observed. In order to probe the changes associated with electrochemical oxidation of 

[LH
4Ru2Co2][BF4]4 to the doubly oxidized [LH

4Ru2Co2][BF4]6 grid, the changes in the UV-vis 

spectrum were monitored by applying a voltage at 0.7 V vs Fc/Fc+ until full conversion (i.e. 

no further visible changes in the UV-vis spectra) followed by re-reduction to the original 

[LH
4Ru2Co2][BF4]4 grid by applying a potential of -0.6 V vs Fc/Fc+. Once the first voltage (0.7 V 

vs Fc/Fc+) was applied, the intensity of both bands at 388 nm and 505 nm decrease 

significantly and the peak maxima are shifted slightly to 402 nm and 517 nm, respectively. 

However, the small broad peak at 620 nm disappears completely (Figure 3.16a). Application 

of a potential of -0.6 V for 15 minutes to re-reduce the doubly oxidized [LH
4Ru2Co2][BF4]6 grid 

Figure 3.15. Cyclic voltammogram spanning the first two anodic waves from -0.4 – 0.8 V at  

2 mV/s. All potentials are referenced to Fc/Fc+. 
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to the original complex [LH
4Ru2Co2][BF4]4 afforded only partial conversion (Figure 3.16b, 

green). This is consistent with the slow electron transfer observed in the cyclic voltammetry 

experiments.  

 

 

 

 

Naturally, the formation of the fully oxidized [LH
4Ru2Co2][BF4]8

 grid can also be monitored 

following a similar procedure. Here, a voltage of 1.3 V was applied starting from the 

electrochemically produced doubly oxidized [LH
4Ru2Co2][BF4]6

  grid to form the fully oxidized 

[LH
4Ru2Co2][BF4]8

 grid (Figure 3.17a).  A further decrease in the absorption of the bands at  

402 nm and 517 nm concomitant with the rise of a new broad band at 652 nm was observed. 

This band is reminiscent of the broad band of the RuII “corner complex”, indicating that the 

latter two oxidative waves observed in the cyclic voltammogram correspond to the RuII/RuIII 

couples.  Upon reversal by applying a voltage of 1.3 V, the intensity of the MLCT bands 

increases nearly to its original intensity and the new band at 650 nm disappears suggesting 

full conversion of [LH
4Ru2Co2][BF4]8 to [LH

4Ru2Co2][BF4]6 (Figure 3.17b, pink).  

 

 

 

 

 

  

Figure 3.17. (a) A potential of 1.3 V was applied to obtain the fully oxidized [LH
4Ru2Co2][BF4]8 

in acetonitrile followed by (b) re-reduction to the doubly oxidized [LH
4Ru2Co2][BF4]6 grid by 

applying a potential of 0.7 V. All potentials are referenced against Fc/Fc+.  

(a) (b) 

Figure 3.16. (a) Electrochemical oxidation of [LH
4Ru2Co2][BF4]4 to the doubly oxidized 

[LH
4Ru2Co2][BF4]6 grid by application of a potential of 0.7 V. (b) Re-reduction to 

[LH
4Ru2Co2][BF4]4 by application of a potential of -0.6 V. All potentials are referenced against 

Fc/Fc+.  

(a) (b) 
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3.4 - Synthesis and Characterization of Doubly Oxidized [LH
4Ru2Co2][BF4]6

 

As mentioned earlier, the four oxidative waves observed in the cyclic voltammogram in Figure 

3.14 could not be assigned to the specific metal ions at that point. Consequently, in order to 

determine which metal ions are oxidized first, the doubly oxidized [LH
4Ru2Co2][BF4]6 was 

chemically synthesized by adding two equivalents of [thianthrene]·+[BF4]- into a solution of 

[LH
4Ru2Co2][BF4]4 in dry acetonitrile (Scheme 3.3). Upon addition, the brown solution 

immediately turns dark red and the reaction was stirred at room temperature overnight. Next 

day, the solution was filtered and precipitated with diethyl ether to give a burgundy solid, 

which was purified by slow diffusion of diethyl ether into a solution of the product in 

acetonitrile. 

3.4.1 – 1H NMR Spectroscopy 

The integrity of the doubly oxidized [LH
4Ru2Co2][BF4]6 grid was investigated by 1H NMR 

spectroscopy in MeCN-d3 at room temperature, displaying 15 peaks in the diamagnetic region  

(5- 10 ppm), as illustrated in Figure 3.18. Despite its highly charged nature, the doubly 

oxidized grid remains intact and only a single isomer is observed based on the simplicity of 

the 1H NMR spectrum. The hydrogen atom on the pyrazole backbone of [LH
4Ru2Co2][BF4]6 is 

assigned to the singlet at 8.57 ppm. The remaining hydrogen atoms are assigned using 2D 

NMR spectroscopy (Figure A29). Another important feature entails the shift of all the 

resonances of [LH
4Ru2Co2][BF4]4 (-30 to +120 ppm) into the diamagnetic regime (5-10 ppm), 

supporting that the paramagnetic high-spin CoII ions are oxidized first to low-spin CoIII ions. 

This was further confirmed by X-ray diffraction analysis on the doubly oxidized 

[LH
4Ru2Co2][BF4]6 grid, discussed in the following section.  

 

 

 

 

Scheme 3.3. Synthetic scheme for the doubly oxidized [LH
4Ru2Co2][BF4]6 grid.  
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 3.4.2 – X-ray Diffraction of the Doubly Oxidized [LH
4Ru2Co2][BF4]6

 Grid 

X-ray diffraction analysis on single crystals of [LH
4Ru2Co2][BF4]6 revealed the expected grid-

like architecture crystallizing in the monoclinic space group C2/c (Figure 3.19). The 6+ 

charged cation is balanced by six tetrafluoroborate anions and acetonitrile molecules are also 

present in the crystal lattice. Unlike the [LH
4Ru2Co2][BF4]4 congener, both ruthenium and 

cobalt ions are related by C2 symmetry. The ruthenium and cobalt ions are separated by 

approximately 4.6 Å with Ru-Co-Ru and Co-Ru-Co angles of 85° and 95°, respectively. 

Although [LH
4Ru2Co2][BF4]6 retains the rhombus geometry observed in the parent 

[LH
4Ru2Co2][BF4]4 grid, the Ru-Co-Ru and Co-Ru-Co angles are much closer to an ideal 

octahedral angle of 90°. Moreover, analysis of the Ru-N and Co-N bond lengths of 2.079 Å and 

1.94 Å suggests the presence of low-spin RuII ions and low-spin CoII ions, respectively, 

consistent with the diamagnetic 1H NMR spectrum.   

 

 

 

 

 

 

 

Figure 3.18. 1H NMR spectrum of doubly oxidized [LH
4Ru2Co2][BF4]6 in MeCN-d3 at 298 K.    
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The preference for an octahedral environment can also be determined by analysis of the 

planarity of the ligand strands. For instance, the torsion angle between the terminal pyridine 

moiety and the central pyrazole moiety of one ligand strand was calculated revealing minimal 

differences between one end and the other. This was further confirmed with Continuous 

Symmetry Measures (CSM), affording small S(Oh) values of 4.09 and 1.57 for Ru1 (Ru1’) and 

Co1(Co1’), respectively. For comparison, the S(itp) for trigonal prism geometry were also 

computed and tabulated in Table 3.5. Consequently, the combination of the crystal structure 

and 1H NMR spectroscopy of the doubly oxidized [LH
4Ru2Co2][BF4]6 grid confirmed that the 

high-spin CoII ions are oxidized first.   

Table 3.5. Relevant bond lengths and CSM for [LH
4Ru2Co2][BF4]6. 

 

  

 davg (Å) Spin-state S(Oh) S(itp) 

Ru1-N 2.08 LS 4.09 8.17 

Ru1’-N 2.08 LS 4.09 7.71 

Co1-N 1.94 LS 1.57 11.32 

Co1’-N 1.94 LS 1.57 11.31 

Figure 3.19. (a) Molecular structure (50% probability thermal ellipsoids) of the doubly 

oxidized [LH
4Ru2Co2][BF4]6 grid. Ruthenium ions are shown in pink and cobalt ions are shown 

in orange. Hydrogen atoms and solvent molecules are omitted for clarity. (b) Schematic 

representation of [LH
4Ru2Co2][BF4]6, Ru···Co distances are shown in black, Ru-Co-Ru and Co-

Ru-Co angles are shown in purple, and torsion angles are shown in blue. 

(a) (b) 
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3.4.3 – UV-Vis-NIR on [LH
4Ru2Co2][BF4]6

  

UV-Vis-NIR was conducted on the doubly oxidized [LH
4Ru2Co2][BF4]6 grid in MeCN illustrating 

the absence of IVCT bands, as expected since both CoII ions are oxidized first. A comparison of 

the parent [LH
4Ru2Co2][BF4]4 grid and doubly oxidized [LH

4Ru2Co2][BF4]6 grid is shown in 

Figure 3.20. Similar to the UV-Vis spectroelectrochemistry of [LH
4Ru2Co2][BF4]4 to form the 

doubly oxidized [LH
4Ru2Co2][BF4]6 grid, the shoulder at 420 nm observed in the parent grid 

disappears after oxidation and the weak band at 450 nm also decreases in intensity.   

3.5 – Summary & Conclusion 

In conclusion, a new heterometallic [LH
4Ru2Co2][BF4]4 grid has been synthesized utilizing a 

step-wise approach to selectively enforce the anti-isomer. Based on the simplicity of the 1H 

NMR spectrum, one can conclude that only the anti-isomer is formed. Moreover, the redox 

properties were investigated illustrating four oxidative waves. Using the so-obtained 

electrochemical potentials, the doubly oxidized [LH
4Ru2Co2][BF4]6 grid was chemically 

synthesized, where X-ray crystallography and 1H NMR spectroscopy confirmed that the first 

two oxidative waves correspond to the CoII/CoIII couple and thus the latter two anodic waves 

is assumed to correspond to the RuII/RuIII couple. In addition, the magnetic properties of the 

[LH
4Ru2Co2][BF4]4 grid were investigated, in which the diagonally positioned high-spin CoII 

ions are magnetically isolated, giving rise to unprecedented SMM behaviour in a 3d transition 

metal heterometallic [2 x 2] grid. 

  

Figure 3.20. UV-Vis-NIR of [LH
4Ru2Co2][BF4]4 and [LH

4Ru2Co2][BF4]6 in MeCN at room 
temperature.  
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Chapter 4 – Synthesis and Characterization of Heterometallic [LH
4Ru2Fe2][BF4]4 Grid 

4.1 – Introduction 

In the previous chapter, the physical and chemical properties of a new heterometallic 

[LH
4Ru2Co2][BF4]4 grid were presented. Moreover, the synthetic strategy for multicomponent 

systems, in which the metal ions are sequentially introduced according to their lability was 

also highlighted. Utilizing this method, a kinetically inert ruthenium “corner complex” was 

first isolated followed by introduction of FeII ions to obtain the desired [LH
4Ru2Fe2][OTf]4 grid. 

Based on the previous chapter as well as other heterometallic and mixed valent [2 x 2] 

grids,81,87,124 it comes to no surprise that the ruthenium “corner complex” selectively enforces 

a trans configuration, in which the ruthenium and iron ions are situated diagonally across 

from one another in the [2 x 2] grid. In the case of the [LH
4Ru2Co2][BF4]4 grid, the isolated 

magnetically active high-spin CoII ions gave rise to single molecule magnet (SMM)38 

behaviour. Although SMM behaviour is limited amongst 3d transition metals compared to 

lanthanides, it has been observed with manganese, cobalt, and iron complexes.43,125–127 

However, the primarily goal of incorporating Fe ions into the [2 x 2] grid framework is to 

investigate the potential for cooperative spin crossover, which has been observed in several 

polynuclear Fe complexes,19,36,128,129 as well as to elucidate IVCT transitions after oxidation to 

the mixed valent grid.  

Although the synthetic strategy follows procedures similar to the [LH
4Ru2Co2][BF4]4  grid, a 

series of additional challenges were encountered. With the presence of Fe ions, additional 

spectroscopic techniques such as Mössbauer spectroscopy can be conducted, which 

surprisingly revealed the presence of multiple species. Moreover, since the synthesis of the 

[LH
4Ru2Fe2][OTf]4 grid takes place at much lower temperatures compared to the 

[LH
4Ru2Co2][BF4]4 grid, the reaction pathway can be monitored by 1H NMR spectroscopy. 

Although the linewidths of the resonances for [LH
4Ru2Co2][BF4]4 were too broad for 2D NMR 

spectroscopy (> 600 Hz), the relaxation time of the protons in [LH
4Ru2Fe2][BF4]4 gave rise to 

resonances with linewidths between 100-200 Hz, and thus 2D NMR spectroscopy was 

conducted permitting full assignment of the protons. While significant progress has been 

made to synthesize the [LH
4Ru2Fe2][OTf]4 exclusively, the minor impurity observed in the MB 

spectrum was never removed. Nevertheless, the redox and optical properties of the 

[LH
4Ru2Fe2][OTf]4 grid will be discussed as well as plausible mechanistic pathways deduced 

from in situ Mössbauer and 1H NMR experiments.   

4.2 - Results 

4.2.1 – Synthesis  

The synthesis of [LH
4Ru2Fe2][OTf]4 follows procedures similar to [LH

4Ru2Co2][BF4]4 discussed 

in the previous chapter. Although both [LH
4Ru2Fe2][OTf]4 and [LH

4Ru2Fe2][BF4]4 were 

synthesized, only the former with triflate as the anion is shown in scheme 4.1. Initially, 

[LH
4Ru2Fe2][BF4]4 was used for X-ray diffraction analysis and magnetic measurements, 

however, for experiments conducted under inert atmosphere (inside the glove box), 

[LH
4Ru2Fe2][OTf]4 was used instead. A kinetically stable RuII “corner complex” 3-1b with the 

known compartmental pyrazolate-bridged ligand90 was first isolated then reacted with 

stoichiometric amounts of base (NaOtBu or NaOMe) and FeII(OTf)2·2MeCN in dry acetonitrile 

or dimethylformamide (DMF) and heated at 50 °C for 16 hours. Crystalline material of 
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[LH
4Ru2Fe2][BF4]4 were obtained by slow diffusion of diethyl ether into a solution of the 

product in acetonitrile.  

Scheme 4.1. Synthetic scheme for [LH
4Ru2Fe2][OTf]4, commencing with the ruthenium 

“corner complex” 3-1b.   

4.2.2 – X-ray Crystallography 

Single crystals of [LH
4Ru2Fe2][BF4]4 were obtained by slow diffusion of diethyl ether into a 

solution of the product in MeCN. X-ray diffraction analysis on [LH
4Ru2Fe2][BF4]4 revealed the 

expected [2 x 2] grid-like array, crystallizing in the orthorhombic space group Pna21, with the 

ruthenium and iron atoms situated at opposite corners (Figure 4.1). Despite the symmetric 

nature of the molecule, the ruthenium and iron atoms are crystallographically independent. 

Moreover, four tetrafluroborate anions are present to balance the +4 charge of the grid and 

four acetonitrile molecules are also observed in the crystal lattice.  

 

 

 

 

 

 

 

 

 

 

  

Figure 4.1. (a) Molecular structure of [LH
4Ru2Fe2][BF4]4 (50% probability thermal ellipsoids). 

Hydrogen atoms and counterions are omitted for clarity. (b) Schematic drawing of the Ru···Fe 

distances (black), Ru-Fe-Ru, and Fe-Ru-Fe angles (purple), and torsion angle defined by the 

plane of pyrazole moiety and the terminal pyridine (blue).  
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Table 4.1. Relevant bond lengths and CSM for [LH
4Ru2Fe2][BF4]4. 

 

Each metal ion is coordinated by the nitrogen atoms of two orthogonal ligands of the grid 

structure, forming an {N6} octahedral environment. Analysis of the Ru···Fe distances and 

angles reveal an average separation of 4.54 Å and Ru-Fe-Ru and Fe-Ru-Fe angles of 80° and 

100°, respectively. Inspection of the Ru-N and Fe-N bond lengths of 2.05 Å and 2.18 Å suggest 

the presence of LS-RuII ions and HS-FeII ions. Relevant bond lengths are tabulated in Table 4.1.  

In order to describe the overall distortion of the ligand (from planarity), the torsion angle 

between the pyrazole moiety and the terminal pyridine was calculated for each ligand strand 

(Figure 4.1b, blue). Based on these values, one end of the ligand strand is typically more 

twisted relative to the central pyrazole moiety compared to the other end except for the ligand 

strand coordinated to Ru1 and Fe1, in which a torsion angle of 13° and 14° was observed for 

both terminal pyridine units. The distortion form an ideal octahedral environment was 

further confirmed using Continuous Symmetry Measures (CSM),83 where a small S(Oh) value 

reflects an octahedral environment, while a large S(Oh) value indicates significant distortions 

from an ideal octahedron. Correlations between the S(Oh) values and S(itp) values have been 

well established, in which a high S(Oh) value corresponds to a low S(itp) value. Using this 

method, small S(Oh) values of 3.26 and 3.32 were determined for Ru1 and Ru2, respectively, 

as expected for low-spin RuII ions. On the contrary, large S(Oh) values of 7.01 and 6.48 were 

obtained for Fe1 and Fe2, respectively, confirming the presence of a highly distorted 

environment. For comparison, the distortion from a trigonal prism geometry, S(itp), are also 

tabulated in Table 4.1. Thus, the high S(Oh) values for the Fe centers suggest that the Fe ions 

are most likely locked in the HS-state and thermal spin crossover is unlikely.  

 davg (Å) Spin-state S(Oh) S(itp) 

Ru1-N 2.05 LS 3.26 9.68 

Ru2-N 2.05 LS 3.32 10.26 

Fe1-N 2.17 HS 7.01 5.68 

Fe2-N 2.18 HS 6.48 6.01 
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4.2.3 – Mass Spectrometry 

In order to confirm the integrity of the [LH
4Ru2Fe2][BF4]4 grid in solution, ESI-MS of a MeCN 

solution of 4-1 was conducted revealing a single peak at m/z = 454 (Figure 4.2), 

corresponding to the tetracationic [LH
4Ru2Fe2]4+ ion. This confirms the stability of the grid 

under ambient conditions in solution. Although ruthenium complexes typically have a very 

distinct isotopic pattern,130,131 only a broad peak was observed due to the limited resolution 

of the instrument.  

 

4.2.4 – Cyclic Voltammetry and UV-vis Spectroelectrochemistry 

The redox properties of [LH
4Ru2Fe2][BF4]4 in acetonitrile were investigated using cyclic 

voltammetry with [Bu4N]PF6 as the electrolyte. As expected, four reversible oxidative waves 

are observed at E½ = 330 mV, 505 mV, 880 mV, and 1060 mV versus Fc/Fc+, which correspond 

to the step-wise oxidation of each metal ion to form the highly charged [LH
4Ru2Fe2]8+ grid 

(Figure 4.3). At this point, the oxidative waves could not be assigned to their respective metal 

and thus are labelled corresponding to the charge of the complex. With increasing scan rate, 

E½ changes minimally and peak separations of each process, ∆Ep, fall between 100–110 mV, 

consistent with reversible oxidative behaviour. Similar to the previously reported 

[LH
4Ru2Co2][BF4]4 grid discussed in chapter 3, a large separation is observed between the 

5+/6+ and 6+/7+ couples, signifying a pronounced thermodynamic stability for the doubly 

oxidized [LH
4Ru2Fe2]6+ grid (Kc = 2.19 x 106). Although the doubly oxidized [LH

4Ru2Fe2][BF4]6 

grid was never isolated, preliminary MB data revealed the disappearance of the HS-FeII 

species observed in [LH
4Ru2Fe2][BF4]4 (discussed below), suggesting the first two anodic 

waves may correspond to oxidation of the FeII ions. However, only a broad non-resolved 

doublet was observed in the MB spectrum at 80 K.    

 

 

Figure 4.2. ESI mass spectrum of [LH
4Ru2Fe2][BF4]4 in acetonitrile, revealing one peak at  

m/z = 454 corresponding to [LH
4Ru2Fe2]4+. Experimental and simulated isotopic distribution 

patterns are shown in the inset.  
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Table 4.2. Electrochemical parameters for [LH
4Ru2Fe2][BF4]4. All potentials are referenced vs 

Fc/Fc+. 

 

The UV-vis spectrum of the [LH
4Ru2Fe2][BF4]4 grid is similar to the UV-Vis spectrum of 

[LH
4Ru2Co2][BF4]4 (Figure 4.4), where a strong band at 388 nm is observed corresponding to 

the ligand π-π* transition also observed in the homonuclear [LR
4Fe4][BF4]4 grids (R = H, Me, 

Br).36,91,100 The weak bands at 495 nm and 556 nm most likely correspond to the MLCT 

transitions from the different metal centers.82 In order to monitor the electrochemical 

changes during oxidation of [LH
4Ru2Fe2][BF4]4, UV-vis spectroelectrochemistry was 

conducted on [LH
4Ru2Fe2][BF4]4 in MeCN by applying a potential at 0.77 V vs Fc/Fc+ to 

generate the doubly oxidized [LH
4Ru2Fe2]6+ grid followed by application of a potential of 1.4 V 

vs Fc/Fc+ to generate the fully oxidized [LH
4Ru2Fe2]8+ grid.  

 E½ [mV] ∆Ep [mV] ∆E½   - ∆E½ [mV] 

4+/5+ 330 110   

5+/6+ 505 100 175 

6+/7+ 880 110 375 

7+/8+ 1060 110 180 

Figure 4.3. (a) Cyclic voltammetry of [LH
4Ru2Fe2][BF4]4 in acetonitrile with [Bu4N]PF6 as the 

electrolyte. (b) Square wave voltammogram illustrating the four oxidative waves. All 

potentials are referenced against Fc/Fc+.  

(b) (a) 
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While the UV-vis spectra of [LH
4Ru2Fe2][BF4]4 and [LH

4Ru2Co2][OTf]4 are quite similar, 

electrochemical production of the doubly oxidized [LH
4Ru2Fe2]6+

 and fully oxidized 

[LH
4Ru2Fe2]8+

 grid (Figure 4.5) revealed several differences compared to the electrochemical 

oxidation of [LH
4Ru2Co2][BF4]4 described in the previous chapter. Firstly, application of a 

potential of 0.77 V vs Fc/Fc+ for 20 minutes gave rise to two isosbestic points, whereas 

electrochemical oxidation to the doubly oxidized [LH
4Ru2Co2]6+ grid did not display any 

isosbestic points (instead, a decrease in absorption of all bands were observed). The presence 

of these isosbestic points suggest a highly localized nature in the optical excitations, which 

may correspond to the oxidation of two diagonally opposed metal ions (i.e. both Fe ions or 

both Ru ions), also observed in the mixed valent [LBr
4Fe4]6+ grid.82 Secondly, upon 

electrochemical oxidation to the doubly oxidized [LH
4Ru2Fe2]6+ grid, the two bands at 386 nm 

and 495 nm gradually decrease, but a new broad band at 654 nm was observed, which may 

correspond to a ligand-to-metal-charge transfer (LMCT).  

Application of a potential of 1.4 V to obtain the fully oxidized [LH
4Ru2Fe2]8+ grid revealed a 

further decrease in intensity of the broad band centered at 445 nm and a further increase in 

absorption of the band at 630 nm (Figure 4.5b). Based on the UV-vis spectrum of the 

electrochemically generated [LH
4Ru2Co2]8+ grid as well as the RuII “corner complex” (chapter 

3), in which a broad band at approximately 650 nm assigned to the oxidation of RuII to RuIII, 

the increase in absorption at 630 nm can be attributed to the oxidation of the RuII ions. 

Consequently, the first two anodic waves from the cyclic voltammogram of [LH
4Ru2Fe2][BF4]4 

can be tentatively assigned to the oxidation of the two Fe ions, while the latter two anodic 

waves can be assigned to the RuII ions.  However, in order to confirm this assumption, 

synthesis of the doubly oxidized [LH
4Ru2Fe2][BF4]6 grid is essential.   

 

 

 

 

Figure 4.4. UV-Vis spectrum of [LH
4Ru2Fe2][BF4]4 and [LH

4Ru2Co2][BF4]4 illustrating minimal 

differences between the two complexes.  
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4.2.5 – Variable Temperature Magnetic Susceptibility 

Variable temperature magnetic susceptibility measurements were conducted on 

[LH
4Ru2Fe2][BF4]4 in the range of 210 – 2 K, revealing a constant magnetic susceptibility of  

χMT = 5.51 cm3mol-1K-1 above 50 K, consistent with two magnetically uncoupled HS-FeII ions 

(Figure 4.6). Below 50 K, χMT decreases significantly to 1.94 cm3mol-1K-1 likely due to zero-

field splitting (ZFS) of the HS-FeII ions. The data was modelled according to the spin 

Hamiltonian for two Fe (S = 2) ions (eq. 4.1), where μB is the Bohr magneton, and D, S, B, are 

the axial zero-field splitting parameter, the spin, and magnetic field vectors, respectively. 

Simulation with equation 4.1 afforded g-values of g1=g2=g3 = 1.918 and a ZFS parameter of  

D = 9.031 cm-1. Based on this measurement, SCO was not observed for [LH
4Ru2Fe2][BF4]4, as 

expected with the highly distorted HS-FeII environment in the grid.  

�̂� =  𝜇𝐵(𝑆𝑥𝑔𝑥𝐵𝑥 + 𝑆𝑦𝑔𝑦𝐵𝑦 + 𝑆𝑧𝑔𝑧𝐵𝑧) + 𝐷 [�̂�𝑧
2 −

1

3
𝑆(𝑆 + 1) +

𝐸

𝐷
(�̂�𝑥

2 − �̂�𝑦
2)] 

Figure 4.5. UV-vis spectroelectrochemistry of [LH
4Ru2Fe2][BF4]4. (a) Application of a potential 

of 0.77 V to form the doubly oxidized [LH
4Ru2Fe2]6+ grid and (b) further oxidation to obtain 

the fully oxidized [LH
4Ru2Fe2]8+ grid by applying a potential of 1.4 V. All potentials are 

referenced against Fc/Fc+. 

Figure 4.6. Variable magnetic susceptibility measurements for [LH
4Ru2Fe2][BF4]4 from  

210 to 2 K. The data was modelled according to the spin Hamiltonian for two Fe (S = 2) ions  

(black line).  

4.1 

(b) (a) 
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4.2.6 - Mössbauer Spectroscopy  

With the presence of iron, both [LH
4Ru2Fe2][OTf]4 and [LH

4Ru2Fe2][BF4]4 were characterized 

with 57Fe Mössbauer (MB) spectroscopy. Based on the crystal structure, which revealed the 

presence of HS-FeII ions, a single doublet would be expected by virtue of symmetry. However, 

Mössbauer spectroscopy on [LH
4Ru2Fe2][BF4]4 at 80 K revealed the presence of two species 

with a ratio of 94:6 (Figure 4.7a). Although this was the best MB spectrum obtained so far, the 

majority of MB spectra obtained for different samples contain 10-25% of a second species 

regardless of the counterion used (Figure 4.7b). The major species with an isomer shift of  

δ = 1.04 mms-1 and a quadruple splitting of ∆EQ = 2.86 mms-1, corresponding to high-spin FeII 

ions, is consistent with the MB parameters also observed in the family of homonuclear 

pyrazolate-bridged [LR
4Fe4][BF4]4 grids (R = H, Me, Br).82,91 The minor species with an isomer 

shift of δ = 0.36 mms-1 and quadruple splitting of ∆EQ = 1.04 mms-1 corresponds to high-spin 

FeIII ions. All MB parameters are tabulated in Table 4.3. 

Table 4.3. Mössbauer parameters for [LH
4Ru2Fe2][BF4]4 at 80 K. 

 aMB parameters for Figure 4.7a.bMB parameters for Figure 4.7b at 80 K.  

Although numerous reaction conditions including different solvents (MeCN, DMF), bases 

(NaOMe, NaOtBu) reaction times (2 hours – 7 days), temperatures (room temperature up to 

100 degrees), and crystallization methods were attempted, a minor species ranging from  

10 – 25% is persistently present. Since the impurity is an FeIII species, the FeII salt may be 

oxidized during the synthesis or, unlike the previously reported pyrazolate-bridge 

homonuclear [LR
4Fe4][BF4]4 grids (R = H, Br, Me), [LH

4Ru2Fe2][BF4]4 may be prone to oxidation 

and/or decomposition in air. In order to confirm this assumption, the reaction was attempted 

inside the glove box and monitored with MB spectroscopy (Figure 4.8). For these 

experiments, [LH
4Ru2Fe2][OTf]4 was used exclusively. Prior to any heating, the RuII “corner 

T [K] δ [mms-1] ∆EQ [mms-1] Rel. Intensity [%] 

80a 
1.04 2.86 94 

0.36 1.04 6 

80b 
1.04 2.84 87 

0.39 0.98 13 

Figure 4.7. (a) Mössbauer spectrum of [LH
4Ru2Fe2][BF4]4 at 80 K with the smallest amount of 

impurities (94:6). (b) MB spectrum of another sample following the same synthesis affording 
two species (87:13).   

(a) (b) 
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complex” and NaOMe were dissolved in dry DMF, followed by addition of stoichiometric 

amounts of 57FeII(OTf)2·2MeCN and a MB spectrum was recorded at 80 K.  

 

Table 4.4. Monitoring the synthesis of the [LH
4Ru2Fe2][OTf]4 grid with MB spectroscopy.  

aMB spectrum in frozen DMF at the start of the reaction prior to heating.bMB spectrum in 

frozen DMF after the reaction was heated at 50 °C.  

Surprisingly, even during the initial reaction, two species with an isomer shift of  

δ = 1.12 mms-1 (∆EQ = 2.94 mms-1) and δ = 0.39 mms-1 (∆EQ = 1.02 mms-1) in a ratio of 79:21 

were observed (Table 4.4). This suggest that the minor species at δ = 0.39 mms-1 may 

originate from the complex itself. Moreover, based on the higher isomer shift  

(δ = 1.12 mms-1) compared to the reported [LR
4Fe4][BF4]4 grids (δ = 1.04 – 1.07 mms-1; R = H, 

Br, Me), [LH
4Ru2Fe2][OTf]4 may not be formed immediately or without heating. This may be 

the result of an intermediate where one or both of the Fe centers are coordinated to DMF 

molecules prior to self-assembly of the [2 x 2] grid (Figure 4.9). The electron donating nature 

of the coordinated DMF molecules provides less d-electron shielding and thus a slightly 

higher isomer shift is observed.  

 

  

Reaction 

Conditions 

Temperature [K] δ [mms-1] ∆EQ [mms-1] Rel. Intensity 

[%] 

Frozen DMFa 80 
1.12 2.94 79 

0.39 1.02 21 

Frozen DMFb 80 
1.10 2.82 89 

0.38 0.98 11 

Powder 80 
1.09 2.86 75 

0.49 0.79 25 

Figure 4.8. (a) MB spectrum of [LH
4Ru2Fe2][OTf]4 prior to heating at 80 K in frozen DMF. (b) 

MB spectrum at 80 K in frozen DMF after heating at 50 °C for 16 hours. (c) MB spectrum of 

the solid precipitated with diethyl ether at 80 K.  

Heated at 50 °C for 16 h Precipitated after heating Room temperature (a) (b) (c) 
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Figure 4.9. Hypothetical mechanism for the assembly of the [LH
4Ru2Fe2][OTf]4 grid. Two 

potential pathways are possible after coordination of the first Fe ion: the intermediate 

dimerizes to form the desired grid, or the reaction is heated to dissociate the Fe ions followed 

by dimerization to form the desired grid and possibly the defect grid as well.  

Following this hypothesis, two potential pathways are possible after the first coordination of 

an Fe atom to the ligand as well as free solvent molecules (i.e. DMF): (a) the intermediate 

dimerizes to form the desired grid; or (b) an intermediate with two Fe ions coordinated to the 

terminal ligand strands is formed, in which the Fe ions dissociate in the presence of heat (i.e. 

only the RuII corner complex remains after dissociation) followed by dimerization to form the 

desired grid and/or the defect grid, in which only three metal centers are present. The former 

hypothetical pathway should be much faster, while the latter may require heat to remove the 

coordinated iron ions to initiate the self-assembly process of the [2 x 2] grid.  

Consequently, in order to determine whether the grid is formed in the presence of heat, the 

reaction was heated at 50 °C for 16 hours and another MB spectrum was measured at 80 K in 

frozen DMF (Figure 4.8b). Unfortunately, little changes were observed in the isomer shift and 

quadruple splitting (δ = 1.10 mms-1
, ∆EQ = 2.82 mms-1) for the major species as well as the 

minor species (δ = 0.38 mms-1, ∆EQ = 0.98 mms-1). Although the ratio between the two species 

improved marginally from 79:21 to 89:11 with heating, additional experiments with 

prolonged heating (seven days) and higher temperatures afforded negligible differences in 

the conversion between the two species. Since the isomer shift is still significantly higher than 

the expected isomer shift for the [LR
4Fe4][BF4]4 grids, [LH

4Ru2Fe2][OTf]4 may not be formed 

until precipitated.  

Consequently, the last step involved the precipitation of the reaction in order to determine 

whether the isomer shift coincides with the typical values observed in the [LR
4Fe4][BF4]4 grids. 

After 16 hours, the DMF solution of [LH
4Ru2Fe2][OTf]4 was precipitated with diethyl ether and 

MB spectroscopy was conducted on the solid sample at 80 K (Figure 4.8c). Once again, two 

species with isomer shifts of δ = 1.09 mms-1 (∆EQ = 2.86 mms-1) and δ = 0.49 mms-1  

(∆EQ = 0.79 mms-1) were observed. Although the isomer shift of the major species is 

reminiscent to the parameters found in the frozen DMF spectra, the isomer shift of the minor 

species changes quite significantly for the solid powder sample. However, due to the small 

quantity of the precipitated material, the intensity and resolution of the MB spectrum of the 

powder material is much lower compared to the MB spectra of the frozen DMF solution.  

Several additional experiments were conducted in order to identify the minor FeIII species 

including MB spectroscopy on FeII(OTf)2·2MeCN in the solid-state as well as in frozen DMF. 

However, the MB parameters of the FeII salts revealed significantly higher isomer shifts of 

δ1.39 mms-1 (solid-state, Figure A40) and 1.27 mms-1 (frozen-solution, Figure A41). 
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Interestingly, one particular experiment where an excess of 57FeII salt was used to 

generate[LH
4Ru2Fe2][OTf]4 in situ in DMF revealed that upon oxidation in air for 16 hours, 

over 80% of the FeII species is converted to FeIII ions (Figure 4.10). Here, a higher isomer shift 

for [LH
4Ru2Fe2][OTf]4 was observed (δ = 1.13 mms-1), but more importantly, the isomer shift 

of the second species (δ = 0.46-0.48 mms-1, Table 4.5) coincides with the isomer shift of the 

precipitated powder (δ = 0.49 mms-1) from the previous in situ experiments (Table 4.4). 

Consequently, the origin of the second species may simply be reaction of excess or unreacted 

FeII salt from solvents that contain marginal amounts of water. Conversely, comparison of the 

isomer shift of the minor species from [LH
4Ru2Fe2][OTf]4 in frozen DMF (δ = 0.37-0.38 mms-1

,
 

Table 4.4) and the isomer shift of the FeIII species generated by oxidation of excess FeII salt  

(δ = 0.46-0.48 mms-1), affords a difference of δ = 0.08 mms-1. In terms of MB spectroscopy, 

this difference is quite significant indicating that the species formed in the two experiments 

are not identical. Therefore, definitive assignment of the minor species is still inconclusive 

based on the MB experiments.  

 

 

Table 4.5. MB parameters of spectra recorded in frozen DMF of the in situ synthesis of 

[LH
4Ru2Fe2][OTf]4 with an excess of FeII salt followed by oxidation in air.  

 

Based on the MB experiments discussed above, the presence of two species observed in all of 

the MB spectra suggest the second minor species (11-25%) is formed during the addition of 

the Fe salt and conversion between the two species is unlikely even with heat.  

Reaction 

Conditions 

T [K] δ [mms-1] ∆EQ [mms-1] Rel. Intensity 

[%] 

Initial Reaction 80 
1.13 2.94 87 

0.48 0.97 13 

After oxidation 80 
1.09 2.87 7 

0.46 0.90 93 

Figure 4.10. (a) MB spectrum of [LH
4Ru2Fe2][OTf]4 generated in situ with excess FeII salt in 

frozen DMF under inert conditions; the spectrum was recorded in frozen DMF solution. (b) 

MB spectrum of the same sample left in air after 16 hours.   

Inert Conditions Oxidized in air 
(a) (b) 
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4.2.7 – 1H NMR Spectroscopy  

In order to investigate the mechanism of the formation of [LH
4Ru2Fe2][OTf]4 as well as the 

nature of the minor species, 1H NMR spectroscopy was used to monitor the reaction. 

[LH
4Ru2Fe2][OTf]4 was generated in situ by deprotonation of the ligand HLH with NaOMe 

followed by addition of stoichiometric amounts of FeII salt in DMF-d7. The reaction was heated 

at 50 °C for 16 hours and a 1H NMR spectrum was recorded every hour (Figure 4.11). Initially, 

numerous broad overlapping peaks are observed arising potentially from a mixture of the RuII 

“corner complex”, defect grid with three metal centers and the full [LH
4Ru2Fe2][OTf]4 grid. 

Upon heating, the resonances between 40 – 70 ppm sharpen along with disappearance of 

many of the peaks in the diamagnetic region. Moreover, the resonance at 27 ppm gradually 

disappears with heating and a new broad peak at 130 ppm is observed. After 15 hours of 

heating, the sample was remeasured at room temperature (Figure 4.12) affording the 

expected resonances for the [LH
4Ru2Fe2][OTf]4 grid.  

Similar to the 1H NMR spectrum of [LH
4Ru2Co2][BF4]4 discussed in the previous chapter, 15 

peaks corresponding to the proton resonances of [LH
4Ru2Fe2][OTf]4 were observed. Solvent 

molecules such as DMF and methanol (originating from sodium methoxide), are indicated in 

asterisks. Since only one set of resonances corresponding to the anti-isomer are present 

(similar to 1H NMR spectrum of [LH
4Ru2Co2][BF4]4 discussed in the previous chapter), only a 

single isomer is formed. In the case of the syn isomer, in which the ruthenium or iron metal 

ions are adjacent to one another, 28 resonances would be expected. Consequently, once again, 

despite the different reaction conditions, the ruthenium corner complex is capable of 

selectively enforcing the formation of the trans isomer exclusively.  

Figure 4.11. 1H NMR spectroscopy monitoring the formation of [LH
4Ru2Fe2][OTf]4 in DMF-d7. 

A spectrum was recorded every hour for 15 hours at 50 °C.  

δ (ppm) 
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Due to the fast spin relaxation times associated with HS-FeII systems, resonances with 

linewidths between 100-200 Hz were observed in the 1H NMR spectrum of [LH
4Ru2Fe2][OTf]4. 

Consequently, 1H-1H COSY experiments were conducted permitting full assignment of the 

protons of the grid. Surprisingly, the resonance at 54 ppm did not display any correlation to 

other protons.  However, using the other proton-proton correlations and the proton-metal 

distances determined from the crystal structure, all the proton resonances between  

45-77 ppm can be assigned unambiguously. Moreover, the close proximity of Ha to the 

paramagnetic Fe center afforded a broad resonance at much lower fields (δ = 143 ppm) than 

the remaining resonances. The remaining resonances from -20 ppm to +20 ppm were 

assigned based on 1H-1H COSY experiments, however resonances for Hi and Hj, could not be 

unambiguously assigned.  

Since the 1H NMR experiment was conducted in situ, the remaining solution of 

[LH
4Ru2Fe2][OTf]4 in DMF-d7 was subsequently precipitated with diethyl ether and a 1H NMR 

spectrum of the powder in DMF-d7 was recorded at room temperature. The spectrum 

displayed minor changes in which the methanol peaks are no longer present since the solid 

was subjected to minor workup and drying in vacuo. The reaction was repeated in larger 

scales, the product crystallized, and a 1H NMR spectrum of the crystallized [LH
4Ru2Fe2][OTf]4 

grid dissolved in MeCN-d3 is shown in Figure 4.13, illustrating little differences between the 

in-situ 1H NMR spectrum and the spectrum of the final product. Based on these NMR 

experiments, [LH
4Ru2Fe2][OTf]4 is formed in solution (in contrast to the conclusion of the MB 

experiments) after heating at 50 °C for 15 hours.   

 

Figure 4.12.1H NMR spectrum of [LH
4Ru2Fe2][OTf]4 after heating at 50 °C for 16 hours. The 

spectrum was recorded in DMF-d7 at room temperature. Solvent peaks such as DMF (*) and 

MeOH (*) are indicated with asterisks.  
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Figure 4.13. 1H NMR spectrum of [LH
4Ru2Fe2][OTf]4 after crystallization in MeCN-d3 at room 

temperature.  

4.3 - Discussion 

Although a variety of experiments including mass spectrometry and 1H NMR spectroscopy 

suggest the formation of [LH
4Ru2Fe2][OTf]4 exclusively, an additional FeIII species was 

observed in the majority of the Mössbauer spectra (10-25%). Based on the MB experiments 

discussed previously, an additional FeIII species is present while 1H NMR experiments suggest 

the presence of an Fe salt without protons or a HS-FeIII species in which relaxation times are 

unfavourable and thus not detected in 1H NMR spectrum. Although using stoichiometric 

amounts of FeII salt afforded two species in the MB spectrum, using less than one equivalent 

of FeII salt may lead to a mixture of the defect [LH
2(HLH)2Ru2Fe][OTf]4 and full 

[LH
4Ru2Fe2][OTf]4 grid as observed in a multitude of peaks from -50 ppm to +180 ppm in the 

1H NMR spectrum. In particular, another set of paramagnetic resonances between 30 – 90 

ppm were observed which may correspond to the resonances of the HS-FeII ion in 

[L2(HLH)2Ru2Fe][OTf]4.    
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In terms of the proposed mechanism of the formation of [LH
4Ru2Fe2][OTf]4 discussed in  

Figure 4.9, the assumption that the grid is not formed in solution is disputable since the 

reaction was monitored by 1H NMR spectroscopy in DMF-d7. Since all the peaks 

corresponding to [LH
4Ru2Fe2][OTf]4 are present in solution and after precipitation confirms 

that the grid is formed in solution (in contrast to the assumption that the grid forms only upon 

precipitation). The slightly higher isomer shift (δ = 1.09 – 1.12 mms-1) observed in the MB 

spectrum of [LH
4Ru2Fe2][OTf]4 generated in situ in frozen DMF compared to the crystallized 

material may be the result of the simulation. The doublet in the frozen DMF samples are much 

broader, which may be attributed to two Fe species, namely unreacted FeII salt and 

[LH
4Ru2Fe2][OTf]4. Consequently, simulation of the broad doublet with two species is shown 

in Figure 4.14. Since the MB spectrum prior to heating and after heating at 50 °C are relatively 

similar, only the MB spectrum after heating is shown. All MB parameters are tabulated Table 

4.6. Indeed, after fitting the broad doublet with two species, the isomer shift of 1.06 mms-1 

typical for the grids was observed along with unreacted FeII(OTf)2 at 1.18 mms-1. According 

to the relative intensity of the three different species, even after heating at 50 °C, 21% of the 

FeII salt remains unreacted. Although longer reaction times and higher temperatures have 

already been attempted, further work to remove the excess FeII salt after precipitation is 

essential to obtain [LH
4Ru2Fe2][OTf]4 exclusively.  

Table 4.6. Refitted MB parameters of the in situ synthesis of [LH
4Ru2Fe2][OTf]4 prior to 

heating and after heating in frozen DMF at 80 K. 

 

Unfortunately, although the synthetic issues of [LH
4Ru2Fe2][BF4]4 (or [LH

4Ru2Fe2][OTf]4) have 

been identified along with the identity of the FeIII species, there was little success in 

Reaction 

Conditions 

δ [mms-1] ∆EQ [mms-1] Rel. Intensity [%] 

Prior to heating 

1.06 2.94 41 

1.18 2.95 37 

0.40 1.01 22 

After heating 

1.06 2.81 66 

1.23 2.79 21 

0.33 1.07 13 

Figure 4.14. Refitted Mӧssbauer spectrum of [LH
4Ru2Fe2][OTf]4 in frozen DMF at 80 K with 

three different species: [LH
4Ru2Fe2][OTf]4, unreacted FeII(OTf)2, and the unknown FeIII 

species.  
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preventing or removing the impurity. Aside from crystallization and optimizing reaction 

conditions, another possibility involved the synthesis of the doubly oxidized 

[LH
4Ru2Fe2][BF4]6 grid, followed by reduction and crystallization. However, preliminary 

attempts to chemically synthesize [LH
4Ru2Fe2][BF4]6 afforded an ill-resolved doublet in the 

MB spectrum. This may be the result of the impure starting material or unlike the 

[LH
4Ru2Co2][BF4]6 congener, [LH

4Ru2Fe2][BF4]6 may be prone to decomposition from 

oxidation.    

4.4 – Summary & Conclusion 

In conclusion, a new heterometallic [LH
4Ru2Fe2][BF4]4 grid was synthesized and its physical 

and chemical properties were thoroughly investigated in solution and in the solid-state. 

Similar to the [LH
4Ru2Co2][BF4]4 congener, the ruthenium “corner complex” selectively 

enforces a trans configuration in which the ruthenium and iron centers are situated 

diagonally across from one another. The presence of only a single isomer was confirmed with 
1H NMR spectroscopy, in which only 15 peaks are observed as expected for a highly 

symmetric molecule. Surprisingly, the MB spectrum of [LH
4Ru2Fe2][OTf]4 and 

[LH
4Ru2Fe2][BF4]4 gave rise to two distinct Fe species: one species corresponding to the grid 

and a minor species corresponding to the oxidized FeII salt. Unfortunately, as of now, there 

has been little progress in the removal or prevention of this FeIII species. Further work must 

be done on the optimization and purification of [LH
4Ru2Fe2][BF4]4. Moreover, the doubly 

oxidized [LH
4Ru2Fe2][BF4]6 grid must be characterized in order to definitively assign the four 

oxidative waves in the cyclic voltammogram to their corresponding metal centers.  
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Chapter 5 – Highly Distorted Dinuclear FeII and CoII Complexes  

5.1 – Introduction 

Photoinduced spin crossover (SCO) has been well documented for FeII complexes.23,94 

However, applications in photocatalysis and light-to-energy conversion are limited due to the 

rapid decay of the transient 1,3MLCT state with a lifetime of less than 20 fs,95 as observed for 

numerous mononuclear Fe species discussed in chapter 2. On the contrary, a variety of RuII 

complexes with terpyridine(tpy)-based ligands  have exhibited longer 3MLCT life times by 

reducing the radiationless deactivation from the 3MC state. This can be accomplished by 

incorporation of electron withdrawing groups to lower the energy of the 3MLCT state or 

incorporation of electron donating groups to destabilize the 3MC state. The larger the energy 

difference between the two states, the less radiationless deactivation from the 3MC state 

would be observed, and thus longer 3MLCT lifetimes.92 Another approach involves increasing 

the Ru-N-Ru bite angles affording better overlap of the Ru d-orbitals. Consequently, the ligand 

field splitting will be larger leading to a greater separation between the 3MLCT and 3MC states. 

One particular example utilized the combination of a terpyridine (tpy) and a ddpd ligand 

(dppd = N,N’dimethyl-N,N’dipyridin-2-ylpyridine-2,6-diamine) to enforce large bite angles 

due to the additional NCH3 group between the pyridine moieties of the dppn ligand.92 This 

complex afforded a remarkable increase in the 3MLCT life time of 722 ns compared to typical 

mononuclear FeII complexes.  

Since RuII ions are not prone to SCO due to their intrinsically large ligand field splitting, 

substitution of FeII ions into similar frameworks may provide interesting photochemistry as 

well as spin crossover. To that end, a new ligand with additional NCH3 groups incorporated 

between the pyridine moieties was synthesized. Although the initial interest of this work 

stems from the synthesis of new homometallic and heterometallic [2 x 2] grid-like arrays, the 

increase in flexibility in the ligand strand compromised one of the essential criteria for grid 

formation - the need for the self-assembly of two mutually perpendicular ligand strands. 

Instead, a new dinuclear Fe2 complex was synthesized along with the mixed valent congener. 

The physical properties of the two complexes will be discussed along with preliminary results 

on the analogous dinuclear Co2 complex.  

5.2 – Results 

5.2.1 – Ligand Synthesis 

The ligand HL1 was first developed by Dr. Shao-An Hua and can be synthesized in nine steps 

according to Scheme 5.1. The precursor 5-3 was synthesized by esterfication of 6-

bromopicolinic acid 5-1 with sulfuric acid (H2SO4) in methanol, followed by a coupling 

reaction with 4-methylaminopyridine to obtain the ester 5-3 as a pale yellow solid. The 

second precursor 5-8 was synthesized in four steps commencing with the acetylation of 2,6-

dibromopyridine 5-4 with n-butyllithium (n-BuLi) and dry dimethylacetamide (DMA) to give 

white crystalline material. Subsequently, the ketone moiety was protected with a dioxolane 

group using ethylene glycol and p-toluenefulfonic acid monohydrate (PTSA) as a catalyst. The 

yellow oil 5-6 was subjected to a coupling reaction with 4-methylaminopyridine to give 5-7, 

which was subsequently hydrolyzed with 2M HCl to give an orange oil 5-8. Once both 

precursors 5-3 and 5-8 were obtained, the diketone 5-9 was easily synthesized by a 

condensation of the two precursors in the presence of a base to give a bright yellow powder. 
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Due to the presence of tautomerization between the ketone and enol forms, 5-9 was not 

characterized by 1H NMR spectroscopy. The final steps involves the methylation of the 

diketone 5-9 with KHMDS to give a brown oil which was subsequently treated with hydrazine 

monohydrate to give HL1 as a pale yellow powder in good yields.   

 

Scheme 5.1. Synthetic scheme for HL1.  

5.2.2 – 1H NMR Spectroscopy on HL1 

In order to determine the purity of the ligand HL1, 1H NMR spectroscopy was conducted in 

dimethyl sulfoxide-d6 (DMSO-d6). The 1H NMR spectrum revealed nine peaks suggesting a 

highly symmetric molecule (Figure 5.1). The signal at 13 ppm corresponds to the proton on 

the pyrazole moiety, while the methyl groups on the pyrazole backbone and on the bridging 

nitrogen atoms are observed at 2.61 ppm and 3.61 ppm, respectively. The remaining 

hydrogen atoms are assigned according to 1H-1H COSY experiments.  
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5.2.3 – Complex Synthesis  

As mentioned in the previous chapters, the formation of grid-like arrays requires ligands that 

preferentially coordinate one metal ion between two mutually perpendicular ligand strands. 

However, addition of the NCH3 group in between the pyridine rings may have compromised 

the rigidity required for [2 x 2] grid formation. Instead, a dinuclear Fe2 complex was formed, 

which was further confirmed by X-ray crystallography. Nevertheless, the dinuclear Fe2 

complex with BF4
- ([5-10a]) and OTf- ([5-10b]) counterions can be synthesized from HL1 by 

addition of stoichiometric amounts of FeII(BF4)2·6H2O or FeII(OTf)2·2MeCN in the presence of 

sodium t-butoxide (NaOtBu)in dry acetonitrile (Scheme 5.2). After stirring for 16 hours, a 

yellow precipitate was formed, which was further purified by slow diffusion of diethyl ether 

into a solution of the product in acetonitrile to give yellow plate-like crystals.  

  

 

 

 

Figure 5.1. 1H NMR spectrum of HL1 DMSO-d6. Solvent molecules such as DMSO and water 

are indicated with asterisks.   
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5.2.4 – Single Crystal X-ray Diffraction of [L1
2Fe2][OTf]2 

Single crystals of [L1
2Fe2][OTf]2 revealed a dinuclear Fe2 complex, in which the nitrogen atoms 

of both terminal pyridine moieties are twisted inward to coordinate one Fe ion (Figure 5.2). 

As a result, the planarity required for grid-like arrays is no long present. The molecular 

structure of [L1
2Fe2][OTf]2 is highly symmetric crystallizing in the orthorhombic space group 

Pnnm, in which both the Fe centers are crystallographically equivalent (Figure 5.2). The 

overall charge of the molecule is balanced by two triflate (OTf-) molecules. The two Fe ions 

are in close proximity to one another, separated by 4.346 Å, consistent with numerous 

reported dinuclear FeII complexes with PMRT-type (4-substituted-3,5- bis{[(2-

pyridylmethyl)-amino]methyl}-4H-1,2,4-triazole) ligands.20 Moreover, the average Fe-N 

bond lengths of 2.19 Å suggest the presence of high-spin FeII ions at both coordination sites, 

also observed in various FeII complexes with PMAT-based ligands31,132–135 as well as in a FeII 

complex with a binucleating ligand with two {PNN} pincer type subunits.136  

The overall distortion from an ideal octahedron was described using Continuous Symmetry 

Measure (CSM), in which a high value of S(Oh) = 11.04 was determined corresponding to a 

small trigonal prism geometry value of S(itp) = 2.94. The high deviation from an ideal 

octahedron stems from the flexibility of the ligand strand which imposes a trigonal twist on 

the Fe coordination sphere. Although a variety of dinuclear Fe2 complexes displayed SCO 

behaviour,20 the high S(Oh) value obtained for [L1
2Fe2][OTf]2  most likely prevents the onset 

of any thermal spin transitions.  

 

 

 

 

 

Scheme 5.2. Synthetic scheme of the dinuclear [L1
2Fe2][BF4]2 and [L1

2Fe2][OTf]2. 
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5.2.5 – Mӧssbauer Spectroscopy & Magnetic Susceptibility Measurements 

With the presence of iron atoms, the electronic structure of [L1
2Fe2][OTf]2 can be further 

investigated with Mӧssbauer (MB) spectroscopy (Figure 5.3a). The MB spectrum revealed 

one doublet with an isomer shift of δ = 1.10 mms-1 and a quadruple splitting of  

∆EQ = 4.22 mms-1, consistent with high-spin FeII ions. The difference in intensity between the 

two peaks of the doublet can be attributed to the texture of the sample. The relatively large 

quadruple splitting originates from the highly distorted environment of the Fe centers  

(S(Oh) = 11.04), giving rise to a large valence and lattice contribution and thus a large 

electronic field gradient.  

 

  

Figure 5.2. (a) Top view and (b) side view of the molecular structure of the dinuclear 

[L1
2Fe2][OTf]2 (50% probability thermal ellipsoids). Hydrogen atoms and counterions are 

omitted for clarity.   

Figure 5.3. (a) Mӧssbauer spectrum of [L1
2Fe2][OTf]2 revealing a doublet (δ = 1.10 mms-1 and 

∆EQ = 4.22 mms-1) consistent with HS-FeII ions. (b) Variable temperature magnetic 

susceptibility measurement confirming the presence of two antiferromagnetically coupled 

FeII (S = 2) ions.  

(a) (b) 

(b) (a) 
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The electronic properties were further investigated using magnetic susceptibility 

measurements from 2 – 210 K (Figure 5.3b). Indeed, spin crossover was not observed in this 

temperature range. Instead, a constant χMT value of 6.55 cm3mol-1K was observed from 210 – 

50 K, consistent with two uncoupled FeII ions (S = 2). Below 50 K, χMT drastically declines to 

a minimal at χMT = 0.970 cm3mol-1K due to weak antiferromagnetic coupling between two FeII 

ions. The data was modelled according to the Heisenberg-Dirac-van-Vleck Hamiltonian 

(HDvV), where J is the coupling constant, μB is the Bohr magneton, and B is the magnetic field 

(Eq. 5.1). Using this equation, the coupling constant between the two Fe ions was determined 

to be J = -0.63 cm-1 with g1 = g2 = 2.11. Simulation of the data using only the axial zero field 

splitting (ZFS) without J coupling afforded a lower quality fit. Moreover, although a 

combination of both J coupling and ZFS can be modelled, the contribution from the ZFS is 

negligible and thus, the significant decrease of χMT below 50 K can be predominately 

attributed to weak antiferromagnetic coupling.  

�̂� =  −2𝐽(�̂�1�̂�2) + 𝑔𝜇𝐵 ∑�⃗� 𝑆 𝑖  

5.2.6 – Mass Spectrometry 

The integrity of [L1
2Fe2][OTf]2 was investigated by mass spectrometry in acetonitrile. One 

dominant peak at m/z = 503 was observed corresponding to the doubly charged cation 

[L1
2Fe2]2+. The experimental isotopic distribution pattern corresponds well with the 

simulated pattern (Figure 5.4, inset) confirming [L1
2Fe2][OTf]2  remains intact even at low 

concentrations.   

 

 

  

Figure 5.4. ESI-MS of [L1
2Fe2][OTf]2 in acetonitrile displaying one dominant peak at  

m/z = 503, corresponding to the doubly charged cation [L1
2Fe2]2+. Simulation of the isotopic 

distribution pattern is shown in the inset. 

5.1 
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5.2.7 – 1H NMR Spectroscopy 

Similar to the [LH
4Ru2Fe2][BF4]4 grids discussed in chapter 4, HS-FeII ions have a favourable 

relaxation time between 10-13 to 10-12 s, and thus paramagnetic 1H NMR was conducted on the 

[L1
2Fe2][OTf]2 in MeCN-d3. Unfortunately, the linewidths of this spectrum exceed the 

requirements for 2D 1H NMR experiments (< 200 Hz). Thus, definitive assignment of the 

peaks to their corresponding protons could not be made. Nevertheless, the 1H NMR spectrum 

of [L1
2Fe2][OTf]2 reveals nine distinct peaks (including the broad bump at 61 ppm), 

confirming the symmetric nature of the complex (Figure 5.5). The weak broad peak at 61 ppm 

may correspond to the proton closest to the paramagnetic center (3.024 Å), Ha, following the 

labeling scheme of the ligand HL1 (Figure 5.1). The distances of the remaining protons from 

the paramagnetic Fe center range from 4.9 Å to 5.7 Å and may be tentatively assigned based 

on the proton-metal distances. Based on the integration, the methyl groups on the pyrazole 

backbone and on the bridging nitrogen atoms can be assigned to the signals at 22.06 ppm and 

-2.79 ppm, respectively. Although the distance between the Pz-Me groups and the 

paramagnetic Fe center are larger than the N-CH3 groups, the Pz-Me groups are situated in 

close proximity between both paramagnetic Fe centers, and hence are shifted to higher fields 

compared to the NCH3 resonances.   

  

Figure 5.5. 1H NMR spectrum of [L1
2Fe2][OTf]2 in MeCN-d3 at room temperature revealing 

nine peaks.  
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5.2.8 – Cyclic Voltammetry and Spectroelectrochemistry 

The redox properties of [L1
2Fe2][OTf]2 was investigated using cyclic voltammetry and square 

wave voltammetry in acetonitrile (Figure 5.6). Two reversible waves at E½ = 0.019 V and E½ 

= 0.530 V versus Fc/Fc+
 were observed, corresponding to the FeII

2/FeIIFeIII and FeIIFeIII/FeIII
2 

couple, respectively. The difference between the anodic and cathodic peak potentials (v = 50 

mV/s) are 91 mV and 143 mV for the first and second oxidative wave, respectively. While the 

first redox process displays reversible behaviour based on scan-rate dependent 

measurements (Figure A39, peak separations ∆Ep = 80-96 mV; ipf vs. v½), the current of the 

second anodic wave (ipr) becomes more irreversible at slower scan rates (i.e. ipr becomes 

significantly smaller compared to ipf) most likely due to decomposition from the highly 

charged nature of the molecule. Moreover, a large separation of 511 mV was observed 

between the first and second anodic wave suggesting a pronounced thermodynamic stability 

of the mixed valent [L1
2FeIIFeIII][OTf]3 complex (Kc = 4.39 x 108), which was indeed chemically 

synthesized (discussed in the following sections). All electrochemical parameters are 

tabulated in Table 5.1. 

 

 

  

Table 5.1. Electrochemical parameters for [L1
2Fe2][OTf]2 in acetonitrile at 50 mV/s.  

 

In order to monitor the changes in the UV-vis spectrum for the electrochemical formation of 

the mixed valent [L1
2FeIIFeIII][OTf]3 and doubly oxidized [L1

2FeIII
2][OTf]4 complex, UV-vis 

spectroelectrochemistry was conducted by applying a voltage of 0.53 V and 1.03 V vs Fc/Fc+, 

respectively. Initially, a strong band at 332 nm corresponding to the ligand π  π* transition 

concomitant with a weaker broad band at 468 nm, most likely corresponding to the MLCT 

transition, were observed. Upon oxidation to the mixed valent [L1
2FeIIFeIII][OTf]3, the broad 

band at 468 nm gradually disappears and a new broad band at 634 nm is observed (Figure 

5.7a). This band may correspond to an intervalence charge transfer (IVCT) or ligand-to-metal-

 E½ [mV] ∆Ep [mV] ∆E½ - ∆E½ [mV] 

FeII
2/FeIIFeIII 19 91 511 

FeIIFeIII/FeIII
2 530 143  

Figure 5.6. (a) Cyclic voltammetry and (b) square wave voltammetry of [L1
2Fe2][OTf]2 in 

acetonitrile at 100 mV/s with [Bu4N]PF6 as the electrolyte. All potentials are referenced 

versus Fc/Fc+.  

(a) (b) 
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charge transfer (LMCT). Moreover, two isosbestic points were observed suggesting that 

oxidation is localized on one Fe atom. Further electrochemical oxidation to the doubly 

oxidized [L1
2FeIII

2][OTf]4  gave rise to minimal additional changes; the intensity of the broad 

band at 634 nm continues to increase marginally. This suggest that this broad band most 

likely originates from a LMCT.  

5.3 – Synthesis of mixed valent [L1
2FeIIFeIII][OTf]3 and Doubly Oxidized [L1

2FeIII
2][OTf]4 

Based on the cyclic voltammetry experiments, the mixed valent [L1
2FeIIFeIII][OTf]3 and the 

doubly oxidized [L1
2FeIII

2][OTf]4 complex may be chemically synthesized by addition of a 

suitable oxidizing agent (Scheme 5.3). In this case, Cu(OTf)2 (E½ = 0.40 vs Fc/Fc+ in MeCN) 

was used. However, a variety of other oxidizing agents were used including AgBF4 in THF  

(E½ = 0.41 vs Fc/Fc+) and [thianthrene]·+[BF4]- (E½ = 0.86 vs Fc/Fc+) in MeCN. In the case of 

AgBF4, the so-obtained MB spectrum of the product contained several different Fe species, 

which could not be removed even with repeated crystallizations. On the contrary, the MB 

spectrum of the mixed valent [L1
2FeIIFeIII][OTf]3 obtained with stoichiometric amount of 

[thianthrene]·+[BF4]-  afforded the expected two different Fe species, but a ratio of 42:58 

(FeII:FeIII) was obtained due to the higher oxidizing potential of  [thianthrene]·+[BF4]-
.
 As a 

result, both Fe ions in [L1
2FeII

2][OTf]2 may be oxidized. Consequently, Cu(OTf)2 was used as 

the oxidizing agent. Upon addition of one equivalent of Cu(OTf)2 to a solution of 

[L1
2FeII

2][OTf]2 in dry MeCN, an immediate colour change from a yellow suspension to a dark 

green solution was observed. The solution was stirred at room temperature for 16 hours, 

concentrated and filtered. Subsequently, diethyl ether was slowly diffused into the MeCN 

solution of the product to give green plate-like crystals. It was later deduced that the mixed 

valent [L1
2FeIIFeIII][OTf]3 slowly decomposes in the presence of air affording a yellow/brown 

powder. Thus, it is essential the synthesis and crystallizations are carried out under an inert 

atmosphere. In contrast, synthesis of the doubly oxidized [L1
2FeIII

2][OTf]4  congener required 

additional time and heat. Starting from [L1
2FeII

2][OTf]2,  two equivalents of 

[thianthrene]·+[BF4]- were added and the reaction was heated at 70 °C for 48 hours to give a 

red powder upon precipitation with diethyl ether. Unfortunately, further characterization of 

[L1
2FeIII

2][OTf]4 led to decomposition and was not further pursued. The following sections will 

focus mainly on the properties of the mixed valent [L1
2FeIIFeIII][OTf]3 complex.  

Figure 5.7. UV-vis spectroelectrochemistry of the (a) first and (b) second oxidation of 
[L1

2FeII][OTf]2.  

(a) (b) 
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5.3.1 – X-ray Crystallography on the Mixed valent [L1
2FeIIFeIII][OTf]3 Complex  

Although Cu(OTf)2 was chosen as the primarily oxidizing agent, the crystal structure of the 

mixed valent compound was obtained by oxidation with one equivalent of 

[thianthrene]·+[BF4]-. Consequently, due to incomplete anion exchange, a mixture of two OTf- 

anions and one BF4
- anion are present in the crystal lattice. The molecular structure of the 

mixed valent [L1
2FeIIFeIII][OTf]2[BF4] crystallizes in the triclinic space group P1̅ (Figure 5.8). 

Moreover acetonitrile molecules are also present in the crystal lattice. Analysis of the bond 

lengths of each Fe center afforded average bond lengths of 2.17 Å for Fe1 and 1.95 Å for Fe2, 

consistent with high-spin FeII ions and low-spin FeIII ions, respectively. Thus, oxidation to the 

mixed valent is accompanied by large structural changes in which one of the high-spin FeII 

ions is converted to a low-spin FeIII ion. To quantify the structural changes, Continuous 

Symmetry Measure was determined for each of the Fe ions. To that end, the HS-FeII ion retains 

its highly distorted environment with S(Oh) values of 11.82 and S(itp) values of 2.63. In 

contrast, the oxidized LS-FeIII ion favours an octahedral geometry, in which values an S(Oh) 

value of  2.21 and S(itp) value of 8.48 were determined. All parameters are tabulated in Table 

5.2.  

Scheme 5.3. Synthetic scheme for mixed valent [L1
2FeIIFeIII][OTf]3 and doubly oxidized 

[L1
2FeIII

2][OTf]4 
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Table 5.2. Selected bond lengths and Continuous Symmetry Measures (CSM) for the parent 

[L1
2FeII

2][OTf]2 and mixed valent [L1
2FeIIFeIII][OTf]2[BF4].  

 

More interestingly, comparison of the molecular structure of the parent [L1
2FeII

2][OTf]2 and 

the mixed valent [L1
2FeIIFeIII][OTf]2[BF4] revealed stark differences in the coordination 

geometry. In the former, both ends of the terminal pyridine groups are cis to one another (i.e. 

related by C2v symmetry). However, in the case of the mixed valent complex, a trans-

confirmation takes place in which one end of the pyridine groups is twisted in one direction 

while the other is twisted in the opposite direction forming a helical structure. This was also 

observed in several dinuclear FeII complexes with PMRT-based ligands, namely replacement 

of the NH linkages in PMRT with sulfur atoms (PSRT ligands) as well as in a thiadiazole 

analogue of PMRT.134,137 While PMRT ligands are known to coordinate two Fe ions in a cis-

axial fashion (similar to [L1
2FeII

2][OTf]),20 the increase in flexibility from the longer C-S bond 

in PSRT ligands compared to the C-N bond in PMRT ligands permitted both cis and trans 

coordination modes for PSRT ligands. Similarly, the flexibility of HL1 may be favourable for 

both cis- and trans-binding modes depending on the metal ion. In particular, the cis-binding 

mode was observed for the parent [L1
2FeII

2][OTf]2, while the trans-binding mode was 

observed for the mixed valent [L1
2FeIIFeIII][OTf]2[BF4] complex. This also suggest that during 

the oxidation process, the dinuclear Fe2 complex may partially dissociate in solution and 

subsequently recombine to form the desired framework of the mixed valent 

[L1
2FeIIFeIII][OTf]2[BF4] species. This assumption may explain the initial impurities in the 

Mӧssbauer spectrum as well as in the 1H NMR spectrum, which can be removed by 

crystallizations.  

  davg (Å) S(Oh) S(itp) 

[L1
2FeII

2][OTf]2 
Fe1-N 2.19 11.04 2.96 

Fe1’-N 2.19 11.04 2.96 

[L1
2FeIIFeIII][OTf]2[BF4]  

Fe1-N 2.17 11.82 2.63 

Fe2-N 1.95 2.21 8.48 

Figure 5.8. (a) Top and (b) side view of the molecular structure of [L1
2FeIIFeIII][OTf]2[BF4] 

complex (50% probability thermal ellipsoids).  

(a) (b) 
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5.3.2 – Mӧssbauer Spectroscopy on the Mixed valent [L1
2FeIIFeIII][OTf]3 

Based on the bond lengths obtained from the molecular structure of [L1
2FeIIFeIII][OTf]2[BF4], 

one HS-FeII ion and one LS-FeIII ion is present. This was further confirmed with MB 

spectroscopy on a sample obtained by oxidation with Cu(OTf)2, in which two doublets with 

an isomer shift of δ = 1.12 mms-1 (∆EQ = 3.98 mms-1) and δ = 0.15 mms-1 (∆EQ = 2.26 mms-1) 

were observed (Figure 5.9). Similar to the previous MB spectrum of [L1
2FeII][OTf]2, the 

doublet with a large isomer shift (δ = 1.12 mms-1) corresponds to a HS-FeII species, while the 

doublet with a significantly smaller isomer shift (δ = 0.15 mms-1) corresponds to a low-spin 

FeIII species. Moreover, a ratio of 1:1 (FeII:FeIII) was also observed, consistent with the 

molecular structure of  [L1
2FeIIFeIII][OTf]2[BF4]. Similar to the MB spectrum of the parent 

[L1
2Fe2][OTf]2, the marginal difference in intensity between the peaks of one doublet is 

attributed to the amorphous texture of the sample. All MB parameters are tabulated in Table 

5.3.  

Table 5.3. MB parameters for [L1
2FeII

2][OTf]2 and [L1
2FeIIFeIIIL1

2][OTf]3
 at 80 K.   

 

 T [K] δ [mms-1] ∆EQ [mms-1] Rel. Intensity 

[%] 

[L1
2FeII

2][OTf]2 80 1.10 4.22 100 

[L1
2FeIIFeIIIL1

2][OTf]3 80 
1.12 3.98 49 

0.15 2.26 51 

Figure 5.9. MB spectrum of the mixed valent [L1
2FeIIFeIII][OTf]3 at 80 K.  
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5.3.3 – 1H NMR Spectroscopy on the Mixed valent [L1
2FeIIFeIII][OTf]3

 

The integrity of the mixed valent [L1
2FeIIFeIIIL1

2][OTf]3 in solution was also investigated by  
1H NMR spectroscopy in MeCN-d3 revealing a new set of resonances. For comparison, both 1H 

NMR spectra of the parent [L1
2FeII

2][OTf]2 and mixed valent [L1
2FeIIFeIII][OTf]3 are shown in 

Figure 5.10. Although the peaks cannot be assigned definitively by 2D NMR spectroscopy due 

to the broad linewidths, comparison with 1H NMR spectrum of the parent complex suggest 

full conversion between the two species. Excluding the small resonances, originating from 

diamagnetic impurities, nine peaks are once again observed. Although two sets of resonances 

are expected for the high-spin FeII ion and low-spin FeIII ion, fast IVCT between the two Fe 

ions may result in only a single set of signals. Consequently, 1H NMR spectroscopy was 

conducted on the same sample at 233 K (see below).  

Figure 5.10. 1H NMR spectrum of the parent [L1
2FeII

2][OTf]2 and mixed valent 

[L1
2FeIIFeIII][OTf]3 in MeCN-d3 at room temperature.  

Unfortunately, the 1H NMR spectrum of [L1
2FeIIFeIII][OTf]3 in MeCN-d3 did not reveal 16 

different peaks expected for the mixed valent complex (excluding the CH3 group on the 

pyrazole moiety). Instead, only 9-10 resonances were observed at different chemical shifts 

compared to the 1H NMR spectrum of [L1
2FeIIFeIII][OTf]3 at 298 K. Another 1H NMR spectrum 

was recorded after warming to 298 K revealing an identical spectrum prior to cooling. 

Therefore, the disappearance of resonances can most likely be attributed to the larger 

linewidths at lower temperatures, and thus, the resonances become much broader or cannot 

be observed. 
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Figure 5.11. 1H NMR spectrum of the mixed valent [L1
2FeIIFeIII][OTf]3 at 238 K (top) and 298 

K (bottom).  

Based on the results from the previous sections, both the parent [L1
2FeII

2][OTf]2 and mixed 

valent [L1
2FeIIFeIII][OTf]3

 complex were characterized in the solid-state and in solution using 

X-ray crystallography, MB spectroscopy, 1H NMR spectroscopy and UV-vis 

spectroelectrochemistry. While spin crossover was not expected, as evidenced by variable 

magnetic temperature measurements, the structural changes accompanied by oxidation 

revealed a clear transformation of one of the HS-FeII ions to a LS-FeIII ion. The structural 

rearrangements from [L1
2FeII

2][OTf]2
 to the mixed valent [L1

2FeIIFeIII][OTf]2[BF4] suggest 

bond dissociation followed by reformation upon addition of the oxidizing agent. Further work 

on elucidating the mechanism behind the formation of the mixed valent 

[L1
2FeIIFeIII][OTf]2[BF4] is being pursued. At the same time, attempts to chemically synthesize 

the doubly oxidized [L1
2FeIII

2][OTf]4 complex afforded potentially decomposition product(s) 

based on the obtained 1H NMR spectrum, which displayed resonances predominantly in the 

diamagnetic region in contrast to the expected paramagnetic nature of FeIII ions.  
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5.4 – Preliminary Work on an Analogous Dinuclear [L1
2Co2][BF4]2 Complex 

An analogous dinuclear [L1
2Co2][BF4]2 complex was synthesized following similar procedures 

to [L1
2Fe2][OTf]2, in which the ligand HL1 was deprotonated with NaOtBu followed by addition 

of CoII(BF4)·6H2O in dry acetonitrile (Scheme 5.4). However, the tendency for the formation 

of the mononuclear [L1
2Co][OTf]2 species (confirmed by ESI-MS) is much more prominent 

such that the reaction must be stirred at room temperature for 36 hours. Subsequently, the 

red solution was filtered, and the solution precipitated with diethyl ether and further purified 

by slow diffusion of diethyl ether into a solution of the product in acetonitrile to give beige 

crystalline material.  

 

Scheme 5.4. Synthetic scheme for the dinuclear [L1
2CoII

2][BF4]2 complex.  

Since the mononuclear [L1
2Co][OTf]2 species is strongly preferred with shorter reaction times, 

heterometallic dinuclear complexes were also pursued. Unfortunately, using a one-pot 

synthesis with stoichiometric amounts of CoII ions, followed by FeII ions or RuII ions, gave rise 

to predominately a mixture of both homonuclear and heterometallic complexes. Based on 

mass spectrometry, a preference for the homonuclear complexes was observed and thus 

heterometallic dinuclear systems were not pursued with this ligand.  

5.4.1 – X-ray Crystallography 

The dinuclear complex [L1
2Co2][BF4]2 crystallizes in the monoclinic space group P2/n with 

two molecules in the asymmetric unit (Figure 5.11). The overall charge is balanced by two 

BF4
- anions and both cobalt ions are crystallographically equivalent. Interestingly, the crystal 

structure is reminiscent of the molecular structure of the mixed valent 

[L1
2FeIIFeIII][OTf]2[BF4], in which the terminal pyridines are coordinated trans-axial to one 

another forming a helical structure. An overlay of the molecular structures of 

[L1
2FeIIFeIII][OTf]2[BF4] and [L1

2CoII
2][BF4]2 are shown in Figure 5.11b. As mentioned in the 

previous section, due to the flexibility of the ligand HL1, both binding modes (cis and trans) 

are possible depending on the metal ion. Analysis of the Co-N distances reveals an average 

distance of 2.12 Å, consistent with high-spin CoII ions. Although both [L1
2Co2][BF4]2 and 

[L1
2FeIIFeIII][OTf]2[BF4] adopt the helical structure, both CoII ions are in the high-spin 

configuration, while HS-FeII and LS-FeIII ions are present in [L1
2FeIIFeIII][OTf]2[BF4]. The 



86 
 

overall distortion of the molecule was determined by Continuous Symmetry Measures, in 

which a large S(Oh) value of 6.61 was obtained for each of the CoII ions.    

 

Figure 5.12. (a) Molecule structure of the dinuclear [L1
2CoII

2][BF4]2 complex and (b) overlay 

of [L1
2FeIIFeIII][OTf]2[BF4] (green) and [L1

2Co2][BF4]2
 (pink) for comparison.  

5.4.2 – Mass Spectrometry 

The integrity of [L1
2Co2][BF4]2 in MeCN was investigated by mass spectrometry. One 

dominant peak at m/z = 506 was observed corresponding to the doubly charged cation 

[L1
2Co2]2+ with the expected isotopic pattern as seen in the simulated pattern shown in the 

inset of Figure 5.13. The small peak at m/z = 337 corresponds to the [L1
2Co2]3+ species, which 

despite subsequent crystallizations, still remains present in the ESI mass spectrum.  

  

Figure 5.13. ESI-MS of [L1
2CoII

2][BF4]2 in MeCN displaying one dominant peak at m/z = 506, 

corresponding to the doubly charged cation [L1
2CoII

2]2+. The simulated isotopic distribution 

pattern is shown in the inset.   

(a) (b) 
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5.4.3 – 1H NMR Spectroscopy 

The electronic structure of [L1
2Co2][BF4]2 was further probed by 1H NMR spectroscopy in  

MeCN-d3 revealing a set of paramagnetic resonances from -35 ppm to +85 ppm, as expected 

for high-spin CoII ions. Although the linewidths are much smaller compared to the 1H NMR 

spectrum of [L1
2Fe2][OTf]2, 2D NMR spectroscopy was still not obtainable for this complex. 

Nevertheless, nine major peaks are observed with minor contributions most likely arising 

from the minor species also observed in the ESI-MS. Unfortunately, even with repeated 

crystallizations, 10% of the impurity consistently persist in solution. Integration of the peaks 

affords the expected 23 protons. The broad resonance at 133 ppm most likely correspond to 

the proton closest to the paramagnetic HS-CoII ion. The largest peak at -20.54 ppm may be 

attributed to the two NCH3 moieties and the methyl group on the pyrazole backbone can be 

assigned to the resonance at 45.24 ppm based on the integration and proximity to the 

paramagnetic center.  

 

Figure 5.14. 1H NMR spectrum of [L1
2Co2][BF4]2 in MeCN-d3.  
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5.4.4 – Preliminary Cyclic Voltammogram of [L1
2CoII

2][BF4]2 

The redox properties of [L1
2CoII

2][BF4]2 was investigated by cyclic voltammetry in acetonitrile 

with [NBu4]PF6 as the electrolyte (Figure 5.15). Unlike [L1
2FeII

2][OTf]2 in which two anodic 

waves were observed, one anodic peak (Epf) at 1.33 V and one cathodic peak (Epr) at -0.02 V 

were observed. The large separation between the two redox events may be due to the slow 

electron transfer also observed in several other CoII complexes discussed in Chapter 3. 

Moreover, structural reorganization of one HS-CoII to LS-CoIII may be unfavourable in the 

helical structure resulting in much larger reorganization energies and thus, slower electron 

transfer. In comparison to [L1
2FeII

2][OTf]2, in which the terminal pyridine moieties are cis to 

one another, oxidation to  [L1
2FeIIFeIII][OTf]2[BF4] then leads to formation of the helical 

structure. However, the molecular structure of [L1
2CoII

2][BF4]2 is already in the helical 

structure and thus oxidation may be more difficult, resulting in the large separation between 

the redox events as well as a much higher potential for the first anodic peak (Epf = 1.33 V in 

[L1
2CoII

2][BF4]2 compared to E½  = 0.019 V in [L1
2FeII

2][OTf]2). Further work on obtaining the 

UV-Vis spectroelectrochemistry of [L1
2CoII

2][BF4]2 may provide information regarding the 

nature of the two redox processes (i.e. assignment of the anodic and cathodic peak to 

oxidation from CoII to CoIII). Moreover, preliminary magnetic susceptibility measurements 

revealed additional impurities and the data could not be fitted to the expected two HS-CoII 

ions. Further work on obtaining the dinuclear [L1
2CoII

2][BF4]2 exclusively is essential for 

further measurements.  

5.5 – Summary & Conclusion 

In summary, a new family of dinuclear Fe2 and Co2 complexes was developed using a new 

bis(tridentate) pyrazolate-bridged ligand with flexible terminal pyridine moieties. With the 

presence of two metal centers, the redox properties of the dinuclear [L1
2Fe2][OTf]2 complex 

were investigated revealing a large thermodynamic stability of the mixed valent 

[L1
2FeIIFeIII][OTf]2[BF4] complex. The structural and electronic changes between the two 

complexes were investigated using 1H NMR spectroscopy and MB spectroscopy confirming 

the presence of large structural reorganization upon oxidation from the HS-FeII-HS-FeII 

species to a HS-FeII-LS-FeIII species. At the same time, an analogous dinuclear [L1
2Co2][BF4]2 

Figure 5.15. Cyclic voltammogram of [L1
2Co2][BF4]2 at different scan rates in MeCN with 

[NBu4]PF6 as the electrolyte.  
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complex was synthesized, which crystallized with the same trans-binding mode as the mixed 

valent [L1
2FeIIFeIII][OTf]2[BF4] species. However, both CoII ions adopt a high-spin 

configuration. Further work on the mixed valent [L1
2FeIIFeIII][OTf]2[BF4] including magnetic 

measurements are currently being pursued. Moreover, full characterization for [L1Co2][BF4]2 

including UV-Vis spectroelectrochemistry and magnetic measurements are also currently 

being pursued.  
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Chapter 6 – [2 x 2] Grid-like Arrays with Asymmetric Pyrazolate-bridged Ligands 

6.1 – Introduction 

[2 x 2] grid-like arrays have attracted significant interest due to their potential as molecular 

storage devices and applications in Quantum Cellular Automata (QCA).17,18 In particular, 

heterometallic grids with several different metal ions embedded in a matrix-like array hold 

potential for multiple stable redox states as well as site-specific responses to an external 

stimulus such as light irradiation. As already mentioned in chapter 1, heterometallic [2 x 2] 

grids can be synthesized following two methods: a step-wise approach involving sequential 

introduction of metal ions or designing ligands with site-specific binding pockets. The former 

approach was pioneered by Lehn, in which one site of the ligand was protected, followed by 

addition of a kinetically stable RuII ion to form the so-called “corner complex”.87 Once this was 

isolated, the other end of the ligand was deprotected and a second metal ion was introduced 

to spontaneously form the heterometallic [2 x 2] grid. Following a similar strategy, we have 

also developed two new heterometallic [LH
4Ru2Co2][BF4]4 and [LH

4Ru2Fe2][BF4]4 grids, as 

discussed in chapters 3 and 4, respectively.  

 

The second strategy involves designing asymmetric ligands with different binding pockets. 

For instance, ligands containing both bidentate and tridentate sites have demonstrated to 

effectively incorporate metal ions with different coordination affinities.138 This strategy was 

also implemented for larger [3 x 3] grids, in which a bidentate-tridentate-bidentate ligand 

scaffold was used to assemble heterometallic [3 x 3] grids in the form of 

[MIICuI
4CuII

4L6]Cl2·nH2O (M = Fe, Ni, Cu, Zn).107 More recently, in pursuit of heterometallic  

[2 x 2] grids with single molecule magnet behaviour, ligands with a much larger cavity were 

designed for coordination of lanthanide ions.79,80  

 

The focus of this chapter follows the latter strategy in which an asymmetric ligand was 

designed for developing new homonuclear and heterometallic [2 x 2] grids. The ligand HL2 

stems from combining the precursors of the previous ligands HLH and HL1 (chart 6.1) 

introduced in chapters 2 and 5, respectively. Although the increased in flexibility of HL1 due 

to the additional NCH3 groups between the pyridine moieties favours the formation of 

dinuclear complexes, a hybrid of a rigid bipyridine on one end and a flexible terminal pyridine 

group afforded a [2 x 2] grid-like array. Although a molecular structure was obtained, other 

spectroscopic measurements suggest the presence of multiple species potentially arising 

from different isomers as well as impurities including the dinuclear [L2
2Fe2][BF4]2. Moreover, 

preliminary results on enforcing the formation of a single isomer by following a step-wise 

approach will also be discussed.  

Chart 6.1. Schematic drawing comparing the different ligands used in this work.  
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6.2.1 – Ligand Synthesis and Characterization 

The ligand HL2
 was prepared by using the ketone 5-8 and methylester 2-7 precursors from 

the previous reported ligands HL1 and HLH, respectively (Scheme 6.1). Sodium t-butoxide 

(NaOtBu) was added to a solution of 5-8 in 1,4-dioxane, followed by addition of a solution of 

2-7 in 1,4-dioxane. The reaction was stirred at room temperature for 16 hours then treated 

with acetic acid (AcOH) to give a fine yellow powder 6-1, which was used without further 

purification. Hydrazine monohydrate (N2H4·H2O) was added to a suspension of 6-1 in ethanol 

and heated at reflux for three hours affording an orange oil, which crystallized by dissolving 

the oil in acetone and layering with water to give HL2 as a white powder.  

 

Scheme 6.1. Synthetic scheme for the asymmetric ligand HL2.  

The purity of the ligand was investigated with 1H NMR spectroscopy in CDCl3. The hydrogen 

atom on the pyrazole backbone is assigned to the peak at 7.46 ppm which is shifted to slightly 

lower fields compared to the symmetric bipyridine HLH (8.05 ppm), due to the additional 

electron donating NCH3 group. The NCH3 resonance can also be assigned to the resonance at 

3.73 ppm. All remaining protons are assigned according to 1H-1H COSY experiments.  
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Figure 6.1. 1H NMR spectrum of HL2 in CDCl3. Solvent molecules (CDCl3) are indicated with 

asterisks (*).   

6.2.2 – Complex Synthesis 

The synthesis of the [L2
4Fe4][BF4]4 grid follows similar procedures for the reported 

homonuclear Fe4 grids, in which a stoichiometric amount of NaOtBu and FeII(BF4)2 were 

combined in dry acetonitrile (Scheme 6.2). Although HL2 is adequately soluble in acetonitrile, 

deprotonation with NaOtBu afforded a yellow insoluble species, which dissolved only upon 

addition of the FeII salt. The reaction was stirred at room temperature for 16 hours, the 

solution filtered, and crystallized by slow diffusion of diethyl ether into a solution of the 

product in acetonitrile. Although a molecule structure was obtained, various other species or 

isomers are also present in the 1H NMR spectrum as well as in the Mӧssbauer (MB) spectrum, 

which will be discussed in the following sections. Other crystallization methods including 

using different solvents (methanol) and temperatures afforded similar results.  
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Scheme 6.2. Synthetic scheme for [L2
4Fe4][BF4]4. 

6.2.3 – X-ray Crystallography 

In chapter 5, the flexibility imparted by the additional NCH3 moiety in between the pyridine 

groups of HL1 prevented [2 x 2] grid formation, but instead facilitated new dinuclear 

complexes exclusively. In HL2, only one end has a high degree of flexibility implemented by 

the NCH3 moiety, while the other end retains a degree of rigidity. Consequently, whether the 

typical grid-like array would be obtained was uncertain. Surprisingly, single crystals of 

[L2
4Fe4][BF4]4 revealed the typical [2 x 2] grid-like architecture, crystallizing in the monoclinic 

space group P21. Moreover, four tetrafluroborate (BF4
-) ions are present to balance the overall 

tetracationic charge of the complex. Each Fe ion is situated in an {N6} coordination sphere, 

with bond lengths between 2.124 Å – 2.334 Å, corresponding to HS-FeII ions. Relevant bond 

lengths are tabulated in Table 6.1.  

 

 

  

Figure 6.2. (a) Molecular structure of [L2
4Fe4][BF4]4. Counterions and hydrogen atoms are 

omitted for clarity. (b) Fe···Fe distances (black) and Fe-Fe-Fe angles (purple), and torsion 

angles defined by the plane of the pyrazole moiety and terminal pyridine ring of the same 

ligand strand (blue).  
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Table 6.1. Relevant bond lengths and Continuous Symmetry Measures for [L2
4Fe4][BF4]4. 

 davg (Å) Spin-state S(Oh) S(itp) 

Fe1-N 2.15 HS 3.42 11.92 

Fe2-N 2.20 HS 8.14 5.14 

Fe3-N 2.16 HS 3.30 11.57 

Fe4-N 2.19 HS 11.39 1.56 

 

The four Fe ions are separated by an average distance of 4.565 Å, and Fe-Fe-Fe angles of 105° 

and 75° were observed, similar to the literature known homonuclear [LR
4Fe4][BF4]4 grids  

(R = H, Me, Br), as well as the heterometallic [LH
4Ru2Co2][BF4]4 and [LH

4Ru2Fe2][BF4]4 grids 

discussed in the previous chapters. Although three distinctly different Fe atoms would be 

expected in the molecular structure, all four Fe ions are crystallographically independent. The 

NCH3 moiety of the ligand is consistently situated parallel to one another in this isomer in 

order to optimize the spatial organization of the ligand strands in the [2 x 2] grid. While this 

may be one of the few thermodynamically stable isomers, the potential for several other 

isomers with a different arrangement of ligands may also be possible.  

The planarity of the ligand strands in [L2
4Fe4][BF4]4 can be described by examining the torsion 

angle between the central pyrazole group and the terminal pyridine moiety of each ligand 

strand (Figure 6.2b). The largest torsion angle was observed in the ligands coordinated to Fe4 

with torsion angles between 46 – 54° while small torsion angles of 11 - 14° were observed in 

the ligands coordinated to Fe2. In order to describe the overall distortion from an ideal 

octahedron, Continuous Symmetry Measures (CSM) can be employed. Based on these 

calculations, S(Oh) values of 3.42, 8.14, 3.30, and 11.39 were obtained for Fe1, Fe2, Fe3, and 

Fe4, respectively. The high S(Oh) value of Fe2 and Fe4 suggest a high distortion from an ideal 

octahedron while small S(Oh) values for Fe1 and Fe3 suggest only minor distortions. 

Comparison of the S(Oh) values of [L2
4Fe4][BF4]4 to [LH

4Fe4][BF4]4 reveal slightly higher S(Oh) 

values most likely attributed to the additional NCH3 group in the ligand strands. In the 

[LR
4Fe4][BF4]4 grids (R = H, Me, Br), the S(Oh) values range between 6 – 8. This was also 

observed in Fe2, which is coordinated to two ligand strands with terminal bipyridine 

subunits. At the opposite corner, Fe4 is coordinated to two ligand strands with the additional 

NCH3 moiety, which displayed similar S(Oh) values to the dinuclear [L1
2Fe2][OTf]2  

(S(Oh) = 11.04) described in Chapter 5. For comparison, values for the distortion from an ideal 

trigonal geometry S(itp) were also calculated for each Fe atom and are tabulated in Table 6.1.   
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6.2.4 – Mӧssbauer Spectroscopy 

With the presence of Fe atoms, Mӧssbauer (MB) spectroscopy was conducted both on a 

sample in the solid-state and in frozen MeCN at 80 K. Since the MB spectrum of the solid-state 

and frozen MeCN sample afforded similar MB parameters, only the frozen solution MB 

spectrum is shown due to the higher resolution (Figure 6.3). The spectrum revealed four 

different quadruple doublets. The major species with an isomer shift of δ = 0.35 mms-1  

(∆EQ = 0.85 mms-1) is assumed to be a LS-FeII or HS-FeIII species, which does not correspond 

to the molecular structure of [L2
2Fe4][BF4]4. Consequently, this peak may be attributed to 

impurities or decomposition products. The three well resolved doublets at higher isomer 

shifts of δ = 1.32 mms-1 (∆EQ = 3.01 mms-1), 1.11 mms-1 (∆EQ = 4.22 mms-1), 0.87 mms-1  

(∆EQ = 3.01 mms-1) correspond to HS-FeII ions. Although different simulations of the doublets 

may give rise to slightly different isomer shifts and quadruple splittings, the high isomer shift 

(δ > 0.7 mms-1) can only correspond to HS-FeII ions. The three doublets may correspond to 

the three different Fe species found in the molecular structure; one Fe ion (Fe2) coordinated 

to two ligands with two bipyridine units, a second Fe ion (Fe4) coordinated to two ligands 

with the NCH3 moieties at the opposite corner, and the remaining Fe1 and Fe3 ions which are 

coordinated to ligands consisting of a hybrid of bipyridine and pyridine subunits. The large 

quadruple splitting observed in the doublet at δ = 1.11 mms-1 (∆EQ = 4.22 mms-1) is also very 

similar to the MB parameters of the dinuclear [L1
2Fe2][OTf]2 (δ = 1.10 mms-1, ∆EQ = 4.22 mms-

1) reported in Chapter 5. Consequently, this doublet may correspond to the Fe coordinated to 

the ligands with the additional NCH3 moieties. Although a relative intensity of 1:1:2 is 

expected, surprisingly a ratio of approximately 1:1:1 was observed for the three doublets at 

high isomer shifts. All MB parameters are tabulated in Table 6.2. Further work on optimizing 

the synthesis of this specific isomer is essential for further spectroscopic measurements.  

  

Figure 6.3. Mӧssbauer spectrum of [L2
4Fe4][BF4]4 in frozen acetonitrile at 80 K.  
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Table 6.2. Mӧssbauer parameters for [L2
4Fe4][BF4]4 in frozen acetonitrile at 80 K.  

δ [mms-1] ∆EQ [mms-1] Rel. intensity 

1.32 3.01 14.40 

1.11 4.22 13.53 

0.87 3.01 13.49 

0.35 0.85 58.58 

 

6.2.5 – Investigations in Solution: Mass Spectrometry & 1H NMR Spectroscopy 

The integrity as well as the identity of [L2
2Fe4][BF4]4 in MeCN was determined by mass 

spectrometry (Figure 6.4). The dominant peak at m/z = 460 and m/z = 493 corresponds to 

[L2
4Fe4]4+ and [L2

4Fe4NaF2+nNa]4+
 (from BF4

- anions), respectively, confirming the grid 

remains intact in solution. However, another peak at m/z = 865 can be attributed to [Fe2L2
4]2+, 

in which only two Fe ions are present in the grid-like array. Based on the mass spectra, the 

species present in the MB spectrum may originate from [L2
4Fe4][BF4]4, as well as 

[L2
4Fe2][BF4]4.  

 

Figure 6.4. ESI mass spectrum of [L2
4Fe4][BF4]4 in acetonitrile.  

 

1H NMR spectroscopy was conducted on 6-2 in MeCN-d3 revealing a multitude of signals from  

-25 to +85 ppm, as expected with the presence of HS-FeII ions (Figure 6.5). Despite repeated 

crystallizations as well as carrying out the reaction inside the glove box, little change was 

observed in the 1H NMR spectrum. As already mentioned, the complexity of the spectrum may 

originate from the presence of multiple isomers (in this case, four isomers are possible) as 

well as other impurities. For [L2
4Fe4][BF4]4, 49 signals  would be expected, which coincides 

with the approximate number of signals observed in the 1H NMR spectrum (~45-50 signals).  

Due to the poor resolution of the resonances, the purity of [L2
4Fe4][BF4]4 cannot be 

determined.  

  

Experimental 

Simulation 
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Figure 6.5. 1H NMR spectrum of [L2
4Fe4][BF4]4 in MeCN-d3 at room temperature.  

6.2.6 – Cyclic Voltammetry  

The redox properties of crystallized samples of [L2
4Fe4][BF4]4 were investigated using cyclic 

voltammetry (CV) in acetonitrile with [Bu4N]PF6 as the electrolyte (Figure 6.6a). Preliminary 

CV experiments afforded four oxidative waves, which are tentatively assigned to the charge 

of the complex (4+/5+, 5+/6+, 6+/7+, 7+/8+). Square wave voltammetry was also conducted 

confirming the presence of four oxidative waves (Figure 6.6b). The 5+/6+ and 6+/7+ processes 

are much broader, potentially arising from oxidation of two different FeII species from 

different isomers or from other impurities. Moreover, the last oxidative wave (7+/8+) 

displayed a significantly smaller current relative to the former oxidative waves. This 

occasionally occurs in step-wise oxidation in elastically coupled [2 x 2] grids, in which further 

oxidation to the four-fold oxidized species is kinetically hampered due to the high charge of 

the complex.  
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Table 6.3. Electrochemical parameters for [L2
4Fe4][BF4]4 in acetonitrile at 100 mV/s.  

 E½ [mV] ∆Ep [mV] E½ - E½ [mV] 

4+/5+ 368 108 177 

5+/6+ 545 138 240 

6+/7+ 785 114 234 

7+/8+ 1019 126  

 

The four waves display quasi-reversible behaviour with peak separations between 108 – 138 

mV (Table 6.3). Comparison of the electrochemical parameters of the homonuclear Fe4 grids 

afforded slightly higher potentials for all oxidative waves arising from the different ligand 

scaffold. Interestingly, unlike the previously reported [LR
4Fe4][BF4]4 grids (R = H, Me, Br) in 

which a large separation between the 5+/6+ and 6+/7+ couple was observed (~400-500 V), 

[L2
4Fe4][BF4]4 displayed only a marginally large separation of 255 V between the 5+/6+ and 

6+/7+ couple. Generally, a large separation suggests the first two oxidative waves correspond 

to two metal centers at opposite corners. However, in this case, the oxidative waves cannot 

be unambiguously assigned.  

6.3 – Synthesis of [L2
2Ru][BF4]2 “Corner Complex” 

For the homometallic [L2
4Fe4][BF4]4 grids, a variety of species were detected in the 1H NMR, 

MB, and ESI mass spectra. Although both binding pockets of HL2 prefer the coordination of 

six-coordination metal ions, the rigidity of the bipyridine ring may be utilized to selectively 

enforce a stable RuII “corner complex”, as previously described for the synthesis of the 

heterometallic [LH
4Ru2Co2][BF4]4

 and [LH
4Ru2Fe2][BF4]4

 grids. The remaining sections will 

highlight the preliminary results on the [L2
2Ru][BF4]2 “corner complex”.  

 

Figure 6.6. (a) Cyclic voltammogram and (b) square wave voltammogram of [L2
4Fe4][BF4]4 

with [Bu4N]PF6 as the electrolyte in acetonitrile at 100 mV/s. All potentials are referenced 

against Fc/Fc+.  

(a) (b) 
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The kinetically inert RuII “corner complex” was synthesized by addition of Ru(DMSO)4Cl2 to a 

degassed solution of HL2 in ethanol:acetone (1:1). The solution was heated at reflux for 16 

hours followed by metathesis with NH4BF4. The solution was filtered, then crystallized by 

slow diffusion of diethyl ether into a solution of the product 6-3 in acetonitrile to give dark 

brown crystalline material (Scheme 6.3). Unfortunately, the crystalline material was not 

suitable for X-ray diffraction and thus the molecular structure of [L2
2Ru][BF4]4 has not been 

determined.  

Scheme 6.3. Synthetic scheme for the RuII corner complex [L2
2Ru][BF4]2. 

6.3.1 – Solution Investigations: Mass Spectrometry & 1H NMR Spectroscopy 

ESI mass spectrometry was conducted on a MeCN solution of [L2
2Ru][BF4]2 illustrating one 

dominant peak at m/z = 911, corresponding to the monomeric [L2
2Ru]2+ species (Figure 6.7) 

However, in more concentrated solutions, the tetracationic [Ru2L2
4]4+ is also present in 

solution (Figure A22). This was also observed for the [LH
2Ru][BF4]2 “corner complex” 

described in chapter 3, in which at high concentrations (> 10-5 M), the RuII “corner complex” 

persists as a dimer, while at low concentrations (<10-5 M), both the monomer and dimer 

coexist in solution.  

Figure 6.7. ESI mass spectrum of a MeCN solution of [L2
2Ru][BF4]2 illustrating the presence 

of the doubly charged monomer [L2
2Ru]2+. Simulated and experimental isotopic distribution 

patterns are shown in the inset.  
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In order to confirm the purity as well as the selectivity of the RuII ions, 1H NMR spectroscopy 

was conducted in MeCN-d3 at room temperature (Figure 6.8). Remarkably, the simplicity of 

the 1H NMR spectrum with 15 peaks signifies the formation of only a single isomer. The 

distinctive singlet at 7.72 ppm corresponds to the hydrogen on the pyrazole backbone and 

the NCH3 moiety on one end of the ligand strand is shown at 3.44 ppm. However, definitively 

assignment of the [L2
2Ru][BF4]2 “corner complex” could not be obtained even with 2D 1H NMR 

spectroscopy (Figure A33). In particular, whether the RuII ion preferentially binds to two 

mutually perpendicular bipyridine subunits or on the flexible NCH3 end cannot be determined 

definitively by 1H NMR spectroscopy. Thus, molecular structure determination by X-ray 

diffraction is essential for elucidating its preferential coordination environment. 

Nevertheless, based on the 1H NMR spectrum of 6-3, it is indeed possible to isolate a single 

isomer. Naturally, further characterization including X-ray crystallography, cyclic 

voltammetry and UV-vis spectroelectrochemistry must be conducted. Furthermore, new 

heterometallic grids with interesting magnetic and redox properties may be realized.  

 

Figure 6.8. 1H NMR spectrum of [L2
4Ru][BF4]2 in MeCN-d3 at room temperature. Solvent 

molecules (MeCN and H2O) are indicated with asterisks (*).   
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6.4 – Summary and Conclusion 

In conclusion, a new asymmetric ligand with a rigid bipyridine moiety on one end and a 

flexible terminal pyridine group on the other end has been developed. Despite the plasticity 

of half of the ligand strand, a new [2 x 2] homometallic Fe4 grid was synthesized, confirmed 

by X-ray crystallography. However, the asymmetric nature of the ligand also provides the 

potential for different arrangements of the ligand within the [2 x 2] grid-like array affording 

several isomers. MB and 1H NMR experiments on [L2
4Fe4][BF4]4 suggest the presence of either 

different isomers and/or impurities. Nevertheless, cyclic voltammetry was conducted on the 

[L2
4Fe4][BF4]4 displaying four oxidative waves, which may correspond to the step-wise 

oxidation the grid. Definitive assignment will require chemical oxidation of [L2
4Fe4][BF4]4. In 

pursuit of isolating a single isomer, a stable RuII “corner complex” was synthesized. The 

simplicity of the 1H NMR spectrum confirmed the presence of a single isomer, which can be 

used for the synthesis of heterometallic [2 x 2] grid-like arrays.  
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Chapter 7 – Summary and Conclusion  

The work in this thesis presented new heterometallic [LH
4Ru2Co2][BF4]4

 and [LH
4Ru2Fe2][BF4]4

 

grids based on the known compartamental pyrazolate-bridged ligand (chapters 3 and 4). The 

field of single molecule magnets in [2 x 2] grids are quite rare, especially with 3d transition 

metals due to antiferromagnetic coupling between the two metal ions affording a diamagnetic 

ground-state. Now, a new method was employed to overcome this barrier by enforcing 

diamagnetic spacers such that metal ions with a large magnet anisotropy are introduced at 

opposing corners. Using this method, we have introduced magnetically active CoII ions 

isolated in a highly distorted environment, which gave rise to localized single molecule 

magnet behaviour (SMM) typically not observed in 3d transition metal grid-like arrays. At the 

same time, the redox properties of the [LH
4Ru2Co2][BF4]4 were also investigated, which 

illustrated a high thermodynamic stability between the 5+/6+ and 6+/7+ couple permitting the 

chemical isolation of the doubly oxidized [LH
4Ru2Co2][BF4]6 grid. Indeed, analysis of the 

molecular structure of [LH
4Ru2Co2][BF4]6 revealed the first two oxidations are associated to 

the oxidation of the CoII ions. Therefore, the first two anodic waves observed in the CV of 

[LH
4Ru2Co2][BF4]4 correspond to the CoII/CoIII couple and the latter two anodic waves are 

assumed to correspond to the RuII/RuIII couple.  

For [LH
4Ru2Fe2][BF4]4, despite the synthetic challenges, the results are remarkably similar to 

[LH
4Ru2Co2][BF4]4.

 Once again, the RuII ions are situated at opposite corners of the grid 

affording the expected trans-isomer. Unfortunately, due to the high distortion of the FeII 

environment, thermal SCO and SMM behaviour were not observed, confirmed by variable 

temperature magnetic measurements. Cyclic voltammetry afforded four oxidative waves with 

a large electrochemical separation between the 5+/6+ and 6+/7+ waves, suggesting the 

potential for isolation of the doubly oxidized [LH
4Ru2Fe2]6+ grid. Although this has yet to be 

achieved due to persistent impurities (10-25%) in [LH
4Ru2Fe2][BF4]4,

 the first two oxidations 

may correspond to the FeII/FeIII couple, as observed in the [LH
4Ru2Co2][BF4]4

 grid.   

Although only preliminary results on the excited state structure were obtained for the 

previously reported homonuclear Fe4 grids using femtosecond (fs) transient absorption 

spectroscopy in collaboration with the Max Planck Institute, heterometallic grids are also 

prime candidates for transient absorption spectroscopy. From the homonuclear Fe4 grids, a 

tentative mechanistic pathway was derived by the life time of the transient species, in which 

a short-lived species of τ1’ << 100 fs, followed by another species with τ1 = 15-20 ps and finally 

a long-lived species with τ2 > 1 ns (chapter 2). However, definitive assignment of the transient 

excited species requires extensive theoretical calculations on the optical excited states as well 

as vibrational band assignments. In the case of [LH
4Ru2Co2][BF4]4, optical excitation may occur 

either at the RuII or CoII ion, which may give rise to more distinct bands for monitoring the 

changes upon optical excitation. Based on the UV-vis spectroelectrochemistry experiment, 

electrochemical oxidation from CoII to CoIII afforded a significant decrease in intensity of all 

bands, while a new broad band centered at 650 nm was observed for the RuII/RuIII couple. 

Moreover, the ground-state of [LH
4Ru2Co2][BF4]4 in solution may be more stable permitting a 

definitive assignment of the ground-state at room temperature compared to the gradual SCO 

observed in the homonuclear Fe grids in solution.   

The last two chapters focuses on designing new ligands for new homonuclear as well as 

heterometallic grids. Although addition of NCH3 groups between the pyridine groups of HLH 

imparted a high degree of flexibility at the terminal pyridines rings which prevented [2 x 2] 
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grid formation, a highly distorted dinuclear FeII complex was obtained. The high distortion of 

the FeII ions favouring the trigonal prism geometry prevented the presence of thermal SCO, 

and thus the FeII ions are locked in the high-spin state, confirmed by variable temperature 

magnetic measurements. Interestingly, one-time oxidation to the mixed valent [FeIIFeIIIL1
2]3+ 

afforded significant structural changes, in which one of the HS-FeII ions is converted to a LS-

FeIII ion, while the other Fe ion remains HS-FeII. Analysis of the molecular structure suggest 

large structural rearrangements within the ligand strands upon oxidation, suggesting bond 

dissociation and reformation. However, further experiments must be conducted to elucidate 

the mechanistic pathway for the formation of the mixed valent species.  

The last chapter involves combining both parts of the parent ligand HLH and the additional 

NCH3 moiety in HL1 to form the hybrid ligand HL2. Surprisingly, despite the increase in 

flexibility at one end, a [2 x 2] Fe4 grid was obtained confirmed by X-ray crystallography. 

However, bulk analysis including mass spectrometry, MB spectroscopy, and 1H NMR 

spectroscopy indicate the presence of multiple species/impurities as well as isomers in the 

solid-state and in solution. In order to facilitate the formation of a single isomer, a step-wise 

approach was used in which a stable RuII corner complex was isolated. Based on the 1H NMR 

spectrum of the RuII corner complex, only a single isomer is formed. Further work on 

synthesis of heterometallic [2 x 2] grids using this hybrid ligand may be pursued.  

Overall, the thesis highlights the synthetic challenges associated with homonuclear and 

heterometallic [2 x 2] grid-like arrays. The need for rigid robust ligands with site-specific 

binding pockets, especially in the case of heterometallic grids, are essential in order for [2 x 

2] grid formation. While a new strategy to incorporate SMM behaviour in [2 x 2] grids was 

introduced, other methods involving incorporation of lanthanide ions have also been recently 

reported, which gave rise to a remarkable enhancement in magnetic properties of [2 x 2] 

grids. Moreover, incorporation of FeII and CoII ions into these new 4f-3d heterometallic grids 

may also induce thermal or photoinduced SCO coupled with SMM behaviour. While there is 

no systematic method to design ligands with SCO and SMM properties, the goal of many 

chemists in this field strive to design new ligands with the appropriate ∆o for SCO and desired 

crystal packing motif through the use of strong and weak bonding interactions.   
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Chapter 8 – Experimental Section 

8.1 – Materials and Methods 

General Considerations 

All syntheses were carried out under anaerobic and anhydrous atmosphere of dry nitrogen 

by standard Schlenk techniques or in an MBraun glovebox unless otherwise stated. Solvents 

were dried and degassed following standard procedures before use. MeCN, DCM, and DMF 

were dried with CaH2; Et2O and THF were dried with sodium in the presence of 

benzophenone; MeOH was dried with magnesium turnings activated with iodine. All solvents 

were distilled prior to use.  

Chemicals 

Chemicals were purchased from commercial sources and used without further purification. 

The following chemicals were prepared following literature procedures: Ru(DMSO)4Cl2
139 

and FeII(OTf)2·2MeCN,140 and [thianthrene]·+[BF4]-.141
  

UV-vis/NIR Spectroscopy 

UV-vis experiments were carried out using an Agilent 8453 UV-vis spectrophotometer as well 

as the Varian Cary 5000 instrument with an Agilent A453 spectrometer using quartz cuvettes. 

Spectra were analyzed by Cary Win UV software.  

1H & 13C NMR Spectroscopy 

1H NMR spectra of the complexes were recorded on a Bruker Avance 400 MHz and Bruker 

Avance 500 MHz instrument. 1H NMR spectra of the ligands were recorded on the Bruker 

Avance 300 MHz instrument. All chemical shifts are reported relative to the respective 

residual proton signals used: CDCl3 (δ = 7.26 ppm), DMSO-d6 (δ = 2.50 ppm), CD3CN (δ = 1.94 

ppm).142 13C NMR spectra were recorded using the Avance 500 MHz instrument and the 

Avance 300 MHZ instrument. Splitting assignments are given as follows: s (singlet), d 

(doublet), t (triplet), dt (doublet of a triplet), td (triplet of a doublet), and m (multiplet).  

Cyclic Voltammetry and UV-vis Spectroelectrochemistry 

Cyclic voltammetry experiments were performed with the Gamry Interface 1010 and 

analyzed using the Gamry Framework program. A three electrode setup was used: glassy 

carbon as the working electrode, Ag wire as the reference electrode and Pt wire as the counter 

electrode. For [LH
4Ru2Co2][BF4]4 and [LH

4Ru2Fe2][BF4]4, the MeCN solution with 0.1 mM 

NBu4PF6 were degassed before each measurement. All resulting data were referenced to 

Fc/Fc+.  

UV-vis spectroelectrochemistry was performed with the Gamry Interface 1000B inside a 

glovebox.  

Mass spectrometry 

Electro ionization (EI) and Electrospray ionization (ESI) mass spectra were collected on an 

Applied Biosystems API 2000 device or on a Bruker HCTultra instrument. 
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Mӧssbauer Spectroscopy 

Mössbauer (MB) spectra were recorded with a 57Co source in a Rh matrix using an alternating 

constant acceleration Wissel Mössbauer spectrometer operated in the transmission mode 

and equipped with a Janis closed-cycle helium cryostat. Isomer shifts (δ) and quadrupole 

splitting (∆EQ) are given relative to iron metal at ambient temperature. Simulation of the 

experimental data was performed with the Mfit program using Lo-rentzian line doublets: E. 

Bill, Max-Planck Institute for Chemical Energy Conversion, Mülheim/Ruhr, Germany.  

Magnetic Susceptibility Measurements 

Temperature-dependent magnetic susceptibility data were measured using a Quantum-

Design MPMS-XL-5 SQUID magnetometer equipped with a 5 Tesla magnet in the range from 

2.0 – 400 K. The powdered or crystalline samples were contained in a teflon bucket and fixed 

in a non-magnetic sample holder. Each raw data file for the measured magnetic moment was 

corrected for the diamagnetic contribution of the sample holder and the teflon bucket. The 

molar susceptibility data were corrected for the diamagnetic contribution. 

Electron Paramagnetic Resonance 

X-band EPR spectra were measured using a Bruker E500 ELEXSYS spectrometer equipped 

with a standard cavity (ER4102ST, 9.45 GHz). The sample temperature was controlled using 

an Oxford Instruments Helium flow cryostat (ESP910) and an Oxford temperature controller 

(ITC-4). The microwave frequency was measured with the built-in frequency counter and the 

magnetic field was calibrated using an NMR field probe (Bruker ER035M). EPR spectra were 

simulated using Easy-Spin.  

8.2 - Syntheses of Ligands and Complexes 

Synthesis of the ligand HLH was adopted from the literature with minimal changes.90  

 

Preparation of [2,2'-bipyridine] 1-oxide 2-5.143 2,2’-Bipyridine 2-4 (28 g, 0.179 mol. 1 eq.) 

was dissolved in TFA (100 mL) then H2O2 (27 mL, (1.15 mol, 6.42 eq) was added dropwise 

at 0 °C. The reaction was stirred overnight then 6M NaOH was added (250 mL) until a pH of 

10 was obtained. The clear solution was stirred for 1 hour, then extracted 3 x 100 mL with 

CHCl3, dried with MgSO4 then the solvent removed to give a yellow oil. The oil was dried in 

vacuo overnight to give 2-5 as a white solid (21.85 g, 127 mmol, 71% yield).  

 

1H NMR (300 MHz, CDCl3): δ(ppm) = 8.85 (d, J = 8.2 Hz, 1 Ar-H), 8.66 (dd, J = 1.5 Hz, 1 Ar-H), 

8.24 (d, J = 6.9 Hz, 1 Ar-H), 8.13 (dd, J = 2.2 Hz, 1 Ar-H), 7.76 (dt, J = 1.8 Hz, 1 Ar-H), 7.25 – 7.32  

(m, 2 Ar-H), 7.17 – 7.21 (m, 1H).  

2-4 2-5 
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Preparation of [2,2'-bipyridine]-6-carbonitrile 2-6.90 The N-oxide 2-5 (10.613 g, 61.6 

mmol, 1 eq.) and TMSCN (30.80 mL, 247 mmol, 4 eq.) were dissolved in dry DCM (100 mL) 

then  

benzoyl chloride (14.32 mL, 123 mmol, 2 eq) was added dropwise to the solution at 0 °C. The 

reaction was stirred for one hour at 0 °C then at room temperature for 16 hours. 

Subsequently,  

NaHCO3 (350 mL) was added slowly and the organic layer was separated. The aqueous phase 

was extracted with DCM (2 x 100 mL) then the solvent removed to give a white solid, which 

was washed with pentane (4 x 50 mL), and dried in vacuo to give 2-6 as a white solid (yield: 

5.614 g, 310 mmol, 50%).  

1H NMR (300 MHz, CDCl3): δ(ppm) = 8.64 (m, 2 Ar-H), 8.42 (dt, J = 8.1, 1.0 Hz, 1 Ar-H), 7.90 (t, 

J = 8.1 Hz, 1 Ar-H), 7.82 (td, J = 7.7, 1.8 Hz, 1 Ar-H), 7.64 (dd, J = 7.7, 1.1 Hz, 1 Ar-H), 7.33 (ddd, 

J = 11.2, 4.9, 1.2 Hz, 1 Ar-H).  

Preparation of methyl [2,2'-bipyridine]-6-carboxylate 2-7.90 6-cyano-2,2’bipyridine  

2-6 (7.5 g, 41.39 mmol, 1 eq.) was added to a solution of NaOMe in MeOH generated in situ 

with Na metal (1.14 g, 49.61 mmol, 1.2 eq.) and stirred at room temperature for 16 hours to 

give a deep red solution. Next day, AcOH (12 mL) and NaHCO3 (12 g, 142.86 mmol, 3.4 eq.) 

were added and stirred for 1.5 hour at room temperature. After the alloted reaction time, the 

solid was filtered, washed with MeOH and the solvent removed to give a yellow solid. The 

intermediate was redissolved in ethyl acetate (100 mL) and washed with NaHCO3 (100 mL). 

Subsequently, the organic layer was separated, then the aq. phase extracted with ethyl acetate 

(3 x 100 mL) and the solvent removed to give a dark yellow oil, which was redissolved in 

MeOH:H2O (1:1, 200 mL). Concentrated HCl was added until a pH of 2 was obtained and the 

reaction was left to stir for 16 hours followed by addition of 6 M NaOH until the solution is 

neutralized. The aq. phase was extracted with ethyl acetate (3 x 100 mL), dried with MgSO4 

and the solvent removed to give 2-7 as a yellow solid (4.415 g, 20.61 mmol, 50%). 

1H NMR (300 MHz, CDCl3): δ(ppm) = 8.61 (ddd, J = 4.8, 1.8, 0.9 Hz, 1 Ar-H), 8.53  

(dd, J = 7.9, 1.1 Hz, 1H), 8.46 (dt, J = 8.0, 1.0 Hz, 1 Ar-H), 8.06 (dd, J = 7.7, 1.1 Hz, 1 Ar-H), 7.88  

(t, J = 7.8 Hz,  Ar-H), 7.76 (td, J = 7.5, 1.9 Hz, 1 Ar-H), 7.26 (m, 1H), 3.96 (s, 1 CH3).  

2-5 2-6 

2-6 2-7 
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Preparation of 1-([2,2'-bipyridin]-6-yl)ethan-1-one 2-8.90 3M MeMgBr (36.24 mL, 314.56 

mmol, 5.7 eq.) was added dropwise into a solution of 2-6 (10.0 g, 55.15 mmol, 1 eq.) in dry 

THF (150 mL) at 0 °C. After 45 minutes, the reaction was allowed to stir at rt for two additional 

hours then saturated NH4Cl (150 mL) was added and allowed to stir for 20 minutes. 

Subsequently, the organic phase was separated, the aq. phase extracted with DCM  

(3 x 100 mL) and the solvent removed to give a brown oil. The oil was extracted with pentane  

(3 x 50 mL) to give 2-8 as a bright yellow solid (9.71 g 48.98 mmol, 93% yield).  

1H NMR (300 MHz, CDCl3): δ(ppm) = 8.63 (ddd, J = 4.8, 1.8, 0.9 Hz, 1 Ar-H), 8.56 (dd, J = 7.8, 

1.2 Hz, 1 Ar-H), 8.48 (dt, J = 8.0, 1.1 Hz, 1 Ar-H), 7.99 (dd, J = 7.7, 1.2 Hz, 1 Ar-H), 7.89 (t, J = 7.7 

Hz, 1 Ar-H), 7.80 (ddd, J = 8.0, 7.5, 1.8 Hz, 1 Ar-H), 7.24-7.34 (m,, 1 Ar-H), 2.77 (s, 1 CH3). 

 

 

Preparation of 1,3-di([2,2'-bipyridin]-6-yl)propane-1,3-dione 2-9.90,91 The ketone 

precursor 2-8 (2.085 g, 10.52 mmol, 1.1 eq) and methyl ester precursor 2-7 (2.00 g, 9.33 

mmol, 1 eq) was dissolved in dry 1,4-dioxane (25 mL). Subsequently, NaOtBu (1.415 g, 14.72 

mmol, 1.58 eq) was added to give a heavy brown precipitate which was stirred at room 

temperature for 16 hours. Subsequently, AcOH (0.595 mL, 10.41 mmol, 1.2 eq.) was diluted 

to 10 mL and added into the reaction slowly to give a beige solid. The solid was filtered, 

washed with H2O and further crystallized in MeOH or toluene to give 2-9 as a white powder 

(1.8 g, 4.73 mmol, 45% yield). Due to tautomerization, assignment of the protons was not 

feasible.  

 

Preparation of 6,6''-(1H-pyrazole-3,5-diyl)di-2,2'-bipyridine HLH.90 Hydrazine 

monohydrate (0.500 mL, 16.05 mmol, 3 eq.) was added to a suspension of the diketone 2-9 

2-6 2-8 

2-8 2-7 2-9 

2-9 HLH 
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(2.00 g, 5.25 mmol, 3.1 eq.) in EtOH (20 mL). The reaction was heated at 80 °C for three hours, 

cooled to room temperature, and the solvent removed to give a yellow solid. The yellow solid 

was redissolved in minimal amounts of acetone and layered with H2O to give HLH as a white 

powder (1.49 g, 4.0 mmol, 76%).  

1H NMR (300 MHz, CDCl3): δ(ppm) = 11.65(s,  1 NH), 8.74 (ddd, J = 4.9, 1.9, 0.9 Hz, 1 Ar-H), 

8.62-8.53 (m, 1H), 8.42-8.36 (m, 1 Ar-H), 8.04-7.82 (m, 3 Ar-H), 7.60 (s, 1 Ar-H), 7.36 (ddd, J 

= 7.5, 4.8, 1.2 Hz ,1 Ar-H).  

 

Preparation of methyl 6-bromopicolinate 5-2.144 6-bromopyridine-2-carboxylic acid  

5-1 (30 g, 148.51 mmol 1 eq.) was suspended in MeOH (150 mL). Subsequently, 

 H2SO4 (1 mL, 18.76 mmol, 0.12 eq.) was added and the reaction was heated at reflux for 16 

hours. After the allocated reaction time, the reaction was neutralized with NaHCO3 and the 

organic phase separated. The aqueous phase was extracted with DCM (3 x 100 mL) and the 

solvent removed to give a white solid (17.5 g, 87.06 mmol, 73% yield).  

1H NMR (300 MHz, CDCl3): δ(ppm) = 8.11(dd, J = 6.6, 1.9 Hz, 1 Ar-H), 7.77-7.66 (m, 2 Ar-H), 

8.11(dd, J = 6.6, 1.9 Hz, 1H), 4.01 (s, 1 CH3).  

 

Preparation of methyl 6-(methyl(pyridin-2-yl)amino)picolinate 5-3. Compound  

5-2 (1.0 g, 4.63 mmol, 1 eq.) was dissolved in dry toluene (15 mL) then K3PO4 (1.18 g, 5.56 

mmol, 1.2 eq.), Pd(0) (0.085 g, 0.093 mmol, 0.02 eq.), and BINAMP (0.115 g, 0.185 mmol, 0.04 

eq.) were added to give a red suspension. After 15 minutes, 4-methyl(amino)pyridine (0.475 

mL, 4.62 mmol, 1 eq.) was added to immediately give an orange solution. The reaction was 

heated at reflux for 16 hours, filtered, and the solvent removed to give a yellow oil, which was 

further purified by column chromatography (silica gel) with hexane:ethylacetate (3:1) as the 

eluent to give 5-3 as a yellow solid (0.544 g, 2.23 mmol, 48% yield).  

1H NMR (300 MHz, CDCl3): δ(ppm) = 8.42-8.34 (m, 1 Ar-H), 7.75 – 7.58 (m, 3 Ar-H), 7.43 (dd, 

J = 7.8, 1.5 Hz 1 Ar-H), 7.24 (dt, J = 8.5, 1.0 Hz 1 Ar-H), 6.95 (ddd, J = 7.3, 5.0, 0.9 Hz 1 Ar-H), 

3.99(s, 1 CH3), 3.74 (s, 1 CH3).  

 
13C NMR (300 MHz, CDCl3): δ(ppm) = 200.4 (1C, C=O), 157.4 (1C, Ar-C), 156.5 (1C, Ar-C), 

151.8 (1C, Ar-C),  148.1 (1C, Ar-C), 137.6 (1C, Ar-C), 137.5(1C, Ar-C), 117.8 (1C, Ar-C), 116.9 

(1C, Ar-C), 115.2 (1C, Ar-C), 114.2 (1C, CH), 36.0 (1C, NCH3), 25.8 (1C, CH3).  

5-1 5-2 

5-2 5-3 
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Preparation of 1-(3-bromophenyl)ethan-1-one 5-5.145 n-BuLi (25 mL, 62 mmol, 1.1 eq) 

was added dropwise to a suspension of 2,6-dibromopyridine (13.3 g, 56.27 mmol, 1 eq.) in 

dry Et2O (150 mL) at -78 °C for 30 minutes. Subsequently, the reaction was warmed to -40 °C 

and stirred for one hour. The reaction was cooled to -78 °C, then DMA was added and the 

reaction was warmed to room temperature. Subsequently, saturated NH4Cl (100 mL) was 

added, and the organic phase was separated. The aq. phase was extracted with Et2O (3 x 100 

mL) then the combined organic layers were concentrated in vacuo to give 5-5 as white 

crystalline material (8.1 g, 40.50 mmol, 72 % yield).   

1H NMR (300 MHz, CDCl3): δ(ppm) = 8.01 (dd, J = 6.9, 1.7 Hz,1 Ar-H), 7.75 – 7.64 (m, 2 Ar-H), 

2.72 (s, 1 CH3).  

 

 

 

Preparation of N-methyl-6-(2-methyl-1,3-dioxolan-2-yl)-N-(pyridin-2-yl)pyridin-2-

amine 5-6.146 Compound 5-5 (15.495 g,  77.46 mmol, 1 eq.) was dissolved in benzene (130 

mL) then ethylene glycol (4.8 mL, 85.84 mmol, 1.1 eq.) and PTSA (1.47 g, 7.73 mmol, 0.5 eq.) 

was added. The reaction was heated with a Diens-stalk apparatus for 32 hours at 120 degrees. 

Subsequently, the reaction was cooled to room temperature, and 1M NaOH was added until 

the reaction was neutralized. The organic phase was separated then the aq. phase was 

extracted with Et2O (3 x 100 mL) and the solvent removed to give a dark purple oil, which 

was further purified by column chromatography (silica gel) with EtOAc:C6H14 (1:3) as the 

eluent to give an orange oil (6.09 g, 24.95 mmol, 32% yield).  
 

1H NMR (300 MHz, CDCl3): δ(ppm) = 7.61-7.47 (m, 2 Ar-H), 7.42 (dd, J = 7.0, 1.9 Hz 1 Ar-H), 

4.19-4.02 (m, 2 CH2), 3.99-3.80 (m, 2 CH2), 1.73 (s, 1 CH3). 

  

5-4 5-5 

5-5 5-6 
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Preparation of N-methyl-6-(2-methyl-1,3-dioxolan-2-yl)-N-(pyridin-2-yl)pyridin-2-

amine 5-7.  NaOtBu (2.83 g,  29.49 mmol 1.2 eq.), Pd(0) (0.450 g, 0.491 mmol, 0.02 eq.), and 

dppp (0.405 g, 0.983 mmol, 0.04 eq.) were dissolved in dry toluene (100 mL) then a solution 

of 5-6 (6.00 g, 24.59 mmol, 1 eq,) in dry toluene (10 mL) was added. After 5 minutes, 4-

methyl(amino)pyridine (2.50 mL, 24.55 mmol, 1 eq.) was added and the reaction was heated 

at reflux for 48 hours. Subsequently, the reaction was cooled to room temperature, filtered, 

and the solvent removed to give a dark blue/purple oil, which was purified by column 

chromotagraphy (silica gel) with ethylaetate:hexane (1:6) as the first eluent followed by 

ethylacetate:hexane (1:1) to give a yellow oil (4.3 g, 15.79 mmol, 64% yield).  

1H NMR (300 MHz, CDCl3): δ(ppm) = 8.35 (ddd, J = 5.0, 2.0, 0.9 Hz, 1 Ar-H), 7.63 – 7.45 (m, 2 

Ar-H), 7.31 (m, 1 Ar-H), 7.18-7.06 (m, 2 Ar-H), 6.86 (ddd, J = 7.2, 5.0, 1.0 Hz, 1 Ar-H), 4.20-4.04 

(m, 2 CH2), 4.04 – 3.86 (m, 2 CH2), 3.68 (s, 1 NCH3), 1.77 (s, 1 CH3).  

 
13C NMR (300 MHz, CDCl3): δ(ppm) = 159.1 (1C, Ar-C), 157.6 (1C, Ar-C), 157.1 (1C, Ar-C), 

147.1 (1C, Ar-C),  137.4 (1C, Ar-C), 137.1 (1C, Ar-C), 116.8 (1C, Ar-C), 114.2 (1C, Ar-C), 113.4 

(1C, Ar-C), 112.0 (1C, Ar-C), 108.7 (1C, CH), 157.1 (1C, Ar-C), 65 (2C, CH2), 35.9 (1C, NCH3), 

24.7 (1C, CH3).  

 

 

 

Preparation of 1-(6-(methyl(pyridin-2-yl)amino)pyridin-2-yl)ethan-1-one 5-8. 

Compound 5-7 (16.54 g, 60.96 mmol, 1 eq.) was redissolved in acetone then 6M HCl (60 mL) 

was added and the reaction was stirred at room temperature for 16 hours. Subsequently, the 

solution was neutralized with Na2CO3 then extracted with DCM (3 x 100 mL). The solvent was 

removed to give an orange oil, which was purified by coloumn chromatography (silica gel) 

with ethylacetate:hexane  (2:3) as the eluent to give an orange oil (10.357 g, 45,55 mmol, 75% 

yield).  

1H NMR (300 MHz, CDCl3): δ(ppm) = 8.39 (ddd, J = 5.0, 2.0, 0.8 Hz, 1 Ar-H), 7.70-7.50 (m, 3 

Ar-H), 7.38 (dd, , J = 8.1, 1.1 Hz, 1 Ar-H), 7.32-7.19 (m, 1 Ar-H), 6.96 (ddd, J = 7.3, 4.9, 0.9 Hz, 1 

Ar-H), 3.70 (s, 1 NCH3), 2.67 (s, 1 CH3).   
 

5-6 5-7 

5-7 5-8 
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13C NMR (300 MHz, CDCl3): δ(ppm) = 200.4 (1C, C=O), 157.5 (1C, Ar-C), 151.8 (1C, Ar-C), 

148.1 (1C, Ar-C),  137.6 (1C, Ar-C), 137.5 (1C, Ar-C), 117.9 (1C, Ar-C), 116.9 (1C, Ar-C), 115.2 

(1C, Ar-C), 114.1 (1C, Ar-C), 36.0 (1C, NCH3), 25.8 (1C, CH3). 

 

 

 

 

 

Preparation of 1,3-bis(6-(methyl(pyridin-2-yl)amino)pyridin-2-yl)propane-1,3-dione  

5-9. The ketone (6.12 g, 26.93 mmol 1 eq.) and methyl ester (6.2 g 25.48 mmol, 1.05 eq.) were 

suspended in dry toluene then NaOtBu (2.72 g, 28.27 mmol, 1.5 eq.) was added to give a red 

solution. The reaction was heated to 80 °C for 3 hours. Subsequently, the reaction was cooled 

to room temperature, precipitated with EtOH:AcOH (20 mL, 1:1) to give a bright yellow solid. 

The solid was filtered, redissolved in DCM and washed with H2O. The aq. phase was extracted 

with DCM (3 x 100 mL), then the solvent was removed to give a bright yellow solid (8.48 g, 

19.33 mmol, 72%).  

 

Preparation of 6,6'-(4-methyl-1H-pyrazole-3,5-diyl)bis(N-methyl-N-(pyridin-2-

yl)pyridin-2-amine) HL1. Compound 5-9 (3.348 g, 7.64 mmol 1 eq.) was suspended in dry 

toluene (50 mL) then KHMDS (1.80 g, 9.02 mmol, 1.2 eq.) was added to give a green solution. 

The reaction was heated to 80 °C s for one hour then CH3I (1.90 mL, 30.52 mmol, 4 eq.) was 

added to give a yellow precipitate. The reaction was heated for an additional three hours, 

cooled to room temperature and the yellow solid filtered, washed with toluene. The organic 

layer was washed with sat. Na2CO3, separated, then the aq. phase was extracted with 

chloroform (3 x 100 mL) and the solvent removed to give a brown oil, which was used without 

purification.  

The brown oil (3.43 g, 7.58 mmol, 1 eq.) was redissolved in EtOH (30 mL) then hydrazine 

(0.71 mL, 22.79 mmol, 3 eq) was added and the solution was heated at reflux for 4 hours 

affording a fine yellow precipitate. The reaction was stirred at room temperature for an 

additional 16 hours, the yellow solid filtered, then washed with EtOH to give HL1 (2.2 g, 4.90 

mmol, 64% yield).  

 
1H NMR (500 MHz, DMSO-d6): δ(ppm) = 8.33 (dd, J = 7.8, 2.0 Hz, 2 Ar-H),  

7.71 (m, 4 Ar-H), 7.42 (d, J = 7.5 Hz, 2 Ar-H), 7.30 (d, J = 8.4 Hz, 2 Ar-H), 7.16 (dd, J = 8.3 Hz, 

0.7 Hz, 2 Ar-H), 7.00 (ddd, J = 7.2 Hz, 4.9 Hz, 0.9 Hz, 2 Ar-H), 3.60 (s, 2 NCH3), 2.59 (s, 1 CH3).  

 

5-8 5-3 5-9 

5-9 HL1 
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13C NMR (300 MHz, CDCl3): δ(ppm) = 157.3 (4C, Ar-C), 156.7 (2C, Ar-C), 156.3 (4C, Ar-C), 

148.0 (2C, Ar-C),  147.9 (2C, Ar-C), 138.3 (2C, Ar-C), 138.0 (2C, Ar-C), 137.7 (2C, Ar-C), 117.5 

(2C, Ar-C), 114.9 (2C, Ar-C), 113.8 (1C, Ar-C), 111.9 (2C, Ar-C), 35.9 (1C, NCH3), 10.8 (1C, CH3). 

 

 

Preparation of 1-([2,2'-bipyridin]-6-yl)-3-(6-(methyl(pyridin-2-yl)amino)pyridin-2-

yl)propane-1,3-dione 6-1.  The methylester 2-7 (2.00 g, 9.34 mmol, 1 eq.) and ketone 5-8 

(2.12 g, 9.32 mmol, 1.00 eq.) were suspended in dry 1,4-dioxane. NaOtBu (1.07 g, 11.20 mmol, 

1.2 eq.) was added to give a brown solution and the solution was stirred at room temperature 

for 16 hours. Subsequently, a mixture of AcOH (0.534 mL, 9.32 mmol, 1 eq.) was diluted to 10 

mL then added slowly to give a yellow solid (1.42 g, 3.47 mmol, 37% yield). The solid was 

used without further purification.  

 

Preparation of 6-(3-([2,2'-bipyridin]-6-yl)-1H-pyrazol-5-yl)-N-methyl-N-(pyridin-2-

yl)pyridin-2-amine HL2.  

The diketone 6-1 (1.00 g, 2.44 mmol, 1 eq.) was suspended in EtOH (30 mL) then N2H4·H2O 

(0.288 mL, 9.24 mmol, 3.8 eq.) was added and the solution was heated at reflux for three 

hours. Subsequently, the solution was cooled to room temperature and the solvent was 

removed to give an orange oil. Acetone was added to the oil then layered with H2O to give HL2 

as a white powder (0.73 g, 0.180 mmol, 73% yield).  

1H NMR (300 MHz, CDCl3): δ(ppm) = 8.73 (ddd, J = 4.8, 1.8, 0.9 Hz, 1 Ar-H),  

8.58 (d, J = 8.0 Hz, 1 Ar-H), 8.40 – 8.46(m, 1 Ar-H), 8.36 – 8.48 (m, 1 Ar-H), 7.91 (ddt, J = 9.6, 

7.6, 3.3 Hz, 2 Ar-H), 7.55-7.71 (m, 2 Ar-H), 7.47 (s, Pz-H), 7.37 (ddd, J = 7.6, 4.9, 1.2 Hz, 1 Ar-

H), 7.30-7.34 (m, 1 Ar-H), 7.19 – 7.09 (m, 1 Ar-H), 6.85 (ddd, J = 7.3, 5.0, 0.9 Hz, 1 Ar-H), 3.74 

(s, NCH3).  
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Preparation of [Ru(LH)2][BF4]2
 3-1a. HLH (0.378 g, 1.06 mmol, 3 eq.) and Ru(DMSO)4Cl2 

(0.162 g,  0.334 mmol, 1 eq.) were suspended in degassed EtOH:acetone (24 mL)  then heated 

at reflux for 16 hours to give  a deep brown solution. Subsequently, the reaction was cooled 

to room temperature, NH4BF4 (0.112 g, 1.07 mmol, 3.2 eq.) was added and the crude product 

was obtained by precipitation with Et2O. Red crystalline material was obtained by slow 

diffusion of Et2O into a solution of 3-1a (0.293 g, 0.277 mmol, 78% yield). For the synthesis 

of 3-1b, the procedure is identical except NaOTf (0.184 g, 1.06 mmol, 3.2 eq.) was used instead 

of NH4BF4. 

1H NMR (300 MHz, CD3CN): δ(ppm) = 15.08 (s, 1 NH), 8.60 (dd, , J = 5.3, 3.7 Hz, 1 Ar-H), 8.10  

(s, 1 Ar-H), 8.03 (t, J = 7.9, 1 Ar-H), 7.86 (dd, J = 7.9, 0.9 Hz, 1 Ar-H), 7.82-7.70 (m, 3 Ar-H), 2.67  

(s, 1 CH3), 7.54 (d, J = 8.0 Hz, 1 Ar-H), 7.48 (d, J = 8.0, 1 Ar-H), 7.42 (td, J = 7.7, 1.8 Hz, 1 Ar-H), 

7.24 (td, J = 7.9, 1.5 Hz, 1 Ar-H), 6.84 (dt, J = 4.5, 1.5 Hz, 1 Ar-H), 6.78 (ddd, J = 7.5, 5.6, 1.3 Hz, 

1 Ar-H), 6.72 – 6.59 (m, 2 Ar-H).  

MS (ESI(+), MeCN): m/z = 853 [HLH
2Ru]2+

,
 m/z = 458 [LH

4Ru2NaF]4+   

UV-Vis (MeCN, 298 K): λ [nm](ε[M-1 cm-1]) = 434 (27660), 457 (26700), 514 (11250), 554 

(7290).  
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Preparation of [LH
4Ru2Co2][BF4]4 3-2. The RuII corner complex 3-1a (0.118 g, 0.114 mmol, 

1 eq.) and NaOtBu (0.029 g, 0.301 mmol, 2.6 eq.) was dissolved in dry MeCN (8 mL). After one 

hour, CoII(BF4)2 (0.078 g, 0.229 mmol, 2 eq.) was added and the solution was heated at reflux 

for two days. Subsequently, the brown solution was cooled to room temperature, filtered, and 

the crude product was obtained by precipitation with Et2O. Crystalline material was obtained 

by slow diffusion of Et2O into a solution of 3-2 in MeCN (0.067 g, 0.031 mmol, 27% yield).  

1H NMR (400 MHz, CD3CN): δ(ppm) = 120.28 (s, 1 Ar-H), 97.69 (s, 1 Ar-H), 66.67 (s, 1 Ar-H), 

48.49 (s, 1 Ar-H), 29.64 (s, 1 Ar-H), 27.15 (s, 1 Ar-H), 25.91 (s, 1 Ar-H), 11.90 (s, 1 Ar-H), 6.34  

(s, 1 Ar-H), -2.91 (s, 1 Ar-H), -4.14 (s, 1 Ar-H), -9.38 (s, 1 Ar-H), -17.10 (s, 1 Ar-H), -22.44 (s, 1 

Ar-H).  

MS (ESI(+), MeCN): m/z = 455 [LH
4Ru2Co2]4+ 

UV-vis (MeCN, 298 K): λ [nm](ε[M-1 cm-1]) = 235 (81670), 267 (65560), 299 (61930), 408 

(17770), 496 (8010), 608 (3040).  

 

Preparation of [LH
4Ru2Co2][BF4]6 3-3. [LH

4Ru2Co2][BF4]4 3-2 (0.020 g, 0.009 mmol, 1 eq.) 

was dissolved dry MeCN (3 ml). Subsequently, a solution of [thianthrene]·+[BF4]- (0.006 g, 

0.018 mmol,  2 eq.) was added to immediately give a red solution. The reaction was stirred at 
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room temperature for 16 hours, filtered and precipitated with Et2O to give a red powder.  

Crystalline material was obtained by slow diffusion of Et2O into a solution of 3-3 in MeCN 

(0.005 g, 0.002 mmol, 25% yield).  

1H NMR (400 MHz, CD3CN): δ(ppm) = 8.68 (d, J = 8.0 Hz, 1 Ar-H), 8.57 (s, 1 Pyz-H), 8.47 (m, 2 

Ar-H), 8.38 (t, J = 8.0, 1 Ar-H), 8.21 (m, 2 Ar-H), 7.97 (d, J = 7.2 Hz, 1 Ar-H), 7.73 (t, J = 7.7 Hz, 

1 Ar-H), 7.56 (t, J = 7.8, 1 Ar-H), 7.37 (d, J = 7.8 Hz, 1 Ar-H), 6.91 (t, J = 6.9 Hz, 1 Ar-H), 6.73 (t, 

J = 6.8 Hz, 1 Ar-H), 5.73 (d, J = 6.0, 1 Ar-H), 5.49 (d, J = 6.1, 1 Ar-H).  

UV-vis (MeCN, 298 K): λ [nm](ε[M-1 cm-1]) = 270 (55010), 320 (44190), 401 (12833), 497 

(6427). 

 

 

Preparation of [LH
4Ru2Fe2][OTf]4

 4-1.  [HLH
2Ru][OTf]2 3-1b (0.104 g, 0.101 mmol, 1 eq.) and 

NaOtBu (0.019 g, 0.198 mmol 2 eq.) were dissolved in dry MeCN (6 mL) and stirred at room 

temperature for one hour. Subsequently, FeII(BF4)2 (0.033 g, 0.098 mmol, 1 eq.) was added 

and the reaction was heated at reflux for 16 hours. The reaction was filtered, precipitated with 

Et2O and further crystallized by slow diffusion of Et2O into a solution of 4-2 in MeCN (0.070 

g, 0.032 mmol, 33% yield).  

1H NMR (400 MHz, CD3CN): δ(ppm) = 140.38 (s, 1 Ar-H), 81.27 (s, 1 Ar-H), 62.86 (s, 1 Ar-H), 

58.25 (s, 1 Ar-H), 53.75 (s, 1 Ar-H), 47.53 (s, 1 Ar-H), 14.18 (s, 1 Ar-H), 12.94 (s, 1 Ar-H), 9.49 

(s, 1 Ar-H), 6.84 (s, 1 Ar-H), 0.79 (s, 1 Ar-H), -1.28 (s, 1 Ar-H), -9.58 (s, 1 Ar-H), -10.93 (s, 1 Ar-

H).  

MS (ESI(+), MeCN): m/z = 454 [LH
4Ru2Fe2]4+ 

UV-vis (MeCN, 298 K): λ [nm](ε[M-1 cm-1]) = 386 (33860), 497 (15040), 560 (7730), 608 

(4410).  

MB: δ = 1.04 mms-1; ∆EQ = 2.84 mms-1 
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Preparation of [L1
2Fe2][OTf]2

. HL1 (0.100 g, 0.223 mmol, 2 eq.) and NaOtBu (0.087 g, 0.905 

mmol, 4 eq.) were dissolved in dry MeCN (10 mL) and stirred at room temperature for 45 

minutes. Subsequently, FeII(OTf)2·2MeCN (0.116 g, 0.266 mmol, 1.14 eq.) was added to give a 

deep red solution, which was stirred at room temperature. After 16 hours, bright yellow 

crystalline material of [L1
2Fe2][OTf]2 was obtained (0.102 g, 0.085 mmol, 38% yield). Since 

ESI-MS, 1H NMR spectroscopy and MB spectroscopy of the crude product confirm the purity 

of the complex, most analytical measurements were conducted on the non-crystallized 

material. For X-ray diffraction analysis, single crystals of [L1
2Fe2][OTf]2 were obtained by slow 

diffusion of Et2O into a solution of [L12Fe2][OTf]2 in MeCN. The same procedure was 

repeated for [5-10a] except Fe(BF4)2·6H2O (0.091 g, 0.270 mmol, 1.2 eq.) was used instead of 

FeII(OTf)2·2MeCN.  

1H NMR (400 MHz, CD3CN): δ(ppm) = 60.99(s, 1 Ar-H), 49.41 (s, 1 Ar-H), 46.57 (s, 1 Ar-H), 

37.75(s, 1 Ar-H), 33.55 (s, 1 Ar-H), 22.05 (s, 1 Ar-H), 4.04 (s, 1 Ar-H), -1.96 (s, 1 Ar-H),  

-2.79 (s, 1 Ar-H).   

MS (ESI(+), MeCN): m/z = 503 [L1
2Fe2]2+ 

UV-vis (MeCN, 298 K): λ [nm](ε[M-1 cm-1]) = 260 (72172), 303 (47554), 332 (45495), 839 

(130). 

MB: δ = 1.10 mms-1; ∆EQ = 4.10 mms-1 
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Preparation of [L1
2FeIIFeIII][OTf]3[5-11]. The dinuclear [L1

2FeII
2][OTf]2 (0.050 g, 0.038 

mmol, 1 eq.) was suspended in dry MeCN (6 mL) then a solution of Cu(OTf)2 (0.014 g, 0.038 

mmol, 1 eq.) in MeCN was added to give a green solution. The reaction was stirred at room 

temperature for 16 hours under inert conditions, filtered then crystallized by slow diffusion 

of Et2O into a solution of the product in MeCN (0.011 g, 0.008 mmol, 20% yield).  

1H NMR (400 MHz, CD3CN): δ(ppm) = 48.46 (s, 1 Ar-H), 37.12 (s, 1 Ar-H), 25.27(s, 1 Ar-H), 

24.70 (s, 1 Ar-H), 15.00 (s, 1 Ar-H), 14.70 (s, 1 Ar-H), 6.52 (s, 1 Ar-H), 4.44 (s, 1 CH3), -1.18 (s, 

2 CH3).   

MB: δ = 1.12 mms-1; ∆EQ = 3.98 mms-1 

         δ = 0.15 mms-1; ∆EQ = 2.26 mms-1 

 

Preparation of [L22Ru][BF4]2. HL2 (0.080 g, 0.197 mmol, 3 eq.) and Ru(DMSO)4Cl2 (0.030 g, 

0.061 mmol, 1 eq.) was dissolved in degassed EtOH:acetone (1:1, 30 mL). The reaction was 

heated at reflux overnight then NH4BF4 (0.020 g, 0.191 mmol, 3.1 eq.) was added. The 

solution was stirred for an additional 3 hours then the solution filtered and precipitated 

with Et2O to give a brown powder, which was further purified by slow diffusion of Et2O into 

a MeCN solution of the product (0.012 g, 0.011 mmol, 18% yield).   

1H NMR (400 MHz, CD3CN): δ(ppm) = 8.55 (d, J = 8.1 Hz, 1 Ar-H), 8.49 (d, J = 7.9 Hz, 1 Ar-H), 

8.31 – 8.45(m, 2 Ar-H), 8.08 (d, J = 5.1 Hz, 1 Ar-H), 7.93 (t, J = 7.8 Hz, 1 Ar-H), 7.69 (m, 3 Ar-H), 

7.25 (d, J = 7.6 Hz, 1 Ar-H), 7.09 – 7.18 (m, 3 Ar-H), 7.04 (t, J = 6.0 Hz, 1 CH3), 3.47 (s, 1 NCH3) 
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Appendix 

A1 – NMR Spectroscopy for the Ligands and Ligand Precursors 

Figure A1. 1H NMR spectrum of 5-3 in CDCl3 at room temperature.  

Figure A2. 13C NMR spectrum of 5-3 in CDCl3 at room temperature.  
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Figure A4. 1H-13C HSQC spectrum of 5-3 in CDCl3 at room temperature.  

Figure A3. 1H-1H COSY spectrum of 5-3 in CDCl3 at room temperature.  
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Figure A5. 1H-13C HMBC spectrum of 5-3 in CDCl3 at room temperature.  

Figure A6. 1H NMR spectrum of 5-7 in CDCl3 at room temperature.  
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Figure A7.13C NMR spectrum of 5-7 in CD3Cl at room temperature.  

Figure A8. 1H-1H COSY spectrum of 5-7 in CD3Cl at room temperature.  
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Figure A9. 1H-13C HSQC spectrum of 5-7 in CD3Cl at room temperature.  

Figure A10. 1H-13C HMBC spectrum of 5-7 in CD3Cl at room temperature. 
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Figure A11. 1H NMR spectrum of 5-8 in CDCl3 at room temperature.  

Figure A12. 13C NMR spectrum of 5-8 in CDCl3 at room temperature.  
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Figure A13. 1H-1H COSY spectrum of 5-8 in CDCl3 at room temperature.  

Figure A14. 1H-13C HSQC spectrum of 5-8 in CDCl3 at room temperature.  
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Figure A15. 1H-13C HMBC spectrum of 5-8 in CDCl3 at room temperature.  

Figure A16. 1H NMR spectrum of HL1 in DMSO-d6 at room temperature.  
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Figure A17. 13C NMR spectrum of HL1 in DMSO-d6 at room temperature.  

Figure A18. 1H-1H COSY spectrum of HL1 in DMSO-d6 at room temperature.  
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Figure A19. 1H-13C HSQC spectrum of HL1 in DMSO-d6 at room temperature.  

Figure A20. 1H-13C HMBC spectrum of HL1 in DMSO-d6 at room temperature.  
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Appendix for Complexes 

A2 - Mass spectrometry 

 

Figure A22. ESI-MS of [L2
4Ru2][BF4]4 in MeCN at higher concentrations (> 10-5 M) revealing 

one dominant peak at m/z = 455 corresponding to [L2
4Ru2]4+. 

  

 

Figure A21. ESI-MS of the RuII “corner complex” [LH
4Ru2][BF4]4 in (a) concentrated and (b) 

dilute MeCN. 
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A3 – NMR Spectroscopy for Complexes 

 

 

 

Figure A23. 1H NMR spectrum of [LH
2Ru][BF4]2 in MeCN-d3. 

Figure A24. 13C NMR spectrum of [LH
2Ru][BF4]2 in MeCN-d3. 
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Figure A26. 1H-13C HSQC spectrum of [LH
2Ru][BF4]2 in MeCN-d3.  

Figure A25. 1H-13C HMBC spectrum of [LH
2Ru][BF4]2 in MeCN-d3.  
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Figure A28. 1H NMR spectrum of [LH
4Ru2Co2][BF4]6 in MeCN-d3.  

Figure A27. Simulation of the diffusion coefficient at one peak (7.417 ppm) for HLH
. The 

diffusion coefficients for HLH and [LH
2Ru][BF4]2 reported in Chapter 3 were obtained by 

averaging the diffusion coefficients for all selected resonances.  
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Figure A29. 1H-1H COSY spectrum of the doubly oxidized [LH
4Ru2Co2][BF4]6 grid in MeCN-d3 

at room temperature.    

Figure A30. 1H NMR spectrum pf [LH
4Ru2Fe2][BF4]4 in MeCN-d3.  
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Figure A31. 1H-1H COSY spectrum pf [LH
4Ru2Fe2][BF4]4 in MeCN-d3 at room temperature.  

Figure A32. 1H NMR spectrum of [L2
2Ru][BF4]2 in MeCN-d3. Solvent molecules (MeCN and 

H2O) are indicated with asterisks (*).  

δ (ppm) 
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Figure A33. 1H-1H COSY on the [L2
2Ru][BF4]2 corner complex in the range of δ = 6 – 9 ppm 

in MeCN-d3 at room temperature.  
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A4 - Electrochemical Measurements 

Table A1. Electrochemical parameters for the first oxidative wave of [LH
2Ru][BF4]2 at 

different scan rates.  

Scan rate 

[mms-1] Eox[mV] Ered [mV] E½ [mV] ∆Ep [mV] 

20 604 502 553 102 

50 616 504 560 112 

80 624 488 556 136 

100 616 496 556 120 

200 640 460 550 180 

 

Table A2. Electrochemical parameters for the second oxidative wave of [LH
2Ru][BF4]2 at 

different scan rates. 

Scan rate [mms-1] Eox[mV] Ered [mV] E½ [mV] ∆Ep [mV] 

20 1060 965 1012 96 

50 1064 961 1013 104 

80 1064 961 1013 104 

100 1064 969 1017 96 

200 1072 965 1018 108 

 

 

 

 

 

 

 

Figure A34. Cyclic voltammogram of [LH
2Ru][BF4]2 in MeCN with [NBu4]PF6 as the electrolyte 

at various scan rates. All potentials are referenced against Fc/Fc+. 
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R2 = 0.95 
R2 = 0.93 

Figure A35. A plot of the peak current (ipf) versus v1/2
 of [LH

2Ru][BF4]2 suggesting quasi-
reversible behaviour for both oxidative waves.  

Figure A37. Cyclic voltammetry of [LH
4Ru2Co2][BF4]4 in MeCN with [NBu4]PF6 as the 

electrolyte at various scan rates. All potentials are referenced against Fc/Fc+.  

Figure A36. Plot of ipr/ipf vs v½ for [LH
2Ru][BF4]2 illustrating the increase in irreversibility at 

slower scan rates.  
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Figure A38. Cyclic voltammetry of [LH
4Ru2Fe2][BF4]4 in MeCN with [NBu4]PF6 as the 

electrolyte at various scan rates. All potentials are referenced against Fc/Fc+. 

Figure A39. (a)Cyclic voltammogram of [L1
2Fe2][OTf]2 in MeCN at different scan rates with 

[Bu4N]PF6 as the electrolyte (left). All potentials are referenced against Fc/Fc+. (b) Plot of ipf 
vs v½ for the first anodic wave of [L1

2Fe2][OTf]2 suggesting reversible behaviour.  

(a) (b) 
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A5 – Mӧssbauer Spectroscopy 

  

Figure A40. MB spectrum of Fe(OTf)2·2MeCN at 80 K. One doublet with an isomer shift of  
δ = 1.39 mms-1 and quadruple splitting ∆EQ = 3.60 mms-1 was observed.  

Figure A41. Frozen solution MB spectrum of Fe(OTf)2·2MeCN in DMF at 80 K. One doublet 
with an isomer shift of δ = 1.27 mms-1 and quadruple splitting ∆EQ = 282 mms-1 was observed, 
corresponding the HS-FeII ion in Fe(OTf)2·2MeCN. The second species with an isomer shift of 
 δ = 0.41 mms-1 (∆EQ = 0.50 mms-1) may be attributed to oxidation of the FeII salt in DMF.  
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A6 – Magnetic Measurements 

 

 

 

Figure A42. Temperature dependence of χ’’ at 1500 Hz in the absence of a dc field and with 

the applied dc field Hdc = 3000 Oe. 

Figure A43. Relaxation times vs. inverse temperature for [LH
4Ru2Co2][BF4]4, fitted according 

to Raman relaxation 1/τ = CTn. 



141 
 

A7 - X-ray Crystallography 

 

  

Figure A44. ORTEP plot (50% probability thermal ellipsoids) of [LH
4Ru2][BF4]4. Hydrogen 

atoms, counterions and solvent molecules are omitted for clarity. Selected bond lengths [Å]: 

Ru(1)-N(35) 1.979(7), Ru(1)-N(3) 1.982(7), Ru(1)-N(36) 2.047(7), Ru(1)-N(1) 2.068(7), 

Ru(1)-N(32) 2.071(6), Ru(1)-N(4) 2.076(7), Ru(2)-N(23) 1.985(6), Ru(2)-N(15) 1.999(6), 

Ru(2)-N(16) 2.047(6), Ru(2)-N(24) 2.060(6), Ru(2)-N(12) 2.069(6), Ru(2)-N(21)2.073(6). 
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Table A3. Crystal metrics and refinement data for [LH

4Ru2][BF4]4 

 [LH
4Ru2][BF4]4 

Empirical Formula C94H67B4F16N25Ru2 

Formula Weight 2096.10 

Temperature [K] 133(2) 

Crystal size [mm3] 0.500 x 0.120 x 0.100 

Crystal system Triclinic 

Space group P-1 

a [Å] 13.8944(5) 

b [Å] 17.1622(6) 

c [Å] 21.3058(8) 

 [°] 84.379(3) 

 [°] 80.806(3) 

 [°] 82.125(3) 

Volume [Å3] 4952.9(3) 

Z 2 

ρ[Mg/m3] 1.405 

μ [mm-1] 0.393 

F(000) 2116 

θ range [°] 1.201 - 26.176 

hkl range ±17, ±21, ±26 

Measured refl. 84099 

Unique refl. [Rint] 84099 

Tmin/Tmax 0.9059, 0.7094 

data / restr. / param. 84099/472/1336 

goodness-of-fit on (F2) 1.042 

R1, wR2 (I > 2(I)) 0.0755, 0.1945 

R1, wR2 (all data) 0.1490, 0.2314 

res. el. dens. [e/Å³] 1.200 / -0.886 
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Figure A45. ORTEP plot (50% probability thermal ellipsoids) of [LH4Ru2Co2][BF4]4. Hydrogen 

atoms, counterions and solvent molecules are omitted for clarity. Selected bond lengths [Å]: 

Ru(1)-N(35) 1.982(3), Ru(1)-N(3) 1.986(3), Ru(1)-N(4) 2.059(3), Ru(1)-N(36) 2.065(3), 

Ru(1)-N(32) 2.069(3), Ru(1)-N(1)2.075(3), Ru(2)-N(15) 1.999(3), Ru(2)-N(23) 2.004(3), 

Ru(2)-N(16) 2.086(3), Ru(2)-N(24) 2.087(3), Ru(2)-N(21) 2.098(3), Ru(2)-N(12) 2.105(3), 

Co(1)-N(13) 2.077(3), Co(1)-N(5) 2.079(3), Co(1)-N(11) 2.098(3), Co(1)-N(2) 2.123(3), 

Co(1)-N(14) 2.249(3), Co(1)-N(6) 2.307(3), Co(2)-N(33) 2.068(3), Co(2)-N(25) 2.082(3), 

Co(2)-N(22) 2.098(3), Co(2)-N(31) 2.116(3), Co(2)-N(34) 2.305(3), Co(2)-N(26) 2.313(3). 

Figure A46. ORTEP plot (50% probability thermal ellipsoids) of [LH
4Ru2Co2][BF4]6. Hydrogen 

atoms, counterions and solvent molecules are omitted for clarity. Selected bond lengths [Å]: 

Ru(1)-N(3) 2.011(9), Ru(1)-N(15)#1 2.015(9), Ru(1)-N(16)#1, 2.055(10), Ru(1)-N(4) 

2.077(10), Ru(1)-N(12)#1 2.142(10), Ru(1)-N(1) 2.176(9), Co(1)-N(13) 1.865(8), Co(1)-

N(5)1.888(8), Co(1)-N(11) 1.952(9), Co(1)-N(2) 1.971(8), Co(1)-N(14) 1.973(8), Co(1)-N(6) 

1.992(8).  
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Figure A47. ORTEP plot (50% probability thermal ellipsoids) of [LH
4Ru2Fe2][BF4]4. Hydrogen 

atoms, counterions and solvent molecules are omitted for clarity. Selected bond lengths [Å]: 

Ru(1)-N(25) 1.979(9), Ru(1)-N(33) 1.990(8), Ru(1)-N(34) 2.055(9), Ru(1)-N(26) 2.070(8), 

Ru(1)-N(22) 2.096(8), Ru(1)-N(31) 2.097(8), Ru(2)-N(5) 1.976(9), Ru(2)-N(13) 1.999(9), 

Ru(2)-N(6) 2.065(9), Ru(2)-N(14) 2.068(8), Ru(2)-N(11) 2.090(8), Ru(2)-N(2) 2.096(8), 

Fe(1)-N(35) 2.118(8), Fe(1)-N(3) 2.123(8), Fe(1)-N(1) 2.128(8), Fe(1)-N(32) 2.133(8), 

Fe(1)-N(36) 2.301(8), Fe(1)-N(4) 2.302(7), Fe(2)-N(23) 2.106(8), Fe(2)-N(15) 2.119(8), 

Fe(2)-N(21) 2.124(8), Fe(2)-N(12) 2.130(9), Fe(2)-N(24) 2.262(9), Fe(2)-N(16) 2.303(9).  
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Table A4. Crystal metrics and refinement data for [LH
4Ru2Co2][BF4]4, [LH

4Ru2Co2][BF4]6
 , and 

[LH
4Ru2Fe2][BF4]4. 

 [LH
4Ru2Co2][BF4]4 [LH

4Ru2Co2][BF4]6 [LH
4Ru2Fe2][BF4]4 

Empirical Formula 
C92H60B4Co2F16N24

Ru2 
C96H66B6Co2F24N26Ru2 C100H72B4F16Fe2N28Ru2 

Formula Weight 2168.88 2424.60 2326.93 

Temperature [K] 133(2) 133(2) 133(2) 

Crystal size [mm3] 
0.500 x 0.480 x 

0.390 
0.240 x 0.200 x 0.170 0.360 x 0.220 x 0.060 

Crystal system monoclinic monoclinic Orthorhombic 

Space group P21/n C2/c Pna21 

a [Å] 19.6906(3) 22.2361(10) 30.4627(7) 

b [Å] 23.6818(3) 21.1294(10) 14.0563(2) 

c [Å] 22.1913(3) 20.3095(8) 22.2083(4) 

 [°] 90 90 90 

 [°] 96.8020(10) 91.847(3) 90 

 [°] 90 90 90 

Volume [Å3] 10275.2(2) 9537.2(7) 9509.4(3) 

Z 4 4 4 

ρ[Mg/m3] 1.402 1.689 1.625 

μ [mm-1] 0.690 0.765 0.709 

F(000) 4344 4848 4688 

θ range [°] 1.351 - 5.859 1.330 - 25.795 1.337 - 25.825 

hkl range ±23, ±28, ±27 ±27, ±25, ±24 ±36, ±17, ±27 

Measured refl. 127085 57798 81899 

Unique refl. [Rint] 19400 [0.0333] 9061 [0.1566] 17944 [0.0640] 

Tmin/Tmax 0.6660, 0.5360 0.9829, 0.8693 0.9712, 0.6687 

data / restr. / 

param. 

19400 / 354 / 

1321 

9061 / 141 / 764 17944 / 268 / 1447 

goodness-of-fit 

(F2) 

1.057 1.054 1.088 

R1, wR2 (I > 

2(I)) 

0.0461, 0.1266 0.0805, 0.2087 0.0551, 0.1225 

R1, wR2 (all data) 0.0563, 0.1361 0.1852, 0.2837 0.0778, 0.1394 

res. el. dens. 

[e/Å³] 

0.777 / -0.806 0.893 / -0.716 1.008 / -0.924 
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Figure A48. ORTEP plot (50% probability thermal ellipsoids) of [L1
2Fe2L1

2][OTf]2. Hydrogen 

atoms, counterions and solvent molecules are omitted for clarity. Selected bond lengths [Å]: 

Fe(1)-N(1) 2.120(4), Fe(1)-N(1)#1 2.120(4), Fe(1)-N(4)#1 2.200(5), Fe(1)-N(4) 2.201(5), 

Fe(1)-N(2) 2.248(5), Fe(1)-N(2)#1 2.248(5).  

Figure A49. ORTEP plot (50% probability thermal ellipsoids) of [L1
2FeIIFeIII][OTf]2[BF4]. 

Hydrogen atoms, counterions and solvent molecules are omitted for clarity. Selected bond 

lengths [Å]: Fe(1)-N(1) 2.125(3), Fe(1)-N(12) 2.134(3), Fe(1)-N(5) 2.155(3), Fe(1)-N(18) 

2.182(3), Fe(1)-N(16) 2.215(3), Fe(1)-N(3) 2.221(3), Fe(2)-N(11) 1.902(3), Fe(2)-N(2) 

1.912(3), Fe(2)-N(13) 1.954(2), Fe(2)-N(6) 1.966(3), Fe(2)-N(8) 1.995(3), Fe(2)-N(15) 

1.997(3).  
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Figure A50. ORTEP plot (50% probability thermal ellipsoids) of [L1
2Co2][BF4]2. Hydrogen 

atoms, counterions and solvent molecules are omitted for clarity. Selected bond lengths [Å]: 

Fe(1)-N(1) 2.125(3), Fe(1)-N(12) 2.134(3), Fe(1)-N(5) 2.155(3), Fe(1)-N(18) 2.182(3), 

Fe(1)-N(16) 2.215(3), Fe(1)-N(3) 2.221(3), Fe(2)-N(11) 1.902(3), Fe(2)-N(2) 1.912(3), 

Fe(2)-N(13) 1.954(2), Fe(2)-N(6) 1.966(3), Fe(2)-N(8) 1.995(3), Fe(2)-N(15) 1.997(3).  
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Table A5. Crystal metrics and refinement data for [L1
2Fe2][OTf]2 , mixed valent 

[L1
2FeIIFeIII][OTf]2[BF4] and [L1

2Co2][BF4]2.  

 [L1
2Fe2][OTf]2 [L1

2FeIIFeIII][OTf]2[BF4] [L1
2Co2][BF4]2 

Empirical 

Formula 
C54H45F6Fe2N16O6S2 C61H56.50B6BF10Fe2N19.50O6S2 C52H46B2Co2F8N16 

Formula Weight 1304.89 1535.38 1186.53 

Temperature 

[K] 
133(2) 133(2) 133(2) 

Crystal size 

[mm3] 

0.489 x 0.078 x 

0.077 
0.500 x 0.180 x 0.130 

0.415 x 0.111 x 

0.106 

Crystal system Orthorhombic triclinic Monoclinic 

Space group Pnnm P-1 P2/n 

a [Å] 20.948 12.6118(4) 16.0258(11) 

b [Å] 8.026 16.4277(5) 8.7007(4) 

c [Å] 17.289 18.3350(6) 18.2124(12) 

 [°] 90 66.359(2) 90 

 [°] 90 85.141(3) 90.178(6) 

 [°] 90 88.888(3) 90 

Volume [Å3] 2906.9 3466.9(2) 2539.4(3) 

Z 2 2 2 

ρ[Mg/m3] 1.491 1.471 1.552 

μ [mm-1] 0.654 0.570 0.739 

F(000) 1336 1572 1212 

θ range [°] 1.527 – 25.743 1.353 - 26.911 1.271 - 25.899 

hkl range ±25, -8-9, -21-20 ±15, ±20, -22-23 ±19, ±10, ±22 

Measured refl.  27298 49557 25413 

Unique refl. 

[Rint] 

2855[0.0853] 14679 [0.0452] 4825[0.0654] 

Tmin/Tmax 0.8960, 0.7270 0.8860, 0.7100 0.8549, 0.5906 

data / restr. / 

param. 

2855 / 241 / 263 14679 / 50 / 1003 4835 / 16 / 381 

goodness-of-fit 

(F2) 

1.088 1.031 1.085 

R1, wR2 (I > 

2(I)) 

0.0816, 0.2278 0.0530, 0.1471 0.0479, 0.1169 

R1, wR2 (all 

data) 

0.1103, 0.2540 0.0780, 0.1626 0.0670, 0.1415 

res. el. dens. 

[e/Å³] 

2.255 / -1.623 1.058 / -0.771 0.539 / -1.133 
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Figure A51. ORTEP plot (50% probability thermal ellipsoids) of [L2
4Fe4][BF4]2. Hydrogen 

atoms, counterions and solvent molecules are omitted for clarity. Selected bond lengths [Å]: 

Fe(1)-N(1) 2.096(7), Fe(1)-N(36) 2.124(8), Fe(1)-N(32) 2.127(8), Fe(1)-N(3) 2.130(7), 

Fe(1)-N(5) 2.206(8), Fe(1)-N(37) 2.227(8), Fe(2)-N(6) 2.124(7), Fe(2)-N(2) 2.126(7), Fe(2)-

N(16) 2.127(7), Fe(2)-N(12) 2.133(7), Fe(2)-N(7) 2.334(7), Fe(2)-N(17) 2.349(8), Fe(3)-

N(26) 2.109(6), Fe(3)-N(22) 2.114(7), Fe(3)-N(11)  2.128(8), Fe(3)-N(13) 2.146(7), Fe(3)-

N(15) 2.203(8), Fe(3)-N(27) 2.278(7), Fe(4)-N(21) 2.155(7), Fe(4)-N(23) 2.160(8), Fe(4)-

N(31) 2.170(7), Fe(4)-N(33) 2.171(7), Fe(4)-N(25)  2.234(7), Fe(4)-N(35)  2.261(8) 
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Table A6. Crystal metrics and refinement data for [L2
4Fe4][BF4]4 

 [L2
4Fe4][BF4]4 

Empirical Formula C102H81B4F16N31Fe4 

Formula Weight 2311.61 

Temperature [K] 133(2) 

Crystal size [mm3] 0.480 x 0.200 x 0.170 

Crystal system Monoclinic 

Space group P21 

a [Å] 14.1008(4) 

b [Å] 23.9119(7) 

c [Å] 14.9708(4) 

 [°] 90 

 [°] 101.014(2) 

 [°] 90 

Volume [Å3] 4954.8(2) 

Z 2 

ρ[Mg/m3] 1.549 

μ [mm-1] 0.672 

F(000) 2356 

θ range [°] 1.386 – 25.715 

hkl range ±17, ±29, -18-15 

Measured refl. 45939 

Unique refl. [Rint] 18549 [0.0823] 

Tmin/Tmax 0.9572, 0.8065 

data / restr. / param. 84549/211/1481 

goodness-of-fit on (F2) 1.036 

R1, wR2 (I > 2(I)) 0.0594, 0.1191 

R1, wR2 (all data) 0.1037, 0.1367 

res. el. dens. [e/Å³] 0.616 / -0.325 
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List of Abbreviations 

[Bu4N]PF6 tetrabutylammonium hexafluorophosphate 
2D two dimension 
ac alternating current  
BF4 tetrafluroborate 
CN cyanide 
COSY correlation spectroscopy 
CSM continuous symmetry measures 
CT charge transfer 
CTIST charge transfer induced spin transitions 
CV cyclic voltammetry 
DCM  dichlormethane  
DMA dimethylacetamide 
DMSO dimethylsulfoxide 
DMF N,N-dimethylformamide 
DOSY diffusion ordered spectroscopy 
EFG electron field gradient 
EPR electron paramagnetic resonance 
ESI electron spray ionization 
eq equivalent 
fs femtosecond 
Fc ferrocene 
hfpip hexafluoro-4-(4-tert-butylphenylimino)-2-

pentanoate 
HDvV Heisenberg-Dirac-van-Vleck 
HS high-spin 
IR Infrared 
IVCT Invervalent charge transfer 
LS low-spin 
MB Mӧssbauer 
MeCN acetonitrile 
MLCT metal-to-ligand-charge-transfer 
MS mass spectrometry 
Na2CO3 sodium carbonate 
NatOBu sodium t-butoxide 
NaOMe sodium methoxide 
NaOTf sodium triflate 
NH4BF4 ammonium tetrafluoroborate 
NMR nuclear magnetic resonance 
NOBF4 nitrosonium tetrafluoroborate 
ns nanosecond 
OTf triflate (CF3SO3) 
ps picosecond 
ppm parts per million 
PTSA p-toluenesulfonic acid monohydrate 
QCA quantum celluar automata 
rt room temperature 
SIM single ion magnet 
SMM single molecule magnet 
SCO spin crossover 
SQUID superconducting quantum interference device 
UV-vis ultraviolet and visible 
VTVH Variable temperature variable field 
ZFS zero-field splitting 
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