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1 Introduction 

Switching of electronic state of a compound by an external perturbation such 

as heat, light, pressure, etc., can involve changes in the magnetic properties of 

the compound. Such switchable compounds have important applications in the 

field of molecular electronics, electronic storage devices and information 

processing.[1–8] Therefore, great interest has been shown by a group of 

researchers towards the preparation of such compounds and study of the 

magnetic properties of these compounds. 

The changes in the electronic states of the thermally switchable compounds 

take place due to the application of the external perturbation heat. Among the 

thermally switchable compounds, spin-crossover complexes[9–11] and valence 

tautomeric compounds[12–14] are extensively studied examples. Sometimes, 

these processes occur via hysteresis.[10,15] In a hysteretic spin 

transition/valence tautomerism, the molecular system can be in one state or 

another state depending upon the history of the sample.  

Apart from the above examples, -conjugated polycyclic aromatic 

hydrocarbons (PHCs) with open-shell ground states[16–22] are the attractive 

examples which are gathering attention of the researchers due to their unique 

optical, electronic, magnetic properties, and potential applications in 

spintronics, organic electronics, energy storage devices and information 

processing. Thus, it is reasonable to propose that if in a molecular system spin-

crossover or valence tautomerism, and open-shell systems coexist, then it 

enhances the possibility for the observation of unique optical, electronic and 

magnetic properties of the system which could be different than the usually 

observable ones for each of the individual system.  
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1.1 Thermally Induced Spin-Crossover Process 

Octahedral complexes of 3d-elements having electronic configurations of 3dn 

(n = 4 to 7) can exist either in their low-spin (LS) or high-spin (HS) states. 

Depending upon the ligand-field strength of the ligand in an octahedral field, 

entirely low-spin or entirely high-spin ground state of a metal ion in a complex 

can be achieved. In an ideal octahedral coordination atmosphere, due to the 

interaction between the metal and ligand, the d orbitals of the metal ion will 

split into two different energy levels namely t2g and eg. Thus, the t2g and eg 

orbitals are separated by the ligand-field splitting energy , where  = 10 Dq. 

If  > P (P = spin pairing energy), then low-spin electronic configuration of 

the metal ion is stabilized, else the high-spin electronic configuration of the 

metal ion is stabilized for  < P (Figure 1.1).[9–11] For the case, when both of 

the energies  and P are comparable, so that the ligand-field splitting energy 

lies near to the crossover point energy (crit), then the low-spin and high-spin 

state of the metal ion can be interconverted by applying an external 

perturbation, such as heat, pressure, light etc. This behavior is attributed to the 

spin-crossover (SCO) phenomenon. 

The spin-crossover phenomenon is observed in solid and/or solution state. 

Spin-crossover behavior in solid state differs from that of the solution state 

because of the presence of cooperativity in the solid state, such as interaction 

between the complex molecules or interaction of the complex molecule with 

the non-coordinated solvent molecules or with the non-coordinated counter 

ions. On the other hand, such cooperativity is absent in the solution state. The 

population of the excited states in a temperature-induced spin transition 

follows the Boltzmann distribution law. The types of spin transitions in the 

solid state are described below (see discussion in section 1.1.1). Here, spin 

transition and spin-crossover have the same connotation. 
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Figure 1.1: Schematic representation of the possible ground states of a d7 metal ion in an 

octahedral field.[9–11] 

 

Cambi and co-workers presented the first spin-crossover complex in 1930.[23] 

Therein, the conversion from the low-spin to high-spin state of the complex 

iron(III) tris(dithiocarbamate) was achieved by changing the temperature. The 

first iron(II) spin-crossover complex was achieved by Baker and Bobonich in 

1964 for the complex [Fe(phen)2(SCN)2] (phen = 1,10-Phenanthroline).[24] 

The first example of spin-crossover phenomenon for a cobalt(II) complex was 

reported by Figgins and Busch in 1960.[25] Afterwards, in 1961, Stoufer, Busch 

and Hadley reported the cobalt(II) spin-crossover complex [Co(PdAdH)2]I2 

(PdAdH = 2,6-pyridinaldihydrazone) with its extensive characterization.[26] In 

1962, Hogg and Wilkins reported anion-dependence of the magnetism of the 

salts of [Co(terpy)2]
2+ (terpy = 2,2,2-terpyridine) and change in magnetism 

of [Co(terpy)2]Br2H2O by changing temperature.[27]  
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Among the SCO complexes, examples of spin-crossover iron(II) complexes 

are already large,[28–35] but examples of spin-crossover cobalt(II) complexes 

are scarce.[35–55] Most of the spin-crossover active iron(II) and cobalt(II) 

complexes contain neutral ligands, but the examples of SCO complexes where 

radical containing ligands are coordinated are rare. Recently, Krüger and co-

workers have reported a novel class of spin-crossover active iron(II)[30] and 

cobalt(II) complexes[55] where radicals are situated on the co-ligands. 

There are several experimental methods available to detect a spin-crossover 

phenomenon (Table 1.1).[10,54] Among these methods, X-ray crystallographic 

structure determination is a very important diagnostic tool because in a spin-

crossover process, the metalligand bond lengths within the coordination 

sphere of the complex are changed. The magnetic susceptibility (T) or 

effective magnetic moment (eff) measurement is one of the important 

diagnostic tools for the detection of the spin-crossover process. In solid state, 

the T value of a complex can be measured in SQUID magnetometer, Faraday 

or Gouy balance, whereas in solution state, Evans-NMR method is generally 

applied to measure the magnetic susceptibility. The T value of a spin-

crossover metal complex increases upon transition from low-spin to high-spin 

state. In the SCO process, the change in the stretching frequency of a 

metalligand bond is observable in vibrational spectrum in the far infrared 

(FIR) region whereas the changes in stretching frequencies of some 

characteristic bonds in the coordinated ligand due to the changes in dp 

back bonding strengths are observable in the infrared (IR) region. 
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Table 1.1: Experimental methods for the detection of a spin-crossover phenomenon and 

the observed properties in each case.[10,54] 

 

The electronic configuration of the cobalt(II) ion is d7. In an octahedral 

coordination atmosphere, 2S+1L terms of the free cobalt(II) ion will split 

according to the Tanabe-Sugano diagram.[56,57] The Tanabe-Sugano diagram 

for an octahedral d7 complex is shown in Figure 1.2 and it is configured by 

taking the parameters along the x-axis as 10Dq/B and y-axis as E/B (E = 

energy) where B is the Racah parameter.[53,57] For the low-spin cobalt(II) state, 

the ground state is doublet (2E), and for the high-spin cobalt(II) state, the 

ground state is quartet (4T1).
[54] 

The ligand-field strength is also affected by the metal to ligand distances. For 

a neutral ligand, the 10 Dq value can be measured according to the following 

equation (eq 1.1).[9]  

10 Dq(r)  /r6                                (1.1) 

 

Method Observed property LS HS 

Magnetic 

measurements 

Magnetic susceptibility, 

effective magnetic moment 

Low High 

X-ray structure 

analysis 

Metal to ligand bond lengths Small Large 

Electronic 

absorption spectra 

Molar extinction coefficient  Small Large 

Calorimetry Heat capacity Small Large 

Vibrational spectra Metal-ligand bond vibrational 

wavenumber 

Small Large 

Volumetric 

measurement 

Partial molar volume Small Large 

EXAFS 

spectroscopy 

Metal to ligand distances Small Large 

NMR spectroscopy Effective magnetic moment, 

magnetic susceptibility, 

paramagnetic shift 

Small Large 
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Here,  is dipole moment of the ligand. The ligand-field strength 10 Dq(r) can 

be determined for a given ligand according to the following equation (eq 1.2), 

provided the metal to ligand bond distance in the ground state (r0) is known.[9] 

10 Dq(r)  10 Dq(r0) (
𝑟0

𝑟
)                       (1.2) 

 

 

Figure 1.2: Tanabe–Sugano diagram for an octahedral cobalt(II) complex, calculated with 

C/B = 4.63. For the free cobalt(II) ion B = 971 cm−1 and C = 4496 cm−1.[57] In the complex 

B and C are usually reduced by an orbital reduction factor β. Reprinted with permission 

from reference [53]. Copyright 2007, Elsevier. 

 

For a d7-system, two potential wells can be configured in a potential energy 

vs. nuclear coordinate diagram (Figure 1.3).[53] The parameters potential 

energy is plotted along the y-axis and nuclear coordinate is plotted along the 

x-axis which is considered as the metal to ligand bond distance. 

Metal ion which has a high-spin electronic configuration has higher energy 

than that of the low-spin electronic configuration. The potential well of the 

high-spin state (4T1) is shifted horizontally as well as vertically from the low-

spin state (2E). The difference in energy between these two states is explained 

by the thermodynamic parameters involved in the spin-crossover process, 
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such as G, H and S where S is the difference of entropy and H is the 

difference of enthalpy between the 4T1 and 2E states. The change in the Gibbs 

free energy (G) in a spin-crossover process is related to S and H by the 

following equation (eq 1.3). 

G = H  T S                 (1.3) 

The spin-crossover process is driven by a positive change in entropy (Stotal = 

Selec + Svib > 0). The spin transition from doublet 2E to quartet 4T1 state 

would lead to the change in spin multiplicity of the cobalt(II) ion (S = 1). 

Hence, the number of electronic degeneracy is higher in 4T1 state than that of 

the 2E state. The approximate value of Selec can be derived from the 

equation[10,58] 

Selec = R ln
(2𝑆+1)HS

(2𝑆+1)LS
                  (1.4) 

Thus, Selec value is positive (Selec > 0). The spin transition leads to the 

changes in metal to ligand bond lengths, and in high-spin quartet state the 

metal to ligand bond lengths are larger than the bond lengths in low-spin 

doublet state. The vibrational levels of the potential wells are closely spaced 

in high-spin state and widely spaced in low-spin state. Therefore, the density 

of vibrational levels in the high-spin state is larger than that of the low-spin 

state. Thus, the Svib is positive (Svib > 0) and hence, Stotal = positive. The 

vertical shifts between the potential wells is the difference between the zero 

point energies for the quartet and doublet states, which is termed as E0
HL, 

where E0
HL  E

0
HS – E0

LS. For a thermally induced spin crossover process, 

E0
HL  kBT and it falls into the region of the thermal energy.[9]  

The equation involving the thermodynamic parameters is valid, provided, the 

cooperative effects in the solid state of a complex are not present. For most of 

the iron(II) SCO complexes, the enthalpy changes are typically in the range of 
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1020 kJ mol1, and entropy changes are in the range of 5080 J K1 mol1.[59] 

The values of the thermodynamic parameters associated with a spin-crossover 

process can be obtained by a curve fitting approach to the spin transition curve 

and by singular value decomposition of the variable temperature UV/Vis/NIR 

spectra for the SCO.  

 

Figure 1.3: Schematic representation of the potential wells of 2E and 4T1 states of a 

cobalt(II) spin-crossover complex.[53] 

 

1.1.1 Spin Transition Behavior 

Different types of spin transitions are possible in solid state.[9,10] The high-spin 

molar fraction (HS) vs. temperature (T) curves which are called as HS(T) 

curves, follow different shapes for various types of spin transitions (Figure 

1.4). The spin transition temperature T1/2 is the temperature when HS = LS = 

0.5. The discussion involving different shapes of the curves in different cases 

of spin transitions is as following: 

a) Spin transition occurring over a wide range of temperature is called gradual 

spin transition (Figure 1.4a).  

b) Spin transition occurring in between  10 K is called abrupt spin transition 

(Figure 1.4b).  
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c) Spin transition occurring with a step is called stepwise spin transition 

(Figure 1.4c).  

d) Spin transition where at low temperature some fraction of high-spin 

molecules are trapped (Figure 1.4d). 

e) Abrupt spin transition showing hysteresis (Figure 1.4e).  

The spin-crossover process can be continuous or discontinuous. According to 

the reported spin transition types by Gütlich et al.,[9] types a, b and c are 

continuous. Only type e is discontinuous. Type d spin transition can be 

continuous or discontinuous. Continuous spin transition usually occurs 

without change in the crystallographic system.[9,60] There are many examples 

of discontinuous spin transitions which occur by changes in the 

crystallographic systems, yet there are also exceptions.[9,59] 

 

Figure 1.4: Representation of different types of spin transitions. The high-spin molar 

fraction (HS) is plotted along the y-axis and temperature (T) is plotted along the x-axis in 

each curve.[9,10] 
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1.1.2 Comparison Between Iron(II) and Cobalt(II) Systems 

Spin transition in an octahedral cobalt(II) system involves only one electron 

transfer from t2g to eg level, whereas in an iron(II) system two electron transfer 

occurs.[53,54] Therefore, the metal to ligand donor atom bond length change for 

the spin transition in the cobalt(II) system, is lesser than the change in the 

metal to ligand donor atom bond length for the spin transition in the iron(II) 

system, provided the used ligand is same for both the iron(II) and cobalt(II) 

systems.[54] Hence, lesser volume change occurs for the cobalt(II) spin 

transition than that of the iron(II) spin transition. There is also possibility of 

spin-state mixing through spin-orbit coupling for the cobalt(II) system. 

Another significant difference between the iron(II) and cobalt(II) systems is 

the operation of the Jahn-Teller distortion. Due to the unsymmetrical 

occupation of the eg orbitals, strong Jahn-Teller distortion is operative in the 

low-spin cobalt(II) state, whereas in the high-spin state, it is operative due to 

the unsymmetrical occupation of the t2g orbitals but to a lesser extent. For an 

iron(II) system, the Jahn-Teller distortion is operative only in high-spin state 

but to a lesser extent. Therefore, the change of enthalpy (H) and change of 

entropy (S) in the spin transition of a cobalt(II) system are lesser than that of 

the iron(II) system, and hence, most of the spin transitions in cobalt(II) 

systems are of gradual types. Thus, due to the small volume change, spin-orbit 

coupling accompanied by strong Jahn-Teller distortion, a faster spin transition 

is observed in a cobalt(II) system compared to an iron(II) system. 
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1.1.3 Examples of SCO Active Cobalt(II) Complexes 

In the most cases, the spin-crossover phenomena in octahedral cobalt(II) 

systems are observed in [CoN6] type of complexes containing ligands which 

have nitrogen donor atoms. Selected examples of such ligands are provided in 

Figure 1.5; 2,6-pyridindialdihydrazone, -diimine, 2-

pyridylmethanimine,[26,54] tris-pyridylamine (tpda),[40,54] 4-substituted-terpy 

derivatives,[41–45] 4-terpyridone,[46] dipyrazine carboxamide,[47] 2,3,5,6-

tetrakis(2-pyridyl)pyrazine (tppz),[48] 4,4-dimethyl-2,2-bis(2-pyridyl)-

oxazolidine-N-oxide,[37] 4,6-bis(2-((6-bromo-pyridine-2-yl)methylene)-

hydrazinyl)pyrimidine,[49] N,N-ethylene bis(3-carboxysalicylaldimine).[50–52] 

As mentioned earlier, for a low-spin cobalt(II) state, strong Jahn-Teller 

distortion is operative. Depending upon the ligand coordination atmosphere, 

tetragonal elongation or tetragonal compression along the axial positions of 

the octahedron occurs. In an octahedral coordination environment, 

coordination of tridentate planar ligands to the low-spin cobalt(II) center 

would lead to the tetragonal compression along the axial positions, whereas 

the combination of an equatorially placed tetradentate planar ligand and 

axially placed two monodentate ligands would lead to the tetragonal 

elongation along the axial positions. For the latter case, use of different 

monodentate ligands in the axial positions determines the ground state of the 

cobalt(II) ions. Utilization of the phenolic dianion of N,N-ethylene bis(3-

carboxysalicylaldimine) as the tetradentate ligand and  monodentate ligands 

such as 3-methylpyridine, 3-aminopyridine or 3,5-dimethylpyridine would 

lead to a moderate tetragonal elongation which results in spin-state admixing 

between the doublet and quartet states of lowest energy.[52] However, with the 

use of the above mentioned tetradentate ligand and the monodentate ligands 

such as, H2O, pyridine and 4-tert-butylpyridine, spin-crossover from low-spin 

cobalt(II) to high-spin cobalt(II) state is achieved in each case.[51,52] 
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Figure 1.5: Structures and abbreviations of the ligands; L1 = 2,6-pyridindialdihydrazone 

(R = NH2). L
2 = -diimine. L3 = N-methyl-2-pyridylmethanimine. L4 = tris-pyridylamine. 

L5 = terpyridine. L6 = dipyrazine carboxamide. L7 = 4-terpyridone. L8 = 2,3,5,6-tetrakis-

(2-pyridyl)-pyrazine (tppz). L9 = 4,6-bis(2-((6-bromopyridin-2-

yl)methylene)hydrazinyl)pyrimidine. L10 = 4,4-dimethyl-2,2-bis(2-pyridyl)-oxazolidine-

N-oxide. L11 = N,N-ethylene bis(3-carboxysalicylaldimine). 

 

Due to the Jahn-Teller distortion in a d7-system, the 2E state will split to 2A 

and 2B sub-sets and the 4T1 state will split to 4A and 4E sub-sets (Figure 

1.6).[32,36,52,53,61,62] For a moderate tetragonal elongation, the 2A sub-set of 2E 

state lies lower in energy than the 4E sub-set of 4T1 state. However, in a 

situation, when strong Jahn-Teller elongation is operative in an octahedral 

coordination atmosphere, the 2A sub-set of the 2E state lies lower in energy 

than the 4A sub-set of the 4T1 state. Thus, in the case of strong tetragonal 

elongation, the stabilization of the low-spin doublet state as well as the 

pseudo-octahedral geometry around the metal center are observed.  
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Figure 1.6: Energy level diagram for the splitting of d orbitals of a hexa-coordinated 

cobalt(II) ion with a quartet ground state in an axially distorted pseudo-octahedral complex 

where moderate (left) and strong (right) tetragonal elongations occur.[32,36,52,53,61,62] 

 

1.2 Valence Tautomerism 

Valence tautomerism is an intramolecular electron transfer process between a 

metal ion and a redox-active ligand, which often involves changes in the 

ground electronic state and redox-state of the metal ion.[12,13] The redox-active 

ligands are mainly various types of o-dioxolene derivatives. The valence 

tautomerism happens with the application of an external perturbation, such as 

heat, light, pressure, etc., when the d orbital energy of a 3d-element is close to 

the frontier -orbital energy of the redox-active ligand. The electron transfer 

in a valence tautomerism (VT) leads to the changes in the oxidation states of 

the metal and ligand in a metal dioxolene complex, but the overall charge of 

the complex remains same. Hence, in a valence tautomeric transition, the two 

species [MmCat2]n and [Mm1SQ]n (m = oxidation state of metal ion, n = 

overall charge of the complex) are termed as redox isomers with respect to 

each other.[15] The o-dioxolene unit can coordinate to a metal ion in three 
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different redox forms, which are catecholate (Cat2), semiquinonate (SQ) 

and benzoquinone (BQ) (Figure 1.7). Among the three different redox forms 

of o-dioxolene, the catecholate moiety is a strong - and -donors.[15] The 

catecholate moiety is also a -acceptor. Upon oxidation of a metal coordinated 

catecholate moiety to the semiquinonate moiety, the extent of -acceptance 

properties increases and the extent of -donation properties decreases.[63] 

Which one is dominant that depends on the dioxolene system as well as the 

electronic and oxidation states of the metal ion. Due to the very weak donating 

property of the benzoquinone, it is replaced by the solvent molecules in 

solution.[15] Therefore, synthesis of a metal benzoquinone complex could be 

extremely difficult. The catecholate, semiquinonate and benzoquinone forms 

of an o-dioxolene ligand have different oxidation states, as well as different 

magnetic properties. The semiquinonate moiety is paramagnetic, but the 

catecholate as well as the benzoquinone moieties are diamagnetic. 

The coordination of a semiquinonate moiety to a metal center will exhibit 

interesting magnetic properties. Especially, when the metal center is 

paramagnetic itself, then coupling between the unpaired electron of the 

semiquinonate moiety and the unpaired electron residing in the metal center 

will exhibit interesting magnetic behavior. On the other hand, for a metal 

bis(dioxolene) complex, in the bis(semiquinonate) redox forms of the ligand, 

the coupling between the unpaired electrons of the semiquinonate units, as 

well as the interactions between the unpaired electrons and the metal centers 

will show interesting magnetic properties. When in a bis(dioxolene) unit the 

two SQ units are directly linked through a C(sp2)C(sp2) single bond then 

Tschitschibabin type biradicaloid form[64] in the bis(dioxolene) unit might be 

possible.[65] 
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Figure 1.7: Schematic representation of the various possible metal-dioxolene forms.[15] 

 

Valence tautomeric transitions are mainly observed in the cobalt dioxolene 

complexes.[12–15,66–87] However, valence tautomerism also happens in 

manganese,[88] iron,[89] nickel[90] and rhodium[91] complexes. Schematic 

representation of valence tautomerism in a cobalt dioxolene complex is shown 

in Figure 1.8. In a valence tautomeric transition, transition from a low-spin 

cobalt(III) catecholate to the low-spin or high-spin cobalt(II) semiquinonate 

species could occur. However, till date, the valence tautomerism chemistry is 

involved around the cobalt dioxolene complexes for which the valence 

tautomeric transition happens from the low-spin cobalt(III) catecholate to 

high-spin cobalt(II) semiquinonate states of those complexes.[12–15,66–83] This 

kind of observation gives an indication that a valence tautomeric transition 

between the low-spin cobalt(III) catecholate and low-spin cobalt(II) 

semiquinonate states of a valence tautomeric cobalt dioxolene complex does 

not occur because the low-spin cobalt(II) semiquinonate state of the complex 

is not stable. But, based on the recent reports by Krüger and co-workers,[55,92] 

it could be said that the formation of the low-spin cobalt(II) semiquinonate 

species is feasible when the ligand-field strength of the utilized ancillary 

ligand is sufficient to stabilize the low-spin cobalt(II) center. Therefore, 

isolation of a cobalt dioxolene complex, which could show valence tautomeric 

transition from low-spin cobalt(III) catecholate to low-spin cobalt(II) 

semiquinonate state, might be possible. 
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Figure 1.8: Schematic representation of the valence tautomeric transitions in a cobalt 

dioxolene complex. The spins have been denoted by arrows () and the t2g, eg, and * 

orbitals in which the electrons reside are denoted by horizontal single lines (). The double 

headed curved arrows represent the interaction between the unpaired electrons.  

 

Valence tautomeric transition is associated with the changes in the 

metalligand bond lengths as well as changes in the bond lengths in the 

dioxolene ligand. Therefore, X-ray crystallography is a very important 

diagnostic tool for the observation of the valence tautomerism. According to 

the recent reports by Krüger and co-workers, a cis-octahedral low-spin 

cobalt(II) semiquinonate complex shows strong MLCT bands in the NIR 

region,[55,92] but a cis-octahedral cobalt(III) catecholate species only shows 

weak LMCT bands and dd transition bands for the 1A1g  1T1g and 1A1g  

1T2g transitions in cis-octahedral cobalt(III) complexes.[76,77,93,94] On the other 

hand, a cis-octahedral high-spin cobalt(II) semiquinonate chromophore 

exhibits MLCT bands in the visible region.[76,77,95] Therefore, UV/Vis/NIR 

spectroscopy is an important method to detect the valence tautomeric 

transition. IR spectroscopic technique is a very important diagnostic tool to 

identify the catecholate redox form of a coordinated dioxolene ligand, because 

it exhibit strong bands at ca. 1260 and ca. 1475 cm1, respectively.[92,96–100]  
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Among the three redox isomers, low-spin cobalt(III) catecholate species is 

diamagnetic but low-spin cobalt(II) semiquinonate and high-spin cobalt(II) 

semiquinonate species are paramagnetic. In a low-spin cobalt(II) 

semiquinonate species, the unpaired electron of the SQ unit is 

ferromagnetically coupled to the unpaired electron residing in the dz
2 orbital 

of the low-spin cobalt(II) center,[13,33,55,92] whereas in a high-spin cobalt(II) 

semiquinonate complex, a very weak antiferromagnetic coupling between the 

semiquinonate moiety and the high-spin cobalt(II) center is expected.[95] The 

χT value for a high-spin cobalt(II) semiquinonate species is greater than the 

value expected for an S = 1 species, but lesser than the value expected for an 

S = 2 species.[92] Therefore, the magnetic susceptibility measurement is an 

important diagnostic tool. 

Similar to the SCO process, the valence tautomeric transition can also be 

illustrated by an one dimensional potential energy diagram.[13,79] The potential 

energy diagram is configured in energy vs. nuclear coordinate diagram (Figure 

1.9). The nuclear coordinate is the CoL bond distance. The potential well of 

the higher energy high-spin cobalt(II) semiquinonate state is shifted vertically 

as well as horizontally from the potential well of the low-spin cobalt(III) 

catecholate state. The vertical difference is the zero point energy difference 

between the two potential wells and the horizontal difference is the difference 

in metal to ligand bond length upon VT transition from low-spin cobalt(III) 

catecholate to high-spin cobalt(II) semiquinonate state. Hence, the total 

symmetric metal-ligand breathing mode coordinate is approximately 

equivalent to the nuclear coordinate. 

A valence tautomeric transition is also driven due to the gain of entropy. 

Similar to the SCO process, here also, the entropy change is affected by the 

change in electronic degeneracy and changes in the metalligand bond lengths 

as well as changes in the bond lengths within the dioxolene unit. The 
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thermodynamic parameters H and S are found in the range of 14–38 kJ 

mol1 and 48–98 J K1 mol1, respectively for the valence tautomeric transition 

from low-spin cobalt(III) catecholate to high-spin cobalt(II) semiquinonate 

form.[75,81,101,102] The thermodynamic parameter values for a valence 

tautomeric transition can be obtained by fitting the transition curve of the 

valence tautomeric transition and by singular value decomposition of the 

variable temperature UV/Vis/NIR spectra associated with the valence 

tautomeric transition. 

 

Figure 1.9: Potential energy diagram for the valence tautomeric transition in a cobalt-

dioxolene complex.[13,79] 

 

1.2.1 Examples of Valence Tautomeric Complexes 

The observation of valence tautomerism in mononuclear complexes is mainly 

focused on the [Co(N-N)(diox)2] (N-N = bidentate ligands, diox = o-dioxolene 

derivatives) type of cobalt complexes. The bidentate ligands, such as 2,2′-

bipyridine, 4,4′-biphenyl-2,2′-bipyridine, 4,4′-dimethyl-2,2′-bipyridine, 1,10-

phenanthroline, 2,2′-bipyrazine, 2,2′-bipyrimidine have been used to observe 

valence tautomerism.[71,72] The valence tautomeric transitions are also 

observed for dioxolene ligand systems other than 3,5-di-tert-butylcatecholate, 
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which include [Co(Cat-N-BQ)(Cat-N-SQ)][73], [Co(CTH)(PhCat)](Y) (Y = I, 

PF6, BPh4),
[74,85] [Co(4-papy)2(diox)2], (4-papy = 4-phenylazopyridine, diox = 

3,5-di-tert-butylcatecholate).[75] The occurrences of valence tautomeric 

transitions in dinuclear complexes are scarcer,[79] and complexes, such as 

[Co2(tpa)2(diox-S-diox)], where diox-S-diox = tetra-deprotonated form of the 

ligand 6,6′-((1,4-phenylenebis-(methylene))bis(sulfanediyl))bis(3,5-di-tert-

butylbenzene-1,2-diol),[86] [Co2(tpa)2(bis(o-dioxolene))] where bis(o-

dioxolene) = tetra-deprotonated form of 3,3,3′,3′-tetramethyl-1,1′-spiro-

bis(indane-5,5′,6,6′-tetrol),[81] [Co2(CTH)2(DHBQ)],[82] 

[Co2(dpbpym)2(diox)4], (diox = 3,5-di-tert-butylcatecholate and/or 3,5-di-

tert-butylsemiquinonate)[83] exhibit valence tautomeric transition. Figure 1.10 

provides examples of selected dioxolene ligands. 

 

Figure 1.10: Structures and abbreviations of dioxolene ligands. L12 = monoanion of 2-(2-

hydroxy-3,5-di-tert-butylphenyl-imino)-4,6-di-tert-butyl-cyclohexa-3,5-dienone. L13 = 

1,4-dihydroxy-benzoquinone. L14 = 3,5-di-tert-butylcatechol. L15 = 3,3,3′,3′-tetramethyl-

1,1′-spirobis-(indane-5,5′,6,6′-tetrol). L16 = 9,10-dihydroxyphenanthrene. 
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1.3 Closed-Shell Quinonoid and Open-Shell Biradicaloid Systems 

The biradicaloid concept was first introduced by Tschitschibabin in 1907.[64] 

The hydrocarbon bis(diphenylmethyl)biphenyl, shown in Figure 1.11, can 

exist either in quinonoid or biradicaloid form. The biradicaloid form exists in 

the open-shell state of the hydrocarbon (HC) and the quinonoid form exists in 

the closed-shell state of the hydrocarbon. 

 

Figure 1.11: Schematic representation of the possible closed-shell and open-shell forms of 

a PHC. For representation purpose Tschitschibabin’s hydrocarbon has been chosen. The 

spins have been denoted by the arrows (), and * orbitals in which the electrons reside are 

denoted by the horizontal single lines (). 

 

Due to the low HOMOLUMO energy gap of the hydrocarbon, the paired 

electrons residing in HOMO are unpaired and one electron is promoted to 

LUMO. Thus, the two unpaired electrons reside in two singly occupied *-

orbitals. The closed-shell quinonoid form is diamagnetic (S = 0), while the 

spin multiplicity of the open-shell biradicaloid form depends on the 

orientation of the two unpaired electrons.  

In the open-shell singlet state, the two electrons are oriented anti-parallel to 

each other (S = 0), and in the open-shell triplet state, the two electrons are 

parallel in orientation (S = 1). The energy ECS-OS required for the closed-shell 

to open-shell state conversion is overcome by the energy gain due to the 
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formation of the two aromatic rings in the biphenyl moiety and the 

stabilization of the radicals by the phenyl rings. Later on, ground state 

structures of several polycyclic aromatic hydrocarbons (PHCs) have been 

investigated based on the concept of Tschitschibabin. Most of the PHCs have 

closed-shell ground state, but few Kekulè type PHCs have significant amount 

of biradical characters in their ground states,[16–22,103–110] and the ground state 

characters of these types of PHCs are determined by Clar’s sextet rule.[111] 

PHCs containing open-shell electronic states have potential applications in the 

field of organic electronics, nonlinear optics, organic conductors, and 

electronic devices, quantum information processing systems, lithium ion 

batteries, and organic spintronic.[16–22] However, PHC containing an open-

shell conformation is highly unstable due to its high reactivity. Therefore, 

synthesis of open-shell hydrocarbon is challenging. 

The closed-shell state can be differentiated from the open-shell state by X-ray 

crystallography,[22,106,110,112] IR,[112,113] Raman,[106,112,114] EPR,[22,106,112,115] 

NMR[20,106,110,112,115] and UV/Vis/NIR.[20,22,106,110,112,115] Upon conversion from 

the closed-shell to open-shell state, breaking of a CC double bond results in 

the formation of a CC single bond, that is why, it can be detected by X-ray 

crystallography.[22,110] The IR and Raman spectroscopic techniques are also 

applicable due to the changes in bond lengths.[113,114] Since, HOMOLUMO 

energy gap of a closed-shell species is higher than that of the species which 

has an open-shell ground state, that is why, the absorption for the HOMO  

LUMO transition in a closed-shell species occurs in a higher energy than that 

of the energy required for the open-shell species.[20,22] Therefore, UV/Vis/NIR 

spectroscopy is a very important tool for the identification of open-shell and 

closed-shell states in PHCs. The closed-shell state is diamagnetic, whereas the 

open-shell triplet state is paramagnetic. Therefore, these two states can be 

differentiated by EPR spectroscopy.[22,115] 
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1.4 Singular Value Decomposition  

Singular value decomposition (SVD) is a linear algebra based mathematical 

tool by which deconvolution of the overlapping optical spectra can be 

performed.[116–121] This tool requires processing of a set of spectra. The SVD 

provides the spectral features of pure components, and the values of the 

parameters of an equilibrium model which gives the information; how the pure 

components are mixed in the analyzed spectra (see mathematical description 

below).  

Let us first consider, the UV/Vis/NIR spectra for n species. At a given 

wavelength 𝜆 with its extinction coefficient i(𝜆), the spectra can be expressed 

with the Beer-Lambert law by the following equation 

A() = 
𝐀𝐛𝐬()

𝒍
 = C11() + C22() + C33() + C44()++ Cnn()        (1.5) 

Where l is the optical path length and Ci is the concentration of the 𝑖th species. 

When the i(𝜆) is the vector of the extinction coefficient measured at 𝑚 

wavelengths, then the spectrum of the absorbance of the sample can be 

represented as A(𝜆) and it can be written in matrix form as follows: 
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                               (1.6) 

Where E is the 𝑚 (wavelength) × 𝑛 (species) extinction coefficient matrix 

column and C is a row matrix of the concentration of 𝑛 species. Here, the 

superscript T stands for the transpose of the matrix. 

The data from a variable temperature UV/Vis/NIR measurement can be 

organized in a matrix A as the following way: 
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Where each column of the matrix A corresponds to the spectrum measured at 

each temperature. When the spectra are characterized by only two species 

namely b1 and b2, then the absorbance per wavelength is provided by the 

following equation 

A() = fb1b1() + fb2b2() + ∑ 𝒘𝒏()𝒏                                                    (1.8) 

Where the b1 component fraction 𝑓b1 and b2 component fraction 𝑓b2 are the 

determinant factors for the overall spectra. The wn(𝜆) terms are data from the 

noise. 

The experimental (original) data matrix A can be decomposed into two factors 

and written as: A = DFT. As mentioned earlier, the superscript T stands for 

the transpose of the matrix, and the D matrix represents the molar extinction 

coefficient spectra of pure components, and the F matrix is composed by the 

b1 and b2 component fractions. The A matrix is decomposed into singular 

values by SVD method; A = DFT = USVT. Here UTU = VTV = I (I = identity 

matrix). U, V are orthogonal (unitary) and S is diagonal, and the diagonal 

values of S matrix are called singular values of S. 

The important aspect of the SVD is that, the matrix U (eigenvectors of AAT) 

contains the basis spectra, and the matrix V (eigenvectors of ATA) contains 

the amplitude vectors. The singular values determine the weight associated 

with each basis spectra for the overall spectra. The rank of S is the minimal 

number of singular values for the data representation. In mathematical term, 

the rank of a matrix is defined as the maximum number of linearly independent 

row or column vectors in the matrix. After defining the rank of the S matrix 
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(i.e. r), the original data matrix A can be rewritten as its rank-defined matrix 

B, where B = �̅��̅��̅�T, where �̅� represents the rank-defined matrix containing 

only the first r diagonal elements of the singular value matrix S. The �̅� and �̅� 

matrices contain only the first r columns of the U and V matrices, respectively. 

The matrix D can be rewritten as follows: 

D = �̅��̅��̅�TFT+ = USH                                                                               (1.9) 

Where FT+ is the pseudoinverse of FT and H = �̅�TFT+ 

Thus, 

B = DFT = �̅��̅�HFT = �̅��̅��̅�T                                                                        (1.10) 

Consequently, 

�̅�T = HFT                                                                                                 (1.11) 

Thus, H and F can be defined by matrix �̅� by curve fitting. For the variable 

temperature UV/Vis/NIR spectra of a spin-crossover or valence tautomeric 

complex, the F matrix is defined from the fractions of low-temperature and 

high-temperature components provided by the Boltzmann distribution based 

equilibrium model that is, HS = 1/(eH/RTeS/R+1), where HS corresponds to 

the molar fraction of high-temperature component. When the spectra are 

composed of only two species then the two columns of the F matrix is formed 

by molar fractions of high-temperature component HS and molar fractions of 

low-temperature component LS at different temperatures, provided HS + LS = 

1, at each temperature. The F matrix which minimizes the norm (eq 

1.12),[118,121] can be taken into account for the calculation of spectra of pure 

components in the D matrix.  

‖�̅�(�̅�𝐓 − 𝐇𝐅𝐓)‖                (1.12) 
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The results obtained from an SVD analysis of the variable temperature 

UV/Vis/NIR spectra of a compound are strengthened when the results from 

other analysis of the compound are taken into consideration.[119] 

 

1.5 Motivation and Target Complex 

The ancillary ligand N,N-di-tert-butyl-2,11-diaza[3.3](2,6)pyridinophane (L-

N4tBu2) has been used for the syntheses of the cobalt dioxolene complexes. 

The coordination mode of the L-N4tBu2 ligand with a cobalt(II) ion in an 

octahedral coordination environment is shown in Figure 1.12. Coordination of 

this ligand with a metal center provides a pseudo-octahedral geometry around 

the metal center.[32,33,55,122,123] 

 

Figure 1.12: Representation of the utilized ancillary ligand L-N4tBu2 and coordination 

mode of the ligand in the complex [Co(L-N4tBu2)Cl2]. 

 

The first spin-crossover active cobalt dioxolene complex was reported by 

Krüger et al. in 2010.[55,92] Therein thermally induced spin transition of the 

complex [Co(L-N4tBu2)(DBSQ)][B(p-Cl-Ph)4] was observed. Few 

responsible factors which favored the spin-crossover process rather than 

valence tautomerism are structural and ligand-field strength properties of the 

L-N4tBu2 ligand and the relative redox properties of the coordinated dioxolene 

ligand vs. [Co(L-N4tBu2)] fragment. It can be said that the ligand-field 
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strength of this specific macrocyclic ligand plays a crucial role for stabilization 

of the low-spin cobalt(II) semiquinonate species, if we take into account the 

fact that the cobalt dioxolene complex [Co(L-N4Me2)(DBC)](BPh4)0.8 

MeCN0.2 Et2O, prepared by using L-N4Me2 as an ancillary ligand and 3,5-di-

tert-butylcatecholate as a dioxolene ligand,[55,92] has a low-spin cobalt(III) 

catecholate ground electronic state. The L-N4Me2 ligand differs from the L-

N4tBu2 ligand by the presence of methyl instead of tert-butyl substituents at 

the amine nitrogen atoms of the diazapyridinophane macrocycle. Since, both 

the macrocyclic ligands coordinate to the cobalt(II) centers in a similar 

fashion, and both cobalt dioxolene complexes contain same dioxolene moiety, 

therefore, it is clear that the oxidation of the cobalt(II) ion by the coordinated 

semiquinonate moiety depends upon the donor strengths of all donor atoms. 

The -donor strengths of the axial donor atoms of the L-N4tBu2 ligand are 

reduced considerably compared to the axial donor atoms of the L-N4Me2 

ligand due to the steric interactions between the tert-butyl groups of L-N4tBu2 

and equatorial ligands. The CoNamine bonds are elongated due to the steric 

interaction, and as a consequence, -donor strengths of the amine nitrogen 

donor atoms are reduced. Thus, formation of the low-spin cobalt(III) 

catecholate state of [Co(L-N4tBu2)(DBSQ)] is prevented. The redox potential 

of the coordinated 3,5-di-tert-butylcatecholate is such that, during oxidation 

from the cobalt(II) catecholate species, the dioxolene ligand is oxidized prior 

to the oxidation of the cobalt(II) ion to generate the cobalt(II) semiquinonate 

complex. Importantly, the ligand-field strength provided by the L-N4tBu2 

ligand is sufficient to stabilize the low-spin state of the cobalt(II) center in the 

resulting cobalt(II) semiquinonate species, which led to the isolation of the 

low-spin cobalt(II) semiquinonate complex. 

On the other hand, the complex [Co(L-N4tBu2)(NCS)2](BF4) is an example 

where the ligand L-N4tBu2 is coordinated to the low-spin cobalt(III) center.[32] 



Introduction                                                                                                   27 

Therefore, syntheses of octahedral low-spin cobalt(III) complexes containing 

L-N4tBu2 as ancillary ligands are possible. Although, low-spin cobalt(III) 

catecholate state has not been observed for the complex cation [Co(L-

N4tBu2)(DBSQ)], it could be observed in a different cobalt dioxolene 

complex which contains lesser oxidizable dioxolene ligand than DBC2. 

Hence, to begin the work for this dissertation, one of the aims was to increase 

the redox potential of the dioxolene ligand (Figure 1.13), which would force 

the cobalt(II) ion to oxidize prior to the dioxolene ligand during oxidation 

from the cobalt(II) catecholate species, so that cobalt(III) catecholate species 

would be formed. Substitution with electron-withdrawing group in the 

dioxolene unit would fulfill the requirement. Herein, for the work purpose, 

4,5-dichlorocatechol has been used. 

 

Figure 1.13: Representation of the difference in redox potential between DBC2 and 

DCCat2. 

 

It has been found that the CoNaxial bond lengths are about 0.1 Å longer in 

low-spin cobalt(III) complex containing L-N4tBu2 as an ancillary ligand than 

the low-spin cobalt(III) complex containing L-N4Me2 as an ancillary 

ligand.[32,55] The elongation of CoNaxial bond lengths results in lowering of 

energy of the dz
2 orbital and then, promotion of one electron from the 

catecholate HOMO to the dz
2 orbital of cobalt(III) ion becomes feasible with 

the application of an external perturbation. Therefore, valence tautomerism 
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could be observed in a low-spin cobalt(III) catecholate complex containing L-

N4tBu2 as an ancillary ligand and DCCat2 as a dioxolene ligand (Figure 1.14). 

 

Figure 1.14: Schematic representation of the aimed valence tautomerism in a cobalt 

dioxolene complex containing DCCat2 as a dioxolene ligand and L-N4tBu2 as an ancillary 

ligand. 

 

If preparation of a valence tautomeric cobalt dioxolene complex with a less 

oxidizable dioxolene ligand such as DCCat2 become successful, then it would 

set an example to say that all the three electronic states would be close in 

energy. Considering this fact, the next aim was set to maximize the possibility 

for the isolation of low-lying electronic states in cobalt dioxolene complexes, 

and to achieve that goal a dinuclear cobalt bis(dioxolene) complex was 

prepared by using a bis(dioxolene) ligand as a bridging ligand, because a 

bis(dioxolene) ligand with multiple oxidation states would allow accessibility 

of multiple numbers of low-lying electronic states in a cobalt bis(dioxolene) 

complex. Therefore, spin-crossover or valence tautomerism or even both 

processes could be observed. Herein, dideprotonated form of 3,3-dihydroxy-

diphenoquinone-(4,4) (H2(SQ-SQ)) is used as the bis(dioxolene) ligand. The 

dideprotonated form of H2(SQ-SQ) which is (SQ-SQ)2 remains in closed-

shell form,[65,124] and the electronic state of the (SQ-SQ)2 ligand is described 

by semiquinonate-semiquinonate state. The (SQ-SQ)2 ligand can remain in 

different redox states. Three of the possible redox states are shown in Figure 

1.15. 
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Figure 1.15: Schematic representation of various redox forms of the (SQ-SQ)2 ligand. 

 

The (SQ-SQ)2 ligand can coordinate to two metal centers in its SQ-SQ, Cat-

SQ and Cat-Cat redox-states. Coordination of the (SQ-SQ)2 ligand with two 

cobalt(II) centers containing L-N4tBu2 as ancillary ligands would result in 

formation of the complex dication [{Co(L-N4tBu2)}2(SQ-SQ)]2 which might 

exhibit valence tautomerism and/or spin-crossover phenomenon (Figure 

1.16).  

An intramolecular one-electron reduction of the (SQ-SQ)2 ligand by one of 

the cobalt(II) centers would result in formation of the complex dication [{LS 

or HS-CoII(L-N4tBu2)}(Cat-SQ)3{LS-CoIII(L-N4tBu2)}]2 which is redox 

isomer of the former complex dication. Thus, valence tautomeric transition 

between the two redox isomers could be possible (Figure 1.16). On the other 

hand, intramolecular one-electron reduction of (Cat-SQ)3 ligand of the latter 

complex dication by the cobalt(II) center would result in formation of [{LS-

CoIII(L-N4tBu2)}2(Cat-Cat)]2 which is redox isomer of both the former 

complex dications. A valence tautomeric transition for this complex dication 

could also be observed (Figure 1.16).  
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Figure 1.16: Schematic representation of some of the possible electronic states and 

conversion among these electronic states of [{Co(L-N4tBu2)}2(SQ-SQ)]2. 

 

In a situation when the bis(dioxolene) ligand remains in its catecholate-

catecholate or catecholate-semiquinonate state, then there are possibilities for 

the observations of the valence tautomerism together with spin-crossover 

phenomenon. Furthermore, if the bis(dioxolene) ligand (SQ-SQ)2 is 

coordinated to the 3d-elements, other than the cobalt(II/III) ion which are 

nickel(II), copper (II) and zinc(II) ions to prepare the corresponding 

bis(dioxolene) complexes, and then characterization of them could exhibit 

interesting magnetic and optical properties. Therefore, nickel(II), copper(II) 

and zinc(II) bis(dioxolene) complexes have been prepared by using L-N4tBu2 

as ancillary ligands and (SQ-SQ)2 as bis(dioxolene) ligands. An interesting 

redox behavior is also expected for the complex dications [{M(L-

N4tBu2)}2(SQ-SQ)]2 where M = Co(II), Ni(II), Cu(II) and Zn(II). In that case, 

characterization of the reduced or oxidized forms of the complex dications 

would exhibit interesting magnetic, optical properties. All these expectations 

have led to the constant growth of interest for the works presented in this 

dissertation. 
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2 Results and Discussion 

2.1 Valence Tautomerism in a Cobalt Dioxolene Complex 

This section describes the valence tautomerism of a mononuclear cobalt 

dioxolene complex. The discovery of a spin-crossover cobalt dioxolene 

complex [Co(L-N4tBu2)(DBSQ)][B(p-Cl-Ph)4] has motivated us to prepare a 

valence tautomeric cobalt dioxolene complex by using a less oxidizable 

dioxolene ligand such as DCCat2 instead of DBC2. The reasons behind the 

use of less oxidizable dioxolene ligand have been discussed earlier (see 

discussion in section 1.5).  

 

2.1.1 Synthesis 

All compounds were synthesized under an inert atmosphere. The neutral 

complex was synthesized by reacting 1 equivalent of 4,5-dichlorocatechol 

with 1 equivalent of [Co(L-N4tBu2)Cl2] (prepared in situ by reacting 

equimolar solutions of cobalt(II) chloride hexahydrate and L-N4tBu2 in 

methanol) in the presence of 2 equivalents of sodium hydroxide in methanol. 

The orange-red complex crystallizes from acetonitrile as solvate [Co(L-

N4tBu2)(DCCat)]3 MeCNH2O (1a). Although, single crystal X-ray 

diffraction was possible with this compound, the crystals became opaque 

during isolation. Therefore, the crystals were dried in vacuum in order to 

obtain analytically pure complex of [Co(L-N4tBu2)(DCCat)] (1) in a 34 % 

yield. In an alternative way, following analogous synthetic method like above, 

but crystallization from DCM/Et2O instead of MeCN afforded orange-red 

crystals of [Co(L-N4tBu2)(DCCat)]CH2Cl2 (1b) in a 76 % yield. 

The equation for the synthesis of 1 may be written as 
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The one-electron oxidized complex [Co(L-N4tBu2)(DCCat)]+ is isolated with 

various counter ions (BF4
, BPh4

, BPh2(DCCat), and OTf). A list of the 

synthesized compounds in this section and their employed abbreviations are 

provided in Table 2.1. Thus, 1 equivalent of 1b in DCM was treated with 1 

equivalent of ferrocenium tetrafluoroborate in nitromethane. The color of the 

solution changed from orange-red to violet, and then slow diffusion of diethyl 

ether into the resulting solution afforded [Co(L-N4tBu2)(DCCat)](BF4) (2a) in 

a 87 % yield. 

The equation for the synthesis of 2a may be written as 

 

The tetraphenylborate salt (2b) was prepared by metathesis of 1.02 equivalent 

of compound 2a with 1 equivalent of sodium tetraphenylborate in dry 

acetonitrile. After evaporation of the resulting solution to dryness under 

vacuum the resulting lilac residue was washed with dry methanol, and then 

dried in vacuum to afford analytically pure compound of [Co(L-

N4tBu2)(DCCat)](BPh4) (2b) in a 88 % yield. Slow diffusion of diethyl ether 

into a solution of 2b in DCM yielded X-ray diffraction quality single crystals 

of [Co(L-N4tBu2)(DCCat)](BPh4)2 CH2Cl2 (2c).  

The OTf as well as [BPh2(DCCat)] salts were prepared by addition of 1 

equivalent of ferrocenium tetrafluoroborate to a solution of 1 equivalent of 

[Co(L-N4tBu2)(DCCat)] in acetonitrile (prepared in situ following the same 

synthetic method as for complex 1) leading to a change in color of the solution 

from orange-red to red-violet. Then, after metathesis with 1 equivalent of 

Na[BPh2(DCCat)], the resulting solution was evaporated to dryness under 

vacuum. Recrystallization of the residue from CH3NO2/Et2O afforded crystals 

of [Co(L-N4tBu2)(DCCat)][BPh2(DCCat)] (2d) in a 33 % yield. Metathesis 

with NaOTf instead of Na[BPh2(DCCat)], and subsequent recrystallization of 
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the residue from CHCl3/Et2O afforded [Co(L-N4tBu2)(DCCat)](OTf) (2e) in a 

81 % yield. 

The equation for the metathesis reactions may be written as 

 

Table 2.1: List and abbreviations of the synthesized cobalt dioxolene compounds. 

 

 

 

 

 

 

 

2.1.2 Structural Characterization 

Single crystal X-ray diffraction data for 1a and 2c were collected at 150 K, 

whereas the X-ray diffraction data for 2d were collected at 150 and 373 K. 

The crystals of 2c became opaque at room temperature after isolation. This 

observation was certainly due to the loss of DCM from the crystal lattice. 

Therefore, the X-ray crystallographic measurement of 2c at high temperatures 

was not successful. Multiple attempts to obtain suitable single crystals of 2b 

for measurements at high temperatures by using different combinations of 

solvents for recrystallization were also unsuccessful. In one of these attempts, 

however, upon crystallizing the crude product of 2b from CH3NO2/Et2O, a 

few crystals suitable for X-ray diffraction were obtained, which, unexpectedly 

Compound Abbreviation 

[Co(L-N4tBu2)(DCCat)] 1 

[Co(L-N4tBu2)(DCCat)]3 MeCNH2O 1a 

[Co(L-N4tBu2)(DCCat)]CH2Cl2  1b 

[Co(L-N4tBu2)(DCCat)]+ 2 

[Co(L-N4tBu2)(DCCat)](BF4) 2a 

[Co(L-N4tBu2)(DCCat)](BPh4) 2b 

[Co(L-N4tBu2)(DCCat)](BPh4)2 CH2Cl2 2c 

[Co(L-N4tBu2)(DCCat)][BPh2(DCCat)] 2d 

[Co(L-N4tBu2)(DCCat)](OTf) 2e 
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were identified as complex [Co(L-N4tBu2)(DCCat)][BPh2(DCCat)] (2d) by 

X-ray structure analysis. Because the crystals of 2d were suitable for X-ray 

crystallographic measurement even at higher temperatures, subsequently 

Na[BPh2(DCCat)] was prepared and used as a metathesis reagent to synthesize 

larger amounts of analytically pure compound of 2d. 

The perspective view of [Co(L-N4tBu2)(DCCat)] is shown in Figure 2.1 and 

the data for the selected bond lengths and bond angles are provided in Table 

2.2. The compound 1a crystallizes in the monoclinic space group P121/c1. The 

cobalt center is coordinated to the four nitrogen donor atoms of the 

macrocyclic ligand and the two oxygen donor atoms of the ligand DCCat2. 

The macrocyclic ligand is folded along the NamineNamine axis. The axial 

positions are occupied by the amine nitrogen donor atoms, whereas the 

pyridine nitrogen donor atoms occupy the two cis-positions in the equatorial 

plane. The remaining cis-positions in the equatorial plane are occupied by the 

two oxygen donor atoms of the DCCat2 unit. The coordination environment 

around the metal center is distorted-octahedral because the value of the 

NamineCoNamine bond angle is 142.54(8) which deviates from the ideal value 

of an octahedral NaxialCoNaxial bond angle of 180. The other reason for the 

consideration of distorted-octahedral geometry is the observation of 

NpyCoNpy and O(1)CoO(2) bond angle values of 86.90(9) and 

83.00(8), respectively, which deviate from their expected value of  90, in the 

case of ideal octahedral coordination geometry. 
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Figure 2.1: Perspective view of [Co(L-N4tBu2)(DCCat)] in 1a showing 50 % thermal 

ellipsoids at 150 K. 

 

The X-ray diffraction analysis of 1a reveals that the average of the CoNamine 

bond lengths is 2.359 Å and the average of the CoNpy bond lengths is 2.063 

Å, whereas the average of the CoO bond lengths is 2.008 Å. These bond 

lengths fall into the range of metal-ligand bond lengths commonly observed 

in high-spin cobalt(II) complexes containing L-N4tBu2 as ancillary 

ligands.[32,123] The average of the CO bond lengths is 1.323 Å and the value 

of the (O)CC(O), i.e., C(23)C(24) bond length is 1.434(4) Å. These bond 

lengths of the dioxolene unit are consistent with the assignment of the redox-

state of the dioxolene unit as catecholate state.[14,33,55] Therefore, the observed 

bond lengths are consistent with the assignment of the electronic state of the 

complex as high-spin cobalt(II) catecholate state at 150 K. 
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Table 2.2: Selected bond lengths [Å] and bond angles [deg] for 1a at 150 K. 

 1a at 150 K 

CoO(2) 1.999(2) 

CoO(1) 2.017(2) 

CoN(4) 2.064(2) 

CoN(2) 2.062(2) 

CoN(3) 2.347(2) 

CoN(1) 2.371(2) 

O(1)C(23) 1.327(3) 

O(2)C(28) 1.319(3) 

C(23)C(24) 1.434(4) 

C(23)C(28) 1.399(4) 

C(24)C(25) 1.386(4) 

C(25)C(26) 1.397(4) 

C(26)C(27) 1.376(4) 

C(27)C(28) 1.388(4) 

O(2)CoN(4) 91.99(8) 

O(2)CoN(2) 178.46(9) 

N(4)CoN(2) 86.90(9) 

O(2)CoO(1) 83.00(8) 

N(4)CoO(1) 174.69(8) 

N(2)CoO(1) 98.14(9) 

O(2)CoN(1) 105.66(8) 

N(4)CoN(1) 77.99(9) 

N(2)CoN(1) 75.15(9) 

O(1)CoN(1) 101.61(8) 

O(2)CoN(3) 100.70(8) 

N(4)CoN(3) 74.92(9) 

N(2)CoN(3) 77.99(9) 

O(1)CoN(3) 107.67(8) 

N(1)CoN(3) 142.54(8) 

 

The perspective view of the complex cation in 2c is shown in Figure 2.2 and 

the data for the selected bond lengths and bond angles are provided in Table 

2.3. The compound crystallizes in the orthorhombic space group P212121. 
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The perspective view of the complex cation in 2d is shown in Figure 2.3 and 

the data for the selected bond lengths and bond angles are provided in Table 

2.3. The compound crystallizes in the triclinic space group P1̅. The crystal 

system, space group as well as the various bond lengths and bond angles are 

temperature invariant. 

The coordination modes of the macrocyclic ligand as well as the dioxolene 

ligand with the cobalt centers of 2c and 2d are similar to those in complex 1. 

The distorted coordination environments around cobalt centers are evident 

from the values of the NamineCoNamine, i.e., N(1)CoN(3) bond angle of 

156.4(1) for 2c and 156.66(6) for 2d which deviate from the value for a 

perfect octahedral NaxialCoNaxial bond angle of 180. 

The X-ray diffraction analysis of 2c and 2d reveals the averaged CoNamine 

bond lengths of (2.138  0.001) Å for 2c and (2.140  0.039) Å for 2d. The 

averaged CoNpy bond lengths are (1.880  0.004) Å for 2c and (1.874  

0.004) Å for 2d. The observed CoNamine and CoNpy bond lengths are 

significantly shorter than the averaged CoNpy (1.9151.931 Å) and 

CoNamine (2.3162.338 Å) bond lengths in low-spin cobalt(II) complexes 

containing L-N4tBu2 as ancillary ligands.[32,55,92,122] On the other hand, the 

averaged CoO bond lengths for 2c and 2d are (1.886  0.010) Å and (1.879 

 0.004) Å, respectively. Similar CoNamine/py bond lengths were also found in 

a low-spin cobalt(III) complex containing L-N4tBu2 as an ancillary ligand.[32] 

Further, in the coordinated dioxolene moieties, the averaged CO bond 

lengths are 1.343 Å for 2c and (1.337  0.004) Å for 2d. The values of the 

(O)CC(O), i.e., C(23)C(24) bond lengths are in the range of 

1.423(6)1.414(3) Å. These bond lengths within the dioxolene units are 

consistent with the assignment of the redox-states of the dioxolene units as 

catecholate states.[14,33,55] Hence, the short CoNamine and CoNpy bond 
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lengths, and the unambiguous assignment of the redox-states of the dioxolene 

ligands as catecholate states strongly indicate that the electronic states of the 

cobalt centers in both compounds are best described as low-spin cobalt(III) 

states.  

 

Figure 2.2: Perspective view of [Co(L-N4tBu2)(DCCat)]+ in 2c showing 50% thermal 

ellipsoids at 150 K. 

 

 

Figure 2.3: Perspective view of [Co(L-N4tBu2)(DCCat)] in 2d showing 50% thermal 

ellipsoids at 150 K. 
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Table 2.3: Selected bond lengths [Å] and bond angles [deg] for 2c at 150 K, and 2d at 150 

and 373 K. 

 2c at 150 K 2d at 150 K 2d at 373 K 

CoO(2) 1.876(2) 1.884(1) 1.885(1) 

CoO(1) 1.892(3) 1.875(1) 1.871(2) 

CoN(4) 1.876(2) 1.878(1) 1.885(2) 

CoN(2) 1.884(2) 1.870(1) 1.877(2) 

CoN(3) 2.138(3) 2.101(1) 2.129(2) 

CoN(1) 2.139(4) 2.179(1) 2.198(2) 

O(1)C(23) 1.344(5) 1.334(2) 1.334(3) 

O(2)C(24) 1.341(5) 1.341(2) 1.338(3) 

C(23)C(24) 1.423(6) 1.414(3) 1.408(3) 

C(23)C(28) 1.373(7) 1.392(3) 1.382(4) 

C(24)C(25) 1.382(6) 1.383(3) 1.382(3) 

C(25)C(26) 1.383(7) 1.400(3) 1.391(4) 

C(26)C(27) 1.382(7) 1.381(3) 1.371(4) 

C(27)C(28) 1.403(6) 1.391(3) 1.394(4) 

O(2)CoN(4) 89.1(1) 91.82(6) 91.94(7) 

O(2)CoN(2) 177.2(1) 174.04(6) 174.19(7) 

N(4)CoN(2) 93.0(1) 93.15(6) 92.90(8) 

O(2)CoO(1) 87.48(9) 87.71(5) 87.41(7) 

N(4)CoO(1) 176.1(1) 178.27(6) 178.56(8) 

N(2)CoO(1) 90.5(1) 87.41(6) 87.82(7) 

O(2)CoN(1) 95.01(9) 94.13(6) 94.39(7) 

N(4)CoN(1) 79.8(1) 79.74(6) 79.50(7) 

N(2)CoN(1) 83.5(1) 83.54(6) 83.33(8) 

O(1)CoN(1) 102.40(9) 101.95(6) 101.83(8) 

O(2)CoN(3) 101.7(1) 103.24(6) 103.51(7) 

N(4)CoN(3) 83.9(1) 84.19(6) 83.78(7) 

N(2)CoN(3) 80.4(1) 80.54(6) 80.24(7) 

O(1)CoN(3) 94.95(9) 94.30(6) 95.12(7) 

N(1)CoN(3) 156.4(1) 156.66(6) 155.86(7) 
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2.1.3 Magnetic Properties 

2.1.3.1 Magnetic Properties in Solid State 

The magnetic susceptibility measurement of the non-solvated compound 1 

was performed with Gouy balance at room temperature. However, the 

magnetic susceptibility of solvated compound 1a could not be measured due 

to the loss of solvent molecules from the crystal lattice. The electronic state of 

1 in 1a at 150 K is high-spin cobalt(II) catecholate which is evident from the 

X-ray diffraction analysis. If the magnetic moment measurement of 1a would 

have been possible then the observed magnetic moment could have been 

correlated with the X-ray diffraction analysis. Since, the magnetic moment of 

1a could not be measured, therefore, the obtained magnetic susceptibility data 

for the compound 1 is presented. The molar magnetic susceptibility (χMT) 

value of 1 at 296 K is 2.60 cm3 K mol1. The effective magnetic moment (eff) 

is 4.56 B, and it falls into the range of the commonly observed values (eff = 

4.35.2 B) for high-spin cobalt(II) complexes.[32,54] 

Magnetic susceptibility measurement of 2c was performed with Gouy balance 

at room temperature with a grinded sample of the compound. The molar 

magnetic susceptibility (χMT) value at 298 K is 0.017 cm3 K mol1 (eff = 0.368 

B). Prior to the measurement, it was noticed multiple times that the loss of 

DCM from crystal lattices of 2c resulted in change in color of the crystals from 

green to lilac. Therefore, without knowing the effect of solvent loss from the 

crystal lattices on the magnetic properties of the compound, it was necessary 

to monitor the loss of DCM from the compound. During the measurement, the 

loss of 0.5 molecule of dichloromethane from one complex molecule was 

observed by recording 1H NMR of the grinded sample in deuterated 

acetonitrile (see appendix; Figure A.11). The sample for the NMR 

measurement was prepared from the grinded sample used for magnetic 
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moment measurement. Although, an elemental analysis has not been 

performed to observe the loss of solvent molecules, the probability of the 

presence of any compound other than 2c in the sample such as inorganic salts 

which are NMR silent, is excluded because the crystals of 2c were obtained 

by crystallization of analytically pure compound of 2b. For discussion, any 

compound other than 2c is called as impure compound. If impure compound 

crystallizes or precipitates with 2c during crystallization, then it would have 

been noticed by NMR spectroscopy. Therefore, presence of any impure 

compound with 2c is excluded. Hence, the χMT value was calculated by 

adjusting the loss of DCM.  

Temperature independent paramagnetism (TIP) phenomenon is expected for 

some diamagnetic complexes because of mixing of the ground state with the 

low-lying excited states due to the second order Zeeman effect. The observed 

χMT value of 0.017 cm3 K mol1 is in the range of found TIP values for the 

octahedral low-spin cobalt(III) complexes.[32,125,126] Therefore, the electronic 

state of 2 in solid 2c is best described by low-spin cobalt(III) catecholate state 

at room temperature. 

 

2.1.3.2 Magnetic Properties in Solution State 

1H NMR spectra of 2b in [D6]DMSO and [D2]DCM at 295 K are shown in 

Figure 2.4. The chemical shifts (/ppm) in the 1H NMR spectra are provided 

in Table 2.4.  

1H NMR in [D6]DMSO 

The NMR spectrum shows relatively sharp signals in the range between 0 and 

9 ppm. The signals corresponding to the protons of the pyridine rings of the 

macrocycle appear at 8.23 ppm (t, 3JHH = 7.8 Hz, 2H; p-Py-H) and 7.68 ppm 

(d, 3JHH = 7.8 Hz, 4H; m-Py-H). The diastereotopic methylene protons form 
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an AB system, and the corresponding signals appear at 4.48 ppm (d, 2JHH = 

16.7 Hz, 4H; CH2) and 4.97 ppm (d, 2JHH = 16.7 Hz, 4H; CH2). The two signals 

at 1.31 ppm (s, 6H; tBu) and 0.68 ppm (s, 12H; tBu) are observed for the 

eighteen protons of the tert-butyl groups. The reason for the observation of 

two signals instead of one singlet is the hindered rotation of the tert-butyl 

groups. Only two of the three methyl groups are transferred to each other by 

swinging oscillation. The singlet at 6.16 ppm (s, 2H; H3/H6-DCCat2) 

originates from the protons of the coordinated DCCat2 unit. The phenyl 

protons of the BPh4
 anion show signals at 6.79 ppm (t, 3JHH = 7.4 Hz, 4H; p-

Ph-H), 6.92 ppm (t, 3JHH = 7.2 Hz, 8H; m-Ph-H) and 7.207.16 ppm (m, 8H; 

o-Ph-H). The attempt to calculate the magnetic susceptibility at room 

temperature from a sample of 2b in [D6]DMSO by Evans-NMR method was 

unsuccessful because the Evans-NMR measurement did not provide any 

evidence for the presence of paramagnetic species. If present, it was below the 

detection limit. Thus, predominately diamagnetic behavior of the complex is 

evident at 295 K in [D6]DMSO. 

1H NMR in [D2]DCM 

The 1H NMR spectrum shows signals in the range +35 to 15 ppm. All the 

signals are broadened except the signals for the phenyl protons of the BPh4
 

counter anion. Therefore, paramagnetic behavior of the complex is evident at 

295 K. The magnetic susceptibility of 2b was measured at 295 K by Evans 

method.[127,128] 

The measured χMT value of 2b is 0.65 cm3 K mol1 (eff = 2.28 B). Thus, by 

considering the IR spectroscopic and UV/Vis/NIR studies in [D2]DCM and 

DCM, respectively at room temperature (see discussion in sections 2.1.4 and 

2.1.5), the observed χMT value is consistent with the presence of low-spin 

cobalt(III) catecholate (45 % of the molecules) and low-spin cobalt(II) 
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semiquinonate (55 % of the molecules) forms in the VTLS-LS in [D2]DCM. 

Presence of high-spin cobalt(II) semiquinonate form is excluded because for 

a high-spin cobalt(II) semiquinonate complex, the expected χMT value is 3.3 

cm3 K mol1.[92,95] Therefore, if smaller amount of high-spin cobalt(II)-

semiquinonate complex would be present in solution, then the observed χMT 

value would have value higher than 0.65 cm3 K mol1. The calculation of mole 

percentages of the two redox isomers in the VTLS-LS equilibrium, is based on 

the reported χMT value of 1.16 cm3 K mol1 for a low-spin cobalt(II) 

semiquinonate complex,[33,55] and by considering the χMT value of 0.017 cm3 

K mol1 for low-spin cobalt(III) catecholate complex. 

 

Figure 2.4: 1H NMR spectra of 2b in [D6]DMSO (top) and [D2]DCM (bottom) at 295 K. 

Solvent residual and water signals are marked by stars. 

 

The 1H NMR spectroscopic studies strongly indicate that a valence tautomeric 

equilibrium, low-spin cobalt(III) catecholate ⇄ low-spin cobalt(II) 

semiquinonate, exists in [D2]DCM. The 1H NMR spectrum in [D6]DMSO 

indicates that mostly the low-spin cobalt(III) catecholate form of the complex 

is present, but a much smaller amount of the low-spin cobalt(II) semiquinonate 
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form is also present as it is evident by UV/Vis/NIR (see discussion in section 

2.1.5).  

The variation in the amount of low-spin cobalt(II) semiquinonate  complex in 

the valence tautomeric equilibrium due to the change in solvent, is because of 

the difference in polarity of DMSO and DCM and the thereby resulting 

different solute-solvent interactions. The dipole moment of DMSO and DCM 

are 3.96 D[129] and 1.60 D,[130] respectively. The valence tautomerism is 

occurring to a different extent upon changing the solvent polarity, because the 

cobalt(III) catecholate and cobalt(II) semiquinonate forms have different 

charge distributions between the metal ion and the dioxolene unit. Thus, 

because of the larger charge separation, the low-spin cobalt(III) catecholate 

form is more stabilized by more polar solvent, whereas the low-spin cobalt(II) 

semiquinonate form is more stabilized by less polar solvent.  

 

Table 2.4: 1H NMR data for compound 2b in [D6]DMSO and [D2]DCM at 295 K. 

Solvent /ppm 

[D6]DMSO 8.23 (t, 3JHH = 7.8 Hz, 2H; p-Py-H), 7.68 (d, 3JHH = 7.8 

Hz, 4H; m-Py-H), 4.97 (d, 2JHH = 16.7 Hz, 4H; CH2), 

4.48 (d, 2JHH = 16.7 Hz, 4H; CH2), 1.31 (s, 6H; tBu), 

0.68 (s, 12H; tBu), 6.16 (s, 2H; H3/H6-DCCat2), 6.79 

(t, 3JHH = 7.4 Hz, 4H; p-Ph-H, BPh4
), 6.92 (t, 3JHH = 

7.2 Hz, 8H; m-Ph-H, BPh4
), 7.207.16 (m, 8H; o-Ph-

H, BPh4
) 

[D2]DCM 33.23 (4H, br), 26.52 (4H, br), 11.06 (4H, br), 9.31 

(2H, br), 7.91 (9H, br), 4.87 (9H, br), 12.08 (2H, br), 

6.95 (t, 3JHH = 7.1 Hz, 4H; p-Ph-H, BPh4
), 7.11 (t, 3JHH 

= 7.1 Hz, 8H; m-Ph-H, BPh4
), 7.457.41 (m, 8H; o-

Ph-H, BPh4
) 

 

Due to the weak solubility of 2b in [D2]DCM at low temperatures, variable 

temperature 1H NMR spectra were not measured, because the measurement of 
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the magnetic susceptibility at low concentrations of a complex with rather 

small amount of paramagnetism would provide inaccurate data. However, the 

variable temperature 1H NMR spectra for 2e were recorded in [D6]DMSO 

(Figure 2.5 and also see Figure A.14 in appendix), and the data for the 

measurement are provided in Table 2.5. The signals corresponding to the 

protons of complex 2 in the 1H NMR spectra of 2b and 2e in [D6]DMSO have 

the same chemical shifts. Therefore, counter ion effect on valence 

tautomerism was not observed in [D6]DMSO. 

 

Table 2.5: 1H NMR data of 2e in [D6]DMSO at 295 and 305 K. 

T/K /ppm 

295 8.25 7.69 6.17 4.95 4.46 1.30 0.68 

305 8.25 7.71 5.95 5.24 4.85 1.39 0.66 

 

 

Figure 2.5: Variable temperature 1H NMR spectra of 2e in [D6]DMSO. 
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Upon heating the sample from 295 to 305 K, the signal corresponding to the 

protons of the dioxolene ligand shifts upfield from 6.17 to 5.95 ppm, whereas 

the signals corresponding to the methylene protons (AB system) shift 

downfield from 4.95 to 5.24 ppm and from 4.46 to 4.85 ppm. In fact, all of 

them shift with only slight broadening of the signals. The shifts of the signals 

indicate that changes in the magnetic properties of the complex 2 are taking 

place upon heating the sample. The magnetic property change can be 

correlated with the occurrence of VTLS-LS upon raising the temperature. Above 

313 K considerable broadening of all signals is observed (see Figure A.14 and 

Figure A.15 in appendix). 

If we take into account the 1H NMR spectrum of 2b in [D3]MeCN and 

[D6]DMSO at 295 K (Figure 2.6), then the notable difference between these 

two NMR spectra is that the signal corresponding to the protons of DCCat2 

is shifted more upfield in [D3]MeCN than that of the signal in [D6]DMSO, 

whereas the signals corresponding to the methylene protons (AB-system) are 

shifted downfield in [D3]MeCN compared to those signals in [D6]DMSO.  

It is important to mention that the UV/Vis/NIR spectrum of compound 2b in 

MeCN at room temperature shows a higher intensity of the MLCT bands 

attributed to the low-spin cobalt(II) semiquinonate chromophore than the 

spectrum of the complex in DMSO at room temperature (see experimental 

section and discussion in section 2.1.5). Hence, at room temperature the 

amount of low-spin cobalt(II) semiquinonate complex in the VTLS-LS 

equilibrium is higher in MeCN than DMSO. This observation by UV/Vis/NIR 

spectroscopic study is suggesting that in less polar solvent MeCN, the value 

of the equilibrium constant for the VTLS-LS equilibrium is higher than that of 

the equilibrium constant in more polar solvent DMSO. 
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Figure 2.6: 1H NMR spectra of 2b in [D3]MeCN (top) and [D6]DMSO (bottom) at 295 K. 

The six-point and four-point stars are the markers for the signals corresponding to the 

DCCat2 protons and methylene protons of the L-N4tBu2 ligands, respectively. 

 

If we take into account the shifts of the signals of complex 2 in [D6]DMSO 

due to the heating, and chemical shift values of the signals corresponding to 

the complex 2 in [D3]MeCN at room temperature then one of the significant 

observations is that the increase in the amount of the low-spin cobalt(II) 

semiquinonate complex in the VTLS-LS equilibrium leads to the shifting of the 

signal corresponding to the dioxolene ligand and AB-protons towards the 

upfield and downfield, respectively. Since, irrespective of the polarity of the 

solvent, the valence tautomeric transition from low-spin cobalt(III) 

catecholate to low-spin cobalt(II) semiquinonate state of 2 is taking place with 

positive change in temperature (see discussion in section 2.1.5), therefore, 

upon heating the sample in [D6]DMSO the amount of low-spin cobalt(II) 

semiquinonate species in the VTLS-LS equilibrium would increase and at a 

particular temperature which is higher than room temperature, in DMSO, the 

equilibrium constant should be similar with the equilibrium constant in MeCN 

at room temperature. Until, that value of equilibrium constant is reached, the 
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signals corresponding to the protons of the dioxolene ligand and methylene 

protons of the macrocyclic ligand should not be broadened considerably 

because these signals are not broadened enough in the NMR spectrum in 

[D3]MeCN at room temperature. In other words, upon changing the 

temperature in [D6]DMSO, until unless the signals corresponding to the 

dioxolene ligand have lower chemical shift values than the chemical shift 

values of the AB-protons such that NMR features of the complex 2 in 

[D6]DMSO at high temperature is similar to that in [D3]MeCN at room 

temperature, the signals should not be considerably broadened. The spectrum 

at 313 K in [D6]DMSO shows that the AB-protons do not have higher 

chemical shift values than the protons of the dioxolene ligand but the signals 

are broad. Therefore, it can be said that decomposition of the sample occurs at 

high temperature, which in turn could be noticed from the NMR spectrum 

recorded at room temperature after cooling the sample from 353 K, where the 

signals are broadened and not similar with the spectrum at 295 K.  

 

2.1.4 Infrared Spectroscopic Properties 

2.1.4.1 Infrared Spectroscopic Properties of the Solid Samples 

The IR spectra of the KBr pellets of the compounds 1, 2c and 2d are shown in 

Figure 2.7. All compounds exhibit intense bands at around 1260 and 1475 

cm1. The bands at around 1260 cm1 are markers for the presence of the 

coordinated dioxolene ligands in their catecholate states,[92,96–99] whereas the 

bands at around 1475 cm1 are markers for the presence of the coordinated 

dioxolene ligands (catecholate or semiquinonate form) in the complexes.[92]  

The significant difference between the IR spectra of 1 and 2c or 2d is the 

presence of a band at 1175 cm1. Recently, the intense band at around 1175 

cm1 of [Co(L-N4tBu2)(DBSQ)][B(p-Cl-Ph)4] has been tentatively assigned to 
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the characteristic band of the coordinated 3,5-di-tert-butylsemiquinonate 

moiety. But, it is noteworthy that this band might be present with the 

combination of the dioxolene ligand DBC2 with the L-N4tBu2 ligand.[92] 

Since, compound 2c or 2d contain 4,5-dichlorocatecholate instead of 3,5-di-

tert-butylcatecholate as a dioxolene moiety, therefore, it is irrelevant to 

correlate the observed band at 1175 cm1 to a characteristic band for the 

coordinated 4,5-dichlorosemiquinonate moiety. Rather, the correlation of the 

observed bands at 1175 cm1 to the corresponding counter anions of both 

complexes is relevant because the sodium salts of the counter anions i.e., 

sodium tetraphenylborate[131,132] as well as Na[BPh2(DCCat)] (see Figure A.1 

in appendix) exhibit bands at around 1175 cm1 in their IR spectra. Hence, one 

of the reasons for the observation of bands at 1175 cm1 is the presence of the 

corresponding counter anions. 

 

Figure 2.7: IR spectra of compounds 1 (top), 2c (middle) and 2d (bottom). 
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The additional catecholate marker band of the 4,5-dichlorocatecholate moiety 

which is coordinated to the boron center of the counter anion [BPh2(DCCat)] 

in 2d are also present at 1240 cm1. The presence of intense band at 1480 cm1 

indicate that dioxolene moiety is present in [BPh2(DCCat)] counter anion. 

The assignment of the characteristic bands of the counter anion is based on the 

IR spectrum of Na[BPh2(DCCat)] where the catecholate marker band is 

present at 1244 cm1 and the dioxolene marker band is present at 1488 cm1 

(see Figure A.1 in appendix). Hence, the higher wavenumber band at 1480 

cm1 is assigned to the 4,5-dichlorocatecholate unit of the counter anion and 

the band at 1473 cm1 is assigned to the 4,5-dichlorocatecholate unit of the 

complex cation in 2d. 

 

Table 2.6: Comparison among the IR spectra of 1, 2c and 2d in the range 16101000 cm1. 

The wavenumbers corresponding to the catecholate and dioxolene marker bands have been 

highlighted by lighter shading. 

 1 2c 2d 

 / cm1 1601 1607 1609 

1580 1579 1587 

1475  1473 1480, 1473 

1431 1426 1426 

1400 1406 1405 

 1380 1381 

1356 1360 1364, 1356 

1265 1258 1258, 1240 

1225 1224 1219 

1192 1195 1203 

 1175 1175 

1159 1166 1166 

  1145 

1098 1096 1093 

1080 1066 1065 
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The data for the comparison among the IR spectra of KBr pellets of 1, 2c and 

2d are listed in Table 2.6 (see above). All compounds exhibit the typical 

catecholate marker bands at ca. 1260 cm1 and dioxolene marker bands at ca. 

1475 cm1. These observations support the presence of mostly the catecholate 

redox forms of the coordinated dioxolene units of the complexes in their KBr 

pellet samples. 

 

2.1.4.2 Infrared Spectroscopic Properties in the Solution State 

Solution state IR spectroscopic studies were performed with 2b. The IR-

spectra have been measured as a thin film in between two NaCl disks at room 

temperature in DMSO and in a liquid cell with NaCl windows at room 

temperature in [D2]DCM. The spectra are shown in Figure 2.8 and Figure 2.9, 

respectively. Selected IR bands are provided in Table 2.7.  

 

Table 2.7: Selected data for the IR spectra of 2b in DMSO and [D2]DCM. The catecholate 

and dioxolene marker bands have been highlighted by lighter shading. 

 DMSO [D2]DCM 

 /cm1 1611 1610 

1580 1580 

 1505  

1473  1473 

1434 1435 

1416 1426 

1404 1405 

1382 1382 

1358 1362 

1258  1258  

1225 1224 

 1195  

1178 1178  

 1165 

 



52 

The characteristic catecholate marker bands of the DCCat2 units are present 

at 1258 cm1 and the marker bands of the dioxolene units are present at 1475 

cm1 in both spectra. The most significant difference between the spectra is 

the intensity of the band at 1178 cm1 which is higher in [D2]DCM than in 

DMSO. Since, the tetraphenylborate counter anion also exhibits band at 1175 

cm1, and without knowing the change in intensity of the band at 1175 cm1 

for the counter anion in different solvents, it is not clear that the intensity 

change is affected by the, if any, appearance of a semiquinonate characteristic 

band of the coordinated dioxolene ligand in DCM. However, most 

importantly, presence of the significant amount of low-spin cobalt(III) 

catecholate species in DCM is obvious from the IR spectroscopic studies. 

 

Figure 2.8: IR spectrum of 2b in DMSO at room temperature. The spectrum was measured 

from a thin film of the compound prepared in DMSO. 
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Figure 2.9: IR spectrum of 2b in [D2]DCM at room temperature. The spectrum was 

measured in liquid cell and the sample was prepared from a solution of 2b in [D2]DCM. 

 

2.1.5 UV/Vis/NIR Spectroscopic Properties 

UV/Vis/NIR spectrum of 1 in DCM is shown in Figure 2.10. The spectrum 

shows a very weak band at 1037 nm (ε = 16 M1 cm1) which is assigned to 

the dd band for the 4T1g  4T2g transition of the high-spin cobalt(II) 

ion.[32,53,122] The relatively intense bands at 551 nm (ε = 976 M1 cm1), 516 

nm (sh, ε = 1190 M1 cm1), 464 nm (ε = 1563 M1 cm1) and 380 nm (sh, ε = 

1060 M1 cm1) are most likely due to the LMCT transitions between the 

DCCat2 and high-spin cobalt(II) center. The assignment of the intense band 

at 323 nm (ε = 6627 M1 cm1) is not straightforward because both 

cobalt(II)pyridine MLCT transitions[93,122] and dioxolene based charge 

transfer transitions are expected in this region.[63,133] Therefore, if the band at 

323 nm is assigned to one of the transitions then the other transition is 

obscured by that transition. The band at 260 nm (ε = 11600 M1 cm1) is due 

to the ligand-based absorption of L-N4tBu2.
[122] 
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Figure 2.10: UV/Vis/NIR spectrum of [Co(L-N4tBu2)(DCCat)] (1) in dichloromethane at 

room temperature. The inset shows the dd band. 

 

The UV/Vis/NIR spectra of 2b in DCM, DMSO and MeCN show contrasting 

intensity pattern of the absorption bands at room temperature, which are 

consistent with the NMR spectroscopic studies. The UV/Vis/NIR spectra of 

2b in DCM, MeCN and DMSO at 298 K (RT in MeCN) are shown in Figures 

2.11, 2.12 and 2.13, respectively. The data for the absorptions are provided in 

Table 2.8. In order to get insights into the effect of temperature on the valence 

tautomeric equilibrium, the variable temperature UV/Vis/NIR spectra have 

been recorded in DCM and MeCN. Since the variable temperature 1H NMR 

spectra measurement remained unsuccessful in [D6]DMSO, and as the polarity 

of MeCN (MeCN = 3.92 D)[134] and DMSO (DMSO = 3.96 D)[129] are similar, 

therefore, in order to observe the changes in magnetic properties of complex 

2 in a more polar solvent with a change in temperature, the variable 

temperature UV/Vis/NIR spectra were recorded in MeCN. The assignment of 

the absorptions corresponding to the particular chromophore i.e., low-spin 

cobalt(II) semiquinonate or low-spin cobalt(III) catecholate chromophore is 
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based on the UV/Vis/NIR features of the low-spin cobalt(II) semiquinonate 

and low-spin cobalt(III) catecholate complexes, derived by the SVD of the 

variable temperature UV/Vis/NIR of spectra 2b in DCM and MeCN (see 

below in Figure 2.16), and also based on the literature reports.[33,55,76,92,94] 

The bands in the NIR region of the spectra with absorptions at around 1108, 

1060, 990 and 938 nm are due to the MLCT transitions from the low-spin 

cobalt(II) center to the DCSQ moiety. The intensity of these bands could be 

arranged, according to their appearances in the spectra in different solvents, in 

the following order DCM >> MeCN > DMSO. Since, a cis-octahedral low-

spin cobalt(III) catecholate chromophore would exhibit a very weak 

absorption (ε  200 M1 cm1) in the NIR region (also see below in Figure 

2.16),[33,76,94] therefore, presence of intense bands in this region for the 

spectrum in DCM indicates that the NIR spectral features are mainly due to 

the absorptions of the low-spin cobalt(II) semiquinonate chromophore. The 

absorptions in the NIR region of the spectra in DMSO and MeCN are 

originating from the much smaller amount of low-spin cobalt(II) 

semiquinonate and larger amount of low-spin cobalt(III) catecholate 

chromophores. 

The relatively less intense absorption bands of the spectrum in DCM at 810 

and 420 nm are due to the internal n  * and   * charge transfer 

transitions, respectively, of the DCSQ moiety.[63,94] The bands in the visible 

region of the spectrum in DCM with absorptions at 630 and 580 nm are 

originating as a result of the charge transfer bands of the low-spin cobalt(II) 

semiquinonate chromophore as well as LMCT/charge transfer bands 

corresponding to the low-spin cobalt(III) catecholate chromophore which is 

evidenced by the appearance of these bands in the low-temperature and high-

temperature components and in particular, the LMCT/charge transfer bands 

are prominent in the spectra in MeCN and DMSO.  
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For the spectra in MeCN and DMSO, the bands at around 460 nm is tentatively 

assigned to the charge transfer transition between the low-spin cobalt(III) ion 

and catecholate moiety. The bands at around 547 and 505 nm are assigned to 

LMCT/charge transfer bands between the catecholate moiety and low-spin 

cobalt(III) centers of the low-spin cobalt(III) catecholate chromophore.[33]  

The assignment of the bands in the UV region of all the spectra is not 

straightforward because in this region cobalt(II/III)pyridine MLCT 

transitions[32,93,122] as well as ligand-based absorptions for the catecholate and 

semiquinonate forms of the dioxolene units are expected.[63,133] The intensity 

of the bands at around 320 nm could be arranged according to their 

appearances in the spectra in different solvents in the following order DCM < 

MeCN < DMSO.  

 

Figure 2.11: UV/Vis/NIR spectrum of 2b in DCM at 298 K. 

 



Results and Discussion                                                                                57 

 

Figure 2.12: UV/Vis/NIR spectrum of 2b in MeCN at room temperature. 

 

Figure 2.13: UV/Vis/NIR spectrum of 2b in DMSO at 298 K. 
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Table 2.8: UV/Vis/NIR data of 2b in DCM, DMSO and MeCN; max (). 

Solvent (T/K) max/nm (ε/M1 cm1) 

DCM (298 K) 1108 (8243), 1060 (6737), 990 (3318), 938 (1581), 

810 (580), 630 (614), 580 (558), 420 (1199), 320 

(12200), 300 (11300), 274 (12800) 

DMSO (298 K) 1106 (391), 1052 (385), 990 (319), 547 (470), 505 

(445), 460 (395), 324 (17100), 276 (13700) 

MeCN (RT) 1107 (747), 1051 (698), 990 (491), 559 (474), 500 

(428), 452 (391), 320 (16800), 275 (12700) 
 

The NIR/Visible spectrum in DCM is fitted with sum of Lorentzian curves 

(see Figure A.19 in Appendix). The data obtained from the fitting are given in 

Table A.5 (see in section 6.1.4 in appendix). Also, the data related to the 

Lorentzian fit of almost all of the discussed UV/Vis/NIR spectra in this section 

are given in Table A.5. The absorption spectrum recorded in DCM is fitted 

with sum of five Lorentzian curves with absorption maxima at 1112, 1051, 

993, 934 and 803 nm in the NIR region. 

The NIR/Visible spectrum recorded in MeCN, is fitted with sum of Lorentzian 

curves with absorption maxima at 1379, 1190, 1111, 1047, 990, 940 and 807 

nm in the NIR region. Among these bands, the two bands at 1379 and 1190 

nm could be due to the experimental error and fitting error or broad LMCT 

band of the predominantly present low-spin cobalt(III) catecholate complex in 

the VTLS-LS. In the visible region the spectrum is fitted with sum of three 

Lorentzian curves with absorption maxima at 573, 506 and 431 nm (see Figure 

A.20 and Table A.5 in appendix). 

The fitting of the NIR/Visible region of the spectrum in DMSO with 

Lorentzian curves provides peaks at 1384, 1220, 1112, 1047, 991, 894, 570, 

511 and 442 nm (see Figure A.21 and Table A.5 in appendix). Among these 

peaks, the peaks at 1384 and 1220 nm might be due to the experimental and 
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fitting error or due to the LMCT band of the low-spin cobalt(III) catecholate 

chromophore which is predominant in the VTLS-LS. 

The observation by the UV/Vis/NIR spectroscopic study of 2b is consistent 

with those of the NMR and IR spectroscopic studies in different solvents, 

because at room temperature in DCM, the intensity of the marker bands for 

the low-spin cobalt(II) semiquinonate chromophore in the NIR region is 

substantially large due to the predominance of the low-spin cobalt(II) 

semiquinonate complex in the VTLS-LS equilibrium. Whereas, the low-spin 

cobalt(III) catecholate complex is present in smaller amount in the equilibrium 

because the bands corresponding to the low-spin cobalt(III) catecholate 

chromophore are weaker to an extent such that they are obscured by the 

relatively intense bands of the low-spin cobalt(II) semiquinonate chromophore 

in the NIR and visible region, and unapparent in the spectrum. 

At room temperature in MeCN and DMSO, the VTLS-LS equilibrium is 

predominated by the low-spin cobalt(III) catecholate complex because the 

marker bands for the low-spin cobalt(III) catecholate chromophore in the 

visible region is apparent and the intensity of the marker bands for the low-

spin cobalt(II) semiquinonate complex in the NIR region is much smaller. 

Therefore, the low-spin cobalt(II) semiquinonate is present in much smaller 

amount in the VTLS-LS equilibrium in these solvents. 

 

Variable temperature UV/Vis/NIR in DCM and MeCN 

The variable temperature UV/Vis/NIR spectra were recorded from the 

solutions of 2b in DCM and MeCN (Figures 2.14 and 2.15). The data for the 

absorption band at 1108 nm in various temperatures have been provided in 

Table 2.9. The compound was stable in DCM during the measurement and the 

stability was checked by UV/Vis/NIR (see Figure A.22 in appendix). 
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The measurement of the UV/Vis/NIR spectra in MeCN with multiple scans at 

333 and 343 K and the UV/Vis/NIR spectra representing the solution stability 

of 2b during variable temperature UV/Vis/NIR spectra measurement in 

MeCN, reveal that the compound is slightly decomposing at 343 K but it is 

stable at 333 K (see in Figures A.23A.24 in appendix). 

 

Scheme 2.1: Temperature-induced valence tautomeric transition of 2b in DCM and MeCN. 

 

Figure 2.14: Variable temperature UV/Vis/NIR spectra of 2b in dichloromethane. The 

inset shows the changes of the bands in the visible region. 
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Figure 2.15: Variable temperature UV/Vis/NIR spectra of 2b in MeCN. The inset shows 

the changes of the bands in the visible region. 

 

Table 2.9: Variable temperature UV/Vis/NIR data for 2b in MeCN and DCM:  for max = 

1107 nm (MeCN) and  for max = 1108 nm (DCM). 

Solvent T/K /M1 cm1 Solvent T/K /M1 cm1 

MeCN 233 303 DCM 193 746 

243 328 203 1110 

253 364 213 1635 

263 411 223 2356 

273 474 233 3169 

283 558 243 4119 

293 669 253 5097 

303 800 263 6043 

313 954 273 6880 

323 1140 283 7541 

333 1356 293 8027 

343 1594 303 8300 
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Before the discussion of the spectral changes with the change in temperature, 

the results from the SVD analyses of the two set of variable temperature 

UV/Vis/NIR spectra are discussed which are as following: The low- and high-

temperature components (LTC and HTC) of the spectra derived by SVD of 

the both variable temperature UV/Vis/NIR spectra are shown in Figure 2.16. 

The data for the SVD are given in Table 2.10. A general routine for the SVD 

is provided in Table A.6 (see appendix). The data for the absorptions of the 

LTCs and HTCs are given in Table 2.11. The Lorentzian fit for the component 

spectra are shown in Figures A.25A.28 (see appendix). The spectra for the 

first three U components for each of the SVD analyses are shown in Figures 

2.17 and 2.18, respectively. The plots of the first three V components vs. T 

(with fit for the the first two components) from each SVD analysis are shown 

in Figures A.29A.34 (see appendix). The first two singular values of the each 

S matrix suggest that the first two set of basis spectra corresponds to 98.6 % 

(for the spectra in MeCN) and 97.9 % (for the spectra in DCM) weights to the 

observed spectra. The shape of the V component vs. T plots indicates that, 

while the first two plots have a similar shape to the HS vs. T plot for a valence 

tautomeric transition, the third one does not have any physical meaning 

interms of a valence tautomeric transition. The NMR spectroscopic study of 

2b is also indicative of the presence of two species in the VTLS-LS equilibrium. 

The goodness-of-fit parameters for the fitting of V component vs. T plots are 

given in Table A.7 (see appendix). Thus, considering all the aspects, it can be 

inferred that except for the first two components of the U, S and V matrices, 

the rest are predominated by the corresponding features due to the noise. In 

addition, the features of the latter components could also arise from the 

spectral broadening. Therefore, it is concluded that the variable temperature 

UV/Vis/NIR spectra in each case contain two components.  
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Table 2.10: The first four singular values, thermodynamic parameters H, S and 

goodness-of-fit parameter R2 obtained from the SVD of the variable temperature 

UV/Vis/NIR spectra of 2b in DCM and MeCN.[a] 

Solvent Singular 

value 

Singular 

value (%) 
H/kJ 

mol1 

S/J K1 

mol1  

T/K R2 [b] 

MeCN 4.63  104 84.2 20.6 43.4 233 0.987 

 7.93  103 14.4   243 0.995 

 607.24 1.1   253 0.999 

 116.08 0.2   263 1 

     273 0.999 

     283 0.998 

     293 0.998 

     303 0.998 

     313 0.999 

     323 1 

     333 1 

     343 0.999 

DCM 2.12  105 82.6 20.9 81.7 193 0.996 

 3.90  104 15.3   203 0.999 

 3.32  103 1.3   213 0.999 

 927.08  0.4   223 0.998 

     233 0.999 

     243 0.999 

     253 0.999 

     263 0.999 

     273 1 

     283 1 

     293 1 

     303 0.999 
[a] The data points have absorbance in the range of 01.1. 
[b] Goodness-of-fit parameter for the reconstructed spectrum at each temperature. 
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Table 2.11: Absorption data for the low-temperature and high-temperature components of 

the variable temperature UV/Vis/NIR spectra of 2b in DCM and MeCN. 

Solvent Component max/nm (/M1 cm1) 

DCM HTC 1109 (10200), 1058 (8240), 991 (4090), 934 

(1804), 814 (668), 637 (722), 579 (603), 420 

(1230), 378 (2864) 

LTC[a] 573 (474), 486 (448), 446 (407) 

MeCN HTC 1108 (11700), 1053 (10700), 991 (6524), 934 

(3377), 805 (1210), 621 (1882), 520 (647), 418 

(2240) 

LTC 1148 (236), 553 (427), 489 (397), 449 (342) 
[a] Only UV/Vis bands are considered. 

 

 

Figure 2.16: The UV/Vis/NIR features corresponding to the HTCs and LTCs derived from 

the SVD of the variable temperature UV/Vis/NIR spectra of 2b in DCM and MeCN.  
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Figure 2.17: Spectra of the first three U components presented in the sequence of solid, 

dashed and dotted lines for the SVD of the variable temperature UV/Vis/NIR spectra of 2b 

in DCM. 

 

Figure 2.18: Spectra of the first three U components presented in the sequence of solid, 

dashed and dotted lines for the SVD of the variable temperature UV/Vis/NIR spectra of 2b 

in MeCN. 
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The absorption profiles of the low-temperature components have similarity 

with those observed for the cis-octahedral low-spin cobalt(III) catecholate 

complexes.[33,76,94] Note that the appearances of the spikes in the NIR region 

of the spectra of the low-temperature components could be due to the error of 

the SVD. The obtained absorption profiles of the high-temperature 

components closely resemble to the absorption profile for a low-spin cobalt(II) 

semiquinonate chromophore.[33,55,92]  

The experimental spectra were reconstructed (see Figures A.35A.40 in 

appendix). The residuals between the experimental and reconstructed 

(claculated) spectra for both the measurements are shown in Figures 

2.192.20. These residuals do not differ substantially from the respective 

residuals between the original data matrix (A) and rank-defined data matrix 

(B) (see appendix; Figures A.41A.42). The goodness of the reconstruction is 

shown by calculating the R2 value the spectrum at each temperature (see above 

in Table 2.10). 

 

Figure 2.19: Residuals between the experimentally recorded and reconstructed (calculated) 

spectra obtained by the SVD of the variable temperature UV/Vis/NIR spectra of 2b in 

DCM. 
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Figure 2.20: Residuals between the experimentally recorded and reconstructed (calculated) 

spectra obtained by the SVD of the variable temperature UV/Vis/NIR spectra of 2b in 

MeCN. 

 

The spectral changes in both measurements are predominated by the changes 

in intensity for the MLCT bands of the low-spin cobalt(II) semiquinonate 

chromophore. The intensity of the MLCT bands in the NIR region increases 

upon increasing the temperature of the solutions. However, the difference 

between the intensity changes is the extent of changes in the intensity of the 

MLCT bands which is different for the two measurements. These spectral 

changes are explained due to the occurrence of a valence tautomeric transition 

from the low-spin cobalt(III) catecholate to low-spin cobalt(II) semiquinonate 

state of 2 with positive change in temperature (Scheme 2.1). Increase in the 

concentration of the low-spin cobalt(II) semiquinonate complex in the valence 

tautomeric equilibrium leads to the increase in intensity of the MLCT bands. 

The other features of the spectral changes in DCM include appearance of the 

charge transfer/LMCT bands corresponding to the low-spin cobalt(III) 

catecholate chromophore, at low temperatures, with absorption maxima at 
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452, 500 and 559 nm. These bands remain apparent with slight shift of the 

absorption maxima values, in the temperature range of 193243 K. However, 

upon increasing the temperature these bands become inapparent because they 

are obscured by the appearance of relatively intense charge transfer bands in 

the visible region, corresponding to the low-spin cobalt(II) semiquinonate 

chromophore. For the spectra in MeCN, the charge transfer/LMCT bands in 

the visible region remain apparent in the temperature range 233313 K. 

The spectrum at each temperature from both measurements has been 

deconvoluted by Lorentzian function. The deconvoluted spectra are shown in 

Figures A.43A.66 and the data obtained from the deconvolution are provided 

in Table A.5 (see appendix).The molar extinction coefficient for each 

Lorentzian band, in the NIR region of the spectra in DCM, is plotted vs. 

temperature (Figure 2.21). For better visibility of the shapes of the curves 

corresponding to the changes in molar extinction coefficients for the 

absorption maxima at 993 and 934 nm, a stacked spectra of the curves of 

Figure 2.21, are shown in Figure A.67 (see appendix). The plot indicates that 

the percentage of the intensity change for each band upon changing the 

temperature is similar. In addition, it could be predicted that the intensity 

change would continue if the temperature is further raised.  

The   vs. T plot for the Lorentzian profiles in MeCN at 1111 and 1047 nm is 

shown in Figure 2.22. The plot suggests that the percentages of changes in 

intensities of these two absorption bands are similar in the working 

temperature range of the variable temperature UV/Vis/NIR spectra 

measurement in MeCN. 
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Figure 2.21:   vs. T plots for the bands at max = 1112 nm (filled square), max = 1051 nm 

(filled circle), max = 993 nm (filled triangle), max = 934 nm (unfilled triangle), derived 

from the Lorentzian fit of the variable temperature UV/Vis/NIR spectra of 2b in DCM. 

 

Figure 2.22:   vs. T plots for the bands at max = 1111 nm (unfilled square), max = 1047 

nm (unfilled circle), derived from the Lorentzian fit of the variable temperature 

UV/Vis/NIR spectra of 2b in MeCN. 



70 

The SVD analyses provide the values of thermodynamic parameters H = 

20.6 kJ mol1 and S = 43.4 J K1 mol1 (Selec = 9.1 J K1 mol1 and Svib = 

34.3 J K1 mol1) for the VTLS-LS in MeCN whereas for the same process in 

DCM, the values of those parameters are H = 20.9 kJ mol1 and S = 81.7 J 

K1 mol1 (Selec = 9.1 J K1 mol1 and Svib = 72.6 J K1 mol1). These values 

of the thermodynamic parameters indicate that the critical temperature (Tc) of 

VTLS-LS (i.e., the temperature when molar fractions of low-spin cobalt(II) 

semiquinonate and low-spin cobalt(III) catecholate forms are same) is shifted 

to higher temperature in MeCN (Tc = H/S = 474 K) than in DCM (Tc  = 257 

K). Thus, the VTLS-LS of 2b is mainly affected by the change in Svib which 

could be explained on the basis of the significant changes in ML bond 

vibrations as a result of the solute-solvent interactions which include polarity 

of the solvents as one of the factors.[84] Besides, it is likely that the H values 

for the VTLS-LS could remain almost same in these two solvents because Dei 

reported that the H values for the LMCT equilibrium [FeIII(CTH)(DBC)] ⇄ 

[FeII(CTH)(DBSQ)] are same in 1,2-dichloroethane (DCE) and MeCN.[135] If 

the differences in the polarities and number of electron-donor atoms between 

DCE (DCE = 1.47 D)[136] and MeCN (MeCN = 3.92 D)[134] and differences of 

the same parameters between DCM (DCM = 1.60 D),[130] and MeCN are 

considered, then it is very likely that the enthalpy change would be same for 

the discussed VTLS-LS because this equilibrium is similar with the above 

equilibrium. Besides, there is also an example of the VTLS-HS for the complex 

[Co(Cat-N-BQ)(Cat-N-SQ)] where the values of the thermodynamic 

parameters are H = 44.4 kJ mol1 and S = 74.4 J K1 mol1 in its solid state 

and H = 42 kJ mol1 and S = 140 J K1 mol1 in its solution state.[69,73] That 

observation along with the thermodynamic parameters of the other valence 

tautomeric cobalt dioxolene complexes are indicative of the general fact that 

a valence tautomeric transition is an entropy driven process.[73,76,77,80,87,137] The 
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same conclusion can be reached from the obtained thermodynamic parameters 

for the VTLS-LS of 2b in different solvents. 

The obtained H and S values for the VTLS-LS of 2b are significantly smaller 

than those values (H = 31.2 kJ mol1 and S = 125 J K1 mol1) found for the 

VTLS-HS of the cis-octahedral cobalt dioxolene complex 

[Co(Me3tpa)(TCCat)](PF6) (Me3tpa = tris(2-pyridylmethyl)amine, TCCat = 

dideprotonated form of tetrachlorocatechol) in its DCM solution.[76] The 

finding of the lesser values of the entropy change could be explained due to 

the fact that the changes in electronic level degeneracy as well as changes in 

ML bond lengths are lesser than those for the VTLS-HS. Since, the H value 

is related to the zero point energy differences between the potential wells of 

low-energy state and high-energy state,[71] therefore, it can be inferred that the 

lesser values of H are consistent with the fact that energy level difference 

between the high-spin cobalt(II) semiquinonate and low-spin cobalt(III) 

catecholate state is higher than that of the difference between the low-spin 

cobalt(II) semiquinonate and low-spin cobalt(III) catecholate state. 

 

UV/Vis/NIR spectra in DCM/DMSO mixtures  

In order to gain further insights into the solvent effects on the valence 

tautomeric equilibrium, the valence tautomerism have been investigated by 

measuring UV/Vis/NIR spectra of 2b in DCM/DMSO mixtures. The 

measurements have been performed by mixing equimolar solutions of the 

complex in DCM and DMSO in different volume ratio. The data for the 

absorption band at 1110  2 nm in various solvent mixtures have been 

provided in Table 2.12 and the spectra are shown in Figure 2.23. The enlarged 

spectra in the NIR region of Figure 2.23 are shown in Figure A.68 (see 

appendix) to get a better visibility of the bands with small intensity. 
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Scheme 2.2: Valence tautomeric transition of 2b due to change in solvent. 

 

Figure 2.23: UV/Vis/NIR spectra of 2b in DCM and DMSO and in varying ratio of 

(DCM/DMSO) mixture at 298 K.  

 

The spectral changes are predominated by the changes of the MLCT bands of 

the low-spin cobalt(II) semiquinonate chromophore in the NIR region, which 

is accompanied by the changes in pattern of the bands in the visible region and 

intensity of the internal n  * and   * charge transfer bands of DCSQ 

moiety at 810 and 420 nm. The increasing amount of DMSO in DCM/DMSO 

mixture leads to the decrease in intensity of the MLCT bands corresponding 

to the low-spin cobalt(II) semiquinonate chromophore. The intensity of the 

charge transfer bands associated with DCSQ moiety also decreases. The 
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marker bands for the low-spin cobalt(III) catecholate chromophore become 

apparent in the visible region of the spectra when the mixture contains 50 % 

or more  amount of DMSO. Thus, at room temperature, the amount of low-

spin cobalt(II) semiquinonate species increases in the VTLS-LS equilibrium 

with increase in DCM:DMSO volume ratio (Scheme 2.2). 

 

Table 2.12: UV/Vis/NIR data for 2b in DCM/DMSO mixtures;  for max = 1110  2 nm.  

Solvent ε/M1 cm1 

DCM 8243 

DCM:DMSO (9:1) 4212 

DCM:DMSO (8:2) 2540 

DCM:DMSO (7:3) 1544 

DCM:DMSO (6:4) 1054 

DCM:DMSO (5:5) 775 

DCM:DMSO (4:6) 613 

DCM:DMSO (3:7) 505 

DCM:DMSO (2:8) 454 

DCM:DMSO (1:9) 412 

DMSO  383 

 

The effects of the solute-solvent interactions other than polarity of the solvent, 

on the valence tautomeric transition are reestablished due to the fact that in a 

DCM/DMSO mixture (5:5) the intensity of the bands is similar to that of the 

spectrum in MeCN at room temperature. Although there are no data available, 

about the polarity of solvent mixture of polar and non-polar solvent in 

different ratio, still it is very unlikely that the DCM/DMSO mixture (5:5) will 

have a similar polarity with that of MeCN ( = 3.92 D). 
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2.1.6 Electrochemical Properties 

The redox properties of the compounds 2b and 2e have been investigated by 

cyclic voltammetry. The cyclic voltammograms of the compounds 2b and 2e 

have been recorded in acetonitrile at room temperature (Figure 2.24). In order 

to get insights into the oxidation behavior of the complex 2, which is obscured 

by the irreversible oxidation peak of BPh4
 counter anion in CV of 2b, 

electrochemical properties of the complex have been studied also with 2e. 

Both the compounds show identical electrochemical properties (Figure 2.25). 

Scheme 2.3 presents the involved redox processes during the cyclic 

voltammetry measurement of complex 2. 

 

Scheme 2.3: Redox processes of 2b and 2e in acetonitrile. 

 

The cyclic voltammograms for the first reductive processes of 2b at different 

scan rates are shown in Figure 2.24 and the data are provided in Table A.8 

(see in section 6.1.5 in appendix). All the potentials which are discussed, are 

provided vs. SCE. The reductive process at E1/2 = 56 mV at a scan rate v = 

100 mV/s is assigned to the metal-based one-electron reduction from [CoIII(L-

N4tBu2)(DCCat2)]+ to [CoII(L-N4tBu2)(DCCat2)]. The reduction at E1/2 = 56 

mV is reversible and judged on the basis of the current ratio (ipa/ipc) values of 

 1 for the reductions at different scan rates.  
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The assignment for the reduction at E1/2 = 1.95 V is difficult because the 

reduction can be metal-based irreversible reduction from [CoII(L-

N4tBu2)(DCCat2)] to [CoI(L-N4tBu2)(DCCat2)] or ligand-based irreversible 

reduction from [CoII(L-N4tBu2)(DCCat2)] to [CoII(L-N4tBu2
)(DCCat2)]. 

The CV for the oxidations of 2e at different scan rates are shown in Figure 

2.24 and the data are provided in Table A.8 (see in section 6.1.5 in appendix). 

The oxidation which is occurring at E1/2 = 711 mV is due to the redox process 

involving one-electron oxidation from [CoIII(L-N4tBu2)(DCCat2)]+ to 

[CoIII(L-N4tBu2)(DCSQ)]2+. Although similar to this potential, the oxidation 

of the complex [CoII(L-N4tBu2)(MeCN)2]
2 occurs,[122] but still the peak is 

assigned to the former redox process due to the fact that there is a presence of  

second oxidation peak at 1.60 V (third for 2b) in the CV of 2e which accounts 

for the irreversible oxidation of the formed low-spin cobalt(III) semiquinonate 

to low-spin cobalt(III) benzoquinone species. The formed low-spin cobalt(III) 

benzoquinone species dissociates to DCBQ and [CoIII(L-N4tBu2)(MeCN)2]
3. 

The irreversible anodic potential at 938 mV in the CV of 2b is assigned to the 

irreversible oxidation of BPh4
 counter anion. 

Figure 2.24: Cyclic voltammograms for first the reductive processes of 2b (left) and first 

oxidative processes of 2e (right) at different scan rates in 0.2 M TBAP/MeCN. 
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The comparison between the observed electrochemistry of 2b and previously 

reported [Co(L-N4tBu2)(DBSQ)][B(p-Cl-Ph)4]
[33] reveals the effect of the 

presence of electronegative substituents in DCCat2 unit. Here, one-electron 

oxidation of the high-spin cobalt(II) catecholate species resulted in formation 

of the low-spin cobalt(III) catecholate species, whereas the use of 3,5-di-tert-

butylcatecholate as a dioxolene ligand resulted in formation of the 

corresponding low-spin cobalt(II) semiquinonate species from one-electron 

oxidation of the corresponding high-spin cobalt(II) catecholate species 

The oxidation of high-spin cobalt(II) catecholate  species occurs at E1/2 = 626 

mV for the case where DBC2 is dioxolene ligand,[33,92] while with the use of 

DCCat2 as dioxolene ligand the oxidation occurs at E1/2 = 56 mV. The higher 

oxidation potential of the HS-CoII-DCCat species than the HS-CoII-DBC 

species is the reason behind the observation of valence tautomerism for 2b. 

Figure 2.25: Cyclic voltammograms for the oxidative processes (left) and reductive 

processes (right) of 2b and 2e in 0.2 M TBAP/MeCN at v = 100 mV/s. 

 

From the electrochemical point of view, the stabilization of the low-spin 

cobalt(III) semiquinonate species was not observed in the CV of [Co(L-

N4tBu2)(DBSQ)][B(p-Cl-Ph)4], but the observation of the formation of the 

low-spin cobalt(III) semiquinonate species for complex 2 can be explained, 

also, due to the presence of electronegative substituents because the radical of 
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the DCSQ moiety in the low-spin cobalt(III) semiquinonate species is 

stabilized by the chloride substituents. Hence, the formation of the low-spin 

cobalt(III) catecholate species and the stabilization of the radical in one-

electron oxidized low-spin cobalt(III) semiquinonate complex are explained 

by the presence of electronegative substituents in the dioxolene unit of 2. 

 

2.1.7 Brief Summary 

In summary, UV/Vis/NIR, NMR and IR spectroscopic studies demonstrate 

that although the electronic state of 2 in compound 2b in the solid state can be 

described by low-spin cobalt(III) catecholate state over the temperature range 

from low temperature to room temperature, the electronic state can be 

switched in solution state by changing the polarity of the utilized solvents and 

temperature. The change of entropy due to the solute-solvent interactions upon 

dissolution of the complex in different solvents plays one of the roles. While 

at room temperature in DCM, the VTLS-LS equilibrium is predominated by the 

low-spin cobalt(II) semiquinonate species, in MeCN and DMSO, it is 

predominated by the low-spin cobalt(III) catecholate species. In DCM and 

MeCN, temperature-induced incomplete valence tautomerism from low-spin 

cobalt(III) catecholate to low-spin cobalt(II) semiquinonate state of 2b is 

observed, but the critical temperature for the process VTLS-LS is higher in 

MeCN than in DCM. The spin-state of the cobalt(II) ion in neutral cobalt(II) 

catecholate complex 1a is high-spin state, but for the one-electron oxidized 

complex 2, in its dissolved state, the low-spin state of the cobalt(II) ion is 

observed in the low-spin cobalt(II) semiquinonate complex. This displays that 

upon decreasing the donation properties and increasing the acceptance 

properties of the dioxolene ligand coordinated to the cobalt(II) ion, i.e., by 

oxidizing DCCat2 to DCSQ, the spin-state of the cobalt(II) ion is switched 

from the high-spin to low-spin state. 



78 

2.2 Switching of Electronic States of Bis(dioxolene) Ligands Triggered 

by Cobalt(II) Based Temperature-Induced Spin-Crossover and 

Cobalt-Ligand Based Electron Transfer Processes 

This section describes the changes in electronic states of cobalt bis(dioxolene) 

complexes. As described earlier, providing the right choice of ligands, Krüger 

and co-workers discovered the first spin-crossover cobalt dioxolene complex 

[Co(L-N4tBu2)(DBSQ)][B(p-Cl-Ph)4] in 2010.[55,92] The key factors for the 

isolation of the above spin-crossover complex are the sufficient ligand-field 

strength provided by the ancillary ligand L-N4tBu2 and higher reduction 

potential of CoIII/CoII redox couple than the DBSQ/DBC2 redox couple in 

the complex [Co(L-N4tBu2)(DBSQ)]+. On the other hand, when redox 

potentials of the SQ/Cat2 and CoIII/CoII redox couples are comparable then 

valence tautomeric complexes could be isolated (see discussion in section 

1.5). Following this principle and by using L-N4tBu2 as the ancillary ligand 

and DCCat2 which is less oxidizable compared to DBC2, as the co-ligand, 

synthesis of complex 2b was successful which shows a valence tautomerism 

between the low-spin cobalt(III) catecholate and low-spin cobalt(II) 

semiquinonate states which is different than the usually observed valence 

tautomeric transition from a low-spin cobalt(III) catecholate to high-spin 

cobalt(II) semiquinonate state (see discussion in section 2.1). Then, the focus 

was shifted towards the investigation of electronic interactions between cobalt 

centers and a bis(dioxolene) ligand in a cobalt bis(dioxolene) complex. 

Although, at the start of this work, there were some reports of cobalt 

bis(dioxolene) complexes,[79,81–83,86] but none of the reports provides an 

example where at least one of the cobalt(II) centers possess a low-spin state. 

Since, it was found, by using L-N4tBu2 as an ancillary ligand, low-spin 

cobalt(II) semiquinonate complex could be isolated, therefore, in the hope of 

accessing the low-spin state of the cobalt(II) ion in a cobalt bis(dioxolene) 
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complex, the cobalt bis(dioxolene) complex was prepared, which contains L-

N4tBu2 as ancillary ligands and a bis(dioxolene) ligand which is the 

dideprotonated form of 3,3′-dihydroxy-diphenoquinone-(4,4′) (H2(SQ-SQ)), 

as co-ligand. The bis(dioxolene) ligand is redox-active and it could coordinate 

to two metal centers in its various redox forms. The different redox-states of 

the bis(dioxolene) ligand are shown below (Scheme 2.4). Herein, the findings 

related to the discovery of a novel class of cobalt bis(dioxolene) complexes 

are discussed. 

 

Scheme 2.4: The possibility of the various redox forms of the bis(dioxolene) ligand and 

their abbreviations which are according to their redox-states as well as spin-states.  

 

2.2.1 Synthesis  

All the compounds were synthesized under an inert atmosphere. The 

compound 3b was synthesized by employing two synthetic methods. In the 

first method, the compound was prepared by two-electron oxidation of the in 

situ generated dark red colored complex [Co2(L-N4tBu2)2(Cat-Cat)] (prepared 
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by reacting 2 equivalents of [Co(L-N4tBu2)Cl2] with 1 equivalent of 3,3,4,4-

tetrahydroxybiphenyl in presence of 4 equivalents of triethylamine. The 

[Co(L-N4tBu2)Cl2] was prepared in situ by reacting equimolar solutions of 

CoCl26 H2O and L-N4tBu2 in methanol) by 2 equivalents of ferrocenium 

tetrafluoroborate in methanol. After metathesis of the resulting solution with 

2 equivalents of sodium tetraphenylborate a dark green precipitate was 

formed. Multiple recrystallizations of the precipitate from MeCN/Et2O and 

then DMF/Et2O, led to the isolation of [Co2(L-N4tBu2)2(SQ-SQ)](BPh4)24 

DMF (3b) in a 50 % yield. 

By an alternative second method, compound 3b was prepared by avoiding the 

oxidation step. A solution of 1 equivalent of 3,3′-dihydroxy-diphenoquinone-

(4,4′) and 2 equivalents of sodium hydroxide in methanol was added to a violet 

solution of the complex [Co(L-N4tBu2)Cl2] (2 equivalents) prepared in situ in 

methanol. The resulting reaction mixture was stirred and heated to reflux 

temperatures for multiple times. Then metathesis with 2 equivalents of sodium 

tetraphenylborate resulted in the formation of a dark green precipitate. 

Following two recrystallizations of the precipitate from DMF/Et2O, the 

compound 3b was isolated in a 45 % yield. Drying of 3b at 100 C in vacuo 

afforded [Co2(L-N4tBu2)2(SQ-SQ)](BPh4)2 (3a) in a 97 % yield. 

The tetrafluoroborate as well as hexafluorophosphate salts were prepared by 

following procedures: The dark red solution of the complex [Co2(L-

N4tBu2)2(Cat-Cat)] was prepared in situ in methanol (prepared by following 

same method as above), and the solution was purged by pure dioxygen in 

presence of excess sodium tetrafluoroborate. The color of the solution 

immediately changed from dark red to dark green. A dark green colored solid 

began to precipitate from the solution. Multiple recrystallizations of the 

precipitate under an inert atmosphere from MeCN/Et2O produced an olive-

green colored compound of [Co2(L-N4tBu2)2(Cat-SQ)](BF4)2Et2O (3d) in a 
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47 % yield. The non-solvated compound [Co2(L-N4tBu2)2(Cat-SQ)](BF4)2 

(3c) was prepared by drying of 3d at room temperature in vacuo. Use of 

potassium hexafluorophosphate instead of sodium tetrafluoroborate as 

metathesis reagent yielded the compound [Co2(L-N4tBu2)2(Cat-SQ)](PF6)2 

(3e) in a 41 % yield. A list of the abbreviations used for the prepared 

compounds is provided in Table 2.13. 

A schematic illustration of the synthesis of the compounds is provided in 

Scheme 2.5.  

 

Scheme 2.5: Synthesis of different salts of 3. 

 

Table 2.13: List of abbreviations for the synthesized cobalt bis(dioxolene) complexes  

Compound Abbreviation 

[Co2(L-N4tBu2)2(SQ-SQ)]2+ 3 

[Co2(L-N4tBu2)2(SQ-SQ)](BPh4)2 3a 

[Co2(L-N4tBu2)2(SQ-SQ)](BPh4)24 DMF 3b 

[Co2(L-N4tBu2)2(Cat-SQ)](BF4)2 3c 

[Co2(L-N4tBu2)2(Cat-SQ)](BF4)2Et2O 3d 

[Co2(L-N4tBu2)2(Cat-SQ)](PF6)2 3e 
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2.2.2 Structural Characterization  

The single crystal X-ray diffraction data for compound 3b were collected at 

five different temperatures in the temperature range between 100 and 300 K 

at intervals of 50 K, whereas the single crystal X-ray diffraction data for 

compound 3d were only collected at 150 K. The X-ray diffraction data of 

3esolv (solv = unidentified solvent molecules) were collected at 150 K from 

a single crystal obtained by n-pentane diffusion into a dilute solution of 3e in 

DCM. Although, the X-ray diffraction data is not of a high quality and the 

reproducibility of the crystals remains as a question,[138] still, the data is 

discussed in order to clarify some metaldioxolene bond nature found in 

compound 3d (see below). 

Perspective view of complex 3 in 3b is shown in Figure 2.26 and the selected 

bond lengths and bond angles for 3b are provided in Table 2.14 (100200 K) 

and Table 2.15 (250300 K). The compound 3b crystallizes in the triclinic 

space group P1̅. From the variable temperature X-ray diffraction analysis, it 

is evident that the crystal system and space group remain unaltered at all 

temperatures. Each cobalt center is coordinated to the four nitrogen donor 

atoms of the L-N4tBu2 ligand, and two ortho-oxygen donor atoms of one half 

of the bis(dioxolene) ligand. The macrocyclic ligand is folded along the 

NamineNamine axis. The N(1)CoN(3) bond angle value of 149.51(9) at 100 

K which deviates from a perfect NaxialCoNaxial bond angle value of 180, 

indicating that the coordination geometry around each cobalt center is best 

described as a distorted-octahedron. The two amine nitrogen donor atoms of 

L-N4tBu2 occupy the two axial positions, whereas both the pyridine nitrogen 

donor atoms of L-N4tBu2 occupy the equatorial positions (cis-positions) and 

the other two equatorial positions (cis-positions) are occupied by the two 

ortho-oxygen donor atoms of one half of the bis(dioxolene) ligand. The 

complex molecule shows a crystallographic inversion center in the center of 
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the C(26)C(26A) bond which links both dioxolene rings in the bis(dioxolene) 

ligand. Thus, the asymmetric unit contains half of the complex cation, one 

BPh4
 counter anion and two DMF molecules.  

Figure 2.27 shows a graphical representation of the changes in selected bond 

lengths of the complex 3b due to the change in temperature. For the two cobalt 

centers, the average of the CoNpy bond lengths at 100 K is 1.930 Å, and upon 

increasing the temperature the value increases and at the temperatures 150, 

200, 250 and 300 K, the averaged CoNpy bond lengths are 1.978, 2.006, 2.018 

and 2.023 Å, respectively. The average of the CoNamine bond lengths is 2.339 

Å at 100 K and the value remains almost unchanged with increase in the 

temperature from 100 to 300 K. These bond length changes are consistent with 

the assignment of the electronic configurations of the two cobalt centers as 

low-spin electronic configurations at low temperatures and high-spin 

electronic configurations at high temperatures.[32,55,92,123]  

 

Figure 2.26: Perspective view of [Co2(L-N4tBu2)2(SQ-SQ)]2 in 3b, showing 50 % thermal 

ellipsoids at 100 K. 
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The CoO(1) bond length is 1.911(1) Å at 100 K, and upon increasing the 

temperature this bond length increases and at the temperatures 150, 200, 250 

and 300 K, the CoO(1) bond lengths are 1.993(1), 2.044(1), 2.065(1) and 

2.074(1) Å, respectively. Whereas the CoO(2) bond length is 1.922(1) Å at 

100 K, and upon increasing the temperature this bond length also increases 

and at the temperatures 150, 200, 250 and 300 K, the CoO(2) bond lengths 

are 1.958(1), 1.982(1), 1.990(1) and 1.995(1) Å, respectively. The bond 

lengths of CoO(1) and CoO(2) at 100 K fall into the range of observed 

CoO bond lengths for a low-spin cobalt(II) semiquinonate complex.[55,92] 

Since, the redox-states of the cobalt centers are temperature invariant, 

therefore, the increase in the CoO bond lengths upon increasing the 

temperature also indicates that the spin-states of the cobalt(II) centers are 

changed from low-spin to high-spin states. 

Since, the two CoO bond lengths are unequal at high temperatures, therefore, 

the two C(sp2)O bonds of the bis(dioxolene) unit do not possess same bond 

order at high temperatures. The bond order changes of the CO bonds of the 

(SQ-SQ)2 ligand would entail the change in other bond lengths within the 

bis(dioxolene) ligand and thus, accompany the change in the electronic state 

of it (Scheme 2.4). Therefore, the changes in lengths of the various bonds 

within the bis(dioxolene) ligand are discussed. The discussion is as following: 

The C(26)C(26A) bond length is 1.461(4) Å at 100 K, and upon increasing 

the temperature, the length of this bond decreases and at the temperatures 150, 

200, 250 and 300 K, the C(26)C(26A) bond lengths are 1.445(4), 1.439(4) 

1.432(4) and 1.433(4) Å, respectively. The bond lengths of 1.433(4) and 

1.461(4) Å fall into the range of commonly observed C(sp2)C(sp2) double 

bond and C(sp2)C(sp2) single bond, respectively.[22,110] 
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Figure 2.27: Temperature dependence of the CoNpy and CoO bond lengths as well as 

the CO, interannular CC and (O)CC(O) bond lengths of 3b.  

 

The lengths of the C(24)O(2) and C(23)O(1) bonds are 1.316(2) and 

1.291(2) Å, respectively at 100 K, and upon increasing the temperature, both 

bond lengths decrease. The C(24)O(2) bond lengths are 1.312(2), 1.307(2), 

1.306(2), 1.304(3) Å at 150, 200, 250, 300 K, respectively, whereas the 

C(23)O(1) bond lengths are 1.279(2), 1.269(2), 1.266(2), 1.265(3) Å at 150, 

200, 250, 300 K, respectively. The averaged CO bond lengths of 1.304 Å at 

100 K is consistent with the assignment of the CO bonds to the 

carbonoxygen semiquinonate bonds.[14,55] However, the lengths of the 

C(23)O(1) and C(24)O(2) bonds at 300 K are consistent with the 

assignment of these bonds to the C(sp2)O double bond and C(sp2)O single 

bond, respectively.[139]  

In the asymmetric unit: The (O)CC(O) bond length, i.e., C(23)C(24) bond 

length also increases upon increasing the temperature. The (O)CC(O) bond 

lengths are 1.442(2), 1.454(3), 1.461(3), 1.464(3) and 1.465(3) Å at 100, 150, 

200, 250 and 300 K, respectively. The bond length of 1.442(2) Å for the 
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(O)CC(O) bond falls into the range for commonly observed values for more 

localized bonding characters of metal coordinated o-semiquinonate 

radicals.[13,55] The bond length of 1.465(3) Å falls into the range for commonly 

observed C(sp2)C(sp2) single bond.[22,110]  

The detailed investigations of the bond length changes in the bis(dioxolene) 

unit due to variation in temperature display that the bis(dioxolene) unit is in 

an open-shell biradicaloid form at low temperatures and in a closed-shell 

quinonoid form at high temperatures. Therefore, at low temperatures, the 

structural property of the complex 3 in 3b is best described as two low-spin 

cobalt(II) centers bridged by a biradicaloid form of the bis(dioxolene) unit. 

Whereas at high temperatures, it is best described as two high-spin cobalt(II) 

centers bridged by a closed-shell quinonoid form of the bis(dioxolene) unit. 

Thus, by considering the X-ray crystallographic measurements at different 

temperatures, the conversion between these two structural forms of the 

complex is described as spin-crossover from LS-CoII-(SQ-SQ)OS-CoII-LS to 

HS-CoII-(SQ-SQ)CS-CoII-HS state. 
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 Table 2.14: Selected bond lengths [Å] and bond angles [deg] for 3b at 100, 150 and 200 

K. 

 T = 100 K T = 150 K T = 200 K 

Co(1)O(1)   1.911(1) 1.993(1) 2.044 (1) 

Co(1)O(2)   1.922(1) 1.958(1) 1.982(1) 

Co(1)N(2)   1.927(1) 1.975(1) 2.007(2) 

Co(1)N(4)   1.934(2) 1.980(2) 2.006(2) 

Co(1)N(3)   2.339(1) 2.341(1) 2.342(2) 

Co(1)N(1)   2.341(1) 2.335(2) 2.338(2) 

O(1)C(23)   1.291(2) 1.279(2) 1.269(2) 

O(2)C(24)   1.316(2) 1.312(2) 1.307(2) 

C(23)C(28)   1.411(3) 1.417(3) 1.427(3) 

C(23)C(24)   1.442(2) 1.454(3) 1.461(3) 

C(24)C(25)   1.392(3) 1.385(3) 1.384(3) 

C(25)C(26)   1.402(3) 1.409(3) 1.410(3) 

C(26)C(27)   1.435(3) 1.442(3) 1.444(3) 

C(27)C(28)   1.360(3) 1.353(3) 1.344(3) 

C(26)C(26A)  1.461(4) 1.445(4) 1.439(4) 

Co(1)Co(1A) 11.542 11.634 11.693 

O(2)Co(1)O(1)  84.69(5) 82.68(5) 81.42(5) 

O(2)Co(1)N(4)  93.54(5) 95.83(6) 97.35(6) 

O(1)Co(1)N(4)  176.40(6) 176.25(6) 176.36(6) 

O(2)Co(1)N(2)  176.16(5) 174.84(6) 173.88(6) 

O(1)Co(1)N(2)  91.98(6) 92.61(6) 92.89(6) 

N(4)Co(1)N(2)  89.89(6) 88.99(6) 88.46(6) 

O(2)Co(1)N(3)  96.43(5) 105.64(6) 106.48(6) 

O(1)Co(1)N(3)  104.47(5) 96.95(6) 97.35(6) 

N(4)Co(1)N(3)  80.86(6) 80.11(6) 79.67(6) 

N(2)Co(1)N(3)  77.77(6) 76.96(6) 76.36(6) 

O(2)Co(1)N(1)  97.84(5) 99.01(6) 99.75(6) 

O(1)Co(1)N(1)  105.50(5) 106.46(6) 106.89(6) 

N(4)Co(1)N(1)  77.82(6) 77.15(6) 76.68(6) 

N(2)Co(1)N(1)  81.18(6) 80.24(6) 79.68(6) 

N(3)Co(1)N(1)  149.91(5) 147.87(6) 146.56(6) 
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Table 2.15: Selected bond lengths [Å] and bond angles [deg] for 3b at 250 and 300 K. 

 T = 250 K T = 300 K 

Co(1)O(1)   2.065(1) 2.074(1) 

Co(1)O(2)   1.990 (1) 1.995(1) 

Co(1)N(2)   2.019(2) 2.023(2) 

Co(1)N(4)   2.017(2) 2.023(2) 

Co(1)N(3)   2.347(2) 2.345(2) 

Co(1)N(1)   2.338(2) 2.341(2) 

O(1)C(23)   1.266(2) 1.265(3) 

O(2)C(24)   1.306(2) 1.304(3) 

C(23)C(28)   1.423(3) 1.425(3) 

C(23)C(24)   1.464(3) 1.465(3) 

C(24)C(25)   1.384(3) 1.382(3) 

C(25)C(26)   1.410(3) 1.406(3) 

C(26)C(27)   1.445(3) 1.446(3) 

C(27)C(28)   1.343(3) 1.342(3) 

C(26)C(26A)  1.432(4) 1.433(4) 

Co(1)Co(1A) 11.709 11.718 

O(2)Co(1)O(1)  80.98(5) 80.64(6) 

O(2)Co(1)N(4)  97.89(6) 98.25(7) 

O(1)Co(1)N(4)  176.61(7) 177.03(7) 

O(2)Co(1)N(2)  173.49(7) 173.31(7) 

O(1)Co(1)N(2)  92.90(6) 92.98(6) 

N(4)Co(1)N(2)  88.35(7) 88.22(7) 

O(2)Co(1)N(3)  106.73(6) 106.73(7) 

O(1)Co(1)N(3)  97.84(6) 98.31(7) 

N(4)Co(1)N(3)  79.36(6) 79.34(7) 

N(2)Co(1)N(3)  76.14(6) 76.06(7) 

O(2)Co(1)N(1)  100.11(6) 100.48(7) 

O(1)Co(1)N(1)  106.65(6) 106.36(7) 

N(4)Co(1)N(1)  76.68(6) 76.53(7) 

N(2)Co(1)N(1)  79.46(7) 79.27(7) 

N(3)Co(1)N(1)  146.07(6) 145.77(7) 
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The single crystal X-ray diffraction data for 3d were collected at 150 K. The 

perspective view of 3 in 3d is shown in Figure 2.28 and the data for the 

selected bond lengths and bond angles of 3d are provided in Table 2.16. The 

compound crystallizes in the monoclinic space group P21/c. The identification 

of the solvent molecule in the crystal as diethyl ether and the determination of 

its content in the crystal are based on NMR spectroscopic results (see Figure 

A.90 in appendix) and elemental analysis. The data provided in Table 2.16 are 

modified data obtained from manipulation of the originally collected X-ray 

diffraction data by SQUEEZE option in the program PLATON. The 

coordination mode of each cobalt center with the nitrogen donor atoms of the 

macrocyclic ligand L-N4tBu2, and two of the ortho-oxygen donor atoms of 

one half of the bis(dioxolene) ligand, is similar to the coordination mode of 

the cobalt center in 3b. Here, also, the coordination geometry around each 

cobalt center is a distorted-octahedral because the NamineCoNamine bond 

angle value is 153.02(6), which deviates from an ideal octahedral 

NaxialCoNaxial bond angle value of 180. A center of symmetry is situated in 

the center of C(26)C(26A) bond which connects the two dioxolene rings of 

the bis(dioxolene) ligand. Thus, the asymmetric unit contains half of the 

complex and one BF4
 counter anion. 

For the two cobalt centers, the average of the CoNamine bond lengths is 2.247 

Å and the average of the CoNpy bond lengths is 1.898 Å, whereas the average 

of the CoO bond lengths is 1.884 Å. The CO, (O)CC(O), C(26)C(26A) 

bond lengths in the bis(dioxolene) ligand are 1.322(2), 1.423(3), 1.485(4) Å, 

respectively. Among these bond lengths, the bond length of 1.485(4) Å for 

C(26)C(26A) bond is in the range for C(sp2)C(sp2) single bond between the 

biphenyl units.[22,110] Table 2.17 provides the selected data for a low-spin 

cobalt(III) catecholate complex and a low-spin cobalt(II) semiquinonate 

complex containing L-N4tBu2 as ancillary ligands, and the average 
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cobaltligand donor atom (CoL) bond lengths of these two redox isomers. 

All the observed CoL bond lengths of 3d are similar to the arithmetic average 

of the CoL bond lengths of a low-spin cobalt(III) catecholate complex and a 

low-spin cobalt(II) semiquinonate complex. Thus, one of the explanations 

from the observed bond lengths is that low-spin cobalt(III) and low-spin 

cobalt(II) centers are bridged by the (Cat-SQ)3 ligand which is one-electron 

reduced redox form of the (SQ-SQ)2 ligand, and the electronic state of the 

complex 3 in 3d is LS-CoIII-Cat-SQ-CoII-LS at 150 K. 

 

Figure 2.28: Perspective view of [Co2(L-N4tBu2)2(Cat-SQ)]2 in 3d, showing 50 % thermal 

ellipsoids at 150 K. 

 

Another explanation of the structural data can be due to the equal mixtures of 

complexes [{LS-CoIII-L-N4tBu2}(Cat-Cat)4{LS-CoIII-L-N4tBu2}]2 and 

[{LS-CoII-L-N4tBu2}(SQ-SQ)OS
2{LS-CoII-L-N4tBu2}]2. However, the 

magnetic data exclude this possibility (see discussion in section 2.2.3). The X-

ray diffraction data of 3esolv (see below) suggest that the radical is situated 

on the semiquinonate site of [{LS-CoIII-L-N4tBu2}(Cat-SQ)3{LS-CoII-L-

N4tBu2}]2 and the semiquinonate and catecholate halves of the (Cat-SQ)3 

moiety are coordinated to the low-spin cobalt(II) and low-spin cobalt(III) ions, 

respectively. 
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Table 2.16: Selected bond lengths [Å] and bond angles [deg] for 3d at 150 K. 

 T = 150 K 

Co(1)O(2)  1.881(1) 

Co(1)O(1)  1.887(2) 

Co(1)N(2)   1.895(1) 

Co(1)N(4)  1.901(2) 

Co(1)N(3)  2.245(2) 

Co(1)N(1)   2.249(2 ) 

O(1)C(23)  1.322(2) 

O(2)C(24)  1.331(2) 

C(23)C(28) 1.392(3) 

C(23)C(24)   1.423(3) 

C(24)C(25)  1.385(3) 

C(25)C(26)  1.399(3) 

C(26)C(27)   1.416(3) 

C(26)C(26A) 1.485(4) 

Co(1)Co(1A) 11.472 

O(2)Co(1)O(1) 86.66(6) 

O(2)Co(1)N(2) 176.77(6) 

O(1)Co(1)N(2) 90.43(6) 

O(2)Co(1)N(4) 92.16(6) 

O(1)Co(1)N(4) 178.10(6) 

N(2)Co(1)N(4)  90.79(6) 

O(2)Co(1)N(3) 102.75(6) 

O(1)Co(1)N(3) 96.75(6) 

N(2)Co(1)N(3) 78.97(6) 

N(4)Co(1)N(3) 82.06(6) 

O(2)Co(1)N(1) 96.84(6) 

O(1)Co(1)N(1) 102.79(6) 

N(2)Co(1)N(1) 82.43(6) 

N(4)Co(1)N(1)  78.82(6) 

N(3)Co(1)N(1)  153.02(6) 
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Table 2.17: Selected CoN, CO bond lengths [Å] for low-spin cobalt(III) catecholate and 

low-spin cobalt(II) semiquinonate[55] complexes containing L-N4tBu2 as ancillary ligand 

and arithmetic average of the corresponding bond lengths observed in these two redox 

isomers [Å]. 

Bond Length/Å for LS-

Co(III)-Cat[a] 

Length/Å for 

LS-Co(II)-

SQ 

Arithmetic average 

length/Å 

CoNamine 2.138 2.339 2.238 

CoNpy 1.880 1.931 1.905 

CoO 1.879 1.890 1.884 

CO 1.343 1.313 1.328 
[a] The bond lengths which are observed for compounds 2c, 2d and 3esolv have 

been provided. 

 

The perspective view of 3 in 3esolv is shown in Figure 2.29, and the data for 

the selected bond lengths and bond angles are given in Table 2.18. The 

compound 3esolv crystallizes in the monoclinic space group P121/n1. The 

coordination mode of each cobalt center with one L-N4tBu2 and one-half of 

the bis(dioxolene) ligand is similar to the cobalt centers of 3 in 3b and 3d. The 

coordination environment around each cobalt center is a distorted-octahedron 

which is confirmed by the deviation of the NamineCoNamine bond angle values 

(150.0(2)155.0(2) Å) from a perfect NaxialCoNaxial bond angle value of 

180. In contrast to the crystal structures of 3b and 3d, the crystal structure of 

3 in 3esolv does not show any center of symmetry in the center of 

C(27)C(33) bond which links the two dioxolene rings of the bis(dioxolene) 

ligand. Thus, the asymmetric unit contains the whole complex, two 

hexafluorophosphate counter anions and unidentified solvent molecules.  
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Figure 2.29: Perspective view of [Co2(L-N4tBu2)2(Cat-SQ)]2+ in 3esolv, showing 50 % 

thermal ellipsoids at 150 K. 

 

In order to simplify the discussion, the asymmetric unit is divided into two 

parts i.e. first half and second half of the asymmetric unit where the first half 

contains one cobalt dioxolene unit and the second half contains the other 

cobalt dioxolene unit. In the first half of the asymmetric unit, the Co(1)Namine 

and Co(1)Npy bond lengths are in the range of 2.315(5)2.333(5) Å and 

1.928(5)1.918(5) Å, respectively. The Co(1)(O) and CO bond lengths are 

in the range of 1.897(4)1.907(5) Å and 1.304(7)1.325(8) Å, respectively. 

These bond lengths are consistent with the assignment of the electronic 

configuration and oxidation state of the cobalt center as the low-spin cobalt(II) 

.[55,92] The bond lengths within the dioxolene unit are 1.403(9), 1.426(9), 

1.387(9), 1.376(10), 1.416(9) and 1.406(9) Å for the C(23)C(28), 

C(23)C(24), C(24)C(25), C(25)C(26), C(26)C(27) and C(27)C(28) 

bonds, respectively. These bond lengths are typical for a metal coordinated 

ortho-semiquinonate ligand.[55,92] From the above discussion of bond lengths, 

it can be firmly said that the first half of the asymmetric unit contains a low-

spin cobalt(II) semiquinonate moiety. 
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In the second half of the asymmetric unit, the Co(2)Namine and Co(2)Npy 

bond lengths are in the range of 2.146(5)2.170(5) Å and 1.885(5)1.890(5) 

Å, respectively. The Co(2)(O) and CO bond lengths are in the range of 

1.871(4)1.892(4) Å and 1.336(7)1.339(7) Å, respectively. These bond 

lengths are similar with the observed CoL bond lengths in complex 2b which 

has a low-spin cobalt(III) catecholate ground electronic state. The bond 

lengths within the dioxolene unit are 1.422(9), 1.376(9), 1.380(9), 1.411(9), 

1.412(9) and 1.382(9) Å for the C(29)C(30), C(30)C(31), C(31)C(32), 

C(32)C(33), C(33)C(34) and C(29)C(34) bonds, respectively. These bond 

lengths are typical for a metal coordinated catecholate ligand.[55,92]  

The C(27)C(33) bond length is 1.472(9) Å and it falls into the range for 

commonly observed length of C(sp2)C(sp2) single bond between biphenyl 

units.[22,110] From the above discussion related to the various bond lengths, it 

can be conclusively said that the second half of the asymmetric unit contains 

a low-spin cobalt(III) catecholate moiety, and it is linked with the low-spin 

cobalt(II) semiquinonate moiety by a C(sp2)C(sp2) single bond. Thus, the 

electronic state of 3 in 3esolv can be best described by LS-CoIII-Cat-SQ-CoII-

LS state at 150 K. 
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Table 2.18: Selected bond lengths [Å] and bond angles [] of 3 in 3esolv at 150 K. 

First half of the 

asymmetric unit 

 Second half of the 

asymmetric unit 

 

Co(1)O(2)  1.907(5) Co(2)O(3)  1.871(4) 

Co(1)O(1)  1.897(4) Co(2)O(4) 1.892(4) 

Co(1)N(2)   1.928(5) Co(2)N(8) 1.885(5) 

Co(1)N(4)  1.918(5) Co(2)N(6) 1.890(5) 

Co(1)N(3)  2.315(5) Co(2)N(7) 2.146(5) 

Co(1)N(1)   2.333(5) Co(2)N(5) 2.170(5) 

O(1)C(23)  1.304(7) C(29)O(3) 1.336(7) 

O(2)C(24)  1.325(8) C(30)O(4) 1.339(7) 

C(23)C(28) 1.403(9) C(29)C(30) 1.422(9) 

C(23)C(24) 1.426(9) C(30)C(31) 1.376(9) 

C(24)C(25)  1.387(9) C(31)C(32) 1.380(9) 

C(25)C(26)  1.376(10) C(32)C(33) 1.411(9) 

C(26)C(27)   1.416(9) C(33)C(34) 1.412(9) 

C(27)C(28)  1.406(9) C(29)C(34) 1.382(9) 

C(27)C(33) 1.472(9) C(33)C(27) 1.472(9) 

Co(1)Co(2) 11.480 Co(2)Co(1) 11.480 

O(2)Co(1)O(1) 85.4(2) O(3)Co(2)N(8) 177.0(2) 

O(2)Co(1)N(2) 175.9(2) O(3)Co(2)N(6) 88.4(2) 

O(1)Co(1)N(2) 90.9(2) N(8)Co(2)N(6) 94.1(2) 

O(2)Co(1)N(4) 92.7(2) O(3)Co(2)O(4) 87.9(2) 

O(1)Co(1)N(4) 177.9(2) N(8)Co(2)O(4) 89.6(2) 

N(2)Co(1)N(4) 91.1(2) N(6)Co(2)O(4) 176.2(2) 

O(2)Co(1)N(3) 103.8(2) O(3)Co(2)N(7) 101.9(2) 

O(1)Co(1)N(3) 98.3(2) N(8)Co(2)N(7) 80.1(2) 

N(2)Co(1)N(3) 78.2(2) N(6)Co(2)N(7) 84.1(2) 

N(4)Co(1)N(3) 81.3(2) O(4)Co(2)N(7) 95.5(2) 

O(2)Co(1)N(1) 98.3(2) O(3)Co(2)N(5) 95.3(2) 

O(1)Co(1)N(1) 103.4(2) N(8)Co(2)N(5) 83.4(2) 

N(2)Co(1)N(1) 81.0(2) N(6)Co(2)N(5) 79.7(2) 

N(4)Co(1)N(1) 77.7(2) O(4)Co(2)N(5) 101.6(2) 

N(3)Co(1)N(1) 150.0(2) N(7)Co(2)N(5) 155.0(2) 
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2.2.3 Magnetic Properties 

The magnetic susceptibility data for 3b were collected with a SQUID 

magnetometer in the temperature range 2300 K. The repeated measurements 

with two different batches of the sample display reproducibility of the 

observed magnetic properties. The χMT vs. T plots from the repeated 

measurements are shown in Figure 2.30. The plot corresponding to the 

measurement in the temperature range 2300 K refers to the measurement of 

the first batch of sample. The plots corresponding to the measurements in the 

temperature ranges 2295 K and 2320 K refer to the measurement of the 

second batch of sample. 

 

Figure 2.30: Variation of χMT product with temperature for solid 3b. The empty red circles 

correspond to the one batch of sample. The filled black triangle and filled blue diamonds 

correspond to another batch of sample. 

 

To discuss the magnetic properties, the χMT vs. T plot is divided into two parts: 

The χMT value of 0.107 cm3 K mol1 remains almost unchanged over the 

temperature range 630 K, and this value corresponds to an S = 0 species. 
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Hence, if the data of the X-ray crystal structure determination at low 

temperatures are taken into account, then the diamagnetic state can only be 

explained for the case when strong antiferromagnetic coupling between the 

two unpaired electrons in the open-shell biradicaloid form of the 

bis(dioxolene) unit exists (i.e., the bis(dioxolene) ligand is in an open-shell 

singlet electronic state), and each unpaired electron of the low-spin cobalt(II) 

center is ferromagnetically coupled to the unpaired electron in the o-dioxolene 

half of the bis(dioxolene) unit (Scheme 2.6). The ferromagnetic coupling 

between the low-spin cobalt(II) center and semiquinonate moiety is taken into 

account instead of the antiferromagnetic coupling because the unpaired 

electron of the low-spin cobalt(II) ion resides in the -antibonding dz
2 orbital, 

whereas the unpaired electron of semiquinonate radical is situated in a *-

molecular orbital. Since, both the orbitals are orthogonal to each other, a 

ferromagnetic coupling between the low-spin cobalt(II) ion and the 

semiquinonate radical is expected.[55,92]  

 

Scheme 2.6: Temperature-induced spin transitions for the cobalt(II) centers accompanied 

by singlet open-shell to closed-shell state conversion for the bis(dioxolene) ligand in solid 

state of 3b. The double headed curved arrows represent the interaction between the 

unpaired electrons. 

 

However, the most significant changes in magnetic susceptibility occur over 

the temperature range 30300 K. The χMT value gradually increases upon 
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increasing the temperature from 30 K, and at 300 K the curve almost reaches 

a plateau where the χMT value is 5.01 cm3 K mol1. From the variable 

temperature structural characterization, it is evident that at high temperatures, 

two high-spin cobalt(II) centers are bridged by the closed-shell quinonoid 

form of the bis(dioxolene) unit. The χMT value of 5.01 cm3 K mol1 (eff = 6.33 

B) corresponds to the expected value for two very weakly interacting or non-

interacting high-spin cobalt(II) ions bridged by the diamagnetic closed-shell 

quinonoid form of the bis(dioxolene) unit (S = 2  3/2).[32,54] Therefore, the 

increase in the χMT value strongly suggests the spin transition for the two 

cobalt(II) ions is accompanied by the singlet open-shell to singlet closed-shell 

state conversion of the bis(dioxolene) unit (SQ-SQ)2.  

The emergence of any other electronic state except these two electronic states 

is discarded because the curves corresponding to the variation of the bond 

lengths with temperature (Figure 2.27) and the curve corresponding to the 

variation of χMT with T (Figure 2.30) have similar shapes in the temperature 

range of 100300 K. 

The temperature dependence of the magnetic susceptibility for the non-

solvated compound 3c is shown in Figure 2.31. The measurements with one 

substance in the temperature range 2350 K display reproducibility of the 

observed magnetic properties. The measurement of the substance was started 

at 295 K, and then temperature was gradually decreased to 2 K (curve 

corresponding to the temperature range 2952 K). Then, the temperature was 

gradually increased to 350 K. After that the temperature was again gradually 

decreased to 2 K (curve corresponding to the temperature range 2350 K). 

To discuss the magnetic properties, the χMT vs. T plot is divided into two parts: 

In the temperature range 30175 K, the curve shows a plateau with χMT value 

of 1.112 cm3 K mol1. This χMT value is in the range for expected values for a 
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low-spin cobalt(II) semiquinonate (S = 1) complexes.[55] Therefore, the 

possibility of equal mixtures of LS-CoIII-Cat-Cat-CoIII-LS and LS-CoII-(SQ-

SQ)OSS-CoII-LS states is discarded. Below 30 K, the χMT value falls to a value 

of 0.18 cm3 K mol1 and this is attributed due to the zero field splitting.[55] 

 

Figure 2.31: Variation of χMT product with temperature for solid 3c. 

 

However, after raising the temperature from 175 to 350 K, there is a 

continuous increase in the χMT value, and at 350 K, the χMT value is 3.29 cm3 

K mol1 (eff = 5.13 B). The responsible process for the changes in the 

electronic states is incomplete at 350 K. There are two reasonable possibilities 

for such changes in the electronic states. The first possibility arises from the 

observed magnetic data, is that, after 175 K upon increasing the temperature 

the low-spin cobalt(III) catecholate half of the complex undergoes valence 

tautomeric conversion and converts to high-spin cobalt(II) semiquinonate 

state, whereas the low-spin cobalt(II) center of the low-spin cobalt(II) 

semiquinonate half undergoes spin transition, and the low-spin cobalt(II) 

semiquinonate half converts to high-spin cobalt(II) semiquinonate state. Thus, 
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the changes in the electronic and redox-states of the cobalt centers lead to the 

change in electronic state of the bis(dioxolene) unit from catecholate-

semiquinonate state to closed-shell semiquinonate-semiquinonate state 

(Scheme 2.7).  

 

 

Scheme 2.7: Temperature-induced valence tautomeric transition for the low-spin 

cobalt(III) center accompanied by spin transition for the cobalt(II) center and redox-state 

changes of the bis(dioxolene) unit from catecholate-semiquinonate to closed-shell 

semiquinonate-semiquinonate state in solid state of 3c. The double headed curved arrows 

represent the interaction between the unpaired electrons. 

 

The second possibility is the conversion from LS-CoIII-Cat-SQ-CoII-LS to LS-

CoIII-Cat-SQ-CoII-HS state. If the possibility of the existence of LS-CoIII-Cat-

SQ-CoII-HS state is assumed, then the maximum χMT value should reach a 

plateau near the value of 3.33.5 cm3 K mol1,[95] but the plateau has not 

started at 350 K. Thus, it is likely that the excited state of 3c will have higher 

χMT value than 3.29 cm3 K mol1.  

Furthermore, the (Cat-SQ)3 unit and (SQ-SQ)CS
2 units can be differentiated 

by infrared spectroscopy. The ATR spectra of the compounds 3c and 3d 

support the existence of HS-CoII-(SQ-SQ)CS-CoII-HS state at high 

temperatures (see the discussion in section 2.2.4). Thus, the infrared 

spectroscopic investigation is also pointing towards the excited state of the 
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complex to be the HS-CoII-(SQ-SQ)CS-CoII-HS state. Nonetheless, it is evident 

that the ground electronic state of 3c is LS-CoIII-Cat-SQ-CoII-LS and one of 

the possible excited states is HS-CoII-(SQ-SQ)CS-CoII-HS state (Scheme 2.7). 

The high-spin molar fraction vs. temperature plot of compound 3b is shown 

in Figure 2.32. The HS values at different temperatures have been calculated 

from the observed χMT value at those temperatures, and by considering the 

χMT values of 0.112 (χMTLS) and 5.20 cm3 K mol1 (χMTHS) for entirely LS-

CoII-(SQ-SQ)OSS-CoII-LS and HS-CoII-(SQ-SQ)CS-CoII-HS complexes, 

respectively. Note that, here, the high-spin molar fraction refers to the sum of 

the molar fractions of the two high-spin cobalt(II) ions. The consideration of 

the χMTLS value of 0.112 cm3 K mol1 is based on the observation of a plateau 

with this value in the temperature range 230 K where 3b exists entirely in 

LS-CoII-(SQ-SQ)OSS-CoII-LS state (Figure 2.30). The consideration of χMTHS 

value of 5.20 cm3 K mol1 is based on the fact that the observed χMT value for 

complex 1 is 2.60 cm3 K mol1 which has a ground electronic state of high-

spin cobalt(II) catecholate (see discussion in section 2.1.3). Hence, for two 

non-interacting or weakly interacting high-spin cobalt(II) ions in complex 3b, 

the expected value would be ca. 5.20 cm3 K mol1. Further, the χMT vs T plot 

of 3b shows that the curve is reaching to a plateau at 300 K (χMT = 5.01 cm3 

K mol1). Thus, approximately the χMTHS value is considered as 5.20 cm3 K 

mol1. From the below plot (Figure 2.32), the T1/2 value is found to be 141 K. 

A least-squares fitting of the HS vs. T plot by the equation 2.6 provides the H 

and S values of 5.8  0.3 kJ mol1 and 41.2  1.3 J K1 mol1, respectively.  

HS = 1/(eH/RTeS/R+1)                   (2.6) 

The goodness-of-fit data are provided in Table 2.19. These values of the 

enthalpy and entropy changes are in the range of those values for the SCO 

cobalt(II) complexes.[32,54]  
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Figure 2.32: The high-spin molar fraction HS vs. T plot for solid 3b.  

 

The high-spin molar fraction vs. temperature plot in the temperature range 

150350 K for solid 3c is shown in Figure 2.33. For the calculation of HS 

values, the χMT value for the pure LS-CoIII-Cat-SQ-CoII-LS complex is 

considered as 1.112 cm3 K mol1 because with this value a plateau is observed 

in the χMT vs. T plot of 3c in the temperature range 30175 K where complex 

3c exists entirely in LS-CoIII-Cat-SQ-CoII-LS state. Whereas, as described 

earlier, the χMT value for the pure HS-CoII-(SQ-SQ)CS-CoII-HS complex is 

considered as 5.20 cm3 K mol1. The T1/2 value for the conversion of the LS-

CoIII-Cat-SQ-CoII-LS to HS-CoII-(SQ-SQ)CS-CoII-HS complex is found to be 

350 K. A least-squares fitting of the plot by the equation 2.6, provides the 

thermodynamic parameters H = 17.3  0.5 kJ mol1 and S = 48.9  0.6 J 

K1 mol1. The goodness-of-fit data are provided in Table 2.19. These values 

of the thermodynamic parameters neither fall into the commonly observed 

values of those parameters for SCO cobalt(II) complexes nor for the VTLS-HS 
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of cobalt dioxolene complexes. This kind of observation could be explained 

on the basis of the fact that in complex 3c, the two linked cobalt dioxolene 

moieties undergo different transitions that are, the low-spin cobalt(III) 

catecholate half exhibits VTLS-HS whereas the low-spin cobalt(II) 

semiquinonate site undergoes spin transition. The values of the 

thermodynamic parameters for one of the transitions would be different than 

the other one because the S value would be different for the two processes 

due to the fact that the changes in ML bond lengths and number of unpaired 

electrons in a valence tautomeric transition differ from those for an SCO 

process.[15,32,54,81] For, the case herein, the curve fitting approach could provide 

the averaged or in between values for the H and S of the SCO and VTLS-HS 

processes. 

 

Figure 2.33: The high-spin molar fraction HS vs. T plot for solid 3c.  
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Table 2.19: Goodness-of-fit and thermodynamic parameter data for the fitting of the HS vs. 

T plots of solid 3b and 3c. 

Compound SSres Adj. 

R2 

RMSE H/kJ mol1 S/J K1 

mol1 

3b (solid)  0.062 0.991 0.034 5.8  0.3 41.2  1.3 

3c (solid) 2.7103 0.997 8.5103 17.3  0.5 48.9  0.6 
 

1H NMR spectrum of the compound 3a in [D3]MeCN at 293 K shows broad 

signals in the range between +100 ppm and 60 ppm (Figure 2.34). The peaks 

(/ppm) are listed in the Table 2.20, and also in the experimental section.  

 

Figure 2.34: 1H NMR spectrum of the compound 3a at 293 K in [D3]MeCN. 

 

The χMT value measured from a solution of 3a in [D3]MeCN is 5.07 cm3 K 

mol1 at 293 K. This value is in agreement with the assignment of electronic 

state of dissolved [Co2(L-N4tBu2)2(SQ-SQ)]2+ complex as HS-CoII-(SQ-

SQ)CS-CoII-HS state at 293 K. 
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Table 2.20: 1H NMR data for [Co2(L-N4tBu2)2(SQ-SQ)]2+ of 3a at 293 K in [D3]MeCN. 

Solvent /ppm 

[D3]MeCN 90.64 (br), 85.54 (br), 39.48 (br), 35.35 (br), 32.11 

(br), 28.38 (br), 26.47 (br), 18.98 (br), 3.19 (br), 

2.06 (br), 2.31 (br), 11.08 (br), 15.81 (br), 

17.56 (br), 52.30 (br) 
 

2.2.4 Infrared Spectroscopic Properties 

Infrared spectroscopy performed on compounds 3a, 3b, 3c, and 3d has 

provided invaluable insights into the electronic states of the bis(dioxolene) 

ligands of the compounds at room temperature. The ATR spectra of the 

compounds 3a and 3b are shown in Figure 2.35. The spectra of 3a and 3b 

show intense bands at around 1504 and 1520 cm1. Tentative assignment of 

these bands requires discussion about the appearance of the different 

stretching modes of L-N4tBu2 ligand, BPh4
 counter anion, DMF in infrared 

spectra. The discussion is as following: (1) Since, the IR spectrum of the 

complex [Co(L-N4tBu2)(MeCN)2](ClO4)2 does not exhibit any bands in the 

region 15501500 cm1,[32] therefore, the above bands are not assigned to any 

kind of stretching mode related to the L-N4tBu2 ligand. (2) As, compound 3a 

does not exhibit the bands corresponding to DMF (see Figure A.75 in 

appendix), and is prepared by drying of 3b in vacuum, therefore, the above 

bands for the compounds are not originating from DMF. (3) The copper 

bis(dioxolene) complex 5a which contains the (SQ-SQ)CS
2 ligand but does 

not contain BPh4
 counter anions and DMF, also shows intense bands in the 

above energy region with similar intensity pattern (see Figure A.121 in 

appendix). In both complexes 3b and 5a, the metal ions are divalent. So, the 

bands related to the macrocyclic ligand L-N4tBu2 would exhibit similar IR 

features for both the compounds. Therefore, on the basis of crystallographic 

data of 3b at 300 K, the presence of the bands at around 1504 and 1520 cm1 
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for complexes 3a and 3b could only be linked to the presence of the (SQ-

SQ)CS
2 ligand in the complexes. In other words, the bands could be used as 

the marker bands for the presence of the (SQ-SQ)CS
2 ligand in the synthesized 

metal bis(dioxolene) complexes. The Gaussian fit of the ATR spectra in the 

range 15001550 cm1, shows presence of one Gaussian peak at 1505 cm1 

for 3b, whereas two Gaussian peaks at 1502 and 1528 cm1, for 3a are found 

in that range (see Figures A.80A.81 in appendix). Although, in the ATR 

spectrum of 3b, a shoulder could be seen at around 1520 cm1 which has a 

lesser bandwidth than the bandwidth of the shoulder at 1522 cm1 for 3a, but 

a Gaussian peak is not found at around 1522 cm1 for 3b. This kind of anomaly 

is explained as following: The IR spectrum of DMF shows a medium band at 

1504 cm1.[132] Since, the complex 3b contains 4 DMF molecules in its crystal 

lattice, therefore, in its ATR spectrum, a band corresponding to the DMF 

molecules would be present at around 1504 cm1. Additionally, the marker 

band for the (SQ-SQ)CS
2 ligand is also present at the at around 1504 cm1. 

Thus, the total intensity of the band at 1504 cm1 in the ATR spectrum of 3b 

is the sum of the intensity of the bands corresponding to the DMF molecules 

and (SQ-SQ)CS
2 ligand. Therefore, the intensity ratio of the bands at 1504 to 

1520 cm1 in the ATR spectrum of 3b differs to the intensity ratio of those 

bands in the ATR spectrum of 3a and that ratio is such that the bandwidth of 

the band at 1520 cm1 for 3b become much smaller compared to that of the 

bandwidth for 3a. Thus, from the Gaussian fitting of the ATR spectrum of 3b, 

only one peak is found instead of two peaks, in the wavenumber range 

15001550 cm1. Note that it has been observed that during deconvolution of 

the IR spectra, when the stretching frequencies of two IR bands are separated 

by up to maximal value of ca. 20 cm1 and if one of the bands is significantly 

weaker than the other band, then the Gaussian fit could provide only one peak 

corresponding to the intense band. 



Results and Discussion                                                                                107 

 

Figure 2.35: ATR spectra of 3a (left) and 3b (right) at RT. The bands associated with the 

closed-shell form of the bis(dioxolene) ligand are marked by filled diamonds. 

 

The ATR spectra of the compounds 3c and 3d are shown in Figure 2.36. Both 

the spectra have similar type of characteristic bands. In the spectra, the 

catecholate marker bands of the catecholate halves of (Cat-SQ)3 ligands are 

present at 1265 cm1. The assignment of this band to the catecholate marker 

band is based on the following observation: Each of the complexes 5a, 3a and 

3b exhibit two bands at around 1280 and 1250 cm1 in the range of 13001250 

cm1 in their ATR spectra. Whereas 3c exhibit three bands at 1282, 1265 and 

1249 cm1, and 3d exhibit three bands at 1281, 1266 and 1250 cm1 (see 

experimental section). Thus, this observation along with the IR spectroscopic 

study of the complex 2 (see discussion in the above section 2.1.4), X-ray 

crystallographic data of 3d at 150 K and SQUID data of 3c in the temperature 

range 2350 K suggest that the band at 1265 cm1 can only be correlated with 

the marker band for the catecholate halves of the (Cat-SQ)3 ligands. 

According to the observation in the IR spectra of complex 2, another dioxolene 

marker band with similar intensity to the band at 1265 cm1, should be 

observed at around 1475 cm1. In the ATR spectra (Figure 2.36), that band, if 

present is obscured by the relatively intense band at 1465 cm1. The band at 

1465 cm1 is correlated with the presence of the macrocyclic ligand L-N4tBu2 

in 3c and 3d because the complexes [Co(L-N4tBu2)(MeCN)2](ClO4)2 and 



108 

[Co(L-N4tBu2)Cl2] exhibit medium bands at around 1465 cm1 in their IR 

spectra.[32] These observations strongly support the existence of catecholate-

semiquinonate states of the bis(dioxolene) ligands in significant amounts in 

both compounds 3c and 3d, at room temperature. At room temperature, the 

existence of closed-shell quinonoid forms of the bis(dioxolene) ligands in 3c 

and 3d is supported by the observation of the (SQ-SQ)CS
2 marker bands at 

1501 cm1. The Gaussian fitting of the ATR spectra reveal that two Gaussian 

bands at 1502 and 1522 cm1 are present in the range 15001550 cm1 (see 

Figures A.82A.83 in appendix). The Gaussian bands at 1268 cm1 are the 

marker bands for the catecholate halves of the (Cat-SQ)3 units. Therefore, 

without the X-ray structure data of 3d at high temperature, the electronic states 

of 3 in 3c and 3d could be described by HS-CoII-(SQ-SQ)CS-CoII-HS state at 

high temperatures. The possibility of existence of LS-CoII-(SQ-SQ)CS-CoII-HS 

is discarded because the state does not exist for 3b.  

 

Figure 2.36: ATR spectra of 3c (left) and 3d (right) at RT. The bands associated with the 

(Cat-SQ)3 moieties are marked by triangles and the bands associated with the (SQ-

SQ)CS
2 moieties are marked by filled diamonds. 
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Although in ATR sampling technique a slight mechanical pressure is applied 

on the crystals, therefore, the question remains whether crystals of 3d loses 

diethyl ether due to application of the pressure. But inspection of ATR spectra 

of 3c and 3d reveals difference in intensity pattern of the bands in the spectra. 

The sample for ATR measurement of 3c was prepared by drying of 3d in 

vacuum. Therefore, considering the IR spectrum of diethyl ether,[132] if 3c and 

3d have the same molecular property, then the band which is lower in energy 

than 1200 cm1 would have been most affected, i.e., the intensity of the bands 

in this region would have been lower than the intensity of the catecholate CO 

band. In addition, it has been observed that 3d does not lose diethyl ether 

completely upon storage at room temperature for more than two weeks. It has 

also been observed that during drying of 3d in vacuum at RT, the crystals do 

not lose crystallinity. Therefore, it is justified to say that 3c and 3d have similar 

molecular property but not the same.  

The KBr pellet IR spectra of 3b and 3d are shown in Figure 2.37 and Figure 

2.38, respectively. The bands at 1507 and 1520 cm1 are the marker bands for 

the (SQ-SQ)CS
2 unit. The catecholate marker band of the (Cat-SQ)3 unit, 

which are observed in the ATR spectrum of 3d, is also observed in its KBr 

pellet IR spectrum. The band at 1260 cm1 in the IR spectrum of 3d is assigned 

to the marker band for the catecholate half of the coordinated (Cat-SQ)3 

moiety.  

One of the differences between the ATR and KBr pellet spectra of 3d, are that 

the intensity of the (SQ-SQ)CS
2 marker bands is higher in the KBr pellet 

spectrum than the observed intensity in ATR spectrum. The Gaussian fit of 

the KBr pellet IR spectra of 3b and 3d shows that for compound 3b, one 

Gaussian band at 1504 cm1 is present, and for compound 3d two Gaussian 

bands at 1504 and 1525 cm1 are present (see Figures A.84A.85 in appendix). 
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The reason for the observation of one Gaussian band instead of two Gaussian 

bands for compound 3b in the range of 15001550 cm1, is same as described 

for the observation in its ATR spectrum (see above). In the deconvoluted 

spectra of 3d, the Gaussian band at 1259 cm1 is the catecholate marker band. 

Thus, on the basis of X-ray diffraction, magnetic susceptibility data and 

comparison with the ATR spectral data, it can be inferred that at room 

temperature, the complex 3 exists, mainly, in HS-CoII-(SQ-SQ)CS-CoII-HS 

state in the KBr pellet of 3b, whereas in the KBr pellet of 3d, it exhibit a 

VT/SCO equilibrium between the LS-CoIII-Cat-SQ-CoII-LS and HS-CoII-(SQ-

SQ)CS-CoII-HS states. 

 

Figure 2.37: IR spectrum of KBr pellet of compound 3b. The bands associated with the 

(SQ-SQ)CS
2 moieties are marked by filled diamonds. 
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Figure 2.38: IR spectrum of KBr pellet of compound 3d. The bands associated with the 

(SQ-SQ)CS
2 moiety are marked by filled diamonds and the arrow is pointed towards the 

marker band of catecholate half of the (Cat-SQ)3 moiety.  

 

Keeping in mind that, temperature-induced intramolecular electron transfer in 

a mixed-valence system e.g., in a class II mixed-valence system, was observed 

by Lancaster et al. by variable temperature EPR spectroscopy,[140,141] it is 

worthwhile to mention about the possibility of such electron transfer in (Cat-

SQ)3 ligands of the complexes 3c and 3d because the (Cat-SQ)3 ligand is 

also a mixed-valence system. The presence of catecholate marker bands at 

around 1265 cm1 in the IR spectra of the compounds at room temperature 

indicates that if the electron transfer is happening in the (Cat-SQ)3 ligand at 

room temperature, then the electron transfer rate is faster than IR 

spectroscopic time scale because in case of the electron transfer i.e., 

delocalization, the catecholate marker bands would not have appeared in the 

IR spectra. 
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2.2.5 UV/Vis/NIR Spectroscopic Properties 

The solution state properties of [Co2(L-N4tBu2)2(SQ-SQ)]2+ have been 

investigated by variable temperature UV/Vis/NIR spectroscopy along with 

NMR spectroscopy. The variable temperature UV/Vis/NIR spectra of 3a in 

EtCN are presented in Figure 2.39. The variable temperature UV/Vis/NIR 

spectra of 3d are superimposable with this spectra (see appendix; Figure 

A.96). Therefore, any kind of counter ion effects on solution state properties 

are discarded. The Gaussian fit of the spectra are shown in Figures 

A.98A.105 and the data found from the fitting are given in Table A.16 (see 

in section 6.2.4 in appendix). 

 

Figure 2.39: Variable temperature UV/Vis/NIR of compound 3a in propionitrile. 

 

The discussion related to the spectral changes become simple if, at first, the 

results of the SVD of the variable temperature UV/Vis/NIR spectra are 

considered. Therefore, those results are discussed as following: The data 
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obtained from the SVD are provided in Table 2.21. The singular values of the 

S matrix show that the first two components corresponds to the 97.6 % weights 

of the first two basis spectra to the overall spectra. The spectral features of the 

first three U components are shown in Figure 2.40. The first two V component 

vs. T plots have the shape of HS vs. T plot for an SCO/VT process, whereas 

the third one does not have any physical significance in terms of an SCO/VT 

process (see Figures A.106A.108 in appendix). Thus, based on the shapes of 

the V component vs. T plots and singular values, it is concluded that the 

spectra contain two components. The statistical parameters showing 

goodness-of-fit of the V components are provided in Table A.17 (see 

appendix). The absorption profiles of the pure components of the spectra are 

shown in Figure 2.41 and the absorption data are provided in Table 2.22. The 

Gaussian fit of the component spectra are shown in Figures A.109A.110 and 

the data are provided in Table A.16 (see appendix). Except for the first two 

components of the U, S and V matrices, the rest are predominated by the 

features due to the noise and in addition, they could be due to the spectral 

broadening. 

Table 2.21: The first four singular values, thermodynamic parameters H, S and 

goodness-of-fit parameter R2 obtained from the SVD of the variable temperature 

UV/Vis/NIR spectra of 3a in EtCN.[a] 

Singular 

value 

Singular 

value (%) 
H/kJ 

mol1 

S/J K1 

mol1  

T/K R2 [b] 

8.68  105 78.3 12.8 59.8 193 0.995 

2.14  105 19.3   213 0.999 

1.98  104 1.8   233 0.997 

3.91  103 0.3   253 0.998 

    273 0.999 

    293 0.999 

    313 0.999 

    333 0.998 
[a] The data points have absorbance in the range of 01.1. 
[b] Goodness-of-fit parameter for the reconstructed (calculated) spectrum at each 

temperature 
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Table 2.22: Absorption data for the low- and high-temperature components (LTC and 

HTC) of the variable temperature UV/Vis/NIR spectra of 3a in EtCN. 

Component max/nm (/M1 cm1) 

HTC 1089 (4415), 709 (22200), 453 

(15700) 

LTC 1257 (22400), 1175 (16300), 975 

(6000), 684 (3400), 645 (3110), 502 

(3160), 462 (6076), 418 (10200), 357 

(20400) 

 

 

Figure 2.40: Spectra of the first three U components, in the sequence of solid, dashed and 

dotted lines, for the SVD of variable temperature UV/Vis/NIR of compound 3a in EtCN. 

 

Based on the magnetic susceptibility value of 3a at room temperature, the 

absorption profile of the HTC is assigned to the HS-CoII-(SQ-SQ)CS-CoII-HS 

chromophore. While the bands in the UV and Visible regions are assigned to 

the various possible   * transitions of the bis(dioxolene) ligand, the 

relatively weak band in the NIR region with absorption at 1089 nm is 

tentatively assigned to the charge transfer transition between the high-spin 

cobalt(II) centers and (SQ-SQ)CS
2 ligand. Among these bands, the intense 



Results and Discussion                                                                                115 

band with absorption at 709 nm is assigned to the HOMOLUMO transition 

(  *) of the (SQ-SQ)CS
2 ligand.  

 

 

Figure 2.41: UV/Vis/NIR spectral features corresponding to the LTC and HTC obtained 

by the SVD of the variable temperature UV/Vis/NIR spectra of 3a in EtCN. 

 

Assignment of the absorption profile of the LTC to a particular chromophore 

is difficult without a theoretical calculation. However, the NIR spectral 

features that is, the pattern of the bands has similarity with the NIR spectral 

features for a low-spin cobalt(II) semiquinonate chromophore.[33,55,92] 

Therefore, at least occurrence of an SCO process for one of the cobalt(II) 

centers is obvious.  

The experimental spectra were reconstructed by SVD (see appendix; Figures 

A.111A.112). The residuals between the experimental and reconstructed 

spectra are shown in Figure 2.42. These residuals do not differ substantially 

from the residuals between the original data matrix A and rank-defined data 

matrix B (see appendix; Figure A.113).  
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Figure 2.42: Residuals between the experimentally recorded and reconstructed spectra 

obtained by the SVD of the variable temperature UV/Vis/NIR spectra of 3a in EtCN. 

 

The spectral changes are consistent with increases in the intensity of the bands 

corresponding to the HTC with increase in temperature. The intensity of the 

bands of the LTC decreases with increase in temperature. The SVD provides 

the thermodynamic parameters of H = 12.8 kJ mol1 and S = 59.8 J K1 

mol1 for the conversion from the low energy to high energy state of dissolved 

3. These thermodynamic parameters are also indicative for the SCO processes 

of cobalt(II) centers because the enthalpy change value falls into the range for 

commonly observed enthalpy change values of SCO cobalt(II) 

complexes.[32,54] The entropy change value is somewhat higher than those 

observed for the SCO cobalt(II) complexes in their solid states.[32,54] This 

observation could be due to the change in Svib as a result of the solute-solvent 

interactions (see discussion in section 2.1.5).  
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2.2.6 Electrochemical Properties 

The redox properties of 3e have been investigated by cyclic voltammetry. The 

cyclic voltammogram of compound 3e is shown in Figure 2.43. The cyclic 

voltammograms for reductive and oxidative processes at different scan rates 

are presented in Figure 2.44. The cyclic voltammetry data are provided in 

Table A.18 (see in section 6.2.5 in appendix). The involved processes are 

outlined in Scheme 2.8. The CV for the reductive processes shows two redox 

couples at E1/2 values of 112 and 552 mV at a scan rate v = 100 mV/s.  

 

Scheme 2.8: Redox processes for compound 3e. 

 

The redox process occurring at E1/2 = 112 mV is assigned to the ligand-based 

one-electron reduction from (SQ-SQ)2 to (Cat-SQ)3 and the reduction at E1/2 

= 552 mV is assigned to the ligand-based one-electron reduction from (Cat-

SQ)3 to (Cat-Cat)4. The ipa/ipc value for each reduction is  1 and the E 

values for first and second set of reductions are in the range of 7280 mV at 

scan rate v = 100 mV/s, respectively. Therefore, these two reductions are 

considered as reversible redox processes. 

The CV for the oxidations show three redox processes at Epa = 360 mV, E1/2 = 

ca. 571 mV and E1/2 = 709 mV at a scan rate v = 100 mV/s. The differential 

pulse voltammetry (DPV) of compound 3e has helped to explain the 

oxidations (see appendix; Figure A.114). Although, the resolution of the DPV 

curve is not good, still the explanation of the oxidative processes is better 
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understood from the DPV. The oxidation at Epa = 360 mV is irreversible, 

whereas the oxidations at E1/2 = ca. 571 mV and E1/2 = 709 mV are quasi-

reversible. 

 

Figure 2.43: Cyclic voltammogram of 3e in 0.2 M TBAP/MeCN at v = 100 mV/s. 

 

The redox process at Epa = 360 mV at a scan rate v = 100 mV/s, is assigned to 

the irreversible oxidation from [{CoII(L-N4tBu2)}(SQ-SQ)2{CoII(L-

N4tBu2)}]2 to [{CoII(L-N4tBu2)}(SQ-SQ)2{CoIII(L-N4tBu2)}]3. The direct 

oxidation product is unstable and dissociates to [CoII(L-N4tBu2)(-SQ-BQ)]+ 

and [CoII(L-N4tBu2)(MeCN)2]
2+. 

The oxidation at E1/2 = ca. 571 mV is assigned to the one-electron oxidation 

from [CoII(L-N4tBu2)(-SQ-BQ)]+ to [CoIII(L-N4tBu2)(-SQ-BQ)]2+. The 

oxidation at E1/2 = 709 mV is assigned to the one-electron oxidation from 

[CoII(L-N4tBu2)(MeCN)2]
2+ to [CoIII(L-N4tBu2)(MeCN)2]

3+.[122] The second 
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oxidation is tentatively assigned to a quasi-reversible redox process (E = ca. 

62 mV at v = 100 mV/s). 

The third oxidation is also quasi-reversible because the CV of the [Co(L-

N4tBu2)(MeCN)2]
2+ complex shows a quasi-reversible oxidation at around 709 

mV.[122]  

Figure 2.44: Cyclic voltammograms for the reductive (left) and oxidative (right) processes 

of 3e at different scan rates in 0.2 M TBAP/MeCN. 
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2.2.7 Brief Summary  

In summary, the structural and magnetic data unambiguously reveal that the 

electronic state of the bis(dioxolene) ligand of solid 3b is switched between 

open-shell singlet and closed-shell singlet which is triggered by cobalt(II) 

based spin-crossover process. This observation has opened up new ways to 

manipulate the electronic state of an organic moiety. On the other hand, 

intramolecular redox reaction between one of the cobalt(II) ions and (SQ-

SQ)2 ligand has resulted in the transfer of one electron from the cobalt(II) ion 

to the bis(dioxolene) ligand in each of the compounds 3c and 3d in their solid 

states. As a consequence for each of 3c and 3d, LS-CoIII-Cat-SQ-CoII-LS 

electronic state is achieved at low temperatures, whereas at high temperatures 

the electronic states of 3c and 3d are best described as HS-CoII-(SQ-SQ)CS-

CoII-HS electronic states. Based on the infrared spectroscopic investigation, it 

is apparent that, if any electron transfer is occurring at room temperature 

between the dioxolene moieties of the (Cat-SQ)3 ligand of the LS-CoIII-Cat-

SQ-CoII-LS complex then the electron transfer rate is faster than IR time scale. 

The X-ray crystallographic measurement of 3esolv indicates that the 

electronic state of 3 in 3esolv is LS-CoIII-Cat-SQ-CoII-LS at 150 K. 

The solution state properties of complex 3 are independent of counter ions. On 

the basis of variable temperature UV/Vis/NIR spectroscopy and NMR-

spectroscopy, we could say that in solution state, at least one of the cobalt(II) 

centers of 3 undergoes spin transition. Whether the spin transition is 

accompanied by change in the redox-state of the bis(dioxolene) ligand from 

catecholate-semiquinonate to closed-shell semiquinonate-semiquinonate state 

or change in the electronic configuration of the bis(dioxolene) ligand from 

open-shell semiquinonate-semiquinonate to closed-shell semiquinonate-

semiquinonate state, remain unclear.  
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2.3 Electronic States of Bis(dioxolene) Ligands and the Interactions 

Between Metal Ions in Nickel-, Copper- and Zinc-Bis(dioxolene) 

Complexes  

In order to investigate the electronic interactions between the metal centers 

bridged by the bis(dioxolene) ligand (SQ-SQ)2 and the effect of the 

coordinated metal ions on the electronic states of the bridging ligand, other 

than cobalt(II) ions, the nickel(II), copper(II) and zinc(II) bis(dioxolene) 

complexes 4, 5 and 6, respectively, have been synthesized and characterized.  

 

2.3.1 Synthesis  

The nickel bis(dioxolene) complex was synthesized by following an 

analogous synthetic procedure (second method) for complex 3, but starting 

with the isolated complex [Ni(L-N4tBu2)Cl2] instead of the in situ prepared 

complex [Co(L-N4tBu2)Cl2] afforded dark green crystals of [Ni2(L-

N4tBu2)2(SQ-SQ)](BPh4)24 DMF (4a) in a 45 % yield 

The equation for the synthesis of 4 may be written as  

 

The compound 5a was synthesized by following a similar synthetic method as 

for compound 3d, but starting with CuCl22 H2O instead of CoCl26 H2O and 

oxidizing the in situ prepared [Cu2(L-N4tBu2)2(Cat-Cat)] with ferrocenium 

tetrafluoroborate instead of dioxygen afforded yellow-green crystals of 

[Cu2(L-N4tBu2)2(SQ-SQ)](BF4)2Et2O (5a) in a 43 % yield. 

The compound 6b was synthesized by following the first synthetic method 

developed for compound 3b but starting with ZnCl2 instead of CoCl26 H2O 

afforded dark green crystals of [Zn2(L-N4tBu2)2(SQ-SQ)](BPh4)24 DMF (6b) 
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in a 48 % yield. The non-solvated compound [Zn2(L-N4tBu2)2(SQ-

SQ)](BPh4)2 (6a) was obtained by drying of 6b in vacuo at 100 C. The list 

and abbreviations of the synthesized compounds are provided in Table 2.23. 

The equation for the synthesis of complexes 5 and 6 may be written as 

 

 

Table 2.23: List and the abbreviations for the synthesized and discussed compounds. 

Compound Abbreviation 

[Ni2(L-N4tBu2)2(SQ-SQ)]2+ 4 

[Ni2(L-N4tBu2)2(SQ-SQ)](BPh4)24 DMF 4a 

[Cu2(L-N4tBu2)2(SQ-SQ)]2+ 5 

[Cu2(L-N4tBu2)2(SQ-SQ)](BF4)2Et2O 5a 

[Zn2(L-N4tBu2)2(SQ-SQ)](BPh4)2 6a 

[Zn2(L-N4tBu2)2(SQ-SQ)](BPh4)24 DMF 6b 

[Zn2(L-N4tBu2)2(SQ-SQ)]2+ 6 

[Zn2(L-N4tBu2)2(Cat-SQ)3]+ 6 

[Zn(L-N4tBu2)(-SQ-SQ)] 7 

 

2.3.2 Structural Characterization 

The single crystal X-ray diffraction data for compounds 4a and 6b were 

collected at 100 and 295 K, whereas the X-ray diffraction data for compound 

5a were collected at 150 K. The analysis of the data for compounds 4a and 6b 

suggests that the structural properties at 100 and 295 K are identical. The 
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perspective views of the complex cations of the complexes are shown in 

Figure 2.45 and selected bond lengths and angles in these compounds are 

provided in Tables 2.242.26. The compounds 4a and 6b crystallize in the 

triclinic space group P1̅ and their structures are isomorphous with that of 3b. 

Compound 5a crystallizes in the monoclinic space group P21/c. The diethyl 

ether molecule in compound 5a is disordered. The identification and content 

of diethyl ether is based on the elemental analysis. The data provided in Table 

2.25 are modified data obtained by the SQUEEZE option in the program 

PLATON. The structure of 5a is isomorphous with the structure of 3d.  

The metal centers in 4a, 5a and 6b are coordinated to the ligand donor atoms 

in a similar fashion as the cobalt centers in compound 3b or 3d. Also, the 

distorted-octahedral coordination spheres around the metal centers are 

demonstrated by the substantial deviation of the NamineMNamine bond angles 

(found in the range of 144.62(5)149.20(6)) from the ideal value of 180. For 

each complex, the two halves of the complex cations are related by a 

crystallographic inversion center located in the middle of the C(26)C(26A) 

bond which links the two dioxolene units of the bridging ligand. Thus, each 

asymmetric unit of 4a and 6b contains half of the complex cation, one BPh4
 

anion and two DMF molecules. The asymmetric unit of 5a contains half of the 

complex cation and one BF4
 anion.  

The MNamine bond lengths are in the ranges of 2.301(2)2.314(2), 

2.426(3)2.431(3), 2.355(1)2.392(2) Å for 4, 5 and 6, respectively. The 

MNpy bond lengths are in the ranges of 1.983(2)1.986(2), 

1.970(3)1.983(3), 2.040(1)2.053(2) Å for 4, 5 and 6, respectively. The 

observed MNamine and MNpy bond lengths are consistent with the 

assignment of the oxidation states of the metal centers as (+II) states.[122] 
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In the bis(dioxolene) units of the complexes, the interannular CC bond 

lengths determined at different temperatures are in the ranges of 

1.432(4)1.429(4) and 1.422(3)1.421(3) Å for complexes 4 and 6, 

respectively. These bond lengths are consistent with the range of the bond 

lengths commonly observed for C(sp2)C(sp2) double bonds in such quinoidal 

molecules.[22,110] Although, the bridging CC bond length of 1.447(7) Å for 

complex 5 is longer than the above bond lengths, still the SQUID data of 5a 

suggest that the bis(dioxolene) unit of complex 5 exists in closed-shell 

quinonoid form (see discussion in section 2.3.3).  

The lengths of the C(23)O(1) bonds are in the ranges of 1.262(3)1.263(2) 

and 1.255(2)1.257(2) Å for 4 and 6, respectively. The value of the 

C(23)O(1) bond length in complex 5 is 1.243(4) Å. The C(24)O(2) bond 

lengths are found in the ranges of 1.299(2)1.300(2) and  1.297(2)1.298(2) 

Å for 4 and 6, respectively. For complex 5, the C(24)O(2) bond length is 

1.304(4) Å. The (O)CC(O) bond lengths are in the ranges of 

1.464(3)1.470(3) and 1.469(2)1.475(2) Å, for complexes 4 and 6, 

respectively. The (O)CC(O) bond length in complex 5 is 1.459(5) Å. These 

bond lengths are in accordance with the assignment of the electronic states of 

the bis(dioxolene) ligands in these complexes as closed-shell semiquinonate-

semiquinonate states which is supported by the observation of similar bond 

lengths in the bis(dioxolene) ligand of 3b at high temperatures. 
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Figure 2.45: Perspective views of 4 (top), 5 (middle), 6 (bottom) in compounds 4a, 5a and 

6b, respectively, employing thermal ellipsoids of 50% probability, and omitting all 

hydrogen atoms for the purpose of clarity. 
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Table 2.24: Selected bond lengths [Å] and bond angles [deg] for 4a. 

 T = 100 K T = 295 K 

Ni(1)O(2)   2.015(1) 2.014(1) 

Ni(1)O(1)   2.049(1) 2.058(2) 

Ni(1)N(4)   1.985(2) 1.985(2) 

Ni(1)N(2)   1.983(2) 1.986(2) 

Ni(1)N(3)   2.302(2) 2.314(2) 

Ni(1)N(1)   2.301(2) 2.306(2) 

O(1)C(23)   1.263(2) 1.262(3) 

O(2)C(24)   1.299(2) 1.300(2) 

C(23)C(28)   1.429(3) 1.427(3) 

C(23)C(24)   1.470(3) 1.464(3) 

C(24)C(25)   1.387(3) 1.382(3) 

C(25)C(26)   1.409(3) 1.409(3) 

C(26)C(27)   1.449(3) 1.443(3) 

C(27)C(28)   1.347(3) 1.339(3) 

C(26)C(26A)  1.432(4) 1.429(4) 

O(2)Ni(1)O(1)  81.47(5) 81.07(5) 

O(2)Ni(1)N(4)  95.80(6) 96.48(6) 

O(1)Ni(1)N(4)  175.50(6) 176.58(7) 

O(2)Ni(1)N(2)  174.18(6) 173.84(6) 

O(1)Ni(1)N(2)  93.02(6) 92.95(6) 

N(4)-Ni(1)-N(2)  89.82(6) 89.56(7) 

O(2)Ni(1)N(3)  104.97(6) 104.77(6) 

O(1)Ni(1)N(3)  96.45(6) 97.74(6) 

N(4)Ni(1)N(3)  80.76(6) 80.53(7) 

N(2)Ni(1)N(3)  77.39(6) 77.37(7) 

O(2)Ni(1)N(1)  98.73(6) 99.41(7) 

O(1)Ni(1)N(1)  106.38(6) 105.10(6) 

N(4)Ni(1)N(1)  77.51(6) 77.60(7) 

N(2)Ni(1)N(1)  80.97(6) 80.65(7) 

N(3)Ni(1)N(1)  149.20(6) 148.93(6) 
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Table 2.25: Selected bond lengths [Å] and bond angles [deg] for 5a. 

 T = 150 K 

Cu(1)O(2)   1.950(2) 

Cu(1)O(1)   2.029(2) 

Cu(1)N(4)   1.983(3) 

Cu(1)N(2)   1.970(3) 

Cu(1)N(3)   2.426(3) 

Cu(1)N(1)   2.431(3) 

O(1)C(23)   1.243(4) 

O(2)C(24)   1.304(4) 

C(23)C(28)   1.437(5) 

C(23)C(24)   1.459(5) 

C(24)C(25)   1.393(5) 

C(25)C(26)   1.392(5) 

C(26)C(27)   1.450(6) 

C(27)C(28)   1.349(6) 

C(26)C(26A)  1.447(7) 

O(2)Cu(1)O(1)  83.0(1) 

O(2)Cu(1)N(4)  95.9(1) 

O(1)Cu(1)N(4)  178.9(1) 

O(2)Cu(1)N(2)  176.2(1) 

O(1)Cu(1)N(2)  93.3(1) 

N(4)Cu(1)N(2)  87.7(1) 

O(2)Cu(1)N(3)  104.7(1) 

O(1)Cu(1)N(3)  99.9(2) 

N(4)Cu(1)N(3)  79.6(1) 

N(2)Cu(1)N(3)  76.6(1) 

O(2)Cu(1)N(1)  100.7(1) 

O(1)Cu(1)N(1)  104.5(1) 

N(4)Cu(1)N(1)  76.3(1) 

N(2)Cu(1)N(1)  79.4(2) 

N(3)Cu(1)N(1)  146.45(9) 
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Table 2.26: Selected bond lengths [Å] and bond angles [deg] for 6b. 

 T = 100 K T = 295 K 

Zn(1)O(2)   1.988(1) 1.986(1) 

Zn(1)O(1)   2.130(1) 2.149(1) 

Zn(1)N(4)   2.053(2) 2.051(2) 

Zn(1)N(2)   2.040(1) 2.045(1) 

Zn(1)N(3)   2.389(1) 2.392(2) 

Zn(1)N(1)   2.355(1) 2.370(2) 

O(1)C(23)   1.257(2) 1.255(2) 

O(2)C(24)   1.298(2) 1.297(2) 

C(23)C(28)   1.435(2) 1.434(3) 

C(23)C(24)   1.475(2) 1.469(2) 

C(24)C(25)   1.383(2) 1.379(2) 

C(25)C(26)   1.414(2) 1.415(2) 

C(26)C(27)   1.452(2) 1.443(3) 

C(27)C(28)   1.347(2) 1.342(3) 

C(26)C(26A)  1.422(3) 1.421(3) 

O(2)Zn(1)O(1)  80.62(5) 79.96(5) 

O(2)Zn(1)N(4)  100.02(5) 101.05(6) 

O(1)Zn(1)N(4)  173.80(5) 175.93(6) 

O(2)Zn(1)N(2)  172.14(5) 171.24(5) 

O(1)Zn(1)N(2)  91.76(5) 91.44(5) 

N(4)Zn(1)N(2)  87.76(5) 87.65(6) 

O(2)Zn(1)N(3)  106.92(5) 106.97(6) 

O(1)Zn(1)N(3)  95.65(5) 97.51(6) 

N(4)Zn(1)N(3)  78.24(5) 78.42(6) 

N(2)Zn(1)N(3)  75.58(5) 75.60(6) 

O(2)Zn(1)N(1)  101.22(5) 101.92(6) 

O(1)Zn(1)N(1)  109.89(5) 107.66(5) 

N(4)Zn(1)N(1)  76.11(5) 76.06(6) 

N(2)Zn(1)N(1)  79.45(5) 79.00(6) 

N(3)Zn(1)N(1)  144.62(5) 144.45(5) 
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2.3.3 Magnetic Properties 

2.3.3.1 Magnetic Properties in Solid State 

The magnetic susceptibility data of compounds 4a, 5a and 6b were collected 

in the temperature range of 2300 K with a SQUID magnetometer. The χMT 

vs. T plots are shown in Figures 2.462.48.  

As it can be seen from the χMT vs. T plot of 4a (Figure 2.46), the χMT value is 

2.52 cm3 K mol1 at 295 K which is somewhat higher than the expected spin-

only value for two non-interacting S = 1 spin centers. Upon decreasing the 

temperature, the value decreases to 2.29 cm3 K mol1 at 50 K. Below 50 K, 

the χMT value decreases abruptly and reaches a value of 0.07 cm3 K mol1 at 

2 K. Since, the X-ray diffraction data suggest that at all temperatures two 

nickel(II) centers are bridged by the (SQ-SQ)CS
2 ligand. Therefore, this type 

of variation of χMT value with temperature implies that an antiferromagnetic 

coupling between the two spins of the nickel(II) centers exists. The best-fit for 

the data gives values for the coupling constant J = 2.764 cm1 and for g = 

2.267. The equation for the SQUID data fit is given in the experimental 

section. On the basis of crystal structure data, it can be firmly said that the 

small negative value of J is indicative of a very weak antiferromagnetic 

coupling between the two nickel(II) ions. 

The χMT vs. T plot of 5a is shown in Figure 2.47. The SQUID data was 

collected in the temperature range 2295 K. At 295 K, the  χMT value is 0.90 

cm3 K mol1 which is slightly higher than the expected value for two non-

interacting S = 1/2 spin carriers. Upon cooling the sample from 295 to 55 K, 

the χMT value decreases to a value of 0.84 cm3 K mol1 from the value of 0.90 

cm3 K mol1. On cooling the sample, further, from 55 to 2 K, an abrupt 

decrease of the χMT value was observed and the χMT value at 2 K is 0.04 cm3 

K mol1. If the crystal structure data of 5a is taken into account then such 
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variation of χMT with temperature strongly suggest that an antiferromagnetic 

coupling between the copper(II) ions exists. The best-fit of the data is achieved 

for the coupling constant J = 4.634 cm1 and for g = 2.19. Based on the X-

ray crystal structure data, the small negative value of J can only be correlated 

with the existence of a very weak antiferromagnetic coupling between the two 

copper(II) ions. 

  

Figure 2.46: Variation of the product χMT with temperature for solid 4a. 

 

Figure 2.47: Variation of the product χMT with temperature for solid 5a. 
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The variation of χMT with temperature for compound 6b is shown in Figure 

2.48. This type of χMT vs. T plot is typical for a diamagnetic complex. Based 

on the observation from X-ray crystallographic measurement and the SQUID 

data, the existence of temperature invariant diamagnetic ZnII-(SQ-SQ)CS-ZnII 

electronic state in compound 6b is obvious. 

 

Figure 2.48: Variation of the product χMT with temperature for solid 6b. 

 

2.3.3.2 NMR Spectroscopic Properties 

The 1H NMR spectra of complexes 6a and 6b were measured in [D3]MeCN 

and [D6]DMSO. The spectra are shown in Figures 2.49 and 2.50. The NMR 

data are provided in Table 2.27. 

The 1H NMR spectra show the presence of signals corresponding to the two 

L-N4tBu2 ligands but the signals corresponding to the bis(dioxolene) unit are 

absent. The difference between the two NMR spectra is that all the signals of 

the NMR spectrum in [D3]MeCN are sharp whereas in [D6]DMSO, the signals 

corresponding to the pyridyl protons are sharp but the signals corresponding 

to the methylene and tert-butyl protons are broad.  



132 

The symmetry of complex 6 must be taken into account for a clear assignment 

of the signals. The discussion related to the symmetry of the complex 6 is as 

following: The complex molecule has C2h symmetry. The principal axis i.e. 

C2 axis is perpendicular to the plane in which the pyridine nitrogen donor 

atoms and oxygen donor atoms lie, and passes through the middle of the 

interannular carboncarbon bond. Thus, the symmetry for one-half of the 

complex 6 can be described by Cs symmetry. Therefore, the protons of the 

four methylene groups of one L-N4tBu2 ligand where two protons of each CH2 

group are diastereotopic, would exhibit two AB splitting patterns. Here, one 

AB pattern is observed for the CH2 pair lying above and below the -plane, 

and the other AB pattern is observed for the other CH2 pair lying above and 

below the -plane. The para- and meta-pyridyl protons of one pyridine ring 

are not symmetrically equivalent with those protons of the other pyridine ring 

of one L-N4tBu2 ligand. Therefore, two signals are observed for each of the 

para- and meta-pyridyl protons. 

In the 1H NMR spectrum of complex 6a in [D3]MeCN, the signal 

corresponding to the four tert-butyl groups of two L-N4tBu2 ligands appear as 

a singlet at 1.14 ppm (s, 36H). Each of the doublets at 3.52 ppm (d, 2JHH = 

16.4 Hz, 4H; CH2) and 3.51 ppm (d, 2JHH = 16.8 Hz, 4H; CH2) is observed for 

the symmetrically equivalent four protons of the methylene groups of two L-

N4tBu2 ligands. If the pair of doublets at 3.52 and 3.51 ppm is considered as 

the signals corresponding to the two A protons of the two AB systems, then a 

pair of doublets should also be found for the two B protons of the two AB 

systems. That pair of doublets is observed in the range of 4.644.52 ppm 

which looks like a doublet at a glance. However, a close look to the so-called 

doublet indicates that each of the line of this doublet has a shoulder. Hence, it 

can be said that there is a pair of doublets in the range of 4.644.52 ppm. 
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Here, the signals are represented as a doublet at 4.58 ppm (d, 2JHH = 16.4 Hz, 

8H; CH2). The protons of the pyridine rings render two sets of signals at 7.82 

ppm (t, 3JHH = 7.8 Hz, 2H; p-PyH) and 7.80 ppm (t, 3JHH = 7.7 Hz, 2H; p-Py-

H). These signals are assigned to the two pairs of symmetrically equivalent 

para-pyridyl protons of the two L-N4tBu2 ligands. The expected two sets of 

doublets for the meta-pyridyl protons are merged with the multiplet 

corresponding to the ortho-phenyl protons of the BPh4
 anions. Therefore, the 

signals corresponding to the meta-pyridyl protons are represented as a 

multiplet. The signals in the range 7.277.23 ppm (m, 8H; m-PyH) are 

assigned to two pairs of four symmetrically equivalent meta-pyridyl protons 

of the two L-N4tBu2 ligands.   

 

Figure 2.49: 1H NMR of 6a in [D3]MeCN at RT. The insets show some peaks which are 

expanded for better visibility. 

 

A comparison between the NMR spectra in [D6]DMSO and [D3]MeCN shows 

that the chemical shifts for the above mentioned protons are similar in both 

spectra. The integration of the protons of the pyridine rings and tert-butyl 
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groups are consistent with the integration of BPh4
 anions but the integration 

of BPh4
 anions does not match with the integration of methylene protons 

(Figure 2.50). The broadening of the signals corresponding to the methylene 

protons could be due to the dynamic effect and generation of the one-electron 

reduced species of complex 6 in its solution (see discussion in section 2.3.3.3).  

 

Figure 2.50: 1H NMR of 6b in [D6]DMSO at RT. The insets show some peaks which are 

expanded for better visibility. The solvent residual and water signals are marked by stars. 

The inconsistent integration of DMF protons is due to the sample preparation technique. 

 

The 1H NMR spectra reveal that the bis(dioxolene) ligand is not replaced fully 

or partially by solvent molecules because coordination of solvent molecules 

to form a mixture of 2[Zn(L-N4tBu2)(solv)2]
2+ and (SQ-SQ)2 would have 

rendered one-set of signals for each of the para- and meta-pyridyl protons, 

and the methylene protons would have displayed one AB splitting pattern due 

to the C2V symmetry of the [Zn(L-N4tBu2)(MeCN-D3)2]
2+ complex. 

Additionally, (SQ-SQ)2 would have exhibited signals in the diamagnetic 

range because the UV/Vis/NIR spectrum of the (SQ-SQ)2 ligand suggests that 
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the ligand exists in its closed-shell state. On the other hand, if partial 

replacement of the bis(dioxolene) ligand takes place and a mixture of [Zn(L-

N4tBu2)(solv)2]
2+ and [Zn(L-N4tBu2)(-SQ-SQ)] species is formed, then signals 

for the (SQ-SQ)2 ligand of the latter complex should have been observed. 

The 1H NMR spectra do not show any indication for the occurrence of any 

dissociation reaction or equilibrium because in the spectrum, the integration 

value of the pyridyl protons are consistent with the integration value of 

tetraphenylborate counter anions when the integrations are performed by 

considering the number of protons for only complex 6. However, the 

UV/Vis/NIR spectroscopic study of the complex 6b reveals that an 

equilibrium between complex 6 and unidentified species exists in the solution 

of 6 (see discussion in section 2.3.6). Therefore, it could be said that the rate 

of the backward reaction of that equilibrium is faster than the NMR time scale.  

 

Table 2.27: Data for the 1H NMR of 6a (400 MHz, [D3]MeCN, RT) and 6b (400 MHz, 

[D6]DMSO, RT). 

Compound 

(solvent) 
/ppm 

6a ([D3]MeCN) 7.82 (t, 3JHH = 7.8 Hz, 2H; p-Py-H), 7.80 (t, 3JHH = 7.7 

Hz, 2H; p-Py-H), 7.277.23 (m, 8H; m-Py-H), 4.58 (d, 
2JHH = 16.4 Hz, 8H; CH2), 3.52 (d, 2JHH = 16.4 Hz, 4H; 

CH2), 3.51 (d, 2JHH = 16.8 Hz, 4H; CH2), 1.14 (s, 36H; 

tBu), 6.83 (t, 3JHH = 7.2 Hz, 8H; p-Ph-H, BPh4
), 6.98 

(t, 3JHH = 7.5 Hz, 16H; m-Ph-H, BPh4
), 7.297.25 (m, 

16H; o-Ph-H, BPh4
) 

6b ([D6]DMSO) 7.957.90 (m, 4H; p-Py-H), 7.417.37 (m, 8H; m-Py-

H), 4.59 (br, 4H; CH2), 3.55 (d, 2JHH = 15.6 Hz, 6H; 

CH2), 1.09 (br, 36H; tBu), 6.78 (t, 3JHH = 7.2 Hz, 8H; 

p-Ph-H, BPh4
), 6.91 (t, 3JHH = 7.2 Hz, 16H; m-Ph-H, 

BPh4
), 7.197.15 (m, 16H; o-Ph-H, BPh4

) 
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Since, the expected signals for the case when the replacement of the 

bis(dioxolene) ligand by solvent molecules occur, are not observed, therefore, 

the absence of the signals corresponding to the (SQ-SQ)CS
2 ligand is most 

likely due to the dynamic effect and the presence of a paramagnetic substance 

which is evidenced by the EPR spectra of complex 6b. The EPR spectra reveal 

that the paramagnetic substance is the one-electron reduced species of 

complex 6. 

 

2.3.3.3 EPR Spectroscopic Properties 

The measurement of EPR spectrum of 6b (c = 6 mM) in 0.2 M 

TBAP/acetonitrile at room temperature shows an EPR signal at a g value of 

2.005 but with a very low intensity (Figure 2.51), which is indicative of the 

presence of very small amount of 6. So, one of the explanations for the 

incoherent observation in the NMR spectrum, is the presence of 6 with 

dissolved 6.  

Next aim was to know the origin of the paramagnetic species. The first thought 

was that the small amount of paramagnetic species could be present in the 

sample due to generation of 6 during its synthesis and could not be separated 

from the desired compound by crystallization technique such that it remained 

as a contamination with the desired compound. The second thought was that, 

the coordinating solvent such as MeCN might coordinate to the metal center 

or centers, and the dissociated products might itself be a paramagnetic species 

or as a result of instability of the dissociated product, the complex 6 was 

generated. Here, the instability refers to the decomposition of the dissociated 

product to 6 or due to the dissociated product’s redox property, some kind 

of redox reactions were going on in solution state, thus the product 6 was 

generated. 
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If the first thought stands true, then EPR signals with similar intensity would 

be observed in better coordinating solvent than MeCN such as DMF. 

Therefore, the EPR spectrum of compound 6b (c = 6 mM) was also recorded 

in 0.2 M TBAP/DMF (Figure 2.52). The similarity between the EPR spectra, 

recorded in MeCN and DMF, was that both spectra show signals at a g value 

of 2.005 but the intensity of the signal was higher in DMF than in MeCN. In 

addition, the intensity of the signal of the EPR spectrum, recorded in DMF, 

increased with time (Figure 2.53). Therefore, the second thought seems to be 

a valid reason for the observation of EPR signals. 

In the redox series of complex 6, the one-electron reduced and oxidized 

species of 6 would be EPR active. After performing the cyclic voltammograms 

of the complex 6b, in 0.2 M TBAP/DMF and in 0.2 M TBAP/MeCN (see 

discussion in section 2.3.7), it was found that the one-electron reduced species 

[Zn2(L-N4tBu2)2(Cat-SQ)3]+ (6) could be synthesized electrochemically. 

Thus, the one-electron reduced species was synthesized electrochemically. 

However, any attempt to synthesize the oxidized complex [Zn2(L-

N4tBu2)2(SQ-BQ)]3+ (6+) was not made because the irreversible oxidation 

of complex 6 occurred at higher redox potential than the anodic potential value 

for the irreversible oxidation of BPh4
 anion. 
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Figure 2.51: EPR spectrum of dissolved 6b (concentration = 6103 M) in 0.2 M 

TBAP/MeCN at room temperature. 

 

Figure 2.52: EPR spectrum of dissolved 6b (concentration = 6103 M) in 0.2 M 

TBAP/DMF at room temperature. 



Results and Discussion                                                                                139 

 

Figure 2.53: EPR spectra of dissolved 6b (concentration = 6103 M) in 0.2 M TBAP/DMF 

at room temperature. The spectra show the changes in intensity of the signals with time. 

 

The EPR spectrum of the one-electron reduced species [Zn2(L-N4tBu2)2(Cat-

SQ)3]+ (6) is shown in Figure 2.54. The isotropic signal is centered at a g 

value of 2.005. The simulation of the EPR spectrum reveal that the unpaired 

electron is coupled with six 1H nuclei of (Cat-SQ)3 ligand and four amine 

14N nuclei of two L-N4tBu2 ligands. There are total six 1H nuclei (3  2 

equivalent nuclei). The coupling constants for 1H, aH are 8.12, 1.46 and 0.86 

MHz. The coupling constants are in the decreasing order for the 1H nuclei at 

2/2, 5/5 and 6/6 positions of the bis(dioxolene) ligand. There are total eight 

14N nuclei (2  4 equivalent nuclei). However, only coupling to the amine 

nitrogen nuclei is observed. The coupling constant aNamine is 0.38 MHz. The 

coupling to the 14N nuclei of pyridine rings is not observed. If there is any 

coupling between the radical and pyridine nitrogen nuclei then that coupling 

is too weak to be observed. The simulation of the EPR spectrum strongly 

indicates that the radical is delocalized over the entire (Cat-SQ)3 moiety. The 
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electronic absorption spectrum of one-electron reduced species (6) also 

supports this assignment.  

 

Figure 2.54: EPR spectrum of the one-electron reduced species of dissolved 6b in 0.2 M 

TBAP/DMF at room temperature.  

 

The solution state EPR spectrum pattern of 6b is very similar with the EPR 

pattern of [Zn2(L-N4tBu2)2(Cat-SQ)3]+, therefore, the EPR active species for 

the dissolved 6 is 6. However, currently, there is no evidence to propose the 

mechanism for the formation of the complex 6 in the solution of 6, and it 

remains unclear. 

 

2.3.4 Mass Spectroscopic Properties 

The ESI-MS spectra of 6b in MeCN are shown in Figure 2.55. An intense 

peak is found at m/z = 525.20 and moderate peaks are found at m/z values of 

451.20 and 631.22. The peak at m/z = 525.20 is assigned to the molecular ion 

peak for [Zn2(L-N4tBu2)2(SQ-SQ)]2+ (6) fragment because the observed 

experimental molecular ion peak is matching with the simulated peak (calcd. 

m/z = 525.20). Thus, the ESI-MS spectra suggest that the coordination of the 
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bis(dioxolene) ligand to two [Zn(L-N4tBu2)]
2+ fragments is not totally 

perturbed in the solution of the complex 6b. In other words, the complex 6 

does not dissociate or disproportionate completely in its acetonitrile solution.  

 

Figure 2.55: ESI-MS spectra of 6b in MeCN. The inset on the right side shows 

experimental and simulated spectra at m/z = 525.20. The insets on the left side show 

experimental and simulated spectra at m/z = 451.21 (bottom) and 631.23 (top).  

 

The molecular ion peak at m/z = 451.20 (calcd. m/z = 451.21) corresponds to 

the [Zn(L-N4tBu2)(OH)(OH2)]
+ fragment. The molecular ion peak at m/z= 

631.22 (calcd. m/z = 631.23) corresponds to the [Zn(L-N4tBu2)(HSQ-SQ)]+ 

fragment. The proposed mechanism for the formation of these two complexes 

is outlined in Scheme 2.9. The formation of these two complexes could be 

possible due to the dissociation of complex 6 to [Zn(L-N4tBu2)(-SQ-SQ)] (7) 

and [Zn(L-N4tBu2)(MeCN)2]
2+ and then reaction with water. However, 

formation of these two complexes in solution would not explain the 

observation by EPR and NMR spectroscopy because both the dissociated 

products would be diamagnetic. The UV/Vis/NIR spectrum of complex 6 also 

does not indicate that the [Zn(L-N4tBu2)(HSQ-SQ)]+ complex is present in 

MeCN. 



142 

The presence of water in the reaction medium might be due to the solvent 

used. Further attempts to record the ESI-MS spectrum in a condition where 

water would be excluded, exclusively from the reaction medium, were not 

made because the NMR spectrum of complex 6 in [D3]MeCN did not show 

signals corresponding to the [Zn(L-N4tBu2)(OH)(OH2)]
+ and [Zn(L-

N4tBu2)(HSQ-SQ)]+ complexes (see discussion in section 2.3.3.2). Although, 

the inclusion of water into the reaction medium was unintentional, but 

presence of water led to the identification of [Zn(L-N4tBu2)(-SQ-SQ)]  as one 

of the dissociated products because being a neutral complex, it would not have 

shown peaks in the ESI-MS spectrum. Rather, abstraction of a proton from the 

water molecule led to the formation of the positively charged [Zn(L-

N4tBu2)(HSQ-SQ)]+ complex which displayed the corresponding molecular 

ion peak. Thus, the mass spectrometry indicates that there could be occurrence 

of dissociation of complex 6 in MeCN in presence of water. 

 

Scheme 2.9: Dissociation of complex 6, and reaction of the dissociated products with 

water. 

 

2.3.5 Infrared Spectroscopic Properties 

The infrared spectroscopic investigations for 4a, 5a and 6b were performed 

with KBr pellet sampling techniques (Figures 2.56, 2.57 and 2.58) at room 

temperature. The IR spectroscopic investigation for 5a was also performed 

with ATR sampling technique (see Figure A.121 in section 6.3.2 in appendix). 

The ATR and KBr pellet IR spectra are similar. The reason for using the ATR 

sampling technique is to compare the spectrum of 5a with those of 3c and 3d, 



Results and Discussion                                                                                143 

and thereby detect the differences between these spectra. In order to compare 

the IR spectra features of the complexes 3b, 4a, 5a and 6b, a stacked spectra 

representing the KBr pellet spectra of these compounds are shown in Figures 

A.124A.125 and the IR data of all the compounds are given in Table A.24 

(see in section 6.3.2 in appendix). The IR spectra of KBr pellets of 4a, 5a and 

6b are similar with the KBr pellet spectrum of 3b at room temperature. The 

intense bands at 1504 and 1519 cm1 (4a), 1505 cm1 (5a), 1515 and 1532 

cm1 (6b) in the IR spectra of all the complexes are tentatively assigned to the 

marker bands for the (SQ-SQ)CS
2 ligand. The deconvolution of the IR spectra 

of these compounds by Gaussian function also shows that for compound 4a, 

two bands at 1502 and 1519 cm1, compound 5a, one intense band at 1507 

cm1 and compound 6b, two bands at 1514 and 1533 cm1 are present in the 

range of 15001550 cm1 (see Figures A.126A.128 in section 6.3.2 in 

appendix). 

 

Figure 2.56: IR spectrum of 4a in KBr pellet at room temperature, showing the bands 

associated with closed-shell semiquinonate-semiquinonate ligand marked by filled 

diamonds. 
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Figure 2.57: IR spectrum of 5a in KBr pellet at room temperature, showing the bands 

associated with closed-shell semiquinonate-semiquinonate ligand marked by filled 

diamonds. 

 

Figure 2.58: IR spectrum of 6b in KBr pellet at room temperature, showing the bands 

associated with closed-shell semiquinonate-semiquinonate ligand marked by filled 

diamonds. 
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2.3.6 UV/Vis/NIR Spectroscopic Properties 

The UV/Vis/NIR spectra of 4a, 5a and 6b are presented in Figures 2.592.61. 

All these spectra were recorded in acetonitrile at room temperature. The 

UV/Vis/NIR data are provided in Table 2.28. The spectra are fitted with sum 

of Gaussian peaks. The Gaussian peaks are shown in Figures A.129A.131 

(see in section 6.3.3 in appendix). The found data from the Gaussian fitting 

such as molar extinction coefficient, absorption maxima and area under the 

peaks are given in Table A.25 (see in section 6.3.3 in appendix).  

The UV/Vis spectrum of 3,3-dihydroxy-diphenoquinone-(4,4) and Gaussian 

fit of the spectrum (see Figures A.92A.93 in section 6.2.4 in appendix) have 

helped to understand and assign the various absorptions which are observed 

for the bis(dioxolene) ligand (SQ-SQ)CS
2 of the above complexes. The 

absorption maxima values are given in Table 2.28. The spectrum shows two 

bands with absorption maxima at 474 nm (13100 M1 cm1), 413 nm (12800 

M1 cm1). These values are in agreement with the reported values.[124] The 

Gaussian fit of the UV/Vis spectrum provide absorption maxima at 485 and 

415 nm in the visible region. All these peaks are assigned to * transitions.  

In order to see the UV/Vis/NIR spectral changes of H2(SQ-SQ) upon 

deprotonation, the UV/Vis/NIR spectrum was recorded from a solution 

containing mixture of sodium hydroxide and H2(SQ-SQ) in 1,4-dioxane and 

methanol (see Figure A.94 in section 6.2.4 in the appendix). The spectrum 

shows intense absorptions at 699 and 426 and 336 nm. The main components 

from the Gaussian fitting are found at 708, 426 and 333 nm (see Figure A.95 

in section 6.2.4 in appendix). There remains always a question whether the 

H2(SQ-SQ) ligand was fully or partially deprotonated. However, based on the 

UV/Vis/NIR spectrum of the metal bis(dioxolene) complexes, it can be said 

that the spectral feature corresponds to the closed-shell bis(dioxolene) ligand.   
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The compounds 4a, 5a and 6b show intense bands at around 700, 522 (sh), 

465 nm which are assigned to the ligand-based absorptions of the (SQ-SQ)CS
2 

moiety. The main peaks of the Gaussian fit of the UV/Vis/NIR spectra of these 

complexes are found at around 705, 465 and 300 nm. All these absorptions are 

assigned to the * transitions of the bis(dioxolene) ligands in their closed-

shell states. Among these bands, the bands at around 705 nm are assigned to 

the HOMOLUMO transitions of the (SQ-SQ)CS
2 ligands of these 

compounds. The bands in the UV region at around 295 and 330 nm are 

tentatively assigned to the ligand-based absorptions corresponding to the (SQ-

SQ)CS
2 ligand. The bands at around 310 nm in the spectra of 4a and 5a are 

tentatively assigned to the (NiII/CuII)pyridine MLCT transition.[122] 

 

 

Figure 2.59: UV/Vis/NIR spectrum of 4a in MeCN at RT. The inset shows the bands in 

UV region. 
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Figure 2.60: UV/Vis/NIR spectrum of complex 5a in MeCN at RT. The inset shows the 

bands in the UV region. 

 

 

Figure 2.61: UV/Vis/NIR spectrum of 6b in MeCN at RT. The inset shows the bands in 

the UV region. 
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Table 2.28: UV/Vis/NIR data of H2(SQ-SQ), (SQ-SQ)CS
2, 4a, 5a, 6b and 6 at room 

temperature. 

Compound 

(solvent) 
max/nm (ε/M1 cm1) 

H2(SQ-SQ)  

(1,4-dioxane) 

474 (13100), 413 (12800) 

(SQ-SQ)2 (1,4-

dioxane)[a] 

699 (1), 426 (0.69), 336 (0.76) 

 4a (MeCN) 727 (27900), 522 (12200), 475 (14200), 332 (8900), 

310 (12800), 294 (15600) 

5a (MeCN) 709 (23300), 508 (13600), 471 (15500), 330 (7700) 

310 (12200) 294 (14000) 

6b (MeCN) 671 (24300), 495 (13400), 455 (16300), 322 (7340), 

300 (11000) 

6b (DMF, 293 K) 1271 (1340), 857 (23100), 796 (21000), 700 

(12200), 480 (6000), 465 (6800), 449 (7200), 354 

(12500) 

6b (DMF, 213 K) 1271 (2900), 867 (18000), 786 (17500), 707 

(16800), 506 (7000), 478 (11300), 460 (12200), 449 

(12300), 357 (9600) 

6b (DMSO, RT) 1271 (710), 870 (8300), 691 (17400),  504 (8700), 

483 (11000), 455 (12100), 360 (4850) 

6 (DMF) 1279 (26100), 1063 (8710), 615 (3430), 569 (6740), 

529 (5080), 476 (32116), 463 (34400), 450 (36518), 

334 (5776), 313 (11300), 294 (17800), 274 (32500) 
[a] The relative intensities of the absorption maxima are given in the parentheses with 

respect to the maximum at 699 nm. 

 

In order to compare the UV/Vis/NIR features of the complexes, their 

UV/Vis/NIR spectra are again shown in Figure 2.62. The spectra reveal that 

all the bands corresponding to the * transitions in the visible/NIR region 

of the spectra are red-shifted. The spectra in Figure 2.63 show very weak 

bands in the NIR region. The weak NIR bands for complexes 4a and 5a are 

tentatively assigned to the SOMOLUMO transitions corresponding to the 

one-electron reduced species of the respective complexes. For complex 6b, 

the weak NIR band is assigned to the SOMOLUMO transition of its one-

electron reduced species.  
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Figure 2.62:  UV/Vis/NIR spectra for the MeCN solutions of 4a, 5a and 6b at RT. 

 

Figure 2.63: NIR spectra of the MeCN solutions of 4a, 5a and 6b at RT. The spectra are 

plotted by the adjustment of the above Figure 2.62. 

 

After observing the distinct NMR spectra of complex 6 in [D3]MeCN and 

[D6]DMSO, and a sufficiently resolved EPR signal in TBAP/DMF, in the hope 
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to observe different UV/Vis/NIR features in DMSO and DMF than MeCN, 

the UV/Vis/NIR spectra of compound 6b were recorded in DMSO and DMF. 

The spectra of 6b in those solvents are shown in Figure 2.64. The data for the 

absorption are shown in Table 2.28 (see above). The concentration of the 

samples of 6b in MeCN, DMSO and DMF are given in Table 2.29.  

 

Figure 2.64: UV/Vis/NIR spectrum of 6b in MeCN and DMSO at RT, and in DMF at 293 

K. 

 

The spectra in DMSO and DMF reveal that in addition to the bands for (SQ-

SQ)CS
2, at room temperature, new bands at around 870 and 691 nm are present 

and they are almost absent in the spectrum in MeCN. The intensity of these 

new bands is smaller at 213 K in the spectrum in DMF compared to that of the 

spectrum in DMF at 293 K, but the bands corresponding to the 

HOMOLUMO transition of (SQ-SQ)CS
2 are intense compared to the 

intensity of these bands in the spectrum in DMF at 293 K. The presence of 6 

in the solutions of 6b in DMF and DMSO to a much smaller amount is 

evidenced by the appearance of the bands at 1271 and 480 nm which are 

observed in the UV/Vis/NIR spectrum of 6 (see Figure 2.69). 
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Figure 2.65: UV/Vis/NIR spectra of 6b in MeCN and DMSO at room temperature and 

DMF at 213 and 293 K. The spectra in DMSO and DMF are the spectra obtained after 

subtraction of the UV/Vis/NIR spectrum of 6 from them. 

 

After subtracting the UV/Vis/NIR spectrum of 6 from the spectra of 6b in 

DMF and DMSO, the obtained spectra shown in Figure 2.65 have been 

deconvoluted by Gaussian function. The Gaussian fit of the reduced species 

subtracted UV/Vis/NIR spectrum in DMSO shows main components at 863, 

689, 454, 359 and 294 nm (see Figure A.132 in section 6.3.3 in appendix). 

While Gaussian fit of the reduced species subtracted UV/Vis/NIR spectrum in 

DMF at 293 K, shows main components at 886, 821, 719, 452, 355 and 323 

nm (see Figure A.133 in section 6.3.3 in appendix). The Gaussian fit of the 

UV/Vis/NIR spectrum at 213 K in DMF, confirms the presence of the main 

components at 880, 793, 711, 459 and 359 nm (see Figure A.134 in section 

6.3.3 in appendix). 
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Table 2.29: Concentration of 6b in different solvents for the measurement of the 

UV/Vis/NIR spectra. 

Solvent Concentration (M) 

MeCN 5.2510-5 

DMF 3.3310-5 

DMSO 3.6810-5 
 

If the ESI-MS spectra of 6b in MeCN is considered then it is tempting to 

assign the above mentioned new bands to the corresponding bands for the 

complex [Zn(L-N4tBu2)(-SQ-SQ)] (7). However, without a theoretical 

calculation, the assignment based only on the ESI-MS spectroscopy could be 

wrong. Therefore, for the discussion purpose, the complex which remains in 

an equilibrium with complex 6 in its dissolved state is interpreted as 

unidentified product.  

The UV/Vis/NIR spectra shown in Figure 2.64 were also analyzed by SVD. 

The data obtained from the SVD are provided in Table 2.30. The spectral 

features for the U components are shown in Figure 2.66. Based on the singular 

values of the S matrix, it can be inferred that the spectra contain three 

components. One of the first two U components corresponds to the ZnII-(SQ-

SQ)CS-ZnII chromophore, while the other U component corresponds to the 

absorption profile of the unidentified product which remains in equilibrium 

with complex 6. The third U component corresponds to the absorption profile 

of the complex 6. The fourth U components have spectral feature which 

would be expected as a result of the absorption maxima shift in different 

solvents owing to solvatochromic shift, and also due to the noise. In addition, 

if any oxidized product of complex 6 is generating in solution, then the 

absorption profile of that product would correspond to the spectral feature of 

the fourth U component. Likewise to the SVD of the variable temperature 

UV/Vis/NIR spectra of complexes 2b and 3a, the spectra were not 

reconstructed because any equilibrium model to compute the F matrix is not 
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applicable to the spectra due to the fact that two processes are occurring 

simultaneously; one of them is a reversible process and the other one is an 

irreversible process.  

 

Table 2.30: The four singular values obtained from the SVD of the UV/Vis/NIR spectra of 

6b in MeCN, DMSO and DMF. 

Singular value Singular value (%) 

6.104105 70.99 

2.136105 24.85 

2.167104 2.52 

1.405104 1.63 

 

 

Figure 2.66: The four U components obtained by the SVD of the UV/Vis/NIR spectra of 

6b in MeCN (RT), DMSO (RT) and DMF (213 and 293 K). 

 

The formation of 6 is not completely hindered by lowering the temperature 

and is evidenced by the observation of spectral changes in the NIR region 

where  the intensity of band at 1279 nm corresponding to the SOMOLUMO 

(**) transition of the (Cat-SQ)3 unit of the one-electron reduced species 

6 increases even after cooling the sample in DMF (Figure 2.64). Therefore, 
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the UV/Vis/NIR spectral changes of complex 6 in DMF were monitored with 

time (Figure 2.67). The spectral features in the NIR region and near UV region 

of the spectrum recorded after storage of the sample for 24 h, have similarity 

with the spectral features of 6 in these regions. The intensity of the bands in 

the visible region decreases over the time, whereas the intensity of the bands 

in the NIR and near UV region increases over the time. Thus the spectral 

changes are suggesting that at least generation of one-electron reduced 

complex 6 is taking place in solution of 6 in DMF.  

 

Figure 2.67: The changes in the UV/Vis/NIR spectra of complex 6b with time. The 

spectrum, measured initially, was measured at 293 K. The spectrum, recorded after 24 h, 

was measured at room temperature.  
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Figure 2.68: UV/Vis/NIR spectra of 6b showing stability at RT/293 K. The spectra are 

obtained after subtraction of the corresponding spectra in Figure 2.67 by the UV/Vis/NIR 

spectrum of 6.  

 

The UV/Vis/NIR spectrum of 6 in 0.2 M TBAP/DMF is shown in Figure 

2.69. The complex 6 was prepared by electrochemical reduction of 6b in 0.2 

M TBAP/DMF. The absorption maxima values are listed in Table 2.28 (see 

above). The one-electron reduction of complex 6 means the addition of one 

electron to the LUMO of the closed-shell semiquinonate-semiquinonate 

moiety. Since, the electronic levels of complex 6 differ from complex 6, 

therefore the UV/Vis/NIR spectral features of these complexes are different to 

each other. The spectrum of 6 does not show any band in the NIR region, 

whereas 6 shows bands in the NIR region at 1279 and 1063 nm. The band 

corresponding to the HOMOLUMO transition of the bis(dioxolene) ligand 

of 6b (at 671 nm in acetonitrile) is absent in the spectrum of 6. 

Gaussian fit of the UV/Vis/NIR spectrum of 6 shows main components at 

1502 1283, 1116, 568, 480, 467, 452, 442, 414 and 282 nm (see Figure A.135 

in section 6.3.3 in appendix). The band at 1283 nm is assigned to the 

SOMOLUMO (**) transition of the (Cat-SQ)3 unit. The pattern of 
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intense bands in the NIR and near UV region and pattern of the relatively weak 

bands in the visible region are typical for a vibronic progression. Thus, strong 

electronic communication exists between the dioxolene moieties of the 

bis(dioxolene) ligand. All the bands in the visible region are assigned to the 

ligand-based absorptions. The catecholate-semiquinonate based absorptions 

are similar with the class III mixed valence type catecholate-semiquinonate 

based ligand-based absorptions.[142] 

 

Figure 2.69: UV/Vis/NIR spectrum of 6 in 0.2 M TBAP/DMF at RT. The inset shows 

the bands in the UV region. 

 

The above discussion implies that an equilibrium exists between the complex 

6 and unidentified species in the solution state of complex 6. Most likely, a 

theoretical calculation could provide the chemical structure of the unidentified 

species. From the UV/Vis/NIR study of the metal bis(dioxolene) complexes 

in MeCN, the HOMOLUMO energy gaps of the coordinated bis(dioxolene) 

ligands in these complexes can be derived by the unit conversion for energy. 

A comparison of ligand-based absorptions among the complexes 3, 4, 5 and 6 

shows that the EHOMOLUMO of closed-shell semiquinonate-semiquinonate 
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ligands of these complexes could be arranged in the order of EHOMOLUMO for 

4 < EHOMOLUMO for 3 or EHOMOLUMO for 5 < EHOMOLUMO for 6. This 

comparison in fact implies that the corresponding open-shell semiquinonate-

semiquinonate ligand must have lower EHOMOLUMO than 1.70 eV because, 

the EHOMOLUMO for complex 4 is 1.70 eV, yet the bis(dioxolene) unit of 4 is 

in closed-shell semiquinonate-semiquinonate state. This comparison is also in 

accordance with the existence of the bis(dioxolene) ligand of dissolved 3 in 

its closed-shell semiquinonate-semiquinonate state at room temperature 

because the HOMOLUMO energy gap of the bis(dioxolene) ligand of 

dissolved 3 is 1.74 eV (calculated from the UV/Vis/NIR spectra of complex 

3a in EtCN at 333 K). 

 

2.3.7 Electrochemical Properties 

The redox properties of the compounds 4a, 5a and 6b have been investigated 

by cyclic voltammetry in 0.2 M TBAP/MeCN. The cyclic voltammograms for 

the compounds 4a, 5a and 6b are shown in Figures 2.70, 2.71 and 2.72, 

respectively. The cyclic voltammetry data are provided in Table A.26 (see in 

section 6.3.4 in appendix). All the given potentials are vs. SCE. All complexes 

show two redox couples which are due to the two sequential one-electron 

reductive processes. Both reductions are ligand-based, and the reductions are 

assigned to one-electron reduction from (SQ-SQ)CS
2 to (Cat-SQ)3 for the 

first reduction and one-electron reduction from (Cat-SQ)3 to (Cat-Cat)4 for 

the second reduction (Scheme 2.10). For compounds 4a, 5a and 6b, at scan 

rate v = 100 mV/s, the E1/2 values for the first reductions are 176, 45 and 120 

mV, respectively. Whereas the E1/2 values for the second reductions are 650, 

450 and 526 mV, respectively.  
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The ipa/ipc values for the two sequential one-electron reductions of 4a and 5a 

are in the range of 1.041.07 and E values are in the range of 8388 mV. 

The E values are slightly higher than the expected value of 6080 mV, and 

the peak current ratios are also slightly higher than the expected value of 1 for 

a reversible redox process. Still, the reductions are assigned to reversible redox 

processes. At a scan rate of 100 mV/s, the ipa/ipc and E values for compound 

6b are 0.91 and 163 mV, respectively, for the first reduction, and 1.20 and 186 

mV, respectively for the second reduction. The E values are higher than the 

expected value of 6080 mV for a reversible redox process, and the peak 

current ratios also deviate from the expected value of 1 for a reversible redox 

process. Thus, the reductions are assigned to quasi-reversible redox processes. 

 

Scheme 2.10: Redox processes for compounds 4a, 5a and 6b. 

 

In contrast to the reductions, the oxidations for all the complexes are 

irreversible. For compound 4a, the first oxidation at Epa = 965 mV is assigned 

to the irreversible oxidation of the tetraphenylborate counter anion, and for 

compound 6b, the first oxidation at Epa = 1.05 V is primarily due to the 

irreversible oxidation of tetraphenylborate anion. The irreversible oxidation 

peaks at Epa = 1.25 V for compound 4a, Epa = 1.08 V for compound 5a and Epa 

= 1.35 V for compound 6b are assigned to the ligand-based irreversible 

oxidation from [{MII(L-N4tBu2)}2(SQ-SQ)2]2+ to [{MII(L-N4tBu2)}2(SQ-

BQ)]3+ which dissociates to [MII(L-N4tBu2)(MeCN)2]
2+ and [MII(L-

N4tBu2)(-SQ-BQ)]+. 
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Figure 2.70: Cyclic voltammograms for the first reductive processes (left) at different scan 

rates and oxidative processes (right) at v = 100 mV/s of 4a in 0.2 M TBAP/MeCN. 

Figure 2.71: Cyclic voltammograms for the first reductive processes (left) at different scan 

rates and oxidative processes (right) at v = 100 mV/s of 5a in 0.2 M TBAP/MeCN. 

Figure 2.72: Cyclic voltammograms for the first reductive processes (left) at different scan 

rates and oxidative processes (right) at v = 100 mV/s of 6b in 0.2 M TBAP/MeCN. 
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The cyclic voltammetry measurements of compound 6b were also performed 

in DMF. The CV recorded in DMF is shown in Figure 2.73. The CV in DMF 

shows two sequential one-electron reductions at E1/2 = 65 mV and E1/2 = 540 

mV, and both reductions are ligand-based. There should be two reduction 

peaks for the one-electron reduction. One of them for the undissociated 

complex 6 and the other one for the unidentified complex which remains in 

equilibrium with 6 in its dissolved state, but those peaks are not observed. This 

kind of observation could be due to the following reason: 1) The amount of 

the unidentified complex is such large that only the one-electron reduction is 

observed for that complex. 2) The rate of the backward reaction of the 

equilibrium is faster than cyclic voltammetry time scale.   

 

Figure 2.73: Cyclic voltammogram of 6b in 0.2 M TBAP/DMF at scan rate v = 100 mV/s 
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2.3.8 Brief Summary 

In summary, the synthesis and characterization of the complexes reveal that 

for each complex, the two metal ions are bridged by closed-shell form of the 

(SQ-SQ)2 ligand. Unlike, the cobalt bis(dioxolene) complex 3b, the 

electronic states of the bis(dioxolene) ligands are not switched by varying the 

temperature. The magnetic exchange coupling between the paramagnetic 

metal ions are antiferromagnetic but very weak. The UV/Vis/NIR 

spectroscopic investigation reveals that the HOMOLUMO energy gap of the 

(SQ-SQ)CS
2 ligand is different in each complex. The UV/Vis/NIR spectra of 

complex 6 in different solvents and different temperature in DMF suggest that 

an equilibrium exists between complex 6 and unidentified species. The 

equilibrium is affected by the changes in temperature and coordinating 

properties of the solvents. The UV/Vis/NIR spectra also show that, unknown 

type of redox reaction is taking place, and the one-electron reduced species 6 

is generating in the dissolved state of 6.  
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3 Conclusions  

The presented works explore the conversion between the low-lying electronic 

states of spin-crossover and valence tautomeric cobalt dioxolene complexes. 

The cobalt dioxolene complexes have been synthesized by using a suitable 

ancillary ligand L-N4tBu2 and the dioxolene ligands DCCat2 and (SQ-SQ)2 

as co-ligands. Most of the complexes have been characterized by X-ray 

crystallographic and magnetic measurements as well as NMR, UV/Vis/NIR 

and IR spectroscopic studies.  

The complex [Co(L-N4tBu2)(DCCat)] (1) shows existence of the temperature 

invariant high-spin cobalt(II) catecholate state. To the best of our knowledge, 

this is the first cobalt(II) catecholate complex which is characterized by X-ray 

crystallographic, magnetic, UV/Vis/NIR and IR measurements. One-electron 

oxidation of 1 has yielded the complex [Co(L-N4tBu2)(DCCat)](BPh4) (2b). 

The solid state properties of 2b are best described by the low-spin cobalt(III) 

catecholate state of the complex, but the solution state properties of the 

complex 2b are best described by the valence tautomeric transition from the 

low-spin cobalt(III) catecholate to low-spin cobalt(II) semiquinonate state. 

The VTLS-LS is occurring due to the changes in polarity of the utilized solvents, 

temperature and entropy due to solute-solvent interactions of the complex in 

these solvents. In a more polar solvent, the valence tautomeric equilibrium is 

predominated by the low-spin cobalt(III) catecholate species, whereas in a less 

polar solvent, the valence tautomeric equilibrium is predominated by the low-

spin cobalt(II) semiquinonate species. 

Regardless of the polarity of the utilized solvents, the valence tautomeric 

transition from the low-spin cobalt(III) catecholate to low-spin cobalt(II) 

semiquinonate state always occurs with positive change in temperature, but 

the critical temperature for the valence tautomeric transition is much lower in 

less polar solvent DCM compared to that in more polar solvent MeCN. To the 
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best of our knowledge, this is the first cobalt dioxolene complex which 

exhibits valence tautomeric transition from a low-spin cobalt(III) catecholate 

to low-spin cobalt(II) semiquinonate state rather than the usually observed 

valence tautomeric transition from a low-spin cobalt(III) catecholate to high-

spin cobalt(II) semiquinonate state. 

The detailed investigation of the solid state properties of the cobalt 

bis(dioxolene) complexes reveals that, the coordinated (SQ-SQ)2 ligand 

shows conversion from its singlet open-shell biradicaloid to closed-shell 

quinonoid form due to the changes in the spin-states of the coordinated 

cobalt(II) centers from low-spin to high-spin states in 3b. Thus, the solid state 

properties of 3b are best described by the temperature-induced spin-crossover 

processes for the cobalt(II) centers accompanied by the open-shell to closed-

shell state conversion of the bis(dioxolene) ligand (SQ-SQ)2. To the best of 

our knowledge, this is the first instance, where electronic configuration of a 

coordinated organic moiety is switched by metal induced spin-crossover 

processes. In addition, to the best of our knowledge, this is the first cobalt 

bis(dioxolene) complex which shows spin-crossover phenomenon rather than 

valence tautomerism.  

The complexes [Co2(L-N4tBu2)2(Cat-SQ)](BF4)2Et2O (3d) and [Co2(L-

N4tBu2)2(Cat-SQ)](PF6)2solv (3esolv) were isolated with a slight 

modification to the synthetic method of 3b. For these complexes, it is observed 

that the redox activity between the (SQ-SQ)2 ligand and cobalt(II) centers has 

triggered an intramolecular electron transfer between one of the cobalt(II) 

centers and the (SQ-SQ)2 unit. In these complexes, at low temperatures, the 

low-spin cobalt(III) and low-spin cobalt(II) centers are bridged by the (Cat-

SQ)3 unit, which is one electron reduced form of the (SQ-SQ)2 unit. The 

redox-state of the (Cat-SQ)3 ligand is catecholate-semiquinonate state. The 

X-ray crystallography of 3esolv suggests that the catecholate site of the (Cat-
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SQ)3 unit is coordinated to the low-spin cobalt(III) center, whereas 

semiquinonate site is coordinated to the low-spin cobalt(II) center. The radical 

of the (Cat-SQ)3 ligand is situated at the semiquinonate site. At high 

temperatures for the complexes 3c and 3d, the two high-spin cobalt(II) centers 

are bridged by the diamagnetic closed-shell quinonoid form of the bis-

dioxolene unit (SQ-SQ)2. The solid state properties of the complex 3c and 3d 

are best described by the temperature induced valence tautomeric transition 

for the low-spin cobalt(III) center accompanied by spin-crossover process for 

the cobalt(II) center from LS-CoIII-Cat-SQ-CoII-LS to HS-CoII-(SQ-SQ)CS-

CoII-HS state, and change in the redox-state of the bis(dioxolene) ligand from 

(Cat-SQ)3 to (SQ-SQ)CS
2. To the best of our knowledge, this is the first 

cobalt bis(dioxolene) complex where simultaneously spin-crossover for the 

cobalt(II) center and valence tautomerism for the low-spin cobalt(III) center 

are achieved.  

The solution state properties of the cobalt bis(dioxolene) complexes 3a and 3d 

are identical and have been observed by UV/Vis/NIR spectroscopy. The 

electronic state of dissolved 3 at room temperature is HS-CoII-(SQ-SQ)CS-

CoII-HS. The variable temperature UV/Vis/NIR spectra of the complexes 

reveal that at least, one of the cobalt(II) centers undergoes temperature-

induced spin transition. However, the responsible process is unknown at the 

moment due to lack of the theoretical calculations. The discovery of these 

novel class of cobalt bis(dioxolene) complexes opens up new ways to 

manipulate the electronic states of coordinated organic moieties by the 

changes in spin- and redox-states of the metal centers. 

The nickel(II), copper(II) and zinc(II) centers of the complexes 4a, 5a and 6b, 

respectively, do not exhibit temperature-induced changes in the electronic 

configurations of the coordinated (SQ-SQ)2 ligands from their closed-shell 

quinonoid to open-shell biradicaloid configurations. For nickel(II) and 
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copper(II) bis(dioxolene) complexes, the two paramagnetic metal ions are 

bridged by the (SQ-SQ)CS
2 ligands and they are very weakly 

antiferromagnetically coupled. The electronic state of complex 6b is described 

by the temperature invariant ZnII-(SQ-SQ)CS-ZnII state. 

The solution state properties of zinc bis(dioxolene) complex 6b indicate that 

an equilibrium between complex 6 and unidentified species exists. The 

equilibrium is affected by the changes in temperature and coordinating 

properties of the utilized solvents. Additionally, the one-electron reduced 

species 6 is generating in solution of 6 in different solvents by an unknown 

type of redox reaction. Currently, due to lack of enough experimental 

evidences, the mechanism for that redox reaction and the chemical structure 

of the unidentified species cannot be proposed. In addition, as a future scope, 

a theoretical calculation could be helpful to identify the unidentified species 

in the above mentioned equilibrium. 
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4 Experimental Section 

4.1 Physical Methods 

The elemental analyses were performed in the analytic section of the 

Department of Chemistry at Technische Universität Kaiserslautern. The 

instruments used were either Elemental Analyzer EA2400CHN from 

PerkinAlmer or vario MICRO cube from Elementar Analysensysteme GmbH. 

The nuclear magnetic resonance (NMR) spectra were measured in FT-NMR 

instruments DPX200, DPX400 or Avance 600 from Bruker. In the caption of 

the spectrum where temperature is not mentioned, therein it is meant that the 

spectrum was recorded at room temperature. The resonance signals of the 

residual protons of the deuterated solvents were used as an internal standard. 

Solution magnetic susceptibility measurements were performed by the Evans 

method using coaxial NMR tubes. The value of the measured shift was the 

value for the shift between the residual signals of the solvent. The magnetic 

susceptibility was calculated using the following equation (eq 4.1).[128]  

 


𝑔

= 
3𝛥𝑓

4𝑓𝑚
+ 

0
          (4.1) 

Where g = mass susceptibility of the solute (cm3/g), f = observed frequency 

shift of reference resonance (Hz), f = spectrometer frequency (Hz), 0 = mass 

susceptibility of solvent (cm3/g), m = mass of substance per cm3 of solution. 

The NMR spectra were simulated and plotted by TOPSPIN 3.0, 3.1 or 3.5 

from the company Bruker, and for the overlay of NMR plots the Mestrenova 

software was used. 

The crystal structure measurements were performed by Dr. Harald Kelm of 

the Department of Chemistry at Technische Universität Kaiserslautern. The 
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measurements were performed by the instrument Oxford Diffraction Gemini 

S Ultra. The crystal structure data were solved by the program SIR97.[143] 

Structure refinement was performed with the help of the program SHELLXL-

97.[144] The figures of the crystal structures are for the perspective views of the 

complex cations in the complexes showing 50 % thermal ellipsoids and atom 

numbering scheme. The hydrogen atoms are omitted for the purpose of clarity. 

The SQUID measurements were performed by Dr. S. Demeshko in the 

research group of Prof. F. Meyer of the Department of Chemistry, 

University of Göttingen, Germany. Temperature-dependent magnetic 

susceptibility measurements were carried out with a Quantum-Design 

MPMS-XL-5 SQUID magnetometer equipped with a 5 Tesla magnet in the 

mentioned temperature ranges K at a magnetic field of 0.5 T (T = Tesla). 

The powdered sample was poured into a gel 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 gel bucket. The molar susceptibility data were corrected for 

the diamagnetic contribution. 

Experimental data for the complexes were modelled by using a fitting 

procedure to the appropriate Heisenberg-Dirac-van-Vleck (HDvV) spin 

Hamiltonian for isotropic exchange coupling and Zeeman splitting, equation 

(4.2). 

BSSgSSJH B )(ˆˆ2ˆ
2121


           (4.2) 

Temperature-independent paramagnetism (TIP) and a Curie-behaved 

paramagnetic impurity (PI) with spin S = 1/2 were included according to calc 

= (1  PI)·mono + PI·mono + TIP 
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The room temperature magnetic moment measurement was performed by a 

magnetic balance of the type Magway MSB Mk1 from Sherwood Scientific 

Ltd. The complex [HgCo(SCN)4] was used as the standard reference complex. 

The diamagnetic correction during the calculation of the magnetic moment 

was performed. The diamagnetic susceptibility of a complex dia = 1/2 MW  

106 cm3 mol1. The spin only value of the effective magnetic moment was 

calculated according to the following formula: S = 𝑔√𝑆(𝑆 + 1) B (g = 

2.0023  2, Landé-factor (gyromagnetic factor) of the electron, S = 
𝑛

2
, spin 

multiplicity, n = number of unpaired electrons, B = Bohr Magneton). For 

complexes containing more than one non-interacting magnetic centers the 

formula is written as  𝑆
 = √∑ 

𝑆,𝑖𝑖  . The effective magnetic moment was 

calculated with the following equation by using the product MT; 
𝑒𝑓𝑓

=

 2.828√𝑀
𝑇 B. The least-squares fitting of the HS vs. T plots were performed 

by the MATLAB software (The MathWorks, Inc.) using the trust-region-

reflective algorithm. 

The electronic absorption (UV/Vis/NIR) spectra were recorded by a Varian 

Cary 5000 UV/Vis/NIR-Spectrophotometer. All the measurements were 

performed in solution state. For the variable temperature UV/Vis/NIR spectra 

measurements, the concentration of the solution was calculated at each 

temperature by calculating the density of the solvent at that temperature. The 

density of a solvent at temperature T (dT) was determined by the equation: dT 

= ds/{1+ (TsT)},[145] ds = density at a known temperature Ts (e.g. 25 C),  

= volumetric coefficient of thermal expansion of the solvent. For MeCN, ds= 

0.786 g/cm3,  = 1.38103 K1. For DCM, ds= 1.325 g/cm3,  = 1.4103 K1. 

For EtCN, ds= 0.772 g/cm3,  = 1.34103 K1.  
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For the variable temperature UV/Vis/NIR spectra, Unisoku UnispeKs cryostat 

was used. Deconvolution of the UV/Vis/NIR spectra was performed by the 

program MagicPlot. The SVD of the variable temperature UV/Vis/NIR 

spectra was performed, with the input and help from Prof. Hans-Jörg Krüger 

of the Department of Chemistry at Technische Universität Kaiserslautern, by 

the MATLAB software (The MathWorks, Inc.). 

The EPR spectra were recorded by an X-Band EPR-Spectrometer Elexsys 

E580 from Bruker. There was a general cavity of the type Standard Resonator 

ER4102ST. The spectra at room temperature were measured with a solution 

of complex in a screw capped flat cell. The simulation of the EPR spectra was 

performed with the input and help received from Prof. Hans-Jörg Krüger, by 

using the program EasySpin version 5.2.25.[146] 

 

Electrochemical experiments were performed in the solution state of the 

complex by a potentiostat/galvanostat 273A from Princeton Applied 

Research. The solution contains tetrabutylammonium perchlorate as the 

electrolyte (strength = 0.2 M). Three electrodes were used; among these two 

platinum electrodes were used as working electrode and counter electrode and 

the third electrode was the saturated calomel electrode, used as the reference 

electrode. The measurements were performed inside a glove box under 

nitrogen atmosphere at room temperature. During coulometric method the 

counter electrode was replaced by a platinum net. The peak current ratio was 

determined by the Nicholson method: 
𝑖𝑝𝑎

𝑖𝑝𝑐
 = 

𝑖𝑎0

𝑖𝑝𝑐
+ 

0.485𝑖0

𝑖𝑝𝑐
+  0.086. The half-

wave potential (E1/2) was determined by using the equation: 𝐸1 

2
 
= 

𝐸𝑝𝑎+𝐸𝑝𝑐

2
, 

Epa = anodic peak potential, Epc = cathodic peak potential. The potential 

difference was calculated by using the equation: 𝐸 = (𝐸𝑝𝑎 − 𝐸𝑝𝑐). The 
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potentials are given against the calomel electrode (vs. SCE). The value of the 

half-wave potential of Fc+/Fc couple was found to be 430 mV (vs. SCE). 

The ESI-MS spectra were recorded by a Bruker Esquire 6000plus ion trap 

spectrometer in the research group of Prof. Dr. Gereon Niedner-Schatteburg, 

in the Department of Chemistry at Technische Universität Kaiserslautern.  

The IR spectra of the solid samples were recorded by using either KBr pellet 

sampling techniques or ATR sampling techniques. The KBr pellet IR spectra 

were recorded by an IR-Spectrometer of the type FT/IR-6100 from JASCO. 

The IR spectra of ATR sampling technique were recorded on the crystalline 

sample of the complexes and the measurements were carried out with a Perkin 

Elmer FT-ATR-IR 1000 spectrometer equipped with a diamond coated ZnSe-

window. The Gaussian deconvolution of the IR and ATR spectra have been 

performed by plotting the IR curves in terms of absorbance vs. wavenumber, 

followed by baseline subtraction by the software Origin Pro 8.0. Then the 

baseline subtracted spectra were deconvoluted by Gaussian function in the 

software MagicPlot. 

The solution state IR spectra were recorded in between two NaCl disks by an 

IR-Spectrometer of the type FT/IR-6100 from JASCO. The sample for the IR 

spectrum in DMSO was taken in between two NaCl disks (c = ca. 8.5102 

M). The IR spectrum in [D2]DCM was recorded by taking the sample (c = 

6.61103 M) inside a liquid cell with NaCl windows. 
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4.2 Chemicals and Suppliers 

ABCR: CoCl26 H2O, NiCl26 H2O, CuCl22 H2O, ZnCl2, sodium 

tetraphenylborate, dichloromethane, magnesium.  

Acros Organics: acetone, N,N-dimethylformamide, sodium hydroxide, 

anhydrous sodium sulfate, triethylamine, potassium bromide, 

dichloromethane, nitromethane, toluene, propionitrile. 

Sigma Aldrich: sodium tetraphenylborate, [D3]MeCN, 4-bromoveratrole, 

[D6]DMSO. 

euriso-top: [D]CHCl3, [D6]DMSO, [D2]DCM, [D4]MeOH. 

Fisher Scientific: acetonitrile, chloroform, n-hexane, methanol, sodium 

bicarbonate. 

All the other chemicals were either prepared or obtained from the 

Chemikalienausgabe des Fachbereichs Chemie of Technische Universität 

Kaiserslautern. 

  



172 

4.3 Synthesis 

All the air sensitive syntheses were performed under pure nitrogen atmosphere 

by using standard Schlenk techniques, and in the degassed solvents. Dry 

solvents were used for the air and moisture sensitive reactions. The solvents 

were dried by refluxing the solvents, over a time period of ca. 3  8 h with 

drying agents. The drying agents were calcium oxide for methanol, calcium 

hydride for acetonitrile, mixture of sodium and benzophenone for THF and 

sodium amalgam for diethyl ether.  

The compounds which were synthesized by using a modified literature 

procedure are described in the synthetic part. The following compounds were 

synthesized according to literature procedures.  

1) N,N′-di-tert-butyl-2,11-diaza[3.3](2,6)pyridinophane (L-N4tBu2)
[147] 

2) [Ni(L-N4tBu2)Cl2]MeCN[147] 

3) diphenylborinic acid (Ph2BOH)[148,149] 
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4.3.1 Synthesis of 1,2-dichloro-4,5-dimethoxybenzene 

 

The compound was synthesized from a modified literature procedure.[150] At 

0 C, sulfuryl dichloride (26.8 g, 0.20 mol) was slowly and cautiously added 

to a solution of 1,2-dimethoxybenzene (13.8 g, 0.10 mol) in dichloromethane 

(100 mL). Then the resulting solution was cautiously treated with solid 

benzoyl peroxide (242 mg, 1 mmol) and the resulting reaction mixture was 

stirred at 35 C for 6 h, and after that the solution was washed with 5 % sodium 

bicarbonate solution (200 mL) followed by water (250 mL). The organic layer 

was then dried over anhydrous sodium sulfate and filtered. The filtrate was 

evaporated to dryness in a rotary evaporator to obtain a crude product of the 

desired compound which was dissolved in hot methanol (25 mL). Storage of 

the solution at room temperature afforded a colorless crystalline compound 

(5.1 g). The obtained crystalline compound was again redissolved in warm 

petroleum ether (100 mL) and upon standing at room temperature, a colorless 

crystalline compound of 1,2-dichloro-4,5-dimethoxybenzene was obtained 

(2.72 g). The volume of the mother liquor was reduced (40 mL) to obtain 

another portion of the compound (1.33 g). 

MW (C8H8Cl2O2) = 207.05 g/mol 

Yield = 19 % (4.05 g, 19 mmol) 

Characterization: 

Elemental analysis: (Calculated for C8H8Cl2O2) 

Calculated: C = 46.41 %, H = 3.89 % 

Found:  C = 46.60 %, H = 3.81 % 
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1H NMR (400 MHz, [D]CHCl3, RT):  = 6.89 (s, 2H; H3/H6), 3.85 ppm (s, 

6H; CH3, OMe4/OMe5). 

 

4.3.2 Synthesis of 4,5-dichlorocatechol (H2DCCat) 

 

The compound was synthesized from a modified literature procedure.[151] 

Under an inert atmosphere, 1,2-dichloro-4,5-dimethoxybenzene (2.07 g, 10 

mmol) was dissolved in dichloromethane (100 mL) and then a solution of 

BBr3 in DCM (25 mL, 25 mmol) was slowly added to the solution at 0 C. 

The resulting reaction mixture was stirred for 3 h at ambient temperature. 

After that the solvent was removed in a rotary evaporator. The resulting oily 

natured residue was redissolved in ethyl acetate (75 mL) and then washed with 

brine (100 mL). Then the organic layer was filtered over anhydrous sodium 

sulfate and the volume of the filtrate was reduced in a rotary evaporator to 

obtain a sticky type of grey solid which was recrystallized from ethyl 

acetate/n-hexane (1:250). For recrystallization; the solution was stored at 30 

C to yield a colorless crystalline compound which was dried in vacuum to 

obtain an analytically pure compound of 4,5-dichlorocatechol. 

MW (C6H4Cl2O2) = 179.00 g/mol 

Yield = 62 % (1.12 g, 6.25 mmol) 

Characterization: 

Elemental analysis: (Calculated for C6H4Cl2O2) 

Calculated: C = 40.26 %, H = 2.25 % 

Found:  C = 40.36 %, H = 2.29 % 
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1H NMR (400 MHz, [D4]MeOH, RT):  = 6.85 ppm (s, 2H; H3/H6-

H2DCCat). 

 

4.3.3 Synthesis of sodium diphenyl(4,5-dichlorocatecholate)borate 

(NaBPh2(DCCat)) 

 

Under an atmosphere of pure nitrogen, solid 4,5-dichlorocatechol (89.5 mg, 

0.50 mmol) was added to a solution of diphenylborinic acid (91 mg, 0.50 

mmol) in toluene (25 mL). After addition of methanol (1 mL), sodium 

hydroxide (10 mg, 0.25 mmol) was added to the solution. After stirring the 

resulting reaction mixture for 1 h at ambient temperature, the solution was 

evaporated to dryness in vacuum for 3 h to obtain a colorless solid compound. 

Then the solid compound was redissolved in ethyl acetate (20 mL) and filtered 

through celite. The filtrate was evaporated to dryness in vacuum to afford a 

sticky type of colorless solid compound. This crude product was used without 

further purification, and for the metathesis reaction purpose, the compound 

was prepared in situ.[152] 

MW (C18H12BCl2NaO2) = 364.99 g/mol 

Characterization: 

1H NMR (600 MHz, [D3]MeCN, RT):  = 7.38 (d, 3JHH = 6.8 Hz, 4H; o-Ph-

H), 7.13 (t, 3JHH = 7.4 Hz, 4H; m-Ph-H), 7.03 (tt, 3JHH = 7.4 Hz, 4JHH = 1.3 

Hz, 2H; p-Ph-H) 6.46 ppm (s, 2H; H3/H6-DCCat2). 
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IR (KBr pellet, RT):   = 3570, 3378, 3065, 3048, 3015, 3001, 1647, 1622, 

1596, 1488, 1452, 1431, 1369, 1355, 1244, 1228, 1216, 1197, 1180, 1146, 

1099, 1068, 957, 937, 917, 896, 877, 850, 836, 810, 750, 706, 646, 615, 588 

cm1. 

 

4.3.4 Synthesis of 3,3′,4,4′-tetramethoxybiphenyl  

 

The compound was synthesized according to a modified literature 

procedure.[153,154] Under an atmosphere of pure nitrogen, a solution of 4-

bromoveratrole (10.85 g, 50 mmol) in dry THF (75 mL) was first treated with 

Magnesium tunnels (1.20 g, 50 mmol), and then the solution was warmed to 

initiate the Grignard reaction, and then stirred until the Grignard reaction was 

completed. After cooling down to room temperature, the Grignard solution 

was slowly added to another solution of 4-bromoveratrole (10.85 g, 50 mmol) 

and [Ni(dppe)Cl2] (528 mg, 1 mmol) in dry THF (75 mL) at 0 C. The color 

of the resulting solution became dark brown, and the resulting reaction 

mixture was stirred overnight and then saturated solution of ammonium 

chloride (10 mL) was added to quench the reaction. The obtained solution was 

extracted with dichloromethane (3 × 50 mL) and washed with water (2 × 100 

mL). The combined organic layer was dried over anhydrous sodium sulfate 

and the volume of the filtrate was reduced in a rotary evaporator. The resulting 

oily natured residue was recrystallized from hot methanol (50 mL) to obtain a 

colorless solid compound of 3,3′,4,4′-tetramethoxybiphenyl. 
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MW (C16H18O4) = 274.31 g/mol 

Yield = 30 % (4.10 g, 15 mmol) 

Characterization: 

1H NMR (400 MHz, [D]CHCl3, RT):  = 6.93 (d, 3JHH = 8.3 Hz, 2H; H5/H5′), 

7.06 (d, 4JHH = 2.1 Hz, 2H; H2/H2′), 7.09 (dd, 3JHH = 8.3 Hz, 4JHH = 2.0 Hz, 

2H; H6/H6′ ), 3.91 (s, 6H; OMe4/OMe4′), 3.95 ppm (s, 6H; OMe3/OMe3′). 

 

4.3.5 3,3′,4,4′-tetrahydroxybiphenyl (H4(Cat-Cat)) 

 

The compound was synthesized according to a reported procedure.[155] Under 

an atmosphere of pure nitrogen, a solution of BBr3 in DCM (50 mL, 50 mmol) 

was slowly added to a solution of 3,3′,4,4′-tetramethoxybiphenyl (2.74 g, 10 

mmol) in dichloromethane (50 mL) at 78 C. The resulting reaction mixture 

was warmed to room temperature and stirred overnight. Then water (100 mL) 

was slowly added to the reaction mixture and the resulting solution was 

extracted with diethyl ether (3 × 50 mL). The combined organic layer was 

dried over anhydrous sodium sulfate and the volume of the filtrate was 

reduced in a rotary evaporator. The obtained grey solid was recrystallized 

from ethyl acetate/n-hexane (10:90) to obtain an off-white colored amorphous 

(non-crystalline solid) compound of 3,3′,4,4′-tetrahydroxybiphenyl. 

MW (C12H10O4) = 218.21 g/mol 

Yield = 91 % (2.00 g, 9.1 mmol) 
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Characterization: 

Elemental analysis: (Calculated for C12H10O4) 

Calculated: C = 66.05 %, H = 4.62 % 

Found: C = 65.98 %, H = 4.92 % 

1H NMR (400 MHz, [D4]MeOH, RT):  = 6.76 (d, 3JHH = 8.2 Hz, 2H; 

H5/H5′), 6.84 (dd, 3JHH = 8.2 Hz, 4JHH = 2.1 Hz, 2H; H6/H6′), 6.94 ppm (d, 

4JHH = 2.1 Hz, 2H; H2/H2′). 

 

4.3.6 3,3′-dihydroxy-diphenoquinone-(4,4′) (H2(SQ-SQ)) 

 

The compound was synthesized by following a modified literature 

procedure.[124] Under an atmosphere of pure nitrogen, a colorless solution of 

3,3′,4,4′-tetrahydroxybiphenyl (436 mg, 2 mmol) in 1,4-dioxane (5 mL) was 

added dropwise to a red solution of tetrachloro-o-benzoquinone (1 g, 4.1 

mmol) in 1,4-dioxane (5 mL) and then the reaction mixture was stirred until a 

dark brown solid was formed. The solid was collected by filtration and then 

washed with diethyl ether (60 mL). The obtained dark brown solid was dried 

in high vacuum at 100 C for 4 h. The obtained compound was used for further 

reaction without any further purification. 

MW (C12H8O4) = 216.19 g/mol 

Yield = ca. 85 % (370 mg, ca. 1.71 mmol) 
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Characterization: 

Elemental analysis: (Calculated for C12H8O4)
[a] 

Calculated:  C = 66.67 %, H = 3.73 % 

Found: C = 65.71 %, H = 3.63 % 

IR (KBr pellet, RT):   = 3299, 1643, 1603, 1563, 1449, 1398, 1254, 1237, 

1129, 961, 854, 827, 746, 675, 599, 560, 546, 465 cm1. 

UV/Vis/NIR (1,4-dioxane, RT): max (ε) = 474 (13100), 413 nm (12800 M1 

cm1). 

1H NMR (400 MHz, [D6]DMSO, RT):  = 10.01 (s,1H), 9.40 (s,1H), 7.70 

(d, JHH=9.8 Hz, 1H), 7.26 (d, JHH = 8.1 Hz, 1H), 7.21 (s,1H), 6.86 (d, JHH = 

7.4 Hz, 1H), 6.54 (s, 1H), 6.47 ppm (d, JHH = 10.3 Hz, 1H). 

[a] The substantial deviation of the elemental analysis from the calculated values can be 

explained; as in the 1H NMR spectrum recorded in [D6]DMSO, the peak corresponding 

to the protons of 1,4-dioxane is present at 3.56 ppm (see Figures A.88A.89 in appendix). 

The ratio of the solvent molecule to the compound molecule cannot be identified exactly 

due to the decomposition of the compound in dimethyl sulfoxide. Therefore, the peaks 

corresponding to the compound cannot be assigned exactly. 
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4.3.7 Synthesis of [Co(L-N4tBu2)(DCCat)] (1) 

 

Under an atmosphere of pure nitrogen, CoCl26 H2O (119 mg, 0.50 mmol) and                     

L-N4tBu2 (176 mg, 0.50 mmol) were mixed in methanol (30 mL). Then the 

reaction mixture was heated to reflux temperatures for multiple times to obtain 

a violet solution. After cooling down to room temperature, a solution of 4,5-

dichlorocatechol (89.5 mg, 0.50 mmol) and sodium hydroxide (40 mg, 1 

mmol) in methanol (10 mL) was added to the violet solution. The color of the 

resulting solution changed to orange-red, and then the solution was refluxed 

for further 30 minutes, which resulted in formation of orange-red colored solid 

compound along with darkening of color of the solution. Then the suspension 

was evaporated to dryness under vacuum and the obtained orange-red residue 

was redissolved in hot acetonitrile (100 mL) and filtered through celite. The 

filtrate was stored at 30 C for one week to afford orange-red crystals (67.1 

mg) of [Co(L-N4tBu2)(DCCat)]3 MeCNH2O (1a). Another portion of the 

crystals (31.5 mg) was obtained by reducing the volume of the mother liquor 

(25 mL) and storage of the solution at 30 C. The crystals became opaque 

during isolation and therefore, the compound was dried in vacuum to obtain 

an analytically pure compound of [Co(L-N4tBu2)(DCCat)] (1). 

MW (C28H34Cl2CoN4O2) = 588.43 g/mol 

Yield = 34 % (98.6 mg, 0.17 mmol) 

Characterization: 

Elemental analysis: (Calculated for C28H34Cl2CoN4O2) 

Calculated:  C = 57.15 %, H = 5.82 %, N = 9.52 % 

Found: C = 57.01 %, H = 5.81 %, N = 9.61 % 
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X-ray crystal structure analysis of 1a: high-spin cobalt(II) catecholate at 150 

K. 

MT for solid 1 (296 K) = 2.60 cm3 K mol1. 

IR (KBr pellet, RT):   = 2971, 2915, 1601, 1580, 1475, 1431, 1400, 1356, 

1265, 1225, 1192, 1159, 1098, 1080, 1050, 1024, 1002, 963, 936, 913, 843, 

819, 783, 773, 733, 716, 676, 666, 514 cm1. 

UV/Vis/NIR (DCM, RT): max () = 1037 (16), 551 (976), 516 (1190), 464 

(1563), 380 (1060), 323 (6627), 260 nm (11600 M1 cm1). 

 

4.3.8 Synthesis of [Co(L-N4tBu2)(DCCat)]CH2Cl2 (1b) 

 

Under an atmosphere of pure nitrogen, CoCl26 H2O (238 mg, 1 mmol) and L-

N4tBu2 (352 mg, 1 mmol) were mixed in methanol (30 mL) and then, the 

reaction mixture was heated to reflux temperatures for multiple times to obtain 

a violet solution. After cooling down to room temperature, a solution of 4,5-

dichlorocatechol (179 mg, 1 mmol) and sodium hydroxide (80 mg, 2 mmol) 

in methanol (10 mL) was added to the violet solution. The color of the solution 

changed to orange-red, and then the solution was refluxed for 30 minutes, 

which resulted in formation of orange-red colored solid compound along with 

darkening of color of the solution. After cooling down to room temperature, 

the suspension was evaporated to dryness under vacuum and the obtained 

orange-red residue was redissolved in dichloromethane (75 mL). The resulting 

solution was filtered through celite. Slow diffusion of diethyl ether into the 

filtrate yielded orange-red crystals of the compound [Co(L-

N4tBu2)(DCCat)]CH2Cl2 (1b). 
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MW (C29H36Cl4CoN4O2) = 673.37 g/mol 

Yield = 76 % (510 mg, 0.76 mmol) 

Characterization: 

Elemental analysis: (Calculated for C29H36Cl4CoN4O2) 

Calculated:  C = 51.73 %, H = 5.39 %, N = 8.32 % 

Found: C = 51.91 %, H = 5.41 %, N = 8.29 % 

 

4.3.9 Synthesis of [Co(L-N4tBu2)(DCCat)](BF4) (2a) 

 

Under an atmosphere of pure nitrogen, the compound 1b (505 mg, 0.75 mmol) 

was dissolved in dichloromethane (100 mL) to obtain an orange-red solution. 

Then a solution of ferrocenium tetrafluoroborate (204 mg, 0.75 mmol) in 

nitromethane (5 mL) was added to the orange-red solution. The color of the 

resulting solution changed to violet from orange-red. Slow diffusion of diethyl 

ether into the violet solution afforded greenish colored crystalline compound. 

This compound was dried in the vacuum to yield an analytically pure lilac 

colored compound of [Co(L-N4tBu2)(DCCat)](BF4) (2a). 

MW (C28H34BCl2CoF4N4O2) = 675.24 g/mol 

Yield = 87 % (442 mg, 0.65 mmol) 

Characterization: 

Elemental analysis: (Calculated for C28H34BCl2CoF4N4O2) 

Calculated:  C = 49.80 %, H = 5.08 %, N = 8.30 % 

Found: C = 49.80 %, H = 5.18 %, N = 8.26 % 
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IR (KBr pellet, RT):   = 2978, 2930, 2889, 1612, 1589, 1475, 1438, 1407, 

1381, 1360, 1257, 1224, 1174, 1098, 1083, 1057, 1037, 940, 890, 837, 791, 

781, 755, 703, 680, 577, 533, 521, 485, 454, 425, 417, 402 cm1. 

 

4.3.10 Synthesis of [Co(L-N4tBu2)(DCCat)](BPh4) (2b) 

 

Under an atmosphere of pure nitrogen, a solution of sodium tetraphenylborate 

(171 mg, 0.50 mmol) in dry acetonitrile (5 mL) was added to a red-violet 

solution of 2a (344 mg, 0.51 mmol) in dry acetonitrile (75 mL). After stirring 

for 15 minutes, the resulting solution was evaporated to dryness under 

vacuum. The obtained lilac residue was washed with dry methanol. Then the 

solid was dried in vacuum to obtain an analytically pure lilac colored 

compound of [Co(L-N4tBu2)(DCCat)](BPh4) (2b). 

MW (C52H54BCl2CoN4O2) = 907.66 g/mol 

Yield = 88 % (402 mg, 0.44 mmol)  

Characterization: 

Elemental analysis: (Calculated for C52H54BCl2CoN4O2) 

Calculated:  C = 68.81 %, H = 6.00 %, N = 6.17 % 

Found: C = 68.63 %, H = 6.05 %, N = 6.06 % 

IR (KBr pellet, RT):   = 3053, 3033, 2996, 2981, 1609, 1579, 1474, 1427, 

1405, 1380, 1360, 1258, 1224, 1195, 1175, 1166, 1096, 1065, 1049, 1032, 

937, 913, 888, 836, 791, 779, 733, 706, 678, 624, 612, 575, 541, 526, 516, 

487, 482, 468, 442, 431, 423 cm1. 

Selected IR bands (DMSO, thin film):   = 1611, 1580, 1473, 1434, 1416, 

1404, 1382, 1358, 1258, 1225, 1178 cm1. 
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Selected IR bands ([D2]DCM, liquid cell):   = 1610, 1580, 1505, 1473, 

1435, 1426, 1405, 1382, 1362, 1258, 1224, 1195, 1178, 1165 cm1. 

1H NMR (600 MHz, [D6]DMSO, 295 K):  = 8.23 (t, 3JHH = 7.8 Hz, 2H; p-

Py-H), 7.68 (d, 3JHH = 7.8 Hz, 4H; m-Py-H), 4.97 (d, 2JHH = 16.7 Hz, 4H; 

CH2), 4.48 (d, 2JHH = 16.7 Hz, 4H; CH2), 1.31 (s, 6H; tBu), 0.68 (s, 12H; 

tBu), 6.16 (s, 2H; H3/H6-DCCat2), 6.79 (t, 3JHH = 7.4 Hz, 4H; p-Ph-H, 

BPh4
), 6.92 (t, 3JHH = 7.2 Hz, 8H; m-Ph-H, BPh4

), 7.207.16 ppm (m, 8H; 

o-Ph-H, BPh4
). 

1H NMR (400 MHz, [D3]MeCN, RT):  = 8.15 (t, 3JHH = 7.8 Hz, 2H; p-Py-

H), 7.61 (d, 3JHH = 7.8 Hz, 4H; m-Py-H), 6.35 (d, 2JHH = 16.5 Hz, 4H; CH2 

), 6.21 (d, 2JHH = 16.4 Hz, 4H; CH2), 5.04 (s, 2H; H3/H6- DCCat2), 1.76 (br, 

6H; tBu), 0.53 (s, 12H; tBu), 6.84 (tt, 3JHH = 7.2 Hz, 4JHH = 1.6 Hz, 4H; p-

Ph-H, BPh4
), 6.99 (t, 3JHH = 7.4 Hz, 8H; m-Ph-H, BPh4

), 7.307.24 ppm 

(m, 8H; o-Ph-H, BPh4
). 

1H NMR (600 MHz, [D2]DCM, 295 K):  = 33.23 (4H, br), 26.52 (4H, br), 

11.06 (4H, br), 9.31 (2H, br), 7.91 (9H, br), 4.87 (9H, br), 12.08 (2H, br), 

6.95 (t, 3JHH = 7.1 Hz, 4H; p-Ph-H, BPh4
), 7.11 (t, 3JHH = 7.1 Hz, 8H; m-

Ph-H, BPh4
), 7.457.41 ppm (m, 8H; o-Ph-H, BPh4

). 

Evans-NMR method (600 MHz, [D2]DCM, 295 K): χMT = 0.65 cm3 K mol1. 

UV/Vis/NIR (DCM, 298 K): max (ε) = 1108 (8243), 1060 (6737), 990 

(3318), 938 (1581), 810 (580), 630 (614), 580 (558), 420 (1199), 320 

(12200), 300 (11300), 274 nm (12800 M1 cm1). 

UV/Vis/NIR (DMSO, 298 K): max (ε) = 1106 (391), 1052 (385), 990 (319), 

547 (470), 505 (445), 460 (395), 324 (17100), 276 nm (13700 M1 cm1). 

UV/Vis/NIR (MeCN, RT): max (ε) = 1107 (747), 1051 (698), 990 (491), 559 

(474), 500 (428), 452 (391), 320 (16800), 275 nm (12700 M1 cm1). 
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Cyclic voltammetry: 

Reductions at v = 100 mV/s: E1/2 = 56 mV vs. SCE (reversible), Epc = 1.95 

V vs. SCE (irreversible). 

Oxidations at v = 100 mV/s: E1/2 = 715 mV vs. SCE (reversible), Epa = 938 

mV vs. SCE (irreversible), Epa = 1.60 V vs. SCE (irreversible). 

 

4.3.11 Synthesis of [Co(L-N4tBu2)(DCCat)](BPh4)2 CH2Cl2 (2c) 

Under an atmosphere of pure nitrogen, the compound 2b (120 mg, 0.132 

mmol) was dissolved in dichloromethane (75 mL) to obtain a green and clear 

solution. Slow diffusion of diethyl ether into the green solution yielded green 

crystals of the compound [Co(L-N4tBu2)(DCCat)](BPh4)2 CH2Cl2 (2c) 

suitable for X-ray diffraction. 

MW (C54H58BCl6CoN4O2) for 2c = 1077.53 g/mol 

Yield = 46 % (63.1 mg, 0.061 mmol); the molecular weight is adjusted 

according to the calculation of loss of 0.5 DCM per complex by NMR 

spectroscopic measurement. 

Characterization: 

X-ray crystal structure analysis: low-spin cobalt(III) catecholate at 150 K. 

MT for solid [Co(L-N4tBu2)(DCCat)](BPh4)1.5 CH2Cl2 (298 K): 0.017 cm3 

K mol1. 

IR (KBr pellet, RT):   = 3053, 3033, 2996, 2980, 1607, 1579, 1473, 1426, 

1406, 1380, 1360, 1258, 1224, 1195, 1175, 1166, 1096, 1066, 1050, 1031, 

937, 912, 888, 837, 790, 779, 734, 706, 677, 624, 612, 575, 543, 525, 513, 

487, 475, 468, 453, 420 cm1. 

1H NMR for 2c (400 MHz, [D3]MeCN, RT]:  = 8.15 (t, 3JHH = 7.8 Hz, 2H; 

p-Py-H), 7.61 (d, 3JHH = 7.8 Hz, 4H; m-Py-H), 6.29 (d, 2JHH = 16.5 Hz, 4H; 

CH2), 6.15 (d, 2JHH = 16.4 Hz, 4H; CH2), 5.08 (s, 2H; H3/H6-DCCat2), 1.76 
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(br, 6H; tBu), 0.54 ppm (s, 12H; tBu), 6.84 ppm (tt, 3JHH = 7.2 Hz, 4JHH = 

1.6 Hz, 4H; p-Ph-H, BPh4
), 6.99 (t, 3JHH = 7.4 Hz, 8H; m-Ph-H, BPh4

), 

7.307.24 ppm (m, 8H; o-Ph-H, BPh4
). 

 

4.3.12 Synthesis of [Co(L-N4tBu2)(DCCat)][BPh2(DCCat)] (2d) 

 

Under an atmosphere of pure nitrogen, CoCl26 H2O (238 mg, 1 mmol) and  

L-N4tBu2 (352 mg, 1 mmol) were mixed in methanol (30 mL). The resulting 

reaction mixture was heated to reflux temperatures for multiple times to obtain 

a violet solution. Then, to this violet solution, a solution of 4,5-

dichlorocatechol (179 mg, 1 mmol) and sodium hydroxide (80 mg, 2 mmol) 

in methanol (10 mL) was added. The color of the resulting solution changed 

from violet to orange-red. The orange-red solution was refluxed for further 30 

minutes, which resulted in formation of orange-red colored solid compound 

along with darkening of color of the solution. After cooling down to room 

temperature, the suspension was evaporated to dryness under vacuum. The 

obtained residue was redissolved in hot MeCN (120 mL) and the resulting 

solution was filtered through celite. After cooling down to room temperature, 

solid ferrocenium tetrafluoroborate (272 mg, 1 mmol) was added to the filtrate 

to produce a red-violet solution. Then in situ prepared Na[BPh2(DCCat)] 

(prior to use prepared in situ in another reaction set up; by reacting 1 mmol of 

Ph2BOH, 1 mmol of H2DCCat and 0.50 mmol of NaOH in toluene/methanol 

(25:1), and then by evaporation of the reaction mixture to dryness under 

vacuum) in MeCN (10 mL) was added. The resulting solution was evaporated 

to dryness under vacuum and the obtained solid residue was redissolved in 
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nitromethane (50 mL) and the resulting solution was filtered through celite. 

Slow diffusion of diethyl ether into the filtrate afforded the lilac crystals of 

[Co(L-N4tBu2)(DCCat)][BPh2(DCCat)] (2d). The compound was dried in 

vacuum in order to obtain analytically pure compound of 2d. 

MW (C46H46BCl4CoN4O4) = 930.44 g/mol 

Yield = 33 %. (310 mg, 0.333 mmol) 

Characterization: 

Elemental analysis: (Calculated for C46H46BCl4CoN4O4) 

Calculated:  C = 59.38 %, H = 4.98 %, N = 6.02 % 

Found:  C = 59.47 %, H = 5.07 %, N = 6.19 % 

X-ray crystal structure analysis: low-spin cobalt(III) catecholate at 150 and 

373 K. 

IR (KBr pellet, RT):   = 3080, 3059, 3045, 3034, 3013, 2996, 2981, 2966, 

2927, 2876, 1609, 1587, 1480, 1473, 1426, 1405, 1381, 1364, 1356, 1258, 

1240, 1219, 1203, 1175, 1166, 1145, 1093, 1065, 1049, 1034, 998, 940, 911, 

884, 866, 835, 788, 780, 757, 749, 732, 702, 675, 643, 614, 582, 571, 543, 

530, 523, 510, 485, 460, 452, 441, 433, 419 cm1. 

1H NMR (400 MHz, [D3]MeCN, RT):  = 8.15 (t, 3JHH = 7.8 Hz, 2H; p-Py-

H), 7.61 (d, 3JHH = 7.8 Hz, 4H; m-Py-H), 6.29 (d, 2JHH = 16. 5 Hz, 4H; CH2), 

6.14 (d, 2JHH = 16.4 Hz, 4H; CH2), 5.07 (s, 2H; H3/H6-DCCat2), 1.76 (br, 

6H; tBu), 0.53 ppm (s, 12H; tBu), 7.38 (dd, 3JHH = 8.3 Hz, 4JHH = 1.3 Hz, 

4H; o-Ph-H, BPh2(DCCat)), 7.12 Hz (tt, 3JHH = 7.6 Hz, 4JHH = 1.5 Hz, 4H; 

m-Ph-H, BPh2(DCCat)), 7.03 (tt, 3JHH = 7.2 Hz, 4JHH = 1.5 Hz, 2H; p-Ph-

H, BPh2(DCCat)), 6.45 ppm (s, 2H; H3/H6-DCCat2, BPh2(DCCat)). 
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4.3.13 Synthesis of [Co(L-N4tBu2)(DCCat)](OTf) (2e) 

 

Under an inert atmosphere, CoCl26 H2O (119 mg, 0.50 mmol) and L-N4tBu2 

(176 mg, 0.50 mmol) were mixed in methanol (15 mL), and refluxed for 30 

minutes to produce a violet solution. To this solution, addition of a solution 

containing 4,5-dichlorocatechol (89.5 mg, 0.50 mmol) and NaOH (40 mg, 1 

mmol) in methanol (10 mL) resulted in change in color of the solution from 

violet to orange-red. This orange-red solution was refluxed for further 30 

minutes, which resulted in formation of orange-red colored solid compound 

along with darkening of color of the solution. The suspension was evaporated 

to dryness under vacuum, then the resulting residue was redissolved in hot 

MeCN (70 mL) and filtered through celite. After cooling down to room 

temperature, addition of solid ferrocenium tetrafluoroborate (136 mg, 0.50 

mmol) to the filtrate resulted in change in color of the solution from orange-

red to red-violet. The resulting red-violet solution was treated with solid 

NaOTf (86 mg, 0.50 mmol) and stirred for 15 minutes. Then the resulting 

solution was evaporated to dryness under vacuum to obtain a lilac residue. The 

residue was redissolved in chloroform (40 mL) and filtered through celite. 

Slow diffusion of diethyl ether into the filtrate afforded a lilac colored 

crystalline compound which was dried in vacuum to afford an analytically 

pure compound of [Co(L-N4tBu2)(DCCat)](OTf) (2e). 

MW (C29H34Cl2CoF3N4O5S) = 737.50 g/mol 

Yield = 81 % (298 mg, 0.404 mmol) 
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Characterization: 

Elemental analysis: (Calculated for C29H34Cl2CoF3N4O5S) 

Calculated: C = 47.23 %, H = 4.65 %, N = 7.60 % 

Found: C = 46.89 %, H = 4.69 %, N = 7.60 % 

IR (KBr pellet, RT):   = 3090, 2976, 2946, 2924, 2884, 1612, 1591, 1475, 

1439, 1407, 1381, 1360, 1276, 1256, 1224, 1166, 1098, 1068, 1051, 1031, 

941, 891, 836, 794, 780, 754, 711, 703, 679, 637, 573, 516, 486, 453, 412 

cm1. 

Cyclic voltammetry: 

Reductions at v = 100 mV/s: E1/2 = 58 mV vs. SCE (reversible), Epc = 1.95 

V vs. SCE (irreversible). 

Oxidations at v = 100 mV/s: E1/2 = 711 mV vs. SCE (reversible), Epa = 1.60 

V vs. SCE (irreversible). 

1H NMR (600 MHz, [D6]DMSO, 295 K):  = 8.25 (t, 3JHH = 7.8 Hz, 2H; p-

Ph-H), 7.69 (d, 3JHH = 7.8 Hz, 4H; m-Py-H), 6.17 (s, 2H; H3/H6-DCCat2), 

4.95 (d, 2JHH = 16.7 Hz, 4H; CH2), 4.46 (d, 2JHH = 16.6 Hz, 4H; CH2), 1.30 

(s, 6H; tBu), 0.68 ppm (s, 12H; tBu). 
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4.3.14 Synthesis of [Co2(L-N4tBu2)2(SQ-SQ)](BPh4)24 DMF (3b) 

First method: 

 

Under an atmosphere of pure nitrogen, a solution of CoCl26 H2O (238 mg, 1 

mmol) and L-N4tBu2 (352 mg, 1 mmol) in methanol (40 mL) was refluxed for 

30 minutes. The resulting violet solution was first treated with solid 3,3,4,4-

tetrahydroxybiphenyl (109 mg, 0.50 mmol) and then with triethylamine (280 

L, 2 mmol). The color of the solution changed to dark red, and the solution 

was refluxed for further 30 minutes. After cooling down to room temperature, 

solid ferrocenium tetrafluoroborate (272 mg, 1 mmol) was added to the dark 

red solution. Then the color of the solution changed to dark green and after 

addition of solid sodium tetraphenylborate (342 mg, 1 mmol) to the dark green 

solution, dark green colored solid was formed. The solid was collected by 

filtration and washed with diethyl ether (20 mL). Slow diffusion of diethyl 

ether into a solution of the solid in acetonitrile (30 mL) afforded crystalline 

compound. This crystalline compound was dissolved in DMF (50 mL) and 

slow diffusion of diethyl ether into the solution produced dark green crystals. 

Recrystallization of the obtained crystals from DMF/Et2O yielded dark green 

crystals of [Co2(L-N4tBu2)2(SQ-SQ)](BPh4)24 DMF (3b). 

MW (C116H138B2Co2N12O8) = 1967.90 g/mol 

Yield = 50 % (490 mg, 0.25 mmol) 
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Characterization: 

Elemental analysis: (Calculated for C116H138B2Co2N12O8) 

Calculated: C = 70.80 %, H = 7.07 %, N = 8.54 % 

Found:        C = 70.87 %, H = 6.89 %, N = 8.35 % 

X-ray crystal structure analysis: 

At 100 K = LS-CoII-(SQ-SQ)OS-CoII-LS. 

At 300 K = HS-CoII-(SQ-SQ)CS-CoII-HS. 

SQUID: T1/2 = 141 K. 

IR (KBr pellet, RT):   = 3052, 3037, 3010, 2978, 2922, 2852, 1673, 1600, 

1580, 1521, 1507, 1479, 1465, 1428, 1401, 1382, 1345, 1285, 1257, 1225, 

1190, 1159, 1142, 1086, 1030, 936, 908, 882, 843, 826, 787, 778, 743, 733, 

706, 658, 623, 612, 578, 567, 519, 490, 475, 466, 457, 446, 437, 430, 416, 

408 cm1. 

ATR (RT):   = 3052, 3012, 2980, 2923, 2852, 1672, 1600, 1579, 1520, 

1504, 1479, 1466, 1426, 1401, 1381, 1346, 1288, 1256, 1229, 1189, 1164, 

1142, 1084, 1030, 1014, 936, 909, 881, 840, 826, 788, 778, 741, 734, 705, 

657 cm1. 
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Second method: 

 

Under an atmosphere of pure nitrogen, a solution of CoCl26 H2O (119 mg, 

0.50 mmol) and L-N4tBu2 (176 mg, 0.50 mmol) in methanol (25 mL) was 

refluxed for 30 minutes. The resulting violet solution was treated with a dark 

green solution of H2(SQ-SQ) (54 mg, 0.25 mmol) and sodium hydroxide (20 

mg, 0.50 mmol) in warm methanol (50 mL). The color of the solution changed 

to dark green. The solution was heated to reflux temperatures for multiple 

times and after cooling down to room temperature, solid sodium 

tetraphenylborate (171 mg, 0.50 mmol) was added to produce a dark green 

solid. Then green solid was collected by filtration and washed with diethyl 

ether (20 mL). Slow diffusion of diethyl ether into a solution of the solid in 

DMF (25 mL) produced dark green crystals. Recrystallization of the obtained 

crystals from DMF/Et2O afforded dark green crystals of [Co2(L-N4tBu2)2(SQ-

SQ)](BPh4)24 DMF (3b). 

MW (C116H138B2Co2N12O8) = 1967.90 g/mol 

Yield = 45 % (221 mg, 0.112 mmol) 

Characterization: 

Elemental analysis: (Calculated for C116H138B2Co2N12O8) 

Calculated:  C = 70.80 %, H = 7.07 %, N = 8.54 % 

Found: C = 70.70 %, H = 7.20 %, N = 8.18 % 
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4.3.15 Synthesis of [Co2(L-N4tBu2)2(SQ-SQ)](BPh4)2 (3a) 

The compound 3b (196.7 mg, 0.10 mmol) was dried at 100 C under high 

vacuum for 6 h to afford an analytically pure compound of [Co2(L-

N4tBu2)2(SQ-SQ)](BPh4)2 (3a). 

MW (C104H110B2Co2N8O4) = 1675.53 g/mol 

Yield = 97 % (162.3 mg, 0.097 mmol) 

Characterization: 

Elemental analysis: (Calculated for C104H110B2Co2N8O4) 

Calculated: C = 74.55 %, H = 6.62 %, N = 6.69 % 

Found: C = 74.25 %, H = 6.61 %, N = 6.62 % 

ATR (RT):   = 3052, 3033, 3026, 3012, 2980, 2907, 1599, 1580, 1522, 

1501, 1492, 1477, 1465, 1427, 1403, 1383, 1365, 1345, 1287, 1253, 1220, 

1185, 1161, 1137, 1076, 1031, 1015, 934, 907, 897, 881, 838,  785, 772, 

747, 732, 702 cm1. 

1H NMR (400 MHz, [D3]MeCN, 293 K):  = 90.64 (br), 85.54 (br), 39.48 

(br), 35.35 (br), 32.11 (br), 28.38 (br), 26.47 (br), 18.98 (br), 3.19 (br), 2.06 

(br), 2.31 (br), 11.08 (br), 15.81 (br), 17.56 (br), 52.30 (br), 6.94 (t, 

3JHH = 7.2 Hz, 8H; p-Ph-H, BPh4
), 7.06 (t, 3JHH = 7.3 Hz, 16H; m-Ph-H, 

BPh4
), 7.317.26 ppm (m, 16H; o-Ph-H, BPh4

). 

Evans-NMR method (600 MHz, [D3]MeCN, 293 K): χMT = 5.07 cm3 K 

mol1. 

UV/Vis/NIR (EtCN, 293 K): max (ε) = 1260 (3296), 1100 (5447), 709 

(19500), 450 (14600), 324 (11600), 296 nm (15900 M1 cm1). 
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4.3.16 Synthesis of [Co2(L-N4tBu2)2(Cat-SQ)](BF4)2Et2O (3d) 

 

Under an atmosphere of pure nitrogen, a solution of CoCl26 H2O (238 mg, 1 

mmol) and L-N4tBu2 (352 mg, 1 mmol) in methanol (30 mL) was refluxed for 

30 minutes. The resulting violet solution was first treated with solid 3,3,4,4-

tetrahydroxybiphenyl (109 mg, 0.50 mmol), and then with triethylamine (280 

L, 2 mmol). The color of the solution changed to dark red, which was 

refluxed for further 30 minutes. After cooling down to room temperature, the 

solution was exposed to air for 5 minutes. The color of the solution changed 

to light green and then excess solid sodium tetrafluoroborate (150 mg, 1.37 

mmol) was added. Then the solution was purged with pure dioxygen for 2 

minutes, after that the color of the solution changed to dark green and a dark 

green colored solid was formed. The resulting reaction mixture was stirred for 

15 minutes and then the solid was collected by filtration and then at first 

washed with methanol (20 mL) followed by diethyl ether (20 mL). Slow 

diffusion of diethyl ether under an inert atmosphere into a solution of the solid 

in acetonitrile (30 mL) afforded olive-green crystals. Recrystallization of the 

crystals from acetonitrile/diethyl ether produced olive-green crystals of 

[Co2(L-N4tBu2)2(Cat-SQ)](BF4)2Et2O (3d).  

MW (C60H80B2Co2F8N8O5) = 1284.80 g/mol 

Yield = 47 % (302 mg, 0.235 mmol) 

Characterization: 

Elemental analysis: (Calculated for C60H80B2Co2F8N8O5) 

Calculated:  C = 56.09 %, H = 6.28 %, N = 8.72 % 

Found:  C = 55.81 %, H = 6.37 %, N = 8.47 % 
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X-ray crystal structure analysis: LS-CoIII-Cat-SQ-CoII-LS at 150 K. 

ATR (RT):   = 2971, 2923, 1604, 1582, 1501, 1467, 1439, 1404, 1380, 

1368, 1351, 1281, 1266, 1250, 1225, 1191, 1175, 1165, 1103, 1047, 1031, 

939, 911, 879, 841, 829, 791, 778, 709, 680, cm1. 

IR (KBr pellet, RT):   = 2970, 2923, 1603, 1581, 1520, 1506, 1467, 1436, 

1402, 1376, 1368, 1283, 1260, 1250, 1225, 1190, 1165, 1121, 1083, 1056, 

1033, 938, 908, 848, 827, 791, 777, 751, 729, 708, 673, 647, 619, 580, 565, 

519, 450, 418 cm1. 

UV/Vis/NIR (EtCN, 293 K): max (ε) = 1260 (2990), 1100 (5466), 709 

(20600), 450 (14400), 324 (11900), 296 nm (16200 M1 cm1). 

 

4.3.17 Synthesis of [Co2(L-N4tBu2)2(Cat-SQ)](BF4)2 (3c) 

Upon drying of compound 3d in vacuum at room temperature, the compound 

[Co2(L-N4tBu2)2(Cat-SQ)](BF4)2 (3c) was obtained. The loss of diethyl ether 

was confirmed by NMR spectroscopic investigation (see Figure A.91 in 

Appendix). 

Characterization: 

SUID: T1/2 = 350 K. 

ATR (RT):   = 2972, 2924, 1605, 1581, 1501, 1467, 1438, 1404, 1383, 1369, 

1350, 1282, 1265, 1249, 1225, 1187, 1174, 1164, 1103, 1047, 1032, 938, 910, 

890, 879, 841, 829, 791, 778, 743, 709, 681 cm1. 
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4.3.18 Synthesis of [Co2(L-N4tBu2)2(Cat-SQ)](PF6)2 (3e) 

 

Under an atmosphere of pure nitrogen, a solution of CoCl26 H2O (238 mg, 1 

mmol) and L-N4tBu2 (352 mg, 1 mmol) in methanol (30 mL) was refluxed for 

30 minutes. The resulting violet solution was first treated with solid 3,3,4,4-

tetrahydroxybiphenyl (109 mg, 0.50 mmol), and then with triethylamine (280 

L, 2 mmol). The color of the solution changed to dark red, which was 

refluxed for further 30 minutes. After cooling down to room temperature, the 

dark red solution was exposed to air for 5 minutes and then excess solid KPF6 

(200 mg, 1.08 mmol) was added to this solution. Then pure dioxygen was 

passed through the solution for 2 minutes until the color of the solution 

changed to dark green, and a dark green solid began to precipitate. The 

resulting reaction mixture was stirred for 1 h at room temperature to produce 

a dark green solid which was collected by filtration and washed with methanol 

(25 mL) followed by diethyl ether (20 mL). Under an inert atmosphere, slow 

diffusion of diethyl ether into a solution of the solid in acetonitrile (60 mL) 

afforded a green crystalline compound. Recrystallization of the crystals from 

acetonitrile/diethyl ether afforded a green crystalline compound. This 

crystalline compound was dried in vacuum at room temperature to obtain an 

analytically pure green colored crystalline compound of [Co2(L-N4tBu2)2(Cat-

SQ)](PF6)2 (3e). 

MW (C56H70Co2F12N8O4P2) = 1327.00 g/mol  

Yield = 41 % (270 mg, 0.203 mmol) 
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Characterization: 

Elemental analysis: (Calculated for C56H70Co2F12N8O4P2) 

Calculated: C = 50.69 %, H = 5.32 %, N = 8.44 % 

Found:  C = 50.63 %, H = 5.14 %, N = 8.14 % 

Cyclic voltammetry: 

Reductions at v = 100 mV/s: E1/2 = 112 mV vs. SCE (reversible), E1/2 = 

552 mV vs. SCE (reversible). 

Oxidations at v = 100 mV/s: Epa = 360 mV vs. SCE (irreversible), E1/2 = ca. 

571 mV vs. SCE (quasi-reversible), E1/2 = 709 mV vs. SCE (quasi-

reversible). 

 

4.3.19 Synthesis of [Ni2(L-N4tBu2)2(SQ-SQ)](BPh4)24 DMF (4a) 

 

Under an atmosphere of pure nitrogen, a solution of [Ni(L-N4tBu2)Cl2]MeCN 

(131 mg, 0.25 mmol) in methanol (25 mL) was treated with a dark green 

solution of H2(SQ-SQ) (27 mg, 0.125 mmol) and sodium hydroxide (10 mg, 

0.25 mmol) in warm methanol (30 mL), and the resulting dark green solution 

was heated to reflux temperatures for multiple times. After cooling down to 

room temperature, solid sodium tetraphenylborate (86 mg, 0.25 mmol) was 

added to the solution to obtain a dark green solid, which was collected by 

filtration and washed with diethyl ether (20 mL). Slow diffusion of diethyl 

ether into a solution of the solid in DMF (25 mL) afforded dark green crystals. 

Recrystallization of the crystals from DMF/Et2O yielded dark green crystals 

of [Ni2(L-N4tBu2)2(SQ-SQ)](BPh4)24 DMF (4a). 
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MW (C116H138B2Ni2N12O8) = 1967.42 g/mol 

Yield = 45 % (110 mg, 0.056 mmol) 

Characterization: 

Elemental analysis: (Calculated for C116H138B2Ni2N12O8) 

Calculated: C = 70.82 %, H = 7.07 %, N = 8.54 % 

Found: C = 70.69 %, H = 7.03 %, N = 8.27 % 

X-ray crystal structure analysis: NiII-(SQ-SQ)CS-NiII (temperature invariant) 

SQUID: J = 2.764 cm1 

IR (KBr pellet, RT):   = 3053, 3036, 3010, 2994, 2979, 2920, 2853, 1673, 

1603, 1582, 1519, 1504, 1479, 1467, 1435, 1401, 1384, 1377, 1344, 1292, 

1255, 1231, 1188, 1157, 1134, 1090, 1075, 1034, 1011, 964, 936, 907, 884, 

847, 825, 789, 778, 744, 733, 705, 678, 658, 624, 612, 579, 570, 520, 484, 

471, 464, 452, 439, 418, 407 cm1. 

UV/Vis/NIR (MeCN, RT): max () = 727 (27900), 522 (12200), 475 

(14200), 332 (8900), 310 (12800), 294 nm (15600 M1 cm1). 

Cyclic voltammetry:  

Reductions at v = 100 mV/s: E1/2 = 176 mV vs. SCE (reversible), E1/2 = 

650 mV vs. SCE (reversible). 

Oxidations at v = 100 mV/s: Epa = 965 mV vs. SCE (irreversible), Epa = 1.25 

V vs. SCE (irreversible). 
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4.3.20 Synthesis of [Cu2(L-N4tBu2)2(SQ-SQ)](BF4)2Et2O (5a) 

 

Under an atmosphere of pure nitrogen, CuCl22 H2O (86 mg, 0.50 mmol) was 

mixed with L-N4tBu2 (176 mg, 0.50 mmol) in methanol (20 mL) and refluxed 

for 15 minutes to obtain a green solution. To this green solution, solid 

3,3,4,4-tetrahydroxybiphenyl (54.5 mg, 0.25 mmol) was added. Then solid 

sodium hydroxide (40 mg, 1 mmol) was added to the reaction mixture to 

afford a greenish brown solution which was refluxed for further 15 minutes. 

After cooling down to room temperature, solid ferrocenium tetrafluoroborate 

(136 mg, 0.50 mmol) was added to the greenish brown solution to obtain a 

dark green solution. Then, the solvent was removed under vacuum. The 

resulting residue was redissolved in acetonitrile (25 mL) and filtered through 

celite. Slow diffusion of diethyl ether into the filtrate yielded yellow-green 

crystals. Recrystallization of the crystals from MeCN/Et2O afforded yellow-

green crystals of [Cu2(L-N4tBu2)2(SQ-SQ)](BF4)2Et2O (5a). 

MW (C60H80B2Cu2F8N8O5) = 1294.03 g/mol  

Yield = 43 % (141 mg, 0.108 mmol) 

Characterization: 

Elemental analysis: (Calculated for C60H80B2Cu2F8N8O5) 

Calculated: C = 55.69 %, H = 6.23 %, N = 8.66 % 

Found: C = 55.71 %, H = 6.42 %, N = 8.25 % 

X-ray crystal structure analysis: CuII-(SQ-SQ)CS-CuII at 150 K. 

SQUID: J = 4.634 cm1 
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ATR (RT):   = 3085, 3052, 2971, 2920, 2895, 2855, 1603, 1583, 1502, 

1479, 1466, 1438, 1426, 1401, 1384, 1376, 1370, 1348, 1284, 1254, 1230, 

1195, 1174, 1165, 1089, 1046, 1032, 997, 974, 966, 938, 901, 884, 850, 836, 

823, 803, 791, 778, 771, 751, 711 cm1. 

IR (KBr pellet, RT):   = 3083, 3049, 2971, 2920, 2895, 2853, 1603, 1579, 

1505, 1463, 1437, 1400, 1387, 1374, 1365, 1349, 1288, 1251, 1223, 1195, 

1166, 1057, 1034, 938, 923, 884, 850, 827, 791, 775, 751, 711, 687, 680, 

646, 587, 575, 537, 519, 505, 479, 467, 456, 434, 424, 411, 404 cm1. 

UV/Vis/NIR (MeCN, RT): max () = 709 (23300), 508 (13600), 471 

(15500), 330 (7700), 310 (12200), 294 nm (14000 M1 cm1). 

Cyclic voltammetry:  

Reductions at v = 100 mV/s: E1/2 = 45 mV vs. SCE (reversible), E1/2 = 450 

mV vs. SCE (reversible). 

Oxidation at v = 100 mV/s: Epa = 1.08 V vs. SCE (irreversible). 

 

4.3.21 Synthesis of [Zn2(L-N4tBu2)2(SQ-SQ)](BPh4)24 DMF (6b) 

 

Under an atmosphere of pure nitrogen, ZnCl2 (136 mg, 1 mmol) was mixed 

with L-N4tBu2 (352 mg, 1 mmol) in methanol (25 mL) and refluxed for 15 

minutes to obtain a colorless solution. To this colorless solution, solid 

3,3,4,4-tetrahydroxybiphenyl (109 mg, 0.50 mmol) was added. Then, after 

addition of triethylamine (280 L, 2 mmol), the reaction mixture was refluxed 

for further 15 minutes. After cooling down to room temperature, solid 

ferrocenium tetrafluoroborate (272 mg, 1 mmol) was added to the colorless 

solution to obtain a dark green solution. Then solid sodium tetraphenylborate 
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(342 mg, 1 mmol) was added to the dark green solution to produce a dark 

green precipitate. The precipitate was collected by filtration and washed with 

diethyl ether (20 mL). Slow diffusion of diethyl ether into the solution of the 

solid in acetonitrile (30 mL) afforded crystalline compound which was 

dissolved in DMF (60 mL) and slow diffusion of diethyl ether into this 

solution yielded dark green crystals of [Zn2(L-N4tBu2)2(SQ-SQ)](BPh4)24 

DMF (6b). 

MW (C116H138B2N12O8Zn2) = 1980.79 g/mol 

Yield = 48 % (475 mg, 0.24 mmol) 

Characterization: 

Elemental analysis: (Calculated for C116H138B2N12O8Zn2) 

Calculated: C = 70.34 %, H = 7.02 %, N = 8.49 % 

Found: C = 70.27 %, H = 7.01 %, N = 8.22 % 

X-ray crystal structure analysis: ZnII-(SQ-SQ)CS-ZnII (temperature 

invariant) 

SQUID = diamagnetic 

1H NMR (400 MHz, [D6]DMSO, RT):  = 7.957.90 (m, 4H; p-Py-H), 

7.417.37 (m, 8H; m-Py-H), 4.59 (br, 4H; CH2), 3.55 (d, 2JHH = 15.6 Hz, 

6H; CH2), 1.09 (br, 36H; tBu), 6.78 (t, 3JHH = 7.2 Hz, 8H; p-Ph-H, BPh4
), 

6.91 (t, 3JHH = 7.2 Hz, 16H; m-Ph-H, BPh4
), 7.197.15 ppm (m, 16H; o-Ph-

H, BPh4
). 

IR (KBr pellet, RT):   = 3052, 3036, 3010, 2979, 2921, 2855, 1671, 1600, 

1580, 1532, 1515, 1478, 1465, 1428, 1401, 1382, 1368, 1345, 1286, 1257, 

1226, 1192, 1157, 1142, 1084, 1030, 935, 911, 898, 883, 844, 829, 790, 779, 

742, 733, 659, 625, 611, 579, 567, 515, 445, 424, 410, 401 cm1. 

UV/Vis/NIR (MeCN, RT) = 671 (24300), 495 (13400), 455 (16300), 322 

(7340), 300 nm (11000 M1 cm1). 
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ESI-MS (MeCN): m/z = Calculated for [Zn2(L-N4tBu2)2(SQ-SQ)]2+: 

525.20; Found 525.20. 

Cyclic voltammetry: 

Reductions at v = 100 mV/s: E1/2 = 120 mV vs. SCE (quasi-reversible), E1/2 

= 526 mV vs. SCE (quasi-reversible). 

Oxidations at v = 100 mV/s: Epa = 1.05 V vs. SCE (irreversible), Epa = 1.35 

V vs. SCE (irreversible). 

 

4.3.22 Synthesis of [Zn2(L-N4tBu2)2(SQ-SQ)](BPh4)2 (6a) 

The compound 6b was grinded and dried in high vacuum at 100 C for 8 h to 

obtain an analytically pure compound of [Zn2(L-N4tBu2)2(SQ-SQ)](BPh4)2 

(6a). The absence of solvent molecules in the obtained compound was 

confirmed by NMR spectroscopy. 

MW (C104H110B2N8O4Zn2) = 1688.42 g/mol 

Characterization: 

Elemental analysis: (Calculated for C104H110B2N8O4Zn2) 

Calculated:  C = 73.98 %, H = 6.57 %, N = 6.64 % 

Found: C = 73.68 %, H = 6.59 %, N = 6.58 % 

1H NMR (400 MHz, [D3]MeCN, RT):  = 7.82 (t, 3JHH = 7.8 Hz, 2H; p-Py-

H), 7.80 (t, 3JHH = 7.7 Hz, 2H; p-Py-H), 7.277.23 (m, 8H; m-Py-H), 4.58 

(d, 2JHH = 16.4 Hz, 8H; CH2), 3.52 (d, 2JHH = 16.4 Hz, 4H; CH2), 3.51 (d, 

2JHH = 16.8 Hz, 4H; CH2), 1.14 (s, 36H; tBu), 6.83 (t, 3JHH = 7.2 Hz, 8H; p-

Ph-H, BPh4
), 6.98 (t, 3JHH = 7.5 Hz, 16H; m-Ph-H, BPh4

), 7.297.25 ppm 

(m, 16H; o-Ph-H, BPh4
). 
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List and abbreviations of compounds 

1 [Co(L-N4tBu2)(DCCat)] 

1a [Co(L-N4tBu2)(DCCat)]3 MeCNH2O 

1b [Co(L-N4tBu2)(DCCat)]CH2Cl2  

2 [Co(L-N4tBu2)(DCCat)]+ 

2a [Co(L-N4tBu2)(DCCat)](BF4) 

2b [Co(L-N4tBu2)(DCCat)](BPh4) 

2c [Co(L-N4tBu2)(DCCat)](BPh4)2 CH2Cl2 

2d [Co(L-N4tBu2)(DCCat)][BPh2(DCCat)] 

2e [Co(L-N4tBu2)(DCCat)](OTf) 

3 [Co2(L-N4tBu2)2(SQ-SQ)]2+ 

3a [Co2(L-N4tBu2)2(SQ-SQ)](BPh4)2 

3b [Co2(L-N4tBu2)2(SQ-SQ)](BPh4)24 DMF 

3c [Co2(L-N4tBu2)2(Cat-SQ)](BF4)2 

3d [Co2(L-N4tBu2)2(Cat-SQ)](BF4)2Et2O 

3e [Co2(L-N4tBu2)2(Cat-SQ)](PF6)2 

4 [Ni2(L-N4tBu2)2(SQ-SQ)]2+ 

4a [Ni2(L-N4tBu2)2(SQ-SQ)](BPh4)24 DMF 

5 [Cu2(L-N4tBu2)2(SQ-SQ)]2+ 

5a [Cu2(L-N4tBu2)2(SQ-SQ)](BF4)2Et2O 

6 [Zn2(L-N4tBu2)2(SQ-SQ)]2+ 

6a [Zn2(L-N4tBu2)2(SQ-SQ)](BPh4)2 

6b [Zn2(L-N4tBu2)2(SQ-SQ)](BPh4)24 DMF 

6 [Zn2(L-N4tBu2)2(Cat-SQ)]+ 

7 [Zn(L-N4tBu2)(-SQ-SQ)] 
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6.1 Valence Tautomerism in a Cobalt Dioxolene Complex 

6.1.1 Crystal Data 

Crystallographic data of compounds 1a and 2c were collected at 150(2) K, 

whereas for compound 2d, the data were collected at 150(2) and 373(2) K. 

The data were collected by an Oxford Diffraction Gemini S Ultra type of 

instrument using graphite-monochromatized Cu-K ( = 1.54184 Å) or Mo-

K ( = 0.70173 Å) radiation. The crystal structures were solved by direct 

methods implemented in the SIR 97 program package and refined using the 

full-matrix least-squares method on F2 with SHELXL-97 package. The 

hydrogen atoms were located geometrically and refined using Riding model. 

As the temperature factor, 1.5 times value for hydrogen atoms of CH3 groups 

and for all other hydrogen atoms 1.2 times value of the equivalent isotropic 

temperature factor of that atom used, to which the respective hydrogen atom 

is bonded. All non-hydrogen atoms were refined with anisotropic 

displacement parameters. 
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Table A.1: Crystal data and structure refinement for 1a at 150 K. 

 

Identification code 

Empirical formula   

Formula weight [g mol1]  

Temperature [K]   

 [Å]   

Crystal system   

Space group   

a [Å]  

b [Å]  

c [Å]  

 [deg]  

 [deg]  

 [deg]  

V [Å3]   

Z  

(calcd) [g cm3]   

(Cu-K) [mm1]   

F(000)  

Crystal size [mm3]  

 [deg]  

Reflections collected  

Independent reflections   

Rint  

Absorption correction  

Max. and min. transmission  

Refinement method  

Data/restraints/parameters  

GOOF on F2  

Final R indices [I>2(I)]  

R indices (all data)  

Largest diff. peak and hole [e Å3]  

11240ocu 

C34H45Cl2CoN7O3 

729.60 

150(2) 

1.54184 

monoclinic 

P121/c1 

9.8824(2) 

17.9052(3) 

20.4354(4) 

90 

93.959(2) 

90 

3607.34(12) 

4 

1.343 

5.443 

1532 

0.52  0.14  0.06  

3.2962.63 

13489 

5768 

0.0379 

semi-empirical from equivalents 

0.7360 and 0.1641 

full-matrix least-squares on F2 

5768/2/439 

0.975 

R1 = 0.0441, wR2 = 0.1140 

R1 = 0.0562, wR2 = 0.1205 

0.574 and 0.522 
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Table A.2: Crystal data and structure refinement for 2c at 150 K. 

 

Identification code 

Empirical formula   

Formula weight [g mol1]  

Temperature [K]   

 [Å]   

Crystal system   

Space group   

a [Å]  

b [Å]  

c [Å]  

 [deg]  

 [deg]  

 [deg]  

V [Å3]   

Z  

calcd [g cm3]   

(Cu-K) [mm1]   

F(000)  

Crystal size [mm3]  

 [deg]  

Reflections collected  

Independent reflections   

Rint  

Absorption correction  

Max. and min. transmission  

Refinement method  

Data/restraints/parameters  

GOOF on F2  

Final R indices [I>2(I)]  

R indices (all data)  

Largest diff. peak and hole [e Å3]   

13129ocu 

C54H58BCl6CoN4O2 

1077.48 

150(2) 

1.54184 

orthorhombic 

P212121 

11.4049(2) 

18.0459(3) 

25.3194(5) 

90 

90 

90 

5211.03(16) 

4 

1.373 

5.763 

2240 

0.49  0.18  0.18  

3.4962.67 

21404 

8123 

0.0384 

analytical 

0.4236 and 0.1645 

full-matrix least-squares on F2 

8123/0/619 

1.029 

R1 = 0.0412, wR2 = 0.1046 

R1 = 0.0436, wR2 = 0.1070 

0.870 and 0.602 
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Table A.3: Crystal data and structure refinement for 2d at 150 K. 

 

Identification code 

Empirical formula   

Formula weight [g mol1]  

Temperature [K]   

 [Å]   

Crystal system   

Space group   

a [Å]  

b [Å] 

c [Å] 

 [deg]  

 [deg]  

 [deg] 

V [Å3]   

Z  

calcd [g cm3]   

(Mo-K) [mm1]   

F(000)  

Crystal size [mm3]  

 [deg]  

Reflections collected  

Independent reflections  

Rint  

Absorption correction  

Max. and min. transmission  

Refinement method  

Data/restraints/parameters  

GOOF on F2  

Final R indices [I>2(I)]  

R indices (all data)  

Largest diff. peak and hole [e Å3]   

14088o. 

C46H46BCl4CoN4O4 

930.41 

150(2) 

0.71073 

triclinic 

P1̅ 

11.5510(4) 

13.3150(5) 

14.7470(5) 

91.152(3) 

93.026(3) 

110.143(3) 

2124.64(14) 

2 

1.454 

0.706 

964 

0.310  0.200  0.090  

2.76929.00 

21016 

11282 

0.0307 

semi-empirical from equivalents 

1.00000 and 0.92337 

full-matrix least-squares on F2 

11282/0/547 

1.018 

R1 = 0.0411, wR2 = 0.0902 

R1 = 0.0587, wR2 = 0.0998 

0.473 and 0.413 
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Table A.4: Crystal data and structure refinement for 2d at 373 K. 

 

Identification code 

Empirical formula   

Formula weight [g mol1]  

Temperature [K]   

 [Å]   

Crystal system   

Space group   

a [Å] 

b [Å]  

c [Å]  

 [deg] 

 [deg] 

 [deg]  

V [Å3]  

Z  

calcd [g cm3]   

(Cu-K) [mm1]   

F(000)  

Crystal size [mm3]  

 [deg]  

Reflections collected  

Independent reflections  

Rint 

Absorption correction  

Max. and min. transmission  

Refinement method  

Data/restraints/parameters  

GOOF on F2  

Final R indices [I>2(I)]  

R indices (all data)  

Largest diff. peak and hole [e Å3]   

14091ocb 

C46H46BCl4CoN4O4 

930.41 

373(2) 

1.54184 

triclinic 

P1̅ 

11.6723(5) 

13.5082(6) 

14.8708(4) 

91.117(3) 

92.960(3) 

110.006(4) 

2198.55(16) 

2 

1.405 

5.683 

964 

0.320  0.260  0.130  

3.48562.581 

15075 

6984 

0.0233 

analytical 

0.530 and 0.208 

full-matrix least-squares on F2 

6984/0/547 

1.027 

R1 = 0.0371, wR2 = 0.0945 

R1 = 0.0431, wR2 = 0.0992 

0.186 and 0.329 
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6.1.2 Infrared Spectra 

 

Figure A.1: IR spectrum of Na[BPh2(DCCat)] in KBr pellet at RT. 

 

Figure A.2: IR spectrum of [Co(L-N4tBu2)(DCCat)] (1) in KBr pellet at RT. 
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Figure A.3: IR spectrum of [Co(L-N4tBu2)(DCCat)](BF4) (2a) in KBr pellet at RT. 

 

Figure A.4: IR spectrum of [Co(L-N4tBu2)(DCCat)](BPh4) (2b) in KBr pellet at RT. 
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Figure A.5: IR spectrum [Co(L-N4tBu2)(DCCat)](BPh4)2 CH2Cl2 (2c) in KBr pellet at 

RT. 

 

Figure A.6: IR spectrum [Co(L-N4tBu2)(DCCat)][BPh2(DCCat)] (2d) in KBr pellet at RT. 
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Figure A.7: IR spectrum [Co(L-N4tBu2)(DCCat)](OTf) (2e) in KBr pellet at RT. 
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6.1.3 NMR Spectra 

 

Figure A.8: 1H NMR spectrum of 1,2-dichloro-4,5-dimehoxybenzene in [D]CHCl3 at RT. 

 

 

Figure A.9: 1H NMR spectrum of 4,5-dichlorocatechol (H2DCCat) in [D4]MeOH at RT. 
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Figure A.10: 1H NMR spectrum of Na[BPh2(DCCat)] in [D3]MeCN at RT. 

 

Figure A.11: 1H NMR spectrum of 2c in [D3]MeCN at RT. The spectrum was recorded 

from the sample prepared for the magnetic moment measurement of the compound.  
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Figure A.12: 1H NMR spectrum of 2b in [D2]DCM at 295 K. 

 

Figure A.13: 1H NMR spectrum of 2b in [D6]DMSO at 295 K. 
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Figure A.14: Variable temperature 1H NMR spectra of 2e in [D6]DMSO. 

 

Figure A.15: 1H NMR spectrum of 2e in [D6]DMSO at 313 K. This spectrum is provided 

for a better view of signal broadening and it refers to the spectrum of 313 K of the above 

spectra. 
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Figure A.16: 1H NMR spectrum of 2b in [D3]MeCN at RT. 

 

 

Figure A.17: 1H NMR spectrum of 2d in [D3]MeCN at RT. 
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Figure A.18: 1H NMR spectrum of 2e in [D6]DMSO at 295 K. 

 

6.1.4 UV/Vis/NIR Spectra 

The spectra which are fitted by Lorentzian function are shown in Figure 

A.19Figure A.21, and Figure A.43Figure A.66. The adjusted R2 values for 

almost all of the fit are 0.999. If the adjusted R2 value is less than 0.999, then 

that value is provided in the caption of the corresponding Figure. The blue 

solid line in each UV/Vis/NIR spectrum represents the range of the spectrum 

used for the Lorentzian fitting. The orange-red dashed line in each fitted 

spectrum corresponds to the sum of Lorentzian peaks. The Lorentzian peaks 

are represented as black solid lines. The data obtained from the fitting are 

provided in Table A.5. 
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Figure A.19: Lorentzian fit of the NIR/Visible spectrum of 2b in DCM at 298 K.  

 

Figure A.20: Lorentzian fit of the NIR/Visible spectrum of 2b in MeCN at RT. 
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Figure A.21: Lorentzian fit of the NIR/Visible spectrum of 2b in DMSO at 298 K. 
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Table A.5: The absorption maximum ( / cm1), molar extinction coefficient ( / M1 cm1) 

and area under the Lorentzian peaks (area/M1 cm2) for the Lorentzian fit of the 

UV/Vis/NIR spectra of compound 2b in different solvents and temperatures. 

Solvent 

(T / K) 
 ()  (area106) 

LTC 

(DCM)[a] 

7531 (193), 9379 (607), 

17243 (347), 19907 

(208), 22212 (305) 

7531 (1.31), 9379 (0.23), 

17243 (1.43), 19907 (1.33), 

22212 (2.30) 

HTC 

(DCM)[a] 

8986 (8387), 9509 

(5674), 10065 (1960), 

10699 (656), 12433 

(319), 15553 (520), 

18014 (335), 23946 

(1185) 

8986 (7.30), 9509 (5.71), 

10065 (2.09), 10699 (0.98), 

12433 (0.87), 15553 (2.25), 

18014 (1.90), 23946 (5.40) 

LTC 

(MeCN)[b] 

7908 (126), 9702 (177), 

17636 (271), 19928 

(245), 22931 (236) 

7908 (0.47), 9702 (0.90), 

17636 (1.08), 19928 (1.50), 

22931 (1.88) 

HTC 

(MeCN)[c] 

8987 (8916), 9541 

(6974), 10086 (2494), 

10585 (1621), 12394 

(488), 15694 (1107), 

16892 (909), 24819 

(2929) 

8987 (8.71), 9541 (7.62), 

10086 (2.75), 10585 (4.05), 

12394 (1.87), 15694 (4.15), 

16892 (3.72), 24819 (14.0) 

DCM 

(193 K)[a] 

8953 (473), 9503 (359), 

10057 (108), 10506 (80), 

13230 (50), 17303 (349), 

20341 (284), 22541 

(232), 24338 (208), 7819 

(180) 

8953 (0.36), 9503 (0.35), 

10057 (0.90), 10506 (0.20), 

13230 ( 0), 17303 (1.62), 

20341 (2.0), 22541 (1.36), 

24338 (0.79), 7819 (1.08) 

DCM 

(203 K)[a] 

8956 (815), 9505 (602), 

10061 (191), 10548 

(106), 12808 (37), 17242 

(344), 20293 (248), 

22455 (205), 24216 

(192), 7572 (156) 

8956 (0.64), 9505 (0.59), 

10061 (0.17), 10548 (0.22), 

12808 (0.11), 17242 (1.62), 

20293 (1.72), 22455 (1.15), 

24216 (0.71), 7572 (0.84) 

DCM 

(213 K)[a] 

8959 (1262), 9505 (922), 

10063 (302), 10590 

(144), 12415 (45), 17212 

(359), 20370 (242), 

22535 (196), 24277 

(224), 7316 (158) 

8959 (1.0), 9505 (0.90), 10063 

(0.28), 10590 (0.28), 12415 

(0.19), 17212 (1.88), 20370 

(1.73), 22535 (1.13), 24277 

(0.87), 7316 (0.80) 
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DCM 

(223 K)[a] 

8962 (1858), 9507 

(1335), 10068 (436), 

10602 (205), 12453 (65), 

17140 (404), 20362 

(210), 22497 (208), 

24346 (287), 7032 (184)  

8962 (1.49), 9507 (1.31), 

10068 (0.40), 10602 (0.40), 

12453 (0.25), 17140 (2.44),  

20362 (1.37), 22497 (1.23), 

24346 (1.24), 7032 (0.93) 

DCM 

(233 K)[a] 

8966 (2568), 9509 

(1830), 10069 (594), 

10613 (253), 12441 (82), 

15793 (80), 17203 (365), 

20231 (215), 22518 

(206), 24280 (316), 6971 

(138) 

8966 (2.09), 9509 (1.81), 

10069 (0.55), 10613 (0.45), 

12441 (0.30), 15793 (0.30), 

17203 (2.0), 20231 (1.58), 

22518 (1.25), 24280 (1.30), 

6971 (0.48) 

DCM 

(243 K)[a] 

8970 (3368), 9510 

(2372), 10071 (766), 

10627 (312), 12387 (99), 

15732 (131), 17262 

(346), 20030 (180), 

22302 (190), 24134 

(384), 6904 (120) 

8970 (2.78), 9510 (2.38), 

10071 (0.73), 10627 (0.54), 

12387 (0.32), 15732 (0.52), 

17262 (1.88), 20030 (1.20), 

22302 (1.11), 24134 (1.63), 

6904 (0.29) 

DCM 

(253 K)[a] 

8973 (4178), 9510 

(2928), 10073 (947), 

10646 (365), 12362 

(123), 15704 (180), 

17356 (321), 20417 

(180), 24116 (536), 6866 

(106) 

8973 (3.49), 9510 (2.95), 

10073 (0.92), 10646 (0.62), 

12362 (0.36), 15704 (0.74), 

17356 (1.74), 20417 (1.37), 

24116 (3.37), 6866 (0.15) 

DCM 

(263 K)[a] 

8976 (4964), 9510 

(3434), 10075 (1138), 

10670 (407), 12338 

(155), 15657 (244), 

17475 (309), 20443 

(168), 23994 (621), 6837 

(92)  

8976 (4.15), 9510 (3.50), 

10075 (1.14), 10670 (0.63), 

12338 (0.43), 15657 (1.04), 

17475 (1.58), 20443 (1.15), 

23994 (3.31), 6837 (0.09) 

DCM 

(273 K)[a] 

8980 (5620), 9511 

(3873), 10073 (1243), 

10665 (452), 12402 

(178), 15530 (240), 

17281 (311), 20004 

(143), 24218 (772)  

8980 (4.82), 9511 (3.98), 

10073 (1.28), 10665 (0.73), 

12402 (0.52), 15530 (1.0), 

17281 (1.80), 20004 (1.28), 

24218 (4.42) 

DCM 

(283 K)[a] 

8984 (6152), 9511 

(4172), 10071 (1395), 

10684 (482), 12414 

8984 (5.40), 9511 (4.29), 

10071 (1.47), 10684 (0.76), 
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(221), 15647 (338), 

17915 (318), 24243 

(943) 

12414 (0.66), 15647 (1.57), 

17915 (2.19), 24243 (5.67) 

DCM 

(293 K)[a] 

8988 (6565), 9512 

(4401), 10068 (1494), 

10698 (510), 12470 

(252), 15615 (411), 

18043 (327), 24104 

(1151) 

8988 (5.86), 9512 (4.49), 

10068 (1.61), 10698 (0.79), 

12470 (0.73), 15615 (1.98), 

18043 (2.19), 24104 (5.94) 

DCM 

(303 K)[a] 

8991 (6788), 9512 

(4507), 10065 (1550), 

10703 (531), 15511 

(440), 17990 (326), 

23986 (1220)  

8991 (6.17), 9512 (4.60), 

10065 (1.70), 10703 (0.82), 

15511 (2.05), 17990 (2.04), 

23986 (5.75) 

DCM 

(298 K)[d] 

8991 (6686), 9512 

(4538), 10067 (1509), 

10710 (512), 12456 

(252), 15558 (328), 

18028 (338), 24017 

(1180) 

8991 (6.01), 9512 (4.73), 

10067 (1.65), 10710 (0.81), 

12456 (0.73), 15558 (1.54), 

18028 (2.64), 24017 (5.75) 

DMSO 

(298 K)[e] 

8994 (168), 9546 (103), 

10089 (167), 11184 (68), 

17554 (263), 19580 

(250), 22658 (279), 7226 

(60), 8201 (131) 

8994 (0.22), 9546 (0.11), 

10089 (0.44), 11184 (0.25), 

17554 (1.14), 19580 (1.60), 

22658 (2.30), 7226 (0.16), 

8201 (0.37) 

MeCN 

(RT)[e] 

7252 (98), 8399 (107), 

8998 (415), 9552 (365), 

10105 (141), 10631 

(145), 12387 (32), 17420 

(280), 19759 (222), 

23209 (272) 

7252 (0.39), 8399 (0.32), 8998 

(0.40), 9552 (0.41), 10105 

(0.17), 10631 (0.45), 12387 

(0.06), 17420 (1.39), 19759 

(1.66), 23209 (2.42) 

MeCN 

(233K)[e] 

7195 (48), 8126 (123), 

9012 (131),  9582 (49), 

10073 (111), 10967 (59), 

17690 (248), 19912 

(235), 22756 (236) 

7195 (0.11), 8126 (0.33), 9012 

(0.22),  9582 (0.51), 10073 

(0.31), 10967 (0.29), 17690 

(0.98), 19912 (1.53), 22756 

(1.87),  

MeCN 

(243 K)[e] 

7196 (52), 8177 (134), 

9009 (131), 9559 (67), 

10050 (125), 11009 (59), 

17646 (254), 19870 

(233), 22773 (238) 

7196 (0.13), 8177 (0.39), 9009 

(0.18), 9559 (0.68), 

10050(0.34), 11009 (0.28), 

17646 (1.03), 19870 (1.52), 

22773 (1.91) 

MeCN 

(253 K)[e] 

7194 (57), 8210 (138), 

9006 (145), 9546 (84), 

7194 (0.16), 8210 (0.42), 9006 

(0.17), 9546 (0.82), 10029 
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10029 (139), 11012 (59), 

17958 (257), 19826 

(231), 22808 (242) 

(0.37), 11012 (0.28), 17958 

(1.08), 19826 (1.54), 22808 

(1.99) 

MeCN 

(263 K)[e] 

7194 (64), 8235 (138), 

9003 (176), 9540 (112), 

10033 (148), 10968 (66), 

17551 (262), 19788 

(229), 22861 (245) 

7194 (0.19), 8235 (0.44), 9003 

(0.19), 9540 (0.11), 10033 

(0.37), 10968 (0.31), 17551 

(1.14), 19788 (1.55), 22861 

(2.05) 

MeCN 

(273 K)[e] 

7211 (73), 8275 (134), 

9001 (222), 9541 (168), 

10071 (125), 10729 (99), 

17504 (269), 19751 

(227), 22924 (249) 

7211 (0.24), 8275 (0.43), 9001 

(0.22), 9541 (0.17), 10071 

(0.23), 10729 (0.45), 17504 

(1.19), 19751 (1.57), 22924 

(2.13) 

MeCN 

(283 K)[e] 

7274 (96), 8347 (125), 

8995 (287), 9550 (262), 

10105 (124), 10704 

(115), 12149 (24), 17459 

(278), 19754 (224), 

23046 (252) 

7274 (0.36), 8347 (0.38), 8995 

(0.28), 9550 (0.30), 10105 

(0.17), 10704 (0.34), 12149 

(0.08), 17459 (1.29), 19754 

(1.60), 23046 (2.17)  

MeCN 

(293 K)[e] 

7275 (105), 8380 (116), 

8994 (367), 9549 (331), 

10103 (136), 10654 

(138), 12205 (24), 17407 

(286), 19740 (222), 

23165 (259),  

7275 (0.42), 8380 (0.35), 8994 

(0.35), 9549 (0.38), 10103 

(0.17), 10654 (0.41), 12205 

(0.08), 17407 (1.39), 19740 

(1.63), 23165 (2.25),  

MeCN 

(303 K)[e] 

7363 (128), 8433 (90), 

8991 (468), 9547 (420), 

10102 (160), 10630 

(158), 12132 (28), 17362 

(292), 19743 (217), 

23317 (267) 

7363 (0.56), 8433 (0.22), 8991 

(0.44), 9547 (0.48), 10102 

(0.19), 10630 (0.45), 12132 

(0.09), 17362 (1.49), 19743 

(1.64), 23317 (2.34) 

MeCN 

(313 K)[e] 

7496 (149), 8412 (54), 

8988 (599), 9545 (511), 

10098 (190), 10612 

(180), 12153 (30), 17315 

(301), 19736 (211), 

23473 (282) 

7496 (0.73), 8412 (0.08), 8988 

(0.58), 9545 (0.58), 10098 

(0.22), 10612 (0.51), 12153 

(0.09), 17315 (1.60), 19736 

(1.63), 23473 (2.47)  

MeCN 

(323 K)[e] 

7506 (150), 8405 (46), 

8987 (746), 9544 (616), 

10094 (219), 10586 

(208), 12196 (31), 17262 

(309), 19723 (201), 

23658 (206)  

7506 (0.78), 8405 (0.05), 8987 

(0.72), 9544 (0.70), 10094 

(0.24), 10586 (0.60), 12196 

(0.09), 17262 (1.72), 19723 

(1.60), 23658 (2.67) 
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MeCN 

(333 K)[e] 

7441 (141), 8407 (47), 

8986 (910), 9542 (738), 

10091 (251), 10555 

(243), 12258 (33), 17206 

(316), 19691 (187), 

23894 (348)  

7441 (0.77), 8407 (0.04), 8986 

(0.89), 9542 (0.83), 10091 

(0.27), 10555 (0.71), 12258 

(0.09), 17206 (1.86), 19691 

(1.54), 23894 (3.01) 

MeCN 

(343 K)[f] 

7317 (128), 8414 (53), 

8986 (1096), 9541 (871), 

10088 (276), 10516 

(286), 12315 (37), 17142 

(323), 19622 (169), 

24151 (411),  

7317 (0.72), 8414 (0.04), 8986 

(1.08), 9541 (0.98), 10088 

(0.30), 10516 (0.86), 12315 

(0.09), 17142 (2.02), 19622 

(1.44), 24151 (3.52),  

[a] Wavenumber range 666624000 cm1. [b] Wavenumber range 600024000 cm1. 
[c] Wavenumber range 750024000 cm1. [d] Wavenumber range 500024000 cm1. 
[e] Wavenumber range 600023500 cm1. [f] Wavenumber range 600023300 cm1. 

 

 

Figure A.22: Solution stability of 2b during measurement of the variable temperature 

UV/Vis/NIR spectra in DCM. 
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Figure A.23: UV/Vis/NIR spectra of 2b in MeCN representing the solution stability at 

high temperature. 

 

Figure A.24: UV/Vis/NIR spectra of 2b in MeCN at 333 K and 343 K measured from a 

sample of 2b to check the stability of the compound. At each temperature 8 scans; each 

scan at interval of 15 minutes was performed. 
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Table A.6: MATLAB script for the SVD of the variable temperature UV/Vis/NIR spectra. 

a) Input data format 

 

data = 

[
 
 
 
 
 
𝑵𝑨
𝑵𝑨

𝑵𝑨
𝑻𝟏

𝑵𝑨 … 𝑵𝑨
𝑻𝟐 ⋯ 𝑻𝒏

𝟏 𝟏𝟏 𝟏𝟐
⋯ 𝟏𝒏

𝟐

⋮
𝒎

𝟐𝟏

⋮
𝒎𝟏

𝟐𝟐

⋮
𝒎𝟐

⋯ 𝟐𝒏

⋱
⋯

⋮
𝒎𝒏]

 
 
 
 
 

 

 

NA values are left blank. Tn stands for the temperature for the nth 

measurement. 

 

b)  Main script 

1.  [m,n] = size(data); 

2. T = data(2,2:n); % temperature 

3. wl = data(3:m,1); 

4. abs = data(3:m,2:n); 

5. figure(1) 

6. plot(wl,abs); % view data 

7. [U,S1,V] = svd(abs,0); % SVD compute 

8. diag_S1=diag(S1); % weight of the basis spectra 

9. percent_S1 = 100*diag_S1/sum(diag_S1); 

10. B=U(:,1:2)*S1(1:2,1:2)*V(:,1:2)'; % reduced data for two components 

11. SV = S1(1:2,1:2)*V(:,1:2)'; 

12. SV=SV'; 

13. x=[T', SV(:,1), SV(:,2)]; 

14. par = [12000 40]; % initial guess of the parameters 

15. lb=[8000 25]; ub=[]; 

16. SV=SV'; 

17. options=optimoptions('lsqcurvefit','Algorithm','trust-region-

reflective'); 
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18. par =lsqcurvefit(@myfun,par,x,SV,lb,ub,options) % call myfun.m to 

optimize 

19. clear x 

20. R=8.314; 

21. F=zeros(length(T),2);% compute the F matrix 

22. F(:,1)=(1./(((exp(par(1)./(R*T)))*exp(-par(2)./R))+1)); 

23. F(:,2)=1-F(:,1); H = V(:,1:2)'*pinv(F)'; 

24. fitV=H*F'; err=V(:,1:2)'-fitV;  

25. err1sqsum=sum(err(1,:).^2);err2sqsum=sum(err(2,:).^2); % SSres 

26. avgv1=mean(V(:,1)); avgv2=mean(V(:,2));  

27. err1t=V(1,:)-avgv1; err2t=V(2,:)-avgv2;  

28.  err1tsq=sum((err1t).^2); err2tsq=sum((err2t).^2); % SStotal 

29.  [a,b]=size(V); 

30. RMSE1=sqrt(err1sqsum/a);RMSE2=sqrt(err2sqsum/a); % RMSError 

31. clear a; clear b; 

32. figure(2) 

33. plot(T,fitV,T,V(:,1:2)','o'); 

34. nc = 2; % number of principal component 

35. D_calcd=(U(:,1:nc)*S1(1:nc,1:nc)*V(:,1:nc)')*pinv(F)'; % spectra of 

pure  components 

36. figure(3) 

37. plot(wl,D_calcd);  

38. nc = 2; 

39. abs_calcd = U(:,1:nc)*S1(1:nc,1:nc)*H*F'; % recalculated spectra 

40. resid=abs-abs_calcd;  

41. figure(4) 

42. plot(wl,resid); %residual between experimental and calculated spectra 

43. clear m; clear n 
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44. %----------------% R^2 calculation for the reconstruction 

45. x = abs; 

46. [m,n] = size(x); avg = mean(x); 

47. avgx=avg(ones(m,1),:); 

48. k = (abs-avgx); % for calculation of SStotal 

49. Sp=(x-abs_calcd); % residuals  

50. sum_Sp= sum((Sp(:,1:n).^2)); % SSres 

51. sumk=sum((k(:,1:n).^2)); %% SStotal 

52. Rsq = 1-(sum_Sp./sumk); % R^2 values for each plot 

53. figure(5) 

54. plot(Rsq,'p'); 

55. figure(6) 

56. plot(wl,abs,wl,abs_calcd,'--'); % comparison between experimental and 

reconstructed spectra 

57. clear x 

 

c) myfun 

1. function y = myfun(par,x) 

2. R = 8.314; 

3. F(:,1) = (1 ./((exp(par(1) ./(R*x(:,1)))*exp(-par(2) ./R))+1)); F(:,2)= 1-

F(:,1); 

4. y = [x(:,2) x(:,3)]'*pinv(F')*F'; 

5. end 
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Figure A.25: Lorentzian fit of the UV/Vis/NIR spectral features corresponding to the high-

temperature component in the variable temperature UV/Vis/NIR spectra of 2b in DCM. 

 

Figure A.26: Lorentzian fit of the UV/Vis/NIR spectral features corresponding to the low-

temperature component in the variable temperature UV/Vis/NIR spectra of 2b in DCM. 

Adj. R2 of the fit is 0.907. 
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Figure A.27: Lorentzian fit of the UV/Vis/NIR spectral features corresponding to the high-

temperature component in the variable temperature UV/Vis/NIR spectra of 2b in MeCN. 

 

Figure A.28: Lorentzian fit of the UV/Vis/NIR spectral features corresponding to the low-

temperature component in the variable temperature UV/Vis/NIR spectra of 2b in MeCN. 

Adj. R2 of the fit is 0.996. 
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Table A.7: Goodness-of-fit data for the fitting of the V component vs. T plots, obtained 

from the SVD of the variable temperature UV/Vis/NIR spectra of 2b in DCM and MeCN; 

sum of squared residuals (SSres) and root mean square error (RMSE). 

UV/Vis/NIR 

spectra 

V component  SSres RMSE 

DCM V component 1 4.5105 1.9103 

V component 2 5.4104 6.7103 

MeCN V component 1 2.7105 1.5103 

V component 2 3.5103 1.7102 
 

 

Figure A.29: V component (first) vs. T plot and its fit obtained from the SVD of the 

variable temperature UV/Vis/NIR spectra of 2b in DCM. 
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Figure A.30: V component (second) vs. T plot and its fit obtained from the SVD of the 

variable temperature UV/Vis/NIR spectra of 2b in DCM. 

 

 

Figure A.31: V component (third) vs. T plot derived from the SVD of the variable 

temperature UV/Vis/NIR spectra of 2b in DCM. 
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Figure A.32: V component (first) vs. T plot and its fit derived from the SVD of the variable 

temperature UV/Vis/NIR spectra of 2b in MeCN. 

 

Figure A.33: V component (second) vs. T plot and its fit derived from the SVD of the 

variable temperature UV/Vis/NIR spectra of 2b in MeCN. 
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Figure A.34: V component (third) vs. T plot derived from the SVD of the variable 

temperature UV/Vis/NIR spectra of 2b in MeCN. 

 

Figure A.35: Experimental and reconstructed (calculated) UV/Vis/NIR spectra of 2b in 

DCM at 193, 203, 213 and 223 K. 
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Figure A.36: Experimental and reconstructed (calculated) UV/Vis/NIR spectra of 2b in 

DCM at 233, 243, 253 and 263 K. 

 

 

Figure A.37: Experimental and reconstructed (calculated) UV/Vis/NIR spectra of 2b in 

DCM at 273, 283, 293 and 303 K. 
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Figure A.38: Experimental and reconstructed (calculated) UV/Vis/NIR spectra of 2b in 

MeCN at 233, 243, 253 and 263 K. 

 

 

Figure A.39: Experimental and reconstructed (calculated) UV/Vis/NIR spectra of 2b in 

MeCN at 273, 283, 293 and 303 K. 
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Figure A.40: Experimental and reconstructed (calculated) UV/Vis/NIR spectra of 2b in 

MeCN at 313, 323, 333 and 343 K. 

 

 

Figure A.41: Residuals between the original data matrix (A) and rank-defined data matrix 

(B) for the SVD of the variable temperature UV/Vis/NIR spectra of 2b in DCM. 
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Figure A.42: Residuals between the original data matrix (A) and rank-defined data matrix 

(B) for the SVD of the variable temperature UV/Vis/NIR spectra of 2b in MeCN. 
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Figure A.43: Lorentzian fit of the NIR/Visible spectrum of 2b in DCM at 193 K.  

 

 

Figure A.44: Lorentzian fit of the NIR/Visible spectrum of 2b in DCM at 203 K.  
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Figure A.45: Lorentzian fit of the NIR/Visible spectrum of 2b in DCM at 213 K.  

 

 

Figure A.46: Lorentzian fit of the NIR/Visible spectrum of 2b in DCM at 223 K.  
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Figure A.47: Lorentzian fit of the NIR/Visible spectrum of 2b in DCM at 233 K.  

 

 

Figure A.48: Lorentzian fit of the NIR/Visible spectrum of 2b in DCM at 243 K.  
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Figure A.49: Lorentzian fit of the NIR/Visible spectrum of 2b in DCM at 253 K.  

 

 

Figure A.50: Lorentzian fit of the NIR/Visible spectrum of 2b in DCM at 263 K.  
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Figure A.51: Lorentzian fit of the NIR/Visible spectrum of 2b in DCM at 273 K.  

 

 

Figure A.52: Lorentzian fit of the NIR/Visible spectrum of 2b in DCM at 283 K.  
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Figure A.53: Lorentzian fit of the NIR/Visible spectrum of 2b in DCM at 293 K.  

 

 

Figure A.54: Lorentzian fit of the NIR/Visible spectrum of 2b in DCM at 303 K.  
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Figure A.55: Lorentzian fit of the NIR/Visible spectrum of 2b in MeCN at 233 K.  

 

 

Figure A.56: Lorentzian fit of the NIR/Visible spectrum of 2b in MeCN at 243 K.  
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Figure A.57: Lorentzian fit of the NIR/Visible spectrum of 2b in MeCN at 253 K.  

 

Figure A.58: Lorentzian fit of the NIR/Visible spectrum of 2b in MeCN at 263 K. 
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Figure A.59: Lorentzian fit of the NIR/Visible spectrum of 2b in MeCN at 273 K. 

 

 

Figure A.60: Lorentzian fit of the NIR/Visible spectrum of 2b in MeCN at 283 K. 
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Figure A.61: Lorentzian fit of the NIR/Visible spectrum of 2b in MeCN at 293 K. 

 

 

Figure A.62: Lorentzian fit of the NIR/Visible spectrum of 2b in MeCN at 303 K. 
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Figure A.63: Lorentzian fit of the NIR/Visible spectrum of 2b in MeCN at 313 K. 

 

 

Figure A.64: Lorentzian fit of the NIR/Visible spectrum of 2b in MeCN at 323 K. 
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Figure A.65: Lorentzian fit of the NIR/Visible spectrum of 2b in MeCN at 333 K. 

 

 

Figure A.66: Lorentzian fit of the NIR/Visible spectrum of 2b in MeCN at 343 K. 
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Figure A.67:   vs. T plots for the bands at max = 1112 nm (band 1), max = 1051 nm (band 

2), max = 993 nm (band 3), max = 934 nm (band 4), derived from the Lorentzian fit of the 

variable temperature UV/Vis/NIR spectra of 2b in DCM. 
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Figure A.68: Expanded spectra in the NIR region for the UV/Vis/NIR spectra of 2b in 

DCM and DMSO and in varying ratio of (DCM/DMSO) mixture at 298 K. 
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6.1.5 Cyclic Voltammograms 

Table A.8: Cyclic voltammetry data for the first reduction of 2b and first oxidation of 2e; 

Half-wave potential (E1/2), difference between peak potentials (E), peak current ratio 

(ipa/ipc), scan rate (v).  

 v/mv s1 E1/2/mV E/mV ipa/ipc 

Reduction 1 200 56 103 1 

100 56 86 1 

50 54 76 0.99 

20 53 66 097 

10 53 58 0.96 

Oxidation 1 200 711 94 1.05 

100 711 84 1.01 

50 713 79 0.99 

20 716 87 1.01 

 

  

Figure A.69: Cyclic voltammogram of 2b in 0.2 M TBAP/MeCN at scan rate v = 100 

mV/s. 
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Figure A.70: Cyclic voltammogram of 2e in 0.2 M TBAP/MeCN at scan rate v = 100 mV/s. 

 

Figure A.71: Cyclic voltammograms for the first reductive processes of 2e at different scan 

rates in 0.2 M TBAP/MeCN. 
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Figure A.72: Cyclic voltammograms for the first oxidative processes of 2e in 0.2 M 

TBAP/MeCN at different scan rates. 
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6.2 Switching of the Electronic States of Bis(dioxolene) Ligands 

Triggered by Cobalt(II) Based Temperature-Induced Spin-

Crossover and Cobalt-Ligand Based Electron Transfer Processes 

6.2.1 Crystal Data  

X-ray crystallographic data for compound 3b were collected in the 

temperature range 100(2)300(2) K and for compound 3d and 3esolv the data 

were collected at 150 K. The data were collected by an Oxford Diffraction 

Gemini S Ultra type of instrument using graphite-monochromatized Cu-K ( 

= 1.54184 Å) or Mo-K ( = 0.71073 Å) radiation. The crystal structures were 

solved by direct methods implemented in the SIR 97 program package and 

refined using the full-matrix least-squares method on F2 with SHELXL-97 

package. The hydrogen atoms were located geometrically and refined using 

Riding model. For the temperature factor, 1.5 times value for hydrogen atoms 

of CH3 groups and for all other hydrogen atoms 1.2 times value of the 

equivalent isotropic temperature factor of that atom used, to which the 

respective hydrogen atom is bonded. All non-hydrogen atoms were refined 

with anisotropic displacement parameters. 
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Table A.9: Crystal data and structure refinement for 3b at 100 K. 

 

Identification code 

Empirical formula   

Formula weight [g mol1]  

Temperature [K]   

 [Å]   

Crystal system   

Space group   

a [Å]  

b [Å]  

c [Å]  

 [deg] 

 [deg]  

 [deg]  

V [Å3] 

Z  

calcd [g cm3]   

(Cu-K) [mm1]   

F(000)  

Crystal size [mm3]  

 [deg]  

Reflections collected  

Independent reflections  

Rint  

Absorption correction  

Max. and min. transmission  

Refinement method 

Data/restraints/parameters  

GOOF on F2  

Final R indices [I>2(I)]  

R indices (all data)  

Largest diff. peak and hole [e Å3]  

14264ocu 

C58H69BCoN6O4 

983.93 

100(2) 

1.54184 

triclinic 

P1̅ 

9.6267(3) 

15.1529(6) 

18.8180(6) 

100.948(3) 

95.389(2) 

104.477(3) 

2580.47(16) 

2 

1.266 

3.019 

1046 

0.450  0.110  0.110  

3.47662.775 

20370 

8204 

0.0202 

analytical 

0.745 and 0.447 

full-matrix least-squares on F2 

8204/0/641 

1.031 

R1 = 0.0363, wR2 = 0.0962 

R1 = 0.0376, wR2 = 0.0975 

0.504 and 0.362 
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Table A.10: Crystal data and structure refinement for 3b at 150 K. 

 

Identification code 

Empirical formula  

Formula weight [g mol1] 

Temperature [K]  

 [Å] 

Crystal system  

Space group  

a [Å] 

b [Å]  

c [Å]  

 [deg]  

 [deg] 

 [deg]  

V [Å3] 

Z 

calcd [g cm3] 

(Cu-K) [mm1] 

F(000) 

Crystal size [mm3] 

 [deg] 

Reflections collected 

Independent reflections 

Rint  

Absorption correction 

Max. and min. transmission 

Refinement method 

Data/restraints/parameters 

GOOF on F2 

Final R indices [I>2(I)] 

R indices (all data) 

Largest diff. peak and hole [e Å3] 

14260ocu 

C58H69BCoN6O4 

983.93 

150(2) 

1.54184 

triclinic 

P1̅ 

9.6704(3) 

15.1962(6) 

18.9248(7) 

100.554(3) 

96.042(3) 

104.713(3) 

2610.46(17) 

2 
 

1.252 

2.985 

1046 

0.450  0.110  0.110  

4.30562.655 

20687 

8305 

0.0193 

analytical 

0.747 and 0.460 

full-matrix least-squares on F2 

8305/0/641 

1.038 

R1 = 0.0392, wR2 = 0.1047 

R1 = 0.0408, wR2 = 0.1062 

0.493 and 0.421 
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Table A.11: Crystal data and structure refinement for 3b at 200 K. 

 

Identification code 

Empirical formula   

Formula weight [g mol1]  

Temperature [K]   

 [Å]   

Crystal system   

Space group  

a [Å] 

b [Å]  

c [Å] 

 [deg]  

 [deg]  

 [deg]  

V [Å3] 

Z 

calcd [g cm3] 

(Cu-K) [mm1] 

F(000) 

Crystal size [mm3] 

 [deg] 

Reflections collected 

Independent reflections 

Rint  

Absorption correction 

Max. and min. transmission 

Refinement method 

Data/restraints/parameters 

GOOF on F2 

Final R indices [I>2(I)] 

R indices (all data) 

Largest diff. peak and hole [e Å3] 

14261ocu 

C58H69BCoN6O4 

983.93 

200(2) 

1.54184 

triclinic 

P1̅ 

9.7148(3) 

15.2263(7) 

19.0171(8) 

100.333(4) 

96.380(3) 

104.797(3) 

2638.95(19) 

2 
 

1.238 

2.952 

1046 

0.450  0.110  0.110  

3.46562.780 

18080 

8389  

0.0204 

analytical 

0.745 and 0.415 

full-matrix least-squares on F2 

8389/8/641 

1.042 

R1 = 0.0413, wR2 = 0.1117 

R1 = 0.0434, wR2 = 0.1136 

0.429 and 0.430 
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Table A.12: Crystal data and structure refinement for 3b at 250 K. 

 

Identification code 

Empirical formula   

Formula weight [g mol1]  

Temperature [K]  

 [Å] 

Crystal system   

Space group   

a [Å] 

b [Å]  

c [Å]  

 [deg]  

 [deg]  

 [deg]  

V [Å3] 

Z 

calcd [g cm3] 

(Cu-K) [mm1]  

F(000)  

Crystal size [mm3]  

 [deg]  

Reflections collected  

Independent reflections  

Rint  

Absorption correction  

Max. and min. transmission  

Refinement method 

Data/restraints/parameters  

GOOF on F2  

Final R indices [I>2(I)]  

R indices (all data)  

Largest diff. peak and hole [e Å3]   

14262ocu 

C58H69BCoN6O4 

983.93 

250(2) 

1.54184 

triclinic 

P1̅ 

9.7496(2) 

15.2368(7) 

19.1195(7) 

100.243(4) 

96.416(3) 

104.693(3). 

2666.63(17) 

2 
 

1.225 

2.922 

1046 

0.450  0.110  0.110  

3.45962.677 

17649 

8440 

0.0181 

analytical 

0.744 and 0.448 

full-matrix least-squares on F2 

8440/8/639 

1.024 

R1 = 0.0423, wR2 = 0.1157 

R1 = 0.0451, wR2 = 0.1186 

0.424 and 0.435 
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Table A.13: Crystal data and structure refinement for 3b at 300 K. 

 

Identification code 

Empirical formula  

Formula weight [g mol1] 

Temperature [K] 

 [Å] 

Crystal system  

Space group  

a [Å] 

b [Å]  

c [Å] 

 [deg]  

 [deg]  

 [deg]  

V [Å] 

Z 

calcd [g cm3] 

(Cu-K) [mm1] 

F(000) 

Crystal size [mm3] 

 [deg] 

Reflections collected 

Independent reflections 

Rint  

Absorption correction 

Max. and min. transmission 

Refinement method 

Data/restraints/parameters 

GOOF on F2 

Final R indices [I>2(I)] 

R indices (all data) 

Largest diff. peak and hole [e Å3] 

14263ocu 

C58H69BCoN6O4 

983.93 

300(2) 

1.54184 

triclinic 

P1̅ 

9.7883(3) 

15.2452(7) 

19.2278(8) 

100.150(4) 

96.375(3) 

104.600(3) 

2696.51(19) 

2 
 

1.212 

2.889 

0.450  0.110  0.110  

1046 

3.45262.670 

18305 

8548 

0.0196 

analytical 

0.745 and 0.445 

full-matrix least-squares on F2 

8548/8/639 

1.016 

R1 = 0.0464, wR2 = 0.1304 

R1 = 0.0506, wR2 = 0.1346 

0.403 and 0.477   
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Table A.14: Crystal data and structure refinement for 3d at 150 K. 

 

Identification code 

Empirical formula  

Formula weight [g mol1] 

Temperature [K]  

 [Å] 

Crystal system 

Space group  

a [Å] 

b [Å] 

c [Å] 

 [deg] 

 [deg] 

 [deg] 

V/Å3 

Z 

calcd [g cm3] 

(Cu-K) [mm1] 

F(000) 

Crystal size/mm3 

 [deg] 

Reflections collected 

Independent reflections 

Rint  

Absorption correction 

Max. and min. transmission 

Refinement method 

Data/restraints/parameters 

GOOF on F2 

Final R indices [I>2(I)] 

R indices (all data) 

Largest diff. peak and hole [e Å3] 

14311o_sq 

C56H70B2Co2F8N8O4 

1210.68 

150(2) 

0.71073 

monoclinic 

P21/c 

21.0374(6) 

11.9243(3) 

13.7109(4) 

90 

103.968(3) 

90 

3337.76(17) 

2 
 

1.205 

0.564 

1260 

0.430  0.300  0.120  

2.78729.994 

19132 

9724 

0.0336 

semi-empirical from equivalents 

1.00000 and 0.94767 

full-matrix least-squares on F2 

9724/0/367 

1.000 

R1 = 0.0458, wR2 = 0.1107 

R1 = 0.0742, wR2 = 0.1241 

0.537  and 0.444 

 

  



Appendix                                                                                                     277 

Table A.15: Crystal data and structure refinement for 3esolv at 150 K. 

 

Identification code 

Empirical formula  

12093oc 

C45H45Cl0Co1.13F0N4.50O2.25P0 

Formula weight [g mol1] 751.15 

Temperature [K] 150(2)  

Wavelength [Å] 1.54184  

Crystal system  Monoclinic 

Space group  P121/n1 

a [Å] 14.2421(3) 

b [Å]  12.8057(2)  

c [Å]  40.8007(8) 

 [deg]  90 

 [deg]  98.7(2) 

 [deg]  90 

V/Å3 7354.7(2) 

Z 8 

calcd [g cm3]  1.357  

  

(Cu-K) [mm1] 4.445 

F(000) 3159 

Crystal size/mm3 x ? x ? x ? 

 [deg] 3.16 to 62.68 

Reflections collected 34619 

Independent reflections 11715  

Rint  0.0575 

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1 and 0.30775 

Refinement method Full-matrix least-squares on F2 

Data/restraints/parameters 11715 / 0 / 805 

GOOF on F2 0.993 

Final R indices [I>2(I)] R1 = 0.0909, wR2 = 0.2661 

R indices (all data) R1 = 0.1219, wR2 = 0.2973 

Largest diff. peak and hole [e Å3]  1.373 and -0.844 
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6.2.2 Infrared Spectra 

 

Figure A.73: IR spectrum of 3,3-dihydroxy-diphenoquinone-(4,4′) (H2(SQ-SQ)) in KBr 

pellet at RT. 

 

Figure A.74: ATR spectrum of [Co2(L-N4tBu2)2(SQ-SQ)](BPh4)24 DMF (3b) at RT. 
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Figure A.75: ATR spectrum of [Co2(L-N4tBu2)2(SQ-SQ)](BPh4)2 (3a) at RT. 

 

Figure A.76: ATR spectrum of [Co2(L-N4tBu2)2(Cat-SQ)](BF4)2Et2O (3d) at RT. 
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Figure A.77: ATR spectrum of [Co2(L-N4tBu2)2(Cat-SQ)](BF4)2 (3c) at RT. 

 

Figure A.78: IR spectrum of [Co2(L-N4tBu2)2(SQ-SQ)](BPh4)24 DMF (3b) in KBr pellet 

at RT. 
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Figure A.79: IR spectrum of [Co2(L-N4tBu2)2(Cat-SQ)](BF4)2Et2O (3d) in KBr pellet at 

RT. 

 

Deconvolution of the IR Spectra 

The Gaussian fit of the IR spectra of the complexes 3a, 3b, 3c and 3d are 

shown in Figures A.80A.85. The Gaussian peaks are represented mainly as 

black solid lines. However, the peaks which are of interest are shown as red 

and green solid lines. The sum of the fitted spectrum is shown by orange-red 

dashed line. The IR spectrum in the range of the data points used for the 

deconvolution is shown by blue solid lines. 
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Figure A.80: Deconvoluted ATR spectrum of [Co2(L-N4tBu2)2(SQ-SQ)](BPh4)2 (3a) at 

RT; Deconvolution was performed in the wavenumber range of 10531610 cm1 Adj. R2 

of fit is 0.998. 

 

 

Figure A.81: Deconvoluted ATR spectrum of [Co2(L-N4tBu2)2(SQ-SQ)](BPh4)24 DMF 

(3b) at RT; Deconvolution was performed in the wavenumber range of 10531720 cm1 

and Adj. R2 of fit is 0.997. 
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Figure A.82: Deconvoluted ATR spectrum of [Co2(L-N4tBu2)2(Cat-SQ)](BF4)2 (3c) at RT; 

Deconvolution was performed in the wavenumber range of 8701620 cm1 and Adj. R2 of 

the fit is 0.999. 

 

 

Figure A.83: Deconvoluted ATR spectrum of [Co2(L-N4tBu2)2(Cat-SQ)](BF4)2 Et2O (3d) 

at RT; Deconvolution was performed in the wavenumber range of 8731620 cm1 and Adj. 

R2 of the fit is 0.999. 
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Figure A.84: Deconvoluted IR spectrum of [Co2(L-N4tBu2)2(SQ-SQ)](BPh4)24 DMF (3b) 

in KBr pellet at RT; Deconvolution was performed in the wavenumber range of 9701710 

cm1 and Adj. R2 of the fit is 0.997. 

 

Figure A.85: Deconvoluted IR spectrum of [Co2(L-N4tBu2)2(Cat-SQ)](BF4)2 Et2O (3d) in 

KBr pellet at RT; Deconvolution was performed in the wavenumber range of 8711624 

cm1 and Adj. R2 of the fit is 0.999. 
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6.2.3 NMR Spectra 

 

Figure A.86: 1H NMR spectrum of 3,3′,4,4′-tetramethoxybiphenyl in [D]CHCl3 at RT. 

 

Figure A.87: 1H NMR spectrum of 3,3′,4,4′-tetrahydroxybiphenyl in [D4]MeOH at RT. 
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Figure A.88: 1H NMR spectrum of 3,3-dihydroxy-diphenoquinone-(4,4′) (H2(SQ-SQ)) in 

[D6]DMSO at RT. The spectrum was measured initially from a sample of the compound. 

 

 

Figure A.89: 1H NMR spectrum of 3,3-dihydroxy-diphenoquinone-(4,4′) (H2(SQ-SQ)) in 

[D6]DMSO at RT. The spectrum was measured after 1 h from the sample preparation time. 

This sample refers to another sample than the sample for the above spectrum. 
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Figure A.90: 1H NMR spectrum (diamagnetic range) of 3d showing diethyl ether molecule 

signals and NaBPh4 signals. NaBPh4 (11 mg) was added to a solution of 3d (13.1 mg) in 

[D3]MeCN to determine the ratio of Et2O and [Co2(L-N4tBu2)2(Cat-SQ)](BF4)2. 

 

Calculation of Et2O per complex molecule of 3d:  

0.032 mmol NaBPh4  0.0102 mmol 3d 

1 mmol NaBPh4 0.317 mmol 3d 

20 protons of NaBPh4 molecule  3.17 protons of Et2O molecule 

Obtained number of protons = 3.26 
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Figure A.91: 1H NMR spectrum (diamagnetic range) of the compound [Co2(L-

N4tBu2)2(Cat-SQ)](BF4)2 in [D6]DMSO at RT. The sample was prepared after drying of 

compound 3d in vacuum at RT. 

 

6.2.4 UV/Vis/NIR Spectra 

All the spectra showing Gaussian fit are shown in Figures A.93, A.95, 

A.98A.105 and A.109110. The orange-red dashed line corresponds to the 

sum of Gaussian profiles. The blue line corresponds to the data point used for 

the deconvolution. The Gaussian peaks are represented as black solid lines. 

Adjusted R2 values for almost all the fitting are 0.999.  

Table A.16: The absorption maximum ( / cm1), molar extinction coefficient ( / M1 

cm1)[a] and area under the Gaussian peaks (area / M1 cm2) for the Gaussian fit of the 

UV/Vis/NIR spectra of  3a in EtCN at different temperatures and H2(SQ-SQ) in 1,4-

dioxane at room temperature. 

T/K  ()  (area106) 

3a (LTC)[a] 5585 (1124), 7908 

(8883), 8506 (15400), 

10635 (1153), 11285 

(2025), 14716 (3342), 

18348 (1715), 19848 

5585 (1.84), 7908 (6.10), 8506 

(41.1), 10635 (1.05), 11285 

(5.05), 14716 (13.4), 18348 

(5.32), 19848 (2.94), 21633 
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(1504), 21633 (1049), 

23529 (8935), 26251 

(1835), 30686 (19500) 

(1.19), 23529 (37.2), 26251 

(4.17), 30686 (144.9) 

3a (HTC)[a] 9086 (3347), 14067 

(22000), 17190 (1317), 

18543 (3632), 21631 

(13500), 25524 (6524), 

27744 (741), 32052 

(11600) 

9086 (5.89), 14067 (108.7), 

17190 (2.10), 18543 (9.10), 

21631 (63.0), 25524 (41.5), 

27744 (1.46), 32052 (60.7) 

3a (193 K)[b] 5605 (815), 7901 

(5857), 8484 (10700), 

10814 (1062), 14155 

(8715), 17648 (857), 

19429 (3076), 21692 

(700), 23149 (10300), 

26279 (1376), 30967 

(17000) 

5605 (1.32), 7901 (3.98), 8484 

(28.8), 10814 (1.49), 14155 

(46.7), 17648 (1.58), 19429 

(8.68), 21692 (0.76), 23149 

(49.6), 26279 (3.23), 30967 

(131) 

3a (213) K[b] 6135 (814), 8000 

(3981), 8651 (9363), 

10852 (1070), 14135 

(12600), 17450 (936), 

18958 (2825), 21513 

(283), 22372 (10800), 

26643 (6324), 31674 

(14800) 

6135 (2.62), 8000 (2.63), 8651 

(23.9), 10852 (1.34), 14135 

(64.4), 17450 (1.64), 18958 

(7.73), 21513 (0.30), 22372 

(53.5), 26643 (34.8), 31674 

(88.7) 

3a (233 K)[b] 7891 (2386), 8741 

(6259), 8925 (1960), 

10817 (642), 14138 

(15500), 18238 (3062), 

22285 (1250015), 25943 

(3570), 27702 (1770), 

31754 (14200) 

7891 (1.51), 8741 (14), 8925 

(11.2), 10817 (0.60), 14138 

(73), 18238 (9.72), 22285 

(67.7), 25943 (12.8), 27702 

(4.83), 31754 (100) 

3a (253 K)[b] 7945 (2838), 8973 

(3778), 9680 (3543), 

14091 (17000), 18305 

(5390), 22091 (12100), 

25320 (5737), 27596 

(2120), 31882 (13500) 

7945 (2.67), 8973 (4.95), 9680 

(18.8), 14091 (72.8), 18305 

(23.8), 22091 (52.3), 25320 

(23.5), 27596 (5.99), 31882 

(90) 

3a (273 K)[b] 7940 (1762), 8987 

(3302), 9569 (2758), 

14132 (18700), 17078 

(1719), 18545 (3151), 

22050 (13900), 25921 

7940 (1.67), 8987 (4.46), 9569 

(14.5), 14132 (84.8), 17078 

(3.63), 18082 (18.7), 18545 

(8.35), 22050 (71.8), 25921 
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(4287), 27738 (1289), 

32027 (13100) 

(16.6), 27738 (3.02), 32027 

(91.1) 

3a (293 K)[b] 7948 (1183), 9013 

(2875), 9899 (2292), 

14117 (19400), 16906 

(811), 18369 (4250), 

22015 (14100), 25757 

(4799), 27709 (1157), 

32095 (13000) 

7948 (1.26), 9013 (3.91), 9899 

(13.3), 14117 (88.4), 16906 

(1.51), 18369 (13.8), 22015 

(68.6), 25757 (19.4), 27709 

(2.70), 32095 (90.5) 

3a (313 K)[b] 7913 (734), 9016 

(2360), 9116 (1841), 

14064 (20100), 16989 

(1195), 18416 (3320), 

22083 (14800), 25788 

(3341), 27610 (1883), 

32162 (12800) 

7913 (0.73), 9016 (3.23), 9116 

(9.02), 14064 (94.6), 16989 

(2.29), 18416 (9.25), 22083 

(79.4), 25788 (10.9), 27610 

(4.74), 32162 (90.8) 

3a (333 K)[b] 7872 (503), 8775 

(1657), 9031 (1935), 

14049 (20300), 16961 

(1140), 18387 (3217), 

22105 (15300), 25643 

(2603), 27435 (2292), 

32241 (12800) 

7872 (0.52), 8775 (7.52), 9031 

(2.65), 14049 (96.5), 16961 

(2.15), 18387 (8.88), 22105 

(83.7), 25643 (7.50), 27435 

(6.04), 32241 (92.1) 

H2(SQ-SQ) 

(RT)[c] 

20545 (10600), 24068 

(8645), 27039 (6081) 

36820[d] (9585), 41110[d] 

(4506) 

20545 (37), 24068 (41), 27039 

(44), 36820[d] (69), 41110[d] 

(15) 

[a] Wavenumber range 500031250 cm1. [b] Wavenumber range 500031400 cm1. 
[c] Wavenumber range 1544542260 cm1. [d] These bands could be affected by the 

absorption of solvent peaks in this region. 
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Figure A.92: UV/Vis spectrum of 3,3-dihydroxy-diphenoquinone-(4,4′) (H2(SQ-SQ)) in 

1,4-dioxane at RT. 

 

 

Figure A.93: Gaussian fit of the UV/Vis spectrum of 3,3-dihydroxy-diphenoquinone-

(4,4′) (H2(SQ-SQ)) in 1,4-dioxane at RT. 
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Figure A.94: UV/Vis/NIR spectrum recorded from a mixture of NaOH (excess) and 3,3-

dihydroxy-diphenoquinone-(4,4′) (H2(SQ-SQ)) in 1,4-dioxane/methanol (100:1) at RT. 

 

 

Figure A.95: Gaussian fit of the NIR/Vis spectrum recorded from a mixture of NaOH 

(excess) and 3,3-dihydroxy-diphenoquinone-(4,4′) (H2(SQ-SQ)) in 1,4-dioxane/methanol 

(100:1), at RT. 
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Figure A.96: Comparison among the UV/Vis/NIR spectra of 3a and 3d at different 

temperatures in EtCN. 

 

 

Figure A.97: Solution stability of 3d during variable temperature UV/Vis/NIR 

measurement in EtCN. 
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Figure A.98: Gaussian fit of the UV/Vis/NIR spectrum of 3a in EtCN at 193 K. 

 

 

Figure A.99: Gaussian fit of the UV/Vis/NIR spectrum of 3a in EtCN at 213 K. 
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Figure A.100: Gaussian fit of the UV/Vis/NIR spectrum of 3a in EtCN at 233 K. 

 

 

 

Figure A.101: Gaussian fit of the UV/Vis/NIR spectrum of 3a in EtCN at 253 K. 
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Figure A.102: Gaussian fit of the UV/Vis/NIR spectrum of 3a in EtCN at 273 K. 

 

 

Figure A.103: Gaussian fit of the UV/Vis/NIR spectrum of 3a in EtCN at 293 K. 
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Figure A.104: Gaussian fit of the UV/Vis/NIR spectrum of 3a in EtCN at 313 K. 

 

 

Figure A.105: Gaussian fit of the UV/Vis/NIR spectrum of 3a in EtCN at 333 K. 
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Table A.17: Goodness-of-fit data for the fitting of V component vs. T plots, obtained from 

SVD of the variable temperature UV/Vis/NIR spectra of 3a in EtCN; sum of squared 

residuals (SSres) and root mean square error (RMSE). 

V component  SSres RMSE 

V component 1 1.8104 4.7103 

V component 2 3.6104 6.7103 
 

 

Figure A.106: V component (first) vs. T plot and its fit for the SVD of the variable 

temperature UV/Vis/NIR spectra of 3a in EtCN. 
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Figure A.107: V component (second) vs. T plot and its fit for the SVD of the variable 

temperature UV/Vis/NIR spectra of 3a in EtCN. 

 

Figure A.108: V component (third) vs. T plot for the SVD of the variable temperature 

UV/Vis/NIR spectra of 3a in EtCN. 
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Figure A.109: Gaussian fit of the UV/Vis/NIR features corresponding to the low-

temperature component in the variable temperature UV/Vis/NIR spectra of 3a in EtCN. 

 

 

Figure A.110: Gaussian fit of the UV/Vis/NIR features corresponding to the high-

temperature component in the variable temperature UV/Vis/NIR spectra of 3a in EtCN. 
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Figure A.111: Experimental and reconstructed UV/Vis/NIR spectra of 3a in EtCN at 193, 

233, 273 and 313 K. 

 

 

Figure A.112: Experimental and reconstructed UV/Vis/NIR spectra of 3a in EtCN at 213, 

253, 293 and 333 K. 
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Figure A.113: Residuals between the original data matrix (A) and rank-defined data matrix 

(B) for the SVD of the variable temperature UV/Vis/NIR spectra of 3a in EtCN. 

 

6.2.5 Cyclic Voltammograms 

 

Figure A.114: Difference pulse voltammogram of 3e in 0.2 M TBAP/MeCN at v = 100 

mV/s. 
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Figure A.115: Cyclic voltammogram of 3e in 0.2 M TBAP/MeCN at scan rate v = 100 

mV/s. 

 

Figure A.116: Cyclic voltammograms for the first reductive processes of 3e in 0.2 M 

TBAP/MeCN. 
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Figure A.117: Cyclic voltammograms for the two successive reductive processes of 3e in 

0.2 M TBAP/MeCN. 

 

Figure A.118: Cyclic voltammograms for the first oxidative processes of 3e in 0.2 M 

TBAP/MeCN. 
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Figure A.119: Cyclic voltammograms for the three successive oxidative processes of 3e in 

0.2 M TBAP/MeCN. 
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Table A.18: Cyclic voltammetry data of 3e; Scan rate v, half-wave potential E1/2, difference 

between peak potentials E, peak current ratio ipa/ipc. 

 v/mV s1 E1/2/mV E/mV ipa/ipc 

Reduction 1 200 110 90 1.10 

100 112 72 1.07 

50 114 67 1.11 

20 115 67 1.16 

10 115 67 1.15 

Reduction 2 200 553 95 1.01 

100 552 80 1.02 

50 552 70 1.06 

20 550 60 1.08 

10 550 60 1.09 

 v/mV s1 Epa/mV E/mV ipa/ipc 

Oxidation 1 200 374   

100 360   

50 350   

20 350   

10 350   

 v/mV s1 E1/2/mV E/mV ipa/ipc 

Oxidation 2 200 ca. 573 ca. 76  

100 ca. 571 ca. 62  

50 ca. 570 ca. 52  

20 ca. 568 ca. 50  

10 ca. 562 ca. 51  

Oxidation 3 200 710 86  

100 709 63  

50 710 54  

20 712 50  

10 713 54  
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6.3 Electronic States of Bis(dioxolene) Ligands and the Interactions 

Between Metal Ions in Nickel-, Copper- and Zinc-Bis(dioxolene) 

Complexes  

 

6.3.1 Crystal Data  

The X-ray crystallographic data of compounds 4a and 6b were collected at 

100(2) and 295(2) K, and the data for compound 5a were collected at 150(2) 

K. The data were collected by an Oxford Diffraction Gemini S Ultra type of 

instrument using graphite-monochromatized Cu-K ( = 1.54184 Å) or Mo-

K ( = 0.71073 Å) radiation. The crystal structures were solved by direct 

methods implemented in the SIR 97 program package and refined using the 

full-matrix least-squares method on F2 with SHELXL-97 package. The 

hydrogen atoms were located geometrically and refined using Riding model. 

As the temperature factor, 1.5 times value for hydrogen atoms of CH3 groups 

and for all other hydrogen atoms 1.2 times value of the equivalent isotropic 

temperature factor of that atom used, to which the respective hydrogen atom 

is bonded. All non-hydrogen atoms were refined with anisotropic 

displacement parameters. 
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Table A.19: Crystal data and structure refinement for complex 4a at 100 K. 

 

Identification code 

Empirical formula   

Formula weight [g mol1] 

Temperature [K] 

 [Å]   

Crystal system  

Space group  

a [Å]  

b [Å] 

c [Å]  

 [deg] 

 [deg]  

 [deg]  

V [Å3]   

Z  

calcd [g cm3]   

(Cu-K) [mm1]   

F(000)  

Crystal size/mm3  

/°  

Reflections collected  

Independent reflections  

Rint  

Absorption correction  

Max. and min. transmission  

Refinement method 

Data/restraints/parameters  

GOOF on F2  

Final R indices [I>2(I)]  

R indices (all data) 

Largest diff. peak and hole [ e Å3] 

14131ocu 

C58H69BN6NiO4 

983.71 

100(2) 

1.54184 

triclinic 

P1̅ 

9.6455(4) 

15.1112(4) 

18.8295(8) 

100.381(3) 

96.064(3) 

104.678(3) 

2578.25(17) 

2 

1.267 

0.955 

1048 

0.420  0.200  0.160  

4.320-62.674 

16992 

8152 

0.0196 

analytical 

0.870 and 0.656 

full-matrix least-squares on F2 

8152/0/641 

1.047 

R1 = 0.0424, wR2 = 0.1188 

R1 = 0.0456, wR2 = 0.1219 

0.471 and 0.415  
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Table A.20: Crystal data and structure refinement for complex 4a at 295 K. 

 

Identification code 

Empirical formula  

Formula weight [g mol1] 

Temperature [K] 

 [Å]  

Crystal system  

Space group  

a [Å] 

b [Å]  

c [Å] 

 [deg]  

 [deg]  

 [deg]  

V [Å3] 

Z 

calcd [g cm3] 

(Cu-K) [mm1]  

F(000) 

Crystal size [mm3] 

 [deg] 

Reflections collected 

Independent reflections 

Rint  

Absorption correction 

Max. and min. transmission 

Refinement method 

Data/restraints/parameters 

GOOF on F2 

Final R indices [I>2(I)] 

R indices (all data) 

Largest diff. peak and hole [e Å3] 

14132ocu 

C58H69BN6NiO4 

983.71 

295(2)  

1.54184 

triclinic 

P1̅ 

9.7685(4) 

15.2058(4) 

19.1404(7) 

100.399(3) 

96.092(3) 

104.552(3) 

2672.19(17) 

2 

1.223 

0.922 

1048 

0.420  0.200  0.160  

4.27462.796 

21964 

8488 

0.0186 

semi-empirical from equivalents 

1.00000 and 0.87604 

full-matrix least-squares on F2 

8488/0/641 

1.039 

R1 = 0.0494, wR2 = 0.1387 

R1 = 0.0543, wR2 = 0.1447 

0.448 and 0.475 
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Table A.21: Crystal data and structure refinement for 5a at 150 K. 

 

Identification code 

Empirical formula  

Formula weight [g mol1] 

Temperature [K] 

 [Å] 

Crystal system  

Space group  

a [Å] 

b [Å] 

c [Å] 

 [deg] 

 [deg] 

 [deg]  

V [Å3] 

Z 

calcd [g cm3] 

(Mo-K) [mm1] 

F(000) 

 [deg] 

Reflections collected 

Independent reflections 

Rint  

Absorption correction  

Max. and min. transmission  

Refinement method  

Data/restraints/parameters 

GOOF on F2  

Final R indices [I>2(I)]  

R indices (all data)  

Largest diff. peak and hole [e Å3]   

14302o_sq 

C56H70B2Cu2F8N8O4 

1219.90 

150(2) 

0.71073 

monoclinic 

P21/c 

21.3488(18) 

12.1127(8) 

13.7231(11) 

90 

103.285(9) 

90 

3453.7(5) 

2 

1.173 

0.681 

1268 

2.94126.999 

19339 

7529 

0.0820 

semi-empirical from equivalents 

1.00000 and 0.93592 

full-matrix least-squares on F2 

7529/0/367 

0.985 

R1 = 0.0560, wR2 = 0.1287 

R1 = 0.1004, wR2 = 0.1512 

0.935 and 0.740 
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Table A.22: Crystal data and structure refinement for 6b at 100 K. 

 

Identification code 

Empirical formula  

Formula weight [g mol1] 

Temperature [K] 

 [Å] 

Crystal system  

Space group  

a [Å] 

b [Å] 

c [Å] 

 [deg] 

 [deg] 

 [deg] 

V [Å3] 

Z 

calcd [g cm1] 

(Mo-K) [mm1] 

F(000) 

Crystal size [mm3] 

 [deg] 

Reflections collected 

Independent reflections 

Rint 

Absorption correction 

Max. and min. transmission 

Refinement method 

Data/restraints/parameters 

GOOF on F
2 

Final R indices [I>2(I)] 

R indices (all data) 

Largest diff. peak and hole [e Å
3] 

14196o 

C58H69BN6O4Zn 

990.37 

100(2)  

0.71073  

triclinic 

P1̅ 

9.6357 

15.1929(7) 

18.9483(5)  

100.093(3) 

96.578(2) 

104.797(3) 

2603.18(17)  

2 

1.263  

0.524  

1052 

0.510  0.330  0.220  

2.81928.999 

25434 

13808 

0.0348 

semi-empirical from equivalents 

1.00000 and 0.84356 

full-matrix least-squares on F2 

13808/0/641 

1.048 

R1 = 0.0464, wR2 = 0.1110 

R1 = 0.0560, wR2 = 0.1155 

0.794 and 0.583 
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Table A.23: Crystal data and structure refinement for 6b at 295 K. 

 

 

  

Identification code 

Empirical formula  

Formula weight [g mol1] 

Temperature [K] 

 [Å]  

Crystal system  

Space group  

a [Å] 

b [Å] 

c [Å] 

 [deg] 

 [deg] 

 [deg] 

V [Å3] 

Z 

calcd [g cm3] 

(Mo-K) [mm1]  

F(000) 

Crystal size [mm3] 

 [deg] 

Reflections collected 

Independent reflections 

Rint 

Absorption correction 

Max. and min. transmission 

Refinement method 

Data/restraints/parameters 

GOOF on F2 

Final R indices [I>2(I)] 

R indices (all data)  

Largest diff. peak and hole [e Å3]   

14197o 

C58H69BN6O4Zn 

990.37 

295(2) 

0.71073 

triclinic 

P1̅ 

9.7653(4) 

15.2813(6) 

19.2741(8) 

100.115(3) 

96.570(3) 

104.586(3) 

2702.0(2) 

2 

1.217 

0.505 

1052 

0.510  0.330  0.220 

2.86727.999 

25403 

13004 

0.0221 

semi-empirical from equivalents 

1.00000 and 0.90649 

full-matrix least-squares on F2 

13004/0/639 

1.045 

R1 = 0.0462, wR2 = 0.1227 

R1 = 0.0591, wR2 = 0.1312 

0.457 and 0.401 
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6.3.2 Infrared Spectra 

 

Figure A.120: IR spectrum of 4a in KBr pellet at RT. 

 

Figure A.121: ATR spectrum of 5a at RT. 
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Figure A.122: IR spectrum of 5a in KBr pellet at RT. 

 

Figure A.123: IR spectrum of 6b in KBr pellet at RT. 
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Figure A.124: KBr pellet IR spectra of 3b, 4a, 5a and 6b in the wavenumber range 

17001100 cm1 at room temperature. 
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Figure A.125: KBr pellet IR spectra of 3b, 4a, 5a and 6b in the wavenumber range 

1100500 cm1 at room temperature. 

 

Table A.24: List of IR peaks of the compounds 3b, 4a, 5a and 6b in the wavenumber range 

of 1700500 cm1. 

 3b 4a 5a 6b 

 / cm1 1673 1673  1671 

1600 1603 1603 1600 

1580 1582 1579 1580 

1521 

1507 

1519, 

1504 

1505 1532, 

1515 

1479 1479  1478 

1465 1467 1463 1465 

1428 1435 1437  1428 
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1401 1401 1400 1401 

1382 1384 1387 1382 

 1377 1374, 1365 1368 

1345 1344 1349 1345 

1285 1292 1288 1286 

1257 1255 1251 1257 

1225 1231 1223 1226 

1190 1188 1195 1192 

1159 1157 1166 1157 

1142 1134  1142 

1086 1090  1084 

 1075   

  1057, 1034  

1030 1034  1030 

 1011   

936 936 938 935 

908 907 923 911 

   898 

882 884 884 883 

843 847 850 844 

826 825 827 829 

787 789 791 790 

778 778 775 779 

  751, 711, 

687 

 

743 744  742 

733 733  733 

  680, 646, 

587 

 

706 705   

 678   

658 658  659 

623 624  625 

612 612  611 

578 579 575 579 

567 570 537 567 

519 520 519 515 

  505  
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Deconvolution of the IR Spectra  

The Gaussian fit of the KBr pellet IR spectra of the complexes 4a, 5a and 6b 

are shown in Figures A.126A.128. The Gaussian peaks are represented 

mainly as black solid lines. However, the peaks which are of interest are 

shown as red and green solid lines. The sum of the fitted spectrum is shown 

by orange-red dashed line. The IR spectrum in the range of the data points 

used for the deconvolution is shown by blue solid lines. Adjusted R2 values 

for all the fitting are 0.999. 

 

 

Figure A.126: Deconvoluted IR spectrum of 4a in KBr pellet at RT; Deconvolution was 

performed in the wavenumber range of 9951705 cm1. 
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Figure A.127: Deonvoluted IR spectrum of 5a in KBr pellet at RT; Deconvolution was 

performed in the wavenumber range of 9501615 cm1. 

 

 

Figure A.128: Deconvoluted IR spectrum of 6b in KBr pellet at RT; Deconvolution was 

performed in the wavenumber range of 9471710 cm1. 
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6.3.3 UV/Vis/NIR Spectra 

The spectra of compounds 4a, 5a, 6b and 6 showing Gaussian fit are shown 

in Figures A.129 A.135. The data obtained from the fitting are given in Table 

A.25. The blue line representing a UV/Vis/NIR spectrum corresponds to the 

data points taken for the fitting. The orange-red dashed line corresponds to the 

sum of Gaussian profiles. The Gaussian peaks are represented as black lines.  

 

Table A.25: The data obtained from the Gaussian fit of the UV/Vis/NIR spectra of 

compounds 4a, 5a, 6b and 6. The absorption maxima ( / cm1), molar extinction 

coefficient ( / M1 cm1), area under the curve (area / M1 cm2) values. 

Compound 

(solvent) 
 ()  (area108) 

4a (MeCN, 

RT) [b] 

13752 (27300), 16474 

(3224), 18777 (4513), 

21091 (12000), 24135 

(3555), 29905 (2135), 

32065 (11400), 35074 

(11800) 

13752 (0.93), 16474 

(0.057), 18777 (0.107), 

21091 (0.59), 24135 (0.24), 

29905 (0.03), 32065 (0.54), 

35074 (0.41) 

5a (MeCN, 

RT) [c] 

14120 (22800), 17124 

(2186), 19230 (4553), 

21082 (11900), 23368 

(5270), 30413 (1635), 

31385 (2653), 35563 

(15000) 

14120 (0.86), 17124 

(0.038), 19230 (0.085), 

21082 (0.50), 23368 (0.29), 

30413 (0.021), 31385 

(0.07), 35563 (1.35) 

6b (MeCN, 

RT) [b] 

14985 (23600), 17852 

(1653), 20086 (5900), 

22180 (12500), 24535 

(5044), 31309 (2021), 

34058 (11300),   

14985 (0.933), 17852 

(0.023), 20086 (0.114), 

22180 (0.53), 24535 (0.29), 

31309 (0.036), 34058 

(0.66),   

6b (DMF, 293 

K)[d] 

11284 (6940), 12176 

(13900), 13911 (9063), 

22122 (5208), 28130 

(8780), 32011 (8455), 

37953[a] (33400) 

11284 (0.09), 12176 (0.41), 

13911 (0.46), 22122 (0.37), 

28130 (0.23), 32011 (0.56), 

37953[a] (1.45) 

6b (DMF, 213 

K)[e] 

11352 (12300), 12610 

(4153), 14060 (16500), 

21776 (8400), 27827 

11352 (0.187), 12610 

(0.048), 14060 (0.72), 

17105 (0.01), 21776 (0.50), 
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(5024), 33067 (8951), 

37712[a] (27000)  

27827 (0.113), 33067 

(0.88), 37712[a] (0.90)  

6b (DMSO, 

RT) [f] 

11583 (5730), 14493 

(17200), 17127 (1380), 

20026 (1400), 22014 

(11100), 27840 (3795), 

31035 (2837), 34074 

(9704), 36730[a] (17700) 

11583 (0.133), 14493 

(0.65), 17127 (0.025), 

20026 (0.021), 22014 

(0.65), 27840 (0.135), 

31035 (0.065), 34074 

(0.58), 36730[a] (0.37) 

6 (DMF, 

RT)[g] 

6654 (6778), 7791 

(22700), 8956 (9097), 

10768 (1731), 13822 

(1936), 16325 (1053), 

17584 (5292), 18930 

(2410), 20837 (20600), 

21404 (11200), 22110 

(15407), 22596 (17300), 

24133 (5820), 35390 

(19400), 36623[a] 

(14900) 

6654 (0.09), 7791 (0.29), 

8956 (0.16), 10768 (0.044), 

13822 (0.26), 16325 

(0.0116), 17584 (0.09), 

18930 (0.029), 20837 

(0.146), 21404 (0.079), 

22110 (0.21), 22596 (0.45), 

24133 (0.46), 35390 (1.54), 

36623[a] (0.21) 

[a] These bands could be affected by the absorption of solvent peaks in this region. 
[b] Wavenumber range 800034900 cm1. [c] Wavenumber range 1000035000 cm1. 
[d] Wavenumber range 750032000 cm1. [e] Wavenumber range 800032000 cm1. 
[f] Wavenumber range 800036600 cm1. [g] Wavenumber range 600036700 cm1. 
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Figure A.129: Gaussian fit of the UV/Vis/NIR spectrum of 4a in MeCN at RT. Adj. R2 of 

the fit is 0.999. 

 

 

 

Figure A.130: Gaussian fit of the UV/Vis/NIR spectrum of 5a in MeCN at RT. Adj. R2 of 

the fit is 0.999. 
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Figure A.131: Gaussian fit of the UV/Vis/NIR spectrum of 6b in MeCN at RT. Adj. R2 of 

the fit is 0.998. 

 

 
 

Figure A.132: Gaussian fit of the UV/Vis/NIR spectrum of 6b, obtained by subtraction 

from the UV/Vis/NIR of 6, in DMSO at RT. Adj. R2 of the fit is 0.999. 
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Figure A.133: Gaussian fit of the UV/Vis/NIR spectrum of 6b, obtained by subtraction 

from the UV/Vis/NIR of 6, in DMF at 293 K. Adj. R2 of the fit is 0.999. 

 

 

Figure A.134: Gaussian fit of the UV/Vis/NIR spectrum of 6b, obtained by subtraction 

from the UV/Vis/NIR of 6, in DMF at 213 K. Adj. R2 of the fit is 0.999. 
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Figure A.135: Gaussian fit of the UV/Vis/NIR spectrum of 6 in 0.2 M TBAP/DMF. Adj. 

R2 of the fit is 0.999. 

 

 

Figure A.136: UV/Vis/NIR spectra showing stability of the sample at 293 K during 

variable temperature UV/Vis/NIR measurement of 6b in DMF. The spike at around 1400 

nm is due to the solvent artefact. 
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6.3.4 Cyclic Voltammograms 

Table A.26: Cyclic voltammetry data of 4a, 5a and 6b; Scan rate (v), half-wave potential 

(E1/2), difference between peak potentials (E) and peak current ratio (ipa/ipc). 

4a v/mV s1 E1/2/mV E/mV ipa/ipc 

Reduction 1 200 175 100 1.04 

100 176 83 1.07 

50 176 74 1.07 

20 172 65 1.05 

10 173 62 1.04 

Reduction 2 200 646 101 1.03 

100 650 88 1.07 

50 648 65 1.07 

20 643 71 1.05 

10 644 53 1.04 

5a v/mV s1 E1/2/mV E/mV ipa/ipc 

Reduction 1 200 47 97 1.01 

100 45 85 1.04 

50 41 79 1.01 

20 41 71 1.01 

10 40 70 0.98 

Reduction 2 200 455 98 1.01 

100 450 82 1.01 

50 450 77 1.06 

20 450 78 1.06 

10 445 83 0.94 

6b v/mV s-1 E1/2/mV E/mV ipa/ipc 

Reduction 1 200 130 186 0.89 

100 120 163 0.91 

50 125 142 0.90 

20 124 121 0.88 

10 120 106 0.87 

Reduction 2 200 527 200 1.16 

100 526 186 1.20 

50 525 180 1.34 

20 530 154 1.50 

10 530 140 1.32 
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Figure A.137: Cyclic voltammogram of 4a in 0.2 M TBAP/MeCN at scan rate v = 100 

mV/s. 

 

 

Figure A.138: Cyclic voltammograms for the first reductive processes of 4a in 0.2 M 

TBAP/MeCN at different scan rates. 
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Figure A.139: Cyclic voltammograms for the two successive reductive processes of 4a in 

0.2 M TBAP/MeCN at different scan rates. 

 

 

Figure A.140: Cyclic voltammogram for the oxidative processes of 4a in 0.2 M 

TBAP/MeCN at scan rate v = 100 mV/s. 

 



Appendix                                                                                                     329 

 

Figure A.141: Cyclic voltammogram of 5a in 0.2 M TBAP/MeCN at scan rate v = 100 

mV/s. 

 

 

Figure A.142: Cyclic voltammograms for the first reductive processes of 5a in 0.2 M 

TBAP/MeCN at different scan rates. 
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Figure A.143: Cyclic voltammograms for the successive reductive processes of 5a in 0.2 

M TBAP/MeCN at different scan rates. 

 

 

Figure A.144: Cyclic voltammogram for oxidative processes of 5a at scan rate v = 100 

mV/s. 
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Figure A.145: Cyclic voltammograms for the first reductive processes of 6b in 0.2 M 

TBAP/MeCN at different scan rates. 

 

 

Figure A.146: Cyclic voltammograms for the two successive reductive processes of 6b in 

0.2 M TBAP/MeCN at different scan rates. 
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Figure A.147: Cyclic voltammogram for the oxidative processes of 6b in 0.2 M 

TBAP/MeCN at scan rate v = 100 mV/s. 
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