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AA.1 Synthetic methods 

A.1.1 Ligands 

All manipulations were carried out under air atmosphere (unless stated otherwise). 

A.1.2 Complexes  

All manipulations were carried out under nitrogen or argon using standard glovebox, Schlenk, and 
vacuum-line techniques. THF (Aldrich, anhydrous, 99.8%) was dried by percolation over columns of 
Al2O3 (Fluka); toluene, hexane and pentane (Aldrich, anhydrous, 99.8%) were passed over columns of 
Al2O3 (Fluka), BASF R3-11-supported Cu oxygen scavenger, and molecular sieves (Aldrich, 4 Å). 

A.2 Physical methods 

A.2.1 Elemental Analysis 

Elemental analysis were performed either by the Microanalytical Department of the University of 
Groningen (ligands, complexes of Chapter 4-8) or by the analytical laboratory of the Institute of 
Inorganic Chemistry at the University of Göttingen using an Elementar Vario EL III instrument 
(complexes of Chapter 2-3). 

A.2.2 X-Ray Crystallography 

Single crystals of all compounds measured were mounted on top of a cryoloop and transferred into 
the cold nitrogen stream (100 K) of a Bruker-AXS D8 Venture diffractometer. Data collection and 
reduction was done using the Bruker software suite APEX3.1 The final unit cell was obtained from the 
xyz centroids of N reflections after integration (see tables with details on data collection and 
refinement in each chapter). A multiscan absorption correction was applied, based on the intensities 
of symmetry-related reflections measured at different angular settings (SADABS) (unless stated 
otherwise). The structures were solved by direct methods using SHELXS2 or SHELXT3 and refinement of 
the structure was performed using SHELXL.4 For all structures, the hydrogen atoms were generated by 
geometrical considerations, constrained to idealised geometries and allowed to ride on their carrier 
atoms with an isotropic displacement parameter related to the equivalent displacement parameter of 
their carrier atoms. 

A.2.3 X-ray powder diffraction 

Powder X-ray diffraction data were collected using a Bruker D8 Advance diffractometer equipped with 
CuKα source (λ = 1.5406 Å). The samples were placed on a powder specimen holder and sealed with a 
polyimide (Kapton) film inside the glovebox and subsequently taken out for analysis. The X-ray powder 
pattern were calculated from the crystal structure using VESTA.5 
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AA.2.4 DSC 

Differential scanning calorimetry (DSC) measurements were performed on a TA Instrument DSC Q100 
equipped with a Refrigerated Cooling System (RSC) temperature controller. The samples were sealed 
in an aluminium Tzero pan with Tzero Hermetic Lid inside the glovebox and subsequently taken out for 
analysis. Heating/cooling rates were 10 °C/min. 

A.2.5 Mössbauer Spectroscopy 

Mössbauer spectra were recorded with a 57Co source in a Rh matrix using an alternating constant 
acceleration Wissel Mössbauer spectrometer operated in the transmission mode and equipped with a 
Janis closed-cycle helium cryostat. Isomer shifts are given relative to iron metal at ambient 
temperature. Simulation of the experimental data was performed with the Mfit program: E. Bill, 
Max-Planck Institute for Chemical Energy Conversion, Mülheim/Ruhr, Germany. 

A.2.6 SQUID magnetometry 

Temperature-dependent magnetic susceptibility measurements in the solid state were carried out 
with a Quantum-Design MPMS-XL-5 SQUID magnetometer equipped with a 5 Tesla magnet in the 
range from 400 to 2.0 K at a magnetic field of 0.5 T. The powdered sample was contained in a Teflon 
bucket and fixed in a non-magnetic sample holder. Each raw data file for the measured magnetic 
moment was corrected for the diamagnetic contribution of the Teflon bucket according to Mdia(bucket) 
= χg·m·H, with an experimentally obtained gram susceptibility of the Teflon bucket. The molar 
susceptibility data were corrected for the diamagnetic contribution. 

A.2.7 IR spectroscopy 

IR spectra were recorded using a Jasco FT-IR-4700 (solid samples, Chapter 4) or a Shimadzu IR tracer-
100 equipped with an ATR sample unit (Chapter 7) or a INTERSPEC FT-IR spectrometer in transmission 
mode under N2 atmosphere (the sample was prepared by evaporation of a THF solution of the 
compound on KBr plates, Chapter 8). 

A.2.8 NMR Spectroscopy 

THF-d8 (Euriso-top), C6D6 (Aldrich) and toluene-d8 (Aldrich) were vacuum transferred from Na/K alloy 
and stored under nitrogen. CD2Cl2 (Euriso-top) and CDCl3 (Euriso-top) were used as received. NMR 
spectra were recorded on a Varian Oxford 300 MHz, Varian Mercury 400, Inova 500, or Bruker 600 
spectrometer. The 1H and 13C NMR spectra were referenced internally using the residual solvent 
resonances and reported in ppm relative to TMS (0 ppm). The assignments of NMR resonances were 
aided by COSY and HMQC, HSQC, HMBC using standard pulse sequences, with adjusted acquisition 
time of 200 ms and d1-relaxation of 100 ms for paramagnetic compounds. 

A.2.9 UV-Vis spectroscopy 

UV−vis spectra were recorded in a THF solution ( 10−5 M) using an Agilent Cary 8454 UV-Visible 
spectrophotometer. 
The temperature dependent UV-Vis spectra were recorded in a THF or toluene solution ( 10−5 M) 
using an Agilent Cary 8454 UV-Vis spectrophotometer equipped with a CoolSpek USP-203 cryostat and 
an Analytikjena Specord S600 UV-Vis spectrophotometer equipped with a Quantum Northwest TC1 
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temperature controller, using quartz cuvettes with screw cap which was sealed under nitrogen in a 
glovebox. 

AA.2.10 EPR spectroscopy 

EPR spectra were recorded on a Bruker ECS106 spectrometer either at room temperature or at 77  by 
freezing the sample in liquid nitrogen inside a finger dewar. 

A.2.11 Cyclic Voltammetry 

Cyclic voltammetry was performed using a three-electrode setup with a silver wire pseudo-reference 
electrode and a platinum disk working electrode (CHI102, CH Instruments; diameter = 2 mm). The 
platinum working electrode was polished before the experiment using an alumina slurry (0.05 μm), 
rinsed with distilled water, and subjected to brief ultrasonication to remove any adhered alumina 
microparticles. The electrodes were then dried in an oven at 75 °C overnight to remove any residual 
traces of water. The CV data were calibrated by adding ferrocene or decamethylferrocene at the end 
of the experiments. There is no indication that the addition of ferrocene or decamethylferrocene 
influences the electrochemical behaviour of the products. The potentials are reported vs Fc+/0.6 All 
electrochemical measurements were performed at ambient temperatures under an inert N2 
atmosphere in THF or DCE containing 0.1 M [Bu4N][PF6] as the supporting electrolyte. Data were 
recorded with Autolab NOVA software (version 2.0, 2.1 and 2.2). 

A.3 Analysis of the thermodynamic parameters for the spin crossover 
equilibrium in Chapter 2 and 3 

The thermodynamic parameters (∆H and ∆S) that describe the spin state equilibrium in solution were 
determined by fitting the temperature-dependence of three independent sets of empirical data: (i) 
NMR chemical shifts (δ), (ii) solution magnetic susceptibilities (χ) and (iii) molar extinction coefficients 
(ε) from UV-Vis spectra.  
Fitting was performed using Wolfram Mathematica 12,7 as outlined below for each set of data. In 
general, these methods rely on(Eq. A.1, which describes the mole fraction of the high-spin state (γHS) 
as a function of temperature.8    
 

 

 
A comparison of the values obtained for ΔH and ΔS with the different methods is reported in Table 2.7 
and 3.6 and a plot of the mole fraction of 1-12 in the HS state (γHS) vs. T is shown in Figure 2.3, 2.23 
and 3.7, 3.24. 

A.3.1 Analysis of temperature dependence of NMR chemical shifts 

The temperature dependence of the chemical shift was measured via VT-NMR spectroscopy. The 
temperature at the sample position inside the spectrometer was calibrated using a temperature 
calibration sample with methanol (for low temperature) or ethylene glycol (for high temperature).9 1H 
and 19F NMR shifts were modelled according to the ideal solution model ((Eq. A.2).8a, b, 10 

(Eq. A.1) 
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For each compound the data of all 1H and 19F (when applicable) resonances were fit using C, ∆H and 
∆S as fitting parameters. The chemical shifts in the low-spin state (δLS) were constrained either to the 
value found in the diamagnetic zinc analogue (for 1, 7-9)11 or to chemically reasonable values (for 2-6, 
10, 12). For every compound, several (or all) of its NMR resonances were individually analysed to give 
multiple values for ∆H and ∆S. These values were subsequently averaged, and the standard deviation 
was taken from the set, to give the values reported in Table 2.3, 2.7 and 3.3, 3.6. T½ was calculated (Eq. 
A.3) and the uncertainty in T½ was obtained using error propagation from ΔH and ΔS (Eq. A.4). 
 

 

 

 

 
The empirical data points and fitted lines for each compound are shown in Figure 2.4, 2.12-2.22 and 
3.6, 3.12-3.22. 

AA.3.2 Analysis of temperature dependence of the magnetic susceptibility and of 
the molar extinction coefficient 

The temperature dependence of the magnetic susceptibility (χ) was measured via the Evans method12 
by VT-NMR spectroscopy, and of the molar extinction coefficient (ε) by VT-UV-Vis spectroscopy. 
The temperature dependence of the experimentally obtained x (with x = χ  or ε) is attributed to the 
change of the mole fraction of molecules in the HS state γHS according to (Eq. A.58c, 13 which can be 
rearranged as (Eq. A.6:  
 

 
 

 

 
  

(Eq. A.2) 

(Eq. A.3) 

(Eq. A.4) 

(Eq. A.5) 

(Eq. A.6) 
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Combining (Eq. A.6 with (Eq. A.1 give the analytical expression for the temperature dependence of x: 
 

 

 
Fitting of the data to Eq. A.7 was performed using Mathematica. The errors for the thermodynamic 
parameters reported in Table 2.7 and 3.6 are the standard errors obtained from the non-linear fit of 
the temperature-dependent data (either χ or ε) to the model (Eq. A.7). It should be noted that although 
the values for the standard error are in similar range as those found based on the NMR chemical shifts, 
the error estimate of the data based on χ or ε is obtained in a different way than that for the NMR data 
(see Section A.3.1). 
The magnetic susceptibility measured for each compound by Evans method is reported in Table 2.4 
and 3.4. The magnetic susceptibility for the low-spin state (χLS) and high spin state (χHS) were 
constrained to the spin only values. 
The data points and fitted lines for the molar extinction coefficient are reported in Figure 2.6 and 3.23. 
The molar extinction coefficients for the low-spin state (εLS) and high spin state (εHS) are unknown 
because the transition is incomplete and therefore they have to be determined from a fit using (Eq. 
A.7), e.g. together with thermodynamic parameters ΔH and ΔS, four fitting parameters have to be 
adjusted (Table 2.7 and 3.6). 
The magnetic susceptibility (χ) and the molar extinction coefficient (ε) were calculated taking into 
account the temperature dependent changes in effective concentration due to the change in density 
of the solvent with temperature.14 
The temperature dependence of the density of the solvent was calculated using: Dortmund Data Bank, 
2017-2019, www.ddbst.com, for THF and NIST Chemistry WebBook, SRD 69, 2016-2019, 
https://webbook.nist.gov/chemistry/fluid/ for toluene. The temperature dependence of the density 
of THF-d8 and toluene-d8 was calculated by scaling the above values according to the difference in 
density at r.t. between the deuterated and non-deuterated solvent. 

AA.3.3 Magnetic measurements in solution 

The mass susceptibility was determined using (Eq. A.8,15 which is an approximation of (Eq. A.9:16 

 

 

 

 
The mass susceptibility (χm) was corrected for the (atomic) diamagnetic contributions using Pascal's 
constants.17 The temperature dependence of the density of the solvent was taken into account as 
described in Section A.3.2.  

χm ≈ mass susceptibility of the solute (cm3/g) 
Δf ≈ observed frequency shift 
        of reference resonance (Hz) 
f ≈ spectrometer frequency (Hz) 
χ0 ≈ mass susceptibility of solvent (cm3/g) 
m ≈ mass of substance per cm3 of solution (g/cm3) 
d0 ≈ density of solvent (g/cm3) 
ds ≈ density of solution (g/cm3) 

(Eq. A.7) 

(Eq. A.8) 

(Eq. A.9) 

https://www.ddbst.com/
https://webbook.nist.gov/chemistry/fluid/
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Table A.1. Spin only magnetic moment ( eff) and magnetic susceptibility as a function of temperature (χT) for the 
number of unpaired electron (n). 

n eff ( B) χT (cm3·K·mol-1) 

0 0.00 0.00 
1 1.73 0.38 
2 2.83 1.00 
3 3.87 1.88 
4 4.90 3.00 
5 5.92 4.38 
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AA.5.2 Ligands 

 

A.5.3 Complexes 
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