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Abstract

Bistable compounds which exhibit reversible phase transitions under external stimuli accompanied by
changes of physical properties are excellent candidates for multifunctional electronic molecular devices
and nano-sensors. In this regard, coordination complexes switchable between two or more different
electronic states offer great potential due to their flexible design and adjustable properties. Transition
metal complexes, mostly containing iron, cobalt, or manganese, can show a spin crossover (SCO). This
is a reversible switching between the low and high spin state through physical and chemical stimuli.
Additionally, cyanide-bridged complexes can show a reversible electron transfer coupled with a spin
transition/SCO (ETCST) between two redox-active transition metals with mixed-valences. Therefore,
cyanide-bridged molecular complexes and coordination polymers are of great interest in current

research.

This dissertation continues the investigations for new switchable complexes. Therefore, novel cyanide-
bridged multinuclear complexes and thiocyanate-bridged frameworks were synthesized and
characterized. For this purpose, different new and known mononuclear complexes were analyzed in
terms of their suitability as building blocks. Appropriate building blocks were combined to form
multinuclear complexes, some of them with switching (SCO or ETCST) behavior. The presented results

are discussed in four chapters according to the used building blocks and resulting complexes.

After a short introduction, the Current State of Research is summarized in Chapter 2. The Chapters 3
and 4 deal with the synthesis of distinct mixed-valence complexes using certain iron and cobalt
complexes with pentadentate Schiff base ligands. Dinuclear, trinuclear, and pentanuclear complexes
were obtained of which some show SCO and likely ETCST behavior. In Chapter 5, an ETCST-active
tetranuclear square complex was used to build up 1D chains through hydrogen bonds with a co-
crystallized organic molecule. Significant alterations of the structure were observed in solid-state.
Chapter 6 is about the formation of a new kind of coordination framework derived from a thiocyanate-
based Prussian blue analog. The aggregation of the building blocks to different framework structures
was investigated as well as their properties and how an SCO behavior might be introduced. The analyzed
compounds show potential as chemical sensors, and the building blocks might lead to new spin state

based electronics.

Keywords: coordination compounds, molecular switches, mixed-valent, spin crossover, electron

transfer, spin transition, cyanide, thiocyanate, iron, cobalt






Zusammenfassung

Bistabile Verbindungen, deren physikalische Eigenschaften durch externe Stimuli gedndert werden
kénnen, sind hervorragende Anwadrter flr multifunktionale elektronische Anwendungen und
Nanosensoren. Ubergangsmetallkomplexe, die zwischen zwei oder mehreren elektronischen Zustinden
wechseln kénnen, bieten aufgrund ihrer Designvielfalt und Anpassungsmdglichkeiten dahingehend
groBes Potential. Solche Komplexe beinhalten hdufig Eisen, Cobalt oder Mangan und kénnen einen Spin
Crossover (SCO) zeigen. Dies bezeichnet den durch chemische oder physikalische Anderungen
induzierten reversiblen Ubergang vom Low in den High Spin Zustand. Zusitzlich kann in
cyanidverbriickten Komplexen ein reversibler Elektroneniibertrag mit gekoppeltem Spiniibergang/SCO
(ETCST, engl. electron transfer coupled spin transition) zwischen zwei redoxaktiven Ubergangsmetallen
verschiedener Valenzen stattfinden. Aus diesem Grund befasst sich die aktuelle Forschung intensiv mit

cyanidverbriickten molekularen Komplexen und Koordinationspolymeren.

Diese Dissertation fiihrt die Forschungen zu neuen molekularen Schaltern fort. Es werden die Ergebnisse
der Synthesen und Charakterisierungen von verschiedenen cyanidverbriickten molekularen Komplexen
und thiocyanatverbriickten Koordinationsnetzwerken diskutiert. Zu diesem Zweck wurden bereits
bekannte und neuartige mononukleare Komplexe beziiglich ihrer Eignung als Bausteine analysiert.
Ausgewdhlte Bausteine wurden im Anschluss zu multinuklearen Komplexen kombiniert, von denen
einige schalten kdnnen (SCO oder ETCST). Die Ergebnisse sind, entsprechend der verwendeten Bausteine

und den daraus resultierenden Komplexen, in vier Kapitel unterteilt.

Nach einer kurzen Einleitung ist der aktuelle Stand der Forschung in Kapitel 2 zusammengefasst. Die
Kapitel 3 und 4 befassen sich mit der Synthese von molekularen Komplexen, die verschiedene Valenzen
aufweisen. Zu diesem Zweck wurden ausgewahlte Eisen und Cobalt Komplexe mit fiinfzahnigen
Schiff'schen Base Liganden verwendet, um eine Reihe von di-, tri- und pentanuklearen Komplexen
herzustellen, von denen einige einen SCO und wahrscheinlich ETCST zeigen. In Kapitel 5 wurde eine 1D
Kettenstruktur durch Wasserstoffbriicken zwischen einem ETCST-aktiven tetranuklearen Komplex und
einem organischen Molekiil erzeugt, in der signifikante Strukturanderungen zu beobachten sind.
Kapitel 6 handelt von neuartigen Netzwerkstrukturen, die von Thiocyanat-basierten Berliner Blau
Analogen abgeleitet wurden. Es wurde untersucht, wie die Aggregation der einzelnen Bausteine
beeinflusst werden kann, welche Eigenschaften die resultierenden Verbindungen aufweisen und ob ein
SCO in diesem System mdoglich ist. Die untersuchten Verbindungen zeigen groBes Potential fiir die
Verwendung als chemische Sensoren und die einzelnen Bausteine kdnnen zur Entwicklung neuartiger,

auf dem Spinzustand beruhender, Anwendungen beitragen.

Schlagwdrter: Koordinationsverbindungen, molekulare Schalter, gemischte Valenzen, Spin Crossover,

Elektroneniibergang, Cyanid, Thiocyanat, Eisen, Cobalt
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1. Introduction

1. Introduction

In the year 1997, the world chess champion Garry Kasparov lost for the first time a six-game match
against the specially developed chess computer Deep Blue from IBM. Nowadays the strongest chess-
playing programs are running on ordinary computers and are far superior to world champions.['2] This
exemplary development demonstrate the progress made within 20 years in the calculating abilities and
artificial intelligence based on the enhancement of integrated circuit technologies. The infamous
Moore's Law (in 1965 by Intel co-founder Gordon Moore) embodies this technological evolution with
the often-cited doubling of transistors in leading-edge integrated-circuits every two years. It is based
on economical rather than scientific principles and it provides an efficient size-scaling of integrated-
circuits through assessing the decreasing transistor sizes with good product yields and reliability.[2l
However, the development of better integrated circuit technologies is increasingly constrained by
fundamental physical limits, some even speak of a “post-Moore world". To prevent stagnation, new
technologies such as spintronics (or spin electronics) might complement established semiconductor-
based electronics.[2-81 Common spintronic devices are fabricated from only a few inorganic materials
such as metals and semiconductors. In contrast to these materials, magnetic molecules have the
advantage of flexible structures, quantized energy levels, and tunable magnetic properties.[l
Exceptional examples for magnetic molecules are transition metal complexes with a 3d* - 3d” electron
configuration that can be switched by external stimuli between the low spin (LS) and the high spin (HS)

state, the so-called spin crossover (SCO).[6!

SCO complexes consist mostly of iron(ll), iron(lll), or cobalt(ll) ions that are coordinated by one or
multiple organic and inorganic ligands. They can be switched between two or more different magnetic
states - for iron(ll) even between diamagnetic and paramagnetic behavior. The switching is controlled
by external stimuli such as temperature, light, pressure, and in specific cases by protonation, electric
fields, and magnetic fields.[78 With the change of spin state, the d-electron related physical properties
such as magnetic moments, coordination bond lengths, color, and sometimes electrical conductivity
change as well. The transition can be measured e.g., by XRD, SQUID magnetometry, Mdssbauer
spectroscopy, and UV-Vis spectroscopy.[89] These switchable properties make SCO materials promising
candidates, not only for spintronics but also for nanoscopic multi responsive applications such as
display devices, high-density data storages, sensors and micromechanics.l610-14 A closely related and
therefore also highly investigated switching phenomenon is the electron transfer coupled spin
transition (ETCST). It occurs in mixed-valence cyanide-bridged compounds and describes an electron

transfer between two redox-active metal ions induced by temperature, light, pressure, or protonation
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that is coupled with an SCO. Common ETCST complexes are [CoFe] Prussian blue analogs (PBAs) that

switch from the [Co'lisFellis] low temperature phase to the [Co'lysFe!lls] high temperature phase.[15.16]

Molecular design is the key to control the switching behavior. While the SCO properties can directly be
influenced through changing the ligand field splitting between the LS and HS state, the ETCST transition
depends on the redox potentials of the ETCST ion-couple. Both conditions heavily depend on the used
metal ions and ligands. In addition, the intermolecular interactions in solid-state are crucial for the
transition behavior.[89.15171 Therefore, design and synthesis of new SCO and ETCST compounds are an
ongoing challenge. The past research resulted in several compounds with outstanding properties, such
as multistability,[18-20 switchable second harmonic generation effects,[2 and an ETCST coupled change

between a semiconducting and an insulating phase.[22]

In this thesis, the scope was to synthesize new switchable multinuclear compounds via cyanide and
thiocyanate bridging using a building block approach. These building blocks are mononuclear complexes
that were analyzed with regard to their potential for synthesizing SCO and ETCST complexes. After the
1. Introduction and the 2. Current State of Research, the results are summarized within four chapters

according to the used building blocks.

In Chapter 3 a series of dinuclear [Co''nsFelllis] complexes based on a penta-Ns-dentate Schiff base
ligand that stabilizes cobalt(ll) ions in combination with common iron(lll) cyanometalates is presented.
Even though dinuclear cyanide-bridged complexes are especially interesting due to a potentially
electron transfer induced molecular polarity,l23! only a few examples showing ETCST behavior were
reported yet.[24251 To obtain a macroscopic polarization, a predominant direction of the molecules needs

to exist within the crystal structure, which is not the case for the known compounds.

Chapter 4 covers the development of new multinuclear complexes from known iron(Ill) SCO and
cobalt(lll) complexes with asymmetric penta-N3;O,-dentate Schiff base ligands. These building blocks
were extensively investigated within the last years,[26-341 but no detailed investigation that included the
iron(lll) redox potentials was reported, nor attempts of synthesizing ETCST complexes from them.
Therefore, the redox potentials were analyzed, and suitable building blocks were combined obtaining

two new trinuclear [Co';Co''] complexes and two new pentanuclear complexes, [MoVFe!ly] and [WCoq].

For some tetranuclear [CosFe;] square PBAs an ETCST can be induced in solution by protonation of the
terminal (non-bridging) cyanide ions coordinated to the iron moiety.[835] In Chapter 5 this was
mimicked in solid-state by the co-crystallization of a [Co,Fe;] square complex with the bifunctional
hydrogen bonding donor molecule 4-aminobenzoic acid (aba). With this approach it is possible to
control the ETCST behavior of this complex through cyanide-aba hydrogen bonding interactions of

different strengths (carboxylic acid and amino group) and a controlled aggregation.
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In Chapter 6, previously reported thiocyanate-based PBAB637) were developed to new mixed-valence
thiocyanate-based frameworks with bismuth(lll), cobalt(ll), iron(ll) and nickel(ll) ions. Previous
investigations in our group found a thermochromic behavior in these compounds that might derive
from an SCO.B38l Furthermore, the aggregation behavior and how to control the resulting structures

were investigated.
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2. Current State of Research

2. Current State of Research

The title of this thesis Toward Switching Cyanide- and Thiocyanate-Bridged Compounds Derived from
Mononuclear Building Blocks implies the bottom-up approach of synthesizing multinuclear compounds
from mononuclear building blocks. However, already the mononuclear complexes can show interesting
properties including switching behavior. Therefore, the first part of this chapter (Chapter 2.1) is
dedicated to the current research of iron(lll) and cobalt(lll) complexes with penta-N3;0,-dentate Schiff
base ligands and their switching properties. The second part of this chapter reviews the current research
about the actual cyanide-bridged multinuclear complexes and especially the resulting material class of
Prussian blue analogs and its building blocks. Additionally, the bridging of mixed-valence transition
metal ions leads to a relatively new kind of molecular switches, of which current trends are presented
(Chapter 2.2). In the last part of this chapter, an overview of potential applications for these spin state

switches is given (Chapter 2.3).

2.1 Spin Crossover in Mononuclear Complexes with Penta-N30.-dentate Schiff Base

Ligands
2.1.1  Spin Crossover

Molecular compounds can show a variety of different switching mechanisms. This involves structural
isomerization such as cis-trans and ring-opening/closing isomerization, valence tautomerism, and a
change of the spin states.l78163%9-42] Coordination compounds with d47 transition metal ions that are
octahedrally coordinated can exist in two stable spin states, the high spin (HS) and the low spin (LS)

state (Figure 1a). A transition between both spin states is called spin crossover (SCO, Figure 1b).[8!

a) b)

Cr2+ Mn3+ Mn2+ FES+ F62+ C03+ C02+ N'|3+
\ J \ L J\ J low spin stimuli

A A e it
-
A

)

low spin chemical physical

% % % + ligand * temperature
+ solvent * light
« protonation * pressure

Figure 1: a) Octahedrally coordinated 3d47 transition metal ions and the HS and LS configuration for dé ions.
b) SCO of a octahedrally coordinated dé ion with possible stimuli.
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A complex occupies the LS or HS state if the ligand field splitting is stronger or weaker than the spin
pairing energy, respectively. A thermally induced SCO can occur if the difference of the Gibb's free
energy (AGw = AHw - T ASw) of the HS and LS state is within the range of thermal energy (ksT, Figure
2a).18431 The ligand field splitting depends on the metal cation, the ligands, and the chemical
environment. These parameters can be changed to control the spin state and SCO behavior.89441 In
order to roughly describe how large the ligand field splitting for particular metal ions and ligands is,
the spectrochemical series can be used. For the most common SCO ions, the order is from larger to
smaller ligand field splitting: Co3+ > Fe3+ > Fe2+ > Co2+.[*4l The most SCO complexes are known for
iron(I1) despite the fact that its octahedral LS state is maximally stabilized. However, for the other dé ion,
cobalt(lll), only very few compounds in the HS state or with SCO behavior are known, due to its large
ligand field splitting. Iron(Ill) complexes slightly favor the LS state as well, but nevertheless, many
compounds, which show SCO or are only in the HS state, are known (Chapter 2.1.2). Note that some
iron(ll1) complexes in HS state tend to hydrolyze. Cobalt(ll) complexes tend to occupy the HS state, with
many known SCO examples.*s! For ions of a higher period than the 3d transition metals only the LS
state is expected, with a few exceptions, since the ligand field splitting increases by about 50 % from

3d to 4d and from 4d to 5d elements.[843]

a)

Figure 2: a) Standard potential well model of octahedrally coordinated 3d47 ions in the LS (blue) or HS (red) state,
fu-L is the metal-ligand distance. b) Spin transition type SCO behavior. Adapted from Ref.[8.

The SCO is an entropy-driven process with AS > 0 and AH > 0, which can show different thermally
induced transition behaviors. If the HS (yns) and LS ratio (yis) is one (yns/yis = 1), the Gibb's free energy
is 0 (AGw. = 0) and the temperature Ty, can be described as T, = AH - AS, preferring the HS state
above Tq,.18431 Oshio et al. proposed that the SCO behavior can be classified into a spin transition type

for an abrupt change between the HS and LS state within a few K and a spin equilibrium type for
6
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gradual changes over a wider temperature range.l®l The type of SCO can be described by the domain
model and is therefore strongly dependent on intermolecular interactions. An abrupt spin transition
type SCO (Figure 2b) derives from strong interactions with larger domain sizes, while a spin equilibrium
type SCO occurs in compounds with smaller domains and weaker intermolecular interactions. Due to
the different kinds of interactions and the smooth transition between both types of SCO, the resulting
SCO behaviors include also incomplete transitions, transitions with hysteresis, and multistable

behavior.[89l

An SCO can be triggered not only thermically, but also by further physical and chemical stimuli. Of
these physical stimuli such as pressure, magnetic fields, or electric fields, electromagnetic radiation is
very well investigated and bears great potential for applications. Many compounds are known in which
a spin change can be induced at low temperatures by visible light of a defined wavelength. This
phenomenon is referred to as light induced excited spin state trapping (LIESST), because the excited
spin state is stable at low temperatures. Note that this is not an entropy-driven process. It is also
possible to change induce a transition back to the ground state, the reverse-LIESST. Furthermore, a
several similar effects were discovered, such as the hard X-ray induced excited spin state trapping
(HAXIESST) by Renz et al., which are described in the literature.[46471 On the chemical side, the spin
state can be changed through exchanging or modifying the ligand.[26-28 This approach is very useful for
molecular design. However, the need of additional synthesis and purification steps makes it less feasible
for reversible switching. Further approaches are to induce an SCO through solvent exchange and host-

guest interactions,48-501 ligand isomerization, and bond breaks.!”!

The change of spin state is accompanied by a change of properties that are depending on the d-electron
configuration, which makes it not only possible to measure and quantify the SCO behavior, but also to
use it for applications. Coordination bond lengths increase in the HS state due to the additional
occupation of the antibonding orbitals (Figure 1a), which can be measured by vibrational spectroscopy
and XRD methods. Any change of spin state results in a different number of unpaired electrons within
the d-Orbitals. The magnetic moment resulting from this spin configuration can be measured by SQUID
magnetometry, which is commonly utilized to determine the thermal SCO behavior (Figure 2b). Also,
NMR (nuclear magnetic resonance) and EPR (electron paramagnetic resonance) spectroscopy can be
utilized to determine the magnetic behavior and therefore the spin state of coordination compounds.
The spin state itself can be confirmed by the gamma-ray-based Mdssbauer spectroscopy, which is
extremely sensitive especially for iron compounds. However, the measurement periods are relatively
long, and the resulting spectrum can be impaired by other atoms that unspecifically absorb the
radiation as well. Furthermore, SCO compounds often show reversible thermochromic behavior induced

by the spin change observable by optical spectroscopy. Another way of characterizing the SCO behavior
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is by heat capacity measurements. As previously stated, an SCO is an entropy-driven process, which
can be determined by its heat capacity. While the magnetic contribution is about 20 % - 25 % of the

entropy changes, the larger part is caused by intermolecular and intramolecular vibrations.[8.9:47]

Following, selected examples of SCO complexes are presented that strongly influenced the research
field and show new possibilities of controlling the SCO behavior and the resulting properties.
M. Seredyuk and J. A. Real et al. synthesized four iron(ll) complexes with two asymmetric,
1,10-phenantroline-based ligands. The spin states and SCO behavior upon ligand modifications and
deprotonation of the ligand were investigated. They found a compound showing thermally induced two
step SCO behavior between 150 K and 250 K and a further compound showing a partial SCO induced
by pressure.l5! In a cooperation together with T. Shiga, G. N. Newton and H. Oshio et al. we extended
this research using the asymmetric tridentate ligand 2-[5-phenyl-1H-pyra-zole-3-yl] 6-benzimidazole
pyridine (H,Bip). Due to the asymmetric character of the ligand, the deprotonation steps can be
separated resulting in two iron(ll) and three iron(lll) complexes with different protonation and spin
states, which could be isolated (Figure 3). These results showed a general trend that a higher charge
density, through the protonation, resultsin a larger ligand field splitting. The five isolated states showed
apart from different spin states also different magnetic behavior, color, and electrochemical properties.
In addition, the compound [Fe!'(H,Bip).](BF4), exhibits a thermally induced abrupt SCO with a small
hysteresis. Furthermore, an SCO can even be triggered in solid-state by protonation through acid and
basic vapors. These tunable properties are a promising strategy for the development of smart molecular

devices.[52
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Figure 3: Five synthesized iron complexes based on the Ligand H2Bip and their temperature-depending magnetic
behavior. The color of each ion in the complexes corresponds to its crystal color. The red parts of the ligand
visualize its deprotonation. Reprint with permission from Ref.[52. Copyright Wiley-VCH.
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H. Oshio et al. synthesized a tetranuclear [Fe'l;Felll,] grid complex, which just shows a partial SCO up to
300 K but can be switched between three different spin states at low temperatures with lasers of
different wavelengths. Green light (532 nm) caused a LIESST transition for one iron(ll), while red light
(808 nm) caused a LIESST transition for one iron(lll). This was the first observation of a site-selective
SCO. These multistable compounds bear the potential for nano-scaled logical and light-programmable

devices.[20]

Further ways of modifying the ligand field splitting are changing substituents at the ligand. D. Miiller
et al. showed that it is possible to adjust Ty, for an iron(ll) tetrazole system between 120 K and 200 K
by using different halogen substituents. In this specific case, the shift of Tr, was only influenced by the
changed steric demand caused by the halogen substituents and not by a changed coordination sphere

or electronic structure.[53

The properties of iron(ll) SCO 1D coordination polymers, which arise from the Fe-Fe bridging by three
N',N2-1,2,4-triazole derivatives (Figure 4), are very unique due to their flexibility. Ti;» can be adjusted
between 100 K and 385 K through the introduction of substituents and exchanging the counter ions.
Furthermore, these compounds show desired properties such as abrupt SCO and hysteresis near RT.
Simple preparation, chemical stability, and easy processability make these compounds promising
candidates for applications. Due to the polymeric character of these complexes, the synthesis of gels,

films, liquid crystals, nanoparticles, and composite materials is possible.[5455]
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Figure 4: a) Scheme of the iron(lll) 1D triazole-based coordination polymer. b) Examples of triazole derivatives.

SCO nanoparticles are especially interesting for miniaturized electronic devices. Therefore, the inverse
micelle technique is used to synthesize triazole-based nanoparticles. E. Coronado et al. described the
parameters, which are important for the synthesis of reproducible particle sizes and properties.[58! We

9
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synthesized polymer fiber composite materials through electrospinning of the nanoparticles while
maintaining the SCO behavior.571 I. A. Gural'skiy et al. synthesized chiral triazole nanoparticles through
the addition of the chiral anion camphorsulfonate, which was published in 2015. Its chiral properties

such as circular dichroism is coupled to the spin state and can therefore be switched.s8!

Especially for optical applications such as magneto-optical memory and optoelectronics,
multifunctional materials with switchable optical properties are highly attractive.2159 The first
evidence of a correlation between the spin state in an SCO compound and its nonlinear optical
properties was published by V. Rodriguez et al. in 2012.5¢1 S, Ohkoshi et al. reported a 3D chiral
coordination network of cyanide-bridged niobium and iron(l1) that shows an SCO induced change of its
second-harmonic generation optical properties, a LIESST effect including reversible switching between
two HS phases by light, and an SCO induced long-range magnetic ordering. The change of spin state in
this compound switches the polarization plane of the output second-harmonic generation light by
about 90°, which is caused by the crystal structure and light induced magnetization. This cutting-edge
study might lead to further developments in the field of optical materials.2'l Furthermore, 3D
coordination frameworks have the great advantage of possible host-guest interactions. M. Ohba, J. A.
Real, S. Kitagawa et al. synthesized a platinum-iron(ll) SCO framework that showed guest induced

SCOWMss0l which is discussed in Chapter 6.

Combined SCO and optical properties can also simplify the detection of the spin state. Instead of
introducing additional nonlinear optical properties to an SCO complex, B. Weber et al. combined the
SCO properties of an 1D iron(ll) coordination polymer with fluorescent properties. The emission spectra
of this compound in solid-state change from a greenish color in the LS state to a yellow color in the
HS state. Alongside the SCO, also a phase transition appears in the same temperature region, which
might be the reason for the large hysteresis of 48 K. However, it cannot clearly be stated if the change

of emission spectra is caused by the phase transition or SCO.[60]

All mentioned examples contain iron(Il) or iron(lll) as SCO-active ion. For this reason, the following
examples are based on other metal ions. The first cobalt(/l) SCO complex was published in 1961 by R.
C. Stoufer et al., which is two years earlier than the first report of an iron(ll) SCO compound.(6162]
However, the variety of cobalt(Il) SCO compounds with unique properties, as discussed above, is much
smaller than for iron compounds. Their SCO behavior is often gradual, the influence of the chemical
environment is weaker and the photo-induced population of the HS state is not very efficient.l62 S,
Hayami et al. discovered two cobalt(ll) SCO coordination polymers, which differ by their coordinated
chloride and bromide anions. The compounds show a gradual SCO and adsorption and desorption for

water and CO,. The magnetic susceptibility of the bromide compounds is more sensitive to the

10
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adsorption and desorption of water molecules than iron(Il) and iron(Ill) compounds. It can therefore be

for chemical responsive materials.l49]

For manganese(lll) even fewer SCO complexes are known, compared to cobalt(ll). However, the Jahn-
Teller effect in the manganese(lll) HS state is of interest because it offers different kinds of SCO
behavior. G. G. Morgan et al. published the first manganese(lll) complex that shows an abrupt thermal
SCO with an 8 K hysteresis. The manganese ion is coordinated by a hexa-N;0,-dentate Schiff base
ligand resulting in a chiral crystal structure. The research regarding SCO in d* compounds will likely be

encouraged by these results.[63]

In 2015 two independent reports of photo-induced magnetization of molybdenum(IV) in multinuclear
octacyanomolybdat ([MoV(CN)g]+) complexes were published, even though molybdenum is a 4d
element. This LIESST effect was firstly confirmed by V. Marvaud et al. Note that the molybdenum(IV)
ion has no octahedral coordination sphere, resulting in a different ligand field splitting. The published
[MoZn,] complex showed diamagnetic behavior up to the irradiation with blue light (405 nm), when it
switched to the paramagnetic HS phase.l64 Q. Stefanczyk, C. Mathoniere, and B. Sieklucka et al.
published the second molybdenum(IV) complex showing photo-induced magnetization in 2015. The 1D
[MoCo,] ribbon compound showed a magnetization by irradiation of green and polychromatic white
light. However, it could not clearly be determined, if an SCO or a metal-metal charge transfer (MMCT)
caused magnetization.[s5 Especially the first example shows that even beyond the 3d elements an SCO

is possible This leads to new possibilities for future molecular design.

2.1.2 Complexes with Penta-N;O,-dentate Schiff Base Ligands

Schiff bases (imines) were firstly synthesized by H. Schiff in 1864166l and are of great importance in the
current field of chemistry due to their use in many organic syntheses, as biological-active species, and
in metalorganic complexes. The most common synthesis is a condensation reaction of an aldehyde or
ketone with primary amine. This simple synthesis procedure makes it possible to create a wide variety
of different Schiff base ligands with good modifiability.[67) Therefore, SCO iron(l1l) Schiff base complexes
are well established and, according to H. Oshio et al., can be categorized into four groups. The four
groups are symmetric or asymmetric Schiff base ligands, which are derived from salicylaldehyde or
acetylacetone.l®! Below, mainly asymmetric penta-N;O,-dentate salicylaldehyde-based Schiff base
complexes are discussed. Already in 1985, the SCO complex [Fe(zssalpetum)X] (33Hzsalpetun: 4-
azaheptamethylene-1,7-bis(salicylideneiminat); X: monodentate ligand) with a symmetric Schiff base
ligand was reported by N. Matsumoto (Figure 5). Through varying the monodentate ligand, the spin
state and SCO behavior could be changed.[s81 However, a detailed investigation of mononuclear

complexes with the asymmetric version of the salpet (Hysalpet: N,N'-bis(2-hydroxybenzylidene)-1,6-
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diamino-3-azahexane) ligand began 24 years later. R. Boca et al. synthesized the three mononuclear
complexes [Fe(salpetyn)Cl], [Fe(salpetu)CN], and [Fe(salpetiert-ouzyime)CI1.128! In the following years, a
wide variety of salpet-based iron(Ill) complexes were synthesized, often with different substituents at
the R' and R? positions and with chloride, pseudohalides, or organic molecules as exchangeable
monodentate ligand. A general trend could be observed for the spin state dependency on the
monodentate ligand. While a cyanide ion (C-bonded) always resulted in an LS complex, for all chloride
and most pseudohalide complexes an HS state was observed. However, some of these complexes mostly
with NCS-, NCSe-, N3- and organic ligands showed an SCO, which was often gradual.[26-321 This year R.
Boca et al. published the complex [Fe(salpetc,a)NCSe], which shows an abrupt SCO with a 24 K
hysteresis.34 Cyanide-bridged multinuclear complexes of [Fe(salpetrr)NC]y-R3 (R3: bridging complex
between the [Fe(salpetri,z2)NC] building blocks; cyanide N-bonded), can show an SCO as well6-711 and
are discussed in Chapter 2.2.1. Besides the large number of iron(lll) salpet complexes, only a few
mononuclear [Co(salpetrir)X] complexes have been synthesized and characterized. Even though
cobalt(ll1) usually doesn't show an SCO, the complexes might be used as building blocks for multinuclear

complexes as well.[33!

A M:  Fe(lll); Co(lll
N/ \HN/ A : (11); Co(llN)
- E | o nm 2,3 (salpet); 3,3 (5 35alpet)
i R', R2: H; CI; Br; Me, tert-butyl,
N OMe, OEt, NH,, NO,
"’ x ~

o

X: Cl-, N5, NCS-, NCSe-, NCO-,
R! R CN-, organic molecules
[M(salpet/; ;salpetp; g,)X]

Figure 5: General scheme of salicylaldehyde-based penta-N3;02-dentate Schiff base complexes.

The salpet complex can only stabilize cobalt(Ill) and iron(Ill) ions under aerobic conditions. If cobalt(ll)
ions should be stabilized, e.g. as building block for multinuclear complexes, the Schiff base ligand needs
to be modified. Such ligands were synthesized by A. Panjal’2l and S. N. Dhuri et al.l’3 and the
corresponding cobalt(ll) complexes were investigated. While A. Panja exchanged the salicylaldehyde
with 2-pyridinecarbaldehyde to synthesize symmetric Schiff base ligands,’21 S. N. Dhuri et al. added a
further step to reduce the imines to secondary amines.”31 Both investigated the electrochemical
properties. These results show great potential for these complexes as building blocks for MMCT

compounds. This is discussed in Chapter 2.2.2 and Chapter 3 and Chapter 4.
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2.2 Electron Transfer Coupled Spin Transition in Prussian Blue Analogs
2.2.1  From Mononuclear Building Blocks to Molecular and Bulk Prussian Blue Analogs

Prussian blue already caught general and scientific attention in the 18th century due to its intense blue
color. The color is caused by an MMCT between the cyanide-bridged alternating iron(ll) and iron(lll)
coordination centers, which build up a 3D network. Different redox potentials of the iron ions are
derived from the asymmetric cyanide ion. The direction, Fe2+-C, and Fe3+-N can be explained by the
strong m-acceptor abilities of the carbon atom, which stabilizes the lower oxidation state, and the
moderate o-donor abilities of the nitrogen atom, preferrable to iron(lll), respectively. Inclusion of other
heterometals, instead of one or both iron species, leads to Prussian blue analogs (PBAs), whose
electronic structure and properties depend on the present combination. In general, PBAs are synthesized
from different building blocks, which are based on cyanometalates and solvated metal ions. To prevent
polymerization, capping ligands can be introduced to isolate OD fragments of PBAs called molecular
PBAs (Figure 6). The shape and dimensionality can be controlled by the number and position of the
available binding sites. Furthermore, the physical properties of molecular PBAs, such as redox potential
and electronic states, can be changed by the choice of building blocks. Typical capping ligands are for

example bidentate bipyridine derivatives and tridentate tris(pyrazolyl)borate derivatives.[1574

bidentate- tridentate- pentadentate-

capping ligand

bidentate- tridentate- pentadentate-

capping ligand

dinuclear complexes trinuclear complexes N e

tetranuclear square complexes

Figure 6: Bulk PBA and examples of building blocks and the resulting PBAs. M" and M2 are heterometals, red and
blue lines correspond to multidentate ligands, X are coordinating solvate molecules or anions.

H. Oshio et al. published in 1999 and 2000 five cyanide-bridged iron-iron, iron-copper, and iron-cobalt
complexes with bipyridine capping ligands resulting in a square shape.[’576] Further molecular PBAs can

be synthesized using the previously presented [Fe(sssalpetun)Cl] and [M(salpetrig2)Cl] (M: iron(lll),
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cobalt(lll)) complexes as building blocks. In 2004, R. Herchel and F. Renz et al. published a mixed-
valence [CrilFe!l;] PBA, which was synthesized through the simple reaction of [Fe(sssalpetuu)Cl] with
K3[Cr(CN)s]. The resulting T-shaped tetranuclear complex (charge-neutral) showed a thermally induced
gradual incomplete SCO.77! Furthermore, four [Fe'lFellls] star-shaped complexes based on penta-N30,-
dentate Schiff base ligands were published by R. Boca, I. Salitros, and F. Renz et al. in 2010 and 2012.
While the compound {Fe!(CN)s[Fe(salpetnn)]}Cl, also showed a thermally induced gradual incomplete
SCO, the other three compounds remained in the HS state from 5 K to 300 K.[69701 |, Salitros et al.
published in 2020 two tetranuclear [Co''Felll;] complexes, the first with an asymmetric and the second
with a symmetric penta-N3;0,-dentate Schiff base ligand. The reaction of the Schiff base complex with
the [Co(CN)e]3- building block resulted in a mixed-valence complex in which the facial-like coordinated
iron(I1) complexes are linked via the cobalt(lll) ion. Gradual SCO could be observed for the complex
with the asymmetric Schiff base complex, while the second complex remained in the HS from 5 K to
300 K.I'"I These results show that it is possible to obtain different molecular shapes with similar building
blocks. Therefore, the shape does not only depend on the available binding sites but also depends on

the synthesis procedure, charges, electronic states, and inter and intramolecular interactions.

These presented PBAs, which are derived from different symmetric and asymmetric derivatives of the
salpet complexes, represent the solvated metal ions with capping ligands and were combined with
different cyanometalates. Even though it is possible to synthesize the mononuclear cyanometalate
[Fe(salpetrirz)CN], no mixed-valence compound could be synthesized from it,[26-3469-71.771 which is
discussed in Chapter 4. However, it is possible to obtain mixed-valence complexes from
[Co(salpetri1r2)CN], demonstrated by Z. Travnicek et al. in 2013 and 20167879 and in Chapter 4 by our
group. Travnicek et al. synthesized one [Co''Fe!l] complex, two [Co"Mn!] complexes, and two
[Co'"y;Mn!"] complexes from [Co(salpetioe)CN] and a similar tetra-N,0,-dentate Schiff base ligand for
iron and manganese. The anions chloride and bromide coordinate to one iron/manganese site as
monodentate capping ligand. Formation of the trinuclear [Co';Mn!"] complex is possible because the
anions iodide and nitrate are not coordinating at the sixth manganese site. The spin states of the metal
ions do not change up to 300 K.I78791 M, J. Cliffe and P. Grey et al. claimed that PBAs do not necessarily
need to have cyanide bridges. They published the first thiocyanate-based PBA in 2019,138] which is
discussed in Chapter 6.

2.2.2 Electron Transfer Coupled Spin Transition

Prussian blue demonstrates that cyanide bridges enable electron transfers between mixed-valence
redox-active metal ions. In 1996 A. Fujishima and K. Hashimoto et al. reported a photoinduced
magnetization at low temperatures in the PBA Ko2[Fe(CN)sCo1.4] - 6.9H,0. However, the magnetization

was not caused by the LIESST effect but by a charge transfer from the iron(ll) to the cobalt(lll), which
14
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induced a spin transition from the LS to the HS state of the cobalt.l8 This new effect was later named
CTIST (charge transfer induced spin transition) and can be separated in the light induced charge transfer
process from the [Co'llsFell;s] state to the [Co'lisFellis] state and the following change of spin state from
the [CollisFe!lls] state to the [Co'lusFelllis] state.l’4] During the following years, further bulk [CoFe] PBAs
were reported showing CTIST not only induced by light but also thermally.['82] Hereinafter, the
[CoMsFells] state is referred to as low temperature (LT) phase and the [Co'lysFe!!s] state is referred to
as high temperature (HT) phase. The first molecular PBA showing thermally induced CTIST was
synthesized from the building blocks [Fe(CN)e]3- and a cobalt(ll)-phenanthroline derivative and was
reported in 2004.181 In contrast to the light induced CTIST, the thermally induced transition is analog
to the SCO an entropy-driven process. Therefore, it cannot be separated into multiple steps and the
term induced is less accurate than coupled. Furthermore, the term charge transfer can be
misunderstood as delocalized charge instead of an actual occurring electron transfer. For these reasons,
Oshio et al. proposed in 2011 that ETCST (electron transfer coupled spin transition) is a more suitable
term for this phenomenon and should be used instead of CTIST for the thermally and light induced
process in molecular PBA (Figure 7a).741 Recently, ETCST was also used for this phenomenon in bulk
PBAs.['61 Consequently, in this thesis, ETCST is used not only for [CoFe] pairs but also for further

transition metal combinations showing a similar switching mechanism.
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Figure 7: a) ETCST example of a [CoFe] pair. b) Standard potential well model of a cyanide-bridged redox couple.
Left: Only the LT phase (blue) is occupied. Middle: Both phases are occupied for an ETCST complex at T1j2. Right:
Only the HT phase (red) is occupied. Gis the Gibbs free energy and Arwi-m2 is the metal-metal distance. Adapted
from Ref. 18]
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The thermally induced ETCST, including the Gibbs free energy, can be described in analogy to the SCO
(Chapter 2.1.1) by the potential well model (Figure 7b).1'584 However, in contrast to the SCO, the
thermally induced ETCST is based on an intramolecular electron transfer and can therefore be described
for molecular PBAs as AG® = FAEpa - w, where Afpa = Ep - Ea; Ep and Ea are the redox potentials of the
electron donor (D) and electron acceptor (A) moiety; Fis the Faraday constant; w corresponds to the
D+ and A- Coulomb interactions. The LT phase corresponds to the [DA] and the HT phase to the [D+A-]
species. Hence, a molecular ETCST cannot be controlled by the ligand field splitting but by the redox
potentials of the single building blocks. On the other hand, the redox potential can be controlled by the
used metal ions and coordinated ligands.['51 A detailed analysis of how to predict redox potentials of
transition metal complexes was proposed by A. B. P. Lever et al. using an increment system.[85-871 The
relationship AGw ~ AEreco Was investigated in detail for [CoFe] systems. To obtain an ETCST complex,
the difference of the redox potentials AEr.co needs to be in the estimated range of -0.4 V to -0.46 V,
which was empirically determined (Figure 8) from previous publications and summarized by M. Nihei.l"sl
Furthermore, this estimation can be used as well for building blocks before the reaction (giving a
comparable picture to Figure 8), which is a powerful tool for the synthesis of new ETCST compounds.
To obtain an ETCST complex, AErco(building block) must roughly be between -0.6 V and -1.0 V. However,
there might be some exceptions caused by intermolecular interaction within the crystal lattice.l17.35 In
solution, even Ty, can roughly be estimated from AErco(building block), which is discussed in Chapter

2.2.3.1153s1

E,,(Co) vs. SCE in V

-06 -04 -02 00 02 04 06 08 10 12 14
E,(Fe) vs. SCE in V

Figure 8: Ei2(Fe) vs. Ei2(Co) of previously reported cyanide-bridged mixed-valence [CoFe]lx (X = 1 or 2)
complexes.[1518243576.88] Dotted line: Eqj2(Fe) = Eq2(Co); blue: [ColllisFellis]; red: [Co'lusFelllis]; green: ETCST-active
[Co'lusFells] complexes; data are summarized in Table 27 (Appendix Chapter 8, page 127). Adapted from Ref.[sl,
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2. Current State of Research

While [CoFe] is the most common redox couple for ETCST complexes, further combinations are possible.
In contrast to the SCO phenomenon, which is mostly limited to 3d elements due to the increasing ligand
field splitting, one metal ion, mostly the cyanometalate, in ETCST complexes can be exchanged to
osmium, tungsten, or molybdenum. Following an ETCST is known for [CoOs], [CoW], and [CoMo]
(dehydration) compounds. The physical properties of ETCST complexes change in a similar manner as
for SCO complexes. In addition, metal to metal electron transfer (MMET) of similar couples is known

without showing a coupled SCO.[él

Below a few examples are discussed with regard to the number of nuclei and building blocks. Besides
the 3D and OD ETCST compounds, a 1D [CoFe] chain complex was reported by H. Oshio et al. in 2012.
The chiral compound showed light and thermally induced ETCST and was synthesized from the
tricyanometalate [Fe(tp)(CN)s]- (tp: hydrotris(pyrazol-1-yl)borate) and a chiral cobalt(Il) building block.
Noteworthy is that through the transition, the electric conductivity also switched between the
insulating and semiconducting state, which makes it relevant for many electronic applications.

Furthermore, the compound showed switchable single-chain magnetic properties.[22

A decanuclear [CogFes] complex synthesized from a one-pot approach with [Fe(CN)e]3- and a chiral
cobalt(ll) building block resulted in a cage-like structure showing a gradual temperature induced
ETCST.[891 Mathoniere and Holmes et al. found an octanuclear [CosFes] cube complex in 2008. It was
the first soluble molecular PBA exhibiting thermally and light induced ETCST of all four [CoFe] redox
couples. It was synthesized from [Fe(pztp)(CN)s]- (pztp: tetrakis(pyrazolyl)oorate) and a cobalt(ll)
complex with a tridentate ligand.l%! F. Breher and R. Lescouezec et al. published a similar ETCST [CosFes]
cubic complex with [Fe(tp)(CN)s]- and [Co(pztp)]+ moieties. However, within the cube a potassium
cation was located. Therefore, one metal ion was non-reversibly reduced, due to the charge balance,
during the reaction resulting in the [Fel4Co'";Co'] state at low temperatures. The compound shows high
stability in solution with six accessible redox states shown by cyclic voltammetry (CV).["] By reducing
the number of nuclei further, a hexanuclear [Co,Fes] complex was reported by Oshio et al. in 2012. The
building blocks were [Fe(pztp)(CN)s]- and [Co(bizimpy)]2+ (bizimpy: 2,6-bis(benzimidazol-2'-yl)pyridine).
Noteworthy is that the light induced HT phase showed slow magnetic relaxation, which is typical for
superparamagnetism and which had not been reported before for discrete molecules.[¥2 As previously
mentioned, the first molecular ETCST complex was a pentanuclear one and was reported in 2004.1931183]
One year later, the same group published a second pentanuclear ETCST complex, which was sensitive
to solvent loss within the crystal lattice.®4 This behavior was subsequently observed for further
compounds.[259596] Two trinuclear ETCST complexes were synthesized by T. Liu et al. and reported in
2012 and 2017. Both complexes showed a similar linear molecular structure consisting of two

[Fe(tp)(CN)s]- building blocks as capping complexes and a centered cobalt(ll) with 1-methylimidazole
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and a methylimidazole derivative, respectively. These compounds exhibit an electron transfer induced
nonpolar-polar conversion on a molecular scale. However, no bulk polarity can be measured because
the electron transfer occurs randomly to both iron sites. Nonetheless, these results might lead to an

electric field induced ETCST.[23.97]

The research presented in this thesis is strongly based on dinuclear and tetranuclear square ETCST
complexes, which are therefore highlighted in the separate Chapter 2.2.3. Noticeably, similar
cyanometalates are used repeatedly, while the solvated metal ion building blocks (mostly containing
cobalt(ll)) change frequently. Further reviews about [CoFe] ETCST complexes were published by D.
Aguila, C. Morthoniere and R. Clerac et al., discussing a rational molecular building block approachfe

and by C. Mathoniere, highlighting general features for selected examples.!9

Below, a few examples of different redox couples are presented. S. Kang and O. Sato et al. published
for the first time a homometallic PBA exhibiting a temperature induced MMET (without any spin
transition). The [Fel'Fe!] coordination polymer was synthesized from [Fe(tp)(CN)s]- and Fe(Cl0,), - 6H,0
with 1,2-bis(4-pyridyl)ethane.l'o0l The groups of S. Ohkoshi and B. Sieklucka extensively investigated
[CoW] ETCST coordination networks. In this case, the LT phase corresponds to the [Co'\sW"] state and
the HT phase to the [Co'wsWV] state. Typical building blocks are [WV(CN)8]+ and cobalt(ll) with two
monodentate ligands. These compounds show effects such as thermally and light induced ETCST and
room temperature magnetic ordering.[191-1041 R, Podgajny and B. Sieklucka et al. published the trimetallic
[FesCo3We] compound exhibiting an MMET between tungsten and iron and an ETCST between tungsten
and cobalt. It is the first example of a trimetallic complex showing electron transitions between two
different redox couples within the same compound.['0s! An [MnllsMnllFell;Felll;] octanuclear cube was
synthesized by R. Lescouezec et al. showing an MMET switching between the two states [Mn!Fe!'] and
[MnliFel]. It was synthesized from the [Fe!(tp)(CN)s]- and [Mn'(pztp)]+ building blocks and includes a

cesium cation in its center. The thermally induced MMET is gradual and takes place above 300 K.[106]

The presented compounds give a short overview of the synthesis strategy using different building blocks

and the achievable properties applied in the field of multifunctional and multistable materials.

2.2.3 Dinuclear and Tetranuclear ETCST Complexes

Within the group of PBAs, the tetranuclear square complexes were described as the simplest model of
the infinite Prussian blue structure by Oshio et al.,[”4l while C. Mathoniere and R. Clerac et al. published
the smallest cyanide-bridged ETCST [CoFe] complex, 25! which might be described as a PBA as well.
However, in contrast to the large number of different switchable and non-switchable tetranuclear
square complexes that were reported, only a small number of dinuclear ETCST complexes are known

yet. Below, selected examples are presented.
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In 2013, a dinuclear [CoFe] complex was reported by Mathoniere and Clerac et al. consisting of a
bizimpy-tricyanometalate and the [Co!(PY5Me,]2+ (PY5Me2: 2,6-bis(1,1-di(pyridin-2-yl)ethyl)pyridine)
building block, which has one accessible coordination site. The temperature induced change of
magnetic susceptibility was explained by a cobalt(ll) SCO, while an ETCST was observed through
protonation of the dissolved sample. Redox data, measured by cyclic voltammetry during the addition
of tetra trifluoroacetic acid showed that the iron site is protonated, shifting its redox potential to higher
values and eventually inducing an ETCST. In this specific case, the bizimpy ligand was protonated
twice.l24 One year later, the same group published the first dinuclear ETCST PBA, entitled “The Ultimate
Miniaturization."” This [CoFe] complex was synthesized from [Fe(tp)(CN);]- and [Co"(PY5Me,]2+. Its ETCST
behavior can not only be triggered by light and temperature but also depends on the amount of solvent
within the crystal structure.?5! It is noteworthy that the small number of dinuclear ETCST complexes
come from the lack of cobalt(ll) building blocks with only one accessible coordination site and suitable
redox potentials, whereas cobalt(ll) building blocks with two accessible coordination sites are very

commo n.[1 5,24,25,88]

First non-switching tetranuclear square PBAs such as [Tis),l"071 [Fe!l,Cu'l,], [Fell,Cu'ly] 1751 [Felly],
[Fe!l,Co'l;]or [Fell,Colly]761 with cyclopentadiene or bipyridine capping ligands were reported in the
1990s and early 2000s. In the following years, the work was extended using further homo and
heterometallic building blocks with bidentate, tridentate and tetradentate ligands.l’41%8 One example
is a chiral [Fe",Ni,] complex synthesized from an asymmetric iron(lll)-tetracyanometalate and a chiral
nickel building block. This complex showed an unusual sharp cyanide-nickel angle because of its
bidentate iron ligand, which also coordinates the nickel.[19% From 2010 investigations for [Co,Fe,] ETCST
complexes were increased. Clerac, Mathoniere, and Holmes et al. reported one of the first examples,
which could be switched thermally and photo-induced in solid-state.[1'9l One year later, Mathoniere
and Clerac et al. published a similar complex that showed ETCST only in solution.['"l A photo-switch
was reported by B. L. Cointe and R. Lescouezec et al. A reversible ETCST could be induced by irradiation
with 808 nm (HT phase) and 532 nm (LT phase) light, comparably to the LIESST and reverse-LIESST
phenomenon.["21131 T, Lju et al. presented, through a series of square complexes the importance of
counter-anions for this system. The - interactions between the cobalt ligands, which can be changed
by the anions, controls the ETCST behavior or induces an HT phase. Therefore, it is an additional tool to
tune the switching behavior, besides the building blocks themselfs.l'”] Y. Li and R. Lescouezec et al.
showed that pressure can induce an ETCST in [CosFe,] complexes as well. While the square is in the HT
phase from 100 K to 400 K at ambient pressure, it regains its switching behavior, which it had in
solution, by applying pressure. Increasing the pressure led to an appearance and an increase of a
hysteresis because of stronger intermolecular interactions. Additional examples were published, which

had in common that the used building blocks (and capping ligands) were similar, and their redox
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potentials were adjusted by functional groups (Figure 9). Furthermore, some showed crystal-solvent

depending ETCST.[9596]

Ry, Ry: H, Me Ri, Ry: H, Me, OMe, tert-butyl
R4: pyrazole

Figure 9: Frequently used capping ligands for square [CozFe2] ETCST complexes.

Exceptional tetranuclear squares were published by Oshio et al. using a rational building block approach.
They reported the first [CosFe;] complex showing a two-step ETCST transition and demonstrated that
the redox potentials and resulting spin states can be controlled by the capping ligands. Furthermore,
they observed that the addition of acid to the dissolved sample can shift the redox potential of the iron
ion, because a terminal cyanide ion is protonated. This process stabilizes the diamagnetic LT phase
because the iron ion's d-electron density is withdrawn, which results in a shift of Ty, to higher
temperatures.['8114] The possibility of controlling Ty in solution by adjusting AEreco(building block) was
proposed by M. Nihei and H. Oshio et al. in 2019.1351 However, the control of Ty, in solid-state is more
difficult to predict due to the previously described interactions. Therefore, it can only be estimated
weather an ETCST will occur or not by considering AEreco(building block). In addition, the intermolecular
interactions and the following switching behavior can be fine-tuned by anions, ligand shape, and even
pressure. A new approach to control the intermolecular interactions was demonstrated by M. Nihei et
al. A square complex was co-crystallized with 4-cyanophenol resulting in an ETCST behavior showing
a three-step transition. The OH of the 4-cyanophenol built up hydrogen-bonding interactions to a
terminal cyanide ion of the square complex, while the aromatic systems interacted with the cobalt
ligand through m—tt interactions. Its ETCST is accompanied by hydrogen-bonding interaction alterations
between the 4-cyanophenol and the terminal cyanide.' Furthermore, the aggregation of the
complexes was controlled by co-crystallizing p-hydroquinone and phloroglucine giving directional
hydrogen bonds. The two OH-groups of the p-hydroquinone led to a 1D linear hydrogen bonding
controlled chain. Phloroglucine with three OH-groups led to a 2D sheet structure. Both compounds
exhibited thermally and photoinduced ETCST.l'"SI The use of this approach is further described in
Chapter 5.
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2.3 Potential Applications for Spin State Switching Materials

The fundamental features of SCO and ETCST materials are multistability and multiresponsiveness.
Material properties such as magnetism, optics, conductivity, and mechanics that can be switched by
light, temperature, and pressure, made these materials already in 1998 promising candidates for
designing display devices and high-density data storages. Crucial requirements for these applications
are a thermal hysteresis around RT, low thermal addressing power, short addressing time, a very small
bit size (for data storage) and easy deposition e.g. by printing on any type of substrate.'*l Further
applications such as sensors or the use in micromechanics, switchable photonic devices, and spintronics
are investigated, some in combination with porous frameworks or as composite materials. The great
advantage of these materials and the key for commercial applications are being small while being
efficient in terms of power and performance. More precisely, being smaller and more efficient than it
is possible with currently used technologies based on semiconducting inorganic materials. As described
in the previous chapters, the flexible and tunable nature of SCO and ETCST coordination compounds

fulfill these requirements.[6.10.13]

Miniaturization can be achieved by different approaches. Langmuir-Blodgett techniques can be used
to produce thin films and SCO complex-polymer composites. However, for high quality SCO films in the
range of nano- to micrometers, layer-by-layer assembly, vacuum sublimation, spin-coating, drop-
casting, photo- and e-beam lithography, or soft lithography techniques are required.[611.1161 SCO
nanoparticles are commonly synthesized by the reverse micelle method with particle sizes in the range
of a few to several hundred nanometers. Subsequently, the nanoparticles can be redispersed in solvents
to produce films, surface patterns, and composite materials.[11.56.117] Even though the hysteresis and spin
transition can be preserved in very small objects down to 5 nm, the SCO behavior differs from that in
the bulk material and changes especially for mono- and few-layer films due to the electronic coupling
between molecules and surface states creating an interfacial electronic structure.[6.121 Kumar and Ruben
et al.lel proposed the direct vacuum sublimation of charge-neutral SCO complexes as method of choice
to create ultraclean mono- and multilayer films. Furthermore, the behavior of single molecules can be
investigated with samples prepared by this method.l6.12 Despite significant progress, it remains difficult
to address single molecules for applications such as single-molecule electronic devices.['012] Lately, the
hysteresis loop of a single iron(ll) triazole-derivative nanoparticle was measured using a newly
developed surface plasmon resonance microscope.l'18 Further attempts to construct nano-devices in
which a single SCO nanoparticle is electrically contacted were also successful. Coronado and van der
Zant et al. showed that the nanoparticle had a spin state dependent conductivity, corresponding to the
SCO and hysteresis.['19] Besides the use of nanoparticles, the fabrication of crystalline SCO nanostripes

and logical patterns on technological relevant surfaces was also demonstrated.[29] Further approaches
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might be to combine switchable materials with functional substrates or other functional materials to
create symbiotic properties. M. Cavallini suggests in particular the combination with organic

semiconductors to investigate the effect of the charge transport.[121

Commercial applications are rare but might be used by the company Olikrom in their multi responsive
Smart Pigments.'22l More common are concepts and prototypes. The mentioned nano-device of
Coronado and van der Zant et al. can already be interpreted as prototype-memory-element based on
SCO nanoparticles.l'® A concept of how to design magnetic coordination complexes for quantum
computing was presented by G. Aromi et al. Even though, they only described the use of paramagnetic
metal aggregates and dinuclear complexes without specifically mentioning SCO and ETCST
compounds,[123] it seems reasonable that multistable magnetic compounds could be used as well. The
concept is based on using electronic spins within metalorganic molecules to realize quantum logic
operations. However, it will be a great challenge to use these molecules as hardware for quantum
computing. A few issues that need to be solved are the molecular organization within a device, the
tunable and switchable interactions between different molecular qubits, as well as the addressing and
reading-out process.['23] The use of SCO induced mechanical changes was demonstrated in microscopic
and macroscopic actuator devices. These devices were produced by spray-coating of an iron(ll)
nanoparticle-polymer composite onto a silicon microcantilever and on macroscopic actuators. The
resulting devices led to reproducible large actuation amplitudes and high associated work densities.
Macroscopic soft actuators might be used as biomimetic artificial muscles.['!! Garcia et al. presented a
novel pressure and temperature sensor, which consists of two different SCO compounds showing a
gradual transition. Simple temperature and pressure induced color changes detected by a reflected laser
beam are sufficient for the measurement.l'?# F. Renz et al. showed that the spin state of an iron(ll)
complex is sensitive to water vapor and could therefore be used as a moisture sensor.[125] A different
kind of sensor was published by Salmon and Bousseksou et al. Quantitative gas sensing was possible,
even with only a few hundred ppm of the analyte, by micropatterned SCO metal-organic frameworks.
The guest-molecule induced SCO is associated with a change of the refractive index, which can even
be detected at RT. Its selectivity is caused by the framework's structure and the SCO behavior, which is

not triggered by any gas molecule.[126]
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3. Dinuclear Cyanide-Bridged Complexes

In Chapter 3, five novel dinuclear complexes are presented. It is divided into Chapter 3.1 with the
Communication Co(ll) and Fe(ll) Schiff Complexes in Dinuclear Prussian Blue Analogs, soon to be

submitted to Chemistry Open, and Chapter 3.2 in which, two modified compounds are presented.

Although many molecular ETCST PBAs are known, only one dinuclear complex which can thermally be
switched was reported so far.[2s] If such an ETCST compound would show a molecular orientation along
one crystallographic axis, the compound might show a temperature induced electron-transfer coupled
polarization. Therefore, dinuclear cyanide-bridged compounds with chiral Schiff base ligands were

investigated.

The four [FeCo] mixed-valence complexes [Co(L')-CN-Fe(tp)(CN)2](BFs) - H,O (1), [Co(L')-CN-
Fe(pztp)(CN)2](BF4) - CoH3N (2) (Chapter 3.1), [Co(L')-CN-Fe(tp)(CN),](CIO4) - H,0 (D1), and [Co(L")-CN-
Fe(tp*)(CN),](CIO4) - 2(C2H3N) (D2) (Chapter 3.2) (L': symmetric pentadentate Schiff base ligand shown
in Figure 10, tp: tris(pyrazolyl)borate, pztp: tetrakis(pyrazolyl)borate, tp*: potassium hydrotris(3,5-
dimethylpyrazol-1-yl)borate) were prepared from a mononuclear Co(ll) Schiff base and a Fe(lll) tricyano
precursor complex. The dinuclear compound [Fe(L2)-CN-Fe(L2)](PFe); - 3 C,HsN (3) (L2: asymmetric
pentadentate Schiff base ligand shown in Figure 10) was synthesized through connecting two similar

Fe(ll) Schiff base complexes by cyanide.

RS

CH2 CH2
R4
N Rl
/N N >~ ""‘“*-..
R4

Figure 10: Ligands of the building blocks. For 1: R' = Me, R2 = Me, R3 = H, R* = H, n = 3, m = 3; for 2: R' = Me,
R2 = Me, R3 = pyrazole, R* = H, n =3, m = 3; for 3: R" = H, R2 = H, R3 = not applicable, R* = H, n =3, m = 2, for
D1:R'=Me,R2=Me,R3=H,R*=H,n=3, m=3;D2:R"=Me, R2=Me,R3=H,R*=Me,n=3, m=3.

All the experiments and analysis for compound 1, 2, D1, and D2 were performed and the initial
manuscript for the publication was written by the author of this thesis. Compound 3 was synthesized
and analyzed by Taishi Enomoto. Haruka Yoshino supported the magnetic measurements for D1. Dr.

Takuya Shiga helped with the synthesis and measurements. Dr. Roman Boca fitted the magnetic data
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of 1. Prof. Dr. Masaaki Ohba, Prof. Dr. Hiroki Oshio, and Prof. Dr. Franz Renz helped through discussions

with the analysis and refined the manuscript.

The formatting of the following publication, soon to be submitted, was adjusted to the formatting of
this dissertation. The wording and content might differ from the resulting publication due to revises
asked by the reviewers during the peer review process. To the references, the letter D or DI were added
for the paper and the Supporting Information, respectively. Supporting information for this article are
given in the Appendix Chapter 8.1 (page 128). The abbreviations, references as well as the labelling of
figures and tables for the following publication and the corresponding supporting information are

treated separately from the other chapters.

3.1 Co(ll) and Fe(ll) Schiff Base Complexes in Dinuclear Prussian Blue Analogs

Co(l1) and Fe(ll) Schiff Base Complexes in Dinuclear Prussian Blue Analogs
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Abstract: The three novel cyanide-bridged dinuclear complexes [Co(L')-CN-Fe(tp)(CN),](BF4) - H,0 (1),
[Co(L")-CN-Fe(pztp)(CN)2] (BF4) - CoHsN (2) and [Fe(L2)-CN-Fe(L2)](PFg); - 3 CoHsN (3) (L' and L2:
symmetric and asymmetric pentadentate Schiff base ligand, respectively; tp: tris(pyrazolyl)borate, pztp:
tetrakis(pyrazolyl)borate) were synthesized and their single crystal structure, magnetic susceptibility,
and redox properties were analyzed. These results are suggesting that in both heterometallic complexes
the Co(Il) and Fe(lll) ions are in the high spin and in the low spin states, respectively, for the temperature
range between 5 K and 300 K. Furthermore, the [Fe;] complex was investigated to determine its

potential as building block in mixed valance complexes.
Introduction

The photoinduced magnetization of Kq2Cor4[Fe(CN)e] - 6.9 H,0 discovered by K. Hashimoto et al. in
1996[01! led to a new class of switchable materials. Several three dimensional (3D) Prussian blue analogs
with tunable properties were reported to show tunable electronic and spin states by external stimuli
such as heat and light.[’2-D4 The magnetization changes are an electron transfer between Co and Fe
ions, which is accompanied by a spin transition of the cobalt ions. Subsequently, two stable states exist,
the diamagnetic [LS Co(lll) - LS Fe(Il)] (LS: low spin) and the paramagnetic [HS Co(ll) - LS Fe(lll)] (HS:
high spin) state. Since the [Fe(CN)Co] redox couple is the essential moiety for this phenomenon, the 3D
structure can be broken down into 1DIP5! and OD molecular complexes.[P6-D8l For molecular species we
refer to this phenomenon as electron transfer-coupled spin transition (ETCST).[>®! Especially, the spin
states of the OD Prussian blue analogs can be controlled by their tunable structures, e.g. derivatization
of their capping ligands. An ETCST in molecular [FeCo] compounds was observed for decanuclear,[10!
octanucear,[011.0121 hexanuclear, 013014 pentanuclear,[P15D16l tetranuclear square,[017-D24] trinuclearlb25.026]
and dinuclearlP27] complexes. However, a metal to metal electron transfer is also possible for other
cyanide-bridged redox couples®sl such as [FellFe!"]/[FellFe!l],[b28]  [Co'WV]/[CoWV][D29]  or
[Co"WV,Fell]/[Co!'W!V,Felll].[D30] The occurrence of an ETCST in mixed valence [CoFe] complexes depends
on the redox potential difference (AE;,) between the components metal ions.[8027] |t was shown that
the transition temperatures in cyanide-bridged molecular squares of [Fe,Co,] correlates with the redox
potential difference (AE;) in solution.[018d23] Furthermore, solution experiments revealed that the
ETCST phenomena in dinuclear [FeCo][®31 and tetranuclear [Fe,Co,] complexesd18023] were affected by
protonation and deprotonation. The (de-)protonation occurred at the irons tridentate ligand in the
dinuclear compound®31 and at the irons terminal (non-bridging) CN group in the tetranuclear
complexes,[°18D23] |eading to changing redox potentials of metal ions. 0180230311 Protonation of the
terminal cyanide can be mimicked through hydrogen bonding interactions by co-crystallization in solid-

state.[D32]
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Beside the redox potential, the influence of the intra- and intermolecular interactions are also crucial
for the ETCST behavior.024 The previous researches on pentadentate Fe(lll) Schiff base complexes
showed that electronic properties such as spin state and/or spin crossover behavior can be easily
changed through small modifications of the ligands.[b33-D36] Therefore, we chose two modified Schiff
base ligands to stabilize Co(Il) and Fe(ll) building blocks for the synthesis of cyanide-bridged dinuclear
complexes. The ligands were prepared through the condensation of two pyridine-2-carbaldehyde

derivatives with symmetric and asymmetric diamines (Figure 1).[037.038]

Herein we report the three cyanide-bridged dinuclear complexes [Co(L')-CN-Fe(tp)(CN),](BFa4) - H,0 (1),
[Co(L")-CN-Fe(pztp)(CN).J(BFs) - CHsN (2) and [Fe(L?)-CN-Fe(L?)](PFe)s - 3 C,HsN (3) (L/L2:
symmetric/asymmetric  pentadentate Schiff base ligand tp: tris(pyrazolyl)oorate, pztp:
tetrakis(pyrazolyl)borate) (Figure 1).

CHz):a/ CH2)3

L |N /<CH2)3/(CH2)2
X
$
Me

Figure 1: Scheme of L' and L2.

Results and Discussion

Structural Data

Single crystal X-ray structures of 1, 2, 3 and the mononuclear precursor [Co(L')(H20)](BF4), were
determined at 100 K. The molecular structures are shown in Figure 2, the crystallographic data are
summarized in Table S1 and the coordination bond length are listed in Table S2- S4. Note that the
mononuclear complex is isostructural to the previously reported complex with perchlorate anions

[Co(L")(H,0)](Cl0,),.[037

The reaction of the mononuclear Co(Il) complex with [Fe(tp)(CN)s)]- resulted in the cyanide-bridged
dinuclear [Co'Fe"] complex 1. 1 crystallizes in the monoclinic space group Cc with one complex
molecule, one BF4 anion and one water molecule. The iron ion has a slightly distorted octahedrally
coordination geometry with three nitrogen atoms from the tp ligand and three carbon atoms from the
three cyanide ions, of which one is bridged to the cobalt ion. The remaining coordination sites of the
cobalt ion are occupied by five nitrogen atoms from the Schiff base ligand. The coordination bond

length are indicating a Co(ll) in the HS state (2.08 - 2.28 A) and a Fe(lll) in the LS state (1.93 - 1.98 A).
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Note that one non-bridging cyanide group is hydrogen bonded to a solvent water molecule with a N-

0 distance of 3.00(1) A.
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Figure 2: Molecular structure of 1, 2 and 3. Hydrogen atoms have been omitted for clarity. Color code: C, gray;
N, light blue; O, red; Co, dark blue; Fe, orange; B, pink; F, light green; P, light orange.

Compound 2 crystallizes in the triclinic space group P-7 with both enantiomers inside the asymmetric
unit (Figure S2). In addition, the asymmetric unit includes two BFs;- and two acetonitrile solvent
molecules. Despite the additional pyrazole, the coordination environment of 2 is similar to 1 (Figure
S3) and the coordination bond length are corresponding to Co(ll) in the HS states (2.06 - 2.29 A) and
Fe(lll) in the LS states (1.90 - 2.00 A) as well.

3 was prepared in situ by bridging two [Fe'(L?)]2+ complexes through the addition of
tetraethylammonium cyanide. It crystalizes in the monoclinic space group C2/c. Each Fe(ll) ion is
coordinated by five nitrogen atoms from L2 and one carbon or nitrogen atom from the bridging cyanide
ion. There exist three PFs- anions and three acetonitrile molecules in the crystal lattice per dinuclear
complex. The bridging cyanide ion is located at the center of inversion, which implies that the carbon
and nitrogen atoms are positionally disordered. The coordination bond length of the iron ions are in the

range of 1.92 A - 2.02 A and therefore characteristic for Fe(ll) in the LS state.
Magnetic Data

The magnetic properties of 1 and 2 were measured in the temperature range of 5 - 300 K (Figure 3).
The magnetic data of 1 showed temperature-independent magnetism, which was corrected, and the

data fitted (Figure S5). Details can be found in the SI.

1 and 2 show nearly constant yn T values from 300 K to 80 K of about 2.8 emu mol-' K and 3.0 emu
mol-1 K, respectively. Below 80 K the values decrease strongly due to the thermal depopulation of the
zero-field split (ZFS) multiplets. The ym Tvalues of 1 and 2 correspond to a Fe(lll) in the LS state and a
Co(ll) in the HS state, which match with the observed bond length.
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Figure 3: ymT - Tplots of 1 and 2.

Redox and Optical Properties

Electrochemical properties of [Co(L')(H20)](BF4)2, 1, 2 and 3 were investigated by cyclic voltammetry
(Figure 4a, Table 1). The measurements were performed vs. SCE in a solution of tetrabuthylammonium
hexafluorophosphate in acetonitrile. The literature compound [Co(L")(H,0)](Cl04), was reported to show
one quasi-reversible redox wave in methanol.371 However, the mononuclear precursor
[Co(L")(H20)]1(BF4)2, which is expected to show a similar redox behavior, exhibited a two-step quasi-
reversible redox process at -0.84 V and -1.08 V. To clarify the influence of the anion, the experiment
was repeated with the perchlorate compound confirming our results. This excludes an effect of the
anion. The reduction waves were observed first, which might be explained by the reduction of the
ligand's pyridines including cis-trans-isomerization that is only possible for the mononuclear compound
in solution (dimerization sterically favors the cis-isomer).[236] No [Co"/Co!] oxidation was observed. For
the ligand L' no redox wave could be observed, which might be due to the missing positive charge of
the Co ion resulting in a large shift of the redox potential outside the possible measurement range.
Furthermore, the redox wave at -0.835 V disappears for 1 and 2, while the second redox wave assigned
to the ligand at -1.075 V is slightly shifted to -1.14 V, which might be due to reasons of charge balance

as well.

The [Fe!lCo'']/[Fe!Co'] redox processes of the Fe(lll) moieties are similar to previously reported di- and
tetranuclear complexes at -0.295 V and -0.265 V for 1 and 2, respectively.[018D23027] |n addition, new
redox processes appeared at 0.86 VV (1) and 0.82 V (2), which can be assigned to the [Fe!'Co'']/[Fe!'Co!]
processes in comparison to other complexes (Figure 5). The minor redox process between the

[FellCo'"]/[FelCo"] and [FelCo']/[FeCo"] redox processes might be caused by trinuclear complexes
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where two [Co(L')]2+ complexes are connected to the [Fe(tp)(CN)s]-/[Fe(pztp)(CN)s]-, which might form
in solution. M. Nihei summarized the redox potentials of several ETCST complexes and showed a trend
in which the spin state and a possible ETCST behavior is depending on the redox potentials of the Fe
and Co ions.lP8] According to this data, the AEi.(Eip(Fe)-Ei2(Co)) value for 1 and 2 (-1.155V
and -1.085 V) needs to increase for an ETCST (Figure 5).
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Figure 4: a) Cyclic voltammogram of [ColL'(H20)](BF4)2, 1, 2 and 3. b) UV-Vis spectral changes for 3 with an
applied potential from 0.0V to 1.0 V.

The cyclic voltammogram of 3 shows quasi-reversible waves at 0.75 V and 1.04 V, which can be
assigned to a two-step Fe(ll)/Fe(lll) redox processes. The separation of the redox waves is probably

caused by the orientation of the cyanide.

UV-Vis spectra were measured for 3 at different applied potentials up to 1.0 V (Figure 4b). In the range
of the first Fe(ll) oxidation step (0.6 V), the absorption bands at 584 nm and 508 nm, which can be
assigned to metal-to-ligand charge transfer (MLCT) bands,[3103¢] are decreasing as the potential
increases. Furthermore, several isosbestic points are observed such as at 264 nm (Figure S5)08! with

two surrounding absorption bands that can be assigned to an intra-ligand m — T transition.[b38.041]
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Additionally, tetraethylammonium cyanide was added to a solution of 3, which was observed by UV-
Vis spectroscopy and cyclic voltammetry (Figure S7). The appearance of isosbestic points in the UV-Vis
spectra and the disappearance of one redox wave, while the second wave increase, in the cyclic

voltammogram indicate a dissociation of 3 and a stabilization of the mononuclear cyanide complex.

Table 1: Redoxpotentials vs. SCE of [Co(L")(H20)](BF4)2, 1, 2 and 3

Ereq Eox Ei2

[Co(L)(H,0)](BF.); 087V 080V 0835V
-1.12V -1.03V -1.075V

1 0.68 V 1.04V 0.86V
-0.35V -0.24V -0.295V

-1.20V -1.08V -1.14V

2 0.70V 0.94V 0.82V
-0.30V -0.23V -0.265V

-1.20 -1.08V -1.14V

3 0.99V 1.09V 1.04V
0.67 0.82V 0.745V

E,,(Co) vs. SCE in V

-06 -04 -02 00 02 04 06 08 10 12 14
E,»(Fe) vs. SCE in V

Figure 5: Eija(Fe) vs. Eij2(Co) of previously reported cyanide-bridged mixed-valence [CoFe]x (X = 1 or 2)
complexesP8018D23031.0390401 gnd 1 and 2. Dotted line: Eijz2(Fe) = Eij2(Co); blue: [CoM(LS)Fel(LS)]; orange:
[Co"(HS)Fe!(LS)]; green: ETCST-active [Co'l(HS)Fe!l(LS)] complexes; red: 1 and 2 (Table S5).
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Conclusion

In summary three new dinuclear cyanide-bridged complexes were synthesized. The two [Fe!'Co']
complexes 1 and 2 differ by their Fe(lll) building blocks. Both compounds show paramagnetic behavior
expected for Fe(lll) in the LS state and Co(ll) in the HS state. The redox potentials show a AEij»(Eij(Fe)-
Ei2(Co)) of -1.16 V for 1 and -1.09 V for 2. The dinuclear [Fe';] complex 3 is in the LS state at 100 K
and shows two distinct redox waves, which are depending on the cyanide's binding side. This compound
can be dissociated into two mononuclear complexes by the addition of further cyanide ions and is

therefore interesting as additional Schiff base building block.

Previous results suggest the possibility of creating ETCST compounds by a rational design relying on
AEqj, between the Co and Fe ions.[08018.0230271 Sybsequently the chance of obtaining ETCST compounds

from this class of Schiff base complexes can be increased by increasing AE;, of the [FeCo] centers.
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3.2 Derivatives of [FeCo]-Complexes

In addition to the reported [Co'Fe!] dinuclear complexes in 3.1, the results of two further compounds
are discussed below. For compound D1, which is similar to 1, the anion was exchanged by ClO4-. The
second complex D2 differs from 1 by modifications to the ligand of its Fe(lll) building block. The single
crystal X-ray structure, magnetic properties, and redox potential of the two complexes were

investigated.

3.2.1 Experimentals

All chemicals were purchased from commercial suppliers and used without further purification. The
Fe(lll) complexes BusN[Fe(tp)(CN)3]i'271 and BusN[Fe(tp*)(CN);]11281 (BusN: tetrabutylammonium) as well
as the mononuclear compounds [Co(L")(H,0)](CIO4), and [Co(L')(H20)](BF4), were synthesized as
previously described.[72! For the second cobalt complex Co(BFs4), - 6H,0 was used instead of Co(Cl04), -

6H,0. All syntheses were performed under aerobic conditions.
[Co(L')-CN-Fe(tp)(CN)2I(CIO4) - H.0 (D1):

BusN[Fe(tp)(CN)s] (0.05 mmol) was added to a solution of [Co(L')(H20)](Cl04), (0.05 mmol) in 10 ml
acetonitrile resulting in an orange solution. After 2 h of stirring at RT, the solution was filtrated, and
orange single crystals could be obtained by vapor diffusion of diethyl ether. Cs3H43BCICoFeN140s,
[CoL-CN-Fe(tp)(CN),](CIO4) - 2 H,0: found % (calcd. %): C 43.83 (44.39), H 4.67 (4.39), N 21.87 (21.96);
IR (KBr; cm-1): 1093 (Cl04), 2075 (cyanide).

[Co(L")-CN-Fe(tp*)(CN).l(BF4) - 2C;H;N (D2):

BuaN[Fe(tp*)(CN)s] (0.05 mmol) was added to a solution of [Co(L")(H20)](BF4), (0.05 mmol) in 10 ml
acetonitrile resulting in an orange solution. After 20 min of stirring at RT, the solution was filtrated,
and orange single crystals could be obtained by vapor diffusion of diethyl ether. CsoHs1B2CoFsFeNs,
[Co(L")-CN-Fe(tp*)(CN)2](BF4): found % (calcd. %): C 48.44 (50.46), H 5.49 (5.54), N 19.24 (21.12); IR
(KBr; cm-1): 1065 (BF4), 2054 (cyanide), 2097 (cyanide), 2124 (cyanide).

Crystal structure analysis: The diffraction data were collected with a Bruker SMART APEX I
diffractometer with a CCD area detector and graphite-monochromated Mo-Ka radiation (A = 0.71073
A). The data frames were integrated using the SAINT program and merged to give a unique data set for
the determination of the structure. An absorption correction was performed using SADABS.['29] The
structure was solved by direct methods and refined on F2 by the full-matrix least-squares methods
using the SHELXTL package (Bruker Analytical X-ray systems, Olex2).130.1311 Non-hydrogen atoms were

refined with anisotropic thermal parameters. Hydrogen atoms were included in calculated positions
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and refined with isotropic thermal parameters riding on those of the parent atoms. Electron densities

of disordered solvent molecules for D2 were flattened using Olex 2 solvent maskl131] (BYPASS[132]),

Physical measurements: Magnetic susceptibility data were collected using a Quantum Design MPMS-
5S SQUID magnetometer. The measurements were performed with an applied magnetic field of 1000 Oe
in the temperature range of 5 - 300 K. Magnetic data were corrected for the diamagnetism of the
sample holder, and for the diamagnetism of the sample using Pascal's constants. D1 was measured
with a scan rate of 2 K/min in sweep mode. D2 was measured with 5.0 K increments in the settle mode
with a fixed scan rate of 3.0 K/min and 30 seconds after the temperature had stabilized. The samples
were measured during the cooling and heating process. Infrared absorption spectra were measured with
ATR for D1 with a PerkinElmer FT-IR Spectrometer Spectrum Two and in KBr pellet samples for D2 using
a SHIMADZU IR Affinity-1 spectrometer. Cyclic voltammetry (CV) measurements were carried out in a
standard one-compartment cell under N, at RT equipped with a platinum-wire counter electrode, an
SCE reference electrode, and a glassy carbon (GC) working electrode using a BAS 620A electrochemical
analyzer. The measurements were performed in MeCN with BusNPFg (0.1 M) as the supporting

electrolyte and a scan rate of 0.1 V/s.

3.2.2 Results and Discussion

Structural Data

The crystal structures of the complexes D1 and D2 were determined by single crystal X-ray diffraction
(Table 1, Figure 11) at 100 K. D1 crystallizes in the monoclinic Cc space group and is isostructural with
the previously reported compound 1, while D2 crystallized in the monoclinic P2:/c space group. Since
the reaction of the two times positively charged cobalt(ll) ion with the one time negatively charged
iron(I1) precursor results in a single positively charged complex, the asymmetric unit of D1 and D2
contain one Cl04- and BF,-anion for charge balance, respectively. Note that one terminal (non-bridging)
cyanide ion of D1 is hydrogen bonded to a solvent water molecule with a N-O distance of 2.997(6) A.
D2 has two disordered acetonitrile per asymmetric unit which have been calculated from the removed
electron densities through Olex 2 solvent maskl'31 (BYPASS!32]). The coordination bond lengths of D1
and D2 (Table 28, page 139) are between 1.89 A and 1.98 A for the iron ions and 2.00 A and 2.28 A for
the cobalt ions corresponding to [Fe!'isCo'ys] states. In comparison, both structures (Figure 58,
page 139) show nearly no distortion of the Fe(lll) part induced through the additional methyl groups.
Whereas the Co site cannot be directly compared due to the different enantiomers. However, the
molecular packing, especially the molecular orientation within the unit cell is different (Figure 12).
While D2 shows a unit cell with molecules in opposing directions, the unit cell of D1 shows a
predominant direction on the a-axis.
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Table 1: Crystallographic and structural data of D1 and D2.

D1 D2
C33H41BCICoFeN40s Ca3Hs6B2CoFsFeNqs
Tin K 100 100
crystal System monoclinic monoclinic
space group Ce P2:/c
ain A 22.700(3) 11.928(9)
binA 11.2169(16) 19.307(15)
cinA 16.331(2) 20.510(16)
ain’ 90 90
Bin- 109.921(2) 106.431(7)
yin® 90 90
Vin As 3909.4(10) 4530(6)
z 4 4
Ri/wR; (I>20)) 0.0361/0.0781 0.0880/0.2593

Figure 11: Molecular structure of a): D1 and b): D2. Hydrogen atoms have been omitted for clarity. Color code:

C, gray; N, light blue; O, red; Co, dark blue; Fe, orange; B, pink; F, light green; Cl, dark green.

Magnetic Data

The temperature-depending magnetic susceptibility was measured in the range from 5 to 300 K for D1
and D2 (Figure 13). D1 shows a nearly constant ymT value from 300 to 80 K of about 3.1 emu mol-' K
before it drops to ymT = 2 emu mol-' K at 5 K due to the zero-field splitting (ZFS). In comparison to 1,
D1 doesn't show any temperature-independent susceptibility. However, D2 shows a temperature-
independent susceptibility (TIS) as well with a decrease from yuT = 3.9 emu mol-* K at 300 K to 3.2
emu mol-' K at 80 K followed by a drop to 2.2 emu mol-' K at 5 K. The magnetic data of D2 were not

fitted and therefore the TIS was not determined, but it is expected to be comparable to 1. Both values
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of D1 and D2 are corresponding to the [Fe!;sCo'lys] statel25! agreeing with the coordination bond lengths

from the crystal structures.
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Figure 12: Unit cell of a) D1 and b) D2, views along the c-axis. Hydrogen atoms have been omitted for clarity.
Color code: C, gray; N, light blue; O, red; Co, dark blue; Fe, orange; B, pink; Cl, dark green; F, light green; a-axis,
red line; b-axis, green line.
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Figure 13: ymT - T plots of 1, D1, 2 and D2. The blue dots (1 measurement) are the ymT - T plot without the TIS.
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Redox Potentials

The redox potential of D2 was measured by cyclic voltammetry (Figure 14, Table 2). In comparison to
the other cyclic voltammograms (CV) the redox waves are weaker due to a smaller concentration in the
measurement solution. Four redox processes can be observed for D2 that are comparable to 1 and 2.
The first redox process appears at -1.25 V, which can be assigned to the cobalt ligand as following
described. For the two times positively charged precursor complex, two distinct reduction waves appear
(-0.87 V and -1.12 V) before the oxidation waves and can therefore be assigned to the cobalt ligand
instead of the Co(Il) ion. This result stands in contrast to the publication of A. Panja who found only
one quasi-reversible redox wave at higher potentials in methanol.”2 Through the reaction to D2, the
resulting complex carries only one positive charge and shows therefore only one redox process that can
be assigned to the ligand. Due to the low concentration of D2, the redox process at 0.81 V, which is
assigned to the [Fe"Co"]/[Fe!"Co!] redox pair, can hardly be recognized. The two redox processes
at -0.17 V and -0.51 V are assigned to the [Fe!'Co'"]/[Fe!Co"] redox couple and are shifted to the more
negative region, compared to 1 and 2, due to the electron pushing methyl groups at the iron ligand.
While the wave at -0.51 V is assigned to D2 according to 1 and 2, the wave at -0.17 V might be caused

by [FeCo,] or [FeCos] complexes which might form in solution.

— [CO(L)(H,0)I(BF,),
1— 1

2

D2

-

25 pA
- —

T ' T T T T T T T T T T T '
15 1.0 0.5 0.0 -0.5 -1.0 -15 -20
EinV vs. SCE
Figure 14: CV of [Co(L")(H20)](BF4)2, 1, 2 and D2.

39



3. Dinuclear Cyanide-Bridged Complexes

Table 2: Redox potentials of [Co(L')(H20)](BF4)2, 1, 2 and D2.

Ereq Eox Ei2
[CoL'(H,0)1(BF4)2 -0.87V -0.80V -0.835V
-1.12V -1.03V -1.075V
1 0.68V 1.04V 0.86V
-0.35V -0.24V -0.295V
-1.20V -1.08 V -1.14V
2 0.70V 0.94V 0.82V
-0.30V -0.23V -0.265V
-1.20 -1.08 V -1.14V
D2 0.66 V ~0.96V 0.81V
-0.23V ~-0.11V -0.17V
-0.56 V -0.46 V -0.51V
-0.12V -0.13V -1.25V

3.2.3 Conclusion and Outlook

Four new mixed-valence [FelCo"] complexes and one new [Fe;] complex were synthesized and
analyzed. 1, 2, D1, and D2 show a similar molecular structure with different packings. Noteworthy is
the molecular orientation of the isostructural compounds 1 and D1 showing a predominant direction
along the crystallographic a-axis. For ETCST compounds, this orientation is likely to result in an external
stimuli induced electron transfer coupled polarization and is therefore highly interesting. Furthermore,
the magnetic data for 1, 2, D1, and D2 suggest the paramagetic [FelllsCo'lys] state for all four
compounds in the temperature range of 300 K to 5 K, which is in agreement with the coordination
bond lengths at 100 K. The differences of the [Fe!"Co!]/[Fe!'Co'"] and [Fe!Co'"]/[Fe"Co"] redox potentials
are in the range of 1.085 V to 1.32 V and are therefore stabilizing the [Fe!';sCo'ls] state. To increase
the chance for a dinuclear ETCST compound the redox potential gap must be reduced.ls! This can be
achieved by additional modifications of the ligands. The redox potential of the cobalt(ll) ions can be
shifted to smaller values by increasing its electron density through functional groups with +| and +M
effects. On the other hand, the redox potential of the iron(lll) ions need to be shifted to higher values
through introducing functional groups with -1 and -M effects or a completely new ligand design with
remaining cyanides. Compound 3 is interesting as an ETCST building block for stabilizing Fe(ll) at
aerobic conditions. UV-Vis and CV measurements suggest that a mononuclear version of the dinuclear
complex can exist in solution and therefore be used for further synthesis. To obtain a dinuclear ETCST
compound the redox potential gap between Co and Fe before the reaction is supposed to be between

0.7 V and 0.9 V.['525] Therefore, the Col(lll)s or possibly Fe(lll)s redox potential should be about O V.
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4. Spin Crossover Building Blocks and its Derivatives

Chapter 4 is about mononuclear complexes with penta-N3;0,-dentate Schiff base ligands of which
cyanide-bridged multinuclear complexes can be synthesized. In the first part, Chapter 4.1, the Full Paper
Structural, Magnetic and Electrochemical Characterization of Iron(lll) and Cobalt Complexes with
Penta-N302-dentate Ligands is presented, which was published with open access in 2021 in European
Journal of Inorganic Chemistry. In Chapter 4.2 an angled trinuclear [Co',Co'!] complex and in the

Chapters 4.3 two switchable pentanuclear complexes, [MoVFe!l,] and [WCo.], are presented.

During the last decade many mono- and multinuclear iron(Ill) and cobalt(lll) complexes based on
derivatives of the pentadentate Schiff base ligand N,N'-bis(2'-hydroxybenzylidene)-1,6-diamino-3-
azahexane (H,salpet, Figure 15) have been investigated. For the mononuclear compounds especially the
influence of the substituents at the phenyl rings and of the monodentate ligands have been investigated.
The aim was to gain a better understanding of how to control the spin state and SCO behavior of this
complex system. However, the redox properties and the possibility of an ETCST have hardly been
investigated.[26-28.31-33,69-71.78,133-137] Therefore, in the following chapter the properties and especially the
redox potentials of a series of mononuclear complexes with the general formula [M(salpetriz0)X] (M:
Fel or Co'; R1: H, Br; R2: H, Cl, Br, NOy; X: CI- or pseudohalides) have been investigated. Furthermore,

two trinuclear and two pentanuclear mixed-valence complexes have been synthesized and analyzed.

(CH2)2 (CH2)3
N/ \H/ NN
R2 R?
o o]
R! R!

Figure 15: Pentadentate N30z Schiff base ligand (salpetrir2) of the Fe(lll) and Co(lll) complexes. R': H, Br; R2: H,
Cl, Br, NO2.

All the experiments and analysis for the multinuclear compounds were performed by the author of this
thesis. Furthermore, the author of this thesis synthesized most of the mononuclear complexes,
performed the electrochemical analysis and wrote the initial manuscript for the publication. The
mononuclear series [Fe!l(salpets.c)X] presented in the publication in Chapter 4.1 was synthesized and
analyzed by Annika Preiss. Haruka Yoshino supported the magnetic measurements for both trinuclear

complexes. Prof. Roman Boca helped with the evaluation of the magnetic measurement of the
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trinuclear compound in Chapter 4.1. Annika Preiss, Stephen Klimke, Dr. Takuya Shiga, Prof. Dr. Masaaki
Ohba, Prof. Dr. Hiroki Oshio, and Prof. Dr. Franz Renz helped through discussions with the analysis and

refined the manuscript.

The formatting of the following publication was adjusted to the formatting of this dissertation and the
abbreviation of the ligand L was changed to salpet to avoid confusion with the compounds in Chapter 3.
To the references, the letter T was added. However, the wording and content remained the same.
Supporting information for this article are given in the Appendix Chapter 8.2 (page 140). The
abbreviations, references as well as the labelling of figures and tables for the following publication and

the corresponding supporting information are treated separately from the other chapters.

4.1 Structural, Magnetic and Electrochemical Characterization of Iron(lll) and

Cobalt(Ill) Complexes with Penta-N3s0,-dentate Ligands
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Abstract: Six new mononuclear [Fe'l(salpets,c)X]-complexes (salpets.ci is the dianionic penta-N3Oo-
dentate Schiff base ligand N,N'-bis(2'-hydroxy-3-bromo-5-chlorobenzylidene)-1,6-diamino-3-
azahexane; X: CI-, N3-, NCO-, NCS-, NCSe-, CN-) were synthesized and their structures, magnetic and
electrochemical properties studied. Structure analysis and magnetic measurements showed that
[Fel'(salpetg,c)CN] is in the low spin state and the other five complexes are in high spin states.
Furthermore, the trinuclear mixed valent cobalt complex

{[Co"(salpetn)CN]2[Co''(1-methylimidazole)s(H,0)]} was prepared and its magnetic behavior studied.
Introduction

The trend of reducing the size of electronic components in technological applications lead to recent
developments in the field of intelligent molecular devices. Coordination compounds, showing switching
behavior, are promising candidates to be used in applications such as quantum devices, high density
data storages and sensors.l1-151 Bistable complexes with at least two thermodynamically stable
electronic states or phases are therefore of increasing interest because of their reversible changes of
optical, magnetic and electronic properties by external stimuli such as light, temperature, pressure, X-
rays or guest absorption/desorption.™-T111 These properties can be adjusted by proper molecular design

and controlled assemblies of supramolecular networks.[112-T15]

Complexes with Schiff base ligands have the advantages of mostly simple syntheses and chemical
modifications are easily possible.l16-1201 One example is the series of [M!"(salpetrir))X] complexes (M:
Co or Fe; salpet: N,N'-bis(2'-hydroxybenzylidene)-1,6-diamino-3-azahexane; X: pseudo halide or
organic molecule) which was studied extensively in the past (Figure 1).21-1271 The Co(lll) complexes are
in low spin (LS) states,[™71 whereas some Fe(lll) complexes showed temperature induced reversible
conversions between LS and high spin (HS) states, called spin crossover (SCO).[21-1267128729] The spin state
and SCO properties of these iron(lll) complexes can be changed by introducing substituents to the
Schiff base ligand and by exchanging the monodentate ligand. Especially the complexes
[Fel(salpetn,)X], 221 [Fell(salpetup)X]T24 and [FeM(salpete,a)X]i291 (X = Na, NCS, NCSe) should be
mentioned, which show a temperature induced SCO, whereas the compounds [Fe!(salpets,)X]"29! are
only in the HS state. Complexes with X = CN- are always in the LS state,[21.72213¢] byt some cyanide-
bridged multinuclear complexes such as [Fe!'(CN)s{Fe(salpetu)}s]Cl, were reported to show SCO.[130-33]
Moreover, these compounds belong to the class of PBAs and are not only interesting because of their
SCO properties but they may show an electron transfer-coupled spin transition (ETCST).[134-136] The
electron transfer occurs between two metal sites within a cyanide-bridged redox pair such as
[Co'ysFellis] and [CoMMisFells].135137-T401 Occurrence of the ETCST needs proper matching of the redox

properties, which can be controlled by modifying the precursors, such as substituents of the capping
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4. Derivatives of Spin Crossover Complexes as Building Blocks

ligands,[39-1411 which is described in detail by M. Nihei for known building blocks.[™2l However, so far
no complex with a [M(salpetriry)]*-building block have been proven to show the ETCST behavior.

Furthermore, the redox properties of only a few complexes with salpetgir2 have been reported yet.[127.130-

133,143,144]

H
N
]
; ‘|
1

K\/F

Neaeoo_ P

= M X
”” : \\N\
(o} X 0
Ry R, R R

Figure 1: Mononuclear complex [M(salpetrir2)X] with M for Co(lll) or Fe(lll), R1, Rz for different substituents (e.g.
R1: Br, R2: Cl) and X for pseudo halides or organic molecules.

Herein we report a series of six new [Fe(salpets;c)X] (X: Cl-, N3-, NCO-, NCS-, NCSe-, NC-) complexes. In
extension to the previously reported complexes [Fe'l(salpete,c)X] and [Fe(salpets.s)X],[29 which show
SCO and HS behavior, respectively, the temperature-depending magnetic behavior of the six new
complexes was analyzed. In order to use [M"(salpetgig2)X] building blocks for designing ETCST
complexes, we analyzed the redox properties of the [Fe(salpets.c)X] complexes and of different
derivatives.[l22124125130] Thereby we determined a range of redox potentials that can be accessed by
exchanging the substituents Ry and R, with hydrogen and NO,. The hydrogen is neutral, while NO, is
expected to show strong -M (mesomeric) and -I (inductive) effects resulting in a decreased electron
density at the Fe ion. Furthermore, we prepared the trinuclear mixed valance compound
[Co'(salpetu)CN]2[Co!'(1-methylimidazole)s] - 1.5 H,0 ([Co,Co]) from the mononuclear precursor

complex [Co(salpetn)CN] and analyzed its structure and magnetic behavior.
Results and Discussion

Structural Data

The crystallographic and structural data are summarized in Table 1. Metal ions in the six [Fe(salpets.c)X]
(Figure 2) and the [Co(salpetyn)CN] (Figure 3) complexes are octahedrally coordinated and the
compounds [Fe(salpets.c)NCS] and [Fe(salpets.c)NCSe] are isostructural to each other. This six
coordination sites of the Fe(lll)/Co(lll) ions are occupied by three nitrogen and two oxygen atoms and
a monodentate halogen or pseudo halogen ligand. The three nitrogen atoms are coordinated in fac and

the two oxygen in cis position. The mononuclear complex is overall neutral due to the two deprotonated
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hydroxyl groups at salpetrirz and the negatively charged monodentate ligand. While the complexes
can exist in two different enantiomers, all the samples crystallized as racemic mixture in the monoclinic
non chiral space group P2:/c. Furthermore, the six structures are showing slightly offset -1t stacking
with centroid-centroid distances between 3.58 A and 4.43 A of the phenyl rings (Table S1). Most
distances are comparable to those described for similar complexes,[122724] except for [Fe(salpets,c)NCO]
whose stacking distance is unusual small with 3.58 A. The structure of [Co(salpetns)CN] is similar to its
precursor [Co(salpetu)CI]™271 and both form a chain structure with hydrogen bonded water molecules
(Figure 3). Crystals of the trinuclear complex [Co,Co] (Figure 4 a) grow in the P21/n space group. In the
trinuclear complex the two [Co(salpetys)CN] and the central [Co"(1-methylimidazole)s]2+ form a
cyanide-bridged linear structure. Note that three coordination sites of the centered Co(ll) are
coordinated by 1-methylimidazole. The fourth ligand is considered to be a strongly disordered water
molecule which could not be modeled correctly. Therefore, its electron density was treated by the Olex
2 solvent mask(™s! (BYPASSI™el). The void (Figure 4 b) is considered to be filled with 1.5 water molecules
per asymmetric unit which correspond to 15 electrons with 14 found and is supported by the elemental
analysis. Therefore, three water molecules are located between two neighboring complexes with a
Co(l1)-Co(ll) distance of 9.191(2) A, which suits the distance for a Co-H,0-H,0-H,0-Co bridge (Figure
S3). The angles between the Co(ll) ligands match with a distorted octahedral coordination sphere (Table
S2) as expected by the VSEPR concept.l47.148] Additionally, the two charge balancing [BF4]- anions do

not occupy this coordination site (Figure S4).
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Figure 2: Molecular structure of a: [Fe(salpets,c)Cl]; b: [Fe(salpetsrc)Ns]; c: [Fe(salpets,c)NCO]; d:
[Fe(salpete,c)NCS]; e: [Fe(salpets.c)NCSel; f: [Fe(salpets.c)CN]. Hydrogen atoms have been omitted for clarity.
Color code: C, gray; N, light blue; O, red; Fe, orange; Cl, green; Br, light brown; S, yellow; Se, brow red.
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Bond length (Table S3) of [Fe(salpets,c)CN] are characteristic for a Fe(lll) in the LS state, while the bond

length of the other five Fe(lll) complexes are indicating a HS state.[22724730] The Co(lll) ions bond lengths

in [Co(salpety,n)CN] and [Co,Co] are typically for the LS state. Moreover, the bond lengths of the Co(ll)

ion are typically for a octahedral coordinated Co(ll) in the HS state.[137.140]

Table1: Crystallographic and structural data.

[Fe(salpets.c)Cl]

[Fe(salpetsrc))Ns]

C19H17Br2C|3FCN302

C19H17BI’2C|2F€N602

TinK

Crystal System
Space group
Ain A

binA

cinA
a,pyin’®
Bin°

Vin A3

V4

Ri/wR, (I>201)

100
monoclinic
P2:/c
9.410(2)
9.496(2)
25.951(5)
90
93.51(3)
2314.7(8)
4
0.0416/0.1175

100
monoclinic
P2:/c
12.1339(12)
12.4927(13)
15.2751(16)
90
104.735(1)
2239.3(4)

4
0.0210/0.0529

[Fe(salpets,,c)NCO]

[Fe(salpetg,c)NCS]

C20H17Br2C|2F€N4O3

C20H17BI’2C|2FCN4OQS

Tin K

Crystal System
Space group
ain A

binA

cin A
a,pyin’
Bin°

Vin A3

V4

Ri/wR, (I>20])

233
monoclinic
P2:/c
9.5265(1)
15.0275(1)
16.5494(1)
90

106.15
2275.71(3)
4
0.0373/0.0988

233
monoclinic
P2/c
8.4762(1)
24.0299(2)
12.2342(1)
90

106.26
2392.25(4)
4
0.0346/0.0946
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Table1: Crystallographic and structural data (continued).

[Fe(salpets,c)NCSe]

[Fe(salpets,c)CN]

Con17BF2C|2FEN4OzSE

C20H17BF2C|2FCN402

Tin K 100 100

Crystal System monoclinic monoclinic

Space group P2:/c P2:/c

Ain A 8.3923(5) 8.1885(11)

binA 24.2183(16) 11.1909(15)

cinA 12.2306(8) 24.353(3)

a,pyin® 90 90

Bin° 106.571(1) 95.835(2)

Vin A3 2382.6(3) 2220.1(5)

Z 4 4

Ri/wR; (I>20)) 0.0289/0.0742 0.0485/0.1089
[Co(salpety,+)CN] [Co,Co]
Ca0H23CoN404 Cs2He3Co3N1405.5B2Fg

Tin K 100 100

Crystal System monoclinic monoclinic

Space group P2:/c P2:/n

ain A 9.2557(11) 17.701(3)

bin A 12.2576(15) 13.489(2)

cin A 17.361(2) 24.558(4)

a,pyin® 90 90

Bin-° 101.523(2) 101.564(2)

Vin A3 1929.9(4) 5744.7(17)

Z 4 4

Rilwh (1-201) 0.0331/0.0824 0.0806/0.2228
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Figure 3: a: Molecular structure of [Co(salpetun)CN]. b: Hydrogen bonding network of [Co(salpets)CN]. Most
hydrogen atoms have been omitted for clarity. Color code: C, gray; N, light blue; O, red; Co, dark blue.

Figure 4: a: Molecular structure of [Co2Co]. b: Void between two [Co.Co]. Hydrogen atoms and counter anions
have been omitted for clarity. Color code: C, gray; N, light blue; O, red; Co, dark blue.

Magnetic Data

Temperature dependences of magnetic data were measured for all compounds except [Co(salpeti;)CN]
in the range of 5 - 300 K (Figure 5 a). The yu T values for the six Fe(lll) show similar behavior as
expected for HS and LS states. For the low temperature range magnetic anisotropy might be the origin,
as expected for zero-field splitting (ZFS). [Fe(salpets.c)CN] shows a ym Tvalue of 0.28 emu mol-' K
which is typically for a Fe(lll) in the LS statel™22130] with a slightly reduced g factor. The other five Fe(lll)
complexes showed ym Tvalues of 4.0 - 4.4 emu mol-' K which are characteristic for Fe(lll) complexes
in HS statell21722124125130] and the results agree with the coordination bond length. Moreover,
[Fe(salpets:c)NCO] showed weak intermolecular ferromagnetic interactions below 20 K which might be
caused through a stronger m-1t stacking compared to the other five complexes. Unlike the compound
[Fel'(salpetc,c)NCSe], which shows SCO with a broad thermal hysteresis, this series of complexes only
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shows one spin state. The yn T value for [Co,Co] is at 300 K 2.81 emu mol-' K which is consistent with
an insulated S = 3/2 spin system with enlarged ga, > g. of the two LS-Co(Ill) and HS-Co(ll) [T49-752] These
values are slightly decreasing as the temperature lowers until ~100 K, followed by a gradual decrease

of ym Twhich is typical for Co(ll) systems with large ZFS. Details of the fitted magnetic data of [Co,Co]

(Figure 5 b) are summarized in the supporting information (Table S4).
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Figure 5: a: ymT - T plots of [Fe(salpetsc)X] and [Co2Co]. b: perr/us — Tand ym — T plot and fit of [Co2Co].

Electrochemical Data

The cyclic voltametric (CV) measurements of the six [Fe(salpets:c)X] complexes and previously reported
five [Fe(salpety2)CI/CN] complexes showed quasi-reversible redox waves of [Fell/Fe!l] processes. The
redox potentials are summarized in Table 2. Note that no redox wave was observed for [Co,Co].

Moreover, the second reduction wave of [Fe(salpets.c)NCSe] might be caused by a partial solvent

exchange of the monodentate ligand.
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The redox potentials of the [Fe(salpetrir2)CI/CN] systems (Figure 6) show a clear trend for varying the
phenyl substituents (R1,R2). By introducing electron withdrawing groups, -NO, (- I, - M), -Cl and -Br
(- 1), Eiyp is shifted to higher values. The redox potential shift for the chloride compounds
AEp(Ep[Fe(salpetun)Cl]- Eipp[Fe(salpetrigro)Cl]) is -0.105 V for [Fe(salpetunoo)Cl] and -0.075 V for
[Fe(salpetg:c)Cl]. For the cyanide complexes the AFEy, value of Eip[Fe(salpetys)CN]-
Eijo[Fe(salpetrig2)CN] is about -0.05 V for [Fe(salpetncys)CN], but for [Fe(salpets;c)CN] with -0.145 V
nearly twice of the shifts expected from Chloride complexes. Therefore, the redox potential of
complexes with the general formula [Fe(salpetrir2)X] cannot simply be calculated by increments
suggested by Lever et al. for other coordination compounds.[s3-1551 Furthermore, these redox potentials
are in the range of typical Fe(lll) precursors for [FeCo] ETCST complexes which are between -0.45 V

and -1.00 V vs. SCE.[139-142]

Table 2: Redox potentials vs SCE of the mononuclear [Fe(salpetri,z2)X] compounds.

Ered Eox Ei2

[Fe(salpety,4)Cl] -0.41V -0.32V -0.365V
[Fe(salpetu,no2)Cl] -0.31V -0.21V -0.26 V
[Fe(salpets:c)Cl] -0.36V -0.22V -0.29V
[Fe(salpets,c)NCS] -0.22V -0.14V -0.18V
[Fe(salpets:c)NCSe] -0.25/-0.35V -0.17 V -0.21V/-0.26 V
[Fe(salpetarc)Ns] -0.4V -0.24V -0.32V
[Fe(salpets,c)NCO] -0.48V -0.28 V -0.38V
[Fe(salpets:c)CN] -0.59V -0.52V -0.555V
[Fe(salpety,+)CN] -0.75V -0.65V -0.70V
[Fe(salpety,c))CN] -0.69 V -0.61V -0.65V
[Fe(salpety,s)CN] -0.70V -0.61V -0.655V

The [Fe(salpets:c)X] complexes show the following trend, depending on their monodentate ligands in
the order of decreasing redox potentials: NCS->NCSe->Cl->N3->NCO->NC-. The found order differs from
the expected order found in the literature which depends on the m-backbonding abilities of the
monodentate ligand: N3>NCO->CI->NCSe>NCS->NC-, by the increment method of Lever et al.[153-158]
These results suggest that Lever's model is inapplicably for [Fe(salpetrir)X] complexes, likely because
of its high generality,[™8! ignoring the structural distortions and other inter- and intramolecular

interactions. This needs to be further investigated and serves as a hint for an extension of Lever's model.
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Figure 6: Cyclic voltammogram of different [Fe(salpetri,r2)X] complexes. a: Three [Fe(salpetr1,r2)Cl] complexes. b:
Four [Fe(salpetrirz)CN] complexes. ¢: All six [Fe(salpets.,c)X] complexes.

Conclusion

A series of six new Fe(lll) complexes [Fe(salpets.c)X] (X: Cl-, N3-, NCO-, NCS-, NCSe-,NC-) was studied.
All mononuclear complexes crystallized in the P21/c space group. Magnetic measurements agreed with

the structural data that the monodentate cyanide ligand leads to the LS state while the other five
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complexes are in the HS state. The electrochemical investigation indicates a one electron redox process
with Eqy; values between -0.18 V and -0.555 V. Additionally, the redox properties of previously reported
[Fe(salpetrir2)CI/CN] complexes have been investigated as well. The E, values of our reported
complexes are in the range of typical ETCST precursors. However, all our attempts to synthesize mixed
valance multinuclear complexes, starting from [Fe(salpetrir2)CN], did not succeed, nor to the best of
our knowledge, such an compound is reported vyet. Instead we vyielded previously
{[Fe!(salpetyn)],CN}.l130-133143.144] However, bridging cyanide containing compound e.g. [Fel(CN)¢]#- to
[Fe(salpetr1z2)Cl or using [Co(salpetrir2)CN] can result in multinuclear cyanide-bridged complexes(™1-
1331 and are promising for tunable switching compounds. Therefore, [Co(salpetn)CN] instead of
[Fe(salpetrir2)CN] was used with Co(ll) and 1-methylimidazole to synthesize the trinuclear mixed
valence complex [Co,Co]. The crystal structure and magnetic data of [Co,Co] correspond to two LS-

Co(ll1) species and one HS-Co(ll) as only paramagnetic metal ion in this complex.

Previous results showed the tunability of spin states and SCO properties using the [M'(salpetr:z0)X]
system.[l22124.125130.131] This results reveal that also the redox potentials are tunable upon substitution of

the Schiff base ligands and that the tuneability might be useful to design switchable molecules.
Experimental Section

All chemicals were purchased from commercial suppliers and used without further purification. The
mononuclear complexes for CV where synthesized according to literature methods.[122124125127.730] The

synthesis of the other mononuclear complexes was slightly modified.
[Fell(salpete,c)Cl:

A solution of 3-bromo-5-chlorosalicyaldehyde (10.6 mmol) in 60 ml methanol was combined with N-
(2-aminoethyl)-1,3-propandiamine (5.3 mmol). The yellow solution was refluxed for 30 min. The
precursor complex was synthesized in situ by the addition of FeCl3:6H,0 (5.3 mmol) dissolved in 10 mL
methanol and triethylamine (10.6 mmol) resulting in a dark red solution. After stirring the solution for
60 min at their boiling temperature, it was cooled to -37 °C for 24 h. The resulting black crystals were
filtered off and washed with cold methanol. Single crystals were obtained by slow evaporation of the
solvent. CigH17BroClsFeN302: M = 641.37 g mol-'; found % (caled. %) C 35.73 (35.58), H 2.54 (2.67), N
6.46 (6.55): ESI-MS m/z calc. for Ci9H17BroCloN30,Fe+: 602.8409, found 602.8420: IR (KBr: cm-1): 3260
(N-H); 3048 (C-Harom); 2935 (C-Haiif); 1637, 1612 (C=N).
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General synthesis of [Fe!'(salpets,c)X] (X: N3-, NCO-, NCS-, NCSe-, NC-):

The mononuclear complex [Fe!l(salpetsc)Cl] (0.3 mmol) was dissolved in 150 ml methanol. The solution
was combined with a solution of NaN;, KOCN, KSCN, KSeCN or KCN (0.3 mmol) in 2 ml methanol,

respectively. After filtration, single crystals were obtained by slow evaporation of the solvent.
[Fel(salpete,c)N3]:

CigH17Br,Cl,FeNgO2: M = 647.94 g mol-'; found % (calcd. %): C 34.96 (35.22), H 2.46 (2.64), N 12.58
(12.97); ESI-MS m/z calc. for CigH17BroCloN30,5Fe+: 602.8414, found 602.8414: IR (KBr; cm-1): 3244 (N-
H);: 3057 (C-Harom); 2932 (C-Haif); 2083, 2066 (N=N): 1632, 1612 (C=N).

[Fel(salpets,c)NCO]:

Ca0H17BraClFeNsO3: M = 647.93 g mol-'; found % (calcd. %): C 37.12 (37.07), H 2.35 (2.64), N 8.57
(8.65). ESI-MS m/z calc. for CigH17Br,CloN30,Fe+: 602.8414, found 602.8414; IR (KBr; em-1): 3271 (N-
H); 3069 (C-Harom); 2934 (C-H.ir); 2207 (C=N); 1637, 1612 (C=N).

[Fe'(salpets:,c)NCS]:

CaoH17Br,Cl,FeN40,S: M = 664.00 g mol-1; found % (caled. %): C 36.10 (36.18), H 2.35 (2.58), N 8.40
(8.44); ESI-MS m/z calc. for CigH17Br,CloN30,Fe+: 602.8414, found 602.8403; IR (KBr; cm-1): 3264 (N-
H); 3053 (C-Harom); 2934 (C-Hai¢); 2039 (C=N); 1638, 1619 (C=N).

[Fe(salpets:c)NCSe]:

Ca0H17Br2ClFeN40,Se; M = 711.00 g mol-'; found % (calcd. %): C 33.94 (33.79), H 2.20 (2.41), N 7.81
(7.88): ESI-MS m/z calc. for CigH17BroCloN305Fe+: 602.8414, found 602.8422. IR (KBr: cm-1): 3264 (N-
H); 3049 (C-Harom); 2934 (C-Hai); 2043 (C=N); 1638, 1618 (C=N).

[Fe'l(salpets,c)CN]:

Ca0H17BraClaFeNs02: M = 631.94 g mol-'; found % (calcd. %): C 37.18 (38.01), H 2.50 (2.71), N 8.56
(8.87). ESI-MS m/z calc. for C1gH17Br2CloN305Fe+: 602.8414, found 602.8420; IR (KBr; em-1): 3154 (N-
H); 3063 (C-Harom); 2932 (C-Haif); 2127, 2114 (C=N): 1626, 1618 (C=N).

[Co(salpety+)CN]:

[Co(Lup)CI] was synthesized according to a modified literature method.33 [Co(Lu)Cl] (2.3 mmol) was
dissolved in 70 ml methanol. Remaining undissolved crystals were filtered off and the solution was

added dropwise to a solution of KCN (4.15 mmol) in 30 ml methanol and stirred over night at RT. About
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half of the solvent was removed and the solution stored over night at 4 °C. A dark red-black powder

was filtered of and used for the following synthesis without further purification.

{[Co"(salpets,n)CN]2[Co'(1-methylimidazole)s(BF4), - 1.5 (H20)]}: 1-Methylimidazole (0.4 mmol) was
added to a solution of Co"(BF4),:6H20 (0.1 mmol) in 10 ml Acetonitrile. Then a second solution
containing [Co(salpety)Cl] (0.2 mmol) in 5 ml Acetonitrile was dropwise added to the first solution.
The mixture was stirred for 4 h at RT and filtrated. While slow evaporation of the solvent results in
single crystals of [Co(salpetn)CN], single crystals of the trinuclear compound could be obtained by
ether diffusion. CsyHg3Co3N140s5B2Fg: found % (caled. %): C 47.55 (47.32), H 4.76 (4.48), N 14.93
(15.02); IR (KBr; em-1): 3213 (N-H), 3127 (C-Harom), 2936 (C-Haif), 2149 (C=N), 1626 (C=N).

Crystal structure analysis: Most of the diffraction data were collected with a Bruker SMART APEX Il
diffractometer with a CCD area detector and graphite-monochromated Mo-Ka radiation (A =
0.71073 A) at 100 K. The compounds [Fel(salpets,c)NCO] and [Fe'l(salpets,c)NCS] were collected with
a KAPPA APEX Il diffractometer with a CCD area detector and graphite-monochromated Cu-Ka
radiation (A = 1.54178 A) at 233 K. The data frames were integrated using the SAINT program and
merged to give a unique data set for structure determination. An absorption correction was performed
using SADABS.I'6] The structure was solved by direct methods and refined on P by the full-matrix
least-squares methods using SHELXTL package (Bruker Analytical X-ray systems, Olex2).457571 Non
hydrogen atoms were refined with anisotropic thermal parameters. Hydrogen atoms were included in
calculated positions and refined with isotropic thermal parameters riding on those of the parent atoms.
Electron densities of the disordered solvent molecules were flattened using Olex 2 solvent masklsl
(BYPASSI™sl). The supplementary crystallographic data can be accessed free of charge from The
Cambridge Crystallographic Data Centre with the Codes CCDC 2059672 for [Fe!l(salpets:c)Cl], 2059673
for [Fe(salpets:c))NCS], 2059674 for [Co'l(salpets,c)CN], 2059675 for [Fe!l(salpets.c)CN], 2059676 for
[Fe!l(salpets,c)NCO], 2059677 for [Fel'(salpets.c)Ns], 2059678 for [Fe!l(salpets,c)NCSe], 2059679 for
[CoCoy].

Physical measurements: Magnetic susceptibility data were collected using a Quantum Design MPMS-
5S SQUID magnetometer. The measurements were performed with an applied magnetic field of 1000 Oe
in the temperature range of 5 - 300 K. Magnetic data were corrected for the diamagnetism of the
sample holder, and for the diamagnetism of the sample using Pascal’s constants. The six [Fe(salpets,c)X]
compounds were measured at 5.0 K increments in the settle mode with a fixed scan rate of 3.0 K/min
and 30 seconds after the temperature had stabilized. [Co,Co] was measured with a scan rate of 2 K/min
in sweep mode. Infrared absorption spectra were measured on KBr pellet samples using a SHIMADZU
IR Affinity-1 spectrometer or a Bruker Tensor 27. Cyclic voltammetry measurements were carried out

in a standard one-compartment cell under N, at RT equipped with a platinum-wire counter electrode,
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an SCE reference electrode, and a glassy carbon (GC) working electrode using a BAS 620A

electrochemical analyzer. The measurements were performed in MeCN or DMF with 0.1 M tetra-n-

butylammonium hexaflourophosphate (BusNPFs) as the supporting electrolyte and a scan rate of 0.1 V/s.
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4.2 Angled Trinuclear Cobalt Complex

Herein the trinuclear cobalt complex {[Co(salpety)CNI2[Co(phen).]}[BFs], - solvent (T1, phen:
1,10-phenantroline) is reported. In comparison to [Co'l(salpetyu)CN].[Co!(1-methylimidazole)s]
1.5 H,0 ([Co,Co]) the monodentate ligand was changed to the bidentate ligand phenanthroline.
Therefore, the molecule changed from a linear to an angled geometry. The synthesis of T1 was done to
check whether it is possible to synthesize angled complexes with [Co(salpetys)CN] capping complexes.

Therefore, only the crystal structure and magnetic properties were determined.

4.2.1  Experimentals

All chemicals were purchased from commercial suppliers and used without further purification. All

syntheses were performed under aerobic conditions.
[Co(salpety)CN]:

[Co(salpetyy)Cl] was synthesized according to a modified literature method.331 [Co(salpety)Cl]
(2.3 mmol) was dissolved in 70 ml methanol. Remaining undissolved crystals were filtered off and the
solution was added dropwise to a solution of KCN (4.15 mmol) in 30 ml methanol and stirred over night
at RT. About half of the solvent was removed and the solution stored over night at 4 °C. A dark red-
black powder was obtained after filtration and was used for the following synthesis without further

purification.
{[Co(salpetnx)CN],[Co(phen).]}[BF.], - solvent (T1):

A solution of Co(BF4); - 6 H,0 (0.1 mmol) and phen (0.2 mmol) in 10 ml acetonitrile was stirred for 5
min. [Co(salpetn;)CN] (0.2 mmol) was added, stirred for 2 h and filtrated afterwards. From the red

solution single crystals could be obtained by vapor diffusion of diethyl ether after several days.

Crystal structure analysis: The diffraction data were collected with a Bruker SMART APEX I
diffractometer with a CCD area detector and graphite-monochromated Mo-Ka radiation (A = 0.71073
A). The data frames were integrated using the SAINT program and merged to give a unique data set for
the determination of the structure. An absorption correction was performed using SADABS.['29] The
structure was solved by direct methods and refined on F2 by the full-matrix least-squares methods
using the SHELXTL package (Bruker Analytical X-ray systems, Olex2).130.1311 Non-hydrogen atoms were
refined with anisotropic thermal parameters. Hydrogen atoms were included in calculated positions
and refined with isotropic thermal parameters riding on those of the parent atoms. Electron densities

of solvent molecules and anions were flattened using Olex 2 solvent maskl1311 (BYPASSI'32]).
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Physical measurements: Magnetic susceptibility data were collected using a Quantum Design MPMS-
5S SQUID magnetometer. The measurement was performed with an applied magnetic field of 1000 Oe
in the temperature range of 5 - 300 K. Magnetic data were corrected for the diamagnetism of the
sample holder, and for the diamagnetism of the sample using Pascal's constants. T1 was measured with
a scan rate of 2 K/min in sweep mode. The sample was measured during the cooling and heating

processes.
4.2.2 Results and Discussion

Structural Data

The single crystal structure of T1 was measured at 100 K. However, the quality of the diffraction data
of all measured crystals was relatively low with at least Ry = 15.05 %. This was due to a rapid loss of
crystallinity which could be observed after mounting the crystal from the solution. Therefore, the
following crystallographic and structural data (Table 3, Figure 16) should be seen as a rough model
with certain inaccuracies compared to usual single crystal structures that were published. For this
reason, the solvent molecules, BFs+ anions, hydrogen atoms and minor parts of the ligands could not be
modeled correctly. Therefore, the solvent molecules and anions have been removed by Olex 2 solvent
mask[1311 (BYPASSI132),

Table 3: Crystallographic and structural data of T1. The moiety formula is an assumed one and not taken from
the structural data.

L
{[Co(salpetn)CN]2[Co(phen),]}[BF4], - solvent
TinK 100
crystal System monoclinic
space group P2:/n
ain A 32.410(5)
bin A 29.271(4)
cin A 32.915(5)
ain® 90
Bin° 90.731(2)
yin°® 90
Vin A3 31223(8)
V4 28
Ri/wR; (I>2c]) 0.1505/0.2918
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The trinuclear compound T1 consists, similar to [Co,Co], of two [Co(salpetns)CN] building blocks
connected through a CN-Co!-NC bridge. However, due to the bidentate character of the two phen
capping ligands a linear arrangement of the trinuclear complex is prevented and the complex is forced
into an angled geometry with a CN-Co-NC angle of 94 - 98.5 °. The cobalt(lll) ion in [Co(salpetyu)CN]
is octahedrally coordinated by 0,Ns donor atoms. Accordingly, the cyanides N atom is assumedly

coordinate to the centered cobalt(ll) ion.

Figure 16: Molecular structure of T1. Hydrogen atoms and other molecules and ions within the asymmetric unit
have been omitted for clarity. Color code: C, gray; N, light blue; O, red; Co, dark blue.

The average bond lengths (Table 4) for the [Co(salpetyn)CN] parts of T1 are corresponding to cobalt(lI1)
in the LS state. The centered cobalt ion shows significant higher bond lengths, which correspond to a
cobalt(ll) in the HS state. In total is the charge of one complex assumed to be 2+. Since the BF4- anions
could not be modeled correctly, the formula was manually adjusted. In addition, the trinuclear
complexes build up 2D layers (Figure 17) which are probably interconnected by different types of
interactions between the complexes, solvent molecules, and anions. The unit cell (Figure 59, page 147)
contains for each complex a second one which is oriented in the opposite direction. In contrast to D1

no orientation within the unit cell could be determined.

Table 4: Coordination bond lengths of T1.

bond max. and min. coordination bond length
[Co(salpety)CN], Co-0 1.85 - 1.94 A
[Co(salpetn)CN], Co-N 1.83 - 2.08 A
[Co(salpetyn)CN], Co-C 1.73-1.97 A
[Co(phen),(NC),], Co-N(cyanide) 1.98 - 2.15 A
[Co(phen),(NC),], Co-N(phen) 2.03 -2.20 A
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Figure 17: Unit cell of T1, views along the c-axis. Hydrogen atoms have been omitted for clarity. Color code: C,
gray; N, light blue; O, red; Co, dark blue; a-axis, red line; b-axis, green line.

Magnetic Data

The temperature-depending molar magnetic susceptibility of T1 in the range of 5-300 K was
measured (Figure 18). T1 shows a nearly constant ym Tvalue of about 2.65 emu mol-' K from 300 K to
120 K with a decrease to 1.77 emu mol-' K at 5 K afterwards due to the ZFS with no observable

magnetic interactions. The yu T value corresponds to two cobalt(lll) in the LS and one cobalt(ll) in the

HS state which matches the observed bond lengths and the assumed charges.
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Figure 18: ymT - Tplot of T1.
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4.2.3 Conclusion and Outlook

The mixed-valence cyanide-bridged complex T1 shows an angled structure which builds up 2D layers.
The coordination bond lengths and magnetic data are suggesting that the two capping complexes
[Co'l(salpetyy)CN] are in the LS and the centered cobalt(ll) is in the HS state. No switching behavior or
magnetic interactions could be observed. This approach is the first evidence for a trinuclear angled
complex with a salpet ligand. This molecular design might lead to new possibilities of introducing

anisotropies into switchable compounds.
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4.3 Switchable Pentanuclear Complexes

In the following chapter, the two novel pentanuclear complexes {[Mo(CN)g][Fe(salpetinoz)]a} - 9(C7HsN)
- 8(H,0) (P1) and {[W(CN)g][Co(salpetunoz)]a} - 15(CsHsN) - 10(H,0) (P2) are presented. The two
compounds are synthesized from mononuclear Schiff base complexes with iron or cobalt and

octacyanometalate molybdenum or tungsten complexes respectively (Figure 19).
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Figure 19: Reaction scheme for P1 and P2.

Two different compounds (P1(acetone) and P1) could be obtained by different synthesis for the
pentanuclear molybdenum-iron complex. Further analyses were performed for P1 since its synthesis

provided more reproducible results.

4.3.1 Experimentals

All chemicals were purchased from commercial suppliers and used without further purification. The
mononuclear compounds Ks[Mo(CN)g] and K4[W(CN)g](138-140] and the complexes [Fe(salpetnno2)Cl] and
[Co(salpetn,no2)Cl]12631.331 were synthesized according to modified literature methods. All syntheses were

performed under aerobic conditions.
{[Mo(CN)g] [Fe(salpetino2)]s} - 8(CsHeO) - 9(H,0) (P1(acetone)):

A solution of Ks[Mo(CN)s] (0.00625 mmol) in 3 ml water was mixed with a solution of [Fe(salpetnno2)Cl]
(0.1 mmol) in 25 ml acetone. BusNPFs (0.1 mmol) was added to the solution and stirred for 1 h. The
solution was filtrated, and single crystals could be obtained through vapor diffusion of methyl tert-

butyl ether. IR (KBr; cm-1): 1306 (nitro), 1607 and 1628 (nitro and imine), 2116 (cyanide).
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{[MO(CN)B] [FE(SalpetH,NOZ)]4} ' 9(C7H5N) ' 8(H20) (P1):

A solution of Ks[Mo(CN)g] (0.15 mmol) in 20 ml water was mixed with a solution of [Fe(salpetyno2)Cl]
(0.6 mmol) in 30 ml benzonitrile. AgPFs (0.6 mmol) in 10 ml water was added to the solution and stirred
for 1 h. The water phase was removed, and the silver-black precipitation was filtered off. Acetone was
added to the solution and single crystals could be obtained by slow evaporation of the solvent mixture.
CgsHaoFesN2sMo0s,, {{Mo(CN)g][Fe(salpetunoz)la} - 8(H20): found % (caled. %): C 42.70 (43.39), H 3.61
(3.99), N 15.94 (16.87).

{[W(CN)s][Co(salpetino2)la} - 15(C7HsN) - 10(H,0) (P2):

A solution of K4[W(CN)g] (0.0125 mmol) in 8 ml water was mixed with a solution of [Co(salpetsno2)Cl]
(0.05 mmol) in 20 ml methanol and 10 ml benzonitrile and stirred for 20 min. The black precipitation
was filtered off. Afterwards, the solution separated into a white turbid aqueous phase and a dark
organic phase. The two phases stood together over night. The water phase was removed and about 30
ml methanol was added. Single crystals could be obtained after one day through slow evaporation of
the solvent mixture. CisgH172C0gNs60s8W5, {[W(CN)g][Co(salpetinoz)la} - 10(H,0): found % (calcd. %):
C 41.80 (42.55), H 3.65 (3.66), N 15.75 (16.54); IR (KBr; cm-1): 1300 (nitro), 1605 and 1630 (nitro and
imine), 2110 (cyanide).

Crystal structure analysis: The diffraction data were collected with a Bruker SMART APEX I
diffractometer with a CCD area detector and graphite-monochromated Mo-Ka radiation (A = 0.71073
A). The data frames were integrated using the SAINT program and merged to give a unique data set for
the determination of the structure. An absorption correction was performed using SADABS.['29] The
structure was solved by direct methods and refined on F2 by the full-matrix least-squares methods
using the SHELXTL package (Bruker Analytical X-ray systems, Olex2).130.1311 Non-hydrogen atoms were
refined with anisotropic thermal parameters. Hydrogen atoms were included in calculated positions
and refined with isotropic thermal parameters riding on those of the parent atoms. Electron densities
of disordered solvent molecules for all three structures were flattened using Olex 2 solvent maskl131]
(BYPASSI'321), Additional restrains were applied to a small part of the salpet ligand of P1(acetone) and

to one benzonitrile molecule of P1.

Physical measurements: Magnetic susceptibility data were collected using a Quantum Design MPMS-
5S SQUID magnetometer. The measurements were performed with an applied magnetic field of 10000
Oe in the temperature range of 5 - 300 K. Magnetic data were corrected for the diamagnetism of the
sample holder, and for the diamagnetism of the sample using Pascal's constants. The samples were
measured during the cooling and heating process with 5.0 K increments in the settle mode with a fixed
scan rate of 3.0 K/min and 30 seconds after the temperature had stabilized. Infrared absorption spectra
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were measured using KBr pellet samples with a SHIMADZU IR Affinity-1 spectrometer. The temperature
dependence of infrared absorption spectra was measured using KBr pellet samples and a UNISOKU USP-
203-A cryostat. CV measurements were carried out in a standard one-compartment cell under N, at RT
equipped with a platinum-wire counter electrode, an SCE reference electrode, and a glassy carbon (GC)
working electrode using a BAS 620A electrochemical analyzer. The measurements were performed in
MeCN with BusNPFs (0.1 M) as the supporting electrolyte and a scan rate of 0.1 V/[s. UV-Vis spectra
were recorded with a SHIMADZU UV-3150 spectrometer equipped with a UNISOKU USP-203-A cryostat
for temperature-depending measurements. The Mdssbauer Spectrum was measured with a WissEl

Mossbauer spectrometer using a 5’Co(Rh) source and the isomer shift is given relative to a-iron at RT.

4.3.2 Results and Discussion

Structural Data

The single crystal X-ray structures of P1(acetone), P1, and P2 were determined at 100 K (Figure 20,
Table 5). At 0 °C no structure could be determined because the crystallinity decreased too fast near RT
outside the solution. In contrast to what was proposed without a single crystal structure in the
literature for similar compounds,'41 P1(acetone), P1, and P2 are pentanuclear complexes. Even though
the molecular structure of all three complexes is similar, P1(acetone) and P1 are crystallizing in the
monoclinic space group P2:/c and C2/c, respectively, and P2 crystallizes in the triclinic space group P-
1. For the three compounds, the centered molybdenum or tungsten ion is bridged by cyanide to the iron
or cobalt complex. The cyanides C is oriented to the centered ion while the cyanides N is bonded to the

iron or cobalt (Figure 21), offering in addition the possibility of an iron(Il1) SCO.[26.869
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Figure 20: Molecular structure within the asymmetric unit of a): P1(acetone), b): P1 and ¢) P2. Hydrogen atoms,
solvent molecules and one pentanuclear complex for P2 were omitted for clarity. Color code: C, gray; N, light
blue; O, red; Fe, orange; Mo, light turquoise; Co, dark blue; W, dark turquoise.

The molybdenum and tungsten are coordinated by eight cyanides in a slightly distorted square
antiprismatic coordination sphere (Figure 22). Four of these cyanides are bonded to an iron or cobalt

ion resulting in a neutral complex. Besides the cyanides nitrogen, the iron and cobalt are octahedrally
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coordinated by three nitrogen and two oxygen atoms from the Schiff base ligand. Each structure shows
a 3D network through weak salpet-salpet interactions, which build up cavities between the complexes
(Figure 60, page 148). The disordered solvent molecules, which were removed by Olex 2 solvent mask[131]

(BYPASSI132l), are probably located in these cavities.

Table 5: Crystallographic and structural data of P1(acetone), P1 and P2.

P1(acetone) P1 P2
Cio7H138F€4N29041Mo CiaoH140F€4N37036Mo0 C273H247C0ogN71055W>

TinK 100 100 100

crystal System  monoclinic monoclinic triclinic

space group P2:/c Q/c P-1

ain A 18.016(4) 42.317(13) 19.980(4)

bin A 34.418(7) 19.987(4) 23.427(5)

cinA 20.455(4) 38.090(11) 35.439(9)

ain”® 90 90 77.485(2)

Bin° 102.10(3) 117.461(2) 73.63

yin® 90 90 64.76

Vin As 12402(5) 28586(13) 14306(6)

Z 4 8 2

Ri/wR, (I>2c/)  0.0905/0.2458 0.0864/0.1672 0.0934/0.1950
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Figure 21: Molecular structure within the asymmetric unit of a): P1(acetone), b): P1, and ¢) P2. The mixed
valanced bonds are highlighted. Hydrogen atoms, solvent molecules, and one pentanuclear complex for P2 have
been omitted for clarity. Color code: C, gray; N, light blue; O, red; Fe, orange; Mo, light turquoise; Co, dark blue;
W, dark turquoise.

Noteworthy is, that even though the compounds P1 and P2 are crystallizing in different crystal systems,
the packings look remarkably similar. The powder XRD patterns have been calculated from the single
crystal structures to compare the packings of P1 and P2 more easily (Figure 61, page 149). The patterns
for the most intense reflexes are similar and therefore, the structures seem to be isostructural. The

different crystal systems are probably caused by different asymmetric units. While the asymmetric unit
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of P1 only contains one pentanuclear complex, the asymmetric unit of P2 contains two distinguishable
complexes. Hence, the solvent used for the synthesis seems to have a larger impact on the crystal
structure than the used metal ions, which show similar chemical behavior regarding the coordination

and crystallization in these complexes.
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Figure 22: Molecular structure within the asymmetric unit of a): P1(acetone), b): P1, and ¢) P2. The coordination
polyhedrons have been highlighted. Hydrogen atoms, solvent molecules, and one pentanuclear complex for P2
have been omitted for clarity. Color code: C, gray; N, light blue; O, red; Fe, orange; Mo, light turquoise; Co, dark
blue; W, dark turquoise.

Furthermore, the iron coordination bond lengths (Table 6) of P1(acetone) and P1 are showing shorter
bonds for two ions corresponding to an iron(lll) in the LS state. The bonds of the other two ions are
significantly increased and correspond to iron(Ill) in HS state (Chapter 4.1).126.27] Following, P1(acetone)
and P1 have mixed spin states with a possible SCO. The structure of P2 shows four cobalt ions with
shorter coordination bond lengths corresponding to cobalt(lll) in the LS state and four ions with larger
bond lengths. The larger bond lengths in P2 could be explained by an ETCST between [Co""WV]/[Co"WV],
which is described in the literaturel23.101.142 or by an SCO of cobalt(lll). However, due to the very weak
ligand field necessary to stabilize a cobalt(lll) in the HS state,[8143.1441 gn ETCST is more likely. Typically
cobalt(ll) HS bond lengths are ~2.1 A.l18.25] Therefore, the observed intermediate bond lengths resulted
from the distribution of the two HS states on two different cobalt ions per tungsten. Hence, enlarged
bond lengths can be observed within all three structures indicating mixed electronic states or

switchable behavior located on preferred ions.

The salpet ligand of the [M(salpetunos)NC] part in P1(acetone), P1, and P2 with longer bond lengths
shows a notable distortion compared with [Fe(salpets,c)NCS] (Figure 23). Ideally, the first atom of the
monodentate ligand is coordinated perpendicular to the plane built by the ligand around the three
coordinating Nitrogen atoms in mer position, which expresses the distortion through the A-M-C angle
(Figure 23). This angle is significantly decreased for the cobalt and iron ions with longer bond lengths
in P1(acetone), P1, and P2 and may therefore be coupled with the spin state (Table 7). If this angle is

compared with literature examples from iron(lll) and cobalt(lll) mono- and multinuclear complexes
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with salpet ligands (Table 29 and Figure 62, page 150), no direct trend can be observed. While the angle
of most LS complexes is between 70 ° and 90 °, with some exceptions at 101.7 °, the HS complexes
are distributed between 65 ° and 110 °. Consequently, these distortions are significant for P1(acetone),
P1, and P2 but are not a general trend observable for many complexes with salpet ligands.

Table 6: Coordination bond lengths of iron and cobalt in P1(acetone), P1, and P2. For clarity, the numbering of
the eight distinguishable cobalt ions is Co1 - Co4 with an assignment to the two different tungsten ions (W1,

V\chz.nd max. and min. coordination bond lengths in A
P1(acetone) P1

Fe1-0 1.883(5), 1884(5) 1.883(6), 1.893(5)
Fe1-N 1.921(5) - 1.996(6) 1.908(7) - 1.996(5)
Fe1-cyanide 1.943(6) 1.931(7)

Fe2-0 1.865(5), 1.903(4) 1.921(6), 1.932(4)
Fe2-N 1.881(7) - 1.999(6) 2.067(7) - 2.178(6)
Fe2-cyanide 1.930(6) 2.068(8)

Fe3-0 1.920(7), 1.937(5) 1.891(5), 1.892(5)
Fe3-N 2.049(6) - 2.132(7) 1.944(9) - 2.042(7)
Fe3-cyanide 2.058(6) 1.943(6)

Fe4-0 1.927(5), 1.936(6) 1.916(5), 1.930(7)
Fe4-N 2.038 - 2.167(6) 2.029(7) - 2.131(9)
Fe4-cyanide 2.075(7) 2.043(6)

P2 (W1) P2 (W2)

Co1-0 1.914(9), 1.936(7) 1.884(7), 1.885(7)
Co1-N 2.04(1) - 2.17(1) 1.92(1) - 1.991(6)
Co1-cyanide 2.075(9) 1.930(7)

Co2-0 1.873(8), 1.880(8) 1.926(8), 1.942(8)
Co2-N 1.929(9) - 2.005(9) 2.09(1) - 2.19(1)
Co2-cyanide 1.920(9) 2.07(1)

Co3-0 1.886(9), 1.899(8) 1.895(8), 1.896(7)
Co3-N 1.92(1) - 2.04(1) 1.91(1) - 2.038(7)
Co3-cyanide 1.96(1) 1.97(1)

Co4-0 1.924(6), 1.935(8) 1.918(7), 1.929(7)
Co4-N 2.08(1) - 2.20(1) 2.04(1) - 2.129(9)
Co4-cyanide 2.047(8) 2.085(9)
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Figure 23: Comparison of the salpet structure of P1 (red) and [Fe(salpets,c)NCS] (blue). Only one
[Fe(salpetrnoz)NC] unit of P1 is shown. This unit is corresponding to Fe2 (Table 6). Hydrogen atoms have been
omitted for clarity.

Table 7: Shortest angle between the binding atom (A) of the monodentate ligand (X) and the outer carbon atom
(C) of the phenyl ring inside [M(salpet)X] for P1{acetone), P1 and P2 (Figure 23). The numbering of the metal
ions is corresponding to the metal ions in Table 6.

shortest angle A-M-C in degree

metal ion or compound

P1(acetone) P1 P2 (W1) P2 (W2)
M1 83.2(2) 80.7(2) 69.2(3) 81.3(3)
M2 86.0(2) 66.7(2) 81.6(3) 66.3(3)
M3 67.1(2) 85.7(2) 86.1(3) 96.2(3)
M4 64.0(2) 70.2(2) 66.2(3) 68.9(3)

Magnetic Data and Mdssbauer Spectroscopy

The temperature-depending magnetic susceptibility was measured in the range from 5 to 300 K for P1
and P2 (Figure 24). All ymT values were calculated for the formula approximated by the elemental
analysis, which suggests a hygroscopic behavior for both compounds. P1 shows a gradual decrease
from ymT= 8.6 emu mol-' K at 300 K to ymT= 4.9 emu mol-' K at 30 K with a subsequent drop to
3.7 emu mol-' K at 5 K caused by the ZFS. At 300 K, the ymT value is relatively close to the theoretically
calculated value of 9.5 emu mol-' K for one diamagnetic molybdenum(IV) ion in the LS state, 2 iron(lll)
ions in the LS state and 2 iron(Ill) ions in the HS state. With regard to the stronger rising ymT values
above 200 K, it is likely that the SCO will continue above 300 K. Furthermore, the low temperature ymT
value corresponds roughly to a spin transition from one iron(lll) in the HS to the LS state, which has
the theoretically calculated value of 5.5 emu mol-' K and which matches the single crystal structure at
100 K. Therefore, P1 is likely to undergo an SCO from [Mo!V(LS)Fe!(LS);Fe"(HS)] at low temperatures to
[MoV(LS)Fe!(LS),Fe!(HS),] slightly above RT. The SCO might even continue resulting in more than two

iron(Il) ions in the HS state per molecule. Light irradiation experiments at 5 K did not show any change
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of the ymT value. A second sample was synthesized according to the procedure of P1 (P1MB). P1MB
was analyzed by Mdssbauer spectroscopy at RT and 77 K to confirm its spin states (Figure 25). At RT,
one doublet can be observed with an isomer shift of 0.37 mm s-' and a quadrupole splitting of 0.7 mm
s corresponding to an iron(lll) HS state. At 77 K, two doublets can be observed. The first one with an
isomer shift of 0.44 mm s-' and a quadrupole splitting of 0.80 mm s-! corresponding to an iron(lll) HS
state and with a ratio of 54 0. The second doublet shows an isomer shift of 0.21 mm s and a
quadrupole splitting of 2.86 mm s corresponding to an iron(lll) LS state and with a ratio of 46 %.
These data suggest an SCO between 77 K and RT from two iron(lll) in the LS state and two iron(lll) in
the HS state to four iron(lll) in the HS state. While the magnetic data and Méssbauer spectra agree
that an SCO occurred, both measurements disagree about the number of iron(I1l) ions per molecule that
showed an SCO. Partial solvent loss might be an explanation, which can be easier prevented for
Mossbauer measurements. Another reason is probably the reproducibility of the synthesis, which is

discussed in Chapter 4.3.3.

12 ]
11 -
10 -
9
8
7
6
5
o]
3] ]
2] ]
] ]
I
0 50 100 150 200 250 300
TinK

Zn T in emu mol™ K

Figure 24: xml - T plot of P1 and P2.

P2 shows a gradual decrease from ymT = 12.1 emu mol-' K at 300 K to ymT= 5.4 emu mol-' K at 30 K
which can be roughly divided into two parts. While the ynT value decreases stronger from
12.1 emu mol-' K to 7.9 emu mol' K at 165 K, at lower temperatures it decreases linear to
5.5 emu mol-' K at 30 K. At temperatures below 30 K the ymT value drops to 4.1 emu mol-' Kat 5 K due
to the ZFS. The observed change of the y»T value is about 6.7 emu mol-! K, which is comparable to an
ETCST of two [WCo] (7 emu mol-' K). However, while a diamagnetic spin state with y, 7= 0 is expected
for a typical [WV(LS)Co"(LS)] redox couple at low temperatures,[103.142145] the value of P2 at 30 K is

5.4 emu mol-' K and therefore is already closer to two [WVCo!'(HS)] states. Subsequently, the ymT value
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at 300 K is too high for an [WWV(LS)Co"(LS)]/[WVCo!(HS)] ETCST described previously.[16.103.142145 Two
possible explanations could be: a cobalt(lll) SCO, which is unlikely due to the weak ligand field
needed,[8143.144] or a not yet observed second ETCST with the [WVCo!'(HS)Co"(LS)]/[WV'Co'(HS)Co''(HS)]

redox couple.
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Figure 25: Mdssbauer Spectra of PIMB at RT and 77 K. The dots visualize the measurement, the black line, the
fits, red area the iron(lll) HS state absorption and the blue are the iron(Ill) LS state absorption.

UV-Vis Spectroscopical Measurements

UV-Vis spectra for P1 and its precursor [Fe(salpetuno2)Cl] were measured in benzonitrile at RT (Figure
26) to determine possible metal-metal charge transfer bands. Furthermore, temperature-depending
UV-Vis spectra have been measured for P2 in butyronitrile (Figure 27) to determine a possible

temperature induced spin change in solution.
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Figure 26: UV-Vis spectra at RT of P1 and its precursor complex [Fe(salpetuno2)Cl].
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Both spectra for P1 and [Fe(salpetnno2)Cl] show an intense absorption band at 359 nm and 357 nm,
respectively, resulting from a m — T transitions of the ligands phenyl rings.[31.146.1471 While two further
absorption bands at 557 nm and 633 nm were observed for [Fe(salpetnno2)Cl], only one additional
absorption band at 502 nm was observed for P1. The two bands of [Fe(salpetino2)Cl] might be caused
by ligand-metal charge transfer (LMCT) of the phenolate3 and a chloride LMCT, respectively. Note
that the band at 633 nm disappears after the reaction to P1 and the band at 557 nm is not only shifted
to 502 nm but also significantly increased. Therefore, it is suggested that the band at 502 nm of P1 is
caused by the LMCTs of the phenolate and cyanide ligands.[3]
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Figure 27: Temperature-depending UV-Vis spectra of P2 with a concentration of c=6-"-10*M and 10-* M.
73



4. Derivatives of Spin Crossover Complexes as Building Blocks

Cooling a solution of P2 in butyronitrile with liquid nitrogen results in a color change from red to green
(Figure 28). To visualize all four main absorption bands clearly, two different concentrations were used
for measuring the UV-Vis spectra of P2. The temperature was varied between 25 °C and -100 °C. All
absorption bands of P2 are influenced by the temperature changes resulting in an isosbestic point at
562 nm. This is probably caused by an equilibrium of two states, possibly through an ETCST between
[WWV(LS)Co!(LS)]/[WVCo!'(HS)] or [WVCo!(HS) Co'(LS)]/[WVICo!((HS)Co!(HS)]. O. Sato et al. measured the
UV-Vis spectra of three different tetranuclear cobalt grid complexes. These complexes contained only
cobalt(ll) or cobalt(lll) ions. In contrast to the absorption band around 475 nm, which can be observed
for cobalt(ll) and cobalt(Ill) complexes, the cobalt(lll) complex shows a band at 375 nm and an intense
broad band around 800 nm.[148] Both bands are comparable with the absorption band of P2 at 355 nm
and 884 nm, which indicate an increasing amount of cobalt(lll) with decreasing temperature. This

confirms the assumption of an electron transfer.

Similar complexes showing this kind of ETCST behavior were analyzed by temperature-depending UV-
Vis spectroscopy in solid-state by Ohkoshi et al.l'92104 Dye to the similar structure of P1 and P2 an
intense T — m* absorption band at 355 nm can be observed which is caused by the ligands phenyl
rings.131.146.1471 Probably, this band is overlapping with a d-d band of tungsten(IV)l192l explaining the
increase of intensity with decreasing temperature through a [WVCo!'(HS)] — [W(LS)Co!"(LS)] transition.
On the other hand the band might overlap with a WY-CN LMCT band.['92 This band would decrease
with a typical [WVCo''(HS)] — [WW(LS)Co(LS)] transition but increase with a [WVICo'(HS)Co'(HS)] —
[WVCo!'(HS) Co"(LS)] transition, which is suggested by the magnetic data. The two bands next to the
isosbestic point (562 nm) at 520 nm and at 625 nm decrease and increase, respectively, with a sinking
temperature. Therefore, both can be assigned to metal-metal charge transfer (MMCT) bands and might
overlap with the LMCT band of the phenolate as for P1. At 520 nm the transition is proposed to be a
Co' — WY MMCT and at 625 nm to be a WV — Coll MMCT,l1021041 which supports the known
[WVCo!(HS)] — [WV(LS)Co"(LS)] ETCST behavior for different W-Co compounds.

t (cooling with liquid nitrogen)

v

Figure 28: Color change of P2 in butyronitrile while cooling with liquid nitrogen.
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Electrochemical Measurements

A CV was measured for P1 (Figure 29) and P2 (Figure 30) to analyze the possibilities of an MMCT

between Mo-Fe and W-Co, respectively.
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Figure 29: CV of P1.

P1 shows two quasi-reversible redox waves. Its first redox wave at Ei, = 0.5 V corresponds to the
[MoVFellly]/[MoVFelly] redox couple and the second one at -0.09 V to the [MoVFe!l,]/[Mo'VFell,] redox
couple (Table 8) resulting in a AE;»(Mo-Fe) value of 0.59 V. Note that the redox potentials of P1s iron
ions have higher values than the redox potential of the mononuclear precursor complex
[Fe(salpetino2)Cl] which is at £y, = -0.26 V (Chapter 4.1), while mononuclear complexes of the general
formula [Fe(salpetrir))CN] usually show smaller values than [Fe(salpetri2)Cl] (as shown in Chapter 4.1).
Furthermore, the ratio of /ed(2)/lux(1) = -4.83 can be calculated from the measured current which
depends on the ion concentration. The value of 4.83 is larger than the expected ratio of 4 which might

be caused by impurities of [Fe(salpetuno2)Cl].

Table 8: Redox potentials of P1 and P2.

Erea Eox Eia
P1 1 0.45V 0.55V 0.50V
2 -0.33V 0.15V -0.09V
P2 1 -0.28 V -0.18V -0.23V
2 -1.40V - -
3 -1.71V -1.46V -1.585V
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To the best of our (mentioned researcher from Chapter 4) knowledge, there is no Mo-Fe ETCST
complex.l'l However, if the concept of Nihei et al.['5l can be applied not only to [FeCo] ETCST complexes,
but also to other species, the [MoVFelll] state is comparable with the diamagnetic [Fe!Co'] state.
Therefore, the redox potentials must be adjusted to AE»(Mo-Fe) > 0.59 V in order to increase the

possibility for a [MoFe] ETCST complex.
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Figure 30: CV of P2.

P2 shows two redox waves and one irreversible reduction. The quasi-reversible redox wave (1) at -0.23 V
can be assigned to the reduction and oxidation of tungsten(V) through the comparison with the CV of
(BuaN)3[WV(CN)g] (Figure 63, page 151). In addition, the irreversible reduction peak (2) at -1.4 V can be
assigned to the cobalt(lll) reduction and the redox wave (3) at -1.585 V to the NO, group. Note that
the NO, redox potential is known to show a strong reduction peak.['#] This is supported by the current
ratios leda(2)/hea(1) = 3.7 (expected for [WVCo";Co!"]: 3) and led(3)/hea(1) = 10.5 (expected for
[WVCo';Co]: 8). The deviation from the expected values might be due to impurities of the cobalt
precursor complex [Co(salpetyno2)Cl]. However, the cobalt oxidation cannot be observed, possibly due
to an overlap with the NO; redox wave (3) or intramolecular electron transfer processes. Furthermore,

the AE.q(W-Co) value is with 1.12 V larger than the AE;; for [CoFe] ETCST compounds.['s!
Temperature Dependent IR-Spectra

Temperature-depending IR-spectra of P2 have been measured in KBr pellets in the temperature range
of RT to -150 °C (Figure 64, page 151). Previous examples of [WVCo"]/[WVCo!'] ETCST compounds
showed a shift and a strong decrease of the W-CN band through the [WVCo!'] — [WYCo'] transition.[102]
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However, P2 (Figure 31) does not show a significant change of intensity and only a small shift of 4
cm-1. In contrast to the magnetic data, the IR spectra do not indicate a phase transition. One
explanation might be the previously mentioned [WVCo'ysCois]/[WVICo'lysCo'lus] ETCST, which might
show only small changes of the W-CN band in temperature-depending IR spectra. A second explanation
might be the loss of crystal solvent in combination with the KBr-matrix, which might effect a possible

ETCST behavior.
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Figure 31: Temperature-depending IR spectra of P2 showing the cyanide band.
4.3.3 Conclusion and Qutlook

Two novel cyanide-bridged pentanuclear iron-molybdenum and cobalt-tungsten complexes have been
presented. The two investigated compounds P1 and P2 are isostructural despite their different
transition metal ions and each show different switching behavior. The first [MoFe!'s] complex can
crystallize in two different solvent-depending structures, P1 and P1(acetone) of which the sample P1
was investigated further. P1 shows a thermally induced gradual incomplete SCO of the iron(lll) ions
which is indicated by the coordination bond lengths at 100 K, the temperature-depending magnetic
data, and Mdssbauer spectra. No signs of a charge transfer could be observed by UV-Vis spectra and
electrochemical measurement. In addition to these data, a crystal structure near RT, magnetic data up
to 400 K and additional M&ssbauer spectra for the confirmation of the spin states should be measured

from the same sample.

P2 shows increased coordination bond lengths for half of the cobalt ions at 100 K indicating the

cobalt(ll) HS state, although cobalt(Ill) complexes were used for the reaction. Therefore, it seems that

77



4. Derivatives of Spin Crossover Complexes as Building Blocks

during the reaction an ETCST occurred, which might not be reversible in solid-state. The magnetic data
show a gradual change of 6.7 emu mol-' K which can hardly be explained by literature data but might
arise from a not yet described [WVCo'(HS)Co"(LS)]/[WVICo'(HS)Co'(HS)] ETCST. Temperature-depending
UV-Vis spectra show increasing and decreasing bands with isosbestic points suggesting an ETCST.
However, these results cannot clearly infer whether a [WVCo!(HS)] — [WWV(LS)Co"(LS)] or
[WVICo!(HS)Co!'(HS)] — [WVCo!(HS)CoM(LS)] ETCST occur, since the different interactions in solid-state
and solution have a strong impact on the switching behavior.l38! Also, for this compound, a crystal
structure at RT should be measured, not only to observe the coordination bond lengths but also to gain
new information about the correlation between the distortion of the salpet ligand and the spin state,
as suggested by the crystal structures at 100 K for P1 and P2. Temperature-depending NMR spectra in
solid-state and solution might give additional information if P2 is in a diamagnetic or paramagnetic
spin state as demonstrated previously for other compounds.[241 Furthermore, electron paramagnetic
resonance (EPR) spectra and tungsten Mdssbauer spectroscopy at different temperatures could be
measured to obtain more information of the spin states. Beside additional measurements, new synthesis
of complexes with similar redox potentials could be performed to compare the spin states and possible

switching behavior.

It should be noted that the compounds P1, P1(acetone) and P2 are sensitive to solvent loss and the
samples might contain impurities of the mononuclear precursor. Some syntheses yielded acceptable
results, as for the sample for P1, P1(acetone), P1MB and P2, while other syntheses just yielded the
mononuclear precursor. Important factors might be the temperature and the amount of water inside
the organic solution. Therefore, the magnetic date (T values) might show small deviations. For this
reason, the syntheses need to be refined to obtain more reliable results of the bulk sample. However,
the switching behavior of both samples is clearly demonstrated. Furthermore, a technique of measuring
single crystal structures near RT without losing the crystal solvent should be applied for both
compounds as well as additional measurements for determining the spin states at different
temperatures. Similar techniques should be used for time-consuming measurements near RT such as
Maossbauer spectroscopy, which is already difficult due to the molybdenum. Especially the switching
mechanism of P2 is not solved yet and needs to be investigated further, offering the possibility of

identifying a yet unknown [WVCo''ysCo'"';s]/[WVICo'lysCollus] ETCST.
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5. Co-Crystallization of Tetranuclear [CoFe;]-Complexe

In Chapter 5, the publication Solid-State Hydrogen-Bond Alteration in a [CozFez] Complex with
Bifunctional Hydrogen-Bonding Donors is presented. This Communication was published 2019 in
Chemistry - A European Journall's0l The copyright is hold by Wiley-VCH and it is reprinted with

permission.

During the last 10 years, a large number of ETCST square [CosFe,] complexes have been developed
through molecular design and the choice of suitable anions.[17.18359596.110-114] |t was shown that some
of these complexes can be switched through temperature changes in solution and protonation of the
terminal cyanides by the addition of tetrafluoro acetic acid at a constant temperature.[8:3s] The second
effect was mimicked in solid-state through the co-crystallization of ETCST [Co,Fe,] complexes with
hydrogen-bond donor molecules such as 4-cyanophenol 1l p-hydroquinone, and phloroglucine.['s This
strategy provides further possibilities of changing the ETCST behavior through the hydrogen-bond
controlled assemble of these compounds. In the following publication, this strategy was used to control
the aggregation of [Co,Fe;] complexes with the bifunctional hydrogen-bond donor p-aminobenzoic
acid. An irreversible alteration of the hydrogen interactions between the complex and organic molecule
could be observed by removing the crystal solvent as well as a reversible alteration, which is coupled

with the change of the electronic state.

All the experiments and analysis for this publication were performed by the author of this thesis and
Yuta Yanai. Additionally, the author of this thesis added new ideas for characterizing the desolvation
process and refined the manuscript. Ryo Takayama and Marina Kato refined some of the results. Dr.
Yoshihiro Sekine helped with the initial idea. Prof. Dr. Masayuki Nihei started with the initial idea, wrote
the manuscript and helped through discussions. Prof. Dr. Hiroki Oshio and Prof. Dr. Franz Renz helped

through discussions with the analysis and refined the manuscript.

The formatting of the following publication was adjusted to the formatting of this dissertation and the
abbreviation of the investigated compound [CosFe,(bpy*)s(CN)s(tp*)2](PFe)> - 2p-aminobenzoic acid -
4benzonitrile - 2diisopropyl ether (bpy*: 4,4'-dimethyl-2,2'-bipyridine) was changed from 1 (in the
original publication) to SQ1 to avoid confusion with the compounds in Chapter 3. To the references,
the letter S or SI were added for the paper and the Supporting Information, respectively. However, the
wording and content remained the same. Supporting information for this article are given in the
Appendix Chapter 8.3 (page 152). The other abbreviations, references as well as the labelling of figures
and tables for the following publication and the corresponding supporting information are treated

separately from the other chapters.
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Solid state hydrogen bond alterations in a [CozFez] complex with bifunctional hydrogen

bonding donors
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Abstract: A hydrogen bonding donor-acceptor system, [CosFes(bpy*)s(CN)s(tp*)2](PFe)2-2ABA-4BN-2PE
(SQ1n), was prepared by co-crystallization of an external stimuli-responsive cyanide-bridged
tetranuclear [Co,Fe;] complex and bifunctional hydrogen-bonding donors, p-aminobenzoic acid (ABA).
Compound 15 exhibited a gradual electron transfer-coupled spin transition (ETCST), and the removal
of solvent molecules led to an abrupt thermal ETCST behavior with increased transition temperature.
X-ray structural analysis revealed that the modification of ETCST was caused by a significant alteration
of a hydrogen-bonding mode between the tetranuclear [Co,Fe,]2+ cations and ABA molecules. Variable
temperature IR measurements indicated that the desolvated form, SQ1esol, Showed dynamic alteration
of hydrogen-bonding interactions coupled with thermal ETCST behavior. These results suggested that
the tetranuclear [Co,Fe;] complex shows solid state modulations of hydrogen bond strengths by

external stimuli.

Hydrogen bonding (HB)-directed redox reactions and external stimuli-induced HB alterations play an
important role in biological functions in natural proteins. Flavoproteins, which are ubiquitous redox
enzymes, participate wide range of biological process, and the redox processes of the flavin cofactors
were directed by HB interactions with apo-enzyme.[5! Bacteriorhodopsin acts as a light-driven proton
pump and this function originates from the pK. modulations of the chromophores induced by
photoisomarization.l521 The biological functions described above are based on combined two orthogonal
equilibria, acid-base equilibria and redox/photoisomerization equilibria. In molecular systems,
photochromic molecules with proton acceptor/donor sites have been reported to exhibit pH dependent
photo-isomerization and reversible light-induced pKa, changes, where ApK; is typically in the range of
1-3 pKj, units.ls31 Such photochromic molecules were applied as a photo-responsive molecular switch
in multi-component systems, such as light-gated catalytic reactions,54! light-controlled particle

aggregations,[s#! and optical molecular logic system.[54! On the other hand, redox-active molecules
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with HB donor or acceptor sites have been reported as bio-inspired receptors and the redox potentials
of the receptors were significantly altered by HB interactions with target molecules.[s8! It should be

noted that all functions described above are only operative in solution.

Hydrogen-bonded molecular crystals showed unique solid-state properties, such as HB-directed
ferroelectricity and electric/proton conductivities. Such solid-state properties are based on the HB
interactions between HB donor and acceptors, and are significantly influenced by the HB strengths.[Sél
Molecules exhibiting solid state alterations of HB interactions by external stimuli are, therefore,
expected to be useful switching unit in multi-functional molecular solids. In the last decade, cyanide-
bridged mixed-valent Co-Fe complexes were recognized as a family of external stimuli-responsive
switching molecules, and their switching behaviour is based on intramolecular electron transfers
between iron and cobalt ions, which is coupled with spin transition in the cobalt ions;571581 herein we
refer to this phenomenon as an “electron transfer-coupled spin transition" (ETCST). Tetranuclear mixed-
valent complexes with a general formula of [CosFes(CN)s(L1)2(L2)4](X)2 ([CozFe,](X)2, L1 and L2: tri- and
bi-dentate ligands for Fe and Co ions, X: counter anions), have been reported to show thermal and
light-induced ETCST behaviour between LS ([(/s-Co'"),(/s-Fe!"),]) and HS ([(hs-Co'),(/s-Fe!),]) states (/s
and hs denote low-spin and high-spin states, respectively),l58! and the transition temperature (7o) of
the thermal ETCST in solution can be modulated by the addition of organic acids.l8hs9 The pH
dependent ETCST behaviour in solution is originating from the interplay of thermal intramolecular redox
equilibrium (ETCST) and the acid-base equilibrium. The [CosFe,]2+ cations have two terminal cyanide
groups coordinating to the iron ions, and non-coordinating nitrogen atoms act as Brgnsted base.
Protonation reactions of the terminal nitrogen atoms of [Co,Fe,] cause positively shifted redox potential
of the iron ions, and affects intermetallic electron transfers in ETCST.591 Recently, we have reported
that the [Co,Fe,]2+ cations act as a HB acceptor, and co-crystallizations with organic HB donors give a
variety of HB donor-acceptor systems.[5191 With all in mind, it is expected that a donor-acceptor system
composed of [Co,Fe,]?+ and suitable HB donor may show HB dependent ETCST and external stimuli-
induced alterations of HB interactions in solid state. Herein, we employed 4-aminobenzoic acid (ABA)
as an asymmetric bifunctional HB donor. ABA has been known to act as a bridging HB donor in a variety
of HB donor-acceptor crystals, in which amino and carboxy groups showed weak and strong HB donor
abilities,  respectively.[511 We report herein a HB  donor-acceptor  system,
[Co,Fes(bpy*)a(CN)e(tp*)2](PFe)2-2ABA-4BN-2PE (SQ1si) (bpy* = 4,4'-dimethyl-2,2'-bipyridine, tp* =
hydrotris(3,5-dimethylpyrazol-1-yl)borate, BN = benzonitrile, PE = diisopropy! ether), exhibiting solid-
state alterations of HB interactions. In SQ1, significant alterations of the HB mode, associating with
a change of ETCST behaviour, was found upon a single-crystal-to-single-crystal (SC-SC) transformation

from SQ1su to a de-solvated form, SQ1gesow, ([CozFe2(bpy*)a(CN)s(tp*)2] (PFs)2-2ABA). In addition, solid-
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state modulations of HB interactions through thermal ETCST of SQ14esolv Was investigated by variable

temperature IR measurements,
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Figure 1. X-ray crystal structure of SQ1sov (a) and SQ1desoiv (b). Red dotted lines represent hydrogen-bonding
interactions between terminal cyanide nitrogen (Ncn) and amino nitrogen (Nasa) atoms (a) or carboxy oxygen
atoms (b) in ABA molecules. Hydrogen atoms, counteranions, and solvent molecules have been omitted for clarity.
Color code: C, gray; N, light blue; O, red; Is Co', blue; Is Fell, green.

Compound SQ1s was prepared by the reaction of Co(OTf),:6H,0 with bpy*, BusN[Fe(CN)s(tp*)],
BusN(PFe), and ABA in benzonitrile. X-ray structural analysis was performed at 100 K (Figure 1a) and
the crystallographic and structural parameters were summarized in Table S1 and S2. Compound SQ 14y
crystallized in a triclinic space group P1 and the asymmetric unit contains a dinuclear [(bpy*).Co-(z-
CN)-Fe(CN),(tp*)] sub-unit of the [Co,Fe,]2+ cation and two ABA molecules (Figure 1a). The [CosFe,]2+
cation has a tetranuclear cyclic core composed of two iron and two cobalt ions bridged by cyanide ions,
and resides on the centre of symmetry. The average coordination bond lengths of Co and Fe ions are
1.929(3) and 1.965(4) A, which are characteristic of /s-Co(ll1) and /s-Fe(l1) ions, respectively, suggesting
the [Co,Fe;]2+ cation being in the LS states ([(/s-CoM),(/s-Fe),]) at 100 K.I57-591 The ABA molecules
formed HB dimers with the carboxy groups and the interatomic distance between carboxy oxygen
atoms is 2.639(5) A (red dotted lines in Figure 1a). The amino nitrogen atoms (Naga) of the ABA dimers
show weak HB interactions with the terminal cyanide nitrogen atoms (Ncn) of the [Co,Fe;] cations and
interatomic distances between Ney and Naga was 2.948(8) A. As a result, the [CosFe,]?+ cations and the
ABA dimers formed hydrogen bonded one-dimensional chains (Figure 1a). Crystal solvent molecules of

BN and PE are located in the void between the hydrogen bonded chains (Figure S1).

82



5. Co-Crystallization of Tetranuclear [Co,Fe,]-Complexes

Temperature dependent magnetic susceptibility measurements on the crystalline sample of SQ1s
revealed the occurrence of thermal ETCST behaviour depending on the release of crystal solvent
molecules (Figure 2). In SQ1suw, the ymT value (6.16 emu mol-' K at 300 K) agrees with the theoretical
value (ca. 6.5 emu mol-' K) for a magnetically isolated system of two low-spin Fe(lll) (S= 1/2) and two
high-spin Co(Il) (S= 3/2) ions,I57-59 suggesting that the [Co,Fe,]?+ cation is in the HS state ([(hs-Co'"),(/s-
Fel),]). As the temperature was lowered, the ymT values showed a gradual decrease down to 1.21 emu
mol-' K at 10 K, suggesting the occurrence of thermal ETCST from the paramagnetic HS state to the
diamagnetic LS state with ;o= 170 K. The non-zero ynT values at lower temperature might be due to
the partial release of solvent molecules in the sample, which was supported by the magnetic
susceptibility measurements on the partially desolvated SQ1sy (Figure S2 in the Supporting
Information). After heating the sample at 400 K, the ynT-T profile significantly changed and an abrupt
ETCST behaviour was observed at Ty, = 240 K. Thermogravimetric (TG) measurements on 15, Showed
stepped weight loss upon heating up to 400 K (Figure S3 in the supporting information). The initial
weight loss around 50 °C corresponds to the release of two PE molecules, and four BN molecules were
released upon heating up to 100 °C. Further weight loss higher than 180 °C corresponds to the release
of two ABA molecules. The TG measurements suggested that SQ1, Shows stepwise release of solvent
molecules and the significant change of the ETCST behaviour after heating up to 400 K is caused by

the release of two PE and four BN molecules from the crystal lattice.
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Figure 2. ymT-T plot for SQ1sov before (red) and after (blue) desolvation.

Powder X-ray diffraction (PXRD) measurements on SQ1s,y Were conducted to investigate the structural
change upon release of solvent molecules (Figure S4 in the Supporting Information). The diffraction
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peaks of SQ1 gradually diminished in intensity upon standing the crystalline sample of SQ1sy at
room temperature, and a new crystalline phase appeared after standing for 24 hours, suggesting the
transformation of SQ1s to the desolvated form (SQ1geson) With retaining the crystallinity. Single
crystals of SQ1g¢esov Were obtained by standing the single crystal of SQ1s for 24 hours at room
tremperature, and the structural analysis of SQ14s0lv Was performed, in which the quality of diffraction
data was relatively low due to the degradation of the crystal during the release of solvent molecules
(Figure 1b, Table S1 and S2 in the Supporting Information). As a result, SQ1gesonv €xhibited significant
alteration of the HB mode between the [Co,Fe,]?+ cations and the ABA molecules upon SC-SC
transformation from SQ14,y induced by the solvent release. Compound SQ14csolv adopts the same space
group with SQ1s, while the unit-cell volume was reduced by 26%, which is due to the release of two
PE and four BN molecules associating with the significant rearrangement of the [Co,Fe,]?+ cations and
the ABA molecules (Figure S1 in the Supporting Information). Upon desolvation, the dimer structure of
the ABA molecules in 15 collapsed and new HBs were formed between the carboxy oxygen atoms
(Oasa) of ABA and the terminal nitrogen atoms (Ncn) of the [CosFe,] cations, resulting in a discrete HB
donor-acceptor structure in SQ14esv. The interactions of Ney with the stronger HB donor of carboxy
groups led to the formation of stronger HB with dueny~omen = 2.79(3) A at 100 K. The average
coordination bond lengths of Co and Fe ions are 1.93(1) and 1.95(2) A at 100 K and 2.07(2) and 1.93(2)
A at 270 K, respectively, indicating the occurrence of the thermal ETCST behaviour of 1gesoiv @S seen in
the magnetic data. The higher T2 in SQ14esor (240 K) than SQ1s (170 K) could be ascribed to the
formation of the stronger HB with ABA, which modulates the redox potential of iron ions to stabilize
the LS state (Figure 2). In addition, the higher density of the crystal packing of SQ1gesorv led to the more
abrupt and cooperative ETCST behaviour in comparison to that of SQ1sy. Consequently, SQ1go
exhibited solvent induced SC-SC transformation associating with the significant alteration of the HB

mode, and the switching of the HB sites led to the modulation of transition temperature in solid state.

Light-irradiation experiments were performed on a ground sample of SQ14esonv at 5 K (Figure S5 in the
Supporting Information). Upon irradiation at 808 nm at 5 K, a significant increase in yT value was
observed, suggesting an occurrence of light-induced ETCST of [Co,Fe,]?+ cations from the LS state to
the metastable HS state. As the temperature was raised after turning off the laser light, the ymT values
showed a sudden decrease at 100 K, which is ascribed to the thermal relaxation of the light-induced
state to the ground state. This experiment demonstrated that [Co,Fe,]2+ cations in SQ1 gesov Shows both

thermal and light-induced ETCST behaviour.
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In hydrogen-bonded benzoic acid derivatives, vco frequencies are sensitive to the HB strengths with HB
acceptors, and stronger HB interactions lead to lower frequencies in the vco bands.[S121 To obtain insights
of the interplay between the ETCST and HB interactions in SQ1gesolv, variable temperature IR spectra
were measured in the temperature range of 320 -170 K (Figure 3). At 320 K, ven absorption peaks were
observed at 2147 and 2121 c¢cm-', which are characteristic of the bridging and the terminal cyanide
groups of the HS [Co,Fe,]2+ cations (Figure 3a). When the temperature was lowered to 170 K, ven
intensity for the HS species decreased in intensity and new absorption peaks for the LS [CosFe,]2+

cations appeared at 2095 and 2069 ¢cm-1.[57-59]
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Figure 3. a) Variable temperature IR spectra of SQ1desolv, b) temperature dependence of normalized transmittance
of ven and veo peaks, ¢) Proposed scheme of HB alterations coupled with ETCST.

A vco peak of ABA molecules in SQ1gesoiv Was shifted from 1695 cm-1 at 320 K to 1676 cm-1 at 170 K
associating with the thermal ETCST behaviour of the [Co,Fey]?+ cations. The -19 cm-' shift of the veo
frequency suggests the formation of stronger HB bonds between ABA and LS [Co,Fe;]?+ cations.
Normalized transmittance of vey and veo peaks showed the same temperature dependence (Figure 3b).
This result indicate that the electronic state change in [Co,Fe;]2+ cations induced by the thermal ETCST
is completely coupled with the alteration of HB interactions between the [Co,Fe,]2+ cation and ABA

(Figure 3c). In a series of hydrogen-bonded 1:1 pyridine-benzoic acid complexes, correlations
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between veo frequencies and pK, values of the constituent molecules have been systematically
studied.[5123] In SQ14esonv, the change of the veo frequencies (-19 cm-1) between the hydrogen bonded
ABA molecules with HS and LS [Co,Fe;]?+ cations suggested that the pK, value of the LS [Co,Fe;]?

cation is approximately one unit higher than that of the HS cation.

In summary, we presented solid-state alterations of HB interactions in a HB donor-acceptor system
composed of ETCST-active [Co,Fe,]2+ cations and bifunctional HB donors. The HB donor-acceptor
system showed HB-affected thermal ETCST behaviour and the ETCST temperature of the [CosFe,]2+
cations are changed by solid state alteration of HB modes. In addition, the [Co,Fe;]2+ cations exhibited
dynamic HB alterations coupled with thermal ETCST behaviour. The present results suggested that the
tetranuclear [Co,Fe,]2+ cation could act as a solid-state HB modulator, in which a certain pK, change
can be induced by external stimuli such as light irradiations. Such molecular unit can be useful for

applications to multi-functional solids exhibiting switchable hydrogen-bond-based physical properties.
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6. Framework Structures Emerged from Thiocyanate-Based Prussian Blue

Analogs

The cyanide-bridged Prussian blue analogs are widely studied due to their properties such as porosity,
photomagnetism, SCO, and electrochromaticity which are interesting for applications such as hydrogen
storage, molecular sieves, electrode materials, nanoscopic sensors, and quantum devises.[74.151-153]
M. J. Cliffe et al.36 published the first example of a thiocyanate-based PBA M[Bi(SCN)s] (M: Fe, Cr, Sc)
in 2019. The compounds are isostructural to each other and did not crystallize in a cubic structure,
which is typical for 3D Prussian blue, but in a distorted monoclinic one. Cri"[Bi(SCN)s] showed a
reversible solvent uptake and release, which might be interesting for exchanging guest molecules and
the optical properties of all three compounds might be used for photocatalysis.l3¢! Fel'[Bi(SCN)e] is
especially interesting because transition metal PBAs show potential SCO behavior. However, the
coordination bond lengths of Fel"[Bi(SCN)e] remain the same at 180 K, 300 K and 375 K.[3¢! Furthermore,
M. J. Cliffe et al.l3”1 reported in 2020 the structural analysis of six new [Bi(SCN)s]3- coordination
frameworks with additional manganese(ll), cobalt(ll), nickel(ll), and zinc(Il) ions (two different
structures with Co and Zn). The bond lengths of the cobalt compounds were only measured at a single

temperature at 120 K or 180 K371 and show an HS state.

Coordination frameworks showing a SCO induced by host-guest interactions were presented by M.
Ohba et al. in 2009.14850] {Fe!l(pyrazole)[Pt"(CN)4]} is a microporous coordination framework that shows
bidirectional SCO with memory effect induced by the adsorption of CS; and benzene solvent vapor. The
solvent-framework interactions occurred through open metal sites of the square planar coordinated
platinum and through the aromatic pyrazine ligands.#8501 Y. Yamada et al. were able to stabilize the
open metal sites in a thiocyanate-based platinum(IV) coordination polymer through the addition of a

pyridine ligand.['54

With this previous research, Kevin Tran synthesized 2020 in his master thesis,38 supervised by the
author of this thesis, two new thiocyanate-based Co-Bi coordination compounds
{Co',[Bi(SCN)e]2[Coll(H20),]} - 2 Et,0 (B1) (Et,0: diethyl ether) and K{[Bi(SCN)e][Co"(3-cyanopyridine),]}
- 3 acetone (B2). The compounds B1 and B2 exhibited a temperature induced color change from blue
to green and from orange/brown to green (Figure 32), respectively, which can indicate an SCO. Therefore,
the author of this thesis reproduced the synthesis for further temperature-depending analysis and
expanded it to other metal ions and ligands. The following chapter is about the combination of the

transition metal ions cobalt(ll), iron(ll), and nickel(ll) with different organic ligands and the [Bi(SCN)e]3-
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building block to investigate the possibilities of controlling structural and physical properties of the

resulting framework structure.

AT g

Figure 32: Temperature induced color change of B2.38l

All the experiments and analysis that are following presented were performed by the author of this
thesis. Kevin Tran started the initial experiments. Dr. Yuta Ohtsubo performed the N, adsorption
measurements. Haruka Yoshino helped with the magnetic measurements. Prof. Dr. Masaaki Ohba, Prof.
Dr. Hiroki Oshio, and Prof. Dr. Franz Renz helped through discussions with the analysis and refined the

manuscript.|

6.1 Thiocyanate-Based Coordination Compounds with Co, Fe, and Ni

The cobalt(ll) compounds B1, B2, [Bi(SCN):2Co'3(3-cyanopyridine)s] - 2 H,0 (B3), Na[Bi(SCN)sCo''(3-
cyanopyridine),] - 2 acetone (B4), the iron(ll) compound K[Bi(SCN)sFe'(3-cyanopyridine),] - 3 acetone
(B5), and the nickel(Il) compound K[Bi(SCN)eNi'(3-cyanopyridine),] - 3 acetone (B6) were synthesized
and their structural and magnetic properties were analyzed. Notable is that the compounds B2 and B3
were obtained from the same synthesis, while the other synthesis only yielded one metal-bismuth

compound.

6.1.1 Experimentals

All chemicals were purchased from commercial suppliers and used without further purification. All

synthesis are modified versions of or build upon previously reported synthesis.[36.3¢]
{C0”2[Bi(SCN)G]2[CO”(HzO)Z]} -2 Et20 (B1):

Bi(NOs3); - 5 H,0 (1 mmol) was mixed together with KSCN (6 mmol) in 20 ml of acetone. Immediately,
a white precipitation appeared in the yellow solution, which was stirred for 20 min. The precipitation
was removed by filtration and Co(NOs), - 6 H,0 (1.76 mmol) was added. The blue solution was stirred
for 3 h while a white precipitation appeared. After filtration, the solution was stirred for further 13 h
before it was filtrated again to remove newly appeared white precipitation. Blue single crystals of B1
could be obtained alongside white crystals through vapor diffusion of diethyl ether at 4 °C. After the

crystals were taken out of the solution, their color changed to red-brown.
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K{[Bi(SCN)¢][Co"(3-cyanopyridine),]} - 3 acetone (B2) and {[Bi(SCN)s].[Co"(3-cyanopyridine),]s} -
2 H,0 (B3):

Bi(NOs); - 5 H,0 (1 mmol) was mixed together with KSCN (6 mmol) in 20 ml of acetone. Immediately,
a white precipitation appeared in the yellow solution, which was stirred for 20 min. The precipitation
was removed by filtration and a second solution of Co(NO3), - 6 H,0 (1.16 mmol) and 3-cyanopyridine
(2 mmol) in 5 ml acetone was added. The blue solution was stirred for 3 h while a white precipitation
appeared. After filtration, the solution was stirred for further 13 h before it was filtrated again to
remove newly appeared white precipitation. Brown single crystals could be obtained alongside white
crystals through vapor diffusion of diethyl ether at 4 °C. Single crystals of B2 and B3 could both be
found within the same solution (B2 + B3 reveres to the mixed sample). CssH54Bi3C04N49K16050S1s,
K[Bi(SCN)sCo'l(3-cyanopyridine),] - 3 acetone + [Bi,(SCN):>Co'l3(3-cyanopyridine)s] - 2 H,0 + 15 KNOs:
found % (calcd. %): C 20.26 (19.99), H 1.06 (1.21), N 15.46 (15.23); IR (ATR; cm-1): 1333, 1360, 1420,
1474, and 1599 (3-cyanopyridine), 2097, 2115 (SCN-), 2240 (3-cyanopyridine).

Na{[Bi(SCN)¢][Co'(3-cyanopyridine),]} - 2 acetone (B4):

Bi(NOs); - 5 H,0 (0.5 mmol) was mixed together with NaSCN (3 mmol) in 10 ml of acetone. Immediately
a white precipitation appeared in the yellow solution, which was stirred for 2 h. The precipitation was
removed by filtration and a second solution of Co(NOs), - 6 H,0 (0.5 mmol) and 3-cyanopyridine
(1 mmol) in 5 ml acetone was added. The blue solution was stirred overnight while a white precipitation
appeared. After filtration, brown single crystals of B4 could be obtained alongside white crystals
through vapor diffusion of diethyl ether at 4 °C. C,sHBiCoN:7Nag0,3Ss, Na[Bi(SCN)sCo'(3-
cyanopyridine),] - 2 acetone + 7 NaNO;: found % (calcd. %): C 18.1 (18.49), H 1.00 (1.29), N 15.59
(15.28); IR (ATR; cm-1): 1347, 1418, 1475, 1596, and 1708 (3-cyanopyridine), 2098, 2115 (SCN-), 2241
(3-cyanopyridine).

K{[Bi(SCN)¢][Fe'(3-cyanopyridine),]} - 3 acetone (B5):

Bi(NOs3)3 - 5 H,0 (1 mmol) was mixed together with KSCN (6 mmol) in 10 ml of acetone. Immediately a
white precipitation appeared in the yellow solution, which was stirred for 3 h. The precipitation was
removed by filtration and the solution was degassed and put under a N, atmosphere. The first solution
was added under anaerobic conditions to a second solution of Fe(BF4), - 6 H,0 (1 mmol) and 3-
cyanopyridine (2 mmol) in 11 ml of degassed acetone. The red solution was stirred for 24 h under inert
gas and then filtrated under a N, atmosphere to remove a white precipitation. Single crystals of B5
could be obtained alongside white crystals through vapor diffusion of diethyl ether at 4 °C under

exclusion of 0. Ca4H20BiFeN1,K304Se, K[Bi(SCN)sFe!(3-cyanopyridine),] - 2 acetone + 2 KNOs: found %
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(caled. %): C 24.30 (24.45), H 1.11 (1.71), N 15.37 (14.26); IR (ATR; cm-): 1366, 1419, 1475, 1571,
1596, and 1705 (3-cyanopyridine), 2100 (SCN-), 2241 (3-cyanopyridine).

K{[Bi(SCN)¢][Ni"(3-cyanopyridine),]} - 3 acetone (B6):

Bi(NOs); - 5 H,0 (0.5 mmol) was mixed together with KSCN (3 mmol) in 10 ml of acetone. Immediately,
a white precipitation appeared in the yellow solution, which was stirred for 1 h. The precipitation was
removed by filtration and a second solution of Ni(NOs), - 6 H,0 (0.5 mmol) and 3-cyanopyridine
(1 mmol) in 10 ml acetone was added. The orange solution was stirred overnight while a white
precipitation appeared. The solution was filtrated to remove the newly appeared white precipitation.
Green single crystals of B6 could be obtained alongside white crystals through vapor diffusion of diethyl
ether at 4 °C. Cy7H26BiNiKsN16015Se, K[Bi(SCN)sNi'(3-cyanopyridine),] - 3 acetone + 5 KNO3: found %
(caled. 9%): C21.71 (21.01), H 1.33 (1.70), N 14.44 (13.61); IR (ATR; cm-1): 1367, 1411, 1423, 1474,
1573, 1598, 1698, and 1762 (3-cyanopyridine), 2107, 2132 (SCN-), 2243 (3-cyanopyridine).

Crystal structure analysis: The diffraction data were collected with a Bruker SMART APEX Il
diffractometer with a CCD area detector and graphite-monochromated Mo-Ka radiation
(A = 0.71073 A). The data frames were integrated using the SAINT program and merged to give a unique
data set for the determination of the structure. An absorption correction was performed using
SADABS.I'2%1 The structure was solved by direct methods and refined on F2 by the full-matrix least-
squares methods using the SHELXTL package (Bruker Analytical X-ray systems, Olex2).l130.131] Non-
hydrogen atoms were refined with anisotropic thermal parameters. Hydrogen-atoms were included in
calculated positions and refined with isotropic thermal parameters riding on those of the parent atoms.
Electron densities of disordered solvent molecules were flattened for some structures using Olex 2

solvent mask(1311 (BYPASSI'32]),

Physical measurements: Magnetic susceptibility data were collected using a Quantum Design MPMS-
5S SQUID magnetometer. The measurements were performed with an applied magnetic field of 1000 Oe
for B1 - B3 and B5 and with 5000 Oe for B4 and B6 in the temperature range of 5 - 300 K. Magnetic
data were corrected for the diamagnetism of the sample holder, and for the diamagnetism of the sample
using Pascal's constants. More details are described in the section 4.3.2 Results and Discussion. The
samples were measured with a scan rate of 2 K/min in sweep mode. Infrared absorption spectra were
measured with the ATR method using a PerkinElmer FT-IR Spectrometer Spectrum Two. Powder XRD
were measured with a microcrystalline sample using an Ultima IV X-Ray diffractometer from Rigaku at
RT with Cu-Ka radiation (A = 1.5406 A). The TG and DTA measurements for B2 + B3, B4, and B6 were
performed at nitrogen or air atmosphere with an Thermo plus TG 8120 from Rigaku in the temperature

range of 22 °C to 500 °C. For B5 the TG measurement was done with a Perkin Elmer STA600O0 under N,
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atmosphere in the temperature range of 22 °C to 700 °C. The Mdssbauer Spectrum was measured with
a WissEl Mssbauer spectrometer using a 5Co(Rh) source and the isomer shift is given relative to a-
iron at RT. The N, adsorption and desorption isotherm was acquired using a BELSORP-MAX volumetric

adsorption equipment (MicrotracBEL Corp) at 77.36 K.

6.1.2 Results and Discussion

Structural Data

The crystal structures of the previously investigated(38] compounds B1 and B2 were measured at 100 K
and 273 K to determine the cause of their thermochromic behavior (Figure 32). Furthermore, the
compounds B3, B4, B5, and B6 were measured at 100 K and B5 was additionally measured at 223 K
and 273 K (Table 9 and Table 13).

B1 crystallized in the monoclinic P2:/c space group as a 3D framework with (Figure 33) two
distinguishable cobalt(ll) ions and one bismuth(lll) ion. Co1 is octahedrally coordinated by four
thiocyanate ions and two cis coordinated water molecules. Co2 is tetrahedrally coordinated by four
thiocyanate ions and exists in a ratio of 2:1 compared to Co1. The cobalt ions are bonded to the N-side
of the thiocyanate and interconnected via [NCS-Bi-SCN]+ bridges. Subsequently, each bismuth ion,
which is octahedrally coordinated by six thiocyanate ions, is bonded via thiocyanate ions to four Co2
and two Co1 (Figure 65, page 159). The resulting 3D framework consists of {Co';[Bi(SCN)s],}>- layers of
Co2 which are connected via thiocyanate bond [Co(H,0),]2+ bridges of Co1. Through these bridges,
cavities open up which are occupied by diethyl ether (Figure 34).

Figure 33: Asymmetric unit of B1. Color code: C, gray; N, light blue; O, red; Co, dark blue; Bi, magenta; S, yellow;
H, white.

93



Table 9: Crystallographic and structural data of B1, B2, B3, and B4.
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B1 B2
C24H40Bi2C03N 1204515 C27H28BiCoN10K03S6
Tin K 100 100
crystal System monoclinic triclinic
space group P2:/c P-1
ain A 10.6391(9) 8.2320(11)
binA 8.5437(8) 13.5532(18)
cinA 26.421(2) 17.984(2)
ain® 90 82.7880(10)
in° 97.8120(10) 87.9980(10)
yin® 90 89.4220(10)
Vin As 2379.3(4) 1989.3(5)
7 2 2
Ri/wR, (I>261) 0.0342/0.0774 0.0365/0.1164
B3 B4
CagH26Bi2C03N 2405515 C24H20BiCoN1oNa0,Ss
Tin K 100 100
crystal System monoclinic triclinic
space group P2:/c P-1
ain A 8.1609(16) 8.2928(12)
binA 25.964(5) 8.9416(13)
cin A 17.038(4) 13.354(2)
ain® 90 81.690(2)
in° 92.555(2) 86.034(2)
yine© 90 88.201(2)
Vin As 3606.7(13) 977.3(2)
7 2 1
Ri/wR, (I>261) 0.0406/0.0885 0.0378/0.1117
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Figure 34: Crystal structure packing of B1 along the b axis. Color code: C, gray; N, light blue; O, red; Co, dark
blue; Bi, magenta; S, yellow; H, white; red line, a axis; blue line, ¢ axis. Gray boxes visualize the layers of
{Co",[Bi(SCN)s]2}2- connected through the [Co(H20)2]2+ units visualized by the red lines.

The cobalt(Il) coordination bond lengths at 100 K and 273 K (Table 10) are each indicating an HS state
for the octahedrally coordinated Co1 at both temperatures. Therefore, the color change is not caused
by an SCO. However, the NCS-Bi-SCN and SCN-Co-OH, bonding angles of Co1 (Table 11) change
between the two temperatures by 11.63 ° and 3.67 °, respectively (Figure 35). Since the compound's
color strongly depends on both cations,2¢l a small change of the coordination environment, such as
changing angles, might be the cause for the thermochromic behavior. Previously conducted
thermogravimetric (TG) analysis by Kevin Tran showed a solvent loss of the water until 225 °C and a
loss of the diethyl ether until 410 °C.138 These results suggest a weak coordination bond of the water
molecules. Subsequently, the water ligand was replaced by the organic ligand 3-cyanpyridine to modify

the ligand field strength and obtain more information about the thermochromic behavior.

Table 10: Cobalt coordination bond lengths of B1.

bond max. and min. coordination bond lengths in A
B1 (100 K) B1 (273 K)
Co1-N1 2.131 2.133
Co1-N2 2.089 2.102
Co1-01 2.062 2.068
Co2-N3 1.959 1.978
Co2-N4 1.947 1.948
Co2-N5 1.957 1.962
Co2-N6 1.960 1.956
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Figure 35: Comparison of the asymmetric unit of B1 at 100 K (colored) and 273 K (red). Color code: C, gray; N,
light blue; O, single red atoms; Co, dark blue; Bi, magenta; S, yellow. Hydrogen atoms have been omitted for
clarity.

Table 11: Selected bonding angles of B1.

angle between angle in ° at 100 K angle in ° at 273 K
N1-Co1-01 91.56 87.89
S2-Bi1-S1 89.34 100.97

B2 and B4 crystalize both in the triclinic P-1 space group (Figure 36) and show a similar, but not
isostructural, 2D layer structure. Both structures contain cobalt(ll) that is octahedrally coordinated by
four NCS- ions and two 3-cyanopyridines. The bismuth(lll) ions are octahedrally coordinated by the
sulfur side of the thiocyanate anions. These interconnected cations build plains with an interplane
distance of 13.398 A for B2 (Figure 37) and 13.186 A for B4 (Figure 39), respectively. Between the
planes, potassium (for B2) or sodium (for B4) cations are located and coordinated by thiocyanate anions,
3-cyanopyridines and acetone solvent molecules. The thiocyanate anions and 3-cyanopyridines are
coordinated to the bismuth and cobalt ions within the plains. In addition, the sodium and acetone in
B4 are slightly disordered. In contrast to the two layered structures of B2 and B4, B3 shows a 3D
[Bi»(SCN)+,Co'l;] framework. The structure of B3 contains two distinguishable cobalt(ll) ions which are
octahedrally coordinated by two 3-cyanopyridine and four thiocyanate ligands (Figure 36). Co2 builds
up 2D [Bi(SCN),Co(3-cyanopyridine),]-; plains with a distance of 12.815 A and which are connected via
[Co(3-cyanopyridine),]2+ bridges (Figure 38). Note that Co1 is bonded via two thiocyanate ions to the
same bismuth ion (in total it is bonded to two different Bi3+), while Co2 is connected to four different

bismuth ions.
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Figure 36: Asymmetric unit of B2 and B3. Color code: C, gray; N, light blue; O, red; Co, dark blue; Bi, magenta; S,
yellow.

To summarize, the insertion of potassium ions in B2 sets the structure of B2 and B3 apart. Subsequently,
B2 builds a 2D structure which is loosely interconnected through coordinated potassium ions, indicated
by the plain distance. In contrast, the plain-plain distance of B3 is shorter because the plains are directly
connected via a complex bridge. However, both compounds were obtained from the same sample and
the crystals could not be distinguished under the microscope or separated in another way. Therefore,
both were handled as combined sample B2 + B3. The cobalt(ll) coordination bond lengths of B2, B3,
and B4 (Table 12) are all indicating the HS state at 100 K and for B2 at 273 K as well. Therefore, these
compounds do not show a temperature induced SCO behavior above 100 K. Furthermore, only a minor
temperature induced change of the potassium-acetone bond can be observed for B2 at 100 K and 273

K (Figure 66, page 159).

Figure 37: Crystal structure packing of B2. Color code: C, gray; N, light blue; O, red; Co, dark blue; Bi, magenta;
K, violet; S, yellow. Gray boxes visualize the 2D planes build by the [Co(NCS)4Bi]+ units.
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Figure 38: Crystal structure packing of B3. Color code: C, gray; N, light blue; O, red; Co, dark blue; Bi, magenta;
S, yellow. Gray boxes visualize the 2D planes build by the [Co(NCS)4Bil*2 units which are interconnected by
[Co(NCS)4]2- bridges.

Powder XRD was measured at RT for sample B2 + B3 and compared with the calculated powder XRDs
from the single crystal structures of B2 and B3 at 100 K (Figure 40). The measured diffractogram shows
reflexes of both structures which are slightly shifted, probably due to the different measurement
temperatures. However, the estimation of the B2 and B3 ratio in this sample was done using the
elemental analysis and the thermo gravimetric data. Possible impurities might be overlapped by the

reflexes of B2 and B3.

Figure 39: Crystal structure packing of B4. Color code: C, gray; N, light blue; O, red; Co, dark blue; Bi, magenta;
Na, pink; S, yellow. Gray boxes visualize the 2D planes build by the [Co(NCS)4Bi]* units.
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Figure 40: Powder XRD calculated from the single crystal structures of B2, B3 and the powder XRD measurement
of the mixed sample B2 + B3.

Table 12: Cobalt coordination bond lengths of B2, B3, and B4.

bond max. and min. coordination bond lengsth in A
B2 (100 K) B2 (273 K) B3 (100 K) B4 (100 K)

Co1-N1 2.103 2.101 2.118 2.093
Co1-N2 2.114 2.122 2.091 2.112
Co1-N3 2.158 2.153 2.182 2.151
Co2-N4 2.108 2.101 2.079

Co2-N5 2.110 2.121 2.142

Co2-N6 2.151 2.153 2.119

Co2-N7 2.104

Co2-N8 2.157

Co2-N9 2.103

In addition to the four cobalt(ll) compounds, the iron(ll) compound B5 and the nickel(Il) compound B6
were synthesized analog to the sample B2 + B3. The crystal structure of B5 was measured at 100 K,
223 K and 273 K and for B6 at 100 K (Table 13). Both compounds are isostructural to B2 at 100 K
(Figure 41) which is confirmed by the simulated powder XRD of B2, B5, and B6 (Figure 42). The inter-
plain distances for B5 and B6 are 13.452 A and 13.396 A, respectively. The coordination bond lengths
(Table 14) of iron(ll) indicates the HS state at all three temperatures.
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Table 13: Crystallographic and structural data of B5 and B6.

B5 B5 B6
Co7H26BiFeN10K03Se Cy7H26BiFeN10K03Se C27H26BiNiN1003Ss
Tin K 100 273 100
crystal System triclinic triclinic triclinic
space group P-1 P-1 P-1
ain A 8.2448(7) 8.3702(16) 8.2320(11)
binA 13.5651(12) 13.710(3) 13.5532(18)
cinA 18.0452(16) 18.065(3) 17.984(2)
ain® 82.6200(10) 83.367(2) 82.7880(10)
Bin° 88.0130(10) 88.478(2) 87.9980(10)
yin® 89.3570(10) 87.954(2) 89.4220(10)
Vin As 2000.2(3) 2057.4(7) 1989.3(5)
Z 2 2 2
Ri/wR, (I>20)) 0.0280/0.0815 0.0445/0.1211 0.0365/0.1164

BS B6
! \‘}- &?m

\“\,/"\r ST i1

N’NS “ o N2 §N1 W*NG i

N4 ) N5
N3 N1 Bi1 Fe2 NiT &, /"/7
«

Fe1 N3
N /‘.’7" g

Figure 41: Asymmetric unit of B5 and B6. Color code: C, gray; N, light blue; O, red; Fe, orange; Ni, green; Bi,
magenta; K, violet; S, yellow.
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Figure 42: Powder XRD calculated from the single crystal structures of B2, B5, and B6.

50

It is noteworthy that B5 exhibits a phase transition between 100 K and 273 K. This is shown in the

comparison of the calculated powder XRDs (Figure 43). The overlayed structures at 100 K and 273 K

(Figure 67, page 160) show a changing potassium coordination mode in which the position but not the

coordination environment changes. In contrast to the calculated powder XRD at 232 K, which does not

show a clear high temperature or low temperature phase, the overlayed structures at 100 K and 232 K

are more similar than at 232 K and 273 K. These results might be explained by a gradual transition

between the phases.

Table 14: iron(ll) and nickel(ll) (M) coordination bond lengths of B5 und B6.

bond max. and min. coordination bond lengths in A
B5 (100 K) B5 (223 K) B5 (273 K) B6 (100 K)

M1-N1 2.136 2.138 2.155 2.064
M1-N2 2.147 2.153 2.140 2.073
M1-N3 2.208 2.208 2211 2.107
M2-N4 2.139 2.149 2.135 2.075
M2-N5 2.137 2.138 2.159 2.070
M2-N6 2.185 2.198 2.213 2.100
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Figure 43: Powder XRD calculated from the single crystal structures of B5 at 100 K and 273 K.

Thermogravimetric Analysis

The ratio of the white impurities to the samples B2 - B6 was analyzed by thermogravimetric (TG)
measurements. In addition, a differential thermal analysis (DTA) was performed for B2 + B3, B4, and
B6. The TG of B1 was already analyzed and discussed by Kevin Tran.38 All calculated steps and the
assumed chemical formula are complementary to the elemental analysis (Chapter 6.1.1 Experimentals).
The moiety formula was approximated by using one type of impurities, which is assumed to contain
nitrate because of the exothermic reactions around 300 °C shown in the DTA measurements. However,

the composition of the impurities might be more complex.

Table 15: Analyzed TG results under N2 atmosphere of B2 + B3 divided into single steps and residue.

step step in °C mass in % correlated weight loss theoretical mass %
1 22 -110 -3.7 3 acetone -3.86

2 110 - 213 -20.4 2 3-cyanopyridine + 2 H,0 -19.28

3 213 - 500 -22.2 18 SCN- -23.2

residue - 53.7 3 Bi3+ + 4 Co2+ + 15 KNO3 53.66

For B2 + B3 the moiety formula K[Bi(SCN)sCo'(3-cyanopyridine),] - 3 acetone + [Bi»(SCN):,Co'3(3-
cyanopyridine)s] -+ 2 H0 + 15 KNO; was calculated from the elemental analysis and TG/DTA
measurements (Figure 44). The mass loss of the single steps (Table 15) corresponds to the calculated
solvent and ligand molecules. Up to 213 °C the process is endotherm and is, therefore, probably an
evaporation of the solvents and the 3-cyanopyridine ligand. Afterwards, the process becomes
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exothermic which might be caused by a reaction of the nitrate with the thiocyanate bridges and the
remaining metal ions. Consequently, it is likely that the resulting product of a thiocyanate + nitrate
reaction is removed, and that mass corresponds to all of the thiocyanate ligands. The measurement
under an air atmosphere resulted in two additional peaks in the DTA and a higher remaining mass,

probably caused by a greater amount of metal oxides.
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Figure 44: TG and DTA measurements of B2 + B3 under N2 and air atmospheres.

The moiety formula of B4 was approximated to be Na[Bi(SCN)¢Co'(3-cyanopyridine),] - 2 acetone +
7 NaNO3 from the elemental analysis and TG/DTA measurement (Figure 45). The single steps (Table 16)
correspond to the removed solvent molecules and ligands with remaining metal ions and NaNOs.
However, as for B2 + B3 it is likely that the residuals are a product left by the previously assumed
nitrate-oxidation process caused. Both measurements are similar except for the exothermic processes
around 300 °C measured under an air atmosphere and resulting in a higher remaining mass. Note that
the split-up amount of removed acetone might be caused by different positions in the crystal lattice

caused by disordered solvent molecules and can also be found in the moiety formula of the crystal

structure cif file.
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Table 16: Analyzed TG results under N2 atmosphere of B4 divided into single steps and residue.

step step in °C massin %  correlated weight loss theoretical mass %
1 22 -110 -4.4 1.2 acetone -4.47
2 110 - 220 -15.7 2 3-cyanopyridine + 0.8 acetone  -16.36
3 220 - 320 -22.3 6 SCN- -22.36
4 320 - 500 0 oxidation processes -
residue 57.6 1 Bi3+ + 1 Co2+ + 7 NaNOs 56.83
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Figure 45: TG and DTA measurements of B4 under N2 and air atmospheres.

B5 was calculated (Figure 46) to be approximately K[Bi(SCN)sFe!'(3-cyanopyridine),] - 2 acetone + 2
KNO;. Step 1 and 2 (Table 17) are comparable to the previous samples. However, steps 3 and 4
correspond less well to the mass of thiocyanate than for B2 + B3 and B4. This might be due to a
comparably smaller amount of KNO3 impurities and a subsequent smaller amount of volatile reaction
products. The remaining mass is therefore higher than expected. Whereas for the other samples no

mass loss step could be found that corresponds to the impurities, step 3 of B5 also corresponds to the

amount of KNOs.
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Table 17: Analyzed TG results under N2 atmosphere of B5 divided into single steps and residue.

step step in °C massin%  correlated weight loss theoretical mass %
1 22 - 157 -9.7 2 acetone -9.85
2 157 - 195 -15.7 2 3-cyanopyridine -17.66
3 195 - 400 -18.7 4 SCN-/2 KNOs -19.7/17.15
4 400 - 700 -8.7 2 SCN- -9.85
residue 47.2 1 Bi3+ + 1 Fe2+ + 2 KNO3 42.94
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Figure 46: TG measurements of B5 under N2 atmospheres.

The formula K[Bi(SCN)eNi"(3-cyanopyridine),] - 2 acetone + 5 KNO3; was determined for B6 from the
elementary analysis and TG/DTA measurements (Figure 47). Even though the steps (Table 18) are
overlapping, they match the measurement well and are comparable with the TG/DTA measurements for

B2 + B3 and B4. Furthermore, the measurements under air and N, atmosphere differ more than

expected which might be due to a hygroscopic sample behaviour or an inhomogeneous sample.
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Table 18: Analyzed TG results under N2 atmosphere of B6 divided into single steps and residue.

step step in °C massin %  correlated weight loss theoretical mass %
1 22 - 145 -11.4 2 acetone -11.12
2 145 - 187 -16.6 2 3-cyanopyridine -13.52
3 187 - 296 -19.9 6 SCN -22.63
4 296 - 500 -2.2 oxidation processes -
residue - 49.9 1 Bi3+ + 1 Ni2+ + 7 KNO3 52.74
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——TG:B6 air [20 S
o -104 DTA: B6 air 3
> k=
= >
0 22
3 -20 o
()
&3 - 10 o
® c
£ -30- b=
) 2
" <
-40 [
0O
\_—4_\_ °
50 -
T T T T T T T T T
0 100 200 300 400 500

Tin°C
Figure 47: TG and DTA measurements of B6 under N2 and air atmospheres.

All four samples showed similar steps for the decomposition process of the compounds. In the first step,
the solvent molecules evaporate up to 120-150 °C. Secondly, the 3-cyanopyridine is removed up to
approximately 220 °C: In the third step, a mass corresponding to the SCN- ligands is removed up to
approximately 350 °C. The remaining mass after heating to 500 °C corresponds to the metal ions and
nitrate impurities. The temperatures vary for the different compounds. These results suggest that under
anaerobic conditions, the decomposition of the thiocyanate depends on the nitrate impurities. Therefore,
itis likely that a reaction product of thiocyanate and nitrate volatilizes instead of pure thiocyanate. For

reasons of charge balance, it is likely that anionic residues and metal oxides result from this reaction

as well.
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Magnetic Properties, Mdssbauer Spectrum and Adsorption Measurement

The temperature-depending magnetic susceptibility was measured for the samples B2 + B3, B4, B5,
and B6 in the range of 5 K - 300 K. As previously analyzed, the samples contained impurities, which
made an exact calculation of the ymT values impossible. Therefore, three different calculations with
different assumptions were made for each of the four samples (Figure 48). All calculations are based
on the measured SQUID data with changing molar mass and diamagnetic correction. The calculated
T values for the first approach (red) are based on the chemical formula from the single crystal
structure and the approximation of the elemental analysis and TG measurements. In the second
approach (yellow), the chemical formula, determined only by the single crystal structure was used to
calculate the ynTvalues. In the third approach (blue), the ymT values correspond to the expected values

for the cobalt(l1), iron(Il), and nickel(ll) ions in HS state.
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Figure 48: Temperature-depending magnetic measurements of B2 + B3, B4, B5, and B6. The red points represent
the calculated ymT values according to the formula determined by the elemental analysis and TG measurements,
the blue points represent the expected values based on the measurement data and the yellow points represent
the calculated ymT values according to the formula determined by the crystal structure without impurities.

The crystal structure revealed the transition metal ions cobalt(ll), iron(ll), and nickel(ll) as the only

magnetic-active species in these compounds. However, all red-marked yT values are significantly
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larger than the expected values (blue), while the yellow-marked values correspond better to the blue
ones. The ymT values for B2 + B3 (Figure 68, page 160) are nearly constant up to 150 K at about 13.9
emu mol-' K for red, at about 10.9 emu mol-" K for blue, and at about 9.3 emu mol-' K for yellow. Below
150 K, the ymT values are strongly decreasing due to the ZFS. ynT = 10.9 emu mol-' K corresponds to
four magnetically isolated cobalt(ll) in the HS state. B4 (Figure 69, page 161) shows approximately
constant ymT values up to 150 K as well with 3.4 emu mol-! K for red, 2.5 emu mol-' K for blue
(corresponding to one cobalt(ll) in the HS state) and 2.1 emu mol-' K for yellow. In contrast to B5 and
B6, both previous samples show similar behavior for all three approaches. The red and yellow ymT values
for B5 (Figure 70, page 161) are not only higher than the expected (blue) ones, but also unexpectedly
increase from 300 K to 135 K from 4.6 emu mol-' K to 4.8 emu mol-' K and from 4.0 emu mol-' K to
4.2 emu mol-' K, respectively. The increase might be caused by magnetic interactions or by the
diamagnetic impurities. Afterwards, at about 73 K, a sudden decrease can be observed to 4.4 emu mol-
K and 3.9 emu mol-' K, respectively, which might be caused by a phase transition. Since standard
methods for crystal structure determination cannot be used below 100 K, a Mdssbauer spectrum at 70
K was measured (Figure 49) showing an isomer shift of 1.03 mm s-1, a quadrupole splitting of 1.51 mm
s and a line width of 0.5 mm s-1. These data correspond to an iron(ll) in HS statel52155.156] with an

expected ym7T value of about 3.4 emu mol-' K and show that the spin state has not changed.
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Figure 49: Mossbauer spectrum at 70 K of B5.
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The magnetic properties of B6 (Figure 71, page 162) also show ynTvalues that are higher than expected
for the red-marked measurement. However, the yellow ymT values matche the expected ones of 1.2
emu mol-' K with a g-factor of 2.2 for an octahedrally coordinated nickel(Il) very well.l'57) Unexpectedly,
the red and yellow-marked ymT values increase nearly linear in the temperature range from 300 K to
15 K from 1.7 emu mol-' K to 1.9 emu mol-' Kand from 1.1 emu mol-' K to 1.3 emu mol-' K, respectively.

As for B5, this might be caused by magnetic interactions or by the diamagnetic impurities.

In general, there are two possible explanations for the high ynT values (red) approximated from the
elemental analysis and the TG measurements. The first is that magnetic interactions between the
magnetic-active transition metal ions caused an increase of the ym T values. This is unlikely though, due
to the magnetic inactive bridging. The second explanation might be that the approximation of the
calculated species and the amount of impurities by the elemental analysis and TG measurement was
not precise enough. ynT values, which were calculated too high, might indicate an overestimation of
the impurity amount. Subsequently, the ymT values calculated from the single crystal formula are
expected to be too small. For B5, removed solvent might cause the higher yellow-marked ymT values.

To obtain reliable magnetic data, a synthesis route yielding pure compounds needs to be developed.

Absorption and desorption isotherms of B2 + B3 and B6 were measured before and after keeping the
samples at 105 °C for one day (Figure 50). The activation temperature of 105 °C was chosen according
to the TG measurements to remove the solvent molecules under modest conditions without damaging
the organic ligand. The BET surface was calculated from this data by Dr. Yuta Ohtsubo for all four
samples (Table 19). The results show no adsorption of the N, for all four samples which are, therefore,
probably not porose with BET surface areas between 3 m2 g-' and 13 m2 g-'. A trend can be observed
showing a slight increase of the adsorption and the BET surface areas after the activation. This might
be caused by smaller particle sizes or bigger interparticle caves.

Table 19: Calculated BET surface areas for B2 + B3 and B6 before (0) and after (a) heating the sample at 105 °C
for one day.

sample BET surface area
B2 + B30 3.0064 m2 g-1
B2 + B30 7.8061 m2 g1
B6 0 7.6074 m2 g
B6 a 12.944 m2 g
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Figure 50: N adsorption isotherm of the samples B2 + B3 and B6 before (0) and after heating at 105 °C (a) for
one day.
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6.2 How to Control the Aggregation of Bi-NCS Coordination Frameworks

In addition to the six presented compounds, the syntheses and crystal structures of six further
bismuth(lll) thiocyanate-based coordination polymers are discussed in the following chapter. These
structures are the results of a larger synthesis series to gain a better understanding how the aggregation
process of the [Bi(SCN)e]3-, transition metal ions and ligands can be controlled, which is discussed as

well.

6.2.1 Experimentals

All chemicals were purchased from commercial suppliers and used without further purification. All

synthesis are modified versions of or build upon previously reported synthesis.[36.38]
{Co"[Bi(SCN)¢c][Ca''(acetone)(H,0).]} - 2 acetone - 1 Et;0 (SB1):

Bi(NOs)s - 5 H20 (1/3 mmol) was mixed together with KSCN (2 mmol) in 7 ml of acetone. Immediately,
a white precipitation appeared in the yellow solution, which was stirred for 20 min. The precipitation
was removed by filtration. The solution was degassed and added to Co(BF4), - 6 H,0 (1.5 mmol). The
blue solution was stirred overnight before it was filtrated to remove the newly appeared white
precipitation. Red single crystals of SB1 could be obtained alongside white crystals after the addition

of 15 ml diethyl ether and storing the solution for a few days at about 4 °C.

K[Bi(SCN)sCo'], (SB2):

Bi(NOs)s - 5 H,0 (1 mmol) was mixed together with KSCN (6 mmol) in 10 ml of acetone. Immediately,
a white precipitation appeared in the yellow solution, which was stirred for 30 min. The precipitation
was removed by filtration and a second solution of Co(BF4), - 6 H,0 (1 mmol) and imidazole (1 mmol)
was added. The blue solution was stirred overnight before it was filtrated again to remove the newly
appeared white precipitation. Red single crystals could be obtained alongside white crystals through

vapor diffusion of diethyl ether after a few days.
{[Bi(SCN)¢]2[Co'"(H20)]3}[Co(NCS),(H,0)4] - 4 H,0 (SB3):

Bi(NO3)s - 5 H,0 (1 mmol) was mixed together with KSCN (6 mmol) in 10 ml of acetone. Immediately,
a white precipitation appeared in the yellow solution, which was stirred for 1 h. The precipitation was
removed by filtration and a second solution of Co(BF4); - 6 H,0 (1.5 mmol) in 20 ml methanol was
added. The green solution was stirred for 23 h while a white precipitation appeared. After filtration, red
single crystals of SB3 could be obtained alongside white crystals through vapor diffusion of diethyl
ether after a few days.
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{[Bi(SCN)s].[Co'(4-cyanopyridine).]s} (SB4):

Bi(NOs); - 5 H,0 (0.5 mmol) was mixed together with KSCN (3 mmol) in 10 ml of acetone. Immediately,
a white precipitation appeared in the yellow solution, which was stirred for 2 h. The precipitation was
removed by filtration and a second solution of Co(BF4); - 6 H,0 (0.5 mmol) and 4-cyanopyridine
(1 mmol) in 10 ml acetone was added. The green solution was stirred overnight while a white
precipitation appeared. The solution was filtrated to remove the newly appeared white precipitation.
Red single crystals of SB4 could be obtained alongside white crystals through vapor diffusion of diethyl

ether after one day.
(H-isoquinoline)s{[Bi(SCN)s][Co'(isoquinoline),]}[Co(NCS).] (SB5):

Bi(NOs)3 - 5 H,0 (0.5 mmol) was mixed together with KSCN (3 mmol) in 10 ml of acetone. Immediately,
a white precipitation appeared in the yellow solution, which was stirred for 20 h. The precipitation was
removed by filtration. A second solution of Co(BF4); - 6 H,0 (0.5 mmol) and isoquinoline (1 mmol) in
10 ml acetone was added. The greenish blue solution was stirred for 3 days. The yellow precipitation
was removed by filtration from the blue solution. Green single crystals of SB5 could be obtained

alongside white crystals through vapor diffusion of diethyl ether after a few days.
Na{[Bi(SCN)e][Ni"(3-cyanopyridine),]} - 2 acetone (SB6):

Bi(NOs)s - 5 H,0 (0.5 mmol) was mixed together with NaSCN (3 mmol) in 10 ml of acetone. Immediately,
a white precipitation appeared in the yellow solution, which was stirred for 30 min. The precipitation
was removed by filtration and a second solution of Ni(NOs), - 6 H,0 (0.5 mmol) and 3-cyanopyridine
(1 mmol) in 10 ml acetone was added. The solution was stirred overnight while a white precipitation
appeared. The solution was filtrated to remove the newly appeared white precipitation. Green single
crystals of SB6 could be obtained alongside white crystals through vapor diffusion of diethyl ether at
4 °C.

Crystal structure analysis: The diffraction data were collected with a Bruker SMART APEX Il
diffractometer with a CCD area detector and graphite-monochromated Mo-Ka radiation
(A = 0.71073 A). The data frames were integrated using the SAINT program and merged to give a unique
data set for the determination of the structure. An absorption correction was performed using
SADABS.I'2¢1 The structure was solved by direct methods and refined on F2 by the full-matrix least-
squares methods using the SHELXTL package (Bruker Analytical X-ray systems, Olex2).11301311 Non-
hydrogen atoms were refined with anisotropic thermal parameters. Hydrogen atoms were included in

calculated positions and refined with isotropic thermal parameters riding on those of the parent atoms.
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6.2.2

Crystal Structures

The compound SB1 crystallizes in a 2D layer structure with two different cobalt sites (Table 20, Figure

51). Co1 is octahedrally coordinated by three thiocyanate ions, two water and one acetone molecule,

while Co2 is tetrahedrally coordinated by four thiocyanate ions. Both cobalt sites are connected via

[NCS-Bi-SCN]+ bridges and build up a 2D plane. Two non-coordinating acetone and one diethyl ether

molecule per asymmetric unit are located between these parallel planes. The inter plane distance of

16.165 A is discussed at the end of this chapter (Table 26). The coordination bond lengths of Co1

correspond to cobalt(ll) in the HS state, comparable to B2. One reason, a different structure was

obtained than for B2 and B3, might be the comparably less amount of potassium and thiocyanate

during the reaction. The resulting formula shows 3.5 thiocyanate per cobalt while it is 4 for B3 and 6

for B2. Possibly, the structure might be controlled by the amount of potassium ions in the solution.

Table 20: Crystallographic data and octahedral coordinated cobalt(Il) coordination bond lengths of SB1.

C20H3zBiC02N7OGS7

type of bond

bond lengths in A

Tin K

crystal System
space group
ain A

binA

cinA

ain’

Bin-

yin°®

Vin A3

V4

Ri/wR, (I>201)

100
monoclinic
P2q/c
13.820(5)
8.482(3)
33.181(13)
90

102.02

90

3875

4
0.0924/0.2259

Co1-N1
Co1-N2
Co1-N3
Co1-01
Co1-02
Co1-03

2.07
2.12
2.10
2.05
2.1
2.16

asymmetric unit

packing

Figure 51: Asymmetric unit and packing of SB1. Color code: C, gray; N, light blue; O, red; Co, dark blue; Bi,
magenta; S, yellow. The grey boxes visualize the 2D layer structure.
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SB2 crystallizes in comparison to the other discussed compounds B1 - B6, SB1 and SB3 - SB6 in the
high symmetric cubic Pn-3 space group (Table 21). Therefore, the compound can be described as PBA
with the asymmetric unit (Figure 52) containing only a thiocyanate-bridged Co-Bi couple with a non-
coordinated potassium ion. The Co-Bi unit builds up cubic cages with a potassium ion in its center
comparable to 3D[808284151 and moleculart®l PBAs. However, the angled Bi-S-C bond reduces the size
of ions and molecules that can be exchanged after the cages build up. The bond length indicates a
cobalt(ll) in the HS state. This structure results from the imidazole not coordinating and also refraining
the water molecules from coordinating to the cobalt ions. Therefore, the formation of B1 is prevented
and the thiocyanate bound to the bismuth ion remains as the only coordination option resulting in SB2.
Further reactions with dry solvents and salts might lead to the same compound. Ohkoshi et al.
demonstrated the absorption of terahertz light by caged cesium ions in manganese-iron PBAs.[151]

Similar properties might be found for this compound if the potassium ion is exchanged by cesium.

Table 21: Crystallographic data and cobalt(ll) coordination bond length of SB2.

C12Bi2CosN12S12K type of bond bond length in A
Tin K 100 Co1-N1 2.098
crystal System cubic
space group Pn-3
a.bcin A 12.195(2)
a,B6,yin° 90
Vin A3 1813.8(9)
Z 2
Ri/wR, (I>20]) 0.0383/0.1125

Co1
-
N1

;51 7 i Bi1

asymmetric unit

Figure 52: Asymmetric unit and cube structure of SB2. Color code: C, gray; N, light blue; Co, dark blue; Bi,
magenta; S, yellow; K, violet.
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Addition of methanol leads to SB3 crystallizing in the monoclinic P21/n space group (Table 22). It builds
up a 3D framework structure with two cobalt sites which are octahedrally coordinated by four
thiocyanate ions and two water molecules. The water molecules are in trans position for Co1 and in cis
position for Co2. Similar to B1, the Co2 ions build up bridges between {[Bi(SCN)e]2[Co"(H,0).]}?- layers
(Figure 53). However, instead of diethyl ether, molecules of [Co(NCS),(H.0)4] are located within the
pores. It might be possible to exchange these cobalt complexes within the pores with other molecules

of a similar size to introduce different properties such as spin crossover of luminescence.

N7
Co3

04
05 Fr #BH
03 N6

® YCOZ ‘
N5
asymmetric unit

Y

‘. )
¢ packing ¢

Figure 53: Asymmetric unit and packing of SB3. Color code: C, gray; N, light blue; O, red; Co, dark blue; Bi,
magenta; S, yellow. Grey boxes visualize the layers of {[Bi(SCN)s]2[Co"(H20)2]2}2- connected through the
[Co(H20)2]2+ units visualized by the red lines.

Exchanging the cobalt ligand from 3-cyanopyridine to 4-cyanopyridine results in SB4 (Figure 54),
whose structure is comparable but not isostructural to B3. In contrast to B3, SB4 crystallizes in the
triclinic space group P-1 (Table 23) and shows 3 distinguishable cobalt sites. However, this structure
consists as well of 2D [Bi(SCN)sCo(3-cyanopyridine),]-» plane with a 2.8 % shorter distance of 12.455 A
(12.815 A for B3) and which are connected via [Co(3-cyanopyridine),]2+ bridges. Also, Co3 is bonded to
two thiocyanate ions to the same bismuth ion. Solvent molecules might not be found due to the slightly
increased R value. The exchange of modified versions of the monodentate ligand 3-cyanopyridine is

possible. This is an additional way of controlling the aggregation of the [Bi(SCN)¢]3- and cobalt units.
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Table 22: Crystallographic data and cobalt(Il) coordination bond lengths of SB3.

C14H28Bi2C04N 14014514

type of bond

bond lengths in A

Tin K 100 Co1-N1 2.092
crystal System monoclinic Co1-N2 2.076
space group P21/n Co1-N3 2.079
ain A 8.2429(7) Co1-N4 2.084
bin A 15.528(2) Co1-01 2.134
cin A 12.0597(11) Co1-02 2.105
ain® 90 Co2-N5 2.075
Bin- 90.8960(10) Co2-N6 2.100
yin® 90 Co2-03 2.167
Vin As 2537.4(4) Co3-N7 2.069
Z 2 Co3-04 2.123
Ri/wR, (I>201) 0.0260/0.0523 Co3-05 2.120
¢
\“N5C02 "/b\b
’f'/b\Nf/*rm Bi1 \.ﬁ:
-/"/\/b I 'W\:%\W Co3 A~
{ \g N _}“’
Nz" S:N1
e
Co1 e

asymmetric unit

packing

Figure 54: Asymmetric unit and packing of SB4. Color code: C, gray; N, light blue; Co, dark blue; Bi, magenta;
S, yellow. The grey boxes and red lines visualize the 2D layer structure and its connecting bridges.

For SB5, the 3-cyanopyridine was exchanged by isoquinoline and it crystallizes in the monoclinic space

group P2:/m (Table 24). The resulting compound shows a layer structure consisting of

{[Bi(SCN)s][Co''(isoquinoline)]}+ planes which have an interplane distance of 39.114 A (Figure 55).

[Co(NCS)4]?-

complexes and protonated isoquinoline ions are located between these planes.

Furthermore, these ions are necessary for the charge balance and are causing the notably large inter

layer distance. Two planes are connected via hydrogen interactions of terminal thiocyanate ions and

one (H-isoquinoline)* with SCN-C distances of 3.045(9) A and 3.299(1) A (Figure 72, page 162). The

coordination bond lengths of the octahedrally coordinated Co1 correspond to the cobalt(ll) HS state.

Introducing a larger ligand resulted in an unexpected large interplane distance, which might open up
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the possibility of introducing certain molecules or ions between the layers and therefore control the

compounds properties. Furthermore, the interplane distance is larger than most comparable compounds,

such as MoS; (6.2 A), and might therefore be used in batteries.[158.159]

Table 23: Crystallographic data and cobalt(ll) coordination bond lengths of SB4.

Ci14H26Bi2C04N14014S14

type of bond

bond lengths in A

Tin K 100 Co1-N1 2.10
crystal System triclinic Co1-N2 2.11
space group P-1 Co1-N3 2.15
ain A 8.107(5) Co2-N4 2.13
binA 13.917(9) Co2-N5 2.10
cinA 17.285(11) Co2-N6 2.12
ain® 105.963(7) Co3-N7 2.12
in° 91.223(7) Co3-N8 2.06
yin® 101.506(7) Co3-N9 2.19
Vin As 1831(2)
Z 1
Ri/wR, (I>20) 0.1062/0.2926

o \%‘:‘#N o

1635 163,

asymmetric unit

packing

Figure 55: Asymmetric unit and packing of SB5. Color code: C, gray; N, light blue; Co, dark blue; Bi, magenta;
S, yellow. The grey boxes visualize the 2D layer structure. The N atoms of the not bonded (H-isoquinoline)* ions
are not displayed and shown as grey C atoms.
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Table 24: Crystallographic data and octahedral coordinated cobalt(ll) coordination bond lengths of SB5.

C14H28Bi2C04N14014S14 type of bond bond lengths in A
Tin K 100 Co1-N1 2.119
crystal System monoclinic Co1-N2 2.158
space group P2:/m Co1-N3 2.140
ain A 8.2612(13)
bin A 39.114(6)
cin A 9.3360(14)
ain® 90
Bin° 91.768(2)
yin® 90
Vin As 3015.3(8)
Z 4
Ri/wR, (I>201) 0.0506/0.0982

SB6 shows a similar layer structure to B4, which is not isostructural. It crystallizes in the triclinic P-1

space group (Table 25) with [Bi(SCN)4Ni]+ planes (Figure 56). The layers are connected through the

coordination of acetone molecules and sodium cations by terminal

3-cyanopyridine molecules. The interlayer distance is 13.173 A.

Bi1
r/?

&
STe

thiocyanate ions and

asymmetric unit

¢ ° .
\ \ 0 %
FSs/ \MS ss A P
|, . gL <P
A a8
- KN&H =Y =
| \ \ | \ \ ¥ \
¥ 4 « ¢ ¢
WN2 T \ A\ \\ \ \ \ \
N1 4 N F P - e B )
4 y %, A%ﬁ"' oy A ot
Ni1 N3Sged SRS 7&:, )ﬁiﬂ?ﬁ* ;ji*i;y«
Y ST casat

Figure 56: Asymmetric unit and packing of SB6. Color code: C, gray; N, light blue; Ni, green; Bi, magenta;
S, yellow; Na, violet. The grey boxes visualize the 2D layer structure.
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Table 25: Crystallographic data and octahedral coordinated cobalt(Il) coordination bond lengths of SB6.

C24H20BiNiN104Ss type of bond bond lengths in A
TinK 100 Ni1-N1 2.07
crystal System triclinic Ni1-N2 2.08
space group P-1 Ni1-N3 2.11
ain A 8.198(6)
bin A 8.859(7)
cin A 13.389(10)
ain”® 85.513(8)
Bin° 80.655(7)
yin® 88.786(7)
Vin As 956.5(13)
V4 1
Ri/wR; (I>20)) 0.0713/0.1866

The variation of the transition metal ions shows in comparison that the interplane distances of the 2D
layer structures (Table 26) change less than 1 %. Exchanging potassium for sodium ions resulted in an
interplane distance change of about 2 %. Larger variations of the interplane distances might be possible
by introducing larger cations such as cesium or BusN+. the use of unusual cations or the use of
additional anions as for SB1 and SB5 had an even bigger impact, which resulted in an increased

interplane distance of about 21 % and 194 %, respectively.

Table 26: Interplane distances of various 2D bismuth-thiocyanate-based coordination polymers.

B2 B4 B5 B6 SB1 SB5 SB6
transition metal cation  Co Co Fe Ni Co Co Ni
(alkali) metal cation K Na K K - isoquinoline Na
interplane distance in A 13.398  13.186 13.452 13.396 16.165 39.114 13.173
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6.3 Conclusion and Outlook

In this chapter, 12 new bismuth(lll) thiocyanate coordination framework compounds including
cobalt(ll), nickel(ll) and iron(ll) were presented. The compounds were derived from the first reported
bismuth thiocyanate-based PBAB®, but, except for SB2, all compounds show 3D or 2D structures that
are different from Prussian blue. Even though the samples could not be obtained without impurities,
which are assumed to be mainly nitrate-salts, a detailed crystal structure analysis, magnetic
measurements for B2 — B6 and N adsorption and desorption measurements for B2 + B3 and B6 were
performed. The structure analysis showed that the water ligand of B1 can be exchanged by
monodentate ligands of different sizes such as 3-cyanopyridine and isoquinoline. It was not possible to
obtain any crystal structure from multidentate or bridging monodentate ligands such as 2,2'-bipyridine,
4,4'-bipyridine, or pyrazine. Mostly, compounds with the monodentate ligand 3-cyanopyridine were
investigated showing very similar 2D structures with alternating [Bi(SCN)sM]- (M: Co", Ni', and Fe'') and
(solvent-A)+ (A: K or Na) layers for B2, B4, B5, B6, and SB6. However, the same synthesis as for B2
yielded also B3 to which SB4 (4-cyanopyridine instead of 3-cyanopyridine) is very similar. Exceptional
crystal structures were derived from varying the [Bi(SCN)e]3- and [Co(3-cyanopyridine),]2+ ratio (SB1),
introducing compounds which are not coordinating themselves and also preventing the water from
coordinating (SB2), exchanging the solvent (SB3), and introducing large ligands (SB5). The resulting
compounds show enlarged interplane distances up to 39 A for 2D structures, co-crystallized complexes,
or are PBAs. The temperature-depending magnetic data are not very reliable but can be assumed to
show cobalt(ll) and iron(ll) in the HS state and nickel(ll), respectively. B5 shows a possible phase
transition at about 73 K without changing its spin state which was confirmed by a Mdssbauer spectrum.
The N, adsorption and desorption measurements showed no porosity for B2 + B3 and B6 before and
after activation at 105 °C. Furthermore, all samples could easily be redissolved, probably because of

the weak Bi-SCN bond.

These results suggest that the structure of the bismuth(lll) thiocyanate-based coordination frameworks
can be controlled by the addition of organic monodentate ligands and non-coordinating organic
compounds. While the exchange of potassium with sodium cations resulted in small changes for the
properties and crystal structures, larger cations such as cesium and BusN+ might have a bigger impact.
The magnetic and optical properties can be controlled through the exchange of the transition metal
ions. Co-crystallization of smaller molecules or ions might be possible between the [Bi(SCN)sM]- layers
in 2D structures, especially in SB5, or in cavities occurring in SB3. This might be a possibility for
introducing further properties such as luminescence or SCO while controlling the compounds
surrounding. One approach might be to use the terminal thiocyanate ions in the 2D structures and
coordinate SCO complexes such as [Fel(salpetri )]+ (Chapter 4.1) to it. Furthermore, the framework
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might be used as new sensor materiall’2él if SCO properties would be achieved, intrinsically through
exchanging the transition metal ions and ligands or extrinsically through the previously described
introduction of SCO complexes. SB5 might also be used as battery material due to its large interlayer
distances.l158.159] Another interesting approach is the PBA SB2 which might be used for similar reasons
as other PBAs such as absorption of terahertz light,['511 hydrogen storage, molecular sieves, electrode

material, and nanoscale devices.[74153]
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7. General Conclusion and Outlook

The topic of this dissertation is the characterization of novel cyanide and thiocyanate-bridged
multinuclear complexes synthesized from mononuclear building blocks. The aim was to investigate how
the switching behavior and crystal structure formation can be controlled by analyzing single building
blocks and utilizing their properties in a rational building block approach. Important building blocks
utilized in this thesis were a penta-Ns-dentate Schiff base ligand stabilizing cobalt(ll) ions at aerobic
conditions (Chapter 3), a similar penta-N3O,-dentate Schiff base ligand stabilizing iron(lll) and
cobalt(lll) complexes (Chapter 4), a complete tetranuclear [Co,Fe,] complex used as a building block to
co-crystallize it with 4-aminobenzoic acid (Chapter 5), and the [Bi'"(SCN)e]3- building block to build up
new kinds of 2D and 3D frameworks (Chapter 6).

In Chapter 3, a series of four dinuclear complexes based, on a cobalt(ll) complex with one accessible
site, were investigated. The cobalt(ll) complex was combined with [Fe(tp)(CN)s]-, [Fe(tp*)(CN)s]-, and
[Fe(pztp)(CN)3]- obtaining three different compounds with a fourth one resulting from the exchange of
BF4- with CIO4- for the tp compound. All four complexes show the [Fe!sCo'ls] phase down to 5 K which
is stabilized by the redox potential difference of the iron and cobalt ions between 1.085V and 1.32 V.
Literature data suggestl'! that smaller redox potential differences could lead to an ETCST, which can
be achieved by modifications of the ligands. Noteworthy is that both dinuclear complexes with the
iron-tp building block show a molecular predominant direction within the crystal structure that could

lead to a macroscopic electron transfer induced polarization, in the case of an ETCST.

A series of [Fe(salpetrig2)X] (X: CI-, N3-, NCO-, NCS-, NCSe- ,NC-) building blocks was investigated in
Chapter 4 with regard to their redox properties. The redox potentials for the chloride complexes are
between -0.260 V and -0.365 V and for the cyanide complexes between -0.555 V and -0.700 V, which
is comparable to already known building blocks for ETCST complexes.[s] Therefore, [Fe(salpetri2)CN]
building blocks could be attractive capping complexes for dinuclear and trinuclear ETCST complexes.
However, no mixed-valence multinuclear compound could be synthesized starting from these
cyanometalates nor has been reported yet. Instead, two new synthesis strategies were applied. First,
the use of [Co(salpetn;)CN] building blocks, which resulted in two mixed-valence trinuclear [Co',Co']
complexes. While both complexes showed the HS state for the cobalt(Il) and the LS state the cobalt(IIl)
ions, the molecular shape and resulting crystal structure could be controlled by the used monodentate
(linear molecule) and bidentate (angled structure) ligands. The second synthesis strategy included the
use of different cyanometalates in combination with [M(salpetrig2)Cl] (M: Fell, Co). In contrast to

[M(salpetriz2)CN], the cyanide is differently orientated, which resulted in new multinuclear compounds
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and switching behavior. Two pentanuclear complexes were obtained by combining [Mo(CN)g]4- and
[W(CN)g]+ with [Fe(salpetuno2)CN] and [Co(salpetuno2)CN], respectively. The [MolVFelly] complex
showed thermally induced SCO behavior in solid-state. Moreover, the [WCos] complex showed typical
MMCT UV-Vis bands in solution indicating an ETCST and possibly a new ETCST behavior in solid-state
([WVCo''ysCo'Mys]/[WVICo'ysCo'ls]), which needs to be investigated further. Based on the two presented
synthesis strategies, new SCO and likely ETCST complexes can be synthesized, enlarging the variety of

different capping complexes.

Chapter 5 is about solid-state alterations of hydrogen bonding interactions between an ETCST-active
[CosFe;] tetranuclear complex and 4-aminobenzoic acid (aba). The crystal structure changes
dramatically through desolvation of the compound inducing a significant change of the thermal ETCST
behavior. Furthermore, the hydrogen bonding interactions between the [Co,Fe,] complex and the aba
change together with the ETCST. These results suggest that the control of the ETCST transition in
solution through protonation of terminal cyanide ions in tetranuclear square [Co,Fe,] complexes!'835]
can be mimicked by co-crystallization in solid-state and offer new possibilities of influencing the crystal

structure and its switching behavior.

In the last chapter, the synthesis, structures, and properties of 12 new bismuth(Ill) thiocyanate-based
frameworks derived from a PBA were discussed. The combination of [Bi"'(SCN)e]3- building blocks with
cobalt(ll), iron(l1), or nickel(ll) and monodentate ligands led to 2D and 3D framework structures. Previous
results showed thermochromic behavior for two of the investigated compounds,B8 which was not
caused by a cobalt(ll) SCO but likely by small structural changes. Magnetic and N, adsorption
measurements were performed for some of the samples showing the HS state for the cobalt(ll) and
iron(11) ions and no porosity, respectively. It was investigated how the crystal structure can be altered
through the used metal ions, by adjusting the synthesis, and through the addition of different ligands
and additives. Especially the interplane distances for the 2D structures could be controlled through the
reaction procedure and varied between 13 A and 39 A. To obtain an SCO framework, the ligand field
splitting must be further increased by an appropriate choice of ligands. Furthermore, it might be
possible to introduce additional functionalities through co-crystallization or exchangeable guest

molecules within the framework.

To generally summarize the results, new and known building blocks were analyzed and used for the
synthesis of multinuclear complexes. Switchable properties were demonstrated for two pentanuclear
and one tetranuclear complex. The [WCos] pentanuclear complex might show a new kind of ETCST
behavior, which needs to be further investigated. In addition, the co-crystallization approach for the
[Co,Fe,] complex leads to new possibilities of controlling the aggregation and ETCST behavior of similar
complexes. Furthermore, a large number of structural and physical characterizations were performed

124



7. General Conclusion and Outlook

and summarized. These results open the possibility of using the analyzed building blocks for further
reactions to synthesize new outstanding compounds. Examples for desirable properties in compounds
derived from these results are following described. The first example is an ETCST induced polarization
based on the molecular orientation within the crystal structure of mixed-valence PBAs as described for
two dinuclear complexes (Chapter 3). In addition, the iron(lll) and cobalt(lll) building blocks from
Chapter 4 might be a suitable complement. An electron transfer towards one predominant
crystallographic direction might also be achieved by co-crystallization (Chapter 5) of chiral molecules
or ions. Continuous development of this approach might also lead to an ETCST induced by electric fields,
which can be a big step towards applications in electronic devices.?® The co-crystallization approach
can also be used to alter the SCO or luminescence behavior of complexes or molecules through ETCST
modulated hydrogen bonding interactions. Furthermore, the large interplane distances achieved within
the new bismuth-thiocyanate-based frameworks (Chapter 6) might be used as battery material.[158.159]
On the other hand, the introduction of SCO properties into these bismuth-thiocyanate-based
frameworks might lead to new sensor materials as described for other SCO frameworks before.[126]
Further sensor applications might be derived from the acid-sensitive [Co,Fe,] complex (Chapter 5)
through producing complex-polymer composites. These examples show how this research can be
continued and that the presented compounds can potentially lead to new chemical sensors and multi

responsive molecular devices.
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Table 27: Redox potentials vs. SCE of previously reported cyanide-bridged mixed-valence [CoFe]x (X = 1 or 2)
complexes. Data for Figure 8.

Eipp(Fe) inV Ei(Co) inV AinlEvlFe)- Spin state reference
E1/2(Co)) inV
-0.18, -0.02 0.39, 0.52 -0.41 ETCST-active [Co!'((HS)FeM(LS)]  [15.181
-0.16, 0.02 0.43, 0.57 -0.41 [Coll(HS)Fel(LS)] [15.8]
0.6, 0.44 -0.13 +0.57 [CoMM(LS)Fe!(LS)] [15.8]
-0.18, -0.04 0.37,0.52 -0.41 ETCST-active [Co!'(HS)Fel(LS)]  [1538]
-0.25, -0.09 0.37,0.52 -0.46 ETCST-active [Co(HS)Fel(LS)] (15381
-0.17, -0.03 0.41, 0.59 -0.44 ETCST-active [Co(HS)Fell(LS)]  [1535]
-0.25, -0.10 0.36, 0.55 -0.46 ETCST-active [Co!'((HS)FeM(LS)]  [1538l
1.51, 1.37 0.43, 0.28 0.94 CoM(LS)Fe!'(LS)] [15.76]
-0.53 0.39 -0.92 [Coll(HS)FeM(LS)] [15,24]
0.12 -0.07 0.19 Co(LS)Fe"(LS)] [15,24]
0.39 -0.67 1.06 Co"(LS)Fe!'(LS)] [15.88]
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Experimental Section

All chemicals were purchased from commercial suppliers and used without further purification. The
mononuclear compound [Co(L")(H,0)](BF4), was synthesized as previously described® with Co(BF4), -
6H,0 instead of Co(ClO4), - 6H,0 and the Fe(lll) complexes BusN[Fe(tp)(CN)s]i®2I and
BusN[Fe(pztp)(CN)s]®i31 (BusN = tetrabutylammonium) were synthesized according to literature

methods. All syntheses were performed under aerobic conditions.
[Co(L")-CN-Fe(tp)(CN)2](BF4) - H,0 (1):

To a solution of [Co(L")(H20)](BF4), (0.05 mmol) in 10 ml acetonitrile BusN[Fe(tp)(CN)s] (0.05 mmol) was
added together with BusNPFs (0.075 mmol) resulting in an orange solution. After 2 h of stirring at RT,
the solution was filtrated, and orange single crystals could be obtained by vapor diffusion of diethyl
ether. Cs3Ha1F4B2CoFeN140, [Co(L')-CN-Fe(tp)(CN),](BFs4) - 2 H,0: found % (caled. %): C 44.74 (45.03),
H 4.71 (4.92), N 21.82 (22.28); IR (KBr; cm-1): 1045 (BF4), 2114 (cyanide).

[Co(L")-CN-Fe(pztp)(CN).](BF4) - CoH3N (2):

To a solution of [Co(L")(H20)](BF4), (0.05 mmol) in 10 ml acetonitrile BusN[Fe(tp)(CN)s] (0.05 mmol) was
added resulting in a orange solution. After 20 min of stirring at RT, the solution was filtrated, and
orange single crystals could be obtained by vapor diffusion of diethyl ether. C33H44B,CoFsFeN17, [Co(L)-
CN-Fe(pztp)(CN),](BF4) - acetonitrile: found % (calcd. %): C 47.66 (47.98), H 4.58 (4.66), N 24.70
(25.03); IR (KBr; cm-1): 1084 (BF4-), 2126 (cyanide).

[FE(LZ)—CN—FE(LZ)](PFG)g -3 C2H3N (3)

2-Pyridinecarboxaldehyde (2 mmol) and N-(2-aminoethyl)-1,3-propanediamine (1 mmol) were mixed
in 5 ml methanol and stirred at 60 °C for 5 min. The solvent was removed, and the orange oil was used
for the next step without further purification. The oil was added dropwise to a solution of Fe(BFa); -
6H,0 (1 mmol) in 5 ml acetonitrile resulting in violet solution which changed to blue after the addition
of tetraethylammonium cyanide (1 mmol). The solution was filtrated after the addition of BusNPFs (12
mmol) and single crystals of 3 could be obtained through vapor diffusion if tert-butylmethylether.
CagH3sF1sFeaN11P3, [Fe(L2)-CN-Fe(L2)](PFe)s: found % (calcd. %): C 36.14 (36.14), H 3.64 (3.23), N 13.24
(13.39); IR (KBr; cm-1): 839 (PFs"), 2124 (cyanide).

Crystal structure analysis: The diffraction data were collected with a Bruker SMART APEX I
diffractometer with a CCD area detector and graphite-monochromated Mo-Ka radiation (A =
0.71073 A). The data frames were integrated using the SAINT program and merged to give a unique
data set for structure determination. An absorption correction was performed using SADABS.[P4! The

structure was solved by direct methods and refined on P by the full-matrix least-squares methods
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using the SHELXTL package (Bruker Analytical X-ray systems, Olex2).[015Di€l Non-hydrogen atoms were
refined with anisotropic thermal parameters. Hydrogen atoms were included in calculated positions

and refined with isotropic thermal parameters riding on those of the parent atoms.

Physical measurements: Magnetic susceptibility data were collected using a Quantum Design MPMS-
5S SQUID magnetometer. The measurements were performed with an applied magnetic field of 1000
Oe for 1 and 10000 Oe for 2 in the temperature range of 5 - 300 K. Magnetic data were corrected for
the diamagnetism of the sample holder, and for the diamagnetism of the sample using Pascal's
constants. The compounds 1 and 2 were measured at 5.0 K increments in the settle mode with a fixed
scan rate of 3.0 K/min and 30 seconds after the temperature had stabilized. The samples 1 was
measured during cooling and heating and sample 2 only during the cooling process. Infrared absorption
spectra were measured on KBr pellet samples for 1, 2 and 3 using a SHIMADZU IR Affinity-1
spectrometer. Cyclic voltammetry measurements were carried out in a standard one-compartment cell
under N, at RT equipped with a platinum-wire counter electrode, an SCE reference electrode, and a
glassy carbon (GC) working electrode using a BAS 620A electrochemical analyzer. The measurements
were performed in MeCN with 0.1 M tetra-n-butylammonium hexafluorophosphate (BusNPFs) as the
supporting electrolyte and a scan rate of 0.1 V/s. UV-Vis absorption spectra were recorded with a

SHIMADZU UV-3150 spectrometer.

[DI1] A. Panja, Dalt. Trans. 2014, 43, 7760.
[DI2] J. Kim, S. Han, I.-K. Cho, K. Y. Choi, M. Heu, S. Yoon, B. J. Suh, Polyhedron, 2004, 23, 1333-1339.

[DI3] C. Q. Jiao, Y. S. Meng, Y. Yu, W. J. Jiang, W. Wen, H. Oshio, Y. Luo, C. Y. Duan, T. Liu, Angew. Chemie
- Int. Ed. 2019, 58, 17009-17015.

[DI4] G. M. Sheldrick, SADABSs: An Empirical Absorption Correction Program, Bruker Analytica X-ray
Systems, Madison, WI, 1996.

[DI5] G. M. Sheldrick, Acta Crystallogr. Sect. C Struct. Chem. 2015, 71, 3-8.

[DI6] 0. V. Dolomanov, L. J. Bourhis, R. J. Gildea, J. A. K. Howard, H. Puschmann, J. Appl. Crystallogr.
2009, 42, 339-341.
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Table S1: Crystallographic data of [Co(L")(H20)](BF4)2, 1, 2 and 3.

[Co(L")(H20)1(BF4); 1
C21H31B,CoFgNs0 C33H41B>CoF4FeN;,0
TinK 100 100
Crystal System Monoclinic monoclinic
Space group P2:/c Ce
ain A 8.3557(9) 22.685(5)
bin A 19.962(2) 11.222(2)
cinA 15.4646(16) 16.315(3)
ain® 90 90
Bin° 100.3680(10) 110.077(2)
yin°© 90 90
Vin A3 2537.3(5) 3901.1(14)
Z 4 4
Ri/wR; (I>201) 0.0346/0.0869 0.0563/0.1325
2 3

C33H44BQCOF4F€N17

CarHagFrsFeaN14P5

Tin K 100 100

Crystal System triclinic monoclinic
Space group P-1 Q/c

ain A 12.7776(17) 24.273(2)
binA 18.211(3) 23.130(2)
cinA 18.943(3) 10.1819(10)
ain® 83.358(2) 90

Bin° 86.090(2) 107.7780(10)
yin® 80.305(2) 90

Vin As 4310.4(10) 5443.3(9)

Z 4 4

Ri/wR, (I>201)

0.0559/0.1444

0.0466/0.1285
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Figure S1: Molecular structure of 1. Hydrogen atoms, solvent and anions have been omitted for clarity. Color
code: C, gray; N, light blue; Co, dark blue; Fe, orange; B, pink.

Table S2: Coordination bond length of 1.

Bond length in A 1

Fe-N1 1.976(7)
Fe-N2 1.966(7)
Fe-N3 1.971(6)
Fe-C1 1.929(9)
Fe-C2 1.932(7)
Fe-C3 1.901(8)
Co-N4 2.203(7)
Co-N5 2.108(6)
Co-N6 2.262(5)
Co-N7 2.112(6)
Co-N8 2.284(6)
Co-N9 2.083(8)
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Figure S2: Molecular structure of 2. Hydrogen atoms, solvent and anions have been omitted for clarity. Color
code: C, gray; N, light blue; Co, dark blue; Fe, orange; B, pink.

Table S3: Coordination bond length of 2.

Bond length in A 2 Bond length in A 2

Fe-N1 1.960(3) Fe'-N1' 1.988(3)
Fe-N2 1.995(3) Fe'-N2' 1.966(2)
Fe-N3 1.972(3) Fe'-N3' 1.977(3)
Fe-C1 1.925(3) Fe'-C1' 1.930(4)
Fe-C2 1.923(3) Fe'-C2' 1.931(3)
Fe-C3 1.906(4) Fe'-C3' 1.896(4)
Co-N4 2.218(3) Co'-N4' 2.214(3)
Co-N5 2.084(3) Co'-N5' 2.122(3)
Co-N6 2.224(3) Co'-N6' 2.257(3)
Co-N7 2.084(3) Co'-N7' 2.108(3)
Co-N8 2.281(3) Co'-N8' 2.290(3)
Co-N9 2.127(3) Co'-N9' 2.059(2)
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Figure S3: Comparison of the molecular structure of 1 and 2. Blue 1; red: 2.
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Figure S4: Asymmetric unit of 3. Hydrogen atoms, solvent and anions have been omitted for clarity. Color code:
C, gray; N, light blue; Fe, orange.

Table S4: Coordination bond length of 3.

Bond length in A 3

Fe-N1 1.981(2)
Fe-N2 1.922(2)
Fe-N3 2.016(2)
Fe-N4 1.885(2)
Fe-N5 1.975(2)
Fe-N6 1.918(2)
Fe-C1 1.918(2)
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Fitting of the Magnetic Data
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Figure S5: ymT - T plots (left) of 1, 2 and the calculated data of 1 without the correction of the temperature-
independent susceptibility. Fitted magnetic data of 1 (right) and molar magnetic susceptibility (right-inset).

The magnetic data of 1 were fitted by using the spin Hamiltonian

H=—-J(S,,-S; )W+ Dy (S, . —S2 13)h™

Co,z

+/UBB(gC0‘§Co,z )h_l + luBB(gFeS:Fe,z )h_l

which contains the isotropic exchange interaction, the zero-field splitting at the Co(ll) center, and
isotropic spin Zeeman terms for Co(ll) and Fe(lll); Sco = 3/2 and Sre = 1/2. The fitting procedure gave

Jlhc = -0.014 ecm, geo = 2.12(9), gre = 2.50(51), Deo/hc = 44(7) and the temperature-independent
susceptibility v = 5(2) x 10-2 m3 mol-" (Sl units).
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Table S5: Redoxpotentials vs. SCE of previously reported cyanide-bridged mixed-valence [CoFe]x (X = 1 or 2)
complexes and 1 and 2.

Ei;(Fe) in V Ei2(Co) inV  AE(Eij2(Fe)-  Spin state reference
E1/2(Co)) in V

-0.18, -0.02 0.39, 0.52 -0.41 ETCST-active [Co'(HS)Fe!(LS)] 7.8
-0.16, 0.02 0.43, 0.57 -0.41 [Co!'(HS)Fe(LS)] 7.8
0.6, 0.44 -0.13 +0.57 [Co(LS)Fe!'(LS)] 7.8
-0.18, -0.04 0.37,0.52 -0.41 ETCST-active [Co'(HS)Fe!(LS)] 7.9
-0.25, -0.09 0.37,0.52 -0.46 ETCST-active [Co!(HS)Fe!(LS)] 7.9
-0.17, -0.03 0.41,0.59 -0.44 ETCST-active [Co!l(HS)FeM(LS)] 7.9
-0.25, -0.10 0.36, 0.55 -0.46 ETCST-active [Co''(HS)FeM(LS)] 79
1.51, 1.37 0.43,0.28 0.94 Co""(LS)Fe!'(LS)] 7,10
-0.53 0.39 -0.92 [Co!'(HS)Fe(LS)] 7,11
0.12 -0.07 0.19 Co(LS)Fe!(LS)] 7,11
0.39 -0.67 1.06 Co""(LS)Fe!'(LS)] 7,12
-0.295 0.86 -1.155 [Coll(HS)Fell(LS)]

-0.265 0.82 -1.085 [Coll(HS)Fell(LS)]

[7] M. Nihei, Chem. Lett. 2020, 49, 1206-1215.

[8] M. Nihei, Y. Sekine, N. Suganami, K. Nakazawa, A. Nakao, H. Nakao, Y. Murakami, H. Oshio, J. Am.
Chem. Soc. 2011, 133, 3592-3600.

[9] M. Nihei, K. Shiroyanagi, M. Kato, R. Takayama, H. Murakami, Y. Kera, Y. Sekine, H. Oshio, Inorg.
Chem. 2019, 58, 11912-11919.

[10] H. Oshio, H. Onodera, 0. Tamada, H. Mizutani, T. Hikichi, T. Ito, Chem. - A Eur. J. 2000, 6, 2523-
2530.

[11] I.-R. Jeon, S. Calancea, A. Panja, D. M. Pifiero Cruz, E. S. Koumousi, P. Dechambenoit, C. Coulon, A.

Wattiaux, P. Rosa, C. Mathoniére, et al., Chem. Sci. 2013, 4, 2463.

[12] P. V. Bernhardt, B. P. Macpherson, M. Martinez, J. Chem. Soc. Dalt. Trans. 2002, 1435-1441.
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Aina.u.

T T T T T T T T T T T
250 260 270 280 290 300
Ainnm

Figure S6: UV-Vis spectra of 3 with applied potentials from 0.0 V to 1.0 V in the range of 243 - 307 nm.

5 pA

Aina.u.

T T T T T T T T T T
300 400 500 600 700 800 900 1000 16 14 1.2 1.0 0.8 06 04 0.2 0.0
Ainnm EinVvs. SCE

Figure S7: a) UV-Vis spectral changes for 3 through the addition of tetraethylammonium cyanide. b) Changes of
the cyclic voltammograms of 3 through the addition of tetraethylammonium cyanide.

According to this cyclic voltammogram, the redox wave at 0.745 V can be assigned to the Fe(ll) at the

C-bonded cyanide side and the redox wave at 1.04 V to the Fe(ll) at the N-bonded cyanide side.
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Derivatives of [FeCo]-Complexes

Figure 57: Molecular structure of a): D1 and b): D2. Hydrogen atoms, solvent and anions have been omitted for
clarity. Color code: C, gray; N, light blue; Co, dark blue; Fe, orange; B, pink.

Table 28: Coordination bond lengths of D1 and D2.

Bond length in A D1 D2
Fe-N1 1.975(3) 1.964(5)
Fe-N2 1.971(4) 1.967(5)
Fe-N3 1.972(3) 1.981(6)
Fe-C1 1.931(4) 1.904(8)
Fe-C2 1.933(3) 1.893(8)
Fe-C3 1.910(4) 1.892(7)
Co-N4 2.201(3) 2.263(6)
Co-N5 2.097(3) (
Co-N6 2.260(3) (
Co-N7 2.115(3) (
Co-N8 2.279(3) (
Co-N9 2.087(4) (
a)

Figure 58: Comparison of the molecular structure of D1 (blue) and D2 (red). For a) the hydrogen atoms and Co(ll)
part of the complex have been omitted for clarity. b) shows a comparison of the whole molecules.
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8.2 Derivatives of Spin Crossover Complexes as Building Blocks

Structural, Magnetic and Electrochemical Characterization of Iron(lll) and Cobalt(lll) Complexes

with Schiff Base Ligands

Supporting Information

Dominik Natke,* Annika Preiss, Stephen Klimke, Takuya Shiga, Roman Boca, Masaaki Ohba, Hiroki
Oshio, Franz Renz*

Contents:

Figure S1: Crystal structure showing -t interactions

Table S1: Centroid-centroid distances of Fe(lll) complexes

Table S2: Angles between ligands of Co(ll) in [Co,Co]

Figure S2: Coordination sphere of Co(ll) in [Co,Co]

Figure S3: Structure of [Co,Co] to visualize the Co-H,0-H,0-H,0-Co bridge
Figure S4: Structure of [Co,Co] with BF4~ anions

Table S3: Coordination bond length

Fitting of the Magnetic Data

Figure S3: per/us - Tand xm — T plot and fit of [Co,Co]

Table S4: Results of the magnetic data fitting.
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%
A J

Figure S1: Crystal structure showing T-Tt interactions of a: [Fe(salpetsrc)NCSe] and b: [Fe(salpets,ci)CN].
Hydrogen atoms have been omitted for clarity. Color code: C, gray; N, light blue; O, red, Fe, orange; Cl, green; Br
brown; transparent red, centroid.

Table S1: Centroid-centroid distances of Fe(lll) complexes.

Compound Distance in A

[Fe(salpets:c)Cl] 4.432
[Fe(salpets,c)N3] 4.201
[Fe(salpetsc)NCO]  3.584
[Fe(salpets,c)NCS]  4.171
[Fe(salpets.c)NCSe] 4.062

[Fe(salpets:c))CN] 3.676
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Table S2: Angles between ligands of Co(ll) in [Co2Co].

Angle in °
N4-N2 91.3(2)
N5-N2 90.8(2)
N1-N2 97.0(2)
N2-N3 102.7(2)
N4-N1 89.4(2)
N5-N1 89.9(2)
N4-N3 92.5(2)
N5-N3 87.4(2)
4
¢
r
N2
N5 N1
A2 |
x //,v N4

/hf—b

v

Figure S2: Coordination sphere of Co(ll) in [Co2Co]. Hydrogen atoms, counter anions and [Co(salpetn )]+ building
blocks have been omitted for clarity. Color code: C, gray; N, light blue; Co, dark blue.
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Figure S3: Structure of [Co2Co]. To visualize the Co-H20-H20-H20-Co bridge, possible positions for the disordered
water molecules are suggested. Hydrogen atoms and counter anions have been omitted for clarity. Color code: C,
gray; N, light blue; O, red; Co, dark blue.

Figure S4: Structure of [Co2Co] with BF4- anions. The red arrow indicates the water coordination site. Hydrogen
atoms have been omitted for clarity. Color code: C, gray; N, light blue; O, red; Co, dark blue.
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Table S3: Coordination bond length.

Bond length of [Fe(salpetg,,c)Cl]

[Fe(salpetsrc))Ns]

Fe-0 in A 1.983(2)/1.917(2) 1.979(1)/1.938(1)
Fe-N in A 2.096(3)/2.188(3)/2.108(3)  2.120(2)/2.100(1)/2.216(2)
Fe-X in A 2.356(1) 2.032(2)
[Fe(salpets,c)NCO] [Fe(salpets,c)NCS]
Fe-0 in A 1.937(2)/1.963(2) 1.919(2)/1.956(2)
Fe-N in A 2.111(3)/2.111(3)/2.201(3)  2.103(3)/2.193(2)/2.111(3)
Fe-X in A 2.016(3) 2.079(3)
[Fe(salpets,c)NCSe] [Fe(salpets:c))CN]
Fe-0 in A 1.917(2)/1.948(2) 1.907(3)/1.887(3)
Fe-N in A 2.097(3)/2.187(2)/2.102(3)  1.999(4)/1.926(4)/1.907(3)
Fe-X in A 2.110(3) 1.958(5)
[Co(salpet)CN]
Co-0in A 1.889(2)/1.924(1)
Co-N in A 1.885(2)/1.968(2)/1.920(2)
Co-X in A 1.892(2)
[Co.Co]
Co'-0 in A 1.906(3)/1.902(3)/1.911(3)/1.907(3)
Co"-N in A 1.923(4)/1.976(4)/1.890(4)/1.896(4)/1.920(4)/1.981(4)

Co"-C (cyanide) in A
Co'-N (1-methylimidazole) in A

Co"-N (cyanide) in A

1.899(4)/1.901(5)
2.068(6)/2.067(5)/2.065(5)

2.118(4)/2.134(4)
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Fitting of the Magnetic Data

The standard spin Hamiltonian with the axial ZFS parameter D and anisotropic g-factor has been used
in the data fitting; the final magnetic parameters were g, = 2.0, gx = 2.60(1), and D/hc = 70.4(26) cm-1.
The additional correction to the temperature-independent magnetism ynm = 2.5 x 102 m3 mol-' (SI
units) and the molecular-field correction jl/hc = -0.019 cm-' improve the data fitting yielding the
discrepancy factor R = 0.017. There is no indication for a visible magnetic interaction between

molecules.
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Figure S5: pert/ g — Tand ym — T plot and fit of [Co2Co].
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Table S4: Results of the magnetic data fitting. R-factor(DataSet1 X : fitX.i)= 0.1688496E-01, error=0.00568.

Parameters ~ Var Scale Final Initial Min Max Alert

19z 0 0 2.00000 2.00000 2.00000  2.50000 ¥

2gx 1 0 2.59971 2.59971 2.10000  3.00000

3D [cm-1] 1 0 70.36884 70.37787 2.00000 150.00000

4wV 1 -9 2.49989 2.49989 0.00000 10.00000

5z 1 0 -0.01947 -0.01946 -0.50000 0.00000

6 xPI 0 0 0.00000 0.00000 0.00000  0.00000 *

7 gPl 0 0 0.00000 0.00000 0.00000  0.00000 ¥

8 tPl 0 0 0.00000 0.00000 0.00000  0.00000 *

9SPI 0 0 0.00000 0.00000 0.00000  0.00000 *

10 mPI 0 0 0.00000 0.00000 0.00000  0.00000 ¥
Scale Parameter (+-) SD

2gx 0 2.59971 0.01179

3 D[em-1] 0 70.36884  2.68130

4vv -9 2.49989 1.07602

5zj 0 -0.01947 0.00762
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Angled Trinuclear Cobalt Complex

Figure 59: Unit cell of T1. Colored ovals mark corresponding molecules with opposite orientation. Hydrogen atoms
have been omitted for clarity. Color code: C, gray; N, light blue; O, red; Co, dark blue; a-axis, red line; b-axis,
green line; c-axis, blue line.
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Switchable Pentanuclear Complexes

N

Figure 60: Packing of a) P1(acetone), b) P1 and ¢) P2. Mixed-valence bonds are highlighted. Hydrogen atoms
have been omitted for clarity. Color code: C, gray; N, light blue; O, red; Fe, orange; Mo, light turquoise; Co, dark

blue; W, dark turquoise.; a-axis, red line; b-axis, green line; c-axis, blue line.
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Figure 61: Powder XRD calculated from the single crystal structures of P1(acetone), P1 and P2.
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Table 29: Examples of the shortest angle between the binding atom (A) of the monodentate ligand (X) and the
outer carbon atom (C) of the phenyl ring inside [M(salpet)X] mono- and multinuclear complexes (Figure 23). The
spin states are determined at the temperature the structure was measured.

compound shortest angle C1-M-C2 in ° spin state
[Fe(salpetsc)NCS] 81.22(9) Fe(lll) HS
[Fe(salpetp,c))Ns] 103.36(5) Fe(Ill) HS
[Fe(salpets.c))CN] 100.5(1) Fe(lll) LS
[Co,Co] 73.4(2), 76.5(2) Co(Ill) LS
[Fe(salpety,n) CN]2e! 83.53(6) Fe(lll) LS
{[Fe(salpetyn)].CN}CIOQ4L 28! 74.2(1), 76.9(1) Fe(l11) HS, Fe(lll) LS (SCO)
{Ni(CN)a[Fe(salpeteert butyive)]2}26] 77.79 (4) Fe(Il) HS
{Fe'(CN)s(NO)[Fe(salpetn)]}12e! 67.24(8), 68.52(8) Fe(ll1) HS (SCO)
{CoM(CN)s[Fe(naphet)]s}i71 89.9(2), 101.7(2), 101.7(2) Fe(I1) LS (SCO)
{Fe!l(CN)o[Fe(salpetuu)]s}Cl,e9! 92.3(3) - 108.2(2) Fe(lll) HS (SCO)
{Fe!'(CN)s[Fe(salpetowmen)]e}Cla70l 106.9(1) - 106.94(8) Fe(lll) HS
{[Co(salpeto)CN][Fe(salen)]CI}1341  78.20(8) Co(ll) LS
{[Co(salpetoet)CN][Mn(salen)]Cl}7el - 77.1(1) Co(lll) LS
{[Co(salpetorts)CN]o[Mn(salen)]I}7el  71.8(1), 77.5(1) Co(lll) LS

naphet:

naphthalen-2-ol; salen: N,N'-bis(salicylidene)ethane-1,2-diamine

1-((2)-((3-((2-((E)-((2-hydroxynaphthalen-1-yl)methylene)amino)ethyl)-amino)propyl)imino)methyl)

spin state —

—
w

S . e

60

70

80 90
angle in degree

I
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|
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Figure 62: A-M-C angle (Figure 23) in dependency to the spin stated of P1(acetone), P1, P2, and further examples

(Table 29).
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Figure 63: CV of (BusN)3[MoY(CN)s] and (BusN)s[WVY(CN)s] in acetonitrile vs. SCE. The electrolyte was BusNPFs,
the counter electrode was a platinum wire, with a glassy Carbon working electrode and a scan rate of 0.1 V/s.
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Figure 64: Temperature-depending IR spectra of P2.
151



8. Appendix

8.3 Co-Crystallization of Tetranuclear [Fe;Co.]-Complexe

Solid state hydrogen bond alterations in a [Co,Fe;] complex with bifunctional hydrogen bonding

donors
Supporting Information

Masayuki Nihei,*la] Yuta Yanai,lsl Dominik Natke,[] Ryo Takayama,[el Marina Kato,[! Yoshihiro Sekine,[e]

Franz Renz,bl and Hiroki Oshio*(al

[a] Graduate School of Pure and Applied Sciences, University of Tsukuba, Tennodai 1-1-1, Tsukuba,

Ibaraki 305-8571, Japan

[b] Institut fiir Anorganische Chemie, Leibniz University Hannover, Callinstr. 9 D-30167 Hannover,
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Syntheses

All reagents were obtained from commercial suppliers and were used without further purification.

(BusN)[Fe(CN)stp*] and Co(OTf),"6H,0 were synthesized according to the literature methods.[s1"s12]
[COzFEz(CN)G(tp*)z(bpy*)4](PFa)z'ZABA'4BN'2PE (SQ1SO|V).

The reaction of Co(OTf)>"6H,0 (11.9 mg, 0.026 mmol) with bpy* (9.7 mg, 0.053 mmol) in benzonitrile
(BN) (10 ml) gave a pale yellow solution. After stirring for 5 minutes, (BusN)[Fe(CN)s(tp*)] (16.5 mg,
0.025 mmol) was added followed by the addition of 4-aminobenzoic acid (ABA) (0.302 g, 2.2 mmol)
and BusNPFs (19.9 mg, 0.051 mmol). The mixture was stirred for 10 minutes and the resulting red
solution was filtered. Diisopropyl ether (PE) was added to the filtrate and red plate crystals of 15, were
obtained after standing the solution at 5 °C. Yield: 24.1 mg (33%). Anal Caled. for
CrosH111N29B2CosF12Fe204P, ([CozFes(CN)s(tp*)2(bpy*)a] (PFe)22ABA-1BN); C, 52.89; H, 4.69; N, 17.04%.
Found: C, 53.08; H, 4.77; N, 16.88%.

Crystal structural analyses

Single crystals of SQ14es01v. SUitable for crystal structural analysis were obtained by standing the crystal
of SQ1sw for 1 night at room temperature. Single crystal was mounted with epoxy resin on the tip on
a glass fiber. Measurements were performed at 100 and 250 K for SQ1s and 100 and 270 K for
SQ1gesoiv, respectively. Diffraction data were collected using a Bruker SMART APEX Il diffractometer
equipped with a CCD type area detector. A full sphere of data was collected with graphite-
monochromated Mo-Ka radiation (1 = 0.71073 f\). The data frames were integrated using the SAINT
program and merged to give a unique data set for structure determination. An absorption correction
was performed using SADABS.583] The structure was solved by direct methods and refined on P2 by the
full-matrix least-squares methods using SHELXTL package (Bruker Analytical X-ray systems). Non
hydrogen atoms were refined with anisotropic thermal parameters. Hydrogen atoms were included in
calculated positions and refined with isotropic thermal parameters riding on those of the parent atoms.
CCDC 1864631-1864634 contain the supplementary crystallographic data for this paper. These data
can be obtained free of charge via www.ccdc.cam.ac.uk/conser/trieving.html (or from the Cambridge
Crystallographic Data Centre, 12, Union Road, Cambridge CB21EZ, UK; fax: (+44)1223-336-033; or

deposit@ccde.cam.ac.uk). Crystallographic parameters are summarized in Table S1.
Physical measurements

Magnetic susceptibility data were collected using a Quantum Design MPMS-5S SQUID magnetometer.
Temperature dependence was measured at 5.0 K increments in the settle mode with an applied

magnetic field of 20 kOe in the temperature range of 5 - 400 K. The temperature scan rate was fixed
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to 3.0 K/min, and each measurement was performed 30 seconds after the temperature had stabilized.
Magnetic data were corrected for the diamagnetism of the sample holder, and for the diamagnetism
of the sample using Pascal's constants. For the photomagnetic experiments, light from a DPSS laser
(808 nm; 20mW, Intelite 1808-120G-CAP) was guided via a flexible optical fiber (Newport F-MBD; 3 m
length, 1.0 mm core size, 1.4 mm diameter) into the SQUID magnetometer. Irradiation was performed
on the ground sample inside the SQUID sample chamber at 5 K. One end of the optical fiber was located
40 mm above the sample and the other was attached to the laser coupler (Body; Newport M-F-916T
and lens; M-10X). Temperature dependence of magnetic susceptibilities after light irradiation was
measured using an applied magnetic field of 20kOe and a scan rate at 0.3 K/min in the scanning mode.
Powder X-ray diffraction (PXRD) measurements were performed on the microcrystalline samples using
Bruker D8 ADVANCE diffractometer. Infrared absorption spectra were measured on KBr pellet samples
using a SHIMADZU IR Affinity-1 spectrometer. The temperature dependence of infrared absorption
spectra was measured on KBr pellet samples using a SHIMADZU IR Affinity-1 spectrometer equipped
with UNISOKU USP-203-A cryostat. Thermogravimetric (TG) analysis was performed using Hitachi
High-Technologies TG/DTA7300 thermogravimetric analyser.

References
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[SI3]  G. M. Sheldrick, SADABSs: An Empirical Absorption Correction Program, Bruker Analytica X-ray
Systems, Madison, WI, 1996.
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Table S1. Crystallographic Parameters of SQ1soiv and SQ1dgesolv

50-1 solv 501 desolv

Temperature 100 K 250 K 100 K 270 K
Formula C133H154BzC02FezF12N3206P2 C93H1oeBQC02F62F12N2304P2
Mr [g mol-1] 2898.04 2282.22
Space group Triclinic P1 Triclinic P1
a [/:\] 14.6738(17) 14.8765(14) 13.98(7) 13.85(8)
b [/:\] 15.7057(19) 16.0305(16) 14.97(8) 14.82(9)
c[A] 18.750(2) 19.0127(19) 15.90(8) 16.08(10)
al’] 79.5990(17) 77.9349(16) 63.37(5) 117.10(5)
Bl 67.9420(14) 77.9349(16) 69.20(5) 105.13(6)
y[’] 62.3350(14) 67.6284(13) 83.72(6) 95.09(6)
V[A3] 3546.9(7) 3716.8(6) 2775(24) 2751(29)
Z 1 1 1 1
4 [mm-1] 0.534 0.510 0.670 0.678
Reflection Collected 15568 16415 8384 9793
Independent reflections 11023 9171 7792 8070
R1 (I>251) 0.0718 0.0745 0.1546 0.1390
wR2 (I>2:1) 0.1747 0.1872 0.3361 0.3346
GOF on P 1.019 1.017 1.439 1.025
Table S2. X-ray Structural Parameters of SQ 1oy and SQ1gesol

50-1 solv 501 desolv

100 K 200 K 100 K 270 K
Soin state LS HS LS HS
av. deon (A) 1.929(3) 2.126(4) 1.96(2) 2.12(2)
av. drecn (A) 1.965(4) 1.960(4) 1.99(2) 1.95(2)
de oen (A) 1.230(8) 1.248(6) 1.31(3) 1.24(4)

1.328(8) 1.291(6) 1.37(4) 1.34(4)
deny-nasa) (A) 2.948(8) 3.083(6)
dhiieny-oaa) (A) 2.85(3) 2.85(3)
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Figure S1. An overlay diagram of crystal packings of SQ1sowv (red) and SQ1desoiv (blue). Capping ligands of [CozFez]2+
cations, hydrogen atoms, and counter anions were omitted for clarity.
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Figure S2. mT-T plot for partially desolvated SQ1sov Uupon heating and cooling processes
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Figure S4. ymT-T plot for SQ1esoiv before (black) and after (red) light irradiation.
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8.4 Framework Structures of Fe, Co, and Ni with [Bi(SCN)s]3-

Thiocyanate-Based Coordination Compounds with Co, Fe, and Ni

“ Co1

Figure 65: Highlighted coordination polyhedrons within the crystal structure of B1. Color code: C, gray; N, light
blue; O, red; Co, dark blue; Bi, magenta; S, yellow. Hydrogen atoms have been omitted for clarity.

Figure 66: Comparison of the asymmetric unit of B2 at 100K (blue) and 273 K (red). Hydrogen atoms have been
omitted for clarity.

159



Fel

8. Appendix

Figure 67: Comparison of the asymmetric unit of B5 at 100K (blue), 223 K (pink) and 273 K (red). Hydrogen atoms

have been omitted for clarity.
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Figure 68: Temperature-depending magnetic measurements of B2 + B3. The red points represent the calculated
JmT values according to the formula determined by the elemental analysis and TG measurements, the blue points
represent the expected values based on the measurement data and the yellow points represent the calculated ymT
values according to the formula determined by the crystal structure without impurities.
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Figure 69: Temperature-depending magnetic measurements of B4. The red points represent the calculated ymT
values according to the formula determined by the elemental analysis and TG measurements, the blue points
represent the expected values based on the measurement data and the yellow points represent the calculated ymT
values according to the formula determined by the crystal structure without impurities.
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Figure 70: Temperature-depending magnetic measurements of B5. The red points represent the calculated ymT
values according to the formula determined by the elemental analysis and TG measurements, the blue points
represent the expected values based on the measurement data and the yellow points represent the calculated ymT
values according to the formula determined by the crystal structure without impurities.
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Figure 71: Temperature-depending magnetic measurements of B6. The red points represent the calculated ymT
values according to the formula determined by the elemental analysis and TG measurements, the blue points
represent the expected values based on the measurement data and the yellow points represent the calculated ymT
values according to the formula determined by the crystal structure without impurities.

New Structures of Bi-NCS Coordination Polymers
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Figure 72: Interplane connection of SB5. Color code: C, gray; N, light blue; Co, dark blue; Bi, magenta; S, yellow.
The red dotted lines visualize the interacting between parts of the planes and the protonated isoquinoline. The N
atom of the (H-isoquinoline)* ion is not displayed and shown as grey C atom.
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