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1.1. Molecules as Electrical Components
Molecular electrical components are a new type of material, which use molecular
organic functional materials to build a variety of electronic circuit components, such
as molecular switches, molecular rectifiers, molecular transistors, and so on. The
electro-optical characteristics of these molecular scale components are also of great
interest.

Professor Alan Heeger, one of the winners of the Nobel Prize in chemistry

in 2000, said ―the 20th century was the century of inorganic semiconductors, but the
21st century will be an organic half conductor – p-type molecular electronics century‖.
According to Moore‘s Law, inorganic semiconductor for applications in integrated
circuits will reach their development limit in 2020.

If the control of electron

mobility in a region of organic molecules is possible, molecular electrical components
with some special function could be constructed from molecular polymers.1

There is

the possibility to break the limitations of current materials and vastly improve the
integration level of electricial circuitry and the working speed of computers. 2
Therefore scientists have recently dedicated more attention to molecular electronics,
and will continue to do so.3,4
1.2. Supramolecular Chemistry
Supramolecular chemistry has been defined by Jean-Marie Lehn, one of the leading
proponents, who won the Nobel Prize for his work in 1987, as the ―chemistry beyond
the molecular assemblies and of the intramolecular bond‖.5

Originally, however,

supramolecular chemistry was defined in terms of the non-covalent interaction
between a ‗host‘ and a ‗guest‘ molecule.

The interaction used by chemists to hold

molecules together to construct supramolecules is non-covalent, and there are a
number of such interactions.

They include:

(a) electrostatics (ion-ion, ion-dipole and dipole-dipole);
(b) hydrogen bonding;
(c) π – π stacking interactions;
1
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(d) dispersion and induction forces (van der Waals forces);
(e) hydrophobic or solvatophobic effects.
The bond energy of a typical single covalent bond ranges from 350 to 942 kJ/mol.
The strength of most non-covalent interactions used by supramolecular chemists are
generally much weaker; for instance, dispersion force typocally range from 0 to 200
kJ/mol and ion-ion interactions from 200 – 300 kJ/mol.

Tuning these interactions

allow strong and selective recognition of specific guests to be achieved.6
Because the molecular components interact, resulting in functional architectures with
novel physical properties, supramolecular chemistry is an interdisciplinary field of
research with many applications. 7

In synthetic chemistry, self-aggregation, the

so-called self-assembly, combines organic ligands in the presence of metals to
produce small superstructures with new features.8

The bonds in metal complexes are,

although partly covalent, mostly non-covalent interactions (ion-dipole or ion-ion
interactions as previously mentioned). Coordination compounds are particularly
valuable for their diverse geometry and controllable physical properties, which leads
to determination of structure-function relationships. Some of the many possible
applications of supramolecular chemistry include ion transport,9

template reactions

for catalysis, 10 , 11 host-guest systems as sensors, 12 and single-molecule magnets
(SMMs).13
Metallosupramolecular chemistry is an actively pursued area of research in
supramolecular chemistry, which takes advantage of the interaction between organic
ligands and metal ions to construct multicomponent and multinuclear coordination
architectures.

The metal ions herein are used to direct the assembly of

polyfunctional metallosupramolecular entities, which has reached a high level of
sophistication over the past three decades. 14,15,16,17

These architectures include

helicates,15,16,17, 18 grids, 19 racks 20 and a variety of remarkable cavity-containing
species.21
1.2.1. [2 × 2] Grid Complexes
2
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The metallogrid structures herein are oligonuclear metal complexes in which the
metal ions are essentially planar and each metal ion can be considered a point at the
corners of a square or rectangular structure (Figure 1.1).

Figure 1.1. Schematic representation of the formation of [2 × 2] metallogrid complexes from a planar,
ditopic ligand.

The design of grid-like metal ion arrays is based upon metal ion coordination
geometry and orientation of ligand coordination sites, with the ligand planes at each
metal center perpendicularly arranged. In such a coordination environment around the
metal centers, the linear and rigid extension of the ligand system will automatically
cause a grid-like two-dimensional coordination network with a regular array of metal
centers. This construction requires that the ligands contain either bidentate or
tridentate binding subunits, with metal ions which must possess tetrahedral or
octahedral coordination geometry, respectively. Thus far, the most commonly used
ligands for the preparation of [2 × 2] grid-like structures are listed in Figure 1.2.22,23,24
Ligands with nitrogen donors, such as those containing pyridine, pyrimidine,
imidazole or pyrazole are the most common, but ligands with oxo- and
sulfur-bridging subunits are also used. All chelating ligands shown in Figure 1.2
may result in cooperative effects during the self-assembly process due to the increased
preorganization and stronger binding of ligands.

Additionally, all these ligands

contain rigid aromatic ring systems (mostly pyridine groups), which could be used to
produce the kinetically labile intermediates as well as thermodynamically stable end
products with many MI, MII and some MIII metal ions. The rigidity of these aromatic
ring systems and their ability to participate in π – π interactions are further stabilizing
factors for the grid-type architecture formation.
3
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Figure 1.2. Selected ligands used in self-assembly of [2 × 2] grid.22,23,24

Figure 1.3. Schematic representation of the self-assembly process of a bis(bidentate) ligand and
tetrahedrally coordinating metal ions (M = AgI, CuI) leading to a [2 × 2] metallogrid [MI4L4]4+.22

The first report on the formation of a [2 × 2] metallogrid architecture based on
tetrahedral

coordination

geometry

involved

four

ditopic

ligands

(3,5-Bis(2-pyridyl)-pyridazin, 1) arranged around four metal ions (MI) in a tetrahedral
{N4} environment, wherein there are two ligands parallel to each other and
perpendicular to the second ligand pair (Figure 1.3).22

Both CuI and AgI grid

structures assemble spontaneously when the metal and ligand components are mixed
in a 1:1 ratio.22,23

4
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Cyclic voltammetry studies of the copper complex showed that there are four
reversible one-electron oxidations of copper ions.

The redox properties of grid

complexes were studied further25 and can also be correlated with major structural
changes.26
A [2 × 2] CuII4L4 metallogrid structure was obtained with the flexible ligand
N,N'-imidopicolinyloxamylhydrazine (2).

The cluster consists of four copper(II)

ions at the vertices of a flattened tetrahedron.

Each copper(II) ion is coordinated by

four donor atoms originating from two deprotonated ligands, thereby forming a
distorted square planar CuN3O chromophore.24

Figure 1.4. Schematic representation of the self-assembly of a [2 × 2] grid structure [M4L4] from
bis(terpyridine) ligands 4 and octahedrally coordinating metal ions.

27,28,29,30

Other ligand systems containing terpyridine-like coordination sites enable the
arrangement of octahedrally coordinating metal ions. A number of later first- and
second-row transition metal ions (e.g., FeII, CoII, NiII, MnII, CuII, ZnII, CdII) as well as
some main group metal ions (e.g., PbII), have been introduced into grid-type
structures.27,28,29,30

The range of transition metals that can coordinate to ligand

systems such as substituted 4,6-di(2,2'-bipyridin-6-yl)pyrimidine (4) gives access to a
wide variety of optical, electrochemical, photophysical, and magnetic properties.
Furthermore, by using ligand system 4, these properties can be tuned by the choice of
substituents R1, R2 and R3 (Figure 1.4).27,28,29,30
It is of great interest to control the introduction of different metal ions at specific
5
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locations in grid architecture.

Mixed metal ion [2 × 2] grid architectures were

obtained via two routes: 1) a one-pot reaction using symmetrical ligands with
different coordination geometries and two different metal ions (see route 1 in Figure
1.5);31 and 2) synthesis of an intermediate so-called corner complex, in which two
ligands coordinate a metal center, which in turn can be reacted with a second metal
ion to form a grid (see route 2 in Figure 1.5).32

Figure 1.5. Routes for synthesizing a hetero-metallic grid. 1) using ditopic ligands with different
coordination geometries; 2) via the corner complex.31,32

In the first route, previous examples of well-defined supramolecular structures
containing different metal ions relied on the use of different binding sites, with each
binding site adapted to a particular metal ion.33

The combination of binding sites

and their spatial arrangement can be viewed as a molecular program, which can be
read out by the metal ions through their coordination features during the self-assembly
process.

It relies on the use of metal ions that possess different coordination

geometries coupled to the use of specially designed ligands to direct the self-assembly
process.

6
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Figure 1.6. Schematic representation of the heterometallic [2 × 2] anti and syn topoisomers.

It is known that the incorporation of two different metal ions during the step by step
assembly processes produces grid-type structures that may exist as either anti or syn
topoisomers (localization isomers) (Figure 1.6).34

The second novel methodology

for the generation of [2 × 2] heterometallic grid-type architectures based on a stepwise
process has been reported to avoid the mixture of anti and syn isomers.
systems

such

as

Ligand

substituted

4-(1-methyl-2-(pyridin-2-ylmethylene)hydrazinyl)-6-(2-(1-(pyridin-2-yl)ethylidene)h
ydrazinyl)pyrimidine (6) bearing acidic protons open the way to ionizable grid
structures (Figure 1.7).35

Figure 1.7. Schematic representation of the heterometallic [2 × 2] grid-type complexes [M12M22L4]
(bottom) via the corner-type precursors [M1L2] (top).35
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The monometallic corner complexes ([M1L2]2+) were constructed by using cobalt(III)
or iron(II) ions containing two free binding sites.

The [M1L2]2+ complexes are

subsequently combined with a second type of metal ion to assemble the [M12M22L4]8+
heterometallic grids exclusively as the anti-topoisomer.

These metallogrids are

capable of exhibiting multistable redox behavior.34d,35
Overall, the formation of gridlike structures depends on three factors which influence
the self-assembly of metallogrid architectures in general: 36 1) a robust set of
coordination instructions that impose the correct geometry and drive the process
based on the principle of maximum, optimally full, binding site occupancy;37a 2)
internal orienting effects, such as steric factors that hinder the formation of undesired
entities, or stabilizing interactions (e.g., stacking) that guide assembly to the desired
product;37b 3) external factors such as binding of solvent molecules, counter ions, or
other species present in the environment.

In addition to the energetic parameters,

entropy favors the formation of the largest number of product molecules.37c
Besides the assembly parameters mentioned above, ligand substitutions offer the
possibility to adjust inherent functional properties (e.g., electronic, optical, magnetic
etc.).

These also provide the opportunity to introduce a second coordination site on

the ligand backbone, to make the self-assembly process programmable.
In conclusion, the formation of [2 × 2] grid-type architectures involves a subtle
interplay of steric, enthalpic, and entropic effects, concerning both the ligands and the
metal ions.

The ligand can cause the formation of different supramolecular

coordination entities, and self-assembly may lead to several stable products
partitioned under thermodynamic equilibrium.

Only carefully designed systems of

appropriate ligands and metal ions will provide the self-assembly of [2 × 2] gridlike
metal structures in a ―programmed‖ fashion.36
1.2.2. Molecular Square
Apart from the above-described [2 × 2] grid-type complexes, a number of molecular
squares,38 showing similar solid structure, have been published that have equally
8
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fascinating properties: the switching capability of both redox and/or spin states.

Figure 1.8. Schematic representation of heterometallic square-type tetranuclear complexes.39

Among the widespread variety of multinuclear coordination compounds with
paramagnetic transition metal ions, the cyanide-bridged square architectures have
attracted particular attention of several research groups, due to the ambidentate
character of the cyanide ligand which allows the straightforward synthesis of
hetero-metallic compounds and also efficiently mediates magnetic exchange
coupling.39

40

Figure 1.9. Schematic representation of a electron transfer coupled spin transitions (ETCST).

The metal ions in the square structure may be four FeII centers or alternatively, some
mixed metallic variants are known, in which usually two diagonal iron ions are
frequently replaced by CoII, CuII, MnII or NiII (Figure 1.8).40

The mixed-valence

square 2FeIII/II-2CoII/III in particular displays electronic variety in the form of
temperature-, photo- or light-induced electron transfer and electron transfer coupled
spin transitions (ETCST).41,42

In the mixed-valence Fe–CN–Co ETCST systems
9
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(Figure 1.9), there are two accessible electronic states of [LS FeIII (t2g5)−CN−HS CoII
(t2g5eg2)] and [LS FeII (t2g6)−CN−LS CoIII (t2g6)] in the high and low temperature phase,
respectively, which are generated by electron transfer between the iron t2g and the
cobalt eg orbitals.
1.2.3. [3 × 3] Grid Complexes
As has been discussed in section 1.2.1 and 1.2.2, [2 × 2] grid complexes and
molecular square are in principle capable of displaying multiredox processes and
spin-transition phenomena, which could be used as a bi- or multi-stable molecular
memory devices, quantum cellular automata (QCA) or SMMs.

The study of

polynuclear transition-metal clusters is an area of great interest owing to the potential
of such compounds to exhibit architecture-dependent behavior, such as molecular
magnetism, mixed-metal, mixed-valence and multistep Spin Crossover (SCO)
properties. The [3 × 3] grid-type complexes (Figure 1.10) are a good example of the
artificial alignment of metal ions, which can have many stable states because of the
large number of metal ions, each of which has the potential to change the electronic
state and spin sate, bringing about the fascinating overall properties.43

Figure 1.10. Schematic representation of the formation of [3 × 3] metallogrid complexes from planar,
tritopic ligand.

The design of [3 × 3] grid-like metal ion arrays is similar to the [2 × 2] grid-type
structures, except for the use of tritopic ligands instead of the ditopic ligands mostly
used in latter.

This construction requires the ligand to contain multidentate binding
10
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subunits connected to metal ions possessing either tetrahedral or octahedral
coordination geometry, respectively.

Ligands used for preparation of [3 × 3] grid

structures thus far are rare and are listed in Figure 1.11.

Figure 1.11. Selected ligands used in self-assembly of [3 × 3] grid.43

Ligand systems containing pyridine-like coordination sites enable the arrangement of
octahedrally coordinating transition metal ions (FeII, CoII, NiII, MnII, CuII), and have
been introduced into [3 × 3] grid-tpye structures.43 In 1994, Lehn et al. prepared a [3
× 3] silver grid-like structure,43a Oshio et al. investigated [3 × 3] cobalt SMMs,43c a
multiredox active copper grid43f and hetero-metallic clusters (from helix to grid)43d by
using the multidentate ligand 2,6-bis(5-(2-pyridinyl)-1H-pyrazol-3-yl)pyridine (13).
More recently, Tong et al. reported the synthesis and magnetic properties of
hetero-metallic grids [MIICuII4CuI4] (M = Fe, Ni, Cu, and Zn) via programmed
self-assembly by using ligand 2,6-bis(3-(pyridin-2-yl)-1H-1,2,4-triazol-5-yl)pyridine
(14),43e while Hou et al. studied the ion-sensing and metal-exchange properties of
copper

grid

[CuII5CuI4L6](I)2

with

2,6-bis(3-(pyrazin-2-yl)-1H-1,2,4-triazol-5-yl)pyridine (15).43g

the

ligand

Thompson et al.

reported mixed-valence MnII / MnIII [3 × 3] grid complexes43b and oligonuclear Fe
complexes

(Fe,

Fe4,

Fe6,

Fe9)43h

derived

from
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(2Z,6Z,N'6Z)-N'2-(amino(pyridin-2-yl)methyl)-N'6-(amino(pyridin-2-yl)methylene)py
ridine-2,6-bis(carbohydrazonic) acid (17).
The synthesis of [3 × 3] metallogrid arrays is an area of intense research, as the
incorporation of different metals or the same metal with different charge states in a
cluster can lead to drastic changes in the physical properties, such as the spin state and
redox activity, through the alteration of the overall magnetic and electronic
interactions.
1.3. Molecules as Information Carriers
1.3.1. Quantum Cellular Automata (QCA)
Quantum cellular automata (QCA) is a system for molecular electronics in which
information is transmitted and processed through electrostatic interactions between
charges in a structure of quantum dots, which means the molecules in QCA do not act
as current switches but as structured charge containers.44

QCA wires, majority gates,

clocked cell operation, and true power gain between QCA cells have been displayed
in a metal-dot prototype system.

Molecular QCA provides high density devices, low

power dissipation, and ways to directly integrate sensors with QCA logic and memory
elements.

Figure 1.12. Schematic representation and working principle of ―cellular automata‖. a) Coulomb
repulsion keeps the electron density (red) at antipodal sites resulting in the degenerate ―1‖ and ―0‖ state.
b) A wire of ―cellular automata‖ can be formed by a one-dimensional arrangement of cells. The
intercellular Coulomb interactions force all units into the same state. c) Working principle of a majority
logic gate consisting of three inputs (A, B, C) which converge to an output (Maj(A; B; C)).45
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1. Introduction
A schematic diagram of an idealized four-dot QCA cell is shown in Figure 1.12.
The cell consists of four quantum dots positioned at the corners of a square. The
electrons naturally occupy opposite sites.

The cell contains two extra mobile

electrons, which can tunnel between neighboring sites of the cell.

So a

single-molecule implementation of a QCA cell requires a molecule in which charge is
localized on specific sites and can tunnel between those sites.46

The role of the dots

is then played by redox sites, with tunneling paths offered by bridging ligands.

The

electrostatic interaction of two neighboring cells (arranged in one, two, or three
dimensions) lifts the given degeneracy and results in ―1‖ or ―0‖ states.

Figure 1.13. Schematic drawing of a molecular majority logic gate based on five tetranuclear
di-mixed-valence complexes of iron with three cells as input, one as a central comparator, and one as
the output (illustrated is one configuration of the truth table with inputs of (a) ―1‖, (b) ―0‖, and (c) ―1‖
47

and an output of ―1‖).

Four-metal systems are well represented, but it is the square structure that fulfills one
of the important criteria of molecular QCA; i.e., the di-mixed-valence state must be
2-fold degenerate.

That is to say the rectangular structures are no better than

dinuclear systems for QCA purposes, and tetrahedral arrays are useless as well.
Placing four metal centers in a symmetric, covalently bound square structure is only
the first step leading to a four-metal QCA cell.

The metal ions used to build the
13
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square must have two stable, accessible oxidation states, and there must be sufficient
interaction between these redox centers such that the four-metal complex in the
di-mixed-valence state can be isolated as a pure compound without being labile with
respect to charge disproportionation.

A logical next step is the development of a

four-metal molecular QCA cell because such molecule would be a more
multifunctional building block for constructing logic units than a two-metal cell.
Figure 1.13 illustrates a simple majority logic gate that may be constructed from
several four-dot cells or four-metal square molecules.47
1.3.2. Spin Crossover (SCO)
Spin Crossover (SCO), sometimes referred to as spin transition behavior, is a
phenomenon that occurs in some transition metal complexes wherein the spin state of
the complex changes because of external stimuli such as a variation of temperature,
pressure, light irradiation or an influence of a magnetic field.48

SCO occurs in

octahedral complexes of 3d4 to 3d7 transition metal ions (most commonly FeII) when
there is only a small energy difference between the electron pairing energy and the
splitting of the t2g and eg orbitals.49

Figure 1.14. Diagram illustrating the dependence of the HS or LS state on energy gap (Δ) of the
octahedral ligand field splitting and the corresponding d6 electron configuration.

Figure 1.14 is a simplified illustration of the d orbital splitting of a d6 metal ion in the
presence of an octahedral ligand field.

A large splitting between the t2g and eg

atomic orbitals requires a substantial amount of energy for the electrons to overcome
the energy gap (Δ) to comply with Hund‘s Rule.

With regard to the ligand field and
14
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ligand field theory, the change in spin state is a transition from a low spin (LS) ground
state electron configuration to a high spin (HS) ground state electron configuration of
the metal‘s atomic d orbitals, or vice versa. The magnitude of the ligand field
splitting along with the pairing energy of the complex determines whether it will have
a LS or HS electron configuration.

A LS state occurs because the ligand field

splitting (Δ) is greater than the pairing energy of the complex (which is an
unfavorable process).50
Taking FeII as an example to illustrate the SCO phenomenon, in an octahedral ligand
field the metal with the electron configuration d6 can exist in either LS or HS state,
(Figure 1.14).

In a strong octahedral ligand field the electrons fill the lower energy

t2g orbitals completely (t62ge0g, LS, 1A1g), which results in the diamagnetic LS FeII ion.
In contrast, the weak octahedral spin pairing energy is greater than the ligand field
splitting energy, which according to Hund‘s rule, a t42ge2g (5T2g) configuration (HS)
follows.

By using various ligand systems with strong or weak ligand field strength,

transition metal complexes with HS or LS metal centers display SCO or not.
Simultaneously, the CoII ion with the electron configuration d7 displays the LS state
t62ge1g (4Tg) and the HS state t52ge2g (2Eg) in strong or weak octahedral ligand field,
respectively, as shown in Figure 1.15.

Figure 1.15. Diagram illustrating the corresponding d7 electron configuration of the HS and LS state in
the case of octahedral ligand field splitting.

A spin transition curve is obtained from a plot of the HS fraction (γHS) as a function of
temperature.

Such curves can be divided into different types, which are highly

informative and take a number of forms for systems in the solid state. The most
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typical of these are illustrated in Figure 1.16. The variety of manifestations of a
transition evident in this figure arises from a number of sources but the most
important is the degree of cooperativity associated with the transition.

This refers to

the extent to which the effects of the spin change, especially the changes in the
metal-donor atom bond distances, are spread throughout the solid structure and is
determined by the grid properties. The gradual transition displayed in Figure 1.16a
is perhaps the most common and is observed when cooperative interactions are
relatively weak.

This is the course of a transition observed for a system in solution

where essentially a Boltzmann distribution of the molecular states is operative.

The

abrupt transition shown in Figure 1.16b results from the presence of strong
cooperativity. Obviously, situations intermediate between (a) and (b) exist. When
the cooperativity is particularly high, hysteresis may result, as shown in Figure 1.16c.
The appearance of hysteresis, usually accompanied by a crystallographic phase
change associated with a spin transition, has come to be recognized as one of the most
significant aspects of the whole spin crossover phenomenon. This confers bistability
on the system and thus a memory effect.

The potential for exploitation of this aspect

of SCO in storage, memory and display devices was highlighted by Kahn and
Martinez51 and this has driven much of the recent research in the area. The quest for
stable systems which display a well-defined, reasonably broad hysteresis loop
spanning room temperature and an understanding of the factors which lead to such
behavior is continuing. Despite the relative lack of predictability, the number of
systems now known to display a spin transition curve of type (c) is remarkably high,
and highest for iron(II) where, 52 significantly, the change in intramolecular
dimensions is the greatest for the ions for which SCO is relatively common (FeII, FeIII,
CoII).

The transitions of type (c) are defined by two transition temperatures, one for

decreasing (T1/2 ), and one for increasing temperature (T1/2 ).
Two step transitions (Figure 1.16d), first reported in 1981 for an iron(III) complex of
2-bromo-salicylaldehyde-thiosemicarbazone, 53 are relatively rare and have their
origins in several sources.

The retention of a significant HS fraction (Figure 1.16e)
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at low temperatures may also arise from various sources.

For instance, a fraction of

the complex molecules may be in a different lattice site in which the field strength is
sufficiently reduced to prevent the formation of low spin species.
In such complexes, the change, HS ↔ LS, is accompanied by changes in magnetism,
structure, and color of the complexes, and therefore SCO active compounds may lead
to potential technological applications in molecular switches, displays, sensors and
memory devices.54

The SCO phenomenon was discovered by Cambi and Szegö in

1931 in a series of tris(N,N-disubstituted-dithiocarbamato)-iron(III) complexes. 55
Since then, a variety of iron(III) complexes undergoing SCO between the HS (S = 5/2)
and LS (S = 1/2) states have been reported.

Figure 1.16. Representation of the principal types of spin transition curves (high spin fraction (γHS) (y
axis) vs temperature (T) (x axis): a) gradual; b) abrupt; c) with hysteresis; d) two-step; e incomplete.56

Based on these research results, the field developed enormously, and since then the
spin-crossover effect has been more deeply understood and has entered more
sophisticated applications.

Spin crossover compounds were synthesized as described

in numerous review articles57,58,59,60 and book chapters.61,62

The largest number of

SCO examples is found concerning the metal ions which do show typical behavior;
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metal centers with a d6 configuration (e.g. iron(II)) account for the vast majority of
these.

In these complexes, the ligand field is weaker and hence spin pairing is not so

strongly favored and it is possible to obtain relatively stable high spin or low spin
complexes from a broad range of ligands.

For the smaller iron(III) ion (d5), the low

spin configuration is again relatively favored, but not to the extent observed for CoIII,
partly because of the relatively LS pairing energy and higher ligand field stabiliZation
energy of the latter.
than for CoIII.

Thus the occurrence of SCO is much more widespread for FeIII

However, conditions are less favorable than for FeII, partly because of

the tendency of high spin FeIII complexes to be readily hydrolyzed.
In the cases of iron and cobalt metal complexes, Mössbauer and EPR spectroscopies
as well as measurements of the molecular magnetic moment via NMR spectroscopy
and magnetic susceptibility as a function of temperature, (T), have always been the
principal techniques for characterization of SCO phenomena.

The former technique

(Mössbauer spectroscopy), although powerful, is essentially limited to Fe and may
require 57Fe enrichment, whereas the short relaxation time of LS FeIII (10−13 – 10−11 s),
HS FeII (10−13 – 10−12 s) and HS CoII (5 × 10−13 – 10−12 s) may lead to barely
detectable EPR lines.

In contrast (but due to the same reasons), 1H NMR spectra of

paramagnetic iron and cobalt complexes are fairly easy to obtain to estimate the
magnetic moment.

Thermal SCO in solid transition metal compounds is always

accompanied by significant changes in the metal coordination environment, which
may lead to significant positional changes in the crystal lattice as revealed by X-ray
structural studies.
As Figure 1.17 shows, spin crossover in a supramolecular [2 × 2] Fe4II grid can be
triggered by temperature, light and pressure. 63
solution were obtained in the course of

1

Indications of SCO behavior in

H NMR investigations at variable

temperature in a range of 228 K to 308 K.

Measurements of the magnetic

susceptibility (T) on solid samples display the transition from the 3HS-1LS state to
the 1HS-3LS state with a more or less drastic change in the magnetic susceptibility.
The isomer shift, δ, and the quadrupole splitting, ΔEQ, two of the most important
18
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parameters derived from a Mössbauer spectrum,64 differ significantly for the HS and
LS states of both FeII and FeIII ions.

Figure 1.17. Spin state changes observable for a [2 × 2] grid of Fe(II) complex.63

At the same time, some chemical influences could also perturb SCO systems.

Firstly,

substitution within a ligand may drastically alter the spin state of a system, as a result
of steric or electronic effects.65

Secondly, a more subtle chemical influence is the

variation of the anion associated with a cationic spin crossover system, or of the
nature and degree of solvation of salts or neutral species.66
comes from metal dilution.

Furthermore, insight

The effect of dilution of spin transition complexes into

the lattice of isostructural species which do not or cannot show SCO has proved to be
very diagnostic of the function of cooperative interactions in influencing the nature of
spin crossover transitions in solids.67
1.3.3. Single Molecule Magnets (SMMs)
Single molecule magnets (SMMs) are mainly inorganic molecules that have one or
19
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several metal centers with unpaired electrons.

These metal complexes are

surrounded by organic ligands and show slow relaxation of the magnetization of
purely molecular origin. They can be magnetized by a magnetic field, and under a
certain blocking temperature could remain magnetized even after switching off the
magnetic field.

No interaction between the molecules is necessary for this

phenomenon to occur.

This is a property of the molecule itself.

The molecules

possessing these characteristics are considered to be potential candidates for use in
data storage, spintronics, and quantum computing devices.68

Figure 1.18. The structure and out-of-phase of components of the alternating current susceptibility for
a [3 × 3] grid of cobalt complex.69

The field of SMMs, or molecular nanomagnets, started with the mixed-valence
complex [Mn12O12(OAc)16(H2O)4]·2HOAc·4H2O.

Variable field magnetization and

high-frequency electron paramagnetic resonance (HF-EPR) data indicate that the
mixed-valence complex has an S = 10 ground state.

The large spin ground state

arises from antiferromagnetic interactions between the S = 3/2 spins of MnIV ions and
the S = 2 spins of MnIII ions, and the axial zero field splitting parameter D = 0.50 cm–1.
This complex was first published by Lis in 1980 and subsequently studied in more
detail around 10 years later,70 which lead to the establishment of a new class of
materials called single molecule magnets (SMMs).
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The general approach for new SMMs is to aim for systems with large ground spin
states (S) and enhanced negative raising (or easy axis) magnetoanisotropy (D).71,72
In 3d metal chemistry the coordination compounds of FeI73, FeII74, FeIII75, CoII76,77,
NiI78, and MnIII79 were extensively studied as SMMs in the absence of direct current
(dc) field or under an applied dc field in the past few years.80
SMMs are mono or multinuclear compounds.

Most examples of

In order to be able to control the

magnetic properties of SMMs, we need control over many aspects of the composition
and structure of polynuclear complexes.

The fact that these complexes are often

synthesized and crystallised straight from a one-pot reaction, in one step, means that
often we have little synthetic control.

This is especially important when using a

multidentate ligand, with many binding sites and many different binding modes.
However, the number of [n × n] grid metal-based complexes displaying SMMs
behavior is very small.

Until currently, very few examples of grids with 3d

transition-metal ions displaying zero-field slow relaxation have been reported.

Figure 1.19. The out-of-phase of components of the alternating current susceptibility for [2 × 2] grid of
DyIII complex.81

The [3 × 3] grid-like structure ([CoII8CoIIIL6](BF4)7) consists of CoII and CoIII ions
coordinated to hepta-dentate polypyridine ligands (Figure 1.18, left).

The CoII ions

in the structure show both LS (S = 1/2) and HS (S = 3/2) states.

The frequency

dependent out-of-phase signals of this grid compound show the peak maxima shifted
to a lower temperature as the ac frequency decreased (Figure 1.18, right).69

The
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alternating current (ac) magnetic susceptibility data confirms that the structure is the
first example of a grid complex SMM.

However, no [2 × 2] grid transition metal

complexes showing SMM behavior has been reported, except for a [2 × 2] grid DyIII4
cluster which has been proven to behave as a SMM as shown in Figure 1.19.81

The

bpt−-bridged [2 × 2] complexes, with four noninteracting DyIII ions (S = 5/2), exhibits
SMM behavior with a remarkably high energy barrier (143 cm−1).
Overall, there is still much to learn about the parameters that control slow relaxation
in SMM systems, and only by synthesizing more examples and probing their low
temperature behavior in greater depth can we start to understand and hence, improve
their magnetic properties.

1.4. Mixed-valence Complexes
The term ‗mixed valence‘ is one of several names, such as ‗mixed oxidation state‘ or
‗non-integral oxidation state‘, used to describe inorganic or metal-organic compounds
in which one metal is present in more than one oxidation state.82

Mixed-valence

chemistry has a long and rich history which is characterized by a strong interplay of
experimental, theoretical and computational studies. 83

The first mixed-valent

inorganic compound, Prussian Blue, is a complex FeII/FeIII cyanide discoved in 1704
and subsequently employed as a paint pigment. 84

In the late 1960s, molecular

mixed-valence systems began to attract great interest because of new properties
exhibited due to significant electron coupling between donor and acceptor sites is
present and because of the relationship between optical properties and electron
transfer rates of the species. 85

Mixed-valence molecules contain donor

and

acceptor sites separated by a bridging ligand (BL).

In the following discussion, binuclear compounds with formula [LxMn(BL)MnLx] are
considered, as shown in Figure 1.20.

They contain two metals (M) in the oxidation
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state (n) connected by a BL and further coordinated by additional ligands (Lx).
Mixed-valent complexes can be prepared by single oxidation or reduction of these
complexes.
localized

They can be formulated in two extreme scenarios, namely the fully
form,

[LxMn(BL)Mn+1Lx],

and

the

fully

delocalized

form,

[LxMn+0.5(BL)Mn+0.5Lx], which shows valence averaging. In the case of noninnocent
bridging ligands, a radical complex, [LxMn(BL·+)MnLx], has to be considered as well.

Figure 1.20. Formation of mixed valent complex by oxidation of a Mn2 species (Lx = ligand, BL =
bridging ligand).

The first comprehensive study of mixed-valence compounds was made by Robin and
Day in 1967.

Robin and Day, they proposed an organization of mixed-valence

compounds into three categories, classes I, II, and III (Figure 1.21).86

In class I

mixed-valence compounds, no electron transfer occurs. There is no electronic
coupling (Hab = 0) when two bridged metal centers are far apart or when their
interaction is symmetry or spin forbidden, meaning there are two completely
decoupled redox states and fully localized redox centers. In class II mixed-valence
compounds, two metal centers have detectable electronic interaction and electron
transfer is occurring between two metal centers.

The moderate electronic coupling

between the centers leads to a double-well adiabatic ground-state potential-energy
curve with partly localised charges and a barrier for thermal electron transition (ET)
(the electronic coupling, 2Hab, is smaller than the Marcus reorganisation energy, λ).
In class III mixed-valence compounds, two metal centers have such strong electronic
interaction that delocalization occurs and the formal charge on each metal center is
averaged, Mn+0.5 – Mn+0.5, for example.

The strong coupling with 2Hab ≥ λ leads to a

single ground-state minimum without an ET barrier and with symmetric charge
delocalization over both redox centers, making Class III mixed-valence compounds
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distinct from class II compounds.

In addition to the Robin-Day classification, a

number of recent studies have reported more complicated systems exhibiting an
intermediate behavior between class II and class III, which is now categorized as
borderline class II-III.87

Figure 1.21. Potential curves for the three primary Robin-Day classes: class I (left), class II (middle)
88

and class III (right).

To investigate the extent of electronic interaction between two redox centers,
absorption in the visible or near-infrared region is of diagnostic importance.
Although class I mixed-valence compounds show no absorption, called an
intervalence charge transfer (IVCT) band, class II compounds generally exhibit a
broad (∆ν ≥ 2000 cm–1) and weak (ε ≤ 5000 L mol–1 cm–1) absorption, which
originates from a light-driven process from one redox site to the other (from Mn to
Mn+1, for example).

In contrast, class III mixed-valence compounds show a narrow

(∆ν ≤ 2000 cm–1) and intense (ε ≥ 5000 L mol–1 cm–1) absorption, which is historically
called an IVCT band, but arises from a transition between delocalized electronic
levels rather than from intramolecular charge transfer.

Analysis of the IVCT bands

by Marcus-Hush theory gives parameters that define the thermal electron transfer
barrier.88
The frequently used term ―coupling‖, used to describe the metal-metal interaction in
mixed-valent compounds, can have different meanings, on the basis of either
electrochemical (i), spectroscopic (ii), or magnetic measurements (iii).
(i) The very existence of any mixed-valent ―intermediate‖ state is quantified by the
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comproportionation constant, Kc, according to eq. 1.89
Kc =

=

+

2

(eq. 1)

The comproportionation constants Kc gives a measure of the stability of
mixed-valence species relative to the homo-valence species. Kc can range from 4,
the statistical value,89 to more than 1015.90
(ii) A different measure of metal-metal interaction uses information from absorption
spectroscopy,

specifically

long-wavelength bands.

the

energies

and

intensities

of

characteristic

For mixed-valent systems with similar or identical

electron-transfer sites, these IVCT transitions in a valence-localized situation (Class II
compounds) may be reformulated, e.g., as π→π* or ζ→ζ* transitions in a fully
delocalized model (Class III situation). 89a,91
The electronic coupling (Hab) can be calculated from the energy position of the
maximum of the IVCT band (νmax), the transition dipole moment (μ12) and the
effective charge transfer distance (rab), and the unit electron charge (e) (eq. 2):92
𝐻𝑎𝑏 =

|𝜇
𝑟𝑎𝑏

|

𝜈𝑚𝑎𝑥 (eq. 2)

The transition dipole moment (μ12) is experimentally accessible from the integrated
intensity of the IVCT band.

Calculation of the electronic coupling according to eq. 2

does not take into consideration the shape of the IVCT band.

For IVCT bands with a

Gaussian shape, the parameters of the IVCT band can be used for determination of the
integrated intensity.

By additionally inserting natural constants and conversion

factors, eq. 3 is derived. It can be used to calculate Hab directly from the position of
the maximum (νmax in cm–1), the peak width at half height (∆ν1/2 in cm–1) and the
extinction coefficient at the absorption maximum (εmax in L mol–1 cm–1) of the IVCT
band together with the effective charge transfer distance (rab in Å ).

For rab, the

distance between the two metals (d in Å ) is used as a rough estimate.92a,93

𝐻𝑎𝑏 =

.06× 0

𝜈𝑚𝑎𝑥 𝜀max 𝜈
𝑟𝑎𝑏

(eq. 3)
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The position, form and intensity of the IVCT band together with its behavior in
different solvents gives a rough indication of the classification of a mixed-valent
system.

A detailed analysis of the IVCT band provides insight into the electronic

structure by determination of the coupling constant (Hab).
(iii) Finally, the terms ―interaction‖ and ―coupling‖ are also used to describe magnetic
exchange in coordination compounds.

Mixed-valent species can involve more than

one paramagnetic metal center, such as the HS FeII-FeIII sites in proteins.94
Compounds with two or more centers of mixed valence in a similar or identical
settings have become the focus of recent research for a number of reasons.

These

include their role in biochemistry (e.g., FeIIFeIII, MnIIIMnIV, CuICuII, or CoIICoIII
centers),82b, 95 their model character for intramolecular electron transfer, 96 their
unusual spectroscopic properties,82,95,97 their potential in molecular electronics,98 and
their function as test systems for theoretical approaches.97,99

These studies are

relevant in the development of molecular-scale functional materials in which electron
transfer or transport plays a key role.98
The species which have been the most prominant in investigations of mixed valence
complexes are bimetallic complexes in which two metal ions are connected by a
bridging ligand (BL).

The mixed valent state is typically accessed by the

one-electron oxidation of a bis-MII (M = Ru, Fe, Co) complex (Figure 1.20).100

Such

complexes may exhibit a change of the spin state of the metal ions after oxidation and
therefore offer further fascinating magnetic properties.

The study of mixed-valence

compounds has developed into a field with multinuclear complexes displaying various
oxidation states.43
studied.101,102

In particular, compounds of iron and cobalt have been widely

It is worth while to mention that the metal oxidation states in mixed

valence [2 × 2] tetranuclear grid-like compounds are usually arranged as shown in
Figure 1.22, in which neighboring metals display different oxidation states, but the
two metal atoms located at diagonal vertices of the grid exhibit the same oxidation
state.
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Figure 1.22. Mixed valence [2 × 2] tetranuclear grid-like architecture.

It is known that those multinuclear complexes with one or more oxidation states of the
metal ions are produced accidentally and it is often difficult to predict the solid
structure. The one-pot reaction used to yield the normal homo-valence [2 × 2] grid
complexes

could

also

produce

the

pronounced

thermodynamically

stable

mixed-valence fragment, by introducing two metal ions of different valence during
the

self-assembly

(Figure

1.23).

103

The

ligand

bis(phenyl(2-pyridyl)methanone)thiocarbohydrazone (11) is reacted with an FeII salt
to yield the mixed-valence [2 × 2] tetranuclear compound, with two oxidized FeIII
located at diagonal positions of the grid structure.

The di-mixed-valence molecular

square (FeII2FeIII2) with two extra mobile electrons occupying the opposite corners is
achieved via self-assembly as a pure phase with remarkable stability for molecular
expression of quantum cellular automata (QCA).
A controlled method to prepare mixed valence compounds displaying pronounced
stable structures and fascinating properties has recently attracted particular attention.
As discussed in section 1.2.1, the stepwise, controlled route 2 (Figure 1.5) was
employed, not only to construct hetero-metallic [2 × 2] grid-type architectures by
introducing different metal ions, but also to provide mixed-valence [2 × 2] gridlike
structures by introducing a second metal ion of different valence.35

The key

intermediates in the synthesis of mixed-valence [2 × 2] grids by using ligand system 6
are the CoIII corner complexes. The metal cobalt(III) was selected in order to prepare
grids with a CoIII2CoII2 or CoIII2FeII2 mixed-valence structure (Figure 1.7).
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Figure 1.23. Schematic representation of the mixed-valence [2 × 2] grid-type complex [FeII2FeIII2L4]2+
via a one-pot reaction.103

Another new method was found to controllably prepare mixed-valence [2 × 2]
complexes by using chemical oxidation from the homo-valence [2 × 2] complexes
(Figure 1.24).25,104

This type of complex has been vary rarely reported. The ligand

systems 2-phenyl-4,5-bis{6-(3,5-dimethyl-1H-pyrazol-1-yl)pyrid-2-yl}-1H-imidazole
(8) and 3,5-bis{6-(2,2‘-bipyridyl)}pyrazole (9), containing the six-member ring
pyridine and five-membered ring pyrazole or imidazole as tridentate donors, are used
to initiate chemical oxidation to construct the mixed-valence [2 × 2] grids. The
properties of these complexes are influenced by both the ligand substituents and metal
ions.

Figure 1.24. Schematic representation of the mixed-valence [2 × 2] grid-type complex via oxidation
from a homo-valence [2 × 2] grid-type complex.

In these mixed-valence grid-type structures, the metal atoms used to construct the
mixed-valence grid via oxidation of the homo-valence grid structure are FeII ions.

In

contrast, mixed-valence [2 × 2] cobalt grids produced via homo-valence compound
after twice oxidation are rather rare, though there are several homo-valence [2 × 2]
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grids produced using CoII or CoIII.

However, in section 1.3.3 there is one example of

a [3 × 3] mixed-valence cobalt grid-type compound which displays the fascinating
magnetic properties as a grid SMM.43c
The rational assembly of metal complexes opens the door for exploring molecular
squares with mixed-valence states.

105 , 106

However, the development of

mixed-valence molecular squares exhibiting promising electrochemical behaviors and
thermodynamic stability associated with charge disproportionation, and kinetic
stability to degradation still remain substantial challenges.
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2. Outline
2.1. Project Outline
There are three fascinating features of great interest resulting from grid-like
architectures:
1) appearance of novel properties because of multifunctionality (multi-ligand,
multi-nuclear, multi-valence);
2) generation of hetero-valence and hetero-nuclear species in a single operation;
3) access to sequential self-organization via the inter-grid interaction implemented by
means of multivalence.
Thus, the multifunctionality features of metallogrids are clearly apparent from their
electrochemistry, where not only the metal centers but also the ligands provide redox
activities, as well as their magnetism in which the spin state may be influenced not
only by interactions between the metal centers but also by physical factors as
discussed in chapter 1.

On the other hand, the potentially valuable features of

grid-type structures as supramolecular entities include their use as platforms to which
multiple external substituents can be attached, then making the multi-valent
interactions possible.

Figure 2.1. Pyrazolate-bridged binucleating proligands HLR.

We recently developed some robust, air- and moisture-stable [2 × 2] metallogrids
based on a set of substituted 3,5-bis(bipyridyl)-pyrazole ligands.107

The Fe4 grid of

the parent proligand HLR (Figure 2.1) exhibited multistability with respect to spin and
redox states. 108

The all-ferrous complex [FeII4LH4](BF4)4 featured gradual but

incomplete two-step thermal SCO from the [4HS] to the [2HS-2LS] state.

The

di-mixed-valence species [FeII2FeIII2LH4](BF4)6 could be produced by chemical
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oxidation. In contrast, the derivative [FeII4LMe4](BF4)4 that was obtained from the
slight modification of the HLMe ligand bearing a methyl substituent in the backbone
C-4 position of the central pyrazolate (Figure 2.1) was shown to stabilize the
dimixed-spin [2HS-2LS] state over a wide temperature range.109

Because of its

sought-after [HS-LS-HS-LS] configuration, with identical spin states at diagonally
opposed vertices of the grid (trans-[2HS-2LS]), the latter system appeared
particularly suited for potential use in QCA devices.

The new compartmental

proligand 4-bromo-3,5-bis{6-(2,2‘-bipyridyl)}pyrazole (HLBr) was developed to
construct a series of [FeII4LBr4](X)4 with various counteranions (X− = PF6−, ClO4−,
BF4−, Br−). Variations in spin-state for the crystalline material range from the [4HS]
via the [3HS-1LS] to the [2HS-2LS] forms, with some grids showing thermal SCO,
which allowed us to establish experimentally well-grounded correlations between
structural distortion of the {FeN6} coordination polyhedron, quantified by using
continuous shape measures, and the grid‘s spin-state pattern. 110

Additionally, a

novel type of oligonuclear SCO system is reported, namely the defect-grid FeII3
complex, which exhibits a sharp and complete SCO from the 1HS-2LS to the
2HS-1LS state with wide hysteresis near room temperature. It mediates a dramatic,
yet reversible, response to the uptake of exogenous solvent molecules leading to
silencing of the SCO.

High sensitivity towards the guest molecules (H2O, MeOH,

EtOH, MeCN, acetone, and benzene), short response time upon exposure, and smooth
reversibility of guest binding are favorable characteristics for future sensing
applications, introducing a new motif to the field of grid-type coordination
chemistry.111
2.1.1. [2 × 2] Grid Complexes
Inspired by the well established [2 × 2] tetranuclear grid and trinuclear defect-grid
complexes based on the pyrazolate-bridged terpyridine ligands,112 a series of new
pyrazole-bridged compartmental ligand systems can be designed as shown in Scheme
2.1.

These two similar kinds of pyrazole-bridged binucleating ligand systems have

two substituted five-membered pyrazoles or imidazoles instead of pyridines as
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peripheral heterocycles of the bis(tridentate) ligand strands. Then the new ligand
systems should have the ability to form tetranuclear and trinuclear grid complexes that
support HS FeII or / and LS HS FeII ions and have the possibility of displaying
fascinating redox and magnetic properties.
Additionally, these ligand systems can be functionalized with electron donating or
electro withdrawing groups at different positions of the ligands in order to examine
the steric and electronic effects of various substituents on the structure and properties
of the [2 × 2] FeII4 and CoII4 grid complexes, such as SCO, and to get a better
understanding of these compounds.

In view of further functionalization to extended

ligand systems, the attention of the synthesis will be paid on methyl group substituent
bounded to the central pyrazole or side-arm pyrazole rings of ligands. Another type
of [2 × 2] matrix-like iron and cobalt complexes can be also a good choice to study
the SCO because of the host–guest chemistry by van der Waals interactions, hydrogen
bonds, π→π interactions, or structural changes.

Scheme 2.1. Schematic representation of the synthesis of [2 × 2] grid and defect-grid complexes
prepared with ligand HL.

2.1.2. [3 × 3] Grid Complexes
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Scheme 2.2. Schematic representation of the synthesis of [3 × 3] grid complexes prepared from ligand
H2L.

The multinuclear grid complexes with different metal ions or the same metal ions in
different oxidation states can be achieved by expanding the chelating side-arm of the
two tridentate ligands to the three tridentate ligand systems by two further pyridyl
units.

This kind of ligands (H2L) consists of three pyridine moieties linked by two

pyrazole groups and two terminal six-member rings or five-member rings as
peripheral heterocycles to give three tridentate sites coordinating environment
(Scheme 2.2).

By using these tritopic ligands (H2L), several [n × n] grid complexes

with variable numbers of metal centers ([MmLn](X)x, M = Fe, Co; X = ClO4−, BF4−; m
= 4 – 9; n = 4, 6; x = 6, 7, 8 ……) may be produced by self-assembly.
All these designed iron and cobalt grid compounds, the spin state of the metal centers
can be generally assessed by SQUID measurement in the solid state, by measuring the
molecular magnetic moment via NMR spectroscopy in solution state, and the redox
properties can be studied by cyclic voltammetry (CV) and square wave voltammetry
(SWV).
2.2. Project Challenges
The first challenge is to synthesize appropriate ligands containing two tridentate N
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donor subunits based on a bridging pyrazole via multistep procedures. Early studies
of grid systems were largely based upon ditopic grid-forming ligands consisting of
rigid aromatic ring systems, such as pyridine, pyrimidine, pyrazole or imidazole.
These ligands in general are relatively difficult to synthesize.

Considerably simple

to synthesize, the isotypic ligands involving pyrazole-bridged sites, with pyridine,
pyrazole or imidazole rings as side-arms are chosen to construct [2 × 2] grid-type
architectures (Scheme 2.1).

The pyrazole-bridged sites, arising from a ring-closing

condensation of 1,3-diketone with hydrazine, can be obtained with a wide variety of
substituents and the side arm units can also be substituted by different organic groups
at different positions. Therefore a family of [2 × 2] tetrametallic grid and trimetallic
defect-grid complexes successfully produced. Furthermore, the ligands with more
pyridine and pyrazole rings are designed as tritopic building block to generate [3 × 3]
decametallic grid structures.
The preparation of homo-valence [2 × 2] grids ([MII4L4]4+), defect-grid structures
([MII3(HL)L3]3+), and the controlled introduction of metal ions at specific locations in
the grid array are of great interest because of the fascinating magnetic properties
which may result from the presence of a different number of metal ions in the entity.
Therefore, the ratio of the starting materials (ligand, metal salt and base) of the
reaction to produce grid or defect-grid structures has to be strictly controlled.
Otherwise it is easy to produce a mixture of [MII4L4]4+ and [MII3(HL)L3]3+.

Because

of the large size of the tritopic ligands with more aromatic rings, solubility is a
prevailing problem.

The solubility of [3 × 3] grids ([M9L6]n+, n = 6, 7, 8 ……) make

it difficult to get crystals suitable for X-ray diffraction and for the study of redox and
magnetic properties.
To prepare the mixed-valence [2 × 2] grid complexes, the third stage of the project
focuses on the double oxidation of homo-valence tetranuclear grid complexes.

In

order to determine the oxidation potential of each metal center in the homo-valence
grid structure, electrochemistry measurements are necessary. The choice of oxidant
and solvent based on the electrochemistry data are not only important but also
34

2. Outline
difficult to produce the pinpont mixed-valence species ([MII2MIII2L4]6+) successfully.
Finally, the magnetic properties of the homo- and mixed-valence grid complexes are
investigated. Mössbauer and SQUID measurements are analyzed to assign the spin
state and charge of the metal centers in the solid state. Paramagnetic NMR spectra
in solution are complicated by line broadening of the paramagnetic shifts at
―unpredictable‖ resonance frequencies. Therefore, the integrated intensities of 1D
spectra, the comparison of homonuclear and heteronuclear 2D NMR spectra, or
spectra of selectively labeled isotopomers, may be the sole ground against which the
spectra – if available at all – are interpreted.
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3.

[2

×

2]

Iron

Grid

Complexes

Based

on

Substituted

3,5-bis(6-(1H-pyrazol-1-y)pyridin-2-yl)pyrid-2-yl)pyrazole Ligands
3.1. Synthesis of Ligands

Scheme 3.1. Synthesis of ligands HLPz, HLMe-Pz, HLMe4-Pz and HLMe5-Pz.
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The synthesis of ligands used in this chapter HLPz, HLMe-Pz, HLMe4-Pz and HLMe5-Pz,
which contain a central pyrazole bridging-unit with two substituted-pyrazolyl rings as
side arms, is based on the starting material of 2,6-dibromopyridine and follows a
multistep process (Scheme 3.1).
reactions.

We

Pyrazole and substituted pyrazoles are used in these

intended

to

synthesize

the

monosubstituted

2-bromo-6-(1H-pyrazol-1-yl)pyridine (c) from the reactions of 2,6-dibromopyridine
(a) with pyrazole or substituted pyrazoles (b) in a molar ratio of 1:1 in the presence of
base (KOtBu) in dry 1.4-dioxane,113 but disubstituted compounds as side-products
were produced at the same time even though we controled the ratio of starting
materials.

In

the

case

of

pyrazole,

the

disubstituted

compound

2,6-di(1H-pyrazol-1-yl)pyridine was obtained as the major product and the
monosubstituted product 2-bromo-6-(1H-pyrazol-1-yl)-pyridine was collected as the
minor product.

However, in the cases using substituted pyrazoles, only the

monosubstituted product was formed in high yield.

The results discussed above

likely result from different steric hindrance caused by the substituent(s) on the
corresponding

pyrazolyl

ring

(1H-pyrazole

<

3,5-dimethyl-1H-pyrazole

<

3,4,5-trimethyl-1H-pyrazole).113

Copper-catalyzed C−N coupling was employed to

synthesize

pyrazole

the

intermediate

substituted

cyanopyridine

(d).

114

Copper-catalyzed cyanation of c with K4[Fe(CN)6] in N-methylimidazole (MeIM) in
the presence of CuI formed d, which was then functionalized in two different ways to
form both substituted methyl-6-(1H-pyrazol-1-yl)picolinate (I and VI) and
1-(6-(1H-pyrazol-1-yl)pyridin-2-yl)ethanone

(II,

V

and

VIII).

115

,

116

Pyrazole-bridged ligands were obtained as white powders from the pseudo-Claisen
condensation of I/VI and II/V/VIII using NaOCH3 base in dry toluene and
subsequent acidic workup to 1,3-diketones III, VII and IX, 117 followed by a
ring-closing condensation with hydrazine in EtOH to produce the desired compounds
HLPz, HLMe4-Pz and HLMe5-Pz.

The ligand HLMe-Pz was synthesized via a modified

procedure. Instead of the pseudo-claisen condensation of the correspongding ketone
and ester compounds, an alternative synthetic route was developed that builds on the
already established synthesis of HLPz.

Hydrazine condensation, methylation of III
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leads to the designed ligand HLMe-Pz.
These four symmetrical or asymmetrical pyrazole-bridged binucleating ligands,
varying in substitution at the 4-position of the central pyrazole ring (R1 = H, Me) and
at the 3,4,5-positions of side-arm pyrazoles (R2, R3 = H, Me), provide two tridentate
binding pockets.

These ligands differ in solubility in organic solvent such as CHCl3,

CH3CN and CH3OH, due to substitution of hydrogen atoms by methyl groups, with
solubility decreasing as the number of methyls increases. All ligands have been
fully characterized by 1H NMR,

13

C NMR, ESI-MS and elemental analysis (see

Experimental Section and Figures 10.1 – 10.13).
It is of interest to discuss the NMR spectra of the asymmetrical ligand HLMe5−Pz.

In

theory there maybe two isomers exhibited because the exchange of N−H proton
between the two nitrogen atoms of the central pyrazole ring.

At room temperature,

all spectra show only two signals corresponding to two methyl groups bound to the
3-positions of the side-arm pyrazolyl rings due to rapid interconversion of the two
isomers.

The assignment of all proton resonances is based on a 1H-1H COSY

experiment.
The 1H NMR spectrum of HLMe5-Pz in DMSO-d6 at 298 K will be given as an
example for the assignment of all proton signals (Figure 3.1).

There are eleven

proton resonances observed at 13.73 ppm, 7.99 – 8.05 ppm, 7.83 – 7.90 ppm, 7.72 –
7.77 ppm, 7.40 ppm, 6.15 ppm, 2.75 ppm, 2.66 ppm, 2.21 ppm, 2.16 ppm and 1.95
ppm with integral intensities 1:2:2:2:1:1:3:3:3:3:3.

The signals at 13.73 ppm, 7.40

ppm and 6.15 ppm can readily be assigned to protons N-H, H7 and H2‘, respectively.
Additionally, the proton resonance at 1.95 ppm could be identified as H2 by
comparison with the 1H NMR spectrum of ligand HLMe4-Pz (Figure 10.11).
The 1H-1H COSY spectrum of the DMSO-d6 solution is shown in Figure 3.2.

The

broad signal at δ = 7.99 – 8.05 ppm shows cross peaks to the δ = 7.83 – 7.90 ppm and
7.72 – 7.77 ppm resonances, which can thus be assigned to H5/5‘.

The signal at 2.21
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Figure 3.1. 1H NMR spectrum (400 MHz, DMSO-d6, 298 K) of HLMe5-Pz.

Figure 3.2. 1H-1H COSY spectrum (DMSO-d6, 298 K) of HLMe5-Pz.

ppm shows two cross peaks to the resonances at δ = 6.15 ppm and 7.72 – 7.77 ppm,
and is assigned intuitively to H3‘, while the signal at 7.72 – 7.77 ppm is due to the
H4/4‘.

Undoubtably, the signal at δ = 7.83 – 7.90 ppm arises from H6/6‘.

Meanwhile
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there is one cross peak observed between the signals at δ = 6.15 ppm and 2.74 ppm, in
which the signal at 2.74 ppm can be assigned to H1‘.

The signal of H2 at δ = 1.95

ppm shows a cross peak to 2.65 ppm, which can be attributed to H1 based on the
assignment of H1‘.

The last signal at δ = 2.16 ppm then originates from H3.

Upon increasing the temperature of the DMSO-d6 solution to 348 K, the
interconversion of the two isomers is faster on the NMR time scale (Figure 3.3),
therefore no change of chemical shift is observed.

In Figure 3.3 the peak at 2.50

ppm was cut in order to make the signals of the methyl group protons more clearly
visible.

On lowering the temperature in DMF-d6 from 298 K (three solvent signals

at 2.75 ppm, 2.92 ppm, 8.03 ppm and one unknown at 2.10 ppm), the signals of H4,
H5 and H6 become broad, and there is a small change observed for the signals of H1/1‘
due to the transformation between two isomers.

Figure 3.3. 1H NMR spectra (400 MHz, DMSO-d6) of HLMe5-Pz at different temperatures (black dot :
signals of methyl groups).

At the lowest possible temperature (223 K), the conformer interconversion is still too
fast on the NMR time scale to observe more signals for methyl group protons (Figure
3.4).

The proton resonances of H3/3‘ of the methyl group at the 5-positions and H1/1‘
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of -CH3 at the 3-positions of side-arm pyrazole rings always are shown as two
separate singlets.

Figure 3.4. 1H NMR spectra (400 MHz, DMF-d6) of HLMe5-Pz at different temperatures (black dot :
signals of DMF-d6).

3.2. Synthesis of [2× 2] FeII4 Grid Complexes
Under inert conditions, ligand HLPz was deprotonated with NaOtBu as the base in
degassed MeOH and was subsequently reacted with one equivalent of the iron salt
Fe(BF4)2·6H2O (Scheme 3.2).

The color of the solution changed from yellow to

red-brown after stirring overnight at room temperature.

The crude product

[FeII4LPz4](BF4)4 (1) could be obtained by adding a large quantity of Et2O to the
reaction mixture and the resulting red-brown powder was subsequently dried in vacuo.
Three

other

[2

×

2]

metallogrid

complexes:

[FeII4LMe-Pz4](BF4)4

(2),

[FeII4LMe4-Pz4](BF4)4 (3) and FeII4LMe5-Pz4](BF4)4 (4) could be synthesized from a
procedure similar to that used for preparing complex 1.

The precipitation of

voluminous red, red-orange and orange materials were observed during the reaction
with ligands HLMe-Pz, HLMe4-Pz and HLMe5-Pz, respectively. The elemental analyses
of 1 – 4 indicate a 1:1 ligand-to-metal ratio.
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Scheme 3.2. Schematic representation of the synthesis of [2 × 2] FeII4 grid complexes 1 – 4.

3.3. Solid State Investigations
Structural Characterization
Single crystals suitable for X-ray diffraction have been obtained for each
[FeII4L4](BF4)4 (L = LPz, LMe-Pz, LMe4-Pz and LMe5-Pz) complex by slow diffusion of
diethyl ether into acetonitrile solution of crude compounds 1 – 4.

Single crystal

X-ray diffraction analyses revealed the expected [2 × 2] grid-type molecular
structures in all cases. Complexes 1, 3 and 4 crystallize in the triclinic space group
P–1, while complex 2 crystallizes in the tetragonal space group P42/n.

It is worth

mentioning that for the crystal structure of 1 there are at least 6.5 CH3CN molecules
found in the unit cell, while for structures of 2, 3 and 4 no lattice solvent molecules
were found.

The model molecular structure of the [2 × 2] grid [FeII4L4]4+ cation is

shown in Figure 3.5.
Structural analyses show that these four [2 × 2] FeII4 grid structures 1 – 4 share a
similar coordination mode with different ligands: each FeII center displays a distorted
{N6} octahedral environment at each grid corner, bound to two N3-tridentate binding
sites from perpendicular deprotonated ligands (L)− (L = LPz for 1, LMe-Pz for 2, LMe4-Pz
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for 3 and LMe5-Pz for 4).

Four BF4− anions in the crystal structure balance the charge

of the [FeII4L4]4+ species. The Fe–N bonds are divided into three different groups
according to the type of donor N atom with d(Fe-Npz-b) < d(Fe-Npy) < d(Fe-Npz-t),
where Npz-b refers to the bridging pyrazole ring, Npy refers to the pyridine rings, while
Npz-t refers to the terminal pyrazole rings.
connectivity in their structures.

All complexes 1 – 4 display similar

The slight difference in pertinent metric parameters

arises from the substrate from hydrogen atoms to methyl groups of ligand.

Figure 3.5. Model molecular structure of [2 × 2] grid [FeII4L4]4+ cations (hydrogen and carbon atoms
are not included for the sake of simplicity).
Table 3.1. Mean Fe−N Bond Lengths and Continuous Symmetry Measures (CSM) for 1 – 4.

Complex
II Pz
1:[Fe 4L 4](BF4)4

dmean/Å a S(Oh)b S(itp)b Spin statea
FeII1−N
2.18
7.35
6.66
HS
FeII2−N
FeII3−N
FeII4−N

2.18
2.19
2.20

7.87
6.97
7.87

7.07
8.19
7.07

HS
HS
HS

2: [FeII4LMe-Pz4](BF4)4 FeII−N
3: [FeII4LMe4-Pz4](BF4)4 FeII1−N

2.17
2.19

7.68
5.41

6.25
9.65

HS
HS

FeII2−N
FeII3−N
FeII4−N

2.23
2.18
2.20

10.62
5.28
9.61

4.47
9.42
4.07

HS
HS
HS

4: [FeII4LMe5-Pz4](BF4)4 FeII1−N
FeII2−N

2.19
2.21

6.25
8.83

7.46
4.70

HS
HS

FeII3−N
FeII4−N

2.19
2.19

6.33
7.24

6.98
5.71

HS
HS

[a] At 133 K. [b] The smaller this value (0 – 100) the closer the polyhedron is to the ideal geometry.
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The average Fe−N bond lengths range from 2.17 Å to 2.23 Å for all FeII ions.

To

capture this quantitatively, the Continuous Symmetry Measures (CSM) method is
used here.118

This is obtained from the X-ray structural analysis, where a numerical

value of S(Oh) is between 0 and 100, with a value of 0 indicative of an ideal
octahedron and its value reflects deviation from the ideal octahedron.

The

remarkably high value for S(Oh) (corresponding to a lower S(itp)) in the CSM for all
these complexes clearly indicates that at the temperature of measurement (133 K) all
FeII ions are in the HS state with overall configuration [HS-HS-HS-HS] of the grid
(Table 3.1).119,120,121

Figure 3.6. Molecular structure of the cations [FeII4L4]4+ of the [2 × 2] grid complexes 1 – 4
(hydrogen atoms are not included for simplicity).

For complexes 1·6.5CH3CN, 3 and 4 the four different and crystallographically
independent iron ions (Fe1, Fe2, Fe3 and Fe4) are not perfectly coplanar, while the
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crystallographically imposed symmetry in the solid state structure of 2 yields only one
crystallographically independent FeII ion and ligand (Figure 3.6).

The adjacent

Fe∙∙∙Fe distance and separation of the diagonal Fe ions are listed in Table 3.2.

Each

FeII ion in the grid structures exhibits distorted octahedral coordination, provided by
two central pyrazole, two pyridine and two side-arm pyrazole nitrogen atoms.

The

iron coordination site exhibits the longest bonds to the terminal pyrazole donor atoms,
shorter bonds to the pyridine nitrogen sites, with the shortest bonds to the bridging
pyrazole ring nitrogen atoms.

These differences in bond lengths result in an overall

axial distortion of the {N6} coordination octahedron.

The Fe−N bond lengths

confirm that all FeII ions are in the HS state and that spin configuration of grids 1 – 4
is [HS-HS-HS-HS].
Compared to the structures of 1 and 2, longer Fe–N bond lengths corresponding to the
3,5-dimethyl-substituted pyrazole rings and smaller N–Fe–N bite angles are observed
in the structure of 3.

This could be due to t the sterical demands imparted by the

methyl groups which prevent the FeII center from binding to these substituted
pyrazoles at a shorter distance.122

From the superimposed structures of 1, 2 and 3

(Figure 3.7), we can see that 3 is significantly distorted compared to the other two
complexes.

Figure 3.7. Overlay of structures on 1 (blue), 2 (green) and 3 (orange).
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Table 3.2. Selected Bond Distances (Å ) for 1 - 4.

Fe∙∙∙Fe
Fe∙∙∙Fea
Fe∙∙∙Feb
Fe–Npz-b
Fe1–N
Fe2–N
Fe3–N
Fe4–N
Fe–Npy
Fe1–N
Fe2–N
Fe3–N
Fe4–N

FeII4LPz4](BF4)4
1

FeII4LMe-Pz4](BF4)4
2

FeII4LMe4Pz4](BF4)4
3

FeII4LMe5Pz4](BF4)4
4

4.348(8) 4.476(8)
5.989(9) 6.267(9)

4.262(5)

4.533(9) 4.588(13)
5.556(9) 7.224(12)

4.555 (13) 4.571(15)
6.200(15) 6.629(13)

2.119(4)
2.131(3)
2.119(3)
2.121(4)
2.120(3)
2.156(4)
2.136(4)
2.155(4)

2.112(13)
2.114(13)

2.151(5) 2.159(4)

2.140(5) 2.145(5)

2.147(6) 2.171(5)

2.175(5) 2.178(5)

2.145(4) 2.154(4)

2.137(5) 2.167(5)

2.149(4) 2.160(4)

2.132(5) 2.155(5)

2.160(4)
2.162(4)
2.147(7)
2.152(3)
2.137(11)
2.156(4)
2.165(4)
2.166(4)

2.147(14)
2.153(14)

2.119(5) 2.142(4)

2.132(5) 2.140(5)

2.270(10)
2.153(6)
2.127(4) 2.133(4)

2.148(5) 2.153(5)

2.141(4) 2.149(4)

2.132(5) 2.138(5)

5.936(5)

2.130(5) 2.136(6)

Fe–Npz-t
Fe1–N

2.238(4)
2.218(15)
2.279(5) 2.281(4)
2.247(6) 2.320(5)
2.287(4)
2.259(14)
Fe2–N
2.254(4)
2.349(8) 2.318(6)
2.248(5) 2.375(6)
2.258(14)
Fe3–N
2.258(10)
2.257(4) 2.284(4)
2.279(6) 2.303(6)
2.285(4)
Fe4–N
2.244(4)
2.277(4) 2.301(5)
2.269(5) 2.306(6)
2.320(4)
[a] Adjacent Fe∙∙∙Fe distance, [b] Diagonal Fe∙∙∙Fe distance. NPz-b: Bridging pyrazole N atom; NPz-t:
Terminal pyrazole N atom.

Usually, in a non-distorted [2 × 2] grid structure, the four ligands should be planar,
perpendicular to the adjacent ligands and parallel to the opposite ligands.
FeII ions occupy the four corners of a grid.

The four

To describe the overall distortion of the

individual ligand strands in the four crystal structures of 1 – 4, the angle between the
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planes defined by the bridging pyrazolate ring and by the terminal pyrazole rings has
been determined (gray values in Figure 3.9).

Figure 3.8. To determine the distortion of the ligand, the torsion angle between the plane of the
bridging pyrazole ring (E1) and the planes of the terminal pyrazole rings (E2) is measured.

Figure 3.9. Fe∙∙∙Fe distances, Fe-Fe-Fe angles (black) and torsion of the bridging pyrazole rings against
terminal pyrazole rings in the same ligand (gray) of complexes 1 – 4.

All [2 × 2] grid molecules contain HS eII ions arranged likely in an square at 133 K.
As reflected by the CSM parameters the coordination polyhedron is significantly
distorted

from

octahedral.

Both

compounds

crystallographically distinct FeII ions in the HS state.

1

and

4

contain

four

The HS FeII ions have S(Oh)

values between 6.25 and 8.83, indicating that the coordination polyhedron are closer
to ideal trigonal prism (itp) than an octahedron.

Unlike 1 and 4 , compound 2

features only one crystallographically independent HS FeII ion arranged in an almost
perfect square.

The HS FeII ion has S(Oh) value around 8 and is therefore
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somewhere toward an itp situation. The ligands are twisted at angles ranging from
9.8° to 15.8°.
and ∼105°).

The four metal ions in 3 are arranged as a rhomb (Fe-e-e angles 75°
While two HS FeII have a moderately distorted octahedral environment

(S(Oh) 5.41 and 5.28) the other two are severely distorted toward an itp situation (S(Oh)
10.62 and 9.61).

All ligands in 3 are highly twisted, deviating from planarity to a

greater extent than the ligands in 1 and 2.
Magnetic Properties
Since all the [2 × 2] iron grid complexes described herein possess four HS FeII centers
connected through substituted pyrazole-based bridges, we carried out temperature
dependent magnetometric measurements on complexes 1 – 4.

Magnetic

susceptibilities were measured on powder samples of 1 – 4, as well as on a sample of
1 covered with MeCN solvent. The samples of 1 will be referred to as ―dry‖ and
―wet‖, respectively, in the following discussion.
At high temperature, the χMT value is 15.70 cm3mol–1K for the wet sample
(1·6.5CH3CN), collected from freshly crystallized material (Figure 3.10).

In

agreement with the crystallographic data, this indicates a [4HS] spin configuration
(typical room temperature χMT values for HS FeII ions are in the range of 3.3 – 3.8
m3Kmol–1).123 Upon decreasing the temperature, χMT remains almost constant until
50 K. Below this temperature, a rapid decrease in χMT can be seen with a minimum
value of 3.21 cm3mol–1K at 2 K.
The desolvated dry sample 1 can be obtained under vacuo overnight.

The dry

sample 1 shows a minor change of partly HS FeII ions characterized by a slightly
decrease of χMT from 15.96 to 15.54 cm3mol–1Kupon decreasing temperature to 100
K. The χMT value remained nearly constant at 15.54 cm3mol–1K as temperature was
decreased to 20 K. Before 2 K, a rapid decrease in χMT is observed until minimum
value is reached at 5.28 cm3mol–1K at 2 K.

The behavior of the dry sample of 1 is

slightly different from the wet sample and maybe a minor spin state transition from
HS to LS species is happened.

The magnetic properties of the dry sample 1 is also
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confirmed by Mössbauer spectroscopy (see below).

The slight change of the spin

state of HS FeII ions from dry sample is interpreted in terms of the increased structural
disorder and decreased crystallinity caused by the loss of the interstitial solvent
molecules in the dry sample.

The loss of solvent molecules is shown by elemental

analysis (see Experimental Section).

Figure 3.10. Temperature dependence of χMT for the wet (solid circles) and dry (open circles) samples
of [FeII4LPz4](BF4)4 (1).

Magnetic susceptibility plots of 2 – 4 are shown in Figure 3.11.

At room

temperature, the χMT values are 15.94 m3Kmol–1 for 2, 13.65 cm3mol–1K for 3 and
13.62 cm3mol–1K for 4, which closely matches the value expected for four S = 2
iron(II) centers in the absence of exchange coupling between the FeII ions.

On

decreasing the temperature, the χMT decreases slightly until 50 K for 2 – 4. Below
these temperatures, a rapid decrease in χMT can be observed with minimum values of
2.70, 7.40 and 3.47 cm3mol–1K at 2 K for 2, 3, and 4, respectively.
These SQUID data are consistent with four systems that remain in the HS state at all
temperature ranges studied, and with the molecular structure as resolved through
single-crystal X-Ray diffraction studies.

Magnetic measurements for complexes 1 –

4 were simulated using a Heisenberg-Dirac-van-Vleck Hamiltonian (HDvV, eq. 1)124
that includes terms for Zeeman and zero-field splitting, where D is the axial
anisotropy (zero field splitting) parameter (we thus neglect here any rhombicity):
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The best fit leads to |D| = 8.6 cm–1 and g =2.31 for 1, |D| = 0 cm–1 and g = 2.32 for 2,
|D| =10.5 cm–1 and g = 2.13 for 3, and |D| = 0 cm–1 and g = 2.14 for 4. The
intramolecular coupling between all metal centers is also is also taken into account for
the magnetic properties of these four grids.

Figure 3.11. Temperature dependence of χMT for dry samples of [FeII4LMe-Pz4](BF4)4 (2),
[FeII4LMe4-Pz4](BF4)4 (3) and [FeII4LMe5-Pz4](BF4)4 (4). Red line is the best simulation for data points.

All SQUID data discussed below show a decrease of χMT below 50 K due to
zero-field splitting of the HS FeII (S = 2) ions present in every compound, but this
low-temperature feature will not be specifically mentioned in each case.125
The decrease of the curve at low temperature also provides evidence that in
complexes 1, 2 and 4 antiferromagnetic coupling (J = –0.191 cm–1 for 1, –0.348 cm–1
for 2, –0.245 cm–1 for 4) exists between the HS FeII ions in the [HS-HS-HS-HS] form.
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For complex 3, the weak ferromagnetic coupling (J = 0.063 cm–1) between the HS
FeII ions does not show obviously effect on the χMT value with the decreasing
temperature.

Figure 3.12. Magnetic coupling scheme of [2 × 2] Fe4 grid complexes 1 – 4.

Mössbauer Spectroscopy
57

Fe Mössbauer spectroscopy is a valuable tool for assessing spin and charge states of

iron ions. 126

The

57

Fe Mössbauer spectra of a fresh crystalline sample of 1‧

6.5CH3CN and powder samples of 2 – 4 have been measured (Figure 3.13 and Table
3.3).
The spectra of [FeII4LPz4](BF4)4 (1) and [FeII4LMe4-Pz4](BF4)4 (3) feature two different
quadrupole doublets with equal area fractions, red subspectrum 1: δ1 = 1.09 mm/s,
ΔEQ1 = 1.67 mm/s, red subspectrum 2, δ2 = 1.09 mm/s, ΔEQ2 = 2.36 mm/s for 1; red
subspectrum 1, δ1 = 1.09 mm/s, ΔEQ1 = 1.85 mm/s, red subspectrum 2, δ2 = 1.12 mm/s,
ΔEQ2 = 3.72 mm/s for 3, that is, parameters that compare with those reported for S = 2
HS-FeII ions in a series of [FeN6]108,127 compounds (δ = 0.92 – 1.21 mm/s and ΔEQ =
1.30 – 2.99 mm/s), a system of [2 × 2] grids including bi-tridentate ligand. These
results exhibit the presence of two types of HS FeII centers in both grids 1 and 3.
Only one quadrupole doublet with parameters typical for HS-FeII is observed for
[FeII4LMe-Pz4](BF4)4 (2) and [FeII4LMe5-Pz4](BF4)4 (4): red subspectrum δ = 1.07 mm/s,
ΔEQ = 2.66 mms/s for 2, red subspectrum δ = 1.09 mm/s, ΔEQ = 3.32 mm/s for 4.
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The quadrupole splitting values for [FeII4L4](BF4)4 become greater with the increasing
number of methyl groups on the ligand, either in the 4-position of central pyrazole or
in the 3-, 4- and 5-positions of the side-arm pyrazolyl rings.
Table 3.3. Mössbauer Parameter of the Crystalline Samples of 1 − 4.

Complex
1‧6.5CH3CNa
b

1‧6.5CH3CN
1c

2c
3c
4c
1d
2d
1e

HS-Fe

δ / mm/s ΔEQ / mm/s A / %
1.09
1.67
50

HS-FeII
HS-FeII
HS-FeII
HS-FeII
HS-FeII
LS-FeII
HS-FeII
HS-FeII
HS-FeII
HS-FeII
HS-FeII
LS-FeII
HS-FeII
LS-FeII
HS-FeII
LS-FeII

1.09
1.10
1.09
1.08
1.10
0.39
1.07
1.09
1.12
1.09
1.09
0.39
1.09
0.40
1.09
0.39

II

2.36
1.89
2.47
2.45
1.82
0.62
2.66
1.85
3.72
3.32
2.55
0.60
2.32
0.53
2.58
0.53

50
50
50
69
19
12
100
50
50
100
67
33
83
17
83
17

[a] the fresh crystalline sample 1 at 80 K; [b] the fresh sample 1 at 7 K; [c] the powdered
polycrystalline samples 1 – 4 at 80 K; [d] the DMF solution sample 1 and 2 at 80 K; [e] the CH3CN
solution sample 1 at 80 K.

The higher quadrupole splitting values for 2 – 4 are typical of that expected for iron(II)
in a highly distorted pseudooctahedral coordination environment.128

This may be an

effect of the somewhat greater distortion in the Fe coordination sphere due to the
methyl substituents.

These results are in accordance with structural and magnetic

susceptibility data which confirm the presence of the [HS-HS-HS-HS] species for
complexes 1 – 4.
Upon cooling to 7 K, the FeII ions in 1·6.5 CH3CN remain in the HS state, while the
parameters for the HS doublet change significantly: the isomeric shift increases
slightly to δ1 = 1.10 mm/s, δ2 = 1.09 mm/s at 7 K, while the quadrupole splitting
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increases considerably to ΔEQ1 = 1.89 mm/s, ΔEQ2 = 2.47 mm/s.

Thus, the doublets

superimpose more upon decreasing temperature (Figure 3.14 and Table 3.3).

Figure 3.13. Zero-field 57Fe Mössbauer spectra for fresh crystalline sample 1·6.5 CH3CN and powder
crystalline sample 2 – 4 at 80 K. Lines represent simulations with Lorentzian doublets for HS FeII.

Figure 3.14. Zero-field 57Fe Mössbauer spectra for fresh crystalline sample 1·6.5 CH3CN at 7 K. Lines
represent simulations with Lorentzian doublets for HS-FeII.
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Fe Mössbauer spectroscopy was also used to further understand the minor change of

the spin state of FeII ions in the powder sample of 1.

The 80 K Mössbauer spectrum

of a dry sample of 1 (Figure 3.15 and Table 3.3) shows three quadrupole doublets.
Two of these doublets have parameters characteristic of HS-FeII, namely isomer
shift/quadrupole splitting δ/ΔEQ = 1.08/2.45 mm/s (red subspectrum) and 1.10/1.82
mm/s (green subspectrum), respectively, and represent ∼69% and ∼19% of all
HS-FeII ions in the dry sample.

The third doublet has Mössbauer parameters δ/ΔEQ

= 0.39/0.62 mm/s (blue subspectrum), which are typical for S = 0, LS FeII compound
(δ = 0.27 – 1.38 mm/s and ΔEQ = 0.26 – 1.01 mm/s),127 and this represents ∼12% of
the LS FeII ions in the dry sample.

Figure 3.15. Zero-field
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Fe Mössbauer spectra for powder crystalline sample of 1 at 80 K. Lines

represent simulations with Lorentzian doublets for HS-FeII (red and green doublet); LS-FeII (blue
doublet).

Comparison between [Fe4LPz4]4(BF4)4 (1) and [Fe4LPy4]4(BF4)4
The previously reported compound [Fe4LPy4]4(BF4)4, synthesized by B. Schneider,
and complex [Fe4LPz4]4(BF4)4 (1) show the same spin configuration of [4HS] at high
temperature. Complex [Fe4LPz4]4(BF4)4 (1) exhibits almost no SCO over the SQUID
measurement range of 2 – 300 K, but with 12% LS and 88% HS FeII at 80 K from
Mössbauer spectroscopy, while compound [Fe4LPy4]4(BF4)4 exhibits step-by-step
thermal SCO and generates configuration of 34% LS and 66% HS FeII at 80 K.
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Comparison of both molecular structures shows how distorted they are according to
the twist of ligands, Fe∙∙∙Fe distances and Fe-Fe-Fe angles (Figure 3.16).

Figure 3.16. Fe∙∙∙Fe distances, Fe-Fe-Fe angles (black) and torsion of the central pyrazole against
side-arm pyrazolate or terminal pyridine in the ligands (gray) of [Fe4LPz4]4+ and [Fe4LPy4]4+.

A more accurate description of the distortion is given by the CSM method.

The data

from the structure analysis of [Fe4LPz4]4(BF4)4 (1), with S(Oh) for the octahedron and
S(itp) (itp means ideal trigonal prism) for the trigonal prism are listed in Table 3.4.
[Fe4LPy4](BF4)4 is included for comparison.

The higher values for S(Oh)

(corresponding to a lower S(itp)) of iron atoms in [Fe4LPz4](BF4)4 (1) suggests the
coordination polyhedron is significantly more distorted from octahedral, compared
with [Fe4LPy4](BF4)4.

Therefore the HS FeII ions in [Fe4LPz4](BF4)4 (1) have a

stronger tendency to remain in that HS state due to their greater distortion from ideal
octahedral geometry.

This comparison shows clearly that a strong correlation exists

between magnetic properties of FeII4 grids and their solid-state structures.
Table 3.4. Mean Fe−N Bond Lengths and Continuous Symmetry Measures (CSM) for [FeII4LPz4](BF4)4
(1) and [FeII4LPy4](BF4)4.

Complex
Center dmean/Å
II Pz
2.18
1:[Fe 4L 4](BF4)4 FeII1

[FeII4LPy4](BF4)4

S(Oh) S(itp) Spin state
7.35 6.66
HS

FeII2
FeII3
FeII4

2.18
2.19
2.20

7.87
6.97
7.87

7.07
8.19
7.07

HS
HS
HS

FeII1
FeII2
FeII3
FeII4

2.18
2.16
2.18
2.18

6.23
5.57
6.63
6.35

7.36
7.57
7.25
7.32

HS
HS
HS
HS
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Additionally, Mössbauer spectra of 1 and 2 were recorded in frozen solution at 80 K
in DMF and CH3CN (Figure 3.17 and Table 3.4).

57

Fe Mössbauer measurements of

frozen solutions of 1 and 2 in DMF reveal the presence of both LS FeII ions and HS
FeII ions at 80 K with two characteristic quadrupole doublets, respectively.

The

characteristic subspectra for LS FeII ions (blue subspectrum) and HS FeII ions (red
subspectrum)) for 1, and LS FeII ions (blue subspectrum) and HS FeII ions (red
subspectrum)) for 2 are displayed in Table 3.3. The ratio of HS and LS is 67:33 in
the spectrum of 1 and 83:17 in 2, respectively (compared to 100% HS FeII in the solid
sample), which suggests that there is a mixture of spin configurations of [2HS-2LS]
and [3HS-1LS] for 1 and [3HS-1LS] and [4HS] for 2 existing together.

The

Mössbauer spectrum of a frozen solution of 1 in CH3CN displays a different ratio of
HS and LS as 83:17 (δ = 0.39 mm/s, ΔEQ = 0.53 mm/s for LS FeII (blue subspectrum);
δ = 1.09 mm/s, ΔEQ = 2.58 mm/s for HS FeII (red subspectrum)).

The percent of LS

state in frozen CH3CN is lower than in the frozen DMF sample for compound 1.

A

decrease in solvent donor number (DN) from DN = 19.1 (DMF) to DN = 14.1
(CH3CN) causes a shift percent of LS FeII from 33% to 17%, which suggests that in
solvent with a higher DN value the LS state is favored.

While a preference for the

LS state in solutions of donor solvents such as MeCN and DMF is documented and
has been attributed to H-bonding between the ligands and solvent molecules or to
some dissociation equilibria,129,130 the effect of equilibrium reactions is not expected
to take place in frozen solution for these grid complexes. It is likely that hydrogen
bonds between the substituted pyrazolate-bridged ligands and the DMF or CH3CN
solvent molecules effect the spin state of the iron(II) ions in these [2 × 2] grid
complexes in solution state.
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Figure 3.17. Zero-field 57Fe Mössbauer spectra for 1 and 2 (top) in frozen DMF solution and 1 (bottom)
in frozen CH3CN solution at 80 K. Lines represent simulations with Lorentzian doublets for HS-FeII
(red doublet) and LS FeII (blue doublet).

3.4. Solution State Investigations
Mass Spectrometry
Complexes 1 – 4 have been characterized by ESI mass spectrometry in CH3CN
solution.

ESI mass spectrometry of all complexes show three prominent peaks

characteristic of the different charged ions [FeII4L4]4+, [FeII4L4(BF4)]3+ (or
[FeII4L4(F)]3+) and [FeII4L4(BF4)2]2+. Isotope patterns matched those simulated and
peak separations were consistent with the charges.

This evidence unequivocally

confirms the [2 × 2] FeII4 grid species in solution, and suggests the high stability of
grid-type structures in solution.
Figure 3.18.

The ESI-MS of 2 as is shown as an example in

Three main signals can be detected, deriving from [FeII4LMe-Pz4]4+

combined with 0 – 2 BF4– counterions (m/z = 423.1 [FeII4LMe-Pz4]4+, 570.5
[FeII4LMe-Pz4(BF4)]3+ and 933.2 ([FeII4LMe-Pz4(BF4)2]2+).
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Figure 3.18. ESI–MS (MeCN) of [FeII4LMe-Pz4](BF4)4 (2); (inset) experimental (upper) and simulated
(lower) isotopic distribution pattern for the peak pattern around m/z = 423.1 characteristic for the
[FeII4LMe-Pz4]4+ ion.

NMR Spectroscopy
Iron(II) possesses a d6 electron configuration that corresponds to HS t2g4eg22 and LS
t2g6 arrangements within the Oh point group. All complexes containing HS FeII ions
will possess four unpaired electron and present paramagnetism.

It is well known that

the 1H NMR spectrum of paramagnetic iron complexes is fairly easy to obtain131 and
can be used to estimate the magnetic moment due to the short relaxation time of HS
FeII (10−12 s).

However, the interpretation of such 1H NMR spectra is complicated

due to line broadening and paramagnetic chemical shifts at ―unpredictable‖ resonance
frequencies.

Therefore, the integrated intensities, or the spectra of selectively

labeled isotopomers, may be the sole ground against which the spectra – if available
at all – are interpreted.131
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Figure 3.19. 1H NMR spectra (500 MHz, CD3CN, 298 K) of 1 – 4.
1

H NMR measurements of complexes 1 – 4 confirm that the HS state of the FeII ions,

as deduced from the crystal structure analyses and magnetic measurements in the
solid state, are also retained in solution, with partly broad and paramagnetically
shifted resonances, as shown in Table 3.5 and Figure 3.19.
The grid complexes 1 – 3 exhibit similarities in their 1H NMR spectra: 1) only one set
of broad, paramagnetically shifted peaks over a large chemical shift range (δ = 0 –
115 ppm (1), 0 – 70 ppm (2), −5 – 80 ppm (3)), attributed to the influence of the
paramagnetic HS-FeII ion on the local magnetic field and proton relaxation rate;132 2)
the number of signals observed, showing little variation in chemical shift, coincides in
the three cases with the expected number of signals of the respective, symmetrically
coordinated ligands.

The 1H NMR spectra of three grids were analyzed by
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two-dimensional homonuclear experiments 1H-1H COSY and by comparison with the
fully assigned spectra of related systems.
Table 3.5. 1H chemical shift δ (ppm) of protons in complexes 1 – 4 in CD3CN at 298 K.

Complex
II Pz
1:[Fe 4L 4](BF4)4

H1
60.1

H2
56.5

H3
34.7

H4
56.5

H5
12.5

H6
62.7

H7
113.8

2: [FeII4LMe-Pz4](BF4)4

68.9

55.2

32.9

51.9

10.8

69.6

52.5

3: [FeII4LMe4-Pz4](BF4)4

−1.5

65.8

15.3

44.1

13.4

71.7

80.5

4: [FeII4LMe5-Pz4](BF4)4

11.1 –
15.8

56.8 –
58.8

0.2 –
1.0

42.4 –
43.5

11.1 –
15.8

60.9 –
63.8

74.9 –
75.2

The seven proton resonances of 1H NMR spectrum of grid 1 attribute to three
pyridines, three terminal pyrazoles, and one bridging pyrazole H-atoms arranged in a
highly symmetric structure as shown in Figure 10.30.

The peak at δ = 113.8 ppm,

mostly shifted at lowest field, can immediately be assigned to the proton H7 on the
basis of the integral.

The strongly broadened low-field signal at δ = 60.1 ppm is

attributed to H1 due to the close to the paramagnetic HS-FeII center.

The remaining

proton resonances are assigned based upon the 1H-1H COSY spectrum (Figure 10.31).
The signal at δ = 12.5 ppm shows cross peaks to the signals at δ = 62.7 ppm and δ =
56.5 ppm.

It follows that the δ = 12.5 ppm signal is due to H5, although the

assignment of H4 and H6 remains ambiguous.

However, the signals at δ = 62.7 ppm

and δ = 56.5 ppm are assigned to the H6 and H4 protons, respectively, on the basis of a
slightly longer distance to metal for the latter, as seen in the solid structure.133
Although there is no cross peak between signals H2 and H3 in the homonuclear 2D
NMR spectrum, the assignment of both signals could be finished by comparison with
the 1H NMR spectra of other methyl substituted complexes 2 and 3.
By comparison with the 1H NMR spectrum of complex 1, there are no noticeable
difference

shown

in

1

H

NMR

spectra

of

[FeII4LMe-Pz4](BF4)4 (2)

and

[FeII4LMe4-Pz4](BF4)4 (3) (Table 3.5, Figures 10.33 and 10.38). The assignments of all
protons are also based on the 1H-1H COSY experiments (Figures 10.34 and 10.39).
Finally, the only one set signals observed in the 1H NMR spectrum strongly supports
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that the geometry around the metal center found in the solid is also retained in
solution at least on the NMR time scale.

Figure 3.20. Variable-temperature 1H NMR spectra (500 MHz, CD3CN) of [FeII4LPz4](BF4)4 (1).

In the 1H NMR spectra these three metal complexes 1 – 3 display Curie behaviour in
solution over the studied temperature range of 248 – 348 K (Figures 3.20, 10.35 and
10.40). The Curie plot of the proton chemical shifts illustrates the minor changes
under varying temperature and shows the expected linear correlation between
chemical shifts and inverse temperature (Figures 3.21, 10.36 and 10.41).
Spectrometer and solvent limitations prohibited the examination of a broader
temperature interval.
It is worth mentioning that there is always only one set signals with paramagnetic
chemical shift found from the 1H NMR spectra at different temperature, which
indicate the spin state of all FeII ions is kept in HS state and there is no SCO observed
in soltion samples at least in the temperature range from 248 to 348 K.
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Figure 3.21. Curie plot showing the linear dependence of 1H resonance shifts on the inverse
temperature of [FeII4LPz4](BF4)4 (1).

Figure 3.22. 13C NMR spectrum (125MHz, CD3CN, 298 K) of [FeII4LPz4](BF4)4 (1) (*CH3CN).

The 13C NMR spectra of complexes 1 – 3 also could be obtained with large range of
paramagnetic chemical shift.

All spectra displays several carbon resonances as
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doublets and singlets at 298 K, which all arise from carbon atoms of the symmetrical
molecule as depicted in Figures 3.22, 10.37 and 10.42.

Some carbon signals are not

detected due to their close vicinity to the paramagnetic FeII center.

The the carbon

atoms show doublets in the 13C NMR spectra can be easily assigned to carbons with
direct connection to proton atoms based on the 1H-13C correlation experiment (1H-13C
HMQC, Figures 10.32 and 10.43), and the remaining singalets are attributed to
quarternary 13C atoms.

Figure 3.23. 1H NMR spectrum (500 MHz, CD3CN, 298 K) of [FeII4LMe5-Pz4](BF4)4 (4).

In the case of [FeII4LMe5-Pz4](BF4)4 (4) the 1H NMR spectrum is more complicated
than the spectra of the former three iron grid complexes (Figure 3.23). More peaks
detected in a range from −5 ppm to 90 ppm suggest the presence of isomers, owing to
the asymmetry of ligand HLMe5-Pz. The most shifted signals at chemical shift δ =
74.9 – 75.2 ppm can immediately be assigned to H7, which is closest to the
paramagnetic HS FeII ion.

The signals at around 56.8 – 57.6 ppm are assigned

intuitively to H2‘on the basis of the integral intensity.

Other four group signals

would be assigned by comparison with the 1H NMR spectrum of complex 3.

The
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variable-temperature 1H NMR spectra of 4 in CD3CN over the temperature range 248
– 348 K shows the similar chemical shift with the increasing temperature, but the
Curie behavior could not be observed due to the multiple-peaks of these proton atoms
(Figure 10.44).

Again the 13C NMR spectrum of complex [FeII4LMe5-Pz4](BF4)4 (4) is

also difficult to be identified because of the isomers existed together in solution
sample, which makes the assignment of the carbon atoms impossible (Figure 10.45).
Electrochemistry
The electrochemical properties of 1 – 4 were examined by cyclic voltammetry (CV)
and square wave voltammetry (SWV) in CH3CN.

The presence of redox-active

bridging ligands, together with four redox-active iron centers makes complexes 1 – 4
ideal candidates for investigating their redox properties.

Figure 3.24. Cyclic voltammograms of [FeII4LPz4](BF4)4 (1) over the potential range –2.3 V to +2.3 V
(CH3CN/0.1M Bu4NPF6, scan rate 0.1 V/s, *Me10Fc/Me10Fc+).

All grid complexes gave well-defined CVs showing pairs of stepwise one-electron
transfers. Analyses of peak shapes and characteristics at different scan rates show
similar oxidative properties attributed to the FeII/FeIII redox couples and reductive
process based on pyrazolate-bridged ligands.

Table 3.6 summarizes the redox

behavior of grid complexes 1 – 4. Closer inspection of the redox potentials of
complexes 1 – 4 in CH3CN exhibits, a slight dependence of the electrochemical
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behavior on the ligand substitutions.

Figure 3.25. Cyclic voltammograms of 1 – 4 at the potential range –2.7 V to –1.2 V (left) and 0.4 V to
−1.6 V (right) in CH3CN/0.1M Bu4NPF6, scan rate 0.1 V s–1 vs Fc/Fc+.

Reduction Processes
CV and SWV of complexes 1 – 4 reveal multiple single-electron reduction processes
with quasi-reversibility for each compound and the reduction waves with a slight
potential shift from hydrogen to methyl substrates correspond to the gradual reduction
of the four ligands in grid structure (Figure 3.35 (left)).
Table 3.6. Electrochemical data, E1/2 (ΔEp), for complexes 1 – 4 in CH3CN/0.1 M Bu4NPF6). E1/2 in V
and ΔEp in mV vs Fc/Fc+(Fc: ferrocene).

Complex
II

Pz

[Fe 4L 4](BF4)4
(1)
II Me-Pz
[Fe 4L
4](BF4)4
(2)
II Me4-Pz
[Fe 4L
4](BF4)4
(3)
II Me5-Pz
[Fe 4L
4](BF4)4
(4)

I
0.42
(104)
0.39
(82)
0.33
(114)
0.32
(74)

FeII-FeIII
II
III
0.63
1.08
(94) (161)
0.59
0.99
(78) (268)
0.52
noa
(98)
0.51
no
(84)

IV
1.60
b

1.39
b

no
no

I
–1.72
(142)
–1.73
(207)
–1.76
(61)
–1.77
(66)

Ligand-reduction
II
III
–1.89
–2.14
(120)
(121)
–1.92
–2.14
(234)
(176)
–1.93
–2.13
(61)
(77)
–1.96
–2.17
(89)
(81)

IV
–2.29
(80)
–2.30
(192)
–2.29
(67)
–2.32
(102)

[a]: not observed; [b]: anodic peak potential of irreversible wave.
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For complex [FeII4LPz4](BF4)4 (1) there are four one-electron reduction steps displayed
in the CV and SWV in CH3CN solution (E1/2 = –1.72, –1.89, –2.14 and –2.29 V vs.
Fc/Fc+) (Figures 3.25 and 3.26).

Typically in grid complex the reduction processes

could be observed due to the bridging ligands or the metal centers.

The separation

between the first two reductions is relatively small (ΔE1/2 = 170 mV), while the
separation between the second and third processes (ΔE1/2 = 250 mV) is larger. The
reduction potential of the third and fourth ones are separated by ΔE1/2 = 150 mV,
which is similar to the first pair reduction.

Figure 3.26. Cyclic voltammograms of [FeII4LPz4](BF4)4 (1) over different potential ranges of –2.02 V
to –1.20 V (left, red) and –2.48 V to –1.20 V (left, black) and square wave voltammogram in a range of

–2.40 V to –1.20 V (right) (CH3CN/0.1M Bu4NPF6, scan rate 0.1 V s–1, vs Fc/Fc+).
The first and second reductions occur at similar potentials to the reduction of iron(II)
in mononuclear complex such as [Fe(tpy)2]2+ 134 , which suggest these reduction
processes may be corresponding to both the reduction of each ligand or FeII center in
the [2 × 2] FeII4 grid.
steps.

It is not clear at this time on the assignment of these reduction

Further work to figure out the reduction processes is in progress.

The

introduction of methyl groups per ligand causes the reduction potential shift to less
negative (Figures 10.79 – 10.81).

However, for these three substituted grid

compounds, the problem of assigning the reduction steps is still unsolved.
Oxidation Processes
The CV and SWV of [2 × 2] FeII4 grid complexes 1 – 4 display pairs of one-electron
oxidation waves, assigned to FeII/FeIII redox couples on non-interacting iron centers
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from +0.3 to +1.6 V vs. Fc/Fc+ (Figure 3.25, right and Table 3.6).

There are different

oxidation steps and potential ranges exhibited in complexes 1 – 4.

Figure 3.27. Cyclic voltammogram of [FeII4LPz4](BF4)4 (1) over the potential range 0.0 V to 2.0 V
(CH3CN/0.1M Bu4NPF6, scan rate 0.1 V s–1, vs Fc/Fc+).

For both complexes [Fe4LPz4](BF4)4 (1) and [Fe4LMe-Pz4](BF4)4 (2), there are four
oxidation processes observed (Figures 3.30 and 10.82).

The first three one-electron

transfers are quasi-reversible, and the remaining one-electron transfer is irreversible.
Although the oxidation waves concerning the first two FeII centers of complexes 1
and 2 display a similar peak shape, the oxidation potentials exhibit a dependence upon
the charge of the bridging ligand.

Complex 1 displays one pair of quasi-reversible,

one-electronic metal-centered oxidations at E1/2oxi1 = 0.42 V and E1/2oxi2 = 0.63 V (vs.
Fc/Fc+).

In contrast to 1, the oxidation potential is slightly less positive when the

FeII center is coordinated by {N6} from the methyl-substrate into 4-position of the
central pyrazole bridging ligands of complex 2 (E1/2oxi1 (1) – E1/2oxi1 (2) = +30 mV and
E1/2oxi2 (1) – E1/2oxi2 (2) = +40 mV).

Such a shift can be expected from simple

electropositive arguments considering the replacement of methyl group in 2, thus the
electron-donating effect of methyl group would lower the FeII oxidation potential.
The introduction of more electron-donating methyl groups per ligand into the
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3,4,5-positions of pyrazole side-arms, yields complexes [Fe4LMe4-Pz4]4+ (3) and
[Fe4LMe5-Pz4]4+ (4).

The CVs and SWVs of these two complexes display only two

well-defined quasi-reversible oxidation processes (0.33 V and 0.52 V vs. Fc/Fc+ for 3;
0.32 V and 0.51 V vs. Fc/Fc+ for 4) and larger positive shift of the oxidation potentials
relative to the oxidation of complex 1 (Figures 10.83 and 10.84).
The electronic effect of methyl groups is further confirmed by the CVs of complexes
3 and 4.

The substitution of protons on the position of side-arm pyrazole rings in 1

by electron-donating methyls to form grid structures 3 and 4 is reflected in a more
decrease of oxidation potentials.
In theory, the larger number of methyl groups of complexes 3 and 4 could bring
greater effect on the oxidation potential could shift the oxidation potential to less
positive values.

The average oxidation potential of the first and second oxidation

waves is slightly less positive in 4 compared to those in 3 (E1/2oxi1 (1) – E1/2oxi1 (3) =
+90 mV and E1/2oxi2 (1) – E1/2oxi2 (3) = +110 mV; E1/2oxi1 (1) – E1/2oxi1 (4) = +100 mV
and E1/2oxi2 (1) – E1/2oxi2 (4) = +120 mV).

Fewer oxidation steps are observed when

more methyl groups are present on the ligands.

These results can be expected due to

the methyl-methyl steric repulsion, which would lengthen the Fe−N bonds between
the iron center and pyrazole side-arm moieties in the grid structure, and therefore
decrease the oxidation potential slightly and destabilize FeIII relative to FeII..135,136
UV/Vis Spectroscopy
The investigation of the spectroscopic properties of 1 – 4 was carried out on different
concentrated solutions in CH3CN in the range 200 – 1200 nm (Figure 3.34).
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Figure 3.28. UV/Vis spectra of 1 – 4 (c = 5×10-5 M) in CH3CN.

For complex 1 there are three intense bands at 244 nm (ԑ = 41174 L mol-1 cm-1), 266
nm (ԑ = 29857 L mol-1 cm-1) and 308 nm (ԑ = 24113 L mol-1 cm-1) and one more
shoulder at 462 nm (ԑ = 373 L mol-1 cm-1). The former three intense bands are likely
π→π* transitions on the ligand, while the shoulder at 462 nm is likely a
metal-to-ligand charge transfer (MLCT) transition.

It is known that the π→π* and

MLCT transitions could display blue shift in the UV/Vis spectrum with the adding of
methyl substituents as electro donating groups. From the UV/Vis spectra of 2 – 4,
there are several similar absorption bands with however small shift obversed (Figure
3.34).

The results evidence no significant effect induced by the methyl substituents

as electron donating groups bound to the 4-positions of the central pyrazole rings or 3,
4, 5- positions of the peripheral pyrazole rings of ligands in the grid compounds.
Spectroelectrochemistry
The UV/Vis absorbance of 1 – 4 during chemical oxidation was examined by
spectroelectrochemistry.

Controlled potential UV/Vis measurements were conducted

on a solution of 1 – 4 in CH3CN/0.1 M NBu4PF6 at room temperature.

Since the
69

3. A family of [2 × 2] Iron Grid Complexes
first two oxidation steps are hardly separated from each other, the experiment began
directly with the two-electron oxidation at a potential of 0.8 V vs Fc/Fc+ for 1 – 4 and
wavelength range between 200 and 1000 nm (Figure 3.35).

Figure 3.29. Electrochemical oxidation in CH3CN/0.1 M Bu4NPF6 at a potential of 1.6 V for 1; 1.5 V
for 1; 1.2 V for 3 and 1.2 V for 4. The course of oxidation was followed by UV/vis spectroscopy.

Two-electron oxidations from [FeII4L4]4+ to [FeII2FeIII2L4]6+ under applied potential
caused the FeII to ligand charge transfer (MLCT) band (λmax = 466 nm for 1, 460 nm
for 2, 463 nm for 3 and 461 nm for 4) to weaken, while a new broad band at 600 nm
(1), 612 nm (2), 629 nm (3) and 646 nm (4), respectively, corresponding to a
ligand-to-FeIII charge transfer (LMCT) transition was observed and increases in
intensity. Since the oxidation steps in complexes reported herein are metal centered
(see discussion above), there is no description about the change in the position and
intensity of the bands of bridging-ligand centered π → π* transition. Hence, the
two-electron oxidized species is best described as [FeII2FeIII2L4]6+.

The π → π*,

LMCT and MLCT bands of [FeII4]4+ and [FeII2FeIII2L4]6 for complexes 1 – 4 are red
70

3. A family of [2 × 2] Iron Grid Complexes
shifted with increasing methyl electron-donating substituents at the side arm and
bridging pyrazoles of the ligands.
3.5. Conclusion
An extended family of homo-valence [FeII4LR4]4+ (HLPz, HLMe-Pz, HLMe4-Pz and
HLMe5-Pz) [2 × 2] grid complexes 1 – 4 has been prepared by using substituted
pyrazole-bridging ligand systems.

The substituents (R) bounded at different

positions of the central-pyrazole or side-arm pyrazole rings have a slight effect on
complex geometry and influence both the electrochemical and magnetic behavior of
the systems.

Mössbauer spectra and SQUID experiments confirm HS FeII ions in all

cases with no SCO observed.

Solution state

1

H and

13

C NMR spectra of

paramagnetic 1 – 4 confirm that the FeII4 grids are spin-localized on the NMR time
scale.
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4. Mixed-spin and Mixed-valence in Pyrazole-bridged Tetranuclear
[2 × 2] Iron Grid Complexes
4.1. Synthesis of Ligands

Scheme 4.1. Synthesis of ligands HLMe-Im and HLMe-MeIm.

The new ligands used in this chapter were designed based upon the ligands discussed
in chapter 3, which are 3,5-bis(6-(1-methylimidazole-2-yl)pyrid-2-yl)pyrazole
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(HLMe-Im)

and

4-methyl-3,5-bis(6-(1-methylimidazole-2-yl)pyrid-2-yl)pyrazole

(HLMe-MeIm). In comparison with ligand HLPz used in chapter 3, ligand HLMe-Im
contains two 1-methyl-1H-imidazole groups instead of pyrazole rings as side arms,
and therefore one of the starting materials for the first synthetic step was changed to
methylimidazole, instead of the substituted pyrazole compounds (Scheme 4.1).

The

key intermediate 6-cyano-2-(1-methylimidazol-2-yl)pyridine (f), prepared in two
steps from 2,6-dibromopyridine and 1-methyl-1H-imidazole (see Experimental
Section),

was

functionalized

in

two

different

6-acethyl-2-(1-methylimidazol)pyridine

ways

to

form

both

(X)

6-methylcarboxy-2-(1-methylimidazol)pyridine (XI).137

and

The 1,3-diketone XII could

be obtained via pseudo-claisen condensation of X and XI and the ligand HLMe-Im was
then prepared as a white powder by a ring-closing condensation with hydrazine.
Additionally, the 1,3-diketone XII was methylated and the resulting diketone XIII
was then condensed with hydrazine to yield ligand HLMe-MeIm.
The

synthesis

of

the

other

new

ligand

1,3-bis(6-(1H-imidazol-2-yl)pyrid-2-yl)pyrazole (HLIm) is different from the former
two

ligands

and

the

starting

material

of

the

first

synthetic

step

is

pyridine-2,6-dicarboxylic acid (g). The key intermediate methyl-6-formylpicolinate
(h)

(see

Experimental

Section),

was

functionalized

to

form

methyl-6-(1H-imidazol-2-yl)picolinate (XIV) and then further modified to produce
1-(6-(hydroxymethyl)pyridin-2-yl)ethanone (XV).

The 1,3-diketone XVI could be

obtained via pseudo-claisen condensation of compounds XIV and XV and the
pyrazole-bridged dimethanol compound XVII was then produced by a ring-closing
condensation with hydrazine, which is similar to the synthesis of other
pyrazole-bridged ligands.

The dimethanol compound was oxidized to dialdehyde

and then reacted with glyoxal and ammonia in MeOH to obtain the ligand HLIm.
The three ligands have been characterized by 1H NMR and 13C NMR spectroscopies,
ESI-MS and elemental analyses (Figures 10.14 – 10.20 and see Experimental
Section).
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Scheme 4.2. Synthesis of ligand HLIm.

4.2. Homo-valence [2 × 2] Fe4 Grid Complexes
4.2.1. Synthesis of [2 × 2] FeII4 Grid Complexes
For the synthesis of the all-ferrous grid complexes, ligand HLMe-Im or HLMe-MeIm is
dissolved in dry MeOH together with NaOtBu base.
Fe(ClO4)2·6H2O gave a deep-red solution (Scheme 4.3).

Addition of solid
After purification by

extraction and recrystallization by using a large quantity of Et2O, crystalline material
of [FeII4LMe-Im4](ClO4)4 (6) was collected by slow diffusion of Et2O into a solution of
crude complex in MeOH, while the complex [FeII4LMe-MeIm4](BF4)4 (10) was obtained
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by slow diffusion of Et2O into a solution of the crude complex in CH3CN.

Scheme 4.3. Schematic representation of the synthesis of [2 × 2] Fe4 grid complexes 6, 7 and 8.

4.2.2. Solid State Investigations
Structural Characterization
Compounds 6 and 10 are air-stable and the molecular structures were characterized by
single X-ray crystallography.

The all-ferrous grid complexes consist of four

crystallographically independent FeII ions and four bridging ligands (LR)− (HL =
HLMe-Im for 6 and HLMe-MeIm for 10).

The four iron atoms are bridged by ligands.

The ligands in the [2 × 2] grid adopt bi-tridentate coordination modes through their
central pyrazole rings. Each of the four FeII centers is coordinated to six nitrogen
atoms from two neighboring ligands (two side-arm 1-methyl-1-H-imidazole N, two
pyridine N, and two central pyrazolate N atoms).

Four ClO4– or BF4– anions in both

grid structures balance the charge of the [FeII4L4]4+ species.
The four metal ions (Fe1, Fe2, Fe3, Fe4) in [2 × 2] [FeII4LMe-Im4]4+ cation of 6 are not
perfectly coplanar (interior Fe-Fe-Fe angles 80°, 99°, 82° and 98° and the four ligands
divide into two sets, with one pair situated above and the other below the FeII4 mean
plane as shown in Figure 4.1.

Inspection of the Fe–N bond lengths helps
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distinguishing between HS FeII and LS FeII.138

The average bond lengths d(Fe–N)

for the four FeII ions are 1.95 Å (Fe1–N), 2.17 Å (Fe2–N), 1.98 Å (Fe3–N) and 2.18
Å (Fe4–N), which therefore can infer that Fe1 and Fe3 are in the LS state and Fe2 and
Fe4 were in HS state ions.

Figure 4.1. Molecular structure of the cation [FeII4LMe-Im4]4+ of the [2 × 2] grid complex 6 (hydrogen
atoms are not included for simplicity) (left); Fe⋯Fe distances, Fe-Fe-Fe angles (black) and torsion of
the central pyrazole against side-arm methylimidazole in same ligand (gray) (right, HS-FeII (red);
LS-FeII (blue)).

As a result, pairs of metal atoms of the same spin state are located at diagonally
opposing corners of the rectangular complex.

The adjacent FeII∙∙∙FeII distance range

from 4.40 Å to 4.53 Å , and diagonal FeII ions are separated by 5.81 Å (Fe1···Fe3) and
6.78 Å (Fe2···Fe4) (Figure 4.2). The geometry around the FeII ions is distorted
octahedral and the distortion of the {FeN6} coordination polyhedron from idealized
octahedral (Oh) or trigonal prismatic symmetry (D3h) can be described accurately by
using the CSM.

The coordination polyhedron of FeII atoms in the HS state shows a

higher distortion from a perfect octahedron (Oh) than the LS FeII ions.

On the other

hand the deviation from trigonal prism (tp) is more pronounced in the case of the LS
FeII ions.

The results of the CSM are summarized in Table 4.1.

A remarkably high

value for S(Oh) and low value S(itp) suggest that Fe2 and Fe4 centers are likely locked
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in the HS FeII state and lack the ability of facile thermal switching to the LS state,
while the low value for S(Oh) (corresponding to a higher S(itp)) confirms the LS-FeII
state of Fe1 and Fe3 centers, which clearly indicates the di-mixed-spin configuration
[LS-HS-LS-HS] of grid complex 6.
Table 4.1. Mean Fe−N Bond Lengths and Continuous Symmetry Measures (CSM) for
[FeII4LMe-Im4](ClO4)4 (6).

Complex
dmean/Aa Spin statea S(Oh)b S(itp)b
[FeII4LMe-Im4](ClO4)4 FeII1−N
1.95
LS
2.10
11.08
II
Fe 2−N
2.18
HS
7.74
6.38
(6)
II
Fe 3−N
1.98
LS
2.68
10.84
II
Fe 4−N
2.18
HS
7.09
6.28
[a] At 133 K. [b] The smaller this value (0 – 100), the closer the polyhedron is to the ideal geometry.

The [2 × 2] [FeII4LMe-MeIm4](BF4)4 10 is crystallized by slow diffusion of Et2O into
MeCN solution and its structure is characterized by single crystal X-ray
crystallography.

Complex 10 has a similar [2 × 2] grid-type architecture to 6,

consisting of four ligands and four FeII ions and with four BF4– anions to counter
balance the charge of the [FeII4LMe-MeIm4]4+ species.

The adjacent FeII∙∙∙FeII distances

range from 4.29 Å to 4.38 Å , with diagonal FeII ions separated by 5.96 Å and 6.18 Å
(Figure 4.2). The bond lengths of Fe-N in the complex 10 range from 2.08 Å to 2.23
Å , which is within the range of the HS FeII-N bond lengths reported in mononuclear
SCO complexes.139

The values of S(Oh) and S(itp) in Table 4.2 suggest that all four

FeII ions are therefore somewhere between octahedral and itp.
Table 4.2. Mean Fe−N Bond Lengths and Continuous Symmetry Measures (CSM) for
[FeII4LMe-MeIm4](BF4)4 (10).

Complex
II Me-MeIm
[Fe 4L
4](BF4)4
(10)

a

FeII1−N
FeII2−N
FeII3−N
FeII4−N

dmean/Aa
2.14
2.17
2.16
2.17

Spin statea
HS
HS
HS
HS

S(Oh)b
6.47
7.00
6.91
7.96

S(itp)b
7.43
7.03
7.26
6.68

At 133 K. bThe smaller this value (0−100), the closer the polyhedron is to the ideal geometry.
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Figure 4.2. Molecular structure of the cation [FeII4LMe-MeIm4]4+ of the [2 × 2] grid complex 10
(hydrogen atoms are not included for simplicity) (left); Fe∙∙∙Fe distances, Fe-Fe-Fe angles (black) and
torsion of the central pyrazole against side-arm methylimidazole in same ligands (gray) (right, HS-FeII
(red)).

Somewhat unexpectedly, however, complex 10 exhibits a different spin configuration
and the two LS FeII ions in complex 6 change to HS FeII in structure 10, due to
different ligand field strengths resulting from the substituent methyl group in the
4-position of the central pyrazole ring.

According to our recent report by B.

Schneider,109 the methyl substitution as an electron donating group at the 4-position of
the pyrazole ring could increase the ligand field strength, which leads to LS FeII.140
However, FeII ions in 10 prefer to be in the HS state, which is not agreement with the
previous result.

It is not clear at this time why there is a difference between the two

systems.
Magnetic Properties
Magnetic susceptibility for a crystalline sample of complex 6 was measured at 0.5 T
magnetic field in the temperature range of 2 – 220 K using a SQUID magnetometer.
The SQUID measurement for compound 10 was not performed because only a small
quantity of crystalline materials was obtained.
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The χMT versus T of complex 6 shows the high temperature value of 8.42 cm3mol–1K
(Figure 4.3), which matches the predicted spin-only value for two S = 2.0 centers with
g = 2.0, confirming the presence of two LS FeII ions (S = 0) and two uncorrelated HS
FeII ions (S = 2.0) in [2 × 2] FeII4 grid structure 6.

The χMT values decrease slightly

with decreasing temperature to 8.28 cm3mol–1K at 50 K, followed by a rapid decrease
to 2.49 cm3mol–1K at 2 K. This drop of χMT observed here is most likely due to
zero-field splitting and any magnetic coupling between the diagonally opposed HS
FeII spin carriers in the molecule is negligible (Figure 4.4).141

Figure 4.3. χMT vs. T measurement in the temperature range of 2 – 220 K at 0.5 T for crystalline
sample of [FeII4L4](ClO4)4 (6). Solid lines correspond to the best fits within the spin-only formalism.

Figure 4.4. Magnetic Coupling Scheme for [FeII4LMe-Im4]4+ cation of 6 (HS-FeII (red), LS-FeII (blue)).

Experiment data in the range of temperatures measured were well simulated assuming
two uncoupled S = 2 centers (J = 0), with an axial zero field splitting parameter |D| =
11.9 cm–1 and Zeeman splitting g = 2.36, by using the appropriate spin Hamiltonian
79

4. Mixed-spin and Mixed-valence [2 × 2] Iron Grid Complexes
given in eq. 1.142
2
 
1

Hˆ    D( Sˆ zi2  Si ( S i 1))  g B B  Si 
3

i 1 

(eq. 1)

It is well known that the nature of SCO transitions is related not only to the energy of
different spin states but also to supramolecular structures.143

As Figure 4.1 shows, in

[FeII4LMe-Im4](ClO4)4 (6) the average angles between the planes of the central
pyrazolates and side-arm methylimidazole rings are 13.7°, 15.83° (at HS FeII2 and HS
FeII4 sites) and 14.1°, 19.4° (at LS FeII1 and LS FeII3 sites), which reflects much
greater ligand distortion.

Due to the flexibility of pyrazolate-bridged ligands

reported here to interlock the metal centers, there is increased strain across the entire
grid structure caused by ligand distortion away from planarity, resulting in a
coordination sphere of the iron centers which is strongly distorted from ideal
octahedral geometry confirmed by the S(Oh) and S(itp) values in Table 4.1.

The

increased strain across the whole grid structure can suppress the spin transition.143
Therefore the HS FeII ions in both grid structures have a strong tendency to remain in
that spin state,144,145 even throughout the range of temperature.
Mössbauer Spectroscopy
The specific spin states seen in the FeII ions in the grid complex [FeII4LMe-Im4](ClO4)4
(6) were confirmed further by Mössbauer spectroscopy, while there is no Mössbauer
spectra for 10 due to difficulty to collect crystalline material.

The
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Fe Mössbauer

spectrum of 6 was recorded at 80 K (Figure 4.5), which shows two different signals:
one quadrupole doublet with an isomer shift of δ = 1.10 mm/s and large quadrupole
splitting of ΔEQ = 2.74 mm/s (red subspectrum), that is, parameters that compare with
those reported in chapter 3 for S = 2, HS FeII ions of complexes 1 – 4 and another
quadrupole doublet with an isomer shift of δ = 0.42 mm/s and smaller quadrupole
splitting of ΔEQ = 0.54 mm/s (blue subspectrum), confirming the presence of two LS
FeII ions in structure 6. The two different quadrupole doublets are presented in a
ratio of 1:1, as expected for two types of FeII ions.

This result agrees with structural
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analysis and magnetic susceptibility measurements and further confirms the presence
of the [(2LS-FeII)(2HS-FeII)] mixed-spin state configuration of the four iron centers in
[2 × 2] FeII4 grid structure.

Figure 4.5. Zero-field
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Fe Mössbauer spectrum for solid [FeII4LMe-Im4](ClO4)4 (6) at 80K. Lines

represent simulations with Lorentzian doublets for HS FeII (red doublet) and LS FeII (blue doublet).

Figure 4.6. Zero-field 57Fe Mössbauer spectrum for solution [FeII4LMe-Im4](ClO4)4 (6) at 80K in CH3CN.
Lines represent simulations with Lorentzian doublets for HS-FeII (red doublet) and LS-FeII (blue
doublet).

Additionally, a Mössbauer spectrum of frozen MeCN solution of [FeII4LMe-Im4](ClO4)4
(6) was recorded at 80 K as well. The spectrum, depicted in Figure 4.6, displays a
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similar characteristic subspectrum for LS FeII (δ = 0.36 mm/s and ΔEQ = 0.39 mm/s,
blue) and HS FeII (δ = 1.10 mm/s and ΔEQ = 2.78 mm/s, red) to those found in the
Mössbauer spectrum of the solid sample.

However, the ratio of HS to LS is

0.64/0.36 in solution sample in frozen CH3CN solution. Whereas it is 0.55/0.45 in the
solid sample. The higher percent of HS iron ions suggests a mixture with spin
configuration [3HS-LS] and [2HS-2LS] for grid [FeII4LMe-Im4]4+.
It is well documented that the spin states of FeII ions are different for solution samples
using donor solvents such as MeCN and DMF,146 which is usually due to hydrogen
bonding between the solvent molecules and the ligands or to different dissociation
equilibria.146 For 6, we assume that hydrogen bonding interactions between the
solvent and C-H group of the ligands affect the spin state change from LS to HS. At
the same time we also consider that perhaps the change of spin state results from a
change of the solid structure in solution due to the motion of ClO4– cunterions. It is
nuclear at this time why there is a higher retio of HS FeII ions in the frozen MeCN
solution.
4.2.3. Solution State Investigations
Electrochemistry
Since the [2 × 2] grid complex [FeII4LMe-Im4](ClO4)4 (6) possesses four redox-active
FeII centers and four redox-active bridging ligands, the redox properties of 6 were
investigated by means of CV and SWV in MeCN/0.1M NBu4PF6 at room
temperature.
The CV of complex 6 displays pairs of quasi-revisible redox steps in the potential
range from –2.5 V to 1.4 V vs Fc/Fc+ (Figure 4.7).

SWV spectroscopy confirms that

all redox waves are one-electron processes (Figure 4.8), four of which are reduction
steps at E1/2 = –170 V, –1.85 V, –2.06 V and –2.20 V.

The assignment of these

reduction steps could not be performed and further work is in progress.
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Figure 4.7. Cyclic Voltammogram curves of [FeII4LMe-Im4](ClO4)4 (6) in MeCN/0.1 M Nbu4PF6 as an
electrolyte at scan rates of 100 mV·s–1 vs. Fc/Fc+ in the –2.5 V – 1.1 V and –0.6 V – 1.4 V potential
range (the asterisk results from the inpurity).

The remaining four electrochemically reversible redox processes with half wave
potentials E1/2 = +0.23 V, +0.45 V, +0.87 V and +1.04 V in the potential range from
0.0 V to +1.4 V vs. Fc/Fc+, correspond to the stepwise mono-electron FeII/FeIII
couples: [FeII4L4]4+ ⇄ [FeII3FeIIIL4]5+ ⇄ [FeII2FeIII2L4]6+ ⇄ [FeIIFeIII3L4]7+ ⇄
[FeIII4L4]8+, 147 finally leading to oxidation of the all ferrous grid to all-ferric
[FeIII4L4]8+ (Table 4.3).

Figure 4.8. Square wave voltammogram curves of [FeII4LMe-Im4](ClO4)4 (6) in MeCN/0.1 M NBu4PF6
as an electrolyte vs. Fc/Fc+ in the –2.5 V – 1.1 V (left) and –0.3 – 1.4 V (right) potential range.

Following the first oxidation of one of the four identical centers, a second oxidation
process is observed at a potential slightly more positive than the first one (ΔE1/2 = 220
mV).

Because there is significant electronic interaction between metal centers

connected to the same bridge in normal grid complexes,148 it can be suggested that
the second oxidation step involves the FeII center which is farthest away, in other
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words, the one diagonal to the first oxidized center. The third oxidation process
concerns one of the two other FeII centers. Its potential is significantly more positive
than the second one (ΔE1/2 = 420 mV), which is a result of the presence of two nearby
oxidized FeIII ions.

The fourth oxidation naturally involves the remaining FeII center.

It is interesting to note that the separation of the third and fourth oxidation processes
(ΔE1/2 = 170 mV) is different from the separation between the first two processes
(ΔE1/2 = 220 mV).
Table 4.3. Electrochemical Parameters versus Fc/Fc+ for [FeII4LMe-Im4](ClO4)4 (6) obtained from CV.

1
2
3
4

E1/2/mV
230
450
870
1040

ΔEp/mVa
87
87
94
97

E1/2n+1 – E1/2n
220
420
170

Oxidized species (Kc)
[FeII3FeIIILMe-Im4]5+ (5.37×103)
[FeII2FeIII2LMe-Im4]6+ (1.31×107)
[FeIIFeIII3LMe-Im4]7+ (7.59×102)
[FeIII4LMe-Im4]8+

[a] ΔEp denotes the separation of the anodic and cathodic peak potentials for the individual redox
events (ΔEp ≈ 85 mV for the internal standard Fc).

Accordingly the differentiation into two pairs is readily explained by electrostatic
interaction between neighboring corners of the grid.

Such a difference suggests that

the electronic interaction between two redox-active sites localized at opposite corners
of a [2 × 2] FeII4 grid is a function of the oxidation state of the other redox-active
sites.
The frequently used term ―coupling‖ used to describeg the metal-metal interaction in
mixed-valence compounds, can have different meanings in the context of either
electrochemical, spectroscopic, or magnetic measurements.149

According to the CV

measurements, the very existence of any mixed-valence ―intermediate‖ state is
quantified by the comproportionation constant Kc according to reaction (1) (see
chapter 1.4). The values of Kc of [FeII3FeIIIL4]5+, [FeII2FeIII2L4]6+ and [FeIIFeIII3L4]7+
were determined to be 5.37 × 103, 1.31 × 107 and 7.59 × 102, respectively, which
reveals the mixed-valence species [FeII2FeIII2L4]6+, consisting of two ferric ions at
diagonally opposed positions of the rhombic arrangement and two ferrous ions as
neighbors, has pronounced thermodynamic stability.

The redox properties of 6 were
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studied at different scan rates as shown in Figure 4.9. With increasing scan rate,
there is no significant change in the oxidation waves.

Figure 4.9. Cyclic voltammogram curves of [FeII4LMe-Im4](ClO4)4 (6) in MeCN/0.1 M Nbu4PF6 as an
electrolyte at varying scan rates of 100, 200, 500 and 1000 mV s-1 vs. Fc/Fc+ in potential range of –0.3
V to 1.5 V.

4.3. Mixed-valence [2 × 2] Fe4 Grid Complexes
The observance of four quasi-reversible oxidation steps at relatively low potential for
complex [FeII4LMe-Im4](ClO4)4 (6) prompted us to attempt to chemically isolate the
one- and two-electron oxidized species [FeII3FeIII] and [FeII2FeIII2], respectively.
Gratifyingly we were able to isolate both [FeII3FeIIILMe-Im4](ClO4)5 (7) and
[FeII2FeIII2LMe-Im4](ClO4)6 (8) compounds after chemical oxidation of 6 with silver
perchlorate in MeNO2, which solubilizes 6, ensuring the full oxidizing potency of the
Ag/Ag+ ion (E1/2 = 0.67 V vs. Fc/Fc+, see Experimental Section).150

This is a

surprising result considering the small difference in potential between the first and
second oxidation processes (220 mV) for 6.

The oxidized species 7 and 8 were

characterized by elemental analyses (see Experimental Section).
4.3.1. One-electron Oxidized [2 × 2] FeII3FeIII Grid Complexes
4.3.1.1. Synthesis of One-electron Oxidized [2 × 2] [FeII3FeIIILMe-Im4](ClO4)5
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Complexes
The once oxidized species [2 × 2] [FeII3FeIIILMe-Im4](ClO4)5 (7) was synthesized by
mixing the starting material 6 and excess AgClO4 in MeNO2 at low temperature (0°C).
The color of the reaction mixture changed from red to blue after stirring overnight.
It was possible to obtain single crystal 7 from slow diffusion of Et2O into the reaction
solution, which was analyzed by X-ray crystallography.

Compound 7 is air stable

and crystallizes in the triclinic P-1 space group, with the general formula
[FeII3FeIIILMe-Im4](ClO4)5.

Although an excess of AgClO4 as oxidant was used, only

a single oxidation of the FeII4 compound 7 was observed due to the reaction
temperature, which is an important factor for the oxidation of FeII (see below).
4.3.1.2. Structural Characterization of One-electron Oxidized [2 ×

2]

[FeII3FeIIILMe-Im4](ClO4)5 Complexes
The complex cation consists of an approximately square array of one FeIII and three
FeII ions (average inner angles: FeII-FeIII-FeII = 93°, FeII-FeII-FeII = 94°, FeIII-FeII-FeII
= 84° and 85°) (Figure 4.10).

Figure 4.10. Molecular structure of the cation [FeII3FeIIILMe-Im4]5+ of the [2 × 2] grid complex 7 (HS
FeII (red), LS FeIII (deep red), hydrogen atoms are not included for simplicity) (left); Fe∙∙∙Fe distances,
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Fe-Fe-Fe angles (black) and torsion of the central pyrazole against side-arm methylimidazole in same
ligands (gray) (right).
Table 4.4. Mean Fe−N Bond Lengths and Continuous Symmetry Measures (CSM) and Bond Valence
Sums (BVS) for [FeII3FeIIILMe-Im4](ClO4)5 (7).

Complex
II
[Fe 3FeIIIL4](ClO4)5
(7)

FeIII1−N
FeII2−N
FeII3−N
FeII4−N

dmean/Aa
1.94
2.16
2.19
2.17

Spin statea
LS
HS
HS
HS

(Oh)b
2.04
7.18
7.42
7.33

(itp)b
10.74
6.89
7.88
6.20

BVSc
3.80
2.07
1.93
2.05

[a] At 133 K. [b] The smaller this value (0−100), the closer the polyhedron is to the ideal geometry. [c]
The BVS values are calculated based on a R0 value of 1.77 Å for FeII−N and 1.82 Å for FeIII−N with
the formular sij = exp((R0 – Rij)/b) with b = 0.37 Å . The larger BVS values correspond to R0 = 1.82 Å .
R0

values

taken

from

bv

2013.cif

available

from

http://www.iucr.org/resources/data/datasets/nond-vvalence-parameters
The average Fe−N bond distances are 1.94 Å for FeIII−N and 2.16 - 2.19 Å for
FeII−N.

The FeII−N bond lengths are significantly longer than FeIII-N bonds,

reflecting weaker coordinative interactions at the HS d6 FeII ion compared with the LS
d5 FeIII ion (Table 4.4).

The CSM method in this case can also be used to

characterize the HS and LS states of FeII ions and the bond value sums (BVS) can be
used to confirm the oxidation state of the iron ions.

The results suggest the spin

configuration of 7 is [(LS-FeIII)(3HS-FeII)].
Attempts to generate the once oxidized form of [FeII3FeIIILPz4](BF4)5 (5) was also
successful by using homo-valence compound [FeII4LPz4](BF4)4 (1) with thianthrenium
tetrafluoroborate as oxidant in MeCN solvent, which allows 1 to be dissolved
completely and ensures the full oxidizing potency of the [thianthrene]•+ ion (E 1/2 =
0.86 V vs. Fc/Fc+).150 Compound [FeII3FeIIILPz4](BF4)5 (5) was crystallized from
Et2O/MeCN and its structure investigated by single X-ray crystallography.

Similar

to the structure of 7, compound 5 possesses one FeIII and three FeII ions (inner angles:
FeII-FeIII-FeII = 100°, FeII-FeII-FeII = 98°, FeIII-FeII-FeII = 81°), each metal ion is
coordinated in a distorted N6 octahedral environment by two neighboring ligand
fragments (Figure 4.11).

The steric parameter of the Fe‒N bond lengths and values
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of S(Oh), S(itp) and BVS are listed in Table 4.5, which suggests the spin configuration
of [FeII3FeIIILPz4](BF4)5 (5) as [(LS FeIII)(3HS FeII)].

Figure 4.11. Molecular structure of the cation [FeII3FeIIILPz4]5+ of the [2 × 2] grid complex 5 (HS FeII
(red), LS FeIII (deep red), hydrogen atoms are not included for simplicity) (left); Fe∙∙∙Fe distances,
Fe-Fe-Fe angles (black) and torsion of the central pyrazole against side-arm methylimidazole in same
ligands (gray) (right).
Table 4.5. Mean Fe−N Bond Lengths and Continuous Symmetry Measures (CSM) and Bond Value
Sums (BVS) for [FeII3FeIIILPz4](BF4)5 (5).

Complex
II
[Fe 3FeIIILPz4](BF4)5
(5)

FeIII1−N
FeII2−N
FeII3−N
FeII4−N

dmean/Aa
1.94
2.18
2.20
2.17

spin statea
LS
HS
HS
HS

(Oh)b
2.09
7.56
7.67
6.71

(itp)b
10.96
6.06
7.70
6.57

BVSc
3.78
2.02
1.87
2.09

[a] At 133 K. [b] The smaller this value (0 – 100), the closer the polyhedron is to the ideal geometry. [c]
The BVS values are calculated based on a R0 value of 1.77 Å for FeII−N and 1.82 Å for FeIII−N with
the formular sij = exp((R0 – Rij)/b) with b = 0.37 Å . The larger BVS values correspond to R0 = 1.82 Å .
R0

values

taken

from

bv

2013.

Cif

available

from

http://www.iucr.org/resources/data/datasets/nond-vvalence-parameters
4.3.2. Two-electron Oxidized [2 × 2] FeII2FeIII2 Grid Complexes
The synthesis of twice oxidized species [FeII2FeIII2LMe-Im4](ClO4)6 (8) is similar to the
once oxidized compound 7, except for the reaction temperature. In order to produce
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the mixed-valence [2 × 2] FeII2FeIII2 species, the reaction mixture should be heated to
50 °C for at least 2 hours in MeNO2.

The color of the solution changed from red to

deep blue and the purified powder could be obtained by adding a large quantity of
Et2O into the solution.
4.3.2.1. Solid State Investigations
Structural Characterization
The crystals of mixed-valence [2 × 2] grid complex [FeII2FeIII2LMe-Im4](ClO4)6 (8)
were obtained by slow diffusion of Et2O into MeOH solution and its structure was
determined by single crystal X-ray diffraction.

Compound 8 crystallizes in the

monoclinic P21/n space group and is composed of four ligands in the anticipated
grid-type array of alternating FeIII and FeII centers (inner angles: FeII-FeIII-FeII = 102°
and 103°, FeIII-FeII-FeIII = 78°) in an octahedral coordination geometry (Figure 4.12).
This is similar to the mixed-valence [FeII2FeIII2LPy4](BF4)6 grid with pyridine rings as
side-arms of each ligand.

Compounds 8 and [FeII2FeIII2LPy4](BF4)6 display a

different number of crystallographically independent iron ions.108

Figure 4.12. Molecular structure of the cation [FeII2FeIII2Me-Im4]6+ of the [2 × 2] grid complex 8 (HS FeII
(red), LS FeIII (deep red), hydrogen atoms are not included for simplicity) (left); Fe∙∙∙Fe distances,
Fe-Fe-Fe angles (black) and torsion of the central pyrazole against side-arm methylimidazole in same
ligands (gray) (right).
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Table 4.6. Mean Fe−N Bond Lengths and Continuous Symmetry Measures (CSM) and Bond Value
Sums (BVS) for [FeII2FeIII2LMe-Im4](ClO4)6 (8).

Complex
dmean/Aa spin statea S(Oh)b S(itp)b BVSc
[FeII2FeIII2LMe-Im4](ClO4)6 FeIII1−N
1.94
LS
1.90
12.08 3.76
II
Fe 2−N
2.18
HS
8.42
4.78
1.99
(8)
III
Fe 3−N
1.95
LS
2.06
11.80 3.72
II
Fe 4−N
2.17
HS
7.36
6.07
2.02
[a] At 133 K. [b] The smaller this value (0 – 100), the closer the polyhedron is to the ideal geometry. [c]
The BVS values are calculated based on a R0 value of 1.77 Å for FeII−N and 1.82 Å for FeIII−N with
the formular sij = exp((R0 – Rij)/b) with b = 0.37 Å . The larger BVS values correspond to R0 = 1.82 Å .
R0

values

taken

from

bv

2013.

Cif

available

from

http://www.iucr.org/resources/data/datasets/nond-vvalence-parameters

In complex 8, there are four different crystallographically independent iron ions
(FeIII1, FeII2, FeIII3 and FeII4), which results in slightly different Fe∙∙∙Fe and Fe−N
distances.

The adjacent FeIII∙∙∙FeII distances range from 4.51 Å to 4.55 Å , and

diagonal Fe ions are separated by 5.69 Å (FeIII···FeIII) and 7.05 Å (FeII···FeII).

The

Fe−N bond lengths of Fe1 and Fe3 range from 1.91 Å to 1.96 Å , which is within the
range of the LS FeIII−N bond lengths, and the Fe−N bond lengths of Fe2 and Fe4
range from 2.12 Å to 2.22 Å , which is within the range of the HS FeII−N bond lengths.
As listed in Table 4.6, the average Fe−N bond distances, Bond Valence Sum (BVS)
values and the different structural distortion parameters further confirm the spin and
oxidation state of the four iron ions.

The spin configuration of [2 × 2]

[FeII2FeIII2LMe-Im4](ClO4)6 (8) is [(LS FeIII)(HS FeII)(LS FeIII)(HS FeII)].
Magnetic Properties
Magnetic susceptibility measurements were performed on a crystalline sample of
[FeII2FeIII2LMe-Im4](ClO4)6 (8) in the temperature range of 2 – 210 K at 0.5 T.
The χMT versus T plot of 8 (Figure 4.13) shows a high temperature value of 9.06
cm3mol–1K, which is slightly larger than the spin only value of two FeIII in the LS
state (S = 1/2), 1.0 cm3mol–1K (g = 2.0) and two FeII in the HS state (S = 2), 6.6 – 7.6
cm3mol–1K (g = 2.0). χMT values increase gradually with decreasing temperature
until reaching a maximum value of 16.32 cm3mol–1K at 7 K, before dropping to 10.85
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cm3mol–1K at 2 K. The magnetic behavior is a result of the competitive effect of
ferromagnetic coupling as well as spin-orbital interactions of the metal ions in 8.

Figure 4.13. χMT vs. T measurement in the temperature range of 2 – 210 K at 0.5 T for crystalline
samples of complex [FeII2FeIII2LMe-Im4](ClO4)6 (8).

Figure 4.14. Magnetic coupling schemes for two independent coupling constants.

Considering the molecular structure of 8, four interaction pathways exist in this case
(Figure

4.14).

The

experimental

data

was

simulated

by

using

a

Heisenberg-Dirac-van-Vleck Hamiltonian (HDvV) spin Hamiltonian that includes
terms for Zeeman and zero-field splitting (eq. 2).142
4
 
1

Hˆ  2 J1 (Sˆ1Sˆ2  Sˆ3 Sˆ4 )  2 J 2 (Sˆ2 Sˆ3  Sˆ1Sˆ4 )    Dˆ i (Sˆ zi  Sˆi (Sˆi  1))  g B B  Si 
3

i 1 

(eq. 2)
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Where J is the exchange coupling constant between neighboring spins and g is the
Land g factors of the FeII and FeIII ions, and D is the zero-field splitting parameter.
The best fit was obtained by assuming coupling parameter |D| = 4.01 cm–1 and g1 =
2.00, g2 = 2.28, and two subunits [(HS FeII)(LS FeIII)] with relatively strong
intrasubunit ferromagnetic coupling (J1 = +4.98 cm−1) and much weaker inter-subunit
coupling (J2 = +3.05 cm−1) (Figure 4.14).
Mössbauer Spectroscopy
The specific spin states seen in the FeII and FeIII centers in the mixed-valence grid 8
have also been confirmed by Mössbauer spectroscopy.

A 57Fe Mössbauer spectrum

of 8 was recorded at 80 K (Figure 4.15).

Figure 4.15. Zero-field

57

Fe Mössbauer spectra for solid [FeII2FeIII2LMe-Im4](ClO4)6 (8) at 80K. Lines

represent simulations with Lorentzian doublets for HS FeII (red doublet) and LS FeIII (deep red
doublet).

The spectrum exhibited two doublet peaks corresponding to HS FeII and LS FeIII
species, with a peak intensity ratio of HS FeII/LS FeIII = 0.52/0.48.

The isomer shift

(δ) of 1.08 mm/s and quadrupole splitting (ΔEQ) of 3.55 mm/s are attributed to a HS
FeII species (red subspectrum) according to the parameters, whilst the corresponding
parameters of another signal with the isomer shift (δ) of 0.14 mm/s and the
quadrupole splitting (ΔEQ) of 3.18 mm/s (deep red subspectrum), are comparble with
the data of compound 6 and those of [FeIIIN6] analogues in the S = 1/2 state (δ = 0.03
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– 0.19 and ΔEQ = 2.72 – 3.49)127 This provides evidence that the two HS FeII ions
remain, while the LS FeII ions are oxidized to LS FeIII.

The Mössbauer spectrum of

8 confirmed the presence of two LS FeIII ions and two HS FeII ions in the
mixed-valence grid structure; this is a result which is consistent with the information
obtained from structural analysis and SQUID measurements.
4.3.2.2. Solution State Investigations
Mass Spectrometry
Complexes 6 and 8 have been characterized by ESI mass spectrometry in MeCN
solution.

The ESI mass spectrometry of 6 shows three prominent peaks

characteristic for the different charged ions, deriving from [FeII4LMe-Im4]4+ in
combination with different counter ions ClO4- (m/z = 437.1 for [FeII4L4]4+, 616.1 for
[FeII4L4](ClO4)3+, 974.2 for [FeII4L4(ClO4)2]2+) (Figure 4.16).

ESI-MS results

unequivocally confirm the [2 × 2] FeII4 grid species in solution, and furthermore
suggest the high stability of grid-type structure in solution.

Figure 4.16. ESI-MS (MeCN) of [FeII4LMe-Im4](ClO4)4 (6); (inset) experimental (upper) and simulated
(lower) isotopic distribution pattern for the peak pattern around m/z = 437.1 characteristic for the
[FeII4LMe-Im4]4+ ion.
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However, the molecule [FeII2FeIII2LMe-Im4](ClO4)6 (8) exihibits peaks at m/z = 349.9
[FeII3FeIIILMe-Im4]5+,

649.4

[FeII3FeIIILMe-Im4(ClO4)2]3+

[FeII3FeIIILMe-Im4(ClO4)3]2+ (Figure 4.17).

and

1023.6

These [FeII3FeIII] species presumably arise

from the reduction of the [FeII2FeIII2] in the process of undergoing ESI-MS, as a
similar phenomenon has been reported in our previous work.108 In addition, the
main peak of the spectrum of [FeII4LMe-Im4](ClO4)4 (6) is also observed here (m/z =
437) and there is one small fragments observed at m/z = 486.2 ([Fe2L2]2+).

Figure 4.17. ESI-MS (MeCN) of [FeII2FeIII2LMe-Im4](ClO4)6 (8); (inset) experimental (upper) and
simulated (lower) isotopic distribution pattern for the peak pattern around m/z = 349.9.1 characteristic
for the [FeII3FeIIILMe-Im4]5+ ion.

NMR Spectroscopy
As discussed in chapter 3, in the cases of iron complexes the spin state could be
generally assessed by measurement of the molecular magnetic moment via
paramagnetic NMR spectroscopy. Difficult interpreting these spectra makes peak
assignments difficult.

In the mixed-spin and mixed-valence state complexes 6 and 8,

there are three kinds of iron ions involved (HS FeII, LS FeII and LS FeIII).

The
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electron configurations of HS FeII and LS FeIII ions have 4 or 1 unpaired electrons,
respectively, confirming to the paramagnetic properties of these iron ions.

LS FeII

ion has no unpaired electrons and is diamagnetic behavior. The magnetic features of
6 and 8 were investigated in solution by using 1H NMR spectroscopy.

Figure 4.18. 1H NMR spectrum (500 MHz, CD3CN, 348 K) of [FeII4LMe-Im4](ClO4)4 (6).

For homo-valence and mixed-spin state [2 × 2] FeII4 grid structure 6, there should be
two sets of signals observed in the 1H NMR spectrum due to the paramagnetic HS FeII
and diamagnetic LS FeII ions.151

However, unexpectedly, the 500 MHz 1H NMR

spectrum of a CD3CN solution of 6 exhibits several broad and paramagnetically
shifted signals in the range of −10 to 95 ppm, which arise from protons close to the
paramagnetic FeII center, and there are no signals found in the region of 0 to 10 ppm
(Figure 4.18), likely due to the fast exchange between the HS FeII and LS FeII centers
on the NMR time scale.

The chemical shifts of spectrum expand to larger region
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upon cooling to 238 K, leading to broad and paramagnetically shifted proton
resonances which are difficult to be detected (Figure 10.46).

It is not clear at this

time why there is a exchange between the two iron centers.
In

contrast,

the

mixed-valence

and

mixed-spin

state

complex

[FeII2FeIII2LMe-Im4](ClO4)6 (8) contains four paramagnetic iron centers (HS FeII and LS
FeIII) and therefore displays a paramagnetic 1H NMR spectrum with chemical shifts
between 0 – 70 ppm (Figure 4.19).

The 500 MHz 1H NMR spectrum of a CD3CN

solution of 8 exhibits eight broadened and two sharp signals at 11.50 ppm, 16.53 ppm,
19.59 ppm, 30.38 ppm, 34.49 ppm, 40.79 ppm, 42.84 ppm, 47.57 ppm, 53.77 ppm
and 67.19 ppm with integral intensities 3:3:1:1:2:1:2:1:2:1. The signals at δ = 11.50
ppm and 16.53 ppm can be assigned to methyl group protons on the basis of the
integral.

Other broad signals are not able to be assigned because no cross peaks

were observed from the homonuclear 1H-1H COSY spectrum.

Figure 4.19. 1H NMR spectrum (500 MHz, 333 K) of [FeII2FeIII2LMe-Im4](ClO4)6 (8) in CD3CN.

UV/Vis/NIR Spectroscopy
Investigation of the spectroscopic properties of complexes 6 and 8 was carried out in
MeCN solutions at different concentrations in the range of 200 – 1400 nm (Figures
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4.20 and 4.21).
For complex 6 there are five bands observed in the UV/Vis/NIR spectrum (Figure
4.21, left). The two intense bands on display in the high-energy range below 400 nm
at λmax = 269 nm and 335 nm are assigned to π → π* transitions on the ligand.

The

bands in the visible range and beyond, at 498 nm (ε = 8018 L mol−1 cm−1), 543 nm (ε
= 7545 L mol−1 cm−1) and 670 nm (ε = 1635 L mol−1 cm−1), are likely MLCT
transitions involving FeII ions.

Figure 4.20. UV/Vis/NIR spectrum of [FeII4LMe-Im4](ClO4)4 (6) (black) and [FeII2FeIII2LMe-Im4](ClO4)6 (8)
(red) in MeCN solution at two different concentrations (—2‧10–5 M, … 2·10–4 M).

The UV/Vis/NIR spectroscopy of 8 is similar to the spectrum of 6 (Figure 4.21, right).
The position and intensity of bands, assigned to the π → π* transitions, show no
obvious change from the homo-valence [FeII4LMe-Im4]4+ to the mixed-valence
[FeII2FeIII2LMe-Im4]6+.

However, three new bands at 602 nm (ε = 4704 L mol−1 cm−1),

720 nm (ε = 2258 L mol−1 cm−1) and 792 nm (ε = 2021 L mol−1 cm−1) are observed
and have been tentatively assigned to LMCT transitions involving the FeIII ions.
Somewhat unexpectedly, however, no intervalence charge transfer (IVCT) band
appears between hetero-valence iron ions, which could also be confirmed by
spectroelectrochemistry (see below).
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Figure 4.21. Deconvoluted vis bands with fitted Gauss curves for [FeII4LMe-Im4](ClO4)4 (6) (left) and
[FeII2FeIII2LMe-Im4](ClO4)6 (8) (right).

Room temperature solid-state absorption spectroscopies of 6 and 8, comparable with
those obtained from solution samples, display the same absorption bands in the
UV/Vis/NIR region (Figure 4.22), which confirms the species are unaltered in both
solution and the solid state.

Figure

4.22.

Solid-state

absorption

spectrum

of

[FeII4LMe-Im4](ClO4)4

(6)

(black)

and

[FeII2FeIII2LMe-Im4](ClO4)6 (8) (red). Spectra were collected on solid samples compressed into KBr pellet
and measured in transmission mode.

Spectroelectrochemistry
For further characterization of the oxidized species, the spectroscopic properties of
[FeII4LMe-Im4](ClO4)4 (6) were investigated during the time-resolved two-fold
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electrochemical oxidation.

As Figure 4.23 shows, we can observe the changes in the

absorption spectrum of compound [FeII4LMe-Im4](ClO4)4 (6) while potentials of 0.65 V
and 1.10 V vs. Fc/Fc+ are applied, which corresponds to a two- and four-electron
oxidation. The oxidations of the first two ferrous irons from [FeII4L4Me-Im4]4+ to
mixed-valence [FeII2FeIII2LMe-Im4]6+ caused the FeII MLCT bands around 498 nm and
543 nm to weaken, while two new absorption bands appeared at about 602 nm and
792 nm.

Meanwhile the band at 670 nm of [FeII4LMe-Im4]4+ increased in intensity

accompanied by a shift to 720 nm during the double oxidations to [FeII2FeIII2LMe-Im4]6+.
The bands at 602 nm, 720 and 792 nm are tentatively assigned to LMCT transitions
involving the FeIII ions.

After the complete oxidation of the complex to the all ferric

[FeIII4L4]8+, most bands do not show any significant changes, except for the growing
intensity of the bands corresponding to FeIII.

Figure 4.23. UV/Vis spectral changes of [FeII4LMe-Im4](ClO4)4 (6) during the controlled potential
oxidation in MeCN containing 0.1 M Bu4NPF6 on increasing the applied potential from 1.1 to 1.6 V (vs
Me10Fc).

4.4. Conclusion
Building upon our recent report of a robust pyrazolate-bridged FeII4 [2 × 2] grid
complex, we have now modified the pyrazolate-derived ligand scaffold to slightly
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increase the ligand field strength.

This has furnished a new FeII4 [2 × 2] grid,

[FeII4LMe-Im4](BF4)4 (6), that has [2HS-2LS] spin configuration. The mixed-valence
molecular squares [FeII3FeIIILMe-Im4](BF4)5 (7) and [FeII2FeIII2LMe-Im4](BF4)6 (8), one or
two extra mobile electrons (or holes) occupying the opposite corners, is observed as a
pure phase after either one or twoe oxidations. The di-mixed-valent compound 8
displays remarkable stability for molecular expression of quantum cellular automata
(QCA).
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5. Hexanuclear Hetero-metallic [2 × 2] Grid and Trinuclear [2 × 2]
Defect-grid Complexes
5.1. Hexanuclear Hetero-metallic [2 × 2] FeIII2AgI4 Grid Complex
5.1.1. Synthesis of [FeIII2AgI4LMe-Im4](ClO4)6

Me-Im
4](ClO4)6

Scheme 5.1. Schematic representation of the synthesis of [FeIII2AgI4L

(9).

For the synthesis of complex [FeIII2AgI4LMe-Im4](ClO4)6 (9), ligand HLMe-Im was
dissolved in MeNO2, followed by addition of 0.5 equivalent Fe(ClO4)2·6H2O salt to
give a red solution containing the ―corner complex‖ [FeII(HLMe-Im)2](ClO4)2 as a key
intermediate,152 which was treated directly with an excess of AgClO4, after which the
color of the solution changed from red to blue (Scheme 5.1).
partly as an oxidant, leading to oxidation of the FeII ions.

The Ag+ ions serve
Secondly the AgClO4

causes ligand deprotonation and eventually leads to incorporation of Ag+ to give the
target product.

After purification by recrystallization using a large quantity of Et2O,

crystalline material of [FeIII2AgI4LMe-Im4](ClO4)6 (9) was obtained by slow diffusion of
Et2O into a solution of the crude compound in MeCN (see Experimental Section).
5.1.2. Solid State Investigations
Structural Characterization
The

molecular

structure

of

the

hexanuclear

hetero-metallic

grid

[FeIII2AgI4LMe-Im4](ClO4)6 (9) has been determined by X-ray crystallography.
Complex 9 crystallizes in the triclinic space group P−1 and consists of two
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crystallographically independent FeIII ions, four crystallographically independent AgI
ions and four ligands (L)−, which is very similar to the structure of
[FeIII2AgI4LPy4](BF4)6 where HLPy is 3,5-bis(bipyridyl)pyrazole.152

The two iron and

four silver ions are bridged by pyrazolate-bridged ligands as shown in Figure 5.1.
Each of the two FeIII centers is coordinated by six N atoms from two neighboring
ligands (two methylimidazole N, two pyridine N, and two pyrazole N) and the AgI ion
is coordinated by three N atoms from two neighboring ligands (one methylimidazole
N, one pyridine N, and one pyrazole N atoms).

Six ClO4− anions are present in the

structure to balance the charge of the [FeIII2AgI4LMe-Im4]6+ species.

Figure 5.1. Molecular structure of the cation [FeIII2AgI4LMe-MeIm4]6+ of the [2 × 2] grid complex 9 (LS
FeIII (deep red), AgI (grey), hydrogen atoms are not included for simplicity).

The two diagonal FeIII ions are separated by 7.82 Å .

The geometry around the FeIII

ions is distorted octahedral with average angles of 161.65° (Fe1) and 162.71° (Fe2)
for Nme-im−Fe−Npz and 80.57° (Fe1) and 80.88° (Fe2) for Nme-im−Fe−Npy, which
deviate from the ideal octahedron by ~10% (Nme-im refers to the methylimidazole N
atom, Npz refers to the bridging pyrazole N atom, Npy refers to the pyridine N atom).
The Fe−N bond lengths range from 1.91 Å to 1.97 Å , which is within the range of
typical LS FeIII−N bond lengths reported for iron complexes.
description of the distortion is given by CSM.

A more accurate

The S(Oh) and S(itp) calculations for
102

5. Hetero-metallic [2 × 2] Grid and Trinuclear [2 × 2] Defect-grid Complexes
[FeIII2AgI4LMe-Im4](ClO4)6 (9), are listed in Table 5.1, and measures for
[FeIII2AgI4LPy4](BF4)6 are included for comparison.

As reflected by the CSM

parameters the FeII ions are likely in the LS state.
Table 5.1. Mean Fe−N Bond Lengths and Continuous Symmetry Measures (CSM) for
[FeIII2AgI4LMe-Im4](ClO4)6 (9) and [FeIII2AgI4LPy4](BF4)6.

Complex
III
[Fe 2AgI4LMe-Im4](ClO4)6
(9)
[FeIII2AgI4LPy4](BF4)6

FeIII1−N
FeIII2−N
FeIII1−N
FeIII2−N

dmean/Aa
1.93
1.92
1.94
1.94

Spin statea
LS
LS
LS
LS

S(Oh)b
1.82
1.53
1.97
1.92

S (itp)b
11.50
12.52
10.89
10.79

[a] At 133 K. [b] The smaller this value (0 – 100), the closer the polyhedron is to the ideal geometry.

The other two corners of structure 9 have been replaced by four Ag+ ions and the grid
is distorted to a rhomboid.

Thus, the {N6} pockets at those opposite corners of the

rhomboid each host a AgI2 dumbbell with Ag−Ag distances 3.17 Å for Ag1−Ag2 and
3.24 Å for Ag3−Ag4, which is longer than the Ag−Ag distances (2.93 Å for
Ag1−Ag2 and 2.88 Å for Ag3−Ag4) in compound [FeIII2AgI4LPy4](BF4)6, are still
shorter than the sum of Bondi‘s van der Waals radii of two Ag atoms (3.44 Å ),
indicating d10 – d10 interactions.153

Figure 5.2. Left: Coordination environment of the AgI2 units; right: Hexagon of metal ions in 9.

The Ag−N distances range from 2.12 Å to 2.61 Å .

When the Ag−Ag interaction is

neglected, the coordination environment of the AgI ions is best described as {3+1}:
three N donors are arranged almost in a plane, and one of them (pyridine N) forms a
weak asymmetric bridge to the apical position of a neighboring AgI.

Additional it

can be seen that AgI ions appear to be stabilized by close contacts (3.39 Å and 3.72 Å )
with the π system of a proximate pyridine unit that is bound to FeIII center (Figure 5.2).
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These distances are above the usual Ag−π interactions but below the sum of the van
der Waals radii.154,155
Mössbauer Spectroscopy
57

Fe Mössbauer spectrum for a crystalline sample of [FeIII2AgI4LMe-Im4](ClO4)6 (9)

was collected at 80 K. Analysis of the spectrum provides information about the spin
and charge states of the two iron ions presented in the hexanuclear hetero-metallic
complex.

The Mössbauer spectrum features two quadrupole doublets as shown in

Figure 5.3. The two doublets have parameters characteristic of LS FeIII centers by
comparison with those discussed in chapter 4 for S = 1/2 LS FeIII ions in complex 8.
The parameters of isomer shift/quadrupole splitting are δ/ΔEQ = 0.02/3.10 mm/s and
0.15/2.83 mm/s, respectively.
1:1.

The two types of FeIII ions are presented in a ratio of

The two subspectra observed in the Mössbauer spectrum for the solid material

may be rationalized by the presence of two crystallographically distinct FeIII vertices
in the crystal structure, which is also observed in the Mössbauer spectrum of
compound [FeIII2AgI4LPy4](BF4)6

Figure 5.3. Zero-field 57Fe Mössbauer spectrum for solid [FeIII2AgI4LMe-Im4](ClO4)6 (9) at 80K. Lines
represent simulations with Lorentzian doublets for LS FeIII (deep red doublet).

5.1.3. Solution State Investigations
UV/Vis Spectroscopy
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Investigation of the spectroscopic properties of [FeIII2AgI4LMe-Im4](ClO4)6 (9) was
carried out on different concentrated solutions in MeCN in the range 200 – 1400 nm
(Figure 5.4).

Figure 5.4. UV/Vis/NIR spectra of [FeIII2AgI4LMe-Im4](ClO4)6 (9) in MeCN solution at two different
concentrations (— 1·10–5 M, … 1·10–4 M).

Figure 5.5. Solid-state absorption spectrum of [FeIII2AgI4L4](ClO4)6 (9). Spectra were collected on
solid samples compressed into KBr pellet and measured in transmission mode.

For complex 9 there are five bands observed in the UV/Vis/NIR spectrum.

The two

intense bands on display in the high-energy region at 269 nm and 315 nm are likely
π→π* transitions on the ligands.

The bands in the visible range and beyond at 595

nm (ε = 7421 L mol−1 cm−1), 712 nm (ε = 3306 L mol−1 cm−1) and 780 nm (ε = 2897 L
mol−1 cm−1), are likely LMCT transitions involving the FeIII ions. The UV/Vis/NIR
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spectrum of 9 closely resembles the spectrum of the mixed-valence grid complex
[FeII2FeIII2LMe-Im4](ClO4)6 (8) (λmax = 602, 720 and 792 nm) discussed in chapter 4,
which supports the idea that these three absorptions of LMCT originate from the FeIII
The solid state absorption UV/Vis/NIR spectrum of [FeIII2AgI4LMe-Im4](ClO4)6

chromophore.

(9) is in good agreement with the electronic spectrum of the solution sample (Figure 5.5).

Thus,

the species are unaltered in solution and in the solid state.

5.2. Trinuclear [2 × 2] FeII3 Defect-grid Complexes
5.2.1. Synthesis of [FeII3(HL)L3](X)3 Complexes

Scheme

5.2.

Schematic

representation

of

the

synthesis

of

[FeII3(HLPz)LPz3](BF4)3

(19),

[FeII3(HLMe-Pz)LMe-Pz3](BF4)3 (20) and [FeII3(HLMe-Im)LMe-Im3](ClO4)3 (21) grid complexes.

As shown on Scheme 5.2, the trinuclear [2 × 2] defect-grid complexes
([FeII3(HL)L3](X)3 (X = BF4– or ClO4–)) could be obtained by a one-pot reaction of
ligand, iron salt and base in a ratio of 4:3:3 in MeCN or MeOH (see Experimental
Section).
In the self-assembly process, the partially deprotonated ligands (HL = HLPz, HL Me-Pz,
HLMe-Im)

and

FeII

[FeII3(HLPz)LPz3](BF4)3

ions

organize

(19),

to

form

the

matrix-like

[FeII3(HLMe-Pz)LMe-Pz3](BF4)3

complexes
(20)

and
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[FeII3(HLMe-Im)LMe-Im3](ClO4)3 (21).

One of the four ligands remains protonated.

The analytical purity of these complexes was established by elemental analyses (see
Experimental Section).

The [2 × 2] defect-grid complexes containing two

protonated ligands by using the starting materials at a ratio of 4:3:2 (ligand, iron salt
and base) were anticipated to prepare according to the work by M. Steinert.111
However, the product [FeII3(HL)L3](X)3 was obtained whether adding 2 or 3
equivalents of base in the reaction, which suggests the defect-grid complexes with one
protonated ligand are favored.
5.2.2. Solid State Investigations
Structural Characterization
Cryrstals of defect-grid complexes 19 and 21 were obtained by slow diffusion of Et2O
into solutions and characterized by single crystal X-ray crystallography.
Unfortunately, in the case of complex 20, we were unable to obtain crystals suitable
for single crystal X-ray diffraction. Various counterions, solvents and temperatures
have been tried to no avail.
The molecular structure of the cation [FeII3(HLPz)LPz3]3+ of 19 is illustrated in Figure
5.6 (left). Four BF4– counter ions are not shown and at least one co-crystallized
MeCN molecule is found.

As expected, the structure shows a matrix-like [2 × 2]

arrangement of two ligands which are perpendicular to the other two ligands.
results in four {N6} pockets which are occupied by three FeII ions.

This

In the fourth case,

there is one proton forming as Npz-b-H∙∙∙Npz-t linkage (Npz-b refers to the bridging
pyrazole N atom, Npz-t refers to the terminal pyrazole N atom) between the two
pyrazolate N atoms.

Furthermore, the proton acts here as a protecting group, which

prevents the formation of a tetranuclear [2 × 2] grid structure.

The average bond

lengths d(Fe−N) for three crystallographically unique FeII ions are 2.18 Å (Fe1−N),
2.18 Å (Fe2−N) and 1.97 Å (Fe3−N).

The coordination geometry of the FeII ions

deviates from an ideal octahedral coordination, reflected by the values of S(Oh) (7.52
for Fe1, 7.30 for Fe2 and 3.10 for Fe3).

It can be seen that the two outer metal ions
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Fe1 and Fe2 are crystallographically different but nonetheless very similar.

In

addition, the bond lengths and distortion paremeters clearly reflect a spin
configuration [HS-LS-HS] with the LS FeII ion in the center (Table 5.2).
The molecular structure of the species [FeII3(HLMe-Im)LMe-Im3)(ClO4)3 (21) are similar
to 19 as shown in Figure 5.6 (right).

The average bond lengths d(Fe−N) and the

parameters of CSM of the three crystallographically different FeII ions are listed in
Table 5.2, which suggests the spin configuration of the defect-grid structure 21 is
[HS-LS-HS].

Figure

5.6.

Molecular

structure

of

the

cations

[FeII3(HLPz)LPz3]3+

of

19

(left)

and

[FeII3(HLMe-Im)LMe-Im3]3+ of 21 (right) (hydrogen atoms are not included for simplicity).
Table 5.2. Mean Fe−N Bond Lengths and Continuous Symmetry Measures (CSM) for complexes
[FeII3(HLPz)LPz3](BF4)3 (19), [FeII3(HLMe-Im)LMe-Im3](ClO4)3 (21) and [FeII3(HLPy)2LPy2](BF4)4.

Complex
II
Pz Pz
[Fe 3(HL )L 3](BF4)3
(19)
[FeII3(HLMe-Im)LMe-Im3](ClO4)3
(21)
[FeII3(HLPy)2LPy2](BF4)4

FeII1-N
FeII2-N
FeII3-N
FeII1-N
FeII2-N
FeII3-N
FeII1-N
FeII2-N
FeII3-N

dmean/Aa S(Oh)b S(itp)b Spin statea
2.18
7.52
8.09
HS
2.18
7.30
8.24
HS
1.97
3.10
8.69
LS
2.18
6.71
7.35
HS
2.18
6.96
7.69
HS
1.95
2.21
10.18
LS
1.96
2.18
11.53
LS
1.96
2.19
11.51
LS
2.18
6.08
7.00
HS

[a] At 133 K. [b] The smaller this value (0 – 100), the closer the polyhedron is to the ideal geometry.
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Comparison between structures [FeII3(HL)L3]3+ and [FeII3(HL)2L2]4+
The previously synthesized defect-grid compound [FeII3(HLPy)2LPy2](BF4)4 by M.
Steinert displayed a spin configuration of [LS-HS-LS], which is different from the
spin configuration of [HS-LS-HS] of complexes [FeII3(HLPz)LPz3](BF4)3 (19) and
[FeII3(HLMe-Im)LMe-Im3](ClO4)3

(21).

The

molecular

structure

of

[FeII3(HLPy)2LPy2](BF4)4 exhibits a matrix-like [2 × 2] arrangement of the ligands,
wherein two mutually perpendicular ligands form a coordination pocket {N6}
environment and three of these pockets are filled with FeII ions, which is the same as
the defect-grid structures of 19 and 21.
As we know the fourth corner of [FeII3(HLPy)2LPy2](BF4)4 is protected by two
protonated ligands and two interligand Npz−H···Npy hydrogen bonds (Npz refers to
the bridging pyrazolate N atom, Npy refers to the bridging pyridyl N atom) are found
between the N−H proton and the Npy atom of the bridging pyridine group (distance of
Npz···Npy ≈ 2.9 Å ).

For both structures 19 and 21, the NH proton forms an

interligand hydrogen bond with another central pyrzaolate N atom as Npz-b−H∙∙∙Npz-t.
The distances of Npz-b···Npz-t between two neighboring ligands are 2.64 Å (19) and
2.72 Å (21), which is shorter than the distances of Npz-b···Npy in 19 (3.37 Å ) and 21
(3.85 Å ).

These values suggest that the hydrogen bond formed between the

Npz-b···Npz-t is more stable.
To determine the distortion of these three defect-grid compounds, the torsion angles
of the terminal side-arm groups to the central pyrazole rings (Figure 5.7, gray values),
the Fe∙∙∙Fe distances and Fe-Fe-Fe angles were calculated. The Fe∙∙∙Fe distances and
Fe-Fe-Fe angles in 19 and 21 are comparable to those found in compound
[FeII3(HLPy)2LPy2](BF4)4, while the later [LS-HS-LS] structure shows a stronger
twisting of ligands than that shown in the [HS-LS-HS] structures (Figure 5.7).
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Figure 5.7. Structural comparison of [FeII3(HLPz)LPz3](BF4)3 (19), [FeII3(HLMe-Im)LMe-Im3](ClO4)3 (21)
and [FeII3(HLPy)2LPy2](BF4)4. Fe∙∙∙Fe distances, Fe-Fe-Fe angles (black) and torsion of the central
pyrazole against side-arm methylimidazole in same ligands (gray) (right, (HS-FeII (red; LS-FeII (blue)).

Mössbauer Spectroscopy
57

Fe Mössbauer spectroscopy is used herein to assess the spin state and charge state of

iron atoms in these defect-grid structures 19 – 21.
The Mössbauer spectrum of a powder sample of 19 at 80 K features three doublets
(one blue subspectrum and two red subspectra) as shown in Figure 5.8 (upper, left).
The signal shown in blue, with isomer shift δ = 0.43 mm/s and quadrupole splitting
ΔEQ = 0.48 mm/s, has an area fraction of 15%.

These values are characteristic of LS

FeII ions. Another two signals shown in red, two doublets with δ1 = 1.08 mm/s, ΔEQ1
= 2.69 mm/s and δ2 = 1.10 mm/s, ΔEQ2 = 2.13 mm/s, having area fractions of 54%
and 31%, respectively, are due to HS FeII ions. The percentage of LS FeII ions (15%)
is less than the resultwe expect (33%) based on analysis of the solid state structure.
In contrast, the area fraction of HS FeII (85%) is greater than the anticipated 67%.

In

comparison with the Mössbauer parameters (δ1 = 1.08 mm/s, ΔEQ2 = 2.45 mm/s) of
the powder sample of 1, the doublet with δ1 = 1.08 mm/s, ΔEQ1 = 2.69 mm/s showed
in the spectrum of 19 likely arises from the normal grid [FeII4LPz4]4+ species.
Consequently, the difference in the area fractions observed for the HS and LS iron
ions in the solid state structure and Mössbauer spectrum can be explained by the
possibility of some normal grid [FeII4LPz4]4+ species with a [4HS] spin configuration
present in the sample, which increases the percent of HS FeII ions.
The Mössbauer spectrum of 20 displays only two quadrupole doublets (Figure 5.8
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(upper, right). The parameters of one doublet (δ = 0.41 mm/s, ΔEQ = 0.37 mm/s) are
typical for LS FeII ion.

This quadrupole doublet represents 17% of the total iron

content. The Mössbauer paremeters of another quadrupole doublet, representing an
area fraction of 83%, are observed at δ = 1.10 mm/s, ΔEQ = 2.40 mm/s.

The area

fractions of the two doublets are also different from the solid state structure analysis.
Similarly, by comparison with the Mössbauer paremeters (δ = 1.07 mm/s, ΔEQ = 2.66
mm/s) of compound 2, there may be normal grid [FeII4LMe-Pz4] species formed in the
powder sample of 20.

Figure 5.8. Zero-field

57

Fe Mössbauer

spectra for

powder [FeII3(HLPz)LPz3](BF4)3

(19),

[FeII3(HLMe-Pz)LMe-Pz3](BF4)3 (20) and [FeII3(HLMe-Im)LMe-Im3](ClO4)3 (21) at 80K. Lines represent
simulations with Lorentzian doublets for HS-FeII (red doublet) and LS-FeII (blue doublet).

With respect to compound 21, two quadrupole doublets are observed in the
Mössbauer spectrum as well, with parameters of δ = 0.36 mm/s, ΔEQ = 0.35 mm/s
being assigned to LS FeII ion and δ = 1.08 mm/s, ΔEQ = 2.80 mm/s corresponding to
HS-FeII ion (Figure 5.8, lower). The former quadrupole doublet represents 28% and
the latter 72% of the total Fe content.

These values are in good agreement with the

data obtained from the X-ray structure as a [LS-2HS] spin configuration.
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Magnetic Properties
Magnetic susceptibility measurements in the temperature range from 2 to 400 K were
performed for a crystalline sample of [FeII3(HLMe-Im)LMe-Im3](ClO4)3 (21) using a
SQUID magnetometer under a constant magnetic field of 0.5 T.

No SQUID data

were collected for compounds 19 and 20 because of contamination of the samples,
which contain normal FeII4 grid compound.

Figure 5.9. χMT vs. T measurement in the temperature range of 2 – 400 K at 0.5 T for crystalline
sample of complex [FeII3(HLMe-Im)LMe-Im3](ClO4)3 (21).

The χMT vs T curve (Figure 5.9) shows that the spin configuration of compound 21 is
[2HS-1LS] in the temperature range from 2 to 200 K, consistent with the observations
from single crystal X-ray diffraction and Mössbauer spectroscopy.

After bringing

the system to 2 K, the temperature was then raised again to 400 K.

As the

temperature increases, the χMT values remain practically constant up to nearly 300 K,
where the χMT is 7.48 cm3mol–1K. Then χMT product starts to increase slightly as a
result of a gradual change from LS to HS of FeII and causes the [3HS] spin
configuration with the χMT increasing to 9.90 cm3mol–1K at 400 K, which may be a
result from the loss of the co-crystallized solvent molecules or only a result of varying
the temperature.

On cooling down the sample back to 2 K, the χMT goes back to

7.95 cm3mol–1K at 77 K, which reflects a thermally induced gradual SCO from the
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[3HS] back to [2HS-1LS] spin configuration.

The changes in spin state observed for

the various transformations described above demonstrate the potential of this
compound as a spin-based sensor.
5.2.3. Solution State Investigations
Mass Spectrometry

Figure 5.10. ESI-MS (MeCN) of [FeII3(HLMe-Pz)LMe-Pz3](BF4)3 (20); (inset) experimental (upper) and
simulated (lower) isotopic distribution pattern for the peak pattern around m/z = 546.79 characteristic
for the [FeII3(HLMe-Pz)LMe-Pz3]3+ ion.

The ESI-MS of MeCN solutions of complexes 19 – 21 show a prominent peak
characteristic of the triply charged ions [FeII3(HL)L3]3+ and other peaks deriving from
[FeII3(HL)L3]3+.

Isotope patterns matched those simulated, and peak separations

were consistent with the charges, which suggest that the defect-grid-type arrays with
one protonated ligand stay intact in solution with high stability.
The ESI mass spectrum of 20 is shown as an example in Figure 5.10.

There are four

prominent peaks characteristic of the different charged ions deriving from
[FeII3(HLMe-Pz)LMe-Pz3]3+ in combinations with different counter ions BF4– or F– (m/z =
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546.8

for

[FeII3(HLMe-Pz)LMe-Pz3]3+;

818.2

for

[FeII3LMe-Pz4]2+;

[FeII3(HLMe-Pz)LMe-Pz3F]2+; 862.2 for [FeII3(HLMe-Pz)LMe-Pz3(BF4)]2+).

828.7

for

This evidence

unequivocally confirms the integrity of the [2 × 2] FeII3 species in solution, and
suggests high stability of the defect-grid-type core in solution.

However, a dominant

ESI-MS peak characteristic (m/z = 417.9) for the tetracation [FeII3(HLPy)2LPy2]4+
indicates that there are two protonated ligands remaining in the defect-grid compound.
Electrochemistry
The investigation of the electrochemical properties of [FeII3(HLMe-Im)LMe-Im3](ClO4)3
(21) was carried out on a solution of the complex in MeCN with 0.1M NBu4PF6 as the
supporting electrolyte. No electrochemical data collected for compounds 19 and 20
because of the contaminated samples.

Figure 5.11. Left: Cyclic voltammetry study of [FeII3(HLMe-Im)LMe-Im3](ClO4)3 (21) in MeCN/0.1M
Bu4NPF6. Left: scan rate 0.1 V/s vs Me10Fc/Me10Fc+ of about –22 to 1.2 V (asterisk means the signals
of Me10Fc)； Right: Potential range of –0.2 to 1.3 V at different scan rates (asterisk means signal of
inpurity).

The redox properties of defect-grid 21 were studied at different scan rates and the
cyclic voltammograms are presented in Figure 5.11.

There are two oxidation

processes observed and the first step at E1/2 = 570 mV is reversible (the separation of
the anodic and cathodic peak potentials ΔEpOxi1 ≈ 58 mV) at low scan rate 0.1 V/s as
shown in Figure 5.11 (left).

When the scan rate is increased to 1.0 V/s, the second

oxidation step at 900 mV becomes reversible (ΔEpOxi2 ≈ 55 mV) (Figure 5.11, right).
114

5. Hetero-metallic [2 × 2] Grid and Trinuclear [2 × 2] Defect-grid Complexes
This reflects the shorter oxidation time.

The separation between the two oxidation

peaks is ΔE1/2 = 330 mV at the scan rate 1.0 V/s, which is significantly high and
suggests the two oxidized iron ions are at diagonally opposed positions of the grid.
According to the assumption that the structure of [2HS FeII-LS FeII] exists in solution
(supported by mass spectrometric investigations and analyses of the solid state
samples), one can assume that the two outer HS FeII ions are oxidized at almost
identical potential, because they have a very similar environment.

The remaining LS

FeII ion is difficult to be oxidized further, due to the presence of two nearby oxidized
FeIII ions.
5.3. Conclusion
The pyrazolate-based ditopic ligand HLMe-Im forms a strongly hydrogen-bonded
corner complex dimer [FeII(HLMe-Im)2]2(BF4)4 with a [2 × 2] gridlike arrangement of
four ligand strands.

The two empty vertices can then be filled with {Ag2}2+

dumbbells, yielding the unprecedented diferric complex [FeIII2AgI4LMe-Im4](BF4)6 (9),
that features a rhombic-like structure with an almost planar hexagon of metal ions.
A new type of [2 × 2] matrix-like complexes [FeII3(HL)L3](BF4)3 (HL = HLPz,
HLMe-Pz and HLMe-Im) (19 – 21) with one vertex devoid of a metal ion has been
selectively synthesized by using the pyrazole-bridged ligands, which exhibits
dangling groups amenable to H-bonding next to the free vertex.

SQUID

experiments show that these [2 × 2] defect-grid complexes exhibiting fascinating
magnetic properties.
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6. Redox-induced Mixed-valent Single-Molecule Magnets: [2 × 2]
Cobalt Grid Complexes
6.1. Homo-valence [2 × 2] Co4 Grid Complexes
6.1.1. Synthesis of [2 × 2] CoII4 Grid Complexes
Ligands HLPz, HLMe-Pz, HLMe-Im and HLPy varying in the peripheral groups (pyrazole
or methylimidazole or pyridine) at the 6,6‘-positions of the pyridine rings, were used
to produce [2 × 2] Fe4 grid complexes in chapter 3 and 4. The different terminal
groups were introduced to allow functionalization of the grid-type structures for
incorporation into more complex systems.

These [2 × 2] Fe4 grid complexes display

fascinating redox and magnetic properties.

Similarly by using these ligand systems,

we intend to prepare [2 × 2] Co4 grid complexes to study the structures and
functionality.

Scheme 6.1. Schematic representation of the synthesis of [2 × 2] CoII4 grid complexes 11 – 18.

For the synthesis of the homo-valence [2 × 2] grid complexes [CoII4LR4]4+, ligand was
dissolved in MeOH/DMF mixture with NaOtBu as the base.

Mixing equimolar

amounts of cobalt salt (Co(BF4)4·6H2O) and deprotonated ligand [LR]–(HLR = HLPz
for 11, HLMe-Pz for 12, HLMe-Im for 13 and HLPy for 14), leads to the assembly of the
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[2 × 2] tetracobalt(II) complexes 11 – 14 (Scheme 6.1).
These complexes could be isolated either with BF4– or with ClO4– as counterions.
For further studies of 11 – 14, BF4– turned out to be the counter anion of choice
because thianthrenium tetrafluoroborate and silver tetrafluoroborate were chosen as
readily available oxidizing agents in subsequent steps for preparing the mixed-valent
species that have only a single anion type (see section 6.2). Recrystallization of the
crude products from MeCN was achieved with addition of a large quantity of Et2O to
produce pure crystalline materials 11 – 14.

While the final yield for all grid

complexes [CoII4L4](BF4)4 is not high, 58%, 65%, 45% and 42% for 11 – 14,
respectively, the preparations are reproducible.

The elemental analyses of 11 – 14

indicate a 1:1 ligand-to-metal ratio in the grid formulas.
6.1.2. Solid State Investigations
Structural Characterization
Crystals of four homo-valence [2 × 2] CoII4 grid structures 11 – 14 were obtained by
slow diffusion of Et2O into saturated MeCN solution of the crude complexes.
Structural analysis by single crystal X-ray diffraction shows that the four cobalt(II)
grid structures share a similar coordination environment.

The molecular structures

consist of four cobalt ions and four monoanionic ligands in the anticipated grid
architecture, with pairs of roughly parallel ligand strands.

The four cobalt ions at the

grid‘s corners are hosted in two nearly orthogonal tridentate compartments from two
ligands, resulting in an overall {N6} coordination (two side-arm pyrazole N, two
pyridine N, and two central pyrazole N atoms), with the pyrazolate bridging
neighboring metal ions (Figures 6.1, 6.2, 6.4 and 6.7).

Four BF4− anions in the grid

structure balance the charge of the [CoII4L4]4+ species.

The metal ion to ligand bonds

(Co–N) are divided into three different groups according to the type of donor N atom,
with different distances between cobalt ions and donor atoms.

The difference in

pertinent metric parameters of the CoII4 structures arises from the different backbone
substituents or different side-arms of ligand systems.

The average Co−N bond
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lengths range from 2.13 Å to 2.15 Å and markably high values of S(Oh)
(corresponding to a lower S(itp)) in CSM and values of Bond Valence Sums (BVS) in
all cases were observed, suggestive of an all HS configuration [HS-HS-HS-HS] for [2
× 2] CoII4 grid compounds 11 – 14 (Table 6.1).156,157,158
Table 6.1. Mean Co−N Bond Lengths and Continuous Symmetry Measures (CSM) and Bond Valence
Sums (BVS) of complexes 11 – 14.

Complex
11:[CoII4LPz4](BF4)4

12:[CoII4LMe-Pz4](BF4)4
13:[CoII4LMe-Im4](BF4)4

14:[CoII4LPy4](BF4)4

CoII1-N
CoII2-N
CoII3-N
CoII4-N
CoII-N
CoII1-N
CoII2-N
CoII3-N
CoII4-N
CoII1-N
CoII2-N
CoII3-N
CoII4-N

dmean/Å
2.14
2.14
2.13
2.15
2.13
2.14
2.14
2.14
2.14
2.15
2.14
2.15
2.15

Spin state S(Oh) S(itp) BVSa
HS
7.35 6.66 1.61
HS
7.87 7.07 1.61
HS
6.97 8.19 1.66
HS
7.87 7.07 1.61
HS
7.68 6.25 1.65
HS
6.57 6.43 1.62
HS
5.82 6.82 1.62
HS
5.80 7.78 1.61
HS
6.06 6.81 1.60
HS
5.63 6.78 1.49
HS
5.31 7.30 1.61
HS
5.51 7.00 1.59
HS
5.76 7.08 1.57

[a] The BVS values are calculated based on a R0 value of 1.65 Å for Co−N with the formular sij =
exp((R0 – Rij)/b) with b = 0.37 Å . R0 values taken from bv2013.cif available from
http://www.iucr.org/resources/data/datasets/nond-vvalence-parameters

The structure of grid complex [CoII4LPz4](BF4)4 (11) was characterized by X-ray
crystallography (Figure 6.1).

Compound 11 crystallizes in the monoclinic space

group P21/c and consists of four CoII centers coordinated to four ligands.

All CoII

atoms are crystallographically independent (Co1, Co2, Co3 and Co4) and are not
perfectly coplanar, which results in slightly different Co∙∙∙Co and Co−N distances.
Co∙∙∙Co separations of adjacent metal ions range from 4.36 Å to 4.50 Å , and
diagonally opposed cobalt(II) ions are separated by 6.01 Å and 6.29 Å (Table 6.2).
The geometry around the CoII ions is a distorted octahedral, as proven by the CSM
parameters S(Oh) (Table 6.1).

The Co−N bond lengths fall into three groups

according to the type of donor N atom, with the longest distances between CoII and
the side-arm pyrzaole moieties.

The Co−N bond lengths range from 2.07 Å to 2.28
118

6. Single-Molecule Magnets: [2 × 2] Cobalt Grid Complexes
Å , which is within the range of the HS CoII−N bond lengths reported in mononuclear
SCO complexes (HS-CoII, Table 6.1).159

Figure 6.1. Molecular structure of the cation [CoII4LPz4]4+ of the [2 × 2] grid complex 11 (CoII (pink),
hydrogen atoms are not included for simplicity).

Compound [CoII4LMe-Pz4](BF4)4 (12) crystallizes in the tetragonal space group P42/n.
The crystallographically imposed symmetry in 12 (S4) yields only one
crystallographically independent cobalt ion and one ligand (Figure 6.2).

The

adjacent Co∙∙∙Co distance is 4.31 Å , and diagonal CoII ions are separated by 6.00 Å
within the molecule.

The HS-CoII ions are highly distorted (S(Oh) around 8)

resulting in coordination polyhedron closer to itp than an octahedron.

Thus, the

axial Co−N bond lengths to the side-arm pyrazole rings are longer than the Co−N
distances to the equatorially coordinated pyridine and central pyrazole rings.

The

average Co−N bond distance of 2.12 Å again indicates the HS state of CoII ions in
complex 12.
Structural determination shows that complexes

[CoII4LPz4](BF4)4 (11) and

[CoII4LMe-Pz4](BF4)4 (12) share similar connectivities in their structures.

The

difference in pertinent metric parameters arises from the different functional groups
(R = H, Me) on the ligand.

In 11, each central pyrazole group of four ligands

possess a lone proton in the 4-position, whereas there are four methyl groups for 12.
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A comparison of the two molecular structures at 133 K is shown in Figure 6.3 (left).
Although compounds 11 and 12 crystallize in different space groups, with a very
small deviation from the orthorhombic system by an angle of 4°, the Co∙∙∙Co distances
and Co-Co-Co angles agree well with each other, and show a very strong twisting of
the ligands, which is also confirmed by the superimposition of the two molecular
structures (Figure 6.3, right).

Figure 6.2. Molecular structure of the cation [CoII4LMe-Pz4]4+ of the [2 × 2] grid complex 12 (CoII (pink),
hydrogen atoms are not included for simplicity).

Figure 6.3. Structural comparison of cations [CoII4LPz4]4+ of 11 and [CoII4LMe-Pz4]4+ of 12. Left: Co∙∙∙Co
distances, Co−Co−Co angles (black) and torsion of the central pyrazoles (E1) against side-arm
pyrazoles in same ligands (E2) (gray); Right: Overlay of structures of

cations [CoII4LPz4]4+ of 11 (blue)

and [CoII4LMe-Pz4]4+ of 12 (green).
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Figure 6.4. Molecular structure of the cation [CoII4LMe-Im4]4+ of the [2 × 2] grid complex 13 (CoII (pink),
hydrogen atoms are not included for simplicity).
Table 6.2. Selected distances (Å ) in complexes 11, 12, 13 and 14.

Co –N
II

CoII∙∙∙CoII
adjacent
CoII∙∙∙CoII
diagonal

11
2.073(3) –
2.276(3)
4.356(9) –
4.500(7)
6.008(8) /
6.291(8)

12
2.088(16) –
2.229(17)
4.307(5)
5.993(5)

13
2.101(2) –
2.205(2)
4.437(6) –
4.503(6)
6.227(7) /
6.215(5)

14
2.060(7) –
2.308(7)
4.458(19) –
4.543(19)
6.257(19) /
6.352(20)

The structures of [2 × 2] grid complex [CoII4LMe-Im4]4+ (13) and [CoII4LPy4]4+ (14)
were also investigated by single crystal X-ray diffraction. Compounds 13 and 14
crystallize in the triclinic space group P–1 and monoliclic space group P21,
respectively. Both structures possess four different, crystallographically independent
CoII ions.

The distances of adjacent Co∙∙∙Co and diagonal CoII ions are listed in

Table 6.2.

Each CoII ion is coordinated in a distorted {N6} octahedral environment

by two mer-N3 donor sets from a pair of closely perpendicularly oriented ligands
(Figures 6.4 and 6.7).
presence of HS-CoII ions.

All the Co-N bond lengths are in accordance with the
The HS CoII ions in crystal structures of 13 and 14 have

S(Oh) values between 5.31 and 6.57 and therefore the coordination polyhedron are in
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between octahedral and itp.

Figure 6.5. Overlay of structures of cations [CoII4LPz4]4+ of 11 (blue) and [CoII4LMe-Im4]4+ of 13
(orange).

Figure 6.6. Structural comparison of cations [CoII4LPz4]4+ of 11, [CoII4LMe-Im4]4+ of 13 and [CoII4LPy4]4+
of 14. Co∙∙∙Co distances, Co-Co-Co angles (black) and torsion of the central pyrazole (E1) against the
peripheral heterocycles as the side arms of the in same ligands (E2) (gray).

Both [2 × 2] grid complexes [CoII4LPz4](BF4)4 (11) and [CoII4LMe-Im4](BF4)4 (13)
consist of four ligands with five-membered pyrazole and methylimidazole
heterocyclic rings as the side-arm, respectively. The distortion of each ligand in both
[2 × 2] grid structures varies according to the torsion angle of the central pyrazole to
side-armpyrazoles of the ligand (gray values). Co∙∙∙Co distances and Co−Co−Co
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angles (black values) are illustrated in Figure 6.6.

The results show the structure of

11 ideviates more from a square array than 13, which is also reflected by the CSM
parameters. The superimposed structures of both cations are nearly identical, except
the terminal side-arm groups in 11 are twisted slightly more than 13 (Figure 6.5).

Figure 6.7. Molecular structure of the cation [CoII4LPy4]4+ of the [2 × 2] complex 14 (CoII (pink),
hydrogen atoms are not included for simplicity).

Figure 6.8. Overlay of structures of cations [CoII4LPz4]4+ of 11 (blue), [CoII4LMe-Im4]4+ of 13 (orange)
and [CoII4LPy4]4+ of 14 (pink).

Interestingly, comparison of the molecular structures of [CoII4LPz4](BF4)4 (11),
[CoII4LMe-Im4](BF4)4 (13) and [CoII4LPy4](BF4)4 (14) at 133 K show little difference,
except for a slight twisting for compound 14 (Figure 6.6). [2 × 2] grid structure 14,
with a pyridine moieties as side-arm units, displays longer Co−N bond lengths (the
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donor N atom from the side-arm moieties) and relatively larger torsion angles with
respect to the ligands compared to the other two derivatives with pyrazole and
methylimidazole rings as side-arm in structures 11 and 13 (Figure 6.8). Introduction
of two six-membered heterocycle pyridine moieties per ligand as the side-arm in 14
prevents close connection between the metal and ligand as a result of the steric bulk
of the terminal pyridine moiety.
Magnetic Properties
Since the four homo-valence [2 × 2] CoII4 grid complexes possess four HS CoII ions
connected through bridging ligands, we carried out temperature dependent
magnetometric measurements on polycrystalline samples of 11 – 14 from 2 K to 210
K with an applied magnetic field of 0.5 T.

The polycrystalline sample was contained

in a gel bucket, covered with a drop of low viscosity perfluoropolyether based inert
oil Fomblin YL VAC 25/6 to fix the crystals, and placed in a non-magnetic sample
holder.

The maximum measuring temperature of 210 K was chosen because of the

pour point of the oil, where the oil must be kept frozen and to avoid the orientation of
the crystals parallel to the magnetic field.

The χMT versus T plots of 11 – 14 are

shown in Figure 6.9.
The observed χMT values at 210 K are 11.36 cm3mol–1K for 11, 10.22 cm3Kmol–1 for
12, 10.87 cm3mol–1K for 13 and 9.80 cm3mol–1K for 14, where χM is the molar
magnetic susceptibility per CoII4 unit.

These values are larger than the spin-only

value of four HS CoII ions (S = 3/2) in the range of 8.4 – 13.6 cm3mol–1K, with an
isotropic g value of 2.0.160

This is a common phenomenon for CoII complexes

because of the significant orbital contributions of the distorted coordination phase of
HS CoII ions.161

Upon lowering the temperature, the χMT values in all cases decrease

gradually toward zero, which provides evidence that all complexes have ST = 0
ground-state due to antiferromagnetic coupling between the cobalt(II) ions in all
homo-valence [2 × 2] grid structures.
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Figure 6.9. χMT vs. T measurement in the temperature range of 2 – 210 K at 0.5 T for crystalline
samples of complexes 11 – 14. Solid lines correspond to the best fit within the spin-only formalism.

Based on the molecular structures of 11 – 14, four magnetic pathways are possible
(Figure 6.10).

Experimental data were simulated using a fitting procedure to the

appropriate Heisenberg–Dirac-van-Vleck (HDvV) spin Hamiltonian with isotropic
coupling and Zeeman splitting, assuming equal J values for all four metal-metal
bridges, given in eq. 1.162,163

Figure 6.10. Magnetic coupling schemes for four independent coupling constants.

 4 
Hˆ  2 J ( Sˆ1Sˆ2  Sˆ2 Sˆ3  Sˆ3 Sˆ4  Sˆ1Sˆ4 )  g B B Si

(eq. 1)

i 1
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In all [CoII4L4]4+ cases, including zero-field splitting parameters D and E/D in the
fitting procedure did not have any major effect on the magnitude of the J value.

The

best fit results were obtained for g = 2.56 and J = –2.39 cm–1 for 11, g = 2.42 and J =
–3.05 cm–1 for 12, g = 2.25 and J = –2.45 cm–1 for 13, g = 2.43 and J = –2.23 cm–1 for
14.

The g value significantly exceeds that of the spin only case (g = 2.0) due to

non-negligible contributions of the orbitalmoment component.164

Slightly different g

values for 11 – 14 may originate from differences in distortion of the HS-CoII
coordination environment from octahedral symmetry.

The strength of the magnetic

exchange lies in the same order as for previously reported similar pyrazolate bridged
grid complexes (–2.0 cm–1).107

Consequently, despite of the pronounced single-ion

anisotropy of individual CoII ions, the homo-valence grids 11 – 14 are magnetically
non-spectacular due to antiferromagnetic exchange interaction.
6.1.3. Solution State Investigations
Mass Spectrometry

Figure 6.11. ESI-MS (MeCN) of [CoII4LPz4](BF4)4 (11); (inset) experimental (upper) and simulated
(lower) isotopic distribution pattern for the peak pattern around m/z = 412.1 characteristic for the
[CoII4LPz4]4+ ion.

126

6. Single-Molecule Magnets: [2 × 2] Cobalt Grid Complexes
The ESI Mass Spectrometry of these [2 × 2] CoII grid complexes 11 – 14 show only
peaks from multiply charged cationic species, resulting from loss of the BF4–
counterions. For example, the ESI-MS of [Co4LMe-Im4](BF4)4 (11) in MeCN solution
shows three main signals at m/z = 412.1 for [CoII4LPy4]4+, 555.8 for [CoII4LPy4(BF4)]3+
and 911.2 for [CoII4LPy4(BF4)2]2+ depicted in Figure 6.11.

The ESI-MS

unequivocally confirm that the grid structures are very stable in solution.
NMR Spectroscopy
CoII ion shows a d7 electron arrangement, possessing at least one unpaired electron.
Within the Oh point group, this corresponding to a HS t2g5eg2 or LS t2g6eg1
configurations.

The 1H NMR spectra of the CoII complexes are affected by the

paramagnetic cobalt center, where the local magnetic field at the proton will be
significantly different from the applied field as a result of the coupling between the
electronic and magnetic spin, providing a very efficient relaxation mechanism.165,166,167
The effect on the CoII complexes causes the 1H NMR spectra to be paramagnetically
shifted over several hundred ppm.

The HS six-coordinated CoII complexes have

short relaxation time (5 × 10–12 – 10–13 s), which makes the peaks of the paramagnetic
1

H NMR spectra reasonably sharp.

All [2 × 2] CoII4 grid complexes [Co4LPz4](BF4)4 (11), [Co4LMe-Pz4](BF4)4 (12),
[Co4LMe-Im4](BF4)4 (13) and [Co4LPy4](BF4)4 (14) are closed to the spin crossover and
the spin state for all HS CoII ions remain unchanged.
paramagnetic 1H NMR and

13

For all complexes

C NMR experiments were conducted at variable

temperature. The cobalt(II) complexes afforded well resolved paramagnetic NMR
due to the rapid electron relaxation of the high spin d7 systems.168

In order to assign

the peaks of the one dimensional paramagnetic NMR spectra, two dimensional
homonuclear 1H-1H COSY and heteronuclear 1H-13C HMQC experiments were
performed at room temperature.
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Figure 6.12. Numbering scheme for NMR assignments of complexes 11 – 14.

Figure 6.13. 1H NMR spectra (500 MHz, CD3CN, 298 K) of [CoII4LPz4](BF4)4 (11), [CoII4LMe-Pz4](BF4)4
(12), [CoII4LMe-Im4](BF4)4 (13) and [CoII4LPy4](BF4)4 (14).

The number scheme for all protons of the ligands is depicted in Figure 6.12.

All

homo-valence [2 × 2] CoII grid complexes 11 – 14 exhibited similarities in their 1H
NMR spectra: 1) displaying only one set of paramagnetically shifted and sharp peaks
over the range of δ = –6 – 190 ppm (11), –9 – 140 ppm (12), –25 – 160 ppm (13), –12
– 205 ppm (14), indicating the HS state for all CoII atoms in grid complexes;[169] 2)
possessing one broad peak in the low field region (δ = 188.4 ppm (11), 130.6 ppm
(12), 153.3 ppm (13), 204.4 ppm (14), which is assigned to the side-arm group proton
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H1 closest to the paramagnetic HS CoII ion (Figure 6.13).170

All signals of 1H NMR

spectra are the result of the contact and dipolar relaxation mechanisms arising from
the coupling of electronic and nuclear magnetic moments,171 the hyperfine structure
is not observed in the one dimensional spectra, but a detailed analyses of two
dimensional homonuclear 1H-1H COSY and heteronuclear 1H-13C HMQC NMR
correlation spectra allow the complete assignment of all proton resonances (Tables 6.3
and 6.4 ).
Table 6.3 1H NMR chemical shifts δ (ppm) for complexes 11 – 13 and 15 – 17 in CD3CN at 298 K.

Complex
[CoII4LPz4](BF4)4
11
II Me-Pz
[Co 4L
4](BF4)4
12
II Me-Im
[Co 4L
4](BF4)4
13
II
III Pz
[Co 2Co 2L 4](BF4)6
15
II

III

II

III

Me-Pz

[Co 2Co 2L
16
[Co 2Co

4](BF4)6

Me-Im
2L
4](BF4)6

17

H1

H2

H3

H4

H5

H6

H7

H1‘
H2‘
121.8 115.6

H3‘
23.7

H4‘
45.2

H5‘
–4.3

H6‘
45.6 188.4

130.6 128.7

23.7

40.4

–9.3

41.8 107.4

134.2

56.4

23.7

158.5 126.3

26.0

60.5

7.4

61.9

96.9

0.2
7.2 –14.3
167.3 136.0 25.7

–30.9
56.7

0.6
6.3

23.0
60.6

51.6

–0.4
116.2

7.9
74.9

–15.6
–21.5

–35.1
60.5

0.12
10.9

24.1
24.4

88.7

–1.8

2.0

–11.9

–31.6

–4.5

16.5

–23.38 19.15 89.9 153.3

The 1H NMR spectrum of grid 11 displays six singlets with an integral of two and one
singlet with an integral of one spread over more than 100 ppm (Figure 10.47).

The

very strongly shifted peak at the lowest field (δ = 188.4 ppm) can immediately be
assigned to H7 on the basis of the integral.

The broad signal at δ = 121.8 ppm is

attributed to the proton (H1) closest to the paramagnetic CoII center.

The remaining

five signals (δ = –4.3 – 115.6 ppm) were fully assigned by using 1H-1H COSY
experiment (Figure 6.14).

The signal at δ = –4.3 ppm shows cross peaks to the

signals at δ = 45.6 ppm and 45.2 ppm.

It follows that the signal δ = –4.3 ppm is due

to H5, although the assignment of H4 and H6 remains ambiguous.

The broaden peak

of H1 (δ = 121.8 ppm) shows no detectable cross peaks, but the signal at δ = 23.8 ppm
shows cross peaks to the signals at δ = 115.6 ppm and 45.2 ppm.

Therefore the
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signal at δ = 23.7 ppm belongs to proton H3, and those at 115.6 ppm and 45.2 ppm
could be assigned to H4 and H2, respectively. Finally the last peak at 45.6 ppm
corresponds to proton H6.

Figure 6.14. 1H-1H COSY spectrum (CD3CN, 298 K) of [CoII4LPz4](BF4)4 (11).

Variable temperature 1H NMR was conducted on complex 11 illustrating interesting
difference. For instance, increasing the temperature from 248 K to 348 K affords a
significant shif from –20 – 240 ppm to a smaller range of –10 – 180 ppm (Figure 6.15,
left).

The linear correlation between the chemical shifts and inverse temperature

(Figure 6.15, right) is characteristic of Curie behavior in solution.

Spectrometer and

solvent limitations prohibited the examination of a broader temperature range.
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Figure 6.15. Variable-temperature 1H NMR spectrum (500 MHz, CD3CN) of [CoII4LPz4](BF4)4 (11);
Curie plot showing the linear dependence of 1H resonance shifts with inverse temperature.

The 13C NMR spectrum of complex 11 also exhibits a paramagnetic chemical shift in
the range of –30 to –700 ppm. Eight carbon signals are observed, which arise from
eight of the ten non-equivalent carbon atoms of the CoII grid structure as depicted in
Figure 6.16. Two signals were not detected, presumably due to their close vicinity to
the paramagnetic metal center.

Five resonances in the

13

C NMR spectrum can be

easily assigned to the carbon atoms coupled to one proton, as the 1H-13C HMQC
spectrum (Figure 6.17) showed (δ = 659.46/659.22 ppm, C6; 645.29/644.48 ppm, C2;
470.10/468.63 ppm, C4; 287.94/286.48 ppm, C5; 233.71/232.65 ppm, C3), which give
rise to doublets in the 1H-coupled

13

C NMR spectrum.

The remaining three

quarternaru 13C atoms give rise to signals without 1JCH coupling.
The introduction of a methyl group at the 4-position of the central pyrazole ring of the
ligand in [CoII4LPz4](BF4)4 (11) led to a change in the chemical shift corresponding to
the proton atomon the 4-position of the central pyrazole fragment in
[CoII4LMe-Pz4](BF4)4 (12), which is illustrated in Figure 10.48.

In the 1H NMR

spectrum of 12, the signal for H7 at δ = 188.43 ppm corresponds to the methyl protons
(-CH3) based on the integral intensity.

Similarly, all the signals of compound 12

could also be assigned by using the 1H-1H COSY spectrum (Figure 10.49) and
comparison with the fully assigned spectrum of 11.

In comparison with 11, the

complex [CoII4LMe-Im4](BF4)4 (13) consists of 1-methylimidazole units as the side-arm
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of the pyrazolate-bridged ligand HLMe-Im and the 1H NMR spectrum displays the
same number of proton signals, but the chemical shift were shifted slightly to lower
field (Figure 10.53).

The assignment of the spectrum was based on integrals, 1H-1H

COSY NMR spectroscopy, and by comparison with the fully assigned spectra of 11
and 12.

Figure 6.16. 13C NMR spectrum (125 MHz, CD3CN, 298 K) of [CoII4LPz4](BF4)4 11 (*MeCN).

The introduction of six-membered pyridine rings, instead of the conventional
five-member pyrazole or imidazole heterocyclic moieties, as side-arm of each ligand
in [2 × 2] grid structure increases the total number of protons.

This is reflected by

the number of signals in 1H NMR spectrum of [CoII4LPy4](BF4)4 (14) in CD3CN
(Figure 10.56).

Moreover the change of the side-arm to pyridine results in the

proton resonance of H1 to shift to lower fields of δ ≈ 240 ppm.

A detailed analysis of

two-dimensional homonuclear 1H-1H correlation spectrum (Figure 10.58) allows the
assignment of the eight signals as listed in Table 6.4.
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Figure 6.17. 1H-13C HMQC spectrum (CD3CN, 298 K) of [CoII4LPz4](BF4)4 (11).
Table 6.4. 1H NMR chemical shifts δ (ppm) for complexes 14 and 18 in CD3CN at 298 K.

Complex

H1

H2

H3

H4

H5

H6

H7

H8

H4‘
50.7

H5‘
18.2

H6‘
–15.1

H7‘
47.8

170.1

30.2

70.1 31.05

8.3

–7.7

3.8

90.2

27.0

–6.1 –27.8 –19.7 –12.8 52.94

H1‘
H2‘
H3‘
236.9 110.6 23.8

[CoII4LPy4](BF4)4
14
II
III Py
[Co 2Co 2L 4](BF4)6 130.9
18
2.0

The variable temperature 1H NMR spectra of 12 and 14 display similar Curie
behavior in solution to 11 over the studied temperature range of 248 to 348 K (Figures
10.50 and 10.60).
the

13

As expected for 12 – 14, several carbon resonances are found in

C NMR spectra (Figures 10.51, 10.55 and 10.61).

atoms which display doublets in the
1

13

The assignment of carbon

C NMR spectrum can be determined by the

H-13C HMQC correlation experiment, while other quarternary carbons can not be

assigned, displaying signals without 1JCH coupling in

13

C NMR spectrum (Figures

10.52, 10.56, 10.58 and 10.67).
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Electrochemistry
The electrochemical behavior of complexes 11 – 14 was investigated by CV and SWV
in the presence of 0.1 M NBu4PF6 in MeCN solution at room temperature.
Most of the grid complexes gave CVs showing pairs of multi-electrons transfer
processes of ligands and one-electron or multi-electrons transfer steps of metal centers.
Closer inspection of the redox potentials of complexes 11 – 14 suggests a slight
dependence of the electrochemical behavior on the ligand substitutions.

The

electrochemical data for the CoII grid complexes 11 – 14 are tabulated in Table 6.5.
Table 6.5. Redox potential E(V) of grid complexes 11 – 14 in MeCN/0.1 M Nbu4PF6, vs. Fc/Fc+.

[Co4LPz4]4+(11) [Co4LMe-Pz4]4+(12) [Co4LMe-Im4]4+(13) [Co4LPy4]4+(14)
Ereda

–1.82 – –2.31

–2.02 – –2.42

–1.72 – –2.02

–1.49 – –1.87

Eoxia

0.56 – 1.2

0.42 – 1.16

0.70 – 0.98

0.47 – 0.68

[a] Multi-electron and irreversible processes. All values are from SWV measurements.

Reduction Processes
The CV of grid 11 is presented in Figure 6.18, which shows at least four reduction
waves below –1.8 V (vs. Fc/Fc+), corresponding to the reduction of ligands and CoII
ions in the cobalt grid and all reduction processes are all quasi-reversible.

The first

reduction occurs at much lower potential than in mononuclear cobalt complexes such
as [Co(terpy)2]2+, [Co(bipy-pz)2]2+ or [Co(pz-py-pz)2]2+ (Figure 6.19),172 likely as a
result of the weaker π-acceptor properties of the pyrazole moiety compared to a
pyridine substituent, and the anionic character of the pyrazolate bridge in 11.

Figure 6.18. Tridentate {N3} ligands used in related mononuclear CoI/CoII/CoIII complexes.

In view of the established CoI character of reduced [Co(terpy)2]+ and related
species,173 the cathodic processes for 11 are attributed to the stepwise one-electron
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CoII → CoI reductions in the Co4 grid; at lower potentials these may well overlap with
additional reductions of the [LPz]– ligand (Figure 6.19, left).

Figure 6.19. Cyclic and Square wave voltammograms of 11 in MeCN/0.1 M Bu4NPF6 at a scan rate of
100 mV s-1 vs Fc/Fc+.

In comparison, the reduction processes of 12 are similar to 11.

The CV and SWV of

2 display a sequence of at least four cathodic processes with E1/2 below –2.0 V (vs.
Fc/Fc+), attributed to CoII → CoI reductions and perhaps additional reduction of the
bridging ligands at lower potentials (Figure 6.20, left). It is of interest to note that
the reduction potential depends on substituent on the backbone of ligands.

For

instance, introduction of a methyl group into the 4-position of the central pyrazole of
the ligands in 12, the reduction potentials are shifted to less negative values (Table
6.3).

Thus, substitution of the proton by a methyl group in the 4-position of central

pyrazole ring causes a negative shift of the reduction potential.
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Figure 6.20. Cyclic and Square wave voltammograms of 12 in MeCN/0.1 M Bu4NPF6 at a scan rate of
100 mV s-1 vs Fc/Fc+.

The reduction of complex [Co4LMe-Im4](BF4)4 (13) exhibits four broad reduction steps
at room temperature, but with all reduction potential slightly shifted to less negative
values due to the changing of the side-arm by methylimidazole with different electron
density (Figure 6.21, left).

The assignment of the reduction steps could be analyzed

by comparison with complexes 11 and 12, which suggests CoII → CoI reductions and
perhaps additional reduction of the bridging ligands in the lower potential range.
In contrast, the reduction pattern of [Co4LPy4](BF4)4 (14) differs substantially from the
other three grids 11 – 13.

Introduction of two pyridine rings for the side-arm of the

ligand in the grid structure 14 give rise to eight pyridine rings than complexes 11 – 13.
The CV and SWV of 14 display a very pronounced shift of the three reduction
potentials (Table 6.5), likely due to the stronger π-acceptor properties of pyridine
compared to pyrazole (Figure 6.22, left).

Additionally, the third reduction step is

depicted as a broad wave, which can not be determined as a one- or multi-electrons
reduction process.

As a result, the three reduction processes for 14 may be attributed
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to CoII → CoI and ligands reductions in CoII4 grid.

Figure 6.21. Cyclic and Square wave voltammograms of 13 in MeCN/0.1 M Bu4NPF6 at a scan rate of
100 mV/s vs Fc/Fc+.

Oxidation Processes
On the other hand, the CV of 11 in the anodic regime exhibits a very broad oxidation
wave above +0.4 V and a further broad and ill-defined wave around Epa = +1.2 V (vs.
Fc/Fc+), all electrochemically irreversible.

These anodic responses likely reflect a

sequence of non-resolved and kinetically hindered one-electron oxidation processes,
describing the oxidation of the CoII4 to the fully oxidized CoIII4 grid via mixed-valent
states, in particular via the di-mixed-valent CoII2CoIII2 species (Figure 6.19, right).
Use of the SWV technique allowed resolving the first two oxidation steps, which
occur at +0.59 V and +0.84 V and are tentatively assigned to sequential one-electron
oxidations of two CoII centers in the grid.

The electrochemical potential for the first

oxidation of 11 is much higher than the CoIII/CoII potentials for [Co(terpy)2]2+ and
[Co(bipy-pz)2]2+, but similar to the one of [Co(pz-py-pz)2]2+.174

The third very broad

peak in the SWV of 11 occurs around +1.2 V and further anodic processes at even
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higher potential can therefore be assigned to the two subsequent oxidations of the
remaining CoII centers, which are separated from the first two steps by a potential gap
of ca. 350 mV.

Such large energy gap implies a high thermodynamic stability of the

di-mixed-valent CoII2CoIII2 species, which has been confirmed by the successful
isolation of [CoII2CoIII2LH4](BF4)6 (15) by using the [thianthrene]•+ ion as an oxidant
in MeCN (see below).

Figure 6.22. Cyclic and Square wave voltammograms of 14 in MeCN/0.1 M NBu4PF6 at a scan rate of
100 mV s-1 vs Fc/Fc+.

Some broad and electrochemically irreversible oxidation processes of 12 are
discernible in the SWV below +0.8 V with a further broad wave around +1.16 V.
These potentials are slightly lower than for 11 (Figure 6.20, right), as expected
because of the +I effect of the methyl substituent at the pyrazolate-C4 position.
In comparison, the oxidation of 13 under identical conditions led to two broad and
irreversible steps of CV and SWV, and with the oxidation potential slightly shifted to
less positive values (Epa ≈ +0.70 V, +0.98 V) relative to redox behavior of 11 and 12.
These two multi-electronic oxidations can only be attributed to the four electrons
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transfer of CoII/CoIII in [2 × 2] tetranuclear grid structure of 13 without any other
analysis in detail.
It should be noted that electrochemical signatures with broad and electrochemically
irreversible oxidation steps were reproducibly obtained when using single crystalline
material of highest purity for the preparation of the solutions for CV measurements.
Similar phenomena were reported also for some previously studied Co4 grids175 and
for related mononuclear cobalt complexes 176 and have been attributed to the
kinetically slow electron transfer in the CoIII/CoII redox couple, which strongly
depends on the electrode material.176
It is interesting to note that CV and SWV of 14 showed two separated and
quasi-reversible oxidations at 0.47 V and 0.68 V vs Fc/Fc+ (Figure 6.22, Table 6.5).
These are assigned to the sequential oxidation of two CoII ions in the grid, likely at
opposite (diagonally disposed) corners, to give the [CoIIICoII3LPy4]5+ and
[CoIII2CoII2LPy4]5+ species; the one-electron of the two redox processes was confirmed
by the small potential gap (∆E1/2 = 210 mV).

Additionlly, there is no more oxidation

peaks observed even at high potential. This suggests that the di-mixed-valence species
[CoII2CoIII2L4]6+, two-electron oxidation of the homo-valence species [CoII4L4]4+,
reveals a pronounced thermodynamic stability and it is difficult to be further oxidized.
This result could be confirmed by the successful separation of the mixed-valence
[CoII2CoIII2LPy4](BF4)6 (18) grid compound.
6.2. Mixed-valence [2 × 2] Co4 Grid Complexes
6.2.1. Synthesis of [2 × 2] CoII2CoIII2 Grid Complexes
The observance of the first bi-electronic oxidation step at relatively low potential for
homo-valence grids [CoII4L4]4+ (11 – 14) prompted us to investigate two-electrons
oxidized species [CoII2CoIII2L4]6+, where HL = HLPz (15), HLMe-Pz (16), HLMe-Im (17),
HLPy (18).

After chemical oxidation of 11 and 12 with thianthrenium

tetrafluoroborate in MeCN, which solubilizes 11 and 12 and ensures the full oxidizing
potency of the [thianthrene]•+ ion (E1/2 = 0.86 V vs Fc/Fc+),177 the mixed-valence
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[CoII2CoIII2LPz4](BF4)6 (15) and [CoII2CoIII2LMe-Pz4](BF4)6 (16) grids were synthesized
on a preparative scale, respectively (see Experimental Section).

At the same time a

second oxidation of 13 and 14 is successful as well to produce the mixed-valence grid
complexes [CoII2CoIII2LMe-Im4](BF4)6 (17) and [CoII2CoIII2LPy4](BF4)6 (18) by using
silver tetrafluoroborate as the oxidant in MeNO2.

The color of the reaction mixture

of all cases is quickly changed from orange to olive-green, and crystalline material 15
– 18 could be obtained by slow diffusion of Et2O into an MeCN solution of the crude
product. Unfortunately, in the case of complex 17, we were unable to obtain crystals
suitable for single crystal X-ray diffraction. Various counterions, solvents and
temperatures have been tried to no avail.

Nevertheless, analytical purity of all these

complexes 15 – 18 were confirmed by elemental analyses (see Experimental Section).
6.2.2. Solid State Investigations
Structural Characterization
Crystals of the mixed-valence [2 × 2] grid cations [CoII2CoIII2L4]6+ of complexes 15, 16
and 18 were obtained from Et2O/MeCN and the structures were determined by single
crystal X-ray crystallography.

The molecular structures of 15, 16 and 18 are

conserved although a significant distortion from a square geometry to a rhombic
arrangement of the four metals is observed.

Pairs of cobalt ions of the same

oxidation states are located on opposite corners of the grid (Figures 6.23 and 6.24).
Comparisons of Co−N bond lengths (Å ), parameters of CSM and Bond Valence Sums
(BVS) for all complexes are shown in Table 6.7.

The Co−N bond lengths and CSM

calculations can be used to characterize HS and LS states and BVS can be used to
confirm the oxidation state of the cobalt ion.178
Compounds [CoII2CoIII2LPz4](BF4)6 (15) crystallizes in the monoclinic P21/n space
group and [CoII2CoIII2LMe-Pz4](BF4)6 (16) crystallizes in the tetragonal I41/acd space
group.

The complex cation [CoII2CoIII2LPz4]6+ consists of alternating Co(III) and

Co(II) ions, with each metal displaying distorted octahedral coordination to six
nitrogen atoms from two bridging ligand fragments.

The adjacent CoII∙∙∙CoIII
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distances range from 4.47 Å to 4.54 Å in 15 and 4.37 Å in 16.

The bdiagonal Co

ions are separated by 6.80 Å (CoII∙∙∙CoII) and 5.87 Å (CoIII∙∙∙CoIII) for compound 15
and 6.56 Å (CoII∙∙∙CoII) and 5.79 Å (CoIII∙∙∙CoIII) for complex 16, respectively (Table
6.7).

Figure 6.23. Molecular structure of cations [CoII2CoIII2LPz4]6+ of [2 × 2] grid complexes 15 (left) and
16 (right) (CoII (pink), CoIII (green), hydrogen atoms are not included for simplicity).

The Co−N bond lengths fall into two groups according to the valence of cobalt ion,
then could be further divided into three categories depending on the type of donor N
atom attached to the cobalt center, with the longest distance between CoII and the
side-arm pyrazole moieties.

The CoII−N bond lengths of 15 and 16 (2.08 Å to 2.21

Å ) are comparable to those found in 11 and 12, while the CoIII−N bond lengths are
significantly shorter ranging from 1.87 Å to 1.97 Å .

In 16, metal ions of the same

oxidation state are located on the 2-fold rotation axes resulting in a
crystallographically imposed D2 symmetry.179
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Table 6.6. Mean Co−N Bond Lengths, Continuous Symmetry Measures (CSM) and Bond Valence
Sums (BVS) of complexes 15 – 18.

Complex

dmean/Å

Spin state S(Oh)

S(itp)

BVSa

CoIII1−N

1.920

LS

1.97

10.77 2.90/3.80

CoII2−N

2.155

HS

7.94

4.91

CoIII3−N

1.918

LS

1.86

10.96 2.91/3.82

CoII4−N

2.148

HS

6.85

5.88

16:[CoII2CoIII2LMe-Pz4](BF4)6 CoIII1−N

1.944

LS

2.30

10.39 2.72/3.56

CoII2−N

2.136

HS

7.65

5.02

CoIII1−N

1.929

LS

1.75

11.25 2.84/3.72

CoII2−N

2.119

HS

6.13

6.25

15:[CoII2CoIII2LPz4](BF4)6

18:[CoII2CoIII2LPy4](BF4)6

1.55

1.58

1.63

1.52

[a] The BVS values are calculated based on a R0 value of 1.65 Å for Co−N and 1.75 Å for CoIII−N
with the formular sij = exp((R0 – Rij)/b) with b = 0.37 Å . The larger BVS values correspond to R0 =
1.75
Å.
R0
values
taken
from
bv
2013.cif
available
from
http://www.iucr.org/resources/data/datasets/nond-vvalence-parameters

To further confirm the oxidation state assignment, bond valence sum (BVS)
calculations were carried out for each cobalt atom in mixed-valence grid structure 15
and 16.

With an R0 of 1.65 Å the BVS values of 2.90 and 2.91 (15) and 2.72 (16)

were obtained which correspond to CoIII ion.

However, the tabulated R0 for CoIII−N

is 1.75 Å , which gives large bond valence sums of 3.80 and 3.81 for 15 and 3.56 for
16.

BVS values for the CoII atoms in 15 and 16 are significantly smaller (15: 1.56

and 1.58; 16: 1.63).180,181,182

These data clearly indicate the oxidation of two metal

atoms upon carrying out a two one-electron oxidations of the starting complexes.
The molecular structure of the mixed-valence species [CoII2CoIII2LPy4](BF4)6 (18) are
similar to 15 and 16. The four cobalt ions in the grid are also coplanar and two
ligands lie above the Co4 plane and the others below the plane.

The Co−N bond

lengths, the adjacent CoII∙∙∙CoIII distances and diagonal separation of the Co ions are
shown in Tables 6.4 – 6.5.

In the structure of 18, the average Co−N bond distances
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indicate the presence of HS CoII and LS CoIII ions.

The small octahedral distortion

parameters and larger BVS values, further confirm the oxidized CoIII ions is in the LS
state.

Figure 6.24. Molecular structure of the cation [CoII2CoIII2LMe-Pz4]6+ of the [2 × 2] grid complex 16 (CoII
(pink), CoIII (green), hydrogen atoms are not included for simplicity).
Table 6.7. Selected distances (Å ) in complexes 15, 16, and 18.

Co –N
CoIII–N
CoII∙∙∙CoII
diagonal
CoII∙∙∙CoIII
adjacent
CoIII∙∙∙CoIII
diagonal
II

15
2.080(8) – 2.207(7)
1.871(7) – 1.947(8)
6.7972(17)

16
2.085(4) – 2.203(4)
1.901(3) – 1.971(3)
6.5605(10)

18
2.052(6) – 2.272(5)
1.872(6) – 1.988(6)
6.869(14)

4.460(17) – 4.535(16)

4.374(6)

4.546(13) – 4.614(13)

5.871(16)

5.786(7)

6.0343(13)

By comparison with homo-valence [2 × 2] grid structures (11, 12 and 14), the
distortion of CoII centers is strongly in mixed-valence [2 × 2] grid structures (15, 16
and 18) according to the values of S(Oh) (Table 6.1 and 6.7), while the three
mixed-valence [2 × 2] grid structures show similar structural distortion parameters
with each other.

In the three compounds, the twisting of the ligand is larger on CoIII

coordination side than those on CoII corner.

The CoIII-CoII-CoIII and CoII-CoIII-CoII
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angles are all around 82° and 97°, respectively. The superimposed structures of 15,
16 and 18 show the ocular and obvious distortion of the grid structures, except for the
terminal side-arm groups with different twisting (Figures 6.25 and 6.26).

Figure 6.25. Structural comparison of cations [CoII2CoIII2LPz4]6+ of 15, [CoII2CoIII2LMe-Pz]6+ of 16 and
[CoII2CoIII2LPy4]4+ of 18. Co∙∙∙Co distances, Co-Co-Co angle (black) and torsion of the central pyrazole
against side-arm pyrazolate and pyridine in same ligands (gray).

Figure 6.26. Overlay of structures of cations [CoII2CoIII2LMe-Pz]6+ of 16 (orange) and [CoII2CoIII2LPy4]4+
of 18 (blue).

Magnetic Properties
The magnetic behavior of mixed-valence grids 15 – 18 are significantly different from
the homo-valence grids 11 – 14, since there is no magnetic exchange shown after
replacing two paramagnetic CoII ions with two diamagnetic CoIII ions in the
tetranuclear structures.

Therefore, the magnetic properties of the mixed-valence

systems are determined by singe-ion properties of two remaining HS-CoII ions.

The

direct current (dc) magnetic susceptibilities of 15 – 18 were measured between 2.0
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and 210 K (H = 0.5 T), and the results are shown in Figure 6.27 as a plot of χMT
versus T. At high temperature (210 K), the χMT values are 5.16 cm3mol–1K for 15;
5.87 cm3mol–1K for 16; 5.37 cm3mol–1K for 17 and 5.64 cm3mol–1K for 18, where the
χM is the molar magnetic susceptibility per CoII2 unit.

The values of χMT fall within

the range expected for two magnetically isolated HS CoII ions (S = 3/2) in the range of
4.2 – 6.8 cm3mol–1K (g = 2.0) and no contributions with the two LS CoIII ions (S = 0),
located at diagonally opposing corners of the rectangular complexes.

When the

temperature is lowered, the χMT decreases substantially below 100 K to a minimum of
3.64, 4.25, 3.43 and 3.80 cm3mol–1K for 15 – 18, respectively, at 2 K.

Figure 6.27. χMT vs. T measurement in the temperature range of 2 – 210 K at 0.5 T for crystalline
samples of complexes 15 – 18.

The CoIII ions in these grid structures are diamagnetic and exhibit weak exchange
coupling interactions. The mixed-valence grid can be, therefore, well approximated
as two uncoupled mononuclear HS CoII (S = 3/2) complex (Figure 6.28).

The spin

Hamiltonian of these compounds has the form given in eq. 2, Where μB is the Bohr
magneton and D, S, B represent the axial zero-field splitting (ZFS) parameter, the spin,
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and magnetic field vectors, respectively.

Identical Zeeman splitting and zero-field

splitting (in this fit the orthorhombic ZFS parameter E was set to zero) were used:





1

Hˆ = μ B(S x g x B x  S y g y B y  S z g z B z ) + D Sˆz2  S(S  1)
3



(eq. 2)

Figure 6.28. Magnetic coupling schemes for two independent coupling constants.

The best fit parameters are gx = gy = 2.25, gz = 2.64; D = –81.8 cm–1 for 15, and gx =
gy = 2.17, gz = 2.76, D = –77.5 cm–1 for 16, gx = gy = 2.31, gz = 2.57; D = –96.2 cm–1
for 17, gx = gy = 2.29, gz = 2.70; D = –83.7 cm–1 for 18.

Surprisingly, the low

temperatures data for compounds 15 – 18 were modeled quite well according to the
spin-only Hamiltonian even without the inclusion of intermolecular magnetic
interactions. Moreover, the D value is comparable with those of other mononuclear
cobalt(II) complexes.183
It is worth mentioning that, as the variations of χMT are in general not very sensitive
to the sign of D, it is difficult to determine the absolute value of the axial ZFS
parameter D only from magnetic susceptibility data derived from measurements on
polycrystalline samples. However, a more sensitive probe can be used to determine
D by measuring the magnetization at intermediate fields and appropriate low
temperatures (Mmol vs. μBB/kT).

Consequently, the variable temperature and variable

field (VTVH) magnetization measurements were studied over the temperature range
of 0 – 2.0 K and at fields of H = 1, 3, 5 T (Figure 6.29).

The Mmol vs μBB/kT data at

1.86 K for 15 – 18 show that at 5 T the magnetization is saturated, reaching values of
2.02, 2.07, 1.88 and 2.08 μB, respectively. The Mmol vs μBB/kT plots for 15 – 18 are
not superimposed on one another at different magnetic fields.
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Figure 6.29. Variable temperature/variable field (VTVH) magnetization measurements at fields of 1 T,
3 T and 5 T for crystalline samples of 15 – 18. The solid lines represent the calculated curve fits.

Figure 6.30. Temperature dependence of χ‖ of 15 – 18 without applied dc field using 1500 Hz ac
frequency.
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The deviations in magnetization from the saturation value and non-superimposition
indicate the presence of strong zero field splitting in these mixed-valent species.
These data at different fields supports the magnetic anisotropy, and a fit of the data in
all cases 15 – 18 with the spin Hamiltonian given in eq. 2 yielded the D values, which
agrees well with the calculated fit of the χMT data.

It is known that positive D values

stabilize the ±1/2 ground state and negative D values stabilize the ±3/2 ground state.
The energy barriers to spin inversion between the +3/2 and –3/2 states are remarkably
high (|2D| ≈ 160 (15), 155 (16), 190 (17), 170 (18) for an Orbach process).

The

reasonably large and negative D value leads one to expect that these four
mixed-valence [2 × 2] grid compounds 15 – 18 might behave as Single-Molecule
Magnets (SMMs).

Figure 6.31.Temperature dependence of χ” of 16 without applied dc field at different ac
frequency showing no out-of-phase signals.

The alternating current (ac) magnetic susceptibilities of 15 – 18 were conducted under
zero and non-zero applied static fields in the temperature range of 2 – 16 K to further
investigate the dynamic magnetic behavior.

The ac susceptibility measurements for

complexes 15 – 18 with 0 Oe dc field for frequency 1500 Hz of the alternating field
were measured over the temperature range of 1.8 – 16 K (Figure 6.30), which reveals
the beginning of out-phase (χ‖) signals.

However, no maximum value was observed

until the temperature drops to 1.8 K for complexes 15, 17 and 18. In particular,
compound 16 shows the characteristic increase of the imaginary part of the ac
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magnetic susceptibility (χ″) at different frequencies (Figure 6.31).
The dependence of χ’’ on the applied dc field strength (Hdc) was examined using 1500
Hz AC frequency (Figure 6.32).

Increasing the Hdc the χ‘‘, the signal rises

progressively to reach its maximum value around 2000 Oe for four mixed-valent
cobalt complexes.

Based on these experiments, this confirms that the SMMs

behavior of the four cobalt complexes depends upon the applied dc field.

Using the

optimal magnetic field Hdc = 2000 Oe, frequency dependent maxima of χ″ could then
be observed for complexes 15 – 18 (Figure 6.33).

The peak temperatures (Tp) in χ”

shift from 2.0 K to 6.8 K for 15, 2.0 K to 8.8 K for 16, 2.0 K to 7.6 K for 17 with
increasing frequencies from 2 Hz to 1500 Hz.

For complex 18, the peak temperature

(Tp) in χ” shifts from 2.0 K to 4.0 K from 20 Hz to 1500 Hz.

The ac magnetic

susceptibility data confirms that the mixed-valence [2 × 2] grid complexes 15 – 18
behave as SMMs.

Figure 6.32. Field dependence of χ” at 5 K for 15, 5 and 8 K for 16 – 18 using 1500 Hz ac frequency.
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Figure 6.33. Temperature dependence of χ″ of 15 – 18 at various frequency with an applied dc field
of Hdc= 2000 Oe. The measurements were done between 2.0 and 1500 Hz.

Figure 6.34. Magnetic relaxation time η versus T-1 plots with the calculated straight line for s thermally
activated relaxation for 15 – 18 at Hdc = 2000 Oe.
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Analysis of the temperature dependence of the obtained relaxation times η according
to the Arrhenius law for 15 – 18 (Figure 6.34) given in eq. 3:
η = η0 ·exp(Ueff/kBT) (eq. 3)
reveals thermal energy barrier Ueff/kB = 16 K (η0 = 6.7 · 10-6 s) for 15, Ueff/kB = 26 K
(η0 = 5.0 ·10-6 s) for 16, Ueff/kB = 20 K (η0 = 4.3 · 10-6 s) for 17 and Ueff/kB = 10 K (η0
= 7.7 · 10-6 s) for 18.

The η0 values observed for 15 – 18 are similar to those found

for CoII Single Ion Magnets (SIMs) and the Ueff/kB values fall well within the range of
typical CoII SMMs (8.6 – 89 K). 184,185
Although many four- and penta-coordinated CoII complexes with slow relaxation are
known, the six-coordinated SIMs (single ion magnets) are in quite rare.186

In order

to understand the relationship between the coordination geometry and magnetic
anisotropy D in 3d-transition metal complexes, a theoretical study using CASSCF
calculations have been performed.

The D value varies with the number of

3d-electrons, the coordination number and the symmetry around the metal ion.

It is

known that for six-coordinated CoII complexes, large negative D values are typicaly
associated for molecules with a trigonal prism geometry (D3h), while large positive D
values are preferable for molecules in an octahedral environment (Oh).

Indeed,

experimentally observed D values in distorted octahedral complexes are primarly
positive, 187 whereas the trigonal prismatic geometry leads to large negative
anisotropy.186,188

The magnitude of D in the trigonal prismatic complexes depends

on the distortion from ideal D3h symmetry.

The angles , , , , and  (Figure 6.35)

describe the distortion in a quantitative way.188a,189

The values  and  can be

obtained from the crystal structures. The parameters  and  are calculated from the
average values of  and  using (eq. 4) and (eq. 5)

cos =


cos =
2

1  2 cos
3

(eq. 4)

3(1  cos  )
(eq. 5)
4(1  cos )
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The angle  describes the trigonal compression ( > 54.74°) or elongation ( <
54.74°).

The angle  reflects the rotation of the base triangles to each other, i.e.  =

0° for the trigonal prism and  = 60° for an octahedron environment.

The angle 

connects both parameters  and  (eq. 6) and describes the so-called ―pitch‖, defined
as the dihedral angle between the plane perpendicular to the C3 axis and the N−Co−N
plane involving nitrogen atoms that form the  angle.

cos  =

sin


2


sin  cot2 
2

(eq. 6)

2

The largest pitch of  = 90° is expected for  = 0° and it decreases with larger  or 
(for the case ≠ 0°) values.

The small  pitch, large  and  distorts the CoII ions

from an ideal D3h symmetry.

Figure 6.35. Definition of the angular parameters , , ,  and .

Table 6.8 summarizes these angular parameters of HS-CoII ions in 15, 16 and 18.
Firstly, by comparison with 11 – 14, the S(Oh) values of the HS-CoII ions in 15, 16 and
18 increase and at the same time S(itp) values decrease during the oxidation processes
according to data in Table 6.2 and 6.4 and as shown in Figure 6.36. The result
indicates the transformation of the CoII coordination geometry towards a trigonal
prism from the homo-valence to mixed-valence [2 × 2] grid structures.
Table 6.8. Selected angular parameters of HS-CoII ions in 15, 16 and 18 (in °)

Complex
15
15
16
18

Center
CoII2
CoII4
CoII2
CoII2











84.3
85.2
83.8
85.4

81.7
81.7
82.3
81.8

50.8
51.4
50.4
52.5

25.1
29.0
24.6
30.1

75.1
72.6
75.5
71.3
152

6. Single-Molecule Magnets: [2 × 2] Cobalt Grid Complexes
It has recently been discussed for [2×2] FeII4 grid complexes based on the
3,5-bis{6-(2,2‘-bipyridyl)}pyrazolate ligand that a high degree of cooperativity for
multi-step SCO transitions is imparted by strain effects of the rigid bridging ligands
and strong elastic coupling of the four corners of the grid.110,190

In particular,

structural changes at one corner, which in case of the [2×2] FeII4 grids are induced by
SCO between HS-FeII and LS-FeII states, propagates into significant structural
distortion not only at the neighboring sites, but moreover at the opposite corner,
favoring a second SCO to occur at the trans position.110,190 Similar ligand strain
induced cooperativity favoring mixed HS/LS configurations has also been reported
for dimeric and polymeric SCO systems.191

In the case of the present Co4 grids,

twofold oxidation leads to strong structural changes at the two CoIII corners which
translate into a more favorable geometry for SMM behavior at the neighboring CoII
sites, mediated by elastic communication via the bridging ligands (Figure 6.36).

Figure 6.36. Graphical representation of the change of the S(itp) values for [CoII4L4]4+ to
[CoII2CoIII2L4]6+ upon two-electrons oxidation.

The observed structural parameters () and energy barriers (Ueff/kB) of 15, 16 and 18
fit very well to the newly obtained correlation, where the relatively small Ueff/kB
values correspond to the small pitches , i.e. the literature reported energy barriers of
41 K to 54 K for pitches of 73.0° to 75.5°.
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The Ueff/kB values are found to be much higher (125 to 163 K) for only a minor in the
pitch form 78° to 79°, indicating the high sensitivity of the energy barriers to the
structural changes.

The higher Ueff/kB value in 18 can be attributed to the slightly

higher pitch than in 15 and 16, although the influence of the other factors, e.g. the
asymmetry in the distortion of the trigonal prism, cannot be fully excluded.
6.2.3. Solution State Investigations
Mass Spectrometry
The four mixed-valence [2 × 2] Co4 grid complexes 15 – 18 have been characterized
by ESI mass spectrometry in MeCN solution.

ESI mass spectrometry of these

doubly oxidized complexes show some fragments characteristic for the different
charged ions, deriving from [CoII3CoIIIL4]5+ in combinations with different counter
ions BF4– or F–, which arise from the reduction of [CoII2CoIII2L4]6+.

The peak of the

starting material homo-valence [CoII4L4]4+ is also observed as well.

The results

suggest the doubly oxidized mixed-valence [2 × 2] Co4 grid species could be reduced
during the ESI mass spectrometry measurement in solution.
For example, the ESI mass spectrum of the molecule [CoII2CoIII2LPy4](BF4)6 (18) can
be used to illustrate the change of the mixed-valence species during the ESI mass
spectrometry measurement.

As Figure 6.37 shown, peaks at m/z = 347.5

[CoII3CoIIILPy4]5+, 443.6.4 [CoIII2LPy2(F)2]2+, 636.8 [CoII3CoIIILPy4(BF4)2]3+ are
observed.

These [CoII3CoIII] species presumably arise by the reduction of the

[CoII2CoIII2] species in mass spectrometry, and a similar phenomenon has been
reported in our previous work on the di-oxidized mixed-valence iron complex.

In

addition, the main peak of the spectrum of [CoII4LPy4](BF4)4 (14) is also observed here
(m/z = 434).
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Figure 6.37. ESI-MS (MeCN) of [CoII2CoIII2LPy4](BF4)6 (18); (inset) experimental (upper) and
simulated (lower) isotopic distribution pattern for the peak pattern around m/z = 347.5 characteristic for
the [CoII3 CoIIILPy4]5+ ion.

NMR Spectroscopy
The redox processes appears to change the spin states of the cobalt centers and have a
profound influence on the magnetic properties of the grid complexes according to the
solid state structure and magnetic susceptibility data.

Co(III) ion possesses a d6

electron configuration and within Oh point group, this corresponds to HS t2g4eg2 and
LS t2g6eg0 configuration.

In the mixed-valence [2 × 2] grid structure, two CoII ions

are remain unchanged in the HS state while the remaining CoII ions are oxidized to LS
CoIII ions, which are confirmed by the magnetic measurement.

The LS CoIII

complexes are diamagnetic and therefore can be easily characterized by 1H NMR
spectra. 192

Consequently, the change of the magnetic features can also be

investigated in solution by means of NMR spectroscopy.
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Figure 6.38. Numbering scheme for NMR assignments of complexes 15 – 18.

Figure 6.39. 1H NMR spectra (500 MHz, CD3CN, 298 K) of complexes 15 – 18 in the range from –
40.0 to 180 ppm.

The 1H NMR spectra of mixed-valence grids 15 – 18 display several remarkable
features consistent with the proposed mixed-valence species with HS CoII and LS
CoIII ions (Figure 6.39).

Firstly, the change from a paramagnetically shifted 1H

NMR spectrum to a spectrum with aromatic signals between 10 and 0 ppm confirmed
the partial change of cobalt ion from a HS d7 to LS d6 configuration. Secondly the
total number of resonances has doubled, compared with those found in 1H NMR
spectra of the homo-valence grid complexes.

Then all proton resonances of the
156

6. Single-Molecule Magnets: [2 × 2] Cobalt Grid Complexes
pyrazolate-bridged ligand were observed and they exhibited the expected shift and
coupling. These signals could be divided into two sets that can be attributed to
protons adjacent to the paramagnetic HS CoII and diamagnetic LS CoIII sites,
respectively, and are assigned using a combination of integrals, 1H-1H COSY
experiments and the comparison with the fully assigned spectra of homo-valence
systems 11 – 14.
The 1H NMR spectrum of [CoII2CoIII2LPz4](BF4)6 (15) displays thirteen singlets each
with an integral of one spread from 160 ppm downfield to –30 ppm upfield (Figure
10.67).

A detailed analysis of two-dimensional homonuclear

1

H-1H COSY

correlation spectrum allows the complete assignment of all the signals (Figure 6.40).

Figure 6.40. 1H-1H COSY spectrum (CD3CN, 298 K) of [CoII2CoIII2LPz4](BF4)6 (15).

The six proton resonances surrounding the paramagnetic CoII center are sharp and
paramagnetically shifted up to 160 ppm as those in 1H NMR spectrum of 11 due to
the paramagnetic CoII ion on the local magnetic field.

In contrast, the other six

peaks close to the CoIII site occur in the ―diamagnetic region –30 – 20 ppm‖ at δ = –
30.9 (H4‘), –15.79 (H3‘), 0.2 (H1‘), 0.6 (H5‘), 7.2 (H2‘) and 23.0 ppm (H6‘) according to
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the 1H-1H COSY spectrum.

These protons belong to diamagnetic LS CoIII ion

coordination sphere, although the neighboring paramagnetic CoII center clearly affects
their chemical shifts.

Interestingly, the distinct signal of the proton H7 bound to the

4-position of the central pyrazole resonates at δ = 96.9 ppm in 15, which represents a
shift to higher field by 91.5 ppm from δ = 188.4 ppm in the 1H NMR spectrum of 11,
indicating that an additive influence of the CoII ions on the isortopic shift of the
proton that is located at equal distance from both metals.

Figure 6.41. 1H NMR spectra (500 MHz, CD3CN, 298 K) of complexes 15 – 18 in the range of –1.0 –
10 ppm(*MeCN).

In the case of 15, eighteen signals are observed in the range of 14 to 950 ppm, which
arise from eighteen of the nineteen C atoms of the grid molecule as depicted in Figure
6.42.

One signal was not detected, presumably due to its close vicinity to the

paramagnetic HS-CoII ion.
complicated.

The assignment of these carbon resonances is more

Twelve resonances can be assigned to the CH groups by their 1JCH

coupling derived from doublets in the 1H-13C HMQC spectra (Figure 6.43 and 6.44);
the other six resonances represent quarternary 13C nuclei without 1JCH coupling.
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Figure 6.42. 13C NMR spectrum (125 MHz, CD3CN, 298 K) of [CoII2CoIII2LPz4](BF4)6 (15).

Figure 6.43. 1H-13C HMQC spectrum (298 K) of [CoII2CoIII2LPz4](BF4)6 (15) in CD3CN (1H: –35 to 45
ppm; 13C: 60 to 340 ppm).
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Figure 6.44. 1H-13C HMQC spectrum (CD3CN, 298 K) of [CoII2CoIII2LPz4](BF4)6 (15) (1H: 40 to 180
ppm; 13C: 100 to 750 ppm).

Mixed-valence complexes [CoII2CoIII2LMe-Pz4](BF4)6 (16), [CoII2CoIII2LMe-Im4](BF4)6
(17) and [CoII2CoIII2LPy4](BF4)6 (18) give similar 1H and 13C NMR spectra and signals
are assigned based on 1H-1H COSY and 1H-13C HMQC spectra (Figures 10.64 –
10.78) as well as comparison with the spectra of homo-valence compounds 12 – 14
(Tables 6.3 and 6.4).
Electrochemistry
Redox properties of mixed-valence [CoII2CoIII2L4]6+ grids (15 – 18) were investigated
by CV in MeCN solution.

These four grid compounds showed a set of cathodic

processes in the range from –2.00 to –2.50 V (vs. Fc/Fc+) similar to the reduction
steps found for homo-valence grids (11 – 14).

The CoIII→CoII reduction processes

are identified by broad, electrochemically irreversible waves with peak potentials Epc
in the range of 0.0 V – –1.20 V for 15 and 16 (Figure 6.45), and 0.0 V – –1.80 V for
17 and 18 (Figures 6.46 and 6.47).
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Figure 6.45. Cyclic voltammograms of [CoII2CoIII2LPz4](BF4)6 (15) and [CoII2CoIII2LMe-Pz4](BF4)6 (16)
in MeCN/0.1 M NBu4PF6 as an electrolyte at a scan rate of 0.1 V s–1 vs. Fc/Fc+.

It is of interest to note the evolution of color for compounds 15 – 18 during the
electrochemical studies: the olive-green color of the solutions of the oxidized species
[CoII2CoIII2L4]6+ gradually changed back to the orange color of the starting materials
[CoII4L4]4+ during several cycles of cathodic reduction.

Concomitantly the two

waves of the CoIII → CoII reductions disappeared while new broad, electrochemically
irreversible waves reappeared at the same anodic potential seen or the non-oxidized
CoII4 grid complexes.

These results indicate that the redox interconversion between

[CoII4L4]4+ and [CoII2CoIII2L4]6+ grids is chemically reversible despite the sluggish
electron transfer kinetics.

Figure 6.46. Cyclic voltammogram of [CoII2CoIII2LMe-Im4](BF4)6 (17) in MeCN/0.1 M NBu4PF6 as an
electrolyte at different potential range of 0 – –2.0 V (left) and –1.4 – –2.8 V (right) vs. Fc/Fc+.

161

6. Single-Molecule Magnets: [2 × 2] Cobalt Grid Complexes

Figure 6.47. Cyclic voltammogram of [CoII2CoIII2LPy4](BF4)6 (18) in MeCN/0.1 M Bu4NPF6 as an
electrolyte at different potential range of 0 – –1.8 V (left) and –1.4 – –2.4 V (right) vs. Fc/Fc+.

UV/Vis Spectroscopy and Spectroelectrochemistry
The investigations of the spectroscopic property of CoII4 complexes 11 – 14 were
carried out in MeCN in the range of 200 – 1200 nm (Figure 6.48).

All compounds

11 – 14 show two absorption bands in the visible region at 434 nm (ε = 478 L mol−1
m−1) / 529 nm (ε = 128 L mol−1 cm−1) for 11, 438 nm (ε = 457 L mol−1⋅cm−1) / 538 nm
(ε

L mol−1⋅cm−1) for 12, 440 nm ( = 450 L mol−1⋅cm−1) / 553 nm (ε

mol−1⋅cm−1) for 13 and 490 nm (L mol−1⋅cm−1) / 560 nm (ε
detectable as shoulders in the UV/Vis spectra.

1L

M−1⋅cm−1) for 14

Both bands are tentatively assigned to

metal-to-ligand charge transfer (MLCT) transitions193.

The position of these bands

of 11 – 14 are only slightly influenced by the methyl substituents at the backbone of
the bridging ligand and the different heterocyclic moieties as side-arm units.
UV/Vis spectroelectrochemical measurements were performed for 11, 12 and 13 in
MeCN / 0.1 M Bu4NPF6 at room temperature at an applied potential of 1.10 V, 1.30 V
and 1.2 V, respectively. Upon two-electron oxidation to 15 – 17, both bands from
the starting material grow in intensity and shift slightly to 409 nm (ε = 1780 L
mol−1⋅cm−1) and 613 nm (ε = 301 L mol−1⋅cm−1) for 15, 412 nm (ε = 1758 L mol−1
cm−1) and 619 nm (ε = 306 L mol−1 cm−1) for 16, and 426 nm (ε = 1702 L mol−1 cm−1)
and 606 nm (ε = 280 L mol−1 cm−1) for 17. For all mixed-valence cobalt complexes,
one band with higher energy is assigned to ligand-to-metal charge transfer (LMCT)
transitions involving the CoIII ions and another is likely originating from IVCT
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transition. All complexes show a medium degree of electronic coupling and were
assigned to class II by analysis of the IVCT bands and by comparison with literature
data. For example the complex 15 shows a low intensity IVCT band (∆ν1/2 = 4320
cm−1, ε = 301 L mol−1 cm−1) with a maximum at 16008 cm−1. From the experimental
data, a coupling constant (Hab) of 4421.8 cm−1 was determined.

While in the case of

16, the coupling constant Hab was determined to be 4416.9 cm−1.

In general, a

stronger electronic coupling was found for electron donating substituents.194

Figure 6.48. UV/vis spectra of homo-valence grids [CoII4LPz4](BF4)4 (11), [CoII4LMe-Pz4](BF4)4 (12),
[CoII4LMe-Im4](BF4)4

(13),

[CoII4LPz4](BF4)4

(14)

(black)

and

[CoII2CoIII2LPz4](BF4)6

(15),

[CoII2CoIII2LMe-Pz4](BF4)6 (16), [CoII2CoIII2LMe-Im4](BF4)6 (17), [CoII4LPy4](BF4)6 (18) (red) in MeCN
solution.

The UV/Vis absorption spectra (200 – 1200 nm) of 11 – 18 recorded in MeCN
confirmed the change of related bands in the low-energy range above 400 nm during
the oxidation processes (Figure 6.50). The room temperature solid-state absorption
spectra of 11, 12, 15 and 16 are comparable with those obtained from solution
samples, indicated by the same absorption maxima in the UV/Vis region (Figure 6.51).
Thus, the species are unaltered in solution and in the solid state.
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Figure 6.49. Analysis of the IVCT band of [CoII2CoIII2LPz4](BF4)6 (15) and [CoII2CoIII2LMe-Pz4](BF4)6
(16) in MeCN. The experimental spectra of CoII2CoIII2 oxidation state were treated by a Gaussian
deconvolution. The experimental data (black), the simulation (red).

Figure 6.50. UV/vis spectral changes of 11, 12 and 13 during the controlled potential oxidation in
MeCN containing 0.1 M NBu4PF6 at RT on increasing the applied potential to 1.0 V.
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Figure 6.51. Solid-state absorption spectra of 11 (black), 15 (red) (left) and 12 (black), 16 (red) (right).

6.3. Conclusion
The homo-valence [2 ×

2] CoII4 grid complexes [CoII4LPz4](BF4)4 (11),

[CoII4LMe-Pz4](BF4)4 (12), [CoII4LMe-Im4](BF4)4 (13) and [CoII4LPy4](BF4)4 (14) were
synthesized and successfully characterized. Magnetic measurements revealed the
HS (S = 3/2) state of the metal ions and moderate antiferromagnetic interactions to
give an overall diamagnetic ST = 0 ground state for 11 – 14. Two-fold oxidations,
electrochemically or chemically, led to the di-mixed-valence [2 × 2] Co4 grids
[CoII2CoIII2LPz4](BF4)6 (15), [CoII2CoIII2LMe4](BF4)6 (16), [CoII2CoIII2LMe-Im4](BF4)6
(17) and [CoII2CoIII2LPy4](BF4)6 (18). Solution state 1H and

13

C NMR spectra of

paramagnetic 11 – 18 were obtained and confirm that the di-mixed-valent CoII2CoIII2
grids are charge-localized on the NMR time scale. SQUID experiments show the
high-spin CoII to be magnetically isolated in the di-mixed-valent CoII2CoIII2 grids,
with complexes 15 – 18 displaying SMM behavior.
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7.

[3 ×

3]

Iron

and Cobalt

Grid

Complexes

Based

on

Pyrazole-bridged Tritopic Ligands
7.1. Synthesis of Ligands

Scheme 7.1. Synthesis of ligands H2LPz, H2LMe-Im and H2LPy.
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The synthesis of polypyridine ligands H2LPz, H2LMe-Im and H2LPy is based upon the
pseudo-claisen condensation of dimethyl pyridine-2,6-dicarboxylate and ketone
II/X/XIX using NaOMe as the base in dry toluene or 1.4-dioxane and subsequent
acidic workup to 1,3-diketone X, XI and XII implemented, followed by a ring-closing
condensation with hydrazine as shown in Scheme 7.1.

These ligands consist of three

pyridine groups linked by two pyrazole moieties with two pyrazole, or
methylimidazle or pyridine rings as side arm, thus forming three tridentate binding
sites.

All of them have been fully characterized by 1H NMR, 13C NMR, and EI-MS

(see Experimental Section and Figures 10.21 – 10.29).
7.2. Synthesis of [3 × 3] Fe9 and Co9 Grid Complexes

Scheme 7.2. Schematic representation of synthesis of [3 × 3] grid complexes.

Under inert conditions, ligand (H2LPz, H2LMe-Im and H2LPy) was deprotonated with 2
equivalents NaOtBu as the base in degassed MeCN/DMF (1:1) and was subsequently
reacted with metal salt (Fe(BF4)2·6H2O or Co(BF4)2·6H2O) (Scheme 7.2).

The color

of the reaction mixture changed from colourless to red and red precipitation appeared
after stirring overnight at room temperature.

Unfortunately, these products show bad
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solubility in normal organic solvent such as CHCl3, MeCN, MeOH, EtOH, acetone,
toluene, DMF, DMSO and so on.

No further analysis was possible during the course

of this work.
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8. Summary
In this work homo- and mixed-valence [2 × 2] grid-like complexes were studied in
detail.

Here, the multifunctionality features of these iron and cobalt grids are clearly

illustrated in properties: 1) the electrochemistry of the metal centers and ligands,
which provide a range of redox levels; 2) the magnetism of metal centers, in which
the spin state may be influenced not only by the substitution of ligands but also by the
structure of complexes; 3) the redox processes are able to change not only the
oxidation state but also the spin state of the metal centers, which can enrich the
functionality of grid structures.

Therefore the understanding of properties in the

solid state and solution state of these compounds has been improved.
In chapter 3, a series of [2 × 2] FeII4 grid complexes ([FeII4L4](BF4)4) of substituted
ligands related to 3,5-bis(6-(1H-pyrazol-1-y)yridine-2-yl)pyrid-2-yl)pyrazole (HL =
HLPz, HLMe-Pz, HLMe4-Pz and HLMe5-Pz), have been prepared to evaluate any
significant impact of the 4-position of central (R1) pyrazolyl and 3-, 4- and 5positions of terminal pyrazolyl (R2 and R3) substitution on the electronic, magnetic
and structural properties of the grid complexes.

In the solid state, complexes have

been characterized by X-ray diffraction, Mössbauer spectroscopy and magnetic
measurements.

The magnetic measurements show that the iron(II) centers of

complexes remain in high spin state in the temperature range from 2 to 210 K.

It is

of interest to note that there is partly spin-state transition observed on the dry
crystalline sample of [FeII4LPz4](BF4)4 by means of Mössbauer spectroscopy and
magnetic measurements, likely due to the loss of the co-crystallized solvent molecules.
In solution state, the iron(II) complexes have been fully characterized by ESI mass
spectrometry, paramagnetic NMR spectroscopy and cyclic voltammetry.

These

results of spectroscopic and structural studies show that methyl substitution at the
pyrazolyl rings makes the oxidation potential of metal centers to be less positive and
the reduction potential of ligands to be more negative.

Additionlly, the substitution

of methyl group causes a slight change of the coordination geometry of complexes,
whereas the ligand field strength is not significantly influenced though the inductive
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effect.
In chapter 4, by using the modified pyrazolate-derived ligand (HLMe-Im) with two
methylimidazole groups as peripheral side-arms to slightly increase the ligand field
strength, a new [2 × 2] FeII4 grid-type complex ([FeII4LMe-Im4](ClO4)4) has been
In the solid state, [FeII4LMe-Im4](ClO4)4 adopts a di-mixed-spin

produced.

configuration [HS-LS-HS-LS] over a wide temperature range (2 – 300 K), with FeII
ions of the same spin state located at diagonally opposed vertices of the grid.
Furthermore, [FeII4LMe-Im4](ClO4)4 is more easily oxidized to the 2-fold oxidized
species [FeII2FeIII2LMe-Im4](ClO4)6, which has favorably high stability.
sequence

of

redox

events

suggests

that

identical

iron

ions

The
in

[FeII2FeIII2LMe-Im4](ClO4)6, having the same spin state and charge state, are again
located at diagonally opposed vertices of the grid.

Such configuration is indeed

required for potential implementation in QCA devices.
In chapter 5, the unusual heterometallic grid ([FeIII2AgI4LMe-Im4]6+) and incomplete
grid ([FeII3(HL)L3]+3) complexes have been prepared selectively and fully
characterized by single crystal X-ray diffraction and Mössbauer spectroscopy. The
hexametallic complex [FeIII2AgI4LMe-Im4]6+, with two FeIII ions and two (AgI)2
dumbbells on the four corners of grid, was synthesized via a corner complex as a key
intermediate.

The incomplete grid [FeII3(HL)L3]+3, named defect-grid, is a new type

of [2 × 2] matrix-like complex with one vertex devoid of a metal ion, and one
hydrogen bonding instead, while there are two hydrogen bonds observed in the [2 × 2]
defect-grid structure by using 3,5-bis(bipyridyl)pyrazolate ligand instead by B.
Schneider and M. Steinert.

The defect-grid iron complexes present the spin

configuration [HS-LS-HS], which appears to be an attractive perspective as SCO
systems due to the H-bonding between the vertex lack of metal ion and solvent
molecules.
In chapter 6, a family of [2 × 2] CoII4 grid structures ([CoII4LR4](BF4)4) has been
prepared, where the ligands HLR (HLPz, HLMe-Pz, HLMe-Im and HLPy) are the same as
the ones used in chapters 3 and 4.

In the solid state, complexes have been
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characterized by single crystal X-ray diffraction and magnetic measurements.

The

magnetic measurements show that the CoII ions of all these complexes remain in their
HS state in the temperature range of 2 – 210 K, without any spin state changes.

The

paramagnetism of the CoII complexes also has been studied through paramagnetic
NMR spectroscopy in solution.

The cyclic voltammetry curves of the cobalt grid

complexes look worse than those of relevant FeII complexes considering the number
and reversibility of redox waves likely because of sluggish electron transfer kinetics.
These anodic responses likely reflect a sequence of non-resolved and kinetically
hindered one-electron oxidation processes, describing the oxidation of the CoII4 to the
fully oxidized CoIII4 grid via mixed-valent states, in particular via the di-mixed-valent
CoII2CoIII2 species.

As expected, the HS CoII ions in homo-valence complexes

([CoII4L4](BF4)4) are weakly antiferromagnetically coupled, which results in an
overall diamagnetic ST = 0 ground state.

Oxidation of two CoII ions giving the

mixed-valence species [CoII2CoIII2L4](BF4)6 with two LS CoIII ions located at
opposite corners of the grids, leads to some interesting results.

Firstly, the remaining

two HS CoII ions are now magnetically separated by diamagnetic LS CoIII ions and
antiferromagnetic coupling vanishes.

Secondly, due to the rigid ligand framework

that enforces strong mechanical coupling between the corners of the grid, and because
the LS CoIII ions strongly favor an octahedral coordination enviroment, distortion of
the entire grid occurs upon oxidation which causes the coordination geometry of the
remaining CoII ions to significantly tend towards a trigonal prism.
SMM properties of the mixed-valence complexes emerge.

As a consequence,

NMR studies in solution

revealed that the Co valencies in the mixed-valence [CoII2CoIII2L4](BF4)6 grids
remain localized on the NMR time scale.
In chapter 7, there are three tritopic ligands prepared, which consist of three pyridine
groups linked by two pyrazole moieties with different side arms containing N atoms
as donor atom, thus forming three tridentate binding sites.

By using these tritopic

ligands to react with cobalt or iron salt, the red powders produced as procuct with
super bad solubility. Unfortunately, no further analysis was possible during the
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course of this work because of their bad solubility.
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9.1. Material and Methods
9.1.1. Work Techniques and Materials
General Considerations
All manipulations were carried out under an anaerobic and anhydrous atmosphere of
dry nitrogen by standard Schlenk techniques.

Glassware was dried at 120°C.

THF

was dried with potassium and sodium in the presence of benzophenone, Et2O was
dried with sodium in the presence of benzophenone; DMF and MeCN were dried with
CaH2; EtOH and MeOH were dried over Mg; dioxane was dried with anhydrous
Na2SO4 and sodium; Toluene were used after drying over molecular sieve using a
Mbraun PLC; all solvents were distilled prior to use.
Chemicals used were either present in the working group or were purchased from
commercial sources or their synthesis is described below.
Column chromatographic purifications (63 – 200 μm particle size) were performed on
silica.

TLC was performed on silica gel (Macherey-Nagel, Polygram SIL

G/UV254).
9.1.2. Analytics
NMR Spectroscopy
NMR spectra were recorded on Bruker Avance 300, 400 and 500 MHz spectrometers.
Chemical shifts (δ) are given in ppm relative to residual solvent signals of CD3CN,
CDCl3, DMF-d6 and DMSO-d6.

And signals are labeled according to their splitting

pattern as singlet (s), doublet (d), triplet (t), artet (q) or multiplet (m).
Mass Spectrometry
ESI mass spectrometry was recorded with an Applied Biosystems API 2000 and a
HCT Ultra (Bruker) instrument.

EI mass spectrometry was recorded with Finnigan

MAT 8200.
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Elemental Analysis
Elemental analyses were performed in the Analytical Laboratory of the Institute of
Inorganic Chemistry at the University of Göttingen using an Elementar 4.1 Vario EL
3 instrument.
Electrochemistry
Cyclic Voltammetry (CV) and Square Wave Voltammetry (SWV) experiments were
performed either on a Model 263A (PerkinElmer) or a CHI-660 (IJ-Cambria scientific)
potentiostat. Glassy carbon disk electrodes (2mm diameter) were used as working,
platinum wire as auxiliary and a Saturated Calomel Electrode (SCE) as reference
electrode in MeCN/0.1 M NBu4PF6.

Decamethylferrocene and ferrocene were used

as the internal standard.
UV/Vis Spectroscopy
UV/Vis spectra were recorded on a Cary 50 Bio (Varian) or a Cary 5000 (Varian)
using quartz cuvettes (d = 1 cm or 0.1 cm).

Spectra were analyzed by Cary Win UV

software.
Spectroelectrochemistry Experiments
Spectroelectrochemistry experiments were performed in SCE-C quartz glass cells
(ALS, d = 0.1 cm).

A platinum mash was used as working, platinum wire as

auxiliary and an silver as reference electrode. All electrodes were washed with
water and acetone and air dried before use.

Complexes were dissolved in MeCN

containing tetrabutylammoniumhexafluorophosphate (NBu4PF6, c = 0.1 M) as
electrolyte. UV/Vis/NIR spectra were recorded on a Cary 50 Bio (Varian).
IR Spectroscopy
IR spectra of all complexes as KBr pallets were recorded on a Vertex 70 (Bruker)
instrument. IR signals were analyzed according to their relative intensity as strong
(s), medium (m) and weak (w).
Thermogravimetry
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Thermo gravimetric measurements were performed using a Netzsch STA409PC
LUXX, scan rate: 10 K/min.
Mössbauer spectroscopy
Mössbauer data were collected with a 57Co source embedded in a Rh matrix using an
alternating constant acceleration Wissel Mössbauer spectrometer operated in the
transmission mode and equipped with a Janis closed-cycle helium cryostat.
shifts are given relative to iron metal at ambient temperature.

Isomer

Simulation of the

experimental data was performed with the Mfit program.195
SQUID magnetometry
Magnetic susceptibility measurements were carried out with a Quantum-Design
MPMS-5S SQUID magnetometer equipped with a 5 Tesla magnet in the range from
400 to 2.0 K at a magnetic field of 0.5 T.

The powdered or crystalline samples were

contained in a teflon bucket and fixed in a non-magnetic sample holder.

Each raw

data file for the measured magnetic moment was corrected for the diamagnetic
contribution of the sample holder and the teflon bucket.

The molar susceptibility

data were corrected for the diamagnetic contribution.
9.2. Experiment
Some of the presented syntheses are based on literature procedures (precursors c196 d
and f197 and e198.
9.2.1. Synthesis of Ligand Precursors and Ligands

Methyl 6-(1H-pyrazol-1-yl)picolinate (I)
Under an atmosphere of argon NaOMe (1.67 g, 31.0 mmol) was added to a solution of
6-(1H-pyrazol-1-yl)picolinonitrile (3.10 g, 18.26 mmol) in anhydrous MeOH (75 mL).
After stirring overnight at room temperature, AcOH (5 mL) and solid NaHCO3 (4.90
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g) were added, the mixture was stirred for half an hour and filtered to remove salts,
and subsequently, the solvent was removed under reduced pressure.

The residue was

dissolved in EtOAc/sat. aq. NaHCO3 (100 / 25 mL), the phases separated, the aqueous
layer extracted with EtOAc (4 × 50 mL) until no change in color was observed, and
the combined organic phase was washed with sat. aq NaHCO3 (40 mL) and water (40
mL).

After drying (MgSO4) and removal of the solvent, the solid was dissolved in a

mixture of MeOH (50 mL) and water (50 mL).

After stirring for 30 min, 5% aq.

H2SO4 was added to the solution drop by drop to pH 1 – 2 and further stirred
overnight at RT.

Then the pH of mixture adjusted to pH 8 – 9 with saturated NaOH

solution (∼ 60 mL), EtOAc (100 mL) was added, and the organic phase was separated.
The aqueous phase was extracted with EtOAc (3 × 60 mL) and the combined organic
phase was dried over anhydrous MgSO4 and filtered.

After evaporating the solvent,

the residue was purified by column chromatography on a silica gel to give white
powder.
Yield 2.12 g, 10.44 mmol, 57.2%.
Molecular Weight 204.07 g mol–1.
1

H NMR (300 MHz, CDCl3): δ = 8.69 (d, J = 2.6 Hz, 1H), 8.17 (m, 1H), 7.98 (m, 2H),

7.76 (s, 1H), 6.49 (m, 1H), 4.02 (s, 3H) ppm.
13

C{1H} NMR (75 MHz, CDCl3): δ = 164.32, 151.55, 146.52, 142.61, 139.70, 127.66,

122.68, 116.16, 108.24, 52.95 ppm.

1-(6-(1H-pyrazol-1-yl)yridine-2-yl)ethanone (II)
To the compound 2-(2-methyl-1,3-dioxolan-2-yl)-6-(1H-pyrazol-1-yl)pyridine (2.68 g,
14.32 mmol) in acetone (85 mL) was added 35 mL of hydrochloric acid (2 M).

The

mixture was stirred in room temperature for twelve hours and then was concentrated
and neutralized with a sat. aq. Na2CO3.

The solution was extracted with CH2Cl2 and
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the combined organic phases were collected, washed with sat. NaHCO3 and brine,
dried over anhydrous MgSO4, and evaporated to give a pale yellow oil as crude
product.

The crude product was purified by column chromatography on silica gel

and affording a white solid.
Yield 2.62 g, 13.93 mmol, 98%.
Molecular Weight 188.08 g mol–1.
1

H NMR (300 MHz, CDCl3): δ = 8.54 (m, 1H), 8.11 (m, 1H), 8.09 (s, 1H), 7.90–7.69

(m, 2H), 6.50 (m, 1H), 2.67 (s, 3H) ppm.
13

C{1H} NMR (75 MHz, CDCl3): δ = 199.58, 152.25, 151.20, 142.95, 140.15, 127.49,

119.54, 116.49, 108.63, 26.19 ppm.

1,3-bis(6-(1H-pyrazol-1-yl)yridine-2-yl)propane-1,3-dione (III)
To a solution of I (1.20 g, 5.72 mmol) in anhydrous toluene (20 mL) under an argon
atmosphere was added NaOMe (380 mg, 7.10 mmol).

After heating this mixture to

around 50°C, a solution of II (1.19 g, 5.92 mmol) in anhydrous toluene (10 mL) was
added dropwise.
during this period.

The color of this reaction mixture changed from yellow to orange
After stirring for two hours, an orange precipitate appeared, and

the reaction was stirred overnight at room temperature.
by filtration and washed with toluene (2 × 5 mL).

A precipitate was separated

The solid was slowly poured with

constant and vigorous stirring into a mixture containing acetic acid (6 mL) and water
(10 mL).
water.

A pale yellow solid was formed, which was filtered and washed with

After drying, range solid was obtained, which was used without further

purification.
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1,3-bis(6-(1H-pyrazol-1-yl)yridine-2-yl)propane-2-methyl-1,3-dione (IV)
Under an atmosphere of argon compound III (1.07 g, 3.0 mmol) and potassium
bis(trimethylsilyl)-amide (0.90 g, 3.0 mmol) were suspended in toluene (60 mL).
The suspension was heated to 75 °C and the color changed from orange to green, then
methyl iodide (0.92 mL, 15.0 mmol) was added.

The mixture was stirred at the

refluxing temperature for 4 h and the color of the reaction mixture changed to yellow
finally.

The yellow precipitate was separated by filtration and washed with toluene

(2 × 10 mL).
mL).

The filtrate was washed with sat. aq. Na2CO3 (40 mL) and water (40

The combined aqueous phases were extracted with chloroform (3 × 40 mL),

and the combined organic phases were dried over anhydrous Mg2SO4.

After

removal of the solvent, orange solid was obtained.
Yield 0.84 g, 2.25 mmol, 75.3% (over two steps).
Molecular Weight 373.14 g mol–1.
1

H NMR (300 MHz, CDCl3): δ = 8.19 (d, J = 2.6 Hz, 2H), 8.02 – 7.94 (m, 4H), 7.78

(d, J = 6.0, 2H), 7.67 (s, 2H), 6.37 (s, 2H), 4.56 – 4.49 (m, 1H), 1.59 (d, J = 7.0 Hz,
3H) ppm.
13

C{1H} NMR (75 MHz, CDCl3): δ = 196.476, 150.65, 150.18, 142.57, 140.29,

127.91, 119.50, 115.82, 108.71, 54.00, 13.48 ppm.

1-(6-(3,5-dimethyl-1H-pyrazol-1-yl)yridine-2-yl)ethanone (V)
6-(3,5-dimethyl-1H-pyrazol-1-yl)picolinonitrile (1.0 g. 5.05 mmol) was dissolved in
dry THF (50 mL) under anhydrous conditions and cooled to c.a. –15°C prior to
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dropwise addition of MeMgBr (3 M in Et2O, 2.6 mL). The orange solution was stirred
at –15°C for one hour and stirred overnight at RT.

Sat. NH4Cl solution (20 mL) was

added slowly to the dark-red reaction mixture, followed by phase separation and
extraction of the aqueous phase with THF (20 mL) and DCM (20 mL) and the dark
organic phase washed with sat. NaCl solution (20 mL) and H2O (20 mL).
organic phases were dried with MgSO4.

Combined

After filtering off the MgSO4, the filtrate

solvent was removed by rotary evaporation to leave red oil.

The oil was purified by

column chromatography (DCM / MeOH) to yield the white solid as product.
Yield 0.65 g, 3.03 mmol, 60.5%.
Molecular Weight 216.11 g mol–1.
1

H NMR (300 MHz, CDCl3): δ = 8.10 (dd, J = 7.6, 1.6 Hz, 1H), 7.86 (m, 2H), 6.01 (s,

1H), 2.69 (s, 3H), 2.63 (s, 3H), 2.27 (s, 3H) ppm.
13

C{1H} NMR (75 MHz, CDCl3): δ = 199.25, 151.28, 150.25, 141.91, 119.20, 118.51,

109.72, 26.19, 15.09, 13.47 ppm.

Methyl-6-(3,5-dimethyl-1H-pyrazol-1-yl)picolinate (VI)
6-(3,5-dimethyl-1H-pyrazol-1-yl)picolinonitrile (1.0 g, 5.05 mmol) and NaOMe (0.45
g, 1.66 eq.) were dissolved in dry MeOH (20 mL) under anhydrous conditions and
stirred at RT. Overnight.

NaHCO3 (2.07 g, 2.5 eq.) and acetic acid (1.35 mL) were

added and the mixture was allowed to stir for 30 minutes.
and the filtrate solvent was removed by rotary evaporation.

The solution was filtered
The white residue was

dissolved in EtOAc/sat. NaHCO3 (4 : 1) solution prior to phase separation and
extraction of the aqueous phase with EtOAc.

The aqueous phase was washed with

sat. NaHCO3 solution and water prior to drying with MgSO4 and, after filtration, the
organic solvent was removed by rotary evaporation.

The white residue was
179

9. Experiment
suspended in a 1:1 MeOH / H2O solution and H2SO4 was added until pH = 1 – 2. The
solution was stirred for a minimum of 2 hours. NaOH solution was added to the
solution until PH = 7 – 8.

The solution was phase separated upon addition of EtOAc,

with the aqueous phase extracted further with EtOAc.

After drying with MgSO4 and

filtration, the organic solvent was removed to yield a white solid as product.
Yield 0.88 g, 3.81 mmol, 75.5%.
Molecular Weight 232.11 g mol–1.
1

H NMR (300 MHz, CDCl3): δ = 7.98 (d, J = 7.8 Hz, 1H), 7.82 (m, 2H), 5.92 (s, 1H),

3.89 (s, 3H), 2.64 (s, 3H), 2.20 (s, 3H) ppm.
13

C{1H} NMR (75 MHz, CDCl3): δ = 165.43, 153.29, 150.38, 145.71, 142.21, 139.09,

121.70, 118.78, 109.58, 52.74, 14.72, 13.65 ppm.

1,3-bis(6-(3,5-dimethyl-1H-pyrazol-1-yl)yridine-2-yl)propane-1,3-dione (VII)
Under anhydrous conditions, VI (0.43 g, 1.85 mmol) and NaOMe (0.11 g, 2.04 mmol)
were dissolved in dry toluene (10 mL) and the solution was heated to c.a. 50°C.

The

solution of V (0.40 g, 1.86 mmol) dissolved in dry toluene (20 mL) was then added
dropwise to the heated solution, causing a colour change from colourless to orange.
The orange solution was heated at c.a. 50°C for 5 hours and then left stirring at RT
overnight.

The resulting dark red precipitate was collected by filtration and

dissolved in a minimum volume of water (8 mL).

Acetic acid (2 mL) was added

slowly to the aqueous solution, resulting in a brown-yellow precipitate.

The solid

was collected by filtration and used for next step without further purifition.
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1-(6-(3,4,5-trimethyl-1H-pyrazol-1-yl)yridine-2-yl)ethanone (VIII)
6-(3,4,5-trimethyl-1H-pyrazol-1-yl)picolinonitrile (2.30 g, 10.85 mmol) was dissolved
in dry THF (125 mL) under anhydrous conditions and cooled to c.a. –15°C prior to
dropwise addition of MeMgBr (5.5 mL, 3 M in Et2O).

The light red solution was

stirred at –15°C for 1 hour and stirred overnight at RT.

Solution of sat. NH4Cl (50

mL) was added slowly to the dark-red reaction mixture, followed by phase separation
and extraction of the aqueous phase with THF (50 mL) and DCM (50 mL) and the
organic phase washed with sat. NaCl solution (50 mL) and H2O (100 mL).

Solvent

of combined organic phases were removed by rotary evaporation to leave red oil.
The oil was purified by column chromatography (DCM / MeOH) to yield the white
solid as product.
Yield 1.92 g, 8.36 mmol, 77.1%.
Molecular Weight 230.12 g mol–1.
1

H NMR (300 MHz, CDCl3): δ = 8.05 (dd, J = 7.7, 1.5 Hz, 1H), 7.82 (m, 2H), 2.64 (s,

3H), 2.61 (s, 3H), 2.21 (s, 3H), 1.93 (s, 3H) ppm.
13

C{1H} NMR (75 MHz, CDCl3): δ = 199.36, 151.25, 149.81, 139.24, 119.20, 118.29,

115.76, 26.17, 13.17, 11.08, 7.95 ppm.

1-(6-(3,5-dimethyl-1H-pyrazol-1-yl)yridine-2-yl)-3-(6-(3,4,5-trimethyl-1H-pyrazo
l-1-yl)181yridine-2-yl)propane-1,3-dione (IX)
Complex VI (0.43 g, 1.85 mmol) and NaOMe (0.09 g, 2.04 mmol.) were dissolved in
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dry toluene (10 mL) under anhydrous conditions, and the solution was heated to 50°C.
The solution of VIII (0.43 g, 1.86 mmol) dissolved in dry toluene (20 mL) was then
added dropwise to the heated solution, causing a colour change from colourless to
orange.

The orange solution was heated at c.a. 50°C for 5 hours and then left stirring

overnight at RT. The resulting dark red precipitate was collected by filtration and
dissolved in water (8 mL).

Acetic acid (2 mL) was added slowly to the aqueous

solution, resulting in a brown-yellow precipitate.

1-(6-(1-methyl-1H-imidazol-2-yl)yridine-2-yl)ethanone (X)
Under an argon atmosphere MeMgBr (3.95 mL, 3.0 M in Et2O, 1.2 eq.) was added
slowly to a solution of 6-(1-methyl-1H-imidazol-2-yl)picolinonitrile (1.82 g, 9.88
mmol) in anhydrous THF (50 mL) at –15°C. The reaction mixture was further
stirred for one hour at –15 °C and then overnight at room temperature to give an
orange solution.

Slow addition of a sat. NH4Cl solution (40 mL) was followed by

phase separation.

The aqueous phase was extracted with THF (40 mL) and then

DCM (40 mL).

The combined organic phases were washed with saturated NaCl (40

mL) and H2O (40 mL) and then dried over MgSO4.

The organic phase was dried

over anhydrous MgSO4 and filtered. After evaporating the solvent, the residue was
purified by column chromatography on a silica gel to give a crystalline white solid.
Yield 1.39 g, 6.92 mmol, 70%.
Molecular Weight 202.10 g mol–1.
1

H NMR (300 MHz, CDCl3): δ = 8.47 (d, J = 8.88 Hz, 1H), 7.98 – 7.89 (m, 2H), 7.18

(s, 1H), 7.04 (s, 1H), 4.24 (s, 3H), 2.74 (s, 3H) ppm.
13

C{1H} NMR (75 MHz, CDCl3): δ = 197.09, 159.88, 150.06, 150.02, 137.63, 128.51,

125.97, 124.94, 120.22, 36.72, 26.10 ppm.
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Methyl-6-(1-methyl-1H-imidazol-2-yl)picolinate (XI)
Under an argon atmosphere sodium methoxide (0.82 g, 15.14 mmol) was added to a
solution of 6-(1-methyl-1H-imidazol-2-yl)picolinonitrile (1.68 g, 9.13 mmol) in
anhydrous MeOH (30 mL).

After stirring overnight at room temperature, AcOH (3

mL) and solid NaHCO3 (2.0 g, 23.81 mmol) were added, the mixture was stirred for
30 min and filtered to remove salts, and subsequently, the solvent was removed in
vacuo.

The residue was dissolved in EtOAc/sat. aq. NaHCO3 (100 / 25 mL), the

phases separated, the aqueous layer extracted with EtOAc (4 × 50 mL), and the
combined organic extracts were washed with sat. aq NaHCO3 (40 mL) and water (40
mL).

After drying (MgSO4) and removal of the solvent in vacuo, the solid methyl

imidate ester was dissolved in a mixture of MeOH (60 mL) and water (60 mL).
After stirring for 30 min, the solution was acidified to pH 1 – 2 with 5% aq H2SO4
and further stirred overnight at RT. Then the pH of mixture adjusted to pH 8-9 with
saturated NaOH solution (∼ 60 mL), EtOAc (100 mL) was added, and the brown
organic phase was separated.

The aqueous phase was extracted with EtOAc (3 × 60

mL) and the organic phase was dried over anhydrous MgSO4 and filtered.

After

evaporating the solvent, the residue was purified by column chromatography on a
silica gel to give a crystalline white solid.
Yield 1.20 g, 5.53 mmol, 61%.
Molecular Weight 218.09 g mol–1.
1

H NMR (300 MHz, CDCl3): δ = 8.35 (d, J = 8.37 Hz, 1H), 7.97 (d, J = 8.61 Hz, 1H),

7.84 (t, J = 7.80 Hz, 1H), 7.09 (s, 1H), 6.95 (s, 1H), 4.17 (s, 3H), 3.934 (s, 3H) ppm.
13

C{1H} NMR (75 MHz, CDCl3): δ = 160.65, 153.66, 146.79,146.49, 137.55, 128.47,

125.54, 124.96, 123.53, 52.69, 30.46 ppm.
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1,3-bis(6-(1-methyl-1H-imidazol-2-yl)yridine-2-yl)propane-1,3-dione (XII)
Under a argon atmosphere NaOMe (0.38 g, 7.10 mmol) was added to a solution of XI
(1.20 g, 5.72 mmol) in anhydrous 1.4-dioxane (20 mL).

After heating this mixture

to around 50°C, a solution of X (1.19 g, 5.92 mmol) in anhydrous 1.4-dioxane (10 mL)
was added dropwise.
during this period.

The color of this reaction mixture changed from yellow to red

After stirring for 5 hours, an orange precipitate appeared, and the

reaction was stirred overnight at room temperature.

A precipitate was separated by

filtration and washed with 1.4-dioxane (2 × 5 mL).

The solid was slowly poured

with constant and vigorous stirring into a mixture containing acetic acid (6 mL) and
H2O (10 mL).

A pale yellow solid was formed, which was filtered and washed with

H2O (2 × 10 mL).

After drying, a bright yellow solid was obtained, which was used

without further purification.

1,3-bis(6-(1-methyl-1H-imidazol-2-yl)yridine-2-yl)propane-2-Methyl-1,3-dione
(XIII)
Under an atmosphere of argon compound XII (1.16 g, 3.0 mmol) and potassium
bis(trimethylsilyl)-amide (0.90 g, 3.0 mmol) were suspended in toluene (60 mL).
The suspension was heated to 75 °C and the color changed from orange to green, then
methyl iodide (0.92 mL, 15.0 mmol) was added.

The mixture was stirred at the

refluxing temperature for 4 hours and the color of the reaction mixture changed to
yellow finally.

The yellow precipitate was separated by filtration and washed with

toluene (2 × 10 mL).
water (40 mL).

The filtrate was washed with sat. aq. Na2CO3 (40 mL) and

The combined aqueous phases were extracted with chloroform (3 ×
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40 mL), and the combined organic phases were dried over anhydrous Mg2SO4.
After removal of the solvent, orange solid was obtained.
Yield 0.42 g, 1.06 mmol, 35.3% (over two steps).
Molecular Weight 400.4 g mol–1.
1

H NMR (300 MHz, CDCl3): δ = 8.26 (d, J = 9.06 Hz, 2H), 7.91 (d, J = 8.91 Hz, 2H),

7.82 (t, J = 7.80 Hz, 2H), 7.03 (s, 2H), 6.82 (s, 2H), 3.72(s, 3H), 3.44 – 3.37 (m, 1H),
1.16 (m, 3H) ppm.

Methyl-6-(hydroxymethyl)picolinate (XIV)
NaBH4

(3.65

g,

96

mmol)

was

added

to

a

stirred

solution

of

dimethyl-pyridine-2,6-dicarboxylate (5.0 g, 25.64 mmol) in MeOH (200 mL) at 0 °C.
The solution was stirred for 3 hours at 0 °C and then poured into a saturated NaHCO3
aqueous solution (100 mL).

The bulk of the methanol was evaporated, and the

resulting aqueous solution was extracted with CHCl3 (5 × 100 mL).

The combined

organic phases were dried over MgSO4 and evaporated to dryness to get white
powder.
Yield 3.01 g, 18.00 mmol, 70%.
Molecular Weight 167.20 g mol–1.
1

H NMR (300 MHz, CDCl3): δ = 7.97 (d, J = 7.68 Hz, 1H), 7.81 (t, J = 7.74 Hz, 2H),

7.54 (d, J = 7.80 Hz, 1H), 4.83 (s, 2H), 3.93 (s, 3H), 2.12 (s, 1H) ppm.

1-(6-(hydroxymethyl)yridine-2-yl)ethanone (XV)
185

9. Experiment
Under nitrogen atmosphere, added 100 mL anhydrous EtOAc and 5 mL 1.4-dioxane
to the dry NaOEt (9.5 g, 140.50 mmol).

After stirring about 3 hours, added a

solution of XV (3.34 g, 20.00 mmol) in 1.4-dioxane to the above reaction solution
with stirring to afford a yellowish mixture, which was refluxed for 12 hours and
stirred at RT overnight.
20 mL) was added.

Most of the solvent was evaporated, and 50 mL HCl (1.0 M,

Then the mixture was refluxed for 16 hours.

After the mixture

was cooled to RT, it was concentrated under reduced pressure. The residual aqueous
phase was extracted with EtOAc (3 × 150 mL).

The combined extracts were washed

with a saturated aqueous solution of NaHCO3, dried over anhydrous MgSO4 and
filtered, and the solvent was finally evaporated. The desired compound XV was
obtained after purification by column chromatography.
Yield 0.97 g, 6.40 mmol, 32%.
Molecular Weight 151.20 g mol–1.
1

H NMR (300 MHz, CDCl3): δ = 7.88 (d, J = 1.26 Hz, 1H), 7.78 (t, J = 7.68 Hz, 2H),

7.40 (d, J = 1.26 Hz, 1H), 4.77 (s, 2H), 3.80 (s, 1H), 2.65 (s, 3H) ppm.

1,3-bis(6-(hydroxymethyl)yridine-2-yl)propane-1,3-dione (XVI)
To a solution of XIV (962.10 mg, 5.72 mmol) in anhydrous toluene (20 mL) under an
argon atmosphere was added NaOMe (380 mg, 7.10 mmol).

After heating this

mixture to around 50°C, a solution of XV (895.10 mg, 5.92 mmol) in anhydrous
toluene (20 mL) was added dropwise.
from yellow to orange during this period.

The color of this reaction mixture changed
After stirring for two hours, an orange-red

precipitate appeared, and the reaction was stirred overnight at RT.
separated by filtration and washed with toluene (2 × 5 mL).

A precipitate was

The solid was slowly

poured with constant and vigorous stirring into a mixture containing acetic acid (6 mL)
and water (10 mL).

A pale yellow-red solid was formed, which was filtered and
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washed with water. After drying, yellow-red solid XVI was obtained which was
used without further purification.

(6,6’-(1H-pyrazole-3,5-diyl)bis(pyridine-6,2-diyl))dimethanol (XVII)
Crude compound XVI (652.76 mg, 2.28 mmol) was suspended in ethanol (25 mL)
and hydrazine hydrate (0.6 mL) was added.

The mixture was heated to reflux for 5

hours and continued to stir overnight at RT.

A red precipitate was collected by

filtration and washed with a small amount of H2O (2 × 10 mL) to give white solid as
product XVII.
Yield 529.30 mg, 1.87 mmol, 82%.
Molecular Weight 282.30 g mol–1.
1

H NMR (300 MHz, CDCl3): δ = 7.93 (m, 4H), 7.50 (m, 2H), 5.51 (s, 2H), 4.72 (s,

4H), 3.38 (s, 2H) ppm.

6,6’-(1H-pyrazole-3,5-diyl)dipicolinaldehyde (XVIII)
An excess of activated MnO2 (1.30 g, 15.0 mmol) and XVII (424.5 mg, 1.50 mmol)
were refluxed with stirring for 3 days in 50 mL of EtOAc.

After colling to RT, the

mixture was passed through a bed of celite and eluted with additional volumes of
EtOAc.

The solvent was evaporated in vacuo, and the residue was purified by

column chromatography to afford XVIII.
Yield 208.30 mg, 0.75 mmol, 50%.
Molecular Weight 278.30 g mol–1.
1

H NMR (300 MHz, CDCl3): δ = 10.11 (s, 2H), 8.08 (m, 2H), 7.90 (m, 4H), 7.55 (s,

1H) ppm.
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1-(2,2’-bipyridin-6-yl)ethanone (XIX)
To a solution of 6-Cyano-2,2‘-Bipyridin (2.89 g, 16.0 mmol) in dry THF (100 mL)
was added slowly MeMgBr (3.0 M in Et2O, 6.3 mL, 19.1 mmol) at –15 °C. The
reaction mixture was further stirred for 1 hour at –15 °C and then for 2 hours at RT to
give an orange-red solution. Slow addition of a saturated NH4Cl solution (70 mL) was
followed by phase separation.

The aqueous phase was extracted with THF (70 mL)

and then CH2Cl2 (70 mL).

The combined organic phases were washed with

saturated NaCl (70 mL) and H2O (70 mL) and then dried over MgSO4.
of the filtrate in vacuo left a reddish oil.

Evaporation

Extraction with hexane (3 × 50 mL) and

removal of the solvent in vacuo yielded XIX as an off-white solid.
Yield 1.97 g, 9.93 mmol, 62%.
Molecular Weight 195.20 g mol–1.
1

H NMR (300 MHz, CDCl3): δ = 8.69 – 8.65 (m, 1H), 8.59 (dd, J = 7.7, 1.2 Hz, 1H),

8.50 (d, J = 7.9 Hz, 1H), 8.02 (dd, J = 7.5, 1.3 Hz, 1H), 7.91 (t, J = 8.2 Hz, 1H), 7.83
(dt, J = 7.9, 1.2 Hz, 1H), 7.32 (ddd, J = 8.2, 3.8, 0.9 Hz, 1H), 2.79 (s, 3H) ppm.

3,3’-(pyridine-2,6-diyl)bis(1-(6-(1H-pyrazol-1-yl)yridine-2-yl)propane-1,3-dione)
(XX)
Under an atmosphere of argon dimethyl pyridine-2,6-dicarboxylate (728.20 mg, 3.73
mmol) and NaOMe (830.40 mg, 12.20 mmol) were dissolved in toluene (60 mL).
After heating this mixture to around 50°C, a solution of II (1.59 g, 8.50 mmol) in
toluene (30 mL) was added dropwise to the heated solution, causing a colour change
from colourless to orange.

Then orange solution was heated at 50°C for 5 hours and
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then left stirring at RT overnight.

The resulting orange precipitate was collected by

filtration and dissolved in H2O (16 mL).

Acetic acid (4 mL) was added slowly to the

aqueous solution, resulting in a brown-yellow precipitate, which was filtered and
washed with water.

After drying, yellow-red solid XX was obtained, which was

used without further purification.

3,3’-(pyridine-2,6-diyl)bis(1-(6-(1-methyl-1H-imidazol-2-yl)yridine-2-yl)propane1,3-dione) (XXI)
The synthesis of XXI is the same as XX by using X instead of II.
Under an atmosphere of argon dimethyl pyridine-2,6-dicarboxylate (728.20 mg, 3.73
mmol) and NaOMe (830.40 mg, 12.20 mmol) were dissolved in 1.4-dioxane (60 mL).
After heating this mixture to around 50°C, a solution of X (1.70 g, 8.50 mmol) in
dioxane (30 mL) was added dropwise to the heated solution, causing a colour change
from colourless to orange.

3,3’-(pyridine-2,6-diyl)bis(1-(2,2’-bipyridin-6-yl)propane-1,3-dione) (XXII)
The synthesis of XXII is the same as XX by using XIX instead of II.
Under an atmosphere of argon dimethyl pyridine-2,6-dicarboxylate (728.20 mg, 3.73
mmol) and NaOMe (830.40 mg, 12.20 mmol) were dissolved in toluene (60 mL).
After heating this mixture to around 50°C, a solution of XIX (1.68 g, 8.50 mmol) in
toluene (20 mL) was added dropwise to the heated solution, causing a colour change
from colourless to orange.
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3,5-bis(6-(1H-pyrazol-1-y)yridine-2-yl)pyrid-2-yl)pyrazole (HLPz)
Crude compound III (0.88 g, 2.28 mmol) was suspended in EtOH (15 mL) and
hydrazine hydrate (0.6 mL) was added.

The mixture was heated to reflux for five

hours and continued to stir overnight at room temperature.

A white precipitate was

collected by filtration and washed with a small amount of H2O (2 × 10 mL) to give
white solid as product.
Yield 0.83 g, 2.34 mmol, 44.1%.
Molecular Weight 355.14 g mol–1.
1

H NMR (500 MHz, CDCl3): δ =8.67 (s, 2H), 7.92 (m, 2H), 7.85 (s, 2H), 7.78 (m,

4H), 7.44 (s, 1H), 6.49 (s, 2H) ppm.
13

C{1H} NMR (125 MHz, CDCl3): δ = 151.12, 148.13, 142.19, 139.60, 126.99,

117.39, 111.61, 107.83, 102.21 ppm.
EI-MS m/z (%): 355 (100) [M]+.
Anal. Calcd (%) for HLPz (C19H14N8): C, 64.38; H, 3.98; N, 31.63. Found: C, 64.52;
H, 3.77; N, 31.71.

4-Methyl-3,5-bis(6-1H-pyrazol-1-y)pyrid-2-yl)pyrid-2-yl)pyrazole (HLMe-Pz)
Solid IV (0.74 g, 2 mmol) was suspended in EtOH (30 mL) and hydrazine hydrate
(0.50 mL, 10 mmol) was added.

The mixture was heated to reflux for 5 hours and

continued to stir overnight at RT.

A white precipitate was collected by filtration and

washed with a small amount of H2O (2 × 20 mL) to give white solid.
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Yield 0.59 g, 1.60 mmol, 70.5%.
Molecular Weight 369.16 g mol–1.
1

H NMR (500 MHz, CDCl3): δ = 8.65 (s, 2H), 8.00–7.91 (m, 4H), 7.80 (s, 4H), 6.53

(s, 2H), 2.87 (s, 3H) ppm.
13

C{1H} NMR (125 MHz, CDCl3): δ = 151.22, 142.26, 139.56, 127.10, 118.66,

117.44, 111.65, 111.05, 107.88, 102.29, 11.26 ppm.
EI-MS m/z (%): 369 (100) [M]+.
Anal. Calcd for HLMe-Pz (C20H16N8): C, 65.19; H, 4.38; N, 30.42. Found: C, 64.88; H,
4.35; N, 30.76.

3,5-bis(6-(3,5-dimethyl-1H-pyrazol-1-yl)yridine-2-yl)pyrid-2-yl)pyrazole
(HLMe4-Pz)
Solid VII (0.42 g, 1.02 mmol) was suspended in EtOH (10 mL).

N2H4·H2O (0.5 mL)

was added and the reaction mixture was refluxed at 80°C for four hours prior to
stirring overnight at RT. The resulting white precipitate was collected by filtration
and washed with a small amount of EtOH to yield the desired ligand.
Yield 0.34 g, 0.83 mmol, 45.5% (over two steps).
Molecular Weight 411.20 g mol–1.
1

H NMR (300 MHz, CDCl3): δ = 7.88 – 7.83 (m, 4H), 7.75 – 7.71 (m, 2H), 7.31 (s,

1H), 6.05 (s, 2H), 2.76 (s, 6H), 2.33 (s, 6H) ppm.
13

C{1H} NMR (75 MHz, CDCl3): δ = 153.17, 150.07, 141.34, 139.23, 116.60, 114.81,

109.37, 102.06, 15.04, 13.66 ppm.
EI-MS m/z (%): 411 (100) [M]+.
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Anal. Calcd (%) for HLMe4-Pz (C23H22N8): C, 67.28; H, 5.41; N, 27.31. Found: C,
67.98; H, 5.87; N, 26.15.

2-(3,5-dimethyl-1H-pyrazol-1-yl)-6-(3-(6-(3,4,5-trimethyl-1H-pyrazol-1-yl)pyridi
n-2-yl)-1H-pyrazol-5-yl)pyridine (HLMe5-Pz)
Solid IX (0.68 g, 2.2 mmol) was collected by filtration and suspended in a minimum
volume of EtOH.

N2H4‧H2O (0.5 mL) was added and the reaction mixture was

refluxed at 80°C for 4 hours prior to stirring overnight at RT.

The resulting white

precipitate was collected by filtration and washed with EtOH to yield the desired
ligand.
Yield 0.45 g, 1.06 mmol, 57.3% (over two steps).
Molecular Weight 425.22 g mol–1.
1

H NMR (300 MHz, CDCl3): δ = 7.64 – 7.81 (m, 6H), 7.25 (s, 1H), 5.99 (s, 1H), 2.71

(s, 3H), 2.61 (s, 3H), 2.27(s, 6H), 1.95(s, 3H) ppm.
1

H NMR (400 MHz, DMSO-d6): δ = 13.73 (s, 1H,NH), 7.99-8.05 (br, 2H，H5), 7.83 –

7.90 (br, 2H, H4), 7.72 – 7.77 (q, J = 8.0 Hz, 2H，H6), 7.40 (s, 1H, H7), 6.15 (s, 1H，
H2‘), 2.75 (s, 3H，H1‘), 2.66 (s, 3H, H1), 2.21 (s, 3H，H3‘), 2.16 (s, 31H, H3), 1.95 (s,
3H，H2) ppm.
1

H NMR (400 MHz, DMF-d6): δ = 13.91 (s, 1H), 8.04 – 8.10 (q, J = 8.0 Hz, 2H),

7.941 – 7.99 (q, J = 8.0 Hz, 2H), 7.82 – 7.87 (q, J = 8.0 Hz, 2H), 7.580 (s, 1H，H7),
6.195 (s, 1H), 2.85 (s, 3H), 2.76 (s, 3H), 2.27 (s, 3H), 2.23 (s, 3H), 2.01 (s, 3H) ppm.
13

C{1H} NMR (100 MHz, DMSO-d6): δ = 152.97, 152.76, 151.80, 149.93, 148.72,

145.72, 143.12, 141.14, 139.71, 137.14, 118.08, 116.22, 114.90, 114.04, 132.26 ppm.
EI-MS m/z (%): 425 (100) [M]+.
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Anal. Calcd (%) for HLMe5-Pz (C24H24N8): C, 67.89; H, 5.70; N, 26.41. Found: C,
67.98; H, 5.87; N, 26.15.

1,3-bis(6- (1-methyl-1H-imidazol-2-yl)yridine-2-yl)pyrazole (HLMe-Im)
Complex XII (1.32 g, 35.1 mmol) was suspended in ethanol (20 mL) and hydrazine
hydrate (2 mL) was added.

The mixture was heated to reflux for 5 hours and

continued to stir overnight at room temperature.

A white precipitate was collected

by filtration and washed with a small amount of H2O (2 × 10 mL) to give white solid.
Yield 1.05 g, 27.56 mmol, 78.8%.
Molecular Weight 381.17 g mol–1.
1

H NMR (500 MHz, CDCl3): δ = 8.15 – 8.13 (m, 2H), 7.827 – 7.82 (m, 4H), 7.34 (s,

1H), 7.17 (s, 2H), 7.03(s, 2H), 4.24 (s, 6H) ppm.
13

C{1H} NMR (125 MHz, CDCl3): δ = 150.32, 144.68, 137.65, 128.41, 124.547,

122.10, 118.62, 101.63, 36.52 ppm.
EI-MS m/z (%): 383 (100) [M]+.
Anal. Calcd (%) for HLMe-Im (C21H18N8): C, 65.94; H, 4.74; N, 29.31. Found: C,
65.98; H, 4.87; N, 29.04.

4-methyl-1,3-bis(6-(1-methyl-1H-imidazol-2-yl)yridine-2-yl)pyrazole (HLMe-MeIm)
Complex XIII (0.42 g, 1.06 mmol) was suspended in ethanol (10 mL) and hydrazine
hydrate (0.2 mL) was added. The mixture was heated to reflux for 5 h and continued
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to stir overnight at room temperature. A white precipitate was collected by filtration
and washed with a small amount of H2O (2 × 5 mL) to give white solid.
Yield 0.34 g, 0.85 mmol, 80.0%.
Molecular Weight 396.4 g mol–1.
1

H NMR (300 MHz, CDCl3): δ = 7.15 (d, J = 7.86 Hz, 2H), 7.86 (t, J = 7.86 Hz, 2H),

7.76 (d, J = 7.83 Hz, 2H), 7.17 (s, 2H), 7.02(s, 2H), 4.19 (s, 6H), 2.73 (s, 3H) ppm.
13

C{1H} NMR (125 MHz, CDCl3): δ = 150.25, 144.95, 137.65, 128.41, 124.41,

121.73, 120.28, 113.19, 36.92, 10.99 ppm.
EI-MS m/z (%): 397 (100) [M]+.
Anal. Calcd (%) for HLMe-MeIm (C22H20N8): C, 66.64; H, 5.09; N, 28.28. Found: C,
65.98; H, 5.17; N, 28.85.

1,3-bis(6-(1H-imidazol-2-yl)yridine-2-yl)pyrazole (HLIm)
To a solution of XVIII (208.30 mg, 0.75 mmol) in 20 mL MeOH was added glyoxal
trimer dehydrate (125.0 mg, 0.59 mmol) followed by slow addition of 0.05 mL of 7 N
ammonia (MeOH solution).

After stirring 12 hours at RT, the solvent was

evaporated in vacuo, and the residue was dissolved H2O (20 mL) and DCM (20 mL).
The aqueous phase was extracted with DCM (2 × 20 mL).

The combined extracts

were dried to yield red solid as HLIm.
Yield 208.30 mg, 0.75 mmol, 50%.
Molecular Weight 354.40 g mol–1.
1

H NMR (300 MHz, DMSO-d6): δ = 13.77 (s, 1H), 12.79 (s, 2H), 8.02 – 7.57 (m, 7H),

7.23 – 7.09 (m, 4H) ppm.
EI-MS m/z (%): 355 (100) [M]+.
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Anal. Calcd (%) for HLIm (C19H14N8): C, 64.38; H, 3.98; N, 31.63. Found: C, 64.21;
H, 4.17; N, 21.62.

2,6-bis(3-(6-(1H-pyrazol-1-yl)yridine-2-yl)-1H-pyrazol-5-yl)pyridine (H2LPz)
Crude compound XX (1.05 g, 2.28 mmol) was suspended in EtOH (25 mL) and
N2H4·H2O (0.6 mL) was added.

The mixture was heated to reflux for 5 hours and

continued to stir overnight at RT.

The precipitate was collected by filtration and

washed with a small amount of water (2 × 5 mL) to give white solid as product.
Yield 775.32 mg, 1.56 mmol, 68.4%.
Molecular Weight 497.5 g mol–1.
1

H NMR (500 MHz, DMSO-d6): δ = 8.17 – 8.02 (m, 2H), 7.99 – 7.83 (m, 2H), 6.65

(s, 2H) ppm.
13

C NMR (125 MHz, DMSO-d6): δ = 167.40, 162.45, 161.91, 150.53, 150.50, 150.47,

149.00, 142.56, 142.34, 140.93, 140.35, 139.35, 139.00, 137.62, 127.85, 127.55,
123.69, 122.76, 121.99, 120.66, 120.44, 117.26, 116.98, 110.36, 108.14, 108.11,
103.28, 102.74 ppm.
EI-MS m/z (%): 497(100) [M]+.
Anal. Calcd (%) for H2LPz (C27H19N11): C, 65.17; H, 3.85; N, 30.98. Found: C, 65.21;
H, 3.77; N, 31.98.
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2,6-bis(3-(6-(1-methyl-1H-imidazol-2-yl)yridine-2-yl)-1H-pyrazol-5-yl)pyridine
(H2LMe-Im)
Crude compound XXI (1.22 g, 2.28 mmol) was suspended in ethanol (25 mL) and
hydrazine hydrate (0.6 mL) was added.

The mixture was heated to reflux for 5 hours

and continued to stir overnight at RT.

The precipitate was collected by filtration and

washed with a small amount of H2O (2 × 5 mL) to give white solid as product.
Yield 840.32 mg, 1.60 mmol, 70.2%.
Molecular Weight 525.2 g mol–1.
1

H NMR (500 MHz, DMSO-d6): δ = 8.06 – 7.90 (m, 10H), 7.52 (s, 1H), 7.37 (d, 2H),

7.06 (d, 2H), 4.24 (d, 2H) ppm.
13

C NMR (125 MHz, DMSO-d6): δ = 167.63, 150.13, 143.81, 137.86, 137.50, 127.78,

125.35, 122.76, 120.94, 118.61, 117.91, 102.28, 36.39, 36.27 ppm.
EI-MS m/z (%): 525 (100) [M]+.
Anal. Calcd (%) for H2LMe-Im (C29H23N11): C, 66.26; H, 4.41; N, 29.33. Found: C,
65.21; H, 3.77; N, 31.98.

2,6-bis(3-(2,2’-bipyridin-6-yl)-1H-pyrazol-5-yl)pyridine (H2LPy)
Crude compound XXII (1.20 g, 2.28 mmol) was suspended in ethanol (25 mL) and
hydrazine hydrate (0.6 mL) was added.

The mixture was heated to reflux for 5 hours

and continued to stir overnight at RT.

The precipitate was collected by filtration and

washed with a small amount of H2O (2 × 5 mL) to give white solid as product.
Yield 972.19 mg, 1.87 mmol, 82.0%.
Molecular Weight 519.6 g mol–1.
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1

H NMR (300 MHz, DMSO-d6): δ = 8.70 – 8.80 (m, 2H), 8.39 – 8.33 (m, 2H), 8.11 –

7.99 (m, 9H), 7.85 – 7.88 (m, 2H), 7.85 – 7.88 (m, 2H), 7.53 – 7.47 (m, 2H) ppm.
EI-MS m/z (%): 519 (100) [M]+.
Anal. Calcd (%) for H2LPy (C31H21N9): C, 71.65; H, 4.08; N, 24.27. Found: C, 65.21;
H, 3.77; N, 31.98.
9.2.2. Synthesis of Complexes
[FeII4LPz4](BF4)4 (1)
The ligand HLPz (280 mg, 0.8 mmol) together with NaOtBu (80 mg, 0.88 mmol) was
in dry MeOH (4 mL) for one hour, resulting in bright-yellow solution, after which
was added dropwise to a solution of Fe(BF4)2·6H2O (320 mg, 0.96 mmol) in degassed
and dry MeOH (4 mL).

The solution gradually turned red-brown and was stirred

overnight at room temperature.

The reaction solution was filtered and the majority

of the filtrate solvent was removed by rotary evaporation.

The remaining reaction

mixture was then poured into stirred diethyl ether (300 mL) and further stirred for 30
min.

After sedimentation, the main part of the solvent was decanted.

was washed repeatedly in the same way.

The residue

The resulting red-brown powder was

subsequently dried in vacuo, which was finally crystallized by diffusion of diethyl
ether into a solution of the crude complex in MeCN.
Yield 320 mg, 0.16 mmol, 80%.
Molecular Weight 1984.0 g mol–1.
1

H NMR (500 MHz, CD3CN): δ = 113.82 (s, 1H), 62.68 (s, 2H), 60.05 (br, 2H),

56.51 (s, 4H), 34.12 (s, 2H), 12.22(s, 2H) ppm.
13

C NMR (125 MHz, CD3CN): δ = 698.69, 621.33, 615.97, 518.39, 305.22, 298.48,

184.15, –199.66, –348.70 ppm.
IR (KBr pellet, cm−1): 743.9 (w), 798.2 (s), 955.8 (m), 989.5 (m), 1020.8 (s), 1054.5
(s), 1079.9 (s), 1124.4 (m), 1173.8 (m), 1214.6 (w), 1241.2 (w), 1292.8 (w), 1310.9
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(s), 1347.0 (w), 1401.2(m), 1445.8 (m), 1474.6 (s), 1520.3 (w), 1540.8 (m), 1572.1
(m), 1614.2 (m), 3080.3 (w), 3423.5 (s).
ESI-MS (MeCN): m/z (%) = 409.1 [Fe4L4]4+, 551.8 [Fe4L4(BF4)]3+, 905.2
[Fe4L4(BF4)2]2+.
UV/vis (CH3CN): λmax = 244, 266, 308, 462 nm.
Anal. Calcd for [Fe4(C19H13N8)4(BF4)4]: C 46.00, H 2.64, N 22.59. Found: C 45.93,
H 2.74, N 21.83.
[FeII4LMe-Pz4](BF4)4 (2)
By a procedure similar to that used for preparing complex 1, complex 2 was obtained
by using HLMe-Pz (297.2 mg,0 .81 mmol) instead of HLPz, and dry DMF (1 mL) was
added in the MeOH solution.

The precipitation of a voluminous red-brown material

was observed after stirring overnight at room temperature.

The resulting red-brown

powder was washed with diethyl ether and subsequently dried in vacuo, which was
finally crystallized by diffusion of diethyl ether into a solution of the crude complex
in CH3CN.
Yield 340 mg, 0.17 mmol, 84%.
Molecular Weight 2040.1 g mol–1.
1

H NMR (500 MHz, CD3CN): δ = 69.56 (s, 2H), 68.94 (br, 1H), 55.195 (s, 2H),

52.19 (s, 3H), 51.88 (s, 1H), 32.93 (s, 2H), 10.78 (s, 2H) ppm.
13

C NMR (125 MHz, CD3CN): δ = 719.46, 623.02, 589.88, 512.12, 372.48, 286.08,

201.10, 188.87, –169.91 ppm.
IR (KBr pellet, cm−1): 701.4 (w), 758.8 (m), 804.8 (m), 954.4 (m), 990.8 (w), 1035.8
(s), 1066.6 (w), 1086.7 (s), 1127.0 (m), 1167.2 (m), 1210.5 (w), 1220.4 (w), 1263.7
(w), 1305.3 (m), 1345.6 (w), 1380.2 (w), 1406.0 (m), 1472.1 (s), 1506.6 (w), 1524.9
(m), 1576.71 (m), 1609.2 (m), 3083.3 (w), 3423.4 (s).
ESI-MS (CH3CN): m/z (%) = 423.1 [Fe4L4]4+, 570.5 [Fe4L4(BF4)]3+, 933.2
[Fe4L4(BF4)2]2+.
UV/vis (CH3CN): λmax = 246, 272, 330, 475 nm.
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Anal. Calcd for [Fe4(C20H15N8)4(BF4)4]: C 47.09, H 2.96, N 21.97. Found: C 46.69,
H 3.02, N 21.64.
[FeII4LMe4-Pz4](BF4)4 (3)
Complex 3 was produced by a procedure similar to that used for preparing complex 2,
except HLMe4-Pz (327.4 mg, 0.78 mmol) was employed instead of HLMe-Pz, and dry
DMF (1.5 mL) was added.

The resulting red-brown powder was obtained.

Yield 350 mg, 0.16 mmol, 82%.
Molecular Weight 2208.5 g mol–1.
1

H NMR (500 MHz, CD3CN): δ = 73.97 (s, 1H), 62.92 (s, 2H), 58.39 (s, 2H), 41.45

(s, 2H), 13.13 (s, 6H), 12.24 (s, 2H), –1.44 (s, 6H) ppm.
13

C NMR (125 MHz, CD3CN, 298 K): δ = 634.29, 586.25, 583.36, 520.00, 400.38,

242.12, 197.69, 64.54, –251.66 ppm.
IR (KBr pellet, cm−1): 669.6 (w), 718.8 (w), 752.2 (w), 844.9 (s), 985.8 (w), 1031.8
(w), 1058.6 (w), 1086.7 (s), 1126.6 (m), 1176.0 (w), 1263.5 (w), 1315. 9 (w), 1385.6
(w), 1423.4 (w), 1446.4 (m), 1472.9 (m), 1506.6 (w), 1545.4 (w), 1578.2 (m), 1610.2
(m), 2925.3 (w), 3461.5 (s).
ESI-MS (CH3CN): m/z (%) = 465.4 [Fe4L4]4+, 626.8 [Fe4L4(BF4)]3+, 1017.2
[Fe4L4(BF4)2]2+.
UV/vis (CH3CN): λmax = 248, 270, 319, 334, 480 nm.
Anal. Calcd for [Fe4(C23H21N8)4(BF4)4]: C 50.03, H 3.83, N 20.30. Found: C 49.63,
H 3.98, N 20.58.
[FeII4LMe5-Pz4](BF4)4 (4)
Using ligand HLMe5-Pz (349.7 mg, 0.81 mmol) instead of HLMe-Pz, complex 4 was
obtained by a procedure similar to that used for preparing complex 2, and dry DMF (2
mL) was added. The resulting red-brown powder was obtained.
Yield 380 mg, 0.17 mmol, 84%.
Molecular Weight 2264.6 g mol-1.
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1

H NMR (500 MHz, CD3CN): δ = 74.90 – 75.19 (br, 1H, H7), 57.90 – 63.78 (m, 2H,

H6), 56.77 – 57.62 (m, 1H, H2), 42.37 – 43.45 (m, 2H, H4), 11.12 – 15.77 (m, 8H,),
0.18-0.97 (m, 9H) ppm.
IR (KBr pellet, cm−1): 663.6 (w), 755.8 (m), 792.2 (m), 832.9 (w), 953.0 (w), 989.8
(m), 1023.9 (s), 1084.4 (s), 1108.6 (w), 1126.7 (m), 1171.6 (m), 1248.3 (w), 1278.9
(w), 1321.9 (m), 1355.6 (m), 1391.4 (m), 1418.2 (m), 1448.9 (s), 1473.4 (s), 1540.9
(m), 1562.2 (s), 1612.7 (s), 3067.3 (w), 3412.5 (s).
ESI-MS (CH3CN): m/z (%) = 479.4 [Fe4L4]4+, 645.5 [Fe4L4(BF4)]3+, 1045.3.
[Fe4L4(BF4)2]2+.
UV/vis (CH3CN): λmax = 250, 268, 336, 486 nm.
Anal. Calcd for [Fe4(C24H23N8)4(BF4)4]: C 50.92, H 4.09, N 19.79. Found: C 51.11,
H 3.86, N 20.04.
[FeII3FeIIILPz4](BF4)5 (5)
Complex 1 (50.0 mg, 0.025 mmol) and thianthrenium tetrafluoroborate (80.0 mg, 0.25
mmol) were dissolved in CH3CN (10 mL) and stirred for overnight.

The solution

turned deep purple and was then filtered under ambient conditions.

The black

crystalline material was obtained by layering the CH3CN solution containing the
crude product with Et2O.
Yield 30.0 mg, 0.012 mmol, 48.20%.
Molecular Weight 2071.0 g mol–1.
[FeII4LMe-Im4](ClO4)4 (6)
NaOtBu (8.1 mg, 0.08 mmol, 1.1 eq.) was added to a solution of HLMe-Im (30.0 mg,
0.076 mmol) in MeOH (5.0 mL) under an inert atmosphere of argon.

After 0.5 hour,

this solution was added dropwise to a solution of Fe(ClO4)2‧6H2O (33.1 mg, 0.09
mmol) in MeOH (2 mL).

The reaction mixture was stirred overnight and then

filtered under ambient conditions.

Slow diffusion of diethyl ether into the filtrate

resulted in the formation of black block crystals.
Yield 34.0 mg, 0.016 mmol, 84.2%.
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Molecular Weight 2150.9 g mol-1.
IR (KBr pellet, cm−1): 627.3 (m), 696.3 (w), 721.2 (w), 803.9 (m), 939.0 (w), 1016.4
(w), 1043.9 (w), 1090.4 (s), 1112.6 (w), 1123.7 (w), 1179.6 (w), 1231.3 (w), 1256.4
(m), 1286. 9 (w), 1314.3 (w), 1347.4 (w), 1380.2 (w), 1424.9 (w), 1468.8 (m), 1529.9
(m), 1565.2 (m), 1606.7 (m), 3420.9 (s).
ESI-MS (CH3CN): m/z (%) = 437.1 (100) [Fe4L4]4+, 615.8 (70) [Fe4L4(ClO4)]3+,
974.1 (8) [Fe4L4(ClO4)2]2+.
UV/vis (CH3CN): λmax = 270, 377, 498, 553, 670 nm.
Anal. Calcd (%) for ([(C21H18N8)4Fe4(ClO4)4‧(H2O)2]): C, 45.98; H, 3.46; N, 20.15.
Found: C, 46.23; H, 3.33; N, 20.55.
[FeII3FeIIILMe-Im4](ClO4)5 (7)
Solution of complex 6 (34.0 mg, 0.016 mmol) in MeNO2 (5.0 mL) was added excess
AgClO4 (15.5 mg, 0.075 mmol).

The mixture was stirred overnight at RT.

The

precipitate (silver) was removed by filtration. Upon adding a large amount of Et2O
into this solution, the resulting powder appeared and repeatedly washed with Et2O.
The residue was re-dissolved in CH3CN (5 mL). Slow diffusion of diethyl ether into
the filtrate resulted in the formation of black block crystals [FeII2FeIII2L4](ClO4)5,
which were collected by filtration.
Yield 10.35 mg, 0.0046 mmol, 28.7%
Molecular Weight 2250.3 g mol–1.
[FeII2FeIII2LMe-Im4](ClO4)6 (8)
Excess AgClO4 (15.5 mg, 0.075 mmol) was added to a MeNO2 (5.0 mL) solution of 6
(34.0 mg, 0.016 mmol).

The mixture was stirred for one hour at 60°C, cooled to

room temperature, and the precipitate (silver) was removed by filtration.

Upon

adding a large amount of Et2O into this solution, the resulting powder appeared and
repeatedly washed with Et2O.

The residue was re-dissolved in CH3CN (10 mL).

Slow diffusion of diethyl ether into the filtrate resulted in the formation of black block
crystals, which were collected by filtration.
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Yield 18.2 mg, 0.006 mmol, 48.7%.
Molecular Weight 2349.8 g mol–1.
IR (KBr pellet, cm−1): 627.3 (m), 636.3 (w), 688.2 (w), 697.9 (w), 727.6 (w), 744.4
(w), 763.8 (w), 802.2 (s), 865.1 (w), 940.7 (w), 972.4 (w), 1047.3 (w), 1092.4 (s),
1142. 9 (m), 1259.3 (m), 1300.4 (w), 1353.2 (w), 1388.2 (w), 1419.8 (w), 1482.9 (s),
1567.8 (m), 1611.7 (m), 3436.9 (s).
ESI-MS (CH3CN): m/z (%) 349.9 (100) [Fe4L4]5+, 486.2 (50) [Fe2L2]2+, 649.4 (45)
[Fe4L4(ClO4)2]3+, 818.3 (65) [FeL2]+, 1023.6 (20) [Fe4L4(ClO4)3]2+.
UV/vis (CH3CN): λmax = 270, 377, 602, 6703,792 nm.
Anal. Calcd. (%) for ([Fe4(C21H17N8)4(ClO4)6]): C, 43.04; H, 2.93; N,19.13. Found:
C, 42.99; H, 2.64; N, 19.41.
[FeIII2(AgI2)2LMe-Im4](ClO4)6 (9)
Fe(ClO4)2‧6H2O (13.8 mg, 0.038 mmol, 0.5 eq.) and HLMe-Im (30.0 mg, 0.076 mmol)
were dissolved in CH3NO2 (10 mL) and the solution immediately turned to a deep red
color.

After stirring for two hours, AgClO4 (63 mg, 0.304 mmol, 4.0 eq.) was added,

which resulted in the mixture color changing to blue. During 6 hours of stirring, a
precipitate (silver) was removed by filtration.

Upon adding a large amount of Et2O

into the solution, the resulting powder appeared and repeatedly washed with Et2O.
The residue was worked up with the same way as in the last step. Black block crystals
were collected by filtration.
Yield 0.023 g, 0.008 mmol, 45%.
Molecular Weight 2349.8 g mol–1.
IR (KBr pellet, cm−1): 628.3 (m), 657.6 (w), 5 687.2 (w), 697.9 (w), 725.6 (w), 745.9
(w), 762.8 (w), 802.2 (m), 928.1 (w), 941.9 (w), 978.3 (w), 1087.3 (s), 1149.4 (s),
1247.9 (w), 1293.3 (m), 1357.4 (w), 1391.2 (w), 1421.2 (w), 1480.5 (s), 1570.9 (m),
1593.8 (w), 1618.7 (m), 3436.9 (s).
UV/vis (CH3CN): λmax = 268, 315, 593, 716, 776 nm.
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Anal. Calcd (%) for [Fe2Ag4(C21H17N8)4(ClO4)6])·(CH3CN)2: C, 37.92; H, 258;
N,16.85. found: C, 38.00; H, 3.03; N, 16.79.
[FeII4LMe-MeIm4](BF4)4 (10)
Under an inert atmosphere of argon ligand HLMe2-Im (31.71 mg, 0.08 mmol) together
with NaOtBu (8.0 mg, 0.088 mmol) was 203yridine203 in MeOH (10 mL) for one
hour.

This solution was added dropwise to a solution of Fe(BF4)2·6H2O (33.0 mg,

0.088 mmol) in MeOH (5 mL).

The solution gradually turned orange red and was

stirred overnight and then filtered under ambient conditions.

Most solvent was

removed by rotary evaporation and the remaining reaction mixture was then poured
into stirred Et2O (50 mL) and further stirred for 30 min.
main part of the solvent was decanted.
same way.

After sedimentation, the

The residue was washed repeatedly in the

The orange red crystalline material was obtained by layering the CH3CN

solution containing the crude product with Et2O.
Yield 19.37 mg, 0.009 mmol, 45.1%.
Molecular Weight 2152.4 g mol–1.
[CoII4LPz4](BF4)4 (11)
Ligand HLPz (280 mg, 0.8 mmol) together with NaOtBu (80 mg, 0.88 mmol) was
203yridine203 in CH3CN (50 mL) for one hour under an inert atmosphere of argon.
This solution was added dropwise to a solution of Co(BF4)2·6H2O (270 mg, 0.88
mmol) in CH3CN (20 mL).

The solution gradually turned deep orange and was

stirred overnight and then filtered under ambient conditions.

The yellow orange

crystalline material was obtained by layering the CH3CN solution containing the
crude product with Et2O.
Yield 230 mg, 0.12 mmol, 58.1%.
Molecular Weight 1996.4 g mol–1.
1

H NMR (500 MHz, CD3CN): δ = 188.05 (s, 1H), 121.76 (s, 2H), 116.17 (s, 2H),

45.62 (s, 2H), 45.22 (s, 2H), 23.67 (s, 2H), –4.25 (s, 2H) ppm.
13

C NMR (125 MHz, CD3CN): δ = 658.2, 643.39, 589.08, 579.55, 470.18, 470.09,
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287.94, 286.48, 233.71, 232.65, –29.24 ppm.
IR (KBr pellet, cm−1): 756.9.9 (w), 797.3 (s), 955.5 (w), 989.9 (w), 1018.3 (w),
1036.5(w), 1056.8(w), 1085.1 (s), 1170.3 (w), 1121.6(w), 1263.5 (w), 1316.1 (w),
1349.3 (w), 1401.5(m), 1445.9 (w), 1475.6 (s), 1522.9 (w), 1537.1 (w), 1574.2 (s),
1614.1 (s), 3422.4 (s).
ESI-MS (CH3CN): m/z (%) = 412.1 (100) [Co4L4]4+, 555.8 (40) [Co4L4(BF4)]3+,
911.2 (10) [Co4L4(BF4)2]2+.
UV/vis (CH3CN): λmax = 242, 277, 334, 434, 529 nm.
Anal. Calcd. (%) for [Co4(C19H13N8)4(BF4)4]: C 45.68, H 2.63, N 22.45; found: C
45.34, H 2.901, N 22.20.
[CoII4LMe-pz4](BF4)4 (12)
Complex 12 was obtained by a procedure similar to that used for preparing complex
11, except HLMe-Pz (289.0 mg 0.8 mmol) was employed instead of HLPz.
Yield 270 mg, 0.13 mmol, 65%.
Molecular Weight 2052.5 g mol–1.
1

H NMR (500 MHz, CD3CN): δ = 130.00 (s, 2H), 128.40 (s, 2H), 107.40 (s, 3H),

41.76 (s, 2H), 40.35 (s, 2H), 25.45 (s, 2H), –9.34 (s, 2H) ppm.
13

C NMR (125 MHz, CD3CN): δ = 668.13, 663.63, 630.55, 598.47, 467.53, 271.19,

240.37, 16.00 ppm.
IR (KBr pellet, cm−1): 760.8 (w), 805.2 (s), 953.4(w), 1034.9(s), 1084.4 (s), 1172.5
(w), 1260.4 (m), 1307.8 (w), 1346.3(w), 1382.9(w), 1402.2 (m), 1473.1 (s), 1507.5
(w), 1524.6 (s), 1574.0 (s), 1610.5 (s), 3429.3 (s).
ESI-MS (CH3CN): m/z (%) = 426.3 (100) [Co4L4]4+, 574.4 (36) [Co4L4(BF4)]3+,
939.2 (12) [Co4L4(BF4)2]2+.
UV/vis (CH3CN): λmax = 242, 279, 336, 438, 535 nm.
Analy. Calcd. (%) for [(C20H15N8)4Co4(BF4)4]: C 46.77, H 2.94, N 21.83; found: C
46.83, H 3.09, N 21.61.
[CoII4LMe-Im4](BF4)4 (13)
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HLMe-Im (68.0 mg, 0.18 mmol) and NaOtBu (9.72 mg, 0.18 mmol) were dissolved in
MeOH (20 mL). After stirring for one hour, a solution of Co(BF4)2·6H2O (61.2 mg,
0.18 mmol) in MeCH3OH (5 mL) was added.

The resulting mixture was stirred

overnight at rt.

Any precipitate was filtered off and the filtrate was added to large

quantity Et2O.

The new precipitate was separated by filtration, washed with Et2O

and dried in vacuo.

The crude product was obtained as a brown powder.

Crystalline material suitable for further characterization could be obtained by slow
diffusion of Et2O into a solution of the crude product in CH3CN.
Yield 34.92 mg, 0.02 mmol, 45%.
Molecular Weight 1724.3 g mol–1.
1

H NMR (500 MHz, CD3CN): δ = 153.30 (s, 1H), 134.24 (s, 2H), 89.92 (s, 2H),

56.36 (s, 2H), 38.64 (s, 2H), 19.15 (s, 2H), –23.38 (s, 6H) ppm.
13

C NMR (125 MHz, CD3CN): δ = 1127.21, 623.151, 612.75, 495.11, 447.15, 336.77,

197.41, 91.12, 88.88, –52.44 ppm.
IR (KBr pellet, cm−1): 653.9 (w), 688.0 (w), 699.8 (w), 726.0 (w), 740.0 (w), 767.3
(w), 802.5 (s), 920.2 (w), 940.1 (w), 1039.5 (s), 1084.8 (s), 1121.6 (w), 1061.1 (w),
1170.3 (w), 1227.1 (w), 1258.5 (w), 1282.7 (m), 1310.3 (w), 1341.8 (m), 1397.9 (w),
1415.6 (w), 1574.9 (w), 1533.1 (w), 1564.2 (s), 1613.1 (s), 3104.5 (s), 3422.4 (s).
ESI-MS (CH3CN): m/z (%) = 440.6 (100) [Co4L4]4+, 615.8 (100) [Co4L4(BF4)]3+,
967.2 (75) [Co4L4(BF4)2]2+.
UV/vis (CH3CN): λmax = 272, 308, 330, 383, 438 nm.
Analy. Calcd. (%) for [Co4(C23H15N6)4(BF4)4]: C 52.97, H 2.90, N 16.12; found: C
52.83, H 3.09, N 15.61.
[CoII4LPy4](BF4)4 (14)
HLPy (40.0 mg, 0.11 mmol) and NaOtBu (10.4 mg, 0.126 mmol) were dissolved in
CH3CN (20 mL) and DMF (2 mL) at room temperature under an inert atmosphere of
argon.

Co(BF4)2‧6H2O (30.8 mg, 0.12 mmol) in CH3CN (10 mL) was then added to

give a yellow solution and stirred for overnight.

Filtration and removal of solvent in
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vacuo from the yellow filtrate left a yellow solid.

Slow diffusion of Et2O into a

solution of the crude product in CH3CN yielded red orange crystals.
Yield 20.8 mg, 0.01 mmol, 42%.
Molecular Weight 2084.6 g mol–1.
1

H NMR (500 MHz, CD3CN): δ = 204.41 (s, 2H), 148.83 (s, 1H), 96.94 (s, 2H),

47.76 (s, 2H), 42.83 (s, 2H), 21.45 (s, 2H), 19.18 (s, 2H), –11.86 (s, 2H) ppm.
13

C NMR (125 MHz, CD3CN): δ = 1151.59, 582.41, 464.88, 404.79, 251.94, 221.53,

142.90, 47.49 ppm.
IR (KBr pellet, cm−1): 626.0 (m), 655.0 (w), 701.3 (m), 777.5 (s), 825.2 (m), 976.1
(m), 1000.3 (s), 1057.1 (s), 1083.5 (s), 1245.7 (m), 1277.7 (w), 1311.8 (m), 1444.4 (s),
1458.6 (m), 1489.9 (w), 1535.1 (m), 1568.2 (s), 1603.1 (s), 3048.5 (s), 3421.4 (s).
ESI-MS (CH3CN): m/z (%) = 434.3 (100) [Co4L4]4+, 606.8 (36) [Co4L4(BF4)]3+,
955.2 (12) [Co4L4(BF4)2]2+.
UV/vis (CH3CN): λmax = 238, 279, 336, 438, 546 nm.
Analy. Calcd. (%) for [(C23H15N6)4Co4(BF4)4]: C 52.97, H 2.90, N 16.12; found: C
52.83, H 3.09, N 15.61.
[CoII2CoIII2LPz4](BF4)6 (15)
Complex 11 (100 mg, 0.05 mmol) and thianthrenium tetrafluoroborate (320 mg, 1.0
mmol) were dissolved in CH3CN (20 mL) and stirred for overnight.

The solution

turned deep purple and was then filtered under ambient conditions. T he black
crystalline material was obtained by layering the CH3CN solution containing the
crude product with Et2O
Yield 70 mg, 0.03 mmol, 67.8%.
Molecular Weight 2170.0 g mol–1.
1

H NMR (500 MHz, CD3CN): δ = 158.51 (s, 1H), 126.26 (s, 1H), 96.92 (s, 1H),

61.89 (s, 1H), 60.51 (s, 1H), 25.96 (s, 1H), 22.95 (s, 1H), 7.42 (s, 1H), 7.16 (s, 1H),
0.59 (s, 1H), 0.15 (s, 1H), –14.30 (s, 1H), –30.88 (s, 1H) ppm.
13

C NMR (125 MHz, CD3CN): δ = 941.16, 755.22, 745.56, 744.83, 588.44, 456.67,
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318.25, 267.51, 222.23, 203.18, 145.65, 137.85, 135.46, 114.55, 110.85, 67.03, 65.16,
14.51 ppm.
IR (KBr pellet, cm−1): 763.8 (w),804.2 (m), 987.2 (w), 1021.2 (w), 1036.9(w),
1063.8(w), 1083.7 (s), 1123.62(w), 1173.7 (m), 1261.7 (w), 1312.8 (m), 1351.1 (w),
1402.1(m), 1444.7 (w), 1478.1 (s), 1523.5 (w), 1541.9 (w), 1574.5 (s), 1619.2 (s),
3422.4 (s).
ESI-MS (CH3CN): m/z (%) = 274.7 (90) [Co2L2]3+, 329.7 (50) [Co4L4]5+, 412.1 (20)
[Co4L4]4+.
UV/vis (CH3CN): λmax = 242, 277, 334, 409, 613 nm.
Analy. Calcd. (%) for [Co4(C19H13N8)4(BF4)6]: C 41.98, H 2.51, N 20.63; found: C
41.64, H 2.90, N 20.52.
[CoII2CoIII2LMe-pz4](BF4)6 (16)
Complex 16 was obtained in the same manner as 15, using 12 (86.5 mg, 0.04 mmol)
in place of 11.
Yield 80 mg, 0.03 mmol, 71.2%.
Molecular Weight 2226.1 g mol–1.
1

H NMR (500 MHz, CD3CN): δ = 167.27 (s, 1H), 135.99 (s, 1H), 60.63 (s, 1H),

56.73 (s, 1H), 51.60 (s, 3H), 25.70 (s, 1H), 24.11 (s, 1H), 7.87 (s, 1H), 6.26 (s, 1H),
0.12 (s, 1H), –0.41 (s, 1H), –15.64 (s, 1H), –35.09 (s, 1H) ppm.
13

C NMR (125 MHz, CD3CN): δ = 912.21, 762.24, 750.63, 592.35, 454.15, 341.27,

301.65, 277.26, 195.12, 138.73, 135.31, 131.90, 128.29, 113.59, 111.28, 61.13, 57.60,
52.94 ppm.
IR (KBr pellet, cm−1): 770.3 (w), 805.9 (m), 952.5(w), 1032.0(s), 1058.5(w), 1084.4
(s), 1174.7(w), 1211.4 (w), 12620.3 (w), 1307.2 (m), 1347.9(m), 1386.8(w), 1400.9
(m), 1476.4 (m), 1496.8 (w), 1525.2 (m), 1570.2 (w), 1613.7 (m), 3408.1 (s).
ESI-MS (CH3CN): m/z (%) = 284.1 (50) [Co2L2]3+, 340.9 (28) [Co4L4]5+, 426.1 (100)
[Co4L4]4+, 793.2 (15) [CoL]+.
UV/vis (CH3CN): λmax = 242, 277, 334, 412, 619 nm.
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Analy. Calcd. (%) for [Co4(C20H15N8)4(BF4)6]: C 44.13, H 3.09, N 19.62; found: C
44.28, H 2.83, N 20.02.
[CoII2CoIII2LMe-Im4](BF4)6 (17)
Complex 13 (34.5 mg, 0.02 mmol) and solid AgBF4 (40.0 mg, 10 eq.) were dissolved
in MeNO2 and the mixture was stirred overnight at RT.

The precipitated Ag was

filtered off. MeNO2 solvent was removed and the residue was redissolved in CH3CN
(5 mL).

The solution was added a large quantity of Et2O.

powder was repeatedly washed with Et2O.

The resulting green

Crystalline material suitable for further

characterization could be obtained by slow diffusion of Et2O into a solution of the
crude product in CH3CN.
Yield 32.0 mg, 0.014 mmol, 70.8%.
Molecular Weight 2258.2 g mol–1.
1

H NMR (500 MHz, CD3CN): δ = 130.87 (s, 1H), 90.23 (s, 1H), 70.05 (s, 1H), 52.94

(s, 1H), 30.97 (s, 1H), 30.22(s, 1H), 27.01 (s, 1H), 8.31 (s, 1H), 6.12 (s, 1H), 3.81 (s,
1H), 1.99 (s, 1H), -7.69 (s, 1H), –12.75 (s, 1H), –19.66 (s, 1H), –27.79 (s, 1H) ppm.
13

C NMR (125 MHz, CD3CN): δ = 903.46, 581.42, 570.95, 408.383, 289.77, 274.05,

272.86, 259.27, 227.36, 217.37, 156.67, 144.92, 143.68, 136.55, 1357.105, 134.41,
1324.89, 129.02, 127.80, 127.27, 125.82, 108.41, 102.31, 100.94, 82.75, 81.26, 79.50
ppm.
IR (KBr pellet, cm−1): 664.0 (w), 690.8 (w), 702.1 (w), 743.5 (w), 762.8 (w), 807.7
(m), 943.2 (w), 979.2 (w), 1039.1 (s), 1087.5 (s), 1120.7 (s), 1177.3 (w), 1256.8 (w),
1289.9 (w), 1307.6 (w), 1400.9 (w), 1475.1 (s), 1569.2 (m), 1611.1 (m), 3080.5 (s),
3412.4 (s).
ESI-MS (CH3CN): m/z (%) = 347.45 (50) [Co4L4]5+, 433.56 (78) [Co2L2F]2+, 636.76
(20) [Co4L4(BF4)2]3+, 809.19 (60) [CoL2] +.
UV/vis (CH3CN): λmax = 242, 308, 330, 419, 613 nm.
Analy. Calcd. (%) for [(C19H13N8)4Co4(BF4)6]: C 42.02, H 2.41, N 20.65; found: C
41.64, H 2.90, N 20.52.
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[CoII2CoIII2LPy4](BF4)6 (18)
Complex 14 (41.68 mg, 0.02 mmol) and AgBF4 (39.0 mg, 10 eq.) were dissolved in
MeNO2 (10 mL) and stirred for overnight.

The solution turned olive-green and was

then filtered under ambient conditions.

Crystalline material suitable for further

characterization could be obtained by slow diffusion of Et2O into a solution of the
crude product in CH3CN.
Yield 31.9 mg, 0.014 mmol, 70.0%.
Molecular Weight 2282.2 g mol–1.
1

H NMR (500 MHz, CD3CN): δ = 116.24 (s, 1H), 88.65 (s, 1H), 74.92 (s, 1H), 52.78

(s, 1H), 24.44 (s, 1H), 16.46 (s, 1H), 10.90 (s, 1H), 1.99 (s, 1H), 1.77 (s, 1H), –4.53 (s,
1H), –11.90 (s, 3H), –21.54 (s, 3H), –31.59 (s, 1H) ppm.
13

C NMR (125 MHz, CD3CN): δ = 922.10, 747.00, 609.29, 486.57, 461.157, 287.11,

240.19, 202.38, 171.23, 138.73, 131.10, 129.75, 1203.10, 108.54, 91.29, 90.71, 89.51,
88.24, 71.71, 66.66, 21.40, –19.08 ppm.
IR (KBr pellet, cm−1): 612.3 (w), 629.3 (w), 650.0 (m), 687.0 (w), 703.3 (w), 747.3
(w), 775.5 (m), 818.2 (w), 975.1 (m), 1026.3 (s), 1054.3 (s), 1083.3 (s), 1126.1 (w),
1046.5 (w), 1249.7 (w), 1311.7 (m), 1340.8 (mw), 1440.4 (m), 1454.6 (m), 1485.9
(w), 1497.1 (w), 1568.2 (m), 1611.1 (m), 3072.5 (s), 3404.4 (s).
ESI-MS (CH3CN): m/z (%) = 293.40 (100) [Co2L2]3+, 449.59 (450) [Co2L2F]2+,
821.25 (5) [CoL2]+.
UV/vis (CH3CN): λmax = 238, 279, 336, 452, 596 nm.
Analy. Calcd. (%) for [Co4(C21H17N8)4(BF4)6]: C 44.16, H 3.00, N 19.63; found: C
44.64, H 2.90, N 20.02.
[FeII3(HLPz)LPz3](BF4)3 (19)
The ligand HLPz (37.6 mg, 0.106 mmol) and NaOtBu (5.30 mg, 0.55 mmol, 0.50 eq)
was dissolved in CH3CN (10 mL) under an inert atmosphere of dry argon.

After

stirring for 1 hour this solution was added to a solution of Fe(BF4)2·6H2O (26.70 mg,
0.790 mmol) in CH3CN (5 mL).

The reaction mixture was stirred overnight and then
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filtered under ambient conditions.

The reaction solution was filtered and the

majority of the filtrate solvent was removed by rotary evaporation.

Crystalline

material suitable for further characterization could be obtained by slow diffusion of
Et2O into a solution of the crude product in CH3CN.
Yield 26.36 mg, 0.018 mmol, 67.3%.
Molecular Weight 1478.2 g mol–1.
ESI-MS (CH3CN): m/z (%) = 527.1 (100) [Fe3(HL)L3]3+, 790.2 (12) [Fe3L4]]2+, 800.2
(32) [Fe3(HL)L3(F)]2+, 834.2 (40) [Fe3(HL)L3(BF4)]2+.
[FeII3 (HLMe-Pz)LMe-Pz3](BF4)3 (20)
Using ligand HLMe-Pz (38.9 mg, 0.106 mmol) instead of HLPz, complex 20 was
obtained by a procedure similar to that used for preparing complex 19.
Yield 24.68 mg, 0.016 mmol, 60.7%.
Molecular Weight 1534.3 g mol-1.
ESI-MS (CH3CN): m/z (%) = 545.8 (100) [Fe3(HL)L3]3+, 818.2 (36) [Fe3L4]]2+, 828.7
(20) [Fe3(HL)L3(F)]2+, 862.2 (12) [Fe3(HL)L3(BF4)]2+.
[FeII3(HLMe-Im)LMe-Im3](ClO4)3 (21)
The ligand HLMe-Im (40.5 mg, 0.106 mmol, 1.0 equiv) and NaOtBu (5.30 mg, 0.55
mmol) was dissolved in MeOH (10 mL) under an inert atmosphere of dry argon and
stirred for one hour.

This solution was added to a solution of Fe(ClO4)2·6H2O (28.60

mg, 0.790 mmol) in MeOH (5 mL).

The reaction mixture was stirred overnight and

then filtered under ambient conditions.

The reaction solution was filtered and the

majority of the filtrate solvent was removed by rotary evaporation.

Crystalline

material suitable for further characterization could be obtained by slow diffusion of
Et2O into a solution of the crude product in CH3CN.
Yield 26.36 mg, 0.016 mmol, 62.5%.
Molecular Weight 1628.4 g mol–1.
ESI-MS (MeCN): m/z (%) = 437.1 (50) [FeL2]2+, 564.8 (100) [Fe3(HL)L3]3+, 862.2 (5)
[Fe3L4]]2+.
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10. Appendix
10.1. NMR Spectroscopy
10.1.1. NMR Spectroscopy of Ligands
3,5-bis(6-(1H-pyrazol-1-y) yridine-2-yl)pyrid-2-yl)pyrazole (HLPz)

Figure 10.1. 1H NMR spectrum (500 MHz, CDCl3, 298 K) of HLPz (*CHCl3).
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Figure 10.2. 13C{1H} NMR spectrum (125 MHz, CDCl3, 298 K) of HLPz.

Figure 10.3. 1H-1H-NOESY spectrum ((CDCl3, 298 K)) of HLPz.
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Figure 10.4. 1H-13C-HMQC spectrum (CDCl3, 298 K) of HLPz in the 1H: 6.0 to 9.0 ppm; 13C: 100 to
160 ppm range.

Figure 10.5. 1H-13C-HMBC spectrum (CDCl3, 298 K) of HLPz in the 1H: 6.0 to 9.0 ppm; 13C: 100 to
160 ppm range.
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4-methyl-3,5-bis(6-(1H-pyrazol-1-y)yridine-2-yl)pyrid-2-yl)pyrazole (HLMe-Pz)

Figure 10.6. 1H NMR spectrum (500 MHz, CDCl3, 298 K)) of HLMe-Pz (*CHCl3).

Figure 10.7. 13C{1H} NMR spectrum (125 MHz, CDCl3, 298 K) of HLMe-Pz in the 1H: 10.0 to 170.0
ppm range.
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Figure 10.8. 1H-1H-NOESY spectrum (CDCl3, 298 K) of HLMe-Pz in the 6.0 to 9.0 ppm range.

Figure 10.9. 1H-13C-HMQC spectrum (CDCl3, 298 K) of HLMe-Pz in the 1H: 6.0 to 9.0 ppm; 13C: 105 to
155 ppm range.
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Figure 10.10. 1H-13C-HMBC spectrum (CDCl3, 298 K) of HLMe-Pz in the 1H: 6.0 to 9.0 ppm; 13C: 105
to 160 ppm range.

3,5-bis(6-(3,5-dimethyl-1H-pyrazol-1-yl)yridine-2-yl)pyrid-2-yl)pyrazole
(HLMe4-Pz)

Figure 10.11. 1H NMR spectrum (300 MHz, CDCl3, 298 K) of HLMe4-Pz (*CHCl3).
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Figure 10.12. 13C{1H} NMR spectrum (75 MHz, CDCl3, 298 K)) of HLMe4-Pz.

2-(3,5-dimethyl-1H-pyrazol-1-yl)-6-(3-(6-(3,4,5-trimethyl-1H-pyrazol-1-yl)pyridi
n-2-yl)-1H-pyrazol-5-yl)pyridine (HLMe5-Pz)

Figure 10.13. 13C{1H} NMR spectrum (125 MHz, CDCl3, 298 K) of HLMe5-Pz.
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1,3-bis(6- (1-methyl-1H-imidazol-2-yl)yridine-2-yl)pyrazole (HLMe-Im)

Figure 10.14. 1H NMR spectrum (500 MHz, CDCl3, 298 K) of HLMe-Im (*CHCl3).

Figure 10.15. 13C{1H} NMR spectrum (125 Hz, CDCl3, 298 K)) of HLMe-Im.
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Figure 10.16. 1H-13C-COSY spectrum (CDCl3, 298 K) of HLMe-Im in the 1H: 3.5 to 9.0 ppm range.

Figure 10.17. 1H-13C-HSQC spectrum (CDCl3, 298 K) of HLMe-Im in the 1H: −0.5 to 9.0 ppm; 13C: 20
to 160 ppm range.
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4-methyl-1,3-bis(6-(1-methyl-1H-imidazol-2-yl)yridine-2-yl)pyrazole (HLMe-MeIm)

Figure 10.18. 1H NMR spectrum (300 MHz, CDCl3, 298 K) of HLMe-MeIm (CDCl3: δ = 7.2 ppm)

Figure 10.19. 13C NMR spectrum (75 MHz, CDCl3, 298 K) of HLMe-MeIm.
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1,3-bis(6-(1H-imidazol-2-yl)yridine-2-yl)pyrazole (HLIm)

Figure 10.20. 1H NMR spectrum (300 MHz, DMSO-d6, 298 K) of HLIm (DMSO: δ = 2.5 ppm; H2O: δ
= 3.3 ppm).

2,6-bis(3-(6-(1H-pyrazol-1-yl)yridine-2-yl)-1H-pyrazol-5-yl)pyridine (H2LPz)

Figure 10.21. 1H NMR spectrum (300 MHz, DMSO-d6, 298 K) of H2LPz (DMSO: δ = 2.5 ppm; H2O:
δ = 3.3 ppm).
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Figure 10.22. 13C NMR spectrum (125 MHz, DMSO-d6, 298 K) of H2LPz.

Figure 10.23. 1H-1H-COSY spectrum (DMSO-d6, 298 K) of H2LPz in the 1H: 6.0 to 9.0 ppm range.
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Figure 10.24. 1H-13C-HSQC spectrum (DMSO-d6, 298K) of H2LPz in the 1H: 5.4 to 8.4 ppm; 13C: 80 to
160 ppm range.

2,6-bis(3-(6-(1-methyl-1H-imidazol-2-yl)yridine-2-yl)-1H-pyrazol-5-yl)pyridine
(H2LMe-Im)

Figure 10.25. 1H NMR spectrum (500 MHz, DMSO-d6, 298 K) of H2LMe-Im (DMSO: δ = 2.5 ppm;
H2O: δ = 3.3 – 3.5 ppm).
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Figure 10.26. 13C NMR spectrum (125 MHz, DMSO-d6, 298 K) of H2LMe-Im.

Figure 10.27. 1H-1H-COSY spectrum (DMSO-d6, 298 K) of H2LMe-Im in the 1H: 2.0 to 9.0 ppm range.
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Figure 10.28. 1H-13C-HSQC spectrum (DMSO-d6, 298 K) of H2LMe-Im in the 1H: 6.8 to 8.3 ppm; 13C:
30 to 180 ppm range.

2,6-bis(3-(2,2’-bipyridin-6-yl)-1H-pyrazol-5-yl)pyridine (H2LPy)

Figure 10.29. 1H NMR spectrum (300 MHz, DMSO-d6, 298 K) of H2LPy (DMSO: δ = 2.5 ppm;

H2O: δ = 3.3 – 3.8 ppm).
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10.1.2. NMR Spectroscopy of Complexes

Figure 10.30. 1H NMR spectrum (500 MHz, CD3CN, 298 K) of [FeII4LPz4](BF4)4 (1) (*MeCN).

Figure 10.31. 1H-1H COSY spectrum (CD3CN, 298 K) of [FeII4LPz4](BF4)4 (1).
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Figure 10.32. 1H-13C HMQC spectrum (CD3CN, 298 K) of [FeII4LPz4](BF4)4 (1).

Figure 10.33. 1H NMR spectrum (500 MHz, CD3CN, 298 K) of [FeII4LMe-Pz4](BF4)4 (2)(* MeCN).
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Figure 10.34. 1H-1H COSY spectrum (CD3CN, 298 K) of [FeII4LMe-Pz4](BF4)4 (2).

Figure 10.35. Variable-temperature 1H NMR spectra (500 MHz, CD3CN) of [FeII4LMe-Pz4](BF4)4 (2).

228

10. Appendix

Figure 10.36. Curie plot showing the linear dependence of 1H resonance shifts on the inverse
temperature of [FeII4LMe-Pz4](BF4)4 (2).

Figure 10.37. 13C NMR spectrum (125 MHz, CD3CN, 298 K) of [FeII4LMe-Pz4](BF4)4 (2).
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Figure 10.38. 1H NMR spectrum (500 MHz, CD3CN, 298 K) of [FeII4LMe4-Pz4](BF4)4 (3) (*MeCN).

Figure 10.39. 1H-1H COSY spectrum (CD3CN, 298 K) of [FeII4LMe4-Pz4](BF4)4 (3).
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Figure 10.40. Variable-temperature 1H NMR spectra (500 MHz, CD3CN) of [FeII4LMe4-Pz4](BF4)4 (3).

Figure 10.41. Curie plot showing the linear dependence of 1H resonance shifts on the inverse
temperature of [FeII4LMe4-Pz4](BF4)4 (3).
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Figure 10.42. 13C NMR spectrum (125 MHz, CD3CN, 298 K) of [FeII4LMe4-Pz4](BF4)4 (3) (*MeCN).

Figure 10.43. 1H-13C HMQC spectrum (CD3CN, 298 K) of [FeII4LMe4-Pz4](BF4)4 (3).
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Figure 10.44. Variable-temperature 1H NMR spectra (500 MHz, CD3CN) of [FeII4LMe5-Pz4](BF4)4 (4).

Figure 10.45. 13C NMR spectrum (125 MHz, CD3CN, 298 K) of [FeII4LMe5-Pz4](BF4)4 (4).
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Figure 10.46. Variable-temperature 1H NMR spectra (500 MHz, CD3CN) of [FeII4LMe-Im4](ClO4)4 (6).

Figure 10.47. 1H NMR spectrum (500 MHz, CD3CN, 298 K) of [CoII4LPz4](BF4)4 (11) (*MeCN).
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Figure 10.48. 1H NMR spectrum (500 MHz, CD3CN, 298 K) of [CoII4LMe-Pz4](BF4)4 (12) (*MeCN).

Figure 10.49. 1H-1H COSY spectrum (500 MHz, CD3CN, 298 K) of [CoII4LMe-Pz4](BF4)4 (12).
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Figure 10.50. Variable-temperature 1H NMR spectra (500 MHz, CD3CN) of [CoII4LMe-Pz4](BF4)4 (12)
(left); Curie plot showing the linear dependence of 1H resonance shifts on the inverse temperature
(right).

Figure 10.51. 13C NMR spectrum (125 MHz, CD3CN, 298 K) of [CoII4LMe-Pz4](BF4)4 (12) (*MeCN).
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Figure 10.52. 1H-13C HMQC spectrum (CD3CN, 298 K) of [CoII4LMe-Pz4](BF4)4 (12).

Figure 10.53. 1H NMR spectrum (500 MHz, CD3CN, 333 K) of [CoII4LMe-Im4](BF4)4 (13) (*MeCN).
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Figure 10.54. 1H-1H NMR spectrum (500 MHz, CD3CN, 333 K) of [CoII4LMe-Im4](BF4)4 (13).

Figure 10.55. 13C NMR spectrum (125 MHz, CD3CN, 333 K) of [CoII4LMe-Im4](BF4)4 (13) (*MeCN).
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Figure 10.56. 1H-13C HMQC spectrum (500 MHz, CD3CN, 333 K) of [CoII4LMe-Im4](BF4)4 (13) (1H: –
30 – 60 ppm, 13C: –200 – 1300 ppm.).

Figure 10.57. 1H NMR spectrum (500 MHz, CD3CN, 333 K) of [CoII4LPy4](BF4)4 (14) (*MeCN).
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Figure 10.58. 1H-13C HMQC spectrum (500 MHz, CD3CN, 333 K) of [CoII4LMe-Im4](BF4)4 (13) (1H: 85

– 155 ppm, 13C: –200 – 1300 ppm).

Figure 10.59. 1H-1H COSY spectrum (500 MHz, CD3CN, 333 K) of [CoII4LPy4](BF4)4 (14).
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Figure 10.60. Variable-temperature 1H NMR spectra (500 MHz, CD3CN) of [CoII4LPy4](BF4)4 (14)
(left); Curie plot showing the linear dependence of 1H resonance shifts on the inverse temperature
(right).

Figure 10.61. 13C NMR spectrum (125 MHz, CD3CN, 333 K) of [CoII4LPy4](BF4)4 (14) (*MeCN).
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Figure 10.62. 1H-13C HMQC spectrum (CD3CN, 333 K) of [CoII4LPy4](BF4)4 (14) (1H: 90 – 210 ppm,
13

C: –100 – 1300 ppm.).

Figure 10.63. 1H NMR spectrum (500 MHz, CD3CN, 298 K) of [CoII2CoIII2LPz4](BF4)6 (15)
(*MeCN).
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Figure 10.64. 1H NMR spectrum (500 MHz, CD3CN, 298 K) of [CoII2CoIII2LMe-Pz4](BF4)6 (16)
(*MeCN).

Figure 10.65. 1H-1H COSY spectrum (CD3CN, 298 K) of [CoII2CoIII2LMe-Pz4](BF4)6 (16).
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Figure 10.66.

13

C NMR spectrum (125 MHz, CD3CN, 298 K) of [CoII2CoIII2LMe-Pz4](BF4)6 (16)

(*MeCN).

Figure 10.67. 1H-13C HMQC spectrum (CD3CN, 298 K) of [CoII2CoIII2LMe-Pz4](BF4)6 (16) (1H: –42 to 8
ppm; 13C: 55 to 125 ppm).
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Figure 10.68. 1H-13C HMQC spectrum (CD3CN, 298 K) of [CoII2CoIII2LMe-Pz4](BF4)6 (16) (1H: –35 to
85 ppm; 13C: 100 to 750 ppm).

Figure 10.69. 1H NMR spectrum (500 MHz, CD3CN, 298 K) of [CoII2CoIII2LMe-Im4](BF4)6 (17)
(*MeCN).
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Figure 10.70. 1H-1H COSY spectrum (CD3CN, 298 K) of [CoII2CoIII2LMe-Im4](BF4)6 (17).

Figure 10.71.

13

C NMR spectrum (125 MHz, CD3CN, 298 K) of [CoII2CoIII2LMe-Im4](BF4)6 (17)

(*MeCN).
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Figure 10.72. 1H-13C HMQC spectrum (CD3CN, 298 K) of [CoII2CoIII2LMe-Im4](BF4)6 (17) (1H: –40 to
25 ppm; 13C: 20 to 380 ppm).

Figure 10.73. 1H-13C HMQC spectrum (CD3CN, 298 K) of [CoII2CoIII2LMe-Im4](BF4)6 (17) (1H: 50 to
120 ppm; 13C: 100 to 750 ppm).
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Figure 10.741H NMR spectrum (500 MHz, CD3CN, 298 K) of [CoII2CoIII2LPy4](BF4)6 (18) (*MeCN).

Figure 10.75. 1H-1H COSY spectrum (CD3CN, 298 K) of [CoII2CoIII2LPy4](BF4)6 (18).
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Figure 10.76.

13

C NMR spectrum (125 MHz, CD3CN, 298 K) of [CoII2CoIII2LPy4](BF4)6 (18)

(*MeCN).

Figure 10.77. 1H-13C HMQC spectrum (CD3CN, 298 K) of [CoII2CoIII2LPy4](BF4)6 (18) (1H: –40 to 35
ppm; 13C: 60 to 320 ppm).
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Figure 10.78. 1H-13C HMQC spectrum (CD3CN, 298 K) of [CoII2CoIII2LPy4](BF4)6 (18) (1H: 40 to 100
ppm; 13C: 100 to 650 ppm).
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10.2. CV and SWV spectra

Figure 10.79. Cyclic and square wave voltammograms of [FeII4LMe-Pz4](BF4)4 (2) over the potential
range –2.68 V to –1.20 V (left) and –2.60 V to –1.20 V (right) (CH3CN / 0.1M Bu4NPF6, scan rate
0.1 V s–1, vs Fc/Fc+).

Figure 10.80. Cyclic and square wave voltammograms of [FeII4LMe4-Pz4](BF4)4 (3) over the potential
range –2.58 V to –1.2 V (left) and –2.55 V to –1.2 V (right) (CH3CN/0.1M Bu4NPF6, scan rate 0.1 V
s–1, vs Fc/Fc+).

Figure 10.81. Cyclic and square wave voltammograms of [FeII4LMe5-Pz4](BF4)4 (4) over the potential
range –2.68 V to –1.4 V(left) and –2.50 V to – 1.4 V (right) (CH3CN/0.1M Bu4NPF6, scan rate 0.1 V
s–1, vs Fc/Fc+).
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Figure 10.82. Cyclic and square wave voltammograms of [FeII4LMe-Pz4](BF4)4 (2) over the potential
range

0

V

to

2.0

V

(CH3CN/0.1M

Bu4NPF6,

scan

rate

0.1

V

s–1,

vs

Fc/Fc+).

Figure 10.83. Cyclic and square wave voltammograms of [FeII4LMe4-Pz4](BF4)4 (3) over the potential
range 0.0 V to 1.8 V and 0.0 V to 0.8 V (CH3CN/0.1M Bu4NPF6, scan rate 0.1 V s–1, vs Fc/Fc+).

Figure 10.84. Cyclic and square wave voltammograms of [FeII4LMe5-Pz4](BF4)4 (4) over the potential
range 0.0 V to 2.0 V and 0.0 V to 0.8 V (CH3CN/0.1M Bu4NPF6, scan rate 0.1 V s–1, vs Fc/Fc+).
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10.3. Crystallography
X-ray data of suitable single crystals were collected on a STOE IPDS II diffractometer
with an area detector (graphite monochromated Mo-Kα radiation, λ = 0.71073Å ) by
use of ω scans at 133K.

The structures were solved by direct methods (SHELXS-97

or SHELXS-2014) and refined on F2 by using all reflections with SHELXL-2015.199
Most non-hydrogen atoms were refined anisotropically.

Most hydrogen atoms were

placed in calculated positions and assigned to an isotropic displacement parameter of
1.2/1.5 Ueq(C) or 1.5 Ueq(O). Face-indexed absorption corrections were performed
numerically with the program X-RED.200
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Table 10.1. Crystal data and refinement details of compounds 1, 2, and 3.

1·6.5MeCN (jin 1)

2 (jin 31)

3 (jr a)

empirical formula

C178H143B8F32Fe8N77

C80H60B4F16Fe4N32

C92H84B4F16Fe4N32

formula weight

4501.97

2040.24

2208.55

crystal size [mm³]

0.37 × 0.34 × 0.30

0.50 × 0.22 × 0.19

0.44 × 0.20 × 0.11

crystal system

Triclinic

Tetragonal

Triclinic

space group

P–1

P42/n

P–1

a [Å ]

13.4127(4)

17.2508(3)

14.7804(5)

b [Å ]

14.2138(4)

17.2508(3)

18.1194(6)

c [Å ]

26.9440(9)

13.3595(3)

22.5277(8)

α [°]

81.097(3)

90

102.026(3)

β [°]

77.140(2)

90

92.697(3)

γ [°]

86.391(2)

90

103.733(3)

V [Å ³]

4945.4(3)

3975.65(16)

5702.4(4)

Z

1

2

2

ρ[g/cm³]

1.512

1.704

1.286

F(000)

2286

2064

2256

µ [mm–1]

0.673

0.825

0.580

Tmin / Tmax

0.7992 / 0.8889

0.7695 / 0.9254

0.7838 – 0.9393

θ range [°]

1.45 – 25.66

1.669 – 25.606

1.332 – 25.669

hkl-range

±16, ±17, ±32

±20, ±20, −16 – 15

±17, −22 – 21, ±27

measured refl.

57055

41859

65102

unique refl. [Rint]

18633 [0.0685]

3739 [0.0457]

21463 [0.0835]

obs. Refl. (I > 2 ζ(I))

13256

3431

13029

data / res. / param.

18633 / 837 / 1558

3739 / 0 / 336

21463 / 532 / 1561

goodness-of-fit (F²)

1.018

1.043

1.015

R1, wR2 (I > 2 ζ(I))

0.0674, 0.1725

0.0267, 0.0677

0.0800, 0.1816

R1, wR2 (all data)

0.0960, 0.1870

0.0304, 0.0694

0.1314, 0.2032

resid. El. Dens.
[e/Å ³]

−0.773 / 0.787

−0.232 / 0.277

−0.542 / 1.053
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Table 10.2. Crystal data and refinement details of compounds 4, 5, and 6.

4 (jin 41)

5·4MeCN (jin 28)

6 (jin 5)

empirical formula

C96H92B4F16Fe4N32

C84H64B5F20Fe4N36

C84H68Cl4O16Fe4N32

formula weight

2264.65

2235.16

2146.90

crystal size [mm³]

0.30 × 0.28 × 0.16

0.50 × 0.50 × 0.29

0.50 × 0.29 × 0.20

crystal system

Triclinic

Triclinic

Monoclinic

space group

P–1

P–1

C2/c

a [Å ]

14.5324(6)

17.604(3)

35.949(7)

b [Å ]

14.6957(6)

20.073(4)

18.6544(4)

c [Å ]

28.6904(12)

28.837(5)

34.586(8)

α [°]

85.028(3)

106.451(10)

90

β [°]

81.074(3)

96.856(2)

96.944(2)

γ [°]

62.801(3)

106.819(10)

90

V [Å ³]

5382.8(4)

9127.3(3)

23024.3(9)

Z

2

4

8

ρ[g/cm³]

1.397

1.627

1.239

F(000)

2320

4516

8768

µ [mm–1]

0.617

0.825

0.654

Tmin / Tmax

0.6724 / 0.8841

1.301 / 25.669

1.141 – 24.748

θ range [°]

1.44 – 26.05

0.632 – 0.806

-

hkl-range

±17, ±18, ±35

±21, ±24, −35 – 34

measured refl.

74986

76750

±42, −20 – 21, −38 –
40
76750

unique refl. [Rint]

5275 [0.1061]

19289 [0.0621]

19289 [0.0621]

obs. Refl. (I > 2 ζ(I))

45563

14698

14698

data / res. / param.

74986 / 116 / 1372

34373 / 390 / 2739

19289 / 118 / 1305

goodness-of-fit (F²)

0.963

1.021

1.025

R1, wR2 (I > 2 ζ(I))

0.0780, 0.1737

0.0415, 0.0938

0.0771, 0.2126

R1, wR2 (all data)

0.1238, 0.1940

0.0608, 0.1003

0.0946, 0.2260

resid. El. Dens.
[e/Å ³]

−0.692 / 1.123

−0.803 / 0.928

−0.725 / 1.130
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Table 10.3. Crystal data and refinement details of compounds 7, 8, and 9.

7·2MeCN (jin 3)

8·4.5MeCN·MeOH (jin 21)

9·2MeCN (jin 16)

empirical formula

C88H74Cl5Fe4N34O20

C94H85.50Cl6Fe4N36.50O25

C88H74Ag4Cl6Fe2N34O24

formula weight

2328.46

2562.58

2747.69

crystal size [mm³]

0.50 × 0.12 × 0.05

0.47 × 0.37 × 0.15

0.21 × 0.16 × 0.05

crystal system

Triclinic

monoclinic

Triclinic

space group

P–1

P21/n

P–1

a [Å ]

14.3010(12)

14.0209(3)

16.7818(4)

b [Å ]

16.4830(11)

21.5252(6)

17.3735(6)

c [Å ]

25.8916(18)

35.1038(7)

22.8606(6)

α [°]

79.919(6)

90

108.442(2)

β [°]

85.507(6)

94.940(2)

105.312(2)

γ [°]

76.093(6)

90

100.604(2)

V [Å ³]

5828.7(7)

10555.1(4)

5831.9(3)

Z

2

4

2

ρ[g/cm³]

1.327

1.613

1.565

F(000)

2378

5244

2748

µ [mm–1]

0.677

0.784

1.118

Tmin / Tmax

-

0.6005 / 0.8067

0.5627 / 0.7778

θ range [°]

1.29 – 25.76

1.111 – 24.652

1.292 – 25.629

hkl-range

–17 – 16, ±20, ±31

–14 – 16, ±25, ±41

±20, ±21, ±27

measured refl.

62976

98659

60392

unique refl. [Rint]

22048 [0.1401]

17712 [0.1519]

21871 [0.0757]

obs. Refl. (I > 2 ζ(I))

8108

14589

14320

data / res. / param.

22048 / 160 / 1359

17712/221/1568

21871/331/1495

goodness-of-fit (F²)

0.831

1.039

0.965

R1, wR2 (I > 2 ζ(I))

0.0891, 0.2074

0.0923, 0.2367

0.0577, 0.1158

R1, wR2 (all data)

0.1833, 0.2434

0.1084, 0.2603

0.0988, 0.1284

resid. El. Dens. [e/Å ³]

–0.634 / 1.061

–0.735 / 1.176

–1.338 / 1.192
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Table 10.4. Crystal data and refinement details of compounds 10, 11, and 12.

11·2MeCN (jin 13)

12 (jin 15)

empirical formula

C80H58B4Co4F16N34

C80H60B4Co4F16N32

formula weight

2078.56

2052.56

crystal size [mm³]

0.34 × 0.31 × 0.25

0.50 × 0.20 × 0.10

crystal system

Monoclinic

Tetragonal

space group

P21/c

P42/n

a [Å ]

14.0340(3)

17.2359(3)

b [Å ]

13.3498(2)

17.2359(3)

c [Å ]

50.7076(9)

13.2617(2)

α [°]

90

90

β [°]

94.657(1)

90

γ [°]

90

90

V [Å ³]

9468.8(3)

3939.74(15)

Z

4

2

ρ[g/cm³]

1.458

1.730

F(000)

4192

2072

µ [mm–1]

0.782

0.938

Tmin / Tmax

-

0.6778 / 0.9273

θ range [°]

1.456 – 24.598

1.671 – 25.631

hkl-range

±16, ±15, –58 – 59

±20, ±20, –16 – 13

measured refl.

94032

47837

unique refl. [Rint]

15875 [0.0683]

3712 [0.0448]

obs. Refl. (I > 2 ζ(I))

12748

3418

data / res. / param.

15875 / 0 / 1243

3712 / 49 / 345

goodness-of-fit (F²)

1.032

1.080

R1, wR2 (I > 2 ζ(I))

0.0542, 0.1444

0.0314, 0.0751

R1, wR2 (all data)

0.0682, 0.1528

0.0359, 0.0775

resid. El. Dens. [e/Å ³]

–0.479 / 0.648

–0.327 / 0.320
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Table 10.5. Crystal data and refinement details of compounds 13, 14, and 15.

13·2MeOH (jin 6)

14·2MeCN·H2O (jin 39)

15·MeCN (jin 26)

empirical formula

C86H76B4Co4F16N32O2

C96H66B4Co4F16N26O

C78H55B6Co4F24N33

formula weight

2172.74

2182.70

2219.13

crystal size [mm³]

0.41 × 0.26 × 0.21

0.29 × 0.18 × 0.16

0.50 × 0.32 × 0.12

crystal system

Triclinic

Monoclinic

Monoclinic

space group

P–1

P21

P21/n

a [Å ]

15.0505(5)

14.201(3)

12.5051(6)

b [Å ]

16.8256(6)

24.221(5)

23.2553(6)

c [Å ]

23.5912(8)

14.259(3)

29.4800(12)

α [°]

101.165(3)

90

90

β [°]

90.797(3)

91.14(3)

94.046(4)

γ [°]

106.719(3)

90

90

V [Å ³]

5597.8(3)

4903.4(17)

8551.7(6)

Z

2

2

4

[ρ / cm³]

1.289

1.478

1.724

F(000)

2208

2208

4448

µ [mm–1]

0.665

0.758

0.885

Tmin / Tmax

-

0.6549 / 0.8677

0.7605 / 0.9098

θ range [°]

1.291 – 25.677

1.428 – 25.647

1.385 – 24.722

hkl-range

±18, ±20, ±28

−17 – 16, ±29, ±17

±14, –27 – 24, ±34

measured refl.

64217

46008

63498

unique refl. [Rint]

21076 [0.0537]

18345 [0.0506]

14385 [0.1175]

obs. Refl. (I > 2 ζ(I))

15487

15587

11509

data / res. / param.

21076 / 90 / 1323

18345 / 121 / 1385

14385 / 30 / 1331

goodness-of-fit (F²)

0.988

1.030

1.154

R1, wR2 (I > 2 ζ(I))

0.0482, 0.1126

0.0583, 0.1478

0.0966, 0.2244

R1, wR2 (all data)

0.0731, 0.1213

0.0304, 0.0694

0.1161, 0.2331

resid. El. Dens. [e/Å ³]

–0.457 / 0.493

–0.502 / 0.839

–0.655 / 0.951
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Table 10.6. Crystal data and refinement details of compounds 16 and 18.

16 (jin 25)

18·3MeCN (jin 38)

empirical formula

C80H60B6Co4F24N32

C98H69B6Co4F24N27

formula weight

2226.18

2381.38

crystal size [mm³]

0.297 × 0.241 × 0.192

0.264 × 0.168× 0.149

crystal system

Tetragonal

Monoclinic

space group

I41/acd

C2/c

a [Å ]

24.7367(4)

22.729(2)

b [Å ]

24.7367(4)

21.3408(15)

c [Å ]

36.3344(7)

19.8260(19)

α [°]

90

90

β [°]

90

95.201(8)

γ [°]

90

90

V [Å ³]

22233.2(8)

9577.0(15)

Z

8

4

[ρ / cm³]

1.330

1.652

F(000)

8944

4800

µ [mm–1]

0.680

0.794

Tmin / Tmax

-

0.8023 / 0.9241

θ range [°]

1.616 – 25.705

1.311 – 25.833

hkl-range

–28 – 30, ±30, ±44

±27, –26 – 22, ±24

measured refl.

128964

44739

unique refl. [Rint]

5275 [0.0568]

9164 [0.1622]

obs. Refl. (I > 2 ζ(I))

4742

4461

data / res. / param.

5275 / 236 / 387

9164 / 113 / 711

goodness-of-fit (F²)

1.174

0.972

R1, wR2 (I > 2 ζ(I))

0.0738, 0.1527

0.0770, 0.1536

R1, wR2 (all data)

0.0818, 0.1569

0.1706, 0.1856

resid. El. Dens. [e/Å ³]

–0.538 / 0.441

–0.428 / 0.754
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10.4. List of Abbreviations

ac

Alternating current

Ac

Acetyl

BL

Bridging ligand

bpy

2,2‘-Bipyridine

BVS

Bond valence sums

bypm

2,2‘-Bipyrimidin

COSY

Correlation spectroscopy

CSM

Continuous Symmetry Measures

CT

Charge transfer

CTIST

Charge transfer induced spin transitions

CV

Cyclic voltammetry

dc

Direct current

DCM

Dichlormethan

DMSO

Dimethylsulfoxide

DMF

N,N-dimethylformamide

DN

Donor number

EI

Electron ionization
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EtOH

Ethanol

eq.

Equation

EPR

Electron paramagnetic resonance

ESI

Electrospray ionization

Et

Ethyl

ETCST

Electron transfer coupled spin transitions

Fc

Ferrocene

HDvV

Heisenberg-Dirac-van-Vleck Hamiltonian

HS

High spin

HMQC

Heteronuclear Multiple Quantum Correlation

im

Imidazole

itp

Ideal trigonal prism

IVCT

Intervalence charge transfer

KHMDS

Potassium bis(trimethylsilyl)amide

L

Ligand

LS

Low spin

LMCT

Ligand-to-metal charge transfer
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M

Metal

Me

Methyl

MeIM

N-methylimidazole

MLCT

Metal-to-ligand charge transfer

MS

Mass spectrometry

NIR

Near Infrared

NMR

Nuclear magnetic resonance

phen

1,10-phenanthroline

ppm

Parts per million

py

Pyridine

pz

Pyrazole

QCA

Quantum cellular automata

RT

Room temperature

SCE

Standard calomel electrode

SCO
Spin crossover
SMMs

Single molecule magnets

SQUID

Superconducting quantum interference device
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SWV

Square wave voltammetry

t

Bu

Tert-buthyl

THF

Tetrahydrofurane

Tp

Peak temperature

Tpa

Tris(2-pyridylmethyl)amin

UV-Vis

Ultraviolette-visible

vs

Versus

VTVH

Variable temperature and variable field

ZFS

Zero field splitting

2D

Two dimention
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10.5. Formula Overview
Ligand Precursors
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Ligands
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Complexes
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