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This PhD thesis contains two parts, which are presented separately:

Part I – Dye-sensitized solar cells
describes the synthesis of polypyridyl ligands and other compounds and shows their application
as dyes in dye-sensitized solar cells.
This part of the thesis can be found on the pages 1-155.

Part II – Coordination polymers
describes the synthesis of polypyridyl ligands and their incorporation as organic linkers into
multidimensional coordination polymers.

This part of the thesis can be found on the pages 156 ff.
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ABSTRACT

Burning of fossil fuels in this and the last century lead to global warming and the climate crisis.
It is utmost important to prevent further global warming and reverse the increases of the past
few decades. A reasonable approach is to replace fossil fuel burning power plants with
renewable energy producing technologies. The most promising renewable energy source is the
sun. The sun delivers 23 000 TW of sun-light energy every year to the earth, which is a ~1000
times more than the energy consumption of the earth.
One technology to harvest sun light energy and produce electricity is the solar cell. Different
solar cell technologies exist, and the approach presented in this thesis is concerning dyesensitized solar cells. Dye-sensitized solar cells (DSSCs) have the advantage of a relatively easy
fabrication and the incorporation of cheap light harvesting materials is possible. In DSSCs a
metal oxide (TiO2) semiconductor is sensitized with an organic or inorganic dye, enabling
photon absorption and electron injection into the semiconductor, which generates electric
current. The dyes presented in this thesis are based on the relatively cheap and abundant metal
copper. Copper in its +1 oxidation state can form heteroleptic complexes with two bisdiimine
ligands. One of these ligands (the anchoring ligand) bears anchoring groups, that allow
attachment of the complex on TiO2. The emergence of new anchoring ligands for heteroleptic
bisdiimine copper(I) dyes was the aim of my PhD studies and the results are presented in this
thesis. In four chapters a systematic investigation of bisdiimine ligands as anchors and capping
ligand is described. Various spacers and anchoring groups were incorporated into the anchoring
ligand and the performance of these compounds was investigated in solar cell devices. In the
last chapter of the main part the synthesis of compound with potential application in p-type
DSSCs is presented.
Chapter 3 gives a general introduction about energy problems and solar cell technologies.
Chapter 4 describes the solar cell assembly and characterization of the devices.
Chapter 5 shows the design principle of heteroleptic bisdiimine copper(I) complexes.
Chapter 6 discusses the synthesis of bisdiimine based ancillary ligands and shows their
performances in heteroleptic bisdiimine copper(I) complexes for DSSCs.

-1-

ABSTRACT
Chapter 7 describes the synthesis of two anchoring ligands, bearing thiophenediyl groups. It
is demonstrated, that the position of the anchoring group on the thiophenediyl influences the
device performance.
Chapter 8 introduces four anchoring ligands, bearing cyanoacrylic acid or (1cyanovinyl)phosphonic acid anchoring groups. Two different ligand cores, 6,6'-dimethyl-2,2'bipyridine or neocuproine were substituted with the anchoring groups and their performances
compared in DSSCs.
Chapter 9 describes the synthesis of a compound bearing three thiophenediyl and a phenylene
spacer. The compound is tested on its own and in combination with a bisdiimine copper(I)
complex in a DSSC.
Chapter 10 shows the synthesis of an organic dye for p-type DSSCs.
Chapter 11 is the summary and outlook of this thesis.
Chapter 12 gives experimental details of ligand synthesis.
Chapter 13 is the literature reference list.

Part of the work presented in this thesis has been published:
The beneficial effects of trifluoromethyl-substituents on the photoconversion efficiency of
copper(I) dyes in dye-sensitized solar cells
F. Brunner, Y. M. Klein, S. Keller, C. D. Morris, A. Prescimone, E. C. Constable, C. E.
Housecroft, RSC Adv. 2015, 5, 58694–58703. DOI: 10.1039/C5RA09590E.
Positional isomerism makes a difference: phosphonic acid anchoring ligands with thienyl
spacers in copper(I)-based dye-sensitized solar cells

Y. M. Klein,

M. Willgert, A. Prescimone, E. C. Constable, C. E. Housecroft, Dalt. Trans. 2016, 45, 4659–
4672. DOI: 10.1039/C6DT00166A.
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Cyanoacrylic- and (1-cyanovinyl)phosphonic acid anchoring ligands for application in copperbased dye-sensitized solar cells
Y. Baumgartner, Y. Maximilian Klein, E. C. Constable, C. E. Housecroft, M. Willgert, RSC
Adv. 2016, 6, 86220–86231. DOI: 10.1039/C6RA20375B.
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INTRODUCTION

3.1

Energy consumption and the environmental
consequences

“How did we end up with the resource and environmental problems we are facing now; how
can we decrease the use of fossil fuels and prevent further global warming and reverse the
increases of the past few decades?” These are very important questions, if not the most
important questions, mankind has to ask and answer this century.
It all started with an important discovery of the industrial revolution in the 18th century - the
steam engine by Thomas Newcomen and James Watt. This enabled the development of new
machinery for industry, new ways of transportation (steamboats on the Hudson River),
electrical motors, and the development of the first diesel engine. It revolutionized everyday live.
The improvement of Watt’s engine was the use of fossil fuels instead of wood as the energy
source, which lead to a second revolution in the late 19th and early 20th centuries. It can be
considered a revolution of energy consumption, displayed as an example for the U.S.A. in Fig.
1[1]. The revolution brought forth our modern way of living, but eventually lead to the
environmental problems our generation has to face this century.

Fig. 1: Energy consumption in the United States, 1775-2000, data from reference[1]. 1Btu (British thermal unit) =
1.055 kJ.

-6-

INTRODUCTION
The increasing consumption of the non-renewable resources oil, natural gas and coal since 1900
lead to environmental problems we should be all aware of. New technologies to extract oil from
oil sand and the discovery of new oil reserves, especially in Canada[2], delays the event of total
resource depletion on our planet to an unknown point in the future. Of greater importance,
however, is the increased CO2 emission, directly correlated to the use of fossil fuels. Burning
oil, gas or coal generates heat/energy for example necessary to evaporate water and run steam
turbines, which generates electricity. A side product of burning fossil fuels is CO2. CO2
emission caused a global rise of temperature by 1.3 °C in the first 6 months of 2016[3], compared
to earliest annual data from the late 19th century. The Paris climate change agreement from
2016[4] set a maximum temperature increase of 2°C for our planet (relative to values from the
late 19th century), which can only be achieved by reducing CO2 emissions as soon as possible.
At present around 40 gigatons of CO2 are emitted into the atmosphere per year (36.2 billion
tonnes in 2015)[5]. To fulfil the Paris climate change agreement, industry has to improve their
manufacturing processes and more sustainable transportation should be promoted, like electric
cars and electrified public transportation. This is only useful if the electricity is not produced
by burning fossil fuels, thus the question arises where and how this electricity is produced?
Most important is the replacement of fossil fuel burning power plants by renewable ones. Since
the nuclear disaster in Fukushima in 2011, many countries are turning their backs on nuclear
energy. Although some are looking for alternative energies, they still produce most of their
electricity by burning fossil fuels. The change to alternative, CO2 neutral, energy sources is
somehow limited. Not every country has appropriate resources available, for example water to
use hydroelectric plants, or wind for wind turbines. Other alternative energy sources displayed
in Fig. 2 will never be able to produce enough energy to cover the whole energy requirement
of our planet[6]. The single renewable, sustainable and near-infinite energy source available is
displayed by the big yellow circle, the sun (Fig. 2). The sun delivers the earth 23 000 TW of
sun-light energy every year. Less than a thousand times this amount (16 TW in 2009) would be
needed to cover the whole energy consumption of the earth. A technology to harvest sun light
and convert it into electricity is the solar cell.
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Fig. 2: A fundamental look at energy reserves for the planet by R. Perez & M. Perez 2009, data from ref.[6]

3.2

Solar Cell technologies

A solar cell is a device, that can absorb light (photons) and convert this energy into electricity.
Today’s most common solar cells use crystalline silicon as the light harvesting material. These
are so-called single junction solar cells with a distinct band gap. Photons with energies below
the band gap are not able to generate excitons (excited electron-hole pairs) and photons with
higher energies than the band gap lose their excess energy in the form of heat. The theoretical
efficiency such a Si-based solar cell can exhibit is limited to 31% (the Shockley-Queisser
limit)[7-8]. Single and multicrystalline Si-solar cells are a very robust and reliable technology,
can operate for over 30 years with minor loss of efficiency (0.5 – 1%/year)[9] and reach
efficiencies of up to 26%[10]. Nevertheless, the production process of these solar cells is
difficult, and costs are high compared to burning non-renewable energy sources. To solve the
energy problem using solar cells, more innovation and research is necessary to either decrease
-8-
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production cost and/or increase efficiencies. Apart from mono and polycrystalline silicon other
commercial solar cell materials like amorphous silicon, cadmium telluride (CdTe), gallium
arsenide (GaAs), indium phosphide (InP) and copper indium gallium selenide (CIGS) exist.
These second-generation photovoltaic devices, are based on thin-films of a few micrometres
thickness and show efficiencies of 28.8% (GaAs), 22.1% (InP) and 21.0% (CIGS and CdTe)[10].
Production cost, abundancy of elements (In, Ga and Te) and scale-up problems limit the
commercialization of these second-generation solar cells. Third generation solar cells are
relatively new technologies, with the potential to use multiple junctions within one device,
which raises the theoretical efficiency limit to over 40%[11]. Dye-sensitized solar cells (DSSCs)
can be divided into two main technologies. On one side, inorganic or organic dyes are used to
sensitize a semiconductor and on the other side perovskite materials function as both the dye
and hole transporting material. Perovskite solar cells show efficiencies up to 22.1%[12], but
suffer from low stability and the use of the toxic metal lead. A combination of 2D/3D perovskite
materials proved to be stable over more than 10 000 hours, with a reduced efficiency of 12.9%
(compared to 22.1% for the record perovskite solar cell) as the drawback[13]. Efficiencies in this
range can also be achieved by organic and inorganic sensitizers, with less effort and fewer
drawbacks compared to perovskites.

3.3

Dye-sensitized solar cells

Organic and inorganic DSSCs are single junction solar cells, consisting of a modified
semiconductor (TiO2), which enables absorption and transformation of photons into electrical
energy. Compared to other types of solar cells, these DSSCs have the advantage of non-toxic
and low-cost materials and show good light harvesting abilities. Dye-sensitized solar cells
consist of a dye, which is adsorbed on a nanoporous semiconductor surface. Their ability to
absorb photons under irradiation and transform them into separated charges (an electron and a
hole) is the main feature these materials possess. The generated electrons can be injected into
the TiO2 semiconductor and used to generate electric power. The hole recombines with
electrons from an electrolyte to regenerate the dye in the ground state. The breakthrough DSSC
was constructed in 1991 by O’Regan and Grätzel[14]. They used a ruthenium(II)-complex as a
dye to modify a nanoporous TiO2-surface. The huge increase of surface area of the
semiconductor enabled increased dye absorption and is the fundamental part of most DSSCs
today. Since this report the variety of dyes, electrolytes and electrode-materials has increased
tremendously[8, 15-17].
-9-
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3.3.1

Working principle of a DSSC

A DSSC consists of four main parts (Fig. 3). Conductive glass plates, coated with fluorinedoped tin oxide (FTO) are used as substrates for the working and the counter electrode. The
FTO coated working electrode consists of a nanoporous TiO2 layer in its anatase crystal form.
The TiO2 layer is a semiconductor, which enables electron injection and transport to the FTO.
The large band gap of TiO2 makes this material colourless and only high energy photons in the
UV range of the visible light are absorbed.
To enhance the light absorption properties of this material into the visible range of the spectrum
(350 – 750 nm) a dye molecule can be anchored to the semiconductor. The dye is the key point
of a DSSC and the main research focus. It absorbs photons upon irradiation, transforms them
into separate charges (an electron and a hole) and can inject electrons into the TiO2
semiconductor to generate current.
The electrolyte is the third important part of a DSSC. It is often a liquid, containing a redox
couple, which enables transport of charge carriers between both electrodes. Polymer[18] and
solid-state electrolytes[19] are another important research field, as leakage of the electrolyte is
diminished or prevented in this systems, improving long term stability of these DSSCs. It is one
of the key points, that has to be achieved towards a real commercialization and large-scale
production of DSSCs. It is necessary to close the electric circuit and make the solar cell work.
At the working electrode the electrolyte provides electrons and reduces oxidized dye molecules.
During this process it gets oxidized and diffuses to the counter electrode, where it gets reduced.
The most common electrolyte is the I−/I3− redox couple, but others like Co2+/Co3+[20] and
Cu+/Cu2+[19, 21] have been successfully incorporated into a DSSC.

Fig. 3: Schematic structure of a DSSC, showing the four main components.
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The last part of the DSSC is the counter electrode. In n-type DSSCs, it is typically a platinum
coated FTO glass plate, which provides electrons and enables reduction of the hole carriers in
the redox electrolyte. A special case of DSSC exists where the architecture described here is
reversed. In a p-type DSSC, the counter electrode is a p-type semiconductor such as NiO, which
can be sensitized with a dye and takes over the role of injecting electrons into the electrolyte.
p-Type solar cells will be briefly described in the main part of this thesis.
The dying of the TiO2 surface is a straight forward process. The dye needs to bear an anchoring
group, which can bind to the semiconductor, and is dissolved in a solvent. A TiO2 working
electrode is immersed into the dye solution for hours or days, enabling optimal binding to the
semiconductor. After soaking, the sensitized TiO2 electrode is washed, often with the dye bath
solvent, to remove non-anchored molecules and dried in a nitrogen stream or using a heat gun
(80°C).
To assemble a DSSC, TiO2 and counter electrode are glued together using hot-melting foil and
the electrolyte is added via the vacuum backfilling technique. The solar cell is sealed using hot
melting foil and a thin glass plate. Silver paste is added to both electrodes for better contact
during measurements (Fig. 4). Detailed dying and assembly procedures, including device
measuring and characterization will be discussed in the next chapter.

Fig. 4: An assembled DSSC; view through the Pt counter-electrode glass (left) and from the side (right).
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The performance of a DSSC greatly depends on the absorbed dye and the redox couple.
Energetics of the dye and the electrolyte define the parameters obtained from solar cell
measurements and must fulfil properties discussed in this paragraph. Fig. 5 illustrates the
processes happening in a working DSSC[16]. Upon irradiation of the dye, photons get absorbed
and enable excitation of electrons from the ground state (S) to the excited state (S*). This
excited state of the dye has to be higher in energy than the conduction band (CB) of TiO2 (~ –
0.5 V) to enable electron injection from S*. The injected electron moves through the
semiconductor into the FTO and can perform electrical work. Extracting an electron from a dye
leaves behind a positive charge, a so-called hole, on the dye molecule. The hole moves through
the oxidized dye molecule and combines with electrons provided by the redox electrolyte to
regenerate the ground state of the dye. The redox couple has to have a redox potential (Eredox)
higher in energy than the ground state of the dye to reduce it and lower than the valence band
of the counter electrode, to be reduced. Charge carrier mobility, diffusion and recombination
are other important properties and will be discussed in section 3.3.3. The oxidized redox couple
recombines with electrons injected from the Pt counter-electrode. One important parameter is
defined by the energy gap between the redox potential of the electrolyte and the Fermi level of
the semiconductor (roughly the CB level), the open-circuit voltage (VOC). The Fermi level is a
hypothetical energy level close to the CB, related to the chemical potential of electrons in the
semiconductor[22]. The other important parameter is the short-circuit current density (JSC),
which mainly depends on the electron injecting properties of the dye molecule. The more
electrons that are injected, the higher the JSC of a DSSC is. The described scenario is for the
ideal case. In reality other processes can occur in a DSSC. These include recombination
reactions of electrons injected in the semiconductor, which can return the oxidized dye to the
ground state or interact directly with the redox electrolyte to reduce overall cell performance.
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Fig. 5: Electron transfer processes happening in an ideal DSSC (blue arrows) [16].

3.3.2

Components of a DSSC: The semiconductor

TiO2 is a semiconductor used in DSSCs. TiO2 exists in different crystalline forms (rutile,
anatase and brookite) and has applications as a pigment in paint, sunscreen and toothpaste. In
nature it is also found in the mineral ilmenite (FeTiO3).
The most commonly used semiconductor in DSSCs is nanocrystalline TiO2 in its anatase form.
Cells using nanocrystalline material greatly benefit from the increased surface area, which
allows increased dye uptake compared to a non-porous material. Anantase has a wide band gap
of 3.2 eV[23]. Mesoporous TiO2 electrodes can be produced by screen-printing TiO2-paste onto
a FTO glass plate (~ 10 μm thickness, ~ 20 nm particle size). This layer has a high surface area
and is sensitized by a dye, bearing anchoring groups which enable binding to the surface. The
mesoporous layer is covered by a scattering layer (~ 3 μm thickness, ~ 400 nm particle size), to
reflect scattered light back onto the dye, for further charge separation. A final treatment with
aqueous TiCl4, followed by sintering forms an ultrathin TiO2 coating (~ 1nm). The ultrathin
layer further increases the surface area and leads to enhanced dye uptake[24]. Commercial solar
- 13 -
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cells preparation kits, including TiO2-coated and Pt - electrodes and sealing materials can be
purchased from Solaronix SA, Aubonne, Switzerland.
In a previous section it was described how the VOC of a solar cell is defined by the redox
potential of the electrolyte and the CB (Fermi level) of the TiO2 semiconductor (see Fig. 5). To
enhance the VOC and, therefore, the overall device performance it is possible to shift the redox
potential of the electrolyte to a more positive potential or to shift the CB to a more negative
potential. Kakiage et al. reported a record VOC of 1.4 V in 2016[25] in a DSSC: this was achieved
by changing the electrolyte from the standard I−/I3− to the Br−/Br3− redox couple, which shifted
the redox potential to a more positive potential, and increased the VOC tremendously (Fig. 5).
Additionally, the TiO2 semiconductor was doped with Mg to shift the CB to a more negative
potential (from –0.5 V to –0.7 V). The introduction of Mg2+ ions increases the lattice spacing
of the (101) plane of anatase TiO2 and decreases the TiO2 particle size, which leads to a blue
shift absorption of the doped semiconductor and to a more negative potential[26-27]. These two
modifications lead to the highest VOC which shows the great potential of further enhancing the
efficiency of DSSCs.
Other semiconductor materials such as ZnO, SnO2 and modified SnO2 (coated with a thin shell
of MgO and Al2O3) have been investigated. In particular, ZnO is known as a good alternative,
but lacks the stability of TiO2. A solar cell using ZnO as the semiconductor sensitized with an
N719 (section 3.3.4.3 Scheme 5) dye yielded efficiencies of 6.6% (no efficiency for a reference
cell was given)[28]. The best solar cell fabricated of a pure SnO2 semiconductor showed an
efficiency of 2.8% (relative to 1.2% for an N719 reference cell), using an organic dye[29].

3.3.3

Components of a DSSC: The electrolyte

The electrolyte in a DSSC is usually a liquid containing a redox couple and dissolved additives.
The most common redox couple is I−/I3−. With only minor changes it is today almost the same
as the one introduced by Grätzel and O’Regan in 1991[14]. Grätzel and O’Regan used a 0.04 M
iodide concentration, compared to 0.05 M used in our group. The iodide source (Grätzel used
tetra(n-propyl)ammonium iodide, nowadays LiI is used frequently) and the incorporation of
additives, such as 4-tert-butylpyridine) was another change. Grätzel and O’Regan used a
mixture of ethylene carbonate and acetonitrile as solvent and acetonitrile remains a frequently
used solvent nowadays.
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Important features of a liquid electrolyte are its stability under light irradiation and elevated
temperature. The electrolyte should not dissolve or destroy cell components, like the Pt counterelectrode, the dye, the semiconductor or the plastic sealings. It should be colourless and not
compete with the dye for photon absorption. The solvent plays a very important role and should
not be too viscous, to avoid diffusion problems with the charge carriers. The boiling point of
the solvent should be high, as volatile solvents lead to pressure increase in sealed cells with
temperature increase. Protic solvents, water and alcohols are rarely used, to avoid desorption of
dye molecules. The most commonly used solvents are 3-methoxypropionitrile (MPN) and
acetonitrile/valeronitrile mixtures, which show good stability and good solubility of the redox
couple and additives. One drawback of I−/I3− is observed straight away: the electrolyte is not
colourless, but dark orange/brown, and thus absorbs some photons.
At the working electrode I− provides electrons, reduces the oxidized dye and gets oxidized to
I2.
2𝐼 −

𝐼2 + 2 𝑒 −

I2 reacts with I− to form the tri-iodide ion I3−, which is reduced at the counter-electrode to I−.
𝐼3− + 2 𝑒 −

3𝐼 −

Additives in electrolytes can influence both the potential of the redox couple and the conduction
band level of the semiconductor and also help to prevent dye aggregation on the TiO2 surface.
4-tert-Butylpyridine (TBP), a widely applied additive, can coordinate to TiO2 and shift the
conduction band to more negative potentials[30], which increases the VOC[31] but often
simultaneously decreases the JSC. Li+ ions in electrolytes can penetrate the nanoporous TiO2
and increase electron injection from dye molecules, enhancing the JSC[8, 17]. Li+ can acts as a
dopant, when an electrical potential is applied to a DSSC[32]. Li+ is able to generate trap states
in the TiO2 semiconductor and lower the Fermi level. The increased energy difference between
the LUMO of the dye molecule and the Fermi level promotes enhanced electron injection, thus
increasing JSC[26]. These additives are often used together in the same electrolyte to cancel out
their negative side effects.
Alternative redox couples for electrolytes have been developed in recent years, of which
[Co(bpy)3]2+/3+ (dissolved in acetonitrile) is a good example[33-34]. The redox potential of
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[Co(bpy)3]2+/3+ is shifted to a more positive potential than, to I−/I3−, which increases the VOC of
the device[20] and therefore its efficiency[33, 35]. These Co complexes are often colourless or
slightly yellow, which is another advantage. A Cu+/Cu2+ redox couple also shows a positive
shift of its potential[36], relative to I−/I3− and is a feasible alternative electrolyte material[37] and
is currently studied intensively. Kakiage et al. introduced a Br−/Br3− redox couple[25, 38] into an
electrolyte and showed its potential as mentioned in section 3.3.2.

3.3.4

Components of a DSSC: The dye

The heart of a dye-sensitized solar cell is the dye. The dye anchors to the white semiconductor
(which absorbs in the UV region) and colours it. A coloured material is able to absorb photons
in the visible range of the light spectrum, which is the key process in a solar cell. Ideally,
panchromatic absorption is required. Dyes for DSSCs can be divided into three main groups.
One group, perovskite materials can be considered a separate technology and will not be
discussed in this thesis. The two other groups are inorganic and organic sensitizers.
Dye molecules need an anchoring group to bind to the semiconductor and inject electrons. A
wide variety of anchoring groups has been investigated in DSSCs. The most common and
promising ones are discussed in the next section.

3.3.4.1

Anchoring groups in DSSCs

The complex published by Grätzel and O’Regan[14] anchored to the TiO2 surface via carboxylic
acid groups.

Scheme 1: The CN-bridged trinuclear Ru complex used by Grätzel and O’Regan[14].
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Scheme 2 displays possible binding modes of a carboxylic acid group to a metal oxide
semiconductor surface[39]. The top row shows binding modes via coordination of O atoms to Ti
atoms, in a monotopic, ditopic or ditopic bidentate chelating way. The second row highlights
the possibility of binding via H-bonds between COOH----O2Ti in a mono, or ditopic fashion.

Scheme 2: Some possible binding modes of a carboxylic acid group to a semiconductor surface[39].

Phosphonic acid is a good alternative anchoring group and is regularly used in DSSCs. PO(OH)2 groups bind more strongly to the semiconductor than carboxylic acids and are less
vulnerable to desorption[40]. Mono-, di- and tritopic binding modes, including H-bonds are
possible. Despite the stronger binding of phosphonic acid groups to the semiconductor the
electron injection is less efficient, shown by a comparative study of carboxylic and phosphonic
acids in Ru(II) complexes[41]. Copper(I) based dyes however, show better performance using
phosphonic acid anchors[42]. This might be related to desorption of copper-dye molecules
bearing carboxylic acid anchors from the DSSC. Considering the growing field of p-type
sensitizers, phosphonic acids might experience a revival. In a p-type system a hole hopping
mechanism is plausible, which might overcome weak injection properties of phosphonic acids
and greatly benefit from the better stability.
A third important anchoring group is a cyanoacrylic acid. It is mainly used in organic “pushpull” dyes and benefits from the electron-withdrawing CN group, pulling electrons towards the
anchoring group. Ooyama et al. described a system, where the cyano group was spatially
separated from the carboxylic anchoring group. Despite this separation, the cyano group was
found to be close to the semiconductor surface, inducing strong communication and possible e−
injection. In this study, the role of the carboxylic acid was mainly attributed to its anchoring
properties[43]. In summary cyanoacrylic acids benefit from the electron withdrawing properties
of the cyano group and anchoring properties of the carboxylic acid group. Based on Ooyamas
studies it can be assumed, that electron injection into the semiconductor can happen via both
groups[43] of a cyanoacrylic acid. An interesting prospect is the combination of the strong
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anchoring abilities of a phosphonic acid group with the electronic properties of a cyano group.
A comparison of organic dye molecules bearing a cyanoacrylic acids or a (1cyanovinyl)phosphonic (Scheme 3) acid revealed similar trends, with carboxylic acids
outperforming phosphonic acids[44].
The group of Kakiage et al. developed a new silyl anchoring group, by modifying a
cyanoacrylic acid with p-aminophenyltrimethoxysilane to form the dye ADEKA-1 (Scheme
4)[35]. A DSSC co-sensitized with a carboxylic acid dye reached the record efficiency for an
organic dye of over 14% (no efficiency for a reference cell was given).
Other less common anchoring groups include pyridines[45], groups with four cyanides[46],
perylene dicarboxylic acid anhydrides[47], 2-hydroxybenzonitriles[48] and pyridine-N-oxide[49].
These groups are rarely used and do not show consistent performances.
The structures of anchoring groups discussed above are summarized in Scheme 3.

Scheme 3: Common (first three, top row) and less common anchoring groups for semiconductors.
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3.3.4.2

Organic dyes

Organic dyes show promising performance with efficiencies of over 14 % (no efficiency for a
reference cell was given) using the ADEKA-1 and LEG4 dye (Scheme 4) together in one solar
cell[35]. Most organic dyes have a donor-π-bridge-acceptor architecture. This architecture
enhances electron flux from a donor moiety (“push”) to the anchoring group (“pull”), where the
electron is injected. Such a design is often referred to as a “push-pull” system. ADEKA-1 is
constructed of the common electron pushing carbazole group and separated from the anchoring
group by four 3-hexyl-thiophene spacers. These spacers decrease recombination of injected
electrons with the dye and cover the surface with their alkyl chains, preventing recombination
of electrons from the semiconductor to the electrolyte. They also prevent larger molecules like
ADEKA-1 from aggregating on the semiconductor surface[50]. The beneficial aspects of
cyanoacrylic acids were discussed in the previous section. The newly introduced
trimethoxysilane anchoring group shows strong surface binding by forming Si-O-Ti bonds and
exhibits an increased VOC[51]. The TA4 dye reported by Chiu et al. (Scheme 4) consists of the
second very common donor, a triarylamine group. An azobenzene π-bridge separates donor and
the cyano acrylic acid anchor. TA4 has an efficiency of 4.78% (no efficiency for a reference
cell was given)[52]. Recently other π-bridges and donors were explored and the variety of
possibilities in this area is extensive. The dye W24 (Scheme 4) demonstrated the potential of
dithieno[3,2-b:2’,3’-d]pyrrole groups as donors and the variation of the position of this group
relative to the anchoring group showed interesting results. An efficiency of 7.7% (no efficiency
for a reference cell was given) for W24[53] was obtained, which is higher than for the analogous
structure where the donor is separated from the anchor by a spacer. The main drawback of
purely organic dyes is their often very complicated and thus expensive and time-consuming
synthesis. In contrast, inorganic dyes are more easily synthesized by coordination reactions of
metal salts with readily synthesized organic ligands, reducing synthetic steps.
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Scheme 4: Organic dyes TA4, W24, ADEKA-1 and LEG4 representative for the “push-pull” design. C6H13
represents an nhexyl chain and C4H9 represents an nbutyl chain.
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3.3.4.3

Inorganic DSSCs

The publication of the first and ground-breaking ruthenium dye in a DSSC, 1991, lead to the
development of a wide variety of ruthenium complexes.
The synthesis of Ru(II)-complexes is fast and rather uncomplicated, combining simple ligand
design with the outstanding photophysical properties of Ru(II). The organic ligands are often
2,2'-bipyridines (bpy) or 2,2';6',2"-terpyridines (tpy), bearing anchoring groups. Thiocyanato
groups (NCS−) are beneficial for their electron donating properties, which stabilize the excited
state of Ru(II)-complexes and red-shifts the absorption[54]. NCS– groups are incorporated in
positions that point away from the semiconductor surface, enabling good contact with the
electrolyte and fast dye regeneration[55-57]. Scheme 5 shows the most well-known Ru-dyes
N719[58], Z907[59] and the black dye (N749)[54].

Scheme 5: Ru(II) based dyes N719, Z907 and the black dye (N749).

The state of the art inorganic Ru(II)-based dye CYC-B11 (Scheme 6) reaches an efficiency
over 11% (no efficiency for a reference cell was given)[60].
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Scheme 6: State of the art Ru(II)-based dye CYC-B11.

The anchoring group of choice in Ru(II) dyes is a carboxylic acid or carboxylate.
Ruthenium (II) complexes are among the best inorganic dyes, but have one major drawback
that will hinder commercialization. Ruthenium is a noble metal, very rare (abundancy in the
earth crust 0.000037 ppm[16]) and expensive (US$ 6109 per kilogram, 09 January 2018[61]).
Incorporating alternative, cheaper and more abundant metals in DSSCs is a major goal in this
research topic.

3.4

Cu(I) based dyes - Photophysical properties of
transition metal complexes

A cheaper alternative for inorganic DSSCs is copper. Copper is more abundant by a factor of
thousand, has two main oxidation states +1 and +2 and especially Cu(I) metal complexes show
good photophysical properties. Cu(I) complexes bearing two bisdiimine ligands show strong
metal to ligand charge transfer (MLCT) transitions in the visible range of the spectrum. They
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are colourful materials with colours ranging from yellow to orange, red and magenta. Cu(I) is
a d10 metal ion (i.e. has fully filled d-orbitals) and prefers a tetrahedral coordination
geometry[62], where 4 donor atoms have least repulsion. A d10 metal exhibits no metal centred
(MC) d-d transitions and in the case of the Cu(I) complex [Cu(6,6'-dimethyl-2,2'bipyridine)2](PF6)[63] its low oxidation potential of +0.17 V (with respect to Fc/Fc+) favours
MLCT to low lying π*-orbitals of coordinated ligands. The excited MLCT state is relatively
long lived, enabling charge separation suitable for application in a DSSC[64]. Upon excitation,
Cu(I)-complexes are formally oxidized to Cu(II)-ligand radicals which prefer a square-planar
geometry, opening up a 5th coordination site and allowing additional decay pathways via
nucleophilic attack by solvent or anion molecules. This problem can be overcome by careful
ligand design and will be discussed in the main part of this thesis.
Charge separation, recombination and excited state decay pathways are important aspects that
have to be taken into account when a material is to be tested for application in a DSSC. It is
somewhat surprising, that the only working inorganic dyes for DSSCs with significant
efficiencies (above 2%) are ruthenium, osmium[65], copper and zinc (in porphyrin based
complexes[66]) based. To explain this phenomenon, it is important to consider the electronic
configurations of transition metals.
Compared to Ru(II), alternative metals of the same column in the periodic table could be Fe(II)
and Os(II), that possess the same electronic configuration (d6). The energetic level of the metal
centred (3MC) state in most Fe(II) polypyridine complexes[67] is lower in energy than the
3

MLCT state, which enables excited state decay from the 3MLCT to the non-emittive 3MC state

(Fig. 6). The metal-to-ligand charge transfer (3MLCT) state in most Os(II) polypyridine
complexes[68] is lower in energy than the first excited state (3MLCT) of Ru(II). When charge
recombination from the excited state back to the ground state or to other states lower than the
CB of TiO2 is faster than charge injection into the semiconductor, no or only minimal power
output is obtained.
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Fig. 6: Potential energy curves for Fe(II), Ru(II) and Os(II) complexes from Barbieri et al. Reproduced from ref.[68]
with permission of the Royal Society of Chemistry.

In Os(II) complexes this problem was solved by incorporating a 2,6-bis(3-trifluoromethyl-1H1,2,4-triazol-5-yl)pyridine ligand[65], which decreased the electron density on the Os(II) ion and
shifts the oxidation potential to a more positive potential, compared to most Os(II) polypyridine
complexes. The main advantage is, that the recombination of electrons in the semiconductor to
the ground state of the Os(II) complex is slowed down and dye regeneration via the electrolyte
becomes faster than the recombination[69-70]. The complexation of this new ligand with an
{Os(tpy)}2+ precursor yielded the complex displayed in Scheme 7, which showed a good solar
to power efficiency of 8.85% (relative to 8.21% for a N749 reference cell, displayed in Scheme
5).

Scheme 7: Os(II) complex with good light harvesting properties.
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Research groups are currently exploring Fe(II) dyes with specially designed ligands (often
bearing carbene groups) that can shift the energy level of the 3MLCT state[71]. Some
achievements in this direction have been made by Wärnmark and colleagues[67], where they
could destabilize the 3MLCT state in an Fe(II) complex and prevent intersystem crossing to the
low lying 3MC state (Fig. 7)[72]. However, recombination reactions still occurred in an
assembled DSSC using their complex and a very low efficiency of 0.13% (relative to 6.1% for
an N719 reference cell) was obtained[73].

Fig. 7: The complex Wärnmark and colleagues used to sensitize TiO2 and energetic states and transitions present
in the complex. Recombination pathways are not shown. Reproduced from ref. [72] with permission of Springer
Nature.

A representation of energetic levels and possible transitions in Ru(II) and Cu(I) complexes
shows similarities and illustrates why the incorporation of Cu(I)-complexes into DSSCs is a
viable alternative (Fig. 8)[64]. Cu(I) as a d10 metal complex can promote electrons to empty πorbitals of coordinated ligands, either by ligand centred (LC) or by MLCT transitions. LC
transitions are high in energy and, thus need high energy photons of the UV part of the light
spectrum. These UV photons are few, but photons in the visible spectrum (350 – 700 nm) are
more frequent, enabling metal complexes to absorb these photons and to transfer them via
MLCT to excited π*-states in the ligand. From there, electrons can be injected into a TiO2
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semiconductor to generate an electrical current. In bisdiimine copper(I) dyes, decay pathways
for excited electrons are back to the ground state, or to the electrolyte.

Fig. 8: Comparison of energy transitions in d10 (e.g. CuI) and d6 (e.g. RuII) metal complexes. Reproduced from
ref.[64] with permission of Springer Nature.

3.5

Bisdiimine copper(I) dyes

The first Cu(I) complex to be incorporated in a DSSC was reported by Sauvage and coworkers
in 1994[74]. They used the sodium salt of a homoleptic [Cu(2,9-bis(4-carboxyphenyl)-1,10phenanthroline)2](BF4) dye (Scheme 8) as sensitizer and obtained a working solar cell, but with
poor performance (VOC = 0.6 V, JSC = 0.6 mA/cm-2).
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Scheme 8: First working Cu(I) complex, incorporated in a DSSC[74].

The energetics of a bisdiimine copper(I) dye can be tuned by modification of the coordinated
ligands. Sauvage and coworkers used a 1,10-phenanthroline ligand, which enables chelating
coordination to the metal ion. Chelating coordination is thermodynamically favoured[75] and
increases complex stability in contrast to monotopic coordination. Two chelating 1,10phenanthroline ligands form a distorted tetrahedral complex with Cu(I) salts. The second
important feature is substituents at the 2,9-positions of 1,10-phenanthroline. In the case of
Sauvage’s dye, phenylene groups were incorporated. These groups dramatically increase the
stability of bisdiimine copper(I) complexes, by favouring tetrahedral geometry. When a
bisdiimine copper(I) complex absorbs a photon, an exciton (electron-hole pair) forms, which
can inject its electron into the semiconductor. After this injection, Cu(I) loses an electron and
is oxidized to Cu(II), which favours a square planar geometry with a possible 5 th coordination
site. To prevent, or at least hinder, this conformation change is the purpose of groups on the
carbon atom next to coordinating nitrogen atoms.
To apply a bisdiimine copper(I) complex as a dye in a DSSC, an anchoring group is necessary,
enabling binding of the complex to the semiconductor. The most common anchoring group is
a carboxylic acid or carboxylate salts, as seen in Sauvage’s dye or the Ru(II) dye N719[58]. More
recent studies have shown, that in bisdiimine copper(I) complexes, phosphonic acid anchors
outperform carboxylic acid anchors[42].
Substituted 2,2'-bipyridine (6,6'-dimethyl-2,2'-bipyridine) and 1,10-phenanthroline ligands
(2,9-dimethyl-1,10-phenanthroline) are the most common ligands found in bisdiimine copper(I)
dyes, but other related ligands[76] also show promising performance (Scheme 9).
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Scheme 9: 6,6'-Dimethyl-2,2'-bipyridine and related ligands used in Cu(I) dyes.

After Sauvage published his first bisdiimine copper(I) dye, researchers realized, that a
homoleptic Cu(I) dye is lacking another important feature - the absence of an electronic driving
force for electron injection. In a homoleptic complex the highest occupied molecular orbital
(HOMO) is equally distributed over the metal and the metal-ligand bonding. The lowest
unoccupied molecular orbital (LUMO) is equally distributed over both coordinated ligands,
thus an excited electron has a similar probability to be promoted into the remote ligand as into
the ligand bound to a semiconductor. Therefore, heteroleptic Cu(I) dyes were developed and a
“push-pull” system, similar to organic dyes, was incorporated.

3.5.1

Towards heteroleptic bisdiimine copper(I) complexes

Homoleptic Cu(I) complexes were first applied in DSSCs by Sauvage (see above) and later by
Constable and coworkers[77]. Since then research focus mainly lay on the synthesis of
heteroleptic complexes, which mimic the “push-pull” systems of organic dyes. Two approaches
towards the sensitization of semiconductors with heteroleptic Cu(I) dyes exist.
The HETPHEN approach was developed by Odobel and coworkers[78] in 2013. In their first
study, they combined ancillary ligands, with steric demanding groups close to the donor atom,
with an anchoring ligand (Scheme 13, bottom right) and obtained a maximum efficiency of
0.71% (relative to 6.55% for an N719 reference cell). The crux of their approach was to combine
Cu(I) metal salts with sterically demanding diimine ligands, that were too bulky to form
homoleptic complexes. In a second coordination reaction these Cu(I)-diimine precursors were
reacted with a less sterically demanding ligand to form a heteroleptic bisdiimine copper(I)
complex in solution. In their second study they combined a sterically demanding anchoring
ligand (Scheme 13, top right) with a less demanding ancillary ligand and succeeded in the
preparation of a heteroleptic complex (Scheme 10), showing the highest efficiency of η = 4.66%
(relative to 7.36% for an N719 reference cell) for a Cu(I) based dye in DSSC[79].
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Scheme 10: Best performing bisdiimine copper(I) dye in a DSSC, published by Odobel and coworkers[79].

The second approach uses a stepwise on-surface assembly of the heteroleptic Cu(I)-complex[42].
In the first step the semiconductor is modified by a diimine molecule bearing an anchoring
group. The modified surface is then immersed into a dye solution of a homoleptic Cu(I)complexes. Diimine ligands bound to copper(I) are relatively labile and ligand exchange
between the anchoring ligand and the homoleptic Cu(I) complex occurs rapidly. One diimine
ligand is released in this process and a surface bound heteroleptic Cu(I) complex formed
(Scheme 11). This stepwise assembly can be extended to an additional step, where
[Cu(NCMe)4][PF6] is introduced first to form a Cu(I)-diimine precursor complex on the surface,
followed by one equivalent of ancillary ligand.

Scheme 11: Stepwise assembly of heteroleptic bisdiimine copper(I) complexes on a semiconductor.

3.5.2

Anchoring ligands in bisdiimine copper(I) complexes

Sauvage and coworkers used a carboxylate anchoring group in their homoleptic Cu(I)-complex
(Scheme 8). It substitutes the 4-position of phenyl rings, attached to the 2- and 9- positions of
1,10-phenanthroline. Considering the sterics of this molecule it is not surprising that poor
performance was observed. A homoleptic complex lacks the electronic driving force to transfer
electrons to the ligand bound to the semiconductor. The position of the anchoring groups is also
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not ideal. A maximum of two simultaneously bound anchors can be expected (Scheme 8) and
the steric demand of the 1,10-phenanthroline backbone will most likely push the complex away
from the surface. Positioning of the anchoring groups para to the N-atom reduces repulsion
from the surface, increases binding and electronic coupling is favourable. Scheme 12 shows
early examples of anchoring ligands, bearing their anchoring group para to the coordinating Natom. The homoleptic Cu(I) complexes of these two anchors show promising light harvesting
abilities, with solar-to-power conversion efficiencies of 1.9 and 2.3%(relative to 9.7% for an
N719 reference cell)[77]. Scheme 12 also illustrates the conformational change a 2,2'-bipyridine
based ligand has to undergo upon coordination to a Cu(I) metal centre. Rotation around the CC bond connecting both pyridine moieties, enables a 2,2'-bipyridine to transform from its
thermodynamically favoured trans configuration to a cis conformation, necessary for the
chelating coordination to a metal.

Scheme 12: Carboxylic acid anchoring ligand (top). Conformational change towards a cis configuration, necessary
for chelating coordination to a Cu(I) metal centre (bottom) [77].
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Scheme 13: Anchoring ligands for heteroleptic bisdiimine copper(I) based sensitizers. HETPHEN approach
ligands (right side) and on-surface approach ligands (left side).

Over the past years anchoring ligands have been synthesized and tested in Cu(I) based DSSCs
(some are displayed in Scheme 13) as anchors in heteroleptic[42, 78-80] and homoleptic[81-82]
Cu(I)-complexes. The anchoring ligand is certainly one of the most important parts of a Cu(I)
based solar cell, as it enables surface binding to a semiconductor. Studies with 2,2′-biquinoline4,4′-dicarboxylic acid (Scheme 13, bottom right) as the anchoring ligand have shown that
heteroleptic Cu(I) complexes using this anchor[78] outperform the homoleptic Cu(I) complex[82].
Other examples are rare. The ligand 6,6'-dimethyl-[2,2'-bipyridine]-4,4'-diyl)bis(4,1phenylene))bis(phosphonic acid) (Scheme 13, bottom left, R = PO(OH)2), shows very good
performance as an anchoring ligand in heteroleptic bisdiimine copper(I) based DSSCs[16]. An
attempt to isolate the homoleptic copper(I) complex of this ligand failed[83], which proves the
step-wise on surface approach[16] for the formation of surface bound heteroleptic bisdiimine
copper(I) dyes is beneficial in the case of this ligand.

3.5.3

Ancillary ligands in heteroleptic bisdiimine copper(I)
complexes

The role of the anchoring ligand has been discussed briefly in the previous section. To complete
the assembly of a heteroleptic Cu(I) complex a second diimine ligand, a so-called ancillary
ligand, is necessary. The ancillary ligand has two main features. It needs blocking groups on
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the C-atom next to the coordinating N, to encapsulate the Cu(I) metal centre and maintain the
tetrahedral geometry. It is very important to prevent irreversible oxidation to a square planar
Cu(II) complex. The second aspect concerns electron-releasing groups (ERGs), often
positioned para to the coordinated N-atom. These ERGs “push” excited electrons towards the
anchoring ligand, where they can be injected. A lot of research has been done on the
modification of ancillary ligands with the aim of developing more efficient Cu(I) based DSSCs.
Halogen groups were incorporated as electron-releasing groups[84]. Large ancillary ligands
bearing hole transporting triarylamines have been investigated[85]. The most used 2,2'bipyridine ligand core was changed to substituted 2,9-dimethyl-1,10-phenanthrolines, bearing
various functionalities[86] to identify only a few attempts towards more efficient Cu(I) based
DSSCs. Most of these modifications yielded solar cells with improved efficiency compared to
non-substituted ligands like 6,6'-dimethyl-2,2'-bipyridine. However, the overall efficiency still
lies between 2 and 3% in most of these cases and the big breakthrough using modified ancillary
ligand is still awaited.
The modification of the electrolyte in bisdiimine copper(I) DSSCs, leads to an increase in
performance compared to the standard iodine electrolyte (LiI (0.1 M), I2 (0.05 M), 1methylbenzimidazole (MBI) (0.5 M), 1-butyl-3-methylimidazolinium iodide (BMII) (0.6 M) in
3-methoxypropionitrile (MPN)) used in most studies. A systematic investigation of
concentrations and additives in I−/I3− electrolyte was carried out[87] and revealed an optimal
composition using I2 (0.015 M), BMII (0.6 M), and guanidinium thiocyanate (GNCS) (0.01 M)
in MPN without addition of LiI. Fürer and coworkers[20] demonstrated the beneficial effect of
replacing the I−/I3− redox couple by a [Co(bpy)3]2+/3+ redox couple in the electrolyte. An
increase in efficiency from 2.73% using a I−/I3− electrolyte (relative to 8.02% for an N719
reference cell) to 3.69% (relative to 7.12% for an N719 reference cell) using a [Co(bpy)3]2+/3+
electrolyte was observed.
The research focus in this PhD thesis concentrates on the modification of anchoring ligands for
heteroleptic bisdiimine copper(I) complexes, which has not been examined in great detail to
date.
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4

CELL-ASSEMBLY AND
CHARACTERIZATION

4.1

Chemicals

Chemicals for ligand synthesis were purchased from Sigma-Aldrich, TCI, Acros, Apollo,
Fluorochem or Alfa Aesar. Deuterated solvents for NMR spectroscopy were purchased from
Cambridge Isotope Laboratories, Inc. HPLC solvents were used for UV-VIS, ESI-MS and
electrochemical measurements. Technical dimethyl sulfoxide (DMSO), miliQ water and HPLC
solvents were used in the solar cell assembly.

4.2

General

A Biotage Initiator 8 microwave reactor was used for reactions carried out under microwave
conditions. Ligands were characterized by 1H, 13C, 19F and 31P-NMR spectroscopy, ESI-MS,
high res ESI-MS, MALDI-TOF-MS, melting point, UV-VIS, IR and elemental analysis
measurements. 400MHz, 500MHz and 600MHz NMR spectra were measured on Bruker
Avance III- 400, DRX-500 or DRX-600 NMR spectrometers with chemical shifts referenced
to residual solvent peaks; 1H and 13C δ(TMS) = 0 ppm; 31P δ(85% aqueous H3PO4) = 0 ppm;
19

F δ(CFCl3) = 0 ppm. Electrospray mass spectra were measured on Bruker Esquire 3000plus or

Shimadzu LCMS-2020 instruments. High resolution ESI-MS was measured on a Bruker maXis
4G instrument. MALDI-TOF mass spectra were recorded on a Bruker Daltonics Inc. microflex
instrument. Solution electronic absorption spectra were recorded on an Agilent 8453 or Cary
5000 spectrophotometer. Solid-state spectra were recorded on a Cary 5000 spectrophotometer.
FT-IR spectra were recorded on a Perkin Elmer Spectrum Two instrument.
Single crystal data were collected on a Bruker APEX-II diffractometer. Data reduction, solution
and refinement used the programs APEX[88] or CRYSTALS[89]. The structures were analyzed
with Mercury[90-91].
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4.3

Materials for DSSCs

4.3.1

N-type DSSCs

TiO2 working electrodes, Pt-electrodes and sealing materials were purchased from Solaronix
SA, Aubonne, Switzerland (Test Cell Kit, ref: 74991) and used to assemble most of the DSSCs
presented in the next chapters. Self-printed TiO2 electrodes were used in one study and were
prepared by Annika Büttner via the screen-printing technique[34].
Commercially available TiO2 electrodes have an active TiO2-area of 36mm2 on a 4 cm2 FTO
coated glass plate. The mesoporous TiO2 layer is ~10μm thick, covered with a ~3 μm
scattering/blocking layer of larger TiO2 particles (SEM measurement by Dr. Collin Morris at
the University of Basel). The mesoporous layer has a large surface area and enables increased
dye uptake, compared to a TiO2 monolayer. This increase in surface area was the breakthrough
for the DSSC technology[14].
The counter electrode is an FTO coated glass (4cm2) with a thin Pt layer and a hole drilled
through the glass. The hole enables addition of electrolyte to the assembled cell, via the vacuum
backfilling technique.
Hot melting foil was provided in the solar cell kit from Solaronix SA. A gasket sealing foil was
used to glue working and counter electrodes together. A thin glass plate was glued on the hole
in the counter electrode using a thin sealing foil. The solar cell is completely closed and stable
for weeks.

4.3.2

P-type DSSCs

NiO is a semiconductor material, which can be used as a counter electrode material and can
replace the Pt electrode. It can be sensitized with dye molecules, similar to the TiO2
semiconductor. The working and design principle of p-type DSSCs is described in chapter 10.
NiO working electrodes were prepared by Nathalie Marinakis, using the screen-printing
technique according to the literature preparation[92]. A thickness of ~1.0-2.5 μm for the NiO
layer was confirmed using focused ion beam (FIB) scanning electron microscopy (REM-FEI
Helios NanoLab 650).
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The same Pt-electrode used for n-type DSSCs was used in the assembly of p-type solar cells.
Hot melting foil was provided in the solar cell kit from Solaronix SA was used to glue both
electrodes together and close the hole in the Pt-electrode, used for vacuum backfilling of the
electrolyte.

4.3.3

The electrolyte

The electrolyte used for all n-type DSSCs presented in this thesis consists of following
components: LiI (0.1 M), I2 (0.05 M), 1-methylbenzimidazole (0.5 M) and 1-butyl-3methylimidazolinium iodide (0.6 M) in 3-methoxypropionitrile. The electrolyte can be
introduced into the DSSC via vacuum backfilling, explained in the next section.

4.4

Sensitization of TiO2 and DSSC assembly

Bisdiimine copper(I) based solar cells were attached to a TiO2 working electrode in a step-wise
on surface approach (Fig. 9). The commercial TiO2 electrodes were washed with miliQ water
and HPLC ethanol and sintered for 30 min at 450°C. The electrodes were cooled to 80°C and
immersed into an anchoring ligand solution (1 mM in DMSO) for one day. The modified
electrodes were washed with DMSO and ethanol and dried under a nitrogen stream or with a
heat gun (80°C) and then immersed in a solution containing an homoleptic bisdiimine coper(I)
complex (0.1 mM in dichlormethane or acetone) for three days. Ligand exchange reactions take
place during that time and an heteroleptic copper(I) complex attached to the TiO2 surface is
formed. The sensitized semiconductor is washed with the solvent of the homoleptic copper(I)
dye bath and dried under a nitrogen stream or with a heat gun (80°C).
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Fig. 9: Step-wise solar cell assembly.

TiO2 electrodes sensitized with the N719 dye (0.3 mM in ethanol) and an organic dye (1 mM
in DMSO), presented in chapter 9, were dipped into the corresponding dye solutions for 3 days
and 1 day, respectively.
The Pt counter electrode was washed with miliQ water and ethanol (HPLC grade) and sintered
at 450°C for 30 min and cooled to RT afterwards. The electrodes were glued together using
thermoplast hot-melt sealing foil. A soldering iron was pressed on the backside of the counter
electrode, while heating the glass to 240 °C and melting the foil between the glass plates. The
tip of the soldering iron was modified to match the shape of the sealing foil and not directly
heat the dye. The predrilled hole in the counter electrode was positioned within the sealing foil
gasket and an Eppendorf pipette tip was placed in the hole. The cell was evacuated and flushed
with N2 three times. Liquid electrolyte was filled into the pipette-tip and the vacuum was
carefully increased. N2 inside the cell was drained out and replaced by the electrolyte (“vacuumbackfilling”). 1-2 back-filling steps were performed to remove all gas from the cell. The tip was
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removed, and the cell closed using hot-melt sealing foil and a covering glass. Silver paste was
applied to the edges of both electrodes, enabling better contact.

4.5

J/V measurements

The basic photophysical properties, the voltage and the current were measured under artificial
light irradiation with a sun simulator. A LOT Quantum Design LS0811 instrument (AM 1.5,
23 °C) was used and calibrated with a silicon solar cell to 1000 W/cm2 (1 sun). The sealed solar
cells were masked with a copper sheet, minimizing diffuse and reflected light, which enables
consistent and reproducible data. The exposed area of the masked solar cell was around 0.0600
cm2, depending on the used mask. P-type solar cells were not masked and the active area was
0.237 cm2.

Fig. 10: The LOT Quantum Design LS0811 instrument.
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The solar cell was placed under the sun simulator and sun soaked for 20 min. The sun soaking
fills all trap states in the semiconductor with electrons (or holes for p-type). The solar cell was
fixed on a measuring table under the solar lamp and the output current was measured by
applying and external voltage. For p-type solar cells the measuring mode in the instrument
software was changed to p-type, which supports the inverted configuration. The measurement
was controlled, and data were analyzed using ReRa Tracer 2.0 software.
The J/V measurement was performed under light irradiation, while the voltage was screened
from −0.1 V to 0.7 V. The output current was measured and directly divided by the active
surface to give the short circuit current density JSC. The potential where the current becomes 0
is defined as the open circuit voltage VOC. The maximum of the product of voltage times current
is the maximum power (Pmax) point of the solar cell. The voltage at the maximum power point
is VMP and the current JMP. The fill factor (ff) is the ratio of the rectangles defined by JMP ∙ VMP
and JSC ∙·VOC. It’s given in % and has a value between 0 and 100.
𝑓𝑓 =

𝐽𝑀𝑃 𝑉𝑀𝑃
𝐽𝑆𝐶 𝑉𝑂𝐶

These values including the power density of the incident light (PIN) can be used to calculate the
most important value, the efficiency η of a solar cell.
𝜂=

𝐽𝑆𝐶 · 𝑉𝑂𝐶 · 𝑓𝑓
𝑃𝐼𝑁
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Fig. 11: J/V curve obtained from measurement with the LOT Quantum Design LS0811 instrument. Important
parameters are highlighted.

4.6

EQE measurements

Photophysical insight into the process of light absorption and injection is gained from external
quantum efficiency measurements. This method measures the current output at open circuit
conditions in relation to the wavelength of the incident light. The wavelength of the incident
light is controlled by a monochromator. The EQE value is defined by the current output (JSC)
at a given wavelength (λ), the incident light at that wavelength (PIN) and a correction factor of
1240 to convert eV to nm.
𝐸 =ℎ∙𝑣 =

ℎ∙𝑐
1240 𝑒𝑉𝑛𝑚
=
𝜆
𝜆(𝑛𝑚)

The formula shows the relation between wavelength and energy; 1nm = 1240 eV.
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A photon with a wavelength of 450 nm would have an energy of 2.756 eV. The EQE is defined
as:
𝐸𝑄𝐸 = 1240

𝐽𝑆𝐶
𝜆 ∙ 𝑃𝐼𝑁

External quantum efficiency (EQE) was measured on a Spe-Quest quantum efficiency setup
equipped with a 100 W halogen lamp (Rera Systems, Netherlands). The monochromator was a
lambda 300 machine from Lot Oriel modulating the light to 3Hz using a chopper wheel
(ThorLabs). Data were recorded with a SR830 DSP Lock-In amplifier from Stanford Research.

4.7

EIS measurements

EIS measurements were carried out by Dr. Markus Willgert and Nathalie Marinakis from the
University of Basel.
EIS is measured by applying an alternating current of varying frequency close to the VOC of a
DSSC. EIS is measured at different light intensities, which enables investigation of different
charge transfer and recombination processes in the cell. Charge transfer, resistance and
capacitance of the interfaces (TiO2 / electrolyte and Pt counter electrode / electrolyte) in a DSSC
can be extracted from EIS measurements and give important insight into the processes in a solar
cell. EIS is a very powerful tool, but also complex and was performed in cooperation with
colleagues. It will be discussed briefly in chapters 7 and 8, but is not the main focus of this PhD
thesis.
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5

PREPARATION OF BISDIIMINE
COPPER(I) COMPLEXES FOR DSSCS

5.1

Project Aim

Bisdiimine copper(I) complexes as sensitizers in DSSCs are a research field with great potential
(see introduction). They are part of a family of metal-organic complexes with the ability to
absorb photons and convert them into electrical current. Compared to other inorganic dyes,
mainly ruthenium(II) based complexes, copper(I) complexes benefit from sustainable, cheap
and abundant materials. Photophysical properties of bisdiimine copper(I) complexes enable
long lived excited states[93], suitable for charge separation and electron injection into a
semiconductor. The low oxidation potential[63] (+0.17 V with respect to Fc/Fc+), combined with
a relatively intense MLCT enables these materials to be suitable materials for DSSCs. Upon
irradiation bisdiimine copper(I) complexes undergo MLCT transitions and transfer an electron
to the antibonding π*-orbital of a bisdiimine ligand. The loss of one electron generates a
copper(II) ligand-radical with an electronic d9 configuration in the excited state. Copper(II)
prefers to be five or six coordinated. The geometry of a copper(II) complex is distorted (JahnTeller distortion) in an octahedron, as the three electrons in the eg orbitals can either fully
occupy the 𝑑𝑧 2 or the 𝑑𝑥 2 −𝑦 2 orbital, which causes elongation or compression of the bond
length of the axial ligands[62]. Bulky groups (e.g.: methyl, nbutyl,

iso

butyl, nhexyl, phenyl) can

be incorporated at the C-atom next to the coordinating N-atom (see Scheme 14 for 6,6'dimethyl-2,2'-bipyridine)[80]. These substituents give the complex a tendency to stay in a
pseudo-tetrahedral geometry and shield the copper atom from nucleophilic attack (e.g. by
solvent molecules), which in turn prevents excited state decay. Bisdiimine copper(I) complexes
show colours ranging from orange to red to purple.
The Constable/Housecroft group at the University of Basel has investigated different types of
ligands for copper(I) based dyes and tested their performances in a solar cells over the last few
years[16]. By changing one ligand of the complex, the so-called ancillary ligand, and keeping
the anchoring ligand the same, efficiencies of these heteroleptic systems could be increased[84].
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In this PhD thesis, all aspects of modification in a bisdiimine copper(I) complex will be
discussed. A new type of ancillary ligand bearing a CF3-group will be introduced, which shows
encouraging results. Many intensive studies of ancillary ligands for bisdiimine copper(I)
complexes have already been reported from our research group and will not be the main interest
in this thesis.
The focus of this PhD thesis lies on the modification of the second diimine ligand in a copper(I)complex, the anchoring ligand. These ligands bear anchoring groups, which enable binding to
a semiconductor like TiO2, enabling electron injection. Systematic studies of spacers,
substitution positions and especially new types of anchoring groups will be presented.

5.2

Design

principle

of

bisdiimine

copper(I)

complexes
Bisdiimine copper(I) complexes as dyes in DSSC’s were discussed in the introduction. The
simplest bisdiimine ligand discussed in this thesis is 6,6'-dimethyl-2,2'-bipyridine (1 ,Scheme
14).
The Constable/Housecroft research group at the University of Basel developed their own
approach towards heteroleptic bisdiimine copper(I) complexes anchored to a semiconductor
surface. Direct solution synthesis of heteroleptic complexes is difficult, as homoleptic and
heteroleptic complexes of bisdiimine ligands equilibrate in solution and their separation is
challenging. Thus, a stepwise on surface assembly methodology was developed[42, 94]. This
method allows fast and easy screening of different heteroleptic complexes in a solar cell. Cells
can be modified with an anchoring ligand and by ligand exchange of the surface bound anchor
with homoleptic bisdiimine copper(I) complexes a wide range of heteroleptic complexes can
be investigated easily and rapidly. The disadvantage of this assembly method is the lack of
characterizations possible. On surface solid state UV-VIS spectroscopy and electrochemical
impedance spectroscopy (EIS) are important characterization methods, but standard solution
characterization of heteroleptic complexes is not possible. Scheme 15 shows an example of a
heteroleptic bisdiimine copper(I) complex bound to a TiO2-semiconductor surface. It consists
of two diimine ligands, with chelating coordination to copper(I) in a tetrahedral geometry. In
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this study, substituted 2,2'-bipyridine (bpy) and 1,10-phenanthroline (phen) ligands are
discussed and Scheme 15 gets modified, as the results of my PhD work are presented.
On the right side of Scheme 15 the ancillary ligand is displayed. Two important substitution
positions are highlighted by R-groups. In the 6 and 6' positions of 2,2'-bipyridine, alkyl and
aromatic groups of various length and size can be incorporated to prevent flattening of the
tetrahedral geometry of the copper(I) centre. In the 4 and 4' positions, functionalized aromatic
groups with various substituents can be easily incorporated by a Kröhnke type reaction
mechanism[95]. The highest occupied molecular orbital of a copper(I)-complex should lie on the
copper centre and the ancillary ligand side of the complex to promote electronic driving force
towards the anchoring ligand. The transfer of excited electrons, that are generated upon
irradiation, through a heteroleptic bisdiimine copper(I) complex is influenced by electron
withdrawing and releasing substituents on the diimine ligands. To enhance this driving force,
electron rich and releasing groups like alcohols, amines and halogens can be incorporated (e.g.
in

4 and 4' position of 6,6'-dimethyl-2,2'-bipyridine). Previous

studies

in the

Constable/Housecroft research group highlighted beneficial effects of incorporated halogen[84]
and triarylamine[85] substituents compared to the 6,6'-dimethyl-2,2'-bipyridine (Scheme 14)
ligand.

Scheme 14: The 6,6'-dimethyl-2,2'-bipyridine ligand 1 and ancillary ligands 2 and 3 discussed in the next chapter.

A clear trend however is hard to establish, and efficiencies range from 2.5-3.5% in most cases
(relative to 7.63% for a N719 reference cell)[84]. In chapter 6, 2,2'-bipyridine ligands with
different groups in the 6 and 6' positions of the ancillary ligand (2 and 3, Scheme 14) will be
incorporated into copper(I) based solar cells and their efficiencies compared to ligand 1.
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Scheme 15: General structure of a heteroleptic bisdiimine copper(I) complex bound to a TiO2 semiconductor. The
ligand on the right-hand side is the so-called ancillary ligand, the ligand bound to the surface is the so-called
anchoring ligand.

On the left-hand side in Scheme 15, the anchoring ligand is displayed. It consists of a 6,6'dimethyl-2,2'-bipyridine or a 2,9-dimethyl-1,10-phenanthroline core with substituents in the 4
and 4' positions or 4 and 7 positions, respectively. The anchoring ligands discussed in this thesis
always possess methyl groups in the 6 and 6' position of 2,2'-bipyridine or in the 2 and 9
positions of 1,10-phenanthroline (trivial name: neocuproine), to prevent distortion of the
tetrahedral geometry. Previous studies[42] have shown, that anchoring groups directly attached
in the 4 and 4' positions of 6,6'-dimethyl-2,2'-bipyridine show worse performances than those
with an anchor separated from the bpy core by a spacer in the 4,4'-positions[42].
The synthesis of the standard and most frequently used anchoring ligand for heteroleptic
bisdiimine copper(I) dyes is displayed in Scheme 16. Anchor 4 is synthesized in 4 steps[83].
Steps 1 and 2 highlight the great potential of the pyridine synthesis developed by Kröhnke in
1976[95]. The synthesis follows a general route. In the first step, two equivalents of
functionalized aromatic aldehyde are reacted in a double Knoevenagel condensation, with 2,3butandione in the presence of catalytic amounts of piperidine, to give the 1,6-substituted hexa1,5-diene-3,4-dione. A wide variety of functional groups attached to the aromatic aldehyde are
tolerated, such as amide, alkyl, alkoxy and halogen groups. The second step is the Kröhnke type
condensation, where a e.g. 1-(2-oxopropyl)pyridin-1-ium chloride reacts with the hexa-1,5diene-3,4-dione in the presence of ammonium acetate to yield a 4,4'-substituted 6,6'-dimethyl2,2'-bipyridine ligand. The wide variety of available aromatic aldehydes combined with the
easy preparation of Kröhnke salts (α-pyridinium methyl ketones) enables a fast and beneficial
synthesis of otherwise difficult accessible 2,2'-bipyridine ligands. In the specific example in
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Scheme 16, the 6,6'-dimethyl-2,2'-bipyridine ligand is substituted in the 4 and 4' position with
4-bromophenyl groups. The bromine functionality allows subsequent modification via Pdbased cross coupling reactions. In a microwave (MW) reaction under dry solvent conditions the
dibromo compound reacts with HPO(OEt)2, Cs2CO3 and catalytic amounts of [Pd(PPh3)4] to
give the phosphonic ester (Scheme 16). The ester is easily deprotected by reaction with the
electrophile TMS-Br and workup under aqueous conditions yielded anchoring ligand 4 in 80%
yield. The synthesis follows a literature preparation[83] with an improved deprotection step[96]
to 4.

Scheme 16: General route for the synthesis of standard anchor 4; a) MeOH, piperidine, reflux, 16h, b) NH4OAc,
EtOH, reflux, 4h, c) HPO(OEt)2, [Pd(PPh3)4], Cs2CO3 in dry THF (110°C, MW radiation, 90min), d) TMS-Br,
CH2Cl2, RT, aqueous workup.

The spacer in the standard anchoring ligand is a phenylene group (4, Scheme 16). It enables
electron transport from the copper(I)-bpy core, via conjugation to the anchoring group and the
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semiconductor. Spacers enable better charge separation by transferring the excited electron
from the MLCT process at the copper(I)-bpy core via the phenylene spacer and the anchoring
group into the semiconductor. This spatial separation of the electron generating centre and the
charge injection part decreases recombination and the return of the excited state to the ground
state, which in turn results in enhanced power output. In chapter 7 the influence of thiophenediyl
groups as aromatic spacers and the position of the anchoring group in the thiophenediyl will be
discussed.
Another important part of a heteroleptic bisdiimine copper(I) dye is the anchoring group on the
anchoring ligand. The standard anchor 4 (Scheme 16) bears a phosphonic acid anchoring group
in the 4 position of both phenylene-spacers. Previous studies revealed that phosphonic acid
anchors perform better in heteroleptic copper(I)-dyes than the more frequently used carboxylic
acid and carboxylate anchors[42] which are popular choices in ruthenium and organic dyes (see
introduction).
In the growing field of organic dyes, cyanoacrylic acid anchoring groups are widely used.
Common and promising anchoring groups from the fields of inorganic and organic sensitizers
were discussed in the introduction. The most promising and widely used are carboxylic acids,
carboxylates and phosphonic acids. In chapter 8 four new anchoring ligands, combining 2,2'bipyridine and 1,10-phenanthroline ligand cores, with phenylene spacers and two different
anchoring groups will be discussed, revealing promising performances of the (1-cyanovinyl)
phosphonic acid in bisdiimine copper(I) complexes.
Chapter 9 carries on the systematic investigation of anchoring ligands by changing the length
of the aromatic spacer. The initial idea was to decrease recombination processes to a minimum,
by spatial separation of anchor and charge generating copper(I)-bpy core. This approach is
widely used in the design of organic dyes, where a donor-π-bridge-acceptor design leads to an
electrical driving force from the donor, through the π-bridge into the acceptor and finally the
semiconductor. This principle was discussed in the introduction and is represented in the MK2
dye (Scheme 17)[97]. The carbazole group acts as the electron donor and is connected to a
cyanoacrylic acid group (electron acceptor and anchor) via 4 thiophenediyl spacers. As an
additional feature, hexyl groups were incorporated, to shield the semiconductor surface from
the electrolyte, thus preventing recombination of injected electrons to the electrolyte.
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Scheme 17: The organic MK2 dye[97].

Inspired by this design, an organic dye will be presented, which shows good light harvesting
abilities as a stand-alone dye. Its performance in combination with a copper(I) metal centre is
discussed in chapter 9.
In section 10 a purely organic dye is presented, which will be tested as a dye in p-type DSSCs.

- 47 -

ANCILLARY LIGANDS: CF3 VS METHYL SUBSTITUTED 2,2'-BIPYRIDINE LIGANDS

6

ANCILLARY LIGANDS: CF3 VS
METHYL SUBSTITUTED 2,2'BIPYRIDINE LIGANDS

In the previous chapter, effects of substitutions on ancillary ligands for bisdiimine copper(I)
complexes were discussed. Of great importance are alkyl groups in the 6 and 6' positions of
2,2'-bipyridine ligands which hinder flattening of the tetrahedral geometry upon photooxidation of the copper(I) complex. In this chapter the standard anchoring ligand 4 (Scheme
16) was used, bearing methyl groups in the 6 and 6' positions and phosphonic acid substituted
phenylene groups in the 4 and 4' positions (left-hand side, Scheme 18). The synthesis of
anchoring ligand 4 was described in the previous chapter.

Scheme 18: Bisdiimine copper(I) complexes with 4 as the anchoring ligand and 2,2'-bipyridine ligands substituted
in 6 and/or 6' position by a methyl or CF3 group.

As

ancillary

ligands

6,6'-dimethyl-2,2'-bipyridine

1

was

compared

with

6,6'-

bis(trifluoromethyl)-2,2'-bipyridine (2) and 6-trifluoromethyl-2,2'-bipyridine (3) (Scheme 19).
Ligands 2 and 3 bear electron withdrawing groups in the 6 and/or 6' position. Although the
choice of CF3 is counterintuitive in terms of a “push-pull” system, these ligands showed better
performances in a DSSC than 6,6'-dimethyl-2,2'-bipyridine and highlight, that one CF3 group
in the 6-position is sufficient to prevent a heteroleptic copper(I) complex from irreversible
oxidation to copper(II). In addition to the DSSC performance, this chapter highlights some
general characteristics of homoleptic bisdiimine copper(I) complexes. NMR spectroscopic
assignment, solution UV-VIS absorption spectra, electrochemical measurements and single
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crystal X-ray diffraction was carried out to characterize the homoleptic complexes
[Cu(2)2][PF6]. These characterizations are only presented here, as the following chapters reuse
the homoleptic complexes from this chapter in combination with newly synthesized anchoring
ligands.

6.1

Synthesis and Characterization

Ligand and complex synthesis, including characterizations, in this chapter were carried out in
cooperation with Fabian Brunner, Dr. Sarah Keller and Dr. Collin D. Morris from the
Housecroft/Constable group at the University of Basel. Solar cell device fabrication and studies
were carried out by myself.

6.1.1

Ancillary ligand and homoleptic complex synthesis

Ancillary ligand 1 is commercially available and was used without further purification
(supplier: Sigma-Aldrich). Ancillary ligand 2 was previously published and characterized[98].
The commercially available precursor 2-chloro-6-(trifluoromethyl)pyridine was reacted with
dichloridobis(triphenylphosphine)nickel(II) catalyst, zinc and tetraethylammonium iodide in
dry THF following the literature preparation[98].
Ligand 3 was prepared via a Negishi cross coupling reaction[99] of commercially available
precursors 2-chloro-6-(trifuoromethyl)pyridine and 2-pyridylzinc bromide under microwave
conditions in the presence of the Pd(0) catalyst [Pd(PPh3)4]. Compound 3 was obtained in 61%
yield and characterized by

1

H-,

13

C{1H}-,

19

F-NMR spectroscopy, ESI-MS, UV-VIS

spectroscopy and elemental analysis measurements.
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Scheme 19: Synthetic routes towards ancillary ligands 2 and 3; a) Dichloridobis(triphenylphosphine) nickel(II),
zinc and tetraethylammonium iodide in dry THF (60 °C, 22h), b) [Pd(PPh 3)4] in dry THF (110 °, MW radiation,
2h).

The 1H-NMR spectrum of 3 was recorded in CDCl3 and protons on the CF3 substituted pyridine
ring showed similar chemical shifts[98] to those of 2. A singlet (δ = -68.4 ppm) was observed in
the

19

F-NMR spectrum, and signals showing JCF coupling patterns in the

13

C{1H}-NMR

spectrum for the CCF3 group (q, J = 274 Hz) and carbon atoms CA6 (q, J = 35 Hz) and CA5 (q, J
= 2.9 Hz) were obtained. The base peak in the ESI-MS spectrum was assigned to the [M+H]+
species (m/z 225.1). Fig. 12 shows the assigned 1H-NMR of compound 3.

Fig. 12: 1H NMR spectrum of compound 3 (400 MHz in CDCl3). Chemical shifts in δ/ppm, referenced to δ(TMS)
= 0 ppm. Labelling according to Scheme 19.

Homoleptic complex synthesis followed the general route described in Scheme 20. Ligands 1,
2 and 3 were dissolved in dichloromethane and 0.5 eq. of [Cu(MeCN)4][PF6] (prepared
according to the literature[100]) was added. The solution instantly turned orange/red. Evaporation
of the solvent yielded [Cu(2)2][PF6] and [Cu(3)2][PF6] as red crystals. [Cu(1)2][PF6] was
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precipitated with diethyl ether from a solution of the complex in acetonitrile according to the
literature preparation methodology[63].

Scheme 20: General synthetic method towards homoleptic [Copper(I)-(bisdiimine)2][PF6] complexes.

[Cu(1)2][PF6] was previously published and characterized[63] and is used as an homoleptic
complex in this and the following chapters. [Cu(2)2][PF6] and [Cu(3)2][PF6] were characterized
by MALDI-TOF, 1H-, 13C{1H}-, 19F-, 31P{1H}-NMR spectroscopies, UV-VIS spectroscopy and
elemental analysis. 1H and

13

C{1H} NMR spectra of [Cu(2)2][PF6] and [Cu(3)2][PF6] were

compared with free ligand data and confirmed full conversion towards the according complexes
(Fig. 13).

Fig. 13: 1H NMR spectra of complexes [Cu(2)2][PF6] and [Cu(3)2][PF6] (500 MHz in CD2Cl2). Chemical shifts in
δ/ppm. Labelling according to Scheme 19. Reproduced from ref.[101] with permission of The Royal Society of
Chemistry.
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The successful synthesis was validated by 19F-NMR spectra. The integral of the signal for the
PF6− ion was set in relation to the CF3 signals and revealed four or two CF3 groups for
[Cu(2)2][PF6] and [Cu(3)2][PF6], respectively. Base peaks in the MALDI-TOF mass spectrum
were assigned to [Cu(2)2]+ (m/z 647.2) and [Cu(3)2]+ (m/z 511.1). Solution UV-VIS
spectroscopy of both complexes showed intense absorptions in the UV part of the spectrum,
corresponding to ligand based π* ← π transitions. A broad MLCT transition was observed in
the visible region with maxima at 445nm for [Cu(2)2][PF6] and 443nm for [Cu(3)2][PF6],
responsible for the orange/red colour of the complexes.

Fig. 14: Solution UV-VIS spectra of complexes [Cu(2)2][PF6] and [Cu(3)2][PF6] in CH2Cl2. A characteristic MLCT
absorption for bisdiimine copper(I) complexes at ~ 450nm is present for both complexes. Absorptions below
350nm correspond to ligand based π* ← π transitions.

A cyclic voltammogram (CV) of [Cu(2)2][PF6] was measured in dichlormethane. [Cu(3)2][PF6]
rapidly decomposed in dichloromethane and a reliable CV could not be measured. Previous
studies revealed the effect of coordinating solvents on the Cu+/Cu2+ potential, due to an
additional 5th coordination to copper(II)[102]. In this study the coordinating solvent acetonitrile
was replaced by the non-coordinating solvent dichloromethane. [Cu(2)2][PF6] shows a
𝑜𝑥
reversible oxidation 𝐸1/2
(copper(I) to copper(II)) of +0.72 V versus an external Fc/Fc+
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reference, which is a positive shift compared to the reversible oxidation of [Cu(1)2][PF6] with
+0.44 V.

6.1.2

Crystal structure of [Cu(2)2][PF6]

Single crystals of [Cu(2)2][PF6] were obtained from a slow diffusion of diethyl ether into a
dichloromethane solution of the complex. The crystal structure was solved by Dr. Alessandro
Prescimone from the University of Basel.
The compound crystallizes in the orthorhombic space group P212121. In the crystal structure
the important aspects of the stabilizing groups in 6 and 6' position of the bpy ligand are nicely
illustrated (Fig. 15). Both ligands 2 are coordinating to the central copper(I) atom in a
tetrahedral geometry, which is slightly distorted with an angle of 84.1° between the planes of
each bpy ligand. The crystal structure of [Cu(2)2][PF6] is a good representative of bisdiimine
copper(I) complexes bearing blocking groups in 6 and 6' position of their ligands. It is important
to remember the geometry represented by the structure of [Cu(2)2][PF6], as heteroleptic
complexes discussed later in this thesis will most likely possess a comparable orientation of
ligands around the copper centre; with slight distortions.

Fig. 15: a) The cation [Cu(2)2]+, with H-atoms and the PF6− counter ion omitted. Red: copper, green: fluorine, blue:
nitrogen, grey: carbon, white: hydrogen. Ellipsoids are plotted at 30% probability level. Bond parameters and
angles: Cu1–N1 = 2.036(3), Cu1–N2 = 2.021(3), Cu1–N3 = 2.030(3), Cu1–N4 = 2.027(3) Å; N1– Cu1–N2 =
82.41(11), N1–Cu1–N3 = 124.71(12), N2–Cu1–N3 = 127.02(11), N1–Cu1–N4 = 123.51(11), N2–Cu1–N4 =
122.05(11), N3–Cu1–N4 = 82.85(12)o; C–F bond distances are in the range 1.319(5) to 1.341(4) Å; b) View along
one ligand, showing the slight distortion of the tetrahedral geometry, with an angle of 84.1° between the ligands;
c) space-filling presentation, highlighting the steric demand of the CF 3 groups and the good shielding of the
copper(I) centre. Reproduced from ref.[101] with permission of the Royal Society of Chemistry.
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6.2

DFT calculations

To examine the electronic structures of the heteroleptic bisdiimine copper(I) complexes
containing anchor 4 and ancillary ligands 1, 2 and 3, ground state DFT calculations were
conducted by Prof. Catherine E. Housecroft from the University of Basel.

Fig. 16: Molecular orbitals (MOs) of complexes [Cu(4)(1)]+, [Cu(4)(2)]+ and [Cu(4)(3)]+ in their ground state with
HOMO and LUMO localizations. Yellow: phosphorus, red: oxygen, grey: carbon, blue: nitrogen, white hydrogen.
Anchor 4 is positioned at the bottom, ancillary ligands 1, 2 and 3 above. a) LUMO+2, b) LUMO+1, c) LUMO, d)
HOMO, e) HOMO-1. Reproduced from ref.[101] with permission of the Royal Society of Chemistry.

The structures of the non-isolated, but presumably formed heteroleptic complex [Cu(4)(1)]+,
[Cu(4)(2)]+ and [Cu(4)(3)]+ in a DSSC were optimized using DFT calculations. The HOMO of
complex [Cu(4)(1)]+ lies on the side of the ancillary ligand, including the coordination to the
copper centre. For all three complexes the HOMO and HOMO−1 are close in energy and taken

- 54 -

ANCILLARY LIGANDS: CF3 VS METHYL SUBSTITUTED 2,2'-BIPYRIDINE LIGANDS

together, they show a similar contributions from the copper centre and the ancillary ligands.
For [Cu(4)(1)]+ the desired LUMO location on the anchoring ligand is observed. When all three
unoccupied MOs (LUMO, LUMO+1 and LUMO+2) are taken into account a similar
distribution over the ancillary ligand and the anchoring ligand is present in the complexes
[Cu(4)(1)]+, [Cu(4)(2)]+ and [Cu(4)(3)]+. It should be emphasized that these DFT calculations
give information only about the ground sate of each dye as drawn in Fig. 16, but don’t give
information about the dye bound to the surface and e.g. the protonation state of the dye. It is
furthermore important to consider, that energy levels of these complexes shift upon binding of
the anchoring ligand to TiO2 and that the actual HOMO and LUMO energies should be
calculated for the excited state of the dye. Nevertheless, are ground state DFT calculations often
a good indication of the HOMO and LUMO energies, which implies that the results discussed
in the next section rely on a different phenomenon.

6.3

DSSC performance

The general stepwise solar cell assembly described in chapter 4 was used to assemble
heteroleptic complexes [Cu(4)(2)]+ and [Cu(4)(3)]+ on TiO2-working electrodes. Therefore, the
homoleptic complexes [Cu(1)2][PF6], [Cu(2)2][PF6] and [Cu(3)2][PF6] (Scheme 21) were
synthesized and used in the on-surface ligand exchange reaction to obtain the corresponding
heteroleptic complexes with anchor 4. Transparent TiO2 electrodes with these complexes were
obtained in the same manner for use in UV-VIS spectroscopic measurements. The standard II
electrolyte (see chapter 4) was used. The solar cells were measured under conditions described
in chapter 4 using as light source a LOT Quantum Design LS0811. Solid state UV-VIS and
EQE measurements were performed according to chapter 4.

Scheme 21: From left: Homoleptic copper(I)-complexes [Cu(1)2][PF6], [Cu(2)2][PF6] and one enantiomeric form
of [Cu(3)2][PF6] investigated in this section.
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Transparent electrodes sensitized with [Cu(4)(2)]+ and [Cu(4)(3)]+ showed differences in colour
intensity, visible by eye and in the solid state absorption spectra (Fig. 17). Heteroleptic complex
[Cu(4)(3)]+ appeared more intense than [Cu(4)(2)]+, which was confirmed by a stronger
absorption in the solid state absorption spectrum. Both complexes show an MLCT transition
with a maximum at around 455 nm. At wavelengths lower than 380 nm, TiO2 absorbs photons
and makes analysis of this spectral area impossible.
a)

b)

Fig. 17: a) Solid state absorption spectra of complexes [Cu(4)(2)]+ and [Cu(4)(3)]+. b) Difference in colour
intensity of complexes [Cu(4)(2)]+ (left) and [Cu(4)(3)]+ (right) on a transparent TiO2 electrode.
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TiO2 electrodes were sensitized with complexes [Cu(4)(2)]+ and [Cu(4)(3)]+ and their
performances in DSSCs compared to previous reported results for [Cu(4)(1)]+[83]. Absolute
values for solar cell efficiency measurements tend to vary a lot between different instruments,
operators and research groups. The measurements presented in this thesis were all done on the
same instrument (LOT Quantum Design LS0811) using always the same measurement
conditions (see chapter 4). To keep current/voltage measurements consistent, duplicate cells
were built and each solar cell was masked to measure an exact surface area. Masking the solar
cells reduces the active surface area exposed to the light of the sun simulator from 0.36 cm2 to
~ 0.6 cm2. The smaller surface area is taken into account when the efficiency is calculated. Cell
masking is important, to have an accurate exposed area and not an estimated surface area
provided by the supplier (Solaronix SA). Another important aspect is the high amount of
scattered light in unmasked cells. Glass plates of working and counter electrode and material
underneath the solar cell during the measurements scatter the light from the sun simulator and
increase the number of photons, that get absorbed by the dye. This leads to higher efficiencies
and unprecise results. Masking the solar cell reduces the scattered light and makes these
measurements trustworthy[103-104]. Additionally, N719 solar cells were assembled under the
same conditions and efficiencies of Cu-based DSSCs were stated relative to N719 (Table 1).
Fig. 18 shows J/V curves measured on the day of sealing the cells, corresponding to data in
Table 1.
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Dye

JSC / mA cm–2

[Cu(4)(2)]+
[Cu(4)(2)]+
[Cu(4)(3)]+
[Cu(4)(3)]+
N719
[Cu(4)(1)]+
[Cu(4)(1)]+
N719[83]

4.81
4.67
5.35
5.40
13.65
3.79
3.46
12.51

On the day of sealing the cells
537
73.5
531
71.5
530
73.4
532
70.3
652
67.0
522
73.8
527
74.3
672
70.2

1.90
1.78
2.08
2.02
5.97
1.46
1.35
5.91

31.8
30.0
34.8
33.8
100
24.7[83]
22.8[83]
100

+

[Cu(4)(2)]
[Cu(4)(2)]+
[Cu(4)(3)]+
[Cu(4)(3)]+
N719

4.73
4.63
5.45
5.56
13.19

1 day after sealing the cells
557
73.8
550
70.6
540
73.0
546
70.2
681
65.5

1.95
1.80
2.15
2.13
5.88

33.2
30.6
36.6
36.2
100

[Cu(4)(2)]+
[Cu(4)(2)]+
[Cu(4)(3)]+
[Cu(4)(3)]+
N719

4.85
4.68
5.17
5.53
13.16

3 days after sealing the cells
564
73.4
559
70.7
541
73.2
562
70.2
689
65.6

2.00
1.85
2.05
2.18
5.95

33.6
31.1
34.5
36.6
100

4.77
4.70
5.48
5.81
12.82

8 days after sealing the cells
565
73.2
556
67.7
563
70.8
567
68.6
696
68.1

1.97
1.77
2.18
2.26
6.07

32.5
29.2
35.9
37.2
100

+

[Cu(4)(2)]
[Cu(4)(2)]+
[Cu(4)(3)]+
[Cu(4)(3)]+
N719

VOC / mV

ff / %

η/%

Relative η / %

Table 1: Solar cell measurements with values obtained from a LOT Quantum Design LS0811 light source on days
0,1,3 and 8. A N719 reference cell was built for this study. Values for [Cu(4)(1)]+ and the corresponding N719
cell, were taken from the literature[83].

Consistent efficiencies were obtained for N719 measured on the day of sealing in this thesis
and in the previously reported work[83]. All copper(I)-complexes showed good fill factors with
values over 70% and open circuit voltages of ~ 530 mV (Fig. 18). The main differences are
observed in values JSC. [Cu(4)(1)]+ showed the lowest current densities with 3.79 and 3.46 mA
cm–2 for duplicate cells. Of the new heteroleptic complexes [Cu(4)(3)]+, bearing one CF3 group,
showed the highest JSC with 5.40 mA cm–2 for one of the duplicate cells. [Cu(4)(2)]+ bearing
two CF3 groups showed good JSC values of 4.67 and 4.81 mA cm–2. A clear trend in JSC increase
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for the ancillary ligands going from 1 to 3 is identified. To examine long term stability, each
cell with dyes [Cu(4)(2)]+ and [Cu(4)(3)]+ was measured on day 1,3 and 8 after sealing the cells.
Efficiencies for [Cu(4)(2)]+ remained constant over this period with a maximum efficiency of
2.00% (33.6% relative to N719) achieved on day 3. 8 days were necessary for [Cu(4)(3)]+ to
reach its maximum efficiency of 2.26% (37.2% relative to N719) outperforming [Cu(4)(1)]+
and [Cu(4)(2)]+ by far. This increase in efficiency is caused by a rise in VOC from 532 to 567
mV and a rise in JSC from 5.40 to 5.81 mA cm–2.

Fig. 18: J/V curves recorded for the N719 reference and duplicate cells of complexes [Cu(4)(2)]+ and [Cu(4)(3)]+
on day of sealing the cells.

The processes in a solar cell leading to these changes are not understood, but some flexibility
in anchoring ligand binding to TiO2 together with the lability of the heteroleptic complexes
might lead to this efficiency increase over time. In most cases a consistent performance is
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observed after 7 days and bisdiimine copper(I) based solar cells can remain stable over several
months[105].

Fig. 19: EQE spectra for the N719 reference and duplicate cells of complexes [Cu(4)(2)]+ and [Cu(4)(3)]+ on the
day of sealing the cells.

The EQE spectra (Fig. 19) show a similar trend to the current density/voltage measurements. A
broad curve was obtained for the N719 reference with EQE values above 50% between 350 and
650 nm. [Cu(4)(3)]+ outperforms [Cu(4)(2)]+ in this measurement, by showing the highest EQE
value of 51% among these copper(I)-complexes. Copper(I) complexes show good light
harvesting abilities in the blue/green part of the visible spectrum, but lack absorption in the red
part. EQE values for duplicate cells of [Cu(4)(2)]+ and [Cu(4)(3)]+ are summarized in Table 2.
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Cell 1
Anchored dye

λ / nm

[Cu(4)(2)]+
[Cu(4)(3)]+

480
480

Cell2
EQEmax / %
46.3
51.7

λ / nm

EQEmax / %

480
480

46.0
51.1

Table 2: EQE values of complexes [Cu(4)(2)]+ and [Cu(4)(3)]+ at λ = 480 nm.

6.3.1

Dye bath solvent for homoleptic bisdiimine copper(I)
complexes

To form the heteroleptic complex on a TiO2 surface a ligand exchange reaction (see chapter 4)
must take place. This is achieved by dipping a TiO2 electrode, modified by an anchoring ligand,
into a homoleptic bisdiimine copper(I) dye solution. Previous studies have shown, that the
solvent of the dye bath can influence the ligand exchange reaction[106]. Less harmful solvents
are beneficial in this respect and therefore the solvent for the dye solution was changed from
dichloromethane to acetone in this chapter. To verify, that this change in dye bath solvent
doesn’t influence DSSC performances in a negative way, assembly of heteroleptic complexes
[Cu(4)(1)]+, [Cu(4)(2)]+ and [Cu(4)(3)]+ on a TiO2 surface were repeated with acetone as
solvent in homoleptic dye baths. Table 3 shows the results and the same trend with efficiencies
increasing in the order [Cu(4)(1)]+ to [Cu(4)(2)]+ to [Cu(4)(3)]+. The acetone dye bath of
[Cu(2)2][PF6] enhances the efficiency of the corresponding heteroleptic [Cu(4)(2)]+ complex,
which is now in the same range as [Cu(4)(3)]+.

- 61 -

ANCILLARY LIGANDS: CF3 VS METHYL SUBSTITUTED 2,2'-BIPYRIDINE LIGANDS

Dye

JSC / mA cm–2

[Cu(4)(2)]+
[Cu(4)(2)]+
[Cu(4)(3)]+
[Cu(4)(3)]+
[Cu(4)(1)]+
[Cu(4)(1)]+
N719

4.58
4.97
4.91
4.34
3.21
3.00
13.55

1 day after sealing the cells
626
68
621
67
613
67
599
71
548
69
551
71
650
66

1.95
2.08
2.03
1.84
1.22
1.17
5.80

33.6
35.9
35.0
31.7
21.0
20.0
100

[Cu(4)(2)]+
[Cu(4)(2)]+
[Cu(4)(3)]+
[Cu(4)(3)]+
[Cu(4)(1)]+
[Cu(4)(1)]+
N719

4.59
4.76
4.81
4.42
3.08
2.90
13.14

3 days after sealing the cells
620
70
614
67
613
68
609
73
540
70
556
71
684
66

1.99
1.97
2.00
1.96
1.17
1.15
5.93

33.6
33.2
33.7
33.1
19.7
19.4
100

4.49
4.81
4.74
4.48
3.04
2.82
13.05

7 days after sealing the cells
610
71
603
69
614
68
611
73
537
70
564
70
691
66

1.96
2.00
1.98
2.00
1.15
1.12
5.90

33.2
33.9
33.6
33.9
19.5
19.0
100

+

[Cu(4)(2)]
[Cu(4)(2)]+
[Cu(4)(3)]+
[Cu(4)(3)]+
[Cu(4)(1)]+
[Cu(4)(1)]+
N719

VOC / mV

ff / %

η/%

Relative η / %

Table 3: Solar cell measurements with values obtained at days 1,3 and 7. The homoleptic complex dye bath solvent
was changed from dichloromethane to acetone in this study.

Nevertheless solutions of [Cu(2)2][PF6] lose their orange colour within one day in
dichloromethane and acetone. [Cu(3)2][PF6] appears to be more stable, and there was no
bleaching of dye solutions over time. Therefore 3 was selected as the ancillary ligand in the
following chapters. J/V and EQE curves reflect results from the previous study in
dichloromethane and will not be displayed here.
The surprisingly good results in solar conversion efficiencies for [Cu(4)(2)]+ and [Cu(4)(3)]+,
bearing electron withdrawing groups, compared to the standard heteroleptic [Cu(4)(1)]+,
demonstrates the difficulties of predicting the performances of bisdiimine copper(I) complexes
as sensitizers in DSSCs. It is counterintuitive to use electron withdrawing groups on the
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ancillary ligand of a heteroleptic complex, as electrons should be “pushed” towards the
anchoring ligand. A CF3 group has very different electronic properties, compared to a methyl
group, but the steric demand of both groups is comparable[107]. The combination of the
anchoring ligand 4, bearing two methyl groups in the 6 and 6' positions, with ancillary ligand
3, bearing one CF3 group in 6 position, is enough to stabilize the heteroleptic copper(I) complex.
Two CF3 groups on the ancillary ligand in [Cu(4)(2)]+ fulfil this requirement as well, but
previous studies have shown[80], that too bulky substituents in the 6 and 6' positions can
destabilize the complex. The reason for the better performances of [Cu(4)(2)]+ and [Cu(4)(3)]+
compared to [Cu(4)(1)]+ remains unresolved.

6.4

Conclusion

DFT calculations gave no indication why heteroleptic complexes [Cu(4)(2)]+ and [Cu(4)(3)]+
outperform [Cu(4)(1)]+ in a DSSC. Especially [Cu(4)(3)]+ shows outstanding results compared
to other previous published “push-pull” copper(I) systems. With an EQE of 51% (on day of
sealing) the heteroleptic complex [Cu(4)(3)]+ ranks among the best bisdiimine copper(I) dyes
prepared using the stepwise approach. The puzzling results concerning the effect of ancillary
ligands on general cell performance lead to the conclusion to concentrate further research
efforts on a different part of the heteroleptic bisdiimine copper(I) dyes, namely the anchoring
ligand.

This work was published 2015 in RSC Advances[101] and data in section 6.3.1 was published
2016 in Dalton Transactions[105].

- 63 -

ANCHORING LIGANDS WITH THIOPHENEDIYL SPACERS

7

ANCHORING LIGANDS WITH
THIOPHENEDIYL SPACERS

In chapter 6 the focus of improvement for heteroleptic bisdiimine copper(I) complexes lay on
the ancillary ligand. The monosubstituted ancillary ligand 3, bearing one CF3 group in the 6
position of 2,2'-bipyridine was identified as a good ancillary ligand and will be used in this and
the next chapterss of this thesis. Previously, research into bisdiimine copper(I) complexes
mainly focused on modification of the ancillary ligand and little effort had been made in
anchoring ligand modification. Two new anchoring ligands will be presented, with promising
performances in DSSCs.

Scheme 22: Bisdiimine copper(I) complexes with anchoring ligands bearing thiophenediyl spacers and the mono
CF3 substituted ancillary ligand 3.

Scheme 22 shows the updated design of heteroleptic bisdiimine copper(I) complexes discussed
in this chapter. On the right side the previously introduced ancillary ligand 3 is displayed. The
anchoring ligand on the left side consists of the 6,6'-dimethyl-2,2'-bipyridine core, a phosphonic
acid anchoring group and an aromatic spacer. In contrast to anchor 4, the phenylene spacer is
replaced by a thiophenediyl group and the anchoring group is attached to it in either 4 or 5
position.
Thiophenediyl groups are well known as building blocks in the design of light harvesting
materials. Thiophenediyl groups have been incorporated into the inorganic ruthenium(II)
complexes CYC-B11 (see introduction Scheme 6), yielding the record efficiency. In organic
dyes[108-109] similar groups are often present as spacers (see introduction Scheme 4).
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Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) is a conductive organic
polymer consisting of poly(3,4-ethylenedioxythiophene) and sodium polystyrene sulfonate[110].
Good performing organic dyes and the highly conductive polymer PEDOT:PSS highlight the
beneficial effect and outstanding potential of thiophenediyl groups in electron conducting
materials. With this inspiration two new anchoring ligands, bearing thiophenediyl spacers were
synthesized and their performance in bisdiimine copper(I) dyes was investigated.

7.1

Synthesis and Characterization

Anchoring ligand synthesis and DSSC fabrication and characterization were carried out by
myself. EIS measurements were carried out by Dr. Markus Willgert; the main results of the EIS
will be briefly presented but are not discussed in detail. Further information about the EIS data
can be found in the corresponding publication[105].

7.1.1

Anchoring ligand synthesis

The synthesis of anchoring ligands 5 and 6 (Scheme 23) followed the same synthetic route as
for ligand 4 (Scheme 16). As starting material, the commercially available (supplier: SigmaAldrich)

aromatic

aldehydes

5-bromo-2-thiophenecarboxaldehyde

and

4-bromo-2-

thiophenecarboxaldehyde were used and reacted in the same manner as in Scheme 16 to yield
the corresponding 6,6'-dimethyl-2,2'-bipyridines substituted in positions 4 and 4' with 2thiophenediyl groups in 8.1% and 2.8% yield over two steps, respectively. The bromo
substituent on the thiophenediyl residue was converted in a Pd-catalyzed reaction to the
phosphonic esters (5a and 6a) in 46.2% and 53.3% yields, respectively. 5a and 6a were
deprotected with Me3SiBr to yield the anchoring ligands 5 and 6, in 66.7% and 80.0% yield
respectively.
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Scheme 23: The synthesis of the phosphonic esters 5a and 6a and the corresponding anchoring ligands 5 and 6,
with labels for NMR discussion. a) MeOH, piperidine, reflux, 16h, b) NH4OAc, EtOH, reflux, 4h, c) HPO(OEt)2,
[Pd(PPh3)4], Cs2CO3 in dry THF (110°C, MW radiation, 90min), d) TMS-Br, CH2Cl2, RT, aqueous workup.
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Intermediate compounds were characterized by 1H, 13C{1H} NMR spectroscopies and ESI-MS.
Bpy intermediates 4,4'-bis(5-bromothiophen-2-yl)-6,6'-dimethyl-2,2'-bipyridine and 4,4'-bis(4bromothiophen-2-yl)-6,6'-dimethyl-2,2'-bipyridine showed base peaks in the ESI-MS at m/z
506.7 and 506.9, respectively, corresponding to the [M+H]+ molecule ion. 1H, 13C{1H} NMR
spectra of the intermediates were assigned using 2D COSY, NOESY, HMQC and HMBC
spectra. NOE cross peaks between HMe and HA5 gave a clear distinction of HA5 and HA3. HA5
and HA3 both show a NOE cross peak to HB3. The remaining aromatic signal corresponds to
HB4 or HB5, respectively. 1H-NMR spectra of the esters 5a and 6a and anchoring ligands 5 and
6 were assigned in the same manner and these compounds were further characterized by
13

C{1H} and

31

P{1H} NMR spectroscopies, ESI-MS, high resolution ESI-MS (for 5a) or

elemental analysis. Base peaks in the ESI-MS for 5a and 6a appeared at m/z 621.1 and those of
5 and 6 appeared at m/z 509.1 corresponding to the [M+H]+ species. The formation of 5a was
validated by high resolution ESI-MS with m/z 621.1407 corresponding to the [M+H]+ ion (calc.
621.1412). Elemental analysis of compounds 6a, 5 and 6 showed good agreement with
calculated values. For 5 and 6 one and 3.5 molecules of water had to be added to the theoretical
values to match the recorded values. Water, used during the workup of the final synthesis step
could not be removed completely from the powder, as might be expected by the presence of
two hydrophilic phosphonic acid groups. The 1H NMR spectra of 5a showed phosphorus-proton
couplings for protons HB3 (3JPH = 3.6Hz) and HB4 (2JPH = 8.2Hz). In 6a a similar coupling was
observed for HB5 (2JPH = 8.2Hz); HB3 showed a broadened signal.
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Fig. 20: 400 MHz 1H NMR spectra of 5a (top) and 6a (bottom), with JPH and JHH couplings highlighted for HB4 in
5a. CDCl3 was used as solvent (*) and chemical shifts were referenced to δ (TMS) = 0 ppm.

The 13C{1H} NMR spectra of 5a and 6a showed characteristic doublets for the carbon atoms
CB5 and CB4 substituted with a phosphorus atom, with 1JPC coupling constants of 201Hz and
197Hz, respectively. Phosphonic ester ethyl and methyl carbon atoms in 6a showed 2JPC and
3

JPC coupling constants of 5.4 and 6.5 Hz, respectively. The

31

P{1H} spectra of 5a and 6a,

showed singlets at +10.8 ppm and +12.0 ppm, respectively. These signals shift to +4.0 ppm and
+6.1 ppm in the corresponding phosphonic acid compounds 5 and 6, respectively. 1H-NMR
spectra of 5 and 6 were measured in DMSO-d6 due to low solubility of the compounds in other
solvents. In 5 a doublet of doublets was observed for the proton in the the 4 position of the
thiophenediyl ring (HB4) next to the phosphorus atom. One doublet with a coupling constant of
J = 3.7 Hz corresponds to a 3JHH coupling with proton HB3. The second doublet is a 3JPH
coupling with a coupling constant of 8.0 Hz. Broader peaks were obtained in 6 and coupling
constants were not resolved (Fig. 21). 13C{1H}-NMR spectra were assigned using 2D DEPT,
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COSY, NOESY, HMQC and HMBC spectra. The NMR samples were less concentrated and
fully assigned using HMQC and HMBC spectra. 2JPC and 3JPC coupling constants could not be
obtained

for

5

and

6.

Fig. 21: 400 and 500 MHz 1H-NMR spectra of the aromatic region of ligands 5 (top) and 6 (bottom) in DMSO-d6.

5 has a phosphonic acid anchoring group attached in the 5 position of each thiophenediyl (CB5).
This position is the most reactive position of thiophenes towards bromination and lithiation[111],
thus polythiophenes are mostly connected in 5,2 positions. Substitution of thiophenes, including
spacers and the anchoring group are predominantly in the 2 or 5 positions[112]. The Kröhnketype pyridine synthesis demonstrates its beneficial methodology, as the bromine functionality
in the 4 position of the thiophenediyl could be carried through the reaction sequence from the
4-bromo-2-thiophenecarboxaldehyde starting material to the Pd-coupling step. The unusual
anchor position makes ligand 6 an interesting candidate in comparison to ligand 5.
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7.1.2

Crystallography

Single crystals of the phosphonic ester 5a were obtained from slow evaporation of an
acetone/cyclohexane solution and the structure of the compound was determined by Dr.
Alessandro Prescimone. The ligand crystallized in the monoclinic space group P21/c. Fig. 22
shows the structure in its favoured trans conformation, where N lone pairs have least repulsion.
To coordinate to copper(I) a rotation around the C-C bond between the pyridine rings has to
occur.

Fig. 22: Single crystal structure of phosphonic ester 5a. H atoms are omitted and ellipsoids plotted at 40%
probability level. Symmetry code i = 1–x, –y, 1–z. Selected bond parameters: S1–C2 = 1.731(2), S1–C5 = 1.718(2),
C5–P6 = 1.780(2), P6–O7 = 1.5782(17), P6–O10 = 1.4644(18), P6–O11 = 1.5726(18) Å; C2–S1–C5 = 91.86(11),
C5–P6–O7 = 107.07(10), C5–P6–O10 = 112.57(11), O7–P6–O10 = 115.04(10), C5–P6–O11 = 101.27(10), O7–
P6–O11 = 101.80(9), O10–P6–O11 = 117.54(10)o. reproduced from ref.[101] with permission of The Royal Society
of Chemistry.

The structure is centrosymmetric and the inversion centre in the middle of the C-C bond
connecting both pyridine rings. The bpy ligand core has to be planar by symmetry and the
thiophenediyl rings are slightly twisted (22.2°) with respect to the pyridine rings.

7.2

DSSC performance

The same routine as in chapter 6 was applied here. Anchors 4, 5 and 6 were combined with the
homoleptic copper(I)-complexes ([Cu(L)2][PF6], L = 1, 3, 7, Scheme 24) to form heteroleptic
bisdiimine copper(I) complexes on a TiO2 surface. [Cu(7)2][PF6] was prepared according to a
previous publication[42]. Acetone was used as the dye bath solvent, according to results
presented in chapter 6. Transparent electrodes were prepared for solid state absorption
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measurements. Duplicate solar cells were masked and their performance documented with
current density/voltage and EQE measurements. The results were compared and fixed relative
to relation to an N719 cell for consistency.

Scheme 24: Ancillary ligands investigated in this series.

7.2.1

DSSCs of anchors 4,5 and 6 combined with ancillary ligand
3

The general stepwise solar cell assembly described in chapter 4 was used to assemble
heteroleptic complexes of [Cu(4)(3)]+, [Cu(5)(3)]+ and [Cu(6)(3)]+ on TiO2-working electrodes.
Transparent TiO2 electrodes with all complexes were obtained in the same manner for solidstate absorption spectroscopy. Standard II electrolyte (see chapter 4) was used as a charge
carrier between working- and counter electrode. The solar cells were measured according to
conditions described in chapter 4.
Transparent TiO2-electrodes showed similar colour, confirmed by solid state absorption spectra
(Fig. 23). All complexes show an MLCT transition with a maximum at around 460 nm. The
maximum for [Cu(5)(3)]+ and [Cu(6)(3)]+ is slightly redshifted to 470 nm, which is also
observed in the EQE spectra (Fig. 25).
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Fig. 23: Solid state absorption spectra of complexes [Cu(4)(3)]+, [Cu(5)(3)]+ and [Cu(6)(3)]+ on a transparent TiO2electrode measured in the transmission mode.

TiO2 electrodes were sensitized with complexes [Cu(4)(3)]+, [Cu(5)(3)]+ and [Cu(6)(3)]+ and
their performance set in relation to a N719 reference cell. Results from the solar simulator
measurements are displayed in Table 4.
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Dye

JSC / mA cm–2

[Cu(4)(3)]+
[Cu(4)(3)]+
[Cu(5)(3)]+
[Cu(5)(3)]+
[Cu(6)(3)]+
[Cu(6)(3)]+
N719

5.45
5.16
5.90
5.28
5.87
6.02
13.64

On the day of sealing the cells
606
69
582
74
535
67
535
68
589
64
591
67
636
66

2.26
2.22
2.13
1.91
2.23
2.40
5.76

39.2
38.5
37.0
33.2
38.7
41.7
100

[Cu(4)(3)]+
[Cu(4)(3)]+
[Cu(5)(3)]+
[Cu(5)(3)]+
[Cu(6)(3)]+
[Cu(6)(3)]+
N719

4.81
4.42
5.46
4.98
5.25
5.66
13.14

3 days after sealing the cells
613
68
609
73
552
64
557
67
611
65
600
67
684
66

2.00
1.96
1.93
1.86
2.08
2.29
5.93

33.7
33.1
32.5
31.4
35.1
38.6
100

4.74
4.48
5.43
4.93
5.10
5.42
13.05

7 days after sealing the cells
614
68
611
73
566
68
564
68
619
67
601
69
691
66

1.98
2.00
2.09
1.90
2.10
2.25
5.90

33.6
33.9
35.4
32.2
35.6
38.1
100

+

[Cu(4)(3)]
[Cu(4)(3)]+
[Cu(5)(3)]+
[Cu(5)(3)]+
[Cu(6)(3)]+
[Cu(6)(3)]+
N719

VOC / mV

ff / %

η/%

Relative η / %

Table 4: Solar cell measurements with values obtained at days 0, 3 and 7. Ancillary ligand 3 was used in every
complex and the performance of new anchors 5 and 6 where compared to standard anchor 4.

Data displayed in Table 4 show good reproducibility of duplicate solar cells for each of the
three heteroleptic complexes. All cells have good fill factors between 64 and 74%. The VOC of
complexes with standard anchor 4 and the new anchor 6, bearing the phosphonic acid anchoring
group in the 4 position of the thiophenediyl spacer, are comparable and show good VOC values
around 610 mV. In contrast the heteroleptic complex [Cu(5)(3)]+ has a VOC lowered by roughly
50-60 mV compared to [Cu(4)(3)]+ and [Cu(6)(3)]+. The JSC values for complexes with anchors
5 and 6, using a thiophenediyl spacer, are always higher than those for standard anchor 4. This
is the first evidence of improvement by this new class of anchoring ligands. The heteroleptic
complex [Cu(6)(3)]+, outperforms [Cu(5)(3)]+ in terms of VOC and outperforms [Cu(4)(3)]+ in
terms of JSC leading to the record efficiency of 2.40% (41.7% compared to a N719 reference
cell) at the day of sealing the cells. Over the following days the efficiency of all cells decreased
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slightly, but [Cu(6)(3)]+ remained the best performing complex. This is seen in the J/V curves
displayed in Fig. 24 where the best performing cell with complex [Cu(6)(3)]+ shows the highest
JSC and a high VOC as well (red curve). The lower VOC on going from [Cu(6)(3)]+ to [Cu(5)(3)]+
(blue curve) is clearly displayed in this graph.

Fig. 24: J/V curves recorded for duplicate cells of complexes [Cu(4)(3)]+, [Cu(5)(3)]+ and [Cu(6)(3)]+ on the day
of sealing the cells.

The EQE spectra of complexes [Cu(4)(3)]+, [Cu(5)(3)]+ and [Cu(6)(3)]+ are similar to most
bisdiimine copper(I) complexes, which normally show a maximum at λ = 480nm. It is
noteworthy, that heteroleptic complexes [Cu(5)(3)]+ and [Cu(6)(3)]+, containing a
thiophenediyl spacer in the anchoring ligand, have a broader spectrum and benefit from
increased photon absorption in the red part of the visible region (Fig. 25). This parallels the
redshifted absorption observed in the solid state UV-VIS measurement.
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Fig. 25: EQE spectra for duplicate cells of complexes [Cu(4)(3)]+, [Cu(5)(3)]+ and [Cu(6)(3)]+ on day of sealing
the cells. Broader EQE curves were obtained for complexes [Cu(5)(3)]+ and [Cu(6)(3)]+ supporting their increased
solar cell performance.

Complexes [Cu(5)(3)]+ and [Cu(6)(3)]+ show higher EQEmax values of 50.5 and 52.9%,
respectively, surpassing [Cu(4)(3)]+ (EQEmax = 49.6%). The values are summarized in Table 5
and further highlight the beneficial effects of new anchors 5 and 6, over the standard anchor 4.
Cell 1
Anchored dye

λ / nm

[Cu(4)(3)]+
[Cu(5)(3)]+
[Cu(6)(3)]+

480
480
480

Cell2
EQEmax / %
45.8
50.5
51.8

λ / nm

EQEmax / %

480
480
480

49.6
47.4
52.9

Table 5: EQE values of complexes [Cu(4)(3)]+, [Cu(5)(3)]+ and [Cu(6)(3)]+ at λ = 480 nm.
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7.2.2

Home-made vs commercial TiO2-electrodes

Home-made TiO2 electrodes were made by Annika Büttner from the Constable/Housecroft
research group in Basel, by the screen-printing technique.
Previous studies in our group showed increased device stability and reproducibility of homemade TiO2 electrodes over commercially available ones. To validate results achieved for
complexes [Cu(5)(3)]+ and [Cu(6)(3)]+, especially the difference in VOC, duplicate cells were
fabricated using home-made TiO2 electrodes. The overall DSSC performance increased for
[Cu(5)(3)]+ with a record JSC at day 0 of 6.53 mA cm–2. The trend in VOC of [Cu(5)(3)]+ being
50-60 mV lower than in [Cu(6)(3)]+ was confirmed. Over the following days, cell performance
decreased and at day 7, the performance of both complexes was similar for commercial (Table
4) and home-made TiO2 electrodes (Table 6).

Dye

JSC / mA cm–2

[Cu(5)(3)]+
[Cu(5)(3)]+
[Cu(6)(3)]+
[Cu(6)(3)]+
N719

6.18
6.53
5.91
5.75
13.64

+

[Cu(5)(3)]
[Cu(5)(3)]+
[Cu(6)(3)]+
[Cu(6)(3)]+
N719
[Cu(5)(3)]+
[Cu(5)(3)]+
[Cu(6)(3)]+
[Cu(6)(3)]+
N719

VOC / mV

ff / %

η/%

Relative η / %

On the day of sealing the cells
539
69
535
69
596
67
595
69
636
66

2.31
2.41
2.37
2.38
5.76

40.1
41.8
41.1
41.3
100

5.90
5.28
5.87
6.02
13.14

3 days after sealing the cells
535
67
535
68
589
64
591
67
684
66

2.13
1.91
2.23
2.40
5.93

35.9
32.2
37.6
40.5
100

5.72
5.95
5.53
5.61
13.05

7 days after sealing the cells
548
69
541
68
626
68
603
69
691
66

2.16
2.20
2.36
2.35
5.90

36.6
37.3
40.0
39.8
100

Table 6: Solar cell measurements of complexes [Cu(5)(3)]+ and [Cu(6)(3)]+ with values obtained at days 0, 3 and
7. Home-made TiO2 electrodes were used in this study. Data for the N719 reference cell was taken from the
previous chapter.
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The EQE spectra of [Cu(5)(3)]+ and [Cu(6)(3)]+ mirror those discussed in the previous section,
with slightly increased EQEmax values. It is very important to state an efficiency relative to an
external reference like N719, as different research groups use different setups, yielding different
results for N719. This is even the case in our own research laboratory where two sun simulators
are used for measurements and efficiencies vary significantly between them. This makes
efficiencies relative to N719 the only reliable value to validate the performance of a DSSC.
[Cu(6)(3)]+ ranges among the best bisdiimine copper(I) based dyes (using an I−/I3− based
electrolyte) fabricated in our research laboratory with an efficiency of 41.7% relative to a N719
reference cell (Table 4) and an EQEmax of 52.9%.

7.2.3

Long term stability of bisdiimine copper(I) based DSSCs

Bisdiimine copper(I) based dyes show a very good stability over a long period. The cells were
not exposed to sun-light except for the sun simulator measurements, and were otherwise kept
in the dark. Their performance was measured 41 and 46 days after fabrication and compared
with corresponding values obtained after 7 days. Results displayed in Table 7 highlight the
long-term stability of complexes [Cu(5)(3)]+ and [Cu(6)(3)]+ in a DSSC fabricated with either
commercial or home-made TiO2 electrodes. Comparison of JSC, VOC, ff and η values 7 days after
fabrication (Table 4 and Table 6) with values obtained after 41 and 46 days, respectively,
revealed little differences. Long term stability of a device is equally important to its efficiency,
as researchers aim for commercialization of DSSCs in the long term. The stability of bisdiimine
copper(I) based dyes in DSSCs highlights their great potential for future applications, if
efficiencies can be increased.
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Dye

Age of the
DSSC / days

+

[Cu(5)(3)]
[Cu(5)(3)]+
[Cu(6)(3)]+
[Cu(6)(3)]+

+

[Cu(5)(3)]
[Cu(5)(3)]+
[Cu(6)(3)]+
[Cu(6)(3)]+

JSC / mA cm–2

VOC / mV

ff / %

η/%

46
46
46
46

Commercial TiO2 electrodes
5.23
572
70
4.70
568
71
69
5.08
615
5.07
613
72

2.10
1.90
2.15
2.22

41
41
41
41

Home-made TiO2 electrodes
5.65
549
70
5.82
545
69
5.39
625
69
5.41
616
70

2.17
2.19
2.32
2.34

Table 7: Long-term stability measurement of heteroleptic complexes [Cu(5)(3)]+ and [Cu(6)(3)]+ in commercial
and home-made TiO2 electrodes.

7.2.4

Anchors 5 and 6 with different ancillary ligands

In the previous sections, focus was set on the different performances of anchoring ligands 4, 5
and 6 with the same ancillary ligand 3. The results illustrated the increased device performance
on going from 4 and 5 to anchor 6, showing the best efficiency of 2.40% for heteroleptic
complex [Cu(6)(3)]+. To validate and establish anchor 6 as a better, and general, standard
anchor for heteroleptic bisdiimine copper(I) based dyes, studies of anchors 4, 5 and 6 with
ancillary ligands 1 and 7 were performed. The same trend as with ancillary ligand 3 was
observed in complexes [Cu(4)(1)]+, [Cu(5)(1)]+ and [Cu(6)(1)]+, as well as in [Cu(4)(7)]+,
[Cu(5)(7)]+ and [Cu(6)(7)]+. The characteristic VOC increase of ~ 50 mV on going from anchor
5 to 6, was confirmed as well as the red shifting properties of thiophenediyl anchors in the EQE.
Among these 6 new heteroleptic complexes, the ones with anchor 6 showed the overall highest
performance.

7.3

Electrochemical impedance spectroscopy

EIS was measured by Dr. Markus Willgert from the University of Basel. EIS can be a very
useful method to understand transport and recombination processes occurring in an operating
solar cell. The systematic investigation of three different anchors (4, 5 and 6) with the ancillary
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ligand 1, 3 and 7 revealed the trends in JSC and VOC discussed in the previous sections. These
trends help in the validation of the EIS measurements and EIS nicely complements the trends
found in the J/V measurements.

7.3.1

Anchor 4 with ancillary ligands 1, 3 and 7

In this first EIS study the standard anchor 4 was combined with the methyl-substituted ancillary
ligands 1 and 7, as well as with the CF3-substituted ancillary ligand 3. 1 bears two methyl groups
in 6 and 6' position and 7 bears one. In the J/V measurements [Cu(4)(1)]+ and [Cu(4)(7)]+
perform in a similar range, with [Cu(4)(7)]+ showing slightly larger values in JSC and VOC. In
[Cu(4)(3)]+ a slightly higher JSC was obtained, but the main performance gain was in the VOC,
that increased from ~ 550 mV for ancillaries 1 and 7 to 582-606 mV for ancillary 3.
EIS measurements can be carried out at different light intensities. At low light intensities (2.4
mW cm–2, Table 8) the transport resistance (Rt) in the TiO2 semiconductor is measured, as the
VOC is lower and Rt is easier to obtain. Rt then only depends on the surface modification by dye
molecules and possibly present electrolyte molecules. The CB level (and the Fermi level) of the
TiO2 is affected by dye molecules and additives, like Li+-ions, in the electrolyte. When the fermi
level of the CB shifts to more positive potentials a reduced VOC is the consequence, as the VOC
is defined by the potential difference between the fermi level of the CB and the redox potential
of the electrolyte. The VOC and the Rt are closely related in these terms, because the lifetime of
the electrons is comparable. The higher the VOC of a dye in this closely related series is, the
lower the Rt. This is nicely confirmed in the series [Cu(4)(1)]+ (440 mV, Rt = 288.6 Ω) vs.
[Cu(4)(7)]+ (493 mV, Rt = 228.0 Ω) vs. [Cu(4)(3)]+ (550 mV, Rt = 104.3 Ω). The highest VOC
and consequently the lowest Rt was obtained for [Cu(4)(3)]+, which contributes to the best
overall performance of this complex in the series.
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Cµ /
µF

RPt /
Ω

CPt /
µF

τ / ms

Ld/L

VOC /
mV

Rs / Ω

Rt / Ω

Rrec / Ω

[Cu(4)(1)]+

7.0

288.6

2420.0

88.3

91.2

6.9

213.6

2.9

440

[Cu(4)(7)]+

13.0

228.0

1723.0

130.1

16.0

8.6

224.1

2.7

493

[Cu(4)(3)]+

11.7

104.3

1242.0

158.5

52.8

4.7

196.9

3.5

550

Table 8: Low light intensity impedance measurements (2.4 mW cm–2) 3 days after DSC assembly.

At higher light intensities (22 mW cm–2, Table 9) the chemical capacitance (Cµ) of the
TiO2/electrolyte interface, the recombination resistance (Rrec) and the lifetime of the electron τ
are measured. The length of the electron diffusion (Ld) and the thickness of the porous active
layer (L) can also be obtained from this measurement.

Rs / Ω

Rrec / Ω

Cµ / µF

RPt / Ω

CPt / µF

τ / ms

VOC /
mV

η / %a

[Cu(4)(1)]+

9.3

316.0

183.3

53.3

4.7

57.9

530

1.15

[Cu(4)(7)]+

15.4

250.5

201.4

14.2

4.6

50.4

553

1.53

[Cu(4)(3)]+

12.2

204.3

276.1

47.4

5.2

56.4

620

2.00

Table 9: High light intensity impedance measurements (22 mW cm–2) 3 days after DSC assembly.

The series of compounds [Cu(4)(1)]+ vs. [Cu(4)(7)]+ vs. [Cu(4)(3)]+ was investigated.
[Cu(4)(1)]+ and [Cu(4)(7)]+ show high Rrec values of 316.0 and 250.5Ω, respectively, that is
higher than in [Cu(4)(3)]+ (204.3 Ω). Another important parameter is the chemical capacitance
and this is highest for [Cu(4)(3)]+. This implies, that [Cu(4)(3)]+ injects more electrons into
TiO2 than [Cu(4)(1)]+ and [Cu(4)(7)]+. When more electrons are injected, the Rrec increases. In
summary [Cu(4)(3)]+ has the highest Cµ and the lowest Rt, which implies more electron
injection and faster transport of the injected electrons through the semiconductor to the
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electrode and confirms the higher JSC. Rt is lower than Rrec, which states, that injected electrons
get transferred to the electrode faster than they recombine. Rrec is still relatively high and Rt is
lowest for [Cu(4)(3)]+ in this series which confirms the higher VOC.

7.3.2

Anchors 4, 5 and 6 with ancillary ligand 3

In the second EIS study the performances of [Cu(4)(3)]+, [Cu(5)(3)]+ and [Cu(6)(3)]+ were
investigated. [Cu(6)(3)]+ showed the highest efficiency. The VOC of [Cu(4)(3)]+ and [Cu(6)(3)]+
was comparable, but [Cu(5)(3)]+ showed a decrease in VOC by ~50mV.
The relation between VOC and Rt at low light intensities (Table 10) is demonstrated by data
presented in Table 10. In this series τ has to be taken into account as it decreases in going from
[Cu(4)(3)]+ to [Cu(6)(3)]+ to [Cu(5)(3)]+. The high Rt and very short τ in [Cu(5)(3)]+ causes the
low VOC. [Cu(4)(3)]+ and [Cu(6)(3)]+, both very similar in VOC also show comparable values
for Rt and τ. [Cu(6)(3)]+ has the lowest Rt.
At higher light intensities (Table 11) [Cu(4)(3)]+ and [Cu(6)(3)]+ show higher Rrec and Cµ. These
two findings combined with the lower Rt and longer τ confirm the better overall performance
of these tow complexes compared to [Cu(5)(3)]+. Between [Cu(4)(3)]+ and [Cu(6)(3)]+, shows
[Cu(6)(3)]+ a higher Cµ and slightly lower Rrec. Combined with the lower Rt is [Cu(6)(3)]+ able
to outperform [Cu(4)(3)]+ and shows the best efficiency in this series.
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Rs / Ω

Rt / Ω

Rrec / Ω

Cµ /
µF

RPt /
Ω

CPt /
µF

[Cu(4)(3)]+

11.7

104.3

1242.0

158.5

52.8

4.7

196.9

3.5

550

[Cu(5)(3)]+

12.3

251.2

738.0

93.2

59.0

5.8

68.8

1.7

510

[Cu(6)(3)]+

16.4

67.8

917.4

182.0

35.3

4.4

166.9

3.7

520

τ / ms

Ld/L

VOC /
mV

Table 10: Low light intensity impedance measurements (2.4 mW cm–2) 3 days after DSC assembly.

Rs / Ω

Rrec / Ω

Cµ / µF

RPt / Ω

CPt / µF

τ / ms

VOC /
mV

η / %a

[Cu(4)(3)]+

12.2

204.3

276.1

47.4

5.2

56.4

620

2.00

[Cu(5)(3)]+

13.7

94.1

197.0

54.5

4.8

18.5

582

1.93

[Cu(6)(3)]+

18.6

150.8

309.1

31.7

4.7

46.6

594

2.29

Table 11: High light intensity impedance measurements (22 mW cm–2) 3 days after DSC assembly.

7.4

Conclusion

Results from all sections are summarized in Fig. 26 and a clear trend is observed. Anchoring
ligands 4 and 5 perform in a similar efficiency range. Ligand 4 has a higher VOC which is
compensated by ligand 5 showing higher JSC values. Ligand 6 outperforms 4 in JSC and 5 in
VOC, being the best anchoring ligand in this series and most important better than the standard
anchor 4. EIS measurements revealed low transport resistance, high capacitance, relative high
recombination resistance and a long lifetime for complex [Cu(6)(3)]+. High efficiencies were
obtained for the combination of anchor 6 and ancillary ligand 3, in the heteroleptic complex
[Cu(6)(3)]+.
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Fig. 26: Summary of solar cell efficiencies, combining anchoring ligands 4-6 with ancillary ligands 1, 3 and 7.

The results confirm the beneficial effect of thiophenediyl groups. The substitution position of
the phosphonic acid group on the thiophenediyl spacer has a big impact on the electron transport
and the recombination. A substitution in 4 position of the thiophenediyl is beneficial compared
to a substitution in 5 position.
This work was published 2016 in Dalton Transactions[105].
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CYANOACRYLIC ACID VS. (1CYANOVINYL)PHOSPHONIC ACID IN
BISDIIMINE BASED ANCHORS

In chapter 7 the focus of improvement for heteroleptic bisdiimine copper(I) complexes lay on
the spacer in the anchoring ligand. The monosubstituted ancillary ligand 3, bearing one CF3
group in the 6 position of 2,2'-bipyridine was beneficial in terms of overall performance and
will be used in this chapter as well. The spacer between the bpy-ligand core and the phosphonic
acid anchoring group was altered from a phenylene to a thiophenediyl group. Good results were
obtained for the 4-thiophenediyl substituted anchor 6, already outperforming the standard
anchor 4. Before the attention is drawn back to thiophenediyl spacers in DSSCs in chapter 9;
this chapter will illustrate a new class of anchoring groups for heteroleptic bisdiimine copper(I)
complexes. The established cyanoacrylic acid anchor was presented in the introduction, and its
beneficial properties were discussed. Its less common phosphonic acid analogue, (1cyanovinyl)phosphonic acid, is now introduced as an anchoring ligand. In this study both
anchors are covalently connected at the 4-position of a phenylene substituted 6,6'-dimethyl2,2'-bipyridine and/or neocuproine ligand core (Scheme 25).

Scheme 25: Bisdiimine copper(I) complexes with 6,6'-dimethyl-2,2'-bipyridine and/or neocuproine based
anchoring ligands bearing cyanoacrylic acid or (1-cyanovinyl)phosphonic acid anchoring groups. Ligand 3 was
used as the ancillary ligand.

Cyanoacrylic acid is one of the most used anchoring group in organic dyes (see introduction)
and it benefits from two aspects. The cyano group acts as an electron withdrawing group and
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enhances the electron pulling abilities of the anchoring group. It is possible that the CN group
itself anchors to the surface via N-Ti coordination. The main anchoring ability however is
generated through H-bonding and O-Ti coordination of the carboxylic acid group. Fast electron
injection and reduced recombination of injected electrons back to the dye are advantages of this
group over a simple carboxylic acid group. Two anchoring ligands incorporating cyanoacrylic
acid anchors (8 and 10, Scheme 27), connected to either a 6,6'-dimethyl-2,2'-bipyridine or a
neocuproine (Scheme 26) will be discussed in this chapter. The 6,6'-dimethyl-2,2'-bipyridine
based anchor 8 was published previously, but only as a homoleptic bisdiimine copper(I)
complex[81]. The homoleptic complex [Cu(8)2]+ showed an efficiency of 2.2% (relative to 7.8%
for a N719 reference cell). It was resynthesized for this study and tested in our heteroleptic
system.

Scheme 26: Left: Neocuproine, with possible substitutions in 4 and 7 positions, highlighted by R-groups. Right:
4,7-Dichloro-2,9-dimethyl-1,10-phenanthroline used as starting material for the synthesis of anchors 10 and 11.

Previous studies have shown that neocuproine based ancillary ligands show good performance
in heteroleptic bisdiimine copper(I) complexes[86]. To reverse the position of the neocuproine
core in the complex from the ancillary to the anchoring site was one goal of this study.
The second aim was to incorporate a new type of anchoring group into the system. Carboxylic
acid groups are widely used in organic and inorganic dyes (see introduction). Bisdiimine
copper(I) based dyes however, show relatively poor performances with this anchoring group[42].
It was assumed that cyanoacrylic acid anchors would perform equally poorly, but the results of
Yuan et al.[81] obtained for the homoleptic complex [Cu(8)2]+ encouraged us to resynthesise
ligand 8 and test the performance of cyanoacrylic acid based anchors in heteroleptic bisdiimine
copper(I) based dyes. Phosphonic acids anchors however improve cell performance of
bisdiimine copper(I) based dyes[16, 42], thus the phosphonic acid analogu0e of the cyanoacrylic
acid was incorporated into the system. (1-cyanovinyl)phosphonic acid was connected to a
phenylene group attached to a 6,6'-dimethyl-2,2'-bipyridine and a neocuproine ligand core (9
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and 11, Scheme 27). In total four (three of them new) anchoring ligands were synthesized and
their solar cell performance compared relative to the standard anchor 4.

Scheme 27: Anchoring ligands discussed in this chapter, with labels for NMR assignment.

8.1

Synthesis and Characterization

Anchoring ligand synthesis and solar cell measurements were carried out in cooperation with
the Wahlpraktikum student Yann Baumgartner. EIS measurements were carried out by Dr.
Markus Willgert; the main results of EIS will be briefly presented, but are not discussed in
detail. Further information about EIS data can be found in the corresponding publication[113].

8.1.1

Anchoring ligand synthesis

The synthesis of anchoring ligands 8 and 9 is displayed in Scheme 28. 4,4'-Dibromo-6,6'dimethyl-2,2'-bipyridine was synthesized following a literature procedure[114]. In the first
synthetic step, a double Suzuki coupling of the dibromo compound with two equivalents of (4formylphenyl)boronic acid, in the presence of [Pd(PPh3)4] and Cs2CO3 was performed. The
microwave

assisted

reaction

yielded

4,4'-(6,6'-dimethyl-[2,2'-bipyridine]-4,4'-

diyl)dibenzaldehyde in 74.0% yield after recrystallization from a mixture of CHCl 3/EtOH. In
general 6,6'-dimethyl-2,2'-bipyridine based ligands are not soluble, or only weakly soluble in
ethanol, making recrystallizations from chloroform and ethanol very rewarding. The dialdehyde
intermediate was condensed in a Knoevenagel type reaction with cyanoacetic acid in the
presence of piperidine to give the anchoring ligand 8 in a good yield of 84.3%. A second batch
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of dialdehyde was condensed in the same way with diethyl cyanomethylphosphonate to yield
the intermediate 9a in 78.4% yield. The final step towards anchoring ligand 9 was carried out
in dichloromethane in the presence of Me3SiBr. Addition of water to the reaction mixture lead
to the formation of compound 9, which precipitated and was filtered off in 35.0% yield.
The synthesis of anchors 10 and 11 followed the same general procedure, but using 4,7dichloro-2,9-dimethyl-1,10-phenanthroline as the precursor (Scheme 26). It was prepared
according to a literature method[115]. The coupling reaction of the dichloro compound with (4formylphenyl)boronic acid was not very efficient with a yield of 12.0%. This might be due to
the fact that chloro groups are less reactive in Pd-based cross coupling reactions than to bromo
or iodo substituents. The condensation reaction from the dialdehyde to ligand 10 yielded the
desired compound in 69.8% yield. The corresponding condensation with diethyl
cyanomethylphosphonate to the phosphonic ester precursor 11a and the following deprotection
with Me3SiBr yielded anchoring ligand 11, in 24.8% yield over both steps.
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Scheme 28: General synthetic route towards anchoring ligands 8-11, schematically represented by the synthesis of
8 and 9. For 10 and 11 the educt in the first step was 4,7-Dichloro-2,9-dimethyl-1,10-phenanthroline. Conditions:
a) [Pd(PPh3)4], Cs2CO3, microwave reactor, THF/H2O, 90°C, 4h; b) cyanoacetic acid, piperidine, CHCl 3, 70 oC,
16 h; c) diethyl cyanomethylphosphonate, piperidine, CHCl3, 70 oC, 16 h; d) Me3SiBr, CH2Cl2, room temperature,
56 h, followed by H2O.

Ligands 8-11 were characterized by 1H,

13

C{1H} and

31

P{1H} NMR spectroscopies, FT-IR,

ESI-MS, MALDI-TOF and high resolution ESI-MS. Carboxylic acid anchors 8 and 10 were
only soluble in DMSO and could be assigned using 2D-NMR methods. NOE crosspeaks
between HA3 / HB2 and HB3 / Ha gave clear evidence for the proton assignment (see Scheme 27
for labelling). The FT-IR spectra of 8 and 10 show a characteristic band of the CN-group at
2218 cm-1 and a very strong band of the carboxyclic acid group at 1598 cm-1. The
stereochemistry of the cyanoacrylic acid, as well as the (1-cyanovinyl)phosphonic acid group
is very likely to be as drawn in Scheme 27. It is not clear if the stereochemistry is introduced
during the reaction or afterwards, as Kloo and coworkers have shown that isomerization of this
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group can occur under irradiation[116]. Carboxylic acid anchors 8 and 10 showed base peaks in
the ESI-MS at m/z 527.07 and m/z 551.34, respectively, corresponding to the [M+H]+ species.
The phosphonic ester precursors 9a and 11a were fully assigned by 2D-NMR methods. In the
31

P{1H} spectrum of 9a and 11a a singlet was obtained at δ +10.9 and +10.7 ppm, respectively.

Upon deprotection of the phosphonic ester 9a to give the phosphonic acid 9 a shift to δ +4.55
ppm was observed. A similar phenomenon for phosphonic acid 11 could not be investigated,
due to low solubility of the compound in common solvents and DMSO-d6. The 1H-NMR
spectrum of 11 could be recorded in DMSO-d6, but peaks appeared very broad and made
assignments impossible. One important information however could be extracted from this
spectrum, the disappearance of ethylester signals at δ 4.27 and 3.02 ppm, present in 11a. This
spectral information, together with mass peaks found in MALDI-TOF and high resolution ESIMS lead to the conclusion that compound 11 was successfully synthesized. 1H-NMR spectra
were assigned in the same manner as 8 and 10. Proton Ha showed a singlet in 8 and 10, but the
presence of the phosphorus in 9a, 11a and 9 leads to a splitting of the signal into a doublet with
a characteristic coupling constant of around 20 Hz. The 13C{1H} NMR spectrum of 9 showed
a 1JPC coupling of 182.9 Hz for proton Hb, similar to 1JPC coupling constants obtained in chapter
7 for ligands 5 and 6. In 9a a weak coupling of CEt and CMe to the phosphorus atom with
coupling constants of 5.8 and 6.4 Hz, respectively was observed. ESI mass spectra of
phosphonic acids 9 and 11 could only be obtained in basic aqueous media and revealed base
peaks of m/z 297.88 and m/z 309.95, respectively, which correspond to the [M−2H]2− ion.
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Fig. 27: 500 MHz 1H NMR spectrum of anchoring ligand 9 in DMSO-d6 (*). a) Spectrum over the whole range
with the methyl signal at δ 2.82 ppm; b) The zoomed in aromatic region of 9 with Ha showing a doublet with a
large JPH coupling constant of 19.7 Hz.

8.2

DSSC performance

The same routine as in chapter 4 was applied here. Anchors 4 and 8-11 were combined with
homoleptic copper(I)-complexes ([Cu(L)2][PF6], L= 1,3) from previous chapters to form
heteroleptic bisdiimine copper(I) complexes on a TiO2 surface. Transparent electrodes were
prepared for solid state absorption measurements. Duplicate solar cells were masked and their
performance documented with current/voltage and EQE measurements. The results were
compared and set in relation to a N719 cell for consistency.
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8.2.1

DSSCs of anchors 8 - 11 combined with ancillary ligand 1

The general stepwise solar cell assembly described in chapter 4 was used to attach heteroleptic
complex of [Cu(8)(1)]+, [Cu(9)(1)]+, [Cu(10)(1)]+ and [Cu(11)(1)]+ to a TiO2 surface. Ligand 1
was chosen to identify a general trend between the new anchoring ligands, before ancillary
ligand 3 was incorporated to verify trends and aim for higher efficiencies. Acetone dye bath
solutions of homoleptic complexes [Cu(1)2][PF6] and [Cu(3)2][PF6] were used for the ligand
exchange reaction on the modified TiO2 surface. Table 12 displays results from sun simulator
measurements of heteroleptic complexes [Cu(8)(1)]+, [Cu(9)(1)]+, [Cu(10)(1)]+ and
[Cu(11)(1)]+, relative to a N719 reference cell on the day of sealing the cells. From this first
measurement a clear trend of the newly synthesized anchoring ligands can be observed. The
heteroleptic complex [Cu(9)(1)]+ performs the best among these complexes with an efficiency
of 1.91% (32.0% relative to N719). The second best anchor is ligand 11 (0.93%), followed by
8 (0.60%) and 10 (0.47%), which perform in a similar range. Anchors 9 and 11 both use a (1cyanovinyl)phosphonic acid group to anchor to the surface and clearly outperform their related
ligands 8 and 10, which bear cyanoacrylic acid groups. This is the first trend in this chapter,
resembling previous studies[16, 42], where phosphonic acids outperformed carboxylic acids as
anchors in bisdiimine copper(I) based dyes. The second trend concerns the ligand core. Anchors
with the more flexible 2,2'-bipyridine part (8 and 9) outperform the anchors with the rigid
neocuproine (10 and 11) in terms of efficiency. 2,2'-bipyridine enables free rotation along the
C-C bond connecting both pyridine rings. This enables anchors, bearing such a ligand core, to
anchor to the surface in many different conformations. It is possible, that the more flexible
ligands 8 and 9 anchor to the surface in the thermodynamic and steric most favourable way,
which leads to a high surface coverage and strong binding. It isn’t necessarily the best
orientation to form a chelating coordination with a copper(I) centre, nevertheless, surface
modification remains labile, with anchoring groups detaching and reattaching to the surface.
This lability enables the anchoring ligands to re-orientate on the surface in such a way, that both
N-atoms are positioned cis to each other and enable chelating coordination to copper(I), as
drawn in Scheme 25. The heteroleptic complexes then probably undergo a dynamic process, to
find their most favourable and stable connection to the TiO2 surface. This could be the reason
why efficiencies of bisdiimine copper(I) based DSSCs tend to vary within the first seven days
after fabrication of the solar cells.
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Dye

JSC / mA cm–2

[Cu(8)(1)]+
[Cu(8)(1)]+
[Cu(9)(1)]+
[Cu(9)(1)]+
[Cu(10)(1)]+
[Cu(10)(1)]+
[Cu(11)(1)]+
[Cu(11)(1)]+
N719

2.01
2.61
4.67
5.09
1.06
1.59
2.95
3.06
13.75

VOC / mV

ff / %

On the day of sealing the cells
388
49
424
54
511
73
511
73
412
71
410
72
423
72
421
72
641
68

η/%

Relative η / %

0.38
0.60
1.75
1.91
0.31
0.47
0.90
0.93
5.96

6.4
10.1
29.4
32.0
5.2
7.9
15.1
15.6
100

Table 12: Solar cell measurements of complexes [Cu(8)(1)]+, [Cu(9)(1)]+, [Cu(10)(1)]+ and [Cu(11)(1)]+ with
values obtained at the day of sealing the cells.

Anchoring ligands 10 and 11, with the rigid neocuproine ligand core, can only coordinate to a
surface in their conformation drawn in Scheme 27. It is very likely, that already attached
anchoring ligands (of the same molecule) hinder the binding of following molecules, which
leads to an obstruction over the surface. Another disadvantage could be increased π-π
interactions between anchored molecules, which will be stronger in the less flexible
neocuproine based ligands 10 and 11, compared to the 2,2'-bipyridine based anchors 8 and 9,
simply by considering the relative flexibility of the anchors. π-π stacking of dye molecules is
disadvantageous, as it enables additional excited state decay pathways. In bisdiimine copper(I)
based dyes another problem arises, as close stacked anchoring ligands attached to the surface
could sterically hinder the complexation with a copper(I) centre and the ancillary ligand. A bit
of flexibility is given by the anchoring group itself, but in general ligands 10 and 11 are expected
to bind less efficiently and strongly to a TiO2 surface, than 8 and 9. The corresponding J/V
curves are displayed in Fig. 28. The best performing dye is [Cu(9)(1)]+ with the highest VOC
and JSC values. The second best dye is [Cu(11)(1)]+ with decreased values for VOC and JSC. Both
[Cu(9)(1)]+ and [Cu(11)(1)]+ use a (1-cyanovinyl)phosphonic acid anchoring group, which
clearly outperforms the cyanoacrylic acid anchors present in [Cu(8)(1)]+ and [Cu(10)(1)]+. The
solar cell performance of [Cu(8)(1)]+ and [Cu(10)(1)]+ is mainly influenced by the anchoring
group and not so much by the ligand core, as both perform in a similar range. A reason could
be the less strong binding of carboxylic acids to TiO2 in our stepwise assembly procedure.
Fewer anchoring molecules attached to the surface cancel out possible stacking of 10 and the
lability of the anchoring group possibly leads to the poor cell performance. It is noteworthy,
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that [Cu(8)(1)]+ and [Cu(9)(1)]+, both constructed with a 2,2'-bipyridine ligand core, show JSC
values almost doubled compared to their neocuproine based analogues [Cu(10)(1)]+ and
[Cu(11)(1)]+. This validates, that the flexibility present in 2,2'-bipyridine based anchoring
ligands, enhances the performance of heteroleptic bisdiimine copper(I) based dyes, due to
increased electron injection into the semiconductor surface. The increased VOC of [Cu(9)(1)]+,
compared to the other heteroleptic dyes could be due to decreased recombination in this
complex.

Fig. 28: J/V curves recorded for duplicate cells of complexes [Cu(8)(1)]+, [Cu(9)(1)]+, [Cu(10)(1)]+ and
[Cu(11)(1)]+ on the day of sealing the cells.

The electron injection behaviour of dyes on a TiO2 surface can be monitored by EQE
measurements. Fig. 29 displays the EQE spectra of complexes [Cu(8)(1)]+, [Cu(9)(1)]+,
[Cu(10)(1)]+ and [Cu(11)(1)]+ (duplicate cells are omitted) and validates beneficial effects of a
2,2'-bipyridine a ligand core with a (1-cyanovinyl)phosphonic acid present in [Cu(9)(1)]+.
Increased electron injection trough the anchoring ligand, leads to the highest EQE value
(42.7%) in this series. Additionally, a slight redshift of the EQEmax to 490 nm is observed.
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Fig. 29: EQE spectra for duplicate cells of complexes [Cu(8)(1)]+, [Cu(9)(1)]+, [Cu(10)(1)]+ and [Cu(11)(1)]+ on
day of sealing the cells.

In conclusion a 2,2'-bipyridine ligand core is advantageous over a neocuproine ligand core and
phosphonic acid anchoring groups outperform carboxylic acid anchoring groups in bisdiimine
copper(I) based dyes. Both these findings agree with reported results. Especially neocuproine
based ligands, which were rarely studied as anchors in copper(I)-based dyes can be neglected
for future studies, although their great potential as ancillary ligands was demonstrated in
previous studies[20, 86].

8.2.2

Anchors 8, 9, 10 and 11 combined with ancillary ligand 3

In previous chapters, the beneficial effect of introducing CF3 groups on the ancillary ligand side
were discussed. Increased JSC values were obtained by using ancillary ligand 3 (Scheme 19),
bearing one CF3 group in 6 position of 2,2'-bipyridine. This ligand is used in the current section
to validate trends found for anchoring ligands 8, 9, 10 and 11 combined with the simple
ancillary ligand 1. It is expected, that the general trend among anchors remains the same, with
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anchor 9 outperforming the others by far. Data from solar simulator measurements on the day
of sealing the cells is displayed in Table 13.

JSC / mA cm–2

Dye
+

[Cu(8)(3)]
[Cu(8)(3)]+
[Cu(9)(3)]+
[Cu(9)(3)]+
[Cu(10)(3)]+
[Cu(10)(3)]+
[Cu(11)(3)]+
[Cu(11)(3)]+
N719

2.84
2.17
6.59
6.59
1.89
1.51
3.53
2.30
13.75

VOC / mV

ff / %

On the day of sealing the cells
447
70
427
69
547
71
548
70
461
71
438
70
445
70
432
69
641
68

η/%

Relative η / %

0.90
0.64
2.56
2.52
0.62
0.46
1.09
0.68
5.96

15.1
10.7
43.0
42.3
10.4
7.7
18.3
11.4
100

Table 13: Solar cell measurements of complexes [Cu(8)(3)]+, [Cu(9)(3)]+, [Cu(10)(3)]+ and [Cu(11)(3)]+ with
values obtained at the day of sealing the cells.

The general trend from the previous section is confirmed by this study. Anchor 9 forms a
heteroleptic copper(I) complex with ancillary ligand 3 and outperforms the other anchor by far.
It shows an increased JSC (6.59 mA cm–2) and VOC (547 mV) compared to the heteroleptic
complex [Cu(9)(1)]+ from the previous study. Consistent efficiencies for duplicate cells of
[Cu(9)(3)]+ were obtained with values of 2.56% (43.0% relative to N719) and 2.52% (42.3%
relative to N719).

8.2.3

Standard anchor 4 vs. (1-cyanovinyl)phosphonic acid
anchor 9

The last study of this series of new anchors highlights a comparison of standard anchor 4 with
the best of the four new anchoring ligands, anchor 9. Anchors 4 and 9 both consist of the same
ligand backbone and only vary in terms of their anchoring domain. Both use a phosphonic acid
to anchor to a semiconductor surface, but anchor 9 has a slightly longer spacer via the vinyl
group and benefits from the electron withdrawing properties of the cyano group. Enhanced
binding via C≡N–TiO2 coordination might be possible[43]. Table 14 shows results of the
comparison of [Cu(9)(3)]+ with [Cu(4)(3)]+.
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Dye

JSC / mA cm–2

[Cu(9)(3)]+
[Cu(9)(3)]+
[Cu(4)(3)]+
[Cu(4)(3)]+
N719

6.59
6.59
6.30
6.01
13.75

VOC / mV

ff / %

η/%

Relative η / %

On the day of sealing the cells
547
71
548
70
585
68
576
66
641
68

2.56
2.52
2.51
2.28
5.96

43.0
42.3
42.1
38.3
100

Table 14: Solar cell measurements of complexes [Cu(9)(3)]+ and [Cu(4)(3)]+ with values obtained at the day of
sealing the cells.

[Cu(9)(3)]+ outperforms [Cu(4)(3)]+ in terms of JSC (6.59 mA cm–2 vs. 6.30 mA cm–2), but
shows a slightly lower VOC (547 mV vs. 585 mV). Fill factors of all duplicate cells are similar,
differences in JSC and VOC values compensate for each other and overall, both heteroleptic
complexes show very similar efficiencies of 2.56% and 2.51% (42.3 and 43.0% relative to a
N719 reference cell).

Fig. 30: J/V curves recorded for duplicate cells of complexes [Cu(9)(3)]+ and [Cu(4)(3)]+ on the day of sealing the
cells. The red filling highlights the gain in JSC for [Cu(9)(3)]+ and the green filling the gain in VOC for [Cu(4)(3)]+.
The area of the red and green filling is similar, which leads to similar efficiencies obtained for both complexes.

The J/V curves visualize the increase in JSC for [Cu(9)(3)]+, which is compensated by a loss in
VOC (Fig. 30) compared to [Cu(4)(3)]+. [Cu(4)(3)]+ has a higher EQEmax of 53.43% at 490 nm
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and is balanced out by [Cu(9)(3)]+ having a broader absorption and a slight red-shift, with an
EQEmax = 50.28% at 490 nm (Fig. 31).

Fig. 31: EQE spectra for duplicate cells of complexes [Cu(4)(3)]+ and [Cu(9)(3)]+ on day of sealing the cells.
[Cu(9)(3)]+ benefits from a red-shift and broader absorption compared to [Cu(4)(3)]+.

8.2.4

Electrochemical impedance spectroscopy

To understand the improved performance of anchor 9 (bpy-core, (1-cyanovinyl)phosphonic
acid) compared to 8, 10 and 11, EIS measurements of the corresponding complexes with
ancillary ligand 3 were done. The beneficial effect of carboxylic acid anchoring groups was
discussed in the introduction. Cyanoacrylic acids are known for their good charge injection
abilities, but show weaker anchoring abilities compared to phosphonic acids. In bisdiimine
copper(I) dyes, assembled in the step wise fashion carboxylic acids are always outperformed
by their phosphonic acid counter parts. This trend was confirmed in the J/V measurements and
is supported by the EIS measurements. Complexes [Cu(8)(3)]+ and [Cu(10)(3)]+ anchoring to
the surface via carboxylic acids should show high electron injection, thus a high capacitance.
When reflecting the JSC and VOC values and the overall performance, it is clear, that this
assumption is not appropriate. Indeed [Cu(8)(3)]+ and [Cu(10)(3)]+ show a low Cµ, which
implies, that few electrons got injected into the semiconductor. The reason for this low injection
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could be weaker binding and less dye coverage. The other important parameters the
recombination resistance and the transport resistance also resemble the weak performance of
carboxylic anchor complexes. It is difficult to attribute values found in EIS measurements to
the structural properties of a given anchor, when important parameters, like dye coverage and
binding strength of anchoring ligands is not known. The DSSC efficiencies of complexes
[Cu(8)(3)]+, [Cu(9)(3)]+, [Cu(10)(3)]+ and [Cu(11)(3)]+ differs tremendously from 0.46% (for
[Cu(10)(3)]+) to 2.56% (for [Cu(9)(3)]+), which is most likely due to the stronger binding
phosphonic acid anchoring group and the more flexible bpy ligand core.
Referring to the EIS studies of chapter 7, it is much more effective to compare two dyes, that
perform in a similar efficiency range. Table 15 illustrates EIS data from the heteroleptic
complexes [Cu(4)(3)]+ (4 = the standard phosphonic acid anchor) and [Cu(9)(3)]+ (9 = the new
(1-cyanovinyl)phosphonic acid anchor). The differences in the J/V measurements can be
brought back to mind by looking at Fig. 30. [Cu(4)(3)]+ outperforms [Cu(9)(3)]+ in VOC, but
shows a lower JSC. The higher VOC of [Cu(4)(3)]+ is mainly related to the increased Rrec, which
is almost doubled compared to [Cu(9)(3)]+. The increase in JSC for [Cu(9)(3)]+ is related to the
lower Rt. Similar to VOC and JSC in J/V measurements, are Rt and Rrec compensating for each
other in the EIS measurements and both complexes show a similar DSSC efficiency.

Dye

Rt / Ω

Rrec / Ω

Cµ / µF

RPt / Ω

CPt / µF

τ / ms

Ld/L

[Cu(4)(3)]+
cell 1

57

151

460

52

5

70

1.6

[Cu(4)(3)]+
cell 2

62

156

388

52

4

60

1.6

[Cu(9)(3)]+
cell 1

36

83

325

28

5

27

1.5

[Cu(9)(3)]+
cell 2

51

86

346

42

5

30

1.3

Table 15: High light intensity impedance measurements (22 mW cm–2).
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8.3

Conclusion

Four new anchoring ligands 8-11 were synthesized and their performance as heteroleptic
copper(I) dyes combined with two ancillary ligands 1 and 3 was investigated. A general trend
was found, for anchors bearing 2,2'-bipyridine ligand cores (8 and 9) outperforming those with
neocuproine ligand cores (10 and 11). Anchors 9 and 11, substituted with a (1cyanovinyl)phosphonic acid group showed increased photon to current efficiencies compared
to their analogues anchors 8 and 10, which use a cyanoacrylic acid as anchoring domain. The
ancillary ligand has a big impact on the performance of all anchors as heteroleptic copper(I)
dyes. Ancillary ligand 1 combined with the best anchoring ligand 9, reached an efficiency of
1.91% (32.0% relative to N719) on the day of sealing the cells. Changing the ancillary ligand
to the previous introduced mono CF3 ligand 3 boosted the efficiency of all heteroleptic
complexes and especially [Cu(9)(3)]+ showed a high efficiency of 2.56% (43.0% relative to
N719) and a broader EQE-curve towards the red end of the visible spectrum. A comparison of
the new anchor 9 with the standard anchor 4 revealed similar overall efficiencies. 9 out performs
4 by a higher JSC, which is compensated by 4 yielding a higher VOC. This series shows that
changing the anchoring group has a big impact on the performance of heteroleptic bisdiimine
copper(I) complexes as dyes in DSSCs. Changes in anchor architecture can increase cell
parameters like JSC and VOC, but the long-awaited replacement of the standard anchor 4 in
bisdiimine copper(I) based dyes was not achieved.
In the previous chapters, impact of ancillary ligands, anchors with thiophenediyl spacers,
anchors using flexible or rigid ligand cores and different types of anchoring groups were
discussed. To complete this systematic investigation of bisdiimine based anchoring ligands, the
next chapter will focus on the elongation of the spacer, between ligand core and anchoring
group. Additionally, the alkyl groups are attached to these spacers, which are known to reduced
electron recombination and dye aggregation[50].

This work was published 2016 in RSC Advances[113].
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In previous chapters a wide range of new anchoring ligands for bisdiimine copper(I) based dyes
was presented. Spacers, ligand core and anchoring groups were systematically changed and
investigated. The best anchors from each series showed similar overall efficiencies in a
heteroleptic copper(I)-complex bound to a TiO2-semiconductor.
This chapter focuses on another promising modification possible in such a system, the
elongation of the spacer, connecting ligand core and anchoring group. It is known, especially
from studies of organic sensitizers, that a spatial separation of the electron generating centre
and the electron injecting anchoring group can enhance device performance tremendously (see
introduction). Upon irradiation an exciton forms. The electron and a positive hole have to be
separated to make a solar cell work. The electron should move towards the semiconductor,
where it can be injected, and the hole should move in the opposite direction, towards the
electrolyte, where the ground state of the dye gets regenerated. If this separation of electron and
hole gets larger in terms of space, the probability of recombination between electron and hole
decreases. This results in an increased current output, open-circuit voltage and overall
efficiency. Organic “push-pull” dyes described in the introduction, were taken as an inspiration.
They consist of an electron pushing part, often a triarylamine or a carbazole group and a pulling
anchoring group, mainly cyanoacrylic acid, which was introduced in the introduction. Between
the pushing and pulling centres, up to six 3-hexyl-thiophenediyl spacers are normally
incorporated to decrease recombination[35]. Hexyl chains on the spacers are introduced to
increase solubility and more importantly, prevent aggregation of the dyes on the surface, which
could lead to additional charge recombination pathways. Another advantage of these groups is
their ability to cover the semiconductor surface and decrease vacancies. The steric demanding
hexyl chains keep adjacent molecules at a distance, that decreases electronic interactions
between these molecules and hinders this decay pathway. One can imagine that hexyl chains
interact via van-der-Waals interactions and form net-like arrangements between neighboring
molecules on the surface. This decreases vacant sites on TiO2 and hinders contact between the
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semiconductor surface and the electrolyte, which decreases recombination of injected electrons
to the electrolyte.

Scheme 29: Bisdiimine copper(I) complexes with a 6,6'-dimethyl-2,2'-bipyridine ligand core, three thiophene-2,5diyl spacers, a phenylene spacer on each pyridine side and a cyanoacrylic acid anchoring groups. Ligand 1 was
tested as the ancillary ligand.

Scheme 29 shows the new modifications to the existing system of heteroleptic bisdiimine
copper(I) dyes.
The aim of this study was to use a heteroleptic copper(I) complex as the electron generating
and donating centre, which is linked to an anchoring group via 3-hexyl-thiophenediyl spacers.
This molecule can be considered a organic-inorganic dye, combining beneficial properties of
both systems. Multiple attempts towards the synthesis of anchors with more than two 3-hexylthiophenediyls connected to each other (see Scheme 29) were made, but purification was a
significant problem and only the synthesis of compound 12 (Scheme 30) was successfully
achieved. Compound 12 has a dark red colour and was tested as a purely organic dye and
combined with ancillary 1 ligand in a DSSC.
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Scheme 30: Compound 12 investigated in this chapter. The bpy core can be considered the electron “pushing”
centre and the cyanoacrylic acid acts as the electron “pulling” anchoring group. Both centres are separated by three
thiophene-2,5-diyl spacers and a phenylene spacer, which should enhance electron injection and reduce
recombination.

9.1

Synthesis and Characterization

Compound 12 was synthesized in 8 steps (Scheme 31 and Scheme 32). In the first two steps the
Kröhnke-type pyridine synthesis described in chapter 7 was used to form 4,4'-bis(5bromothiophen-2-yl)-6,6'-dimethyl-2,2'-bipyridine. The bromine atoms on both thiophenediyl
groups enable modifications via Pd-based cross coupling reactions. A double Suzuki-Miyaura
coupling with 2.5 equivalents of 3-hexylthiophene-2-boronic acid pinacol ester in the presence
of [Pd(PPh3)4] and Cs2CO3 in dry toluene (microwave radiation, 120 °C, 4h) yielded the first
intermediate 12a in 96.7% yield. Thiophenes are known for their strong reactivity towards
electrophilic aromatic substitution[111] with N-bromosuccinimide (NBS). Reacting two
equivalents of NBS with 12a in a mixture of DMF/CHCl3 (1/1) at room temperature gave
exclusively the α brominated species 12b in 90.0% yield. Both steps, Pd-cross coupling and
NBS bromination, were repeated with 12b to yield compound 12d in 68.6% yield over both
steps.
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Scheme 31: Synthesis of precursor 12d; a) 3-hexylthiophene-2-boronic acid pinacol ester, [Pd(PPh3)4], Cs2CO3 in
dry toluene (120 °C, MW radiation, 4h), b) NBS in DMF/CHCl3 (1/1), c) conditions from previous step (a), d)
conditions from previous step (b).
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Another Suzuki-Miyaura cross coupling reaction of 12d with 2.5 equivalents of 4formylphenylboronic acid, in the presence of [Pd(PPh3)4] and Cs2CO3 using a THF/water
mixture as solvent (microwave radiation, 90°C, 2h) yielded the dialdehyde 12e in 72.6% yield.
In chapter 8, condensation reactions of aldehydes with cyanoacetic acid, in the presence of
piperidine were discussed and the same conditions were applied in the last step of this synthesis
to yield compound 12 in 67.7% yield.

Scheme 32: Synthesis of compound 12, starting from precursor 12d. a) 4-formylphenylboronic acid, [Pd(PPh3)4],
Cs2CO3 in THF/water (90 °C, MW radiation, 2h), b) cyanoacetic acid, piperidine in CHCl 3.

It is noteworthy, that cross-coupling reaction and NBS bromination worked very well, with
isolated yields ranging from 70 to 96%. The slight excess of boronic acid pinacol ester in the
cross-coupling reactions lead to almost quantitative conversion and the remaining pinacol ester
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educts could easily be removed via crystallization from a mixture of CHCl3/EtOH. Each step
was purified via recrystallization from CHCl3/EtOH and column chromatography could be
avoided, making the synthetic route towards anchor 12 resource saving and time efficient.
Anchor 12 is only poorly soluble in organic solvents and an NMR spectrum in DMSO-d6
showed broad peaks, which made assignment of the signals difficult (Fig. 32).

Fig. 32: The 500 MHz 1H NMR spectrum of 12 in DMSO-d6. Assignment of the peaks was not possible, due to
broad peaks and low concentration of the sample. The missing aldehyde signal at δ ~ 10 ppm indicates complete
conversion from 12e to 12.

A good indication for the formation of 12 is the disappearance of aldehyde signals in the NMR
spectrum and the observation of the [M+H]+ ion with m/z = 1356.59 in the MALDI-TOF
spectrum. All intermediates were fully characterized by 1H NMR spectroscopy and MALDITOF mass spectrometry. 13C{1H} NMR assignments were possible up to precursor 12b. Other
intermediate compounds couldn’t be assigned in the 13C{1H} NMR spectra, as multiple signals
appeared for equivalent carbon atoms and overlapping signals in the HMBC couldn’t be
distinguished. For a representative 1H NMR discussion, the precursor 12e was selected (Fig.
33).
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Fig. 33: The 500 MHz 1H NMR spectrum of the dialdehyde 12e in CDCl3 (*). Chemical shifts were referenced to
δ (TMS) = 0 ppm.

NOE cross peaks in the 2D-NOESY spectrum showed coupling of the aldehyde protons to HE3.
Following 2D-COSY cross peaks from HE3 to HE2 and NOEs from HE2 to HD4, continuing along
the backbone to HC4 and HB4, the 1H-spectrum could be readily assigned. Aliphatic protons
from alkyl chains located in rings C and D showed overlap and could not be fully assigned. The
characteristic methyl singlet of 6,6'-dimethyl-2,2'-bipyridines was observed with a shift of δ
2.72 ppm. Intermediates 12a-12d were characterized in the same manner and their [M+H]+
molecule ions were confirmed by MALDI-TOF MS. Compounds 12c-12 all showed an intense
red colour, due to thiophenediyl groups extending the aromatic π-system. Solution UV-VIS
absorption spectra of compound 12 in DMSO at different concentrations revealed aggregation
of molecules at concentrations > 0.025 mM (Fig. 34).
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Fig. 34: Solution UV-VIS absorption spectra of compound 12 in DMSO and various concentrations (red: 0.1 mM,
green: 0.05 mM, purple: 0.025 mM, blue: 0.0125 mM). At concentrations higher than 0.025 mM a broadening of
the absorption into the red region of the spectrum is observed. This effect is most likely due to aggregation of
molecules of 12.

The extinction coefficient for 12 was determined using the 0.025 mM concentration (Fig. 35).
An εmax of 30113.8 dm3 mol-1 cm-1 at 421 nm was obtained. The absorption maximum of 12 is
in a similar region as most [Cu(bpy)2]+ complexes, but 12 has a roughly three times higher
extinction coefficient than the homoleptic complex [Cu(3)2][PF6] (see chapter 6). This
indicates, that compound 12 has strong light harvesting abilities. A drawback is that compound
12 and most bisdiimine copper(I) complexes absorb at λ ~ 450 nm. A heteroleptic dye using 12
as an anchoring ligand, combined with an ancillary ligand and copper(I) will most likely benefit
little from the MLCT transitions in the copper(I) complex.
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Fig. 35: Solution UV-VIS absorption spectra of compound 12 in DMSO at 0.025 mM concentration. Aggregation
is not observed at this concentration. Εmax = 30113.8 dm3 mol-1 cm-1 at 421 nm.

9.2

DSSC performance

The same strategy for DSSC assembly as in chapter 4 was applied. A 1mM solution of
compound 12 was used to modify a TiO2 surface. The intense red colour of the sensitized
semiconductor (Fig. 36), lead to an extension of the original plan to investigate 12 as a new
anchoring ligand for heteroleptic bisdiimine copper(I) based dyes. The solid state UV-VIS
spectra shows some noise for absorptions above 3, due to instrument limitations. In the first
experiment the performance of anchor 12 as a purely organic sensitizer is examined and in the
following study its performance as an anchor in a heteroleptic bisdiimine copper(I) complex
with ancillary ligand 1 is investigated.
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Fig. 36: Solid state absorption spectrum of compound 12.

9.2.1

Compound 12 as an organic dye in a DSSC

Solar cells sensitized with dye 12 were measured on the day of sealing the cells and 3, 7, 17
and 34 days afterwards. Technical problems with the sun simulator on day 3 lead to inconsistent
results and these measurements are excluded here. On day 7, one cell performed very poorly
and remained so on days 17 and 34. The reason for the poor performance is illustrated by the
fill factor, which decreases over time and can be an indication of cell degradation or leakage.
What causes this phenomenon is unclear. Table 16 displays parameters obtained from sun
simulator measurements for compound 12 and the N719 reference cell from the previous
chapter.

- 109 -

LONG SPACERS – TOWARDS ORGANIC 2,2'-BIPYRIDINE BASED SENSITIZERS

Dye

JSC / mA cm–2

Compound 12
Compound 12
N719

9.38
9.08
13.75

On the day of sealing the cells
551
61
539
63
641
68

3.15
3.09
5.96

52.9
51.8
100

Compound 12
Compound 12
N719

9.52
9.58
12.80

7 days after sealing the cells
591
47
583
64
702
70

2.66
3.59
6.27

42.4
57.3
100

Compound 12
Compound 12

9.30
9.63

17 days after sealing the cells
589
52
586
67

2.81
3.77

Compound 12
Compound 12

9.24
9.68

34 days after sealing the cells
592
53
585
67

2.90
3.77

VOC / mV

ff / %

η/%

Relative η / %

Table 16: Solar cell measurements of compound 12 with values obtained at days 0, 7, 17 and 34. Efficiencies are
set relative to a N719 reference cell. No reference was measured on days 17 and 34, which should simply highlight
the long-term stability of the dye.

Compound 12 performs very well and efficiently as an organic dye in a DSSC. On the day of
sealing both duplicate cells reached a JSC of over 9 mA cm–2, which increased for the champion
cell (second entry in Table 16) to the highest value on day 34 (9.68 mA cm–2). VOC for duplicate
cells range between 539 and 592 mV, which is comparable to values obtained for copper(I)
based dyes and in an acceptable range for an I−/I3− electrolyte. The fill factor however, is slightly
lower than in bisdiimine copper(I) based DSSCs with values between 63 and 67% for the
champion cell. The first cell in this series of duplicate cells (entry 1 in Table 16) performs well
on the day of sealing (η = 3.15%, 52.9% relative to N719, Fig. 37), but encounters long term
stability problems and especially the fill factor drops to ~ 50% in the following measurements.
The other cell remains stable over 34 days and all parameters improved during this period to
yield the highest JSC (9.68 mA cm–2), an improved VOC (585 mV) and a good fill factor (67%).
This leads to an improved overall performance of compound 12, exhibiting an efficiency of
3.77%, which was reached after 17 days and remained constant up to 34 days after sealing the
cells.
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Fig. 37: J/V curves recorded for duplicate cells of l compound 12 and the N719 reference cell, on the day of sealing
the cells.

The EQE spectra of duplicate cells for DSSCs using compound 12 as dye are displayed in Fig.
38. A broad photon to current conversion over almost the whole visible range was observed
(350 – 650 nm), with an EQEmax of 72.9% at 450nm. A plateau with EQE values of over 60%
ranges from 350 to 550 nm, which highlights the good light harvesting and electron injecting
properties of 12.
Following these promising results, compound 12 was used as an anchoring ligand and combined
in an on-surface ligand exchange reaction with ancillary compound 1 and copper(I), to further
improve the spectral response.
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Fig. 38: EQE spectra for duplicate cells of compound 12 on the day of sealing the cells.

9.2.2

An heteroleptic copper(I) complex combining anchor 12
and ancillary ligand 1

DSSCs containing 12 as the dye show good light harvesting abilities. The DSSCs are dark red,
similar in colour to heteroleptic bisdiimine copper(I) complexes and exhibit a broader and
higher EQE spectrum, than any here presented bisdiimine copper(I) dye. From these
considerations it is doubtful, if a system combining two dyes absorbing light in the same range
of the visible spectrum (350 – 500 nm) can work together as organic-inorganic bisdiimine
copper(I) sensitizer. Another aspect to consider is the conformation of ligand 12. Being very
large with 4 aromatic spacers, it is very unlikely that 12 is orientated on a TiO2 surface as drawn
in Scheme 31. It will probably be twisted around the C-C bond connecting both pyridine units
and for such a large molecule a reorientation on the surface towards a cis conformation (of the
pyridine N atoms) is very improbable. This orientation, however is necessary to form a
heteroleptic bisdiimine copper(I) complex of ligand 12, copper(I) and an ancillary ligand. The
last consideration for this system concerns energetics. With these preliminary results it not
possible to say, what the energy level the excited state LUMO of ligand 12 and especially of
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the excited MLCT state of the theoretical heteroleptic copper(I) centre is. The excited state of
ligand 12 is based on photon absorption of the conjugated aromatic π-system, whereas an
excited state in a heteroleptic bisdiimine copper(I) complex is a MLCT transition. The MLCT
transition should be higher in energy than the organic π*←π transition. This would allow
generated electrons to cross from the excited MLCT to the π* state, from where they can be
injected into the semiconductor.
Table 17 shows results obtained from combining anchoring ligand 12 with the homoleptic
complex [Cu(1)2][PF6] in an on surface ligand exchange reaction described in chapter 4. A
colour change of the fabricated solar cells, compared to the ones of ligand 12 only, was not
observed, but this is an ambiguous result because 12 has a similar colour to a typical [Cu(bpy)2]+
chromophore. There is, therefore, no evidence for the formation of a complex [Cu(12)(1)]+ and
the copper-containing DSSC had lower efficiencies than the cells with 12 as the dye.

Dye

JSC / mA cm–2

Compound 12
Compound 12
“[Cu(12)(1)]+”
“[Cu(12)(1)]+”
N719

9.38
9.08
7.66
8.03
13.75

VOC / mV

ff / %

On the day of sealing the cells
551
61
539
63
552
66
558
64
641
68

η/%
3.15
3.09
2.81
2.85
5.96

Relative η / %
52.9
51.8
47.1
47.8
100

Table 17: Solar cell measurements of compound 12 compared to theoretically formed [Cu(12)(1)]+ on the day of
sealing the cells.

9.3

Conclusion and Outlook

Considering the fact, that these are first preliminary results and that the system was not
optimized in terms of electrolyte, an efficiency of 3.77% is remarkable for the organic dye 12.
Changing the electrolyte to Co2+/Co3+ or the recent studied Cu2+/Cu+ redox couples, will most
likely increase the VOC. The formation of an organic-inorganic bisdiimine copper(I) sensitizer
has to be carefully investigated in terms of synthesis and energetic levels of the organic πsystem and the metal MLCT. Electrochemical measurements and/or DFT calculations should
be carried out to understand the energetics and possibly design a working bisdiimine copper(I)
dye.
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These aspects will be examined in future studies, as well as the exchange of the cyanoacrylic
acid anchoring group in 12 towards the beneficial (1-cyanovinyl)phosphonic acid group from
chapter 8 will be investigated.
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AN ORGANIC P-TYPE DYE BEARING A
PHOSPHONIC ACID ANCHORING
GROUP

In the previous chapters the research focus lay on the modification of a TiO2 semiconductor
with n-type dyes, to enable photon to electron conversion. These generated electrons are
injected into the semiconductor and generate electric current. The hole formed in this process
recombines with electrons delivered by the redox electrolyte. The oxidized electrolyte is
regenerated by electrons provided by the Pt-counter electrode.
In this chapter a modification of the counter electrode will be discussed. The Pt-electrode is
replaced by a NiO-semiconductor, which can be sensitized with a dye, similar to TiO2
sensitization. The anchored p-type dye on NiO must work in exactly the opposite way as a ntype dye. It has to drain electrons from the semiconductor and deliver them to the redox
electrolyte. When this process is viewed in reverse, a p-type dye transports holes from the
electrolyte to the NiO semiconductor and injects them there (Scheme 33). The VOC of a p-type
solar cell is defined as the potential between the electrolyte and the valence band (VB) of NiO.
The JSC is generated by injected holes, which draw electrons into the NiO semiconductor, thus
generating electric current. The counter electrode in a p-type solar cell is a Pt-electrode, which
now fulfils the role of oxidizing the electrolyte, which can be considered as injecting electrons
from the electrolyte into the Pt or injecting holes from the Pt into the electrolyte. The electric
circuit is closed, and a p-type solar cell can be measured with the same equipment as for n-type
solar cells.
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Scheme 33: P-type dye anchored to the photo-cathode (NiO semiconductor). Electron “pushing groups” are close
to the surface and electrons are “pulled” away from the semiconductor by electron accepting groups
(malononitrile). Reverse transport way is given for hole injection.

In the long term, sensitized p-type and n-type semiconductors can be combined within one cell
to generate a so-called tandem solar cell. These tandem solar cells require both n- and p-type
dyes to exhibit similar JSC values and a redox electrolyte with a potential between the
conduction band of TiO2 and the valence band of NiO. In an ideal case, the JSC of such a system
should increase or at least remain constant, but both VOC of TiO2 and NiO are combined to the
maximum possible VOC. It is defined by energetic niveaus of the CB and the VB and has a
theoretical value of 0.9 V. It will boost the overall efficiency of a tandem solar cell,
outperforming its single n- or p-type components. Another advantage is the spectral response
of this double junction system. Each dye can absorb photons of different wavelengths and
convert them into electrons or holes. This increases the theoretical efficiency of a tandem solar
cell to over 40%[11].
The main drawback in this technology is the low efficiency and JSC of the p-type solar cell. The
main research in both p-type and tandem solar cells is focussed on synthesizing new p-type
dyes with increased JSC. Some attempts have been made by the Constable/Housecroft research
group towards new p-type dyes. A Ru(II) based inorganic dye [Ru(bpy) 2(HL)] (L = (4-(2phenylpyridin-4-yl)phenyl)phosphonate) has been successfully synthesized and outperforms
the standard p-type dye P1 (Scheme 34)[92]. P1 is a standard organic p-type dye, with a “push- 116 -

AN ORGANIC P-TYPE DYE BEARING A PHOSPHONIC ACID ANCHORING GROUP

pull” architecture optimized for p-type purposes. It anchors to NiO, via a carboxylic acid group.
The anchoring group is attached in the 4 position of one phenylene ring of a triphenylamine
core. The other phenylene rings are substituted in the 4 position by a thiophenediyl spacer,
bearing an electron withdrawing malononitrile group. Upon irradiation, electrons are donated
from the triarylamine unit, through the thiophenediyl spacer towards the electron pulling
malononitrile group. In reverse, a hole hops from the malononitrile, via the spacer to the
triarylamine and gets injected into the NiO semiconductor. The inorganic complex
[Ru(bpy)2(HL)] differs from P1 in its architecture and especially in the anchoring group. In
contrast to P1 it anchors to the NiO semiconductor via a phosphonic acid and not via a
carboxylic acid. P1 shows a maximum efficiency of 0.057% and [Ru(bpy)2(HL)] exhibits a
maximum of 0.116% on the day of sealing the cells. The Ru(II) dye clearly outperforms P1,
which might be due to increased absorption of dye on the surface using a phosphonic acid.

Scheme 34: Structure of the p-type dyes P1 and [Ru(bpy)2(HL)] (L = (4-(2-phenylpyridin-4yl)phenyl)phosphonate).

To establish, that phosphonic acid anchoring groups outperform carboxylic acid anchoring
groups not only in n-type bisdiimine copper(I) solar cells, but might also work in p-type solar
cells was the aim of this study. The analogous molecule to P1 (compound 13, Scheme 35), in
which we exchanged the carboxylic by a phosphonic acid group, was synthesized and will be
investigated in solar cells.
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Scheme 35: Ligand 13 bearing a phosphonic acid anchoring group and only differs to P1 in this substitution.

10.1

Synthesis and Characterization

Anchoring ligand 13 was synthesized in 5 steps (Scheme 36). In the first step 4bromotriphenylamine was reacted with HPO(OEt)2 in a Pd-based cross coupling reaction, using
Cs2CO3 and catalytic amounts of [Pd(PPh3)4] (5 mol%) in dry THF (microwave radiation, 120
°C, 20 min) to yield the phosphonic ester 13a in 48.8% yield. Phosphonic esters are relatively
stable functional groups and don’t interfere in the following bromination, coupling or
condensation reactions. However, yields for these C-P couplings are rather low (~ 50%), which
makes the incorporation of the phosphonic ester functionality in the beginning of the synthesis
advantageous. The second step was an NBS bromination in THF at 60°C, which yielded the
desired product 13b in 56.9% yield. The para position of phenyl rings in triphenylamines is
most reactive towards bromination with NBS, due to the +M effect of the N atom. In the third
step a double Suzuki-Miyaura coupling with 4 equivalents of L1 (Scheme 36) in the presence
of [Pd(PPh3)4] and Cs2CO3 in dry toluene (microwave radiation, 120 °C, 4h) yielded the
dialdehyde intermediate 13c. Aldehyde groups were transformed into the electron withdrawing
methylene-malononitrile functionality, by condensing 13c with 2.2 equivalent of malononitrile
and 4 drops of triethylamine in dry acetonitrile. Compound 13d was obtained in 68.7% yield as
an orange/red oil. The final compound 13 (Scheme 35) was obtained in 68.9% yield after
deprotection of the phosphonic ester group to the free phosphonic acid using TMS-Br and
aqueous workup.

- 118 -

AN ORGANIC P-TYPE DYE BEARING A PHOSPHONIC ACID ANCHORING GROUP

Scheme 36: Synthetic route towards ligand 13; a) HPO(OEt)2, Cs2CO3, [Pd(PPh3)4] in dry THF (MW radiation,
120 °C, 20min); b) NBS, THF, 60°C; c) L1, Cs2CO3, [Pd(PPh3)4] in dry toluene (MW radiation, 120 °C, 4h); d)
malononitrile, triethylamine (4 drops) in dry acetonitrile; e) Me 3SiBr, CH2Cl2, room temperature, 12 h, followed
by H2O.

The organic dye 13 and intermediate steps 13a-13d were characterized by 1H,

13

C{1H} and

31

P{1H} NMR spectroscopy, ESI-MS, MALDI-TOF and high resolution ESI-MS. 1H NMR

assignments benefited from characteristic JPH couplings present in phenylene ring A (Scheme
35). Protons HA2 and HA3 observed as doublets of doublets with JHH coupling constants of 8.6
Hz between neighbouring protons and JPH coupling constants of 12.7 and 3.4 Hz, respectively.
This makes distinguishing between phenylene rings straight forward. Thiophenediyl ring C
show doublet signals for HC3 and HC4 with JHH coupling constants of 4.0 Hz. A singlet with δ =
7.79 ppm is obtained for Ha. The 1H NMR assignment was supported by 2D-NOESY and COSY
spectra. NOE cross peaks between Ha/HC4, HC3/HB3 and HB2/HA3 completed the assignment.
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Fig. 39: The 500 MHz 1H NMR spectrum of 13 in DMSO-d6 (*). Top: Full spectrum with a broad peak for the
phosphonic acid protons at δ = 11.03 ppm. Bottom: Zoom into the aromatic region. H A2 shows a dd signal, which
arises from JPH and JHH couplings.
13

C{1H} NMR assignment benefited from the phosphorous substituent on ring A, showing

doublet signals with JPC coupling constants of 194.2, 15.5, 10.8 and 3.5 Hz for CA1, CA2, CA3
and CA4, respectively. The

31

P{1H} NMR spectra of phosphonic ester intermediates 13a-13d

showed a singlet signal between δ 18-20 ppm, which shifted to δ 25.49 ppm in the final
compound 13. All intermediates showed [M+H]+ molecule ion peaks in the MALDI-TOF mass
spectrum. An ESI-MS and high resolution ESI-MS of 13 was measured in acetone and basic
acetone/water media which revealed a base peak of m/z 639.99, corresponding to the [M−H]−
ion. Compound 13 possesses an orange/red colour, which is displayed in the solution UV-VIS
spectrum (Fig. 40). 13 has a λmax = 504 nm, which is in a similar range as the reported P1 dye
(λmax = 468 nm in acetonitrile)[117].
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Fig. 40: Solution UV-VIS absorption spectra of compound 13 in acetone at 0.0025 mM concentration.

P-type solar cell investigation will be carried out by Nathalie Marinakis.
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The aim of the dye-sensitized solar cell part of this thesis was the investigation of alternative
anchoring ligands for bisdiimine copper(I) dyes. The standard anchoring ligand 4 showed good
anchoring and electron injection properties on a TiO2 semiconductor, in the stepwise on-surface
approach. Before new anchoring ligands were investigated, a series of unusual ancillary ligands
was studied.
As ancillary ligands 6,6'-dimethyl-2,2'-bipyridine (1) ligand was compared to the 6,6'bis(trifluoromethyl)-2,2'-bipyridine (2) and 6-trifluoromethyl-2,2'-bipyridine (3) ligands.
Ligands 2 and 3 showed improved performance in JSC, VOC and η, compared to 1. These results
were surprising as 2 and 3, bearing electron withdrawing CF3 group, are counterintuitive to the
recommended “push-pull” system for bisdiimine copper(I) dyes. Ligand 3 performed the best
among the three ancillary ligands and showed a maximum efficiency of 2.26% (37.2% relative
to N719) in the heteroleptic complex [Cu(4)(3)]+. It also showed that one blocking group in the
6-position of a 2,2'-bipyridine ancillary ligand is enough to stabilize the distorted tetrahedral
geometry in a heteroleptic copper(I) complex bound to a semiconductor surface. The reason for
this puzzling performance was not found. Better interaction with the electrolyte, and thus faster
dye regeneration might be possible. The more positively shifted oxidation potential of
[Cu(3)2][PF6], compared to [Cu(1)2][PF6] might have a similar effect on the ground state energy
level of the corresponding heteroleptic complex and influence recombination and electron
lifetimes. Ligand 3 was incorporated as a good performing ancillary ligand in the following
studies.
Anchoring ligand 4 has a design principle consisting of three parts. The ligand core is a 6,6'dimethyl-2,2'-bipyridine, with methyl groups stabilizing the tetrahedral geometry of the
copper(I) centre. Phenylene spacers are incorporated in the 4 and 4' positions of the 6,6'dimethyl-2,2'-bipyridine and each bears a phosphonic acid anchoring group in the 4 positions.
The phenylene separates the electron generating centre from the electron injecting anchoring
group, enhances electron lifetime and hinders recombination of injected electrons and the
corresponding holes. The phosphonic acid anchoring group has a strong affinity for the TiO2
semiconductor and shows increased binding compared to the more common carboxylic acid.
This increase in binding strength seems to affect the performance of bisdiimine copper(I) dyes
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significantly. A systematic comparison of cyanoacrylic acid anchoring groups with their
analogues (1-cyanovinyl)phosphonic acids confirmed the improved performance of phosphonic
acid anchors.
Between ligands, bearing phosphonic acid anchoring groups, a systematic study concerning
spacer, ligand core (rigid or flexible) and the incorporation of electron withdrawing cyano
groups next to the anchor were investigated. In the first study the phenylene spacer, present in
4, was changed to a thiophenediyl spacer, substituted with a phosphonic acid group in 4- or 5position of the thiophenediyl. The position effected JSC and VOC and the best performance in
this series was obtained for the 4-thiophenediyl substituted anchoring ligand 6. It outperformed
anchors 4 in JSC and 5 (5-thiophenediyl substituted) in VOC and showed an efficiency of 2.40%
(41.7% relative to a N719) for the complex [Cu(6)(3)]+.
The ligand core was changed from a 6,6'-dimethyl-2,2'-bipyridine to a neocuproine to
investigate the effect of the flexibility in the anchoring ligand on the performance of a
bisdiimine copper(I) DSSC. The studies revealed a clear trend, that flexible anchoring ligands
(6,6'-dimethyl-2,2'-bipyridine) outperform rigid ones (neocuproine) by far. The reason might
be better anchor coverage and less aggregation for the flexible 6,6'-dimethyl-2,2'-bipyridine
based anchors.
The anchoring ligand was changed from a phosphonic acid to a (1-cyanovinyl)phosphonic acid,
keeping the phenylene spacer the same. The 1-cyanovinyl)phosphonic acid is the phosphonic
acid analogue of the cyanoacrylic acid and it was proposed, that it should benefit from the
electron withdrawing cyano group in combination with the strongly binding phosphonic acid
functionality. This anchoring group showed a good performance in the bisdiimine copper(I)
complex [Cu(9)(3)]+ with an efficiency of 2.56% (43.0% relative to N719), being the highest
in the whole series of investigated anchors.
During this systematic investigation the efficiencies for [Cu(4)(3)]+ (4 = standard anchor)
remained high and were always were close to the efficiencies of the champion cells of the newly
synthesized complexes [Cu(6)(3)]+ (6 = 4-thiophenediyl phosphonic acid anchor) and
[Cu(9)(3)]+ (9 = 1-cyanovinyl)phosphonic acid anchor). The two newly synthesized anchors 6
and 9 show good performance in bisdiimine copper(I) based solar cells but are not significantly
better than the standard anchor 4. It is concluded, that phosphonic acids are still the best
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anchoring groups for a stepwise on-surface assembly of heteroleptic copper(I) complexes, but,
changing the spacers (from 4 to 6) and incorporating additional electron withdrawing cyano
groups (from 4 to 9) has little positive effect on the overall efficiency of the DSSC. A possible
improvement might be the development of a new type of anchoring group, that still has to be
found, or the successful incorporation of the silyl anchoring group, discussed in the
introduction.
The two outlier studies about long thiophenediyl spacers on 6,6'-dimethyl-2,2'-bipyridine (12)
and the synthesis of the p-type dye 13, should expose my joy and affection for multistep organic
dye synthesis. Both projects were successful. Ligand 12 was originally designed as an
anchoring ligand, where light harvesting of the anchor should be combined with the coordinated
copper(I) centre to generate increased JSC. Preliminary results revealed that 12 works very well
as an organic dye with an efficiency of 3.59% (57.3% relative to N719) on day 3 and 3.77%
(no N719 reference measured) on day 17. In combination with the homoleptic complex
[Cu(1)2][PF6] a decreased performance was obtained, but evidence for the formation of the
heteroleptic complex [Cu(12)(1)]+ was not found. A more detailed investigation is planned, and
the promising results will be further investigated.
The second outlier project concerned p-type dyes. A new p-type dye, bearing a phosphonic acid
anchoring group was synthesized (13). Apart from the anchoring group, 13 is identical to the
standard p-type dye P1 (carboxylic acid anchoring group), making this comparison interesting
in terms of a general trend. The DSSC measurements have to be conducted in the future. Further
studies in this direction are considered of great importance, as better p-type dyes can be
incorporated into tandem solar cells, enhancing their potential tremendously. Better p-type dyes
are the most important research field for both technologies and bear a lot of potential for
improvement and investigation.
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12.1

Ligand summary for bisdiimine copper(I) DSSCs

Ancillary ligand 1 was commercially available. Ancillary ligands 2[98] and 7[42] and anchoring
ligand 4[83] were prepared according to the literature. Complexes [Cu(1)2][PF6][63] and
[Cu(7)2][PF6][42] were prepared according to the literature.
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12.2

Ancillary ligands and homoleptic complexes

The synthesis of 3, [Cu(2)2][PF6] and [Cu(3)2][PF6] was performed in collaboration with Fabian
Brunner and Dr. Sarah Keller.

12.2.1

Ancillary ligand 3

Solid 2-chloro-6-(trifluoromethyl)pyridine (423 mg, 2.33 mmol) and [Pd(PPh3)4] (135 mg, 0.12
mmol) were added to a 10-20 ml vial, and the tube was then evacuated and refilled with N2
three times. Dry THF (5 ml) and a solution of 2-pyridylzinc bromide (0.5 M in THF, 7 ml, 3.50
mmol) were added, and then the tube was sealed, and heated in a microwave reactor at 110 oC
for 2 h. The reaction mixture was poured into a separating funnel and saturated aqueous
NaHCO3 was added. The mixture was extracted with CH2Cl2 (3 × 50 ml), and then the
combined organic layers were washed with water (2 × 100 ml) and dried over MgSO 4. The
solvent was removed and the brown crude material was redissolved in CH2Cl2 and filtered over
silica. The solvent was removed to give 3 as a white solid (318 mg, 1.42 mmol, 61%). 1H NMR
(400 MHz, CDCl3) δ/ppm 8.69 (ddd, J = 4.7, 1.8, 0.9 Hz, 1H, HB6), 8.64 (dt, J = 8.0, 0.8 Hz,
1H, HA3), 8.53 (dt, J = 7.9, 1.1 Hz, 1H, HB3), 7.99 (td, J = 7.8, 0.7 Hz, 1H, HA4), 7.85 (td, J =
7.7, 1.8 Hz, 1H, HB4), 7.69 (dd, J = 7.8, 1.0 Hz, 1H, HA5), 7.36 (ddd, J = 7.5, 4.7, 1.2 Hz, 1H,
HB5). 13C{1H} NMR (126 MHz, CDCl3) δ/ppm 156.7 (CA2), 154.8 (CB2), 149.3 (CB6), 148.0 (q,
JCF = 35 Hz, CA6), 138.4 (CA4), 137.3 (CB4), 124.6 (CB5), 123.6 (CA3), 121.8 (CB3), 121.7 (q, J
= 274 Hz, CCF3), 120.3 (q, JCF = 2.9 Hz, CA5). 19F NMR (376 MHz, CD2Cl2) δ/ppm –68.4. ESI
MS m/z 225.1 [M+H]+ (base peak, calc. 225.2). UV-Vis (CH2Cl2, 2.5 × 10–5 mol dm–3): λ/nm
(ε/dm3 mol–1 cm–1) 238 (10600), 245sh (9400), 282 (12600), 295sh (6700). Found C 59.31, H
3.41, N 12.46; C11H7F3N2 requires C 58.93, H 3.15, N 12.50%.
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12.2.2

Complex [Cu(2)2][PF6]

[Cu(MeCN)4][PF6] (93 mg, 0.25 mmol) was dissolved in CH2Cl2 (25 ml) and 2 (146 mg, 0.50
mmol) was added. The mixture was stirred for 2 h at room temperature and then the orange
solution was filtered and the solvent from the filtrate was removed under reduced pressure. The
crude product was washed with Et2O and cyclohexane to give [Cu(2)2][PF6] (86.0 mg, 0.108
mmol, 43.2%) as an orange crystalline solid. 1H NMR (500 MHz, CD2Cl2) δ/ppm 8.70 (dd, J =
8.2, 1.0 Hz, 4H, HA3), 8.44 (t, J = 8.0 Hz, 4H, HA4), 8.07 (dd, J = 7.9, 1.0 Hz, 4H, HA5). 13C{1H}
NMR (126 MHz, CD2Cl2) δ/ppm 152.8 (CA6), 146.8 (CA2) 141.3 (CA4), 126.7 (CA3), 125.0
(CA5), 121.3 (q, J = 273 Hz, CCF3). 19F NMR (376 MHz, CD2Cl2) δ/ppm –68.2 (FCF3), –73.3 (d,
JPF = 710 Hz, FPF6).

31

P NMR (162 MHz, CD2Cl2) δ/ppm –144.0 (septet, JPF = 710 Hz).

MALDI–TOF MS m/z 647.2 [M–PF6]+ (base peak, calc. 647.0). UV-Vis (CH2Cl2, 2.5 × 10–5
mol dm–3): λ/nm (ε/dm3 mol–1 cm–1) 273 (30500), 295 (23000), 340 (2980), 445 (7050). Found
C 36.63, H 1.98, N 7.39; C24H12CuF18N4P requires C 36.36, H 1.53, N 7.07%.

12.2.3

Complex [Cu(3)2][PF6]

[Cu(MeCN)4][PF6] (93 mg, 0.25 mmol) and 3 (112.0 mg, 0.50 mmol) were dissolved in CH2Cl2
(25 ml) and the mixture was stirred for 1.5 h at room temperature. After filtration, the filtrate
was collected and the solvent removed under reduced pressure. [Cu(3)2][PF6] was isolated as
an orange crystalline solid (147 mg, 0.224 mmol, 89.6%). 1H NMR (500 MHz, CD2Cl2) δ/ppm
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8.62 (m, 2H, HB6), 8.58 (dd, J = 8.3, 1.0 Hz, 2H, HA3), 8.43 (dt, J = 8.3, 1.0 Hz, 2H, HB3), 8.33
(t, J = 8.0 Hz, 2H, HA4), 8.19 (td, J = 7.9, 1.7 Hz, 2H, HB4), 7.95 (dd, J = 7.8, 1.1 Hz, 2H, HA5),
7.66 (ddd, J = 7.6, 5.1, 1.2 Hz, 2H, HB5). 13C{1H} NMR (126 MHz, CD2Cl2) δ/ppm 154.2 (CA6),
151.0 (CB6), 149.9 (CB2), 146.4 (CA2), 140.9 (CA4), 139.2 (CB4), 127.9 (CB5), 125.5 (CA3), 123.6
(CA5), 123.4 (CB3), 120.9 (q, J = 274 Hz, CCF3). 19F NMR (376 MHz, CD2Cl2) δ/ppm –68.5
(FCF3), –73.3 (d, JPF = 710 Hz, FPF6). 31P NMR (162 MHz, CD2Cl2) δ/ppm –144.0 (septet, JPF =
710 Hz). MALDI–TOF MS m/z 511.1 [M–PF6]+ (base peak, calc. 511.0). UV-Vis (CH2Cl2, 2.5
× 10–5 mol dm–3): λ/nm (ε/dm3 mol–1 cm–1) 263 (24400), 273 (25800), 293 (26200), 340 (2940),
443 (6580). Found C 40.94, H 2.51, N 8.53; C22H14CuF12N4P requires C 40.23, H 2.15, N
8.53%.

12.3

Anchoring ligand 5

12.3.1

(1E,5E)-1,6-Bis(5-bromothiophen-2-yl)hexa-1,5-diene-3,4dione

2,3-Butanedione (3.68 g, 42.1 mmol), 5-Bromo-2-thiophenecarboxaldehyde (16.1 g, 84.2
mmol) and piperidine (0.72 g, 8.4 mmol) were dissolved in MeOH (200 mL) and the reaction
mixture was refluxed for 2h. A precipitate started to form after 30 min. The reaction mixture
was cooled at -19 °C (refrigerator) over night. The resulting precipitate was filtered off and
washed with cold MeOH (2 × 10 mL). The product was isolated as a brown powder (3.8 g, 8.8
mmol, 20.9%). Decomp. > 155 °C. 1H NMR (500 MHz, CDCl3) δ/ppm 7.84 (d, J = 15.8, 2H,
Ha), 7.16 (overlapping d, J = 15.7 Hz and J = 3.9 Hz, 4H, Hb+B3), 7.08 (d, J = 3.9 Hz, 2H, HB4).
13

C{1H} NMR (126 MHz, CD2Cl2) δ/ppm 187.5 (CC=O), 141.8 (CB2), 138.7 (Ca), 133.5 (CB3),

131.6 (CB4), 118.5 (CB5), 118.3 (Cb).

- 128 -

EXPERIMENTAL PART

12.3.2

4,4'-Bis(5-bromothiophen-2-yl)-6,6'-dimethyl-2,2'bipyridine

(1E,5E)-1,6-Bis(5-bromothiophen-2-yl)hexa-1,5-diene-3,4-dione (2.00 g, 4.63 mmol), 1-(2oxopropyl)pyridin-1-ium chloride (1.99 g, 11.6 mmol) and NH4OAc (5.00 g, 64.8 mmol) were
dissolved in EtOH (100 mL) and the reaction mixture was heated at reflux for 4h. The reaction
mixture was concentrated by solvent removal in vacuo and cooled at –19 °C (refrigerator) until
a precipitate formed. The precipitate was removed by filtration and was washed with cold
MeOH (2 × 15 mL). 4,4'-Bis(5-bromothiophen-2-yl)-6,6'-dimethyl-2,2'-bipyridine was isolated
as an off-white powder (0.91 g, 1.8 mmol, 38.9%). M.p. 233 °C. 1H NMR (500 MHz, CDCl3)
δ/ppm 8.35 (d, J = 1.6 Hz, 2H, HA3), 7.37 (d, J = 3.9 Hz, 2H, HB3), 7.26 (m, 2H, HA5), 7.10 (d,
J = 3.9 Hz, 2H, HB4), 2.67 (s, 6H, HMe). 13C{1H} NMR (126 MHz, CDCl3) δ/ppm 159.0 (CA6),
156.5 (CA2), 143.4 (CA4/B2), 141.8 (CA4/B2), 131.3 (CB4), 125.8 (CB3), 119.2 (CA5), 114.6 (CA3),
114.1 (CB5), 24.8 (CMe). ESI MS m/z 506.7 [M+H]+ (calc. 506.9).

12.3.3

Compound 5a

4,4'-Bis(5-bromothiophen-2-yl)-6,6'-dimethyl-2,2'-bipyridine (64.8 mg, 0.13 mmol), Cs2CO3
(116 mg, 0.36 mmol) and [Pd(PPh3)4] (7.4 mg, 0.006 mmol) were added to a microwave vial.
The vial was evacuated and flushed with N2 three times. Then dry THF (5 mL) was added and
N2 was bubbled through the solution for 30 min. Diethyl phosphite (79.0 mg, 0.57 mmol) was
added and the N2 flow continued for 5 min. The reaction mixture was heated in a microwave
reactor at 90 °C for 2h. The resulting mixture was filtered over Celite and the solvent from the
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filtrate was removed. Compound 5a was purified by flash column chromatography (SiO2,
cyclohexane/Acetone (3/2), Rf: 0.1) and isolated as a pale yellow powder (38 mg, 0.06 mmol,
46.2%). M.p. 198 °C. 1H NMR (500 MHz, CDCl3) δ/ppm 8.49 (d, J = 1.6 Hz, 2H, HA3), 7.68
(dd, JPH = 8.2 Hz, JHH = 3.7 Hz, 2H, HB4), 7.64 (dd, JPH = 3.6 Hz, JHH = 3.6 Hz, 2H, HB3), 7.39
(d, J = 1.7 Hz, 2H, HA5), 4.28–4.08 (m, 8H, HEt-CH2), 2.70 (s, 6H, HMe), 1.37 (m, 12H, HEt-CH3).
13

C{1H} NMR (126 MHz, CDCl3) δ/ppm 158.1 (CA6), 156.4 (CA2), 149.7 (CA4/B2), 141.3

(CA4/B2), 137.5 (CB4), 129.0 (d, JPC = 201 Hz, CB5), 126.0 (CB3), 119.8 (CA5), 115.1 (CA3), 62.8
(CEt-CH2), 24.7 (CMe), 16.2 (CEt-CH3). 31P{1H} NMR (162 MHz, CDCl3) δ/ppm +10.8. ESI-MS
m/z 621.1 [M+H]+ (calc. 621.1). High resolution ESI-MS m/z 621.1407 [M+H]+ (calc.
621.1412). UV-VIS (MeCN, 2.5 × 10–5 M) λ/nm (ε/dm3 mol–1 cm–1): 275 (51600), 299 (59500).
Satisfactory elemental analysis could not be obtained.

12.3.4

Anchoring Ligand 5

Compound 5a (20.0 mg, 0.03 mmol) was dissolved in CH2Cl2 (5 mL), then Me3SiBr (98.6 mg,
0.64 mmol) was added and the solution stirred at room temperature overnight. Water (15 mL)
was added and the solution stirred for 30 min. A white precipitate formed, was separated by
filtration and dried in vacuo. Compound 5 (10 mg, 0.02 mmol, 66.7%) was obtained as an offwhite powder. Decomp > 275 °C. 1H NMR (600 MHz, DMSO-d6) δ/ppm 8.41 (s, 2H, HA3),
7.85 (m, 2H, HB3), 7.70 (s, 2H, HA5), 7.50 (dd, JPH = 8.0 Hz, JHH = 3.7 Hz, 2H, HB4), 2.65 (s,
6H, HMe). 13C{1H} NMR (151 MHz, DMSO-d6) δ/ppm 159.4 (CA6), 155.4 (CA2), 146.0 (CA4),
141.7 (CB5), 137.5 (CB2), 135.0 (CB4), 127.2 (CB3), 119.9 (CA5), 114.2 (CA3), 24.7 (CMe).
31

P{1H} NMR (162 MHz, DMSO-d6) δ/ppm +4.0. ESI-MS m/z 509.1 [M+H]+ (calc. 509.0).

Found C 45.06, H 3.84, N 5.44; C20H18N2O6P2S2.H2O requires C 45.63, H 3.83, N 5.32%.
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12.4

Anchoring Ligand 6

12.4.1

(1E,5E)-1,6-Bis(4-bromothiophen-2-yl)hexa-1,5-diene-3,4dione

The method was as for (1E,5E)-1,6-Bis(5-bromothiophen-2-yl)hexa-1,5-diene-3,4-dione
(section 12.3.1) but starting with 2,3-butanedione (2.37 g, 27.5 mmol), 4-bromothiophene-2carboxaldehyde (10.5 g, 55.0 mmol) and piperidine (0.47 g, 5.5 mmol) in MeOH (150 mL).
The product was isolated as a yellow powder (1.60 g, 3.7 mmol, 13.5%). Decomp. > 208 °C.
1

H NMR (500 MHz, CD2Cl2) δ/ppm 7.87 (d, J = 15.8 Hz, 2H, Ha), 7.37 (m, 2H, HB5), 7.32 (m,

2H, HB3), 7.29 (d, J = 15.8 Hz, 2H, Hb). 13C{1H} NMR (126 MHz, CD2Cl2) δ/ppm 187.2 (CC=O),
141.0 (CB2), 138.4 (Ca), 134.6 (CB3), 127.3 (CB5), 119.1 (Cb), 111.7 (CB4).

12.4.2

4,4'-Bis(4-bromothiophen-2-yl)-6,6'-dimethyl-2,2'bipyridine

The method was as for 4,4'-bis(5-bromothiophen-2-yl)-6,6'-dimethyl-2,2'-bipyridine (section
12.3.2), but starting with (1E,5E)-1,6-bis(4-bromothiophen-2-yl)hexa-1,5-diene-3,4-dione
(0.99 g, 2.29 mmol), 1-(2-oxopropyl)pyridin-1-ium chloride (0.98 g, 5.73 mmol) and NH4OAc
(2.65 g, 34.4 mmol) in EtOH (70 mL). 4,4'-Bis(4-bromothiophen-2-yl)-6,6'-dimethyl-2,2'bipyridine was isolated as an off-white powder (0.24 g, 0.47 mmol, 20.5%). M.p. 228 °C. 1H
NMR (500 MHz, CDCl3) δ/ppm 8.40 (d, J = 1.6 Hz, 2H, HA3), 7.52 (d, J = 1.4 Hz, 2H, HB3),
7.32 (d, J = 1.7 Hz, 2H, HA5), 7.31 (d, J = 1.4 Hz, 2H, HB5), 2.69 (s, 6H, HMe). 13C{1H} NMR
(126 MHz, CDCl3) δ/ppm 159.1 (CA6), 156.5 (CA2), 143.0 (CA4/B2), 141.4 (CA4/B2), 128.0 (CB3),
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124.0 (CB5), 119.4 (CA5), 114.8 (CA3), 111.2 (CB4), 24.8 (CMe). ESI MS m/z 506.9 [M+H]+ (calc.
506.9).

12.4.3

Compound 6a

The method was as for 5a (section 12.3.3) starting with 4,4'-bis(4-bromothiophen-2-yl)-6,6'dimethyl-2,2'-bipyridine (74.9 mg, 0.15 mmol), Cs2CO3 (169 mg, 0.52 mmol), [Pd(PPh3)4] (8.6
mg, 0.007 mmol) and diethyl phosphite (81.8 mg, 0.59 mmol). Compound 6a was obtained as
a pale yellow powder (50 mg, 0.08 mmol, 53.3%). M.p. 188 °C. 1H NMR (500 MHz, CDCl3)
δ/ppm 8.50 (br, 2H, HA3), 8.02 (dd, JPH = 8.2 Hz, JHH = 1.2 Hz, 2H, HB5), 7.83 (br. d, 2H, HB3),
7.38 (broadened, 2H, HA5), 4.30–4.01 (m, 8H, HEt-CH2), 2.72 (s, 6H, HMe), 1.36 (m, 12H, HPMe

). 13C{1H} NMR (126 MHz, CDCl3) δ/ppm 158.9 (CA6), 156.1 (CA2), 144.0 (CB2/A4), 141.6

(CB2/A4) 136.0 (CB5), 131.2 (d, JPC = 197 Hz, CB4), 127.2 (CB3), 119.9 (CA5), 115.2 (CA3), 62.4
(d, JPC = 5.4 Hz, CEt-CH2), 24.6 (CMe), 16.4 (d, JPC = 6.5 Hz, CEt-CH3). 31P{1H} NMR (202 MHz,
CDCl3) δ/ppm +12.0. UV-VIS (MeCN, 2.5 × 10–5 M) λ/nm (ε/dm3 mol–1 cm–1): 269 (35000),
293 (34500). ESI-MS m/z 621.1 [M+H] (calc. 621.1). Found C 54.44, H 5.89, N 4.40;
C28H34N2O6P2S2 requires C 54.19, H 5.52, N 4.51%.
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12.4.4

Anchoring ligand 6

The method was as for 5a (section 12.3.4), starting with 6a (60 mg, 0.10 mmol) in CH2Cl2 (10
mL) and Me3SiBr (296 mg, 1.93 mmol). Compound 36 (40 mg, 0.08 mmol, 80.0%) was isolated
as an off-white powder. Decomp >290 °C. 1H NMR (600 MHz, DMSO-d6) δ/ppm 8.46 (s, 2H,
HA3), 8.08 (br. d, J = 8.1 Hz, 2H, HB5), 7.93 (br. m, 2H, HB3), 7.75 (s, 2H, HA5), 2.67 (s, 6H,
HMe). 13C{1H} NMR (151 MHz, DMSO-d6) δ/ppm 159.3 (CA6), 142.1 (CA4), 137.9 (CB4), 135.0
(CB5), 128.4 (CB3), 120.3 (CA5), 114.5 (CA3), 24.5 (CMe); CA2 and CB2 not resolved.

31

P{1H}

NMR (202 MHz, DMSO-d6) δ/ppm +6.1. ESI-MS m/z 509.1 [M+H]+ (calc. 509.0). Found C
42.08, H 4.37, N 5.17; C20H18N2O6P2S2.3.5H2O requires C 42.03, H 4.41, N 4.90%.

12.5

Anchoring ligands 8 and 9

Anchors 8 and 9 were synthesized in collaboration with the Wahlpraktikum student Yann
Baumgartner.

12.5.1

4,4'-(6,6'-Dimethyl-[2,2'-bipyridine]-4,4'diyl)dibenzaldehyde

The method is adapted from a literature preparation[81]. Cs2CO3 (1.14 g, 3.51 mmol) was
dissolved in water (2 mL) and the solution was degassed with N2 for 10 min. 4,4'-Dibromo6,6'-dimethyl-2,2'-bipyridine (200 mg, 0.585 mmol), (4-formylphenyl)boronic acid (263 mg,
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1.75 mmol) and a catalytic amount of [Pd(PPh3)4] (33.8 mg, 0.090 mmol) were dissolved in
THF (15 mL) in a microwave vial and the solution was degassed with N2 for 10 min. The
aqueous solution of Cs2CO3 was then added to the reaction mixture which was then heated at
90 °C for 4h in a microwave reactor. The reaction mixture was allowed to cool to room
temperature and then water (25 mL) was added. The reaction mixture was extracted with
CH2Cl2 (3 × 25 mL) and the combined organic layers were dried over MgSO4. The solvent was
removed under reduced pressure and the crude product was recrystallized (EtOH/CHCl3). The
product was obtained as a white solid (170 mg, 0.433 mmol, 74.0%). The previous literature
report of this compound gave only 1H NMR spectroscopic data for a DMSO-d6 solution[81].
M.p. 232.2 °C. 1H NMR (500 MHz, CDCl3) δ/ppm 10.11 (s, 2H, HCHO), 8.55 (d, J = 1.3 Hz,
2H, HA5), 8.03 (m, 4H, HB3), 7.92 (m, 4H, HB2), 7.44 (d, J = 1.3 Hz, 2H, HA3), 2.74 (s, 6H,
HMe). 13C{1H} NMR (126 MHz, CDCl3) δ/ppm 191.9 (CCHO), 159.0 (CA6), 156.6 (CA2), 148.3
(CB1), 144.9 (CA4), 136.5 (CB4), 130.5 (CB3), 128.1 (CB2), 121.6 (CA5), 116.9 (CA3), 24.9 (CMe).
ESI-MS m/z 415.04 [M+Na]+ (calc. 415.14).

12.5.2

Anchoring ligand 8

Piperidine (32.7 µL, 0.331 mmol), cyanoacetic acid (84.5 mg, 0.993 mmol) and 4,4'-(6,6'dimethyl-[2,2'-bipyridine]-4,4'-diyl)dibenzaldehyde (130 mg, 0.331 mmol) were dissolved in
CHCl3 (20 mL) and the reaction mixture was heated at reflux for ~15 h. The reaction mixture
was allowed to cool to room temperature and was filtered. The product was washed with CH2Cl2
(2 × 10 mL) to obtain 8 as a white solid (147 mg, 0.331 mmol, 84.3%). M.p. 234.4 °C. 1H NMR
(500 MHz, DMSO-d6) δ/ppm 8.68 (br, 2H, HOH), 8.54 (s, 2H, HA3), 8.31 (s, 2H, Ha), 8.17 (m,
4H, HB3), 8.04 (m, 4H, HB2), 7.75 (s, 2H, HA5), 2.68 (s, 6H, HMe.). 13C{1H} NMR (126 MHz,
DMSO-d6) δ/ppm 163.1 (CCOOH), 158.7 (CA6), 155.5 (CA2), 151.3 (Ca), 147.2 (CA4), 141.0 (CB1),
132.7 (CB4), 131.1 (CB3), 127.6 (CB2), 121.2 (CA5), 117.3 (CCN), 115.4 (CA3), 79.2 (Cb), 24.4
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(CMe). IR (solid, ν/cm–1) ~3000 (v br), 2218 (w), 1710 (m), 1595 (s), 1543 (m), 1382 (m), 1340
(m), 1275 (m), 1215 (m), 1191 (s), 830 (vs), 754 (s), 717 (vs). ESI-MS m/z 527.07 [M+H]+
(calc. 527.17). HR ESI-MS m/z 527.1713 [M+H]+ (calc. 527.1714). Satisfactory elemental
analysis could not obtained.

12.5.3

Compound 9a

Piperidine (7.91 µL, 0.080 mmol), diethyl cyanomethylphosphonate (38.6 µL, 0.240 mmol)
and 4,4'-(6,6'-dimethyl-[2,2'-bipyridine]-4,4'-diyl)dibenzaldehyde (31.4 mg, 0.080 mmol) were
dissolved in CHCl3 (20 mL) and the reaction mixture was heated at reflux for ~15 h. The
reaction mixture was allowed to cool to room temperature and CH2Cl2 (30 mL) was added. The
organic layer was washed with water (3 × 25 mL) and brine (3 × 25 mL), dried over MgSO 4
and the solvent was removed under reduced pressure. The crude product was purified by
column chromatography (3:2 cyclohexane/acetone) and the solvent from the fraction collected
was removed under reduced pressure. Ester 9a was isolated as a white solid (44.6 mg, 0.0628
mmol, 78.4%). 1H NMR (500 MHz, CDCl3) δ/ppm 8.55 (d, J = 1.2 Hz, 2H, HA3), 8.11 (m, 4H,
HB3), 8.07 (d, JPH ~ 21 Hz, 2H, Ha), 7.90 (m, 4H, HB2), 7.44 (d, J = 1.3 Hz, 2H, HA5), 4.27 (m,
8H, HEt), 2.74 (s, 6H, HMe-bpy), 1.44 (m, 12H, HEt). 13C{1H} NMR (126 MHz, CDCl3) δ/ppm
159.0 (CA6), 158.0 (d, JPC = 6.7 Hz, Ca),156.6 (CA2), 147.9 (CA4), 143.3 (CB1), 132.9 (CB4),
131.4 (CB3), 128.2 (CB2), 121.4 (CA5), 116.8 (CA3), 115.6 (CCN), 63.9 (d, JPC = 5.8 Hz, CEt), 24.4
(CMe-bpy), 16.4 (d, JPC = 6.4 Hz, CEt), signal for Cb was not resolved. 31P{1H} NMR (202 MHz,
CDCl3) δ/ppm: +10.9. ESI-MS: m/z 711.12 [M+H]+ (calc. 711.25). HR ESI-MS m/z 711.2497
[M+H]+ (calc. 711.2496). Satisfactory elemental analysis could not obtained.
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12.5.4

Anchoring ligand 9

Me3SiBr (0.639 mL, 4.84 mmol) and 9a (44.6 mg, 0.0628 mmol) were dissolved in CH2Cl2 (20
mL). The reaction mixture was stirred for 2.5 days at room temperature. Water (20 mL) was
added to the reaction mixture and a precipitate formed. The product was filtered, and washed
with water (10 mL), EtOH (2 × 10 mL) and CH2Cl2 (2 × 10 mL). Compound 9 was isolated as
a pale yellow solid (13.3 mg, 0.022 mmol, 35.0%).1H NMR (500 MHz, DMSO-d6) δ/ppm 8.81
(d, J = 1.8 Hz, 2H, HA3), 8.22 (m, 4H, HB2), 8.17 (m, 4H, HB3), 8.15 (s, 2H, HA5), 7.99 (d, J =
19.7 Hz, 2H, Ha), 2.82 (s, 6H, HMe). 13C{1H} NMR (126 MHz, DMSO-d6) δ/ppm 157.88 (CA6),
152.9 (d, J = 6.1 Hz Ca), 149.8 (CA4), 138.7 (CB1), 134.6 (CB4), 130.3 (CB3), 128.3 (CB2), 123.6
(CA5), 118.4 (CA3), 116.7 (CCN), 107.6 (d, JPC = 182.9 Hz, Cb), 22.6 (CMe); signal for HA3 was
not resolved. 31P{1H} NMR (202 MHz, DMSO-d6) δ/ppm: +4.55. IR (solid, ν/cm–1) ~3000 (br),
2209 (w), 1623 (sh), 1597 (s), 1394 (m), 1163 (sh), 1050 (s), 920 (s), 828 (vs), 616 (s) 564 (vs).
MALDI-MS m/z 599.07 [M+H]+ (calc. 559.12). ESI-MS (9 in aqu. NH3) m/z 297.88 [M–2H]2–
(calc. 298.05). HR ESI-MS m/z 298.0515 [M–2H]2– (calc. 298.0513). Satisfactory elemental
analysis could not be obtained.

12.6

Anchoring ligands 10 and 11

Anchors 10 and 11 were synthesized in collaboration with the Wahlpraktikum student Yann
Baumgartner.
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12.6.1

4,4'-(2,9-Dimethyl-1,10-phenanthroline-4,7diyl)dibenzaldehyde

Cs2CO3 (3.52 g, 10.8 mmol) was dissolved in water (2 mL) and the solution degassed with N2
for 10 min. 4,7-Dichloro-2,9-dimethyl-1,10-phenanthroline (500 mg, 1.80 mmol), (4formylphenyl)boronic acid (810 mg, 5.40 mmol) and a catalytic amount of [Pd(PPh 3)4] (104
mg, 0.090 mmol) were dissolved in THF (15 mL) in a microwave vial and the solution was
degassed with N2 for 10 min. The aqueous solution was then added to the THF solution and the
reaction was heated at 90 °C for 4h in a microwave reactor. After the mixture had cooled to
ambient temperature, water (25 mL) was added. The mixture was extracted with CH2Cl2 (3 ×
25 mL) and the combined organic layers were dried over MgSO4. Solvent was then removed
under reduced pressure and the crude product was recrystallized from EtOH/CHCl 3. 4,4'-(2,9Dimethyl-1,10-phenanthroline-4,7-diyl)dibenzaldehyde was isolated as a pale yellow solid
(90.1 mg, 0.216 mmol, 12.0%). Decomp > 300 oC. 1H NMR (500 MHz, CDCl3) δ/ppm 10.13
(s, 2H, HCHO), 8.04 (d, 4H, J = 8.3 Hz, HB3), 7.70 (d, 4H, J = 8.3, HB2), 7.68 (s, 2H, HA5), 7.48
(s, 2H, HA3), 3.01 (s, 6H, HMe). 13C{1H} NMR (126 MHz, CDCl3, δ/ppm) δ/ppm 191.8 (CCHO),
159.3 (CA2), 147.3 (CA4), 146.1 (CA10a), 144.4 (CB1), 136.2 (CB4), 130.5 (CB2), 136.0 (CB3),
124.4 (CA4a), 124.0 (CA3), 123.0 (CA5), 26.1 (CMe). ESI-MS m/z 417.06 [M+H]+ (calc. 417.16),
439.04 [M+Na]+ (calc. 439.04).
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12.6.2

Anchoring ligand 10

Piperidine (14.3 µL, 0.145 mmol), cyanoacetic acid (37.0 mg, 0.435 mmol) and 4,4'-(2,9dimethyl-1,10-phenanthroline-4,7-diyl)dibenzaldehyde (60.3 mg, 0.145 mmol) were dissolved
in CHCl3 (20 mL) and the reaction mixture was heated at reflux for ~15 h. The reaction mixture
was allowed to cool down to room temperature, then was filtered and the solid product was
washed with CH2Cl2 (2 × 10 mL). Compound 10 was isolated as a pale yellow solid (55.7 mg,
0.101 mmol, 69.8%). Decomp > 300 oC. 1H NMR (500 MHz, DMSO-d6) δ/ppm 8.44 (s, 2H
Ha), 8.23 (d, J = 8.4 Hz, 4H, HB3), 7.80 (d, J = 8.4 Hz, 4H, HB2), 7.75 (s, 2H, HA3), 7.67 (s, 2H,
HA5), 2.87 (s, 6H, HMe).

13

C{1H} NMR (126 MHz, DMSO-d6) δ/ppm 163.0 (CCOOH), 158.1

(CA2), 153.0 (Ca), 146.3 (CA4), 145.4 (CA10a), 141.7 (CB1), 131.7 (CB4), 130.7 (CB3), 130.3 (CB2),
123.7 (CA5), 122.6 (CA3), 116.8 (CCN), 24.8 (CMe); signals for Cb, C4a were not resolved. IR
(ν/cm–1) ~3000 (br), 2218 (w), 1703 (m), 1598 (vs), 1554 (m), 1328 (m), 1259 (m), 1190 (s),
838 (vs), 711 (vs). MALDI-MS m/z 551.34 [M+H]+ (calc. 551.17). ESI-MS m/z 551.08 [M+H]+
(calc. 551.17). High resolution ESI-MS m/z 551.1712 [M+H]+ (calc. 551.1714). Satisfactory
elemental analysis could not be obtained.
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12.6.3

Compound 11a

Piperidine (16.8 µL, 0.170 mmol), diethyl cyanomethylphosphonate (82.1 µL, 0.510 mmol)
and Dimethyl-1,10-phenanthroline-4,7-diyl)dibenzaldehyde (70.7 mg, 0.170 mmol) were
dissolved in CHCl3 (20 mL) and the reaction mixture was heated at reflux for ~15 h. After
cooling the mixture to room temperature, CH2Cl2 (30 mL) was added and the organic layer was
washed with water (3 × 25 mL) followed by brine (3 × 25 mL), dried over MgSO 4 and the
solvent was removed under reduced pressure. The crude product was purified by column
chromatography (3:2 cyclohexane/acetone) and the solvent from the fractions collected was
removed under reduced pressure. Ester 11a was isolated as a pale yellow solid (61.4 mg, 0.0836
mmol, 49.2%). 1H NMR (500 MHz, CDCl3) δ/ppm 8.11 (m, 6H, HB3+a), 7.71 (s, 2H, HA5), 7.67
(d, 4H, J = 8.2 Hz, HB2), 7.47 (s, 2H, HA3), 4.27 (m, 8H, HEt), 3.02 (s, 6H, HMe-phen), 1.44 (t,
12H, 7.2 Hz, HEt).

13

C{1H} NMR (126 MHz, CDCl3) δ/ppm 159.2 (CA2), 157.8 (Ca), 146.9

(CA4), 146.1 (CA10a), 142.8 (CB1), 132.5 (CB4), 130.6 (CB3), 130.5 (CB2), 124.2 (CA4a), 123.9
(CA3), 122.9 (CA5), 115.3 (CCN), 101.2 (d, JPC = 258 Hz, Cb), 63.9 (d, JPC = 5.8 Hz, CEt), 26.0
(CMe-bpy), 16.5 (d, JPC = 6.3 Hz, CEt). 31P{1H} NMR (202 MHz, CDCl3) δ/ppm +10.7. ESI-MS
m/z 735.1 [M+H]+ (calc. 735.25). HR ESI-MS m/z 735.2500 [M+H]+ (calc. 735.2496).
Satisfactory elemental analysis could not be obtained.
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12.6.4

Anchoring ligand 11

Me3SiBr (0.718 mL, 5.44 mmol) and 11a (61.4 mg, 0.0836 mmol) were dissolved in CH2Cl2
(20 mL) and the reaction mixture was stirred for 3 days at room temperature. Water (20 mL)
was added to the reaction mixture and the precipitate that formed was collected by filtration,
and was washed with water (10 mL), EtOH (2 × 10 mL) and CH2Cl2 (2 × 10 mL). 11 was
isolated as a pale yellow solid (26.3 mg, 0.0422 mmol, 50.5%). Only a broadened 1H NMR
spectrum could be recorded. MALDI-MS m/z 622.92 [M+H+] (calc. 623.12). ESI-MS (11 in
aqu. NH3) m/z 309.95 [M–2H]2– (calc. 310.05). HR ESI-MS m/z 310.0514 [M–2H]2– (calc.
310.0513). IR (ν/cm–1): ~3000 (br), 2206 (w), 1616 (s), 1597 (s), 1557 (m), 1402 (w), 1158
(sh), 1062 (vs), 920 (s), 838 (vs), 622 (s) 566 (vs). Satisfactory elemental analysis could not be
obtained.

12.7

Anchor molecule 12

12.7.1

Compound 12a

4,4'-bis(5-bromothiophen-2-yl)-6,6'-dimethyl-2,2'-bipyridine

(0.653

g,

1.29

mmol),

[Pd(PPh3)4] (0.074 g, 0.065 mmol) and Cs2CO3 (2.522 g, 7.74 mmol) were added to a
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microwave vial and the vial was evacuated and flushed with N2 three times. 3-Hexylthiophene2-boronic acid pinacol ester (0.965 mL, 0.949 g, 3.22 mmol) was dissolved in dry toluene (18
mL) and N2 was bubbled through the solution for 20 min. The degassed solution was added to
the microwave vial, sealed and heated in a microwave reactor at 120°C for 4 h. Water (15mL)
and dichloromethane (50mL) were added. The organic phase was extracted, dried over MgSO4
and the solvent removed under reduced pressure. The crude product was purified by
recrystallization (chloroform/ethanol). Compound 12a was isolated as a yellow solid (850 mg,
1.247 mmol, 96.7%). 1H NMR (500 MHz, CDCl3) δ/ppm 8.44 (dd, J = 1.7, 0.6 Hz, 2H, HA3),
7.59 (d, J = 3.8 Hz, 2H, HB3), 7.37 (dd, J = 1.7, 0.5 Hz, 2H, HA5), 7.22 (d, J = 5.2 Hz, 2H, HC5),
7.15 (d, J = 3.8 Hz, 2H, HB4), 6.97 (d, J = 5.2 Hz, 2H, HC4), 2.85 – 2.79 (m, 4H, HCa), 2.73 –
2.66 (m, 6H, HMe), 1.74 – 1.63 (m, 4H, HCb), 1.46 – 1.37 (m, 4H, HCc), 1.36 – 1.29 (m, 8H,
HCd+e), 0.94 – 0.85 (m, 3H, HCf). 13C{1H} NMR (126 MHz, CDCl3) δ/ppm 158.81 (CA6), 156.60
(CA2), 142.40 (CA4), 141.29 (CB2), 140.42 (CC3), 138.02 (CB5), 130.41 (CC2), 130.32 (CC4),
126.99 (CB4), 125.92 (CB3), 124.35 (CC5), 119.23 (CA5), 114.70 (CA3), 31.83 (CCd+e), 30.77
(CCb), 29.49 (CCa), 29.37 (CCc), 24.88 (CMe), 22.78 (CCd+e), 14.25 (CCf). MALDI-MS m/z 681.56
[M+H]+ (calc. 681.25).

11.1 Compound 12b

Compound 12a (0.623 g, 0.915 mmol) was dissolved in chloroform/dimethylformamide (50
mL, 1/1) and N-bromosuccinimide (0.326 g, 1.83 mmol) was added in one portion. The solution
was stirred at ambient conditions for 16h. Aq. HCl (20 mL, 1M) was added and the mixture
extracted with dichloromethane (3 × 50mL) . The organic phases were combined, dried over
MgSO4 and the solvent removed under reduced pressure. The crude product was purified by
recrystallization (chloroform/ethanol). Compound 12b was isolated as an orange solid (691 mg,
0.824 mmol, 90.0%). 1H NMR (500 MHz, CD2Cl2) δ/ppm 9.16 (s, 2H, HA3), 8.25 (d, J = 3.7
Hz, 2H, HB3), 7.54 (s, 2H, HA5), 7.19 (d, J = 3.6 Hz, 2H, HB4), 6.97 (s, 2H, HC4), 2.97 (s, 6H,
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HMe), 2.77 (t, J = 7.8 Hz, 4H, HCa), 1.75–1.56 (m, 4H, HCb), 1.45–1.37 (m, 4H, HCc), 1.35–1.30
(m, 8H, HCd+e), 0.93 – 0.81 (m, 6H, HCf). 13C{1H} NMR (126 MHz, CD2Cl2) δ/ppm 157.95
(CA6), 147.72 (CA2), 142.66 (CC3), 141.08(CB2), 138.34(CB5), 133.89 (CC4), 132.02 (CC2),
131.73 (CB3), 128.52 (CB4), 122.07 (CA5), 119.07 (CA3), 112.61 (CC5), 32.20 (CCd+e), 30.86
(CCb), 30.04 (CCa), 29.68 (CCc), 23.17 (CCd+e), 22.54 (CMe), 14.44 (CCf). CA4 was not resolved.
MALDI-MS m/z 839.54 [M+H]+ (calc. 839.07).

12.7.2

Compound 12c

Compound 12b (0.299 g, 0.357 mmol), [Pd(PPh3)4] (0.021 g, 0.018 mmol) and Cs2CO3 (0.698
g, 2.14 mmol) were added to a microwave vial and the vial was evacuated and flushed with N2
three times. 3-Hexylthiophene-2-boronic acid pinacol ester (0.267 mL, 0.263 g, 0.893 mmol)
was dissolved in dry toluene (18 mL) and N2 was bubbled through the solution for 20 min. The
degassed solution was added to the microwave vial, sealed and heated in a microwave reactor
at 120°C for 4 h. Water (15mL) and dichloromethane (50mL) were added. The organic phase
was extracted, dried over MgSO4 and the solvent removed under reduced pressure. The crude
product was purified by recrystallization (chloroform/ethanol). Compound 12c was isolated as
a red solid (290 mg, 0.286 mmol, 80.1%). 1H NMR (500 MHz, CDCl3) δ/ppm 9.52 (s, 2H, HA3),
8.65 (d, J = 4.1 Hz, 2H, HB3), 7.58 (s, 2H, HA5), 7.33 (d, J = 4.1 Hz, 2H, HB4), 7.21 (d, J = 5.1
Hz, 2H, HD5), 6.99 (s, 2H, HC4), 6.95 (d, J = 5.1 Hz, 2H, HC5), 3.17 (s, 6H, HMe), 2.88–2.71 (m,
8H, HCa+Da), 1.77–1.60 (m, 8H, HCb+Db), 1.49–1.29 (m, 24H, HCH2), 0.96–0.83 (m, 12H, HCf+Df).
13

C{1H} NMR (126 MHz, CDCl3) δ/ppm 157.12 (CA6), 144.94 (CB2), 142.70 (CC3), 140.62

(CD2), 136.99 (CD3), 135.53 (CB3), 130.47 (CD4), 129.97 (CC5), 129.25 (CC4), 128.30 (CB4),
124.52 (CD5), 122.08 (CA5), 120.94 (CA3), 31.84 (CCH2), 31.83 (CCH2), 30.74 (CCH2), 30.37
- 142 -

EXPERIMENTAL PART
(CCH2), 30.01 (CCH2), 29.56 (CCH2), 29.42 (CCH2), 29.39 (CCH2), 22.78 (CCH2), 22.77, 21.11
(CMe), 14.27 (CCH3). CA2, CA4, CB5 and CC2 could not be assigned. MALDI-MS m/z 681.56
[M+H]+ (calc. 681.25).

12.7.3

Compound 12d

Compound 12c (0.283 g, 0.279 mmol) was dissolved in chloroform/dimethylformamide (50
mL, 1/1) and N-bromosuccinimide (0.099 g, 0.558 mmol) was added in one portion. The
solution was stirred at ambient conditions for 16h. Aq. HCl (20 mL, 1M) was added and the
mixture extracted with dichloromethane (3 × 50mL). The organic phases were combined, dried
over MgSO4 and the solvent removed under reduced pressure. The crude product was purified
by recrystallization (chloroform/ethanol). Compound 12d was isolated as a red solid (280 mg,
0.239 mmol, 85.7%). 1H NMR (500 MHz, CD2Cl2) δ/ppm 9.13 (s, 2H, HA3), 8.15 (d, J = 3.5
Hz, 2H, HB3), 7.52 (d, J = 1.5 Hz, 2H, HA5), 7.26 (d, J = 3.9 Hz, 2H, HB4), 6.95 (s, 2H, HC4/D4),
6.94 (s, 2H, HC4/D4), 2.93 (s, 6H, HMe), 2.86–2.79 (m, 4H, HCH2), 2.76–2.71 (m, 4H, HCH2),
1.75–1.67 (m, 4H, HCH2), 1.67–1.59 (m, 4H, HCH2), 1.49–1.42 (m, 4H, HCH2), 1.41–1.29 (m,
24H, HCH2), 0.97–0.86 (m, 12H, HCH3). 13C{1H} NMR (126 MHz, CD2Cl2) δ/ppm 157.42 (CA6),
141.48, 133.62 (CC4/D4), 132.18, 131.11 (CB3), 130.52, 129.94 (CC4/D4), 127.97 (CB4), 121.62
(CA5), 111.19, 32.25 (CCH2), 32.19 (CCH2), 31.02 (CCH2), 30.88 (CCH2), 30.18 (CCH2), 29.84
(CCH2), 29.80 (CCH2), 29.67 (CCH2), 23.21 (CCH2), 23.19 (CMe), 14.45 (CCH3). Assignment of
other carbon atoms was not possible, due to overlapping signals. MALDI-MS m/z 1171.58
[M+H]+ (calc. 1171.23).
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12.7.4

Compound 12e

Compound 12d (0.198 g, 0.169 mmol), 4-formylphenylboronic acid (0.063 g, 0.423 mmol),
[Pd(PPh3)4] (0.010 g, 0.008 mmol) and Cs2CO3 (0.330 g, 1.01 mmol) were added to a
microwave vial and the vial was evacuated and flushed with N2 three times. THF/water (18
mL/1mL) was added to a flask and N2 was bubbled through the solvents for 20 min. The
degassed solution was added to the microwave vial, sealed and heated in a microwave reactor
at 90°C for 2 h. Water (15mL) and dichloromethane (50mL) were added. The organic phase
was extracted, dried over MgSO4 and the solvent removed under reduced pressure. The crude
product was purified by recrystallization (chloroform/ethanol). Compound 12e was isolated as
a red solid (150 mg, 0.123 mmol, 72.6%). 1H NMR (500 MHz, CDCl3) δ/ppm 10.00 (s, 2H,
HAld), 8.46 (d, J = 1.6 Hz, 2H, HA3), 7.89 (d, J = 8.4 Hz, 4H, HE3), 7.74 (d, J = 8.3 Hz, 4H, HE2),
7.61 (d, J = 3.8 Hz, 2H, HB3), 7.38 (d, J = 1.7 Hz, 2H, HA5), 7.32 (s, 2H, HD4), 7.20 (d, J = 3.8
Hz, 2H, HB4), 7.06 (s, 2H, HC4), 2.88–2.78 (m, 8H, HCH2), 2.72 (s, 6H, HMe), 1.78–1.66 (m, 8H,
HCH2), 1.51–1.41 (m, 8H, HCH2), 1.41–1.29 (m, 16H, HCH2), 0.98–0.84 (m, 12H, HCH3). 13C{1H}
NMR (126 MHz, CDCl3) δ/ppm 191.50 (CAld), 158.83 (CA6), 156.58, 142.28, 141.48, 141.24,
140.75, 140.06, 139.86, 137.43, 135.17, 134.23, 132.51, 130.88, 130.63 (CE3), 129.20 (CC4),
128.34 (CD4), 126.93 (CB4), 126.05 (CB3), 125.72 (CE2), 119.22 (CA5), 114.67 (CA3), 31.84
(CCH2), 30.68 (CCH2), 30.62 (CCH2), 29.77 (CCH2), 29.65 (CCH2), 29.42 (CCH2), 29.40 (CCH2),
24.89 (CMe), 22.79 (CCH2), 14.28 (CCH3). Assignment of other carbon atoms was not possible,
due to overlapping signals. MALDI-MS m/z 1221.88 [M+H]+ (calc. 1221.46).
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12.7.5

Anchor molecule 12

Compound 12e (0.04 g, 0.033 mmol), cyanoacetic acid (0.008 g, 0.098 mmol), and a drop of
piperidine were dissolved in chloroform. The mixture was refluxed for 16h and the precipitate
collected by filtration. Compound 12 was isolated as a red solid (30 mg, 0.022 mmol, 67.7%).
1

H NMR (500 MHz, DMSO-d6) δ/ppm 8.42 (s, 2H), 8.31 (s, 2H), 7.97–7.85 (m, 8H), 7.78 (d,

J = 8.2 Hz, 4H), 7.70 (s, 2H), 7.63 (s, 2H), 7.37 (d, J = 4.0 Hz, 2H), 7.22 (s, 2H). The aliphatic
region between 0-4 ppm showed broad signals and could not be assigned. 13C{1H} NMR data
could not be obtained, due to peak broadening (aggregation, see discussion part) at higher
concentrations. MALDI-MS m/z 1356.59 [M+H]+ (calc. 1355.47).

12.8

P-type dye 13

12.8.1

Compound 13a

4-Bromotriphenylamine (1.0 g, 3.08 mmol), Pd(PPh3)4 (0.178 g, 0.154 mmol) and Cs2CO3 (1.5
g, 4.62 mmol) were added to a microwave vial and the vial was evacuated and flushed with N2
three times. Diethyl phosphite (0.591 mL, 0.638 g, 4.62 mmol) was dissolved in dry THF (18
mL) and N2 was bubbled through the solution for 20 min. The degassed solution was added to
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the microwave vial, sealed and heated in a microwave reactor at 120°C for 20 min. Water
(15mL) and dichloromethane (50mL) were added. The organic phase was extracted, dried over
MgSO4 and the solvent removed under reduced pressure. The crude product was purified by
column chromatography (SiO2, 3 : 2 cyclohexane/ethylacetate, Rf = 0.1). Compound 13a was
isolated as a yellow oil (573 mg, 1.503 mmol, 48.8%). 1H NMR (500 MHz, CDCl3) δ/ppm 7.59
(dd, J = 12.7, 8.4 Hz, 2H, HA2), 7.29 (t, J = 7.7 Hz, 4H, HB3), 7.16 – 7.07 (m, 6H, HB2/B4), 7.01
(dd, J = 8.6, 3.4 Hz, 2H, HA3), 4.20–4.01 (m, 4H, HPO(OCH2CH3)2), 1.32 (t, J = 7.1 Hz, 6H,
HPO(OCH2CH3)2). 13C{1H} NMR (126 MHz, CDCl3) δ/ppm 151.60 (d, JPC = 3.3 Hz, CA4), 146.67
(CB1), 133.01 (d, JPC = 11.1 Hz, CA2), 129.64 (CB3), 125.87 (CB2), 124.50 (CB4), 120.28 (d, JPC
= 15.6 Hz, CA3), 118.91 (d, JPC = 195.7 Hz, CA1), 62.03 (d, JPC = 5.4 Hz, CPO(OCH2CH3)2), 16.45
(d, JPC = 6.6 Hz, CPO(OCH2CH3)2). 31P NMR (202 MHz, CDCl3) δ/ppm +20.06. MALDI-MS m/z
381.31 [M+H]+ (calc. 382.16).

12.8.2

Compound 13b

Compound 13b (1.145 g, 3.0 mmol) was dissolved in THF and N-bromosuccinimide (1.335 g,
7.5 mmol) was added in one portion. The solution was heated at 60°C for 16h. Aq. Na2CO3 (20
mL, 10 %) was added and the mixture extracted with ethylacetate (3 × 50mL). The organic
phases were combined, dried over MgSO4 and the solvent removed under reduced pressure.
The

crude

product

was

purified

by

column

chromatography

(SiO2,

2:3

cyclohexane/ethylacetate, Rf = 0.4). Compound 13b was isolated as a yellow oil (920 mg, 1.71
mmol, 56.9%). 1H NMR (500 MHz, CDCl3) δ/ppm 7.68–7.57 (m, 2H, HA2), 7.44–7.36 (m, 4H,
HB3), 7.02 (dd, J = 8.6, 3.3 Hz, 2H, HA3), 7.00–6.95 (m, 4H, HB2), 4.21–3.96 (m, 4H,
HPO(OCH2CH3)2), 1.33 (t, J = 7.1 Hz, 6H, HPO(OCH2CH3)2). 13C{1H} NMR (126 MHz, CDCl3) δ/ppm
150.69 (d, JPC = 3.3 Hz, CA4), 145.56 (CB1), 133.29 (d, JPC = 11.0 Hz, CA2), 132.90 (CB3), 127.03
(CB2), 121.32 (d, JPC = 15.6 Hz, CA3), 120.91 (d, JPC = 194.9 Hz, CA1), 117.46 (CB4), 62.19 (d,
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JPC = 5.5 Hz, CPO(OCH2CH3)2), 16.51 (d, JPC = 6.5 Hz, CPO(OCH2CH3)2). 31P NMR (202 MHz, CDCl3)
δ/ppm +19.28. MALDI-MS m/z 540.13 [M+H]+ (calc. 539.2).

12.8.3

Compound 13c

5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thiophene-2-carbaldehyde

(1.029

g,

4.32

mmol), Pd(PPh3)4 (0.125 g, 0.108 mmol) and Cs2CO3 (2.111 g, 6.48 mmol) were added to a
microwave vial and the vial was evacuated and flushed with N2 three times. Compound 13b
(0.582 g, 1.08 mmol) was dissolved in dry toluene (18 mL) and N2 was bubbled through the
solution for 20 min. The degassed solution was added to the microwave vial, sealed and heated
in a microwave reactor at 120°C for 4h. Water (15mL) and ethylacetate (50mL) were added.
The organic phase was extracted, dried over MgSO4 and the solvent removed under reduced
pressure. The crude product was purified by column chromatography (SiO2, ethylacetate, Rf =
0.4). Compound 13c was isolated as a yellow oil (402 mg, 0.668 mmol, 61.9%). 1H NMR (500
MHz, CDCl3) δ/ppm 9.88 (s, 2H, HAld), 7.74 (d, J = 4.0 Hz, 2H, HC4), 7.70 (dd, J = 12.8, 8.6
Hz, 2H, HA2), 7.61 (d, J = 8.6 Hz, 4H, HB3), 7.36 (d, J = 3.9 Hz, 2H, HC3), 7.20–7.14 (m, 6H,
HB2/A3), 4.28–3.96 (m, 4H, HPO(OCH2CH3)2), 1.35 (t, J = 7.1 Hz, 6H, HPO(OCH2CH3)2). 13C{1H} NMR
(126 MHz, CDCl3) δ/ppm 182.82 (CAld), 153.63 (CC2), 150.32 (d, JPC = 3.4 Hz, CA4), 147.45
(CB1), 142.28 (CC5), 137.71 (CC4), 133.40 (d, JPC = 11.0 Hz, CA2), 127.85 (CB3), 125.40 (CB2),
123.85 (CC3), 122.84 (d, JPC = 15.6 Hz, CA3), 122.07 (d, JPC = 195.0 Hz, CA1) 62.35 (d, JPC =
5.5 Hz, CPO(OCH2CH3)2), 16.53 (d, JPC = 6.5 Hz, CPO(OCH2CH3)2), CB4 could not be resolved. 31P
NMR (202 MHz, CDCl3) δ/ppm +18.97. MALDI-MS m/z 601.54 [M+H]+ (calc. 602.12).
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12.8.4

Compound 13d

Compound 13c (0.349 g, 0.58 mmol) was dissolved in anhydrous acetonitrile (30mL).
Malononitrile (0.084 g, 1.28 mmol) and trimethylamine (4 drops) were added and the mixture
was refluxed at 85 °C for 16h. Dichloromethane (50 mL) was added and the organic phase was
washed with water (3 × 30mL), dried over MgSO4 and the solvent removed under reduced
pressure. The crude product was purified by column chromatography (SiO2, ethylacetate, Rf =
0.3). Compound 13d was isolated as a red oil (278 mg, 0.398 mmol, 68.7%). 1H NMR (500
MHz, CDCl3) δ/ppm 7.79 (s, 2H, Ha), 7.76–7.70 (m, 4H, HA2/C4), 7.64–7.62 (m, 4H, CB3), 7.40
(d, J = 4.1 Hz, 2H, CC3), 7.21–7.15 (m, 6H, CA3/B2), 4.23–4.07 (m, 4H, HP(O)(OCH2CH3)), 1.35 (t,
J = 7.1 Hz, 6H, HP(O)(OCH2CH3)). 13C{1H} NMR (126 MHz, CDCl3) δ/ppm 155.74 (Ca), 150.56
(CC2), 149.85 (d, JPC = 3.5 Hz, CA4), 147.98 (CB1), 140.40 (CC4), 134.08 (CC5), 133.48 (d, JPC =
10.8 Hz, CA2), 128.13 (CB3), 125.16 (CB2), 124.34 (CC3), 123.55 (d, JPC = 15.5 Hz, CA3), 123.16
(d, JPC = 194.2 Hz, CA1), 114.35 (CCN), 113.55 (CCN), 76.41 (Cb), 62.34 (d, JPC = 5.6 Hz,
CP(O)(OCH2CH3)), 16.52 (d, JPC = 6.5 Hz, CP(O)(OCH2CH3)). CB4 could not be resolved. 31P NMR (202
MHz, CDCl3) δ/ppm +18.57. MALDI-MS m/z 697.78 [M+H]+ (calc. 698.14).
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12.8.5

P-type dye 13

Compound 13d (0.06 g, 0.086 mmol) was dissolved in anhydrous dichloromethane (30mL).
Bromotrimethylsilane (0.227 mL, 0.263 g, 1.72 mmol) was added and the solution stirred at
room temperature for 16h. Water (20mL) and dichloromethane (20 mL) were added and the
organic phase was washed with water (3 × 30mL), dried over MgSO4 and the solvent removed
under reduced pressure. The crude product was recrystallized from ethanol/cyclohexane.
Compound 13 was isolated as a red solid (38 mg, 0.059 mmol, 68.9%). 1H NMR (500 MHz,
DMSO-d6) δ/ppm 11.03 (s, 2H, HP(O)(OH)2), 8.64 (s, 2H, Ha), 7.95 (d, J = 4.1 Hz, 2H, HC4), 7.80
(d, J = 8.4 Hz, 4H, HB3), 7.77 (d, J = 4.1 Hz, 2H, HC3), 7.66 (dd, J = 12.4, 8.1 Hz, 2H, HA2),
7.21–7.13 (m, 6H, HA3/B2). 13C{1H} NMR (126 MHz, CDCl3) δ/ppm 155.09 (CC2), 152.96 (Ca),
148.17, 143.12 (CC4), 133.26 (CA2), 128.48 (CB3), 127.41, 125.42 (CC3), 124.63 (CA2/B2), 115.20
(CCN). Other C-atoms could not be assigned, due to low concentration in the NMR sample and
peak broadening upon increase of the concentration.
+25.49. ESI-MS m/z 639.99 [M-H]- (calc. 640.07).
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ABSTRACT

1 ABSTRACT
The careful choice of building blocks, the consideration of their geometry, topology and their
influence on the crystal packing interactions enables control of the self-assembly processes in
coordination polymer synthesis. When these aspects are well understood the specific
construction of various multidimensional motifs, by self-assembly of building blocks can be
achieved. The building blocks are often easily accessible in the form of metal salts and organic
ligands, that often require few synthetic steps to synthesize. Screening of building blocks for
the creation of multidimensional motifs on the nano to micro scale is an important research
field.
The building blocks self-assemble and form these structures without further influence of the
scientist. With the right selection of building blocks and by careful consideration of conditions,
like temperature and concentration it is possible to predefine the outcome of the self-assembly
process.
Organic ligands based on 4,2':6',4''- and 3,2':6',3''-terpyridine were synthesized and the control
of the self-assembly process of these linkers with various metal centres was investigated.
Rigid ditopic 4,2':6',4''-terpyridines proved to be the most reliable ligand in this respect. In
combination with linear two-connecting metal centres, 1D zig-zag chains were the dominant
motif. With metal centres, like Co(II) (and to some extent Cd(II)), that have a connectivity of
four, the dominant motif was the formation of 2D (4,4) nets.
Tetratopic bis(4,2':6',4''-terpyridines) and bis(3,2':6',3''-terpyridines) were used to assemble 2D
networks, 3D frameworks and MOFs. 3D frameworks are known for their potential applications
in gas-sorption, guest exchange, drug-delivery etc. Their formation was not predictable, but the
change from ditopic linkers to tetratopic linkers increased the probability to obtain these 3D
motifs. A 2-fold interpenetrating MOF with ~65% void space, relative to the total volume, was
obtained with a tetratopic bis(4,2':6',4''-terpyridine) ligand in combination with ZnBr2, which
highlights the great potential of this ligand class.

- 156 -

ABSTRACT
A collection of ~30 multidimensional structures is presented in this thesis and should give an
indication how one might be able to control self-assembly processes in coordination polymers
with 4,2':6',4''- and 3,2':6',3''-terpyridines as linkers.
Chapter 3 is the general introduction of coordination polymers and MOFs.
Chapter 4 gives a perspective of recent coordination polymers obtained with 4,2':6',4''- and
3,2':6',3''-terpyridines.
Chapter 5 discusses characterization methods.
Chapter 6 describes ligand design and synthesis of ligands presented in this thesis.
Chapter 7 shows two single crystal structures of ligands.
Chapter 8 displays discrete cyclic structures.
Chapters 9 and 10 discuss with 1D coordination chains and ladders.
Chapter 11 illustrates 2D networks.
Chapter 12 presents 3D frameworks and a MOF.
Chapters 13 and 14 are the conclusion and outlook, respectively.
Chapters 15 and 16 contain the experimental part including PXRD spectra.
Chapter 17 contains the crystallographic data.
Chapter 18 contains the reprints of the publications (see below) for detailed structure
discussion.
Chapter 19 is the literature reference list.
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ABSTRACT
The work presented in this thesis has been published (chronological order) and the printed
versions of these papers can be found in chapter 18 of this thesis:

4'-(Pyrimidin-5-yl)-

and

4'-(2-methylpyrimidin-5-yl)-

4,2':6',4''-terpyridines:

selective

coordination to zinc(II) through the 4,2':6',4''-terpyridine domain
Y. Maximilian Klein, E. C. Constable, C. E. Housecroft, J. A. Zampese, Polyhedron 2014, 81,
98–104. DOI: 10.1016/j.poly.2014.05.058.
A 3-dimensional {42.84} lvt net built from a ditopic bis(3,2':6',3''-terpyridine) tecton bearing
long alkyl tails
Y. M. Klein, A. Prescimone, E. C. Constable, C. E. Housecroft, CrystEngComm 2015, 17,
6483–6492. DOI: 10.1039/C4CE02347A.
Manipulating connecting nodes through remote alkoxy chain variation in coordination
networks with 4'-alkoxy-4,2':6',4''-terpyridine linkers
Y. Maximilian Klein, E. C. Constable, C. E. Housecroft, A. Prescimone, CrystEngComm 2015,
17, 6483-6492. DOI: 10.1039/C5CE01115A.
Constructing chiral MOFs by functionalizing 4,2':6',4''-terpyridine with long-chain alkoxy
domains: rare examples of neb nets
Y. M. Klein, A. Prescimone, M. B. Pitak, S. J.Coles, E. C. Constable, C. E. Housecroft,
CrystEngComm 2016, 18, 4704–4707. DOI: 10.1039/C6CE00939E.
A double-stranded 1D-coordination polymer assembled using the tetravergent ligand 1,1'bis(4,2':6',4''-terpyridin-4'-yl)ferrocene
Y. M. Klein, A. Prescimone, E. C. Constable, C. E. Housecroft, Inorg. Chem. Commun. 2016,
70, 118–120. DOI: 10.1016/j.inoche.2016.05.027.
2-Dimensional networks assembled using 4'-functionalized 4,2':6',4''-terpyridines and
Co(NCS)2
Y. M. Klein, A. Prescimone, E. C. Constable, C. E. Housecroft, Polyhedron 2016, 103, 58–65.
DOI: 10.1016/j.poly.2015.08.005.
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ABSTRACT
Coordination behaviour of 1-(4,2':6',4''-terpyridin-4'-yl)ferrocene and 1-(3,2':6',3''-terpyridin4'-yl)ferrocene: predictable and unpredictable assembly algorithms
Y. M. Klein, A. Prescimone, E. C. Constable, C. E. Housecroft, Aust. J. Chem. 2017, 70, 468–
477. DOI: 10.1071/CH16527.
Coordination behavior of 1-(3,2′:6′,3″-terpyridin-4′-yl)ferrocene: Structure and magnetic and
electrochemical properties of a tetracopper dimetallomacrocycle
Y. M. Klein, A. Lanzilotto, A. Prescimone, K. W. Krämer, S. Decurtins, S.-X. Liu, E. C.
Constable, C. E. Housecroft, Polyhedron 2017, 129, 71–76. DOI: 10.1016/j.poly.2017.03.030.
What a difference a tail makes: 2D->2D parallel interpenetration of sheets to interpenetrated
nbo networks using ditopic-4,2':6',4''-terpyridine ligands
Y. M. Klein, A. Prescimone, M. Neuburger, E. C. Constable, C. E. Housecroft, CrystEngComm
2017, 19, 2894–2902. DOI: 10.1039/C7CE00686A.
4,2':6',4''- and 3,2':6',3''-terpyridines: the conflict between well-defined vectorial properties and
serendipity in the assembly of 1D-, 2D- and 3D-architectures
Y. M. Klein, A. Prescimone, E. C. Constable, C. E. Housecroft, Mater. 2017, 10, 728.
The different faces of 4'-pyrimidinyl functionalized 4,2':6',4''-terpyridines: metal organic
assemblies from solution and on Au(111) and Cu(111) surface platforms
T. Nijs, Y. M. Klein, S. F. Mousavi, A. Ahsan, S. Nowakowska, E. C. Constable, C. E.
Housecroft, T. A. Jung, J. Am. Chem. Soc. 2018, just accepted. DOI: 10.1021/jacs.7b12624.
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ABBREVIATIONS

2 ABBREVIATIONS
1D

One dimensional

2D

Two dimensional

3D

Three dimensional

Å

Angström

AgCF3SO3

Silver(I) triflate

Bpy

4,4'-Bipyridine

Cd(NO3)2

Cadmium(II) nitrate

Cd(OAc)2

Cadmium(II) acetate

Co(NCS)2

Cobalt(II) thiocyanate

COSY

Homonuclear correlation spectroscopy

Cr(NO3)3.9H2O

Chromium(III) nitrate nonahydrate

CSD

Cambridge Structural Database

CuCl2

Copper(II) chloride

Cu(OSO2CF3)2

Copper(II) triflate

CV

Cyclic voltammetry

δ

Chemical shift

DMF

Dimethylformamide

EtOH

Ethanol

ESI-MS

Electrospray ionization mass spectrometry

Fc

Ferrocene

Fc+

Ferrocenium

FT-IR

Fourier-transform infrared spectroscopy

GCMS

Gas chromatography – mass spectrometry

HMBC

Heteronuclear multiple bond correlation

HMQC

Heteronuclear multiple-quantum correlation

KOH

Potassium hydroxide

MALDI-TOF

Matrix-assisted laser desorption/ionization – time of flight

MeOH

Methanol

MHz

Megahertz

MOF

Metal organic framework

m/z

Mass to charge ratio
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ABBREVIATIONS
n-BuLi

n-Butyl lithium

NCS−

Thiocyanate anion

NMR

Nuclear magnetic resonance

NOESY

Nuclear Overhauser effect spectroscopy

Ppm

Parts per million

SBU

Secondary building block

T

Temperature

TGA

Thermal gravimetric analysis

Tpy

Terpyridine

TTF

Tetrathiafulvalene

UV-VIS

Ultraviolet-visible

χmT

Magnetic susceptibility

XRD

Single crystal X-ray diffraction

Zn(acac)2

Znic (II) acetylacetonate

ZnBr2

Zinc(II) bromide

ZnCl2

Zinc(II) chloride

ZnI2

Zinc(II) iodide

Zn(OAc)2

Zinc(II) acetate
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3 INTRODUCTION
3.1

Coordination chemistry

The development of well-designed compounds with defined functionalities is one of the major
aims in material science. One approach to this field is via coordination chemistry, where metal
ions are combined with multitopic organic ligands to yield multidimensional compounds with
a huge diversity of shapes and properties[1]. The building blocks are held together by
coordination bonds. A coordination bond is formed between a metal or metal ion and the lone
pair of an organic ligand[2]. The metal centre is an ion in all cases discussed in this thesis, even
though coordination between neutral metals and organic ligands exist, as in Pd(0)-phosphine
complexes[3]. The metal ion acts as a Lewis acid and the ligand acts as a Lewis base. A
coordination bond is formed, when the Lewis base donates a pair of electrons to the metal[2].
The combination of multitopic ligands with metal ions, having multiple connectivity, can lead
to formation of one, two- and three-dimensional (1D, 2D and 3D) structures. The combination
of building blocks with distinct topologies, the control of the coordination bond formation, the
control of the geometry of these building blocks and the ability to direct the multi-dimensional
assembly and packing is known as crystal engineering.

3.1.1

Terminologies

MOF vs. coordination polymer
The term coordination polymer was first used in 1964 by J. C. Bailar[4] and for many decades
it was the most-frequently used term to describe multidimension assemblies formed from
coordination bonds between metal centres and organic ligands.
In recent years a big debate arose concerning the terms coordination polymer and metal organic
framework (MOF). When the term MOF was still relative new, scientists either ignored one
term and for example only used coordination polymer[5], or they used the terms 3D coordination
polymer and MOF for the same type of assembly[6-7]. Nowadays, many definitions exist and
two are common. In one definition 3D coordination polymers are described as MOFs when they
are porous[8-9] but a stricter definition was given by Yaghi and coworkers in 2009[10]. According
to Yaghi a MOF is defined as a 3D, often porous assembly of polynuclear secondary building
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blocks (SBUs) and organic ligands, mainly bearing carboxylate groups. The strength of e.g. a
Zn-O bond in a MOF (~ 360 kJ mol-1) is close to that of a C-C single bond. In contrast 3D
coordination polymers are assembled using mostly mononuclear building blocks and organic
ligands, often bearing N-atoms. The Zn-N bond strength is significantly weaker (~ 100-150 kJ
mol-1) and this weaker coordination bond is said to be characteristic for coordination polymers.
Metals ions, that allow labile coordination bonds to form are good candidates for metal building
blocks in coordination polymers. d5 (e.g. Mn(II)) and d10 metals (Zn(II), Cd(II), Hg(II) and
Cu(I)) usually have a spherical symmetric distribution of charge around the metal centre, which
allows these ions to form reversible coordination bonds with organic ligands and to respond to
crystal packing interactions[11]. The angles of ligands around a “pseudo tetrahedral” Zn(II)
metal ion can vary a lot from the ideal 109.5° of a tetrahedron, demonstrating the flexibility of
this metal ion. Other metal ions, like Co(II) (d7) and Cu(II) (d9) are also suitable candidates as
building blocks in coordination polymers and several examples incorporating these metal ions
are presented in this thesis. The number of coordination bonds, that have to be broken to
deconstruct a network is another indication if a structure is a coordination polymer or a MOF.
In MOFs the SBUs are multiatomic and a larger number of bonds has to be broken compared
to a coordination polymer. Yaghi's definition specifies, that the infinite structures presented in
the main part of this thesis should be called 1D, 2D and 3D coordination polymers. Referring
to Yaghi's definition[10], 1D and 2D structures should be always called coordination polymers
and can never be MOFs. However, most applications of MOFs are attributed to their porous
character and 3D coordination polymers, that do not fulfil Yaghi's rules, but show a porous
character will be called MOFs in this thesis.
Coordination and connectivity
Another important terminology concerns the bond formation at a metal centre. A metal salt e.g.
Co(NCS)2 is often six-coordinate in a metal complexes. When neutral organic ligands (e.g.
oligopyridines) with more than one donor atom are combined with Co(NCS)2 a connectivity of
four is frequently observed for the Co(II) centre. The term connectivity in a coordination
polymer refers to the connections formed by a metal centre, with ligands, that extend the
coordination polymer. Ligands that do not extend the assembly are ignored in this terminology.
To balance the charge of the Co(II) ion two NCS- can be present in the complex and occupy the
axial positions of the octahedral Co(II). In principle other anionic ligands with an additional
donor atom could replace NCS-, which would balance the charge and could increase the
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connectivity of Co(II) to six. One example is presented in this thesis, where the charge of the
metal centre is balanced by a non-coordinating triflate anion incorporated into the structure. It
is also possible, that solvent molecules like MeOH or water coordinate to the Co(II) centre,
which can reduce the connectivity. Examples are discussed in the main part of this thesis
Bidentate, two-donating or ditopic?
The terminology used for organic ligands described in this thesis is briefly defined in this
paragraph. The term bidentate should only be used when a ligand, bearing two donor atoms,
coordinates to the same metal ion with both donor atoms. A ligand such as 2,2'-bipyridine would
be called bidentate, two-donating and monotopic. The term monotopic, ditopic, tritopic,
tetratopic and multitopic describes the ability of an organic ligands to build a connection to one,
two, three, four or multiple different metal ions, respectively (Scheme 1). In this respect the
terms two-donating and ditopic will be used in this thesis, to describe the coordination
properties of organic ligands, but ditopic is the more precise description[8].

Scheme 1: Examples for a monotopic (left), ditopic (middle) and tritopic (right) ligand.

Topology, term symbol and Schläfi symbol
A 2D network, that consists of 4-connecting nodes and where four of these nodes form the
smallest circuit in the network, has the term symbol (4,4). The first number represents the
smallest possible circuit and the second number stands for the connectivity of the node. The
topology of the (4,4) net is independent of its geometry and is only defined by the connectivity
of the nodes in the network.
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For 3D frameworks another symbol, the vertex symbol or Schläfi symbol is used. In a Schläfi
symbol the connectivity of a node is not explicitly stated but can be derived from the symbol.
The topology of a 3D framework is defined by the number of possible circuits, that can be
formed between nodes, considering different linkers. Nodes can be connected in a different way
by these linkers and each possible circuit is counted. A 3D net, were nodes are connected by 2
four-membered rings and 4 six-membered rings have the Schläfi symbol {42.64}. The
connectivity of the node defines the number of possible circuits using the following formula:
𝑁𝑜. 𝑜𝑓 𝑐𝑖𝑟𝑐𝑢𝑖𝑡𝑠 = 𝑝 ∗ (𝑝 − 1)/2
Solving this formula for 6 circuits, gives a p of 4, hence the framework consists of 4-connecting
nodes. When more nodes are present in a framework, double Schläfi symbols can be used to
describe it[12].

3.2

Self-assembly

Self-assembly in crystal engineering is the reversible process of coordination bond formation
between metal building blocks and organic ligands, that eventually leads to the formation of
ordered crystalline structures.
The formation of every crystalline material can be attributed to a self-assembly process and
crystallization is one of the best examples of this phenomenon[13]. Self-assembly of
coordination polymers is a very powerful tool to generate multidimensional structures, that
would be otherwise very difficult and time consuming to obtain by conventional organic
chemical processes involving sequential covalent bond formation.
The control of the self-assembly process can lead to the formation of multidimensional
structures which can possess various properties, including gas storage[14], gas separation[15],
luminescence[16],

magnetism[17],

optical

properties[18],

electrical

conductivity[19],

enantioselectivity[20], heterogeneous catalysis[21], negative thermal expansion[22] and spin
crossover[23]. The construction of materials with specific properties is one of the aims of crystal
engineering.
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The key point in coordination polymer and MOF research is to control the self-assembly
process. Self-assembly of coordination polymers is strongly influenced by the metal centre and
the organic ligands, which have to react with each other to form the structure.

Scheme 2: Top: Schematic presentation of metal centres with multiple connectivity (left) and multitopic organic
ligands (right). Bottom: Some structural motifs that can be obtained by combining various building blocks.

The number of possible coordination bonds between metal ions and organic ligands can favour
the formation of 3D structures over the formation of 2D or 1D structures. Scheme 2 illustrates
the most common building blocks for coordination polymers and their possible structures after
the self-assembly process. The top row of Scheme 2 shows metal ions with the most common
connectivity (one, two, three, four) and organic ligands which can be mono, di, tri, tetratopic
(or higher).
The complexation of a monotopic ligand with a metal ion, that has a connectivity of one can
only lead to the formation of a discrete mononuclear complex. The combination of a ligand
with two donor sites with two metal ions, both having a connectivity of one can lead to a discrete
dinuclear complex. When organic ligands, that have at least two donor atoms, are combined
with metal ions, that have a connectivity of two or more, multidimensional structures can form.
The topology of the building blocks, that are connected in a coordination polymer influences
the outcome of the dimensionality. Coordination polymers, where metal ions with a
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connectivity of two are bridged by two-donor linkers will be called 1D. Structures, where metal
ions with multiple connectivity are combined with multitopic ligands, which leads to
connection of the metal ions in two dimensions will be called 2D. The same combination of
building blocks can lead to a 3D assembly, when metal ions are linked by ligands into all three
dimensions.

3.3

Crystal engineering

The careful choice of building blocks, the consideration of their geometry, topology and their
influence on the crystal packing interactions enables control of the self-assembly processes.
When these aspects are well understood the specific construction of various multidimensional
motif, by self-assembly of building blocks can be achieved. Design principles of 3D structures
using self-assembly and crystal engineering were discussed in many reviews[5-6, 10, 24-28]. The
more flexible the building blocks (especially the organic ligands), the more coincidental are the
resulting coordination polymer structures. Crystal engineering starts with the choice of the
building blocks. Many metal ions (e.g. in zinc(II) halides, Co(NCS)2) have a favoured
coordination geometry, which enables some control over the outcome of coordination polymer
structure.

3.3.1

Building block 1: Selected metal ions

Table 1 presents the coordination numbers of some metal complexes and metal complex ions
and shows their corresponding favoured geometries. Examples of a metal complexes for each
geometry is given[29].
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Coordination No.

Geometry

Examples

2

Linear:

[Au(CN)2]−, [Ag(NH3)2]+, Hg(CN)2

3

Trigonal planar:

[Cu(CN)3]2−, [Ag(PPh3)3]+, [HgI3]−

4

Tetrahedral:

[FeCl4]−

Square planar:

[PdCl4]2−, [PtCl4]2−, [AuCl4] −,

Trigonal

[CdCl5]3−, [CuCl5]3−, [NbCl4(O)] −

5

bipyramidal:
[Cu(bpy){NH(CH2CO2)2]
Square

based

pyramidal:
6

octahedral

[Cu(NO2)6]4−, [Zn(OH2)6]2+, [Co(OH2)6]2+

7

Pentagonal

[V(CN)7]4−, [NbF7]3−, [ZrF7]3−,

bipyramidal
8

[Y(OH2)8]3+

Dodecahedral:
Square antiprismatic:
Hexagonal
bipyramidal:

9

Tricapped

[Zr(acac)4]
[CdBr2(18-crown-6)]
trigonal [Y(OH2)9]3+

prismatic
Table 1: Coordination numbers and corresponding geometries in some metal complexes and complex ions.

Coordination numbers from 2 to 9 are observed for transition metals[29]. The most common ones
are four-coordinating and six-coordinating metal ions. Four-coordinating metal ions can have
limiting square-planar or tetrahedral geometries of the coordinated ligands. The ligands in a
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six-coordinated metal ion often adopt a distorted octahedral geometry. Some metal units used
as building blocks in this PhD thesis are summarized in Table 2 and their connectivity is
highlighted by the single N-atoms.
The connectivity of a metal ion like Zn(II) strongly relies on the number of anionic ligands and
how many coordination sites they occupy. The dinuclear coordination unit {Zn2(OAc)4} (Table
2 top left) is formed in situ from two Zn(OAc)2 units. Each zinc centre is coordinated to four
oxygen atoms of each of four bridging two donor acetate ligands. Each Zn(II) centre has an
additional coordination site available oriented along the Zn…Zn vector. The building block has
a connectivity of two. This motif is frequently observed[30], but structures exist in which a
zinc(II) ion is coordinated by two acetate ligands and the remaining coordination sites are
occupied by organic linkers[31]. This influences the geometry of the coordination to an organic
ligand. When coordinating solvents, like water or methanol are used during crystallization, they
will most likely occupy coordination sites on the metal ion and are either sequentially replaced
by organic ligands or remain as a ligand in the final structure[32]. In complexes using ZnCl2 and
ZnI2 a pseudo tetrahedral geometry is favoured around the Zn(II) centre; the zinc atom is a fourcoordinating building block with a connectivity of two. Co(NCS)2 units typically show an
overall six-coordinate geometry in coordination polymers. Usually the NCS- ligands are
mutually trans, with four accessible equatorial coordination sites, and Co(NCS)2 can be a
square planar building block with a connectivity of four. Some metal salts tend to form clusters
or dimers, demonstrated in the entry for Zn(OAc)2, Cd(OAc)2 and CuCl2. Often, pairs of
Cd(OAc)2 units assemble as shown in Table 2 (top right) and the building block so-formed
gives a connectivity of four. Dimerization in CuCl2 complexes is a well-documented
phenomenon[33]. Two Cu atoms can be bridged by up to two chlorido ligands. Two accessible
coordination sites on each Cu atom, make this a building block with a connectivity of four. For
Cd(NO3)2, monotopic or chelating coordination of NO3− groups to Cd(II) is possible. Two
monotopic NO3− ions can coordinate to the axial positions of a six-coordinate Cd(II) leaving
equatorial coordination sites accessible, which makes Cd(NO3)2 a four-connecting squareplanar building block. Alternatively, Cd(II) can be seven-coordinate with two chelating NO3−
groups coordinating to the metal centre. The building block then has a connectivity of three.
All building blocks in Table 2 are taken from published structures obtained during my Master
and PhD studies.

- 169 -

INTRODUCTION
Metal salt

Geometry in the complex

Metal salt

Zn(OAc)2

Cd(OAc)2

ZnCl2

Cd(NO3)2

ZnI2

Cd(NO3)2

Co(NCS)2

CuCl2

Geometry in the complex

Table 2: Selection of metal salts and their corresponding connectivity in coordination polymers presented in this
thesis. Colour code: grey = C, blue = N, white = H, orange = Cu, dark-yellow = S, light-yellow = Cd, red = O,
purple = Co, grey-blue = Zn.

This short overview illustrates some of the important considerations that have to be taken into
account, when a metal building block is to be incorporated into a coordination polymer.
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Coordination numbers 4 (tetrahedral, square planar) and 6 (octahedral) are very common and
allow some prediction for the outcome of a coordination polymer structure, if a rigid ligand like
4,4'-bipyridine (bpy) is incorporated. The coordinating N-atoms in the 4 and 4' positions of 4,4'bipyridine make this ligand ditopic linear (Scheme 3).

Scheme 3: The ligand 4,4'-bipyridine with two donor sites. Blue arrows indicate possible coordination. The red
arrow illustrates, that 4,4'-bipyridine keeps its linear geometry upon rotation around the C-C bond.

An overview of different organic ligands will be given in the next section, but 4,4'-bipyridine
is presented here as an example to illustrate how metal geometries and connectivity can
influence the formation of coordination polymers.
A Cambridge Structural Database[34] (CSD version 5.39) using Conquest v. 1.20[35] revealed
4380 structures containing 4,4'-bipyridine. The combination of 4,4'-bipyridine with Co(NO3)2
lead to the formation of a 2D ladder like structure (Fig. 1, CSD refcode: LEFSOH)[36]. Two
NO3− anions form a chelating coordination to Co(II), occupying four coordination sites. The
cobalt centre is seven coordinate in the final structure with a connectivity of three, which
enables coordination of three 4,4'-bipyridine ligands to Co(II).

Fig. 1: Top: Schematic presentation of the Co(NO3)2 building block in the structure and the organic ligand, which
form the ladder like structure [Co(bpy)1.5(NO3)2]n upon coordination. Bottom: The X-ray structure published by
Rajak et al.[36]. Colour code: grey = C, blue = N, white = H, purple = Co, red = O. CSD refcode: LEFSOH.
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In another example, 4,4'-bipyridine is combined with copper(II) triflate Cu(OSO2CF3)2. The
metal centre in Cu(OSO2CF3)2 is six-coordinate in the product with the axial positions occupied
by triflate anions. Cu(OSO2CF3)2 has a connectivity of four in the structure and 4,4'-bipyridines
coordinate to the equatorial positions of the copper centre. The combination of the two donor
ligand with the four-connecting Cu(OSO2CF3)2 node leads to a (4,4)-net structure (Fig. 2, CSD
refcode: NECNAN)[37].

Fig. 2: Top: Schematic presentation of the connectivity four metal node and the organic linker, which form a 4,4net 2D structure upon coordination. Bottom: The X-ray structure of [Cu(bpy)2(OTf)2]n published by Li et al.[37].
Colour code: grey = C, blue = N, white = H, orange = Cu, yellow = F, red = O. CSD refcode: NECNAN.

To further increase the dimensionality of coordination polymers, a number of possibilities exist:
4,4'-bipyridine can be replaced by a different ligand with more donor atoms or a metal building
block with a connectivity of more than four can be used. A third possibility is the combination
of two ligands with one metal centre as presented in the example in Fig. 3[38]. In this case the
cobalt ion is coordinated by 5 ligands. Three 4,4'-bipyridine ligands extend the polymer
structure in two dimensions. In the third dimension, metal centres are bridged by two mandelic
acid (L1, Fig. 3) ligands, of which one is coordinated to Co(II) via one donor atom and another
one is forming a chelating coordination to Co(II) with two donor atoms. Co(II) is six-coordinate
in the structure.
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Fig. 3: Top: Schematic presentation of the Co(L1)n building block and the organic ligand, which form a 3D
framework [{Co2(bpy)2(L1)2}∙2CF3SO3∙nC10H18O]n upon coordination. Bottom: The X-ray published by Zhang et
al.[38]. Colour code: grey = C, blue = N, white = H, purple = Co. CSD refcode: NEHGOZ.

The rigid linear 4,4'-bipyridine is a good compound to demonstrate how connectivity and
geometry of metal building blocks can influence or dictate the formation of coordination
polymers. By changing the number of donor atoms on a ligand to three, four or more, an
increase in the variety of multidimensional structures can be expected. The predictability of
structural motifs, using multitopic ligands will decrease with the increase in donor atoms on a
ligand and flexibility in coordination. Some common organic ligands with various donor atoms
are summarized in the next section

3.3.2

Building Block 2: Selected organic linkers

An organic ligand can be either anionic, cationic (rarely present) or neutral and acts as a Lewis
base. Covalently-bonded elements like N, P, O, S, Se, F, Cl, Br and I that have free lone pairs
can act as donors in the formation of coordination polymers. In the previous section 4,4'bipyridine and mandelic acid were introduced as linkers. N-donors and carboxylates are among
the most common groups in organic ligands for coordination polymers. Some ligands,
successfully incorporated into coordination polymers, are displayed in Scheme 4.
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Oligopyridines and polycarboxylates are common classes of organic ligands. Pyridines (unless
functionalized with additional charged substituents) are neutral Lewis bases and form
coordination bonds via their nitrogen lone pair. Coordination polymers with 4,4'-bipyridine
were discussed in the previous section. Phosphines, like triphenylphosphine are common
ligands in Pd catalysts for cross-coupling reactions[3] and enable the formation of coordination
polymers.

Wang

and

coworkers[39]

synthesized

a

3-(3,5-

bis(diphenylphosphino)phenyl)pyridine ligand (L2, Scheme 4) and combined it with
AgCF3SO3 to form the coordination polymer [AgL2(CF3SO3)]n (CSD refcode: VUPSAB)
displayed in Fig. 4. L2 has three donor atoms and coordinates to two Ag metals via two
phosphine groups and to another Ag metal via the pyridine. The phosphines connect the metal
ions in one dimension and the pyridine lets the structure propagate into the second dimension.
[AgL2(CF3SO3)]n is a 2D network.

Fig. 4: The single crystal X-ray structure of [AgL2(CF3SO3)]n.[39] N-atoms pointing into and away from the viewer
are part of L2 and extend the structure in the second dimension. Colour code: grey = C, blue = N, white = Ag,
orange = P, yellow = F, red = O. CSD refcode: VUPSAB.
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Scheme 4: Representation of some linkers used in crystal engineering.

Neutral organic linkers can be furans[40], thiophenes[41], ethers (crown-ethers)[42], cyanides[43]
and carbenes[44]. Zwitter-ions like N-oxides[45] and isonitriles[46] form coordination bonds to
metals and are known in coordination polymers.
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Anionic organic ligands can bear cyclopentadienyl, alkoxy[47], thiolate[48], selenolate[49] and
carboxylate groups.
Polycarboxylates are a large group of anionic organic ligands. A Cambridge Structural
Database[34] (CSD version 5.39) using Conquest v. 1.20[35] revealed 5579 structures containing
terephthalate (Scheme 4) as a ligand. Férey at al.[50] combined terephthalate with
Cr(NO3)3∙9H2O to obtain a MOF (MIL-101) with “giant” pores.

Fig. 5: The structure of the chromium terephthalate MOF [Cr3F(H2O)2O{(O2C)-C6H4-(CO2)}3∙nH2O]n (MIL-101).
Reproduced from ref.[50] with permission from The American Association for the Advancement of Science.

Possible applications of this material and other porous networks are discussed in the next
section.

3.4

Applications of porous coordination assemblies

Porous materials have applications in separation, gas storage, heterogenous catalysis, host-guest
exchange and can act as nanoreactors[5]. Three types of porous materials exist nowadays, but
until the mid 1990s only two were studied intensively, namely zeolites and activated carbon.
These materials will not be discussed in this thesis.
In recent years the research in the field of coordination polymers and MOFs increased and many
3D porous structures were published. Two of them will be briefly discussed in this section.
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3.4.1

The porous 3D framework MIL-101

MIL-101 (Fig. 5) is a porous 3D framework with large pores of 30 – 34 Å diameter. These
pores enable gas uptake and N2 sorption into the pores proved to be successful. Guest uptake
was tested for MIL-101 and the Keggin cluster K7PW11O40∙nH2O was successfully incorporated
into the pores. The van der Waals radius of ~ 13.1 Å is significantly less than the pore diameter,
and the presence of an NMR active
monitored based on shifting of the

31

P-nucleus in the Keggin cluster, allowed uptake to be

31

P NMR resonance. The guest uptake was confirmed by

thermal gravimetric analysis (TGA), single crystal X-ray diffraction (XRD), solid state

31

P

NMR spectroscopy and IR spectroscopy. MIL-101 with its large pore size is a good candidate
for further investigations of gas storage and host-guest chemistry.

3.4.2

Crystalline “sponges”

An important contribution concerning host-guest chemistry in coordination polymers / MOFs
was made by Fujita and coworkers[51]. They constructed a 3D dimensional coordination
assembly (a1 in Fig. 6) combining an organic 2,4,6-tris(4-pyridyl)-1,3,5-triazine (L3, Scheme
4) ligand with a Co(NCS)2 metal salt. In a previous study[52], they used the same ligand in
combination with [Pd(en)(NO3)2] (en = ethylendiamine) to obtain a discrete metallocage (a2 in
Fig. 6).
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Fig. 6: The X-ray single crystal structures of the 3D coordination assembly [{(Co(SCN)2)3(L3)4}∙x(G)]n 1 (G =
guest molecules) (a1) and the discrete cage (a2). The 3D structure has large channels (b), that enable guest uptake.
Structure a1 is built of M6L34 cages (pink in b, represented as the stick model in c), that are connected via
coordination bonds. Colour code: grey = C, blue = N, white = H, pink = Co, yellow = S. Reproduced from ref.[51]
with permission from Springer Nature.

Guest uptake of the porous network was investigated and tetrathiafulvalene (TTF) and fullerene
C60 could be successful incorporated. The inclusion of TTF in the 3D network was confirmed
by single crystal X-ray diffraction and four TTF molecules were observed in each M6L34 unit
(Fig. 7, CDS refcode: PUZLUS).

Fig. 7: A Co6L34 cage of the 3D coordination polymer filled with four TTF guest molecules. Colour code: grey =
C, blue = N, yellow = S, purple = Co. CDS refcode: PUZLUS.
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This method of including a guest molecule into a porous framework and obtaining its structure
by single crystal X-ray diffraction is a very powerful tool. Fujita and coworkers carried on the
research of these porous materials and introduced the term “crystalline sponge”. They were able
to obtain crystal structures of guests inside their “sponge” by guest exchange, what made a
conventional crystallization evitable[53-54]. This method is an important discovery and is often
referred to as: “crystal-free crystallography”. The term has to be used with caution, as a single
crystal is always needed in single crystal X-ray diffraction. The “crystalline sponge” is
crystalline and the ordered structure of the host material can lead to the incorporation of ordered
guest molecules, that occupy the void space in the host material in a regular periodicity. The
structure of the guest molecules can be solved inside the structure of the “crystalline sponge”.
The potential of Fujitas “sponge” for the uptake of larger guests was demonstrated by the
incorporation of fullerene C60. The channels between adjacent Co6L34 cages have a diameter
of 11.5 Å, which is wide enough for C60 (10.3 Å) to penetrate the network. Presence of C60 in
the structure was confirmed by a colour change of the crystals from orange to black (Fig. 8) and
by observation of pure C60 after destruction of the modified network with aqueous HCl.

Fig. 8: a) Crystals of the 3D-network, b) Crystals of the network after one week in a saturated toluene solution of
C60, c) An optimized model of C60 guests in the channels between Co6L34 cages. Reproduced from ref.[51] with
permission from Springer Nature.

The 2,4,6-tris(4-pyridyl)-1,3,5-triazine ligand used by Fujita is very similar to the 6'-(pyridin4-yl)-4,2':6',4''-terpyridine ligand (Scheme 5), used by the Constable/Housecroft group[55] and
other research groups[56-64] to study coordination assemblies. The next chapter shows some
coordination polymers using 4,2':6',4''-terpyridine and 3,2':6',3''-terpyridine ligands as linkers.
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In the main chapter of this thesis, the emergence of new 4,2':6',4''-terpyridine and 3,2':6',3''terpyridine based ligands for the assembly of coordination polymers will be discussed.

Scheme 5: 2,4,6-Tris(pyridine-4-yl)-1,3,5-triazine (left) and 6'-(pyridin-4-yl)-4,2':6',4''-terpyridine (right). The N
atoms in the inner ring normally remain uncoordinated and both ligands are tritopic. Blue arrows indicate
coordination.
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4 4,2':6',4''- AND 3,2':6',3''-TERPYRIDINES
Terpyridine (tpy) has 48 isomers[11]. The most common isomer is the bis-chelating 2,2':4',2''terpyridine, which forms discrete complexes with octahedral metal ions, like Ru(II), Os(II) and
Fe(II). Several examples of 2,2':6',2''-terpyridine ligands were discussed in the DSSC part of
this thesis (Scheme 6 left).
Two less common isomers of tpy are 4,2':6',4''- and 3,2':6',3''-terpyridines. As unsubstituted
ligands they are neutral ditopic linkers. The N atom on the central ring of both ligands remains
uncoordinated in most cases. 4,2':6',4''-terpyridine is a bent rigid ligands, with a V-shaped
coordination geometry. The less common isomer 3,2':6',3''-terpyridine has a far greater
flexibility in coordination, due to rotation along the C-C bonds connecting the pyridine rings
(Scheme 6).

Scheme 6: Three isomers of tpy. From left: 2,2':6',2''-, 4,2':6',4''- and 3,2':6',3''-terpyridine. The R group highlights
a possible and most common substitution position. Blue arrows indicate coordination and red arrows illustrate
rotational freedom.

A Cambridge Structural Database[34] search (CSD version 5.39) using Conquest v. 1.20[35]
revealed 251 coordination polymers, where 4,2':6',4''-terpyridine bridges at least two metal ions.
For coordination polymers containing 3,2':6',3''-terpyridine 40 structures were found. A large
number of these structures were published by the Constable/Housecroft group in Basel over the
last years.
The aim of this PhD work was the advancement of previously reported 4,2':6',4''-terpyridines
and 3,2':6',3''-terpyridine ligands towards multitopic ligands and the incorporation of these
ligands into coordination polymers. The structures of these polymers give new insights into
crystal engineering, possible with these ligands and trends in structural motifs are discussed in
the main chapter. Selected 4,2':6',4''-terpyridine and 3,2':6',3''-terpyridine ligands and their
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corresponding coordination polymer structures reported in the literature are presented in this
chapter.

4.1

Structural

motifs

obtained

with

4,2':6',4''-

terpyridines
The majority of substituted 4,2':6',4''-terpyridine ligands for coordination polymers are
summarized in Scheme 7. Coordination polymers with labelled ligands are presented in the
following sections.

Scheme 7: A selection of 4,2':6',4''-terpyridine ligands used in coordination polymers.
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The following sections show structural motifs, obtained with these ligands and illustrate how
their assembly is influenced by metal ions and the number of donor atoms associated with the
linkers.

4.1.1

Dinuclear structures, metallocycles and metallocages

A dinuclear structure has been observed in the reaction between a Zn(II) salt and ligand L4
(CSD refcodes: CECTUB)[65]. In a reaction between L5 and Zn(II) salts metallocycles (CSD
refcodes: CISVUX, CISWEI, JAGZAV)[66] were observed. It is counterintuitive to expect that
a ligand with two donor atoms can form a dinuclear complex, as most metal ions have a
connectivity of at least two. It is important to note, that metallocycles, combining two donor
linkers and metal ions with a connectivity of two can be formed. These structures can be cyclic
(e.g. squares, pentagons and hexagons) or multidimensional cages and capsules. A cage
combining ligand L3, having three donor atoms, with a two-connecting Pd(II) metal ion is
displayed in Fig. 6. An example of a metallohexacyclic structure is displayed in Fig. 9b. The
ligand with two donor sites L5 reacted with the two-connecting ZnBr2 to form this structural
motif (CSD refcode: )[66]. Both building blocks are bent, due to the rigid nature of the V-shaped
4,2':6',4''-terpyridine ligand and ZnBr2, which favours a pseudo tetrahedral geometry with
ligands in the structure. In the structure the 4,2':6',4''-terpyridine building blocks form an
alternating up-down arrangement. The structure in Fig. 9b is a discrete molecule and
constructed of L4 and a two-connecting Zn(acac)2 building blocks[67]. Zinc(II) ions are 5
coordinated in this complex but are known to form 6 coordination bonds. It is unclear why the
sixth coordination site on the zinc is not coordinated and why the structure is a discrete complex.
Conditions, including solvent, concentration and temperature can have an influence on the
crystal formation. Sometimes crystals of different assemblies form together under the same
conditions in the same environment, as demonstrated by Constable and coworkers[68].
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Fig. 9: a) The structure of the discrete two-nuclear complex [Zn2(acac)4L4] (CSD refcode: CECTUB)[65]; b) The
structure of a discrete hexacycle [{ZnBr2(L5)}6] (CSD refcode: CISVUX)[66]. Colour code: grey = C, blue = N,
yellow = S, grey-blue = Zn, brown = Br, red = O.

In section 3.4.2 about Fujitas “sponge” a metallocage motif was briefly mentioned, where L6,
having three donor atoms was combined with [Pd(en)(NO3)2] (en = ethylendiamine), which
has a connectivity of two. The metallocage (a2 in Fig. 6) was constructed of 6 Pd(II) ions and
4 ligands L3[52]. Another metallocage was obtained for a combination of ligand L16, having
two donor atoms, with a {Fe2NiO(RCOO)6} (R = tert-butyl) metal cluster, which has a
connectivity of three (Fig. 10, CSD refcode: CANZAU)[69]. The metallocage contains 8 metal
clusters, that are connected by 12 ligands L16.

Fig. 10: The metallocage [{Fe2NiO(Piv)6}8{L16}12] (Piv = pivalate) obtained with L16, published by Dorofeeva
and coworkers (CSD refcode: CANZAU)[69].
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4.1.2

1D-structures

Apart from the hexagon described in the previous section, 1D coordination polymers are the
most frequent motifs obtained with a two donor 4,2':6',4''-terpyridine ligand and a twoconnecting metal ion. Some examples are displayed in Fig. 11.

Fig. 11: X-ray structures of [ZnCl2(L6)]n (a, CSD refcode: AGUPEY)[56], [ZnCl2(L7)]n (b, CSD refcode:
OFIWEH)[70] and [ZnCl2(L8)]n (c, CSD refcode: AJURIG)[66]. Colour code: grey = C, blue = N, green = Cl, greyblue = Zn, red = O, white = H.

All structures in Fig. 11 use zinc(II) as the metal centre. Zinc halides (ZnCl2, ZnBr2, ZnI2) are
normally two-connecting and have a tetrahedral geometry in the final structure. In a methanol
solution zinc chloride can be present in different forms, such as ZnCl3−, ZnCl42− and
[Zn(MeOH)6]2+ confirmed by Raman spectroscopy[71]. In combination with 4,2':6',4''terpyridine ligands the Zn(II) species are predominately two-connecting as two coordination
sites are occupied by halido ligands in the final structure. Helical 1D coordination chains are
frequently obtained, e.g, in the compounds [ZnCl2(L6)]n (CSD refcode: AGUPEY)[56],
[ZnCl2(L7)]n (CSD refcode: OFIWEH)[70] and [ZnCl2(L8)]n (CSD refcode: AJURIG)[66].
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In one structure ZnCl2 is two-connecting and ligand L12 has three donor atoms. However, this
structure is not 2D, but can be described as a 1D ladder[72], with central Zn(II) centres being the
rungs (Fig. 12a, CSD refcode: ZOKFAI). The structure presented in Fig. 12b shows a
connectivity, which leads to the formation of a triple chain. Each Mn(II) centre has a
connectivity of two in the final structure, where ligands with two donor atoms like L13 can
coordinate. This would in principle lead to a 1D structure, but three metal ions are connected
via bridging acetate ligands, which increases the connectivity of the metal cluster to six and
extends the structure to triple chain (CSD refcode: CUXCII)[73].

4.1.2.1 Fig. 12: a) The 1D coordination ladder [{Zn3(L12)2Cl6}·nH2O]n obtained with L12 (CSD refcode:
ZOKFAI). b) The triple chain [{Mn3(L13)3(OAc)6}·0.8MeOH·2.2H2O]n obtained with L13 (CSD refcode:
CUXCII). Colour code: grey = C, blue = N, green = Cl, grey-blue = Zn, purple = Mn, brown = bromine.

4.1.3

2D networks

The dimensionality of coordination polymers can be increased, when metal ions with a
connectivity of more than two are combined with 4,2':6',4''-terpyridine ligands having more
than two donor atoms. An exception was described in the previous section, where a 1D ladder
was observed.
The incorporation of additional coordinating groups on the 4,2':6',4''-terpyridine ligand L9 lead
to an increase in dimensionality towards 2D coordination nets. In the structure, displayed in
Fig. 13c (CSD refcode: DIRMAU), a three connectivity Co(II), is combined with L9, having
three donor atoms. A net-like structure forms, which consist of triangles defined by three Co(II)
ions and three ligands L9[74].
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Fig. 13: a) The 2D net [Cd(L9)2(NO3)2]. b) The 2D net [4{Ni2Cl4(L10)4}·13(1,2-Cl2C6H4)·30H2O]n. c) The 2D
net [Co(L11)(HCOO)(H2O)]n·nDMF. CSD refcodes = a) COGWEC, b) GALGOR, c) DIRMAU. Colour code:
grey = C, blue = N, green = Cl, dark-green = Ni, grey-blue = Zn, red = O, yellow = Cd.

Structures a and b in Fig. 13 have four-connecting Cd(II) and Ni(II) nodes, combined with
ligands L10 (CSD refcode: COGWEC)[75] and L11(CSD refcode: GALGOR)[76] which have
two donor atoms. A 2D structure is a common motif obtained when linkers with two donor
atoms are combined with four-connecting nodes and some examples will be presented in the
main part of this thesis. The topology of the net is defined by the connectivity of the nodes. In
Fig. 13b the Ni centres are the nodes of the (4,4) net. The first number in the term (4,4) is
defined by the shortest circuit, that can be formed by connecting nodes with linkers. The second
term is defined by the connectivity of the node (the Ni centre is 4-coordinate). The structures
in Fig. 13c is a (3,6) net. 3 for the shortest circuit of nodes connected by linkers and 6 for the
connectivity of the node.

4.1.4

3D-structures

4,2':6',4''-Terpyridines with more than two donor atoms can be combined with multiconnecting metal ions to form 3D structures. In section 3.4 some applications of porous
coordination polymers were discussed, and it is one goal of the crystal engineering presented
in this thesis to synthesize 3D structures using 4,2':6',4''-terpyridine ligands. Some examples
exist in the literature, where researchers achieved the formation of 3D motifs.
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Fig. 14: The 3D structures [{Cu(L14)(NO3)}⋅0.5MeOH⋅0.5dioxane]n (a, CSD refcode: CIVTEH) and
[Ag2(L15)(2,2′-bpy)(H2O)]n (b, CSD refcode: DOZYEY). c) Scaffold representation of the 3D ths net in
[Ag2(L15)(2,2′-bpy)(H2O)]n, reproduced from ref.[77] with permission of Elsevier. Colour code: grey = C, blue =
N, silver = Ag, red = O, orange = Cu, yellow = S.

In structures a (CSD refcode: CIVTEH)[78] and b (CSD refcode: DOZYEY)[77] in Fig. 14 ligands
L14 and H2L15, which have more than two donor atoms, were combined with metal centres of
four (Cu(II)) and three (Ag(I)) connectivity, respectively. For the reader it is very difficult to
understand and visualize the connection pattern in 3D structures by looking at a 2D image, but
some tools exist that help visualization. The scaffold displayed in Fig. 14c gives a better
understanding of the connectivity in the framework displayed in Fig. 14b. How such a scaffold
can be generated from a crystal structure will be discussed at the end of this chapter.
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4.1.5

A tetratopic bis(4,2':6',4''-terpyridine) ligand

The total number of donor atoms in a 4,2':6',4''-terpyridine can easily be increased by the
incorporation of functional groups possessing donor atoms in the 4' position (see L6, L9, L15
in Scheme 7) using Wang and Hanan's[79] one-pot synthesis. 4'-Substituted 4,2':6',4''terpyridines can be for example synthesized from aromatic aldehydes and 4-acetylpyridine. The
aromatic group is attached in the 4'-position of 4,2':6',4''-terpyridines. The detailed reaction is
presented in chapter 6. The incorporation of more than one functional group was achieved in
ligand L15, bearing two sulfonic acid groups, but only one sulfonic acid took part in the
coordination to a Ag(I) centre (Fig. 14c). This could be partly due to an increased steric demand
of two functional groups on one phenyl ring. One approach towards ligands with four donor
atoms, and potentially more donor atoms, is the elongation of the ligand backbone and the
incorporation of a second 4,2':6',4''-terpyridine molecule. Yoshida and coworkers published the
first bis(4,2':6',4''-terpyridine) ligand in a coordination polymer in 2013. The ligand is
constructed from two 4,2':6',4''-terpyridine units, linked via the 1 and 3 positions of a phenylene
spacer (L17, Fig. 15)[80]. A 2D triple interpenetrating network was obtained when L17 was
combined with a two-connecting cobalt(II) ion (CSD refcode: DEXVOT). For a better
visualization the TOPOS[81] overlay and the scaffold of the network was generated using
TOPOS[81] (Fig. 15). The net topology is defined by the node, which is the centroid of two
Co(II) ions (Co1 and Co1i in Fig. 15a). The nodes are connected by two “half-ligands L17”
(half-ligand are one 4,2':6',4''-terpyridine unit in L17) which also coordinate to a second distinct
Co(II) ions (Co2 in Fig. 15a). Each node is four-connecting and the net consists of squares,
defined by four nodes (4,4-net, Fig. 15b and c). Other bis(4,2':6',4''-terpyridine) ligands were
reported[82], but a 3D coordination polymer using these tetratopic ligands was never reported.
Examples with tetratopic bis(4,2':6',4''-terpyridine) ligands which were successfully used to
create 3D frameworks are presented in this thesis.
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Fig. 15: a) The repeat unit in the structure [{Co(CNacac)2}2(L17)·(CHCl3)·(CH3OH)]n published by Yoshida and
coworkers (CSD refcode: DEXVOT)[80]. b) The superimposed structure using TOPOS[81]/ Mercury[83]. c) The
scaffold of the 2D (4,4) triple interpenetrating net, generated with TOPOS[81]. Interpenetrating nets are coloured
in red, blue and green. Colour code in a) and b): grey = C, blue = N, white = H, red = O, purple = Co.
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4.2

Structural

motifs

obtained

with

3,2':6',3''-

terpyridine
A selection of published 3,2':6',3''-terpyridine ligands (L18-L26)[57,

84-91]

in coordination

polymers is displayed in Scheme 8. A similar comparison of structural motifs as in section 4.1
is presented here.

Scheme 8: A selection of 3,2':6',3''-terpyridine ligands incorporated into coordination polymers.

- 191 -

4,2':6',4''- AND 3,2':6',3''-TERPYRIDINES

4.2.1

Dinuclear and multinuclear structures

Two dinuclear structures are presented in Fig. 16 using ligands L18[84] and L19[85] (see Scheme
8).

Fig. 16: The dinuclear discrete structure [{Zn2(L18)(acac)4}·H2O] obtained with ligand L18(a, CSD refcode:
COMVIK). The dinuclear discrete structure [Zn2(L19)2·Cl4] (b, CSD refcode: ELAMUB). Colour code: grey = C,
blue = N, white = H, red = O, yellow = S, grey-blue = Zn, green = Cl.

The structure in Fig. 16a (CSD refcode: COMVIK) has two five coordinated Zn ions, bridged
by L18 and the metal building block is connected through a single coordination site, like in the
structure displayed in Fig. 9a. The Zn(acac)2 building block seems to sterically hinder the
second coordination site in both structures, even though a Cambridge Structural Database[34]
(CSD version 5.39) using Conquest v. 1.20[35] revealed 152 structures, where the zinc centres
in Zn(acac)2 units are six coordinate. A dimeric structure of a compound obtained with ZnCl2
and L19 is displayed in Fig. 16b (CSD refcode: ELAMUB) and further new examples of
discrete structures using zinc halides with 4,2':6',4''-terpyridine and 3,2':6',3''-terpyridine
ligands are presented in this thesis.
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4.2.2

1D structures

Some 1D structures of coordination polymers using ligands L20 – L23 are displayed in Fig.
17[86-89].

4.2.2.1 Fig. 17: 1D coordination chains constructed of two-connecting metal ions and ligand with two donor
atoms L20 – L23. Structures of [Cd(L21)I2]n (a)), [Cu(L23)(hfacac)2]n (hfacac = hexafluoroacetylacetone) (b)),
[{Ni(L20)(H2O)4}·3H2O]n (c)) and [Cu2(L22)(OAc)4]n (d)). Colour code: grey = C, blue = N, red = O, yellow =
S, bright-yellow = F, purple = I, light yellow = Cd, green = Ni, orange = Cu. CSD refcodes: a) HATFOA, b)
SAZSAQ, c) DUWCUV, d) SADBEH.

The structure in Fig. 17a (CSD refcode: HATFOA) is a 1D coordination polymer with a 2-fold
rotation axis through the O and inner pyridine ring. The chains in the structures in Fig. 17b and
c are built up by a screw axis and the chain in structure Fig. 17d is built up by a glide plane.
The greater flexibility (Scheme 9) in the way of coordination for 3,2':6',3''-terpyridines dictates
the assembly of these chains. When 4,2':6',4''-terpyridines, with two donor atoms are combined
with zinc halides (e.g.: ZnCl2, ZnI2, ZnBr2), which have a connectivity of two in the crystal (see
Fig. 11a and c), helical 1D polymer chains can form. Examples and a comparison of 1D chains
incorporating 4,2':6',4''-terpyridines and 3,2':6',3''-terpyridines with a connectivity of two and
zinc halides will be presented in the main part of this thesis.

- 193 -

4,2':6',4''- AND 3,2':6',3''-TERPYRIDINES

Scheme 9: 4'-substituted 3,2':6',3''-terpyridine in some possible conformations. The R group highlights a possible
and most common substitution position. Blue arrows indicate coordination and red arrows illustrate rotational
freedom.

A good example for the influence of the ligand coordination on the structural assembly is
displayed in Fig. 17c (CSD refcode: DUWCUV). Both coordinating N atoms in L20 coordinate
in a parallel fashion (Scheme 9 top left) to a linear two-connecting Ni building block. A leftright alternating 1D coordination polymer is formed. A different orientation of the coordinating
N atoms is observed in structures Fig. 17b and d (CSD refcodes: SAZSAQ and SADBEH). The
external pyridine rings are twisted by 180° (Scheme 9 bottom right) with respect to the two
previous structures. 1D coordination polymers are obtained, but why the ligand orientation
changes, especially on comparing the structures in Fig. 17b and d, both of which have a linear
two-connecting metal building block is not easy to understand. One reason could be the larger
Cu2(OAc)4 building block, compared to the less sterically demanding Ni(OH2)42+ centre. Other
interactions, including π-stacking of ligands and hydrogen-bonding between SO32− and H2O
also have to be considered and can influence the assembly of a structure. The structure in Fig.
17b consists of L23 and Cu(hexafluoroacetylacetonate)2 building blocks.
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4.2.3

2D networks

A 2D structure incorporating L24 is displayed in Fig. 18[90].

Fig. 18: The 2D structure [Co4(L24)4(HCOO)4(H2O)2]n obtained with L24, having four donor atoms. Colour code:
grey = C, blue = N, red = O, purple = Co. CSD refcode: DIRMIC.

The structure in Fig. 18 (CSD refcode: DIRMIC) uses L24 and a Co dimer as the metal building
block, where two Co centres are bridged via mono-coordination of a carboxylate group of one
molecule of L24. Each Co also coordinates to two N atoms of different L24 molecules. The
other positions are coordinated by formate and water molecules. Two kinds of Co dimers and
two kinds of ligands L24 were identified in the net and the structure is described as (3,6) net,
constructed of triangles (three Co dimers are connected via three ligands L24) and each Co
dimer node is 6-connecting[90].
A 2D structure was obtained with L25[57] in combination with Cu(CN)2. Fig. 20 (CSD refcode:
COXGEC) displays one sheet of the 2D net structure. Each Cu ion has a connectivity of three
and each ligand L25 has three donor atoms. Cu ions are bridged by Cu(CN)2.
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Fig. 19: A 2D sheet present in [(CuCN)4(L25)]n (CSD refcode: COXGEC). Colour code: grey = C, blue = N,
orange = Cu.

4.2.4

3D structure

A 3D structure was obtained with L26[91]. The structure in Fig. 20 (CSD refcode: XEWGAJ) is
constructed from a four-donor ligand L26, which bridges two Cd centres via the carboxylate
group. Three Cd centres form a cluster, which is connected via carboxylate groups, bridging
water molecules and a benzene-1,2,4-tricarboxylate ligand.

Fig. 20: The 3D structure [{Cd4(L26)2(2-btc)2(H2O)2}n nH2O] (2-btc = 1,3,5-benzenetricarboxylic acid) obtained
with ligand L26 (CSD refcode: XEWGAJ). Colour code: grey = C, blue = N, red = O, light yellow = Cd.
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4.2.5

A tetratopic bis(3,2':6',3''-terpyridine) ligand

Yoshida and coworkers published ligand L27 in the same study as the tetratopic bis(4,2':6',4''terpyridine) (Fig. 15)[80]. L27 has four donor atoms and was combined with a Co(II) centre
(connectivity of two in the structure) and a (4,4)-net structure was obtained (CSD refcode:
DEXVIN). Four Co(II) centres and four ligands define the shortest circuit of the net (Fig. 21).
The node in this network is the centroid of the phenylene ring in L27. The node has a
connectivity of four and defines the topology of the net. The Co(II) units are the linkers.

Fig. 21: The 2D (4,4) net [{Co(CNacac)2(L27)1/2}∙(tetrachloroethane)3/2]n obtained with the tetratopic ligand L27
and a two-connecting Co(II) centre. Colour code: grey = C, blue = N, white = H, red = O, purple = Co. CSD
refcode: DEXVIN.

4.3

Visualizing and analyzing 3D structures with
TOPOS[81]

In the last section examples of 3D structures were displayed. Some of these structures are
complicated to evaluate in 2D representation, as they could be interpenetrating or have multiple
substituents, which makes visualization difficult. Even for a crystallographer and crystal
engineer it is often challenging to understand coordination patterns and describe the topology
of structure. Topologies of coordination networks were nicely described by Stuart Batten,
Suzanne Neville and David Turner in their book “Coordination polymers” [12] and this approach
can be used to describe 3D structures and assign them to a specific group. The analysis is based
upon the assignment of a net type, three types of which are displayed in Fig. 22. One example
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is the most common net type for tetrahedral nodes, the diamond structure (dia). Ligands with
four donor atoms and four connectivity metal ions are connected and form an adamantane like
subunits (Fig. 22 b). It is often very difficult to identify the nodes and or even match the nodes
to an atomistic model. Even if they are identified, it is not simple to understand how they are
connected and what net type is present. Throughout this thesis and in the associated
publications, 2D and 3D structures were examined, analyzed and visualized with the program
TOPOS[81] in combination with Mercury v.3.10[83]. This section will give short and quick
guidelines how to use TOPOS[81] and how crystal structure data can be modified, analyzed and
most importantly simplified to obtain the topology.

Fig. 22: Three common 3D-net topologies neb, dia and los used to describe and categorize 3D networks.
Reproduced from ref.[92] with permission from the Royal Society of Chemistry.

TOPOS[81] is free for non-commercial use and the program and can be downloaded here:
http://topospro.com/software/
The structure [{Zn3(L12)2Cl6}·nH2O]n from section 4.1.3 is taken as an example. The aim is to
visualize the coordination pattern in this structure for the viewer and provide information about
the topology of the coordination polymer. A combination of the programs Mercury v.3.10[83]
and TOPOS[81] is recommended for this purpose.
1) Identification of the nodes in the coordination framework
The first step is to open the structure in Mercury v.3.10[83] and analyze its coordination pattern.
In some structures the nodes in a framework are conventially identified as the metal centres, in
others the ligand acts as a node. This part of the analysis is subjective and relies upon chemical
intuition and experience. Fig. 23 illustrates the nodes and the distances of the nodes identified
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after viewing the structure (CSD refcode: ZOKFAI) with Mercury. Sometimes a node is not an
atom, but the centroid of a ring or cluster. In this case study, one node (the centroid of the central
pyridine ring) was identified to represent the 1D ladder type structure. If a centroid is generated,
Mercury can display its coordinates (/Display/More information/centroids list). A centroid can
also be generated using the subprogram IsoCryst in TOPOS[81] and, as the subsequent steps will
be done with TOPOS[81] it is recommended to use the coordinates obtained with IsoCryst. The
centroid coordinates are important for the subsequent steps and should be written down.

Fig. 23: The centroids (red dots) of L12 are the nodes in this structure of the compound [{Zn3(L12)2Cl6}·nH2O]n.
Centroids have a distance of 11.242 Å and 13.454 Å.

2) Generating virtual bonds between nodes
A good way to visualize coordination patterns is to connect the nodes and either overlay them
with the structure or delete every atom except the nodes to visualize the scaffold of the
framework. This can be done easily with TOPOS[81].
I) Import of the structure into TOPOS: database/import/choose cif file; create database – click
yes; user code: 1.
II) Generate dummy atom (e.g. Ru) at the centroid position if needed: double click the name of
the structure, go to atoms, scroll to the bottom and fill in the centroid coordinates from Mercury
v.3.10[83] or IsoCryst, save.
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III) Check if the insertion was successful: open IsoCryst in TOPOS[81]

The new dummy atom (pink) is at the centroid position of the inner pyridine ring of L12.
IV) Measure the distance between the nodes using Mercury v.3.10[83] (see Fig. 23) or IsoCryst.
V) Define a bond between nodes in TOPOS[81]: open “Run AutoCN” and click options.
Go to 'matrix' and choose ranges. Type in the range in which bonds are drawn between certain
atoms. Type in “Ru-Ru 12.241:12.243” in this format and TOPOS[81] will draw bonds between
all Ru atoms between 12.241 and 12.243 Å. Press okay and press Run. The TOPOS[81] output
shows which atoms are connected. The Ru dummy atom has three connections to other Ru
dummy atoms. Always check, that no “wrong” bonds are drawn to adjacent molecules, chains
or layers.
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VI) Grow the structure in IsoCryst (it is possible to grow from specific atoms by selecting them
and then press grow or ctrl w) and save it as a pdb file. By deleting all atoms except the nodes
in IsoCryst, the scaffold of the network can be saved as a pdb file.
VII) Open the pdb files in Mercury and generate pictures.

VIII) Topology of the net
Click on “Run Ads” in TOPOS[81] and press run. Choose and select (Ctrl + click) the nodes
(here both dummy atoms) and press okay. TOPOS[81] analyzes the structure and outputs the
topology (here: a 1D chain).
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TOPOS[81] in combination with Mercury v.3.10[83] is a great set of tools for the topological
analysis and modification of crystal structures. In particular 3D structures and interpenetrating
nets can be nicely visualized by overlaying the nodal connections with the original structure.
The scaffold of the structure can be generated using TOPOS[81] and topologies of structures
calculated. Many examples, where this has been used are presented in the following chapters.
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5 MATERIALS AND METHODS
5.1

Chemicals

Chemicals for ligand synthesis were purchased from Sigma-Aldrich, TCI, Acros, Apollo,
Fluorochem and Alfa Aesar. Deuterated solvents for NMR spectroscopy were purchased from
Cambridge Isotope Laboratories, Inc. HPLC solvents were used for UV-VIS and ESI-MS
measurements.

5.2

General

Ligands were characterized by 1H and

13

C{1H}, spectroscopy, ESI-MS, high res ESI-MS,

MALDI-TOF-MS, melting point, UV-VIS spectroscopy, IR spectroscopy and elemental
analysis. 400MHz, 500MHz and 600MHz NMR spectra were measured on a Bruker Avance
III- 400, DRX-500 or DRX-600 NMR spectrometers with chemical shifts referenced to residual
solvent peaks; 1H and

13

C δ(TMS) = 0 ppm. Electrospray mass spectra were measured on

Bruker Esquire 3000plus or Shimadzu LCMS-2020 instrument. High resolution ESI-MS was
measured on a Bruker maXis 4G instrument. MALDI-TOF mass spectra were recorded on a
Bruker Daltonics Inc. microflex instrument. For GC/MS analysis, a Shimadzu GCMS/QP2010
SE gas chromatograph system with ZB-5HT inferno column (30 m × 0.25 mm × 0.25 mm), at
1 mL min−1 He-Flow rate (split = 20:1) with a Shimadzu mass detector (EI 70 eV) was used.
Solution electronic absorption spectra were recorded on an Agilent 8453 or Cary 5000
spectrophotometer. Solid-state spectra were recorded on a Cary 5000 spectrophotometer. FTIR spectra were recorded on a Perkin Elmer Spectrum Two instrument.

5.3

Single crystal X-ray diffraction - XRD

Single crystal data were collected on a Bruker APEX-II diffractometer or a STOE StadiVari
diffractometer equipped with a Pilatus300K detector and with a Metaljet D2 source. Data
reduction, solution and refinement used the programs APEX[93], STOE X-AREA, STOE XRED[94], APEX2, SuperFlip[95] and CRYSTALS[96] respectively. SQUEEZE[97] was used on
some of the structures if solvent molecules could not be refined in a satisfactory manner. The
structures were analyzed with Mercury v.3.10[83] and TOPOS[81].
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Fig. 24: The APEX-II X-ray diffractometer (zoomed in on the goniometer head) used for analysing most of the
single crystal structures reported in this thesis. The top part is the nitrogen gas, low temperature cryostat,
underneath is a microscope and the X-ray source is at left-hand side of the image. X-rays hit the crystal mounted
on the goniometer in the centre of the picture and diffracted X-rays get detected by the detector (right-hand side).
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Single crystal X-ray data was collected, solved and refined in collaboration with three
crystallographers Dr. Markus Neuburger, Dr. Jennifer Zampese and Dr. Alessandro
Prescimone. Dr. Mateusz Pitak and Prof. Dr. Simon J. Coles from the University of
Southampton solved three crystal structures[98]. Structures published in JACS[99] 2018 were
collected, solved and refined by myself.

5.4

Powder X-ray diffraction – PXRD

Powder X-ray diffraction was used to analyze the bulk material of a crystallization experiment.
PXRDs were measured on a Stoe Stadi P powder diffractometer. PXRD data can be found in
the experimental section at the end of the thesis. One PXRD spectrum was measured by Dr.
Karl Krämer from the University of Bern[100].

5.5

Crystallization experiments

Single crystals of the compounds presented in this thesis were obtain by the slow evaporation
or layering techniques.
In the slow evaporation technique, a vial with dissolved compound is exposed to air and the
solvent allowed to evaporate. The concentration of the dissolved compound increases
accordingly and as the concentration exceed the solubility, single crystals (often of ligands) are
obtained.
The layering technique was used for self-assembly of pyridine ligands with more than one donor
atom with various metal salts. The general setup is exemplified in Fig. 25.

Fig. 25: Crystal growth by the layering technique, e.g. Co(NCS)2 dissolved in MeOH is pink.
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This technique is useful to grow crystals which are normally insoluble in the solvent used after
formation, which means that the slow evaporation technique cannot be used. The conditions for
this technique, such as solvents and concentrations of material have to be chosen carefully in
order to obtain crystals.
The organic ligand (~ 20μmol) is dissolved in a halogenated solvent (~5mL, e.g. chloroform or
dichlorobenzene) and added to a long test-tube. Halogenated solvents have the advantage to be
denser than other organic solvents, thus mixing with other non-halogenated solvents is slow
and diffusion controlled. A thin layer of methanol is carefully layered on top of the chloroform
or dichlorobenzene layer (~ 1mL) and mixing of both solvents should be avoided. Most metal
salts are soluble in methanol, which makes it a good general choice (other solvents might work
as well). Metal salts (~ 20μmol) were dissolved in methanol (3-5 mL) and the solution was very
careful layered over the thin methanol layer in the test-tube. The test-tube was closed with a
stopper and is ideally placed in a dark and cold place. Vibrations of the test-tube can hinder
crystal formation and the test-tubes should be placed in a quiet place and not touched for at least
one week. Most crystals of coordination polymers were obtained with this technique within 24 weeks.
In some cases, when no crystal formed after 2-4 weeks, the test-tube was opened and the
solvents allowed to evaporate slowly, which sometimes lead to crystal formation.
Crystallization experiments are presented in the experimental section.
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6 LIGAND DESIGN AND
CHARACTERIZATION
The synthesis of ligands for coordination polymers presented in the following chapters is
discussed here. 3,2':6',3''-Terpyridines and 4,2':6',4''-terpyridines were synthesized in most
cases from aromatic aldehydes and 3-acetylpyridine or 4-acetylpyridine, respectively, in the
presence of KOH and aqueous ammonia. The reaction is one-pot, using Wang and Hanan's[79]
methodology. The one-pot synthesis and the availability of many commercial aromatic
aldehydes made screening of a large number of ligands straight forward (Scheme 10).

Scheme 10: Wang and Hanan's one-pot synthesis[79], represented by a substituted benzaldehyde and 4acetylpyridine. The reaction was complete within one day, while stirring at ambient conditions.

The first step is an aldol addition, followed by a Michael addition. The enolate of 4acetylpyridine is formed by the addition of KOH and attacks the aldehyde. A second enolate of
4-acetylpyridine attacks the α,β-unsaturated ketone and forms the intermediate (Scheme 10),
which is normally not isolated (one exception is presented in this thesis). Addition of aqueous
ammonia leads to a ring closing reaction and the formation of the inner pyridine ring. A wide
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range of aromatic aldehydes and bulky aliphatic aldehydes (e.g. trimethylacetaldehyd, leading
to the formation of 6 in Scheme 11) are tolerated. The product of the Wang and Hanan one-pot
reaction is poorly soluble in EtOH/water and precipitates out of solution.

6.1

Ditopic ligands

4'-Substituted 3,2':6',3''-terpyridines and 4,2':6',4''-terpyridines presented in this thesis are
displayed in Scheme 11. They were synthesized according to Scheme 10 from 4-acetylpyridine
or 3-acetylpyridine and the corresponding aldehydes.

Scheme 11: Substituted 3,2':6',3''-terpyridines and 4,2':6',4''-terpyridines incorporated into coordination polymers
and discrete complexes.

Ligands 1-5 were synthesized during my Master studies in the Constable/Housecroft group in
Basel and their preparation can be found in the according publication[30]. Ligands were
characterized by 1H, and

13

C{1H} spectroscopy, ESI-MS, high-resolution ESI-MS, melting

point, UV-VIS spectroscopy and elemental analysis. The 1H NMR spectrum of ligand 9 is
shown in Fig. 26, representative for other 4,2':6',4''-terpyridines. The 1H NMR spectrum was
readily assigned by 2D-COSY and 2D-NOESY spectroscopy. NOE cross peaks from HA3 to
HB3 and from HB3 to HC4 were used for the assignment. 13C{1H} NMR spectra were assigned
using 2D-HMQC and 2D-HMBC spectroscopies.
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Fig. 26: The 400 MHz 1H NMR spectrum of ligand 9 with assigned peaks corresponding to Scheme 11. The solvent
is CDCl3 and shifts were references to δ(CHCl3) = 7.26 ppm (*).

Ligand 11 is the only monotopic 3,2':6',3''-terpyridine ligand prepared and shows a different
NMR spectroscopic signature (Fig. 27). One ferrocenyl proton (Hb) showed a NOE cross peak
to one aromatic proton (HB3). NOE cross peaks from HB3 to HA4 and to HA2, in combination
with the singlet observed for HA2 allowed assignment of these protons on ring A. The remaining
protons HA5 and HA6 were assigned by 2D-COSY spectroscopy.

Fig. 27: The 500 MHz 1H NMR spectrum of ligand 11 with assigned peaks corresponding to Scheme 11. The
solvent is methanol-d4 and shifts were references to δ(CHD2OD) = 4.87ppm (*).
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6.2

Bis(3,2':6',3''-terpyridines)

and

bis(4,2':6',4''-

terpyridines)
2,5-Bis(octyloxy)terephthalaldehyde

(precursor

for

17

and

15)

and

1,1'-

ferrocenedicarboxaldehyde (precursor for 18) were purchased from Sigma-Aldrich.

Scheme 12: Tetratopic bis(3,2':6',3''-terpyridines) and bis(4,2':6',4''-terpyridines) and the structure of the bis(1,5di(pyridin-3-yl)pentane-1,5-dione) ligand 15.

All other dicarboxaldeyhdes were synthesized in two steps from 2,5-dibromohydroquinone and
the corresponding 1-bromoalkanes (Scheme 13) to yield the intermediate compounds 12a (R =
propyloxy), 13a (R = nhexyloxy), 14a (R = ndecyloxy) and 16a (R = propylbenzene). 12a-14a
and 16a were reacted with n-BuLi in dry diethylether at 0°C for 6h. The reaction mixture was
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quenched with dry DMF to yield the 2,5-bis(R)terephthalaldehydes (12b: R = propyloxy, 13b:
R = nhexyloxy, 14b: R = ndecyloxy and 16b: R = propylbenzene). Commercial and synthesized
dicarboxaldehydes were transformed into the bis(3,2':6',3''-terpyridine) 17 and into the
bis(4,2':6',4''-terpyridines) 12-16 and 18 in a double Wang and Hanan[79] one-pot reaction. In
one reaction the intermediate compound 15 of the one-pot synthesis of 2,5bis(octyloxy)terephthalaldehyde with 3-acetylpyridine was obtained and the reaction was
repeated without addition of aqueous ammonia to verify the formation of the targeted
compound 15.

Scheme 13: Synthetic route towards bis(4,2':6',4''-terpyridines) 12-14 and 16. Other ligands in Scheme 12 were
synthesized from the according dicarboxalydes in the Wang and Hanan one-pot reaction.

The 1H NMR spectrum of the tetratopic ligand 17 is displayed in Fig. 28. The assignment
follows the same routine as described for ditopic 3,2':6',3''-terpyridine and 1H NMR shifts for
protons in rings A and B are similar in both di- and tetratopic pairs of ligands.
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Fig. 28: The 500 MHz 1H NMR spectrum of ligand 17 with assigned peaks corresponding to Scheme 12. The
solvent is CDCl3 and shifts were references to δ(CHCl3) = 7.26 ppm (*).

The 1H NMR spectrum of the 15 is displayed in Fig. 29.

Fig. 29: The 500 MHz 1H NMR spectrum of ligand 15 with assigned peaks corresponding to Scheme 12. The
solvent is CDCl3 and shifts were references to δ(CHCl3) = 7.26 ppm (*).

15 was synthesized on purpose via the Hanan and Wang one-pot synthesis without addition of
aqueous ammonia. Proton signals of ring A were readily assigned using 2D-COSY and 2D-
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NOESY spectroscopy. NOE cross peaks from Hy to HA2 and HA4 were used to identify these
protons. HA2 was distinguished from HA4 by the multiplicity of the signals.
The ligands were characterized by 1H, and

13

C{1H} spectroscopies, ESI-MS, high-resolution

ESI-MS, melting point, UV-VIS spectroscopy and elemental analysis. Roughly 30 crystal
structures were obtained with the ligands displayed in Scheme 11 and Scheme 12. An ordered
presentation and comparison of the crystal engineering using these ligands is presented in the
next chapters.

7 LIGAND STRUCTURES
Ligand structures were obtained for 8 and 11.

7.1

Ligand 8

Single crystals of ligand 8 were obtained during an attempt to react 8 with iron(II) perchlorate
in MeOH. 8 crystallizes in the space group Pmn21. The asymmetric unit contains half a
molecule of 8, the second half is generated by a mirror plane. The structure of 8 is displayed in
Fig. 30 and the planar orientation implies intermolecular interactions with other molecules.

Fig. 30: Structure of molecule 8 with ellipsoids plotted at the 40% probability level. Symmetry code i = 2–x, y, z.
Selected bond parameters: N1–C5 = 1.335(2), N1–C1 = 1.337(2), N2–C6 = 1.3402(19), N3–C10 = 1.336(2), N3–
C11 = 1.3395(17) Å; C5–N1–C1 = 116.12(15), C6–N2–C6i = 118.19(19), C10–N3–C11 = 116.69(14)o.
Reproduced from ref.[101], published by Elsevier.
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Fig. 31 illustrates the packing of 8, where neighbouring molecules stack and form face-to-face
π-π interactions between all pyridine and pyrimidine rings. A second layer of stacked molecules
is twisted by 90° and adjacent layers interact via hydrogen-bonds between C7H…N(pyrimidine) (2.521 Å) and C7/C10…N (2.744 Å and 2.518 Å, respectively).

Fig. 31: Packing of 8. Molecules are slipped with respect to one another, which enables π-π interactions between
pyridine and pyrimidine rings. Reproduced from ref.[101], published by Elsevier.

Additional information can be found in the printed publication (section 18.1).

7.2

Ligand 11

Single crystals of 11 were obtained serendipitously from a slow evaporation of a chloroform
solution of 11. 11 crystallizes in the chiral space group P212121. The ferrocenyl group is slightly
twisted with respect to the inner pyridine ring (28.8(4)°) and the pyridine ring containing N3 is
twisted by 35° in respect to the inner pyridine ring (Fig. 32a and b).
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Fig. 32: a) Structure of compound 11; H atoms omitted for clarity and ellipsoids plotted at 40% probability level.
Important bond distances: C8 –C16 = 1.468(4), C1–N1 = 1.328(4), C5–N1 = 1.337(4), C6–N2 = 1.349(4), C10–
N2 = 1.348(4), C14–N3 = 1.329(4), C15–N3 = 1.342(4) Å. b) View along the 3,2':6',3''-terpyridine, visualizing
twists in ferrocenyl group and pyridine ring. Reproduced from ref.[31], published by CSIRO Publishing.

The twist in the pyridine and ferrocenyl group hinders efficient stacking of adjacent molecules
in the lattice. Outer pyridine rings of adjacent molecules 11 (rings containing N1 and N3) show
some face-to-face π-π interactions (red and blue in Fig. 33) and weak edge-to-face π-π
interactions are observed between the inner pyridine ring (green in Fig. 33) and the outer
pyridine ring containing N3 (blue in Fig. 33).

Fig. 33: Face-to-face π-π interactions (red and blue) and weak edge to face π-π interactions (blue and green in Fig.
33).

Additional information can be found in the printed publication (section 18.2).
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8 DISCRETE CYCLIC STRUCTURES
Building blocks that favour the formation of mononuclear, dinuclear and cyclic complexes were
discussed in chapter 4. Metallocycles were obtained with ligands 10 and 11. The building blocks
leading to these assemblies are summarized in Table 3.
Ligand

Metal

salts

and

their Structure motif

connectivity
ZnI2

Discrete metallosquare

(bent two-connecting)

ZnCl2

Discrete metallosquare

(bent two-connecting)

CuCl2

Discrete double decker

(dinuclear four connectivity)

Table 3: Overview of the building blocks for structures discussed in this chapter
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8.1

[{ZnI2(10)}4∙1.4MeOH∙0.8H2O]

ZnI2 reacted with the potentially two-donor ligand 10 and formed the discrete metallosquare
[{ZnI2(10)}4∙1.4MeOH∙0.8H2O] (Fig. 34). In the complex ZnI2 two-connecting. The structure
consists of four ZnI2 and four ligands 10 and crystallizes in the space group P-1, which is
centrosymmetric (inversion centre in the centre of the square). The experimental PXRD pattern
gave a good match to the pattern predicted from the single crystal data of
[{ZnI2(10)}4∙1.4MeOH∙0.8H2O].

Fig. 34: Structure of the {ZnI2(10)}4 metallosquare in [{ZnI2(10)}4∙1.4MeOH∙0.8H2O]; H atoms omitted for clarity
and ellipsoids plotted at 40% probability level. Symmetry code i = –x, –y, –z. Selected bond lengths and angles:
Zn1–I1 = 2.5318(7), Zn1–I2 = 2.5455(8), Zn1–N1 = 2.043(4), Zn1–N6 = 2.056(4), Zn2–I3 = 2.5456(7), Zn2–I4=
2.5458(7), Zn2–N3i = 2.081(4), Zn2–N4 = 2.039(4) Å; I1–Zn1–I2 = 117.46(3), I3–Zn2–I4 = 115.08(3), N1–Zn1–
N6 = 102.00(16), N3–Zn2–N4 = 99.64(15)o. Reproduced from ref.[31], published by CSIRO Publishing.

The pseudo tetrahedral geometry of ligands around the Zn(II) centre in the complex introduces
a coordination angle of ~ 100° between the two connection sites. The 4,2':6',4''-terpyridine unit
in 10 is almost planar and retains its V-shaped orientation with an angle (N6…centroid of inner
pyridine…N4) of ~ 106°. The connection angles of both building blocks and most of all the
orientation of the coordinated ligand 10 lead to a square shaped structure. The structure consists
of two distinct 4,2':6',4''-terpyridines (containing Fe1 and Fe2 respectively) and two distinct
Zn(II) centres (Zn1 and Zn2) displayed in Fig. 34. The 4,2':6',4''-terpyridine units on opposite
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sides of the square are inverted to one another, by symmetry. Two π-π interactions between
adjacent molecules are present in the structure. Fig. 35a shows the metallosquare viewed along
the c-axis with face-to-face π-π interactions between outer pyridine rings (rings containing N1
and N3) of 4,2':6',4''-terpyridines in adjacent molecules. Fig. 35b illustrates the face-to-face ππ interactions between pyridine (rings containing N4 and N5) and ferrocenyl units (ferrocenyl
containing Fe2) of the second 4,2':6',4''-terpyridine unit (containing atoms N4, N5; N6 and Fe2)
in neighbouring molecules (Fig. 35b). Molecules pack efficiently in the lattice, with few solvent
molecules present (omitted in the pictures).

Fig. 35: a) View down the crystallographic c-axis with π-stacking between neighbouring {ZnI2(10)}4 molecules.
b) Ferrocenyl-pyridine π-stacking interaction. Reproduced from ref.[31], published by CSIRO Publishing.

The second distinct 4,2':6',4''-terpyridine unit (containing N1, N2, N3 and Fe1) shows a twist
of the inner pyridine ring in respect to the ferrocenyl group (angle of the planes through the
pyridine and cyclopentadienyl rings = 30.67°). The twist in the ferrocenyl unit hinders efficient
π-π interactions to neighbouring molecules and these ferrocenyl units (containing Fe2, blue in
Fig. 36) and iodine ligands from another adjacent molecule (green in Fig. 36) occupy the space
in the squares (space-filling representation).
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Fig. 36: Three adjacent {ZnI2(10)}4 metallosquares. Ferrocenyl groups (blue) and iodine ligands (green) occupy
the space inside the adjacent metallosquare (red), highlighted in space-filling representation.

Additional information can be found in the printed publication (section 18.2).

8.2

[{ZnCl2(11)}4∙3CHCl3∙3MeOH]

A similar combination of a zinc halide (ZnCl2) with a ferrocenyl-substituted 3,2':6',3''terpyridine also lead to the formation of a discrete metallosquare. The more flexible
coordination ability of 3,2':6',3''-terpyridines (see Scheme 9) in respect to 4,2':6',4''-terpyridines
allows a different arrangement of the building blocks. Four ZnCl2 units and four ligands 11
form the structure [{ZnCl2(11)}4.3CHCl3.3MeOH] (Fig. 37). It crystallizes in the space group
Pccn.
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Fig. 37: Structure of the {ZnCl2(11)}4 molecule in [{ZnCl2(11)}4.3CHCl3.3MeOH]; H atoms and solvent molecules
are omitted and ellipsoids plotted at 30% probability level. Symmetry code i = 1/2–x, 1/2–y, z. Selected bond
distances: Zn1–N6i = 2.063(8), Zn1–Cl1 = 2.202(2), Zn1–Cl2 = 2.235(3), Zn1–N1 = 2.074(8), Zn2–Cl3 =
2.243(3), Zn2–Cl4 = 2.224(3), Zn2–N3 = 2.043(8), Zn2–N4 = 2.038(9) Å. Reproduced from ref.[31], published by
CSIRO Publishing.

Ferrocenyl groups in [{ZnCl2(11)}4.3CHCl3.3MeOH] all point in the same direction (in contrast
to the up-down-up-down orientation of 10 in the previous section) and the structure can be
imagined as a bowl. The Zn(II) centres and 3,2':6',3''-terpyridine cores form the base and
ferrocenyl groups represent the rim of the bowl. Adjacent molecules interact via face-to-face πstacking of pyridine rings (Fig. 38).

Fig. 38: π-stacking between pyridine rings of adjacent molecules [{ZnCl2(11)}4.3CHCl3.3MeOH], view along the
a-axis. Reproduced from ref.[31], published by CSIRO Publishing.
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Additional information can be found in the printed publication (section 18.2).

8.3

[Cu4Cl8(11)4(MeOH)2]

An interesting structure was obtained when ligand 11 was combined with CuCl2. Two CuCl2
molecules form a dinuclear four connecting building block. CuCl2 units are bridged via two Cl
(μ-Cl) ligand. The outer positions on Cu1 (Fig. 39) is occupied by a Cl− ligand and Cu1 is five
coordinated, with a connectivity of two. The outer positions on Cu2 are coordinated by a Cl−
and a MeOH ligand. Cu2 also shows a weak interaction to Cl4i (symmetry code i = 1−x, 1−y,
−z) with a distance of 3.158(2) Å. Cu2 is five coordinate and has a connectivity of two. The
connecting sites are opposite to one another on one Cu atom and parallel in respect to the
bridged Cu. Ligand 11 is flexible enough to adopt a coordination geometry, where both N-lone
pairs point in the same direction (Scheme 14).

Scheme 14: Orientation of the donor atoms in ligand 11 in the complex [Cu4Cl8(11)4(MeOH)2].

The combination of these building blocks lead to the double-decker structure
[Cu4Cl8(11)4(MeOH)2] consisting of four Cu ions doubly bridged by ligands 11 in one direction
and μ-Cl ligands in a second direction perpendicular to the 4,2':6',4''-terpyridine unit. Two
layers, containing two ligands 11 form the two decks of the double-decker motif.

8.3.1

Single crystal data of [Cu4Cl8(11)4(MeOH)2]

The distance between Cu2Cl4 dimers is defined by the scope of 11, more precise the distance (~
6.9Å) between coordinating N-atoms. The bulk material was analyzed by Dr. Karl Krämer from
the University of Bern and revealed, that the bulk material is composed of the same compound
as that found in the single crystal.
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Fig. 39: Structure of the [Cu4Cl8(11)4(MeOH)2] molecule in [{Cu4Cl8(11)4(MeOH)2}.0.7CHCl3.1.8MeOH].
Hydrogen atoms are omitted and ellipsoids are plotted at 30% probability level. Symmetry code i = 1−x, 1−y, −z.
Selected bond distances and angles: Cu1–Cl1 = 2.269(2), Cu1–Cl4 = 2.3201(19), Cu1–Cl2i = 2.5459(19), Cu2–
Cl2 = 2.3471(17), Cu2–Cl3 = 2.309(2), Cu1–N1 = 2.018(6), Cu1–N6 = 2.007(5), Cu2–N3 = 2.016(5), Cu2–N4 =
2.024(5), Cu2–O1 = 2.287(5) Å; N1–Cu1–N6 = 173.1(3), N3–Cu2–N4 = 174.2(3), Cl2–Cu2–Cl3 = 177.24(8),
Cl4i–Cu1–Cl1 = 157.32(9) Cu1i–Cl2–Cu2 = 97.03(6)o. Reproduced from ref.[100], published by Elsevier.

The two decks of the double decker are held together by μ-Cl ligands and face-to-face π-π
interactions between pyridine rings and ferrocenyl units are present (Fig. 40).

Fig. 40: a) View of the double decker unit [Cu4Cl8(11)4(MeOH)2] along the N-Cu-N coordination bond. Parallel
cp rings in ferrocenyl units are slightly shifted with respect to one another, enabling π-stacking displayed in b).
Reproduced from ref.[100], published by Elsevier.

The

intermolecular

interactions

in

[{Cu4Cl8(11)4(MeOH)2}.0.7CHCl3.1.8MeOH]

are

dominated by face-to-face π-stacking of ferrocenyl groups and 4,2':6',4''-terpyridine units of
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adjacent molecules. This interaction can be imagined like a locking of the teeth in a zipper (the
zipper is represented by the red π-stacking motif in Fig. 41).

Fig. 41: Inter- and intramolecular π-stacking between ferrocenyl groups and ferrocenyl and pyridine rings of
adjacent double-deckers, respectively. Reproduced from ref.[100], published by Elsevier.

8.3.2

Magnetic susceptibility measurements

The close distance (3.668(1) Å, Cl bridged and 6.703(1) Å, ligand 11 bridged) of the copper(II)
ions (d9) could result in magnetic coupling of the spins and the complex was therefore
investigated by magnetic susceptibility measurements (χmT) in cooperation with the group of
Prof. Silvio Decurtins from the University of Bern. It is important to note, that the Cu2Cl4 in
[{Cu4Cl8(11)4(MeOH)2}.0.7CHCl3.1.8MeOH] is considered mono-bridged as the Cu2-Cl4i
distance is quite large. In the literature, double μ-Cl Cu2Cl4 dimers[102-103] and polymers[104-105]
are

reported,

which

show

magnetic

coupling

[{Cu4Cl8(11)4(MeOH)2}.0.7CHCl3.1.8MeOH]

revealed

The

χmT

measurement

antiferromagnetic

of

exchange

interactions and weak coupling between Cu(II) ions, through the mono bridging Cl ligands at
temperatures below 50 K. The results are comparable to values obtained for double μ-Cl Cu(II)
compounds in the literature[105] and coupling between Cu(II) ions via the bridging ligands 11
could not be confirmed. Fig. 42 shows the plot of χmT vs. T illustrating the antiferromagnetic
exchange interactions caused by the μ-Cl ligand.
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Fig. 42: χmT vs. T graph for [{Cu4Cl8(11)4(MeOH)2}.0.7CHCl3.1.8MeOH] (per two Cu(II) ions). The inset
highlights the 50 to 1.9 K region. Solid lines represent fitted curves. Reproduced from ref.[100], published by
Elsevier.

8.3.3

Electrochemistry

Cyclic voltammograms (CV) of complex [{Cu4Cl8(11)4(MeOH)2}.0.7CHCl3.1.8MeOH] and
ligand 11 were measured in propylene carbonate containing [nBu4N][PF6] as the electrolyte. It
was not clear if the complex dissolved in propylene carbonate or decomposed because only free
ligand 11 appeared to be present in the solution. The comparison of the CV from the dissolved
complex and free ligand 11 revealed the same electrochemical behaviour (Fig. 43). Both
compounds show a reversible oxidation at +0.12 V (referenced to external Fc/Fc+) and a
reversible reduction at -2.44 V, presumably based on the ferrocenyl-functionalized 3,2':6',3''terpyridine.
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Fig. 43: CVs of complex [{Cu4Cl8(11)4(MeOH)2}.0.7CHCl3.1.8MeOH] and ligand 11. Reproduced from ref.[100],
published by Elsevier.

8.3.4

Quasi-solid-state electrochemistry

Another attempt was made to measure the CV of [{Cu4Cl8(11)4(MeOH)2}.0.7CHCl3.1.8MeOH]
using a quasi-solid-state setup in collaboration with Dr. Angelo Lanzilotto and Prof. Dr. Edwin
C. Constable. The complex was ground and added as a suspension (in propylene carbonate with
[nBu4N][PF6]) between two FTO-glass plates (resembling the architecture of a dye-sensitized
solar cell). One FTO glass plate was coated with Pt and the CV of the complex in this quasisolid-state configuration was measured in five consecutive cycles (Fig. 44). The CV showed a
reversible (presumably iron centred) oxidation at +0.01 V, which was assigned to
[{Cu4Cl8(11)4(MeOH)2}.0.7CHCl3.1.8MeOH].

Fig. 44: Quasi-solid-state CV of a suspension of [{Cu4Cl8(11)4(MeOH)2}.0.7CHCl3.1.8MeOH] in propylene
carbonate (with addition of [nBu4N][PF6]) measured between an FTO- and a FTO-Pt-glass electrode. Reproduced
from ref.[100], published by Elsevier.
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8.3.5

Spectroelectrochemistry of ligand 11

The spectroelectrochemical measurements (done by Dr. Angelo Lanzilotto) of 11 were obtained
by increasing the voltage of a propylene carbonate solution containing [nBu4N][PF6] and 11
from 0.1 V to 1.5 V and back to 0 V. An absorption spectrum of the solution was measured
every 0.1 V step and the 2D-plot is displayed in Fig. 45.

Fig. 45: Spectroelectrochemistry measurement of [{Cu4Cl8(11)4(MeOH)2}.0.7CHCl3.1.8MeOH] with a voltage
screening between 0 V and 1.5 V. UV-VIS absorption spectra were collected every 0.1 V steps. Reproduced from
ref.[100], published by Elsevier.

The data in Fig. 45 should be viewed starting at scan number 0 (= 0.1 V). At this potential, 11
is not oxidized and the orange colour, corresponding to the ferrocenyl group is present. The
absorption spectrum shows a λmax = 461 nm. By increasing the potential (up to scan number 10)
the oxidation of the ferrocenyl takes place and the absorption band at 461 nm disappears. A
new broad band at ~ 660 nm appears, which corresponds to a ferrocenium ion (Fc+). The process
is reversible and the absorption of 11 at scan number 0 and 30 is the same.
Additional information can be found in the printed publication (section 18.3).
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8.4

Comparison of structural motifs

This chapter has so far illustrated the formation of discrete multinuclear and cyclic structures
using ligands with two donor atoms and two-connecting metal building blocks. One similarity
is noticeable straight away, the presence of the ferrocenyl group in all ligands presented here.
The ferrocenyl group in ligands 10 and 11 seems to favour the formation of the discrete
structures over the formation of 1D polymer chains, that are more frequent obtained with other
monotopic 3,2':6',3''-terpyridines and 4,2':6',4''-terpyridines. The ferrocenyl group introduces
bulkiness and steric demand compared to e.g. phenylene groups presented in the next chapter.
The ferrocenyl group also exhibits strong π-interactions with pyridine rings of adjacent ligands
in the structures. The combination of bulkiness and π-stacking leads to different intermolecular
interactions compared to 1D coordination polymers and favours the formation of discrete cyclic
structures in the cases presented in this chapter. This phenomenon has been observed in other
studies and discrete metallohexacycles were obtained when zinc halides were combined with
ligand 10[106] or with other bulkier, aromatic ligands (L5, L8 Scheme 7)[66]. It is noteworthy
that Xiao and coworkers used ligand 10 and ZnI2 in the same manner as it was presented in this
chapter, but they obtained a 1D coordination polymer instead of a discrete metallosquare. The
formation of non-polymeric complexes[66, 85, 106] and 1D coordination chains[56, 106] using Zn(II)
halides and ditopic 3,2':6',3''-terpyridines and 4,2':6',4''-terpyridines has been reported in the
literature. The structures we obtained with the combination of these ligands and Zinc(II) halides
are presented in this chapter and the following one and confirm, that a prediction, if a
metallosquare or 1D chains forms is not possible in this case.
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9 1D COORDINATION CHAINS
The building blocks discussed in the last chapter lead to the formation of metallosquares. This
chapter illustrates, that similar building blocks can also lead to the formation of 1D structures.
An overview of the building blocks and structures discussed in this chapter is displayed in Table
4.
Ligands

Metal salts and their Structure motif
connectivity
ZnCl2,

ZnI2,

ZnBr2, Alternating 1D polymer chain

Zn(OAc)2

(bent two-connecting)

Co(NCS)2(MeOH)2
Cu2(OAc)4

/ Linear 1D polymer chain

(linear two-connecting)

Table 4: Overview of ligands, metal salts and structure motifs discussed in this chapter.
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9.1

[ZnCl2(7)]n and [ZnI2(8)∙MeOH]n

The structures presented in this section were obtained during my master studies, but their
structural motifs nicely complement the series of structures presented in this chapter.
The reaction of the zinc halides ZnCl2 and ZnI2 with ligands 7 and 8 lead to the formation of
1D coordination polymers. Ligands 7 and 8 only differ in their substituent on the pyrimidine
ring, 7 bears a hydrogen and 8 a methyl group (see Scheme 7 and Table 4).
Structures [ZnCl2(7)]n and [ZnI2(8).MeOH]n both crystallize in the space group P21/n, are
similar and will be discussed together. Their repeat units are displayed in Fig. 46 and Fig. 47.
Both ligands coordinate to the ZnX2 unit via the outer pyridine rings. The inner pyridine ring
and the pyrimidine N-atoms are not coordinated. Both ligands are almost planar in the structures
and [ZnI2(8).MeOH]n also has one MeOH molecule in the asymmetric unit, that forms a
hydrogen-bond to pyrimidine N5 (OH…N5 distance = 2.026 Å).

Fig. 46: Repeat unit in [ZnCl2(7)]n; symmetry codes: i = 1/2–x, –1/2+y, 3/2–z; ii = 1/2–x, 1/2+y, 3/2–z) and ellipsoids
plotted at the 40% probability level. Selected bond parameters: Zn1–N1 = 2.046(3), Zn1–N3ii = 2.054(4), Zn1–
Cl2 = 2.1996(15), Zn1–Cl1 = 2.2384(17) Å; N1–Zn1–N3ii = 107.15(15), N1–Zn1–Cl2 = 111.25(12), N3ii–Zn1–
Cl2 = 110.22(11), N1–Zn1–Cl1 = 103.37(12), N3ii–Zn1–Cl1 = 101.46(12), Cl2–Zn1–Cl1 = 122.15(8)o.
Reproduced from ref.[101], published by Elsevier.
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Fig. 47: Repeat unit in [ZnI2(8).MeOH]n; symmetry codes: i = –1/2+x, 1/2–y, –1/2+z; ii = 1/2+x, 1/2–y, 1/2+z, ellipsoids
plotted at the 40% probability level. Reproduced from ref.[101], published by Elsevier.

The structures differ in the propagation of their chains. In [ZnCl2(7)]n the pyrimidine units point
in opposite directions (up-down-up-down, Fig. 48b) when viewed along the zinc atoms in the
chain. This leads to a helical structure (the pitch of the helix is 19.194 Å) and the crystal contains
1D coordination polymers of opposite chirality. The orientation of the ligands leads to a twist
in the pyridine rings coordinating to Zn with a torsion angle of 30.53° (highlighted by the yellow
selected atoms in Fig. 48b).
In [ZnI2(8).MeOH]n the methylpyrimidine rings point in the same direction (up-up-up, Fig. 48a)
and the coordinating pyridine rings are not twisted with respect to each other (torsion angle is
~ 0°, yellow selected atoms in Fig. 48a). The chains in this structure are not chiral and Zn1
centres (measured from Zn1 to Zn1 after the next one) are separated by 18.649 Å, which is
comparable to the pitch in [ZnCl2(7)]n. The differences in chain propagation are displayed in
Fig. 48 and the reason for different motifs relies on the orientations of the ligands.
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Fig. 48: a) 1D polymer chains of [ZnI2(8)]n highlighting the torsion angle between coordinating pyridine rings
(yellow selected atoms) and the up-up-up orientation of the methylpyrimidine rings. b) 1D polymer chain of
[ZnCl2(7)]n with a torsion angle of 30.53° (yellow selected atoms) and the up-down-up orientation of the
pyrimidine rings.

The packing in both structures is comparable and dominated by double face-to-face π-π
interactions between pyridine rings. In [ZnCl2(7)]n (Fig. 49) rings containing N1 and N2 (blue)
stack with rings containing N1 and N2 (red) of one adjacent chain. The inner pyridine ring has
another π-π interactions to the pyridine ring, containing N3, of the next adjacent chain.
[ZnI2(8)]n (Fig. 50) shows a similar double face-to-face π-π motif. The chirality of [ZnCl2(7)]n
is visualized by the colours red and blue in Fig. 49. When a red chain is viewed from the right
side of the figure a right-handed helix is observed and for a blue polymer a left-handed helix is
observed. The structure is a racemate (non-chiral space group) and contains helices of both
handiness.

Fig. 49: Face-to-face π-stacking interactions in [ZnCl2(7)]n involve all pyridine rings. Pyrimidine rings are not part
of the π-stacking interactions. Red and blue chains represent helices of opposite chirality. Reproduced from ref.[101],
published by Elsevier.

- 231 -

1D COORDINATION CHAINS

Fig. 50: a) π-stacking interactions between adjacent chains in [ZnI2(8)]n, view along the a-axis. b) π-stacking
interactions viewed along the b-axis. Methylpyrimidine rings are not participating in the π-stacking. Reproduced
from ref.[101], published by Elsevier.

Additional information can be found in the printed publication (section 18.1).

9.2

[{Zn(OAc)2(10)}∙MeOH∙H2O]n

Zn(OAc)2 was used with ligand 10 to form a linear (in respect to the metal atoms) 1D
coordination chain (Fig. 51). [{Zn(OAc)2(10)}∙MeOH∙H2O]n crystallizes in the space group
Pbca. Zn(OAc)2 building blocks are known to form Zn2(OAc)4 paddlewheel dimers, where two
zinc atoms are bridged by four acetate groups. In fact, this is the most common arrangement of
this building block in coordination polymers as demonstrated in previous studies[30, 73, 76, 107]. In
the structure discussed in this section the Zn(OAc)2 unit does not form a dinuclear paddlewheel
but acts as a two-connecting centre, similar to zinc halides. Why this (for zinc acetate) unusual
motif is obtained in this structure is unclear.
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Fig. 51: Structure of the repeat unit in [{Zn(OAc)2(10)}∙MeOH.H2O]n with symmetry-generated atoms; H atoms
and solvent molecules are omitted and ellipsoids plotted at 30% probability level. Symmetry code i = –1+x, y, z,
ii = 1+x, y, z. Selected bond distances: Zn1–N6ii = 2.033(2), Zn1–N1 = 2.030(2), Zn1–O1 = 1.9403(19), Zn1–O3
= 1.955(2), Zn2–N3 = 2.036(2), Zn2–N4 = 2.028(2), Zn2–O5 = 1.936(2), Zn2–O7 = 1.947(2) Å. Reproduced from
ref.[31], published by CSIRO Publishing.

The chain propagates slightly differently to the other zinc halide structures in the previous
sections. All zinc atoms are in line (with respect to one another), and ligands adopt a left-rightleft orientation relative to this line (Fig. 52a). Zn1 centres within one chains are separated by
24.342 Å. Intermolecular face-to-face π-stacking between ferrocenyl groups and pyridine rings
(rings containing N1 and N4) are the dominating forces in the crystal packing. Pyridine rings
containing N3 and N6 are not participating in the π-stacking, as acetate ligands block these sites
(space-filling representation in Fig. 52b).

Fig. 52: a) The space filling representation illustrates π-stacking interactions of ferrocenyl and pyridine rings in
three adjacent chains in [{Zn(OAc)2(10)}∙MeOH∙H2O]n. b) Acetate ligands (red, highlighted in space-filling)
occupy the space close to pyridine rings containing N3 and N6 and prevent π-stacking. Reproduced from ref.[31],
published by CSIRO Publishing.
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Additional information can be found in the printed publication (section 18.2).

9.3

[{ZnBr2(11)}∙MeOH]n

Another unusual structure was obtained with the ferrocenyl substituted ligand 11 and ZnBr2.
Ligand 11 is the only 3,2':6',3''-terpyridine ligand in this series of 1D coordination chains, and
forces a change in chain propagation, compared to the structures in the previous sections.
[{ZnBr2(11)}∙MeOH]n crystallizes in the space group P-1 and the structure is displayed in Fig.
53.

Fig. 53: Structure of the repeat unit in [{ZnBr2(11)}∙MeOH]n with symmetry-generated atoms; ellipsoids are
plotted at 30% probability level, and H atoms and solvent molecules are omitted. Symmetry code i = 1–x, y, z, ii
= –1+x, y, z. Selected bond distances: Zn1–N6ii = 2.038(3), Zn1–Br1 = 2.3504(6), Zn1–Br2 = 2.3587(6), Zn1–N1
= 2.041(3), Zn2–Br3 = 2.3515(6), Zn2–Br4 = 2.3455(6), Zn2–N3 = 2.050(3), Zn2–N4 = 2.059(3) Å. Reproduced
from ref.[31], published by CSIRO Publishing.

The 1D coordination chain is helical and the flexibility in the 3,2':6',3''-terpyridine coordination
allows that ligands within the same chain come close to one another. The result is intramolecular
face-to-face π-stacking, which is observed for the first time in this series of 1D structures (Fig.
54). The intramolecular π-stacking is present in every second ligand 11 within one polymer
chain, between the ferrocenyl group and pyridine rings (containing N1 and N2). The pitch of
the helix (from Zn1 to Zn1 centre) is 8.788 Å.
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Fig. 54: View of a helical chain in [{ZnBr2(11)}∙MeOH]n (solvent molecules are omitted) along the c-axis. The
chain propagates along the a-axis. Intramolecular face-to-face π-stacking interactions are shown in space-filling
representation. Reproduced from ref.[31], published by CSIRO Publishing.

Weak face-to-face π-stacking of outer pyridine rings (containing N1) of adjacent chains (red
and blue in Fig. 55) and edge-to-face π-stacking of ferrocenyl groups are the intermolecular
interactions in this structure. The chain propagation and pitch of the helix is strongly influenced
by the orientation of the donor atoms on 11. It is noteworthy, that the helix in
[{ZnBr2(11)}∙MeOH]n is a lot more interwoven compared to the helix [{ZnCl2(7)}n] from
section 9.1, clearly represented by the differences in the helical pitch (19.194 Å in [{ZnCl2(7)}n]
compared to 8.788 Å in [{ZnBr2(11)}∙MeOH]n)

Fig. 55: Face-to-face π- π interactions between adjacent chains (red and blue) and edge-to-face π-stacking between
ferrocenyl units.

Additional information can be found in the printed publication (section 18.2).

- 235 -

1D COORDINATION CHAINS

9.4

[{Co2(NCS)4(MeOH)4(8)2}∙2MeOH∙8H2O]n

Ligand 8 was combined with Co(NCS)2, which lead to the formation of the 1D polymer chain
[{Co2(NCS)4(MeOH)4(8)2}∙2MeOH∙8H2O]n. The space group is P-1 and the ligand is the same
as in [{ZnI2(8)∙MeOH}n] (section 9.1). The main difference in chain propagation arises from
the linear building block Co(NCS)2(MeOH)2, which has a connectivity of two in the structure.
Co is six coordinate and has a connectivity of four in all structures presented in the following
chapters. Among the series of structures presented in this thesis this is the only one, where only
two (instead of four) sites in a Co(NCS)2 unit are coordinated by N-donors from 4,2':6',4''terpyridine units. In [{Co2(NCS)4(MeOH)4(8)2}∙2MeOH∙8H2O]n two coordination sites are
occupied by coordinating methanol molecules (Fig. 56) which block propagation of anything
of dimensionality higher than one. The distance of Co(II) centres (from Co1 to Co1) is 26.350
Å.

Fig. 56: Structure of the repeat unit in [{Co2(NCS)4(MeOH)4(8)2}∙2MeOH∙8H2O]n with symmetry generated
atoms; H atoms and solvent molecules are omitted. Ellipsoids are plotted at 40% probability; atom C1 was refined
isotropically. Symmetry codes: i = 1–x, 2–y, 1–z; ii = 1–x, –y, 2–z; iii = x, –2+y, 1+z. Selected bond parameters:
Co1–N1 = 2.189(6), Co1–N6 = 2.095(7), Co1–O1 = 2.098(6), Co2–N3 = 2.154(6), Co2–N7 = 2.069(7), Co2–O2
= 2.077(9) Å; N1–Co1–N6 = 88.8(2), N1–Co1–O1 = 86.5(2), N3–Co2–N7 = 90.1(2), N3–Co2–O2 = 91.8(3), N7–
Co2–O2 = 90.9(4)o. Reproduced from ref.[32], published by MDPI.

The chain propagates in an up-down-up-down orientation of the ligands (illustrated in Fig. 57a),
coordinating to the linear two connecting Co(II) centre. There is almost no twist (~ 5°) in the
torsion angle between coordinated pyridine rings and the 4,2':6',4''-terpyridine is almost planar.
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All Co(II) centres are in line when viewed along the chain (Fig. 57b) and the structure can be
described as a zig-zag polymer chain.

Fig. 57: a) The zig-zag chain motif obtained from the up-down-up-down orientation of ligands 8. b) View along
the chain, highlighting, the almost planar orientation of the ligands and the Co(II) centres stringed together in line.

Chains interact with the chains above (red in Fig. 58) via face-to-face π-π interactions of
pyrimidine and pyridine (containing N1) rings (Fig. 58). This π-stacking motif is present in
every second ligand 8 within one chain. The other ligands 8 (blue in Fig. 58) interact in the
same manner with the next chain underneath, what leads to a staircase-like face-to-face πstacking motif through the lattice.

Fig. 58: Two adjacent zig-zag chains of [{Co2(NCS)4(MeOH)4(8)2}∙2MeOH∙8H2O]n, interacting via face-to-face
π-stacking of pyridine (containing N1) and pyrimidine rings.
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Chains within the same layer show CH…S interactions (2.817 Å) between the proton on
C11/C13 and the S atom of the NCS− ligand. The methyl group on the pyrimidine ring points
towards the V-shaped cavity of the 4,2':6',4''-terpyridine of the neighbouring chain. The space
in the cavity is limited and the pyrimidine ring is slightly twisted with respect to the 4,2':6',4''terpyridine. The pyrimidine ring slips over the inner pyridine ring (Fig. 59) of the neighbouring
4,2':6',4''-terpyridine, which enables closer interchain distance (N…N distance of inner pyridine
rings is 10.720(8) Å).

Fig. 59: Interactions of chains within one layer, with CH…S contacts and the slipping of pyrimidine rings over the
4,2':6',4''-terpyridine of the neighbouring chain. Reproduced from ref.[32], published by MDPI.

A zig-zag chain motif is very frequently obtained, when two donor 4,2':6',4''-terpyridine ligands
are combined with linear two-connecting metal building blocks, like Co(NCS)2(MeOH)2,
Zn2(OAc)4[30] and Cu2(OAc)4[99]. Another example of this motif is presented in the next section.
Additional information can be found in the printed publication (section 18.4).
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9.5

[Cu2(OAc)4(9)]n

Ligand 9 reacted with Cu(OAc)2 to yield a 1D zig-zag chain, similar to the one discussed in the
last section. Two Cu(OAc)2 units dimerize and from a two-connecting Cu2(OAc)4 building
block. [Cu2(OAc)4(9)]n crystallizes in the space group C2/c (Fig. 60). The asymmetric unit
contains half a ligand and half a metal building block. The second half of the ligand is generated
by a 2-fold rotation axis defined by the symmetry of the space group. The ethylpyrimidine
group is slightly twisted (torsion angle C7-C8-C9-C10 = 34.67°) with respect to the inner
pyridine ring.

Fig. 60: Structure of the repeat unit (with symmetry generated Cu1i and N1ii atoms) in [Cu2(OAc)4(9)]n (ellipsoids
plotted at 40% probability level and H atoms omitted); the ring containing N3 and N4 is disordered. Symmetry
codes: i = 1–x, y, 3/2–z; ii = 3/2–x, 3/2–y, 1–z. Selected bond parameters: Cu1–N1 = 2.141(2), Cu1–O1 = 1.972(2),
Cu1–O3 = 1.9750(19), Cu1–O4ii = 1.9879(19), Cu1–O2ii = 1.967(2), Cu1–Cu1ii = 2.6096(7) Å; O4ii–Cu1–N1 =
98.87(8), O2ii –Cu1–N1 = 95.33(8), O1–Cu1–N1 = 95.67(8), O3–Cu1–N1 = 92.31(8)o. Reprinted with permission
from ref.[99], copyright 2018 American Chemical Society.

The chain propagation is similar to the one from the previous section and is displayed in Fig.
61. The N…N distance of inner pyridine rings in adjacent chains is 14.869 Å, which is
significantly larger than the distance measured in {[Co2(NCS)4(MeOH)4(8)2]∙2MeOH∙8H2O}n.
The dinuclear Cu2(OAc)4 building block, with its four acetate groups, is bulkier than
Co(NCS)2(MeOH)2 and doesn’t allow closer interchain distances or slipping of the pyrimidine
ring over the inner pyridine ring of the next chain. The ethyl groups on the pyrimidine ring
point directly into the V-shaped cavity of the 4,2':6',4''-terpyridine of the adjacent chain,
“pushing” it away (Fig. 61b). Chains of different layers interact via face-to-face π-stacking of
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pyridine rings (containing N1 and N2 Fig. 61c). Pyrimidine rings are not participating in the πstacking. In [Cu2(OAc)4(9)]n one ligand 9 within one chain shows π-stacking interactions to
adjacent chains above and underneath, which stands in contrast to the staircase like π-stacking
motif observed in the structure presented in the last section.

Fig. 61: a) The zig-zag chain motif of [Cu2(OAc)4(9)]n. b) Space-filling mode highlighting the interactions between
the ethyl group and the V-shaped cavity of the next adjacent chain. c) π-stacking interactions between pyridine
rings of chains in different layers. Reprinted with permission from ref.[99], copyright 2018 American Chemical
Society.

A detailed study[30] of the related Zn2(OAc)4 paddlewheel building block with 4'-(4-ROC6H4)4,2':6',4''-terpyridines bearing alkoxy chains of different lengths (R = Me to ndecyl) revealed,
that the adjacent zig-zag chains can be pushed away and that longer alkoxy chains (up to
n

hexyloxy) can curl up and fit into the V-shaped cavity. nOctyloxy chains or longer chains

further increase the steric demand in the cavity and the formation of discrete complexes is
favoured over the formation of coordination polymers. The described study[30] and the findings
in this and the last section clearly display a favoured motif achieved by crystal engineering of
4,2':6',4''-terpyridines with short residues on the phenylene/pyrimidine rings and metal centres,
that favour a linear connectivity of two in the solid state.
Additional information can be found in the printed publication (section 18.5).

- 240 -

1D COORDINATION CHAINS

9.6

Comparison of the structural motifs

Five 1D coordination polymer chains were discussed in this chapter. All structures consist of
two-connecting metal building blocks and ligands with two donor atoms. The connection of the
building blocks and the relative orientation of the ligands in the lattice defines the propagation
of the chains and the differences in the structural motifs, which can lead to e.g. helical or zigzag chains. The best predictable case is a combination of a metal building block, that favours a
linear connectivity of two (Co(NCS)2(MeOH)2, Cu2(OAc)4 etc.) in the solid state with a rigid
V-shaped two donor 4,2':6',4''-terpyridine ligand. The clear orientation of the connecting centres
in both building blocks will predominately lead to the formation of a zig-zag chain. The
variation in chain propagation increases, when the metal building block, favouring a pseudotetrahedral two-connecting geometry (e.g. zinc halides) in the solid state is used. Two
possibilities for chain propagation using Zn(II) centres are described in this chapter. The ligands
can all point in the same direction, which leads to the formation of a regular polymer chain. The
other possibility is, that the ligands are pointing in different directions (up-down-up-down).
This alternating ligand orientation combined with the pseudo-tetrahedral geometry of ligands
around the Zn(II) centre can lead to the formation of a helical polymer chain. When zinc halides
are combined with a more flexible ligand (in respect to a 4,2':6',4''-terpyridine) with two donor
sites (e.g. a 3,2':6',3''-terpyridine) the outcome of the chain propagation is a lot more difficult
to forecast.
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10 1D COORDINATION LADDERS
The structures presented in this chapter are 1D coordination polymers. Their unusual double
chain motifs can be considered as 1D coordination ladders, an uncommon structural motif for
4,2':6',4''-terpyridine based ligands. Two different types of ladders/ double chains are presented
in this chapter (summarized in Table 5).
Ligands

Metal salts and their Structure motif
connectivity
Cd(NO3)2

1D ladder

(three connecting)

CuCl2

1D double chain/ narrow ladder

(dinuclear four connecting)

ZnCl2

1D ladder (special case of a very
narrow ladder)

(bent two connecting)

Table 5: 1D coordination ladders/double chains and their corresponding building blocks.
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One possibility to construct a coordination ladder is to use a metal centre, which favours a
connectivity of three in the coordination polymer and to combine it with a ligand with two
donor sites. Metal centres are connected in two positions by ligands, forming the rail of the
ladder and the rungs are formed by a ligand, bridging metals of two different rails.
The second motif in Table 5 is best described as a 1D double chain, but can be considered a
very narrow ladder, where bridging chlorido ligands are the rungs of the ladder. The motif is
obtained when a dinuclear building block has a connectivity of four and is combined with an
organic ligand with two donor atoms. The ligands can be considered the rails of the ladder and
form a double chain. The rungs are the chloride ligands, which connect the double chains (rails).
The third motif in Table 5 is a special case of a 1D ladder. Topographically entries 1 and 3 in
Table 5 are identical, however is the separation of the rails in the third motif very small
considering the large tetratopic bis(4,2':6',4''-terpyridine) ligand 18. The 4,2':6',4''-terpyridine
units are parallel to each other, possible due to the ferrocenediyl group as the backbone (entry
3, Table 5). Each 4,2':6',4''-terpyridine units bridges two-connecting metal centres, which forms
the rails of the ladder. The ferrocenediyl group defines the separation of the rails which leads
to a very narrow ladder (4.678 Å distance for the rails). When the Fe centres are considered to
be the rungs, the ladder can be best described as a narrow corded ladder.

10.1

[Cd2(NO3)4(MeOH)(4)3]n

A regular ladder was constructed from Cd(NO3)2, which has a connectivity of three in the
structure and the two-donor 4,2':6',4''-terpyridine 4. [Cd2(NO3)4(MeOH)(4)3]n (Fig. 62)
crystallizes in the space group P-1. The experimental PXRD pattern gave a good match to the
pattern predicted from the single crystal data of [Cd2(NO3)4(MeOH)(4)3]n.
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Fig. 62: Part the polymer chain in [Cd2(NO3)4(MeOH)(4)3]n. Atoms in the asymmetric unit are labelled; symmetry
codes: i = −1 + x, y, z; ii = 1 + x, y, z. Hydrogen atoms are omitted for clarity. Reproduced from ref.[108], published
by The Royal Society of Chemistry.

Ligands 4, representing one rail of the ladder are pointing in the same direction, with an up-upup arrangement and their nhexyloxy chains are almost linear extended on one side of the ladder
and slightly squeezed together on the other side (right-hand side and left-hand side in Fig. 62,
respectively). 4,2':6',4''-terpyridine units forming the rails are almost parallel to one another and
the bridging ligand is points out of a plane defined by the Cd atoms with an angle of 28° relative
to it. The bridging ligands form the rungs of the ladder and a TOPOS[81] representation (the
Cd(II) centres are the nodes) of the scaffold is displayed in Fig. 63b.

Fig. 63: a) View of the [Cd2(NO3)4(MeOH)(4)3]n ladder along the b-axis. b) TOPOS[81] scaffold representation of
the ladder (Cd(II) centres are the nodes). Reproduced from ref.[108], published by The Royal Society of Chemistry.
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The packing of adjacent molecules is dominated by face-to-face π-stacking of inner pyridine
rings (green with purple in Fig. 64) and to some extend by van der Waals interactions between
extended nhexyloxy chains of the ligands forming the rails of the ladder (Fig. 64).

Fig. 64: Face-to-face π-stacking interactions and van-der-Waals interactions present in [Cd2(NO3)4(MeOH)(4)3]n.
Reproduced from ref.[108], published by The Royal Society of Chemistry.

Additional information can be found in the printed publication (section 18.6).

10.2

[{Cu2Cl4(10)2(MeOH)}∙2.25MeOH∙H2O∙
CHCl3]n

The CuCl2 salt was introduced in chapter 8 and two CuCl2 units dimerized to form the dinuclear
building block Cu2Cl4, with a connectivity of four. In combination with a 4'-ferrocenyl
substituted 3,2':6',3''-terpyridine a discrete double-decker structure was obtained. The double
decker motif is formed by four ligands 11 and two Cu2Cl4 units. The Cu2Cl4 units are bridged
by two ligands 11 to form two decks of 3,2':6',3''-terpyridine ligands, parallel to each other,
which can be described as a double-decker.
In this section the same metal building block is combined with the analogues 4'-ferrocenyl
substituted 4,2':6',4''-terpyridine ligand 10. The rigid V-shaped coordination of 10 doesn’t allow
a formation of a double-decker structure, because the Cu2Cl4 unit has linear connecting sites.
Two parallel zig-zag chains, bridged by two μ-Cl ligands, form. The zig-zag chain motif is
common for 4,2':6',4''-terpyridines with linear two-connecting metal building blocks (see
previous chapter). The 4,2':6',4''-terpyridines form a double chain, which can be considered the
rails of a very narrow ladder. The μ-Cl ligands bridge the chains and can be considered the
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rungs. The repeat unit of [{Cu2Cl4(10)2(MeOH)}∙2.25MeOH∙H2O∙CHCl3]n is displayed in Fig.
65 – the structure crystallizes in the space group P21/n.

Fig. 65: Structure of the repeat unit in [{Cu2Cl4(10)2(MeOH)}∙2.25MeOH∙H2O∙CHCl3]n with symmetry-generated
atoms; H atoms and solvent molecules are omitted and ellipsoids plotted at 30% probability level. Symmetry code
i = 1/2–x, –1/2+y, 1/2–z, ii = 1/2–x, 1/2+y, 1/2–z. Selected bond distances: Cu1–Cl1 = 2.3406(15), Cu1–Cl2 =
2.3688(14), Cu1–Cl3 = 3.0436(14), Cu1–N1 = 1.996(4), Cu1–N4 = 1.992(4), Cu1–O1 = 2.319(4), Cu2–N6ii =
2.001(4), Cu2–N3i = 2.000(4), Cu2–Cl2 = 2.6392(13), Cu2–Cl3 = 2.3008(14), Cu2–Cl4 = 2.3333(16) Å.
Reproduced from ref.[31], published by CSIRO Publishing.

Fig. 66a and b show the double chain along the a- and c-axis, respectively and highlight the
close distance between ligands 10 in parallel chains (distance of the N-atoms in the inner
pyridine rings = 3.511 Å). Adjacent ladders pack via face-to-face π-π interactions of ligands 10
(all pyridine rings and one ferrocenyl ring participate in the stacking).

Fig. 66: a) View of the narrow [{Cu2Cl4(10)2(MeOH)}∙2.25MeOH∙H2O∙CHCl3]n ladder along the a-axis. b) Spacefilling presentation of ligands 10 in the back chain, with 10 in the front showing good π-stacking overlap.
Reproduced from ref.[31], published by CSIRO Publishing.

- 246 -

1D COORDINATION LADDERS
Ferrocenyl groups point into the V-shaped cavities of next adjacent chains, interlocking the
double chains (Fig. 67a). Adjacent chains interact via face-to-face π-stacking of outer pyridine
rings (Fig. 67b).

Fig. 67: a) Ferrocenyl groups pointing into the V-shaped cavities of the adjacent double chain. b) Face-to-face πstacking of outer pyridine rings in two adjacent double chains.

Additional information can be found in the printed publication (section 18.2).

10.3

[{Zn2(18)Cl4}∙3CHCl3]n

The last structure in this series of 1D structures is formed from the tetratopic bis(4,2':6',4''terpyridine) ligand 18 and ZnCl2. A ferrocenediyl group is substituted on both cyclopentadienyl
rings via the 4' position of 4,2':6',4''-terpyridine. The metallocene enables rotation of the
4,2':6',4''-terpyridines

by

360°

with

respect

to

one

another.

[{Zn2(18)Cl4}∙3CHCl3]n (Fig. 68) crystallizes in the space group P21/n.
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Fig. 68: The asymmetric unit in [{Zn2(18)Cl4}∙3CHCl3]n with symmetry-generated atoms; H atoms and solvent
molecules are omitted for clarity. Symmetry codes: I = 3/2–x, − ½ + y, 3/2–z; ii = x, 1 + y, z; iii = 3/2–x, ½ + y,
3/2–z; iv = x, − 1 + y, z. Selected bond distances: Zn1–N6iv = 2.042(4), Zn1–N1 = 2.035(4), Zn1–Cl1 =
2.2453(13), Zn1–Cl2 = 2.2435(13), Zn2–N3 = 2.076(4), Zn2–N4 = 2.079(4), Zn2–Cl3 = 2.2499(15), Zn2–Cl4 =
2.2708(14) Å. Reproduced from ref.[109], published by Elsevier.

In [{Zn2(18)Cl4}∙3CHCl3]n both 4,2':6',4''-terpyridine units point in the same direction, are
parallel to one another (Scheme 15).

Scheme 15: Orientation of the 4,2':6',4''-terpyridine units of 18 in the structure [{Zn2(18)Cl4}∙3CHCl3]n. The
coordination geometry is highlighted by the blue arrows.

One ligand 18 is coordinated by four ZnCl2 units and a double stranded zig-zag coordination
polymer or very narrow ladder is observed. Topologically this structure and the structure in
section 10.1 are the same. Ligand 18 can be considered the rung in this narrow “corded ladder”.
A zig-zag motif is normally not observed with zinc halides, that favour a pseudo tetrahedral
geometry of coordinated ligands with a connectivity of two (if a helix is not considered zig-zag
shaped) as demonstrated by the structures in the previous chapter. The way ligand 18
coordinates to the Zn(II) centres dictates this motif and does not allow the formation of a helix.
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The pseudo tetrahedral geometry of the ZnCl2 is retained (Fig. 69) and the view along the caxis shows a wave-like double stranded zig-zag motif. There is some restrain in the structure as
the 4,2':6',4''-terpyridine unit is bent (~25° angle between a coordinating pyridine ring and the
central one) and the nitrogen atoms are not pointing directly towards the metal atoms. This
flexibility in the coordination geometry around the Zn(II) centres (d10) allows the formation of
this motif.

Fig. 69: Part of one chain in [{Zn2(18)Cl4}∙3CHCl3]n. Reproduced from ref.[109], published by Elsevier.

Neighbouring chains (blue in Fig. 70) point their ferrocenediyl unit into the V-shaped cavity of
the next double chain. A close interaction is not observed and the void space between
ferrocenediyl units and V-shaped cavity of the next double chain is filled with chloroform
molecules (omitted in Fig. 70).

Fig. 70: Packing in [{Zn2(18)Cl4}∙3CHCl3]n. Blue double chains are part of the same sheet and interact with the
double chain underneath (red) via π-stacking. The space-filling representation illustrates void space between
double-chains in the same layer, which is occupied by solvent (chloroform, omitted in the pictures) molecules.
Reproduced from ref.[109], published by Elsevier.
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Face-to-face π-stacking between ferrocenediyl groups and outer pyridine rings (e.g. ring
containing N6) of the adjacent chain underneath (blue in Fig. 71) (or above) is the major
intermolecular interaction.

Fig. 71: Face-to-face π-stacking between a ferrocenediyl group and an outer pyridine ring in
[{Zn2(18)Cl4}∙3CHCl3]n.

Additional information can be found in the printed publication (section 18.7).
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11 2D COORDINATION NETWORKS
The construction of 2D dimensional structures requires additional coordination bonds, that have
to be formed between ligands and metal centres. A very rewarding metal salt in this respect is
Co(NCS)2. Co(NCS)2 is six coordinate in most structures and the axial positions are normally
coordinated by NCS− ligands. The equatorial coordination sites are rarely coordinated by
solvent molecules in coordination polymers, like MeOH (see section 9.4) and Co(NCS)2 acts
as square planar metal centre with a connectivity of four in the following structures. Co(NCS)2
is also the dominating metal salt in this and the next chapter. Other metal salts like zinc halides
are also present in the structures to come, but their connectivity of two requires a combination
with ligands, that have more than two donor atoms to form 2D and 3D assemblies. One of such
a tetratopic bis(4,2':6',4''-terpyridine) ligand was discussed in section 10.3. 18 consists of two
4,2':6',4''-terpyridine units linked via a ferrocenediyl group. Other bis(4,2':6',4''-terpyridine) and
bis(3,2':6',3''-terpyridine) ligands are incorporated into the following structures and their fourdonor atom design leads to the formation of 2D and 3D structures with metal centres, that are
at least two connecting. 3D structures were mainly obtained with tetratopic ligands, with one
exception, where the combination of a two-donor 4,2':6',4''-terpyridine with the four
connectivity Co(NCS)2 lead to the formation of a rare neb net structure. It is impossible to
predict if a combination of the mentioned building blocks will lead to the formation of a 2D or
3D assembly. This and the next chapter present an overview of the possible motifs and gives
preferences, which building blocks can favour the formation of a certain motif.

11.1

Two-donor 4,2':6',4''-terpyridines with Co(NCS)2

Linking metal centres, that favour a square planar four connecting geometry (e.g. Co(NCS)2),
with two-donor V-shaped 4,2':6',4''-terpyridines can lead to the formation of (4,4)-nets. These
chess board like structures consist of metallosquares built out of four metal centres and four
bridging ligands. The Co(NCS)2 unit is twisted out of the chess-board plane to allow
coordination of the 4,2':6',4''-terpyridines to Co(II) from above and underneath the plane,
defined by the Co atoms). A net structure is obtained, where two ligands per square are pointing
upwards and two ligands per square are pointing downwards. The result is an almost planar (in
respect to the Co-nodes) chess-board structure. The ligands successfully incorporated into this
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structure motif are summarized in the following scheme and one structure is discussed in more
detail and represents the others.

Scheme 12: Ligands, that were combined with Co(NCS)2 and lead to 2D chess board structures. NCS- ligands not
shown in the net scheme at the bottom.

Ligand 10 was present in many previous discussed structures and it was selected as the
representative among ligands displayed in Scheme 12. 10 reacted with Co(NCS)2 to form
[{Co(NCS)2(10)2}∙4CHCl3]n (Fig. 72). [{Co(NCS)2(10)2}∙4CHCl3]n crystallized in the space
group P21/n. The repeat unit contains one Co(NCS)2 unit and two ligands 10. The up-down
arrangement (zig-zag like) of ligands 10 is visible in the repeat unit. The experimental PXRD
pattern gave a good match to the pattern predicted from the single crystal data of
[{Co(NCS)2(10)2}∙4CHCl3]n.
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Fig. 72: Structure of the repeat unit in [{Co(NCS)2(10)2}∙4CHCl3]n with symmetry generated atoms; H atoms and
solvent molecules are omitted. Ellipsoids are plotted at 50% probability. Symmetry codes: i = –x, 1–y, 1–z; ii = –
1
/2+x, 3/2–y, –1/2+z; iii = 1/2+x, 1/2–y, 1/2+z; iv = –1/2+x, 1/2–y, –1/2+z; v = 1/2–x, 1/2+y, 3/2+z. Important bond
parameters: Co1–N1 = 2.183(2), Co1–N3iv = 2.183(2), Co1–N4 = 2.083(2), C8–C16 = 1.472(3) Å; N–Co1–N
angles are in the range 86.77(8)– 93.23(8)o. Reproduced from ref.[32], published by MDPI.

The net is built of zig-zag chains, that propagate in 2 dimensions. Each Co(II) centre is part of
two chains, which propagate perpendicular to each other. This leads to the formation of a planar
(concerning the Co-nodes) chess-board motif displayed in Fig. 73a. The metallocycles are
almost rectangular, with angles of 86.82° and 93.18° (measured between the Co(II) nodes of
the metallocycle). The length of the edges (12.723 Å) in the metallocycles is defined by the
scope of the rigid V-shaped ligand 10. The zig-zag chain motif (Fig. 73b), influenced by the Vshaped ligand and the linear connecting geometry of the Co(II) centre, causes a tilt in the Co(II)
centres which enables ligands to adopt an up-down-up-down arrangement, relative to the chessboard plane (Fig. 73b). A TOPOS[81] overlay helps visualizing the nodes (Co-centres) and
connections within the (4,4)-net (Fig. 73a).
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Fig. 73: a) The chess-board motif observed in [{Co(NCS)2(10)2}∙4CHCl3]n with TOPOS[81] overlay, connecting
the Co-nodes. b) View along the b-axis illustrating the tilted Co(NCS)2 building block and the alternating up-down
arrangement of ligands above or underneath the plane (through the Co-atoms). Reproduced from ref.[32], published
by MDPI.

Outer pyridine rings (red in Fig. 74) and ferrocenyl groups (blue in Fig. 74) of adjacent sheets
interact via face-to-face π-stacking, a common motif observed and discussed in previous
chapters.

Fig. 74: Intermolecular interactions between two sheets (red and blue) of [{Co(NCS)2(10)2}∙4CHCl3]n. ferrocenyl
groups and pyridine rings interact via π-stacking. Reproduced from ref.[32], published by MDPI.
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Three related structures were obtained with the ligands displayed in Scheme 12 and Co(NCS)2.
The (4,4)-nets in these structures are constructed the same way (perpendicular zig-zag chains
connected by Co centres with a connectivity of four) and form almost planar (in respect to the
Co-atoms) chess-board structures, with ligands alternating above and below the plane. The
TOPOS[81]

overlays

of

the

structures

[{Co2(NCS)4(1)4}∙2CHCl3∙1.5MeOH]n,

[{Co(NCS)2(2)2}∙4CHCl3]n and [{Co(NCS)2(6)2}∙0.5H2O]n are presented in Fig. 75. The
common motif is retained, and the structures differ slightly in the way they pack and how the
ligands point out of the planes. In Fig. 75a, b and c the squares are compressed to rhombuses,
with angles of 51.37° and 128.63° in [{Co2(NCS)4(1)4}∙2CHCl3∙1.5MeOH]n, angles of 76.43°
and 103.57° in [{Co(NCS)2(2)2}∙4CHCl3]n and angles of 53.39° and 128.46° in
[{Co(NCS)2(6)2}∙0.5H2O]n. The corresponding lengths of the edges in each metallocycle are
13.637/13.193 Å (in a)), 12.913 Å (in b)) and 13.198/13.414 Å (in c)). The values are in a
similar range, caused by the rigid V-shaped ligands 1, 2 and 6. The experimental PXRD
patterns gave a good match to the patterns predicted from the single crystal data of
[{Co2(NCS)4(1)4}∙2CHCl3∙1.5MeOH]n,

[{Co(NCS)2(2)2}∙4CHCl3]n

[{Co(NCS)2(6)2}∙0.5H2O]n.
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Fig. 75: TOPOS[81] overlay of [{Co2(NCS)4(1)4}∙2CHCl3∙1.5MeOH]n (a)), [{Co(NCS)2(2)2}∙4CHCl3]n (b)) and
[{Co(NCS)2(6)2}∙0.5H2O]n (c)). Co-atoms are the nodes that represent the (4,4)-nets and ligands adopt alternating
positions above and underneath the plane. Reproduced from ref.[110] published by The Royal Society of Chemistry.

The packing of the structures is illustrated in Fig. 76 and reveals similarities. In
[{Co2(NCS)4(1)4}∙2CHCl3∙1.5MeOH]n adjacent layers (distance 8.376 Å, measured between a
Co(II) centres and a plane through the Co(II) centres of the adjacent layer) interact via face-toface π-stacking of the inner pyridine rings with phenylene rings (Fig. 76a). In
[{Co(NCS)2(2)2}∙4CHCl3]n face-to-face π-stacking is observed between outer pyridine rings
and phenylene rings (Fig. 76b). An inter-layer distance of 9.229 Å was observed in the structure.
In [{Co(NCS)2(6)2}∙0.5H2O]n the inter-layer distance is the shortest with 3.524 Å (distance
measured from one Co(II) centre to and an adjacent plane, through the Co(II) centres) among
these structures. Adjacent layers interact via face-to-face π-stacking of inner pyridine rings (Fig.
76c).

- 256 -

2D COORDINATION NETWORKS

Fig. 76: a) Face-to-face π-π interactions between inner pyridine rings and phenylene rings in
[{Co2(NCS)4(1)4}∙2CHCl3∙1.5MeOH]n. b) Face-to-face π-π interactions between outer pyridine rings and
phenylene rings in [{Co(NCS)2(2)2}∙4CHCl3]n. c) Face-to-face π-π interactions between inner pyridine rings in
[{Co(NCS)2(6)2}∙0.5H2O]n.

The “length” of the backbone on the 4,2':6',4''-terpyridine ligands 1, 2 and 6 influences the
spacing between adjacent layers. The shorter the backbone (6 has the shortest group substituted
in the 4' position of the 4,2':6',4''-terpyridine) the shorter the separation of the layers. The
correlation between ligand design and intermolecular interactions in the lattice packing is an
important finding and is an example for crystal engineering.
In [{Co(NCS)2(6)2}∙0.5H2O]n two packing motifs are present. Two chains pack closely with
face-to-face π-π interactions between inner pyridine rings, but the next adjacent double sheets
is further away (Fig. 77c). This phenomenon of two double sheets stands in contrast to previous
reported results for the compound [{4Co(SCN)2(6)∙CH3OH}∙H2O]n (CSD refcode:
FAKRIU)[76], which uses the same metal centre and ligand 6 and also leads to the formation of
a (4,4)-net. To assemble the structure [{4Co(SCN)2(6)∙CH3OH}∙H2O]n, a slightly different
solvent combination (1,2-dichlorobenzene and MeOH) was used in contrast to chloroform and
MeOH for the assembly of [{Co(NCS)2(6)2}∙0.5H2O]n. A regular separation of the layers was
observed in the literature network [{4Co(SCN)2(6)∙CH3OH}∙H2O]n and this comparison should
highlight how little changes in e.g. the solvent conditions can influence the self-assembly
processes and the packing motifs in a lattice.
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Fig. 77: Packing in [{Co2(NCS)4(1)4}∙2CHCl3∙1.5MeOH]n (a)), [{Co(NCS)2(2)2}∙4CHCl3]n (b)) and
[{Co(NCS)2(6)2}∙0.5H2O]n (c)). Co-atoms form a planar sheet and sheets interact via π-stacking of pyridine and
phenyl rings. In a) and b) adjacent sheets have the same distance, in c) double sheets are observed and the distance
between pairs of sheets varies. Reproduced from ref.[110] published by The Royal Society of Chemistry.

Additional information can be found in the printed publications (sections 18.4 and 18.8).

11.2

Two-donor 4,2':6',4''-terpyridines with Cd(NO3)2

In this section 4,2':6',4''-terpyridine ligands with two donor atoms are combined with Cd(NO3)2.
Four 2D networks were obtained with the ligands 3, 4, 19 and 20 (synthesized during my master
studies; the characterization can be found in the according publication[30]) shown in Scheme 16.
The ligands are substituted with propyloxy, nhexyloxy, npentyloxy and nheptyloxy in the 4
position of the phenylene ring, respectively. How the alkyloxy chains can influence the
structural motif and how diverse the geometry and connectivity of Cd(NO3)2 can be, is
presented in this section.
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Scheme 16: Schematic presentation of the ligands, metal centres and 2D-networks discussed in this section.

11.2.1

Cd(NO3)2 with ligand 3

The first structure in this series was constructed from Cd(NO3)2 and ligand 3 (see Scheme 16).
The structure [{Cd2(NO3)4(3)3}∙3CHCl3]n crystallized in the space group P21/n and Cd(NO3)2 is
seven coordinate. Two NO3- ligands coordinate to Cd in a bidentate chelating fashion,
occupying four coordination sites. Cd(II) has a connectivity of three in the structure and a Tshaped connecting geometry (Fig. 78).
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Fig. 78: The asymmetric unit (with symmetry generated atoms) in [{Cd 2(NO3)4(3)3}·3CHCl3]n; H atoms omitted.
Symmetry codes: i = 1/2 − x, 1/2 + y, 3/2 − z; ii = 1/2 − x, −1/2 + y, 1/2 − z; iii = 1/2 − x, −1/2 + y, 3/2 − z; iv =
1/2 − x, 1/2 + y, 1/2 − z. Selected bond distances: Cd1–O4 = 2.400(7), Cd1–O5 = 2.467(7), Cd1–O7 = 2.394(7),
Cd1–O9 = 2.489(7), Cd1–N1iii = 2.314(8), Cd1–N3 = 2.338(8), Cd1–N9 = 2.333(8), Cd2–O10 = 2.447(9), Cd2–
O12 = 2.408(8), Cd2–O13 = 2.405(7), Cd2–O14 = 2.521(8), Cd2–N4 = 2.325(10), Cd2–N6 = 2.295(9), Cd2–N7
= 2.341(8) Å. Reproduced from ref.[108], published by The Royal Society of Chemistry.

The network is constructed of Cd(II) centres acting as three connecting nodes. The Cd centres
are bridged by ligands, which point almost perpendicular up and down out of the sheet (defined
by the Cd nodes, Fig. 79). Six Cd centres from a cycle, thus the net is described as (6,3). In Fig.
79a the scaffold of two networks in [{Cd2(NO3)4(3)3}·3CHCl3]n are displayed (in purple and
yellow) using TOPOS[81]. The hexacycles, nicely visualized in the scaffold are squeezed and
the impression arises that the net is constructed of 1D chains (defined by the long side of each
hexacycle in Fig. 79), where Cd centres along one imaginary chain are alternately bridged to
the next adjacent chain above or underneath via one ligand 3. Within the chains (the long side
of each hexacycle) the ligands adopt an alternating up-down-up-down orientation. The
connecting ligands have an alternating up-up-down-down orientation (underlined orientations
are ligands that interconnect the chains) between the chains. The vertical orientations of the
ligands relative to the (6,3) net are displayed in Fig. 79b and the interactions between adjacent
networks are highlighted in different colours. The blue network lies two layers underneath the
red one (with the purple one in between) and the propyloxy groups of the blue net point though
the purple net into the V-shaped cavity of a ligand 3 in the red network. Space is limited in this
cavity and a systematic study of alkyloxy chains of different lengths incorporated in 4,2':6',4''terpyridines in combination with Zn2(OAC)4 revealed, that longer chains can disrupt the
packing motifs, what can lead to the transformation of 1D chains to discrete complexes [30]. In
the case of [{Cd2(NO3)4(3)3}·3CHCl3]n enough space is available in the V-shaped cavity and
preliminary unpublished data of the nbutyloxy analogue of 3 with Cd(NO3)2 revealed a similar
structural motif. nButyloxy chains were also able to occupy the space in the V-shaped cavity.
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The purple chain in Fig. 79 overlaps with the red and blue one and 4,2':6',4''-terpyridine units
interact via face-to-face π-stacking of outer pyridine rings.

Fig. 79: a) TOPOS[81] representation of the scaffold of two adjacent (6,3) nets in [{Cd2(NO3)4(3)3}·3CHCl3]n. The
nodes are the Cd(II) centres. b) View of the nets from the side. Reproduced from ref.[108], published by The Royal
Society of Chemistry.

The intermolecular interaction is face-to-face π-stacking between the phenyl and inner pyridine
ring of two adjacent networks (e.g. purple with red and purple with blue). The sandwich type
π-stacking motif is displayed in Fig. 80 and the propyloxy chain interaction with the V-shaped
cavity is illustrated in green.

Fig. 80: Intermolecular interaction between propyloxy groups and the V-shaped cavity of the layer after the next
one. π-stacking interactions between pyridine and phenyl rings forms a sandwich like motif. Reproduced from
ref.[108], published by The Royal Society of Chemistry.
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The following structures use ligands with longer alkyloxy chains and a different topology and
orientation of the ligands is observed, which can be attributed to the increased steric demand of
the alkyloxy chains. The Cd(II) centre seems to compensate for this increased steric demand
with a flexible connectivity and geometry.

11.2.2

Cd(II) centres with a connectivity of four

Two NO3- ligands, incorporated into the crystal assembly via the Cd(NO3)2 salt are present in
every structure discussed in this thesis. NO3- have several possibilities to coordinate to Cd(II)
and Cd(II) can have different coordination numbers and geometries. In the previous section
Cd(II) was seven coordinate and had a connectivity of three, as four coordination sites were
occupied by two bidentate chelating NO3- ligands. In this section Cd(II) is seven and six
coordinate and has a connectivity of four. However, does the geometry of the four connecting
positions on a Cd(II) centre change as well.
Cd(NO3)2 was combined with ligands 4 (nhexyloxy)and 19 (npentyloxy) to form the 2D
networks [{Cd2(NO3)4(4)4}·CHCl3·MeOH]n and [{Cd2(NO3)4(19)4}·3CHCl3]n. Both structures
crystallize in the space group P21/c are very similar and [{Cd2(NO3)4(4)4}·CHCl3·MeOH]n will
be discussed in detail here (Fig. 81). The experimental PXRD patterns gave a good match to
the patterns predicted from the single crystal data of [{Cd2(NO3)4(4)4}·CHCl3·MeOH]n and
[{Cd2(NO3)4(19)4}·3CHCl3]n.

Fig. 81: The asymmetric unit (with symmetry generated atoms) in [{Cd 2(NO3)4(4)4}·CHCl3·MeOH]n; H atoms
and solvent molecules omitted. Symmetry codes: i = 1 + x, y, z; ii = 2 − x, −1/2 + y, 3/2 − z; iii = 2 − x, 1/2 + y,
3/2 − z. Reproduced from ref.[108], published by The Royal Society of Chemistry.
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The asymmetric unit contains two ligands 4 and two Cd centres. The Cd centre has a
connectivity of four and is almost square planar regarding his connecting sites. The axial
positions are occupied by a monodentate and a bidentate chelating NO3- ligand. The ligands
adopt an up-up-down-down orientation around the metal centre and this motif is reflected on
the orientations of the ligands in the (4,4) net (Fig. 82b). Each metallomacrocycle is formed by
four Cd(II) centres and four ligands, that adopt an up-up-up-down orientation. The TOPOS[81]
overlay in Fig. 82a nicely illustrates the connectivity in the (4,4) net, formed by Cd(II) nodes.
The V-shaped rigid linkers 4 and 19 combined with the pseudo square planar four connecting
Cd(II) leads to a wave like chess-board motif. This stands in contrast to the more regular chess
boards observed with 4,2':6',4''-terpyridines and Co(NCS)2.

Fig. 82: a) Superimposed TOPOS[81] representation of the (4,4) net. The Cd(II) centres are the nodes. b) Alternating
up-down-up-down orientation of ligands 4 along the c-axis. Ligands are point almost perpendicular out of the
network. Reproduced from ref.[108], published by The Royal Society of Chemistry.
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The alkoxy chain length increased from propyloxy in the last section to npentyloxy and
n

hexyloxy in this section and regarding the packing interactions between propyloxy chain and

the V-shaped cavity of the adjacent network a change in the structural motif (from a (6,3) net
to a (4,4) net) might be attributed to the influence of the alkyloxy chain. Fig. 83 displays, that
the steric demand in [{Cd2(NO3)4(4)4}·CHCl3·MeOH]n has been compensated otherwise. The
alkyloxy chains are almost linear extended and point into the metallosquare of the next adjacent
network (Fig. 83a and b) interlocking the networks. Face-to-face π-π stacking of inner pyridine
rings is the dominant intermolecular interaction in these networks.

Fig. 83: Packing interactions in [{Cd2(NO3)4(4)4}·CHCl3·MeOH]n with π-stacking between pyridine rings of
adjacent networks and almost linear extended alkyloxy chains pointing into the mesh of the next adjacent layer.
Reproduced from ref.[108], published by The Royal Society of Chemistry.

11.2.3

Cd(NO3)2 with nheptyloxy ligand 20

Another interesting structure was obtained in this series combining ligand 20 (nheptyloxy
group) with Cd(NO3)2. It was demonstrated before, that Cd(II) is quite flexible in its
coordination number and geometry. Here Cd(II) is six-coordinate with a pseudo octahedral
geometry and NO3- ligands occupying two equatorial positions (they are cis to one another) of
the octahedron in a monodentate way. Cd(II) has a connectivity of four with a distorted trigonal
pyramidal connecting geometry (Fig. 84). The ligands adopt an up-down-up-down arrangement
around a Cd(II) centre and the structure is a (4,4) net and similar to the (4,4) nets from the
previous section, with minor differences. The experimental PXRD patterns gave a good match
to the patterns predicted from the single crystal data of [{Cd(NO3)2(20)2}·2MeOH]n.
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Fig. 84: a) The asymmetric unit (with symmetry generated atoms) in [{Cd(NO 3)2(20)2}·2MeOH]n; H atoms and
solvent molecules omitted. Symmetry codes: i = 1/2 − x, −1/2 + y, 1/2 − z; ii = 1/2 − x, 1/2 + y, 3/2 − z; iii = 1/2
− x, −1/2 + y, 3/2 − z; iv = 1/2 − x, 1/2 + y, 1/2 − z. Selected bond parameters: Cd1–O4 = 2.363(8), Cd1–O6 =
3.030(10), Cd1–O7 = 2.440(8), Cd1–N1 = 2.399(9), Cd1–N3iii = 2.317(8), Cd1–N4iv = 2.359(9), Cd1–N6 =
2.341(8) Å; O4–Cd1–O7 = 86.0(3); N1–Cd1–N6 = 98.7(3), O7–Cd1–N1 = 165.2(3), O4–Cd1–N4iv = 163.2(3)°.
b) A metallomacrocycle in the structure constructed of four Cd atoms and four ligands 20, adopting an up-downup-down orientation. Reproduced from ref.[108], published by The Royal Society of Chemistry.

One difference concerns the orientation of the ligands forming the metallocycle in the (4,4) net.
In this structure the ligands adopt an up-down-up-down orientation, in contrast to the up-updown-down arrangement in [{Cd2(NO3)4(4)4}·CHCl3·MeOH]n. The TOPOS[81] scaffold and
the superimposed representation are displayed in Fig. 85a and b. The (4,4) net is defined by the
Cd(II) centres, which are the nodes in the network. In contrast to the previous section is this
(4,4) net much more regular, which is strongly influenced by the pseudo octahedral geometry
of the Cd(II) centres in the structure. The metallocycles have edge lengths of 12.63 Å and
19.938 Å and angles of 86.47° and 94.77°. Alkoxy chains have the possibility to penetrate the
metallocycles of the next adjacent network and this orientation of the chains is similar to the
one obtained in the previous section. The (4,4) net obtained with Cd(NO3)2 and the (4,4) nets
obtained with Co(NCS)2 are very similar in the dimension of the metallocycle, highlighting,
that crystal engineering can lead to similar motifs, when different metal centres (e.g. Co(II) and
Cd(II)) have a similar connectivity and geometry in the lattice.
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Fig. 85: a) TOPOS[81] representation of the scaffold of [{Cd(NO3)2(20)2}·2MeOH]n representing a (4,4) net. The
next adjacent net underneath (purple) is slightly displayed, what allows nheptyloxy chains to penetrate the adjacent
network. b) Superimposed TOPOS[81] representation. Reproduced from ref.[108], published by The Royal Society
of Chemistry.

It can be assumed, that ligands with longer alkyloxy chains adopt a similar structural motif,
where steric effects of the alkyloxy chains are diminished by “storing” them in them
metallocycle of the next adjacent network. The intermolecular interactions of this network are
also similar to the ones from the previous section and face-to-face π-stacking of the inner
pyridine rings is observed (Fig. 86).

Fig. 86: Face-to-face π-stacking of inner pyridine rings of two adjacent layers in [{Cd(NO3)2(20)2}·2MeOH]n.

Additional information can be found in the printed publications (section 18.6).
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11.3

[{Cu(9)(OMe)(MeOH)}{CF3SO3}∙MeOH]n

The Cu(I) salt Cu2(CF3SO3)2·C7H8 was combined with ligand 9 to obtain the 2D network
[{Cu(9)(OMe)(MeOH)}{CF3SO3}∙MeOH]n. The experimental PXRD patterns gave a good
match

to

the

patterns

predicted

from

the

single

crystal

data

of

[{Cu(9)(OMe)(MeOH)}{CF3SO3}∙MeOH]n. Ligand 9 is part of the pyrimidine ligand family
and was presented in chapter 9 (1D coordination chains) in combination with Cu(OAC)2. In
combination with Cu(OAC)2 a 1D zig-zag chain was obtained. With Cu2(CF3SO3)2·C7H8 the
attempt was to incorporate a Cu(I) centre into a coordination polymer and to investigate how
the preferred coordination number and geometry of Cu(I) influence the self-assembly process.
The structure of the repeat unit is displayed in Fig. 87 and reveals that Cu(I) was oxidized to
Cu(II) in situ and is five-coordinate in the structure with roughly a square base pyramidal
geometry around the metal centre. One triflate ion is present in the structure and MeO− anions
bridge two Cu(II) centres. The axial position on each Cu(II) centre is coordinated by a MeOH
ligand and each Cu(II) ion has a connectivity of two. The dimer, formed by two Cu(II) centres,
bridged by a MeOH and a water ligand, can be considered as one building block, is four
connecting and has a distorted square planar connecting geometry.

Fig.
87:
Structure
of
the
repeat
unit
(with
symmetry
generated
atoms)
in
[{Cu(9)(OMe)(MeOH)}{CF3SO3}∙MeOH]n (ellipsoids plotted at 40% probability level and H atoms omitted).
Symmetry codes: i = 3/2–x, 1/2+y, 1/2–z; ii = 3/2–x, –1/2+y, 1/2–z; iii = 2–x, 1–y, –z. Selected bond parameters: Cu1–
N3ii = 2.008(3), Cu1–O1 = 1.944(2), Cu1–O1iii = 1.946(2), Cu1– N1 = 2.008(2), Cu1–O2 = 2.301(3), Cu1–Cu1ii
= 3.0454(8) Å; N1–Cu1–O1 = 93.69(10), N1–Cu1–O2 = 87.27(11), O1–Cu1–O2 = 105.10(10), N3ii–Cu1–O1iii =
92.67(9), N3ii–Cu1–N1 = 97.14(10), O1iii–Cu1–O1 = 76.95(9), N3ii–Cu1–O2 = 94.15(11), O1iii–Cu1–O2 =
92.25(10), N3ii–Cu1–O1 = 158.33(11), O1iii–Cu1–N1 = 170.18(10)o. Reprinted with permission from ref.[99],
copyright 2018 American Chemical Society.
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Each ligand 9 bridges two Cu-dimer centres (the centroid between both Cu(II) centres acts as
the nodes in the network) which leads to the formation of a (4,4) net. The TOPOS[81]
superimposed structure of the net is displayed in Fig. 88a and a regular chess board motif with
square shaped metallocycles is obtained (angles in the metallocycle are 85.04° and 94.96°). The
ligands are almost flat with respect to the network scaffold and the cavity inside each
metallocycle is occupied by two ligands 9 which slip over each other and interact via face-toface π-stacking of the inner pyridine and the pyrimidine ring of both ligands (Fig. 88b). This
stands in contrast to the (4,4) nets obtained with Co(NCS)2/CdNO3 (connectivity of four) and
the ditopic 4,2':6',4''-terpyridines 1, 2, 6 and 10 (section 11.1). The Cu-dimer in
[{Cu(9)(OMe)(MeOH)}{CF3SO3}∙MeOH]n leads to larger metallocycles (length of the edges
in a metallocycle are 14.227 Å) compared to the (4,4) nets obtained with Co(NCS)2 (edge
lengths range between 12.913 Å and 13.637Å). The larger metallocycles in the network of
{[Cu(9)(OMe)(MeOH)][CF3SO3].MeOH}n allows ligands 9 to occupy the space in the meshes.
It can be assumed, that bulkier ligands bearing e.g. nhexyloxy or nheptyloxy chains (4 and 20)
would lead to a change in the ligand orientation, as the space in the metallocycle is limited. A
disruption of the topology, the packing or the whole assembly could be the result.

Fig.
88:
a)
The
TOPOS[81]
superimposed
representation
of
the
(4,4)
net
in
[{Cu(9)(OMe)(MeOH)}{CF3SO3}∙MeOH]n. b) Intrachain π-stacking of ligands, occupying the cavity inside the
metallocycle (formed by four Cu-dimer nodes). Reprinted with permission from ref.[99], copyright 2018 American
Chemical Society.

Adjacent networks in in [{Cu(9)(OMe)(MeOH)}{CF3SO3}∙MeOH]n interact via hydrogenbonding of coordinating MeOH molecule with the MeOH molecule (OH…H distance = 1.9 Å)
present as a guest in the structure. The guest MeOH molecules also form hydrogen-bonds to
the N-atom of a pyrimidine ring (OH…N distance = 2.101 Å). Both hydrogen-bonds are
highlighted in green in Fig. 89.
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Fig. 89: Intermolecular hydrogen-bonding of coordinating MeOH molecule with the MeOH molecule present as a
guest in the structure and the N-atom of a pyrimidine ring.

Additional information can be found in the printed publications (section 18.5).

11.4

[Zn2Cl4(13)]n and [Zn2Cl4(14)∙2MeOH]n

The construction of a 2D coordination net with ZnCl2, which prefers a pseudo tetrahedral
geometry and often has a connectivity of two in the lattice, requires a ligand with more than
two donor atoms. Ligand 13 is a bis(4,2':6',4''-terpyridine), with the central benzyl ring
substituted in the 1 and 4 positions by a 4,2':6',4''-terpyridine unit und in the 2 and 5 positions
by nhexyloxy chains. The nhexyloxy chains hinder π-stacking of molecules of 13 in solution
and increase the solubility of the compound in halogenated solvents (e.g. chloroform,
dichlorobenzene) tremendously. This is the main reason why these chains were incorporated
but thinking in terms of host guest interactions, it could be useful to have the alcohol
functionality on the phenylene ring available, to incorporate substituents, which can interact
with guests in the lattice. This idea will be discussed in the outlook of this thesis. Ligand 14 is
analogous to 13 but bears ndecyloxy chains instead of nhexyloxy. Their corresponding structures
with ZnCl2 are similar and [Zn2Cl4(14)∙2MeOH]n will be presented in more detail. The
experimental PXRD patterns gave a good match to the patterns predicted from the single crystal
data of [Zn2Cl4(14)∙2MeOH]n.
Ligand 13 has four donor atoms and coordinates four ZnCl2 units in the structure. The repeat
unit of [Zn2Cl4(13)]n is displayed in Fig. 90. Each side of the tetratopic ligand retains its rigid
V-shaped coordination, but both 4,2':6',4''-terpyridines in ligand 13 are very flexible with
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respect to one another. Any angle of rotation between 0 and 360° around the C-C bonds,
connecting the phenylene spacer and 4,2':6',4''-terpyridine unit, is possible. [Zn2Cl4(13)]n
crystallizes in the space group C2/c and the asymmetric unit contains one ZnCl2 and half a
ligand 13. In [Zn2Cl4(13)]n both 4,2':6',4''-terpyridines are in plane (by symmetry) and the inner
phenylene ring is slightly twisted out of this plane (Fig. 90). nHexyloxy chains are linear
extended and large ellipsoids indicate movement and vibration of these chains in the solid state.

Fig. 90: The repeat unit (with symmetry generated atoms) in [Zn2Cl4(13)]n (H atoms omitted; ellipsoids plotted at
40% probability level). Symmetry codes: i = 1–x, –y, –z; ii = x, 1–y, –1/2+z; iii = 1–x, 1+y, 1/2–z; iv = x, 1–y, 1/2+z;
v = 1–x, –1+y, –1/2–z. Selected bond parameters: Zn1–N1 = 2.026(3), Zn1–N3iv = 2.034(3), Zn1–Cl1 = 2.2137(11),
Zn1–Cl2 = 2.2445(12), O1–C18 = 1.361(4), O1–C19 = 1.439(4) Å; N3iv–Zn1–Cl1 = 107.06(9), N3iv–Zn1–Cl2 =
106.02(10), Cl1–Zn1–Cl2 = 123.64(5), N3iv–Zn1–N1 = 112.07(12), Cl1–Zn1–N1 = 104.68(9), Cl2–Zn1–N1 =
103.35(9), C18–O1–C19 = 118.8(3)o. Reproduced from ref.[111], published by The Royal Society of Chemistry.

The 2D sheets observed in [Zn2Cl4(13)]n consist of metallocycles defined by four Zn atoms
bridged via two 4,2':6',4''-terpyridine units (yellow in Fig. 92a) and two pyridine rings of
opposite 4,2':6',4''-terpyridines in one ligand 13 (“half ligands” are coloured blue in Fig. 92a).
The pseudo tetrahedral connecting geometry of the Zn(II) centre and the orientation of the
ligands induces an up-up-up orientation of 4,2':6',4''-terpyridine units in the bottom part of the
layer (yellow in Fig. 91) and a down-down-down orientation of 4,2':6',4''-terpyridine units in
the top part of the sheet (purple in Fig. 91). An imaginary chain is formed by 4,2':6',4''terpyridine units with Zn(II) centres.

- 270 -

2D COORDINATION NETWORKS

Fig. 91: Construction of the 2D sheet in [Zn2Cl4(13)]n visualized by two 4,2':6',4''-terpyridine units per ligand 13
pointing either up (yellow) or down (purple) in the sheets.

The blue coordination motif (Fig. 92a) connects the “imaginary” chains and lets them propagate
into the second dimension. Fig. 92b and c show the layers from the side and highlight alignment
of nhexyloxy chains in [Zn2Cl4(13)]n and ndecyloxy chains in [Zn2Cl4(14).2MeOH]n.

Fig. 92: (a) One metallocycle within the network in [Zn2Cl4(13)]n contains four Zn atoms, two complete 4,2':6',4''tpy domains (orange) and two 'half-ligands' (blue). nHexyloxy chains and H atoms are omitted for clarity. One part
of the nets in (b) [Zn2Cl4(13)]n and (c) [Zn2Cl4(14).2MeOH]n showing the wave like motif and the aligned
n
hexyloxy (in (b)) and ndecyloxy (in (c)) chains along to the b-axis. Reproduced from ref.[111], published by The
Royal Society of Chemistry.
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The connectivity of the nodes (centroid of the phenylene ring in 13) is nicely represented by
the TOPOS[81] images in Fig. 93. The scaffold of [Zn2Cl4(13)]n is illustrated and the colours
(red and blue in Fig. 93) represent two parallel interpenetrating nets. The structure is a (4,4)
two-fold interpenetrating network.

Fig. 93: The scaffold of [Zn2Cl4(13)]n generated with TOPOS[81]. a) View from top, showing two 2D
interpenetrating networks. b) view of the networks from the side. Reproduced from ref.[111], published by The
Royal Society of Chemistry.

The interpenetrating layers show van der Waals interactions of nhexyloxy chains (space-filling
representation in red and blue, Fig. 94). Adjacent layers interact via face-to-face π-stacking of
inner and outer pyridine rings of 4,2':6',4''-terpyridine units (blue and green in Fig. 94).
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Fig. 94: Intermolecular interactions present in [Zn2Cl4(13)]n. Interpenetrating layers (red and blue) interact via van
der Waals forces between nhexyloxy chains and adjacent layers (blue and green) interact via double face-to-face
π-stacking of outer and inner pyridine rings.

Additional information can be found in the printed publications (section 18.9).

11.5

[{Co(NCS)2(15)}∙2CHCl3]n

Ligand 15 is the outsider in this series of ligands, as it is neither a 4,2':6',4''-terpyridine nor a
3,2':6',4''-terpyridine. Ligand 15 was synthesized on purpose using Wang and Hanan's one-pot
synthesis[79] without the addition of aqueous ammonia in the last step. Ligand 15 is constructed
of a phenylene ring, substituted in the 2 and 5 positions with noctyloxy chains. The chains are
linear extended and well resolved in the crystal structure (Fig. 95). The 1 and 4 positions are
substituted by two 1,5-di(pyridin-3-yl)pentane-1,5-dione units. Each unit consist of two
pyridine-3-yl rings, that enable coordination similar to a 3,2':6',3''-terpyridine, but with even
greater flexibility in the direction of their coordination. Ligand 15 was combined with
Co(NCS)2, which often shows a connectivity of four in coordination polymers, and the 2D
planar chess board structure [{Co(NCS)2(15)}∙2CHCl3]n was obtained (Fig. 95).
[{Co(NCS)2(15)}∙2CHCl3]n crystallizes in the space group P-1 and the asymmetric unit
contains half a ligand molecule. The experimental PXRD patterns gave a good match to the
patterns predicted from the single crystal data of [{Co(NCS)2(15)}∙2CHCl3]n.
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Fig. 95: Structure of the repeat unit in [{Co(NCS)2(15)}∙2CHCl3]n with symmetry generated atoms; H atoms and
solvent molecules are omitted. Ellipsoids are plotted at 40% probability. Symmetry codes: i = –1+x, 1+y, 1+z; ii =
–1+x, y, 1+z; iii = x, –1+y, z; iv = 2–x, 3–y, –z; v = x, 1+y, z; vi = 2–x, 2–y, –z. Selected bond parameters: Co1–N1
= 2.196(4), Co1–N3 = 2.070(4), Co1–N2v = 2.199(4), O1–C6 = 1.216(6), O2–C10 = 1.193(7), O3–C18 = 1.383(6),
O3–C19 = 1.413(6) Å; N1–Co1–N3 = 91.13(17), Ntpy–Co1–Ntpy range 87.68(16)–92.32(16)o. Reproduced from
ref.[32], published by MDPI.

The formation of the 2D sheet is different to the structure from the previous section. The
increased flexibility allows 15 to adopt an almost flat orientation between Co(II) centres. The
nodes of the net are the centroid of the phenylene ring (green in Fig. 96) in 15 and the Co-atom
(purple in Fig. 96). A chess board motif, similar to the structures presented in section 11.1 is
obtained, with the difference, that the chess board in [{Co(NCS)2(15)}∙2CHCl3]n is built by two
nodes and not by one. Each node is four connecting and almost square planar and all nodes are
part of one plane forming a (4,4) net. The edges of the metallocycle are in 9.054 Å and 10.176
Å in length and the angles are 70.72° and 109.28°. The metallocycles are a lot smaller, than the
ones obtained for two-donor 4,2':6',4''-terpyridines combined with Co(NCS)2 (section 11.1),
which showed edge lengths of ~ 13 Å.
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Fig. 96: TOPOS[81] structure overlay of [{Co(NCS)2(15)}∙2CHCl3]n. nOctyloxy chains and solvent molecules are
omitted for clarity. Reproduced from ref.[32], published by MDPI.

The packing of the chess-boards is displayed in Fig. 97. Linear extended noctyloxy chains
interact via van der Waals interactions and these interactions are the dominating intermolecular
forces.

Fig. 97: a) Three adjacent chess boards of [{Co(NCS)2(15)}∙2CHCl3]n, with alignment of noctyloxy chains (van
der Waals interactions). b) A closer view of the noctyloxy interactions between neighbouring sheets. Reproduced
from ref.[32], published by MDPI.

It is noteworthy, that a structure constructed of centres with a connectivity of four and ligands
with four donor atoms can forms a 2D sheet. In the next chapter examples will be presented,
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where this combination of building blocks predominantly leads to the formation of 3D
structures. One reason for the structural motifs observed in [{Co(NCS)2(15)}∙2CHCl3]n can be
the high flexibility in coordination of 15 compared to multitopic 4,2':6',4''-terpyridine and
3,2':6',3''-terpyridine ligand. Some rigidity in the linkers appears to be beneficial in the
formation of 3D structures and in the control of the self-assembly process. How these structures
are constructed is discussed in the next chapter.
Additional information concerning the compound [{Co(NCS)2(15)}∙2CHCl3]n can be found in
the printed publications (section 18.4).

11.6

Comparison of the structural motifs

The prediction of a 2D structure motif is a lot less reliable, than it was for 1D structures. In this
chapter a series of two donor rigid ligands was combined with Co(NCS)2 which favours a
square planar four connecting geometry. This combination of building blocks seems to
introduce enough control over the self-assembly process, that 2D chess board structures are
predominantly obtained. Cd(NO3)2 is a very flexible metal centre in terms of coordination
number and coordination geometry. Differences in connectivity, metal to ligand ratio and
connecting geometry lead to the formation of three different 2D motifs, with rather similar
ditopic ligands. In the case of [{Cd(NO3)2(20)2}·2MeOH]n (section 11.2.3) the Cd(II) centres
have a similar almost square planar connectivity, like the Co(II) centres (section 11.1). Both
metal centres were combined with 4,2':6',4''-terpyridine ligands of comparable size and (4,4)
nets with similar edge lengths (~ 13 Å in the Co(II) nets and 12.63/12.938 Å in the Cd(II) net)
and angles of the metallocycles were obtained. Concerning crystal engineering, the choice of
metal centre has a big influence on the predictability of structural motifs. Metal centres, like
Co(II) can favour an octahedral coordination geometry and favour a connectivity of four in a
coordination polymer allow some control of the self-assembly processes. The flexibility in
coordination geometry, connectivity and coordination number of the Cd(II) centre in the
coordination polymers presented in section 11.2 demonstrated, that Cd(NO3)2 is not
recommended as a reliable metal salt for the control of the self-assembly processes. When
tetratopic ligands are combined with metal centres, having a connectivity of two or four, a clear
trend, which structural motif is obtained can’t be observed at all. Even though rigid 4,2':6',4''terpyridine units are used in the tetratopic ligands, the free rotation of these groups along the
C-C bond connecting phenylene rings and 4,2':6',4''-terpyridine units enables too many ligand
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geometries and connection possibilities to predict a structure outcome. In some discussed
structures 4,2':6',4''-terpyridine ligands with alkyloxy chains of varying length were
incorporated. Alkyloxy chains have an influence on the packing interaction. As their bulkiness
increases a respond in the packing motifs of the corresponding networks is. This was
demonstrated in the Cd(NO3)2 networks, where the shorter propyloxy chain favoured a (6,3)
net and with larger chains (npentyloxy, nhexyloxy and nheptyloxy) a (4,4) net was observed. In
tetratopic bis(4,2':6',4''-terpyridine) ligands, combined with ZnCl2 similar very similar
structural motifs were observed, even though chains of different length (nhexyloxy and
n

decyloxy) were incorporated. The best control and predictability towards 2D (4,4) nets was

achieved with ditopic 4,2':6',4''-terpyridines and Co(NCS)2.

12 3D COORDINATION FRAMEWORKS
Four 3D structures are presented in this chapter. It was discussed in the previous chapter, that
the control of the self-assembly processes decreases tremendously on going from 1D to 2D
structures. For 3D structures a predictability of the outcome of the motif is not possible with
the ligands presented. A tendency towards the formation of 3D structures can be attributed to
the fact, that metal centres with a connectivity of four are combined with tetratopic ligands.

12.1

[Co(NCS)2(17)∙4CHCl3]n

The last structure of the previous chapter used the intermediate step of the Wang and Hanan
synthesis 13 as the ligand. The synthesis of the corresponding tetratopic bis(3,2':6',3''terpyridine) was repeated and ligand 17 was successfully synthesized at the second attempt.
Ligands 13 and 17 have the same bridging phenylene ring, have four donor atoms and differ in
the flexibility of the donor atoms to coordinate to metal ions. The flexibility decreases, when
changing the ligand from 13 to 17 and this affects the assembly of the building blocks and the
outcome of the structural motif. Ligand 17 reacted with Co(NCS)2 (has a connectivity of four
in the structure) and the 3D structure [Co(NCS)2(17)∙4CHCl3]n (Fig. 98) was obtained. The
space group is Pna21 and the asymmetric unit contains one ligand 17 and one Co(NCS)2 unit.
The 3,2':6',3''-terpyridine units are twisted with respect to one another by 23.55° (angle between
the planes through the inner pyridine rings of each 3,2':6',3''-terpyridine unit). The noctyloxy
chains are bent and embrace the 3,2':6',3''-terpyridine units.
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Fig. 98: The repeat unit (with symmetry generated Co atoms) in [Co(NCS) 2(17)∙4CHCl3]n (H atoms and solvent
molecules omitted). Symmetry codes: i = 1/2+x, 1/2–y, z; ii = –x, 1–y, –1/2+z; iii = 1/2–x, 1/2+y, 1/2–z; iv = 1/2–x, –
1
/2+y, 1/2+z; v = –1/2+x, 1/2–y, z; vi = –x, 1–y, 1/2+z. Selected bond parameters: Co1–N1 = 2.185(8), Co1–N3i =
2.212(7), Co1–N4ii = 2.204(8), Co1–N5iii = 2.181(8), Co1–N7 = 2.096(8), Co1–N8 = 2.079(8) Å; Co1–N7–C53
= 161.0(8), Co1–N8–C54 = 151.2(8), N1–Co1–N5iii = 176.2(3), N3i–Co1–N4ii = 178.6(3)o. Reproduced from
ref.[112], published by The Royal Society of Chemistry.

The 3D-assembly is constructed of [2+2] metallomacrocycles, which are formed by two Co(II)
centres and two “half ligands” (yellow in Fig. 99a and b). Metallomacrocycles propagate as a
beam in one dimension (view along the a-axis in Fig. 99b). Two coordination sites on each
Co(II) centre are used for this propagation, which leaves two connection sites available to
coordinate to adjacent [2+2] metallomacrocycles above and underneath. This leads to the 3D
assembly motif displayed in Fig. 99b (metallomacrocycles in yellow).

Fig. 99: a) Two Co atoms and two “half ligands” of 17, forming a [2+2] metallomacrocycle. b) Metallomacrocycles
are propagating in one dimension (along the a-axis) and connect metallomacrocyles in the second (along the baxis) and the third (along the c-axis) dimension. Reproduced from ref.[112], published by The Royal Society of
Chemistry.

In the last chapter the use of TOPOS[81] overlay representations was used to represent the
connectivity and scaffold of a 2D net. For 3D structures a good visualization relies even more
on TOPOS[81] and the scaffold of [Co(NCS)2(17)∙4CHCl3]n, is displayed in Fig. 100. The nodes
of the 3D net are the centroid of the phenylene ring in ligand 17 and the Co atoms. The Co
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nodes are four-connecting square planar and ligand 17 is a tetrahedral four-connecting node. In
Fig. 100 only the nodes (centroid of 17 in green, Co in purple) are displayed and the scaffold
obtained could be further analyzed with TOPOS[81]. TOPOS[81] described the structure as a
{42.84} net and a comparison with net topologies in Stuart Batten’s book[12] revealed the lvt net
topology for [Co(NCS)2(17)∙4CHCl3]n.

Fig. 100: TOPOS[81] representations of the {42.84} lvt net in [Co(NCS)2(17)∙4CHCl3]n. a) view down the a-axis.
b) Illustration of the 4- and 8-membered metallomacrocycles, described by the Schläfi term {42.84}. Reproduced
from ref.[112], published by The Royal Society of Chemistry.

Intermolecular interactions are not observed in the 3D structure and the space inside the [2+2]
metallomacrocycles is occupied by noctyloxy chains and chloroform molecules. The Co…Co
distances in the [2+2] metallomacrocycles is 11.53 Å, which is shorter than the Co…Co
distance obtained by a bridging 3,2':6',3''-terpyridine unit (13.3 Å).
Additional information can be found in the printed publications (section 18.10).

12.2

[{Co(NCS)2(12)2}∙2C6H4Cl2]n

The structure in this section was constructed using similar building blocks, namely the tetratopic
bis(4,2':6',4''-terpyridine) 12, which has four donor atoms Co(NCS)2, which has a connectivity
of four in the structure. 12 is more rigid and less flexible in its coordination, compared to 17,
which leads to the formation of a different 3D structure. Ligand 12 bears two propyloxy chains
on the connecting phenylene ring and two solvent molecules (1,2-dichlorobenzene) are present
in the asymmetric unit. A 3D framework was obtained for a combination of 12 and Co(NCS)2
and the repeat unit of [{Co(NCS)2(12)2}∙2C6H4Cl2]n is displayed in Fig. 101.
[{Co(NCS)2(12)2}∙2C6H4Cl2]n crystallizes in the space group P21/c and half a ligand 12 is
present in the asymmetric unit. The second half is generated via an inversion centre in the centre
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of the phenylene ring. The experimental PXRD pattern gave a good match to the pattern
predicted from the single crystal data of [{Co(NCS)2(12)2}∙2C6H4Cl2]n.

Fig. 101: Structure of the repeat unit in [{Co(NCS)2(12)2}∙2C6H4Cl2]n with symmetry generated atoms; H atoms
and solvent molecules are omitted. Ellipsoids are plotted at 40% probability. Symmetry codes: i = –x, 2–y, 1–z; ;
ii = 1–x, 1–y, 1–z; iii = –1+x, 1+y, z; iv = x, 3/2–y, –1/2+z; v = –1+x, 3/2+y, 1/2+z. Selected bond parameters: Co1–
N1 = 2.173(2), Co1–N4 = 2.047(3), Co1iv–N3 = 2.193(2), O1–C18 = 1.361(4), O1–C19 = 1.431(4) Å; N1–Co1–
N4 = 90.47(10)o. Reproduced from ref.[32], published by MDPI.

The nodes in this framework are the same as in the last structure, but here both nodes are square
planar (Fig. 102), whereas in the previous section the ligand node was tetrahedral. The topology
of the resulting network is defined by the geometry of ligand 12. This leads to a different net
topology and with the help of the TOPOS[81] scaffold representation a {65.8} cds net was
identified for [{Co(NCS)2(12)2}∙2C6H4Cl2]n. The scaffold of [{Co(NCS)2(12)2}∙2C6H4Cl2]n is
displayed in Fig. 102.

Fig. 102: a) TOPOS[81] structure overly for [{Co(NCS)2(12)2}∙2C6H4Cl2]n illustrating connectivity of the square
planar nodes. b) Scaffold of the framework generated with TOPOS[81] representing a cds topology. Reproduced
from ref.[32], published by MDPI.
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The cavities in the framework are occupied by 1,2-dichlorobenze molecules and propyloxy
chains.
Additional information can be found in the printed publications (section 18.4).

12.3

[Zn2Br4(16)∙H2O]n

The two previous structures used two 4-connecting nodes to generate the 3D framework. In this
section the organic linker is again a tetratopic bis(4,2':6',4''-terpyridine) with four donor atoms
(and acts as the 4-connecting node), but the metal centre is only two connecting (ZnBr2). Ligand
16 is similar to ligand 12 from the previous section but differs in the alkyloxy substitution on
the phenylene ring. 16 bears 3-phenylpropoxyl substituents on the phenylene ring. The phenyl
ring on the chain was incorporated to introduce π-stacking into the framework, which could
lead to host-guest interactions. The incorporation of guests in the framework was not achieved.
[Zn2Br4(16)∙H2O]n (Fig. 103) crystallizes in the space group R-3 and the asymmetric unit
contains half a ligand 16. The second half is generated by an inversion centre in the centre of
the connecting phenylene ring.

Fig. 103: The repeat unit (with symmetry generated atoms) in [Zn2Br4(16)∙H2O]n (H atoms and water molecule
omitted; ellipsoids plotted at 40% probability level). Symmetry codes: i = 1–x, 1–y, 2–z; ii = 1/3–x+y, 2/3–x, 2/3+z;
iii = 2/3+x+y, 1/3+x, 4/3–z; iv = –1/3+y, 1/3–x+y, 4/3–z; v = 4/3–y, 2/3+x–y, 2/3+z. Selected bond parameters: Zn1–N3iv
= 2.052(4), Zn1–Br1 = 2.3635(8), Zn1–Br2 =2.3462(8), Zn1–N1 = 2.058(3), O1–C18 = 1.382(6), O1–C19 =
1.435(8) Å; N3iv–Zn1–Br1 = 104.90(11), N3iv–Zn1–Br2 = 106.83(10), Br1–Zn1–Br2 = 126.32(4), N3iv–Zn1–N1
= 105.99(15), Br1–Zn1–N1 = 105.36(11), Br2–Zn1–N1 = 105.97(11), C18–O1–C19 = 119.4(4)o. Reproduced
from ref.[111], published by The Royal Society of Chemistry.

The centroid of the linking phenylene ring acts as the node in the 3D framework and the metal
ions take the role as linkers. Two interpenetrating 3D frameworks were identified in
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[Zn2Br4(16)∙H2O]n and TOPOS[81] described the net with the Schläfi symbol {64·82} (Fig. 104).
A nbo net topology was identified for [Zn2Br4(16)∙H2O]n.

Fig. 104: The scaffold of two interpenetrating {64·82} nbo nets in [Zn2Br4(16)∙H2O]n, represented by TOPOS[81].
Reproduced from ref.[111], published by The Royal Society of Chemistry.

The R-3 space group contains a 3-fold rotation symmetry element, which lead to the formation
of hexagonal channels presented in Fig. 105. Phenyl rings of 3-phenylpropoxyl are located
inside the channel and interact with pyridine rings of 16 in the next channel via face-to-face πstacking (Fig. 105a). The colours red and blue are illustrating the interactions between the two
neighbouring channels in the framework. Adjacent channels lead to the formation of a honeycomb motif (viewed down the c-axis in Fig. 105a). The void space in the channels (Fig. 105b)
was calculated with Mercury v.3.7[83] to be ~65% of the total volume. The void space is
occupied by solvent molecules, that could not be resolved. Several attempts to replace the
solvent molecules with bigger aromatic guests (fullerene-C60, anthracene, naphthalene, pyrene)
were unsuccessful. [Zn2Br4(16)∙H2O]n might be tested in gas-sorption experiments, but more
material has to be synthesized.
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Fig. 105: a) Two interpenetrating (red and blue) frameworks of [Zn2Br4(16)∙H2O]n viewed down the c-axis.
Hexagonal channels were observed, and face-to-face π-stacking (space-filling representation) between the phenyl
ring of 3-phenylpropoxyl and two pyridine rings of adjacent frameworks.. b) The honey-comb motif observed in
[Zn2Br4(16)∙H2O]n with a solvent occupied void space of ~65% of the total volume. Reproduced from ref.[111],
published by The Royal Society of Chemistry.

Of all 3D materials presented in this thesis [Zn2Br4(16)∙H2O]n can be viewed as a MOF. A void
space of ~ 65% is remarkable for a 3D two-fold interpenetrating structure and this makes it the
most promising of all structures presented in this thesis. Interpenetration in 3D materials is
frequently observed[24, 113-115] when the organic ligand is relatively large and leads to a large
grid in the network[5]. Interpenetration can increase the void space[116] and enhance the stability
of the framework[5, 117-118]. Stability and large pore size are two very important properties of a
MOF.
Additional information can be found in the printed publications (section 18.9).
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12.4

[Co2(NCS)4(4)4]n and
[{Co2(NCS)4(5)4}.2CHCl3∙MeOH]n

The two final structures of this thesis are costructed using the reverse building block approach
from the previous section. Two donor 4,2':6',4''-terpyridines, substituted in the 4' position with
4-(nhexyloxy)benzene (4) or 4-(nnonyloxy)benzene (5), were combined with Co(NCS)2. The
NCS− ligands are trans and Co(II) has a square planer connectivity of four. 3D structures of
[Co2(NCS)4(4)4]n (Fig. 106) and [{Co2(NCS)4(5)4}.2CHCl3.MeOH]n were obtained in
collaboration with Dr. Mateusz B. Pitak and Prof. Dr. Simon J.Coles from the University of
Southampton, UK, who collected and solved the structures. In the bulk material of
[Co2(NCS)4(4)4]n two different crystals were picked and their structures were solved.
[Co2(NCS)4(4)4]n crystallized in the space groups P41212 and P43212, which are enantiomorphic
pairs. The direction of 4-fold screw axis along the c-axis in the tetragonal space groups defines
the chirality of the material. The Flack parameters are 0.21(3) and 0.16(2), respectively and
describes, that the structures contain 21% and 16% of the second enantiomorph. The structure
which crystallized in the space group P43212 is discussed here.
[{Co2(NCS)4(5)4}∙2CHCl3∙MeOH]n crystallized in the chiral tetragonal space groups P41212.
Structures [Co2(NCS)4(4)4]n and [{Co2(NCS)4(5)4}∙2CHCl3∙MeOH]n contain four ligands 4 and
5 and two Co(NCS)2 building blocks in the asymmetric unit, respectively. The packing and
assembly of the 3D frameworks is similar and [{Co2(NCS)4(5)4}∙2CHCl3∙MeOH]n will not be
discussed in detail. [Co2(NCS)4(4)4]n showed disorder in the NCS− ligands, which was removed
in the following pictures for a better visualization. The experimental PXRD patterns gave a
good match to the patterns predicted from the single crystal data of [Co2(NCS)4(4)4]n and
[{Co2(NCS)4(5)4}∙2CHCl3∙MeOH]n.
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Fig. 106: The asymmetric unit of [Co2(NCS)4(4)4]n with symmetry-generated atoms (space group P43212); H atoms
are omitted and only the major sites of the disordered sites are shown. Symmetry codes: i = y, x, 1–z; ii = –1/2+y,
1
/2–x, 1/4+z; iii = 1/2–y, –1/2+x, –1/4+z; iv = 1–y, 1–x, 3/2–z; v = 1/2–x, 1/2+y, 7/4–z. Selected bond distances: Co1–N2
= 2.166(5), Co1–N3iii = 2.173(5), Co1–N5 = 2.129(5), Co1–N8 = 2.159(5), Co1–N13 = 2.100(6), Co1–N14 =
2.082(6), Co2–N12 = 2.209(5), Co2–N12i = 2.209(5), Co2–N16 = 2.093(7), Co2–N9 = 2.170(3), Co3–N6 =
2.163(5), Co3–N11 = 2.182(5), Co3–N15 = 2.073(7) Å. Reproduced from ref.[98], published by The Royal Society
of Chemistry.

The 3D framework has a 66 term symbol (obtained with TOPOS[81]) and a neb topology. Co
atoms are 4-connecting nodes and these nodes are connected by ligands 4. Six ligands and six
Co(NCS)2 units form hexamers with a chair conformation and six hexamers combined form a
diamantane motif[119] (Fig. 107).

Fig. 107: The TOPOS[81] representation of the scaffold (the Co(II) centres are the nodes) of [Co2(NCS)4(4)4]n with
the diamantane motif highlighted in blue. Reproduced from ref.[98], published by The Royal Society of Chemistry.

A superimposed TOPOS[81] representation for [Co2(NCS)4(4)4]n is displayed in Fig. 108a and
illustrates the orientation of nhexyloxy chains in the framework. Fig. 108b shows the scaffold
of

[{Co2(NCS)4(5)4}∙2CHCl3∙MeOH]n

forming

[Co2(NCS)4(4)4]n.
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Fig. 108: a) TOPOS[81] overlay structure of [Co2(NCS)4(4)4]n viewed down the a-axis (the Co(II) centres are the
nodes), with hexyloxy chains orientating along the a- and b-axis. b) Similar neb topology observed in
[{Co2(NCS)4(5)4}∙2CHCl3∙MeOH]n; the 66 unit is highlighted in blue. Reproduced from ref.[98], published by The
Royal Society of Chemistry.

The structures presented here are part of a collection of structures, that combine Co(NCS)2 with
ditopic 4,2':6',4''-terpyridines ligands. In section 11.1 four structures were presented, where
4,2':6',4''-terpyridine was substituted in the 4' position by a tert-butyl, ferrocenyl or 4alkoxyphenyl (alkoxy = methoxy or ethoxy) group. The combination of building blocks lead
exclusively to the formation of (4,4) nets. It is noteworthy, that the ligands in these structures
were smaller in size compared to ligands 4 and 5 (bearing nhexyloxy and nnonyloxy). In a
systematic study of 1D polymer chains constructed using ligands 1 (methoxy), 2 (ethoxy), 4
and 5 in combination with Zn(OAc)2 the change in alkyloxy chain length caused a change in
the structural motif from 1D coordination chains to discrete complexes. A similar phenomenon
is observed when these ligands are combined with Co(NCS)2. For the (4,4) nets the spacing
between adjacent layers increased with an increase in alkyloxy chain length. It can be assumed,
that the steric demand of ligands 4 and 5 lead to the change from a (4,4) net to a 3D neb net.
Additional information can be found in the printed publications (section 18.11).

12.5

Comparison of the structural motifs

The 3D structures obtained in this chapter were not engineered on purpose but can be considered
a product of serendipity. In section 11.5 and section 12.3 two very similar ditopic 4,2':6',4''terpyridines were combined with zinc halides and in one case a 2D sheet and in the other case
a 3D nbo net was observed. Another important comparison concerns the 3D structures
presented in section 12.4 and the 2D structures in section 11.1. In all six cases the same building
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blocks were used, namely the four connectivity Co(NCS)2 and two-donor 4,2':6',4''terpyridines, of varying alkyloxy chain length. Four 2D (4,4) nets and two 3D neb nets were
obtained. It can be assumed, that the longer nhexyloxy and nnonyloxy chains might have
influenced the packing in the structures in a way, that favours a 3D assembly over a 2D one.
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13 GENERAL CONCLUSION
In this PhD thesis ditopic and tetratopic 4,2':6',4''-terpyridines, 3,2':6',3''-terpyridines,
bis(4,2':6',4''-terpyridines) and bis(3,2':6',3''-terpyridines) ligands were presented and their
ability to form multidimensional structures with various metal salts was presented. Crystal
engineering has the aim of controlling the self-assembly process of organic ligands and metal
centres and this task has been achieved in several cases. Metal centres, that favour a certain
connectivity in the coordination polymer take an important role in the control of the selfassembly process. Many different metal salts were presented throughout the thesis and the most
promising one is Co(NCS)2 with the often-observed connectivity of four and its square planar
connection geometry, induced by the trans positions of NCS− ligands in the structures. With
ditopic 4,2':6',4''-terpyridines, that bear no, or short alkyloxy chains, 2D (4,4) nets are frequently
observed. With ditopic 4,2':6',4''-terpyridines, that bear long alkyloxy chains (nhexyloxy and
n

nonyloxy) 3D neb nets were observed. It can be assumed, that the change in alkyloxy chain

length is responsible for this change from 2D network to 3D framework. Important but less
controllable metal salts are zinc halides. Zinc halides, incorporated into the coordination
polymers presented in this thesis have a connectivity of two and a distorted tetrahedral geometry
around the metal centre. It is noteworthy, that Zn(II), can not be a node in 2D and 3D structures,
because of its connectivity of two. Zn(II) is a d10 metal ion and can react in a flexible manner
to stimuli like crystal packing interactions by adapting the coordination geometry around the
metal centre.
Several structures of varying dimensionality were obtained with zinc halides and especially the
3D MOF, with the large void space, highlighted that Zn(II) is a very rewarding metal centre in
coordination polymers. Other metal centres like Cd(II) and Cu(II) are very flexible in terms of
coordination number, geometry, dimerization and anion coordination, what makes the control
of the self-assembly processes with these metals very difficult.
The organic ligands play an equally important role in crystal engineering. Rigid ditopic linkers
like 4,2':6',4''-terpyridines allow most control over the self-assembly process in this respect.
The V-shaped coordination geometry is always retained, what leads to zig-zag like 1D chains
with linear two-connecting metal centres and predominantly to (4,4) nets with octahedral metal
centres, that have a connectivity of four (Co(II), Cd(II)). Interesting structural motifs were
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obtained with flexible 3,2':6',3''-terpyridines, but the flexibility prevents control over selfassembly with this ligand. Tetratopic bis(4,2':6',4''-terpyridines) and bis(3,2':6',3''-terpyridines)
were successfully incorporated into coordination polymers and lead to the formation of 2D and
3D frameworks and one MOF. The rotation around the C-C bonds connecting the phenylene
ring with the terpyridine units inserts a large degree of flexibility and structural motifs observed
with these ligands are based on serendipity, rather than control of the self-assembly. A positive
aspect is, that these ligands enhance the possibility, that a 3D framework is observed. A
prediction if, how and with which topology the framework forms is not possible. The most
promising MOF in terms of possible applications was obtained from the combination of ZnBr2
and the bis(4,2':6',4''-terpyridine) 16. A honeycomb motif of hexagonal interpenetrating
channels with large voids (~ 65% of the total volume) was observed and this material will
probably be tested in gas-sorption experiments. Host-guest exchange reactions can also be
investigated further.
The essence of crystal engineering with multitopic 4,2':6',4''-terpyridines and 3,2':6',3''terpyridine is, that construction of 3D motifs can’t be controlled and that the assembly of those
structures relies on serendipity. 1D and 2D structures however show many similarities and in
these cases the outcome of a motif can be assumed, when the right building blocks are used.
Some indications, which building blocks can favour the formation of a certain structure motif
were provided by the results presented in this PhD thesis.
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14 OUTLOOK
In the last chapters it was demonstrated, that the formation of 3D structures can be controlled
by the choice of the right ligand. A prediction for the outcome of a structural motif using
ligands, related to the ones presented here (e.g. other bis(4,2':6',4''-terpyridines) and
bis(3,2':6',3''-terpyridines)), is not advisable. The results presented in this PhD thesis
demonstrated, that small changes in ligand design can have a large impact on the self-assembly
processes and the outcome of the structural motif. Combining metal centres with a connectivity
of four (or higher) with multitopic organic ligands can increase the probability to obtain 3D
frameworks. An application for the presented frameworks was not established, but the structure
of compound [Zn2Br4(16)∙H2O]n showing the honeycomb channel motif with ~65% void space
is a good example for an unpredicted outcome with an astonishing structure. Gas-sorption, guest
exchange, drug-delivery test etc. should be conducted on this material.
A more precise pathway to functional 3D frameworks would be the incorporation of functional
groups on the alkoxy chains present in bis(4,2':6',4''-terpyridine) and bis(3,2':6',3''-terpyridine
ligands). These functional groups, incorporated into the host material, could be used to interact
with specific guests and enhance the host-guest chemistry of these framework. Many
possibilities exist for the incorporation of functional groups into bis(4,2':6',4''-terpyridines) and
bis(3,2':6',3''-terpyridines) via the alcohol functionality in the precursor compounds.
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15 EXPERIMENTAL PART - LIGANDS
Ligands 1-5, 19 and 20 were prepared in my master studies and the synthesis can be found in
the according publication[30]. Ligands 6[76] and 10[106] were prepared as previously described.

15.1
15.1.1

Ditopic ligands
Ligand 7

Pyrimidine-5-carbaldehyde (0.28 g, 2.5 mmol) was dissolved in EtOH (40 mL) and 4acetylpyridine (0.57 mL, 0.62 g, 5 mmol) was added, followed by crushed KOH (0.28 g, 5
mmol). The initially colorless solution changed to yellow and then red. Aqueous NH3 (25% in
water, 12.3 mL, 80 mmol) was added dropwise and the reaction mixture stirred at room
temperature overnight. A yellow precipitate formed which was collected by filtration, washed
with water (3 × 5 mL) and EtOH (3 × 5 mL) and recrystallized from CHCl3/MeOH. Compound
7 was obtained as a yellow solid (0.34 g, 1.28 mmol, 51%). Decomp. > 260 °C. 1H NMR (500
MHz, CDCl3) ∂ / ppm 9.39 (s, 1H, HC2) 9.13 (s, 2H, HC4), 8.83 (m, 4H, HA2), 8.09 (m, 4H, HA3),
8.04 (s, 2H, HB3). 1H NMR (500 MHz, d-TFA) ∂ / ppm 9.97 (s, 2H, HC4) 9.80 (s, 1H, HC2),
9.06–8.90 (m, 8H, HA2/HA3), 8.83 (s, 2H, HB3);

13

C{1H} NMR (126 MHz, d-TFA) ∂ / ppm

158.4 (CC3), 157.0 (CA4), 155.2 (CB2), 154.5 (CC2), 145.0 (CB4), 144.1 (CA2), 135.8 (CC5), 127.3
(CA3), 125.5 (CB3); IR (solid, ν / cm–1) 4696 (m), 3033 (w), 2925 (w), 1652 (w), 1613 (w), 1596
(s), 1569 (s), 1553 (s), 1544 (m), 1539 (m), 1533 (m), 1506 (w), 1436 (s), 1416 (m), 1393 (s),
1356 (m), 1327 (w), 1318 (w), 1274 (w), 1189 (m), 1133 (w), 1059 (w), 1029 (w), 995 (m),
897 (w), 890 (w), 841 (m), 823 (s), 804 (w), 722 (s), 701 (m), 642 (m), 638 (s), 625 (s), 619 (s),
616 (s), 609 (m), 514 (m), 508 (s), 502 (s). UV-VIS (CH2Cl2, 2.5 × 10–5 M) λ/nm (ε/ dm3 mol–
1

cm–1) 242 (47359), 312 (9184). ESI MS m/z 312.2 [M+H]+ (calc. 312.1). Satisfactory

elemental analysis could not be obtained.
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15.1.2

Ligand 8

2-Methylpyrimidine-5-carbaldehyde (0.27 g, 2.21 mmol) was dissolved in EtOH (40 mL), and
4-acetylpyridine (0.57 mL, 0.62 g, 5 mmol) was added followed by crushed solid KOH (0.33
g, 5.90 mmol) after which the solution turned red. Aqueous NH3 (25% in water, 13.9 mL, 90
mmol) was added dropwise and the mixture stirred overnight at ambient temperature. A yellow
precipitate formed which was separated by filtration, washed with water (3 × 7 mL) and ethanol
(3 × 7 mL) and recrystallized from chloroform/methanol. Compound 8 was obtained as a white
solid (0.26 g, 0.78 mmol, 32%). Decomposition > 260 °C. 1H NMR (500 MHz, CDCl3) ∂ / ppm
9.02 (s, 2H, HC4), 8.83 (m, 4H, HA2), 8.09 (m, 4H, HA3), 8.01 (s, 2H, HB3), 2.87 (s, 3H, HMe);
13

C{1H} NMR (126 MHz, CDCl3) ∂ / ppm 169.3 (CC2), 155.9 (CA4), 155.14 (CC4), 150.8 (CB4)

150.7 (CA2), 145.3 (CB2), 128.5 (CC5), 121.1 (CA3), 118.3 (CB3), 25.9 (CMe); IR (solid, ν / cm–1)
3077 (w), 3033 (w), 1609 (m), 1594 (s), 1569 (m), 1549 (m), 1544 (m), 1539 (m), 1531 (m),
1464 (s), 1461 (s), 1456 (s), 1447 (m), 1432 (m), 1429 (m), 1423 (m), 1404 (m), 1377 (m), 1373
(m), 1368 (m), 1247 (m), 1064 (m), 1028 (m), 999 (m), 995 (m), 895 (m), 851 (m), 844 (m),
835 (s), 791 (m), 739 (m), 731 (m), 670 (m), 664 (m), 649 (m), 637 (s), 629 (s), 619 (m), 616
(m), 604 (m), 597 (m), 582 (m), 570 (m), 564 (m), 543 (m), 541 (m), 535 (m), 528 (m), 523
(m), 519 (m), 513 (s), 506 (s), 502 (s). UV-VIS (MeCN, 2.5 × 10–5 M) λ/nm (ε/ dm3 mol–1 cm–
1

) 247 (44458), 312 (7856). ESI-MS m/z 326.3 [M+H]+ (calc. 326.1). Found C 69.04, H 4.75,

N 20.22; required for C20H15N5.H2O C 69.96, H 4.99, N 20.40.

- 292 -

EXPERIMENTAL PART - LIGANDS

15.1.3

Ligand 9

2-Ethylpyrimidine-5-carbaldehyde (0.5 g, 3.67 mmol) was dissolved in EtOH (80 mL), and 4acetylpyridine (0.92 mL, 0.1 g, 8.07 mmol) was added followed by crushed solid KOH (0.52
g, 9.18 mmol). Aqueous NH3 (25%, 18.1 mL, 117 mmol) was added dropwise and the mixture
was stirred for ~15 h at ambient temperature. A white precipitate formed which was separated
by filtration, washed with water (3 × 10 mL), EtOH (3 × 10 mL) and Et 2O (3 × 10 mL).
Compound 9 was obtained as a white solid (0.21 g, 3.67 mmol, 16.8 %). M.p. = 275.3 °C. 1H
NMR (500 MHz, CDCl3) δ / ppm 9.03 (s, 2H, HC4), 8.82 (m, 4H, HA2), 8.07 (m, 4H, HA3), 8.01
(s, 2H, HB3), 3.13 (q, J = 7.6 Hz, 2H, HEt), 1.45 (t, J = 7.6 Hz, 3H, HEt). 13C{1H} NMR (126
MHz, CDCl3) δ / ppm 173.6 (CC2), 156.1 (CA4), 155.3 (CC4), 150.9 (CA2), 145.5 (CB2), 145.3
(CB4), 128.8 (CC5), 121.3 (CA3), 118.5 (CB3), 32.7 (CEt), 12.8 (CMe). ESI-MS m/z 340.23 [M+H]+
(calc. 340.16). High resolution ESI-MS m/z 340.1561 [M+H]+ (calc. 340.1557).

15.1.4

Ligand 11

Ferrocenecarboxaldehyde (1.0 g, 4.67 mmol) was dissolved in EtOH (150 mL). 3Acetylpyridine (1.24 g, 10.3 mmol) and KOH (0.66 g, 11.7 mmol) were added to the solution
and a change from red to dark red was observed. Aqueous NH3 (32%, 18.0 mL) was slowly
added to the reaction mixture which was then stirred at room temperature for ~15 h. The solid
that formed was collected by filtration, washed with EtOH (3 × 20 mL) and H2O (3 × 20 mL)
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and dried in vacuo. Compound 11 was isolated as a red powder (0.83 g, 1.99 mmol, 43%). Dec.
> 210 °C. 1H NMR (500 MHz, CD3OD) δ / ppm 9.38 (d, J = 2.2 Hz, 2H, HA2), 8.68 (m, 2H,
HA4), 8.63 (dd, J = 4.9, 1.6 Hz, 2H, HA6), 8.05 (s, 2H, HB3), 7.62 (dd, J = 8.0, 4.9 Hz, 2H, HA5),
5.15 (m, 2H, Hb), 4.55 (m, 2H, Hc), 4.11 (s, 4H, Hd). 13C{1H} NMR (126 MHz, CD3OD) δ /
ppm 155.7 (CB2), 153.7 (CB4), 150.3 (CA6), 148.8 (CA2), 136.8 (CA3), 136.6 (CA4), 125.4 (CA5),
117.8 (CB3), 81.82 (Ca), 71.8 (Cc), 71.1 (Cd), 68.5 (Cb). ESI-MS m/z 417.9 [M+H]+ (calc. 418.1).
Found C 69.83, H 4.89, N 9.73; required for C25H19FeN3∙1/2H2O C 70.44, H 4.73, N 9.86.

15.2
15.2.1

Tetratopic ligands
Compound 12a

2,5-Dibromohydroquinone (2.0 g, 7.47 mmol), 1-bromopropane (1.72 mL, 2.32 g, 18.7 mmol)
and anhydrous K2CO3 (3.1 g, 22.4 mmol) were added to dry DMF (100 mL) and the mixture
was heated at 100 °C for 16 h. The mixture was cooled to room temperature then poured into
a beaker containing ice water (100 mL) and the mixture stirred for 30 min. The precipitate was
filtered, washed with water (3 × 30 mL) and dried in vacuo. Compound 12a was isolated as
white crystals (2.49 g, 7.07 mmol, 94.6%). 1H NMR (500 MHz, CDCl3) δ / ppm 7.09 (s, 2H,
HC3), 3.92 (t, J = 6.5 Hz, 4H, Ha), 1.89 – 1.75 (m, 4H, Hb), 1.06 (t, J = 7.4 Hz, 6H, Hc). This
matches the literature data[120].

15.2.2

Compound 12b

Compound 12a (1.8 g, 5.11 mmol) and dry Et2O (100 mL) were added to a dried flask and
cooled to 0°C using an ice bath. nBuLi (1.6 M in hexanes, 9.58 mL, 15.3 mmol) was added
- 294 -

EXPERIMENTAL PART - LIGANDS
slowly to the solution over a period of 20 min and the temperature maintained at 0°C for 6h.
Dry DMF (1.19 mL, 15.3 mmol) was added and the solution stirred for 16 h, while warming up
to room temperature. The reaction mixture was neutralized with saturated aqueous NH4Cl and
extracted with CH2Cl2 (200 mL). The organic phase was dried over MgSO4 and concentrated
in vacuo. Compound 12b was isolated as a yellow solid (0.72 g, 2.88 mmol, 56.3%) and used
without further purification. 1H NMR (500 MHz, CDCl3) δ / ppm 10.52 (s, 2H, HCHO), 7.43 (s,
2H, HC3), 4.05 (t, J = 6.5 Hz, 4H, Ha), 1.93 – 1.74 (m, 4H, Hb), 1.06 (m, J = 7.4 Hz, 6H, Hc).
This matches the literature data[120].

15.2.3

Ligand 12

Compound 12b (0.3 g, 1.2 mmol) was dissolved in EtOH (100 mL), then 4-acetylpyridine (0.54
mL, 0.59 g, 4.8 mmol) and crushed KOH (0.27 g, 4.8 mmol) were added in one portion.
Aqueous NH3 (32%, 3.1 mL) was added dropwise and the reaction mixture was stirred at room
temperature for 16 h. The precipitate was collected by filtration and washed with water (3 × 10
mL), EtOH (3 × 10 mL) and Et2O (3 × 10 mL). Compound 12 was isolated as a white solid
(0.17 g, 0.26 mmol, 21.6%). Decomp. > 330°C. 1H NMR (500 MHz, CDCl3) δ / ppm 8.81 (d,
J = 6.1 Hz, 8H, HA2), 8.12 (s, 4H, HB3), 8.11 – 8.08 (m, 8H, HA3), 7.16 (s, 2H, HC2), 4.04 (t, J
= 6.4 Hz, 4H, Ha), 1.86 – 1.73 (m, 4H, Hb), 0.97 (t, J = 7.4 Hz, 6H, Hc). 13C{1H} NMR (126
MHz, CDCl3) δ / ppm 154.5 (CB2), 150.4 (CA2), 148.0 (CB4), 146.0 (CA4), 128.9 (CC1), 121.3
(CB3), 121.0 (CA3), 115.0 (CC2), 71.1 (Ca), 22.4 (Cb), 10.5 (Cc). CC3 was not resolved. ESI-MS
m/z 657.45 [M+H]+ (calc. 657.30). High resolution ESI-MS m/z 657.2983 [M+H]+ (calc.
657.2973).
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15.2.4

Compound 13a

2,5-Dibromohydroquinone (2.00 g, 7.47 mmol), 1-bromohexane (2.64 mL, 3.11 g, 18.7 mmol)
and anhydrous K2CO3 (3.10 g, 22.4 mmol) were added to dry DMF (100 mL) and the mixture
was heated at 100 °C for ~15 h. The reaction mixture was cooled to room temperature, then
transferred to a beaker containing 100 mL of ice water and stirred for 30 min. The precipitate
was filtered, washed with water (3 × 30 mL) and dried in vacuo. The product was recrystallized
from a mixture of EtOH and CHCl3 and isolated as white crystals (3.05 g, 6.99 mmol, 93.6%).
NMR spectroscopic data agreed with the literature[121]. GC-EI-MS m/z 436.1 [M]+ (calc. 436.0).
M.p. = 64.4 °C, deviating from the literature value of 51.3-53.1 oC[121].

15.2.5

Compound 13b

Compound 13a (1.80 g, 4.13 mmol) and dry Et2O (150 mL) were added to a dried flask and
cooled to 0 °C in an ice bath. nButyllithium (1.6 M in hexanes, 7.74 mL, 12.4 mmol) was added
slowly to the Et2O solution over a period of 20 min and the temperature maintained at 0 °C for
6h. Dry DMF (0.96 mL, 12.4 mmol) was added and the solution was stirred for ~15 h, during
which time it was allowed to warm to room temperature. The reaction mixture was neutralized
with saturated aqueous NH4Cl and extracted with CH2Cl2 (200 mL). The organic phase was
dried over MgSO4 and concentrated in vacuo. 13b was isolated as a yellow solid (0.85 g, 2.54
mmol, 61.5%) and used without further purification. M.p. = 68.6 °C. The 1H NMR spectrum
agreed with literature data[122]. 13C{1H} NMR (126 MHz, CDCl3) δ / ppm 189.6 (CCHO), 155.4
(CC2), 129.4 (CC1), 111.8 (CC3), 69.38 (Ca), 31.6 (Cd/e), 29.2 (Cb), 25.8 (Cc), 22.7 (Cd/e), 14.1
(Cf). GC-EI-MS m/z 334.2 [M]+ (calc. 334.2).
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15.2.6

Ligand 13

Compound 13b (0.3 g, 0.9 mmol) was dissolved in EtOH (100 mL), then 4-acetylpyridine (0.41
mL, 0.44 g, 3.59 mmol) and crushed solid KOH (0.20 g, 3.59 mmol) were added. Aqueous NH3
(32%, 3.0 mL) was added dropwise and the reaction mixture was stirred at room temperature
for ~15 h. The precipitate was collected by filtration and washed with water, EtOH and Et2O (3
× 10 mL, each). Compound 13 was obtained as a white solid (0.15 g, 0.21 mmol, 23.3%).
Decomp > 280 °C. 1H NMR (500 MHz, CDCl3) δ / ppm 8.80 (m, 8H, HA2), 8.11 (s, 4H, HB3),
8.09 (m, 8H, HA3), 7.16 (s, 2H, HC2), 4.06 (t, J = 6.3 Hz, 4H, Ha), 1.74 (m, 4H, Hb), 1.37 (m,
4H, Hc), 1.25–1.09 (m, 8H, Hd+e), 0.76 (t, J = 7.1 Hz, 6H, Hf). 13C{1H} NMR (126 MHz, CDCl3)
δ / ppm 154.8 (CB2), 150.7 (CA2+C3), 148.3 (CB4), 146.2 (CA4), 129.3 (CC1), 121.6 (CB3), 121.3
(CA3), 115.3 (CC2), 69.9 (Ca), 31.6 (Cd/e), 29.5 (Cb), 26.1 (Cc), 22.6 (Cd/e), 14.1 (Cf). ESI-MS
m/z 741.6 [M+H]+ (calc. 741.4). HR ESI-MS m/z 371.1998 [M+2H]2+ (calc. 371.1992).

15.2.7

Compound 14a

The method was as for 13a starting with 2,5-dibromohydroquinone (1.00 g, 3.73 mmol), 1bromodecane (2.33 mL, 2.48 g, 11.2 mmol) and anhydrous K2CO3 (1.55 g, 11.2 mmol). 14a
was isolated as white crystals (1.83 g, 3.34 mmol, 89.5%). M.p. = 74.4 °C. 1H NMR
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spectroscopic data agreed with the literature[121].

13

C{1H} NMR (126 MHz, CDCl3) δ / ppm

150.2 (CC2), 118.6 (CC3), 111.3 (CC1), 70.5 (Ca), 32.1 (CCH2), 29.7 (CCH2), 29.65 (CCH2), 29.45
(CCH2), 29.5 (CCH2), 29.3 (Cb), 26.1 (Cc), 22.8 (CCH2), 14.3 (Cj). GC-EI-MS m/z 548.3 [M]+
(calc. 548.2).

15.2.8

Compound 14b

The method and volumes of solvents were as for the synthesis of 13b, but using 14a (3.0 g,
5.47 mmol), nBuLi (1.6 M in hexanes, 10.3 mL, 16.4 mmol), dry DMF (1.27 mL, 16.4 mmol).
14b was obtained as a yellow solid (2.27 g, 5.08 mmol, 92.9%) and used without further
purification. M.p. = 80.3 °C. 1H NMR (500 MHz, CDCl3) δ / ppm 10.52 (s, 2H, HCHO), 7.43 (s,
2H, HC3), 4.08 (t, J = 6.5 Hz, 4H, Ha), 1.82 (m, 4H, Hb), 1.46 (m, 4H, Hc), 1.40–1.18 (m, 24H,
Hd-i), 0.87 (m, 6H, Hj). 13C{1H} NMR (126 MHz, CDCl3) δ / ppm 189.6 (CCHO), 155.4 (CC2),
129.4 (CC1), 111.8 (CC3), 69.4 (Ca), 32.0 (CCH2), 29.7 (CCH2), 29.68 (CCH2), 29.46 (CCH2), 29.45
(CCH2), 29.2 (Cb), 26.15 (Cc), 22.8 (CCH2), 14.3 (Cj). GC-EI-MS m/z 446.4 [M]+ (calc. 446.3).
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15.2.9

Ligand 14

The method and volumes of solvent were as for the synthesis of 13, but starting with 14b (0.60
g, 1.34 mmol, 4-acetylpyridine (0.61 mL, 0.66 g, 5.36 mmol), KOH (0.3 g, 5.36 mmol) and
aqueous NH3 (32%, 3.42 mL). Compound 14 was obtained as a white solid (0.25 g, 0.3 mmol,
22.1%). M.p. = 239.8 °C. 1H NMR (500 MHz, CDCl3) δ / ppm 8.81 (m, 8H, HA2), 8.11 (s, 4H,
HB3), 8.09 (m, 8H, HA3), 7.16 (s, 2H, HC2), 4.06 (t, J = 6.2 Hz, 4H, Ha), 1.74 (m, 4H, Hb), 1.37
(m, 4H, Hc), 1.23 (m, 8H, Hi), 1.19–1.08 (m, 18H, Hd-h), 0.84 (t, J = 7.2 Hz, 6H, Hj). 13C{1H}
NMR (126 MHz, CDCl3) δ / ppm 154.8 (CB2), 150.8 (CC3), 150.7 (CA2), 148.3 (CB4), 146.2
(CA4), 129.3 (CC1), 121.5 (CB3), 121.3 (CA3), 115.4 (CC2), 69.9 (Ca), 32.0 (CCH2), 29.65 (CCH2),
29.6 (CCH2), 29.5 (CCH2), 29.4 (CCH2), 26.5 (Cc), 22.8 (CCH2), 14.2 (Cj). ESI-MS m/z 853.7
[M+H]+ (calc. 853.5). HR ESI-MS m/z 427.2625 [M+2H]2+ (calc. 427.2618).
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15.2.10

Ligand 15

2,5-Bis(octoxy)benzene-1,4-dicarbaldehyde (0.15 g, 0.38 mmol) was dissolved in EtOH (40
mL), then 3-acetylpyridine (0.2 g, 1.61 mmol) and crushed KOH (0.108 g, 1.92 mmol) were
added to the solution and the reaction mixture was stirred at room temperature for ~16 h. The
colourless solution was concentrated in vacuo and left to stand in the freezer at –18°C for 3
days. Compound 15 precipitated and was isolated as an off-white powder (0.1 g, 0.12 mmol,
31.2%). M.p. = 150.5 °C. 1H NMR (500 MHz, CDCl3) δ / ppm 9.13 (dd, J = 2.3, 0.9 Hz, 4H,
HA2), 8.74 (dd, J = 4.8, 1.7 Hz, 4H, HA6), 8.19 (ddd, J = 8.0, 2.3, 1.7 Hz, 4H, HA4), 7.38 (ddd,
J = 7.9, 4.8, 0.9 Hz, 4H, HA5), 6.69 (s, 2H, HB3), 4.17 (p, J = 6.8 Hz, 2H, Hx), 3.85 (t, J = 6.6
Hz, 4H, Ha), 3.5 –3.34 (m, 8H, Hy), 1.77–1.69 (m, 4H, Hb), 1.42 (m, , 4H, Hc), 1.36–1.19 (m,
16H, Hd/e/f/g), 0.91–0.75 (m, 6H, Hh). 13C{1H} NMR (126 MHz, CDCl3) δ / ppm 198.2 (CC=O),
153.5 (CA6) , 150.4 (CB2), 149.8 (CA2), 135.5 (CA4) , 132.4 (CA3), 129.7 (CB1), 123.7 (CA5) ,
113.5 (CB3), 68.7 (Ca), 43.2 (Cy), 33.5 (Cx), 31.9 (Cf), 29.7 (Cb), 29.5 (Cd/e), 29.4 (Cd/e), 26.5
(Cc), 22.8 (Cg), 14.3 (Ch). ESI-MS m/z 839.4 [M+H]+ (calc. 839.5). Found C 69.41, H 7.11, N
6.43; required for C52H62N4O6∙3H2O C 69.93, H 7.67, N 6.27.

15.2.11

Compound 16a

2,5-Dibromohydroquinone (1.00 g, 3.73 mmol), 1-bromo-3-phenylpropane (1.42 mL, 1.86 g,
9.33 mmol) and anhydrous K2CO3 (1.55 g, 11.2 mmol) were added to dry DMF (100 mL) and
the mixture was heated at 100 °C for ~15 h. The reaction mixture was cooled to room
temperature, then transferred to a beaker containing 100 mL of ice water, stirred for 30 min and
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extracted with CH2Cl2 (200 mL). The organic phase was dried over MgSO4 and concentrated
in vacuo. The product was recrystallized from a mixture of EtOH and CHCl3 and isolated as
white crystals (1.68 g, 3.33 mmol, 89.3 %). M.p. = 88.8 °C. 1H NMR (500 MHz, CDCl3) δ /
ppm 7.30 (m, 4H, HD3), 7.24–7.17 (m, 6H, HD2+D4), 7.06 (s, 2H, HC3), 3.95 (t, J = 6.2 Hz, 4H,
Ha), 2.86 (m, 4H, Hc), 2.11 (m, 4H, Hb). 13C{1H} NMR (126 MHz, CDCl3) δ / ppm 150.1 (CC2),
141.4 (CD1), 128.7 (CD2/D3/D4), 128.6 (CD2/D3/D4), 126.1 (CD2/D3/D4), 118.6 (CC3), 111.3 (CC1),
69.1 (Ca), 32.1 (Cc), 30.9 (Cb). GC-EI-MS m/z 503.8 [M]+ (calc. 504.0).

15.2.12

Compound 16b

The method and volumes of solvents were as for the synthesis of 14b, but using 16a (1.5 g,
2.97 mmol), nBuLi (1.6 M in hexanes, 5.57 mL, 8.91 mmol) and dry DMF (0.69 mL, 8.91
mmol). 16b was isolated as a yellow solid (1.08 g, 2.68 mmol, 90.3%) and used without further
purification. M.p. = 102.6 °C. 1H NMR (500 MHz, CDCl3) δ / ppm 10.47 (s, 2H, HCHO , 7.41
(s, 2H, HC3), 7.30 (m, 4H, HD3), 7.24–7.19 (m, 6H, HD2+D4), 4.11 (t, J = 6.2 Hz, 4H, Ha), 2.83
(t, J = 7.6 Hz, 4H, Hc), 2.19 (m, 4H, Hb).

13

C{1H} NMR (126 MHz, CDCl3) δ / ppm 189.4

(CCHO), 155.2 (CC2), 141.10 (CD1), 129.36 (CC1), 128.67 (CD2/D3/D4), 128.53 (CD2/D3/D4), 126.27
(CD2/D3/D4), 111.8 (CC3), 68.3 (Ca), 32.4 (Cc), 30.7 (Cb). GC-EI-MS m/z 402.0 (calc. 402.2).
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15.2.13

Ligand 16

The method and solvent volumes were as for 14 but starting with 16b (0.89 g, 2.21 mmol), 4acetylpyridine (1.13 mL, 1.23 g, 9.95 mmol, KOH (0.56 g, 9.95 mmol) and aqueous NH3 (32%,
17 mL). Compound 16 was obtained as a pale yellow solid (0.74 g, 0.92 mmol, 41.4%).
Decomp. > 260°C. 1H NMR (500 MHz, CDCl3) δ / ppm 8.80 (m, 8H, HA2), 8.12 (s, 4H, HB3),
8.09 (m, 8H, HA3), 7.19–7.10 (m, 8H, HC2/D3+D4), 6.98 (m, 4H, HD2), 4.09 (t, J = 6.1 Hz, 4H,
Ha), 2.69 (m, 4H, Hc), 2.09 (m, 4H, Hb). 13C{1H} NMR (126 MHz, CDCl3) δ / ppm 154.9 (CB2),
150.8 (CA2), 150.6 (CC3), 148.3 (CB4), 146.2 (CA4), 140.9 (CD1), 129.4 (CC1), 128.6 (CC2/D3/D4),
128.3 (CD2), 126.3 (CC2/D3/D4), 121.5 (CB3), 121.3 (CA3), 115.5 (CC2/D3/D4), 68.9 (Ca), 32.4 (Cc),
31.1 (Cb). ESI-MS m/z 809.6 [M+H]+ (calc. 809.4). HR ESI-MS m/z 809.3587 [M+H]+ (calc.
809.3599).
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15.2.14

Ligand 17

2,5-Bis(octoxy)terephthalaldehyde (0.25 g, 0.64 mmol) was dissolved in EtOH (40 mL), then
3-acetylpyridine (0.36 g, 3.0 mmol) and KOH (0.84 g, 15.0 mmol) were added to the solution
and a change from colourless to yellow and then dark red was observed. Aqueous NH3 (32%,
6.3 mL) was slowly added to the reaction mixture and this was then stirred at room temperature
overnight. The solid that formed was collected by filtration, washed with EtOH (3 × 20 mL)
and H2O (3 × 20 mL) and dried in vacuo. Compound 17 was isolated as a pale yellow powder
(0.21 g, 0.26 mmol, 41%). M.p. = 174.7 °C. 1H NMR (500 MHz, CDCl3) δ / ppm 9.39 (d, J =
1.5 Hz, 4H, HA2), 8.71 (m, 4H, HA6), 8.53 (m, 4H, HA4), 8.03 (s, 4H, HB3), 7.47 (m, 4H, HA5),
7.17 (s, 2H, HC3), 4.06 (t, J = 6.3 Hz, 4H, Ha), 1.75 (m, 4H, Hb), 1.36 (m, 4H, Hc), 1.25 –1.13
overlapping with 1.13–1.01 (m, 16H, Hd/e/f/g), 0.79 (t, J = 7.1 Hz, 6H, Hh). 13C{1H} NMR (126
MHz, CDCl3) δ / ppm 154.8 (CB2), 150.7 (CC2), 150.3 (CA6), 148.6 (CA2), 148.1 (CC1), 134.9
(CA3), 134.6 (CA4), 129.4 (CB4), 123.8 (CA5), 120.3 (CB3), 115.4 (CC3), 69.9 (Ca), 31.8 (Cf), 29.5
(Cb), 29.4 (Cd/e), 29.3 (Cd/e), 26.4 (Cc), 22.7 (Cg), 14.2 (Ch). IR (solid, ν / cm–1) 3057 (w), 3037
(w), 2923 (s), 2853 (m), 1904 (w), 1600 (s), 1576(m), 1545 (s), 1515 (m), 1479 (m), 1467 (m),
1439 (m), 1414 (m), 1383 (s), 1339 (m), 1327 (m), 1282 (m), 1264 (m), 1212 (s), 1142 (m),
1129 (m), 1080 (m), 1058 (m), 1031 (m), 1017 (s), 990 (m), 972 (m), 960 (m), 922 (w), 899
(w), 873 (s), 839 (m), 805 (s), 778 (m), 747 (m), 723 (m), 712 (s), 701 (s), 678 (s), 661 (m), 619
(s), 556 (m), 489 (m), 475 (w), 460 (w). UV-VIS (CH2Cl2, 1.25 × 10–5 M) λ/nm (ε/ dm3 × mol–
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1

× cm–1) 241 (51500), 258 sh (47200), 277 sh (42600), 320 (17400), 354 sh (10300). ESI-MS

m/z 797.8 [M+H]+ (calc. 797.5). Found C 76.75, H 6.98, N 10.52; required for C52H56N6O2∙H2O
C 76.63, H 7.17, N 10.31.

15.2.15

Ligand 18

1,1'-Ferrocenedicarboxaldehyde (0.20 g, 0.83 mmol) was dissolved in EtOH (70 mL). 4Acetylpyridine (0.45 g, 3.63 mmol) and KOH (0.23 g, 4.13 mmol) were added to the solution.
Aqueous NH3 (32%, 6.36 mL) was slowly added to the reaction mixture which was then stirred
at room temperature overnight. The solid that formed was collected by filtration, washed with
EtOH (3 × 20 mL) and H2O (3 × 20 mL) and dried in vacuo. Compound 18 was isolated as a
red powder (0.24 g, 0.37 mmol, 44.8%). Decomp >300 °C. 1H NMR (500 MHz, CDCl3, 298
K) δ / ppm 8.60 (m, 4H, HA2), 7.67 (m, 4H, HA3), 7.41 (m, 2H, HB3), 4.85 (m, 2H, HCp), 4.59
(m, 2H, HCp). IR (ν/cm−1) 3032 (w), 1612 (m), 1596 (s), 1559 (m), 1541 (m), 1431 (m), 1411
(m), 1398 (m), 1261 (w), 1226 (w), 1067 (w), 1036 (w), 994 (m), 892 (w), 827 (s), 764 (w),
741 (w), 679 (w), 649 (m), 629 (s), 597 (w), 570 (m), 508 (m), 475 (m). MALDI-MS (α-cyano4-hydroxycinnamic acid matrix) m/z 649.52 [M + H]+ (calc. 649.18). Found C 70.44, H 4.65,
N 12.38; calculated for C40H28FeN6·2H2O C 70.18, H 4.71, N 12.28.

- 304 -

EXPERIMENTAL PART - COMPLEXES

16 EXPERIMENTAL PART - COMPLEXES
16.1
16.1.1

Discrete cyclic structures
[{Cu4Cl8(11)4(MeOH)2}∙0.7CHCl3.1.8MeOH]

A MeOH (8 mL) solution of CuCl2 (4.03 mg, 0.03 mmol) was layered over a CHCl3 (5 mL)
solution of 11 (12.5 mg, 0.03 mmol) and the crystallization tube left to stand at room
temperature. Red crystals of [{Cu4Cl8(11)4(MeOH)2}∙0.7CHCl3∙1.8MeOH] (9.8 mg, 0.0041
mmol, 54%) were obtained after 1-2 weeks. The bulk material was characterized by powder
diffraction (Fig. 109).

Fig. 109: PXRD pattern of the bulk sample of [{Cu4Cl8(11)4(MeOH)2}.0.7CHCl3.1.8MeOH] (top, ~295 K)
compared to the predicted patter (123K) from the single crystal data. Reproduced from ref.[100], published by
Elsevier.

16.1.2

[{ZnI2(10)}4∙1.4MeOH∙0.8H2O]

A MeOH (8 mL) solution of ZnI2 (6.38 mg, 0.02 mmol) was layered over a CHCl3 (5 mL)
solution of 10 (8.35 mg, 0.02 mmol) and the crystallization tube was left to stand at room
temperature. Red crystals of [{ZnI2(10)}4∙1.4MeOH∙0.8H2O] (1.7 mg, 0.0006 mmol, 12%
based on Zn) were obtained after 1-2 weeks. The bulk sample was characterized by powder
diffraction (Fig. 110).
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Fig. 110: PXRD pattern of the bulk sample of [{ZnI 2(10)}4.1.4MeOH.0.8H2O] (top, ~295 K) compared to the
predicted patter (123K) from the single crystal data. Reproduced from ref.[31], published by CSIRO Publishing.

16.1.3

[{ZnCl2(11)}4∙3CHCl3∙3MeOH]

A MeOH (8 mL) solution of ZnCl2 (2.73 mg, 0.02 mmol) was layered over a CHCl3 (5 mL)
solution of 11 (8.35 mg, 0.02 mmol) and the crystallization tube was left at room temperature.
A few red crystals of [{ZnCl2(11)}4∙3CHCl3∙3MeOH] were obtained after 1-2 weeks.

16.2
16.2.1

1D coordination chains
[{Zn(OAc)2(10)} ∙MeOH∙H2O]n

A MeOH (8 mL) solution of Zn(OAc)2.2H2O (4.39 mg, 0.02 mmol) was layered over a CHCl3
(5 mL) solution of 10 (8.35 mg, 0.02 mmol) and the crystallization tube was left to stand at
room temperature. Red crystals of [{Zn(OAc)2(10)}n∙MeOH∙H2O]n (2.7 mg, 0.002 mmol, 10%
based on Zn) were obtained after 1-2 weeks.

16.2.2

[{ZnBr2(11)}∙MeOH]n

A MeOH (8 mL) solution of ZnBr2 (4.50 mg, 0.02 mmol) was layered over a CHCl3 (5 mL)
solution of 11 (8.35 mg, 0.02 mmol) and the crystallization tube was left to stand at room
temperature. Red crystals of [{ZnBr2(11)}n∙1MeOH]n (2.8 mg, 0.004 mmol, 20% based on Zn)
were obtained after 1-2 weeks.
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16.2.3

[{ZnCl2(7)}n]

A solution of ZnCl2 (3.41 mg, 0.025 mmol) in MeOH (8 mL) was layered over a CHCl3 solution
(5 mL) of 7 (7.78 mg, 0.025 mmol) and the tube was sealed with Parafilm. Colourless crystals
of [{ZnCl2(7)}n] (7.0 mg, 0.016 mmol, 63%) were obtained after 2 weeks. IR (solid, ν / cm–1)
3062 (m), 1615 (s), 1607 (s), 1572 (m), 1559 (m), 1543 (m), 1506 (m), 1447 (m), 1425 (m),
1396 (s), 1323 (m), 1218 (m), 1195 (m), 1135 (w), 1064 (s), 1029 (s), 990 (w), 891 (w), 874
(m), 836 (s), 744 (w), 714 (s), 666 (w), 648 (s), 629 (s), 514 (m). Found C 49.59, H 3.03, N
14.97; required for C19H13N5Cl2Zn.H2O C 49.01, H 3.25, N 15.04.

16.2.4

[{ZnI2(7)}n]

An MeOH (8 mL) solution of ZnI2 (8.0 mg, 0.025 mmol) was layered over a CHCl3 (5 mL)
solution of 7 (7.78 mg, 0.025 mmol). The tube was sealed with Parafilm and after 2 weeks,
yellow crystals of [{ZnI2(7)}n] (3.5 mg, 0.006 mmol, 22%) had grown. IR (solid, ν / cm–1) 3056
(w), 1614 (s), 1606 (s), 1568 (m), 1556 (m), 1506 (w), 1444 (m), 1421 (m), 1396 (s), 1322 (w),
1220 (m), 1192 (w), 1135 (w), 1066 (s), 1025 (s), 991 (w), 886 (w), 873 (w), 851 (m), 836 (s),
746 (w), 717 (m), 668 (w), 648 (s), 634 (s), 626 (s). Found C 35.60, H 2.27, N 10.89; required
for C19H13I2N5I2Zn.H2O C 35.19, H 2.33, N 10.80.

16.2.5

[{ZnI2(8)∙MeOH}n]

A solution of ZnI2 (8.0 mg, 0.025 mmol) in MeOH (8 mL) was layered on top of a solution of
8 (4.07 mg, 0.013 mmol) in CHCl3(5 mL) and the tube was left sealed with Parafilm. Yellow
crystals of [{ZnI2(8)∙MeOH}n] (8.0 mg, 0.012 mmol, 91%) were obtained after 2 weeks. IR
(solid, ν / cm–1) 2922 (m), 1608 (s), 1548 (m), 1460 (s), 1406 (m), 1372 (m), 1221 (w), 1065
(m), 1024 (s), 871 (w), 836 (s), 750 (w), 686 (m), 645 (s), 630 (s), 599 (w), 505 (w). Found C
38.11, H 2.95, N 10.50; required for C20H15I2N5Zn.MeOH C 37.28, H 2.83, N 10.35.

16.2.6

[{Co2(NCS)4(MeOH)4(8)2}∙2MeOH∙8H2O]n

A solution of Co(NCS)2 (1.75 mg, 0.01 mmol) in MeOH (8 mL) was layered over a solution of
8

(9.76

mg,

0.03

mmol)

in

CHCl3

(5

mL).

A

few

pink

[{Co2(NCS)4(MeOH)4(8)2}∙2MeOH∙8H2O]n were obtained after 2–4 weeks.
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16.2.7

[Cu2(OAc)4(9)]n

A solution of Cu(OAc)2·H2O (4.11 mg, 0.021 mmol) in MeOH (8 mL) was layered over a
solution of 9 (7.0 mg, 0.021 mmol) in CHCl3 (5 mL). Blue crystals of [Cu2(OAc)4(9)]n (0.9 mg,
0.00128 mmol, 12.2 % based on Cu(OAc)2) were obtained after 1–2 weeks. Insufficient amount
of material was obtained for bulk sample analysis.

16.3
16.3.1

1D coordination ladders
[{Zn2(18)Cl4}∙3CHCl3]n

A solution of ZnCl2 (1.36 mg, 0.01 mmol) in MeOH (8 mL) was layered over a suspension of
18 (6.49 mg, 0.01 mmol) in CHCl3 (5 mL). Red crystals of [{Zn2(18)Cl4}∙3CHCl3]n (0.2 mg,
0. 156 μmol, 1.6% based on 1) were obtained after 2–4 weeks. Insufficient amount of crystalline
material was obtained for bulk analysis.

16.3.2

[{Cu2Cl4(10)2(MeOH)}∙2.25MeOH∙H2O∙CHCl3]n

A MeOH (8 mL) solution of CuCl2 (4.03 mg, 0.03 mmol) was layered over a CHCl3 (5 mL)
solution of 10 (12.5 mg, 0.03 mmol) and the crystallization tube was left to stand at room
temperature. Red crystals of [{Cu2Cl4(10)2(MeOH)}∙2.25MeOH∙H2O∙CHCl3]n (3.7 mg, 0.003
mmol, 20% based on Cu) were obtained after 1-2 weeks.

16.3.3

[Cd2(NO3)4(MeOH)(4)3]n

A MeOH (8 mL) solution of Cd(NO3)2·4H2O (9.25 mg, 0.03 mmol) was layered over a CHCl3
(5 mL) solution of 4 (12.4 mg, 0.03 mmol). The crystallization tube was left to stand at room
temperature and colourless crystals of [Cd2(NO3)4(MeOH)(4)3]n (12.4 mg, 0.007 mmol, 48%
based on Cd) were obtained after 2–4 weeks. Found C 56.11, H 5.07, N 10.83; required for
C82H85Cd2N13O16. MeOH C 56.47, H 5.08, N 10.31. The bulk sample was characterized by
powder diffraction (Fig. 111).
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Fig. 111: PXRD pattern of the bulk sample of [Cd2(NO3)4(MeOH)(4)3]n (top, ~295 K) compared to the predicted
patter (123K) from the single crystal data. Reproduced from ref.[108], published by The Royal Society of Chemistry.

16.4

2D coordination networks

16.4.1

[{Cu(9)(OMe)(MeOH)}{CF3SO3}∙MeOH]n

A solution of Cu2(CF3SO3)2∙C7H8 (10.7 mg, 0.021 mmol) in MeOH (8 mL) was layered over a
solution

of

9

(7.0

mg,

0.021

mmol)

in

CHCl3

(5

mL).

Blue

crystals

of

[{Cu(9)(OMe)(MeOH)}{CF3SO3}∙MeOH]n (5.4 mg, 0.00834 mmol, 39.7% based on 3) were
obtained after 1–2 weeks. The bulk material was characterized by powder diffraction (Fig. 112).

Fig. 112: PXRD pattern of the bulk sample of [{Cu(9)(OMe)(MeOH)}{CF3SO3}∙MeOH]n (top, ~295 K) compared
to the predicted patter (123K) from the single crystal data. Reprinted with permission from ref.[99], copyright 2018
American Chemical Society.
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16.4.2

[{Co(NCS)2(10)2}∙4CHCl3]n

A solution of Co(NCS)2 (1.75 mg, 0.010 mmol) in MeOH (8 mL) was layered over a solution
of 10 (4.17 mg, 0.010 mmol) in CHCl3 (5 mL). Orange crystals of [{Co(NCS)2(10)2}∙4CHCl3]n
(1.7 mg, 0.0011 mmol, 22% based on 10) were obtained after 2–4 weeks. The bulk sample was
characterized by powder diffraction (Fig. 113).

Fig. 113: PXRD pattern of the bulk sample of [{Co(NCS)2(10)2}∙4CHCl3]n (top and middle, ~295 K) compared to
the predicted patter (123K) from the single crystal data. Reproduced from ref.[32], published by MDPI.

16.4.3

[{Co(NCS)2(15)}∙2CHCl3]n

A solution of Co(NCS)2 (0.875 mg, 0.005 mmol) in MeOH (8 mL) was layered over a solution
of 15 (12.6 mg, 0.015 mmol) in CHCl3 (5 mL). Pink crystals of [{Co(NCS)2(15)}∙2CHCl3]n
(0.6 mg, 0.00048 mmol, 9.6%) were obtained after 2–4 weeks. The bulk sample was
characterized by powder diffraction (Fig. 114).
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Fig. 114: PXRD pattern of the bulk sample of [{Co(NCS)2(15)}∙2CHCl3]n (top and middle, ~295 K) compared to
the predicted patter (123K) from the single crystal data. Reproduced from ref.[32], published by MDPI.

16.4.4

[{Co2(NCS)4(1)4}.2CHCl3∙1.5MeOH]n

A MeOH (8 mL) solution of Co(NCS)2 (5.25 mg, 0.03 mmol) was layered over a CHCl3 (5 mL)
solution of 1 (30.5 mg, 0.09 mmol) and left to stand at room temperature. Pink crystals of
[{Co2(NCS)4(1)4}.2CHCl3∙1.5MeOH]n (14.8 mg, 0.007 mmol, 47% based on Co) were
obtained after 1-2 weeks. The bulk sample was characterized by powder diffraction (Fig. 115).

Fig. 115: PXRD pattern of the bulk sample of [{Co2(NCS)4(1)4}.2CHCl3.1.5MeOH]n (top, ~295 K) compared to
the predicted patter (123K) from the single crystal data. Reproduced from ref.[110] published by The Royal Society
of Chemistry.
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16.4.5

[{Co(NCS)2(2)2}∙4CHCl3]n

A MeOH (8 mL) solution of Co(NCS)2 (5.25 mg, 0.03 mmol) was layered over a CHCl3 (5 mL)
solution of 2 (10.6 mg, 0.03 mmol) and left to stand at room temperature. Pink crystals of
[{Co(NCS)(2)}∙2CHCl3]n (3.0 mg, 0.002 mmol, 7% based on Co) were obtained after 1-2
weeks. The bulk sample was characterized by powder diffraction (Fig. 116).

Fig. 116: PXRD pattern of the bulk sample of [{Co(NCS)(2)}∙2CHCl3]n (top, ~295 K) compared to the predicted
patter (123K) from the single crystal data. Reproduced from ref.[110] published by The Royal Society of Chemistry.

16.4.6

[{Co(NCS)2(6)2}∙0.5H2O]n

A MeOH (8 mL) solution of Co(NCS)2 (3.50 mg, 0.02 mmol) was layered over a CHCl3 (5 mL)
solution of 6 (17.4 mmol, 0.06 mmol) and left to stand at room temperature. Pink crystals of
[{Co(NCS)2(6)2}∙0.5H2O]n (5.1 mg, 0.007 mmol, 33% based on Co) were obtained after 1-2
weeks. The bulk sample was characterized by powder diffraction (Fig. 117).
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Fig. 117: PXRD pattern of the bulk sample of [{Co(NCS)2(6)2}∙0.5H2O]n (top, ~295 K) compared to the predicted
patter (123K) from the single crystal data. Reproduced from ref.[110] published by The Royal Society of Chemistry.

16.4.7

[Zn2Cl4(13)]n

A MeOH (8 mL) solution of ZnCl2 (1.36 mg, 0.01 mmol) was layered over a CHCl3 (5 mL)
solution of 13 (7.41 mg, 0.01 mmol) and the crystallization tube was left to stand at room
temperature. Yellow crystals of [Zn2Cl4(13)]n (7.8 mg) were obtained after 1-2 weeks.
Satisfactory elemental analysis of the bulk sample could not be obtained.

16.4.8

[Zn2Cl4(14)∙2MeOH]n

A MeOH (8 mL) solution of ZnCl2 (2.04mg, 0.015 mmol) was layered over a CHCl3 (5 mL)
solution of 14 (12.8 mg, 0.015 mmol) and the crystallization tube was left to stand at room
temperature. Pale yellow crystals of [Zn2Cl4(14)∙2MeOH]n (3.2 mg) were obtained after 1-2
weeks. Satisfactory elemental analysis of the bulk sample could not be obtained. The bulk
sample was characterized by powder diffraction (Fig. 118).
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Fig. 118: PXRD pattern of the bulk sample of [Zn2Cl4(14)∙2MeOH]n (top, ~295 K) compared to the predicted
patter (123K) from the single crystal data. Reproduced from ref.[111], published by The Royal Society of Chemistry.

16.4.9

[{Cd2(NO3)4(3)3}∙3CHCl3]n.

A MeOH (8 mL) solution of Cd(NO3)2·4H2O (9.25 mg, 0.03 mmol) was layered over a CHCl3
(5 mL) solution of 3 (33.1 mg, 0.09 mmol) and the crystallization tube was left to stand at room
temperature. Colourless crystals of [{Cd2(NO3)4(3)3}∙3CHCl3]n (21.2 mg, 0.011 mmol, 73%
based on Cd) were obtained after 2–4 weeks. Satisfactory elemental analysis of the bulk sample
could not be obtained. The bulk sample was characterized by powder diffraction (Fig. 119)

Fig. 119: PXRD pattern of the bulk sample of [{Cd2(NO3)4(3)3}∙3CHCl3]n (top, ~295 K) compared to the predicted
patter (123K) from the single crystal data. Reproduced from ref.[108], published by The Royal Society of Chemistry.
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16.4.10

[{Cd2(NO3)4(19)4}∙3CHCl3]n

A MeOH (8 mL) solution of Cd(NO3)2·4H2O (3.08 mg, 0.01 mmol) was layered over a CHCl3
(5 mL) solution of 19 (11.9 mg, 0.03 mmol) and the crystallization tube was left to stand at
room temperature. Colourless crystals of [{Cd2(NO3)4(19)4}∙3CHCl3]n (8.3 mg, 0.003 mmol,
69% based on Cd) were obtained after 2–4 weeks. Satisfactory elemental analysis of the bulk
sample could not be obtained. The bulk sample was characterized by powder diffraction (Fig.
120).

Fig. 120: PXRD pattern of the bulk sample of [{Cd2(NO3)4(19)4}∙3CHCl3]n (top, ~295 K) compared to the
predicted patter (123K) from the single crystal data. Reproduced from ref.[108], published by The Royal Society of
Chemistry.

16.4.11

[{Cd2(NO3)4(4)4}∙CHCl3∙MeOH]n

A MeOH (8 mL) solution of Cd(NO3)2·4H2O (3.08 mg, 0.01 mmol) was layered over a CHCl3
(5 mL) solution of 4 (12.4 mg, 0.03 mmol) and the crystallization was left to stand at room
temperature. Colourless crystals of [{Cd2(NO3)4(4)4}∙CHCl3·MeOH]n (7.6 mg, 0.003 mmol,
67% based on Cd) were obtained after 2–4 weeks. Satisfactory elemental analysis of the bulk
sample could not be obtained. The bulk sample was characterized by powder diffraction (Fig.
121).
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Fig. 121: PXRD pattern of the bulk sample of [{Cd2(NO3)4(4)4}∙CHCl3∙MeOH]n (top, ~295 K) compared to the
predicted patter (123K) from the single crystal data. Reproduced from ref.[108], published by The Royal Society of
Chemistry.

16.4.12

[{Cd(NO3)2(20)2}·2MeOH]n

A MeOH (8 mL) solution of Cd(NO3)2·4H2O (3.08 mg, 0.01 mmol) was layered over a CHCl3
(5 mL) solution of 20 (12.7 mg, 0.03 mmol) and the crystallization tube was left standing at
room temperature. After 2–4 weeks, colourless crystals of [{Cd(NO3)2(20)2}·2MeOH]n (5.9
mg, 0.005 mmol, 51% based on Cd) had grown. Satisfactory elemental analysis of the bulk
sample could not be obtained. The bulk sample was characterized by powder diffraction (Fig.
122).

Fig. 122: PXRD pattern of the bulk sample of [{Cd(NO3)2(20)2}·2MeOH]n (top, ~295 K) compared to the
predicted patter (123K) from the single crystal data. Reproduced from ref.[108], published by The Royal Society of
Chemistry.
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16.5
16.5.1

3D coordination frameworks
[{Co(NCS)2(12)2}∙2C6H4Cl2]n

A solution of Co(NCS)2 (1.75 mg, 0.010 mmol) in MeOH (8 mL) was layered over a solution
of

12

(6.57

mg,

0.010

mmol)

in

1,2-C6H4Cl2

(5

mL).

Pink

crystals

of

[{Co(NCS)2(12)2}∙2C6H4Cl2]n (3.9 mg, 0.0035 mmol, 70% based on 12) were obtained after
2–4 weeks. The bulk sample was characterized by powder diffraction (Fig. 123).

Fig. 123: PXRD pattern of the bulk sample of [{Co(NCS)2(12)2}∙2C6H4Cl2]n (top, ~295 K) compared to the
predicted patter (123K) from the single crystal data. Reproduced from ref.[32], published by MDPI.

16.5.2

[Co2(NCS)4(4)4]n

A MeOH (8 mL) solution of Co(NCS)2 (5.25 mg, 0.03 mmol) was layered over a CHCl3 (5 mL)
solution of 4 (36.9 mg, 0.09 mmol) and left to stand at room temperature. Pink crystals of
[Co2(NCS)4(4)4]n (20.3 mg, 0.01 mmol, 17% based on Co) were obtained after 1-2 weeks. IR
(solid): 2929 (w), 2851 (w), 2050 (s), 1598 (s), 1558 (w), 1539 (w), 1516 (s), 1502 (m), 1468
(w), 1431 (w), 1397 (m), 1291 (w), 1238 (s), 1217 (m), 1180 (s), 1063 (w), 1014 (m), 825 (s),
733 (w), 678 (w), 646 (s), 621 (w), 602 (m), 525 (m). UVVIS (solid) 494, 638 (sh) nm. The
bulk sample was characterized by powder diffraction (Fig. 124).
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Fig. 124: PXRD pattern of the bulk sample of [Co2(NCS)4(4)4]n (top, ~295 K) compared to the predicted patter
(123K) from the single crystal data. Reproduced from ref.[98], published by The Royal Society of Chemistry.

16.5.3

[{Co2(NCS)4(5)4}∙2CHCl3∙MeOH]n

A MeOH (8 mL) solution of Co(NCS)2 (5.25 mg, 0.03 mmol) was layered over a CHCl3 (5 mL)
solution of 5 (40.6 mg, 0.09 mmol) and left to stand at room temperature. Pink crystals of
[{Co2(NCS)4(5)4}∙2CHCl3∙MeOH]n (26.7 mg, 0.011 mmol, 18% based on Co) were obtained
after 1-2 weeks. The bulk sample was characterized by powder diffraction (Fig. 125).

Fig. 125: PXRD pattern of the bulk sample of [{Co2(NCS)4(5)4}∙2CHCl3∙MeOH]n (top, ~295 K) compared to the
predicted patter (123K) from the single crystal data. Reproduced from ref.[98], published by The Royal Society of
Chemistry.
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16.5.4

[Zn2Br4(16)∙H2O]n.

A MeOH (8 mL) solution of ZnBr2 (4.5 mg, 0.02 mmol) was layered over a CHCl3 (5 mL)
solution of 16 (16.2 mg, 0.02 mmol) and the crystallization tube was left to stand at room
temperature. Yellow crystals of [{Zn2Br4(16)}∙H2O]n (6.7 mg) were obtained after 1-2 weeks.
Satisfactory elemental analysis of the bulk sample could not be obtained.

16.5.5

[Co(NCS)2(17)∙4CHCl3]n

A solution of Co(NCS)2 (5.25 mg, 0.03 mmol) in MeOH (8 mL) was layered over a solution of
17 (12.0 mg, 0.015 mmol) in CHCl3 (5 mL). Pink crystals of [Co(NCS)2(17)∙4CHCl3]n were
obtained after 2–4 weeks (3.00 mg, 0.002 mmol, 13%). Inadequate material was obtained for
bulk elemental analysis.
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17 CRYSTALLOGRAPHIC DATA
17.1

Ligand structures

8: C20H15N5, M = 325.37, colourless block, orthorhombic, space group Pmn21, a = 18.0817(12),
b = 4.3834(3), c = 9.7540(6) Å, α = β = γ = 90°, U = 773.10(9) Å3, Z = 2, Dc = 1.398 Mg m–3,
μ(Cu-Kα) = 0.691 mm−1, T = 123 K. Total 9665 reflections, 1449 unique, Rint = 0.0295.
Refinement of 1429 reflections (121 parameters) with I >2 (I) converged at final R1 =0.0262
(R1 all data = 0.0265), wR2 = 0.0731 (wR2 all data = 0.0736), gof = 1.088.
11: C25H19FeN3, M = 417.29, orange plate, orthorhombic, space group P212121, a = 9.9004(5),
b = 11.3629(6), c = 16.9105(9) Å, α = β = γ = 90°, U = 1902.38(17) Å3, Z = 4, Dc = 1.457 Mg
m–3, μ(Cu-Kα) = 6.472 mm−1, T = 123 K. Total 7433 reflections, 3204 unique, Rint = 0.036.
Refinement of 2710 reflections (263 parameters) with I >2 (I) converged at final R1 = 0.0313
(R1 all data = 0.0389), wR2 = 0.0685 (wR2 all data = 0.0741), gof = 0.8994. CCDC 1504341.

17.2

Discrete cyclic structures

[{ZnI2(10)}4∙1.4MeOH∙0.8H2O]: C101.40H83.20Fe4I8N12O2.20Zn4, M = 3005.20, red block,
triclinic, space group P–1, a = 11.4704(10), b = 11.7733(10), c = 19.2202(17) Å, α = 90.351(4),
β = 102.329(4), γ = 91.929(4)o, U = 2534.1(4) Å3, Z = 1, Dc = 1.969 Mg m–3, μ(Cu-Kα) = 25.046
mm−1, T = 123 K. Total 33089 reflections, 9131 unique, Rint = 0.037. Refinement of 7691
reflections (589 parameters) with I >2 (I) converged at final R1 = 0.0360 (R1 all data =
0.0445), wR2 = 0.0851 (wR2 all data = 0.0899), gof = 0.9080. CCDC 1504338.
[{Cu4Cl8(11)4(MeOH)2}∙0.7CHCl3∙1.8MeOH]: C104.5H91.9Cl10.1Cu4Fe4N12O3.8, M = 2412.30,
red block, monoclinic, space group P21/c, a = 14.0480(7), b = 22.6509(14), c = 16.6921(9) Å,
β = 90.507(3)o, U = 5311.2(5) Å3, Z = 2, Dc = 1.508 Mg m–3, μ(Cu-Kα) = 7.892 mm−1, T = 123
K. Total 33091 reflections, 9788 unique, Rint = 0.056. Refinement of 6392 reflections (667
parameters) with I >2σ (I) converged at final R1 = 0.0874 (R1 all data = 0.1195), wR2 = 0.2286
(wR2 all data = 0.2562), gof = 0.9985.
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[{ZnCl2(11)}4.3CHCl3.3MeOH]:

C102H78Cl14Fe4N12Zn4,

M

=

2668.57,

red

block,

orthorhombic, space group Pccn, a = 25.0374(9), b = 19.6115(7), c = 23.4639(9) Å, α = β = γ
= 90°, U = 11521.3(7) Å3, Z = 4, Dc = 1.54 Mg m–3, μ(Cu-Kα) = 8.882 mm−1, T = 123 K. Total
76606 reflections, 10807 unique, Rint = 0.182. Refinement of 5214 reflections (613 parameters)
with I >2 (I) converged at final R1 = 0.0934 (R1 all data = 0.1562), wR2 = 0.2478 (wR2 all
data = 0.3154), gof = 1.0169. CCDC 1504342.

17.3

1D coordination chains

[Cu2(OAc)4(9)]n: C29H29Cu2N5O8, M = 702.67, blue plate, monoclinic, space group C2/c, a =
26.0869(15), b = 14.8694(9), c = 8.1356(5) Å, β = 108.012(3)o, U = 3001.11(18) Å3, Z = 4, Dc
= 1.555 Mg m–3, μ(Ga-Kα) = 2.248 mm−1, T = 123 K. Total 29718 reflections, 2832 unique,
Rint = 0.037. Refinement of 2686 reflections (236 parameters) with I >2 (I) converged at final
R1 =0.0495 (R1 all data = 0.0520), wR2 = 0.1250 (wR2 all data = 0.1261), gof = 1.0222. CCDC
1585047.
[{ZnCl2(7)}n]: C19H13Cl2N5Zn, M = 447.63, colourless needle, monoclinic, space group P21/n,
a = 8.4559(11), b = 19.194(2), c = 11.2787(13) Å, β = 97.057(9)o, U = 1816.6(4) Å3, Z = 4, Dc
= 1.637 Mg m–3, μ(Cu-Kα) = 4.701 mm−1, T = 123 K. Total 15849 reflections, 3260 unique,
Rint = 0.0643. Refinement of 2331 reflections (281 parameters) with I >2 (I) converged at final
R1 =0.0528 (R1 all data = 0.0795), wR2 = 0.1330 (wR2 all data = 0.1473), gof = 1.015.
[{ZnI2(7)}n]: C19H13I2N5Zn, M = 630.53, yellow block, monoclinic, space group P21/n, a =
10.0386(7), b = 11.2543(8), c = 18.3065(13) Å, β = 103.838(3)o, U = 2008.2(2) Å3, Z = 4, Dc =
2.085 Mg m–3, μ(Cu-Kα) = 25.948 mm−1, T = 123 K. Total 36476 reflections, 3628 unique, Rint
= 0.0436. Refinement of 3516 reflections (244 parameters) with I >2 (I) converged at final R1
=0.0272 (R1 all data = 0.0283), wR2 = 0.0710 (wR2 all data = 0.0718), gof = 1.104.
[{ZnI2(8)].MeOH}n]: C21H19I2N5OZn, M = 676.58, yellow block, monoclinic, space group
P21/n, a = 11.3508(4), b = 11.6668(4), c = 17.6152(6) Å, β = 103.204(2)o, U = 2271.07(14) Å3,
Z = 4, Dc = 1.979 Mg m–3, μ(Cu-Kα) = 23.030 mm−1, T = 123 K. Total 33192 reflections, 4126
unique, Rint = 0.0387. Refinement of 4126 reflections (274 parameters) with I >2 (I) converged
at final R1 =0.0222 (R1 all data = 0.0237), wR2 = 0.0578 (wR2 all data = 0.0588), gof = 1.035.
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[{Co2(NCS)4(8)2(MeOH)4}.2MeOH.8H2O]n: C50H70Co2N14O14S4, M = 1337.32, pink block,
triclinic, space group P–1, a = 10.7199(6), b = 11.3886(7), c = 14.7671(11) Å, α = 86.374(5),
β = 85.892(5), γ = 88.031(4)o, U = 1793.80(13) Å3, Z = 1, Dc = 1.238 Mg m–3, μ(Cu-Kα) =
5.235 mm−1, T = 123 K. Total 24308 reflections, 6218 unique, Rint = 0.051. Refinement of 3947
reflections (364 parameters) with I >2 (I) converged at final R1 = 0.1347 (R1 all data =
0.1693), wR2 = 0.3635 (wR2 all data = 0.3934), gof = 1.0474. CCDC 1550589.
[{Zn(OAc)2(10)}.MeOH.H2O]n: C59H56Fe2N6O10Zn2, M = 1251.58, red plate, orthorhombic,
space group Pbca, a = 24.3420(15), b = 16.0495(10), c = 28.2141(17) Å, α = β = γ = 90°, U =
11022.6(12) Å3, Z = 8, Dc = 1.508 Mg m–3, μ(Cu-Kα) = 5.661 mm−1, T = 123 K. Total 73603
reflections, 10050 unique, Rint = 0.054. Refinement of 8760 reflections (712 parameters) with I
>2 (I) converged at final R1 = 0.0418 (R1 all data = 0.0507), wR2 = 0.0906 (wR2 all data =
0.0939), gof = 0.9044. CCDC 1504343.
[{ZnBr2(11)}.MeOH]n: C26H23Br2FeN3OZn, M = 674.52, red block, triclinic, space group P–1,
a = 8.7879(7), b = 17.1107(14), c = 18.0340(14) Å, α = 73.010(3), β = 80.594(3), γ = 82.192(3)o,
U = 2547.3(4) Å3, Z = 4, Dc = 1.759 Mg m–3, μ(Cu-Kα) = 9.589 mm−1, T = 123 K. Total 33199
reflections, 9306 unique, Rint = 0.037. Refinement of 9066 reflections (619 parameters) with I
>2 (I) converged at final R1 = 0.0469 (R1 all data = 0.0477), wR2 = 0 .1123 (wR2 all data =
0.1125), gof = 0.8948. CCDC 1504339.

17.4

1D coordination ladders

[Cd2(NO3)4(MeOH)(4)3]n: C82H85Cd2N13O16, M = 1733.45, colourless block, triclinic, space
group P–1, a = 13.1304(7), b = 16.5224(9), c = 19.2845(10) Å, α = 83.670(3), β = 82.840(3), γ
= 70.242(3)°, U = 3896.3(2) Å3, Z = 2, Dc = 1.477 Mg m−3, μ(Cu-Kα) = 5.007 mm−1, T = 123
K. Total 49 970 reflections, 13 661 unique, Rint = 0.039. Refinement of 12 221 reflections (1018
parameters) with I > 2σ(I) converged at final R1 = 0.0540 (R1 all data = 0.0586), wR2 = 0.1212
(wR2 all data = 0.1228), gof = 0.9870. CCDC 1402482.
[{Cu2Cl4(10)2(MeOH)}.2.25MeOH.H2O.CHCl3]n: C54.25H54Cl7Cu2Fe2N6O4.25, M = 1345.02,
red plate, monoclinic, space group P21/n, a = 16.1181(12), b = 24.7209(18), c = 16.1565(11)
Å, β = 112.267(4)°, U = 5957.5(8) Å3, Z = 4, Dc = 1.50 Mg m–3, μ(Cu-Kα) = 7.913 mm−1, T =
123 K. Total 38865 reflections, 10865 unique, Rint = 0.056. Refinement of 7219 reflections (649
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parameters) with I >2σ(I) converged at final R1 = 0.0565 (R1 all data = 0.0863), wR2 = 0.1439
(wR2 all data = 0.1750), gof = 0.9640. CCDC 1504340.
[{Zn2(18)Cl4}∙3CHCl3]n: C43H31Cl13FeN6Zn2, M = 1279.25, red block, monoclinic, space
group P21/n, a = 13.5721(11), b = 23.659(2), c = 15.0438(12) Å, β = 94.479(3)°, U = 4815.8(7)
Å3, Z = 4, Dc = 1.764 Mg m−3, μ(Cu-Kα) = 10.517mm−1, T=123 K. Total 49487 reflections,
8941 unique, Rint=0.027. Refinement of 8630 reflections (586 parameters) with I > 2 (I)
converged at final R1 = 0.0749 (R1 all data = 0.0765), wR2 = 0.1882 (wR2 all data = 0.1890),
gof = 0.9829.

17.5

2D coordination networks

[{Cu(9)(OMe)(MeOH)}{CF3SO3}∙MeOH]n. C25H28CuF3N5O6S, M = 647.13, blue needle,
monoclinic, space group P21/n, a = 7.3589(2), b = 19.2305(3), c = 19.2279(4) Å, β = 93.221(2)o,
U = 2716.74(6) Å3, Z = 4, Dc = 1.582 Mg m–3, μ(Ga-Kα) = 5.221 mm−1, T = 123 K. Total 50738
reflections, 5511 unique, Rint = 0.065. Refinement of 4419 reflections (376 parameters) with I
>2 (I) converged at final R1 =0.04705 (R1 all data = 0.0577), wR2 = 0.0976 (wR2 all data =
0.1090), gof = 1.0087. CCDC 1585048.
[{Co(NCS)2(10)2}.4CHCl3]n: C56H42Cl12CoFe2N8S2, M = 1487.19, orange block, monoclinic,
space group P21/n, a = 10.5796(7), b = 17.4860(12), c = 16.9126(11) Å, β = 99.047(3)o, U =
3089.8(4) Å3, Z = 2, Dc = 1.598 Mg m–3, μ(Cu-Kα) = 11.565 mm−1, T = 123 K. Total 21236
reflections, 5706 unique, Rint = 0.030. Refinement of 5555 reflections (367 parameters) with I
>2σ(I) converged at final R1 = 0.0473 (R1 all data = 0.0483), wR2 = 0.0964 (wR2 all data =
0.0966), gof = 0.9222. CCDC 1550588.
[{Co(NCS)2(15)}.2CHCl3]n: C56H64Cl6CoN6O6S2, M = 1252.94, pink block, triclinic, space
group P–1, a = 9.5196(10), b = 11.1662(13), c = 14.4682(16) Å, α = 80.088(6), β = 78.780(5),
γ = 86.642(6)o, U = 1485.5(3) Å3, Z = 1, Dc = 1.400 Mg m–3, μ(Cu-Kα) = 5.838 mm−1, T = 123
K. Total 18364 reflections, 5368 unique, Rint = 0.049. Refinement of 4997 reflections (349
parameters) with I >2σ(I) converged at final R1 = 0.1210 (R1 all data = 0.1256), wR2 = 0.2862
(wR2 all data = 0.2891), gof = 0.9924. CCDC 1550586.
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[{Co2(NCS)4(1)4}.2CHCl3.1.5MeOH]n: C95.50H76Cl6Co2N16O5.50S4, M = 1994.60, pink block,
triclinic, space group P–1, a = 13.7002(12), b = 18.0092(15), c = 20.4275(17) Å, α = 98.287(4),
β = 99.998(3), γ = 110.322(3)o, U = 4539.1(4) Å3, Z = 2, Dc = 1.459 Mg m–3, μ(Cu-Kα) = 5.869
mm−1, T = 123 K. Total 68836 reflections, 16258 unique, Rint = 0.036. Refinement of 15530
reflections (1196 parameters) with I >2σ(I) converged at final R1 = 0.1166 (R1 all data =
0.1191), wR2 = 0.2862 (wR2 all data = 0.2867), gof = 0.9939.
[{Co(NCS)2(2)2}.4CHCl3]n: C52H42Cl12CoN8O2S2, M = 1359.46, pink block, monoclinic, space
group P21/n, a = 11.3206(10), b = 15.9765(14), c = 16.5480(14) Å, β = 91.496(4)o, U =
2991.9(3) Å3, Z = 2, Dc = 1.509 Mg m–3, μ(Cu-Kα) = 8.216 mm−1, T = 123 K. Total 18554
reflections, 5365 unique, Rint = 0.139. Refinement of 5024 reflections (385 parameters) with I
>2σ(I) converged at final R1 = 0.1118 (R1 all data = 0.1134), wR2 = 0.2308 (wR2 all data =
0.2310), gof = 1.0458.
[{Co(NCS)2(3)2}.4CHCl3]n: C54H46Cl12CoN8O2S2, M = 1387.47, pink block, monoclinic, space
group P21/n, a = 11.7747(11), b = 15.5746(15), c = 16.6739(15) Å, β = 93.870(7)o, U =
3050.8(3) Å3, Z = 2, Dc = 1.51 Mg m–3, μ(Cu-Kα) = 8.070 mm−1, T = 123 K. Total 5909
reflections, 5248 unique, Rint = 0.053. Refinement of 4479 reflections (331 parameters) with I
>2σ(I) converged at final R1 = 0.1112 (R1 all data = 0.1236), wR2 = 0.2753 (wR2 all data =
0.2832), gof = 0.9761.
[{Co(NCS)2(6)2}.0.5H2O]n: C40H39CoN8O0.50S2, M = 762.87, pink block, monoclinic, space
group C2/c, a = 37.272(4), b = 11.9575(12), c = 23.770(3) Å, β = 125.290(6)o, U = 8647.3(17)
Å3, Z = 8, Dc = 1.172 Mg m–3, μ(Cu-Kα) = 4.302 mm−1, T = 123 K. Total 33334 reflections,
7564 unique, Rint = 0.117. Refinement of 2975 reflections (469 parameters) with I >2σ(I)
converged at final R1 = 0.1514 (R1 all data = 0.2634), wR2 = 0.3615 (wR2 all data = 0.4950),
gof = 1.0612.
[{Cd2(NO3)4(3)3}·3CHCl3]n: SQUEEZE[123] was used to treat the solvent region.
C75H66Cd2Cl9N13O15, M = 1933.30, colourless block, monoclinic, space group P21/n, a =
15.0312(9), b = 25.4508(11), c = 21.7048(12) Å, β = 92.051(4)°, U = 8298.0(5) Å3, Z = 4, Dc
= 1.55 Mg m−3, μ(Cu-Kα) = 7.363 mm−1, T = 123 K. Total 55 690 reflections, 14 425 unique,
Rint = 0.090. Refinement of 14 419 reflections (854 parameters) with I > 2σ(I) converged at
final R1 = 0.0814 (R1 all data = 0.1228), wR2 = 0.2242 (wR2 all data = 0.2753), gof = 0.9871.
CCDC 1402483.
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[{Cd2(NO3)4(19)4}·3CHCl3]n: SQUEEZE[123] was used to treat the solvent region.
C107H103Cd2Cl9N16O16, M = 2412.97, colourless block, monoclinic, space group P21/c, a =
25.945(6), b = 24.578(5), c = 17.527(3) Å, β = 91.069(9)°, U = 11 174.7(17) Å3, Z = 4, Dc =
1.43 Mg m−3, μ(Cu-Kα) = 5.601 mm−1, T = 123 K. Total 76 477 reflections, 19 048 unique, Rint
= 0.047. Refinement of 19 027 reflections (1232 parameters) with I > 2σ(I) converged at final
R1 = 0.1340 (R1 all data = 0.1419), wR2 = 0.3465 (wR2 all data = 0.3513), gof = 1.0024. CCDC
1402485.
[{Cd2(NO3)4(4)4}·CHCl3·MeOH]n: SQUEEZE[123] was used to treat the solvent region.
C108H112Cd2Cl3N16O17, M = 2261.35, colourless block, monoclinic, space group P21/c, a =
25.2624(12), b = 25.0809(11), c = 16.7959(8) Å, β = 92.522(3)°, U = 10 631.6(9) Å3, Z = 4, Dc
= 1.41 Mg m−3, μ(Cu-Kα) = 4.500 mm−1, T = 123 K. Total 44 477 reflections, 18 427 unique,
Rint = 0.089. Refinement of 11 009 reflections (1191 parameters) with I > 2σ(I) converged at
final R1 = 0.1026 (R1 all data = 0.1279), wR2 = 0.2838 (wR2 all data = 0.3071), gof = 1.0024.
CCDC 1402486.
[{Cd(NO3)2(20)2}·2MeOH]n: C58H66CdN8O10, M = 1147.61, colourless block, monoclinic,
space group P21/n, a = 17.336(3), b = 17.302(3), c = 18.817(3) Å, β = 97.458(7)°, U = 5596.3(8)
Å3, Z = 4, Dc = 1.362 Mg m−3, μ(Cu-Kα) = 3.658 mm−1, T = 123 K. Total 11 3924 reflections,
9826 unique, Rint = 0.087. Refinement of 5855 reflections (659 parameters) with I > 2σ(I)
converged at final R1 = 0.0986 (R1 all data = 0.1359), wR2 = 0.2752 (wR2 all data = 0.3369), gof
= 0.9707. CCDC 1402484.
[Zn2Cl4(13)]n: C48H48Cl4N6O2Zn2, M = 1013.52, yellow block, monoclinic, space group C2/c,
a = 20.4985(9), b = 11.6491(3), c = 23.7457(10) Å, β = 91.737(4)°, U = 5667.6(4) Å3, Z = 4,
Dc = 1.188 Mg m−3, μ(Ga-Kα) = 2.036 mm−1, T = 123 K. Total 95 099 reflections, 5516 unique,
Rint = 0.057. Refinement of 3189 reflections (280 parameters) with I > 2σ(I) converged at final
R1 = 0.0451 (R1 all data = 0.0676), wR2 = 0.0510 (wR2 all data = 0.0578), gof = 0.8726. CCDC
1541160.
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[Zn2Cl4(14)·2MeOH]n: C58H72Cl4N6O4Zn2, M = 1189.82, colourless plate, monoclinic, space
group C2/c, a = 20.777(2), b = 11.6382(9), c = 23.8738(17) Å, β = 90.074(7)°, U = 5772.8(8)
Å3, Z = 4, Dc = 1.369 Mg m−3, μ(Cu-Kα) = 3.122 mm−1, T = 123 K. Total 34 161 reflections,
5360 unique, Rint = 0.034. Refinement of 5077 reflections (332 parameters) with I > 2σ(I)
converged at final R1 = 0.0726 (R1 all data = 0.0749), wR2 = 0.1722 (wR2 all data = 0.1726), gof
= 0.7625. CCDC 1541161.

17.6

3D coordination frameworks

[{Co(NCS)2(12)2}.2C6H4Cl2]n: C56H44Cl4CoN8O2S2, M = 1125.89, pink block, monoclinic,
space group P21/c, a = 10.2136(9), b = 19.3452(17), c = 16.2214(15) Å, β = 107.027(3)o, U =
3064.6(5) Å3, Z = 2, Dc = 1.22 Mg m–3, μ(Cu-Kα) = 4.787 mm−1, T = 123 K. Total 20265
reflections, 5638 unique, Rint = 0.029. Refinement of 4472 reflections (298 parameters) with I
>2σ(I) converged at final R1 = 0.1258 (R1 all data = 0.0483), wR2 = 0.1287 (wR2 all data =
0.1437), gof = 0.9942. CCDC 1550587.
[Co(NCS)2(17)∙4CHCl3]n: C58H60Cl12CoN8O2S2, M = 1449.6, pink block, orthorhombic, space
group Pna21, a = 17.8916(15), b = 19.6745(17), c = 19.088(2) Å α = β = γ = 90°, U = 6719.1(8)
Å3, Z = 4, Dc = 1.433 Mg m–3, μ(Cu-Kα) = 7.350 mm−1, T = 123 K. Total 64379 reflections,
11789 unique, Rint = 0.090. Refinement of 11763 reflections (704 parameters) with I >2σ(I)
converged at final R1 = 0.1343 (R1 all data = 0.1464), wR2 = 0.3170 (wR2 all data = 0.3268),
gof = 1.0827. CCDC 1035825.
[Co2(NCS)4(4)4]n (enantiomer I): a = 23.7111(4), Å, b = 23.7111(4) Å, c = 46.9783(7) Å, α =
β = γ = 90°; V = 26412.0(9) Å3, tetragonal, P41212, Z = 8, ρcalc = 1.000 Mg/m3; μ = 0.362 mm–
1

; T = 100(2) K; θmax = 27.221°, 79766 measured reflections, 26743 unique reflections [Rint =

0.0691], 12814 with F2 > 2σ, R(F, F2>2σ) = 0.0901; Rw(F2, all data) = 0.2795, GoF = 0.940,
CCDC: 1474325.
[Co2(NCS)4(4)4]n (enantiomer II): a = 23.68444(16) Å, b = 23.68444(16) Å, c = 46.9716(4) Å,
α = β = γ = 90°; V = 26348.8(4) Å3, tetragonal, P43212, Z = 8, ρcalc = 1.002 Mg/m3; μ = 0.363
mm–1; T = 100(2) K; θmax = 26.6550°, 294870 measured reflections, 26290 unique reflections
[Rint = 0.0748], 17361 with F2 > 2σ, R(F, F2>2σ) = 0.0894; Rw(F2, all data) = 0.2836, GoF =
1.032, CCDC: 1474326.
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[{Co2(NCS)4(5)4}.2CHCl3.MeOH]n: a = 23.88216(9) Å, b = 23.88216(9) Å, c = 46.8514(3) Å,
α = β = γ = 90°; V = 26722.0(3) Å3, tetragonal, P41212, Z = 8, ρcalc = 1.207 Mg/m3; μ = 0.486
mm–1; T = 100(2) K; θmax = 27.5260°, 292603 measured reflections, 30625 unique reflections
[Rint = 0.0437], 28191 with F2 > 2σ, R(F, F2>2σ) = 0.0913; Rw(F2, all data) = 0.2615, GoF =
1.029, CCDC: 1474327.
[{Zn2Br4(16)}.H2O]n: C54H44Br4N6O3Zn2, M = 1275.36, yellow block, trigonal, space group R3, a = b = 35.9593(6), c = 25.1227(3) Å, U = 28 133.2(9) Å3, Z = 9, Dc = 0.677 Mg m−3, μ(GaKα) = 1.410 mm−1, T = 123 K. Total 140 567 reflections, 12 851 unique, Rint = 0.073.
Refinement of 6571 reflections (316 parameters) with I >2σ(I) converged at final R1 = 0.0898
(R1 all data = 0.1242), wR2 = 0.0719 (wR2 all data = 0.0924), gof = 0.9393. CCDC 1541159.
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