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e General

bipy

dmbpy
CHsCN
DMSO

FTO
HOMO
Hz
IPCE
LUMO
phen
ppm
THF
TMS
TFA

Ampere

Angstrom

2,2 -bipyridine

6,6 -dimethyl-2,2"-bipyridine
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Fluorine doped SnO

Highest occupied molecular orbital
Hertz

Incident photon to current conversion ey
Lowest occupied molecular orbital
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Tetrahydrofuran
Tetramethylsilane

Trifluoroacetic acid
Volt

» Experimental methods

Nuclear Magnetic Resonance Spectroscopy (NMR)

"H NMR
3C NMR
3p NMR
COSsY

Proton nuclear magnetic resonance spectpysco
Carbon nuclear magnetic resonance specfpgsco
Phosphorus nuclear magnetic resonance speopy

Correlated spectroscopy



HMBC Heteronuclear multiple bond correlation

HMQC Heteronuclear multiple quantum correlation
NOESY Nuclear overhauser effect spectroscopy
d Chemical shift, ppm

J Coupling constant in Hz

S Singlet

d Doublet

t Triplet

q Quartet
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Mass Spectrometry (MS)

El Electron impact

ESI Electrospray ionisation

FAB Fast-atom bombardment

M Parent ion
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Ultra-Violet Visible (UV-VIS) Spectroscopy
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Infrared (IR) Spectroscopy
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m Medium

S Strong
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General experimental

'H, BC and>'P spectra were recorded at room temperature oneBrak250 (250 MHz),
Bruker DRX400 (400 MHz), Bruker Avance DRX500 (5MHz) and DRX600 (600 MHz)
spectrometers. Chemical shifts fét and*C are relative to residual solvent peaks with T&I®

ppm.>!P spectra are referenced with respect to 85% agueMD; (5 0 ppm).

Infrared spectra were recorded on a Shimadzu FRIBB8 spectrophotometer with solid

samples on a Golden Gate diamond ATR accessory.

Electron impact (El), electrospray ionization (ES§nd MALDI-TOF mass spectra were
recorded using Finnigan MAT95 and MAT LCQ and Petbe Biosystems Voyager mass

spectrometers, respectively.
Electronic absorption spectra were recorded onreaNaary 5000 spectrophotometer.

Electrochemical measurements were performed withEeon Chemie Autolab PGSTAT 20
system using glassy carbon working and platinumilianx electrodes with a silver wire as
pseudo-reference electrode. Solvents (see expdameection) were purified and 0.1M
["BusN][PFg] was used as supporting electrolyte. Ferroceng s added at the end of each
experiment as an internal reference. Fog[®a(L17),], the supporting electrolyte was 0.1M
NaClO, and measurements were made relative to Ag/AgEh ttorrected to be with respect to
Fc/FC.

Photoelectrochemical measurements at the UnivesEBasel were performed with a CHI-900B
potentiostat connected to the cells. The light sewas a 300 W halogen lamp (ELH, General
electrics) with a UV-filter to block light with walengths under 400 nm. The solar cells were
mounted at a distance where the light intensity W@8 mW/cni (measured with an optical
power meter head, Thorlabfhe equivalent of one sun at air mass 1.5. Maskipg was added

around the cells to prevent reflected light distugithe measurement.



The elemental analyses were performed with a Ld¢N-B00 microanalyser by W. Kirsch.



I Introduction

Now, more than ever before, energy is what makesvoud continuously work. World energy
annual consumption isa. 4.7 x 13° J and is expected to grow about 2% each yeahéonext

25 years [1]. The World’s conventional energy sigsp(oil, natural gas and coal) have a finite
lifetime as our major source of energy, and curferdgcasts suggest that alternatives must make
a major contribution in the near future, also beeamankind cannot afford to continue to
progress by relying on sources of energy that selegeenhouse gases. Though nuclear power
was once regarded as a solution for increasingggregmand and the depletion of fossil fuels,
concerns about the storage of nuclear waste leshtsstis to explore alternative and renewable

sources of energy.

Most renewable energy options must rely on a nattiof energy into the Earth and since the
Sun is our only external energy source, usingner@y, which is clean and infinite, is the main
objective of all alternative energy strategiesislremarkable that a mere 10 minutes of solar
irradiation onto the Earth’s surface is equal te tbtal annual human energy consumption [2].
However, nowadays renewable sources comprise ab®ut of all energy production and
photovoltaics (PV) (from photons to electrons) oatcount for no more than 0.04%, and, most
probably, only in 2030 will that figure reach 1%].[3olar PV energy costs are not yet
competitive and continued PV growth is mainly based government support, as is easily
perceived by analyzing three major consumers: Geym#apan and the USA. Nevertheless, PV
solar cells are clearly very elegant and attractiegices for producing energy: cells are free
from chemical and noise pollution; their power auts flexible; production can be donesitu,

it is not dependent on the electrical grid, whichkes them uniquely portable; they do not rely
on reserves located abroad in geopolitically urstabuntries and, of course, their source of

energy, the Sun, as already said, is free and aestible for the next few million years.

The first modern PV solar cells, silicon (Si) piuere developed by Chapiet al. at Bell
Laboratories in 1954 [4], and a few years latelythvere already used in space exploration.

Crystalline silicon (c-Si) solar cells have domatthe terrestrial PV market so far for various



reasons: besides silicon’s natural abundance (8idsmost abundant element in the Earth’'s
surface apart from oxygen), low toxicity and a westablished processing technology,
manufacturers have been supplied with rejected maattfom the high-tech semiconductor
industry. However, silicon is far from being theead material of choice for PV conversion [5],
because besides the unwanted dependency to theoriecSi industry, only sustainable if it
continues to grow at least at the same rate a®V¥hmdustry, which is not the case, the purity
level of Si supplied to the PV industry as “by-puct! is a fairly expensive feedstock due to two

costly purifying processes.

The operating principle of c-Si PV solar cells istg simple. The cell is made up of three layers:
the n-type, the p-type and the pn-junction (thenemtion formed between the previous two).
The n-type layer is doped with elements from gr&dypnormally phosphorus, because it has
extra electrons and works as the donor (anodep-tigpe layer, on the other hand, is doped with
group 13 elements, commonly boron, that has a ddadectrons and therefore creates “holes”
and, consequently, becomes the receptor (cathbdg)t reception occurs in the pn-junction.

Each photon generates an electron-hole pair byiegalectrons from the junction valence band
to the conduction band (electrons are driven to rtegative layer while “holes” are left as

positive). This mechanism leads to different patdsitin the anode and cathode, inducing an

electron flow, and in doing so generates an elsdtdurrent.

However, the dominance of the PV field by inorgasitid-state junction devices is now being
challenged by the emergence of another generationells based on nanocrystalline and
conducting polymers films, which offer the prospeetof very low cost fabrication and present
attractive features that facilitate market enttyisinow possible to depart completely from the
classical solid-state cells, which are replaceddeyices based on interpenetrating network
junctions where the contacting phase to the serdiector has been replaced by an electrolyte
(liquid, gel or solid) thereby forming a photo-dlechemical cell. The prototype of this family

of devices is the dye-sensitized solar cell (DSS@jch performs the optical absorption and the
charge separation processes by the associatiors@fistizer as light-absorbing material with a
wide band gap semiconductor of mesoporous or ngsitiine morphology [5-7]. It is an

analogous situation to that of the photosynthetacgss in which chlorophyll absorbs photons



but does not participate in charge transfer [8]sT& contrary to conventional PV cells where a

semiconductor assumes both functions.

Photosensitization of semiconductors has a lontpryisbeing pioneered in the photographic
process by Vogel in Berlin in 1873 [9], and for seomductors by Moser in Vienna in 1887 [2].
However, it was not until one century later thahssgzation started to be used for photo-
electrochemical purposes [10]. A US patent subnhitte 1977 included almost all the major
characteristics of today’s DSSCs and is entifdg@-sensitized solar cells. By 1980 ruthenium-
based dyes had been identified by the Dare-Edwgmalgp in England [11] and this represented
a starting point for DSSCs. However, it was notluhe publication of an article by Gratzel in
1991 [6] that the interest in this kind of solall€¢ook off; indeed, this interest is still incstag

every year (see figure 1).

mDocuments m Patents
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Fig. 1. Number of published documents about DSSCs (asticlenference papers and reviews).

A typical DSSC is composed of two sheets of glasged with a transparent conductive oxide
layer (TCO). One of the glass plates, the workilegteode, is covered with a film of small dye-
sensitized semiconductor particles; the other ghdeste, the counter electrode, is coated with a
catalyst. Both plates are sandwiched together lame@lectrolyte, commonly a redox couple in an
organic solvent, fills the gap between them. Upghtlirradiation, dye molecules are photo-
excited and inject an electron into the conducband of the oxide. The electron then migrates
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through the semiconductor reaching the collect@@J. Afterwards, the electron goes through
an outer circuit to reach the other TCO layer (et tounter electrode), performing electrical
work on the way. The electron is then transfercethe electrolyte where it reduces the oxidant
species; subsequently, the original state of the idyrestored by electron donation from the
reduced specie in the electrolyte, completing tineuit. Overall the device generates electric
power from light without suffering any permanenteunthcal transformation. However, there are
undesirable reactions, which are that the injeeledtrons may recombine either with oxidized
sensitizer or with the oxidized redox couple at W@, surface, resulting in losses in the cell
efficiency (dark current — see chapter V). In tiext figure a schematic representation of the
DSSC is shown:

T
Av )
‘ e
TiO2 {/=( RTR ’/\\ 02

Electrolyte

0.6

i) S*/S

1.0

Counter electrode V vs SCE

Fig. 2. Principle of operation and energy level diagranthef DSSC. S/3S* = Sensitizer in the ground, oxidized
and excited state, respectively. R/R+ = Redox nted[&2].
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l. 1 Different parts of the dye-sensitized solar cell (BSC)

1.1.1 Semiconductor

Those semiconductors with band gaps narrow enaugéfficient absorption of visible light are
unstable against photo-corrosion. Semiconductaislestunder illumination, typically oxides of
metals such as titanium or niobium, have a widedbgap, an absorption edge towards the
ultraviolet and consequently are insensitive to thsible spectrum. For this reason a
chromophoric compound, the sensitizer, is adsodmd the semiconductor’s surface expanding

the absorption spectrum range, and thus incredgimigharvesting efficiency [13].

A monolayer of dye on a flat surface absorbs attradew percent of light because it occupies
an area that is much larger than its optical ceesdion. For this reason, in the first laboratory
embodiment of the DSSC which dates back to 1988 [hé photo-anode was a titanium sheet
covered with a high surface area “fractal” Fifdm that had a roughness factor of about 150.
Years later, in 1991 Gratzel reported a breakthmpugth an efficiency of around 7% achieved
by the innovative use of a nanoscopic Farticle layer that produces a junction of hugetact
area. The semiconductor’s surface is thus enlamed 1000 times allowing for efficient

harvesting of sunlight by the adsorbed monolayeseoitizer.

12



Fig. 3. On the left: scanning electron microscope pictfrthe fractal TiQ film used in the first embodiment of the

DSSC in 1988. On the right: scanning electron ngph of a TiQ anatase colloid film [15].

Another dilemma faced by this kind of PV conversgystem is the need for compact oxide
semiconductor films to be n-doped to conduct etexstr However, the presence of conduction
band electrons is undesirable as they can quercexitited sensitizer by energy transfer, which
will inevitably reduce the photovoltaic conversiefficiency. In contrast to these compact oxide
layers, the present designs of DSSCs contain aonketef undoped (insulating) wide band gap
oxide nanocrystallites that, upon injection of agirgle electron from the surface adsorbed

sensitizer, turn the oxides from an insulating tmwaductive state, thus solving the problem.

Since research began, Gidas been the preferred semiconductor in DSSCgitdesome
promising properties offered by other metal oxidesh as ZnO [16], SnCand NbOs [17].
TiO,, a white pigment, meets the requirements of tksgnt era of ecological and environmental
consciousness, where preferences are for inert;tox@o compounds. As a cheap, readily
available material, Ti@serves as an attractive candidate for many indlisipplications (paints,
paper, coatings, plastics, etc.). Rutile, anatagk lmookite are the three common crystalline
polymorphs of TiQ [18]. Anatase has been widely used because ialtagh band gap energy
(3.2 eV, and absorbs only below 388 nm) makingwsible to most of the solar spectrum,
reducing the recombination rate of photo-injectéstteons. Additionally, it has good thermal

stability, is chemically inert, non-toxic and relaly cheap [18]. Rutile can also be employed;
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however, it has a smaller band gap (3.0 eV) ands dess effective, since photon excitation

within the band gap generates holes that act amots making it less chemically stable [19].

As already pointed out, the Ti@lm morphology is of major importance in the perhance of
DSSCs. Ideally, the semiconductor layer should reawanostructured mesoscopic morphology
crucial for a high specific surface area, in ortteobtain the maximum area available for dye
adsorption using the minimum quantity of BiQnitially, it was thought that these mesoporous
films could promote charge carrier loss by recoratiom, however, unexpectedly this does not
happen, since the injected electron and the pesdharge find themselves within picoseconds
after light excitation of the dye on opposite sidédhe liquid-solid interface [20]. It has been
observed that, in some cases, electron injectiat Isast eight orders of magnitude faster than
any other competing channels of excited state tkedictn, including those leading to chemical
transformation of the dye [21]. However, because itilected electron has to be transported
across a large number of colloidal particles amgingboundaries, there will be an increased
probability of recombination with increased filmidkness. Thus, there exists an optimal
thickness to obtain maximum photocurrent. In additiZzhuet al. observed that recombination
occurs close to the glass coated with a TCO lagdrret throughout the entire titania matrix.
For this reason, present researchers use a cof@d2jar nanocrystalline [23] Ti@"blocking
layer”. The use of a light-scattering layer is atpaite common; it consists of larger titania
particles that work as a photo-trapping system.[24je two deposition techniques generally
used to deposit the semiconductor onto the glabstsie are screen-printing and doctor-
blading. Typical film thicknesses are 5-2@n, with TiO, mass of about 1-4 mg emfilm

porosity 50-65%, average pore size 15 nm and padiameters of 15-20 nm.

A relatively new and exciting research field in sewnductor morphology is the use of

nanostructures, namely nanotubes, nanowires, ndsard inverse opals [25-27].
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.1.2  Dye

As stated before, the dye is the photoreceptoritsgng the semiconductor, and so several

requirements must be fulfilled. Obviously one wolik& to use a dye that absorbs nearly all the
sunlight incident on earth, like a black-body abgor The solar spectrum has its maximal

intensity in the IR region (ca. 1200 nm) and s ilesirable to shift the absorption peak of the

dye to as low energy as possible. However, theggneontent of the photon decreases as one
moves further into the IR region, so 920 nm hasil#mwsen as the threshold wavelength below
which the sensitizer should absorb [18].

In addition, it must also carry groups to attack tlye to the surface, for example carboxylate
[28, 29] or phosphonate [30, 31] groups, beingdhtbe most employed ones. Other groups, like
boronic acid [32], salicylate [18], silanes [33}nides [34], ethers [35] or hydroxamic acid
groups [36] can also be employed to attach photbfadox-active molecules to metal oxide
surfaces. The anchoring group is an important pat@anto consider in the design of efficient
sensitizers because it may affect both the stghilitthe linkage and the electronic coupling
between the dye and the semiconductor [31]. Upaitation it should inject electrons into the
solid with a quantum yield of unity, and this issbelone when the electronic coupling of the

donor levels of the dye and the acceptor leveth®Bemiconductor are well matched.

The energy level of the excited state of the dymukhbe well matched to the lower level of the
conduction band of the oxide to minimize energktgses during the electron transfer reaction.
And not only that, the redox potential of the sémsi should be sufficiently positive that it can

be regenerated via electron donation from the redediator [7]. Given these requirements, it is
logical to go, if possible, for systematic desigraamixed ligand complex or organic dye with

different constituent groups each for a specifgktdMany mixed ligand complexes synthesized
so far and reported in the literature as efficiphbto-sensitizers are the result of this type of
molecular engineering of the composition of the ptam [37]. For these studies it was taken into
consideration that numerous spectro- and electroda® studies of polypyridine complexes

have clearly established that the first oxidatiod eeduction potentials are good indicators of the

electronic levels of the donor and acceptor mokecoitbitals (MOs) [18].
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Finally, the sensitizer should be stable enougbusiain about faurnover cycles corresponding
to about 20 years of exposure to natural light. [I®bJorder to stabilize the sensitizer, one has to
make sure that the electron injection and the rexgouef the oxidized form by the redox couple
are fast enough to suppress side reactions likeadation (e.g., loss of ligand), desorption or

aggregation.

Much of the research in dye chemistry is devotedht identification and synthesis of dyes
matching these requirements, while retaining stghbil the photo-electrochemical environment.
To date, the best photovoltaic performance botlemms of conversion yield and long-term
stability has been achieved with polypyridyl conxge of ruthenium(ll) and osmium(ll) [15].
The ruthenium complegis-[RuL,(NCS)] (where L stands for 2,2"-bipyridyl-4,4"-dicarbdicy
acid), known as N3, was the first high-performadge of this kind of ruthenium complexes. It
was first reported by Nazeeruddghal. in 1993 [38] and it was not until 5 years lateattits
results were surpassed by another ruthenium compilexso-called “black dye” [RuL"(NC§)
(where L™ stands for 2,2°:6",2"" -terpyridyl-4,4" Aficarboxylic acid) [39]. In 2001 the “black
dye” achieved a record 10.4% (air mass 1.5 — sempteh V) solar to power conversion
efficiency in full sunlight [40]. Two years latdrpwever, N3 returned to the top ranking position
with a new record efficiency of 10.6% thanks toatenbination with guanidiunium thiocyanate,
a self-assembly facilitating additive allowing ot substantially increase the open circuit
voltage (V) due to a reduction in dark current (see chap)efl¥, 21]. Thus, N3 has become
the paradigm of ruthenium based sensitizers, béimgperformance better than those of
compounds having comparable ground- and excitad-pta@perties [41]. It has been suggested
that a peculiar molecular level property of the étBnplex could affect one of the key processes

of the cell mechanism leading to an increase irsfieetral response [42].
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N3 Black dye

Fig. 4. Chemical structures of N3 and “black dye” ruthemigcomplexes used as charge transfer sensitizers in
DSSCs.

One of the main differences between N3 and theckbldye” is shown in figure 5, which
compares the spectral response of the photocuotesdrved with the two sensitizers. In that
graphic the incident photon to current conversifficiency (IPCE) of the DSSCs sensitized with
the mentioned complexes is plotted as a functioexaftation wavelength. The IPCE is defined
as the number of electrons generated by light enetkternal circuit divided by the number of
incident photos, so it gives a measure of the ammwe of incident photos to electric current
[43].

Both chromophores show very high IPCE values invieéle range. However, the response of
the black dye extends 100 nm further into the I&tthat of N3. The photocurrent onset is close
to 920 nm, i.e. near the optimal threshold for Ergnction converters, as mentioned above.
From there on, the IPCE rises gradually until & @t it reaches a plateau of over 80%. And if
one accounts for reflection and absorption lossethé conducting glass, the conversion of

incident photons to electric current is practicgjbantitative over the whole visible domain.
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Fig. 5. Photocurrent action spectra obtained with N3 aidck dye” as sensitizer. The photocurrent respofise

bare TiQ film is also shown for comparison [15]. Detaile¢perimental conditions are given in [44].

Apart from these two sensitizers, hundreds of otlhenium based complexes have been
synthesized for DSSC applications [21, 45-47], anddate these complexes are the most
successful dyes and the only ones so far to achievee 10% efficiency under standard
conditions. Recent research has focused on accsimmyi a suitable balance of improved molar
absorptivity and stability under thermal stress hgltt soaking by extending theconjugation

of the hydrophobic ligands [48]. One example oftls the recently reported C104 dyes-
RUuLL"(NCS), (where L stands for 4;bis(5-octylthieno[3,&]thiophen-2-yl)-2,2-bipyridine,
and L~ for 4,4-dicarboxyl-2,2-bipyridine), which presents a noteworthy efficignaf 10.5%
[49].

Besides mononuclear Ru(ll) complexes, multinuclemmpounds [45, 50], as well as
chromophore-acceptor or chromophore-donor dyadsemafd Ru(ll) species and organic
guenchers, have been used as sensitizers witlntiseo& 1) increasing the absorption properties
of the (multicomponent) sensitizer, by using systei@aturing the antenna effect, with the
energy trap of the antenna being the Ru(ll) uniealy connected to the semiconductor; 2)
spatially separating the injected electron andhible on the sensitizer, so decreasing losses due
to charge recombination [42].
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Most of the work in DSSCs has focused on Ru(ll)ypgtidine complexes, as already
mentioned, mainly because of their intense chamgester absorption across the whole visible
range, moderately intense emission with fairly Idifgtimes in fluid solutions at ambient
temperatures, high quantum yields for the formatbthe lowest CT excited state, and redox
reactivity and ease of tunability of redox propestiHowever, research has also been extended to
other charge transfe® complexes such as Os(ll) [51, 52], Fe(ll) [53, B4 Re(l) [55], and
also other metals like Cu(l) [56, 57] and Pt(lIB[%S9].

Ruthenium trisbipyridine complexes have been exehs investigated as photo-sensitizers
because their lowest excited states are long-IMeCT states that can participate in electron-
and energy-transfer reactions. However, in DSS@stren transfer from the excited states of
the sensitizer to the conduction band of F@curs within hundreds of femtoseconds [20]. This
time scale of electron injection, and its near ygjiantum efficiency, imply that the electron
transfer occurs from initially populated, non-reddxexcited states. Previous notions that electron
transfer occurs exclusively from the lowest exciéate directed the choice of sensitizing
molecules on the basis of emissive properties. Mewefor electron transfer occurring from
initially populated states, as in the DSSC, it nbaythe absorptive properties that matter most
[54]. This changed the entire perspective of whakes a “good” sensitizer, and opened up new
research directions. Ferrere [54] and Sauvé [5Su¢dtigated polypyridyl complexes of Fe(ll)

and Os(Il), respectively, as alternatives to th@l@yous ruthenium complexes.

Iron, ruthenium and osmium are in the same triathefperiodic table. As a first row transition
metal, iron has the weakest ligand field and osmiaithird row metal, has the strongest ong (t
g splitting). Assuming a regular octahedral struetwith G, symmetry, for osmium and
ruthenium the & metal orbitals are substantially higher than #fienolecular orbital from the
polypyridine ligand, whereas for iron, thgf enetal orbitals are lower in energy and comprise t
lowest excited state orbitals (see figure 6). As@asequence, not only are the MLCT lifetimes of
the iron complexes shortened, but also the poulaif the g metal orbitals spatially removes
the excited electron from the bipyridyl ligand (whiin most cases is proximal to the acceptor —
then* orbitals of the polypyridyl ligand are electroalty coupled to the Ti(3d)-orbital manifold

of the semiconductor through the anchoring groug)[4nd can render the complex unstable
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since the g metal orbitals are antibonding [54]. All in alt, has been demonstrated that the
[Fe(dcbH)2(CN);] complex (where dcb stands for 4,4 -dicarboxyl@da2,2”-bipyridine) can
sensitize nanocrystalline T30On a DSSC [53], and although the reported photecus and
photovoltages are much smaller than those withenitim complex sensitizers, the iron complex
exhibits relatively high quantum yields. Havingrmnd that the cost of iron is less than 1% of
the cost of ruthenium and much more abundant, éxEected that further research can render

iron based dyes an economic alternative to rutimersiensitizers.

b .ilL fs -~ [ T
\ l T 1 us-ms
--- tag

Fe Ru Os

Fig. 6. Comparative excited state orbital ordering in betial iron, ruthenium and osmium bipyridyl com@gx
[54].

In the case of osmium polypyridyl complexes, thisran additional absorption band at longer
wavelengths compared to a ruthenium complex havimg same ligands, because direct
excitation of the triplet state in osmium polypylidcomplexes is less forbidden than in
analogous ruthenium complexes. And it has beenrteghdhat acting as sensitizers in DSSCs
they extend the light absorption and spectral nespoto longer wavelengths while also
providing high external quantum yields for photoeut flow similar to their analogous

ruthenium complexes. Osmium complexes thus seem peymising candidates for further

optimization in operating photoeletrochemical cédissolar energy conversion applications.

Islam et al. have synthesized square planar platinum(ll) diendithiolate complexes that can
also efficiently sensitize nanocrystalline Fi(b8, 59]. They reach efficiencies of up to 3%.
However, recombination and aggregation problemg#yof these platinum (II) complexes [60]

seem to stop these sensitizers from being moreexiti
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Copper(l)a,a”-diimine complexes have also been employed astgems in DSSCs [56, 57, 61]

(see later).

Despite the high performances, especially of thleemium dyes, other non-metallic alternatives
are currently being pursued [62]. Due to its s¢greuthenium is a very expensive metal and
hence requires an extra recycling fee. The mosniging alternatives are organic dyes, natural
or synthetic, which are considerably cheaper, thoag far generally less stable and less
efficient. However, they have a great potential tias application due to their high absorption

coefficients compared to ruthenium sensitizers.[63]

When considering organic dye structures, porphyfé¥y and phthalocyanines [65] attract
particular attention, the former because of théagyawith natural photosynthetic processes, the
latter because of their photochemical and photafiestic applications. However, porphyrins
cannot compete with the N3 or “black dye” sensiszgue to their lack of red light and near IR
absorption. Phthalocyanines do show intense absorpands in this spectral region. However,
problems with aggregation and the unsuitable emiergesition of the LUMO level have turned
out to be intractable so far [21]. A remarkableatbe in the use of organic dyes for DSSCs was
made by the group of Hart al [66, 67]. Using coumarine (see figure 7) or pobdgpe
sensitizers, strikingly high solar to electric powenversion efficiencies reaching up to 7.7% in
full sunlight have been achieved.

Fig. 7. Molecular structure of coumarine derivatives ergpbbas sensitizers in DSSCs [66].

Another strategy to obtain a broad optical absorp@xtending throughout the visible and near
IR region is to use a combination of two dyes whicimplement each other in their spectral

features [68, 69]. This co-sensitization has theaathge of enhancing photo-absorption in that
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the optical effects of the two sensitizers are tbtm be additive. In particular, there was no
negative interference between the co-adsorbed dpbanes, opening up the way for testing a

multitude of other dye combinations [70].

Semiconductor quantum dots are another attractpt®ro for panchromatic sensitizers [15].
These are II-VI and 1lI-V type semiconductors paes whose size is small enough to produce
guantum confinement effects. The absorption spectlisuch quantum dots can be adjusted by
changing the particle size. One problem with tipisraach is the photo-corrosion of the quantum
dots, which will almost certainly happen if the ¢tion contact is a liquid redox electrolyte.
However, they are expected to display higher stghit the solid-state hetero-junction device
[71]. The advantage of these sensitizers over agiomal dyes is their very high extinction
coefficient allowing the use of thinner films ofetimesoporous oxide. This should reduce the

dark current increasingoyand the overall efficiency of the cell.

In addition to all these alternatives, fruits, flens and/or leaves have been employed as sources
of natural photosensitizers and reported as chedpsrenergy and environmentally friendly

alternatives for the production of DSSCs [36].

.1.3 Electrolyte

The electrolyte is a crucial part of all DSSCsisltesponsible for inner charge carrier between
electrodes — it is thieole-transport material. It regenerates the dye at the photoelectrode tivéh
charge collected at the counter electrode. Forlestaperation of the solar cell and maximal
power output, the oxidized dye must be reduced badke ground state as rapidly as possible
by a suitable electron donor. Since the maximumiuitage (\4c) obtainable corresponds to
the difference between the Fermi level of the etecin the TiQ and the redox potential of the
electrolyte [15], it is preferable to choose a deuwhose potential is as close to the redox
potential of the sensitizer as possible. In addjtibe choice of the mediator should be such that

there is enough driving force for the dye reducttep to have optimal rate. It is also important
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for stable performance of the solar cell that ttdox couple is fully reversible, without any

significant absorption in the visible region anadbde in the oxidized and reduced forms [18].

The best results have always been obtained withrilbdide/iodide (47/17) redox couple in an
organic matrix, generally acetonitrile. The goodfpenance of this redox mediator is based on
the kinectics of the processes: first, the photolard dye injects an electron into the
conduction band of the semiconductor much fastan tkelectron recombination withs™|
Secondly, the oxidized dye preferably reacts witth&n recombines with the injected electron.
Finally, the two electron process of legeneration fromsl occurs quickly enough at the
catalyst-coated counter electrode to be producliiese combined processes lead to cohegent |

diffusion towards the counter electrode andiffusion in the opposite direction.

26 + k == 3I

Fig. 8. Triiodide/iodide redox couple.

An issue that has to be taken into consideratioansdmploying this redox couple as electrolyte
is its concentration. Obviously, at low concentrasi conductivity will be insufficient and rapid
reduction will not be ensured. On the other hanidememployed in high concentrations, apart
from possible corrosion problems, iodide can sutistlly suppress cell efficiency by increasing
the recombination of;1 and injected electrons, and increasing the rateglof absorption by the
redox couple. The suppression of the dark curssre below) may be achieved by additives such
as tetrabutylammonium hydroxide (TBAOH) [72] and/anethylbenzimidazole [73].
Additionally, these additives also enhance théskihg-term stability [73].

Other redox couples have also been tested, andeticadly a well designed change in the
electrolyte formulation could increase the. ¥y up to 300 mV [74]. Some of the couples tested
are phenothiazine [75], (SeCGifBeCN [76], (SCN}/SCN [76] and/or Bg/Br~ [77]. However,
probably the most tested and most viable altereativ date is the use of cobalt complexes.
Several complexes of Co(Il)/Co(lll) have been trigt8, 79]. Compared to iodide, their

advantage is that they are non-volatile, non-coreoand have the benefit of being easy for
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molecular modifications. However, with present teagy the current exchange rate at the

counter electrode is much smaller and leads t@geltosses [79].

Regarding the solvents employed for the redox egupkveral organic solvents such as
methoxypropionitrile [80], butyronitrile [81] and/anethoxyacetonitrile [82] have been used
among others. However, acetonitrile is the mostus®vent, particularly when one wishes to
maximize cell efficiency. Virtually hundreds of ch&zal compounds can be experimented with
as long as they fulfill most of the following regeinents: low volatility at the expected cell
operating temperature; low viscosity; resistancedésomposition over long periods of time;
good redox couple stability; low toxicity and lowst.

The most noteworthy of the non-traditional electted are room temperature ionic liquids,

quasi-solid state and solid state. These electrolytegpangressively viscous enabling increased
stability. They appear to solve problems such asdbsorption, solvent evaporation and sealing
degradation, however, until now their performanas heen consistently lower. A more viscous
electrolyte diminishes regular charge diffusion ,atierefore, requires higher concentration of
the redox couple to maintain conductivity. Hencdyigher redox couple concentration creates
new problems, or makes them meaningful (e.g. cmmosand direct reaction with the

semiconductor). Balanced electrolyte developmerthésmissing piece to remove complicated

sealing and volatility issues while pursuing loegat high performance.

The development of ionic liquid electrolytes hagm®ne of the most dynamic research areas
within DSSCs [83, 84]. Ideally, ionic liquids shduhave good chemical and thermal stability,
negligible vapor pressure, non-flammability, higinic conductivity and a wide electrochemical
window [85]. Molten salts based on imidazolium e have revealed very attractive stability
features [86, 87]. Despite their high viscositpelr photocurrent response up to full solar light
intensities has been observed. The best resules lbeen obtained with 1,3-dialkylimidazolium

iodide compounds [88].

The solid-state DSSC is an alternative that offesalf to confront the sealing problem by the

replacement of the volatile redox electrolyte lyold p-type semiconductor interpenetrating the
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nanocrystalline Ti@ structure, which would permit the charge neutedion of dye molecules
after electron injection by its hole transport prd@s. The main difficulty is optimizing the
interface between the sensitized semiconductortlamelectrolyte; it is very difficult to achieve
an intimate contact, without voids, among partiddeg to the roughness of the former and the
impossibility of high-temperature depositions ot thatter. The most successfully employed
organic charge transfer material is spiro-MeOTADw4s initially presented by Gréatzetlal. in
1998 [89] and presently attains conversion yielusva 4% [63].

Finally, there is another important point to thiakout when trying to have the maximum cell
voltage obtainable: dark currents. The oxide layem inter-connected network of particles with
high porous interior. The dyes can penetrate evieeygvand adsorb over a large surface area, but
also the redox mediator must penetrate the samaidoso as to be present in the immediate
vicinity of the photosensitizer. If the redox mediagets to the back contact, dark currents arise
from the reduction of the redox mediator by thelemtbr electrode with the oxide layer. In
principle, this charge recombination can occuruafages other than that of TiODue to the

porous nature of the TiQilm, it can also occur at the back conductingsglarCO) electrode.

Dark currents can be suppressed by co-adsorptiosaifrated hydrocarbons with anchoring
groups that isolate the uncovered oxide surfaces finteractions with oxidized form of the
redox couple, for example chenodeoxycholic acid @@ 91]. Alternatively, exposure of the
dye-coated electrode to a solution of a pyridinavdéive such as 4-t-butylpyridine has been
found to improve dramatically the efficiency of tbell [18]. Another strategy, as mentioned

before in this chapter, is to use a compact [22]arocrystalline [23] Ti@“blocking layer”.

I.1.4 Conducting substrate

The most commonly used substrates for DSSCs are madoated glass with a transparent
conducting oxide (TCO). Suitable TCO must have hidctrical conductivity to efficiently
collect all the generated photocurrent, and highdparency. Among a high variety of TCOs, the

most widely used is fluorine doped tin dioxide ($ror FTO) due to its thermal steadiness and
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low cost. Indium tin oxide (KD3:Sn or ITO) has also been used extensively becausas

higher specific conductivity. However, it does netain stable at high temperatures.

These conducting glass electrodes are known to fi@or choice for efficient reduction of )
therefore a catalyst is needed in the counterrel@etto overcome the high activation energy of
the two-electron transfer. Platinum is clearly thest widely used material, acting as a catalyst
in the redox reaction at the counter electrode #us$ avoiding this process becoming rate
limiting in the light energy harvesting system. foplem with platinum, however, apart from its
high price, is the non-confirmed possibility of gzsion by the iodide solution, which leads to
the formation of Pt [92]. Since platinum is very expensive, other gezalternatives may take
its place like various forms of carbon [93]. Golalthough expensive, is another viable

alternative [94] that is consistently used in sglidte DSSCs.

Outlook

Understandably in a multi-component device like BSSthe overall performance of the cell
depends critically on the individual propertiestbé constituent components and processes.
Listed below are some of the major properties tim&t needs to deal with in the design of solar

cells.

* the structure, morphology, optical and electricaperties of the nanoporous oxide
layer;

* the chemical, redox, photophysical and photocherpicgperties of the dye;

* the visco-elastic and electrical properties ofaleetrolyte carrying the redox couple;

* the redox and optical properties of the redox ntedja

« and the electrical and optical properties of thenter electrode.

Regarding key processes one can cite:

« light absorption of the dye and charge injectiamfrthe excited state of the latter;

* regeneration of the oxidized dye;
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« electron percolation within the oxide film;
* dark currents;

» and counter electrode performance.

For a photovoltaic device to remain serviceable 20r years without significant loss of

performance, all the aspects mentioned before havee scrutinized. However, one of the
reasons for the outstanding stability of DSSCsesvtery rapid deactivation of the excited state
of the sensitizevia charge injection into the TiQwhich occurs in the femtosecond time domain
(see figure 9). This process is much faster thanaher competing channel of excited state

deactivation [15].

Dynamic Competition

electron dye electron interfacial
injection regeneration transport recombination
10" 10™" 10° 10”7 10° 10° 10"
ps ns us ms

time [s] —>

Fig. 9. Dynamics of redox processes involved in the cagigarof light to electric power by DSSCs [15].

Optimal performance is obtainable only when oneeaustéinds the factors that control each of the
components and depends on the ability to tunedadhuired configuration [95]. However, for

devices targeted for commercialization, stabilityl anaterial cost are very important, in addition
to efficiency. Several studies have analyzed thmpmments of DSSCs with respect to their

stability and how their durability affects the eatsystem [73] (see figure 10).
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Fig. 10.Degradation mechanisms of the DSSCs — componaihtsas [73].

l. 2 Ruthenium(ll)- vs. copper(l)-polypyridyl complexes for sensitizer

applications

Ruthenium(ll) is ad® system forming octahedral complexes with the uguablourless
polypyridine ligands. In order to understand thenegal properties of Ru(ll) polypyridine
complexes, it is convenient to refer to the prdpsrof the prototype of this class of compounds,
that is, [Ru(bipy)]** (where bipy stands for 2,2 -bipyridine). This cdexphas certainly been
one of the species most extensively studied anélwidsed in research laboratories during the
last 30 years [96].
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Regarding copper(l), it has to be noted that itsrdmation behavior is strictly related to its
electronic configurationd'®. The complete filling ofl orbitals leads to a symmetric localization
of the electronic charge. This situation favorgtaahedral disposition of the ligands around the
metal centre in order to place the coordinatiorssifar from one another and minimize
electrostatic repulsions (see figure 11). The nedensively studied [Cu(NMN) complexes
(where NN signifiesn,a’-diimine) are copper(l)-bisphenanthroline compkex@7]. The parent
compound [Cu(phes]) (where phen stands for 1,10-phenanthroline) has kearcely studied,
probably due to the lack of long-lived electroniciéed states in solution and its instability in
air. The most common complexes are those 2,9 edidubstituted phenanthrolines [98], due to

an easier synthetic accessibility of the relatgdrids and their stability.

LN

=Cut =Ru

Fig. 11.Different coordination geometries of copper(l)danthenium(ll)-polypyridyl complexes.

Copper(l)-polypyridyl complexes show commonly metaligand charge-transfer (MLCT)
transitions, which are also observed for exampteRuo(ll)-bipyridines. As far as emission is
concerned, long-lived luminescent MLCT excited esabf d® metal complexes, in particular
those of Ru(ll), can be strongly affected by thespnce of upper lying metal-centered (MC)
levels. The latter can be partially populated tiglothermal activation from the MLCT states
and prompt non-radiative deactivation pathways @ratochemical degradation. Closed skl

copper(l) complexes cannot suffer these kind ofblenms, but undesired non-radiative
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deactivation channels of their MLCT levels can beofed by other factors. The next orbital

diagram illustrates the electronic transitions af IR and Cu(l) complexes:
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, MLCT r MLCT
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filled d —— filled d -
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metal d'° ligand metal d® ligand

Electronic transitions

—— Schematic orbitals

Fig. 12. Qualitative comparison of orbitals and relatedcetmic transitions in metal complexes havidy(e.g.

Ru(l1)) andd® (e.g. Cu(l)) configurations.

In an attempt to compare the absorption, emissimhedectrochemical properties of copper(l)-
and ruthenium(ll)-polypyridyl complexes, the phdtgpical and electrochemical parameters of
[Cu(dpp)]* (where dpp stands for 2,9-diphenylphenanthrolare) [Ru(bipy)]** are compared
in figure 13:
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Fig. 13. Comparison between the photophysical and eleatroital properties of [Cu(dpg) and [Ru(bipy)]*
[97].

As it can be observed, each complex is a bettetamtiand reductant in the excited state than in
the ground state. Importantly, *[Cu(dpP)is a more powerful reductant than *[Ru(big¥) (-
1.11 vs. -0.85 V, respectively) owing to its moaedrable ground state 2+/+ potential (+0v89
+1.27 V, respectively), that largely compensatestlie lower content of excited state energy
(1.80 vs. 2.12 eV). Other parameters seem to disfEu(dpp)]* vs. [Ru(bipy)]®*. However,
iterative studies have shown how to modify NN-tyigands in general, and phenanthrolines in
particular, in order to improve their photophysig&rformances. This progress, together with
their similar absorption spectrum [42, 97, 99] segig that [Cu(NN)]* complexes can be an

interesting alternative to Ru(ll)-polypyridines fourposes such as sensitizers in DSSCs.

In the literature, a report dating back to 1994 wba copper(l)-phenanthroline derivative

sensitizer can be found [56]. However, due toats &fficiency, research has been redirected to
copper(l)-bipyridines [61]. In this thesis, maidgpper(l)-bipyridines have been synthesized and
studied as sensitizers, with the aim of employhgr for DSSCs applications. Further, we have
taken advantage of the lability of this metal tanficheteroleptic complexes on the surface of the

semiconductor (see section V. 4).
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1 2,2"-Bipyridine ligands

2,2 -Bipyridine (bipy) is a bidentate chelatingdigl, widely used in metallosupramolecular
chemistry [100, 101]. It is formed by the coupling two pyridine rings that have @ans-

coplanar conformation, which is the energeticallysirfavored geometry.

Upon coordination to a metal centre 2,2 -bipyridimelergoes rotation about the interannular C-
C bond to form metal complexes where it acts atedating bidentate species with the two
nitrogen atoms (see figure 14). In general, a p&arar configuration of the two pyridyl rings is
adopted. The C-C distance is relatively indepenadérthe metal ion, whereas the M-L bond

distance and the N-M-N angle depend on the metalised.

3

M

Fig. 14. Chemical structure of pyridine and its derivat&® -bipyridine. The conformational change from the

trans- to thecis-coplanar form upon coordination to a metal togetti¢h ligand numeration is shown.

This ligand was first synthesized in 1888 by Friglau by the oxidative coupling of 2-
pyridinecarboxylic acids or the oxidation and décaylation of 1,10-phenanthroline [102, 103].
But it was not until the 1950s, when large amouwft®,2"-bipyridine were required for the
preparation of Diquat insecticides, that bipyridicleemistry had its renaissance [104]. Since
then, thousands of 2,2"-bipyridine derivatives aheir complexes have been made and
characterized, due to the ability of bipy to conede almost all metal in the periodic table [105-
107] and also due to the extremely interesting tedebemical, photophysical and
photoelectrochemical properties of the complexe&stifg in the area of analytical chemistry, an
impressive development utilizing bipyridines asldinig blocks in supramolecular [108] and
macromolecular chemistry [108F well as nanoscience [110] has been observed mo¢ntion
the interest in the use of bipyridine complexes pa®tosensitizers [96], catalysts [111],

colorimetric reagents [112], neurotoxins [113] atgntiometric indicators [114]. It has to be
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noted that 2,2°-bipyridines can also be found irurg products like caerulomycins or

collismycins:

Fig. 15.Structural examples of caerulomycins and collisimy¢left and right picture, respectively).

The bonding of the bipyridine moiety can be repnése in terms of a delocalizedsystem
consisting of six overlappingp2orbitals (one from N and five from C atoms). Theatém has
five valence electrons, remaining two of them lasd outside the ring as a lone pair.

Bipyridine is an aromatic compound with a Kekulkéelbonding model.

">

Fig. 16. 6rn-Electron system resulting from the overlap of theand N » orbitals in the pyridine moiety. The

outward-pointing orbital containing the lone parh the N is shown on the right-hand side diagram.

The two free electron pairs from the nitrogen atares used to form the metal-ligand bonds,
resulting in a loss of electron density by the tidaand a gain of electron density by the metal.
However, it has to be noted that the “real” disitibn of electrons between the metal and the
ligand is not equal. The sharing of these elecprains, in addition to the usual positive charges
(+1, +2, etc.) of the metals, have the effecpdfrizing the ligand and may alter its electronic

properties, what is reflected in the propertiesttdd complexes. Associated with this is the
presence of fillect and vacant* orbitals on the pyridine rings; the precise emesgf ther and

n* orbitals depend on the metal ion, and the matglohenergies enables bipyridine to act as a
n-donor to high oxidation state complexes andacceptor in low oxidation state complexes. It
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should also be said here that 2,2 -bipyridine srang field ligand that forms relatively stable
complexes where the lower oxidation states terigettavored. However, the bipyridine ligand is

associated with a wide range of formal oxidatiatest ranging from -2 to +7.

So, bipyridines and in general oligopyridines jairtarough their 2,6-positions have the ability
to accommodate different coordination numbers prefeby a particular metal ion and are thus
excellent precursors to multimetallic complexeshwdifferent coordination geometries. A
straightforward example is the case of sexipyridimkich in solution and in the solid state has
its pyridine nitrogen atoms arranged in a trandaghion. Sexipyridine may be considered to
consist of three bipyridine or two terpyridine @iaind this is recognized by the potential guest.
The freedom of choice in the ligand for a particudalf-organization induced by the metal's
tetrahedral or octahedral coordination number (threlo preferred coordination number) is
reflected in the assembly of a particular doublarsted helix (see figure 17) [115].

Tetrahedral Octahedral
recognition recognition

O = Metal

Fig. 17. Tetrahedral and octahedral recognition by sexidye. Only half the coordination sphere of eachainet

centre is shown for clarity.
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In this thesis, 2,2"-bipyridine ligands are emplbye make complexes with copper(l) metal ions,
with the final aim of using these complexes as isieass for solar cell applications. For this
purpose, the ligands need to fulfill two requiretsen) in order to have stable copper(l)
complexes, substituents in the 6 and/or 6~ postiointhe 2,2 -bipyridine are required. In this
way, one may exclusively impose a tetrahedral doatibn geometry and avoid or hinder the
oxidation to copper(ll) [116]; ii) bear adequatechoring groups (such as carboxylic or

phosphonic acids) to adsorb the complexes to tHacguof the semiconductor [36].

Back in 1994, Alonso-Vantet al. reported a copper(l) complex of a 1,10-phenanitneol
derivative suitable as sensitizer for large band gamiconductors [56]. The carboxylic acids
used for the adsorption to the semiconductorsd€3ti®, and ZnO) were not directly introduced
into the 1,10-phenanthroline framework but into penyl substituents in the 2 and 9 positions
(see figure 18). This study was based on photoatamand spectroscopic properties of some
[CuLy]® complexes with differently substituted ligands,g.e.L. = 2,9-diphenyl-1,10-
phenanthroline [117, 118]. It was also taken intnsideration the previously observed
sensitization effect of copper(l) complexes withrisas phenylated phenanthrolines in
photoelectrochemical cells based on semiconduding oxide ceramic electrodes [119]. This
was the first report of heterogeneous sensitizerpliotoelectrochemical cells based on titanium
dioxide colloidal films and a copper(l) complex. Ancouraging photopotential cd. 0.6 V was
measured. However, the sensitized photocurrentedsed as a function of time, a clear

drawback for solar cell applications.

Fig. 18.Bis(2,9-diphenyl-1,10-phenanthroline)copper(l) gbax modified at thgara positions with Na@C groups

used for spectral sensitization of large-band-gapisonductors by Alonso-Vangtal. [56].
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Years later, in 2002, Sakadti al. went a step further by reporting a copper(l) carpf a 2,2"-
bipyridine derivative. When applied to a solar ceith TiO,, it provided successful results: a
photocurrent of about 4 mA ¢fma photovoltage of 630 mV, an energy conversidisiehcy of
2.5% and an IPCE value of 30%, under visible liglatdiation from a AM 1.5 sunlight simulator
(100 mW cnf) [61]. They achieved these results by introducihg two carboxylic acids
directly into the 2,2 -bipyridine framework, morpesifically in the 5 and 5" positions; they
claimed that putting a spacer in between them isirdavorable structure for injection of the
excited electron into the conduction band of F{®xactly what Alonso-Vantet al. did with
their copper(l) 1,10-phenanthroline derivative).afpfrom these two carboxylic acid groups,
they introduced methyl groups (necessary for a-loregl excited state) at the 4,4" and 6,6"-

positions of 2,2"-bipyridine, the ligand structiseshown in the next figure.

Fig. 19.4,47,6,6 -Tetramethyl-2,2"-bipyridine-5,5"-dicarytic acid.

As already mentioned before, a critical design umatis the incorporation of an adequate
functionality for covalently attaching the dyestb@ TiO, nanoparticles and at the same time for
serving as an interlocking group coupling electcafly thex* orbitals of the NN-type ligands to
the Ti(3d)-orbital manifold of the semiconductor.o8f often these groups are carboxylate,
phosphonate or borate linkers [32, 36, 43].

With these requirements in mind, five families ¢22bipyridine ligands have been synthesized.
An extra family formed by 2,2"-biquinoline ligantias been included in this chapter for being
more similar to 2,2 -bipyridine than to 2,2":6";2erpyridine. The six families are represented
below:
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e Family I

6,6 -Dimethyl-4,4"-diphenyl-2,2 bipyridine L1 4.4’ 6,6"-Tetraphenyl-2,2 bipyridine L2

e Family II:

MeOOC COOMe

Dimethyl 4,4°-(6,6"-dimethyl-2,2"-bipyridine-4,4’-diyl)-  4,4’-(6,6"-Dimethyl-2,2"-bipyridine-4,4 -diyl)-
dibenzoate L3 dibenzoic acid H,L4

HOOC COOH

Dimethyl 4,4°-(6,6"-diphenyl-2,2"-bipyridine-4,4"-diyl)- 4,4’-(6,6"-Diphenyl-2,2 -bipyridine-4,4°-diyl)-
dibenzoate L5 dibenzoic acid H,L6
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Family IlI:

EtOOC a \ /) COOEt HOOC & \ COCOH
—N N —N N

Diethyl 6,6"-dimethyl-2,2"-bipyridine- 6,6"-Dimethyl-2,2"-bipyridine-
5,5 -dicarboxylate L7 5,5'-dicarboxylic acid H,L8
Family IV :

4,4:-D_i(fu_ra'n-2-yl)-6,6’-dimethyl- 6,6 -Dimethyl-2,2"-bipyridine-
2,2"-bipyridine L9 4,4’-dicarboxylic acid H,L10
MeOOC COOMe HOH,C CH,OH
2=
—N N
Dimethyl 6,6 "-dimethyl-2,2"-bipyridine- (6,6"-Dimethyl-2,2"-bipyridine-
4 4’-dicarboxylate L11 4 4’-diyl)dimethanol L12
OHC CHO
2=
—N N
6,6 "-Dimethyl-2,2"-bipyridine- (2E,2'E)-Dimethyl 3,3°-(6,6 -dimethyl
4 4’-dicarbaldehyde L13 -2,2’-bipyridine-4,4’-diyl)diacrylate L14
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(2E,2°E)-3,3'-(6,6°-Dimethyl-2,2"-bipyridine-
4,4’ -diyl)diacrylic acid H,L.15

4 4’-Di(furan-2-yl)-6,6"-diphenyl- 6,6 -Diphenyl-2,2"-bipyridine-
2,2’-bipyridine L16 4 4’-dicarboxylic acid H,L17

Dimethyl 6,6 -diphenyl-2,2"-bipyridine- (6,6°-Diphenyl-2,2"-bipyridine-
4 4’-dicarboxylate L18 4 4’-diyl)dimethanol L19

6,6"-Diphenyl-2,2"-bipyridine- (2E,2’E)-Dimethyl 3,3°-(6,6°-diphenyl
4,4 -dicarbaldehyde L20 -2,2’-bipyridine-4,4’-diyl)diacrylate L21
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(2E,2'E)-3,3-(6,6"-Diphenyl-2,2"-bipyridine-
4,4 -diyl)diacrylic acid H,L22

* Family V:

Et,OsP,

Tetraethyl 6,6°-dimethyl-2,2"-bipyridine- 6,6’-Dimethyl-2,2"-bipyridine-
4 4’-diyldiphosphonate L23 4 4’-diyldiphosphonic acid H,L24
e Family VI
HOOC COOH

2,2’-Biquinoline-4,4’-dicarboxylic acid HoL25 Dimethyl 2,2°-biquinoline-4,4’-dicarboxylate L26

The first family differs from all the others in th@embers of the group do not contain anchoring
groups for solar cell applications. However, thége ligands that differ only in the type of
substituent they bear in the 6 and 6’ positionstliyleL1; phenyl,L2) were of interest to us not
only for structural reasons (comparison with otlhgands), but also for thm situ synthesis of
heteroleptic copper(l) complexes. On the contrtrg, four ligands of familyl contain methyl
ester or carboxylic acid groups for dye adsorptibnese groups are separated from the 2,2"-
bipyridine moiety by a phenyl spacer attached ®4hand 4" positions of the bipyridine core.
The introduction of different functionalities inahposition has been explored in this theki (
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L6, L14, H,L15, L21 and HL22) based on the fact that larger delocalizatiorhefrt-electrons
from the aromatic part of the molecule normallydedo higher extinction coefficients of the
MLCT transitions in their copper(l) complexes [97Additionally, other ligands bearing
anchoring groups directly attached to the 2,2"-hgdiye moiety, have also been synthesized, (
H.L8, H,L10, L11, H,L17, L18, L23, H,L24).

All the ligands and complexes synthesized in thissis have been characterized by various
experimental methods such as nuclear magnetic aasen spectroscopy (NMR), mass
spectrometry (MS), ultra-violet visible (UV-VIS) sgptroscopy, infrared (IR) spectroscopy,
electrochemistry and elemental analysis. In the N§pRctroscopy technique, in order to assign
the peaks corresponding to the proton, carbon &andghorus atoms of the molecules, 111, (
3¢, 3¢ DEPT and®'P) and 2D (COSY, HMQC, HMBC and NOESY) techniquesehbeen
employed.

. 1 Synthesis and characterization of ligands

The synthetic strategy used for the synthesisgaindsL1, L2, L3, L5, L9 andL16 is based on

the methodology of Krohnke [120], which has beedely used not only for the synthesis of
bipyridines [121], but also for the synthesis ofndtionalized terpyridines [122, 123],
quaterpyridines [122, 124], quinquepyridines [128f sexipyridines [125]. This methodology
allows one to prepare a wide range of functiondlinégopyridine derivatives in simple and

cheap processes.

First, the cinnamil precursors were synthesizedgishe methodology described by Sorenson
and co-workers for R= Ph, MeOOCG@H, [126] and Karrer and co-workers fof R furyl (see

figure 20) [127]. The cinnamils were prepared aange crystals from the reaction of 2,3-
butanedione with the appropriate aldehyde in methan ethanol using piperidium acetate as
catalyst. Carbon atoms 1 and 4 of 2,3-butanedioee@nverted to carbanions by the catalyst,
and then each attacks one aldehyde molecule. Tieymediate molecule undergoes a

condensation that affords the cinnamils in 12-25%étdg. The low yields are compensated for by
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the inexpensive nature of the starting materialgshé next step, the cinnamils were reacted with
the Krohnke’s reagents in the presence of ammouicetate to produce the desired ligands. This
happens through the Michael-addition of the Krohmkeeagent to the cinnamil, and final
cyclisation with ammonium acetate (see figure Zhe Krohnke’s reagents, actually pyridinium
salts, were conveniently prepared from the reaabibohloroacetone and/or phenacyl bromide

with pyridine following literature procedures [12128].

. o R! R
piperidine, acetic acid I
R'-CHO + -
o) o) MeOH or EtOH

O O
L1,L2: R"=Ph
L3, L5: R" = MeOOCCgH,
L9, L16: R" = Furyl NH,4OAcC x°

MeOH or EtOH 7\

R2
R R Kréhnke's reagent
RZ2=Me; X = Cl
R?=Ph; X =Br
L1: R' = Ph, R? = Me
L2: R" =Ph, R?=Ph
L3: R = MeOOCCgH,, R? = Me
L5: R" = MeOOCCgH,4, R? = Ph
L9: R" = Furyl, R>= Me
L16: R" = Furyl, R = Ph
Fig. 20.Synthetic route to ligandsl, L2, L3, L5, L9 andL16.
R1
° \:U>/§ R R! R!
X - — NH,OAc
J \ﬁ)/\J g2 2 " ﬁt}gz . Q;Z 4 \%
- =N
N _R>:o RETTOTO RET0 R?
R'=Ph
R*=Me; X =Cl R' = MeOOC-Ph

R?=Ph; X =Br R" = Furan

Fig. 21.Reaction mechanism for the synthesis of ligdndd 2, L3, L5, L9 andL16.
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In figure 22 the'H NMR spectra of ligands1l andL2 are shown together with a diagram of the
ligands with the number scheme. As normally obskrue 2,2°-bipyridines, the signal
corresponding to # is shifted to higher frequencies than the sigrafH°”. This is due to its
proximity to the lone electron pair from the nitesgatom of the second pyridine ring that causes
the proton to be more deshielded. This patternhelbbserved in all th#d NMR spectra of the
synthesized ligands. The two spectra are readdtingjuished by the presence of a signal at
2.71 ppm for the methyl groups liri and diagnostic signals for the phenyl substituéimng C)

in the spectrum of2. Apart from that, the signals from*Mand especially M are shifted
downfield on going fronL.1 to L2, which is consistent with the deshielding effefcthe 6 and 6
phenyl substituents of ligari®. It is worth saying that ib2 signals H® and H®, and H® and

H*® overlap, leading to a smaller number of resonattes predicted.
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CH3
L1 *

r T T T T T T T T T T T T T T T T T T T T T
9.0 8.9 8.8 8.7 8.6 8.5 8.4 8.3 8.2 8.1 8.0 7.6 7.5 7.4 7.3 7.2 7.1 7.0 29 2.8 2.7 26

9 7.8 7.7
i (ppm)

9.0 8.9 8.8 8.7 8.6 8.5 8.4 8.3 8.2 8.1 8.0

Fig. 22.Diagrams of ligandks1 andL2 with number scheme and comparison of thdiNMR spectra in CDGI(¥)
(500 MHz).

In figure 23 the'H NMR spectra of ligands3 andL5 are shown. These ligands are similar to
L1 andL2, differing only in that they possess a methyl egteup attached to thgara positions

of the rings B (see figure 23 for number schemej.tRese ligands, the numeration of the atoms
in rings B has been changed, being now 2B and 3Bpeoed to 3B and 2B, respectively,Lif
andL2. A more important consequence of the presenchaset functional groups is the strong
downfield shift of the signal corresponding to thelrogen atoms labeled 2B (3Blid andL?2),

due to the electron-withdrawing properties of thetimgl ester group. Regarding the rest of the

signals, no remarkable shifts are observed in cosgratoL1 andL2.
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*
L3 COOCHS3 oH3
28
3A e 5A
[ S .

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
90 89 88 87 86 85 84 83 82 81 80 79 78 77 76 75 74 7.3f (7.2 )7.1 42 41 40 39 38 37 36 35 34 33 32 31 30 29 28 27 26
1 (ppm|

L5
* COOCH3

2B+2C
3A M 5p 3B 3c
2 L I J

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
90 89 88 87 86 85 84 83 82 81 80 79 78 77 76 75 74 7.3f (7.2 )7.1 42 41 40 39 38 37 36 35 34 33 32 31 30 29 28 27 26
1 (ppm|

Fig. 23.Diagrams of ligands3 andL5 with number scheme and comparison of thgiNMR spectra in CDGI(*)
(500 and 250 MHz, respectively).

LigandsL3 andL5 were hydrolyzed to their acidic forms by refluxitigem with 10 equivalents
of LIOH in a HO:THF 1:10 mixture, to obtain 444 and HL6, respectively. These were
obtained as off-white precipitates after the pHhaf reaction mixtures is adjusted to 2 with HCI.
This methodology was adapted from a reported meh®@]. The poor solubility of the ligands
brought about the need to employ undesirable stdvdike TFA or DMSO for their

characterization.

In the next figure théH NMR spectra of kL4 and HL6 dissolved in TFA-U are presented.
Once again the deshielding effect of the phenylugsoof HL6 on proton B is observed.
However, the chemical shifts of the signals obsgimethese spectra cannot be compared with
the ones in figure 23 because those were measu@BCk and these in TFA'd due to the low
solubility of the ligands. Here it must be takemoigonsideration that ligands,H} and HL6,
after being dissolved in TFAldhave probably undergone protonation at a nitragem and,
therefore, they are in @s-conformation, which is the most stable (see figR8. This may

explain why the resonances ot'tand H” are not so far apart from each other as3randL5.
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H,L4 H,L6

HL4
CHs3

2B/3B

Mk

r T T T T r T T T 7 AT T T T T T T 1
120 119 118 1.7 116 15 114 90 89 88 87 86 85 84 83 82 f18(1 80 79 78 77 76 75 74 34 33 32 31 30 29 28 27 26 2.5

HL6 *

2B/3

L/JUUUUU/L \

T T T 1
120 119 118 1.7 116 115 114 90 89 88 87 86 85 84 83 82 n&(l 80 79 78 77 76 75 74 34 33 32 31 30 29 28 27 26 2.5

Fig. 24. Diagrams of ligands #4 and HL6 with number scheme and comparison of tHeNMR spectra of kL4
and HL6 in TFA-d" (*) (400 and 500 MHz, respectively).

N= —
0\ 7 s
.\\@I’I
H
trans-configuration cis-configuration
Fig. 25.Upon protonation, 2,2"-bipyridine changes its egunfation from transoid to cisoid.
In the case of ligand7, from family Ill, unlike the previously mentionddjands (1, L2, L3,

L5, L9 andL16), the formation of the pyridine rings does notwctom acyclic precursors, but

from the symmetrical coupling of smaller units ($epire 26). The method employed for its
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synthesis is based on that reported for the syisthes diethyl 4,47,6,6 -tetramethyl-2,2"-
bipyridine-5,5"-dicarboxylate, where a Pd/C-catatyz coupling under reflux and inert
atmosphere is employed [130]. Despite the easisfdane-pot-reaction, it has two important

disadvantages: the very poor yield of 1.5 % andltheays reaction time.

7\ — Pd/C (5 %) — —
EtOOC + \ /) COOEt EtOOC \ 7 \ COOEt
=N N reflux N N

Fig. 26.Synthetic route to ligand7.

In the next step, ligand7 was hydrolyzed to its acidic form by refluxingnt a HO:EtOH 1:1
mixture with 10 equivalents of KOH. Again, the puat, ligandL8, is precipitated as an off-
white solid by lowering the pH of the solution tavith HCI.

The 'H NMR spectra of ligandd7 and HL8 were measured in CDgland DMSO-§,
respectively. There is nothing especially remar&ablthem, the resonances being expected. The
only interesting thing to mention is that the sigrfar H* and H”* (ring A stands for the rings

of the 2,2 -bipyridine core) in #18 overlap, and it is therefore not possible to asgiglividual
signals to these protons. However, it has beeriflegs assign & and C* by comparison with
the'C spectrum of.7.

Moving on to familylV, it is worth highlighting that the synthetic rouwtenployed for the two

groups of ligands which differ only on the subsitts in the 6 and 6” positions is the same.

As mentioned before, ligands9 and L16 were synthesized in two steps starting from the
appropriate cinnamil and Krohnke’s reagent, asadiyalescribed fok9 [120]. From figure 27
one can appreciate that thel NMR signals from the furan rings (ring B) inl6 are not
influenced by the substituents present in the 6Gamabsitions of the bipyridine. However, that is
not the case for # and especially , which are shifted to higher frequencies on gdiogn

L9 to L16, in the same way as was described above for deeties of ligands.
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L9 L16

* CH3
L9

4B

5A

T T T T T T T T T T T T T T T T T T T T T T T T T T AT T T T 1
90 89 88 87 86 85 84 83 82 81 80 79 78 77 76 f75( 7).4 73] 72 71 70 69 68 67 66 65 64 30 29 28 27 26
1 (ppm:

L16

3A 2C

| [ 1 S |

T T T T T T T T T T T T T T T T T T T T T T T T T T AT T T T 1
90 89 88 87 86 85 84 83 82 81 80 79 78 77 76 f75( 7).4 73 72 71 70 69 68 67 66 65 64 30 29 28 27 26
1 (ppm:

Fig. 27. Diagrams of ligand$9 andL16 with number scheme and comparison of thdiNMR spectra in CDGI
(*) (500 MHz, respectively).

In the next step, these furyl-substituted compouwnele oxidized with KMn@in a t-BuOH:HO
solvent mixture to the dicarboxylic acids,lt10 and HL17. After acidifying the solution
mixtures with HCI, the products were obtained asitevisolids in 36% and 80% vyields,
respectively, as reported in the literature foiL,30D [121]. Finally, esterification of ligands
H,L10 and HL17 was achieved by refluxing them in an acidic metiansolution to afford

L11 andL18 as white solids after neutralizing the solutiongvan aq. NaOH solution.

The 'H NMR spectra of K10 and HL17 were measured in DMSC-dand TFA-d,
respectively, due to their low solubility, and theignals appeared as expected. When looking at
the™ NMR spectra of the esterified ligand$1 andL18 in figure 28, the absence of the singlet

corresponding to the methyl groups and the appearan the corresponding phenyl signals
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makes the recognition of the spectra straightfodwahe usual downfield shifts of*fland H*
is observed on going frorll to L18. However, it is more remarkable that these sigaads
more deshielded than in ligandsl, L2, L3 and L5, because in this case, the electron-

withdrawing group is directly attached to the bidyre moiety (see figure 28).

MeOOC COOMe
3
D=w
—N N
L11 L18
L11 COOCH? CHS
E3
3A 5A
J | | A I
93 52 51 90 89 88 87 86 85 84 83 62 81 80 78 78 77 76 75 7‘.;.1(;;3) 72 7142 41| 40 33 38 37 36 35 34 33 32 31 30 29 28 27 26 25
L18 « COOCH3
A 5A
3 2 3C
] e L
) "

r T T T T T T T T T T T T T T T T T T T T T 7T T T T T T T T T T T T T T T T T 1
93 92 91 90 89 88 87 86 85 84 83 82 81 80 78 78 7.7 76 75 7.;01(7.3) 72 7142 41 40 39 38 37 36 35 34 33 32 31 30 29 28 27 26 25
ppm

Fig. 28.Diagrams of ligands11 andL18 with number scheme and comparison of thdiNMR spectra in CDGI
(*) (500 MHz, respectively).

The methyl esters11 andL18 were reduced to their methoxy forms at low temjpeeausing
LiAIH 4 as reducing agent, following a method reportethenliterature for the synthesis lo12
[131]. LiAlH4 is an H-nucleophile that transfers hydride-ionght® C-atom of the C=0 double
bond (see figure 29). This is a reliable way toucsdesters to alcohols, because the aldehydes
formed in the reaction react rapidly with a sectH 4 molecule to form the alcohols [132].
The productd.12 andL19 have been obtained as yellow oils after work u@68o and 89%

yields, respectively, and they have been furthgsleyed without purification.
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MeOOC COOMe HOH,C CH,OH

72\ \—/ LiAIH, 72\ \—/
—N N THF —N N
R? R? R? R?
L11: R2= Me L12: R2 = Me
L18: R2 = Ph L19: R2=Ph
® \©
Li —\AI—H T
slow 7
o e
(6] (6]
H-¢ ¢-H
2 X AN
MeO’ _/ OMe —N \N /
7 N\
\ R? R2
=N N
R? R? ‘
\ (9 Y

Fig. 29.Reaction mechanism for the reductiorL&fl andL18 to L12 andL19, respectively [132].

In the next step, the alcohdl42 andL19 were oxidized to the aldehyde$3 andL20 in 89%
and 80% vyields, respectively, by a Swern-oxidagomployed in the literature for the synthesis
of L13 [131]. In this oxidation dimethylsulfoxide (DMS@ used as the oxidazing agent in the
presence of oxalylchloride and NEThe mechanism of this reaction is known in detb82]
(see figure 30). First an O-atom from DMSO actsiasleophile in an Breaction and attacts a
carbonyl carbon from oxalylchloride, creating “&etied DMSQO”. This molecule can convert
into another form of “activated DMSQO”. Then, anycti®sated DMSO” form reacts with the
alcohol creating a sulfonium salt, which after &iddi of NEg and temperature increase suffers a

3-elimination to yield the reaction products, théeayde and dimethylsulfide, a side-product.
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This last product is a very stinking compound, tMeguires that all the glassware employed

during the work up of the reaction has to be thghtyiwashed with aqgueous KMpO

HOH,C _ CH,OH 0 00 OHC _ CHO
7\ % Me—S—-Me, Cl—C-C—Cl; NEt, 7 N\ »
- N =N N
R2 R? R? R?
L12: R?= Me "activated DMSO" forms L13: R2 = Me
L19: RZ2 = Ph / \ L20: R? = Ph
Q9Q
© 0-C-C-Cl o cl
H &SMe + C° gS-Me - $7Me
Me Me Me
O~ o
Me Me CH, H Hf™ .CH,
| | 1 | | Vadl
Me-S-OH,C CH,0-8;Me Me—S-<OHC CHO—S-Me
7\ o NEts 7\ T
_ Y ® _ \
N N - HNEt; N N
R? R? R? R?

Fig. 30.Reaction mechanism of the Swern-oxidation of ait®ko aldehydes [132].

The aldehyded 13 and L20 were converted intd-14 and L20 in 74% and 41% yield,
respectively, by a Wittig-reaction by slight moddtion of a reported method [129]. The
phosphonium-ylide employed for this reaction is moetycarbonylmethylene-
triphenylphosphorane, which allows the formatiorthaf double bond specifically at the location
of the original aldehyde by simply refluxing theaweactants in dry toluene for 18 h. Figure 31
shows that the reaction starts by a [2 + 2]-cydiiti@h of the ylide to the aldehyde. Then, the
heterocycle dissociates in#x0O and the desired olefin [132]. Once the readgddmished, one
removes the side product of the reaction by colwhromatography using alumina as the

stationary phase.
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é\/ \ @ _ e
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=N N Y —N N
R2 R2 R2 R2

Fig. 31.Reaction mechanism of the Wittig-reaction [132].

In figure 32 the'H NMR spectra ot.14 andL21 are shown. The signals from the methyl and

phenyl substituents attached to the 6 and 6" positinL14 andL21, respectively, appear as

expected, as well as the resonances for the prdtons the methyl ester groups. As in the

spectra discussed above, the deshielding effetgrsdfby H* and H”* on going fromL14 to

L21 is observed. The two allyl protons appear as aacheristic doublet with a coupling

constant of 16 Hz, the 3 proton being stronglytsdifto higher frequencies by the electron

withdrawing group. Although the proton is not subjected to this strong resonaffi@ete it is

close enough to the electron-withdrawing carbomethgroup to be shifted slightly to higher

frequency by the inductive effect (see figure 33).
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52

L21



L14

3A

L

*

CH=CH-CO0 5A

I

CH=CH-CO0

I

COOCH3

L

CH3

[

r T T T T T T T T T T T T T
88 87 86 85 84 83 82 81 80 79 78 77 76 75 74 73 72 71 70 6(.19( 6.8) 67 66 65 40 39 38 37 36 35 34 33 32 31 30 29 28 27 26
()

L21 * COOCH3
CH=CH-COO

CH=CH-CO0

2C
3A 5A / 3C
okl
A I

r T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
88 87 86 85 84 83 82 81 80 79 78 77 76 75 74 73 72 71 70 6(.19( 6.8) 67 66 65 40 39 38 37 36 35 34 33 32 31 30 29 28 27 26
()

Fig. 32. Diagrams of ligand&14 andL21 with number scheme and comparison of thdiNMR spectra in CDGI
(*) (500 MHz, respectively).

MeO MeO o
\ \
H\ /C=O H\ ,/C -0
C=C, < > C-C,
R H R® H

Fig. 33.The two resonance forms of ligands4 andL21.

Finally, ligandsL14 andL21 were hydrolyzed to $115 and HL22, respectively, following the
same procedure employed for the hydrolysis of kigah3 and L5 to H,L4 and HL6,
respectively [129]. ThéH NMR spectra of these ligands were measured in-@5And the
resonances appeared at the expected positiorsyingfffromL14 andL21 by the absence of the
singlet corresponding to the protons from the mletster groups.

In the next figure the whole synthetic route frdme starting furyl-substituted 2,2"-bipyridines to
the final acidic olefins is shown:
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Fig. 34.Synthetic route from ligand<® andL16 to ligands HL15 and HL22, respectively.

In this part, the synthetic route used to syntteeslie ligands from family/ will be discussed.
The Krohnke methodology was not employed in thsecdnstead, the precursor (4,4 -dibromo-
2,2 -bipyridine) for a Suzuki-coupling was synttzesi starting from 2,2 -bipyridine.

The starting material folL23 is the commercially available 2,2"-bipyridine, wii was
methylated to 6,6 -dimethyl-2,2"-bipyridine usingsf MeLi and then Mn@ following an
already reported method [133]. After, the disulbgtid ligand was oxidized and nitrated in the 4
and 4 positions with $0, and BSO/HNO;3, respectively [134], and then the nitro-groupsever

substituted by bromide atoms using {CKDBr in acetic acid. Finally, the ligand was redlice
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with PBr; to 4,4"-dibromo-2,2"-bipyridine (see figure 33)gtcompound used in the Suzuki-
coupling to formL23.

1) MeLi, -78°C THF o 305 HA ON NO.
2= H,0 /\\/>223°°’°/\\/
3)H,O (l) (l)
o o
CH,;COBr,
CH3COOH
Br Br Br Br
— PBr —
I\ L T/ NI/
_ / CHCI, _ /
N N l}l@ @N
O O
& o

Fig. 35.Synthetic route to 4,4 -dibromo-2,2"-bipyridine.

The Pd(PP¥), catalyst employed for the synthesis loses onewor RPh-ligands in solution
yielding electron poor Pd(0)-complexes: Pd(pPand/or Pd(PPJ. These catalytically active
species form a-complex with the arylbromide in the first steptlé reaction mechanism. In the
second step, an oxidative addition to the Pd-cstalgcurs, changing its oxidation number from
0 to +2. After this, the —P{Bt, substitutes the bromide atom, being now boundctyre¢o the
Pd-center. Then, the two organic moieties comethegan a reductive elimination that forms
again an-complex with the reduced Pd(PfPhcomplex. Finally, in the fifth step of the catatyt
cycle, the Pd(0)-complex dissociates without suffgrany change during the cycle, being

capable of converting more starting molecules prtauct (see figure 36) [132].
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Fig. 36.Reaction mechanism to ligah@3 [132].

L23 was made by modification of an already reportedhot [135] where a large excess of
triphenylphosphine (10 equivalents) was employedoider to prevent a ligand exchange
reaction between the palladium catalyst PdgRRind the chelating 2,2 -bipyridine, what would
poison the catalyst. After the reaction is finishdds large amount of triphenylphosphine is
easily separated by column chromatography {SICH,Cl;) and can be almost completely
recycled. However, it is very important to work @ndan inert atmosphere, not only because of
the sensitivity of the catalyst, but also because triphenylphosphine can be oxidized to
triphenylphosphine oxide, which is very difficuth separate from the produc23. The two
compounds are white and crystalline, and run tegeth either SiQ or AlL,Os; column

chromatography. However, it was possible to sepdhsm by recrystallization from hexane.

In the next step of the synthesis, the phosphagraigps ofL23 were hydrolyzed to their acidic
forms using McKenna’'s method to yield ligandiLi24 [136]. Thus, reacting-23 in dry
dichloromethane with 10 equivalents of bromotrinyétitane for one day at room temperature
resulted in complete trans-esterification into tberresponding silyl esters. These were

hydrolyzed in methanol at room temperature to ¢ive24. Any triphenylphosphine oxide left
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over from the previous step can be removed by Hbissa in methanol, while K. 24

precipitates in this solvent.

It is interesting to have a look at th¢ NMR spectra of these ligands (figure 37), becaliseto
the presence of the phosphorus atom (which hasnagsiantum number of ¥2 and a natural
abundance of 100%), a coupling between close hgtrajoms and th&'P nucleus can be
observed. The same phenomenon is observed HE@HEMR spectra, where doublets instead of
singlets are seen for carbon atoms that are atoseetphosphorus atom. THé NMR spectra of
L23 and HL24 are shown in figure 37, even if a comparison @& teBsonance shifts is not
possible due to the use of different solvents. @lération of the*’P NMR spectra was done
employing a capillary containing a 85% agPy solution, and the resonance of ffie moved
from & 16.39 to 6.52 ppm on going fron?3 to HyL24 (it has to be taken into consideration

again that the solvents employed to measure the Npéetra were not the same).

(0] (0]
N o™
A \
O O/\
5
L23 H,L24
L23 - CH2CH?
CHCH3
3A 5A
Nl o J
9‘.5 9‘.0 3‘.5 3‘.0 7‘.5 7‘.0 G‘.5 G‘.O 5‘.5 “ (5.0 ) 4‘.5 4‘.0 3‘.5 3‘.0 Z‘.S Z‘.O 1‘.5 1‘.0 0‘.5
ppm)
HL24
CH3
3A 5A

r T T T T T T
10.0 9.5 9.0 85 8.0 75 7.0 6.5 6.0
f1 (ppm)

Fig. 37. Diagrams of ligand23 and HL24 with number scheme and thid NMR spectra ot.23 and HL24 in
CDCl; (*) and in TFA-d, respectively (500 MHz and 250 MHz, respectively).
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For the discussion of ligands of famNil, H,L25 andL26, it is important to note that they are
not 2,2 -bipyridines, but 2,2"-biquinolines, whiare also aromatic compounds, but differ from
2,2 -bipyridines in that they have an arene ringeflito each pyridine ring at carbons 5/5” and
6/6”. However, both of them have the same cooridinanvironment. The delocalizegsystem

is formed by ten R-orbitals (1 from the N atom and 9 from the C atpmusd it is extended
through the two fused rings. In the same way @&2anbipyridine, the two nitrogen atoms have a
pair of electrons localized outside the ring thegyt can use to coordinate metal centres [137,
138]. The employment of these ligands for solat applications has its roots in the idea of

investigating the influence of the fused ringsha final efficacy of the dyes.

Fig. 38. Chemical structure of quinoline and its derivat®2 -biquinoline. The conformational change frame t

trans- to thecis-coplanar form upon coordination to a metal, togethith ligand numeration is shown.

Ligand HL25 is commercially available from Fluka, so it canused directly for complexation
purposes. This ligand has been used to synthdsife in 56% vyield just by a simple
esterification reaction in acidic methanol. TieNMR spectrum of the white solid dissolved in
CDCl; agreed well with the values reported in the liter@[139].

After analyzing the synthetic route and nucleaonasices of the ligands, a brief commentary
will be made on the infrared (IR) absorption spattiof the ligands containing C=0 groups. The
absorption peak corresponding to this functionabtyound in a certain range of the spectrum
(1870-1650 cril) and depending on the type of compound, the peéiuind at higher or lower
frequencies in this range, giving thus a directdation of the presence of the compound. The IR
spectra of the ligands which contain ester grouys (5, L7, L11, L14, L18, L21 andL26)
exhibit a strong absorption between 1728 and 1641 dt should be noted that in the case of
L14 andL21 the wavenumber of the C=0 stretching mode is ledidry 30-20 cm, due to the

conjugation of the carbonyl group with a double dom the case of the ligands containing
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carboxylic acid groups (#4, H,L6, H,L8, H,L10, H,L15, HoL17, H,L22) the absorption
peaks are found at lower frequencies, between 2@@51634 cril. Here again one can observe
the shift to lower frequencies of the C=0 stretghiode in the ligands where this functionality

is conjugated to a double bond.

. 2 Crystal structures of 2,2 -bipyridine ligands

2.1 (1E,5E)-1,6-Diphenylhexa-1,5-diene-3,4-dione

X-ray quality crystals of (&,5E)-1,6-diphenylhexa-1,5-diene-3,4-dione readily fedrfrom a
methanol solution of the compound. The moleculstedizes in the orthorhombic system, space
groupPbca (No.61). The asymmetric unit contains half of aleoale, which is fully generated
by an inversion centre located at the centre of@T—(symmetry code i = -1-x, 1-y,-z) bond.
The ligand is in an extended conformation (seeréd®). As a consequence of the conjugation
of all sg orbitals, the molecule is planar, as also inditdig the presence of the inversion
centre. The hydrogen atoms of the double bonddddda between the phenyl rings present a

trans-configuration, just like the oxygen atoms.

Fig. 39.Structure of (E,5E)-1,6-diphenylhexa-1,5-diene-3,4-dione; ellipscadle plotted at the 50% level.
The molecules along theedirection are packed in column-like structureswdwer, the ring-to-

ring distances (centroid to centroid distance: &8pA, (symmetry code = -1/2+x, 1-y, 1/2-2))
are relatively large to consider any stabilizingpdyof n---n stacking in a column. C-Hrt
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interactions (C7-H7n (centroid) 2.79 A, (symmetry code = 1/2+x, 1-y2-%}) are present
between aromatic hydrogen atoms from one columnaaanhatic rings located in the parallel
column (see figure 40).
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Fig. 40. Crystal packing of (&,5E)-1,6-diphenylhexa-1,5-diene-3,4-dione: (a) viewrg theb direction showing
the two different packing of the molecules (greed dark blue); hydrogen bonds are representeddicour; (b)

view along the [-6.17, 0.04, -9.41] direction showindividual columns; hydrogen bonds are represkint red.

The presence of oxygen atoms in the molecule altbesormation of hydrogen bonds with the
hydrogen atoms of the double bond (C3—-H81" 2.59 A, (symmetry code ii = 1/2+x, 3/2-y, z))
and, less strongly, with hydrogen atoms of the atimring (C5-H5%-01" 2.71 A, (symmetry

code iii = -1/2-x, 1/2+y, -z)). This results in andulating packing along tHedirection of the
crystal structure, as shown in figure 40 b.
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1. 2.2 (1E,5E)-1,6-Di(furan-2-yl)hexa-1,5-diene-3,4-dione

X-ray quality crystals of (&,5E)-1,6-di(furan-2-yl)hexa-1,5-diene-3,4-dione rewdilormed
from an ethanol solution of the compound, and ackeaf the CSD revealed that its structure

had not previously been reported.

In (1E,5E)-1,6-di(furan-2-yl)hexa-1,5-diene-3,4-dione thenbene rings have been substituted
by furan rings. The molecules crystallize in thenmdinic system, space gro@}?/c (No. 15).
Unlike in (1E,5E)-1,6-diphenylhexa-1,5-diene-3,4-dione, two indefst half molecules are
present in the asymmetric unit, and the centresyofmetry located in the middle of C7-€7
(symmetry code i = 1-x, 1-y, -z) and the C14—-Ci8ymmetry code ii = 1/2-x, 1/2-y, -z) bonds
generate the entire molecules (see figure 41). thWieeindependent molecules are located in

almost parallel planes, being 0.518(7)° the angtevben them.

Fig. 41. Structures of two independent molecules &, %E)-1,6-di(furan-2-yl)hexa-1,5-diene-3,4-dione; edigids
are plotted at the 50% level. View along the [-2:8371, -1.95] plane.

The extended conformation of the molecules alloles formation of columns along the
direction through weak-7 stacking interactions between the furan rings78.4& centroid-to-
centroid distances), although the molecules areksthin an offset manner. Carbonyl oxygen
atoms form hydrogen bonds with hydrogen atoms é&mtat the furan rings of other adjacent
molecules (C8-H8102" 2.66 A (symmetry code iii = x, -1+y, z); C9-H9D2" 2.61 A
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(symmetry code iv = -, y, 1/2-z) and C2—-HX24"' 2.63 A (symmetry code v = 1/2-x, -1/2-y, 1-
z); C1-H11-04" 2.68 A (symmetry code vi = x, -y, 1/2+z)). The wmie supramolecular
assembly is a herring-bone like array, with an amjl58.4° between the planes of molecules in

adjacent stacks.
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Fig. 42.a) View of the packing along thedirection showing hydrogen bonds (in red) betwaécent molecules;
b) herring-bone like array observed along the (83-8.01, -0.36) direction.

1.2.3 6,6 -Dimethyl-4,4"-diphenyl-2,2"-bipyridine (L1)

Slow evaporation of a chloroform solution of ligahd yielded crystals suitable for X-ray
diffraction. L1 crystallizes in the monoclinic system, space grBggc (No. 14). The molecule
is centrosymmetric and consists of two pyridingsineach of them containing a phenyl group in

the para position with respect to the nitrogen and a metingup in theortho position. In the
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solid state the pyridine rings are contained ingame plane with the nitrogen atoms pointing in
opposite directions, having thus the molecule thgcal trans-configuration observed in this
kind of a,0’-diimine ligands (see figure 43). The phenyl geupe twisted 27.7(9)° (angle
between the least square planes formed by the itipgrmoiety and the phenyl rings) with

respect to the plane formed by the pyridine rings.

Fig. 43.Structure of 6,6"-dimethyl-4,4"-diphenyl-2,2"-bidine (L1); ellipsoids are plotted at the 50% level.

Along theb direction, the methyl groups are “sandwiched” @tvizeen two pyridine groups from
other molecules that are positioned in an offsenmea (C6-H6Ar (centroid) 2.99 A
(symmetry code i = 1-x, 1/2+y, 1/2-z) and C6-H68 (centroid) 2.99 A (symmetry code ii = 1-
X, -1/2+y, 1/2-z)). The phenyl groups are aligneccolumns and are interacting through weak
m-7 stacking interactions (centroid to centroid dis&n3.8(1) A, (symmetry code = -x, 2-y, -

2)).
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(a) (b)

Fig. 44.a) View of the packing along thedirection showing the position of the methyl artepyl groups in the
packing; b) view along the [9.40, 1.22, 0.75] dii@e showing the different packing of the columnghe crystal.

II.2.4  4,4°,6,6"-Tetraphenyl-2,2"-bipyridine (L2)

Slow evaporation of a chloroform solution of ligah@ yielded crystals suitable for X-ray
diffraction. The asymmetric unit of 4,4",6,6 -tgthenyl-2,2"-bipyridine 1(2) contains one
molecule of the ligand (triclinic system, spaceugpr®-1 (No.2)). This ligand is similar tbl, a
2,2 -bipyridine core with phenyl group substitueimisthe 4 and 4 -positions. Unlikel, the
substituents attached to the 6 and 6" -positionghesmyl groups (see figure 45), which induce
some steric hindrance, causing the pyridine ma@eieno longer be co-planar (torsion angle
7.1(7)°, C10-C11-C12-N2). The nitrogen atoms in bigyridine rings are disordered and
occupy two different positions (N1 and C10, N2 a@d3, modelled with 50% fractional
occupancies) within the crystal structure. The giye moieties of different molecules are

stacked at more than 5 A.

64



Fig. 45.Structure of 4,4",6,6 -tetraphenyl-2,2 -bipyridithe); ellipsoids are plotted at the 50% level.

The phenyl groups are twisted with respect to thedme rings: 31.0(5)° (C5-C6-C7-C8);
34.5(8)° (C8-C9-C23—-C28); 31.2(2)° (C15-C16—C17y@22 34.8(5)° (C15-C14-C29-C34).
Even if theoretically a larger number of aromaiings should promote---n stacking interactions
in these kinds of systems, the molecules here twitnmns that are stabilized instead by C-aH
interactions between the phenyl groups (C18—H~1{5‘,0(centroid) 2.97 A (symmetry code i = -x,
2-y, -z) and C24-H24Axn" (centroid) 2.99 A (symmetry code ii = 1-x, 2-y))-vhen viewed

along thea direction (see figure 46 c).
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Fig. 46. a) View of the packing of 4,4°,6,6 -tetrapheny®-2hipyridine (2) molecules along thb direction; b)
view along thec direction; c) view along the [-1.36, 9.76, -5.58tection showing the C-Hr interactions (red

arrows) between the molecules packed alond ttieection.

A perspective view along thedirection shows the formation of compact layeee(figure 46

b), what confirms the good stacking of the molesutethis crystal.

I.2.5 Dimethyl 4,4"-(6,6"-dimethyl-2,2"-bipyridine-4,4’-dyl)dibenzoate (L3)

L3 crystallizes in the triclinic system, space gréufp (No.2). The asymmetric unit contains half
of the molecule, which can be fully generated byraersion centre located in the middle of the
C1-C1' bond (symmetry code i = 1-x, -y, -z). The bipymielicore is planar and has the pyridine

rings in the usudrans-configuration.
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The 6 and 6”-positions of the bipyridine moiety aceupied by methyl groups, being one of the
hydrogen atoms of each group almost containedarpthne of the bipyridine rings. In the case
of the phenyl groups located in the 4 and 4"-pmsd;j it can be observed that they are twisted
26.6° (torsion angle, C2—C3-C7-C8) with respedhto plane formed by the bipyridine unit.
However, the methyl ester functionalities situatadthe para position with respect to the

bipyridine core are co-planar with respect to thergyl groups (see figure 47).

Fig. 47.Structure of dimethyl-4,4"-(6,6"-dimethyl-2,2"-pijdine-4,4"-diyl)dibenzoatel 3); ellipsoids are plotted at
the 50% level.

Along thea direction the molecules are packed in columns figeee 48 a). The phenyl and the
pyridine rings interact with phenyl and pyridineogps from other molecules, respectively,
through n-stacking interactions (3.84(7) A); the latter aseranged in a head-to-head
arrangement.

67



4
B - ;] 1 F
- - | d B,
! - L}
(a) 9ad@)
:r-—--J. v
= ! 8 F .
*b"d s - - 4
b u-"l B ! .P & - o q_‘
Fo Yt 4 e
-4 { o
» i
" et 4 r
| " | pa r e
- p-d, - = e,
L] .P - '\
gt PR
4N g
e A ™ |
) - —a,
Py Py i §
- » | “-"*\.
- P-"‘I -

Fig. 48. a) View along thea direction showing the packing of dimethyl-4,4"§6dimethyl-2,2"-bipyridine-4,4"-
diyl)dibenzoate I(3) molecules into columns and the formation of hg#m bonds (represented in red); b)
molecules oL.3 on the same plane are related by hydrogen boagse§ented in red) and along thaxis throught

stacking interactions (blue arrows) forming a 2Dtifria the crystal structure.

If the molecules are observed through the [-0.@0,9.09] direction, they form 2D layers that
are supported by hydrogen bonds between the cdibdZyO bond and hydrogen atoms from
the pyridine rings (C4-H41---62.67(3) A (symmetry code ii = x, -1+y, -1+Z)), ahgdrogen
atoms from the methyl groups present in the 6 angaogitions of the bipyridine core (C6-
H61---01 2.55(3) A) (see figure 48).
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II.2.6 4,4"-Di(furan-2-yl)-6,6"-dimethyl-2,2"-bipyridine (L9)

L9 vyielded X-ray quality crystals grown by slow evagmon of a chloroform solution of the
ligand. The compound crystallizes in the orthorhandystem, space grolgecab (No. 61). The
ligand is centrosymmetric with an inversion centoeated in the middle of the C9-C9’
(symmetry code i = 2-x, -y, 1-z) bond. The moleatd@sists of a planar 2,2"-bipyridine system
with the expectedrans-configuration. The 4 and 4 -positions are occugigdfuran rings that
are not co-planar with the bipyridine system (9)%¢8 the torsion angle C10-C5-C4-01), and
methyl groups occupy the 6 and 6” positions (sgpad 49).

Fig. 49.Structure of 4,4 -di(furan-2-yl)-6,6"-dimethyl-2;Bipyridine (9); ellipsoids are plotted at the 50% level.

The principal packing forces arestacking interactions between bipyridine unitsirdaf
pyridine rings in adjacent molecules are alignedasdo generate an offset stack, the distance
between the centroids of the rings containing atbihsind N1~ being 3.39 A (symmetry code ii
= 1-x, -y, 1-z). In addition, C6-H6&" (centroid) interaction at 2.94 A (symmetry codesii
1/2+x, 1/2-y, z) is observed.
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Fig. 50. a) Packing structure of 4,4 -di(furan-2-yl)-6,6fethyl-2,2"-bipyridine [(9) along thea direction. The
molecules, however, are not coplanar as it carbserged from the view along the c direction in; {i))View along

thec direction; the black arrow indicates the a direttstowed in (a).

I.2.7 6,6 -Dimethyl-2,2"-bipyridine-4,4"-dicarboxylic acd (H,L10)

The oxidation of the furan rings IO affords carboxylic acid groups in the 4 and 4" #os,
being now this ligand $L.10. Single crystals of this ligand suitable for X-rdifraction were
grown from a methanol solution of the compoundLHD crystallizes in the triclinic system,
space groufP-1 (No.2). The unit cell contains half of the malkx; which is planar (maximum
deviation of a framework atom from the least sgsiai@ane through the molecule is 0.07 A for
C3) and the molecule possessésaas-configuration. The difference in C5-O1 (1.306(3)dhd
C5-02 (1.234(3) A) bond distances is consistenh warboxylic acid (rather than carboxylate
functionalities). The carboxylic acid groups arenast contained in the plane formed by the
bipyridine moiety (2.7(4)°, 02—C5-C4—-C6) (see fgbd).
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Fig. 51. Structure of 6,6 -dimethyl-2,2"-bipyridine-4,4"-diboxylic acid [,L10); ellipsoids are plotted at the 50%

level.

The 2,2"-bipyridine units in the crystal latticefo columns along tha axis interacting through
very weakr- stacking forces in a head-to-head mode (cento@khtroid distance: 4.102(7) A
(symmetry code i = 1-x, -y, -z)). A view along theaxis in the crystal structure shows the
formation of infinite polymeric chains in which damolecule is related through its carboxylic
acid groups to other molecules located in the Sayer (O1-H1:-02' 1.78 A (symmetry code ii
= 1-x, -1-y, 1-z) and C1-H1302" 2.60 A (symmetry code iii = -1+x, 1+y, z)) (segtfie 52).
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Fig. 52. Adjacent hydrogen-bonded polymeric chains of 6j@iedhyl-2,2"-bipyridine-4,4 -dicarboxylic acid
(H,L10) assembled into 2D sheets. Hydrogen bonds aresepted in red.

I.2.8 Dimethyl 6,6"-dimethyl-2,2"-bipyridine-4,4"-dicarbaxylate (L11)

L11 yielded X-ray quality crystals grown by slow evagtoon of a chloroform solution of the
compound. The crystal structure of this ligandimsilar to the previously described structure of
H,L10, the main structural difference being the substituof the hydrogen atom from the acid
group by a methyl group (see figure 53). The ligangstallizes in the triclinic system, space
groupP-1 (No.2), and the molecule is centrosymmetric. &asgmmetric unit contains half of the
molecule with the inversion centre located betwisencarbon atoms through which the pyridine

units are bonded, C1 and E@ymmetry code i = -x, -y, -z) in this case.
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Fig. 53. Structure of dimethyl 6,6"-dimethyl-2,2"-bipyridif,4 -dicarboxylateL(11); ellipsoids are plotted at the
50% level.

A torsion angle of 2.8(7)° for C2-C3-C7-0O1 indicatbequas planarity of the molecule, again
the pyridine rings being in taans-conformation. Weak hydrogen bonds are formed betvibe
hydrogen atoms of the methyl groups and the oxyems of the carbonyl groups of vicinal
molecules (C6-H6BO2' 2.66 A (symmetry code ii = -1+x, -1+y, -1+z) and-E4A 02"
2.64 A (symmetry code iii = -x, 1-y, 1-z)) (seeUig 54 a). The molecules are stacked in
columns along the directionvia weakn-n interactions (centroid-to-centroid distance 3.91(4
A), and are held together by hydrogen bonds (spedi54 b).

73



a) b)
fi 2 - o4 " J‘
S, \ N
g LR . 2 9e—e0 0 0
- b
T Y . Xwes PO —e0—co— G .
b -__ﬂ- o g S i o L =y _,‘
a s : HEE“:W 00co—ob.o
Chin 2 ) Y ats i 2
- v v P Goe0 <o W e .
l. : { 5 ._.O q.- q' o . ‘\_‘ ,'
a - \ -, ¥
ﬂ: 1 R N e " o g WO LD qﬂ--n’
b 7 ~ 1> . | -
S B ?ia-oo CO— ) o "
; ﬁ .. "Ilh- _h ’-ﬂ L If ’ ¥ "\n. '
o o b b i1 1 £ -
R L b -~y _ 4 :
b b
f -1 o %
L L] \ | - _U
\ Ao w
L 9
- ) | |
F L+ ]
L b L

Fig. 54.a) View along tha direction showing the hydrogen bonds between vicmaecules of 6,6 -dimethyl-2,2"-
bipyridine-4,4"-dicarboxylate L(1); b) view of the stacked molecules along the (1.6226, 6.61) direction.
Hydrogen bonds are represented in red.

I.2.9 4,4"-Di(furan-2-yl)-6,6"-diphenyl-2,2"-bipyridine (L16)

L16 yielded X-ray quality crystals grown by slow evagtoon of a chloroform solution of the
ligand. It consists of a tetrasubstituted 2,2 -bigipe that contains six aromatic rings in total.
Furan rings are located in the 4 and 4”-positians, phenyl groups are present in the 6 and 6’-
positions (see figure 55). The molecule crystadlize the trigonal system, space grog{3
(No0.148), and therefore has a high symmetry pacKiing asymmetric unit contains half of the
molecule, which is fully generated by an inversaamtre located at the midpoint of the C11—
C11" (symmetry code i = 1-x, 1-y, 1-z) bond. The twaighipe rings are coplanar with the furan
rings. The phenyl substituents, however, are tdiste&h respect to this plane with a torsion
angle of 10.1(8)° (C1-C6-C7-N1).
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Fig. 55. Structure of 4,4 -di(furan-2-yl)-6,6"-diphenyl22-bipyridine (16); ellipsoids are plotted at the 50% level.

The molecules are packed along thdirection without any remarkablern interactions. The
dominant attractive forces between molecule£ I8 involve weak edge-to-faceinteractions
and weak non-classical hydrogen bonds betweenittegen atoms from the bipyridine moiety
and hydrogen atoms from the furan rings (C15-H181" 2.66 A (symmetry code ii = y, -x+y,
1-7)) (see figure 56 a), what is in stark conttasthen-stacking interactions observed in 4,4"-
di(furan-2-yl)-6,6"-dimethyl-2,2"-bipyriding,9.
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Fig. 56.a) View of 4,4 -di(furan-2-yl)-6,6"-diphenyl-2,®ipyridine (L16) molecules along the direction showing
the non-classical hydrogen bonds between nitrogmsafrom bipyridine and hydrogen atoms from furiaugs. b)
View along the [-3.38, -22.71, 2] direction showihg three different packing modes of the molecirdbe crystal

structure. Hydrogen bonds are represented in blue.

II.2.10  [HsL17][CF3COO]-2CFsCOOH

Crystals of [HL17][CF;COQ]-2CRECOOH were grown over a period of two days by digsgl
the ligand HL17 in CRRCOOH and placing the vial containing the solutinotoia sample bottle
containing a small amount of water. The asymmetriit contains the protonated ligand, as a
consequence of the acidic conditions used in thystaltization process, a trifluoroacetate
counterion and two molecules of trifluoroaceticdacthe molecules crystallize in the triclinic
system, space group1l (No.2). The bipyridine unit adoptsces-conformation, consistent with
protonation at one of the nitrogen atoms and tmendtion of an N1-H1.---N2 hydrogen bond
(2.185(2) A). The two pyridine rings are almost lemyar, and only the carbonyl group O1-
C11=02 can be found in this plane as well. The m@@arboxylic acid group is slightly twisted
6.5(9)° (C9-C8-C12-03), and so is one of the phgrmyips found in thertho position with
respect to the nitrogen 7.3(4)° (N2—C10-C19-C2@g $econd phenyl group, on the contrary,
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presents a considerable twist with respect to tpgridine core: 31.4(7)° (N1-C1-C13-C18).
The difference between the two C-O bond distannesaich carboxylic acid group (C11-O1
1.304(3) A, C11-02 1.203(3) A, C12-03 1.307(3) A12a04 1.204(3) A) confirms the
protonation state. The fluorine atoms of the sCdroup in the counterion are disordered,
occupying two different crystallographic positicgesch (modeled with F7 (65%) and F17 (35%),
F8 (65%) and F18 (35%), and finally F9 (65%) an® F35%)). These two positions can be
generated after rotating the —{Cfoupca. 30°. Two other molecules of trifluoroacetic acwot
crystallize as solvent, one of them being disord€nsodeled with F1 and F11 and F2 and F12,
the occupancy factor is 70% for F1 and F2, whefeaB11 and F12 is 30%) (see figure 57).

F9
F7 Fs

C30
C29

09

010
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C25
C26
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F3 F1

Fig. 57. Structure of the protonated ligand, 3[47]", a trifluoroacetate counterion and two moleculds o
trifluoroacetic acid. The ellipsoids are plottedtz¢ 50% level. As a consequence of the disordérarsolvent and

counterion molecules, only the fluorine atoms vhither occupancy factor are showed.
The ligand and solvent molecules and the countesom packed forming layers, having

hydrogen bonds bridging the molecules together {gpee 58). These hydrogen bonds are
formed between the trifluoroacetic acid molecul@34H3-010 1.82(7) A; 06-H4010
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1.79(1) A; 08-H5-09 1.81(5) A) and the carboxylic acid moieties (62-~04 1.92(3) A
(symmetry code i = -x, 1-y, 1-z)). The layers iatdr between each other through hydrogen
bonds stabilizing the supramolecular array (C18-H187' 2.43(8) A (symmetry code ii = 1-x,
-y, 1-z) and N1-H1-05" 2.33(7) A (symmetry code iii= 1-x, 1-y, 1-z)) (skgure 59).

Fig. 58.Hydrogen bonds between cations, anions and satvakecules in [HL17][CF;CO,]-2CRCOH.
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Fig. 59. Two different packing modes of the crystal stroefisolvent and counterion molecules are repredente
orange colour. a) View along direction; b) view along thbk direction. Solvent and counterion occupy the empty

spaces in the crystal structure and have not temmesented for clarity reasons.

II.2.11 Dimethyl 6,6"-diphenyl-2,2"-bipyridine-4,4"-dicarbocylate (L18)

L18 yielded X-ray quality crystals grown by slow evagtoon of a chloroform solution of the
compound. Ligand.18 crystallizes in the monoclinic system, space grBagn (No. 14). The
molecule is centrosymmetric with the inversion cerbcated in the C1-C1bond (symmetry
code i = 1-x, -y, -z). The bipyridine system aneé tbhenyl groups located in the 6 and 6-
positions are almost coplanar (the angle betweeretst square planes of the bipy moiety and
the phenyl ring is 3.6(6)°). This ligand differsomn the previously described one in that the
carboxylic acid groups of the 4 and 4 -positionsehbeen replaced by methyl ester groups.
These are slightly twisted with respect to the bgige unit by 4.5(2)° (torsion angle C2—-C3-
C12-02). The molecules are stacked in columns atba@ axis, but withoutr--n stacking
interactions (the closest distance between rindreies is 4.18(9) A). One hydrogen atom from
a phenyl group is oriented towards a vicinaystem in a T-mode (C7-H7A" (centroid) 2.99

A (symmetry code ii = 3/2-x, 1/2+y, 1/2-z)), howeyeo classical hydrogen bonds are found in

the crystal (see figure 60).
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Fig. 60. Structure of dimethyl 6,6 -diphenyl-2,2"-bipyridided”-dicarboxylate L(18); ellipsoids are plotted at the
50% level.

Whereas the views along tlaeandb directions show that the molecules seem to bee ol
packed in columns ((see figure 61 a)), a view altheg direction shows a fish-bone-like motif

(see figure 61 b) similar to the one found_bh

A 3 ¥4,
AL 4

Fig. 61.a) View alongb direction of the packing of 6,6 -diphenyl-2,2"-pigline-4,4"-dicarboxylatel(18); b) view

alongc direction showing the fish-bone-like motif.
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II.2.12 Tetraethyl 6,6 -dimethyl-2,2"-bipyridine-4,4"-diyldiphosphonate (L23)

X-ray quality crystals of tetraethyl 6,6 -dimetyl22-bipyridine-4,4"-diyldiphosphonate grew
after recrystalization of the compound from hexdrgand L23 bears diethylphosphine oxide
substituents in the 4 and 4"-positions and methgugs in the 6 and 6 -positions of 2,2"-
bipyridine (see figure 62). The molecule crystalizlikeL18, in the monoclinic system, space
group P2;/n (No.14). As a centrosymmetric molecule, only tdlithe ligand is present in the
asymmetric unit. The P=0 bond is twisted with respe the plane formed by the bipyridine unit
(torsion angle 23.8(2)° C2-C3-P1-01).

Fig. 62. Structure of tetraethyl 6,6 -dimethyl-2,2"-bipynéi4,4”-diyldiphosphonaté.23); ellipsoids are plotted at
the 30% level.

n-Stacking interactions are not a feature of thigcstire, and instead, hydrogen bonds dominate
in the packing. These are formed between the cgtlaxygen atom and a hydrogen atom from a
vicinal aromatic group (C4—H4A01 2.53(1) A (symmetry code i = 1/2+x, 1/2-y, 1/2+Zhd

are responsible for the undulating infinite 2D rhati the [-4.56, 0.01, -7.14] direction (see
figure 63 b).
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Fig. 63. a) View alongb direction; b) undulating infinite 2D structure foed by the packing of tetraethyl 6,6-
dimethyl-2,2"-bipyridine-4,4"-diyldiphosphonate2@) molecules. View along the [-4.59, 0.05, -7.1%kdtion.

1] 2,2:6",2" -Terpyridine ligands

2,2°:6",2" -Terpyridine is a tridentate ligand fadhfrom three pyridine units, which upon
coordination to a metal change their conformatimmftrans,trans to cis,cis (see figure 64),
occupying its near-planaNs; donor set threameridional sites in an octahedral complex.
However, mono- and bidentate bonding modes are alsw well established [140]. It forms
stable complexes by chelating a broad variety aridition metal ions, and it has the advantage
with respect to 2,2 -bipyridine that simple achibas-terpyridine complexes can be obtained
with octahedrally coordinating metal ions, as oggb® the racemic mixtures derived from the
use of bipyridine as coordinating ligand. Exhauwstiesearch has been done on 2,2°:6",2"-

terpyridines functionalized in their 4 -positionsl4fl, 142], because despite chemical
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modification in this position, the terpyridine colayes retain their achirality, being arranged in
atrans configuration along a £axis. However, it is possible to create and igotdtiral species
either by introducing chiral auxiliaries or by forg helical structures, i.e. dicoper(l) and/or

disilver(l) helicates, as shown in the literatutd3].

Fig. 64. Chemical structure of 2,2":6",2""-terpyridine. Téwnformational change from thieans,trans to thecis,cis

coplanar form upon coordination to a metal togetign ligand numeration is shown.

The chemistry of 2,2":6°,2""-terpyridine is muchupger than that of bipyridines. Terpyridine
was first isolated by Morgan and Burstall in the3Q9 [144, 145]. Since then, hundreds of
terpyridine derivatives have been synthesized ftierént purposes including supramolecular
chemistry [146], analytical chemistry [147], biologl applications [148], solar cells [40], or

synthesis of dendrimers [149].

In this thesis, tetrasubstituted symmetrical 2;22:6-terpyridines have been synthesized using
Kréhnke's methodology [120]. This method has beempleyed to make some of the 2,2"-
bipyridine ligands discussed in the previous chapted more specifically it has been often used
in the literature to synthesize 2,2:6",2" -terdinés similar to the ones presented here [122,
123, 150]. The ligands discussed in this chaptee Heeen created with the aim of employing
them together with copper(l) for solar cell appiicas; for this reason, they possess ester or acid
groups, for dye adsorption, and substituents in6tteand 6 "-positions, in order to stabilize the

system with respect to oxidation to copper(ll) céemps [151, 152].
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. 1 Synthesis and characterization of 2,2":6",2" -terpydine ligands

To makelL27 and L29, the bis-enone shown in figure 65 was synthesimstl This was

achieved by refluxing 2,6-diacetylpyridine with twequivalents of methyl 4-formylbenzoate and
diethyl amine in 1-propanol, a procedure slighiffedent to the already reported one [153]. This
novel bis-chalcone was isolated as a beige-solt2# yield and fully characterized by standard

spectroscopic and analytical techniques.

=
O] O]

HNEt,
1-propanol
2
MeOOC 3 s COOMe
]
AN SN N
0 0

Fig. 65. Synthetic route to the bis-enone dimethyl 4,4;{1E)-3,3"-(pyridine-2,6-diyl)bis(3-oxoprop-1-ene-3,1-

diyl)dibenzoate and its numeration.

From the’H NMR spectrum of the bis-enone in figure 66 (s@re 65 for ring name
assignment and numeration), it is clear that thetrdeshielded proton of the molecule is the 3
proton with respect to the carbonyl group, and thidue to the charge distribution of the two
resonance forms, as it was illustrated in figurarBghe previous chapter. The resonances of the
allyl protons present a coupling constant of 16 & expected for this type of protons. Apart
from that, it should be noted that the characierisiplet coming from H® is hidden under the

doublet of one of the allyl protons.
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Fig. 66. 'H NMR spectrum of dimethyl 4,4 -B1°E)-3,3 -(pyridine-2,6-diyl)bis(3-oxoprop-1-ene-3,1-
diyl)dibenzoate in CDGI(i = impurity) (400 MHz).

Then, the reaction of the bis-chalcone with therappate Krohnke’s reagent in the presence of
ammonium acetate afforded the desired ligands atevgblids after purification by column

chromatography (see figure 67). A similar methosl reen reported previously [153].

X
=
R’ _ X | ~_R'" + / \IC:?
N —/ o
O 0] R2
R! = MeOOCCgH, Ri =Me; X =Cl
R®=Ph; X =Br L27: R! = MeOOCCgH,, R? = Me

L29: R' = MeOOCCgH,4, R? = Ph
Fig. 67. Synthetic route to ligands27 andL29.

In figure 68 the'H NMR spectra of ligands27 andL29 in CDCk are shown. They are easily
distinguished by the presence of a signab &.74 ppm for the methyl groups k27 and
diagnostic signals for the phenyl groups (ring Bached to the 6 and 6” -positionsLig9 (see
figure 68 for number scheme). The signals corredipgnto ring A, especially ¥, and H® are
shifted downfield as a consequence of the intradocof the phenyl groups 29, a
phenomenon also observed in the previous chapteortrast, the resonances corresponding to
H*® and ring C, as well as the methyl ester group,narteconsiderably shifted (not even in
comparison with the starting material), so it candoncluded that the introduction of phenyl

groups does not have much influence on them.
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Fig. 68. Diagrams of ligands27 andL29 with number scheme and comparison of thidiNMR spectra in CDGI
(*) (400 MHz).

Finally, L27 was hydrolyzed to 28, its acidic form, using the methodology alreadyp&yed
to hydrolyze some of the 2,2"-bipyridine ligands3( L5, L14 and L21) described in the
previous chapter [1291.27 was refluxed for 12 h with 10 equivalents of LiGiHa HO:THF
1:10 mixture. Finally, the pH of the reaction misduvas adjusted to 2 with HCI, what caused
the precipitation of an off-white ligand.E28, in 65 % yield. Its poor solubility brings abobet

need to use TFAYdto run the'H NMR spectrum shown below (the number scheme isséte

same as foL27 andL29):
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Fig. 69.'"H NMR spectrum of k.28 in TFA-d" (250 MHz).

A quick look at the spectrum shows that the rescaaorresponding to the methyl ester groups
is missing; there is only one singletéaB.33 ppm assigned to the methyl groups from thad

6" -positions. This signal appears at higher fregies than the resonances of the methyl groups
attached to the 6 and 6”-positions igL¥ (3 3.14 ppm), HL15 (6 3.06 ppm) and k.24 (5 3.10
ppm), probably due to structural differences betw2gR -bipyridine and 2,2":6",2" -terpyridine.
The rest of the spectrum shows the expected patiérsignals, the signal of ¥ again

overlapping with the one for#4

IV Copper(l) complexes

Copper (Cu) is in the block (ground state electronic configuration: [#g'Bd'%) and occupies
the same group of the periodic table (11) as si{@&) and gold (Au). Although they have the
same (except for principal quantum number) eleatraonfiguration, Cu oxidation states are
primarily +1 and +2, Ag is usually +1, and Au ipigally +1 or +3. Among the many distinct
isotopes that copper has, two of thé38p and®®Cu, are stable and occur naturally, with the first
one comprising approximately 69% of naturally ocitigy copper. The old names for copper(ll)

and copper(l) otupric andcuprous, respectively, are still sometimes used.

Copper has played an important role in the histirynankind, which has used the easily
accessible metal for thousands of years. In the d&oera, copper was principally mined on
Cyprus, hence the origin of the name of the met&lyprium, “metal of Cyprus”, later shortened
to Cuprum. Nowadays, Chile is the top mine prodwfecopper with at least one-third world
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share followed by the USA, Indonesia and Peru,thedanain copper ore for traditional mining is
chalcopyrite (CuFe$. The recovery of copper from scrap metal is aeeal part of copper-
based industries, e.g. in 2005 in the USA, recyctextal constitutedta. 30% of the copper
supply. This recycling of the metal is importantt mmly for environmental reasons, but also
because copper, like fossil fuels, is a finite t@ee which supplies are estimated to be getting
tight.

Copper is an essential trace metal present in plantd humans, having a biological role in
electron transfer systems (blue copper proteinskt@age and transport (haemocyanin) and Cu
transport proteins (ceruloplasmin). Apart from thiatis used as an electrical conductor, in
architecture due its resistance to corrosion andaasomponent of coins, among other

applications.

An interesting property inherent to copper coortioracompounds is the structural difference
between the Cu(l) and the Cu(ll) oxidation stat@s(l) has ad'® configuration and generally
prefers to be four-coordinate with a nearly tetdahkor “pseudotetrahedral” geometry, tending
towards planarity [154-156)while Cu(ll) has ad® configuration and adopts a Jahn-Teller
distorted geometry that is usually 5- or 6-coortbnd57],although it is also possible to prepare
tetracoordinated Cu(ll) complexes under some cawdit (weakly coordinating solvents with
weakly coordinating anions or substituents thathitnhigher coordination numbers) [116]. The
copper complexes synthesized in this thesis (thiélybe referred to as [Cu(NN)" where NN
signifies an a,0’-diimine) are all in the oxidation state +1. Whemsorbed onto the
semiconductor in solar cells, they inject an etattinto the conduction band of TiCand thus
the copper centre must be oxidizable. However, astioned before, copper in oxidation state
+1 has a strong preference for a particular coatthn environment, i.e. “pseudotetrahedral”, so
the ligand design must be precise. The most impbidaservation comes from the classical
work of Williams [116] who demonstrated that i) eap(l) complexes of 6,6 -disubstituted
bipyridine (bipy) or 2,9-disubstituted phenanthmeli(phen) ligands did not disproportionate in
aqueous conditions, and ii) the introduction ofsthesubstituents dramatically stabilized the
copper(l) complexes with respect to copper(ll) velasr[Cu(bipy)] " undergoes an autooxidation
reaction with Q [158].
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Fig. 70.Structure and numeration of 2,2"-bipyridine andiphenanthroline.

James and Williams proposed that substituentsartrand 9-positions of 1,10-phenanthroline,
when coordinated to copper(l), would interact irdestabilizing manner with the 2- and 9-
substituents on the opposite ligand in the cuptates arguing that this interaction would
dramatically stabilize the cuprous state (see &gudd) (this example can be extended to
complexes with bipy ligands) [116]. They also fouhdt the electrochemical properties of the
complexes were quite sensitive to the extent ot&psulation” of the metal center, in that it is
over 400 mV easier to oxidize [Cu(phdi) than [Cu(dmp]® (dmp = 2,9-
dimethylphenanthroline) in aqueous electrolyte.tii@nmore, it has been established that even
with only one substituent, the copper(l) centremugh “encapsulated” to be stabilized from
oxidation to copper(ll) [155]. It should be notedrd that the chelating bipyridine fragment, on
the contrary to the phenanthroline one, can susiasubstantial dihedral twist between the
aromatic rings and still remain coordinated, sasipossible that bipy-based and phen-based
complexes may have significantly different coordima geometries; however, the general

characteristics of [Cu(NN)" complexes given here, are extended to both fasmiiieompounds.

Cu'(dmp),* Cu"(dmp),**

Fig. 71. Schematic representation of the steric effects Hiraler the achievement of a high degree of planhy
the ligands in the cupric state [99].
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A less well appreciated aspect of Cu(ll/l) redoerdiistry is the solvent dependence. Examining
the cyclic voltammetry of [Cu(dmg]]PFg] (see figure 72) one observes that the measuréd ha
wave potential, |, assigned to the Cu(ll/l) couple is surprisinggnsitive to the solvent used
(this can be extended to [Cu(NiN) complexes), while the peak-to-peak separationssured
are typically 100-200 mV and essentially indepemdent [159, 160]. The reason for this half-
wave potential dependence is based on the addifoa solvent molecule to the oxidized
complex standing from the oxidation of Cu(l) at #lectrode surface. It is assumed that solvent
coordination is fast and reversible with respecthi® cyclic voltammogram time scale and that

concentration of the five-coordinate compound igligébly small.

Normalized Current

i T % T ¥ T ¥ T ¥ T t T T T T T T 1
1600 1400 1200 1000 800 600 400 200 0 -200

Potential, mV

Fig. 72. Cyclic voltammograms of [Cu(dmg) in CH,CI, (circles), CHCN (squares) and DMSO (triangles)
measured at 200 mV*swith 0.1 M tetrabutylammonium hexafluorophosphatédg wire reference electrode, a Pt

gauze auxiliary electrode and a glassy carbon wgr&lectrode. The potentials are measured vs. $68.[

Another consequence of this geometry modificatgofound when the luminescence behavior of
Cu(l)-phenanthrolines is examined [97]. Upon ligktitation, the lowesMLCT excited state is
populated, thus the metal centre changes its fooidhtion state from Cu(l) to Cu(ll); the latter
tends to assume a more flattened coordination geprfi61]. In this “open” structure a fifth
coordination site is made available for the newdynfed d® ion (see figure 73), that can be
attacked by nucleophilic species such as solventecutes and counterions, leading to

pentacoordinated excited complexes (exciplexes)es&@hcan deactivate via non-emissive
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deactivation paths, thereby shortening the lifetiofethe excited state and quenching the
luminescence. Direct spectroscopic evidence fosgHese-coordinate compound formation is
still lacking, however convincing clues for thearfation have been given by McMillat al. in

a variety of investigations where the effect of $mvent and of the counterion in several

[Cu(NN),]" complexes was examined [162].

Nucleophilic
hV

% O _
g R N Flattening
= i N_ .~ distortion
—_—
=N o NS
L

R

Ground state MLCT excited state

(Q=cun ) (0 =cum )

Fig. 73.Flattening distortion and subsequent nucleophitiack by solvent, counterion or other moleculd®fang
light excitation in Cu(l)-phenanthrolines. The sidethe R substituents is of paramount importamcddtermining

both the extent of the distortion and the protectbthe newly formed Cu(ll) ion from nucleophil¥].

However, examining the visible absorption specfr§Ca(dmp)]”, it has been noted that these
are, within experimental error, the same in al/ents employed, with only small changes in the
extinction coefficients. This is expected sincéatigbsorption is a vertical process in the Franck-
Condon sense and, unlike cyclic voltammetry, iha$ influenced by processes that occur after
charge transfer. At the same time, the absorptimh @emission energies of the [Cu(NN)
compounds are almost independent of half-wave piateR; .. As a consequence, the expected
correlations between optical energy gapsd{Eer) and metal based reduction potential&(,)
that exist for (@)° polypyridyl transition metal compounds (e.g. Ru@hd Os(ll) complexes
[163]) are not observed for copper(ftP complexes [163, 164]. This is significant in tliat
points to a fundamental difference between Cu(#) Ra(ll) chromophores. Typically, the Bl

and L% (L = ligand) redox couples approach electrochehacal chemical reversibility at the
electrode surface. This is not true for [Cu(MN)complexes, where there are significant inner-

sphere geometric changes associated with the axidat Cu(l) to Cu(ll), as already mentioned,
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and the redox process is not strictly reversibleer&fore, incorporated withiAE;/, values for
[Cu(NN),]" systems are the energetics associated with t@isidistortion and coordination

number changes that are not relevant to light gibieor.

Regarding the absorption spectra of these [CugNNpmplexes, it should be pointed out that no
matter what the nature of the ligand is, bipy oemhthese are dominated by intense, broad
absorption bands maximizing at a wavelength in rdnege 440-470 nm [165], and a weak
shoulder at longer wavelengths [165, 166]. The @rmbsorption was originally assigned by
Irving and Williams [167] as a metal-to-ligand chestransfer (MLCT) transition where an
electron is promoted from aldrbital of copper to a low-lying* orbital of the ligands, and the
orbital parentage of the dominant charge-transbsogption has since been established [166,
168]. Analyses suggest that a static or dynamttefteng distortion of the £ structure accounts
for the weak but non-negligible intensity and tlwapization of the low-energy shoulder [165],
as also suggested by Ichinaga et al. [168]. Inrotfeeds, the low energy shoulder observed in
the ground state absorption spectra of [Cu@{Nyomplexes is thought to reflect the degree of

distortion away from By symmetry.

Still another characteristic of Cu(l) complexeshis difficulty to prepare heteroleptic compounds
due to the lability of first-row transition metais general, and copper in particular. Ligand
exchange in fluid solution can be facile. For exlmjmmediately after mixing [Cu(dmg) and
another Cu(l) complex with a different phen ligattte '"H-NMR spectra revealed the presence
of the mixed chelate [160], also observed for @igubstituted bipyridines. The replacement of
2,2°-biquinoline ligands coordinated to Cu(l) by pimlso occurs in fluid solution [169]. This
property of Cu(l) complexes (not shown by Ru(ll)@s(Il) complexes) may be an impediment
for some applications. However, it will be showrsacttion V. 4 that one can take advantage of it
in order to make heteroleptic Cu(l) complexes oa sarface of Ti@ Finally, it should be
mentioned that some novel approaches have beenlEkcecently to synthesize heteroleptic
copper(l) complexes in solution and that they hasen reported in the literature [170].
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V.1 Synthesis and characterization of copper(l) compless

Two synthetic methods to copper(l) complexes haenbemployed depending on whether the
ligand contained acid groups or not. In the caserwlthese groups are missing, the complexes
have been synthesized by simply mixing togetheolatisn containing two equivalents of the
ligand with another solution containing one equewdlof [Cu(CHCN)4][PFs]. Immediately a
colour change is observed, a direct indication ¢hadbmplex has been formed. After stirring the
mixture for ca. 15-30 min, the [Cu(NN)® complexes were precipitated as their
hexafluorophosphate salts by simply adding etheinosome cases hexane to the solution

mixtures.

When the ligands contain carboxylic acid or phosph@acid groups, a different procedure has
been used, mainly because of the insolubility asénligands. [61] The standard synthetic
procedure implies the suspension of two equivaleftthe ligand in water and heating the
mixture up toca. 70 °C before addition of some drops of a 1M Nagaiution, that deprotonate
the ligand and solubilize them in water. Then, enaivalent of copper(ll) sulfate dissolved in
water is added, followed by further addition of smirops of a 1M NaOH solution. After,
ascorbic acid dissolved in water is added to thetiem mixture in order to reduce the Cu(ll) to
Cu(l), what entails a colour change. Finally, tlieqf the solution is adjusted to 2 by addition of

1M HCI, and the [Cu(NNJ* complexes are precipitated as their chloride salts

The complexes that will be described in this woakd been classified in two different groups
for an easier comparison. The first group contaiosiplexes with 6,6 -dimethyl substituted
ligands, whereas the second group encloses thosgleces containing 6,6 -diphenyl substituted
ligands and two more complexes with biquinolineufigs (they have been placed in this group
for their bigger similarity with 6,6"-diphenyl-2:bipyridine than with 6,6 -dimethyl-2,2"-
bipyridine).

The mass spectra of the complexes synthesized 8hal cases the [Cu(NN)" ion, direct

evidence of the presence of the complex, with traacteristic pattern of the naturally occurring
copper isotopes. However, in order to establishnieire of the counter ion, especially in the
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complexes with acid groups, elemental analysi®tessary. These data show that a chloride ion
is the counter ion in all these cases, whereasheén domplexes without acid groups, a

hexafluorophosphate ion is present.

In order to summarize thtd NMR spectra of the complexes, one example is shfow each
group comparing the ligand and the complexNMR spectra. This will illustrate the resonance
shifts that occur upon coordination of the ligatali¢he Cu(l) metal centre. In almost all of them,
as Constable pointed out in 1989 [104], the sigraah H** is the lowest field resonance, and
this is interpreted in terms of van der Waals delsliig of H”*, associated with the close’M

H%A contacts.

In figure 74, the'H NMR spectra of ligand.3 and its copper(l) complex are shown. The signal
shifts observed here are also seen in the resteotamplexes of this group, where the ligands
have methyl substituents in the 6 and 6”-positiénem the spectra, it is straightforward that the
signals of the protons that are far away from thetaincoordination environment & H*® and
HEC°%®) do not suffer significant shifts upon coordioatito copper(l). On the contrary, the
signals corresponding to the protons close to teahtentre (B, H** and ¢*) are shifted,
and also their resonance signals are broadeneahiparison to the free ligand. The shift of the
signal of the methyl groups attached to the 6 angdo8itions of the bipyridine moiety is a
consequence of the shielding resulting from eacthyhsubstituent lying over the-cloud of a
bipy domain of the second ligand, whereas the eéihg observed for the signal ofMis
probably caused by a ring strain from the otheardy of the complex. The broadening of these
three signals is most likely related to the resgdcmovement (f-Cpheny) Of the protons in the

complex. As mentioned before, the same patternbsemwed in the other complexes of this

group.

L3
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Fig. 74. Diagram of ligand_3 with number scheme arlti NMR spectra ot.3 and [Cu[.3),][PFs] in CDCl; (¥)
(500 MHz).

The 'H NMR spectra of ligand5 and its complex are shown in figure 75. This examg
representative for the second group of complexesudsed above, the ones with ligands bearing
phenyl substituents in the 6 and 6 -positions. Agtie signals of the protons situated far away

from the metal centre @, H*® and H°%®

) are not significantly shifted, so it can be caowmigd
that upon complexation, no remarkable changesaeir t#ectronic environment are noticeable.
However, the protons closer to the copper(l) cerftf®, H**, H?*®, H3® and HY have
resonances considerably shifted with respect tooties from the free ligand. All these signals
are shifted to lower frequencies; in the case 3f &hd H” this is probably due to a ring in the
adjacent pyridine and the other ligand, respectjvilat have a shielding effect. In the case of
the signals assigned to the protons of the penghetyl groups, they are shielded upon
coordination to copper(l), for the same reasonarpd in the previous example in the case of

the methyl groups.
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Fig. 75. Diagram of ligand.5 with number scheme arfti NMR spectra ot.5 and [Cul5),][PFs] in CDCl; (¥)
(500 MHz).

At this point, the geometrical distortion suffereg some of the complexes of the second group
will be discussed. This [Cu(N})-type of complexes is prone to structural distartion
crystallization arising from intermolecular crystphcking forces. And even if solid-state
structural studies are of limited value in underdtag solution properties, it is worth having a
look at them, since some intramolecular interactissnich control the coordination geometry,
such as aromatie-n stacking interactions between ligand fragmentsy pesist in solution and
so their crystallographic study may be of valueunderstanding their physical properties in
solution. The distortion away from ideab{Bymmetry is expressed Bythe dihedral angle), the
angle of intersection of the two Culglanes of each chelate ring. IngBymmetry, with the

ligands mutually perpendiculaf, = 90°; in a square planar geometty= 0°. In copper(l)
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complexes of substituted bipyridines and phenafitias, 6 is typically 70-80° [154, 155, 171-
173].

Considering the parent compounds of the two sefieemplexes of this thesis in more detail, it
should be noted that [Cu(dmbipl) (where dmbipy is 6,6 -dimethyl-2,2"-bipyridine)shad of
81° [154], whereas [Cu(dpbip}) (where dpbipy is 6,6 -diphenyl-2,2"-bipyridine)shad of 83°
[156], which is a somewhat smaller distortion tldten observed when bulky substituents are
attached to the ligands [174, 175]. However, exargirthe crystal structures of some of the
phenyl substituted complexes synthesized in tlasigh(see section 1V. 2), the following dihedral
angles are observed: [@QR),]*, 6 = 73.4(2)°; [Cu(5),]", 6 = 69.0(1)°; [Cul17),]> (see below
and IV. 2. 7.)0 = 72.9(2)°; [Cu18),]", 6 = 70.8(2)°. From these values, especially the rsg:co
one, it is clear that the distortion suffered bg tomplexes of this group is bigger than that
observed in the parent complex ion, and this fietig distortion is probably responsible for the
slow precipitation of complexes [CufEb),]Cl, [Cu(H.L17),]Cl and [Cu(HL22),]Cl observed

in DMSO solution and responsible for the unsucegssf NMR measurements in that solvent.
Initially, the restricted bond rotation around 8g-Cpynenyi bOnd was thought to be responsible
for the broadening of the signals seen in tHeNMR measurements, however, these did not
sharpen upon increasing the temperature of thetisolulnstead, the coordination ability of
DMSO seems to take advantage of the flattenedrtimtoof the complex to bind to the copper,
in that the five-coordinate paramagnetic coppergpecies is probably formed hindering the
measurement of thiH NMR spectrum. In the case of [Cut17),]Cl, crystals of the complex
were grown by leaving the crude reaction mixtutdl (®ntaining excess of NaOH) to stand for
several days, and single crystals og[Sai(L17),] were obtained. This compound was soluble in

water, so aH NMR spectrum with sharp signals could be obtained,O.

In the case of complexes [@UE);][PFs] and [Cu(21),][PF¢], their 'H NMR spectra were run

in CD.Cl, and CDC}, respectively, but decomposition of the compounds observed, in this
case due to the acidity of the solvents. This wasenl by adding an excess of a bas&€®, to

the solvent in which [CW(l6),][PFs] was dissolved. The base neutralized the acid and

consequently resulted in a well resolved spectewran after 16 hours (see figure 76).
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Fig. 76. Diagram of ligand_16 with number scheme arfth NMR spectra of [Cu(16),][PF¢] in CD.Cl, (above)
and [Cu[16),][PF¢] in K,COy/CD,ClI, (below) (600 MHz).

Absorption of UV (200-400 nm) or visible (400-70tnlight occurs only when the energy of
incident radiation is the same as that of a possldctronic transition in the molecules studied.
Such absorption of energy is termabectronic excitation and is typically associated with moving
a single electron from an occupied to an unoccupietecular orbital. The UV-VIS spectrum
typically represents the absorption of light ada pf energy (usually reported as wavelengjh,
vs. the intensity of absorption (as absorbageor molar extinction coefficient, whereg is a
rough measure of the transition probability). Thevelength at maximum absorbanég.4y) for
each electronic transition is termig.y In order to calculate the molar extinction cozént of
the bands observed in the UV-VIS spectra, the latviambert, Bouger and Beer, or more

simply, Beer’s law, have been used:
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wheres is the molar extinction coefficient with units B cm* and constant for each species; |
is the cell pathlength (usually 1 cm) and c isdbecentration of the sample studied with units of

M (molarity, mol dn?).

In this thesis, solutions of the complexes withfed#nt, but known, concentrations have been
prepared, and after measurement of the UV-VIS aisor spectra, the molar extinction
coefficients of the maximum absorbances have bedoulated. Studying these electronic
spectra, one can obtain information about structun@ bonding of metal complexes, although
interpretation of these is not always straightfadvaA characteristic feature of marmlyblock
metal complexes is their colours, which arise beeatey absorb light in the visible region; but
apart from these absorptions, there are also sortteeinear UV-region (190-400 nm). The last
ones arise from ligand centered <« = transitions, whereas the former ones come from
transitions between metal- and ligand-centered cotde orbitals which transfer charge from
metal to ligand or ligand to metal (MLCT or LMCT TGignifies charge transfer bands). So, in
this part of the thesis, transitions in the visip&t of the spectrum will be discussed. These are
much weaker than those in the UV, and are assigm®&LCT electronic transitions. [176] An
MLCT transition occurs when a ligand that is easfiguced, like for example bipy, which has a

vacant, low-lyingt*-orbital, is bound to a metal centre that is réadkidized, like copper(l).

In tables 1 and 2, the wavelength together with ékenction coefficient at the absorption
maxima of all the complexes are shown. The solenployed in each measurement is also
given in these tables, because although it hasfhwence in the absorption spectra, as already
said before, it will have to be taken into consadien in some cases where the solvent seems to

make the copper complex precipitate in solution.

The complexes which absorption data are shownhle ta form the group of complexes that
have ligands with methyl substituents in the 6 &hgositions. Their MLCT absorption bands
are located between 481 and 515 nm, and each cortifgeefore appears red. In contrast, the

second group of complexes, those that have ligedsing phenyl groups in the 6 and 6'-

99



positions and/or biquinoline ligands, are green paotple, respectively, because their MLCT
absorption bands are shifted to lower energiesmgdr wavelengths, due to a strongly distorted
tetrahedral geometrydg) under which the transition corresponding to thasd is allowed. This
flattening distortion comes from then stacking interactions between the pendant pheawoylps

of one ligand and the bipyridine moiety of the othgand, as also occurs in the Cu(l) complex

with 2,9-diaryl substituted phenanthrolines [97].

Amax/ NM € - 10/ Mt em?) Solvent
[Cu(L1),][PFe] 274 (1.0), 310 (0.5), 352 (sh), 481 (0.15) CEICI
[Cu(L3);][PFe] 271 (50.0), 323 (25.0), 488 (4.3) CHCI
[Cu(H,L4),]CI i i
[Cu(H.L8),ICI 214 (74.4), 274 (47.0), 314 (60.0), 482 (8.0) e@H
[CU(L9)][PFq] 274 (sh), 289 (71.0), 493 (4.1) GEN

[Cu(H,L10),]Cl | 202 (34.3), 252 (27.2), 268 (sh), 319 (35.4), 483) | MeOH

[Cu(L11),][PFs] | 204 (90.0), 241 (sh), 308 (27.0), 317 (sh), 495)(0.] CHCN

[Cu(L14),][PFe] 255 (94.0), 324 (24.0), 508 (4.0) GEN
[Cu(H,L15),]Cl 260 (75.0), 331 (24.0), 515 (6.7) DMSG
[Cu(L23),][PFe] 254 (16.0), 273 (16.0), 317 (30.0), 490 (5.7) CHC

[Cu(HsL24),]Cl | 271 (1.8), 313 (2.1), 324 (2.0), 478 (0.8), 559 (sh| DMSO

Table 1.Charge transfer absorption data of the Cu(l) cengs with 6,6 -dimethyl substituted ligands.

Amax/ NM € - 1G/ M™* cm™) Solvent
261 (48.0), 289 (sh), 332 (16.0), 421 (3.3), 572
[Cu(L2)2][PFg] CHCI;
2.2)
[CulL5)][PFg | 271 (100.0), 337 (27.0), 434 (6.0), 589 (4.3 THC
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[Cu(H.L6),]Cl* | 271 (192.0), 325 (37.0), 435 (1.5), 590 (0.9 DMSO
244 (35.0), 282 (sh), 313 (48.0), 432 (4.0), 587
[Cu(L16)][PFe] CHCl,
(2.4)

Nag[Cu(L17)3] 296 (10.0), 343 (11.0), 437 (2.0), 608 (1.17 LOH
[Cu(L18)][PFe] 300 (12.0), 350 (16.0), 441 (3.0), 610 (2.0 LH
[Cu(L21)][PFe] 244 (88.0), 348 (23.0), 420 (10.0), 615 (4.0 ,CH
[Cu(H.L22),]Cl * | 261 (100.0), 339 (20.0), 462 (1.7), 630 (1.0) DMSO

MeOH :DMSO

[Cu(H,L25),]Cl 268 (57.0), 344 (24.0), 358 (sh), 553 (4.0) 01

[Cu(L26),][PFe] 272 (50.0), 343 (26.0), 581 (1.1) DMSO

Table 2. Charge transfer absorption data of the Cu(l) cexgd with 6,6 -diphenyl substituted ligands. The *
signifies that the complex is not stable over thetin the solvent used for the measurement.

The chemical nature, size and position of the swiestts is also important when looking at the
spectral intensities. These are strictly relatethtosymmetry of the complex that, in its turn, is
affected by the distortion from the tetrahedralrgetry. As a general trend, it can be deduced
from tables 1 and 2 that the extended delocalizatiother-electrons of the bipyridine moiety
by the introduction of phenyl rings in the 6 andp@sitions or as spacers in the 4 and 4’-
positions, and a double bond as well as spacdrei@dtand 4 -positions, increases the extinction
coefficients of the MLCT bands. This phenomenosuisimarised in figure 77:
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Amax / nM (€ /M em™) Amax / M (€ /M em™)
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Fig. 77.Selected ligands with MLCT absorption maxima ar@lanabsorption coefficientg)(of the corresponding
Cu(l) complexes.

The electrochemical properties of the complexesewexplored by cyclic voltammetry and
differential pulse voltammetry. In tables 3 andtde C@#""* reduction potentials of the two

groups of complexes are shown, respectively.

As already mentioned in this chapter, substituentigs in the ortho positions with respect to the
nitrogen atoms in the ligands have an importantaichpn the stability of the copper systems.
For example, the presence of alkyl substituentendtiough their electron donating tendency,
elevate the Cii’* reduction potential of the complexes [116, 17Hug, it is easier (> 400 mV)

to oxidize [Cu(phen]® than [Cu(dmphen)’ in aqueous electrolyte [178]. The increased

oxidation potential observed for the complexes \sitibstituted ligands cannot be explained by
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inductive substituent effects of the ligands. Rathias a result of steric interactions betweea th

two chelating moieties.

A range of values for the &l reduction potentials between 0.07 and 0.59 V #Fd is
observed, corresponding these values to measuremérgire CHCl,, MeOH or CHCN were
used as solvents. In the cases where DMSO was gethlonostly in complexes with ligands
bearing acid groups, the EU reduction potentials appear at negative valueh véspect to
Fc/F¢, probably due to solvent coordination to the medi complex. In complexes
[Cu(H:L4),]Cl and [Cu(HL15),]Cl the peak-to-peak separatioAE,, is 147 and 186 mV,
respectively, which are within the range of 100-200 observed in systems where there are no
pronounced structural changes during the Cu(DACuéldox process [160, 175]. However, in
the complexes that are not stable in DMSO soluti@y(H,L6),]CIl, [Cu(H.L17),]CI and
[Cu(H:L22),]Cl, the AE, values are bigger, being 434 mV for [Culi32),]Cl, so this probably
gives a measure of the structural reorganizaticat takes place, before and during the

electrochemical conversion processes.

E°/v cd'/cu Solvent
[Cu(L1)][PFs] +0.07 (rev.) CHCI,
[Cu(L3),][PFs] +0.45 (rev.) CHCI;
[Cu(H,L4),]CI —0.14 (rev.) DMSO

[Cu(H.L8),]CI + 0.53 (quasirev.) MeOH

[Cu(L9),][PFe] +0.29 (rev.) CHCN

[Cu(H.L10),]CI + 0.42 (quasirev.) MeOH

[Cu(L11),][PFe] + 0.59 (quasirev.) CiTl,

[Cu(L14),][PFd] +0.33 (rev.) CHCN
[Cu(H,L15),]Cl —0.12 (rev.) DMSO
[Cu(L23)][PFe] - -
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[Cu(HsL24),]CI - -

Table 3. Half-wave potentials of the Cu(ll)/Cu(l) couplesthe complexes with 6,6"-dimethyl substituted rids.

These potentials are given vs. ferrocene-ferroceniu

E°/v Cd'/Cu Solvent
[Cu(L2),][PFq] +0.36 (rev.) CHCl,
[CU(L5)][PFq] +0.40 (rev.) CHC,
[Cu(H,L6)]Cl | —0.05 (quasirev.) | DMSO
[CU(L16),][PFq] +0.27 (rev.) CHCN
Nag[Cu(L17)s] 0.00 (rev.) HO
[Cu(L18),][PFq] +0.59 (rev.) CHCl,
[Cu(L21),][PF] + 0.44 (rev.) CHCl,
[Cu(H,L22),]Cl | —0.10 (quasirev.) DMSO
[Cu(H,L25),]Cl —0.18 (rev.) DMSO
[CU(L26),][PFq] ~0.38 (rev.) DMSO

Table 4. Half-wave potentials of the Cu(ll)/Cu(l) couplesthe complexes with 6,6 -diphenyl substituted rids

These potentials are given vs. ferrocene-ferroceniu

V. 2 Crystal structures of copper(l) 2,2"-bipyridine conplexes

IV.2.1  [Cu(L1)][PFe]-2CHCls

X-ray quality crystals of [Cw(l),][PFe]-2CHCEk readily formed from a chloroform solution of
the compound. [Cll),][PFs]-2CHCE crystallizes in the monoclinic system, space grGdjfc

(No.15). The asymmetric unit contains a coppertjon coordinated by two ligand moieties, a
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PR~ counterion and two chloroform molecules. The tattiee disordered; one of the chloroform
molecules may be described as two half moleculés avfactor of occupancy of 0.5 each, while
the second molecule is best modelled by assumiagiththe asymmetric unit there are 4

crystallographic positions available for 3 chloratems.

The homoleptic Cu(l)-bisbipyridine unit presentsaamost ideal tetrahedral geometry being the
dihedral anglef (defined by the planes formed between each skipgfidyl nitrogens and the
copper centre) 84.8(4)°. The structure of the kigad, was already discussed in section Il. 2. 3,
however, in contrast to the free ligand, a ciso@hformation is observed here, due to
coordination to copper(l) (see figure 78). The hpyridine is tetrasubstituted, having phenyl
groups attached to the 4 and 4"- positions and yhgtbups at the 6 and 6" -positions. The Cu-N
bond lengths have values of: N1-Cul, 2.011(2) A-Gi21, 2.053(2) A; N3—Cul, 2.040(3) A
and N4—Cul, 2.011(2) A. From these distances oneobaerve that the Cu-N distances for the
two nitrogen atoms of the same ligand are not eguphenomenon also observed in the crystal
structure of the parent [Cu(dmbpfBF,] (dmbpy stands for 6,6 -dimethyl-2,2"-bipyridine),
where the Cu-N distances vary between 2.018 ari® Aq154].

Fig. 78. View of [Cu(L1),][PF¢] in the asymmetric unit. Disordered solvent molesuare not shown for clarity.

Ellipsoids are plotted at the 30% level.
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The phenyl groups are not co-planar with the bistem: the torsion angles in py-N1 and py-N2
are 26.4(5)° (C10-C5-C4-C11) and 35.4(8)° (C21-C16-C22), respectively, and in py-N3
and py-N4 the values of the torsion angles are(2P.2C30-C29-C28-C27) and 43.5(8)° (C45—-
C40-C39-C46), respectively.

Aromatic interactions are formed between bipy megbf two different complexes (centroid to
centroid distance: 3.851(2) A (symmetry code i x,1t-y, 1-z)) and between phenyl and
pyridine groups from different complexes as weknioid to centroid distance: 3.912(2) A
(symmetry code ii = 1/2-x, 1/2-y, 1-z)) (see figui®). Assuming that- -« interactions held the
molecules together, the overall motif in this caydtructure may be described as 1D chains in
the [280, -24, -60] plane. At the same time, theds®ins are connected by weak hydrogen bonds
formed between fluorine atoms of the counterionenoles and hydrogen atoms available from
the aromatic rings and from one methyl group (C2Z#H--F1 2.43 A; C30-H301---F1 2.51 A;
C48-H481.--F62.46 A, (symmetry code iii = x, 1-y, -1/2+z) and9%5-H491---F4 2.33 A).
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Fig. 79. View of [Cu(L1),]" units along the direction. Aromatic interactions are symbolizeingsball and stick

representation.

IV.2.2  2{[Cu(L2) J][PF¢]}-Et.0

Single crystals suitable for X-ray diffraction weobtained after slow diffusion of #£2 into a
CHCl; solution of [CulL2),][PFe]. 2{[Cu(L2),][PFe]}-Et20 crystallizes in the triclinic system,
space grougP-1 (No.2). The asymmetric unit contains two molesubfL2 coordinating the
Cu(l) atom in a bidentate mode through their némo@toms. Two counterion units are present,
one of them with a noticeable disorder (the £ddunterion molecule lies in a crystallographic
special position x/a, y/b, z/c; 0.28185(16), 0.4884), 0.99985(11)). The second counterion
unit possesses atoms heavily disordered with ocayplactors of 50% (P1); 30% (P3, F21, F22,
F23, F24, F25 and F26) and 20% (F11, F13 and ALB)olecule of E£O co-crystallizes in the
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asymmetric unit as well and lies in a crystallodpiapspecial position (x/a, y/b, z/c; 0.5641(6),
0.0122(7), 0.8433(5)).

The Cu-N bond distances are: N1-Cul 2.015(2) A N2-2.034(2) A, N3—Cul 2.008(2) A and
N4—Cul 2.041(2) A. These bond lengths are contaiimedmuch smaller range than the Cu-N
bonds in the parent complex [Cu(dpbf8F.] (dpbpy stands for 6,6"-diphenyl-2,2"-bipyridine)
(2.001-2.187 A) [156]. The dihedral anglg,has a value of 73.4(2)°, so the planes formed by
each bipy system with the Cu(l) atom are far froeing orthogonal. However, this value is
contained in the typically observedl range of 70-80° in copper complexes of substituted
bipyridines and phenanthrolines [154, 155, 171-1TBE pyridine rings are slightly twisted one
with respect to the other in both bipy systemsndeihis twist more obvious in the unit
containing the N3 and N4 atoms than in the systentaining the N1 and N2 atoms: torsion
angles 13.9(2)° for N3—C45-C46—N4 and 11.0(0)Ni+C11-C12-N2.

L2, as already discussed in section Il. 2. 4, beaenyl substituents in the 4, 4, 6 and 6'-
positions, although in the structure discussed Hieeebipyridine moiety is found in itsis-
configuration (see figure 80). These aromatic stuesits are twisted out of the planes formed by
each pyridine ring, being the extent of this berfteent in all cases: py-N1: 35.4(2)° C1-C6—
C7-N1 and 37.0(3)° C8-C9-C23—-C24; py-N2: 50.0(3)83€C17-C16-N2 and 42.3(4)° C13-
C14-C29-C30; py-N3: 37.6(8)° N3-C41-C40-C39 andl(2¥. C42-C43-C57-C62; and
finally py-N4: 49.4(3)° N4-C50-C51-C52 and 36.8(@¥9-C48-C63-C64.
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Fig. 80. Asymmetric unit of [CU(2),][PF¢]-ELO. The two ligand molecules are represented irewdfft colours
(grey and orange) for a clearer view. The coppemaflight blue) is tetracoordinated by nitrogennaso(blue). A
diethylether molecule is present as well as thentmion, which may occupy two different crystallaghic

positions, being disordered in one of them. Hydrogtms have been omitted for clarity.

The reason for these different twist values magX@ained by the multiple weak intramolecular
Tt--TUinteractions present in the structure, which $itabthe complex in the solid state (centroid
to centroid distances: ring 1, 3.609(2) A; ring3%691(2) A and ring 3, 4.130(3) A) (see figure

81). Furthere--ttinteractions favour the packing of molecules imafdirection.
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Fig. 81.Schematic representation of the intramolecmiar stacking interactions present in [CQ(,]".

Along the same direction, the formation of voidghe crystalline structure allows to distinguish
some important aspects of the overall supramolestitacture: 1) the molecules are arranged in
2D layers separated by the solvent molecules amdiigordered counterion molecules; 2) these
layers are forming well defined voids where otheurderions are trapped. The formation of
these cavities is achieved by the packing of thepiexes through aromatic interactions between

the rings of the ligands (fig 82).
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Fig. 82. Schematic representation of the packing structarmed by [Cul2),][PFs]-CH;CH,OCH,CH;. Some
counterion molecules are contained in the voidsprdiered counterion molecules and solvent molearesocated
between the 2D layers.

The presence of a flexible polyaromatic systermhm ligand affords another type of interaction
in the solid state, C—Hm (centroid) interactions: C1-H&it 2.62 A; C2-H2%-1t 2.83 A
(symmetry code i = -x, 1-y, -z); C31-H31t' 2.79 A; C38—-H38117' 2.78 A (symmetry code ii
= 1-x, 1-y, 1-z); C39-H391112.72 A and C67-H6711t 2.90 A.

There are weak hydrogen bonds formed by some dfyieogen atoms of the aromatic moieties,
and they may be classified into two different typpédd-bonds: 1) hydrogen bonds that do not
extend the dimensionality of the supramoleculaaariike for example: C37-H37101 2.47 A;
and 2) hydrogen bonds that may increase this diimealgy from OD to 1D chains, like for
example: C10-H101F4 2.31 A, C44-H441F3 2.26 A and C47-H4713 2.51 A.

IV.2.3  2{[Cu(L5)][PFel}-2Et,0-CHCl3

Single crystals suitable for X-ray diffraction wegeown after slow diffusion of ED into a
CHCl; solution of [Cul5),][PFs]. The asymmetric unit of this structure (triclirsgstem, space
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group P-1 (No.2)) contains two copper atoms which areatetdrally coordinated by two 2,2"-
bipyridine derivatives. The ligands contain phegsdups attached to the 6 and 6 -positions. In
the 4 and 4 -positions, however, phenylene spaseparate the bipyridine core from methyl
ester groups located in theara position of the phenylene ring. As expected, the
hexafluorophosphate counterions remain non-cootidgatowards the metal cation. Two
diethylether molecules co-crystallize together wéhchloroform molecule, the latter being

structurally disordered.

Fig. 83. The two ligands in complex [CU$),][PF¢] are represented using different models. The coppam is
represented in light blue and is coordinated byr foiirogen atoms. The counterion remains non-coeitiig.

Solvent molecules and hydrogen atoms have beeneahfidr clarity.

The dihedral angle®, are 69.0(2)° and 71.4(6)° for the complexes hgahe Cul and the Cu2
atoms, respectively. These values are far fromdéa&l perpendicular value, and are out or in the

edge of the typically observed 70-80°, respectively

N—Cu distances are: N1-Cul 2.028(2) A; and N2—C03@2(19) A, N3—-Cu1l 2.0276(19) A and
N4—Cul 2.036(2) A, and N5-Cu2 2.0393(19) A, N6-Qu@31(2) A, N7-Cu(2) 2.032(2) A and
N8-Cu2 2.023(2) A. The Cu-N bond lengths are similacontrast to the observations discussed
for [Cu(L2),][PFs]. The molecule is thus, regarding the N-C bondadises, more symmetrical.

The first consequence of this fact is that the parkstructure is now more suitable for
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intramolecularre--ttinteractions. Whereas in complex [CAJ,][PFs] three rings of each ligand
are involved in this kind of interactions, in compl[Cu(5);][PFe] all four aromatic rings
around the copper atom (two from the bipy core thedtwo phenyl substituents in the 6 and 6"-
positions) are involved in aromatic interactionseg($igure 84), what might be the reason for the

strong deviation of the complexes from the idetabteedral geometry.

Fig. 84. Schematic representation of the four intre-Tt stacking interactions present in [C6{,]" (centroid to
centroid distances:-AA 3.655 A, B~B3.656 AC-+-C3.729 A and B-D 3.728 A).

Furtherte--tand C—H-1tinteractions are present in the crystal and theyresponsible for the
stacked packing between different molecules obsleal@eng thec axis. The potential formation
of hydrogen bonds is increased through the presehttee Pk~ counterions and oxygen atoms
from the ester groups (see table 5). These weakaictions increase the dimensionality from 2D

to 3D in the final supramolecular array.
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Donor—H-Aceptor H-A (A) D—H--A (°)

C107-H107%-08*¥2 3.349(3) 166
C109-H109% F2 *1¥12 3.470(5) 175
C124-H124%1-F26 3.407(3) 176
C136-H136% 097 **1¥1? 3.377(12) 170
C4-H41--014%1Y2 3.356(3) 177
C45-H451-012%1? 3.267(3) 167
C56-H561-F24 3.420(3) 177
C74-H741-083*1Y? 3.281(4) 174
C75-H751-Cl93 *1¥2? 3.752(5) 163

Table 5.Hydrogen bond lengths and direction in the packimgcture of [Cu(5),][PFs] molecules.

IV.2.4  4[Cu(H,L8)(HL8)]-3H,0

Crystals of 4[Cu(KHL8)(HL8)]-3H,O (monoclinic system, space groGg/c (No.15)) grew from

a methanol solution of [Cu@8),]Cl that had been standing at room temperatureséweral
weeks. The copper(l) centre is in the expected dquséetrahedral environment, the angle
between the least squares planes of the two bpg ieing 84.49(7)°. N—Cu distances are
slightly larger than in the previous structures=81i1 2.036(2) A, N2—Cul 2.049(2) A, N3—-Cu1
2.0552 A and N4—Cu1l 2.043(2) A. The molecular stmecis shown in figure 85.
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Fig. 85.Asymmetric unit of [Cu(5L8)(HL8)]. Ellipsoids are plotted at the 30% level.

The disordering leads to large esds, but the bostdrtes are consistent with the protonation
states shown in the figure. The fully protonatg@uhd is ordered, while the G and CQ units
of the second ligand are disordered and have beeeltad (each with the GQunits constrained

to being planar) over two sites, each with equalipancy (50%).

The compound crystallizes as a hydrate, and onerwatlecule resides on a two-fold axis. The
packing of [Cu(HL8)(HL8)] molecules is worthy of note and involves batktacking between
bipy domains (see figure 86omain 1) and extensive hydrogen bonding between carbaxylat
and carboxylic acid groups (see figureB@main 2). The bipy unit containing N1 and N2 stacks
over that containing N3 and N4 of an adjacent mdée, 1-y, 1/2+z) (see figure 8®omain 1).
The stacking is not ideal, and while the bipy urotgerlap effectively, their planes are not
parallel. The distance from the centroids of tmgsi containing N1 and N2 to the least squares
plane through the adjacent bipy unit with N3 and &té 3.24 and 3.47 A, respectively. In
contrast, for the N3/N4 bipy unit, only the ringntaining N3 is involved in significant-
stacking. Ther-stacked interactions operate in orthogonal dioastito produce a network that is
reinforced by hydrogen bonding between carboxylaed carboxylic acids (see figure 86

Domain 2). Every CQ — and/or C@H group is involved, as well as the water molecules
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resulting in a rigid network (O2—H207 1.64 A (symmetry code i = -1/2+x, 1/2-y, -1/2+@)6—
H6--08' 1.80 A; 08-H8-06' 1.77 A (symmetry code ii = -1/2+x, 1/2+y, z); O5E&05"
2.10 A (symmetry code iii = x, 1-y, -1/2+z) and Gi284-040" 2.24 A (symmetry code iv =
1/2-x, -1/2+y, 3/2-2)).

Domain 1 5 :
Domain 2

CL,
.\.)/ .

Fig. 86. Wireframe model representation of [Cy(i8)(HL8)]. View along thea axis. Solvent molecules have been

omitted for clarity.

IV.2.5 [Cu(L9)][PFé]

Crystals of [CUI(9),][PF¢] suitable for X-ray analysis were grown by slofusion of EtO into

a CHCE solution of the complex. The complex crystallizeghe triclinic system, space gro&p

1 (No.2). The cation consists of a copper(l) atooordinated by twolL9 ligands that, as
discussed in Il. 2. 6, consist of a 2,2"-bipyridiigand with furan rings in the 4 and 4" -positions
and methyl groups attached to the 6 and 6 -positiés usual when coordinating a metal, the

bipy unit is found in a&is-configuration (see figure 87). The dihedral an@lepf the complex is
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82.4(4)°, and the cation therefore has a pseudbtdral geometry. The C-N bond lengths are:
N1-Cul 2.0241(16); N2—Cul 2.0113(15) A; N3—Cul 95®5) A and N4—-Cul 2.0256(14) A.
The furan groups are co-planar with the pyridimegsi with the exception of the furan-py-N2
system, where the furan ring is slightly twisted113)° (C10—C9-C29-02). The furan rings in
the py-N3 and py-N4 system are disordered by mtadt 180°.

F1
F6
F3

F4 P1
F5

F2

Fig. 87. Asymmetric unit of [CU(9),][PFs]. The oxygen atoms O3 and O4 share a 50% occugdantyr with the
carbon atoms C134 and C138, respectively. Ellipsaré plotted at the 30% level.

The packing along tha direction allows the molecules to interact throagbariety of aromatic-
aromatic interactions like furan---furan and furg@yridine (centroid to centroid distances:
3.8030(14) A (symmetry code i = 1-x, -y, 1-z), 3L7116) A (symmetry code ii = 1+x, y, 2),
3.7209(13) A (symmetry code iii = 2-x, -y, -z), 31B(16) A (symmetry code iv = -1+X, y, 2),
3.5923(15) A (symmetry code v = 1-x, 1-y, -z) and2®9(13) A (symmetry code iii = 2-x, -y, -
z)) (see figure 88).
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Fig. 88.View along thea axis showing the aromatic interactions presenhédrystal structure of [CL9),][PFe].
Blue arrows indicate pyridine-furan stacking, whilegan-furan stacking interactions are indicatedamyorange

arrow. Hydrogen atoms have not been representeddity.

Other interactions like C—Hre (centroid) (C24—H2421" 2.95 A (symmetry code vi = X, y, 2))
and hydrogen bonds are present (C24-H241". %44 A (symmetry code vii = 1-x, 1-y, 1-2);
C26-H261---F£.43 (symmetry code i = 1-X, -y, 1-z)) and stakilihe crystal structure.

IV.2.6 [Cu(L11),][PFé]

Single crystals suitable for X-ray diffraction wegeown after slow diffusion of ED into a
CHCI; solution of [Cul11);][PFes]. Complex [CulL11),][PFs] crystallizes in the monoclinic
system, space groug2;/c (No. 14). The asymmetric unit contains two molesubf the ligand

L11 coordinating a copper(l) cation, and a hexafluoogpate counterion.

One of the nitrogen atoms of each ligand appearsdadinate a little more strongly to the cation

than the other nitrogen atom, as can be seen inipaat the C-N bond lengths: N1-Cul
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2.009(2) A, N2—Cu1l 2.016(2) A and N4-Cul 2.039(2)N5—Cul 2.002(3) A. The dihedral
angle,0, is 87.1(5)°, so it is very close to the idealnxeabf 90°. Each bipy unit, as already seen in
section Il. 2. 8, has two methyl ester and two ryleghoups in the 4 and 4’- and in the 6 and 6"-
positions, respectively (see figure 89). The eg@ups are all co-planar with the aromatic
system with exception of the py-N1 system (O1-C5-C3116.5(0)°).

F3

F2 F5

F6 F1

Fig. 89.View of complex [Cul(11),][PFg] in the asymmetric unit. Ellipsoids are plottedtet 30% level.

In this structure, along theaxis, the molecules are stacked forming columasilsted through
weak aromatic interactions (centroid-to-centroistalices are: 3.9850(18) A (symmetry code i =
X, 1/2-y, 1/2+z); 4.1484(18) A (symmetry code i = 2-y, 1/2+z)). These head-to-taw- 1t
interactions form a 1D motif, and this motif formisannels were the counterions are located (see
figure 90).
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Fig. 90.a) View along thec direction showing the channels where the countemimlecules are located; b) view

along thea axis showing the aromatic interactions betweereckffit molecules (arrows). Hydrogen atoms have been

omitted for clarity.

The counterion molecules form weak hydrogen bonids aydrogen atoms of the ligands (C1-
H11.---F1 2.39 A; C1-H11---F6 2.39 A; C13-H131"- 28 A (symmetry code ii = x, y, 1+2);
C16-H161.--F1 2.45 A (symmetry code iii = 1-x, -1/2+y, 1/2-2)1T-H171---F3 2.44 A
(symmetry code iv = 2-x, -1/2+y, 1/2-z); C17-H1733 2.45 A (symmetry code v = 1-x, -y, 1-
z); C29-H292---P52.42 A (symmetry code vi = 1-x, 1-y, -z)). Othémd of interactions such as
C-H- -1t (centroid) are present (C16-H168".2.81 A and C17-H173r" 2.97 A (symmetry

code vii = X, y, z)) and stabilize further the sture.

IV.2.7 Nag[Cu(L17)7]

An attempt to grow crystals of [CugHL7),]Cl by leaving the crude reaction mixture (still
containing an excess of NaOH) to stand for sevéagbk afforded crystals of medium quality.

The system crystallizes in the triclinic systemasp groupP-1 (No.2). The asymmetric unit
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shows the presence of [@u({7);]> anions (see figure 91) were the carboxylate grafpthe
ligands are coordinated to sodium cations, somgha¢h are disordered over several positions,

and water molecules.

Fig. 91.View of the [Cu[17),]* anion. Hydrogen, sodium and remaining oxygen atfsora the solvent have been

omitted for clarity. Ellipsoids are plotted at tB@% level.

Each ligand possesses carboxylate groups in thed 4'apositions and phenyl groups in the 6
and 6 -positions. The C-N bond distances are: N1-2.005(3) A; N2—Cul 2.059(3) A; N3-

Cul 2.062(3) A and N4—Cul 1.999(3) A. The dihedragle of 72.9(2)° between the N1-Cul-
N2 and the N3—Cul-N4 planes shows that the stricsustrongly deviated from the ideal value
of 90° of the tetrahedral geometry. The phenyl gsoare twisted with respect to the pyridine
rings: 52.5(6)° (C1-C6-C7-N1), 32.9(2)° (C24-C1B-a2), 35.1(5)° (C29-C30-C31-N3)

and 41.3(6)° (C48-C43-C42—-N4). This twisting favidre n-stacking interactions discussed
below.
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Four very weakt - Ttinteractions are present in each molecule betwaeh pyridine ring and a

phenyl substituent of the other ligand (perpencicullistances from centroids to plane:
2.3891(13) A; 3.3662(14) A; 3.8399(13) A and 3.4@B) A) (see fig 92 a). The packing along
the b direction allows further aromatic interactions vaeeén different anionic molecules

(perpendicular distances from centroid to ring:23311) A and 2.6196(12) A) (see figure 92
b).

a)

aromatic interactions
between the complexes

b)

Fig. 92. a) Intra-aromatic interactions in [Q{7),]*. The rings with the same colour interact with eather
(centroid-to-centroid distances: blue 3.758(2) deem 3.938(2) A, grey 3.944(2) A and orange 4.0p8]2b) view

along thea direction showing the inter-aromatic interactions.

Along the b direction, channels are formed, and some oxygemsat(solvent molecules) are
contained in them. Regarding the remaining eleatrdansity found in the structure, it is worth
mentioning that five maxima which are located atistance between 2.2 and 2.5 A from the
oxygen atom of the carboxylate groups were assigimedlisordered sodium atoms. The

occupancy factors were calculated to afford a valug between the sum of all of them. Other
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electronic densities located between 2.2-2.5 A twfs¢ sodium atoms were assigned to

coordinated oxygen atoms from the solvent.

Complex anions are further related by hydrogen boithese are formed between the oxygen
atom from the carboxylate group in the py-N4 moiatyl the hydrogen atom from the phenyl
group attached to the py-N2 moiety of a close cempC20—H201---08.58 A (symmetry code

i =1-x, 1-y, 1-2)).

The following atoms are disordered in the crystalicdure: 020, Na51, Na52, Na61, Na62,
Na63, 02, 051, 052, 053, 060, 061, 062, 091, 093,51, C52.

Any attempts to grow better quality crystals wensuccessful.

IV.2.8 [Cu(L18),][PFé]

Single crystals suitable for X-ray diffraction wegeown after slow diffusion of ED into a
CHCI; solution of [Cul18),][PFs]. The complex crystallizes in the monoclinic systespace
groupP2; (No.4). The asymmetric unit contains a copperéian coordinated by two ligands

L18, and a counterion that is disordered.

The ligands that coordinate the metal atom, asdyreliscussed in Il. 2. 11, are 2,2 -bipyridines
that have methyl ester groups in the 4 and 4 -oositand phenyl groups in the 6 and 6°-
positions, presenting the bipy moiety in this stowe the typicakis-configuration adopted upon
coordinating to a metal centre (see figure 93). Titeogen atoms of the pyridine rings
coordinate the copper(l) atom at 2.049(4), 2.0344)32(2) and 2.029(4) A (N1-Cul, N2—Cu1,
N3—Cul and N4-Cul, respectively). The geometryhef domplex deviates severely from the
ideal 90° of the tetrahedral geometry, as the valuthe dihedral angle shows: 70.8(2)°. The
phenyl groups are all twisted with respect to tiyedine rings to which they are connected
(39.6(9)° N1-C1-C11-C12, 39.8(3)° N2-C10-C21-C28,7(3)° N3-C31-C41-C42 and
39.5(3)° N4-C40-C51-C56). The principal reason tfis twisting might be the aromatic

interactions present in the molecule between phanglpyridine groups (perpendicular distance
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from centroid to plane: 3.6159(17), 2.9262(15), 59%|13) and 3.5137(18) A). These
interactions may also be responsible for the distbrgeometry of the complex. C—Hit--
interactions, although weak, can also be founduwitw between adjacent molecules, (C12—
H121- -7 (centroid) 2.79 A; C26-H261m2.86 A; C42-H421m-2.72 A; C48—-H481# 2.93 A,
(symmetry code i = 1+x, y, 1+z) and C56-H5612.98 A).

Fig. 93. Asymmetric unit of complex [CU{8),][PF¢]. Atoms F13, F14, F15 and F16 have not been repted in
the picture. Ellipsoids are plotted at the 30% leve

The four ester groups are slightly twisted withpexs to the pyridine system to which they are

attached (py-N1: 9.9(7)° 02-C17-C3-C4; py-N2: 10)B04-C19-C8-C9; py-N3: 15.0(5)°
06-C47-C33-C34 and py-N4: 18.3(5)° 08—C49-C38—C39).
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Fig. 94. a) View along thec direction showing the packing of the [Ca@),]" cations and the position of the
counterion molecules. The latter form hydrogen tsownith close standing molecules; b) view along [Hi€.35,
6.95, 0] direction. Inter-aromatic interactions gresent in each molecule. Hydrogen atoms have bextted for

clarity.

Hydrogen bonds are formed between: 1) the carboxygien atom O2 and the hydrogen atom
H371 of the py-N4; 2) the carbonyl oxygen atom @€ the hydrogen atom H71 of the py-N2;
and 3) the fluorine atom F2 from the counterion #m& hydrogen atom H502 from the methyl
group ester group attached to py-N4 (C7-H71" D88 A (symmetry code ii = x, y, -1+2);
C37-H371.--02 250 A and C50-H502--#22.39 A (symmetry code iii= x, y, 1+z),
respectively).

Atoms F3, F4, F5, F6, F13, F14, F15 and F16 amrdésed.
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IV.2.9  Nag[Cu(H,L24),]-150

Single crystals were obtained from slow diffusidnethanol into an aqueous solution of the
unpurified complex [Cu(kL24),]Cl. Complex Ng[Cu(H,L24),] crystallizes in the monoclinic
system, space grolR2;/c (No.14). The asymmetric unit contains a coppedt)on tetrahedrally
coordinated by two ligands,H24, both of them doubly deprotonated. The N-C borsfagices
are: N1-Cul 2.024(3) A, N2—Cul 2.0322 A, N3—-Cu122DA and N4-Cul 2.024(3) A. The
dihedral angle formed by the N1-Cul-N2 and N3-Cullpldnes is 86.8(0)°, very close to the
ideal value of 90° in tetrahedral geometries. Tigarlds forming this complex have methyl
groups in the 6 and 6" -positions and deprotonatessghonic acid groups in the 4 and 4’-
positions (see figure 95). By looking at the foliog table, the P-O distances may constitute a

piece of evidence that at least one oxygen atogadlm group may be deprotonated:

py-N1 py-N2 py-N3 py-N4

P1-010 1.576(3) A
P1-011 1.494(3) A
P1-012 1.496(3) A

P2-020 1.491(3) A
P2-021 1.515(3) A
P2-022 1.566(3) A

P3-030 1.490(2) A
P3-031 1.500(3) A
P3-032 1.580(2) A

P4-040 1.569(3) A
P4-041 1.501(2) A
P4-042 1.508(3) A

Table 6.P-O bond distances in j&u(H,L24),].

Based on the distances given in table 6, the patéohoxygen atoms are probably O10, 022,
032 and 040 as their longer bond lengths to theete phosphor atom show. The remaining
negative charge on the complex (3-) is neutrallzgthe presence of sodium atoms in the crystal
structure, where some solvent molecules co-cryzstadls well.
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42 @

Fig. 95. Crystal structure of the [CugH24),]* anion. Na and O atoms, and H atoms from the plwaphacid
groups have been omitted for clarity.

The molecules are packed along thexis. The presence of oxygen atoms in the lafto® the
solvent allows the formation of hydrogen bonds wfith hydrogen atoms from the pyridine rings
(C8—HB8A---081 2.58 A and C17-H17A---061 2.46 A).

The solvent and the sodium cations are forming ala3®@r-like structure into where the

molecules of the complexes are “sandwiched” (spadi 96).
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Fig. 96.View along thec direction showing the formation of a 2D layer sttue between molecules of the complex
and sodium and oxygen atoms. The molecules of ahgptexes are represented in blue, sodium atomellow,

oxygen atoms in red and carbon atoms from solvehécuales in grey.

Aromatic interactions are not present in this alstructure (the closest distance between ring
centroids is 4.832(2) A).

\ Building dye sensitized solar cells (DSSCs)

V.1 Characteristic parameters of DSSCs

The DSSC technology contains broadly four companensemiconductor (see section I. 1. 1), a
dye or sensitizer (see section I. 1. 2), an elbtgo(see section I. 1. 3) and a conducting
substrate (see section I. 1. 4). The total efficyeof the DSSC depends on the optimization and

compatibility of each of these constituents.
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The solar cell can take the place of a battery gingple electric circuit (see figure 97). In the
dark, the cell in circuit A does nothing. Whenstswitched on by light it develops a voltage, or
electromotive force (e.m.f.), analogous to the k.wf the battery in circuit B. The voltage
developed when the terminals are isolated (infifoi@d resistance) is called tlopen circuit
voltage (Vo) [179]. Power output from DSSCs requires the gatem of a photovoltage
corresponding to the free energy difference betvibenworking and counter electrodes. In the
dark at equilibrium, the Fermi energy of the Ti€ectrode (corresponding to the free energy of
electrons in this film after thermalization) eqbites with the midpoint potential of the redox
couple, resulting in zero output voltage. Understheonditions, the TiOFermi level lies deep
within the band gap of the semiconductor, and ithei$ effectively insulating, with a negligible
electron density in the TgOconduction band. Photoexcitation results in etecinjection into
the TiG, conduction band and the concomitant hole injediidm the redox electrolyte. The high
concentrations of oxidized and reduced redox copmsent in the electrolyte in the dark mean
that this photoxidation process does not resudt significant change in chemical potential of the
electrolyte, which remains effectively fixed at itkark, resting value. In contrast, electron
injection into the TiQ conduction band results in a dramatic increasddotron density, raising
the TiOQ, Fermi level towards the conduction band edge, allmving the film to become
conducting. This shift of the T¥OFermi level under irradiation increases the fraergy of
injected electrons and is responsible for the gaier of the photovoltage in the external circuit
[43]. Thus in DSSCsV, is determined by the energy difference betweerfFdreni level of the
solid under illumination and the potential of tleglox couple in the electrolyte (see figure 2).
However, the experimentally observed open-circuteptial, Vo, for various sensitizers is
smaller than the difference between the condudb@amd edge and the redox couple, probably

due to the competition between electron transfdrcmarge recombination pathways.
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solar cell battery

Fig. 97.Schematic representation of a solar cell and tetydtl 79].

The current drawn when the terminals are conndcgether under illumination in figure 97 in
circuit A is theshort circuit current ls,, and is dependent on the incident light. The curie
roughly proportional to the illuminated area, aime short circuit current densitys, is the
useful quantity for comparison [179]. To relate fhi@otocurrent densitys, to the incident
spectrum, we need the cell’'s conversion efficieacyPCE, that shows the probability that an
incident photon of energy E will deliver one electtto the external circuit. It can be calculated

in two ways:

[(1.24 x 10%) x photocurrent density [uA/cm?]]
IPCE [%] = or IPCE = LHE - {inj - Mc
[wavelength [nm] x photon flux [W/m?]]

LHE is the light harvesting efficienc@inj is the quantum yield of the charge injectiord agais

the efficiency of collecting the injected electromsthe external circuit. The IPCE is a key
guantity in describing solar cell performance undiffierent conditions, and it can be given as a
function of either photon energy or wavelengtl{see figure 5). From the overlap integral of the
curves of IPCE vsA with the solar emission spectrum, one can pretliet short circuit
photocurrent of a sensitizer; these values are alynin agreement with experimental

observations [15].
For any intermediate load resistancg Bie cell develops a voltageé between 0 and/,. and

delivers a current such thatV = I-R, and I(V) is determined by the current-voltage

characteristics of the cell under that illuminatias described above. However, when a load is
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present, a potential difference develops betweentéhminals of the cell, and this potential
difference generates a current which acts in thEosipe direction to the photocurrent, and the
net current is reduced from its short circuit vallieis reverse current is usually called taek
current in analogy with the current which flows across tlewice under an applied voltagan

the dark. Most solar cells behave like a diodenmdark, admitting a much larger current under
forward bias (V > 0) than under reverse bias (V)<This rectifying behavior is a feature of
photovoltaic devices, since an asymmetric juncitoneeded to achieve charge separation. The
overall current voltage response of the cell, itgrrent-voltage characteristics, can be

approximated as the sum of the short circuit phaotent and the dark current [179].
The cell power density is given by the equation:
P=J-V
The power density of the cell reaches a maximurthatcell’s operating point omaximum
power point. This occurs at some voltayg with a corresponding current density as shown in

figure 98. The fill factor (ff) is defined as thatio shown below, and describes the “squareness”

of theJ-V curve.

Graphically, the maximum power density or fill factis given by the area of the rectangle
formed byJ, - V, (see figure 98). The outer rectangle has an &weaVy. If the fill factor was

equal to 1, the current voltage curve would folline outer rectangle.
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Fig. 98.The current voltage (black) and power-voltage (pgoharacteristics of a solar cell.

The global efficiency, ngiobay Of the cell is the power density delivered atrafiag point as a
fraction of the incident light power density, and is related td;c andV, using the ff:

Jo- V, Jeo - Voo - ff
or Nglobal = ———————

) IS

Nglobal =

These four quantitiess, Vo, ff andngiona are the key performance characteristics of a salhr
All of these should be defined for particular illumation conditions. The Standard Test
Condition (STC) for solar cells is the Air Mass (AM.5 spectrum (see below), an incident
power density of 1000 W-f (1 sun) and a temperature of 25°C [179].

On passing through the atmosphere, solar lighbs®@oed and scattered by various atmospheric
constituents, so that the spectrum reaching ththBaurface is both attenuated and changed in
shape from the “original” solar spectrum. Attenaatiby the atmosphere is quantified by the
“Air Mass” factor, mw, which is defined as the ratio between the optedh length to the Sun

and the optical path length if the Sun is direaiyerhead. In other words, is the cosec of the
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angle of elevation of the sups, as shown in figure 99. The standard spectrumeioperature
latitudes is Air Mass 1.5, or AM 1.5, correspondinghe sun being at an angle of elevation of
42° [179].

datm
o

&

SN s

Fig. 99.If the atmosphere has a thicknegg,dhen when the sun is at an angle of elevatiplight from the sun has

to travel through a distancg,g- coseg, through the atmosphere to an observer on the 'Badiface [179].

V.2 Preparation of dye-coated nanocrystalline TiQ electrodes

Nanocrystalline oxide electrodes for photoelectamital studies carried out in our laboratories
in the University of Basel were prepared by spmegdidoctor blading) a colloidal TiOpaste
(Solaronix Nanooxide-T, colloidal anatase) on ademtive transparent surface of a glass piece
(F-doped Sn@ FTO, Hartford glass company, Tec 8/8n7) that had been cut to 0.9 x 2.0 cm
and cleaned with water and ethanol. The FTO-cogteds was covered with two layers of
parallel adhesive tape 0.5 cm apart to controlthickness and the area of the 7ifdm (0.9 x

0.5 cm). The colloidal paste was applied betweendpes on the FTO-coated glass by rolling a
glass rod on the surface. The film thickness, whiels measured with a profilometer (Dektak),
was 6.0+0.5um, even if often, for the best cells, around 1Q4f?thick films are employed as it

can be seen from the next figure:
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Fig. 100. Photoconversion efficiency as a function of nagsialine TiG layer thickness. llluminated-TiCand
aperture areas of cells are 0.16°@nd 0.25 crf) respectively [180].

After air drying the TiQ nanocrystalline electrode foa. 20 min., it was heated on a plateat
450°C for 30 min. The heating enables contaminati@uch as added polymer in the colloidal
paste) to be burnt off and reduces the resistioitythe film. In addition, the surface is
dehydroxylated during this process, leaving reaciii* centers available for reaction with the
anchoring groups of the sensitizers. To minimizeydeation of the TiQ surface from moisture
at ambient air (which causes dye desorption), teetredes, while still warm (80-100°C) from
annealing, were immersed into a solution of dyeskreral hours depending on the experiment
that was carried out (see later). The porous obagler acts like a sponge and there is efficient
uptake of the dye, leading to intense coloratiotheffilm.

FTO glass pieces of the same dimensions as theuseesfor the Ti@nanocrystalline electrode
were used as cathode electrodes. A few drops ahld B,[PtCls] isopropanol solution were
spread onto their surface, letting the solventviperate in air. Then the counter electrodes were
heated ata. 380°C for 15 min. to deposit a platinum coatihgttacts as catalyst reducing the
oxidated form of the electrolyte (see section 4.).

The photo-anode (rinsed with an appropriate soledtetr taken out of the sensitizing solution)

and the counter electrode were assembled togetiiieg Surlyn (Dupont) plastic between the
electrodes and heating it to 110-120°C while presshem together. The construction of the
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sandwich type cell was finished by depositing apdod electrolyte (see later) on the surface
between the two electrodes and so that it pendtrdte space between the electrodes by
capillarity and also inside the T30

N719 (see figure 101) (Solaronix) has been used standard dye for comparison during the
measurements. It is widely recognized as one ofbtst dyes for DSSCs and has a reported
efficiency of 10% [38, 181].

TBAOOC

COOTBA

N719

Fig. 101.Chemical structure of the ruthenium dye N719.

The electrolytes that have been used are:

Standard 1: 0.5 M Lil, 0.05 M } and 0.5 M MBI in 3-MPN.
Standard 2 0.5 M Lil, 0.05 M b, 0.5 M MBI and 0.6 M MBIl in 3-MPN.

The main components of the electrolytes are Lil enahich form the redox couplé/l;". MBI
(1-methylbenzimidazole) is added as an additiverder to increas¥,.. To replace some of the
Lil, an ionic salt of iodide, MBIl (1-buthyl-3-meyimidazolium iodide), is added. 3-MPN
stands for 3-methoxypropionitrile.
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The efficiency of some of the dyes (homoleptic [AAH heteroleptic) synthesized in this thesis
was measured at ttieeol e Polytechnique Federale de Lausanne (EPFL) by Takeru Bessho from
the group of Prof. Gratzel. The solar cells werestucted using a standard protocol optimized
for the production of ruthenium-sensitized dyesdll82] and evaluated using a standard
procedure [180]. The electrolytes employed were 727 {for the measurements of homoleptic
complexes) and Z960 (for the measurement of hegeticl complexes). It is worth pointing out
here that the cells made in the EPFL were compledehled, thereby avoiding leaking or
evaporation of the electrolyte and/or rehydratibthe TiO, surface.

Fig. 102.Front (left) and back (right) view of a DSSC madehe EPFL in Lausanne.
The electrolytes used for the measurements dobaugsanne were:

A7172 0.6 M N-methyl-N-butylimidazolium iodide, 0.03 M) 0.1 M guanidinium thiocyanate
and 0.5 Mtert-butylpyridine in 15:85 (v/v) valeronitrile-acetariie.
Z960: 1.0 M N,N’-dimethylimidiazolium iodide (DMII), 50 mM Lil, 30mM I, 0.5 M tert-

butylpyridine and 0.1 M guanidinium thiocyanateli85 (v/v) valeronitrile-acetonitrile.

In order to estimate the coverage or amount of aysorbed onto the surface of BjQhe
extinction coefficient of the complexes adsorbed'i0, is assumed to be the same as it is in
solution (see tables 1 and 2). A rearranged fornthefBeer-Lambert law for the T3Gilms
allows one to calculate the number of moles ofalysorbed per 1 c¢hon the TiQ surface:

OD=¢-1-C (1)
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OD=g- (t- 109 - [x/ (t - 10Y] )

Where OD is the optical density or absorptioms the molar extinction coefficient of the dye in
solution (M* -cmi®), | is the path length (cm) and C is the concéinmaof the sample solution
(M) in equation 1. In equation 2, t representstthekness of the sample filmarQ) and x is the
number of dyes in the cube of 1 cm - 1 camtof film (mol). Consequently, x is the number of
moles of dye per 1 chron the surface of the TiCfilm and it can be easily calculated using

equation 3:

x=0D/ g - 10) 3)

V.3 DSSCs with homoleptic copper(l) complexes as senzérs

In this section, the results of the investigatiam tbe photoelectrochemical properties of the
synthesized Cu(l) complexes is reported. In tabtee7characteristic parameters describing the
efficiency of the mentioned complexes when emplogedsensitizers in DSSCs are presented.

The cells were made as described above and measucedt laboratories at the University of

Basel.

‘JSC (mA/CmZ) Voc (V) ff T]g|oba| (%) }\.max SO|Ut. )\,max dye
[Cu(H,L4),]CI? 0.15 0.44 0.50 0.03 - -
[Cu(H,L6),]CI? 2.12 0.58 0.62 0.76 435,590 446, 592
[Cu(H,L8),]CIP 1.21 0.57 0.65 0.45 482 480
[Cu(H,L10),]CI” 1.15 0.53 0.68 0.41 483 492
[Cu(L11),][PFg° 1.77 0.49 0.60 0.52 495 496
[Cu(L14),][PFg° 0.15 0.43 0.64 0.04 508 504
[Cu(H,L15),]CI¢ 2.54 0.54 0.64 0.87 515 504
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[Cu(H.L17),]CI? 0.69 0.484 | 0.63 0.21 437,608 494, 604
[Cu(L18)][PFel® 0.23 0.495 | 0.70 0.08 441,610 445, 612
[Cu(L21)][PFe]® 0.03 0.278 | 0.39 0.03 420,615 468, 618
[Cu(H.L22),]CI? 1.91 052 | 0.68 0.67 462,630 481, 619
[Cu(L23)][PFq]' 0.04 031 | 0.40 0.005 490 486
[Cu(HaL24),]CI - - - - - -
[Cu(H,L25),]CI? 0.10 0.34 | 0.50 0.02 553 563
N719 11.3 0.75 | 0.67 5.0 534[38]| 392,530

Table 7. Current-voltage characteristics data derivatizéth wwopper(l) complexes and a comparison with the
ruthenium dye N719. The dye solution were 1 mMaiBMSO, b MeOH, ¢ CHCl;, d 1:9 DMF:CHC}, e CH,CI,
andf CHs;CN. Electrolyte: Standard 2.

The best results were obtained with complexes [QUIB),]CI, [Cu(H.L6),]JCI and
[Cu(H.L22),]ClI, that presented efficiencies of 0.87, 0.76 &dB%, respectively. These three
dyes, all of them anchored to the semiconductooutin carboxylic acid groups, have very
similar open-circuit potentiald/,c, and CG** reduction potentials; however, they differ in thei
short-circuit photocurrents. For the best sensitizer, [Cut5),]Cl, Js. is 2.54 mA/cr, and
for the other twdls; is reduced to 2.12 and 1.91 mAfcfar [Cu(H:L6),]CI and [Cu(HL22),]ClI,
respectively. Regarding the UV-VIS absorption sggeof the dyes bound to the TiQvhile for
the adsorbed complex [Cufkb),]Cl the MLCT absorption maxima are red shiftedofrgpared
to the solution spectrum, in complex [Cul5),]Cl the opposite effect is observed, being thus
the AEnomo-Lumo In the latter dye increased on attachment of tmeptex to the semiconductor.
In the case of complex [CugH22),]Cl, the high-energy MLCT band is red shifted fra®2 to
481 nm, while the low-energy MLCT band is blue s&dffrom 630 to 619 nm upon binding to
TiO,.

Another relatively efficient sensitizer tested inrdaboratories is [Cl(ll),][PFe], with an

efficiency of 0.52%. Surprisingly, [Cul1),][PFs] has methyl ester instead of carboxylic acid
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groups as anchoring units. However, it showed gdgd-modified surfaces, as it can be
observed from figure 103, and we attribute thisirtasitu hydrolysis of the ester groups. In
contrast, [Cu(14),][PFs], a complex also containing methyl ester groupsl dot bind
significantly to the TiQ nanoparticles (see figure 103), and this is réf@dn a very poor
efficiency of 0.04%. In figure 103, one can obsetlie different binding behavior of these
methyl ester containing complexes and comparetit thie analogous complexes with carboxylic

acid groups, which, as expected, bind stronglyhéTiO, surface.

Fig. 103.Binding to TiQ of 1mM [Cu_,]" complexes with (from left to right) [Cu@H10),]Cl, [Cu(L11),][PFe],
[Cu(H,L15),]Cl and [Cu(14),][PF¢]. The FTO conducting glass slides were coated @4#tum TiO, nanoparticles
and then immersed in solution (MeOH for [Cy(H0),]Cl, CHCI; for [Cu(L11),][PFs] and [Cu(14),][PFs], and
1:9 DMF-CHCE for [Cu(H,L15),]Cl) for a period of 12 h.

It is curious, however, that complexes [Cul(#H7),]Cl, [Cu(L18),][PF¢], [Cu(L21),][PFs] and
[Cu(H.L22),]CI, that differ from the complexes in figure 108 that they have phenyl
substituents attached to the 6 and 6 -positionsimfridine, present different binding behavior

(see figure 104).
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Fig. 104.Binding to TiQ of 1mM [Cu_,]" complexes with (from left to right) [CuL8),][PFg], [Cu(H,L17),]Cl,
[Cu(L21),][PFe] and [Cu(HL22),]Cl. The FTO conducting glass slides were coatdd @47 um TiO, nanoparticles
and then immersed in solution (gEl, for [Cu(L18),][PF¢] and [Cul21),][PFe¢], and DMSO for [Cu(HL17),]ClI
and [Cu(HL22),]Cl) for a period of 12 h.

In this case, not only the carboxylic acid contagncomplexes, but also the complexes with
methyl ester groups ([Cul8),][PFs] and [Cu21),][PFe]) produced good dye-modified T30
surfaces, as it can be observed by the green cofdte semiconductor’s surface in figure 104.
However, these methyl ester containing complexesetli out to exhibit poor efficiencies in
contrast to complexes [CugHL7),]Cl and [Cu(HL22),]Cl, which showed efficiencies of 0.21
and 0.68%, respectively.

It has to be noted at this point, that even if ctaxgs [Cu(HL17),]Cl and [Cu(HL22),]Cl were
not particularly stable in DMSO, they seem to dttaapidly enough to the TiOsurface and
result in not negligible efficiencies. Howeverwbuld be worth, in the future, to find another

solvent to make the solutions, as this may incréasesurface coverage of the semiconductor.

As pointed out before in this thesis, the dyes ueedensitization of the semiconductor in solar
cells, need to have positive redox potentials tsuem rapid donor oxidation. However,
sensitizers with positive metal-based oxidatioreptial have the disadvantage of exhibiting high
energy absorption bands which only harvest a fsaatf visible light [164, 183]. Argaz=#t al.,

in an attempt to extend the spectral sensitivitydgé molecules towards the red, designed
ruthenium based complexes based on the ligandb§hgfidine-5,5"-dicarboxylic acid, which
has n* accepting orbitals at lower energy than the ponding 2,2"-bipyridine-4,4"-
dicarboxylic acid ligand, and investigated the scef attachment and photoelectrochemical
properties of ruthenium complexes made with thegents [183]. Effectively they observed an

enhanced spectral sensitivity from Ru(ll) polypyfighotovoltaic devices with 2,2"-bipyridine-
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5,5 -dicarboxylic acid ligands. However, the entlahgesponse at longer wavelengths was
counteracted by the low photocurrent efficiency suead with 5,5 -based sensitizers, in part due

to a lower quantum vyield for electron injection.

In this thesis, the position of the anchoring grom the bipyridine ligand was also studied.
Complexes [Cu(bL8),]Cl and [Cu(HL10),]Cl differ in that they bear carboxylic acid groups
the 5,5~ and in the 4,4 -positions, respectivéfyleed, the former has a more positive"Cu
oxidation potential than the latter (see tableH)wever, the MLCT band of [Cu@8),]Cl, in
solution, is not red shifted with respect to [Cpl(HO0),]Cl (see table 1 or 7), as observed by
Argazziet al. with the Ru(ll) complexes [183]. The explanatian this difference could have its
roots on the effect exerted by the modulating lagapresent in the Ru(ll) complexes (Cl, CN
and NCS).

Our preliminary studies showed that the two sexesisi had very similar I-V characteristics and
efficiencies of 0.45 and 0.41% for [Cu{tB),]Cl and [Cu(HL10),]ClI, respectively. This is a

little bit surprising, since in various papers live tliterature, the highest yields are obtained with
the bipyridine ligands bearing the anchoring groopshe 4,4 -positions [30, 31, 54]. This result
has been rationalized by a difference in the magdeitof the electronic coupling between the

sensitizer and the Tigxonduction band.

During this work, the substitution of the carbogyhicid by phosphonic acid groups was also
studied in DSSCs, as it has also been made inténature [30, 184, 185]. [CuR3),][PFs] and
[Cu(H4L24),]Cl have phosphonic ester and phosphonic acid gra@spectively, attached to the
4,4"-positions of 2,2"-bipyridine, and methyl greu@t the 6,6 -positions. A solution of
[Cu(L23),][PF¢] in CH3CN was used to prepare the Ti@odified electrode, and although the
dye seemed to adsorb to the semiconductor sutttae&overage, as it can be directly seen from

figure 105, was too small to yield considerablecefhcies.
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Fig. 105.Binding to TiGQ of 1mM [Cu23),][PF¢] in CH3CN. The FTO conducting glass slides were coatell wit

6-7 um TiO, nanoparticles and then immersed in solution foerod of 12 h.

Complex [Cu(HL24),]Cl containing phosphonic acid groups gave no bedficiencies. The
main reason for this is its insolubility in orgarsclvents. As observed from its crystal structure
(see section IV. 2. 9), the unpurified complexdtially a sodium salt, and it is therefore soluble
in water. However, this solvent is not appropriftesolar cell preparation, so DMSO was used
instead although the complex is poorly solublet.ilNo dye adsorption to the TiQurface could

be observed, and consequently no photocurrent veasumned. It is possible that another solvent
other than DMSO could considerably increase thachthent of the dye to the TiCand
consequently its efficiency as a sensitizer. # [ty that this experiment was unsuccessful, since
no comparison between the two different anchoringugs, carboxylic and phosphonic acid,
could be made.

Finally, the effect of the introduction of a fusgldenyl ring to the bipyridine core on the current-
voltage characteristics of the dye was studied. s, complexes [Cu(#L25),]Cl and
[Cu(L26),][PFes] were synthesized, where biquinolines are thenliigacoordinating the copper(l)
centre. The latter complex, bearing methyl esteugs, did not bind significantly to the TiO
nanopatrticles. In contrast, [Cu{ER5),]Cl showed good dye-modified purple surfaces thaoks
its carboxylic acid groups (see figure 106), bug thgenerative DSSC made with it yielded a
very poor efficiency of 0.02%. This is probably doghe lowJs; and ff exhibited by the cell.
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Fig. 106.Binding to TiQ of 1mM [CU,]* complexes in DMSO with (from left to right) [CufHR26),][PFs] and
[Cu(H,L25),]Cl. The FTO conducting glass slides were coatett 7 um TiO, nanoparticles and then immersed
in solution for a period of 12 h.

Looking at the results obtained in our laboratgriesvas decided to test the dye that gave the
best results, [Cu(}L15),]Cl, and its parent compound, [Cu{H0),]CI, with no extended
conjugation, at the EPFL in Lausanne. Takeru Bedsbim the group of Prof. Gratzel, prepared
and measured the DSSCs. The photovoltaic actiottrspand current-voltage characteristics for

the devices are shown below:
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Fig. 107.IPCE (left) and I-V (right) curves for DSSCs prega with [Cu(HL10),]Cl (pink broken line) and
[Cu(H,L15),]Cl (blue line) at light intensity of 100%, 50% ath@% sun, respectively.

Enhanced IPCE values of 50% with complex [Ci(}b),]Cl were observed in comparison to

the device containing complex [Cu{t0),]Cl, which yielded only 38%. Unfortunately the
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spectral response of the two sensitizers are alnegtiicted to the visible range, not extending,

as would be ideal, further into the IR region.

The current-voltage curves showed on the right-Feadd of figure 107 were measured under
simulated air mass (AM) 1.5 solar illumination atiatensitiy of 2000, 500 and 100 W’nand

in the dark. A slightly enhanced short-current dlgnand a reasonable decrease in the open-
circuit voltage for complex [Cu(#L15),]Cl compared to complex [Cu@Hl10),]ClI was
observed, resulting in power conversion efficiea@é 2.3 and 1.9%, respectively. The effect of
solvent on dye deposition and the addition of cldeoaycholic acid (see above) was also tested.
The data obtained after deposition from ethanaltgmi are superior to those from acetonitrile or
tert-butanol solutions. Adding chenodeoxycholic acid dot improve the efficiency compared

to comparable cells without this additive.

Table 8 shows current-voltage characteristics datasolar cells derivatized with copper(l)
complexes [Cu(bL10),]Cl and [Cu(HL15),]Cl. The data represent the optimized results for
cells, measured using 7.4 + 4un double layer sensitized Tidilms. In order to reduce
scattered light from the edge of the glass eleesarf the dyed Ti@layer, a light shading mask
was used on the DSSCs, so that the active arée @$SC was fixed at 0.2 ém

Jsc (MA/enT) | Ve (V) ff | Ngiobal (%) | IPCE % (max)] nm

[Cu(HoL10),]Cl 5.25 0.566 | 0.64 1.9 38.6 470
[Cu(HoL15),]Cl 5.9 0.556 | 0.70 2.3 50.1 470
N719 17.7 0.767| 0.71 9.7 87 550

Table 8. Current-voltage characteristics data derivatizeith WCu(H,L10),]Cl and [Cu(HL15),JCI and a
comparison with the ruthenium dye N719. 7.4 + 4 double layer sensitized nanocrystalline Jfibn on FTO
conducting glass. Electrolyte: A7172.

The results obtained at the EPFL, and successpubfished [57], together with the ones

obtained in our laboratories at the University odsBl, show that [Qw]” complexes are
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surprisingly effective as sensitizers for DSSCghéligh these initial results are not comparable
with state of the art ruthenium dyes such as N718y indicate that with iterative chemical
optimization, sensitizers comparable to rutheniuwumpglexes might be prepared. In addition,
even though the efficiency of the copper complexggcifically [Cu(HL15),]Cl, is 4 times
lower than that of the ruthenium sensitizer N71@, ¢ost is an order of magnitude lower, what
means that copper sensitizers less efficient thasm dctual ruthenium dyes would be

economically viable.

In the literature, different studies have beeniedrout in order to establish the binding mode of

the carboxylic acid groups contained in ruthenidygdmplexes to the semiconductor’s surface

[28, 186], and also kinetic and thermodynamic ssidiave been done to have an insight into the
nature of the binding [187].

Brunschwiget al. reported in 2004 that there are different bindimgdes possible for dyes that
use carboxy groups to anchor to 7i287]. For example, either one (ester linkage)both
(carboxylato linkage) oxygen atoms in the carbosgug can bind to either one or two titanium
atoms (see figure 108). If only one carboxy graipttached, the binding is expected to be rather
flexible. In contrast, dyes with two carboxy groupading from the same or from neighboring

bipyridine ligands are expected to produce a mobest linkage to the surface.

Ti—O 0] Ti—Q
- Ti{ - N
O>/ \O>- Ti—O>
unidentate bidentate bridging
(ester)

Fig. 108.Different binding modes possible for dyes that cesooxylic acid groups to anchor to 5O

In order to establish the kind of binding presenbgdhe dyes, infrared spectroscopy has been
employed in the literature. Unfortunately, in oase, these experiments were unsuccessful and

they threw no insight into the binding mode of capper(l) complexes.
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Regarding the thermodynamics and kinetics of treelshyund to the semiconductor, some easy to
reproduce experiments have been done in the lirerah that the adsorption and desorption
kinetics of ruthenium(ll) polypyridyl complexes general, and the N3 dye, in particular, have
been carried out [188]. Based on those studieknder et al. suggested a two-step adsorption
mechanism for the binding of N3 to nanocrystallin®, [188] and could fit the experimental

data of both, adsorption and desorption experiménmtisangmuir isotherms.

In our laboratories, the kinetics of the bindingdifferent dyes together with their coverage has
also been measured. We observe that the curvemedhteould be fitted to an isotherm. First of
all a 0.1mM solution of complex [CugH10),]Cl in DMSO was prepared and the quantity of
adsorbed dye was monitored as a function of tiree {gure 109) by measuring the increase of
the absorption peak of the anchored sensitizerm@stioned before, in order to calculate the
coverage of the Tipby the dye, the extinction coefficient of the cdexpin solution was used.

Then, solar cells were constructed with each aldetrand the photocurrent density obtained

with them was measured. The results obtained anersigraphically in figure 109.
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Fig. 109. On the left: binding isotherm of [CugHL0),]JCl. On the right: linear correlation of the photoent

density of the solar cell sensitized with [Cul(#i0),]CI and its projected coverage.

On the left-hand-side of figure 109, the projectedverage obtained with complex
[Cu(H.L10),]CI vs. time is represented. From the graphic, it isigiitéorward that during the
first 4 h the binding of the dye is much fastemtladter this time, when the curve reaches slowly
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a plateau level. This would mean that after appnately 10 h, the dipping time of the electrode
in the dye solution makes no significant differente¢he coverage obtained. However, from the
graphic on the right-hand-side of figure 109, oae see that it is very important to have the
maximum coverage possible, because the photocutesrsity obtained grows linearly with the
coverage of the film.

In another experiment, the binding properties ahptex [Cu(HL17),]Cl were studied in that
different concentration solutions of the complexevprepared and Tielectrodes were dipped
in them for 20 h. After this time the absorptioresppum of each derivatized electrode was
measured. In figure 110, the coverage of the,T@noparticleys. the initial concentration of
the solutions is represented.
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Fig. 110.Binding isotherm of [Cu(kL17),]CI.

Comparing the binding isotherm obtained with compgeu(H,L17),]Cl with binding isotherms
of ruthenium(ll) complexes [187], one can obsertat tthe coverage obtained with this
copper(l) complex is in the same range as the egeeobtained with ruthenium(ll) complexes
that bear more than one carboxylic acid group. &® @uld say that the binding behavior of
copper(l) complexes is similar to that observedrtghenium(ll) complexes. However, further
studies are necessary.
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V.4 DSSCs with heteroleptic copper(l) complexes as setnzers

In this section, the synthesis of heteroleptic efp complexes madim situ on the surface of
TiO, will be described and the results obtained whepleyng them as sensitizers in DSSCs
will be discussed.

Ligand exchange reactions in solution are facileapper(l) complexes due to the great lability
presented by this metal, as already discusseck a&riti of the introduction in chapter IV. For this
reason, it is very difficult to synthesize heteppie Cu(l) complexes in solution, and
consequently, the number of complexes that onblesta make is restricted. However, the new
strategy that we present here, namely the stepsyisinesis of complexes on the semiconductor
surface (not easily achieved with kinetically ineuthenium centres), opens up a new horizon
and permits the synthesis of many more complexath Wis method, one can also tune the
properties of the complex synthesized by choodiegappropriate ligands.

The first step of the synthesis of these hetermepu(l) complexes is the functionalisation of the
semiconductor surface with a ligand bearing ancigogroups,L, (see figure 111 a). This is
achieved by immersing a still warm Ti@anocrystalline electrode in a ligand solution 3oin.
After this time, the electrode presents no cololinis step is followed by dipping the
functionalized electrode overnight in a solutionnt@ining a [Cul"),]" complex lacking
anchoring groups (see figure 111 b). The surfacerddigand behaves as an flbnor in exactly
the same way as a solution species and equilibrateghe solution [CU( ),]" complex through
ligand exchange. As the new surface bound comg@eremoved from the equilibrium, the
process proceeds to complete surface coveragethetitopper, as shown by the red colour
observed at the surface (see figure 111). Natyrahlg surface-bound species is now an
heteroleptic complex [Cu(" )], being adsorbed to the semiconductor by the afmhgroups

of L with the remaining coordination sites occupiediggndL". Logically,L” may be varied at
will to optimize absorption or redox characteristior to prevent/inhibit water adsorption to
TiO, and retard recombination witl™] as happens with the ruthenium dye Z907 due to the

presence of aliphatic chains in one of the ligdads].
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Fig. 111.Schematic representation of a DSSC involving tigal binding of a carboxylic acid containing lige (in
this examplel = H,L10) to the semiconductor surface (a) to give a cdéssrdevice, followed by ligand exchange

with a [Cu(l"),]" complex (b) to give a surface-bound red heteralesgecies.

The first attempt done in our laboratories with #ien of testing this stepwise synthesis of
heteroleptic Cu(l) complexes involved ligandLH0, as anchoring moiety, and complexes
[Cu(dmbipy}][PFs] and [Cu(CHCN)4][PFg], which are colourless, for the second step. Ttk r
colour observed on the TyQurface was a direct proof of the success of tper@ment, a direct
proof that the heteroleptic complex had been formaed these are the results obtained:

—— H,L10 + [Cu(dmbpy),]
——H,L10 + [CU(CH,CN) ]

0.0006

Absorbance

0.0003

Current density, A/cm2
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Fig. 112.0n the left, the I-V curves of the DSSCs made with10 and [Cu(dmbipyj]”, in red, and with K10
and [Cu(CHCN),]", in black, are shown. On the right-hand side, th&VIS spectra of the functionalized TjO
electrodes are shown.
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\]sc (mAlchIz) Voc (V) ff Tlglobal (%) xmax dye (nm)
HoL10 +
_ . 0.714 0.52 0.66 0.25 474
[Cu(dmbipy}]
H,L10 +
. 0.383 0.46 0.59 0.10 497
[Cu(CH,CN),]

Table 9. Current-voltage characteristics data derivatizeith viheteroleptic copper(l) complexes. The TiO
containing electrodes were initially immersed foh 3n a 1mM solution of K10 in MeOH, and then in a 1mM
solution of [Cu(dmbipy][PFe] and [Cu(CHCN)4][PFs] in CHsCN, respectively, for 12 h. Electrolyte: Standard 2

The complex formed between ligand,lLHO and [Cu(dmbipy][PFs] is more effective as
sensitizer in DSSCs than the one formed with [CW@W.][PFs], as the higher global
efficiency, ngiobas Shows. The absorption maxima of the tweitu made complexes are 23 nm
far one from another, being the complex formed betwligand HL.10 and [Cu(CHCN)4][PFg]

the more red shifted one with its MLCT band at 497 (see table 9). Regarding this complex,
two possible species can be formed in solutiomet¢roleptic complex with orlel0 ligand and
two CH;CN molecules coordinating the copper(l) centre; 2ntlomoleptic complex where two
anchoredL10 ligands would have displaced the startingsCN molecules. By looking at the
UV-VIS absorption spectrum of the functionalisedJit can be concluded that only one kind
of complex has been formed, because there is ardyMLCT absorption band, although it is
possible that the two species have similar MLCTogitson maxima. However, comparing the
MLCT absorption maxima measured in this experimerth the value obtained for TiO
sensitized with complex [Cu@H10),]Cl (492 nm) (see table 7), one can conclude that t
complex formed in this experiment is the homolegtpper(l) complex, because the MLCT
absorption maxima have the same value within expsrial error. Even if the aim of the
experiment was to synthesize mixed-ligand Cu(l) plexes, this test was successful in that it
could be demonstrated that the complexes obtamedjatter if homo- or heteroleptic, had been
formed on the surface of the semiconductor.

Ligand H,L6 was also studied for the stepwise synthesis a@rbkptic Cu(l) complexes. It was
stated that this ligand does also bind to the sart# the semiconductor (see colouration of the

TiO, surface after the stepwise synthesis in figure),1d4d it was observed that the Cu(l)
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species formedh situ had red shifted absorption maxima (see figure 148)lso observed for

Cu(l) homoleptic complexes bearing phenyl groupachaed to the 6 and 6 -positions (see
section IV. ).
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Fig. 113. On the left, the |-V curves of the DSSCs made with6 and four different washing complexes:
[Cu(CHsCN)4J[PF¢] in black; [Cu(dmbipyj][PFs] in red; [Cul1),][PF¢] in blue and [CuU(9),][PFg] in green. On
the right-hand side, the UV-VIS absorption speofrthe functionalized Ti@electrodes are shown.

Fig. 114 TiO, functionalised electrodes with ,E6 and (from left to right) [Cu(CECN),]*, [Cu(dmbipy}]®,
[Cu(L9),]" and [Cul1),]".
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Jse (MA/CNT) | Vo (V) ff | Nglobal (%) | Amaxdye (nm)

HoL6 + [Cu(CHCN)]* 1.92 0.63 0.65 0.77 452, 583
H,L6 + [Cu(dmbipy)]* 0.99 0.61 0.66 0.37 470, 572
H,L6 + [Cu(Ll),]* 2.11 0.63 0.64 0.84 483, 577
H,L6 + [Cu(L9)]* 2.47 0.55 0.67 0.67 494, 588

Table 10.The TiG, nanocrystalline electrodes were dipped for 3 b ti3mM solution of ligand 6 in DMSO.
After that time, the electrodes were dipped for t23n a 1mM solution of the complexes in ¢IN, for
[Cu(CH:CN),][PFg] and [Cu(dmbipyj][PFe], and in CHC}, for[Cu(L1),][PFs] and [Cul9),][PFs]. Electrolyte:
Standard 2.

From table 10 it is again obvious that the hetgtateCu(l) complexes have been formed and
that they work as sensitizers in DSSCs. The higegtiency was measured with the washing
complex [CulL1),][PFs] which had a global efficiency of 0.84%. In aletspecies the UV-VIS
absorption spectrum shows two MLCT bands, the lbwasrgy one appearing at wavelengths
between 572 and 588 nm.

Another anchoring ligand tested in our laboratoiiesBasel was k24, which instead of
carboxylic acid groups has phosphonic acid groupsarichor to the semiconductor. Since
anchoring the homoleptic Cu(l) complex made witiL 24 to the TiQ surface was unsuccessful,
it was decided to try to use this ligand to makesitu Cu(l) complexes. The two washing
complexes employed were [Cu(gEN)4][PFs] and [Cul1),][PFs]. The results are summarized
in figure 115and table 11.
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Fig. 115. On the left, the I-V curves of the DSSCs made witiL24 and [Cull1),]", in red, and with

[Cu(CHsCN)4]*, in black, are shown. On the right-hand side,WheVIS absorption spectra of the functionalized
TiO, electrodes are shown.

Fig. 116. TiO, functionalised electrodes with ;2|24 and [Cu(1),]" (on the left) and with H24 and
[Cu(CH;CN),]* (on the right).

J
(m A/S;? mz) Voc (V) ff Tglobal (%) | Amaxdye (nm)
H4L24 + [CU(L].)Q]+ 0.363 0.537 0.56 0.11 470
HsL24 + [CU(CH;CN)4]+ 1.176 0.575 0.61 0.41 485

Table 11.The TiG, nanocrystalline electrodes were dipped for 3 b itmM solution of ligand HL.24 in DMSO.
After that time, the electrodes were dipped forh2® a 0.3mM solution of [CliL),][PFs] in EtOH and in a 1mM
solution of [Cu(CHCN)4][PFg] in CHsCN, respectively. Electrolyte: Standard 2.
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From the results obtained with this experiment, wmealld say that ligand 24 is a better
anchoring ligand for making these kind of heterote@u(l) complexes, because an efficiency of
0.41% is obtained when employing [Cu(€3N),][PFe] as the washing complex, in comparison
to the 0.10% obtained (see table 9) when usinghtigebL10 with the same complex. It is
noteworthy, that despite the good |-V charactersstif thein situ made complex between 24
and [Cu(CHCN),]", its UV-VIS absorption is considerably lower thtire complex formed
between HL24 and [Cul1);]". The reason for this could be the extended cotipg@resented
by the latter complex due to the phenyl groupsgafridL1.

In this experiment, again, the doubt of the existeof an homo- or heteroleptic Cu(l) complex is
presented in the case when [CuCiN)4|[PFs] is used as washing complex. As discussed in the
previous section of this chapter, it was not pdedib attach the [Cu(}L24),]Cl complex to the
surface of TiQ in order to measure its sensitizing charactesgstkor this reason, thinax
observed in this experiment will be compared wite bne obtained for the adsorbed complex
[Cu(L23),][PFe], even if this species bears phosphonic esterpgroihese are presumably
hydrolyzed before attachmet to the semiconductotable 7, one can see that the absorption
maxima of complex [CW@3),][PFe] attached to the TiQsurface is at 486 nm, which is almost
the same value found for the MLCT band of the sggéormed when the TiOmodified with
H4L24 is washed with [Cu(CECN)4][PFs]. Consequently, it can be concluded that the gseci
formed is not the heteroleptic Cu(l) complex, kuisia homoleptic species formed with two
anchored K24 ligands. Nevertheless, there is no doubt thatdpésies has been formed on the

surface on the semiconductor.

Having proof of the viability of the experimentitas decided to have this experiment done in
the laboratories of Prof. Gratzel at the EPFL irudanne. Three different anchoring ligands
(HoL6, HoL10 and HL17) were tested each with two different washing caexes

([Cu(L1)2][PFe] and [Cul9),][PFe]). The TiG, nanocrystalline electrodes were dipped for 4 hin
a 0.3mM solution of the ligands in DMF. After thiahe, the electrodes were dipped for 23 hin a
0.3mM solution of [Cu(1);][PFs] and [Cu(9);][ PFg], in EtOH and CHCN:t-BuOH 1:1,

respectively. These measurements were carried yodiakeru Bessho and the results obtained

are summarized in table 12.
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Fig. 117.IPCE curves for DSSCs prepared with anchoringnligaL6, H,L10 and HBL17 with [Cu(L1),][PFe] (in
black) and [Cu(9),][PFg] (in red) at light intensity of 1 sun.
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Jsc (MA/e?) | Ve (V) | ff Nglobal (%) | IPCE % (max) nm
H,L6 + [Cu(L1),]” 2.45 0.649 | 0.72 1.15 16.5 473
H,L6 + [Cu(L9),]" 2.37 0.544 | 0.76 0.97 11.1 504
H,L10 + [CuL1),]* 3.30 0.605| 0.71 1.41 21.5 471
H,L10 + [Cu(L9),]* 2.46 0.530 | 0.74 0.96 15.2 471
HoL17 + [CuL1),]* 1.57 0.574 | 0.72 0.65 8.1 508
HoL17 + [Cu(L9)2]* 1.85 0.532| 0.75 0.74 12.9 486

Table 12.The TiQ nanocrystalline electrodes were dipped for 4 & th3mM solution of the ligands in DMF. After
that time, the electrodes were dipped for 23 h M3mM solution of [Cu(1),][PFe] and [Cu(9),][ PFe] in EtOH
and CHCN:t-BuOH 1:1, respectively. Electrolyte: Z960. The ules shown in the table correspond to 1 sun

intensity.

The IPCE values obtained with these heteroleptii)Gensitizers are not as good as the ones
measured for [Cu(HL15),]Cl. For anchoring ligands 16 and HL17, the maximum IPCE
values are found at longer wavelengths than fanligHL10, as expected because of the phenyl

substituents at the 6 and 6”-positions.

The best global efficiencies were obtained withdbssitizers formed between ligang O and
complex [Cul1),]" (1.41%) and ligand #16 and complex [Cu(1),]" (1.15%). The other dyes
studied have efficiencies ranging from 0.65 to @@97These preliminary studies are not
discouraging at all, in that these efficiencies aeey good for non-optimized first generation
DSSCs. It is also remarkable that all the sensdisested showed similar fill factors cd. 0.73,

which is a good value.

However, long term stability tests of these heggrtt dyes showed that these complexes formed
on the surface of the TiOwere sensitive to attack by the iodide presenthim electrolyte,
probably due to their smaller stability becauseaifig anchored only through a single ligand. As
a consequence of this, the characteristic red caddbwhe Cu(l) complexes turned slowly into

yellow, as seen in figure 118. In order to estdéblise redox potential of the newly formed
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complex, electrochemistry measurements were caotiéavith the anchored complex. However,
these measurements were unsuccessful and it cotiloerascertained if the complex was being

oxidized to Cu(ll) or simply destroyed by additiohany component from the electrolyte.

Fig. 118.DSSCs sensitized with an heteroleptic Cu(l) complefore (left) and after (right) electrolyte injiemn.

After doing these experiments, a test was carrigdmsee if [Cu(1),][PFs] and [Cul9)][PFg]
were capable of anchoring to the Fig€urface on their own in order to rule out the pobty of
obtaining the surface red colour from the washiamuglexes instead of from tha situ made
heteroleptic complexes. To our surprise, [(A)¢][PFs] did indeed attach to the surface of the
semiconductor as the red colour of the Ji@dicated (see figure 119) and did sensitize it
effectively as seen in figure 119 and table 12.

[Cu(L9),I[PF] 3h
[Cu(L9),][PF ] overnight

0.0008

2

0.0006 -

0.0004

Current density, A/cm

0.0002

0.0000 ,
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Voltage, V

Fig. 119.0n the left, the red colour of a Ti@lectrode functionalized with [CLg),]*. On the right, the 1-V curves
of DSSCs functionalized with that complex are sh@@h dipping time in black; overnight dipping tirimered).
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Jsc (mA/cmZ) Voc (V) ff Tglobal (%) Amax dye (nm)

[Cu(L9),]* 3 h 0.46 0.49 0.62 0.14 494

[Cu(L9)7]* 20 h 0.76 0.52 0.61 0.24 494

Table 12. The TiO, nanocrystalline electrodes were dipped for 3 h 20ich, respectively, in a 1mM solution of
[Cu(L9),][PFg] in CHCIs. Electrolyte: Standard 2.

In the same way, a test was carried out to seeriptex [Cull1l6),][PFs] was capable of
anchoring to the semiconductor’s surface. Its ligaalso bear furan rings in the 4,4"-positions of
2,2 -bipyridine, but have, in contrast to [CA),][PFs], phenyl groups at the 6,6 -positions.
Effectively, the TiQ nanoparticles were coloured after the electrod® heen immersed in a
solution of the complex for 3 h, so it can be caded that the complex did attach to the
semiconductor. Unfortunately, it was not possilolerteasure the efficiency of this complex as

sensitizer, since the cell broke up during the messent.

1.5 1

[Cu(L16),J[PF,] 3n

1.0 1

Absorption

0.5+

0.0+

T T T T 1
400 500 600 700 800

Wavelength, nm

Fig. 120.Coloured TiQ electrode after being immersed for 3 h in a 0.3sdllition of [Cul16),][PF¢] in CHCl.

As far as we know, no dyes have been reported ol using furan rings as anchoring moieties
to the semiconductor. This fact is an importantakgry, since it offers the possibility to avoid
the use of carboxylic and/or phosphonic acid grougsch are difficult to work with due to

insolubility problems and the pH dependence ofrthmtonation state.
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However, how do complexes bearing furan rings httacthe TiQ nanoparticles? This is a
difficult question to answer, since the IR expemtsedone in our laboratories were poorly
resolved and did not give any insights into thedkai bonds formed. One could think that the
oxygen atom of the furan ring binds directly to tiitanium atom from the semiconductor;
however, the possibility of the furan ring oxidigiand converting into a carboxylic acid group

on the surface can not be ruled out.

Looking at the UV-VIS absorption spectra of comglefCu(9),][PFs], [Cu(H,L10),]CI and
[Cu(L11),][PFe] anchored to the Ti©surface, one can observe that their MLCT absamptio
maxima appear almost at the same wavelength: 224add 496 nm, respectively. However, in
the case of complexes [@u6),][PFs], [Cu(H.L17),]Cl and [Cu(18),][PFs] (which have
ligands that bear phenyl groups at the 6 and 6itipns), the MLCT absorption bands differ
significantly: 456 and 597, 494 and 604, and 44@ @05 nm. For this reason, it is not possible
to establish here how complexes with furan grouphar to the semiconductor surface, but it is
thought that diffuse reflectance infrared speciopgccould help in this task, as reported in the
literature [187].

It was also tested in our laboratories whether gietister containing ligands23 (tetraethyl
6,6 -dimethyl-2,2"-bipyridine-4,4-diyldiphosphoeatandL27 (dimethyl 4,4"-(6,6""-dimethyl-
2,2°:6",2" -terpyridine-4,4""-diyl)dibenzoate) wecapable of anchoring to the surface of the
semiconductor in order to afterwards form an hédptec Cu(l) complex. 1mM solutions of
these ligands in CHgwere prepared, and two nanocrystalline JJ&®ctrodes were dipped into
each solution overnight. Then, one of the electsddam each solution was heated in an oven up
to 300°C and dipped overnight in a 0.3mM solutidéfCGu(L1),][PFs] in EtOH, for the electrode
that had been immersed in a solutiorL@B, and in a 1mM solution of [Cu(GEN),][PFg] in
CH3CN, for the electrode that had been immersed wiwtien ofL27. The other electrodes were
immersed, without previous heating, also overnighta solution of [Cu(1),][PFe] (for L23)
and [Cu(CHCN)4][PFg] (for L27) without having been heated.

In both cases, with and without heating, no colboraof the semiconductor surface could be

observed, and there was also no UV-VIS absorpfianr. this reason, it was concluded that
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ligands containing methyl ester groups, insteadood groups, do not bind to the semiconductor
surface. This is a little surprising since, asa lbeen shown in the previous section, some Cu(l)
complexes bearing methyl ester functionalities easgize TiQ effectively and, in some cases,
the efficiency obtained with these dyes is comparaith the ones having carboxylic acid

groups.

Finally, it was tested if a terpyridine containiogrboxylic acid groups was able to formsitu
Cu(l) heteroleptic complexes. For this experimenttmM solution of H.28 in DMSO was
prepared, and a TpOcontaining electrode was dipped into this solution 3h. Then, the
electrode was immersed overnight into a 1mM satutad [Cu(CHCN),4][PFs] in CH;CN.
Unfortunately, no colouration of the semicondudorface could be observed, so again we came
to the conclusion that, in contrast to 2,2"-bipyréas, 2,2°:6",2" -terpyridine do not form Cu(l)

complexes on the surface of the semiconductor.
In the case when terpyridines were employed witd purpose of making this stepwise
complexation, [Cu(CBCN)4][PFs] was used as the washing complex, because it haght

that the ligand could displace three M molecules and so form an heteroleptic Cu(l)

complex. However, as it has been explained, thisdt happen.

VI Experimental part
6,6"-Dimethyl-2,2"-bipyridine

7 N
1.6 M Methyl lithium in E£O (100 ml, 160.0 mmol) was added through a canmodier nitrogen
to a stirring solution of 2,2"-bipyridine (6.24 40.0 mmol) in dry THF (125 ml) cooled to -78
°C. The dark red solution was stirred at this terapge for 30 min an then it was warmed to r.t.

After 2 h at this temperature, the mixture waswetd for 4 h. Then the reaction mixture was
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cooled and ice water (50 m) was added very slowlyllowing evaporation of THF and
extraction of the aqueous phase with,CH (4 x 70 ml), MgSQ@ and MnQ (100 g) were added
and the mixture was stirred overnight. Then thetanexwas filtered over Celite and the solvent
was evaporated to afford an orange solid. The seolas passed through a column
chromatography (Alox, hexane:acetone 9:1) to yibkl product as a white solid (3.55 g, 19.3
mmol, 48 %). Proton NMR agrees well with the valtegsorted in the literature [133].

'H NMR (CDCk, 250 MHz):8/ppm 8.17 (dJ = 7.8 Hz, 2H; BY), 7.68 (t,J = 7.7, 2H; HY),
7.14 (d,J = 7.6 Hz, 2H; BY), 2.62 (s, 6H; K).

4,4"-Dinitro-2,2"-bipyridine-1,1"-dioxide

O,N NO,
/_\ . )
5%

S S

Aqueous 30% kD, was added to a vigorously stirring solution of &énethyl-2,2"-bipyridine
(3.55 g, 19.3 mmol) in acetic acid (15 ml), and thiture was heated aa. 70 °C overnight.
After let it cool down, volatile compounds were @rad in vacuo to give a yellow residual oil.
The oil was cooled in an ice-salt bath and sulfada (8 ml) was then added. Fumic acid (12
ml) in concentrated sulfuric acid (8 ml) was addedhe reaction mixture and it was heated at
100 °C for 2 h. The nitrous gases created durimng ghocess were trapped with a 1MGO;
solution. After cooling the reaction mixture dowhwas poured intaca. 100 g of ice, and a
yellow precipitate formed. Once the ice was meltbe, yellow solid was filtered and washed
with water (3.86 g, 12.6 mmol, 65 %) and used fog hext synthetic step without further

purification.

'H NMR (DMSO-d, 400 MHz):8/ppm 8.61 (d,) = 3.4 Hz; 2H), 8.53 (d] = 3.4 Hz; 2H), 2.48
(s; 6H) [121].
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IR: v /cmit 3078 (w), 1767 (w), 1736 (w), 1520 (s), 1335 {281 (s), 1219 (w), 1165 (w), 1095
(W), 1034 (w), 1003 (w), 941 (m), 902 (m), 833 (&4 (M), 740 (M), 671 (M), 617 (m).

4,4"-Dibromo-2,2"-bipyridine-1,1"-dioxide

Br Br
/_\ »
No @ N
@O O@

4,4 -Dinitro-2,2"-bipyridine-1,1"-dioxide (3.86 d2.6 mmol) was suspended in acetic acid (52
ml). Upon addition of acetyl bromide (30 ml, 0.40lm the compound dissolved and the
solution was heated at 60 °C for 3 h. The nitroaseg produced during this reaction were
trapped with a 1M KCO; solution with a small current of NThen the reaction was allowed to
cool down to r.t. and poured into;® (170 mol). The mixture was neutralized withGOs, and
the standing precipitate was filtered and washeti water and ethanol to afford a white solid
(2.01 g, 5.39 mmol, 43 %) that was used for the sgrthetic step without further purification

and/or characterization.

4,4"-Dibromo-2,2"-bipyridine

4,4’ -Dibromo-2,2"-bipyridine-1,1"-dioxide (2.00 $37 mmol) was suspended in CHC35 ml)
and cooled down to ca. 0 °C. Upon addition of £&.87 ml, 30.6 mmol), the compound
dissolved and the solution was refluxed overnigffiter cooling down to room temperature, the
yellow mixture was poured into a mixture of iceH After the ice melted, the aqueous phase
was neutralized with ¥CO; and washed with CHEI3 x). The combined organic phases were

dried over MgS®@and the solvent removed in vacuo to afford a beml that was purified by
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column chromatography (Alox, CHgIto yield the product as a white solid (1.59 & 74mmol,
87 %). The'H NMR spectrum agrees well with the one given @ literature [121].

'H NMR (CDClk, 250 MHz):8/ppm 8.39 (dJ) = 1.2 Hz, 2H; §%), 7.36 (d,J = 1.5 Hz, 2H; /"),
2.60 (s, 6H; I4°).

(1E,5E)-1,6-Diphenylhexa-1,5-diene-3,4-dione

Piperidine (1 ml, 100 mmol) and glacial acetic afldd ml, 100 mmol) were added to a stirring
solution of 2,3-butadione (4.4 ml, 50 mmol) and Zz@dehyde (20.3 ml, 200 mmol) in methanol
(25 ml). The mixture was heated under reflux fdr @nd then the methanol and unreacted 2,3-
butadione were removed in vacuo. The solution iasegl in a freezer overnight and the orange
crystals that had formed were isolated by filtnat{@.14 g, 8.19 mmol, 17 %). [190]

'H NMR (CDCk, 250 MHz):8/ppm 7.87 (dJ = 16.2 Hz, 2H; 14°"9) 7.67 (ddJ = 6.6 Hz,
4H; H*®), 7.45 (m, 8H; I4™"°HCO 138 HB),

Anal. Calc. for GgH140,: C, 82.42; H, 5.38; found: C, 81.50; H, 5.31 %.

(1E,5E)-1,6-Bis[4-(methoxycarbonyl)phenyllhexa-1,5-dien&;4-dione

Piperidine (0.5 ml, 5.0 mmol) and acetic acid (88 5.0 mmol) were added to a stirring
solution of methyl 4-formylbenzoate (1.55 g, 9.0 atyrand 2,3-butanedione (0.4 ml, 4.5 mmol)

in methanol (15 ml). The mixture was refluxed foh6while bright orange crystals started to
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form. After cooling to room temperature, the cristaere filtered and washed with methanol
(25 ml) to yield the title compound (0.42 g, 25 #gt was used without further purification. The
'"H NMR matched well the one reported in the literati124].

'H NMR (DMSO-df, 200 MHz):8/ppm 8.03 (dJ = 8.0 Hz, 4H; HF), 7.95 (d,J = 8.0 Hz, 4H;

H?®), 7.84 (d,J = 16.0 Hz, 2H; 7“9, 7.50 (d,J = 16.0 Hz, 2H; "9, 3.88 (s, 6H;
HCOOC_I-B).

(1E,5E)-1,6-Di(furan-2-yl)hexa-1,5-diene-3,4-dione

O A X /B
\ B/, 0

Furfuraldehyde (21.5 ml, 260 mmol) and 2,3-butameei(11.35 ml, 130 mmol) were stirred in
ethanol (20ml) with 4 drops of piperidine at rooc@mperature for 7 days. After this time orange
needles were filtered and washed with ethanol Bd7.5.2 mmol, 12 %). This compound was
synthetised according to literature, [127] howevét,and **C NMR spectra have not been

reported before.
'H NMR (CDCk, 500 MHz):5/ppm 7.61 (d,J = 15.9 Hz, 2H; K¥°"C9), 7.57 (dd,J = 0.4 Hz,J
= 1.7 Hz, 2H; B®), 7.31 (d,J = 15.9 Hz, 2H; 1""HC9), 6.80 (d,J = 3.5 Hz, 2H; H?), 6.53 (dd,

J=1.8Hz,J= 3.5 Hz, 2H; H°).

*C NMR (CDC}, 126 MHz):3/ppm 188.73 (€°), 151.62 (€®), 146.16 (C°), 133.13 (€™
©9), 117.89 (%), 117.44 (€99, 113.13 (&P).

MS (El): m/z 242.1 [M] (calc. 242.1), 121.0 [M/2](calc. 121.0).
IR: v /em* 3123 (w), 1662 (m), 1585 (m), 1543 (m), 1471 (#8988 (w), 1289 (m), 1265 (m),
1200 (m), 1068 (w), 995 (m), 974 (s), 926 (s), 881, 850 (m), 831 (m), 811 (m), 746 (s), 637

(s), 588 (s), 548 (S).
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Anal. Calc. for GsH1004: C, 69.42; H, 4.16; found: C, 69.23; H, 4.20 %.

Dimethyl 4,4"-(1E,1°E)-3,3"-(pyridine-2,6-diyl)bis(3-oxoprop-1-ene-3,14gl)dibenzoate

MeOOC , N COOMe
£ g
0

o)

A solution of 2,6-diacetylpyridine (2.00 g, 12.2 minand diethylamine (4 ml) in 1-propanol (40
ml) was heated to reflux. Then a solution of methyfiormylbenzoate (4.00 g, 24.5 mmol)
dissolved in hot 1-propanol (20 ml) was added toyitmeans of a dropping funnel. This mixture
was refluxed for 12 h. After cooling down to rooemiperature a beige solid was filtered off and
washed with 1-propanol (2.30 g, 5.06 mmol, 42 %nmil&r compounds to this one have been
reported in the literature [153, 191] .

'H NMR (CDCk, 400 MHz):8/ppm 8.47 (d,) = 16.1 Hz, 2H; I§*-°"°9) 8.41 (d,J = 7.8 Hz,
2H: H®), 8.13 (d,J = 8.2 Hz, 4H; K9, 8.03 (d,J = 16.2 Hz, 2H; IS"=C#C% 8.01 (m, 1H; )
7.80 (d,J = 8.4 Hz, 4H; K9, 3.98 (s, 6H; I9°°°F).

MS (FAB): m/z 455.2 [M] (calc. 455.1).

IR: v /cmit 2955 (w), 1720 (s), 1674 (m), 1612 (s), 1566 (AR5 (M), 1281 (s), 1186 (m), 1103
(s), 1026 (m), 987 (m), 818 (m), 764 (s), 617 (m).

Anal. Calc. for G;H>1NOg: C, 71.20; H, 4.65; N, 3.08; found: C, 71.14; H& N, 3.17 %.
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6,6 -Dimethyl-4,4"-diphenyl-2,2"-bipyridine (L1)

(1E,5E)-1,6-diphenylhexa-1,5-diene-3,4-dione (0.50 g, 1mMmol), l-acetonylpyridinium
chloride (0.65 g, 3.81 mmol) and ammonium acetat@(( g) were refluxed in ethanol (20 ml)
for 12 h. After letting the solution cool down toom temperature the beige solid that had
formed was filtered. After flash column chromatqura (Alox, CHCE) and removal of solvent
from the fraction, a white-beige solid was obtain€his was recrystallised from CHgliexane

to yield a white crystalline solid (0.41 g, 1.22 wir64 %)."H NMR spectrum agrees well with

the values given in the literature. [123¢ NMR spectrum has not been reported before.

'H NMR (CDCk, 500 MHz):8/ppm 8.48 (s, 2H; i), 7.76 (d,J = 7.8 Hz, 4H; HF), 7.50 (t,J =
7.5 Hz, 4H; HP), 7.44 (tJ = 7.2 Hz, 2H; K°), 7.41 (s, 2H; FfY), 2.71 (s, 6H; 19),

13C NMR (CDC}, 126 MHz):8/ppm 158.6 (%), 156.7 (G%), 149.7 (C%), 139.0 (C®), 129.06
(C®®), 128.91 (CP), 127.3 (GP), 121.3 (CM), 116.8 (CY), 24.9 (C¥).

MS (El): m/z 336.2 [M] (calc. 336.2), 168.1 [M/2](calc. 168.1).

IR: v/iemi® 3060 (w), 3032 (w), 2984 (W), 2960 (W), 2917 (&F45 (w), 1589 (m), 1546 (m),
1493 (w), 1445 (w), 1385 (m), 1366 (w), 1210 (W)71 (w), 1027 (w), 998 (w), 898 (w), 869
(m), 762 (s), 740 (m), 692 (s), 620 (s), 601 (O §mM), 444 (s), 424 (s), 414 (S).

UV-VIS (CHCl): Ama/nm /M cmit) 245 (40000), 303 (13500).

Anal. Calc. for G4sHxoN»: C, 85.68; H, 5.99: N, 8.33; found: C, 84.97; HOF N, 8.17 %.
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4,4",6,6 -Tetraphenyl-2,2"-bipyridine (L2)

(1E,5E)-1,6-Diphenylhexa-1,5-diene-3,4-dione (0.60 g, 02.3nmol), phenacylpyridinium
bromide (1.28 g, 4.60 mmol) and ammonium acetatg) (@ere refluxed in ethanol (20 ml) for
18 h. After letting the solution cool down to rodgemperature, a white-beige solid was filtered
and washed with ethanol (0.53 g, 1.16 mmol, 50 ‘")NMR spectrum agrees well with the

values reported in the literature [192C NMR spectrum has not been reported before.

'H NMR (CDCk, 500 MHz):5/ppm 8.88 (s, 2H; Bf), 8.24 (d,J = 7.3 Hz, 4H; H°), 8.02 (s, 2H:;
H®%), 7.86 (dJ = 7.2 Hz, 4H; 18®), 7.56 (m, 8H; B®, H>°), 7.49 (m, 4H; &, H*).

13C NMR (CDCE, 126 MHz): 8/ppm 157.23 (&), 156.72 (¢%), 150.43 (¢%), 139.69 (C9),
139.27 (CP), 129.23 (€®C39), 129.22 (¢%/C %9, 129.10 (¢®/C %9, 128.92 (E¥C3Y), 127.50
(C?®), 127.30 (&), 118.91 (¢Y), 118.22 (CY).

MS (El): m/z 460.2 [M] (calc. 460.2), 230.1 [M/2](calc. 230.1).

IR: v/cm™ 3056 (w), 3034 (w), 1591 (m), 1546 (m), 1492 (4881 (m), 1078 (w), 1028 (w),
871 (m), 761 (s), 731 (m), 690 (s), 640 (m).

UV-VIS (CHCls): Amaynm €/M™ cm*) 258 (65000), 319 (14000).

Anal. Calc. for GsH24N»: C, 86.96; H, 5.37; N, 5.97; found: C, 87.03; F2F N, 6.12 %.
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Dimethyl 4,4"-(6,6"-dimethyl-2,2"-bipyridine-4,4’-dyl)dibenzoate (L3)

(1E,5E)-1,6-Bis[4-(methoxycarbonyl)phenyllhexa-1,5-dieBi@-dione (0.500 g, 1.32 mmol), 1-
acetonylpyridinium chloride (0.463 g, 2.70 mmoldammonium acetate (1.00 g) were refluxed
in ethanol (15 ml) for 18 h. After letting the sbbn cool down to room temperature, a beige
solid was filtered and washed with ethanol. Afteluenn chromatography (S¥pusing CHCI,

as eluant, followed by Ci€l,:MeOH 98:2 and then Ci€l,;:MeOH 95:5, a white-beige solid
was isolated after removal of solvent (LH:MeOH 95:5, Rf = 0.28). Finally flash
chromatography (Alox) yieldedl3 as a white solid after removal of solvent (0.3130§92
mmol, 52 %).

'H NMR (CDClk, 500 MHz):8/ppm 8.52 (dJ) = 0.7 Hz, 2H; B"), 8.17 (d,J = 8.3 Hz, 4H; 1),
7.83 (d,J = 8.4 Hz, 4H; B®), 7.43 (d,J = 1.0 Hz, 2H; B, 3.97 (s, 6H; [9°°%®), 2.73 (s, 6H;
HEE).

MS (El): m/z 452.2 [M] (calc. 452.2).

IR: v/em™* 3006 (w), 2951 (w), 2924 (w), 1714 (s), 1593 ($47 (m), 1427 (m), 1379 (m), 1277
(s), 1182 (m), 1107 (s), 1076 (m), 1014 (m), 964, @89 (w), 879 (m), 848 (s), 824 (m), 767
(s), 747 (m), 735 (m), 700 (s), 664 (m), 597 (W)9QFw), 556 (w), 514 (s), 471 (s), 447 (m), 434
(m), 418 (m).

UV-VIS (CHCls): Amanm /M cm*) 263 (28000), 312 (9000).

Anal. Calc. for GgH24N>04-0.4H0: C, 73.16; H, 5.44; N, 6.09; found: C, 73.13;5433; N,
5.80 %.
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4,4"-(6,6"-Dimethyl-2,2"-bipyridine-4,4’-diyl)diberzoic acid (H.L4)

HOOC COCOH

LiOH (52.9 mg, 2.210 mmol) dissolved in® (0.7 ml) was added to a solutionld (0.100 g,
0.221 mmol) in THF (5.3 ml). The resulting mixtumas heated to reflux for 12 h. After letting
the solution cool to room temperature, the pH wdjsisted to 2 with 2M HCI. The resulting
precipitate was filtered off and successively wasiwith H,O and ether to afford pulet as a
white solid (0.426 g, 0.165 mmol, 75 %).

'H NMR (TFA-d", 400 MHz):8/ppm 8.78 (s, 2H; i), 8.47 (d,J = 6.3 Hz, 4H; {°), 8.42 (s,
2H; H*), 8.08 (d,J = 6.9 Hz, 4H; ), 3.14 (s, 6H; I9°).

IR: v/emi® 3391 (w), 2988 (w), 2879 (W), 2668 (W), 2540 (W86 (S), 1596 (S), 1547 (M), 1424
(m), 1386 (m), 1320 (m), 1294 (m), 1241 (w), 1284, (1181 (w), 1107 (w), 1072 (w), 1016
(W), 934 (w), 900 (w, 854 (s), 773 (m), 732 (m)5aen).

UV-VIS (DMSO): Ama/nm €/M™ cmi*) 265 (24000), 316 (6600).

Anal. Calc. for GgH,oN-O4-5LIOH: C, 57.38; H, 4.63; N, 5.15; found: C, 57.88 4.46; N, 4.92
%.
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Dimethyl 4,4"-(6,6"-diphenyl-2,2"-bipyridine-4,4"-dyl)dibenzoate (L5)

(1E,5E)-1,6-Bis[4-(methoxycarbonyl)phenyllhexa-1,5-dieBi@-dione (0.300 g, 0.793 mmol),
phenacylpyridinium bromide (0.441 g, 1.587 mmol)daammmonium acetate (1.00 g) were
refluxed in ethanol (10 ml) for 18 h. After lettinige solution cool down to room temperature, a
beige solid was filtered and washed with ethandterAcolumn chromatography (Alox) with
CHCI, as eluant.5 (Rf = 0.92) was obtained as a white solid aftenaeal of solvent (0.148 g,
0.257 mmol, 32 %).

'H NMR (CDCk, 500 MHz):8/ppm 8.88 (d,J) = 1.3 Hz, 2H; K", 8.23 (d,J = 8.1 Hz, 8H; H~,
H%9), 8.03 (d,J = 1.3 Hz, 2H; B?), 7.92 (d,J = 8.3 Hz, 4H; B®), 7.56 (t,J = 7.5 Hz, 4H; HO),
7.49 (t,J = 7.3 Hz, 2H; H), 3.99 (s, 6H; 19°°®).

13C NMR (CDC}, 126 MHz):8/ppm 166.9 (€°9), 157.6 (¢%), 156.7 (C?), 149.4 (CB/C*Y),
143.6 (C®), 139.4 (G, 130.5 (G®), 129.47 (C°), 129.01 (C9), 127.53 (CP), 127.30 (€9,
119.0 (C%), 118.2 (C"), 52.5 (C°°¥3). One carbon peak t&C*) is not observed.

MS (El): m/z 576.2 [M] (calc. 576.2), 288.1 [M/2](calc. 288.1).

IR: v/cm® 3043 (w), 2953 (w), 1728 (m), 1716 (m), 1593 (AB44 (m), 1497 (w), 1438 (m),
1383 (m), 1321 (w), 1286 (m), 1272 (s), 1190 (M4 (m), 1043 (w), 1025 (w), 1015 (m), 970
(w), 922 (w), 886 (w), 851 (m), 809 (w), 767 (s367(m), 687 (s), 662 (m).

UV-VIS (CHCl3): Amanm €/M™ cmi*) 269 (60000), 324 (11000).
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Anal. Calc. for GgH»gN-O4-0.5H0: C, 77.93; H, 4.99; N, 4.78; found: C, 78.08/77.61,
5.08/5.11; N, 4.58/4.55 %.

4,4’-(6,6"-Diphenyl-2,2"-bipyridine-4,4"-diyl)diberzoic acid (H.L6)

LiOH (36.8 mg, 1.536 mmol) dissolved in® (0.5 ml) was added to a solutionLd (90.0 mg,
0.156 mmol) in THF (5 ml). The resulting mixture sMaeated to reflux for 6 h. After letting the
solution cool to room temperature, the pH was adfido 2 with 2M HCI. The resulting
precipitate was filtered off and successively wastvth H,O and ether to afford pules as a
white solid (60.0 mg, 0.109 mmol, 71 %).

'H NMR (TFA-d!, 500 MHz):8/ppm 8.82 (s, 2H; ), 8.66 (s, 2H; B"), 8.40 (d,J = 7.3 Hz,
4H; H®), 8.07 (d,J = 7.3 Hz, 4H; B®), 7.94 (d,J = 7.0 Hz, 4H; K°), 7.77 (t,J = 7.0 Hz, 2H;
H*9), 7.67 (t,J = 7.0 Hz, 4H; HO).

MS (El): m/z 548.2 [M] (calc. 548.2), 503.2 [M-COOH](calc. 503.2), 274.1 [M/2](calc.
274.1).

IR: v/em® 3065.2 (w), 3035.1 (w), 2977.6 (W), 2851.2 (W)7@8 (W), 2549.7 (w), 1688.5 (s),

1591.7 (m), 1573.9 (m), 1543.4 (m), 1496.6 (w),4.84m), 1382.2 (m), 1320.5 (M), 1296.4 (s),
1189.4 (w), 1113.9 (w), 1080.7 (w), 1022.4 (w), 4@ (w), 933.1 (w), 888.5 (w), 851.0 (s),

797.1 (w), 767.5 (s), 730.7 (m), 689.3 (S).

UV-VIS (DMSO): Ama/nm /M cm*) 271 (60000), 328 (11000).
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Anal. Calc. for GgH24N>04:0.9 HO: C, 76.56; H, 4.60; N, 4.96; found: C, 76.62;446; N,
4.95 %.

Diethyl 6,6"-dimethyl-2,2"-bipyridine-5,5"-dicarboxylate (L7)

4 3
EtOOC /A\ \ /) COOEt
—N N

Ethyl-2-methylnicotinate (9.34 ml, 60.5 mmol) and/® 5 % (1.35 g) were refluxed for 10 days

under an inert atmosphere. After letting the migtaool down, acetone (20 ml) was added and
the Pd/C was filtered off. The filtrate was evapedsand the brown-black solid left in the fridge

overnight. The day after, it was recrystallizednfronethanol to obtain white-beige needles
(0.307 g, 0.93 mmol, 1.5 %).

'H NMR (CDClk, 500 MHz):8/ppm 8.41 (dJ) = 8.2 Hz, 2H; §%), 8.33 (d,J = 8.2 Hz, 2H; H#Y),
4.41 (9,J = 7.1 Hz, 4H; 159219 2.92 (s, 6H; §°), 1.43 (t,J = 7.1 Hz, 6H; I472®),

13C NMR (CDCE, 126 MHz):5/ppm 166.5 (€°9), 159.5 (¢4), 156.6 (G*), 139.5 (C*), 125.7
(C°*), 118.8 (CM), 61.3 (CM%°™) 25.1 (&), 14.3 (CH23,

MS (MALDI): m/z 330.1 [M+2HT (calc. 330.4 for [M+2H]).
IR: v/cmt 2976 (w), 2932 (W), 1716 (), 1583 (s), 1547 (k44 (m), 1428 (m), 1390 (m), 1353
(m), 1273 (s), 1249 (s), 1139 (m), 1114 (m), 1058 1020 (m), 986 (M), 850 (s), 773 (s), 723

(m).

Anal. Calc. for GgH>oN>O4: C, 65.84; H, 6.14; N, 8.53; found: C, 65.89; F2( N, 8.54 %.
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6,6 -Dimethyl-2,2"-bipyridine-5,5"-dicarboxylic acd (H,L8)

4 3
HOOC /A \ /) COOH
—N N

L7 (0.27 g, 0.82 mmol) was partially dissolved in gOHEtOH 1:1 (20 ml) solution which
contained KOH (0.46 g, 8.2 mmol). The mixture weaftuxed for 12 h. After letting the solution
cool down, it was partially evaporated under redyseessure and the pH was adjusted to 2 with
1M HCI. A white precipitate was filtered off (0.2213, 0.8134 mmol, 99 %).

'H NMR (DMSO-cf, 500 MHz):8/ppm 8.35 (m, 4H; Ef, H*), 2.82 (s, 6H; ).

13C NMR (DMSO-¢, 126 MHz):8/ppm 167.6 (€°°), 158.6 (C%), 155.5 (%), 139.7 (CY),
126.4 (C%), 118.5 (CY), 24.7 (C).

MS (El): m/z 272.1 [M] (calc. 272.1).

IR: v/cmi* 3000 (w), 2893 (w), 2795 (W), 2645 (w), 2526 (W87 (S), 1582 (s), 1544 (s), 1435
(m), 1404 (s), 1379 (m), 1349 (w), 1284 (s), 1288 1219 (m), 1140 (m), 1118 (m), 1079 (m),
1033 (w), 986 (w), 926 (m), 851 (s), 774 (s), 666 641 (M), 621 (W).

UV-VIS (MeOH): Ama/nm €M™ ci®) 212 (13000), 250 (13500), 305 (26000).

Anal. Calc. for G4H12N2>04-0.5H0: C, 59.78; H, 4.66; N, 9.96; found: C, 59.44/%9.%,
4.61/4.58; N, 9.90/9.82 %.
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4,4"-Di(furan-2-yl)-6,6"-dimethyl-2,2"-bipyridine (L9)

(1E,5E)-1,6-Di(furan-2-yl)hexa-1,5-diene-3,4-dione (0.5 2066mmol), 1-acetonylpyridinium
chloride (0.708 g, 4.132 mmol) and ammonium acegthi@0 g) were refluxed in methanol (20
ml) for 12 h. After letting the solution cool dowa room temperature, a white-beige solid was
filtered and washed with cold methanol (0.3607 .441Immol, 55 %). ThéH NMR spectrum
measured was slightly different to the one repoitethe literature [121].2*C NMR spectrum

has not previously been reported.
'H NMR (CDCk, 500 MHz): 8/ppm 8.61 (s, 2H; &), 7.58 (dd,J = 1.7 Hz,J = 0.6 Hz, 2H;
H°®), 7.49 (d,J = 1.1 Hz, 2H; ®Y), 7.12 (d,J = 1.44 Hz, 2H; FP), 6.56 (ddJ = 1.7 Hz,J=3.5

Hz, 2H; H®), 2.75 (s, 6H; [45°).

13C NMR (CDCE, 126 MHz):8/ppm 158.3 (&), 151.5 (G®), 143.9 (CP), 139.4 (CY), 117.6
(C*"), 113.7 (G"), 112.3 (CP), 109.9 (C®), 24.3 (&). C** was not observed.

MS (El): m/z 316.1 [M] (calc. 316.1), 158.0 [M/2](calc. 158.1).
IR: v/em™ 3116 (w), 2370 (w), 1604 (m), 1574 (m), 1549 (€)85 (m), 1411 (m), 1374 (m),
1360 (m), 1218 (m), 1161 (m), 1016 (s), 985 (MmN &), 866 (m), 848 (m), 814 (s), 744 (s),

700 (s), 669 (M), 595 (S).

Anal. Calc. for GgH16N2O»-0.3H0: C, 74.66; H, 5.20; N, 8.71; found: C, 74.52;:5822; N,
8.60 %.
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6,6 -Dimethyl-2,2"-bipyridine-4,4"-dicarboxylic acd (H,L10)

HOOC COOH

KMnO, (40.8 g, 258.13 mmol) was added to a warm mixafre9 (6.30 g, 19.93 mmol}t-
BuOH (1150 ml) and kD (230 ml). After refluxing overnight, the mixtuveas filtered through
Celite. The solution was evaporated to approx. 200 nel,@H adjusted to 2 with 2M HCI, and
the precipitated white product filtered (1.94 gl¥mmol, 36%). ThéH NMR spectrum agrees
well with that given in the literature [121fC NMR spectrum has not previously been reported.

'H NMR (DMSO-df, 500 MHz):8/ppm 8.64 (s, 2H; BfY), 7.77 (s, 2H; FfY), 2.67 (s, 6H; 4%).

13C NMR (DMSO-¢, 126 MHz):8/ppm 166.3 (€°9), 159.3 (%), 155.1 (%), 139.4 (CY),
122.8 (C%), 116.8 (CY), 24.2 ().

MS (El): m/z 272.1 [M] (calc. 272.1).

IR: v/em 3093.6 (W), 2916.2 (W), 2854.5 (w), 2615.3 (W)48D (W), 1697.2 (s), 1566.1 (s),
1427.0 (s), 1396.4 (m), 1296.1 (s), 1218.9 (m)5169w), 910.3 (m), 763.8 (m).

UV-VIS (MeOH): Ama/nm €M™ crit) 218 (71200), 241 (39000), 306 (31900).

Anal. Calc. for GsH1:N>O4: C, 61.76; H, 4.44; N, 10.29; found: C, 61.38/1.H, 5.03/4.90; N,
10.52/10.38 %.

Dimethyl 6,6"-dimethyl-2,2"-bipyridine-4,4"-dicarbaxylate (L11)
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Conc. BSO, (2 ml) was added to a suspension_ad (1.00 g, 3.70 mmol) in MeOH (100ml).
The solution was refluxed for 12 h. When the soluttooled down to room temperature, some
of the solvent was evaporated under reduced peesswapprox. 60 ml and the pH was adjusted
to 7 with 1M NaOH. The white solid that precipitatevas filtered and washed with water and
ether (0.77 g, 2.59 mmol, 70 %). Th¢ and**C NMR spectra agree well with those reported in
the literature [193].

'H NMR (CDCk, 500 MHz):3/ppm 8.73 (s, 2H; M), 7.75 (s, 2H; &Y, 3.99 (s, 6H; 9°%),
2.72 (s, 6H; K™).

13C NMR (CDCE, 126 MHz):5/ppm 166.2 (E°9), 159.4 (&%), 156.4 (G%), 138.8 (C*), 122.8
(C>"), 117.9 (G"), 52.8 (C°C°H3) 24.8(CH).

MS (El): m/z 300.1 [M] (calc. 300.1).

IR: v/cm! 3076.3 (W), 2956.7 (), 1728.1 (m), 1701.1 (M)64R (m), 1429.2 (m), 1390.6 (M),
1272.9 (s), 1249.8 (s), 1211.2 (s), 1139.9 (m)21D6m), 999.1 (s), 885.3 (w).

UV-VIS (CHCls): Amaynm €/M™ cmi*) 310 (22400), 321 (20000).
Anal. Calc. for GgH16N204: C, 63.99; H, 5.37; N, 9.33; found: C, 64.00; FBH N, 9.34 %.

4,4 -Bis(hydroxymethyl)-6,6"-dimethyl-2,2"-bipyridine (L12)

To a stirred suspension bi1 (2 g, 6.66 mmol) in THF (125 ml) at -40°C, LiIAJH1.7 ml, 6.69
mmol) was added. Within 1 h the temperature of ntheture was raised to -10°C, and more

LiAIH 4 (1.7 ml, 6.69 mmol) was added. Stirring for 2 hram temperature completed the
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reaction. At 0°C HO (0.5 ml) was added dropwise very carefully folkaihby 1M NaOH (2 ml).
After 15 min. the suspension was refluxed for 5 e stirred at room temperature for 12 h.
The white Al(OH) precipitate was filtered off. Evaporation of tr@vent yielded a yellow oil
that was used without further purification (1.395g72 mmol, 86 %). BotfH and**C NMR
spectra agree well with the values reported inliteeature [131]. However, not alfC signals

were assigned; consequently, NMR data are reports thesis with full assignments.

'H NMR (CDCk, 500 MHz):8/ppm 8.02 (s, 2H; Bf), 7.13 (s, 2H; BY), 4.70 (s, 4H; 1§42°%),
2.59 (s, 6H; K™).

13C NMR (CDCE, 126 MHz):8/ppm 158.2 (&%), 155.9 (&%), 151.3 (¢%), 120.6 (C%), 116.1
(C*"), 63.5 (G291 24,5 (&),

6,6"-Dimethyl-2,2"-bipyridine-4,4"-dicarbaldehyde I£13)

Oxalyl chloride (1.46 ml, 17 mmol) was added to @#,Cl, (74 ml) at -60°C. DMSO (2.0 ml,
28.27 mmol) in CHCI, (3.7 ml) was added dropwise over 5 min. underremtiatmosphere.
After 10 min. a solution oE12 (1.38 g, 5.65 mmol) in THF (74 ml) was added withiD min.
The temperature was kept under -40°C during thastiad. After 45 min. at -50°C, BN (7.4 ml,
50.5 mmol) was added dropwise over 5 min. The teatpee was raised over a period of 1h to
0°C. Addition of CHC} (100 ml) and a half-saturated aq. MH solution (100 ml) gave two
phases. The organic layer was separated and tayaqwas washed twice with CHGKO ml).
Washing the combined organic layers with saturatpdNaCl solution (100 ml) and water (100
ml) and drying over MgSgQyielded, after evaporation, a light brown solidiegthwas used
without further purification (1.21 g, 5.04 mmol, 86). The'H and**C NMR spectra agree well
with the values reported in the literature [131tt bhey are reported in this thesis with full

assignments.
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'H NMR (CDCk, 500 MHz):8/ppm 10.17 (s, 2H; B°), 8.68 (s, 2H; E), 4.61 (s, 2H; F),
2.76 (s, 6H; 199).

13C NMR (CDCE, 126 MHz):5/ppm 192.1 (E™9), 159.9 (&%), 156.6 (G%), 143.0 (C*), 121.3
(C°*), 118.0 (C"), 24.6 (C=®).

IR: vicm® 2922 (w), 2852 (w), 1707 (s), 1595 (m), 1568 {883 (s), 1259 (s), 1169 (s), 1103
(m), 1012 (w), 989 (m), 955 (), 875 (s), 814 (#69 (W), 669 (S).

(2E,2°E)-Dimethyl 3,3"-(6,6"-dimethyl-2,2"-bipyridine-4,4-diyl)diacrylate (L14)

A mixture ofL13 (0.30 g, 1.24 mmol) and EP=CHCQMe (1.04 g, 3.10 mmol) in dry toluene
(25 ml) was refluxed for 18h. After the solutionoted down to room temperature, the solvent
was removed under reduced pressure and the brosiduee was purified by column
chromatography (Alox, C¥Ll,) to yieldL14 as a white solid after removal of solvent (0.322 g
0.914 mmol, 74 %).

'H NMR (CDCk, 500 MHz):8/ppm 8.35 (s, 2H; &), 7.68 (d,J = 16.1 Hz, 2H; [§HCHC09),
7.24 (s, 2H; &), 6.71 (d,J = 16.1 Hz, 2H; 19"=°HC09) 384 (s, 6H; K°°®), 2.67 (s, 6H:;
HCES),

3C NMR (CDCE, 126 MHz): 8/ppm 166.9 (€°9), 159.1 (%), 156.3 (G?), 142.89 (CY),
142.74 (GH=CHCO9 12223 (EMEHCO9 121.9 (CY), 116.6 (CP), 52.1 (CC°H3 2438

(CE).

MS (El): m/z 352.1 [M] (calc. 352.1).
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IR: vicmi® 3034 (W), 2953 (w), 2922 (w), 2849 (W), 1714 (41 (m), 1592 (m), 1551 (s), 1435
(s), 1398 (m), 1311 (s), 1261 (m), 1230 (m), 1182 1169 (s), 993 (s), 922 (M), 872 (m), 850
(s), 729 (m), 710 (m).

UV-VIS (CHCls): Amanm /M cm™) 256 (84000), 321 (19000).

Anal. Calc. for GgH-oN-O4: C, 68.17; H, 5.72; N, 7.95; found: C, 68.41/68.886.04/6.07; N,
7.10/6.99 %.

(2E,2°E)-3,3"-(6,6"-Dimethyl-2,2"-bipyridine-4,4"-diyl)diacrylic acid (H,L15)

LiOH (68.0 mg) dissolved in $#© (1.0 ml) was added to a solutionLdf4 (0.100 g, 0.284 mmol)
in THF (9.5 ml). The resulting mixture was heateddflux for 5h. After being cooled to room
temperature, the pH was adjusted to 2 with 2M HQle resulting precipitate was filtered and
successively washed with,@, acetone and ED to affordL15 as a white solid (84.7 mg, 0.261
mmol, 92 %).

'H NMR (TFA-d*, 500 MHz):8/ppm 8.60 (s, 2H; &), 8.24 (s, 2H; B, 8.00 (d,J = 16 Hz,
2H; HEECO9 17,15 (d,J = 16 Hz, 2H; K""H¢99), 3.06 (s, 6H; I4).

13C NMR (TFA-d', 126 MHz):8/ppm 171.9 (E°°), 161.3 (¢%), 155.4 (C%), 144.1 (CY), 141.5
(CEH=CH-C09 1131 .8 (EM=91C99) 1130.9 (CM), 126.3 (CY), 21.3 (E3).

MS (ES): m/z 325.2 [M+H" (calc. 325.1).
IR: viem™® 2916.2 (w), 2854.5 (W), 2515.0 (w), 1705.0 (s)34.8 (m), 1596.9 (s), 1550.7 (s),

1373.2 (W), 1257.5 (s), 1164.9 (s), 972.1 (m), 848), 686.6 (m).
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UV-VIS (DMSO): Ama/nm €/M™ cmi*) 319 (10000).

Anal. Calc. for GgH16N2O4-2H,0: C, 59.99; H, 5.59; N, 7.77; found, C, 60.65:53H0; N, 7.20
%.

4,4"-Di(furan-2-yl)-6,6"-diphenyl-2,2"-bipyridine (L16)

1,6-Di(furan-2-yl)hexa-1,5-diene-3,4-dione (0.5 31 mmol), phenacylpyridinium bromide

(1.149 g, 4.132 mmol) and ammonium acetate (1.0@eg¢ refluxed in ethanol (20 ml) for 12 h.
After letting the solution cool down to room temaiere, a white-beige solid was filtered and
washed with cold ethanol (0.464 g, 1.05 mmol, 51 %)

'H NMR (CDCk, 500 MHz):8/ppm 8.82 (dJ) = 1.3 Hz, 2H; B"), 8.23 (d,J = 7.4 Hz, 4H; K°),
8.07 (d,J = 1.4 Hz, 2H; B, 7.63 (dJ = 1.6 Hz, 2H; B®), 7.57 (dtJ = 1.5 Hz,J = 7.8 Hz, 4H;
H39), 7.49 (tt,J = 1.5 Hz,J = 7.3 Hz, 2H; K%, 7.11 (d,J = 3.3Hz, 2H; H®), 6.60 (ddJ = 3.4
Hz,J= 1.7 Hz, 2H; K®).

13C NMR (CDC}, 126 MHz):8/ppm 157.1 (&%), 156.1 (&%), 151.9 (CP), 143.8 (CP), 139.38
(C'9), 139.23 (&%), 129.2 (€9, 128.8 (G, 127.1 (C°), 114.80 (C), 114.24 (C"), 112.2

(C*®), 109.1 (CP).

MS (El): m/z 440.2 [M] (calc. 440.2), 220.1 [M/2](calc. 220.1).
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IR: v/em™ 3039 (w), 1601 (m), 1570 (w), 1543 (m), 1489 (#304 (w), 1365 (w), 1215 (w),
1153 (w), 1009 (m), 918 (w), 868 (m), 814 (w), qM), 729 (m), 686 (s), 590 (s), 513 (s), 486
(s), 455 (s), 409 (s).

UV-VIS (CHCl3): Ama/nm €/M™* crri®) 275 (48000), 305 (37000), 338 (12000).

Anal. Calc. for GgHooN-O,-H,O: C, 78.59: H, 4.84; N, 6.11; found: C, 78.87;4#2; N, 6.02
%.

6,6"-Diphenyl-2,2"-bipyridine-4,4"-dicarboxylic acd (H,L17)

HOOC s COCH

KMnO4 (4.95 g, 31.34 mmol) was added to a warm mixtappKox. temperature 40°C) b6
(2.06 g, 2.42 mmol}X-BuOH (145 ml) and kD (30 ml). After refluxing overnight, the mixture
was filtered througliCelite. The solution was evaporated to approx. 50 mlptHeadjusted to 2
with 2M HCI, and the precipitated white productdiled (0.62 g, 1.55 mmol, 64 %).

'H NMR (TFA-d", 400 MHz):8/ppm 9.22 (s, 2H; ), 9.00 (s, 2H; &), 8.19 (d,J = 7.2 Hz,
4H; H*), 7.82 (m, 2H; K9, 7.78 (m, 4H; E°).

13C NMR (TFA-d', 101 MHz):8/ppm 168.7 (€°°), 159.9 (¢?), 147.8 (%), 146.0 (C), 135.1
(C*9), 133.6 (C9), 131.8 (C°), 128.9 (G9), 127.7 (CY), 123.0 (CH).

MS (ES): m/z 397.2 [M+H](calc. 397.1).

IR: v/emit 2978 (w), 2831 (w), 2561 (w), 2361 (w), 1689 (&J51 (s), 1427 (m), 1389 (s), 1296
(m), 1250 (s), 1142 (m), 895 (m), 756 (s), 679 (S).
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UV-VIS (DMSO): Amanm €/M™ cmi*) 264 (15000), 330 (8400).
Satisfactory elemental analysis could not be okthin

Dimethyl 6,6"-diphenyl-2,2"-bipyridine-4,4"-dicarboylate (L18)

Conc. BSO, (2 ml) was added to a suspension_a? (0.90 g, 2.27 mmol) in MeOH (100ml).
The solution was refluxed for 12 h. When the soluttooled down to room temperature, some
of the solvent was evaporated under reduced peesswapprox. 60 ml and the pH was adjusted
to 7 with 1M NaOH. The white solid that precipitatevas filtered and washed with water and
ether (0.78 g, 1.83 mmol, 80 %).

'H NMR (CDCL, 500 MHz):8/ppm 9.08 (sJ = 1.2 Hz, 2H; §Y), 8.39 (sJ = 1.2 Hz, 2H; &%),
8.25 (d,J = 7.2 Hz, 4H; K%, 7.57 (tJ = 7.5 Hz, 4H; H°), 7.50 (t, J = 7.3 Hz, 2H;19), 4.06 (s,

6H; HOOO®),

13C NMR (CDCE, 126 MHz):5/ppm 166.2 (E°9), 157.8 (&%), 156.6 (G%), 139.6 (C?), 138.5
(C'9), 129.78 (€9, 129.06 (C9), 127.3 (G%), 120.1 (C%), 119.2 (C%), 53.0 (CO°H3),

MS (El): m/z 424.1 [M] (calc. 424.1).

IR: v/cm™ 3079 (w), 3033 (w), 2955 (w), 1728 (s), 1558 (%35 (m), 1389 (m), 1296 (m),
1250 (s), 1134 (w), 1057 (w), 964 (m), 902 (w), &6, 756 (S), 725 (M), 686 (S).

UV-VIS (CH:Cly): Amay/nm /M cni®) 235 (39000), 266 (20000), 332 (14000).
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Anal. Calc. for GeHooN>O4-0.5H0: C, 72.04; H, 4.88; N, 6.46; found: C, 72.03/81.¥,
4.70/4.85: N, 6.35/6.51 %.

4,4 -Bis(hydroxymethyl)-6,6"-diphenyl-2,2"-bipyridne (L19)

This ligand was synthesized by a modification ofeported procedure [131]. To a stirring
suspension of18 (1 g, 2.35 mmol) in THF (44 ml) at -40°C, LiA}JH0.58 ml, 2.35 mmol) was
added. Within 1 h the temperature of the mixtures waased to -10°C, and more LiAJH0.58
ml, 2.35 mmol) was added. Stirring for 2 h at rommperature completed the reaction. At 0°C
H,O (0.25 ml) was added dropwise very carefully foka by 1M NaOH (1 ml). After 15 min.
the suspension was refluxed for 5 min and stirredoam temperature for 12 h. The white
Al(OH)3 precipitate was filtered. Evaporation of the salvgielded a yellow oil that was used
without further purification (0.77 g, 2.09 mmol, 88).

6,6 -Diphenyl-2,2"-bipyridine-4,4"-dicarbaldehyde I(20)

L19 (0.5 g, 1.17 mmol) dissolved in GEl, (60 ml) was stirred at room temperature with MnO
(2.0 g, 23.40 mmol) for 12 h. Then the solution widtered over Celite and the solvent
evaporated under reduced pressure. Because rtbealcohol was converted to the aldehyde,
the same procedure was repeated, this time yiethim@ldehyde as a yellow solid that was used

without further purification (0.341 g, 0.94 mmo0) o).
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'H NMR (CDCk, 500 MHz):8/ppm 10.31 (s, 2H; £°), 8.99 (d,J = 1.2 Hz, 2H; §"), 8.25 (m,
6H; H**, H?9), 7.59 (m, 4H; K9, 7.53 (it, J = J =, 2H; 19).

13C NMR (CDCE, 126 MHz):5/ppm 191.8 (E™9), 158.3 (&%), 156.8 (G%), 143.8 (C*), 138.0
(C'9), 130.0 (&9, 129.0 (C9), 127.1 (€°), 119.3 (CY), 118.6 (CH).

MS (El): m/z 364.1 [M] (calc. 364.1).

(2E,2°E)-Dimethyl 3,3"-(6,6"-diphenyl-2,2"-bipyridine-4,4-diyl)diacrylate (L21)

A mixture of L20 (0.426 g, 1.17 mmol) and fR=CHCQMe (0.913 g, 2.73 mmol) in dry
toluene (25 ml) was refluxed for 18h. After theudmn cooled down to room temperature, the
solvent was removed under reduced pressure ancktigned brown solid cleaned by column
chromatography (Alox, C¥Cl,) to yieldL21 as a white solid (0.228 g, 0.478 mmol, 41 %).

'H NMR (CDCl, 500 MHz):5/ppm 8.68 (s, 2H; &), 8.18 (d,J = 7.2 Hz, 4H; H°), 7.86 (s, 2H:;
H°%), 7.83 (dJ = 16.1 Hz, 2H; (=199 7.56 (m, 4H; B°), 7.49 (m, 2H; K°), 6.81 (d,J =
16.0 Hz, 2H; KH=CHC09) 388 (s, 6H; [H°9%F).

13C NMR (CDCE, 126 MHz):5/ppm 166.9 (E°9), 157.7 (&), 156.5 (G%), 143.6 (C?), 142.9
(CEH=CHC09 1 138.9 (C9), 129.6 (€9, 129.1 (G, 127.2 (C9), 122.5 (C™HC99 1191

(C°*), 118.0 (CY), 52.2 (CC°H3,

MS (El): m/z 476.2 [M] (calc. 476.2), 238.1 [M/2](calc. 238.1).
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IR: v/cm™ 3040 (w), 2924 (w), 2854 (w), 2361 (w), 1713 (543 (w), 1589 (m), 1551(s), 1497
(W), 1435 (m), 1404 (m), 1288 (m), 1250 (m), 1165 (072 (w), 1026 (w), 987 (m), 856 (m),
771 (m), 740 (w), 694 (s), 632 (W).

UV-VIS (CH,Cl,): Ama/nm /M cm*) 257 (60000), 338 (10000).

Anal. Calc. for GgH»4N>O4: C, 75.62; H, 5.08; N, 5.88; found: C, 73.07; H6& N, 4.18 %.

(2E,2°E)-3,3°-(6,6"-Diphenyl-2,2"-bipyridine-4,4"-diyl)diarylic acid (H,L22)

LiOH (50.0 mg) dissolved in ¥ (0.7 ml) was added to a solutionL.éf1 (0.100 g, 0.209 mmol)
in THF (7.0 ml). The resulting mixture was heateddflux for 5h. After being cooled to room
temperature, the pH was adjusted to 2 with 2M HQle resulting precipitate was filtered and
successively washed withy,8, acetone and gD to affordL22 as a white solid (72.0 mg, 0.161
mmol, 77 %).

'H NMR (TFA-d', 500 MHz):8/ppm 8.71 (s, 2H; Bf), 8.54 (s, 2H; &Y, 8.12 (d,J = 16.0 Hz,
2H; HH=CHC09 "8 01 (d,J = 7.1 Hz, 4H; K%, 7.80 (t.J = 6.6 Hz, 4H; K°), 7.72 (t,J = 6.6 Hz,
4H; H39), 7.24 (dJ = 15.9 Hz, 2H; [47=CHCO9),

MS (ES): m/z 449.2 [M+H](calc. 449.2).

IR: v/em™ 2924 (w), 2847 (w), 2669 (w), 2553 (w), 2507 (AH89 (s), 1643 (m), 1589 (m),

1551 (s), 1419 (m), 1396 (m), 1288 (s), 1203 (Y2L(w), 1026 (w), 941 (m), 856 (s), 771 (S),
686 (S).

185



UV-VIS (DMSO): Ama/nm /M™ cm*) 260 (56000), 340 (10000).

Anal. Calc. for GgHooN-O4-0.7HO: C, 72.94: H, 4.68; N, 6.08; found: C, 73.04;:504: N,
5.45 %.

Tetraethyl 6,6"-dimethyl-2,2"-bipyridine-4,4"-diyldiphosphonate (L23)

This ligand was synthesized after modification ogported procedure [135]. 4,4 -Dibromo-6,6"-
dimethyl bipyridine (0.200 g, 0.588 mmol), dietipthosphate (0.185 g, 1.310 mmol), freshly
made Pd(PRy [194] (0.0678 g, 0.059 mmol), triphenylphosphirie541 g, 5.880 mmol),
triethylamine (0.185 ml) and toluene (6 ml) werateel at 110°C under nitrogen for 6 h. After
the yellow reaction mixture cooled down to room pemature, it was washed with ammonium
hydroxide solution, then with water and dried o¥gSO,. Then the solvent was removed in
vacuo and the crude product was flash cromatogchfBi€)) eluting with CHCI, to give pure
PPh. After an elution with CHCI,/CHsOH: 99/1, a white solid was obtained that was frth
purified by recrystallisation from hexane to givaite crystals (0.150 g, 0.328 mmol, 56 %).

'H NMR (CDCk, 500 MHz):8/ppm 8.57 (s, = 13.9 Hz, 2H; K", 7.55 (s,J = 13.5 Hz, 2H;
H*), 4.18 (m, 4H; K™, 2.68 (s, 6H; 14%), 1.36 (m, 6H; 1§72<®).

13C NMR (CDCE, 126 MHz):8/ppm 158.9 (dJ) = 13.4 Hz, ), 1555 (s; &), 138.5 (d,J =
186.4 Hz; ¢4, 125.2 (d,J = 9.4 Hz; C"), 120.0 (d,J = 9.7 Hz; &), 62.8 (d,J = 5.6 Hz;
CcEH2eM) 24 8 (s; €™), 16.5 (dJ = 6.3 Hz; CHEH),

3P NMR (CDC}, 162 MHz):8/ppm 16.39 (85 % kPO, atd 0 ppm).

MS (El): m/z 456.3 [M] (calc. 456.2).
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IR: v/em™® 2980 (w), 2932 (w), 2912 (w), 1584 (w), 1547 (356 (w), 1436 (w), 1386 (W),
1363 (m), 1254 (m), 1230 (m), 1160 (w), 1111 (W)91Z (w), 1041 (s), 1011 (s), 952 (s), 882
(m), 791 (m), 749 (m), 566 (s), 553 (s), 513 (9% 4m), 481 (s), 470 (s), 441 (m).

Anal. Calc. for QngoNzOePz'O.lC]_ngsOP: C, 54.07;: H, 6.56; N, 5.79; found: C, 5395,53
H, 6.27/6.43; N, 5.50/5.70 %.

6,6 -Dimethyl-2,2"-bipyridine-4,4"-diyl diphosphont acid (H;L24)

This ligand was synthesized by a modification afeported procedure [135[.23 (78.2 mg,
0.171 mmol) and bromotrimethylsilane (0.23 ml, 1mitol) were stirred in dry Ci€l, (5 ml)

for 24 h. Then all the solvent was removed undduced pressure and the yellow residue was
dissolved and stirred in MeOH (7 ml). After 4 h #&ite precipitate appeared; the reaction
mixture was stirred for 24 h. After this time théite precipitatel 24, was filtered and washed
with MeOH (35.2 mg, 0.102 mmol, 60 %).

'H NMR (TFA-d', 400 MHz):8/ppm 9.43 (d,) = 12.6 Hz, 2H; %), 8.59 (d,J = 12.2 Hz, 2H;
H>%), 3.10 (s, 6H; K%).

13C NMR (TFA-d', 101 MHz):8/ppm 161.7 (dJ = 12.6 Hz, €%, 158.1 (dJ = 176.3 Hz, &),
142.6 (d,J = 13.5 Hz, %), 134.5 (d,J = 8.4 Hz, C"), 129.6 (d,J = 10.5 Hz, &%), 21.4 (s,
(oxa)

3P NMR (TFA-d, 162 MHz):8/ppm 6.52 (85 % EPO, ats 0 ppm).

MS (MALDI): m/z 345.0 [M+H] (calc. 345.0).
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IR: viem® 3152 (w), 3097 (w), 3072 (w), 2922 (w), 1611 (1$93 (m), 1550 (m), 1433 (m),
1393 (m), 1344 (w), 1269 (w), 992 (s), 958 (s), 20914 (s), 870 (s), 721(S).

UV-VIS (DMSO): Amaynm 301 (6100).

Anal. Calc. for GoH14N>OePo: C, 41.87; H, 4.10; N, 8.14; found: C, 41.25/41.H0 3.97/4.00;
N, 7.77/7.81 %.

Dimethyl 2,2"-biquinoline-4,4"-dicarboxylate (L26)

Conc. BSO, (3.0 ml) was added to a suspension.?® (2.00 g, 5.80 mmol) in MeOH (100ml).
The solution was refluxed for 12 h. When the soluttooled down to room temperature, some
of the solvent was evaporated under reduced peesswapprox. 60 ml and the pH was adjusted
to 7 with 1M NaOH. The white solid that precipitatevas filtered and washed with water and
ether (1.20 g, 3.23 mmol, 56 %).

'H NMR (CDCk, 500 MHz):8/ppm 9.33 (s, 2H: B}, 8.82 (d,J = 8.5 Hz, 2H; H), 8.33 (d,J =
8.4 Hz, 2H; H), 7.83 (t, J = 7.5 Hz, 2H; M 7.71 (tJ = 7.6 Hz, 2H; H), 4.13 (s, 6H; I9°°%®),

13C NMR (CDCE, 126 MHz):8/ppm 167.0 (€°°), 155.1 (&), 149.0 (&), 136.0 (C), 130.7
(C°), 130.1 (€), 128.9 (C), 125.78 (&), 125.47 (¢, 120.6 (C), 53.0 (C°°9¥),

MS (El): m/z 372.1 [M] (calc. 372.1).
IR: v/cm™ 2958 (w), 1724 (s), 1588 (m), 1548 (w), 1502 (4934 (m), 1365 (w), 1271 (m),
1236 (m), 1197 (m), 1140 (m), 1084 (m), 1019 (/46 9m), 915 (W), 864 (w), 794 (m), 771 (s),

741 (m), 668 (M), 615 ().
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Anal. Calc. for GoH16N2O4-0.3H0: C, 69.94;: H, 4.43; N, 7.42; found: C, 70.04;404; N,
7.05 %.

Dimethyl 4,4"-(6,6""-dimethyl-2,2":6",2" " -terpyridne-4,4""-diyl)dibenzoate (L27)

MeOOC COOMe

Dimethyl 4,4"-(E,1'E)-3,3"-(pyridine-2,6-diyl)bis(3-oxoprop-1-ene-3,iAdibenzoate (0.40 g,
0.88 mmol), 1-acetonylpyridinium chloride (0.331993 mmol), and ammonium acetate (2.00 g)
were refluxed in methanol (10 ml) with 10 dropsaoétic acid for 12 h. After letting the solution
cool down to room temperature, a beige solid wisréd. This solid was purified by column
chromatography (Alox, C¥Cl,, Rf = 0.4) to yield the product as a white sold1© g, 0.36
mmol, 41 %).

'H NMR (CDClk, 500 MHz):5/ppm 8.62 (s, 2H; i), 8.52 (d,J = 7.8 Hz, 2H; HF), 8.17 (dJ =
7.8 Hz, 4H; HY, 7.99 (d,J = 7.8 Hz, 1H; ¥¥), 7.81 (d,J = 8.0 Hz, 4H; HO), 7.44 (s, 2H; FY),
3.97 (s, 6H; 9°9®) 2.74 (s, 6H; 7).

13C NMR (CDCE, 126 MHz):5/ppm 166.9 (€°°), 158.8 (%), 156.7 (C®), 155.7 (G?), 148.5
(C*1C'9), 143.5 (€9, 138.1 (CP), 130.6 (CAC'), 130.4 (G9), 127.3 (C9, 121.6 (CP),
121.54 (CP), 116.7 (CP), 52.44 (C°°H3) 24.9 (&™),

MS (El): m/z 529.2 [M] (calc. 529.2).

IR: v/em™ 3139.9 (w), 3047.3 (W), 2954.7 (w), 1712.7 (s)048 (w), 1573.8 (m), 1550.7 (m),

1388.7 (m), 1272.9 (s), 1188.1 (m), 1103.2 (s),.36w), 848.6 (w), 817.8 (m), 771.5 (m), 702.0
(m).
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UV-VIS (CHCls): Amanm €/M™ cmi*) 259 (28000), 314 (9000), 345 (2000).
4,4°-(6,6""-Dimethyl-2,2":6",2""-terpyridine-4,4""diyl) dibenzoic acid (H,L28)

HOOC COOH

LiOH (31.6 mg) dissolved in #D (0.5 ml) was added to a solutionldf7 (70.0 g, 0.132 mmol)
in THF (5 ml). The resulting mixture was heateddfiux for 12h. After being cooled to room
temperature, the pH was adjusted to 2 with 2M HQle resulting precipitate was filtered and
successively washed with,8, acetone and gD to affordL28 as a white solid (43.1 mg, 0.086
mmol, 65 %).

'H NMR (TFA-d', 250 MHz):5/ppm 8.84 (s, 2H; &), 8.73 (dJ = 7.6 Hz, 2H; H), 8.57 (m,
1H; H*®), 8.57 (d,J = 7.6 Hz, 4H; H°), 8.32 (s, 2H; "), 8.17 (d,J = 8.0 Hz, 4H; H), 3.33 (s,
6H; H°).

MS (MALDI): m/z 501.1 [M] (calc. 501.2).

IR: v/emi' 2916 (w), 1697 (s), 1605 (s), 1389 (m), 1226 1480 (m), 1111 (m), 987 (w), 848
(m), 771 (s), 694 (m).

UV-VIS (DMSO): maynm E/M ™ cmi®) 260 (11000), 318 (3400).

Anal. Calc. for GiH»3N304-6H,0: C, 61.08; H, 5.79; N, 6.89; found: C, 61.22;:530)0; N, 6.73
%.
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Dimethyl 4,4"-(6,6""-diphenyl-2,2":6",2"" -terpyridne-4,4""-diyl)dibenzoate (L29)

Dimethyl 4,4"-(E,1'E)-3,3"-(pyridine-2,6-diyl)bis(3-oxoprop-1-ene-3,iAdibenzoate (0.50 g,
1.10 mmol), phenacylpyridinium bromide (0.67 g,22mmol), and ammonium acetate (2.00 g)
were refluxed in methanol (10 ml) with 10 dropsaoétic acid for 12 h. After letting the solution
cool down to room temperature, a beige solid wisréd. This solid was purified by column
chromatography (Alox, C¥€l,) to yield the product as a white solid (0.37 & /0mmol, 52 %).

'H NMR (CDClk, 400 MHz):8/ppm 8.82 (dJ) = 1.5 Hz, 2H; §"), 8.76 (dJ = 7.8 Hz, 2H; §°),
8.24 (m 8H; H®, H?P), 8.07 (t,J = 7.8 Hz, 1H; ¥¥), 8.02 (d,J = 1.5 Hz, 2H; ®"), 7.91 (dJ =
8.5 Hz, 4H; HY), 7.56 (m, 4H; BP), 7.49 (m, 2H; ), 4.00 (s, 6H; H°°%¥).

MS (El): m/z 653.0 [M] (calc. 653.2).

IR: v/em™ 3040 (w), 2955 (w), 1713 (s), 1605 (m), 1574 (&B43 (m), 1435 (w), 1381 (m),
1273 (s), 1188 (w), 1103 (s), 1018 (w), 972 (w)7 8), 848 (m), 818 (m), 764 (s), 686 (s), 640
(m), 586 (s).

UV-VIS (CHCls): Amanm /M cm™) 265 (87000), 320 (20500).

Anal. Calc. for G3sH31N3;O4-HO: C, 76.88; H, 4.95; N, 6.26; found: C, 76.29;:304: N, 5.94
%.
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[Cu(L1)2][PFe]

[Cu(CH;CN)4J[PF¢] (18.6 mg, 0.05 mmol) dissolved in GEN (2 ml) was added to a solution of
L1 (33.6 mg, 0.10 mmol) in CHEK5 ml), and the colourless solution turned reded solid
precipitated upon addition of ether to the solutiinvas filtered and washed with water and
ether (38.1 mg, 0.04 mmol, 86 %).

'H NMR (CDCk, 500 MHz):8/ppm 8.39 (s, 4H; Bf), 7.81 (dJ = 7.4 Hz, 8H; HP), 7.70 (s, 4H:;
H°%), 7.59 (t,d = 7.3 Hz, 8H; BF), 7.54 (t,J = 7.2 Hz, 8H; H¥F), 2.40 (s, 12H; &%)

13C NMR (CDCE, 126 MHz):8/ppm 157.8 (&%), 152.3 (G%), 151.0 (¢4, 137.3 (C®), 130.1
(C*®), 129.6 (CP), 127.4 (G®), 124.2 (CY), 117.6 (CM), 25.6 (C™).

MS (ES): m/z 735.1 [M-P§ (calc.735.3).

IR: v/cm™ 3059 (w), 2959 (w), 2919 (w), 1771 (w), 1710 (08 (m), 1545 (m), 1497 (w),
1451 (w), 1432 (w), 1418 (w), 1398 (w), 1386 (w353 (w), 1259 (w), 1242 (w), 1225 (w),
1184 (w), 1028 (w), 1008 (w), 880 (w), 835 (s), §&h 762 (s), 741 (m), 690 (s), 641 (m), 627
(m).

UV-VIS (CHCl3): Ama/nm €/M™ cmit) 274 (1000), 310 (500), 352 (120), 481 (150).

E° CU'/CU (CH.CL)/V vs. Fc: +0.065 (reversible).

Anal. Calc. for GsH40CuRN4P-3.5HO-CHCN: C, 60.94; H, 5.11; N, 7.11; found: C, 60.55; H,
4.44; N, 6.84 %.

[Cu(L2)][PFé]

[Cu(CH;CN)4][PFs] (18.6 mg, 0.05 mmol) dissolved in GEN (2 ml) was added to a solution of
L2 (46.0 mg, 0.10 mmol) in CHE(5 ml), and the colourless solution turned dauk & red-
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brown solid precipitated upon addition of hexanéhi solution. It was filtered and washed with

hexane (31.1 mg, 0.027 mmol, 55 %). This complexriaently been reported [192].

'H NMR (CDCk, 400 MHz): 8/ppm 8.13 (dJ = 1.2 Hz, 4H; ’?), 7.81 (d,J = 7.8 Hz, 8H;
H?®/H?9), 7.72 (d,J = 0.8 Hz, 4H; BY), 7.62 (m, 20H; BP/H*C, H®¥/H3C, H*®/H*), 7.07 (t,J =
7.3 Hz, 4H; H®/H*), 6.96 (t,J = 7.5 Hz, 8H; B¥/HC).

MS (ES): m/z 984.0 [M-P§ (calc. 983.3).
IR: viemi® 3057 (w), 3034 (w), 2922 (w), 2853 (w), 1674 (@B04 (m), 1536 (m), 1495 (w),
1448 (w), 1434 (w), 1416 (w), 1389 (m), 1230 (W)83 (W), 1158 (w), 1108 (w), 1077 (w),

1027 (w), 1000 (w), 877 (W), 827 (s), 762 (s), T40, 691 (s), 643 (M), 625 (m).

UV-VIS (CHCls): Amadnm /M crri’) 261 (48000), 289 (35000), 332 (16000), 421 (33602
(2200).

E° CU'/CU (CH,CL,) /V vs. Fc: +0.363 (reversible).

[Cu(L3)2][PFé]

[Cu(CH;CN)4J[PFe] (10.22 mg, 0.055 mmol) dissolved in gEN (2 ml) was added to a solution
of L3 (24.8 mg, 0.055 mmol) in CHE(4 ml), and the colorless solution turned red.e4 solid
precipitated upon addition of ether to the solutiinvas filtered and washed with water and
ether (59.1 mg, 0.053 mmol, 96 %).

'"H NMR (CDCk, 500 MHz):8/ppm 8.44 (s, 4H; i), 8.24 (dJ = 7.5 Hz, 8H; ), 7.90 (dJ =
7.7 Hz, 8H; H?), 7.74 (s, 4H; BY), 3.98 (s, 12H; F°9%®) 2.41 (s, 12H; B5).

MS (ES): m/z 967.2 [M-P§ (calc. 967.3).
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IR: viem™® 2961 (w), 1713 (s), 1606 (m), 1578 (W), 1541 (&#429 (m), 1387 (w), 1275 (s), 1188
(W), 1107 (m), 1017 (m), 964 (w), 831 (s), 771 &7 (m), 701 (m), 668 (w).

UV-VIS (CHCl3): Ama/nm €M™ crri) 271 (50000), 323 (25000), 488 (4300).

E° CU'/CU (CH.CL)/V vs. Fc: +0.450 (reversible).

Anal. Calc. for GgH4sCuRsN4OsP-4H,0: C, 55.88; H, 4.86; N, 4.65; found: C, 55.77:4H.4; N,
4.45 %.

[CU(H 2L4)2]C|

L4 (0.140 g, 0.33 mmol) in water (2 ml) was warmed@®°C, and then 15 drops of 1M NaOH
solution were added. To this solution, copper(lifete [CuSQ-5H0, 0.042 g, 0.17 mmol] in
water (2 ml) was added, followed by further additiof 20 drops of 1M NaOH solution.
Ascorbic acid (0.0440 g, 0.25 mmol) in water (0.8 mas added to this solution and the
solution turned dark red. The solution pH was aeéjito 2 by addition of 1M HCI to afford a
dark red precipitate (0.142 g, 0.15 mmol, 48 %).

MS (ES): m/z 911.6 [M-P§ (calc. 911.2).

E° cd'/CU (DMSO)/V vs. Fc: -0.144 V (reversible).

[Cu(LS5)][PFé]

[Cu(CHsCN)4][PFe] (27.90 mg, 0.075 mmol) dissolved in ¢EN (1 ml) was added to a solution
of L5 (86.4 mg, 0.15 mmol) in CHEI(2 ml), and the colourless solution turned darkegr A
dark green solid precipitated upon addition of etioethe solution. It was filtered and washed
with water and ether (82.8 mg, 0.061 mmol, 81 %).
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'H NMR (CDCl, 500 MHz):3/ppm 8.29 (d, J = 8.3 Hz, 8H;’B), 8.22 (s, 4H; Ff}), 7.90 (d, J =
8.3 Hz, 8H; HP), 7.60 (d, J = 7.5 Hz, 8H;%9), 7.59 (s, 4H; &), 6.99 (t, J = 7.3 Hz, 4H;19),
6.90 (t, J = 7.5 Hz, 8H; 1), 4.00 (s, 12H; [P°¢%),

3C NMR (CDCE, 126 MHz):5/ppm 166.8 (€°°), 157.1 (&%), 153.4 (G%), 149.8 (C®IC*®),
141.3 (CP), 137.9 (G, 131.6 (C®IC*™), 130.9 (@®), 129.7 (C9), 127.77 (€9, 127.74
(C*9), 127.58 (€?), 123.1 (C%), 119.9 (&), 52.6 (C°°B).

MS (ES): m/z 1215.1 [M-PfF’ (calc. 1215.3).

IR: v/cm' 3055 (w), 2948 (w), 1712 (m), 1605 (m), 1574 (@537 (m), 1435 (m), 1386 (W),
1276 (s), 1185 (m), 1106 (m), 1015 (m), 828 (s8 @&, 734 (m), 695 (s), 553(m).

UV-VIS (CHCl3): Amanm €/M™ cmi*) 271 (100000), 337 (27000), 434 (6000), 589 (4300)
E° CU'/CU (CH.CL)/V vs. Fc: +0.40 V (reversible).

Anal. Calc. for GgHs6CuRsN4OgP-3H0: C, 64.47; H, 4.41; N, 3.96; found: C, 64.12;389:; N,
3.81 %.

[Cu(H2L6)-]ClI

L6 (0.181 g, 0.33 mmol) in water (2 ml) was warmed@®~°C, and then 15 drops of 1M NaOH
solution were added. To this solution, copper(Ulfate [CuSQ-5H,0, 0.042 g, 0.17 mmol] in
water (2 ml) was added, followed by further additiof 20 drops of 1M NaOH solution.
Ascorbic acid (0.0440 g, 0.25 mmol) in water (0.8 mas added to this solution and the
solution turned dark green. The solution pH wasistéd to 2 by addition of 1M HCI to afford a
dark green precipitate (0.179 g, 0.15 mmol, 45 %).

'H NMR: no good'H NMR could be obtained due to instability of themplex in DMSO, the

only solvent in which it is soluble.
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MS (ES): m/z 1159.5 [M-Cl](calc. 1159.3).

IR: v/iem* 3037 (w), 2921 (w), 2851 (w), 1689 (m), 1601 (1§73 (w), 1538 (m), 1381 (w),
1225 (m), 1177 (m), 1102 (m), 1015 (w), 852 (S} {§), 740 (w), 722 (m), 692 (s).

UV-VIS (DMSO): Ama/nm /M cmi) 271 (192000), 325 (37000), 435 (1500), 590 (900).
E° cd'/Cd (DMSO)/V vs. Fc: -0.050 V (reversible).

Anal. Calc. for GoH4sCICuN,Og-5H,0: C, 67.23; H, 4.55; N, 4.36; found: C, 67.33;427; N,
4.10 %.

[Cu(HL8),]Cl

L8 (0.0897 g, 0.33 mmol) in water (2 ml) was warmed®°C, and then 15 drops of 1M NaOH
solution were added. To this solution, copper(lifete [CuSQ-5H0, 0.042 g, 0.17 mmol] in
water (2 ml) was added, followed by further additiof 20 drops of 1M NaOH solution.
Ascorbic acid (0.0440 g, 0.25 mmol) in water (0.8 mas added to this solution and the
solution turned dark red. The solution pH was aeéjito 2 by addition of 1M HCI to afford a
red precipitate (0.0702 g, 0.11 mmol, 33 %).

'H NMR (methanol-8 500 MHz):8/ppm 8.54 (s, 8H; Bf, H*Y), 2.57 (s, 12H; ).

MS (ES): m/z 605.1 [M-CI-2H](calc. 605.1).

IR: v/em™ 3525 (w), 2916 (w), 1712 (m), 1581 (m), 1404 (4381 (w), 1265 (m), 1157 (s),
1095 (w), 980 (w), 956 (w), 926 (w), 848 (m), 7B), 663 (W), 578 (m), 501 (m), 463 (s), 447

(s).

UV-VIS (MeOH): Ama/nm €/M™ ci®) 214 (74400), 274 (47000), 314 (60000), 482 (8000)
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E° cd'/CU (MeOH)/V vs. Fc: +0.53 (quasireversible).

Anal. Calc. for GgH..CICuN,Og: C, 52.26; H, 3.76; N, 8.71; found: C, 52.94; H25t N, 8.62
%.

[Cu(L9)2][PFe]

[Cu(CH;CN)4J[PFe] (18.6 mg, 0.050 mmol) dissolved in GEN (2 ml) was added to a solution
of L9 (31.6 mg, 0.100 mmol) in CHE(5 ml), and the colourless solution turned redotJp
addition of ether to the solution a red solid ppéeted and it was filtered (38.8 mg, 0.046 mmol,
46 %).

'H NMR (CDCL, 500 MHz):8/ppm 8.42 (s, 4H; Bf), 7.68 (s, 8H; Ff*, H°®), 7.26 (m, 4H; EP),
6.66 (d,J = 1.4 Hz, 4H; K®), 2.29 (s, 12H; &*¥).

MS (ES): m/z 695.8 [M-P§ (calc. 695.2).

IR: viem® 3115 (w), 2949 (w), 2912 (w), 2361 (w), 2334 (WH10 (m), 1547 (m), 1489 (m),
1441 (w), 1371 (w), 1250 (w), 1221 (w), 1159 (W78 (w), 1020 (m), 937 (w), 931 (w), 885
(w), 871 (w), 835 (s), 738 (s), 704 (m), 673 (w).

UV-VIS (CH3CN): Ama/nm €/M™ cmi) 274 (67000), 289 (71000), 493 (4100).

E° CU'/Cu (CH:CN)/V vs. Fc: +0.294 (reversible).

Anal. Calc. for GoHz,.CuRsN4O4P-1H0: C, 55.91; H, 3.99; N, 6.52; found: C, 55.83;3H/7; N,
6.36 %.

[Cu(H,L10),]CI

L10 (89.7 mg, 0.33 mmol) in water (2 ml) was warmed®C, and then 15 drops of 1M NaOH
solution were added. To this solution, copper(lilfate [CuSQ-5H0, 42.0 mg, 0.17 mmol] in
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water (2.0 ml) was added, followed by further aidditof 20 drops of 1M NaOH solution.
Ascorbic acid (44.0 mg, 0.25 mmol) in water (0.3 mbhs added to this solution and it turned
dark red. The solution pH was adjusted to 2 by tamtdiof 1M HCI to afford a red precipitate
(58.3 mg, 0.09 mmol, 27 %).

'H NMR (methanol-8 500 MHz):8/ppm 8.91 (s, 4H; &), 8.12 (s, 4H; FfY), 2.32 (s, 12H;
HCH),

MS (ES): m/z 607.2 [M-CT] (calc. 607.1).

IR: v/cm™ 3180 (w), 1712 (s), 1558 (s), 1434 (m), 1388 (2®65 (m), 1218 (m) 894 (m), 763
(s), 671 (m).

UV-VIS (MeOH): Amaynm /M crri) 202 (34300), 252 (27200), 268 (25000), 319 (35400
483 (9900).

E° CU'/CU (MeOH)/V vs. Fc: +0.417 V (quasireversible).

Anal. Calc. for: GgH»4CICuN,Og-4H,0: C, 47.00; H, 4.51; N, 7.83; found: C, 47.46;:389; N,
7.90 %.

[Cu(L11)2][PFe]

[Cu(CH;CN)4J[PFe] (18.6 mg, 0.050 mmol) dissolved in @EN (2 ml) was added to a solution
of L11 (30.0 mg, 0.100 mmol) in CHEI5 ml), and the colorless solution turned red. Upo
addition of ether to the solution a red solid ppéated and it was filtered (26.7 mg, 0.033 mmol,
65 %).

'H NMR (CDClk, 500 MHz):5/ppm 8.78 (s, 4H; Bf), 8.08 (s, 4H; FY), 4.08 (s, 12H; [HPO%8),
2.30 (s, 12H; §9).
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MS (ES): m/z 663.1 [M-P§ (calc. 663.2).

IR: vicmi® 2924 (w), 2849 (w, 1956 (w), 1734 (m), 1724 (mB6Q (W), 1439 (w), 1389 (W),
1354 (w), 1294 (w), 1230 (m), 1163 (w), 993 (w)598), 839 (s).

UV-VIS (CH3CN): Amaynm €M™ cni®) 204 (90000), 241 (23000), 308 (27000), 317 (23000
495 (500).

E° CU'/CU (CH.CL)/V vs. Fc: +0.588 V (quasireversible).

Anal. Calc. for GoH3:.CuRsN4OgP-1.5H0: C, 45.97; H, 4.22; N, 6.70; found: C, 45.82,368;
N, 6.74 %.

[Cu(L14)2][PF¢]

[Cu(CH;CN)4][PFs] (18.6 mg, 0.050 mmol) dissolved in @EN (2 ml) was added to a solution
of L14 (35.2 mg, 0.100 mmol) in CHE(5 ml), and the colourless solution turned redotp
addition of ether to the solution a red solid ppéeted and it was filtered (41.0 mg, 0.045 mmol,
45 %).

'H NMR (CDCk, 500 MHz):8/ppm 8.26 (s, 4H; Bf), 7.74 (d,J = 15.8 Hz, 4H; §HCHCO9),
7.56 (s, 4H; 1Y), 6.83 (d,J = 16.0 Hz, 4H; I4"°CHC99) 3.87 (s, 12H; HO°%®) 2.26 (s, 12H;
HCH).

MS (ES): m/z 767.5 [M-P§ (calc. 767.2).

IR: v/cm 3078 (w), 2993 (W), 2955 (w), 1705 (m), 1643 (1H12 (m), 1551 (m), 1435 (m),
1281 (m), 1180 (m), 1034 (w), 980 (m), 833 (s), 4R 648 (W).

UV-VIS (CH3CN): Amadnm /M cmi®) 255 (94000), 324 (24000), 508 (4000).
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E° CU'/CU (CHsCN)/V vs. Fc: +0.331 (reversible).

Anal. Calc. for GoH4oCuRsN4OsP-3H0: C, 49.67; H, 4.79; N, 5.79; found: C, 49.29/4H.5; N,
5.71 %.

[CU(H 2L15)2]C|

L15 (113.9 mg, 0.35 mmol) in water (2.1 ml) was warned0°C, and then 16 drops of 1M
NaOH solution were added. To this solution, cogpedulfate [CuSQ-5H,0, 44.7 mg, 0.18
mmol] in water (2.1 ml) was added, followed by het addition of 21 drops of 1M NaOH
solution. Ascorbic acid (45.7 mg, 0.26 mmol) in @raf0.3 ml) was added to this solution and it
turned dark red. The solution pH was adjusted toy2addition of 1M HCI to afford a red
precipitate (58.6 mg, 0.08 mmol, 23 %).

'H NMR (DMSO-d&f, 500 MHz): 8/ppm 12.89 (s, 4H; £P°H), 8.95 (s, 4H; BfY), 7.93 (s, 4H:;
H®, 7.67 (d,J = 15.6 Hz, 4H; [§¥=CHCO%N) 7,13 (d,J = 14.9 Hz, 4H; [47=CHCOOH 218 (s,
12H; ).

MS (ES): m/z 711.5 [M-CT] (calc. 711.2).

IR: viem® 2925 (w), 2867 (w), 1705 (s), 1699 (s), 1633 (G606 (s), 1549 (s), 1429 (m), 1385
(m), 1263 (m), 1180 (s), 1032 (W), 976 (s), 856 &S (S).

UV-VIS (DMSO): Ama/nm E/M™* cm®) 260 (75000), 331 (24000), 515 (7000).
E° cd'/Cu (DMSO)/V vs. Fc: -0.122 V (reversible).

Anal. Calc. for GgHz.CICuNsOg-2.5H0-2NaCl: C, 47.54; H, 4.10; N, 6.16; found: C, 87.H,
3.82; N, 6.08 %.
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[Cu(L16)2][PF¢]

[Cu(CH;CN)4J[PFe] (84.6 mg, 0.227 mmol) dissolved in GEN (3 ml) was added to a solution
of L16 (200.0 mg, 0.455 mmol) in CHE(7ml), and the colorless solution turned dark gree
Upon addition of ether to the solution a dark grsehd precipitated and it was filtered (336.0
mg, 0.309 mmol, 68 %).

'H NMR (CD.Cl, with added KCOs;, 600 MHz):8/ppm 8.13 (s, 4H; &), 7.77 (dJ = 1.1 Hz,
4H; H®), 7.75 (s, 4H; B, 7.58 (d,J = 7.4 Hz, 8H; K9, 7.21 (dJ = 3.4 Hz, 4H; ¥®), 7.06 (t,
J=7.4 Hz, 4H; K9, 6.91 (tJ = 7.6 Hz, 8H; H°), 6.73 (dd,J = 3.3 Hz,J = 1.7 Hz, 4H; H®).

13C NMR (CD.Cl, with added KCOs;, 151 MHz):8/ppm 157.8 (&%), 153.9 (G%), 150.9 (G®),
145.7 (CP), 139.7 (&%), 138.8 (C9), 129.9 (C°), 128.1 (G, C*9), 119.2 (CY), 115.5 (CY),
113.5 (CP), 111.5 (CP).

MS (ES): m/z 943 [M-P§" (calc. 943.2).

IR: v/lem™ 3122 (w), 3058 (w), 1735 (w), 1608 (s), 1539 (1386 (m), 1453 (w), 1440 (w),
1429 (w), 1407 (w), 1371 (w), 1308 (W), 1244 (w322 (m), 1157 (w), 1076 (w), 1016 (m), 936

(W), 920 (w), 884 (m), 833 (s), 769 (), 738 (926s), 642 (M), 590 (M), 554 (S).

UV-VIS (CHCls): Amadnm /M crri’) 244 (35000), 282 (36000), 313 (48000), 432 (40B8Y
(2400).

E° CU'/CU (CH:CN)/V vs. Fc: +0.271 (reversible).

Anal. Calc. for GoH40CuFRsN4O4P-2.4H0: C, 63.62; H, 3.99; N, 4.95; found: C, 63.89/G3.4,
3.52/3.72; N, 4.92/4.79 %.

201



[Cu(H2L17),]CI

L17 (39.6 mg, 0.10 mmol) in water (0.6 ml) was warnted70°C, and then 5 drops of 1M
NaOH solution were added. To this solution, codpegulfate [CuSQ-5H,0, 12.5 mg, 0.05
mmol] in water (0.6 ml) was added, followed by het addition of 6 drops of 1M NaOH
solution. Ascorbic acid (13.2 mg, 0.075 mmol) intevg(0.1 ml) was added to this solution and it
turned dark green. The solution pH was adjuste® by addition of 1M HCI to afford a dark
green precipitate (31.1 mg, 0.035 mmol, 35 %).

'H NMR (D,0O, 600 MHz):5/ppm 8.08 (s, 4H; Bf), 6.99 (m, 12H; B}, H*%), 6.49 (m, 4H; F°),
6.40 (m, 8H; HO).

IR: v/emi® 3059 (w), 2356 (w), 1716 (s), 1608 (w), 1552 ()56 (m), 1437 (m), 1377 (m), 1296
(W), 1217 (s), 1026 (w), 999 (w), 901 (m), 841 (TG4 (s), 737 (M), 692 (S), 640 (M).

UV-VIS (H20): Ama/nm /M ™ cmi™) 296 (10000), 343 (11000), 437 (2000), 608 (1170).
E° cd'/CU (H,0)/V vs. Fc: 0.0 V (reversible).

Anal. Calc. for GgH3:CICUNsOs-1.7H0: C, 62.57; H, 3.76; N, 6.08; found: C, 62.82;3186;
N, 6.05 %.

[Cu(L18)2[PFe]

[Cu(CH;CN)4J[PF¢] (18.6 mg, 0.050 mmol) dissolved in @EN (2.0 ml) was added to a

solution ofL18 (42.4 mg, 0.100 mmol) in CHE[(5.0 ml), and the colourless solution turned
dark green. A dark green solid precipitated upagitamh of ether to the solution. It was filtered

and washed with water and ether (43.3 mg, 0.041In88¢%).

'H NMR (CDCl, 400 MHz):8/ppm 8.52 (s, 4H; Bf), 8.11 (s, 4H; B, 7.49 (dJ = 7.9 Hz, 8H;
H%9), 7.10 (t,J = 7.5 Hz, 4H; H9), 6.90 (t,J = 7.7 Hz, 8H; H9), 4.14 (s, 12H; F°°%®),
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MS (ES): m/z 911.9 [M-P§" (calc. 911.2).

IR: viem™ 3063 (w), 2955 (w), 1728 (m), 1612 (w), 1558 (@443 (w), 1373 (w), 1257 (s),
1226 (s), 1134 (w), 1072 (w), 995 (m), 910 (w), 83 764 (M), 694 (M), 640 (W).

UV-VIS (CH2Clo): Amadnm /M ci®) 300 (12000), 350 (16000), 441 (3000), 610 (2000).
E° CU'/CU (CH,CL)/V vs. Fc: +0.589 V (reversible).

Anal. Calc. for GH4oCuRsN4OgP-5H0-4.5CHCY: C, 40.28; H, 3.26; N, 3.33; found: C, 40.09;
H, 3.49; N, 3.48 %.

[Cu(L21),][PFe)

[Cu(CHsCN)4][PFs] (18.6 mg, 0.050 mmol) dissolved in @EN (2.0 ml) was added to a

solution ofL21 (47.6 mg, 0.100 mmol) in CHEI[5.0 ml), and the colourless solution turned
dark green. A dark green solid precipitated upaditemh of ether to the solution. It was filtered

and washed with water and ether (43.5 mg, 0.037 In¥B&%).

'H NMR (CDCk, 400 MHz):8/ppm 8.10 (s, 4H; &), 7.78 (d,J = 16.2 Hz, 4H; [§ECHC09

7.53 (m, 12H; B, H*), 7.11 (bs, 4H; FP), 6.92 (m, 12H; H*=°HC0° 139 3.94 (s, 12H;
HCOOCL—B)

MS (ES): m/z 1015.0 [M-P§ (calc. 1015.3).
IR: v/iem™ 2949 (w), 2924 (w), 2850 (w), 1714 (m), 1645 (WH08 (w), 1593 (w), 1580 (w),
1545 (m), 1497 (w), 1433 (m), 1402 (w), 1315 (W281 (m), 1167 (m), 1115 (w), 1074 (w),

1026 (w), 983 (W), 943 (W), 831 (s), 773 (M), 749),(694 (m), 634 (w).

UV-VIS (CH:Clo): Ama/nm /M ™ cri®) 244 (88000), 348 (23000), 420 (10000), 615 (4000)
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E° CU'/CU (CH.CL)/V vs. Fc: +0.443 V (reversible).

Anal. Calc. for GgH4sCuRsN4OsP-7.5H0O-CHCN: C, 55.67; H, 4.97; N, 5.24; found: C, 55.23;
H, 4.35; N, 5.08 %.

[CU(H 2L22)2]C|

L22 (44.8 mg, 0.10 mmol) in water (0.6 ml) was warnted70°C, and then 5 drops of 1M
NaOH solution were added. To this solution, cogpedulfate [CuSQ-5H,0, 12.5 mg, 0.05
mmol] in water (0.6 ml) was added, followed by het addition of 6 drops of 1M NaOH
solution. Ascorbic acid (13.2 mg, 0.075 mmol) intevg0.1 ml) was added to this solution and it
turned dark green. The solution pH was adjuste® by addition of 1M HCI to afford a dark
green precipitate that was washed with water (2y80.021 mmol, 31 %).

'H NMR: no good'H NMR could be obtained due to instability of th@mplex in DMSO, the

only solvent in which it is soluble.

IR: v/em™ 3053.1 (w), 2922.0 (w), 2850.6 (W), 1699.2 (s)39.8 (m), 1606.6 (m), 1597.0 (m),
1541.0 (s), 1456.2 (w), 1433.0 (w), 1398.3 (s),6.8qw), 1168.8 (m), 1074.3 (w), 1026.1 (w),
974.0 (m), 858.3 (m), 771.5 (s), 744.5 (m), 6984 (

UV-VIS (DMSO): Ama/nm €/M™ cmi™) 261 (100000), 339 (20000), 462 (1700), 630 (1000)

E° Cd'/Cu (DMSO)/V vs. Fc: -0.098 (quasireversible).

Anal. Calc. for GegHaoCICuN,Og-H,O: C, 66.33; H, 4.18, N, 5.53; found: C, 66.65;482; N,
5.12 %.

[Cu(L23),][PFé]

[Cu(CHsCN)4J[PFe] (8.16 mg, 0.022 mmol) dissolved in @EN (0.5 ml) was added to a
solution ofL23 (20.0 mg, 0.044 mmol) in CHE(2.0 ml), and the colourless solution turned red.
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A red solid precipitated upon addition of hexanehte solution. It was filtered and washed with
ether (23.9 mg, 0.021 mmol, 98 %).

'H NMR (CDCk, 400 MHz):8/ppm 8.54 (dJ = 7.3 Hz, 4H; ¥, 7.84 (dJ = 8.5 Hz, 4H; "),
4.27 (s, 16H; ™), 2.30 (s, 12H; €¥), 1.42 (t,J = 6.6 Hz, 24H; §7°F),

MS (ES): m/z 975.7 [M-P§" (calc. 975.3).

UV-VIS (CHCl3): Ama/nm €M™ crit) 254 (16000), 273 (16000), 317 (30000), 490 (5700)

[CU(H 4L24)2]C|

L24 (80.0 mg, 0.233 mmol) in water (1.4 ml) was warned0°C, and then 11 drops of 1M
NaOH solution were added. To this solution, cogpesjlfate [CuSQ-5H,0, 29.0 mg, 0.116
mmol] in water (1.4 ml) was added, turning the solu blue. This was followed by further
addition of 14 drops of 1M NaOH solution. Ascorhbicid (31.0 mg, 0.176 mmol) in water (0.2
ml) was added to this solution and it turned reak $olution pH was adjusted to 2 by addition of
1M HCI, however, no precipitate appeared. Upon tamdiof ethanol an orange-red solid
precipitates (91.3 mg, 0.116 mmol, 50 %).

'H NMR (D,0, 500 MHz):8/ppm 8.52 (d,) = 12.4 Hz, 4H; &), 7.73 (d,J = 12.0 Hz, 4H; FY),
2.23 (s, 12H; 49).

3C NMR (D:0, 126 MHz):8/ppm 158.3 (d,) = 12.0 Hz; €, 152.1 (s; &%), 146.8 (d,J =
170.4 Hz; &%), 127.0 (dJ = 6.1 Hz; %), 120.6 (d,J = 8.3 Hz; C*), 24.9 (s; €™).

3p NMR (D:O, 162 MHz):8/ppm 9.41 (ref. to 85 % 40, ats 0 ppm).

IR: viem® 3304 (bs), 2967 (W), 1633 (w), 1602 (w), 1541 (@331 (w), 1383 (w), 1331 (W),
1134 (m), 1050 (m), 912 (m), 876 (m), 736 (w), 7@}, 620 (W), 575 (s), 560(S).
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UV-VIS (DMSO): Ama/nm €/M™ cmi*) 271 (1800), 313 (2100), 324 (2000), 478 (800).

Anal. Calc. for G4H»sCICuN4O15P4-6NaOH-EtOH: C, 29.09:; H, 3.76; N, 5.22; found:28,84/
28.51; H, 3.28/3.25; N, 4.45/4.50 %.

[CU(H 2L25)2]C|

L25 (113.6 mg, 0.33 mmol) in water (2.0 ml) was warned0°C, and then 15 drops of 1N
NaOH solution were added. To this solution, coppgfate [CuSQ@ 5H,0, 42.4 mg, 0.17 mmol]

in water (2.0 ml) was added, followed by furthediéidn of 18 drops of 1N NaOH solution.
Ascorbic acid (44.0 mg, 0.25 mmol) in water (0.3 mbhs added to this solution and it turned
dark purple. The solution pH was adjusted to 2 dgiteon of 1N HCI to afford a dark purple
precipitate (34.7 mg, 0.044 mmol, 26 %). This camption was done according to a procedure

mentioned in literature. [61]

'H NMR: it was not possible to obtain a well resalvel NMR spectrum.

MS (ES): m/z 749.3 [M-CI-2H](calc. 749.1).

IR: v/cm™ 3066 (w), 2359 (W), 2334 (w, 1699 (M), 1583 (WH5& (W), 1508 (M), 1454 (w),
1394 (w), 1358 (m), 1200 (m), 1151 (m), 1103 (VB3 9w), 895 (W), 874 (w), 798 (w), 771 (m),

681 (w), 600 (m), 580 (m), 503 (m), 469(s), 413(s).

UV-VIS (MeOH:DMSO 9:1)Amadnm /M cnil) 268 (57000), 344 (24000), 358 (22000), 553
(4000).

E° cd'/Cu (DMSO)/V vs. Fc: -0.178 V (reversible)

Anal. Calc. for GgH24CICuNsOg-1.3H0: C, 59.23; H, 3.31; N, 6.91; found: C, 59.26;31532;
N, 6.78 %.
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[Cu(L26)2][PF¢]

[Cu(CHsCN)4J[PF¢] (11.4 mg, 0.031 mmol) dissolved in @EN (1.0 ml) was added to a

solution ofL26 (23.0 mg, 0.062 mmol) in CHE[(2.0 ml), and the colourless solution turned
dark purple. A dark purple solid precipitated ugmidition of ether to the solution. It was filtered
and washed with CHghnd ether (12.0 mg, 0.013 mmol, 41 %).

'H NMR (DMSO-¢, 500 MHz):8/ppm 9.51 (s, 4H; B, 8.59 (d,J = 8.1 Hz, 4H; H), 7.84 (bs,
4H; H), 7.74 (m, 4H; H), 7.54 (bs, 4H; B), 4.16 (s, 6H; I99°°®),

MS (ES): m/z 807.7 [M-P§ (calc. 807.2).

IR: v/em® 2954 (w), 1732 (m), 1709 (m), 1586 (w), 1567 (#512 (w), 1442 (w), 1360 (m),
1270 (m), 1236 (w), 1218 (w), 1156 (w), 1108 ()23 (W), 983 (W), 952 (W), 875 (w), 834 (s),
796 (M), 773 (M), 637 (W), 619 (W).

UV-VIS (DMSO): Amanm €/M™ cmi*) 272 (50000), 343 (26000), 581 (1100).

E° Cd'/Cu (DMSO)/V vs. Fc: -0.384 V (reversible).

Anal. Calc. for G4H3,CuRsN4OsP-HO-CHCE: C, 49.56; H, 3.23; N, 5.14; found: C, 49.40; H,
3.19; N, 5.39 %.
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Vil Crystallographic data

(1E,5E)-1,6-Diphenylhexa-1,5-diene-3,4-dione

Crystal data and structure refinement fdg,GE)-1,6-diphenylhexa-1,5-diene-3,4-dione.

Formula CisH14 Oz

Formula weight 262.31

Temperature [K] 173

Wavelength [A] 0.71073

Crystal system Orthorhombic

Space group Pcab

a, b, c [A] 7.13530(10), 10.0052(2), 18.7210(5)
a, B, 7, [°] 90, 90, 90

Volume [A] 1336.49(5)

z 4

Density (calc.) [g cri] 1.304

Absorption coefficient [m] 0.084

F(000) 552

Crystal size 0.26 x 0.22 x 0.01

Theta range for data collection [°] 2.176 to 30.007

Index ranges: h, k, | -910 9, -14 to 14, -26 to 25
Reflections collected 12637

Independent reflections 1944 [R(int) = 0.146]
Completeness to theta = 30.007° 99.8 %

Absorption correction Semi-empirical from equivaten
Max. and min. transmission 1.00 and 0.98

Refinement method Full-matrix least-squares or#F
Data / restraints / parameters 1132/0/91
Goodness-of-fit on & 1.1079
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Final R indices [I>2sigma(l)]

R1 = 0.0320, wR2 ©897

R indices (all data)

R1 =0.0558, wR2 = 0.0583

Largest diff. peak and hole [eH

0.25 and -0.13

(1E,5E)-1,6-Di(furan-2-yl)hexa-1,5-diene-3,4-dione

Crystal data and structure refinement fdg,GE)-1,6-di(furan-2-yl)hexa-1,5-diene-3,4-dione.

Formula G4 H10 Oy
Formula weight 242.23
Temperature [K] 173
Wavelength [A] 0.71073
Crystal system Monoclinic
Space group C2/c

a, b, c, [A] 37.4261(14), 3.7745(2), 18.0118(7)
a, B, 7, [°] 90, 118.174(2), 90

Volume [A] 2242.96(18)

z 8

Density (calc.) [g cii] 1.435

Absorption coefficient [mri] 0.106

F(000) 1008

Crystal size 0.38 x 0.10 x 0.07

Theta range for data collection [°]

3.332to 27.480

Index ranges: h, k, |

-48 to 47, -4 to 4, -23 to 23

Reflections collected

9272

Independent reflections

2556 [R(int) = 0.026]

Completeness to theta = 27.480°

99.7 %

Absorption correction

Semi-empirical from equivaten

Max. and min. transmission

0.99 and 0.99

Refinement method

Full-matrix least-squares orfF
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Data / restraints / parameters

1651/0/164

Goodness-of-fit on &

1.1377

Final R indices [I>2sigma(l)]

R1 =0.0470, wR2 ©819

R indices (all data)

R1=0.0717, wR2 = 0.0648

Largest diff. peak and hole [e3

0.16 and -0.20

6,6 -Dimethyl-4,4"-diphenyl-2,2"-bipyridine (L1)

Crystal data and structure refinement for 6,6"-diyle4,4"-diphenyl-2,2"-bipyridinelL(l).

Formula Caa Ho N2
Formula weight 336.42
Temperature [K] 223(2)
Wavelength [A] 0.71073

Crystal system Monoclinic

Space group P2i/c

a, b, c [A] 11.100(2), 7.4744(15), 11.986(2)
a, by, [°] 90, 117.27(3), 90
Volume [A’] 883.9(4)

Z 2

Density (calc.) [g cii] 1.264

Absorption coefficient [mmi] 0.074

F(000) 356

Crystal size 0.35x0.25x0.10
Theta range for data collection [°] 3.331t0 29.99

Index ranges: h, k, |

-14 to 15, -10 to 10, -1d.60

Reflections collected

17340

Independent reflections

2520 [R(int) = 0.0392]

Completeness to theta = 29.99°

97.8 %
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Absorption correction None

Refinement method Full-matrix least-squares or#F
Data / restraints / parameters 2520/0/119
Goodness-of-fit on & 1.078

Final R indices [I>2sigma(l)] R1 =0.0474, wR2 41838

R indices (all data) R1 =0.0492, wR2 = 0.1354
Largest diff. peak and hole [} 0.318 and -0.153

4,4 6,6 -Tetraphenyl-2,2"-bipyridine (L2)

Crystal data and structure refinement for 4,4" ;8&e@aphenyl-2,2"-bipyridineLQ).

Formula Csa H2a N2

Formula weight 460.55

Temperature [K] 200(2)

Wavelength [A] 0.71073

Crystal system Triclinic

Space group P-1

a, b, c [A] 10.444(2), 10.573(2), 12.728(3)
a, By, [°] 95.43(3), 102.65(3), 113.15(3)
Volume [A] 1235.1(6)

z 2

Density (calc.) [g cri] 1.238

Absorption coefficient [mmi] 0.072

F(000) 484

Crystal size 0.38x0.15x0.10

Theta range for data collection [°] 2.97 to 25.05

Index ranges: h, k, | -12t0 12,-12to 12, -15 to 15
Reflections collected 14903
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Independent reflections

4343 [R(int) = 0.0847]

Completeness to theta = 25.05°

99.1 %

Absorption correction

None

Refinement method

Full-matrix least-squares or#F

Data / restraints / parameters

4343/0/ 326

Goodness-of-fit on &

1.159

Final R indices [I>2sigma(l)]

R1 =0.0663, wR2 = 0.1471

R indices (all data)

R1 =0.0848, wR2 = 0.1573

Largest diff. peak and hole [e3

0.176 and -0.167

Dimethyl 4,4"-(6,6"-dimethyl-2,2"-bipyridine-4,4’-dyl)dibenzoate (L3)

Crystal data and structure refinement for dimeth¥l-(6,6"-dimethyl-2,2"-bipyridine-4,4"-diyl)-

dibenzoatel(3).
Formula Cog Hoa No Oy
Formula weight 452.5
Temperature [K] 173
Wavelength [A] 0.71073
Crystal system Triclinic
Space group P-1

a, b, c, [A] 3.8467(4), 11.1122(10), 13.3242(12)
o B [°] 107.904(6), 95.813(6), 94.638(6)
Volume [A] 535.39(9)

Z 1

Density (calc.) [g cii] 1.403

Absorption coefficient [m] 0.095

F(000) 238

Crystal size 0.20x 0.03x 0.01
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Theta range for data collection [°]

1.620 to 31.727

Index ranges: h, k, |

-5to 5,-16 to 15, -19to 19

Reflections collected 7553
Independent reflections 3452 [R(int) = 0.049]
Completeness to theta = 25.064° 99.0 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

1.00 and 1.00

Refinement method

Full-matrix least-squares orfF

Data / restraints / parameters

1572/0/ 154

Goodness-of-fit on &

1.1233

Final R indices [I>2sigma(l)]

R1 =0.0531, wR2 = 0.0468

R indices (all data)

R1=0.1423, wR2 = 0.118

Largest diff. peak and hole [e}

0.39 and -0.26

4,4"-Di(furan-2-yl)-6,6"-dimethyl-2,2"-bipyridine (L9)

Crystal data and structure refinement for 4,4 eolgh-2-yl)-6,6"-dimethyl-2,2"-bipyridine_0).

Formula Coo His N2 O2
Formula weight 316.36
Temperature [K] 173
Wavelength [A] 0.71073
Crystal system Orthorhombic
Space group Pcab

a, b, c [A] 6.51940(10), 12.1847(2), 19.5707(3)
o By, [°] 90, 90, 90

Volume [A] 1554.64(4)

Z 4

Density (calc.) [g crii] 1.352

Absorption coefficient [m] 0.089

213




F(000)

664

Crystal size

0.21x0.16 x 0.04

Theta range for data collection [°]

2.081 to 27.868

Index ranges: h, k, |

-8to0 8, -16 to 16, -25t0 25

Reflections collected

13630

Independent reflections

1855 [R(int) = 0.071]

Completeness to theta = 27.868°

100.0 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

1.00 and 0.99

Refinement method

Full-matrix least-squares orfF

Data / restraints / parameters

1101/0/ 109

Goodness-of-fit on &

1.1205

Final R indices [I>2sigma(l)]

R1 = 0.0408, wR2 = 0.0349

R indices (all data)

R1 =0.0641, wR2 = 0.0416

Largest diff. peak and hole [e}

0.24 and -0.21

6,6 -Dimethyl-2,2"-bipyridine-4,4"-dicarboxylic acd (H,L10)

Crystal data and structure refinement for 6,6"-dimpe2,2”-bipyridine-4,4"-dicarboxylic acid

(H,L10).

Formula G4 Hi12 Nz Oy

Formula weight 272.26

Temperature [K] 173

Wavelength [A] 0.71073

Crystal system Triclinic

Space group P-1

a, b, c, [A] 3.8591(6), 8.1105(11), 10.6066(16)
o B[] 73.344(9), 84.983(7), 77.881(10)
Volume [A] 310.83(8)

214




Z 1
Density (calc.) [g crii] 1.454
Absorption coefficient [m] 0.109
F(000) 142

Crystal size

0.41x0.17 x 0.02

Theta range for data collection [°]

2.005 to 27.893

Index ranges: h, k, |

-5t0 5, -10to 10, -13to 13

Reflections collected

2789

Independent reflections

1468 [R(int) = 0.030]

Completeness to theta = 27.335°

99.7 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

1.00 and 0.98

Refinement method

Full-matrix least-squares orfF

Data / restraints / parameters

1461/0/91

Goodness-of-fit on &

1.0397

Final R indices [I>2sigma(l)]

R1 =0.0513, wR2 = 0.0870

R indices (all data)

R1=0.0834, wR2 =0.1174

Largest diff. peak and hole [e3

0.46 and -0.34

Dimethyl 6,6"-dimethyl-2,2"-bipyridine-4,4"-dicarbaxylate (L11)

Crystal data and structure refinement for

dicarboxylate I(11).
Formula CsHg N O,
Formula weight 150.15
Temperature [K] 200(2)
Wavelength [A] 0.71073
Crystal system Triclinic
Space group P-1
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a b, c, [A]

3.9139(8), 9.1945(18), 11.050(2)

a, By, [°] 113.18(3), 92.60(3), 96.02(3)
Volume [A] 361.90(13)

z 2

Density (calc.) [g cii] 1.378

Absorption coefficient [m] 0.100

F(000) 158

Crystal size 0.65x 0.38 x 0.05

Theta range for data collection [°] 3.73t0 27.49

Index ranges: h, k, |

-5to 5,-11to0 11, -14 to 14

Reflections collected

11231

Independent reflections

1634 [R(int) = 0.1384]

Completeness to theta = 27.49°

98.5 %

Absorption correction

None

Refinement method

Full-matrix least-squares or#F

Data / restraints / parameters

1634 /0/102

Goodness-of-fit on &

1.104

Final R indices [I>2sigma(l)]

R1=0.0613, wR2 = 0.1680

R indices (all data)

R1 =0.0650, wR2 = 0.1721

Largest diff. peak and hole [e3

0.400 and -0.254

4,4"-Di(furan-2-yl)-6,6"-diphenyl-2,2"-bipyridine (L16)

Crystal data and structure refinement for 4,4 eolgh-2-yl)-6,6"-diphenyl-2,2"-bipyridind_{6).

Formula Cso Hao N2 O,
Formula weight 440.50
Temperature [K] 200(2)
Wavelength [A] 0.71073
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Crystal system

Trigonal

Space group

R-3

a, b, c [A] 33.495(2), 33.495(2), 5.1499(3)
o B,y [°] 90, 90, 120

Volume [A%] 5003.7(5)

Z 9

Density (calc.) [g crii] 1.316

Absorption coefficient [m] 0.083

F(000) 2070

Crystal size

0.07 x 0.08 x 0.40

Theta range for data collection [°]

2.432 to 26.060

Index ranges: h, k, |

-37t041,-40t041,-6t05

Reflections collected

21185

Independent reflections

2084 [R(int) = 0.050]

Completeness to theta = 25.017°

94.9%

Absorption correction

Semi-empirical from equivaten

Max. and min. transmission

0.99 and 0.99

Refinement method

Full-matrix least-squares or#F

Data / restraints / parameters

2064/0/155

Goodness-of-fit on &

1.0180

Final R indices [I>2sigma(l)]

R1 =0.0375, wR2 9854

R indices (all data)

R1=0.0773, wR2 = 0.0800

Largest diff. peak and hole[e'#]

0.33 and -0.30

6,6"-Diphenyl-2,2"-bipyridine-4,4"-dicarboxylic acd (HsL17)

Crystal data and structure refinement for 6,6 -dipit-2,2"-bipyridine-4,4"-dicarboxylic acid

(HaL17).

Formula

Cso Hig F9 N2 Ogp
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Formula weight 738.47

Temperature [K] 173

Wavelength [A] 0.71073

Crystal system Triclinic

Space group P-1

a, b, c [A] 9.0489(7), 9.8221(8), 17.5416(13)
o B [°] 93.451(5), 98.501(5), 95.971(5)
Volume [A%] 1529.1(2)

z 2

Density (calc.) [g cii] 1.604

Absorption coefficient [m] 0.155

F(000) 748

Crystal size 0.31x0.03x0.01

Theta range for data collection [°]

2.291to 31.013

Index ranges: h, k, |

-13to 13, -14 to 14, -22%0

Reflections collected

33221

Independent reflections

9445 [R(int) = 0.075]

Completeness to theta = 25.121°

99.4 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

1.00 and 1.00
Refinement method Full-matrix least-squares orfF
Data / restraints / parameters 4614 /192 /505
Goodness-of-fit on & 1.2854

Final R indices [I>2sigma(l)]

R1 = 0.0833, wR2 9638

R indices (all data)

R1 =0.1798, wR2 = 0.0966

Largest diff. peak and hole [}

0.62 and -0.62
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Dimethyl 6,6"-diphenyl-2,2"-bipyridine-4,4"-dicarboylate (L18)

Crystal data and structure refinement for

dicarboxylate I(18).
Formula C26 H20 N2 O4
Formula weight 424 .44
Temperature [K] 173(2)
Wavelength [A] 0.71073
Crystal system Monoclinic
Space group P2(1)h
a, b, c, [A] 8.2099(16), 5.8537(12) , 21.526(4)
a, By, [°] 90, 91.77(3), 90
Volume [A7] 1034.0(4)
z 2
Density (calc.) [g cr] 1.363
Absorption coefficient [m] 0.093
F(000) 444
Crystal size 0.65x0.30 x 0.03
Theta range for data collection [°] 2.63 to 25.05

Index ranges: h, k, |

-9to 9, -6t0 6, -25t0 25

Reflections collected

27377

Independent reflections

1806 [R(int) = 0.2309]

Completeness to theta = 25.05°

99.6 %

Absorption correction

None

Refinement method

Full-matrix least-squares orfF

Data / restraints / parameters

1806/ 0/ 145

Goodness-of-fit on &

1.199

Final R indices [I>2sigma(l)]

R1=0.0747, wR2 = 0.1870

R indices (all data)

R1 =0.0811, wR2 = 0.1935

Largest diff. peak and hole [e3

0.308 and -0.227
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Tetraethyl 6,6"-dimethyl-2,2"-bipyridine-4,4"-diyldiphosphonate (L23)

Crystal data and structure refinement for tetrdeti®y6 -dimethyl-2,2"-bipyridine-4,4’-

diyldiphosphonatel23).
Formula CioHisNOs P
Formula weight 228.20
Temperature [K] 223(2)
Wavelength [A] 0.71073
Crystal system Monoclinic
Space group P2,/n
a, b, c, [A] 8.3712(17), 14.754(3), 9.992(2)
a, By, [°] 90, 101.38(3), 90
Volume [A7] 1209.9(4)
Z 4
Density (calc.) [g cr] 1.253
Absorption coefficient [m] 0.215
F(000) 484
Crystal size 0.25x 0.25 x 0.03
Theta range for data collection [°] 2.50 to 25.05

Index ranges: h, k, |

-9t09,-17t017,-11to 11

Reflections collected

11795

Independent reflections

2114 [R(int) = 0.0720

Completeness to theta = 25.05°

98.9 %

Absorption correction

None

Max. and min. transmission

0.9936 and 0.9481

Refinement method

Full-matrix least-squares orfF

Data / restraints / parameters

2114/0/139

Goodness-of-fit on &

1.106

Final R indices [I>2sigma(l)]

R1=0.0773, wR2 = 0.2049

R indices (all data)

R1=0.0851, wR2 =0.2121

220




Largest diff. peak and hole [e3

0.576 and -0.263

[Cu(L1)][PFg]-2CHCI3

Crystal data and structure refinement for [C6][PFe]-2CHCk.

Formula CaoH1 ClsCuR Ng P
Formula weight 1000.76
Temperature [K] 173

Wavelength [A] 0.71073

Crystal system Monoclinic

Space group C2lc

a, b, c, [A] 38.2782(6), 11.3237(2), 23.1019(4)
o By [°] 90, 111.0190(9), 90

Volume [AY] 9347.3(3)

Z 8

Density (calc.) [g crii] 1.422

Absorption coefficient [m] 0.736

F(000) 4096

Crystal size 0.50x 0.34 x 0.04

Theta range for data collection [°]

3.213 to 28.029

Index ranges: h, k, |

-50 to 50, -14 to 14, -30 to 30

Reflections collected

74125

Independent reflections

11270 [R(int) = 0.102]

Completeness to theta = 28.029°

99.6 %

Absorption correction

Semi-empirical from equivaken

Max. and min. transmission

0.97 and 0.78

Refinement method

Full-matrix least-squares orfF

Data / restraints / parameters

7422 1220/618
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Goodness-of-fit on &

1.2358

Final R indices [I>2sigma(l)]

R1 = 0.0588, wR2 = 0.0562

R indices (all data)

R1=0.0921, wR2 = 0.0710

Largest diff. peak and hole [}

1.18 and -0.74

2{[Cu(L2)2[PF¢]}-Et20

Crystal data and structure refinement for 2{[C2);][PF]}-Et.0.

Formula Ci40H106 Clb F12 Ng O B

Formula weight 2333.45

Temperature [K] 173

Wavelength [A] 0.71073

Crystal system Triclinic

Space group P-1

a, b, c [A] 14.5978(3), 15.4344(3), 16.5702(3)
o B[] 72.8454(9), 66.0782(8), 65.5164(11)
Volume [A%] 3069.48(10)

Z 1

Density (calc.) [g cii] 1.262

Absorption coefficient [m] 0.445

F(000) 1206

Crystal size 0.14 x 0.10 x 0.06

Theta range for data collection [°]

1.726 to 27.469

Index ranges

-18to 18, -20 to 20, -21 to 21

Reflections collected

26435

Independent reflections

14029 [R(int) = 0.019]

Completeness to theta = 27.469°

99.8 %

Absorption correction

Semi-empirical from equivalents
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Max. and min. transmission

0.97 and 0.96

Refinement method

Full-matrix least-squares orfF

Data / restraints / parameters

8926 /1373 / 889

Goodness-of-fit on &

0.9952

Final R indices [I>2sigma(l)]

R1 =0.0607, wR2 = 0.0678

R indices (all data)

R1 =0.0955, wR2 = 0.0952

Largest diff. peak and hole [}

1.21 and -0.45

2{[Cu(L5)][PFe]}-2Et,0-CHClI3

Crystal data and structure refinement for 2{[Cai);][PFs]}-2Et,O-CHCE.

Formula Ge1Hi314Cl, Clp F12 Ng O1 P,
Formula weight 2956.80

Temperature [K] 173

Wavelength [A] 0.71073

Crystal system Triclinic

Space group P-1

a, b, c, [A] 16.94240(10), 17.19080(10), 25.3573(2)
o B [°] 94.1593(4), 95.4456(4), 97.4474(4)
Volume [A%] 7263.08(8)

Z 2

Density (calc.) [g crii] 1.352

Absorption coefficient [m] 0.436

F(000) 3060

Crystal size 0.43 x 0.08 x 0.06

Theta range for data collection [°] 1.771to0 27.472

Index ranges: h, k, | -21to 21, -22 to 22, -32to 32
Reflections collected 65037
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Independent reflections

33247 [R(int) = 0.018]

Completeness to theta = 27.472°

99.9 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.97 and 0.97

Refinement method

Full-matrix least-squares orfF

Data / restraints / parameters

21034 /112 /1942

Goodness-of-fit on &

1.1298

Final R indices [I>2sigma(l)]

R1 = 0.0488, wR2 ©878

R indices (all data)

R1=0.0772, wR2 = 0.0496

Largest diff. peak and hole [}

1.44 and -0.72

4[Cu(H,L8)(HL8)]-3H,0

Crystal data and structure refinement for 4[Ci@)(HL8)]-3H.0.

Formula C112 Ho2 Cy N1g Ozs
Formula weight 2476.23
Temperature [K] 173

Wavelength [A] 0.71073

Crystal system Monoclinic

Space group C2/c

a, b, c, [A] 19.3405(4), 19.6142(4), 15.5801(3)
o By, [°] 90, 114.0211(9), 90
Volume [A] 5398.43(19)

z 2

Density (calc.) [g cii] 1.523

Absorption coefficient [m] 0.871

F(000) 2544

Crystal size 0.37x0.17 x 0.09
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Theta range for data collection [°]

1.764 to 27.479

Index ranges: h, k, |

-2510 25, -25 to 25, -20 to 20

Reflections collected

45813

Independent reflections

6190 [R(int) = 0.033]

Completeness to theta = 27.479°

99.9 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.92 and 0.81

Refinement method

Full-matrix least-squares orfF

Data / restraints / parameters

6126 /38 /411

Goodness-of-fit on &

1.0816

Final R indices [I>2sigma(l)]

R1 = 0.0439, wR2 9154

R indices (all data)

R1 = 0.0548, wR2 = 0.0824

Largest diff. peak and hole [e3

0.82 and -0.99

[Cu(L9)][PFé]

Crystal data and structure refinement for [()¢][PFe).

Formula GoHz2CuRNsOs P
Formula weight 841.23
Temperature [K] 173

Wavelength [A] 0.71073

Crystal system Triclinic

Space group P-1

a b, c [A] 8.9016(2), 10.9570(3), 19.0865(4)

a B s ] 81.7240(10), 81.0490(10), 88.7430(10)
Volume [A] 1819.78(8)

Z 2

Density (calc.) [g cm] 1.535
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Absorption coefficient [mm] 0.724
F(000) 860
Crystal size 0.26 x0.11 x 0.03

Theta range for data collection [°]

2.034 to 32.510

Index ranges: h, k, |

-13to 13, -16 to 16, -28 to 28

Reflections collected

61611

Independent reflections

13054 [R(int) = 0.051]

Completeness to theta = 31.535°

99.5 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.98 and 0.92

Refinement method

Full-matrix least-squares orfF

Data / restraints / parameters

7298 / 35/ 505

Goodness-of-fit on &

1.1057

Final R indices [I>2sigma(l)]

R1 = 0.0378, wR2 ©408

R indices (all data)

R1 =0.0715, wR2 = 0.0594

Largest diff. peak and hole [e3

0.43 and -0.43

[Cu(L11)2][PFe]

Crystal data and structure refinement for ICLL),][PFg].

Formula G2 H32Cu ks Ny Og P
Formula weight 809.14
Temperature [K] 173

Wavelength [A] 0.71073

Crystal system Monoclinic

Space group P2i/c

a b, c, [A]

10.8110(2), 20.0824(4), 16.3507(3)

a, ﬁ! Vs [o]

90, 98.6805(10), 90
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Volume [A7]

3509.25(12)

Z 4

Density (calc.) [g crii] 1.531

Absorption coefficient [mm] 0.755

F(000) 1656

Crystal size 0.49 x 0.07 x 0.02

Theta range for data collection [°]

1.906 to 27.084

Index ranges: h, k, |

-13to 13, -25 to 23, -20 to 20

Reflections collected

24693

Independent reflections

7729 [R(int) = 0.044]

Completeness to theta = 27. 084°

100.0 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.99 and 0.95

Refinement method

Full-matrix least-squares or#F

Data / restraints / parameters

4831 /676 /469

Goodness-of-fit on &

1.1628

Final R indices [I>2sigma(l)]

R1 = 0.0505, wR2 = 0.0564

R indices (all data)

R1 =0.0890, wR2 = 0.0779

Largest diff. peak and hole [e3

0.80 and -0.58

Nag[Cu(L17)]

Crystal data and structure refinement fog[iSa(L17),).

Formula

Cas.50 H29.50CU Na Nag O10.25

Formula weight

964.80

Temperature [K] 173
Wavelength [A] 0.71073
Crystal system Triclinic
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Space group

P-1

a, b, c, [A] 13.1609(7), 14.4017(9), 14.6202(8)
o B [°] 84.622(3), 69.111(3), 72.106(3)
Volume [A7] 2463.3(3)

Z 2

Density (calc.) [g cii] 1.301

Absorption coefficient [m] 0.529

F(000) 985.000

Crystal size 0.50 x 0.14 x 0.02

Theta range for data collection [°]

1.491 to 27.825

Index ranges: h, k, |

-17to 17,-18 to 18, -19%0

Reflections collected

21446

Independent reflections

11594 [R(int) = 0.052]

Completeness to theta = 27. 825°

99.5 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.99 and 0.93

Refinement method

Full-matrix least-squares orfF

Data / restraints / parameters

6862 /1076 /721

Goodness-of-fit on &

1.0093

Final R indices [I>2sigma(l)]

R1 = 0.0614, wR2 9680

R indices (all data)

R1 =0.1090, wR2 = 0.0991

Largest diff. peak and hole [e3

0.74 and -0.52

[Cu(L18)2][PFe]

Crystal data and structure refinement for [ICL),][PFg].

Formula

Cs2 Hao Cu s N4 Og P

Formula weight

1057.42
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Temperature [K] 173
Wavelength [A] 0.71073
Crystal system Monoclinic
Space group P21

a, b, c [A] 12.2744(17), 15.957(2), 12.816(2)
o B [°] 90, 112.687(7), 90

Volume [A] 2315.9(6)

z 2

Density (calc.) [g crii] 1.516

Absorption coefficient [m] 0.592

F(000) 1084

Crystal size 0.37x0.12 x 0.08

Theta range for data collection [°]

1.798 to 30.386

Index ranges: h, k, |

-12to 17, -22 to0 22, -18%0

Reflections collected

38661

Independent reflections

13741 [R(int) = 0.072]

Completeness to theta = 29.778°

99.8 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.95 and 0.93

Refinement method

Full-matrix least-squares orfF

Data / restraints / parameters

7416/ 294 | 686

Goodness-of-fit on &

1.2975

Final R indices [I>2sigma(l)]

R1 =0.0434, wR2 = 0.0492

R indices (all data)

R1 =0.0836, wR2 = 0.0716

Largest diff. peak and hole [e3

0.53 and -0.70

Nag[Cu(H ,L24),]-150

Crystal data and structure refinement fog[Sa(H,L24),]-150.
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Formula

Cos H22.50Cu Ny Nag Oo7 Py

Formula weight

1067.36

Temperature [K] 173(2)
Wavelength [A] 0.71073
Crystal system Monoclinic
Space group P2i/c

a, b, c, [A] 18.421(4), 22.244(4), 12.080(2)
a, By, [°] 90, 105.96(3), 90

Volume [A%] 4759.4(16)

Z 4

Density (calc.) [g cr] 1.490

Absorption coefficient [m] 0.708

F(000) 2154

Crystal size 0.35x0.20 x 0.03

Theta range for data collection [°] 2.48 to 27.50

Index ranges: h, k, |

-23 10 23, -28 to 28, -15to 15

Reflections collected

53626

Independent reflections

10909 [R(int) = 0.1945]

Completeness to theta = 27.50°

99.9 %

Absorption correction

None

Refinement method

Full-matrix least-squares orfF

Data / restraints / parameters

10909 /14 / 636

Goodness-of-fit on &

1.158

Final R indices [I>2sigma(l)]

R1 =0.0689, wR2 = 0.1849

R indices (all data)

R1=0.0773, wR2 = 0.1912

Largest diff. peak and hole [e3

1.449 and -1.593
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