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Summary

Summary
In this thesis, multiple aspects of the reductive half reaction of the artificial photosynthesis scheme
developed in our group were investigated. The tricarbonyl rhenium(I) platform was used as model
system to study the influence of additional nitrogens in the diimine system on the photophysical
properties of the photosensitizer. The aim was to improve the absorption behaviour of the dye while
maintaining crucial excited state properties. The pyridazine sub-unit was identified as a promising
candidate standing out amongst the subunits investigated in terms of improved absorbance and excited
state deactivation behaviour. These findings could lead to the development of new MLCT-based
photosensitizer with diimine ligands allowing for increased quantum yields in dye-sensitized solar
conversion schemes.
In a next project, ReI-base photosensitizers are employed as self-assembled monolayers with the aim to
study electron injection from a PS into a metal alloy through an isolating tunnelling layer. For this,
[ReX(diimine)(CO)3]-type complexes featuring different anchoring groups either on the diimine or the
axial ligand are developed, as well as a method to coat the air-sensitive model-substrate. The formed
heterostructures, which consist of molecular dyes coated on an insulating alumina thin films on a NiAl
alloy, are characterized and binding modes of the different PS identified. Additionally, the alignment of
the dye’s frontier orbitals with the underlying substrate is investigated. Results show monolayer
formation and the integrity of the immobilized species as well as a passivation effect of the coating
layer. Furthermore, the alignment of the bands is shown to be suitable for electron injection, which is
a prerequisite for future time-resolved electron transfer studies.
In homogeneous proton reduction schemes, ascorbate has been serving as reductive quencher for both
[ReX(diimine)(CO)3]0/+-based and [Ru(diimine)3]2+-based systems under aqueous conditions. Upon
introduction of TCEP, which is able to recover the oxidized form of ascorbate, its role as sacrificial
electron donor changed to the role as electron relay, shuttling electrons from TCEP to the excited
photosensitizer. Due to limited reversibility and lack of tuneability, quinone-based redox pairs are
investigated as new electron relays. For the first time, the recycling of the oxidized form by TCEP is
reported yielding H2 evolution under purely aqueous conditions in a homogeneous proton reduction
system. This is a further step towards connecting the two half-reactions to a full artificial
photosynthesis system. Kinetic studies help elucidating the reaction cycle and identifying the
processes responsible for the low photon-to-hydrogen quantum efficiency.
The main doctorial project focuses on the immobilization of functional molecules on metal oxide
surfaces, which enables architectural control over the design of a system. For this purpose, a benzylic
linker platform is developed featuring one, two or four phosphonate anchoring groups, which were
utilized to derivatize polypyridyl ligands. With this, water reduction catalysts for surface
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immobilization are accessible and the stability of the obtained hybrid materials are investigated,
showing that at least two phosphonate anchoring moieties are necessary to afford stable composites
under acidic conditions. Competitive binding of ascorbate and TCEP to the metal oxide surfaces is
identified as the main reason for catalyst bleaching under photocatalytic conditions.
In a next step, WRC and PS were co-immobilized on different metal oxide surfaces. The binary
composites are employed in a system with solution-base electron donor. Photocatalytic proton
reduction experiments are conducted, and the results rationalized with kinetic studies. It is
demonstrated that the dominant effect of co-immobilized PS and WRC in the investigated system is
non-productive queening of the excited PS by the WRC, significantly reducing the cage escape yield
of the reductive quenching process. The results of this study give further implications for future
system designs, which includes dismissal of solution-based quencher in favour of electron supply by
the underlying metal oxide substrate to achieve unidirectional electron transfers from the surface to
the protons in solution.
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differential puls
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diazine

ED

electron donor

ER

electron relay
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diethyl ether
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ethyl acetate
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ethanol

FA

formic acid

FMO

frontier molecular orbital

H2 Q

hydroquinone

HOMO

highest occupied molecular orbital

HV

high vacuum

(i-Pr)2O

diisopropyl ether

KOtBu

potassium tert-butylate

LC

liquid chromatography

LFP

laser flash photolysis

LUMO

lowest unoccupied molecular orbital

MeCN

acetonitrile

MeOH

methanol
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methyl nicotinate

mPAbpy
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mPEbpy

4,4’-bis(diethoxyphosphorylmethyl)-2,2’-bipyridine

Ms2O

methanesulfonic anhydride

MTBE

methyl tert-butyl ether
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pyridazine
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pm
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triethyl phosphite
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photosensitizer

p-TsCl

p-toluenesulfonyl chloride

pXyl-dBr

1,4-bis(bromomethyl)benzene, p-xylylene dibromide

pXyl-dCl

1,4-bis(chloromethyl)benzene, p-xylylene dichloride

pydz

pyridyl-diazine

pym

2-bipyrimidine

pz

pyrazine

Q

quinone

SED

sacrificial electron donor

SM

starting material

sat.

saturated

TBMB

1,3,5-tris(bromomethyl)benzene

TCEP

tris(2-carboxyethyl)phosphine

TCEPO

tris(2-carboxyethyl)phosphine oxide

TEA

triethylamine

TMS-Br

trimethylsilyl bromide

TPPO

triphenylphosphine oxide

TPy

[2,2’-bipyridin]-6-yldi(pyridine-2-yl) methanol

vPA

vinylphosphonic acid

vPE

diethyl vinylphosphonate

WRC

water reduction catalyst
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1.

Introduction

As Lewis and Nocera stated in their perspective about powering the planet in 2007: “The supply of
secure, clean, sustainable energy is arguably the most important scientific and technical challenge
facing humanity in the 21st century.” [1] At first sight, the statement appears to be rather over-dramatic,
however, when looking at the numbers about today’s energy consumption, anticipated future energy
needs, CO2 emissions rates and atmospheric CO 2 concentrations over the last 60 years, the accuracy
of the above statement becomes apparent.
Today’s world, countries, industries, economies and the ever-anticipated growth of the latter have
been, are and will always be driven by energy, with the vast majority supplied by non-renewable,
fossil fuels. Since 1971, the world total primary energy consumption has more than doubled from
6’097 Mtoe (megaton of oil equivalent), which corresponds to 2.55 × 1020 J, to 13’972 Mtoe
(5.8 × 1020 J, Figure 1).[2] With increasing world population as well as increasing energy consumption
in emerging economies such in Asia, Africa and South America, it is estimated that energy demand
will further increase at least by 25% until 2040 compared to the level of 2017. [2,3]

Figure 1: World1 total primary energy supply (TPES) by source given in unit of Mtoe. [1] World includes international
aviation and international marine bunkers. [2]In these graphs, peat and oil shale are aggregated with coal. [3] Includes
geothermal, solar, wind, tide/wave/ocean, heat and other sources.[2]

Even though alternative energy sources are on the rise all over the world, it is projected that 80% of
the global energy supply in 2040 will still be covered by fossil fuels and with this retain the status
quo.[2] In 2018, the amount of CO2 released into the Earth’s atmosphere by combustion of fossil fuels
was a staggering 32.8 Gt (3.28 × 1013 kg)[2] reaching a record peak of atmospheric CO 2 concentration
of 416 ppm in May 2019, whereas pre-industrial level was averaging at 280 ppm atmospheric CO 2.
While in the late 1950’s the rate of increase was 0.7 ppm per year, in the last 10 years a rate of increase
of 2.1 ppm/year was measured (Figure 2).
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Figure 2: Keeling curve showing atmospheric CO 2 concentrations in ppm from 1958–2019.[4]

The cumulative emission of anthropogenic CO 2 in the atmosphere is roughly proportional to globalmean temperature increase and with this to climate change. [5] In 2015, the global community signed
the Paris agreements, whose central aim is to strengthen the global response to the threat of climate
change employing measures to keep a global temperature rise well below 2 °C compared to preindustrial levels and to pursue efforts to keep the temperature from rising above 1.5 °C. [6]
A report from K. Anderson at the University Uppsala calculated the remaining CO 2 budget, which
should not be exceeded if the global-mean temperature rise should stay within the goals of the Paris
Agreements. To stay within the 1.5 °C temperature limit with a chance of 33%, the remaining carbon
budget from 2020 on is 398 Gt CO 2, which will be depleted in 9.5 years with the current rate of
emission. On the other hand, staying within the 2 °C temperature limit with a chance of 66% results
in a CO2 budget of 548 Gt, which would be used up in 13.3 years at the current rate. [7] These figures
highlight the urgency of the issue and stress that new measures and efforts are required immediately.
The energy sector alone accounts for ¾ of the global CO 2 emissions,[2] and therefore, by increasing
the shares of renewable energy sources, the world can be shifted towards a low-carbon future and
global climate goals could be met to prevent devastating effects on the ecosystems of our planet. [2]
The growing demand for energy and the urgency of non-fossil-based sources has initiated a great
scientific effort to develop new strategies towards renewable energy. [1,8–10]From all considered energy
sources – wind, solar, geothermal, hydropower, biomass, fission and fusion power – solar energy
delivers the largest amount of energy to be harvested with the energy flow of 120’000 TW
electromagnetic irradiation reaching the earth’s surface. [11] By covering 0.16% of the Earth’s land
(Figure 3, red squares) with solar panels exhibiting a 10% efficiency, 20 TW of solar energy could
be harvested, which exceeds the current total power usage of 18.5 TW. [11] Solar energy has great
potential as a clean, abundant and economical energy source; however, it must be captured and
converted into a chemical fuel, which can be stored and transported to be deployed where and when
it is needed, due to the intermittency of solar irradiation. [11]
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Figure 3: Production of 20 TW of power would require covering 0.16 % of Earth’s
land (red squares) with 10%-efficient solar panels.[7]

Today, around 70 Mt of H2 is produced for industrial processes, 76% by steam reforming of natural
gas, 23% by gasification of coal and only 2% by electrolysis. [12] To generate sustainable fuels for a
post-fossil age, solar-light-driven generation of hydrogen (H2) as energy carrier from H2O using earthabundant materials is considered as one of the key processes. [1,8] In terms of mass energy density, H2
presents an excellent fuel exhibiting the highest specific energy of combustion (energy/mass), but
since it is a non-condensable gas – except at very low temperatures – the volume energy density
(energy/volume) is less compelling, [13] limiting the use of H2 for certain applications such as
transportation. However, the chemical energy stored in H 2 can be efficiently converted to electricity
by an air-breathing fuel cell,[14] or H2 can be used as a substrate for established industrial processes to
afford carbon-based fuels[15] such as methane from the Sabatier reaction or gasoline from FischerTropsch synthesis.[16,17]
In recent years, biohybrid systems were developed, in which non-photosynthetic bacteria in
bioreactors are feed with H2 from electrochemical water splitting driven by photovoltaics. The
microorganism are designed to convert the primary energy carrier H 2 into e.g. isobutanol or pentanol
with astonishing efficiencies. [18] Alternatively, biological systems are under development for the
production of synthetic fuels by engineering the metabolism of photosynthetic microorganisms, taking
advantage of nature’s optimized photosynthesis process to obtain gaseous or liquid energy carriers.
Most work focuses on H2 or ethanol production with quite good energy efficiencies, however, systems
can be optimized towards long-chain alcohols and alkanes and therefore give access to carbon-based
fuels in bioreactors.[19]
Inspired by nature, many artificial photosynthetic systems following the basic principles of natural
photosynthesis have been developed in the past decades to produce chemical fuels driven by sunlight.
This process, Artificial Photosynthesis, is the overarching topic of this thesis.
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1.1.

Solar Energy to Chemical Fuels

The goal of artificial photosynthesis is to mimic the ability of natural systems to utilize solar light to
drive thermodynamically unfavourable reactions to afford high-energy chemicals. In natural
photosynthesis, the energy is stored in hydrocarbons involving reduction of atmospheric CO 2
(Equation 1), whereas in artificial systems, the key reaction is the splitting of H 2O into O2 and H2, in
which the latter serves as energy storage molecule (Equation 2).[13] Even though Equation 2 is not the
only possible energy storing reaction in artificial photosynthesis, it is certainly the least complex
reaction. [13]
E q u a tio n 1

Equation 2

Since the 1970’s, several lab scale devices for photochemical water splitting based on materials have
been introduced, many of them consisting of solar cells connected with electrodes for electrolysis. A
different type of device are so called integrated systems, also known as photoelectrochemical (PEC)
cells, which are comprised of one or two semiconducting electrodes, where photoinduced charge
separation and redox-reaction occur at the same interface.[20] While devices from abundant materials
usually suffer from poor long-term stability, high efficiency devices usually employ noble metals as
well as expensive and often toxic materials for charge separation. Even though these examples – as
the artificial leaf of Dan Nocera from MIT (Scheme 1, left and middle) – do not present scalable
solutions, they demonstrate the feasibility of this approach and in some cases even show high energy
conversion efficiencies.[20–23]

Scheme 1: Illustration of a wireless PEC cell known as “the artificial leaf” as example for a macroscopic device (left)
and a photo thereof (middle)[21] as well as an example for a microscopic device consisting of co-catalysts on lightabsorbing nanoparticles (NPs) for catalysis as particle solution. [24]

Not only macroscopic devices were explored, but also suspensions of nanoparticles modified with cocatalysts (Scheme 1, right), since they were projected to be a cost-competitive solution for the capture,
conversion and storage of solar energy. [24] Concerning large scale practical systems for renewable H 2
generation, heterogeneous electrocatalytic and photoelectrocatalytic materials will be a central
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technology.[14] However, molecule-based systems for homogeneous catalysis bear the advantage that
catalysts can exhibit much higher activity and selectivity compared to heterogeneous catalysts and
offer precise tunability by molecular engineering. Furthermore, mechanistic investigations of
homogeneous systems deliver much more information about the investigated catalytic cycles, since
intermediate species of the involved components can be identified spectroscopically, and their
formation and disappearance followed. With this, bottle necks of the investigated systems can be
recognized, facilitating the development of improved systems.

1.2.

Molecular Artificial Photosynthesis

1.2.1. Half-Reactions and Sacrificial Agents
In research of molecular artificial photosynthesis, the two half-reactions ‒ water oxidation (Scheme
2, left) and proton reduction (Scheme 2, right) ‒ are usually studied individually due to the complexity
a full system would bring, avoiding undesired back- and side-reactions.[8,25,26] In this way, the involved
components, light absorber or photosensitizer (PS) and water oxidation catalyst (WOC) or water
reduction catalyst (WRC), of the respective half-reactions are optimized separately to improve the
performance and efficiency of the investigated half-reaction, with the final goal of combining them
to a full photocatalytic water splitting system.

Scheme 2 Most common photocatalytic water oxidation scheme with a PS as light absorber, a water oxidation catalyst
(WOC) and a sacrificial acceptor (SEA, left). Most common water reduction scheme with a photosensitizer, a water
reduction catalyst (WRC) and a sacrificial electron donor (SED, right).

For a half-reaction to work on its own, sacrificial agents are employed delivering electrons or holes
to substitute the complementing half-reaction. In reductive half-reactions, sacrificial electron donors
(SEDs) such as triethanolamine (TEOA), triethylamine (TEA) or ascorbate (Asc.) supply the
necessary reducing equivalents to the system, [27,28] whereas on the oxidative side, persulfates (S2O82-)
serve as the most common sacrificial electron acceptors (SEAs) delivering the required oxidizing
equivalents to be able to study the systems. [29]
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1.2.2. Electron Shuttles: towards a complete Artificial Photosynthesis Scheme
In most half-reaction schemes in artificial photosynthesis (Scheme 2), the photosensitizer interacts
directly with the sacrificial agents. [30] However, since full systems will not involve sacrificial agents,
it is much more interesting to include an additional component in the respective half-reactions, which
is likely to be present in a full system supplying the hole/electrons to the photosensitizer. Introducing
so-called electron shuttles or relays between the sacrificial agent and the respective half-reaction
(Scheme 3) presents a first step towards linking the oxidative and reductive sides to a full water
splitting system. The idea of using such components is not new, yet examples in literature are rather
rare.[26,31,32]

Scheme 3: Oxidative (upper) and reductive (lower) half-reaction schemes involving electron relays (ERs)
as a next step towards a full artificial photosynthesis system.

In natural photosynthesis, the oxygen-evolving centre (OEC) and photosystem II (PSII), is connected to
the reductive side consisting of photosystem I (PSI) and NADP+ reductase, via the electron transport
chain. All these components together form the Z-scheme of natural photosynthesis (Scheme 4), which
is mimicked particularly well in the artificial approach.[33] The electron transport chain is comprised of
several components whereof after reduction, the first stable, non-radical intermediate is the
plastoquinone B (Scheme 5, QB). In nature, quinones (Q) and hydroquinones (H2Q) are not only used as
redox couple in photosynthesis but are also commonly employed as redox mediators (cellular
respiration, photosynthesis, blood coagulation).[34] Therefore, the use of a quinone based electron relay
is quite intuitive. This concept was already introduced in the 1980s and quinones and hydroquinones
were investigated as excited state quenchers.[35–37] However, due to the lack of working systems, it seems
to be rather difficult to incorporate quinone-based relays in an artificial system. The only known
example in literature is the system of Ohno and co-workers,[38] in which the half-reactions in two
separate aqueous compartments are connected via an organic layer containing the relay. With this, the
electrons and protons are shuttled from the water oxidation to the proton reduction side.
6
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Scheme 4: Schematic representation of natural photosynthesis with oxygen-evolving complex (OEC), lightharvesting units PSII and PSI connected by the electron transport chain and NADP+ reductase.[30].

Scheme 5: Components of the electron transport chain: pheophytin (Pheo), plastoquinone (Q B), cytochrome b 6f complex
(Cyt b6f) and plastocyanin (PC).

Quinone-based redox couples are very interesting and promising for some reasons: They present a large
class of compounds – e.g. 1,2-quinones, 1,4-quinones, 1,4-naphthoquinones and 1,4-anthraquinones –
exhibiting reduction and oxidation potentials covering a wide range (Figure 4). [34,39] Moreover, these
compounds feature reversible two-electron two proton reductions and oxidations with defined chemical
species.[40] In comparison to ascorbate (Asc.), which has been successfully employed as electron relay
in our group, the properties of these compounds such as redox potentials and solubility can be tuned
readily by varying substituents at the benzene ring.[34,39] The semiquinone radical species – singly
reduced quinone or singly oxidized hydroquinone ‒ are stable due to conjugation and therefore
decomposition of the radical species is prevented.[41] Previous investigations showed that transition
metal-based photosensitizer such as tricarbonyl rhenium type PS and [Ru(bpy) 3]2+ PS are reductively
quenched by H2Qs and oxidatively quenched by Qs.[35,42]
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Figure 4: One electron reduction potentials of the Q-form of the corresponding compound class in DMSO using DFT
calculations (yellow).[34] One electron oxidation potentials of the H 2Q-form of the corresponding compound class in
DMSO using DFT calculations (blue). [39]

1.2.3. Dyes as Light Harvesting Units
The light absorbing component in photocatalytic systems is responsible for creating an electron-holepair. While the electron is transferred to the system’s reducing part, the hole recombines with an
electron from an electron donor or in an ideal case of a full artificial photosynthesis system is passed
on to the oxidative half-reaction. To act as a viable photosensitizer, four prerequisites must be
fulfilled: first absorbance in the visible range; secondly excited state lifetime () of at least several
nanoseconds to undergo diffusion controlled reactions; thirdly appropriate energy of the triplet excited
state to allow reductive or oxidative quenching as well as reaction with a catalyst; and fourthly all PS
intermediates must be stable on the respective timescales. [43]
The most frequently used PS in reductive as well as oxidative half reactions is [Ru(bpy)3]2+ (Scheme
6, I), but since the beginning of this field, many noble metal containing PS featuring polypyridyl
ligands have been developed, all being potent reductants and/or oxidants in their excited states, usually
with metal-to-ligand-charge-transfer (MLCT) bands involving long living triplet excited states. Such
complexes include many variations of Ru II-tris(bipyridine) and bis(terpyridine) compounds (Scheme
6, I/II),[44,45] tricarbonylrhenium diimine derivatives (III)[28,46,47], PtII-bipyridine or terpyridine
acetylide complexes (Scheme 7, IV/V)[48] and RhIII-bipyridine as well as heteroleptic, cyclometallated
IrIII-phenylpyridine (ppy) derivatives (VI).[49,50] However, most of these organometallic chromophores
have in common that they suffer from low absorbance, instability during prolonged irradiation times
and the use of noble metals. [13] A major new development involves semiconducting materials as
described by Eisenberg et al. by employing water-soluble CdSe quantum dots (QDs) as light absorbers
for photocatalytic H2 generation in water.[13]
8
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Scheme 6: RuII- and ReI-based photosensitizer with I being the most commonly used.

Scheme 7: Examples for noble-metal photosensitizers.

To move away from precious-metal sensitizers, some groups have started to employ organic dye
sensitizers, for instance xanthene derivatives, which show excellent photophysical properties. [51]
Fukuzumi and co-workers have demonstrated H2 formation using acridinium-mesityl based PS
(Scheme 8, VII), whereas Eisenberg et al. applied fluorescein-based dyes (VIII) as well as heavyatom rhodamine analogues (IX) to their system, the latter being more robust in terms of
decomposition. Photo-instability and limited absorption range are the main drawbacks of organic dye
sensitizers.[52]

Scheme 8: Examples for organic photosensitizers: acridinium-mesityl compound (IV), fluorescein-based
dye (V) and heavy-atom rhodamine analogue (X = S, Se) (VI).

Another strategy to avoid rare metals in photosensitizers is the utilization of 3d elements. Already in
the early days of the field, biomimetic systems such as porphyrins and metalloporphyrins were
investigated for possible application as PS, since nature employs chlorophylls as light harvesting
units.[53,54] However, most of the porphyrin containing systems were of heterogeneous character, since
they were combined with colloidal Pt as catalyst or even adsorbed on platinized TiO 2 or zeolite[55–57].
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In 2014, the first example for a truly homogeneous photosystem I mimic was reported, in which a
water soluble Zn-porphyrin was employed as PS (Scheme 9, X).[58] Other promising compounds for
light absorption are CuI-phenanthroline derivatives (Scheme 9, XI and XII) exhibiting a high energy
excited state with lifetime of up to 2.8 s. [59–62]

Scheme 9: Earth-abundant-metal photosensitizers.

1.2.4. [ReX(CO)3diimine]-based Light-Harvesting Complexes as Spectroscopic Probes
In 1941, first literature records concerning the synthesis and reactivity of [Re IX(diimine)(CO)3]0/+type complexes (X = Cl –/ Br–/ I–, diimine = o-phenanthroline/ bpy) were published by H. Fuchs and
W. Hieber and the extraordinary stability of these compounds towards heat, solvent and acids were
described.[63] The synthesis of [ReII(CO)3bpy] was reported by G. Wilkinson and E. W. Abel in 1959,
whereas first records about ground and excited state electron transfer processes of [ReCl(CO) 3phen]
were published by M. S. Wrighton et al. in 1978. In the same paper, also low temperature charge
transfer (CT) emissions of [ReX(CO) 3(3-benzoylpyridine)2] and the ability to reduce and oxidize a
series of quenchers were demonstrated. [64] In 1974, it was already correctly predicted that the lowest
transitions in tricarbonylrhenium diimine complexes corresponds to a charge transfer from a rheniumbased HOMO (d(Re)) to a diimine-based LUMO (*(diimine)) followed by formation of a triplet
state, from which the emission takes place. [65]
With these initial findings, ReI-diimine complexes attracted a lot of research interest and served as a
model system for studying the fundamentals of photochemistry and photophysics. [66] Additional
advantages of this complex group is the tunability of its ligand sphere and the fact, that emission and
lifetime could be monitored by standard techniques. Detailed studies contributed to the development
of a model for radiative and non-radiative deactivation of excited states together with the energy gap
law (EGL).[66–76] Due to the strong environmental sensitivity of the emission, [Re IX(diimine)(CO)3]0/+type complexes have been applied to monitor polymerisations,[77] to label[78] and photo-cleave DNA[79]
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or nucleobases.[80] Further application as luminescent sensors, [81] non-linear optical materials, [82]
optical switches[83] or as catalyst in photocatalysis [46,84] were envisioned.
As early work demonstrated, the excited states of [Re IX(diimine)(CO)3]0/+-based complexes are good
reductants and oxidants and are sufficiently long-lived (ns–s) to undergo diffusion-controlled
electron transfer reactions, properties already known for [Ru(bpy)3]2+-type complexes. Even though
[ReX(CO)3diimine]0/+-type complexes exhibited a higher stability toward photochemical ligand loss
compared to the ruthenium derivatives, their application in light-energy conversion was less popular
due to limited stability of their reduced or oxidized forms, which is a prerequisite for a reversible
photosensitizer.[85] However, this reversibility is just as dependent on the axial and bidentate ligands
as the redox potentials, the lifetime or the character of the CT – MLCT, ligand to ligand charge transfer
(LLCT), transition from the metal–axial ligand -bonding orbital to the diimine ligand (*) or
intraligand (diimine) * (IL) transfer – and therefore the charge separation. [85]
In our group, [ReX(CO) 3diimine]0/+-type complexes have been employed as photosensitizers for
photocatalytic H2 generation due to their photostability and efficient charge separation. [28,46,47] The
ligand-sphere of the {Re(CO) 3}-core has been derivatized extensively to investigate and improve the
photophysical properties of [Re IX(diimine)(CO)3]0/+-type complexes.[43,86] However, the main
advantage of ReI-complexes as PS over the most frequently used [Ru II(bpy)3]2+-PS is most obvious
when it comes to mechanistic investigations. In FTIR spectra, the most prominent bands are the
carbonyl vibrations between 1900 and 2050 cm -1 originating from the three CO ligands. They give
rise to one symmetric stretch vibration of all CO ligands at around 2025 cm -1 and two antisymmetric
stretch vibration only involving the two equatorial CO ligands, which often overlap yielding a broad
band around 1930 cm-1.[26] Since the CO bands are very sensitive to changes of the electron density at
the Re-centre due to -back bonding from occupied 5d orbitals, they are ideal spectroscopic handles
to investigate the photocycle of a [Re I(X)(diimine)(CO)3]-type PS using time-resolved transient IRspectroscopy.[26]

1.2.5. Molecular Proton Reduction Catalysts
Compared to heterogeneous catalysts, molecules have the great advantage that their electronic, steric
and geometric properties can be tuned. With this, molecular catalyst have the potential to be fast and
more selective, as it is demonstrated by enzymes. [87] About 35 years ago, first literature reports on
multi-component systems for photocatalytic proton reduction emerged employing molecular PS and
colloidal platinum was WRC. [88] Around the same time, the first purely homogeneous system was
reported by Sutin and Lehn, also using [Ru(bpy)3]2+ as PS but a molecular macrocyclic CoII-complex
as WRC.[89,90] Inspired by nature, researchers designed new catalysts by trying to mimic the active
sites of hydrogenases and with this to reproduce the hydrogen evolving mechanism. The aim was to
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develop an efficient and stable catalytic system, which is only based on earth abundant elements. [91]
The effort to mimic active sites of hydrogenases lead to the development of a huge library of
hydrogenase-analogues (Scheme 10) based on nickel and iron. [92,93]

Scheme 10: Examples of structural model systems for hydrogenases: (A) First [NiFe] hydrogenase model
with a bridging hydride between the metals. [94] (B) DuBois catalyst, bioinspired by [NiFe] and [FeFe]
hydrogenase.[95] (C) Thiadithiolate bridging diiron complex as [FeFe] hydrogenase analogue. [96]

However, mimics of cobalamin, another important natural enzyme, which is the cobalt-containing
vitamin B12, showed to be among the most efficient molecular catalysts for proton reduction. [28]
Corresponding analogues, known as cobaloximes, were developed by Schrauzer as B 12 mimics[97] and
first catalytic activity as WRC was reported by Ziessel and co-workers in 1983[98]. Cobaloxime and
derivatives (Scheme 11, E/F) were studied intensively by Fontecave et al.[99,100] and the group of
Eisenberg[51,101,102] and were shown to belong to the most active H 2 evolving catalyst known, due to
their low overpotentials, alongside with hydrogenase inspired DuBois catalysts (Scheme 10, B).[103]

Scheme 11: Vitamin B12 (D) and the general structure of cobaloxime [Co II(dmgH)2L2] (E)[91] and an example for a mimic
thereof, such as [Co II(DOHpyr)Br]+ (F)[28]. (Pictures reprinted from the respective publication.)

A new class of cobalt-diimine catalysts, Co-polypyridyl complexes, which was pioneered by Krishnan
et al. in 1981,[104] has attracted a lot of attention in recent years since its rediscovery in 2005 by
Goldschmidt and co-workers,[50] which lead to the development of numerous new WRC, of which a
few examples are shown in Scheme 12.[93,105]
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Scheme 12: First Co-polypyridine catalyst (G)[104], a tetrapyridine derivative (H),[106] and [CoBr(aPPy)]+ (I) developed
in our group.[107] Structure reprinted from literature. [93]

For a catalyst to be a good WRC, it needs to fulfil certain requirements: good long-term stability under
catalytic conditions and high activity. The former is quantified by measuring the turnover number per
WRC (TONWRC) in catalysis experiments and the latter by the turnover frequency per WRC (TOFWRC).
An additional parameter is the overpotential, describing the difference between the actual potential at
which the catalyst produces hydrogen and the thermodynamic reduction potential of water. It was
shown by Artero and Savéant, that the overpotential and TOF are related. [103] Whereas cobaloxime
derivatives (Scheme 11) and DuBois catalysts (Scheme 10, B) are known to exhibit very low
overpotentials and TOF,[91,105,108,109] but suffer from low long term stability. [27,28] Co-polypyridylbased WRC, on the other hand, have a good long-term stability but were shown to have a rather high
overpotential.[110–112]
Efforts to incorporate synthetic catalysts as active centres in enzyme frameworks have emphasized
the importance of the environment on the performance of the catalyst, which lead to further research
to understand the role of the protein matrix.

[113]

Furthermore, the derivatisation of the second

coordination sphere of metalorganic catalysts has attracted increasing attention, since it was
demonstrated that it plays a vital role in the catalytic cycle for instance as proton relay and therefore
influencing the kinetics significantly. [114]

1.3.

Immobilization of Molecular Species

The efficiency of homogeneous photocatalysis can be significantly hampered by unproductive backelectron transfer (bET) processes. [26,41] Since the employed components are dissolved in solution and
are able to diffuse freely, all reduced and oxidized species can potentially interact with each other
leading to bET reactions. A theoretical energy diagram based on the Z-scheme of artificial
photosynthesis[33] involving a WOC, WRC, two photosensitizers and an electron relay (see Scheme
13) nicely illustrates the situation. In the simplest scenario, there are six specific electron transfer
processes (indicated by the green arrows), which must occur consecutively until the electron ends up
at the WRC, after being extracted from H 2O by the WOC. Only after two protonation steps of the

13

Introduction
WRC and an additional electron, the electrons are safely stored in H 2. However, any bET processes
(indicated in red) reduce and diminish the photon-to-hydrogen quantum yield of the system.

Scheme 13: Illustration of a full homogeneous artificial photosynthesis system. Green arrows: productive
forward reactions. Red arrows: possible non-productive back-electron transfer (bET) processes.

With other words, the already low maximal quantum yield of the reductive half-reaction (<7.3 %) will
be decreased by at least one order of magnitude in a full system, lowering the efficiency even further.
This simple thought experiment highlights the main challenge of a full homogeneous artificial
photosynthesis setup. In natural photosynthesis, the electron of the electron-hole-pair created by
photoexcitation of PSII followed by charge separation, is passed on through the electron transport
chain to the PSI, while the hole combines with an electron of the oxygen evolving complex (OEC)
(Scheme 4). This leads to a stepwise oxidation of the nicely isolated reaction centre of the OEC
resulting in an efficient charge separation due to spatial separation of the reactive components and a
directional architecture, with which bET processes are basically diminished. [33]
To introduce control over the architecture in a molecular system, the different components can be
crafted to surfaces by means of functional groups serving as anchor moieties. By employing linkers
of different sizes, the respective component can be placed at a specific distance to the surface allowing
the introduction of a directional architecture. Figure 5 shows a theoretical dye-sensitized
photocathode with a PS close to the surface for efficient hole injection and a WRC more exposed to
solution for facilitated access to protons. In literature, many examples featuring macro-molecular
systems with covalently connected dye-catalyst structures are known exploiting the same principle of
directional architecture.[115] Furthermore, immobilization of molecules on surfaces leads to much
higher local concentrations of the electron transfer partners compared to solution and therefore to
shorter intermolecular distances, which results in significantly higher charge transfer rates. [116]
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Figure 5: Illustration of a theoretical photocathode with a directional architecture. PS close to the
electrode for efficient hole injection and WRC more exposed to the solvent for facilitated access to
protons.

Many different functional groups can be employed to immobilize molecules, depending on the choice
of substrate and under which conditions the formed hybrid material should be stable. [117] Since in this
project the substrates of choice were metal oxides due to their wide range of properties – isolating
(e.g. Al2O3, ZrO2), semiconducting (e.g. TiO2, NiO) and conducting (e.g. ZnO, In2O3)[118] – as
potential electrode materials or isolating support, phosphonates were utilized as anchoring groups,
which are known to show good stability on oxides surfaces under acidic conditions (pH < 7). [119–122]
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1.4.

Goals of the Thesis

In previous work, a series of [Re INCS(diimine)(CO)3]-type complexes with pyridyl-diazines and
bidiazines as diimine ligand were successfully synthesized and characterized.[123] As expected, the
lowest unoccupied molecular orbitals (LUMOs) were lowered in all complexes due to the additional
nitrogens in the diimine system inducing a bathochromic shift of the MLCT band. The effect of the
additional nitrogens on photophysical measures such as lifetime () and emission quantum yield (em)
were further investigated to find a correlation between the position in the diimine ligand and the
radiative and non-radiative excited state decay rates kr and knr.
Based on the previously developed chemistry, [Re I(X)(diimine)(CO)3]-type complexes should be
synthesized for surface applications on metal oxides. The aim was to have a molecular surface probe
in hand, which can be utilized to study molecule-substrate interactions, surface bound moleculemolecule interactions as well as electron transfer dynamics between involved reaction partners. For
this, different ReI-based photosensitizer should be equipped with carboxylic acid or phosphonic acid
anchoring groups on either the diimine ligand or the axial ligand X.
Preliminary hydrogen evolution experiments demonstrated the feasibility of quinone-based electron
shuttles in proton reduction schemes. The main goal of the quinone project was to identify a series of
efficient quinone-based electron relays (ER), study the relay-photosensitizer interaction (quenching
processes), relay-SED interaction (relay regeneration) as well as the overall performance in
photocatalytic proton reduction as a function of substituents.
Investigated homogenous proton reduction half-reactions showed to be limited by unproductive backelectron transfer (bET) reactions due to free diffusion of all components of the system. The aim of the
immobilization project was to develop a modular anchoring platform, which can be utilized to
immobilize already optimized molecular catalysts without tempering with the electronic properties of
the catalyst’s ligand system. Furthermore, after immobilization of the WRC-platform-construct on
metal oxide substrates, the stability of respective hybrid material should be investigated and its
performance in H2 evolution experiments studied.
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2.

Results and Discussion

Chapter 2.1 gives an overview over the synthetic work carried out in the scope of this thesis involving
the preparation of various [ReX(diimine)(CO) 3]0/+-type complexes for surface applications featuring
diimine and axial ligands with carboxylate and phosphonate anchoring groups. Furthermore, the
development and synthesis of a benzylic anchoring platform is discussed, its polypyridine derivatives
as well as cobalt complexes thereof. In chapter 2.2, the photophysical investigations on the
[ReINCS(diimine)(CO)3]-model system bearing pyridyl-diazine and bidiazine ligands are described
and the influence of nitrogen position on excited state decay rates discussed. In chapter 2.3, the
preparation and characterization of a hybrid system consisting of Re I-PS self-assembled monolayer
(SAM) on an aluminium oxide (Al 2O3) isolating layer on a NiAl alloy substrate is described as well
as the band alinement of the molecule’s frontier orbitals with underlying substrate bands discussed to
evaluate its potential as electron-tunnelling model. In chapter 2.4, the role of hydroquinones/quinones
as electron relays is discussed and the mechanism of a quinone-based proton reduction system
featuring [Re(py)(bpy)(CO) 3]+ as PS, [CoBr(TPy)]+ as WRC, H2Qs as relay and TCEP as SED is
described. The immobilization of polypyridyl-benzyl-phosphonates on metal oxides treated in chapter
2.5 involving method development, different immobilization strategies, stability of the obtained
hybrid materials under aqueous and near-catalytic conditions, as well as H2 evolution experiments of
a semi-heterogenized system with WRC on particles and PS, relay and SED in solution. In the last
chapter (2.6), a WRC-PS co-immobilized system is investigated by time-resolved transient IR and
UV-vis methods to study electron transfer processes upon excitation. The investigated system is
composed of a ReI-PS featuring phosphonate anchoring groups and a bispodal Co II-polypyridinebased WRC.
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2.1.

Synthesis

2.1.1. Synthetic Routes to [ReX(diimine)(CO) 3]-type Complexes
In this section, general preparation methods to afford Re I-based photosensitizer are discussed, which
have been employed to obtain the dyes synthesized in the scope of this thesis. After introduction of
the general procedures, the preparations of the individual target complexes are discussed. The target
photosensitizers serve as model systems for surface applications.

2.1.1.1 General Preparation Methods for [ReX(diimine)(CO) 3]0/+-type dyes
The ReI-derivatives synthesized in the course of this thesis can be divided in three sets of
[ReX(diimine)(CO)3]-type complexes (Scheme 14). While the first intermediate in most of the
preparations is the bromide complex (X = Br), target compounds are usually thiocyanate (NCS) or
pyridine (py) complexes. The advantage of the former is its stability towards ligand substitution under
normal conditions[84] and its well-established chemistry[46,47,84,86,124], while [Re(py)(diimine)(CO) 3]+type complexes are water soluble, show considerably increased excited state lifetimes  compared to
their bromide or thiocyanate derivatives and also its chemistry is also well described.[28,124,125] The
introduction of pyridine as axial ligand however, results in a hypsochromic shift of the charge transfer
(CT) band yielding an absorption more in the near UV-region.[124]

Scheme 14: Three major ReI-derivatives discussed in this section: bromide (I),
pyridine (II) and thiocyanate derivatives (III).

The [ReBr(diimine)(CO)3]-type complexes (I) are commonly synthesized from [ReBr(CO)5] (1)
either directly or indirectly via (NEt4)2[ReBr3(CO)3] (Scheme 15). After the formation of [ReBr(CO) 5]
(1) from treatment of [Re 2(CO)10] with bromine at low temperature (step 1), in the direct route, the
pentacarbonyl precursor is heated to reflux in the presence of the diimine ligand to exchange two CO
ligands with the desired bidentate ligand (step 2), which is very reliable for electron rich, stronger donating diimines. The indirect route, on the other hand, involves first the substitution of two CO
ligands by bromides to obtain (NEt4)2[ReBr3(CO)3] (2), which is then converted to the desired
bromide-diimine complex.[126] For this, [ReBr(CO) 5] is treated with NEt4Br in diglyme at 115 °C to
afford 2 (step 2a), from which the diimine complex is obtained by treatment with the respective
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diimine ligand in MeOH at 23 °C (step 2b).[43,84] Apart from milder reaction conditions and in general
shorter reaction times, the second pathway benefits from the fact that (NEt4)2[ReBr3(CO)3] (2) reacts
readily with weaker -donating ligands, where the scope of the direct route is limited.

Scheme 15: Synthesis of [ReBr(diimine)(CO)3] (I) from [Re2(CO)10] either
only via the pentacarbonyl complex 1 or additionally via 2.

In literature, the exchange of axial bromide is usually accomplished by precipitation of its silver salt
in a first step, leading to formation of the corresponding solvent complex [Re(solv)(CO)3diimine]+
(Ia) with solv = solvent (Scheme 16, step 3), which is then treated with the desired axial ligand, e.g.
pyridine, to obtain the respective complex (II, Scheme 16, step 4).[84] In this manner,
[ReIX(diimine)(CO)3]0/+-type complexes are accessible whether X is a strongly or weakly
coordinating ligand. Published procedures usually employ an equimolar amount of Ag-salt (AgOTf,
AgPF6) to precipitate the halide and after removal of the silver precipitate, the desired axial ligand is
introduced by stirring the Ia in the presence of the target ligand in a methanolic solution under reflux
conditions.[84,125]

Scheme 16: General reaction scheme to afford the pyridine complex II via precipitation of the silver
halide as well as the thiocyanate complex III by using a silver-free procedure.

For the synthesis of thiocyanate complexes, an alternative strategy was pursued to circumvent the
tedious removal of residual silver. The procedure is based on a silver-free procedure of Takeda and
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co-workers,[127] in which the bromide complex is treated with large excess of NaSCN in MeOH at
65 °C giving the desired N-coordinated thiocyanate derivative. This method works best for target
complexes featuring an overall neutral charge, since the excess thiocyanate salt can be removed in a
facile manner by extraction. This strategy was developed in my undergraduate work, from which a
series of [ReNCS(diimine)(CO)3] (diimine = pyridyl-diazines and bidiazines) were obtained, whose
photophysical properties were further investigated and are discussed in section 2.2.

2.1.1.2 Synthesis of Photosensitizer Featuring Carboxylic Acid Anchoring Groups
Molecular systems have great potential for applications in dye-sensitized solar cells[128,129] for electric
power generation and in dye-sensitized photoelectrochemical (PEC) cells for energy conversion and
storage.[115,130,131] Robust anchoring of the dye molecules is crucial to ensure their stable coupling to
the substrate such as metal oxide surfaces and to enable the transport of charges between molecules
and substrate.[132] For this, ReI-based dyes featuring either nicotinic acid (Nic) in the axial position (7)
or 2,2′-bipyridine-4,4′-dicarboxylic acid (CAbpy) as diimine ligand (10) were targeted. The
carboxylic acids of [Re(Nic)(bpy)(CO)3]+ (7) and [ReNCS(CAbpy)(CO)3] (10) (Scheme 17) serve as
anchoring moiety for covalent binding onto a metal oxide surface.

Scheme 17: Rhenium photosensitizes with carboxylic acid anchoring groups for covalent surface binding.

As described above for pyridine complexes, the nicotinic acid complex ( NicRebpy) is accessible from
the corresponding solvent complex 4, which is obtained from the pentacarbonyl precursor (1) in two
steps. The two intermediates [ReBr(bpy)CO)3] (3) and [ReI(H2O)(bpy)(CO)3]+ (4) were prepared from
[ReIBr(CO)5] (1) according to adapted literature procedures and spectroscopic data are in agreement
with the corresponding literature [124,133,134] Very briefly: [ReBr(bpy)(CO)3] (3) was prepared from
[ReBr(CO)5] (1) according to the direct strategy described above, in which 1 was treated with 1.1 eq.
of 2,2-bipyridine (bpy) using a microwave (MW) procedure, with which reaction times were cut
significantly. The reagents were stirred at 150 °C for 20 min and after isolation and washing with
hexane and MTBE, the product 3 was isolated as a bright yellow solid in 93% yield (Scheme 18, step
1).
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Scheme 18: Synthetic route to the solvent complex 4 from the pentacarbonyl precursor 1 via the bromide complex 3.

By stirring 3 in the presence of 1.1 eq. AgOTf in MeOH at 23 °C under exclusion of light (Scheme
18, step 2), full precipitation of AgBr occurred. After removal of the silver salt by filtration, the
methanolic product solution was additionally filtered over basic AlO x to remove residual traces of
silver. Refluxing in H2O and lyophilization of the solution gave pure solvent complex 4, which was
isolated in a yield of 67% as a yellow-orangish solid.[84]
Since nicotinic acid (Nic) could potentially coordinate via the pyridine-nitrogen or the oxygen of the
carboxylic acid, methyl nicotinate (mNic) was employed, which can be deprotected in a subsequent
step to afford the desired complex (7). Therefore, complex 4 was treated with an excess of 25 eq.
mNic in MeOH at 68 °C (Scheme 19, step 3a) and product formation was confirmed by UPLC-MS.
After isolation, pure [ReI(mNic)(bpy)(CO)3]OTf (6) obtained by crystallization from CH2Cl2 in a
yield of 77%. The obtained crystals were suitable for single crystal X-ray analysis, from which a
crystal structure was obtained (Figure 6, left).

Scheme 19: Reaction scheme for the synthesis of [Re(mNic)(bpy)(CO)3]OTfs (6) and
[Re(Nic)(bpy)(CO)3]OTfs (7) from [Re(H2O)(bpy)(CO)3] (4).

Ester hydrolysis of 6 under basic conditions resulted in exchange of the axial ligand. However, direct
coordination of the Nic was achieved. By stirring [ReI(H2O)(bpy)(CO)3]OTf (4) with excess nicotinic
acid in an aq. solution of 0.2 % triflic acid (HOTf) to keep the carboxylic acid protonated at 98 °C,
the desired product was formed, which was confirmed by UPLC-MS. After isolation and extraction,
pure nicotinic acid complex 7 was obtained in 93% yield. Crystallization from MeOH yielded a single
crystal suitable for X-ray analysis, from which the corresponding crystal structure was obtained
(Figure 6, right).
The crystal structures of the methyl nicotinate (6) and nicotinic acid complex (7) clearly show the
coordination of the pyridyl-derivative in the axial position via the nitrogen. The triflate counterion is
present in both structures indicating protonation of the carboxylic acid in 7, which yields an overall
positively charged Re-complex.
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Figure 6: Molecular structures of [Re(mNic)(bpy)(CO)3]OTfs (6) (left) and [Re(Nic)(bpy)(CO) 3]OTfs
(7) (right) drawn as thermal ellipsoids at the 40% probability level.

The synthesis of [ReNCS(CAbpy)(CO) 3] (10) was achieved in three steps via the direct procedure
described above, in which [ReBr(CO)5] (1) was stirred with equimolar amounts of dimethyl 2,2′bipyridine-4,4′-dicarboxylate (CMEbpy) in MeOH at 150 °C for 20 min using a microwave procedure
(Scheme 20, step 1). Formation of the product was confirmed by IR, UPLC-MS, 1H NMR and the
crude product was purified by crystallization from CH 2Cl2 to give pure bromide complex 2 in 92 %
yield. The axial ligand was exchanged according to the modified procedure of Takeda et al. (Scheme
20, step 2), in which the bromide complex (2) was treated with a ten-fold excess of NaSCN at 75 °C,
from which the thiocyanate complex (3) was obtained.[123,127] Formation of the desired product was
confirmed by UPLC-MS and IR-spectroscopy and after isolation by filtration, pure NCS complex 9
was obtained in a yield of 91%.

Scheme 20: Synthesis of [ReNCS(CAbpy)(CO) 3] (10)from [ReBr(CO)5] (1) via the
bromide- and thiocyanate-complexes (8 and 9) of CMEbpy.
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In a last step, the methyl esters on the diimine ligand were hydrolysed to form the desired target
complex (10) featuring two carboxylic acid groups (Scheme 20, step 3). Complex 9, which is
surprisingly poorly soluble in MeOH, was treated with aq. NaOH at 23 °C according to an adapted
literature procedure of Ohkanda and co-workers.[135] The product mixture was acidified with diluted
HCl to protonate the carboxylate, after which the target complex 10 was isolated by extraction.
[ReNCS(CAbpy)(CO)3] (10) was isolated as a red solid with high purity in a yield of 98%. Hydrolysis
of the ester was confirmed by 1H-NMR by the absence of the methyl ester CH3 and the product
formation was confirmed by ESI-MS showing a fragment with m/z = 574 corresponding to the mass
of [M+H]+. Elemental analysis of the UHV-dried product matched the calculated values perfectly.
2.1.1.3 Synthesis of Photosensitizer Featuring Phosphonate Anchoring Groups
For stable anchoring on metal oxides under aqueous conditions, phosphonic acid anchoring groups
were shown to bind much stronger than carboxylic acids. [117] Synthesis of phosphonic acid (PA)
complexes is commonly achieved by preparing the respective diethyl phosphonate (PE) complexes,
which are then dealkylated according to the McKenna procedure by silylation of the phosphonate and
subsequent methanolysis, which was shown to be a rather mild method for dealkylation of
phosphonates.[136] Therefore, the diethyl phosphonate derivative of the desired diimine ligand,
4,4’-bis(diethoxyphosphorylmethyl)-2,2’-bipyridine (mPEbpy), was prepared according to published
procedures, whose analytical data was in agreement with literature data. [137,138] The bromide complex
11 was obtained from [ReBrCO5] (1), which was treated with equimolar amounts of mPEbpy in
MeOH at 150 °C for 20 min according to the direct procedure described in the general section utilizing
a microwave method. Product formation was confirmed by 1H and
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spectroscopy and UPLC-MS and pure [ReBr(mPAbpy)(CO) 3] (11) was isolated in a yield of 51%.
After treatment of the intermediate with excess NaSCN according to the modified procedure of
Takeda and co-workers, formation for the NCS-complex (12) was confirmed by UPLC-MS and after
isolation, pure 12 was obtained in a yield of 82%.

Scheme 21: Synthesis of [ReNCS(mPAbpy)(CO)3] (11) from [ReBr(CO)5] (1) via
the bromide- and thiocyanate-complexes (8 and 9) of mPEbpy.
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Dealkylation of [ReNCS(mPEbpy)(CO) 3] (12) by applying the McKenna procedure did not yield the
desired NCS-phosphonic acid complex 14, however, UPLC-MS indicated full dealkylation of the
phosphonates and quantitative loss of the axial NCS ligand.
Since the target complex could not be accessed via the alkylated NCS complex 12, the strategy was
changed to first dealkylate the ligand and then coordinate to the Re-centre. For this, 2,2’-dipyridine4,4’-dimethylenediphosphonic acid (mPAbpy) was synthesized from mPEbpy according to a
published procedure of Neuthe et al.[139] and analytical data was in agreement with the respective
literature. By stirring mPAbpy in the presence of equimolar amounts of (NEt4)2[ReBr3(CO)3] (2) in a
H2O/MeOH mixture basified with carbonate at 23 °C for 12 h, the diimine ligand was coordinated
quantitatively and the respective hydroxy-complex 13 was observe with m/z = 630.9 corresponding
to the fragment [13+H]‒. Without isolation, the reaction mixture was neutralized with HOTf and then
treated with excess NaSCN to obtain desired NCS complex 14, which was isolated as the di-sodium
salt in yield of 40% over two steps. The moderate yield is mainly due to loss of product during removal
of excess NaSCN using a Sep-Pak® cartridge. The product was characterized 1H and 31P NMR, IR
spectroscopy and ESI-MS and its identity was unambiguously confirmed by HR-ESI-MS and
elemental analysis.

Scheme 22: Synthesis of [ReNCS(mPAbpy)(CO) 3]Na2 (14) from
(NEt4)2[ReBr3(CO)3] (2) via the hydroxy-complex of mPAbpy (13).

With exactly the same strategy as 14 was obtained, the NCS complex of 2,2'-bipyridine-4,4'diyldiphosphonic acid (PAbpy), [ReNCS(PAbpy)(CO) 3]Na3 (17) was synthesized from PAbpy with
an isolated yield of 34% and the product was isolated at the tri-sodium salt. However, since the
removal of the NEt4+ counterion from the NCS complex by Sek-Pak® showed to be challenging and
the inflexibility of this approach to access other [ReX(PAbpy)(CO)3]-type complexes with varying
axial ligand X, a different strategy was chosen.
With the knowledge that NCS-complexes cannot be subjected to the McKenna procedure to dealkylate
phosphonates, the silylation and methanolysis of the phosphonates should be carried out with the
bromide complex 15 as it was demonstrated by Windle et al.,[140] which then can be transformed into
NCS or py complexes. For this, the alkylated derivative of PAbpy, 4,4’-bis(diethylphosphonate)-2,2’bipyridine (PEbpy), was synthesized in two steps according to published procedures, and the
analytical data was in agreement with literature data.[121,141]
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The respective bromide complex was accessed by employing the indirect procedure as described in
the general section, in which (NEt 4)2[ReBr3(CO)3] (2) was stirred with PEbpy in MeOH at 23 °C
(Scheme 23, step 1). Product formation was confirmed by UPLC-MS and isolation by extraction
delivered pure [ReBr(PEbpy)(CO) 3] (15) in 98% yield and analytical data was in agreement with
literature.[125] By extraction of the product to the organic phase, NEt4+ originating from the starting
material was efficiently removed. Quantitative dealkylation was achieved by applying the McKenna
procedure by stirring 15 in CH2Cl2 with excess TMS-Br at 42 °C (Scheme 23, step 2), from which
after methanolysis and isolation, [ReBr(PAbpy)(CO) 3] (16) was obtained in 72% yield. Dealkylation
was confirmed by 1H and 31P NMR as well as by UPLC-MS with m/z = 664.95 corresponding to the
[16–H]– fragment. Analytical data was in line with literature data. [140]

Scheme 23: Synthetic route to afford the pyridine complex (20) from PEbpy via the [ReBr(PEbpy)(CO) 3]
(15), [ReBr(PAbpy)(CO) 3] (16) and the solvent complex 19, as well as a proposed route to
[ReNCS(PAbpy)(CO) 3] (17), which is accessible from the bromide complex 16.

From the bromide phosphonic acid complex, different PAbpy-based ReI-complexes are available. By
precipitation of the halide with a silver reagent, the corresponding solvent complex is obtained. For
this, the bromide complex 16 is stirred with 1.1 eq. of AgOTf in MeOH at 23 °C in the dark (Scheme
23, step 3) and after filtration, residual silver trace were removed by using a Sek-Pak® cartridge, with
which the product mixture was desalinated. Under acidic conditions, the product was retained on the
C18 cartridge and excess silver salts could be rinsed off with diluted aq. HOTf. The solvent complex
19 was eluted and directly transformed into the pyridine complex 20 without isolation by
deprotonation with 2 eq. NaOH followed by stirring with 80 eq. pyridine in MeOH at 60 °C (Scheme
23, step 4). Product formation was confirmed by UPLC-MS with m/z = 666.1 corresponding to
[Re(py)(PAbpy)(CO)3]+. The product was isolated by precipitation and filtration in a yield of 70%.
The product was characterized by IR spectroscopy 1H,
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HR-ESI-MS. Elemental analysis clearly showed that the product precipitated as zwitterion with two
sodium cations as counterions.
The corresponding NCS complex 17 could also be obtained from [ReBr(PAbpy)(CO) 3] (16) (Scheme
23, step 5) instead of via the route shown previously. Even though this route would involve more
individual steps, the NEt4+ counterion of 2 is removed in a facile manner by extraction after
coordination of PEbpy, with which pure product rather than product mixtures are obtained and the
tedious rinsing procedure to remove the counterion is circumvented. The strategy via the alkylated
bromide complex would also facilitate the synthesis of [ReNCS(PAbpy)(CO) 3] (17) and make other
derivatives accessible.
While [ReBr(PEbpy)(CO) 3] (15) and [ReBr(PAbpy)(CO)3] (16) are already known in literature, to the
best of our knowledge, the preparations of the NCS complex 17 and its pyridine derivative 20 are
described for the first time as well as [ReNCS(mPAbpy)(CO) 3] (14), [ReNCS(CAbpy)(CO)3] (10),
[Re(mNic)(bpy)(CO)3]OTfs (6) (left) and [Re(Nic)(bpy)(CO) 3]OTfs (7).
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2.1.2. Phosphonate functionalized Polypyridyl Systems
In the following, the pursued strategy for immobilization of cobalt polypyridyl catalyst will be
discussed, along with the parameters that need to be considered and the advantages and disadvantages
of the different strategies.
There are two main strategies to immobilize molecular catalysts or other functional molecules on
surfaces: direct substitution on the backbone of the functional molecule (Figure 7, left), or the
introduction of anchoring moieties using a linker (right). The former strategy has the advantage that
the molecular species are rather close to the surface, which might favour electron transfer (ET)
processes involving the support, such as electron/hole injection into a conducting substrate (e.g. dyesensitized solar cells or electrocatalysts). [115,129] In addition, molecules and molecule layers tend to be
more rigid and give more defined spectroscopic signatures on the surface due to fewer degrees of
freedom compared to structures involving longer linking groups. [142,143] However, direct
functionalization at the ligand system usually has an inevitable influence on the electronic properties
of the ligand system and therefore on the metal complex. Depending on the conjugation and the type
of anchoring moiety used, chemisorption to the surface can also influence the ligands electronics and
with this altering the photophysical and electrochemical properties. Many of the polypyridyl system
developed in our group over the last years feature hydroxy and amine groups or have rather acidic
protons,[144] which can serve as uniform synthetic handles for the introduction of linking moieties.
Consequently, the synthetic changes on the ligand framework are less severe and therefore the
influence on its electronics should be significantly reduced. Additionally, this strategy allows the
design of purpose-built linking platforms. Depending on the function of the molecule, the linking
platform can be aromatic (conducting) or aliphatic (isolating), and dipoles for surface polarization to
improve charge separation and/or band edge engineering could be introduced [145] and the number of
surface anchoring moieties can be altered with relative ease. Thus, the linker strategy offers flexibility
with respect to the catalyst, full architectural control over the designed structure and at the same time
does not temper with the electronics of an already optimized functional molecule.

Figure 7: Introducing anchoring moieties via direct substitution (left), [146] linker (right)[Nico].
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Metal oxides were chosen as substrates because they are a very versatile family of materials ranging
from isolating large bandgap materials such as Al2O3 (5.9 eV) or ZrO2 (5.8 eV)[147], via
semiconductors like TiO2 or NiO2 and even electrically conducting materials such as indium tin oxide
(ITO), fluorine tin oxide (FTO) or Al-doped zinc oxide (AZO).[148] To obtain hybrid materials, the
use of phosphonates has shown to be a good choice, since they show good stability on metal oxides
under acid and neutral conditions, which is where hydrogen evolution usually takes place.

2.1.2.1 Bottom-up approach: Versatile Anchoring Platform
The initial strategy was to directly modify the functional molecule with a finished linking platform
by a simple substitution reaction at the before-mentioned available synthetic handles. This bottom-up
approach allows us to keep the application range of a potential linking platform as versatile as possible
whether the molecule to be immobilized is a catalyst, a dye, a sensor or any other functional species.
A tetrapyridyl derivative featuring a hydroxy functionality was chosen to be immobilized, since
[CoBr2TPy] has been studied thoroughly in photocatalytic hydrogen production experiments [41,111,149],
mechanistic studies such as time-resolved pump-probe spectroscopy[41] and electrochemically[144]. For
this, an anchoring platform had to be developed, on which the ligand could be added in a final step.
Since the final construct should be stable over a broad pH range, esters and carbamates were excluded
as functionality for the platform–ligand connection, which left us with the ether as the only option.
The benzyl motive was chosen as the basic structure of the linking platform, since the benzylic
position is highly activated for substitution. Furthermore, this moiety lacks acidic protons, which
usually lead to formation elimination instead of substitution products and therefore are detrimental to
ether bond formation. From previous derivations at the hydroxy functionality of similar polypyridyl
ligands with 2-(bromomethyl)naphthalene, it was known that introducing benzylic moieties could be
achieved with full conversion of the polypyridyl ligand.

Scheme 24: Bisphosphonate tweezer developed by Ghobril et al. (left) [150] and three target structures of this project
(right) featuring one (MonoPod Et), two (BisPodEt) and four (TetraPodEt) anchoring moieties.

In 2013, Ghobril et al. published a paper about an organic coating for a metal oxide hybrid material,
which used a clickable benzylic bisphosphonate tweezer (Scheme 24, left) to functionalize iron oxide
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nanoparticles with poly amidoamine (PAMAM) for imaging, therapeutic and theranostic
applications.[150] The fact that the benzylic moiety could be derivatized with relative ease and that a
monopodal and tetrapodal analogue were within reach, this benzylic platform provided a straight
forward strategy to obtain a series of polypyridine–linker constructs (Scheme 24, right).

Synthesis of the anchoring platform
Bisphosphonate-benzyl-alcohol (24) was synthesized following published procedures. [150,151] Methyl
3,5-dimethylbenzoate (21) was brominated at the methyl positions by treatment with
N-bromosuccinimide (NBS) and dibenzoylperoxid (DBP) in CCl 4 at 23 °C to obtain a mixture of
mono-, di- and tri-substituted derivatives of 21 in a ratio of 1:1:1. All impurities could be removed by
precipitation of the product from petroleum ether to obtain pure 22 in 30% yield (lit. 85%). By tuning
reaction time, the conversion could be improved, while further treatment of the petroleum ether wash
solutions could give higher yields. Applying a microwave bromination procedure of Frei et al. using
azobis(isobutyronitril) (AIBN) as radical starter and MeOAc as solvent at 110 °C, the product
distribution (1:2:1) was shifted in favour of the dibromo species 22, which was isolated with an
improved yield of 55%. Spectroscopically, the products of the two reactions were identical. Product
formation was confirmed by UPLC-MS with m/z = 323.1 corresponding to the [M+H] + fragment and
1

H NMR spectra was in line with literature spectra. [152]

Scheme 25: Synthesis route to the bisphosphonate benzyl alcohol 24 from benzoate 21 via the dibromo
benzoate 22 and the dibromo benzyl alcohol 23.

Reducing the methyl benzoate 22 to the corresponding alcohol 23 was done according to the procedure
of Ghobril et al. by treatment of the starting material with diisobutylaluminiumhydrid (DIBAL-H) in
toluene at 0 °C, achieving full conversion. [150] Isolation by acidic extraction gave pure 23 in 98% yield
and the 1H NMR corresponded to literature data. [153,154] Without further purification, 23 was subjected
the Arbuzov-reaction, in which the bromides were transformed into diethyl phosphonates by heating
the dibromide in triethylphosphite (P(OEt) 3) to 140 °C. Reaction control by UPLC-MS confirmed
product formation and showed only one impurity, which was identified as [M+PO(OEt)H] +. After
acidic treatment, pure bisphosphonate 24 was obtained in 89% yield and 1H NMR was in agreement
with literature data.[155] The alcohol of 24 was then converted to different leaving groups (see Scheme
26) to investigate the conversion of the coupling step.
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Introduction of leaving groups
To obtain the chloride derivative 25, the alcohol 24 was treated with thionyl chloride (SOCl 2) in
CHCl3 at 65 °C according a published procedure, [150] which gave quantitative conversion to the desired
product (Scheme 26, a). The latter was isolated by extraction and its formation was confirmed by
1

H NMR and UPLC-MS. By subjecting 24 to an Appel-reaction, the alcohol was substituted by a

bromide (Scheme 26, b). For this, the starting benzyl alcohol 24 was stirred at 0 °C with
tetrabromomethane (CBr4) and triphenylphosphine in CH2Cl2 according to a procedure of Cooray and
co-workers.[156] Impurities and side products, except triphenylphosphine oxide (TPPO), were removed
by basic extraction. The content of remaining TPPO was significantly diminished by applying an
optimized precipitation procedure of Batesky and co-workers.[157] By adding 2 eq. of ZnCl2 to TPPO
in EtOAc, the latter was precipitated as ZnCl 2(TPPO)2 after 18 h and was removed by filtration.
However, after stirring of the product mixture with ZnCl 2 for 21 h, a significant amount of chloride
derivative (25, 10%) was observed as well as trace amounts of the benzyl alcohol 24. This already
emphasizes the rather high reactivity of benzyl bromides towards substitution with good and moderate
nucleophiles. After two TPPO precipitation steps, 26 was isolated in 98% yield and with a purity of
85 wt%.

Scheme 26: Conversion of the benzylic bisphosphonate alcohol 24 to derivatives bearing different leaving
groups (25–28) to be able to perform a coupling reaction with a polypyridyl ligand.

Due to the high susceptibility of the benzylic position towards substitution, the mesyl derivative 27
was synthesized according to a modified procedure of Rachwalski et al. employing methanesulfonic
anhydride (Ms2O) (Scheme 26, c) instead of the commonly used methanesulfonyl chloride (MsCl). [158]
The starting benzyl alcohol 24 was stirred with triethylamine (TEA) and Ms2O in dry CH2Cl2 at 23 °C,
which delivered, after a basic extraction procedure, the desired product as a yellowish oil in 93% yield
and high purity. Product formation was confirmed by UPLC-MS showing the product fragment
[M+H]+ with m/z = 487.2 at a retention time of 2.1 min and 1H NMR showing an additional singlet
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with an integral of 3 at 2.93 ppm compared to 24, which corresponds to the methyl protons of the
mesylate.
For the synthesis of the corresponding p-toluenesulfonyl (tosyl) derivative 28 (Scheme 26, d),
however, p-toluenesulfonyl chloride (p-TsCl) was employed, due to availability. Benzyl alcohol 24
was stirred in the presence of TEA, p-toluenesulfonyl chloride (p-TsCl) and 4-(dimethylamino)pyridin (DMAP) in dry CH2Cl2 at 0 °C under inert conditions. Reaction control by UPLC-MS showed
formation of the desired tosylate species 28 as [M+H]+ with m/z = 563.3 and several side products
such as [M–OTs+NEt3]+ with m/z = 492.3, [M–OTs+Cl+H]+ with m/z = 427.2 and [M–OTs+OMe+H]+
with m/z = 423.3. The TEA adduct could be removed by the workup procedure, however, the amount
of chloride adducts 25 was significantly increased. 31P- and 1H NMR of crude 28 showed two sets of
signals, while one set corresponded very nicely to the chloride derivative 25, the second set was
assigned to the desired tosylate derivative 28. With this, product was isolated with a yield of 18% and
a purity of 62 wt%, which was good enough to investigate the coupling step with the polypyridyl
ligand.
Coupling of the ligand to anchoring platform
Previous functionalization experiments showed that the KOtBu/THF system allows for efficient
alkylation of the hydroxide function in polypyridine (pPy) ligands. For this, the parent ligands TPy
(41)[111] or DMTPy (51) were first treated with 2 eq. of base in THF at 23 °C under dry and inert
conditions. To this solution, a 6–10 fold excess of the respective coupling candidate 25–28 dissolved
in dry THF was added, the reaction mixtures were stirred under N2 and the consumption of the
polypyridyl ligand was monitored by UPLC-MS.

Scheme 27: Coupling reaction: nucleophilic substitution at the benzylic position of 25–28 bearing different leaving groups
with TPy (41) or DMTPy (51) as nucleophiles and KOtBu as base to afford ligand-linker constructs 44 and 56.

After addition of the chloride derivative 25 to the basified ligand solution, UPLC-MS showed only
trace amounts of product. By addition of further equivalents of KOtBu (6 eq.) to the reaction mixture,
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the conversion was improved to about 10%, after which the reaction did not proceed any further. A
significantly increased coupling efficiency was observed for the mesylated linker 27, where a maximal
conversion of 30% was achieved after addition of 15 eq. of base. In case of the tosylated linker 28,
on the other hand, after the addition of 6 eq. of base, only trace amounts of product were observed.
The only candidate, for which conversion could be pushed over 50% was the bromide derivative 26,
for which conversion of 65% was achieved with 9 eq. KOtBu.
In the case of the chloride, mesylate and tosylated derivatives (25, 27 and 28), conversion stopped
even though a certain amount of base, the employed linker and tetrapyridine species was still present.
According to the UV-vis traces of the UPLC-MS, increasing the amount of base after the conversion
stopped also increased the number of observed polypyridine species as well as decomposition of the
linker. Heating of the mixture only increased the decomposition processes but did not enhance the
conversion to the desired products. In the coupling reaction with the benzyl bromide 26, UPLC-MS
showed full consumption of the linker, which was employed in 10-fold excess, indicating that
additional equivalents of base lead to decomposition of the linker platform. The crude mixture also
contained remaining DMPTy (51) and two further polypyridine species as well as TPPO and chloride
linker 25, which originate from the employed benzyl bromide linker batch. Pouring the reaction
mixture on aq. HCl and washing the aq. phase with CH 2Cl2 showed to be the preferred and more
efficient strategy to remove all neutral organic impurities, including the still remaining TPPO as well
as any decomposed or remaining linker species. After basification of the aq. phase, all pPy species
were extracted with CH2Cl2 and isolated thereafter. Purification by automated reversed phase flash
chromatography was a reliable method to obtain pure fractions, however the isolated yields were
consistently lower than expected, which is why column chromatography using basic AlOx and
traditional solvent systems such as CH 2Cl2/MeOH is recommended for future purifications. The
complete ligand-linker-construct (BisPodEt, 56) was isolated in 17% yield. UPLC-MS showed one
single species at 2.4 min with m/z = 380.2 and 759.3 corresponding to the protonated molecular ions
[M+2H]2+ and [M+H]+, respectively. Compared to the DMTPy parent ligand, 1H NMR showed two
additional aromatic proton resonances at 7.20 and 7.12 ppm with a combined integral of three. In the
aliphatic region, a singlet at 4.56 ppm and a doublet 3.10 ppm were observed, the former originating
from the CH2 group of the benzyl ether with an integral of two and the latter from the two CH2 groups
of the benzyl phosphonates with an integral of 4 and a strong geminal H–C–P coupling of 21.7 Hz.
Furthermore, the aliphatic ethyl proton resonances were observed at 3.99 and 1.21 ppm with an
integral of 8 and 12, respectively. 31P NMR showed one single phosphorous resonance at 26.32 ppm,
which corresponds the diethyl phosphonate when compared with the bis-phosphonate tweezer
molecule 24 (26.27 ppm). This assignment could be confirmed by HR-ESI-MS. To improve the
conversion, either the solvent volume could be decreased to have higher concentrations of the reagents
or increasing the already high excess of linker 26. However, the main drawbacks of this strategy are
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the low recyclability of the starting materials and the very low atom efficiency of this step. While the
DMTPy could be re-isolated after purification, the employed excess of bromide linker 26 – which was
prepared over four steps – decomposed during the reaction and could not be recovered.
To sum up this bottom-up approach, the benzylic bisphosphonate anchoring platform 24 was
synthesized according to published procedures. For the bromination step (Scheme 25, step 1) to obtain
the precursor dibromomethyl benzoate 22, an alternate strategy was identified using a faster
microwave procedure and less environmental concerning MeOAc instead of CCl4. Four different
leaving groups were successfully introduced to investigate the ether bond formation of the coupling
step with a polypyridine ligand bearing a hydroxy group. While the chloride linker 25 and bromide
26 derivatives are already known in literature, the benzyl mesylate 27 and tosylate 28 have not been
described so far. The synthesis of 25 and 27 was quantitative and straight forward, whereas for 28,
the major side product was 25 originating from the employed TsCl, which could be easily
circumvented by using the respective anhydride. The most challenging step was the removal of TPPO
after the Appel-bromination, which gave a mixture of the bromide 26 and chloride 25 derivative as
well as remaining TPPO. On the other hand, 26 gave the best results in the coupling reaction with a
moderate pPy ligand conversion of 65%, from which the complete ligand-linker construct 56
(BisPodEt) was obtained in a low yield of 17%. Even though the desired product 56 was successfully
isolated and fully characterized, a new strategy was proposed due to the high number of synthetic
steps, the moderate coupling efficiency and the low recyclability of the employed reagents of this
route.

2.1.2.2 Top-down approach: Linear Toolbox Chemistry for a set of DMTPy-derivatives
Due to the low yield in the pPy ligand (17%) using the bottom-up strategy, an alternative route was
pursued: the top-down approach. As the name indicates, instead of introducing the ligand in the last
step to a pre-assembled linker platform, with this strategy, the pPy ligand is directly derivatized in the
first step and the phosphonate anchoring moieties are introduced in the subsequent reactions. In this
way, commercial benzyl derivatives such as -halogenated xylenes or mesitylenes are employed as
reactants, the ligand conversion should be significantly improved, the number of steps to the complete
linker-ligand-construct reduced, and purification effort diminished. The feasibility of this approach
was demonstrated using the TPy (41) system (Scheme 28) and was then applied on the DMTPy (51)
system to obtain the three target structures featuring one, two and four phosphonate anchoring groups.
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Monopodal DMTPy Ligand
To introduce the benzylic anchoring unit, the same methodology was used as for the coupling
reactions described previously (Scheme 27). Unlike in the bottom-up approach, the employed benzylic
species was symmetric, bearing two leaving groups. TPy (41) was stirred with 5–10 eq. of
1,4-bis(chloromethyl)-benzene (pXyl-dCl) or 1,4-bis(bromomethyl)benzene (pXyl-dBr) in dry THF
at 23 °C (Scheme 28). To deprotonate the hydroxyl moiety at the pPy initiating the substitution
reaction, 2 eq. of KOtBu were added, which was followed in both reactions by the formation of a
bright yellow, fluorescent precipitate, turning the reaction mixture into a thick slurry. The latter was
identified as polymer of p-xylene from base triggered polymerization, as described previously in
literature.[159]

Scheme 28: Coupling of the ligand 41 with the benzyl bromide pXyl-dBr to afford brominated ligand-linker
construct 42, which is the first step in the top-down synthesis route (left). Identified side products 42a-c (right).

Additional equivalents of base were added to drive the reaction to completion. Whereas the maximal
conversion with pXyl-dCl was only about 15%, with pXyl-dBr as electrophile, the polypyridyl ligand
was fully consumed with 2–3 eq. of base. Lower excess of pXyl-dBr lead to a significant increase of
one side product, which was identified as the TPy-dimer (Scheme 28, 42a) at rt = 2.2 min with
m/z = 392.3 corresponding to the fragment [42a+2H]2+. After filtering off the solid polymeric residue,
the reaction mixture was diluted with aq. HBr and excess pXyl-dBr was removed by extraction. The
protonated polypyridine ligand was well soluble in the aq. phase and while neutral organic species
could be removed by extraction with organic solvents such as CH 2Cl2 and hexane. Hexane decreased
the amount of co-extracted product significantly compared to CH 2Cl2. Crude product (42) was isolated
as off-white foamy solid with main impurities being starting ligand (41) at rt = 1.5 min, hydroxy
substituted side product (Scheme 28, 42b) at rt = 1.8 min with m/z = 461.3 corresponding to the
fragment [42b+H]+ and trace amounts of TPy-dimer (42a). The bromide in the benzylic position is
prone to substitution, which was observed on various occasions, for instance by the formation of the
respective hydroxide (42b) upon aqueous treatment or when treated with aq. HCl instead of aq. HBr,
the corresponding benzyl chloride 42c was formed.
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To introduce a diethyl phosphonate moiety to the construct, crude 42 was subjected to the Arbuzovreaction without further purification, in which benzyl bromide as well as chloride were transformed
quantitatively to the desired benzyl phosphonate (Scheme 29). Treatment of crude 42 under N2 at
140 °C with excess P(OEt) 3 as reagent and solvent gave access to the mono-phosphonated TPy
derivative 43. Removal of all volatiles in HV and purification by automated column chromatography
yielded pure monopodal ligand-linker construct (43) in a yield of 88% over two steps. The product
was identified by UPLC-MS showing at rt = 2.1 min the protonated molecular mass [M+H] + and
[M+2H]2+ with m/z = 581.3 and m/z = 231.2, respectively. 31P NMR nicely showed one phosphorous
species at 26.58 ppm corresponding to the alkylated benzyl-phosphonate in para-position to the TPy
ligand. Four additional aromatic resonances of the benzyl linker were observed in 1H NMR between
7.22–7.36 ppm as well as two sets of methylene protons at 4.59 and 3.13 ppm originating from the
two CH2 groups at the anchoring platform, the latter being a doublet due to the strong coupling with
the phosphorous nucleus (natural abundance of
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P nuclei with spin quantum number of ½ is

100%)[160].

Scheme 29: Second step of the top-down synthesis route: Arbuzov-reaction to substitute the bromide of 42
with a diethyl phosphonate to afford the monopodal ligand-linker construct 43.

The developed chemistry was applied to the DMTPy (51), from which the monopodal benzylphosphonate (53) was obtained in two steps (Scheme 30). As shown above, the pPy ligand 51 was
treated with 10 eq. of pXyl-dBr and a total of 5 eq. KOtBu (Scheme 30, step 1), which gave after
quenching of excess base, removal of the formed polymer and isolation, crude 52 with a purity of
70% according to HPLC. The main impurity was identified as unmodified DMTPy (51) by HPLC
reference. Without purification, crude 52 was phosphonated by applying the Arbuzov-reaction
(Scheme 30, step 2), in which it was treated with excess P(OEt) 3 at 140 °C. After removal of all
volatiles at HV and extraction, crude 53 was purified by automated column chromatography affording
pure monopodal ligand-linker construct (MonoPodEt, 53) in 13% yield over two steps.
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Scheme 30: Synthesis route to afford the monopodal DMTPy derivative 53 from 51 via the benzyl bromide 52.

Due to incomplete conversion of DMPTy (51) in the first step and an unoptimized gradient used for
purification leading to many mixed fractions, the yield was much lower than anticipated. However,
product formation was confirmed by UPLC-MS with m/z = 609.3 and m/z = 305.3 at 3.2 min
corresponding to the fragments [M+H]+ and [M+2H]2+, respectively. 31P NMR showed the resonance
of diethyl phosphonate at 26.53 ppm and in 1H NMR, the additional aromatic signals of the benzyl
moiety were observed between 7.35 and 7.20 ppm as two doublets. The aliphatic CH 2 protons showed
resonances at 4.59 ppm and 3.13 ppm, the latter corresponding to the benzylic CH 2 featuring the
introduced phosphonate with a geminal H–C–P coupling constant of 21.6 Hz.

Scheme 31: Deprotection of diethyl phosphonate 53 by McKenna procedure to afford the respective
phosphonic acid derivative 54 (MonoPodH)after methanolysis of the silylated intermediate 53a.

With MonoPodEt (53) in hand, the phosphonate needs to be dealkylated to be able to bind to a metal
oxide, which was achieved by the McKenna procedure. The monopodal ligand 53 was treated with an
excess of 20 eq. TMS-Br in dry CH2Cl2 under inert conditions at 42 °C (Scheme 31, step 3) according
the procedure of Garofalo and co-workers.[153,161] After all volatiles were removed at HV, the silylated
intermediate (53a) was stirred in MeOH to methanolyse the silyl–oxygen bonds (Scheme 31, step 4)
and give the respective phosphonic acid (MonoPod H, 54).[136] The product was precipitated from
MeOH by adding MTBE and was isolated by filtration to afford the product in 95% purity. Further
purification by a C18 cartridge delivered pure MonoPod H (54). The UV-trace of a UPLC spectra
showed one single polypyridine species at r t = 1.7 min, with m/z = 553.2 and m/z = 277.1
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corresponding to [54+H]+ and [54+2H]2+, respectively. 31P NMR showed a small upfield shift of the
phosphorous species to 23.82 ppm upon dealkylation, whereas the absence of the CH 2 and CH3
confirmed the removal of the ethyl groups. The desired product was unambiguously identified by
HR-ESI-MS as well as elemental analysis.
Bispodal Analogue
The exact same methodology as for MonoPod Et (53) and MonoPodH (54 ) was applied to access the
bispodal DMTPy derivatives (BisPod Et, 56) and (BisPodH, 57) buy employing 1,3,5-tri(bromomethyl)
benzene (TBMB) instead of pXyl-dBr (Scheme 32). In the coupling step, one bromide of TBMB was
substituted with DMTPy 51 (Scheme 32, step 1) and the remaining halogens are displaced by
phosphonates in the Arbuzov- reaction (step 2) to afford BisPodEt (56). Dealkylation by McKenna
method (step 3a/b) gives access to BisPod H (57).

Scheme 32: Synthesis route to access BisPod H (57) from 51 via the benzyl bromide 55, BisPodEt 56 and the
silylated intermediate 56A.

In more detail, DMTPy 51 was treated in the first step with 10 eq. TBMB and 2 eq. of KOtBu to
obtain the desired bis-bromide intermediate 55 (Scheme 33, left). Formation was confirmed by
UPLC-MS showing a signal at 3.1 min with m/z = 645.1 featuring a specific dibromide pattern and
m/z = 323.1 corresponding to the protonated molecular species [55+H]+ and [55+2H]2+, respectively.
Major side product in this coupling reaction was identified as the DMTPy-dimer [55a+2H]2+ (Scheme
33) with m/z = 467.1 at rt = 2.2 min. The amount of dimer could be diminished from 33% to less than
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about 5% when increasing the amount of TBMB from 1.1 to 10 equivalents. By extraction of the
acidified aq. phase with hexane, excess TBMB was removed from the product mixture and could be
fully recovered in high purity according to 1H NMR and HPLC. Crude 55 was isolated in a purity of
86 wt% with the main impurity being the dimeric bis-DMTPy benzyl bromide 55a.

Scheme 33: Reaction Scheme of the coupling reaction to afford the dibromo benzyl ether 55
(left) from DMTPy (51)and the main side products 55a (right).

Purification of crude product by automated column chromatography yielded a wild mixture of
substitution products, which is why after isolation of the crude mixture, the latter was directly
subjected to the Arbuzov-reaction without purification (Scheme 34, step 2). Crude 55 was stirred in
excess P(OEt)3 at 140 °C and when UPLC-MS showed full conversion of the starting material, all
volatiles were removed at HV. After isolation by extraction, crude 56 was purified by automated
column chromatography, from which pure BisPod Et (56) was obtained with an isolated yield of 50%.
Since the purification procedure was not optimized, higher yields could be achieved by adjusting the
used gradient. Spectroscopic data was identical with BisPodEt synthesized by the top-down approach
as descripted previously (Scheme 27). Deprotection of the phosphonates was carried out by stirring
BisPodEt (56) with excess TMS-Br in dry CH2Cl2 (Scheme 34, step 3), from which after methanolysis
of the silylated intermediate 56a and purification by C18-cartridge, pure BisPodH (57) was afforded
as the mono-sodium salt in 60% yield. Product formation was confirmed by UPLC-MS showing
protonated product species [M+H] + and [M+2H]2+ with m/z = 647.1 and m/z = 324.1 at rt = 1.3 min.
Compared to BisPodEt (56), the single phosphorous signal in
slightly upfield-shifted, and in

1
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P NMR of the phosphonic acid was

H NMR, the ethyl resonances disappeared confirming full

dealkylation of the phosphonate. Elemental analysis indicated that the isolated compound was the
mono-sodium salt and crystallization from MeOH delivered a suitable single crystal , which was
subjected to structure elucidation by single crystal X-ray diffraction (Figure 8).
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Scheme 34: Reaction Scheme of the Arbuzov-reaction (step 2) and the subsequent McKenna dealkylation
procedure (step 3) to afford BisPod Et (56) and BisPodH (57) from the dibromo benzyl DMPTy derivative 55.

The obtained crystal structure nicely displays the functionalization of the parent DMTPy ligand (51)
via the oxygen at the bridging carbon forming a benzyl ether. In both meta-positions to the pPy ligand,
the platform is substituted with two dealkylated methylphosphonates serving as anchoring groups for
metal oxide surface coating. Interestingly, all substituents are pointing to the same hemisphere of the
mesitylene moiety increasing the steric bulk, which could be explained by hydrogen bonding
interactions between the phosphonates and the neighbouring methylpyridine. Overall, the crystal
structure confirmed the nature of synthesized ligand and underlines the obtained analytical data.

Figure 8: ORTEP drawing of BisPodH (57) as ellipsoids at 40%
probability level. Hydrogens are omitted for clarity.
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Tetrapodal System
The chemical toolbox developed for MonoPod H and BisPodH had to be slightly extended to be able to
introduce two additional phosphonates to the benzylic system to afford the TetraPod H. For this, the
work of Matveeva et al. published in 2008 delivered a suitable strategy demonstrating full
functionalization of bis-aminomethylbenzene with four diethyl vinyl phosphonates (vPE) in an azaMichael reaction.[162] With this methodology and the bis-bromomethyl benzyl DMTPy analogue (55)
in hand, the synthetic strategy to the tetrapodal derivative was complete (Scheme 35). At first, two
amines had to be introduced by Gabriel synthesis to prepare for the aza-Michael reaction by
substitution of the two bromides in 55 with phthalimide (Phth) (Scheme 35, step 1). The amines are
then liberated using hydrazine (N 2H460 (Scheme 35, step 2) and in the following step, phosphonates
are introduced by addition of the amines to the double bond of vPE (step 3) giving access to TetraPodEt
(61). In the last step, the diethyl phosphonates are dealkylated by employing the McKenna procedure
(step 4) to obtain TetraPodH (62).

Scheme 35: Synthetic strategy to access TetraPod H (62) from bis-bromomethly benzyl ether 55, via bisphthalimide 58, bis-aminomethyl benzyl 50 and TetraPodEt (61).

To introduce the amine functionalities, the dibromomethyl benzyl ether 55, synthesized in course of
the BisPodH preparation, was treated with phthalimide (Phth-H) and K2CO3 in DMF. After basic
workup to remove excess Phth-H and isolation, crude 58 was afforded in 85% purity (Scheme 36).
Two main side

products

were

identified

by UPLC-MS as

bis-DMPTy-substituted-N-

benzylphthalimide ([M–Phth+DMPTy+H]+) with m/z = 998.57 at 2.5 min, and hydroxy-substituted-
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N-benzylphthalimide ([M–Phth+OH+H]+) (Scheme 37, 59) with m/z = 648.5 at 2.3 min. The former
originates from the starting material, crude 55, which contained the dimer 55a (Scheme 33, left),
whereas the benzyl alcohol 59, was a result of the aqueous workup, since this species (59) was only
observed in the crude mixture and not in reaction controls. From purification by column
chromatography, pure bis-phthalimide 58 as well as pure benzyl alcohol 59 was isolated. The
characteristic phthalimide protons are observed between 7.86–7.75 ppm in 1H NMR. For the
symmetric bis-phthalimide 58, the benzylic CH2 proton resonances were observed at 4.75 and 4.55
ppm with an integral ratio of 2:1, where on the other hand, the asymmetric 59 showed three CH2
proton resonances at 4.80, 4.56 and 4.5 ppm with an integral ratio of 1:1:1. The two isolated
compounds were identified by UPLC-MS. The UV-trace of bis-phthalimide 58 showed one pPy
species at rt = 2.7 min with m/z = 777.5 and 389.3, which corresponds nicely to the protonated product
species [M+H]+ and [M+2H]+. The spectrum of benzyl alcohol side product 59 showed the specific
pPy absorption at rt = 2.3 min with m/z = 648.5 matching the mass of the protonated molecular species
[M+H]+.

Scheme 36: Introduction of two amines by Gabriel synthesis to obtain the bis-amino
DMPTy derivative 60 from the benzyl bromide 55 via the bis-phthalimide 58.

To increase the overall conversion of dibromide 55 to bis-phthalimide 58, a way to transform the
benzyl alcohol side product 59 to the desired product was wanted. To do so, the hydroxy moiety was
transformed into a leaving group, which could then be substituted in a next step with phthalimide.
The mesylation of benzyl alcohol 24 (Scheme 26, c) showed quantitative conversion to the desired
mesylate and straight forward isolation without side product formation. Therefore, this procedure was
applied to the benzyl alcohol 59, which was stirred with Ms2O and TEA (NEt3) in dry CH2Cl2 (Scheme
37 , step 1a). As expected, reaction control showed quantitative transformation to the mesylate 59A
with m/z = 726.4 corresponding to [M+H] + at rt = 2.5 min. After workup and isolation, the crude was
stirred with Phth–H and K2CO3 in DMF, which gave the desired bis-phthalimide 58 (Scheme 37, step
1b), also with quantitative conversion according to reaction control. With this, it was demonstrated,
that the side product 59A can be converted in two quantitative steps to the desired bis-phthalimide 58,
increasing the overall conversion of the first step in the Gabriel synthesis (Scheme 36, step 1).
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Scheme 37: Conversion of side benzyl alcohol 59 to the bis-phthalimide 58 by mesylation of the
hydroxy group of 59 to obtain the mesylate 59A followed by substitution phthalimide.

The second step (Scheme 36, step 2), which is the liberation of the primary amines from phthalimide,
was carried out by applying the Ing-Manske procedure. Starting material 58 was stirred in EtOH in
the presence of excess hydrazine (N2H4), and after reaction control showed full consumption, the byproduct of the amine liberation reaction, phthalhydrazide, was removed by extraction, since it is very
well soluble in basic aq. solution. The nature of the desire product was confirmed by UPLC-MS with
m/z = 517.3 corresponding to [M+H] + at rt = 1.3 min. Due to the high polarity of the product,
purification was done using a C18 cartridge, with which the impurities – mainly not fully liberated
amines – were removed. However, the free base of the diamine 60 is not stable overnight in solution,
which is why no clean NMR was obtained.

Scheme 38: Synthesis route to the tetra-phosphonic acid DMPTy derivative 62 from bisamine 60 via alkylated tetra-phosphonate 61.

However, by subjecting the liberated diamine right away to the aza-Michael reaction developed by
Matveeva and co-workers (Scheme 38, step 3), the primary amines were transformed to tertiary
amines, which showed to be stable over time. The four phosphonate functionalities were introduced
by stirring the pure bis-amine 60 in mixture of H2O/EtOH (1:1) with 68 eq. of diethyl vPE at 85 °C
for 84 h. High excess of vPE was essential to shift the equilibrium to the four-fold substituted
derivative (61). The reaction progress was followed by UPLC-MS, with which the different
intermediates could be identified according to their masses and product formation was tracked. At a
ratio of 1:5 of three-fold to four-fold substituted DMTPy derivative, the reaction was aborted due to
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stagnation of reaction progress after 84 h. It is from upmost importance not to exceed a temperature
of 85 °C, since at higher temperatures, an increasing number of DMPTy species were formed, which
were identified as dealkylated phosphonates and species showing substitution of a phosphonate in the
benzylic position. After isolation and drying of the crude product, it was directly subjected to the
McKenna procedure for dealkylation of the phosphonates to access the respective phosphonic acid
derivative 62. After stirring crude 61 in dry CH2Cl2 in the presence of 56 eq. TMS-Br for 15 h, reaction
control showed a total of four different DMTPy species, with the desired product 62 being the most
polar one. The isolated crude mixture was purified by C18 cartridge, on which it was loaded from a
pH adjusted aq. solution (pH 4.75). Desired product TetraPod H (62) was eluted with H2O and after
removal of the solvent, the product was isolated in >95% purity. UPLC-MS showed one single
polypyridine species at r t = 1.3 min with a m/z = 947.4 in the negative mode, which was assigned to
the deprotonated molecular species [M–H]–. In the aromatic region of the 1H NMR spectrum, all
expected 16 protons were identified, two methylene resonances at 4.63 and 4.15 ppm originating from
the CH2 protons at the benzylic linking platform with the expected integral ratio of 1:2. In the aliphatic
region, the two rather broad signals 3.16 and 1.83 ppm correspond the ethyl group between the amines
and the phosphonates. The singlet at 2.38 ppm originates from the two methyl of the pyridines. The
only impurity observed was identified as dealkylated vPE (vPA) with vinylic protons at 6.26, 5.86
and 5.58 ppm, which originates from incomplete removal of vPE after phosphonation. Presence of
vPA was confirmed by 31P NMR showing not only the desired phosphonic acid signal at 15.99 ppm,
but an additional resonance at 11.30 ppm from vPA. The integral ratio of the phosphorous resonances
was 100:9, which corresponds to a mass fraction of 96 wt% under the assumption of a neutral
zwitterionic species. To avoid the vinylic impurity in the product mixture, crude 61 should be poured
on acidified water, with which neutral vPE could be removed before the final dealkylation step. The
tetrapodal DMTPy derivative 62 was obtained in a yield of 60% over the last three steps in a purity
of 96 wt%.
Recapitulation and Considerations
Applying the top-down approach, synthetic strategies to three sets of DMTPy derivatives featuring
one, two or four diethyl phosphonates, MonoPod Et (53), BisPodEt (56) and TetraPodEt (61) as well as
their phosphonic acid analogues MonoPod H (54), BisPodH (57) and TetraPodH (62) were successfully
developed. Each of these compounds was isolated and fully characterized with the only exception of
TetraPodEt, which was directly transformed to the corresponding acid without purification. Feasibility
of the top-down approach was demonstrated using the TPy (41) from which the mono-phosphonate
43 was obtained. The developed chemistry was then applied to afford MonoPod Et (53) and BisPodEt
(56) by coupling the parent ligand 51 in a first step to inexpensive and commercially available pXyldBr and TBMB, respectively. While the former benzyl bromide polymerizes under basic conditions,
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which could be circumvented by choosing mXyl-dBr as coupling agent as demonstrated later by
Franziska Rahn, excess TBMB was fully recovered in high purity and re-used in further reaction.
Subjecting the benzyl bromides 52 and 55 to the Arbuzov-reaction gave, after purification pure
MonoPodEt (53) and BisPodEt (56). Dealkylation by McKenna procedure and purification by C18
cartridge delivered pure MonoPod H (54) and BisPodH (57), the former as acid in an overall yield of
8%, the latter as mono-sodium salt in an overall yield of 30%. Main reasons for low yield were
unoptimized purification procedures of the diethyl phosphonates 53 and 56 and the fact, that usage of
C18 cartridges always lead to a loss of product. Since the desired phosphonic acids 54 and 57 are
significantly more polar than the respective side products, one purification step after the dealkylation
should be enough to obtain pure MonoPod H (54) and BisPodH (57). To access TetraPodEt (61) and
TetraPodH (62), the developed toolbox had to be expanded. The bis-bromomethyl DMTPy derivative
55 was transformed to the bis-amine 60 by Gabriel synthesis and the phosphonates were introduced
by aza-Michael reaction of the latter with vPE. After dealkylation by McKenna procedure and
purification by C18 cartridge, pure TetraPod H (62) was obtained from DMPTy (51) over five steps in
an overall yield of 58%. Overall conversion of the Gabriel synthesis (Scheme 36) was improved by
transformation of the major side-product (59) in two quantitative steps (Scheme 37) to the desired bisphthalimide (58). Since the free base of the bis-amine DMTPy derivative (60) was not stable in
solution over time, it should be isolated as a salt for proper characterization. A rather challenging step
was the introduction of the phosphonates, since full conversion of the three-fold to the four-fold
substituted species could not be achieved under the conditions investigated, neither by increasing
excess of vPE, nor by increasing the temperature. However, after dealkylation, the desired TetraPodH
(62) was separated from remaining DMPTy species by purification using a C18 cartridge.
Theoretically, all five steps could be done in a sequence by employing the respective isolated crude
products and only one purification step after the dealkylation is necessary to obtain pure product.
During the synthetic work, new interesting dimeric ligands for potential water reduction catalysts
featuring proton-accepting and -donating groups are observed (Scheme 39, I-V), however, these
species were neither pursuit nor isolated in the course of this project, but they would be accessible
with the toolset developed.
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Scheme 39: Accessible dimeric ligand structures featuring functional groups for
proton-donating or -accepting moieties.
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2.1.3. Cobalt complexes
In a next step the monopodal (53 and 54), bispodal (56 and 57) and tetrapodal (62) DMPTy derivatives
were coordinated to cobalt to obtain the corresponding coordination compound. Initial procedures to
afford the corresponding CoII complexes of polypyridyl ligands were based on equimolar addition of
cobalt(II) salts (CoCl2, CoBr2, Co(BF4)2, Co(AcO)2, etc.) in organic solvents, mostly MeOH. The
complexes were isolated by precipitation with Et 2O or THF and purified by crystallization. [107,111]
Later, small excess of cobalt(II) salts (5-10%) were employed to assure full coordination of the pPy
ligand. Due to their solubility in THF and even Et 2O, remaining cobalt salts were washed off after
precipitation of the complexes. [163] Recent reports even employed high excess cobalt salts, since
separation of free CoBr 2 from polypyridyl complexes by washing with Et 2O is a facile and reliable
method.[164] In this work, not only neutral ligands were coordinated (43, DMTPy (51), MonoPodEt
(53), BisPodEt (56)), which are usually isolated as the dibromide complexes, but also ligands with
phosphonic acids either as free acids (54), or as their sodium salts (57). Due to their high acidity
(pKa1 < 2), the obtained CoII complexes are highly unlikely to be isolated as neutral dibromide
complexes, but rather as an ionic species with negatively charged phosphonates and cationic
counterions or even as zwitterionic species. For the isolation of the phosphonic acid complexes, a new
method had to be identified to separate the product from excess cobalt salt in a facile manner. To
afford the phosphonic acid complexes (83 and 85), two strategies lead to the desired product species.
The advantages and drawbacks of each route will be discussed on the example of the bispodal DMPTy
derivative (Scheme 40).

Scheme 40: Two possible strategies to afford Co IIBisPodH (85) from the BisPod Et (56) either by first
coordination and then dealkylation via Co IIBisPodEt (84) or vice versa via BisPod H (57).
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2.1.3.1 Cobalt complexes of neutral aprotic ligands
The neutral aprotic ligands (43, 51, 53 and 56) were treated with 1–7 eq. dry CoBr2 in MeOH under
N2 at 23 °C to afford after an extraction procedure to remove excess cobalt salts the corresponding
[CoBr2(pPy)] complexes (72, 81, 82 and 84) as red solids in good to excellent yields (Scheme 41,
upper row). By employing excess CoBr2, full conversion of the respective ligand was assured. While
previous purification procedures of polypyridine complexes involved product precipitation with Et 2O
or THF,[107,111] DMTPy derivatives showed to be susceptible to oxidation when precipitated with
MTBE, Et2O or THF forming a green solid indicating Co III species. However, since the synthesized
[CoBr2(pPy)] complexes were soluble in organic solvents such as CH 2Cl2, excess CoII salts were
removed by washing the organic phases with aq. HBr, the latter ensuring that the complexes remain
the dibromide species and thus stays in a neutral, CH 2Cl2-soluble form.

Scheme 41: General reaction scheme for the formation of cobalt complexes and from their ligands using
excess CoBr2 (upper row) and complexes obtained using this procedure (lower row).

The characterization of [CoBr 2(pPy)]-type complexes was challenging for several reasons. On the one
hand, CoII-complexes are d7 systems and thus paramagnetic compounds by nature, and NMR
spectroscopy could not be employed as an analytical method. On the other hand, the two bromides
are very labile and exchange quickly with coordinating solvents. What made reaction control and
characterization most difficult was the fact, that DMTPy complexes were not stable under HPLC and
UPLC conditions and therefore always showed a certain amount of free ligand. The presence of the
latter was initially interpreted as incomplete conversion during the reaction, however, neither higher
excess of CoBr2 nor heating of the reaction mixture did diminish free polypyridine ligand.
Additionally, all purification efforts (crystallization, C18 cartridge) yielded HPLC or UPLC-MS
spectra with free ligand, which was the first indication that in fact pure product was isolated. This was
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supported by FTIR spectroscopy, clearly showing the presence of one and not two species. To
illustrate this, the IR spectrum of the parent ligand DMTPy (51) and the respective metalorganic
complex [CoIIBr2DMTPy] (81) were recorded and compared (Figure 9). Examining the region around
1600 cm-1, where amongst others the C=N bands are located,

[160]

a shift of the ligand band at 1601

cm by 10 cm to higher wavenumbers (red triangles) was observed upon coordination and the
-1

-1

relative intensity compared to the two side bands (orange triangles) was significantly decreased.
Additionally, the free ligand showed a sharp band at 1428 cm-1 (green triangle), which is shifted to
1449 cm-1 in the CoII complex. If a measured sample was a mixture, the band at 1428 cm -1 would be
clearly visible, since it is not a very crowded region in the spectrum. Both effects observed in the
parent ligand-complex pair, where also found in the BisPod Et–CoIIBisPodEt pair (Figure 10). The band
at 1601 cm-1 shifted to higher wavenumbers (red triangles) and no sharp band was observed at
1428 cm-1 in the complex spectrum, which instead shows a broader band at 1448 cm -1. The purity of
the CoII complex was confirmed by elemental analysis of crude Co IIBisPodEt (84) matching the
calculated CHN data nicely.

Figure 9: FTIR-spectra of DMTPy (51, black line) and Co IIBr2DMPTy (81, blue
line) in the region of 1750–650 cm-1 with important bands marked with triangles.

Compared to the IR spectra of the DMTPy ligand-complex pair (Figure 9), the spectra of the pair
featuring anchoring groups (Figure 10) are dominated by bands originating from the diethyl
phosphonate such as the broad P=O stretching band at 1249 cm -1, P–O–alkyl bands at 1054 and 1025
cm-1 as well as C–C vibrations at 965 cm -1.[160,165] The band at 785 cm-1 is assigned to C–H vibrations
of pyridine/benzyl bound methyl groups and is therefore an overlay of band originating from the two
methyl moiety at the pyridines and methylene groups of the linker platform, which was confirmed by
reference measurement of bis-phosphonate benzyl alcohol 24.
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Figure 10: FTIR-spectra of BisPodEt (53, black line) and Co IIBr2BisPodEt (84, blue
line) in the region of 1750–650 cm-1 with important bands indicated with triangles.

Vapour diffusion of monopodal TPy derivative 72 (CH2Cl2 vs cyclopentane) gave suitable single
crystals for X-ray analysis. The crystal structure (Figure 11) revealed the six-fold coordination of the
CoII centre via four pyridine nitrogen atoms and two bromides yielding a distorted octahedra. The
cobalt centre sits slightly above the square plane spanned by N1, N3, N4 and Br2, with Br1 and the
pyridine bearing N2 as axial ligands. The absence of any counterions confirmed the oxidation state II
of the metal centre. Compared to the crystal structure of the parent complex published by Guttentag
et al. in 2013,[111] the pyridine rings of N2 and N3 were slightly tilted towards pyridine of N4, which
was assigned to the steric bulk induced by C22 of the linker platform and its protons. Furthermore,
the structure nicely showed the introduced diethyl phosphonate in para position to the TPy on the
benzyl platform.

Figure 11: ORTEP drawing of 72 at 50% probability level. Crystal obtained by
crystallization from CH 2Cl2 vs cyclopentane.

49

Results and Discussion

2.1.3.2 Cobalt complexes of protic and/or charged ligands
As with the diethyl phosphonate CoII complexes, reaction control and characterization of the
phosphonic acid CoII compounds was as challenging and deceiving, due to the before mentioned
paramagnetic nature of the target species as well as their instability under HPLC/UPLC conditions.
Due to the low pKa values of PA functionalities, full protonation would be achieved at pH 1, however,
previous studies have shown that Co IITPy is not stable at pH < 3, where decomplexation was
observed.[144] Therefore, it was expected that the PA-CoII complexes were highly unlikely to be
isolated as neutral dibromide complexes, but rather as zwitterionic compounds. In literature, the
metal-organic complexes featuring phosphonic acid moieties were usually synthesized via the
corresponding ester.[139,140,166–168] Depending on the stability of the complex, the phosphonate esters
can be dealkylated in two ways: either by stirring in concentrated acid or by applying the McKenna
procedure.[169] For tetrapyridyl cobalt(II) complexes, the dealkylation using TMS-Br was the method
of choice. Since phosphonates and poly-phosphonates are commonly used as chelating agent, [170,171]
the coordination-dealkylation route was chosen, to avoid complexation of excess cobalt ions by the
PA.
The dealkylation of the precursor complex Co IIBisPodEt (84) was carried out according to the
McKenna procedure by applying 28 eq. TMS-Br (7 eq./PE-bond) in dry CH2Cl2 at 45 °C. After
purification by Sep-Pak® cartridge, the bis-phosphonic acid DMTPy derivative Co IIBisPodH (85) was
successfully isolated in a yield of 32% as a zwitterionic species with no counter ions, which was
confirmed by single crystal X-ray diffraction and elemental analysis.

Scheme 42: Reaction Scheme to afford Co IIBisPodH (85) as zwitterionic species from Co IIBisPodEt (84)
after dealkylation and removal of residual protons and counterions by a Sep-Pak® procedure.

Reaction control by HPLC (Figure 12, left) indicated full demetallation of the complex, since the
band observed coincides exactly with the band of BisPod H (57), which was confirmed by a reference
measurement (Figure 12, right). This observation was explained by the fact that quenching excess
TMS-Br gives TMS-OMe and HBr. Since the pyridines of the DMTPy moiety were the only proton
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acceptors in the reaction mixture, the liberation of HBr could have led to protonation of the pyridines
and thus decomplexation of the metal centre. Furthermore, due to the chelating properties of
phosphonates, it was not excluded that the bis-phosphonate tweezer functionality could be a stronger
binder and with this demetallate the complex. A contradicting result, however, was obtained from
ESI-MS measurements (direct injection) of the same sample showing m/z = 647.5 and m/z = 704.1
corresponding to BisPod H (57) as well the fragment [M–2Br–H]+, respectively. This observation
indicated the presence of both free ligand and Co II complex and when bearing in mind the instability
of CoIIBisPodEt (84) under HPLC/UPLC conditions, this lead to the hypothesis that Co IIBisPodH (85)
was formed in the reaction, but was indistinguishable from the free ligand by the before-mentioned
LC methods.

Figure 12: HPLC traces of reaction control (A) and BisPod H (57) as reference (B).

This hypothesis was strongly supported by IR spectroscopy (Figure 13, blue and green trace) clearly
showing the band at 1448 cm -1 specific for CoII complexes (green triangles), whereas in the spectrum
of the free ligand (black trace), the band at 1429 cm -1 was observed. Additionally, the characteristic
C=N band is located at 1608 cm-1 (red triangles) in CoII complexes, compared to 1601 cm -1 in the free
ligand. These findings were confirmed by elemental analysis of the desalinated product,
corresponding very well to the calculated CHN data of C 32H30CoN4O7P2, which is the two-fold
deprotonated phosphonic acid complex ([M–2Br–2H]0) without any bromide ligands nor counterions
(Scheme 42, 85). Desalination was achieved by loading the crude product on a Sep-Pak® cartridge
from aq. solution at pH 7. Salts were washed off with H 2O and the zwitterion was eluted with
H2O/MeOH and isolated as a nice pink solid. Crystallization from MeOH delivered nice red single
crystals, from which the structure was obtained by X-ray diffraction (Figure 14).
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Figure 13: FTIR-spectra of BisPod H, CoIIBisPodEt (84) and CoIIBisPodH (85) in the region of 1750–650 cm-1.

Figure 14: ORTEP drawing of 85 at 50% probability level. Crystal obtained by crystallization from MeOH.

The elucidated crystal structure of Co IIBisPodH (85) clearly showed crystallization of the molecules
in a (3D-)polymeric structure with two of its deprotonated phosphonate oxygen coordinating to
different CoII centres of neighbouring molecules. The two oxygens bearing a negative charge balance
out the two-fold positive charge of the Co II, which was the reason for the absence of any counterions
in the crystal structure. As in the crystal structure of the monopodal TPy derivative (72) (Figure 11),
the geometry at the cobalt centre showed to be a distorted octahedra, with the metal sitting slightly
above the plane spanned by N1, N2, N4 and one of the oxygens, with the pyridine of N3 and the
second oxygen acting as the axial ligands. Furthermore, also the tilting of the pyridine rings of N1
and N4 towards the bipyridine unit to release steric stress due to the introduced benzylic residue was
observed. Unlike in the previous structure, the benzylic CH 2 group forming the ether, in this case C24,
is located between the two methyl pyridines, whereas in the structure of 72, the benzylic CH2 (C22)
was between one pyridyl unit and the bipyridine.
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With the knowledge that the cobalt(II) metal centres are stable in the polypyridine pocket of BisPod H
(57) in presence of tweezer-like bis-PAs, CoIIBisPodH (85) was also prepared starting from the already
dealkylated BisPodH (57). The latter was treated with a 7-fold excess of CoBr2 in MeOH for 30 min
and after isolation of the crude and removal of excess CoBr 2 using a Sep-Pak® cartridge, a pink solid
was isolated in a yield of 55% (Scheme 43). Analytical data were identical to the data obtained from
dealkylation of CoIIBisPodEt (84).

Scheme 43: Reaction Scheme to afford Co IIBisPodH (85) as zwitterionic species from BisPod H (57) after
complexation and removal of CoBr 2, protons and counterions using a Sep-Pak® procedure.

Upon coordination of BisPod H to CoII, the ligand band at 1429 cm -1 (Figure 15, black trace, green
triangle) had shifted by 16 cm -1 in the product spectrum (Figure 15, blue trace) and the C=N band
(red triangles) are also moved by 5 cm -1 to higher wavenumbers. The spectrum obtained by this second
strategy (blue trace) compares qualitatively and quantitatively very well to the spectrum of the
previous strategy (green trace).

Figure 15: FTIR-spectra of CoIIBisPodH (85) obtained by both strategies and
BisPodH (57) as comparison in the region of 1750–650 cm-1.

53

Results and Discussion

To demonstrate preferred binding of Co II to the polypyridyl pocket in the presence of a tweezer-like
bis-PA, the complex formation of DMTPy (51) with CoBr2 was carried out under different conditions
(Scheme 44) and the progress was tracked using UPLC-MS. From previous synthesis of complex 81,
it was known that [CoIIBr2DMTPy] forms quantitatively by adding a small excess of CoBr 2 and that
product species is observed in HPLC at r t = 2.4 min, whereas the free DMTPy (51) elutes at rt = 2.9
min.

Scheme 44: Reaction Scheme for the formation of [Co IIBr2DMPTy](81) from DMTPy (51) in presence of
equimolar amounts of bis-PA (Error! Reference source not found.) in MeOH, H2O and acetate buffer.

Complete complex formation was observed in MeOH, H 2O (pH 4.3) and in acetate buffer (20 mM,
pH 4.77) after addition of 1.3 eq. Co II salt to a solution of ligand (51, 2.5 mM) in presence of 1 eq.
bis-PA Error! Reference source not found.. However, when CoBr2 was dissolved in a methanolic s
olution of Error! Reference source not found. (2.5 mM) – both components individually very well
soluble in MeOH – a greyish precipitate was observed indicating coordination of the PA to the metal
cation and leading to precipitation. Upon addition of 1 eq. DMTPy (51), the precipitate vanished, and
the reaction mixture turned clear with a colour change to red. The only species observed by HPLC
was the cobalt complex 81 at rt = 2.4 min. This experiment clearly showed that Co II ions favour
binding to the pyridine pocket of the tetrapyridyl system over the coordination to the bis-phosphonate
tweezer moiety. Furthermore, treating a 1 mM [Co IIBr2DMPTy] solution in aq. acetate buffer (10
mM) with a four-fold excess of Error! Reference source not found. at room temperature, neither free l
igand nor additional polypyridyl species were observed after 3.5 h. Stirring the solution at 50 °C for
1 h led to the appearance of additional bands, but the ratio of complex to new species did not differ
with varying bis-PA concentrations (0.5–4 mM), which implies that the formation of the new species
is not dependent on the concentration of Error! Reference source not found., and that under aq. or m
ethanolic conditions, CoII binds preferably to the pPy pocket. Based on these findings, the monopodal
as well as the tetrapodal complex should be accessible from their corresponding PA ligand, MonoPod H
(54) and TetraPodH (62).
To summarize, it was shown on the bispodal system that the respective bis-PE complex CoIIBisPodEt
(84) and bis-PA complex CoIIBisPodH (85) are accessible by treatment of the respective ligands (56,
57) with excess CoBr2. Removal of excess reagent and residual salts was achieved by extraction or
Sep-Pak® procedures, from which pure product was isolated. Even though HPLC and UPLC-MS
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measurements gave deceiving and misleading information about conversion and purity due to the
instability of the CoII complexes under the respective LC conditions, elemental analysis and the
obtained crystal structure confirmed complex formation and purity of the isolated Co II complexes.
Furthermore, FTIR spectroscopy turned out to be a fast and facile method to show complexation of
the ligands. Preferred binding of Co II to the polypyridine pocket over coordination to chelating bisPA tweezer Error! Reference source not found. was demonstrated as well as the stability of [
CoIIBr2DMPTy] towards demetallation by excess phosphonate. Answering the before mentioned
question which of the two routes to the PA complex 85 (Scheme 40) is superior to the other is rather
straight forward, as comparable yields (27% and 33%) were obtained for strategy 1 and 2. Considering
the characterizability of the individual steps, the dealkylation/coordination route (strategy 2) is
superior, since in this strategy, the only “dark” step in terms of reaction control was the coordination
step. With this method, a general route to gain access to phosphonic acid complexes was developed
and should also be applicable to the monopodal (83) and tetrapodal derivatives (87), whose synthesis
and characterization are still outstanding.

Scheme 45: CoII target complexes featuring different numbers of PA anchoring
groups for immobilization on metal oxide surfaces.
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2.2.

Photophysical Properties of [Re INCS(NᴖN)(CO)3]-type Complexes

This section refers to Appendix I. The following nomenclature and numbering of compounds is
consistent with the respective publication, [172] which is the result of the continuation from my
undergraduate work[123] being completed and supplemented with further in-depth photophysical
investigations. After a brief introduction of the project, the publication is summarized, and the
findings of the study presented. Further observations and data not included in the publications are
presented and discussed in the last part of this chapter.
The aim of this project was to tune the absorption properties of [Re IX(NᴖN)(CO)3]-type PS’s, which
typically absorb at 380 nm, to be able to harvest photons of the visible region of the solar spectrum.
To introduce the bathochromic shift, asymmetric pyridyl-diazines (pydz) – (2-(pyridin-2yl)pyridazine (pypdz, 12), 4-(2-pyridyl)pyrimidine (pypm, 13), 2-(2-pyridyl)pyrazine (pypz, 14) and
2-(2-pyridyl)pyrimidine (pypym, 15) – and symmetric bidiazine (bdz) type ligands – 3,3-bipyridazine
(bpdz, 16), 4,4- bipyrimidine (bpm, 17), 2,2-bipyrazine (bpz, 18) and 2,2-bipyrimidine (bpym, 16) –
were employed (Scheme 46) to lower the diimine based LUMO. These two ligand classes are
bipyridine (bpy) derivatives featuring additional nitrogen atoms in the aromatic system. The synthetic
part was developed completely in the undergraduate work, which involved synthesis of the pyridyldiazine ligands (12–15), bromide (21–29) and thiocyanate complexes (31–39). The latter were
subjected to cyclic voltammetry, UV-vis and fluorescence spectroscopy to investigate the positions
of the HOMO and LUMO, IR spectroscopy to investigate changes in electron density on the metal
centre and excited state life time measurement and quantum yields to correlate the observations to the
well-established energy gap law (EGL).[123] The incomplete set of emission, excited state lifetime and
quantum yield data was complemented and an interesting irregularity in the bpy-pydz-bpdz triad was
found. As expected, a bathochromic shift was observed with increasing numbers of nitrogen atoms,
which is due to the stabilization of the diimine ligand based LUMO. As a result of the diminished
HOMO–LUMO gap, the non-radiative decay constant (knr) increased within the bpy-pydz-bdz triad.
However, the increase in knr for both pypdz and bpdz showed to be much less pronounced as compared
to the other pydz resp. bdz ligands. This results in overall longer lifetimes and quantum yields at
increased spectral overlaps with sunlight – both properties sought for in the creation of light harvesting
schemes in photochemistry.
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Scheme 46 Tricarbonyl rhenium(I) core with a diimine ligand in the equatorial position and NCS ligand in axial position
(left) and the respective diimine ligands (11-19) used in this study (from Appendix I, Scheme 1).

2.2.1. Summary of M. Mosberger et al., Eur. J. Inorg. Chem. 2019, 3518–3525.
In this study, four new asymmetric [Re INCS(pydz)(CO)3] complexes (32‒35) as well as four new
symmetric [ReINCS(bdz)(CO)3] derivatives (36‒39) are introduced. While the pyridyl-diazines pypm
(13)[173,174] and pypz (14)[175] as well as the bidiazines bpdz(16)[176], bpm (17)[177] and bpz (18)[176] are
accessible via the respective published procedures or are commercially available such as bpym (19),
a synthetic strategy to obtain the asymmetric pyridyl-diazines pypdz (12) and pypym (15) based on a
Suzuki-Miyaura coupling procedure [175] is presented. The asymmetric [ReIBr(CO)3pydz] complexes
(22‒25) and symmetric [ReIBr(CO)3bdz] (26‒29) were obtained by a ligand exchange reaction on
(NEt4)2[ReBr3(CO)3] (20) according to a adapted procedure of Kurz and co-workers (Scheme 47,
step 1),[84] of which the pdz complexes (22‒25) have not been reported in the literature before.
Applying a modified procedure of Takeda et al.[127] gave access to eight new isothiocyanate complexes
32‒39 from the corresponding bromide derivatives (22‒29) avoiding the use of silver reagents, its
tedious removal respectively (Scheme 47, step 2).

Scheme 47: General reaction scheme for the synthesis of [Re INCS(NᴖN)(CO)3]-type complexes from
(NEt4)2[ReIBr3(CO)3] (20) via [ReIBr(NᴖN)(CO)3] with NᴖN = bpy (11), pyridyl-diazines (12–15) and
bidiazines (16–19)(Appendix I, Scheme 2).

The target isothiocyanate complexes 32‒39 were spectroscopically and electrochemically
investigated and compared with the parent complex [Re INCS(bpy)(CO)3] (31) showing coherence of
the adsorption and emission data with electrochemical data. By introducing ligands with additional
nitrogen atoms (12–19), the -donor ability was reduced, whereas the -acceptor ability was
increased.[178] As the HOMO and HOMO-1 in [ReIX(NᴖN)(CO)3]-type complexes is essentially
located on the rhenium centre and the axial ligand, [179] the influence on its energy level (Appendix 1,
57

Results and Discussion

Figure 2, lower row) was, as expected, essentially negligible. The corresponding potentials E 1/2 red
(Appendix 1, Figure 2, upper row) ‒ as measure for the LUMO level ‒ are lowered by 151–336 mV
for complexes with asymmetric pyridyl-diazine ligands (32‒35), and by 315–336 mV for complexes
with symmetric bidiazine ligands (36‒39) as compared to the bpy complex (31, Appendix I, Table 1).
The degree of band gap energy reductions is reflected in the bathochromic shifts of MLCT bands
(Appendix I, Figure 3) and emission bands (Appendix I, Figure 4). Furthermore, the diimine subunitdependent trends observed within the pyridyl-diazine series (32‒35) are preserved in the bidiazine
series (36‒39), however, even more pronounced. The energy gap law (EGL) states, that the larger the
energy transition is, the smaller is the contribution of non-radiative decay (knr), leading to longer
lifetimes () due to a higher weight of the radiative decay (kr) (Appendix I, Equation 1 and 2). In a
triad from bpy complex 31 via an asymmetric pydz complex (32‒35) to the corresponding symmetric
bdz complex (36‒39), a decline in luminescence lifetimes () is observed with increasing number of
nitrogen acceptors in the diimine system, in line with the EGL (Appendix I, Equation 5). Since the
emission energy is proportional to the –ln(knr), the lifetimes were expected to follow the same trends
as emission energies within a subgroup according to the EGL. In this regard, an interesting irregularity
was observed for complexes bearing pdz-units (32 and 36) exhibiting unexpected long excited state
lifetimes () of 20.83 ± 0.03 ns and 10.37 ± 0.05 ns as well as emission quantum yields (em) of
1.12 ± 0.10 × 10-3 and 1.22 ± 0.15 × 10-3, respectively (Appendix I, Table 2). When focussing on the
rates knr and kr calculated from these measurables, while kr of 32 is very comparable with k r values
within the pydz subgroup, knr of 32 is significantly different to the other complexes (33‒35), indeed
even closer to the parent complex 31. The bpdz complex 36, on the other hand, shows an increased
non-radiative decay rate knr as expected from the EGL. However, the radiative decay rate kr
(128.0 ± 16.1 × 103 s-1) is increased as well compared to the pypdz complex (32) and with this, kr of
36 is very close to the value of the parent complex (31, 133.0 ± 15.5 × 103 s-1). This unusual behaviour
results in a surprisingly intense room temperature emission and excited state lifetime, which is rather
unexpected for a [ReIX(NᴖN)(CO)3]0/+-type complex absorbing at 430 nm.
In addition to the energy gap dependency, [71] acceptor frequencies involving molecular vibrations,
low frequency skeletal and solvent vibrations were reported to have an influence on knr by accepting
and thereafter releasing the excited state energy. [66] Therefore, the irregularity in the pyridazine triad
was attributed to reduced solvent interaction of the sterically less accessible position of the additional
nitrogen centres in the diimine system compared to the other pyridyl-diazine (33‒35) and bidiazine
complexes (37‒39).
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Figure 16: ORTEP drawing of 22 (left) and 32 (right) at 50 % probability level.

This study on a complete set of pydz (12–15) and bdz ligands (16–19) with respect to bpy (11) on the
prototype fac-[Re(CO)3]+-core thus demonstrates a facile and straight forward way to achieve a
bathochromic shift in the respective complexes. The pypdz (12) and even more so the bpdz (16)
ligands stand out in the series as they deviate from the EGL and allow for both, significant
bathochromic shift and relatively high lifetime and emission quantum yield. Very likely this concept
could be ported to related, 3MLCT based photosensitizers with 2,2’-bipyridine ligands, thus allowing
for increased quantum yields in dye sensitized solar conversion schemes.
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2.2.2. Further Observations
2.2.2.1 Additional Remarks to kr/knr Discussion
In Appendix I, it was argued that the comparably high quantum yield and excited state lifetime of
pypdz and bpdz complexes can be explained by reduced solvent interaction, since the additional
nitrogen(s) are less accessible for solvent interaction compared to the other positions. This statement
however does not take any electronic effect into account. When considering only solvent effects, a
comparable change in rates is expected for complexes featuring pm-, pz- and pym units, which is
clearly not the case when looking at the rates in Appendix I, Table 2 and Figure 17.

Figure 17: Radiative rate (kr, ●) and non-radiative rates (knr, ■) of the indicated diimine complexes versus
the respective emission energy. Circles indicate pdz-units, squares indicate pz-units. Horizontal lines are
guidelines for the eye corresponding to the rates of the parent complex 31.

Plotting the logarithm of the triplet deactivation rates kr and knr against the measured emission energy
(Figure 17), a trend to lower knr values with larger emission energies – emission energy being an
approximation of the band gap – is observed and fits to the description of the EGL (Appendix I,
Equation 5). Neither the knr of pypdz complex (32) nor of bpdz complex (36) (circled data points)
stand out significantly in this series, questioning a dominant influence on emission lifetimes and
emission quantum yields. This is supported by the fact, that within a subgroup, knr of pdz (circled data
points) and pz complexes (squared data points) featuring an additional nitrogen atoms in ortho or para
position to the metal coordinated nitrogen generally show lower knr than complexes with the additional
nitrogen in meta position, even though the additional solvent interaction site in pz is as exposed to the
solvent as in pm and pym. These observations indicate that the primary reason for the surprisingly
high lifetimes and quantum yields of pdz complexes 32 and 36 are due to the electronic nature of the
ligand’s subunits and not simply explainable by solvent accessibility.
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2.2.2.2 Low Temperature Measurements
Due to the rather low fluorescent emission of some of the complexes and the resulting incomplete
room temperature emission and lifetime data, measurements were carried out at 77 K in glasses of
2-methyltetrahydrofuran (mTHF) using a cryostat setup (Figure 18). The absorbance of the sample at
the excitation wavelength, which was the maximum of the MLCT band, was adjusted to 0.1 OD,
whereas for room temperature measurements, the sample concentration was always 0.1 mM. A
constant absorption at the excitation wavelength ensures comparability of the emission spectra, since
all samples absorbed the same amount of light. The area under the emission then serves as an
indication of the relative quantum yield. Additionally, by adjusting the absorbance to 0.1 OD or lower,
molecule-molecule interactions are excluded such as reabsorption of the shorter wavelength part of
the emission, which overlaps with the absorption spectrum. [180]

Figure 18: Luminescence spectra of the indicated pyridyl-diazines 32–35 (left) and bidiazine complexes
36–39 (right) in mTHF glasses. Absorbance adjusted to 0.1 OD at MLCT band and samples were
measured at 77 K with [ReINCS(CO)3bpy] (green) as reference.

The MLCT absorption bands of the NCS complexes are significantly red-shifted in mTHF compared
to DMF by 25 nm for the parent complex 31, 28 – 35 nm for the pydz complexes 32–35 and 33 – 45
nm for the bidiazine complexes 36–39 (Table 1). As expected, at 77 K, emissions are blue-shifted
with maxima at 531 nm for the reference 31, 545 – 578 nm for asymmetric complexes (32–35) and
575 – 579 nm for symmetric complexes (36–39). The observed Stokes shifts are between 104 –
157 nm, whereas at room temperature, the shifts are between 244 – 320 nm (Appendix I, Table 2).
Overall, at low temperature, all complexes except the bpm complex (37) were emissive and therefore,
excited state lifetimes were determined for all complexes. However, the obtained lifetime data showed
a rather high background, and the exponential fits obtained had consistently unsatisfying low  of
~0.5. After re-evaluating the lifetime data, it seems that the laser puls was outside the chosen time
window and that only the tail of the exponential decay was recorded. This would explain the very low
signal to noise ratio despite the good intensity obtained in steady state emission measurements.
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Table 1: Comparison of absorbance and emission of thiocyanate
complexes in DMF and mTHF.
[ReINCS(NᴖN)(CO)3]

MLCT[a]

em[a,b]

MLCT[c]

em[d]

[nm]

[nm]

[nm]

[nm]

bpy (31)
378
622
403
531
pypdz (32)
404
673
437
570
pypm (33)
406
712
441
578
pypz (34)
405
688
437
545
pypym (35)
384
658
412
549
bpdz (36)
430
700
475
579
bpm (37)
439
̶
479
–
bpz (38)
431
735
464
575
bpym (39)
387
707[e]
421
578
[a] degassed 100 mM complex solutions in DMF. [b] emission at 298 K.
[c] measured as mTHF solutions at 298 K, absorbance adjusted to 0.1
OD. [d] measured as degassed mTHF glass at 77 K, adjusted to 0.1 OD.
[e] rough estimate.

2.2.2.3 Solvatochromism of [ReINCS(pypz)(CO)3]
In the undergraduate work, in which the excited state lifetimes were determined using a laser flash
photolysis (LFP) setup with a time resolution of 10 ns, the lifetimes of seven out of nine compounds
were below the detection limit of the setup.[123] In the work of Kaim et al. from 1989, emission and
emission quantum yields of some[ReX(bdz)(CO)3]-type complexes (X = Br or Cl) were determined
in CHCl3.[181] This lead to the assumption that [ReNCS(bdz)(CO) 3]-type complexes might have
stronger emissions and longer lifetimes in less polar solvents such as CHCl3 or CH2Cl2, since the bdz
complexes did not show any significant emission in DMF, except [ReNCS(bpdz)(CO)3] (36). To show
that a less coordinating solvent could be a better choice for an initial comparison of the complexes,
absorbance, emission and emission lifetime of the weakly emissive pypz complex 34 was determined
in CH2Cl2 (Figure 19). The MLCT band is red-shifted by 31 nm compared to the same measurement
in DMF, whereas the maximum of the emission band in degassed solvent experienced a hypsochromic
shift by 30 nm. The most interesting parameter, however, was the influence on the excited state
lifetime. In degassed DMF, the mono-exponential fit of the emission decay gave a rather short lifetime
of 8.50 ± 0.03 ns, while in degassed CH 2Cl2, a lifetime of 112.9 ± 0.7 ns was determined (Table 2),
confirming the previously made assumption. The lifetime is significantly above the detection limit of
the LFP setup and therefore, investigation of the NCS complexes 31–39 in CH2Cl2 solutions would
have been a more appropriate strategy for the available setup.
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Figure 19: Absorption (orange) and emission spectra (blue) of [Re INCS)(pypz)(CO)3] (34) as degassed
0.1 mM CH2Cl2 solution as well as excited state lifetime measurement (insert).

Table 2: Comparison of photophysical properties of
[ReINCS)(pypz)(CO)3] (34) in different solvents.
solvent

MLCT[a,b]

em[a]

[a]

[nm]

[nm]

[ns]

DMF
405 (2570)
688
8.50 ± 0.03
CH2Cl2
436 (2890)
658
112.9 ± 0.7
[a] degassed 100 mM complex solutions in the indicated solvent.
[b] molar absorptivities ( MLCT in M-1cm-1) are given in brackets.

However, the initial aim of the project was to identify a photosensitizer with improved absorption
behaviour for proton reduction in the DMF system. Since this system was already intensively
investigated using the parent complex 31,[47] the spectroscopic and electrochemical experiments were
conducted in DMF to be able to compare the results of the two diimine series to previously acquired
data.
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2.3.

[Re(X)(diimine)(CO)3]-type PS on Ultrathin Alumina

This section refers to joint projects carried out in collaboration with the Osterwalder group from the
physics department and the group of Marcella Iannuzzi from physical chemistry. After a short
motivation for this project, the model system is introduced and the aims of the study presented, before
summarizing the results of the two publications.
Systems featuring molecular dyes on semiconductors have great potential in efficiently harvesting
solar energy for electric power generation, energy conversion and/or storage in dye-sensitized solar
cells (DSSCs)[128,129] or dye-sensitized photoelectrochemical cells (DSPEC).[115,130,131,182] To ensure
stable coupling of the anchored dye to the substrate and enable transport of charges between the two
components, a robust anchoring of the dye molecule is essential, even more so under harsh chemical
conditions of a PEC cell. [132] Several reports have been published recently emphasizing the role of
ultrathin alumina film as charge recombination barrier, reducing electron-hole recombination and
promote separation of the charge carrier. [183–188] The charge transfer to the underlying semiconductor
was argued to occur via tunnelling through the isolating alumina layer requiring a well-defined
coupling of the dye to the thin film.
In the group of Jürg Osterwalder, a multistep oxidation procedure was developed to precisely tune the
alumina (Al2O3) thickness on a NiAl(110) alloy in a vacuum chamber, starting from a film thickness
of two atomic layers (2L-alumina, Figure 20),[189] whose structure has been described
previously.[190,191] The controlled oxidation and increase of alumina thickness are achieved either by
cycles of NO2 adsorption and subsequent annealing [192] or high-temperature oxidation of
2L-alumina/NiAl(110) with oxygen.[189] Furthermore, a new procedure was established to deposit
self-assembled monolayers (SAMs) from solution on the substrate, widening the scope of applicable
molecules, since many surface modifiers cannot be evaporated onto substrates. The new setup and the
employed analytical methods to characterize the heterostructures are discussed in detail in the first
publication, which is summarized later. [193] This toolset allows to prepare heterostructures composed
of dyes chemisorbed on an ultrathin alumina films grown on a metallic template, with varying thin
film thickness and SAM made from different surface modifiers.

Figure 20: Side view of the 2L-alumina/NiAl(110) according to the structural
model of Kresse et al. [191] (from Appendix II, Figure 1b)
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With this, the aim of this project was to study the charge dynamics of prepared heterostructures as a
function of the isolating thin film thickness. From a synthetic point of few, the goal was to synthesize
and characterize [ReI(X)(diimine)(CO)3]-type photosensitizers featuring anchoring moieties either at
the diimine ligand or at the axial ligand (X). For this purpose, two ReI-complexes featuring carboxylic
acid anchoring groups 7 and 10 were synthesized as well as one ReI-complex equipped with
phosphonic acid anchoring groups (14), which are more stable on metal oxides under aqueous
conditions.[117] The synthesis of these compounds (Scheme 48) are discussed in chapter 2.1.1.2 and
2.1.1.3, respectively.

Scheme 48: Investigated organometallic dyes in this study (from Appendix II, Figure 1).

In a first step, proof of concept was given by immobilization of [Re INCS(CAbpy)(CO)3] (10) on
2L-alumina from MeCN, using x-ray photoelectron spectroscopy (XPS) to characterize the
heterostructure (areal density, integrity of the molecule and surface binding geometry) and ultraviolet
photoelectron spectroscopy (UPS) to investigate the band alignment of the dye’s FMOs with the bands
of the substrate.[193] In a second step, the established methods and procedures were applied to study
five related organometallic dyes, [ReINCS(CAbpy)(CO)3] (10), [ReINCS(mPAbpy)(CO)3] (14),
[ReI(Nic)(bpy)(CO)3] (7), [RuII(NCS)2(CAbpy)2] (N3) and [RuII(NCS)2(CAbpy)2](TBA)2 (N719).
(Scheme 49), which differ in a systematic manner, to further substantiate the tunnelling picture. [143]
The RuII-based dyes were includes as references, since they were already studied in detail in
literature.[194–196] Spectroscopic methods were supplemented by DFT calculations to investigate the
surface binding geometry and the FMO distribution with the dye molecules. Based on the results of
these two studies, which are summarized in the next sections, future efforts will compare and study
the dynamics of photoinduced charge transfer processes by time resolved ultrafast photoelectron
spectroscopy as a function of the employed dyes, its binding geometry and alumina thickness.
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2.3.1. Summary of W. Zabka et al., J. Phys.: Condens. Matter, 2018, 30, 424002.
This first study (Appendix II) presents practical methods

developed to modify the

2L-alumina/NiAl(110) substrate and the spectroscopy methods to analyse and investigate the formed
heterostructure. A new setup that allows direct deposition of self-assembled monolayers (SAMs) from
solution onto substrates prepared under UHV conditions is presented. The newly designed extension
to the existing UHV system, the SAM deposition chamber (SAMcham, Appendix II, Figure 7b),
allowed treatment of the prepared thin films with molecule solution and pure solvent as well as direct
transfer back to the UHV system without contact to air. As a proof of concept, [ReNCS(CAbpy)(CO) 3]
(10) – whose synthesis has been discussed earlier (Section 2.1.1.2) – was coated from dry and
thoroughly degassed acetonitrile on a well ordered ultrathin alumina film (Appendix II, Figure 2a).
The obtained heterostructure was characterized with XPS and the band alignment of newly introduced
molecular levels and substrate bands was studied by UPS.
After the 2L-alumina thin film on a NiAl(110) alloy template was prepared under UHV conditions as
described elsewhere,[189] the substrate was transferred into the SAMcham. Two Schlenk vessels were
connected to the chamber, the first containing a solution of [ReNCS(CAbpy)(CO) 3] (10) in degassed
and dry acetonitrile and the second vessel providing pure solvent. By sealing the chamber from the
UHV apparatus and opening the valve to the Schlenk vessel, the molecule solution is pressed into the
chamber onto the substrate. By comparing the Re 4f peaks in core-level spectra of solvent rinsed,
unrinsed and untreated substrate, it was shown that purely physisorbed molecules were removed by
rinsing with MeCN whereas the chemisorbed monolayer remained on the substrate (Appendix II,
Figure 2b). On the basis of the Re 4f core-level peak, the density of the molecules on the flat substrate
was determined to be 1.29 ±0.28 Re/nm 2, which corresponds to a footprint of 10 on Al2O3 of
0.78±0.17 nm2. Considering the diameter of the coated species, the formed SAM is densely packed.
The ratio of different atoms on the surface was obtained by integration of the peak intensities of the
respective XPS core level spectra divided by the corresponding photoionization cross-section and
normalization to the Re 4f peak. The obtained atom ratio matches the sum formula of the immobilized
species nicely, except for an increased number of carbon atoms. Reference measurement of a solvent
rinsed substrate without SAM also showed carbon contaminations and therefore, the reason of excess
carbon was attributed to the preparation method, even though the observed species could not be
unambiguously identified. However, the peak of the carboxyl carbons corresponds nicely to surface
bound species. While the found binding energy of the S 2p2/3 peak indicates no surface interaction of
the sulphur atom, the matching atom ratio and the binding energy of the carboxyl carbons indicate
that the molecular species is intact and chemisorbed via the carboxylate to the alumina thin film.
Furthermore, it was found that the SAMs act as capping agent protecting the sensitive surface from
further oxidation under atmospheric conditions. The formation of the alumina thin film can be
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followed by analysing the Al 2p and Ni 3p core level peak. Upon oxidation, additional contributions
of Al2+ and Al3+ are observed at higher binding energies [197] leading to enrichment of metallic Ni 0 and
depletion of metallic Al 0 in the interface between NiAl alloy and the newly formed alumina layer.
When a 2L-alumina is exposed to atmospheric conditions (H2O, O2), interfacial Al0 is decreased
compared to Ni0 and significantly higher Al3+ contributions are observed, corresponding to the
thickness of four layers. However, exposing SAM functionalized substrates to air, the alumina layer
only increases by one layer and the Ni 0 enrichment and Al0 depletion is significantly reduced. In the
case of unfunctionalized thin films, the additional oxygens originate either from atmospheric O2 or
H2O, whereas in the case of coated thin films, the additional oxygens might come from molecule
attachment to the surface releasing two molecules of H 2O per immobilized coating molecule. This is
supported by the fact that the XPS spectra of a reference measurement, where the sample was not
exposed to the atmosphere after SAM deposition, is virtually identical. Furthermore, it was observed
that unfunctionalized substrates are less prone to oxidation with thicker alumina thin films, which is
attributed to a limited mobility of oxygen and aluminium atoms through the thicker oxide film.
In prospect of using this assembly as a photoelectrode, the band alignment of the molecular energy
levels with the substrate bands was investigated by UPS (Figure 21b). For this, the spectra of
NiAl(110) alloy (black trace), 2L-alumina (blue trace), SAM monolayer (red trace) and SAM
multilayer (green trace) were compared. Molecular features of [ReNCS(CAbpy)(CO)3] (10) were
identified in the monolayer and multilayer at the same energies, indicating no change of the energy
level upon binding to the surface. The identified features were assigned to the Re/NCS based HOMO
of 10 located at 2.8 eV below the fermi level, the latter being dictated by the NiAl alloy. The valence
band onset of the isolating alumina was located at 4.2 eV below the fermi level, the conduction band
onset however would be at 2.2 eV above the fermi level according to literature.[198] Since exclusively
occupied states can be measured by UPS, the energy level of the LUMO of 10 was estimated on the
basis of literature calculations for [ReNCS(bpy)(CO)3] and comparison of the absorbance leading to
an estimated band gap of 3.3 eV and a position of the LUMO 0.5 eV above the fermi level (Figure
21c). This finding suggest that under UHV conditions, coated [ReNCS(CAbpy)(CO) 3] (10) is in
principle able to inject / accept electrons into / from electrons into the underlying alloy via tunnelling
through the isolating thin film upon excitation.
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Figure 21: (b) UPS of NiAl(1 1 0) (black), 2L-alumina (blue), SAM (red) and multilayer (green). (c) The
derived band alignment for the multijunction (from Appendix II, Figure 6b, c).

The developed SAMcham and the ability to precisely control the thickness of the thin film enables
the preparation of metal–insulator–SAM heterojunctions with controlled isolating alumina film
thicknesses. Further handling and processing of the resulting heterostructure outside of UHV is
facilitated due to the passivation effect of the SAM.

2.3.2. Summary of Summary of W. Zabka, J. Phys. Chem. C 2019, 123, 22250−22260.
With the developed model system and methods described in the previous section, the focus of this
study (Appendix III) was to compare the properties of a group of surface anchored dyes with
systematic modifications in prospect of expanding the understanding of charge tunnelling through an
isolating thin film. Three different ReI- and two RuII- based dyes (Scheme 49) were employed as
capping agents to form SAMs and the respective heterostructures were investigated and studied by
XPS and UPS and supplemented by DFT calculations carried out by the group of Marcella Iannuzzi.
The areal density, the adsorption geometry and the alignment of frontier molecular orbitals (FMO)
with respect to the alumina band edges were investigated as well as the localisation of HOMO and
LUMO on the employed dye molecules. By including PS3 and PS5, the influence of positive or
negative point charges on the energy level alignment was studied.
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Scheme 49: Investigated organometallic dyes in this study (from Appendix III, Figure 1).

XPS data of the heterostructures confirmed covalent binding of the organometallic dyes to the
2L-alumina thin film and that the deposited dye molecules were structurally intact. An increase of the
insulating layer to a thickness of 2.5 atomic layer was observed after crafting of the SAM. By
comparing the Re 4f core-level peaks, PS1 and PS2 showed almost identical areal density of
1.32 ± 0.22 and 1.34 ±0.22 nm-2, whereas a higher special demand was found for PS3 leading to a
lower density of 1.07 ± 0.21 nm-2 (Table 3), which is attributed to co-adsorption of the OTf- counterion
to Lewis acidic sites. Accordingly, for the even bulkier Ru-based dyes PS4 and 5, even lower areal
densities were found (see Table 3), in line with literature reports. [199] XPS of PS5 showed that the
ratio the different nitrogen species NCS/py/TBA of 1:2:1 is retained upon adsorption to the surface
suggesting that the dye binds to the thin film and the counterions form ionic bonds within the SAM
balancing out the charge. Sulphur binding energies of PS1, PS2 and PS5 suggest no interaction of the
NCS with the surface. However, PS4 showed an additional band indicating sulphur oxygen
interaction, which would suggest an interaction of the thiocyanate with the thin film. With this, a
counterion seems to have an influence on the surface binding geometry.
For PS3 nearly stoichiometric co-adsorption of dye and counterion was observed, however, S 2p corelevel analysis showed two sulphur species instead of one, suggesting decomposition of the counterion,
which was supported by the found fluorine deficiency in the SAM. However, the explanation given
in the paper involving the release of fluorine (F2) upon OTf decomposition is very unsatisfying and
very counterintuitive from a chemical reactivity perspective.
Table 3: Areal Densities of the Molecules in the Monolayer, and the Average
Molecule Diameters on the Surface [a] (from Appendix II, Table 1).

[a] The numbers represent average values of densities or diameters obtained
from different elemental core levels. Errors refer to 95% confidence interval.
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DFT calculations of the ReI-based dyes (PS1–PS3) on alumina in vacuum were run to find the most
stable adsorption configurations of the molecule on the surface. The two Re-NCS complexes show
similar features, where the most stable configuration involves one oxygen-aluminium bond per anchor
group and no further deprotonation of the anchor groups (Appendix III, Figure 4a/b and c/d). This
suggests that each anchor is a monodentate binder, only coordinating via the oxo-oxygen to a Lewis
acidic site on the surface. Unexpectedly, the calculations showed that the most stable configuration
also involves NCS–Al interactions for both molecules, which was not found in the XPS experiments.
Further calculations showed, that configurations involving deprotonation and binding of a second
oxygen of the anchor moiety to the surface, while protonation of a neighbouring surface oxygen
forming a hydroxy group, are significantly higher in energy and therefore less probable under vacuum
conditions. For PS3, calculations suggest a bidentate binding via the niacin’s carboxylate to two
surface aluminium atoms, whereby the diimine ligand points away from the surface and the counterion
is co-adsorbed on the surface (Appendix III, Figure 4e/f). It has to be pointed out though, that for the
investigated dyes, several other configurations are very close to the most stable structure discussed
here, indicating a multitude of adsorption configurations and geometries as it was reported for PS4
on TiO2.[200]
The findings concerning the electronic structure and the band alignment of the dye’s energy levels
with the bands of the substrate are based on data from UPS experiments as developed previously,[193]
which were compared with projected density of states (PDOS) resulting from the respective lowest
energy structures from DFT calculations. The good agreement of the UPS data with the calculated
PDOS suggest that the calculated lowest energy structures are indeed close to the actual structures
since the level alignment showed to be rather sensitive to specific bonding geometries of the dye on
the substrate. It was found that for all ReI-based dyes, the frontier molecular orbitals (FMO) lie within
the bandgap of the alumina thin film and that the HOMO energy levels derived from DFT calculations
are in line with experimental data. The trends of the relative positions of the HOMO energy levels
found by DFT and UPS were consistent, with the HOMO of PS1 being highest in energy and the one
of PS3 lowest in energy (Appendix III, Figure 6a). Calculated PDOS locate the LUMOs of the
investigate PS1–PS3 just above the Fermi level of the NiAl(110) alloy. These results suggest that all
investigated dyes should be able to inject an excited electron into the alloy via tunnelling through the
insulating alumina thin film. The tunnelling probability is increased the closer the LUMO is localized
to the surface, which is coherent with the DFT results suggesting that injection is most effective for
PS1 and least effective for PS3, as it was expected from an orbital orientation point of view.
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2.4.

Quinones as Reversible Electron Relays in Artificial Photosynthesis

The goal of this project was to identify suitable quinone-based electron relays, ideally showing full
conversion of the sacrificial electron donor (SED) tris-(2-carboxyethyl)-phosphine (TCEP) as well as
comparable or improved H2 evolution rates compared to ascorbate and study a quinone-based system
by means of time-resolved spectroscopy to identify system-limiting factors. Therefore, an extensive
screening of different hydroquinones (H 2Qs) to investigate their performance as novel electron relays
was undertaken. By substituting ascorbate as an electron relay, some of the employed H 2Q showed
increased TCEP conversion in photocatalytic proton reduction experiments of our standard system
(Scheme 50), however, the maximal H2 evolution rate was smaller by at least a factor of 5. This part
is summarised under 2.4.2. While the photochemistry of the employed [Re I(py)(bpy)(CO)3]+ and the
cobalt-cycle were already investigated before in great detail, [149] the mechanism of action in the case
of the quinones was not known. Our investigation lead to a publication in collaboration with the group
of Peter Hamm, which is summarised in Appendix IV. It describes the follow-up chemistry of the
photo-oxidized H2Q and its regeneration by TCEP, the major bET channels as well as the timescales
of the individual steps. The factor limiting the photon-to-H2 efficiency was identified and suggestion
to improve the system are indicated.

Scheme 50: Standard reductive half-reaction with a sacrificial electron donor
(SED), a reversible electron shuttle (ER red/ERox), a PS and cobalt-based WRC.

2.4.1. Summary of A. Rodenberg et al., ChemPhysChem 2016, 17, 1321 – 1328.
In this study, 1,4-dihydroxybenzene (DHB), 1,4-dihydroxybenzoic acid (DBA) and 1,2-dihydroxybenzene, also known as catechol (CC) (Scheme 51) are investigated as electron relays in a
homogeneous proton reduction system. The catalytic system consisted of [Re I(py)(bpy)(CO)3]OTf as
PS and [CoBr(TPy)]Br as WRC. The kinetics of this system were already studied in great detail
previously using TEOA in aqueous solution. [149] Here, TCEP was used as a sacrificial electron donor
(SED), which by itself is not able to reductively quench the employed PS. However, when an electron
relay such as ascorbate or hydroquinone (H 2Q) is added, H2 evolution is observed in catalysis
experiments.[26] The focus of this study was to determine the rates of the individual steps involving
relay-PS interactions such as quenching rates and cage escape yields, as well as the kinetics of the
follow-up chemistry of the oxidized H2Q and the time window of the catalytic cycle.
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Scheme 51: Components used in this study: TCEP as sacrificial electron donor (SED), DHB, DBA and CC as electron
relay, [ReI(py)(bpy)(CO)3]+ as PS and [CoII(TPy)(H2O)]2+ as catalyst (from Appendix IV, Figure 2).

The system was investigated with different experimental techniques such as transient IR spectroscopy,
laser flash photolysis measurements in the visible spectral range and stopped-flow techniques. These
time-resolved methods were complemented by in-line GC H2 evolution experiments to investigate the
performance of the system and calculate the photon-to-H2 quantum yield.
The first step in this photocatalytic reaction cycle is the excitation of the PS to PS * by light, which is
then reduced by the quencher (H2Q). A UV-pump/IR-probe setup was utilized to carry out the
quenching experiments of PS and the investigated H 2Q (Scheme 51). In the FTIR spectrum of the PS
(Appendix IV, Figure 3a), the most prominent bands are the carbonyl vibrations between 1900 and
2050 cm-1 originating from the three CO ligands. They give rise to one symmetric stretch vibration of
all CO ligands at 2034 cm -1 and two antisymmetric stretch vibration only involving the equatorial CO
ligands, which overlap in this specific PS yielding a broad band around 1930 cm -1.[26] Since the CO
bands are very sensitive to changes in the electron density at the Re-centre due to -back bonding
from occupied 5d orbitals, they are ideal spectroscopic handles to investigate the photocycle of a
[ReI(X)(diimine)(CO)3]-type PS.[26] In previous studies and reference measurements, the respective
bands of ground state bleach (1932 and 2034 cm -1), bands of PS* (1972, 2012 and 2072 cm -1) and PS–
(1900 cm-1) were identified.
Experiments with the three different quenchers, transient absorption spectra at selected delay times
after photoexcitation (Appendix IV, Figure 3b) and the kinetic traces for the peaks of the individual
transient CO band (Appendix IV, Figure 3c) were obtained, from which kinetic parameters of the
different quenchers could be determined (Appendix IV, Table 1). The results show that the quenching
takes place within a few nanoseconds and that reductive quenching yields of all H2Q are very similar
(0.31–0.33). However, compared to TEOA[28] and ascorbate,[27] the obtained numbers are smaller by
a factor of two.
To investigate the fate of the H2Q upon photooxidation, transient IR spectroscopy was supplemented
by laser flash photolysis measurements. In the region between 1400 and 1600 cm -1 (Appendix IV,
Figure 4a), additional features in the transient IR spectrum could be assigned to the ground state PS
(1475 and 1449cm-1) and PS* (1553 cm-1), and also features originating from quinones species could
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be identified such as H2Q (1513 cm-1), an unspecified quinone species (1497 and 1518 cm -1) and the
semiquinone radical (Q•–, 1500 cm-1). The spectra of the transient UV-Vis measurements (Appendix
IV, Figure 5a) is dominated by bands of the PS– (470 and 850 nm), but also a feature of Q•– is observed
(440 nm). From the analysis of the kinetic data of the assigned bands and an estimated pK a of –1 for
the first oxidized species, which should be the semiquinone radical cation H 2Q•+, the following picture
was obtained: The quenching process of PS* with H2Q occurs with a time constant of 8 ns, from which
PS– and HQ• are obtained. Whether oxidation and deprotonation of H 2Q to the semiquinone radical
(HQ•) is a concerted or stepwise process cannot be determined, since with the estimated pK a the
deprotonation process is faster than the time resolution of the setup. After additional deprotonation of
the HQ•, the semiquinone radical anion (Q •–) is observed with a time constant of 670 ns.
Disproportionation of the latter occurs very slowly within a few milliseconds, whereas recombination
of PS– with Q•– or benzoquinone (Q, from impurities) occurs faster, within several hundred
microseconds (Appendix IV, Figure 5b).
To achieve a full reductive half-reaction, the CoII-catalyst and TCEP were added, and the transient
experiments were repeated. While Co II- and CoIII-species are dark in transient IR and laser flash
photolysis measurements,[149] CoI shows an absorption band at 610 nm, which appears in the kinetic
trace within 1 s (Appendix IV, Figure 6b, green trace) as a result of diffusion-limited ET from PS–,
which is in agreement with previous observations. Recombination of the Co I-species with Q•– takes
place on the same timescale as recombination with PS–. However, 4% of the initial peak amplitude of
the reduced cobalt remains for up to 10 ms, which was assigned to the amount of Co I not able to
recombine due to re-reduction of oxidized H2Q by TCEP. From a previous study at pH 8 it is known,
that the CoI-species is protonated to form a Co III-hydride, which is further reduced by another Co I to
a CoII-hydride. On a timescale of 10 seconds, an additional protonation step occurs, molecular H2 is
released and the catalyst returns to the Co II ground state.[149] If extrapolating to pH 5, the time window
for the catalytic cycle to produce H 2 is 10 ms, which matches very well with the observed
disappearance of CoI (Appendix IV, Figure 6b).
Using stopped-flow experiments (Appendix IV, Figure 7), the rate constant for regeneration of Q to
H2Q by TCEP in degassed aq. solution at pH 5 was determined to be 1.5×10 4 M-1s-1. Under the
conditions of the pump probe experiments above, a regeneration timescale of 650 s would be
expected, from which a fraction of re-reduced relay of 1.5% is estimated that compares relatively well
to the observed 4%.
Photocatalytic proton reduction experiments were then carried out for all investigated relays in a 0.5 M
acetate buffer solution at pH 5 with 100 M WRC, 0.5 mM PS, 100 mM TCEP and 50 mM of the
respective H2Q. In each case, H2 evolution was observed (Appendix IV, Figure 8) and for DHB, almost
quantitative conversion of TCEP to TCEPO occurred. While the total amount of H2 formation differed
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by a factor of 2, the initial rates and peak quantum yields differed by a factor of 10, with DHB performing
the best and CC performing the worst. Peak quantum yield for the former H2Q was determined to be
7.3%, which is significantly higher than the one determined based on the time-resolved experiments. At
this point, it must be pointed out, that quantum yields from pulsed experiments and continues
illumination experiments should not be compared directly since the concentrations of each species in
solution differ significantly between the two settings. Taking the very similar quantum yield of reductive
quenching into account, the distinct difference in performance in H2 evolution experiments is assigned
to the varying recombination kinetics of reduced species with the oxidized relay.
The successful implementation of a Q/H 2Q-based electron shuttle in a photocatalytic proton reduction
scheme was so far prevented by the fast recombination of the semiquinone radical or quinone with
the reduces PS (PS–). For the first time, the recycling of the oxidized form by TCEP is reported leading
to H2 evolution of the investigated system. However, the reason for the low photon-to-hydrogen
quantum efficiency is due to rather long timescale of H2 formation (10 ms) and relay regeneration
(~1 ms), whereas recombination of reduced PS (PS–) and CoI with oxidized relay (Q•– and Q) is faster
by one to two orders of magnitude (Scheme 52).

Scheme 52: Overview of the identified timescales of the catalytic cycles with fast ET
to CoI but very slow H2 evolution (10 ms), slow regeneration of the oxidized relay
and fast recombination of the reduced Re and Co species with the oxidized relay.
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2.4.2. Photocatalysis with Quinones as Electron Relays
2.4.2.1 Photocatalytic Experiments with Quinones and the Rhenium-Photosensitizer
Since the catalysis part of the summarized paper was discussed only very briefly, in this section, more
details about the H2 evolution experiments are presented such as TCEP-to-H2 conversion. One
additional, more electron-rich H2Q, 1,2,4-trihydroxybenzene (THB) was added to the series and the
results are shown in Figure 22 and key-parameters summarized in Table 4. TCEP conversion was
determined by 31P NMR before and after catalysis, and hydrogen was quantified by an automated GCsetup and full TCEP to H2 conversion would yield 0.95 mmol/H2.

Figure 22: Performance of hydrogen evolution for four different H 2Q. Conditions: 0.5 mM [Re I(py)(CO)3(bpy)]+, 100 M
[Co(TPY-OH)(OH2)]2+, 100 mM TCEP, 50 mM H2Q as indicated, 0.5 M NaAcO/AcOH (pH 5),in 9.5 mL H 2O. The left
scale: rate of H2 evolution, the right scale: accumulated H 2 production.

Table 4: Summary of key parameters of the H2 evolution experiment with the indicated relay.
Relay

Eox
[eV][a]

H2/smax
[10-9 mol/s][b]

H2
[mmol][b]

TCEP consumption
[mmol][c]

TCEP-to-H2
conversion [%][d]

1,2,4-trihydroxybenzene

1.472

11.8

0.86

0.94

91

1,4-dihydroxbenzene

1.607

11.1

0.87

0.89

98

2,5-dihydroxybenzoic acid

1.780

1.7

0.63

0.71

89

1,2-dihydroxybenzene

1.824

0.96

0.47

0.51

92

-

-

0.61

0.06

-

-

DMSO[39],

[a] calculated oxidation potential E ox of the respective H 2Q in
[b] determined by in-line GC setup, [c]
TCEP consumed according to 31P NMR, [d] TCEP-to-H2 conversion determined from accumulated H 2 and TCEP
consumption.

The more electron-rich relays, 1,2,4-trihydroxybenzene and 1,4-dihydroxybenzene, perform equally
well in terms of maximal rate (11.8×10-9 mol/s, 11.1×10-9 mol/s respectively) and the total amount of
hydrogen produced (0.86 mmol and 0.87 mmol) even though THB is more electron-rich. The more
electron-deficient 2,5-dihydroxybenzoic acid and the catechol, on the other hand, showed much lower
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performance in maximal rate (1.7∙10-9 mols/s and 0.96∙10-9 mols/s) and total H2 produced (0.63 mmol
and 0.47 mmol). Without relay, a maximal rate of 0.61×10-9 mols/s and a total amount of H2 of 0.06
mmol was obtained, which is due to TCEP’s low quenching rate. After catalysis,

P NMR

31

measurements showed the complete conversion of TCEP to TCEPO for THB and 93% for DHB,
whereas DBA and CC showed inferior results with 75% and 54% conversion. However, the TCEP-toH2 conversion ranged between 98% for DHB and 89% for DBA. This indicates that no other significant
reduction process takes place but the regeneration of the quinone. Due to the significantly lower rate of
DBA and CC, the H2 signal of the GC ceased after 250 h, whereas catalysis was finished after 50 h for
THB and DHB. In the publication, transient experiments showed very comparable quenching yields of
the investigated H2Q, suggesting that the difference in catalysis originates from varying kinetics or
oxidized relay regeneration. The fact that THB performs equally good compared to DHB in rates and
the total amount of H2 indicates a system limit, which cannot be surpassed. Interestingly, the observed
relative performance of the relays in catalysis matches quite well the trend in calculated oxidation
potentials Eox in DMSO of the respective H2Q,[39] from which a better performance of 1,2,4-trihydroxybenzene was expected.
2.4.2.2 Photocatalytic Experiments with Quinones and the Ruthenium-Photosensitizer
A by far more extensive screening study was carried out in our best performing system featuring
[Ru(bpy)3]2+ as PS and [CoBr(aPPy)]+ as catalyst (Scheme 53) to investigate, if quinone-based relays
are superior to ascorbate in terms of performance and TCEP conversion. The experiments were carried
out in 0.5 M NaOAc/AcOH buffer at pH 5 with 5 M CoII-based WRC, 0.5 mM RuII-based PS, 100 mM
relay (Scheme 54) and 100 mM TCEP. In case the relays were employed in their oxidized form (as
quinone), they were reduced in situ by an additional equivalent of TCEP and conversion was checked
and confirmed by 31P NMR. The results are summarized in Table 5.

Scheme 53: Employed components in this study: TCEP as SED, various H 2Q/Q as electron shuttle,
[Ru(bpy)3]2+ as PS and [CoBr(aPPy)]+ as WRC.
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Scheme 54: Molecules screened as electron relay in photocatalytic proton reduction.

Out of this library (Scheme 54), only seven quinone-based relays (R1–R7, Figure 23) showed H2
evolution in the investigated system. Reference experiments were performed using ascorbate as electron
shuttle with and without acetate buffer (Figure 23, green traces) as well as one experiment without relay
(grey trace). In contrast to the system with [Re(py)(bpy)(CO)3]+ as PS, the blank experiment without
relay using the Ru-PS did not show any hydrogen evolution, which is explained by the lower oxidation
potential of the excited Ru-PS compared to the Re-PS.[26] In the reference experiment with ascorbate
(darker green trace),

31

P NMR showed 60% consumption of TCEP (0.60 mmol), whereas GC

measurements showed total hydrogen evolution of 0.42 mmol (42%). The TCEP-to-H2 conversion is
therefore 70%, indicating that 0.18 mmol TCEP was oxidized in other ways than regeneration of
oxidized ascorbate. The bright green traces correspond to the experiment without acetate buffer, which
is less well defined compared to the trace with acetate buffer, however total hydrogen produced is
slightly higher whereas the maximal rate was diminished by ¼.
When comparing the results of the mono-substituted H2Qs (R3‒R6), the following trend can be
observed: the more electron-rich the relay is, the higher is the observed maximal H2 evolution rate in
catalysis. Zhu et al. calculated the one-electron oxidation potential Eox of a large series of H2Qs. For the
quinone based relays (R3‒R6), solution-phase potentials in DMSO of 1.400 V (R3), 1.472 V (R4),
1.543 V (R5) and 1.607 V (R6) vs NHE were calculated.[39] While the calculated absolute potentials
should not be compared directly with for instance excited state redox potentials of the photosensitizers,
their relative order can be compared to experimentally determined trends. And indeed, the relative
potentials of the mono-substituted relays correspond to the relative performance of the respective relay
in catalysis experiments. While R4 and R6 were performing equally well in the system with Re-based
PS, in this system, the performance of R4 surpassed the one of R6 by far. One reason for this observation

77

Results and Discussion

could be the stronger oxidation power of the excited Re-PS compared to the Ru-PS, however, further
investigations are needed to test this hypothesis.

Figure 23: Results of catalysis experiments using 5 M [CoBr(aPPy)]Br (WRC), 0.5 mM [Ru(bpy)3]2+ (PS), 100 mM
relay and 100 mM TCEP in 0.5 M NaOAc/AcOH buffer at pH 5. Hydrogen evolution rate vs time (left), ascorbate
reference measurements with (dark green) and without buffer (bright green) zoomed out (insert) and the total amount of
H2 vs time (right). Colour code corresponds to the relays above the graphs and the no-relay reference is marked in grey.
Table 5: Summarized results of catalysis experiments using 100 mM of the respective relay.

0.42 ± 0.07

TCEP
conversion
[mmol][c]
0.60 ± 0.04

TCEP-to-H2
conversion
[%][d]
70±16

0.68 ± 0.05

0.22 ± 0.02

0.40 ± 0.02

54±7

1.48 ± 0.06

0.62 ± 0.03

0.76 ± 0.05

81±8

4.29 ± 0.65

0.68 ± 0.12

0.99 ± 0.06

68±17

4.16 ± 0.28

0.55 ± 0.04

0.73 ± 0.05

75±10

1.543

0.88 ± 0.16

0.33 ± 0.09

0.42 ± 0.03

78±26

1.607

0.07 ± 0.01

0.02 ± 0.01

0.05 ±0 .01

46±6

-

0.15 ± 0.01

0.04 ± 0.01

0.06 ± 0.01

68±8

Eox
[eV][a]

H2/smax
[109 mol/s][b]

H2
[mmol][b]

Ascorbate (ref)

-

20.08 ± 3.03

2,3-Dimethoxy-5-methylbenzoquinone (R1)

-

2,5-Dihydroxy-1,4-benzoquinone (R2)

-

2-Methoxybenzene-1,4-diol (R3)

1.400

1,2,4-Trihydoxybenzene (R4)

1.472

2-Methylbenzene-1,4-diol (R5)
1,4-Dihydroxybenzene (R6)

Quinone Derivatives (100 mM)

1,2,3-Trihydroxybenzene (R7)

[a] Calculated Eox in DMSO,[39] [b] determined by in-line GC setup, [c] TCEP consumed according to 31P NMR, [d] TCEPto-H2 conversion determined from accumulated H 2 and TCEP consumption.

The TCEP-to-H2 conversions in the system with quinone-based relays and [Ru(bpy)3]2+ as PS were
between 46% for 1,4-hydroquinone (R6) and 81% for 2,5-dihydroxy-1,4-benzoquinone (R2) (Table 5).
While in the case of the Re-PS, a significant improvement of the conversion was observed for
1,4-dihydroxy benzene (R6), in this system, the conversion of ascorbate lies within the same range as
the investigated quinone-based relays.
An additional series of experiments was conducted at 10 mM relay concentration, as higher substituted
relays were sparely soluble at 100 mM under the above catalysis conditions. For this, the relays R1, R2,
and R4 were re-measured at lower concentration and two additional relays, 2,3,5,6-tetrahydroxy
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benzoquinone (R8) and 2,5-dimethoxy-benzoquinone (R9), were added to the list. The results are
summarized in Table 6. The rate profile diagram (Figure 24, left) shows that the higher substituted
relays R8 and R9 perform even better at 10 mM than any of the screened relays at 100 mM. The
performance of relay 2 also increased at 10 mM both in terms of rate and total amount of hydrogen,
whereas the maximal rate of the mono-substituted relay 4 decreased by a factor of 5. For relay R1, no
H2 evolution was observed under these conditions.

Figure 24: Results of catalysis experiments using 5 M [CoBr(aPPy)]+ (WRC), 0.5 mM [Ru(bpy)3]2+
(PS), 10 mM relay and 100 mM TCEP in a 0.5 M NaOAc/AcOH buffer at pH 5. Hydrogen evolution
rate vs time (left) and total amount of H2 (right).

Table 6: Summarized results of catalysis experiments using 10 mM of the respective relay.
Eox
[eV][a]

H2/smax
[109 mol/s][b]

H2
[mmol][b]

2,3-dimethoxy-5-methylbenzoquinone (R1)

-

no H2

no H2

TCEP
conversion
[mmol][c]
-

2,5-dihydroxy-1,4-benzoquinone (R2)

-

1.81±0.12

0.80±0.06

0.96±0.06

83±11

1,2,4-trihydroxybenzene (R4)

1.472

0.77±0.05

0.23±0.02

0.21±0.01

108±15

2,3,5,6-tetrayhydroxy-benzoquinone (R8)

1.699

5.30±0.26

0.77±0.04

0.95±0.06

81±9

-

6.41±0.36

0.54±0.03

0.74±0.05

73±9

Quinone Derivatives (10 mM)

2,5-methoxyhydroxy-1,4-benzoquinone (R9)

TCEP-to-H2
conversion
[%][d]
-

[a] Calculated Eox in DMSO,[39] [b] determined by in-line GC setup, [c] TCEP consumed according to 31P NMR, [d] TCEPto-H2 conversion determined from accumulated H2 and TCEP consumption.

The kinetic rate profile of a catalysis experiment is the result of a complex reaction mixture and is
dependent on a multitude of factors such as oxidation and reduction potential of reduced and oxidized
relay, excited state oxidation potential of the PS, reductive quenching yield, back-electron transfer rates
between reduced and oxidized species and more. If the rate-limiting factor (bottleneck of the catalysis
reaction) had to be identified, each individual step involving the relay such as quenching, follow-up
chemistry to the quinone species (Q), regeneration and bET reactions had to be investigated.
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2.5. A General Anchor Platform for the Immobilization of cobalt based catalysts on
Metal Oxides
In this section, a novel anchoring platform for cobalt polypyridyl catalysts based on the benzylphosphonate anchor is introduced. The synthesized benzyl-phosphonates were immobilized on metal
oxides such as TiO2 and ZrO2. In a first part, the covalent binding of the organo-phosphonates to TiO2
is demonstrated and analytical methods to determine the surface loading/footprint and stability of the
hybrid material are discussed on the example of small benzyl-phosphonates. Further, the
immobilization of DMTPy derivatives (ligands) and on-particle complex formation is compared to
the immobilization of the pre-assembled catalyst as well as the advantages and disadvantages of the
respective approach. Once again, differential FT-IR spectroscopy has proven itself to be a powerful
method for this investigation. After assessing the stability of the hybrid materials under aqueous
conditions from pH 2-12 and under relevant, near-catalytic conditions, catalysis experiments of a
semi-heterogenized system were carried out to investigate its performance in photocatalytic proton
reduction experiments.
For this study, TiO2 nanoparticles (Evonik Aeroxide® TiO2 P25)[201] with an average particle diameter
of 21 nm and a BET surface area of 50±15 m2/g as well as ZrO2 nanoparticles (US-Research
Nanomaterials) with an average diameter of 40 nm and a BET surface area of 30±10 m2/g were
employed as substrates. These materials were chosen due to their large surface areas to achieve a high
molecule loading. They also have been very well characterized and were used previously in literature
reports for immobilization of catalytic systems.[168] Proper characterization of the formed hybrid
materials is of utmost importance to estimate the catalyst loading on the particles and asses the
stability of the conjugates. The investigation of the desorption gives insights into which phases – on
the surface or in solution – catalysis takes place as well as to the recyclability of the composite
material. Figure 25 displays the different molecular species discussed in this chapter.

Figure 25: Molecular species investigated in this chapter: The small benzyl-phosphonic acids PA-pXyl (Error! Reference s
ource not found.), HOBisPodH (Error! Reference source not found.), the DMTPy derivatives MonoPod H (54), BisPodH (57)
and the cobalt complex [Co IIBisPodH] (85).
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2.5.1. Immobilization of small Benzyl Phosphonic Acids
2.5.1.1 Coating of TiO2 NP
To establish adsorption and characterization methods for small molecules on TiO 2 P25,
immobilization experiments were performed using small benzylic mono- and bis-phosphonic acids,
PA-pXyl (Error! Reference source not found.) and HOBisPodH (Error! Reference source not found.). Du
e to the good solubility of phosphonic acids Error! Reference source not found. and Error! Reference
source not found. in MeOH, the adsorption experiments were carried out by stirring TiO 2 NP in
methanolic solutions of the respective PAs under exclusion of light. By using an organic solvent
instead of H2O, the particles formed a homogeneous suspension, whereas agglomeration of the
particles was observed in H2O. Furthermore, an excess of PA was applied to ensure full coverage of
the NPs, which is further described as overloading. If an excess of NP is added to the molecule
solution to ensure full adsorption of molecules, it is referred as underloading.
To determine the surface loading and therefore the footprint of HOBisPodH (Error! Reference source n
ot found.), an overloading procedure was applied using a four-fold excess compared to the expected
full coverage. After stirring of the particle suspension overnight in the dark, the loading dispersion
was centrifuged, the supernatant removed, and the particles washed three times with fresh MeOH.
Rinsing was necessary to remove purely physisorbed molecules to prevent multilayer formation as it
was observed previously when coating Al 2O3 thin films with [ReIX(diimine)(CO)3]-type dyes. The
footprint was calculated from concentrations of the methanolic linker solutions determined by UVvis spectroscopy before and after treatment with TiO 2 NP (Figure 26).[168]

Figure 26: Loading of HOBisPodH (Error! Reference source not found.) on TiO2 P25 NPs from methanolic solutions. UV-v
is spectroscopy measurements of the solutions (left) to determine molecule content (right). Dilutions: Loading 1:100,
Supernatant 1:50, Wash 1 1:10.

With an assumed foot print of 0.38 nm 2 (213 m2/mmol), 25% of the loading solution was expected to
be adsorbed, however, only a difference between loading solution and supernatant of 12% was
overserved, from which a foot print of

HO

BisPodH (Error! Reference source not found.) on TiO2 of 0

.78±0.23 nm2 was calculated. This corresponds to about 0.106±0.032 mmol molecules/g hybrid
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material. The error of 30% originates from the BET specifications of the TiO 2 P25, which has an
average surface area of 50±15 m2/g. Using UV-Vis spectroscopy to determine the concentrations
bears a few difficulties. The solutions had to be diluted before the measurement due to the high
concentrations. At lower concentrations, where dilutions were not necessary anymore, dispersed NPs
in the methanolic wash solutions interfered with the measurement, what was observed at the elevated
background of Wash 2 and Wash 3 in Figure 26 (left). After washing of the coated particles and drying
at HV, the obtained hybrid material was analysed by FTIR spectroscopy and 31P MAS NMR.

Figure 27: Differential FTIR spectrum of HOBisPod@TiO2 vs native TiO2 P25
(violet, left scale) and FTIR spectrum of HOBisPodH (red, right scale) as reference.

Differential FTIR spectroscopy (Figure 27, violet trace) with native TiO2 P25 as background
confirmed the presence of the PA and the covalent binding of the molecule to the TiO2. The spectrum
of the hybrid material clearly shows features of the

HO

BisPodH (red trace) such as the C=C double

bond valence vibration at 1604 cm-1, C–H deformation vibration at 1460 cm -1 and an additional
common feature at ~1406 cm-1. Whereas the P–OH bands of HOBisPodH (Error! Reference source not f
ound.) are observed at 1090 cm-1 and 942 cm-1 (Figure 27, red trace), the coated NPs only shows a
broad band between 1200–850 cm-1, which is characteristic for chemisorbed phosphonates on metal
oxide.[165]

Figure 28: 31P MAS NMR spectrum of HOBisPod@TiO2 referenced against (NH 4)H2PO4.

83

Results and Discussion

Covalent binding was additionally confirmed by 31P MAS NMR showing a broad resonance at 20 ppm
(Figure 28). Looking closer at the NMR resonance band, two shoulders at 17 ppm and 26 ppm are
identified, indicating a total of three different binding modes, which was already observed and
described by Brodard-Severac et al. in 2008.[202] In the respective study, the binding modes of selfassembled monolayers (SAMs) of phenyl phosphonic acid and alkyl phosphonic acid on TiO 2 anatase
were investigated in detail by
17

P and

31

17

O MAS NMR spectroscopy supported by calculations.

O MAS NMR experiments showed residual P=O and P–O–H sites within the formed monolayer

indicating the presence of mono-, bi- and tridentate surface phosphonate binding modes. Furthermore,
the oxygen shifts correspond to bridging as opposed to chelating phosphonates. [202]

2.5.1.2 Desorption/Stability
A further important parameter, which will become most relevant in catalysis experiments, is the
stability of the hybrid material towards molecule desorption, also known as bleaching. Compared to
adsorption, which is performed from methanol, during catalysis, desorption would occur under
aqueous conditions. A good picture of the adsorption/desorption properties of a molecular species is
obtained by pH dependent adsorption experiments. For this, the pH of an unbuffered aqueous
suspension of PA-pXyl (Error! Reference source not found.) and TiO2 P25 NPs (using underloading c
onditions) was titrated from pH 12–2 using diluted aq. NaOH/HCl. After equilibration for 15 min, the
supernatant was analysed by HPLC in addition to UV-vis spectroscopy and the determined
concentrations were plotted against the corresponding pH values (Figure 29, left). The obtained
adsorption curves were sigmoidal, independent of the used method (UV-vis: absorbance at 217.5 nm
and 233 nm, HPLC: peak area at 219 nm). Whereas absorbance at 217.5 nm and HPLC analysis gave
similar adsorption curves with higher concentrations between pH 4–8, the sigmoidal character of the
UV-vis method at 233 nm was more pronounced, corresponding to the expected curve shape. Since
the molecule desorption is due to the competition between the phosphonate and hydroxide binding to
the metal oxide surface[167] and electrostatic repulsion of negative charges, [203] a pH titration-like curve
was anticipated.

84

Results and Discussion

Figure 29: PA-pXyl (Error! Reference source not found.) concentrations determined by UV-vis s
pectroscopy and HPLC versus adjusted pH values (left). Absorption spectra of PA-pXyl (Error! Reference
source not found., 0.302 mM) in H2O from pH 2–12 (right) with absorbance at 233 nm vs pH (right,
insert).

To check the accuracy of the data, pH titration of PA-pXyl (Error! Reference source not found.) was p
erformed (Figure 29, right) clearly showing the pKa of 7.78±0.02 and 2.41±0.23 (Figure 29, right,
insert). At 217.5 nm, the pH titration showed an isosbestic point (except for pH 12), which makes this
wavelength more suitable for concentration determination. The values obtained from UV-vis analysis
are consistently higher compared to HPLC, which is due to residual TiO2 NPs in the measurement
sample absorbing up to 400 nm. Despite centrifuging off the particles and filtration of the supernatant
to be analysed, it was not possible to remove residual NPs quantitatively. Therefore, HPLC was
identified as the most accurate method for quantification also at low concentrations. Additionally, the
acidic eluent of the HPLC system ensures that the molecular species detected are always in the same
protonation state, no matter from what solvent the sample was withdrawn. This preliminary adsorption
experiment with the monopodal benzyl-phosphonate indicates, that PA-pXyl@TiO2 is only stable at
very low pH values, showing a flattened sigmoidal desorption curve of Error! Reference source not f
ound.. The unexpected form of the curve could be explained by overlapping effects of the linker’s
pKa and point of zero charge (pzc) of TiO2 P25.

2.5.2. On-Particle Complex Formation
Since the quantitative binding of Co II ions to the pyridine pocket of the DMTPy ligand was
demonstrated during the development of a synthetic strategy for [Co IIBisPodH] (85, section 2.1.3.2),
an on-particle complex formation approach was pursued. This allows determination of the surface
loading by HPLC, analysis of the hybrid material by FTIR spectroscopy and 31P MAS NMR and in a
next step form the active catalyst by treatment of the ligand@TiO2 composite with excess CoBr2
assuming quantitative coordination of all ligands (Scheme 55).

85

Results and Discussion

Scheme 55: Immobilization of PA on TiO2 NP (step 1), removal of physisorbed PA (step 2), on-particle
complex formation (step 3) and removal of excess CoBr 2 (step 4).

As for the adsorption of the benzyl PAs Error! Reference source not found., and Error! Reference so
urce not found., native TiO2 P25 was coated with DMTPy derivatives MonoPodH (54) and BisPodH
(57) from methanolic solutions by stirring the respective suspensions overnight under overloading
conditions in the dark. Chemisorption was confirmed by differential FTIR spectroscopy of the washed
and dried coated particles and the footprints of the immobilized molecular species and the surface
loading/coverage were determined by analysing the supernatants, after centrifugation of the particle
suspensions, loading and wash solutions by HPLC.
Assuming a monolayer of MonoPodH on TiO2, HPLC analysis of the respective methanolic solutions
gave a molecule loading of the hybrid material (MonoPod@TiO2) of 1.78 mol/m2 or
1.08 molecules/nm2, which corresponds to a footprint of 0.93±0.28 nm2. Coating the surface of the
TiO2 NPs with BisPodH, a grafting density of 0.78 molecules/nm2 was determined, which translates
to a footprint of 1.29±0.39 nm2. With this, both molecular species have a significant larger footprint
than HOBisPodH (0.78±0.23 nm2), which is not surprising, since MonoPodH and BisPodH both feature
a large DMPTy moiety as headgroup. The larger footprint of the bispodal species (57) could be
explained by the fact that by having two anchoring groups, the whole structure became more rigid
making it more difficult to arrange in a most dense packing.
Washing of physisorbed particles with MeOH was necessary due to formation of multilayer, which
was also observed in previous experiments and after repeating the washing procedure three times,
only negligible amounts of PA were detected in solution by HPLC. With this, purely physisorbed
species are removed giving a more accurate surface loading. The error of the surface loadings and the
footprints are dominated by the error of the specific surface area given by the supplier of the NPs,
which is 30% for TiO2 P25 (BET 50±15 m2/g). HPLC measurements showed standard deviations –
each data point was measured three times – between 0.56–16.4%, depending on the concentrations,
with higher errors for lower concentrations. Furthermore, also errors originating from weighing and
pipetting/diluting solutions were considered as well, with values of 0.75–6.63%. Since the BET error
is higher than all accumulated errors from the measurements, coverage and footprint are given with
the indicated BET error of 30%.
From elemental analysis, the percentage by weight (wt%) of the immobilized species was obtained
and compared with the theoretical value calculated from the footprint and surface loading. Since the
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value for nitrogen in elemental analysis is not influenced by solvent molecules co-adsorption or
protonation of the NP surface, it was chosen as an indicator to determine the surface loading. The data
gave 4.01wt%, which corresponds very nicely to the value obtained from calculation based on the
footprint (3.99 wt%).
When comparing the FTIR spectrum of MonoPod H (Figure 30, green trace) and BisPodH (Figure 31,
green trace) to the differential FTIR spectra of the respective coated particles (black traces in the
respective figures), features such as the characteristic C=N band around 1600 cm -1 with its two side
bands and the band at 1428 cm -1 specific for the ligand are clearly visible in all spectra. Furthermore,
in the spectra of the composites, broad bands between 1300–950 cm-1 are observed and correspond to
P–O stretching bands of surface bound phosphonates.

Figure 30: Differential FTIR-spectra of MonoPod@TiO2 (black) and CoIIMonoPod@TiO2 (red) on the left
scale and FTIR-spectrum of MonoPodH (green) on the right scale as a reference.

Figure 31: Differential FTIR-spectra of BisPod@TiO2 (black) and Co IIBisPod@TiO2 (red) on the left
scale and FTIR-spectrum of BisPodH (green) and CoIIBisPodH (blue) on the right scale as references.
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To obtain a catalytically active hybrid material, MonoPod@TiO2 and BisPod@TiO2 were suspended
in a methanolic solution of excess CoBr2 and stirred overnight in the dark. Remaining CoII salt was
removed by extensive washing with MeOH. After drying the particles at HV, differential FTIR of
CoIIMonoPod@TiO2 (Figure 30, black) and CoIIBisPod@TiO2 (Figure 31, black) showed a very
familiar picture. The C=N band shifted in both cased to higher wavenumbers from ~1600 cm-1 to
~1610 cm-1 and while no band was observed at 1428 cm -1, a new broader band at around 1450 cm -1
dominated that region. This corresponds exactly to the changes observed in the FTIR spectrum upon
coordination of CoII to the DMPTy framework (Figure 9, Figure 10), confirming the presence of
immobilized CoII-polypyridyl catalyst on TiO2 NPs.
However, when separating the catalyst coated NPs from the methanolic CoBr 2 solution by
centrifugation, a layer of red particles was observed within both samples, which could not be removed
by additional washing. Also, when sub-stoichiometric amounts of CoBr 2 was employed, the red layer
could not be prevented. Catalysis experiments with these batches of coated NPs with a heterogeneous
appearance were omitted, since physisorbed CoBr2 could not be excluded.

2.5.3. Immobilization of pre-assembled Catalyst
The advantages of direct immobilization of catalysts (Scheme 56) are on the one side the certainty
about what will be on the surface, since the species to be coated is fully characterized and excess
CoBr2 is excluded in the first place. On the other side, tedious NP washing and centrifugation
procedures need to be carried out just once, reducing the probability of washing off immobilized
species and with this altering the determined surface loading.

Scheme 56: Direct immobilization from methanolic CoIIBisPodH solution (red) on
TiO2 NPs (step 1) and washing off excess 85 to determine particle loading (step 2).

As for BisPod@TiO2 in the previous chapter, native TiO2 P25 was stirred in the dark in a methanolic
solution of the molecules to be immobilized, in this case CoIIBisPodH (85), to obtain after removal of
supernatant, washing of the particles and drying at HV the desired hybrid material CoIIBisPod@TiO2
as a homogeneous colourless solid. Immobilization was confirmed by differential FTIR spectroscopy,
which was identical with Co IIBisPod@TiO2 obtained from “on-particle complex formation” (Figure
31, red). The footprint and loading were determined as well by HPLC analysis of the supernatant,
loading and wash solutions (Figure 32). Additionally, to check if the adsorbed species can be desorbed
and detected quantitatively, the coated particles were then treated with aq. NaOH (pH 12) leading to
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full desorption as shown by HPLC. The determined loading of CoIIBisPod on TiO2 was 1.510 mol/m2
corresponding to a footprint of 1.10±0.33 nm2, which is comparable with the footprint of the free
ligand BisPodH (1.29±0.39 nm2).
After desorption using aq. NaOH (pH 12), HPLC showed different polypyridine species (according
to the absorption spectrum). The HPLC sample was treated with AscONa and was measured again
leading to the detection of only one species indicating partial oxidation of the complex to CoIII, which
could be reversed by the ascorbate treatment. Even when neglecting the BET error (30%) and taking
the HPLC measurement error into account, the determined desorbed amount of complex (1.44±0.04
mol) was comparable with the adsorbed amount (1.66±0.11 mol). The difference can be explained
by pipetting errors and dispersed NPs, which were accidentally removed after centrifugation.

Figure 32: CoIIBisPodH (85) content in the respective solutions, amount
detected after desorption and total amount detected by HPLC.

CoIIBisPodH was additionally immobilized on ZrO2 NPs with a monoclinic crystal phase. Compared
to TiO2, monoclinic ZrO2 is a wide band gap semiconductor with a band gap of 5.8 eV.[147] Therefore,
ZrO2 NPs do not exhibit photoactive properties and serve purely as a support without being involved
in electron transfer steps when employed in catalysis. Preliminary absorption experiments indicate
that the loading is less dense on ZrO2 compared to TiO2 NP. While on TiO2 a footprint of
1.10±0.33 nm2 was determined for CoIIBisPodH, a grafting density of 0.51±0.15 molecules/nm 2 was
determined on ZrO2, which corresponds to a footprint of 1.97±0.59 nm 2. The variation in surface
density on different substrates is already known in literature. However, the rather large difference
between the two metal oxides is surprising. This observation could be explained by different binding
modes and therefore packing densities of the bisphosphonate due to varying M–O distances.
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Figure 33: Adsorption of CoIIBisPodH on TiO2 (violet) and ZrO2 (pale blue)

2.5.4. Stability of Hybrid Materials
2.5.4.1 pH dependent Adsorption to TiO 2
A further important property of hybrid materials is their susceptibility to molecule desorption and
therefore the stability of the composite. In the context of this project, catalysis is expected to take
place at the NPs surface. To evaluate the performance of the system, it is important to know, if
bleaching of catalyst to the solution occurs and in case it does, to what extent. In catalysis experiments,
it is difficult or even impossible to distinguish between catalytic activity of immobilized species or
catalyst in solution. For this reason, the stability of the hybrid material was examined prior to catalysis
experiments to have more insight in the investigated system. The pH dependent adsorption of
MonoPodH (54) and BisPodH (57) to TiO2 NP from unbuffered aqueous solutions between pH 2–12
was investigated. Even though in catalysis experiments the adsorption-desorption properties of the
catalyst is from importance, these experiments were carried out with the PA ligands and not with the
CoII complexes. The reasons for this procedure were due to the properties [CoII(DMTPy)]-type
complexes, which are on the one hand prone to oxidation, which leads to a manifold of different
species in the HPLC trace and on the other hand prone to demetallation at low pH values. [144] To
exclude the influence of these properties on the experiment and to observe only the influence of the
numbers of PA groups on adsorption behaviour, the respective PA ligands were employed. Compared
to the adsorption experiment of PA-pXyl (Error! Reference source not found.) to TiO2 (Figure 29,
left), in which one single sample was titrated from pH 12–2 and the supernatant was analysed at each
pH value, the setup was slightly altered in this experiment. For each pH investigated, a separate
sample was prepared with equal amounts of NPs and starting from the same stock solution, MonoPodH
or BisPodH in aq. NaOH at pH 12. After the pH and the final volume was adjusted, the mixtures were
equilibrated under stirring for at least 30 min in the dark. After sedimentation of the NPs, an aliquot

90

Results and Discussion

of the supernatant was analysed by HPLC and residual amount of PA in solution was determined
(Figure 34).

Figure 34: Left: pH dependent adsorption of MonoPodH (blue) and BisPod H (orange) from unbuffered aq.
solutions, pH was adjusted with diluted aq. HCl. Lines connecting the data points are for visual guidance
only and the grey vertical line indicates point of zero charge (pzc) of TiO2 P25. Right: PAs investigated.

While MonoPodH was additionally adsorbed using aq. HBF 4 as an alternative acid to adjust the pH,
the influence of high ionic strength (0.1 M KCl) was tested for both PA (Figure 36). When MonoPodH
(54) and BisPodH (57) (Figure 34, right) were adsorbed using aq. HCl to adjust the pH (Figure 34,
left), BisPodH quantitatively adsorbed to TiO2 NPs from pH 2 to 6.5. Partial desorption was observed
for pH values higher than 6.5 until 9.5 and under more basic conditions, the BisPodH was fully
desorbed. For MonoPodH, a similar picture was obtained at higher pH values, where adsorption started
at a slightly more acidic pH (8.8) and the lowest desorption was observed at pH 5.26. While BisPodH
is fully adsorbed at pH < 5.5 (Figure 34, left, orange trace), the MonoPodH desorbed again at pH <
4.1 with a desorption of 60% at pH 2. This adsorption behaviour was rather unexpected, since PAs
are described in literature as being stable on TiO2 at low pH values[204] as it was also observed in the
preliminary adsorption experiment of PA-pXyl to TiO2. Desorption due to the experimental mistakes
could be excluded after repeating the experiment as well as carrying out the inverse experiment, in
which MonoPod@TiO2 was dispersed in aq. solution at pH 2, titrated with aq. NaOH until pH 12 and
analysis of the supernatants. Desorption from pH 2–5 was observed in all experiments involving
MonoPodH. Additionally, photooxidation products of the monopodal PA were identified by UPLCMS, in which the benzylic position was partially or fully oxidized (Figure 35).

91

Results and Discussion

Figure 35: Photooxidation products observed in desorption experiment with
partially (A, B) and fully oxidized (C) benzylic position.

The main difference between the two investigated mono-PAs (Error! Reference source not found. and
REF _Ref17104435 \r \h \* MERGEFORMAT 54) is the DMTPy head group on MonoPodH, which
is protonated under acidic conditions and therefore positively charged. At pH 2, in a best case scenario
assuming only double protonation of the tetrapyridine, MonoPod H (54) would be a zwitterion
featuring two positive charges on the polypyridyl and a singly protonated phosphonic acid, giving an
overall charge of plus one. In the worst case, assuming full protonation of both the pyridine units and
the phosphonic acid, an overall charge of plus four would be expected. Considering the point of zero
charge (pzc) of TiO2 P25 at pH 5.9 yielding a positively charged NP surface under acidic conditions,
this could lead to electrostatic repulsion followed by increased desorption with decreasing pH values,
which fits the observation very well.

Figure 36: pH dependent adsorption of PAs from aq. solutions to TiO 2 under different conditions. Left: MonoPod H
desorption, pH adjusted with aq. HCl (blue) or HBF 4 (green) and after addition of KCl (orange). Right: BisPod H
desoprtion, pH adjusted with aq. HCl (blue) and after addition of KCl (orange). Lines connecting the data points are for
visual guidance only and the grey vertical line indicates point of zero charge (pzc) of TiO 2 P25.

The pH dependent adsorption of MonoPodH was repeated employing aq. HBF4 to adjust the pH
investigating the influence of a non-coordinating acid. Initially it was suspected that the increasing
chloride concentration was responsible to displace the phosphonates on the NP surface, since chloride
ions are known to adsorb to TiO2.[205] However, the results of the HBF4 experiment showed clearly an
increased desorption of MonoPod H between pH 2 and 5 (Figure 36, left), opposing our assumption.
Harlé et al. investigated the physisorption of a cationic organic dye to TiO2 P25 with different
counterions such as coordinating triflate and perchlorate but also BF 4– as non-coordinating anion. [206]
They could show by measuring the electric potential of the diffuse layer that the ion distribution
(cations and anions) on the surface was balanced in case of coordinating counterions, however, with
BF4– an excess positive charge was detected on TiO 2 surface. Due to the absence of attractive
interactions between the TiO2 surface and BF4–, the counterions is situated in the diffuse layer. This
report could explain the increased desorption under acidic conditions. While chloride ions coadsorbed to the NP surface counteracting the developing positive charge at lower pH values, the
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surface becomes more positively charged with HBF4 as a result of lacking counterion co-adsorption
and therefore increases the effect of electrostatic repulsion.
In catalysis experiments, chloride ions are present from different sources such as the PS
([Ru(bpy)3]Cl2), TCEP as the sacrificial electron donor (SED), which comes as the HCl salt, or simply
from adjusting the pH using HCl. Therefore, the influence of excess chloride ions (100 mM) on the
desorption was checked by addition of KCl to the MonoPod@TiO2 samples adsorbed with HBF4 and
the BisPod@TiO2 samples adsorbed with HCl. The results showed no significant effect on the
desorption curve of the monopodal ligand (54) between pH 6 and 12 and only minor changes between
pH 2 and 6, where desorption was slightly increased (Figure 36, left). The adsorption window of the
bispodal ligand (57) was slightly widened up to 7.5 (Figure 36, right), however the overall adsorption
behaviour did not change significantly. These last results should not be overinterpreted, since there is
no evidence that the chloride salt caused the small changes observed in the desorption curve. It could
be simply the result of longer equilibration time.
Overall, the bispodal ligand (57) showed very promising results in the adsorption study with stable
composites up to neutral pH. Furthermore, high excess of chloride ions in solution even widen the
pH-stability window by 0.8 units and did not temper with the degree of molecule desorption, which
is very positive, since catalytic condition usually feature a rather high chloride concentration.
However, the monopodal PA (54) did not show the expected stability. The obtained results in this
adsorption/desorption study indicate that desorption of 54 under acidic conditions could be due to
electrostatic repulsion. Equilibrium calculations of MonoPodH on TiO2 at different pH values could
give more insights in whether electrostatic effects play the main role in the desorption mechanism.
For the purpose of using a monopodal PAs as anchoring moiety for immobilization on TiO 2, these
experiments showed clearly that one PA is not enough to afford stable hybrid materials, since under
acidic conditions, also the respective CoII complex has a two-fold positive charge on the head group
potentially leading to electrostatic repulsion

2.5.4.2 Stability under relevant catalytic conditions
Under catalysis conditions, different surface binding or surface interacting species are present, which
compete with the PAs in binding to the NPs. The most potent candidates in question are TCEP (SED)
with its three carboxylic acid groups, ascorbate (Asc) species featuring two sets of vicinal hydroxy
groups and chloride ions. While the effect of the latter was investigated and discussed in the previous
section, the two other candidates exhibit stronger surface interactions, and are known to act as surface
modifier on TiO2 themselves and are present in comparably high concentrations in catalysis
experiments.[207–210] Therefore, the stability of hybrid material were examined in the presence of
different concentrations of Asc and TCEP at pH 4 (Figure 37 and Figure 38).
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Individual mixtures with equal amounts of hybrid material were prepared, using aq. stock solutions
of Asc and/or TCEP, which were adjusted to pH 4. After adding the respective volumes, the total
volumes of all mixtures were adjusted to the same volume in order to compare the degree of
desorption. As references, the respective composites were stirred in unbuffered aq. solution at pH 4
(full adsorption) and pH 12 (full desorption). Due to the previously observed photooxidation of
MonoPodH on TiO2, the experiments involving the TiO2 composites were carried out under inert
atmosphere and exclusion of light, whereas the desorption from ZrO2 was studied under normal
conditions. After stirring the mixtures for the indicated amount of time, samples were withdrawn,
centrifuged to remove remaining NPs and analysed by HPLC. In previous experiments, the total
accumulated error of weighing, dilution, pipetting and HPLC measurements was determined to be
about 10%, which is why only one HPLC measurement per data point was carried out in this study,
indicated with the accumulated error. The results are given as percent of desorption compared to the
highest desorption at pH 12 (reference).

Figure 37: Desorption of Co IIBisPodH from ZrO2 under the indicated conditions
(abscissa). Unbuffered pH 4 and pH 12 serve as controls.

94

Results and Discussion

Figure 38: Desorption of Co IIBisPodH from TiO2 P25 under the indicated
conditions (abscissa). Unbuffered pH 4 and pH 12 serve as controls.

In both desorption experiments, the controls (pH 4 and 12) showed the expected behaviour with
neglectable desorption for pH 4 and major desorption at pH 12. Since no significant adsorption was
observed under basic conditions in pH dependent adsorption experiments (Figure 36), it was assumed
that pH 12 equals full desorption. The obtained data shows that except for the positive control and 1
M Asc, there is no significant difference in the degree of desorption from ZrO2 NPs after 35 min and
130 min (Figure 37), which indicates that the equilibrium of the involved species was reached before
the first measurement. A similar picture is obtained from the desorption experiments from TiO 2, where
additionally the sample with 100 mM Asc/100 mM TCEP showed further desorption between 35 min
and 180 min. No change in degree of desorption was observed for TiO 2 between 180 min and 360
min. For ZrO2, the last set of data could not be included in the results due to advanced degree of
oxidation of the desorbed complex. To give a more precise statement about the equilibration time, the
experiments should be repeated, and several samples should be withdrawn over the first hour.
However, the influences of different concentrations of the investigated species are clearly visible in
the acquired results. While Asc leads to the same degree of desorption on both substrates (~14%) at
100 mM, the effect of TCEP at the same concentration is more pronounced on ZrO 2 (19%) than on
TiO2 (8%). Also, already at 10 mM TCEP, noticeable desorption of Co IIBisPodH from ZrO2 of almost
14% was observed, while the extent of desorption is only 4% from TiO 2. The combined effects of
both surface binders at 100 mM sum up in case of TiO2 to 21% desorption, whereas for ZrO 2,
desorption of only 12% was observed, which corresponds to the individual contributions. The
dominant desorption ability of Asc was rather unexpected, since TCEP features three carboxylates,
which are well investigated anchor groups and all of them are potentially able to bind. When
considering that catechol with ortho-dihydroxyls are also employed as anchoring groups for metal
oxides, it seems comprehensive that Asc with two sets of vicinal hydroxides act as surface modifier
as well, since it is able to bind with even three hydroxyl moieties to the NP’s surface.[207,209]
Overall, these experiments showed that under catalytic conditions, competing surface binders would
account for 12–22% desorption of catalyst to solution. While the effect of TCEP on the ZrO 2-based
composite was significantly increased in comparison to TiO2, the effect of Asc on the two metal oxide
composites was comparable. However, the later showed surprisingly good surface binding properties,
which lead in the case of TiO2 to a higher degree of desorption than TCEP. Based on this data,
bleaching of catalyst from NPs is expected in catalysis experiments. To further understand
adsorption/desorption behaviour, rate constants of the respective processes could be determined using
the Langmuir adsorption model.
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2.5.5. Catalysis of Heterogenized System
In this section, [Re(py)(bpy)(CO)3]+ was employed as PS, ascorbate (Asc) as quencher and SED and
the bispodal cobalt-DMTPy-derivative CoIIBisPod as WRC immobilized on ZrO 2 NP, from now on
described as CoIIBisPod@ZrO2. Hydrogen evolution experiments were carried out in 1 M Asc/AA at
pH 4 in 10 mL vials, with 0.5 mM PS irradiated at 390 nm with a photon flux of 310×10-9 E s-1. As
references, a homogeneous experiment was carried out with both PS and WRC (Co IIBisPodH, 5 M)
in solution as well as an experiment without WRC. After catalysis with the heterogenized WRC with
a loading of 1.75 wt% corresponding to a concentration of 28.5 M, particles and supernatant were
separated, and the activities of both were checked in further catalysis experiments.

Scheme 57: Components used in this study: Ascorbate as SED,
[Re(py)(bpy)(CO) 3]+ as PS and either CoIIBisPod@ZrO2 or CoIIBisPodH as WRC.

The negative control in this series is the experiment without catalyst (Figure 39, left, yellow trace),
which shows only traces amounts of H2 originating from PS decomposition. As positive control, a
homogeneous experiment was carried out (Figure 39, left, green trace) with CoIIBisPodH as WRC
showing an maximum initial rate of 30.8×10 -9 mol H2/s after 34 min and accumulated H2 of 0.19
mmol after 22 h. Hydrogen evolution is also observed in the experiment with Co IIBisPod@ZrO2 with
a maximal initial rate of 19.8×10-9 mol H2/s, also after 34 min and accumulated H2 of 0.18 mmol after
22 h. The nature of a NP suspension however only allowed the light to penetrate about 1–2 cm of the
catalysis vial. On the first sight, it appears as if the heterogenized catalysis with a formal concentration
of 28.5 M performs almost equally well as the homogeneous mixture with 5 M. From the stability
test under various aqueous conditions in the previous chapter (2.5.2.), about 30% WRC is expected
to desorb in 1 M Asc/AA at pH 4. Therefore, 70% of activity should originate from particles and 30%
from solution. With the expected desorption, the concentration of dissolved WRC would be 8.55 M,
which is quite significant and could lead to the observed hydrogen evolution observed in the
experiment. Additionally, further desorption mechanisms cannot be excluded under reductive
conditions, such as the reduction of benzyl ether.
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Figure 39: Results of H2 evolution experiments using 28.5 M CoIIBisPod@ZrO2 or 5 M CoIIBisPodH as
WRC, 0.5 mM [Re(py)(bpy)(CO)3]+ as PS and as electron donor 1 M Asc/AA at pH 4. Heterogenized
system and reference measurements (left), recovery experiments (right).

To investigate whether the activity originated from the particles or the solution, the coated ZrO2 NP
were separated from the catalysis solution after the experiment, added to a fresh Asc-PS solution and
the H2 evolution experiment was repeated. To the supernatant, additional Asc/AA and PS was added,
since HPLC showed decomposition of the PS and the catalysis experiment was also repeated. For the
recovered coated particles, significant but reduced activity compared to the previous experiment was
expected, due to WRC bleach. The activity of the supernatant was expected to be significantly lower
than the previous heterogenized experiment due to the presence of DHA and decomposed PS
interfering with the reaction. The results of the recovery experiments are given in Figure 39, right.
While the recycled particles (red trace) show less than 10% of the initial H2 production and only 1/20
of the max H2 evolution rate, no activity at all was observed for the supernatant (orange trace), which
was even below the activity of PS decomposition (yellow trace). The lack of activity in both recovery
experiments indicates WRC deactivation/decomposition in course of the first experiment, which
complicates the assignment of the activity significantly.
Overall, the ZrO2 composite CoIIBisPod@ZrO2 showed activity in H2 evolution experiments in
combination with [Re(py)(bpy)(CO) 3]+ as PS and with ascorbate as electron donor. However, to make
a clear assignment about the origin of the activity, on-particle or in solution – further experiments
need to be conducted. Furthermore, this study clearly shows a limited stability of the
CoIIBisPod@ZrO2 hybrid material as well as a decomposition pathway of the cobalt catalyst under
catalytic conditions.
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2.6.

Fully Heterogenized H2 Evolution System on Metal Oxide Surfaces

In typical water-splitting systems, reaction cycles are controlled kinetically. Immobilization of
reaction partners might have a significant effect on the overall mechanism, since the local
concentrations of the involved species are very different from the situation in solution. Furthermore,
solubility is not a limiting factor in a heterogeneous system where one or more of the involved
molecules are coated on surfaces. This allows for very high effective concentrations of the reaction
partners leading to shorter intermolecular distances, and significantly faster charge transfer between
neighbouring molecules. In a system with co-adsorbed PS and WRC on a metal oxide surface and
electron donor – whether it is a relay or a sacrificial electron donor – dissolved in solution (Scheme
58), the initial step, reductive quenching of the PS, remains diffusion-controlled. Molecular diffusion
to and from the surface must be fast enough to reach the excited PS (PS*), before it relaxed back to
the ground state, as demonstrated previously.[211] For similar metal oxide-adsorbed systems based on
molecular PS and WRC, the feasibility of this approach has been shown and working systems were
presented.[116,212–215] With this project, the above concept was applied to the already very well
investigated reductive system consisting of a [Re IX(diimine)(CO)3]0/+-type PS and Co-polypyridyl
WRC, by combining the respective candidates – XRePAbpy (X = Cl, NCS, py) and CoIIBisPodH – into
a multi-component heterogeneous system. For a working system efficiently producing hydrogen,
electron transfer reactions must occur in a very specific order, which is highly dependent on the
relative rates of the respective quenching and electron transfer reactions. In a first part, different ratios
of PS and WRC are co-absorbed on ZrO2 and TiO2 NPs and excited state properties of different PS in
solution and on surface are compared. Furthermore, hydrogen evolution experiments are carried out
and the observations thereof are then compared and rationalized with the results of time-resolved
transient IR measurements. This project was done in cooperation with Kerstin Oppelt from the group
of Prof. Peter Hamm, leading to a manuscript (Appendix V), which will be included in the discussion
of this section.

Scheme 58: Illustration of an exemplary, fully heterogenized system with co-adsorbed NCSRebpy as PS
(orange) and CoIIBisPod as WRC (green) on a metal oxide (blue) with electron donor in solution (red).
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2.6.1. Coimmobilized System on Metal Oxide
In a previous study, the charge dynamics of [Re ICl(PAbpy)(CO)3] on ZrO2 (Scheme 59) was
investigated with PTZ (ED) in solution or bound to the surface. [211] From this investigation, the
intrinsic lifetime  of the dye on the surface (32 ns), the triplet-triplet annihilation rate k TT (>109 s-1)
of the excited dye, and the reductive quenching rate of the dye by PTZ (~8×108 s-1 M-1) as well as its
cage escape yield (42%), and recombination rates are known (all from EtOH). Compared to a
homogeneous solution, it was found that the cage escape yield of the immobilized PS was higher,
promising a higher system efficiency of an immobilized system. In contrast, when the PTZ is coimmobilized, quenching of the excited PS occurs only from a neighbouring quencher with no
possibility for cage escape leading to direct recombination within the exciplex. By varying the PS/PTZ
ratio on the surface, it was shown that the molecules did not form clusters on the surface and that
excitation energy migration from PS to PS is not very efficient. [211]

Scheme 59: Overview of the investigated processes in the previously investigated model system with [Re ICl(PAbpy)(CO)3]
as PS and phenothiazine (PTZ) as electron donor (ED) from ethanolic solution on ZrO 2: excited state relaxation rate (k r),
quenching rate (kq), cage escape rate (kCE), indirect quenching rate (k ind) and direct quenching rate (k d).

Co-adsorbing a WRC to the surface of this well characterized system is the next step towards a fully
heterogenized reductive half reaction. Preferences in adsorption between

Cl

RePAbpy (PS) and

CoIIBisPodH (WRC) were investigated by analysing the methanolic loading solution and supernatant
after adsorption by inductively coupled plasma mass spectrometry (ICP-MS). HPLC analysis failed
to determine the respective concentrations due to the exchange of the axial chloride on the PS and
with this the formation of various Re I-species. However, ICP-MS seemed to be the perfect choice,
since it is a very sensitive method and very well suited to determine the ratio of two metals. For this,
the Re and Co concentration in the loading solution before impregnation of the NP, as well as after
removal of the coated particles, is determined. From this data, the ratio of PS and WRC on the particle
can be calculated.
Five methanolic solutions with different ratios of PS and WRC were prepared (Table 7) and samples
for analysis were withdrawn (loading). To each solution, equal amounts of ZrO2 NP were added, and
the mixtures were stirred overnight in the dark under underloading conditions. After removal of the
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particles by centrifugation, samples of the methanolic solution were withdrawn for post-adsorption
analysis (supernatant). All samples were concentrated in vacuo to full dryness and after acidic
digestion of the solid residue, the Re and Co concentrations in the original solution were determined
by ICP-MS (Figure 40). Then, the Re/Co ratios on particle was calculated (Table 7). To validate the
ICP-MS procedure, reference samples were measured, and the results were compared to data from
elemental analysis. For cobalt, [CoBr(aPPy)]Br was utilized as reference and the concentration
determined by ICP-MS data was in good agreement with the expected concentration based on
elemental analysis, with ICP-MS values being too low by 6-9%. The chosen reference for rhenium
was (NEt3)2[ReBr3(CO)3] (2), and the results for ICP-MS were too low by up to 13-16% from the
values expected from elemental analysis. This disagreement of the elemental analysis and ICP-MS
data could originate from the prepared Re-calibration solutions used for concentration determination.

Figure 40: ICP-MS results of the respective sample solutions with concentrations of the
loading solution and supernatant according to the legend in the histogram. Error bars
indicate relative standard deviation of the measurement.

The results of the loading experiment from five different mixtures are displayed as a histogram in
Figure 40 with the targeted Re/Co ratios on the abscissa, in which Re-concentrations are displayed in
orange and Co-concentrations in green, dark corresponds to the loading solutions and bright to
supernatants after adsorption. Molecule adsorption corresponds to the difference between the
respective dark and bright bars. While for sample 1–3 between 24 and 28% of the available molecules
were adsorbed, in case of the Re/Co mixture 1:1 (sample 4), 52% of PS and 44% of WRC were
adsorbed to the same surface area, which results in a significantly higher coverage density on the
particles. This observation is attributed to the fact, that the cobalt complex has a long linking group
situating the cobalt centre further away from the surface compared to the rhenium complex, which is
located very close to the surface. With this layered architecture, a higher molecule loading is achieved
compared to composites with only a single immobilized species.
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Table 7: Target and measured ratios of loading solution, determined ratios of
supernatants as well as calculated adsorbed ratios from ICP-MS measurements.

1

target ratio[a]
Re:Co
100:0

2

100:1

100.0

3

100:10

100.0

2.8

100.0

1.0

100.0

8.7

4

100:100

100.0

101.8

100.0

120.2

100.0

85.2

sample

loading[b]
Re:Co
100.0
0.3

supernatant[b]
Re:Co
100.0
0.4

adsorbed[c]
Re:Co
100.0
0.2

0.3

100.0

0.4

100.0

0.2

5
0:100
0.1
100.0
0.1
100.0
0.2
100.0
[a] loading ratio aimed for, [b] ratio determined by ICP-MS, [c] ratio
calculated from measurement data.

Even though sample 1 and 5 never were in contact with either cobalt or rhenium, ICP-MS
measurements still indicated the presence of the respective metal. The corresponding values were
therefore considered as baseline of the measurement and with this as minimal error. Furthermore, the
result of the cobalt concentration in sample 3 was much lower than expected, but the accuracy of the
obtained value was confirmed in an additional measurement with a new calibration and less diluted
measurement sample. When comparing the Re/Co ratios of the samples 3 and 4 before and after
adsorption (Table 7, loading vs supernatant), the question about preferred absorption to ZrO 2 NP
cannot be answered clearly. While sample 3 indicates favoured adsorption of the WRC as its fraction
decreases in solution, sample 4 indicates favoured adsorption of PS with an increased WRC fraction
by 18%. However, to make a clear statement about preferred adsorption in a binary mixture, a
narrower range of ratios needs to be investigated such as Re/Co 5:1, 3:1, 1:1, 1:3 and 1:5. With this,
a clear statement about the adsorption behaviour of the binary solution should be possible. To
determine the on-particle-ratios, molecules were desorbed in aq. NaOH at pH 12 and after removal of
the NPs by centrifugation and additional filtration, the solutions were concentrated to full dryness and
the residues were also subjected to ICP-MS analysis. However, while the values for rhenium matched
the picture obtained from the previous measurements, the cobalt values did not match at all, which
was attributed to the formation of insoluble cobalt hydroxide upon concentration of the mixture, which
was removed alongside with the nanoparticles. For complexes stable and soluble under basic
conditions, the desorption experiment gives an additional control about the accuracy and consistency
of the measurements. In the present case though, desorption experiments are not contributing to the
overall picture. ICP-MS is a powerful method to determine not only the absolute concentrations of
metals in a measurement solution, but also the ratio of metals, which is very useful in the present case
to investigate the adsorption of two molecular species containing two different metal centres. The
complexity of the measurement and the multitude of parameters to consider makes it a challenging
method, which requires thorough planning and the use of reference measurements to validate the
accuracy of the obtained data. The big advantage of this method is the large range of concentrations
which can be detected, as opposed to concentration determinations by. While in methods based on
liquid chromatography, the compounds to be quantified need to be well defined and well separated
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for proper peak integration, this is not the case for ICP-MS since the compounds are subjected to
acidic digestion prior to the measurement. The experiments carried out showed that a higher surface
coverage was obtained from the binary solution, compared to solution with only one molecular
species. This observation is attributed to the formation of a layered structure due to the long linker of
the CoIIBisPodH. A clear preferred adsorption was not observed in the conducted experiments. While
in the 1:1 mixture (sample 4), the results indicate a higher PS loading on the particle, sample 3 with
an initial Re/Co ratio of 100:2.8 indicates preferred WRC binding with a Re/Co ratio in solution of
100:1 after adsorption. Coating experiments with a narrower range of PS/WRC ratio could give a
clearer picture about the adsorption behaviour.

2.6.2. Catalysis of a Heterogeneous System
In this section, H2 evolution experiments of the above-mentioned system are discussed. The
homogeneous, semi-heterogenized and fully heterogenized ClRePAbpy/CoIIBisPodH system is compared
to the homogeneous

Py

Rebpy/[CoBr2DMTPy] system and by altering one component after the other,

the impact on the catalytic activity is investigated when going from a fully homogeneous to a fully
heterogeneous system. For this, several homogeneous reference experiments were carried out with
py
Cl

Rebpy and ClRePAbpy as PS and [CoBr2DMTPy] as well as CoIIBisPodH as WRC. In a next step, the

RePAbpy/CoIIBisPodH system was gradually heterogenized on ZrO2 NPs comparing the homogeneous

setup to the semi-heterogenized system with PS in solution and adsorbed WRC (Co IIBisPod@ZrO2)
and the fully heterogenized system with both components immobilized ( ClRePAbpy/CoIIBisPod@ZrO2).
The PS/WRC ratio of the latter was varied (10:1, 25:1 and 50:1) to investigate the influence on the
catalytic activity. As baseline for fully heterogenized measurements, PS coated NPs ( ClRePAbpy@ZrO2)
were measured. An overview of the employed molecular species and hybrid materials is given in
Scheme 60.

Scheme 60: Components used in this study: TCEP as SED, ascorbate as ER, [Re(py)(bpy)(CO) 3]+ and
[ReCl(PAbpy)(CO)3]+ as PS, [CoBr2DMTPy] and CoIIBisPodH as WRC, CoIIBisPod@ZrO2 and ClRePAbpy@ZrO2 as
references and co-adsorbed hybrid materials ClRePAbpy/CoIIBisPod@ZrO2.
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Hydrogen evolution experiments were carried out in 100 mM TCEP as SED and 100 mM Asc/AA as
ER at pH 4 in 10 mL vials. The reaction vials were irradiated at 390 nm with a photon flux of
310×10-9 E s-1 and the employed PS, whether in solution or on-particle, corresponded to a
concentration of 0.5 mM, whereas the WRC concentration was 10 M in solution and equalled to
50 M when employed as CoIIBisPod@ZrO2. As fully heterogenized system on ZrO 2, the WRC
loading corresponded to formal concentrations of 50 M, 25 M and 10 M. The co-adsorbed
particles (ClRePAbpy/CoIIBisPod@ZrO2) were prepared using the same procedure described in the
previous section from methanolic binary solutions with the respective PS/WRC ratios. After isolation
of the particles by centrifugation, the coated NP were washed with MeOH and dried at HV before use
in catalysis. The exact PS/WRC ratios on the particles of these hybrid materials were not determined
assuming the same adsorption behaviour for both molecular species and therefore equal PS/WRC
ratios are expected on-particle as prepared in solution. It also must be pointed out, that the chloride
of

Cl

RePAbpy (18) in the axial position exchanges slowly with H2O, which is why in catalysis

experiments under aqueous conditions, the dominant PS species is the solvent complex rather than
the chloride complex.
The first set of experiments was carried out as references to investigate how the performance of the
homogeneous system is influenced when a photosensitizer with a lower excited state lifetime is
employed and when going from the parent WRC (81) to its bisphosphonate derivative 85. Utilizing
[ReCl(PAbpy)(CO)3] (18) instead of [Re(py)(bpy)(CO) 3]+ (5) (excited state lifetime of 3 ns vs.
109 ns), had a negative impact on both the maximal rate as well as on the total amount of H 2 produced
(Figure 41, left). While the catalysis experiment with

py

Rebpy (5) as PS and [CoBr2DMTPy] (81) as

WRC shows a maximal H2 evolution rate of 55.4 × 10-9 mol/s after 15 min and a second maximum of
9.5 × 10-9 mol/s after 4 h, the measurement with ClRePAbpy (18) as PS and 81 as WRC shows no initial
spike in the rate curve, but only one maximum after 3 h of 5.3 × 10-9 mol/s. This leads to a decreased
the total amount of H2 produced of 78.1 mol after 20 h, which is lower by a factor of 4.2 compared
to the experiment utilizing 5 as PS. When keeping ClRePAbpy (18) as PS and changing the WRC to
CoIIBisPodH (85), the overall shape of the rate curve remains the same with a maximum of
2.6 × 10-9 mol/s after 3.5 h leading to an even more diminished total amount of H2 of 36.8 mol after
20 h (Figure 41, left, blue trace).
In the second set, the catalytic activity of the

Cl

RePAbpy/CoIIBisPodH system was compared as

homogeneous solution, semi-heterogenized with PS in solution and WRC on particle and fully
heterogenized with both components coated on ZrO 2 NPs (Figure 41, right). The homogenous
measurement with 10 M WRC clearly out-performed two heterogenized measurements with formal
WRC concentrations of 50 M in terms of maximal rate and total amount of H2. While the H2
evolution ceased for the homogenous and semi-homogeneous measurements after 10 h with total
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produced hydrogen of 37.5 mol and 20.4 mol, respectively after 35 h, the fully heterogenized
system reached 21.3 mol with a lower H2 evolution rate but prolonged H2 evolution time.

Figure 41, left: Homogeneous H2 evolution reference experiments with different PS (0.5 mM) and [CoBr2DMPTy] or
CoIIBisPodH (10 M) ; Right: Homogeneous (blue), semi-heterogeneous (green) and fully-heterogeneous catalysis
experiments (violet) with ClRePAbpy as PS and CoIIBisPodH (in solution with 10 M or on-particle with 50 M); all in 100
mM TCEP, 100 mM Asc/AA at pH 4

Figure 42: Fully heterogeneous catalysis experiments of ClRePAbpy/CoIIBisPod@ZrO2 with different
PS/WRC ratios: violet: 10:1, turquoise: 20:1, yellow: 50:1. ClRePAbpy@ZrO2 as reference for PS
decomposition on ZrO 2. In each experiment, the amount of immobilized PS corresponds to 0.5 mM.

In the third set of experiments, the catalytic activity of three different ratios of co-adsorbed PS and
WRC (ClRePAbpy/CoIIBisPod@ZrO2) were compared and PS on ZrO2 (ClRePAbpy@ZrO2) served as
reference (Figure 42). While the maximal rate of H 2 evolution was the same for all investigated
PS/WRC ratios (10:1, 20:1, 50:1) with 0.47 × 10-9 mol/s, the rate decrease is faster the lower the WRC
fraction. However, the activities of the co-adsorbed measurements (violet, turquoise, yellow) are very
low and in the same range as the decomposition of PS on ZrO 2 (orange), which is the reason why any
statement about the influence of different ratios on the activity would be more than vague.
Furthermore, the last reference experiment with ClRePAbpy@ZrO2 (Figure 42, orange trace) also raises
the questions if a co-adsorbed system produces any H2 in a photocatalytic manner, or if the observed
H2 is only due to decomposition of the PS. From the experiments carried out, a clear answer cannot
be given. However, the observed differences in the decrease of rates in the co-adsorbed experiments
indicates a contribution of the immobilized catalyst.
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[ReX(diimine)(CO)3]-type complexes with pyridine as the axial ligand exhibit significantly longer
excited state lifetimes. Therefore, using the pyridine derivative of ClRePAbpy (18) could help to better
differentiate the photocatalytic activity of co-adsorbed systems from the PS decomposition reference.
As a reminder,
Cl

Cl

RePAbpy (18) was chosen in this study as PS, since the model system of

RePAbpy@ZrO2 has been utilized to investigate the charge dynamics at the interface upon photo-

excitation and has been studied intensively.[211] Time-resolved experiments with this system and coadsorbed bispodal WRC were carried out by Kerstin Oppelt form the group of Peter Hamm leading
to a manuscript (Appendix V), which is summarized in the next section. While catalysis experiments
in this section were carried out under aqueous conditions, the kinetic studies in the next section are
mainly conducted in EtOH with the advantage that the PS has a longer excited state lifetime under
ethanolic conditions and phenothiazine (PTZ) could be employed, which quenches the excited PS
faster by a factor of 10 compared to ascorbate. With this, ideal conditions are set to investigate the
electron transfer reactions between the employed species upon excitation and to allow for efficient
WRC reduction.
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2.6.3. Summary Manuscript: Dynamic Interactions of [ReX(bpy)(CO)3] with co-adsorbed
CoIIBisPodH on MOx
The manuscript presents a systematic study on the interaction between electron donor (ED) in
solution, immobilized [Re IX(PAbpy)(CO)3]0/+-type photosensitizer (PS) and CoIIBisPodH water
reduction catalyst (WRC) as well as the metal oxide surface itself (ZrO2 or TiO2) by transient IR
spectroscopy (Scheme 58).
To this already very well characterized model system (PS on the surface, quencher in solution), a
cobalt-polypyridyl WRC (CoIIBisPodH) was co-adsorbed to the surface (Scheme 61). The influence
of the additional reaction partner (WRC) on the previously determined electron transfer rates was
investigated. From a similar reductive half-reaction with ReI-based PS and Co-polypyridyl WRC in
homogeneous solution, it was known that after photoreduction of the PS to PS –, the initial CoII species
is efficiently reduced to a Co I species within nanoseconds.[41,149] Therefore, a further focus of this
study was to investigate whether the electrons are transferred to the catalyst and with which efficiency.
Additionally, the investigations were carried out on TiO2 as a substrate to investigate the influence of
a non-innocent support, since it is known to cause oxidative quenching of immobilized dyes, resulting
in PS+ by electron injection into the conduction band of metal oxide. [216] Further experiments with
different dyes (see Scheme 62, photosensitizeres) were conducted as well as experiments in aqueous
conditions with ascorbate (Asc) as electron donor (ED), which was known to be a less efficient
quencher with a quenching rate lower by one order of magnitude compared to PTZ (~8×107 s-1 M-1).

Scheme 61: Overview of the processes focused in the present study, using the well understood model system consisting of
[ReICl(PAbpy)(CO)3] as PS, phenothiazine (PTZ) as electron donor (ED) and the newly introduced Co IIBisPodH as WRC.
Processes are indicated as their reaction rates, back reaction rates have “-1” as subscript: excited state relaxation rate
(kr), charge injection (kCI), triplet-triplet annihilation (kTT), reductive quenching rate (kq), reductive charge transfer rate
to the WRC (kred) and non-reductive quenching rate (knr). (Scheme is a modified version of Appendix V, Scheme 1). [217]
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Scheme 62: Structures of ascorbate (Asc) as electron donor (ED) and of [ReNCS(PAbpy)(CO) 3]OTf (NCSRePAbpy) and
[Re(py)(PAbpy)(CO) 3]OTf (pyRePAbpy) as PS with longer lifetimes, intended for aqueous systems.

The results of the performed experiments lead to the following overall picture of the co-adsorbed
system (Scheme 63a): Independent from the employed support (TiO2 or ZrO2), upon photo-excitation
of the employed PS, the excited PS (PS*) relaxes to the ground state with k r – depending on the
employed PS and its lifetime , kr is between 2.5×107 and 2.5×108 s-1 – or by non-reductive quenching
(triplet energy transfer process) of adsorbed WRC with knr (109 s-1×WRC-1) as well as by triplet-triplet
annihilation of neighbouring PS * with kTT (>109 s-1). If an electron donor is present in solution,
reductive quenching of PS* by ED with excimer dissociation occurs on a timescale of kq = 107–109 s-1,
depending to the involved PS, the nature of the ED itself and its concentration. Based on obtained
results from reductive quenching experiments with co-immobilized PS and WRC, a definite statement
about whether a charge transfer to the WRC takes place cannot be made with absolute certainty. Due
to the complexity of the investigated system, the kinetics of the electron transfer process from PS – to
the CoII-species (kred) are disguised by simultaneous non-reductive quenching of PS* by the WRC
(knr), and reductive quenching of PS * by ED (kq). In case electron transfer from PS – to the WRC
occurs, the rate will most likely be in the range of >10 9 s-1. Furthermore, even if a CoI species was
formed on the surface, any mechanism leading to H2 formation would be purely speculative due to
the proximity of neighbouring molecules as potential electron acceptors and the vast number of
possible bET processes. Since the CoI species does not show any spectral features in the IR, electron
transfer to the WRC could only be demonstrated by transient UV-vis absorption, in which CoIpolypyridyl species usually show an absorption band at 610 nm. [41,149] In this way, also the kinetics of
the consumption of the wanted species could be determined.
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Scheme 63: Rate scheme of a co-immobilized system on a redox neutral surface (ZrO2) (left) and on a
redox-active TiO2 surface (right). (Scheme is a modified version of Appendix V, Figure 11). [217]

On TiO2, additional electron transfer processes to the ones described above are observed upon
photoexcitation of the PS (Scheme 63a). Due to the n-type character of the TiO2, electrons can be
injected into the conduction band of the metal oxide, a process that competes with all the other
processes occurring upon excitation. Interestingly, in this system, charge injection (CI) features two
kinetic components, a fast process with kCl1 < 1012 s-1 unaffected by the presence of the WRC and a
slow component with kCl2 ≈ 5×1010 s-1 being effectively quenched by the WRC. This indicates that
electron injection into the TiO 2 happens not only from the triplet excited state PS * but also directly
after excitation from a singlet excited state, which would explain its independence from the presence
of WRC. However, this oxidative quenching process does not fully prevent the formation of PS – by
reductive quenching with the ED on a timescale of 1 ns. The oxidized PS (PS+) formed upon charge
injection is recovered by the ED on a similar timescale as recombination from TiO 2 to PS+ occurs
(kCl-1).
While efficient charge transfer from PS – to the WRC in observed in solution, the main effect of coadsorbed WRC on a surface is fast excited state deactivation of the PS * by non-reductive quenching,
significantly diminishing the reductive quenching process in the presence of a solution-based
quencher. The origin of this fast deactivation process (k nr = 109 s-1×WRC-1) is unknown. Electron
transfer from PS– to the WRC is disguised in the kinetic trace of the PS – by competing and overlapping
processes, which is why the formation of the reduced WRC, the Co I-species, could not be confirmed.
The changes of the observed feature of CoIIBisPod in the IR spectrum at 1606–1610 cm-1 is not
significant enough to make an accurate statement about oxidation state changes. However, transient
UV-vis spectroscopy might be able to help to resolve that puzzle.
On TiO2, two additional oxidative quenching processes occur upon photoexcitation of the PS, which
both involve electron injection into the conduction band of the TiO 2. While the fast component is not
influenced by the presence of co-adsorbed WRC, the slow component is efficiently reduced by the
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catalyst. For the efficiency of PS – formation, this additional oxidative quenching process reduced the
already low yield even further.
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3.

Conclusion and Outlook

3.1.

Synthesis of [ReIX(NᴖN)(CO)3]0/+-type Complexes

Tricarbonyl rhenium complexes have served as model systems in the past and were employed as
photosensitizers in photocatalytic proton reduction schemes to study catalytic cycles. Compared to
many other PS, these dyes have the advantage of providing an additional spectroscopic handle with
the carbonyl ligands exhibiting strong bands in the IR region, serving a probe for the electron density
on the metal centre. By introducing anchoring groups suitable for immobilization of the dyes on metal
oxides, ReI-based dyes can also be used for kinetic studies on the surface. For this purpose, five new
[ReIX(diimine)(CO)3]0/+-type complexes featuring carboxylic acid or phosphonic acid anchoring
moieties were successfully synthesized, characterized and were studied in hybrid systems on alumna
thin films on NiAl substrates in collaboration with the group of Jürg Osterwalder as well as on ZrO2
and TiO2 in a collaboration with the group of Peter Hamm.

3.2.

Photophysical Properties of [Re INCS(NᴖN)(CO)3]-type Complexes

The [ReNCS(diimine)(CO) 3]-fragment was utilized as model system to investigate the influence of
additional nitrogen atoms in the diimine ligand on the photophysical properties of the complex. A
series of four asymmetric pyridyl-diazine complexes (32–35) and four symmetric bidiazine complexes
(36–39) were spectroscopically and electrochemically investigated and compared to the parent
complex [ReNCS(bpy)(CO) 3] (31) showing coherence of the adsorption and emission data with
electrochemical data. The degree of bandgap energy reduction is reflected by the bathochromic shifts
of MLCT bands and emission bands. The trends observed within the pyridyl-diazine series (32–35)
was preserved in the bidiazine series (36–39) but more pronounced. Within a triad of bpy complex
via asymmetric pydz complexes to symmetric bdz complexes, a decrease in excited state lifetimes is
observed with an increasing number of nitrogen acceptors in the diimine system, in line with the
energy gap law. In a subgroup, the lifetimes were expected to follow the same trends as emission
energies according to the EGL. In this regard, an interesting irregularity was observed for the
complexes bearing pyridazine (pdz) units (32 and 36) exhibiting unexpected long excited-state
lifetimes () and emission quantum yields (em). This irregularity was at first attributed to reduced
solvent interactions of the sterically less accessible position of the additional nitrogen centres in the
diimine system compared to the other pyridyl-diazine and bidiazine complexes. An idea about the
influence of solvent contributions to the excited state properties could be obtained from comparing
emission bandwidths of the examined complexes 31–39. Bandwidth broadening involves unresolved
vibronic transitions due to low-frequency skeletal and solvent modes.[69] However, on the basis of the
presented emission spectra (Appendix I, Figure 4), already a qualitative statement about possible
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solvent contributions would be vague, since the dataset is not complete due to weakly or non-emissive
candidates. Franck-Condon analysis of low temperature emission spectra, in line with DFT
calculations of the investigated complexes would give a deeper and even quantitative picture about
solvent interactions.[218–220] However, when comparing the excited state deactivation rates k r and knr
of the pyridazine complexes 32 and 36 with the respective rates of the other complexes, strong
indications were found that the electronic nature of the diimine subunits are the primary reason for
the surprisingly high lifetimes and quantum yields of pyridazine complexes 32 and 36 and cannot
simply be explainable by solvent accessibility.
Nonetheless, this study demonstrated a simple way to achieve a bathochromic shift in the respective
complexes, and complexes featuring pyridazine units in the diimine system stand out in the series, as
they deviate from the EGL and allow for both significant bathochromic shift and relatively high
lifetimes and emission quantum yield. Possibly, this concept could be applied to other MLCT-based
photosensitizer with diimine ligands, thus allowing for increased quantum yields in dye-sensitized
solar conversion schemes.

3.3.

[Re(X)(diimine)(CO)3]-type PS on Ultrathin Alumina

The

photosensitizers

bearing

carboxylic

acid

groups,

[Re(Nic)(bpy)(CO)3]+

(7),

[ReNCS(CAbpy)(CO)3] (10) as well as the phosphonate bearing PS [ReNCS(mPAbpy)(CO) 3] (14)
were employed to prepare self-assembled monolayers (SAM) from solution on ultrathin alumina
(Al2O3) on a NiAl alloy with the aim to study the charge dynamics of the prepared heterostructures as
a function of the isolating alumina thin film thickness. Areal density of the dyes on the surface, their
integrity and surface binding geometries were studied by X-ray photoelectron spectroscopy (XPS)
and supported by DFT calculations. To investigate whether the dyes can inject an electron through
the isolating alumina into the NiAl alloy, the band alignment of the molecule’s FMOs with the bands
of the substrate were examined using ultraviolet photoelectron spectroscopy (UPS) and compared to
the projected density of states (PDOS) obtained from DFT calculations. The obtained results showed
formation of monolayers of the dyes on the metal oxide. The two NCS-complexes 10 and 14 show
similar electronic structures, surface coverage and binding behaviour, including an extra moleculesurface interaction via the thiocyanate. Due to the electronically isolating CH 2 group and the less
electronically coupling phosphonic acid group, tunnelling is expected to be less efficient for mPAbpy
complex 14 compared to the CAbpy complex 10. While the NCS-complexes are anchored via the
diimines where the LUMO of the dyes are situated, the Nic complex 7 is immobilized via the axial
ligand positioning the LUMO further away from the surface, which is less favourable for electron
injection, but might be advantageous for hole injection. However, according to the band alignment of
the investigated PS with the underlying substrate, all dyes should be able to inject an excited electron
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into the alloy via tunnelling through the insulating alumina thin film. In case of charged dye
molecules, it was shown that the counterion adsorb nearly stoichiometrically to the surface and that
the presence of extra charges in the monolayer has only a weak effect on the alignment of the FMOs
and the bands of the substrate. With this set of differently anchored dyes, future studies will focus on
the dynamics of photoinduced charge transfer processes as a function of the thickness of the isolating
Al2O3 thin film tunnelling layer.

3.4.

Quinones as Electron Relay in Artificial Photosynthesis

A screening of quinone-based and quinone-like potential electron relays was conducted. In a sequence
of comparable compounds (mono-substituted hydroquinones), electron-rich candidates showed a better
performance in catalysis experiments compared to electron-deficient derivatives. Furthermore, the
relative performance was consistent with the relative oxidation potential Eox of the respective H2Q,
which was not only found for the RuII-based system, but also for the ReI-based system. Promising results
were obtained using higher substituted quinones such as 2,3,5,6-tetrayhydroxybenzoquinone (R8) and
2,5-methoxyhydroxy-1,4-benzoquinone (R9) at lower concentration (10 mM) showing, on the one
hand, an increased maximal rate compared to the relays tested at higher concentrations (100 mM) and
on the other hand, the maximal rates were reached faster. Even though the screened relays did not outperform ascorbate in the Ru-system under the investigated conditions, the quinone-platform still offer a
large degree of tunability compared to ascorbate, which was not fully explored yet. Functionalization of
the quinone backbone with phosphonates, sulphonates or glycols could address the issue of poor
solubility in aqueous media, what might extend the number of applicable, higher substituted derivatives.
Detailed time-resolved experiments were carried out for a set of three H2Q in the ReI-system to
determine the timescales of the individual steps for relay oxidation and regeneration, bET reactions and
the time window of the catalytic cycle. The conclusion of this study was that the forward reactions as
well as relay regeneration are too slow by one to two orders of magnitude, which are in competition
with faster back-electron transfer reaction. Furthermore, since all three H2Qs showed comparable
excited state quenching yields, the difference in performance in catalysis experiments is assigned to
different kinetics of the follow-up chemistry of the relay, which would be an interesting aspect for
further investigations. However, this study demonstrated for the first time that artificial photosynthesis
systems featuring a quinone-based quenchers/relays are feasible, which was made possible by
regeneration of the oxidized species by TCEP.
The next step towards a full system would be to investigate the applicability of benzoquinones as a relay
between the PS and the sacrificial acceptor in the oxidative half-reaction. However, as it was already
pointed out in the published quinone study, the much faster timescale of charge recombination (bET
reactions), which is associated with freely diffusing oxidized and reduced species in solution, is the
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major factor limiting the efficiency of the investigated half-reaction. To increase the overall efficiency
of the system, some degree of structural organization (as found in natural photosynthesis) will be
required, which is even more important in a system combining the oxidative and reductive half-reaction
to a full system.

3.5. A General Anchoring Platform for the Immobilization of Cobalt-based Catalysts
on Metal Oxides
Covalent binding of benzyl phosphonic acids to TiO 2 from methanolic solutions was demonstrated by
differential FTIR spectroscopy and

31

P MAS NMR. Footprint and molecule surface loading were

determined using a UV-Vis and a HPLC method, whereof the latter was found to give more accurate
and reliable values. A footprint of 0.78±0.23 nm2 was found for

HO

BisPodH, 0.93±0.28 nm2 for

MonoPodH and 1.29±0.39 nm2 for BisPodH. By treating the immobilized ligand with CoBr 2, onparticle complex formation was confirmed using differential IR spectroscopy, with which
immobilized ligand and cobalt-complex could be distinguished unambiguously. However, due to the
heterogeneous appearance of the obtained Co IIBisPod@TiO2, the strategy was changed to
immobilization of pre-assembled catalyst. In this way, the presence of excess CoBr 2 on the NP could
be excluded. While the footprint of the cobalt complex was 1.10±0.33 nm2 on TiO2, a footprint of
1.97±0.59 nm2 was determined on ZrO2, which is rationalized by different M–O distances leading to
varying surface densities.
In a preliminary pH dependent adsorption study, the HPLC method proofed to be superior to the UVVis method as well. Furthermore, the result of the adsorption experiment with a monopodal benzylphosphonate indicates, that PA-pXyl@TiO2 only shows good stability at very low pH values. The
flattened-sigmoidal shape of the adsorption curve could be explained by overlapping effects of the
linker’s pKa and point of zero charge (pzc = 5.9) of TiO2 P25. pH dependent adsorption studies were
carried out for MonoPodH and BisPodH as well. While the bispodal ligand showed good stability from
pH 2–6.5, desorption between pH 2–5 was observed for the monopodal phosphonic acid, clearly
indicating that at least two phosphonic acid anchoring moieties are necessary. Furthermore,
indications were found that counterions interacting with the surface, such as chlorides, better
counteract the developing positive charge upon protonation of the metal oxid surface compared to
non-cooridnating ions such as BF4– leading to decreased repulsion of the also positivle charged
polypyridyl head group under acidic conditions. Furthermore, large excess of chloride in solution does
not compete with phosphonic acid binding. However, competitive surface binders are TCEP and
ascorbate/ascorbic acid, which are present under catalytic conditions in comparable large quantities.
It was determined, that these surface binders would account for 12–22% desorption of the bispodal
catalyst to solution. While the effect of ascorbate/ascorbic acid had a comparable effect on composites
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of TiO2 and ZrO2, TCEP-induced desorption was significantly increased in case of ZrO 2 compared to
TiO2.
In semi-heterogeneous catalysis experiments, in which the PS is in solution and the WRC immobilized
on NPs, H2 evolution activity was observed, but it was so far not possible to demonstrate that the
activity originates from the catalyst on the particles or from catalyst that bleached to solution.
Recovery experiments did not show any H 2 evolution for the recovered composite nanoparticles nor
the supernatant indicating a decomposition pathway of the cobalt catalyst during the first
heterogenized catalysis experiment. The stability of the catalyst itself is however not part of this work
and for future projects, instead of employing derivatives of [Co IIBr2DMTPy], a different WRC
platform should be chosen. Conserving the stability of the composite material, a promising strategy
to further stabilise the system is the introduction of further phosphonic acid anchoring moieties, which
could even broaden the stability range of the catalyst on the surface. Further methods to increase the
stability of hybrid materials involve thermal annealing, which was shown to yield stronger surface
binding[207] or burying of the anchoring moiety by ALD layers, rendering them much more
robust.[221,222] However, the latter is not applicable for molecules on nanoparticles, but rather for
molecules on surfaces.

3.6.

Dynamic Interactions of a co-immobilized Re/Co System on Metal Oxide

In co-adsorption experiments from methanolic solution to ZrO2 NP with different ratios of ClRePAbpy
and CoIIBisPodH, preferred binding of neither component was observed. However, it was found that
the molecule loading on the particles is increased when the two species are co immobilized. This
observation was explained by the ability of these two species to form a layered structure on the NP
with the PS being close to the surface since the anchoring phosphonates are directly attached at the
diimine ligand, and the WRC being further away from the surface due to the long benzylic linker
platform. To investigate whether one of the employed species binds preferably to the metal oxide, the
chosen experimental conditions were not ideal, since the investigated PS/WRC ratios were too far
apart. A clearer picture could be obtained by carrying out the same experiment with PS/WRC ratios
between 8:1 and 1:1 instead of 100:1 and 1:1.
In photocatalytic H2 evolution experiments, the change in catalytic activity of the fully homogenous
py

Rebpy/[CoBr2DMTPy] reference system to the fully heterogenized

Cl

RePAbpy/CoIIBisPod@ZrO2

system was investigated. Unfortunately, the activity of the latter systems did not surpass the activity
related to PS decomposition. However, co-adsorbed systems showed varying H 2 evolution rate
decrease with different PS/WRC ratios, which might indicate some photocatalytic H 2 evolution
contributions. To obtain activity which distinguishes itself from the PS decomposition baseline, a
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different PS must be employed, which has a significantly longer excited state lifetime under aqueous
conditions and on the surface.
The kinetic studies of co-immobilized ClRePAbpy and CoIIBisPod on TiO2 and ZrO2 have shown that
the presence of the WRC on a surface leads to fast excited state deactivation by non-reductive
quenching, which interferes and competes with the reductive quenching process in the presence of a
quencher in surrounding solution. On TiO 2, further oxidative quenching processes of PS* are observed
involving charge injection into the conduction band of the metal oxide, which further reduces the
already low yield of reductive quenching. While in homogeneous solution, the photo-reduction of the
WRC by PS- is quantitative and occurs within nanoseconds, on the surface, the formation of Co Ispecies is disguised by competing and overlapping processes. Due to the lack of prominent
spectroscopic features of the wanted Co I-species in the IR spectrum, further transient methods such
as laser flash photolysis need to be employed to investigate the electron transfer process of the PS- to
the WRC.
Preliminary experiments showed that [Re(py)(PAbpy)(CO) 3]OTf (20) is a promising candidate as PS
for this model system showing an excited state lifetime of 58.8 ± 0.1 ns in H 2O, and 47 ± 5 ns on ZrO2
under ethanolic conditions. Moreover, [Re(Nic)(bpy)(CO) 3]OTf (7) with a carboxylic acid anchoring
group in the axial position exhibited a em of 124.0 ± 0.2 ns in H2O, and a staggering 770 ± 120 ns on
ZrO2 in EtOH. This indicates, that the charge separated state lasts much longer, when the PS is
anchored via the axial ligand. Therefore, a [ReX(bpy)(CO) 3]0/+-type complex is desired, in which X
is a pyridyl-derivative featuring multiple phosphonic acid anchoring groups for stable binding to the
metal oxide surface.
In a reductive system, which involves a solution-based electron donor or electron relay, one of the
slowest processes will always be the quenching process. Moreover, an overall directional architecture
cannot be achieved in such a setting, since the electrons are supplied from solution by the ED, as well
as the protons. In this way, reductive as well as oxidative equivalents are at the same interface and
bET reactions are inevitable. However, if the electrons are supplied by the underlying metal oxide,
the electrons would be transferred from the substrate to the solution, while the generated holes would
be transported into the opposite direction. With this, a proper directional architecture could be
achieved and bET diminished leading to higher quantum yields.
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4.

Experimental Details

4.1.

General

Chemicals were of reagent grade and used without further purification if not indicated. Reactions
were carried out under N2 in oven-dried (120 °C) glass equipment and monitored for completion by
analysing a small sample (after suitable workup) by HPLC or UPLC/ESI-MS. Solvents for synthesis
were of analysis grade, whereas for workup, distilled technical grade solvents were used. Dry CH2Cl2
was dispensed from a MBRAUN SPS-system, and dry Et2O and THF was obtained by distillation over
metallic sodium. Evaporation of the solvents in vacuo was done with the rotary evaporator at the given
bath temperature and pressure and drying was done at high vacuum (HV) using a Schlenk-line. pH:
Merck indicator paper pH 1–14 (universal indicator). Automated flash chromatography was
performed on an Argonaut Flash Master using self-packed reversed phase C18-silica gel (C18 silica
gel spherical from Sigma Aldrich) columns with the indicated solvent system. Columns were properly
flushed with MeOH before and after use. Purification or desalination by Sep-Pak® Cartridges from
Waters was done according to the description with the given solvent system. Cartridges were activated
with MeOH (6 mL) and flushed with H2O (10 mL) before loading.

4.2.

Synthesis of Re(I) Tricarbonyl Complexes

Chemicals: Diethyl phosphite (HP(OEt) 2), pyridine (py), methyl nicotinate (mNic) nicotinic acid
(Nic) and sodium thiocyanate (NaSCN) were purchased from Fluka, 2,2'-bipyridine-4,4'diyldiphosphonic

acid

(PAbpy)

from

Fluorochem,

whereas

2,2’-bipyridine

(bpy),

bromotrimethylsilane (TMSBr), dry MeOH, silver trifluoromethanesulfonate (AgOTf) and
spectroscopic grade acetonitrile were acquired from Sigma Aldrich and trifluoromethanesulfonic acid
(HOTf) from TCI.
Literature

synthesis:

4,4'-bis(methoxycarbonyl)-2,2'-bipyridine

(CMEbpy),[223]

4,4'-

bis(chloromethyl)-2,2'-bipyridine (mClbpy),[137] 4,4’-bis(diethoxyphosphorylmethyl)-2,2’-bipyridine
(mPEbpy),[138] 2,2’-dipyridine-4,4’-dimethylenediphosphonic acid (mPAbpy), [139] 4,4’-dibromo-2,2’bipyridine (Brbpy),[141] 4,4’-bis(diethylphosphonate)-2,2’-bipyridine (PEbpy),[121] [ReBr(CO)5]
(1),[224] (NEt4)2[ReBr3(CO)3] (2),[225] [ReBr(bpy)(CO)3] (3),[134] [Re(H2O)(bpy)(CO)3](OTf) (4),[84]
[Re(py)(bpy)(CO)3](OTf) (5) [27] and [ReCl(PAbpy)(CO)3] (18)[211] were prepared according to the
respective published procedures. Modified procedures are also described.
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4.2.1. Synthesis of [Re(Nic)(bpy)(CO) 3]OTf ]
[ReBr(CO)3bpy] (3): [ReBr(CO)5] (1, 204 mg, 0.50 mmol) and bpy (85 mg, 0.55 mmol, 1.1 eq.) were
dispersed in MeOH (2 mL). The colourless suspension was heated to 150 °C for 20 min using a
microwave reactor. IR-spectroscopy showed full consumption of 1. The yellow precipitate was
dispersed in MeOH (3 mL), filtered off and washed with hexane (3 x 3 mL) and MTBE (3 x 3 mL).
Drying of the filter cake at HV delivered [ReBr(CO)3bpy] (3, 237 mg, 0.47 mmol, 93%) as yellow
solid. max(ACN): 375 nm ( = 3103 M-1 cm-1) . em(ACN): 604 nm. IR (ATR, cm -1): 2011 (m), 1870
(s), 1470 (w), 1442 (w), 1313 (w), 1154 (w), 766 (m), 730(w). 1H NMR (300 MHz, DMSO): δ 9.04
(d, J = 9.04 Hz, 2 H); 8.78 (d, J = 8.78 Hz, 2 H); 8.33 (td, J =8.33 Hz, 2H); 7.75 (td, J = 7.76, 2 H).
ESI-MS (MeOH): m/z = 427 (100, [M‒Br]+).

[Re(H2O)(CO)3bpy](OTf) (4): [ReBr(CO)3bpy] (3, 201 mg, 0.40 mmol) was suspended in degassed
MeOH (45 mL) and an also degassed methanolic solution (2 mL) of AgOTf (116 mg, 0.44 mmol,
1.1 eq.) was added. The reaction mixture was stirred under exclusion of light for 7 hours and sonicated
several times to avoid particle formation. When HPLC showed full conversion of the bromide
complex 3, the grey AgBr precipitate was removed by filtration over celite. The clear solution was
additionally filtered over basic AlOx 90 to remove residual silver traces remaining in solution and the
filter column was washed with CH2Cl2. After drying of the yellow fraction over Na2SO4 and filtration,
the solution was concentrated in vacuo (650 mbar, 40 °C). The residue was dissolved in degassed H 2O
(50 ml) and heated to reflux for 15 h to exchange the triflate ligand with a water molecule. The
resulting solution was then lyophilized to obtain complex 4 (159 mg, 0.27mmol, 67%) as a yelloworange solid. max(ACN) = 365 nm ( = 2451 M-1cm-1). IR (ATR, cm-1): 2003 (m), 1851 (s), 1602 (w),
1445 (w), 1260 (w), 774 (s), 734 (w). 1H NMR (300 MHz, DMSO): δ 8.73 (d, 2 H, J = 8.74); 8.58 (d,
2 H, J = 8.58); 8.31 (t, 2 H, J =8.30); 7.72 (t, 2 H, J =7.71). ESI-MS (MeOH): m/z = 427 (100, [M‒
H2O]+), 468 (11, [M‒H2O+ACN]+).

[Re(mNic)(bpy)(CO)3](OTf) (6): [Re(H2O)(bpy)(CO)3](OTf) (4, 71 mg, 0.12 mmol) was dissolved in
degassed MeOH (10 mL) and nicotinic acid methyl ester (mNic, 410 mg, 2.99 mmol, 25 eq.) was
added. The reaction mixture was stirred under N 2 at 68 °C for 5 h. When HPLC showed full conversion
of 4, the orange solution was concentrated in vacuo (40 °C, 250 mbar) and dried at HV. The solid
residue was dissolved in CH2Cl2 (3 mL) and Et2O was added until the mixture turned slightly turbid
and it was put in the fridge for crystallization. After the formed yellow crystals were filtered off and
washed with additional Et 2O (3 x 3 mL), the solid was dried at HV to obtain the desired mNic complex
6 (68 mg, 0.10 mmol, 77%). IR (ATR, cm -1): 3086 (w), 2031 (s), 1732 (s), 1604 (m), 1474 (w), 1446
(w), 1259 (m), 1154 (m), 1030 (m), 772 (w), 748 (w), 637 (m). 1H NMR (400 MHz, MeOD) δ 9.36
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(ddd, J = 5.5, 1.5, 0.8 Hz, 2 H); 8.71 – 8.69 (m, 1H); 8.65 (ddd, J = 5.7, 1.4, 0.5 Hz, 1 H); 8.62 – 8.60
(s-like m, 1 H); 8.60 – 8.58 (s-like m, 1 H); 8.44 (ddd, J = 8.4, 1.6, 1.2 Hz, 1 H); 8.36 (td, J = 7.8, 1.6
Hz, 1 H); 7.90 (ddd, J = 7.7, 5.5, 1.3 Hz, 2 H); 7.53 (ddd, J = 8.0, 5.7, 0.8 Hz, 1 H); 3.88 (s, 3 H).
ESI-MS (MeOH): m/z = 564 (100, [M]+).

[Re(Nic)(bpy)(CO)3](OTf) (7): [Re(H2O)(CO)3bpy](OTf) (4, 121 mg, 0.21 mmol) was dissolved in
degassed H2O + 0.2% triflic acid (20 ml) and niacin (1.246 g, 10.12 mmol, 48 eq.) was added. After
the reaction mixture was heated to 98 °C for 15 hours, the obtained yellow solution was diluted with
H2O + 0.2% triflic acid (20 ml) and extracted three times with dichloromethane (3 x 40 ml). Organic
phases were combined, dried over Na 2SO4, filtered, concentrated in vacuo (40 °C, 680 mbar) and
dried at HV. Crude product was dissolved in CH2Cl2 (5 mL) and hexane was added dropwise until the
solution turned slightly cloudy. The mixture was stored in the fridge (5 °C) for precipitation. The
formed yellow solid was filtered off, washed with hexane (2 x 3 mL) and dried at HV to obtain
complex 7 (136 mg, 0.195 mmol, 93%) as a yellow solid. IR (ATR, cm-1): 3092 (w), 2645 (w), 2520
(w), 2032 (s), 1906 (s), 1738 (m), 1603 (m), 1495 (w), 1474 (m), 1445 (m), 1664 (w), 1321 (w), 1287
(m), 1251 (m), 1226 (s), 1195 (m), 1157 (m), 1114 (m), 1059 (w), 1025 (s), 970 (w), 943 (w), 892
(w), 835 (w), 810 (w), 772 (s), 744 (m), 734 (m), 697 (m), 668 (m). 1H NMR (400 MHz, DMSO):
δ 13.5 (s, broad, 1 H); 9.35 (dd, J = 5.5, 0.8 Hz, 2 H); 8.74 (d, J = 8.2 Hz, 2 H); 8.61 (dd, J = 5.6,
0.8 Hz, 1 H); 8.56 (d, J = 1.8 Hz, 1 H); 8.42 (td, J = J = 8.0, 1.4 Hz, 2 H) 8.38 (dd, J = 8.0, 1.6 Hz,
1 H); 7.93 (ddd, J = 7.6, 5.5, 1.1 Hz, 2 H); 7.57 (dd, J = 8.0, 5.7 Hz, 1 H).

19

F NMR (376 MHz,

DMSO): δ -77.75. ESI-MS (MeOH): 427 (19, [M‒niacin] +), 550 (100, [M] +). HR-ESI-MS (MeOH):
550.04043 (100, C19H13N3O5Re+; [M]+; calc. 550.04073;  = 0.63 ppm).

4.2.2. Synthesis of [ReNCS(CAbpy)(CO)3]
[ReBr(CMEbpy)(CO)3] (8): [ReBr(CO)5] (1, 326 mg, 0.803 mmol) and CMEbpy (219 mg,
0.803 mmol, 1 eq.) were dispersed in MeOH (2 mL) in a microwave vial (10 mL) and the colourless
suspension was heated to 150 °C for 20 min using a microwave reactor. MeOH (3 mL) was added to
disperse the red solid, which was then filtered off, washed with hexane (3 x 2 mL) and MTBE
(3 x 2 mL) and dried at HV. Crystallization from CH 2Cl2 yielded pure complex 8 (461 mg,
0.741 mmol, 92%) as a red solid. IR (ATR, cm-1): 3036 (w), 2958 (w), 2022 (s), 1918 (s), 1890 (s),
1733 (m), 1561 (w), 1442 (w), 1401 (w), 1303 (w), 1265 (m), 1230 (m), 1136 (w), 874 (w), 767 (m),
720 (w), 705 (w). 1H NMR (400 MHz, CDCl3): δ 9.23 (d, J = 5.7 Hz, 2 H); 8.84 (s, 2 H); 8.08 (d, J =
5.5 Hz, 2 H); 4.10 (s, 6 H). ESI-MS (MeOH): m/z = 640 (43, [M+H2O]+), 584 (100, [M‒Br+MeCN] +),
561 (10, [M-Br+H2O]+, 543 (80, [M-Br]+). Anal. calcd. for C17H12BrN2O7Re (%): C: 32.81, H: 1.94,
N: 4.50. Found: C: 32.80, H: 1.97, N: 4.44.
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[ReNCS(CMEbpy)(CO)3] (9): Complex 8 (206 mg, 0.331 mmol) was suspended in a degassed
solution of NaSCN (270 mg, 3.3 mmol, 10 eq.) in MeOH (15 mL). After stirring at 75 °C for 15 hours
under N2 atmosphere, the reaction mixture was allowed to cool to 23 °C and concentrated in vacuo
(40 °C, 180 mbar) to a volume of about 3 mL. H 2O (2 mL) was added and the formed precipitate was
filtered off, washed with H2O (3 x 6 mL) and dried at HV. Complex 9 (180 mg, 0.300 mmol, 91%)
was obtained as a red solid. IR (ATR, cm-1): 3081 (w), 2954 (w), 2091 (m) 2022 (s), 1905 (s), 1734
(m), 1618 (w), 1560 (w), 1482 (w), 1438 (m), 1405 (m), 1326 (w), 1300 (m), 1262 (m), 1231 (m),
1193 (w), 1133 (m), 1070 (w), 1027 (w), 980 (w), 911 (w), 865 (w), 842 (w), 766 (m), 735 (w), 721
(w), 706 (w). 1H NMR (400 MHz, CDCl3): δ 9.17 (d, J = 5.6 Hz, 2 H); 8.86 (s, 2H); 8.14 (d, J =
5.6 Hz, 2 H); 4.12 (s, 3 H). ESI-MS (MeOH): m/z = 602 (100, [M+H]+), 561 (4, [M‒NCS+H2O]+),
543 (26, [M‒NCS]+). Anal. calcd. for C18H12N3O7ReS (%): C: 36.00, H: 2.01, N: 7.00. Found:
C: 36.01, H: 2.07, N: 6.98.

[ReNCS(CAbpy)(CO)3] (10): Complex 9 (121 mg, 0.201 mmol) was dispersed in degassed MeOH
(50 mL) and stirred at 70 °C under inert atmosphere until everything was fully dissolved. The red
solution was allowed to cool to 23 °C and NaOH (1 M, 2 mL) was added causing a slow colour change
to yellow. After stirring for an additional 15 min, the reaction mixture was diluted with H 2O (50 mL)
and acidified to pH 1 using HCl (1 M, 10 mL) inducing an additional colour change to orange. The
product was extracted with CH2Cl2 (3 x 90 mL), the combined organic phases were dried over Na2SO4,
filtered, concentrated in vacuo (40 °C, 680 mbar) and the solid dried at HV. The target complex 10
(113 mg, 0.197 mmol, 98%) was obtained as an orange solid. IR (ATR, cm-1): 3085 (w), 2116 (m),
2033 (m), 1910 (s), 1742 (m), 1699 (m), 1556 (w), 1486 (w), 1446 (w), 1417 (m), 1405 (m), 1360
(w), 1315 (w), 1275 (w), 1232 (w), 1172 (m), 1130 (m), 1108 (w), 1067 (w), 932 (w), 906 (w), 861
(w), 825 (w), 767 (m), 749 (w), 718 (w), 686 (w), 663 (w). 1H NMR (400 MHz, DMSO): δ 14.46 (s,
2 H); 9.25 (d, J = 5.6 Hz, 2 H); 9.20 (s, 2 H); 8.17 (d, J = 5.7 Hz, 2 H). ESI-MS (MeOH): m/z = 572
(100, [M‒H]–). Anal. calcd. for C16H8N3O7ReS (%): C: 33.57, H: 1.41, N: 7.34. Found: C: 33.84, H:
1.33, N: 7.21.

4.2.3. Synthesis of ReI-Complexes featuring Phosphonates
[ReBr(mPEbpy)(CO)3] (11): [ReBr(CO)5] (1, 183 mg, 0.45 mmol) and mPEbpy (192 mg, 0.42 mmol,
0.95 eq.) were dispersed in MeOH (4 mL) in a microwave vial (10 mL) and the colourless suspension
was heated to 150 °C under stirring for 20 min using a microwave reactor. IR spectroscopy showed
full consumption of 1. After the red solid was filtered off, the filter cake was washed with hexane
(5 mL) and dried at HV to afford 11 (173 mg, 0.21 mmol) as a bright yellow solid in a yield of 51%.
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IR (ATR, cm-1): 3060 (w), 2983 (w), 2932 (w), 2911 (w), 2017 (s), 1886 (s), 1735 (w), 1619 (m),
1556 (w), 1488 (w), 1424 (m), 1392 (w), 1367 (w), 1242 (m), 1202 (w), 1162 (w), 1047 (s), 1022 (s),
968 (m), 862 (m), 786 (w), 738 (w), 647 (w), 623 (w). 1H NMR (400 MHz, CDCl3): δ 8.95 (d, J = 5.7
Hz, 2 H); 8.21 (s, 2 H); 7.43 (dt, J = 5.7, 2.0 Hz, 2 H); 4.16 – 4.07 (m, 8 H); 3.30 (d, J = 22.6 Hz, 4
H); 1.31 (t, J = 7.1 Hz, 12 H). 31P NMR (162 MHz, CDCl 3): δ 22.19. UPLC/ESI-MS (rt = 2.6 min):
m/z = 805.0 (100, [M–H]–).

[ReNCS(mPEbpy)(CO)3] (12): [ReBr(mPEbpy)(CO)3] (11, 135 mg, 0.167 mmol) was dispersed in
MeOH (4 mL) in a microwave vial (10 mL) and NaSCN (135 mg, 1.670 mmol, 10 eq.) was added.
The red suspension was heated to 150 °C under stirring for 20 min, after which almost everything was
dissolved. UPLC-MS showed full consumption of the SM. After the crude mixture was diluted with
CH2Cl2 (50 mL), the organic phase was washed with H2O (3 x 50 mL), dried over Na2SO4, filtered,
concentrated in vacuo (42 °C, 680 mbar) and dried at HV to obtain the desired product (12, 107 mg,
0.137 mmol) in a yield of 82% as a yellow solid. IR (ATR, cm-1): 2982 (w), 2964 (w), 2923 (w), 2866
(w), 2094 (m), 2022 (s), 1903 (s), 1734 (w), 1619 (w), 1555 (w), 1488 (w), 1425 (w), 1392 (w), 1366
(w), 1314 (w), 1243 (m), 1050 (m), 1024 (s), 971 (m), 947 (w), 862 (w), 836 (w), 788 (w), 739 (w),
706 (w), 648 (w), 620 (w). 1H NMR (400 MHz, CDCl3): δ 8.88 (d, J = 5.7 Hz, 2 H); 8.23 (s, 2 H);
7.49 (d, J = 5.7 Hz, 2 H); 4.14 (quint.-like m, 8 H); 3.33 (d, J = 22.2 Hz, 4 H); 1.33 (td, J = 7.0, 3.4
Hz, 12 H). 31P NMR (162 MHz, CDCl 3): δ 21.95. UPLC/ESI-MS (rt = 2.8 min): m/z = 786.1 (100,
[M+H]+).

[ReNCS(mPAbpy)(CO)3]Na2 (14): mPAbpy (10 mg, 0.029 mmol) was dispersed in degassed
H2O/MeOH 1:1 (2 mL) and the mixture was basified by addition of aq. Na 2CO3 (sat., 2 drops) resulting
in a clear colourless solution. (NEt 4)2[ReBr3(CO)3] (2, 22 mg, 0.029 mmol) was added and after
sonication for 15 s, the slightly turbid yellow reaction mixture was stirred under N 2 at 23 °C for 12 h.
Reaction control by UPLC-MS showed full consumption of starting material. Without isolation of the
intermediate, NaSCN (31 mg, 0.382 mmol, 13 eq.) was added to the reaction mixture, which was then
neutralized to pH 7 using HOTf (1 M). Stirring for 16 h at 60 °C under N 2 lead to formation of desired
complex 14. After removal of MeOH by N2 bubbling, the crude mixture was acidified to pH = 1 using
aq. HOTf (1 M) and was then loaded on a Sep-Pak® Cartridge. The latter was rinsed with H2O (20 mL)
and product was eluted with H2O/MeOH 9:1. Product fractions were combined, neutralized to pH 7
using NaOH (0.01 M) and lyophilized to obtain the desired product (14, 9 mg, 0.012 mmol, 40%) as
a bright yellow solid. IR (ATR, cm-1): 2917 (w), 2851 (w), 2103 (w), 2020 (s), 1889 (s), 1614 (m),
1554 (w), 1487 (m), 1423 (m), 1313 (s), 1232 (m), 1113 (m), 1078 (m), 986 (s), 931 (s), 849 (s), 818
(s), 751 (s), 727 (s). 1H NMR (400 MHz, MeOD): δ 8.92 (d, J = 5.7 Hz, 2 H), 8.56 (s, 2 H), 7.67 (d,
J = 5.7 Hz, 2 H), 3.43 (d, J = 22.5 Hz, 4 H). 31P NMR (162 MHz, MeOD):  18.95. ESI-MS: m/z =
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671.8 (100, [M–H]‒), 612.9 (13, [M–NCS–2H]‒). HR-ESI-MS (MeOH): 335.46752 (100,
C16H12N3O9P2ReS2‒; [M–2H]2‒; calc. 335.46690;  = 1.86 ppm), 693.92287 (8, C16H12N3NaO9P2ReS‒
; [M-2H+Na] ‒; calc. 693.92302;  = 0.22 ppm). Anal. calcd. for C16H12N3Na2O9P2ReS+2 MeOH (%):
C: 27.70, H: 2.58, N: 5.38. Found: C: 27.73, H: 2.73, N: 5.49.

[ReBr(PEbpy)(CO)3] (15): To a colourless suspension of (NEt 4)2[ReBr3(CO)3] (2, 170 mg,
0.22 mmol) in degassed MeOH (5 mL), PEbpy (90 mg, 0.21 mmol, 0.95 eq.) was added, which was
accompanied by an immediate colour change to red. After stirring of the reaction mixture under N 2
for 19 h at 25 °C, HPLC showed full consumption of the diimine. The orange suspension was diluted
with CH2Cl2 (20 mL) and washed with H2O (3 x 20 mL). The combined organic phases were dried
over Na2SO4, filtered, concentrated in vacuo (650 mbar, 40 °C) and dried at high vacuum to obtain
the desired product (15, 160 mg, 0.021 mmol) as a red solid in a yield of 98%. IR (ATR, cm-1): 3470
(w), 3082 (w), 2983 (m), 2932 (w), 2908 (w), 2018 (s), 1887 (s), 1607 (w), 1539 (w), 1474 (w), 1444
(w), 1393 (m), 1369 (w), 1256 (m), 1220 (w), 1160 (w), 1127 (w), 1097 (w), 1044 (m), 1014 (s), 975
(m), 866 (w), 845 (w), 794 (w), 758 (w). 1H NMR (400 MHz, CDCl3):  9.19 (q, J = 4.7, 2 H); 8.63
(d, J = 13.6, 2 H); 7.85 (dtd, J = 6.22, 1.32, 2 H); 4.26 (m, 8 H); 1.41 (td, J = 7.0, 2.6, 12 H). 31P NMR
(162 MHz, CDCl3):  10.95. UPLC/ESI-MS (rt = 2.7 min): m/z = 740.5 (100, [M−Br+ACN]+), 717.9
(60, [M−Br+H2O]+), 700.3 (10, [M−Br]+).

[ReBr(PAbpy)(CO)3] (16): To a solution of [ReBr(PEbpy)(CO) 3] (15, 53 mg, 0.067 mmol) in
anhydrous CH2Cl2 (3 mL), TMS-Br (240 L, 1.82 mmol, 27 eq.) was added and the reaction mixture
was stirred at 42 °C under N 2 for 16 h. After removal of all volatiles at HV (using a cooling trap),
MeOH (6 mL) was added to the yellow residue and the mixture was stirred for 1.5 h. The solvent was
removed in vacuo (42 °C, 180 mbar) and solid was dried at HV to obtain the desired product (16,
33 mg, 0.048 mmol) as an orange solid in a yield of 72%. IR: 2921 (m), 2851 (m), 2030 (s), 1884 (s),
1605 (w), 1463 (w), 1393 (m), 1214 (m), 1156 (m), 1128 (m), 945 (s), 845 (s) , 754 (w), 739 (w), 720
(m). 1H NMR (400 MHz, DMSO):  9.16 (dd, J = 5.2, 3.6, 2 H); 8.75 (d, J = 13.2, 2 H); 7.92 (dq, J
= 12.0, 5.5, 1.0, 2 H).

31

P NMR (162 MHz, DMSO):  5.59. UPLC/ESI-MS (rt = 1.5 min): m/z =

664.95 (100, [M−H]+]).

[ReNCS(PAbpy)(CO)3]Na3 (17): PAbpy (10 mg, 0.032 mmol) was dispersed in degassed H2O/MeOH
1:1 (2 mL) and the mixture was basified by addition of aq. Na 2CO3 (sat., 2 drops) resulting in a clear
colourless solution. (NEt 4)2[ReBr3(CO)3] (2, 24 mg, 0.032 mmol, 1 eq.) was added and after
sonication for 15 s, the slightly turbid orange reaction mixture was stirred under N 2 at 23 °C for 12 h.
Reaction control by UPLC-MS showed full consumption of starting material. Without isolation of the
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intermediate, NaSCN (33 mg, 0.407 mmol, 13 eq.) was added to the reaction mixture, which was then
neutralized to pH 7 using HOTf (1 M). Stirring for 16 h at 60 °C under N 2 lead to formation of desired
complex 17. After removal of MeOH by N2 bubbling, the crude mixture suspended in H2O (20 mL)
and acidified to pH = 1 using aq. HOTf (1 M). The product mixture was loaded on a Sep-Pak®
Cartridge, and product was eluted with H2O. Product fractions were combined and lyophilized to
obtain the desired product (17, 8.7 mg, 0.011 mmol, 34%) as a red solid. IR (ATR, cm-1): 2956 (w),
2917 (w), 2849 (w), 2112 (m), 2030 (s), 1880 (s), 1650 (w), 1601 (m), 1531 (w), 1487 (m), 1471 (m),
1396 (m), 1285 (w), 1251 (w), 1223 (w), 1141 (m), 1084 (s), 973 (s), 901 (m), 840 (s), 814 (w).
1

H NMR (400 MHz, MeOD): δ 8.94 (d, J = 11.0 Hz, 2 H); 8.89 (dd, J = 5.4, 2.8 Hz, 2 H); 7.99 (ddd,

J = 10.0, 5.5, 1.0 Hz, 2 H). 31P NMR (162 MHz, MeOD):  5.34. ESI-MS: m/z = 643.9 (53, [M–H]‒),
584.9 (100, [M–NCS–2H]‒). HR-ESI-MS (MeOH): 321.45183 (100, C14H8N3O9P2ReS2‒; [M–2H]2‒;
calc. 321.45125;  = -2.02 ppm). Anal. calcd. for C17H7N3Na3O9P2ReS+4 H2O+MeOH (%): C: 22.12,
H: 2.35, N: 5.16. Found: C: 21.92, H: 2.39, N: 5.08.

[Re(py)(PAbpy)(CO)3]Na2 (20): To a yellow solution of [ReBr(PAbpy)(CO)3] (18, 54 mg,
0.081 mmol) in degassed MeOH (4 mL), AgOTf (23 mg, 0.088 mmol, 1.1 eq.) dissolved in degassed
MeOH (1 mL) was added. The reaction mixture was stirred under exclusion of light under N 2 at 23
°C for 2 h when reaction control showed complete consumption of the starting material. After filtering
off the formed silver salt, the filter cake was rinsed with additional MeOH (5 mL). Solvent was
reduced to a volume of 2 mL at HV (using a cooling trap, no heating) while keeping the sample in the
dark. The yellow solution was diluted aq. HOTf (50 mM, 10 mL) and loaded on a Sep-Pak® cartridge.
Residual silver traces were removed by rinsing the latter with aq. HOTf (50 mM, 20 mL), HOTf
(25 mM, 20 mL) and solvent-complex intermediate was eluted with MeOH. After filtration of the
methanolic solution (to remove some eluted column material), MeOH was removed in vacuo (42 °C,
180 mbar) and dried at HV to obtain the intermediate 19 as an orange solid, which was used without
purification for the next step. The intermediate was dissolved in MeOH (3 mL) and stirred at 23 °C.
Aq. NaOH (2 M, 80 L, 0.160 mmol, 2 eq.) was added to the yellow solution and after degassing by
N2 bubbling, pyridine (0.5 mL, 6.463 mmol, 80 eq.) was added. The mixture was stirred at 60 °C
under N2 for 20 min, when reaction control showed full conversion. All volatiles were removed in
vacuo at HV (using a cooling trap) to obtain the di-sodium salt of 20 (50 mg, 0.067 mmol) as paleyellow solid in a yield of 83%. To protonate the phosphonic acids, the di-sodium salt 20 was dissolved
in MeOH (3 mL) and aq. HOTf (0.2 M, 200 L) was added. The solution was diluted with Et 2O
(12 mL) until the product was fully precipitated. After filtering off the formed precipitate and washing
with additional Et2O (6 mL), the yellow solid was dried at HV. Product 20 (42 mg, 0.056 mmol) was
isolated in 70% yield. IR (ATR): 3084 (w), 2922 (w), 2027 (s), 1910 (s), 1714 (w), 1607 (w), 1541
(w), 1488 (w), 1476 (w), 1447 (w), 1397 (m), 1218 (w), 1397 (m), 1218 (m), 1155 (s), 1128 (m), 1068
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(m), 938 (s), 843 (m), 758 (m), 742 (w), 720 (m), 697 (w), 664 (w), 647 (w), 623 (w). 1H NMR (400
MHz, MeOD): δ 9.42 (dd, J = 5.4, 3.7 Hz, 2 H); 8.77 (d, J = 12.5 Hz, 2 H); 8.41 (dd, J = 6.5, 1.5 Hz,
2 H); 8.11 (ddd, J = 11.7, 5.5, 1.2 Hz, 2 H); 7.92 (tt, J = 7.7, 1.5 Hz, 1 H); 7.38 (dd, J = 7.7, 6.6 Hz,
2 H). 31P NMR (162 MHz, MeOD): δ 6.00. 19F NMR (376 MHz, MeOD): δ -80.14. UPLC/ESI-MS (rt
= 1.4 min): m/z = 666.1 (100, [M]+). HR-ESI-MS (MeOH): 663.96861 (100, C 18H13N3O9P2Re–; [M–
2H]‒; calc. 663.96900;  = 0.56 ppm). Anal. calcd. for C 18H16N3Na2O11P2Re + 2 H2O (%): C: 29.04,
H: 2.17, N: 5.64. Found: C: 29.09, H: 2.14, N: 5.79.

4.3.

Synthesis of Benzyl Phosphonates as Anchoring Platform

3,5-Bis((diethoxyphosphoryl)methyl)-benzyl alcohol (23),

[150,151]

3,5-bis((diethoxyphosphoryl)me-

thyl)-benzyl chloride (25):[150] and di(4-methyl-2-pyridyl)methanone (31)[227] were prepared according
to published procedures. 3,5-Bis((diethoxyphosphoryl)methyl)-benzyl bromide (26) was synthesized
by modifying a literature procedure of Cooray an co-workers.[156,157]
Methyl 3,5-bis(bromomethyl)benzoate (22, procedure 1):[151] To a solution of methyl 3,5-dimethylbenzoate (21, 5.596 g, 34.1 mmol) in CCl 4 (50 mL), N-bromosuccinimide (NBS, 11.872 g, 66.7 mmol,
2.0 eq.) and benzoylperoxide (DBP, 168 mg, 0.69 mmol, 2 mol%) were added and the slightly yellow
suspension was stirred at 80 °C for 15 min. Reaction control by UPLC-MS showed full consumption
of SM and the distribution of mono-, bis- and tri-brominated species as 1:1:1. The reaction mixture
(orangish solution with colourless precipitate) was allowed to cool to 23 °C and the precipitate
(succinimide) was filtered off using a filter frit. After washing of the filter cake with additional CCl 4,
the filtrate was washed with H 2O (3 x 50 mL), dried over Na 2SO4, filtered, concentrated in vacuo
(250 mbar, 42 °C) and dried at HV to obtain crude 22 (11.483 g) as a colourless viscous oil. Petroleum
ether (100 mL) was added to the crude and the mixture was shaken vigorously until a slightly
yellowish precipitate was formed. The suspension was put in the fridge for 1 h, after which the
supernatant was removed. The solid residue was dissolved in CH2Cl2 (10 mL) and the solution was
concentrated in vacuo (32 °C, 680 mbar) to half of its volume. Upon addition of petroleum ether
(100 mL), precipitate was formed. The mixture was stored in the fridge for 16 h. Supernatant was
removed, colourless solid was washed with cold petroleum ether (20 mL). This dissolutionprecipitation procedure was repeated to obtain pure 22 (3.262 g, 10.1 mmol) as a colourless solid in
30% yield.
Methyl 3,5-bis(bromomethyl)benzoate (22, procedure 2): Methyl 3,5-dimethylbenzoate (21, 8.652 g,
52.692 mmol), NBS (20.411 g, 114.678 mmol, 2.2 eq.) and azobis(isobutyronitril) (AIBN, 370 mg,
2.256 mmol, 4.3 mol%) and MeOAc (30 mL) were distributed equally to four batches and charged in
microwave vials (30 mL). The reaction mixtures were stirred at 110 °C for 5 min. Reaction control
by UPLC-MS showed a product distribution of mono-, bis- and tri-brominated of 1:2:1. The four
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batches were combined, diluted with CH2Cl2 (150 mL) and extracted with diluted aq. Na 2CO3 (3 x
150 mL). After drying of the org. phase over Na2SO4, filtration and removal of the solvent in vacuo
(42 °C, 680 mbar to 200 mbar), crude 22 (20.32 g) was obtained as viscous oil. Crude was dissolved
in CH2Cl2 (10 mL) and upon addition of petroleum ether (200 mL), a precipitate was formed. The
mixture was stored in the fridge for 4 h, after which the supernatant was removed and the solid washed
with cold petroleum ether (30 mL). This dissolution-precipitation procedure was repeated twice to
obtain pure 22 (9.332 g, 28.981 mmol) as a slightly pinkish solid in 55% yield. UPLC/ESI-MS (rt =
2.9 min): m/z = 323.2 (100, [M+H] +). Analytical data of 22 in agreement with literature data. [151]

3,5-Bis(bromomethyl)-benzyl alcohol (23):[150,154] A colourless solution of 22 (0.999 g, 3.105 mmol)
in dry toluene (6.5 mL) was added dropwise to a stirred solution of diisobutylaluminiumhydrid
(DIBAL-H, 20 wt% in dry toluene, 5.5 mL, 6.559 mmol, 2.1 eq.) under N2 at 0 °C (ice bath). Reaction
control by UPLC-MS after 5 min showed full consumption of SM (22). The reaction mixture was
poured on H2O (10 mL) and the aq. phase was acidified to pH 1 using aq. HCl (1 M). Additional
toluene (10 mL) was added, the phases separated, the org. phase was washed with H 2O (3 x 20 mL),
dried over Na2SO4, filtered, concentrated in vacuo (42 °C, 40 mbar) and dried at HV to obtain pure
23 (900 mg, 3.06 mmol) as a white powder in 99% yield. UPLC/ESI-MS (rt = 2.4 min): m/z = 277.6
(100, [M–OH+2H]+).

3,5-Bis((diethoxyphosphoryl)methyl)-benzyl alcohol (24):[150,155] Benzyl alcohol 23 (589 mg,
2.003 mmol) was charged in a Schlenk flask and triethylphosphite (P(OEt) 3, 4 mL, 0.023 mol,
11.5 eq.) was added. The reaction mixture was stirred at 140 °C for 105 min. When reaction control
showed full conversion of the SM (23), all volatiles were removed at HV (using a cooling trap) and
crude 24 (881 mg) was afforded at a slightly yellow oil. Crude was dissolved in MeOH (2 mL) and
diluted with aq. HCl (0.1 M, 25 mL). After basification with sat. aq. Na 2CO3, the aq. phase was
extracted with CH2Cl2 (3 x 30 mL). Org. phases were combined, dried over Na2SO4, filtered,
concentrated in vacuo (42 °C, 680 mbar) and dried at HV to obtain pure 24 (728 mg, 1.783 mmol) as
a colourless, slightly yellowish oil in a yield of 89%. UPLC/ESI-MS (rt = 1.9 min): m/z = 409.3 (100,
[M+H]+).

3,5-Bis((diethoxyphosphoryl)methyl)-benzyl chloride (25):[150] Benzyl alcohol 24 (276.5 mg,
0.677 mmol) was dissolved in CHCl 3 (300 L) and thionyl chloride (SOCl2, 100 L) was added. After
stirring of the mixture at 65 °C for 15 min under N2, reaction control by showed full consumption of
SM (24). Further CHCl3 (4.5 mL) was added and the org. phase was washed with aq. NaOH (0.1 M,
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5 mL) and brine (5 mL), dried over Na 2SO4, filtered, concentrated in vacuo (42 °C, 420 mbar) and
dried at HV to afford the desired product (24, 214 mg, 0.501 mmol) as a yellowish oil in a yield of
74%. UPLC/ESI-MS (rt = 2.3 min): m/z = 427.5 (100, [M+H]+).

3,5-Bis((diethoxyphosphoryl)methyl)-benzyl bromide (26):[156,157] A solution of benzyl alcohol 24
(167 mg, 0.409 mmol) and CBr 4 (149 mg, 0.450 mmol, 1.1 eq.) in CH2Cl2 (1 mL) was stirred under
N2 and cooled to 0 °C using an ice bath. PPh3 (118 mg, 0.450 mmol, 1.1 eq.) was dissolved in CH 2Cl2
(1.5 mL) and added to the cooled solution, which was further stirred at 0 °C under N 2. After 1.5 h,
when reaction control showed full consumption of 24, the mixture was diluted with CHCl 3 (10 mL)
and the org. phase was washed with sat. aq. Na 2CO3 (2 x 10 mL), brine (2 x 10 mL) and H 2O (2 x
10 mL). The org. phase was then dried over Na2SO4, filtered, concentrated in vacuo (42 °C, 400 mbar)
and dried at HV, which delivered crude 26 (387 mg). To remove OPPh3 from the mixture, crude was
dissolved in EtOAc (1.05 mL) and dry ZnCl2 (112 mg, 0.819 mmol, 2 eq.) was added. After stirring
the suspension for 6 h at 23 °C, the formed precipitate was filtered off and rinsed with additional
EtOAc (1 mL). Solvent was removed in vacuo (42 °C, 200 mbar) and the residue was dried at HV to
obtain 26 (224 mg, 0.401 mmol, 85 wt%) as an off-with solid in a yield of 98%. 1H NMR (400 MHz,
CDCl3):  7.23 (d, J = 1.9 Hz, 2 H); 7.16 (s, 1 H); 4.45 (s, 2 H); 4.02 (p, J = 7.2 Hz, 8 H); 3.12 (d,
J = 21.9 Hz, 4 H); 3.12 (d, J = 21.9 Hz, 12 H). 31P NMR (162 MHz, MeOD) δ 25.70. UPLC/ESI-MS
(rt = 2.4 min): m/z = 473.1 (100, [M+H]+).

3,5-Bis((diethoxyphosphoryl)methyl)-benzyl mesylate (27):[158] Benzyl alcohol 24 (205 mg,
0.502 mmol) was dissolved in dry CH2Cl2 (3 mL) and TEA (NEt3, 168 L, 1.204 mmol, 2.4 eq.) as
well as methanesulfonic anhydride (Ms2O, 220 mg, 1.262 mmol, 2.5 eq.) were added. The reaction
mixture was stirred at 23 °C under N2 for 1 h, after which UPLC-MS showed full conversion of the
SM (24). Mixture was poured on H2O (15 mL) and the aq. phase was extracted with CH2Cl2 (3 x
15 mL). Combined org. phases were washed with diluted aq. Na2CO3 (3 x 50 mL), dried over Na2SO4,
filtered, concentrated in vacuo (42 °C, 680 mbar) and dried at HV to obtain 27 (228 mg, 0.469 mmol)
as yellowish oil in a yield of 93%. UPLC/ESI-MS (rt = 2.1 min): m/z = 487.2 (100, [M+H]+).

3,5-Bis((diethoxyphosphoryl)methyl)-benzyl tosylate (28):[158] Benzyl alcohol 24 (352 mg,
0.861 mmol) was dissolved in dry CH2Cl2 (2 mL) and TEA (NEt3, 300 L, 2.153 mmol, 2.5 eq.) as
well as p-toluenesulfonyl chloride (p-TsCl, 181 mg, 0.947 mmol, 1.1 eq.) were added. The reaction
mixture was stirred and cooled to 0 °C using an ice bath and 4-(dimethylamino)-pyridin (DMAP,
5.3 mg, 5 mol%) was added. After stirring the mixture under N2 at 0 °C for 2 h, SM (24) was fully
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consumed. Mixture was quenched by pouring on H2O (10 mL) and the aq. phase was extracted with
EtOAc (3 x 15 mL). Combined org. phases were then washed with H2O (3 x 50 mL), dried over
Na2SO4, filtered, concentrated in vacuo (42 °C, 200 mbar) and dried at HV to obtain crude 28 (137 mg,
62 wt%, 0.151 mmol) as yellowish oil in a yield of 18%. Crude was used for coupling reaction without
further purification. UPLC/ESI-MS (rt = 2.6 min): m/z = 563.3 (100, [M+H]+).

((5-(hydroxymethyl)-1,3-phenylene)bis(methylene))bis(phosphonic acid) (Error! Reference source n
ot found., HOBisPodH): Benzyl alcohol 24 (97 mg, 0.238 mmol) was dissolved in dry CH2Cl2 (4 mL)
and TMS-Br (300 L, 1.958 mmol, 8.2 eq.) was added by syringe. The reaction mixture was stirred
at 42 °C under N2 for 16 h, when reaction control showed full conversion of 24. After removal of all
volatiles at HV (using a cooling trap), MeOH (5 mL) was added to the residue and the mixture was
stirred at 42 °C under N2 for 2.5 h. The reaction mixture was concentrated in vacuo (180 mbar, 42 °C)
to half of its initial volume and (i-Pr)2O was added until precipitation was observed. The product
mixture was stored in the fridge for 4 h, after which the colourless solid was filtered off, washed with
additional (i-Pr)2O (10 mL) and dried at HV to obtain pure Error! Reference source not found. (29 m
g, 0.098 mmol) as a colourless solid in a yield of 41%. UV-Vis: 217nm = 10424 M-1cm-1, 267nm = 270
M-1cm-1. IR (ATR, cm-1): 1604 (w), 1462 (w), 1405 (w), 1357 (w), 1309 (w), 1300 (w), 1252 (w),
1224 (w), 1172 (w), 1135 (m), 1087 (m), 997 (s), 984 (s), 942 (s), 915 (s), 884 (s), 832 (m), 814 (m),
761 (m), 714 (m), 707 (m). 1H NMR (400 MHz, MeOD): δ 7.19 (s, 2 H); 7.16 (s, 1 H); 4.58 (s, 2 H);
3.11 (d, J = 22.1 Hz, 4 H). 31P NMR (162 MHz, MeOD): δ 24.23. UPLC/ESI-MS (rt = 0.2 min): m/z
= 295.0 (33, [M–H]–). Anal. calcd. for C9H14O7P2 + 0.1 H2O (%): C: 36.28, H: 4.80, N: 0.00. Found:
C: 36.28, H: 4.91, N: 0.08.

(4-Methylbenzyl)phosphonic acid (Error! Reference source not found., PA-pXyl): Diethyl-4-m
ethylbenzylphosphonate (485 L, 487 mg, 2.01 mmol) was dissolved in dry CH 2Cl2 (10 mL) and
TMS-Br (680 L, 789 mg, mmol, 2.6 eq.) was added by syringe. The reaction mixture was stirred at
42 °C under N2 for 4 h until reaction control showed full conversion. MeOH (5 mL) was added to the
orange solution to methanolized the intermediate and the solution was stirred at 42 °C under N 2 for
2.5 h. The yellowish reaction mixture was concentrated in vacuo (180 °C, 42 °C) to obtain an orange
oily residue, to which (i-Pr)2O (8 mL) was added. After filtering of the colourless precipitate, which
was formed upon sonication, the filter cake was washed with (i-Pr)2O (20 mL) and dried at HV to
obtain pure Error! Reference source not found. (375 mg, 2.01 mmol) as a colourless solid in a yield o
f 99%. IR (ATR, cm-1): 3010 (w), 2963 (w), 2919 (w), 2859 (w), 2733 (w), 2323 (w), 2163 (w), 1938
(w), 1909 (w), 1878 (w), 1809 (w), 1664 (w), 1514 (m), 1456 (w), 1415 (w), 1402 (w), 1380 (w),
1320 (w), 1265 (m), 1227 (m), 1197 (w), 1156 (m), 1145 (m), 1094 (s), 991 (s), 968 (s), 8546 (m),
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833 m), 811 (s), 751 (m), 739 (m), 699 (m). 1H NMR (400 MHz, MeOD): δ 7.19 (dd, J = 8.1, 2.4 Hz,
2 H); 7.10 (d, J = 8.0 Hz, 2 H); 3.06 (d, J = 21.5 Hz, 2 H); 2.30 (d, J = 2.2 Hz, 3 H).

[226] 31

P NMR

(162 MHz, MeOD): δ 24.58. UPLC/ESI-MS (rt = 1.1 min): m/z = 186.9 (20, [M+H] ). Anal. calcd.
+

for C8H11O3P + 0.15 H2O (%): C: 50.88, H: 6.01, N: 0.00. Found: C: 50.89, H: 5.94, N: 0.02.

4.4.

Synthesis of Monopodal TPy/DMTPy Derivatives

6-(((4-(Bromomethyl)benzyl)oxy)di(pyridin-2-yl)methyl)-2,2'-bipyridine

(42,

TPy-O-Benzyl-4-

MeBr): After TPy (41, 20.5 mg, 0.060 mmol) and 1,4-bis(bromomethyl)benzene (pXyl-dBr, 160 mg,
0.606 mmol, 10 eq.) were dissolved in dry THF (3 mL), KOtBu (14 mg, 0.128 mmol, 2.1 eq.) was
added under stirring. Instant formation of a yellow solid was observed. The mixture was stirred for
5 min at 23 °C under N2 and after 5 min, reaction control by UPLC-MS showed full consumption of
SM. Reaction mixture was filtered and the yellow filter cake washed with MeOH (3 mL). The filtrate
was poured on diluted aq. HBr (~0.05 M, 20 mL) and the aq. phase was washed with hexane (3 x
25 mL). After the org. phases were combined and extracted with diluted aq. HBr (~0.05 M, 3 x
20 mL), the aq. phases were combined, basified using sat. aq. Na 2CO3 and extracted with CH2Cl2 (3 x
50 mL). The latter phases were combined, dried over Na2SO4, filtered, concentrated in vacuo (42 °C,
680 mbar) and dried at HV to obtain crude 42 (45 mg) as an off-white foamy solid. Crude was used
for Arbuzov reaction without further purification. UPLC/ESI-MS (rt = 2.5 min): m/z = 262.1 (5,
[M+2H]2+), 341.3 (72, [SM–benzyl-MeBr]+H+H]+), 525.1 (100, [M+H]+).

Diethyl (4-(([2,2'-bipyridin]-6-yldi(pyridin-2-yl)methoxy)methyl)benzyl)phosphonate (43, TPy-OBenzyl-4-MePO3Et2): Crude 42 (45 mg) was dissolved in P(OEt) 3 (2 mL) and stirred at 140 °C under
N2 for 15 h until reaction control by UPLC-MS showed full conversions of SM. After the reaction
mixture was allowed to cool to 23 °C, all volatiles were removed at HV (using a cooling trap) and
crude 43 (43 mg) was obtained as brownish oil. Purification by automated column chromatography
(C18 silica, H2O/MeOH 1:0 to 0:1) delivered pure fractions, which were combined, MeOH removed
in vacuo (42 °C, 100 mbar) and the aq. solution was extracted with CH 2Cl2 (3 x 50 mL). The org.
phases were combined, dried over Na 2SO4, filtered, concentrated in vacuo (42 °C, 680 mbar) and
dried at HV to obtain pure product (31 mg, 0.053 mmol, 88% over two steps) as a colourless, very
viscous oil. 1H NMR (300 MHz, CDCl3): δ: 8.61 (d, J = 4.7 Hz, 3 H); 8.29 (dd, J = 7.7, 0.8 Hz, 1 H);
8.09 (d, J = 8.0 Hz, 1 H); 7.83 – 7.76 (m, 3 H); 7.72 – 7.62 (m, 4 H); 7.35 (s, 1 H); 7.32 (s, 1 H);
7.25 – 7.13 (m, 2 H); 8.09 (s-like d, J = 8.0 Hz, 2 H); 4.07 – 3.93 (p-like m, 4 H); 3.13 (d, J = 21.5
Hz, 2 H); 1.24 (t, J = 7.1 Hz, 6 H). 31P NMR (121 MHz, CDCl 3): δ 26.58. UPLC/ESI-MS (rt = 2.1
min): m/z = 291.3 (85, [M+2H]2+), 341.3 (19, [M–benzyl-MePO3Et2+H+H]+), 581.3 (100, [M+H]+).
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[2,2'-Bipyridin]-6-ylbis(4-methylpyridin-2-yl)methanol (51, DMTPy): To a stirred solution of 2bromo-6-(pyridin-2-yl)pyridine (1.55 g, 6.58 mmol, 1 eq.) in dry Et 2O (80 mL), nBuLi solution (1.6
M in hexane, 4.2 ml, 6.58 mmol, 1 eq.) was added dropwise. The rate was adjusted as such, that the
reaction mixture never exceeded -95 °C. After stirring for 1 h, a solution of di(4-methyl-2pyridyl)methanone (31, 1.33 g, 6.25 mmol) in dry THF (25 mL) was added dropwise while keeping
the temperature below -95 °C. The reaction was allowed to warm to 60 °C, which was then quenched
with MeOH (0.5 mL) and concentrated in vacuo (42 °C, 280 mbar). The brown oily residue was taken
up in diluted aqueous K2CO3 (300 mL) and extracted with CH 2Cl2 (3 x 300 mL). The combined
organic phases were dried over MgSO 4, concentrated in vacuo (42 °C, 680 mbar) and dried at HV.
Recrystallization from boiling Et 2O gave pure 31 (1.05 g, 2.85 mmol) as beige solid in a yield of 43%.
IR (ATR, cm-1): 3054 (w), 3014 (w), 2921 (w), 1601 (m), 1580 (m), 1561 (m), 1475 (w), 1454 (m),
1428 (s), 1381 (m), 1292 (w), 1263 (w), 1208 (w), 1156 (w), 1118 (w), 1099 (w), 1066 (m), 1045 (w),
993 (m), 966 (w), 898 (w), 862 (w), 828 (m), 810 (w), 777 (s), 745 (m), 691 (m), 670 (m). 1H NMR
(400 MHz, CDCl3):  8.64 (ddd, J = 4.8, 1.8, 0.9 Hz, 1 H); 8.42 (dd, J = 5.0, 0.4 Hz, 2 H); 8.33 (dd,
J = 7.6, 1.2 Hz, 1 H); 8.20 (dt, J = 8.0, 1.0 Hz, 1 H); 7.82 (t, J = 7.7 Hz, 1 H); 7.77 – 7.69 (m, 2 H);
7.58 (p-like s, J = 0.8 Hz, 2 H); 7.34 (s, 1 H); 7.25 (d, J = 7.5, 4.8, 1.2 Hz, 1 H); 7.01 (ddd, J = 5.0,
1.6, 0.7 Hz, 2 H); 2.32 (s, 6 H). UPLC/ESI-MS (rt = 1.7 min): m/z = 276.1 (2, [M–C6H6N]+), 369.3
(100, [M+H]+)

6-(((4-(Bromomethyl)benzyl)oxy)bis(4-methylpyridin-2-yl)methyl)-2,2'-bipyridine (52, DMTPy-OBenzyl-4-MeBr): DMTPy (249.6 mg, 0.677 mmol) and 1,4-bis(bromomethyl)benzene (pXyl-dBr,
1.796 mg, 6.804 mmol, 10 eq.) were charged into a Schlenk flask and dissolved in dry THF (37 mL).
KOtBu (159 mg, 1.416 mmol, 2.1 eq.) was added against a weak N2 stream in two batches (58 mg
and 101 mg) with a delay of one minute and the mixture was stirred at 27 °C under N 2 (bright yellow
precipitate was formed immediately). Further KOtBu (227.1 mg, 2.024 mmol, 3 eq.) was added in
three portions in an interval of 15 min until the reaction did not proceed further. Excess base was
quenched by addition of 2-propanol (5 mL). After filtering off the yellow solid and washing with
additional MeOH (10 mL), the filtrate was poured on aq. HBr (1 M, 100 mL) and the milky suspension
was washed with hexane (3 x 150 mL) to remove excess pXyl-dBr. The aq. phase was basified with
aq. sat. Na2CO3 solution, which was accompanied by formation of precipitate. The milky suspension
was extracted with CH2Cl2 (3 x 150 mL), the organic phases combined, dried over Na2SO4, filtered,
concentrated in vacuo (680 mbar, 42 °C) and dried at HV to obtain crude 52 (356 mg) as a brownish
(off-white) sticky solid with a purity of 70% according to HPLC. Crude was used without further
purification for the next step. ESI-MS: m/z = 369.2 (28, [M– pXyl-Br+H+H]+), 553.1 (100, [M+H]+).
HPLC-3: rt = 4.0 min.
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Diethyl (4-(([2,2'-bipyridin]-6-ylbis(4-methylpyridin-2-yl)methoxy)methyl)benzyl)phosphonate (53,
DMTPy-O-Benzyl-4-MePO3Et2): To the crude 52 (356 mg), P(OEt)3 (2 mL) was added and after the
reflux condenser was mounted, the reaction mixture was stirred for 2 h at 140 °C under N2. The
reaction was allowed to cool to 27 °C. All volatiles were removed in vacuo at HV (using a N2 cooled
trap). The brown oily residue was dissolved in Et2O, which was accompanied by formation of a dark
red precipitate. The latter was filtered off and rinsed with additional Et 2O. The filtrate was
concentrated in vacuo (820 mbar, 42 °C) and dried at HV to obtain crude 53 as a slightly yellowish
oil. From purification by automated column chromatography (C18 silica, H2O/MeOH 45:55 to 35:65),
pure fractions were obtained, which were combined, concentrated in vacuo (60 mbar, 48 °C) to full
dryness and dried at HV to obtain product (55 mg, 0.090 mmol, 13%) as a yellowish sticky solid in
>95% purity according to 1H NMR. 1H NMR (400 MHz, CDCl3): δ 8.62 (ddd, J = 4.8, 1.6, 0.8 Hz, 1
H); 8.45 (d, J = 4.6 Hz, 2 H); 8.29 (dd, J = 7.8, 0.7 Hz, 1 H); 8.14 (d, J = 8.0 Hz, 1 H); 7.77 (t, J = 7.9
Hz, 1 H); 7.68 – 7.60 (m, 4 H); 7.33 (d, J = 7.9 Hz, 2 H); 7.25 – 7.21 (m, 3 H); 6.99 (d, J = 4.8 Hz, 2
H); 4.59 (s-like d, J = 1.6 Hz, 2 H); 4.01 (s, 4 H); 3.13 (d, J = 21.6 Hz, 2 H); 2.33 (s, 6 H); 1.24 (t, J
= 7.0 Hz, 6 H). 13C NMR (101 MHz, CDCl3): δ 161.81 (s); 160.65 (s); 156.45 (s); 154.24 (s); 148.87
(d); 148.10 (2d); 146.98 (s); 138.14 (s); 138.10 (s); 136.88 (d); 136.69 (d); 130.26 (s); 130.17 (s);
129.50 (d); 129.44 (d); 127.72 (d); 127.69 (d); 124.91 (2d); 124.80 (d); 123.42 (d); 123.13 (2d);
121.37 (d); 119.20 (d); 88.46 (s); 66.84 (t); 62.11 (t); 62.04 (t); 34.16 (t); 32.79 (t); 21.34 (2q); 16.42
(q); 16.36 (q). 31P NMR (162 MHz, CDCl3): δ 26.53. UPLC/ESI-MS (rt = 3.2 min): m/z = 305.3 (100,
[M+2H]2+), 369.3 (10, [M–Benzyl-MePO3Et2+H+H]+), 609.3 (22, [M+H]+). HPLC-3: rt = 3.6 min.

(4-(([2,2'-Bipyridin]-6-ylbis(4-methylpyridin-2-yl)methoxy)methyl)benzyl)phosphonic

acid

(54,

DMTPy-O-Benzyl-4-MePO3H2): DMTPy-O-Benzyl-4-MePO3Et2 (53, 50 mg, 0.082 mmol) was
dissolved in dry CH2Cl2 (4 mL), TMSBr (216 L, 1.64 mmol, 20 eq.) was added and the solution was
stirred for 15 h at 45 °C under N2. After mixture was allowed to cool to 27 °C, all volatiles were
removed at HV (using a N2 trap) and dry MeOH (3 mL) was added to the colourless residue (to
methanolyse the silyl-bond) and the solution was stirred for 1 h at 60 °C under N 2. Solvent was then
removed in vacuo (180 mbar, 42 °C) and the colourless solid was dried at HV to remove residual
volatiles. After dissolution in MeOH (3 mL) and addition of MTBE, the product precipitated, which
was isolated by filtration and washed with additional MTBE and CH2Cl2, dried at HV to obtain crude
54 in 95% purity as a colourless solid. Crude was purified by C18-catridge (H2O/MeOH, 9:1 to 0:1,
product 4:6). Fractions were checked by TLC and analysed by UPLC-MS. Respective fractions were
combined, concentrated in vacuo (48 °C, 60 mbar) and dried at UHV to yield pure product (13.6 mg,
0.025mmol) as a colourless solid in 30% yield. IR (ATR, cm-1): 3395 (br), 3089 (w), 3055 (w), 3011
(w), 2951 (w), 2922 (w), 2854 (w), 1730 (w), 1630 (w), 1599 (m), 1580 (w), 1560 (w), 1514 (w),
1474 (w), 1452 (w), 1426 (m), 1376 (w), 1291 (w), 1242 (w), 1213 (w), 1156 (w), 1113 (w), 1097
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(m), 1069 (m), 1044 (m), 1021 (m), 991 (m), 926 (m), 827 (m), 777 (s), 750 (w), 690 (w), 670 (w).
1

H NMR (400 MHz, MeOD): δ 8.63 (dd, J = 4.8, 0.7 Hz, 1 H); 8.49 (d, J = 5.3 Hz, 2 H); 8.27 (dd, J

= 7.9, 0.9 Hz, 1 H); 8.08 (d, J = 8.0 Hz, 1 H); 7.98 (t, J = 7.9 Hz, 1 H); 7.86 (td, J = 7.8, 1.7 Hz, 1 H);
7.80 (s, 2 H); 7.77 (dd, J = 7.9, 0.9 Hz, 1 H); 7.44 – 7.37 (m, 3 H); 7.29 (dd, J = 8.1, 2.1 Hz, 2 H);
7.21 (d, J = 8.0 Hz, 2 H); 4.47 (s, 2 H); 3.00 (d, J = 21.1 Hz, 2 H); 2.45 (s, 6 H). 31P NMR (162 MHz,
CDCl3): δ 23.82. UPLC/ESI-MS (rt = 1.7 min): m/z = 277.1 (57, [M+2H]2+), 369.2 (31, [M–benzylMePO3H2+H+H]+), 553.2 (100, [M+H] +). HPLC-3: rt = 2.9 min. Anal. calcd. for C31H29N4O4P + ½
H2O + ½ EtOAc (%): C: 65.45, H: 5.66, N: 9.25. Found: C: 65.39, H: 5.73, N: 9.21. HR-ESI-MS
(MeOH): 551.18563 (100, C31H28N4O4P–; [M–H]–; calc. 551.18537;  = 0.48 ppm).

4.5.

Synthesis of Bispodal DMTPy Derivatives

6-(((3,5-Bis(bromomethyl)benzyl)oxy)bis(4-methylpyridin-2-yl)methyl)-2,2'-bipyridine (55, DMTPyO-Benzyl-3,5-bis(MeBr)): DMTPy (51, 102 mg, 0.277 mmol) and 1,3,5-tris(bromomethyl)benzene
(TBM, 968 mg, 2.712 mmol, 9.8 eq.) were charged in a Schlenk flask and dissolved in dry THF
(15 mL) under inert atmosphere. After addition of KOtBu (61.5 mg, 0.548 mmol, 2 eq.) to the
colourless solution, the mixture turned turbid and slightly yellow. The milky suspension was stirred
at 27 °C under N2 for 15 min and full consumption of DMTPy was confirmed by HPLC. Excess
KOtBu was quenched by addition of 2-propanol (8 mL). The reaction mixture was poured on aq. HBr
(1 M, 50 ml) and the milky suspension was washed with hexane (4 x 50 mL) to remove and recover
excess TBM. The aq. phase was basified to pH 10 using sat. aq. Na 2CO3 and was then extracted with
CH2Cl2 (3 x 80 mL). After drying of the organic phase over Na 2SO4 and filtration, the solution was
concentrated in vacuo (680 mbar, 42 °C) and dried at HV to obtain crude 55 (198 mg, ) as a colourless
solid in 90% purity (86 wt%) in a yield of 95%. Crude product was used for next step without further
purification. A sample was purified by automated column chromatography (C18 silica, MeCN/H 2O
20:80 to 45:55) to obtain pure product as a colourless solid. 1H NMR (400 MHz, CDCl3):  8.63 (ddd,
J = 4.7, 1.7, 0.8 Hz, 1 H); 8.47 (s, 2 H); 8.29 (dd, J = 7.8, 0.8 Hz, 1 H); 8.12 (d, J = 8.0 Hz, 1 H); 7.78
(t, J = 7.9 Hz, 1 H); 7.68 (td, J = 7.7, 1.7 Hz, 1 H); 7.63 – 7.58 (m, 3 H); 7.35 (s, 1 H); 7.32 (d-like s,
J = 1.4 Hz, 2 H); 7.28 – 7.27 (t-like m, J = 15 Hz, 1 H); 7.25 – 7.22 (m, 1H); 7.01 (br. s, 1 H); 4.64
(s, 2 H); 4.43 (s, 4 H); 2.34 (s, 6 H). UPLC/ESI-MS (rt = 2.4 min): 276.9 (10, [M-DMTPy-O]+), 323.1
(100, [M+2H]2+), 369.1 (20, [M–Benzyl-3,5-bis(MeBr)+H+H]+), 645.1 (16, [M+H]+). HPLC3:
rt = 4.23 min.

Top-down synthesis of Tetraethyl ((5-(([2,2'-bipyridin]-6-ylbis(4-methylpyridin-2-yl)methoxy)methyl)-1,3-phenylene)bis(methylene))bis(phosphonate) (56, DMTPy-O-Benzyl-3,5-bis(MePO3Et2,
BisPodEt): Top-down synthesis: Crude 55 (180 mg, 86wt%, 0.241 mmol) was charged in a Schenk
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flask and P(OEt)3 (3 mL, 69 eq.) was added. After mounting the reflux condenser, the mixture was
stirred for 65 min at 140 °C under N 2. The reaction mixture was allowed to cool to 27 °C and all
volatiles were removed at HV (using a N 2 trap). The residue was dissolved in MeOH (5 mL), poured
on aq. HCl (0.1 M, 30 mL) and the milky aq. phase was washed with CH 2Cl2 (3 x 30 mL). After
basification using sat. aq. Na2CO3 and extraction with CH2Cl2 (3 x 50 mL), the org. phases were
combined, dried over Na 2SO4, filtered, concentrated in vacuo (680 mbar, 42 °C) and dried at HV to
obtain crude 56 (152 mg) as a sticky light brownish solid. Purification by automated flash
chromatography delivered pure 56 (96 mg, 127 mmol) with an isolated yield of 53% as a colourless
oil.
Bottom-up synthesis of Tetraethyl ((5-(([2,2'-bipyridin]-6-ylbis(4-methylpyridin-2-yl)methoxy)methyl)-1,3-phenylene)bis(methylene))bis(phosphonate) (56, DMTPy-O-Benzyl-3,5-bis(MePO3Et2),
BisPodEt): A suspension of DMTPy 51, 50 mg, 0.136 mmol) and KOtBu (31 mg, 0.272 mmol, 2 eq.)
in dry THF (3 mL) was stirred for 10 min at 23 °C under N 2 and was then added dropwise to a solution
of compound 26 (622 mg, 1.32 mmol, 8.2 eq.) in dry THF (3.0 mL) leading to a colour change of the
reaction mixture to yellowish. Additional KOtBu (153 mg, 1.360 mmol, 10 eq.) was added in portions
of 1 eq. until full consumption of 26 was observed. After the reaction was quenched with MeOH
(4 mL), the reaction mixture was poured on aq. HCl (0.1 M, 30 mL) and the milky aq. phase was
washed with CH2Cl2 (3 x 40 mL). After basifying using sat. aq. Na 2CO3 and extraction with CH2Cl2
(3 x 40 mL), the org. phases were combined, dried over Na 2SO4, filtered, concentrated in vacuo
(42 °C, 680 mbar) and dried at HV to obtain crude 56 (55 mg) as a sticky light brownish solid.
Purification by automated column chromatography (C18 silica, H 2O/MeOH 7:3 to 0:10) delivered
pure fractions, which were combined, MeOH was removed in vacuo (42 °C, 100 mbar) and the
aqueous phase was extracted with CH2Cl2 (3 x 50 mL). Combined org. phases were dried over
Na2SO4, filtered, solvent removed in vacuo (42 °C, 680 mbar) and dried at HV to obtain pure 56
(17 mg, 0.022 mmol, 17%) as a colourless viscous oil in >95% purity according to 1H NMR. IR (ATR,
cm-1): 3444 (br), 3055( w), 2981 (w), 2927 (w), 2907 (w), 2867 (w), 1601 (m), 1580 (w), 1561 (w),
1474 (w), 1453 (w), 1427 (m), 1392 (w), 1369 (w), 1293 (w), 1247 (m), 1213 (w), 1162 (w), 1097
(m), 1052 (s), 1025 (s), 992 (w), 963 (m), 883 (w), 827 (w), 781 (s), 710 (w), 690 (w), 669 (w).
1

H NMR (400 MHz, CDCl3):  8.62 (ddd, J = 4.8, 1.8, 0.9 Hz, 1 H); 8.45 (d, J = 4.9 Hz, 2 H); 8.28

(dd, J = 7.8, 1.0 Hz, 1 H); 8.13 (dt, J = 8.0, 1.1 Hz, 1 H); 7.77 (t, J = 7.8 Hz, 1 H); 7.67 (td, J = 7.9,
1.8 Hz, 1 H); 7.62 (dd, J = 7.9, 1.0 Hz, 1 H); 7.59 (p-like s, J = 0.8 Hz, 1 H); 7.23 (ddd, J = 7.5, 4.8,
1.2 Hz, 1 H); 7.20 (q-like s, J = 1.9 Hz, 2 H); 7.12 (s, 1 H); 6.99 (d, J = 4.7 Hz, 2 H); 4.56 (s, 2 H);
3.98 (p, J = 7.1 Hz, 8 H); 3.10 (d, J = 21.8 Hz, 4 H); 2.33 (s, 6 H); 1.20 (t, J = 7.1 Hz, 12 H). 13C NMR
(101 MHz, CDCl3): δ 161.14 (2s), 160.44 (s), 156.25 (s), 154.44 (s), 148.95(2d), 148.01(2s),
147.83(d), 139.75 (s), 137.23 (d), 137.07 (d), 131.83 (2s), 130.15 (d), 127.81 (2d), 125.22 (2d),
124.59 (d), 123.70 (2d), 123.61 (d), 121.55 (d), 119.58 (d), 88.19 (s), 67.17 (t), 62.22 (4t), 34.36 (t),
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32.99 (t), 21.55 (2q), 16.53(4q). 31P NMR (162 MHz, CDCl3): δ 26.34. UPLC/ESI-MS (rt = 2.4 min):
380.2 (100, [M+2H]2+), 759.3 (4, [M+H]+). HPLC-3: rt = 3.55 min. HR-ESI-MS (MeOH): 759.30609
(100, C40H49N4O7P2+; [M+H]+; calc. 759.30710;  = 1.32 ppm).

Sodium hydrogen (3-(([2,2'-bipyridin]-6-ylbis(4-methylpyridin-2-yl)methoxy)methyl)-5-(phosphonomethyl)benzyl)phosphonate

(57, DMTPy-O-Benzyl-3-(MePO3H2)-5-(MePO3HNa), BisPodH):

Crude 56 (57 mg, 0.075 mmol) was dissolved in dry CH 2Cl2 (2 mL) in a J Young Schlenk and TMSBr
(280 L, 2.122 mmol, 28 eq.) was added. The flask was sealed, and the slightly yellowish solution
was stirred for 15 h at 45 °C under N2. After removal of all volatiles at HV (using a N 2 trap), dry
MeOH (5 mL) was added (to methanolyse the silyl-oxygen bonds) and the mixture was stirred for 3 h
at 60 °C. The reaction mixture was concentrated in vacuo (180 mbar, 42 °C) and dried at HV. The
colourless residue was dissolved in MeOH (very few, so that is was just dissolved) and upon addition
of EtOAc (5 mL), the product precipitated as a colourless solid. The latter was isolated by filtration
and washed with additional EtOAc (5 mL) and MTBE (5 mL). Crude 57 was purified by C18 cartridge
(H2O/MeOH 1:0 to 3:1). The respective fractions were combined, concentrated in vacuo (60 mbar,
48 °C) to full dryness and dried at HV to obtain pure product (28 mg, 0.045 mmol, 60%) as a
colourless solid. IR (ATR, cm-1): 3233 (w), 2059 (w), 3016 (w), 2914 (w), 1630 (w), 1601 (m), 1582
(w), 1560 (w), 1508 (w), 1454 (m), 1429 (m), 1408 (w), 1379 (w), 1299 (w), 1226 (m), 1158 (w),
1122 (w), 1094 (w), 1061 (s), 992 (w), 980 (w), 927 (s), 878 (w), 830 (m), 816 (m), 779 (s), 752 (m),
744 (m), 723 (w), 710 (w), 700 (w), 678 (m), 666 (w). 1H NMR (400 MHz, MeOD): 8.64 (d, J =
4.2 Hz, 1 H); 8.53 (d, J = 5.4 Hz, 2 H); 8.31 (d, J = 7.6 Hz, 1 H); 8.06 (t, J = 8.0 Hz, 2 H); 7.91 – 7.85
(m, 4 H); 7.47 (dd, J = 4.9, 0.5 Hz, 2 H); 7.42 (ddd, J = 7.4, 4.9, 0.9 Hz, 1 H); 7.16 (s, 2 H); 7.13 (s,
1 H); 4.40 (s, 2 H), 2.97 (d, J = 21.3 Hz, 4 H); 2.50 (s, 6 H). 31P NMR (162 MHz, MeOD) δ 21.13.
UPLC/ESI-MS (rt = 1.3 min): m/z = 324.1 (100, [M+2H] 2+, 647.1 (15, [M+H]+). HR-ESI-MS
(MeOH): 322.08130 (100, C32H30N4O7P22–; [M–2H]2‒; calc. 322.08003;  = 3.92 ppm), 645.16703
(22, C32H31N4O7P2–; [M–H]–; calc. 645.16735;  = 0.49 ppm), 667.14870 (13, C32H30N4NaO7P2–; [M–
H+Na–H]–; calc. 667.14929;  = 0.89 ppm). Anal. calcd. for C 32H31N4NaO7P2 + 3.5 H2O +
⅓ EtOAc (%): C: 52.61, H: 5.39, N: 7.37. Found: C: 52.67, H: 5.33, N: 7.35.

132

Experimental

4.6.

Synthesis of Tetrapodal DMTPy Derivatives

2,2'-((5-(([2,2'-Bipyridin]-6-ylbis(4-methylpyridin-2-yl)methoxy)methyl)-1,3-phenylene)bis(methylene))bis(isoindoline-1,3-dione)) (58, DMTPy-O-Benzyl-3,5-bis(MePhth): Crude 55 (50 mg, 86 wt%,
0.067 mmol) was dissolved in DMF (1 mL) and K2CO3 (25.2 mg, 0.182 mmol, 2.7 eq.) was added,
leading to a colour change to reddish. Phthalimide (26.2 mg, 0.178 mmol, 2.7 eq.) was added to the
suspension and the mixture was stirred at 23 °C for 16 h. Reaction mixture was diluted with CH2Cl2
(30 mL) and washed with diluted aq. Na 2CO3 to remove excess phthalimide. The organic phase was
dried over Na2SO4, filtered, concentrated in vacuo (680 mbar, 42 °C) and dried at HV, which gave
crude 58 (62 mg) as a foamy off-white solid in 85% purity according to 1H NMR. For characterization,
a sample of crude 58 was subjected to column chromatography (basic AlO x, CH2Cl2/MeOH, 0%
MeOH to 1% MeOH) to obtain pure product 58 as well as pure side product 59. 1H NMR: (400 MHz,
MeOD): δ 8.50 (ddd, J = 4.9, 1.7, 0.9 Hz, 1 H); 8.26 (d, J = 5.1 Hz, 2 H); 8.11 (dd, J = 7.8, 0.9 Hz,
1 H); 7.94 (t-like d, J = 8.0, 1.0 Hz, 1 H); 7.82–7.75 (m, 8 H); 7.72 (t, J = 7.9 Hz, 1 H); 7.66 (dt, J =
5.8, 1.8 Hz, 1 H); 7.58 (t-like s, J = 0.8 Hz, 2 H); 7.50 (dd, J = 7.9, 0.9, 1 H); 7.28 – 7.21 (m, 4 H);
7.09 (ddd, J = 5.1, 1.6, 0.7 Hz, 2 H); 4.75 (s, 4 H); 4.55 (s, 2 H); 2.32 (s, 6 H). UPLC/ESI-MS (rt
= 2.7 min): m/z = 369.32 (17, [M–Benzyl-3,5-bis(MePhth)+H+H]+), 409.22 (26, [M–DMTPy-O]+),
777.52 (100, [M+H]+), 389.31 (41, [M+2H]2+).
2-(3-(([2,2'-Bipyridin]-6-ylbis(4-methylpyridin-2-yl)methoxy)methyl)-5-(hydroxymethyl)benzyl)isoindoline-1,3-dione (59, DMTPy-O-Benzyl-3-(MePhth)-5-(MeOH)): 1H NMR (400 MHz, MeOD):
δ 8.55 (ddd, J = 4.9, 1.7, 0.9 Hz, 1 H); 8.30 (d, J = 5.0 Hz, 2 H); 8.16 (dd, J = 7.8, 0.9 Hz, 1 H); 8.07
(dt, J = 8.0, 1.0 Hz, 1 H); 7.87 – 7.72 (m, 4 H); 7.75 (dt, J = 1.8 Hz, 1 H); 7.65 (t-like s, J = 0.8 Hz,
2 H); 7.55 (dd, J = 7.9, 0.9 Hz, 1 H); 7.35 – 7.31 (m, 2 H); 7.27 – 7.23 (m, 2 H); 7.13 (ddd, J = 5.1,
1.5, 0.6 Hz, 2 H); 7.09 (s, 1 H); 4.80 (s, 2 H); 4.56 (s, 2 H); 4.50 (s, 2 H); 2.36 (s, 6 H). UPLC/ESIMS (rt = 2.3 min,): m/z = 280.14 (17, [M–DMTPy-O+H+H]+), 369.32 (31, [M–Benzyl-3,5bis(MePhth)+H+H]+), 648.46 (100, [M+H]+).

(5-(([2,2'-Bipyridin]-6-ylbis(4-methylpyridin-2-yl)methoxy)methyl)-1,3-phenylene)dimethanamine
(60, DMTPy-O-Benzyl-3,5-bis(MeNH2)): Compound 58 (84 mg, 0.108 mmol) was dissolved in EtOH
(5 mL). Aqueous hydrazine (210 L, 4.340 mmol, 40 eq.) was added to the clear solution and the
mixture was stirred at 23 °C under N 2 for 16 h. When reaction control (UPLC-MS) showed full
conversion of the starting material, the mixture was diluted with H 2O (20 mL), basified with aq. NaOH
(2 M) to pH 10 and extracted with CH 2Cl2 (3 x 30 mL). The org. phases were combined, dried over
Na2SO4, filtered, concentrated in vacuo and dried at HV to obtain crude 60 (35 mg) in 75-80% purity.
For characterization, a sample of crude 60 was purified using a C18 cartridge (H 2O/MeOH 1:0 – 4:6).
The respective fractions were combined, MeOH removed in vacuo (120 mbar, 42 °C). The aq. phase
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was basified with aq. NaOH (2 M) and the product was extracted with CH 2Cl2. After drying of the
org. phase over Na2SO4, filtration and concentration in vacuo, the residue was dried at HV to obtain
pure 60 as colourless oil. UPLC/ESI-MS (rt = 1.3 min): m/z = 351.33 (71, [M–O-Benzyl-3,5bis(MeNH2)+H+H]+), 369.28 (90, [M–Benzyl-3,5-bis(MeNH2)+H+H]+), 517.34 (100, [M+H]+),
539.3(15, [M+Na]+).

Octaethyl ((((5-(([2,2'-bipyridin]-6-ylbis(4-methylpyridin-2-yl)methoxy)methyl)-1,3-phenylene)bis(methylene))bis(azanetriyl))tetrakis(ethane-2,1-diyl))tetrakis(phosphonate) (61, DMTPy-O-Benzyl3,5-bis(MeN(EtPO3Et2)2)): Crude 60 (35 mg) was dissolved in H2O/EtOH (1:1, 2 mL) and diethyl
vinylphosphonate (vPE, 200 L, ~68 eq.) was added. Reaction mixture was stirred at 85 °C for 84 h
under N2. When no further conversion was observed by UPLC-MS, all volatiles were removed in
vacuo at HV (using a N2 trap) to obtain crude 61 (79 mg) as a mixture of three- and four-fold
substituted bis-amine derivative (1:5) and some minor impurities. UPLC/ESI-MS (rt = 2.0 min):
m/z= 1173.68 (13, [M+H]+), 587.58 (100, [M+2H] 2+).
((((5-(([2,2'-Bipyridin]-6-ylbis(4-methylpyridin-2-yl)methoxy)methyl)-1,3-phenylene)bis(methylene))bis(azanetriyl))tetrakis(ethane-2,1-diyl))tetrakis(phosphonic acid) (62, DMTPy-O-Benzyl-3,5bis(MeN(EtPO3H2)2)): Crude 61 (79 mg) was dissolved in dry CH 2Cl2 (3 mL) under N2 atmosphere
and TMS-Br (140 L, 1.064 mmol, 56 eq.) was added. The mixture was stirred for 15 h at 42 °C under
N2 in a closed J Young Schlenk. When reaction control showed full conversion of the starting material,
all volatiles were removed in vacuo at HV (using a N2 trap). Dry MeOH (5 mL) was added to the
residue and the solution was stirred for 3 h at 60 °C. Solvent was removed in vacuo (180 mbar, 42 °C)
and the colourless residue was suspended in H 2O (15 mL) and the pH was adjusted to pH 4.75. The
suspension was loaded on at C18 cartridge, washed with aq. HBr (pH 4.75, 30 mL) and the product
was eluted with H2O. The respective fractions were combined, concentrated in vacuo (60 mbar, 48 °C)
to full dryness and dried at HV to obtain product (64 mg, 0.065 mmol, 96 wt%) as a colourless solid
in a yield of 60% over 3 steps. 1H NMR (400 MHz, MeOD): δ 8.61 (d, J = 4.9 Hz, 1 H); 8.37 (d, J =
5.0 Hz, 2 H); 8.22 (dd, J = 7.8, 0.6 Hz, 1 H); 8.11 (d, J = 8.0 Hz, 1 H); 7.92 (t, J = 7.9 Hz, 1 H); 7.83
(td, J = 7.8, 1.7 Hz, 1 H); 7.68 (s, 2 H); 7.64 (d, J = 7.9 Hz, 1 H); 7.55 (s, 1 H); 7.45 – 7.35 (m, 3 H);
7.17 (dd, J = 5.0, 0.6 Hz, 2 H); 4.63 (s, 2 H); 4.15 (s, 4 H); 3.28 – 2.96 (m, 8 H); 2.38 (s, 6 H); 1.92 –
1.73 (m, 8 H). 31P NMR (162 MHz, MeOD): δ 18.67. UPLC-ESI-MS (rt = 1.2 min): m/z = 473.12 (4,
M–2H]2–), 947.38 (100, [M–H]–).
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4.7.

Cobalt Complexes of Neutral Aprotic Ligands

General Procedure: The respective polypyridyl ligand was dissolved in degassed MeOH (2 mL) and
the indicated amount of dry CoBr 2 was added. The reddish solution was stirred under N 2 at 23 °C for
30 min. After dilution of the reaction mixture with CH2Cl2 (20 mL), the organic phase was washed
with aq. HBr (0.1 M, 3 x 20 ml), dried over Na2SO4, filtered, concentrated in vacuo (680 mbar, 42 °C)
and dried at HV to obtain crude complex as a solid.

[CoBr2(TPy-O-Benzyl-4-MePO3Et2)] (72): The monopodal TPy derivative 43 (10 mg, 0.017 mmol)
was treated with dry CoBr2 (3.77 mg, 0.017 mmol, 1 eq.) according to the general procedure above
and crude 72 (11 mg) was isolated as a red solid. From crystallization by vapour diffusion
(CH2Cl2/cyclohexane), monocrystalline reddish crystals of pure 72 (9 mg, 0.011 mmol) were obtained
in a yield of 66%. UPLC/ESI-MS (rt = 1.7 min): m/z = 319.8 (76, [M–2Br]2+), 684.3 (100, [M–
2Br+FA]+), 752.2 (15, [M–Br+MeOH]+).

[CoBr2DMTPy] (81): DMTPy (51, 40 mg, 0.109 mmol) was treated with dry CoBr2 (32 mg,
0.146 mmol, 1.3 eq.) according to the general procedure above, from which pure 81 (62 mg,
106 mmol) was obtained as a red solid in a yield of 97%. IR (ATR, cm-1): 3106 (w), 3075 (w), 3041
(w), 2975 (w), 2922 (w), 2869 (w), 1611 (s), 1578 (w), 1563 (w), 1485 (w), 1477 (w), 1449 (s), 1411
(m), 1379 (w), 1353 (w), 1325 (w), 1302 (w), 1253 (w), 1186 (m), 1161 (m), 1101 (w), 1084 (w),
1053 (w), 1021 (s), 973 (w), 956 (w), 956 (w), 899 (w), 866 (w), 835 (m), 797 (m), 775 (s), 747 (w),
683 (m), 670 (m), 655 (w). UPLC/ESI-MS (rt = 1.4 min): m/z = 472.1 (100, [M–2Br+CHO2]+), 540.1
(64, [M–2Br+2FA+Na]+). Anal. calcd. for C23H20Br2CoN4O + 0.3 MeOH + 1.1 H2O + ½ CH2Cl2 (%):
C: 43.37, H: 3.73, N: 8.50. Found: C: 43.35, H: 3.61, N: 8.49.

[CoBr2(DMTPy-O-Benzyl-4-MePO3Et2)] (82, CoIIMonoPodEt): The monopodal DMTPy derivative
53 (10 mg, 0.016 mmol) was treated with dry CoBr 2 (3.6 mg, 0.016 mmol, 1 eq.) according to the
general procedure above, from which pure 82 (10 mg, 0.012 mmol) was afforded as a red solid in a
yield of 76%. UPLC/ESI-MS (rt = 1.6 min): m/z = 333.7 (100, [M–2Br]2+), 712.2 (4, [M–2Br+FA]+).

[CoBr2(DMTPy-O-Benzyl-3,5-bis(MePO3Et2))] (84, CoIIBisPodEt): BisPodEt (56, 19 mg, 0.025 mmol)
was treated with dry CoBr2 (36 mg, 0.165 mmol, 6.9 eq.) according to the general procedure above,
from which pure 84 (21 mg, 0.021 mmol) was afforded as pale-red solid in 86% yield. 3419 (br), 3070
(w), 2980 (w), 2926 (w), 2070 (w), 2853 (w), 1729 (w), 1608 (m), 1578 (w), 1562 (w), 1447 (m),
1408 (w), 1392 (w), 1369 (w), 1301 (w), 1291 (w), 1246 (m), 1162 (m), 1098 (m), 1084 (w), 1050
(s), 1022 (s), 965 (m), 946 (m), 879 (w), 837 (w), 728 (w), 710 (w), 684 (w), 670 (w), 655 (w). ESI135
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MS: m/z = 408.7 (7, [M–2Br]2+), 898.1 (100, [M–Br]+). HR-ESI-MS (MeOH): 896.15035 (100,
C40H48O7N4BrCoP2+; calc. 896.15081;  = 0.51 ppm). Anal. calcd. for C40H48Br2CoN4O7P2 + MeOH
+ 2.5 H2O (%): C: 46.69, H: 5.45, N: 5.31. Found: C: 46.61, H: 5.44, N: 5.22.

4.8.

Phosphonic Acid Complexes

[Co(DMTPy-O-Benzyl-3,5-bis(MePO3H)] (85, CoIIBisPodH), Procedure 1: Complex 84 (103 mg,
0.105 mmol) was dissolved in dry CH2Cl2 (5 mL) and TMSBr (415 L, 3.149 mmol, 30 eq.) was
added. The red solution was stirred for 15 h at 45 °C under N2. After removal of all volatiles at HV
(using a cooling trap), dry MeOH (5 mL) was added (to methanolyse the silyl-oxygen bonds) and the
mixture was stirred for 3 h at 60 °C under N 2. The reaction mixture was then concentrated to full
dryness at HV (using a cooling trap) to obtain crude 85 (93 mg) as reddish solid. After the red residue
was dissolved in H2O (20 mL) and neutral pH (7) was adjusted by adding diluted aq. Na 2CO3, the
product was loaded on a Sep-Pak® cartridge for purification. After intensive rinsing with H 2O (40 mL)
to remove residual salts, the product was eluted with MeOH (5 mL). The methanolic solution was
filtered using a syringe filter (pore size: 25 m), concentrated in vacuo (48 °C, 60 mbar) and dried at
HV to obtain pure product 85 (23 mg, 0.033 mmol) as a pink solid in a yield 32%.
[Co(DMTPy-O-Benzyl-3,5-bis(MePO3H)] (85, CoIIBisPodH), Procedure 2: BisPodH (57, 70 mg,
0.109 mmol) was dissolved in degassed MeOH (5 mL) and dry CoBr2 (167 mg, 0.763 mmol, 7 eq.)
was added. The red reaction solution was stirred under N 2 at 23 °C for 30 min. Solvent was removed
in vacuo (180 mbar, 42 °C) to full dryness. After the residue was dissolved in H2O (20 mL) and neutral
pH (7) was adjusted by adding diluted aq. Na 2CO3, the product was loaded on a Sep-Pak® cartridge
for purification. After intensive rinsing with H 2O (40 mL) to remove residual salts, the product was
eluted with MeOH (5 mL). The methanolic solution was filtered using a syringe filter (pore size:
25 m), concentrated in vacuo (48 °C, 60 mbar) and dried at HV to obtain pure product 85 (23 mg,
0.033 mmol) as a pink solid in a yield 55%. IR (ATR, cm-1): 3200 (br), 2953 (w), 2923 (w), 2856 (w),
1651 (w), 1608 (m), 1578 (w), 1563 (w), 1481 (w), 1448 (m), 1410 (w), 1377 (w), 1303 (w), 1228
(w), 1160 (m), 1144 (m), 1076 (m), 1058 (m), 1019 (m), 939 (m), 912 (m), 787 (s), 716 (m), 685 (m),
671 (m). Anal. calcd. for C32H30CoN4O7P2 + MeOH + 2 H2O (%): C: 51.37, H: 4.96, N: 7.26. Found:
C: 51.49, H: 4.98, N: 7.28. HR-ESI-MS (MeOH): 704.09913 (100, C 32H30CoN4NaO7P2+; [M+H]+;
calc. 704.09945;  = 0.63 ppm).
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4.9.

Hybrid materials: Coating of Metal Oxide Surfaces

General Procedure for Nanoparticles: Methanolic stock solutions (0.4 mM) of the respective
compounds were prepared. An aliquot of the PS stock solution (2.5 mL) was transferred in Sarsted
tube (12 mL), the corresponding amount of Co IIBisPodH solution to match the desired ratio was added
and the volume was filled up to 5 mL. The respective amount of native NP (TiO2 P25 or ZrO2) to
obtain overloading conditions (1.5 – 4 eq. excess molecules compared to the surface provided by the
NP) was added. The tube was closed, protected from light (black plastic cover) and the mixture was
stirred for 14 h to ensure full monolayer formation. After centrifuging off the particles, the supernatant
was removed, and the particles were washed with additional MeOH (5 mL) by adding the solvent,
properly dispersing the particle pellet, centrifuging off the particles and removal of the wash solution.
This procedure was applied three times. The coated particles were then dried at HV to afford the
respective hybrid material.
General Procedure for doctor-bladed CaF2 windows: Methanolic stock solutions (0.4 mM) of the
respective compounds were prepared. An aliquot of the PS stock solution (2 mL) was transferred in a
jam jar (Ø 4 cm), the corresponding amount of Co IIBisPodH or BisPodH solution to match the desired
ratio was added and the volume was filled up to 4 mL. UV-grade CaF2 windows (Crystran) were
doctor-bladed with the corresponding metal oxide (TiO2 or ZrO2) paste according to a previously
published procedure.[211] Before adsorption of the molecular species, the windows were kept at 60 °C
on a hot plate for 30 min and then immersed hot into the respective methanolic solution. After 16 h,
the windows were fished out, rinsed with MeOH (5 mL) and dried on the hot plate at 60 °C for 30 min.
Footprint determination was performed using a HPLC procedure. After coating NPs with welldefined surface areas (specific surface areas: TiO 2 P25, 50±15 m2/g; ZrO2, 30±10 m2/g) with the
respective PA in an overloading procedure, the supernatant as well as loading and wash solutions
were analysed by HPLC to determine the remaining PA concentrations. Note: Each calibration
solution was measured three times at HPLC-3 using always the same injection volume. The UV-traces
were integrated manually at an absorbance maximum to obtain best results. Areas were plotted against
concentrations and the data was fitted without averaging the data points. Supernatant and loading and
wash solutions were also injected three times to obtain the error of the HPLC measurement.
pH dependent adsorption experiments were carried out from pH 2–12 using native NPs and the
respective PA under underloading conditions in unbuffered aqueous solutions (4 mL). A separate
mixture was prepared for each pH: Particles were place in a glass vial (8 mL) equipped with a stir bar.
An aliquot of the prepared PA stock solution (3.5 mL, 1.2 eq. excess, pH 12, adjusted with NaOH)
was added to the particles, and the pH (measured with a pH-meter) of the mixture was adjusted to the
desired value using diluted aq. HCl or HBF 4 and NaOH. The volume was adjusted to 4 mL and the
dispersions were stirred for at least 30 min. After the stirring was stopped and sedimentation of the

137

Experimental
particles, the equilibrated pH was measured. Aliquots (1.2 mL) of the supernatants were withdrawn,
centrifuged (5 min, 14000 rpm). The supernatant was removed by syringe and filtered (PTFE syringe
filter, 022 m). Filtrate was analysed by UV-Vis (Cary) and/or HPLC-3 to determine remaining
concentrations in solution.
pH titrations of PAs were carried out unbuffered from pH 2–12 using a separate solution for each
pH value. An aliquot of the prepared PA stock solution (pH 12, adjusted with NaOH) was titrated to
the desired pH value using diluted aq. HCl and NaOH and then filled up with aq. solution of the
respective pH to the final volume. The solutions were stirred for 15 min to ensure full equilibrations,
pH was measured, and absorption spectra were recorded.
Desorption experiments under relevant catalytic conditions:
The respective composites (Co IIBisPod@ZrO2, CoIIBisPod@TiO2) were placed in glass vial (10 mL)
equipped with stir bars, which were closed using a septum (NS 19). After degassing by an argon flow,
the vials were equipped with an Ar-balloon and covered using dark plastic foil. AscONa/TECP
solutions were prepared from stock solutions, pH measured (pH meter) and degassed by N 2 bubbling
before added to the particles by syringe (reference fully desorbed: unbuffered pH 12, reference fully
adsorbed: unbuffered pH 4). The dispersions were stirred under Ar in the dark for the indicated amount
of time. Samples (300 L) were withdrawn by syringe, particles centrifuged off, supernatant filtered
(PTFE syringe filter, 022 m) and analysed by HPLC-3 to determine desorption. UV trace at 303 nm
was integrated manually between 2.55–2.8 min, estimated error: 10%.
Note: For the TiO2 composite, the experiment had to be carried out under exclusion of light and
oxygen, since in previous experiments, photo-oxidation of the ligand was observed. Therefore, for
ZrO2 composites, the experiment was carried out under normal (atmospheric, non-dark) conditions.

4.10. Methods
4.10.1. Standard Methods
Microwave reactions were performed using an Anton Paar (AP) Monowave 200 instrument.
IR spectra were either recorded on a Perkin Elmer Spectrum Two FT-IR spectrometer with neat solid
samples (ATR).
1

H NMR spectra were measured at 298 K in the indicated solvent; Varian Gemini 300 spectrometer

(300 MHz), Bruker AV-300 (300 MHz) or Bruker AV-400 (400 MHz) as indicated;  in ppm rel. to
the respective solvent signal (CDCl3:  7.26 ppm, (CD3)2SO:  2.5 ppm, MeOD:  3.31 ppm, D2O: 
4.79 ppm (D2O));  0 corresponds to TMS), J in Hz. Abbreviations used in the description of NMR
data are as follows: s, singlet; d, doublet; t, triplet; m, multiplet; dd, doublet of doublet; dt, doublet of
triplet.
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13

C NMR spectra were measured at 298 K in the indicated solvent; Bruker AV-400 (100 MHz);  in

ppm rel. to the indicated solvent (CDCl 3 ( 77.0), MeOD); multiplicities from DEPT-135 and
DEPT-90 experiments.
31

P NMR spectra were measured at 298 K in the indicated solvent; Bruker AV-400 (162 MHz).

19

F NMR spectra were measured at 298 K in the indicated solvent on a Bruker AV-400 (376 MHz).

Mass spectra for low-molecular-weight compounds (< 200 g/mol) were measured on Varian Saturn
GC/MS/MS 2000; PTV injector at 200 °C and 10 psi He; Varian 450-GC, capillary column VFWAXms, 60 m x 0.32 mm, 0.25 m film; Rt in min; EI at 70 eV; ion trap mass analyser; in m/z,
molecular ions and characteristic fragments either with interpretation or ≥5 rel.% (rel.%).

UPLC/ESI-MS: UPLC separation was performed on an AcquityTM Ultra Performance LC with an
Acquity UPLC® BEH C18 column (1.7 μm, 2.1 × 50 mm; 0.5 mL/min flow rate) and a gradient
of 0.1% aqueous formic acid and acetonitrile eluents. Mass spectra were recorded on an Esquire
HCT from Bruker (Germany), the injection rate was 3 μL/min, the nebulizer pressure was 10 psi,
and the dry gas flow rate was 5 L/min at 350 °C. All solvents were of HPLC/LCMS grade and
water was doubly distilled; in m/z, molecular ions and characteristic fragments (rel. %).
High-resolution electrospray mass spectra (HR-ESI-MS) were recorded on a maXis QTOF-MS
instrument (Bruker Daltonics GmbH, Bremen, Germany). The samples were dissolved in (e.g. MeOH)
at a concentration of ca. 50 µg/ml and analysed via continuous flow injection (2 µL/min). The mass
spectrometer was operated in the positive (or negative) electrospray ionization mode at 4’000 V
(-4’000 V) capillary voltage, -500 V (500 V) endplate offset, with a N 2 nebulizer pressure of 0.8 bar
and dry gas flow of 4 l min-1 at 180°C. Mass spectra were acquired in the mass range from m/z 50 to
2’000 at 20’000 resolution (full width at half maximum) and 1.0 Hz rate. The mass analyser was
calibrated between m/z 118 and 2721 using an Agilent ESI-L low concentration tuning mix solution
(Agilent, USA) at a resolution of 20’000 and a mass accuracy below 2 ppm. All solvent used were
purchased in best LC- MS qualities.
HPLC-2 measurements were performed on a VWR LaChrome Elite using a Nucleodur C18 gravity
column operated in an oven (L-2350) at 40 °C and a PDA detector (L-2450). The gradient was as
follows: A = 0.1 % TFA, 10 % MeOH in H2O; B = MeOH; flow rate 1.5 mL min-1; 0.0–0.1 min 100 %
A; 0.1–3.0 min 0–100 % B; 3.0–4.1 min 100 % B; 4.1–4.2 min 0–100 % A; 4.2–5.0 min 100 % A.
HPLC-3 measurements were performed on a Chromemaster VWR Hitachi using a Nucleodur C18
gravity column operated in an oven (5310) at 40 °C and a PDA detector (5430). The gradient was as
follows: A = 0.1 % FA in H2O; B = MeCN; flow rate 1.5 mL min -1; 0.0–5.8 min 5–100 % B; 5.8–
6.8 min 100 % B; 6.8–7.3 min 0–90 % A; 7.3–9.5 min 90 % A.
Elemental analysis was carried out on a LECO Truespec CHNS(O) microanalyzer; calculated with
ChemDrawPro 16.
139

Experimental
UV-Vis spectra were either measured on a Varian Cary 50 spectrometer, on a PerkinElmer UV/VIS
spectrometer Lambda 35 or on at Analytik Jena Specord 250 Plus with solution samples in 1 cm
quartz cell.
Emission measurements were performed on an Edinburgh Instrument FLS900 fluorescence
spectrometer with argon-purged sample solutions (0.1 mM) in the given solvent in 1 cm cell. Low
temperature emission spectra (77 K) were measured as frozen 2- methyltetrahydrofuran (mTHF)
glasses. Luminescence quantum yields (Φ p) were determined at 298 K (estimated uncertainty 15%)
relative to [Ru(bipy)3]Cl2 in H2O (0.042) according to a literature procedure. [73]
Emission lifetime measurements were also carried out on Edinburgh Instrument FLS900 fluorescence
spectrometer using an EPL-Laser (picosecond pulsed diode laser) for excitation and a cooled microchannel plate photomultiplier (MCP-PMT) for single photon counting. Samples were measured as
nitrogen-purged sample solutions in 1 cm quartz cells.
Electrochemical measurements were performed on a Methrom 757V A Computrace electrochemical
analyser with spectroscopic-grade DMF sample solution (1.0 mM) using 0.1 M TBA[PF 6] as
conducting electrolyte.
Crystallographic data was collected at 183(2) K with an Oxford Diffraction Xcalibur system having
a ruby detector by using Mo-Kα radiation (λ = 0.71073 Å) that was graphite-monochromated. Suitable
crystals were covered with oil (Infineum V8512, formerly known as Paratone N), mounted on top of
a CryoLoopTM (Hampton Research), and immediately transferred to the diffractometer. The program
suite CrysAlisPro was used for data collection, multiscan absorption correction, and data reduction. [1]
Structures were solved with direct methods by using SIR97 [2] and were refined by full-matrix leastsquares methods on F2 with SHELXL-2014

[3]

using the Olex2 GUI[4]. All hydrogen atoms were

placed on calculated positions. CCDC 1918126-1918133 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/structures. The crystals of 35 crystallized in the chiral space
group P21 with two molecules in the asymmetric unit. Additionally, this crystal was almost perfectly
racemically twinned (Flack parameter of 0.481(9)). However, a test with help of the programme
Platon[5] did not give any indication for a higher symmetry.

4.10.2. Extended Methods
Differential ATR-FTIR spectra of hybrid materials were recorded on a Perkin Elmer Spectrum Two
FT-IR spectrometer equipped with a Specac’s Golden Gate™ ATR as neat solid samples using native
NP as background. Data was acquired as absolute spectra and differential spectra were obtained using
Origin.
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ICP-MS measurements were performed with an Agilent QQQ 8800 Triple quad ICP-MS
spectrometer, equipped with a standard x-lens setting, nickel cones and a “micro-mist” quartz
nebulizer. The feed was 0.1 ml/min, the RF power 1550 W. Tune settings were based on the Agilent
General Purpose method and only slightly modified by an autotune procedure using an Agilent 1 ppb
tuning solution containing Li, Y, Ce and Tl. Values are reported as the average of 30 sweeps x 3
replicates. Elements were measured in a “helium-mode”. The name is referring to the gas in the
reaction cell. All solutions were prepared from 30% HCl (Merck 1.01514.1000 ultrapure) and
18.2 MΩ Millipore water. Elements were measured against a serial dilution made with the following
standards: Cobalt: Merck 1.70313.0100 in 2% HNO3, Rhenium: Merck 1.70344.0100 in H2O, Indium:
Merck 1.70324.0100 in 2% HNO3 as internal standard. To the solid samples, 30% HCl (0.7 mL) and
Millipore water (3 mL) were added and the mixtures were ultrasonicated for 2.5 h. Additional 30%
HCl were added and further treated in the ultrasonic bath for 3 days until everything was dissolved.
Volumes were filled up to 10 mL and diluted 1:10 with 7% HCl. Calibration measurements
(0/0.25/0.5/1/5/10/50/100/250/500 ng/mL Co, Re in 7% HCl) were carried out and the metal
concentrations (given in ng/mL) of the diluted sample solutions were determined. All measurement
and calibration solutions contained 100 ng/mL in 7% HCl as internal standard.

4.10.3. Hydrogen evolution measurements
Gas chromatograms were recorded with a Bruker 450 GC gas chromatograph by using argon as carrier
gas with a 3 m X 2 mm packed molecular sieves 13X 80–100 column. Automated measurements were
performed as described previously. [47] Catalysis mixtures for the different projects were prepared as
described below. The reaction vessel with the catalysis mixture was closed and directly degassed with
argon under stirring in the automation system of the gas chromatograph. This procedure was applied
for all H2 evolution experiments discussed. Irradiation was started when oxygen and nitrogen had
been depleted from the solution (as directly monitored by gas chromatography). Catalysis
measurements with [Ru(bpy) 3]Cl2 as PS were irradiated with a LED at 453 nm and
[ReX(diamine)(CO)3]-based systems at 390 nm, both with an adjusted photon flux of 310×10-9 E s-1.
If indicated, after catalysis experiment additional HPLC and 31P NMR of the catalysis mixture was
measured.
Quinone Screening: TCEP (1 mmol) and the respective relay (0.1 or 1 mmol) were added in aq.
AcOH/NaOAc buffer (1 M, 5 mL) and dissolved by stirring and sonication. When the relay was
applied as quinone (oxidized) form, an equivalent amount of TCEP was added additionally to reduce
the relay to its hydroquinone (reduced) form. The pH of the resulting solution was adjusted to pH 5
using aq. NaOH (2 M). After addition of [CoBr(aPPy)]Br stock solution (1 mM, 50 mL) and
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[Ru(bpy)3]Cl2•5 H2O (3.65 mg, 5 mol) the volume was adjusted to 10 mL using bidest. H 2O. A
HPLC sample (50 L) as well as a 31P NMR sample (450 L) were withdrawn and measured.
Semi-Heterogeneous Photocatalysis: Sodium ascorbate (5 mmol) and ascorbic acid (5 mmol) were
dissolved in bidest. H2O (5 mL) and aq. HCl (1 M, 500 L) was added to adjust the pH to pH 4 and
the volume was adjusted to 10 mL by addition of bidest. H2O. PS (5 mol) was added and solicited
until fully dissolved. WRC-coated ZrO2 particles (CoIIBisPod@ZrO2, 1.75wt%, 0.285 mol) were
added before the catalysis vials were connected to the catalysis setup. Homogeneous reference
measurements without WRC and with WRC in solution (CoIIBisPodH, 0.05 mol) were also carried
out.
Fully Heterogeneous Photocatalysis: Sodium ascorbate (5 mmol) and ascorbic acid (5 mmol) were
dissolved in bidest. H2O (5 mL) and aq. HCl (1 M, 500 L) was added to adjust the pH to pH 4 and
the volume was adjusted to 10 mL by addition of bidest. H2O. The respective binary composite
Cl

RePAbpy/CoIIBisPod@ZrO2 containing 5 mol PS and 0.5/0.25/0.1 mol WRC was added and the

catalysis vial was connected to the catalysis setup. Homogeneous reference mixtures contained 5 mol
of the respective PS and 0.1 mol WRC, semi-heterogeneous mixtures 5 mol of the respective PS
in solution and 0.5 mol WRC coated on ZrO2 particles (CoIIBisPod@ZrO2).
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4.11. Crystallographic Tables

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
a [Å]
b [Å]
c [Å]
α [°]
β [°]
γ [°]
Volume [Å3]
Z
Calc. dens. ρcalc [g/cm3]
Abs. coef. μ [mm-1]
F(000)
Crystal size [mm3]
Radiation
2Θ range [°]
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=2σ (I)]
Final R indexes [all data]
Largest diff. peak/hole [e Å -3]

7
73
mosb2407
mosb1304
C21H15.39Cl2F3N3O8.2ReS C34H35Br2Cl2CoN4O4P
787.04
884.28
160(1)
160(1)
monoclinic
triclinic
P21/c
P-1
15.1909(4)
10.04930(10)
12.7201(2)
12.4695(2)
14.8758(3)
15.0167(2)
90
113.0910(10)
105.633(3)
90.7460(10)
90
90.8070(10)
2768.11(11)
1730.46(4)
4
2
1.889
1.697
11.712
8.824
1519.8
890
0.18 × 0.1 × 0.06
0.20 × 0.08 × 0.03
CuKα (λ = 1.54184)
CuKα (λ = 1.54184)
6.042 to 136.472
6.4 to 154.758
-18 ≤ h ≤ 18, -15 ≤ k ≤
12, -16 ≤ l ≤ 17
20993
5066 [Rint = 0.0218,
Rsigma = 0.0161]
5066/129/422
1.057
R1 = 0.0280, wR2 =
0.0700
R1 = 0.0313, wR2 =
0.0722
1.03/-1.09
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85
mosb1902_sq
C32H54CoN4O19P2
919.66
160(1)
monoclinic
C2/c
17.6032(7)
21.8314(6)
22.2248(8)
90
90.524(3)
90
8540.7(5)
8
1.43
0.555
3864
0.35 × 0.21 × 0.15
MoKα (λ = 0.71073)
4.628 to 61.014

-12 ≤ h ≤ 12, -15 ≤ k ≤ -25 ≤ h ≤ 24, -30 ≤ k ≤
15, -17 ≤ l ≤ 19
31, -31 ≤ l ≤ 31
38065
7334 [Rint = 0.0212,
Rsigma = 0.0160]
7334/38/455
1.095
R1 = 0.0414, wR2 =
0.1284
R1 = 0.0421, wR2 =
0.1290
0.61/-1.72

60954
13023 [Rint = 0.0517,
Rsigma = 0.0428]
13023/124/468
1.041
R1 = 0.0584, wR2 =
0.1524
R1 = 0.0792, wR2 =
0.1669
1.19/-0.64
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