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The electron you want to go
a photon you need, that you know
the ruthenium waits for it to hit

and the electron can go, that’s how it is

Chemist made in the past
molecular dyads, slow and fast

where electron transfer can take place

depending on the environment, the electron has to face

The flatter the better, that’s what they say
para-phenylenes maybe nearly flat as a tray
measured charge transfer rates for this system

revealed low S-values, that’s now wisdom

Xylenes however, with methyl groups on the side
force the rings out of plane, that’s not to fight
a less conjugated m-system, that’s the result

so the slope is steeper, as you can see on the slide

I told you some old stuff, now comes the new
I gave the electron a new bridge to go through

the connection is different, so are the results

If you want to know more, you need to read the following sides
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Abstract

ONG-range electron-transfer is of high interest for many fields, such as artificial photosyn-
L thesis and molecular electronics. Donor — bridge — Acceptor compounds, wherein pho-
toinduced electron transfer takes place were thoroughly investigated in this regard. Especially
para-phenylene systems were chosen due to their rigid, rod-like wire behaviour. Depending
on the electronic coupling of the bridge, para-phenylenes reveal -values ranging from 0.2
to 0.8 A=L. Their ortho-connected relatives are completely unexplored until now. In chap-
ter I of this thesis the motivation for this work and the theoretical background for electron
transfer will be given. This will be followed by a few examples of electron transfers across
para-phenylenes, to put the herein presented work into perspective. In chapter II photoin-
duced electron-transfer across an ortho-phenylene wire consisting of 2 to 6 phenyl units will
be presented. A Ru(II)-photosensitiser and a triarylamine electron donor were chosen to in-
vestigate the kinetics of the charge-shift reaction. The photoinduced forward, as well as the
thermal back-reaction, were explored with time resolved measurements. Due to the flexibility
of the bridge and slowly interconverting conformers in solution, analysis of charge-separation
remains turbid, but a coherent analysis can be made for charge-recombination. The main dis-
covery is that ortho-phenylenes possess very low [-values for charge-transfer, with a §-value
in acetonitrile of 0.04 A~!. The mechanism for the hole transfer is coherent tunnelling and
a relevant aspect seems to be the o-pathway, which is shorter for ortho-phenylenes than for
para-phenylenes. Ortho-phenylenes can therefore be considered as a new class of molecular
wires.

Chapter III will then present the results of photoinduced long-range electron transfer through
ortho-naphthalenes, which can form different atropisomers and electron transfer is studied in
these systems for the first time.

Photoinduced electron transfer would not be possible without photosensitisers, which allow
for an enough long living excited state with enough reducing or oxidising power, that electron
transfer reactions can take place. Most photosensitisers today which reach the photophysical
goals for being applied, for example in photoredox catalysis or in long-range electron trans-
fer, rely on noble metals, such as Ru(II) or Ir(III). Therefore it would be desirable, to shift
from noble metals as centres to more earth abundant metals. Nickel(0) allows for an MLCT
transition when the ligand orbitals are of the right energy. In chapter IV first preliminary
results of a nickel(0)-bis(diphenylphosphino)naphthalene complex will be presented, which
were accompanied by DFT calculations.

Following this approach of using more earth-abundant metals, in chapter V the possibility
of titanium(IV) complexes is considered, which could possibly undergo LMCT emission tran-

sitions. Different possible approaches towards a titanium-based luminophore will be given.
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1 Introduction

1.1 Motivation - Here comes the sun

99 HERE’S one issue that will define the contours of this century more dramatically than
T any other, and that is the urgent threat of a changing climate.”[!]
This statement was made by Barack Obama, the former president of the United States con-
cerning climate change. A major challenge for mankind nowadays is to balance the demand
for energy against the ejection of green house gases as well as using up resources like fossil
fuels too fast.2! The generation of energy is still closely related to the combustion of fossil
fuels.l3] The search for alternatives is not only a political, but also a scientific endeavour. In
2014 it was estimated that alternative energy sources like solar, wind, biomass etc. have the
potential to provide more than 3000 times the energy that is actually demanded by the world
(Figure 1.1).[4] Shifting from the combustion of fossil fuels to the usage of renewable sources
might help to achieve the dual goal of reducing green house gas emissions, hindering the con-
sequent arising climatic problems and ensuring the cost-efficient delivery of clean energy. As
to be seen in Figure 1.1 the highest contribution of harvestable energy is made by the sun.

Making this energy usable would secure the worlds energy demand by far.

Sun
2080x

Energy resources of the world

Biomass
Geothermal

Marine
Hydro

Wind:
200x

Figure 1.1: Energy provided by renewable resources have the potential of reaching the world
energy’s demand by 3078 times. Figure after reference.?]




1.2 Natural photosynthesis

1.2 Natural photosynthesis

HE conversion of solar energy into chemical energy has its role model in nature. The
T process of photosynthesis takes place in the thylakoid membrane of chloroplasts, which
can be found in plant and algae cells. Four major protein complexes in the membrane are
involved: photosystem (PS) II, cytochrome bgf complex, PS T and the ATP synthase. These
four protein complexes are involved to ultimately produce ATP, the ’energy currency’ of cells
and the reduced form of nicotinamide adenine dinucleotide phosphate (NADP™), NADPH,
the hydrogen equivalent in cells.

As a side product, atmospheric oxygen is liberated, as well as carbon dioxide fixated according

to equation 1.
6 COy +6 HyO + hv — CgH1206 + 6 O2 (1)

On the right side of equation 1 carbohydrates (in this case glucose) as high energy molecules
are synthesised and these high energy molecules are therefore again available for combustion
of any kind. This biological cycle is depicted in Figure 1.2, where in the light reactions of
photosynthesis oxygen is liberated and in the dark reactions carbon dioxide fixated. The
light reaction has further two reaction centres, namely PS I and II. For the oxidation of
Hy0 a strong oxidant is needed (PS II) and for the reduction of NADPT to NADPH a
strong reductant is needed (PS I) (see Figure 1.3). With the help of light harvesting com-
plexes (LHCs) as antenna molecules it is possible to harvest a lot of photons of the required
energy. This energy is transferred efficiently to the reaction centre of photosynthesis through
energy transfer. In LHC II, which absorbs at 680 nm, the antenna molecules transfer the ab-
sorbed energy within <1 ps to the PSII. This generates a strong reducing singlet excited state
PS680* (E°(P660 /1P680*) = -750 mV vs NHE). PS680* then reduces a pheophytin (Pheo)

energy 2 H,0
combustion
0O, 4H +4¢ 0,

COZTlCOz photosynthesis
dark reactions

(CH,0),
Figure 1.2: Depiction of the energy cycle in nature. In the light reactions atmospheric
oxygen is produced and protons and electrons are provided for the reduction of carbon dioxide
to higher energy molecules e.g. biomass, fossil fuels. Through combustion of these, oxygen is
used and water and carbon dioxide are evolving.




1.2 Natural photosynthesis

.% iron sulfur proteins
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Figure 1.3: Z-Scheme for the light reactions occuring in algae, plants and cyanobacteria. [l
To extract one electron, the energy of two photons is required. The first one is absorbed by
PSII that requires a wavelength of 680 nm. Upon excitation the PS680* is generated which
is a strong oxidising species that can drive the water splitting reaction. The other photon
is absorbed by PSI that requires a wavelength of 700 nm and upon excitation form the very
strong reducing species PS700*. This is able to generate NADPH, which in turn can deliver
reducing equivalents to CO3 to produce sugars and other organic molecules.[’!

molecule (E°(Pheo/Pheo™) = -600 mV vs NHE) whereupon a charge separated state is formed
(PS680" — Pheo ", 7 )2 =9 ps).[576] The charge separation takes its course through electron
transfer on a first plastoquinone within 250 ps, which is bound to the D2 protein (Q4), that
leads to the formation of PS6801 — Phe — Q4™ (E°(Qa/Qa~) = -200 mV vs NHE).[5 This
formed charge separated state is stable for about 200 ps.[”) Within this time frame, PS680"
as very strong oxidising agent (E°(P6807/P680) = +1200 mV vs NHE) is reduced by a
tyrosine (Tyr) residue (E°(Tyr*/Tyr) = +1100 mV vs NHE). This Tyr of the D1 polypeptide
(TyrYy) is in close proximity and re-reduces the P680% back within 50 ns.l8) The TyrY, -
radical is an oxidant strong enough to promote the abstraction of an electron from the oxygen
evolving complex (OEC).

2H0 — Oy +4H™" +4e” (2)

In the process of water splitting, which takes place in the OEC, 4 protons as well as 4 elec-
trons are liberated and atmospheric oxygen is produced as a byproduct (see equation 2). The

8 where

OEC has a unique structure which was investigated early with electron microscopy,
soon crystal structures with improving resolutions followed.[%'% In 2011 a crystal structure
with a resolution of 1.9 A was reported.'% In Figure 1.4 the unique structure of the oxygen
evolving complex is shown. A cubane structure is formed with four manganese atoms with an
additional calcium atom. Many attempts for mechanistic studies were made to understand

the process, which is depicted in equation 2. The first proposal for a mechanism was made by




1.2 Natural photosynthesis

Figure 1.4: Structure of the MnyCaOs-cluster. The distances between the atoms are given
in A. Reprinted with permission from Nature Springer.!**)

Kok.[""l Though many further studies were performed to understand the mechanism of the
OEC, the complete cycle remains somewhat turbid until today. 2!

The initially reduced Q4~ transfers its charge further to another plastoquinone (Qp) with a
time constant of approximately 7 /5 ~150 ps (E°(Qp/Qp~) = -100 mV vs NHE).[G} Qp~ can
be further reduced to Qp2~, that can undergo protonation to QgH,. These hydroquinones
work as proton-shuttles to the cytochrome bgf complex over the plastocyanines, where in the
end the reducing equivalents are released at PSI. In Figure 1.5 the crystal structure of the
co-factors involved in the electron transfer chain is shown. It is likely that PD1 in Figure 1.5
is PS680.113] This proton-shuttle leads to an electrochemical potential between the stroma and
the lumen that can drive the ATP synthesis (Figure 1.3).

In PS T (PS700) a second cascade follows with the provided electrons from PSII and after

bicarbonate

Figure 1.5: Crystal structure of the co-factors involved in the photosynthetic process.
Reprinted with permission from AAAS.[13]




1.3 Artificial photosynthesis and theoretical background

absorption of another photon electrons are transferred via iron-sulfur clusters to ferredoxin,
where under the aid of the enzyme ferredoxin NADP™ reductase NADPH is synthesised.

The distance from the OEC to the plastoquinone moiety is about 50 A. The interplay of
photosensitisers, electron donors and acceptors with long range electron transfer with the

creation of long living charge separated states is therefore of fundamental interest.

Due to that fact, researches strove to develop artificial systems to investigate long range
electron transfer. Multiple systems were therein developed, with the goal to obtain long-
living charge separated states. The basic principles of photosynthesis, which are desirable to

be obtained in artificial systems are:
o Absorption of photons in the visible range of the spectrum
e Long range electron transfer

Charge separated states with long living states

e Accumulation of charges

1.3 Artificial photosynthesis and theoretical background

UE to the importance of long-range electron transfer in photosynthesis, described in chap-
D ter 1.2, a lot of model systems, where photoinduced electron transfer takes place came
under particular intense scrutiny. Due to the manifold of steps in natural photosynthesis,
model systems are designed to explore an individual aspect. Studies were performed with

systems that were designed to obtain long-lived charge separated states.!416] A possible sys-
ZN

Catalyst for Catalyst for
H20 oxidation ‘% %%oog H20 reduction
[*) Hy
AN TaTs)

2H:0

O +4H™

4 electrons process
P 2 electrons process

Figure 1.6: Possible systems for artificial photosynthesis. Long-range electron transfer
is a key-mechanism in these systems and therefore of particular interest. Reprinted with
permission from Elsevier.[14]




1.4 Distance dependence of electron transfer

tem for artificial photosynthesis as depicted in Figure 1.6 is comprised of a photosensitiser or
antenna system (P) to harvest photons in the visible region of the electromagnetic spectrum
and an electron donor (D) and acceptor (A). The electrons for re-reducing the oxidised donor
come desirably from the water splitting reaction as in equation 2. Therefore a water oxidising
catalyst is needed. The liberated electrons however could be used for the reduction of water,
for hydrogen generation. The spatial separation of the two catalysts to inhibit charge recom-

bination and to generate enough driving force is crucial, therefore a membrane may be applied.

1.4 Distance dependence of electron transfer

A key mechanism in this hypothetical system is long-range electron transfer. It is therefore
desirable to gather a thorough understanding of this process. Model systems are usually
comprised of an electron donor and an electron acceptor which are connected through a
bridging unit. Several systems of Donor - bridge - Acceptor (D — b — A) compounds were
reported.!7?

Long-range electron transfer occurs primarily via two different mechanisms: either coherent
superexchange (tunnelling) or incoherent hopping.'®19 An early finding was that concerning
the dominant mechanism the bridging unit has a major influence on the electron transfer
properties. [20]

A prerequisite for hopping being the prevalent mechanism, is the matching of the redox-
potential of the D — b — A assembly. This means, the energy levels of the bridge should be
close enough to the levels of the electron donor. The bridge can thereby be intermediately
reduced leading to nearly distance independent electron transfer. In the case of hole transfer,
the oxidation potentials of the bridge need to be considered and intermediate oxidation takes
place.[?!] Electron tunnelling however occurs, when the energy levels of the bridge are too high,
but donor and acceptor are weakly electronically coupled via the bridging unit (Figure 1.7).[22]

MaRcus provided a theoretical background for the latter case, where donor and acceptor

A a) b.)

R Y
m b b
D

energy

\ 4

—r D N

A A

Figure 1.7: Phenomenological depiction of a.) hopping mechanism vs b.) tunneling mecha-
nism.




1.4 Distance dependence of electron transfer

are weakly coupled and a one-electron transfer reaction takes place.[23) The semi-classical
treatment of inner-sphere electron transfer leads to equation 3. The so called MARCUS-theory

describes electron transfer between two weakly interacting redox centres being hold at fixed

[ 4 (AGO + 2)2
S R P S S B
ket W2 kg T DA eXp( 1 kg T (3)

Here the electron transfer rate kpr is dependent on the standard free energy (AGP), the

distances.

reorganisation energy (A) and the electronic coupling between the redox centres (Hp4). In
equation 3 h is further the Planck-constant and kg the Boltzmann-constant.
A can be described as the expenditure which has to be paid for the reorganisation of the

reactant and the solvent molecules. Therefore )\ can be further divided into:
A= )\m + )\out (4)

Here )\;, originates from the contribution from intramolecular modes in the course of an
electron transfer event.?¥ The main contribution however is often accounted to the ’outer’
reorganisation (Ayy¢), which is attributed to the reorganisation of the solvent shell. The
electronic coupling Hp4 can be described as the coupling between donor and acceptor, but
this coupling is further dependent on the coupling strength between the redox sites and the

bridge. 2]

h h n—1
Hps= -2 <bb> - hpa (5)

Equation 5, developped by MCCONNELL describes the electronic coupling between the two
redox sites D and A as a function of the coupling from D with the bridge (hpp), the individual
bridging units b (hy,) (when considering a bridge with n identical repeat units) and between b
and redox partner A (hy, A).[%] Ae describes the so called tunnelling energy gap, which is related
to the redox potentials of donor, bridge and acceptor in the transition state configuration.

That makes this parameter somewhat difficult to be determined experimentally.!
Hpyy = Hp g exp (—fe - 7pA) (6)

The distance dependence of electron transfer rates is strongly dependent on the electronic
coupling Hpa. Hpa however can be described as in equation 6. The electronic coupling
is expected to decrease exponentially and the steepness of the decrease is described by the
distance decay parameter 5. Equation 6 can be rearranged in terms of electron transfer rates,

leading to:
kETZkOET~eXp(—ﬁ-T’DA) (7)




1.5 Electron transfer across para-connected phenylene bridges

In equation 7 kgr is the electron transfer rate at a certain donor - acceptor distance (7p4).
kOET is the transfer rate when donor and acceptor are in direct contact and § describes the

steepness of the distance dependence.20)

This leads to the conclusion that for a superexchange
mechanism, the electron transfer rates are decreasing exponentially with the donor - acceptor

distance rpa, because kgpr < Hpa.

1.5 Electron transfer across para-connected phenylene bridges

ITH the theory developed by MARCUS at hand many studies with para-connected pheny-
lene systems involving photoinduced long-range electron transfer were conducted. In

the following section a few of these will come under particular intense scrutiny.
To obtain a bridge which could be understood as a molecular wire, it would be desirable to get
to a regime, where the bridge is acting as an incoherent electron mediator.2%) WASIELEWSKI et
al. discovered that this regime is accessible with para-phenylene vinylenes as bridging units.2)
With increasing length of the bridging unit, the charge separation (CS) rate constants are
expected to decrease exponentially. However it was observed that the charge separation in
these systems (Figure 1.8) occurs in two different regimes. The bridges (1 and 2) show a
significant decrease in electron-transfer rate constants, which is expected. For the D — b — A
assemblies incorporating bridges 3 to 5 (Figure 1.8), an increase in the rate constant is ob-
servable (see Table 1), and a shallower decrease when further lengthening the bridge. This
can be explained with the energy gap (Ae), which was described in chapter 1.4. With the

energy gap between donor and the bridging levels becoming smaller, due to the increase of

donor acceptor bridge:
1.

O o s
O brldge —N N_C8H17

OR
o] 0] 3
e

n

aYaY

Figure 1.8: Structures of the D — b — A compounds investigates by WaSIELEWSKI.[20]




1.5 Electron transfer across para-connected phenylene bridges

Table 1: Donor - acceptor distances of the 5 different dyads in Figure 1.8 and their corre-
sponding time constants for the charge separation. 2%

bridge ‘ TDA [A] ‘ kos [s']
1 11.1 1.31 - 10!t
17.7 | 2.27 - 10%0
24.3 | 3.88 - 10!
30.9 | 2.63- 10"
38.0 2.18 - 101!

T W N

conjugation when incorporating more bridging units, the electron from the donor can reduce
the bridge as an intermediate leading to D™ — b~ — A. This leads to a minor dependence
on length and leads to a (§-value for bridges 3 - 5 of 0.04 A-!. The same study illustrated
the importance of the energy gap between donor and bridging units and showed that it is
possible to lower the electron injection costs into the bridge so that the mechanism changes

from purely superexchange to an accessible hopping mechanism.

In comparison to the para-phenylene vinylenes, para-phenylenes have the advantage of be-
ing rigid and exhibiting a good m-conjugation, without lowering the energy levels of the bridge
too far. The superexchange mechanism is thereby usually still the dominant mechanism. This
is attributed to the equilibrium angle between each phenylene unit, which is around 40° in the
gas phase.27] With these features, para-phenylenes become attractive as molecular wires. IN-
DELLI et al. investigated long range electron transfer in oligo-para-phenylene bridges in Ru(II)
— Rh(III) dyads (Figure 1.9).28] The distances between donor and acceptor varied between 16
to 24 A when lengthening the bridge. Measuring the electron transfer rate constants lead to
a [ value of 0.65 A~1.128] Other para-phenylene bridges, however, usually reflect their charge

transfer properties with S-values between 0.2 and 0.8 A-1[18.20-31] Tpe bridges in INDELLIS

T 15+

Figure 1.9: The three dyads in which photoinduced electron transfer was investigated,
n = 1-3.128




1.6  Ortho-oligo-phenylenes

setup are therefore at the lower end of the range.

Further studies on para-phenylene bridges and the influence of substituents were conducted in
the group of WENGER. Systems which hinder the 7-conjugation of the conducting bridge, for
example via methyl-groups on the side were found to mediate electron transfer less efficiently
compared to plain phenylenes. This was attributed to the greater torsional angle between two
adjacent phenylene units.®!) When the torsion angle increases, hy, decreases due to a weaker
orbital overlap in the bridge. Xylenes are therefore gratefully taken as electron mediators,
when the possibility of a hopping mechanism should be excluded. The greater electronic
coupling of bridges can also be observed in the UV-vis absorption spectra of the respective
compounds. These are characterised by a greater red-shift of m-m*-absorption bands of com-
pounds with an increasing electronic coupling of the bridges.3?

The fS-value for distance dependent electron transfer studies allows for an estimation of the
beneficial features of an organic molecular wire. Due to the fact that para-connected bridges,

[33-35] _phenylenes and -xylenes,[1430-3236] and oligo-para-phenylene

[37-39]

including oligo-fluorenes,
vinylenes and -ethynylenes were investigated thoroughly, but their ortho-connected coun-
terparts were completely unexplored until today, we strove to investigate photoinduced elec-
tron transfer through ortho-phenylenes - a bridging unit that has never been applied in D —

b —A constructs before.

1.6  Ortho-oligo-phenylenes

Unlike their rigid rod-like para-connected relatives, ortho-phenylenes exhibit numerous ori-
entations along the backbone (see Figure 1.10).[40] An interesting feature about this class of
compounds is the possibility of folding into discreet helical structures.[*!] The initial inspira-
tion of other researches was to better understand folding phenomena in different materials such
as DNA, molecular wires and other m-stacked molecules.*2) Progress was made towards the
synthesis of mono-disperse oligomers by HARTLEY*3] and discreet chain lengths became ac-
cessible, whereas before polymerisation reactions were state of the art.[*445 Ortho-phenylenes
show an interesting conformational behaviour. The first conformational analyses were per-
formed in 2010,!46! where it was found that these molecules often disarray at the ends (so called

frayed ends) and further that these feature unusual electronic properties. After initial studies

Figure 1.10: Depiction of an oligo-ortho-phenylene molecule. Arrows show the possible
rotations around the C — C-bonds.

10



1.7 Luminophores based on 3d-transition metals

it was found that terminal end-groups have a major influence on the folding.*”) Though it was
assumed that the solvent has a major influence on the folding properties it was discovered in
2017 that this is not necessarily the case.!%8] Despite the interesting configurational properties,

their charge-transfer behaviour would be of high interest.

1.7 Luminophores based on 3d-transition metals

An artificial system as depicted in Figure 1.6 would not function without chromophores.
Usually noble metals from late transition metals with a d®, ¢ and d'° configuration are

491 Only a few examples are reported so far for

applied to obtain luminescent complexes.
the 3d row, which underlines how the development of new luminophores from these metals
proved to be rather challenging. Recent developments were made with isonitrile ligands
to obtain luminescence for example from Cr(IIT)% or Ni(0)-based complexes.Pt Fe(II) as
another d® metal would be a desirable candidate. However not much success has been reported
in this regard, due to the very short lived 3-MLCT excited state which is deactivated by low-
lying metal-centred stated of Fe(IT) complexes.®%3 A ’record lifetime’ of a 100 ps could be
obtained with N-heterocyclic carbene (NHC) based ligands.53 However, chromophores from
more earth-abundant metals, despite their challenges are worth pursuing. Based on recent
findings developments towards luminophores from earth-abundant metals can be made to

increase the so far small library of promising examples.
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2 Electron transfer across ortho-oligo-phenylenes

ONG-range electron transfer plays a pivotal role in many biological systems. As described
L in the introduction, photosynthesis would not be possible as it is without it. For a better
understanding of this fundamental process model systems are still designed and their electron
transfer properties investigated. As described in the introduction, electron transfer studies
over long distances have been thoroughly explored in para-connected phenylene systems, but
their ortho-connected counterparts are completely unexplored in this regard. Therefore we
designed a set of molecular dyads comprised of a Ru(II)-chromophore and a triarylamine donor
which are bridged via 2 to 6 ortho-connected phenylenes. In this chapter the photoinduced
charge separation (CS) as well as the thermal back reaction (ET) will be described. Due
to the flexibility of the bridging unit which results in interconverting conformers in solution,
the forward reaction remains somewhat difficult to describe. However, the thermal reverse
electron transfer allows for a similar analysis made for para-connected systems.

The current work is already in a form of manuscript and will be the foundation for submission

to a scientific journal.

2.1 Synthesis

O investigate ortho-phenylenes as molecular wires and study their distance dependence for
T electron transfer it was crucial to obtain dyads with a discrete chain length. HARTLEY
et al. reported on the synthesis of mono disperse ortho-oligo phenylenes.” Their procedure
allowed for the synthesis of three dyads with 2, 4 or 6 ortho-connected phenylene units (Fig-
ure 2.1). Ortho-phenylenes are reported to fold into helical structures, however it was not
expected that this phenomena would be observed in these dyads due to the influence of the

large end groups and the relative shortness of the bridges.[®5:%6]

ﬁ’bhﬁ

Figure 2.1: Synthesised dyads with n = 1, 2, 3 for the investigation of photoinduced charge-
shift as well as thermal back electron transfer.
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2.2 Electrochemistry and reaction free energies

Further a reference complex was synthesised to allow for a thorough spectroscopic analysis of

the obtained data. Detailed synthetic procedures can be found in chapter 7.

2.2 Electrochemistry and reaction free energies

OR the determination of the reaction free energies cyclic voltammetry (CV) was per-
formed with all three dyads. With the relevant oxidation and reduction potentials at
hand, the reaction free energies can be estimated. All electrochemical measurements were
conducted in acetonitrile (MeCN) containing 0.1 M tetra-n-butylammonium hexafluorophos-
phate (TBAPFg) as electrolyte. The solutions were deaerated by bubbling argon through
the solutions prior to each measurement. The redox potentials for (quasi)-reversible peaks
were determined by taking the average between the oxidation and reduction peaks. For non-
reversible oxidations the half-way potential of the occurring oxidation waves were taken or
the maxima of the first derivation. In Figure 2.2 three reduction waves are observable for all
three dyads. The first reduction wave belongs usually to a reversible process, whereas the
two following reduction waves can be attributed to quasi-reversible waves. The observation of

these three reduction waves is in line with a priorly reported Ru(bpy)s?* parent complex.®7]

I rrrrpretrt I rrrrprrra I LU DL I rrrrypretd
-2 -1 0 1
E/V vs. SCE

Figure 2.2: Cyclic voltammograms of the three donor-acceptor dyads, measured in deaerated
MeCN at 22 °C with a potential sweep rate of 0.1 V s~! and 0.1 M TBAPFg as electrolyte.
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2.2 Electrochemistry and reaction free energies

Table 2: Reduction and oxidation potentials of the three molecular dyads measured in

MeCN at 22 °C. E, 4-E, ¢ is the difference between the anodic and cathodic peak currents of
the waves.

redox couple ‘ Eg [V vs. SCE] Epq-Epc [mV]
n=1 n=2 n=3|n=1 n=2 n=3

TAA*/0 0.65 0.64 0.61 53 65 35
TAAZH/+ 0.98 1.23 1.25

Ru(IT1/11) 1.36 1.35 1.35 44 53 58

bpy? ~ -1.08 -1.04 -1.07 | 53 65 35

bpy?/— -1.48 -1.47 21551 |71 54 123

bpy? ~ -1.70 -1.71 -1.72 | 60 61 66
*Ru(bpy)s?t /Ru(bpy)st | 1.02 1.06 1.03

The quasi-reversible oxidation wave around 650 mV vs. SCE is observable for all three dyads
and corresponds to the oxidation of the TAA donor moiety.®® At higher potentials around
1.35 V vs. SCE the reversible oxidation wave of Ru(Il) to Ru(IlI) is observable, which is
partly overlapped by the the irreversible oxidation of the TAA™ to the dication around 1.0
(n=1) to 1.2 V vs. SCE (n = 2, 3). For all three dyads the oxidation as well as the reduc-
tion potentials are essentially invariant with increasing bridge length (Table 2). With these
potentials at hand it is possible to calculate the driving forces for the photoinduced forward
- and the thermal back-electron transfer reactions. The reaction free energy (AG°) for an

electron transfer event can be estimated with equation 8 established by WELLER.[%!

62

AG® = —¢ - (Ereq — Eop) — Ego — (8)

4-m-€y-€s-TDA

Here E,.; and E,, are the relevant ground state reduction and oxidation potentials, e is the
elemental charge, ¢y the vacuum permittivity, eg the dielectric constant of the used solvent
(35.9 for MeCN)% and rp4 the donor-acceptor distance (further information on the estima-
tion of the donor - acceptor distance in section 2.7). With the relevant potentials taken from
Table 2 in combination with the lowest excited state energy of Ru(bpy)s>* [Egy = 2.12 eV][61

the driving force for the forward charge-shift reaction can be estimated to roughly -0.4 eV.
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2.2 Electrochemistry and reaction free energies

A
2.5
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Figure 2.3: Energy-level scheme for the molecular dyads in MeCN. Eyg corresponds to the
3SMLCT-energy of the Ruthenium-photosensitiser. AG%S is the reaction free energy for the
forward charge shift reaction and A G4 the reaction free energy for the thermal back electron
transfer.

For the thermal back reaction from the reduced Ru(bpy)j to the TAA* cation the
reaction free energy can be estimated in an analogous manner. Here E,, corresponds to

the TAAT/0 couple, whereas the first potential of the bpy?/ ~ has to be taken for E,.q. This
gives a reaction free energy of -1.7 eV for the thermal back reaction. A complete overview
with all involved potentials is depicted in Figure 2.3. Therefore photoinduced electron transfer
should be exergonic by 0.4 eV for all three dyads and in principle possible. In order to identify
the photoproducts, electrochemical measurements combined with UV-vis spectroscopy were
performed. The ground state absorption spectrum was taken as baseline, then a potential
was applied to either oxidise the TAA or reduce a bipyridine ligand of the sensitiser. The
measurements were performed for the shortest dyad in deaerated MeCN, with 0.1 M TBAPFg
as supporting electrolyte. Figure 2.4 shows that upon selective oxidation of the TAA to the

0.10 -
0.051
3
S 0.00 -
TAA'
-0.05 —— Ru(bpy),’
TAA" + Ru(bpy),”
-0.10 T T T T
300 400 500 600 700 800

wavelength / nm

Figure 2.4: Spectro-electrochemical difference spectra of the shortest dyad (n = 1) in deaer-
ated MeCN with 0.1 M TBAPFg as supporting electrolyte and 205 pM complex concentration.
Selective oxidation of the TAA moiety (orange trace) occurs at a potential of +0.8 V vs. SCE.
Selective reduction (green trace) of a bipyridine ligand of the Ru(II)-chromophore occurs at
-1.2 V vs. SCE. The black trace is a linear combination of the oxidation and reduction spectra.
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2.3 Optical spectroscopy

TAA™-cation, bands arise at 370 and 750 nm (orange trace). When applying a negative
potential of -1.2 V vs. SCE a bipyridine ligand of the Ru(bpy)?r is reduced and bands
appear at 330 and 510 nm (green trace in Figure 2.4). The obtained photoproduct after
an induced charge-shift reaction would show both features combined and therefore a linear
combination of these two traces leads to the expected spectrum of the photoproducts (black

trace in Figure 2.4).

2.3 Optical spectroscopy

HE ground state absorption spectra for all the three dyads were recorded as 20pM solutions
T in MeCN and dichloromethane (DCM) at 22 °C (Figure 2.5). The band at 450 nm is
caused by an MLCT-transition of the Ru(bpy)s?*. At 290 nm a 7* «  transition of the
bipyridine ligands is observable. All spectra, independent of the solvent, have nearly identical
features. Elongation of the bridge has only minor effects on the absorption spectrum in the
region of the UV in MeCN (Figure 2.5, a.)). Nevertheless there is a more intense absorption
which is attributed to the increase in absorbing phenylene units. Before the solvent cut-off at
235 nm, a small red-shift of the absorption of the bridge can be detected in DCM (Figure 2.5,
b.)). Notably upon elongation of the bridge, a red-shift is not observable in MeCN and barely
in DCM what means that there is no significant increase of the m-conjugation of the bridge.
Further it is confirmed that excitation in the visible region of the spectrum (~450 nm) will

selectively excite the Ru(bpy)3™ photosensitiser.
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— o A

£ 104 7 S S 5 .
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Figure 2.5: UV-Vis ground state absorption spectra of all three dydas measured in 20 pM
solutions at 22 °C in a.) MeCN and b.) DCM.

2.4 Steady state luminescence

TEADY state luminescence spectra were recorded of all three dyads in MeCN and DCM.
S It was expected that in comparison to the ruthenium-reference complex the 3MLCT-
emission would be quenched when efficient electron transfer occurs. On this behalf 20 pnM
solutions of all three dyads in deaerated MeCN or DCM were excited to their MLCT state at

450 nm and the emission was recorded. The same was performed with the reference compound
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2.4 Steady state luminescence
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Figure 2.6: UV-Vis ground state absorption spectra off all three dyads measured in 20 pM
solutions at 22 °C in a.) MeCN and b.) DCM. Right: Reference complex.

(Figure 2.6). The emission of the parent complex was set to 1 and the emission of the dyads
referenced to it, taking the individual concentrations of the measured solutions into account.
As expected the emission of the shortest dyad is completely quenched in MeCN (see Figure 2.6
a.)) and nearly completely quenched in DCM. It can be seen that the longer the dyad, the
more residual emission from the 3MLCT can be detected. The longer the dyad, the slower
the electron transfer and that leads to the assumption that electron transfer becomes less
efficient the longer the dyad. I attribute this effect further to the flexibility of the bridge
where subsets of conformers coexist and electron transfer is not competitive in some of these.
The 3MLCT excited-state lifetime of the ruthenium reference complex was determined via
transient absorption spectroscopy, monitoring the decay of the 2MLCT luminescence intensity
after excitation at 532 nm with laser pulses of ~10 ns duration (Figure 2.7). The luminescence
lifetime was determined to be 1200 ns in deaerated MeCN. To further investigate the kinetics

of the charge-shift reaction transient absorption (TA) spectroscopy was carried out.

801
fg Reference complex
x 607 @610 nm
.g ©=1200 ns
& 407
S
20
0
0 2000 4000 6000 8000
time / ns

Figure 2.7: Decay of the SMLCT luminescence emitted by a 10 pM solution of the reference
complex in deaerated MeCN at 610 nm following excitation at 532 nm with pulses of ~ 10 ns
duration. The red trace shows the experimentally observable decay whilst the dashed black
trace is a mono-exponential fit.
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2.5 Transient absorption spectroscopy

2.5 Transient absorption spectroscopy

After the spectro-electrochemecial characterisation of the spectroscopic signatures of the pho-
toproducts of the dyads (Figure 2.4, black trace), TA spectroscopy was performed with all
three dyads. On this behalf, 20 pM solutions were prepared in either deaerated MeCN or

DCM. These solutions were then excited with 532 nm laser pulses of ~10 ns duration. As a
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Figure 2.8: Transient absorption spectra of all three dyads recorded immediately after
excitation at 532 nm with laser pulses of ~10 ns duration in deaerated MeCN. The spectra
were time integrated over an interval of 200 ns.

result the expected charge separated state (TAAT-o-ph,-Ru(bpy)s™) could be observed in all
three dyads (Figure 2.8). Transient bands arise at 370, 510 and 750 nm in all compounds.
The obtained data is in excellent agreement with the superposition of the bands obtained
from spectro-electrochemical measurements (black trace in Figure 2.4). The data recorded in
DCM with the same method can be found in the Appendix Figure A.1 and shows the same
spectroscopic features. Charge-separation is completed within the 10 ns laser pulse. The
time constants for the photoinduced forward charge-shift reaction for all three dyads were

determined via ps-transient absorption spectroscopy (chapter 2.5.1)

2.5.1 Photoinduced forward charge shift reaction

After the revelation that electron transfer takes place in the dyads which was confirmed
via quenching of the 3MLCT-emissive state and by TA, the initial photoinduced forward
reaction was monitored via ps-laser spectroscopy. To monitor this reaction the formation of
the transient band at 750 nm that belongs to the TAA™ species (Figure 2.4) was followed.
Therefore 20 pM solutions of the dyads in deaerated MeCN and DCM were selectively excited
in the 3MLCT band at 532 nm at 22 °C with laser pulses of ~30 ps duration. The obtained
kinetic traces are shown in Figure 2.9. A bi-exponential behaviour is observed and tentatively
attributed to the coexistence of conformers in solution where some allow for faster charge-shift

than others. The time constants and relative intensities of the fits are summarised in Table 3.
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2.5 Transient absorption spectroscopy

TAA-(o-ph),-Ru(bpy),”

0 1 2 3
time / ns

2501
2001
1501
<
€100

TAA-(0-ph),-Ru(bpy),”

0- . . .
0 2 4 6
time / ns

254

204
Q
2 15'
e 104

5.
o TAA-(o-ph),-Ru(bpy),”
0 2 4 6

time / ns

Figure 2.9: Temporal evolution of the transient signal at 750 nm after excitation at 532 nm
with laser pulses of ~30 ps duration. The red traces belong to the obtained signal and the
black curves depict the bi-exponential fit to it. The time constants are summarised in Table 3.

Unfortunately the obtained data in DCM is not of sufficient quality to allow for a reliable
interpretation. Nevertheless the time resolved kinetics at 750 nm for TAA-o-pho-Ru(bpy)s2*
and TAA-o-phs-Ru(bpy)s?T can be found in the Appendix Figure A.2. To explain the bi-
exponential behaviour the conformation in solution was studied. This will be further explained

in section 2.8.

2.5.2 Distance dependence of the forward charge shift reaction

HE distance dependence for the forward reaction was scrutinised for both, the long and the
T short component extracted from the data with a bi-exponential fit. The time constants
used for the fit are given in Table 3. The distance of the dyads was determined as described
in chapter 2.7. Both time constants show a very shallow dependency on the donor - acceptor
distance and show [S-values of 0.06 A_l for the short component and 0.11 A_l for the long
component (Figure 2.10).
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2.5 Transient absorption spectroscopy

Table 3: Time constants for the intramolecular photoinduced charge-shift reaction from
TAA to 3MLCT-excited Ru(bpy)3?t measured in 20 uM solutions in deaerated MeCN after
excitation at 532 nm with laser pulses of ~30 ps duration. In parentheses the percentage of
the contribution of the respective lifetime is given.

complex ‘ Tos1 [ps] Tes2 [ps]
TAA-o-pha-Ru(bpy)s?t | 110 (51%) 870 (49%)
TAA-o-phy-Ru(bpy)s?t | 220 (43%) 1600 (57%)
TAA-o-phg-Ru(bpy)s?t | 320 (62%) 6200 (38%)

25 30 35 40
rDA / A
Figure 2.10: Logarithmic electron transfer rates for the photoinduced forward charge-shift
reaction as a function of the donor - acceptor distance (rpa). The two sets of data corre-
spond to the short and long time constants extracted from bi-exponential fits to the data in
Figure 2.9.
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2.5 Transient absorption spectroscopy

2.5.3 Thermal reverse electron transfer

HOUGH the forward charge-shift gives rise to a multi-exponential behaviour, the thermal

back reaction allows for a similar treatment comparable to the para-phenylenes. The

1
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Figure 2.11: Decays of the transient absorption signals at 750 nm for all three dyads in
MeCN. For analogous decays recorded at 370 and 510 nm see Appendix Figure A.3. Colour
code is black: n = 1, red: n = 2, blue: n = 3.

measured kinetic traces (see Figure 2.11 for decays measured at 750 nm) show bi-exponential
decays, which can be explained as the overlap of the signals from the thermal back reaction
from Ru(bpy)s™ to TAAT and of non-quenched excited state absorption of the photosensitiser.
After the charge-shift reaction took place, a positive charge can be found on the oxidised TAA-
moiety (TAAT) as well as on the reduced chromophore ([Ru(bpy)s]™). Due to Coulombic
repulsion it is expected that the positive charges repel each other and therefore conformations
with a maximum distance between donor and acceptor are favoured.

The thermal back reaction was followed at 370, 510 and 750 nm (see TA spectrum Figure 2.8
and data in DCM see Appendix Figure A.1). The temporal evolution of the signals was

monitored in 20 pM, deaerated solutions of the dyads after excitation at 532 nm with laser

Table 4: Timeconstants of for the thermal back reaction in MeCN for the three dyads.
Lifetimes were determined via fitting the data in Figure A.3. The data for the shortest dyad
was fitted mono-exponentially (n = 1) whereas the data for the longer dyads (n = 2, 3)
was fitted bi-exponentially. The second lifetime corresponds to the inherent *MLCT Ru(I)-
photosensitizer. (7 = 1200 ns, see Figure 2.7).

‘ n=1 ‘ n=>2 ‘ n=3 ‘
A lnm] | 7er [ns] | e [0s] (%) 7 [0s] (%) | TEr [0s] (%) 75 [ns] (%)
370 120 170 (93) 1200 (7) | 230 (86) 1200 (14)
510 120 170 (99) 1200 (1) | 210 (94) 1200 (6)
750 120 170 (94) 1200 (6) | 220 (87) 1200 (13)
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Figure 2.12: Transient absorption spectrum of the reference complex in deaerated MeCN
(20 uM) at RT, time-integrated over an interval of 200 ns after excitation with 532 nm pulses
of ~10 ns duration.

pulses of ~10 ns duration. The shortest dyad exhibits single-exponential transient absorption
decays in MeCN at all measured wavelengths (Table 4). The longer dyads however show a
bi-exponential decay. They are dominated by an initial decay of 77 = 170 (n = 2) and 220 ns
(n =3), respectively, and a longer-lived component with smaller contribution (1-14%, values in
parentheses in Table 4). The slower contribution is assigned to a small subset of conformers,
not undergoing intramolecular photoinduced electron transfer, and therefore remaining as
not-quenched *MLCT excited species. The possibility that the second component could have
its origin from a product of decomposition is very unlikely, due to the stability of the complex
during measurements, which is reflected in the reproducibility of the ratios from 77 to 7
after long measurements. If the dyads would decompose, it is to be expected that the amount
of SMLCT emission would increase. In the TA spectrum of the reference complex transient
signals can be seen at 370, 510 and 750 nm (Figure 2.12), where the decay of the transient
signals in the dyads was monitored. Further, no emission can be detected for the shortest
dyad in MeCN and a mono-exponential decay can be observed here. Therefore we fitted the
kinetic traces of the longer dyads with a fixed lifetime corresponding to the *MLCT lifetime of
the reference complex (77 = 1200 ns). The same measurements were performed in DCM, but
the decays were only determined at 370 and 750 nm. The lifetimes are summarised in Table 5
and the determined time constants are slightly higher compared to the values in MeCN, which

[62]

is expected for less polar solvents.®”l Further it can be seen that the lifetimes for the longest

Table 5: Time constants for the thermal back reaction measured at 25 °C in deaerated DCM
after excitation at 532 nm with laser pulses of ~10 ns duration.

‘ n=1 ‘ n=2 ‘ n=3 ‘
A [nm] | 7Er [ns] Ty Ter [ns] (%) 7 [ns] (%) | Ter [ns] (%) 714 [ns] (%)
370 | 145 (99) 1790 (1) | 160 (99) 1790 (1) | 140 (96) 1790 (3)
750 | 145 (99) 1790 (1) | 160 (99) 1790 (1) 145 (98) 1790 (2)
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2.6 Flash-quench experiments with the dyads

dyad become shorter compared to the second dyad in DCM. However this is a minor effect

which is within the error range of the lifetimes and therefore not further considered.

2.6 Flash-quench experiments with the dyads

O further investigate the electron transfer properties of the dyads, flash-quench experi-
ments were performed. Therefore a 20 pM solution of the dyad with (n = 2) in deaer-
ated MeCN was prepared with additional 80 mM methyl viologen (MV) as oxidising agent to

[63] The same was done for the reference

generate the highly oxidising [Ru(bpy)s]>*-species.
complex. This leads to a further increase in the driving force for the electron transfer. First
transient absorption spectra of the reference complex (Figure 2.13 a.)) and TAA-(o-ph)s-
Ru(bpy)s(PF¢)2 (Figure 2.13 b.)) with MV were recorded. The most prominent transient
signals in both spectra in Figure 2.13 a.) and b.) are the signals of the MV ™" radical cation -
an intense and structured band at 395 nm and a less intense and broader band around 600 nm
become visible. What can be further observed in spectrum a.) is a bleach of the signal at
450 nm, which can be attributed to the oxidised Ru-center (Ru(IIl)). In spectrum b.) of
Figure 2.13 the spectroscopic signature of the MV radical is very prominent with the before
mentioned structured band at 395 nm and the broad and less structured band at 600 nm. The
transient signal in the red is further overlapped by the transient signal of the TAAT-moiety
(see, Figure 2.4 for the spectroscopic signatures of TAA™) at 750 nm and no bleach at 450 nm
(Ru(III)) anymore. Therefore it can be concluded that intramolecular electron transfer is
accessible via the flash-quench technique. No time constants for the forward reaction were
determined, due to the fact that the time constants were below the laser limit of 10 ns (see

Appendix Figure A.4 for kinetic traces).
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Figure 2.13: a.) Transient absorption spectrum of a 20 1M solution of the reference complex
measured in deaerated MeCN containing 80 mM concentration of MV (PFg)2. b.) Transient
absorption spectrum of a 20 pM solution of TAA-(o-ph)4-Ru(bpy)s(PFg)2 measured in deaer-
ated MeCN containing 80 mM concentration of MV (PFg)2. Both spectra were recorded after
excitation at 532 nm, with laser pulses of ~10 ns duration. The spectra were then integrated
over a time of 200 ns.
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2.7 Distance dependence for thermal back electron transfer and activation energies

2.7 Distance dependence for thermal back electron transfer and activation
energies

THE values obtained from the transient absorption measurements are directly related to

the electron transfer rates, in a manner that
Tpr = kpr (9)

where Tgr is the determined lifetime and kg is the electron transfer rate. From the deter-
mined time constants from the decays at 370, 510 and 750 nm (370 and 750 nm in DCM)
the electron transfer rates can be calculated. As described in the introduction chapter 1.4
the transfer rates should exhibit an exponential dependence on the (through-bond) distance.
This exponential decrease is a characteristic phenomenon which can be observed for example
in tunnelling events in donor - bridge - acceptor systems with homologuous bridges built from

[30-32]

n-repeating units. The dependence of the distance is reflected in equation 7, where

ker(d) = kYp - exp(—B - rpa) (7)

kgT is the electron transfer rate, kQET is the electron transfer rate when donor and acceptor
are in direct contact, rp4 the distance between donor and acceptor and § the distance decay
parameter. The distance decay parameter § reflects the steepness of the exponential decrease
of kpr and is related to the tunnelling barrier height. Therefore 3 is a specific factor which
takes into account the properties of the bridging medium. To determine [, the donor - ac-
ceptor distances in the dyads need to be determined at first.

On behalf of this, all three dyads were structure optimised with molecular mechanics energy
minimisation calculations performed at the Molecular Mechanics Force Field (MMFF) level
of theory using Spartan 08 Version 1.2.0. The distance was then measured from the nitrogen-
atom of the TAA-donor to the Ru(Il)-atom of the photosensitiser. Through the phenylene

Figure 2.14: Ortho-terphenyl fragments to illustrate how the distance was measured in the
phenylene bridge. Therefore the centroids of each ring were calculated before.
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Figure 2.15: Electron transfer rates (kgr) as function of the donor - acceptor distance
(rpa). Red pentagons belong to the ortho-phenylenes. Filled circles,'8] empty circles, 28!
filled squares, 3’ empty squares. 31!

bridges the distance was determined as follows; in each phenylene ring the centroid was cal-
culated and the distance then measured from centroid to centroid (as depicted through the
red dot in Figure 2.14). The measured distances are summarised in Table 6.  When the
logarithmic transfer rates are plotted as a function of the donor - acceptor distances these
can be fitted linearly. The slope of the fit reflects in this case §. The shallower the slope, the
more efficient is the transfer over longer distances. § is not only dependent on the bridge but
further on the whole assembly of donor - bridge - acceptor. However a comparison between
other systems with a para-connection is reasonable.[19:36:6467] Dye to the fact that all consid-
ered systems make use of different donor - acceptor systems what leads to different driving
forces for the electron transfer (for detailed structures see Appendix Figure A.5). This results
in horizontal shifts between the different data sets (Figure 2.15). The determined S-value
for the ortho-phenylene system is as low as 0.04 A_l, a value that is one order of magnitude
lower than for most prior reported para-phenylene based systems. In para-connected systems
the values for 8 were found to be in a range of 0.4 - 0.8 AT (see chapter 1.4). The value
for the ortho-system is the so far lowest reported with 0.04 Ail and is as low as it would be

(34,6869 Ag mentioned in section 1.5 the only comparable

expected for a hopping mechanism.
well conducting bridges so far reported are fluorene bridges, OPVs and OPEs, where also a

hopping mechanism is predominant. When a hopping mechanism is operative in a charge

Table 6: Donor - acceptor distances given in A measured through bonds or through counting
the number of o-bonds from the Nitrogen-atom of the donor to the Ru-atom of the photosen-
sitiser.

compound ‘ rpa [A] ‘ number of o-bonds
TAA-o-pho-Ru(bpy)z** 22.1 11
TAA-o0-phs-Ru(bpy)s?t |  31.1 15
TAA-o-phg-Ru(bpy)s?T | 39.4 19
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2.7 Distance dependence for thermal back electron transfer and activation energies

transfer process, an oxidation or reduction of the bridge is involved.[2567) To rule out this
possibility, reference molecules were synthesised comprised of 2, 4 and 6 connected phenylene
units and their oxidation potentials determined via CV (Figure 2.16). It can be seen, that
the shortest bridge is oxidised at a potential of 1.7 and 2.0 V vs. SCE. The longer molecules
are both oxidised around 1.25 V vs. SCE (all data is summarised in Table 7). For the longest
molecule a second oxidation can also be seen at a potential of 1.46 V vs. SCE. Therefore hole
transfer from TAAT to Ru(bpy); would be energetically uphill by 0.6 to 1.1 eV, due to the
reduction potential of TAA™ at 0.6 €V, making hole hopping very unlikely.

Similar to hole hopping, electron hopping could be another possible pathway. For that mech-
anism a reduction of the bridging medium would be necessary.  Extending the potential
range in the CV for the longest dyad shows that there is no reduction occurring until -2.0 V
vs. SCE (Figure 2.17) and reduced [Ru(bpy)s]t is oxidised at -1.2 V vs. SCE. Therefore

the possibility of electron hopping can be ruled out as well. The distance dependence for
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I | | | | | | |
10 12 14 16 18 20 22 24
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Figure 2.16: Cyclic voltammograms of the reference molecules for the bridges, measured in
MeCN at RT with 0.1 M TBAPFg as electrolyte. The potential sweep rate was 0.1 V s~! in
all cases.
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2.7 Distance dependence for thermal back electron transfer and activation energies

Table 7: Oxidation potentials of the reference compounds measured in deaerated MeCN at
RT.

redox couple E [V vs. SCE] ‘
n=1 ‘ n=2 ‘ n=2
0-phy,, T/0 1.72 | 1.23 | 1.25
o-pho, 2H/+ | 2.02 1.46

E/Vvs. SCE

Figure 2.17: Cyclic voltammogram of the longest dyad (n = 3) in an extended potential
range. No reductions are detectable in the potential range between 0.0 and -2.0 V vs. SCE.

the ortho-phenylenes shows a remarkable shallow distance dependence, with a $-value as low
as 0.04 AL To proof that there were no anomalies regarding the activation energy for this
reaction, temperature dependent measurements were performed. The measurements were
performed in either deaerated MeCN or DCM and the analysis was done in analogy to the
described method in section 2.5.3. In MeCN the decays were measured at 370 and 750 nm
from 5 °C to 65 °C in 10 °C intervals. The measurements in DCM were performed at the
same detection wavelengths and from -5 to 25 °C in 10 °C intervals.
The obtained data set was then treated in the framework of the ARRHENIUS law (10).

ber(T) = Ao e (%) (10)

Here kg7 (T) is the temperature dependent electron transfer rate, Ag an exponential prefactor,
E, the activation energy, kg the Boltzmann-constant and T the temperature in K. Based on
the decays of the transient absorption signals at 370 and 750 nm (Table 8, Table 9) , Arrhe-
nius plots were made with the afterwards calculated logarithmic electron transfer rates. On
this behalf this logarithmic electron transfer rates were plotted versus the inverse temperature
(Figure 2.18). The slope of the linear regression fit then corresponds to -E, /kp. It can be seen
that the values for the activation energy measured in DCM are higher compared to MeCN

and especially that the change from n = 2 to n = 3 is very small in DCM.
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2.7 Distance dependence for thermal back electron transfer and activation energies

Table 8: Time constants for the thermal back reaction of the intramolecular electron transfer
from Ru(bpy)s™ to TAA™ at different temperatures. The time constants were determined via
transient absorption spectroscopy on 20 nM solutions in deaerated MeCN. The values are the
averages of the decays at 370 and 750 nm. See Appendix Table 16 for all data points.

n=1 n=2 n=3 Ref.
T [°C] | 7er [ns] In (kgr/s™Y) | 7er [ns] I (kgr/s™Y) | 7er [ns] In (ker/s™') | ¢ [ns]
) 125 15.89 220 15.33 315 14.97 1315
15 120 15.94 205 15.40 280 15.09 1250
25 112 16.00 182 15.52 240 15.21 1190
35 105 16.00 165 15.62 215 15.31 1130
45 102 16.10 150 15.71 190 15.48 1050
95 95 16.17 133 15.83 164 15.62 970
65 87 16.26 125 15.89 157 15.89 880

However, the values show that the longer the distance for the thermal back electron transfer,
the higher the activation energy. The data in MeCN shows therefore no anomalies for the
activation energy (F,). The data set measured in DCM follows a similar trend, though the
activation energies are overall higher. With the activation energies at hand it is possible to

estimate with equation 11 the reorganisation energies of the dyads.

A+ AGY,)?
T (11)

In equation 11 E4 equals the activation energy, A is the reorganisation energy and AG%T

Ey =

the driving force for the reaction. The reorganisation energy A is as described in chapter 1.4
a sum of \;, and A,y and is mainly associated with the expenditure of the reorganisation

of the solvent molecules (M) and the reactant (\;,) in the course of the electron transfer.

Table 9: Time constants for the thermal back reaction of the intramolecular electron transfer
from Ru(bpy)s™ to TAAT at different temperatures. The time constants were determined via
transient absorption spectroscopy on 20 nM solutions in deaerated DCM. The values are the
averages of the decays at 370 and 750 nm. See Appendix Table 17 for all data points.

=1 n=2 n=3 Ref.

T [°C] | 7er [ns] In (kgr/s™') | 7er ns] In (ker/s™Y) | 7er ns] In (kgr/s™1) | ¢ [ns]
-5 205 14.40 295 15.04 270 15.13 2120

5 185 15.50 240 15.24 215 15.35 2000
15 167 15.61 200 15.42 185 15.50 1920
25 147 15.73 160 15.65 143 15.76 1790
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2.7 Distance dependence for thermal back electron transfer and activation energies
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Figure 2.18: Arrhenius plots of all three dyads based on transient absorption spectroscopy
measurements at 370 and 750 nm using 20 pM solutions of the dyads in deaerated MeCN (top)
or DCM (bottom). The determined activation energies (E,) from the slopes are reported in
the insets. The uncertainties of the calculated activation energies (E,) correspond to the
standard deviations resulting from the linear regression fits to the individual data sets.

Rearranging equation 11 on A yields a quadratic equation in the form of:

) — AGE” (12)

A12:_(2.AGQET4.EA)i\/(Q.AG;JET—AL.&,

2 2

With all other values at hand this approach leads to two possible results for the reorganisa-
tion energy. The values obtained are essentially the same for all three dyads and equation
12 yielded 2.4 and 1.3 eV as possible values for the reorganisation energy. On behalf of pri-
orly carried out studies, 2.4 eV seems to be the more realistic value. In molecular triads,
were photoinduced electron transfer was investigated through rigid rod-like bridges, reorgan-
isation energies were calculated with values up to 1.3 eV.["¥ Taking the flexibility of the
ortho-phenylene system into account it can be assumed that the inner reorganisation energy
has a much larger contribution compared to the before reported rigid systems where the in-
ner contribution usually stays the same and the reorganisation energy itself increased upon

[70,71]

elongation. This increase was contributed to the to more isolated point charges with in-

[72] Consequently the higher value seems to be the more likely one for the flexible

creasing rpa.
ortho-phenylene system. Due to the non-existent change of the reorganisation energy in any
case it can be stated that the electron transfer in ortho-phenylenes is mainly dependent on
the electronic coupling of donor and acceptor Hp 4.

Prior studies of para-phenylenes as molecular wires have shown that the torsion angles of the
phenylene units strongly affect the electronic coupling and therefore the distance dependence
of kgpr. To put it in a nutshell: the flatter the better.®!) For ortho-phenylene systems even

greater dihedral angles compared to unsubstituted phenylenes are expected between the indi-
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2.7 Distance dependence for thermal back electron transfer and activation energies

O -
Vs >
4o 2c

Figure 2.19: Illustration of the shortest o-bond pathways in para-phenylenes (left) compared
to ortho-phenylenes (right). Arrows count for one o-bond.

vidual phenyl-rings and consequently a weaker electronic coupling would be expected due to
the perturbation of the m-system (no red-shift in the UV-Vis absorption region of the bridge
Figure 2.5). Nevertheless, when considering the shortest possible pathway along o-bonds,
ortho-phenylenes offer the advantage of introducing a new phenyl unit with only two ¢ bonds,
whereas para-phenylenes need 4 o bonds to introduce the next phenyl-unit (Figure 2.19). To
compare the dependence of kgp on the number of o-bonds, the dimensionless parameter 5,
was determined where the logarithmic rate constants are plotted vs. the number of o-bonds
via the shortest pathway between donor and acceptor. A linear fit to the data points as seen
in Figure 2.20 reveals a [3,-value of 0.07, which reflects the decrease of kgr per additional
o-bond and is not substantially more different than the g-value. The f, values were also
calculated for the para-connected systems, and were in a range between 0.57 and 0.83 (see
Table 10). All detailed structures of the compounds can be found in the Appendix Figure A.5.

Taking this into account and the fact that there are no anomalies in the activation energy in

221 o
[ ]
20 o [ 1
- ofgh:
L dn
184 !

e0 D——O—-A
161 -9\._\. = 1n
®

In (kET/ S-w)

12

10+

LI I L R R R R R B |
4 6 8 10 12 14 16 18 20 22

roa | o-bonds
Figure 2.20: Logarithmic electron transfer rates vs. donor - acceptor distance measured in

number of o-bonds. Red pentagons belong to the ortho-phenylenes. Filled circles,['8) empty
circles,28] filled squares, 3% empty squares. 31
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2.8 Conformational analysis of the molecular dyads

Table 10: Distance decay constants for the herein presented system with an ortho connection
in comparison with a variety of para connected systems. All detailed structures can be found
in the Appendix Figure A.5.

symbol ‘ 8 [A] ‘ Bn ‘ AGY,. [meV] ‘ structure
o 0.77 | 0.83 -450 I
o 0.65 | 0.71 -50 11
. 0.52 | 0.57 -660 IIT
° 0.67 | 0.65 -10 v
° 0.04 | 0.07 -1700 TAA-o0-ph,,-Ru(bpy)3*

MeCN, it seems likely that the distance dependence of kg7 is dominated by a change in the

donor - acceptor coupling Hp 4.

2.8 Conformational analysis of the molecular dyads

FOR a better understanding of the kinetic studies of the photoinduced forward reaction,
a conformational analysis of the dyads was performed. The 'H-NMR spectra at RT
appear very broad and an assignment to certain peaks is not possible (Figure 2.21). There-

fore temperature dependent measurements were carried out and it was hoped that this would

T

9.0 85 8.0 7

T

T
7.0 6.5 6.0

n |41.00

5 fb%m 5‘.0 1{.5 4.0 3‘.5 3‘.0 25 2‘.0 1‘.5
Figure 2.21: 'H-NMR-spectrum of [TAA-(o-phy)-Ru(bpy)s?*](PFg)2 in CD3CN at room
temperature. The residual solvent peak of CD3CN, water from the deuterated solvent used
and a peak which could not be assigned are marked with an asterisk (*). The other spectra
can be seen in the Appendix A.
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2.8 Conformational analysis of the molecular dyads

T=298K
T=273K
A

L
AL —
M -

42 40 38 36 34 32 30 28 26
3/ ppm

Figure 2.22: 'H-NMR-spectra of [TAA-(o-phy)-Ru(bpy)s2T](PFg)2 in acetone-ds measured
from 213 K to 273 K in 20 K intervals showing the region from 2.6 to 4.4 ppm. On top is the
spectrum at RT. The residual HoO peak is marked with an asterisk (*).

allow for an exact conformational analysis. The measurements were performed with TAA-o-
phy-Ru(bpy)s?* in acetone-dg due to its low solubility in other solvents and with a similar
accessible temperature range like acetone. 'H-NMR spectra were recorded in a range from
213 K to 273 K in 20 K intervals. Even though the cooling was not sufficient to only obtain
one conformer in solution which could then be analysed, it is clear that the resonance peaks
become sharper and more distinct and especially in the region between 2.5 - 4.5 ppm a signif-
icant change of the spectrum is observable (Figure 2.22). The complete 'H-NMR-spectra at
different temperatures can be found in the Appendix Figure A.8. However, the spectra reveal
that in solution there are subsets of conformers coexisting at RT. This finding further supports
the aforementioned assumption for the multi-exponential forward charge-shift reaction, that

was based on subsets of conformers in solution. (see chapter 2.5.1).

R'TC'\/i
m-Na-h-Ad

Using equation 13 by EYRING allows for the calculation of the barrier for the conversion

AG” =R-T.-In (13)

from one conformer into the other. In equation 13 R is the universal gas constant, T, is
the coalescence temperature of the respective process, N4 is the Avogadro-constant, h the
Planck-constant and Aé the difference of two adjacent methoxy-singlets at the respective
temperature. The analysis revealed that in solution are subsets of conformers coexisting with
two related coalescence temperatures. The energies and the values taken for the calculations
are summarised in Table 11.

To get an idea what the main conformers could be in solution, molecular mechanics energy
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2.8 Conformational analysis of the molecular dyads

Table 11: Parameters determined from the analysis of the variable-temperature NMR, data:
coalescence temperatures (T.), difference in chemical shift (Ad) between two methoxy-singlets,
and calculated energy barrier (AG7) for the interconversion from one conformer into the other.

T, K] | Ad [Hz] | AG7 [kJ/mol]
298 24 52
243 14.8 65

minimization calculations were performed at the MMFF level of theory using Spartan ’08
version 1.2.0. It was possible to identify 2 main conformers, each with a local thermodynamic
minimum (Figure 2.23). One conformer allows for the donor and acceptor to come to close
proximity and is therefore called the ’closed’ form (on the left in Figure 2.23). The other
conformer is a more 'open’ form, were donor and acceptor are not that close anymore (right
in Figure 2.23).

Table 12: Distances measured through space from the N-atom of the TAA to the Ru-atom of
the photosensitiser. The structures were priorly optimised and the distances measured with
Mercury 3.9.

n=1|n=2|n=3
Form | [A] [A] [A]

open 11.8 12.6 16.4
closed 7.6 8.6 10.4

(a) Minimum of the ’closed’ form (b) Minimum of the ’open’ form

Figure 2.23: Calculated minima of [TAA-(o-phy)-Ru(bpy)s]?*. Through space distances of
donor and acceptor are given in Table 12.
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2.8 Conformational analysis of the molecular dyads

Figure 2.24: Molecular mechanical energy-minimised structure of [TAA-(o-phs)-
Ru(bpy)s](PFg)2 in the open form. Changing the torsional angle around the highlighted
atoms (orange arrow) leads to a conversion from the 'open’ to the ’closed form’.

The two conformers could be converted into one another through rotating around the
C —C bond between the first phenylene rings after the ester bond (Figure 2.24, orange arrow).
A successive turn of 15° around that bond with a subsequent energy minimisation leads to
an energy diagram where two distinct minima could be identified and leads to the before
mentioned ’open’ and ’closed’ form. The calculations revealed as shown in Figure 2.25 that
for all three dyads two distinct minima can be observed. The lowest obtained value was always

set to 0 and the energy is given in AFE in respect to the minimum.
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2.9 Summary and Outlook
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Figure 2.25: Energy of MMFF minimised structures with a set torsion angle which was
rotated in 15° steps around the C — C-bond marked through orange arrow (Figure 2.24). Two
dictinct minima are observable for all structures.

2.9 Summary and Outlook

OR the first time electron transfer mediated through oligo-ortho-phenylenes was reported.
This bridge shows a remarkable shallow distance dependence for electron transfer, which
leads to a f-value of 0.04 Ail. This type of bridge mediates electron transfer even better
than their oligo-para-phenylene relatives. The charge transfer properties are as good as for
example for fluorene, OPV and OPE bridges, though in these systems hopping is the current
mechanism which is basically length independent. The prevailing mechanism for hole transfer
across ortho-phenylenes is tunnelling and it seems likely that the comparatively short o-
pathway compared to para-phenylenes has an important role within the mechanism. Therefore

oligo-ortho-phenylenes can be accounted as a new promising class of molecular wires.
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3 Electron transfer through oligo-ortho-naphthalenes

IN collaboration with the group of SPARR, a system similar to the ortho-oligo-phenylenes
was designed and investigated. Instead of oligo-ortho-phenylenes, the bridge should be

"~ |(PFe)2

A

(0] N/ ‘\N N
™ ! N\ ! Pz
N l/
oL N
MeO OMe

TAA-(o-naph)-Ru(bpy)s(PFe). TAA-(o-naph),-Ru(bpy)s(PFg),

Figure 3.1: Dyads investigated in collaboration with the group of SPARR.

comprised of oligo-ortho-naphthylenes (Figure 3.1). After the exploration of configurationally
stable oligo-1,2-naphthylenes, ™! it was of interest to explore photoinduced electron transfer
in atropoisomeric bridges. Atropisomers are stereoisomers resulting from a restricted rotation
around a single bond that allows to isolate these different stereoisomers.[™ In Figure 3.2 the
concept of atropisomers is explained. The rotation around the C — C bond of the phenylenes
is restricted and therefore results in two enantiomers A1l and A2. Usually in biphenyls the
atropisomer stability is higher, the bigger the substituents. This concept is applied on the
ortho-naphtylenes and the electron transfer in the different diastereomers should come under
particular intense scrutiny. In the following chapters, the spectroscopic data obtained for the

two dyads, shown in Figure 3.1, will be presented.

A

X Ay
(<= (O
B Y B X
A1 A2

Figure 3.2: Example of atropisomers A1l and A2. Both are enantiomers due to their chirality
axis with a defined sense of chirality.[™
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3.1 Optical spectroscopy

3.1 Optical spectroscopy

UE to the same applied donor and acceptor moieties in the dyads, similar oxidation po-
D tentials, as well as driving forces are expected. Further a similar transient spectrum
should be obtained after electron transfer, due to the fact that the spectroscopic signatures
of TAAT and Ru(bpy); will stay the same.

The ground state absorption spectra of the so far synthesised dyads were recorded in 20 pnM
MeCN-solutions. The band at 450 nm can analogously to the priorly reported dyads (chapter
2.3) be attributed to MLCT transitions of the Ru(bpy)3 -sensitiser. At 290 nm 7* < 7 tran-

sitions localised on the bipyridine ligands of the photosensitiser are observable (Figure 3.3).

12 1
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¢/ 10 L mol'cm
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Figure 3.3: UV-Vis spectra of the two dyads synthesised by the group of SPARR. The
spectra were recorded in MeCN at RT.

3.2 Steady state luminescence

TEADY state luminescence spectra were recorded for the two dyads in MeCN after ex-
S citation in the 'MLCT state of the Ru(bpy)?r. For both dyads no emission could be
recorded, therefore it is assumed that through electron transfer from the TAA to the photo-
sensitiser efficient excited state quenching took place. An energy transfer from the excited
Ru-photosensitiser to the naphthalene can be ruled out due to the higher triplett energy Er
of the naphthalene which is 2.63 eV and therefore roughly 0.5 eV higher, when compared to
Eoo (Ru(bpy)2t) = 2.12 &V.[7]

3.3 Transient absorption spectroscopy

SINCE there was no SMLCT-emission from the chromophore visible in the steady state emis-
sion spectrum, the dyads were subjected to transient absorption measurements. Therefore
20 pM solutions of the two dyads in MeCN were excited at 532 nm with laser pulses of ~10 ns

duration. The evolution of transient signals was monitored and the spectra were time inte-
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3.3 Transient absorption spectroscopy

-10

-201

-30 T T T T
300 400 500 600 700 800
wavelength / nm

Figure 3.4: Transient absorption spectra of the two dyads. The spectra were recorded after
excitation at 532 nm with laser pulses of ~10 ns duration. The spectra were then integrated
over a time of 200 ns.

grated over 200 ns. Transient bands arise at 380, 500 and 750 nm and are in good agreement
with the before shown spectro-electrochemical measurements for the ortho-phenylene bridged

dyads (Figure 2.4), which should have the same spectroscopic features.

3.3.1 Photoinduced forward charge shift reaction

HE photoinduced forward reaction was monitored via ps-laser spectroscopy. The forma-
T tion of the transient band at 750 nm (TAAT) after excitation at 532 nm with laser
pulses of ~30 ps duration was monitored. In Figure 3.5 the red traces are the recorded rises
for the transient band at 750 nm. Black curve depicts the mono-exponential fit to the data.

The time constants are summarised in Table 13.

TAA-(o-naph)-Ru(bpy),**

TAA-(o-naph),-Ru(bpy),**

0 2 4 6 0 2 4 6
time / ns time / ns
Figure 3.5: Temporal evolution of the transient signal at 750 nm after excitation at 532 nm
with laser pulses of ~ 30 ps duration. The red traces belong to the obtained signal and the
black curves depict the exponential fit to it. The time constants are summarised in Table 13.
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3.3 Transient absorption spectroscopy

Table 13: Time constants for the intramolecular photoinduced charge-shift reaction from
TAA™ to excited Ru(bpy)3" in MeCN.

compound ‘ Tos [ps]
TAA-(o-naph)-Ru(bpy)3" 110
TAA-(o-naph)a-Ru(bpy)3 " 320

3.3.2 Thermal back electron transfer

ﬁ FTER the photoinduced forward charge-shift reaction has been investigated, the back

reaction from the charge separated state came under particular intense scrutiny. The

17

AOD / AOD,

0.1

0 100 200 300
time / ns

Figure 3.6: Decays of the transient absorption signals at 750 nm for the two dyads in MeCN.
For analogous decays recorded at 380 and 500 nm see Appendix Figure A.9. Colour code is
black: n = 1, red: n = 2.

decay of the transient signals at 380, 500 and 750 nm was therefore monitored. In Figure 3.6
the decay of the signal at 750 nm for the two dyads can be seen. For both dyads this
revealed mono-exponential decay curves (to see the complete decay curves see Appendix
Figure A.9).The decay was measured in 20 pM solutions of the dyads in deaerated MeCN,

after excitation at 532 nm with laser pulses of ~10 ns at 22 °C.

Table 14: Timeconstants for the thermal back reaction of the two so far synthesised dyads
in MeCN. Lifetimes were determined via fitting the kinetic traces in Figure A.9 mono-
exponentially.

compound ‘ TET N8|
TAA-(o-naph)-Ru(bpy)3" 70
TAA-(o-naph)a-Ru(bpy)3™ 120
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3.4 Summary and outlook

3.4 Summary and outlook

OR the first time, electron transfer through ortho-1,2-naphthalynes has been reported.
The special feature about this bridging unit is the possibility of forming different at-
ropoisomers. So far the herein reported dyads consist of enantiomers which exhibit the same

physical properties, due to the number of naphthalene units. When incorporating another

~ ](PFg)2

Figure 3.7: The future dyad of interest. Through the chirality centers (marked with an
asterisk *) it should be possible to isolate two distinct isomers.

naphthalene unit, two stereogenic axes become available. This leads to four different config-
urations: Ry Rq, SqSa, RaSq and S, R,. In Figure 3.8 the different possible configurations are
depicted. Only the ones connected with a green arrow exhibit different physical properties.
These two atropisomers should then be accessible upon elongation and the electron transfer

through these should be investigated.

S.S S.R.

enantiomers

R.S. R:R,

Figure 3.8: Through two stereogenic axes the four possible configurations exist: R, R, Sq4Sa,
R.S, and S, R,. The connection through a black arrow shows the enantiomers who have the
same physical properties. The green arrows mark the diastereomers, which exhibit different
physical properties.
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4 Luminescent Ni(0) complexes

HE following review summarises the scarce examples of emissive Ni(0) complexes at room
T temperature. Only a handful have been reported until today which show emission at RT
and these will be presented in the review. The relevance of these complexes will be illustrated
and a prospect of future ligand designs will be given to explore their potential. After the
introductory review two examples of naphthalene based ligands which are envisaged in the

outlook of the review and first preliminary results will be shown.
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With its 3d'® valence electron configuration Ni(0) is isoelectronic with Cu(l). While many Cu(I) complexes
emitting from metal-to-ligand charge transfer (MLCT) excited states have been explored, the number of
luminescent Ni(0) complexes known to date is very limited. Ni(0) is typically stabilized by carbonyls,
phosphines or isocyanides due to the m-acceptor properties of these ligands, and photoluminescence
has been reported in a few selected cases that are reviewed herein. Recent studies indicate that chelating
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could be interesting for a similar range of applications as with photoactive Cu(I) complexes, including
for example luminescent devices, solar cells, and organic photoredox reactions.
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1. Introduction

The photophysics and the photochemistry of Cu(l) complexes
with long-lived >MLCT excited states have received significant
attention over the past few decades [1-4]. Cu(l) is an attractive
earth-abundant alternative to traditional d® *MLCT emitters made
from precious metals such as Ru(ll), Re(I), Os(Il), and Ir(Ill) [5].
While many initial studies of emissive Cu(lI) complexes focused
on basic photophysical aspects such as the distortion in the MLCT
excited states [6-9], more recent studies tend to put a stronger
emphasis on possible applications. This includes for example the
use of Cu(l) complexes as luminophores in light emitting devices

Abbreviations: dbiy, 1,3-di-t-butylimidazol-2-ylidene; dpp, 2,9-diphenyl-1,10-
phenanthroline; dppe, 1,2-bis(diphenylphosphino)ethane; MLCT, metal-to-ligand
charge transfer; NHC, N-heterocyclic carbene; PPhs, triphenylphosphine; P(OPh)s,
triphenylphosphite; P(0-o-cresyl)s, tri(o-xylyl)phosphite.

* Corresponding author.
E-mail address: oliver.wenger@unibas.ch (0.S. Wenger).

https://doi.org/10.1016/j.ccr.2018.01.003
0010-8545/© 2018 Elsevier B.V. All rights reserved.

[10,11], as dyes in solar cells [12], and as sensitizers for organic
photoredox conversions [4,13,14]. At the same time, isoelectronic
Ni(0) complexes have received very little attention, despite the fact
that similarly favorable excited-state properties could be antici-
pated. Herein we provide a survey over the currently known lumi-
nescent Ni(0) complexes and discuss their properties in the context
of other MLCT emitters made from earth-abundant metals.

2. From early structural studies to emissive complexes

The low oxidation state of Ni(0) asks for stabilization by m-
acceptor ligands such as carbonyl, isocyanides, phosphines, or
phosphites. Ni(CO),4 can be considered the prototype of a tetrahe-
dral Ni(0) complex and some analogous isocyanide complexes
have long been known [15-17]. Early infrared spectroscopic stud-
ies demonstrated that isocyanides can indeed simultaneously act
as good G-donors and m-acceptors to Ni(0). These initial IR studies
also indicated that the actual point symmetry of the Ni(CNC)4
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groupings in homoleptic complexes with monodentate isocyanide
ligands is lower than T4, compatible with the view that the
M—C—N—C entities are nonlinear as a result of the metal-carbon
n-bonding [18]. Initial studies focused on tetrakis(arylisocyanide)
complexes of Ni(0), whereas tetrakis(alkylisocyanide) complexes
became accessible in analytically pure form somewhat later
[19,20]. Crystallographic studies of different tetrakis(arylisocya
nide)nickel(0) complexes provided direct evidence for the antici-
pated slightly distorted structures [21,22], and in one rather spe-
cial case a macrocyclic tetra-arylisocyanide complex of Ni(0) was
reported [23]. More recent studies of Ni(0) isocyanide complexes
have focused on coordinatively unsaturated Ni(CNR); complexes
as isolable analogues of unsaturated metal carbonyls, such as for
example Ni(CO); or Fe(CO), [24-27]. However, the potential lumi-
nescence properties of Ni(0) isocyanide complexes did not seem to
receive any attention until very recently [28].

By contrast, luminescent Ni(0) phosphine complexes were
already reported by Dori and co-workers nearly 50 years ago
[29]. The respective early study explored more than 50 different
d'® metal complexes with phosphine and arsine ligands. In addi-
tion to Ni(0), complexes with several other d'® metals were inves-
tigated, including Pd(0), Pt(0), Cu(I), Ag(I), Au(I), Zn(II), Cd(1I), and
Hg(Il). The study reported that, in the solid state at 77 K, all of these
complexes exhibited luminescence after irradiation with a
mercury-vapor lamp, although quenching was observed for Ag(I),
Au(I), Cd(II), and Hg(II) at higher temperatures [29]. The general
structure of the Ni(0) complexes was as represented in Scheme
1a with R'=phenyl or substituted phenyl and R®=aryl, alkyl,
cycloalkyl and alkoxy. Unfortunately, actual luminescence spectra
of Ni(0) complexes were not shown in this short communication.
However, it was noted that the emission is likely due to d - n*
charge-transfer type excitations [29].

The first report of Ni(0) phosphine and phosphite complexes
which possess long-lived emissive excited states in fluid solution
at room temperature appeared in 1985 [30]. THF solutions of Ni
(PPhs)s and Ni(P(O-o-cresyl);)s (Scheme 1b, c) were reported by
Caspar to show luminescence with band maxima at 740 and 645
nm, respectively. For the latter, an excited-state lifetime of 5.13
ps and a luminescence quantum yield of 0.293% in N,-saturated
THF solution at 25 °C was reported [30]. However, several lines
of evidence indicated that in the investigated class of NiL,, PdL,,
and PtL, complexes the luminescence originates from species that
are three-coordinate in both the ground and excited states. This
interpretation made sense, since it was known that in solution
the respective ML, complexes exist in equilibrium with ML; and
ML, species. Luminescence quantum efficiencies were found to
decrease upon addition of excess ligand, compatible with the view
that coordinatively unsaturated species are the emitters. Organic
triplet acceptors did quench the luminescence with rates depend-
ing systematically on the triplet energies of the organic acceptors,
indicating that the emission originates from triplet states. The

a.) b.)
TR‘(RZ)Z l|=’|=h3
1,52 /Ni'. PR1(R2)2 Ph P/NiQIIIPPhS
RIR).P 12 3 PPh
PR(R"), 3

relative insensitivity of the observed emission spectra to the nature
of the phosphine, phosphite, and arsine ligand for a given metal
(either Ni(0), Pd(0), or Pt(0)) suggested that the excited state is lar-
gely metal-localized in character. Based on extended Hiickel calcu-
lations it was hypothesized that the lowest excited state for planar
ML; d'° complexes involves the promotion of an (n) d-electron to a
vacant metal-localized (n + 1) p-orbital [30]. In light of studies on
Cu(I) complexes it seems possible that THF solvent molecules can
weakly coordinate to these ML; complexes [9].

The next report on luminescent Ni(0) complexes appeared 12
years later in a comparative study of Ni(dppe);, Ni(CO),(SbPhs),,
and NiL, with L= AsPhs, SbPhs, P(OPh); by Frem and coworkers
[31]. These complexes were synthesized from a Ni(ll) source using
NaBHj, as a reducing agent. Ni(AsPhs), could be stored in stoppered
vials for 3 years, Ni((OPh)3)4 was found to decompose over the per-
iod of a few days, and Ni(SbPhs), decomposed instantly when
exposed to air. All complexes exhibited orange luminescence in
the solid state and in fluid solution at room temperature. From
the solid-state excitation and emission spectra in Fig. 1 it is seen
that there are fairly large Stokes shifts of ca. 11,000 cm ™', and this
was interpreted in terms of luminescence from a spin-forbidden
transition. Given the m-accepting characters of the ligands, the
emissive excited state was assigned to *MLCT. Luminescence life-
times could not be determined due to instrumental limitations.

The structurally related Ni(CO),(PPhs), complex was investi-
gated in the year 2000 by Kunkely and Vogler [32]. Compared to
Ni(CO), which exhibits efficient photodissociation, the heteroleptic
Ni(CO),(PPh3); complex was found to be relatively stable. Follow-
ing excitation at 356 nm, the complex showed red emission with a
band maximum at 650 nm (dotted line in Fig. 2) both at room tem-
perature in fluid acetonitrile and at 77 K. At such low temperature,
the luminescence quantum yield was 102, The excitation spec-
trum roughly matched the absorption spectrum (solid line in
Fig. 2). Similar to the complexes discussed above, there is a large
shift between the emission band maximum and the maximum of
the energetically lowest detectable absorption band. It was noted
that in principle the lowest energy transitions could be either
MLCT or intraligand (IL) transitions on the arylphosphine ligands
(as observed previously in some Cu(l) arylphosphine complexes),
but the assignment to >MLCT states was favored. From the very
large shift between absorption and emission (Fig. 2) it was inferred
that excitation to the emissive state is associated with a consider-
able structural change, in analogy to what is commonly observed
for Cu(I) polypyridyl complexes upon MLCT excitation.

In 2003 the same investigators reported on an interesting con-
ceptual advance from phosphine to N-heterocyclic carbene (NHC)
ligands (Scheme 2), leading them from the previously investigated
Ni(CO),(PPhs), to the new Ni(CO),(dbiy), complex (dbiy = 1,3-di-t-
butylimidazol-2-ylidene) [33]. NHC ligands are comparatively
weak m-acceptor ligands and hence MLCT transitions are expected
to occur at higher energies than with phosphines. Indeed, the

T(O—o-cresyl)s

Ni"""P(O-o-cresyl)s
P(O-o-cresyl) 3

Me : Me

P(O-o-cresyl) 3 = O'?'O~©
)
X,

(O-o-cresyl) ;P -

Scheme 1. Molecular structures of some Ni(Q) complexes investigated in the context of luminescence in the early literature [29,30].
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Fig. 1. Excitation (solid lines) and luminescence (dotted lines) spectra of (a) Ni
(dppe)z: (b) Ni(CO);(AsPhs),; (¢) Ni(CO)x(SbPhs); (d) Ni(CO)y(P(OPhs)z at room
temperature in the solid state [31].
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Fig. 2. Absorption (solid line) and luminescence (dotted line) spectra of
Ni(CO),(PPhs),. Absorption was recorded in CH;CN at room temperature, emission
in the solid state at 77 K [32].

emission band maximum for Ni(CO);(dbiy), in CH3CN was at
510 nm at room temperature (Fig. 3) [33], compared to 650 nm
for Ni(CO),(PPhs), under identical conditions (Fig. 2) [32]. Due to
lack of significant overlap between the lowest-energetic MLCT
absorption and the MLCT luminescence band, the emissive state
was assigned to a triplet, and it was noted that this is somewhat
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Scheme 2. Molecular structure of a Ni(0) complex with N-heterocyclic carbene
ligands [33].
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Fig. 3. Absorption (solid line) and luminescence (dotted line) spectra of
Ni(CO),(dbiy); in CH5CN under Ar at room temperature [33].

Cu(dpp),”

Ni(CNR'NC), Ni(CNR’NC),

Scheme 3. Molecular structures of two Ni(0) complexes with bidentate isocyanide
ligands (a, CNR'NC; b, CNR*NC) and (c) the Cu(dpp)3 parent complex (dpp = 2,9-
diphenyl-1,10-phenanthroline) [28].

intriguing because Ni(0) should not exert a strong heavy atom
effect. On the other hand, it was also noted that this behavior is
in line with isoelectronic Cu(l) complexes.

The next publication on luminescent Ni(0) complexes appeared
in 2017 after a break of 14 years, when we reported on two
homoleptic complexes with bidentate isocyanide ligands
(Scheme 3a and b) [28]. We had previously discovered that such
chelating isocyanides provide access to relatively robust d® metal
complexes made from Cr(0) and Mo(0) that are luminescent ana-
logues of well-known Ru(ll) polypyridyl and cyclometalated Ir
(Il1) complexes [34-38]. The molecular design of the Ni(0) com-
plexes in Scheme 3a and b was inspired by the structure of the
Cu(dpp); parent complex (dpp =2,9-diphenyl-1,10-phenanthro
line), in which the phenyl-substituents in a-position to the ligating
N-atoms are used to impede planarization in the MLCT state,
thereby enhancing the luminescence properties [1,5]. >MLCT lumi-
nescence is indeed observed, albeit only in frozen solvent matrices
at 77 K, but not at room temperature (dotted lines in Fig. 4) [28].
The cyclic voltammogram recorded in THF for one of the two com-
plexes resembles some of the voltammograms typically reported
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Fig. 4. Absorption (solid lines) and luminescence (dotted lines) spectra of the two
Ni(0) complexes from Scheme 3 (a, Ni(CNR'NC)y; b, Ni(CNR?NC),). Absorption was
recorded in THF at room temperature, emission in toluene at 77 K [28].

for Cu(l) bis(diimine) complexes. These undergo a (reversible)
change in coordination number upon oxidation to Cu(ll), as
exploited in molecular machines [39]. This observation and the
lack of MLCT luminescence at room temperature suggest that the
ligand design is sub-optimal, in that planarization in the MLCT
state is not sufficiently suppressed. Alternatively, it is conceivable
that hemi-lability of the diisocyanide ligands represents an impor-
tant pathway for nonradiative excited-state relaxation.

3. Summary and conclusions

While luminescent Cu(l) complexes have received enormous
attention resulting in hundreds of publications, there seem to be
only 6 papers reporting luminescence of isoelectronic Ni(0) com-
plexes. The first study appeared in 1970 [29], and then there were
scattered reports by different researchers in 1985 [30], 1997 [31];
2000 [32], 2003 [33], and 2017 [28]. Ligand classes that have been
used so far comprise phosphines [29-32], phosphites [30,31], arsi-
nes [31], antimonines [31], N-heterocyclic carbenes [33], and iso-
cyanides [28]. In most cases, monodentate ligands were
employed [29-33], but some bidentate chelators were also used
[28,31]. Emission in the solid state (at 77 K or at 298 K) was
observable in all cases, but luminescence in fluid solution at room
temperature is rare. The luminescence originates from an MLCT

excited state in most cases [28,31-33], but it was noted that sev-
eral of the used ligands could have n-r* transitions that are ener-
getically close [32]. In one early study, the luminescence was
attributed to coordinatively un-saturated NiL; species exhibiting
an emissive d — p transition [30]. The long luminescence lifetimes
detected in most cases are compatible with spin-forbidden transi-
tions from triplet excited states. Table 1 summarizes luminescence
data for all Ni(0) complexes for which a minimum level of detail is
known; this excludes some of the very early compounds [29].
Assignment of the luminescence transitions proved somewhat
challenging in many of the Ni(0) cases studied so far. For several
examples it was not clear whether MLCT, intraligand, or some
other type of transition is responsible for the emission, and future
studies will have to address this issue both from an experimental
and computational perspective.

The small number of known luminescent Ni(0) complexes com-
pared to isoelectronic Cu(l) species most likely reflects the fact that
Ni(0) complexes are substantially more readily oxidizable, making
their synthesis and characterization more tricky and perhaps lim-
iting their (immediately evident) application potential relative to
Cu(l) complexes. Nevertheless it seems worthwhile to explore
the possibility of obtaining Ni(0) complexes with improved lumi-
nescence properties. Currently, Ni(0) *MLCT emission is restricted
to the solid state or to cryogenic temperatures in most cases, and
large Stokes shifts indicate sizeable excited-state distortions. The
strategies applied so successfully in Cu(I) bis(diimine) complexes
to suppress excited-state distortions should in principle be applica-
ble to Ni(0) complexes as well [1,5]. The step from monodentate to
chelating bidentate ligands is a first advance in that direction
[28,31], and future avenues could include rigidification of such
chelators, introduction of sterically more demanding groups, and
the synthesis of heteroleptic complexes made from two different
types of chelating ligands.

Some of the many known Cu(l) complexes have remarkably
good luminescence properties, and one may of course question
whether Ni(0) complexes will ever perform equally well. However,
one aspect in which Ni(0) complexes with sufficiently long-lived
excited states are likely to be highly competitive with Cu(I) species
is their reducing power in the emissive SMLCT state [28], and this
could be of interest for photoredox applications.

Currently, there is yet significant room for improvement regard-
ing the luminescence properties of Ni(0) complexes, but the same
is true for many other emitters made from non-precious metals. In
addition to the abovementioned Cr(0) [35], Mo(0) [34], and W(0)
isocyanide complexes [36,40,41], recent promising discoveries
include for example Fe(Il) [42], Fe(Ill) [43], Cr(Ill) [37,44,45], Zr
(IV) [46], and Ce(Ill) complexes [47,48].

Table 1

Luminescence properties of Ni(0) complexes (/max = emission band maximum; t = luminescence lifetime; ¢ = luminescence quantum yield).
Compound Jmax/NM Stokes shift/cm " T/us o (%) Assignment
Ni(PPh;), 740" NiLs, d - p
Ni(P(0-o-cresyls); 645" 5.13" 0.293" Nils,d - p
Ni(P(OPh)s)s 634" 324" MLCT
Ni(AsPhs), 620° ~11,000 cm ! 20.2" MLCT
Ni(SbPhs), 634" ~11,000 cm ™! 9.7° MLCT
Ni(dppe), 613" ~11,000 cm™' 7.6" MLCT
Ni(CO),(PPhs), 650° 0.1¢ MLCT
Ni(CO)(SbPhs), 639" MLCT
Ni(CO),(dbiy), 510° MLCT
Ni(CNR'NC), 520° 020-1,10° MLCT
Ni(CNR?NC), 560° 0.23-1.20° MLCT

? In N,-saturated THF at 25 °C, from Ref. [30].

b In the solid state at room temperature, from Ref, [31].

© In the solid state at 77 K, from Ref. [33].

9 In CH3CN under Ar at room temperature, from Ref. [33].
¢ In frozen toluene at 77 K, from Ref. [28].
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4.1 Ligand design

4.1 Ligand design

UE to its before mentioned 3d'° configuration, a ligand with a free m*-orbital to allow for
D a metal to ligand charge transfer (MLCT) would be desirable. The 7*-orbitals of the
ligands should be of such energy that the transition would occur in the visible region of the
absorption spectrum. Due to a formal Ni(I) centre after the MLCT, this will result in a 3d°
configuration. Ni(0) favours a tetrahedral geometry, and it is to be expected that Ni(I) would
prefer a higher coordination number where it could be possible that solvent molecules coor-
dinate to the centre and further leading to radiationless deactivation of the excited state.[0!
In order to prevent excited state distortion, the ligand should provide enough steric bulk.

[51] it seemed

Based on a previously published study on nickel-complexes with isonitrile ligands,
promising to further develop the therein made discoveries. Namely to stabilise the Ni(0) cen-
ter, m-accepting ligands should be applied. Here phosphines as a ligand motif were chosen.
Further a ligand design with at least two equal coordination sites was desired, to further in-
crease the complex stability through chelating ligands. This could further protect the complex
against substitution reactions. The backbone of the ligand needed to be designed to enable a
low-lying MLCT transition state and as mentioned before, the ligand should possess a certain
bulkiness. These features were then combined and the ligand as shown in Figure 4.1 was
designed. It was hoped that the m*-orbitals of the naphthalene backbone would be of the
right energy to allow for a low-lying MLCT excited state. The diphenylphosphines in 2 and 3
position should have a sufficient biting angle to coordinate a Ni-atom and the phenyls should
be capable of increasing the steric demand to an extent enough to suppress significant excited

state distortion and solvent molecule coordination.

Figure 4.1: The designed phosphine ligand for possible emissive Ni(0)-complexes.

4.1.1 DFT calculations

DFT calculations were performed to assess the success of the ligand design. Initially the
structures were energy minimised at the MMFF level of theory using Spartan ’08 ver-

sion 1.2.0. These preoptimised structures were then calculated with Gaussian. Optimisation
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4.1 Ligand design

of the ground-state geometry in different solvents was of interest as well as a calculation
of the ground-state absorption spectrum. This was of special interest due to the desired
MLCT absorption in the visible range of the spectrum. Different functionals were applied,
namely the B3LYP and CAM-B3LYP."".78 B3LYP is known to underestimate the energy of
MLCT-transitions in comparison to CAM-B3LYP, whereas the latter models charge-transfer
transitions better.[™ The 6-31G(d,p) basis set was chosen for C, H, P and O atoms due to
its good balance between calculational accuracy and computational costs.[®) For the nickel
atom LANL2DZ as an effective core potential was chosen.[81:82

First of all it was of interest whether the biting angle is large enough for a coordination to
Ni(0). Additionally the steric demand of the phenyl-rings was a concern which might prevent
coordination by steric repulsion. The optimisation and frequency calculations were followed
with time-dependent DFT calculations to obtain the UV-Vis spectra. At first the calcula-
tions were done in vacuo and to get a hint of the solvent influence subsequently performed
for MeCN, DCM, hexane, tetrahydrofuran (THF) and toluene. The results of the structure
optimisation predict a homoleptic Ni(0) complex (Figure 4.2), therefore the attempt with
the designed ligand seemed promising. The following calculations should reveal whether an
absorption band in the visible is to be expected. The calculated UV-Vis absorption spectra
(Figure 4.3) show that for all used functionals and solvents an absorption band in the visible

can be expected. In all cases the CAM-B3LYP functional describes a spectrum shifted more

Figure 4.2: Calculated structure in toluene with with the BSLYP functional. Colour code is:
Green the nickel-, orange the phosphorous-, black the carbon- and white the hydrogen-atoms.
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4.2 Synthesis
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Figure 4.3: Calculated UV-Vis absorption spectra with the different functionals in different
solvents.

to the red, whereas the B3LYP functionals predict an absorption spectrum more shifted to
the blue. Anyhow an absorption in between these predictions can be expected. Both spectra
show two distinct transition bands, independent of the used functional. From the calculations
the main contribution is a transition from a nickel centred highest occupied molecular or-
bital (HOMO) to a naphthalene centred lowest unoccupied molecular orbital (LUMO). Due

to the promising calculations, synthetic routes needed to be developed.

4.2 Synthesis

HE synthesis should start from easy available and cost efficient starting materials. There-
fore 1,2,4,5-tetra-bromobenzene was chosen (Figure 4.4).

“ “ :Pth Brj : Br

PPh, Br Br

L1

Figure 4.4: Retrosynthesis of the desired ligand L1.

Based on the work of the group of SPARR the 1,2,4,5-tetra-bromobenzene could be func-
tionalised through a first treatment with n-buthyl-lithium (BuLi) followed by a cycloaddi-
tion reaction with furan and a subsequent reduction to the 2,3-dibromonaphthalene (Fig-
ure 4.5).183°85] Both reaction steps worked with excellent yields (see chapter 7).

Different approaches for the transformation of the halides to the diphenyl phosphines were
tried. First a double lithiation followed by an electrophilic attack with CIPPhy was at-
tempted and did not lead to the desired product. Attempts were made to do the func-
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4.2 Synthesis
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Figure 4.5: Synthesis of the precursor for the desired naphthalene based phosphine ligand
L1.
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Figure 4.6: Synthesis after SALVATORE for the functionalisation to the diphenylphosphines.

tionalisation stepwise, but still no product could be obtained. Therefore the route by SAL-
VATORE was applied which was reported for the functionalisation of 1,2-dibromobenzene to
1,2—bis(diphenylphosphino)benzene.[86] The synthesis gave the desired ligand L1, though in
low yields and the characterisation remained difficult (Figure 4.6). Though the 'H-NMR
spectrum shows the right integral of protons, there are several signals visible in the 3'P-NMR
spectrum. However, a Matrix-assisted Laser Desorption/Ionization (MALDI) spectrum of
the ligand could be obtained where no other species were visible (Figure 4.7). Therefore two

equivalents of the tentative ligand were reacted with Ni(COD)q in THF at RT. After removal

497.483
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Figure 4.7: a.) Cut-out from the "H-NMR spectrum of the aromatic region of the tentative
ligand L1. b.) MALDI spectrum of L1.
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4.3 UV-Vis and steady-state luminescence spectroscopy

Ph,
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Figure 4.8: Synthesis of the complex after CUMMINS.

of the solvent a dark red crystalline solid was obtained (Figure 4.8).187 Solely a MALDI spec-
trum was obtained that only showed the desired mass peak, but only in very low intensity
(Figure 4.9). A satisfying 'H-NMR. spectrum could not be obtained, due to the pronounced
air- and water sensitivity of the compound. The compound proved to be significantly more ro-
bust in the solid state compared to solution. The decomposition in solution could be followed

by the bleaching of the colour of the solution.

4.3 UV-Vis and steady-state luminescence spectroscopy

LTHOUGH only a MALDI-spectrum gave indication of the successful synthesis, spectro-
A scopic investigations were performed, to evaluate the potency of the complex as new
luminophore. To determine the energy of the MLCT transition , a UV-Vis spectrum in dry
and deaerated toluene under an Ar-atmosphere was recorded (Figure 4.10). The spectrum
consists of a very broad and unstructured absorption band with a long tail in the red. The

maximum is around 500 nm and around 380 nm slight maxima can be seen which could be

1050.394  Chemical Formula: CggHs,NiP,
250 ] calculated m/z: 1050.24
250
200 1 200
5 %:-150
:; 150 4 2100
‘0
o 50
E 0
100 1 1030 1040 1050 1060 1070 1080 1090 1100
m/z
50 1
0
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Figure 4.9: MALDI spectrum of the Ni(L1)s complex.
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4.3 UV-Vis and steady-state luminescence spectroscopy
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Figure 4.10: UV-Vis spectrum of the tentative Ni(L1y) complex was recorded in dry and
deaerated toluene.

tentatively attributed to the vibronic fine structure for the naphthalene absorption, where
this pattern is characteristic.[®8) It was assumed that the broad absorption feature which tails
nearly to 640 nm can only be a result of an MLCT, therefore the emission of the complex
was tested after excitation at 530 nm. After excitation of an 300 pM solution of the Ni(L1)o-
complex in deaerated and dry toluene at 530 nm, emission bands with a maximum at 600 nm
were visible (Figure 4.11). The emission spectrum shows the same structured pattern that
was also slightly seen in the absorption spectrum. The maxima are at 565, 580, 595 and
610 nm. The structured emission leads to the assumption that the emission is ligand centred.
Further a broad band around 750 nm is detectable and a sharp band at 790 nm. Most likely
these are artifacts, due to the insufficient sensitivity of the detector in this region. To proof
that at 530 nm it is not the ligand that was excited and the emission is solely originating
from the complex Ni(L1)s, an emission spectrum of the free ligand L1 was recorded under
the same conditions. After excitation at 530 nm, the free ligand L1 shows no emission. In
Figure 4.12 it can be seen that the ligand shows only emission after excitation at 350 nm, and

the emission occurs shifted to the blue compared to the emission spectrum of the complex,
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Figure 4.11: Photoluminescence spectrum of Ni(L1)s in 300 pM solution in deaerated and
dry toluene after excitation at 530 nm.
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4.4 Transient emission spectroscopy
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Figure 4.12: Green: Emission spectrum of the ligand L1 after excitation at 350 nm. Blue:
Excitation spectrum of the ligand with a detection wavelength Age; = 404 nm.

which is expected due to the change in the electronic structure after complexation to the
nickel-centre. Further an excitation spectrum of L1 was recorded and the detection wave-
length was Aget = 404 nm. The structure is similar to the less prone visible structure in the
UV-Vis spectrum (Figure 4.10).

4.4 Transient emission spectroscopy

HE steady-state emission spectrum showed a band with a maximum around 600 nm and
T a structured shape (Figure 4.11). To determine the time constant of the emission, the
complex was subjected to transient emission spectroscopy. The emission can indeed be seen
in the transient setup (Figure 4.13). Though the fine structure is not resolved, the max-
imum fits to the steady-state emission spectrum (Figure 4.11). The very sharp peak seen
at 532 nm in Figure 4.13 can be attributed to stray light from the laser used as excitation
source. The lifetime of the emission was too short to be measured with the transient setup
(pulse length ~10 ns), therefore the sample was subjected to time correlated single photon
counting (TCSPC) to determine the lifetime of the emissive state. The TCSPC-spectrometer

counts x102
— N N
[6)] o a
1 Il 1
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e
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Figure 4.13: Transient emission spectrum recorded after excitation of a 300 pM solution of
Ni(L1)s in dry and deaerated toluene at 532 nm with laser pulses of ~10 ns duration.
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4.5 Summary and Outlook
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Figure 4.14: Decay of the emission measured at 600 nm after excitation at 405 nm of a
300 pnM solution of Ni(L1)s in deaerated and dry toluene. The time constants as well as the
excitation (A¢;) and detection (Ager) wavelengths are given in the inset.

could only excite at 405 nm. The decay-curve shows an bi-exponential behaviour leading to
two time constants with a short component 7= 1 ns (72%) and a longer component 75 = 7 ns
(28%) (Insets in Figure 4.14).

Due to the fact that 405 nm is close to the ligand absorption itself (Figure 4.12), it is not
sure whether the emission observed originates solely from the complex or shows additional
contributions from the free ligand. Anyhow, the emission from the complex appears at ap-
proximately 600 nm whereas the ligand emission maximum is at 404 nm. Therefore ligand

centred emission as the origin of the second decay component is unlikely.

4.5 Summary and Outlook

N this chapter a promising new Ni(0) based luminophore was presented. The synthesis
I of the phosphine-naphthalene ligand L1 was presented as well as the complexation with
Ni(COD);y. Problems remained in the characterisation of the complex, due to its high air-
and moisture sensitivity. Anyhow, the preliminary results show that this complex could, after
improvement of the synthesis, be a new photosensitiser with potential application in emitting
devices, as dyes in solar cell or as sensitiser for organic photoredox catalysis.

To further improve the luminescent nickel-complexes, a promising approach could be the use
of phosphites instead of phosphines, due to their higher m-accepting properties and therefore

better stabilisation of the electron-rich nickel(0)-centre (Figure 4.15).[8%

OP(OPh)g
OP(OPh),
L2

Figure 4.15: Potential phosphite ligand.
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4.5 Summary and Outlook

4.5.1 Phosphite ligand

THE presented ligand in chapter 4.5 seemed to be worth exploring. Therefore synthetic
approaches towards a phosphite naphthalene ligand L2 were made. The clean synthe-

+ —
P<
OH PhO~ ~OPh dry Et;0 OP(OPh),
Figure 4.16: Synthetic approach towards the desired phosphite ligand L2

sis of the diphenyl phosphorochloridite turned out to be rather challenging. The diphenyl
phosphorochloridite should be available through a direct coupling of phenol with phosphorus
trichloride.®l The purification was reported via distillation.!%! Unfortunately it was not possi-
ble to separate the diphenyl phosphorochloridite from the triphenylphosphite (Figure 4.17).11
Despite the failed purification of the diphenyl phosphorochloridite, the mixture was subjected
to the procedure depicted in Figure 4.16 because it was expected that the triphenylphosphite
will not undergo the coupling with the 2,3-dibromo-naphthalene and the purification might
become easier after the reaction. Unfortunately this did not lead to the desired product and

no product was obtained.

127.97

158.24

PhO.__OPh PhO.__OPh
Ci OPh

190 170 150 130 110 90 70 50 30 10 -10 -30

Figure 4.17: Excerpt from the 3'P-NMR spectrum after distillation. The diphenyl phos-
phorochloridite was not seperable from the triphenylphosphite.
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5 New luminescent Titanium-complexes

UTHENIUM tris(bipyridine) is the benchmark for a class of photosensitisers exhibiting a
long living SMLCT excited state. To this class many other complexes based on noble
metals can be counted, such as Os(IT),%2] Re(I),19394 and Ir(I1I).1998) The use of more earth
abundant metals as luminophores, combined with the same photo-physical properties as their
noble role models, could be a promising alternative.
Titanium is the ninth most earth-abundant metal in the earth’s crust (Figure 5.1).99 Its
abundance makes it a desirable element for photoluminescent devices. A possible approach
for photoluminescent devices is the utilisation of electron rich metals and m-accepting ligands
(as discussed in chapter 4) to allow for a low-lying MLCT transition. Due to the heavy
metal effect of the complex centre, these can often undergo Intersystem Crossing (ISC) that
leads to a long living triplet excited state.[191:1921 Another possible strategy is the design of
metal complexes with electron deficient metals and electron rich ligands in order to access low
energy ligand to metal charge transfer (LMCT) states. Therefore titanium in its oxidation
state +4 and other & elements, seem to be a plausible choice for a photoactive transition
metal compound. Only a few relying on these d’-metals have been reported until today.
For example MILSMANN et al. reported on a luminescent Zr(IV)-complex with electron rich
pyrrolide ligands.193] The titanium analogue was also synthesised and characterised via X-ray
diffraction spectroscopy. For the synthesis of the complexes 2,6-bis(5-methyl-3-phenyl-1H-
pyrrol-2-y1)- pyridine (HoM*PDP) served as a ligand. The Ti(™*PDP)y-complex shows two
absorption bands with maxima at 777 nm (e = 9669 M~! cm™!) and 459 nm (e = 22012 M~!
ecm~!). Excitation in these tentatively assigned charge-transfer bands did not lead to any
detectable emission. Zr(M°PDP)y shows a similar absorption spectrum, but shifted to the

blue, with a maximum in the visible at 528 nm (e = 27001 M~! em~!). Further absorption
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Figure 5.1: Earth abundance of the elements in the upper crust of the earth. The elements

are grouped in Rock-forming elements (most common elements), Rare earth elements and

rarest ‘metals’ Illustration taken from USGS.[100)
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5.1 Pyrrol-based ligands

bands can be found at 346 nm (¢ = 40028 M~! ecm™!) and 300 nm (e = 61582 M-! em™1).
Excitation in any of the bands lead to an emission at RT with a maximum at 594 nm.!103]
These results show, that luminescence can be achieved from d° transition metals with electron

rich ligands, though the right ligand design to obtain RT emission is rather challenging.

5.1 Pyrrol-based ligands
5.1.1 Ligand design

HE results of MILSMANN set the foundation for LMCT based luminescence from " tran-
T sition metals. Following their path, a ligand should have strong donating characteristics
to stabilise the electron deficient metal centre. Two approaches towards luminescent Ti-
complexes were developed.

The idea was to synthesise a tridentate ligand that has a higher stability through the chelating
effect compared to monodentate ligands, with pyrroles as binding motifs. A route towards a
possible structure was developed based on priorly published protocols (Figure 5.2).[104’107] It

was hoped that two ligands would complex the titanium-centre in an octahedral fashion.

THF

o)
H InCl5 or TFA EtMgBr
| + H ————» H H >
L/) N N
\ | NS
(3

pyrrole
4 | N 4 | N TFA
N N NaBH, N N NEt;
H H H H _
THF
MeOH

Figure 5.2: Developed synthesis of a pyrrol-based tridentate chelate ligand. Prior to com-
plexation a reduction would be desired to extend the m-system of the ligand.

5.1.2 Synthesis

HE synthetic route presented in Figure 5.2 was tested. Freshly distilled pyrrol was sup-
T posed to be reacted with benzaldehyde to form the phenyl dipyrromethane. An indium
chloride and trifluoro acetic acid catalysed method was tried. The indium chloride catalysed
method followed a former published protocol which was slightly changed.!'%8) The product

could be obtained, but the purification from the N-confused byproduct was not possible.
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5.2 Scorpionate ligands

Therefore the trifluoro acetic acid catalysed method was tried.['99 Here the product could not
be purified from any of the byproducts. The synthesis of the Mukaiyama coupling reagent
S-2-Pyridyl benzothioate however worked in excellent yields (93%).[19] The product mixture
of the indium-catalysed reaction was therefore subjected to the coupling with EtMgBr and
the Mukaiyama reagent, but this did not lead to any formation of the desired product. Due
to the major synthetic issues, another approach for titanium complexes was developed (see
chapter 5.2).

5.2 Scorpionate ligands

5.2.1 Ligand design

SCORPIONATE ligands were chosen as another promising class as ligands for a complexation
with Ti(IV). Tris(pyrazolyl)borates are a very successful class of ligands which lead to the

development of new strongly donating ligands.!'1% This class has been known since the 1960,
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Figure 5.3: The so called ’scorpionate’-ligand was named after a scorpion holding its prey.
Two ligands resemble the claws and the third one the sting.

discovered by TROFIMENKO, where he replaced the H-atoms from the borohydride anion with
pyrazolyl rings.!''%:112] The name was developed due to the resemblance of the ligand toa
scorpion holding its prey (Figure 5.3). Based on the aforementioned design, the pyrazolyl

rings were exchanged to NHC rings, in order to obtain an even stronger o-donating ligand.

. H
NA PhBCl,, MezSiOTf _
N~ Me » PhB ,QA el (OTN2
=< toluene, A N-
\:_/ 3

Figure 5.4: Developed synthesis for the NHC-based scorpionate ligand. The synthesis has
been reported priorly with a mesityl or tert-butyl substitution instead of a methyl-group.13)

58



5.2 Scorpionate ligands
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Figure 5.5: Molecular mechanics energy minimisation calculation of the
[Ti(PhB-Melms3)s]?* complex.

The ligand was synthesised after a priorly reported protocol by SMITH et al. where instead of
mesityl or tert-butyl substituents on the nitrogen-atom of the NHC, a methyl-group (Melm)
was chosen (Figure 5.4). This was due to the fact that SMITH only reported on iron and
cobalt complexes with one ligand attached, whereas with the titanium a homoleptic complex
with two ligands was desired. Therefore the steric bulk needed to be reduced, in order to
allow for coordination of two ligands. To see whether the reduction of the steric bulk with
a methyl-group would be sufficient, molecular mechanics energy minimisation calculations
performed at the MMFF level of theory using Spartan '08 Version 1.2.0 were carried out. The
outcome of the calculations can be seen in Figure 5.5 and reveals that a methyl-substitution

should allow for a complexation to the titanium-centre.

5.2.2 Synthesis

HE synthetic route of the scorpionate ligand depicted in Figure 5.4 afforded the ligand
T in excellent yields (see chapter 7 for synthetic details). The obtained ligand was then
deprotonated with lithium diisopropylamide (LDA) and further complexated with TiCly. This
procedures yielded a red, orange crystalline solid. This crystalline structure was then analysed
via NMR (Figure 5.6). Chemical shifts of the ligands proton signals are shifted to the lower
field. This would be expected due to the deshielding of the protons through the electron
deficient Ti(IV) centre. Unfortunately the complex could not be measured via ESI-MS which
was surprising, due to its charged character. It is assumed that the complex due to its quite

compact structure decomposes during the ionisation process.
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5.2 Scorpionate ligands
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Figure 5.6: NMRs of the ligand (top) and the tentatively obtained [Ti(Melms)2]OTfs (bot-
tom). It can be seen that the proton signals shift.

5.2.3 Spectroscopy

LTHOUGH the characterisation of the obtained compound remained speculative, further
A spectroscopical investigations were performed, to see whether a further characterisation
would be of interest. In the UV-Vis spectrum, an absorption band, which can be tentatively
attributed to an LMCT, has a long tail into the visible region of the absorption spectrum up
to 500 nm (see Figure 5.7 a.)). Further transitions can be seen in the UV with a maximum
around 320 nm. This can most probably be attributed to a ligand centered 7* <— 7 transition.
Compared to the free ligand this absorption is shifted to the red. Due to its colour and the
absorption around 430 nm, an emission spectrum was recorded. In the steady-state lumines-
cence spectrum an emission band with a maximum at 490 nm can be detected (Figure 5.8).
Due to the excitation further in the red compared to the ligand-absorption (see Figure 5.7

b.)), the detected emission seems likely to originate from an LMCT-transition.
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Figure 5.7: a.) UV-Vis spectrum of the tentatively obtained [Ti(Melms)2]OTf, complex
meausred in dry and deaerated MeCN. b.) UV-Vis spectrum of the free scorpionate ligand
measured in MeCN. Both spectra were recorded at RT.
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5.2 Scorpionate ligands
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Figure 5.8: Steady-state luminescence spectrum of a solution of the tentatively obtained
[Ti(Melms)2](OTf)y complex in deaerated and dry toluene after excitation at 405 nm.

5.2.4 Summary and Outlook

The preliminary results obtained from the spectroscopic data of [Ti(Melmg)2](OTf)s definitely
show that a further investigation is necessary. A complete characterisation will be of interest.
Additionally, investigation of the corresponding Zr(IV) complex should be promising. The
larger Zr(IV)-atom might have a better fit into the binding pocket of the scorpionate ligand

and allows for a less dense structure, compared to the smaller Ti(IV) centre.
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6 Experimental

6.1 General

All experiments that are air- or hydrolysis sensitive, were carried out in oven dried glass ap-
paratuses under a nitrogen or argon atmosphere. All syringes and cannula were flushed with
nitrogen / argon three times prior to usage.

Dry solvents were used as received from the producer and if necessary were degassed via
the freeze, pump, thaw method or ultrasonification under No flow, alternating with evacua-
tion. Dry diethyl ether, THF and DCM were obtained from a solvent purification system of
INNOVATIVE TECHNOLOQY.

6.2 Reagents

All purchased chemicals were used without further purification, if otherwise it is stated.

6.3 Chromatography

The purification via column chromatography was carried out with silica gel from SILICYCLE
(silica flash, 40 - 63 pm, (230 - 400 mesh ASTM) for flash column chromatography). For
thin layer chromatography (TLC) pre-coated aluminium sheets were used with silica 60 from
MERCK with a fluorescence indicator F254 and a thickness of 0.25 mm. The detection was
done with UV light with wavelengths of 254 nm and 365 nm.

6.4 Nuclear Magnetic Resonance Spectroscopy

All Nuclear Magnetic Resonance (NMR) spectra were recorded on the following machines:

o an Avance III 400 BRUKER (400 MHz)

o an Avance III 500 BRUKER (500 MHz).

All temperature dependent NMR, experiments were performed on a Bruker Avance IIT NMR
spectrometer operating at 600 MHz proton frequency. The instrument was equipped with
an inverse 5-mm BBI probe. The experiments were performed at the indicated temperature
which was calibrated using a methanol standard showing accuracy within + 0.2 K.

The chemical shifts are given in § values in ppm referred to the residual proton content of the

nonperdeuterated solvents or its carbon atoms, respectively.[!14]

'H-NMR 13C-NMR

CDCl3 7.26 ppm 77.0 ppm

DMSO-dg  2.50 ppm 39.5 ppm
acetone-dg  2.84 ppm  29.8, 206.3 ppm
CD3sCN  1.94 ppm 1.32, 118.3 ppm
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6.5 Mass Spectrometry

The deuterated solvents for NMR-spectroscopy were purchased from CAMBRIDGE ISOTOPE
LABORATORIES.

To describe the signals and their coupling patterns the following abbreviations are used: s
(singlet), d (doublet), dd (doublets of doublet), ddd (doublets of doublet of doublet), dt (dou-
blets of triplet), t (triplet), q (quartet), sept (septet), m (multiplet). All coupling constants
J are stated in Hertz (Hz).

6.5 Mass Spectrometry

Electrospray Ionization (ESI)-measurements were carried out on a BRUKER Esquire 3000plus
Ion-Trap ESI-MS (positive and negative mode). The quotients of mass to charge (m/z) are
given and the relative intensities related to the basis peak (I=100) are given in brackets.
MALDI-measurements were performed using a MALDI plate MSP 96 target ground steel on a
BRUKER Microflex with trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile
(DCTB) as a matrix.

6.6 Elemental Analysis

Elemental Analysis was performed by Ms. Sylvie Mittelheisser (University of Basel, Depart-

ment of Chemistry), with a Vario Micro Cube instrument from ELEMENTAR.

6.7 UVvis spectroscopy

All optical absorption measurements were performed with a Cary5000 UVvis-NIR spectropho-

tometer.

6.8 Cyclic Voltammetry

Cyclic Voltamograms were recorded with a Versastat3-200 potentiostat from PRINCETON
APPLIED RESEARCH. The measurements were performed in dry, deaerated acetonitrile with
TBAPFg as electrolyte (0.1 M). The potential sweep rate was 0.1 V/s. As working electrode,
a glassy carbon disc electrode was used. As a counter electrode a silver wire was used and
a saturated calomel electrode (SCE) electrode served as reference. The Versastat3-200 po-
tentiostat was also used for spectro-electrochemical measurements, where a quartz cuvette
equipped with a platinum grid as working electrode, a silver wire as a counter electrode and

an SCE as reference were employed.

6.9 Transient UVvis absorption measurements

A LP920-KS spectrometer from EDINBURGH INSTRUMENTS, equipped with a R928 photomul-

tiplier and an iCCD camera from ANDOR, was used for transient absorption measurements
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6.10 Luminescence Spectroscopy

on the nanosecond (ns)-timescale. As an excitation source a frequency doubled Quantel bril-
liant b Laser was used with an approximate pulse length of 10 ns. All measurements were
performed in quartz cuvettes from STARNA. When working under inert conditions, Schlenk-
cuvettes were used and the solutions were deaerated with three freeze-pump-thaw cycles.

For measurements on the picosecond (ps)-timescale a TRASS instrument from HAMAMATSU
and a mode locked Nd:YVO,4/YAG-laser (model PL2251B-20-SH/TH/FH with PRETRIG

option from EKSPLA) as excitation source (A = 532 nm) were used.

6.10 Luminescence Spectroscopy

Steady-state luminescence measurements were performed on a Fluorolog-322 from HORIBA
JOBIN-Y VON.
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7 Syntheses

7.1 Synthesis of the oligo-ortho-phenylene dyads

The dyads were synthesised according to Scheme 1.
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Scheme 1: (a) Mg, THF, FeCls, 1,2-dichloroethane (b) Bra, AcOH (c) n-Buli, B
Pr);, THF, NaOH, H,0, (d) DCM, PPTS, DHP (e) n-BuLi, B(OiPr);, THF, HCI (f)
CH3CONa, Pd(dba)y, HP'BusBFy, toluene (g) [Bis(trifluoro)acetoxyiodo]benzene, 1o, DCM
(h) Pd(OAc)s, SPhos, K3PO,-H,0, THF / HyO (4:1) (i) T£0, PPTS, DCM (j) Pd(OAc),,
K,COs3, HP!BugBFy, toluene (k) Pd / C, Ha, EtOH, (1) NaOH, MeOH (m) SOCI; (n) NaOH,
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7.1 Synthesis of the oligo-ortho-phenylene dyads

Synthesis of 4-(methoxycarbonyl)-[2,2’-bipyridine] 1-oxide (7)

O.__OMe

AN

+.
N | N
I

O N_~

C12H19N203
230.22

Methylisonicotinate- N-oxide (6) (1.00 g, 6.52 mmol, 2.00 eq.), tri-tert-butylphosphonium
tetrafluoroborate (114 mg, 0.39 mmol, 0.06 eq.), KoCO3 (900 mg, 6.52 mmol, 2.00 eq.),
Pd(OAc)s (72 mg, 0.326 mmol, 0.05 eq.) and 2-bromopyridine (0.32 mL, 3.26 mmol, 1.00 eq.)
were suspended in dry toluene under a nitrogen atmosphere. The solution was deaerated
via bubbling Ny through for 15 minutes (min). Afterwards, the solution was stirred at room
temperature (RT) for 15 min, then sealed and heated to 120 °C for 22 h. The solution was
allowed to RT and then directly purified via flash column chromatography (acetone) on silica.
The desired product was obtained as a beige solid (562 mg, 2.44 mmol, 75% [Lit.[''5: 60%
(for ethoxy-derivative)]).

IH-NMR (400 MHz, CDCls): §(ppm) = 8.83 - 8.76 (m, 3H), 8.32 (dd, J = 6.8, 0.7 Hz,
1H), 7.89 - 7.83 (m, 2 H), 7.41 - 7.37 (m, 1H), 3.96 (s, 3 H).

MS (ESI) m/z (relative intensities): [2M+Nat|t 482.93 (50); caled. 483.13, [M+Na*]*
252.88 (50); caled. 253.06, [M+HT]" 230.92 (17); caled. 231.08.

66



7.1 Synthesis of the oligo-ortho-phenylene dyads

Synthesis of [2,2’-bipyridine]-4-carboxylic acid, methyl ester (8)

O.__OMe

C12H1oN202
214.22

Compound 7 (246 mg, 1.09 mmol, 1.00 eq.) was dissolved in dry ethanol (EtOH) and
the solution degassed via ultrasonification under N9 flow, alternating with evacuation. Pd/C
(10 mg) was added to the solution and a balloon filled with Hy was attached via tap to
the flask. The mixture was vigorously stirred overnight and then further Pd/C catalyst was
added (20 mg), and the reaction further stirred for 3 h. The completion of the reaction was
determined via TLC. The reaction mixture was filtered over celite, washed with EtOH and
the solvent removed under reduced pressure. The desired product was obtained as a brownish
solid (214 mg, 1.07 mmol, 98% [Lit.!!'5: 96% (for ethoxy-derivative)]).

IH-NMR. (400 MHz, CDCls): &(ppm) = 8.93 (s, 1H), 8.82 - 8.89 (m, 1H), 8.72 - 8.69
(m, 1H), 8.42 - 8.40 (m, 1H), 7.87 - 7.78 (m, 2H), 7.36 - 7.28 (m, 1H), 3.97 (s, 3H).

BC-NMR, (101 MHz, CDCl3): d(ppm) = 165.7 (C,), 157.3 (C,), 155.3 (C,), 149.9 (CH),
149.4 (CH), 138.5 (C,), 137.0 (CH), 124.1 (CH), 122.8 (CH), 121.2 (CH), 120.4 (CH), 52.6
(CHs).

MS (ESI) m/z (relative intensities): [M+KT|" 252.86 (40); caled. 253.04, [M+Nat]t 236.9
(100); caled. 237.06, [M+H*|* 214.94 (48); caled. 215.08.
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7.1 Synthesis of the oligo-ortho-phenylene dyads

Synthesis of 2,2’-bipyridine-4-carboxylic acid (9)

C11HgN202
200.20

Compound 8 (214 mg, 1.00 mmol, 1.00 eq.) was dissolved in hot methanol (MeOH)
(1.0 mL). A solution of aqueous (aq.) sodium hydroxide (NaOH) solution (1 N, 1.00 mL,
1.00 mmol, 1.00 eq.) was added and then stirred at RT overnight. The solvent was removed
under reduced pressure and then the aq. solution acidified to pH 3.5 - 4 with aq. 0.5 N
hydrochloric acid (HCI) solution. Upon cooling a precipitate formed, which was filtered and
washed with water. The product was obtained as an off-white solid (168 mg, 840 pmol, 84%
[Lit.[51: 89%]).

IH-NMR. (400 MHz, CDCls): §(ppm) = 9.35 (s, 1H), 9.01 (d, J = 4.1 Hz, 1H), 8.89 (d,
J = 4.6 Hz, 1H), 8.58 (d, J = 7.9 Hz, 1H), 8.01 - 7.96 (m, 1H), 7.72 - 7.63 (m, 1H), 7.58 -
7.43 (m, 2H).

MS (ESI) m/z (relative intensities): [M+H*]" 200.94 (100); caled. 201.07.
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7.1 Synthesis of the oligo-ortho-phenylene dyads

Synthesis of 2,2’-bipyridine-4-carbonyl chloride (10)

0. Cl

=

|
XN
_N

C11H7CIN2O
218.64

The reaction followed a former published protocol.[116]
Compound 9 was refluxed in thionyl chloride for ~18 h. The excess thionyl chloride was
removed under reduced pressure and the yellowish residue dried on high vacuum for at least
4 h. The reaction was assumed to furnish the desired product in quantitative yields and was

used directly in the next step.
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7.1 Synthesis of the oligo-ortho-phenylene dyads

Synthesis of 3,3’-dimethoxy-1,1’-biphenyl (1)

OMe
MeO l O

C14H1402
214.26

The reaction followed a previously published protocol.[117]

Magnesium turnings (6.70 g, 275 mmol, 1.10 eq.) were covered with dry THF under a nitro-
gen atmosphere and subsequently dry THF (500 mL) and 2-bromoanisole (46.8 g, 250 mmol,
1.00 eq.) were added while the Grignard reaction was running. After the addition of 2-
bromoanisole was complete, the black reaction mixture was refluxed for 1 h and meanwhile a
solution of FeCls (1.22 g, 7.5 mmol, 0.03 eq.) and 1,2-dichloroethane (11.85 mL, 250 mmol,
1.00 eq.) in dry THF (250 mL) was prepared. After allowing the Grignard reaction mixture
to reach RT, it was transferred via cannula to the solution containing FeCls. The resulting
mixture was then stirred for 10 min at RT and then aq. HCl-solution (250 mL, 1 M) was
added. The aq. phase was extracted three times with DCM and the combined organic phases
were dried over NagSOy. The desired product was obtained after a short filter column (DCM)
as a colourless oil (25.96 g, 121 mmol, 97% [Lit.'7): 91%)).

IH-NMR. (400 MHz, CDCls): &(ppm) = 7.38 - 7.33 (m, 2H), 7.20 - 7.17 (m, 2H), 7.14 -
7.13 (m, 2H), 6.94 - 6.89 (m, 2H), 3.87 (s, 6H).

BC-NMR (101 MHz, CDCl3): 6(ppm) = 160.0 (C,), 142.8 (C,), 129.9 (CH), 119.8 (CH),
113.1 (CH), 113.0 (CH), 55.5 (CHz).
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7.1 Synthesis of the oligo-ortho-phenylene dyads

Synthesis of 2,2’-dibromo-5,5’-dimethoxybiphenyl (2)

OMe

MeO O
O B
Br '

C14H12Br205
372.06

Compound 1 (12.0 g, 56.0 mmol, 1.00 eq.) was dissolved in glacial acetic acid (100 mL).
Bromine (6.4 mL, 124 mmol, 2.22 eq.) was added dropwise over a time of 20 min. The
reaction mixture was stirred at RT for 80 min and then quenched with saturated (sat.), aq.
NaySoO5 solution and further stirred for 30 min. The crude product was extracted four times
with DCM, dried over NasSO,4 and the solvent removed under reduced pressure. Upon addi-
tion of an excess of EtOH the organic residue solidified. The obtained solid was then washed
several times with EtOH and the desired product was obtained as a white powder (13.75 g,
37.0 mmol, 66% [Lit.'"7: 67%]).

IH-NMR (400 MHz, CDCl3): d(ppm) = 7.53 (d, J = 8.8 Hz, 2H), 6.84 - 6.79 (m, 4H),
3.81 (s, 6H).

BC-NMR (101 MHz, CDCl3): é(ppm) = 158.6 (C,), 142.7 (C,), 133.2 (CH), 116.3 (CH),
115.4 (CH), 113.8 (C,), 55.6 (CHg).
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Synthesis of 2-bromo-2’-hydroxy-5,5’-dimethoxybiphenyl (3)

OMe

MeO O
O OH
Br

C14H13BrO3
309.16

Compound 2 (1.22 g, 3.30 mmol, 1.00 eq.) was dissolved in dry THF (25 mL) under
a nitrogen atmosphere. The solution was cooled to -78 °C and n-Buli solution in hexane
(1.6 M, 2.1 mL, 3.63 mmol, 1.10 eq.) was added dropwise whereupon the reaction mixture
changed from colourless to red. After stirring for 30 min at that temperature, triisopropyl
borate (1.52 mL, 6.60 mmol, 2.00 eq.) was added in one portion and the reaction mixture
was allowed to reach RT overnight. A solution of NaOH (4.6 g) in HoO9 (46 mL, 35%)
was prepared and added to the reaction mixture. The solution was stirred further for 5 h
and afterwards the organic phase separated. The aq. phase was extracted twice with diethyl
ether and the combined organic phases were washed with water and brine. After drying over
NaySQy, the solvent was removed under reduced pressure. After purification via flash column
chromatography on silica (pentane / EtOAc, 3:1) the product was obtained as an off-white
solid (770.7 mg, 2.5 mmol, 76% [Lit.b4: 79%]).

IH-NMR (400 MHz, CDCl3): §(ppm) = 7.48 (d, J = 8.8 Hz, 1H), 6.94 - 6.83 (m, 4H),
6.70 (d, J = 3.0 Hz, 1H), 4.48 (s, very broad, 1H), 3.81 (s, 3H), 3.79 (s, 3H).

BC-NMR (101 MHz, CDCl3): &(ppm) = 159.3 (Cy), 153.4 (C,), 146.3 (C,), 138.7 (C,),
134.1 (CH), 128.4 (C,), 117.1 (CH), 116.9 (CH), 116.3 (CH), 115.5 (CH), 115.4 (CH), 114.4
(Cy), 55.9 (CH3), 55.7 (CH3).
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7.1 Synthesis of the oligo-ortho-phenylene dyads

Synthesis of 2-bromo-5,5’-dimethoxy-2’-tetrahydropyranyloxybiphenyl (4)

OMe

MeO O
O OTHP
Br

C1gH21BrO4
393.28

Compound 3 (11.6 g, 37.5 mmol, 1.00 eq.) was dissolved in DCM, 3,4-dihydro-2H-pyran
(DHP) (6.4 g, 82.5 mmol, 2.20 eq.) and pyridinium p-toluenesulfonate (955 mg, 3.8 mmol,
10mol%) were added and the reaction stirred at RT overnight. To the reaction mixture sat.
aq. NaHCOj3 solution was added and the organic phase separated. The aq. phase was ex-
tracted three times with DCM, the combined organic phases were dried over NasSO4 and
the solvent removed under reduced pressure. Purification via flash column chromatography
on silica (pentane / EtOAc, 17:3) yielded the desired product as a colourless oil (14.59 g,
37.1 mmol, 99% [Lit.>4:89%]).

IH-NMR (400 MHz, CDCls): §(ppm) = 7.50 (d, J = 8.8 Hz, 1H), 7.17 (d, J = 8.8 Hz,
1H), 6.90 - 6.86 (m, 2H), 6.79 - 6.75 (m, 2H), 5.22 (s, 1H), 3.79 (s, 6H), 1.69 - 1.43 (m, 6H).

BBC-NMR (101 MHz, CDCl3): 6(ppm) = 158.5, 154.1, 148.5, 140.7, 133.0, 132.5, 117.4,
117.0, 116.2, 115.4, 114.4, 98.6, 97.5, 95.8, 60.5, 55.84, 55.7, 30.9, 30.6, 21.2, 19.9, 14.4.
The spectrum contains additional signals and a direct assignment can not be made, probably

due to the formation of atropisomeric diastereomers. 4
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7.1 Synthesis of the oligo-ortho-phenylene dyads

Synthesis of 2,9-dimethoxydibenzo|c,e]oxaborinin-6-ol (5)

OMe

MeO O
O e
B

OH

C14H13BO4
256.06

The reaction followed a previously published protocol.>4

Compound 4 (6.92 g, 17.6 mmol, 1.00 eq.) was dissolved in dry THF (100 mL) under a ni-
trogen atmosphere. The solution was cooled to -78°C and n-BuLi (1.6 M in hexane, 12.1 mL,
19.4 mmol, 1.10 eq.) was added dropwise. The solution was stirred for 30 min at that tem-
perature and afterwards triisopropyl borate (6.62 g, 35.3 mmol, 2.00 eq.) was added in one
portion. The reaction mixture was allowed to reach RT overnight. An aq. solution of hy-
drochloric acid (1 M, 100 mL) was added and the solution stirred for further 1.5 h. The
organic phase was then separated and the aq. phase extracted three times with diethyl ether.
The combined organic layers were washed with water and dried over NagSO,4 and the solvent
was removed under reduced pressure. After purification by flash column chromatography
on silica (pentane / EtOAc, 7:3) the desired product was obtained as beige solid (3.26 g,
12.7 mmol, 72% [Lit.?4: 87%]).

IH-NMR (400 MHz, CDCl3): §(ppm) = 7.99 (d, J = 8.3 Hz, 1H), 7.54 - 7.51 (m, 2H),
7.18 (d, J = 8.8 Hz, 1H), 7.04 (dd, J = 8.2, 6.1, 1H), 6.95 (dd, J = 8.8, 6.0, 1H), 3.88 (s,
3H), 3.83 (s, 3H).

IBC-NMR (101 MHz, CDCl3): 6(ppm) = 163.0, 154.7, 146.0, 142.1, 135.3, 123.3, 120.2,
115.2, 114.0, 107.9, 106.0, 55.8, 55.2.

As described before, a completely clean NMR-spectrum could not be obtained, presumably
due to the fact that anhydrides form in solution.® The compound was generally used in
excess in the following Suzuki-Miyaura coupling reactions and any impurities seemed to not

have a detrimental effect.
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7.1 Synthesis of the oligo-ortho-phenylene dyads

Synthesis of N, N-bis-(4-methoxyphenyl)aniline (TAA)

JSRL!
MeO OMe

CooH19NO>
305.38

This compound was synthesised by adapting a known literature procedure.[18]
4,4’-bis(methoxy )phenylaniline (3.6 g, 16.0 mmol, 1.00 eq.), bromobenzene (2.02 mL, 19.2 mmol,
1.20 eq.), sodium tert-butoxide (30.61 g, 319 mmol, 19.9 eq.), Pd(dba)s (460 mg, 0.8 mmol,
5mol%) and tri-tert-butylphosphonium tetrafluoroborate (232 mg, 0.8 mmol, 5mol%) were
dissolved in dry toluene and degassed via ultrasonification under No flow, alternating with
evacuation. The reaction mixture was sealed and heated to reflux overnight. The reaction
was allowed to RT, diluted with water and extracted three times with DCM. The combined
organic phases were dried over NasSOy4 and the solvent removed under reduced pressure. Pu-
rification via flash column chromatography (100% DCM — pentane / DCM, 5:1 — pentane
/ DCM, 1:1) yielded the desired compound as a beige solid (4.54 g, 14.9 mmol, 93% [Lit.[119):
92%)]).

'"H-NMR. (400 MHz, acetone-dg): 6(ppm) = 7.12 - 7.15 (m, 2H), 7.03 - 6.99 (m, 4H), 6.91 -
6.82 (m, TH), 3.78 (s, 6H).

75
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Synthesis of 4-Iodo N, N-bis(4-methoxyphenyl)aniline (TAA-I)

T
MeO Z>0Me

C2oH1gINO2
431.27

Following a literature procedure that was slightly adapted.!*2%)
[Bis(trifluoro)acetoxy)iodo]benzene (1.87 g, 4.36 mmol, 1.00 eq.) and iodine (1.13 g,
4.45 mmol, 1.02 eq.) were stirred in dry DCM (15 mL) at RT under an inert atmosphere for
1 h. TAA (1.33 g, 4.36 mmol, 1.00 eq.) was added in one portion and the mixture heated
to reflux for 1 h. Meanwhile a second solution of [bis(trifluoro)acetoxy)iodo]benzene (0.56 g,
1.30 mmol, 0.3 eq.) and iodine (550 mg, 2.18 mmol, 0.5 eq.) in dry DCM (10 mL) was
prepared and stirred for 40 min at RT. This second solution was then added to the refluxing
one. The latter was refluxed for an additional hour and then cooled to RT with an ice-bath.
Sat. aq. NaoSOgs-solution was added, the organic phase separated and dried over NasSQOy.
After filtration, the solvent was removed under reduced pressure. The oily green residue was
purified via flash column chromatography (100 % pentane — pentane / DCM, 1:1) and this
procedure yielded the desired compound as a beige solid (1.42 g, 3.3 mmol, 76% [Lit.[119):
80%)]).

'H-NMR. (400 MHz, acetone-dg): §(ppm) = 7.47 - 7.43 (m, 2H), 7.08 - 7.03 (m, 4H), 6.93 -
6.89 (m, 4H), 6.65 - 6.60 (m, 2H), 3.79 (s, 6H).
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Synthesis of TAA-(o-ph),-OH

OMe

O OH
O OMe

oC
MeO Z>0Me

C34H31NOs
533.62

General procedure for the elongation of the chain to form TAA-(o-ph)w-OH.[M]
TAA-T (2.0953 g, 4.86 mmol, 1.00 eq.), 2,9-dimethoxydibenzo[c,eJoxaborinin-6-ol (2.24 g,
8.75 mmol, 1.80 eq.), SPhos (240 mg, 580 pmol, 12mol%) were dissolved in THF (10 mL) in
a Schlenktube under an inert atmosphere. K3POy- H2O (3.36 g, 14.58 mmol, 3.00 eq.) was
dissolved in water (2.5 mL) and added to the mixture. The reaction mixture was degassed
via ultrasonification under Ny flow, alternating with evacuation and, after Pd(OAc)s (109 mg,
486 pmol, 10mol%) was added, the mixture was degassed again. The reaction mixture was
sealed and heated to 90 °C for 24 h. The mixture was allowed to reach RT, diethyl ether
was added and the mixture washed with water and brine. The organic phase was dried over
NaySO4 and the solvent removed under reduced pressure. The crude product was purified
via flash column chromatography (dry loaded on silica, pentane / EtOAc, 9:1 — pentane /
EtOAc, 5:1 — toluene / EtOAc, 9:1) and obtained as a brownish foam (2.40 g, 4.49 mmol,
93%).

'H-NMR (400 MHz, acetone-dg): §(ppm) = 7.33 (d, J = 8.3 Hz, 1H), 7.00 - 6.93 (m,
8H), 6.89 - 6.82 (m, 3H), 6.75 (d, J = 8.8 Hz, 1H), 6.70 - 6.64 (m, 4H), 6.47 (d, J = 3.0 Hz,
1H), 5.62 (s, weak OH), 3.84 (s, 3H), 3.77 (s, 6H), 3.61 (s, 3H).

IBC.NMR (101 MHz, acetone-dg): &(ppm) = 159.3, 156.9, 147.9, 141.9, 139.0, 134.8, 134.7,
135.6, 130.7, 129.8, 129.0, 127.1, 126.1, 120.8, 117.5, 117.3, 117.1, 115.5, 114.9, 113.9, 55.9,
55.7, 55.6.

MS (ESI) m/z (relative intensities): [M+HT|T 534.2 (100); caled. 534.23.

7



7.1 Synthesis of the oligo-ortho-phenylene dyads

Synthesis of TAA-(o-ph),~-OH

ooT
MeO Z>0Me

CagHa3zNO7
745.87

Following the general procedure for TAA-(o-ph),-OH, TAA-(0-ph)s-OTf
(1.65 g, 2.48 mmol, 1.00 eq.) reacted with compound 5 (1.11 g, 4.33 mmol, 1.75 mmol)
under the aid of the transition metal catalysed reaction conditions with Pd(OAc)y (56 mg,
248 nmol, 10mol%), SPhos (122 mg, 298 pmol, 12mol%), and K3PO4- H,O (1.71 g, 7.44 mmol,
3.00 eq.) in a mixture of THF (10 mL) and water (2.5 mL). The product was obtained after
purification via High Performance Liquid Chromatography (HPLC) (Gradient see Table 15)

on a reverse phase column as a brownish solid (1.04 g, 1.40 mmol, 56%).

'H-NMR (400 MHz, acetone-dg): §(ppm) = 7.16 - 7.06 (m, broad, 2H), 7.01 (d, J = 8.5 Hz,
3H), 6.93 - 6.84 (m, 3H), 6.76 (ddd, J = 12.9, 8.5, 2.7 Hz, 1H), 6.70 - 6.40 (m, 13H), 6.35 (s,
broad ,1H), 6.25, (s, broad, 1H), 5.58 (s, weak, 1H, OH), 3.75 (s, 6H), 3.73 - 3.31 (m, 12H).

IBC-NMR (101 MHz, acetone-dg): 158.8, 156.6, 153.3, 148.6, 147.5, 142.3, 141.9, 141.3,
139.2, 134.9, 133.8, 133.6, 131.2, 130.6, 129.7, 126.9, 121.2, 117.6, 117.2, 116.9, 116.6, 115.4,
114.3, 113.4, 113.2, 55.7, 55.5, 55.4, 55.3, 55.2.

Note: Some NMR signals were broadened, complicated due to slow conformational exchange

on the NMR time scale.

MS (ESI) m/z (relative intensities): [M-H]~ 744.20 (100); caled. 744.30.
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7.1 Synthesis of the oligo-ortho-phenylene dyads

Table 15: HPLC gradient used for the purification of compound TAA-(o-ph)4-OH. Flow rate
was 20 mL/min

time [min)] ‘ concentrations MeCN / HoO [%)]

0 30 / 70
10 30 / 70
60 75 / 25
61 95 / 5
70 95 / 5
75 30 / 70

Synthesis of TAA-(o-ph)s-OH

o
MeO & OMe

Ce2Hs55NOg
958.12

Following  the general procedure for TAA-(o-ph),-OH, TAA-(0-ph)s-OTf
(353 mg, 402 pmol, 1.00 eq.) reacted with compound 5 (206 mg, 804 pmol, 2.00 mmol)
under the aid of the transition metal catalysed reaction conditions with Pd(OAc)s (10 mg,
40 pmol, 10mol%), SPhos (20 mg, 48 pmol, 12mol%), and KsPO4-H20 (278 mg, 1.21 mmol,
3.00 eq.) in a mixture of THF (4 mL) and water (1 mL). The product was obtained after pu-
rification via flash column chromatography (toluene / EtOAc / NEts, 90:10:1) as a brownish
solid (226 mg, 235 nmol, 59%).

IH-NMR (400 MHz, acetone-dg): 6(ppm) = 8.13 - 5.40 (m, 31H), 3.94 - 2.87 (m, 24H).

BC-NMR (101 MHz, acetone-dg): 160.3, 156.7, 154.1, 148.8, 142.0, 141.8, 141.0, 138.4,
134.8, 133.3, 129.8, 129.7, 129.0, 126.9, 126.1, 122.4, 120.8, 117.7, 116.4, 115.9, 115.4, 114.7,
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7.1 Synthesis of the oligo-ortho-phenylene dyads

114.0, 113.1, 55.9, 55.7, 55.4.
Note: Some NMR signals were broadened, complicated due to slow conformational exchange
on the NMR time scale.

MS (MALDI-TOF): [M]* 957.53; calcd. 957.39.
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Synthesis of TAA-(o-ph),-OTf

OMe

O OTf
O OMe

oC
MeO Z>0Me

665.68

General procedure for the triflation to form TAA-(o-ph),-OTf.>4
TAA-(0-ph)2-OH (246 mg, 461 pmol, 1.00 eq.) was dissolved in dry DCM (1 mL) under an
inert atmosphere and pyridine was added (1.00 mL, 1.13 mmol, 2.44 eq.). The solution was
cooled to 0 °C and trifluoromethanesulfonic anhydride (238 mg, 845 pmol, 1.83 eq.) was
added at this temperature. The reaction mixture was allowed to slowly reach RT overnight.
The reaction mixture was diluted with EtOAc, washed with aq. HCl-solution (1 M), water
and brine. The organic phase was dried over NaoSQy, filtered and the solvent removed un-

der reduced pressure. The product was obtained as a greenish foam (253 mg, 381 pmol, 83%).
'H-NMR (400 MHz, acetone-dg): 6(ppm) = 7.39 (d, J = 8.5 Hz, 1H), 7.22, (d, J = 9.0 Hz,
1H), 7.08 (dd, J = 8.6, 2.7 Hz, 1H), 7.01 - 6.91 (m, 9H), 6.90 - 6.84 (m, 4H), 6.73 - 6.64 (m,
2H), 3.81 (s, 3H), 3.78 (s, 3H), 3.77 (s, 6H).

YF-NMR . (376 MHz, acetone-dg): 6(ppm) = 75.5.

MS (ESI) m/z (relative intensities): [M]* 665.08 (100); caled. 665.17.
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Synthesis of TAA-(o-ph),-OTf

ooT
MeO Z>0Me

C49H42F3NOQS
877.93

Following the general procedure for the triflation, TAA-(0-ph)4-OH (358 mg, 480 pmol,
1.00 eq.) reacted with trifluoromethanesulfonic anhydride (203 mg, 720 pmol, 1.50 eq.) in the
presence of pyridine (0.2 mL, 2.4 mmol, 5.00 eq.) in dry DCM at 0 °C. The desired product
was obtained after purification via flash column chromatography (toluene / EtOAc, 9:1) as a
brownish solid (367 mg, 418 pmol, 87%).

'H-NMR (400 MHz, acetone-dg): §(ppm) = 7.48 - 7.29 (m, broad, 1H), 7.22 (d, J = 7.5 Hz,
1H), 7.19 - 7.08 (m, 3H), 7.06 - 6.13 (m, 16H), 6.01 (s, broad, 1H), 5.89 (s, broad, 1H), 5.68
(s, broad, 1H), 4.06 - 3.60 (m, 15H), 3.59 - 3.20 (m, 3H).

Note: Some NMR signals were broadened, complicated due to slow conformational exchange

on the NMR time scale.

MS (ESI) m/z (relative intensities): [M+Na]™ 900.15 (34); caled. 900.24, [M]™ 877.25 (100);
caled. 877.25.
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7.1 Synthesis of the oligo-ortho-phenylene dyads

Synthesis of TAA-(o-ph),-bpy

o
MeO OMe

Ca45H37N306
715.81

The procedure follows a literature procedure which was slightly adapted.*2!]

General procedure for the esterification with the bipyridine.

Compound 10 (29 mg, 133 nmol, 1.00 eq.) was dissolved in ice-cold DCM (0.5 mL) under
an inert atmosphere. N'BuyCl (1 mg, 4.4 pmol, 3mol%) was dissolved in DCM (0.1 mL) in
a separate vial. A separate solution of TAA-(0-ph)e-OH (71 mg, 133 pmol, 1.00 eq.) in aq.
NaOH (10%, 0.5 mL) was prepared. Once all solutions where cooled to 0 °C, they were mixed
at once and vigorously stirred for 5 min at this temperature. The reaction mixture was poured
on ice (2 mL) and extracted twice with diethyl ether. The organic phase was washed with
brine, dried over NaoSO,4 and the solvent removed under reduced pressure. After purification
via flash column chromatography (dry load, pentane / EtOAc, 9:1 — pentane / EtOAc, 5:1 —
pentane / EtOAc, 3:1) the desired product was obtained as a brownish solid (18 mg, 25 pmol,
19%).

'H-NMR (400 MHz, acetone-dg): &(ppm) = 8.89 (dd, J = 1.7, 0.9 Hz, 1H), 8.81 (dd, J
= 5.0, 0.9 Hz, 1H), 8.63 (ddd, J = 4.8, 1.8, 0.9 Hz, 1H), 8.47 (dt, J = 8.0, 1.1 Hz, 1H), 7.94
(td, J = 7.7, 1.8 Hz, 1H), 7.70 (dd, J = 5.0, 1.7 Hz, 1H), 7.44 (ddd, J = 7.5, 4.7, 1.2 Hz,
1H), 7.25 (dd, J = 13.6, 8.7 Hz, 2H), 7.09 - 7.00 (m, 4H), 7.00 - 6.84 (m, 10H), 6.70 - 6.65
(m, 2H), 3.80 (d, J = 2.7 Hz, 6H), 3.76 (s, 6H).

MS (ESI) m/z (relative intensities): [M]* 716.11 (100); caled. 716.28.
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7.1 Synthesis of the oligo-ortho-phenylene dyads

Synthesis of TAA-(o-ph),-bpy

o
MeO OMe

Cs9Ha9N30g
928.05

Following the general procedure for the esterification, compound 10 (44 mg, 201 pmol,
1.00 eq.) in DCM (1 mL) was reacted with TAA-(o-ph)4-OH (150 mg, 201 pmol, 1.00 eq.)
in an aq. NaOH-solution (10%, 1 mL), and N*BuyCl (6 mg, 20.1 pmol, 10mol%) in DCM
(1 mL) at 0 °C. The aq. phase was extracted twice with DCM and twice with diethyl ether.
The combined organic phases were dried over NasSO,4 and the solvent removed under reduced
pressure. The desired product was obtained after purification via flash column chromatogra-
phy (dryload, toluene/EtOAc, 9:1), as a brownish solid (87.9 mg, 94.8 pmol, 47%).

"H-NMR. (400 MHz, CD3CN): §(ppm) = 9.00 - 8.54 (m, 3H), 8.45 (d, J = 8.0 Hz, 1H), 7.92
(t, J = 7.8 Hz, 1H), 7.70 (s, 1H), 7.41 (s, 1H), 7.31 - 7.11 (m, 7H), 7.12 - 6.66 (m, 11H), 6.60
- 6.28 (m, 5H), 6.16 (s, broad, 1H), 4.00 - 2.98 (m, 18H).

Note: Some NMR signals were broadened, complicated due to slow conformational exchange
on the NMR timescale.[4

MS (ESI) m/z (relative intensities): [M+Nat]t 950.26; caled. 949.33 (21), [M]" 927.34
(100); caled. 927.35.
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7.1 Synthesis of the oligo-ortho-phenylene dyads

Synthesis of TAA-(o-ph)s-bpy

or
|
MeO Z > 0Me

C73Hs1N301¢
1140.30

Following the general procedure for the esterification, compound 10 (10.9 mg, 50.0 pmol,
1.20 eq.) in DCM (1 mL) was reacted with TAA-(o-ph)s-OH (40.0 mg, 41.7 pmol, 1.00 eq.)
in an aq. NaOH-solution (10%, 1 mL) and N*BuyCl (1.30 mg, 4.70 pmol, 10mol%) in DCM
(0.5 mL) at 0 °C. The aq. phase was extracted twice with DCM and twice with diethyl ether.
The combined organic phases were dried over NasSO,4 and the solvent removed under reduced
pressure. The desired product was obtained after purification via flash column chromatogra-
phy (dry load, DCM — pentane / EtOAc, 7:3) as a beige solid (16.5 mg, 14.4 pmol, 35%).

'"H-NMR. (400 MHz, acetone-dg): d(ppm) = 9.31 - 8.33 (m, 6H), 8.06 - 7.92 (m, 1H),
7.68 - 5.42 (m, 30H), 4.01 - 3.20 (m, 24H).

Note: Some NMR signals were broadened, complicated due to slow conformational exchange
on the NMR timescale.[54

MS (MALDI-TOF) m,/z [M]T 1139.58; calcd. 1139.44.
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7.1 Synthesis of the oligo-ortho-phenylene dyads

Synthesis of TAA-(o-ph);-Ru(bpy);(PFs)-

OMe (0] _\
O 0 N |
O \Rt.j/N\
AN \,\g
O OMe % ~
N | =
Me0/©/ \©\0Me

CesHs3F 12N706P2RU
1419.18

(PFe)2

General procedure for the complexation of the functionalised bipyridine ligand
with Ru(bpy),Cly-2H,012?
The ligand TAA-(o-ph)s-bpy (18 mg, 25 pmol, 1.00 eq.) and Ru(bpy)2Cle-2H20 (12 mg,
25 pmol, 1.00 eq.) were dissolved in a mixture of EtOH (1 mL) and HoO (0.5 mL) under an
inert atmosphere and heated to 80 °C for 18 h. The formation of the complex was confirmed
via ESI-MS. The reaction mixture was directly purified via flash column chromatography
(acetone — acetone / HoO, 9:1 — acetone / HoO / aq. sat. KNOgz-solution, 100:10:1). The
acetone of the combined fractions was removed under reduced pressure. The remaining aq.
solution was mixed with sat. aq. KPFg solution whereupon an orange precipitate formed.
The formed precipitate was dissolved upon addition of DCM. The aq. phase was extracted
with DCM three times. The combined organic phases were washed with HoO and dried over
NagSOy. The desired product was obtained as a red solid (20.8 mg, 14.6 pmol, 58%).

'"H-NMR. (400 MHz, acetone-dg): §(ppm) = 8.89 - 8.64 (m, 6H), 8.49 - 6.40 (m, 35H),
3.88 - 3.70 (m, 12H).

Note: Due to slow conformational exchange, no *C NMR spectrum has been recorded.
MS (ESI) m/z (relative intensities): [M-2PFg]** 564.51 (100); calcd. 564.66.

CesH53N7OgRu?t (ESI) HRMS: calculated: 564.6443
measured: 564.6562

Elemental Analysis: found: C, 55.38; H, 4.77; N, 6.67, calcd. for CgsHs3F12N7OgP2Ru
- C3HgO - 2 CoHgO: C, 55.10; H, 4.56; N, 6.25.
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7.1 Synthesis of the oligo-ortho-phenylene dyads

Synthesis of TAA-(o-ph),-Ru(bpy);(PFs)-

C79HesF12N70gPoRu
1631.428

The complex was synthesised following the general procedure for the complexation of
the ligand with Ru(bpy)2Cle-2H2O. TAA-(o-ph)4-bpy (87 mg, 94 pmol, 1.00 eq.) and -
Ru(bpy)2Cly-H2O (49 mg, 94 pmol, 1.00 eq.) were dissolved in a mixture of EtOH (2 mL)
and water (1 mL). The reaction mixture was then heated to 80 °C until the formation of the
complex was confirmed via ESI-MS and then allowed to RT. The mixture was directly purified
via flash column chromatography (acetone — acetone / HoO, 9:1 — acetone / HoO / sat. aq.
KNOg, 100:10:1). The acetone was removed under reduced pressure. To the remaining aq.
solution, sat. aq. KPFg solution was added dropwise, whereupon a precipitate formed. To the
suspension DCM was added and the precipitate dissolved. The aq. phase was extracted with
DCM twice, the combined organic phases were washed with HoO and dried over NasSO4. The
solvent was removed under reduced pressure and the desired product was obtained as a red,
crystalline solid (81 mg, 50 pmol, 53%).

'H-NMR. (400 MHz, acetone-dg): &(ppm) = 9.03 - 5.64 (m, very broad, 47H), 3.93 - 3.27
(m, 18H).

Note: Due to slow conformational exchange, no "*C NMR spectrum has been recorded.

MS (MALDI-TOF) m/z: [M-2PFg~]* 1341.008; caled. 1341.393, [M-PFg~]* 1486.990; calcd.
1486.357, [M]* 1630.870; caled. 1631.322.

Cr9HgsN7OgRu?t (ESI) HRMS: calculated: 670.6974
measured: 670.6982
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7.1 Synthesis of the oligo-ortho-phenylene dyads

Elemental Analysis: found: C, 58.02; H, 4.41; N, 6.03, calcd. for C79HgsF12N7OgPoRu: C,
58.16; H, 4.02; N, 6.01.

88



7.1 Synthesis of the oligo-ortho-phenylene dyads

Synthesis of TAA-(o-ph)s-Ru(bpy);(PFs)-

Co3H77F12N704oP2Ru
1843.68

The complex was synthesised following the general procedure for the complexation of the
ligand with Ru(bpy)2Cla-2H20. TAA-(0-ph)g-bpy (23.7 mg, 20.8 pmol, 1.00 eq.), Ru(bpy)2Cla-2H20O
(10.8 mg, 20.8 pmol, 1.00 eq.) and AgNO3 (7 mg, 41.6 pmol, 2.00 eq.) were reacted under
the reported reaction conditions in EtOH (1 mL) and H2O (0.25 mL). Purification via flash
column chromatography (acetone — acetone / HyO, 9:1 — acetone / HoO / sat. aq. KNO3
solution,100:10:1), removing the acetone and the addition of sat. aq. KPFg-solution yielded
the desired complex after extraction with DCM, washing with HoO, drying over NasSO4 and

removing the solvent under reduced pressure, as a brownish solid (14.1 mg, 7.65 nmol, 37%).

'H-NMR . (400 MHz, acetone-dg): d(ppm) = 8.96 - 5.62 (m, 53H), 4.22 - 3.06 (m, 24H).

Note: Due to slow conformational exchange, no *C NMR spectrum was recorded.
MS (ESI) m/z (relative intensities): [M-2PFg~]*>" 776.6 (100); calcd. 776.7.

ngH77N7010Ru2+ (ESI) HRMS: calculated: 776.7384
measured: 776.7396

Elemental Analysis: found: C, 59.21; H, 4.34; N, 5.45, calcd. for CogH77F12N7019P2Ru -
2 HyO: C, 59.43; H, 4.34; N, 5.22.
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7.1 Synthesis of the oligo-ortho-phenylene dyads

Synthesis of Ru(bpy-4-CO,;Me)(bpy)2(PFg)-

MeO.__O ~ 1(PFg)

Ca3HagF12NsOsPoRuU
932.63

4-Methoxycarbonyl-bipyridine (70 mg, 327 pmol, 1.00 eq.) and Ru(bpy)2Cls-2H50 (170 mg,
327 pmol, 1.00) were dissolved in a mixture of EtOH (1 mL) and water (0.5 mL) under an
inert atmosphere. The mixture was degassed via ultrasonification, sealed and heated to 80 °C
overnight. After allowing the reaction mixture to reach RT, it was directly purified via flash
column chromatography on silica (acetone — acetone / HyO, 9:1, — acetone / HyO / sat.
aq. KNOs solution, 100:10:1). The acetone was removed under reduced pressure and to the
remaining aq. solution, aq. sat. KPFg-solution was added. The formed precipitate was dis-
solved in DCM, the aq. phase extracted with DCM three times and the combined organic
layers were washed with water and then dried over NaoSO,4. The solvent was removed and

the desired complex was obtained as a red crystalline solid (22.5 mg, 24.5 pmol, 7%).

IH-NMR (400 MHz, CD3CN: §(ppm) = 8.90 (dd, J = 1.8, 0.8 Hz, 1H), 8.65 (dt, J = 8.2,
1.2 Hz, 1H), 8.50 (m, 4H), 8.11 - 8.03 (m, 5H), 7.92 (dd, J = 5.9, 0.7 Hz, 1H), 7.80 - 7.66 (m,
6H), 7.46 - 7.35 (m, 5H), 3.98 (s, 3H).

C3oHysNgOoRu?t (ESI) HRMS: calculated:  314.0579
measured: 314.0582
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7.1 Synthesis of the oligo-ortho-phenylene dyads

Synthesis of o-ph;-OH

OMe

O OH
O OMe

OMe
C21H200,4
336.39
The compound was prepared according to a literature procedure.®
4-Bromoanisole (0.78 mL, 6.24 mmol, 2.00 eq.) reacted with compound 5

(0.80 g, 3.12 mmol, 1.00 eq.) under the aid of Pd(OAc)z (70 mg, 0.312 mmol, 10mol%), SPhos
(158 mg, 0.385 mmol, 12mol%) and K3PO4-H20 (2.15 g, 9.36 mmol, 3.00 eq.) in a mixture of
THF (5.00 mL) and HyO (1.2 mL) under a Na-atmosphere at 90 °C overnight. The reaction
was allowed to reach RT and then diluted with diethyl ether. The organic phase was washed
with HoO and brine, dried over NasSOy4, and the solvent removed under reduced pressure.
The crude product was purified via flash column chromatography on silica (pentane / DCM,
9:1 — DCM 100%) and obtained as a yellowish foam (580 mg, 1.72 mmol, 55% [Lit.[>¥: 65%]).

IH-NMR (400 MHz, CDCl3): §(ppm) = 7.39 (dd, J = 8.6, 2.1 Hz, 1H), 7.14 - 7.04 (m,
2H), 7.01 (dd, J = 8.2, 2.9 Hz, 1H), 6.95 - 6.89 (m, 1H), 6.79 - 6.65 (m, 5H), 3.86 (s, 3H),
3.76 (s, 3H), 3.70 (s, 3H).

IBC-NMR (101 MHz, CDCl3): d(ppm) = 159.0, 158.5, 153.4, 146.3, 136.2, 133.4, 131.7,
130.1, 128.7, 116.6, 116.2, 115.8, 114.7, 114.6, 113.6, 77.3, 77.0, 76.7, 55.7, 55.5, 55.2.

MS (ESI) m/z (relative intensities): [M-H'|~ 335.06 (100); caled. 335.13.
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7.1 Synthesis of the oligo-ortho-phenylene dyads

Synthesis of o-ph;-OTf

OMe

O OTf
O OMe

OMe
CooH19F306S
468.44

The compound was prepared according to a literature procedure.®

Compound 12 (625 mg, 1.86 mmol, 1.00 eq.) was dissolved in dry DCM under a No-
atmosphere. The solution was cooled down to 0 °C and pyridine (0.3 mL, 3.72 mmol, 2.00eq.)
was added. To this mixture trifluoromethane sulfonic anhydride (1 M in dry DCM, 2 mL,
1.08 eq.) was added dropwise. The solution was slowly allowed to reach RT overnight. The
mixture was diluted with EtOAc and subsequently washed with aq. 1M HCl-solution, water
and brine. The organic phase was dried over NasSQOy, and the solvent removed under reduced
pressure. The product was obtained after purification via flash column chromatography (pen-
tane / EtOAc, 7:3) as a brownish solid (830 mg, 1.77 mmol, 95% [Lit.l>4: 88%]).

IH-NMR (400 MHz, CDCl3): &(ppm) = 7.34 (d, J = 8.5 Hz, 1H), 7.07 - 6.98 (m, 4H),
6.94 (d, J = 2.7 Hz, 1H), 6.84 - 6.77 (m, 2H), 6.76 - 6.70 (m, 2H), 3.86 (s, 3H), 3.77 (s, 3H),
3.72 (s, 3H).

MS (ESI) m/z (relative intensities): [M+H"]" 468.99; caled. 469.09.
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7.1 Synthesis of the oligo-ortho-phenylene dyads

Synthesis of 4-methoxyphenylboronic acid pinacol ester (14)

Me

Me
C,)A§<Me
MeO

C13H19BO;
234.10

The synthesis follows a former published protocol.!'23]

4-Bromoanisole (181 mg, 968 nmol, 1.00 eq.) reacted with bis(pinacolato)diboron (310 mg,
1.22 mmol, 1.26 eq.) under the aid of Pd(dppf)2Cls-CH3Cly and KOAc (310 mg, 3.16 mmol,
3.10 eq.) in dry DMF under a No-atmosphere. The mixture was heated to 156 °C for 65 min
and the solution allowed to reach RT. Subsequently the solvent was removed under reduced
pressure and dried on high vacuum. The remaining solid was suspended in EtsO and filtered
over celite. The solvent was removed under reduced pressure and the brown, crude product

(219 mg) was used without further purification in the next step.

IH-NMR (400 MHz, CDCl3): §(ppm) = 7.82 - 7.71 (m, 2H), 6.93 - 6.86 (m, 2H), 3.83
(s, 3H), 1.33 (s, 12H).
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7.1 Synthesis of the oligo-ortho-phenylene dyads

Synthesis of o-phy

OMe
CogH2604
426.51

The compound was prepared according to a literature procedure.54

0-ph3-OTf (240 mg, 0.51 mmol, 1.00 eq.) reacted with 14 (238 mg, 1.02 mmol, 2.00 eq.)
under the aid of Pd(OAc)e (11.2 mg, 0.05 mmol, 10mol%), SPhos (24.6 mg, 0.06 mmol,
12mol%) and K3PO4-HoO (352 mg, 1.53 mmol, 3.00 eq.) in a mixture of THF (3 mL)
and HoO (0.25 mL) under a Ny-atmosphere. The reaction was sealed and heated to 90 °C
overnight. The reaction mixture was allowed to reach RT, diluted with Et2O, and the organic
phase washed with H2O, brine and acidified with aq. 1 M HCl-solution. Subsequently the
organic phase was dried over NasSOy4 and the solvent removed under reduced pressure. The
desired compound was obtained after purification via flash column chromatography on silica
(pentane / EtOAc, 17:3 — pentane / EtOAc, 3:1) as a white solid (73.7 mg, 173 pnmol, 34%
[Lit.54: 70%)).

IH-NMR (400 MHz, CDCls): §(ppm) = 7.10 (d, J = 8.4 Hz, 2H), 6.97 (d, J = 2.7 Hz,
2H), 6.89 (dd, J = 8.5, 2.8 Hz, 2H), 6.59 (m, 8H), 3.83 (s, 6H), 3.76 (s, 6H).

13C-NMR. (101 MHz, CDCls): &(ppm) = 158.3, 157.8, 141.1, 133.5, 133.4, 131.0, 130.1,
116.6, 113.3, 112.9, 55.4, 55.2.
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7.1 Synthesis of the oligo-ortho-phenylene dyads

Synthesis of o-ph;-OH

OMe

C35H3206
548.64

The compound was prepared according to a literature procedure.54

0-ph3-OTf (232 mg, 495 pmol, 1.00 eq.) reacted with compound 5 (507 mg, 1.98 mmol,
4.00 eq.) under the aid of Pd(OAc)s2 (22 mg, 99 pmol, 20mol%), SPhos (49 mg, 120 pmol,
24mol%) and K3PO4-H50 in a mixture of THF (2 mL) and H2O (0.5 mL) at 90 °C, overnight
under a No-atmosphere. The product was obtained after purification via flash column chro-
matography on silica (pentane / EtOAc, 9:1, pentane / EtOAc, 3:1) as a yellowish foam
(167 mg, 304 pmol, 69% [Lit.b4: 78%]).

'H-NMR (400 MHz, CDCl3): 6(ppm) = 7.24 - 6.36 (m, 13H), 6.17 - 5.72 (m, 3H), 3.94
- 3.32 (m, 15H).
Note: The NMR signals were broadened, complicated due to slow conformational exchange

on the NMR time scale and no carbon spectrum was recorded.

MS (ESI) m/z (relative intensities): [M-H"]~ 547.13; caled. 547.21.
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7.1 Synthesis of the oligo-ortho-phenylene dyads

Synthesis of o-ph;-OTf

OMe
CgagH31F30gS
680.69

The compound was prepared according to a literature procedure.54

0-ph;-OH (167 mg, 304 pmol, 1.00 eq.) was treated with trifluoromethane sulfonic anhy-
dride (78 pL, 456 pnmol, 1.50 eq.) and pyridine (49 pL, 608 pmol, 2.00 eq.) in dry DCM
(1 mL) at 0 °C. The product was obtained after purification via flash column chromatogra-
phy on silica (toluene / EtOAc, 9:1) as a yellowish solid (151 mg, 223 mol, 73% [Lit.>4: 76%]).

'H-NMR (400 MHz, CDCl3): §(ppm) = 7.22 - 5.39 (m, 16H), 3.94 - 3.28 (m, 15H).
Note: The NMR signals were broadened, complicated due to slow conformational exchange

on the NMR time scale and no carbon spectrum was recorded.

MS (ESI) m/z (relative intensities): [M+HT|*T 681.09 (100); caled. 681.18.
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7.1 Synthesis of the oligo-ortho-phenylene dyads

Synthesis of o-phg

C42H3506
638.76

The compound was prepared according to a literature procedure.4

0-ph;-OTf (151 mg, 223 pmol, 1.00 eq.) reacted with 4-methoxyphenylboronic acid pinacol
ester (104 mg, 447 pmol, 2.00 eq.) under the aid of Pd(OAc)y (5 mg, 22.3 pmol, 10mol%),
SPhos (11 mg, 26.8 pmol, 12mol%) and K3PO4-H20 (154 mg, 669pumol, 3.00 eq.) in a mixture
of THF (2 mL) and HyO (0.5 mL) under a No atmosphere at 90 °C overnight. After purifi-
cation via flash column chromatography on silica (toluene / EtOAc, 9:1) the desired product
was obtained as a white solid (99 mg, 155 pmol, 70% [Lit.’4: 75%]).

'H-NMR (400 MHz, CDCl3): 6(ppm) = 7.55 - 5.59 (m, 24H), 4.02 - 3.16 (m, 18H).
Note: Some NMR signals were broadened, complicated due to slow conformational exchange

on the NMR time scale and no carbon spectrum was recorded.

MS (MALDI-TOF) m/z: [M]* 638.620; caled. 638.266.
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7.2 Synthesis of the Nickel-(2,3-bis-diphenylphosphino naphthalene) complex

7.2 Synthesis of the Nickel-(2,3-bis-diphenylphosphino naphthalene) com-
plex

Synthesis of 6,7-dibromo-1,4-dihydronaphthalene-1,4-epoxide

lﬂ I :Br
Br
C10HGB|'20

301.97

The compound was prepared according to a literature procedure.[83:84

1,2,4,5-tetra-bromobenzene (7.87 g, 20.0 mmol, 1.00 eq.) and furan (10 mL, 138 mmol,
6.90 eq.) were suspended in dry toluene and cooled to -23 °C. n-Buli (1.6 M, 14 mL)
was diluted with dry hexane (200 mL) and then added drop wise over a time of 95 min. The
mixture was allowed to warm to RT in 1 h. 1 mL MeOH was then added, the reaction mix-
ture washed with HoO and the aq. phase extracted with Et20O. The combined organic phases
were then dried over NaoSQy, filtered and the solvent removed under reduced pressure. This
yielded the desired compound as a beige solid (6.02 g, 20 mmol, quant. [Lit.[33: 99%)]).

'H-NMR . (400 MHz, CDCl3): §(ppm) = 7.47 (s, 2H), 7.00 (t, J = 1.8, 1.1 Hz, 2H), 5.67 (s,
2H).

3C-NMR (101 MHz, CDCl3): 6(ppm) = 150.2, 142.7, 125.5, 120.7, 81.8.

Synthesis of 2,3-dibromonaphthalene

l ' :Br
Br
C10HGBr2

285.97

The compound was prepared according to a literature procedure. 83l

Zn-dust (10.77 g, 165 mmol, 9.20 eq.) was suspended in dry THF (300 mL) and cooled down
to 0 °C and subsequently TiCly (10.7 mL, 97.6 mmol, 5.45 eq.) was added drop wise. Af-
ter complete addition, the mixture was heated to reflux for 5 min and then cooled down to
0 °C again. 6,7-Dibromo-1,4-dihydronaphtalene-1,4-epoxide (5.40 g, 17.9 mmol, 1.00 eq.) was
dissolved in dry THF (120 mL) and slowly added to the reaction mixture. After completed
addition, the mixture was refluxed for 22 h, then allowed to reach RT over 2 h. The mixture

was cooled down to 0 °C and an aq. HCl-solution (10%) was added slowly. Afterwards the aq.
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7.2 Synthesis of the Nickel-(2,3-bis-diphenylphosphino naphthalene) complex

phase was extracted with DCM three times and the combined organic phases were dried over
NagSQy, filtered and the solvent removed under reduced pressure. This afforded the desired
product as a brownish solid (5.12 g, 17.9 mmol, quant. [Lit.[*3: 100%)]).

IH-NMR (400 MHz, CDCl3): &(ppm) = 8.13 (s, 2H), 7.72 (dd, J = 3.3, 2.8 Hz, 2H),
751 (dd, J = 3.3, 2.9 Hz, 2H).

BBC-NMR (101 MHz, CDCl3): é(ppm) = 133.0, 132.2, 127.2, 126.9, 122.0.

Synthesis of 2,3-bis-diphenylphosphino-naphthalene

-
PPh,
CasHo6P2
496.53

2,3-Dibromo-naphthalene (1.00 g, 3.50 mmol, 1.00 eq.) was dissolved in dry THF
(3.5 mL). The solution was degassed via bubbling Ar through the solution for 15 min. KPPh,-
solution (0.5 M in THF, 21 mL, 10.5 mmol, 3.00 eq.) was added to the solution dropwise
at RT. The reaction was stirred for 2 days at 60 °C, allowed to reach RT and subsequently
diluted with degassed HoO. The aq. phase was extracted with EtOAc three times, the com-
bined organic phases were dried over NaoSQy, filtered, and the solvent removed under reduced
pressure. The crude product was then dryloaded on silica and purified via flash column chro-
matography (EtOAc / cyclohexane, 5:1). The first fractions were checked with MALDI and
to the combined fractions MeCN was added, whereupon a precipitate formed. This precipi-
tate could then be filtered and dried. This yielded the desired ligand as white solid (124 mg,
250 pmol, 7%).

IH-NMR. (400 MHz, CDCls): 8(ppm) = 7.76 - 7.70 (m, 2H), 7.60 (dd, J = 3.3, 2.8 Hz,
2H), 7.49 - 7.45 (m, 2H), 7.44 - 7.39 (m, 2H), 7.37 - 7.33 (m, 2H), 7.32 - 7.15 (m, 16H).
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7.2 Synthesis of the Nickel-(2,3-bis-diphenylphosphino naphthalene) complex

Synthesis of the Nickel-(2,3-bis-diphenylphosphino naphthalene) complex

Yy
P,Ni;‘:z
ZhvA

CggHs5oNiP,
1051.75

2,3-Bis-diphenylphosphino-naphthalene (30 mg, 60.4 pmol, 2.00 eq.) was suspended
in THF (0.5 mL). A stock solution of Ni(COD)s in THF (0.1 M, 0.3 mL, 30.2 pM, 1.00 eq.)
was added dropwise, whereupon the solution turned red. The solution was stirred under
exclusion of light overnight at RT. The solvent was then removed under reduced pressure.
The yield of the obtained dark violet crystalline solid was not determined due to the high

air-sensitivity of the compound. The same applies for the missing NMR-spectrum.

MS (MALDI-TOF): [M]* 1050.394; calcd. 1050.237.
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7.3 Synthesis of the [Ti(Melmgs)2](OTf)2 -complex

7.3 Synthesis of the [Ti(Melmj);](OTf), -complex
Synthesis of PhB(Melmj;)(OTf), (Melms)

T,

fN=/ N_ \=/
Me &/
\ .
Me
CooH23BFgNgO6S,
623.36

1-Methylimidazole (3.10 mL, 39.0 mmol, 3.1 eq.) was added to a stirring solution of
PhBCly (1.7 mL, 12.6 mmol, 1.0 eq.) in dry toluene (35 mL) under an Ar-atmosphere. After
5 min of stirring, TMSOTT (4.8 mL, 26.0 mmol, 2.1 eq.) was added dropwise and the reaction
mixture was heated to 100 °C for 24 h. The reaction mixture was then allowed to RT, the
solvent was decanted and DCM (50 mL) was added to the residual suspension. The solution
was refluxed until all solids were nearly completely dissolved. The DCM was concentrated
to ~30 mL and then cooled to -25 °C. The formed precipitate was filtered and washed with
Et20 (10 mL) and dried under reduced pressure. The desired product was obtained as a
white solid (7.98 g, 12.6 mmol, quant. [Lit.l'"3l: 90% (for the tert-butyl derivative)]).

IH-NMR. (400 MHz, CD3CN): §(ppm) = 8.09 (s, 3H), 7.50 - 7.41 (m, 6H), 7.19 - 7.15
(m, 2H), 7.14 (t, J = 1.8 Hz, 3H), 3.82 (s, 9H).

'H-NMR (400 MHz, acetone-dg): d(ppm) = 8.63 (s, 3H), 7.75 (t, J = 1.7 Hz, 3H), 7.48
(t, J = 1.8 Hz, 3H), 7.45 - 7.38 (m, 3H), 7.32 - 7.28 (m, 2H), 3.99 (s, 9).

IH-NMR. (400 MHz, DMSO-dg): 6(ppm) = 8.55 (s, 3H), 7.80 (t, J = 1.7 Hz, 3H), 7.48
- 7.40 (m, 3H), 7.38 (t, J = 1.7 Hz, 3H), 7.12 - 7.09 (m, 2H), 3.84 (s, 9H).

I3C-NMR (101 MHz, DMSO-ds): §(ppm) = 139.4, 132.6, 128.9, 128.4, 124.5, 123.9, 122.2,
119.0, 35.5.

Ci19H93BNgF303S (ESI) HRMS: calculated: 483.1592
measured: 483.1597
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7.3 Synthesis of the [Ti(Melmgs)2](OTf)2 -complex

Synthesis of [Ti(Melms),](OTf),

C3gH4eB2FsN1206S,Ti
1014.46

PhB(Melms3) (OTf), (503 mg, 0.79 mmol, 2.00 eq.) was suspended in dry THF (4.2 mL)
under an Ar-atmosphere and cooled down to -78 °C. LDA (2 M in THF, 2.38 mL, 4.76 mmol,
6.02 eq.) was then added dropwise. The resulting solution was stirred at this temperature for
45 min and then brought slowly to RT. TiCly (43 nL, 395 pmol, 1.00 eq.) was added drop wise
and the reaction mixture further stirred for 24 h at RT. The mixture was then filtered under
inert conditions and the solvent removed under reduced pressure. This approach yielded a
red crystalline solid (127 mg, 0.19 mmol, 48%).

'"H-NMR. (400 MHz, CD3CN): §(ppm) = 8.10 (s, 3H), 7.48 - 7.42 (m, 8H), 7.31 - 7.12
(m, 14), 6.98 (s, 2H), 6.90 (s, 1H), 3.82 (s, 9H), 3.65 - 3.64 (m, 9H).

The assignment was only done tentatively. The splitting of the signals is most probably
attributed to the perturbed symmetry of the complex.
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Abbreviations

A acceptor

aq. aqueous

BuLi n-buthyl-lithium

CS charge separation

CV cyclic voltammetry

D donor

DCM dichloromethane

DCTB trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene|malononitrile
DFT Density Functional Theory

ESI Electrospray Ionization

EtOH ethanol

HCI hydrochloric acid

HOMO highest occupied molecular orbital
HPLC High Performance Liquid Chromatography
ISC Intersystem Crossing

LDA lithium diisopropylamide

LHCs light harvesting complexes

LMCT ligand to metal charge transfer

LUMO lowest unoccupied molecular orbital
MALDI Matrix-assisted Laser Desorption/Ionization
MeCN acetonitrile

MLCT metal to ligand charge transfer

MMFF Merck Molecular Force Field

MS Mass Spectrometry
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MeOH methanol

MYV methyl viologen

mm millimeter

min minutes

MMFF Molecular Mechanics Force Field

m/z mass to charge

NaOH sodium hydroxide

NHC N-heterocyclic carbene

NADPT nicotinamide adenine dinucleotide phosphate
nm nanometer

NMR Nuclear Magnetic Resonance

ns nanosecond

OEC oxygen evolving complex

Pheo pheophytin

PS photosystem

ppm parts per million

ps picosecond

RT room temperature

sat. saturated

TA transient absorption

TAA N,N-bis-(4-methoxyphenyl)aniline
TBAPFg tetra-n-butylammonium hexafluorophosphate
TCSPC time correlated single photon counting
THF tetrahydrofuran

TLC thin layer chromatography
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Tyr tyrosine
SCE saturated calomel electrode

UV ultraviolett
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A Appendix

Transient absorption spectroscopy

The dyads in the electron transfer studies from chapter 2 were not only performed in MeCN
but also in DCM. The data for the temporal evolution of the rise at 750 nm for the TAA™-
absorbance in DCM is not of sufficient quality to obtain satisfactory time constants. In the
following the kinetic traces of 20 pM solutions of two dyads after excitation at 532 nm with
pulses of ~30 ps duration in deaerated DCM are shown (Figure A.2).

For the thermal back reaction decays were recorded in deaerated 20 nM solution of all three
dyads in either deaerated MeCN (detection wavelengths: 370, 510 and 750 nm) or DCM
(detection wavelengths: 370 and 750 nm) after excitation at 532 nm with pulses of ~10 ns

duration.

80
60

40 -

20 -
0 v '

-20-

-404

300 400 500 600 700 800
wavelength / nm

mAOD

Figure A.1: Transient absorption spectra of 20 pM solutions of all three dyads recorded
immediately after excitation at 532 nm with laser pulses of ~10 ns duration in deaerated
DCM. The spectra were time integrated over an interval of 200 ns. The colour code is black:
n=1,red: n =2, blue: n = 3.
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TAA-(0-phz)-Ru(bpy):**

0 1 2 3
time / ns

150 1

100 A

mAOD

TAA-(0-phs)-Ru(bpy)s**

0 2 4 6
time / ns

Figure A.2: Temporal evolution of the transient signal at 750 nm of the TAA™ (red trace)
after excitation at 532 nm with pulses of ~30 ps duration of 20 pM solutions of the two dyads.

Measurements were performed at 22 °C in deaerated DCM. Data was not of sufficient quality,
no fits were made.
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Figure A.3: Transient absorption decays (red) recorded at three different wavelengths for all
three dyads recorded in deaerated MeCN at 22 °C. The sample concentrations were 20 pM,
the excitation wavelength was 532 nm and the laser pulse duration was ~10 ns. Exponential
fits are shown in black. All time constants are given in chapter 2.5.3.
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Kinetic traces from the flash quench

experiments
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Figure A.4: Kinetic traces from the flash quench experiment described in chapter 2.6.
Measurements were performed in deaerated MeCN, in 20 pM solutions of the dyads with
additional 80 mM methyl viologen. Black curve depicts fit to the data. Excitation wavelength
was 532 nm. Detection wavelength (Age; as well as the time constants are given in the insets
for the reference ruthenium complex as well as for the dyad with n = 2.)
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Data for the Arrhenius plots

Here the complete data obtained from transient absorption spectroscopy for all three dyads
in MeCN and DCM can be found.

Table 16: Time constants for thermal backward reaction from Ru(bpy)s™ to TAA™T at
different temperatures measured in 20 pM solutions in deaerated MeCN. The decays were
measured at 370 and 750 nm and the emission of the reference compound was measured at

660 nm.
n=1 n=2 n=3 Reference
T [°C] | 7er [0s] | 7er [ns] | 7er [ns] | 74 (660 nm) [ns] | A [nm]
) 125 220 315 1315 370
) 125 220 310 1315 750
15 120 210 280 1250 370
15 120 200 280 1250 750
25 115 185 240 1190 370
25 110 180 240 1190 750
35 110 170 220 1130 370
35 100 160 210 1130 750
45 105 160 200 1050 370
45 100 140 180 1050 750
55 100 140 170 970 370
55 90 125 160 970 750
65 90 140 165 880 370
65 85 110 140 880 750
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Table 17: Time constants for thermal backward reaction from Ru(bpy)s* to TAAT at
different temperatures measured in 20 pM solutions in deaerated DCM. The decays were

measured at 370 and 750 nm and the emission of the reference compound was measured at
660 nm.

n=1 n=2 n=23 Reference
T [°C] | 7er [0s] | Ter B8] | TR [DS] | 74 (660 nm) [ns] | A [nm]
5 220 300 280 2120 370
-5 210 290 260 2120 750
) 190 240 215 2000 370
) 180 240 215 2000 750
15 170 200 190 1920 370
15 165 200 180 1920 750
25 145 160 140 1790 370
25 150 160 145 1790 750
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Structures of the para-connected systems
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Figure A.5: Structures of the para-connected systems, presented in chapter 2.7. 1,131 11 [28]
111,130 TV [18]
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NMR-spectra of the dyads
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Figure A.6: 'H-NMR-spectrum of [TAA-(o-phy)-Ru(bpy)s?*](PFg)2, recorded in CD3CN
at room temperature. The signals are broad and can not directly be assigned due to in-
terconverting conformers in solution. The residual solvent peak of CD3CN, water from the
deuterated solvent used, and a peak which could not be assigned are marked with an asterisk

(*)-
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Figure A.7: 'H-NMR-spectrum of [TAA-(o-phg)-Ru(bpy)s?T](PFg)2, recorded in CD3CN
at room temperature. The signals are broad and can not directly be assigned due to in-
terconverting conformers in solution. The residual solvent peak of CD3CN, water from the

deuterated solvent used and, a peak which could not be assigned are marked with an asterisk

(*)-

121



Temperature dependent NMR-measurements of [TAA-(o-ph,)-Ru(bpy);*"](PFs)2
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Figure A.8: Temperature dependet 'H-NMR-spectra of [TAA-(o-phs)-Ru(bpy)s?](PFg)2

measured in acetone-dg from 213 K (bottom) to 273 K (2nd row) in 20 K intervals. On top
is the spectrum at RT. The residual HoO peak is marked with an asterisk (*).

122



Transient absorption decays of TAA-(o-naph),-Ru(bpy);?"
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Figure A.9: Transient absorption decays (red) recorded at three different wavelengths for
the two dyads recorded in deaerated MeCN at 22 °C. The sample concentrations were 20 pM,
the excitation wavelength was 532 nm and the laser pulse duration was ~10 ns. Exponential
fits are shown in black. All time constants are given in chapter 3.
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