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Fakultätsverantwortlicher/Dissertationsleiter: Prof. Dr. Oliver S. Wenger

Korreferent: Prof. Dr. Marcel Mayor

Basel, den 16.10.2018

Prof. Dr. Martin Spiess







We’ve all got both light and dark inside us. What matters is the part we

choose to act on. That’s who we really are.

Harry Potter and the Order of the Phoenix





Angelika

und meinen Eltern





Acknowledgements

I cordially thank Prof. Dr. Oliver S. Wenger for giving me the opportunity to do my

PhD thesis under his supervision. Thank you for the interesting research projects I could

work on, thank you for all the guidance and encouragement during these four years of my

PhD and thank you for always having an open door whenever help was needed. I could

not have wished for a better supervisor.

Special thanks are given to Prof. Dr. Marcel Mayor who kindly agreed to co-examine

this thesis.

Prof. Dr. Christof Sparr is sincerely thanked for chairing my examination.

Dr. Heinz Nadig and Dr. Michael Pfeffer are thanked for measuring high resolution

mass spectra, Sylvie Mittelheisser is thanked for measuring the elemental analyses

presented in this thesis.

Many thanks are given to Markus Hauri, Oliver Ilg and the whole Werkstatt-Team

for keeping the department and the daily lab-work run as smoothly as possible. Thanks

also go to Brigitte Howald and Beatrice Erismann for their support in all adminis-

trative and organizational matters.

Furthermore, I would like to thank all past and present members of the AK Wenger

for the relaxed and cooperative working atmosphere which made it a pleasure not only to

work in this group, but also to participate in the events outside the lab.

Special thanks go to:

Martin, Chris and Mirj for their helpful input while proof-reading this thesis,

Xingwei, Martin, Chris and Christoph for the helpful discussions on several topics,

for the optimization of new project ideas and for their support in various measurements,

Hauke and Svenja for the good cooperation in organizing the Pharmapraktikum over

several semesters,

the whole Lab 302, namely Svenja, Julia, Hauke and Andrea for the good time we

had together, for all the joking, for the conversations on various topics and for the joint

problem solving in the everyday lab-work,

Xingwei and Mirj for all the NCCR-related events we attended together,

Mirj and Svenja for organizing BBQs, game nights, group fondues and other group-

related events,

and of course, all the people who were not mentioned yet (Patrick, Sabine, Lucius,

Jakob, Tobias, Fabienne, Felix), but who helped making the coffee breaks, rounds of

card games and Apéros more fun.
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Abstract

To date, the world’s population mainly relies on fossil fuels for covering its daily energy

need. However, not only is the mining of oil, natural gas and coal demanding, but the

combustion of these fossil fuels also leads to the release of gases that are harmful to

human health, or contribute to global warming. A global shift from fossil fuels to ‘solar

fuels’ is therefore highly desirable. The conversion of solar energy into usable chemical

fuels, however, is complicated - a central challenge being the accumulation of several redox

equivalents to catalyze multi-electron reactions. This thesis therefore addresses the aspect

of light-driven charge-accumulation in molecular systems.

In the first project (Chapter 3), accumulation of two electrons on a triad consisting of a

central naphthalene diimide (NDI) moiety flanked by two [Ru(bpy)3]
2+ photosensitizers

was investigated. Under continuous irradiation with visible light, two electrons were

successfully accumulated on NDI in the presence of a sacrificial electron donor. When the

sacrificial donor was replaced with two covalently connected triarylamine electron donors,

however, only a singly charge-separated state could be observed in the pentad. The

pathways leading to charge-accumulation in case of the triad and the processes preventing

the accumulation of charges in the pentad were studied in detail.

In the second project (Chapter 4), the impact of charge-accumulation on the catalytic

process for BNA+ (an analog of NAD(P)+) reduction was studied. Experiments with

a multi-component system as well as with covalently connected molecular systems were

performed. Analysis of these measurements revealed that prior charge-accumulation does

not lead to an accelerated BNAH formation rate and that the predominant reaction path

most likely relies on a disproportionation of the intermediate RhII species.

In the third project (Chapter 5), the problems preventing charge-accumulation on the

NDI pentad in the first project were addressed. A new concept was developed based

on electron donor and acceptor moieties with potential inversion to increase the driving

force for the transfer of the second electron. In addition, intermediate electron donors

and acceptors were incorporated to establish a redox gradient in analogy to the electron

transfer paths in natural photosynthesis. This redox gradient is expected to promote

productive electron transfer while the increased spatial separation of terminal donor and

acceptor moiety is expected to significantly decrease back-electron transfer. While the

successful synthesis of this pentad is still pending, the individual donor and acceptor

moieties were examined. A donor triad was synthesized, which upon excitation, showed

rapid excited-state quenching by the intermediate electron donor and rapid subsequent



hole transfer from the intermediate to the terminal electron donor. The lifetime of this

charge-separated state is rather long and therefore shows that back-electron transfer in the

triad is significantly retarded by the intermediate electron donor. The overall concept of

this pentad is therefore highly promising and could provide the basis for a new generation

of charge-accumulative systems.
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1 General Introduction

The availability of a stable energy supply plays a crucial role for humanity. It is believed

that the rise of Homo erectus from its more primitive ancestors was boosted by its ability to

tame fire, allowing it to colonize colder environments and protecting it from predators.[1]

From these early days on, the dependence of humankind on energy increased strongly.

Nowadays, a stable supply of energy for electricity, mobility, heating, communication and

fabrication is required for our daily life. To date, most of the required energy is generated

by the combustion of coal, oil and natural gas. In 2015, the world’s total energy need

amounted to 13’647 Mtoe (million tons of oil equivalents) which corresponds to roughly

18.1 TW.[2] Its composition can be seen in Figure 1.1.

Figure 1.1: Contributions of the different energy sources to the world’s energy demand
in 2015.[2]

While the total fuel consumption in Europe and North America is predicted to slightly

decrease over the next years, the world’s global energy need is growing.[3] A prediction of

the changes in primary energy demand by 2040 is shown in Figure 1.2.
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1 General Introduction

Figure 1.2: Predicted change in primary energy demand from 2016 to 2040. Values are
given in Mtoe (million tons of oil equivalents). Figure from World Energy Outlook 2017.[3]

With the global energy demand ever-expanding, a potential problem arises. Today’s

main energy sources coal, oil and natural gas are finite and natural deposits become more

difficult to exploit. In addition, their combustion releases greenhouse gases such as CO2,

which contribute to global warming.[4] A systemic switch from fossil fuels to alternative

energy sources is therefore highly desirable. A potential infinite energy source is sunlight,

which provides the surface of the earth with roughly 120’000 TW of energy.[5, 6] If only

0.015% of this energy could be converted into solar fuels, it would have been enough to

cover the world’s global energy needs as of 2015.

A blueprint for the successful conversion of sunlight into solar fuels can be found in nature.

In natural photosynthesis, water-splitting results in O2 formation, while the released elec-

trons and protons are subsequently used to reduce CO2 into energy-rich carbohydrates.[7]

If a similar artificial mechanism could be established using sunlight to produce high-energy

products such as H2, CH4 or methanol, a smart way to substitute the finite fossil fuels on

a large scale could be found.

However, the processes behind natural photosynthesis are rather complex and a molec-

ular system that could mimic the natural mechanism would need to be comprised of

several customized modules. An exemplary design of such a molecular system is shown

in Figure 1.3.[8]
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1 General Introduction

Figure 1.3: Schematic representation of a molecular system mimicking natural photo-
synthesis.

In Figure 1.3, five components are shown that are necessary to mimic natural photosyn-

thesis. In the center of such a molecular system, a module for the absorption of visible

light (photosensitizer, PS) is located. The energy from the absorbed photon is then em-

ployed to induce charge-separation yielding a positively charged electron donor (ED) and

a negatively charged electron acceptor (EA). The formation of a charge-separated state,

however, is not sufficient to perform water-splitting and CO2 reduction, as these reac-

tions require several electrons or positive charges (holes) to proceed. Therefore, catalytic

modules (CAT) for the accumulation of several electrons or holes need to be present that

ensure enough charges are available for the multi-electron reactions to proceed.

While a lot of research has been done regarding charge-separation following the excitation

of a photosensitizer, the accumulation of electrons and holes in molecular systems is far less

explored and only a few molecular systems are reported to exhibit charge-accumulation.

However, charge-accumulation is a crucial point in natural and artificial photosynthesis.

This work will therefore focus on the aspect of light-induced charge-accumulation.

In the following chapter, a short overview of the essential reaction steps in natural pho-

tosynthesis is given. Subsequently, the basics of accumulative electron-transfer reactions

in molecular systems and the hence resulting difficulties are addressed. Finally, selected

examples of systems undergoing light-induced charge-accumulation are presented.

3





2 Theoretical Background and

Motivation

2.1 Natural Photosynthesis

Natural photosynthesis describes the solar-energy-driven process of water oxidation and

the associated reduction of CO2 into carbohydrates as given in the reaction equation:[9]

6CO2 + 6H2O → C6H12O6 + 6O2

This process takes place in plants, algae and cyanobacteria and consists of a sophisticated

process of light absorption, charge-separation, electron-transfer and charge-accumulation

steps interlinked with each other to perform multi-electron catalysis. The key complexes

involved herein are light-harvesting antenna molecules, ATP synthase, cytochrome b6f

and photosystems I and II (PS I / PS II).

In the catalytic system, PS I and II play a crucial role. Upon consecutive absorption of four

photons by PS II, four electrons and four protons are extracted from water, yielding O2

as a waste product. Each extracted electron is transported to PS I, and, upon excitation

of PS I, further transferred to ferredoxin. Consequently, for the successful transfer of

the four electrons, four additional photons are needed. The extracted electrons are then

used to reduce NADP+ to NADPH. Meanwhile, the extracted protons are used to develop

a proton gradient by cytochrome b6f, which is then employed by ATP synthase for the

synthesis of ATP. All these electron and proton transfer steps require energy in the form of

visible light to proceed and are therefore called light reactions. In the subsequent Calvin

cycle, the formed NADPH and ATP molecules are then used to reduce fixated CO2 to

build up carbohydrates. This process is independent of light and is therefore called dark

reaction.[9–11]
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2 Theoretical Background and Motivation

Figure 2.1: Simplified Z-scheme representation of the light-dependent reactions in PS II
and PS I.

The Z-scheme (Figure 2.1) represents a more detailed view of the electron-transfer path-

ways in the light reactions of natural photosynthesis.[7, 12–14] Both PS II and PS I consist

of central chlorophyll dimers which are called P680 and P700. Upon absorption of a pho-

ton by P680, an electron is transferred to pheophytin (pheo) and a redox gradient leads

to electron transfer via plastoquinone (PQ), cytochrome b6f (Cyt b6f) and plastocyanine

(PC) to photosystem I. Upon excitation of the chlorophyll dimer P700 in PS I, a second

electron-transfer cascade is initiated transferring the electron via chlorophyll A0, phyllo-

quinone A1 and a sequence of iron-sulfur clusters (FeS) to ferredoxin (FD). Ferredoxin can

then bind to ferredoxin-NADP-reductase (FNR) which promotes the reduction of NAPD+

to NADPH. NADPH hereby represents the final product of this electron transfer pathway.

On the other side of the Z-scheme, the oxidized P680 is re-reduced by tyrosine Z (TyrZ),

accompanied by a transfer of the phenolic proton to nearby histidine His190. The hereby

formed tyrosyl radical is a strong oxidant which can abstract an electron from the oxygen-

evolving complex (OEC). Upon four iterations of the above described electron transfer

pathway, four electrons and four protons are released from the OEC. The oxidized OEC

can then catalyze water-splitting leading to the release of molecular oxygen.

The structure of the OEC was found to be a rather unique CaMn4O5-cluster.[15, 16] During

natural photosynthesis, the central CaMn4O5 motif passes through five different states

which were first described by Kok and co-workers.[17] A more detailed study on the different

states was performed by Dau and Hauman and consequential an extended reaction cycle

was proposed which is shown in Figure 2.2.[7, 18, 19]
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2 Theoretical Background and Motivation

Figure 2.2: Extended water oxidation cycle as proposed by Dau and Hauman. A series
of light-induced electron and proton releases leads to different oxidation states in the
CaMn4O5 cluster resulting in a hypothetical S4’ state which catalyzes the oxidation of
H2O to O2. The catalytic cycle starts with the dark-stable resting state S1 and requires
four photons for one full rotation.

The catalytic cycle shown in Figure 2.2 starts with the dark-stable resting state S1, which

upon excitation of PS II, releases the first electron. The second photon then leads to the

oxidation of S2 combined with the release of a proton. The third photon then leads to a

reaction cascade releasing a proton to form S4 and subsequently the release of the third

electron yields the hypothetical S4’ state which leads to the combined release of O2 and a

proton. With the fourth photon, the S0 state releases the fourth proton and electron and

restores the S1 resting state. While the release of four electrons and four protons during

this cycle is certain, neither the exact molecular mechanism of this cycle nor the details

of the O-O-bond forming process are known to date.[12, 19]

In summary, natural photosynthesis consists of a well-balanced cascade of electron and

proton transfer pathways driven by the absorption of multiple photons. With each exci-

tation of the P680 and P700 photosensitizers, one electron from the OEC is transferred to

ferredoxin via a sophisticated redox gradient. Ferredoxin NADP reductase then uses the

electrons to reduce NADP+ to the energy-rich NADPH. Upon four subsequent cycles, four

holes are accumulated on the OEC, which can then oxidize water to molecular oxygen.

Due to the multitude of complexes involved in the general process, the reaction centers

for water oxidation and NADP+ reduction are spatially separated by a membrane and

therefore oxidative and reductive processes do not interfere with one another.
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2 Theoretical Background and Motivation

2.2 Accumulative Electron Transfer

In Chapter 1, the importance of light-driven fuel generation was introduced. However,

the design of appropriate molecular systems is challenging, as the generation of solar fuels

requires several redox equivalents to proceed:

2H+ + 2 e− → H2

2H2O → O2 + 4H+ + 4 e−

CO2 + 6H+ + 6 e− → CH3OH + H2O

CO2 + 8H+ + 8 e− → CH4 + 2H2O

On a molecular level, the absorption of a photon by the photosensitizer leads to charge-

separation. The generated electron-hole pair, however, cannot perform the above listed

multi-electron reactions. Therefore, the accumulation of electrons or holes is a prerequisite

for the successful generation of solar fuels.

hν

ED+-PS--EA

ED-PS+-EA-

ED+-PS-EA-

ED-PS-EA

ED2+-PS--EA-

E
n

er
g

y

ED+-*PS-EA-

ED-*PS-EA

hν

ED+-PS+-EA2-

ED2+-PS-EA2-

Scheme 2.1: Exemplary depiction of the electron transfer pathways in an ED-PS-EA
triad leading to charge-accumulation (solid arrows) and the decay pathways counteracting
the charge-accumulation process (dashed arrows).

The energy scheme in Scheme 2.1 shows the electron-transfer pathways for an ED-PS-EA

triad.[8] Upon excitation of the photosensitizer (PS), a first electron transfer takes place,

either from the electron donor (ED) to the excited PS (reductive excited state quenching,

yielding ED+-PS--EA) or from the excited PS to the electron acceptor (EA, oxidative

excited state quenching, yielding ED-PS+-EA-). These primary charge-separated states
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2 Theoretical Background and Motivation

can either recombine (red dashed arrows) to the ground state of the molecule or can

undergo productive electron transfer, yielding the charge-separated state ED+-PS-EA-.

If the lifetime of the singly charge-separated state is long enough, a second excitation of

the photosensitizer is possible. In the ED+-*PS-EA- state, again reductive or oxidative

quenching of the photosensitizer by ED+ or EA- is possible. However, with already a hole

on the ED, the ED+ state competes with the EA- moiety for the electron of the excited

photosensitizer. The same is true for EA- and ED+ which compete for reductive quenching

of the *PS moiety. According to which electron transfer dominates, either the secondary

charge-separated states ED2+-PS--EA- or ED+-PS+-EA2- result or the triad returns to

the primary charge-separated states EA+-PS--EA or EA-PS+-EA- (blue dashed arrows).

If productive electron transfer prevails and the secondary charge-separated states ED2+-

PS--EA- or ED+-PS+-EA2- are formed, it takes another electron-transfer step to form the

desired charge-accumulated ED2+-PS-EA2- state. However, unproductive electron transfer

at this stage can also lead back to the singly charge-separated state (green dashed arrows)

or to a primary charge-separated state (orange dashed arrows).

The overall electron-transfer processes depicted in Scheme 2.1 emphasize why charge-

accumulation in molecular systems is not a commonly observed phenomenon. In the

above sketched accumulation of two electrons and two holes, a multitude of decay path-

ways exist which can counteract the charge-accumulation process. When it comes to

the accumulation of more charges, the increase in decay pathways further hampers the

formation of the final charge-accumulated state. It therefore needs a good combination

of productive electron-transfer reactions, suppressed back-electron transfer and suitable

lifetimes of the major charge-separated states to obtain charge-accumulation in a system

that can then subsequently catalyze multi-electron reactions.

9



2 Theoretical Background and Motivation

2.3 Evolution of Charge-Accumulative Systems

In section 2.1, the fundamental mechanism of natural photosynthesis was sketched. An

artificial system being able to mimic this mechanism therefore needs to copy the sin-

gle components of natural photosynthesis. These are a photosensitizer for effective light

absorption, which then induces charge-separation leading to a reduced electron accep-

tor and an oxidized electron donor. Subsequent redox gradients need to be established

that allow electron transport from the terminal electron donor to the terminal electron

acceptor. These terminal donor and acceptor moieties need to be able to undergo charge-

accumulation while a spatial separation between reductive and oxidative catalytic site is

needed to prevent undesired back-electron transfer.

A molecular system mimicking all these features of natural photosynthesis is not easy to

realize. Therefore, much research has been dedicated in studying the different components

for such an artificial system. Molecular systems that indeed can undergo light-induced

charge-accumulation are scarce and often show serious drawbacks for the potential use

in artificial photosynthesis. On the following pages, a selection of molecular systems

are presented which demonstrate the developments on the topic of light-induced charge-

accumulation over time.

NN

O

O

O

O
NH

N HN

N

N

HN

NH

N

C5H11

C5H11

C5H11C5H11

C5H11

C5H11

Figure 2.3: Structure of the Por-PDI-Por triad examined by Wasielewski et al.[20] Upon
excitation, a short-lived doubly charge-separated state is formed.

A first example for charge-accumulation dates to 1992.[20] Wasielewski and co-workers

presented a molecular system consisting of a central perylene diimide (PDI) acceptor

moiety flanked by two free-base porphyrin (Por) photosensitizers (see Figure 2.3). Upon

excitation of the porphyrin moieties at 585 nm, successive electron transfer from the

porphyrins to PDI can be observed leading to the formation of PDI2-. The doubly reduced

state of PDI was found to have a rather short lifetime of 5 ns, which however is still longer

than the lifetime of the singly charge-separated state (&120 ps).
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N
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NH
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Figure 2.4: Structure of the ZnPor-TCAQ-ZnPor triad examined by Imahori and
Sakata.[21] Upon excitation, a short-lived doubly charge-separated state is reported to
be formed.

A very similar approach as the one of Wasielewski et al. was pursued by Imahori and

Sakata in 1998.[21] The investigated system consists of the central two-electron accep-

tor tetracyano anthraquinodimethane (TCAQ) which is flanked by two zinc porphyrin

photosensitizers (ZnPor). Upon consecutive excitation of both ZnPor photosensitizers

with a two-pulse laser setup, the authors report the formation of TCAQ2- with a charge-

accumulated state lifetime of approximately 1 ns. The formation of the singly and doubly

reduced species is hereby quantified by the time constants for the formation and the de-

cay of the absorption band at 610 or 620 nm. The underlying assumption is that both

the TCAQ- and TCAQ2- absorption bands are centered at a very similar wavelength.

However, literature reports[22, 23] as well as this thesis (Chapter 5) show that while the ab-

sorption of TCAQ- is centered around 600 nm, the absorption band of TCAQ2- is centered

around 540 nm.

N

NN

N

O

O

N

N

N

N

N

N

N

N

N

N

N

N

Ru Ru

4+

Figure 2.5: Structure of the Ru-TATPQ-Ru triad examined by MacDonnell et al.[24, 25]

Upon excitation, four electrons and four protons can be accumulated when using a sacri-
ficial electron donor.

In 2002, the first accumulation of four electrons (in combination with four protons) on

a molecular system was reported by MacDonnell et al.[24, 25] In a dinuclear ruthenium

complex bearing a central tetraazatetrapyrido pentacene quinone (TATPQ) moiety as

11



2 Theoretical Background and Motivation

electron acceptor, four electrons were consecutively accumulated on TATPQ in a steady-

state irradiation experiment. Upon excitation of one of the ruthenium photosensitizers, an

electron is transferred to TATPQ. The positive charge on the ruthenium sensitizer is then

subsequently compensated by the sacrificial electron donor triethylamine (TEA) which

prevents back-electron transfer from the singly reduced TATPQ moiety. The reduced

acceptor is subsequently protonated (proton released from oxidized TEA) which in sum

corresponds to the uptake of a hydrogen atom. Four iterations then lead to the successful

accumulation of four electrons and four protons on TATPQ.
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Figure 2.6: Structure of the OTA-Ru-TiO2 triad examined by Hammarström et al.[26, 27]

Upon excitation, two electrons are injected into the TiO2 nanoparticle leading to the
accumulation of two holes on OTA.

Another approach for charge-accumulation was pursued by Hammarström and co-workers

in 2010.[26, 27] A TiO2 nanoparticle was used as an electron acceptor which was combined

with a ruthenium photosensitizer and an oligo-triarylamine (OTA) two-electron donor.

The use of a TiO2 nanoparticle offers the advantage of having fast electron injection into

the nanoparticle, while the resulting decoupling of electrons and holes retards charge-

recombination reactions. The first laser pulse therefore leads to the formation of OTA+,

while OTA2+ is formed with the second laser pulse. Both singly and doubly charge-

separated states have a lifetime of 10 µs, the transport kinetics in TiO2 being the rate-

determining step in charge-recombination.

While the four above introduced systems are cleverly designed to allow for charge-accumu-

lation, they all exhibit their own specific disadvantages for the aim of artificial photo-

synthesis. Wasielewski (and Imahori) could accumulate two electrons on an acceptor.

However, the lifetime of the charge-accumulated state was too short to perform catalytic

reactions. The system of MacDonnell shows a long lifetime of the charge-accumulated

state; however, the use of sacrificial reagents is not compatible with the sustainable pro-

duction of solar fuels. The use of a TiO2 nanoparticle by Hammarström led to a fast

12



2 Theoretical Background and Motivation

electron injection into TiO2 and hence facilitated accumulation of two holes on OTA.

However, TiO2 in contrast to a purely molecular system offers no distinct reduced states

and fast electron abstraction is not possible.
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Figure 2.7: Structure of the TAA-Ru-AQ-Ru-TAA pentad investigated by Wenger and
co-workers.[28] Upon excitation, one electron from each TAA donor is transferred to AQ,
yielding a doubly reduced acceptor.

In 2016, a purely molecular pentad was examined in our group, being composed of a

central anthraquinone (AQ) acceptor being flanked by two ruthenium photosensitizers

and two triarylamine (TAA) electron donors.[28] Upon excitation of the photosensitizers,

electron transfer from the TAA donors to AQ could be observed. The hereby formed

charge-accumulated state exhibited an impressive lifetime of 870 ns, which could still be

increased to 4.7 µs upon addition of p-toluenesulfonic acid[29] and even to the millisecond

regime by exploiting metal ion-coupled electron transfer (MCET).[30] A downside of the

pentad however is the rather small amount of charge-accumulated product formed, as only

a fraction of the singly charge-separated states could be converted to the doubly charge-

separated state within the laser pulse duration. This finding is mainly attributed to a

reduced driving-force for the accumulation of the second electron as well as unproductive

excited state quenching by TAA+ and AQ-.
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2 Theoretical Background and Motivation
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Figure 2.8: Structure of the (TAA)2-Ru-PhSSPh-Ru-(TAA)2 heptad investigated by
Wenger and co-workers.[31] Upon excitation, two electrons from two TAA donors are trans-
ferred to PhSSPh, yielding a doubly reduced acceptor.

The problem of the reduced driving force for the second electron-transfer step was ad-

dressed by our group in 2018.[31] In the central position of the (TAA)2-Ru-PhSSPh-Ru-

(TAA)2 heptad, dibenzo dithiin (PhSSPh) was used as a two-electron acceptor. In contrast

to the previously used acceptors such as AQ, the reduction potentials of PhSSPh are in-

verted, meaning that the second reduction occurs more easily than the first. Excitation of

both ruthenium photosensitizers then leads to the formation of doubly reduced PhSSPh

and two oxidized TAA donor moieties. The hereby generated charge-accumulated state

exhibits a lifetime of 66 ns, which upon protonation with p-toluenesulfonic acid can be

drastically increased.

With an extended lifetime of the charge-accumulated state and increased driving force for

the second electron-transfer step being obtained in these two systems, the next step now

is the realization of a purely molecular system which can accumulate both electrons and

holes in analogy to natural photosynthesis. This concept is approached in Chapter 5 of

this thesis.
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3 Studies of Charge-Accumulation:

NDI as Two-Electron Acceptor

The idea of examining charge-accumulation on naphthalene diimide (NDI) arose from

its favorable electrochemical and optical spectroscopic properties: NDI is a two-electron

acceptor with reduction potentials of -0.5 V and -1.0 V vs. SCE.[32–34] Neutral, singly and

doubly reduced states exhibit different absorption signatures[32] and therefore allow for

clear differentiation of the observed (reduced) states. While the synthesis and modification

of NDIs is well established and NDIs are used for several applications,[35–38] light-induced

charge-accumulation on NDI has not been reported. In recent years, efforts to achieve

charge-accumulation on NDI in molecular systems were made that either yielded a mixed-

valence singly charge-separated state,[39] a (long-lived) singly charge-separated state[40–42]

or a singly charge-separated state with two distinct charge-recombination lifetimes.[43]

Charge-accumulation could not be achieved in any of these systems.

In this project, charge-accumulation in a Ru-NDI-Ru triad was achieved with triethy-

lamine (TEA) as a sacrificial electron donor. In a related pentad, two triarylamine (TAA)

electron donor moieties (replacing the role of TEA in the triad) were covalently linked

to the [Ru(bpy)3]
2+photosensitizers. In this pentad, charge-separation could be observed

upon excitation, but two-pulse experiments did not lead to charge-accumulation. The

reasons for this lie in the significantly reduced driving force for the second electron trans-

fer to NDI- and energetically more favorable excited state quenching by NDI- or TAA+.

Details of the charge-accumulation and separation processes occurring in the triad and

pentad can be found in the published paper presented on the following pages. A new

concept to overcome the disadvantages observed with the NDI pentad will be presented

in Chapter 5.

In 2017, a few months after this project was published, a paper was released by Aukauloo

and co-workers where the authors were able to achieve charge-accumulation on NDI using

the reversible external electron donor ascorbate.[44] In a fully covalently linked system,

charge-accumulation on NDI is still pending.
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ABSTRACT: In a molecular triad comprised of a central naphthalene
diimide (NDI) unit flanked by two [Ru(bpy)3]

2+ (bpy = 2,2′-
bipyridine) sensitizers, NDI2− is formed after irradiation with visible
light in deaerated CH3CN in the presence of excess triethylamine. The
mechanism for this electron accumulation involves a combination of
photoinduced and thermal elementary steps. In a structurally related
molecular pentad with two peripheral triarylamine (TAA) electron
donors attached covalently to a central [Ru(bpy)3]

2+-NDI-[Ru-
(bpy)3]

2+ core but no sacrificial reagents present, photoexcitation
only leads to NDI− (and TAA+), whereas NDI2− is unattainable due to
rapid electron transfer events counteracting charge accumulation. For solar energy conversion, this finding means that fully
integrated systems with covalently linked photosensitizers and catalysts are not necessarily superior to multicomponent systems,
because the fully integrated systems can suffer from rapid undesired electron transfer events that impede multielectron reactions
on the catalyst.

■ INTRODUCTION

To perform multielectron redox chemistry using visible light as
an energy input, it is desirable to understand the basic
principles of the photodriven accumulation of redox equiv-
alents.1,2 Many prior studies employed sacrificial reagents to
generate solar fuels using various molecular catalysts, but often
the focus was mainly on product formation rather than on
understanding the key elementary step of charge accumu-
lation.3−15 Photosensitizers and catalysts are often attached
covalently to each other, but in some cases the resulting fully
integrated assemblies do not exhibit strongly improved
properties compared to multicomponent systems in which
there are no covalent linkages between individual components
or reactants. Against this background, we became interested in
performing a direct comparison of light-induced charge
accumulation in multicomponent and unimolecular systems
with particular focus on mechanistic aspects.
Several prior studies concentrated specifically on the

phenomenon of light-driven charge accumulation in artificial
molecular systems, as highlighted in three recent reviews.16−18

Many of the studied systems relied on sacrificial reagents,19−29

but newer systems (as well as a few older ones) exhibit
intramolecular charge accumulation in absence of sacrificial
substances.30−35 Nevertheless, compared to the ordinary
photoinduced transfer of single electrons, light-induced charge
accumulation is still poorly explored, for example, because
multiple photons are usually required to drive multiple electron
transfers, and because there can be many processes that
counteract charge accumulation after primary charge separa-
tion.

In this work, we explored triad I and pentad II (Scheme 1)
with a view to obtaining doubly reduced naphthalene diimide
(NDI2−) after excitation of the covalently attached [Ru-
(bpy)3]

2+ (bpy = 2,2′-bipyridine) photosensitizers with visible
light. NDI is well-suited for studies with UV−vis spectroscopy,
because its neutral, singly, and doubly reduced forms exhibit
diagnostic, easily distinguishable signatures.36 We aimed to
explore how charge accumulation on NDI can be achieved with
a standard photosensitizer such as [Ru(bpy)3]

2+, to understand
its mechanisms in detail, and to obtain insight into the factors
limiting its overall efficiency. Through direct comparison of
triad I (which requires sacrificial electron donors) and pentad II
(which has covalently attached donors), we aimed to identify
advantages and disadvantages of multicomponent versus fully
integrated (covalently linked) systems for photoinduced charge
accumulation, and more generally, for artificial photosynthesis
relying on multielectron chemistry.

■ RESULTS AND DISCUSSION

Syntheses and characterization data of triad I and pentad II are
reported in the Supporting Information. Both compounds have
the [Ru(bpy)3]

2+-NDI-[Ru(bpy)3]
2+ core motif in common but

with different connectivity between subunits. This is owing to
synthetic challenges faced in the course of attempts to make a
pentad that is structurally strictly analogous to triad I (i.e., with
5,5′- instead of 4,4′-substituted bpy units). This structural
difference is expected to entail significantly stronger electronic
communication between subunits in the pentad, because
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electronic coupling across the 4- and 4′-positions of bpy is
usually stronger than across its 5- and 5′-positions.37,38
The cyclic voltammograms of I and II are essentially a

superposition of the individual voltammograms of their
subcomponents (Supporting Information, Figures S1 and S2).
The first two reductions are NDI-based, whereas [Ru(bpy)3]

2+-
localized reductions appear at more negative potentials (Table
1).

UV−vis spectra of I and II in CH3CN exhibit the typical
MLCT absorptions of the [Ru(bpy)3]

2+ chromophores and
π−π* transitions on bpy, NDI, and TAA at shorter wavelengths
(Supporting Information, Figure S3). Selective excitation of the
[Ru(bpy)3]

2+ chromophore in the visible spectral range is
readily possible, but given the direct attachment of p-phenylene
substituents to one of its bpy ligands, consideration of the
ruthenium chromophore as an isolated [Ru(bpy)3]

2+ complex
is a somewhat crude (but for our purposes nevertheless
sufficient) approximation.39

Charge accumulation studies were performed on 1.7 × 10−5

M solutions of I in deaerated CH3CN containing various

concentrations of triethylamine (Et3N) or tetra-n-butylammo-
nium 5,6-isopropylidene ascorbate (TBA+ iASc−). Continuous
irradiation at 410 nm with a flux of (3.22 ± 0.14) × 1016

photons per second occurred in a commercial spectro-
fluorimeter over several minutes (see Supporting Information
for details). In presence of 0.5 M Et3N, the spectral changes
shown in Figure 1a appear in the course of the first 30 s of
photo-irradiation.
Comparison with the UV−vis difference spectrum obtained

from an experiment in which the NDI unit of I in dry
tetrahydrofuran (THF) was reduced to NDI− with benzophe-
none radical anion (Figure 1b) shows that the main
photochemical reduction product after 30 s is NDI−, while
[Ru(bpy)3]

2+ must be in its initial (ground) state. Continued
irradiation for another 690 s under the same conditions then
induces the spectral changes shown in Figure 1c. The final
spectrum is compatible with the formation of NDI2−, as the
comparison with the difference spectrum obtained after
chemical reduction of the NDI unit of I to NDI2− in THF
(Figure 1d) shows. From the difference spectra, it becomes
evident why 410 nm was chosen for excitation: At this
wavelength the changes in optical density in the course of the
conversion of NDI to NDI− and finally NDI2− are
comparatively small, and it remains possible to excite relatively
selectively into the [Ru(bpy)3]

2+ chromophore. Direct
excitation into NDI− or NDI2− could potentially induce
energy-wasting electron transfer events (see below).17,31,40,41

From the difference spectra in Figure 1a,c the proportions of
NDI0, NDI−, and NDI2− at different irradiation times can be
determined. The resulting speciation curves (Figure 2) indicate
that in the presence of 0.5 M Et3N the population of NDI−

maximizes at ca. 30 s, and after 720 s the formation of NDI2− is
essentially complete. When using 0.25 M Et3N the kinetics are
similar, but with 0.1 M Et3N they are markedly slower
(Supporting Information, Figures S4 and S5). These irradiation
times are obviously dependent on triad concentration and
irradiation flux, and consequently it is more meaningful to
report quantum yields. In the first few seconds of the
conversion of NDI0 to NDI−, as well as in the conversion of
NDI− to NDI2−, the growth of the new absorption signals is
approximately linear, and we used these (short) time regimes to
estimate the quantum yields (ϕ) in Table 2. The key
observation is that the conversion of NDI− to NDI2− has a
markedly lower quantum yield than the formation of NDI−

from NDI0. Not surprisingly, the electron-accumulating step is
therefore the more difficult one to accomplish.
Mechanistic insight comes from transient absorption spec-

troscopy and luminescence quenching experiments. Excitation
of triad I at 532 nm in deaerated CH3CN in absence of Et3N
induces intramolecular electron transfer from photoexcited
[Ru(bpy)3]

2+ to NDI (Supporting Information, Figure S6) with
a time constant of 300 ps (Supporting Information, Figure
S7a). Subsequently, thermal charge recombination, that is,
electron transfer from NDI− to [Ru(bpy)3]

3+, takes place with a
time constant of ∼20 ns (Supporting Information, Figure S7b).
For 3MLCT excited-state quenching of [Ru(bpy)3]

2+ by Et3N
an upper rate limit of 1 × 106 M−1 s−1 has been estimated in
prior studies;42 hence, at a concentration of 0.5 M Et3N, the
pseudo-first-order rate constant for electron transfer from Et3N
to photoexcited [Ru(bpy)3]

2+ is less than 5 × 105 s−1. This is
more than 6600 times slower than intramolecular photo-
induced electron transfer to NDI in triad I, and consequently it
seems clear that the dominant reaction pathway for the

Scheme 1. Molecular Structures of Triad I and Pentad II

Table 1. Redox Potentials of the Individual Components of
Triad I and Pentad II in CH3CN at 25 °C

triad I pentad II

redox couple E1/2
a [V] Ep,a − Ep,c [mV] E1/2

a [V] Ep,a − Ep,c [mV]

TAA+/TAA 0.38 103
NDI/NDI− −0.83 82 −0.89 70
NDI−/NDI2− −1.33 60 −1.34 65
bpy/bpy− −1.53 99 −1.72 112

aE1/2 in volts versus Fc+/Fc. Ep,a − Ep,c (in mV) is the difference in
anodic and cathodic peak potentials.
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formation of NDI− in the presence of Et3N involves the
sequence of intra- and intermolecular electron transfer steps
shown in Scheme 2a (process (i) rather than process (ii)).

Following the intramolecular step leading to [Ru(bpy)3]
3+

and NDI−, regeneration of [Ru(bpy)3]
2+ by Et3N is in

competition with intramolecular thermal charge recombination.
For the reaction between [Ru(bpy)3]

3+ and triethanolamine a
rate constant of 1.67 × 107 M−1 s−1 has been reported.43

Assuming that the reaction with Et3N is similarly rapid, one
expects a pseudo-first-order rate constant of ∼8 × 106 s−1 at an
Et3N concentration of 0.5 M. Since the rate constant for
intramolecular charge recombination between [Ru(bpy)3]

3+

and NDI− is ∼5 × 107 s−1 (time constant of ∼20 ns, see
above), the bimolecular reaction between [Ru(bpy)3]

3+ and
Et3N is comparatively slow. This explains why the quantum
yields for the formation of NDI− under the steady-state
irradiation conditions are limited to values in the range of
0.061−0.107 (Table 2).
The mechanism leading from NDI− to NDI2− is more

difficult to identify. Spontaneous thermal disproportionation of
NDI− to NDI2− and NDI0 is not possible, because it is
exergonic by 0.4 eV based on the redox potentials for triad I
(Table 1). When a deaerated solution of triad I in which NDI−

has been formed photochemically with Et3N is left standing in
the dark, NDI2− is not formed (Supporting Information, Figure
S8a), indicating that further light input is required for the
electron-accumulating step. Reductive quenching of 3MLCT-
excited [Ru(bpy)3]

2+ by Et3N (process (vi) in Scheme 2b) is
slow (<5 × 105 s−1 at 0.5 M, see above), and intramolecular
electron transfer to NDI− (process (v) in Scheme 2b) is
energetically uphill by 0.14 eV based on the potentials in Table
1. Moreover, intramolecular reductive 3MLCT quenching by
NDI− (process (iv) in Scheme 2b) is exergonic by 1.4 eV.
Given its high driving force, this undesired charge shift event is
likely to represent the dominant reaction channel after
absorption of a photon by triads in which NDI− is present.
This process is expected to be followed by intramolecular
thermal charge shift from [Ru(bpy)3]

+ to NDI0, and the net

Figure 1. (a) UV−vis difference spectra measured on a 1.7 × 10−5 M solution of triad I in deaerated CH3CN containing 0.5 M Et3N. Irradiation
occurred with a flux of (3.22 ± 0.14) × 1016 photons per second at 410 nm over time intervals ranging from 2 to 30 s. The spectrum measured at t =
0 s served as a baseline. (b) UV−vis difference spectrum obtained after chemical reduction of the NDI unit in triad I to NDI−, using benzophenone
radical anion in THF as a chemical reductant. The spectrum of the triad prior to reduction served as a baseline. (c) UV−vis difference spectra of the
same solution as in (a) measured after irradiation times between 30 and 720 s. (d) UV−vis difference spectrum obtained after reduction of NDI in
triad I to NDI2− using benzophenone radical anion in THF; the spectrum measured prior to adding the chemical reductant served as a baseline.

Figure 2. Relative proportions (molar fractions) of NDI (green),
NDI− (blue), and NDI2− (red) present in triad I after different
irradiation times. The flux used for excitation at 410 nm was (3.22 ±
0.14) × 1016 photons per second, and the sample contained 3.4 × 10−8

mol of triad I. This corresponds to roughly two photons per molecule
per second. Some of the quantum yields reported in Table 2 were
extracted from this data.

Table 2. Quantum Yields for Formation of NDI− and NDI2−

when Irradiating Triad I at 410 nm in Deaerated CH3CN at
25 °C in the Presence of Different Concentrations of Et3N

a

[Et3N], M ϕ (NDI → NDI−) ϕ (NDI− → NDI2−)

0.10 0.061 0.000 26
0.25 0.079 0.001 41
0.50 0.107 0.001 50

aThe experimental uncertainties are ∼20%.
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result is the initial [Ru(bpy)3]
2+/NDI− couple, but a photon

has been consumed (gray shaded area in Scheme 2b). In view
of all these pitfalls, the very low quantum yields for the
electron-accumulating step (Table 2) become understandable.
After oxidation, Et3N is known to deprotonate to form the

highly reactive Et2NC·=CH3 radical, which is able to reduce
[Ru(bpy)3]

2+ to [Ru(bpy)3]
+ in the ground state, that is, in a

dark reaction.44−47 However, as noted above, the formation of
NDI2− from NDI− does not proceed in absence of light
(Supporting Information, Figure S8a), and it seems likely that
the Et2NC·=CH3 radicals react rapidly after they are formed.
Presumably, they contribute to the formation of NDI− already
in the course of initial photo-irradiation (Figure 1a), as
illustrated in Scheme 2a (process (iii)).
As noted above, spontaneous disproportionation of NDI−

can be excluded on thermodynamic grounds, but this
disproportionation equilibrium can be shifted to the product
side by constant removal of NDI0 (Scheme 2c). When the
solution contains largely NDI− (i.e., after 30 s in Figure 1a), a
residual concentration of ∼1 × 10−8 M−1 of NDI0 is expected in

a solution containing an initial triad concentration of 1.7 × 10−5

M (based on a disproportionation constant of 1.7 × 10−7

obtained from the redox potentials in Table 1). Prolonged
irradiation will eventually bring even this small residual amount
of NDI0 to reaction with Et3N to afford NDI−, and with NDI0

being continuously consumed, more and more NDI2− is
formed (gray shaded area in Scheme 2c), also by the reaction of
newly produced Et2NC·=CH3 radicals (process (vii) in Scheme
2c).44−47 It seems plausible that this thermal overall process
(which, however, clearly relies on further light input) is in fact
the main electron-accumulating step, particularly in view of the
fact that excitation of [Ru(bpy)3]

2+ in triads containing NDI−

predominantly induces an unproductive sequence of photo-
induced and thermal (intramolecular) charge shift reactions
(gray shaded area in Scheme 2b).
With ascorbate as an electron source instead of Et3N,

electron accumulation on NDI is not possible. For solubility
reasons, we used tetra-n-butylammonium 5,6-isopropylidene
ascorbate as a donor and deaerated methanol for steady-state
photo-irradiation of triad I at 410 nm,48 but in this experiment
not even NDI− is formed in substantial amounts (Supporting
Information, Figure S8b). Transient absorption studies
demonstrate why: Once NDI− is formed (Supporting
Information, Figures S9 and S10), it recombines with ascorbate
oxidation products on a time scale of ∼10 ms (Supporting
Information, Figure S11). In view of the fact that ascorbate acts
as a nonsacrificial quencher for 3MLCT-excited [Ru(2,2′-
bipyrazine)3]

2+,49 this finding is not too surprising.
In a separate experiment, we photo-irradiated a three-

component mixture containing 1.7 × 10−5 M of an NDI
reference molecule, 2 equiv of [Ru(bpy)3]

2+, and 0.5 M Et3N in
deaerated CH3CN but were unable to observe charge
accumulation on NDI in this case, possibly due to low cage
escape yields (see Supporting Information for details). The
quantum yield for formation of NDI− in this case was 0.070.
Pentad II has covalently attached TAA donors, and we

hoped to achieve entirely intramolecular photoinduced electron
accumulation in this case, similar to what we recently observed
in a structurally related system with anthraquinone as a two-
electron acceptor.35 Excitation of a 1.5 × 10−5 M solution of
pentad II at 532 nm with laser pulses of ∼10 ns duration leads
to the transient absorption spectrum in Figure 3. The transient

Scheme 2. Reaction Pathways Leading to Electron
Accumulation in Triad I in the Presence of Excess Et3N

a

aOnly one of the two photosensitizers (RuL3
2+) of the triad is

indicated for brevity. Gray shaded areas mark the most important
pathways. (a) Sequence of reaction steps leading to the formation of
NDI−. (b) Unproductive electron transfer events leading to light
absorption but no net photochemistry. (c) Displacement of the
(unfavorable) disproportionation equilibrium through continuous
removal of NDI0 and further formation of NDI2− through a thermal
reaction with a carbon-centered radical resulting from the decom-
position of oxidized Et3N.

Figure 3. Transient absorption spectrum recorded from a 1.5 × 10−5

M solution of pentad II in deaerated CH3CN. The sample was excited
at 532 nm with laser pulses of ∼10 ns duration, and detection occurred
by time integration over 200 ns immediately after excitation. The spike
at 532 nm is due to laser stray light.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.6b02446
Inorg. Chem. 2017, 56, 2432−2439

2435

3 Studies of Charge-Accumulation: NDI as Two-Electron Acceptor

21



absorption bands at 477 and 606 nm signal the formation of
NDI− (Supporting Information, Figure S12, Figure 1b), while
the bleaches at 355 and 380 nm mark the disappearance of
NDI0 (Supporting Information, Figure S3).36 The band at 765
nm is diagnostic for TAA+ (Supporting Information, Figure
S13).50−52

The transient absorption signals at 480 and 770 nm form
with an instrumentally limited time constant of 30 ps
(Supporting Information, Figure S14). They decay in single
exponential manner with the same time constant as the bleach
at 360 nm recovers (Figure 4), indicating that (intramolecular)

thermal charge recombination between NDI− and TAA+ occurs
with a time constant of 120 ns in deaerated CH3CN at 25 °C.
On the basis of the chemical reduction data in Figure 1d and
based on prior studies,36 one would expect NDI2− to exhibit

characteristic absorption bands at 400, 420, and 615 nm, and
we searched carefully for such bands up to very high excitation
pulse energies (∼30 mJ). Because of the two-photon nature of
the electron accumulation process,35 the quantity of NDI2−

potentially produced is expected to be very low. For example, in
a scenario in which 10% of all pentads are promoted to the
NDI−/TAA+ charge-separated state, only ∼1% can be expected
to be further promoted to a state in which NDI2− is flanked by
two TAA+ units.31 We were unable to detect any signals
attributable to NDI2−, even when using a sequence of two
excitation pulses (first pulse at 532 nm, 30 mJ; second pulse at
430 nm with a time delay of 50 ns, 21 mJ) in a so-called two-
color pump−pump probe experiment (Supporting Information,
Figure S15). The second excitation pulse at 430 nm seemed
advantageous over excitation with two photons at 532 nm
within a single pulse, because at 430 nm secondary excitation
occurs predominantly into the MLCT absorption band of
[Ru(bpy)3]

2+, whereas at 532 nm [Ru(bpy)3]
2+ only absorbs

weakly, and there is also some NDI− absorption. (Excitation of
NDI− could potentially trigger energy-wasting charge recombi-
nation reactions,56 but we estimate that under the conditions
used in our experiment the absorbance of photogenerated
NDI− at 532 nm is ∼36 times weaker than that of
[Ru(bpy)3]

2+; hence, direct excitation of NDI− is expected to
be a minor deactivation pathway).
Even successful secondary excitation of [Ru(bpy)3]

2+ can
trigger unwanted electron-transfer reactions, in particular, either
reductive excited-state quenching by NDI− or oxidative
quenching by TAA+. Both of these processes have significantly
higher driving force than the desired charge accumulation step
leading to NDI2− and two TAA+ units. These types of energy-
wasting photoinduced charge recombination processes seem to
be generally the most difficult ones to avoid when aiming at

Figure 4. Temporal evolution of the transient absorption signals at (a)
360, (b) 480, and (c) 770 nm in the spectrum from Figure 3.

Scheme 3. Reaction Pathways Relevant for Electron Accumulationa

aIn (a) sensitizer-acceptor dyads, and (b) in donor-sensitizer-acceptor-sensitizer-donor pentads. The grey shaded areas mark unproductive yet
important electron transfer sequences competing with the electron-accumulating step. (c) Shift of a disproportionation equilibrium through constant
removal of the starting material via continuous photoexcitation as a key pathway to charge accumulation.
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photoinduced charge accumulation,31,40,41 and in this regard,
multicomponent systems are advantageous compared to fully
integrated, covalently linked systems. This is not only because
of the large excess of sacrificial reagents in multicomponent
systems but also because the primary oxidation and reduction
products can diffuse away from each other, and when
absorption of a second photon then takes place, the
photoinduced charge recombination events discussed above
are far less probable. Furthermore, in multicomponent systems
the primary charge-separated state (here comprised of NDI−

and oxidized Et3N in the case of I) is usually much longer-lived
than in covalently connected systems (120 ns for NDI− and
TAA+ in pentad II), giving access to the disproportionation
chemistry discussed above (Scheme 2c).
Attempts to favor the formation of NDI2− by metal-ion

coupled electron transfer (MCET) through addition of the
strong Lewis acid Sc3+ (50 mM Sc(OTf)3) were unsuccess-
ful.26,53,54

Finally, we note that the 3MLCT excited state of pentad II
can in principle be quenched by energy transfer to TAA+ or
NDI−. Both radical species have absorptions at wavelengths
below 600 nm (Figure 1b, Supporting Information, Figures S12
and S13), indicating that they both have excited states that are
energetically below the lowest 3MLCT state of [Ru(bpy)3]

2+.
The NDI− and TAA+ are doublet species, and it remains to be
explored how spin selection rules affect the efficiency of energy
transfer in such a case.55

■ SUMMARY AND CONCLUSIONS
Triad I is symmetrical with two photosensitizer units for ease of
synthesis, but in principle it is functionally analogous to simple
sensitizer-acceptor (S-A) dyads. Photoreduction of the NDI
unit by one electron in triad I is readily possible by the
sequence of intra- and intermolecular electron transfer events
outlined in Scheme 3a, leading ultimately to the S-A− form.
Further excitation of the latter principally induces reductive
excited-state quenching of the sensitizer by A−, because the
latter is a strong donor, and the excited sensitizer is a potent
acceptor. The resulting S−-A form subsequently reverts
spontaneously to the S-A− form via intramolecular thermal
reverse electron transfer (gray shaded area in Scheme 3a). This
unproductive (but energy-consuming) sequence of reactions is
generally problematic in charge accumulation pro-
cesses,17,31,40,41,56 unless A− is rendered less reducing, for
example, through protonation in an overall proton-coupled
electron transfer (PCET) reaction.57−59

In triad I, formation of the S-A2− form is only possible thanks
to the displacement of the (unfavorable) disproportionation
equilibrium in Scheme 3c. Importantly, this thermal reaction
requires further light input for continuous removal of the S-A
starting material and the concomitant formation of the charge-
accumulated S-A2− species. This reaction pathway is only viable
with sacrificial donors such as Et3N but not with reversible
donors such as ascorbate. In cases in which the disproportio-
nation of A− to A and A2− is thermodynamically favored, no
further light input is evidently necessary. This should be the
case, for example, in various benzoquinone derivatives.60,61

In donor-sensitizer-acceptor-sensitizer-donor pentad II, the
primary charge-separated state (D+-S-A−-S-A) has a compara-
tively short lifetime (120 ns), and this makes bimolecular
disproportionation ineffective. Further excitation of the primary
charge-separated species predominantly induces the unproduc-
tive electron transfer events shown in the gray shaded area of

Scheme 3b: The excited state of the sensitizer (*S) is quenched
either reductively by A− or oxidatively by D+. Again, PCET
would be helpful to make A− less reducing through protonation
(see above) and to make D+ less oxidizing through
deprotonation. Phenols would be an interesting choice as
one-electron donors, because they usually undergo deprotona-
tion in the course of oxidation.62−69

Our direct comparison of a multicomponent system (triad I
with sacrificial donors) and a fully integrated compound
(pentad II with covalently attached reversible donors)
illustrates possible reaction pathways leading to electron
accumulation and counteracting processes in both types of
approaches. Our study demonstrates that, for applications
aiming at multielectron (photo)redox reactions, the covalent
linkage of photosensitizers and catalytic reaction centers
introduces significant challenges with regard to avoiding
unproductive (but energy-consuming) electron-transfer reac-
tions upon sequential absorption of two (or more) photons.
These unproductive electron transfers could presumably be
decelerated significantly with suitable PCET photochemis-
try,70−74 leading ultimately to the accumulation of redox
equivalents rather than the accumulation of charge, similar to
what is observed in the oxygen-evolving complex of photo-
system II.75,76
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4 Studies of Light-Induced Catalysis:

Using Electron-Accumulation to

Perform Two-Electron Catalysis

In the previous chapter, the accumulation of two electrons on a central naphthalene di-

imide (NDI) acceptor moiety could be achieved with the use of the sacrificial electron donor

triethylamine (TEA). If kept under inert atmosphere, the charge-accumulated state was

stable for several hours. Based on this finding, the idea arose to utilize the accumulated

electrons to perform two-electron catalytic reductions.

In the context of the involvement of our group in the research cluster NCCR Molecular

Systems Engineering,[45] a re-usable fuel was needed to power biochemical reactions oc-

curring in the projected concept of a molecular factory. An appropriate fuel was found

in nicotinamide adenine dinucleotide (phosphate) (NAD(P)+), a molecule well known in

biochemistry which in its reduced form (NAD(P)H) is a strong reductant and serves as

an energy source for several enzymatic reactions.[46–49] NAD(P)H is a hydride donor and

after its oxidation in a biochemical reaction, two electrons in combination with a proton

are needed to regenerate its energy-rich state.[48, 50–52] To obtain exclusive 1,4-reduction

on NAD(P)+, a selective hydride transfer mediator is needed to generate the bioactive

species.[48, 53–56] A suitable and commonly used mediator for this reaction is the complex

[RhBpyCp*Cl]Cl which can undergo reduction from RhIII to RhI and upon subsequent

protonation leads to a hydride transfer reagent.[48, 49, 52, 53, 57–65] In the experiments de-

scribed in this chapter, the NAD(P)+ chemical analogue 1-benzyl nicotinamide (BNA+)

was used for simplicity.[66, 67] The structures of the Ru-NDI-Ru triad, the [RhBpyCp*Cl]Cl

complex, of BNA+ and of NAD(P)+ are presented in Figure 4.1.
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Figure 4.1: Molecular structures of the Ru-NDI-Ru triad, the [RhBpyCp*Cl]Cl co-
catalyst, of BNA+ and of NAD(P)+.

4.1 The Ru-NDI-Ru Triad in an Intermolecular Reaction

Cascade for BNA+ Reduction

Steady-state Catalysis

For primary tests, reaction conditions in analogy to the ones used by Knör and co-

workers[68] and Rau and co-workers[69] were chosen. The proposed reaction mechanism

of the BNA+ reduction is depicted in Scheme 4.1.

NDI0

NDI2- RhI-H

RhIII
H+

BNAH

BNA+

sD
sD

sD+

sD+

Scheme 4.1: Proposed reaction mechanism following excitation of the Ru-NDI-Ru triad
leading to the reduction of BNA+ to BNAH (sD: sacrificial electron donor).

In analogy to the experiments in Chapter 3, an excitation wavelength of 410 nm was

chosen due to the NDI- anion not exhibiting any absorption at this wavelength while

the [Ru(bpy)3]
2+ photosensitizer can still be sufficiently excited. Following the excitation
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of the Ru-NDI-Ru triad, the accumulation of two electrons on the NDI acceptor is ex-

pected. The two electrons are then transferred onto the Rh co-catalyst, which undergoes

protonation and subsequently reduces BNA+ to BNAH.

In the following experiments, a 1:1 solvent mixture of MeCN and H2O was used to en-

sure the solubility of all involved species. The result of the corresponding steady-state

irradiation experiment can be seen in Figure 4.2.

Figure 4.2: UV-Vis spectral changes upon steady-state irradiation of the catalytic
mixture for BNAH generation. The sample contained the following components: tri-
ethanolamine (TEOA, 0.5 M) as sacrificial electron donor, a NaH2PO4/Na2HPO4 buffer
system at pH 8.65, the Ru-NDI-Ru triad (1.6·10-5 M), the [RhBpyCp*Cl]Cl co-catalyst
(1.6·10-4 M) and BNA+Cl- (1 mM) in a 1:1 mixture of MeCN and H2O. The sample was
de-oxygenated under exclusion of light and then irradiated at 410 nm. (a) UV-Vis absorp-
tion spectra measured after the time intervals given in the legend. (b) Difference spectra
constructed by subtracting the ground state absorption spectrum prior to irradiation from
the spectra measured after each time interval. (c) Difference spectra highlighting the for-
mation of the absorption band at 355 nm. Spectra were constructed by subtracting the
absorption spectrum measured after 10 minutes from the subsequently measured spectra.
(d) Difference spectrum of NDI- for comparison. Spectrum was taken from the chemical
reduction experiment in Chapter 3.

In the steady-state irradiation experiment shown in Figure 4.2, growing absorption bands

at 480, 610, 695 and 770 nm can be seen forming in the first 10 minutes (see Figure 4.2a

and b, dashed lines). These absorption bands perfectly match with the spectral features

of NDI- as seen in Figure 4.2d and therefore show the formation of the singly reduced
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NDI moiety. After 10 minutes of irradiation, the amount of NDI- remains at a constant

level and a new absorption band located between 300 and 400 nm forms. This absorption

band centered around 355 nm (see Figure 4.2c) can be either attributed to the formation

of BNAH as reported in the literature[49, 68] or to the formation of a (BNA)2 dimer formed

by reaction of two BNA˙ radical species.[70, 71]

Control Experiments

With this outcome, control experiments were performed to examine the necessity of the

different components in the BNA+ reduction process.

CONTROL1 - Removal of the [RhBpyCp*Cl]Cl co-catalyst

Figure 4.3: UV-Vis spectral changes upon steady-state irradiation of the catalytic mix-
ture without the [RhBpyCp*Cl]Cl co-catalyst (CONTROL1 ). The control sample con-
tained the following components: triethanolamine (TEOA, 0.5 M) as sacrificial electron
donor, a NaH2PO4/Na2HPO4 buffer system at pH 8.65, the Ru-NDI-Ru triad (1.6·10-5 M)
and BNA+Cl- (1 mM) in a 1:1 mixture of MeCN and H2O. The sample was de-oxygenated
under exclusion of light and then irradiated at 410 nm in the same time intervals as in the
main experiment. For clarity reasons, the spectra only show a selection of traces. Left:
UV-Vis absorption spectra. Black trace represents the ground state absorption spectrum,
blue traces indicate NDI- formation (within the first 10 minutes) and red traces show the
spectral changes associated with the NDI2- formation. Right: Difference spectra con-
structed by subtraction of the ground state absorption spectrum from the subsequently
measured spectra.

Upon exclusion of the [RhBpyCp*Cl]Cl co-catalyst, no formation of the absorption band

around 355 nm could be observed. Instead, the recorded absorption spectra first show

the formation of NDI- (blue traces) followed then by the formation of NDI2-(red traces),

very similar to the experiments in Chapter 3. This observation illustrates the importance

of the Rh co-catalyst as direct electron transfer from NDI2- to BNA+ does not occur.
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CONTROL2 - Removal of the Ru-NDI-Ru Triad

Figure 4.4: UV-Vis spectral changes upon steady-state irradiation of the catalytic
mixture without the Ru-NDI-Ru triad (CONTROL2 ). The control sample con-
tained the following components: triethanolamine (TEOA, 0.5 M) as sacrificial electron
donor, a NaH2PO4/Na2HPO4 buffer system at pH 8.65, the [RhBpyCp*Cl]Cl co-catalyst
(1.6·10-4 M) and BNA+Cl- (1 mM) in a 1:1 mixture of MeCN and H2O. The sample was
de-oxygenated under exclusion of light and then irradiated at 410 nm. Left: UV-Vis
absorption spectra measured after different time intervals as given in the legend. Right:
Difference spectra highlighting the formation of the absorption band at 355 nm. Spectra
were constructed by subtraction of the ground state absorption spectrum before irradia-
tion from the subsequently measured spectra.

Upon exclusion of the Ru-NDI-Ru triad, however, an absorption band at 355 nm can be

seen forming (see Figure 4.4). The formation of the 355 nm band in this control experiment

(absorbance change of Δ = 0.2 in 240 min) is less effective than in the original experiment

(absorbance change of Δ = 0.4 in 240 min) but nevertheless notable. It appears that the

absorption of the [RhBpyCp*Cl]Cl co-catalyst at 410 nm is sufficient to trigger the BNA+

reduction process. The overall procedure for this is not quite clear because the Rh co-

catalyst needs to undergo a two-electron reduction following excitation to form BNAH.

A possible pathway lies in the disproportionation of two RhII species to RhIII and RhI,

which is reported in the literature[61, 72–74] and might be responsible for the observed

BNAH formation.

Another potential pathway leading to BNA+ reduction could be the absorption of light

by BNA+ itself, therefore acting as chromophore and electron acceptor at the same time.

But as the ground state absorption spectrum of BNA+ does not show any absorption

above 320 nm, this possibility is excluded.[75]

The formation of the (BNA)2 dimer in this experiment can also be excluded, as this

reaction would require a one-electron transfer from RhII to BNA+ which is energetically

uphill (ΔGET = +0.34 eV).1 Additionally, the RhII species is coordinatively unstable

1The corresponding calculation is presented in the appendix.
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and rapidly disproportionates into RhI and RhIII.[76] A one-electron transfer process, and

consequently the formation of the (BNA)2 dimer, is therefore unlikely.

CONTROL3 - Replacement of the Ru-NDI-Ru Triad with [Ru(bpy)3]2+

With the observations upon removal of the Ru-NDI-Ru triad, the general question arose

if the accumulation of two electrons is actually required for the BNA+ reduction process.

Therefore, a third control experiment was conducted where the Ru-NDI-Ru triad was

replaced with the one-electron reductant [Ru(bpy)3]
2+. To ensure comparability, the con-

centration of the [Ru(bpy)3]
2+ photosensitizer was chosen to be twice the concentration of

the Ru-NDI-Ru triad to make sure that the total amount of [Ru(bpy)3]
2+ photosensitizer

in both samples was equivalent. The sample was irradiated for the same time intervals as

the samples before and the result of the control experiment can be seen in Figure 4.5.

Figure 4.5: UV-Vis spectral changes upon steady-state irradiation of the catalytic
mixture where the Ru-NDI-Ru triad is replaced by the [Ru(bpy)3]

2+ photosensi-
tizer (CONTROL3 ). The control sample contained the following components:
[Ru(bpy)3](PF6)2 (3.2·10-5 M), triethanolamine (TEOA, 0.5 M) as sacrificial electron
donor, a NaH2PO4/Na2HPO4 buffer system at pH 8.65, the [RhBpyCp*Cl]Cl co-catalyst
(1.6·10-4 M) and BNA+Cl- (1 mM) in a 1:1 mixture of MeCN and H2O. The sample was
de-oxygenated under exclusion of light and then irradiated at 410 nm. Left: UV-Vis
absorption spectra measured after different time intervals as given in the legend. Right:
Difference spectra highlighting the formation of the absorption band at 355 nm. Spectra
were constructed by subtraction of the ground state absorption spectrum before irradia-
tion from the subsequently measured spectra.

As the control measurement shows, upon irradiation at 410 nm an intense band cen-

tered around 355 nm forms which can be attributed to the formation of BNAH[49, 68] or

(BNA)2.
[70, 71] Over a period of 240 minutes, at the wavelength of 355 nm an increase in

absorbance of Δ = 0.7 is monitored. This is much higher than in the control experiment

without photosensitizer (absorbance change of Δ = 0.2 in CONTROL2 , Figure 4.4),

but also significantly higher than the absorbance change of Δ = 0.4 induced by the Ru-

NDI-Ru triad (Figure 4.2). Again, a potential disproportionation of two RhII species
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Potential Remarks

E (Ru*II/I)[77] = 0.77 V in MeCN

E (RuIII/*II)[77] = -0.81 V in MeCN

E (RuII/I)[77] = -1.33 V in MeCN

E (RuIII/II)[77] = 1.29 V in MeCN

E (BNA+/0)[75, 78] = -1.08 V in MeCN

E (BNAH+/0)[79] = 0.57 V in MeCN

E (RhIII/I)[56, 80] = -0.74 V in H2O, potential describes a two-electron reduction

E (TEOA+/0)[81] = 0.69 V in H2O, potential by averaging the literature values

E (NDI0/-)[82] = -0.45 V in MeCN, from Ru-NDI-Ru triad

E (NDI-/2-)[82] = -0.95 V in MeCN, from Ru-NDI-Ru triad

Table 4.1: Reduction and oxidation potentials of the different species involved in the
BNA+ reduction process. Potentials are taken from the literature as cited and reported
vs. SCE.

formed after primary electron transfer from [Ru(bpy)3]
+ is considered as a potential path-

way leading to the formation of BNAH.[61, 72–74] However, the formation of the (BNA)2

dimer following the one-electron reduction of BNA+ under the reaction conditions is also

feasible.

To gain insight into the potential reaction paths following excitation of the photosensitizer,

the driving-forces for the different electron-transfer steps were estimated. The associated

calculations are presented in the appendix and were performed with the reduction and

oxidation potentials shown in Table 4.1.

Following excitation of the [Ru(bpy)3]
2+ photosensitizer, several reaction paths are avail-

able to the different components in the steady-state experiment. For clarity reasons, the

potential electron-transfer paths are separated in three groups: electron transfer from NDI-

or NDI2- to RhIII and BNA+ (Scheme 4.2), electron transfer from excited [Ru(bpy)3]
2+ to

RhIII (Scheme 4.3) and electron transfer from excited [Ru(bpy)3]
2+ to BNA+ (Scheme 4.4).

Scheme 4.2 shows the potential reaction pathways following the successful formation of

NDI- or NDI2- as described in Chapter 3. As seen in the energy scheme, the oxidation

potential of NDI- is not sufficient to reduce either RhIII to RhII or BNA+ to BNA˙. This

finding is in accordance with the experiment shown in Figure 4.2 where primary formation

of NDI- can be observed and the absorption band at 355 nm only forms after a constant

concentration of NDI- has been reached.

NDI2-, however, is energetically able to reduce RhIII to RhII with a driving force of

ΔGET = -0.21 eV. As the RhIII reduction potential was reported for a two-electron pro-

cess, the potential for the second electron transfer from RhII to RhI must be the same

or even less negative. Depending on this potential, RhI could be formed by subsequent
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Scheme 4.2: Potential electron-transfer paths originating from NDI- or NDI2-.

electron transfer from NDI-. If the energetics for the electron transfer from NDI- are not

promotive, then a disproportionation process of two RhII species could also lead to the

formation of RhI. Upon protonation of the RhI species, the reduction of BNA+ to BNAH

can occur.

Regarding the electron transfer from NDI2- to BNA+, the reaction is energetically uphill

(ΔGET = +0.13 eV) and therefore unlikely to occur. In addition, the electron transfer

from RhII to BNA+ is also energetically hindered (ΔGET = +0.34 eV).
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Scheme 4.3: Potential electron-transfer paths originating from *[Ru(bpy)3]
2+ and BNA+.

Scheme 4.3 shows the potential reaction pathways of excited [Ru(bpy)3]
2+ with BNA+.

While the direct electron transfer from *[Ru(bpy)3]
2+ to BNA+ is energetically uphill by

ΔGET = +0.27 eV, the primary excited state quenching by TEOA (ΔGET = -0.08 eV) and

the subsequent electron transfer from RuI to BNA+ (ΔGET = -0.25 eV) is energetically

possible. The formed BNA˙ radical can then dimerize yielding the unintended (BNA)2

dimer. However, the TEOA˙+ radical cation formed after the primary electron transfer to
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*[Ru(bpy)3]
2+ can undergo deprotonation, yielding the TEOA˙ radical which is a strong

reducing agent.[83–85] The TEOA˙ radical could therefore perform a second reduction on

BNA˙ yielding BNA-. If the reduction took place at the right position, then the desired

product 1,4-BNAH would form after protonation.

*RuII / RhIII / TEOA 
(2.10 eV)

E
n

er
g

y

RuIII / RhII / TEOA 
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RhI
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Scheme 4.4: Potential electron-transfer paths originating from *[Ru(bpy)3]
2+ and RhIII.

In Scheme 4.4, the potential reaction pathways of excited [Ru(bpy)3]
2+ with RhIII can be

seen. Here, both the oxidative quenching of *[Ru(bpy)3]
2+ by RhIII (ΔGET = -0.07 eV) as

well as the reductive quenching of *[Ru(bpy)3]
2+ by TEOA (ΔGET = -0.08 eV) exhibit a

similar driving force. The next electron-transfer step then leads to the formation of RhII

and TEOA+. As RhII is coordinatively unstable, rapid disproportionation of two RhII

species is likely to occur leading to the formation of RhI.[76] However, deprotonation of

the TEOA+ radical can also lead to the formation of a highly reducing species that can

reduce RhII to RhI. In both cases, the formed RhI species can catalyze the reduction of

BNA+ to BNAH upon protonation.

From the energy schemes shown above it becomes obvious that several reaction pathways

exist that can contribute to the reduction of BNA+. The accumulation of two electrons on

an acceptor unit is not a necessity, as electron transfer from *[Ru(bpy)3]
2+ to RhIII is also

energetically possible. The formed RhII species then rapidly disproportionates, yielding

the reactive RhI species that can catalyze the reduction of BNA+ to BNAH. However,

reductive excited-state quenching by TEOA and subsequent electron transfer from RuI

to BNA+ can also result in the formation of BNA˙, which can then dimerize to yield the

unwanted side product (BNA)2. The energetics for the formation of BNA˙ by electron

transfer from RuI (ΔGET = -0.25 eV) are not as favorable as for the reduction of RhIII

by RuI (ΔGET = -0.59 eV), however, the concentration of BNA+ in the reaction mixture

is six times higher than that of the Rh co-catalyst, which is likely to make both reactions

paths competitive.

The addition of NDI as a two-electron acceptor in the BNA+ reduction process has its

advantages and disadvantages. If electron transfer takes place from NDI2-, then the for-
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mation of RhII and consequently the formation of BNAH is energetically favored. Elec-

tron transfer from NDI2- to BNA+, in contrast, is energetically uphill and therefore the

formation of the undesired (BNA)2 dimer is energetically hindered. However, the preced-

ing formation of NDI2- retards the general catalytic process, as reductive excited state

quenching by NDI- (with a driving force of ΔGET = -1.28 eV) is a dominant reaction in

the charge-accumulative process of the Ru-NDI-Ru triad, as discussed in Chapter 3. The

favored formation of BNAH over (BNA)2 would therefore be accompanied by a decreased

reaction rate.

However, if the general reaction path in the Ru-NDI-Ru triad proceeds via a RuI species

and not via NDI2-, then the addition of the NDI acceptor moiety is counter-productive

as a lot of excitation energy is lost in unproductive excited state quenching by NDI-.

The isolated [Ru(bpy)3]
2+ photosensitizer would then be of advantage as no unproductive

intramolecular excited state quenching would be possible and excited [Ru(bpy)3]
2+ would

solely be quenched by TEOA leading to [Ru(bpy)3]
+. The formed RuI species, however,

could lead both to the reduction of RhIII as well as to the reduction of BNA+. There-

fore, a mixture of BNAH (formed by disproportionation of RhII) and (BNA)2 (formed by

dimerization of two BNA˙ radicals) is expected to be formed, their ratio being defined by

the kinetics of the electron-transfer process.

Summary

In the catalytic experiment with the Ru-NDI-Ru triad, the formation of the NDI- spectral

features could first be observed, followed by the formation of an absorption band around

355 nm. This absorption band can either be attributed to the formation of BNAH or

to the formation of a (BNA)2 dimer. The [RhBpyCp*Cl]Cl co-catalyst hereby proved to

be essential, as no 355 nm absorption band forms if the Rh co-catalyst is removed from

the reaction mixture. Instead, the accumulation of NDI- followed by the accumulation of

NDI2- could be detected.

If the Ru-NDI-Ru triad is removed from the reaction mixture, however, the 355 nm

absorption band is still formed, but to a lesser extent. This finding was explained with

the [RhBpyCp*Cl]Cl co-catalyst also absorbing at the excitation wavelength of 410 nm,

resulting in the formation of a RhII species that rapidly disproportionates to RhIII and RhI,

the latter being able to catalyze the reduction of BNA+ to BNAH. As electron transfer

from RhII to BNA+ is endergonic, the formation of a BNA˙ radical and the subsequent

formation of the (BNA)2 dimer was excluded. Therefore, the absorption band at 355 nm

is most likely exclusively caused by the formed BNAH.

When the Ru-NDI-Ru triad from the initial experiment is replaced by [Ru(bpy)3]
2+, an
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interesting observation can be made. The absorption band around 355 nm grows faster

(Δ = 0.7) compared to the experiment with the Ru-NDI-Ru triad (Δ = 0.4) over the

same time period. In principle, the absorption band at 355 nm can be ascribed to BNAH

as well as (BNA)2 because both precursor species can be formed by exergonic electron

transfer from RuI. However, the control experiment without the Rh co-catalyst showed

that electron transfer from RuI in the Ru-NDI-Ru triad led to the formation of NDI2-

while the formation of BNA˙ and therefore (BNA)2 was not observed. This indicates

that, while electron transfer from RuI to BNA+ is an exergonic process, electron transfer

from RuI to RhIII dominates and therefore BNAH is formed as the main product.

Transferring this interpretation to the initial experiment implies that also in the exper-

iment with the Ru-NDI-Ru triad, BNAH is formed as the main product. However, the

reaction path most probably takes place via a RuI species and not via NDI2-. Therefore,

the addition of an acceptor unit in this intermolecular approach does not accelerate the

BNAH formation. In contrast, excited state quenching by NDI- consumes a lot of the

excitation energy and therefore decreases the BNAH formation rate compared to using

[Ru(bpy)3]
2+ as photosensitizer.
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4.2 Optimizing the BNA+ Reduction Process by

Covalent Linkage

In the previous section, BNAH generation from BNA+ was achieved, mainly based on

RhIII reduction to RhII and subsequent disproportionation of two RhII complexes leading

to RhIII and RhI. Upon protonation, the RhI species can then transfer a hydride and

therefore reduce BNA+ to BNAH. The reaction pathway heavily relies on a cascade of

single electron-transfer steps and a crucial disproportionation reaction between two RhII

complexes as sketched in Scheme 4.5.

RuITEOA

TEOA+

RhII

RhIII

RuITEOA

TEOA+ *RuII

RhII

RhIII

RhI

RhI-H

H+

BNA+

BNAH

RuII

*RuII RuII

Scheme 4.5: Schematic representation of the electron (and proton) transfer steps neces-
sary to reduce BNA+ to BNAH in the experimental setup used in the previous section.
Red flashes indicate the excitation of the [Ru(bpy)3]

2+ photosensitizers, yellow color high-
lights the two RhII species that need to disproportionate to form the RhI-complex (blue)
which upon protonation then reduces BNA+ to BNAH. Please note that in each encounter
one electron is transferred.

As can be observed in Scheme 4.5, several molecular encounters are necessary to lead to

the formation of BNAH. The reaction rate therefore depends on the concentration of each

involved species, their diffusion coefficients, and the encounter of the proper molecules

to drive the reaction in the intended direction. This multitude of encounters retards

the BNA+ reduction process and leads to the long reaction times seen in the previous

experiments.

To overcome the retardation from intermolecular electron-transfer reactions, an intramolec-

ular approach was considered. This approach involved the covalent linkage of photosen-

sitizer, electron storage moiety and co-catalyst to eliminate the intermolecular electron-

transfer steps necessary. By this, two electrons can be transferred simultaneously without

the need of different molecules to encounter. With these requirements in mind, two

molecules were designed, which are depicted in Figure 4.6.
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Figure 4.6: Structures of the molecular triads designed to accelerate BNA+ reduction
(top) and their corresponding schematic depictions (below).

Both triads shown in Figure 4.6 are composed of the same molecular moieties: [Ru(bpy)3]
2+

photosensitizer, NDI electron acceptor and Rh co-catalyst. Their disposition, however, is

different. In the triads, the structural motifs are as follows: Ru-NDI-Rh (left triad) and

Ru-Rh-NDI (right triad). Upon excitation, both triads are expected to undergo similar

procedures as illustrated in Figure 4.7: The excited [Ru(bpy)3]
2+ photosensitizer is re-

ductively quenched by TEOA and subsequently transfers an electron to the NDI acceptor

(light green arrows). Upon second excitation of the [Ru(bpy)3]
2+ photosensitizer and re-

ductive quenching of the excited state by TEOA, the second electron is transferred to the

Rh co-catalyst. At the same time, the stored electron on the NDI acceptor also transfers

to the Rh co-catalyst, which in combination then leads to a two-electron reduction of the

Rh co-catalyst (dark green arrows). The RhI species formed is then able to reduce BNA+

to BNAH. With this approach, direct double-reduction of the Rh co-catalyst could be

possible, which would bypass the RhII disproportionation mechanism determined before.

Figure 4.7: Schematic representation of the electron movements following first (light
green) and second (dark green) excitation of the [Ru(bpy)3]

2+ photosensitizer. Ru-NDI-
Rh triad shown on the left side, Ru-Rh-NDI triad shown on the right.

The difference between the two triads is found in the position of the NDI acceptor. In

the Ru-NDI-Rh triad (left side of Figure 4.7), the NDI moiety is in direct proximity to

the [Ru(bpy)3]
2+ photosensitizer. While this configuration ensures good electron trans-

fer rates from [Ru(bpy)3]
+ to NDI, the formed NDI- is also quite likely to quench the

re-excited [Ru(bpy)3]
2+ photosensitizer as indicated by the red arrow. As seen in the pre-
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vious experiments, reductive excited state quenching by NDI- can annihilate a lot of the

excitation energy. To prevent this from happening, the second triad Ru-Rh-NDI (right

side of Figure 4.7) was designed. Here, the distance between photosensitizer and electron

acceptor moiety is distinctly larger. This will likely retard the primary electron transfer

from [Ru(bpy)3]
+ to NDI, but it should retard the back-electron transfer from NDI- to

re-excited [Ru(bpy)3]
2+ (indicated by the dashed red arrow) to a greater extent. With this

modification, the loss of excitation energy should be minimized and the BNA+ reduction

process should be accelerated.

An uncertainty with these triads still lies in the second reduction potential of the RhIII to

RhI reduction. The reduction potential ERhIII/I = -0.74 V vs. SCE describes a two-electron

reduction including the uptake of a proton. While the first reduction potential certainly

is at the given potential, the second reduction potential could be considerably shifted to

less negative values, allowing electron transfer from NDI-.

Steady-state Catalysis

To test the efficiency of BNA+ reduction for the two triads versus the Ru-NDI-Ru triad

or [Ru(bpy)3]
2+, continuous irradiation experiments were conducted, again in analogy

to experiments performed in the literature.[68, 69] In contrast to the experiments in the

previous section, the experiments here were performed at a scale appropriate for analysis

by NMR spectroscopy to better quantify the amount of BNAH formed within a specific

time interval. Additionally, irradiation occurred at 455 nm to effectively coincide with

the [Ru(bpy)3]
2+ MLCT absorption band and at the same time minimize the absorption

of the [RhBpyCp*Cl]Cl co-catalyst. All solutions were de-oxygenated prior to irradiation

and the NMR tubes were sealed with a septum to exclude oxygen intrusion.

Catalysis with Triethanolamine as Electron Donor

For the steady-state irradiation experiments on a scale appropriate for analysis by NMR

spectroscopy, a sample volume of 0.7 mL was used for each individual assay. Each sample

contained BNACl (2.3·10-5 mol, 0.033 M) and 2 mol-% of the corresponding catalyst(s).

The solvent was comprised of a NaH2PO4/Na2HPO4 buffer (0.1 M) dissolved in a 1:1

mixture of H2O and MeCN and containing triethanolamine (0.5 M) as sacrificial electron

donor.

To allow for accurate determination of the BNAH amount formed, the integral of the

inherent solvent peak was set to 100. The new formed integrals of BNAH at 7.3 ppm and

5.7 ppm were then used to identify the relative amount of BNAH formed at a specific

point in time.[68, 86, 87]
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Figure 4.8: Sample A: continuous irradiation experiment for BNA+ reduction with the
Ru-NDI-Ru triad and the [RhBpyCp*Cl]Cl co-catalyst. NMR spectra were measured
prior to excitation and after 18, 38 and 62 h of total irradiation time.

Having a look at the BNAH formation process catalyzed by Ru-NDI-Ru / [RhBpyCp*Cl]Cl

(sample A, Figure 4.8), an integral of 44 can be observed after 18 h, increasing to 58 (38 h)

and 57 (62 h), indicating that the reaction reached a stable plateau after approx. 38 h.

Figure 4.9: Sample B: continuous irradiation experiment for BNA+ reduction with the
Ru-NDI-Rh triad. NMR spectra were measured prior to excitation and after 18, 38 and
62 h of total irradiation time.

For the Ru-NDI-Rh catalysis (sample B, Figure 4.9), an integral of 51 can be determined

after 18 h, increasing to 59 (38 h) and 68 (62 h). In this experiment, the plateau con-

centration seems to be higher than in sample A, however, the overall BNAH formation
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rate is not dramatically increased. This is somewhat expected, as a significant part of the

excitation energy is still expected to be consumed by reductive excited state quenching

by NDI-.

Figure 4.10: Sample C: continuous irradiation experiment for BNA+ reduction with the
Ru-Rh-NDI triad. NMR spectra were measured prior to excitation and after 18, 38 and
62 h of total irradiation time.

The Ru-Rh-NDI catalysis (sample C, Figure 4.10), however, shows an unexpected out-

come: after 18 h, an integral of 23 can be observed, increasing to 38 (38 h) and 58 (62 h).

This is the slowest BNAH formation rate among the three catalysts and stands in contrast

with the original expectations. The amount of BNAH formed after 18 h through catal-

ysis with the Ru-Rh-NDI triad amounts to only 50% compared with the intermolecular

approach (sample A). It takes 62 h for the Ru-Rh-NDI triad to reach the same amount

of BNAH formed as in sample A after 38 h.

Figure 4.11: Plot of the determined integrals at 7.3 ppm versus irradiation time for
sample A (red), sample B (green) and sample C (blue) to illustrate the kinetics of the
BNAH formation process. Data points were fitted with an exponential function.
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Figure 4.11 gives a summary of the NMR experiments performed above. While samples

A and B exhibit similar kinetics for the formation of BNAH, the increase of the integral

at 7.3 ppm is retarded in sample C. With the Ru-Rh-NDI catalyst (sample C), it takes

significantly more time to obtain the same amount of BNAH as in samples A and B. The

hypothesized acceleration of the BNAH formation rate by covalent linkage, however, is

not observable.

In conclusion, the experiments described above show an unexpected outcome. The in-

termolecular pathway (sample A) which should have a significantly reduced reaction rate

compared to the covalently linked triads proved to be rather effective. The Ru-NDI-Rh

triad (sample B) did show an increased reaction rate (approx. 15% more BNAH formed

in the same time period compared to sample A), but the gain in reaction speed did not

heavily increase as hypothesized. In the case of the Ru-Rh-NDI triad (sample C), the

results were even worse: the triad that was expected to be most effective in BNA+ reduc-

tion exhibited the lowest performance with BNAH formation rates of only 65% after 38 h

compared to the BNAH formation rate with the intermolecular system (sample A).

Reflecting on these results, the question arose if the BNAH formation process indeed fol-

lows the two-electron route that was sketched in Figure 4.7 or if the sacrificial electron

donor TEOA did not provide a shortcut for the BNA+ reduction process. As described

in the NDI charge-accumulation paper (Chapter 3) for TEA, TEA upon primary elec-

tron donation forms a radical. This radical is likely to deprotonate and the resulting

radical is a strong reducing agent.[83, 84, 88, 89] The same mechanism applies for TEOA as

well. As soon as the first electron is donated, the TEOA radical cation deprotonates and

subsequently can transfer a second electron.[81, 85] This could lead to a doubly reduced

Rh-species that could reduce BNA+ to BNAH without intermediate electron storage on

NDI being necessary. According to this mechanism, the overall reaction rates in sam-

ples A, B and C should be in the same order of magnitude. To verify this hypothesis, a

purely one-electron donor was used for the following experiments. These experiments are

described in the next section.

Catalysis with Ascorbate (and TCEP) as Electron Donor

Due to TEOA being a possible two-electron donor in the BNA+ reduction studies, a

purely one-electron donor was needed. Ascorbate is such a one-electron donor[90, 91] which

was already used in Chapter 3. Therefore, the same reaction conditions were chosen

as in the previous experiments, the only difference being ascorbate replacing TEOA:

sample volume 0.7 mL, solvent 1:1 mixture of H2O and MeCN, NaH2PO4/Na2HPO4

buffer (0.1 M), sodium ascorbate (0.1 M), BNACl (2.3·10-5 mol, 0.033 M) and 2 mol-% of

the corresponding catalyst(s). The samples were irradiated at 455 nm and NMR spectra
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measured prior to excitation, after 20 minutes, after 14 hours and after 39 hours. In these

NMR spectra, however, no new peaks were formed over time and no indication of BNAH

formation could be found. As in the charge-accumulation on NDI project, the problem

lies in the reversibility of the electron donation process of ascorbate. Oxidized ascorbate

is a good electron acceptor and therefore back-electron transfer from the reduced catalyst

to oxidized ascorbate is probable. Additionally, potentially formed BNAH is also a good

reductant, leading to the reduction of oxidized ascorbate. In the overall picture, no lasting

electron transfer from ascorbate takes place and because of this, no catalytic activity can

be detected.

To address the problem of back-electron transfer to oxidized ascorbate, the addition of an

additional electron donor was considered. The appropriate electron donor was found in a

publication of the Alberto group: tris(2-carboxyethyl) phosphine (TCEP).[92] TCEP is a

mild one-electron reductant unable to reductively quench the [Ru(bpy)3]
2+ excited state,

but able to reduce dehydroascorbic acid to ascorbic acid. In the experimental setup, this

would imply that excited [Ru(bpy)3]
2+ is first quenched by ascorbate and the oxidized

ascorbate is then subsequently reduced by TCEP. Therefore, TCEP·HCl (0.2 M) was

additionally added to the catalytic mixture.

Excitation of the [Ru(bpy)3]
2+ photosensitizer occurred at 455 nm and NMR spectra were

measured after 1, 5 and 24 h of irradiation time. Unfortunately, the addition of TCEP did

not assist catalysis. For Ru-NDI-Ru / [RhBpyCp*Cl]Cl and Ru-NDI-Rh, no indication for

BNAH formation could be found after sample irradiation for 24 hours. The [Ru(bpy)3]
2+

/ [RhBpyCp*Cl]Cl sample, however, decomposed within the first hour of the experiment

and the Ru-Rh-NDI triad decomposed within 24 hours. In all four samples, no BNA+

reduction could be observed.

Summary

The concept underlying the Ru-NDI-Rh and Ru-Rh-NDI triads was to increase the BNAH

formation rate by covalent linkage of the different catalytic moieties to reduce the number

of molecular encounters necessary that lead to product formation. In the experiments

performed, however, the BNAH formation rate was just slightly increased (Ru-NDI-Rh)

or even lowered (Ru-Rh-NDI) compared to the intermolecular approach. Attempts to

highlight the advantages of the designed triads when using a purely one-electron donor

were not successful.
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4.3 General Summary

In Chapter 3, two electrons could be accumulated on NDI. In Chapter 4, the concept

was to use those two electrons to perform two-electron catalysis. Therefore, the reduction

of BNA+ to BNAH was chosen, as the reduction requires two electrons and a proton

to proceed. For successful 1,4-reduction of BNA+, the co-catalyst [RhBpyCp*Cl]Cl was

added. In these intermolecular experiments, BNA+ reduction could be obtained, but

the photosensitizer [Ru(bpy)3]
2+ yielded better product formation rates than the Ru-

NDI-Ru triad. With these findings, it was concluded that the product formation process

most likely does not take place via a preceding charge-accumulation but mainly via a

disproportionation process of two RhII species. This overall process was found to be rather

slow, most likely due to the multitude of molecular encounters necessary for successful

product formation.

To enhance the BNAH formation rate, covalent linkage of photosensitizer, Rh co-catalyst

and intermediate electron acceptor was considered, which led to the synthesis of the Ru-

NDI-Rh and Ru-Rh-NDI triads. Upon examination of these triads, however, no significant

increase in the BNAH formation rate could be found for the Ru-NDI-Rh triad, while the

Ru-Rh-NDI triad even lowered the BNAH formation rate compared to the intermolecular

approach.

The rather surprising conclusion of these studies is that the reduction of BNA+ to BNAH

does not necessarily require prior charge-accumulation and proceeds faster if no electron

acceptor is attached to the [Ru(bpy)3]
2+ photosensitizer. Proceeding from reductively

quenched RuI, several electron-transfer pathways are possible leading to the potential

main products BNAH and (BNA)2. However, the reduction of RhIII by RuI seems to be

favored over the direct reduction of BNA+ by RuI. Therefore, the desired BNAH was

assigned as the main product in the catalytic experiment.

Covalent linkage of the different molecular moieties in the conducted experiments did not

accelerate the BNAH formation process. It is therefore doubtable that the underlying

concept of the triads was functioning as hypothesized. The use of a multi-component

system relying on intermolecular encounters for BNAH generation proved to be at par or

even outperformed the specifically designed molecular systems. This shows that multi-

component systems can be advantageous over covalently-connected systems.
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5 Studies of Charge-Accumulation: a

Two-Electron Donor, Two-Electron

Acceptor Pentad

In Chapter 3, two electrons could be successfully accumulated on the NDI acceptor in

a molecular triad with the help of a sacrificial electron donor. In a related pentad with

reversible triarylamine (TAA) electron donors, however, only a singly charge-separated

state was observed.

During the examination of the triad it was found that charge-accumulation on NDI is most

likely ascribed to a disproportionation process taking place in solution: as soon as most

of the NDI moieties are reduced to NDI-, two NDI- triads can encounter and undergo

a disproportionation process forming NDI0 and NDI2-. As soon as NDI0 is formed, it

is immediately photochemically re-reduced to NDI-. While only a small fraction of the

molecules undergo disproportionation, the constant re-formation of NDI- and removal of

NDI0 leads to an accumulation of NDI2- over time.

In the case of the pentad, the lifetime of the charge-separated state is not long enough to

allow for this rather slow bimolecular disproportionation pathway to take place. There-

fore, charge-accumulation would need to follow the regular route: excitation of the pho-

tosensitizer, followed by electron transfer from TAA to NDI would generate NDI-; second

excitation of the photosensitizer followed by a second electron transfer from the second

TAA to NDI- would then lead to the NDI2- state. As mentioned previously, the second

electron transfer, however, is not observed in the pentad. Two main reasons are assigned

for this: lack of driving force and alternate excited state quenching.

Having a look at the reduction potentials of NDI, the first reduction takes place at

Ered,1 = -0.51 V vs. SCE and the second reduction at Ered,2 = -0.96 V vs. SCE.[82]

This difference of 0.45 V amounts to a strong decrease in the driving force for the second

reduction process. In fact, excited [Ru(bpy)3]
2+ is not energetically able to reduce NDI-

to NDI2- (ΔGET = +0.15 eV), it requires reductive quenching of the [Ru(bpy)3]
2+ excited

state by the second TAA moiety to form the reduced [Ru(bpy)3]
+, which is then able to

transfer the second electron to NDI- (ΔGET = -0.37 eV). Unfortunately, there is little to
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no driving force (ΔGET = -0.01 eV) for the reductive quenching process of *[Ru(bpy)3]
2+

with TAA.1

Here a second issue arises, namely the alternate excited state quenching. NDI0 is a good

electron acceptor, therefore the first electron transfer is rather easy to achieve. As soon as

NDI- is present, the situation changes to some point: NDI- is a worse acceptor than NDI0

(the difference of first and second reduction potential amounts to 0.45 V), while NDI- at

the same time is a good electron donor to the excited [Ru(bpy)3]
2+ photosensitizer. The

driving force of NDI- reductively quenching excited [Ru(bpy)3]
2+ amounts to ΔGET =

- 1.28 eV and therefore outperforms the reductive quenching with TAA and its driving

force of ΔGET = -0.01 eV nearly quantitatively.

This finding does not necessarily mean that the charge-accumulating electron-transfer

step does not take place at all. A recent publication from our group shows charge-

accumulation on a TAA-Ru-AQ-Ru-TAA pentad despite having a higher driving force of

ΔGET = -1.60 eV for the back-electron transfer from the singly reduced acceptor.[28] The

increased driving-force in fact might even be the reason why charge-accumulation could

be observed in the TAA-Ru-AQ-Ru-TAA pentad and not in the TAA-Ru-NDI-Ru-TAA

pentad. According to Marcus theory, increasing the driving force for an electron-transfer

process will first lead to an increase in the rate constant (normal regime) and will then at

some point reach a maximum. Upon further increase of the driving force, the maximum of

the rate constant will be surpassed and the rate constant for an electron-transfer process

decreases (inverted regime).[93, 94] While the driving force of -1.60 eV most probably lies in

the inverted regime of the Marcus parabola, the driving force of -1.28 eV for the TAA-Ru-

NDI-Ru-TAA pentad could be close to the maximum of the Marcus parabola, implying

that back-electron transfer in the TAA-Ru-NDI-Ru-TAA pentad is preferred relative to

the TAA-Ru-AQ-Ru-TAA pentad.

The observations made for the TAA-Ru-NDI-Ru-TAA pentad, however, imply that pho-

toexcited [Ru(bpy)3]
2+ is most likely quenched by NDI- and the electron on the photo-

sensitizer subsequently gets transferred back onto NDI0 due to a driving force of ΔGET =

-0.82 eV. This shortcut effectively prevents the accumulation of two electrons on the

pentad.

When wanting to achieve efficient charge-accumulation, those two main drawbacks need to

be overcome. In a recently published paper in our group,[31] an electron acceptor with po-

tential inversion was used. Potential inversion describes the phenomenon that the second

electron acceptance or removal is easier to achieve than the first one.[95–97] This behavior

is relatively seldom and normally associated with a structural change following oxidation

or reduction.[98–100] If potential inversion is present in an electron donor or acceptor, it is

1The corresponding calculations are presented in the appendix.
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of huge benefit for the overall charge-accumulation process: with the driving force for the

transfer of the second electron being even higher than for the first electron, the formation

of a doubly oxidized or reduced state should be fostered significantly. It therefore is ideal

if both acceptor and donor possess inverted reduction or oxidation potentials.

The second, more important, point is the suppression of excited state quenching by the

singly reduced acceptor or oxidized donor. As seen in the NDI pentad, these unwanted

quenching processes can totally prevent charge-accumulation. Therefore, some sort of

barrier needs to be present in the molecule that can actively suppress back-electron trans-

fer from the reduced acceptor or towards the oxidized donor. At this point, the concept

of an intermediate donor or acceptor comes into play. For depicting the general principle,

the way such an intermediate electron acceptor or donor works will be explained focusing

on the acceptor part. The general principle is also applicable to the donor part.

As mentioned above, the intermediate electron acceptor acts as a barrier in the charge-

accumulation process. It is located between the photosensitizer and the terminal electron

acceptor moiety and needs to fulfill two requirements. First, its reduction potential must

be appropriate for oxidative quenching of the excited photosensitizer. Second, there must

be enough driving force for the electron not to stay on the intermediate acceptor but

to transfer to the terminal acceptor. As soon as the electron is stored on the terminal

acceptor, the intermediate acceptor is returned to its neutral state. It can therefore

oxidatively quench the newly excited photosensitizer and then transfer a second electron

to the terminal acceptor (with increased driving force for the transfer of the second electron

due to potential inversion). At the same time, the distance between the electron on the

terminal acceptor and the photosensitizer is significantly enlarged due to the incorporated

electron relay. This results in retardation of the unwanted charge-recombination process.

Oxidative quenching of the re-excited photosensitizer by the intermediate acceptor in close

proximity, however, is energetically downhill and consequently should dominate.

With these two modifications being incorporated to overcome the difficulties encountered

in the NDI pentad, a new pentad for charge-accumulation can be outlined as: terminal

electron donor (ED) – intermediate electron donor (iED) – photosensitizer (PS) – inter-

mediate electron acceptor (iEA) – terminal electron acceptor (EA). A scheme showcasing

the pentad layout and the associated electron-transfer processes is depicted in Figure 5.1.

49



5 Studies of Charge-Accumulation: a Two-Electron Donor, Two-Electron Acceptor
Pentad

Figure 5.1: Schematic depiction of a pentad designed to facilitate charge-accumulation.
Blue arrows indicate productive electron-transfer pathways whereas red arrows show un-
productive pathways that should be suppressed by the pentad design.

Examples of donor and acceptor moieties with potential inversion are rare compared to the

number of ’regular’ electron donors and acceptors found in the literature. Some examples

exhibiting potential inversion are given in the references.[22, 101–116]

To follow the formation of the singly and doubly oxidized or reduced species on our laser

systems, each species needs to have a characteristic spectroscopic signature in the visible

range (300-800 nm). This requirement further limits the number of potential donors and

acceptors utilizable in the designed pentad.

A suitable electron donor was identified as a π-extended tetrathiafulvalene, namely 9,10-

di(1,3-dithiol-2-ylidene)-9,10-dihydroanthracene (exTTF).[117–119] exTTF is a two-electron

donor with inverted oxidation potentials.[120, 121] A potential of E1/2 = 0.44 V vs. SCE for

a two-electron oxidation process has been reported.[122–125] Ground state, singly oxidized

and doubly oxidized states can be distinguished by their absorption signatures (ground

state: absorption band at 428 nm; singly oxidized state: absorption band at 660 nm;

doubly oxidized state: absorption band at 470 nm).[23, 126, 127]

For the acceptor, 11,11,12,12-tetracyano-9,10-anthraquinodimethane (TCAQ) was identi-

fied.[128, 129] The acceptor is derived from 9,10-anthraquinone where the two carbonyl

groups have been substituted by malononitrile groups. TCAQ also exhibits inverted

potentials with the reduction at a potential of E1/2 = -0.43 V vs. SCE involving two

electrons.[129–132] Ground state absorption (bands at 343 nm and 303 nm), singly reduced

absorption (band at 600 nm) and doubly reduced absorption (band at 540 nm) spectra

are sufficiently differentiable from one another.[21–23, 133] Additionally, they also differ from

the spectral changes induced by the oxidation of exTTF. Therefore, exTTF and TCAQ

were chosen as the terminal electron donor and acceptor, respectively.

Photoexcited [Ru(bpy)3]
2+ is reduced at a potential of E*II/I = 0.77 V vs. SCE[77] while

exTTF is oxidized at a potential of EexTTF+/0 = 0.44 V vs. SCE.[122] For the intermediate

electron donor to work as described above, its potential needs to be located between

the exTTF oxidation potential and the excited [Ru(bpy)3]
2+ reduction potential. In this
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rather narrow range, the intermediate electron donor should optimally be in the middle

between those two values to have sufficient driving force for both electron-transfer steps.

10-(4-Methoxyphenyl) phenothiazine (PTZ) was chosen due to its oxidation potential

being EPTZ+/0 = 0.68 V vs. SCE.[134, 135] Upon oxidation, PTZ features characteristic

spectral changes with the maxima of the absorption bands being centered around 450,

480 and 710 nm.[136] While the spectral characteristics of PTZ+ are rather pronounced,

they do not interfere with the exTTF and TCAQ spectral signatures and are basically not

even expected to appear in a transient spectrum due to the hypothesized short lifespan

of the intermediate species.

The same principle that was applied to the intermediate donor is also applicable on the

acceptor side. Photoexcited [Ru(bpy)3]
2+ is oxidized at a potential of EIII/*II = -0.81 V

vs. SCE,[77] TCAQ is reduced at ETCAQ0/- = -0.43 V vs SCE.[129] To fulfill the ascribed

features, the intermediate electron acceptor must have a reduction potential lying between

these values. To allow for sufficient driving force for both electron-transfer processes, the

intermediate acceptor’s potential is optimally located around -0.62 V vs. SCE. This

requirement led to the electron acceptor fluoren-9-ylidene malononitrile (FMN) which has

a reduction potential of EFMN0/- = -0.63 V vs. SCE.[137, 138] As shown in the following

sections (especially Figure 5.39), the reduced intermediate acceptor does not exhibit any

significant absorption changes between 400 and 800 nm and therefore does not interfere

with the terminal acceptor’s and donor’s spectral changes.

Putting together the different donor and acceptor parts yields the pentad shown in Fig-

ure 5.2.
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Figure 5.2: Designed pentad for facilitated charge-accumulation. Reduction/oxidation
potentials in gray are taken from the literature and (if necessary) converted to vs. SCE
with the conversion constants published by Pavlishchuk and Addison.[139] Black reduc-
tion/oxidation potentials originate from cyclovoltammetric measurements shown in the
following sections (exTTF and PTZ from donor triad, TCAQ and FMN from their corre-
sponding reference molecules) and are given in V vs. SCE.

In the pentad, the donor and acceptor moieties, as well as the photosensitizer, are spatially

separated via p-xylene- (xy) or p-(di-n-hexyl)phenyl (hxy) spacers to reduce electronic

coupling and to increase solubility. Between the intermediate acceptor/donor and the

terminal acceptor/donor, a second phenyl-spacer was integrated to further retard back-

electron transfer from/to the singly reduced/oxidized terminal acceptor/donor moieties.

Scheme 5.1 shows an energy estimation for the formation of the primary charge-separated

state following the [Ru(bpy)3]
2+ excitation as well as the electron-transfer paths leading

to the final charge-accumulated state after the second excitation of the photosensitizer.

For clarity reasons, unproductive electron-transfer pathways are omitted. Notable in the

energy scheme is the stored energy of the charge-accumulated state. With 1.00 eV it is just

40% higher than the 0.71 eV stored in the singly charge-separated state. This is due to the

inverted potentials of exTTF and TCAQ. While the driving force for the second electron-

transfer step is higher, the additional energy stored in this second electron-transfer step

is smaller.

In the literature, numerous examples of molecular systems exhibiting charge-separated

states upon excitation can be found, while there are only a handful of molecular systems

showing charge-accumulation without sacrificial reagents. To the best of our knowledge,
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TCAQ-FMN-*RuII-PTZ-exTTF (2.10 eV)

TCAQ-FMN--RuIII-PTZ-exTTF (1.80 eV)

TCAQ-FMN-RuI-PTZ+-exTTF (2.01 eV)

TCAQ-FMN-RuI-PTZ-exTTF+ (1.75 eV)

TCAQ--FMN-RuIII-PTZ-exTTF (1.58 eV)

TCAQ-FMN--RuII-PTZ+-exTTF (1.19 eV)

TCAQ--FMN-RuII-PTZ+-exTTF (0.97 eV)

TCAQ-FMN--RuII-PTZ-exTTF+ (0.93 eV)

TCAQ--FMN-RuII-PTZ-exTTF+ (0.71 eV)

TCAQ--FMN-*RuII-PTZ-exTTF+ (2.81 eV)

TCAQ-FMN-RuII-PTZ-exTTF (0.00 eV)

TCAQ--FMN-RuI-PTZ+-exTTF+ (2.72 eV)

TCAQ--FMN--RuIII-PTZ-exTTF+ (2.51 eV)

TCAQ2--FMN-RuIII-PTZ-exTTF+ (2.24 eV)

TCAQ--FMN-RuI-PTZ-exTTF2+ (2.09 eV)

TCAQ--FMN--RuII-PTZ+-exTTF+ (1.90 eV)

TCAQ--FMN--RuII-PTZ-exTTF2+ (1.27 eV)

TCAQ2--FMN-RuII-PTZ+-exTTF+ (1.63 eV)

TCAQ2--FMN-RuII-PTZ-exTTF2+ (1.00 eV)
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Scheme 5.1: Energy scheme for the formation of the charge-separated states in the
proposed pentad following excitation. Energy levels are based on the redox potentials
of the donor triad, Ref-TCAQ and Ref-FMN (determined experimentally, see subsequent
sections); [Ru(bpy)3]

2+ values taken from the literature.[77] The energy of the ground
state was set as zero. Red arrows indicate the energetically most favorable electron-
transfer pathway, gray arrows show additional (energetically possible) electron-transfer
paths. The calculation of the individual energy levels is presented in the appendix.

up to now no purely molecular system is known that – upon excitation – leads to a

charge-accumulated state with two electrons being on one acceptor and two holes being

on one donor. The concept of having intermediate electron donors and acceptors forming

a redox gradient for increased spatial separation of positive and negative charges in com-

bination with the use of electron donors and acceptors with potential inversion to ease

charge-accumulation resembles the general principle used in natural photosynthesis. In a

molecular system, this concept has not yet been implemented and therefore is the first of

its kind.

For examining the concept sketched above, variants of the pentad shown in Figure 5.2

were planned: a donor triad to investigate the donor part of the pentad, an acceptor triad

to examine the acceptor part, the above shown pentad itself and a variation of the pentad

where donor and acceptor parts are placed on different ligands. The examination of those

variants is presented in the individual subsections of this chapter.
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5.1 The Donor Triad: exTTF-PTZ-Ru

The electron donor moiety of the donor triad consists of the two-electron donor 9,10-di(1,3-

dithiol-2-ylidene)-9,10-dihydroanthracene (exTTF) and the intermediate electron donor

10-(4-methoxyphenyl)phenothiazine (PTZ). PTZ is able to quench the excited state of

the [Ru(bpy)3]
2+ photosensitizer, but its oxidation potential is higher in energy compared

to the exTTF electron donor and therefore the oxidized PTZ will be reduced back to its

ground state by the exTTF moiety in a secondary step. Upon addition of an external

electron acceptor (see Section 5.1.2, Experiments with MV 2+ as Temporary Electron Ac-

ceptor), oxidation of [Ru(bpy)3]
+ recovers the [Ru(bpy)3]

2+ photosensitizer ground-state.

When the photosensitizer is excited for a second time, the positive charge located on

exTTF is unlikely to oxidatively quench the excited [Ru(bpy)3]
2+ photosensitizer due to

the fact that the PTZ intermediate donor back in its ground state acts as a good electron

donor to the excited photosensitizer. At the same time, the distance between photoexcited

[Ru(bpy)3]
2+ and oxidized exTTF moiety should retard unwanted back-electron transfer.

The synthetic route pursued to obtain the donor triad is shown in Scheme 5.2. Experi-

mental details are given in the experimental section 7.5.
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Scheme 5.2: Synthetic route pursued to obtain the donor triad.
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5.1.1 exTTF, PTZ and exTTF-PTZ-exTTF Reference Molecules

For analyzing the different donor moieties in isolated and covalently connected forms,

three reference molecules were utilized: exTTF-hxy-TMS, I-xy-PTZ-xy-I and exTTF-

hxy-xy-PTZ-xy-hxy-exTTF. In the following sections, they are referenced as Ref-exTTF,

Ref-PTZ and Ref-exTTF-PTZ. While Ref-exTTF and Ref-PTZ show the characteristics

of the single moieties, Ref-exTTF-PTZ can show potential changes in absorbance or in

oxidation potential arising from the covalent linkage of the donor moieties.
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Ref-exTTF Ref-PTZ

Ref-exTTF-PTZ

Figure 5.3: Schematic representation of the reference molecules used for analyzing the
electron donor moieties.
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Optical Absorption Spectroscopy

For spectroscopic characterization, UV-Vis absorption spectra of the three reference mole-

cules were measured.

Ref-exTTF

Figure 5.4: UV-Vis absorption spectrum of Ref-exTTF in dry, de-oxygenated CH2Cl2.

The UV-Vis absorption spectrum of Ref-exTTF in Figure 5.4 shows two absorption bands

at 430 nm (ε = 26’700 L mol-1 cm-1) and 365 nm (ε = 17’100 L mol-1 cm-1). These

two bands are characteristic for the exTTF moiety and can be found in similar exTTF-

containing compounds.[23, 124, 140] Above 470 nm and up to 900 nm, no absorption bands

can be detected.

Ref-PTZ

Figure 5.5: UV-Vis absorption spectrum of Ref-PTZ in dry, de-oxygenated CH2Cl2.

The UV-Vis absorption spectrum of Ref-PTZ in Figure 5.5 shows a single absorption

band with a maximum at 335 nm (ε = 10’050 L mol-1 cm-1).[134] Its tail absorption ends

at 445 nm and no other absorption bands can be detected up to 900 nm.
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Ref-exTTF-PTZ

Figure 5.6: UV-Vis absorption spectrum of Ref-exTTF-PTZ in dry, de-oxygenated
CH2Cl2.

The UV-Vis absorption spectrum of Ref-exTTF-PTZ in Figure 5.6 resembles the one of

Ref-exTTF. At 430 nm (ε= 37’550 L mol-1 cm-1) and 365 nm (ε= 30’300 L mol-1 cm-1), the

characteristic bands for the exTTF moiety show up. The increased extinction coefficients

in Ref-exTTF-PTZ compared to the ones in Ref-exTTF are due to two exTTF moieties

being present in the molecule. The absorption band for the PTZ moiety at 335 nm is not

visible due to the high general absorption at this wavelength (ε = 18’400 L mol-1 cm-1),

presumably hiding the comparatively weak absorption band of PTZ (ε = 10’050 L mol-1

cm-1) at 335 nm. From 480 nm towards the red, no additional absorption bands can be

detected.

57



5 Studies of Charge-Accumulation: a Two-Electron Donor, Two-Electron Acceptor
Pentad

Electrochemistry

Cyclic voltammetric measurements were performed to verify the oxidation potentials of

the different electron donors. Additional studies were carried out to investigate potential

inversion in the exTTF moiety. All measurements were performed in dry, Ar-purged sol-

vents with 0.1 M tetra-n-butylammonium hexafluorophosphate (TBAPF6) as supporting

electrolyte. For all measurements, a saturated calomel electrode (SCE) was used as the

reference electrode and a glassy carbon electrode (GCE) as the working electrode.

Ref-exTTF

Figure 5.7: Cyclic voltammogram of Ref-exTTF (1 mM) in dry, Ar-purged DMF. Dif-
ferent scan rates as given in the inset, supporting electrolyte 0.1 M TBAPF6.

Cyclic voltammograms (CV) of Ref-exTTF can be seen in Figure 5.7. There is just one

peak for the two-electron oxidation as well as for the re-reduction to its neutral form.

Measuring at different scan rates show the peak potentials on anodic and subsequent

cathodic scans to vary significantly. With increasing scan rate, the oxidation potential

as well as the current become more positive. Upon re-reduction, both the peak potential

and the current get more negative. This behavior is known for other moieties exhibiting

potential inversion, e.g. 3,8-diiodo-dibenzo[1,2]dithiin,[141] dibenzo[1,2]dithiin[31] or 4,4’-

bipyridiyl-3,3’-disulfide.[142]

In addition, a linear correlation of the peak current with the square root of the scan

rate (Figure 5.8) can be observed. This is in conformity with findings in the above-

mentioned moieties exhibiting potential inversion and shows that the electrode reaction

is diffusion controlled, the analyte remains homogeneous during the experiment and that

the investigated system is electrochemically reversible.[143, 144]
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Figure 5.8: Linear correlation of the peak current with the square root of the different
scan rates applied. Colors match the scan rates given in Figure 5.7. Dotted line for
oxidative sweep, solid line for reductive sweep.

The potential inversion in exTTF can be attributed to structural changes associated with

the oxidation process: in the neutral state, the central anthracene core has a butterfly-

like geometry with the two dithiol rings bending slightly below the anthracene plane.

Upon oxidation, the anthracene core becomes planar and the dithiol rings rotate out of

plane.[117, 121] In the doubly oxidized state, both dithiol rings then bear one positive charge

each, isolated by the anthracene core in between and therefore minimizing electrostatic

repulsion.[119] If this conformational change is hindered by suitable modification of the side-

chains, no potential inversion can be observed anymore and two one-electron oxidation

waves result.[145]
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Figure 5.9: Structural change accompanying the two-electron oxidation process in
exTTF. The central anthracene unit switches from a butterfly-like structure to planar.
Exterior dithiol rings rotate out of plane.

Due to the CV only showing one oxidation wave for a two-electron oxidation process it

is not simple to give the potentials for the first and second oxidation step. Clearly, the

measured oxidation potential can be assigned to the first oxidation step. Given the fact

that - due to potential inversion - the second oxidation is easier than the first one, it

can be assumed that the second oxidation potential is given by the potential of the re-

reduction wave. With the peak potentials shifting with the scan rate, average potentials

for oxidation and re-reduction are constructed. For each of the nine scan rate maxima,
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the FWHM potentials are determined, added up and subsequently divided by 9 to give

the average oxidation potential. The same procedure applies for the minima of the re-

reduction waves. Therefore, the first and second oxidation potentials are proposed to be

Eox,1 = 0.43 V and Eox,2 = 0.10 V vs. SCE in the following sections.

Ref-PTZ

Figure 5.10: Cyclic voltammogram of Ref-PTZ (1 mM) in dry, Ar-purged DMF. Scan
rate 0.1 V/s, supporting electrolyte 0.1 M TBAPF6.

The cyclic voltammogram of Ref-PTZ in Figure 5.10 shows the oxidation of the PTZ moi-

ety and its subsequent re-reduction at E1/2 = 0.75 V vs. SCE. The value determined here

is slightly higher than the potential reported in the literature.[134] Upon several oxidation

and reduction cycles, the molecule is chemically stable and the oxidation process is fully

reversible.

Ref-exTTF-PTZ

Figure 5.11: Cyclic voltammogram of Ref-exTTF-PTZ (1 mM) in dry, Ar-purged DMF.
Scan rate 0.1 V/s, supporting electrolyte 0.1 M TBAPF6.
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The cyclic voltammogram of Ref-exTTF-PTZ is represented in Figure 5.11. On the anodic

scan, two distinct waves can be seen which can clearly be attributed to the two different

electron donor moieties present in the molecule. In analogy to the isolated Ref-exTTF

moiety, the oxidation potentials for the exTTF-part can be given with Eox,1 = 0.48 V and

Eox,2 = 0.20 V vs. SCE. For the PTZ-part, the oxidation potential is 0.68 V vs. SCE,

perfectly matching the oxidation potential reported in the the literature[134]. Comparing

the values obtained for Ref-exTTF, Ref-PTZ and Ref-exTTF-PTZ, it can be observed

that the electron donor moieties being covalently connected still exhibit similar oxidation

potentials as in their isolated states.

Chemical Oxidation

For investigating the optical changes in the absorption spectrum upon oxidation of the

donor moieties, chemical oxidation with SbCl5 in dry CH2Cl2 was conducted. The ground

state UV-Vis spectrum was measured, then the chemical oxidant was added, the solution

mixed for 2 minutes and the absorbance measured again. This procedure was repeated

several times so that the oxidation of the different species could be monitored.

Ref-exTTF

Figure 5.12: Chemical oxidation of Ref-exTTF (2·10-5M) in dry CH2Cl2 with the oxidant
SbCl5. The oxidant was added in portions of 0.25 equivalents, the thick yellow spectrum
corresponds to the addition of 2 equivalents of oxidant. Left: Spectrum shows the ground
state absorption before oxidation (red) and the subsequent spectra measured after each
portion of SbCl5 added (yellow). Thick yellow line gives the final state after oxidation.
Right: Difference spectra generated from the spectra of the oxidized states shown in
yellow by subtracting the ground state absorption spectrum (red).

The UV-Vis spectroscopic changes associated with the chemical oxidation of Ref-exTTF

can be seen in Figure 5.12. Due to potential inversion and the second electron being

abstracted easier than the first electron, only the doubly oxidized species can be observed
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with this method. The doubly oxidized state is characterized by a broad absorption band

ranging from 450 to 800 nm with a maximum at 472 nm. The ground state absorption

band at 430 nm decreases and therefore forms a bleach in the difference spectrum. Below

400 nm, a minor band at 383 nm and a bleach at 365 nm are also formed. The observa-

tions here are in accordance with literature reports.[123, 126, 127] For the spectral signature

of the one-electron oxidized Ref-exTTF, transient absorption spectroscopy needs to be

performed. This measurement can be found in the transient absorption spectroscopy

section.

Ref-PTZ

Figure 5.13: Chemical oxidation of Ref-PTZ (2·10-5M) in dry CH2Cl2 with the oxidant
SbCl5. The oxidant was added in portions of 0.25 equivalents, the thick blue spectrum
corresponds to the addition of 1 equivalent of oxidant. Left: Spectrum shows the ground
state absorption before oxidation (red) and the subsequent spectra measured after each
portion of SbCl5 added (blue). Thick blue line gives the final state after oxidation. Right:
Difference spectra generated from the spectra of the oxidized states shown in blue by
subtracting the ground state absorption spectrum (red).

Figure 5.13 shows the spectral changes arising from the oxidation of PTZ. A broad ab-

sorption band is formed between 400 and 900 nm with two maxima being located at 452

and 700 nm. Below 400 nm, two minima are located at 340 and 385 nm. These findings

match with the spectrum reported in the literature.[136]
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Ref-exTTF-PTZ

Figure 5.14: Chemical oxidation of Ref-exTTF-PTZ (2·10-5M) in dry CH2Cl2 with the
oxidant SbCl5. The oxidant was added in portions of 0.33 equivalents, the thick yellow
spectrum corresponds to the addition of 4 equivalents of oxidant, the thick blue spectrum
correlates to 5 equivalents of oxidant. Left: Spectrum shows the ground state absorption
before oxidation (red) and the subsequent spectra measured after each portion of SbCl5
added. Yellow spectra indicate the oxidation of exTTF, blue spectra indicate the oxidation
of the PTZ moiety. Thick lines give the final oxidation states for each electron donor.
Right: Difference spectra generated from the spectra of the oxidized states shown in
yellow and blue by subtracting the ground state absorption spectrum. Inset shows the
spectral characteristics of PTZ+ obtained by subtracting the oxidized exTTF spectrum
(thick yellow line) from the spectra measured afterwards (blue spectra).

The UV-Vis spectroscopic changes associated with the chemical oxidation of Ref-exTTF-

PTZ are presented in Figure 5.14. After consecutive addition of the oxidant, first the

oxidation of the exTTF moieties can be seen (yellow) followed by the oxidation of the

PTZ moiety (blue). For the observations of the chemical oxidation experiment here one

needs to consider that Ref-exTTF-PTZ contains two exTTF moieties but only one PTZ

moiety. Therefore the intensity of the PTZ signal is underrepresented in comparison with

the exTTF signal.

The oxidized exTTF moiety shows the same spectral characteristics as in the isolated

state with a broad absorption band ranging from 445 to 850 nm and its maximum at

467 nm. At 432 nm, the bleach from the ground state absorption is found. Interestingly,

the bleach at 432 nm is not as pronounced as in Ref-exTTF. Also below 400 nm, the

spectrum differs slightly from the one of the isolated exTTF-moiety. While the band

formed at 383 nm is stronger in intensity, the bleach at 365 nm found in Ref-exTTF is

not a bleach here but rather an absorption minimum. Nevertheless, the general spectral

characteristic of the exTTF dication is the same. As soon as the oxidation of the exTTF

moieties is completed, the oxidation of the PTZ moiety can be seen (blue). Again, the

characteristics are similar to the ones of the isolated PTZ moiety. The broad absorption

band in Ref-PTZ between 400 and 900 nm splits into two independent maxima being
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formed at 477 and 718 nm here. The bleaches below 445 nm are more pronounced than

in Ref-PTZ and have their minima at 352 and 392 nm. Again, the overall characteristics

of PTZ+ remain the same.

Transient Absorption Spectroscopy

Transient absorption spectroscopy is a convenient method to detect the spectral features of

short-lived species. Therefore, a ground state spectrum of the sample solution is recorded,

then the sample is excited with a short laser pulse and another spectrum is recorded over a

specific timeframe. By subtracting the spectrum before the laser pulse from the spectrum

after the laser pulse, a difference spectrum is created that shows the spectral changes

induced by the laser excitation. With this, species that have a lifetime of ns, µs or ms

can be detected with our setup.

Ref-exTTF

Figure 5.15: (a) Transient absorption spectrum of Ref-exTTF (2 mM) with
[Ru(bpy)3](PF6)2 (3·10-5 M) as photosensitizer in dry, de-oxygenated DMF. Spectrum
was recorded 2000 ns after excitation at 532 nm to exclude emission interference. Laser
pulse duration 10 ns, integration time 200 ns. (b) Difference spectrum of [Ru(bpy)3]

+

in dry, Ar-purged DMF obtained via spectro-electrochemistry (see Figure 5.20). (c) Dif-
ference spectrum obtained by subtracting the scaled [Ru(bpy)3]

+ difference spectrum (b)
from the transient absorption spectrum (a).

The transient absorption spectrum of Ref-exTTF with [Ru(bpy)3](PF6)2 as photosensi-

tizer can be seen in Figure 5.15a. Under the experimental conditions, not all excited

photosensitizer was quenched by Ref-exTTF, therefore, a delay of 2000 ns was applied to

ensure that all emissive states had decayed. The long lifetime of the observed signal here

is an effect of the bimolecular experiment and the resulting slow recombination processes
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of the involved species. In addition, only the segment 450 to 800 nm could be recorded

due to the high concentration of Ref-exTTF giving rise to a large absorption below 450 nm

which rendered signal detection in this part of the spectrum impossible.

In the transient absorption experiment, [Ru(bpy)3]
2+ in its excited state is a good electron

donor as well as a good electron acceptor. With Ref-exTTF being a good electron donor,

Ref-exTTF is expected to transfer one electron to photoexcited [Ru(bpy)3]
2+ yielding the

photoproducts Ref-exTTF+ and [Ru(bpy)3]
+. Therefore, the spectral features of exTTF+

and [Ru(bpy)3]
+ are expected to show up in the transient spectrum.

Doubly oxidized exTTF in contrast is unlikely to occur in the spectrum due to pho-

toexcited [Ru(bpy)3]
2+ being a one electron acceptor and the low probability of exTTF+

encountering a second photoexcited [Ru(bpy)3]
2+ molecule leading to charge-accumulation

instead of charge-recombination in the short timeframe of the measurement. Another po-

tential pathway leading to exTTF2+ is the disproportionation of two exTTF+ cations.

While the timeframe between laser pulse and detection start (2000 ns) can allow for dis-

proportionation reactions to take place, the amount of exTTF+ formed with the laser

pulse is rather small and the encounter probability of two exTTF+ cations thus rather

low. Therefore, at best, only a minor amount of exTTF2+ is expected to be seen in the

transient spectrum.

The transient spectrum obtained in this setup exhibits two main bands with absorption

maxima at 513 and 666 nm. While a band rising at 660 nm is expected for exTTF+

from literature reports, the band forming at 513 nm is assigned to [Ru(bpy)3]
+. This is

verified by spectro-electrochemical reduction experiments of [Ru(bpy)3]
2+. The difference

spectrum for [Ru(bpy)3]
+ is shown in Figure 5.15b. To subtract the difference spectrum

of [Ru(bpy)3]
+ from the transient spectrum (a), spectrum (b) was scaled to the value of

spectrum (a) at 523 nm. At this wavelength, the absorption band of [Ru(bpy)3]
+ is at

its maximum value while the absorption of exTTF2+has its maximum at 470 nm and at

523 nm just shows around 60% of the maximum absorption intensity. The subtraction of

the scaled spectrum (b) should therefore remove the [Ru(bpy)3]
+ spectral features from

the transient spectrum while at the same time only partially removing the exTTF2+

spectral features. This should allow detection of exTTF2+ in the spectrum, if present.

By subtracting the scaled difference spectrum of [Ru(bpy)3]
+ from the transient spectrum

(a), spectrum 5.15c is obtained. Here, one absorption band at 666 nm is present that

gradually decreases until it reaches the baseline at 530 nm. This absorption band repre-

sents the spectral features of singly oxidized exTTF, being consistent with the spectra re-

ported in the literature obtained by radiolytic oxidation[23, 126, 127] or in charge-separation

dyads.[146–149] In addition, the literature spectrum for exTTF+ shows a bleach at 440 nm

for the exTTF+ cation absorption[126] which could not be seen in the experimental setup
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used here due to the restricted wavelength window.

Having a closer look at the spectrum between 450 and 530 nm, a slight absorption increase

from 500 towards 470 nm can be seen in spectrum (c). This could indicate the formation

of some exTTF2+ via the above addressed disproportionation mechanism. The signal

intensity however is weak and the noise caused by the large Ref-exTTF absorption starts

to affect the spectrum below 500 nm such that this observation could be an artefact of

the measurement. Therefore, no clear answer of the origin of this absorption increase can

be given.

Summary

In the previous sections, the two-electron donor exTTF and the intermediate electron

donor PTZ were studied. The electron donors in their isolated state show the same

behavior as in the covalently linked state. The oxidation potentials of exTTF and PTZ

are sufficiently separated to allow the postulated electron transfer to excited [Ru(bpy)3]
2+

from exTTF via the PTZ intermediate donor. Both exTTF and PTZ proved to be stable

upon reversible electron release and subsequent uptake. The inverted potential behavior

of exTTF was confirmed and should facilitate the second electron transfer. In addition,

the spectral signatures of the oxidized electron donors allow to clearly distinguish oxidized

PTZ from singly- and from doubly oxidized exTTF.
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5.1.2 exTTF-PTZ-Ru Triad

In the following sections, the exTTF-PTZ-Ru triad shown in Figure 5.16 will be referenced

as donor triad. The donor triad was obtained as pure substance and is fully characterized

as can be seen in the experimental section.
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Figure 5.16: Schematic representation of the exTTF-PTZ-Ru donor triad.

Optical Absorption Spectroscopy

For spectroscopic characterization, the ground state UV-Vis absorption spectrum of the

donor triad was recorded.

Figure 5.17: UV-Vis absorption spectrum of the donor triad (red), Ref-exTTF (dashed
yellow) and Ref-PTZ (dashed blue) in dry, de-oxygenated CH2Cl2.

The UV-Vis absorption spectrum of the donor triad, as seen in Figure 5.17, exhibits

a broad absorption band between 380 and 600 nm that consists of an overlap of the

exTTF absorption at 430 nm (ε = 26’500 L mol-1 cm-1 at peak maximum) and the MLCT

absorption of [Ru(bpy)3]
2+ at 450 nm,[150] which appears as a shoulder in the UV-Vis

spectrum shown. Below 380 nm, the absorption of the donor triad increases strongly

showing the overlap of the exTTF absorption band at 365 nm and the PTZ absorption
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band at 335 nm. In contrast to Ref-exTTF and Ref-PTZ, the donor triad possesses a

significant absorption feature between 480 and 600 nm. This feature can be attributed to

the [Ru(bpy)3]
2+ moiety solely and therefore this region is suitable for specific excitation

of the [Ru(bpy)3]
2+ photosensitizer.

Electrochemistry

Figure 5.18: Cyclic voltammogram of the donor triad (1 mM) in dry, Ar-purged MeCN.
Scan rate 0.5 V/s, supporting electrolyte 0.1 M TBAPF6. Inset shows an extended po-
tential window additionally showing the oxidation of the [Ru(bpy)3]

2+ photosensitizer.
Complex stability decreased upon each [Ru(bpy)3]

2+ oxidation cycle.

The cyclic voltammogram of the donor triad in Figure 5.18 displays the oxidation of

the three triad segments. The exTTF moiety is oxidized first with potentials of Eox,1 =

0.42 V and Eox,2 = 0.05 V vs. SCE. In analogy to the exTTF reference molecules, the

FWHM potential of the exTTF oxidation wave is considered as the first electron oxidation

potential while the second electron oxidation potential is assumed to be given by the

FWHM potential of the re-reduction wave. Upon increasing the applied potential, the

first oxidation of PTZ appears at Eox,1 = 0.68 V vs. SCE, followed by the second PTZ

oxidation at Eox,2 = 0.84 V vs. SCE. Further increasing the applied potential then leads

to the oxidation of the [Ru(bpy)3]
2+ moiety at Eox = 1.34 V vs. SCE as shown in the

inset. While the oxidation of the [Ru(bpy)3]
2+ photosensitizer is reversible upon several

cycles, the exTTF moiety seems to degenerate with each cycle at a potential necessary

to oxidize [Ru(bpy)3]
2+. Therefore, the [Ru(bpy)3]

2+ oxidation potential was determined

in a separate measurement to retain the accuracy of the electron donor potentials. The

hereby obtained potentials of the donor triad coincide with the potentials measured in

the reference molecules and the literature value for [Ru(bpy)3]
2+.[77] Table 5.1 gives an

overview of the oxidation potentials of the donor triad and the corresponding potentials

of the reference molecules.
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Ref-exTTF Ref-PTZ Ref-exTTF-PTZ Donor Triad [Ru(bpy)3]
2+

E(exTTF+/0) 0.43 0.48 0.42

E(exTTF2+/+) 0.10 0.20 0.05

E(PTZ+/0) 0.75 0.68 0.68

E(RuII/I) -1.33

E(Ru*II/I) 0.77

E(RuIII/II) 1.34 1.29

E(RuIII/*II) -0.81

Table 5.1: Redox potentials (V vs SCE) for the donor triad and reference molecules,
measured in MeCN (donor triad) or DMF (reference molecules). Values for [Ru(bpy)3]

2+

in MeCN obtained from the literature.[77]

Chemical Oxidation

As with the reference molecules, the donor triad was oxidized chemically to investigate

spectral changes upon oxidation. SbCl5 in dry CH2Cl2 was used as an oxidant. The ground

state UV-Vis spectrum was measured, then the chemical oxidant was added, the solution

mixed for 2 minutes and the absorption spectrum measured again. This procedure was

repeated several times so that the oxidation of the different species could be monitored.

Figure 5.19: Chemical oxidation of the donor triad (2·10-5M) in dry CH2Cl2 with the
oxidant SbCl5. The oxidant was added in portions of 0.25 equivalents, the thick yellow
spectrum corresponds to the addition of 2 equivalents of oxidant, the thick blue spectrum
corresponds to 3 equivalents of oxidant. Left: Spectrum shows the ground state absorp-
tion before oxidation (red) and the subsequent spectra measured after each portion of
SbCl5 added. Yellow spectra show the oxidation of exTTF, blue spectra the oxidation
of the PTZ moiety. Thick lines give the final oxidation states for each electron donor.
Right: Difference spectra generated from the spectra of the oxidized states shown in yel-
low and blue by subtracting the ground state absorption spectrum (red). Inset shows the
spectral characteristics of PTZ+ obtained by subtracting the oxidized exTTF spectrum
(thick yellow line) from the spectra measured afterwards (blue spectra).

69



5 Studies of Charge-Accumulation: a Two-Electron Donor, Two-Electron Acceptor
Pentad

The UV-Vis spectroscopic changes associated with the chemical oxidation of the donor

triad are presented in Figure 5.19. As with Ref-exTTF-PTZ, first the oxidation of the

exTTF moiety can be seen (yellow) followed by the oxidation of the PTZ moiety (blue).

The oxidized exTTF moiety exhibits the characteristic features of the doubly oxidized

donor as seen in the experiments with Ref-exTTF (Figure 5.12) and Ref-exTTF-PTZ

(Figure 5.14). A broad absorption band ranges from 460 to 850 nm with a maximum at

495 nm. At 432 nm the bleach from the ground state absorption is found. In the donor

triad, the bleach at 432 nm is much more pronounced than the band at 495 nm, this being

in consensus with the oxidation of Ref-exTTF (and unlike in Ref-exTTF-PTZ). Below

400 nm, a bleach with its minimum at 365 nm is found matching the spectral properties

of Ref-exTTF. In analogy with the observations during the oxidation of the reference

molecules, the singly oxidized exTTF moiety is not detectable under the experimental

setup used here.

Once the oxidation of the exTTF moiety is completed, the oxidation of the PTZ moiety can

be monitored. Two bands at 465 and 692 nm form, again in line with the characteristics

observed in Ref-PTZ (Figure 5.13) and Ref-exTTF-PTZ (Figure 5.14). Below 430 nm, a

bleach with minima at 350 and 397 nm can be observed.

Spectro-Electrochemistry

Spectro-electrochemistry is a convenient method to monitor the spectral changes following

reduction or oxidation processes in solution. The ground state UV-Vis spectrum is mea-

sured as the baseline, then a certain potential is applied, and the absorption is measured

again. When reduction or oxidation potentials are sufficiently separated, the spectral

features of different reduction or oxidation states can be detected.

[Ru(bpy)3]2+

To allow for an easier interpretation of the transient absorption spectroscopy in the fol-

lowing sections, the spectroscopic signature of one-electron reduced [Ru(bpy)3]
2+ was

measured.
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Figure 5.20: Difference spectrum of [Ru(bpy)3](PF6)2 (2·10-4 M) with 0.1 M TBAPF6

as supporting electrolyte in dry, de-oxygenated MeCN (left) and in dry, de-oxygenated
DMF (right). Reduction was performed at -1.4 V vs. SCE.

Upon reduction of [Ru(bpy)3]
2+, two absorption bands and one bleach occur. Regarding

the solvent, there is just a slight shift in the absorption band maxima between MeCN and

DMF, but the general spectral characteristic is the same. Two broad absorption bands

around 355 and 515 nm can be seen originating from the formation of reduced bipyridine

ligand while the bleach around 450 nm is formed by depletion of the MLCT ground state

absorption.[151–153]

MV(PF6)2

Methyl viologen (MV2+) was used as an electron acceptor in transient absorption experi-

ments. Therefore, in addition to the spectrum of reduced [Ru(bpy)3]
2+, the spectroscopic

signature of one-electron reduced methyl viologen was measured as well.

Figure 5.21: Difference spectrum of MV(PF6)2 (2·10-4 M) with 0.1 M TBAPF6 as sup-
porting electrolyte in dry, de-oxygenated MeCN. Reduction was performed at -0.55 V vs.
SCE.

The spectroscopic signature of MV+ is rather specific with a broad absorption band

between 480 and 800 nm and a more intense, finger-like absorption between 330 and
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410 nm with the maximum being at 395 nm. It is therefore easy to identify in the tran-

sient spectrum as soon as it is formed. The difference spectrum generated via spectro-

electrochemistry shown in Figure 5.21 is in conformance with literature reports.[134, 151, 154]

Transient Absorption Spectroscopy

Single-Pulse Experiments

Upon excitation of the triad, the excited [Ru(bpy)3]
2+ photosensitizer is expected to be

reductively quenched by the primary electron donor PTZ, leading to the intermediate state

exTTF-PTZ+-Ru+. The positive charge (denoted as ‘hole’) on PTZ would then move on

to the secondary electron donor exTTF due to exTTF being the better electron donor in

comparison to PTZ. This would lead to the final charge-separated state exTTF+-PTZ-

Ru+. Charge-recombination processes would then return the triad to its ground state.

The primary electron donor PTZ should help retard charge-recombination kinetics and

therefore increase the lifetime of the charge-separated state. Energy estimations for the

different states of the triad involved during charge-separation confirm the probability of

the above-mentioned electron and hole transfer processes to take place. The corresponding

energy scheme is presented in Scheme 5.3.

*RuII-PTZ-exTTF (2.10 eV)

RuI-PTZ+-exTTF (2.01 eV)

RuI-PTZ-exTTF+ (1.75 eV)

RuII-PTZ-exTTF (0.00 eV)

E
n

er
g

y

Scheme 5.3: Energy scheme for the formation of the charge-separated states in the donor
triad following excitation. Energy levels are based on the redox potentials in Table 5.1,
their calculation is presented in the appendix.
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Figure 5.22: (a) Transient absorption spectrum of the donor triad (2.5·10-5 M) in dry,
de-oxygenated MeCN, measured 60 ns after excitation at 532 nm with 10 ns laser pulses,
pulse power 45 mJ; (b) difference spectrum of [Ru(bpy)3]

2+ in dry, de-oxygenated MeCN
reduced at a potential of -1.4 V vs. SCE; (c) difference spectrum of (a) minus (b) to
remove the spectral features of [Ru(bpy)3]

+ from the transient absorption spectrum of
the donor triad; (d) difference spectrum of exTTF+ (from Figure 5.15) for comparison.

To track the processes following excitation of the donor triad, the transient absorption

spectrum of the donor triad in dry, de-oxygenated MeCN was measured. The sample was

excited at 532 nm with a laser pulse duration of 10 ns. The spectrum was measured with

a time delay of 60 ns and an integration time of 200 ns and is presented in Figure 5.22a.

Expecting the charge-separated state exTTF+-PTZ-Ru+, spectrum (a) should involve

the spectral characteristics of [Ru(bpy)3]
+ and exTTF+. To deconvolute the spectrum,

the difference spectrum of [Ru(bpy)3]
+ obtained via spectro-electrochemistry (b) and the

transient spectrum (a) were scaled to the same value at 370 nm. At this wavelength,

neither exTTF+, exTTF2+ nor PTZ+ show any significant absorption bands or bleaches.

Subtracting the scaled difference spectrum of [Ru(bpy)3]
+ (b) from the transient absorp-

tion spectrum (a) then gives difference spectrum (c). The obtained spectrum features

a bleach between 420 and 500 nm and a broad absorption band ranging from 530 up to

800 nm with a maximum at 666 nm. These spectral characteristics can be clearly assigned

to the exTTF+ monocation with the spectral changes being consistent with the spectral

changes seen for Ref-exTTF (Figure 5.22d) and in literature reports.[126, 148]

The single-pulse experiment with the donor triad shows that the proposed electron-

transfer cascade from exTTF via PTZ to photoexcited [Ru(bpy)3]
2+ functions. No spectral

features of PTZ+ can seen in the difference spectrum (c). This implies that, as soon as the

excited [Ru(bpy)3]
2+ photosensitizer is reductively quenched, the positive charge on PTZ
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is quenched by subsequent electron transfer from exTTF. This process seems to be highly

efficient, probably due to a reaction free energy of ΔGET = -0.26 eV for the secondary

electron-transfer process. Due to this secondary electron transfer, the transient spectrum

of the intermediate charge-separated state cannot be observed in the experimental setup

used here.

Figure 5.23: Normalized emission decay at 610 nm after excitation at 532 nm for the
donor triad in MeCN (red) and corresponding exponential fit (black). The emission life-
time of 10 ns is instrumentally limited.

In Figure 5.23, the emission decay of the excited donor triad is shown. Without a quencher,

the emission lifetime of *[Ru(bpy)3]
2+ is around 1100 ns in MeCN.[77] The exponential fit

gives a lifetime of less then 10 ns for the triad’s excited state. This short lifetime of the

[Ru(bpy)3]
2+ excited state corresponds to fast excited-state quenching by the PTZ donor

moiety leading to the primary charge-separated state exTTF-PTZ+-Ru+.

An unexpected sidenote of the emission measurement is the fact that the emission at

610 nm does not decay back to the original baseline but forms a stable plateau at approx.

5% of the original signal. This might be due to partial decomposition or luminescence

originating from an energy transfer from photoexcited [Ru(bpy)3]
2+ to the exTTF moiety.

In measurements reported by Guldi et al., however, the exTTF triplet energy was deter-

mined to be around 2.5 eV.[23] This would preclude energy transfer from photoexcited

[Ru(bpy)3]
2+ to the exTTF moiety. Experiments to directly excite the exTTF triplet

were not successful.
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Figure 5.24: Normalized transient absorption decay at 665 nm following excitation (at
532 nm) of the donor triad in MeCN (red) and corresponding biexponential fit (black).

Having a look at the kinetics of the charge-recombination process at 665 nm (see Fig-

ure 5.24), two lifetimes result of the biexponential fitting process: 12.7 ns and 377 ns.

Considering that the [Ru(bpy)3]
2+ excited state is quenched within 10 ns and that the

PTZ+ cation shows a broad absorption band around 700 nm, the short-lived species

can be attributed to the exTTF-PTZ+-Ru+ state which rapidly transforms into the final

charge-separated exTTF+-PTZ-Ru+ state. The lifetime of 377 ns then belongs to the

exTTF+-PTZ-Ru+ state seen in the transient absorption spectrum shown above. This

interpretation is supported by the transient absorption spectrum measured at a 60 ns

delay which does not show any spectral signature of the PTZ+ cation. At the time the

transient spectrum is recorded, the short-lived PTZ+ species is already fully decayed.

Similar to the emission decay experiment, the signal of the absorption decay at 665 nm

does not decay back to the original baseline but forms a stable plateau at approx. 8% of the

original signal. As luminescence originating from energy transfer to exTTF is excluded,

partial decomposition of the donor triad is probable. Additionally, disproportionation of

exTTF+ yielding the more stable exTTF2+ and exTTF0 moieties could also contribute to

this finding.
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Single-Pulse Experiments with MV2+ as Temporary Electron Acceptor

Figure 5.25: (a) Transient absorption spectrum of the donor triad (2.5·10-5 M) with
MV(PF6)2 (50 mM) in dry, de-oxygenated MeCN. The sample was excited at 532 nm
and the spectrum recorded with a delay of 500 ns to allow for complete electron trans-
fer from photoexcited [Ru(bpy)3]

2+ onto MV2+. Laser pulse duration 10 ns, integra-
tion time 200 ns. (b) Spectral characteristics of MV+ in MeCN, generated spectro-
electrochemically from MV2+ (see Figure 5.21). (c) Difference spectrum generated by
subtraction of the MV+ difference spectrum (b) from the measured transient absorption
spectrum (a). (d) Difference spectrum of exTTF+ (from Figure 5.15) for comparison.

In contrast to the single-pulse experiment with the donor triad in the previous section,

the temporary electron acceptor MV2+ was added in the measurement shown in Figure

5.25. Following excitation, the charge-separated state exTTF+-PTZ-Ru+ is formed within

12.7 ns. Subsequently, the electron on the reduced photosensitizer is transferred onto

MV2+, yielding the final charge-separated state exTTF+-PTZ-Ru2+ // MV+. With the

electron and the hole being located on two different molecules, the lifetime of the charge-

separated state increases dramatically (up to several minutes in this experiment) and

allows for further reactions on the donor triad to take place.

In the transient spectrum measured (a), the specific spectral characteristics of MV+

(shown in (b)) can be seen. A difference that meets the eye is the more intense absorption

between 500 and 700 nm compared to the finger-like absorption structure below 400 nm.

Additionally, the transient spectrum (a) shows a small bleach at 428 nm that is not visible

in the difference spectrum of MV+. In the same approach as for the donor triad in the

absence of a quencher, the transient spectrum of MV+ (b) and the transient spectrum (a)

were scaled to the same value at 395 nm. The wavelength of 395 nm was chosen due to

the strong intensity of this MV+ absorption band and no significant absorption bands or

76



5 Studies of Charge-Accumulation: a Two-Electron Donor, Two-Electron Acceptor
Pentad

bleaches of exTTF+, exTTF2+ and PTZ+ being located at this wavelength. The hereby

obtained difference spectrum (c) is characterized by an absorption band between 530 and

730 nm with a maximum located at 660 nm and two bleaches at 355 and 425 nm. This

spectrum perfectly matches the spectral characteristics of exTTF+ as shown in (d) and

Figure 5.22c. Therefore, the experiment shows the expected photoproducts to be formed,

namely exTTF+ and MV+.

Having a closer look at spectrum (c), an additional, very small absorption band is located

at 490 nm. This absorption band (together with the bleach at 425 nm) would correspond

to the spectral changes expected for exTTF2+ (see Figures 5.12 and 5.19). The partial for-

mation of exTTF2+ could either be explained by a disproportionation reaction of exTTF+

or alternatively by a small fraction of the excited molecules undergoing double excitation

during the laser pulse duration and therefore forming the doubly oxidized species.

To further pursue the potential formation of doubly oxidized exTTF, a two-pulse exper-

iment was designed that would allow for the first oxidation to take place after the first

pulse and then a second pulse would excite the already oxidized triad to form the doubly

oxidized state. This experiment is presented in the next section.

Two-Pulse Experiments with MV2+ as Temporary Electron Acceptor

In the single-pulse experiment shown in the previous section, an indication for the partial

formation of the doubly oxidized donor triad could be found following excitation with

MV2+ as temporary electron acceptor. Therefore, a two-pulse experiment was designed

with a first pulse exciting the triad at 532 nm. Due to the long lifetime of the charge-

separated state exTTF+-PTZ-Ru2+ // MV+, a delay of 500 ns was integrated to allow

for maximum charge-separation (see Figure 5.26) before a second pulse was applied to

re-excite the singly oxidized donor triad leading to the possible formation of the doubly

oxidized triad. The wavelength for the second excitation was chosen to be 460 nm as

neither exTTF+ nor exTTF2+ show any significant absorption at this wavelength.
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Figure 5.26: Formation of the absorption signal at 610 nm over time. The first rise of
the signal (at 0 ns) originates from the first laser pulse at 532 nm while the second rise
(at 500 ns) follows the second excitation at 460 nm. The absorption at 610 nm represents
MV+, being formed by electron transfer from the excited donor triad (2.5·10-5 M) to
MV(PF6)2 (50 mM) in dry, de-oxygenated MeCN. Due to the signal representing MV+

formation still slightly increasing up to 400 ns after the first laser pulse, a delay of 500 ns
was integrated before the second laser pulse was applied.

An energy estimation for the pathway leading to the doubly oxidized donor triad is shown

in Scheme 5.4. For clarity reasons, unproductive electron transfer pathways are omitted.

The calculations indicate oxidative quenching by MV2+ to be energetically more favorable

than reductive quenching of the excited state by PTZ. However, as the overall excited state

quenching is strongly dependent on kinetics and therefore on the MV2+ concentration,

both oxidative and reductive excited state quenching is expected to contribute to the

charge-separation and accumulation process.
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*RuII-PTZ-exTTF (2.10 eV)
RuI-PTZ+-exTTF (2.01 eV)

RuI-PTZ-exTTF+ (1.75 eV)

RuII-PTZ-exTTF+ // MV+ (0.86 eV)

RuII-PTZ-exTTF (0.00 eV)
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*RuII-PTZ-exTTF+ // MV+ (2.96 eV)
RuI-PTZ+-exTTF+ // MV+ (2.87 eV)

RuI-PTZ-exTTF2+ // MV+ (2.24 eV)

RuII-PTZ-exTTF2+ // 2 MV+ (1.35 eV)

RuIII-PTZ-exTTF // MV+ (1.73 eV)

RuII-PTZ+-exTTF // MV+ (1.12 eV)

RuIII-PTZ-exTTF+ // 2 MV+ (2.59 eV)

RuII-PTZ+-exTTF+ // 2 MV+ (1.98 eV)

Scheme 5.4: Energy scheme for the formation of the charge-separated states in the donor
triad following excitation. Methyl viologen was added as temporary electron acceptor.
Energy levels are based on the redox potentials in Table 5.1, methyl viologen reduction
potentials are taken from the literature.[151] Red arrows indicate the energetically favorable
pathway while gray arrows show other energetically possible pathways leading to the same
final state. Underlying calculations are presented in the appendix.

Figure 5.27: (a) Transient absorption spectrum of the donor triad (2.5·10-5 M) with
MV(PF6)2 (50 mM) in dry, de-oxygenated MeCN. Spectrum recorded after the first laser
pulse (excitation at 532 nm, duration 10 ns) with a delay of 200 ns and an integration
time of 200 ns. (b) Transient absorption spectrum of the donor triad (2.5·10-5 M) with
MV(PF6)2 (50 mM) in dry, de-oxygenated MeCN. Spectrum recorded after the second
laser pulse (second excitation at 460 nm, delay of second laser 500 ns, pulse duration
10 ns) with a delay of 100 ns after the second laser pulse and an integration time of
200 ns. Spectrum was scaled at 395 nm to match the intensity of the spectrum after the
first pulse. (c) Difference spectrum generated by subtracting the transient spectrum after
the first pulse (a) from the transient spectrum after the second pulse (b).
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In the two-pulse experiment presented in Figure 5.27, the transient absorption spectra

recorded after the first pulse (a) and after the second pulse (b) can be seen. Both spectra

are scaled to the same intensity at 395 nm in analogy to the single-pulse experiment.

The original absorption at 395 nm in spectrum (b) was approx. 1.5 times higher than

in spectrum (a). Both spectra before and after the second laser pulse exhibit the same

spectral features and look nearly identical. Subtraction of the spectrum after the first

pulse (a) from the spectrum after the second pulse (b) results in spectrum (c). Spectrum

(c) is very low in intensity and essentially shows a noisy baseline. A weak absorption band

between 500 and 650 nm as well as a weak bleach at 430 nm can still be detected, both

being characteristic features of exTTF+.

Around 490 nm however, no absorption band of exTTF2+ is visible, indicating that the

two-pulse experiment did not lead to the formation of the exTTF2+ dication. Instead, the

second laser pulse led to increased formation of the singly charge-separated state exTTF+-

PTZ-Ru2+ // MV+ as revealed by the much stronger absorption intensity measured after

the second laser pulse. It therefore seems that the energy of the first laser pulse was not

sufficient to excite all the triad molecules in the detection window. The second laser pulse

then excited mostly the donor triad in its ground state leading to more photoproduct of

the singly charge-separated state instead of the doubly oxidized exTTF moiety. Thus, the

two-pulse experiment does not show any difference in formed photoproducts compared to

the single-pulse experiment.
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Figure 5.28: Left: (a) Transient absorption spectrum of the donor triad (2.5·10-5 M)
with MV(PF6)2 (50 mM) in dry, de-oxygenated MeCN. Spectrum recorded after the first
laser pulse (excitation at 532 nm, duration 10 ns) with a delay of 200 ns and an integration
time of 200 ns. (b) Difference spectrum of MV+ obtained via spectro-electrochemistry
(from Figure 5.21) and scaled at 395 nm to match the signal intensity of the transient spec-
trum. (c) Difference spectrum generated by subtracting the MV+ difference spectrum (b)
from the transient absorption spectrum (a). Right: (a) Transient absorption spectrum
of the donor triad (2.5·10-5 M) with MV(PF6)2 (50 mM) in dry, de-oxygenated MeCN.
Spectrum recorded after the second laser pulse (first excitation at 532 nm, second excita-
tion at 460 nm, delay of second laser pulse 500 ns) with a delay of 100 ns after the second
laser pulse and an integration time of 200 ns. (b) Difference spectrum of MV+ obtained
via spectro-electrochemistry (from Figure 5.21) and scaled at 395 nm to match the signal
intensity of the transient spectrum. (c) Difference spectrum generated by subtracting the
MV+ difference spectrum (b) from the transient absorption spectrum (a).

Going back to the transient absorption spectra measured after the first (Figure 5.28a

left) and after the second pulse (Figure 5.28a right) and subtracting the MV+ spectral

features, both spectra feature the spectral characteristics of exTTF+: a broad absorption

band at 660 nm and a less pronounced bleach at 425 nm. The finger-like absorption band

between 370 and 395 nm seems to be caused by the subtraction process and therefore

is considered an artefact. However, in both spectra, a small band at 490 nm is present,

this being in accordance with the observations made in the single-pulse experiment. The

intensity at 490 nm hereby correlates with the intensity of the general absorption signal

and is identical if both spectra are scaled to the same MV+ intensity. It therefore remains

unclear if the band observed at 490 nm indeed originates from doubly oxidized exTTF

or if this rather small band is an artefact of the oxidized MV+ species that could not be

captured by the MV+ difference spectrum generated via spectro-electrochemical methods.
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Further experiments

Due to the uncertainties in regard to the absorption band at 490 nm observed in the exper-

iments with methyl viologen, another electron acceptor was considered. Bis(tetrabutyl-

ammonium) peroxydisulfate ((TBA)2S2O8) was chosen because of it being a sacrificial

electron acceptor that upon reduction does not induce spectral changes in the visible

range.[155–157] As a result of the tetrabutylammonium counterion, (TBA)2S2O8 is soluble

in neat MeCN and no solvent mixtures needed to be used. However, peroxydisulfate ther-

mally reacted with the donor triad nearly instantly even without photoexcitation. In the

UV-Vis spectrum, a strong decrease in the ground-state absorption could be monitored,

yet no indication of a doubly oxidized exTTF could be observed. With peroxydisulfate de-

composing the donor triad, no further measurements based on the acceptor (TBA)2S2O8

were conducted.

Another, steady-state-like excitation experiment was performed with the donor triad and

methyl viologen. A cw-laser at 447 nm with a power of 1 W was used to excite the

photosensitizer, and UV-Vis absorption spectra were measured after defined time intervals

(seconds to minutes). Surprisingly, the characteristic spectrum of the long-lived MV+

radical was not observable. Instead, weak spectral changes were forming that could neither

be attributed to an oxidized moiety (exTTF2+/+, PTZ+, [Ru(bpy)3]
3+) nor to reduced

methyl viologen (MV+/0). It might be possible that the exTTF ground state absorption

band is sufficiently excited at 447 nm and consequent decomposition of the donor triad

occurs.

Summary

In the previous sections, the donor triad was examined. Oxidation potentials and spec-

tral changes upon chemical oxidation do not differ from the reference molecules examined

in the previous subchapter. Upon excitation, the donor triad forms a charge-separated

state comprised of oxidized PTZ and reduced [Ru(bpy)3]
2+ within 10 ns. This primary

charge-separated state has a very short lifetime of 12.7 ns and transforms rapidly into

the secondary charge-separated state exTTF+-PTZ-Ru+. Its lifetime (377 ns) is much

longer and its spectrum can be recorded via transient absorption spectroscopy. Addition

of the external electron acceptor methyl viologen led to a spectrum of the exTTF+ mono-

cation with hints of the exTTF2+ dication being formed in minor amounts. Two-pulse

experiments however did not lead to an increased formation of exTTF2+.

Even as there is no solid evidence for the exTTF2+ dication to form in the experiments

performed, it must be noted that the general concept of the intermediate electron donor

quenching the [Ru(bpy)3]
2+ excited state and the subsequent hole transfer from PTZ
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to exTTF functions as presumed. The addition of such a redox-relay herein is a very

promising concept as it allows for very efficient electron transfer over long distances.

The long distance hereby has the advantage of retarding charge-recombination, therefore

enabling longer lifetimes of the charge-separated or -accumulated states, in analogy to

nature’s photosystem II.
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5.2 The Acceptor Triad: TCAQ-FMN-Ru

For the acceptor triad, the same basic principle as in the donor triad applies. The two-

electron acceptor 11,11,12,12-tetracyano-9,10-anthraquinodimethane (TCAQ) was chosen

due to its inverted reduction potentials. The intermediate electron acceptor, fluoren-

9-ylidene malononitrile (FMN) was selected due to its ability to oxidatively quench the

excited state of the [Ru(bpy)3]
2+ photosensitizer. At the same time, its reduction potential

is more negative than that of TCAQ, allowing the electron to move on to the TCAQ

moiety, re-oxidizing FMN to its neutral state. The negative charge generated on TCAQ is

then quite unlikely to reductively quench the re-excited [Ru(bpy)3]
2+ photosensitizer due

to the fact that the FMN intermediate acceptor back in its ground state acts as a good

electron acceptor while the long distance between TCAQ and photosensitizer additionally

retards back-electron transfer.

The synthetic route pursued to obtain the acceptor triad is shown in Scheme 5.5. Exper-

imental details are given in the experimental section 7.6.
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Scheme 5.5: Synthetic route pursued to obtain the acceptor triad.
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5.2.1 TCAQ, FMN and TCAQ-FMN-TCAQ Reference Molecules

To analyze the acceptor moieties in their isolated and covalently linked forms, three ref-

erence molecules were used: TCAQ (referenced as Ref-TCAQ to differentiate it from

a TCAQ moiety in a molecular system), I-hxy-FMN-hxy-I (Ref-FMN) and TCAQ-xy-

hxy-FMN-hxy-xy-TCAQ (Ref-TCAQ-FMN). While Ref-TCAQ and Ref-FMN show the

characteristics of the single moieties, Ref-TCAQ-FMN can show potential changes in

absorbance or in reduction potential arising from the covalent linkage of the acceptor

moieties.
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Figure 5.29: Schematic representation of the reference molecules used for analyzing the
electron acceptor moieties.
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Optical Absorption Spectroscopy

UV-Vis absorption spectra of the three reference molecules were measured to examine

their ground state absorption.

Ref-TCAQ

Figure 5.30: UV-Vis absorption spectrum of Ref-TCAQ in dry, de-oxygenated DMF.

The UV-Vis absorption spectrum of Ref-TCAQ in Figure 5.30 exhibits an intense absorp-

tion band at 348 nm (ε = 20’300 L mol-1 cm-1) and a second, less intense absorption band

at 305 nm (ε = 14’600 L mol-1 cm-1), both in accordance with literature reports.[22, 129, 158]

Ref-FMN

Figure 5.31: UV-Vis absorption spectrum of Ref-FMN in dry, de-oxygenated DMF.

Figure 5.31 shows the UV-Vis absorption spectrum of Ref-FMN. It features an absorption

band at 352 nm (ε = 16’800 L mol-1 cm-1) and a weak broad absorption centered at

500 nm (ε = 400 L mol-1 cm-1). The absorption spectrum resembles the ones reported in

the literature.[138, 159, 160]
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Ref-TCAQ-FMN

Figure 5.32: UV-Vis absorption spectrum of Ref-TCAQ-FMN in dry, de-oxygenated
DMF.

The UV-Vis absorption spectrum of Ref-TCAQ-FMN in Figure 5.32 does not show any

distinct absorption bands. Instead, absorption starts at 500 nm and increases towards

shorter wavelengths. At 350 nm, a shoulder is present caused by an overlap of the ab-

sorption bands of TCAQ at 348 nm and FMN at 352 nm. Below 340 nm, the absorption

increases strongly. Overall, the spectrum of Ref-TCAQ-FMN can be considered as a result

of the superimposition of TCAQ and FMN spectral features.
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Electrochemistry

Cyclic voltammetric measurements were performed to confirm the reduction potentials

for TCAQ and FMN found in the literature. For TCAQ, additional experiments were

executed to investigate the potential inversion behavior of the two-electron acceptor. All

measurements were performed in dry, Ar-purged DMF with 0.1 M tetra-n-butylammonium

hexafluorophosphate (TBAPF6) as supporting electrolyte. For all measurements, a sat-

urated calomel electrode (SCE) was used as the reference electrode and a glassy carbon

electrode (GCE) as the working electrode.

Ref-TCAQ

Figure 5.33: Cyclic voltammograms of Ref-TCAQ (1 mM) in dry, Ar-purged DMF.
Different scan rates as given in the inset, supporting electrolyte 0.1 M TBAPF6.

The cyclic voltammogram of Ref-TCAQ can be seen in Figure 5.33. Even though TCAQ

is a two-electron acceptor, just one wave for the reduction and for the corresponding

re-oxidation to the neutral species is observed. This is due to the potential inversion

behavior of TCAQ, where the first reduction is energetically more difficult than the second

reduction. As a result, the second electron reduction directly follows the first electron

reduction and a single reduction wave comprised of two electrons results.

Measuring the CV at different scan rates show the peak potentials of cathodic and sub-

sequent anodic scans to vary. Increasing the scan rate, the separation between reduction

and re-oxidation potential gets larger. Upon reduction, peak potential and peak current

become more negative, upon re-oxidation, peak potential and peak current become more

positive with increasing scan rate. It is the same behavior as seen for the exTTF moiety

in Figure 5.7. As with exTTF, a linear correlation of the peak current with the square

root of the scan rate can be observed which shows that the electrode reaction is diffu-

sion controlled, the analyte remains homogeneous during the experiment and that the

investigated system is electrochemically reversible.[143, 144]
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Figure 5.34: Linear correlation of the peak current with the square root of the different
scan rates applied. Colors match the scan rates given in Figure 5.33. Dotted line for
oxidative sweep, solid line for reductive sweep.

The potential inversion in TCAQ can be attributed to an effect very similar to the exTTF

donor in the previous section: TCAQ in its neutral state has a boat-like structure in the

anthracene moiety. Upon reduction, the first electron is located on one of the malono-

nitrile moieties whereas the anthracene moiety keeps the boat-like structure. When the

second electron is added, TCAQ undergoes a structural change. The anthracene moiety

becomes planar and the malononitrile groups rotate out of plane. The second electron is

then located on the second malononitrile group, which makes the two electrons spatially

separated from each other and explains why the first and second reduction occur at the

same potential.[128, 131, 161, 162]

CN

NC

NC

CN

+2e-

-2e-

CNNC

NC CN

Figure 5.35: Structural change accompanying the two-electron reduction process in
TCAQ. The central anthracene unit switches from a boat-like structure to planar. Exte-
rior malononitrile groups rotate out of plane.

Due to the geometrical change, the re-oxidation potential of TCAQ2- is shifted consider-

ably compared to its reduction potential. As in the case of exTTF, the measured reduction

potential is assigned to the first electron reduction in the molecule whereas the potential

for the second reduction is given by the re-oxidation potential. With the peak potentials

shifting with the scan rate, average potentials for reduction and re-oxidation are con-

structed. For each of the nine scan rate minima, the FWHM potentials are determined,

added up and subsequently divided by 9 to give the average reduction potential. The same
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procedure applies for the maxima of the re-oxidation waves.Therefore, the first and second

reduction potentials are proposed to be Ered,1 = -0.29 V and Ered,2 = -0.24 V vs. SCE in

the following sections. Remarkable here is that the first and second reduction potential

differ by only 0.05 V whereas the gap between the first and second oxidation potential of

exTTF amounts for 0.33 V. The potential inversion behavior of TCAQ therefore seems

to be less pronounced than for exTTF.

Ref-FMN

Figure 5.36: Cyclic voltammogram of Ref-FMN (1 mM) in dry, Ar-purged DMF. Scan
rate 0.5 V/s, supporting electrolyte 0.1 M TBAPF6.

The cyclic voltammogram of Ref-FMN in Figure 5.36 shows the reduction of the FMN

moiety and the subsequent re-oxidation at a potential of E1/2 = -0.51 V vs. SCE. The

value only slightly differs from the potential reported in the literature.[137, 138, 160] As with

TCAQ, FMN is stable upon several reduction and re-oxidation cycles making FMN a

reversible electron acceptor. With the oxidation potential of excited [Ru(bpy)3]
2+ being

EIII/*II = -0.81 V vs. SCE,[77] there is enough driving force for the first and the second

electron to move from photoexcited [Ru(bpy)3]
2+ via FMN to the terminal TCAQ acceptor

moiety.
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Ref-TCAQ-FMN

In the acceptor triad, the two acceptor moieties and the photosensitizer are connected via

p-xylene (xy) or 1,4-dihexylbenzene (hxy) linkers. Due to the possible conjugation in the

molecule, the reduction potentials of the acceptors might shift. Therefore, a byproduct

from the ligand synthesis was used for further investigation.

Figure 5.37: Cyclic voltammogram of Ref-TCAQ-FMN (1 mM) in dry, Ar-purged DMF.
Scan rate 0.5 V/s, supporting electrolyte 0.1 M TBAPF6.

In the cyclic voltammogram of Ref-TCAQ-FMN shown in Figure 5.37, the reduction of

TCAQ can be seen followed by the reduction of FMN. Again, the reduction wave of TCAQ

and its re-oxidation wave vary significantly. Under the same measurement conditions as

with the individual moieties, the reduction potentials of TCAQ are given with Ered,1 =

-0.31 V vs. SCE and Ered,2 = -0.15 V vs. SCE at a scan rate of 0.5 V/s. For FMN, the

reduction potential Ered = -0.68 V vs. SCE is nearly 0.2 V more negative than in the

isolated FMN component. This might be partly due to the electron-withdrawing iodine

substituents in the FMN reference molecule, but at the same time, the difference between

reduction wave minimum and re-oxidation wave maximum is ΔE = 0.28 V in this case

versus ΔE = 0.11 V in Ref-FMN at the same scan rate. Therefore, the linkage of the

different moieties seems to affect the reduction potential of FMN more than expected.

However, the FWHM potential of the FMN reduction wave Ered = -0.76 V vs. SCE still

lies between the oxidation potential of excited [Ru(bpy)3]
2+ at EIII/*II = -0.81 V vs. SCE[77]

and the reduction potential of Ref-TCAQ at Ered,1 = -0.29 V and Ered,2 = -0.24 V vs.

SCE which allows the postulated electron transfer cascade from *[Ru(bpy)3]
2+ via FMN

to TCAQ to take place.
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Spectro-Electrochemistry

Ref-TCAQ

Figure 5.38: Difference spectrum of Ref-TCAQ (1·10-4 M) with 0.1 M TBAPF6 as
supporting electrolyte in dry, de-oxygenated DMF. Reduction was performed at -0.5 V
vs. SCE.

Upon spectro-electrochemical reduction of Ref-TCAQ, a band centered at 540 nm is

formed, accompanied by a minor band at 408 nm. During reduction, the ground state ab-

sorption at 348 nm bleaches in the difference spectrum. Due to potential inversion and the

second electron being more easily accepted by the TCAQ moiety than the first, only the

doubly reduced species can be detected. Therefore, the spectral changes observed here are

in good accordance with literature reports for the doubly reduced TCAQ moiety.[22, 133]

To measure the spectral signature of one-electron reduced TCAQ, transient absorption

spectroscopy was performed. The conducted measurements are presented in Figure 5.41.

Ref-FMN

Figure 5.39: Difference spectrum of Ref-FMN (1·10-4 M) with 0.1 M TBAPF6 as sup-
porting electrolyte in dry, de-oxygenated DMF. Reduction was performed at -0.7 V vs.
SCE.
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During the spectro-electrochemical reduction of Ref-FMN, a broad weak absorption band

between 400 and 550 nm forms. At 355 nm, the ground state absorption bleaches. There-

fore, the formation of FMN- can only be properly detected by the bleach at 355 nm. With

FMN only being the intermediate electron acceptor, however, no overlay is expected with

the spectral changes occurring due to the oxidation or reduction of the other moieties

present in the triad.

Ref-TCAQ-FMN

Figure 5.40: Difference spectrum of Ref-TCAQ-FMN (1·10-4 M) with 0.1 M TBAPF6

as supporting electrolyte in dry, de-oxygenated DMF. Reduction was performed at -0.5 V
vs. SCE (blue traces) followed by -0.8 V vs. SCE (red traces).

Upon spectro-electrochemical reduction of Ref-TCAQ-FMN, the TCAQ moiety is reduced

first. This leads to the formation of an absorption band at 550 nm and a bleach at 357 nm,

both spectral features being in line with the formation of TCAQ2- as shown in the spectro-

electrochemical experiments for Ref-TCAQ. As with Ref-TCAQ, the formation of TCAQ-

cannot be detected by the experimental setup used here. When changing the applied

potential to -0.8 V vs. SCE, the FMN moiety is reduced as well. This can be seen in a

weak broad band forming between 400 and 550 nm and in an intensified bleach at 357 nm.

Both spectral changes are in accordance with the behavior of the isolated FMN reference

explored in the previous section.
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Transient Absorption Spectroscopy

Ref-TCAQ and [Ru(bpy)3]2+

Figure 5.41: Transient absorption spectrum of Ref-TCAQ (10 mM) with
[Ru(bpy)3](PF6)2 (1·10-5 M) as photosensitizer in dry, de-oxygenated DMSO. Spectrum
was recorded with a delay of 20 ns after excitation at 532 nm and an integration time of
200 ns. Laser pulse duration 10 ns.

The transient absorption spectrum of Ref-TCAQ with [Ru(bpy)3]
2+ as photosensitizer is

shown in Figure 5.41. Due to the high concentration of Ref-TCAQ and the hence increased

absorption, spectral changes could just be observed in the spectral window ranging from

400 to 800 nm.

When excited, [Ru(bpy)3]
2+ is a good electron donor and a good electron acceptor.[150, 163]

In the experimental setup here, photoexcited [Ru(bpy)3]
2+ can donate an electron to the

acceptor Ref-TCAQ yielding the photoproducts [Ru(bpy)3]
3+ and Ref-TCAQ-. The tran-

sient absorption spectrum therefore should exhibit the spectral features of [Ru(bpy)3]
3+

and TCAQ-.

The transient spectrum in Figure 5.41 exhibits two absorption bands with their maxima

located at 495 and 600 nm. According to the literature, the 600 nm band is characteristic

for the singly reduced TCAQ moiety.[23] Oxidized [Ru(bpy)3]
2+ however does not exhibit

any intense absorption bands in the observed spectral range but shows a bleach of the

ground state absorption at 450 nm.[151] 3MLCT absorption of [Ru(bpy)3]
2+ should not be

present any more due to the delay of 20 ns before the spectrum was recorded, however, the

[Ru(bpy)3]
2+ 3MLCT state does not exhibit an absorption band around 500 nm, either.[164]

The observed absorption band at 495 nm therefore probably results from an excited triplet

state of TCAQ formed by energy transfer from photoexcited [Ru(bpy)3]
2+. Unfortunately,

no reports of the energy or the spectral features of the TCAQ excited triplet state could

be found in the literature.

In addition, two bleaches can be observed at 450 and 660 nm. While the first bleach is
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caused by the decreasing MLCT absorption band of [Ru(bpy)3]
2+ following the oxidation

of the photosensitizer, the latter originates from luminescence of excited [Ru(bpy)3]
2+ not

being quenched by TCAQ.[77]

Ref-TCAQ and [Os(bpy)3]2+

To verify the hypothesis of energy transfer from photoexcited [Ru(bpy)3]
2+ to TCAQ,

a second transient absorption experiment was designed with [Os(bpy)3]
2+ replacing the

[Ru(bpy)3]
2+ photosensitizer in the experiment above. [Os(bpy)3]

2+ in its excited state

is a slightly better reductant than [Ru(bpy)3]
2+,[165] but its triplet energy of 1.7 eV is

notably lower than the triplet energy of [Ru(bpy)3]
2+ (2.1 eV).[165–167]

Figure 5.42: Transient absorption spectrum of Ref-TCAQ (10 mM) with
[Os(bpy)3](PF6)2 (1·10-5 M) as photosensitizer in dry, de-oxygenated DMSO. Spectrum
was recorded with a delay of 20 ns after excitation at 532 nm and an integration time of
200 ns. Laser pulse duration 10 ns.

The transient absorption spectrum of Ref-TCAQ with [Os(bpy)3]
2+ is shown in Fig-

ure 5.42. In analogy to the experiment with [Ru(bpy)3]
2+, the transient spectrum of

this experiment should exhibit the spectral features of [Os(bpy)3]
3+ and TCAQ-.

In the transient spectrum obtained, a single absorption band around 610 nm can be ob-

served which can be assigned to the TCAQ- anion.[23] Additionally, two bleaches can be

observed that can be attributed to the bleach of the [Os(bpy)3]
2+ ground state absorp-

tion (480 nm) and a bleach caused by partial luminescence of unquenched *[Os(bpy)3]
2+

(around 750 nm).[166, 168]

In contrast to the experiment with [Ru(bpy)3]
2+, however, no absorption band around

495 nm is visible in the spectrum. This indicates that the absorption band at 495 nm

indeed originates from an energy transfer of photoexcited [Ru(bpy)3]
2+ to TCAQ, implying

that the energy of the TCAQ triplet state must be between 1.7 and 2.1 eV.
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Summary

As shown with the previous experiments it is feasible to differentiate the reduced states

of TCAQ in the visible spectral range. Due to TCAQ being a two-electron acceptor with

potential inversion, the second electron-transfer step is energetically more favorable than

the first. This should facilitate electron-accumulation on the acceptor moiety. During the

above shown studies, TCAQ proved to be stable under the measurement conditions ap-

plied. For the intermediate acceptor, FMN proved to be a suitable choice. Even with the

reduction potential differing between Ref-FMN and Ref-TCAQ-FMN, the intermediate ac-

ceptor is still able to fulfill its purpose as a primary electron acceptor and subsequently can

transfer the accepted electron to the terminal acceptor TCAQ. As with the donor triad,

the increased distance between photosensitizer and terminal electron acceptor potentially

retards back-electron transfer and therefore increases the lifetime of the charge-separated

or -accumulated state. A potential problem on the acceptor part could be the low-lying

triplet state of TCAQ which could cause significant parts of the excitation energy to be

’wasted’ in unproductive energy-transfer instead of productive electron-transfer reactions.
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5.2.2 TCAQ-FMN-Ru Triad

C6H13

C6H13

C6H13

C6H13

N

N

CN
NC

NC
CN

CN
NC

N

N

N

N

Ru2+

(PF6)2

Figure 5.43: Schematic representation of the TCAQ-FMN-Ru acceptor triad.

The synthesis of the acceptor triad TCAQ-FMN-Ru shown in Figure 5.43 proved to be

more complicated than expected. While the formation of the acceptor moieties TCAQ

and FMN from their precursors 9,10-anthraquinone (AQ) and 9-fluorenone (FO) was

conducted following the literature procedure with Lehnert’s reagent[169, 170] without major

difficulties, the lability of the acceptor moieties under C-C-coupling conditions did cause

some trouble. Unfortunately, the malononitrile groups at the final acceptors are prone

to substitution and therefore tend to be substituted by oxygen (and yielding back the

original AQ or FO reactants) or easily undergo single or multiple cross couplings located

at the cyano groups. Therefore, a mixture of products was obtained from e.g. Suzuki

couplings that could not be used for further reactions. Consequently, the malononitrile

groups needed to be attached to the acceptor moiety in the last step after all the C-C-

couplings were done. This approach succeeded, and the designed ligand was obtained.

The next complications arose from the complexation procedure. Unlike the other com-

plexes synthesized in this work, complexation in a mixture of CHCl3 and EtOH (1:3)

heated at reflux did not give the final product but led to degradation of the ligand. Upon

pre-treatment of the [Ru(bpy)2Cl2] precursor with excess AgOTf in dry DMF under exclu-

sion of light and under stirring at room temperature for two days, some of the ligand could

be complexed to the desired product, but most of the ligand still degradated. This did not

just complicate the complex purification process, it also resulted in a yield of only 10%.

NMR and ESI-HRMS measurements indicate that the complex was indeed obtained, but

the total amount of acceptor triad obtained by this procedure was not enough to perform

the planned measurements. Additionally, NMR data suggests that further purification of

the obtained complex is still necessary. Therefore, no studies on the acceptor triad can

be presented herein.
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Summary and Outlook

The electron acceptors TCAQ and FMN show the features underlying the triad and pentad

concept outlined at the beginning of this chapter. In the experiments with the reference

molecules it could be shown that the different reduced states of the acceptors are clearly

distinguishable in their UV-Vis spectra and that the reduction potentials correspond to

their estimations. A potential pitfall in the designed system hereby might be the low-lying

triplet state of the TCAQ moiety.

Unfortunately, the acceptor triad could not be successfully synthesized within the time-

frame of the project. The ligand could be obtained but was not stable under complexation

conditions. It therefore is essential to either further optimize the complexation conditions

or to find another reaction path leading to the acceptor triad in satisfying yields. One

approach could be to complex the pre-ligand and then attach the malononitrile groups

in a last step to form the final acceptor moieties on the complex. If the complex will

tolerate the conditions required to attach the malononitrile groups, this would represent

a practical way to synthesize the acceptor triad.

Another option lies in replacing the electron acceptors TCAQ and FMN with other elec-

tron acceptors bearing the same potential inversion behavior as TCAQ and the same

intermediate acceptor quality as FMN. If suitable acceptors are found where the differ-

ent reduced states are clearly differentiable in the UV-Vis spectral range and there is no

energetically low-lying triplet state, then a total redesign of the acceptor triad is recom-

mended.
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5.3 The Donor-Acceptor Pentad:

exTTF-PTZ-Ru-FMN-TCAQ (One-Ligand Approach)

While the electron donor part of the molecule is reasonably stable under the reaction

conditions, the electron acceptor part proved to be more challenging than expected. As

mentioned in the previous section, the malononitrile groups of FMN and TCAQ turned

out to be labile under C-C-coupling conditions. This resulted either in the malononitrile

groups being hydrolyzed and restoring the original carbonyl groups or random coupling

to the cyano groups yielding a multitude of coupling products that were neither separable

nor identifiable. Therefore, the transformation from anthraquinone or fluorenone to the

final acceptors needed to take place after the C-C-couplings were conducted.
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Scheme 5.6: Reaction scheme for synthesizing the pentad, part I. Scheme continued in
Scheme 5.7.

The reactions were performed as shown in Schemes 5.6 and 5.7. The pre-ligand (without

the malononitrile groups on the acceptors) was successfully obtained, but the conditions

required to attach the malononitrile groups (malononitrile, TiCl4, pyridine, heat) were not

compatible with one of the donor moieties. At the end of this reaction step, a substance

was obtained that was unidentifiable via NMR or ESI-MS and did not show any indication

for the product or the reactant to still be present. With this finding it became clear that

there is no easy way to have the donor and the acceptor moieties on the same ligand.

Therefore, a two-ligand approach was addressed with the donor moieties being on one

ligand and the acceptor moieties being on a second ligand. This approach is covered in

the next section.
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Scheme 5.7: Reaction scheme for synthesizing the pentad, part II. Red X at reaction
step that did not succeed.
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5.4 The Donor-Acceptor Pentad:

exTTF-PTZ-Ru-FMN-TCAQ (Two-Ligand

Approach)

As described in the previous subchapter, an approach where the donor moieties are located

on one ligand and the acceptor moieties on a second was considered due to synthetic

problems in attaching both donor and acceptor moieties on the same ligand.

Unfortunately, the two-ligand approach exhibits another problem that needs to be con-

sidered: being located on one ligand, the donor and acceptor moieties are separated by a

defined distance and a defined angle from one another as a result of the covalent linkage.

Having donor and acceptor parts separated on different ligands, the system in general

gets more flexible and donor and acceptor arms can approach one another. Therefore,

a Molecular Mechanics Force Field (MMFF) calculation was performed to estimate the

energetically lowest structure of the two-ligand pentad. The resulting structure can be

seen in Figure 5.44.

Figure 5.44: Estimated ground-state structures of the one-ligand (above) and two-ligand
(below) pentads. Whereas there is a long distance between donor and acceptor in the one-
ligand complex, donor and acceptor arms come quite close in the two-ligand approach.
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As it can be seen in Figure 5.44, donor and acceptor moieties can come quite close in

the two-ligand approach. Nevertheless, there still is, at least in the neutral state, a

sufficiently large distance between the TCAQ and the exTTF moieties. Upon electron

transfer, this distance might decrease due to coulombic attraction of the charged species.

This attraction might be tunable depending on the polarity of the solvents used in the

experimental setup.

As a consequence of the acceptable spatial separation predicted for the donor and acceptor

moieties, the two-ligand approach for the pentad was pursued. To synthesize the two-

ligand complex, the same ligands were used as in the donor triad and in the acceptor

triad. Scheme 5.8 shows the synthetic route following a literature procedure[171] leading

to the pentad with acceptor and donor moieties being located on different ligands.
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Scheme 5.8: Reaction scheme for the stepwise assembly of the ligands to form the final
two-ligand pentad.

The synthetic route started with a ruthenium precursor where one equivalent of 2,2’-

bipyridine was complexed. Then, one equivalent of acceptor ligand was complexed at room

temperature in dry DMF. The resulting pre-complex could be isolated and characterized.

In the last step, the donor ligand was attached under the standard complexation conditions

(EtOH:CHCl3 = 3:1, heating to 80 °C). This reaction did not work as expected: at

first, no complexation of the donor ligand was observed, then, upon addition of AgOTf,

complexation took place, but the resulting product was not identifiable. The complex had

a typical red color, but neither NMR, (HR)ESI-MS, elemental analysis nor spectroscopic

102



5 Studies of Charge-Accumulation: a Two-Electron Donor, Two-Electron Acceptor
Pentad

examinations could indicate the structure of the formed compound. The problematic step

here probably lies in the complexation process. As seen in the acceptor triad, the acceptor

ligand is not stable under standard complexation conditions (EtOH:CHCl3 = 3:1, heating

to 80 °C). However, the complexation of the acceptor ligand in dry DMF under exclusion

of light and upon prior treatment of the ruthenium precursor with AgOTf is possible, but

yields are limited to 10% in the experiments performed. Therefore, suitable complexation

conditions need to be found that tolerate both the donor and the acceptor arm and allow

for efficient complexation. If no satisfying method is found for this, the acceptor part

needs to be redesigned.
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5.5 General Summary and Outlook

In this chapter, a concept for a two-electron donor, two-electron acceptor pentad was pre-

sented which should facilitate the formation of a two-electron, two-hole charge-accumulated

state upon photoexcitation. The strategy here lies in the usage of electron donor and ac-

ceptor moieties exhibiting potential inversion. Additionally, intermediate electron donor

and acceptor moieties were incorporated to prohibit excited-state quenching from the

singly oxidized donor or the singly reduced acceptor. Suitable donor and acceptor moi-

eties were determined and their oxidation/reduction potentials as well as their spectral

changes upon oxidation/reduction examined. For the terminal electron donor exTTF and

electron acceptor TCAQ, potential inversion behavior was confirmed. Additionally, hints

of a low-lying triplet state (1.7 - 2.1 eV) were found for TCAQ which could allow for

energy transfer from the excited [Ru(bpy)3]
2+ photosensitizer to the TCAQ moiety. This

process would adversely affect the charge-accumulation in the pentad and therefore the

energy of the TCAQ triplet state should be thoroughly analyzed.

The donor triad was successfully prepared and examined. Photoexcitation at 532 nm led to

the formation of exTTF+ in the transient spectrum, showcasing functional hole transfer

from the initially generated PTZ+ to exTTF. Measuring the electron transfer kinetics

showed the [Ru(bpy)3]
2+ excited-state to be quenched within 10 ns, yielding the primary

exTTF-PTZ+-Ru+ state. Measurements of the absorption decay at 665 nm then showed

the following electron-transfer steps: a fast one (12.7 ns) that was attributed to the decay

of the primary exTTF-PTZ+-Ru+ state to yield the final charge-separated exTTF+-PTZ-

Ru+ state, and a slow one (377 ns) which was attributed to the final charge-recombination

leading back to the exTTF-PTZ-Ru2+ ground state. Addition of an external electron

acceptor led to exTTF+ monocation formation with a hint that the exTTF2+ dication

was formed in minor amounts as well. The subsequent two-pulse experiment however did

not display enhanced formation of the exTTF2+ dication. With the experimental setup

available, the formation of the doubly oxidized exTTF2+ moiety could not be evidenced

with certainty. However, this result does not indicate the general concept to be wrong. The

facile formation of exTTF2+ could be shown in chemical oxidation experiments and with

a suitable two-electron acceptor readily being present in the pentad, the second electron

oxidation of exTTF should be facilitated in the pentad compared to the bimolecular

approach pursued with the donor triad in the experiments presented herein.

For the acceptor triad, the final ligand was obtained, but the complexation step did

not work as expected. Therefore, measurements were limited to the acceptor refer-

ence molecules. Cyclic voltammetric measurements showed the potential inversion on

TCAQ; the different spectral features of TCAQ-, TCAQ2- and FMN- could be identified
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via spectro-electrochemical and transient absorption measurements. As soon as a satisfi-

able method is found to complex the acceptor ligand, measurements similar to the ones

performed with the donor triad can take place. As external electron donors, the sacrifi-

cial donor triethylamine and the reversible donor ascorbate could be used just like in the

experiments with the NDI triad.

During the synthesis of the pentad, several problems occurred. Therefore, two possible

pentads were considered, either with acceptor and donor moieties being on the same lig-

and (one-ligand approach) or with donor and acceptor moieties being located on different

ligands (two-ligand approach). Unfortunately, neither of the pentads could be success-

fully obtained. Problems lie in the lability of the acceptor moieties under C-C-coupling

and complexation conditions and the incompatibility of the donor moieties with Lehnert’s

reagent. Another way to connect the individual moieties needs to be found that preserves

the acceptor (and to a lesser part donor) moieties upon linkage. Possible ways of connect-

ing the acceptor could involve the Staudinger reaction,[172] esterification,[133] an approach

like the one used by Guldi et al.[23] or a click-type reaction.[173, 174] How the different

connections affect the overall electron-transfer process then needs to be determined.

With parts of the pentad concept being proven to work in the case of the donor triad, the

synthesis of the final pentad is still pending. The general concept of the pentad however

continues to be very promising. Using donor and acceptor moieties with potential inversion

results in higher driving-forces for the second, charge-accumulating electron-transfer step.

As seen in the donor triad, the use of intermediate electron donor and acceptor moieties

facilitates electron transfer in the intended direction while the spatial separation of the

terminal donor and acceptor moieties from the photosensitizer results in reduced back-

electron transfer and therefore longer lifetimes of the charge-separated or -accumulated

states. The successful implementation of this concept into future molecular systems could

be the next step forward in light-induced charge-accumulation.
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6 Overall Summary

In this thesis, molecular systems for light-induced charge-accumulation were investigated.

These systems containing (multi-)electron donor and acceptor moieties were examined for

their electron-transfer pathways following excitation of the [Ru(bpy)3]
2+ photosensitizer,

as well as for the reaction pathways leading to or preventing charge-accumulation.

In the first project (Chapter 3), the two-electron acceptor NDI provided the basis for

charge-accumulation studies. A molecular triad (Ru-NDI-Ru) was synthesized where the

central acceptor moiety is flanked by two [Ru(bpy)3]
2+ photosensitizers. Upon addition

of a sacrificial electron donor and under steady-state irradiation, first the formation of a

singly reduced NDI could be monitored followed then by the formation of doubly reduced

NDI. Following these results, a molecular pentad (TAA-Ru-NDI-Ru-TAA) was prepared

wherein internal TAA electron donor moieties were added to replace the sacrificial electron

donor. In this pentad, however, only the singly reduced NDI moiety could be observed and

no charge-accumulation on NDI took place. This finding was explained by low driving

forces for the second, electron-accumulating transfer step, as well as with substantial

excited state quenching by singly reduced NDI. For electron-accumulation on the Ru-

NDI-Ru triad, a disproportionation reaction from NDI- to NDI0 and NDI2- and subsequent

re-reduction of the formed NDI0 was determined as the main process leading to charge-

accumulation.

In the second project (Chapter 4), a light-induced two-electron reduction was investigated;

namely the reduction of BNA+to BNAH. Following two-electron accumulation on the Ru-

NDI-Ru triad, these two electrons were used to reduce the [RhBpyCp*Cl]Cl co-catalyst

from RhIII to RhI. Upon protonation, the formed RhI species is then able to reduce

BNA+ to BNAH. In the primary intermolecular approach with the Ru-NDI-Ru triad,

the formation of NDI- could be observed upon excitation, followed by the formation of

BNAH. In a control experiment with [Ru(bpy)3]
2+ and without the NDI electron acceptor,

however, the formation of BNAH could be monitored as well and even at a superior rate. It

was concluded that the formation of BNAH mainly relies on a disproportionation process

of two RhII species, which, in this intermolecular approach, renders preceding charge-

accumulation of no benefit for the overall BNAH formation process. Based on this, two

molecular triads (Ru-NDI-Rh and Ru-Rh-NDI) were designed to accelerate the BNAH
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formation by making the RhII disproportionation redundant: upon excitation of these

triads, the first electron is stored on NDI. Upon second excitation, the second electron, in

combination with the first electron stored on NDI, can perform a two-electron reduction

of the co-catalyst and reduces RhIII to RhI in a single step. Despite this promising

concept, the performed measurements did not reveal a significant increase in the overall

BNAH formation rate. It therefore could be concluded that molecular systems are not

necessarily superior to their multi-component counterparts.

In the third project (Chapter 5), the throwbacks observed for the charge-accumulation

process on the TAA-Ru-NDI-Ru-TAA pentad were addressed and a new pentad design was

developed. Two tricks were employed to increase the probability for charge-accumulation:

first, electron donors and acceptors with potential inversion were employed to ensure that

the driving force for the transfer of the second electron is at least the same or even higher

than for the first electron transfer. Secondly, intermediate electron donors and acceptors

were used to accelerate electron transfer in the favored direction while retarding unde-

sired back-electron transfer. While the successful synthesis of the pentad is still pending

due to synthetic difficulties, the donor and acceptor moieties were examined and their

applicability for the pentad verified. A donor triad was synthesized that, upon excitation,

exhibited rapid excited-state quenching from the intermediate electron donor followed

by rapid electron transfer from the terminal electron donor to the oxidized intermediate

donor. The lifetime of the singly charge-separated state of 377 ns is rather long and,

in combination with the electron movements observed, demonstrates the concept of an

intermediate electron donor to be successful. The underlying concept of the pentad there-

fore is very promising and could be the next step forward in successful light-induced

charge-accumulation in molecular systems.
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7 Experimental Part

7.1 General Remarks

Commercially available reagents were purchased from commercial sources and used as

received. Dry solvents were purchased from Sigma-Aldrich or dried through a solvent pu-

rification system from Innovative Technology. Deuterated solvents were purchased from

Sigma-Aldrich or Cambridge Isotope Laboratories. Column chromatography was per-

formed on silica gel (Silicycle, 40-63 μm, 60 Å). Silica plates for thin layer chromatography

were obtained from Merck (60 F254).

1H-NMR spectra were recorded on a Bruker Avance III NMR spectrometer with an oper-

ation frequency of 250 or 400 MHz at 298 K. The chemical shifts (δ) reported in this thesis

are given in ppm and were referenced on residual solvent peaks.[175] Coupling constants

are given in Hz. ESI mass spectra were measured on a Bruker Esquire 3000plus Ion-trap

ESI-MS. High resolution ESI mass spectra were recorded on a Bruker maXis 4G QTOF

ESI spectrometer. MALDI spectra were measured on a Bruker Microflex. Elemental

analysis was performed on a Vario Micro Cube from Elementar.

UV-Vis absorption spectra were measured on a Varian Cary-5000 UV-Vis-NIR spectrome-

ter. Cyclic voltammograms were recorded with a Versastat3-200 potentiostat from Prince-

ton Applied Research. A three-electrode setup containing a glassy carbon working elec-

trode, a silver wire counter electrode and an SCE reference electrode was used to measure

the cyclic voltammograms. For spectro-electrochemical measurements, the Cary-5000

UV-Vis-NIR spectrometer and the Versastat3-200 potentiostat were used in combination.

Here, a platinum-net was used as working electrode, a platinum wire as counter electrode

and a SCE as reference electrode.

Transient absorption spectra were recorded with an LP920-KS spectrometer from Ed-

inburgh Instruments equipped with an Andor iCCD camera. For single-wavelength ki-

netics, a R928 photomultiplier tube was used. A frequency-doubled Quantel Brilliant b

laser served as light source for sample excitation, the duration of the laser pulse lasted

approx. 10 ns with the pulse energy in the transient absorption measurements ranging

from 10 mJ up to 60 mJ depending on the performed measurement. All measurements
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were performed under inert conditions; solutions were degassed prior to measurements by

four freeze-pump-thaw cycles.

Molecular mechanics energy minimization calculations were performed at the Molecular

Mechanics Force Field (MMFF) level of theory using Spartan ’08 Version 1.2.0.

Photoredox catalysis was performed in regular NMR tubes sealed with septa under inert

atmosphere. Reaction solutions were degassed by four freeze-pump-thaw cycles before

irradiation. The sample solutions were irradiated at 410 nm with a Fluorolog-322 from

Horiba Jobin-Yvon or at 455 nm with an M455L2 LED (1020 mW) from Thorlabs at room

temperature.

7.2 Synthesis of the Ru-NDI-Ru Triad and the

TAA-Ru-NDI-Ru-TAA Pentad

For the Ru-NDI-Ru triad as well as the TAA-Ru-NDI-Ru-TAA pentad, the experimental

data can be found in the supporting information of the published paper presented on the

following pages.
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Syntheses and product characterization data for triad I 

 

The syntheses and characterization data of compounds 2,1 5,2 and 9 3 have been reported previously. For the syntheses 

of compounds 3 and 4, we followed procedures reported earlier for structurally similar compounds.
4, 5

 Compounds 1 

and 6 are commercially available. 

 

 

 

Scheme S1. (a) Mg, 1-bromohexane, Ni(dppp)Cl2, Et2O, reflux; (b) H2SO4, CH3COOH, HNO3, -10 °C; (c) HCl, Fe, 

EtOH, reflux; (d) N-iodosuccinimide, DMSO, r. t.; (e) DMF, 100 °C; (f) bis(pinacolato)diboron, KOAc, Pd(PPh3)2Cl2, 

DMF, 100 °C; (g) Pd(PPh3)4, Na2CO3, THF, H2O, reflux. R = C6H13. 

 

1,4-Di-n-hexylbenzene (2). This procedure followed a previously published protocol.
1
 Dry diethyl ether (50 ml) was 

added to magnesium (4.861 g, 200 mmol) under inert atmosphere. A portion of 1-bromohexane (∼3 ml) was added 

rapidly to initiate the reaction. The remaining 1-bromohexane (33.014 g in total, 200 mmol) was added dropwise 

while keeping the reaction mixture gently at reflux. Heating was continued for 5 hours after all 1-bromohexane had 

been added. After cooling to room temperature, the desired Grignard reagent was added dropwise to a solution of 1,4-

dichlorobenzene (1) (11.76 g, 80 mmol) and Ni(dppp)Cl2 (81.3 mg, 0.15 mmol) in dry diethyl ether (30 ml) under N2 

at 0 °C. After complete addition of Grignard reagent, the reaction mixture was heated to reflux under N2 for 24 hours. 

Water (40 ml) and 1 M aqueous HCl (120 ml) were then added carefully while cooling in an ice bath. The phases were 

separated, and the aqueous phase was extracted with diethyl ether (3×50 ml). The combined organic phases were 

washed with water (50 ml) and brine (50 ml) prior to drying over anhydrous Na2SO4. After solvent evaporation, the 

crude product was purified by chromatography on silica gel using pentane as the eluent. This afforded the pure 

product as a colorless liquid (19.62 g, 79.6 mmol, 99%). 1H NMR (400 MHz, CDCl3): δ [ppm] = 7.09 (s, 4 H), 2.62-

2.53 (m, 4 H), 1.66-1.54 (m, 4 H), 1.41-1.23 (m, 12 H), 0.94-0.84 (m, 6 H). 
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2,5-Di-n-hexyl-1-nitrobenzene (3). This procedure followed a previously published method.4 A mixture of 

concentrated sulfuric acid (95%, 15 ml) and glacial acetic acid (10 ml) were cooled to temperatures between -5 and -

10 °C by addition of dry ice while stirring. 1,4-Di-n-hexylbenzene (4.93 g, 20 mmol) was added dropwise while 

keeping the temperature of the reaction mixture below 0 °C with dry ice. In a separate flask, a mixture of concentrated 

sulfuric acid (95%, 10 ml) and concentrated nitric acid (65%, 1.5 ml, ∼21.5 mmol) was cooled to temperatures 

between -5 and -10 °C by adding dry ice. The nitrating acid mixture was then added dropwise to the solution 

containing 1,4-di-n-hexylbenzene while continuing to cool with dry ice. After complete addition, stirring of the 

reaction mixture at -10 °C was continued for 10 minutes, and then it was poured onto an ice / water mixture (100 ml). 

After extraction with diethyl ether (4×30 ml) the combined organic phases were washed with brine (3×50 ml) and 

dried over anhydrous Na2SO4. Following solvent evaporation, the crude product was purified by chromatography on 

silica gel with pentane. The desired product was obtained as a yellow oily liquid (3.73 g, 12.8 mmol, 64%). 
1
H NMR 

(400 MHz, CDCl3): δ [ppm] 7.67 (d, J = 1.8 Hz, 1 H), 7.30 (dd, J = 7.8, 1.8 Hz, 1 H), 7.22 (d, J = 7.8 Hz, 1 H), 2.88-

2.78 (m, 2 H), 2.68-2.59 (m, 2 H), 1.68-1.54 (m, 4 H), 1.43-1.23 (m, 12 H), 0.95-0.84 (m, 6 H). 

 

1-Amino-2,5-di-n-hexylbenzene (4). Following previously published protocols,5 2,5-di-n-hexyl-1-nitrobenzene (3) 

(1.46 g, 5.0 mmol) and iron powder (1.68 g, 30 mmol) were suspended in 50% aqueous ethanol (50 ml) and 

concentrated HCl (∼0.36 g, ∼10 mmol). The reaction mixture was heated to reflux for 19 hours, and then aqueous 

KOH (0.56 g, 10 mmol) was added. The mixture was filtered over a pluck of SiO2 and rinsed with ethanol (4×30 ml). 

The filtrate was collected and the solvent was removed. The solid residue was taken up in CH2Cl2 (100 ml), dried over 

anhydrous Na2SO4, and then the solvent was evaporated. The crude product was chromatographed on silica gel with a 

20:1 (v:v) mixture of pentane and ethyl acetate. This afforded the pure product as a light brown oil (1.06 g, 4.05 

mmol, 81%). 
1
H NMR (400 MHz, CDCl3): δ [ppm] = 6.94 (d, J = 7.6 Hz, 1 H), 6.56 (dd, J = 7.6, 1.8 Hz, 1 H), 6.51 

(d, J = 1.8 Hz, 1 H), 3.56 (s, 2 H), 2.53-2.39 (m, 4 H), 1.66-1.50 (m, 4 H), 1.46-1.21 (m, 12 H), 0.95-0.84 (m, 6 H). 

 

1-Amino-2,5-di-n-hexyl-4-iodobenzene (5). The synthesis of this compound was reported earlier,
2
 but we developed 

the following method. N-iodosuccinimide (0.45 g, 2.0 mmol) was added to a stirred solution of 1-amino-2,5-di-n-

hexylbenzene (4) (0.52 g, 2.0 mmol) in DMSO (10 ml), and the mixture was reacted at room temperature for 26 hours. 

Water (20 ml) and diethyl ether (20 ml) were added. After phase separation, the aqueous phase was extracted with 

diethyl ether (3×20 ml). The combined organic phases were dried over anhydrous Na2SO4 before evaporating the 

solvent under reduced pressure. Chromatography of the crude product on silica gel using a 20:1 (v:v) mixture of 

pentane and ethyl acetate yielded the desired product as a pale brown oil (0.64 g, 1.65 mmol, 83%). 
1
H NMR (400 

MHz, CDCl3): δ [ppm] = 7.41 (s, 1 H), 6.57 (s, 1 H), 3.79 (s, 2 H), 2.60-2.51 (m, 2 H), 2.44-2.35 (m, 2 H), 1.63-1.48 

(m, 4 H), 1.42-1.24 (m, 12 H), 0.94-0.82 (m, 6 H). 

 

Compound 7. The following procedure was adapted from literature.6 1,4,5,8-Naphthalenetetracarboxylic dianhydride 

(6) (0.67 g, 2.5 mmol) and 1-amino-2,5-di-n-hexyl-4-iodobenzene (5) (2.13 g, 5.5 mmol) were stirred in vacuo for 2 

hours. Then, dry DMF (10 ml) was added and the solution was heated to 100 °C for 72 hours. After cooling to room 

temperature, water (20 ml) and CH2Cl2 (15 ml) were added. The organic phase was separated, and the aqueous phase 
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was extracted with CH2Cl2 (3×15 ml). The combined organic phases were washed with water (25 ml) and brine (25 

ml). The solvents were removed under reduced pressure after drying over anhydrous Na2SO4. The crude product was 

purified by chromatography on silica gel with a 2:1 (v:v) mixture of pentane and CH2Cl2. The desired product was 

obtained as a yellow solid (2.23 g, 2.2 mmol, 88%). 1H NMR (400 MHz, CDCl3): δ [ppm] = 8.86 (s, 4 H), (7.90 (s, 2 

H), 7.02 (s, 2 H), 2.75-2.66 (m, 4 H), 2.41-2.31 (m, 4 H), 1.68-1.47 (m, 8 H), 1.45-1.09 (m, 24 H), 0.92-0.84 (m, 6 H), 

0.77-0.67 (m, 6 H). 

 

Compound 8. Compound 7 (1.007 g, 1.0 mmol), bis(pinacolato)diboron (0.762 g, 3.0 mmol), KOAc (0.883 g, 9.0 

mmol), and PdCl2(PPh3)2 (70.2 mg, 0.1 mmol) were placed into a reaction flask and put under inert atmosphere prior 

to adding dry DMF (15 ml). The reaction mixture was de-aerated thoroughly before heating to 100 °C under N2 for 72 

hours. After cooling to room temperature, saturated aqueous NH4Cl solution (30 ml) and CH2Cl2 (10 ml) were added. 

After phase separation, the aqueous phase was extracted with CH2Cl2 (3×50 ml). The combined organic phases were 

dried over Na2SO4 before removing the solvents on a rotary evaporator. Residual DMF had to be removed by heating 

under a Schlenk line vacuum. Chromatography on silica gel column with 6:1 (v:v) pentane / diethyl ether afforded the 

pure product as a yellow solid (0.90 g, 0.89 mmol, 89%). 1H NMR (400 MHz, CDCl3): δ [ppm] = 8.85 (s, 4 H), 7.85 

(s, 2 H), 7.01 (s, 2 H), 2.95-2.84 (m, 4 H), 2.46-2.36 (m, 4 H), 1.63-1.50 (m, 8 H), 1.42-1.09 (m, 48 H), 0.93-0.84 (m, 

6 H), 0.75-0.65 (m, 6 H). 

 

Ligand 10. Compound 8 (403 mg, 0.4 mmol), 5-bromo-2,2‘-bipyridine (9)3 (282 mg, 1.2 mmol) and Na2CO3 (254 mg, 

2.4 mmol) in THF (15 ml) and H2O (5 ml) were de-aerated prior to adding Pd(PPh3)4 (46.2 mg, 0.04 mmol). The 

reaction mixture was heated to reflux under N2 for 1.5 days. After cooling to room temperature, water (50 ml) and 

CH2Cl2 (30 ml) were added. After phase separation, the aqueous phase was extracted with CH2Cl2 (3×40 ml). The 

combined organic phases were dried over anhydrous Na2SO4 and then evaporated. The crude product was purified by 

chromatography on silica gel column using the following sequence of eluents: (i) 6:1 (v:v) pentane / Et2O; (ii) 2:1 

(v:v) pentane / Et2O; (iii) 1:1 (v:v) pentane / Et2O; (iv) CH2Cl2; (v) acetone. Part of the desired product eluted with 

CH2Cl2, the remainder eluted with acetone. The product was obtained as a yellow solid (0.10 g, 0.094 mmol, 24% 

from CH2Cl2; 0.27 g, 0.25 mmol, 63% from acetone). 
1
H NMR (400 MHz, CDCl3): δ [ppm] = 8.94-8.86 (m, 4 H), 

8.79-8.71 (m, 4 H), 8.54-8.45 (m, 4 H), 7.94-7.83 (m, 4 H), 7.40-7.31 (m, 4 H), 7.23-7.16 (m, 2 H), 2.68-2.60 (m, 4 

H), 2.53-2.43 (m, 4 H), 1.64-1.56 (m, 8 H), 1.28-1.12 (m, 24 H), 0.82-0.76 (m, 6 H), 0.76-0.66 (m, 6 H). ESI-HRMS 

(m/z): calcd. for C70H74N6O4+H+: 1063.5844; found: 1063.5842 (M+H+). 

 

Triad I. Ligand 10 (213 mg, 0.2 mmol) and Ru(bpy)2Cl2⋅2H2O (208 mg, 0.4 mmol) in CH2Cl2 (5 ml) and ethanol (15 

ml) were reacted at 72 °C for 48 hours. Then the solvents were evaporated. The red solid was purified by 

chromatography on silica gel using the following sequence of eluents: (i) acetone; (ii) 10:1 (v:v) acetone / H2O; (iii) 

85:15 (v:v) acetone / saturated aqueous KNO3. Acetone was evaporated from the desired chromatography fractions, 

and then saturated aqueous KPF6 solution was added. The resulting orange precipitate was collected, washed with 

water and diethyl ether. Drying in vacuum afforded an orange solid (280 mg, 0.11 mmol; 55%). 1H NMR (400 MHz, 

CD3CN): δ [ppm] = 8.80-8.70 (m, 4 H), 8.64-8.56 (m, 4 H), 8.55-8.47 (m, 8 H), 8.19-7.99 (m, 12 H), 7.93-7.86 (m, 2 
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H), 7.82-7.68 (m, 10 H), 7.49-7.35 (m, 10 H), 7.27-7.19 (m, 4 H), 2.46-2.29 (m, 6 H), 2.28-2.15 (m, 2 H), 1.50-1.35 

(m, 4 H), 1.31-0.90 (m, 28 H), 0.83-0.75 (m, 6 H), 0.73-0.61 (m, 6 H). ESI-HRMS (m/z): calcd. for 

C110H106N14O4Ru2
4+

: 472.6657; found: 472.6665 (M
4+

). Anal. Calcd. for C110H106N14O4F24P4Ru2⋅4H2O: C, 51.97; H, 

4.52; N, 7.71; found: C, 52.07; H, 4.67; N, 7.78. 

 

 

 

Syntheses and product characterization data for pentad II 

 

The syntheses and characterization data of compounds 13,7 14,7a, 8 and 15 9 have been reported previously. Compounds 

12 and 16 were commercially available. 

 

 

 

Scheme S2. (a) 
t
BuOK, Pd(dba)2, P

t
Bu3, toluene, 100 °C; (b) C6H5I(CF3COO)2, I2, CH2Cl2, r. t.; (c) 

bis(pinacolato)diboron, KOAc, Pd(PPh3)2Cl2, DMF, 100 °C; (d) Pd(PPh3)4, Na2CO3, THF/H2O, 80 °C. R = C6H13. 
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Compound 13.7 4,4‘-Dimethoxydiphenylamine (12) (0.92 g, 4.01 mmol), bromobenzene (11) (0.75 g, 0.50 ml, 4.78 

mmol) and 
t
BuOK (1.35 g, 12.03 mmol) were put under N2 atmosphere in a two-neck reaction flask. Dry toluene (15 

ml) was added, followed by Pd(dba)2 (0.11 g, 0.19 mmol) and PtBu3 (41 mg, 0.06 ml, 0.20 mmol). After bubbling N2 

through the reaction mixture for 20 minutes, it was heated to 100 °C for 24 hours. After cooling to room temperature, 

water (20 ml) and CH2Cl2 (10 ml) were added, and the phases were separated. The aqueous phase was extracted with 

CH2Cl2 (3×20 ml), and the combined organic phases were dried over anhydrous Na2SO4. The solvents were 

evaporated under reduced pressure, and the crude product was purified by chromatography on silica gel column using 

10:1 (v:v) pentane / diethyl ether as an eluent. This afforded the pure product as a white solid (1.12 g, 3.67 mmol, 

92%). 
1
H NMR (400 MHz, CDCl3): δ [ppm] 7.20-7.14 (m, 2 H), 7.07-7.02 (m, 4 H), 6.95-6.91 (m, 2 H), 6.88-6.79 (m, 

5 H), 3.79 (s, 6 H). 

 

Compound 14.7a, 8 Iodine (2.30 g, 9.06 mmol) and bis(trifluoroacetoxy)iodobenzene (3.87 g, 9.0 mmol) were placed 

under N2 atmosphere, and dry CH2Cl2 (30 ml) was added. The solution was stirred at room temperature for 1 hour, and 

then compound 13 (2.75 g, 9.0 mmol) was added. The reaction mixture was refluxed under N2 for 1 hour. Meanwhile, 

a second solution of iodine (1.15 g, 4.53 mmol) and bis(trifluoroacetoxy)iodobenzene (2.04 g, 4.74 mmol) in dry 

CH2Cl2 (15 ml) was stirred at room temperature. This solution was then added to the reaction mixture, and the latter 

was continued refluxing under N2 for another hour. After cooling to room temperature, saturated aqueous Na2S2O3 

solution (40 ml) was added. After stirring at room temperature for 2 hours, CH2Cl2 (20 ml) was added, the phases 

were separated, and the aqueous phase was extracted with CH2Cl2 (2×30 ml). The combined organic phases were 

dried over anhydrous Na2SO4, and the solvents were removed on a rotary evaporator. The crude product was dissolved 

in some CH2Cl2 to deposit it on silica gel. Column chromatography on silica gel using 5:3 (v:v) pentane / CH2Cl2 as 

the eluent gave the pure product as a colorless oil (1.71 g, 3.97 mmol, 44%). 
1
H NMR (400 MHz, CDCl3): δ [ppm] 

7.43-7.38 (m, 2 H), 7.06-7.00 (m, 4 H), 6.85-6.79 (m, 4 H), 6.70-6.65 (m, 2 H), 3.79 (s, 6 H). 

 

Compound 15.9 Bis(pinacolato)diboron (0.49 g, 1.93 mmol), KOAc (0.53 g, 5.40 mmol), and Pd(PPh3)2Cl2 (0.09 g, 

0.13 mmol) were placed into a two-neck reaction flask and put under N2 atmosphere. Compound 14 (0.54 g, 1.25 

mmol) was dissolved in dry DMF (15 ml) and the resulting solution was added to the two-neck reaction flask. N2 was 

bubbled through the reaction mixture for 40 minutes prior to heating to 100 °C under N2 for 66 hours. After cooling to 

room temperature, saturated aqueous NH4Cl (30 ml) and CH2Cl2 (30 ml) were added. After phase separation, the 

aqueous phase was extracted with CH2Cl2 (3×30 ml), and the combined organic phases were dried over anhydrous 

Na2SO4. Following solvent removal on a rotary evaporator and at the Schlenk line (DMF), the crude product was 

purified on silica gel column using a 7:1 (v:v) mixture of pentane and diethyl ether as the eluent. This afforded the 

product as a white solid (0.31 g, 0.72 mmol, 58%). 
1
H NMR (400 MHz, CDCl3): δ [ppm] 7.60 (d, J = 8.0 Hz, 2 H), 

7.06 (d, J = 5.9 Hz, 4 H), 6.92-6.77 (m, 6 H), 3.80 (s, 6 H), 1.32 (s, 12 H). 

 

Compound 17.3 Compound 15 (0.65 g, 1.51 mmol), commercial 4,4’-dibromo-2,2’-bipyridine (16) (0.58 g, 1.85 

mmol), Na2CO3 (0.72 g, 6.79 mmol), and Pd(PPh3)4 (0.10 g, 0.09 mmol) were dissolved in a mixture of THF (20 ml) 

and H2O (5 ml). After de-oxygenating by bubbling N2 gas for 30 minutes, the reaction mixture was heated to 80 °C for 
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69 hours. H2O (25 ml) and CH2Cl2 (25 ml) were added after cooling to room temperature, and the organic and aqueous 

phases were separated. The latter was extracted with CH2Cl2 (3×30 ml), and the combined organic phases were dried 

over anhydrous Na2SO4 prior to removing the solvents on a rotary evaporator. Column chromatography on silica gel 

with CH2Cl2 containing 2% CH3OH as the eluent afforded the pure product as a yellow solid (0.42 g, 0.78 mmol, 

52%). 
1
H NMR (400 MHz, CDCl3): δ [ppm] 8.71 (s, 1 H), 8.66 (d, J = 5.3 Hz, 1 H), 8.62 (s, 1 H), 8.50 (d, J = 5.2 Hz, 

1 H), 7.63-7.47 (m, 4 H), 7.11 (d, J = 8.3 Hz, 4 H), 6.99 (d, J = 8.7 Hz, 2 H), 6.87 (d, J = 9.0 Hz, 4 H), 3.82 (s, 6 H). 

 

Ligand 18. Compound 17 (358 mg, 0.665 mmol), compound 8 (227 mg, 0.225 mmol), Na2CO3 (210 mg, 0.020 mmol), 

and Pd(PPh3)4 (23 mg, 0.020 mmol) were dissolved in a mixture of THF (20 ml) and H2O (5 ml). N2 was bubbled 

through the reaction mixture during 30 minutes before heating it to 80 °C under N2 for 91 hours. After cooling to room 

temperature, H2O (20 ml) and CH2Cl2 (25 ml) were added, and the two phases were separated. The aqueous phase was 

extracted with CH2Cl2 (3×30 ml). Then the combined organic phases were dried over anhydrous Na2SO4. The solvents 

were removed on a rotary evaporator. Purification occurred on a silica gel column using first a 5:1 (v:v) mixture of 

pentane and ethyl acetate as the eluent, and later pure ethyl acetate. The product was obtained as a dark green solid 

(320 mg, 0.192 mmol, 84%). 1H NMR (400 MHz, CDCl3): δ [ppm] 8.93-8.87 (m, 4 H), 8.81 (d, J = 5.0 Hz, 2 H), 

8.77-8.69 (m, 4 H), 8.59 (s, 2 H), 7.70-7.64 (m, 4 H), 7.61-7.54 (m, 2 H), 7.49-7.42 (m, 2 H), 7.39 (s, 2 H), 7.20 (s, 1 

H), 7.17 (s, 1 H), 7.15-7.11 (m, 8 H), 7.01 (d, J = 8.9 Hz, 4 H), 6.91-6.86 (m, 8 H), 3.83 (s, 12 H), 2.68-2.58 (m, 4 H), 

2.52-2.42 (m, 4 H), 1.66-1.47 (m, 8 H), 1.31-1.08 (m, 24 H), 0.80-0.67 (m, 12 H). ESI-HRMS (m/z): calcd. for 

C110H108N8O8+2H
+
: 835.9234; found: 835.9233 (M+2H

+
). Anal. Calcd. for C110H108N8O8⋅1.5H2O: C, 77.85; H, 6.59; 

N, 6.60; found: C, 77.91; H, 6.42; N, 6.63. 

 

Pentad II. Ligand 18 (150 mg, 0.090 mmol) and Ru(bpy)2Cl2⋅2H2O (94.3 mg, 0.181 mmol) were dissolved in CHCl3 

(5 ml) and EtOH (15 ml). The purple solution was heated to 80 °C for 137 hours, and then the solvents were 

evaporated. The red solid was dissolved in some CH2Cl2 and was then loaded onto a silica gel column. Three different 

eluents were used one after the other: (i) neat acetone, (ii) a 10:1 (v:v) mixture of acetone and H2O, (iii) a 85%:15% 

(v:v) mixture of acetone and saturated aqueous KNO3 solution. After evaporation of acetone from the desired 

chromatography fractions, saturated aqueous KPF6 solution was added. The resulting orange precipitate was filtered, 

washed with H2O and diethyl ether prior to drying under vacuum. This afforded the pure product as an orange solid 

(137 mg, 0.044 mmol, 49%). 
1
H NMR (400 MHz, CD3CN): δ [ppm] 8.84-8.72 (m, 8 H), 8.60 (m, 8 H), 8.15-8.06 (m, 

8 H), 7.93-7.88 (m, 4 H), 7.84-7.73 (m, 10 H), 7.67-7.58 (m, 4 H), 7.52-7.38 (m, 14 H), 7.16 (d, J = 8.9 Hz, 8 H), 6.97 

(d, J = 8.9 Hz, 8 H), 6.88 (d, J = 8.9 Hz, 4 H), 3.81 (s, 12 H), 2.68 (t, J = 7.9 Hz, 4 H), 2.52 (q, J = 8.0 Hz, 4 H), 1.60-

1.41 (m, 8 H), 1.40-1.03 (m, 24 H), 0.78-0.62 (m, 12 H). ESI-HRMS (m/z): calcd. for C150H140N16O8Ru2
4+

: 624.2289; 

found: 624.2304. Anal. Calcd. for C150H140N16O8F24P4Ru2⋅8H2O: C, 55.93; H, 4.88; N, 6.96; found: C, 55.86; H, 4.78; 

N, 7.37. 
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Syntheses and product characterization data for NDI reference compound 

 

1,4,5,8-Naphthalenetetracarboxylic dianhydride (6) (0.244 g, 0.91 mmol) and 1-amino-2,5-di-n-hexylbenzene (4) 

(0.536 g, 2.05 mmol) were stirred in vacuo for 2 hours. Then, dry DMF (2 mL) was added and the solution heated to 

140 °C for 96 h. The solvent was removed under reduced pressure and purified by chromatography on silica gel with a 

20:1 (v:v) mixture of pentane and ethyl acetate. The desired product was obtained as a light brown solid (0.50 g, 0.66 

mmol, 73%). 

 

1
H NMR (400 MHz, CDCl3): δ [ppm] = 8.86 (s, 4H), 7.37 (d, J = 7.9 Hz, 2H), 7.29 (dd, J = 7.9, 1.8 Hz, 2H), 7.01 (d, 

J = 1.7 Hz, 2H), 2.65 (t, 4H), 2.42 (t, 4H), 1.70 – 1.61 (m, 4H), 1.59 – 1.50 (m, 4H), 1.43 – 1.08 (m, 24H), 0.88 (t, 

6H), 0.72 (t, 6H). ESI-HRMS (m/z): calcd. for C50H62N2O4+H
+
: 755.4782; found: 755.4772 (M+H

+
). Anal. Calcd. for 

C50H62N2O4: C, 79.54; H, 8.28; N, 3.71; found: C, 79.28; H, 7.99; N, 3.76. 
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Equipment and methods 

 

NMR spectra were measured on a Bruker Avance III instrument. Mass spectrometry was performed using Bruker 

esquire 3000 plus and Bruker maxis 4G QTOF EDI instruments. Ms. Sylvie Mittelheisser conducted elemental 

analysis on a Vario Micro Cube instrument in the Department of Chemistry at University of Basel. Cyclic 

voltammetry was measured using a Versastat3-200 potentiostat from Princeton Applied Research. The working 

electrode was a platinum disk. In the case of triad I, two silver wires served as counter electrode and quasi-reference 

electrode, respectively. The potential was calibrated by adding a small amount of ferrocene to the sample. In the case 

of pentad II, an SCE reference electrode was employed. The electrolyte was 0.1 M tetra-n-butylammonium 

hexafluorophosphate (TBAPF6), the potential scan rate was 0.1 V/s. Potentials measured against SCE were then 

converted to potentials vs. Fc+/Fc by subtracting -0.38 V.10 Optical absorption spectra were measured on a Cary 5000 

instrument from Varian. Chemical reduction of naphthalene diimide to its mono- and dianionic forms in the triad was 

achieved by using benzophenone radical anion as a chemical reductant. In the case of the pentad, NDI- and NDI2- were 

generated using sodium as a chemical reductant. The latter was prepared directly in gas-tight cuvettes from sodium 

and benzophenone in dry THF. Photoirradiation occurred on a Fluorolog3-22 instrument from Horiba Jobin-Yvon 

using light of 410 nm wavelength. The flux was (3.22±0.14)·10
16

 photons/s as determined by ferrioxalate 

actinometry.11 Samples were thoroughly de-oxygenated by three consecutive freeze-pump-thaw cycles in gas-tight 

cuvettes. 

Nanosecond transient absorption and time-resolved luminescence experiments were measured on an LP920-KS 

spectrometer from Edinburgh Instruments, equipped with a Quantel Brilliant b laser as an excitation source. In the 

two-color pump-pump probe experiment, the secondary excitation occurred with a Quantel Brilliant laser equipped 

with an OPO from Opotek. Synchronization of the two lasers and the detection system occurred with a 9520 digital 

delay pulse generator from Quantum Composers.  

Picosecond transient absorption studies were performed on a TRASS instrument from Hamamatsu, using a mode-

locked picosecond Nd:YVO4/YAG laser (model PL2251B-20-SH/TH/FH with PRETRIG option) as an excitation 

source. 
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Cyclic voltammetry of triad I and pentad II 

 

 

 

Figure S1. Cyclic voltammogram for triad I in CH3CN with 0.1 M TBAPF6. The wave at 0.0 V is due to a small 

quantity of ferrocene, which was added for potential calibration. The potential sweep rate was 0.1 V/s. 

 

 

 

Figure S2. Cyclic voltammograms for pentad II in CH3CN with 0.1 M TBAPF6. Oxidative and reductive sweeps were 

conducted separately because this gave higher quality results. The potential sweep rate was 0.1 V/s. 
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UV-Vis spectra of triad I and pentad II 

 

 

 

Figure S3. UV-Vis spectra of triad I and pentad II in CH3CN at 25 °C. 
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Photoirradiation of triad I in presence of Et3N 

 

 

 

Figure S4. Relative proportions (molar fractions) of NDI (green), NDI- (blue), and NDI2- (red) forms of triad I after 

different irradiation times in presence of (a) 0.1 M, (b) 0.25 M, and (c) 0.5 M Et3N in de-aerated CH3CN at 25 °C. The 

samples contained 3.4⋅10
-8

 mol of triad I, the photon flux used for excitation at 410 nm was (3.22±0.14)⋅10
16

 photons / 

s. This corresponds to roughly 2 photons per triad molecule per second. The data in Figure S4 were determined based 

on the UV-Vis difference spectra in Figure S5 and the UV-Vis difference spectra obtained after chemical reduction of 

triad I in Figure 1b and Figure 1d of the main paper. (The spectra in Figure S5 are essentially linear combinations of 

the NDI, NDI-, and NDI2- forms of triad I). 
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Figure S5. UV-Vis difference spectra obtained in the course of irradiating a 1.7⋅10-5 M solution of triad I at 410 nm in 

presence of (a) 0.1 M, (b) 0.25 M, and (c) 0.5 M Et3N in de-aerated CH3CN. The photon flux was (3.22±0.14)⋅1016 

photons / s. Irradiation times were as follows: (a) 2 s, 4 s, 15 s, 120 s, 360 s, 1800 s, 2400 s, 5400 s; (b) 2 s, 4 s, 8 s, 40 

s, 100 s, 210 s, 330 s, 450 s, 780 s; (c) 2 s, 30 s, 100 s, 210 s, 300 s, 720 s. 
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Transient absorption studies of triad I 

 

 

 

Figure S6. Transient difference spectrum obtained from a 3⋅10
-5

 M solution of triad I in de-aerated CH3CN at 25 °C. 

Excitation occurred at 532 nm with laser pulses of ∼10 ns duration. The signal was time-integrated over 200 ns 

immediately after excitation. Due to the short lifetime of the photoproduct (Figure S7b), the NDI- signal at ∼480 nm 

and the [Ru(bpy)3]
2+-associated bleach at ∼450 nm are very weak. 

 

 

 

Figure S7. Transient absorption data obtained from a 3⋅10
-5

 M solution of triad I in de-aerated CH3CN at 25 °C. 

Excitation occurred at 532 nm with laser pulses of ∼30 ps duration: (a) Transient difference spectrum indicating the 

formation of the NDI
-
 absorption band; (b) Temporal evolution of the transient signal in the spectral range between 

470 and 520 nm. The time window is limited to 20 ns in this experiment due to technical restrictions. 
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Photoirradiation reference experiments for triad I 

 

 

 

Figure S8. (a) UV-Vis difference spectra obtained from a solution of 1.7⋅10
-5

 M triad I in de-aerated CH3CN with 0.5 

M Et3N. The sample was irradiated at 410 nm with a flux of (3.22±0.14)⋅10
16

 photons / s leading to the nearly 

quantitative formation of the NDI
-
 form of triad I (black trace). Then, the sealed sample was left standing in the dark 

and the spectrum was re-measured after 30 minutes (blue trace) and after 90 minutes (red trace). (b) UV-Vis 

difference spectra obtained from a solution of 1.7⋅10-5 M triad I in de-aerated CH3OH with 0.1 M 5,6 tetra-n-

butylammonium isopropylidene ascorbate. Irradiation occurred at 410 nm with the same photon flux as noted above. 

The spectra were measured after 1, 5, 15, and 30 minutes. Even after these long irradiation times (compare to Figure 2 

of the main paper and Figures S4 and S5 in the Supporting Information) the typical spectral features for NDI
-
 and 

NDI2- remain undetectable. 
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3MLCT excited state quenching by 5,6-isopropylidene ascorbate 

 

 

 

Figure S9. (a) Luminescence decays of [Ru(bpy)3]
2+ in CH3OH at 25 °C in absence and in presence of different 

concentrations of tetra-n-butylammonium 5,6-isopropylidene ascorbate. Excitation occurred at 532 nm with laser 

pulses of ∼10 ns duration, detection was at 610 nm. (b) Stern-Volmer plot based on the luminescence lifetime data 

from panel (a). The solid line is a linear regression fit yielding a rate constant of 4.8⋅10
8
 M

-1
 s

-1
 for 

3
MLCT excited-

state quenching of [Ru(bpy)3]
2+

 by 5,6-isopropylidene ascorbate in CH3OH at 25 °C. 
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Transient absorption of triad I in presence of ascorbate 

 

 

 

Figure S10. Transient difference spectrum recorded from a 1.7⋅10
-5

 M solution of triad I in de-aerated CH3OH at 25 

°C with 0.1 M 5,6-isopropylidene ascorbate. Excitation occurred at 532 nm with laser pulses of ∼10 ns duration. The 

signal was time-integrated over 200 ns immediately after excitation. 

 

 

 

Figure S11. Decays of the transient absorption signals at (a) 484 nm and (b) 615 nm obtained from the solution in 

Figure S10 following excitation at 532 nm with laser pulses of ∼10 ns duration. 
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Chemical reduction of pentad II 

 

 

 

Figure S12. (a) UV-Vis absorption spectra obtained from a solution of pentad II in dry THF at 25 °C in absence 

(black trace) and in presence (colored trace) of increasing exposure time to Na(s) reductant. (b) UV-Vis difference 

spectra resulting from subtraction of the black trace from (a) from the colored traces from (a). In the course of this 

chemical reduction experiment, initially NDI is converted to NDI-, manifesting in the absorption band at ∼475 nm. 

After addition of increasing amounts of chemical reductant, bands at 395 and 415 nm appear, compatible with the 

formation of NDI
2-

. However, the bleach at ∼290 nm increases concomitantly, suggesting that reduction of the 

[Ru(bpy)3]
2+

 photosensitizer units does also occur. 

 

 

 

7 Experimental Part

130



S19 

 

Chemical oxidation of pentad II 

 

 

 

Figure S13. (a) UV-Vis absorption spectra obtained from a solution of pentad II in CH3CN at 25 °C in absence (black 

trace) and in presence (colored trace) of increasing amounts of Cu(ClO4)2. (b) UV-Vis difference spectra resulting 

from subtraction of the black trace from (a) from the colored traces of (a). 
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Transient absorption data for pentad II 

 

 

 

Figure S14. Temporal evolution of the transient absorption signals at (a) 370 nm, (b) 480 nm, and (c) 730 nm after 

pulsed excitation of pentad II in CH3CN at 25 °C. The excitation wavelength was 532 nm, the pulse width was ∼30 ps. 

The individual wavelengths monitor (a) disappearance of charge-neutral NDI, (b) the formation of NDI-, and (c) the 

formation of TAA
+
. The sample concentration was 5.8⋅10

-5
 M. 
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Two-color pump-pump probe experiment with pentad II 

 

 

 

Figure S15. Transient difference spectra recorded from a 1.5⋅10
-5

 M solution of pentad II in de-aerated CH3CN at 25 

°C. Solid black line: Following excitation at 532 nm with 30 mJ. Dashed red line: After primary excitation at 532 nm 

with 30 mJ, followed by secondary excitation at 430 nm with 21 mJ. The duration of the laser pulses was ∼10 ns, the 

delay between the 532 and 430 nm laser pulses was 50 ns. Detection occurred by time-integration of the signal over 50 

ns immediately after the last pulse. The black trace was multiplied by a factor of 8 to match the intensity of the signal 

in the red trace. 
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Photoirradiation of [Ru(bpy)3]
2+ in presence of NDI reference compound and Et3N 

 

A de-aerated solution containing 3.9⋅10
-5

 M [Ru(bpy)3]
2+

, 1.7⋅10
-5

 M NDI reference compound (page S8), and 0.5 M 

triethylamine was photo-irradiated under the same conditions as triad I. In this experiment, the photosensitizer and 

NDI concentrations were comparable to those in the triad experiment, but this three-component system now entirely 

relies on inter-molecular electron transfer reactions (rather than a combination of intra- and inter-molecular reactions). 

In the course of photoirradiation, the UV-Vis spectral changes shown in Figure S16 were observable. 

 

 

 

Figure S16. UV-Vis spectral changes observed after irradiating a solution of 3.9⋅10
-5

 M [Ru(bpy)3]
2+

, 1.7⋅10
-5

 M NDI 

reference compound (page S8), and 0.5 M Et3N in de-aerated CH3CN (20 °C) at 410 nm with a flux of 

(4.42±0.06)⋅1016 photons / s. Irradiation times are given in the insets. 

 

Initially (Figure S16a), one detects rapid disappearance of the NDI0 related absorptions at 357 and 378 nm, combined 

with simultaneous growth of the NDI
-
 related absorptions at 470 and 605 nm. With continued irradiation (Figure 

S16b), these NDI- absorptions disappear again, but without concomitant formation of NDI2- which would manifest by 

absorptions at 397 and 420 nm (Figure 1 of the main paper). When irradiation is continued even further (Figure S16c), 

then the MLCT absorption band of [Ru(bpy)3]
2+ red-shifts and becomes weaker, and there is new absorption between 

480 and 540 nm, suggesting that decomposition of the photosensitizer takes place. 

 

We speculate that NDI
2-

 is only formed transitorily in the form of a tight-ion pair together with the cationic 

photosensitizer, and as such it is not readily identifiable as a two-electron reduced species, because the spectral 
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signature of this ion-pair photo-product is different from that of isolated NDI2- as a result of electron delocalization. 

On longer irradiation timescales, photo-decomposition occurs. 

Ion-pairing is expected to be particularly prominent in the case of NDI2- in the reference compound. In the case of 

triad I or pentad II, there are adjacent cationic charges due to the covalently attached photosensitizers, and there is 

more steric congestion around the central NDI unit. 

 

The NDI reference compound exhibits similar electrochemical properties as NDI in triad I and pentad II. A cyclic 

voltammogram is shown in Figure S17. 

 

 

 

Figure S17. Cyclic voltammogram of NDI reference compound (page S8) in de-aerated CH3CN with 0.1 M TBAPF6. 

The potential sweep rate was 0.1 V/s. 

 

7 Experimental Part

135



S24 

 

References 

 

(1) Mössinger, D.; Jester, S. S.; Sigmund, E.; Müller, U.; Höger, S., Macromolecules 2009, 42, 7974. 

(2) Shen, H.; Vollhardt, K. P. C., Synlett 2012, 208. 

(3) Kuss-Petermann, M.; Wenger, O. S., J. Phys. Chem. A 2013, 117, 5726. 

(4) Kobe, K. A.; Doumani, T. F., Org. Synth. 1941, 21, 96. 

(5) (a) Curran, D. P.; Geib, S.; DeMello, N., Tetrahedron 1999, 55, 5681. (b) Mahood, S. A.; Schaffner, P. V. L., 

Org. Synth. 1931, 11, 32. 

(6) (a) Guha, S.; Goodson, F. S.; Roy, S.; Corson, L. J.; Gravenmier, C. A.; Saha, S., J. Am. Chem. Soc. 2011, 

133, 15256. (b) Dinolfo, P. H.; Williams, M. E.; Stern, C. L.; Hupp, J. T., J. Am. Chem. Soc. 2004, 126, 

12989. 

(7) (a) Heinz, L. G.; Yushchenko, O.; Neuburger, M.; Vauthey, E.; Wenger, O. S., J. Phys. Chem. A 2015, 119, 

5676. (b) Costa, R. D.; Orti, E.; Bolink, H. J.; Monti, F.; Accorsi, G.; Armaroli, N., Angew. Chem. Int. Ed. 

2012, 51, 8178. 

(8) Keefe, M. H.; Benkstein, K. D.; Hupp, J. T., Coord. Chem. Rev. 2000, 205, 201. 

(9) Bonn, A. G.; Yushchenko, O.; Vauthey, E.; Wenger, O. S., Inorg. Chem. 2016, 55, 2894. 

(10) Pavlishchuk, V. V.; Addison, A. W., Inorg. Chim. Acta 2000, 298, 97. 

(11) (a) Hatchard, C. G.; Parker, C. A., Proc. R. Soc. Math. Phys. Eng. Sci 1956, 235, 518. (b) Pozdnyakov, I. P.; 

Kel, O. V.; Plyusnin, V. F.; Grivin, V. P.; Bazhin, N. M., J. Phys. Chem. A 2008, 112, 8316. (c) Vitz, E. W., J. 

Chem. Educ. 1981, 58, 655. 

 

 

7 Experimental Part

136



7 Experimental Part

7.3 Synthesis of the Ru-NDI-Rh Triad

[(bpy)2Ru(bpy)-hxy-NDI-hxy-bpy] (NO3)2

NN

O

OO

O

C6H13

C6H13 C6H13

C6H13

NN NN

N

NN

N Ru2+

2+

2 NO3
-

Under a flow of N2, bpy-hxy-NDI-hxy-bpy (0.107 g, 0.100 mmol, 1.0 eq) and [Ru(bpy)2Cl2]·

2H2O (0.052 g, 0.100 mmol, 1.0 eq) were dissolved in a mixture of CHCl3 (3 mL) and

EtOH (9 mL) and heated to reflux at 85 °C for 45 h. The solution was cooled to RT

and the solvent removed at reduced pressure. The red solid was dissolved in DCM and

preloaded onto SiO2. The product was purified via column chromatography (SiO2, i) ace-

tone, ii) acetone:H2O = 10:1, iii) acetone: H2O = 85:15 sat. w. KNO3). From the red

solution eluted with iii) the organic solvent was removed and the red precipitate formed

isolated via filtration. Washing with water and pentane and drying in vacuo yielded the

product (0.090 g, 0.056 mmol, 56%) as a red solid.

1H NMR (400 MHz, Chloroform-d) δ 8.96 – 8.82 (m, 6H), 8.82 – 8.70 (m, 4H), 8.65 (dd,

J = 8.7, 3.5 Hz, 2H), 8.51 – 8.42 (m, 2H), 8.15 – 8.00 (m, 6H), 7.93 – 7.77 (m, 6H),

7.77 – 7.72 (m, 2H), 7.59 (t, J = 6.9 Hz, 1H), 7.53 – 7.41 (m, 4H), 7.37 – 7.30 (m, 2H),

7.28 (d, J = 2.3 Hz, 1H), 7.17 (d, J = 14.3 Hz, 1H), 7.08 (d, J = 14.8 Hz, 1H), 2.61 (t,

J = 8.1 Hz, 2H), 2.49 – 2.09 (m, 10H), 1.60 – 1.42 (m, 4H), 1.29 – 0.92 (m, 24H), 0.81 –

0.73 (m, 6H), 0.72 – 0.63 (m, 6H) ppm.

[(bpy)2Ru(bpy)-hxy-NDI-hxy-(bpy)Rh(Cp*)Cl] (NO3)2 Cl

NN

O

OO

O

C6H13

C6H13 C6H13

C6H13

NN NN

N

NN

N Ru2+

3+

2 NO3
-

Cl-

+Rh

Cl

Under a flow of N2, [Rh(Cp*)Cl2]2 (18 mg, 29 μmol, 0.5 eq) was suspended in dry MeOH

(2 mL). [(Bpy)2Ru(bpy)-hxy-NDI-hxy-bpy] (NO3)2 (90 mg, 56 μmol, 1.0 eq) was dissolved

in dry MeOH (6 mL), added to the suspension and stirred at RT for 4.5 h. The solvent

volume was reduced by 75%, then Et2O (40 mL) was added. The orange precipitate
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formed was isolated via filtration, washed with Et2O and dried in vacuo to give the

product (77 mg, 40 μmol, 71%) as an orange solid.

1H NMR (400 MHz, Acetonitrile-d3 ) δ 8.94 (dd, J = 5.6, 1.5 Hz, 1H), 8.87 – 8.67 (m,

7H), 8.66 – 8.51 (m, 6H), 8.35 – 8.23 (m, 2H), 8.20 – 8.01 (m, 6H), 7.92 (dd, J = 5.6,

1.4 Hz, 1H), 7.88 – 7.69 (m, 6H), 7.51 – 7.35 (m, 7H), 7.25 (dd, J = 10.0, 2.0 Hz, 2H),

2.76 – 2.59 (m, 2H), 2.59 – 2.48 (m, 2H), 2.47 – 2.30 (m, 4H), 1.70 (s, 15H), 1.60 – 1.39

(m, 8H), 1.30 – 0.92 (m, 24H), 0.83 – 0.75 (m, 6H), 0.73 – 0.63 (m, 6H) ppm.

ESI-HRMS (m/z): calcd. for C100H105N10O4ClRhRu3+: 583.2042; found: 583.2031.

Elemental analysis calcd. for C100H105N12O10Cl2RhRu·8H2O (%): C, 58.48; H, 5.94;

N, 8.18. Found: C, 58.06; H, 5.60; N, 8.11.
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7.4 Synthesis of the Ru-Rh-NDI Triad

hxy-NDI

N O

O

O

O

O

C6H13

C6H13

Under a flow of N2, 1,4,5,8-naphthalenetetracarboxylic dianhydride (1.61 g, 6.00 mmol,

2.0 eq) was suspended in dry DMF (15 mL) and heated to 150 °C. A solution of 2,5-(di-

n-hexyl)aniline (0.78 g, 2.98 mmol, 1.0 eq) in dry DMF (10 mL) was added dropwise over

a period of 20 minutes. The reaction mixture was stirred at 150 °C for 5 days and cooled

to 5 °C. Cold DCM (50 mL) and H2O (50 mL) were added and the mixture placed in the

fridge overnight. The black precipitate formed was filtered off and the filtrate extracted

with DCM (4 Ö 50 mL). The combined organic layers were dried over Na2SO4 and the

solvents removed at reduced pressure. Purification via column chromatography (SiO2,

i) DCM, ii) DCM + 5% MeOH, iii) acetone) gave the product (0.80 g, 1.56 mmol, 52%)

as a black solid.

1H NMR (400 MHz, Acetone-d6 ) δ 9.48 – 7.67 (m, 4H), 7.42 – 6.95 (m, 3H), 2.97 – 2.11

(m, 4H), 1.65 – 0.61 (m, 22H) ppm.

ESI (m/z): calcd. for [C32H35NO6+H]+: 530.25; found: 530.16.

hxy-NDI-hxy-I

N N

O

O

O

O

C6H13

C6H13

I

C6H13

C6H13

Under a flow of N2, hxy-NDI (0.29 g, 0.54 mmol, 1.0 eq) and I-hxy-NH2 (0.28 g, 0.71 mmol,

1.3 eq) were dissolved in acetic acid (5 mL) and heated to 120 °C for 45 h. The solution

was cooled to RT, the solvent removed, the brown solid redissolved in DCM and preloaded

onto SiO2. Purification via column chromatography (SiO2, pentane:Et2O = 6:1) gave the

product (0.21 g, 0.24 mmol, 44%) as a brown solid.

1H NMR (400 MHz, Chloroform-d) δ 8.87 (s, 4H), 7.91 (s, 1H), 7.38 (d, J = 7.9 Hz, 1H),

7.30 (dd, J = 7.9, 1.8 Hz, 1H), 7.04 – 7.00 (m, 2H), 2.75 – 2.62 (m, 4H), 2.46 – 2.34 (m,

4H), 1.70 – 1.60 (m, 4H), 1.60 – 1.50 (m, 4H), 1.44 – 1.11 (m, 24H), 0.91 – 0.86 (m, 6H),

0.77 – 0.70 (m, 6H) ppm.
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hxy-NDI-hxy-Bpin

N N

O

O

O

O

C6H13

C6H13

B

C6H13

C6H13

O

O

Under a flow of N2, hxy-NDI-hxy-I (0.21 g, 0.24 mmol, 1.0 eq), (Bpin)2 (0.11 g, 0.43 mmol,

2.0 eq), KOAc (0.11 g, 1.11 mmol, 4.6 eq) and Pd(PPh3)2Cl2 (14 mg, 20 μmol, 0.083 eq)

were dissolved in dry DMF (8 mL), the mixture degassed for 30 min and heated to

100 °C for 18 h. The solution was cooled to RT, the solvent removed, the brown solid

redissolved in DCM and preloaded onto SiO2. Purification via column chromatography

(SiO2, pentane:Et2O = 6:1) gave the product (0.14 g, 0.16 mmol, 67%) as a yellow oil.

1H NMR (400 MHz, Chloroform-d) δ 8.86 (d, J = 2.3 Hz, 4H), 7.86 (d, J = 1.5 Hz, 1H),

7.39 – 7.35 (m, 1H), 7.31 – 7.27 (m, 1H), 7.05 – 6.98 (m, 2H), 2.94 – 2.85 (m, 2H), 2.69

– 2.61 (m, 2H), 2.47 – 2.36 (m, 4H), 1.71 – 1.48 (m, 8H), 1.38 (s, 12H), 1.43 – 1.07 (m,

24H), 0.92 – 0.83 (m, 6H), 0.76 – 0.66 (m, 6H) ppm.

[(bpy)2Ru(bpy)-xy-B(OH)2] (PF6)2

2+

2 PF6
-

NN

B

Ru2+

OH

OH

N

N N

N

Under a flow of N2, bpy-xy-Bpin (0.31 g, 0.81 mmol, 1.0 eq) and [Ru(bpy)2Cl2]·2H2O

(0.53 g, 1.01 mmol, 1.2 eq) were dissolved in a mixture of CHCl3 (3 mL) and EtOH

(9 mL) and heated to reflux at 80 °C for 24 h. The solution was cooled to RT, the solvent

removed, the red solid redissolved in DCM and preloaded onto SiO2. The product was

purified via column chromatography (SiO2, i) acetone, ii) acetone:H2O = 10:1, iii) acetone:

H2O = 10:1 sat. w. KNO3). From the orange solution eluted with iii), the organic solvent

was removed, a solution of aq. KPF6 added and the orange precipitate formed isolated

via filtration. Washing with water and Et2O and drying in vacuo yielded the product

(0.71 g, 0.70 mmol, 86%) as an orange solid.

1H NMR (400 MHz, Acetone-d6 ) δ 8.90 – 8.80 (m, 6H), 8.25 – 8.15 (m, 7H), 8.14 – 8.04

(m, 4H), 7.93 – 7.86 (m, 1H), 7.64 – 7.52 (m, 5H), 7.49 – 7.45 (m, 2H), 2.42 (s, 3H), 1.94

(s, 3H) ppm.
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[(bpy)2Ru(bpy)-xy-bpy-Br] (PF6)2

2+

2 PF6
-

NN

Ru2+N

N N

N

N N

Br

Under a flow of N2, [(bpy)2Ru(bpy)-xy-B(OH)2](PF6)2 (0.20 g, 0.20 mmol, 1.0 eq), Br-

bpy-Br (0.096 g, 0.30 mmol, 1.5 eq) and Na2CO3 (0.089 g, 0.84 mmol, 4.2 eq) were

dissolved in a mixture of DMSO (4 mL) and H2O (0.2 mL). The solution was degassed

by three freeze-pump-thaw cycles, then Pd(PPh3)4 (0.014 g, 0.012 mmol, 0.06 eq) was

added and the solution heated to 80 °C for 40 h. A flask with ice-cold sat. aq. KPF6

(25 mL) was prepared and the reaction mixture transferred into the KPF6 solution. The

orange precipitate was isolated via filtration, washed with water and Et2O and dried in

vacuo. The product was purified via column chromatography (SiO2, acetone:H2O = 5:1,

sat. w. KNO3 + 2% NEt3). From the orange solution eluted, the organic solvent was

removed, a solution of aq. KPF6 added and the orange precipitate formed isolated via

filtration. Washing with water and Et2O and drying in vacuo yielded the product (0.16 g,

0.13 mmol, 65%) as an orange solid.

1H NMR (400 MHz, Acetonitrile-d3 ) δ 8.77 (s, 1H), 8.63 (s, 1H), 8.59 – 8.43 (m, 7H),

8.38 (d, J = 8.5 Hz, 1H), 8.14 – 7.99 (m, 7H), 7.89 – 7.82 (m, 2H), 7.80 – 7.71 (m, 4H),

7.66 (d, J = 1.8 Hz, 1H), 7.46 – 7.33 (m, 5H), 7.22 (s, 1H), 7.12 (s, 1H), 2.27 (s, 3H), 2.00

(s, 3H) ppm.
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[(bpy)2Ru(bpy)-xy-bpy-hxy-NDI-hxy] (PF6)2

2+

2 PF6
-

NN

Ru2+N

N N

N

N N

NN

O

O

O

O

C6H13

C6H13

C6H13

C6H13

Under a flow of N2, Na2CO3 (39.5 mg, 0.373 mmol, 8.9 eq) was dissolved in 10 drops

of H2O. Hxy-NDI-hxy-Bpin (62.4 mg, 70.2 μmol, 1.7 eq) and [(bpy)2Ru(bpy)-xy-bpy-

Br](PF6)2 (50.2 mg, 41.9 μmol, 1.0 eq) were added followed by DMSO (2 mL) and the

mixture degassed by four freeze-pump-thaw cycles. Pd(PPh3)4 (9.7 mg, 8.4 μmol, 0.2 eq)

was added and the reaction heated to 100 °C for 40 h. The reaction mixture was cooled

to RT and transferred into an ice-cold sat. aq. KPF6-solution. The brown precipitate

was isolated via filtration, washed with H2O and Et2O and dried in vacuo. The product

was purified via column chromatography (SiO2, i) acetone, ii) acetone:H2O = 10:1, iii)

acetone:H2O = 10:1 sat. w. KNO3, iv) acetone:H2O = 5:1 sat. w. KNO3). From

the product-containing orange solution eluted with iii) and iv), the organic solvent was

removed, a solution of aq. KPF6 added and the orange precipitate formed isolated via

filtration. Washing with water and Et2O and drying in vacuo yielded the product (30.1 mg,

16.1 μmol, 38%) as an orange solid.

1H NMR (400 MHz, Chloroform-d) δ 9.08 – 8.94 (m, 3H), 8.89 (s, 4H), 8.74 – 8.40 (m,

6H), 8.37 – 8.22 (m, 2H), 8.14 – 7.90 (m, 6H), 7.90 – 7.70 (m, 5H), 7.64 – 7.39 (m, 6H),

7.39 – 7.32 (m, 2H), 7.32 – 7.18 (m, 4H), 7.12 (s, 1H), 7.05 – 6.98 (m, 1H), 2.68 – 2.55

(m, 4H), 2.51 – 2.37 (m, 4H), 2.26 (s, 3H), 1.93 (s, 3H), 1.71 – 1.43 (m, 8H), 1.41 – 0.95

(m, 24H), 0.90 – 0.63 (m, 12H) ppm.

ESI (m/z): calcd. for C98H98N10O4Ru2+: 790.34; found: 790.54.
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[(bpy)2Ru(bpy)-xy-(bpy)Rh(Cp*)Cl-hxy-NDI-hxy] (PF6)3

3+

3 PF6
-

NN

Ru2+N

N N

N

N N

NN

O

O

O

O

C6H13

C6H13

C6H13

C6H13

+Rh

Cl

Under a flow of N2, [(bpy)2Ru(bpy)-xy-bpy-hxy-NDI-hxy](PF6)2 (30.1 mg, 16.1 μmol,

1.0 eq) and [RhCp*Cl2]2 (5.0 mg, 8.1 μmol, 0.5 eq) were dissolved in dry MeOH (2 mL)

and stirred at RT for 2 h. The solvent was removed, the crude dissolved in a mixture

of sat. aq. KPF6(2 mL) and acetone (5 mL) and stirred at RT for 30 minutes. The

reaction mixture was extracted with DCM (3 Ö 10 mL), the combined organic phases

dried over Na2SO4 and the solvent removed at reduced pressure. The orange solid was

dissolved in few DCM and transferred in an excess of pentane. The orange precipitate

was isolated via filtration, washed with pentane and dried in vacuo to give the product

(25.6 mg, 11.2 μmol, 70%) as an orange solid.

1H NMR (400 MHz, Acetonitrile-d3 ) δ 8.87 (s, 1H), 8.83 – 8.73 (m, 5H), 8.67 – 8.50 (m,

8H), 8.34 (d, J = 7.8 Hz, 1H), 8.24 (d, J = 7.8 Hz, 1H), 8.17 – 8.01 (m, 6H), 7.90 (d,

J = 5.3 Hz, 1H), 7.83 – 7.73 (m, 4H), 7.68 (s, 1H), 7.48 – 7.36 (m, 8H), 7.33 – 7.27 (m,

2H), 7.23 (s, 1H), 7.16 (s, 1H), 2.74 – 2.61 (m, 4H), 2.58 – 2.50 (m, 2H), 2.46 – 2.37 (m,

2H), 2.33 (s, 3H), 2.05 (s, 3H), 1.69 (s, 15H), 1.74 – 1.43 (m, 8H), 1.41 – 1.06 (m, 24H),

0.92 – 0.82 (m, 6H), 0.74 – 0.64 (m, 6H) ppm.

ESI-HRMS (m/z): calcd. for C108H113N10O4ClRhRu3+: 617.8914; found: 617.8917.

Elemental analysis calcd. for C108H113N10O4F18P3ClRhRu·4H2O (%): C, 54.93; H, 5.16;

N, 5.93. Found: C, 54.94; H, 5.53; N, 5.71.

143



7 Experimental Part

7.5 Synthesis of the exTTF-PTZ-Ru Triad

Suzuki couplings and Miyaura borylations were performed following the general procedure

published for the NDI triad and pentad shown in section 7.2. TMS-group deprotection

was performed with ICl following a well-established procedure.[176]

I-hxy-I

C6H13

C6H13

II

The title compound was synthesized after the procedure published in the literature.[177]

TMS-hxy-I

C6H13

C6H13

ITMS

Under a flow of N2, I-hxy-I (5.00 g, 10.0 mmol, 1.0 eq) was dissolved in dry Et2O (50 mL)

and cooled to 0 °C. nBuLi (4.80 mL, 2.5 M in hexanes, 12.0 mmol, 1.2 eq) was slowly

added and the reaction stirred at 0 °C for 30 min. TMSCl (1.37 g, 1.60 mL, 12.6 mmol,

1.3 eq) was added at 0 °C and then left to warm to RT over night while stirring. H2O

(50 mL) was added and the mixture stirred at RT for 10 min. The organic layer was

separated and the aqueous layer extracted with DCM (3 Ö 50 mL). Combined organic

layers were washed with sat. aq. Na2S2O3-solution (30 mL), dried over Na2SO4 and the

solvent removed at reduced pressure. The light brown oil obtained (quant.) was used in

the next step without further purification.

Bpin-hxy-Bpin

C6H13

C6H13

BB

O

OO

O

Under a flow of N2, I-hxy-I (7.47 g, 15.0 mmol, 1.0 eq), (Bpin)2 (11.4 g, 45.0 mmol, 3.0 eq),

KOAc (11.8 g, 120 mmol, 8.0 eq) and Pd(PPh3)2Cl2 (0.52 g, 0.74 mmol, 0.05 eq) were

dissolved in dry DMSO (50 mL), degassed for 30 min and heated to 90 °C for 16 h. The

solution was cooled to RT, sat. aq. NH4Cl was added and the mixture extracted with

DCM (3 Ö 30 mL). Combined organic layers were dried over Na2SO4. The solvent was
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removed under reduced pressure, the crude product redissolved in DCM and preloaded

onto SiO2. Purification via column chromatography (SiO2, pentane:DCM = 4:1) gave the

product (5.87 g, 11.8 mmol, 79%) as a white solid.

1H NMR (250 MHz, Chloroform-d) δ 7.52 (s, 2H), 2.87 – 2.73 (m, 4H), 1.61 – 1.44 (m,

4H), 1.34 (s, 24H), 1.40 – 1.22 (m, 12H), 0.94 – 0.82 (m, 6H) ppm.

exTTF-Br

Br

SS

S S

The synthesis of the title compound was based on a procedure described in the liter-

ature.[113, 124]

Under a flow of N2, dimethyl 2-(1,3-dithiole)phosphonate (2.57 g, 12.1 mmol, 4.1 eq)

was dissolved in dry THF (120 mL) and cooled to -78 °C. nBuLi (5.30 mL, 2.5 M in

hexanes, 13.3 mmol, 4.5 eq) was added and the suspension stirred at -78 °C for 40 min.

2-Bromoanthraquinone (0.85 g, 2.96 mmol, 1.0 eq) was dissolved in dry THF (140 mL)

and added to the reaction mixture over 20 min. The solution was stirred at -78 °C for

90 min, heated to RT and stirred at RT for another 18 h. The solvent was removed at

reduced pressure, water (120 mL) and DCM (120 mL) were added to dissolve all solid and

the organic solvent was removed at reduced pressure. The yellow precipitate was isolated

via filtration and washed thoroughly with pentane:DCM = 9:1 and with pure pentane.

After drying in air, the product (1.06 g, 2.31 mmol, 78%) was obtained as a yellow solid.

1H NMR (400 MHz, Methylene Chloride-d2 ) δ 7.80 (d, J = 2.1 Hz, 1H), 7.69 (t, J =

4.5 Hz, 2H), 7.57 (d, J = 8.2 Hz, 1H), 7.41 (dd, J = 8.3, 2.1 Hz, 1H), 7.36 – 7.26 (m,

2H), 6.35 (d, J = 5.8 Hz, 4H) ppm.

exTTF-Bpin

B

SS

S S

O

O

Under a flow of N2, exTTF-Br (0.69 g, 1.50 mmol, 1.0 eq), (Bpin)2 (0.59 g, 2.32 mmol,

1.5 eq) and KOAc (0.62 g, 6.32 mmol, 4.2 eq) were dissolved in dry DMF (20 mL) and
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the solution degassed for 20 min. Pd(PPh3)2Cl2 (61 mg, 87 μmol, 0.06 eq) was added and

the solution heated to 100 °C for 38 h. The solution was cooled to RT and the solvent

removed at reduced pressure. The solid was redissolved in DCM and preloaded onto SiO2.

Purification via column chromatography (SiO2, i) pentane:DCM = 3:1, ii) pentane:DCM

= 1:1, iii) neat DCM) gave the product (0.74 g, 1.46 mmol, 97%) as a yellow solid.

1H NMR (400 MHz, Chloroform-d) δ 7.70 (dd, J = 5.7, 3.3 Hz, 4H), 7.29 (dd, J = 5.8,

3.3 Hz, 3H), 6.34 – 6.25 (m, 4H), 1.25 (s, 12H) ppm.

exTTF-hxy-TMS

SS

S S

C6H13

C6H13

TMS

Under a flow of N2, exTTF-Bpin (0.78 g, 1.54 mmol, 1.0 eq), I-hxy-TMS (1.03 g, 2.32 mmol,

1.5 eq) and Na2CO3 (0.65 g, 6.13 mmol, 4.0 eq) were dissolved in a mixture of THF (80 mL)

and H2O (20 mL). The solution was degassed for 25 min, Pd(PPh3)4 (82 mg, 71 μmol,

0.05 eq) added and the solution heated to reflux at 85 °C for 18 h. The solution was

cooled to RT, H2O (50 mL) and DCM (50 mL) added, the organic layer separated and

the aqueous layer extracted with DCM (3 Ö 50 mL). Combined organic layers were dried

over Na2SO4 and the solvent removed at reduced pressure. Purification via column chro-

matography (SiO2, pentane:EtOAc = 15:1) gave the product (1.02 g, 1.46 mmol, 95%) as

a yellow solid.

1H NMR (400 MHz, Chloroform-d) δ 7.74 – 7.66 (m, 3H), 7.65 – 7.60 (m, 1H), 7.38 (s,

1H), 7.33 – 7.29 (m, 2H), 7.29 – 7.27 (m, 1H), 7.10 (s, 1H), 6.26 – 6.17 (m, 4H), 2.74 –

2.63 (m, 4H), 1.67 – 1.46 (m, 4H), 1.36 – 1.15 (m, 12H), 0.90 – 0.84 (m, 3H), 0.82 – 0.76

(m, 3H), 0.36 (s, 9H) ppm.

exTTF-hxy-I

SS

S S

C6H13

C6H13

I

Under a flow of N2, exTTF-hxy-TMS (1.02 g, 1.46 mmol, 1.0 eq) was dissolved in dry
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DCM (100 mL). The solution was cooled to 0 °C and a solution of ICl (0.53 g, 3.26 mmol,

2.2 eq) in dry DCM (10 mL) was added while stirring. The reaction mixture was stirred

at 0 °C for 1 h. Sat. aq. Na2S2O3 (50 mL) was added to quench the reaction, then DCM

(50 mL) was added. The organic layer was separated, the aqueous layer extracted with

DCM (3 Ö 50 mL), combined organic layers dried over Na2SO4 and the solvent removed

at reduced pressure. The crude product was redissolved in DCM and preloaded on celite.

Purification via column chromatography (SiO2, pentane:EtOAc = 15:1) gave the product

(0.60 g, 0.80 mmol, 55%) as a yellow oil.

1H NMR (400 MHz, Chloroform-d) δ 7.75 – 7.71 (m, 3H), 7.59 (d, J = 1.7 Hz, 1H), 7.34

– 7.28 (m, 3H), 7.20 (dd, J = 7.9, 1.8 Hz, 1H), 7.07 (s, 1H), 6.34 – 6.21 (m, 4H), 2.74 –

2.56 (m, 4H), 1.67 – 1.37 (m, 4H), 1.37 – 1.14 (m, 12H), 0.92 – 0.87 (m, 3H), 0.84 – 0.77

(m, 3H) ppm.

exTTF-hxy-Bpin (Method 1)

SS

S S

C6H13

C6H13

B
O

O

Under a flow of N2, exTTF-hxy -I (0.60 g, 0.80 mmol, 1.0 eq), (Bpin)2 (0.43 g, 1.69 mmol,

2.1 eq) and KOAc (0.40 g, 4.08 mmol, 5.1 eq) were dissolved in dry DMF (30 mL) and

the solution degassed for 20 min. Pd(PPh3)2Cl2 (26 mg, 37 μmol, 0.05 eq) was added and

the solution heated to 100 °C for 96 h. The solution was cooled to RT and the solvent

removed at reduced pressure. The solid was redissolved in DCM and preloaded onto SiO2.

Purification via column chromatography (SiO2, i) pentane:DCM = 5:1, ii) pentane:DCM

= 1:1) gave the product (0.23 g, 0.30 mmol, 38%) as a yellow solid.

1H NMR (400 MHz, Chloroform-d) δ 7.75 – 7.70 (m, 4H), 7.62 (d, J = 1.7 Hz, 1H), 7.32

– 7.29 (m, 2H), 7.23 (dd, J = 7.9, 1.7 Hz, 1H), 7.08 (s, 1H), 6.32 – 6.25 (m, 4H), 2.91

– 2.83 (m, 2H), 2.74 – 2.61 (m, 2H), 1.67 – 1.44 (m, 4H), 1.37 (s, 12H), 1.34 – 1.15 (m,

12H), 0.91 – 0.85 (m, 3H), 0.81 – 0.76 (m, 3H) ppm.
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exTTF-hxy-Bpin (Method 2)

SS

S S

C6H13

C6H13

B
O

O

Under a flow of N2, exTTF-Br (0.751 g, 1.63 mmol, 1.0 eq), Bpin-hxy-Bpin (1.59 g,

3.19 mmol, 2.0 eq), Na2CO3 (0.56 g, 5.28 mmol, 3.2 eq) and Pd(PPh3)4 (0.11 g, 95 μmol,

0.06 eq) were dissolved in a mixture of THF (400 mL) and H2O (100 mL). The solution

was degassed for 40 min and heated to reflux at 75 °C for 96 h. The solution was cooled

to RT, H2O (100 mL) and DCM (200 mL) added and the organic layer separated. The

aqueous layer was extracted with DCM (5 Ö 70 mL) and the combined organic layers

were dried over Na2SO4. The solvent was removed at reduced pressure, the resulting oil

redissolved in DCM and preloaded onto SiO2. Purification via column chromatography

(SiO2, pentane:EtOAc = 5:1) gave the product (0.590 g, 0.786 mmol, 48%) as a yellow

solid.

1H NMR (400 MHz, Chloroform-d) δ 7.78 – 7.71 (m, 4H), 7.65 (d, J = 1.7 Hz, 1H), 7.35

– 7.28 (m, 2H), 7.26 (dd, J = 7.9, 1.8 Hz, 1H), 7.11 (s, 1H), 6.27 (d, J = 10.8 Hz, 4H),

2.97 – 2.83 (m, 2H), 2.77 – 2.63 (m, 2H), 1.68 – 1.48 (m, 4H), 1.40 (s, 12H), 1.36 – 1.17

(m, 12H), 0.94 – 0.89 (m, 3H), 0.85 – 0.78 (m, 3H) ppm.

PTZ

S

N

O

The title compound was obtained via a modified literature procedure.[178, 179]

Under a flow of N2, 10H -phenothiazine (1.99 g, 9.99 mmol, 1.0 eq), 1-iodo-4-methoxybenz-

ene (2.81 g, 12.01 mmol, 1.2 eq), Pd(dba)2 (0.29 g, 0.50 mmol, 0.05 eq) and (HPtBu3)BF4

(0.15 g, 0.52 mmol, 0.05 eq) were dissolved in toluene (30 mL). The solution was degassed

for 30 min, KOtBu (3.37 g, 30.0 mmol, 3.0 eq) was added and the reaction heated to 120 °C

for 3.5 h. The solution was cooled to RT, H2O (50 mL) and DCM (50 mL) added and the

organic layer separated. The aqueous phase was extracted with DCM (3 Ö 50 mL) and

the combined organic layers were dried over Na2SO4. The solvent was removed at reduced
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pressure, the crude product redissolved in DCM and preloaded onto SiO2. Purification via

column chromatography (SiO2, pentane:DCM = 5:1) gave the product (2.89 g, 9.47 mmol,

95%) as a white solid.

1H NMR (250 MHz, Acetone-d6 ) δ 7.39 – 7.30 (m, 2H), 7.26 – 7.19 (m, 2H), 7.04 – 6.98

(m, 2H), 6.94 – 6.78 (m, 4H), 6.24 – 6.18 (m, 2H), 3.92 (s, 3H) ppm.

Br-PTZ-Br

S

N

O

BrBr

The title compound was synthesized following a literature procedure.[178]

Under a flow of N2, PTZ (2.89 g, 9.46 mmol, 1.0 eq) and NBS (3.89 g, 22.0 mmol, 2.3 eq)

were dissolved in dry DCM (80 mL) and the reaction mixture was stirred at RT for 2.5 h

under the exclusion of light. The reaction was quenched with aq. sat. Na2S2O3 (50 mL),

the organic layer separated, the aqueous phase extracted with DCM (3 Ö 50 mL) and the

combined organic layers dried over Na2SO4. The solvent was removed at reduced pressure,

the crude product redissolved in DCM and preloaded onto SiO2. Purification via column

chromatography (SiO2, pentane:DCM = 2:1) gave the product (4.11 g, 8.87 mmol, 94%)

as a light yellow solid.

1H NMR (400 MHz, Acetone-d6 ) δ 7.39 – 7.32 (m, 2H), 7.26 – 7.20 (m, 2H), 7.18 (d,

J = 2.3 Hz, 2H), 7.06 (dd, J = 8.8, 2.3 Hz, 2H), 6.11 (d, J = 8.8 Hz, 2H), 3.92 (s, 3H)

ppm.

TMS-xy-B(OH)2

B(OH)2TMS

The title compound was synthesized in two steps from 2,5-dibromo-p-xylene after the

procedure published in the literature.[180]
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TMS-xy-PTZ-xy-TMS

S

N

O

TMSTMS

Under a flow of N2, Br-PTZ-Br (1.85 g, 3.99 mmol, 1.0 eq), (HO)2B-xy-TMS (2.13 g,

9.59 mmol, 2.4 eq) and Na2CO3 (2.54 g, 24.0 mmol, 6.0 eq) were dissolved in a mixture of

THF (32 mL) and H2O (8 mL). The solution was degassed for 20 min, Pd(PPh3)4 (0.46 g,

0.40 mmol, 0.1 eq) added and the solution heated to reflux at 85 °C for 16 h. The solution

was cooled to RT, H2O (50 mL) and DCM (50 mL) added, the organic layer separated

and the aqueous layer extracted with DCM (3 Ö 50 mL). Combined organic layers were

dried over Na2SO4 and the solvent removed at reduced pressure. The crude product was

redissolved in DCM and preloaded onto SiO2. Purification via column chromatography

(SiO2, pentane:DCM = 5:1) gave the product (2.58 g, 3.92 mmol, 98%) as a yellow solid.

1H NMR (250 MHz, Acetone-d6 ) δ 7.48 – 7.42 (m, 2H), 7.32 (s, 2H), 7.30 – 7.25 (m, 2H),

7.01 (d, J = 2.0 Hz, 2H), 6.98 (s, 2H), 6.90 (dd, J = 8.5, 2.1 Hz, 2H), 6.28 (d, J = 8.5 Hz,

2H), 3.94 (s, 3H), 2.42 (s, 6H), 2.23 (s, 6H), 0.33 (s, 18H) ppm.

I-xy-PTZ-xy-I

S

N

O

II

Under a flow of N2, TMS-xy-PTZ-xy-TMS (2.58 g, 3.92 mmol, 1.0 eq) was dissolved in dry

DCM (50 mL). The solution was cooled to -78 °C and a solution of ICl (2.66 g, 16.4 mmol,

4.2 eq) in dry DCM (3 mL) was added while stirring. The reaction mixture was stirred at

-78 °C for 1 h. Sat. aq. Na2S2O3 (80 mL) was added to quench the reaction, then DCM

(50 mL) was added. The organic layer was separated, the aqueous layer extracted with

DCM (3 Ö 50 mL), combined organic layers dried over Na2SO4 and the solvent removed

at reduced pressure. The crude product was redissolved in DCM and preloaded onto SiO2.

Purification via column chromatography (SiO2, pentane:DCM = 3:1) gave the product
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(2.91 g, 3.80 mmol, 97%) as a yellow solid.

1H NMR (400 MHz, Acetone-d6 ) δ 7.72 (s, 2H), 7.46 – 7.41 (m, 2H), 7.30 – 7.25 (m, 2H),

7.12 (s, 2H), 7.01 (d, J = 2.1 Hz, 2H), 6.90 (dd, J = 8.5, 2.1 Hz, 2H), 6.28 (d, J = 8.5 Hz,

2H), 3.93 (s, 3H), 2.38 (s, 6H), 2.20 (s, 6H) ppm.

exTTF-hxy-xy-PTZ-xy-I

SS

S S

C6H13

C6H13

S

N

O

I

Under a flow of N2, exTTF-hxy-Bpin (0.590 g, 0.786 mmol, 1.0 eq), I-xy-PTZ-xy-I (1.00 g,

1.31 mmol, 1.7 eq), Na2CO3 (0.402 g, 3.79 mmol, 4.8 eq) and Pd(PPh3)4 (80 mg, 69 μmol,

0.09 eq) were dissolved in a mixture of THF (100 mL) and H2O (25 mL). The solution

was degassed for 30 min and heated to reflux at 75 °C for 65 h. The solution was cooled

to RT, H2O (20 mL) and DCM (50 mL) added and the solution stirred at RT for 10 min.

The organic layer was separated and the aqueous layer extracted with DCM (3 Ö 50 mL).

Organic layers were dried over Na2SO4 and the solvent removed at reduced pressure. The

resulting oil was redissolved in DCM and preloaded onto SiO2. Purification via column

chromatography (SiO2, pentane:EtOAc = 5:1) gave the product (0.571 g, 0.452 mmol,

58%) as a yellow solid.

1H NMR (400 MHz, Chloroform-d) δ 7.79 – 7.68 (m, 5H), 7.45 – 7.38 (m, 2H), 7.36 – 7.28

(m, 3H), 7.21 – 7.15 (m, 3H), 7.12 – 7.02 (m, 5H), 6.99 – 6.96 (m, 1H), 6.92 (dd, J = 8.4,

2.1 Hz, 1H), 6.78 (dd, J = 8.4, 2.1 Hz, 1H), 6.35 – 6.22 (m, 6H), 3.93 (s, 3H), 2.76 – 2.64

(m, 2H), 2.53 – 2.32 (m, 2H), 2.41 (s, 3H), 2.30 (s, 3H), 2.21 (s, 3H), 2.12 (s, 3H), 1.60 –

1.42 (m, 4H), 1.35 – 1.12 (m, 12H), 0.82 (q, J = 7.0 Hz, 6H) ppm.
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exTTF-hxy-xy-PTZ-xy-hxy-exTTF

SS

S S

C6H13

C6H13

S

N

O

S S

SS

C6H13

C6H13

The product was obtained as a side-product from the synthesis of exTTF-hxy-xy-PTZ-

xy-I.

1H NMR (400 MHz, Chloroform-d) δ 7.77 – 7.69 (m, 8H), 7.46 – 7.42 (m, 2H), 7.33 – 7.29

(m, 6H), 7.20 – 7.16 (m, 4H), 7.10 – 7.04 (m, 8H), 6.91 (dd, J = 8.4, 2.1 Hz, 2H), 6.34 –

6.26 (m, 10H), 3.94 (s, 3H), 2.74 – 2.65 (m, 4H), 2.48 – 2.42 (m, 2H), 2.40 – 2.36 (m, 2H),

2.29 (s, 6H), 2.11 (s, 6H), 1.75 – 1.07 (m, 32H), 0.80 (dt, J = 8.7, 6.7 Hz, 12H) ppm.

exTTF-hxy-xy-PTZ-xy-Bpin

SS

S S

C6H13

C6H13

S

N

O

B

O

O

Under a flow of N2, exTTF-hxy-xy-PTZ-xy-I (0.334 g, 0.265 mmol, 1.0 eq), (Bpin)2

(0.145 g, 0.571 mmol, 2.2 eq), KOAc (0.166 g, 1.69 mmol, 6.4 eq) and Pd(PPh3)2Cl2

(19 mg, 27 μmol, 0.1 eq) were dissolved in dry DMF (20 mL) and the solution degassed

for 30 min. After heating to 100 °C for 60 h, the solution was cooled to RT and the

solvent removed at reduced pressure. The solid was redissolved in DCM and preloaded

onto SiO2. Purification via column chromatography (SiO2, pentane:EtOAc = 4:1) gave

the product (0.199 g, 0.158 mmol, 60%) as a light brown oil.

1H NMR (400 MHz, Chloroform-d) δ 7.80 – 7.68 (m, 4H), 7.65 (s, 1H), 7.44 – 7.38 (m,

2H), 7.34 – 7.27 (m, 3H), 7.20 – 7.13 (m, 3H), 7.11 – 7.04 (m, 4H), 7.02 – 6.99 (m, 2H),
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6.90 (dd, J = 8.4, 2.1 Hz, 1H), 6.82 (dd, J = 8.5, 2.1 Hz, 1H), 6.36 – 6.18 (m, 6H), 3.92

(s, 3H), 2.74 – 2.64 (m, 2H), 2.52 (s, 3H), 2.48 – 2.33 (m, 2H), 2.29 (s, 3H), 2.26 (s, 3H),

2.11 (s, 3H), 1.80 – 1.62 (m, 2H), 1.57 – 1.42 (m, 2H), 1.36 (s, 12H), 1.33 – 1.08 (m, 12H),

0.84 – 0.77 (m, 6H) ppm.

exTTF-hxy-xy-PTZ-xy-bpy (LD)

SS

S S

C6H13

C6H13

S

N

O

N

N

Under a flow of N2, exTTF-hxy-xy-PTZ-xy-Bpin (113 mg, 90 μmol, 1.0 eq), 5-bromo-2,2’-

bipyridine (33 mg, 141 μmol, 1.6 eq) and Na2CO3 (44 mg, 417 μmol, 4.6 eq) were dissolved

in a mixture of THF (20 mL) and H2O (5 mL). The solution was degassed for 20 min,

Pd(PPh3)4 (12 mg, 11 μmol, 0.12 eq) added and the solution heated to reflux at 75 °C

for 43 h. The solution was cooled to RT, H2O (50 mL) and DCM (30 mL) added and the

solution stirred at RT for 10 min. The organic layer was separated and the aqueous layer

extracted with DCM (3 Ö 30 mL). Organic layers were dried over Na2SO4 and the solvent

removed at reduced pressure. The yellow oil was redissolved in DCM and preloaded onto

SiO2. Purification via column chromatography (SiO2, pentane:EtOAc = 1:1) gave the

product (75 mg, 58 μmol, 65%) as a yellow solid.

1H NMR (400 MHz, Chloroform-d) δ 8.83 – 8.62 (m, 2H), 8.48 (t, J = 8.2 Hz, 2H), 8.41

– 8.30 (m, 1H), 8.03 – 7.90 (m, 1H), 7.90 – 7.79 (m, 2H), 7.79 – 7.65 (m, 3H), 7.43 (d,

J = 8.7 Hz, 2H), 7.39 – 7.27 (m, 4H), 7.18 (t, J = 7.3 Hz, 5H), 7.13 – 7.04 (m, 5H), 6.96

– 6.85 (m, 2H), 6.30 (d, J = 10.4 Hz, 5H), 3.93 (s, 3H), 2.41 – 2.24 (m, 9H), 2.12 (s, 3H),

1.62 – 1.43 (m, 4H), 1.38 – 1.07 (m, 16H), 0.95 – 0.72 (m, 6H) ppm.
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[Ru(LD)(bpy)2] (PF6)2

N

N

SS

S S

C6H13

C6H13

S

N

O

N

N

N

N

Ru2+

2+

2 PF6
-

Under a flow of N2, exTTF-hxy-xy-PTZ-xy-bpy (25.2 mg, 19.5 μmol, 1.0 eq) and [Ru(bpy)2-

Cl2]·2H2O (12.5 mg, 24.0 μmol, 1.2 eq) were dissolved in a mixture of EtOH (3 mL) and

CHCl3 (1 mL). The mixture was refluxed at 80 °C for 20 h, cooled to RT and the sol-

vents removed at reduced pressure. The solid was redissolved in DCM and preloaded

onto TiO2. The product was purified via column chromatography (TiO2, i) neat acetone,

ii) acetone:H2O = 10:1, iii) acetone:H2O = 5:1, iv) acetone:H2O = 5:1 sat. w. KNO3).

From the red fractions eluted with iv) the organic solvent was removed and a saturated

solution of aq. KPF6 added. The red solid formed was dissolved in DCM, the aqueous

phase extracted with DCM (3 Ö 30 mL), the combined organic layers dried over Na2SO4

and the solvent removed at reduced pressure afterwards. The solid was dissolved in a

minimum of DCM and transferred into an excess of Et2O. The solid formed was isolated

via filtration, washed with several portions of Et2O and dried in air to give the product

(14.0 mg, 7.02 μmol, 36%) as an orange solid.

1H NMR (400 MHz, Methylene Chloride-d2 ) δ 8.57 – 8.39 (m, 7H), 8.29 – 8.21 (m, 1H),

8.15 – 7.97 (m, 8H), 7.83 – 7.64 (m, 10H), 7.54 – 7.37 (m, 9H), 7.22 – 7.15 (m, 3H),

7.11 – 7.01 (m, 6H), 6.98 – 6.87 (m, 2H), 6.82 – 6.76 (m, 1H), 6.58 – 6.49 (m, 1H), 6.28

(t, J = 8.5 Hz, 2H), 3.91 (s, 3H), 2.74 – 2.56 (m, 2H), 2.53 – 2.30 (m, 2H), 2.27 (d,

J = 2.5 Hz, 3H), 2.24 (s, 3H), 2.10 (d, J = 3.5 Hz, 3H), 1.93 (s, 3H), 1.51 – 1.40 (m, 4H),

1.33 – 1.08 (m, 12H), 0.84 – 0.72 (m, 6H) ppm.

1H NMR (400 MHz, Acetonitrile-d3 ) δ 8.57 – 8.45 (m, 8H), 8.11 – 8.04 (m, 7H), 7.80 –

7.70 (m, 8H), 7.63 – 7.60 (m, 1H), 7.45 – 7.33 (m, 10H), 7.25 – 7.19 (m, 3H), 7.13 – 7.10

(m, 1H), 7.07 – 6.98 (m, 7H), 6.93 – 6.88 (m, 1H), 6.86 – 6.81 (m, 1H), 6.46 (s, 1H), 6.28

– 6.23 (m, 2H), 3.89 (d, J = 0.8 Hz, 3H), 2.70 – 2.64 (m, 1H), 2.63 – 2.55 (m, 1H), 2.54

– 2.43 (m, 1H), 2.38 – 2.27 (m, 1H), 2.24 (d, J = 2.0 Hz, 3H), 2.20 (s, 3H), 2.13 (s, 3H),

2.06 – 2.03 (m, 3H), 1.49 – 1.36 (m, 4H), 1.31 – 1.23 (m, 2H), 1.21 – 1.04 (m, 10H), 0.81
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– 0.66 (m, 6H) ppm.

ESI-HRMS (m/z): calcd. for C103H91N7OS5Ru2+: 852.2477; found: 852.2477.

Elemental analysis calcd. for C103H91N8O4F6PS5Ru·3CH2Cl2: C, 58.78; H, 4.51; N, 5.17;

found: C, 58.86; H, 4.66; N, 5.26.
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7.6 Synthesis of the TCAQ-FMN-Ru Triad

Suzuki couplings and Miyaura borylations were performed following the general procedure

published for the NDI triad and pentad shown in section 7.2. TMS-group deprotection

was performed with ICl following a well-established procedure.[176]

AQ-xy-Bpin

O

O

B
O

O

The title compound was obtained through an established three-step procedure.[176]

Bpin-FO-Bpin

O

BB
O

OO

O

Under a flow of N2, Br-FO-Br (1.41 g, 4.17 mmol, 1.0 eq), (Bpin)2 (3.25 g, 12.8 mmol,

3.1 eq), KOAc (3.92 g, 39.9 mmol, 9.6 eq) and Pd(PPh3)2Cl2 (0.154 g, 0.219 mmol, 0.05 eq)

were dissolved in dry DMF (40 mL) and the solution degassed for 15 min. After heating to

100 °C for 17 h, the solution was cooled to RT and the solvent removed at reduced pressure.

The solid was redissolved in DCM and preloaded onto SiO2. Purification via column

chromatography (SiO2, pentane:EtOAc = 5:1) gave the product (1.54 g, 3.56 mmol, 85%)

as a yellow solid.

1H NMR (400 MHz, Chloroform-d) δ 8.13 (s, 2H), 7.95 (d, J = 7.3 Hz, 2H), 7.55 (d,

J = 7.3 Hz, 2H), 1.35 (s, 24H) ppm.

TMS-hxy-FO-hxy-TMS

OC6H13

C6H13

C6H13

C6H13

TMSTMS

Under a flow of N2, Bpin-FO-Bpin (0.85 g, 1.97 mmol, 1.0 eq), I-hxy-TMS (2.87 g,

6.46 mmol, 3.3 eq), Na2CO3 (1.42 g, 13.4 mmol, 6.8 eq) and Pd(PPh3)4 (148 mg, 128 μmol,

0.065 eq) were dissolved in a mixture of THF (60 mL) and H2O (15 mL). The solution
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was degassed for 25 min and heated to reflux at 75 °C for 39 h. The solution was cooled

to RT, H2O (50 mL) and DCM (50 mL) added and the solution stirred at RT for 10 min.

The organic layer was separated and the aqueous layer extracted with DCM (3 Ö 50 mL).

Organic layers were dried over Na2SO4 and the solvent removed at reduced pressure. The

crude product was redissolved in DCM and preloaded onto SiO2. Purification via column

chromatography (SiO2, i) pentane, ii) pentane:EtOAc = 20:1) gave the product (1.38 g,

1.70 mmol, 86%) as a yellow oil.

1H NMR (400 MHz, Chloroform-d) δ 7.69 – 7.64 (m, 2H), 7.59 (d, J = 7.7 Hz, 2H), 7.47

(dd, J = 7.5, 1.6 Hz, 2H), 7.39 (s, 2H), 7.08 (s, 2H), 2.77 – 2.68 (m, 4H), 2.64 – 2.55 (m,

4H), 1.69 – 1.60 (m, 4H), 1.53 – 1.40 (m, 4H), 1.38 – 1.17 (m, 24H), 0.98 – 0.71 (m, 12H),

0.38 (s, 18H) ppm.

I-hxy-FO-hxy-I

OC6H13

C6H13

C6H13

C6H13

II

Under a flow of N2, TMS-hxy-FO-hxy-TMS (1.38 g, 1.70 mmol, 1.0 eq) was dissolved in

dry DCM (100 mL) and cooled to 0 °C. A solution of ICl (1.13 g, 6.96 mmol, 4.1 eq) in

dry DCM (20 mL) was added carefully, the reaction mixture stirred at 0 °C for 1 h and

then left to warm to RT over night while stirring. Sat. aq. Na2S2O3-solution (50 mL)

was added and the reaction mixture stirred vigorously for 10 min. The organic layer

was separated and the aqueous layer extracted with DCM (3 Ö 50 mL). Organic layers

were dried over Na2SO4 and the solvent removed at reduced pressure. The yellow oil was

redissolved in DCM and preloaded onto celite. Purification via column chromatography

(SiO2, pentane:DCM = 4:1) gave the product (1.37 g, 1.49 mmol, 88%) as a yellow oil.

1H NMR (400 MHz, Chloroform-d) δ 7.77 (s, 2H), 7.65 – 7.58 (m, 4H), 7.43 (dd, J = 7.6,

1.7 Hz, 2H), 7.07 (s, 2H), 2.76 – 2.67 (m, 4H), 2.58 – 2.50 (m, 4H), 1.68 – 1.60 (m, 4H),

1.54 – 1.39 (m, 8H), 1.39 – 1.28 (m, 8H), 1.27 – 1.17 (m, 12H), 0.95 – 0.90 (m, 6H), 0.86

– 0.81 (m, 6H) ppm.
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AQ-xy-hxy-FO-hxy-I

O

O

O

C6H13

C6H13

I

C6H13

C6H13

Under a flow of N2, I-hxy-FO-hxy-I (1.13 g, 1.23 mmol, 1.0 eq), AQ-xy-Bpin (0.52 g,

1.19 mmol, 1.0 eq), Na2CO3 (0.39 g, 3.68 mmol, 3.1 eq) and Pd(PPh3)4 (66 mg, 57 μmol,

0.05 eq) were dissolved in a mixture of THF (60 mL) and H2O (15 mL). The solution was

degassed for 20 min and heated to reflux at 75 °C for 64 h. The solution was cooled to

RT, H2O (50 mL) and DCM (50 mL) added and the solution stirred at RT for 10 min.

The organic layer was separated and the aqueous layer extracted with DCM (3 Ö 50 mL).

Organic layers were dried over Na2SO4 and the solvent removed at reduced pressure. The

yellow oil was redissolved in DCM and preloaded onto celite. Purification via column

chromatography (SiO2, pentane:DCM = 1:1) gave the product (0.53 g, 0.48 mmol, 40%)

as a yellow oil.

1H NMR (400 MHz, Chloroform-d) δ 8.44 – 8.32 (m, 4H), 7.90 – 7.78 (m, 3H), 7.77 – 7.70

(m, 2H), 7.66 – 7.58 (m, 3H), 7.55 (dd, J = 7.6, 1.6 Hz, 1H), 7.42 (dd, J = 7.6, 1.6 Hz,

1H), 7.23 (s, 1H), 7.16 (d, J = 2.9 Hz, 2H), 7.06 (d, J = 15.0 Hz, 2H), 2.73 – 2.66 (m,

2H), 2.65 – 2.57 (m, 2H), 2.55 – 2.36 (m, 4H), 2.34 (s, 3H), 2.15 (s, 3H), 1.65 – 1.55 (m,

2H), 1.55 – 1.38 (m, 8H), 1.37 – 1.30 (m, 4H), 1.27 – 1.13 (m, 18H), 0.94 – 0.75 (m, 12H)

ppm.

AQ-xy-hxy-FO-hxy-xy-AQ

O

O
O C6H13

C6H13

O

O
C6H13

C6H13

The product was obtained as a side-product from the synthesis of AQ-xy-hxy-FO-hxy-I.

1H NMR (400 MHz, Chloroform-d) δ 8.40 – 8.32 (m, 4H), 8.32 – 8.24 (m, 4H), 7.83 (dd,

J = 7.9, 1.8 Hz, 2H), 7.79 – 7.70 (m, 6H), 7.61 (d, J = 7.6 Hz, 2H), 7.53 (dd, J = 7.3,

1.6 Hz, 2H), 7.23 (s, 2H), 7.17 (d, J = 8.7 Hz, 4H), 7.08 (s, 2H), 2.69 – 2.56 (m, 4H), 2.55

– 2.46 (m, 2H), 2.43 – 2.35 (m, 2H), 2.33 (s, 6H), 2.15 (s, 6H), 1.55 – 1.44 (m, 8H), 1.24

– 1.15 (m, 24H), 0.80 (dt, J = 9.8, 6.6 Hz, 12H) ppm.
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AQ-xy-hxy-FO-hxy-Bpin

O

O

O

C6H13

C6H13

B

C6H13

C6H13

O

O

Under a flow of N2, AQ-xy-hxy-FO-hxy-I (0.53 g, 0.48 mmol, 1.0 eq), (Bpin)2 (0.24 g,

0.95 mmol, 2.0 eq), KOAc (0.25 g, 2.55 mmol, 5.3 eq) and Pd(PPh3)2Cl2 (32 mg, 46 μmol,

0.1 eq) were dissolved in dry DMF (22 mL) and the solution degassed for 25 min. After

heating to 100 °C for 14 h, the solution was cooled to RT and the solvent removed at

reduced pressure. The solid was redissolved in DCM and preloaded onto celite. Purifica-

tion via column chromatography (SiO2, pentane:DCM = 1:1) gave the product (0.45 g,

0.41 mmol, 85%) as a yellow oil.

1H NMR (400 MHz, Chloroform-d) δ 8.44 – 8.32 (m, 4H), 7.91 – 7.78 (m, 3H), 7.76 – 7.69

(m, 2H), 7.67 – 7.58 (m, 3H), 7.55 (dd, J = 7.6, 1.7 Hz, 1H), 7.46 (dd, J = 7.5, 1.7 Hz,

1H), 7.24 (s, 1H), 7.17 (d, J = 3.5 Hz, 2H), 7.07 (d, J = 15.1 Hz, 2H), 2.93 – 2.84 (m,

2H), 2.68 – 2.55 (m, 4H), 2.56 – 2.46 (m, 1H), 2.43 – 2.36 (m, 1H), 2.35 (s, 3H), 2.16 (s,

3H), 1.66 – 1.45 (m, 8H), 1.38 (s, 12H), 1.35 – 1.13 (m, 24H), 0.94 – 0.76 (m, 12H) ppm.

AQ-xy-hxy-FO-hxy-bpy

O

O

O

C6H13

C6H13

C6H13

C6H13

N

N

Under a flow of N2, AQ-xy-hxy-FO-hxy-Bpin (0.55 g, 0.50 mmol, 1.0 eq), 5-bromo-2,2’-

bipyridine (0.31 g, 1.32 mmol, 2.7 eq) and Na2CO3 (0.26 g, 2.45 mmol, 4.9 eq) were

dissolved in a mixture of THF (60 mL) and H2O (15 mL). The solution was degassed for

20 min, Pd(PPh3)4 (28 mg, 24 μmol, 0.09 eq) added and the solution heated to reflux at

75 °C for 44 h. The solution was cooled to RT, H2O (50 mL) and DCM (50 mL) added and

the solution stirred at RT for 10 min. The organic layer was separated and the aqueous

layer extracted with DCM (3 Ö 50 mL). Combined organic layers were dried over Na2SO4

and the solvent removed at reduced pressure. The yellow oil was redissolved in DCM and

preloaded onto SiO2. Purification via column chromatography (SiO2, pentane:EtOAc =

10:1 + 1% NEt3) gave the product (0.45 g, 0.40 mmol, 80%) as a yellow oil.

1H NMR (400 MHz, Chloroform-d) δ 8.78 – 8.66 (m, 2H), 8.48 (t, J = 8.7 Hz, 2H), 8.42
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– 8.30 (m, 4H), 7.90 – 7.76 (m, 5H), 7.73 (dd, J = 11.3, 1.5 Hz, 2H), 7.65 (d, J = 7.6 Hz,

2H), 7.60 – 7.48 (m, 2H), 7.38 – 7.30 (m, 1H), 7.27 – 7.12 (m, 5H), 7.09 (s, 1H), 2.69 –

2.59 (m, 6H), 2.58 – 2.45 (m, 1H), 2.46 – 2.35 (m, 1H), 2.35 (s, 3H), 2.16 (s, 3H), 1.56 –

1.46 (m, 8H), 1.25 – 1.18 (m, 24H), 0.86 – 0.78 (m, 12H) ppm.

TCAQ-xy-hxy-FMN-hxy-bpy (LA)

C6H13

C6H13

C6H13

C6H13

N

N
NC

CN
CN

NC

NC

CN

The conversion of AQ and FO to TCAQ and FMN followed a literature procedure[129, 133, 181]

with Lehnert’s reagent.[169, 170]

Under a flow of N2, AQ-xy-hxy-FO-hxy-bpy (0.13 g, 0.11 mmol, 1.0 eq) and malononitrile

(0.09 g, 1.30 mmol, 11 eq) were dissolved in dry DCM (60 mL). TiCl4 (0.20 mL, 0.35 g,

1.82 mmol, 16 eq) was added followed by pyridine (0.30 mL, 0.30 g, 3.73 mmol, 32 eq).

The solution was heated to reflux at 55 °C, and after 4 and 8 h respectively, equal amounts

of malononitrile (11 eq), TiCl4(16 eq) and pyridine (32 eq) were added. After 24 h total

reflux time, the solution was cooled to RT, H2O (50 mL) added and the solution stirred at

RT for 1 h. The organic layer was separated and the aqueous layer extracted with DCM

(3 Ö 30 mL). Organic layers were dried over Na2SO4 and the solvent removed at reduced

pressure. The red solid was purified via column chromatography (SiO2, i) neat DCM,

ii) DCM:EtOAc = 20:1) to give the product (0.13 g, 0.10 mmol, 88%) as a red solid.

1H NMR (400 MHz, Chloroform-d) δ 8.78 – 8.70 (m, 2H), 8.54 – 8.41 (m, 4H), 8.38 –

8.25 (m, 4H), 7.91 – 7.83 (m, 2H), 7.83 – 7.74 (m, 3H), 7.68 (d, J = 7.7 Hz, 2H), 7.59 –

7.51 (m, 2H), 7.38 – 7.31 (m, 1H), 7.24 – 7.13 (m, 5H), 7.08 (s, 1H), 2.72 – 2.57 (m, 6H),

2.55 – 2.45 (m, 1H), 2.44 – 2.33 (m, 4H), 2.16 (s, 3H), 1.60 – 1.46 (m, 8H), 1.28 – 1.18

(m, 24H), 0.87 – 0.79 (m, 12H) ppm.
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[Ru(LA)(bpy)2] (PF6)2

2+

2 PF6
-

CN

NC

NC

CN

CN
NC

Ru2+

N N

N

NN

N

C6H13

C6H13

C6H13

C6H13

Under a flow of N2, [Ru(bpy)2Cl2]·2H2O (19.6 mg, 37.7 μmol, 1.2 eq) and AgOTf (20.8 mg,

81.0 μmol, 2.6 eq) were dissolved in dry DMF (5 mL) under exclusion of light. The

reaction mixture was stirred at RT for 1.5 h, then TCAQ-xy-hxy-FMN-hxy-bpy (40.0 mg,

31.3 μmol, 1.0 eq) dissolved in dry DMF (3 mL) was added. The solution was stirred in

the dark at RT for 64 h, then the solvent was removed at reduced pressure. The crude

was dissolved in DCM and preloaded onto SiO2. The product was purified via column

chromatography (SiO2, i) neat acetone, ii) acetone:H2O = 10:1, iii) acetone:H2O = 10:1

sat. w. KNO3). From the orange fractions eluted with iii) the organic solvent was removed

and a saturated solution of aq. KPF6 was added. The precipitate formed was isolated

via filtration, washed with water and Et2O and dried in air to give the product (7.1 mg,

3.6 μmol, 11%) as a brown solid.

1H NMR (400 MHz, Methylene Chloride-d2 ) δ 8.58 – 8.37 (m, 7H), 8.37 – 8.21 (m, 5H),

8.14 – 8.05 (m, 5H), 8.02 (td, J = 8.0, 1.5 Hz, 1H), 7.87 – 7.76 (m, 5H), 7.75 – 7.67 (m,

6H), 7.58 – 7.40 (m, 7H), 7.26 – 7.05 (m, 6H), 2.67 – 2.54 (m, 4H), 2.53 – 2.45 (m, 1H),

2.43 – 2.25 (m, 5H), 2.22 – 2.07 (m, 4H), 1.57 – 1.39 (m, 8H), 1.32 – 1.08 (m, 24H), 0.88

– 0.72 (m, 12H) ppm.

1H NMR (400 MHz, Acetonitrile-d3 ) δ 8.62 – 8.45 (m, 6H), 8.37 – 8.22 (m, 5H), 8.22 –

8.19 (m, 1H), 8.13 – 8.03 (m, 5H), 8.00 (td, J = 7.9, 1.4 Hz, 1H), 7.92 – 7.86 (m, 2H),

7.86 – 7.78 (m, 5H), 7.77 – 7.73 (m, 3H), 7.65 (d, J = 1.9 Hz, 1H), 7.60 (d, J = 7.6 Hz,

1H), 7.50 (dd, J = 7.7, 1.4 Hz, 1H), 7.47 – 7.38 (m, 4H), 7.38 – 7.33 (m, 1H), 7.30 – 7.22

(m, 2H), 7.16 (d, J = 4.8 Hz, 2H), 7.11 – 7.06 (m, 2H), 2.68 – 2.61 (m, 2H), 2.61 – 2.55

(m, 2H), 2.42 – 2.29 (m, 5H), 2.27 – 2.20 (m, 2H), 2.14 – 2.06 (m, 3H), 1.57 – 1.35 (m,

8H), 1.31 – 1.12 (m, 20H), 1.02 – 0.94 (m, 4H), 0.83 – 0.71 (m, 12H) ppm.

ESI (m/z): calcd. for C110H100N12Ru2+: 845; found: 845 and fragments without one or

two of the malononitrile groups.
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TCAQ

NC CN

NC CN

The synthesis of the title compound followed a literature procedure[129, 133] with Lehnert’s

reagent.[169, 170]

Under a flow of N2, p-anthraquinone (0.55 g, 2.64 mmol, 1.0 eq) and malononitrile (0.51 g,

7.70 mmol, 2.9 eq) were suspended in dry CHCl3 (20 mL). TiCl4 (0.82 mL, 1.42 g,

7.5 mmol, 2.8 eq) was added followed by pyridine (1.20 mL, 1.18 g, 14.9 mmol, 5.6 eq)

and the mixture heated to reflux. After 24 h, the same amounts of malononitrile (2.9 eq),

TiCl4(2.8 eq) and pyridine (5.6 eq) were added. After a total reflux time of 48 h, the

reaction mixture was cooled to RT and transferred into an ice/water mixture. The solid

was filtered off and washed with several portions of DCM. The organic layer was sepa-

rated, the aqueous phase extracted with DCM (3 Ö 30 mL), the combined organic layers

dried over Na2SO4 and the solvent removed at reduced pressure. The residue was washed

with Et2O to remove the excess malononitrile, then the crude was dissolved in DCM and

filtered over a plug of SiO2. After solvent removal, the product (90 mg, 296 μmol, 11%)

was obtained as a yellow solid.

1H NMR (400 MHz, Chloroform-d) δ 8.25 (dd, J = 5.8, 3.3 Hz, 4H), 7.74 (dd, J = 5.8,

3.2 Hz, 4H) ppm.

TCAQ-xy-hxy-FMN-hxy-xy-TCAQ

C6H13

C6H13

NC CN

CN

NC

NC

CNC6H13

C6H13

NC

CN

CN

NC

The conversion of AQ and FO to TCAQ and FMN followed a literature procedure[129, 133, 181]

with Lehnert’s reagent.[169, 170]

Under a flow of N2, AQ-xy-hxy-FO-hxy-xy-AQ (0.25 g, 0.19 mmol, 1.0 eq) and malono-

nitrile (0.26 g, 3.94 mmol, 20 eq) were dissolved in dry DCM (40 mL). TiCl4 (0.45 mL,

0.78 g, 4.11 mmol, 21 eq) was added followed by pyridine (0.65 mL, 0.64 g, 8.09 mmol,

42 eq). The solution was heated to reflux at 55 °C, and after 2 h equal amounts of

malononitrile (20 eq), TiCl4 (21 eq) and pyridine (42 eq) were added. After 21 h total

reflux time, the solution was cooled to RT, H2O (30 mL) was added and the solution stirred
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at RT for 30 min. The organic layer was separated and the aqueous layer extracted with

DCM (3 Ö 50 mL). The combined organic layers were dried over Na2SO4 and the solvent

removed at reduced pressure. The red solid was purified via column chromatography

(SiO2, pentane:EtOAc = 3:1) to give the product (0.23 g, 0.15 mmol, 77%) as a red solid.

1H NMR (400 MHz, Chloroform-d) δ 8.41 (dd, J = 1.3, 0.6 Hz, 2H), 8.34 – 8.23 (m, 8H),

7.81 – 7.75 (m, 6H), 7.67 (d, J = 7.7 Hz, 2H), 7.54 (dd, J = 7.6, 1.5 Hz, 2H), 7.18 – 7.12

(m, 6H), 7.06 (s, 2H), 2.65 – 2.57 (m, 4H), 2.53 – 2.44 (m, 2H), 2.41 – 2.32 (m, 2H), 2.35

(s, 6H), 2.14 (s, 6H), 1.56 – 1.45 (m, 8H), 1.28 – 1.11 (m, 24H), 0.84 – 0.79 (m, 12H) ppm.

I-hxy-FMN-hxy-I

CNNC

I

C6H13

C6H13

I

C6H13

C6H13

The conversion of FO to FMN followed an established literature procedure[181] with Lehn-

ert’s reagent.[169, 170]

Under a flow of N2, I-hxy-FO-hxy-I (0.20 g, 0.22 mmol, 1.0 eq) and malononitrile (0.12 g,

1.82 mmol, 8.4 eq) were dissolved in dry DCM (60 mL). TiCl4 (0.2 mL, 0.35 g, 1.82 mmol,

8.4 eq) was added followed by pyridine (0.3 mL, 0.30 g, 3.73 mmol, 17 eq). The solution

was heated to reflux at 55 °C for 17 h, then the reaction mixture was cooled to RT,

H2O (50 mL) was added and the solution stirred at RT for 20 min. The organic layer

was separated and the aqueous layer extracted with DCM (3 Ö 30 mL). The combined

organic layers were dried over Na2SO4 and the solvent removed at reduced pressure. The

red solid was purified via column chromatography (SiO2, pentane:DCM = 4:1) to give the

product (0.17 g, 0.18 mmol, 82%) as a red solid.

1H NMR (400 MHz, Chloroform-d) δ 8.34 (d, J = 1.3 Hz, 2H), 7.77 (s, 2H), 7.64 (d,

J = 7.7 Hz, 2H), 7.44 (dd, J = 7.7, 1.5 Hz, 2H), 7.05 (s, 2H), 2.75 – 2.66 (m, 4H), 2.58 –

2.48 (m, 4H), 1.67 – 1.58 (m, 4H), 1.54 – 1.46 (m, 4H), 1.45 – 1.38 (m, 4H), 1.38 – 1.31

(m, 8H), 1.27 – 1.18 (m, 12H), 0.94 – 0.87 (m, 6H), 0.86 – 0.80 (m, 6H) ppm.
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7.7 Synthesis of the exTTF-PTZ-Ru-FMN-TCAQ

Pentad - One-Ligand Approach

Suzuki couplings were performed following the general procedure published for the NDI

triad and pentad shown in section 7.2.

AQ-xy-hxy-FO-hxy-bpy-Br

O

O

O

C6H13

C6H13

C6H13

C6H13

N

N

Br

Under a flow of N2, AQ-xy-hxy-FO-hxy-Bpin (0.30 g, 0.27 mmol, 1.0 eq), 5,5’-dibromo-

2,2’-bipyridine (0.42 g, 1.34 mmol, 4.9 eq), Na2CO3 (0.13 g, 1.23 mmol, 4.5 eq) and

Pd(PPh3)4 (28 mg, 24 μmol, 0.09 eq) were dissolved in a mixture of THF (60 mL) and

H2O (15 mL). The solution was degassed for 20 min and heated to reflux at 75 °C for

15 h. The solution was cooled to RT, H2O (50 mL) and DCM (50 mL) were added and

the solution stirred at RT for 10 min. The organic layer was separated and the aqueous

layer extracted with DCM (3 Ö 50 mL). Combined organic layers were dried over Na2SO4

and the solvent removed at reduced pressure. The yellow oil was redissolved in DCM and

preloaded onto celite. Purification via column chromatography (SiO2, pentane:EtOAc =

20:1 + 1% NEt3) gave the product (0.25 g, 0.21 mmol, 78%) as a yellow oil.

1H NMR (400 MHz, Chloroform-d) δ 8.73 (dd, J = 21.2, 2.3 Hz, 2H), 8.50 – 8.29 (m,

6H), 7.97 (dd, J = 8.5, 2.4 Hz, 1H), 7.92 – 7.78 (m, 4H), 7.73 (dd, J = 12.7, 1.6 Hz, 2H),

7.64 (d, J = 7.6 Hz, 2H), 7.59 – 7.48 (m, 2H), 7.26 – 7.14 (m, 5H), 7.09 (s, 1H), 2.68 –

2.55 (m, 8H), 2.34 (s, 3H), 2.16 (s, 3H), 1.57 – 1.44 (m, 8H), 1.28 – 1.13 (m, 24H), 0.88 –

0.76 (m, 12H) ppm.
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exTTF-hxy-xy-PTZ-xy-bpy-hxy-FO-hxy-xy-AQ

SS

S S

C6H13

C6H13

S

N

O

O

O

O

C6H13

C6H13

C6H13

C6H13

N

N

Under a flow of N2, exTTF-hxy-xy-PTZ-xy-Bpin (97 mg, 77 μmol, 1.0 eq), AQ-xy-hxy-FO-

hxy-bpy-Br (120 mg, 99 μmol, 1.3 eq), Na2CO3 (76 mg, 717 μmol, 9.3 eq) and Pd(PPh3)4

(6 mg, 5 μmol, 0.07 eq) were dissolved in a mixture of THF (60 mL) and H2O (15 mL).

The solution was degassed for 35 min and heated to reflux at 75 °C for 68 h. The solution

was cooled to RT, H2O (50 mL) and DCM (50 mL) were added and the solution stirred

at RT for 10 min. The organic layer was separated and the aqueous layer extracted with

DCM (3 Ö 50 mL). The combined organic layers were dried over Na2SO4 and the solvent

removed at reduced pressure. The yellow oil was redissolved in DCM and preloaded onto

celite. Purification via column chromatography (SiO2, i) pentane:EtOAc = 7:2 + 1%

NEt3, ii) pentane:EtOAc = 5:2 + 1% NEt3, iii) pentane:EtOAc = 2:1 + 1% NEt3) gave

the product (140 mg, 61.7 μmol, 80%) as a yellow oil.

1H NMR (400 MHz, Chloroform-d) δ 8.70 (s, 2H), 8.49 (d, J = 8.2 Hz, 2H), 8.38 – 8.27

(m, 4H), 7.86 – 7.75 (m, 5H), 7.73 – 7.54 (m, 8H), 7.53 – 7.35 (m, 5H), 7.29 – 7.22 (m,

2H), 7.21 – 7.08 (m, 11H), 7.07 – 6.96 (m, 6H), 6.85 (t, J = 9.0 Hz, 2H), 6.33 – 6.13 (m,

5H), 3.88 (s, 3H), 2.68 – 2.50 (m, 8H), 2.51 – 2.32 (m, 4H), 2.33 – 2.21 (m, 12H), 2.10 (s,

3H), 2.05 (s, 3H), 1.55 – 1.38 (m, 12H), 1.28 – 1.04 (m, 36H), 0.85 – 0.69 (m, 18H) ppm.

MALDI-MS (m/z): calcd. for C154H151N3O4S5: 2267; found: 2267.
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exTTF-hxy-xy-PTZ-xy-bpy-hxy-FMN-hxy-xy-TCAQ

SS

S S

C6H13

C6H13

S

N

O

C6H13

C6H13

C6H13

C6H13

N

N

NC
CN

CN
NC

NC
CN

The conversion of AQ and FO to TCAQ and FMN followed a literature procedure[129, 133, 181]

with Lehnert’s reagent.[169, 170]

Under a flow of N2, AQ-xy-hxy-FO-hxy-bpy-xy-PTZ-xy-hxy-exTTF (140 mg, 61.6 mmol,

1.0 eq) and malononitrile (0.104 g, 1.57 mmol, 25 eq) were dissolved in dry DCM (100 mL).

TiCl4 (0.160 mL, 0.276 g, 1.46 mmol, 24 eq) was added followed by pyridine (0.240 mL,

0.236 g, 2.98 mmol, 48 eq). The solution was heated to reflux at 55 °C, and after each 12 h,

equal amounts of malononitrile (25 eq), TiCl4 (24 eq) and pyridine (48 eq) were added (four

times in total). After 110 h total reflux time, the solution was cooled to RT, H2O (50 mL)

was added and the solution stirred at RT for 2 h. The reaction mixture was filtered over

celite, then the organic layer was separated and the aqueous layer extracted with DCM

(3 Ö 50 mL). The combined organic layers were dried over Na2SO4 and the solvent was

removed at reduced pressure. The crude product was redissolved in DCM and preloaded

onto celite. The red solid was purified via column chromatography (SiO2, several solvent

mixtures used: i) pentane:EtOAc = 2:1, ii) pentane:EtOAc = 1:1, iii) pentane:EtOAc =

1:2, iv) neat acetone, v) neat DCM). Several spots were isolated, but none of them proved

to be the wanted product. One of the donor moieties does not seem to be stable under

the reaction conditions performed.
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7.8 Synthesis of the exTTF-PTZ-Ru-FMN-TCAQ

Pentad - Two-Ligand Approach

[Ru(DMSO)4Cl2]

Cl

Cl

DMSO

DMSO

DMSO

DMSO

Ru2+

The title compound was obtained by modification of a published procedure.[182]

Under a flow of N2, dry DMSO (10 mL) was degassed for 30 min. RuCl3·H2O (1.90 g,

8.43 mmol, 1.0 eq.) was added and the mixture was stirred at RT until the solid was

completely dissolved. 2-Propanol (30 mL) was added to the red solution and the mixture

was heated to reflux for 48 h. The yellow-orange suspension was cooled to room temper-

ature and the precipitate was filtered off. The solid was washed with several portions of

acetone and toluene and dried in vacuo to give the product (3.81 g, 7.86 mmol, 93%) as

a yellow powder.

Selected FT-IR absorptions (cm-1): ν(DMSO-S-Ru) 1081 (s), ν(DMSO-O-Ru) 923 (s).

[Ru(bpy)(DMSO)2Cl2]

Cl

Cl

N

N

DMSO

DMSO

Ru2+

The attachment of the first ligand on the Ru-precursor follows a literature procedure.[183]

Under a flow of N2, [Ru(DMSO)4Cl2] (0.97 g, 2.00 mmol, 1.0 eq) and 2,2’-bipyridine

(0.32 g, 2.05 mmol, 1.0 eq) were dissolved in a mixture of EtOH (18 mL) and DMSO

(2 mL). The mixture was heated to reflux at 85 °C for 3 h, then cooled to 0 °C and the

orange precipitate was isolated. The solid was washed with cold EtOH and pentane and

dried in vacuo to yield the product (0.76 g, 1.57 mmol, 79%) as an orange solid.

1H NMR (400 MHz, DMSO-d6 ) δ 9.61 (dd, J = 41.4, 5.7 Hz, 2H), 8.64 (dd, J = 20.4,

8.1 Hz, 2H), 8.16 (dt, J = 47.9, 7.8 Hz, 2H), 7.69 (dt, J = 63.7, 6.6 Hz, 2H), 3.40 (s, 3H),

3.36 (s, 3H), 2.98 (s, 3H), 2.28 (s, 3H) ppm.
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[Ru(bpy)(LA)Cl2]

C6H13
C6H13

C6H13

C6H13

Cl

Cl

N

N

N

N

Ru2+

CN

NC

NC

NC
CN

CN

The stepwise assembly of the different ligands follows a published procedure.[171]

Under a flow of N2, TCAQ-xy-hxy-FMN-hxy-bpy (81 mg, 63 μmol, 1.0 eq) and [Ru(bpy)-

(DMSO)2Cl2] (66 mg, 136 μmol, 2.2 eq) were dissolved in dry DMF (10 mL) and heated to

130 °C for 15 h under the exclusion of light. After solvent removal, the crude product was

redissolved in DCM and preloaded onto celite. Purification via column chromatography

(SiO2, acetone:pentane = 5:1) gave the product (45.8 mg, 28.5 μmol, 45%) as a dark violet

solid.

MALDI-MS (m/z): calcd. for C100H92N10Cl2Ru: 1605; found: 1605.
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[Ru(bpy)(LA)(LD)] (PF6)2

C6H13
C6H13

C6H13

C6H13

N

N

SS

S S

C6H13

C6H13

S

N

O

N

N

N

N

Ru2+

CN

NC

NC

NC
CN

CN

2+

2 PF6
-

The stepwise assembly of the different ligands follows a published procedure.[171]

Under a flow of N2, exTTF-hxy-xy-PTZ-xy-bpy (37 mg, 29 μmol, 1.0 eq), [Ru(bpy)-

(LA)Cl2] (46 mg, 29 μmol, 1.0 eq) and AgNO3 (80 mg, 470 μmol, 16 eq) were dissolved

in a mixture of EtOH (15 mL) and CHCl3 (5 mL). The mixture was refluxed at 80 °C

for 22 h, cooled to RT and the solvents removed at reduced pressure. The crude product

was stirred in a 1:1-mixture of acetone and EtOH saturated with KPF6 for 10 minutes

followed by solvent removal. The solid was dissolved in acetone and filtered over a short

silica gel column. The solvent was removed and the crude product dissolved in DCM to

remove excess KPF6. The product was purified via column chromatography (SiO2, i) neat

acetone, ii) acetone:H2O = 10:1, iii) acetone:H2O = 5:1 sat. w. KNO3). The red solution

eluted with iii) was mixed with sat. aq. KPF6, the organic solvent was removed and

the aqueous phase extracted with DCM (3 Ö 30 mL). The combined organic phases were

dried over Na2SO4 and the solvent was removed at reduced pressure to give a red solid

(35.6 mg).

Although a complex was obtained, the analytical data (NMR, MALDI-MS, ESI-HRMS)

is not conclusive. It is safe to assume the title compound was not obtained, but it remains

unclear what complex was formed during the synthetic procedure.
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Energy Estimations of the Different Species Involved in

the BNA+ Reduction Experiments in Chapter 4

For the energy estimations of the molecular species involved in the BNA+ reduction

process, the excited state energy of [Ru(bpy)3]
2+ was taken from the literature.[77, 163] The

driving forces for each electron-transfer step (ΔGET) were estimated with the equation

ΔGET = − e (Ered− Eox)

where Ered/Eox represents the reduction/oxidation potential for the respective electron-

transfer step. Reduction and oxidation potentials were taken from Table 4.1.

The ground-state prior to excitation of the [Ru(bpy)3]
2+ photosensitizer was set to 0.00 eV.

The energy of the [Ru(bpy)3]
2+ excited state corresponds to the lowest 3MLCT state of

[Ru(bpy)3]
2+ with an energy of 2.10 eV.[163] The energies of the NDI- and NDI2- states

in the Ru-NDI-Ru triad were calculated to be 1.14 eV and 2.78 eV, respectively.

� Electron transfer from *Ru2+ to BNA+:

ΔGET = − e (−1.08V + 0.81V ) = +0.27 eV

� Electron transfer from *Ru2+ to RhIII:

ΔGET = − e (−0.74V + 0.81V ) = −0.07 eV

� Electron transfer from TEOA to Ru3+:

ΔGET = − e (1.29V − 0.69V ) = −0.60 eV

� Electron transfer from TEOA to *Ru2+:

ΔGET = − e (0.77V − 0.69V ) = −0.08 eV

� Electron transfer from Ru+ to BNA+:

ΔGET = − e (−1.08V + 1.33V ) = −0.25 eV

� Electron transfer from Ru+ to RhIII:

ΔGET = − e (−0.74V + 1.33V ) = −0.59 eV
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� Electron transfer from RhII to BNA+:

ΔGET = − e (−1.08V + 0.74V ) = +0.34 eV

� Electron transfer from *Ru2+ to NDI0:

ΔGET = − e (−0.45V + 0.81V ) = −0.36 eV

� Electron transfer from *Ru2+ to NDI-:

ΔGET = − e (−0.95V + 0.81V ) = +0.14 eV

� Electron transfer from Ru+ to NDI0:

ΔGET = − e (−0.45V + 1.33V ) = −0.88 eV

� Electron transfer from Ru+ to NDI-:

ΔGET = − e (−0.95V + 1.33V ) = −0.38 eV

� Electron transfer from NDI- to RhIII:

ΔGET = − e (−0.74V + 0.45V ) = +0.29 eV

� Electron transfer from NDI2- to RhIII:

ΔGET = − e (−0.74V + 0.95V ) = −0.21 eV

� Electron transfer from NDI- to BNA+:

ΔGET = − e (−1.08V + 0.45V ) = +0.63 eV

� Electron transfer from NDI2- to BNA+:

ΔGET = − e (−1.08V + 0.95V ) = +0.13 eV
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Energy Estimations of the Different Species Involved

During Charge-Accumulation in the Pentad Shown in

Chapter 5

Energy Estimations of the Different Species Involved in the NDI

Pentad

The driving forces for each electron-transfer step (ΔGET) presented in the beginning of

Chapter 5 were estimated with the equation

ΔGET = − e (Ered− Eox)

where Ered/Eox represents the reduction/oxidation potential for the respective electron-

transfer step. Reduction and oxidation potentials were taken from the cyclovoltammetric

measurements of the NDI pentad listed in the publication in Chapter 3. Reduction and

oxidation potentials of [Ru(bpy)3]
2+ were taken from the literature.[77]

� Electron transfer from TAA0 to *Ru2+:

ΔGET = − e (0.77V − 0.76V ) = −0.01 eV

� Electron transfer from *Ru2+ to NDI0:

ΔGET = − e (−0.51V + 0.81V ) = −0.30 eV

� Electron transfer from *Ru2+ to NDI-:

ΔGET = − e (−0.96V + 0.81V ) = +0.15 eV

� Electron transfer from Ru+ to NDI0:

ΔGET = − e (−0.51V + 1.33V ) = −0.82 eV

� Electron transfer from Ru+ to NDI-:

ΔGET = − e (−0.96V + 1.33V ) = −0.37 eV

� Electron transfer from *Ru2+ to TAA+:

ΔGET = − e (0.76V + 0.81V ) = −1.57 eV

� Electron transfer from NDI- to *Ru2+:

ΔGET = − e (0.77V + 0.51V ) = −1.28 eV
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Energy Estimations of the Different Species Involved in the Pentad

For the energy estimations of the molecular species involved in the electron-transfer pro-

cesses, the excited state energy of [Ru(bpy)3]
2+ was taken from the literature.[77, 163] The

driving forces for each electron-transfer step (ΔGET) were estimated with the equation

ΔGET = − e (Ered− Eox)

where Ered/Eox represents the reduction/oxidation potential for the respective electron-

transfer step. Reduction and oxidation potentials were taken from the cyclovoltammetric

measurements of the donor triad, Ref-TCAQ and Ref-FMN. Reduction and oxidation

potentials of [Ru(bpy)3]
2+ were taken from the literature.[77]

� exTTF-PTZ-Ru2+-FMN-TCAQ

This state is the ground state and its energy is set to 0.00 eV.

� exTTF-PTZ-*Ru2+-FMN-TCAQ

This state corresponds to the lowest 3MLCT state of [Ru(bpy)3]
2+ with an energy

of 2.10 eV.[163] The second excitation of the photosensitizer adds another 2.10 eV

of energy.

� Electron transfer from PTZ0 to *Ru2+:

ΔGET = − e (0.77V − 0.68V ) = −0.09 eV

� Electron transfer from *Ru2+ to FMN0:

ΔGET = − e (−0.51V + 0.81V ) = −0.30 eV

� Electron transfer from exTTF0 to PTZ+:

ΔGET = − e (0.68V − 0.42V ) = −0.26 eV

� Electron transfer from FMN- to TCAQ0:

ΔGET = − e (−0.29V + 0.51V ) = −0.22 eV

� Electron transfer from PTZ0 to Ru3+:

ΔGET = − e (1.29V − 0.68V ) = −0.61 eV

� Electron transfer from Ru+ to FMN0:

ΔGET = − e (−0.51V + 1.33V ) = −0.82 eV

� Electron transfer from exTTF+ to PTZ+:

ΔGET = − e (0.68V − 0.05V ) = −0.63 eV

� Electron transfer from FMN- to TCAQ-:

ΔGET = − e (−0.24V + 0.51V ) = −0.27 eV

For each electron-transfer step, the respective driving force ΔGET is added to the previous

energy level the electron-transfer step started from. This results in the various energy lev-
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els of the charge-separated states shown in Scheme 5.1. For the final, charge-accumulated

state, the energy amounts to (following the red arrows in Scheme 5.1):

� ECA-state = 2.10 eV - 0.30 eV - 0.61 eV - 0.26 eV - 0.22 eV + 2.10 eV - 0.30 eV -

0.61 eV - 0.63 eV - 0.27 eV = 1.00 eV

Energy Estimations of the Different Species Involved in

the Donor Triad

For the energy estimations of the molecular species involved in the electron-transfer pro-

cesses, the excited state energy of [Ru(bpy)3]
2+ was taken from the literature.[77, 163] The

driving forces for each electron-transfer step (ΔGET) were estimated with the equation

ΔGET = − e (Ered− Eox)

where Ered/Eox represents the reduction/oxidation potential for the respective electron-

transfer step. Reduction and oxidation potentials were taken from the cyclovoltammetric

measurements of the donor triad as shown in Table 5.1. Reduction and oxidation po-

tentials of [Ru(bpy)3]
2+ as well as the reduction potentials of MV2+ were taken from the

literature.[77, 151]

In the Absence of an External Electron Acceptor

� exTTF-PTZ-Ru2+

This state is the ground state and its energy is set to 0.00 eV.

� exTTF-PTZ-*Ru2+

This state corresponds to the lowest 3MLCT state of [Ru(bpy)3]
2+ with an energy

of 2.10 eV.[163] The second excitation of the photosensitizer adds another 2.10 eV

of energy.

� Electron transfer from PTZ0 to *Ru2+:

ΔGET = − e (0.77V − 0.68V ) = −0.09 eV

� Electron transfer from exTTF0 to PTZ+:

ΔGET = − e (0.68V − 0.42V ) = −0.26 eV

� The energy of the final charge-separated state therefore amounts to

ECS-state = 2.10 eV - 0.09 eV - 0.26 eV = 1.75 eV.
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In the Presence of the External Electron Acceptor MV2+

� exTTF-PTZ-Ru2+

This state is the ground state and its energy is set to 0.00 eV.

� exTTF-PTZ-*Ru2+

This state corresponds to the lowest 3MLCT state of [Ru(bpy)3]
2+ with an energy

of 2.10 eV.[163]

� Electron transfer from PTZ0 to *Ru2+:

ΔGET = − e (0.77V − 0.68V ) = −0.09 eV

� Electron transfer from *Ru2+to MV2+:

ΔGET = − e (−0.44V + 0.81V ) = −0.37 eV

� Electron transfer from *Ru2+to MV+:

ΔGET = − e (−0.83V + 0.81V ) = +0.02 eV

� Electron transfer from exTTF0 to PTZ+:

ΔGET = − e (0.68V − 0.42V ) = −0.26 eV

� Electron transfer from PTZ0 to Ru3+:

ΔGET = − e (1.29V − 0.68V ) = −0.61 eV

� Electron transfer from Ru+to MV2+:

ΔGET = − e (−0.44V + 1.33V ) = −0.89 eV

� Electron transfer from Ru+to MV+:

ΔGET = − e (−0.83V + 1.33V ) = −0.50 eV

� Electron transfer from exTTF+ to PTZ+:

ΔGET = − e (0.68V − 0.05V ) = −0.63 eV

� The energy of the final charge-accumulated state (following the red arrows in Scheme 5.4)

with two MV+ formed therefore amounts to

ECA-state = 2.10 eV - 0.37 eV - 0.61 eV - 0.26 eV + 2.10 eV - 0.37 eV - 0.61 eV -

0.63 eV = 1.35 eV.
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fumeux, C.; Chamaillé, T.; Leibl, W.; Aukauloo, A. Time-Resolved Interception of

Multiple-Charge Accumulation in a Sensitizer-Acceptor Dyad. Angewandte Chemie

International Edition 2017, 56, 15936–15940.

[45] NCCR Molecular Systems Engineering. http://www.nccr-mse.ch.

[46] Gebicki, J.; Marcinek, A.; Zielonka, J. Transient Species in the Stepwise Intercon-

version of NADH and NAD+. Accounts of Chemical Research 2004, 37, 379–386.

[47] Wang, X.; Saba, T.; Yiu, H. H.; Howe, R. F.; Anderson, J. A.; Shi, J. Cofactor

182

http://www.nccr-mse.ch


Bibliography

NAD(P)H Regeneration Inspired by Heterogeneous Pathways. Chem 2017, 2, 621–

654.
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