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Abstract

Due to the growing world population and the enormous progress in technology over the
last decades, there is an increasing demand on energy. To date, the worlds energy needs
are mainly covered by the combustion of fossil fuels like natural gas, oil or coal. However,
besides the limited availability in the future, combustion of fossil fuels is harmful to
human health and the released gases contribute to global warming. An alternative and
more sustainable energy source would be the sun since the solar energy that reaches the
surface of the earth can already cover the worlds energy demands, but efficient solar energy
conversion and storage is a challenge. Natural photosynthesis offers a blueprint for such
processes. In this thesis, fundamental processes relevant for artificial photosynthesis are

investigated to gain better understanding of and to improve future artificial systems.

Electron transfer over large distances is one of the major processes involved in photo-
synthesis. In the first project of this thesis (Chapter 3), the distance dependence of
electron-transfer rates in donor-photosensitizer-acceptor triads, with either a low (ca.
1.2 eV in TAA-ph,-Ru-ph,-NDI) or a high (ca. 2.0 eV in TPA-ph,-Ir-ph,-AQ) driv-
ing force for thermal charge recombination, was studied. Symmetrical addition of phenyl
spacers allowed the elongation of the donor-acceptor distances in the given triads (n =1,2).
Earlier investigations in the WENGER group, on a comparable molecular triad with a driv-
ing force of ca. 1.6 eV, revealed an increase of the electron-transfer rate with increasing
donor-acceptor distance. This was the first unambiguous experimental proof for a coun-
terintuitive phenomenon that was predicted more than 20 years ago. To increase the
understanding of this counterintuitive phenomenon, a systematic investigation regarding
the influence of the driving force for thermal charge recombination was performed. The
results of this project showed that highly exergonic electron-transfer reactions can ex-
hibit fundamentally different distance dependences than the more commonly investigated
weakly exergonic electron transfers. Elongation of the donor-acceptor distance in the set
of triads with a low driving force resulted in a decrease of the electron-transfer rate. On
the other hand, for the sets of triads with a high driving force, an increase of the transfer
rate was observed upon elongation. These observations are in agreement with the MAR-
Ccus theory of electron transfer. For low driving forces of ca. 1.2 eV, electron transfer
proceeds in an activationless manner in the shorter triad, whereas the electron-transfer
step takes place in the normal regime of the MARCUS model in the longer compound.
Thus, a decrease of the electron-transfer rate with increasing donor-acceptor distance re-
sults. At high driving forces of ca. 2.0 eV, thermal charge recombination in the shorter
triad occurs in the inverted regime. With elongation of the system, activationless electron

transfer can be observed. As a consequence, the electron-transfer rate for thermal charge



recombination in the triads with a high driving force increases with elongation of the

donor-acceptor distance.

Charge-separated states (CSSs) are key intermediates in natural photosynthesis. There-
fore, the second project in this thesis (Chapter 4) investigated the highly energetic CSSs
of the iridium-based triads introduced in Chapter 3 in more detail. In particular, quan-
titative determinations of the quantum yields for CSS formation were performed to gain
more insights into the factors that govern the CSS formation efficiency. Additionally, two-
pulse laser experiments revealed the fate of the CSSs after absorption of a second photon.
The CSS formation quantum yield reached ca. 80% when the formation proceeded wia
an MLCT transition. Admixture of an intraligand charge transfer (CT) transition, which
is exclusively possible in the shorter triad, decreased the quantum yield significantly and
gave rise to an unusual wavelength-dependence of the CSS quantum yield. One key find-
ing of the investigations in this project is that light-induced charge recombination shows
opposite behavior compared to thermal charge recombination in terms of their distance
dependences. Thermal charge recombination in the longer triad was significantly more
efficient than in the shorter one. However, light-induced charge recombination is much

more efficient in the shorter triad.

In nature, the Z-scheme can be seen as the ‘heart’ of light-dependent natural photo-
synthesis and can be regarded as one of the most important processes in life. A detailed
understanding of the Z-scheme is therefore highly desirable. However, molecular mimics
of the Z-scheme are scarce. In the third project of this thesis (Chapter 5), a purely organic
molecular mimic of the photosynthetic Z-scheme was designed. Like in nature, two photo-
systems are incorporated into the molecular design. Each photosystem is represented by
a dyad (NMI-TPDB and PT-TAA) and the photosystems are linked with each other by
a p-(di-n-hexyl)phenyl (hxy) spacer to afford a tetrad. To estimate if the approach of
the tetrad was promising enough to pursue, reference dyads (NMI-TPDB, TPDB-PT and
PT-TAA) were developed. While the successful synthesis of PT-TAA is still pending, the
applicability of NMI-TPDB as one photosystem and the introduced linker between the two
dyads were verified. NMI-TPDB formed a CSS after excitation with visible light whereas
the hxy spacer minimized the possibility of a CT transition between the TPDB and PT
units. A weak CT absorption band could be observed, but thermal charge recombination
after excitation with visible light occurred rapidly and no CSS formation was detectable.
Based on these results, further investigations of this all-organic tetrad approach seem to

be very promising.
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A electron acceptor

Agy primary electron acceptor in photosystem [
Ay phylloquinone

ADP adenosine diphosphate
anal. analytical
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aq. aqueous
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DFT density functional theory
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p
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Qa primary plastoquinone electron acceptor
QB secondary plastoquinone electron acceptor
quant. quantitative
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ref reference

rt room temperature

S singlet
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1 General Introduction and Motivation

Enormous progress in technology and a growing world population over recent decades
have drastically increased the worlds energy demand. The amount of energy required in
2016, roughly 18 TW, is almost twice that of the year 1980 and is mainly covered by the
combustion of the fossil fuels coal, oil and natural gas (ca. 81%, Figure [1.1]).11

) other
biofuels and waste 4 79

9.8%

hydro coal
2.5% 27.1%

0

natural gas

221%
oil
31.9%

Figure 1.1: World total primary energy supply by fuels in 2016.

However, to rely on fossil fuels has several drawbacks. Fossil fuels are a non-renewable
energy source, i.e. the resources are limited. Even more critical are the consequences of
the combustion of fossil fuels, since harmful gases and particles are released that threaten
human health and contribute to global climate changes.2 8 A change to a renewable and
less harmful source of energy is therefore of great importance. Ideally, this alternative
energy source should be environmentally clean, abundant, economical, inexpensive and
fairly distributed all over the world. The most attractive potential energy source that
fulfills these requirements is the sun, which delivers about 120,000 TW of electromagnetic
radiation to the earth’s surface each year.®® To cover the annual energy demand of
humankind, already 1.5 h of (direct) sunlight would be more than sufficient. However,
the solar energy that reaches the surface of the earth cannot be directly exploited and
needs to be converted and stored. In nature, photosynthesis provides a blueprint for
these processes and the production of fuels, with the formation of dioxygen as a ‘waste’
product (Chapter 2.1). Thereby, the inexpensive and abundant raw materials water and

carbon dioxide provide electrons, protons and carbon atoms that can be incorporated



1 General Introduction and Motivation

into different types of fuels. A generalized artificial approach for the production of a fuel,
which is based on natural photosynthesis, is illustrated in Scheme [1.1]H

h}iﬂ
4H"

2 H,0
POROS D ONE
O, +4H"

~_ 7 ~__ ~—_ 7 ~_ 2H2

Scheme 1.1: Schematic representation of an artificial system capable of hydrogen pro-
duction after photoexcitation. The system consists of a photosensitizer (PS) coupled with
an electron donor (D) and an electron acceptor (A), which are in close contact to catalysts
(C). The scheme is based on ref.

The system shown in Scheme consists of three parts: (i) A catalytic system (C)
that can oxidize an electron source, in this case water, (ii) a triad (D-PS-A) that is
able to harvest light and convert the excitation energy into electrochemical energy, and
(iii) a second catalytic system to form the fuel. Excitation of the photosensitizer (PS)
leads to a charge separation in the triad (D'*-PS-A""), which facilitates the oxidation
of water, on the oxidized side of the triad, and the reduction of protons to generate
molecular hydrogen, on the reduced side of the triad. The complete process relies on an
efficient electron-transfer chain over large distances and a successful coupling of a one-
photon process (photoinduced charge separation) with multi-electron processes (water
oxidation and fuel production).® 5 The given example nicely demonstrates the complexity
of artificial (and natural) photosynthesis. Natural photosynthesis is highly regulated and

additionally includes protective mechanisms to limit damage from excess light. /67

Due to the complexity of natural photosynthesis, it is important to gain an improved
understanding of the different processes that are relevant in the context of artificial photo-
synthesis. In this thesis, three topics are discussed. As illustrated in Scheme [I.T] electron
transfer over large distances is one of the major processes involved in photosynthesis.
Chapter 3 therefore studies the distance dependence of electron-transfer rates in different
molecular triads. As mentioned above, successful fuel production, and solar energy con-
version and storage in general, also rely on an (efficient) formation of a charge-separated
state, which is why Chapter 4 is dedicated to this process. In Chapter 5, an artificial
system imitating the central part of light-induced natural photosynthesis is discussed,
namely a molecular mimic of the photosynthetic Z-scheme. The Z-scheme, in which two
photosystems work in series, can be seen as the ‘heart’ of light-dependent natural photo-
synthesis and an improved understanding is desirable. Here, electron transfer over large
distances, the formation of a (highly energetic) charge-separated state, as well as multiple

photon absorption are relevant.




1 General Introduction and Motivation

In the following chapter, a short overview of natural photosynthesis is given, which empha-
sises the essential reaction steps. Additionally, the theoretical background about excited
states and electron transfer are discussed. Following this, two-pulse laser experiments are

introduced and selected studies are presented.







2 Theoretical Background

2.1 Natural Photosynthesis

Photosynthesis is nature’s way to use the energy of sunlight to convert water and carbon
dioxide, both low-energy raw materials, into Oy and energy-rich organic molecules like
carbohydrates, i.e. solar energy is stored in the form of chemical bonds. Without photo-
synthesis, life as we know it would not be possible since photosynthesis provides us with
useful forms of energy and with atmospheric oxygen. In general, the process of photo-
synthesis can be divided into a light-dependent reaction and a so-called dark reaction
(Scheme .Bﬂ In the light-dependent reaction, water is oxidized and O, is released.
Additionally, reduced nicotinamide adenine dinucleotide phoshate (NADPH), which rep-
resents the biological form of molecular hydrogen and acts as a hydrogen carrier, and
adenosine triphosphate (ATP), which is a biological energy carrier, are generated.® Sub-
sequently, NADPH and ATP are used in the dark reaction to form carbohydrates out of
carbon dioxide. 011!

0,
hv CO, \
_ NADPH — carbohydrates
__/
H,O 7

———— NADP*—

dark reaction
_— ATP—
TTT—ADP+P—

Scheme 2.1: Simplified representation of the overall natural photosynthesis.®!

In nature, green plants, algae and cyanobacteria are able to perform photosythesis.®! The
light-dependent process relies on different protein complexes, named photosystem I and
IT (PS I, PS II), cytochrome bgf (Cyt bgf) and ATP-synthase. These (redox) active sites
are embedded in the thylakoid membrane of the chloroplasts, which separates the inner
part (lumen) and the outer part (stroma) of the thylakoids (Scheme [2.2). In the course
of light-induced photosynthesis, a transmembrane proton gradient is built up between
stroma and lumen, which drives the synthesis of ATP.7 12
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hv . hv& H

stroma

Scheme 2.2: Schematic representation of the thylakoid membrane, containing relevant
intermembrane protein complexes for photosynthesis. The scheme is based on refs/®
The abbreviations are explained in the text.

As shown in Scheme [2.2] PS IT and PS I work in series during photosynthesis. Both photo-
systems contain central chlorophyll dimers, called P680 in PS IT and P700 in PS I, which
can be excited by light.®! This excitation can occur by direct absorption of a photon or
by energy transfer from the light-harvesting antennas of the respective photosystem. @2l
After photoexcitation, a reaction cascade takes place, which is known as the Z-scheme
(Scheme .EllmlEl Due to the reactions presented in the Z-scheme, water can be split
into Oy and protons and NADPH is formed.

Photosystem |

Photosystem Il

NADPH

NADP*+H*

Scheme 2.3: Simplified Z-scheme of the light-dependent reaction steps in PS IT and PS .
The scheme is based on refsi® 1213 The abbreviations are explained in the text.

As shown in Scheme excitation of P680 results in an excited (singlet) state (P680%),
which provides an electron for the reduction of a nearby pheophytin molecule (Pheo). This
process generates the radical pair P680° " Pheo’", which prevents direct charge recombina-

tion by a transfer of the reducing equivalent to a primary plastoquinone electron acceptor
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(Qa).9 In general, the electron that was transferred to Pheo upon photoexcitation is
transported to PS I wia a stepwise electron-transport chain. The primary plastoquinone
acceptor Qa is firmly bound to the protein structure of PS I and passes the electron on
to the secondary plastoquinone electron acceptor (QB).[MJ Whereas Qo can only accept
one reducing equivalent and does not undergo protonation, Qg needs to be reduced twice
before it can diffuse away from its binding site in PS II into the membrane matrix. During
the reduction process, Qg accepts two protons from the stroma side to form plastoquinol
(PQHa, Scheme [2.2). The free Qp binding site is then occupied by an oxidized plasto-
quinol from the plastoquinone pool (PQ).[*# The electron-transport chain continues via
the Cyt bgf complex and plastocyanin (PC) until PS I is reached. The protons bound in
PQH, are then released into the lumen, which generates a transmembrane proton gradient
usable for ATP synthesis (see Scheme . In PS I, absorption of a photon leads to the
formation of the excited (singlet) state (P700*), which transfers an electron to the primary
electron acceptor in PST (Ag). Asin PS II, the reducing equivalent is transported stepwise
down a redox gradient. From Ay, the electron is passed on to phylloquinone (A;) and
proceeds to the ferredoxin NADP reductase (FNR) via different iron-sulfur centers (FeS)
and ferredoxin (FD). Finally, the reduction equivalent is used to synthesize the reduced
hydrogen carrier NADPH. 2 13|

As mentioned above, excitation of P680 leads to the formation of P680° ", which has a very
oxidizing redox potential (1.2 V vs. NHE).® Due to its redox potential, P680'* can drive
the splitting of water in the oxygen evolving complex (OEC), which is incorporated in the
protein structure of PS IL.B4 A crystal structure of PS II with a resolution of 1.9 A revealed
that the active center of water oxidation is a MnyCaQOs; cluster, which has a cubane-
like structure composed of three manganese, one calcium and four oxygen atoms.m % The
fourth manganese atom and the remaining oxygen atom are located outside the cubane-
like structure. In the cluster, the oxygen atoms serve as oxo-bridges between the five
metal atoms. Since the oxidizing side of the PS II and the OEC are not directly linked
with each other, a nearby tyrosine (Tyr,) acts as an intermediate electron carrier, which
reduces P680°" and then extracts the electrons from the OEC.! However, water oxidation
is a four electron process and therefore requires the successive absorption of four photons
by PS II. With each photon absorption, an oxidized Tyr, (Tyr,") is generated, which then
accepts an electron from the OEC. This stepwise electron transfer from the MnyCaOs
cluster to Tyr,” was summarized in a so-called S-state cycle by Kok et al.X Each S-
state (S to S4, whereby S; to Sy are oxidized states) represents a different oxidation state
of the Mn,CaOs cluster. The model from KOk was extended by DAU and HAUMANN,
who reported a more detailed mechanism for water oxidation (Scheme [2.4)).[% T
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HY e” ifjh\q
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Scheme 2.4: Extended S-state cycle for water oxidation as proposed by DAU and HAU-
MANN. The cycle starts with the dark-stable resting state S; (marked in green). Stepwise
excitation leads to different oxidation states of the Mn,CaQOj cluster in the oxygen evolving
complex. The half-lives of the S-state transitions are added.™

As pointed out in Scheme the water oxidation cycle starts with the (long-term) dark-
stable resting state S;. The absorption of a first photon induces the release of an electron
from the OEC. During the Sy — S5 transition, which takes place after the absorption of
a second photon, a proton and an electron are extracted. It is postulated that the proton
is most likely removed from the OEC or its ligand environment. Within the third flash,
O, is formed. Therefore, a proton is released to form the S, state. After the extraction of
a further electron, the hypothetical intermediate S,  is generated, in which four electrons
have been extracted from the Mn,CaOj cluster. Os is released during the transition from
the S, state to the Sy state. Additionally, a proton is extracted in the course of the
Si+ — Sy transition. The absorption of the fourth photon leads to the transition to the
S; state and therefore closes the cycle. The last absorption goes in hand with the release

of a proton and an electron.
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2.2 The Excited State

The formation of an excited state is a fundamental requirement to investigate the photo-
physical and photochemical properties of a given system. The excited state (ES) can be
generated from the ground-state (GS) by the uptake of a photon as illustrated in Scheme
2.5 In the frame of this thesis, photoinduced reactions rely on electronic transitions that

require photons in the visible region of the electromagnetic spectrum.
— LUMO AIT
hv -
;HT HOMO ;‘7
GS ES

Scheme 2.5: Schematic depiction of the formation of an excited state (ES) after the
uptake of a photon.

In the given example (Scheme , an electron of the highest occupied molecular orbital
(HOMO) is promoted to the lowest unoccupied molecular orbital (LUMO) to form the
excited state. However, the absorption of a photon with a sufficiently high energy can also
lead to a population of a higher-energy electronic state. Various selection rules determine

1920] Forbidden transitions can occur, but their molar

whether a transition is allowed.!
extinction coefficients will be significantly lower than for allowed transitions. Possible
transition and deactivation pathways after photoexcitation are illustrated in a so-called
JABLONSKI diagram (Figure .pl’ Z

A

E

S,

A

hv,, hv, hv

A A4
S,

Figure 2.1: JABLONSKI diagram of molecular electronic states. Absorptions and radiative
transitions (solid lines) and non-radiative transitions (dashed lines) are indicated. The
transitions concerning excitation (ex) as well as fluorescence (f) and phosphorescence (p),
internal conversion (IC) and intersystem crossing (ISC) are visualized. The diagram is
based on refs 22l




2 Theoretical Background

The transitions shown in the JABLONSKI diagram can be radiative (solid lines) or non-
radiative (dashed lines). First, the promotion of an electron from the singlet ground-
state of the system (Sp) to a higher excited singlet state (Si, Sa) occurs after excitation
with a photon. In a given multiplicity, non-radiative internal conversion (IC) to a lower-
energy state (here S, — Sp) can occur since the transition is spin-allowed. In contrast,
direct excitation of the Sy state to a triplet state (T) is not allowed since this transition
is spin-forbidden.23 However, the population of the lowest energy triplet state (Ty) is
possible due to non-radiative intersystem crossing (ISC) from the corresponding singlet
state (S; — Tp). Although this transition is spin-forbidden, the introduction of heavy
atoms will strongly increase its probability due to spin-orbit coupling.2#27 Relevant heavy
atoms in this thesis are ruthenium and iridium (see Chapters 3 and 4) and complexes
containing these metals are known for their fast and productive ISC.2&29 For systems
without heavy atoms, e.g. purely organic molecules (see Chapter 5), slow ISC rates can be
expected. Deactivation of the excited state back to the ground-state can occur thermally
(and non-radiatively) or by emission of a photon. However, significant luminescence is
only observable from the lowest excited state of a given multiplicity (S;, T;), as stated by
KasHA.BT This implies that the excited state will undergo internal conversion until the
lowest excited state is reached within a multiplicity. If the lowest accessible excited state is
a singlet, the luminescence is called fluorescence and the transition is spin-allowed. In case
of a triplet state, the transition to the ground-state is spin-forbidden and the emission is
called phosphorescence. The fact that decay from the T, state to the Sy state is forbidden
leads to longer radiative excited state lifetimes of the triplet state.”¥ A longer lifetime of
an excited state facilitates interaction with another molecule before the deactivation to
the ground-state occurs. Such an interaction can be either energy or electron transfer. In
the context of this thesis, the relevant quenching mechanism is electron transfer and the
possible mechanisms are illustrated in Scheme [2.6]B%

oxidative electron transfer reductive electron transfer

+. = ||+ +

ES Q GS™t Q- GS” Q°

Scheme 2.6: Quenching of the excited state by oxidative electron transfer (left) and
reductive electron transfer (right).E0
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2 Theoretical Background

In an oxidative electron transfer mechanism, the electron of the higher excited state
orbital is transferred to an electron-poor quencher (Q), leading to an oxidized ground-
state (GS'") and a reduced quencher (Q) (Scheme , left part). The excited state
acts as a reducing agent in this mechanism, whereas it functions as an oxidizing agent
in the course of reductive electron transfer (Scheme right part). Here, an electron
of an electron-rich quencher is accepted by the low-energy hole left by the promoted
electron, which oxidizes the quencher (). Electron transfer processes proceeding from
the excited state of a photoactive system can enable reactions that would not be possible
from the ground-state. This is attributable to a stronger oxidation and reduction potential
of the excited state than in the ground-state as indicated in the LATIMER diagrams of the
photosensitizers relevant to this thesis, Ru(bpy)s;** and Ir(bpy)(dF-CF3-ppy).™ (Figure

'[28, 3]

*Ru(bpy),’ *IrF”
-0.83V 0.79V -1.00V 1.32V
212eV 2.69eV
u(bpy)s’

Ru(bpy),* ———— Ru(bpy),’ P ——— EEE—
129V 433V 1.69 V 137V

Figure 2.2: LATIMER diagrams of Ru(bpy)s** (left) and Ir(bpy)(dF-CF3-ppy).™ (right,
the abbreviation IrF was used for clarity) photosensitizers. The stated redox potentials
are given vs. SCE and in CH;CN 2851132

In both photosensitizers, which have a d° low-spin configuration, electron transfer from
the excited state proceeds via an *MLCT state as visualized in Scheme .1281 In the
ground-state of the complexes, the HOMO () is metal-based, whereas the LUMO (n*)
belongs to the ligand. Photoexcitation induces a metal-to-ligand charge transfer (MLCT).
The formed 'MLCT state undergoes intersystem crossing to yield an SMLCT state, which

participates in electron-transfer reactions.

11



2 Theoretical Background

eg eg
i hy i lectron transf
MLCT electron transfer
ISC
ground-state excited state

Scheme 2.7: Simplified representation of molecular orbitals of the octahedral d® low-spin
Ru(bpy)s?t complex, before and after photoexcitation. 28!
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2 Theoretical Background

2.3 Electron-Transfer Reactions

Electron-transfer reactions can be divided into (i) outer-sphere electron transfer or (ii)
inner-sphere electron transfer.B3 In case of an outer-sphere electron transfer between
two redox centers, the reactants are not covalently linked and rely on the formation of
a so-called close contact outer-sphere complex to enhance the weak electronic coupling
between the electron donor (D) and the electron acceptor (A). It needs to be noted that
the formation of such a complex and the subsequent electron transfer do not involve any
bond cleavage or bond formation processes. However, in the course of an electron-transfer
event, bond lengths and bond angles of the reactants in the complex need to be adapted.
Additionally, reorganization of the solvent molecules surrounding the redox centers needs
to take place. Both adjustments lead to an increase of the activation barrier for electron
transfer and have therefore an influence on the electron-transfer rate (kgr). A theo-
retical explanation on electron-transfer rates of outer-sphere self-exchange reactions was
established by RunpOLPH A. MARCUS in the 1950s and is referred to as the classical MAR-
cus theory. P87 NogL S. HusH extended this theory to inner-sphere electron-transfer
reactions.B® %Y Tn the case of inner-sphere electron transfer, the two redox centers are
covalently linked by a bridging ligand or atom, which facilitates the transfer of an elec-
tron. The MARCUS-HUSH theory is also known as the semi-classical MARCUS theory and

describes the electron-transfer rate as stated in Equation 2.1.H%
T . ) A+AGET)?
kpr =\ /w7 Hpa® exp (—T;TT) (2.1)

According to Equation 2.1, three parameters determine the electron-transfer rate: (i) The
reorganization energy (1), (ii) the electronic coupling between the donor and the acceptor
(Hpa) and (iii) the reaction free energy (AGgr®). A and AGgr® are visualized in the
potential energy surface picture for non-adiabatic electron transfer shown in Figure

AHE]) - The potential energy surfaces respond to changes in the electronic

(based on refst
coupling between the reactants. If there is no electronic coupling, the energy surfaces of
the initial state (D-A) and the final state (D""-A"") intersect, but no electron transfer is
possible. Electronic interaction in the D-A system leads to a splitting of the potential
energy surfaces (solid lines in Figure 2.3). In case of a weak electronic coupling, the
splitting is small (Figure[2.3] left part, inset) and the reaction from the ground-state to the
charge-separated state can take place after the uptake of external energy to overcome the
activation barrier (given by AG*) since the system needs to pass through the intersection
surface. Thus, the D'"t-A" state is formed non-adiabatically. However, the potential
energy surface splitting is more pronounced for strong electronic couplings and leads to

an upper and a lower potential energy surface (solid lines in Figure [2.3] right part). The
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reaction will proceed along the lower potential energy surface and the product state is
formed adiabatically. The reaction is therefore independent of the electronic coupling,
which is why Equation 2.1 is only valid for non-adiabatic electron transfer. In the frame

of this thesis, the electron-transfer reactions are treated as non-adiabatic.
non-adiabatic adiabatic

D-A

potential energy
>
potential energy

2 H,, / AG*

N/ e

reaction coordinate reaction coordinate

Figure 2.3: Schematic potential energy surfaces of non-adiabatic (left) and adiabatic
(right) electron transfer in a donor-acceptor system with relevant parameters for the
electron-transfer rate. The figures are based on refsP43l

Reorganization Energy

As mentioned above, electron-transfer reactions are accompanied by reorganization pro-
cesses to adjust to the geometrical changes in the course of an electron-transfer event. 33 44
The energy involved in these processes is called reorganization energy. The overall reor-
ganization energy (A) can be divided into an inner-sphere (};) and an outer-sphere (A\,)
reorganization energy (Equation 2.2), whereby ), usually makes the dominant contribu-

tion for reactions in solution.
A=N + A, (2.2)

A; is often treated as a distance-independent parameter and refers to adjustments of the
donor-acceptor molecule, i.e. bond lengths and bond angles. The reorganization of the
chemical environment of the molecule, like solvent molecules, is reflected by A,, which is

strongly dependent on distances and the solvent polarity (Equation 2.3).

Yo= (e (35425~ ) - (o~ 52) (2.3

Equation 2.3 includes the charge transferred from the donor to the acceptor moiety (Ae)

and the optical and static dielectric constants of the solvent (D, and Dg). D, can also

14
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be described as the square of the refractive index of the solvent, i.e. D,, = n?. The
distance dependence is reflected by the radii of the (spherical) donor (rp) and acceptor
(ra) units and the center-to-center separation distance between these moieties (rpy). An
example of the outer-sphere reorganization energy as a function of rpy is given in Figure
for CH3CN as a solvent (Dg = 35.7, n = 1.3341) and with radii of the spherical donor

and acceptor units of 4 A

1.7
1.5
% _
~ 1.3+
<~
1.1
0.9- T T T T
10 15 20 25 30
roa !l A

Figure 2.4: Distance dependence of the outer-sphere reorganization energy in CH;CN
(Ds = 35.7, n = 1.3341) with spherical donor and acceptor radii of 4 A B4

Electronic Coupling

Electronic coupling between the donor and the acceptor units (Hpa) displays the inter-
action between the distant redox partners. Electronic coupling is a necessary requirement
for electron-transfer reactions and Hpa defines the amount of splitting between the reac-
tant and product potential energy surfaces (see above and Figure [2.3). Even at greater
distances, Hpa can be non-zero since covalent linkers or solvent molecules between the
donor and acceptor units can mediate long-range electronic coupling, according to super-
exchange theory.®% For non-adiabatic reactions, i.e. weak electronic coupling, Hpy is
determined by the electronic coupling between the reactants at contact distance (Hpa®),
the distance decay parameter (), the donor-acceptor distance (rpa) and the contact

distance of donor and acceptor () (Equation 2.4).B4

Hpa(rpa) = Hp o exp(—=B(rpa — o)) (2.4)

It is clear from Equation 2.4 that Hp, is a distance-dependent parameter and 3 therefore
determines how strong Hpa depends on the distance. Hpa usually deceases exponentially

with increasing rpa. Since the electron-transfer rate is proportional to Hpa? (Equation

15



2 Theoretical Background

25
20
_’\ Bw
@ 154 D-A
N:
= 10- B
£
54 .
protein backbone
0 T T T T

10 15 20 25 30 35
foa ! A

Figure 2.5: Distance dependence of the electron-transfer rate in a protein backbone (red)
and a donor-acceptor system (green).H% 47 The slopes correspond to the different distance
decay parameters.

2.1), kgr must decrease as a consequence, if the donor-acceptor distance is increased

(Figure [2.5)).

Reaction Free Energy

As shown in the potential energy surface picture of non-adiabatic electron transfer (Figure
, left part), the reaction free energy (AGgr®) is the difference in energy between the
reactant and the product potential energy surface minima. The negative reaction free
energy (-AGgr") is referred to as the driving force of an electron-transfer reaction. The
dependence of the electron-transfer rate on the driving force is visualized in Figure [2.6]
Based on MARCUS theory, three regions for electron transfer are accessible: (i) Normal
regime, (i) activationless electron transfer and (iii) inverted regime.B*4% In the normal
regime (-AGgr® < 1), an activation barrier between the reactant and product potential
energy surfaces needs to be overcome in the course of electron transfer. This barrier
decreases if the driving force is increased, i.e. kgr increases with an increasing driving
force. The increase of kgt is observable until the driving force equals the reorganization
energy. Here, maximal kgr is reached and electron transfer proceeds activationlessly.
A further increase of the driving force is followed by a decrease of kgr and entails the
occurrence of an increasing activation barrier with increasing driving force. This region,

where -AGgr® > X, is called the inverted regime.
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normal activationless inverted

~AG" < A

kET
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-A GETO

Figure 2.6: Simplified dependence of the electron-transfer rate on the driving force,
including the different regions of the MARCUS theory of electron transfer. The figure is
based on refH?,
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2.4 Two-Pulse Laser Experiments

At present, two-pulse laser experiments (either realized by traditional two-pulse laser flash
photolysis or by pump-pump-probe spectroscopy) are becoming more important to ini-
tiate and study photochemical processes. The double excitation approach allows it to
obtain more detailed information about processes and mechanisms than obtainable from
single-pulse experiments.®® 3 Excitation with two pulses can also lead to new chemical

H9.50 This is mainly due to the fact

processes, unachievable by conventional excitation.
that the exclusively formed excited states, like excited radical ions, show different reac-
tivities than in the ground-state, e.g. higher redox abilities.®! Additionally, high-energy
excited states can be reached that are not accessible by one-photon excitation.52 53 The

general working principle of two-pulse laser experiments is illustrated in Figure . (50, B4

s -y gs @D L Nt Yy N

At

Figure 2.7: Schematic illustration of the two-pulse method based on refs®® 54

The ground-state (GS) is excited with a first laser pulse to produce the (reaction) inter-
mediate (INT). The formation of the INT species, which can for example be a radical
(ion) or the lowest triplet state of the GS species, occurs either directly over the locally
excited state of GS (ES) or a quencher (Q) is added to get from ES to the INT species.
Since the first laser pulse has a synthetic purpose, it can also be called the ‘preparation
pulse’ or ‘actinic pulse’. After a delay time (At), the second laser pulse is applied to
study the photochemistry of the intermediate, as INT* is generated by that pulse (Figure
. This pulse can also be called the ‘investigation pulse’. Since the intermediate and
the ground-state species usually show spectral differences, the excitation wavelength of
the second pulse can be chosen selectively to ensure only excitation of the intermediate.
The following parameters can be varied in the course of a two-pulse experiment: (i) The
delay time, (ii) the laser wavelengths and their intensities, (iii) if necessary, a quencher
can be added to convert the GS species into the desired intermediate. The optimization
of the experimental conditions is crucial in two-pulse laser experiments. For example,
in a multicomponent system, composed of a photosensitizer, a reversible electron donor
and the methylviologen dication (MV?"), successful light-driven two-charge accumulation
on MV?* can only be achieved when a high concentration of the first charge-separated
state (CSS) MV '+ is present before the second laser pulse is applied.®? Additionally, the

wavelength of the second pulse needed to be chosen in a way that no direct excitation of
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MVt was possible since the electron transfer in the given charge accumulation process

relied on quenching of the excited photosensitizer by the added electron donor.

Multiple-pulse experiments, whereby mainly two-pulse experiments are used, have three
main applications: (i) They can be used to generate higher excited singlet and triplet
states as well as excited radicals, which can then be investigated concerning excited state

49, [50), 541, [56H58] (11)

behavior and dynamics, subsequent reactions and lifetimes. ! Such exper-

iments can also be used to achieve dissociation or fragmentation of highly excited species

H8, 5965 In particular, photoionization is an inter-

via bond cleavage or photoionization.
esting field of application since hydrated electrons can be generated, which are extremely
strong reductants. One way to generate hydrated electrons is by excitation with two

48,611 Here, the preparation pulse produces a neutral or anionic

photons below 400 nm.!
radical which undergoes photoionization after the second pulse. In the case of the anionic
radical, a quencher needed to be added. Optimization of the latter mechanism towards a
sustainable production of hydrated electrons can be reached with green light while a ruthe-
nium complex catalyst and a bioavailable sacrificial electron donor are used in the overall
photoionization process.!82 66 Recently, a water-soluble iridium catalyst was reported as
a sustainable hydrated electron source after absorption of two visible photons, which is
applicable for challenging lab-scale reductions.®¥ (iii) Additionally, electron and energy
transfer reactions in molecular donor-acceptor systems, like dyads, triads or tetrads, can
be performed and investigated with two-pulse excitation.?? 67 Within the frame of this
thesis, two-pulse laser experiments are applied to molecular triads, hence a more detailed
description of the application of two-pulse experiments is limited to selected examples of

twofold light-induced electron transfer in donor-acceptor arrays.

WASIELEWSKI et al. reported femtosecond two-pulse experiments for a molecular donor-
acceptor dyad and a molecular donor-acceptor-acceptor triad (Figure , which were
tested for their ability to function as molecular switches.® Both arrays contained a
4-aminonaphthalene-1,8-dicarboximide chromophore (ANI), which acted as an electron
donor, and a naphthalenediimide (NI) acceptor, connected by a p-xylene bridge. In the
case of the triad, an additional pyromellitimide (PI) acceptor was directly linked to the NI
unit. In both compounds, the first laser flash at 416 nm directly excited the charge transfer
transition of the ANI chromophore. Subsequent electron transfer from the excited ANI
moiety to the NI acceptor produced an ion pair, whose fate was controlled by the second
laser flash at 480 nm after a time delay of 3 ns (Figure[2.8)). At 480 nm, selective excitation
of the NI~ species occurred. It was observed for the dyad that the second photon rapidly
switched the formed state back to the locally excited state on ANT (**ANI-NT). However,
the second pulse in the triad resulted in the CSS ANI'*-NI-PI" since the pulse provided

the necessary energy to transfer the electron from the reduced NI unit to PI. This electron-
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transfer step is significantly faster than the switching to the locally excited state on ANI.
The two-pulse experiments of WASIELEWSKI et al. showed that it is possible to control

the movement of electrons within the given arrays on a femtosecond time scale.
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Figure 2.8: Left: Molecular structure of the ANI-NI dyad and schematic energy dia-
gram showing the relevant excited states and CSSs after twofold photoexcitation. Right:
Molecular structure of the ANI-NI-PI triad and schematic energy diagram showing the
relevant excited states and CSSs after twofold photoexcitation. Schematic diagrams are
adapted from ref®

A few years later, WASIELEWSKI et al. published an investigation on a molecular tetrad
TMPD-6PMI-ZnP-PI (Figure and its gating behavior.” The tetrad was comprised
of two donor-acceptor pairs (TMPD-6PMI and ZnP-PI), covalently linked by a phenyl

spacer.
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Figure 2.9: Molecular structure of TMPD-6PMI-ZnP-PI.

Each donor-acceptor pair could be selectively excitated. Excitation of the 6PMI unit was
performed at 540 nm and afforded the CSS TMPD *t-6PMI"", which underwent rapid
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thermal charge recombination (t = 55 ps) back to the ground-state. The CSS ZnP'-
PI™ was obtained after excitation of the ZnP unit at 420 nm and recombination to the
ground-state occurred in 320 ps. One-pulse excitation of the tetrad therefore resulted in
a so-called ‘off” state. However, subsequent excitation with a second pulse to excite the
second donor-acceptor pair formed a long-lived distal ion pair TMPD *-6PMI-ZnP-PI"",
which represented the so-called ‘on’ state. The reversible formation of this long-lived CSS

only occurred when two excitation pulses were applied to the tetrad (see also Chapter 5).

WENGER et al. used the two-pulse technique to explore the fundamentals important for
charge accumulation.®® In 2016, they reported a molecular pentad (Figure which
was able to form a long-lived electron accumulated state without the use of sacrifical
reagents after (intense) visible light excitation, but such examples are scarce.” In such
a compound, undesired reaction channels are opened after the absorption of a second
photon, which can inhibit successful charge accumulation. To gain more insights into
those undesired processes, WENGER et al. used a molecular triad (Figure , which is
structurally similar to the pentad, to trigger and study these processes in isolation since
the triad cannot undergo charge accumulation. The triad is comprised of a triarylamine
(TAA) electron donor, a ruthenium photosensitizer and an anthraquinone (AQ) electron

acceptor.

Figure 2.10: Molecular structure of the pentad that undergoes charge accumulation and
the triad that was used to investigate the fundamentals of light-induced charge accumu-
lation.
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The preparation pulse at 532 nm served to produce the CSS of the triad, composed of
an oxidized TAA (TAA'") unit and a reduced AQ (AQ") moiety. Formation of this
state was possible due to an intramolecular electron-transfer process. With the second
pulse, selective excitation of the AQ ™ moiety at 580 nm or selective excitation of the
TAA'" unit at 810 nm was performed after a time delay of 400 ns. In both cases,
rapid reverse electron transfer to the ground-state of the triad was induced by the second
pulse. This means that the excitation of the radical ion species caused a light-induced
charge recombination between AQ~ and TAA . Here, two-pulse experiments gave direct
evidence for a process that can hamper light-induced charge accumulation. A similar
observation was also reported by WASIELEWSKI et al. in the context of molecular switches

as stated above.

The importance of the structural design of molecular systems for two-pulse laser experi-
ments manifests in a recently reported study by AUKAULOO et al.. With the molecular
dyad HoP-Rue,; (Figure , charge accumulation in presence of a reversible electron ac-
ceptor was intended, as well as investigations of the mechanism of charge transfer and the
elemental steps leading towards charge accumulation. The dyad consists of a porphyrine

photosensitizer and a ruthenium-based catalyst. MV?* was used as an electron acceptor.

Figure 2.11: Molecular structure of HoP-Rugas-

However, no charge accumulation was observed after twofold excitation of HyP-Ru,,, with

visible light. The proposed reaction behavior is summarized in Scheme

515nm _ rapid 515nm _ ,
HzP-Rucar VaRY H2P*-Rucat HoP-Rulllcy HoP-Ru'lco %»
MV2+ MV "+ \// MV2+ MV "+

rapid

HoP-Rugat

Scheme 2.8: Proposed reaction behavior of HyP-Rug,; upon twofold excitation. Mecha-
nism adapted from refl.
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With the first pulse, the porphyrin chromophore was excited and the excited state was
then quenched by MV?* to yield MV'* and HoPT-Rug,. However, HoPT-Rug,: was not
the final intermediate of the preparation pulse since it undergoes rapid intramolecular
charge transfer to form HoP-Ru™,;. Application of the second pulse on the final inter-
mediate HyP-Ru',; did not result in desired charge accumulation since the excited state
*HyP-Ru'll.,; performed a rapid intramoleclar electron transfer, instead of intermolecular
quenching with MV2*, to yield HoPT-Ruca;, which then converted to the final intermediate
of the first pulse HyP-Ru' ;. AUKAULOO et al. explained their observation with a rapid
reverse electron transfer upon secondary excitation, combined with a low driving force
of the forward photodriven electron-transfer reaction. Those results underline the im-
portance of an appropriate molecular design for two-pulse experiments. In particular, it
needs to be considered that the driving force for forward electron transfer after secondary
excitation is high enough for the anticipated reaction to occur. Additionally, stabilization

of the charge transfer states could help to avoid reverse electron transfer.

In summary, two-pulse laser experiments are a powerful tool to gain more knowledge about
highly excited states and processes relevant for artificial photosynthesis and solar energy
conversion. However, an appropriate molecular design and the choice of the experimental
parameters are crucial to obtain meaningful results. It needs to be noted that radical
anions as intermediates, which are produced by the preparation pulse, can also be formed
via pulse radiolysis®! ™™ or (electro)chemically. ™™ Tl Here, the ‘second’ pulse still

serves to investigate the fate of the intermediate upon secondary excitation.
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3 Influence of the Driving Force on the
Distance Dependences of

Electron-Transfer Rates

Finding alternatives for fossil fuels is of key importance to cover current and future energy
demands since the resources are known to be limited and the combustion of fossil fuels
has a negative impact on the climate.B! In comparison, the sun would be a ‘greener’ and
more sustainable energy source. However, to ensure efficient solar energy conversion and
storage, distinct knowledge about the distance dependence of electron-transfer rates is
desirable since long-range electron transfer plays a crucial role in photosynthesis.77 7
An increase of the distance between two reactants is normally followed by a decrease of
the electron-transfer rate.B8 578083 However, a regime in which the rate constants for
electron transfer increase with increasing distance was predicted in two early theory papers
by SUTIN and TACHIYA and can be understood in the framework of MARCUS theory (see
also Chapter.[84’ 8] To illustrate and explain this matter, so-called MARCUS parabolas
for different donor-acceptor distances (rpa) are schematically shown in Figure (left
part).
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Figure 3.1: Left: Schematic driving force dependence of the electron-transfer rate for
different donor-acceptor distances with a high driving force (squares) and a low driving
force (circles). Right: Schematic distance dependence of krr with a low driving force
(upper graph) and a high driving force (lower graph).
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In general, MARCUS parabolas exhibit a Gaussian dependence of electron-transfer rates
(kgr) on driving forces (-AGgr?), which are negative reaction free energies, for constant
donor-acceptor distances.?3 Each parabola shows a maximal kgr when -A Ggr® equals the
reorganization energy (A). Here, electron transfer is activationless. When -AGgr? < X,
an increase of kgr with increasing driving force can be observed in the so-called normal
regime. However, kgr decreases with increasing driving force when -AGgr? > A, and
this is known as the so-called inverted regime.B988 An increase of rpy results in a shift
of the parabolas to the bottom right of Figure . Besides AGgt’, kgt is dependent
on the reorganization energy ()\) and the electronic coupling between donor and acceptor
(Hpa).B3®) Hp), usually decreases exponentially when rpy increases, which leads to an
exponentially decrease of kgr in the tunneling regime. #6 8% 80 91 Thig shifts the parabolas
down. The shift to the right can be explained by an increase of the (outer-sphere) reorga-
nization energy. An increase of rpa causes more isolated point charges, which result in an
increase of 1.2 Since a maximal kgr is reached when -A Ggr® = X, the parabolas shift to
higher driving forces and therefore to the right. Thus, the combination of an increasing A

and a decreasing Hpa with increasing rpa results in the shifts shown in Figure [3.1]

In a given donor-photosensitizer-acceptor triad, the driving force can be seen as essentially
constant if rpy is increased (vertical dotted lines in Figure . Depending on the driving
force of the triad, different behaviors can occur as indicated in the parabola picture. Low
driving forces are in agreement with the usually observed constant decrease of kgr with
increasing donor-acceptor distance (Figure upper right). However, it is indicated for
high driving forces that kgt increases before a decrease can be observed (lower right in
Figure . This predicted counterintuitive behavior was experimentally observed for the
first time by WENGER et al. in 2016 in covalently linked donor-photosensitizer-acceptor
triads.”% 24 The first of their triads that displayed the counterintuitive behavior is shown
in Figure 3.2 After a first elongation of the donor-acceptor distance, an increase in
kgt for thermal charge recombination was observed. Further increase of rpu resulted in
a decrease of kgr. The observations were explained by a changeover from inverted to
barrierless electron transfer, after the first elongation step, to normal electron transfer

after the second elongation of the donor-acceptor distance.
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-AGgr? = ca. 1.6 eV
n=1-3

Figure 3.2: Molecular structure and driving force of the first donor-photosensitizer-
acceptor triad that showed counterintuitive behavior after a first elongation step.

To increase the understanding of this counterintuitive phenomenon, systematic investiga-
tions regarding the influence of the driving force on the distance dependence of electron-
transfer rates were performed in the project presented in this chapter. Therefore, two
sets of molecular triads were designed in which the donor-acceptor distances could be in-
creased by symmetrical addition of p-xylene spacers (Figure . The triads have either
a significantly lower driving force for thermal charge recombination (ca. 1.2 eV in TAA-
ph,-Ru-ph,-NDI) or a higher driving force (ca. 2.0 eV in TPA-ph,-Ir-ph,-AQ), compared
to a reported triad by WENGER et al. with a driving force of roughly 1.6 eV (Figure
.[93] It is intended to observe the usually expected decrease of the electron-transfer
rate when going to a significantly lower driving force. The set of triads with even higher
driving forces should show similar behavior as reported by WENGER et al. since electron

transfer is expected to occur in the inverted region for the shortest triad.
T 2+

N— CgH17

CeHiz O

TAA-ph,-Ru-ph,-NDI
AGer?=ca. 1.2 eV

TPA-phy-Ir-ph,-AQ
-AGer? = ca. 2.0 eV
n=1.2

Figure 3.3: Molecular structures of the investigated triads TAA-ph,-Ru-ph,-NDI and
TPA-ph,-Ir-ph,-AQ in this chapter. Driving forces for thermal charge recombination are
added.
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3 Distance Dependences of Electron-Transfer Rates

The studies on the triads in Figure [3.3| confirm the view that highly exergonic electron-
transfer reactions can exhibit fundamentally different distance dependences than the more
commonly investigated weakly exergonic electron transfers. In TAA-ph,-Ru-ph,-NDI, the
electron-transfer rate for thermal charge recombination decreases with increasing donor-
acceptor distance. However, the electron-transfer rate in TPA-ph,-Ir-ph,-AQ increases
with increasing donor-acceptor distance. This is attributable to a changeover from the
inverted regime to activationless electron transfer, for the triad with a high driving force
(TPA-ph,-Ir-ph,-AQ), or to a changeover from activationless electron transfer to the
normal region of the MARCUS model in case of the triad with a low driving force (TAA-
ph,-Ru-ph,-NDI).

The results of the project that is presented in this chapter were published in Inorganic
Chemistry®® during these PhD studies. Additional calculations concerning the energy

diagrams in the supporting information can be found in the Appendix.

e Neumann, S.; Wenger, O. S. Fundamentally Different Distance Dependences of
Electron-Transfer Rates for Low and High Driving Forces. Inorg. Chem. 2019,
58, 855-860.
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ABSTRACT: The distance dependences of electron-transfer
rates (kgp) in three homologous series of donor—bridge—
acceptor compounds with reaction free energies (AGyy) of ca.
—1.2, —1.6, and —2.0 eV for thermal charge recombination
after initial photoinduced charge separation were studied by
transient absorption spectroscopy. In the series with low
driving force, the distance dependence is normal and kgp
decreases upon donor—acceptor distance (rp,) elongation. In
the two series with higher driving forces, kgp increases with
increasing distance over a certain range. This counterintuitive
behavior can be explained by a weakly distance-dependent
electronic donor—acceptor coupling (Hp,) in combination

-0 e
: @i
N=CgH,

NM 4 \)_(/ \M Q va- sy
o Q (4]

Q N—R —N 7 T G 10" A
-AG = 1.2 eV L
\/
y1o— AT
Q 4 : B3 O.O

FiC " CFy .

- N—I —N 9

‘ ; "G’ =206V 22 24 26 28 30

¢ D-Adistance / A

with an increasing reorganization energy (4). Our study shows that highly exergonic electron transfers can have distance
dependences that differ drastically from those of the more commonly investigated weakly exergonic reactions.

B INTRODUCTION

Numerous prior studies investigated the distance dependence
of electron-transfer rates (kgr) and the role of the intervening
medium between the donor and the acceptor.' Rigid rod-like
donor—bridge—acceptor compounds,”™"* properly folded
proteins, or DNA equipped with suitable photosensitizers are
particularly useful for investigations in which the donor—
acceptor distance (rp,) must be kept constant on the timescale
of an electron-transfer event."'*~'” Saturated hydrocarbon
bridges or protein backbone typically enable long-range
electron transfer via tunneling,"*'” whereas conjugated bridges
or DNA can give rise to hopping.”’~>" Though the distance
dependences of kg are markedly different for these two
mechanisms, both usually lead to a decrease of kg with
increasing distance. Experimental studies that reported on an
increase of kg at greater rp, are extremely rare.* 7% To
complement such distance-dependence studies, other inves-
tigations focused on the dependence of kgp on reaction free
energy (AGY;),* 7 and the dependence of kyy on AGY; at
fixed rp, is now reasonably well understood. However, we are
unaware of prior systematic studies of the distance dependence
of kgr as a function of AGyr. Against the background of our
recent finding that kgr can increase with increasing distance in
donor—photosensitizer—acceptor triads,***” and given the
theoretical prediction of such counterintuitive effects,***° we
explored the distance dependence of kg in the three series of
triads shown in Scheme 1. These triads contain either a
relatively strong triarylamine (TAA) donor with methoxy
substituents or a weaker triphenylamine (TPA) donor with
chloro substituents. As acceptors, a naphthalene diimide
(NDI) unit or an anthraquinone (AQ) moiety was employed.

W ACS Publications  © 2018 American Chemical Society 855

Excitation of the metal photosensitizers in these compounds
induces rapid (<10 ns) charge separation leading to a radical
pair state that subsequently undergoes thermal charge
recombination between reduced acceptor and oxidized
donor. The driving force for that recombination process
(—=AGYy) varies from ca. 1.2 eV (TAA-ph,-Ru-ph,-NDI series)
to ca. 1.6 eV (TAA-ph,-Ru-ph,-AQ) and ca. 2.0 eV (TPA-ph,-
Ir-ph,-AQ). The key finding is that for the triads with —AGZy
~ 1.2 eV, the distance dependence of the electron-transfer rate
for charge recombination (kcg) is normal (ie., kcp decreases
with increasing distance), whereas in the two other triad series,
kcg increases with increasing donor—acceptor separation. This
shows that highly exergonic electron transfers can have
distance dependences that differ fundamentally from those of
the more frequently investigated weakly exergonic reactions.

B RESULTS AND DISCUSSION

The molecular triads were synthesized and characterized as
described in the Supporting Information. Cyclic voltammetry
was used to determine the redox potentials of the individual
components of all triads (Supporting Information, page S35),
leading to the —AGy values in Scheme 1. When exciting a 20
uM CH;CN solution of TAA-ph,-Ru-ph;-NDI at 532 nm with
laser pulses of ~10 ns duration, the transient absorption
spectrum recorded immediately afterward (Figure 1a) shows
the spectroscopic signatures of the anticipated charge-
separated state, as confirmed by the chemical oxidation and
reduction UV—vis difference spectra for TAA* (Figure 1b) and
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Scheme 1. Structures of Molecular Triads and Driving
Forces for Charge Recombination (—AGZy) between
Oxidized Donors and Reduced Acceptors

-0 _]2+
Q CeHis
NS 7 \_/ \ O O N-CeHyy
=N N= ;:'::
@ 2\ / Cgthz O
N—Ru—N
—0 /

TAA-ph ,-Ru-ph,,-NDI

-AGcr” =ca. 1.2 eV
n=12

TAA-ph-Ru-ph,-AQ
-AGcgr® = ca. 1.6 eV
n=1-3

TPA-ph-Ir-ph,-AQ
-AGcg? = ca. 2.0 eV
n=12

NDI™ (Figure 1c). After selective excitation of the Ru(II)
sensitizer at 532 nm, *MLCT-quenching by NDI followed by
subsequent electron transfer from TAA to Ru(Ill) is mainly
responsible for the rapid (<10 ns) formation of the observable
TAA*/NDI™ photoproduct (Supporting Information, page
S41). This is also the case for the longer congener TAA-ph,-
Ru-ph,-NDI (Supporting Information, page S41). Conse-
quently, when monitoring the temporal evolution of the TAA*
and NDI" signals at the relevant wavelengths (Figure 1d/e and
Supporting Information, page S46), one observes instant
decays because of thermal charge recombination via intra-
molecular electron transfer (Supporting Information, page
S47). On the basis of kinetic measurements at 475, 607, and
770 nm, rate constants (kcg) of (4.8 + 0.5) X 10°s™' and (1.3
+ 0.1) X 10° s were determined for TAA-ph,-Ru-ph;-NDI
and TAA-ph,-Ru-ph,-NDI in de-aerated CH;CN at 20 °C
(Table 1). Thus, a decrease of kg is observed when elongating
rpa from 21.7 to 302 A (red squares in Figure 2), as
commonly expected. rp, corresponds to the centroid-to-
centroid distances between donors and acceptors of our triads.

However, the new TAA-ph,-Ru-ph,-NDI data are in clear
contrast to the results previously obtained for the TAA-ph,-Ru-
ph,-AQ_series of triads (Scheme 1, middle), in which the
elongation from n = 1ton =2 caused an increase of kcyp by
roughly a factor of 8 (blue circles in Figure 2).>**” In this triad
series where AQ instead of NDI is the terminal acceptor,
—AGYy is con51derably higher (ca. 1.6 eV, Scheme 1), and an
activation barrier (AGEy) of ca. 43 meV made electron transfer
in the compound with n = 1 relatively slow, whereas in the
triad with n = 2, it was activationless. Given the relatively
strongly exergonic nature of charge recombination in that
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Figure 1. (a) Transient UV—vis absorption spectrum of 20 uM TAA-
ph;-Ru-ph;-NDI in de-aerated CH;CN at 20 °C. The sample was
excited at 532 nm with laser pulses of ca. 10 ns duration, detection
occurred by integration over a period of 200 ns immediately
afterward. (b) UV—vis difference spectrum resulting from chemical
oxidation of the TAA unit in TAA-ph;-Ru-ph;-NDI with Cu(ClO,),
in CH;CN. (c) UV—vis difference spectrum resulting from chemical
one-electron reduction of the NDI unit in TAA-ph;-Ru-ph,-NDI with
sodium in tetrahydrofuran. (d) Temporal evolution of the transient
absorption signals for TAA-ph;-Ru-ph;-NDI (n = 1) and TAA-ph,-
Ru-phy-NDI (n = 2) monitoring the NDI” band at 475 nm. (e)
Analogous to (d) but monitoring the TAA* band at 770 nm.

series and the expected increase of the (outer sphere)
reorganization energy () with increasing distance,*”*" these
observations were attributed to a changeover from the inverted
reglme (=AGZg > A for n = 1) to the activationless point
(=AGY; = A for n = 2).>** This raised the questlon whether
in a compound series with even more negative AGgy, an even
stronger increase of kcy with increasing distance could become
observable because the reaction could be more deeply inverted
in the shortest compound. This question can now be addressed
with the TPA-ph,-Ir-ph,-AQ series for which AGX = ca. —2.0
eV (Scheme 1 bottom, Supporting Information, page S38).
The envisioned formation of a charge-separated state storing
2.0 eV necessitated the use of a cyclometalated Ir(III)
sensitizer with a photoactive MLCT state at higher energy
than that of Ru(bpy);**. In combination with a chloro-
substituted TPA donor and an AQ acceptor, a highly energetic
charge-separated state comprising TPA* and AQ~ is indeed
formed within 10 ns in both TPA-ph,-Ir-ph;-AQ _and TPA-ph,-
Ir-ph,-AQ_ after excitation at 450/420 nm (Supporting
Information, page S43). When monitoring the transient
absorption decays at the wavelengths diagnostic for TPA*
and AQ~ (Supporting Information, page $46), this radical ion
pair is found to collapse with rate constants of (1.0 + 0.1) X
105 s™" in the compound with n = 1 and (1.2 + 0.1) X 107 s™"
in the triad with n = 2 (Table 1). Evidently, electron transfer
accelerates with increasing distance (green triangles in Figure
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Table 1. Electron-Transfer Parameters for the Four New Triads: Donor—Acceptor Distance (rp,), Rate Constant for Thermal
Charge Recombination (kcg), (Negative) Reaction Free Energy (AGg), Activation Free Energy (AG¢y), Reorganization
Energy (1), and Electronic Donor—Acceptor Coupling (Hp,)

compound rpa/A ker/s™ —AGY:/eV AGE /meV AleV Hpa/cm™!
TAA-ph,-Ru-ph,-NDI 217 (4.8 + 0.5) X 10° 127 + 0.05 0 127 + 0.05 0.13 + 0.02
TAA-ph,-Ru-ph,-NDI 30.2 (13 + 0.1) x 10° 123 + 0.05 47+6 1.82 + 0.35 0.09 + 0.02
TPA-ph,-Ir-ph;-AQ 220 (1.0 + 0.1) X 10° 1.99 + 0.05 69 + 5 1.37 + 0.36 035 + 0.06
TPA-ph,-Ir-ph,-AQ 30.6 (12 + 0.1) x 107 1.96 + 0.05 0 1.96 + 0.05 0.22 + 0.04

increase of the distance-dependent outer-sphere reorganization

107 A M TAA-ph,-Ru-ph,-NDI energy (4o),"" and such models cannot be expected to give an

R ® TAA-ph,-Ru-ph,-AQ accurate quantitative description of our triads. All our

.‘ et A TPA-ph,-Ir-ph -AQ compounds include a cationic photosensitizer, and the

oLt L. . reorganization of counteranions in the course of intramolecular

" 104 A . . felectron tra.nsfer is likely to play a non-negligible role, yet is not

~ ‘,' . included in such models. Moreover, the experimental

83 uncertainties in A are up to nearly 0.4 eV (Table 1) for

R reasons discussed in the Supporting Information on page S51.

. The key point from this analysis of reorganization energies is

10°+ . that A, shows the qualitatively expected increase upon distance

elongation, but simple models are unable to provide a

o quantitative description of the observable effect, and large

20 25 30 35 40
D-A distance / A

Figure 2. Distance dependence of kcy in the three triad series from
Scheme 1.

2), contrasting the behavior found for the TAA-ph,-Ru-ph,-
NDI series (red squares in Figure 2) but in line with the TAA-
ph,-Ru-ph,-AQ triads (blue circles in Figure 2). In the TPA-
ph,-Ir-ph,-AQ_ series where charge recombination is more
exergonic (AG2y = —2.0 eV), kcy increases by a factor of 12
between n = 1 and n = 2, compared to a factor of 8 for the
TAA-ph,-Ru-ph,-AQ triads (AGly = —1.6 eV). Thus, the
anticipated enhancement of the rate acceleration upon further
increase of the driving force (—AGZg) is indeed observable but
it is modest. By measuring the charge recombination kinetics
as a function of temperature (Supporting Information, page
$49), an activation energy of 69 meV is found for TPA-ph,-Ir-
ph;-AQ, whereas the charge recombination turns out to be
activationless in TPA-ph,-Ir-ph,-AQ (Table 1, Supporting
Information, page $49). Thus, in TPA-ph;-Ir-ph;-AQ, electron
transfer occurs in the more deeply inverted regime than in the
previously investigated TAA-ph,-Ru-ph,-AQ triad (AGE =43
meV),**"” as anticipated. The driving force is essentially
temperature independent in the relevant regime (Supporting
Information, page S39).

It is insightful to compare all relevant electron-transfer
parameters in the two extreme cases of the newly investigated
TAA-ph,-Ru-ph,-NDI and TPA-ph,-Ir-ph,-AQ systems (Table
1). On the basis of the experimentally determined activation
energies, reorganization energies (1) can be estimated
(Supporting Information, page SS1), and they are found to
increase from 1.3—1.4 eV in the systems with n = 1 to 1.8—2.0
eV in the triads with n = 2 (Table 1). The dielectric continuum
model based on spherical donors and acceptors with radii of 4
A predicts an increase in 4 of ca. 0.3 eV for CH,CN
solvent,”®*”**™* but the experimentally observed effect is
larger (0.5—0.6 eV). However, it has been noted earlier that
dielectric continuum models tend to underestimate the
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experimental uncertainties make application of more sophis-
ticated models not worthwhile. The prior use of a model taking
electron—vibrational coupling** into account did not lead to a
significant improvement.37

The temperature-dependent measurements of kcp further-
more give access to estimates of the electronic donor—acceptor
couplings (Hp,, Supporting Information, page S52), and we
find values on the order of 0.1-0.4 cm™' (Table 1). Depending
on donor—acceptor distances and the type of molecular bridge,
values in the range of 10® to 107! cm™' are not
uncommon.”™*" The decrease in Hp, upon distance
elongation from n = 1 to n = 2 is relatively modest and
would translate to distance decay constants (/) of ca. 0.1 A7,
which is considerably lower than what is typically expected for
oligo-p-phenylene bridges (8 = 0.4—0.8 A~1).***'~*" However,
B is not a bridge-specific parameter but instead depends on the
entire combination of donor, bridge, and acceptor.51_53
Moreover, our estimate for # can only be based on two data
points, and it is possible that there are nonexponential
contributions to the distance-dependent electronic coupling.54
Evidently, our bridges all contain a bipyridine ligand and as
such do not constitute a homologous series of identical
elements, which is a key assumption of many models treating
the distance dependence of ker.>>¢ As noted earlier,”” the
distance decay constants below 0.2 A™' are likely to be an
indication of a more complex situation, which may involve
conformational variability and which could signal the onset of
multistep hopping rather than tunneling. On the other hand,
our earlier investigations of oligo-p-xylenes demonstrated that
the electronic structure of this particular bridge type is
significantly less length dependent than that of oligo-p-
phenylenes,"*”*® making a distance-dependent changeover
from tunneling to hopping, as reported previously for
unsubstituted p-phenylene bridges,”® less likely in our systems.

Using the parameters in Table 1, Marcus parabola showing
kcg as a function of reaction free energy (AGRy) at fixed rpy
can be calculated (Figure 3). Upon distance elongation, the
parabolas undergo the expected bottom rightward shift
because of the decrease of Hp, and the increase of A with
increasing distance (Table 1).* The driving force is essentially
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Figure 3. Plots of kcg vs AGXg based on the parameters from Table 1.
(a) TAA-ph,-Ru-ph,-NDI systems with n = 1 (solid red) and n = 2
(dotted red). (b) TPA-ph,-Ir-ph,-AQ systems with n = 1 (solid
green) and n = 2 (dotted green). The dotted vertical lines mark the
relevant driving forces for charge recombination.

constant in a given series of our triads, and this is represented
by dotted vertical lines in Figure 3. In the TAA-ph,-Ru-ph,-
NDI series where AGYy is relatively low (—1.2 eV), this nicely
visualizes the changeover from activationless electron transfer
in the compound with n = 1 (red square at the top of the solid
red parabola, Figure 3a) to electron transfer in the normal
regime (red square in the left half of the dotted red parabola,
Figure 3a) in the triad with n = 2. By contrast, in the TPA-ph,-
Ir-ph,-AQ series, charge recombination in the compound with
n = 1 occurs in the inverted regime (green triangle in the right
half of the solid green parabola of Figure 3b), whereas in the
compound with n = 2, it takes place at the activationless point
(green triangle at the top of the dotted green parabola of
Figure 3b).

B CONCLUSIONS

In summary, our study shows that electron-transfer rates can
either increase or decrease with increasing donor—acceptor
distance, in clear contrast to the common belief that reaction
rates always get slower when the distance between individual
reactants increases.”> This counterintuitive behavior is readily
understandable in the framework of Marcus theory, as pointed
out in two early theory papers,***” yet this does not seem to be
nearly as widely known as the inverted driving force effect. The
present study is the first systematic investigation of the
distance dependence of kgr as a function of driving force,
geared at testing these early theoretical predictions. The key
finding is that highly exergonic electron-transfer reactions can
indeed exhibit fundamentally different distance dependences
than the more commonly studied weakly exergonic reactions.

The semiclassical Marcus model used herein (and in the
early theoretical prediction)*® provides an adequate qualitative
description, but there is evidence from our investigations that
an accurate quantitative description will require more
sophisticated models.*® Specifically, the model used herein
yields relatively large increases of the outer-sphere reorganiza-
tion energy paired with rather shallow distance dependences of
Hp,. The combination of these two effects might point at a
systematic error made when using the simple Marcus model.

The qualitative picture has now become fairly clear from the
investigation of the seven triads presented herein, and the
simple Marcus model is very valuable to understand the little-
known effect of increasing reaction rates with increasing
distance. Just like the much better known inverted driving
force effect,*>” the phenomenon predicted by Sutin and
Tachiya,”®*” and then first observed in an unambiguous
manner by us,*® might have important implications for solar

858

energy conversion.*” In particular, the competition between
photoinduced charge separation and (undesired) thermal
charge recombination reactions in solar energy conversion
devices could crucially depend on the different distance
dependences of weakly and more strongly exergonic electron-
transfer reactions.
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Synthesis and product characterization data for triads TAA-ph;-Ru-ph;-NDI and TAA-ph,-

Ru-ph,-NDI

The syntheses and characterization data of compounds 1-4 "= and 6-16 7 have been
reported previously, but full experimental details for all synthetic steps are given in the

following protocols. Compound 5 is commercially available.
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Scheme S1. Synthesis of the key ligands for triad TAA-ph;-Ru-ph;-NDI and triad TAA-ph,-
Ru-ph,-NDI.

N }“ /

Compound 1. The following procedure was adapted from literature.!")

5-Bromo-2-

iodopyridine (10.0 g, 35.2 mmol, 1.00 eq.) was dissolved in dry m-xylene (60 mL) and

S2



hexa(n-butyl)distannane (8.90 mL, 17.6 mmol, 0.50 eq.) was added under N,. After degassing
the reaction mixture for 1 h, Pd(PPhs)4 (814 mg, 0.70 mmol, 0.02 eq.) was suspended and the
mixture was degassed further for 15 min. The mixture reacted at reflux for 66 h, and then the
black precipitate was filtered off. After removal of the solvent under reduced pressure, the
product was purified by gradient chromatography on a silica gel column with n-pentane to
DCM as an eluent. The pure product was obtained as a beige solid (3.00 g, 9.55 mmol, 54%).
'H NMR (400 MHz, CDCls): & [ppm] = 8.70 (dd, J=2.3, 0.6 Hz, 2 H), 8.28 (dd, J=38.5,
0.6 Hz, 2 H), 7.93 (dd, J= 8.5, 2.4 Hz, 2 H).

(HO),B ™S

Compound 2. (4-Bromo-p-xylene)trimethylsilane 6 (see below for synthesis of this
compound®) (8.54 g, 33.2 mmol, 1.00 eq.) was dissolved in dry THF (100 mL) and the
solution was cooled to —78 °C under N,. n-BuLi (2.5 M in hexane, 16.0 mL, 40.0 mmol,
1.20 eq.) was slowly added and the mixture was stirred for 1.5 h at =78 °C. Afterwards,
trimethylborate (3.77 mL, 33.2 mmol, 1.00 eq.) was slowly added while cooling to =78 °C
was maintained. The reaction mixture was warmed up to room temperature and stirred for
18 h. Aqueous HCI solution (2 M, 100 mL) was added to the reaction mixture and the phases
were separated. The aqueous phase was extracted with DCM (4 x 50 mL). The combined
organic phases were washed with brine (50 mL) and dried over anhydrous Na,SO4. The
solvents were removed under reduced pressure and the residue was recrystallized from n-
hexane. The product was obtained as a white solid (3.82 g, 17.2 mmol, 52%). 'H NMR
(400 MHz, CDCls): 6 [ppm] = 7.94 (s, 1 H), 7.36 (s, 1 H), 2.76 (s, 3 H), 2.50 (s, 3 H), 0.36 (s,
9 H).

Compound 3. The following procedure was adapted from literature.”! A mixture of compound
1 (587 mg, 1.87 mmol, 1.00 eq.), compound 2 (1.00 g, 4.50 mmol, 2.40 eq.) and Na,CO;
(1.19 g, 11.2 mmol, 6.00 eq.) was suspended in a mixture of THF (30 mL) and water (10 mL)
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under N,. The mixture was degassed for 30 min and Pd(PPh;3)4 (216 mg, 0.19 mmol, 0.10 eq.)
was added. The mixture was further degassed for 15 min and then stirred at 85°C for 1 d.
After cooling to room temperature, the phases were separated and the aqueous phase was
extracted with DCM (3 x 30 mL). The combined organic phases were dried over anhydrous
Na,SO,4 and the solvents were removed under reduced pressure. After purification of the
product by chromatography on a silica gel column with DCM to 7:1 (v:v) n-pentane/EtOAc as
an eluent, a yellow solid was obtained (550 mg, 1.08 mmol, 58%). 'H NMR (400 MHz,
CDCl): 6 [ppm]=8.72 (d, J=1.6 Hz, 2 H), 8.52 (d, J=8.1 Hz, 2 H), 7.84 (dd, J=8.1,
2.2 Hz,2 H), 7.42 (s, 2 H), 7.13 (s, 2 H), 2.51 (s, 6 H), 2.33 (s, 6 H), 0.39 (s, 18 H).

Compound 4. The following procedure was adapted from literature.*! Compound 3 (150 mg,
0.29 mmol, 1.00 eq.) and NaOAc (48.3 mg, 0.59 mmol, 2.03 eq.) were suspended in dry THF
(10 mL) under N,. The mixture was cooled to 0 °C and protected from light. Bromine
(0.06 mL, 1.17 mmol, 4.03 eq.) in dry THF (3 mL) was added slowly. The reaction mixture
was stirred at 0 °C for 10 min and was then allowed to reach room temperature while stirring
for another 2.5 h. Then, NEt; (0.33 mL, 2.37 mmol, 8.17 eq.) and aqueous saturated Na,S,03
solution were added and the phases were separated. The aqueous phase was extracted with
DCM (3 x30 mL) and the combined organic phases were dried over anhydrous Na,SOs.
After removing the solvents under reduced pressure, the product was purified by
chromatography on a silica gel column with 7:1 (v:v) n-pentane/EtOAc as an eluent. The pure
product was obtained as a white solid (139 mg, 0.27 mmol, 93%). '"H NMR (400 MHz,
CDCl): 6 [ppm] = 8.66 (d, J=1.6 Hz, 2 H), 8.52 (d, J=8.2 Hz, 2 H), 7.81 (dd, J=8.1,
2.2 Hz,2 H), 7.51 (s, 2 H), 7.15 (s, 2 H), 2.42 (s, 6 H), 2.27 (s, 6 H).

Br T™MS

Compound 6. The following procedure was adapted from literature.”) 2,5-Dibromo-p-xylene
(20.0 g, 75.8 mmol, 1.00 eq.) was dissolved in dry THF (150 mL) and cooled to —78 °C under
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Ny. n-Buli (2.5M in hexane, 36.4 mL, 91.0 mmol, 1.20 eq.) was slowly added and the
mixture was stirred for 30 min at =78 °C. Chlorotrimethylsilane (12 mL, 94.6 mmol, 1.25 eq.)
was slowly added while cooling to —78 °C was maintained. The reaction mixture was warmed
to room temperature and stirred for 18 h. Water (150 mL) was added and the phases were
separated. The aqueous phase was extracted with DCM (3 x 100 mL) and the combined
organic phases were dried over anhydrous Na,SO,4. After removal of the solvents under
reduced pressure, the product was purified by chromatography on a silica gel column with »-
pentane as an eluent. The pure product was obtained as a colorless oil (18.2 g, 70.6 mmol,
93%). "H NMR (400 MHz, CDCls): & [ppm] = 7.34 (s, 1 H), 7.26 (s, 1 H), 2.39 (s, 3 H), 2.36
(s, 3 H), 0.31 (s, 9 H).

Qq.
s

—0

L' a mixture of 4,4'-

Compound 7. Following a previously published protoco
dimethoxydiphenylamine 5 (1.15 g, 5.02 mmol, 1.00 eq.), compound 6 (1.41 g, 5.48 mmol,
1.10eq.), Pd(dba), (148mg, 026 mmol, 0.05eq.), tri-tert-butylphosphonium
tetrafluoroborate (73.0 mg, 0.25 mmol, 0.05eq.) and potassium tert-butoxide (1.68 g,
15.0 mmol, 3.00 eq.) was suspended in dry and degassed toluene (25 mL) under N,. The
mixture was reacted at 90 °C for 18.5 h, cooled to room temperature and diluted with water
(100 mL). The mixture was extracted with DCM (3 x 200 mL) and the combined organic
phases were dried over anhydrous Na,SOs. After removal of the solvents under reduced
pressure, the product was purified by chromatography on a silica gel column with 5:1 (v:v) n-
pentane/EtOAc as an eluent. The pure product was obtained as a yellow solid (1.94 g,
4.78 mmol, 95%). "H NMR (400 MHz, CDCls): & [ppm] = 7.22 (s, 1 H), 6.89-6.84 (m, 4 H),
6.80 (s, 1 H), 6.78—6,74 (m, 4 H), 3.77 (s, 6 H), 2.31 (s, 3 H), 1.95 (s, 3 H), 0.31 (s, 9 H).
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Compound 8. The following procedure was adapted from literature.”! Compound 7 (1.68 g,
4.14 mmol, 1.00 eq.) was dissolved in dry DCM (30 mL) and cooled to —78 °C under N,.
Iodine monochloride (0.42 mL, 8.25 mmol, 2.00eq.) in dry DCM (10 mL) was added
dropwise and the reaction mixture was stirred for 10 min before saturated aqueous Na,S,03
solution was added. The mixture was allowed to reach room temperature and extracted with
DCM (3 x 100 mL). The combined organic phases were dried over anhydrous Na,SO4 and the
solvent was removed under reduced pressure. After purification of the product by
chromatography on a silica gel column with 1:1 (v:v) n-pentane/DCM as an eluent, a beige
solid was obtained (1.76 g, 3.83 mmol, 93%). 'H NMR (400 MHz, CDCls): & [ppm] = 7.62 (s,
1 H), 6.90 (s, 1 H), 6.87-6.81 (m, 4 H), 6.78—6.73 (m, 4 H), 3.77 (s, 6 H), 2.29 (s, 3 H), 1.91
(s, 3 H).

o
et

—0

Compound 9. The following procedure was adapted from literature.”! A mixture of compound
8 (1.76 g, 3.83 mmol, 1.00 eq.), bis(pinacolato)diboron (1.46 g, 5.75 mmol, 1.50 eq.) and
KOAc (1.50 g, 15.3 mmol, 4.00 eq.) in DMSO (20 mL) was degassed for 30 min under N,.
Pd(PPh3),Cl, (133 mg, 0.19 mmol, 0.05 eq.) was added and the mixture was degassed further
for 15 min and then stirred at 90 °C for 21 h. After cooling to room temperature, saturated
aqueous NHy4Cl1 solution and water (60 mL) were added. The mixture was extracted with Et,O
(3 x 100 mL) and the combined organic phases were dried over anhydrous Na,SO4. After
removal of the solvent under reduced pressure, the product was purified by chromatography

on a silica gel column with 9:1 (v:v) n-pentane/Et,O as an eluent. The pure product was
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obtained as a white solid (1.60 g, 3.48 mmol, 91%). '"H NMR (400 MHz, CDCl;): & [ppm] =
7.58 (s, 1 H), 6.87—6.82 (m, 4 H), 6.81 (s, 1 H), 6.77-6.72 (m, 4 H), 3.77 (s, 6 H), 2.40 (s, 3
H), 1.93 (s, 3 H), 1.34 (s, 12 H).

Compound 10. The following procedure was adapted from literature.”) Compound 9 (300 mg,
0.65 mmol, 1.00 eq.), compound 1 (307 mg, 0.98 mmol, 1.51 eq.) and Na,COs (207 mg,
1.95 mmol, 3.00 eq.) were suspended in a mixture of THF (10 mL) and water (2 mL) and
degassed for 20 min. Pd(PPhs)4 (46.0 mg, 0.04 mmol, 0.06 eq.) was added, the mixture was
degassed further for 15 min and then stirred at 85 °C under N, for 1 d. Once the mixture had
cooled to nearly room temperature, it was diluted with water and extracted with DCM (3 x
20 mL). The combined organic phases were dried over anhydrous Na,SO4 and the solvents
were removed under reduced pressure. The product was purified by chromatography on silica
gel columns. First, a gradient chromatography was performed with 4:1 (v:v) n-pentane/DCM
+ 2% MeOH to 2:1 (v:v) n-pentane/DCM + 2% MeOH as an eluent. Further purification was
possible with a column with 7:1 (v:v) n-pentane/EtOAc as an eluent. The product was
obtained as a yellow solid (157 mg, 0.28 mmol, 43%). "H NMR (400 MHz, CDCls): & [ppm]
=8.74 (dd, J=2.3, 0.6 Hz, 1 H), 8.68 (dd, /=2.2, 0.7 Hz, 1 H), 8.41 (dd, /J=8.2, 0.7 Hz, 1
H), 8.35 (dd, J=8.5,0.6 Hz, 1 H), 7.96 (dd, J=8.5,2.4 Hz, 1 H), 7.81 (dd, /J=8.2,2.3 Hz, 1
H), 7.09 (s, 1 H), 6.98 (s, 1 H), 6.95-6.89 (m, 4 H), 6.84—6.76 (m, 4 H), 3.79 (s, 6 H), 2.21 (s,
3 H), 2.01 (s, 3 H).
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Compound 11. Following a previously published protocol,”) compound 9 (82.7 mg,
0.18 mmol, 1.00 eq.), compound 4 (139 mg, 0.27 mmol, 1.50 eq.) and Na,CO; (57.2 mg,
0.54 mmol, 3.00 eq.) were suspended in a mixture of THF (5 mL) and water (1 mL). The
mixture was degassed for 15 min and Pd(PPh;)4 (10.4 mg, 0.009 mmol, 0.05 eq.) was added.
After further degassing for 15 min the mixture was reaction at 85 °C for 21 h. After cooling to
room temperature, the phases were separated and the aqueous phase was extracted with DCM
(3 x 15mL). The combined organic phases were dried over anhydrous Na,SO4 and the
solvents were removed under reduced pressure. The crude product was purified by
chromatography on a silica gel column with 5:1 (v:v) n-pentane/Et,O + 2% NEt; as an eluent.
The product was obtained as a white solid (50.4 mg, 0.07 mmol, 36%). '"H NMR (400 MHz,
CDCly): & [ppm] = 8.76 (dd, J=2.2, 0.8 Hz, 1 H), 8.66 (dd, J=2.3, 0.8 Hz, 1 H), 8.51 (ddd,
J=8.2,1.7,0.8 Hz, 2 H), 7.89 (dd, J=8.1, 2.3 Hz, 1 H), 7.79 (dd, /= 8.2, 2.3 Hz, 1 H), 7.51
(s, 1 H),7.20 (s, 1 H), 7.16 (s, 1 H), 7.13 (s, 1 H), 6.98 (s, 1 H), 6.97 (s, 1 H), 6.96—6.90 (m, 4
H), 6.82-6.78 (m, 4 H), 3.79 (s, 6 H), 2.43 (s, 3 H), 2.34 (s, 3 H), 2.28 (s, 3 H), 2.15 (s, 3 H),
2.02 (s, 3 H), 2.01 (s, 3 H).

CGH13

CGH13

Compound 12. This procedure followed a previously published protocol.”! Dry Et,O (50 mL)
was added to magnesium turnings (4.86 g, 200 mmol, 2.50 eq.) and 1-bromohexane (~3 mL
from 28 mL, 200 mmol, 2.50 eq.) was added to start the Grignard reaction under N,. Once the
reaction had been initiated, the remaining portion of 1-bromohexane (25 mL) was added
dropwise while keeping the reaction mixture at slight reflux. After complete addition, the
mixture was heated to reflux for 5 h and then was allowed to reach room temperature. Inert
conditions were applied to a second flask and 1,4-dichlorobenzene (11.76 g, 80.0 mmol,
1.00 eq.), NiCly(dppp) (dppp = 1,3-bis(diphenylphosphino)propane) (81.3 mg, 0.15 mmol,
1.86 - 10’ eq.) and dry Et,0 (30 mL) were added to the second flask. This mixture was cooled
to 0 °C and then the Grignard reagent from the first flask was added to the second flask over a
dropping funnel under protection from air. After complete addition, the green solution was
heated to reflux under N, for 15.5 h. After cooling to 0 °C, water (40 mL) and aqueous HCl

solution (1 M, 120 mL) were added slowly. The organic phase was separated and the aqueous
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layer was extracted with Et;O (3 x 50 mL). The combined organic phases were washed with
water (50 mL) and brine (50 mL) and dried over anhydrous Na,SO,4. After removing the
solvent under reduced pressure, the product was purified by chromatography on a silica gel
column with n-pentane as an eluent. The pure product was obtained as a colorless oil (17.6 g,
71.4 mmol, 89%). 'H NMR (400 MHz, CDCl3): & [ppm] = 7.10 (s, 4 H), 2.63-2.54 (m, 4 H),
1.66—1.55 (m, 4 H), 1.43—1.26 (m, 12 H), 0.97—0.86 (m, 6 H).

CeH13
NO,

CeH13

Compound 13. This procedure followed a previously published protocol.!” A mixture of
sulfuric acid (95%, 54 mL) and acetic acid (36 mL) was cooled between —5 and —10 °C by
direct addition of dry ice before 1,4-di-n-hexylbenzene 12 (17.6 g, 71.4 mmol, 1.00 eq.) was
added under N,. During the addition of 12, the temperature was kept below 0 °C. After
complete addition, a mixture of sulfuric acid (95%, 36 mL) and nitric acid (65%, 5.5 mL,
77.7 mmol, 1.08 eq.) previously cooled to —5 to —10 °C was added at 0 °C, and then the
mixture was reacted for 10 min at —10 °C. The mixture was poured on an ice/water mixture
(350 mL) and Et,O (100 mL) was added. The organic phase was separated and the aqueous
phase was extracted with Et,O (3 X 100 mL). The combined organic phases were washed with
brine (3 x 150 mL) and dried over anhydrous Na,SO,4. After removal of the solvent under
reduced pressure, the product was purified by chromatography on a silica gel column with »n-
pentane as an eluent. The pure product was obtained as a yellow oil (11.7 g, 40.1 mmol,
56%). '"H NMR (400 MHz, CDCls): & [ppm] = 7.67 (d, J=1.7 Hz, 1 H), 7.30 (dd, J=7.9,
1.8 Hz, 1 H), 7.22 (d, J=7.9 Hz, 1 H), 2.86—2.79 (m, 2 H), 2.67-2.60 (m, 2 H), 1.67-1.56
(m, 4 H), 1.41-1.24 (m, 12 H), 0.92—-0.84 (m, 6 H).
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CEH’13
NH,

CeH13

Compound 14. This procedure followed a previously published protocol.’® Compound 13
(11.5 g, 39.5 mmol, 1.00 eq.) and iron powder (8.96 g, 160 mmol, 4.05 eq.) were suspended
in ethanol (50%, 400 mL) and concentrated aqueous HCIl solution (12 M, 6.50 mL,
80.2 mmol, 2.03 eq.) was added. The reaction mixture was heated at 90 °C for 21 h, then
cooled to room temperature and an aqueous KOH solution (4.50 g, 80.2 mmol, 2.03 eq.) was
added. The resulting mixture was filtered over silica and washed with ethanol (4 x 50 mL).
The filtrates were combined and the solvents were removed under reduced pressure. The
residue was re-dissolved in DCM and dried over anhydrous Na,SOs. The solvent was
removed under reduced pressure and the product was purified by chromatography on a silica
gel column with 20:1 (v:v) n-pentane/EtOAc as an eluent. The product was obtained as a
brown oil (6.34 g, 24.2 mmol, 61%). 'H NMR (400 MHz, CDCls): & [ppm] = 6.94 (d,
J=7.6Hz, 1 H), 6.56 (dd, J=7.6, 1.7 Hz, 1 H), 6.51 (d, J= 1.6 Hz, 1 H), 3.56 (broad s, 2
H), 2.54-2.36 (m, 4 H), 1.67-1.49 (m, 4 H), 1.44—1.22 (m, 12 H), 0.97-0.81 (m, 6 H).

CeH13
NH,

CeHia

Compound 15. This procedure followed a previously published protocol.l) A solution of
compound 14 (1.44 g, 5.51 mmol, 1.00 eq.) in DMSO (30 mL) was stirred for 5 min at room
temperature and then N-iodosuccinimide (1.24 g, 5.51 mmol, 1.00 eq.) was added. The
reaction mixture was stirred at room temperature for 23 h and then water (60 mL) and Et,O
(60 mL) were added. The organic phase was separated and the aqueous phase was extracted
with Et;0 (3 x 60 mL). The combined organic phases were dried over anhydrous Na,;SOj.
The solvent was removed under reduced pressure and the product was purified by
chromatography on a silica gel column with 20:1 (v:v) n-pentane/EtOAc as an eluent. The
product was obtained as a red oil (1.83 g, 4.72 mmol, 86%). 'H NMR (400 MHz, CDCl;): &
[ppm] = 7.40 (s, 1 H), 6.55 (s, 1 H), 3.57 (broad s, 2 H), 2.60-2.51 (m, 2 H), 2.42—2.35 (m, 2
H), 1.62—1.49 (m, 4 H), 1.43—1.24 (m, 12 H), 0.95-0.85 (m, 6 H).
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Compound 16. The following procedure was adapted from literature.” 1,4,5,8-

0. _0__0O

Naphthalenetetracarboxylic dianhydride (2.00 g, 7.46 mmol, 1.00 eq.) was suspended in a
mixture of degassed water (20 mL) and degassed n-propanol (20 mL) under N,. The mixture
was protected from light and r-octylamine (6.00 mL, 36.3 mmol, 4.87 eq.) was added. The
mixture was stirred for 10 min and then heated to 50 °C for 22 h. After cooling to room
temperature, the reaction mixture was acidified with aqueous HCI solution (2 M) to pH 1 and
stirred for 1 h. The resulting precipitate was filtered off and stirred in boiling acetic acid
(18 M, 200 mL) for 2 h. After cooling to room temperature, the solution was diluted with
DCM (400 mL) and extracted with water (400 mL). The organic phase was separated and
dried over anhydrous Na,SO,. The solvent was removed under reduced pressure and the
product was purified by chromatography on a silica gel column with 30:1 (v:v) DCM/acetone
as an eluent. The product was obtained as a beige solid (1.57 g, 4.14 mmol, 55%). 'H
(400 MHz, CDCls): 6 [ppm] = 8.81 (s, 4 H), 4.22-4.17 (m, 2 H), 1.46-1.23 (m, 12 H),
0.90—0.84 (m, 3 H).

|@—N Q N-CgH17
CeHyz O 0

Compound 17. A mixture of compound 15 (1.64 g, 4.23 mmol, 1.00 eq.) and compound 16
(1.77 g, 4.66 mmol, 1.10 eq.) in dry DMF (30 mL) was heated to reflux under N, for 22 h.
After cooling to room temperature, water (75 mL) was added and the reaction mixture was
extracted with DCM (4 x 100 mL). The combined organic phases were dried over anhydrous
NaySO4 and the solvents were removed under reduced pressure. After purification of the
product by chromatography on a silica gel column with DCM as an eluent, a brown oil was
obtained (2.19 g, 2.93 mmol, 69%). 'H NMR (400 MHz, CDCls): & [ppm] = 8.80 (s, 4 H),
7.88 (s, 1 H), 7.02 (s, 1 H), 4.26—4.16 (m, 2 H), 2.75-2.60 (m, 2 H), 2.43-2.29 (m, 2 H),
1.81-1.06 (m, 28 H), 0.91-0.84 (m, 6 H), 0.73—0.68 (m, 3 H). ESI-HRMS (m/z): calcd. for
C40H4oN,O4l : 748.2742; found: 748.2751.
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Compound 18. A mixture of compound 17 (415 mg, 0.55 mmol, 1.00 eq.), bis(pinacolato)-
diboron (211 mg, 0.83 mmol, 1.51 eq.) and KOAc (216 mg, 2.20 mmol, 4.00 eq.) in DMSO
(12 mL) was degassed for 30 min. Pd(PPh3),Cl, (38.6 mg, 0.055 mmol, 0.10 eq.) was added
and the mixture was degassed further for 15 min and then heated to 100 °C under N, for 6.5 d.
The mixture was diluted with water (25 mL), extracted with Et;0 (4 x 40 mL) and the
combined organic phases were dried over anhydrous Na,SO4. After removal of the solvent
under reduced pressure, the product was purified by chromatography on a silica gel column
with DCM as an eluent. The pure product was obtained as a brown solid (161 mg, 0.22 mmol,
40%). 'H NMR (400 MHz, CDCls): & [ppm] = 8.80 (s, 4 H), 7.84 (s, 1 H), 7.00 (s, 1 H),
4.24—4.18 (m, 2 H), 2.94-2.85 (m, 2 H), 2.42-2.35 (m, 2 H), 1.81-1.70 (m, 2 H), 1.63—1.08
(m, 38 H), 0.91-0.84 (m, 6 H), 0.71-0.65 (m, 3 H). ESI-HRMS (m/z): calcd. for
C46Hg1N2OgB : 748.4636; found: 748.4630. Anal. calcd. for C46Hsi1N>O¢B: C, 73.78; H, 8.21;
N, 3.74; found: C, 73.78; H, 7.99; N, 3.75.

—0

N_CsH-]?

—0

Ligand 19. Compound 18 (161 mg, 0.22 mmol, 1.20 eq.), compound 10 (104 mg, 0.18 mmol,
1.00 eq.) and Na,CO; (60.0 mg, 0.57 mmol, 3.15 eq.) were dissolved in a mixture of THF
(8 mL) and water (2 mL) under N,. The solution was degassed for 15 min, Pd(PPh;s)s
(10.4 mg, 0.01 mmol, 0.05 eq.) was added and the mixture was degassed further for 10 min.
The mixture was reacted at 85 °C for 66 h and then cooled to room temperature. Water was
added and the mixture was extracted with DCM (3 x 25 mL). The combined organic phases
were dried over anhydrous Na,SO,4 and the solvents were removed under reduced pressure.
After purification of the crude product by chromatography on a silica gel column with 4:1

S12



(v:v) n-pentane/Et,O as an eluent, a green solid was obtained (53.0 mg, 0.048 mmol, 27%).
'H NMR (400 MHz, CDCl3): & [ppm] = 8.87-8.82 (m, 4 H), 8.77 (dd, J=2.2, 0.8 Hz, 1 H),
8.74 (dd, J=2.2, 0.9 Hz, 1 H), 8.55-8.49 (m, 2 H), 7.90 (dd, J=8.1, 2.3 Hz, 1 H), 7.86 (dd,
J=8.2,23Hz, 1H), 734 (s,1H),7.18 (s, 1 H), 7.14 (s, 1 H), 6.99 (s, 1 H), 6.96-6.91 (m, 4
H), 6.84-6.78 (m, 4 H), 4.28—4.17 (m, 2 H), 3.80 (s, 6 H), 2.68—2.58 (m, 2 H), 2.50-2.40 (m,
2 H), 2.24 (s, 3 H), 2.03 (s, 3 H), 1.84-1.68 (m, 2 H), 1.61-1.09 (m, 26 H), 0.91—0.84 (m, 3
H), 0.82—0.76 (m, 3 H), 0.73—0.64 (m, 3 H).

N_CSH17

Ligand 20. Compound 18 (58.5mg, 0.08 mmol, 1.20eq.), compound 11 (50.4 mg,
0.07 mmol, 1.00 eq.) and Na,COs3 (20.8 mg, 0.20 mmol, 3.02 eq.) were dissolved in a mixture
of THF (2.5 mL) and water (0.5 mL) under N,. The solution was degassed for 8 min,
Pd(PPh3)4 (6.00 mg, 0.005 mmol, 0.08 eq.) was added and the mixture was degassed further
for 6 min. The mixture was reacted at 85 °C for 67 h under N, and then cooled to room
temperature. Water (5 mL) was added and the mixture was extracted with DCM (3 x 10 mL).
The combined organic phases were dried over anhydrous Na,SO4 and the solvent was
removed under reduced pressure. After purification of the crude product by chromatography
on a silica gel column with 2:1 (v:v) n-pentane/Et,O + 5% NEt; as an eluent, a greenish solid
was obtained (52.0 mg, 0.04 mmol, 61%). "H NMR (400 MHz, CDCl;): & [ppm] = 8.86—8.80
(m, 4 H), 8.77 (ddd, /= 5.8, 2.2, 0.9 Hz, 2 H), 8.52 (ddd, /= 8.1, 2.6, 0.8 Hz, 2 H), 7.90—-7.87
(m, 2 H), 7.24 (s, 1 H), 7.22—7.20 (m, 3 H), 7.14 (s, 1 H), 7.12 (s, 1 H), 6.98 (s, 1 H), 6.96 (s,
1 H), 6.94-6.90 (m, 4 H), 6.81-6.76 (m, 4 H), 4.26—4.18 (m, 2 H), 3.78 (s, 6 H), 2.52-2.39
(m, 4 H), 2.36 (s, 3 H), 2.34 (s, 3 H), 2.18 (s, 3 H), 2.14 (s, 3 H), 2.01 (s, 3 H), 2.00 (s, 3 H),
1.81-1.72 (m, 2 H), 1.59-1.11 (m, 24 H), 0.92—0.84 (m, 5 H), 0.83—0.78 (m, 3 H), 0.74—0.68
(m, 3 H).
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N-CgH,7

TAA-ph;-Ru-ph;-NDI. Ligand 19 (53.0 mg, 0.048 mmol, 1.00 eq.) and [Ru(bpy):]Cl, -
2H,0 (27.0 mg, 0.052 mmol, 1.09 eq.) in a mixture of ethanol (12 mL) and CHCl; (4 mL)
were stirred at 90 °C under N, for 22 h. The solvents were removed under reduced pressure
and the crude product was purified by chromatography on a silica gel column with acetone to
9:1 (v:v) acetone/water to 9:1 (v:v) acetone/water + 1% sat. ag. KNOj; solution as eluents.
Saturated aqueous KPFs solution was added to the chromatography fractions containing the
desired Ru(Il) complex, and the acetone was removed under reduced pressure. The aqueous
residue was extracted with DCM, and the combined organic phases were washed with water
afterwards. Removal of the solvent under reduced pressure yielded the product as a red solid
(73.0 mg, 0.04 mmol, 84%). 'H NMR (400 MHz, CDCls): & [ppm] = 8.82-8.76 (m, 4 H),
8.65—8.60 (m, 2 H), 8.53—8.42 (m, 4 H), 8.08-7.85 (m, 8 H), 7.77-7.72 (m, 3 H), 7.62 (d,
J=19Hz, 1 H), 7.59-7.51 (m, 2 H), 7.47-7.39 (m, 2 H), 7.27 (s, 1 H), 7.06 (s, 1 H), 6.99 (s,
1 H), 6.83—6.78 (m, 5 H), 6.75-6.70 (m, 4 H), 4.25-4.16 (m, 2 H), 3.73 (s, 6 H), 2.42-2.33
(m, 2 H), 2.29-2.20 (m, 1 H), 2.15-2.05 (m, 1 H), 1.89 (s, 3 H), 1.76 (s, 3 H), 1.53-0.95 (m,
28 H), 0.91-0.84 (m, 3 H), 0.79—-0.73 (m, 3 H), 0.66—0.60 (m, 3 H). IR v [cm™']: 2924 (w, br),
2853 (w, br), 1707 (w), 1666 (m), 1581 (w), 1502 (m), 1464 (m), 1446 (m), 1339 (m), 1238
(s), 1032 (w), 832 (s), 764 (s), 730 (m), 556 (s). ESI-HRMS (m/z): calced. for
CooHo3sNoOgRU>": 760.8153; found: 760.8164. Anal. calcd. for Co;HozsNoOcRuP,F>: C, 60.99;
H, 5.17; N, 6.96; found: C, 61.23; H, 5.51; N, 6.55.
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TAA-ph-Ru-ph,-NDI. Ligand 20 (48.3 mg, 0.037 mmol, 1.00 eq.) and [Ru(bpy),]Cl, -
2H,0 (20.8 mg, 0.04 mmol, 1.09 eq.) in a mixture of ethanol (12 mL) and CHCI; (4 mL) were
stirred at 90 °C under N, for 90 h. The solvents were removed under reduced pressure and the
crude product was purified by chromatography on a silica gel column with acetone to 9:1
(v:v) acetone/water to 9:1 (v:v) acetone/water + 1% sat. aq. KNO; solution as eluents.
Saturated aqueous KPFg solution was added to the chromatography fractions containing the
desired Ru(Il) complex, and the acetone was removed under reduced pressure. The residue
was extracted with DCM (3 x 30 mL) and the combined organic phases were washed with
water (30 mL). Removal of the solvent under reduced pressure yielded the product as a red
solid (60.0 mg, 0.033 mmol, 90%). 'H NMR (400 MHz, CDsCN): & [ppm] = 8.76—8.70 (m, 4
H), 8.64 (dd, /= 8.6, 2.9 Hz, 2 H), 8.56—8.49 (m, 4 H), 8.19-8.14 (m, 2 H), 8.13—8.08 (m, 2
H), 8.07-8.01 (m, 2 H), 7.97-7.94 (m, 2 H), 7.82-7.79 (m, 2 H), 7.74-7.71 (m, 2 H),
7.52—7.48 (m, 2 H), 7.42-7.37 (m, 2 H), 7.26 (s, 1 H), 7.15 (d, J=3.8 Hz, 1 H), 7.12-7.09
(m, 3 H), 7.01 (s, 1 H), 6.95 (s, 1 H), 6.91 (s, 1 H), 6.86—6.81 (m, 8 H), 4.17-4.12 (m, 2 H),
3.75 (s, 6 H), 2.50-2.39 (m, 3 H), 2.34-2.25 (m, 1 H), 2.10 (s, 3 H), 2.05 (s, 3 H), 2.04—1.99
(m, 6 H), 1.99 (s, 3 H), 1.91 (s, 3 H), 1.77-1.69 (m, 2 H), 1.51—-1.06 (m, 26 H), 0.91-0.86 (m,
3 H), 0.78-0.72 (m, 3 H), 0.69-0.64 (m, 3 H). ESI-HRMS (m/z): caled. for
C108H109N906Ru2+: 864.8769; found: 864.8781. Anal. calcd. for CiogHigoNoOcRuP,F{> -
1.5H,0: C, 63.37; H, 5.52; N, 6.16; found: C, 63.39; H, 5.81; N, 5.94.
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Synthesis and product characterization data for [Ir(dF-CF3-ppy),Cl],

The syntheses and characterization data of compounds 23 and 24 ™ have been reported
previously. Nevertheless, full synthetic details are given below. Compounds 21 and 22 are

commercially available.

B{OH),
Cl

FsC F N
N~ "Br = F. /\ ;

F
21 22 23

=N 24
CF;

Scheme S2. Synthesis of [Ir(dF-CF;-ppy).Cl]; (24).

N

F

Compound 23. The following procedure was adapted from a previously published protocol.™
A flask with 2-bromo-5-(trifluoromethyl)pyridine 21 (3.39 g, 15.0 mmol, 1.00 eq.), (2,4-
difluorophenyl) boronic acid 22 (2.84 g, 18.0 mmol, 1.20eq.), Pd(OAc), (101 mg,
0.45 mmol, 0.03 eq.), PPh; (236 mg, 0.90 mmol, 0.06 eq.) and K,CO; (6.22 g, 45.0 mmol,
3.00 eq.) was evacuated and backfilled with N, three times. Toluene (20 mL), water (20 mL)
and ethanol (4 mL) were added, and the reaction mixture was heated to reflux for 23 h under
N,. Once the mixture had cooled to room temperature, water was added (50 mL) and the
phases were separated. The aqueous phase was extracted with Et;O (3 x 20 mL) and the
combined organic phases were washed with brine (3 x 30 mL) and dried over anhydrous
Na,SO4. After removal of the solvent under reduced pressure, the product was purified by
chromatography on a silica gel column with n-pentane to 7:1 (v:v) n-pentane/EtOAc as an
eluent. The pure product was obtained as a white solid (2.95 g, 11.4 mmol, 76%). "H NMR
(400 MHz, CDCl3): 6 [ppm] = 8.96 (s, 1 H), 8.31-8.06 (m, 1 H), 8.01-7.97 (m, 1 H),
7.93-7.89 (m, 1 H), 7.08-7.02 (m, 1 H), 6.99-6.91 (m, 1 H).
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Precursor complex 24 ([Ir(dF-CF3-ppy):Cl],). Following a previous published protocol,'®
compound 23 (1.02 g, 3.94 mmol, 2.05 eq.) and IrCl; - HO (608 mg, 1.92 mmol, 1.00 eq.)
were dissolved in a mixture of water (7.5 mL) and 2-ethoxyethanol (15 mL) under N,. The
mixture was degassed for 30 min and then stirred at 120 °C for 23 h. Subsequently, it was
cooled to room temperature and the resulting precipitate was collected and washed with water
(3 x 20 mL). The crude product was obtained as a yellow solid (997 mg, 0.67 mmol, 35%).
'H NMR (400 MHz, CDCl3): & [ppm] = 9.51 (d, J= 1.6 Hz, 3 H), 8.46 (dd, J=8.8, 3.0 Hz, 4
H), 8.05 (dd, J=8.7,2.0 Hz, 4 H), 6.47-6.39 (m, 5 H), 5.07 (dd, /= 8.8, 2.3 Hz, 4 H).
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Synthesis and product characterization data for triads TPA-ph;-Ir-ph;-AQ and TPA-ph,-Ir-
phy-AQ

The syntheses and characterization data of compounds 27 P and 33-35 I have been reported
previously. Complete synthetic details and characterization data are given in the following.

Compounds 25, 26 and 32 are commercially available.

OO0
IX=TMS

Q — 4X=Br

BrMBr +[HO)ZB{ &TMS
N N =
2
cl N\ 7

¥ naf

Cl
27 E 28 X =TMS
29X=| R—
3X=TMS
30 X = Bipin) Loax=

L. 35X = B(pin)

Scheme S3. Synthesis of the key ligands for triad TPA-phy-Ir-ph;-AQ and triad TPA-ph,-
Ir-ph,-AQ.

Jod
=

o

Compound 27. The following procedure was adapted from literature.”’ To a mixture of 4-
chloroaniline 25 (2.56 g, 20.1 mmol, 1.00eq.), 1-bromo-4-chlorobenzene 26 (9.56 g,
49.9 mmol, 2.48 eq.), PPh; (52.0 mg, 0.20 mmol, 0.01 eq.), Cs,CO3 (19.5 g, 59.8 mmol,
2.98 eq.) and Pd(PPh3),Cl, (70.0 mg, 0.01 mmol, 0.005 eq.), dry m-xylene (160 mL) was
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added under N,. After stirring at 155 °C for 19.5 h, the mixture was cooled to near room
temperature before water (150 mL) was added. The aqueous phase was extracted with Et,0O
(3 X200 mL) and the combined organic phases were dried over anhydrous Na,SO,. After
removal of the solvents under reduced pressure, the product was purified by chromatography
on a silica gel column with 4:1 (v:v) n-pentane/Et,O as an eluent. The pure product was
obtained as a brown solid (3.55 g, 14.9 mmol, 74%). '"H NMR (400 MHz, CDCl;): & [ppm] =
7.25—7.20 (m, 4 H), 6.99-6.93 (m, 4 H), 5.65 (broad s, 1 H).

Q4.
S5

Cl

Compound 28. A mixture of compound 27 (1.22 g, 5.12 mmol, 1.00 eq.), compound 6
(1.45g, 5.64mmol, 1.10eq.), Pd(dba), (147 mg, 0.26 mmol, 0.05eq.), tri-tert-
butylphosphonium tetrafluoroborate (74.3 mg, 0.26 mmol, 0.05eq.) and potassium fert-
butoxide (1.72 g, 15.3 mmol, 3.00 eq.) was suspended in dry toluene (25 mL) under N,. The
reaction mixture was degassed for 10 min and then stirred at 90 °C for 16 h. After cooling to
room temperature, water (100 mL) was added. The mixture was extracted with DCM
(3 x 100 mL) and the combined organic phases were dried over anhydrous Na,SO4. After
removal of the solvents under reduced pressure, the product was purified by chromatography
on a silica gel column with n-pentane as an eluent. The pure product was obtained as a white
solid (1.20 g, 2.90 mmol, 57%). 'H NMR (400 MHz, CDCl3): & [ppm] = 7.27 (s, 1 H), 7.18—
7.13 (m, 4 H), 6.90-6.85 (m, 4 H), 6.82 (s, 1 H), 2.34 (s, 3 H), 1.95 (s, 3 H), 0.33 (s, 9 H).
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Compound 29. Compound 28 (1.04 g, 2.51 mmol, 1.00 eq.) was dissolved in dry DCM (20
mL) and cooled to —78 °C under N,. Iodine monochloride (0.26 mL, 5.10 mmol, 2.03 eq.) in
dry DCM (10 mL) was added dropwise and the reaction mixture was stirred for 10 min before
saturated aqueous Na;S,0; solution was added. The mixture was warmed to room
temperature and extracted with DCM (3 x 100 mL). The combined organic phases were dried
over anhydrous Na,SO4, and the solvent was removed under reduced pressure. After
purification of the product by chromatography on a silica gel column with n-pentane as an
eluent, a white solid was obtained (1.11 g, 2.37 mmol, 94%). 'H NMR (400 MHz, CDCl5): &
[ppm] = 7.69 (s, 1 H), 7.20-7.13 (m, 4 H), 6.92 (s, 1 H), 6.88-6.82 (m, 4 H), 2.32 (s, 3 H),
1.91 (s, 3 H).

<978
e

Cl

Compound 30. A mixture of compound 29 (0.98g, 2.09 mmol, 1.00eq.),
bis(pinacolato)diboron (797 mg, 3.14 mmol, 1.50 eq.), KOAc (820 mg, 8.36 mmol, 4.00 eq.)
and Pd(PPh3),Cl, (73.3 mg, 0.10 mmol, 0.05 eq.) in DMSO (18 mL) was degassed for 10 min
under N,. The mixture was stirred at 90 °C for 22 h and then cooled to room temperature
before saturated aqueous NH4Cl solution (20 mL) and water (60 mL) were added. The
mixture was extracted with DCM (3 x 100 mL) and the combined organic phases were dried
over anhydrous Na,SO4. After removal of the solvents under reduced pressure, the product
was purified by chromatography on a silica gel column with 10:1 (v:v) n-pentane/Et,O as an

eluent. The pure product was obtained as a white solid (861 mg, 1.84 mmol, 88%). '"H NMR
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(400 MHz, CDCls): 8 [ppm] = 7.63 (s, 1 H), 7.16-7.12 (m, 4 H), 6.88-6.83 (m, 5 H), 2.43 (s,
3 H), 1.94 (s, 3 H), 1.35 (s, 12 H).

Compound 31. Compound 30 (250 mg, 0.53 mmol, 1.00eq.), compound 1 (250 mg,
0.80 mmol, 1.51 eq.) and Na,CO; (169 mg, 1.59 mmol, 3.00 eq.) were dissolved in a mixture
of THF (10 mL) and water (2 mL) and degassed for 20 min. Pd(PPh3)4 (30.6 mg, 0.03 mmol,
0.05 eq.) was added and the mixture was degassed further for 10 min and then stirred at 85 °C
under N, for 15 h. Once the reaction mixture had nearly reached room temperature, water
(10 mL) was added, and then it was extracted with DCM (3 x 20 mL). The combined organic
phases were dried over anhydrous Na,SO4 and the solvents were removed under reduced
pressure. The product was purified by chromatography on two silica gel columns. First, a
chromatography with 4:1 (v:v) n-pentane/DCM + 2% MeOH as an eluent was performed.
Further purification was possible on a second column using 7:1 (v:v) n-pentane/EtOAc as an
eluent. The product was obtained as a yellow solid (65.0 mg, 0.11 mmol, 21%). '"H NMR
(400 MHz, CDCls): 6 [ppm] = 8.76 (d, J=2.1 Hz, 1 H), 8.69 (d, J=1.7 Hz, 1 H), 8.47 (d,
J=8.2Hz, 1H),842(d,J=8.2Hz, 1 H),7.99 (dd,J=8.5,2.3 Hz, 1 H), 7.87 (d, J= 7.7 Hz,
1 H), 7.22-7.17 (m, 4 H), 7.14 (s, 1 H), 7.01 (s, 1 H), 6.96-6.90 (m, 4 H), 2.23 (s, 3 H), 2.01
(s, 3 H).

Compound 33. Following a previously published protocol,”! 2-bromoanthracene-9,10-dione
32 (4.31 g, 15.0 mmol, 1.00 eq.), compound 2 (4.00 g, 18.0 mmol, 1.20 eq.), Na,CO; (4.77 g,
45.0 mmol, 3.00 eq.) and Pd(PPhs)s (873 mg, 0.76 mmol, 0.05 eq.) were dissolved in a
mixture of THF (60 mL) and water (15 mL) under N,. This mixture was degassed for 15 min,

stirred at 85 °C for 20 h and then cooled to room temperature. Water (10 mL) was added and
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the product was extracted with DCM (3 x 30 mL). The combined organic phases were dried
over anhydrous Na,SO4 and the solvents were removed under reduced pressure. After
purification of the product by chromatography on a silica gel column with neat DCM to 2/1
(v:v) n-pentane/DCM as an eluent, a yellow solid was obtained (4.37 g, 11.4 mmol, 76%). 'H
NMR (400 MHz, CDCls): é [ppm] = 8.36-8.29 (m, 4 H), 7.83-7.76 (m, 3 H), 7.42 (s, 1 H),
7.12 (s, 1 H), 2.50 (s, 3 H), 2.32 (s, 3 H), 0.39 (s, 9 H).

Compound 34. The following procedure was adapted from literature.”’ At room temperature,
compound 33 (4.19 g, 10.9 mmol, 1.00 eq.) was dissolved in dry DCM (45 mL) and iodine
monochloride (0.84 mL, 16.4 mmol, 1.50 eq.) in dry DCM (11 mL) was added slowly under
N,. After stirring for 1 h, saturated aqueous Na,S,;0; solution (40 mL) was added and the
aqueous phase was extracted with DCM (3 x 100 mL). The combined organic phases were
dried over anhydrous Na,SO4 and the solvent was removed under reduced pressure. The crude
product was purified by chromatography on a silica gel column with 1:1 (viv) n-
pentane/DCM to DCM as an eluent. The pure product was obtained as a yellow solid (2.78 g,
6.34 mmol, 58%). 'H NMR (400 MHz, CDCls): & [ppm] =8.38-8.31 (m, 3 H), 8.25 (d,
J=1.6 Hz, 1 H), 7.85-7.81 (m, 2 H), 7.79 (s, 1 H), 7.73 (dd, /= 8.0, 1.8 Hz, 1 H), 7.14 (s, 1
H), 2.45 (s, 3 H), 2.23 (s, 3 H).

Compound 35. Following a previously published protocol,”! a mixture of compound 34
(2.78 g, 6.34 mmol, 1.00 eq.), bis(pinacolato)diboron (2.41 g, 9.51 mmol, 1.50 eq.), KOAc
(2.49 g, 25.4 mmol, 4.00 eq.) and Pd(PPh3),Cl, (225 mg, 0.32 mmol, 0.05 eq.) in DMSO
(40 mL) was degassed for 15 min under N,. The mixture was stirred at 90 °C for 14 h and

then cooled to room temperature. Subsequently, water (130 mL) and saturated aqueous NH4Cl
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solution (26 mL) were added. The mixture was extracted with Et;O (3 x 100 mL) and the
combined organic phases were dried over anhydrous Na,SO4. After removal of the solvent
under reduced pressure, the product was purified by chromatography on a silica gel column
with 4:1 (v:v) n-pentane/Et,O as an eluent. The pure product was obtained as a yellow solid
(2.02 g, 4.61 mmol, 73%). 'H NMR (400 MHz, CDCl;): & [ppm] = 8.38-8.32 (m, 3 H), 8.28
(d, J=1.6 Hz, 1 H), 7.85-7.80 (m, 2 H), 7.76 (dd, /= 8.0, 1.8 Hz, 1 H), 7.72 (s, 1 H), 7.11 (s,
1 H), 2.56 (s, 3 H), 2.28 (s, 3 H), 1.37 (s, 12 H).

Compound 36. Compound 35 (65.5mg, 0.15 mmol, 1.00eq.), compound 4 (156 mg,
0.30 mmol, 2.00 eq.) and Na,COs3 (47.8 mg, 0.45 mmol, 3.00 eq.) were dissolved in a mixture
of THF (5 mL) and water (1 mL) and degassed for 15 min. Pd(PPhs)4 (9.20 mg, 0.008 mmol,
0.05 eq.) was added and the mixture was degassed further for 15 min and then stirred at 85 °C
under N, for 23 h. Once the reaction mixture had nearly reached room temperature, water
(15 mL) was added, and then it was extracted with DCM (2 x 20 mL), Et;O (1 x 20 mL) and
CHCI; (3 x 20 mL). The combined organic phases were dried over anhydrous Na,SO4 and the
solvents were removed under reduced pressure. The product was purified by chromatography
on two separate silica gel columns. First, a chromatography with 2:1 (v:v) n-pentane/Et,O as
an eluent was performed. Further purification was possible on a column with DCM + 2%
MeOH as an eluent. The product was obtained as a yellow solid (61.1 mg, 0.08 mmol, 54%).
'H NMR (400 MHz, CDCl3): & [ppm] = 8.79 (s, 1 H), 8.67 (s, 1 H), 8.55 (d, J=7.8 Hz, 2 H),
8.40 (d, /=28.0 Hz, 1 H), 8.38-8.34 (m, 3 H), 7.95-7.91 (m, 1 H), 7.88-7.80 (m, 4 H), 7.52 (s,
1 H), 7.23 (s, 2 H), 7.16 (s, 1 H), 7.14 (d, /= 3.2 Hz, 2 H), 2.43 (s, 3 H), 2.36 (s, 3 H), 2.34 (s,
3 H),2.28 (s,3 H),2.17 (s, 6 H).
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Ligand 37. Compound 31 (119 mg, 0.35 mmol, 1.00 eq.), compound 35 (184 mg, 0.42 mmol,
1.20 eq.) and Na,CO; (114 mg, 1.08 mmol, 3.09 eq.) were dissolved in a mixture of THF
(5 mL) and water (1 mL) and degassed for 15 min. Pd(PPh;3)4 (23.0 mg, 0.02 mmol, 0.06 eq.)
was added, and the reaction mixture was degassed further for 15 min prior to stirring at 85 °C
under N, for 42.5 h. Once the reaction mixture had nearly reached room temperature, water
(10 mL) was added, and then it was extracted with DCM (3 x 20 mL). The combined organic
phases were dried over anhydrous Na,SO4 and the solvents were removed under reduced
pressure. The crude product was purified by chromatography on a silica gel column with 4:1
(viv) m-pentane/EtOAc as an eluent. The pure product was obtained as a yellow solid
(39.4 mg, 0.05 mmol, 14%). 'H NMR (400 MHz, CDCl;): & [ppm] = 8.76 (d, J=11.4 Hz, 2
H), 8.62-8.54 (m, 2 H), 8.41 (d, /=8.0 Hz, 1 H), 8.38-8.33 (m, 3 H), 7.91 (t, J=9.0 Hz, 2
H), 7.86-7.82 (m, 3 H), 7.28 (d, /=2.8 Hz, 2 H), 7.23-7.17 (m, 5 H), 7.02 (s, 1 H), 6.97-6.92
(m, 4 H), 2.38 (s, 3 H), 2.36 (s, 3 H), 2.26 (s, 3 H), 2.03 (s, 3 H).

Cl

Ligand 38. Compound 36 (61.1 mg, 0.08 mmol, 1.00 eq.), compound 30 (45.7 mg,
0.10 mmol, 1.20 eq.) and Na,CO; (26.0 mg, 0.25 mmol, 3.02 eq.) in THF (5 mL) and water
(1 mL) were degassed for 15 min. Then, Pd(PPhs)s (5.10 mg, 0.004 mmol, 0.05 eq.) was
added and the mixture was degassed further for 15 min. The reaction mixture was stirred at
85 °C under N; for 23 h and then cooled to room temperature. The mixture was diluted with
water (15 mL) and extracted with DCM (3 x 10 mL). The combined organic phases were

dried over anhydrous Na,SO4 and the solvents were removed under reduced pressure. The
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product was purified by chromatography on a silica gel column with 4:1 (viv) n-
pentane/EtOAc as an eluent and was obtained as an orange solid (73.6 mg, 0.07 mmol, 90%).
'H NMR (400 MHz, CDCl5): & [ppm] = 8.80 (dd, J=4.6, 1.9 Hz, 2 H), 8.58 (d, J=8.1 Hz, 2
H), 8.40 (d, /J=8.0 Hz, 1 H), 8.38 (d, /=1.7 Hz, 1 H), 8.37-8.33 (m, 2 H), 7.96-7.91 (m, 2
H), 7.86 (dd, J= 8.0, 1.8 Hz, 1 H), 7.84-7.80 (m, 2 H), 7.25 (s, 2 H), 7.23 (s, 1 H), 7.22-7.17
(m, 4 H), 7.16-7.13 (m, 3 H), 7.05 (s, 1 H), 7.00 (s, 1 H), 6.97-6.93 (m, 4 H), 2.39-2.32 (m, 9
H), 2.19 (s, 6 H), 2.16 (s, 3 H), 2.05 (s, 3 H), 2.02 (s, 3 H).

TPA-ph;-Ir-ph;-AQ. Similar complexation conditions as reported previously were used.!'”’

Ligand 37 (9.20 mg, 0.012 mmol, 2.70 eq.) and [Ir(dF-CF3-ppy).Cl], precursor complex 24
(6.30 mg, 4.23 - 10™ mmol, 1.00 eq.) were suspended in ethylene glycol (2 mL) and stirred at
150 °C under N, for 22 h. After cooling to room temperature, water (20 mL) was added and
the aqueous phase was extracted with DCM (3 x 10 mL). The combined organic phases were
dried over anhydrous Na,SO4 and the solvents were removed under reduced pressure. The
product was purified by chromatography on a silica gel column with acetone to 9:1 (v:v)
acetone/water as eluents. To the chromatography fractions containing the desired complex,
saturated aqueous KPFg solution was added and acetone was removed under reduced pressure.
The aqueous residue was extracted with DCM (3 x 10 mL) and the combined organic phases
were washed with water (10 mL) afterwards. After drying over anhydrous Na;SOs, the
solvent was removed under reduced pressure. The resulting residue was then dissolved in a
minimum of acetone, precipitated by adding an excess of n-pentane and filtered off. The
product was obtained as a yellow solid (9.00 mg, 5.42-10° mmol, 64%). 'H NMR
(400 MHz, acetone-dg): o [ppm] = 9.07 (dd, J=8.4, 5.5 Hz, 2 H), 8.68-8.62 (m, 2 H), 8.51
(ddd, J=13.3, 8.4, 2.0 Hz, 2 H), 8.45 (d, /=8.9 Hz, 2 H), 8.39-8.30 (m, 5 H), 8.24 (s, 2 H),
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8.20 (d, J=1.7Hz, 1 H), 8.00-7.96 (m, 2 H), 7.94 (dd, J=8.0, 1.8 Hz, 1 H), 7.34 (s, 1 H),
7.32-7.27 (m, 4 H), 7.25 (s, 2 H), 7.09 (s, 1 H), 6.96-6.91 (m, 4 H), 6.91-6.83 (m, 2 H),
6.07-6.01 (m, 2 H), 2.31 (s, 3 H), 2.17 (s, 3 H), 2.05 (s, 3 H), 2.00 (s, 3 H). ESI-HRMS (m/z):
caled. for C76H4/NsO.CLFoIr": 1514.2564; found: 1514.2569. Anal. Calcd. for
C76H47N50,CLIrPF 6 - HyO: C, 54.39; H, 2.94; N, 4.17; found: C, 54.29; H, 3.17; N, 4.30.

Cl

Cl

TPA-ph,-Ir-ph,-AQ. Similar complexation conditions as reported previously were used.!'”’

Ligand 38 (40.0 mg, 0.039 mmol, 2.20 eq.) and [Ir(dF-CFs-ppy).Cl], precursor complex 24
(26.7 mg, 0.018 mmol, 1.00 eq.) were suspended in ethylene glycol (3 mL) and stirred at
150 °C under N,. After 13 h, AgNOs (6.50 mg, 0.038 mmol, 2.10 eq.) was added and the
mixture was stirred further for 22 h under protection from light. The mixture was allowed to
reach room temperature, and then water (20 mL) was added and the aqueous phase was
extracted with DCM (3 x 20 mL). The combined organic phases were washed with water
(10 mL) and dried over anhydrous Na,SO,. After removal of the solvents under reduced
pressure, the product was purified by chromatography on two silica gel columns. First, a
chromatography with acetone to 9:1 (v:v) acetone/water as eluents was performed. To the
chromatography fractions containing the desired complex, saturated aqueous KPF solution
was added and acetone was removed under reduced pressure. The aqueous residue was
extracted with DCM (3 x 20 mL) and the combined organic phases were washed with water
(10 mL) afterwards. After drying over anhydrous Na,SO4, the solvent was removed under
reduced pressure. Further purification was possible with a column using 5:1 (v:v)
DCM/acetone as an eluent. The resulting product was then dissolved in a minimum of
acetone, precipitated by adding an excess of n-pentane and filtered off. The pure product was

obtained as a yellow solid (27.5 mg, 14.7 - 10 mmol, 41%). 'H NMR (400 MHz, CD;0D):
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O [ppm] = 8.97-8.92 (m, 2 H), 8.65-8.59 (m, 2 H), 8.47-8.41 (m, 2 H), 8.41-8.30 (m, 5 H),
8.27(d,J=1.7Hz, 1 H), 8.16-8.12 (m, 2 H), 7.95-7.89 (m, 5 H), 7.27-7.17 (m, 7 H), 7.11 (s,
1 H), 7.09 (s, 1 H), 7.07 (d, /= 3.5 Hz, 1 H), 7.01 (s, 2 H), 6.97-6.92 (m, 4 H), 6.87-6.78 (m,
2 H), 5.86 (dt, J=8.1, 2.2 Hz, 2 H), 2.31 (s, 3 H), 2.16-2.06 (m, 15 H), 2.01 (s, 3 H), 1.97 (d,
J=4.6 Hz, 3 H). ESI-HRMS (m/z): calcd. for CooHgsNsO,CLF ol 1722.3819; found:
1722.3824. Anal. Calcd. for CooHg3NsO,CLIrPF 6 - 3H,O: C, 57.47; H, 3.58; N, 3.93; found:
C,57.47;H, 3.62; N, 3.64.
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Synthesis and product characterization data for Ir-Ref

Scheme S4. Synthesis of Ir-Ref.

Compound Ir-Ref. Similar complexation conditions as reported previously were used.!"”

Compound 3 (20.0 mg, 0.039 mmol, 2.21 eq.) and [Ir(dF-CF;-ppy),Cl], precursor complex
24 (26.3 mg, 0.018 mmol, 1.00 eq.) were suspended in ethylene glycol (2 mL) and stirred at
150 °C under N, for 21.5 h. After cooling to room temperature, water (20 mL) was added and
the aqueous phase was extracted with DCM (3 x 10 mL). The combined organic phases were
dried over anhydrous Na,SO4 and the solvent was removed under reduced pressure. The
product was purified by chromatography on a silica gel column with acetone to 9:1 (v:v)
acetone/water as an eluent. To the chromatography fractions containing the desired complex,
saturated aqueous KPFg solution was added and acetone was removed under reduced pressure.
The aqueous residue was extracted with DCM (3 x 10 mL) and the combined organic phases
were washed with water (10 mL) afterwards. After drying over anhydrous Na,SOs, the
solvent was removed under reduced pressure. The resulting residue was then dissolved in a
minimum of acetone, precipitated by adding an excess of n-pentane and filtered off. The
product was obtained as a yellow solid (29.6 mg, 0.022 mmol, 61%). "H NMR (400 MHz,

acetone-de): 0 [ppm] =9.01 (d, /= 8.1 Hz, 2 H), 8.63 (dd, J = 8.8, 2.6 Hz, 2 H), 8.46-8.40 (m,
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4 H), 8.28 (d, J=1.6 Hz, 2 H), 8.20-8.16 (m, 2 H), 7.38 (s, 2 H), 7.01 (s, 2 H), 6.89—6.81 (m,
2 H), 6.00 (dd, J= 8.4, 2.3 Hz, 2 H), 2.42 (s, 6 H), 2.07 (s, 6 H), 0.33 (s, 18 H). ESI-HRMS
(m/z): caled. for CseHsoN4F10SioIr: 1217.3040; found: 1217.3045. Anal. Calcd. for
Cs¢HsoN4S1IrPF 6 - 0.5H,0: C, 49.05; H, 3.75; N, 4.09; found: C, 49.30; H, 4.15; N, 4.36.
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Equipment and methods

'H NMR spectroscopy was performed on a Bruker Avance III instrument operating at
400 MHz frequency. The instrument was equipped with a direct observe 5-mm BBFO smart
probe. Mass spectra were measured on a Bruker maxis 4G QTOF EDI spectrometer by Dr.
Heinz Nadig in the Department of Chemistry at University of Basel. Elemental analyses were
performed by Ms. Sylvie Mittelheisser on a Vario Micro Cube instrument in the Department

of Chemistry at University of Basel.

For cyclic voltammetry, a Versastat3-200 potentiostat from Princeton Applied Research was
used. A silver wire served as the counter electrode and a glassy carbon disk electrode was
used as a working electrode. The reference electrode was an SCE and the measurements
performed in CH3CN were made using 0.1 M TBAPF; as an electrolyte. For all measurements
a potential scan rate of 0.1 V/s was applied. A Cary 5000 instrument from Varian was used
for optical absorption spectroscopy. Chemical oxidation was achieved via UV-Vis titration of
the investigated compound with copper(Il) perchlorate as an oxidant in CH3CN. Chemical
reduction was performed in dry THF with sodium as a reductant. For spectro-electrochemical
UV-Vis measurements, a Pt grid electrode in a quartz cuvette was used. SCE served as a
reference electrode and a platinum wire was employed as a counter electrode. The electrodes
were connected to the potentiostat mentioned above. Transient absorption spectra were
measured on an LP920-KS instrument from Edinburgh Instruments. A Quantel Brilliant b
laser with a frequency-doubled output was used for excitations at 532 nm for the TAA-ph,-
Ru-ph,-NDI triads. Excitation of TPA-ph;-Ir-ph;-AQ occurred at 450 nm using an OPO
from Opotek attached to the same laser system, and TPA-ph,-Ir-ph,-AQ was excited at
420 nm using the same laser/OPO combination. The laser pulse duration was ca. 10 ns. The
pulse frequency was 10 Hz and the typical pulse energy for transient absorption studies was
15 mJ. For the detection of the transient absorption spectra, an iCCD camera from Andor was
used. Kinetic studies with single-wavelength detection were made using a photomultiplier
tube. Temperature changes were directly applied to the cuvette holder using a temperature
controller from Edinburgh Instruments. De-aerated conditions using home-built quartz
cuvettes were applied for all optical spectroscopic experiments. Oxygen was removed using
the freeze-pump-thaw technique. For the emission measurements, a Fluorolog-322 instrument

from Horiba Jobin-Yvon was used.
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UV-Vis spectral data

The optical absorption spectra of TAA-ph;-Ru-ph;-NDI, TAA-ph;-Ru-ph,-NDI, TPA-ph;-
Ir-ph;-AQ and TPA-ph,-Ir-ph,-AQ were measured in CH3;CN at 20 °C and are shown in
Figure S1 and Figure S2. The spectra of the Ru(bpy)s>" photosensitizer reference complex and
the Ir-Ref photosensitizer reference complex, as well as the free ligands 20 and 38, are also

included in these figures. Due to solubility reasons, ligand 20 was measured in DCM.
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Figure S1. UV-Vis spectra of TAA-ph;-Ru-ph;-NDI (blue), TAA-ph,-Ru-ph,-NDI (green)
and Ru(bpy)s>" (black) in CH3CN at 20 °C. Ligand 20 (red) was measured in DCM at 20 °C.

The spectra of the triads exhibit MLCT absorption bands at around 450 nm and 7-m"
absorption bands at 288 nm due to the Ru(bpy)s*" sub-unit. TAA and NDI related absorptions
manifest between 300 and 390 nm as the comparison of the absorption spectrum of the free
ligand 20 (red trace) with the spectrum of Ru(bpy)32+ (black trace) shows. The TAA unit has
an absorption band at 310 nm whereas the bands at 340, 359 and 380 nm are caused by the
NDI unit.
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Figure S2. UV-Vis spectra of TPA-phy-Ir-ph;-AQ (blue), TPA-ph,-Ir-ph,-AQ (green), Ir-
Ref (black) and ligand 38 (red) in CH3CN at 20 °C.

The optical absorption spectrum of Ir-Ref (Figure S2, black trace) exhibits a broad and
relatively weak MLCT absorption in the spectral range between 390-440 nm. In comparison,
the extinction coefficient for TPA-ph;-Ir-ph;-AQ at 400 nm (blue trace) is too high to be
simply an MLCT absorption band. Thus, it seems that the TPA-phy-Ir-ph;-AQ triad does not
simply exhibit MLCT transitions in this spectral range, but instead there is also significant
oscillator strength for optical charge transfer from the triphenylamine donor to the bipyridine
ligand of the photosensitizer. Since the distance between the triphenylamine donor and the
bipyridine ligand in TPA-phs-Ir-phs-AQ is significantly shorter than in TPA-ph,-Ir-ph;-
AQ, the oscillator strength of that optical charge transfer is significantly higher for TPA-ph;-
Ir-ph;-AQ (blue trace) than for TPA-ph;-Ir-ph;-AQ (green trace) between 380 and 480 nm.

As is evident from the main paper, our studies focus on the recombination rate of the final
charge-separated states of our triads, and it is not particularly relevant whether these states are

reached via excitation into an MLCT transitions or an optical charge transfer transition.
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Electrochemistry and optical spectroscopy of Ir-Ref

Cyclic voltammograms of Ir-Ref were measured in dry CH3CN with 0.1 M TBAPFg (Figure
S3). A glassy carbon disk was used as a working electrode and a silver wire served as the
counter electrode. The scan rate was 0.1 V/s and the potentials are given against an SCE

reference (Table S1).
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Figure S3. Cyclic voltammograms and first their derivatives for Ir-Ref in dry and de-aerated

CH;3CN vs. SCE. TBAPF; (0.1 M) was used as an electrolyte and a scan rate of 0.1 V/s was
applied.

In cyclic voltammetry experiments performed with Ir-Ref metal-centered oxidation is
observed at 1.78 V vs. SCE whereas reductive sweeps reveal consecutive reductions of the
bipyridine and the dF-CF;-ppy ligands. The redox potentials determined from this data (Table

S1) are in good agreement with those reported earlier for closely related compounds.''”

Table S1. Redox potentials (in Volts vs. SCE) extracted from Figure S3.

Ir-Ref
E°(dF-CF;-ppy™) -1.88
E%(dF-CF3-ppy ™) -1.65
E’(bpy") -1.19
E' ™) 1.78
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The energy (Ego) of the lowest SMLCT excited state of the Ir photosensitizer unit in the triads
was estimated by determining the intersection between the onset of the absorption of Ir-Ref at
20 °C in dry CH3CN (red trace in Figure S4) and the onset of luminescence in dry MeTHF at
77 K (blue trace in Figure S4). This method yields an excited state energy of 2.61 eV.

80
-1.0
2
- 60 absorption luminescence 0.8 g
g 2
- 0.6 £
s s
40 3
= g
- -0.4 g
0.2
0.0

0 T T .
200 300 400 500 600 700 800
wavelength / nm

Figure S4. Absorption spectrum of Ir-Ref in dry CH3CN (red) at room temperature and
luminescence of Ir-Ref in dry MeTHF at 77 K (blue). Excitation occurred at 450 nm.

Transient absorption of Ir-Ref was measured in dry CH3CN at 20 °C following excitation at
450 nm (Figure S5). An absorption maximum of the excited photosensitizer is detected at
560 nm. The bleach at 342 nm is caused by disappearance of the ground-state absorption band
at that wavelength (Figure S4).
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Figure S5. Transient absorption spectrum of Ir-Ref (20 uM in dry and de-aerated CH3;CN)
following excitation at 450 nm with laser pulses of ca. 10 ns duration. The spectrum was

recorded by time-averaging over a period of 200 ns immediately after excitation.
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Cyclic voltammetry of the triads

Cyclic voltammograms of TAA-ph;-Ru-ph;-NDI, TAA-ph;-Ru-ph,-NDI, TPA-ph;-Ir-ph;-
AQ and TPA-ph;,-Ir-ph;-AQ were measured in CH3CN with 0.1 M TBAPF¢ (Figure S6 and
Figure S7). A glassy carbon disk was used as a working electrode and a silver wire served as
the counter electrode. The scan rate was 0.1 V/s and the potentials are given against an SCE

reference (Tables S2 and S3).
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Figure S6. Cyclic voltammograms of TAA-ph;-Ru-ph;-NDI (red) and TAA-ph;-Ru-ph;-
NDI (blue) in de-aerated CH3CN. TBAPF; (0.1 M) was used as an electrolyte and a scan rate
of 0.1 V/s was applied.

Oxidative cyclic voltammetry of TAA-ph;-Ru-ph;-NDI (Figure S6, red trace) and TAA-ph,-
Ru-ph,-NDI (Figure S6, blue trace) is dominated by the one-electron oxidation of the TAA
donor at 0.64-0.69 V vs. SCE and oxidation of Ru" to Ru™ at ca. 1.3 V vs. SCE. One- and
two-electron reduction of the NDI acceptor occurs more readily than reduction of the
bipyridine ligands. For the latter, three separate reduction waves can be observed due to
individual one-electron ligand reductions. The redox potentials (Table S2) determined from

Figure 6 are in good agreement with those reported previously for related compounds.t'''%]
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Table S2. Redox potentials (in Volts vs. SCE) extracted from Figure S6.

TAA-ph;-Ru-ph;-NDI TAA-ph,-Ru-ph,-NDI
E’(bpy”") -1.75 -1.75
E’(bpy”") -1.51
E’(bpy”) -1.33 -1.30
E°(NDI"*) -0.99 -1.00
E°(NDI’") -0.56 -0.58
E(TAA™) 0.69 0.64
E°(Ru™™) 131 1.30
40- 200
20- 150
0+ < 100
< =
:Z“ -20 50
-40 o
-60- 5 05 A
5=, gg-
T T T T w .
15 <10 -05 00 05 10 15 5 o5 1o 12 14 16 18 20

E/Vvs. SCE E/Vvs. SCE

Figure S7: Cyclic voltammograms (and first their derivatives) for TPA-ph;-Ir-ph;-AQ (red)
and TPA-ph,-Ir-ph,-AQ (blue) in dry and de-aerated CH3;CN. TBAPF¢ (0.1 M) was used as

an electrolyte and a scan rate of 0.1 V/s was applied.

In oxidative cyclic voltammetry sweeps performed with TPA-ph;-Ir-ph;-AQ (Figure S7, red
trace) and TPA-ph,-Ir-ph,-AQ (Figure S7, blue trace) the one-electron oxidations of the
TPA donor unit and of the iridium unit are observed. In the reductive sweeps, a first (one-
electron) reduction of the AQ acceptor is followed by the reduction of one of the bipyridine
ligands. Subsequently, the second reduction of the AQ unit (to the quinone dianion) can be

observed before the dF-CFs-ppy ligands are finally each reduced by one electron.
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Table S3. Redox potentials (in Volts vs. SCE) extracted from Figure S7.

TPA-ph;-Ir-ph;-AQ TPA-ph,-Ir-ph;-AQ
E’(dF-CF5-ppy™) -1.88 -1.87
E’(dF-CF3-ppy ™) -1.65 -1.62
E(AQ™) -1.30 -1.30
E°(bpy™") -1.19 -1.19
E%(AQ™) -0.86 -0.89
E(TPA™) 1.11 1.06
E° (V™) 1.78 1.75
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Reaction free energies for thermal charge recombination in the triads

The reaction free energy (AGcr”) for thermal charge recombination between oxidized donors
(D") and reduced acceptors (A") in the individual triads TAA-ph;-Ru-ph;-NDI, TAA-ph,-
Ru-ph,;-NDI, TPA-ph;-Ir-ph;-AQ and TPA-ph;-Ir-ph,-AQ was estimated using equation
S1 and the redox potentials reported in Tables S2 and S3.!'Y ¢ is the elemental charge, & is
the vacuum permittivity, and & is the dielectric constant of the solvent (35.9 for CH;CN).["”)
The center-to-center distance (rps) corresponds to the distance between the N-atom of the
amine donor and the centroid of the acceptor unit. All rp values are reported in Table 1 of the

main paper.

62
AGeR® = e - [E°(A%~) — EO(D*/0)] - pr——— (eq ST)

Table S4. Estimated reaction free energies (AGcr”) for thermal charge recombination in the

individual triads on the basis of the redox potentials in Tables S2 and S3.

Cmpd AGcr’ [eV]
TAA-ph;-Ru-ph;-NDI -1.27
TAA-ph,-Ru-ph,-NDI -1.23

TPA-ph;-Ir-ph;-AQ -1.99
TPA-phy-Ir-ph,-AQ -1.96
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Temperature-dependent cyclic voltammetry studies for triads TAA-ph;-Ru-ph;-NDI and
TAA-phy-Ru-ph,-NDI

Cyclic voltammograms of TAA-ph;-Ru-ph;-NDI and TAA-ph;-Ru-ph,-NDI  were
measured at several temperatures between 8.5 and 50 °C to assess whether there is any
significant temperature dependence of the driving-force (-AGcr’) for thermal charge
recombination between photogenerated D and A". The voltammograms were measured in
CH;CN with 0.1 M TBAPF; (Figures S8 and S9). A glassy carbon disk was used as a
working electrode and a silver wire served as the counter electrode. The scan rate was 0.1 V/s

and the potentials are reported against an SCE reference (Tables S5 and S6).

40
20
< 0-
_20_
-40
05 0.0 05 1.0
E/V vs. SCE

Figure S8. Cyclic voltammograms of TAA-ph;-Ru-ph;-NDI at 8.5 °C (red), 15 °C (yellow),
25°C (green), 35 °C (orange), 43 °C (blue) and 50 °C (purple) in de-aerated CH;CN.
TBAPFg (0.1 M) was used as an electrolyte and a scan rate of 0.1 V/s was applied.

Table SS. Redox potentials (in Volts vs. SCE) of the TAA-ph;-Ru-ph;-NDI triad extracted
from Figure S8 at various temperatures. The driving-force (-AGc’) for thermal electron

transfer from NDI" to TAA" was estimated with equation SI on the basis of the relevant

potentials.
T [°C] E'(NDI") E(TAA™) -AGcx' [eV]
8.5 -0.55 0.69 1.26
15 -0.56 0.69 1.27
25 -0.57 0.69 1.28
35 -0.56 0.69 1.27
43 -0.56 0.68 1.26
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Figure S9. Cyclic voltammograms of TAA-ph,-Ru-ph,-NDI at 8.5 °C (red), 15 °C (yellow),
25°C (green), 34 °C (orange), 43 °C (blue) and 55 °C (purple) in de-aerated CH;CN.
TBAPFg (0.1 M) was used as an electrolyte and a scan rate of 0.1 V/s was applied.

Table S6. Redox potentials for triad TAA-ph,-Ru-ph,-NDI (in Volts vs. SCE) extracted
from Figure S9. The driving-force (-AGcr’) for thermal electron transfer from NDI” to TAA™

was estimated with equation S1 using the experimentally determined potentials.

T [°C] E’(NDI™) E(TAA™) -AGcr’ [eV]
8.5 -0.57 0.64 1.22
15 -0.57 0.64 1.22
25 -0.57 0.64 1.22
34 -0.59 0.64 1.24
43 -0.58 0.64 1.23
55 -0.60 0.65 1.26

The experimental uncertainty associated with our cyclic voltammetry experiments is
approximately +0.05 V. Consequently, the driving-force for thermal charge recombination
between oxidized donor and reduced acceptor can be regarded as temperature independent in
both triads, at least in the range considered here. This finding is relevant for the temperature-
dependent transient absorption studies reported below. We assume that this is also the case for

the TPA-ph;-Ir-ph;-AQ and TPA-ph,-Ir-ph;-AQ triads.
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Energy level schemes for photoinduced charge separation and recombination in the different

triads
EfeV |
3.00 +
TPAbpy/li’-AQ , TPA-bpy/I'"-AQ
2.50 + (2.61 eV) (2.64 eV)

X, TPA-bpy/IF'-AQ
;4 l(2.25 -2.30eV)

TAA-bpy/Ru"-NDI R iir . .
200 | (212 eV)\. ", TAA-bpy/Ru'-NDI ;77 TPA-bpy/Ir'-AQ |
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Figure S10. Energies of relevant excited states and photoproducts for the Ru-based triads
TAA-phi-Ru-ph;-NDI and TAA-ph,-Ru-ph,-NDI (left) and the Ir-based triads TPA-phy-Ir-
phi-AQ and TPA-ph,-Ir-ph,-AQ (right) in CH3CN. Energies were estimated using equation
S1 and the redox potentials from Tables S2 and S3. Eq, for the Ru(bpy)s*" unit is 2.12 eV,['%

whilst for the Ir sensitizer unit we found Ego=2.61 eV, see page S34.

Based on the energy-level diagram in the left part of Figure S10, the final charge-separated
state in the triads TAA-ph;-Ru-ph;-NDI and TAA-ph,-Ru-ph,-NDI (Figure S10, left) can
be formed in two different ways: 1) after excitation of the Ru sensitizer unit, the excited
sensitizer can be oxidatively quenched by NDI, followed by an electron transfer from the
TAA donor to the now oxidized Ru" photosensitizer, or ii) reductive quenching of the excited
Ru(bpy);®" sensitizer by TAA, followed by an electron transfer from the reduced

photosensitizer to the NDI acceptor.
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While the formation of the final charge-separated state in the Ru-based triads proceed over a
SMLCT state after initial excitation of the Ru sensitizer, the Ir-based triads TPA-ph;-Ir-ph;-
AQ and TPA-ph;-Ir-ph,-AQ show partly different behavior (Figure S10, right). Excitation of
TPA-ph;-Ir-ph;-AQ mainly results in an optical charge transfer from the TPA to the
bipyridine ligand of the Ir sensitizer since there seems to be a significant oscillator strength
for this excitation (see page S32). Electron transfer from the reduced bipyridine to the AQ
finally results in the charge-separated state. By contrast, excitation of TPA-ph,-Ir-ph,-AQ
mainly shows a *MLCT transition comparable to the Ru-based triads. The final charge-
separated state can then be generated by 1) reductive quenching of the excited Ir sensitizer by
TPA, followed by an electron transfer from the reduced Ir sensitizer to the AQ, or ii)
oxidative quenching of the excited Ir sensitizer by AQ, followed by an electron transfer from

TPA to the Ir"Y species.

As is evident from the main paper, our studies focus on the recombination rate of the final
charge-separated states of our triads, and it is not particularly relevant whether these states are

reached via excitation into MLCT transitions or an optical charge transfer transition.
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Transient absorption and spectro-electrochemical studies for TPA-ph,-Ir-ph;-AQ and TPA-
phy-Ir-ph,-AQ

mAOD mAOD mAQOD

300 400 500 600 700 800
wavelength / nm

Figure S11. (a) Transient UV-Vis absorption spectrum recorded after excitation of 20 uM
TPA-ph;-Ir-ph;-AQ in dry and de-aerated CH3;CN at 20 °C. The sample was excited at
450 nm with laser pulses of ca. 10 ns duration, detection occurred by integration over a period
of 200 ns immediately after excitation. (b) Spectro-electrochemical UV-Vis difference
spectrum of the TPA unit in TPA-ph;-Ir-ph;-AQ in dry and de-aerated CH3;CN at 20 °C. The
applied oxidation potential was 1.2 V vs. SCE, the UV-Vis spectrum recorded prior to
application of the potential served as a baseline. (c) Spectro-electrochemical UV-Vis
difference spectrum of the AQ unit in TPA-phy-Ir-ph;-AQ in dry and de-aerated CH3;CN at
20 °C. The applied reduction potential was -0.9 V vs. SCE, the UV-Vis spectrum recorded

prior to application of the potential served as a baseline.

The transient absorption spectrum of TPA-phi-Ir-phi-AQ (Figure Slla), recorded
immediately after excitation at 450 nm, clearly shows the spectroscopic signatures of the
anticipated charge-separated state, as confirmed by spectro-electrochemical UV-Vis
difference spectra for TPA" (Figure S11b) and AQ" (Figure S11c). The one-electron oxidized
TPA unit exhibits a diagnostic band at 720 nm and a stronger band at 380 nm. The one-
electron reduced AQ unit exhibits absorption bands at 385 nm and at 550 nm. In the triad
TPA-ph;-Ir-ph;-AQ, spectroscopic signatures at 370, 570 and 720 nm are observed which
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correspond to a 1:1 combination of the one-electron oxidized TPA unit and the one-electron
reduced AQ unit. Small shifts of the band maxima in the transient absorption spectrum
compared to the spectro-electrochemical UV-Vis difference spectra are likely due to the used

electrolyte in the spectro-electrochemical measurements.

mAOD mAOD mAOD

300 400 500 600 700 800
wavelength / nm

Figure S12. (a) Transient UV-Vis absorption spectrum recorded after excitation of 20 uM
TPA-ph;-Ir-ph,-AQ in dry and de-aerated CH3;CN at 20 °C. The sample was excited at
420 nm with laser pulses of ca. 10 ns duration, detection occurred by integration over a period
of 200 ns immediately after excitation. (b) Spectro-electrochemical UV-Vis difference
spectrum of the TPA unit in TPA-ph,-Ir-ph;-AQ in dry and de-aerated CH3;CN at 20 °C. The
applied oxidation potential was 1.3V vs. SCE, the UV-Vis spectrum recorded prior to
application of the potential served as a baseline. (c) Spectro-electrochemical UV-Vis
difference spectrum of the AQ unit in TPA-ph,-Ir-ph;-AQ in dry and de-aerated CH3CN at
20 °C. The applied reduction potential was -0.9 V vs. SCE, the UV-Vis spectrum recorded

prior to application of the potential served as a baseline.

The transient absorption spectrum of TPA-ph;-Ir-ph,-AQ (Figure S12a) shows the
spectroscopic signatures of the anticipated charge-separated state, as confirmed by spectro-
electrochemical UV-Vis difference spectra for TPA" (Figure S12b) and AQ™ (Figure S12c).
The one-electron oxidized TPA unit exhibits absorption bands at 700 nm and 370 nm. The
one-electron reduced AQ unit shows absorption bands at 405 and 550 nm. In the triad TPA-
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ph2-Ir-ph;-AQ, spectroscopic signatures at 370, 570 and 700 nm are observed which
correspond to a 1:1 combination of the one-electron oxidized TPA unit and the one-electron
reduced AQ unit. Small shifts of the band maxima in the transient absorption spectrum
compared to the spectro-electrochemical UV-Vis difference spectra are likely due to the used

electrolyte in the spectro-electrochemical measurements.

Compared to TPA-ph;-Ir-ph;-AQ, TPA-phy-Ir-ph,-AQ shows a 20 nm shift of the TPA™
band to higher energies. This shift is probably due to the fact that the interaction of the TPA
unit with the bipyridine ligand is somewhat different in the TPA-ph,-Ir-ph,-AQ triad (see
also page S32) resulting in a shift of the respective TPA" absorption maximum to higher

energies.
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Temperature-dependent transient absorption studies and activation free energies for thermal

charge recombination

0.1

normalized AQD

0.01- ) ‘
0 2 4 6 8 10 12
time/ us

Figure S13. (a) Temporal evolution of the transient absorption signals for TAA-ph;-Ru-ph;-
NDI (red) and TAA-phz-Ru-ph,-NDI (green) in de-aerated CH3CN at 20 °C monitoring the
NDI absorption band at 607 nm.

The data set in Figure S13 complements the transient absorption decays shown in Figure 1 d/e
of the main paper for the TAA-ph;-Ru-ph;-NDI and TAA-ph,-Ru-ph,-NDI triads. In the
main paper, we show the decays of the transient absorption signals at 475 and 770 nm whilst
here the transient absorption signal caused by the NDI" species at 607 nm is shown (Figure
S13). Based on the combined kinetic measurements at 475, 607 and 770 nm (Table S7), rate
constants (kcg) of (4.8 £ 0.5) - 10°s™ and (1.3 + 0.1) - 10° s were determined for intra-
molecular charge recombination between TAA" and NDI" in TAA-ph;-Ru-ph;-NDI and
TAA-ph;-Ru-ph,-NDI in de-aerated CH3CN at 20 °C. As noted in the main paper, a decrease

of kcr 1s observed when elongating the donor-acceptor-distance.

(b} E (©

0.1

normalized AOD
normalized AOD
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Figure S14. Temporal evolution of the transient absorption signals for TPA-ph;-Ir-ph;-AQ
(red) and TPA-ph,-Ir-ph,-AQ (green) in dry and de-aerated CH3;CN at 20 °C. (a) Combined
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TPA" and AQ’ absorption at 370 nm. (b) The AQ" band at 570 nm, and (c) the TPA" band at
720 nm for TPA-ph;-Ir-ph;-AQ and at 700 nm for TPA-ph,-Ir-ph;-AQ.

When monitoring the temporal evolution of the AQ™ and TPA" signals of the triads TPA-ph;-
Ir-ph;-AQ (red trace) and TPA-ph,-Ir-ph,-AQ (green trace) at the relevant wavelengths
(Figure Sl4a-c), one observes instant decays signaling the formation of the AQ™ and TPA"
photoproduct within the duration of the laser pulse (ca. 10 ns). Immediately following
excitation, the radical ion pair collapses due to thermal charge recombination via intra-
molecular electron transfer. Based on the kinetic measurements in Figure S14 (Table S8), rate
constants (kcg) of (1.0 +0.1) - 10°s™ and (1.2 + 0.1) - 10’ s were determined for TPA-ph;-
Ir-ph;-AQ and TPA-ph,-Ir-ph,-AQ in dry and de-aerated CH3;CN at 20 °C. Thus, an

increase of kcg is observed when elongating the donor-acceptor-distance.

In the following we present the results from temperature dependent kinetic studies of the
TAA-ph,-Ru-ph,-NDI and TPA-ph,-Ir-ph,-AQ triads, which were performed to estimate
the activation free energies for intra-molecular thermal charge recombination in these

compounds.

Table S7. Time constants (t) for thermal charge recombination (CR) between NDI” and TAA"
in the TAA-ph;-Ru-ph;-NDI and TAA-ph,-Ru-ph,-NDI triads, determined by monitoring
the decays of the transient absorption signals at three different wavelengths monitoring NDI'
(475 and 607 nm) and TAA" (770 nm). Excitation occurred at 532 nm with laser pulses of ca.

10 ns duration. Measured in dry and deoxygenated CH3;CN. All time constants are given in

nanoseconds.
TAA-ph;-Ru-ph;-NDI TAA-ph;-Ru-ph,-NDI

T [°C] T475 nm T607 nm T770 nm T475 nm T607 nm T770 nm

5 203 197 203 8290 8738 8025

10 200 200 209 8023 8308 8004

15 207 201 212 8031 8062 7576

20 209 199 212 7413 7595 7479

25 210 194 214 7702 7687 7181
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30 214 214 211 7622 8292 7190
35 217 203 225 7332 7922 7256
40 220 217 225 7386 6513 6788
45 222 220 228 6525 6462 5937
50 222 234 227 5889 6880 6346
55 225 209 222 6540 5613 5956
60 228 220 238 5589 5412 6037
65 231 224 244 7188 6549 5821

Table S8. Time constants (t) for thermal charge recombination (CR) between AQ™ and TPA™
in the TPA-ph;-Ir-ph;-AQ and TPA-ph,-Ir-ph,-AQ triads, determined by monitoring the
temporal evolution of the transient absorption signals at three different wavelengths
monitoring AQ™ (370 and 570 nm) and TPA" (720 nm for TPA-ph;-Ir-ph;-AQ and 700 nm
for TPA-ph,-Ir-ph,-AQ, respectively). Excitation occurred at 450 nm for TPA-ph;-Ir-ph;-
AQ and at 420 nm for TPA-ph,-Ir-ph;-AQ with laser pulses of ca. 10 ns duration. Measured

in dry and deoxygenated CH3CN. All time constants are given in nanoseconds.

TPA-ph;-Ir-ph;-AQ TPA-ph,-Ir-ph;-AQ
T [°C] T370 nm T570 nm T720 nm T370 nm T570 nm T700 nm

5 1059 1117 1129 89 86 73
15 994 1048 1060 97 91 76
20 971 991 982 92 89 76
25 905 954 976 92 82 76
35 816 849 853 103 96 80
45 803 850 841 102 97 78
55 698 739 744 105 98 77
65 631 662 665 109 107 80
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Figure S15. Arrhenius plots for thermal electron transfer from NDI" to TAA" in TAA-ph;-
Ru-ph;-NDI and TAA-ph;-Ru-ph,-NDI in deoxygenated CH3;CN. The plots are based on the

data in Table S7.
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Figure S16. Arrhenius plots for thermal electron transfer from AQ™ to TPA" in TPA-ph;-Ir-
phi-AQ and TPA-ph;-Ir-ph;-AQ in dry and deoxygenated CH3CN. The plots are based on
the data in Table S8.

Table S9. Apparent activation free energies (AGCRiapp_) and effective activation free energies
(AGcr?) for thermal electron transfer from A” to D' in TAA-ph;-Ru-ph;-NDI, TAA-ph,-Ru-
ph-NDI, TPA-ph;-Ir-ph;-AQ and TPA-ph,-Ir-ph,-AQ in CH3;CN, extracted from the
Arrhenius plots in Figures S15 and S16.
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cmpd AGcrapp. [meV] | AGcgr' [meV]
TAA-ph,-Ru-ph,-NDI | -19.5+ 1.80 0+0.05

TAA-ph;-Ru-ph;-NDI 47.4 +6.00 47.4 +6.00

TPA-ph;-Ir-ph;-AQ 693+520 | 69.3+520
TPA-phy-Ir-ph,-AQ 220.9 = 4.80 0+0.05

For the triads TAA-ph;-Ru-ph;-NDI and TPA-ph,-Ir-ph,-AQ (small) apparently negative

activation free energies are determined from the Arrhenius plots in Figures S15 and S16. This

finding is interpreted in terms of electron transfer processes occurring at the activationless

point in the respective compounds. As an effective activation free energy we therefore report

AGcrt = 0 in Table S9.

To estimate the uncertainties associated with the activation free energies in Table S9, a linear

propagation of uncertainty of the activation free energies was performed using the linear

regression fits in Figures S15 and S16. In the two cases where charge recombination proceeds

in activationless manner, the error was considered equal to the experimental uncertainty

associated with the determination of the reaction free energies (= 0.05 eV, see above).
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Determination of the reorganization energies (A)

The reorganization energies (A) for the triads TAA-ph;-Ru-ph;-NDI, TAA-ph,-Ru-ph;-
NDI, TPA-ph;-Ir-ph;-AQ and TPA-ph;-Ir-ph,-AQ were estimated by solving equation S2
and using the reaction free energies reported in Table S4 and the activation free energies
reported in Table S9.

A+ AGcR°)?
NGt = % (eq S2)

For TAA-ph;-Ru-ph;-NDI and TPA-ph,-Ir-ph,-AQ it was found that electron transfer takes
place at the activationless point of the Marcus parabola (see also page S49 and Figure 3 in the
main paper). Therefore, application of equation 2 is not necessary in these two cases since A =
-AGcr" for barrierless reactions. For TAA-ph;-Ru-ph,-NDI and TPA-ph;-Ir-ph;-AQ,
solving the quadratic equation for A yields two mathematically correct solutions. However,
since A is expected to increase with increasing rpa, only the solutions where an increase in A

from the ph; to the ph; triad is observable was considered physically meaningful.

Table S10. Reorganization energies (1) associated with intra-molecular electron transfer from
A to D' in the triads TAA-ph;-Ru-ph;-NDI, TAA-ph,-Ru-ph,-NDI, TPA-ph;-Ir-ph;-AQ
and TPA-phz-II‘-phz-AQ in CH3CN

cmpd AleV]
TAA-ph;-Ru-ph;-NDI 1.27 £0.05
TAA-ph;-Ru-ph,-NDI 1.82+£0.35
TPA-ph;-Ir-ph;-AQ 1.37 £0.36
TPA-ph;-Ir-ph,-AQ 1.96 £ 0.05

The uncertainties associated with the reorganization energies in Table S10 were estimated via
error propagation, considering the uncertainties associated with the reaction free energies and

the activation free energies.
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Determination of electronic coupling matrix elements (Hpa)

According to semiclassical Marcus theory, electron transfer rates (kgr, kcr for charge
recombination processes) depend on the reorganization energy (L), the reaction free energy
(AGgr’, AGcr® for charge recombination processes) and the electronic coupling matrix element

(Hpa) (equation S3). kg is the Boltzmann constant.

_ /L 2 _ (A +A4Gg)?
kET_ hzl’{kBT HDA eXp< 4AkBT (eq S3)

The results from the temperature-dependent kinetic studies in Tables S7 and S8 can be
employed to estimate Hp.!'”! For this purpose, the data from Tables S7 and S8 was re-plotted
in the graphs in Figures S17 and S18. Linear regression fits to these data sets with equation S4
(derived from equation S3) then provides estimates for Hpa. In particular, information about

Hpa is contained in the intercept (equation S5).

I A+ A62%R)% 1
LT1/2) = — yg?, | ECRS 4
In(kcg -TY?) =1n ’hZAkB HZ, ( 2k, = (eq S4)
= (eq S5)
. . _ s . 2
with y-intercept = In ( Wike Hp A)
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Figure S17. Plots of In(kcg-T"?) versus 1/T for triads TAA-ph;-Ru-ph;-NDI and TAA-ph,-
Ru-ph,-NDI in CH3CN based on the data from Table S7.
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Figure S18. Plots of ln(kCRTl/ %) versus 1/T for triads TPA-ph;-Ir-ph;-AQ and TPA-phy-Ir-
ph2-AQ in CH;CN based on the data from Table S8.

Table S11. Electronic coupling matrix element (Hp,) for the triads TAA-ph;-Ru-ph;-NDI,
TAA-phy-Ru-ph;-NDI, TPA-ph;-Ir-ph;-AQ and TPA-ph,-Ir-ph;-AQ in CH;CN.

cmpd Hp, [em™]
TAA-ph;-Ru-ph;-NDI 0.13+£0.02
TAA-phy-Ru-ph-NDI | 0.09 + 0.02
TPA-ph;-Ir-ph;-AQ 0.35 % 0.06
TPA-phy-Tr-ph;-AQ 022+ 0.04

The uncertainties of the electronic coupling elements Hpa were estimated via error
propagation considering the uncertainties of the reorganization energy and the uncertainties of
the intercept of the linear regression fit. Twice the standard deviations obtained from the

linear regression fits in Figures S17 and S18 were used as a basis.

S53



References

[1]

[2]

[3]

[4]

[3]

[6]

[7]

[8]

[9]

[10]

Bai, X.-L.; Liu, X.-D.; Wang, M.; Kang, C.-Q.; Gao, L.-X., Synthesis of New Bis-
BINOLs Linked by a 2,2'-Bipyridine Bridge. Synthesis 2005, 458—464.

Hankache, J.; Wenger, O. S., Microsecond Charge Recombination in a Linear Triaryl-

amine—Ru(bpy)32+—Anthraquin0ne Triad. Chem. Commun. 2011, 47, 10145—10147.

Kuss-Petermann, M.; Wenger, O. S., Increasing Electron-Transfer Rates with Increa-

sing Donor-Acceptor Distance. Angew. Chem. Int. Ed. 2016, 55, 815—819.

Orazietti, M.; Kuss-Petermann, M.; Hamm, P.; Wenger, O. S., Light-Driven Electron
Accumulation in a Molecular Pentad. Angew. Chem. Int. Ed. 2016, 55, 9407-9410.

Mossinger, D.; Jester, S. S.; Sigmund, E.; Miiller, U.; Hoger, S., Defined Oligo(p-
phenylene-butadiynylene) Rods. Macromolecules 2009, 42, 7974—7978.

Skaisgirski, M.; Guo, X.; Wenger, O. S., Electron Accumulation on Naphthalene
Diimide Photosensitized by [Ru(2,2'-Bipyridine);]*". Inorg. Chem. 2017, 56,
2432-2439.

a) Shavaleev, N. M.; Davies, E. S.; Adams, H.; Best, J.; Weinstein, J. A., Platinum(II)
Diimine Complexes with Catecholate Ligands Bearing Imide Electron-Acceptor
Groups: Synthesis, Crystal Structures, (Spectro)Electrochemical and EPR studies, and
Electronic Structure. Inorg. Chem. 2008, 47, 1532—1547. b) Shavaleev, N. M.; Adams,
H.; Best, J.; Weinstein, J. A., Platinum(II) Phosphine Complexes with Acetylene
Ligands Containing 1,4,5,8-Naphthalenediimide: Synthesis, Crystal Structure and
Electrochemistry. J. Organomet. Chem. 2007, 692, 921-925.

Zhu, Q.; Gentry, E. C.; Knowles, R. R., Catalytic Carbocation Generation Enabled by
the Mesolytic Cleavage of Alkoxyamine Radical Cations. Angew. Chem. Int. Ed. 2016,
55,9969-9973.

Cai, L.; Qian, X.; Song, W.; Liu, T.; Tao, X.; Li, W.; Xie, X., Effects of Solvent and
Base on the Palladium-Catalyzed Amination: PdCly(PhsP),/Ph;P-Catalyzed Selective
Arylation of Primary Anilines with Aryl Bromides. Tetrahedron 2014, 70, 4754—4759.

a) Lowry, M. S.; Goldsmith, J. L.; Slinker, J. D.; Rohl, R.; Pascal, R. A. Jr.; Malliaras,
G. G.; Bernhard, S., Single-Layer Electroluminescent Devices and Photoinduced

Hydrogen Production from an lonic Iridium(IIT) Complex. Chem. Mater. 2005, 17,

S54



[11]

[12]

[13]

[14]

[15]

[16]

[17]

5712—-5719. b) Singh, A.; Teegardin, K.; Kelly, M.; Prasad, K. S.; Krishnan, S.;
Weaver, J. D., Facile Synthesis and Complete Characterization of Homoleptic and

Heteroleptic Cyclometalated Iridium(I1I) Complexes for Photocatalysis. J. Organomet.
Chem. 2015, 776, 51-59.

a) Miller, S. E.; Lukas, A. S.; Marsh, E.; Bushard, P.; Wasielewski, M. R.,
Photoinduced Charge Separation Involving an Unusual Double Electron Transfer
Mechanism in a Donor-Bridge-Acceptor Molecule. J. Am. Chem. Soc. 2000, 122,
7802—-7810. b) Gosztola, D.; Niemczyk, M. P.; Svec, W.; Lukas, A. S.; Wasielewski,
M. R., Excited Doublet States of Electrochemically Generated Aromatic Imide and
Diimide Radical Anions. J. Phys. Chem. A 2000, 104, 6545—6551.

Seo, E. T.; Nelson, R. F.; Fritsch, J. M.; Marcoux, L. S.; Leedy, D. W.; Adams, R. N.,
Anodic Oxidation Pathways of Aromatic Amines. Electrochemical and Electron

Paramagnetic Resonance Studies. J. Am. Chem. Soc. 1966, 88, 3498—3503.

Tsai, K. Y.-D.; Chang, 1.-J., Oxidation of Bromide to Bromine by Ruthenium(II)
Bipyridine-Type Complexes Using the Flash-Quench Technique. Inorg. Chem. 2017,
56, 8497—-8503.

Weller, A., Photoinduced Electron Transfer in Solution: Exciplex and Radical Ion Pair
Formation Free Enthalpies and Their Solvent Dependence. Z. Phys. Chem. 1982, 133,
93-98.

Gagliardi, L. G.; Castells, C. B.; Rafols, C.; Rosés, M.; Bosch, E., Static Dielectric
Constants of Acetonitrile/Water Mixtures at Different Temperatures and Debye-
Hueckel 4 and a¢B Parameters for Activity Coefficients. J. Chem. Eng. Data 2007, 52,
1103-1107.

Roundhill, D. M., Photochemistry and Photophysics of Metal Complexes, Plenum
Press: New York, 1994.

a) Zeng, Y.; Zimmt, M. B., Symmetry Effects on Electron-Transfer Reactions:
Temperature Dependence as a Diagnostic Tool. J. Phys. Chem. 1992, 96, 8395—8403.
b) Kumar, K.; Kurnikov, I. V.; Beratan, D. N.; Waldeck, D. H; Zimmt, M. B., Use of
Modern Electron Transfer Theories To Determine Electronic Coupling Matrix
Elements in Intramolecular Systems. J. Phys. Chem. A 1998, 102, 5529—-5541. ¢)
Wilson, E. K.; Huang, L.; Sutcliffe, M. J.; Mathews, F. S.; Hille, R.; Scrutton, N. S.,

S55



An Exposed Tyrosine on the Surface of Trimethylamine Dehydrogenase Facilitates
Electron Transfer to Electron Transferring Flavoprotein: Kinetics of Transfer in Wild-

Type and Mutant Complexes. Biochemistry 1997, 36, 41—48.

S56



4 Quantitative Insights into Charge-
Separated States Using One- and

Two-Pulse Laser Experiments

Charge-separated states (CSSs) are key intermediates in natural photosynthesis (Chap-
ter as well as in artificial solar energy conversion 2 and solar fuel production.B™
In particular, photosynthesis-inspired multielectron-transfer reactions to achieve charge
accumulation!™ 9699 are highly dependent on an efficient formation of CSSs. However,
the desired reaction steps that bring about charge accumulation compete with light-
induced electron-hole recombinations (Scheme , left part). These recombinations,
which are largely unexplored nowadays,™ are the main deactivation pathway, whose
deep understanding is highly desirable to achieve efficient charge accumulation. Moreover,
the factors that govern the formation efficiencies of CSSs are still poorly understood™ 0!
since the majority of previous investigations on CSSs only focused on the qualitative

99}, 11024106

CSS formation and its lifetime, after excitation with visible light.! I Systematic

quantum yield investigations are rare. 101 107 108

@O

hv, TT hv,

b» -+ _ b
® -~ @

Scheme 4.1: Schematic representation of the formation and decay pathways of the CSS
in a molecular electron donor-photosensitizer-electron acceptor triad.

The novel approach reported in this chapter is summarized in Scheme [4.1] Formation
of the CSS in the schematic donor-photosensitizer-acceptor triad can be achieved by the
absorption of a single visible photon (right part of Scheme [4.1)). As mentioned above, this
charge separation step was mainly studied in a qualitative manner so far.®3 To gain more
insights into the factors that govern the CSS formation efficiency, we additionally per-

formed quantitative experiments and determined the quantum yield for charge separation
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4 Charge-Separated States

(®1). Charge recombination to the ground-state of the system can occur in two different
ways: Well known and studied is the process of thermal charge recombination (central
part in Scheme . However, charge recombination can also be induced by the absorp-
tion of a second visible photon (left part in Scheme .[68J The understanding of this
undesired light-induced charge recombination step is crucial for efficient multiphoton pro-
cesses. If the absorption of a second photon induces charge recombination in the system,
efficient accumulation of charges is unlikely. Low quantum yields for charge accumulation,
e.g. 0.5% in a molecular heptad,®® can most likely be attributed to light-induced charge

recombination after the second photon absorption.

Chapter 3 introduced a set of iridium-based triads that is well suited for the investiga-
tions of this chapter (structures of the triads reproduced in Figure for clarity). The
incorporation of p-xylene units (n = 1,2) also allowed us to include distance dependences
into our studies. The molecular triads do not permit charge accumulation, which is ben-
eficial for our investigations since the process of light-induced charge recombination can
be investigated in isolation. Additionally, the given triads can store roughly 2.0 eV in
their CSSs.%! This amount of stored energy, after absorption of only one visible photon,
makes a more detailed investigation of these CSSs worthwhile. For comparison, CSSs that
stored energies between 1.700% and 1.8 eV were recently declared as highly energetic
and the typically stored energy of other triads amounts to about 1.5 eV after single visible

M7 94, 008, T 012 Highly energetic CSSs are of special interest for driving

< [109

light excitation.
energy demanding (photo)chemical processe I Another feature that makes the given
triads interesting for further investigations is the probability for intraligand charge trans-
fer (CT) after excitation, exclusively in the triad with n = 1. The longer triad (n = 2)
exhibits only metal-to-ligand charge transfer (MLCT) after visible light excitation. The
presence of different main pathways of CSS formation in the given triads could have an

effect on the formation quantum yields.

Figure 4.1: Molecular structure of the investigated molecular triad including local charges
after CSS formation.
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4 Charge-Separated States

The investigations of this study were performed using one- and two-pulse laser experi-
ments (see Chapter for details concerning two-pulse experiments). With one-pulse
laser flash photolysis, we provide deep insights into the CSS formation quantum yields,
which can reach up to 80%. Remarkably, only the triad with n = 1 shows a distinct exci-
tation wavelength dependence of the CSS formation quantum yield, which we explain by
intraligand CT competing with more productive MLCT excitation. This intraligand CT
is exclusively possible in the shorter triad and reduces the CSS formation quantum yields
significantly. Two-pulse laser flash photolysis with a setup developed recently® served
to elucidate the fate of the CSS upon further (secondary) excitation with green photons.
One key finding of our study is that thermal and light-induced charge recombinations
show opposite behavior in terms of their distance dependences. Whereas thermal charge
recombination in the shorter triad is significantly slower than in the longer triad, light-
induced charge recombination shows the exact opposite behavior and is more efficient
in the shorter triad, for which we were able to measure a quantum yield of 1.5%. The
different efficiencies for light-induced charge recombination in the given systems can be
understood in the framework of the MARCUS theory of electron transfer. We propose a
key electron-transfer process starting from a highly excited anthraquinone radical anion
that follows the conventional distance dependence of the electron-transfer rate, i.e. a
decrease of the transfer rate with increasing distance, as the most likely explanation for
the observed light-induced charge recombination. Thus, light-induced charge recombina-
tion is more efficient in the shorter triad. Overall, the findings in this chapter illustrate
the importance of quantitative laser experiments and could significantly contribute to the

future design and optimization of systems for artificial photosynthesis.

The results of the project that is presented in this chapter were published in Chemical
Science®3! during these PhD studies.

e Neumann, S.; Kerzig, C.; Wenger, O. S. Quantitative insights into charge-separated
states from one- and two-pulse laser experiments relevant for artificial photosynthesis.
Chem. Sci. 2019, 10, 5624-5633.
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Quantitative insights into charge-separated states
from one- and two-pulse laser experiments
relevant for artificial photosynthesis+
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Charge-separated states (CSSs) are key intermediates in photosynthesis and solar energy conversion.

However, the factors governing the formation efficiencies of CSSs are still poorly understood, and light-

induced electron—hole recombinations as deactivation pathways competing with desired charge

accumulations are largely unexplored. This greatly limits the possibility to perform efficient multi-

electron transfer, which is essential for artificial photosynthesis. We present a systematic investigation of

two donor-sensitizer—acceptor triads (with different donor—acceptor distances) capable of storing as
much as 2.0 eV in their CSSs upon the absorption of a visible photon. Using quantitative one- and two-
pulse laser flash photolysis, we provide deep insights into both the CSS formation quantum yield, which
can reach up to 80%, and the fate of the CSS upon further (secondary) excitation with green photons.
The triad with shorter intramolecular distances shows a remarkable excitation wavelength dependence
of the CSS formation quantum yield, and the CSS of this triad undergoes more efficient light-induced
charge recombination than the longer equivalent by about one order of magnitude, whilst thermal
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charge recombination shows the exact opposite behavior. The unexpected results of our detailed

photophysical study can be rationalized by detrimental singlet charge transfer states or structural
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1 Introduction

Encouraged by the efficiency of natural photosynthesis,*
numerous research groups have focused on mimicking its key
steps. In particular, a great many studies explored molecular
donor-acceptor compounds,**” in which the primary photoin-
duced charge separation was frequently enabled by a covalently
linked photosensitizer.>*'**%'*?*  Optimizing the primary
charge separation is without any doubt one basic requirement
for the realization of much more complex artificial systems
allowing solar fuel production through multiphoton-driven
charge accumulation.”®*' However, the great majority of
previous studies on charge-separated states merely investigated
their qualitative formation after light absorption and their
lifetimes, but systematic quantum yield investigations'>**** are
scarce. In direct consequence, the factors governing the charge-
separated state (CSS) formation efficiencies are still poorly
understood. Even less explored are the processes that occur
upon further excitation of CSSs with a second photon, such as

Department of Chemistry, University of Basel, St. Johanns-Ring 19, 4056 Basel,
Switzerland. E-mail: christoph.kerzig@unibas.ch; oliver.wenger@unibas.ch

t Electronic supplementary information (ESI) available: Comprehensive
experimental details, further energetic considerations, quantum-mechanical

computations and additional laser experiments. See DOI: 10.1039/c9sc01381d

5624 | Chem. Sci, 2019, 10, 5624-5633

considerations, and could significantly contribute to the future design of CSS precursors for
accumulative multi-electron transfer and artificial photosynthesis.

detrimental light-induced charge recombination,*?* although
their deep understanding is of pivotal importance for the effi-
cient accumulation of redox equivalents.******

The molecular design of our compounds (Scheme 1a) is such
that about 2.0 eV are stored (in CH;CN) in the final CSS after
absorption of a single visible photon (energies of the photons
used for excitation, 2.6 to 3.0 eV). A comparison with CSS
energies of other triads revealed that the stored energy typically
amounts to about 1.5 eV upon visible light excitation,”***¢ and
in two recent CSS studies stored energies between 1.7 and 1.8 eV
were declared as highly energetic.*® Recently, we reported on
the distance dependence of thermal charge recombination in
the compounds from Scheme 1a in comparison to two series of
other molecular triads.* The unusually high CSS energy of the
two specific triads in Scheme 1a prompted us to perform
a complete quantitative photophysical investigation including
new multi-photon excitation studies, geared at understanding
light-induced charge recombination. We optimized our laser
setup such that it permits one- and two-pulse laser experiments
with sensitive and quantitative detection of reaction interme-
diates, as well as homogeneous excitation in the detection
volume (a detailed description of our setup is given in the ESIT).
That setup allows us to gain insights that are far beyond those
obtained in former investigations of photoinduced electron
transfer in donor-acceptor compounds and CSS formation.

This journal is © The Royal Society of Chemistry 2019
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Scheme 1 (a) Structure of molecular triads. (b) Schematic represen-
tation of the mechanism for light-induced (hv,) formation of a CSS in
a molecular electron donor-photosensitizer-electron acceptor
triad together with thermal (t) and light-induced (hv,) charge
recombination.

The triads under study contain a triarylamine (TAA) donor
and an anthraquinone (AQ) moiety as an acceptor. Symmetrical
addition of p-xylene units to the central bipyridine moiety
enabled us to elongate the triad and to perform distance-
dependent studies (Scheme 1a). After visible-light excitation of
the iridium photosensitizer, a CSS is formed. As indicated in
Scheme 1b, charge recombination between oxidized donor and
reduced acceptor can either occur via well-known thermal
charge recombination with characteristic lifetimes (r; central
part)'® or through poorly-understood light-induced recombina-
tion pathways (hv,; left part). Since it is desirable to use high-
energy CSSs for demanding (photo)chemical processes,* we
considered the following aspects in our study: (i) the photo-
active system should store as much energy as possible (Section
2.1), (ii) long lifetimes of the CSS are essential for the applica-
bility of the photoactive system for subsequent (photo)reactions
(Section 2.2), (iii) high quantum yields for light-induced charge
separation are desirable (Section 2.3), (iv) the energy efficiency
of photon usage is an important factor, and it is desirable to
convert a very large fraction of the photon energy into chemical
energy (Sections 2.1 and 2.3), and (v) the absorption of a second
visible photon should ideally not induce light-driven charge
recombination, which usually represents a detrimental CSS
decay pathway (Section 2.4). In particular, that last aspect is
underexplored given its importance for accumulative multi-
electron transfer,>”** and, as noted above, quantitative factors
of CSS formation are often neglected in studies of donor-
sensitizer—acceptor compounds.>3%3*

2 Results and discussion

We recently reported the synthesis and characterization of the
triads TAA-ph;-Ir-ph;-AQ and TAA-ph,-Ir-ph,-AQ focusing

This journal is © The Royal Society of Chemistry 2019
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exclusively on the influence of driving forces on the distance
dependences of thermal charge recombination rates. Our
present study substantially extends the earlier investigation of
the triads and contains the following new photophysical
experiments and insights: (i) excitation wavelength dependent
quantum yields for charge separation were measured and
insight into the importance of intraligand charge-transfer
excitations was obtained; (ii) two-pulse experiments were per-
formed to determine the quantum yield for light-induced
charge recombination, to explore whether the distance depen-
dence of that poorly understood side reaction obeys conven-
tional electron transfer theory. The extent of quantitative
information gained from these studies is unmatched by earlier
investigations of molecular donor-acceptor compounds, and
our two-color two-pulse (pump-pump-probe) experiments
might inspire new types of photophysical studies.

2.1 CSS formation and energetic considerations

Photoexcitation of our Ir-based sensitizer into its metal-to-
ligand charge transfer (MLCT) absorption band between 390
and 450 nm produces, after intersystem crossing, its triplet
state.’® However, comparison of the UV-Vis spectrum of TAA-
ph;-Ir-ph;-AQ (Fig. 1a, green trace) with TAA-ph,-Ir-ph,-AQ
(Fig. 1a, violet trace) and Ir-Ref (Fig. 1a, red trace; see ESI page
S81 for molecular structure) shows an unexpectedly high
extinction coefficient in the blue for the shorter triad. That
observation suggests that this triad exhibits not only an MLCT
transition in this spectral range, but there is also an intraligand
charge transfer (CT). We postulated earlier that this intraligand
CT occurs between the TAA donor and the bipyridine ligand of
the photosensitizer and that the increase of the distance
between those two moieties in the TAA-ph,-Ir-ph,-AQ triad
decreases the contribution of the intraligand CT significantly,"
which is now further substantiated by DFT-calculations (see
ESI, page S67). The population of additional CT transitions is
obviously not limited to our system, as the comparison of the
UV-Vis absorption spectra within other series of triads suggests,
where exclusively the molecules with the shortest distance show
additional shoulders in the UV-Vis absorption spectra.'*** The
same effect can also be observed in dyads with a short TAA-
bipyridine distance,’ while AQ-bipyridine dyads show no
differences in the absorption behavior, even with short intra-
molecular distances.*’

The amount of stored energy in the CSS (Ecss) is equivalent
to the driving force (—AGgg) of the thermal charge recombina-
tion process of the photoexcited triads under study. The driving
force can be derived from the redox potentials of AQ"™ and
TAA'" in the respective triad (Fig. 1b and ESI, page S57), which
results in a —AGgg value of 1.99 eV for the shorter TAA-ph,-Ir-
ph;-AQ triad and 1.96 eV for TAA-ph,-Ir-ph,-AQ, i.e., both triads
can store ca. 2.0 eV in their CSSs (in CH3CN). The maximal
excitation wavelength for detectable CSS formation in the TAA-
ph,-Ir-ph,-AQ triad is 450 nm, whereas the CSS of TAA-ph,-Ir-
ph;-AQ can be generated with wavelengths up to ca. 470 nm due
to the higher extinction coefficients resulting from the super-
position of Ir-based MLCT and intraligand CT transitions (see

Chem. Sci,, 2019, 10, 5624-5633 | 5625
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Fig.1 (a) UV-Vis absorption spectra of TAA-ph;-Ir-ph;-AQ (green), TAA-ph,-Ir-ph,-AQ (violet), Ir-Ref (red, see Fig. S3+ for molecular structure)
and the bipyridine-containing free ligand of the longer triad (black) in CH3CN at 293 K. The highlighted region indicates the wavelength range
used for photoexcitation. (b) Cyclic voltammogram for TAA-ph;-Ir-ph;-AQ in dry and deoxygenated CHsCN. TBAPFg (0.1 M) was used as an
electrolyte and a scan rate of 0.1V s~* was applied. (c) Averaged energy of relevant excited states and relevant intermediates for TAA-ph,-Ir-ph;-
AQ and TAA-ph,-Ir-ph,-AQ in CH3CN. Energies were estimated using the redox potentials from Table S1 and eqn (S1).1 Eqg for the Ir sensitizer is
2.61 eV (ref. 16) whereas Eqg for AQ"™ was estimated from its long wavelength absorption band.*® (d) Transient UV-Vis absorption spectrum of
TAA-ph;-Ir-ph;-AQ in deoxygenated CHzCN at 293 K. A 20 pM solution was excited at 440 nm with laser pulses of ca. 10 ns duration; detection
occurred by integration over a period of 200 ns immediately afterwards.

Fig. 1a and Section 2.3 for details). Excitation with longer
wavelengths is preferred to maximize energy efficiencies (n),
which we define as the ratios of Ecsg and the photon energies at
the maximum excitation wavelength usable for CSS formation
under our conditions. With the photon energies at the above-
mentioned limiting wavelengths, energy efficiencies of 71%
(longer triad) and 75% (shorter triad) thus result. These values
are close to the upper limit of already reported high-energy CSSs
where a visible photon was absorbed to form the respective
CSS.*>™* The energy efficiencies for the triads under study also
compare very favorably with a reported two-photon process,
which stores the same amount of energy as our triads.® Based
on the redox potentials from the cyclic voltammograms of the
triads (Fig. 1b and ESI, page S51), an energy level scheme for
excited states and relevant intermediates of the triads TAA-ph;-
Ir-ph;-AQ and TAA-ph,-Ir-ph,-AQ was calculated (Fig. 1c). The
shown energies are averaged over both triads. Excitation of TAA-
ph;-Ir-ph;-AQ (4, = 470 nm) mainly results in an intraligand CT
from the TAA unit to the bipyridine ligand of the Ir sensitizer
since there is a significant oscillator strength for this excitation
(see ESI, page S67). Electron transfer from the reduced bipyr-
idine to the AQ unit finally gives the long-lived CSS. By contrast,
the absorption of a higher energy photon (1; = 450 nm) by TAA-
phy-Ir-ph,-AQ mainly excites an MLCT transition. The final CSS
can then be generated by (i) reductive quenching of the excited
Ir chromophore by the TAA moiety, followed by an electron
transfer from the reduced Ir photosensitizer to the AQ unit, or

5626 | Chem. Sci., 2019, 10, 5624-5633

(ii) oxidative quenching of the excited Ir sensitizer by the AQ
unit, followed by an electron transfer from the TAA moiety to
the Ir'" species. The formed final CSS in both triads can then
undergo thermal charge recombination into the ground state.
In addition, the final CSS can also be selectively photoexcited by
absorption of a second visible photon (4, = 532 nm) inducing
rapid reverse electron transfer as discussed in Section 2.4.

The formation of the final CSS was detected immediately
after photoexcitation by transient absorption spectroscopy
(Fig. 1d and S5 of the ESIY). The transient absorption spectrum
of TAA-ph;-Ir-ph;-AQ (Fig. 1d) clearly shows the spectroscopic
signatures of the anticipated CSS. The one-electron oxidized
TAA unit exhibits bands at 370 and 720 nm whereas the AQ"™
species is characterized by bands at 370 and 570 nm.*® For TAA-
ph,-Ir-ph,-AQ, the same spectroscopic signatures can be
observed though the TAA"* signal shifts from 720 to ca. 700 nm
(see ESI, Fig. S57).

2.2 Lifetimes of charge-separated states

In a recent study we compared the distance dependence of
charge recombination rates in TAA-ph;-Ir-ph;-AQ and TAA-ph,-
Ir-ph,-AQ to two other series of triads with Ru-based sensi-
tizers.'® For TAA-ph;-Ir-ph;-AQ and TAA-ph,-Ir-ph,-AQ we found
that CSS lifetimes decrease with increasing donor-acceptor
distance, and this somewhat counter-intuitive behavior is
readily understood on the basis of Marcus theory as discussed
earlier."»'**>5°32 I the present study, lower excitation densities

This journal is © The Royal Society of Chemistry 2019
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were used (see also ESI page S31) and lifetimes of the CSSs (t¢ss)
of ca. 1.2 us for TAA-ph,-Ir-ph;-AQ and ca. 85 ns for TAA-ph,-Ir-
ph,-AQ were determined in dry and deoxygenated CH;CN at 293
K. The instantaneous CSS formation within the duration of the
exciting laser pulse (ca. 10 ns), which is further confirmed by
kinetic emission measurements (see ESI page S8%), and thermal
charge recombination in both triads are illustrated by Fig. 2.

Consideration of the relationship between a high driving
force, i.e., a high Ecss, and a long donor-acceptor distance has
an important impact on the future design of CSS precursors for
artificial photosynthesis and charge accumulation. The capa-
bility of high energy storage is desirable, but too long donor-
acceptor distances in such systems can counteract a long life-
time of the CSS (see Fig. 2),'"'**>%> which is required to exploit
the stored energy for subsequent (photo)reactions,** and are
therefore counterproductive for the application in solar energy
storage and conversion.

2.3 Quantum yields and excitation wavelength dependences
of CSS formation

In sophisticated molecular systems designed for multiphoton-
driven charge accumulation, the quantum yield for formation
of the primary CSS should ideally be close to unity. In this
section, we will comprehensibly describe an experimental
technique suitable for CSS quantum yield determinations using
molecular triads as model compounds to study that process in
isolation, and we will provide strategies to understand unex-
pected results. Our methodology is based on relative actinom-
etry** combined with laser flash photolysis (LFP). In principle
the actinometry-LFP combo is a rather old approach,*-" but
many 21st century photochemists do not seem to be familiar
with that powerful tool, perhaps due to the lack of tutorial
reviews as recently published for other photochemical tech-
niques.’*®*® Fig. 3 enlarges on our quantum yield determination
methodology. As reference system suitable for laser flash
photolysis actinometry,**** we selected tris(2,2’-bipyridine)
ruthenium(u) [Ru(bpy);]** in water (the favorable properties of
that system are summarized on page S3 of the ESIT). First,
solutions of [Ru(bpy);]*" and the respective Ir-containing triad

1,
a
(@]
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g 0.1+
o
C

0.01
0 1000 2000 3000 4000
time / ns

Fig. 2 Formation and decay of the transient absorption signals for
TAA-ph;-Ir-ph;-AQ (green) and TAA-ph,-Ir-ph,-AQ (violet) in dry and
deoxygenated CHzCN at 293 K monitoring the TAA"* band at 720 nm
(green) and 700 nm (violet). Excitation of both triads occurred at
433 nm with laser pulses of ca. 10 ns duration.
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Fig. 3 Raw data used for the quantum yield determination of CSS
formation for TAA-ph;-Ir-ph;-AQ upon 410 nm laser excitation with 8
mJ laser pulses of about 10 ns duration. (a) UV-Vis absorption spectra
of TAA-ph;-Ir-ph;-AQ (green, in CHsCN) and [Ru(bpy)s]>* (orange, in
water), which was used as reference compound for relative acti-
nometry. (b) Transient absorption traces upon 410 nm excitation of the
deoxygenated solutions shown in (a). CSS formation was monitored at
720 nm (green), [Ru(bpy)s]®* ground state bleach at 455 nm (orange).
For further explanation, see the main text and Section 1.3 of the ESI.

were prepared with concentrations ensuring identical absorp-
tion values at the desired excitation wavelength. An example for
TAA-ph;-Ir-ph;-AQ prior to exciting with 410 nm laser pulses is
shown in Fig. 3a. Second, employing the very same excitation
conditions for the reference system and the triad under study,
transient absorption traces at 455 nm (maximum of the
[Ru(bpy)s]** ground state bleach)®® and the CSS absorption
maximum (TAA-ph,-Ir-ph;-AQ, 720 nm; TAA-ph,-Ir-ph,-AQ, 700
nm) were recorded (Fig. 3b).

Third and finally, the transient absorption traces so obtained
were converted into relative intermediate concentrations using
the well-established (difference) molar absorption coefficients
for the [Ru(bpy);]** ground state bleach (together with the
quantum yield for the [Ru(bpy);]*" excitation producing its
triplet state, which is unity*®) and the estimated extinction
coefficients at the maximum of the respective CSS (see Section
1.3 of the ESIY for details). Surprisingly, the CSS quantum yields
for the two triads differ by almost a factor of 3 under very similar
conditions (Fig. 4). Control experiments with 410 nm excitation
at significantly reduced laser intensity (to about 50%) gave
essentially the same quantum yields for both triads compared
to the results at higher intensities (8 mJ, see Fig. 3). We regard
these observations as clear evidence for the absence of bipho-
tonic side reactions, such as a two-photon ionization®® or light-
induced charge recombination (compare, Section 2.4), and
saturation effects.®”” Moreover, all quantum yield determina-
tions presented in this work were carried out with solutions
having absorptions below 0.105 at the excitation wavelengths to
avoid filter effects.®® A simplified procedure frequently used to
estimate quantum yields is the analysis of the quenching effi-
ciency of the photosensitizer as CSS precursor employing
kinetic measurements.**® This easy-to-obtain quantity, which
does not take chemically unproductive deactivation pathways
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Fig. 4 CSS formation quantum yields of TAA-ph;-Ir-ph;-AQ (a) and
TAA-ph,-Ir-ph,-AQ (b) upon 410 nm laser excitation (8 mJ pulse
energy). The CSS concentrations after the laser pulses were calculated
relative to the amounts of absorbed photons as measured by means of
relative actinometry with additional experiments on [Ru(opy)sl>*
(orange reference traces) under identical excitation conditions. Further
details are given in the main text and Section 1.3 of the ESI.{

into account, would predict quantitative CSS formation for both
TAA-ph,-Ir-ph;-AQ and TAA-ph,-Ir-ph,-AQ (see Section 4.1 of the
ESIt). Therefore, our results highlight the importance of direct
quantum yield determinations with relative actinometry.

The widel y differing quantum yields obtained upon 410 nm
excitation (28.6 vs. 79.4%, Fig. 4) prompted us to explore the
influence of the excitation wavelength on CSS formation. Prior
to carrying out additional kinetic measurements as in Fig. 4, we
recorded transient absorption spectra using at least four
different laser wavelengths for exciting our triads. Our experi-
ments demonstrate that the spectral shapes and relative
absorption signal intensities do not depend on the excitation
wavelength (see Fig. S5 of the ESIt). Hence, in line with Kasha's
rule,®>”® the respective CSS is the only intermediate observable
on a nanosecond timescale. Furthermore, more than 500 laser
flashes on the very same solution do neither change the CSS
absorption spectra nor their intensities, indicating that no
photochemical side reactions are taking place. All quantum
yield determinations at the excitation wavelengths covering the
experimentally accessible range (see Section 2.1) were carried
out with the same methodology as at 410 nm (Fig. 3 and 4). To
compensate small laser intensity fluctuations and obtain
a suitable signal-to-noise ratio, at least 20 kinetic traces were
averaged for every quantum yield measurement summarized in
Table 1. The results presented in that table reveal a quasi-
wavelength independence for the CSS formation quantum
yield of TAA-ph,-Ir-ph,-AQ with a mean value as high as 82%,
whereas for TAA-ph;-Ir-ph;-AQ, the CSS formation efficiencies
differ by a factor of 5 over the explored excitation wavelength
range, decreasing in a systematic manner at longer
wavelengths.

A plausible explanation for the markedly different behavior
of the quantum yields in Table 1 is provided by different main
pathways of CSS formation in the two triads. As discussed in
Section 2.1, photoexcitation of TAA-ph,-Ir-ph;-AQ mainly occurs
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Table 1 Wavelength-dependent quantum yields of CSS formation®

CSS formation quantum yield?/%

Excitation wavelength/nm TAA-ph;-Ir-ph;-AQ TAA-ph,-Ir-ph,-AQ

410 28.6 79.4
425 24.4 76.6
433 18.9 87.4
440 16.1 85.4
450 14.4 82.0
460 12.8 —

470 6.0 —

“ Measured in deoxygenated CH,CN at 293 K. The maximum relative
error is expected to be less than 10%. ” Details concerning the
experimental methodology are given in the main text and in Section
1.2 of the ESI. © Cannot be determined owing to negligible absorption
of the triad at the excitation wavelength.

into an intraligand CT transition, whereas in the case of
TAA-ph,-Ir-ph,-AQ, excitation into MLCT bands of the photo-
sensitizer dominates when violet or blue photons are employed.
Starting from these charge-transfer states, which are formed in
their singlet states due to spin conservation,” subsequent
intersystem crossing (ISC) to the triplet manifold can occur. Ir-
based excited "MLCT states usually undergo very fast (<1 ps) and
quantitative ISC,”>”® but intraligand CT states or CT states in
purely organic systems are known for their ultrafast and
unproductive (singlet) recombination in polar solvents (the
recombination of "TAA"*-bpy" ~/Ir'-AQ in this case; see Fig. 1c
for details).”*"* As a direct consequence, the quantum yields for
the production of long-lived (triplet) CSSs via *MLCT states can
approach values close to unity, while in the intermediate
intraligand singlet CT states, ultrafast recombination competes
with ISC and productive charge separation. In line with that
reasoning, the CSS quantum yields of TAA-ph;-Ir-ph;-AQ
increase with decreasing excitation wavelengths, i.e., when the
admixture of direct MLCT excitation increases relative to
intraligand CT excitation (see UV-Vis spectra in Fig. 1a).

2.4 Light-induced charge recombination

With the ultimate aim of achieving photoinduced charge
accumulation in molecular systems without sacrificial addi-
tives, many sophisticated compounds have been prepared, but
in the last decade only a handful of investigations succeeded in
overcoming the associated difficulties.*””® Starting from the
first CSS, a key problem is the light-induced charge recombi-
nation upon excitation of intermediate electrons/holes with
a second photon (see Scheme 1b), which is competitive with the
desired accumulation of redox equivalents.”**® Given that CSSs
typically exhibit intense absorptions over a broad wavelength
range, selective photosensitizer excitation is even more difficult
under conditions of solar (broadband) irradiation than it is
under well-defined lab (monochromatic) conditions. However,
this is currently a heavily underexplored area given its impor-
tance for accumulative multi-electron transfer.>*3*3>7%81 The
molecular triads investigated in this study do not permit charge
accumulation, but they are well-suited for studying light-
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induced charge recombination processes and for quantum yield
determinations of this undesired side reaction, which lay the
grounds for structural optimizations to avoid that detrimental
process.

Two-pulse two-color laser flash photolysis is the ideal
experimental technique to investigate consecutive photoreac-
tions, both for purely intramolecular reactions******%*
and reaction sequences with intervening bimolecular
processes.?*# This holds also true for the mechanism shown
in Scheme 1b: the first (violet or blue) pulse serves to produce
the desired CSS, and the ensuing second (green) pulse® inves-
tigates the fate of this intermediate upon absorption of another
photon. In line with the absorption spectra displayed in Fig. 1a,
the latter pulse (532 nm) alone has no effect on the ground
states of the triads, which was verified by control experiments.
Hence, that pulse selectively excites the CSSs in our systems
with AQ"~ being the main absorbing species at 532 nm (see
Fig. 1d and page S4 of the ESI}). The two-pulse experiments on
TAA-ph,-Ir-ph;-AQ are summarized in Fig. 5. Initial experiments
with an interpulse delay of 240 ns (the pulse sequence is shown
at the top of Fig. 5b) and monitoring at the maximum of the
CSS, 720 nm, revealed a green-light induced CSS bleach of about
24%, as is evidenced in the main plot of Fig. 5a. The rather long
interpulse delay allows sensitive monitoring of the CSS
absorption spectrum between the two pulses (200 ns integration
time, green spectrum in Fig. 5b), and its comparison with the
spectrum observed after the green pulse (gray spectrum in
Fig. 5b). Comparing the spectra presented in Fig. 5b, we found
that all (positive) absorption peaks in the gray spectrum are less
intense by about 39%, and even the ground state bleach at
320 nm recovers accordingly; in other words, the normalized
spectra are completely identical (normalization not shown). A
correction of the ~39% signal decrease observed in Fig. 5b for
the thermal CSS recombination, which also takes place during
spectral detection, gave essentially the same result for the light-
induced recombination (23%) as extracted from kinetic traces
(24%, see above). Moreover, the kinetics of thermal charge
recombination are unaffected by the second pulse (Fig. S6 of the
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ESIf). Hence, all these two-pulse experiments on TAA-ph;-Ir-
ph;-AQ unambiguously establish that charge recombination is
the only green-light-induced process observable on the nano-
second timescale.

Given the sensitive and isolated detection of light-induced
charge recombination, its quantum yield determination
became a realistic target. Starting from the experimental
conditions presented in Fig. 5a, we analyzed the CSS bleach at
six different intensities of the second laser while keeping all
other parameters unchanged. The intensity dependent relative
recombination yields were extracted by independent fitting of
pre- and post-pulse signals and extrapolation to the time of the
second laser pulse, ie., ¢ = 240 ns (inset of Fig. 5a, gray data
points). For a reliable quantum yield determination, we applied
the same method as in a recent investigation on a second-pulse
induced photoreaction.®® Briefly, again employed
[Ru(bpy)s]*" in water as reference system (compare, Section 2.3)
and quantified the relative green-light induced ground state
bleach upon excitation with laser pulses spanning a similar
intensity range (inset of Fig. 5a, orange data points). To mini-
mize experimental uncertainties associated with single-point
actinometry,** we fitted both intensity dependencies with
a saturation function that is valid for monophotonic photore-
actions.®®®® By analyzing the fit parameters with the extinction
coefficients (at 532 nm) of the respective absorbing species (CSS
of TAA-ph;-Ir-ph;-AQ, 15 500 M~ ' cm ™', see page S4 of the ESI}
for details; [Ru(bpy)s]**, 720 M~ ' em™'),** a quantum yield for
the light-induced charge recombination (¢,) of 1.5% was finally
obtained.

Similar two-pulse experiments were carried out with TAA-
ph,-Ir-ph,-AQ (Section 4.2 of the ESIt). Owing to the shorter CSS
lifetime of that triad (Section 2.2), single-wavelength transient
absorption kinetic traces are much more sensitive than spectral
measurements with (short) detection time windows. However,
during kinetic traces recorded at both the AQ"~ and the TAA""
absorption maximum with a 45 ns interpulse delay, we did not
observe any noticeable second-pulse induced absorption
change, although at 532 nm the CSS of TAA-ph,-Ir-ph,-AQ

we

=

400
time / ns
T

700

500 600
wavelength / nm

400 800

Fig. 5 Observing and quantifying the light-induced charge recombination in TAA-ph;-Ir-ph;-AQ (20 uM in deoxygenated CHzCN) using two-
pulse experiments with the general pulse sequence displayed at the top of panel (b). (a) Main plot: kinetic traces for the CSS of the triad at 720 nm
with the second laser pulse blocked (green) or unblocked (gray). Inset: relative CSS bleaching at different intensities of the second laser (gray),
together with the intensity dependence of the green-light induced [Ru(bpy)s]?* bleach (orange) used as reference for the charge recombination
quantum yield (¢,) determination. The fit parameters a for the saturation curves (1 — exp[—/s3,/al) are 150 mJ (orange) and 463 mJ (gray). (b) Main
plot: transient absorption spectrum of TAA-ph;-Ir-ph;-AQ before (green) and after (gray) the second laser pulse in a representative two-pulse
experiment. The inset shows a kinetic transient absorption measurement under identical conditions (the detection windows used for recording
the transient absorption spectra of the main plot have been highlighted). For details, see text.
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absorbs slightly more strongly than that of TAA-ph,-Ir-ph;-AQ
(see ESI page S47). Taking into account the reduced detection
sensitivity for these measurements on the short-lived CSS in
this triad, we estimate an upper limit of 0.2% for the green-
light induced charge recombination of this compound.

Given that the green pulse is mainly absorbed by the
anthraquinone radical anion part of the CSS (page S4 of the
ESIT), we assume that the following mechanism explains the
widely differing quantum yields for light-induced charge
recombination in our triads (1.5 vs. 0.2%). Excitation of AQ"™ at
532 nm (2.33 eV) produces - after ultrafast internal conversion -
the lowest excited doublet state *AQ'~, whose energy lies
~1.15 eV above the electronic ground state of AQ'~ (estimated
from its long wavelength absorption band).* Isolated *AQ'~ is
known to rapidly deactivate back to AQ": averaging over the
available literature values gave a lifetime as short as ~40
ps,*?>°* and we expect a similar natural lifetime of *AQ"™ in our
triads. Based on structural and energetic considerations, we
regard the electron transfer to the bipyridine (bpy) moiety as the
most-likely reaction pathway competing with photophysical
deactivation. Once the bipyridine radical anion is formed,
recombination with the adjacent TAA"" could account for the
observed ground-state regeneration through light-induced
charge recombination (see also Fig. 1c).

With a driving force of about 0.85 eV for the reaction between
*AQ'™ and bpy (see energies of the pertinent states in Fig. 1c),
a conventional distance dependence of the electron transfer
rates is expected, i.e., a rate constant decrease with increasing
distances.”®>* With the above-mentioned quantum yields of
light-induced charge recombination and a rate of ~1/40 ps for
photophysical deactivation, reasonable rate constants for the
intermolecular electron transfer between *AQ"~ and bpy on the
order of 4 x 10® s~ (TAA-ph,-Ir-ph;-AQ) and <5 x 10” s~ " (TAA-
ph,-Ir-ph,-AQ) can be estimated, if we simply assume that this
intramolecular reaction is rate-limiting. The reasoning of the
preceding paragraph could thus explain that green-light-
induced charge recombination of TAA-ph,-Ir-ph;-AQ is more
efficient than that of TAA-ph,-Ir-ph,-AQ by about one order of
magnitude. Moreover, it is worth emphasizing that a quantum
yield of 1.5% for an undesired pathway starting from a CSS is
not negligible, since it could clearly outperform the quantum
yield of desired charge accumulation (e.g., 0.5% in ref. 77).
Although our triads are well-suited test systems to understand
(biphotonic) light-induced recombination processes, we
consider the probability of a (second) photon absorption by the
CSSs of our triads with (sub)microsecond lifetimes as very
unlikely under sunlight conditions. This is borne out by
previous publications on intensity-dependent photoreactions
with intermediates possessing nanosecond® to microsecond®
lifetimes, whose efficient biphotonic ionization was only
feasible with pulsed lasers or collimated laser diodes providing
light power densities >1 kW cm™>.

The experiments of this section illustrate the wealth of
information that is accessible by quantitative two-pulse exper-
iments on molecular triads, and that electron transfer rate
distance dependencies could also help understand light-
induced recombination processes.
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Table 2 Comparative results obtained for the CSSs of the triads under
study

Triad EcssY/eV  Tosst/ns 1% &Y% %%
TAA-ph,-Ir-ph;-AQ  1.99 1210 £ 20 6.0-28.97 1.5 75
TAA-ph,-Ir-ph,-AQ  1.96 85+5 822+44 <02 71

“ Energy of the respective CSS. ° CSS lifetime in deoxygenated CH,CN at
293 K. © Quantum yield of CSS formation. ¢ Quantum yield of light-
induced charge recombination upon CSS excitation at 532 nm.
¢ Upper limit for the efficiency of photon-to-chemical energy
conversion. f Wavelength-dependent, see Table 1 for details.

3 Conclusions

The results of our extensive photophysical investigations on two
structurally closely related molecular triads clearly demonstrate
the difficulty of optimizing all desirable properties for solar
energy storage in a single molecular system at once (all perti-
nent results are summarized in Table 2). After excitation of an
Ir-based sensitizer with a single visible photon, both triads are
able to form an unusually highly energetic CSS (~2.0 eV)
comprising a triarylamine radical cation and an anthraquinone
radical anion. Under optimized excitation conditions, up to
75% of the initial photon energy can be stored in the final CSS.
The triad with the short bridge stores the energy 14 times longer
than the counterpart with longer intramolecular distances.®
However, quantitative two-pulse laser experiments revealed that
the CSS of the shorter triad (TAA-ph;-Ir-ph;-AQ) undergoes
light-induced charge recombination about ten times more
efficiently than that of the longer triad (TAA-ph,-Ir-ph,-AQ).
Thus, the intriguing key finding is that thermal charge recom-
bination is substantially slower in the shorter triad, but at the
same time light-induced charge recombination is significantly
more efficient in that compound. These observations can be
understood in the framework of Marcus theory as pointed out in
Sections 2.2 and 2.4. The CSS formation quantum yield of the
shorter triad crucially depends on the laser excitation wave-
length (anti-Vavilov behavior)”® and ranges from 6.0 to 28.9%,
whereas CSS formation for the longer triad is largely
wavelength-independent with a quantum yield as high as 82%
under comparable conditions. To our knowledge, these obser-
vations have no precedent in the literature on charge-separation
in donor-sensitizer-acceptor compounds. The wavelength-
dependence and the low quantum yields for CSS formation in
the short triad are most likely due to direct excitation into an
additional intraligand CT state of singlet parentage (substanti-
ated by DFT calculations), which undergoes ultrafast charge
recombination competing with CSS formation. By contrast, the
longer triad is predominantly excited into a 'MLCT excited
state, and following rapid intersystem crossing to the *MLCT
state of the Ir sensitizer, productive charge separation
outcompetes undesired charge recombination events. This
shows that triplet excited states can lead to substantially higher
quantum yield for charge separation than singlet excited states.

As has emerged from this work, wavelength-dependent one-
and two-pulse laser flash photolysis with quantitative detection
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of reaction intermediates is a powerful tool to investigate
unexpected or even unexplored effects that are highly relevant
for artificial photosynthesis. In particular, quantitative pump-
probe and pump-pump-probe spectroscopy combined with
electron transfer theory and simple DFT calculations provides
a clear picture of important CSS properties. We anticipate that
our approach might facilitate both the further optimization of
CSS precursors and multi-electron storage in molecular
systems.
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1 General experimental details

1.1 Materials

The compounds under study, except rutheniumtris(bipyridine) dichloride hexahydrate, have
been prepared and characterized according to our previously reported procedure.!
Rutheniumtris(bipyridine) dichloride hexahydrate (99.95%, Aldrich), tetrabutylammonium
hexafluorophosphate (TBAPFg, for electrochemical analysis, 299.0%, Aldrich) and copper(ll)
perchlorate hexahydrate (99.999% (metals basis), Alfa Aesar) were purchased from
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commercial suppliers and used as received. The solvent for experiments with
rutheniumtris(bipyridine) ([Ru(bpy)s]?*) dichloride hexahydrate was ultrapure Millipore
MilliQ water (specific resistance, 18.2 MQ cm), whereas commercially available CH3;CN
(anhydrous 99.8 %, Aldrich) was used for optical spectroscopy and irradiation experiments of
the compounds under study. Unless stated otherwise, the solutions prepared for laser flash
photolysis experiments were deoxygenated with argon (4.8, PanGas) using several cycles of
the freeze—pump—thaw technique.

1.2 Equipment and methods

All cyclic voltammetry measurements were performed in dry and deoxygenated CH3;CN with
TBAPFg (0.1 M) as electrolyte. A scan rate of 0.1V/s was applied. An SCE was used as
reference, a glassy carbon disk electrode served as working electrode and a silver wire was
used as counter electrode. To apply and control the voltage, a Versastat3-200 potentiostat
from Princeton Applied Research was used. Steady-state optical absorption spectroscopy
was performed on a Cary 5000 instrument from Varian with quartz cuvettes of 1cm
pathlength. If deoxygenated conditions were applied, home-built quartz cuvettes with 1 cm
pathlengths were used. UV-Vis transient absorption and emission measurements, together
with kinetic studies, were carried out on an LP920-KS instrument from Edinburgh
Instruments. A more precise description of the used setup can be found in the next
subsection. All spectroscopic experiments of this study were carried out at 293 K.

1.3 Laser setup and quantitative laser flash photolysis

An LP920-KS apparatus from Edinburgh Instruments was used to investigate transient
species. Excitation of our Ir-containing compounds was carried out by a Quantel Brilliant
laser equipped with an OPO from Opotek using excitation wavelengths between 410 und
470 nm. A second Nd:YAG laser (Quantel Brilliant b, ca. 10 ns pulse width) operating at 532
nm was used to investigate the photoinduced recombination of the CSSs. All quantitative
laser experiments were accompanied by actinometry experiments on the reference
compound [Ru(bpy)s]?* (see next page for details). Synchronization of the two lasers and the
detection system was achieved as described previously.? The excitation intensities of both
lasers were varied by the Q-switch delays and measured with a pyroelectric detector from
Ophir immediately before starting the experiments. Control measurements established the
laser output stability during each series of experiments.

The beams of both lasers were sent through beam expanders (GBEO2-A or GBEO5-A, both
from Thorlabs) to bring their diameters to either ~1.4 cm (blue laser; maximum laser
intensity per area, 13 mJ cm™2) or ~1.2 cm (green laser; maximum laser intensity per area,
125 mJ cm~2). The beam expansion ensured completely homogeneous laser excitation in the
whole detection volume (about 1.2 cm3). The lasers were carefully adjusted before starting
the measurements, especially for two-pulse experiments, in which the beam overlap is
important. Detection of transient absorption spectra occurred on an iCCD camera from
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Andor (with time-integration over 200 ns), while kinetic traces at a single wavelength were
recorded using a photomultiplier tube.

We attribute the observed CSS lifetime increase of TAA-ph;-Ir-ph;-AQ from ~1.0 ps? to
~1.2 us (this study) to the widely differing local CSS concentrations in the detection volume
after the laser pulses. The area-normalized laser intensities in our recent study
(~120 mJ cm~2, without beam expansion)! were about one order of magnitude higher than in
the experiments presented in this paper (<13 mJcm™2, with beam expansion). The
microsecond CSS lifetime in combination with high local CSS concentrations could enable
self-quenching reactions, and thus account for our observations. A kinetic simulation with
simultaneous first-order CSS decay (natural lifetime, 1.2 microseconds) and diffusion-
controlled® CSS self-quenching could indeed reproduce the observed ~17% lifetime
reduction, when we assume a CSS concentration as high as ~13 uM in the pump volume
right after high-intensity laser excitation. That reasoning is in line with the unchanged
lifetime results for TAA-ph,-Ir-ph,-AQ, whose short lifetime (<100 ns) does not permit
bimolecular reactions between two excited molecules. The slight lifetime increase of TAA-
phi-Ir-ph;-AQ does not affect the conclusions drawn in ref. 1.

Using the expanded blue laser beam, we observed a significantly improved photostability of
all Ir-containing compounds. Without beam expander, fresh (i.e., unirradiated) solutions
were used for every experiment since minor changes in the UV-Vis spectra (indicating
photodegradation) were detected after about 200 pulses on the same solution.! However,
the solutions irradiated with beam expander between laser and cuvettes did not show any
detectable changes even after more than 1000 laser flashes.

Quantitative one- and two-pulse laser flash photolysis measurements were carried out using
chemical actinometry* with the excitation of [Ru(bpy)s]?*into its triplet state (quantum yield,
1.0)°> as widely accepted reference reaction. Aqueous [Ru(bpy)s]?* solutions were used for
the following reasons: (i) The molar absorption coefficient for the [Ru(bpy)s]?* ground state
bleach is well-established in water (Agss = —10100 M~t cm~1)8=2, (ii) 3MLCT formation is the
only detectable photochemical process upon visible light absorption by [Ru(bpy)s]?* in
water;5® moreover, this actinometry system is even reliable at moderate laser pulse
intensities (up to ~30 mJ cm~2) under UVA excitation conditions, which in principle allow the
biphotonic ionization of [Ru(bpy)s]?*.”*12 (iii) Since the refractive indices of water and
acetonitrile (solvent for the Ir-containing compounds) differ by less than 1%,3 corrections of
the transient absorption data are unnecessary. (iv) Oxygen removal from the aqueous
[Ru(bpy)s]** solutions is not required, because 3[Ru(bpy)s;]?* lives long enough in air-
saturated water (about 400 ns) for a sensitive detection, and [Ru(bpy)s;]?* is not prone to fast
photooxidation under these conditions.?

The knowledge of the calibrated absorption spectrum of the respective CSS is a basic
requirement for all quantitative laser investigations on TAA-ph;-Ir-ph;-AQ and TAA-ph,-Ir-
ph,-AQ. Guided by successful molar absorption coefficient determinations of triarylamines
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by chemical oxidation experiments,'3 we first tried to quantitatively oxidize our triads with
copper(ll) perchlorate, and monitored the spectra of their triarylamine radical cations using
steady-state UV-Vis spectroscopy. However, the molar absorption coefficients of TAA®* so
obtained depend strongly on the rate of the redox titration and are systematically too low
(< 15000 M1 cm™ at the TAA®** absorption maximum in the red), as a comparison with
typical literature values shows.3"1> We attribute these observations to undesired side
reactions, which have already been reported for triarylamine radical cations lacking of
additional stabilization through methoxy substituents.!®

Another possibility for calibrating the CSS absorption spectra is provided by the
anthraquinone radical anion (AQ®") absorption bands. In contrast to the TAA®* absorptions
of the triads in the red region of the visible spectrum, whose maxima differ by about 20 nm,
shape and position of the dominant AQ®*~ absorption at ~560 nm are identical in both triads,
as spectroelectrochemical measurements! and transient absorption studies (Fig. S5 of the
ESI) clearly demonstrate. It seems natural to assume that this species contributes in the
same way to the CSSs of the Ir triads under study. Assuming a negligible effect of the
adjacent p-xylene bridge, we took the mean extinction coefficient at maximum of two
previous AQ®*~ studies in organic solvents, 15100 M1 cm~1.1718 With that value and the
(uncalibrated) spectroelectrochemical signatures of both AQ®~ and TAA®* in the CSS of the
respective triad (TAA®* still absorbs at the AQ®*~ maximum, which necessitated a spectral
separation),! the calibrated CSS absorption spectra were obtained. The molar absorption
coefficients at maximum intensity so obtained are 29900 Mcm= (720 nm) and
24700 M1 cm~! (700 nm) for TAA-ph;-Ir-ph;-AQ and TAA-ph,-Ir-ph,-AQ, respectively. These
values were used to convert the CSS transient absorption signals into transient CSS
concentrations.

The molar absorption coefficients of both CSSs at the wavelength of the second laser,
532 nm, are essential for quantifying the efficiency of second-pulse induced processes. The
pertinent coefficients are 15500 M—* cm~! (TAA-ph;-Ir-ph;-AQ) and 15800 M~ cm™! (TAA-
ph,-Ir-ph,-AQ). The anthraquinone radical anion is the dominant absorbing species at this
wavelength. The AQ®*~ contributions to the overall extinction coefficients at 532 nm are 68%
(TAA-ph;-Ir-ph;-AQ) and 66% (TAA-ph,-Ir-ph,-AQ).

2 Energies of charge-separated states

The energy of the charge-separated state (CSS) can be derived from the redox potentials of
AQ*~ and TAA** in the respective triad since the stored energy (Ecss) is equivalent to the
driving force (-AGcR®) of the thermal charge recombination process of the photoexcited triad.
The redox potentials of the individual components of the triads were determined by cyclic
voltammetry (Fig. S1 and Fig. 1b of the main paper). Experimental details are given in Section
1.2 of the ESI as well as in the caption of Fig. S1.
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Fig. S1: Cyclic voltammogram of TAA-ph,-Ir-ph,-AQ in deoxygenated CH3;CN with TBAPF¢ (0.1 M) as
an electrolyte. A scan rate of 0.1 V/s was applied. For further explanations, see text.

In analogy to the shorter triad TAA-ph;-Ir-ph;-AQ (main part of the paper, Fig. 1b), the one-
electron oxidations of the TAA donor unit and of the iridium moiety are observed when
oxidative sweeps are performed with TAA-ph,-Ir-ph,-AQ (Fig. S1). Likewise, a first (one-
electron) reduction of the AQ acceptor, which is followed by the reduction of the bipyridine
unit, is observed when performing reductive cyclic voltammetry sweeps. Afterwards, the
second reduction of the AQ unit to the quinone dianion occurs before the dF(CF;)ppy ligands
are each reduced by one electron.

Table S1. Redox potentials (in V vs. SCE) extracted from Fig. 1b of the main part of the paper
and Fig. S1.

Redox potentials TAA-ph;-Ir-ph;-AQ TAA-ph,-Ir-ph,-AQ

E%(dF(CF3)ppy /)t -1.88 -1.88
E%(dF(CF3)ppy/>)tl -1.65 -1.62
E°(AQ7?) -1.30 -1.30
E%(bpy®/-) -1.19 -1.19
E°(AQY) -0.86 -0.89
EO(TAA*?) 1.11 1.06
EO(IrV/m) 1.78 1.75

[a] Not shown in Fig. 1b of the main part of the paper and Fig. S1 for clarity of the voltammograms.
The values were measured under identical conditions as described above.

The driving force for thermal charge recombination corresponds to the negative reaction
free energy (AGR®) for electron transfer from the reduced acceptor (AQ®-) to the oxidized
donor (TAA®*) in the triads under study. Estimations of AG° were performed using equation
S1%° and the reported redox potentials in Table S1. e is the elemental charge, & is the
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vacuum permittivity, and & is the dielectric constant of the solvent (35.9 for CH3;CN)?. The
used center-to-center distances (rps) are 22.0 A for TAA-ph;-Ir-ph;-AQ and 30.6 A for TAA-
ph,-Ir-ph,-AQ.! rp, corresponds to the distance between the N-atom of the TAA donor and
the centroid of the anthraquinone acceptor unit. Calculated values for the driving force are
given in Table S2.

6'2

MG =e- [EO(AQO/')—EO(TAA+/0)] - (eq S1)

ATTEYET A

Table S2. Estimated driving forces (-AG®) for thermal charge recombination on the basis of
the redox potentials in Table S1. -AGR° corresponds to the energy stored in the CSS of the
respective triad.

Triad -AGR° [eV]
TAA-ph;-Ir-ph;-AQ 1.99
TAA-ph,-Ir-ph,-AQ 1.96

3 Quantum-mechanical calculations

Guided by energetic considerations, we recently explained the additional shoulder in the UV-
Vis absorption spectrum of TAA-ph;-Ir-ph;-AQ as compared to TAA-ph,-Ir-ph,-AQ by an
intraligand charge transfer (CT) from the triarylamine donor to the bipyridine moiety.? In
order to provide further support for that hypothesis, DFT calculations were carried out with
the Gaussian 09 package?! using the B3LYP functional and the 6-31+G(d,p) basis set. Rather
than trying to optimize the full heavy-metal containing complexes with a smaller basis set,
we performed calculations on the ligands with simplified structures (i.e., without
anthraquinone parts and Ir{dF(CF3)ppy}, fragments).

The optimized geometries of the two model compounds are displayed in Fig. S2. These
optimizations were accompanied by frequency analyses, which did not show negative
vibrational frequencies indicating convergence on minimum structures. Based on the
optimized structures, population analyses were carried out to obtain the orbitals displayed
in Fig. S2. The HOMOs of both ligand fragments are TAA-localized, whereas the LUMOs are
mainly centered on the bipyridine moiety. Additional time-dependent(TD)-DFT calculations
revealed substantially different properties of the lowest energy transition in both structures;
for the shorter structure with one p-xylene spacer between TAA nitrogen atom and
bipyridine, we found a high oscillator strength being in line with the significant overlap
integral of the frontier orbitals (Fig. S2, upper row), however, as a result of the additional
xylene unit, that transition is completely forbidden in the longer structure (Fig. S2, lower
row).

Despite the usage of strongly simplified structures for our calculations, the results
summarized in Fig. S2 clearly substantiate the recent explanation of the additional
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absorption band in the shorter triad TAA-ph;-Ir-ph;-AQ by a CT between triarylamine and
bipyridine.

HOMO-LUMO
transition

structure

oscillator strength = 0.28
excitation energy = 3.40 eV

oscillator strength = 0.00
excitation energy = 3.62 eV

Fig. S2: Chemical structure of the two model compounds, their DTF-optimized structures (computed
at the B3LYP/6-31+G(d,p) level of theory) together with the corresponding frontier orbitals, and
properties of the HOMO-LUMO transitions. For details, see text.

4 Additional laser flash photolysis data

4.1 Single-pulse experiments

Additional single-pulse experiments on the reference compound Ir-Ref are shown in Fig. S3.
The transient absorption spectrum following 410 nm laser excitation is practically identical
to that presented in our recent study.! However, owing to the improved excitation
homogeneity in the detection volume when using the beam expander (compare, Section 1.3
of the ESI) and consequently the optimized spatial overlap between pump and probe beams,
the signal-to-noise ratio is significantly higher in the present study. Moreover, the emission
spectrum of Ir-Ref at room temperature (293 K) was measured (upper inset of Fig. S3) to
identify the emission maximum, at which additional kinetic emission traces were recorded
for Ir-Ref and both triads (see, Fig. S4).

As we found by kinetic measurements (lower inset of Fig. S3), both the transient absorption
(detection at 570 nm) and emission (detection at 530 nm) signal decays are almost perfectly
monoexponential with identical lifetimes, 14.1 ps. It is worth mentioning that the so-
obtained excited-state lifetime of Ir-Ref is longer by a factor of six compared to those of
structurally similar complexes with simple bipyridine or di-tert-butyl-bipyridine diimine
ligands under identical conditions.?2?®>  Given that the latter complex,
[Ir{dF(CF3)ppy}.(dtbpy)]PFs, is a commercial and widely-used photoredox catalyst,?* the
much longer lifetime of excited Ir-Ref (together with practically identical (photo)redox
properties as [Ir{dF(CFs)ppy}.(dtbpy)]*)! might be beneficial for photochemical applications.
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Fig. $3: Excited-state properties of Ir-Ref, whose structure is shown on the right. Main plot, transient
absorption spectrum of Ir-Ref (20 uM in dry and deoxygenated CHs;CN) following laser excitation at
410 nm (8 mJ). The spectrum was recorded by time-averaging over a period of 200 ns immediately
after excitation. Upper inset, emission spectrum of Ir-Ref under the conditions as in the main plot,
but time-averaged over 10 ps. Lower inset, kinetic absorption and emission data with the same color
code as in the corresponding spectra.

Comparative kinetic emission traces for the three Ir-containing compounds under identical
excitation and detection conditions are shown in Fig. S4. The MLCT emission of the triads is
almost instantaneously quenched indicating that the MLCT lifetime is significantly shorter
than the laser pulse duration (~10 ns). A more detailed discussion of these measurements
can be found in Section 2.3 of the main paper.
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Fig. $4: Kinetic emission traces of TAA-ph;-Ir-ph;-AQ (green), TAA-ph,-Ir-ph,-AQ (violet) and Ir-Ref
(red) after 410 nm excitation (8 mlJ laser pulses of ~10 ns duration) of Ar-saturated CH;CN solutions
with an OD of ~0.1 at the excitation wavelength recorded at the maximum of the Ir-Ref MLCT
emission (530 nm). The inset shows the emission traces of the triads on a nanosecond timescale. For
further explanation see text and main part of the paper.
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The excitation wavelength dependent transient absorption spectra collected in Fig. S5 prove
that the CSSs are the only detectable intermediates upon visible light excitation of our triads

(see also Section 2.3 of the main paper; for clarity, only three spectra for each triad are
shown).

0.02| (@)
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Fig. S5: Transient absorption spectra (time-integrated over 200 ns immediately following excitation)
of TAA-ph;-Ir-ph;-AQ (a) and TAA-ph,-Ir-ph,-AQ (b) recorded at different excitation wavelengths
(TAA-ph;-Ir-ph;-AQ: 410 nm, 440 nm and 470 nm; TAA-ph,-Ir-ph,-AQ: 410 nm, 433 nm and 450 nm)
in deoxygenated CH3;CN at 293 K. Spectral range chosen such that the dominant AQ*~ (~570 nm) and
TAA** (red edge of the visible spectrum) absorption bands are displayed.

4.2 Two-pulse experiments

The same data set as in Fig. 5a of the main paper is displayed in Fig. S6. The logarithmic
representation used in Fig. S6, however, facilitates illustrating the first-order recombination
kinetics of the TAA-ph;-Ir-ph;-AQ CSS.
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Fig. S6: Two-pulse experiment presented in Fig. 5a of the main paper with logarithmic y-axis to

illustrate that the second pulse does not affect the kinetics for thermal charge recombination.
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Two-pulse experiments on TAA-ph,-Ir-ph,-AQ are shown in Fig. S7. Transient absorption
kinetics were detected at the spectral maximum of AQ®~ (panel a) and TAA®** (panel b).
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Fig. S7: Two-pulse experiments (pulse schemes are given above traces) on solutions of 40 uM TAA-
ph,-Ir-ph,-AQ (panels a and b; in deoxygenated CH;CN) and 10 uM [Ru(bpy)s]** (panel ¢, in air-
saturated water). Kinetic traces for the triad were monitored at 570 nm (a) and 700 nm (b) with the
second laser pulse blocked (violet) or unblocked (gray). The control experiments on the kinetic
[Ru(bpy)s]?* emission (panel c) serve to visualize the pulse scheme (same as in panel b). For details,
see text.

The negligible second pulse induced absorption change during the experiments displayed in
Fig. S7 (panels a and b) prompted us to visualize the pulse scheme with a control
measurement on [Ru(bpy)s]** (panel ¢, very same laser settings as in panel b). The kinetic
[Ru(bpy)s]** emission traces with just one laser (orange traces in panel c, the other pulse was
selectively blocked) and both laser pulses (gray trace in Fig. S7c) clearly indicate that the
desired pulse scheme has also been applied to TAA-ph,-Ir-ph,-AQ.

A comparative discussion of the two-pulse experiments on both triads is given in Section 2.4
of the main paper.

5 Supplementary references

1 S. Neumann and O. S. Wenger, Inorg. Chem., 2019, 58, 855-860.

2 M. Kuss-Petermann and O. S. Wenger, Helv. Chim. Acta, 2017, 100, e1600283.

3 M. Montalti, A. Credi, L. Prodi and M. T. Gandolfi, Handbook of photochemistry,
CRC/Taylor & Francis, Boca Raton, 3rd ed., 2006.

4 H. J. Kuhn, S. E. Braslavsky and R. Schmidt, Pure Appl. Chem., 2004, 76, 2105-2146.

5 S. Campagna, F. Puntoriero, F. Nastasi, G. Bergamini and V. Balzani, Top. Curr. Chem.,
2007, 280, 117-214.

6 M. Goez, C. Kerzig and R. Naumann, Angew. Chem. Int. Ed., 2014, 53, 9914-9916.

7 P. Muller and K. Brettel, Photochem. Photobiol. Sci., 2012, 11, 632—-636.

8 C. Kerzig and M. Goez, Chem. Sci., 2016, 7, 3862—-3868.

-510-



10
11
12
13
14
15
16
17
18

19
20

21

22

23

24

C. Kerzig and O. S. Wenger, Chem. Sci., 2018, 9, 6670—6678.

C. Kerzig, X. Guo and O. S. Wenger, J. Am. Chem. Soc., 2019, 141, 2122-2127.

C. Kerzig and M. Goez, Phys. Chem. Chem. Phys., 2014, 16, 25342—-25349.

M. Goez, D. von Ramin-Marro, M. H. Othman Musa and M. Schiewek, J. Phys. Chem.
A, 2004, 108, 1090-1100.

K. Sreenath, T. G. Thomas and K. R. Gopidas, Org. Lett., 2011, 13, 1134-1137.

R. F. Nelson and R. H. Philp, J. Phys. Chem., 1979, 83, 713-716.

J. L. Baptista and H. D. Burrows, J. Chem. Soc. Faraday Trans. 1, 1974, 70, 2066—2079.
J. F. Ambrose, L. L. Carpenter and R. F. Nelson, J. Electrochem. Soc., 1975, 122, 876—
894.

M. Buschel, C. Stadler, C. Lambert, M. Beck and J. Daub, J. Electroanal. Chem., 2000,
484, 24-32.

S. U. Pedersen, T. Bo Christensen, T. Thomasen and K. Daasbjerg, J. Electroanal.
Chem., 1998, 454, 123-143.

A. Weller, Z. Phys. Chem., 1982, 133, 93-98.

L. G. Gagliardi, C. B. Castells, C. Rafols, M. Rosés and E. Bosch, J. Chem. Eng. Data,
2007, 52, 1103-1107.

M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman,
G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato, X. Li,
H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M. Hada,

M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,

O. Kitao, H. Nakai, T. Vreven, J. A. Montgomery, J. E. Peralta, F. Ogliaro, M. Bearpark,
J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, R. Kobayashi, J. Normand,

K. Raghavachari, A. Rendell, J. C. Burant, S. S. lyengar, J. Tomasi, M. Cossi, N. Rega,
J. M. Millam, M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo,

R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W.
Ochterski, R. L. Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador, J. J.
Dannenberg, S. Dapprich, A. D. Daniels, Farkas, J. B. Foresman, J. V. Ortiz,

J. Cioslowski, and D. J. Fox. Gaussian 09 Revision B.01, 2010.

M. S. Lowry, J. |. Goldsmith, J. D. Slinker, R. Rohl, R. A. Pascal, G. G. Malliaras and S.
Bernhard, Chem. Mater., 2005, 17, 5712-5719.

D. Hanss, J. C. Freys, G. Bernardinelli and O. S. Wenger, Eur. J. Inorg. Chem., 2009,
2009, 4850-4859.

C. K. Prier, D. A. Rankic and D. W. C. MacMillan, Chem. Rev., 2013, 113, 5322-5363.

-S11-






5 A Molecular Mimic of the
Photosynthetic Z-Scheme

The so-called photosynthetic Z-scheme is a multifunctional molecular machine embedded
in the thylakoid membrane of chloroplasts and can be seen as the ‘heart’ of light-dependent
natural photosynthesis. Detailed information concerning the structure of this molecular
machinery and the processes that take place was already presented in Chapter 2.1} In
the Z-scheme, two photosystems (PS I and PS II) work in series to achieve the formation
of a highly energetic charge-separated state (CSS) with a long lifetime, which cannot be
formed by use of only one photosystem. This CSS is characterized by a strong oxidant in
PS II, which can drive water oxidation, and a strong reductant in PS I, which can be used
for reduction of NADP™ to NADPH. For the formation of the highly energetic CSS, each
photosystem is independently excited by absorption of a single visible photon of relatively
low energy, which is why the Z-scheme can also be seen as an upconversion system for
light energy. Since two photosystems are involved, a wider range of visible light can be

exploited, which is another advantage of the Z-scheme. 75012

Despite the importance of the Z-scheme in nature and the benefits that result from this
two-step excitation process, artificial Z-schemes using visible light excitation are rare.
It was reported that water splitting can be achieved by two-step photoexcitation with
visible light when either two isolated semiconductor types are connected by a reversible

417 o when two semiconductors are linked

donor/acceptor pair as a redox mediato
via a metal junction.™® M9 Visible light driven water splitting could also be observed in
a photoelectrochemical cell™ comprised of semiconductors and an attached organic dye
and in a photobioelectrochemical cell™! which used quantum dots and the integration
of PS II, as reported recently. The principle of two-step excitation with visible light
was also successfully applied for CO, reduction. Here, reduction was achieved by use
of two semiconductors®22123 or by one semiconductor directly linked to a molecular
dyad.2#126] However, none of those reported artificial Z-schemes is purely molecular
like the components in the Z-scheme in natural photosynthesis and their performances
are mainly based on semiconductors. To the best of the author’s knowledge, only two

purely molecular artificial Z-schemes have been reported so far. The first system is a
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5 Molecular Z-Scheme

supramolecular tetrad consisting of two linked dyads that showed reversible formation of
a long-lived CSS only when two excitation pulses were applied to it.% However, the tetrad
did not aim for an increase of the charge separation energy since the CSSs of the respective
dyads, each generated by the uptake of a single visible photon, are higher in energy than
the CSS of the tetrad. In contrast, the energy upconversion principle of the Z-scheme, as
well as a significant increase in the lifetime of the final CSS, was successfully demonstrated
in a different tetrad (Figure that also consists of two linked dyads (Bodipy-NDI and
TAPD-Ru).53 This artificial Z-scheme stored 2 eV in the CSS (in toluene) after two
consecutive photon absorptions, which is more than the respective dyads could store after

single excitation.

490 nm (b)e

;H/\

Bodipy-NDI-TAPD-Ru

EtO,C COEt

Figure 5.1: Molecular structure of Bodipy-NDI-TAPD-Ru and schematic representation
of the light-induced formation of the final CSS Bodipy *-NMI-TAPD-Ru~. (a) Excita-
tion of the photosensitizers at 490 nm within the duration of the same laser pulse; (b)
electron-transfer step induced by excitation of the photosensitizer; (c¢) thermal charge
recombination step in the central unit of the tetrad to form the final CSS.

The tetrad shown in Figure[5.1| consists of a 4,4-difluoro-1,3,5,7-tetramethyl-2,6-diethyl-4-
bora-3a,4a-diaza-s-indacene (Bodipy) photosensitizer, a naphthalene diimide (NDI) elec-
tron acceptor, a tetraalkylphenyldiamine (TAPD) electron donor and a Ru(IT) (bipyridine)s
(Ru) photosensitizer. The two photosensitizers can be excited with equal probability at
490 nm, which leads to a cooperative formation of a highly energetic CSS in the system.
After visible light excitation, an electron is transferred from the excited Bodipy unit to
the NDI moiety and the excited Ru unit is reductively quenched by electron transfer
from the TAPD moiety. A twofold CSS Bodipy *-NMI"-TAPD "-Ru"" results, in which
the central electron-hole pair (marked in red) undergoes thermal charge recombination
to form the final CSS. The energy efficiency of the tetrad lies at 47% (of the sum of the
photon threshold energies) and the overall quantum yield of the final CSS was estimated
at 24%.

Here, a study regarding a new artificial molecular Z-scheme is presented. With this

system, we anticipate to store significantly more than 2 eV in the final CSS after two-step
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5 Molecular Z-Scheme

photoexcitation with visible light. The generation of highly energetic CSSs is especially

5 [109]

desired for driving energy demanding (photo)chemical processe Furthermore, the

carefully designed system is purely organic, which is a conceptually new approach for an
artificial Z-scheme (see Chapter [5.1]).
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5 Molecular Z-Scheme

5.1 Considerations for the Structural Design of the New

Molecular Z-Scheme Approach

Our new approach for a molecular Z-scheme is a tetrad (Figure that consists of a naph-
thalene monoimide (NMI) electron acceptor, a tetraphenyl-diaminobenzol (TPDB) elec-
tron donor, a pyrene-4,5,9,10-tetraone (PT) electron acceptor and a triarylamine (TAA)

electron donor unit.

OMe

NMI-TPDB-PT-

Figure 5.2: Molecular structure of the NMI-TPDB-PT-TAA tetrad.

The NMI-TPDB-PT-TAA tetrad can be divided into two dyads (NMI-TPDB and PT-
TAA), whereby each dyad represents a single photosystem, unlike the artificial Z-scheme
presented in Figure [5.1] Photoexcitation of the respective dyads is designed to be into
intramolecular charge transfer (CT) transitions. This behavior is an advantage of the
purely organic approach, since C'T transitions directly separate charge, which negates ad-

o [27H129]

ditional decay pathways present in metal-based photosensitizer system However,

these emissive CSSs are known to be highly solvatochromic®™¥ and obey the energy gap

1o 31 132

It is therefore necessary to work in low polarity solvents to avoid fast and
unproductive recombination. 133135 Furthermore, a thiophene (th) spacer was introduced
as a linker between the donor and acceptor of each dyad. Thiophene spacers were found to
facilitate CT transitions in donor-acceptor compounds since a more planar conformation
of the donor to the acceptor is induced.®36 337 The conformation change enhances the
electronic coupling between donor and acceptor, which also results in higher extinction
coefficients concerning the CT absorption band. An increase in the extinction coefficient is
favorable concerning the probability for (efficient) photon absorption by the photosystem.

Additionally, thiophene incorporation produces a red-shift of the absorption of the dyad,
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5 Molecular Z-Scheme

which facilitates excitation with visible light. As mentioned above, to further stabilize
the CSSs of the dyads and the tetrad, nonpolar solvents like toluene should be considered
for measurements. It also needs to be considered that the central TPDB-PT unit of the
given tetrad could behave as a donor-acceptor dyad, too. To suppress this possibility,
a p-(di-n-hexyl)phenyl (hxy) spacer was introduced to link the two dyads. Besides the
positive effect on the solubility of the overall tetrad, a hxy spacer should also reduce the
electronic coupling between TPDB and PT, due to a larger torsion angle, which hampers

direct excitation with visible light absorption.

An important factor concerning the planning of the molecular design were also the re-
ported (first) oxidation and reduction potentials (vs. SCE), respectively, of the single
moieties (Table , which play a key role concerning the directionality of CT transitions
in the anticipated tetrad. The single units of the tetrad were chosen in a way that a
weak electron acceptor (wA; NMI) and a weak electron donor (wD; TAA) are at the ends
of the tetrad (see Figure . The middle part of the tetrad contains a strong electron
donor (sD; TPDB) and a strong electron acceptor (sA, PT). The given directionality
should permit the formation of the highly energetic CSS. For clarity, further discussion of
these potentials is included in the explanation for the anticipated behavior after two-step

photoexcitation (see below).

Table 5.1: First oxidation or reduction potential of the electron donor and electron
acceptor units used in the NMI-TPDB-PT-TAA tetrad.

Potential (V vs. SCE) Remarks

EY(NMIY") -1.40 benzonitrile; refl38
E°(TPDB*/?) ca. 0.40 CH3CN; estimated on ref3% 140
E°(PT") -0.41 DMF; reff
EO(TAA/0) 1.35 CH3CN; reflt42

Due to the expected short lifetimes of the organic dyad CSSs, it would be favorable
to excite both dyads within the duration of the same laser pulse (instead of a more
complicated two-pulse experiment), presuming that there is a wavelength at which both
dyads will be excited with equal probability. The reaction Equations I-III summarize the
expected behavior of the tetrad after absorption of two photons. Additionally, electron

pathways for Equations I-I1I are visualized in Figure [5.3

NMI-TPDB-PT-TAA + 2 hu — NMI"-TPDB "-PT -TAA'" 1
NMI"-TPDB*-PT" -TAA'"* — NMI -TPDB-PT-TAA'* IT
NMI-TPDB-PT-TAA'"t — NMI-TPDB-PT-TAA I1I
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Figure 5.3: Schematic representation of electron pathways in the tetrad NMI-TPDB-PT-
TAA after double excitation with visible light. The shown reaction sequences correspond
to Equations I-III of the main text.

Efficient double photoexcitation of the tetrad should result in the (short-living) twofold
CSS shown in Equation I. Direct CT transitions should therefore only occur in the excited
photosystems NMI-TPDB and PT-TAA and not in the TPDB-PT dyad. As a consequence
of the direct CT excitation, oxidized donor moieties of the ground-state of the tetrad now
act as acceptor units in the twofold CSS and reduced acceptor moieties become donor
units. The central part of the twofold CSS is labeled as weak donor and acceptor in
Figure [5.3] in comparison to the donor and acceptor units at the end of the tetrad, since
they differ by roughly 1.0 eV. The central hole-electron pair (marked in red) is expected
to collapse rapidly to form the final CSS as indicated in Equation II since the driving
force for charge recombination in the dyads (ca. 1.8 eV) is highly inverted, whereas the
driving force for recombination of the central hole-electron pair lies at ca. 0.8 eV (see
Appendix for calculations). In the final CSS, a state comprised of a strong reductant and
a strong oxidant, nearly 2.8 eV should be stored based on the reported redox potentials
(Table . This CSS is also expected to show a significantly longer lifetime than in the
isolated CSSs of the dyads.B%57 In the final step III, thermal charge recombination to

the ground-state of the tetrad should occur.

Because the synthesis of the anticipated tetrad is rather ambitious and time-consuming,
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5 Molecular Z-Scheme

it was decided to begin the investigations concerning our new molecular Z-scheme with
the synthesis and study of reference dyads (Figure to gain more knowledge if our
approach for the tetrad is promising enough to pursue. With these reference compounds
on hand, we want to evaluate if the expected CT transitions in the NMI-TPDB and PT-
TAA references occur and if the hxy spacer between the TPDB and PT units inhibits an

undesired direct CT excitation.

Furthermore, emission lifetimes should clarify if the CSSs of the dyads are sufficiently long-
living for the applicability in our tetrad. Also, redox potentials for our actual systems

need to be measured.

OMe

1870k

MeO

MeQO

&
QN TPDB-PT
&

OMe

Figure 5.4: Molecular structures of the reference dyads NMI-TPDB, TPDB-PT and
PT-TAA.

123
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5.2 NMI-TPDB Reference

The NMI-TPDB reference plays the role of one of the two photosystems needed for photo-
excitation via a Z-scheme approach. To characterize the properties of the given dyad, a
variety of studies were performed in up to 4 different solvents, ranging from nonpolar
toluene to more polar benzonitrile. Electronic absorption spectroscopy was performed to
confirm the possibility of a CT excitation in the dyad, which was substantiated by DFT
calculations. By measuring cyclic voltammograms, reduction and oxidation potentials for
our specific system could be obtained and can be used to estimate the energy of the CSS
and the driving force for thermal charge recombination. Spectro-electrochemical measure-
ments gave insights into the expected spectroscopic signatures of the oxidized TPDB and
the reduced NMI moieties. Additional, steady-state and time-resolved emission spectro-

scopies were performed to investigate emission behavior and lifetime of NMI-TPDB.

5.2.1 Synthesis of NMI-TPDB

The reference compound NMI-TPDB was successfully synthesized following the synthetic

route summarized in Scheme [5.11

In a first step, the NMI moiety was generated by a condensation reaction between 4-bromo-
1,8-naphthalic anhydride and n-octylamine in 86% yield. Suzuki coupling with thiophene-
2-boronic acid pinacol ester, followed by a selective bromination in the a-position of the
thiophene with Bry in CHClj3, yielded NMI-th-Br (3). The coupling substrate TMS-
ph-B(OH), (5) was synthesized in two steps from 1,4-dibromobenzene: ipso exchange
of one bromo by trimethylsilyl (TMS) followed by conversion of the second bromo to
a boronic acid. Suzuki coupling of compound 3 and compound 5 afforded NMI-th-ph-
TMS (6) in 95% yield. After deprotection of the TMS-protecting group with ICIl in
DCM and a Buchwald-Hartwig amination with p-anisidine, the secondary amine 8 was
obtained. Compound 8 was then coupled via Buchwald-Hartwig amination with the
iodinated triarylamine 11, which afforded the reference compound NMI-TPDB in 47%
yield. To synthesize compound 11, a Chan-Lam coupling of phenylboronic acid with p-
anisidine, using copper(II) acetate and NEt3 in DCM at room temperature, was performed
to yield compound 9 in 56%. Then, a Buchwald-Hartwig amination, followed by a TMS

deprotection was performed.
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Scheme 5.1: Reaction scheme for the synthesis of the NMI-TPDB reference. (a) n-
Octylamine, ethanol, reflux, 18 h; (b) Pd(PPhs),, NayCOs, toluene/water/ethanol, 90 °C,
overnight; (c) Bry, acetic acid, CHCI3, rt, 20 min; (d) n-BuLi, Et,O, —78 °C, 15 min,
TMSCI, —78 °C — rt, 45 min; (e) n-Buli, THF, —78 °C, 1.5 h, trimethyl borate,
—78 °C, 30 min, —78 °C — rt, overnight, HCI; (f) ICl, DCM, —78 °C, 1 h; (g) Pd(dba)s,
(HP'Buz)BF,, KO'Bu, toluene, 90 °C, 19 h; (h) Cu(OAc)y, NEt;, DCM, rt, 19 h; (i)
Pd(dba)s, (HP*Buz)BF4, KO'Bu, toluene, 100 °C, overnight.

5.2.2 Electronic Absorption Spectroscopy

Electronic absorption spectroscopy (see Figure was performed at 293 K with 20 uM
solutions of NMI-TPDB in toluene (red trace), THF (black trace), DCM (blue trace) and

benzonitrile (green trace).
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Figure 5.5: UV-Vis absorption spectra of NMI-TPDB (20 uM) at 293 K in the following
solvents: toluene (red), THF (black), DCM (blue) and benzonitrile (green).

The spectra of the reference compound NMI-TPDB exhibit n-n" absorption bands in the
UV region from about 310 to 380 nm. More interesting for our anticipated artificial Z-
scheme is the observable broad CT absorption band in the visible region of roughly 420
to 560 nm. The absorption maximum of this band shifts only slightly when the solvent
polarity is changed (Table , which is congruent with literature observations. T30 133l
To substantiate the CT character of the broad absorption band in the visible region,
simple DFT calculations were performed. Based on the optimized structure of (simplified)
NMI-TPDB, HOMO and LUMO frontier molecular orbitals were calculated (Figure .
During the electronic transition from the HOMO to the LUMO, an electron is transferred
from the TPDB unit to the NMI unit of the dyad. This is in agreement with a CT character
of the first excited state of the compound, consisting of an NMI radical anion and a
TPDB radical cation. Time-dependent DFT calculations confirmed that the lowest energy
transition is indeed HOMO-LUMO. Additionally, the experimental extinction coefficients
and the presence of a CT absorption band are comparable with reported values for similar
NMI-TAA compounds. 43 144

Table 5.2: Maxima of the CT absorption bands for NMI-TPDB in the investigated
solvents.

)\max, CcT / nm

toluene 465
THF 462
DCM 467

benzonitrile 473
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s‘/*

Figure 5.6: Simplified chemical structure of NMI-TPDB (left), its DFT-optimized struc-
ture (computed with B3LYP functional and the 3-21G basis set) together with the corre-
sponding HOMO (middle) and LUMO (right) frontier molecular orbitals.

5.2.3 Electrochemistry and Driving Forces

Cyclic voltammograms of NMI-TPDB were measured in THF (Figure [5.7] left), DCM
(Figure middle) and benzonitrile (Figure .7 right). Experimental details can be
found in Chapter [7.2

151
20 |
0 20 104
101 10 5
< < <
3 =4 3
= 01 = 0 = 0
10 -104 54
-201 220 -104
45 10 -05 00 05 10 45 10 05 00 05 10 45 10 -05 00 05 10
E/V vs. SCE E/V vs. SCE E/V vs. SCE

Figure 5.7: Cyclic voltammograms of 1 mM solutions of NMI-TPDB measured in dry
and deoxygenated THF (black), DCM (blue) and benzonitrile (green). TBAPFg (0.1 M)
was used as an electrolyte and a scan rate of 0.1 V/s was applied.

In all investigated solvents, oxidative cyclic voltammetry results in the reversible first and
second oxidation of the TPDB donor whereas the NMI acceptor reversible reduction is
observed when performing reductive sweeps. Based on the first oxidation and reduction
potentials of the NMI acceptor and the TPDB donor, the driving force (-AGcgr") for
thermal charge recombination, which equals the amount of stored energy in the CSS of
the dyad, can be derived. The calculated driving forces are summarized in Table [5.3]

Corresponding calculations can be found in the Appendix.
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Table 5.3: Redox potentials (in V vs. SCE) extracted from Figure .
THF /V DCM /V benzonitrile / V

E°(NMI/) -1.21 -1.29 -1.26
E°(TPDB*/?) 0.64 0.47 0.50
E°(TPDB2+/+) 0.96 0.92 0.91
-AGcr’/eV 1.85 1.76 1.76

5.2.4 Spectro-Electrochemistry

Spectro-electrochemical measurements of the NMI-TPDB reference were performed to
identify the spectroscopic signatures of the oxidized TPDB and the reduced NMI moieties.
In case of the reduced NMI species, the spectroscopic signatures are anticipated to be seen
in the transient absorption spectrum of the final CSS (NMI'-TPDB-PT-TAA'") of the
overall tetrad. Measurements were performed in THF (black traces), DCM (blue traces)

and benzonitrile (green traces).

Formation of the one-electron oxidized TPDB species (Figure was achieved by appli-
cation of 0.82 (THF) and 0.70 V vs. SCE (DCM and benzonitrile). Diagnostic bands are
observed at 415 and 574 nm. Additionally, a third band develops at A > 800 nm. The
observations are consistent in the different solvents and are in agreement with comparable

compounds reported in the literature. 140 145, 146]

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

Figure 5.8: Spectro-electrochemical UV-Vis difference spectra of the TPDB unit in NMI-
TPDB (0.2 mM) in THF (black), DCM (blue) and benzonitrile (green) at 293 K. The
applied oxidation potentials were 0.82 V vs. SCE in THF and 0.70 V vs. SCE in DCM and
benzonitrile. The UV-Vis spectum recorded prior to application of the potential served
as baseline.

Application of -1.40 (THF and benzonitrile) and -1.45 V vs. SCE (DCM), to achieve

the one-electron reduced NMI species, resulted in the spectro-electrochemical UV-Vis
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difference spectra shown in Figure [5.91 The obtained spectra vary with solvent and show
a band with maxima in the region of ca. 400 to 420 nm. A further band that occurs at

545 and 550 nm in DCM and benzonitrile, respectively, is not clearly visible in THF.

0.10

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

Figure 5.9: Spectro-electrochemical UV-Vis difference spectra of the NMI unit in NMI-
TPDB (0.2 mM) in THF (black), DCM (blue) and benzonitrile (green) at 293 K. The
applied reduction potentials were -1.40 V vs. SCE in THF and benzonitrile and -1.45 V
vs. SCE in DCM. The UV-Vis spectum recorded prior to application of the potential
served as baseline.

5.2.5 Steady-State Emission Spectroscopy

Steady-state emission spectroscopy of a 10 uM solution of NMI-TPDB was performed
in toluene, THF and benzonitrile. However, owing to the low emission quantum yield
in polar solvents, suitable emission spectra could only be obtained in toluene (Figure
. A broad and intense emission band with a maximum centered around 650 nm
was observed. The strong emission in toluene is consistent with the CT character of
NMI-TPDB observed in the UV-Vis spectrum (Figure .
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o
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T

Figure 5.10: Steady-state emission spectrum of NMI-TPDB (10 uM) in dry and deoxy-
genated toluene following excitation at 465 nm.
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5.2.6 Time-Resolved Emission Spectroscopy

Despite very weak emissions in THF and benzonitrile, time-correlated single photon count-
ings (TCSPCs) were measured. Measurements were performed in 20 uM solutions of NMI-
TPDB in toluene, THF and benzonitrile, monitoring the band at 650 nm. Excitation was

carried out at 473 nm.

In toluene (Figure|5.11)), an emission lifetime of 1.74 ns was determined, which is slightly
shorter than in a comparable dyad.m™¥ However, the lifetime is promising enough for

applicability in the anticipated tetrad.

104§
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101%’
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Figure 5.11: Formation and decay of the luminescence signal for the reference NMI-
TPDB (20 uM) in toluene at 293 K monitoring, the band at 650 nm. Excitation occured
at 473 nm.

As expected, measurements in THF and benzonitrile were nearly impossible to perform.
From the obtained data, an upper limit lifetime of 30 ps in THF was extrapolated. The
quality of the data in benzonitrile was even worse than in THF, which is why an emission
lifetime of < 30 ps was stated in Table [5.4]

Table 5.4: Time constants (t) for the emission of NMI-TPDB (20 uM) in toluene, THF
and benzonitrile, monitoring the decay of the emission signal at 650 nm.

1650 nm

toluene 1.74 ns
THF 30 + 5 ps
benzonitrile < 30 ps

5.2.7 Summary

The investigations on the reference dyad NMI-TPDB indicate the applicability of the
dyad in the overall tetrad. A broad and intense absorption band in the UV-Vis spectrum
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(Figure indicated direct CT transitions. After visible light excitation, NMI-TPDB
indeed formed a CSS with a lifetime of 1.74 ns in toluene. However, excitation studies
are limited to toluene as a solvent since no efficient lifetime was observable in more polar
solvents, as expected. Investigations were also performed to determine the redox potentials
and the driving forces (1.76 V in DCM and benzonitrile, 1.85 V in THF) in different

solvents.
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5.3 PT-TAA Reference

The PT-TAA reference represents the second photosystem required for photoexcitation
via a Z-scheme approach in our anticipated tetrad. Therefore, analogous investigations
to those presented in Chapter were planned. However, the PT-TAA reference could
not be obtained to date.

5.3.1 Synthesis of PT-TAA

The most promising reaction sequence for the synthesis of the reference PT-TAA is illus-

trated in Scheme [5.2]
(0]
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H (fﬂ\ OgN

() \ 34% (f) E 16 X = TMS, 24%

PT-TAA

Scheme 5.2: Reaction scheme for the synthesis of the PT-TAA reference. (a) RuCls - x
H,0, NalO4, DCM/CH3CN /water, 40 °C, 23 h; (b) N-iodosuccinimide, HySOy, 40 °C, 1 h;
(c) PA(PPhs)4, NapsCOg, toluene/water/ethanol, 90 °C, 22 h; (d) N-bromosuccinimide,
DMEF, 65 °C, 17 h; (e) Pd(PPhs)4, NayCOs, toluene/water/ethanol, 90 °C, 39 h; (f) ICl,
DCM, 1t, 3 h; (g) KoCOs, DMSO, 150 °C, 5 h; (h) Pd(dba)s, (HP'Bus)BF,, KO'Bu,
DMF, 90 °C, 42 h.

In a first step, pyrene was oxidized to PT (12), which was then mono-iodinated to PT-I
(13) by stirring with N-iodosuccinimide in HoSO4 at 40 °C for 1 h. Formation of the
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bis-iodinated species of compound 13 could not be avoided. However, multiple chroma-
tography attempts on silica gel columns afforded isolated PT-1. Suzuki coupling of com-
pound 13 with thiophene-2-boronic acid pinacol ester yielded PT-th (14) in 68%. Selec-
tive bromination in the a-position of the thiophene using N-bromosuccinimide in DMF at
65 °C and subsequent Suzuki coupling with TMS-ph-B(OH), (5) afforded PT-th-ph-TMS
(16). Deprotection of the TMS-protecting group was achieved with ICl in DCM in 80%
yield. However, the solubility of the synthesized compounds worsen throughout the reac-
tion sequence. The deprotected compound 17 was only soluble in DMF and DMSO. The
final Buchwald-Hartwig amination of compound 17 with the secondary amine 18, syn-
thesized via uncatalyzed amination, was performed in dry and degassed DMF under an
N, atmosphere. Under the chosen reaction conditions ((h) in Scheme [5.2), no indication
for successful formation of the reference PT-TAA could be found. Due to a lack of sub-
stance of compound 17, the final coupling could only be tested once and no modifications

concerning the reaction conditions could be undertaken.

Alternative synthetic routes to PT-TAA were also unsuccessful. Direct coupling of PT-th-
Br (15) with the desired TAA unit, containing a boronic acid pinacol ester, failed as well
as building up the reference from the TAA-thiophene moiety. Since solubility became a
growing problem in the reaction sequence in Scheme [5.2] it could be a solution to modify
the design of the PT-TAA reference slightly as discussed in Chapter [5.5
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5.4 TPDB-PT Reference

In the TPDB-PT reference, direct CT transitions between the donor and acceptor unit are
supposed to be inhibited by the hxy spacer. To support this assumption, electronic ab-
sorption and steady-state emission spectroscopies were performed. Time-resolved emission
spectroscopy was excluded from the investigations of TPDB-PT since no emission could
be observed during the steady-state measurements. As the proposed final CSS state in the
tetrad consists of a reduced NMI and an oxidized TAA, neither of which are incorporated
in the TPDB-PT reference, spectro-electrochemical measurements were also excluded from
the investigations. However, characteristic signatures for the oxidized TPDB species were
presented in Chapter and characteristic signatures for the reduced PT species can
be included in the studies of the PT-TAA reference. Electrochemical measurements were
performed to determine the oxidation and reduction potentials of the TPDB-PT dyad.
Based on these values, the energy of the CSS of the dyad and the driving force for thermal
charge recombination can be estimated. The investigations were performed in up to four

solvents, ranging from nonpolar toluene to more polar benzonitrile.

5.4.1 Synthesis of TPDB-PT

The reference compound TPDB-PT was successfully synthesized following the synthetic

route summarized in Scheme [5.3

In a first reaction sequence, the hxy spacer was modified in a way that allowed successful
coupling with PT-I (13) and the first building block for the TPDB unit. First, one of the
iodo groups of I-hxy-I was converted into a TMS-protecting group in quantitative yield.
Following this, a Miyaura borylation was performed to introduce a boronic acid pinacol
ester which allowed Suzuki coupling with 1-bromo-4-iodobenzene to form Br-ph-hxy-TMS
(21) in 62% yield. During the synthetic route for TPDB-PT, it was proven unfavorable to
use primary amines for Buchwald-Hartwig aminations. Therefore, a tert-butoxycarbonyl
(Boc) protecting group was introduced by stirring p-anisidine with (Boc),O in glycerol at
room temperature. Subsequent Buchwald-Hartwig amination of the Boc-protected amine
22 with compound 21 afforded DPNBoc-hxy-TMS (23) in 94% yield. After deprotec-
tion of the TMS group with ICl in DCM, a boronic acid pinacol ester was introduced
by Miyaura borylation to yield DPNBoc-hxy-B(pin) (25) in 91%. Suzuki coupling of
compound 25 with compound 13 yielded DPNBoc-hxy-PT (26) in 67%. Addition of
TFA to a solution of 26 in DCM afforded the deprotected compound 27, which was then
coupled via Buchwald-Hartwig amination with TMS-ph-Br (4) to yield the triarylamine
containing compound (OMe)(TMS)TAA-hxy-PT (28). After deprotection of the TMS
unit with Bry and NaOAc in THF, the reference compound TPDB-PT could be obtained
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via Buchwald-Hartwig amination of compound 29 with DPNH (9). In contrast to the
synthesis of the reference compound NMI-TPDB, the reaction path for the sythesis of the
TPDB unit in TPDB-PT needed to be modified, since Buchwald-Hartwig amination of the
secondary amine 27 with (OMe)TAA-I (11) did not result in any TPDB-PT formation.
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Scheme 5.3: Reaction scheme for the synthesis of the TPDB-PT reference. (a) n-BulLi,
Et20, 0 °C, 1 h, TMSCI, 0 °C — rt, overnight; (b) bis(pinacolato)diboron, Pd(PPhs)Cls,
KOAc, DMSO, 90 °C, overnight; (c¢) Pd(PPhs)s, NagCO3, THF /water, 85 °C, 41 h; (d)
di-tert-butyl dicarbonate, glycerol, rt, 25 min; (e) Pd(dba),, S-Phos, CssCO3, toluene,
90 °C, 63 h; (f) ICl, DCM, —78 °C, 1 h; (g) Pd(PPhs),, NayCO3, THF /water, 85 °C,
19 h; (h) TFA, DCM, rt, 3 h; (i) Pd(dba)s, (HP'Bu3)BF,, NaO'Bu, 1,4-dioxane, 95 °C,
47 h; (j) Bry, NaOAc, THF, 0 °C, 10 min, 0 °C —rt, 3 h; (k) Pd(dba),, (HP'Buz)BF,,
NaO!Bu, toluene, 90 °C, 44 h.
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5.4.2 Electronic Absorption Spectroscopy

Electronic absorption spectroscopy (see Figure [5.12)) was performed at 293 K with 20 uM
solutions of TPDB-PT in toluene (red trace), THF (black trace), DCM (blue trace) and

benzonitrile (green trace).
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Figure 5.12: UV-Vis absorption spectra of TPDB-PT (20 uM) at 293 K in toluene (red),
THF (black), DCM (blue) and benzonitrile (green).

In the region of ca. 310 to 380 nm, t-n" absorption bands are observed. However, a pro-
nounced CT absorption band such as observed for the NMI-TPDB reference (Figure
cannot be observed for TPDB-PT. It was shown in Chapter and in the literature™?
that donor-acceptor compounds containing TPDB or PT units do exhibit CT absorptions.
The incorporation of the hxy spacer therefore weakens the donor-acceptor interaction, due
to a larger torsion angle, minimizing these absorptions. The CT absorptions are observable
as broad bands covering the region from ca. 400 to 500 nm with extinction coefficients
under 6000 M ecm™. However, direct CT excitation can be minimized by choosing A >

470 nm for excitation.

At first glance, one could expect to observe a red-shift of the CT absorption band in
TPDB-PT compared to NMI-TPDB (see Figure . However, the phenyl and thiophene
spacers have a non neglectable influence on the position of those bands. It is known that
thiophene spacers induce a more planar geometry in donor-acceptor compounds than

s.I3T 048] Ag o result, a greater delocalization of the electrons, i.e. a stronger

phenyl spacer
electronic coupling between the donor and acceptor units, is evoked. Thus, the electronic
coupling in the TPDB-PT dyad is expected to be weaker than in the NMI-TPDB reference
dyad, which should result in a blue-shift of the CT absorption band as shown in the
literature. 137 M8 I49 This qualitative view is in very good agreement with the observed
data for TPDB-PT in Figure [5.12] The very weak CT absorption bands are blue-shifted
compared to the CT absorption band maxima in NMI-TPDB (462-473 nm, dependent on

the solvent).
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5.4.3 Electrochemistry and Driving Forces

Cyclic voltammograms of NMI-TPDB were measured in THF (Figure |5.13] left), DCM
(Figure [5.13] middle) and benzonitrile (Figure [5.13] right). Experimental details can be
found in Chapter [7.2]
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Figure 5.13: Cyclic voltammograms of 1 mM solutions of TPDB-PT measured in THF
(black), DCM (blue) and benzonitrile (green). TBAPF¢ (0.1 M) was used as an electrolyte
and a scan rate of 0.1 V/s was applied.

The one- and two-electron oxidations of the TPDB unit, observed when oxidative sweeps
are performed, are in very good agreement with the potentials found in the NMI-TPDB
reference (Table . Reductive cyclic voltammetry in the scanned regions shows two re-
versible reduction waves which are consistent with the literature. %47 0500 These waves
are assigned to the first and second one-electron reductions of the PT unit. In theory, PT
can be reduced four times. However, the first two reductions should be easier to achieve
and should also result in reversible waves like the ones shown in Figure Acceptance of
a third or even a fourth electron by the PT unit should go in hand with electrostatic repul-
sion, which leads to higher reduction potentials and more likely to irreversible waves.150
The extracted redox potentials (Table can be used for determination of the driving
force for thermal charge recombination in the given system. Corresponding calculations

can be found in the Appendix.

Table 5.5: Redox potentials (in V vs. SCE) extracted from Figure m
THF /V DCM /V benzonitrile / V

E°(PT /%) -0.76 -0.73 -0.79
E°(PTO) -0.38 -0.37 -0.41
E°(TPDB*/?) 0.63 0.44 0.49
E°(TPDB2+/+) 0.96 0.92 0.92
AGcR® [ eV 1.01 0.81 0.90
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5.4.4 Steady-State Emission Spectroscopy

Steady-state emission spectra were recorded with 20 uM solutions of TPDB-PT in toluene
and THF. However, no suitable emission spectra could be obtained upon excitation into
the weak CT absorption band (AOD & 0.1 at excitation wavelength of 420 nm). This
observation is in very good agreement with the expected behavior of this reference dyad.
The UV-Vis spectra in Figure suggest that an excitation with 420 nm is indeed
possible, even if the extinction coefficient is low. However, since no CT emission can
be observed, it appears that thermal charge recombination back to the ground-state of
TPDB-PT is very fast. Thus, the CT emission is too short-lived in the given dyad to be

observable.

5.4.5 Summary

The investigations on the reference dyad TPDB-PT indicate the applicability of the hxy
spacer in the overall tetrad. Excitation into the weak CT absorption band at 420 nm
suggests that thermal charge recombination appears to be rapid, since no emission could
be observed. Due to the introduction of a hxy spacer, minimization of direct (optical)
CT transition was achieved, which is a necessary requirement for efficient formation of
the final CSS in the tetrad. Direct CT excitation can be minimized further by choosing
A > 470 nm for excitation. Additionally, driving forces for thermal charge recombination
of the CSS of TPDB-PT were calculated based on measured redox potentials (1.01 eV in
THF, 0.81 eV in DCM, 0.90 eV in benzonitrile).
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5.5 Overall Summary and Outlook

In summary, investigations on the reference dyad NMI-TPDB indicate its applicability
concerning our molecular Z-scheme approach. The presented experiments for TPDB-PT
suggest that thermal charge recombination in this building block appears to be rapid,
since no emission could be observed after excitation into the weak CT absorption bands
(e < 5000 M! ecm™, OD = 0.1). The design principle of the overall tetrad appears to
be promising. However, it is not foreseeable yet, if the hxy spacer will allow rapid ther-
mal charge recombination between the oxidized TPDB and the reduced PT units in the
twofold excited state NMI'-TPDB'*-PT"-TAA'*. Experiments on the reference dyads
are promising since thermal charge recombination in TPDB-PT was found to be sig-
nificantly more rapid than in NMI-TPDB. However, it is not appreciable if the charge
recombination rate of TPDB-PT will also outcompete thermal charge recombination in
PT-TAA. In general, a driving force for thermal charge recombination between the oxi-
dized TPDB and the reduced PT units of about 0.80 to 1.00 eV (depending on the solvent)

is expected to drive the reaction, but this charge recombination step remains a risk.

To date, the synthesis of the second photosystem reference PT-TAA was unsuccessful.
It was found during the synthesis attempts that the solubility decreases drastically on
the way to the final reference dyad. A possible way to solve this impediment could be
to slightly modify the design of the reference. Addition of a hxy unit next to the PT
unit should increase the solubility of the system significantly while it should not have
an influence on the properties of the PT-TAA part. Instead of PT-TAA, it should be
aimed for hxy-PT-TAA as a reference. A proposed synthetic route for the synthesis of
hxy-PT-TAA is summarized in Scheme In principle, other solubility groups like 1,2,3-
tris(hexyloxy)-benzene could also be used, but the reference dyad is aimed to be as similar

to the overall tetrad as possible.

In the proposed synthetic route, the terminal hxy unit is synthesized by mono-dehalogena-
tion of I-hxy-I to afford hxy-I (30). After Miyaura borylation, the resulting compound
31 should undergo Suzuki coupling with I-PT-I (32), obtained wvia double iodination
of PT (12), to give hxy-PT-I (33). Another Suzuki coupling, followed by selective o-
bromination of the thiophene unit should form hxy-PT-th-Br (35). Suzuki coupling with
TMS-ph-B(OH), (5) and deprotection of the TMS group should yield compound 37. In
the final step, Buchwald-Hartwig amination should afford the anticipated hxy-PT-TAA

reference.
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f 36 X = TMS
()E37X=IorBr

Scheme 5.4: Proposed synthetic route for the synthesis of the hxy-PT-TAA reference. (a)
Dehalogenation; (b) Miyaura borylation; (c¢) iodination; (d) Suzuki coupling; (e) selective
bromination in o-position; (f) TMS-protecting group deprotection; (g) Buchwald-Hartwig
amination.

Assuming that the hxy-PT-TAA dyad shows favorable properties concerning the appli-
cability to act as the second photosystem in the overall molecular Z-scheme tetrad NMI-
TPDB-PT-TAA, a synthetic route for the synthesis of the tetrad was developed (Scheme
5.5). The proposed route, 28 steps in total, is based on synthetic experiences acquired
during the synthesis of the reference compounds. For reasons of clarity, only new synthetic
steps are shown.

DPNBoc-hxy-B(pin) (25) is supposed to perform Suzuki coupling with I-PT-I (32) to
afford DPNBoc-hxy-PT-I (38). This reaction needs to be performed with a large excess
of compound 32 to prevent twofold Suzuki coupling. In a next step, Suzuki coupling
with thiophene-2-boronic acid pinacol ester, followed by selective a-bromination of the
thiophene unit, should result in the formation of DPNBoc-hxy-PT-th-Br (40). A reaction
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sequence of Suzuki coupling of compound 40 with TMS-ph-B(OH), (5), TMS deprotection
and Buchwald-Hartwig amination with (NO2)DPNH (18) is supposed to yield DPNBoc-
hxy-PT-th-TAA (43). At this stage, one of the photosystems is successfully incorporated
into the compound. To implement the second photosystem, the N-Boc protecting group
needs to be deprotected under acidic conditions before a TAA unit can be synthesized via
Buchwald-Hartwig amination with TMS-ph-Br (4). TMS-protecting group deprotection
and Buchwald-Hartwig amination of compound 46 with NMI-th-DPNH (8) should finally
result in the formation of the desired tetrad NMI-TPDB-PT-TAA.
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Scheme 5.5: Proposed synthetic route for the synthesis of the molecular Z-scheme tetrad
NMI-TPDB-PT-TAA. (a) Suzuki coupling; (b) selective bromination in o-position; (c)
TMS-protecting group deprotection; (d) Buchwald-Hartwig amination; (e) N-Boc depro-
tection.

After successful synthesis of the molecular tetrad NMI-TPDB-PT-TAA, the artificial Z-
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scheme should be tested for its spectroscopic, redox and photophysical properties. It would
be desirable if the tetrad could store more than 2.5 eV in its final CSS (NMI'-TPDB-PT-
TAA') after absorption of two single visible photons by the two photosystems. To date,
the maximum energy stored in an artifical molecular Z-scheme is 2.0 ¢V.53 The formation
of such a highly energetic CSS can be seen as direct proof of the light upconversion
principle of the photosynthetic Z-scheme, which generated a strong oxidant and a strong
reductant in the overall system. The formation of such a strong oxidant and reductant
could not be achieved by only one photosystem. Furthermore, it will be interesting to
see if the lifetime of the final CSS in the tetrad, compared to the reference dyads, also
increases by multiple orders of magnitude due to the Z-scheme approach as it is reported
for other molecular Z-schemes.3 67 With the formation of a highly energetic CSS and an
increase in the lifetime of this state, tetrad NMI-TPDB-PT-TAA would be the first purely
organic and molecular artificial Z-scheme. This would show that the Z-scheme approach

is not limited to metal-containing compounds.
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6 General Summary and Conclusion

In this thesis, processes relevant for artificial photosynthesis were investigated to gain
more knowledge about (fundamental) aspects of electron-transfer reactions initiated by
visible light. Improved understanding of the distance dependence of electron transfer,
the properties of charge-separated states and the photosynthetic Z-scheme can help to
develop novel systems to perform more efficient artificial photosynthesis and solar energy

conversion.

In the first project (Chapter 3), the distance dependence of electron-transfer rates in
donor-photosensitizer-acceptor triads was studied in a systematic manner with a focus
on the influence of the driving force. Against the background of recent findings in our
group,®* ™ two sets of molecular triads with either a low (ca. 1.2 eV in TAA-ph,-
Ru-ph,-NDI) or a high (ca. 2.0 eV in TPA-ph,-Ir-ph,-AQ) driving force for thermal
charge recombination were synthesized. Symmetrical addition of phenyl spacers allowed
the elongation of the donor-acceptor distances (n = 1,2). With these triads in hand,
we wanted to distinguish a counterintuitive effect, namely an increase in the electron-
transfer rate for thermal charge recombination after an increase of the donor-acceptor
distance, observed earlier. Taken as a basis was a reported triad by WENGER and KUss-
PETERMANN with a driving force of ca. 1.6 eV. Theoretical considerations suggested that
a further increase of the driving force should result in a more pronounced counterintuitive
effect when elongating the donor-acceptor distance, whereas a significantly lower driving
force should shift the electron-transfer behavior back to a typical constant decrease of the
electron-transfer rate. Indeed, our investigations confirmed that highly exergonic electron-
transfer reactions can exhibit fundamentally different distance dependences than the more

commonly investigated weakly exergonic electron transfers (Figure [6.1]).
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Figure 6.1: Distance dependences of the electron-transfer rates of the investigated molec-
ular triads.

For the triads with a low driving force, elongation of the donor-acceptor distance resulted
in a decrease of the electron-transfer rate for thermal charge recombination. Elongation of
the distance in the triads with a high driving force showed opposite behavior. An increase
of the electron-transfer rate was observed. This can be explained by a changeover from
activationless electron transfer to the normal region of the MARCUS model in the case
of the triads with a low driving force. In the triads with a high driving force, electron
transfer occurs in the inverted regime for the shorter triad and proceeds in an activationless
manner for the longer compound. These observations are of high relevance in the context
of artificial photosynthesis and solar energy conversion. The energies that are stored in
the charge-separated states (CSSs) of the investigated triads could theoretically be used
for driving other reactions. It would therefore be desirable to have long lifetimes of the
CSSs to facilitate subsequent reactions to occur. Additionally, it would be desirable to
store high amounts of energy to drive energetically demanding reactions. However, our
studies showed that the distance between two reactants is especially crucial in highly
energetic states, in our case storage of 2.0 eV, since too long distances could have a

counterproductive effect and decrease the lifetime significantly.

As mentioned above, highly energetic CSSs are desirable for artificial photosynthesis and
solar energy conversion. The project presented in Chapter 4 therefore studied the iridium-
based triads from Chapter 3, which store 2.0 eV in their CSSs, in more detail. Whereas
previous investigations of the triads focused exclusively on the qualitative formation of
the CSSs and the distance dependences of thermal charge recombination, this study ex-
tended the earlier investigations by adding quantitative aspects, i.e. quantum yields, and
studies concerning light-induced charge recombination. Both CSS quantum yields and
light-induced charge recombinations are largely unexplored nowadays. Using one- and
two-pulse laser flash photolysis, we were able to obtain insights into the CSS formation

quantum yields and the behavior of the CSSs after absorption of a second photon. The
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formation quantum yields reached up to 80%. However, the formation efficiency is highly
dependent on the main formation pathway in the given system. High quantum yields were
only observed if the formation of the CSS proceeded exclusively via an MLCT transition.
In the shorter triad, intraligand charge transfer was possible, which decreased the quantum
yield drastically. Additionally, only the shorter triad showed a wavelength dependence
of the formation quantum yield due to the admixture of MLCT transitions, depending
on the chosen excitation wavelength. Interestingly, two-pulse experiments revealed that
light-induced charge recombination shows opposite behavior compared to thermal charge
recombination in terms of their distance dependences. Light-induced charge recombi-
nation in the shorter triad was significantly more efficient than in the longer triad, but
thermal charge recombination was slower. The findings of this project illustrate the impor-
tance of quantitative laser experiments and the results can be used for the optimization of
future systems for artificial photosynthesis, e.g. for systems capable of performing charge

accumulation.

In the third project (Chapter 5), the synthesis and investigation of a purely organic
and molecular Z-scheme mimic was anticipated. This project combines the processes of
electron transfer over large distances, the formation of a highly energetic CSS and multiple
photon absorption. For the study, a molecular tetrad (NMI-TPDB-PT-TAA) was designed
to utilize the upconversion principle of the photosynthetic Z-scheme. Since the synthesis
of the anticipated tetrad is rather ambitious and time-consuming, three reference dyads
(NMI-TPDB, TPDB-PT and PT-TAA) were developed to gain more knowledge if the
approach for the tetrad is promising enough to pursue. While the successful synthesis of
the PT-TAA reference is still pending due to synthetic difficulties, the dyads NMI-TPDB
and TPDB-PT were examined and their applicability for the tetrad was verified. The
NMI-TPDB dyad represents one of the photosystems needed for a Z-scheme approach and
formed a CSS after visible light excitation into a direct charge transfer (CT) absorption
band. The lifetime was determined to be 1.74 ns in toluene, which is expected to be
long-living enough to facilitate thermal charge recombination in the central unit of the
tetrad (TPDB-PT), after absorption of two photons by the tetrad, instead of direct charge
recombination back to the ground-state. It is a necessary requirement for the tetrad that
the central unit of the molecule cannot efficiently form a CSS. Therefore, a hxy linker was
introduced between the TPDB and PT units. The investigations showed that TPDB-
PT can indeed only exhibit weak CT absorptions. Excitation into the CT absorption
band confirmed that TPDB-PT cannot efficiently undergo charge separation since thermal
charge recombination to the ground-state occurs to rapid. The results obtained to date
are very promising. However, no conclusion for the overall tetrad can be stated yet. If

the anticipated tetrad can successfully mimic the photosynthetic Z-scheme, it would be
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demonstrated that the molecular Z-scheme approach is not limited to metal-containing

artificial systems.b3!

In summary, the results obtained in this thesis significantly contribute to an improved
understanding of processes relevant for artificial photosynthesis and might facilitate the
development of novel and more efficient systems for artificial solar energy storage and

solar energy conversion.
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7.1 General Methods

The synthesis of air and water sensitive compounds was performed under inert condi-
tions (Ng) using the Schlenk line technique. All commercially available chemicals used
for synthesis were purchased from commercial sources (ABCR, Alfa Aesar, Acros Organ-
ics, Combi-Blocks, Fluka, Fluorochem, Sigma-Aldrich) and used as received. Dry THF,
DCM and Et;0O (HPLC grade) were obtained from a solvent purification system from
Innovative Technology. Additional dry solvents were purchased from Sigma-Aldrich or
from Acros Organics. For spectroscopic measurements, dry solvents from Sigma-Aldrich
were used. Deuterated solvents for NMR spectroscopy were purchased from Cambridge
Isotope Laboratories. Column chromatography was performed on silica gel (40-63 pm,
Silicycle) and silica plates for thin layer chromatography were obtained from Merck (60
F254). Samples for spectroscopic methods were deoxygenated by purging the samples

with argon for several minutes.

7.2 Analytical Methods

The analytical methods employed for the studies in Chapter 5 are described below. The
methods relevant for the studies in Chapter 3 and Chapter 4 are described separately in

the supporting information of the respective publications.

NMR Spectroscopy

'H NMR spectroscopy was performed on a Bruker Avance III instrument operating at
400 MHz proton frequency. All chemical shifts (8) reported in this thesis are given in
ppm. The proton residue signal of the deuterated solvents!™! DMSO-d4 (5 = 2.50 ppm),
CD,Cly (6 = 5.32 ppm) and CDCl3 (8 = 7.26 ppm) was used as the respective reference.
Coupling constants (J) are given in Hz and the multiplicity is listed as follows: singlet
(s), broad singlet (broad s), doublet (d), doublet of doublets (dd), triplet (t), triplet of
triplets (tt), multiplet (m).
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Mass Spectrometry

High-resolution mass spectra were measured on a Bruker maXis 4G QTOF ESI spectro-
meter by Dr. Heinz Nadig and Dr. Michael Pfeffer in the Department of Chemistry at

University of Basel.

Elemental Analysis

Elemental analyses were performed by Ms. Sylvie Mittelheisser on a Vario Micro Cube

instrument in the Department of Chemistry at University of Basel.

UV-Vis Spectroscopy

Optical absorption spectroscopy was performed on a Cary 5000 UV-Vis-NIR instrument

from Varian.

Cyclic Voltammetry

A Versastat3-200 potentiostat from Princeton Applied Research was used to perform cyclic
voltammetric measurements. The setup was comprised of an SCE reference electrode, a
silver wire serving as counter electrode and a glassy carbon disk as working electrode.
Measurements were performed in dry and Ar-purged THF, DCM and benzonitrile with
tetrabutylammonium hexafluorophosphate (TBAPFg, 0.1 M) as an electrolyte. For all
measurements, a potential scan rate of 0.1 V/s was applied. The UV-Vis-NIR spectro-
meter was used in combination with the Versastat3-200 potentiostat to perform spectro-
electrochemical measurements. Here, a quartz cuvette was equipped with a platinum grid

as working electrode, a platinum wire as counter electrode and an SCE reference electrode.

Steady-State Luminescence

Steady-state luminescence measurements were performed in dry and Ar-purged THF and

toluene. A Fluorolog-322 instrument from Horiba Jobin-Yvon was used.

Time-Resolved Luminescence

Time-resolved luminescence measurements were performed in dry and Ar-purged toluene,
THF and benzonitrile. A LifeSpec II TCSPC spectrometer from Edinburgh Instruments
using a picosecond pulsed diode laser (75.5 ps pulse width) for excitation at 473 nm was

used.
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DFT Calculations

All DFT calculations were performed by Dr. Christoph Kerzig (group of Prof. Dr. Oliver
S. Wenger, University of Basel) who kindly provided the following paragraph.

All calculations were performed with the Gaussian 09 package®™. DFT calculations
with the B3LYP functional and the 3-21G basis set were carried out to optimize the
geometry of the model compound (CHj instead of CgHy7). The geometry optimization
was accompanied by a frequency analysis; the absence of negative vibrational frequencies
indicated convergence on a minimum energy structure. Based on the optimized structure,
TD-DFT (Time-Dependent Density Functional Theory) calculation were employed to
obtain the vertical excitation energies of the model compound as well as the corresponding

oscillator strengths.
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7.3 Synthesis

Full experimental details for the synthesis of the triads TAA-ph,-Ru-ph,,-NDI and TPA-
ph,-Ir-ph,-AQ (named TAA-ph,,-Ir-ph,-AQ in Chapter 4) can be found in the supporting
information of the published paper presented in Chapter 3.

7.3.1 Synthesis of the NMI-TPDB Reference

NMI-Br (1)

@]
)
et
0]

The following procedure was adapted from literature.15% 154 4_Bromo-1,8-naphthalic an-
hydride (2.50 g, 9.03 mmol, 1.00 eq.) was suspended in ethanol (50 mL) under Ny atmos-
phere. The mixture was degassed for 15 min before n-octylamine (3.00 mL, 18.1 mmol,
2.00 eq.) was added and the mixture was heated at reflux for 18 h. After cooling to
room temperature, the precipitate was collected by filtration and washed with water
(300 mL). The product was purified by chromatography on a silica gel column with 1:1
(v:v) n-pentane/DCM as an eluent. The product was obtained as a yellow solid (3.00 g,
7.73 mmol, 86%). 'H NMR (400 MHz, CDCL): & [ppm] = 8.62 (dd, J = 7.3, 1.1 Hz,
1 H), 8.52 (dd, J = 8.5, 1.1 Hz, 1 H), 8.38 (d, J = 7.9 Hz, 1 H), 8.00 (d, J = 7.9 Hz,
1H), 7.82 (dd, J = 8.5, 7.3 Hz, 1 H), 4.18 4.1 (m, 2 H), 1.78 -1.65 (m, 2 H), 1.461.19
(m, 10 H), 0.930.82 (m, 3 H).

NMI-th (2)

O
Uad
O

NMI-Br (1, 1.00 g, 2.58 mmol, 1.00 eq.), thiophene-2-boronic acid pinacol ester (651 mg,
3.10 mmol, 1.20 eq.) and NayCO3 (820 mg, 7.74 mmol, 3.00 eq.) were suspended in a
mixture of toluene (20 mL), water (10 mL) and ethanol (5 mL). The mixture was degassed
for 15 min, Pd(PPhs), (150 mg, 0.13 mmol, 0.05 eq.) was added and the mixture was
degassed for additional 10 min. The mixture was stirred at 90 °C under Ny atmosphere for

20 h and then cooled to room temperature. Water (10 mL) was added and the aqueous
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phase was extracted with DCM (3 x 30 mL). The combined organic phases were dried over
anhydrous Na;SO, and the solvents were removed under reduced pressure. The product
was purified by chromatography on two silica gel columns. First, a chromatography with
1:1 (v:v) n-pentane/DCM as an eluent was performed. Further purification was possible
on a second column with 7:1 (v:v) n-pentane/EtOAc as an eluent. The product was
obtained as a yellow solid (476 mg, 1.22 mmol, 47%). 'H NMR (400 MHz, CDCly):
0 [ppm]| = 8.59—8.53 (m, 2 H), 8.52 (d, J = 7.6 Hz, 1 H), 7.74 (d, J = 7.6 Hz, 1 H), 7.69
(t, J =709,79 Hz, 1 H), 7.54—7.51 (m, 1 H), 7.32—7.29 (m, 1 H), 7.24—7.20 (m, 1 H),
4.18-4.12 (m, 2 H), 1.77-1.67 (m, 2 H), 1.47-1.17 (m, 10 H), 0.92-0.80 (m, 3 H).

NMI-th-Br (3)

)
Uad
0]

Following a published protocol, a mixture of Bry (70 uL, 1.37 mmol, 1.26 eq.) in
CHCl; (3 mL) was added dropwise over 20 min to a solution of NMI-th (2, 427 mg,
1.09 mmol, 1.00 eq.) in acetic acid (13 mL). The mixture was stirred at room temperature
for 20 min before sat. aq. NapS203 (5 mL) and sat. aq. NaHCOj solutions (20 mL)
were added. The aqueous phase was extracted with DCM (3 x 15 mL) and the combined

Br

[154)

organic phases were dried over anhydrous Nay;SO,. Removal of the solvents under reduced
pressure yielded the product as a yellow solid (quant. yield). 'H NMR (400 MHz, CDCly):
0 [ppm] = 8.63 (dd, J = 7.3, 1.0 Hz, 1 H), 8.58 (d, J = 7.6 Hz, 1 H), 8.57 (dd, J = 8.5,
1.0 Hz, 1 H), 7.79-7.73 (m, 2 H), 7.20 (d, J = 3.8 Hz, 1 H), 7.09 (d, J = 3.8 Hz, 1 H),
4.20—4.14 (m, 2 H), 1.78—1.68 (m, 2 H), 1.47—1.20 (m, 10 H), 0.90—0.84 (m, 3 H).

TMS-ph-Br (4)

TMS@Br

The following procedure was adapted from literature.™3 1 4-Dibromobenzene (2.50 g,
10.6 mmol, 1.00 eq.) was dissolved in dry Et;0O (20 mL) and cooled to —78 °C under Ny
atmosphere. n-BuLi (2.5 M in hexanes, 5.00 mL, 12.5 mmol, 1.18 eq.) was added drop-
wise and the mixture was stirred for 15 min at —78 °C. Chlorotrimethylsilane (1.70 mL,
13.4 mmol, 1.26 eq.) was slowly added while cooling at —78 °C was maintained. The mix-
ture was allowed to warm to room temperature and stirred for 45 min. Water (40 mL)

was added and the aqueous phase was extracted with EtoO (2 x 20 mL). The combined
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organic phases were dried over anhydrous Nay;SO, and the solvents were removed under
reduced pressure. The product was obtained as a colorless oil (2.30 g, 10.0 mmol, 94%).
'"H NMR (400 MHz, CDCl3): & [ppm| = 7.52—7.48 (m, 2 H), 7.41—7.38 (m, 2 H), 0.28 (s,
9 H).

TMS-ph-B(OH), (5)

TMS@B(OH)Q

Following a published protocol,58 TMS-ph-Br (4, 6.06 g, 26.3 mmol, 1.00 eq.) was dis-
solved in dry THF (130 mL) and the solution was cooled to —78 °C under Ny atmosphere.
n-BuLi (2.5 M in hexanes, 10.6 mL, 26.5 mmol, 1.00 eq.) was added dropwise and the
mixture was stirred for 1.5 h at —78 °C. Afterwards, trimethyl borate (3.29 mL, 29.0 mmol,
1.10 eq.) was added over a period of 10 min while cooling at —78 °C was maintained.
The mixture was stirred at —78 °C for additional 30 min and was then allowed to warm
to room temperature and stirred overnight. Aq. HCI solution (1 M, 85 mL) and EtOAc
(40 mL) were added and the phases were separated. The aqueous phase was extracted with
EtOAc (3 x 40 mL), the combined organic phases were dried over anhydrous NaySO4 and
the solvents were removed under reduced pressure. The residue was recrystallized from
n-pentane to afford TMS-ph-B(OH); as a white solid (1.82 g, 9.38 mmol, 36%). 'H NMR
(400 MHz, CDCl;): 6 [ppm] = 8.22--8.18 (m, 2 H), 7.70-7.66 (m, 2 H), 0.33 (s, 9 H).

NMI-th-ph-TMS (6)

O
Wad
NP ORRS
@)

A mixture of NMI-th-Br (3, 496 mg, 1.05 mmol, 1.00 eq.), TMS-ph-B(OH), (5, 245 mg,
1.26 mmol, 1.20 eq.) and NapsCOj3 (334 mg, 3.15 mmol, 3.00 eq.) in a mixture of toluene
(10 mL), water (5 mL) and ethanol (2.5 mL) was degassed for 20 min before Pd(PPhjs),
(61.0 mg, 0.05 mmol, 0.05 eq.) was added. The mixture was degassed for additional

T™MS

10 min and stirred at 90 °C under N5 atmosphere for 24 h. Once the reaction mixture had
nearly reached room temperature, water was added and the aqueous phase was extracted
with DCM (3 x 30 mL). The combined organic phases were dried over anhydrous NasSOy4
and the solvents were removed under reduced pressure. After purification of the product

by chromatography on a silica gel column with 20:1 (v:v) n-pentane/EtOAc as an eluent,
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the product was obtained as a yellow solid (541 mg, 1.00 mmol, 95%). 'H NMR, (400 MHz,
CDCl3): & [ppm]| = 8.73 (dd, J = 8.5, 1.1 Hz, 1 H), 8.66 (dd, J = 7.3, 1.1 Hz, 1 H),
862 (d, J = 7.6 Hz, 1 H), 7.87 (d, J = 7.6 Hz, 1 H), 7.79 (dd, J = 8.5, 7.3 Hz, 1 H),
7.60-7.65 (m, 2 H), 7.61-7.57 (m, 2 H), 7.47 (d, J = 3.7 Hz, 1 H), 7.34 (d, J = 3.7 Hz,
1 H), 4.23-4.17 (m, 2 H), 1.81-1.71 (m, 2 H), 1.481.22 (m, 10 H), 0.90—0.85 (m, 3 H),
0.31 (s, 9 H).

NMI-th-ph-I (7)

NMI-th-ph-TMS (6, 30.0 mg, 55.6 umol, 1.00 eq.) was dissolved in dry DCM (2 mL) and
cooled to —78 °C under Ny atmosphere. Iodine monochloride (4 uL, 78.4 pymol, 1.41 eq.)
in dry DCM (0.5 mL) was added dropwise and the mixture was stirred for 1 h before
sat. aq. NagSeOj solution (5 mL) was added. The mixture was allowed to warm to
room temperature and the aqueous phase was extracted with DCM (3 x 10 mL). The
combined organic phases were dried over anhydrous Nay,SO, and the solvent was removed
under reduced pressure. The product was purified by chromatography on a silica gel
column with 1:1 (v:v) n-pentane/DCM as an eluent. The product was obtained as a
yellow solid (31.2 mg, 53.0 umol, 95%). 'H NMR (400 MHz, CDyCly): & [ppm] = 8.71
(dd, J = 8.5, 1.0 Hz, 1 H), 8.63 (dd, J = 7.3, 1.0 Hz, 1 H), 8.58 (d, J = 7.6 Hz, 1 H),
7.87 (d, J = 7.6 Hz, 1 H), 7.83—7.76 (m, 3 H), 7.49 (d, J = 3.8 Hz, 1 H), 7.48—7.44 (m,
2 H), 737 (d, J = 3.8 Hz, 1 H), 4.18—4.13 (m, 2 H), 1.77—1.67 (m, 2 H), 1.46—1.23 (m,
10 H), 0.91-0.85 (m, 3 H).

NMI-th-DPNH (8)

O
Ul
)

Dry and degassed toluene (3 mL) was added to a mixture of NMI-th-ph-I (7, 30.0 mg,
50.5 pmol, 1.00 eq.), p-anisidine (35.7 mg, 290 pmol, 5.74 eq.), Pd(dba), (1.50 mg,
2.61 umol, 0.05 eq.), tri-tert-butylphosphonium tetrafluoroborate (0.90 mg, 3.10 umol,
0.06 eq.), and potassium tert-butoxide (16.8 mg, 150 umol, 2.97 eq.) under Ny atmos-
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phere. The mixture was stirred at 90 °C for 19 h, cooled to room temperature and diluted
with water (10 mL). The aqueous phase was extracted with DCM (3 x 10 mL) and
the combined organic phases were dried over anhydrous NaySO,4. After removal of the
solvents under reduced pressure, the product was purified by chromatography on a silica
gel column with 3:1 (v:v) n-pentane/EtOAc as an eluent. The product was obtained as a
red solid (17.0 mg, 28.9 umol, 57%). '"H NMR (400 MHz, CD5Cly): § [ppm| = 8.77 (dd,
J =85,1.1Hz 1H), 862 (dd, J =73, 1.1 Hz, 1 H), 857 (d, J = 7.6 Hz, 1 H), 7.87
(d, J =76 Hz 1H), 779 (dd, J = 8.5, 7.3 Hz, 1 H), 7.57-7.53 (m, 2 H), 7.34 (s, 2 H),
7.16—7.11 (m, 2 H), 6.97—6.93 (m, 2 H), 6.92—6.87 (m, 2 H), 5.78 (s, 1 H), 4.18—4.12 (m,
2 H), 3.80 (s, 3 H), 1.77—1.67 (m, 2 H), 1.47—1.24 (m, 10 H), 0.91—0.85 (m, 3 H).

DPNH (9)

L0
NN
H

The following procedure was adapted from literature.m5% p-Anisidine (1.00 g, 8.10 mmol,
1.00 eq.), phenylboronic acid (1.19 g, 9.74 mmol, 1.20 eq.) and copper(II) acetate (1.77 g,
9.74 mmol, 1.20 eq.) were suspended in DCM (160 mL). After addition of NEt;3 (2.26 mL,
16.2 mmol, 2.00 eq.), the mixture was stirred at room temperature for 19 h. The solvent
was removed under reduced pressure and the product was purified by chromatography on
a silica gel column with DCM as an eluent. The product was obtained as a yellow solid
(906 mg, 4.55 mmol, 56%). 'H NMR (400 MHz, CD,Cl,): & [ppm] = 7.23—7.16 (m, 2 H),
7.10—7.04 (m, 2 H), 6.93—6.88 (m, 2 H), 6.88—6.83 (m, 2 H), 6.81 (tt, J = 7.4, 1.0 Hz,
1 H), 5.59 (broad s, 1 H), 3.78 (s, 3 H).

(OMe) TAA-TMS (10)

A mixture of DPNH (9, 200 mg, 1.00 mmol, 1.00 eq.), TMS-ph-Br (4, 280 mg, 1.22 mmol,
1.22 eq.), Pd(dba)y (28.8 mg, 50.1 umol, 0.05 eq.), tri-tert-butylphosphonium tetrafluoro-
borate (15.1 mg, 52.0 pmol, 0.05 eq.) and potassium tert-butoxide (341 mg, 3.04 mmol,
3.04 eq.) was suspended in dry and degassed toluene (5 mL) under N, atmosphere. The

mixture was stirred at 100 °C for 17 h, cooled to room temperature and diluted with
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water (10 mL). The aqueous phase was extracted with DCM (3 x 15 mL), the combined
organic phases were dried over anhydrous Na;SO, and the solvents were removed under
reduced pressure. The product was purified by chromatography on a silica gel column
with 2:1 (v:v) n-pentane/DCM as an eluent. The product was obtained as a colorless oil
(260 mg, 0.75 mmol, 75%). 'H NMR (400 MHz, CD,Cl,): & [ppm]| = 7.36—7.32 (m, 2 H),
7.25—7.19 (m, 2 H), 7.08—7.00 (m, 4 H), 6.98—6.93 (m, 3 H), 6.88—6.83 (m, 2 H), 3.79
(s, 3H), 0.23 (s, 9 H).

(OMe)TAA-I (11)

oy oy
O

(OMe)TAA-TMS (10, 53.6 mg, 154 umol, 1.00 eq.) was dissolved in dry DCM (2 mL) and
cooled to —78 °C under N, atmosphere. Iodine monochloride (20 uL, 392 pmol, 2.55 eq.)
in dry DCM (0.5 mL) was added dropwise and the mixture was stirred for 1 h before
sat. aq. NagSeOj solution (5 mL) was added. The mixture was allowed to warm to
room temperature and the aqueous phase was extracted with DCM (3 x 10 mL). The
combined organic phases were dried over anhydrous NaySO, and the solvent was removed
under reduced pressure. After purification of the product by chromatography on a silica
gel column with 3:1 (v:v) n-pentane/DCM as an eluent, the product was obtained as a
colorless oil (58.0 mg, 145 umol, 94%). "H NMR (400 MHz, CD,Cly): & [ppm] = 7.50—7.44
(m, 2 H), 7.28-7.20 (m, 2 H), 7.08-6.97 (m, 5 H), 6.89-6.83 (m, 2 H), 6.79—6.73 (m,
2 H), 3.79 (s, 3 H).

NMI-TPDB

OMe
0]
Wad
0 Loyt
o N/@ @

MeO
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NMI-th-DPNH (8, 15.0 mg, 25.0 pymol, 1.00 eq.), (OMe)TAA-I (11, 13.4 mg, 33.0 umol,
1.32 eq.), Pd(dba)s (0.80 mg, 1.35 ymol, 0.05 eq.), tri-tert-butylphosphonium tetrafluoro-
borate (0.50 mg, 1.72 ymol, 0.07 eq.) and potassium tert-butoxide (9.10 mg, 81.0 umol,
3.24 eq.) were suspended in dry and degassed toluene (2 mL) under Ny atmosphere. The
mixture was stirred at 100 °C for 18 h, cooled to room temperature and diluted with water
(5 mL). The aqueous phase was extracted with DCM (3 x 15 mL), the combined organic
phases were dried over anhydrous NasSO, and the solvents were removed under reduced
pressure. The product was purified by chromatography on a silica gel column with 4:1
(v:v) n-pentane/EtOAc as an eluent. The product was obtained as a red solid (10.1 mg,
12.0 ymol, 47%). "H NMR (400 MHz, CDyCly): & [ppm] = 8.66 (dd, J = 8.5, 1.1 Hz, 1 H),
8.52 (dd, J =7.3,1.1 Hz, 1 H), 8.46 (d, J = 7.6 Hz, 1 H), 7.76 (d, J = 7.6 Hz, 1 H), 7.68
(dd, J = 8.5, 7.3 Hz, 1 H), 7.48—6.72 (m, 23 H), 4.09—4.03 (m, 2 H), 3.71 (s, 3 H), 3.70
(s, 3 H), 1.68—1.58 (m, 2 H), 1.39—1.16 (m, 10 H), 0.83—0.75 (m, 3 H). ESI-HRMS (m/2)
caled. for CsHsN3O,4S, [M]T: 861.3595; found: 861.3600. Anal. caled. for CssHsN3O4S
- H,O: C, 76.42; H, 6.07; N, 4.77; found: C, 76.77; H, 6.31; N, 4.38.
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7.3.2 Synthesis of the PT-TAA Reference

PT (12)

The following procedure was adapted from literature.?8 Pyrene (4.04 g, 20.0 mmol,
1.00 eq.) was dissolved in a mixture of DCM (80 mL) and CH3CN (80 mL). Then, NalOy4
(35.0 g, 164 mmol, 8.20 eq.), water (100 mL) and RuClz - x HoO (500 mg, 2.40 mmol,
0.12 eq.) were added. The suspension was heated at 40 °C under Ny atmosphere for 23 h
and poured into water (600 mL). DCM (400 mL) was added and the organic phase was
separated. The aqueous phase was extracted with DCM (3 x 300 mL) and the combined
organic phases were dried over anhydrous NaySOy. After removal of the solvents under
reduced pressure, the product was purified by gradient chromatography on a silica gel
column with pure DCM to 9:1 (v:v) DCM/EtOAc as an eluent. The product was obtained
as a brown solid (1.33 g, 5.07 mmol, 25%). 'H NMR (400 MHz, DMSO-d;): & [ppm] =
8.33 (d, J = 7.7 Hz, 4 H), 7.74 (t, J = 7.7 Hz, 2 H).

PT-1 (13)

The following procedure was adapted from literature.™! A mixture of PT (12, 200 mg,
0.76 mmol, 1.00 eq.) and N-iodosuccinimide (687 mg, 3.05 mmol, 4.02 eq.) in HySO,4
(3 mL) was stirred at 40 °C for 1 h and poured into water (100 mL). The resulting precip-
itate was collected by filtration and washed with water and ethanol. After purification of
the product by chromatography on multiple silica gel columns with 9:1 (v:v) DCM/EtOAc
as an eluent, the product was obtained as an orange solid (171 mg, 0.44 mmol, 58%).
'"H NMR (400 MHz, CDCl3):  [ppm] = 8.79 (s, 2 H), 8.51 (d, J = 7.8 Hz, 2 H), 7.75 (4,
J =178 Hz 1H).
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PT-th (14)

PT-I (13, 70.0 mg, 180 umol, 1.00 eq.), thiophene-2-boronic acid pinacol ester (287 mg,
1.37 mmol, 7.59 eq.), NagCOj3 (172 mg, 1.62 mmol, 9.00 eq.) and Pd(PPhs), (32.6 mg,
28.2 pymol, 0.16 eq.) were suspended in a mixture of degassed toluene (5 mL), degassed
water (2.5 mL) and degassed ethanol (1.25 mL) under Ny atmosphere. The mixture
was stirred at 90 °C for 22 h and then cooled to room temperature. The mixture was
diluted with water (25 mL) and the aqueous phase was extracted with DCM (6 x 50 mL).
The combined organic phases were dried over anhydrous NaySO, and the solvents were
removed under reduced pressure. The product was purified by chromatography on a silica
gel column with 30:1 (v:v) DCM/EtOAc as an eluent. The product was obtained as a
red solid (42.1 mg, 122 umol, 68%). 'H NMR (400 MHz, DMSO-d4): & [ppm]| = 8.47 (s,
2H),833(d, J=77Hz 2H),792(dd, J =3.7,1.0 Hz, 1 H), 7.77 (dd, J = 5.0, 1.0 Hz,
1 H), 7.73 (t, J = 7.7 Hz, 1 H), 7.26 (dd, J = 5.0, 3.7 Hz, 1 H).

PT-th-Br (15)

A mixture of PT-th (14, 20.0 mg, 58.0 ymol, 1.00 eq.) and N-bromosuccinimide (52.0 mg,
290 pmol, 5.00 eq.) in DMF (3 mL) was stirred at 65 °C for 17 h and then water was
added. The precipitate was collected by filtration, washed with water and Et,O and dried
under air. The product was obtained as a red solid (23.5 mg, 56.0 umol, 97%). '"H NMR
(400 MHz, DMSO-dg): & [ppm] = 840 (s, 2 H), 8.34 (d, J = 7.7 Hz, 2 H), 7.80 (d,
J=39Hz 1H), 774 (t, J =7.7Hz, 1H), 739 (d, J =39 Hz 1 H).
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PT-th-ph-TMS (16)

PT-th-Br (15, 24.7 mg, 58.4 umol, 1.00 eq.), TMS-ph-B(OH), (5, 56.6 mg, 292 umol,
5.00 eq.), NayCOs3 (18.6 mg, 175 umol, 3.00 eq.) and Pd(PPhs), (6.70 mg, 5.84 umol,
0.10 eq.) were suspended in a mixture of degassed toluene (10 mL), degassed water (5 mL)
and degassed ethanol (2.5 mL) under Ny atmosphere. The mixture was stirred at 90 °C for
39 h and cooled to room temperature. Water (5 mL) was added and the aqueous phase
was extracted with DCM (3 x 15 mL). The combined organic phases were dried over
anhydrous NaySO,4 and the solvents were removed under reduced pressure. Purification
of the product by chromatography on a silica gel column with 50:1 (v:v) DCM/EtOAc
as an eluent yielded the product as a red solid (6.90 mg, 14.0 umol, 24%). 'H NMR
(400 MHz, CD5Cly): & [ppm] = 8.65 (s, 2 H), 8.46 (d, J = 7.7 Hz, 2 H), 7.72—7.64 (m,
4 H), 7.63—7.58 (m, 2 H), 7.45 (d, J = 3.9 Hz, 1 H), 0.31 (s, 9 H).

PT-th-ph-I (17)

PT-th-ph-TMS (16, 12.6 mg, 25.6 ymol, 1.00 eq.) was dissolved in dry DCM (25 mL)
under Ny atmosphere. lodine monochloride (0.1 M in dry DCM, 50.0 pyL, 51.2 umol,
2.00 eq.) was added dropwise and the mixture was stirred at room temperature for 3 h.
The precipitate was collected by filtration and washed with DCM and Et;O. The product
was obtained as a red solid (11.2 mg, 20.5 pmol, 80%). 'H NMR (400 MHz, DMSO-d):
0 [ppm] = 8.50 (s, 2 H), 8.34 (d, J = 7.7 Hz, 2 H), 7.99-7.96 (m, 1 H), 7.84-7.80 (m,
2 H), 7.76—7.70 (m, 2 H), 7.63—7.59 (m, 2 H).
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(NO,)DPNH (18)

N

H

Following a published protocol,™ dry DMSO (15 mL) was added to a mixture of p-
nitrochlorobenzene (1.58 g, 10.0 mmol, 1.00 eq.), p-nitroaniline (3.45 g, 25.0 mmol,
2.50 eq.) and K5CO3 (5.52 mg, 39.9 mmol, 1.60 eq.) under Ny atmosphere. The mixture
was degassed for 10 min, stirred at 150 °C for 5 h and poured into cold water (200 mL).
The precipitate was collected by filtration, washed with aq. HCI solution (12 M, 50 mL),
water (500 mL) and Et2O (20 mL). The residue was recrystallized from toluene and the
product was obtained as an orange solid (869 mg, 3.35 mmol, 34%). '"H NMR (400 MHz,
DMSO-dg): & [ppm] = 9.97 (s, 1 H), 8.23—8.18 (m, 4 H), 7.39—7.34 (m, 4 H).
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7.3.3 Synthesis of the TPDB-PT Reference

I-hxy-TMS (19)

CeH13

H@—TMS

CeH13

Following a published protocol,F% I-hxy-I (5.00 g, 10.0 mmol, 1.00 eq.) was dissolved in
dry Et20 (50 mL) under Ny atmosphere. The mixture was cooled to 0 °C and n-Buli
(2.5 M in hexanes, 4.80 mL, 12.0 mmol, 1.20 eq.) was slowly added while cooling at 0 °C
was maintained. The mixture was stirred at 0 °C for 1 h before chlorotrimethylsilane
(1.60 mL, 12.6 mmol, 1.26 eq.) was added dropwise. The mixture was allowed to warm
to room temperature and stirred overnight, water (50 mL) was added and the aqueous
phase was extracted with DCM (3 x 50 mL). The combined organic phases were washed
with NasS,03 (50 mL) and dried over anhydrous Nay;SO4. Removal of the solvents un-
der reduced pressure gave a yellow oil (quant. yield) which was used without further

purification in the next step.

B(pin)-hxy-TMS (20)

CeH13

@)
B TMS
O
C

eH13

~__ s

Dry and degassed DMSO (10 mL) was added to a mixture of I-hxy-TMS (19, 1.64 g,
3.69 mmol, 1.00 eq.), bis(pinacolato)diboron (1.41 g, 5.54 mmol, 1.50 eq.), KOAc (1.45 g,
14.8 mmol, 4.00 eq.) and Pd(PPh3)2Cly (130 mg, 0.18 mmol, 0.05 eq.) under N atmos-
phere. The mixture was stirred at 90 °C for 21 h, cooled to room temperature and
filtered over celite. The residue was washed with EtoO (4 x 50 mL) before the combined
organic filtrates were washed with water (3 x 30 mL). The combined aqueous phases were
extracted with EtoO (3 x 50 mL) and the combined organic phases were then dried over
anhydrous NaySO,4. After removal of the solvent under reduced pressure, the product was
purified by chromatography on a silica gel column with 9:1 (v:v) n-pentane/DCM as an
eluent. The product was obtained as a yellow oil (989 mg, 2.22 mmol, 60%). 'H NMR
(400 MHz, CDCl3): & [ppm| = 7.57 (s, 1 H), 7.24 (s, 1 H), 2.84-2.78 (m, 2 H), 2.68-—2.62
(m, 2 H), 1.64—1.26 (m, 28 H), 0.93—0.86 (m, 6 H), 0.31 (s, 9 H).
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Br-ph-hxy-TMS (21)

CeH13

BrTMS

CeH13

A mixture of B(pin)-hxy-TMS (20, 2.48 g, 5.58 mmol, 1.00 eq.), 1-bromo-4-iodobenzene
(3.16 g, 11.2 mmol, 2.00 eq.) and NayCO3 (1.77 g, 16.7 mmol, 3.00 eq.) was suspended
in a mixture of THF (100 mL) and water (20 mL) under Ny atmosphere. The mixture
was degassed for 25 min and Pd(PPhs), (324 mg, 280 pmol, 0.05 eq.) was added. The
mixture was degassed for additional 15 min and was then stirred at 85 °C for 41 h.
Once the mixture had nearly reached room temperature, water (30 mL) was added and
the aqueous phase was extracted with DCM (3 x 100 mL). The combined organic phases
were dried over anhydrous NaySO,4 and the solvents were removed under reduced pressure.
Purification of the product by chromatography on a silica gel column with n-pentane as an
eluent gave the product as a colorless oil (1.64 g, 3.46 mmol, 62%). '"H NMR (400 MHz,
CDyCly): & [ppm| = 7.47—7.43 (m, 2 H), 7.26 (s, 1 H), 7.13—7.08 (m, 2 H), 6.91 (s,
1 H), 2.63—2.57 (m, 2 H), 2.46—2.40 (m, 2 H), 1.54—1.45 (m, 2 H), 1.37—1.05 (m, 14 H),
0.83—0.78 (m, 3 H), 0.77—0.72 (m, 3 H), 0.26 (s, 9 H).

PNHBoc (22)

NH

P

o~ O

A

Following a published protocol,®! p-anisidine (124 mg, 1.00 mmol, 1.00 eq.) and di-
tert-butyl dicarbonate (219 mg, 1.00 mmol, 1.00 eq) were stirred in glycerol (2 mL) at
room temperature for 25 min. Water (10 mL) was added and the mixture was extracted
with 9:1 (v:v) petroleum ether/EtOAc (3 x 20 mL). The combined organic phases were
dried over anhydrous Na,SO, and the solvents were removed under reduced pressure.
Chromatography on a silica gel column with DCM as an eluent yielded the product as a
white solid (204 mg, 0.91 mmol, 91%). '"H NMR (400 MHz, CD,Cly): & [ppm] = 7.29—7.22
(m, 2 H), 6.86—6.80 (m, 2 H), 6.41 (broad s, 1 H), 3.76 (s, 3 H), 1.49 (s, 9 H).
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DPNBoc-hxy-TMS (23)

Q CeH13
H ()
CeH13

Br-ph-hxy-TMS (21, 1.11 g, 2.34 mmol, 1.00 eq.), PNHBoc (22, 784 mg, 3.51 mmol,
1.50 eq.), Pd(dba), (132 mg, 230 ymol, 0.10 eq.), S-Phos (94.8 mg, 231 umol, 0.10 eq.)
and CsyCO3 (2.29 g, 7.02 mmol, 3.00 eq.) were suspended in dry and degassed toluene
(11.7 mL) under Ny atmosphere. The mixture was stirred at 90 °C for 63 h, cooled
to room temperature and diluted with water (20 mL). After extraction of the aqueous
phase with DCM (3 x 50 mL), the combined organic phases were dried over anhydrous
NaySO4 and the solvents were removed under reduced pressure. The product was purified
by chromatography on a silica gel column with DCM as an eluent and the product was
obtained as a yellow solid (1.36 g, 2.21 mmol, 94%). 'H NMR (400 MHz, CD,Cl,):
O [ppm] = 7.33 (s, 1 H), 7.23 (s, 4 H), 7.20—7.15 (m, 2 H), 7.03 (s, 1 H), 6.90—6.85 (m
2 H), 3.80 (s, 3 H), 2.71-2.65 (m, 2 H), 2.57—2.51 (m, 2 H), 1.64—1.53 (m, 2 H), 1.45 (s,
9 H), 1.43—1.15 (m, 14 H), 0.91—0.86 (m, 3 H), 0.85—0.81 (m, 3 H), 0.34 (s, 9 H).

DPNBoc-hxy-1 (24)

DPNBoc-hxy-TMS (23, 149 mg, 242 ymol, 1.00 eq.) was dissolved in dry DCM (7 mL)
and cooled to —78 °C under N, atmosphere. lodine monochloride (24.5 pL, 480 umol,
2.00 eq.) in dry DCM (1.5 mL) was added dropwise and the mixture was stirred for 1 h
before sat. aq. NaySoOj solution (10 mL) was added. The mixture was allowed to warm
to room temperature and the aqueous phase was extracted with DCM (3 x 15 mL). The
combined organic phases were dried over anhydrous NaySO, and the solvent was removed
under reduced pressure. The product was purified by chromatography on a silica gel

column with DCM as an eluent. The product was obtained as a colorless oil (151 mg,
225 pmol, 93%). 'H NMR (400 MHz, CDyCly): & [ppm] = 7.71 (s, 1 H), 7.26-7.14 (m
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6 H), 7.02 (s, 1 H), 6.90—6.85 (m, 2 H), 3.80 (s, 3 H), 2.70—2.64 (m, 2 H), 2.51—2.46
(m, 2 H), 1.62-1.55 (m, 2 H), 1.45 (s, 9 H), 1.43—1.14 (m, 14 H), 0.92-0.86 (m, 3 H),
0.86—0.80 (m, 3 H).

DPNBoc-hxy-B(pin) (25)

QHK

CeH13

Dry and degassed DMSO (6 mL) was added to a mixture of DPNBoc-hxy-I (24, 271 mg,
405 mmol, 1.00 eq.), bis(pinacolato)diboron (154 mg, 606 umol, 1.50 eq.), KOAc (157 mg,
1.60 mmol, 3.95 eq.) and Pd(PPh;);Cly (14.6 mg, 20.8 pmol, 0.05 eq.) under Ny atmos-
phere. The mixture was stirred at 90 °C for 14 h and cooled to room temperature. Water
(10 mL) was added and the aqueous phase was extracted with Et;O (4 x 25 mL). The
combined organic phases were dried over anhydrous Nay,SO,. After removal of the solvent
under reduced pressure, the product was purified by chromatography on a silica gel column
with 9:1 (v:v) n-pentane/EtOAc as an eluent. The product was obtained as a white solid
(248 mg, 370 pmol, 91%). 'H NMR (400 MHz, CD5Cly): & [ppm]| = 7.61 (s, 1 H), 7.23 (s,
4 H), 7.20—7.15 (m, 2 H), 7.00 (s, 1 H), 6.90—6.85 (m, 2 H), 3.80 (s, 3 H), 2.86—2.80 (m
2 H), 2.58--2.52 (m, 2 H), 1.581.14 (m, 37 H), 0.91-0.86 (m, 3 H), 0.85-0.81 (m, 3 H).

DPNBoc-hxy-PT (26)

DPNBoc-hxy-B(pin) (25, 248 mg, 370 pmol, 1.00 eq.), PT-I (13, 172 mg, 443 umol,
1.20 eq.), NapgCOj3 (118 mg, 1.11 mmol, 3.00 eq.) and Pd(PPhs), (42.8 mg, 37.0 mmol,
0.10 eq.) were suspended in a mixture of degassed THF (30 mL) and degassed water
(6 mL) under Ny atmosphere. The mixture was stirred at 85 °C for 19 h, cooled to room
temperature and filtered over celite. The residue was washed with DCM (3 x 20 mL) and

water (10 mL) was added to the collected filtrate. The aqueous phase was then extracted

166



7 Experimental Section

with DCM (3 x 25 mL). The combined organic phases were dried over anhydrous NaysSOy
and the solvents were removed under reduced pressure. The product was purified by
chromatography on a silica gel column with 20:1 (v:v) DCM/EtOAc as an eluent and the
titel compound was obtained as a red solid (200 mg, 249 ymol, 67%). 'H NMR (400 MHz,
CDyCly): o [ppm] = 8.48 (d, J = 7.8 Hz, 2 H), 8.46 (s, 2 H), 7.72 (t, J = 7.8 Hz, 1 H),
7.30 (s, 4 H), 7.22—7.17 (m, 4 H), 6.92—6.87 (m, 2 H), 3.81 (s, 3 H), 2.66—2.57 (m, 4 H),
1.56—1.48 (m, 2 H), 1.47 (s, 9 H), 1.28—1.13 (m, 14 H), 0.85-0.76 (m, 6 H).

DPNH-hxy-PT (27)

DPNBoc-hxy-PT (26, 200 mg, 249 pmol, 1.00 eq.) was dissolved in dry DCM (8.3 mL)
under Ny atmosphere. TFA (0.95 mL, 12.4 mmol, 50.0 eq.) was added and the mixture
was stirred at room temperature for 3 h. After removal of the solvents under reduced
pressure, the product was purified by chromatography on a silica gel column with 2:1
(v:v) n-pentane/EtOAc as an eluent. The product was obtained as a green solid (138 mg,
196 pmol, 79%). 'H NMR (400 MHz, CDyCly): & [ppm] = 8.49 (d, J = 7.8 Hz, 2 H), 8.46
(s, 2 H), 7.73 (t, J = 7.8 Hz, 1 H), 7.23—7.17 (m, 4 H), 7.16-7.11 (m, 2 H), 7.01-6.96
(m, 2 H), 6.91-6.86 (m, 2 H), 5.70 (broad s, 1 H), 3.80 (s, 3 H), 2.67—2.57 (m, 4 H),
1.57-1.15 (m, 16 H), 0.86--0.76 (m, 6 H).

(OMe)(TMS)TAA-hxy-PT (28)

Dry and degassed 1,4-dioxane (0.3 mL) was added to a mixture of DPNH-hxy-PT (27,
30.0 mg, 42.6 pymol, 1.00 eq.), TMS-ph-Br (4, 96.6 mg, 422 umol, 9.89 eq.), Pd(dba),
(2.45 mg, 4.30 pymol, 0.10 eq.), tri-tert-butylphosphonium tetrafluoroborate (1.85 mg,
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6.40 umol, 0.15 eq.) and sodium tert-butoxide (12.3 mg, 128 ymol, 3.00 eq.) under Ny
atmosphere. The mixture was stirred at 95 °C for 47 h, cooled to room temperature and
diluted with water (5 mL). Then, the aqueous phase was extracted with DCM (3 x 15 mL)
and the combined organic phases were dried over anhydrous Na,SO,. After removal of the
solvents under reduced pressure, the product was purified by chromatography on a silica
gel column with 3:1 (v:v) n-pentane/EtOAc as an eluent. The product was obtained as a
brown solid (13.0 mg, 15.0 pmol, 36%). 'H NMR (400 MHz, CD,Cly): & [ppm] = 8.49 (d,
J ="T7.8Hz 2H), 847 (s,2 H), 7.73 (t, J = 7.8 Hz, 1 H), 7.42—-7.37 (m, 2 H), 7.25-7.21
(m, 3 H), 7.19 (s, 1 H), 7.16—7.08 (m, 4 H), 7.07—7.03 (m, 2 H), 6.92—6.87 (m, 2 H), 3.81
(s, 3 H), 2.69-2.63 (m, 2 H), 2.63—2.57 (m, 2 H), 1.58—1.15 (m, 16 H), 0.88 —0.83 (m,
3 H), 0.82—0.77 (m, 3 H), 0.26 (s, 9 H).

(OMe)(Br) TAA-hxy-PT (29)

(OMe)(TMS)TAA-hxy-PT (28, 40.8 mg, 47.9 ymol, 1.00 eq.) and NaOAc (7.90 mg,
96.3 umol, 2.01 eq.) were suspended in dry THF (2 mL) under N, atmosphere. The
mixture was cooled to 0 °C and protected from light. Bry (4.90 uL, 95.8 umol, 2.00 eq.)
in dry THF (0.5 mL) was added dropwise while cooling at 0 °C was maintained. The
mixture was stirred at 0 °C for 10 min and was then allowed to warm to room temperature
while stirring for another 3 h. Then, NEts (30.0 uL, 215 pymol, 4.49 eq.) and sat. aq.
NayS;03 solution (5 mL) were added and the phases were separated. The aqueous phase
was extracted with DCM (3 x 10 mL) and the combined organic phases were dried over
anhydrous NaysSO,. After removal of the solvents under reduced pressure, the product
was purified by chromatography on a silica gel column with 3:1 (v:v) n-pentane/FEtOAc
as an eluent. The product was obtained as a brown solid (35.9 mg, 41.8 umol, 87%).
"H NMR (400 MHz, CDyCly): & [ppm]| = 8.49 (d, J = 7.8 Hz, 2 H), 8.46 (s, 2 H), 7.73
(t, J = 7.8 Hz, 1 H), 7.35-7.31 (m, 2 H), 7.26—-7.21 (m, 3 H), 7.19 (s, 1 H), 7.15-7.07
(m, 4 H), 6.98—6.94 (m, 2 H), 6.92—6.87 (m, 2 H), 3.81 (s, 3 H), 2.69—2.63 (m, 2 H),
2.63—2.58 (m, 2 H), 1.58—1.15 (m, 16 H), 0.88—0.82 (m, 3 H), 0.82—0.77 (m, 3 H).
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TPDB-PT
MeO

OMe

(OMe)(Br)TAA-hxy-PT (29, 14.3 mg, 16.7 umol, 1.00 eq.), DPNH (9, 5.00 mg, 25.1 ymol,
1.50 eq.), Pd(dba)s (1.00 mg, 1.73 ymol, 0.10 eq.), tri-tert-butylphosphonium tetrafluoro-
borate (0.70 mg, 2.41 ymol, 0.14 eq.) and sodium tert-butoxide (4.80 mg, 50.0 umol,
3.00 eq.) were suspended in dry and degassed toluene (0.3 mL) under Ny atmosphere.
The mixture was stirred at 90 °C for 44 h, cooled to room temperature and diluted with
water (5 mL). The aqueous phase was extracted with DCM (3 x 15 mL), the combined
organic phases were dried over anhydrous NaySO4 and the solvents were removed under
reduced pressure. The product was purified by chromatography on a silica gel column
with 3:1 (v:v) n-pentane/EtOAc as an eluent. The product was obtained as a brown solid
(4.60 mg, 4.70 ymol, 28%). 'H NMR (400 MHz, CD5Cl,): § [ppm| = 8.49 (d, J = 7.8 Hz,
2 H), 846 (s,2H), 7.73 (t, J = 7.8 Hz, 1 H), 7.27—6.83 (m, 23 H), 3.81 (s, 3 H), 3.79 (s,
3 H), 2.68—2.63 (m, 2 H), 2.62—2.57 (m, 2 H), 1.56—1.13 (m, 16 H), 0.86—0.75 (m, 6 H).
ESI-HRMS (m/z) caled. for CgeHgoN2Og, [M]|T: 976.4446; found: 976.4441. Anal. calcd.
for CesHgoNoOg - 3H,0: C, 76.87; H, 6.45; N, 2.72; found: C, 77.03; H, 6.32; N, 2.34.
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Estimated Energies of the Individual States of the Triads

The energies (F) of the individual states presented in Figure S10 in the supporting infor-

mation of Chapter 3 were estimated using the following equation:
E=ce- (EOXO - ERedO)

Foy’ and Egreq” represent the oxidation and reduction potential, respectively, for the
involved electron-transfer step. For calculations, experimental potentials presented in
Tables S2 and S3 of the supporting information were used. For the final charge-separated
states TAA *-bpy /Rull-NDI™ and TPA *-bpy/Ir'-AQ ", calculations can be found on
page S38 of the supporting information.

The values of the lowest MLCT excited state of [Ru(bpy)s]** (2.12 eV) was taken from
the literature,2 whilst the value for the iridium sensitizer was determined experimentally

to 2.61 eV. The ground-states of the triads, prior to excitation, were set to 0.00 eV.

Estimations of the Individual States in TAA-ph;-Ru-ph;-NDI

e TAA "-bpy /Ru'-NDI
E=c¢e- (E°(TAAY) - E%(bpy” ")) = e - (0.69 V - (-1.33 V)) = 2.02 eV

e TAA-bpy/Ru™-NDI"~
E = ¢ (E°Ru'™") - EONDIY")) = e - (1.31 V- (-0.56 V)) = 1.87 eV

Estimations of the Individual States in TAA-ph,-Ru-phy-NDI

e TAA *-bpy ~/Ru''-NDI

E = e (E°(TAAY/%) - E%bpy” )) = e - (0.64 V- (-1.30 V)) = 1.94 eV
e TAA-bpy/Ru-NDI~

E = e (E°Ru™M) - EONDIY)) = e - (1.30 V - (-0.58 V)) = 1.88 eV
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Estimations of the Individual States in TPA-ph;-Ir-ph;-AQ

e TPA-bpy/Ir'V-AQ™

E=c  (EOIYV/M) - EOAQY)) = e - (1.78 V- (-0.86 V)) = 2.64 eV
o TPA T-bpy /Ir'-AQ

E = e - (E°(TPA*/%) - E%bpy®")) = e - (1.11 V- (-1.19 V)) = 2.30 eV

Estimations of the Individual States in TPA-phs-Ir-ph-AQ

o TPA-bpy/Ir'V-AQ™~

E=c¢- (BN - BOAQYY)) = e - (1.7T5 V- (-0.89 V)) = 2.64 eV
e TPA *-bpy /Ir'-AQ

E = e (E°(TPA*/?) - EO%(bpy®")) = e - (1.06 V - (-1.19 V)) = 2.25 eV

Estimated Energies of the Different Species Involved in
the Tetrad and Dyads

The driving forces (-AGcr®) for thermal charge recombination presented in Chapter 5

were estimated using the following equation:
-AGcr” = -¢ - (Ered’ - Eox’)

Fred® and Eoy° represent the reduction and oxidation potential, respectively, for the
involved electron-transfer step. Potentials for the theoretical calculations regarding the
NMI-TPDB-PT-TAA tetrad were taken from the literature (see Table [5.1)). 38132 For
calculations concerning the reference dyads NMI-TPDB and TPDB-PT, experimental
potentials presented in Tables and were used. The driving force for thermal charge

recombination equals the energy of the CSS.

Theoretical Estimations of the Isolated States of the Tetrad

e NMI-TPDB *-PT-TAA

-AGcr® = -e - (E°(NMI’") - E°(TPDB*/%)) = -¢ - (-1.40 V- 0.40 V) = 1.80 eV
e NMI-TPDB-PT -TAA"*

-AGcr? = -e - (E°(PTY") - E9(TAA*/?)) = -¢ - (-0.41 V- 135 V) = 1.76 eV
e NMI-TPDB +-PT-TAA

-AGcr? = -e - (E°%(PT") - E9(TPDB*/%)) = -¢ - (-0.41 V - 0.40 V) = 0.81 eV
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NMI~-TPDB-PT-TAA"*
-AGer” = -e - (E°(NMIY") - EO(TAAY/9) = -¢ - (-1.40 V - 1.35 V) = 2.75 eV

Estimations for the NMI-TPDB Dyad in Different Solvents

NMI-TPDB'* (THF)

-AGcr’ = -e - (E°(NMI?") - E9(TPDB*/%)) = -¢ - (-1.21 V - 0.64 V) = 1.85 eV
NMI-TPDB’ +(D M)

-AGcR® = -¢ - (EO(NMI?) - E9(TPDB*/%)) = -¢ - (-1.29 V - 0.47 V) = 1.76 eV
NMI~-TPDB’ +(benzon1trlle)

“AGeR? = -e - (EO(NMIY") - E9(TPDB*/%)) = -¢ - (-1.26 V- 0.50 V) = 1.76 eV

Estimations for the TPDB-PT Dyad in Different Solvents

TPDB *+-PT" (THF)

-AGcr’ = -e - (E°(PTY") - E°(TPDB*/?)) = -¢ - (-0.38 V- 0.63 V) = 1.01 eV
TPDB +-PT"~ (DCM)

-AGcr’ = -e - (E°(PTY") - E°(TPDB*/%)) = -¢ - (-0.37 V- 0.44 V) = 0.81 eV
TPDB'*-PT" (benzonitrile)

-AGer” = -e - (E°(PTY") - E°(TPDB*/?)) = -¢ - (-0.41 V- 0.49 V) = 0.90 eV
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