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1 Introduction 
1.1 Fundamental Importance of Electron Transfer Processes 

 

Electron transfer processes are of fundamental relevance in chemistry as well as in 

biology. On earth, for organisms there exist only two different sources to gain energy. 

Chemotrophs use redox reactions to produce ATP whereas phototrophs convert sunlight into 

chemical energy. In both biochemical pathways several electron transfer processes are 

utilised to provide chemical energy.  

As green plants (phototrophs) produce oxygen and are moreover considered to build 

the basis of the food chain, electron transfer steps in photosynthesis are essential for almost 

all life on earth. In the first of two steps light is required to generate energy-rich molecules. 

Photons are absorbed by the pigment chlorophyll which acts as a reducing agent in its 

excited state. Finally, at the end of several electron transfer steps NADP is reduced to 

NADPH/H+ and a proton gradient across a membrane is generated which is used to 

synthesise ATP. In the following light-independent second step these high-energy substrates 

(NADPH/H+ and ATP) are needed to generate small organic precursors for the main product 

glucose. To summarise, photosynthesis can be regarded as conversion of light into chemical 

energy with oxygen as a waste product.[1, 2]  

Humans and most animals belong to the group of chemotrophic heterotrophs. They 

are not capable of producing energy-rich molecules on their own and depend on the 

ingestion of high-energy molecules produced by phototrophs. Intracellular electron transfer in 

mitochondria of eukaryotes from an energy-rich donor to an acceptor of lower energy occurs 

via several redox reactions along a cascade consisting of a directed redox gradient. Finally, 

the electron transfer reactions result in an electrochemical potential gradient across the 

mitochondrial inner membrane. This potential gradient (usually a proton gradient) powers the 

so-called enzyme ATP synthase to synthesise the universal energy carrier of cells, ATP.[3-5]  

Due to their basic importance directed electron transfer processes along redox 

cascades have intensively been studied. Beyond learning fundamental aspects of 

photoinduced electron transfer reactions it is a general aim to mimic natural processes like 

photosynthesis to generate and store chemical energy. Research on (organic) solar cells is a 

timely field for several years and has attracted attention even in public since the discussion 

of climate warming has become a popular topic in the media. Development of solar cells with 

high efficiencies which are moreover cheap in fabrication and which exhibit no 

photodegradation would solve most of the world’s energy problems. Solar energy conversion 

is a very clean energy generation using the sun as an effectively unlimited source. 
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In this work we report about the synthesis and the photophysical characterisation of 

acridine-triarylamine based redox cascades. These chromophores were designed in order to 

study directed photoinduced charge transfer processes in detail and to identify possible 

deactivation pathways depending on substituents and solvent polarity.  

This chapter is organised as follows: at first, diabatic and adiabatic electron transfer 

reactions are explained followed by the discussion of different electron transfer theories. 

Then, hopping and superexchange mechanisms are outlined as two examples of electron 

transfer mechanisms. The next chapter deals with the state of the art and comprises a 

discussion of various redox centres as well as possible approaches to realise a long-lived 

charge separated state. The last part of the Introduction explains the design of the cascades 

and elucidates the importance of an accurate characterisation. 

 

 

1.2 Theory  
 

Generally, intramolecular electron transfer (ET) processes deal with electron transfers 

between a donor (D) and an acceptor (A) subunit of a dyad DA. In photoinduced electron 

transfer reactions one subunit is excited by light of appropriate wavelength. This results in a 

population of an excited state of either D*A or DA* in which either D* or A* is a better 

reducing or oxidising agent than its ground state. Provided that D+A
- 
is lower in energy this 

excitation is followed by an electron transfer from the donor to the acceptor to form a charge 

separated (CS) state D+A
-
 (see Equation 1.1 and Figure 1.1).  

 

DA D*A D+A-hv kET

k-ET  (1.1) 

 



  1  Introduction   
 

 
 
  3

S0

DA*

D+A-

hv

CR

CS

 
Figure 1.1 Three-state model for a donor-acceptor dyad. Photoexcitation of DA is followed by charge  
  separation (CS) resulting in a CS state and subsequent charge recombination (CR). 
 

 

1.2.1 Diabatic and Adiabatic Electron Transfer 
 

The potential energy of the reactant DA is a function of many nuclear and solvent 

coordinates which results in a multidimensional potential-energy surface. For the product 

there exists a quite similar energy surface. To reduce the complex surface to a simpler 

energy profile, a reaction coordinate is introduced which is not only a cut within the surface 

but corresponds to a weighted distribution of all modes. Assuming that the Gibb’s free energy 

ΔG  is given vertically, the energy profiles can be regarded as parabolas in the diabatic case 

with identical force constants (see Figure 1.2).[6]  

Generally two types of electron transfer reactions are differentiated. In case of a large 

electronic coupling V compared to the thermal energy kBT (with the Boltzmann constant kB 

and the temperature T) the ET reaction is of adiabatic nature, whereas in case of a small V 

the process is called diabatic.  

 

adiabatic:    TkV B>  diabatic:    TkV B<  (1.2) 
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 Δ
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ΔG0
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2V

 

 

x = ET coordinate

 
Figure 1.2 Gibb’s free energy of reactants and products as a function of the reaction coordinate for diabatic and  

  adiabatic ET transfer. V = coupling energy, λ = Marcus reorganisation energy, 0ΔG = difference of  

  the free energy between the diabatic states and *ΔG = activation energy for the diabatic ET  
  transfer. 
 

The difference in ΔG  of the two adiabatic potential energy surfaces at the crossing 

point of the diabatic surfaces (regarded as parabolas) corresponds to 2V. As it is shown in 

Equation 1.2 in the adiabatic case the electronic coupling is larger than the thermal energy. 

Consequently, the reaction occurs only on the lower potential surface and the upper one can 

be excluded from further considerations.[7] Due to very weak interactions in the diabatic case 

the reactant parabola cross the energy surface of the product.  

Equation 1.3 is often used to calculate rate constants for diabatic ET processes. This 

equation is based on the Marcus theory which considers ET steps as thermally activated 

processes.[8] A derivation is given in the next chapter.  

 

( )
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡ ++
−=

Tk
ΔGhc

Tkhc
Vhck

Bo

20
io

Bo

222
ET 4

exp
4

14
λ
λλ

λπ
π  (1.3) 

 

In this equation h represents the Planck’s constant, c the speed of light in vacuo and λo and 

λi the outer and the inner reorganisation energy, respectively. 0ΔG corresponds to the Gibb’s 

free energy. 

In contrast, due to large distances separating opposite charges in the CS state of 

extended cascades, the electronic coupling should be quite small and consequently ET 

reactions should be diabatic in nature. 
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 The proportionality according to Equation 1.3 between kET and V2 is only valid in case 

of a weak coupling V and a slow ET rate compared to nuclear motions along the reaction 

coordinate. With increasing electronic coupling the oscillation frequency ωC of the slowest 

nuclear motion becomes the rate determining step. Thus, the rate constant kET becomes 

independent of V and Equation 1.3 transforms into Equation 1.4 in which the prefactor now 

depends on the longitudinal solvent relaxation time Lτ .[7]   

 

( )
⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛ +
−=

Tk
ΔGhc

Tk
hc

k
Bo

2
o

0

B

o

L
ET 4

exp
16

1
λ

λ
π
λ

τ
 (1.4) 

 

The longitudinal dielectric relaxation time Lτ is given by the refractive index of the 

solvent n, the static dielectric constant of the solvent sε and the Debye dielectric relaxation 

time Dτ .[7] 

 

D
s

2

L τ
ε

τ ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

n  (1.5) 

 

Because the electronic coupling V increases exponentially with decreasing distance 

of donor and acceptor subunits, ET reactions within compact molecules are more likely to 

refer to adiabatic processes. Even in chromophores with small electronic coupling electron 

transfer can occur adiabatically if nuclear motion along the reaction coordinate is slowed 

down as a result of low temperature or long relaxation times.[7, 9] 

 

 

1.2.2 Marcus Theory 
 

Although Marcus derived his theory primarily for outer sphere electron transfer 

reactions, it is probably the most widely applied theory for intramolecular electron transfer 

reactions by now.[10-15] This model considers ET steps as thermally activated processes with 

an activation barrier ∗ΔG  (Equation 1.6). The prefactor k0 depends on the electronic coupling 

V of the corresponding subunits.[8]  

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=

∗

Tk
ΔGkk

B
0ET exp  (1.6) 
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The Marcus theory is based on the assumption of harmonic diabatic free-energy 

surfaces. The two intersecting parabolas which represent reactant and product states and 

which result from introducing a reaction coordinate have identical force constants. Marcus 

demonstrated the influence of the energies of the involved states on the rate constants for 

ET reactions.  

-1 0 1 2

ΔG*

λ
a)

 

 

x = ET coordinate

-1 0 1 2

ΔG*

-ΔG0

λ

b)

 

 

x = ET coordinate

 

-1 0 1 2

ΔG* = 0

λ

-ΔG0

c)

  

 

x = ET coordinate

-1 0 1 2

ΔG*
λ

-ΔG0

d)

 

 

x = ET coordinate

 
Figure 1.3 Diabatic potentials in case of a) self-exchange reaction ( 00 =− ΔG ); b) the Marcus normal region  

  ( λ<− 0ΔG ); c) optimal conditions ( λ=− 0ΔG ) and d) the Marcus inverted region  

  ( λ>− 0ΔG ). 
 

Figure 1.3 illustrates four different situations which can generally underlie ET 

processes in case of very weak electronic coupling V. Figure 1.3a displays the case of a self-

exchange reaction (or any other conditions where 00 =ΔG ) where the energies of the 

equilibrium configurations of reactant and product are identical. Although 00 =ΔG  there is a 

significant barrier *ΔG  for electron transfer. On the basis of geometrical considerations the 

activation barrier is calculated according to Equation 1.7.[8] 
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4
* λ
=ΔG  (1.7) 

 

For forward ET processes it is assumed that the product parabola is lowered vertically 

by 0ΔG− (see Figure 1.3b). From Figure 1.3b it is evident that λ<− 0ΔG , which is called 

the Marcus normal region. Here, the activation barrier *ΔG  is given by 

 

( )
λ

λ
4

2ΔGΔG +
=∗  (1.8) 

 

Substituting Equation 1.8 into 1.6 yields 

 

( )
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡ +
−=

Tk
ΔGhckk
B

20

0ET 4
exp

λ
λ  (1.9) 

 

In the case of diabatic conditions (weak electronic coupling V) the prefactor k0 can be 

estimated by Equation 1.10. 

 

Tkhc
Vhck

B

21.5

0
2

λ
π

=  (1.10) 

 

With increasing 0ΔG−  the barrier *ΔG  decreases and consequently the rate 

constant kET increases until it reaches its maximum when 0* =ΔG  (see Figure 1.3c). The 

maximal rate constant is obtained if λ=− 0ΔG . 

Figure 1.3d shows that a further increase of 0ΔG−  leads to an increase of *ΔG  and 

consequently kET decreases. If ET is a highly exergonic process, i.e. λ>− 0ΔG , the reaction 

is located in the Marcus inverted region. Often it is desirable to design the chromophores in a 

way that charge recombination is located in that regime. It combines a slow recombination 

rate with an energy-rich excited CS state. 

 

A crucial point in determining the rate constants on the basis of Marcus theory is the 

reorganisation energy λ.[6] It corresponds to the energy which is required to change the 

geometry of the chromophore as well as the orientation of the solvent molecules upon 

charge transfer. The configuration must change from the equilibrium of the reactant to the 
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equilibrium of the product that means from the minima of the left parabola to the minima of 

the right one. The overall reorganisation energy λ is the sum of the inner λi and outer λo 

reorganisation energy. 

 

oi λλλ +=  (1.11) 

 

The inner reorganisation energy λi refers to changes in bonding lengths and angles 

accompanying the ET process and is solvent independent. In contrast, λo is the part of the 

reorganisation energy caused by reorientation of the solvent molecules. Assuming that 

excited states are mostly of dipolar character, both λo and 0ΔG  depend strongly on solvent 

polarity. With increasing solvent polarity 0ΔG  decreases whereas λo increases. Thus, it is 

obvious that λi is the only parameter that can be affected by a proper design of the 

chromophore. As it is explained below, a small reorganisation energy is preferred to ensure 

fast charge separation and slow recombination processes. The inner reorganisation energy 

can be determined by Jortner fits of the absorption or emission bands of one compound in a 

given solvent.[16] The outer reorganisation energy can be calculated in the same way or by 

the Born equation 1.12.[17] 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−=

Rrrn
e 1

2
1

2
111

4 ADS
2

0

2

o επε
λ  (1.12) 

 

In Equation 1.12 e stands for the elementary charge, n for the refractive index and εs 

for the static dielectric constant of the solvent. rD and rA are the radii of the donor and the 

acceptor subunit, respectively. R is the centre to centre distance of donor and acceptor. 

Although λo varies with temperature as n and εs depend slightly on temperature, normally λo 

varies only within a 5 % range when changing the temperature for more than 100 K.[6] 

 

In photoinduced electron transfer processes charge separation is expected to be in 

the Marcus normal region ( λ<− 0ΔG ) and charge recombination in the inverted region 

( λ>− 0ΔG ). As fast charge separation and slow recombination rates are often preferred, a 

small internal reorganisation energy is appropriate to comply with these conditions. Figure 

1.4 displays the effects of the reorganisation energy on the activation barrier and thus on the 

rates of electron transfer. A small reorganisation energy (blue curves) entails a small 
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activation barrier ∗ΔG  for charge separation (Figure 1.4a) but impedes charge recombination 

(Figure 1.4b) due to a high activation barrier ∗ΔG . 

-1 0 1 2

a)

ΔG*

ΔG*

 

 

Δ 
G

x = nuclear coordinate

 

-1 0 1 2 3 4

b)

 

 

ΔG*ΔG*

Δ 
G

x = nuclear coordinate

 
Figure 1.4 Effect of small and large reorganisation energy on the activation barrier ∗ΔG  for the  
  processes of a) charge separation (normal region) and b) charge recombination (inverted region). 

 

 

 1.2.3 Extension of the Marcus Theory 
 
It has been reported that the inverted region effect is less pronounced than predicted 

on basis of the classical Marcus theory. Slow recombination rates were explained by spin-

forbidden transitions like intersystem crossing (ISC) which decelerates electron transfer 

processes.[8] Nuclear tunnelling reduces the high activation barrier for ET transfer in the 

inverted region and accelerates ET.[18, 19] However, the inverted region was confirmed 

experimentally by Miller et. al.[20] and must not be ignored completely. The effect of the 

inverted region is discussed controversially depending on the theory which is applied. 

 

On the basis of the classical Marcus theory Levich[21] and Dogonadze[22] extended the 

electron transfer theory by taking nuclear tunnelling into account. The most important factors 

in this approach are the electronic coupling V and the overlap of the vibrational 

wavefunctions of reactant and product. The overlap integral at the transition state is a 

measure for the probability that ET occurs. Diabatic ET is possible in three cases.[6] 

 

1. Higher levels near the intersection point of the energy surfaces are populated. Assuming  

  that reactant and product state exhibit the same nuclear configuration electron tunnelling  

  is possible even if the electronic coupling V is weak. 
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2. The overlap of the wavefunctions is below the transition state but it is large enough to  

  ensure significant ET transfer. 

3. In case of very low temperature only the lowest vibrational states are populated. Due to  

  very small overlap of the wavefunctions electron transfer is extremely but not completely  

  unlikely. Here, the ET rate is almost temperature independent.  

 

Bixon and Jortner introduced the quantitative treatment of radiationless transitions.[23-

26] Vibrations of the solvent are mostly of low frequency nature and are treated within one 

classical solvent mode. Moreover, in the Bixon-Jortner theory the high energy vibrations of 

the reactant state are represented by one averaged mode. The introduction of vibrational 

modes provides additional transitions channels from the reactant to the product (see Figure 

1.5). Furthermore, with population of high-energy vibrational modes the difference in free 

energy between reactant and product states is reduced and consequently the rate constant 

for ET should increase. The total rate constant is calculated by the sum over all channels 

(see Equation 1.13).[24] 

 

∑
∞

=
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

+
=

0
)(

A

0
NA

ET 1n
n

n

H
kk  (1.13) 

 

with nk 0
NA  as the corresponding diabatic rate for nn →= 0 . This rate is calculated by 

Equation 1.14. 

 

( )
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⎦

⎤

⎢
⎢
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⎡ −
−=

Tk
ΔG

nAk
o

n

B

2
on2

NA
0
NA 4

exp0
λ

λ  (1.14) 

 

with 
2

0 n  being the nuclear Franck-Condon factor. The diabatic frequency factor NAA  is 

defined as follows 

 

Tkhc
VhcA
Bo

225.1

NA
2

λ
π

=  (1.15) 

 
)(

A
nH is the adiabaticity parameter for the nn →= 0  channel and is given by 
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2
A

)(
A 0 nHH n =  (1.16) 

 

where the adiabatic factor HA is[24] 

 

o

L
2

A
4

λ
τπ

h

VH =  (1.17) 

 

By means of the adiabatic factor HA (see Equation 1.17) it is possible to distinguish 

whether an electron transfer is of diabatic or solvent controlled adiabatic nature. A adiabatic 

transfer is present if the adiabatic factor is about unity, whereas a HA near zero indicates a 

transfer located in the diabatic regime.[24] 

 

The rate constant kET for the ET process depends on the electronic coupling V and 

the Franck-Condon weighted density of states FFC at the intersecting point of the two 

parabolas and is given by the Fermi’s Golden rule.[6] 

 

FC
222

ET 4 FVhck π=  (1.18) 

 

The Franck-Condon weighted density of states FFC corresponds to the overlap 

integral of all vibrational modes of the ground and the excited states.[6] In the diabatic regime 

kET is expected to depend exponentially on the distance of donor and acceptor subunit. 

-2 0 2 4

 

 

x = ET coordinate

 
Figure 1.5 Potentials of reactants and products as a function of the reaction coordinate for a diabatic ET  
  transfer. Additional transition channels (dashed) arising from high energy vibrations of the product  
  state (○) on the basis of the Bixon-Jortner theory are plotted as well as the only transition state in  
  classical Marcus theory (●). 
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A major achievement of Jortner’s work was to simplify the nuclear Franck-Condon 

factor by an expression including the Huang-Rhys factor. The nuclear Franck-Condon factor 

for the vibration between the 0=n  ground vibrational state of the reactant and the nth 

vibrational state of the product is given by Equation 1.19.[24] 

 

( )S
n

Sn
n

−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= exp

!
0

2
 (1.19) 

 

The Huang-Rhys factor S is a coupling constant and is defined as follows 

 

v

i
~ν
λ

=S  (1.20) 

 

with the inner reorganisation energy λi and the high temperature averaged molecular 

vibration mode v
~ν . The Bixon-Jortner theory can be applied accurately in case of a small 

Huang-Rhys factor S. 

 

Theoretical calculations revealed that there is only little difference in rate constants for 

the normal region between classical Marcus expressions and semiclassical expressions 

according to Bixon and Jortner. In contrast, striking differences are obvious in the inverted 

region. If large energy quantum intramolecular vibrations are a significant contribution to the 

inner reorganisation, Bixon-Jortner theory predicts in the inverted region that log kET depends 

more or less linearly on 0ΔG−  rather than quadratic.[6] 

 
On the basis of the Bixon-Jortner theory it is possible to obtain molecular properties 

which influence the rate constant for electron transfer from analysing absorption or emission 

bands.[27] Fitting of the corresponding spectra in various solvents yields an estimation of the 

inner λi and outer λo reorganisation energy, the averaged molecular vibration mode v
~ν and 

the difference in Gibb’s free energy 0ΔG−  of the diabatic ground and excited state. Jortner 

fits are restricted to asymmetrical bands because otherwise the fitting results for the four 

parameters are not unambiguously. As small Huang-Rhys factors indicate asymmetric 

absorption or emission bands Jortner fits can be applied successfully in case of a small inner 

reorganisation energy λi and a large high temperature averaged molecular vibration mode 

v
~ν . 
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A further extension of the ET theory was given by Marcus and Sumi.[28] Additional 

transition channels are possible if the curvature of the energy surface is small near the 

transition barrier or motions along the reaction coordinate differ significantly compared to 

perpendicular motions. In such a case the system can favour a transition channel which has 

a higher activation barrier but which facilitates the ET process dynamically. This approach is 

based on fluctuations of the solvent and on an intramolecular nuclear vibration with low 

energy. Consequently, the energy surface is a two-dimensional function of an intramolecular 

coordinate and a solvent coordinate. The fluctuations of the solvent are regarded as 

completely diffusive. A crucial quantity is the relation r of the intramolecular nuclear vibration 

with low energy λnv and the reorganisation energy of the solvent λo. 

 

o

nv

λ
λ

=r  (1.21) 

 

A value of r > 1 indicates a broad transition regime, where the transition barrier can 

be crossed. However, in the case of r < 1 the Gibb’s free energy increases strongly with 

distance from the barrier and a transition is only possible in a quite narrow regime.  

Qualitatively, the dynamics of the ET transfer are determined by two processes. The 

system crosses the activation barrier along the low-energy nuclear vibration and reaches the 

product minima on the energy surface. Motion along the solvent coordinate repopulates the 

depopulated positions.[7] 
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1.2.4 Electron Transfer Mechanisms 
 

Generally, two important electron transfer mechanisms concerning the active 

participation of bridge units connecting donor and acceptor are distinguished, the 

superexchange and the hopping mechanism.[29, 30] The total rate constant kET is the sum of 

both mechanisms but in certain 0ΔG  regimes one mechanism might dominate. 

 

 

1.2.4.1 Superexchange Mechanism 
 

Electrons are transferred according to the superexchange mechanism if bridge 

localised states are energetically higher than either donor or acceptor (see Figure 1.6a). The 

charge is transferred in one single step and is never localised onto the bridging unit because 

the superexchange mechanism is a nuclear tunnelling process. The Marcus-Jortner-Levich 

equation illustrates the dependence of the rate constant kET on the distance R. 

 

( )Rkk ⋅−⋅= βexp0ET  (1.22) 

 

The rate constant kET depends exponentially on the distance R between donor and 

acceptor. The influence of the distance on the rate constant is usually described by the β-

factor which has the dimension of a reciprocal distance. Consequently, a large β-factor 

indicates a strong dependence of the rate constant kET on the distance R.  
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Figure 1.6 State diagrams for an ET process from a donor to an acceptor in a donor-bridge-acceptor  
  compound in case of a a) superexchange and b) hopping mechanism.  
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The Marcus equation has often been applied to calculate kET for the superexchange 

mechanism (see Equation 1.3). Although the charge is transferred in one coherent step, 

higher lying states of the bridging unit influence the electronic coupling V between donor and 

acceptor and consequently the rate constant. According to the McConnell model[31] V can be 

calculated as follows 

 

0
D)(B

A)(BD)(B
A)(D

←

→←
→

⋅
=

ΔG
VV

V  (1.23)  

 

if one neglects direct D → A interaction. In this equation A)(D→V , D)(B←V and A)(B→V are the 

electronic couplings between donor and acceptor, bridging unit and donor and bridging unit 

and acceptor, respectively. 0
D)(B←ΔG is the free-energy change between the bridging unit and 

the donor. 

 

 

1.2.4.2 Hopping Mechanism 
 

A second possibilty of electron transfer is the hopping mechanism. The electron is 

transferred in several steps from one subunit to the other. After each step the charge is 

localised for a certain time onto the bridge and this state is principally detectable by means of 

appropriate spectroscopic methods. A precondition for this incoherent mechanism are low-

lying states of the bridging unit (see Figure 1.6b). The rate constant kET of this mechanism 

depends on the number of electron transfer steps N.  

 

N
k 1

ET∝  (1.24) 

 

In the case of an incoherent hopping mechanism charge can also be transferred via 

two steps in which an energetically higher lying though still accessible excited state is 

involved (Figure 1.7). The total rate constant khop is then calculated by Equation 1.25 on the 

basis of the quasi-steady-state approximation (QSSA, Bodenstein principle)[32], where each 

sequential rate constant (k(B←D), k(B→D) and k(B→A)) is given by the Marcus equation 1.22. 
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Figure 1.7 State diagram for an ET process from a donor to an acceptor in a donor-bridge-acceptor via a high  
  lying state which corresponds to the bridging unit. 
 

 

1.3 State of the Art 
1.3.1 Application of Suitable Redox Centres 

 

One important aspect in designing redox cascades is the use of suitable redox 

centres. A perfect subunit should combine several properties. Understandably, each redox 

centre has certain advantages and disadvantages. As a consequence, cascades with many 

different building blocks such as (metallo)porphyrines, triarylamines, ferrocene, 

(sub)phthalocyanines, carotenoids, tetrathiafulvalenes, fullerenes and quinones have been 

synthesised and investigated. In the following, examples of cascades are shown which 

comprise these redox centres. At first, the donors’ properties are discussed followed by those 

of the acceptors. For a better illustration the subunit which acts as electron acceptor is drawn 

in red and the subchromophore where the hole is located in the final CS state is given in 

blue. 

Most systems comprise one or more (metallo)porphyrine subunits[33-44] (A, G, J) as 

electron donors in close analogy to nature although their synthesis is quite challenging. 

Porphyrins are chromophores which consist of four pyrrole subunits connected by methine 

groups. They are part of many natural complexes such as chlorophyll (with Mg2+ at the centre 

of the ring) or haemoglobin (with Fe2+). The redox potential of porphyrins can be tuned by 

substituents and by the nature of the metal in case of (metallo)porphyrines. The stability of 

the corresponding cations is sufficient that no degradation occurs while the hole is located in 

the subunit. In context of solar energy conversion absorption of light of the solar spectrum is 

favourable. (Metallo)porphyrines are often used because they exhibit a relative bathochromic 

ground state absorption whereas many other organic compounds absorb quite 

hypsochromically. Thus, (metallo)porphyrines absorb an additional part of the solar spectrum 

which is often lost. However, a handicap in solar energy conversion is the narrow-band 

absorption of (metallo)porphyrines even though the absorption is characterised by large 



  1  Introduction   
 

 
 
  17

extinction coefficients. The small reorganisation energy of (metallo)porphyrines is another 

reason for their broad application in redox cascades. For example, the reorganisation energy 

of a Zn-porphyrin for radical cation formation was estimated to be ca. 550 cm-1.[45] 
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Cascade B was synthesised in order to study directed charge transfer processes 

along a redox potential gradient. Triarylamines were chosen as donor subunits because they 

combine several important advantages. In addition to their comparatively simple synthetic 

accessibility and their low reorganisation energy[16, 46, 47] (~ 4100 cm-1 of tri-p-tolylamine in 

acetonitrile)[48], substituents in para-position of the phenyl ring increase the stability of the 

corresponding radical cations[49, 50] and allow a certain tuning within a broad range of the 

redox potential.[51, 52] By modulating the redox potential of each subunit a directed redox 

potential gradient can easily be ensured. 
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Ferrocene (A, E) is another donor which is used is many cascades.[33, 53-57] It has a 

low oxidation potential and, consequently, stabilises the corresponding charge separated 

state efficiently. Its relative low reorganisation energy (~ 8100 cm-1 in acetonitrile)[58] is one 

further aspect which explains its frequent utilisation as donor subunit. Additionally, due to the 

stability of the ferrocenium cation the ferrocene / ferrocenium redox couple is used as 

reference in electrochemical measurements. 

 

The donor subunit in compound C is a phthalocyanine. Phthalocyanines are 

analogues of porphyrins which show some unique electronic characteristics as a result of the 

planar delocalised 18π-system. They exhibit high chemical and thermal stability. 

Phthalocyanines are utilised as hole conductors in laser printers or as light absorbing dyes in 

recordable CDs. They are also used as model compounds in biological systems. Cobalt(II)- 

and copper(II)-phthalocyanines (CoPc, CuPc) are of commercial interest as pigments. 

Although their absorption properties are enhanced compared to those of porphyrins[59-63], the 

low lying triplet state limits their utilisation when a long-lived charge separated state is 

required.[64-66] A low lying triplet state usually acts as an energy sink and quenches the 

charge separated state. The process of population of a locally excited triplet state 

corresponds to the charge recombination process. Consequently, the lifetime of the desired 

energy-rich state decreases. These consequences of a low lying triplet state on the lifetime 

of CS states are discussed in detail in Chapter 1.4.  
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Subphthalocyanines (D, E) which comprise three rather than four aromatic units are a 

relatively new class of molecular units for photoactive systems.[56, 67, 68] Their electron-

donating properties are easily tuned by adequate peripheral substituents which is an 

important factor in designing cascades with a directed redox gradient. Subphthalocyanines 

are excellent antenna units because they absorb visible light in the region of 550 –  



  1  Introduction   
 

 
 
  19

650 nm.[56] Moreover, they have low reorganisation energies (~ 3200 cm-1 in acetonitrile).[69] 

In a dyad consisting of a ferrocene subunit as donor subphthalocyanine has also been used 

as electron acceptor successfully (E).[56] The redox potential can be tuned by peripherical 

substituents and theoretical studies have shown that the corresponding radical anion is 

stabilised by partial delocalisation of the negative charge over the B-O bond.[70] 
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In close analogy a dyad consisting of a fused subphthalocyanine dimer (F) acting as 

electron donor has been presented.[67] The optical and magnetical properties differ 

significantly from those of the monomer. Significant red shifts of ground state absorption as 

well as of emission (~ 3000 cm-1) have been reported. The fluorescence quantum yield (0.24) 

decreases compared to a monomeric subphthalocyanine (0.4)[56] whereas the lifetime of the 

fluorescent state increases (2.5 ns compared to 1.8 ns). This class – monomers as well as 

fused dimers – presents promising properties to be used in future cascades. 

 

Carotenoids are pigments which occur in plants, algae, fungi or bacteria. More than 

600 types of carotenoids are known so far. They are an important class concerning the 

photosynthetic reaction centre. Carotenoids are involved in the energy-transfer process and 

moreover can protect the reaction centre from free radicals because carotenoids are efficient 

scavengers. Carotenoids (see cascade J in Scheme 1.1) are used as strong donors in 

various triads.[71] Thus, due to their excellent ability of stabilisation the resulting CS state a 

series of pentads[72] has been synthesised each consisting of one carotenoid. The lifetime of 

the CS state was at least 10000 times longer than in corresponding dyads without 

carotenoids. A major problem of carotenoids as subunits in multichromophore systems is the 

relative low energy level (0.9 eV) of the lowest excited triplet state.[73] The influence of the 
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energetic level on different deactivation pathways is outlined in Figure 1.7 and discussed in 

detail in Chapter 1.4. 
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Tetrathiafulvalenes (G) are one more group of established electron donors in dyads 

and triads.[74-82] Due to their excellent electron donating properties tetrathiafulvalenes are 

used as electrical conductors and superconductors.[83] They can be easily and reversibly 

oxidised to mono- and dications.[84] Thus, tetrathiafulvalenes stabilise the charge separated 

state efficiently. 
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Many if not most of artificial systems comprise C60 (A, D, F, G) as electron acceptor[33, 

37, 39, 41, 42, 85-101] because it can easily be reduced. Moreover, the total reorganisation energy of 

t-butyl substituted C60 is reported to be quite small (~ 5200 cm-1 in a benzonitrile / benzene 

solution)[102] or can even be neglected (λi < 1 cm-1).[103] Although C60 has a quite weak 
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absorption in the region of visible light it is very popular as acceptor in cascades because C60 

has a quite high lying excited triplet state (1.5 eV).[104]  

Under certain conditions, C60 can also act as electron donor in redox cascades 

(H).[105] In this case, a stronger electron acceptor than C60 is required. Otherwise, C60 acts as 

electron acceptor again. In a fullerene-trinitrifluorenone linked dyad C60 can act as electron 

donor because trinitrifluorenone is the stronger acceptor. Trinitrofluorenone was part of the 

first commercial photoreceptor introduced by IBM. They were the first who used an organic 

charge-transfer complex based on trinitrofluorenone and polyvinylcarbazole as a single layer 

photoreceptor in laser printers.[106] 

 

Some of the first dyads consisted of quinones (see J in Scheme 1.1)[107] as electron 

acceptors which are also part of various biological relevant compounds. Quinone and its 

derivatives are electron acceptors both in photosystem I and II as well as in aerobic 

respiration. Up to now, quinones are successfully used as acceptors in multichromophore 

systems up to pentads (J).[72] The primary step upon photoexcitation is an almost quantitative 

intersystem crossing from the locally excited singlet state to the triplet state. Chances and 

risks of a population of locally excited triplet states is discussed later. Electron transfer 

processes have also been reported originating from the short lived excited singlet state 

producing radical ion pairs with fast recombination rates. 
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Acridine was used as electron acceptor in a series of redox cascades such as B[16] 

because the fluorescence characteristics of donor substituted acridine have intensively been 

investigated by Kapturkiewicz et. al. and are well understood.[108-110] In addition, donor 

substituted acridine fluoresces with high quantum yields in a wide range of solvent polarity. 

This fact indicates a sufficient long-lived charge transfer (1CT) state which may be able to 

initiate hole transfer processes in adjacent subunits. Furthermore, is has been reported that 
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the conformational changes of 9-donor-substituted acridine accompanying the charge 

separation process in the excited state are only marginally.[108] 

 

 

1.3.2 Possible Approaches to Realise a Long-lived CS State 
 

In biological systems charge separation occurs via several fast electron transfer 

steps. Natural redox cascades usually consist of several membrane-bound complexes which 

act as redox centres. In contrast, in most artificial systems which serve as model compounds 

intramolecular electron transport is studied i.e. electron transfer occurs within one single 

molecule. These electron transfer processes normally result in a CS state. For an application 

of such systems e.g. in optoelectronic devices a sufficient long-lived CS state is an outmost 

condition. Generally, various approaches are known to increase the lifetime of this energy-

rich state. 

As can be seen from Equations 1.3 and 1.23 the rate constant of ET processes 

depends on the square of the electronic coupling. Thus, one obvious attempt is to decrease 

the electronic coupling. However, a major problem is that charge separation is also impeded 

by a small electronic coupling and has to compete with other deactivation processes. A CS 

state with a long lifetime is useless if it is formed in low quantum yields. A quite elegant 

approach to ensure fast separation and slow recombination processes of charges was 

reported by Zimmt et. al.[111, 112] They designed compounds in which the electronic coupling 

for the charge separation process is much larger than that for the recombination process. 

Nevertheless, the increase of the lifetime was only little pronounced compared to the 

decrease of the electronic coupling for the recombination process. Thompson et. al. pursued 

the same strategy of fast charge separation and slow recombination. They reported on para- 

and meta-linked chromophores which showed quite similar forward ET rates. In case of the 

meta-conjugated compound (I) charge recombination is slower which was explained by a 

small electronic coupling concerning the process CS → S0.[113] 
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Another approach to increase the lifetime of the CS state is its stabilisation in the 

Marcus normal region. This can be achieved by comprising strong donor and acceptor 

subunits such as ferrocene and fullerene. Separation of the charges over wide distances also 

stabilises the CS state. Both approaches are combined in pentad (A) whose CS state has a 

lifetime of 0.53 s in DMF.[57] Furthermore, this CS state is prepared in a comparatively high 

quantum yield of 80 %.  

 

Utilisation of complex compounds is restricted by time-consuming and expensive 

synthetic work. Thus, their synthesis is a big challenge in the field of basic research but it is 

impractical for use in commercial applications. As illustrated in cascade J several electron 

and hole transfer processes lead to the final CS state.[72] Competing deactivation pathways at 

each step reduce the quantum yield. Thus, the overall quantum yield for population of the CS 

state decreases with an increasing number of charge transfer processes. 
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Scheme 1.1 Photoexcitation, energy, electron and hole transfer processes in pentad J resulting in the final  
  charge separated (CS) state. 

 

Consequently, it is desirable to design compact dyads which show fast and efficient 

charge separation but slow recombination processes. Generally, small donor-acceptor 

systems are easily accessible compared to large chromophores. It is noteworthy that in most 

dyads a charge transfer (CT) state forms the energy-rich state (instead of a charge 

separated (CS) state) in which the charges are almost completely separated. In small 

compounds the separated charges are in close vicinity to each other and consequently 

further approaches are required to impede the recombination process. 
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One promising attempt to slow down charge recombination is that of spin control.[8] In 

small molecules the excited singlet state is always energetically above the triplet state (see 

Figure 1.7). Assuming that the compounds exhibits a CT band, the 1CT state can be 

populated by irradiation directly. Both fluorescence and nonradiative deactivation processes 

lead to the singlet ground state S0 by spin-allowed processes. If the 1CT state decays into the 
3CT state, the lifetime of the energy-rich excited state dramatically increases. Assuming that 

the 3CT state is the lowest excited triplet state charge recombination is impeded due to spin 

restriction of the process 3CT → S0. The solvatochromism of CT states is usually more 

pronounced than that of locally excited states. Thus, in polar solvents dipolar CT states are 

stabilised and are consequently more likely to be below locally excited ones. Otherwise, the 

decay from the 3CT state into a locally excited triplet state is fast and is the dominant 

recombination process. 
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Figure 1.7  Possible ISC pathways for population of the 3CT state and subsequent charge recombination (CR) 
  processes. a) and c) polar solvent; b) nonpolar solvent. 
 

It is not only the lifetime of excited CT states that is important but also that the CT 

state is formed in high quantum yields. A long-lived CT state is useless for applications if it is 

prepared only as a byproduct. If the 3CT state shall be the main product of 1CT state 

deactivation one has to optimise the process 1CT → 3CT. Due to the fact that this pathway is 

spin-forbidden and consequently quite slow, other competing processes might be faster. A 

rapid spin conversion is an important condition for a sufficient population of the 3CT state. 

Enhanced intersystem crossing (ISC) increases the rate of this process. ISC is the major 

process in metal-organic compounds due to the heavy-atom effect. In 1988 the first purely 
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organic compound (K) with a 3CT state has been reported that displays a long lifetime (0.7 µs 

in cyclohexane).[114] After excitation of a subchromophore the 1CT state is formed in high 

quantum yields.[115] The population of the 3CT state shows a pronounced solvatochromism 

and reaches its maximum (52 %) in case of cyclohexane as solvent. That the 3CT state is the 

lowest excited triplet state in nonpolar solvents is rather unique because normally a locally 

excited state is the lowest triplet state except for polar solvents (see Figure 1.7a and 1.7b). 
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Upon photoexcitation of the acceptor subunit of L fast ISC occurs within the locally 

excited states before charge separation in the singlet states can take place (see Figure 

1.7c).[116] Then, the 3CT state can be almost quantitatively populated by a spin-allowed 

deactivation process from the locally excited triplet state. Only a few other compounds are 

known in which ISC occurs within locally excited states but in lower yields.[117, 118] 

ISC is also increased by excitation of triplet-sensitisers and subsequent energy 

transfer to the chromophore. Whereas sensitisers added to the solution might have major 

disadvantages (e.g. quantum yield, energy transfer), compounds with intramolecular 

sensitisation avoid the problems caused by intermolecular interactions. System M is the first 

compound which shows a successful intramolecular sensitisation step producing a 3CT state 

by means of a carbonyl group acting as triplet sensitiser.[8] The 3CT state has a lifetime of 

0.33 µs in deoxygenated acetonitrile.  

A general problem of impeding charge recombination by spin control is the energy 

which can be stored. As already explained above it is an outmost condition that the 3CT state 

is the lowest excited triplet state. However, with increasing stabilisation of the 3CT state the 

energy stored within in this state decreases. 

In close analogy to extended cascades one possibility to prolong the lifetime of the 

CT state in a compact dyad is its stabilisation as far as charge recombination is located in the 

normal Marcus region. A quite new approach is the use of subphthalocyanines as electron 

acceptors (E).[56] The resulting negative charge in the CT state is stabilised by partial 

delocalisation along the B-O bond. The generated CT state possesses a remarkable stability 

with a lifetime of 0.2 ms in benzonitrile at 25 °C. However, the absence of the spectral 

features of the ferrocenium cation in the transient spectra raises suspicion that a ionised 
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species has been generated and characterised. Additionally, a small reorganisation energy 

as it is typically for subphthalocyanines should lead to a short-lived CS state. 

 

A quite similar attempt is the stabilisation of CT states by addition of appropriate 

salts.[54, 59, 105] In case of a dyad with fullerene as donor and trinitrofluorenone as acceptor (H) 

Sc(OTf)3 forms a strong complex with the acceptor subunit and accepts part of the negative 

charge. Thus, the negative charge is more delocalised which results in an increase of the 

stability of the CT state. The lifetime of the CT state was determined to be 23 ms in 

benzonitrile at 25 °C.  

An extraordinary increase of the lifetime of a CT state resulted from addition of 

Y(OTf)3 to a ferrocene anthraquinone dyad.[54] The lifetime of 83 µs was explained by very 

strong bindings of Y(OTf)3 with the anthraquinone subunit which causes major changes in 

reorganisation energy and driving force of electron transfer. This lifetime is all the more 

exceptional because back electron transfer is located in the Marcus normal region. 

Stabilising the CT state has a further advantage. With increasing stability, that means 

with decreasing energy, it becomes more likely that this state is below the lowest locally 

excited triplet state (see Figure 1.7a). 

A further approach to prolong the lifetime of excited states is to increase the energy 

gap between the energy-rich excited state and that state in which the charges are 

recombined. As already explained above charge separation should be fast in the Marcus 

normal region whereas charge recombination is impeded in the inverted region. The 

importance of a small reorganisation energy has already been outlined. In the inverted region 

the rate constant of charge recombination decreases with increasing 0ΔG . This fact is a 

major advantage compared to the spin controlled approach. The more energy is stored in the 

excited state the more decelerated the excited state decays. The lifetime of the CT state of a 

dyad consisting of a fullerene acceptor and a zinc chlorine as donor (N) was reported to be 

230 µs at 25 °C.[119] As a result of the charge recombination process being located in the 

Marcus inverted region, the lifetime increases with decreasing temperature. The published 

lifetime for this dyad at -150 °C is 120 s which would be a record for linked donor-acceptor 

compounds. 
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However, the CS state is only formed in 12 %. Due to this fact, Verhoeven et. al.[8] proposed 

that a long-lived 3CT state is formed as it has outlined above. Then, the long lifetime can be 

explained by a spin-forbidden deactivation process (3CT → S0). 

 

 

1.4 Project Aim  
1.4.1 Design of the Cascades 

 

The aim of this project was the synthesis and the investigation of redox cascades 

concerning their photophysical properties. On the basis of a recent study in our group[16], we 

retained the basic design of these redox cascades which is outlined in Scheme 1.2. These 

chromophores consist of an acceptor which is covalently linked to a donor chain, comprising 

up to three subunits. 

As acceptor we used acridine due to reasons discussed in Chapter 1.3.1. Moreover, 

various synthetic approaches of donor substituted acridines have been reported.[120-128]  

Triarylamines are well-known hole transport components and are used in many 

commercial applications because they combine several important advantages (see Chapter 

1.3.2). Triarylamines are utilised as hole conductors in light emitting materials[129-138], as 

photorefractive materials for optical data storage[139] and in electrochromic mirrors.[140] 

Moreover, their synthesis as well as their optical and electrochemical properties are well-

established in the Lambert group. Tuning of the redox potential of the triarylamine subunits 

by adequate substituents in para-position of the phenyl ring ensures that the redox gradient 

is always correctly directed downhill to the terminal donor. Various terminal donors were 

used to study their influence on the kinetics of charge separation and recombination 

processes. 
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To continue the work which substantiated acridine and triarylamine as suitable 

compounds for redox cascades[16], it was desired to prolong the lifetime of the finally 

prepared charge separated state. Different approaches are discussed in Chapter 1.3.2. We 

preferred to decrease the electronic coupling between the redox centres. This was done by 

saturated bridges separating the donor subunits. In order to suppress conformational 

flexibility as much as possible, we chose a methylene and ethylene bridging unit. 

Furthermore, the electronic coupling between the acridine acceptor and the adjacent donor 

subunit is decreased by an orthogonal orientation of the phenyl group attached to the 

acceptor. This orientation which is enforced by two methyl groups reduces π-overlap and 

results in a more pronounced charge transfer state. 

With the aforementioned molecular properties in mind we anticipate the following 

scenario of photoinduced charge transfer processes in the cascades (see Scheme 1.2): upon 

photoexcitation of the moiety consisting of the acceptor and the adjacent donor either a 

locally excited acridine state followed by rapid internal conversion into a 1CT state is 

prepared or directly the 1CT state. This 1CT state injects a hole onto the next donor which, in 

cases of chromophores with three donor moieties, then migrates to the periphery of the 

cascade forming a charge separated (CS) state.  

 

 
Scheme 1.2 Principle of photoinduced electron transfer processes. The redox gradient is indicated as follows:  
  the darker the blue background the stronger the donor subunit.  

 

Characterisation of the cascades includes various optical and electrochemical 

techniques. The redox potentials are determined by cyclic voltammetry to check if the redox 

gradient is directed correctly. The redox potentials can be further used to check if the 

potential depends mainly on the substituents of the triarylamines as a consequence of a very 
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small electronic coupling between them or if they depend on the nature of adjacent redox 

centres. The dynamics of various charge transfer processes is investigated by means of 

stationary and time-resolved absorption and fluorescence spectroscopy. These techniques 

are further used to identify the deactivation pathways in the cascades. 

 

 

1.4.2 Characterisation of CS States 
 

An indispensable precondition for the use of redox cascades in commercial 

applications is an intense investigation of basic optical and electrochemical properties. As 

already mentioned above the lifetime of the CS state is a key feature. A common method to 

investigate the kinetics of the excited states is transient absorption spectroscopy. The laser 

flash photolysis technique has become a powerful method to gain insight into the kinetics 

and the energy of excited states in chemical as well as in biological systems upon 

irradiation.[141-143] In the ns time domain, transient absorption spectra are often interfered by 

fluorescence which limits the time resolution decisively. Consequently, transient absorption 

spectra can either be measured only for compounds which show virtually no fluorescence or 

in the time domain longer than fluorescence decays. As most organic chromophores 

fluoresce and it is not tolerable to lose kinetic information in the ns time domain, a new 

fluorescence correction method is required which no longer limits the time resolution of 

transient absorption spectroscopy by means of the laser flash photolysis technique.  

It should be mentioned that CS states must be characterised carefully. It is an 

outmost condition that the spectral features of the originated radical cation and the radical 

anion as well must be evident from the corresponding transient absorption spectra. One 

further condition to confirm a CS state is the same monoexponential decay of the transient 

absorption bands both of donor and acceptor subunits. It appears suspect if spectral features 

of one part are missing or the spectral characteristics exhibit complex decays. Ionisation is a 

likely process that causes incomplete transient spectra or multiexponential decays. With 

increasing lifetimes of the CS state and decreasing complexity of the compounds a serious 

investigation becomes more and more important to allay any suspicion of ionisation.  
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2 Transient Absorption Spectroscopy of Fluorescent  
  Compounds in the ns Time Domain 

2.1  Introduction 
 

Laser flash photolysis (LFP) technique has become a powerful method to study 

transient species in gaseous, liquid or solid phase[143] since its introduction by Kosonocky et. 

al.[141] in 1965 and Lindqvist[142] in 1966. The technique of LFP is used to gain insight into the 

kinetics and the energy of excited states in chemical as well as in biological systems upon 

laser excitation. The temporally changing absorption characteristics can be attributed to 

chemical or physical processes of the excited state species.  

Generally, the recorded transient absorption signal consists of transient absorption, 

fluorescence and ground state bleaching. Thus, for fluorescent chromophores a correction is 

indispensable in order to obtain undisturbed absorption decay curves as well as accurate 

transient absorption spectra. While ground state bleaching cannot be corrected, it is essential 

to correct at least emission as this signal is likely to appear in spectral regions where 

transient absorption signals are expected. Without any fluorescence correction no transient 

absorption spectra of short living (ns domain) excited singlet states of fluorescent 

compounds can be recorded. Consequently, LFP is mainly restricted to the investigation of 

long living species such as triplet states. In order to circumvent these problems, different 

approaches to eliminate or minimise fluorescence contributions have been reported. 

One recent approach by Scaiano et. al.[144] to solve the above mentioned problem is 

the use of a lens system which focuses the probe light beam through the sample onto a fibre 

which conducts the signal to a monochromator-photomultiplier (PMT) assembly. The fibre 

which collects the beam discriminates between the attenuated probe light and unwanted 

fluorescence under solid angle conditions. Thus, most of the fluorescence which is emitted 

from the excited probe into all directions is excluded. It is reported that the interfering 

fluorescence signal is tolerably minimised by this technique.  

A further method to solve the problem of interfering fluorescence is to measure the 

emission separately. In this case the sample is excited by the laser while the probe light is 

blocked.[145] The change in optical density is then calculated by Equation 2.1. 
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In Equation 2.1 Ip stands for the background level caused by the white probe light which is 

assumed to be constant with time, (t)p
TI  is the time dependent probe light intensity 

transmitted through the sample and IF(t) is the fluorescence decay which is separately 

recorded while the probe light is switched off. 

However, this correction proved to be applicable only in cases in which the 

fluorescence quantum yield is below ca. 1 %. This is due to the photon flux dependent 

response characteristics of the PMT which yields distorted transient signals if the white light 

background is switched on compared to the same signal with white light being switched off. 

As many organic chromophores fluoresce with quantum yields > 1 % and have lifetimes in 

the lower ns time domain it is highly desirable to develop a reliable method which accounts 

for those fluorescence contributions in transient absorption spectroscopy. 

 

 

2.2  Results and Discussion 
 

First, we demonstrate that simple subtraction of emission signals using Equation 2.1 

does not yield correct transient absorption spectra. With our setup the calculation of the 

transient absorption according to Equation 2.1 failed because the rise time[146] and 

additionally the intensity of the instrument response function depend on the initial photon flux 

level which shines on the PMT as it is shown in Figure 2.1. 
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Figure 2.1  Instrument response function with high intensity (pulsed) probe light (solid) and without probe light  
  (dashed). The offset caused by the probe white light in the solid curve is eliminated for better  
  illustration. 
 

The instrument response curves shown in Figure 2.1 differ in three crucial points: first, 

the solid curve is shifted by ~ 0.3 ns, second, the solid curve is ~ 1 % more intense, and 
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third, the rise times of both curves differ by ~ 0.06 ns. Although these differences on their 

own are superficially not dramatic, subtraction of both curves results in an absolutely 

unsuitable fluorescence correction compared to the weak transient absorption signal. To 

illustrate this behaviour we used the chromophore Hoechst 33258 (H) which is widely used 

as a DNA stain. The absorption and emission spectra of H in DMF are shown in Figure 2.2. 

The two corresponding transient traces at 490 nm of a solution of H with a fluorescence 

quantum yield of 35 % in DMF are shown in Figure 2.3a. It should be noted that transient 

absorption appears as a negative signal if it is plotted versus time. Consequently, ground 

state bleaching and fluorescence appear as a positive signal. In contrast, transient 

absorption is illustrated as a positive signal in the spectral plots and analogously ground 

state bleaching and fluorescence as negative signals.  
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Figure 2.2 Absorption and emission spectra of H in DMF.  
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Figure 2.3 Photoexcitation of H in DMF at 355 nm; a) time dependent measurements at 490 nm: fluorescence  
  and transient absorption (solid) and fluorescence correction (dashed); b) transient absorption  
  spectra recorded at 10 nm steps with standard fluorescence correction using Equation 2.1.  
  Fluorescence appears as a negative signal in this representation. 
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Figure 2.3a illustrates the failure of the standard fluorescence correction. Apart from 

the slight time-shift of both curves one can easily see that the fluorescence correction curve 

is less intense than the curve consisting of transient absorption and fluorescence. It is 

obvious that a less intense fluorescence curve makes no physical sense and is the 

consequence of the response characteristics of the PMT. The effect of this kind of 

fluorescence correction on transient absorption spectra is shown in Figure 2.3b. These 

transient spectra are very similar to those obtained without any correction. Thus, for an 

adequate fluorescence correction measurement it is an outmost condition that the time 

response characteristics of the instrument response for the IT(t) trace match closely that of 

the fluorescence correction trace. Although it is not completely understood yet, we observed 

that differences in time response characteristics are less pronounced if two transient signals 

are measured while in both experiments probe light of even very different intensity is shining 

onto the PMT. Obviously, the PMT response differs if no probe light is shining onto the PMT 

from if probe light of any intensity is shining. Thus, instead of correcting the transient signal 

(transient absorption & fluorescence) at a given probe light intensity by a separately 

measured fluorescence trace (with probe light blocked) we correct the transient signal by 

recording a second transient signal measured with a probe light at lower intensity. In our set-

up this can easily be done by using the Xe flash lamp in pulsed mode (probe light with high 

intensity) and in CW mode (probe light with low intensity, ca. 10 % of pulsed mode). In 

practice, this intensity ratio of pulsed to CW light (10:1) turned out to be optimal to measure 

many different fluorescent compounds with our setup but it might be necessary to modify the 

ratio when using a different transient absorption equipment. Figure 2.4a displays two curves 

of H in DMF which were recorded under the same conditions as those of Figure 2.3a but with 

different probe light intensities. It can be clearly seen that the signal recorded with pulsed 

probe light is less intense because the transient absorption contribution reduces the signal 

compared to the measurement with weak CW probe light. In contrast to the two curves 

shown in Figure 2.3a both signals show the same rise times which is a further improvement.  
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Figure 2.4 Time dependent measurements of H in DMF at 490 nm upon photoexcitation at 355 nm: traces with  
  intense pulsed white light (solid) and with low intensity CW light (dashed). The constant offset  
  caused by the probe light is eliminated in both curves. 

 

As fluorescence depends on the intensity of the pulsed and not on the probe light, it 

is considered to be identical in both transient signals. In contrast, the amount of transient 

absorption varies linearly with the intensity of the probe light. Taking these two facts into 

account, we derived Equation 2.2 to calculate the changes of optical density where (t)CW
TI  is 

the transient signal with weak probe light (CW Xe lamp with background CWI ).  

 

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

−
−

=
(t)(t)

log(t) CW
T

p
T

CWp

II
IIΔOD  (2.2) 

 

Applying the new approach, we are able to obtain undisturbed transient absorption 

spectra of fluorescent compounds. For illustration, we derived transient absorption spectra of 

H in DMF (see Figure 2.5) from fluorescence corrected time dependent measurements using 

Equation 2.2, although fluorescence and transient absorption of this sample occur in the 

same spectral region.  
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Figure 2.5  a) Transient absorption spectra of H in DMF (photoexcitation at 355 nm). Early spectra are shown 
  in blue/green and late spectra are shown in orange/red colours; b) Time dependent absorption  
  measurements (data points) of H and of fit (line) at 465 nm. 
 

From transient absorption measurements the lifetime of the first excited state was 

determined to be 3.4 ns. This value is in quite good agreement with the fluorescence lifetime 

(3.6 ns) which was determined from fluorescence decay measurements. This decay was 

recorded with a fluorescence-lifetime spectrometer with a nanosecond flash lamp. The 

agreement of both decays proves beyond doubt that the new fluorescence correction 

according to Equation 2.2 works very well.  

 

 

2.3 Conclusion 
 

Measuring two transient absorption signals with different intensities of the probe light 

allows us to investigate compounds with quantum yields up to ~ 35 %. This procedure is a 

distinct improvement because we are not aware of any method which allow fluorescent 

states of compounds with such high quantum yields to be investigated by laser flash 

photolysis technique. For samples with quantum yields > 40 % it is still very difficult to obtain 

accurate transient spectra, because the fluorescence signal increases compared to that of 

the transient absorption. Consequently, the very small difference of two comparatively large 

signals results in a major error in the denominator of Equation 2.2.  
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3 Photoinduced Charge Separation and Recombination  
  in Acridine-Triarylamine Based Redox Cascades 
3.1 Introduction 
 

Photoinduced electron transfer (PET) processes along redox cascades are of 

fundamental relevance in biology (e.g. photosynthesis)[107, 147-149] and in artificial devices such 

as dye sensitised (in)organic solar cells (DSSC)[150-160] or solar cells based on 

semiconducting organic polymers.[161-163] In order to study electron and hole transfer 

processes many systems close to nature (biomimetic)[89, 164, 165] as well as many completely 

artificial ones[56, 166-175] have been synthesised. Many if not most of these artificial systems 

comprise either C60
[33, 37, 39, 41, 42, 85-101] as the electron acceptor (because it can easily be 

reduced and has a low reorganisation energy) or (metallo)porphyrine subunits[33-44] as 

electron donors because they mimic the naturally occurring chlorophyll properties so nicely.  

In this chapter we report about fully artificial redox cascades which might be a further 

step towards efficient light driven systems by photoinducing a long-lived charge separated 

state in cascades consisting of up to three donor subunits with decreasing redox potential. 

Chart 3.1 shows the cascades 3 – 10 and the two reference compounds 1 and 2 which were 

synthesised. All chromophores comprise acridine (Ac) as the electron acceptor moiety, one 

triarylamine donor subunit in the case of the reference compounds, and up to three donor 

subunits within the cascades. Acridine was used because the fluorescence characteristics of 

donor substituted acridine have intensively been investigated by Kapturkiewicz et. al. and are 

well understood.[108-110] In addition, donor substituted acridine fluoresces with high quantum 

yields in a wide range of solvent polarity. This fact indicates a sufficiently long-lived charge 

transfer (1CT) state which may be able to inject a hole into the cascade. The internal 

reorganisation energy of donor substituted acridine derivatives is relatively small[108] as is that 

of triarylamines in general.[16, 46, 47] Consequently, as in photoinduced electron transfer 

processes charge separation is expected to be in the Marcus normal region and charge 

recombination in the inverted region, a small internal reorganisation energy will promote fast 

hole transfer and slow recombination rates. 

In all cascades we used triarylamines as the electron donors. Owing to their excellent 

stability as radical cations[49, 50] triarylamines have already been used in many charge transfer 

systems like arrays[16, 176-179], dendrimers[180-189] or polymers[190, 191] as hole transport 

components. Moreover, their redox potential can easily be tuned within a broad range by 

adequate substituents of the phenyl ring.[51, 52] Substituents in para-position also serve to 

increase the stability of the triarylamines upon oxidation.  
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Chart 3.1 
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To simplify the discussion below, we make the following assignments to the redox 

centres in the chromophores: the acridine moiety (Ac) is connected to the adjacent donor 

subunit (D1) which is in all cases a triarylamine, followed by a second (D2) and, in 6 and 7, 

by a third (D3) donor subunit. The terminal redox centre (either D2 or D3) has in all 

chromophores the lowest oxidation potential. This terminal redox centre is in most cases a 

triarylamine but in some cases D2 is replaced by carbazole[192, 193] or phenothiazine[194] in 

order to study the influence of different donor subunits within the redox cascades. 

In a recent study[16] we investigated the photoinduced electron transfer dynamics in 

cascades comprising acridine as the electron acceptor and a donor array of two or three 

triarylamines connected by conjugated triple bonds (see Chart 3.2). Because of the 

conjugated bridge in between the triarylamines and between the acridine and the first 

triarylamine photoinduced charge separation was fast (2 ps to 5 ns depending on the 

solvent) but also charge recombination (20 ps to > 2 ns).  

In order to increase the lifetime of the charge separated (CS) state compared to the 

cascades O and P already studied in our group (see Chart 3.2), the electronic coupling 

between the acridine acceptor (Ac) and the donor subunit D1 is decreased by the 

perpendicular orientation of the phenyl group attached to Ac (cf 1 vs 2 and 3 vs 4). This 

orientation which reduces π-overlap considerably is enforced by two methyl groups. 

Furthermore, the electronic communication between the amine redox centres is decreased 

by saturated spacers. We chose a methylene and ethylene bridging unit in order to minimize 

conformational flexibility of the donor chain as much as possible. One exception is cascade 7 

where the second and third triarylamine is bridged by a conjugated rigid triple bond. We can 

estimate the electronic coupling between the triarylamine redox centres by analysing the 

intervalence charge transfer (IVCT) band in the mixed valence radical cation of the reference 

bis-triarylamine 11. The IVCT band of 11.+ was obtained by chemical oxidation of 11 with 

SbCl5 in CH2Cl2 (see Experimental Section). A Mulliken-Hush analysis[195] of 11.+ gave an 

electronic coupling V between the two redox centres of 90 cm-1 compared to 1200 cm-1 in the 

case of an acetylene spacer.[195, 196] 
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Chart 3.2 
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3.2 Results and Discussion 

3.2.1 Synthesis 
 

The synthesis of compound 13 is shown in Scheme 3.1. 9-(4-Bromophenyl)acridine 

12 was synthesised by a Bernthsen reaction of diphenylamine and 4-bromobenzoic acid in a 

microwave assisted reaction. The diarylamine 13 was prepared by a palladium catalysed 

Buchwald-Hartwig amination[197-201]  of 12 and 4-chloroaniline. 
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Scheme 3.1  Synthesis of precursor 13. i) Pd2(dba)3·CHCl3, PtBu3, NaOtBu, toluene. 
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The synthetic approach to the bridge unit 17 is outlined in Scheme 3.2.  

2,9-Diaminodibenzosuberone was synthesised in two steps according to literature.[202] First, 

dibenzosuberone was treated with a nitric acid / sulphuric acid mixture to yield  

2,9-dinitrodibenzosuberone. Then, reduction of both nitro groups was accomplished by 

tin(II)chloride in a mixture of hydrochloric and acetic acid. Conversion of both amino groups 

into bromo substituents by a modified Sandmeyer reaction using copper(II)bromide and  

tert-butylnitrite in acetonitrile[203] was followed by the reduction of the carbonyl group with 

NaBH4 in trifluoroacetic acid[204] to yield compound 17.[205] 

 

O O NO2O2N O NH2H2N

O BrBrBrBr

17 (90 %) 16 (69 %)

15 (77 %)14 (90 %)

HNO3
H2SO4

SnCl2.2H2O
HCl, HOAc

CuBr2
tBuONO
MeCN

NaBH4
TFA

 
 
Scheme 3.2  Synthesis of bridge unit 17. 
 

The synthesis of reference chromophore 1 and its extension 3 is illustrated in Scheme 

3.3. Compound 31 was prepared by a palladium catalysed amination of 17 and  

di-p-anisylamine (24). Target compounds 1 and 3 were prepared under the same conditions 

by reaction of 13 with 4-iodotoluene or 31, respectively. 
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Scheme 3.3  Synthesis of compounds 1 and 3. i) Pd2(dba)3·CHCl3, PtBu3, NaOtBu, toluene.  
 

The synthesis of the donor chain 27 is shown in Scheme 3.4. The triarylamine 18 was 

prepared by a copper catalysed Ullmann condensation of 4-bromoaniline and 4-iodoanisole. 

The terminal alkyne 20 is accessible by a palladium catalysed Hagihara coupling of 18 with 

TMSA.[206-208] The protecting TMS group was removed by TBAF in THF.[209] We used the 

above mentioned Hagihara coupling to obtain compound 21 by reaction of 20 with 1-bromo-

4-iodobenzene. The required precursor 27 was prepared by a palladium catalysed aryl-N-

coupling of 21 and 4-iodoaniline. 

The syntheses developed for compounds 4 – 10 are given in Scheme 3.5. First, the 

starting compound 9(10H)-acridone was protected by MEM chloride.[210] After addition of  

5-bromo-2-lithio-1,3-dimethylbenzene the protecting group was removed by sequential 

addition of HCl and K2CO3 to yield the aromatic compound 22 in acceptable yields (42 %) 

compared to similar reactions reported in literature.[125-127, 211] The diarylamine 23 was 

synthesised by a palladium catalysed aryl-N-coupling of 22 and 4-chloroaniline. Formation of 

compound 2 was finally accomplished in the same way as chromophore 1.  
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Scheme 3.4  Synthesis of donor chain 27. i) Pd2(dba)3·CHCl3, PtBu3, NaOtBu, toluene. ii) Pd(C6H5CN)2Cl2,  
  PtBu3, CuI, HNiPr2, dioxane. 
 

Compounds 24, 25 and 29 are commercially available and were used without further 

purification. The precursor 26 is accessible by a palladium catalysed amination of 31 and  

4-methylaniline. Using this palladium catalysed Buchwald-Hartwig amination, compound 28 

was obtained by reaction of (4-bromophenyl)dimethylaniline with p-anisidine. Following a 

procedure published by Kikugawa et. al.[212] we synthesised 30 in an one-step-reaction using 

commercially available 3,6-dibromo-9H-carbazole as the starting material. A direct methoxide 

displacement of bromo was achieved by using MeONa and CuI in DMF. All intermediates 31 
– 37 were prepared by palladium catalysed aminations of 17 and the corresponding donor 

fragments 24 – 30. Finally, these key precursors were again coupled by Pd catalysis with 23 

to obtain the desired target compounds 4 – 10. 
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Scheme 3.5 Synthesis of compounds 2 and 4 – 10. i) Pd2(dba)3·CHCl3, PtBu3, NaOtBu, toluene. 
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3.2.2 Redox Properties 
 

For a discussion of photoinduced electron and hole transfer processes in 1 – 10 it is 

essential to know the local redox potentials of all redox centres. Therefore we determined the 

redox potentials of all chromophores 1 – 10 by cyclic voltammetry (CV). The measurements 

were performed in benzonitrile for all compounds using TBAH (0.2 M) as supporting 

electrolyte. The redox potentials are referenced against the ferrocene/ferrocenium redox 

couple as internal standard. The half wave potentials obtained from measurements in 

benzonitrile are summarised in Table 3.1 and the CV of cascade 4 in benzonitrile is given in 

Figure 3.1 as a representative CV for all chromophores. 
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Figure 3.1 CV of 4 in benzonitrile / 0.2 M TBAH, v = 100 mV/s. 
 

The redox process at about -2070 mV is nearly constant for all chromophores and is 

associated with the reduction of the acridine acceptor. As already reported by Steckhan et. 

al.[51, 52] the oxidation potentials of triarylamines can be tuned by substituents. The values of 

compounds 1 – 10 (see Table 3.1) indicate that the oxidation potentials depend mainly on 

the substituents attached to the triarylamines. This implies that the electronic coupling 

between the redox centres is negligible compared to the influence of their substituents. In all 

chromophores 1 – 10 the redox centre D1 is structurally the same and is most difficult to 

oxidise. The redox potentials of the donor subunits D2 and – if present – D3 are shifted to 

lower values than D1 owing to the methoxy (at D2 in 3 and 4 and at D3 in 6 and 7) or methyl 

(at D2 in 5 – 7) groups or to a combination of dimethylamino and methoxy substituents (at D2 

in 8) or owing to the phenothiazine redox centre (D2 in 9). Although cascades 4 and 10 differ 

only in one bond (triarylamine vs. carbazole subunit) the oxidation potential of the bis-

methoxy substituted carbazole moiety in 10 is shifted to such a high potential that its redox 
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wave is superposed by the signal of the redox centre D1. Thus, the carbazole subunit in 10 is 

only somewhat easier to oxidise than D1 and cannot be compared at all with the redox 

properties of bis-methoxy substituted triarylamines. 

All further redox processes are chemically irreversible as they are related to the 

second oxidation of one donor subunit and could only be observed in a few compounds due 

to the limited accessible potential window of the solvent. 

 
Table 3.1 Redox potentials (E1/2 vs. Fc/Fc+) of 1 – 10 in benzonitrile / 0.2 M TBAH determined by cyclic  
  voltammetry.  

 mV/)Ac(red
2/1E  mV/)1D(ox

2/1E  mV/)2D(ox
2/1E  mV/)3D(ox

2/1E  

1 -2060          570[a]   
2 -2070          520[a]   
3 -2050          570[a]           210   
4 -2070          530[a]           210   
5 -2070          540[a]           370   
6 -2070          540[a]           390  210  
7 -2070          540[a]           450  260  
8 -2070          560[a] -130 / 420[b]   
9 -2070          530[a]           270   

10 -2070          530[a]           470   
[a] chemically irreversible, [b] second oxidation of the same subunit 
 

The results of the CV measurements (see Table 3.1) illustrate that the redox gradient 

in cascades 3 – 10 for hole migration is always correctly directed downhill from D1 to D2 and 

in 6 and 7 further to D3. Furthermore, it is confirmed that the redox potentials of the redox 

centres can be tuned by adequate substituents and that electronic interaction between the 

redox centres is very weak. This is an important condition for the proper design of redox 

cascades with a directed hole transfer gradient. 
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3.2.3 Stationary Spectroscopy 

3.2.3.1 Steady State Absorption Spectroscopy 
 

The steady state absorption spectra of the two reference compounds 1 and 2 are 

shown in Figure 3.2.  
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Figure 3.2 Steady state absorption spectra of 1 and 2 in CH2Cl2. The dotted lines show a Gaussian  
  deconvolution of the spectra to yield the corresponding CT bands.  
 

The broad band in both spectra at ca. 32800 cm-1 is characteristic for triarylamines 

and can be attributed to localised transitions within this donor subunit. The peaks at ca. 

26100, 27800 and 29200 cm-1 arise from π-π-transitions of the phenylacridine subunit. Both in 

1 and in 2 the fine structure of the acceptor is superposed by a very broad band which can 

be attributed to a charge transfer (CT) from the triarylamine to the acridine redox centre. A 

Gaussian deconvolution of the absorption spectra yields the CT bands at ca. 25000 cm-1. 

This band is about three times more intense in 1 than in 2 which is due to the orthogonal 

orientation of the 2,6-dimethylphenylene group in 2. These different intensities of the  

CT-bands indicate that the charge transfer character is more pronounced in 2 than in 1, i.e. 2 

has a higher degree of charge separation. Further evidence for and consequences of this 

important difference will be discussed in detail below. Both the localised absorption bands of 

the donor and the acceptor subunits do not show any solvatochromic behaviour at all. In 

contrast, the CT band of 1 is bathochromically shifted in polar solvents because the dipolar 

CT state is better stabilised. Owing to the weak CT band being superposed by the acridine 

absorption band no solvatochromic effect is visible in 2. 

The steady state absorption spectra of 3, 4, 5 and 8 are given in Figure 3.3a. These 

spectra do not deviate much owing to the similarity of the subunits. Compared to their 
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corresponding reference compounds 1 and 2, respectively, the intensity of the localised 

triarylamine bands in the cascades 3, 4, 5, and 8 is about twice as high because of the 

doubled number of triarylamine moieties being present. As in 1 and 2, the CT-band in 3 is 

much stronger than in 4, 5 and 8. 
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Figure 3.3 Steady state absorption spectra in CH2Cl2 a) of 3, 4, 5 and 8; b) of 6, 7, 9 and 10. 
 

The absorption spectra of cascades 6 and 7 – which are the ones with four redox 

centres – and of 9 and 10 are shown in Figure 3.3b. The spectrum of compound 6 continues 

the trend observed for 2 and 4: a weak CT band shoulder, a fine structure of the acridine 

subunit at 26100, 27800 and 29200 cm-1 and a broad and intense band arising from the 

triarylamine at ca. 32600 cm-1 with an intensity being three times that of 2 as a result of three 

triarylamine groups in 6 instead of one in 2. In contrast, the absorption spectrum of 7 is quite 

different. The absorption band of the acridine subunit is strongly superposed by an intense 

band at about 27000 cm-1 which is due to a π-π-transitions within the tolandiamine.[16] 

The absorption spectrum of 9 is similar to that of 2 because the absorption band of 

localised π-π-transitions at ca. 31000 cm-1 within the phenothiazine donor is very weak and, 

moreover, is superposed by transitions of D1. Much in contrast, the steady state absorption 

spectrum of cascade 10 exhibits a sharp peak at about 32100 cm-1 with a shoulder at higher 

energy which can be attributed to a superposition of local transitions of the triarylamine and 

the bis-methoxy substituted carbazole subunits, respectively. Weak transitions of the 

carbazole around 27000 cm-1 result in a more intense absorption of 9 compared to 10 in this 

region. 
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3.2.3.2 Steady State Emission Spectroscopy 
 

Fluorescence spectra of compounds 1 – 6 and 8 – 10 were measured in a series of 

solvents with different polarity, ranging from nonpolar cyclohexane to highly polar acetonitrile. 

The chromophores were excited at the low energy tail of their absorption spectra  

(26300 cm-1), that is, at a superposition of 1CT and localised acridine band. The fluorescence 

properties of compounds 1 – 6 and 8 – 10 are collected in Table 3.3. 

Both compounds 1 and 2 show strong fluorescence with high quantum yields. They 

exhibit a broad solvatochromic emission band with large Stokes shift in polar media. Only in 

solvents of very low polarity a fine structure of this emission band is observed. The emission 

band of compounds 1 and 2 displays a pronounced positive solvatochromism. As an 

example, the normalised fluorescence spectra of 2 in different solvents are shown in  

Figure 3.4. 
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Figure 3.4 Normalised fluorescence spectra of 2. The solvents are from left to right: MeCN, n-PrCN, CH2Cl2,  
  THF, Et2O, 1,4-dioxane, MTBE, n-Bu2O, C6H12, Me-C6H11. 
 

A large Stokes-shift in combination with a pronounced positive solvatochromism 

indicates an emission from a highly dipolar excited state. The solvatochromic behaviour of 

the fluorescence spectra can be used to estimate the change of dipole moments upon 

photoexcitation from the ground to the first excited state using Equation 3.1[213]: 
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where f
~ν  is the fluorescence energy maximum in cm-1, vac

fν~  is the energy maximum of the 

fluorescence in vacuo in cm-1, gμ  and eμ are the ground state and excited-state dipole 

moments in Cm, which are assumed to be parallel, 0a is the effective radius of the solute and 

ε is the permittivity of the solvent. 

If the emission maximum is plotted against the Onsager solvent parameter f(ε) the 

product of the excited states dipole moment and the difference dipole moment upon 

excitation is obtained from the slope of the linear fit. The intercept corresponds to the 

emission maximum in vacuo. The data of the linear fits for 1 – 6, 8 – 10 are given in Table 

3.2. Because we cannot evaluate either µe or µg without knowing the other we only discuss 

the product ( )gee μμμ − . 

 
Table 3.2 Fitted parameters from the plots of Equation 3.1. 

 
 

vac
fν~ / cm-1 3

00

gee

hca4
)(2

πε

μμμ −
/cm-1 

1 28000 -25700 
2 28600 -28400 
3 27300 -22800 
4 28300 -27800 
5 28500 -28100 
6 28600 -28500 
8 28200 -27400 
9 28400 -28000 

10 28600 -28300 
 

The linear fits for 1 and 2 are shown in Figure 3.5. Both fits yield almost the same 

intercept which is expected because both compounds consist of the same donor and 

acceptor moieties. If one assumes a similar and solvent independent ground state 

polarisation µg for both 1 and 2 the slopes of the linear fits depend on the change of dipole 

moment upon excitation. Thus, the larger slope of 2 indicates a more dipolar excited state 

compared to 1. This observation can be understood by a more orthogonal orientation of 

acridine acceptor and amine donor in 2 which is induced by the ortho-methyl groups. This 

orthogonal arrangement leads to a stronger decoupling of negative and positive charge, and 

thus, to a higher dipole moment in the excited state of 2. 

This explanation is in accordance with results obtained from absorption 

measurements already discussed above. The data of all compounds 1 – 6, 8 – 10 can be 

linearly fitted very well with only slightly varying parameters which suggests that the 

fluorescence always originates from the same dipolar excited state. 
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Figure 3.5 Plots of f

~ν for 1 and 2 vs )12/()1()(f +−= εεε and linear fits. The solvents are from left to right:  
  C6H14, C6H12, 1,4-dioxane, n-Bu2O, Et2O, MTBE, EtOAc, THF, CH2Cl2, n-PrCN, DMSO,  
  MeCN. 
 

In all solvents the excitation spectra of 1 and 2 match very well with the 

corresponding absorption spectra. This signifies a complete energy transfer from higher 

excited states to the fluorescent first excited state.  

The quantum yields of compounds 1 and 2 are summarised in Table 3.3. As reported 

earlier, donor substituted acridine fluoresces with high quantum yields in a wide range of 

solvent polarity with a maximum in moderately polar solvents.[108] These results are in good 

agreement with the fluorescent nature of 1. In contrast, except for very nonpolar solvents the 

quantum yields of 2 are throughout smaller than those of 1. As we will see in the next section 

this effect is due to the lower fluorescence rate constant kf because of the perpendicular 

geometry of donor and acceptor in 2. 

Like 1 and 2 cascades 3 – 6 and 8 – 10 exhibit one emission band which shows a 

strong positive solvatochromism. The fluorescence spectra of 3 – 6 and 8 – 10 are 

qualitatively very similar to those of 1 and 2, respectively. The Lippert-Mataga fits (see Table 

3.2) show that the intercept and the slope of 4 – 6 and 8 – 10 are similar to that of 2 while the 

slope of 3 – without methyl groups at the phenylene spacer – is significantly smaller, but in 

good agreement with reference compound 1.  

The excitation spectra of chromophores 3 – 6 and 8 – 10 match very well with the 

corresponding absorption spectra in nonpolar up to moderately polar solvents. In very polar 

solvents the bands associated with the second and, if being present, the third donor subunit 

at ca. 32800 cm-1 is marginally smaller in the excitation spectra than in the absorption 

spectra. This incomplete energy transfer from higher excited triarylamine localised states to 

the first excited 1CT state results in a local fluorescence of the triarylamine donor at ca. 

27100 cm-1. This energy transfer is even more incomplete in 7 for which a strong 
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fluorescence at 22100 cm-1 is visible in CH2Cl2 from localised tolandiamine states. This 

emission is much stronger than that from the 1CT state. 

We suppose that due to large distances and saturated spacers energy transfer within 

the cascades 3 – 10 proceeds primarily by a Förster mechanism.[214] Because of only small 

spectral overlap of tolandiamine fluorescence with the 1CT absorption the rate constant for 

energy transfer in 7 is much smaller than in 3 – 6 and 8 – 10. Thus, deactivation by 

fluorescence from the tolandiamine excited state is a competitive process to Förster energy 

transfer from higher locally excited states to the 1CT state. 

Considering the fluorescence quantum yields φf of 3 – 6 and 8 – 10 (see Table 3.3) 

relative to those of 1 and 2, respectively, a dramatic decrease is observed in solvents of 

moderate or high polarity. Generally, the stronger the electron donor D2 the less polar the 

solvent needs to be to allow fluorescence quenching. This trend is due to an additional 

deactivation process which depends to a certain degree on the solvent polarity. The obvious 

explanation is a hole transfer from the redox centre D1 to D2. The resulting charge separated 

(CS) state (Ac-–D1–D2+) is more stabilised in polar solvents which leads to a stronger 

fluorescence quenching. However, in nonpolar solvents, this CS state is higher in energy 

than the initially populated 1CT state and, thus, no fluorescence quenching occurs. In a given 

solvent, the fluorescence quantum yield decreases in the series 5 > 4 > 8 which follows the 

donor strength of D2. From this behaviour we conclude that the forward hole transfer is 

within the Marcus normal region. 

 

 

3.2.4 Time Resolved Spectroscopy 
3.2.4.1 Time Resolved Fluorescence Spectroscopy 
 

In order to quantify the dynamics of the hole transfer from the 1CT to the 1CS state we 

measured the temporal decay of fluorescence signals of 1 – 6 and 8 – 10 by a time gated 

technique. The chromophores were excited at 26200 cm-1 which ensures that only the 1CT 

state and local acridine states are populated. The fluorescence lifetimes τf were measured in 

the same solvents as the stationary emission experiments (solvent polarity ranging from 

cyclohexane to acetonitrile). The decays were monoexponentially fitted in the nanosecond 

regime unless otherwise indicated. The χ2 test (about 1.0), Durbin Watson (> 1.7), residuals 

and autocorrelation function (without any significant structure) served as the main criteria in 

the evaluation of the fit. The rate constants for radiative kf and all nonradiative knr 



 3  Photoinduced Charge Separation and Recombination in Redox Cascades  

 52 

deactivation processes of the excited state, respectively, are derived by Equations 3.2 and 

3.3: 

f

f
f τ

Φk =  (3.2) 

f

f
nr

1
τ
Φk −

=  (3.3) 

 

The decay times and rate constants for chromophores 1 – 6 and 8 – 10 are given in 

Table 3.3. The rate constants for the radiative deactivation kf of both 1 and 2 plotted versus 

the emission maximum exhibit a similar trend (see Figure 3.6). Generally, in this paper we 

use plots vs energy because we will show that the photophysical processes in the 

compounds studied here are mainly governed by the energy of the involved states. The rate 

constant kf increases with increasing fluorescence energy which is in qualitative agreement 

with the Strickler-Berg equation[215] which predicts a cubic dependence on the energy, see 

Equation 3.4.  
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Figure 3.6 Rate constant of the radiative process kf vs fluorescence energy f

~ν  for 1 and 2 in different solvents.  
  The lines may serve as a guide to the eye and are 3rd order polynomials. 
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The radiative deactivation of compound 1 is consistently faster in any solvent than 

that of compound 2. This is due to the higher squared fluorescence transition moment 2
fμ  in 

1 which varies linearly with kf (Equation 3.4): 
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where ∫ ∫ −−− = νννν ~~/~~
f

3
f

13
f dIdI  is the average cubic fluorescence energy in cm-1, µf is the 

fluorescence transition moment in Cm, gg and ge are the degree of degeneracy of ground 

and excited state (which is 1 for both states) and n  is the refractive index of the solvent. 

Because the S1 state of 1 has a pronounced CT character and a relatively large 

transition moment, fluorescence is quite fast and is the most important deactivation pathway. 

In contrast, due to the perpendicular orientation of the subunits in compound 2, its first 

excited state has an almost purely charge separated character and, consequently, its 

transition moment µf is significantly smaller than that of 1. Thus, the lower transition moment 

between the first excited and the ground state of 2 results in a decreased rate of 

fluorescence. Another possible reason for reduced fluorescence quantum yields might be 

enhanced nonradiative deactivation mechanisms such as intersystem crossing (ISC). As we 

will show below we indeed observed triplet formation for both 1 and 2 with knr = kISC. 

However, in contrast to what has been discussed in literature for other donor-acceptor dyads 

with orthogonal orientation[109, 216-218] the rate constant for nonradiative deactivation knr is 

larger in 1 than in 2 although the latter has the more orthogonal geometry. Thus, it appears 

that in 2 the perpendicular geometry does not enhance spin-orbit coupling as a source of 

ISC.  

The sum of all nonradiative deactivation processes for 1 and 2 exhibit qualitatively the 

same dependence on the fluorescence energy (see Figure 3.7). While knr is more or less 

constant at low energies (this corresponds to polar to moderately polar solvents) it rises at 

higher energy (with decreasing solvent polarity). This effect is more pronounced in the case 

of compound 1 than in 2. For similar acridine-donor compounds Kapturkiewicz et. al. found 

an increase of nonradiative rate constants with increasing fluorescence energy. This effect 

was attributed to intersystem crossing.[108] Much in contrast, for a compound similar to 1 in 

which the chloro and methyl groups were replaced by methoxy groups we did not observe 

any triplet formation.[16] 
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Table 3.3 Emission maximum f
~ν , fluorescence quantum yields φf, fluorescence lifetimes τf, and rate constants for the fluorescent kf and nonradiative deactivation 

  process knr of compounds 1 – 6 and 8 – 10. 

 1
f cm/~ −ν  φf τf/ns kf/108 s-1 knr/108 s-1  1

f cm/~ −ν  φf τf/ns kf/108 s-1 knr/108 s-1 

 1  2 
C6C12 22600 0.11 0.77 1.4 12 C6C12 23100 0.28 3.0 0.94 2.4 

n-hexane 22900 0.12 0.63 1.8 14 n-hexane 23200 0.28 2.1 1.3 3.4 
Me-C6H11 22900 0.12 0.64 1.9 14 Me-C6H11 23100 0.27 2.8 0.97 2.7 
n-Bu2O 21100 0.23 1.6 1.4 4.8 n-Bu2O 20700 0.19 4.7 0.41 1.7 
MTBE 20200 0.34 3.3 1.0 2.0 MTBE 19600 0.21 6.3 0.33 1.3 

1,4-dioxane 19900 0.51 5.0 1.0 0.97 1,4-dioxane 19200 0.33 9.3 0.36 0.72 
Et2O 19200 0.48 5.3 0.92 0.98 Et2O 18300 0.14 6.6 0.22 1.3 

EtOAc 18400 0.63 7.5 0.83 0.50 EtOAc 17800 0.31 10 0.30 0.68 
THF 18400 0.49 11 0.44 0.46 THF 17800 0.25 21 0.12 0.36 

CH2Cl2 16900 0.53 13 0.40 0.35 CH2Cl2 16500 0.13 21 0.06 0.42 
butyronitrile 16300 0.66 10 0.66 0.34 butyronitrile 15500 0.20 14 0.14 0.56 
acetonitrile 15100 0.11 4.6 0.25 1.9 acetonitrile 14800 0.05 7.8 0.06 1.2 

DMSO 15100 0.13 7.4 0.18 1.2 DMSO 14800 0.08 12 0.07 0.75 
            
 3  4 

C6C12 22600 0.19 0.96 2.0 8.4 C6C12 23100 0.28 3.1 0.91 2.4 
n-hexane 22700 0.15 0.68 2.2 13 n-hexane 23100 0.17 2.1 0.80 3.9 
Me-C6H11 22600 0.15 0.81 1.9 11 Me-C6H11 23000 0.19 2.6 0.72 3.1 
n-Bu2O 21200 0.23 1.6 1.5 4.9 n-Bu2O 20700 0.14 2.8 0.50 3.1 
MTBE 20000 0.11 1.6 0.65 5.5 MTBE 19300 0.07 4.0 0.16 2.3 

1,4-dioxane 19800 0.33 5.0 0.66 1.4 1,4-dioxane 19000 0.21 8.1 0.26 0.97 
Et2O[a] 19600 0.03 6.0 0.28 1.4 Et2O 18900  0.02 7.6 0.03 1.3 

EtOAc[a] 18500 0.06 6.1 0.68 0.98 EtOAc[a] 17400 0.03 3.9 0.08 2.5 
THF 18700 0.06 5.0 0.12 1.9 THF[a] 16900 0.03 5.1 0.06 1.9 

CH2Cl2 18100 0.04 7.4 0.05 1.3 CH2Cl2[a] 16300 0.02 2.5 0.09 4.0 
butyronitrile 17000 0.02 5.7 0.03 1.7 butyronitrile[a] 15900 < 0.01 1.7 0.01 5.9 
acetonitrile 15800 < 0.01 1.5 0.05 6.8 acetonitrile[a] 15000 < 0.01 1.2 0.01 8.1 

DMSO 15400 < 0.01 1.9 0.01 5.3 DMSO[a] 15000 < 0.01 1.0 0.01 9.6 
            
 5  6 

C6C12 22800 0.26 3.6 0.74 2.1 C6C12 23100 0.23 3.9 0.60 2.0 
n-hexane 23000 0.23 2.4 0.93 3.2 n-hexane 23200 0.11 2.1 0.54 4.2 
Me-C6H11 23000 0.23 3.4 0.68 2.3 Me-C6H11 23200 0.15 2.9 0.52 3.0 
n-Bu2O 20600 0.21 4.4 0.49 1.8 n-Bu2O 20500 0.07 3.8 0.19 2.5 
MTBE 20000 0.23 8.2 0.28 0.95 MTBE 19300 0.07 4.3 0.16 2.2 

1,4-dioxane 18900 0.34 14 0.24 0.47 1,4-dioxane 19090 0.17 7.4 0.23 1.1 
Et2O 19200 0.14 4.7 0.30 1.8 Et2O 18400 0.03 2.5 0.14 3.9 

EtOAc 17200 0.24 10 0.24 0.76 EtOAc 17700 0.06 5.4 0.11 1.7 
THF 17600 0.35 20 0.18 0.33 THF 17700 0.04 2.5 0.16 3.8 

CH2Cl2 16300 0.33 13 0.25 0.50 CH2Cl2 16500 0.01 1.4 0.06 7.1 
butyronitrile 15600 0.12 7.4 0.16 1.2 butyronitrile 15800 0.01 1.6 0.05 6.1 
acetonitrile 14600 0.02 3.5 0.05 2.8 acetonitrile 14500 < 0.01 0.66 0.04 15 

DMSO 14600 0.02 2.5 0.07 4.0 DMSO 14700 < 0.01 1.5 0.03 6.8 
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 1
f cm/~ −ν  φf τf/ns kf/108 s-1 knr/108 s-1  1

f cm/~ −ν  φf τf/ns kf/108 s-1 knr/108 s-1 

 8  9 
C6C12 22900 0.03 3.1 0.09 3.2 C6C12 23100 0.21 2.7 0.78 2.9 

n-hexane[a] 23000 0.02 2.1 0.08 4.6 n-hexane 23100 0.17 2.0 0.84 4.2 
Me-C6H11 23100 0.01 1.8 0.08 5.6 Me-C6H11 23000 0.20 2.7 0.73 3.0 
n-Bu2O[a] 20300 0.01 1.3 0.09 7.4 n-Bu2O 20700 0.23 4.0 0.58 1.9 
MTBE[a] 19400 < 0.01 1.2 0.01 8.7 MTBE 19400 0.17 6.5 0.27 1.3 

1,4-dioxane[a] 19000 < 0.01 2.2 0.01 4.5 1,4-dioxane 19100 0.25 9.1 0.27 0.83 
Et2O 18800 < 0.01 2.4 <0.01 4.1 Et2O 18400 0.13 6.5 0.21 1.3 

EtOAc 17600 < 0.01 1.9 0.02 5.2 EtOAc 17700 0.23 12 0.19 0.64 
THF 17900 < 0.01 1.7 <0.01 6.0 THF 17700 0.23 11 0.21 0.70 

CH2Cl2 16100 < 0.01 1.4 0.02 7.0 CH2Cl2 16400 0.08 4.1 0.19 2.3 
butyronitrile      butyronitrile 15600 0.08 8.7 0.10 1.1 
acetonitrile      acetonitrile 14800 0.04 6.5 0.05 1.5 

DMSO      DMSO 14800 0.06 6.4 0.09 1.5 
            
 10       

C6C12 23200 0.21 3.2 0.65 2.5       
n-hexane 23200 0.13 2.1 0.61 4.2       
Me-C6H11 23200 0.20 2.9 0.70 2.7       
n-Bu2O 20700 0.17 5.2 0.33 1.6       
MTBE 19300 0.19 7.2 0.26 1.1       

1,4-dioxane 19200 0.21 8.1 0.26 0.97       
Et2O 18400 0.17 9.4 0.18 0.88       

EtOAc 17800 0.24 16 0.16 0.49       
THF 17800 0.27 15 0.19 0.50       

CH2Cl2 16400 0.22 17 0.13 0.47       
butyronitrile 15700 0.12 12 0.10 0.73       
acetonitrile 14800 0.04 7.0 0.06 1.4       

DMSO 14800 0.06 7.6 0.08 1.3       
[a] biexponentially fitted; quoted values refer to the lifetime with the dominating preexponential factor. 
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Figure 3.7 Rate constant of the nonradiative process knr vs fluorescence energy f

~ν  for 1 and 2 in different  
  solvents.  
 

The rate constants for radiative deactivation kf of cascades 3 – 6 and 8 – 10 exhibit 

the same trends as the two reference compounds 1 and 2, respectively (see Figure 3.8a). 

Again, the cascade 3 without methyl groups attached to the 9-phenylacridine shows a 

stronger increase of kf with fluorescence energy than all other cascades. Due to very strong 

fluorescence quenching in cascade 8 the rate constants for radiative deactivation kf are 

rather inaccurate. This fact might explain the lower values for kf of 8 compared to 4 – 6, 9, 
10. As a result of the identical fluorescent subunits in 4 – 6 and 8 – 10 the rate constants for 

radiative deactivation are expected to be almost constant in a given solvent.  

The rate constants for nonradiative deactivation knr for cascades 3 – 6 and 8 – 10 in 

nonpolar up to moderately polar solvents are qualitatively in good agreement with those of 

their corresponding reference compounds 1 and 2, respectively. However, in polar solvents a 

significant increase of knr is observed which indicates an additional deactivation pathway. 

The extent of solvent polarity at which a strong increase of knr is observed depends on the 

donor strength of D2. Cascades 3, 4, 6, and 8 with strong donors show an additional 

deactivation pathway at fluorescence energies ≤ 17000 cm-1. Because of the donors D2 in 

the cascades 5 and 10 being weaker, knr increases at fluorescence energies below  

15000 cm-1. This means the stronger the donor the less stabilisation by the solvent is 

necessary in order to promote the additional nonradiative deactivation pathway. This fact 

confirms our hypothesis that the additional nonradiative deactivation process is a hole 

transfer from the first excited 1CT state to a charge separated (CS) state with the hole 
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located at the redox centre being farthest away from the acridine. This redox centre is always 

that with the lowest redox potential. This CS state is strongly stabilised in polar solvents. 
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Figure 3.8 Rate constants vs fluorescence energy f

~ν  of 3 – 6 and 8 – 10 in different solvents: a) radiative  
  process kf; b) rate constants of the hole transfer process k(1CT→1CS). The lines may be used as a  
  rough guide to the eye. 
 

To check the energetics of the additional nonradiative deactivation process we 

applied the Rehm-Weller equation.[219] Although this equation may only serve as a rough 

estimation for calculating the driving force 0
CS)CT( 11 →

ΔG  for photoinduced intramolecular hole 

transfer processes, it substantiates our results. The overall change of the free energy for HT 

from an excited state generated by photoexcitation with the energy 00ΔG  to a charge 

separated state can be derived by Equation 3.5 which yields 0
CS)CT( 1→1ΔG  in kJ·mol-1. 
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The 00ΔG  free energy of the S1 ← S0 transition was determined from the intersection 

point of the low-energy flank of the absorption band with the high energy flank of the 

fluorescence band. Because of the same fluorescent subunits we determined the 00ΔG  

values for the reference compounds 1 and 2 and used them for the cascades 3 and 4 – 6, 8 
– 10. The energy gap of the final charge separated state and the ground state corresponds 

to the redox potential difference of the donor and the acceptor (in Volt). Their potentials were 

determined by cyclic voltammetry and are given in Table 3.1. Equation 3.5 includes a 
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Coulomb term which takes into account that the separated charges are extra stabilised by 

Coulomb attraction. In this term rD, rA and rDA are the radii of the donor and acceptor and the 

centre to centre distance between them (in Meter), respectively. The Coloumb term also 

corrects for the difference of solvation energy if cyclic voltammetry is performed in another 

solvent with permittivity εs than the photophysical excitation (εr). The values calculated by 

Equation 3.5 are collected in Table 3.4. 

 

Table 3.4 Free-energy changes 0
CS)CT( 11 →

ΔG  of charge separation processes of cascades 3 – 6, 8 and 9.  

 C6H12 THF PhCN MeCN 

 kJ mol-1 eV kJ mol-1 eV kJ mol-1 eV kJ mol-1 eV 

3 + 35 + 0.36 - 24 - 0.25 - 35 - 0.36 - 33 - 0.34 
4 + 33 + 0.34 - 21 - 0.22 - 30 - 0.31 - 25 - 0.26 
5 + 43 + 0.44 - 7.2 - 0.07 - 15 - 0.15 - 9.1 - 0.09 
6 + 50 + 0.52 - 17 - 0.17 - 29 - 0.30 - 24 - 0.25 
8 + 13 + 0.14 - 51 - 0.53 - 62 - 0.65 - 57 - 0.59 
9 + 52 + 0.54 - 13 - 0.13 - 24 - 0.25 - 19 - 0.20 

10 + 53 + 0.55 + 2.6 + 0.03 - 4.9 - 0.05 + 0.64 + 0.01 
 

The free-energy changes 0
CS)CT( 11 →

ΔG  calculated by the Rehm-Weller equation 

indicate a moderately to strongly exergonic HT process in polar solvents while it is 

unfavourable in nonpolar solvents. 

The rate constant k(1CT→1CS) for hole transfer from D1 to D2 in cascades 3 – 6 and 8 – 

10 (see Table 3.5 and Figure 3.8b) can be estimated from data derived by time resolved 

fluorescence spectroscopy. The rate constant k(1CT→1CS) is calculated by the difference 

between the nonradiative rate constants knr of cascades 3 – 10 and their reference 

compounds: ) ()( nrnrCS)CT( 11 21103 ,kkk −−=
→

. Compound 1 was used as the reference for 

cascade 3 and chromophore 2 for cascades 4 – 10, respectively, in order to match the 

subunit forming the fluorescent unit as close as possible. In Table 3.5 the missing value for 5 

in THF as well as for all other compounds in nonpolar solvents (not shown in Table 3.5) 

indicate that hole transfer is an unfavourable process because the polarity of the solvent and 

the donor strength of D2 are too weak to lower the energy of the CS state sufficiently below 

the energy of the first excited state. Hole migration is a favourable process at a certain 

degree of solvent polarity and donor strength which is in excellent agreement with foregoing 

results and interpretations. In Figure 3.8b we plotted k(1CT→1CS) for each compound in different 

solvents vs. the fluorescence energy. The rapid increase of k(1CT→1CS) at low fluorescence 
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energies for 3 – 6 illustrates the onset of hole transfer. For 9 and 10 there is hardly any HT 

even at very low energies (polar solvents).  

Cascade 5 with a weak donor shows no hole transfer in THF but it does in acetonitrile 

where k(1CT→1CS) is about one order of magnitude smaller than that of 6 in the same solvent. 

The influence of a very strong donor subunit D2 can be studied in 8. Even in very nonpolar 

solvents there is a significant HT which increases with increasing solvent polarity to such an 

extend that fluorescence cannot be detected any more in solvents more polar than 

dichloromethane. If we were able to determine the corresponding data in polar solvents we 

would expect the fastest hole transfer reactions for 8 in that regime of polarity. 

 

Table 3.5 Hole transfer rates k(1CT→1CS) for compounds 3 – 6 and 8 – 10 from fluorescence lifetime  
  measurements. 

 k(1CT→1CS)  = knr(cascade) – knr(reference) / 108 s-1 

 THF butyronitrile acetonitrile DMSO 
3 1.41 1.40 6.36 3.32 
4 1.54 5.31 6.90 8.86 
5 - 0.64 1.58 3.23 
6 3.14 5.48 13.9 5.99 

  8a) 5.66    
9 0.35 0.49 0.27 0.73 

10 0.14 0.17 0.15 0.49 
a) For compound 8 we were unable to determine k(1CT→1CS) in solvents more polar than THF because of the  
   fluorescence being too weak. 
 

 

3.2.4.2 Transient Absorption Spectroscopy 
 

The spectra of the charge separated states (CS) of 3 – 10 are expected to show 

characteristic features of both the spectra of the acridine radical anion and of the radical 

cation of the strongest donor moiety. Hence, we superposed the spectra of the radical 

cations of D2 and D3, respectively, obtained by chemical oxidation in CH2Cl2 with SbCl5 with 

the spectra of the acridine radical anion (see Figure 3.9). The latter spectrum was generated 

by reduction of 9-(2,6-dimethylphenyl)acridine in THF by spectroelectrochemistry (SEC).  

Before discussing the photophysical properties of the cascades it is helpful to have a 

closer look at the two compounds 1 and 2 serving as reference systems. The transient 

spectra of these reference systems in benzonitrile are shown in Figure 3.10. The bands of 

both compounds rise immediately upon photoexcitation within the pulse duration of our 

experimental setup. Thus, energy transfer processes are not resolved in our experiments. 

Consequently, we ascribe the changes in the transient spectra to hole transfer processes. 
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The spectra of 1 are characterised by two bands at about 15300 cm-1 and 17100 cm-1. The 

band at higher energy is attributed to the acridine where a negative partial charge is 

localised. The broad and almost structureless band at lower energy arises from the 

triarylamine subunit which serves as the donor and, thus, has radical cation character. The 

transient absorption spectra of chromophore 2 are somewhat different. The two bands are 

more separated and shifted to lower energy (13800 cm-1 and 16300 cm-1) and the band at 

higher energy is broader compared to that of 1. These transient spectra are those of the S1 

states because they decay with the same time constant as the fluorescent states (compare 

data in Table 3.6 and Table 3.3). Comparison of these two bands in 1 and 2 with those of Ac- 

(see Figure 9a) and substituted triarylamine radical cations ( maxν~ is typically 13000 cm-1)[49] 

shows that the 1CT character of the S1 state is much more pronounced in 2 than in 1 due to 

the orthogonal decoupled arrangement of acceptor and donor in the former chromophore. 
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Figure 3.9 a) Absorption spectra of the acridine radical anion obtained by SEC in THF and of the spectra of the  
  radical cations of different donor moieties obtained by chemical oxidation. b) Superposition of the  
  stationary absorption spectra of Ac- radical anion and the radical cations of the corresponding donor  
  subunits. For 3+ – 6+ the spectra are so similar that we display that of 4+ only. 

 

Besides the above mentioned transient absorptions there is a second absorption at  

~ 22000 cm-1 for 1 (the maximum of this absorption is shifted to lower energy because of 

overlap with a negative signal due to ground state bleaching at ca. 25000 cm-1) and at  

~ 22500 cm-1 for 2. These signals at ~ 22000 / 22500 cm-1 decay with time constants of ca.  

3 – 40 µs depending on the solvent. In agreement with literature values these absorptions 

are ascribed to an acridine localised 3(π,π*) triplet state which is the lowest triplet state in 

donor substituted acridines.[109] Isosbestic points at 21900 cm-1 in 1 and 21000 cm-1 in 2 

indicate that the triplet states are directly formed from the 3CT states in 1 and 2. One can 

safely assume that 1 and 2 have both similar excited 3CT state and triplet state absorption 
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coefficients. If one takes into account that the triplet-triplet absorption signal of 1 at ca.  

22000 cm-1 is more weakened by the overlap with ground state bleaching from the 1CT state 

than it is in 2 (the 1CT band at ca. 25000 cm-1 in 1 is ca. three times more intense than that of 

2, see Figure 3.2) one can follow from the ratio of the triplet state absorption signals of 1 : 2  

(~ 1 : 3) that the ISC rate are similar for both 1 and 2. This is in agreement with the 

conclusions drawn from the fluorescence lifetime measurements but contrasts the findings 

that orthogonal structures should enhance ISC due to spin-orbit coupling.[109, 216] 
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Figure 3.10 Transient absorption spectra of compounds 1 and 2 in benzonitrile after photoexcitation at  
  24000 cm-1. Early spectra are shown in blue/green and late spectra are shown in orange/red  
  colours. 
 

Photoexcitation of cascades 3 – 6 leads within the rise time of our experimental setup 

to the spectra of the charge separated states (see Figure 3.11). As we expected from the 

superposition of the spectra of radical cations and anion, respectively (see Figure 3.9b), the 

spectra of the CS states consist of a broad and intense band at 13500 cm-1 for compounds 3, 

4 and 6 arising from the radical cation of the triarylamine donor D2 (D3 in 6). For compound 

5 this band is somewhat broader and shifted to higher energies at 16400 cm-1 because of the 

small variation of triarylamine substituents (OMe → Me). Although the transient spectra of 

cascade 5 resemble qualitatively those of 2, they represent the CS and not the 1CT state. 

This fact is substantiated by fluorescence quenching measurements and a significant 

hypsochromic shift of the absorption band referring to the radical cation in the transient 

spectra of compound 5. In addition, for 3 – 6 there is a structured band at 16400 cm-1 with 

more or less pronounced shoulders at 17800 cm-1 and 19100 cm-1. These bands are 

associated with the radical anion of the acridine acceptor. Both bands at ca. 14000 cm-1 and 

16000 – 20000 cm-1 decline with the same time constant which indicates that they originate 

from the same state. 
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Table 3.6 Lifetime (τ(3CS→T)) and rate constants (k(3CS→T)) of the charge separated state and of the triplet state  
  (τ(T→S0), k(T→S0))  
 THF benzonitrile acetonitrile 
 τ(3CS→T)/ns 

(k(3CS→T)/107 s-1) 
τ(T→S0)/µs 

(k(T→S0)/104 s-1) 
τ(3CS→T)/ns 

(k(3CS→T)/107 s-1)
τ(T→S0)/µs 

(k(T→S0)/104 s-1) 
τ(3CS→T)/ns 

(k(3CS→T)/107 s-1) 
τ(T→S0)/µs 

(k(T→S0)/104 s-1) 
1 111) (4.4)2) 3.2 (32) 171) 38 (2.7) 5.01) (2.5)2) 9.3 (11) 
2 211) (3.6)2) 3.9 (25) 261) 20 (5.0) 4.61) (12)2) 9.7 (10) 
3 9.8 (10) 10 (9.6) 11 (9.3) – 3) < 1.00 (> 100) 1.1 (88) 
4 13 (7.8) 3.0 (34) 12 (8.6) 22 (4.5) 2.2 (47) 0.52 (190) 
5 211) 13 (7.8) 43 (2.3) 16 (6.1) 9.0 (11) 1.6 (63) 
6 8.2 (12) 5.0 (20) 13 (7.6) 16 (6.3) 5.1 (20) 3.0 (34) 
7 13 (7.6) 11 (9.0) 22 (4.5) 28 (3.6) 5.3 (19) 9.6 (10) 
8 17 (5.9) 6.9 (15) 21 (4.8) 6.7 (15) 2.6 (38) – 4) 
9 111) 6.2 (16) 23 (4.3) 56 (1.8) 6.51) 38 (2.6) 

10 22 (4.7) 11 (8.9) 27 (3.7) 26 (3.8) 6.21) 7.5 (13) 
1) Lifetime of 1CT state 2) rate constant for 3CT → T process form time resolved fluorescence measurements if 
  one assumes that knr = k(3CT→T) ; 3) formation of triplet was observed, but intensity was too low to be measured;  
4) owing to low solubility the signal to noise ratio was not sufficient to measure the lifetime of the triplet state. 
 

The transient absorption spectra of compounds 7 – 10 are shown in Figure 3.12. 

Chromophore 7 is a cascade which comprises three donor subunits similar to compound 6. 

However, the two terminal redox centres D2 and D3 are connected by a rigid triple bond. As 

we have reported recently this type of bridge also influences the spectral characteristics of 

the CS state: the corresponding spectra consists of an additional intense band at about 

20000 cm-1 which is assigned to the positively charged tolandiamine bridge.[16]  

The terminal donor D2 of cascade 8 is the strongest one used in this series of 

compounds reported in this paper. Based on structural similarity of this donor subunit to 

those of chromophores 3 – 7, its spectral response is also very similar. The band assigned to 

the radical cation of D2 is shifted to lower energy (13300 cm-1) whereas the band of the 

acridine radical anion remains nearly constant. 

Both in acetonitrile and THF the spectra of chromophore 9 correspond to the first 

excited 1CT state. In contrast to results derived from fluorescence measurements no hole 

transfer was detectable in these solvents. In fact the rate constants for hole transfer k(1CT→1CS) 

(see Table 3.5) are relatively small. From fluorescence measurements the fastest hole 

transfer process is seen in benzonitrile and in fact, this is the only solvent for which a CS 

state could be monitored. Thus, in different solvents other deactivation processes might be 

faster than HT from the 1CT to the 1CS state and compete quite successfully with HT. Slow 

HT is also confirmed by transient absorption spectroscopy. In benzonitrile the CS as well as 

the 1CT state were observed. Time decays in PhCN at characteristic energies are illustrated 

in Figure 3.13. It is obvious that the band attributed to the 1CT state at 13500 cm-1 decays 

rapidly whereas the band at 19100 cm-1 which is ascribed to the phenothiazine radical cation 

(see Figure 3.9a) rises with some delay. The absorption band assigned to the acridine 
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radical anion (at 16300 cm-1) shows a biexponential decay with decay times of both the first 

excited (12 ns) and the CS state (23 ns), because its anion character is part of both states.  
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Figure 3.11 Transient absorption spectra of compounds 3 – 6 in benzonitrile (photoexcitation: 24000 cm-1).  
  Early spectra are shown in blue/green and late spectra are shown in orange/red colours. 
 

According to Figure 3.9b the CS state of cascade 10 should show two absorption 

bands at ca. 12800 cm-1 and 16000 cm-1. In acetonitrile no CS state was monitored but only 

the 1CT state which matches those of the reference compound 2 very well. In addition this 
1CT state has the same decay time as the fluorescent state. The transient absorption spectra 

in benzonitrile are spectrally similar to the ones in acetonitrile. However, the decay times in 

benzonitrile do not match those of the fluorescence lifetime. The oxidation potentials derived 

from cyclic voltammetry (see Table 3.1) indicate that the donor D2 is only slightly stronger 

than D1. Thus, the CT and the CS states have almost the same energy so that an 

equilibration of these excited states has to be taken into account. This might result in a 

spectral superposition of both states with various contributions which could not be resolved 
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because the decay profiles could be fitted by a single exponent. In THF however, the 

spectral features agree very well with those of Figure 3.9b which points towards the 

formation of a CS state whose decay time is somewhat longer than the fluorescence lifetime 

of the 1CT state. The fact that the CS state was observed in THF and not in the more polar 

solvent acetonitrile is unexpected. However, the free-energy changes 0
CS)CT( 11 →

ΔG  (see Table 

3.4) are very small and slightly endergonic in both solvents. This fact indicates that the CT 

and the CS state are energetically quite similar. Considering the rate constants k(1CT→1CS) for 

the hole transfer process (see Table 3.5) it is obvious that for cascade 10 the population of 

the 1CS state is relatively slow. Thus, other competitive deactivation processes have to be 

taken into account which might prevent the formation of the 1CS state although this is a 

thermodynamically favourable process in PhCN. 
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Figure 3.12 Transient absorption spectra of compounds 7 – 9 in benzonitrile (photoexcitation: 7,  8: 24000 cm-1,  
  9: 28200 cm-1) and of 10 in THF (photoexcitation: 24000 cm-1). Early spectra are shown in  
  blue/green and late spectra are shown in orange/red colours. 
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Figure 3.13 Time dependent absorption measurements (data points) of 9 and fits (line) at characteristic  
  energies: triarylamine cation, acridine anion, phenothiazine cation and triplet of acridine. 
 

The decay times of all CS states of cascades 3 – 10 match very well with the 

corresponding rise times of a new state, which is characterised by a sharp band at about 

22700 cm-1. In 3 this band overlaps with strong ground state bleaching. As in 1 and 2 this 

band is attributed to a locally excited 3(π,π*) triplet state of the acridine moiety. Its triplet 

character is proved by quenching experiments with oxygen and β-carotene and a lifetime of 

several µs which is typical of excited triplet states. The identity of the decay time of the CS 

state with the rise time of the triplet state in addition to an isosbestic point at ca. 21500 cm-1 

suggests that the CS state is quenched by population of the triplet state, possibly via a 3CS 

state (see Figure 3.16) which cannot be distinguished spectroscopically from a 1CS state with 

our methods. In the CS state the charges are well separated due to large distances. 

Conversion of the 1CS into the 3CS state should be extremely fast because singlet-triplet 

splitting decreases exponentially with increasing distance of the radical centres. 

Consequently, these two excited states are expected to be almost degenerated. Due to the 

small S1-T1 splitting the hyperfine interaction of the unpaired electrons with the nuclear 

magnetic spins (a local effect independent of the distance of the radical centres) becomes 

the dominant mechanism for the ISC process 1CS → 3CS.[220] The alternative direct ISC from 
1CS to T would be promoted by spin-orbit coupling induced by the orthogonal orientation of 

spin bearing donor and acceptor groups. However, this process is unlikely because of the 

large distance of the spin bearing units which prevents spin-orbit coupling. 

The energy of the locally excited 3(π,π*) triplet state of 4-(9-acridyl)-N,N-

dimethylaniline is reported to be ET = 1.91 eV.[109] The energies of all the CS states can be 

estimated by the Rehm-Weller equation (Eq. 3.5: 0
T

00
)S(S

0
CS)CT(

0
CS 01111 ΔGΔGΔGΔG −+= ←→

) 

which yields values between 1.9 and 2.6 eV depending on the cascade and the solvent. 

Thus, triplet formation from the 3CS state is thermodynamically favourable in all cases which 

— 13500 cm-1, τ  = 12 ns 

— 16300 cm-1, τ1  = 12 ns 
  τ2 = 12 ns 
— 19100 cm-1, τ   = 23 ns 
— 22600 cm-1, τrise  = 23 ns 
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is additionally substantiated by observing the characteristic absorption band in all transient 

absorption spectra. In contrast, the triarylamine triplet state is too high to be populated (ET = 

3.01 eV).[221] Conversion of a CS into a low-lying triplet state is a well-known deactivation 

pathway[91, 222], although in some cases it seems possible to generate long-lived excited 

singlet states without the population of the corresponding lower lying triplet states.[223-225] In 

the following we discuss the charge transfer mechanisms in the triplet manifold because we 

assume that 3CS 1CS ISC is fast and that back hole transfer to the acridine localised 

triplet state proceeds rapidly via other triplet states.  

The driving force dependence of the hole transfer rate constants k(3CS→T) of cascades 

3, 4, 5 and 8 for the process 3CS → T in different solvents is shown in Figure 3.14. The total 

reorganisation energies of the cascades are between 1.0 and 1.5 eV depending on the 

solvent and the cascade. The reorganisation energy was calculated by summing up the inner 

(λi) and outer (λo) reorganisation energies. λi was determined by Jortner fits of the 

fluorescence bands of compound 2 in different solvents.[16] λi was considered to be almost 

constant for all chromophores. The outer reorganisation energy was calculated by the Born 

equation.[17] The driving force for the formation of the acridine triplet state (< 0.6 eV) is 

smaller than the total reorganisation energy and that for the deactivation from the acridine 

triplet to the ground state (1.91 eV). Hence, the back hole transfer from the 3CS to the triplet 

state is located in the Marcus normal region or, at best, at top of a Marcus parabola.  
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Figure 3.14 Driving force (- 0
T)CS(3 →

GΔ ) dependence of intramolecular back hole transfer rate constants  

  (k(3CS→T)) for the process 3CS → T in different solvents. 
 

The data shown in Figure 3.14 obviously do not follow a simple Marcus parabola. 

While this might be due to the limited range of free energy and to possibly large data errors 

the trends for different solvents are so similar that it appears unlikely that the data are 



 3  Photoinduced Charge Separation and Recombination in Redox Cascades 

 67 

erroneous.  Therefore we consider two independent charge recombination mechanisms: a 

superexchange and a hopping mechanism.[226-231] Generally, the total rate constant k(3CS→T) is 

the sum of both mechanisms but in certain 0
T)CS(3 →

GΔ  regimes one mechanism might 

dominante (see Figure 3.15). In the case of an incoherent hopping mechanism charge 

recombination proceeds via two steps in which the energetically higher 3CT state is involved. 

The total rate constant khop is calculated by Equation 3.6 where each sequential rate constant 

(k(3CT←3CS), k(3CT→3CS) and k(3CT→T)) is given by the Marcus equation 3.7: 
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Hereafter, all calculated values refer to PhCN as the solvent. The estimated electronic 

couplings are V(3CT→3CS) = V(3CT←3CS) ≈ 90 cm-1 (see Introduction) and V(3CT→T) = 480 cm-1.[108] 

The free energy change 0
T)CS(3 →

GΔ  is the difference between the energy of the 00ΔG  

transition (see Equation 3.5) and of the localised excited triplet state and was calculated to 

be 5080 cm-1. The inner reorganisation energy (λi) for the process 3CT → T is approximated 

by that of 1CT → S0 process which was determined by Jortner fits of the fluorescence bands 

which yields 1350 cm-1. The λi value for 3CT ← 3CS and 3CT → 3CS should be slightly 

smaller than that for the charge recombination process 3CT → T and was estimated to be 

1000 cm-1. The outer reorganisation energy for 3CT ← 3CS and 3CT → 3CS  is the difference 

between the total reorganisation energy (which corresponds to the energy at the IVCT band 

maximum[195] of 11.+) and the inner reorganisation energy (see above) which yields  

5000 cm-1. The outer reorganisation energy for the charge recombination process 3CT → T 

was estimated to be 4700 cm-1 by the help of Jortner fits of the fluorescence bands (see 

above).  

The rate constant k(3CS→T) for the superexchange mechanism was also calculated by 

Equation 3.7. Although in this case hole transfer proceeds in one coherent step from the 3CS 

to the acridine localised triplet state, the higher lying 3CT state influences the electronic 

coupling V(3CS→T) according to the McConnell model, Equation 3.8:[31] 
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The values for the electronic couplings and the free energy change are the same as in case 

of the hopping mechanism. The inner reorganisation energy was estimated to be 1350 cm-1 

as it is for 3CT → T because in both mechanisms charges recombine. The outer 

reorganisation energy was estimated by the Born equation which yields 7200 cm-1. 

Figure 3.15 shows the hopping and the superexchange rates vs 0
T)CS(3 →

GΔ  calculated 

with the values given above together with the experimental rate constants k(3CS→T) for 4, 5 

and 8 in PhCN. While the rate constants are relatively accurate the 0
T)CS(3 →

GΔ  free energies 

involve major errors so that the position of the experimental data points on the x-axis is quite 

vague. From Figure 3.15 it is obvious that both the superexchange and the hopping rate 

constants display a parabola behaviour. While the hopping mechanism dominates in the 

inverted region, superexchange prevails in the normal region where the experimental data 

points are located. For the superexchange there is a peak at 0
T

0
CT

0
T)CS( 33 ΔGΔGGΔ −=

→
 

where resonance with the 3CT state occurs (see Equations 3.7 and 3.8). Taking this peak 

into account and the fact that the horizontal position of the experimental data points might be 

erroneous a correlation quite different from a simple Marcus parabola is well possible. 

Although we have no definite proof, Figure 3.15 suggests that charge recombination in the 

cascades is located in the Marcus normal region and proceeds via a superexchange 

mechanism near to the energy where resonance with the intermediate virtual 3CT state 

occurs. 
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Figure 3.15 Plot of calculated superexchange and hopping rate constants for charge recombination of cascades  
  4, 5 and 8 in PhCN and the corresponding experimental data points. 
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Extension of the cascades up to three donor subunits in 6 and 7 results only in a 

moderately longer lifetime of the CS states in the polar solvents PhCN and MeCN compared 

to cascade 4. The lifetimes of the CS states of 7 are slightly extended compared to 6 in all 

solvents. In 7 D2 and D3 are connected by a conjugated rigid triple bond whereas these 

subunits are separated by a saturated bridge in cascade 6. Despite the larger donor acceptor 

separation the lifetimes of the 3CS state of 6 are quite similar to those of 4. Transient spectra 

of 6 (cf Figure 3.11, 6 vs 4) unequivocally prove that it is the terminal triarylamine donor D3 

which is oxidised and not possibly D2. Because hopping mechanism generally prevails over 

superexchange at long charge transfer distances this might be the reason for the similar 

charge recombination in 6 compared to 4. Another explanation, however, is the increased 

conformational flexibility of 6 which might lead to a conformer in which the terminal 

triarylamine is bent back to the acridine. This leads to a shorter through space charge 

transfer distance which might become the dominating mechanism if assisted by solvent 

molecules bridging donor and acceptor.[232, 233]  
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Figure 3.16 State diagram for cascades 3 – 5 and 8 – 10 with two donor subunits. The processes which are  
  manifested by experimental data are given in red. 
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Table 3.7 Comparison of rate constants k(1CT→1CS) and lifetimes of charge separated states τCR of 3  
  with O and P in different solvents. 

 k(1CT→1CS)  / 108 s-1 τCR / ns 
 THF benzonitrile acetonitrile benzonitrile acetonitrile 

3 1.41  6.36 11 < 1.0 
O 1.7 330 3100 0.18 0.022 
P 0.71 40 500 > 2 0.41 

 
It is noteworthy that the lifetimes of the 3CS states of cascades 4 (in THF and PhCN), 

6 (in THF and PhCN), 7 (in THF) and 8 (in MeCN) are significantly shorter than the lifetime of 

the 1CT state of their reference compound 2. In these cascades hole transfer from the 1CT to 

the 1CS states is generally very efficient concerning rate and quantum yield. The primarily 

formed 1CS state transforms rapidly into a 3CS state promoted by hyperfine interactions (see 

above). The latter relaxes by a spin-allowed back hole transfer to the T state which we 

assume is the rate determining step. Obviously, this sequence of processes is faster than 

direct spin-orbit induced ISC from the 1CT to the energetically lowered 3CT state and 

subsequent spin-allowed deactivation to the locally excited triplet state[109] which is the 

predominant nonradiative deactivation pathway in 1 and 2. E.g. for 4 in THF (MeCN) the rate 

constant k(3CS→T) is 7.8 • 107 s-1 (47 • 107 s-1) whereas for 2 the rate constant k(1CS→T) is 

significantly smaller 3.6 • 107 s-1 (12 • 107 s-1). Hence, the population of the localised excited 

triplet state T via the 1CS and the 3CS states is accelerated compared to its direct formation 

via the spin-forbidden ISC process of in 1 and 2.  

A comparison of cascade 3 with cascade O who have both two triarylamine donors 

with identical substituents demonstrates the consequences of different spacers separating 

the donor subunits: in case of O HT (k(1CT→1CS)) from D1 to D2 is consistently faster 

particularly in MeCN because its redox centres are connected by conjugated triple bond (see 

Table 3.7). In MeCN the saturated bridge in 3 slows down the HT by a factor of almost 500 

because of a smaller electronic coupling V between the two states in which the hole is 

localised at either triarylamine. In standard diabatic ET theory the ET rate depends on V2 

(see Equation 3.7). From the electronic couplings for a bis-triarylamine radical cation 

connected by a triple bond (V = 1200 cm-1)[195, 196] or a methylene/ethylene bridge (V =  

90 cm-1) (see Introduction) one can estimate a rate acceleration by 12002 / 902 = 178 which is 

in reasonable agreement with the factor of 500 mentioned above.  

As already explained above charge recombination in 3 takes place in the normal 

Marcus region and is ascribed to the formation of a localised excited triplet state via 3CS → 

T. Although charge recombination in O is located in the Marcus inverted region because it is 

attributed to the process 1CS → S0 the lifetime of the CS state of 3 is prolonged up to a factor 

of 60 due to the weaker electronic coupling between CS and T state provided by the 
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saturated spacers. Owing to the twisted donor acceptor geometry in 4 compared to 3 an 

even weaker electronic coupling in 4 leads to slightly increased 3CS lifetimes. Unlike cascade 

P whose back hole transfer in e.g. MeCN is by a factor of 20 slower than that of O due to the 

larger donor acceptor separation, the CS lifetime of cascade 6 is only twice as long as that of 

4 in MeCN and is even slightly shorter in THF. 

From the fact that we do not observe any 1CS → S0 process in our transient 

absorption experiments in all cascades we conclude that these processes are at least 10 fold 

slower than the rate constants for the process 3CS → T. Thus, if the 3CS state of our 

cascades were below the acridine localised excited triplet state, and consequently, the triplet 

state no longer could act as an energy sink we expect the lifetimes of the 3CS states to be in 

the order of 100 ns up to several µs. 

 
 

3.3 Conclusion 
 

In this paper we investigated the photophysical properties of a series of redox 

cascades. The data derived by stationary and time resolved fluorescence measurements 

(see Table 3.3) show that the influence of perpendicular orientation of the donor and 

acceptor on the electronic nature of the first excited state in the reference chromophores 1 

and 2 is pronounced. Because the corresponding subunits are much stronger twisted in 2, 

the transition moments for absorption and fluorescence processes are much smaller. On the 

other hand, the degree of charge separation is higher in 2 compared to 1.  

Fluorescence and transient absorption measurements of the cascades 3 – 10 

substantiated that HT (1CT → 1CS) depends strongly on solvent polarity as well as on 

oxidation potentials of the donor moieties. The corresponding CS state is stabilised by strong 

donors and highly polar solvents, respectively. HT was only observed in cases where the 
1CS state is below the first excited 1CT state. HT is a nonradiative deactivation pathway 

which leads to fluorescence quenching and to the formation of the corresponding CS state as 

was verified by transient absorption measurements. No HT is observed if the terminal donor 

is too weak or the solvent is not polar enough. Our transient absorption experiments revealed 

that all CS states are quenched into a low lying localised 3(π,π*) triplet state of the acridine 

subunit. Even in case of chromophore 8 whose CS state is energetically lowered owing to 

the very strong donor D2, the localised triplet state of the acceptor is still below and acts as 

an energy trap. The process 3CS → T refers to a back hole transfer from acridine to D2 (D3). 

Due to hyperfine interaction conversion of the 1CS into the 3CS state and subsequent 
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deactivation into the triplet state is very fast. This deactivation pathway “catalyses” the 

formation of the acridine localised triplet state which results in a shorter lifetime of the 3CS 

states of the cascades 4, 6, 7 and 8 (in the solvents mentioned above) compared to the 

lifetime of the 1CT states of their reference compounds 1 and 2.  

The decoupling of acceptor and donor subunits on the one hand and between the 

different donors on the other hand results in an extended lifetime of the 3CS states. 

Comparing the decay kinetics of compounds O and 3, and 3 and 4, respectively, it is obvious 

that the main contribution of the longer lifetime of the CS state originates from the electronic 

decoupling of the donor subunits on the basis of saturated spacers (O vs 3). The twisting of 

acceptor and donor subunits has only relatively small influence on the lifetimes (3 vs 4). 

Combining both approaches as outlined in the Introduction the lifetime of the CS state is 

prolonged by two orders of magnitude (O vs 4). This significant increase of the lifetimes of 

the CS states is noteworthy because charge recombination of 3 – 10 is located in the Marcus 

normal region whereas this process of O takes place in the Marcus inverted region. 

However, if we compare these results with CS lifetimes of similarly large systems 

reported in literature[34, 56, 90, 167, 234] the cascades 3 – 10 decay quite fast. We anticipate that 

the lifetimes would increase dramatically if the energy of the CS state were below that of the 

localised acridine triplet state of an incorporated subunit which then cannot act as an energy 

trap furthermore. Consequently, the lifetime of the CS states should increase dramatically 

because of two facts: First, formation of a 3CS state does not result in a “catalysed” 

deactivation mechanism of the charge separated state to the now higher lying localised triplet 

state. Second, the energy gap between the 1CS and the S0 state is large enough that charge 

recombination (1CS → S0) is located deeply in the Marcus inverted region. 

Our findings are important for designing chromophores based on triarylamine 

cascades with CS lifetimes being sufficiently long to be used as photosensitisers in organic 

solar cells, for generation of photocurrent or for use in other optoelectronic devices. A next 

step will be to find a more suitable electron acceptor whose reduction is completely 

reversible, whose reorganisation energy is low and whose locally excited triplet state is 

higher in energy than the corresponding CS states. 
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4 Experimental Section 

4.1  Analytical Methods 
4.1.1 General Analytical Methods 
 
NMR spectroscopy 

 Bruker Avance 400 FT-Spectrometer (1H: 400.1 MHz, 13C: 100.6 MHz) 

 Bruker Avance DMX 600 FT-Spectrometer (1H: 600.13 MHz, 13C: 150.92 MHz) 

 

All 1H- and 13C-NMR spectra were recorded at 295 K. The signal of the respective 

solvent was used as the internal reference and the chemical shifts are given in ppm (δ-scale) 

versus TMS. Multiplicities were denoted as s (singulet), d (doublet), dd (doublet of doublets), 

ddd (doublet of doublets of doublets) and m (multiplet). Coupling constants are given in Hz. 

NMR-Spectroscopy data are quoted as follows: chemical shift (multiplicity, coupling 

constants, number of protons). 

 

Mass spectroscopy 

 Finnigan MAT 90 

 Bruker Daltonik microTOF focus 

 

Mass spectra were recorded at the Institute of Organic Chemistry, University of 

Würzburg. For ESI-spectra 10 µM solutions of the sample in acetone, chloroform or 

acetonitrile were prepared. 

 

Melting points 

All melting points were measured with a Tottoli melting-point apparatus from Büchi 

and are not corrected. 

 

 

4.1.2 Cyclic Voltammetry 
 

 Electrochemical Workstation BAS CV-50 W including software version 2.0 

 

Cyclic voltammograms were measured under an argon atmosphere (argon dried with 

Sicapent® from Merck, traces of oxygen removed with copper oxide catalyst R3-11 from 
BASF) in dry and oxygen-free solvents with 0.2 M tetrabutylammonium hexafluorophosphate 
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(TBAH) as supporting electrolyte. The concentration of the solute was about 0.5 mM. A 

conventional three electrode setup consisting of a platinum disc working electrode (∅ 2 mm), 

a Ag/AgCl pseudoreference electrode and a platinum wire counter electrode was used. The 

redox potentials were referenced against the ferrocene/ferrocenium redox couple as an 

internal standard. For measurements under thin-layer conditions the working electrode was 

placed onto a mobile glass hemisphere.[235] Digital simulation of CVs was done with DigiSim 

3.03.  

 

 

4.1.3 Spectroelectrochemistry 
 

 JASCO V-570 UV/Vis/NIR spectrometer 

 EG & G potentiostat/galvanostat model 363 

 

Spectroelectrochemical experiments were performed in reflection mode at a platinum 

disc electrode (∅ 6 mm) through the planar quartz bottom of a cylindrical vessel. A 

gold/nickel covered metal (V2A) plate served as the counter electrode and a Ag/AgCl 

electrode as the pseudoreference electrode. The optical path length of 20 µm between the 

working electrode and the quartz bottom was adjusted by a micrometer screw.[236] The 

potential applied to the electrolyte was varied in steps of 10 – 100 mV and a UV/Vis/NIR 

spectrum was recorded ca. one minute after each potential change. 

 

 

4.1.4 UV/Vis/NIR Spectroscopy 
 

 JASCO V-570 UV/Vis/NIR spectrometer 

 

All solvents were of spectroscopic grade and were used without any further 

purification. Absorption spectra were recorded in 1 cm quartz cuvettes (Hellma). For 

chemical oxidation a SbCl5 solution in dichloromethane (5·10-3 M) was added drop by drop to 

a 10-5 M solution of the compound. After each drop a spectrum was recorded over the whole 

range (200 – 2500 nm) with a scan rate of 1000 nm min-1.  
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4.1.5 Fluorescence Spectroscopy 
 

 Photon Technology International QuantaMaster™ Model QM-2000-4 including a cooled 

photomultiplier (R928P) and a 75 W xenon short arc lamp (UXL-75XE, Ushio) 

 Photon Technology International TimeMaster™ Model TM-2/2003 fluorescence lifetime 

spectrometer including a nanosecond flash-lamp operating at 18-20 kHz charged with 

H2/N2 (1:1). 

 

Stationary fluorescence spectra were recorded in 1 cm quartz cells (Hellma). All 

solvents were of spectroscopic grade and were used as received. The concentration was ca. 

10-5 – 10-6 M and oxygen was removed by bubbling inert gas through the solutions for about 

5 minutes before each measurement. The fluorescence quantum yields were determined by 

Equation 4.1, in which If, OD, and n are the intensity of the fluorescence, the optical density 

of the solution at the excitation energy and the refractive index of the solvent. 
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As reference a solution of rhodamin 101 in EtOH was used due to its constant 

quantum yield of 1.0 over a wide range of temperature.[237] 

For time-dependent fluorescence decay measurements 1000 data points were 

collected for each scan. The signal to noise ratio was improved by an integration time (time 

over which the signal will be averaged for each point of each scan) of 0.2 – 0.5 ns depending 

on fluorescence intensity of the sample and the final decay curve was averaged by 2 – 4 

complete scans. The instrument response of the nanosecond flash lamp was determined by 

using Ludox® AS-30 colloidal silica in de-ionised water as a scatterer. The fluorescence 

decay curves were deconvoluted with the signal of the flash lamp using the corresponding 

spectrometer software. The decays were monoexponentially fitted in the nanosecond regime 

unless otherwise indicated. The χ2 test (about 1.0), Durbin Watson (> 1.7), residuals and 

autocorrelation function (without any significant structure) served as the main criteria in the 

evaluation of the fit. The analysis of the fluorescence decay of compound 1 in cyclohexane is 

given as example in Figure 4.1. Oxygen was removed as outlined above. 
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Figure 4.1 Instrument response function, fluorescence decay of 1 in cyclohexane (■) and monoexponential fit  
  (left axis) as well as residuals (■) and autocorrelation function (right axis); τ = 0.77 ns, χ2 = 1.11,  
  Durbin Watson = 2.2. 

 

4.1.6 Transient Absorption Spectroscopy 
 

 Edinburgh LP 920 laser flash spectrometer with a 300 W ozone-free Xe arc lamp 

including a photomultiplier (Hamamatsu R955) and a digital storage oscilloscope 

(Tektronix TDS3012B) 

 Continuum Minilite II Nd:YAG laser operating at 10 Hz, 8 ns pulse duration, ca. 57 mW 

average power at 28200 cm-1 

 
Nanosecond transient absorption spectra were acquired on a laser flash 

spectrometer. All solvents were of spectroscopic grade and were used as received. 

Measurements were carried out in 1 cm quartz cells (Hellma) with an optical density between 

0.1 – 1.0 at the excitation energy. Oxygen was removed by bubbling inert gas through the 

solutions until a constant decay time was monitored. Samples were excited with a 8 ns 

duration laser pulse at 24000 cm-1 (416 nm) and 28200 cm-1 (355 nm), respectively. The 

excitation pulse was produced by a the Nd:YAG laser operating at 10 Hz and the probe pulse 

was provided by a pulsed Xe flash lamp.  

In general the recorded transient signal consists of transient absorption, fluorescence 

and ground state bleaching. We eliminated fluorescence contributions by measuring two 

different transient signals, one signal IT(t) with a high intensity of the probe light (pulsed Xe 

flash lamp with background I100) and a second signal )t(CW
TI  with low intensity of the probe 

light (CW Xe lamp with background CW
100I ). Assuming that the fluorescence in both transient 
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signals is identical, and the amount of transient absorption varies with intensity of the probe 

light, we derived Equation 4.2 as follows: 

high intensity of the probe light:  ⎟⎟
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The instrument response of the Nd:YAG laser was determined by using Ludox® AS-

30 colloidal silica in de-ionised water as a scatterer. The decay curves were deconvoluted 

with the signal of the laser using the corresponding spectrometer software. Residuals and 

autocorrelation function (without any significant structure) served as the main criteria in the 

evaluation of the fit.  

 

To avoid photoionisation, the solute was excited either with low power at 28200 cm-1 

(< 5 mW) or with high power at 24000 cm-1 (> 50 mW) where the triarylamine part of the 

compounds does not absorb. To increase the signal to noise ratio the compounds were 

excited at 24000 cm-1. The THG of the fundamental of 9400 cm-1 (1064 nm) was shifted to 

24000 cm-1 by means of a 50 cm Raman shifter which was charged with hydrogen (50 bar). 

The corresponding energy was selected by a Pellin-Broca prism. The setup to generate the 

excitation energy of 24000 cm-1 is outlined in Figure 4.1. 
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Figure 4.1  Experimental setup for Raman shifting. L1 and L2 are fused silica plano-convex lenses. M1 and M2  
  are dielectric coated plane mirrors LBSM-UV. 
 

A blueprint of the Raman shifter is given in Figure 4.2. The main components of the Raman 

shifter are made of brass. The mountings are made of stainless steel, the plastics used in the 

gasket are POM and the material of the O-ring seal is viton. 

 

needle valve
ball valve

coupling

manometer

 

a) 
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Figure 4.2  a) General plan of the Raman shifter; b) Plan of the Raman shifter including dimensioning. 

 

pressure disc

plane window UV-FS

O-ring sealcentring ring

union nut

counter pressure disc lock nut

 
Figure 4.3  Detailed drawing of the Raman shifter’s gasket. 

 

In order to estimate the performance of the Raman shifter we measured the power 

output at 24000 cm-1 at different pressures within the cell (see Figure 4.4). The energy of the 

8 ns laser pulse of the first Stokes emission at 24000 cm-1 increases with increasing pressure 

in the Raman shifter until it attains a maximum of ca. 23 % conversion efficiency (ca. 57 mW 

power input at 28200 cm-1) at about 35 bar. The variation in intensity of 16 averaged 8 ns 

b) 
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laser pulses each was also plotted as a function of the pressure (see Figure 4.5) to estimate 

the pressure which provides the most constant power output. The energy of the laser pulse 

becomes more constant with higher pressure. The variation in intensity is reduced below 3 % 

at a pressure > 45 bar. Consequently, high pressure (ca. 50 bar) within the cell is required to 

get a constant energy of the laser pulse although the maximum energy is already obtained at 

lower pressures (35 bar). 
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Figure 4.4  Energy of a 8 ns laser pulse of the first Stokes emission as a function of the H2-pressure in the  
  Raman shifter. The energy was determined by a) the voltage given by the PMT and b) by means of  
  a laser power meter. The conversion efficiency (E24000 cm-1 output / E28200 cm-1 input) is given at the  
  right axis and is not corrected for reflexion losses in the case of the 24000 cm-1 pulses. Thus, the  
  actual conversion efficiency might be somewhat higher. 
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Figure 4.5  Variation in intensity of 16 averaged 8 ns laser pulses each of the first Stokes emission as a function  
  of the pressure. 
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4.1.7 Synthesis 
 

All chemicals were of standard quality and were used without further purification. All 

reactions under inert-gas conditions (nitrogen, dried with Sicapent® from Merck, oxygen was 

removed by copper oxide catalyst R3-11 from BASF) were performed in flame-dried Schlenk 

tubes. If necessary, the solvents were purified and dried by standard procedures and kept 

under an inert-gas atmosphere. Flash-column chromatography was carried out using silica 

gel (32 – 63 µm) from MP Biomedicals. For column chromatography neutral alumina with 

activity V (63 – 200 µm) from Macherey-Nagel was used. 

Microwave reactions were carried out in a MLS Microwave µCHEMIST using a 50 ml 

3-necked round-bottom flask (open system). The temperature of the reaction was measured 

directly with a fibre optic sensor. 

 

 

4.2  Synthesis 
4.2.1  General Experimental Procedures 
4.2.1.1  General Procedure for the Palladium Catalysed Amination of Aryl Halides  

   (GP1) 
 

A solution of the aryl halide, the aryl amine, Pd2(dba)3·CHCl3, sodium tert-butoxide, PtBu3 

(0.33 M solution in hexane) in dry toluene was stirred under a nitrogen atmosphere at the 

given temperature for the given time. The mixture was diluted with dichloromethane and 

washed twice with a saturated Na2S2O3 solution in water. The solvent was removed under 

reduced pressure and the crude product was purified by (flash-)column chromatography. 

 

 

4.2.1.2 General Procedure for the Hagihara-Coupling (GP2) 
 

The aryl halide, the alkyne, Pd(C6H5CN)2Cl2 and CuI were dissolved under a nitrogen 

atmosphere in dry dioxane. After the addition of PtBu3 (0.33 M solution in hexane) and HNiPr2 

the mixture was stirred at room temperature for the given time. The mixture was diluted with 

dichloromethane and washed twice with a saturated Na2S2O3 solution in water. The solvent 

was removed under reduced pressure and the crude product was purified by flash-column 

chromatography. 
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4.2.2 Synthesis of Precursors 
 

9-(4-Bromophenyl)acridine (12) 
 

N

Br

 
 

CA: [94255-63-7] 

 

Diphenylamine (1.50 g; 8.86 mmol), 4-bromobenzoic acid (2.67 g; 13.3 mmol) and zinc 

bromide (4.98 g; 22.1 mmol) were mixed in a 3-necked round-bottom flask and heated in a 

microwave oven (gradient of heating: 10 min RT to 170 °C; holding time: 2 h at 170 °C). The 

glassy residue is dissolved in boiling ethanol (60 ml) and poured into water (100 ml). After 

the addition of conc. ammonia (40 ml) the resulting brown precipitation was filtered off and 

was washed with methanol (5 ml). The crude product was dissolved in dichloromethane and 

the insoluble benzoic acid was removed by filtration. The solvent was removed under 

reduced pressure and the crude material was purified by flash-column chromatography 

(CH2Cl2 : EtOAc = 20:1). The crude product was dissolved in methanol (15 ml) and was 

heated for 5 min under reflux. After the suspension was cooled down the product was filtered 

off and dried in vacuo.  

 
Formula:  C19H12BrN [334.21] 

Yield:  1.53 g (4.58 mmol; 52 %) yellow solid 

Melting point:  242 °C (Lit.: 234 °C)[120] 
1H-NMR (400.1 MHz; [D1]chloroform): δ = 8.42 - 8.28 (m, 2H); 7.81 (ddd, 3JHH =  8.6 Hz,  

  4JHH = 6.8 Hz, 5JHH = 1.6 Hz, 2H); 7.77 (AA’, 2H); 7.71 - 7.66 (m, 2H); 7.47  

  (ddd, 3JHH = 8.8 Hz, 4JHH = 6.8 Hz, 5JHH = 1.0 Hz, 2H); 7.34 (BB’, 2H). 
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Compound 13 
 

N

NH

Cl

 
 

CA: [863678-21-1] 

 

Following GP1: Compound 12 (1.00 g; 3.00 mmol), 4-chloroaniline (477 mg; 3.74 mmol), 

Pd2(dba)3·CHCl3 (39.0 mg; 37.7 µmol), PtBu3 (20.0 µl; 66.0 µmol), sodium tert-butoxide (359 

mg; 3.74 mmol), toluene (15 ml); 2.5 d at 45 °C, flash-column chromatography (CH2Cl2 : 

EtOAc = 40:1). 

 

Formula:  C25H17ClN [380.88] 

Yield:  980 mg (4.58 mmol; 86 %) yellow solid 

Melting point:  191 °C (Lit.: 189 – 191 °C)[16] 
1H-NMR (400.1 MHz; [D2]dichloromethane): δ = 8.22 (ddd, 3JHH = 8.7 Hz, 4JHH = 1.2 Hz,  

  5JHH = 0.8 Hz, 2H); 7.85 (ddd, 3JHH = 8.7 Hz, 4JHH = 1.4 Hz, 5JHH = 0.8 Hz,  

  2H); 7.77 (ddd, 3JHH = 8.8 Hz, 4JHH = 6.5 Hz, 5JHH = 1.4 Hz, 2H); 7.46 (ddd,  

  3JHH = 8.7 Hz, 4JHH = 6.6 Hz, 5JHH = 1.3 Hz, 2H); 7.36 (AA’, 2H); 7.33 -  

  7.27 (-, 4H); 7.19 (BB’, 2H); 6.09 (s, 1H). 
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2,9-Dinitrodibenzosuberone (14) 
 

O NO2O2N  
 

CA: [96886-98-5] 

 

Dibenzosuberone (25.0 g; 120 mmol) was dissolved in sulphuric acid (120 ml)and at 0 °C a 

mixture of sulphuric acid (30.6 ml; 573 mmol) and nitric acid (13.1 ml; 316 mmol) was added 

slowly. The mixture was heated to 75 °C for 30 min. After the mixture was cooled down, it 

was poured into icecold water. The resulting precipitation was filtered off and suspended in 

ethanol. The mixture heated for 5 min under reflux. After the suspension was cooled down 

the crude product was filtered off and recrystallised from nitromethane. The product was 

filtered off and dried in vacuo. 

 
Formula:  C15H10N2O5 [298.25] 

Yield:  32.2 g (108 mmol; 90 %) colourless solid 

Melting point:  212 °C  
1H-NMR (400.1 MHz; [D6]DMSO): δ = 8.24 (d, 4JHH = 2.5 Hz, 2H); 7.94 (dd, 3JHH = 8.4 Hz,  

  4JHH = 2.6 Hz, 2H); 7.27 (d, 3JHH = 8.5 Hz, 2H); 2.92 (s, 4H). 
 
 
2,9-Diaminodibenzosuberone (15) 
 

O NH2H2N  
 

CA: [96886-97-4] 

 

Conc. hydrochloric acid (130 ml) was added slowly to tin(II)chloride dehydrate (126 g;  

558 mmol) at 0 °C. Then, conc. acetic acid (183 ml) was also carefully added at 0 °C. After  

2,9-dinitrodibenzosuberone (14) (20.2 g; 67.7 mmol) was added under vigorous stirring the 

solution was heated for 1 h under reflux. The mixture was diluted with water (950 ml) and 

was basified with a sodium hydroxide solution (10 %). After the resulting precipitation was 
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filtered off and washed with water the dried crude product was recrystallised from ethanol 

and dried in vacuo. 

 

Formula:  C15H14N2O [238.11] 

Yield:  12.4 g (52.1 mmol; 77 %) yellow solid 

Melting point:  170 °C (Lit.: 171 – 171.5 °C)[202] 
1H-NMR (400.1 MHz; [D2]dichloromethane): δ = 7.24 (d, 4JHH = 2.5 Hz, 2H); 7.01 (d, 3JHH =  

  8.1 Hz, 2H); 6.77 (dd, 3JHH = 8.1 Hz, 4JHH = 2.7 Hz, 2H); 3.73 (s, 4H); 3.03  

  (s, 4H). 

 

 

2,9-Dibromodibenzosuberone (16) 
 

BrBr O  
 

CA: [226946-20-9] 

 

2,9-Diaminodibenzosuberone (15) (1.85 g; 7.77 mmol) in dry acetonitrile (34 ml) was added 

to a solution of copper-(II)-bromide (4.55 g; 19.5 mmol) and tert-butylnitrite (2.48 ml; 20.9 

mmol) in dry acetonitrile (26 ml). The resulting suspension was stirred for 10 h at RT and 

subsequently heated for 2 h under reflux. After the addition of hydrochloric acid (40 ml of a 

20 % solution) the solution was extracted with diethyl ether (4 x 40 ml). The combined 

organic layers were washed with hydrochloric acid and dried over magnesium sulphate. The 

solvent was removed in vacuo. The residue was purified by flash-column chromatography 

(CH2Cl2 : PE = 1:4) and dried in vacuo.  

 

Formula:  C15H10Br2O [366.05] 

Yield:  1.96 g (5.35 mmol; 69 %) colourless solid 

Melting point:  143 °C  
1H-NMR (400.1 MHz; [D1]chloroform): δ = 8.13 (d, 4JHH = 2.3 Hz, 2H); 7.56 (dd, 3JHH = 8.2  

  Hz, 4JHH = 2.2 Hz, 2H); 7.12 (d, 3JHH = 8.1 Hz, 2H); 3.14 (s, 4H). 

{}13C-NMR (100.6 MHz; [D1]chloroform): δ = 192.5 (quart.); 140.8 (quart.); 139.6 (quart.);  

  135.6 (tert.); 133.6 (tert.); 131.3 (tert.); 120.9 (quart.); 34.4 (sec.). 



 4  Experimental Section

     86

HRMS (70 eV, EI): m/z calcd for [M·+] = C15H10Br2O·+: 363.90929; found: 363.90926 (∆ =  

  0.08 ppm). 

 

 

Compound 17 
 

BrBr  
 
Sodium borohydride (9.26 g; 245 mmol) was suspended under an inert gas atmosphere at  

0 °C in trifluoroacetic acid (292 ml). A solution of 2,9-dibromodibenzosuberone (16) (6.36 g; 

17.4 mmol) in dichloromethane (130 ml) was added carefully at RT and was stirred for 12 h. 

An additional amount of sodium borohydride (4.49 g; 119 mmol) was added and the solution 

was stirred for further 2 h. The solution was hydrolysed with water (100 ml) and extracted 

with dichloromethane (3 x 80 ml). The combined organic layers were washed with water and 

dried over magnesium sulphate. The crude product was purified by flash-column 

chromatography (PE). 

 

Formula:  C15H12Br2 [352.06] 

Yield:  5.50 g (15.6 mmol; 90 %) colourless solid 

Melting point:  90 – 91 °C  
1H-NMR (400.1 MHz; [D6]acetone): δ = 7.44 (d, 4JHH = 2.1 Hz, 2H); 7.29 (dd, 3JHH = 8.2 Hz,  

  4JHH = 2.1 Hz, 2H); 7.09 (d, 3JHH = 8.2 Hz, 2H); 4.15 (s, 2H); 3.14 (s, 4H). 

{1H}13C-NMR (100.6 MHz; [D6]acetone): δ = 142.2 (quart.); 139.5 (quart.); 132.6 (tert.); 132.5  

  (tert.); 130.6 (tert.); 120.0 (quart.); 40.0 (sec.); 32.3 (sec.). 

HRMS (70 eV, EI): m/z calcd for [M·+] = C15H12Br2
·+: 349.93002; found: 349.93015 (∆ =  

  0.37 ppm). 
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Compound 18 
 

BrN

MeO

MeO  
 

CA: [194416-45-0] 

 

4-Iodoanisole (28.6 g; 122 mmol), 4-bromoaniline (10.0 g; 58.1 mmol), 1,10-phenanthroline 

(418 mg; 2.32 mmol), CuI (230 mg; 2.32 mmol) and powdered potassium hydroxide (25.4 g; 

453 mmol) were dissolved in dry toluene (40 ml) and heated under reflux for 2 days. 

Dichloromethane (300 ml) was added and the suspension was washed with water (3 x  

250 ml). The organic layer was dried over magnesium sulfate and the solvent was removed 

under reduced pressure. The crude product was purified by flash-column chromatography 

(CH2Cl2 : PE = 3:5). 

 

Formula:  C20H18BrNO2  [384.27] 

Yield:  13.8 g (35.9 mmol; 62 %) beige solid 

Melting point:  97 °C (Lit.: 91 – 92 °C)[238] 
1H-NMR (400.1 MHz; [D6]acetone): δ = 7.29 (AA’, 2H); 7.06 (AA’, 4H); 6.91 (BB’, 4H); 6.75  

  (BB’; 2H); 3.79 (s, 6H). 
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Compound 19 
 

N

MeO

MeO

SiMe3

 
 

CA: [218608-72-1] 

 

Following GP2: Compound 18 (5.00 g; 13.0 mmol), trimethylsilylacetylene (2.24 ml;  

15.7 mmol), Pd(PhCN)2Cl2 (156 mg; 407 µmol), CuI (24.8 mg; 130 mmol), PtBu3 (2.40 ml; 

792 µmol), HNiPr2 (2.19 ml; 15.6 mmol), dioxane (20 ml); 1 d, flash-column chromatography 

(CH2Cl2 : PE = 1:3). 

 

Formula:  C25H27NO2Si [401.57] 

Yield:  5.01 g (12.5 mmol; 96 %) yellow oil 
1H-NMR (400.1 MHz; [D6]acetone): δ = 7.23 (AA’, 2H); 7.09 (AA’, 4H); 6.93 (BB’, 4H); 6.72  

  (BB’, 2H); 3.80 (s, 6H); 0.20 (s, 9H). 

 

 

Compound 20 
 

N

MeO

MeO  
 

CA: [218608-73-2] 

 

Compound 19 (5.01 g; 12.5 mmol) was dissolved in THF (35 ml) and TBAF (12.5 ml of 1 M 

solution in THF; 12.5 mmol) was added. The solution was stirred at room temperature for  

1 h. Then, the solvent was removed under reduced pressure and the residue was dissolved 

in dichloromethane (200 ml). The solution was washed with water (3 x 100 ml) and the 
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organic layer was dried over magnesium sulfate. Finally, the solvent was removed under 

reduced pressure and the product was dried in vacuo. 

 

Formula:  C22H19NO2  [329.39] 

Yield:  4.10 g (12.4 mmol; 99 %) red solid 

Melting point:  85 – 88 °C 
1H-NMR (400.1 MHz; [D6]acetone): δ = 7.26 (AA’, 2H); 7.09 (AA’, 4H); 6.93 (BB’, 4H); 6.74  

  (BB’, 2H); 3.80 (s, 6H); 3.44 (s, 1H). 

 

 

Compound 21 
 

MeO

N

MeO

Br

 
 

CA: [863678-33-5] 

 

Following GP2: Compound 20 (4.10 g; 12.4 mmol), 1-bromo-4-iodobenzene (4.60 g;  

16.3 mmol), Pd(PhCN)2Cl2 (149 mg; 388 µmol), CuI (23.7 mg; 124 mmol), PtBu3 (2.29 ml; 

756 µmol), HNiPr2 (2.09 ml; 14.9 mmol), dioxane (19 ml); 1 d, flash-column chromatography 

(CH2Cl2 : PE = 1:3). 

  

Formula:  C28H22BrNO2 [484.38] 

Yield:  3.72 g (7.68 mmol; 62 %) yellow solid 

Melting point:  104  – 105 °C  
1H-NMR (400.1 MHz; [D6]acetone): δ = 7.57 (AA’, 2H); 7.43 (BB’, 2H); 7.32 (AA’, 2H); 7.11  

  (AA’, 4H); 6.95 (BB’, 4H); 6.78 (BB’, 2H); 3.81 (s, 6H). 
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Compound 22 
 

N

Br

 
 

Sodium hydride (1.10 g of a 60% suspension in an oil; 27.5 mmol) was added under an inert 

gas atmosphere to a solution of 9(10H)-acridone (2.00 g; 10.2 mmol) in DMF (200 ml) which 

was stirred for 30 minutes at RT. The solution was cooled to 0 °C and  

2-methoxyethoxymethyl chloride (1.50 ml; 13.1 mmol) was added carefully. The mixture was 

stirred for 30 minutes at 0 °C and for 2 h at RT. The solvent was removed in vacuo and the 

residue was dissolved in dichloromethane (400 ml). The mixture was washed with a 

saturated NaCl solution (3 x 250 ml) and dried over magnesium sulphate. Subsequently the 

solvent was removed under reduced pressure. The crude product was purified by column 

chromatography (CH2Cl2 : PE = 1:1) to obtain N-(2-methoxyethoxymethyl)-9-acridone. 

 

Formula: C17H17NO3 [283.32] 

Yield:  2.54 g (8.97 mmol; 88 %) light yellow solid. 

Melting point:  181 °C 
1H-NMR (400.1 MHz; [D1]chloroform): δ =8.52 (m, 2H); 7.75 – 7.68 (-, 4H); 7.32 (m, 2H);  

  5.81 (s, 2H); 3.86 (m, 2H); 3.64 (m, 2H); 3.44 (s, 3H). 

 

A solution of n-BuLi (3.10 ml of a 1.55 M solution in hexane; 4.81 mmol) was added drop by 

drop to a solution of 4-bromo-1-iodo-2,6-dimethylbenzene (1.50 g; 4.82 mmol) in THF (40 ml) 

at –78 °C which was then stirred for 3 h. This solution was transferred via cannula to a 

solution of N-(2-methoxyethoxymethyl)-9-acridone (845 mg; 2.98 mmol) in THF (50 ml), 

which was cooled down to –78 °C and stirred for further 2 h. The solution was stirred for 10 h 

at RT, diluted hydrochloric acid was added, followed by the addition of a solution of 

potassium carbonate in water. The solution was extracted with dichloromethane (3 x 200 ml) 

and the combined organic layers were dried over magnesium sulphate. The solvent was 

removed under reduced pressure. Purification of the crude product was achieved by flash-

column chromatography (CH2Cl2). 
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Formula:  C21H16BrN [362.26] 

Yield:  732 mg (2.02 mmol; 42 %) yellow solid 

Melting point:  194 °C  
1H-NMR (400.1 MHz; [D6]acetone): δ = 8.26 (ddd, 3JHH = 8.8 Hz, 4JHH = 0.9 Hz, 5JHH =  

  0.9 Hz, 2H); 7.79 (ddd, 3JHH = 8.8 Hz, 3JHH = 5.6 Hz, 4JHH = 2.3 Hz, 2H);  

  7.41 – 7.34 (-, 6H); 1.72 (s, 6H). 

{1H}13C-NMR (100.6 MHz; [D6]acetone): δ = 149.4 (quart.); 145.2 (quart.); 139.7 (quart.);  

  134.6 (quart.); 130.8 (tert.); 130.5 (tert.); 130.4 (tert.); 126.6 (tert.); 125.9  

  (tert.); 125.0 (quart.); 122.5 (quart.); 19.9 (prim.). 

HRMS (70 eV, EI): m/z calcd for [M·+] = C21H16BrN·+: 361.04606; found: 361.04619 (∆ =  

  0.36 ppm). 

 

 

Compound 23 
 

N

NH

Cl

 
 

Following GP1: Compound 22 (120 mg; 331 µmol), 4-chloroaniline (57.2 mg; 448 µmol), 

Pd2(dba)3·CHCl3 (4.68 mg; 4.52 µmol), PtBu3 (24.0 µl; 7.92 µmol), sodium tert-butoxide  

(43.1 mg; 448 µmol), toluene (2 ml); 20 h at 100 °C, flash-column chromatography (CH2Cl2 

→ CH2Cl2 : EtOAc = 40:1). 

 

Formula:  C27H21ClN2 [408.92] 

Yield:  124 mg (303 µmol; 92 %) yellow solid 

Melting point:  267 °C  
1H-NMR (400.1 MHz; [D6]acetone): δ = 8.25 (m, 2H); 7.78 (ddd, 3JHH = 8.8 Hz; 3JHH = 6.5 Hz,  

  4JHH = 1.5 Hz, 2H); 7.59 (ddd, 3JHH = 8.7 Hz, 4JHH = 1.1 Hz, 5JHH = 0.5 Hz,  

  2H); 7.45 (ddd, 3JHH = 8.7 Hz, 3JHH = 6.5 Hz, 4JHH = 1.2 Hz, 2H); 7.29 (AA’,  

  2H); 7.17 (BB’, 2H); 7.00 (s, 2H); 5.95 (s, 1H); 1.70 (s, 6H). 

{1H}13C-NMR (100.6 MHz; [D6]acetone): δ = 149.5 (quart.); 146.9 (quart.); 143.2 (quart.);  

  142.3 (quart.); 142.3 (quart.); 138.5 (quart.); 130.4 (tert.); 130.2 (tert.);  
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  129.6 (tert.); 128.3 (quart.); 126.5 (tert.); 126.2 (tert.); 125.8 (quart.);  

  119.6 (tert.); 117.0 (tert.); 20.3 (prim.). 

HRMS (70 eV, EI): m/z calcd for [M·+] = C27H21ClN2
·+: 408.13878; found: 408.13889 (∆ =  

  0.27 ppm). 

 

 

Compound 26 
 

NHN

MeO

OMe

 
 
Following GP1: Compound 24 (280 mg; 560 µmol), p-toluidine, (120 mg; 1.12 mmol), 

Pd2(dba)3·CHCl3 (5.91 mg; 5.71 µmol), PtBu3 (30.4 µl; 10.0 µmol), sodium tert-butoxide 

(67.2 mg; 699 µmol), toluene (10 ml); heated in a microwave oven (gradient of heating:  

10 min RT to 75 °C; holding time: 30 min at 75 °C); flash-column chromatography (CH2Cl2 : 

PE = 2:1). 

 

Formula:  C36H34N2O2 [526.67] 

Yield:  230 mg (437 µmol; 78 %) colourless solid 

Melting point:  70 °C  
1H-NMR (400.1 MHz; [D6]acetone): δ = 7.40 – 6.93 (-, 11H); 6.88 – 6.83 (-, 6H); 6.77 (d,  

  4JHH = 2.3 Hz, 1H); 6.66 (dd, 3JHH = 8.2 Hz, 4JHH = 2.5 Hz, 1H); 3.90 (s,  

  2H); 3.77 (s, 6H); 3.06 (-, 4H); 2.23 (s, 3H). 

{1H}13C-NMR (150.9 MHz; [D6]acetone): δ = 156.6 (quart.); 147.7 (quart.); 143.1 (quart.);  

  142.5 (quart.); 142.3 (quart.); 140.8 (quart.); 140.7 (quart.); 133.0 (quart.);  

  131.4 (quart.); 131.08 (tert.); 131.06 (tert.); 130.4 (tert.); 129.8 (quart.);  

  126.8 (tert.); 122.8 (tert.); 120.6 (tert.); 118.4 (tert.); 115.95 (tert.); 115.89  

  (tert.); 115.5 (tert.); 55.7 (prim.); 41.6 (sec.); 32.8 (sec.); 32.6 (sec.); 20.6  

  (prim.). 

ESI pos. (high resolution): calcd for [M·+] = C36H34N2O2
·+: 526.26148; found: 526.26053 (∆ =  

  1.80 ppm). 
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Compound 27 
 

NHN

MeO

MeO  
 

CA: [863678-32-4] 

 

Following GP1: Compound 21 (2.80 g; 5.78 mmol), p-toluidine (739 mg; 6.90 mmol), 

Pd2(dba)3·CHCl3 (61.0 mg; 58.9 µmol), PtBu3 (314 µl; 104 µmol), sodium tert-butoxide  

(694 mg; 7.22 mmol), toluene (20 ml); 2 d at 45 °C; flash-column chromatography (CH2Cl2 : 

PE = 1:1 →CH2Cl2). 

 

Formula:  C35H30N2O2  [510.62] 

Yield:  1.87 g (3.66 mmol; 63 %) yellow solid 

Melting point:  123 – 125 °C (Lit.: 123 – 125 °C)[16] 
1H-NMR (400.1 MHz; [D6]acetone): δ = 7.34 (AA’, 2H); 7.27 (AA’, 2H); 7.12 (AA’, 2H); 7.07  

  (AA’, 4H); 7.04 (BB’, 2H); 6.94 (BB’, 2H); 6.86 (BB’, 4H); 6.81 (BB’, 2H);  

  5.84 (s, 1H); 3.79 (s, 6H); 2.31 (s, 3H). 

 

 

Compound 28  

 

NHN

MeO

 
 

[54480-44-3] 

 
Following GP1: 4-bromo-N,N-dimethylaniline (2.00 g; 10.0 mmol), p-anisidine (1.60 g;  

13.0 mmol), Pd2(dba)3·CHCl3 (275 mg; 266 µmol), P(t-Bu)3 (1.42 ml; 469 µmol), sodium tert-

butoxide (1.38 g; 14.4 mmol), toluene (60 ml); 3 d at 80 °C; column chromatography (PE → 

PE : CH2Cl2 = 20:1). 



 4  Experimental Section

     94

Formula:  C15H18N2O [242.32] 

Yield:  881 mg (3.64 mmol; 36 %) dark yellow oil 
1H-NMR (400.1 MHz; [D6]acetone): δ = 6.95 (AA’, 2H); 6.90 (AA’,2H); 6.78 (BB’, 2H); 6.72  

  (BB’, 2H); 3.72 (s, 3H); 2.85 (s, 6H). 

 

 

Compound 30  

 

N
H

OMeMeO

 
 

[57103-01-2] 

 
Sodium (1.70 g; 73.9 mmol) was dissolved in dry methanol (20 ml) and  

3,6-dibromocarbazole (1.20 g; 3.69 mmol), copper-(I)-iodide (2.96 g; 15.5 mmol) and dry 

DMF (40 ml) were added and heated under reflux for 3 h. After ethyl acetate (160 ml) was 

added, the mixture was filtered over celite and washed with brine (3 x 75 ml). The solvent 

was removed under reduced pressure. The crude product was purified by flash-column 

chromatography (CH2Cl2 : PE = 1:1). 

 

Formula:  C14H13NO2 [227.26] 

Yield:  750 mg (3.30 mmol; 89 %) colourless solid 

Melting point:  113 – 114 °C  
1H-NMR (400.1 MHz; [D6]acetone): δ = 9.89 (s, 1H); 7.64 (d, 4JHH = 2.4 Hz; 2H); 7.37 (m,  

  2H); 7.00 (dd, 3JHH = 8.7 Hz, 4JHH = 2.5 Hz, 2H); 3.87 (s, 6H). 

{1H}13C-NMR (100.6 MHz; [D6]acetone): δ = 154.4 (quart.); 136.6 (quart.); 124.4 (quart.);  

  115.9 (tert.); 112.5 (tert.); 103.5 (tert.); 56.1 (prim.). 

HRMS (70 eV, EI): m/z calcd for [M·+] = C14H13NO2
·+: 227.09408; found: 227.09399 (∆ =  

  0.40 ppm). 

 

 

 

 

 

 



 4  Experimental Section

     95

Compound 31 
 

NBr

MeO

OMe

 
 
Following GP1: Compound 17 (312 mg; 886 µmol), di(4-methoxyphenyl)amine (204 mg;  

890 µmol), Pd2(dba)3·CHCl3 (11.5 mg; 11.1 µmol), PtBu3 (50.0 µl; 16.5 µmol), sodium tert-

butoxide (106 mg; 1.10 mmol), toluene (7 ml); 60 h at 35 °C; column chromatography (PE : 

CH2Cl2 = 9:1). 

 

Formula:  C29H26BrNO2 [500.43] 

Yield:  156 mg (312 µmol; 35 %) colourless solid 

Melting point:  112 °C  
1H-NMR (400.1 MHz; [D6]acetone): δ = 7.38 (d, 4JHH = 2.1 Hz, 1H); 7.28 (dd, 3JHH = 8.1 Hz,  

  4JHH = 2.1 Hz, 1H); 7.09 (d, 3JHH = 8.2 Hz, 1H); 6.96 (AA’, 4H); 6.95 (d,  

  3JHH = 5.7 Hz, 1H); 6.86 (BB’, 4H); 6.80 (d, 4JHH = 2.4 Hz); 6.66 (dd,  

  3JHH = 8.2 Hz, 4JHH = 2.5 Hz, 1H); 4.00 (s, 2H); 3.78 (s, 6H); 3.15 – 3.05 (-,  

  4H). 

{1H}13C-NMR (100.6 MHz; [D6]acetone): δ = 156.8 (quart.); 147.9 (quart.); 142.7 (quart.);  

  142.2 (quart.); 140.0 (quart.); 139.8 (quart.); 132.4 (quart.); 132.4 (tert.);  

  132.3 (tert.); 131.2 (tert.); 130.2 (tert.); 127.0 (tert.); 122.7 (tert.); 120.7  

  (tert.); 119.7 (quart.); 115.5 (tert.); 55.7 (prim.); 40.7 (sec.); 32.7 (sec.);  

  32.1 (sec.). 

HRMS (70 eV, EI): m/z calcd for [M·+] = C29H26BrNO2
·+: 499.11414; found: 499.11399 (∆ =  

  0.26 ppm). 
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Compound 32 
 

NBr

 
 

Following GP1: Compound 17 (300 mg; 852 µmol), di-(4-methylphenyl)amine (168 mg;  

852 µmol), Pd2(dba)3·CHCl3 (11.0 mg; 10.6 µmol), PtBu3 (47.9 µl; 15.8 µmol), sodium tert-

butoxide (102 mg; 1.06 mmol), toluene (4 ml); 20 h at 100 °C; column chromatography (PE : 

CH2Cl2 = 5:1). 

 

Formula:  C29H26BrN [468.43] 

Yield:  68.0 mg (145 µmol; 17 %) colourless solid 

Melting point:  67 °C  
1H-NMR (400.1 MHz; [D6]acetone): δ = 7.39 (d, 4JHH = 2.0 Hz, 1H); 7.29 (dd, 3JHH = 8.0 Hz,  

  4JHH = 2.1 Hz, 1H); 7.09 (d, 3JHH = 8.2 Hz, 1H); 7.06 (AA’, 4H); 7.00 (d,  

  3JHH = 8.2 Hz, 1H); 6.90 (d, 4JHH = 2.3 Hz, 1H); 6.88 (BB’, 4H); 6.76 (dd,  

  3JHH = 8.2 Hz, 4JHH = 2.4 Hz, 1H); 4.02 (s, 2H); 3.19 – 3.07 (-, 4H); 2.27 (s,  

  6H). 

{1H}13C-NMR (100.6 MHz; [D6]acetone): δ = 147.2 (quart.); 146.6 (quart.); 142.7 (quart.);  

  140.2 (quart.); 139.7 (quart.); 133.9 (quart.); 132.8 (quart.); 132.4 (tert.);  

  132.3 (tert.); 131.4 (tert.); 130.7 (tert.); 130.2 (tert.); 124.9 (tert.) 124.8  

  (tert.); 122.8 (tert.); 119.7 (quart.); 40.5 (sec.); 32.6 (sec.); 32.2 (sec.);  

  20.8 (prim.). 

HRMS (70 eV, EI): m/z calcd for [M·+] = C29H26BrN·+: 467.12431; found: 467.12224 (∆ =  

  2.07 ppm). 
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Compound 33 
 

Br

N

N

MeO
OMe

 
 
Following GP1: Compound 26 (480 mg; 911 µmol), 17 (3.00 g; 8.52 mmol), Pd2(dba)3·CHCl3 

(9.61 mg; 9.28 µmol), PtBu3 (49.5 µl; 16.3 µmol), sodium tert-butoxide (109 mg; 1.13 mmol), 

toluene (10 ml); heated in a microwave oven (gradient of heating: 10 min RT to 75 °C; 

holding time: 30 min at 75 °C); flash-column chromatography (CH2Cl2 : PE = 1:2). 

 

Formula:  C51H46BrN2O2 [797.82] 

Yield:  210 mg (263 µmol; 29 %) colourless solid 

Melting point:  138 – 140 °C  
1H-NMR (400.1 MHz; [D6]acetone): δ = 7.37 (d, 4JHH = 2.0 Hz, 1H); 7.28 (dd, 3JHH = 8.1 Hz,  

  4JHH = 2.0 Hz, 1H); 7.15 – 6.89 (-, 11H); 6.88 – 6.77 (-, 7H); 6.75 – 6.68 (-,  

  3H); 6.66 (dd, 3JHH = 8.2 Hz, 4JHH = 2.4 Hz, 1H); 3.97 (s, 2H); 3.82 (s, 2H);  

  3.75 (s, 6H); 3.18 – 3.04 (-, 8H); 2.26 (s, 3H). 

{1H}13C-NMR (150.9 MHz; [D6]acetone): δ = 156.6 (quart.); 147.8 (quart.); 147.0 (quart.);  

  146.8 (quart.); 146.4 (quart.); 142.7 (quart.); 142.2 (quart.); 140.9 (quart.);  

  140.7 (quart.); 140.1 (quart.); 139.8 (quart.); 134.4 (quart.); 133.8 (quart.);  

  132.8 (quart.); 132.31 (quart.); 132.28 (tert.); 131.4 (tert.); 131.3 (tert.);  

  131.0 (tert.); 130.7 (tert.); 130.6 (tert.); 130.2 (tert.); 126.9 (tert.); 126.8  

  (tert.); 125.0 (tert.); 123.0 (tert.); 122.8 (tert.); 122.7 (tert.); 122.6 (tert.);  

  120.4 (tert.); 119.7 (quart.); 115.4 (tert.); 55.7 (prim.); 41.2 (sec.); 40.4  

  (sec.); 32.8 (sec.); 32.53 (sec.); 52.49 (sec.); 32.2 (sec.); 20.8 (prim.). 

ESI pos. (high resolution): calcd for [M+H+] = C51H46BrN2O2
+: 797.27372; found: 797.27368  

  (∆ = 0.04 ppm). 
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Compound 34 
 

NN

OMe

OMe

Br

 
 

Following GP1: Compound 27 (218 mg, 427 µmol), 17 (300 mg, 852 µmol), Pd2(dba)3·CHCl3 

(6.00 mg; 5.80 µmol), PtBu3 (24.0 µl; 7.92 µmol), sodium tert-butoxide (51.0 mg; 531 µmol), 

toluene (10 ml); heated in a microwave oven (gradient of heating: 10 min RT to 75 °C; 

holding time: 20 min at 75 °C); flash-column chromatography (CH2Cl2 : PE = 1:1). 

 

Formula:  C50H41BrN2O2 [781.78] 

Yield:  103 mg (132 µmol; 31 %) yellow solid 

Melting point:  139 – 141°C  
1H-NMR (400.1 MHz; [D6]acetone): δ = 7.41 (m, 1H); 7.33 – 7.26 (-, 5H); 7.16 – 7.06 (-, 8H);  

  7.02 – 6.91 (-, 7H); 6.90 – 6.84 (-, 3H); 6.78 (BB’, 2H); 4.07 (s, 2H); 3.80  

  (s, 6H); 3.17 – 3.13 (-, 4H); 2.31 (s, 3H). 

{1H}13C-NMR (150.9 MHz; [D6]acetone): δ = 157.7 (quart.); 149.8 (quart.); 148.9 (quart.);  

  146.1 (quart.); 145.5 (quart.); 142.6 (quart.); 140.9 (quart.); 140.6 (quart.); 

  139.7 (quart.); 135.4 (quart.); 134.3 (quart.); 133.0 (tert.); 133.0 (tert.);  

  132.4 (tert.); 132.3 (tert.); 131.7 (tert.); 131.0 (tert.); 130.2 (tert.); 128.3  

  (tert.); 126.4 (tert.); 126.2 (tert.); 124.3 (tert.); 122.0 (tert.); 119.7 (quart.);  

  119.4 (tert.); 116.7 (quart.); 115.8 (tert.); 114.9 (quart.); 89.7 (quart.); 89.0  

  (quart.); 55.7 (prim.); 40.3 (sec.); 32.5 (sec.); 32.3 (sec.); 20.8 (prim.). 

ESI pos. (high resolution): calcd for [M·+] = C50H41BrN2O2
·+: 780.23459; found: 780.23283  

  (∆ = 2.26 ppm). 
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Compound 35 

 

N

N

OMe

Br

 
 

Following GP1: Compound 28 (250 mg; 1.03 mmol), 17 (1.20 g; 3.41 mmol), 

Pd2(dba)3·CHCl3 (14.5 mg; 14.0 µmol), PtBu3 (57.9 µl; 19.1 µmol), sodium tert-butoxide  

(123 mg; 1.28 mmol), toluene (10 ml); heated in a microwave oven (gradient of heating:  

10 min RT to 100 °C; holding time: 1 h at 100 °C); flash-column chromatography (CH2Cl2). 

 

Formula:  C30H29BrN2O [513.47] 

Yield:  244 mg (475 µmol; 46 %) yellow oil 
1H-NMR (400.1 MHz; [D6]acetone): δ = 7.38 (d, 4JHH = 2.0 Hz, 1H); 7.28 (dd, 3JHH = 8.1 Hz,  

  4JHH = 2.1 Hz, 1H); 7.08 (d, 3JHH = 8.1 Hz, 1H); 6.99 – 6.88 (-, 5H); 6.84  

  (BB’, 2H); 6.79 – 6.60 (-, 4H); 3.98 (s, 2H); 3.77 (s, 3H); 3.16 – 3.01 (-,  

  4H); 2.91 (s, 6H). 

{1H}13C-NMR (150.9 MHz; [D6]acetone): δ = 156.3 (quart.); 148.42 (quart.); 148.40 (quart.);  

  148.1 (quart.); 142.7 (quart.); 142.3 (quart.); 139.7 (quart.); 138.3 (quart.);  

  132.3 (tert.); 132.2 (tert.); 131.5 (quart.); 130.9 (tert.); 130.0 (tert.); 127.4  

  (tert.); 126.4 (tert.); 121.7 (tert.); 119.8 (tert.); 119.6 (quart.); 115.3 (tert.);  

  114.4 (tert.); 55.6 (prim.); 40.9 (prim.); 40.6 (sec.); 32.7 (sec.); 32.0 (sec.). 

HRMS (70 eV, EI): m/z calcd for [M·+] = C30H29BrN2O·+: 512.14578; found: 512.14527 (∆ =  

  1.00 ppm). 
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Compound 36 

 

NBr
S

 
 

Following GP1: Compound 17 (200 mg; 568 µmol), phenothiazine (102 mg; 512 µmol), 

Pd2(dba)3·CHCl3 (16.7 mg; 16.1 µmol), PtBu3 (71.0 µl; 23.4 µmol), sodium tert-butoxide  

(136 mg; 1.42 mmol), toluene (10 ml); heated in a microwave oven (gradient of heating:  

10 min RT to 45 °C; holding time: 40 min at 45 °C); flash-column chromatography (CH2Cl2 : 

PE = 1:7). 

 

Formula:  C27H20BrNS [470.42] 

Yield:  81.0 mg (172 µmol; 34 %) colourless solid 

Melting point:  218 – 220°C  
1H-NMR (400.1 MHz; [D6]acetone): δ = 7.47 (d, 4JHH = 2.0 Hz, 1H); 7.44 (d, 3JHH = 8.0 Hz,  

  1H); 7.33 (dd, 3JHH = 8.1 Hz, 4JHH = 2.1 Hz, 1H); 7.30 (d, 4JHH = 2.3 Hz,  

  1H); 7.22 (dd, 3JHH = 8.0 Hz, 4JHH = 2.3 Hz, 1H); 7.16 (d, 3JHH = 8.2 Hz,  

  1H); 7.02 (dd, 3JHH = 7.3 Hz, 4JHH = 1.83 Hz, 2H); 6.90 – 6.78 (-, 4H); 6.22  

  (dd, 3JHH = 8.1 Hz, 4JHH = 1.3 Hz, 2H); 4.26 (s, 2H); 3.34 – 3.20 (-, 4H). 

{1H}13C-NMR (100.6 MHz; [D6]acetone): δ = 145.3 (quart.); 142.5 (quart.); 142.3 (quart.);  

  140.4 (quart.); 139.7 (quart.); 139.5 (quart.); 133.0 (tert.); 132.4 (tert.);  

  132.3 (tert.); 132.0 (tert.); 130.5 (tert.); 130.0 (tert.); 127.9 (tert.); 127.4  

  (tert.); 123.4 (tert.); 120.8 (quart.); 120.0 (quart.); 117.0 (tert.); 40.3 (sec.);  

  32.7 (sec.); 32.2 (sec.). 

ESI pos. (high resolution): calcd for [M·+] = C27H20BrNS·+: 469.04943; found: 469.04998 (∆ =  

  1.17 ppm). 

 

 

 

 

 

 

 



 4  Experimental Section

     101

Compound 37 
 

Br N OMe

OMe  
 
Following GP1: Compound 30 (675 mg; 2.97 mmol), 17 (4.96 g; 14.1 mmol), 

Pd2(dba)3·CHCl3 (34.8 mg; 33.6 µmol), PtBu3 (179 µl; 59.1 µmol), sodium tert-butoxide  

(395 mg; 4.11 mmol), toluene (20 ml); heated in a microwave oven (gradient of heating:  

10 min RT to 80 °C; holding time: 1 h at 80 °C); flash-column chromatography (CH2Cl2 : PE = 

1:2). 

 

Formula:  C29H24BrNO2 [498.41] 

Yield:  478 mg (959 µmol; 32 %) light yellow solid 

Melting point:  99 °C  
1H-NMR (400.1 MHz; [D6]acetone): δ = 7.74 (d, 4JHH = 2.5 Hz; 2H); 7.49 – 7.36 (-, 3H);  

  7.36 – 7.31 (-, 2H); 7.29 (d, 3JHH = 9.0 Hz, 2H); 7.15 (d, 3JHH = 8.1 Hz, 1H);  

  7.02 (dd, 3JHH = 9.0 Hz, 4JHH = 2.5 Hz, 2H); 4.28 (s, 2H); 3.90 (s, 6H);  

  3.34 – 3.20 (-, 4H). 

{1H}13C-NMR (150.9 MHz; [D6]acetone): δ = 155.2 (quart.); 141.9 (quart.); 140.2 (quart.);  

  139.9 (quart.); 139.1 (quart.); 137.1 (quart.); 136.7 (quart.); 132.1 (tert.);  

  130.3 (tert.); 129.8 (tert.); 127.61 (tert.); 127.59 (tert.); 127.0 (tert.); 125.3  

  (quart.); 124.6 (quart.); 116.0 (tert.); 111.5 (tert.); 103.8 (tert.); 56.2  

  (prim.); 40.9 (sec.); 32.9 (sec.); 32.8 (sec.). 

ESI pos. (high resolution): calcd for [M·+] = C29H24BrNO2
·+: 497.09849; found: 497.09897  

  (∆ = 0.95 ppm). 

 

 

 

 

 

 

 

 



 4  Experimental Section

     102

4.2.3  Synthesis of Reference Chromophores 
 

Chromophore 1 
 

N

N

Cl

 
 
Following GP1: Compound 12 (152 mg; 399 µmol), 4-iodotoluene (176 mg; 807 µmol), 

Pd2(dba)3·CHCl3 (22.4 mg; 21.6 µmol), PtBu3 (102 µl; 33.7 µmol), sodium tert-butoxide  

(97.0 mg; 1.01 mmol), toluene (5 ml); 24 h at 45 °C; flash-column chromatography (CH2Cl2 : 

EtOAc = 30:1). 

 

Formula:  C32H23ClN2 [470.99] 

Yield:  143 mg (304 µmol; 76 %) yellow solid 

Melting point:  247 °C  
1H-NMR (400.1 MHz; [D6]acetone): δ = 8.22 (ddd, 3JHH = 8.6 Hz, 4JHH = 1.0 Hz, 5JHH =  

  1.0 Hz, 2H); 7.86 (ddd, 3JHH = 8.6 Hz, 4JHH = 1.3 Hz, 5JHH = 0.7 Hz, 2H);  

  7.83 (ddd, 3JHH = 8.7 Hz, 3JHH = 6.6 Hz, 4JHH = 1.4 Hz, 2H); 7.54 (ddd,  

  3JHH = 8.7 Hz, 3JHH = 6.6 Hz, 4JHH = 1.2 Hz, 2H); 7.41 (AA’, 2H); 7.36 (AA’,  

  2H); 7.30 (BB’, 2H); 7.26 (AA’, 2H); 7.22 (BB’, 2H); 7.19 (BB’, 2H); 2.36  

  (s, 3H). 

{1H}13C-NMR (100.6 MHz; [D6]acetone): δ = 149.3 (quart.); 148.2 (quart.); 147.4 (quart.);  

  146.9 (quart.); 144.9 (quart.); 134.6 (quart.); 131.9 (tert.); 130.7 (tert.);  

  130.2 (tert.); 130.0 (tert.); 129.7 (tert.); 129.6 (quart.); 127.9 (quart.);  

  127.3 (tert.); 126.0 (tert.); 125.8 (tert.); 125.7 (quart.); 125.5 (tert.); 122.7  

  (tert.); 21.0 (prim.). 

HRMS (70 eV, EI): m/z calcd for [M·+] = C32H23ClN2
·+: 470.15443; found: 470.15489 (∆ =  

  0.98 ppm). 
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Chromophore 2 
 

N

N

Cl

 
 
Following GP1: Compound 22 (100 mg; 245 µmol), 4-iodotoluene (65.4 mg; 300 µmol), 

Pd2(dba)3·CHCl3 (3.47 mg; 3.35 µmol), PtBu3 (17.8 µl; 5.87 µmol), sodium tert-butoxide (31.9 

mg; 332 µmol), toluene (4 ml); 18 h at 95 °C; flash-column chromatography (CH2Cl2 : EtOAc 

= 40:1). 

 

Formula:  C34H27ClN2 [499.04] 

Yield:  110 mg (220 µmol; 90 %) yellow solid 

Melting point:  252°C  
1H-NMR (400.1 MHz; [D6]acetone): δ = 8.25 (m, 2H); 7.85 (ddd, 3JHH = 8.8 Hz, 3JHH = 6.4 Hz,  

  4JHH = 1.6 Hz, 2H); 7.61 (ddd, 3JHH = 8.7 Hz, 4JHH = 1.5 Hz, 5JHH = 0.7 Hz,  

  2H); 7.55 (ddd, 3JHH = 8.7 Hz, 3JHH = 6.4 Hz, 4JHH = 1.2 Hz, 2H); 7.33 (AA’,  

  2H); 7.23 (AA’, 2H); 7.19 – 7.13 (-, 4H); 7.03 (s, 2H); 2.35 (s, 3H); 1.65 (s,  

  6H). 

{1H}13C-NMR (100.6 MHz; [D2]dichloromethane): δ = 149.5 (quart.); 148.0 (quart.); 147.3  

  (quart.); 146.8 (quart.); 145.2 (quart.); 138.3 (quart.); 134.0 (quart.); 130.5  

  (tert.); 130.4 (tert.); 130.3 (tert.); 129.7 (quart.); 129.5 (tert.); 127.2  

  (quart.); 126.4 (tert.); 126.3 (tert.); 125.7 (tert.); 125.6 (quart.); 125.0  

  (tert.); 122.8 (tert.); 21.0 (prim.); 20.2 (prim.). 

HRMS (70 eV, EI): m/z calcd for [M·+] = C34H27ClN2
·+: 498.18577; found: 498.18580 (∆ =  

  0.08 ppm). 
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Chromophore 11 
 

NN

MeO

OMeMeO

OMe  
 
Chromophore 11 was obtained as a secondary product within the synthesis of 31.  

 

Formula:  C43H40N2O4 [648.79] 

Yield:  134 mg (207 µmol; 47 %) colourless solid 

Melting point:  124 °C  
1H-NMR (400.1 MHz; [D6]acetone): δ = 6.97 – 6.92 (-, 10H); 6.84 (BB’, 8H); 6.72 (d, 4JHH =  

  2.4 Hz, 2H); 6.66 (dd, 3JHH = 8.2 Hz, 4JHH = 2.5 Hz, 2H); 3.83 (s, 2H); 3.77  

  (s, 12H); 3.06 (s, 4H). 

{1H}13C-NMR (100.6 MHz; [D6]acetone): δ = 156.7 (quart.); 147.7 (quart.); 142.2 (quart.);  

  140.7 (quart.); 132.8 (quart.); 131.1 (tert.); 126.9 (tert.); 122.7 (tert.);  

  120.4 (tert.); 115.5 (tert.); 55.7 (prim.); 41.5 (sec.); 32.7 (sec.). 

HRMS (70 eV, EI): m/z calcd for [M·+] = C43H40N2O4
·+: 648.29826; found: 648.29844 (∆ =  

  0.28 ppm). 
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4.2.4  Synthesis of Cascades 
 

Cascade 3 
 

N

N

Cl

NMeO

OMe

 
 
Following GP1: Compound 12 (95.2 mg; 250 µmol), 23 (123 mg; 246 µmol), Pd2(dba)3·CHCl3 

(3.91 mg; 3.78 µmol), PtBu3 (17.8 µl; 5.87 µmol), sodium tert-butoxide (32.1 mg; 334 µmol), 

toluene (4 ml); 16 h at 100 °C; column chromatography (PE → PE : CH2Cl2 = 2:1 → PE : 

CH2Cl2 = 1:1 → PE : CH2Cl2 = 1:2). 

 

Formula:  C54H42ClN3O2 [800.38] 

Yield:  73.0 mg (91.2 µmol; 36 %) yellow solid 

Melting point:  142 – 145 °C  
1H-NMR (600.1 MHz; [D2]dichloromethane): δ = 8.22 (m, 2H); 7.87 (m, 2H); 7.78 (ddd, 3JHH =  

  8.7 Hz, 3JHH = 6.6 Hz, 4JHH = 1.3 Hz, 2H); 7.47 (ddd, 3JHH = 8.7 Hz, 3JHH =  

  6.6 Hz, 4JHH = 1.2 Hz, 2H); 7.34 – 7.20 (-, 7H); 7.15 (AA’, 2H); 7.05 – 6.94  

  (-, 7H); 6.79 (BB’, 4H); 6.75 (d, 4JHH = 2.4 Hz, 1H); 6.70 (dd, 3JHH = 8.2 Hz,  

  4JHH = 2.4 Hz, 1H); 3.91 (s, 2H); 3.73 (s, 6H); 3.18 - 3.08 (-, 4H). 

{1H}13C-NMR (150.9 MHz; [D2]dichloromethane): δ = 156.0 (quart.); 149.3 (quart.); 148.1  

  (quart.); 147.2 (quart.); 146.8 (quart.); 145.2 (quart.); 141.6 (quart.); 140.9  

  (quart.); 139.8 (quart.); 135.9 (quart.); 132.2 (quart.); 131.9 (tert.); 131.2  

  (tert.); 130.5 (tert.); 130.1 (tert.); 130.0 (tert.); 129.7 (tert.); 129.6 (quart.);  

  128.0 (quart.); 127.3 (tert.); 126.5 (tert.); 126.4 (tert.); 126.1 (tert.); 125.8  

  (tert.); 125.7 (tert.); 125.6 (quart.); 124.0 (tert.); 122.7 (tert.); 122.0 (tert.);  
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  120.0 (tert.); 114.9 (quart.); 55.8 (prim.); 41.3 (sec.); 32.6 (sec.); 32.1  

  (sec.). 

HRMS (70 eV, EI): m/z calcd for [M·+] = C54H42ClN3O2
·+: 799.29601; found: 799.29713 (∆ =  

  1.40 ppm). 

 
 
Cascade 4 
 

N

N

Cl

NMeO

OMe

 
 

Following GP1: Compound 22 (95.0 mg; 232 µmol), 30 (115 mg; 230 µmol), Pd2(dba)3·CHCl3 

(3.26 mg; 3.15 µmol), PtBu3 (16.7 µl; 5.51 µmol), sodium tert-butoxide (30.0 mg; 312 µmol), 

toluene (4 ml); 17 h at 100 °C; column chromatography (CH2Cl2 : PE = 1:1). 

 

Formula:  C56H46ClN3O2 [828.44] 

Yield:  131 mg (158 µmol; 69 %) yellow solid 

Melting point:  191 °C  
1H-NMR (400.1 MHz; [D2]dichloromethane): δ = 8.25 (m, 2H); 7.79 (ddd, 3JHH = 8.7 Hz;  

  3JHH = 6.6 Hz, 4JHH = 1.5 Hz, 2H); 7.61 (ddd, 3JHH = 8.8 Hz, 4JHH = 1.2 Hz,  

  5JHH = 0.5 Hz, 2H); 7.47 (ddd, 3JHH = 8.7 Hz, 3JHH = 6.5 Hz, 4JHH = 1.2 Hz,  

  2H); 7.25 (AA’, 2H); 7.14 – 7.07 (-, 3H); 7.03 – 6.92 (-, 9H); 6.79 (BB’,  

  4H); 6.75 (d, 4JHH = 2.2 Hz, 1H); 6.71 (dd, 3JHH = 8.1 Hz, 4JHH = 2.2 Hz,  

  1H); 3.91 (s, 2H); 3.75 (s, 6H); 3.19 – 3.08 (-, 4H); 1.62 (s, 6H). 

{1H}13C-NMR (100.6 MHz; [D2]dichloromethane): δ = 156.1 (quart.); 149.5 (quart.); 147.8  

  (quart.); 147.3 (quart.); 147.2 (quart.); 145.5 (quart.); 141.7 (quart.); 140.7  

  (quart.); 140.0 (quart.); 138.4 (quart.); 135.4 (quart.); 132.2 (quart.); 131.1  
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  (tert.); 130.5 (tert.); 130.4 (tert.); 130.3 (tert.); 129.8 (tert.); 129.5 (tert.);  

  127.3 (quart.); 126.5 (quart.); 126.4 (tert.); 126.3 (tert.); 125.8 (tert.);  

  125.6 (quart.); 125.3 (tert.); 123.7 (quart.); 123.6 (tert.); 122.9 (tert.);  

  122.0 (tert.); 120.0 (tert.); 114.9 (tert.); 55.8 (prim.); 41.4 (sec.); 32.6  

  (sec.); 32.1 (sec.); 20.2 (prim.). 

HRMS (70 eV, EI): m/z calcd for [M·+] = C56H46ClN3O2
·+: 827.32731; found: 827.32697 (∆ =  

  0.41 ppm). 

 

 

Cascade 5 
 

N

N

Cl

N

 
 

Following GP1: Compound 22 (60.0 mg; 147 µmol), 31 (68.0 mg; 145 µmol), 

Pd2(dba)3·CHCl3 (2.06 mg; 1.99 µmol), PtBu3 (10.5 µl; 3.47 µmol), sodium tert-butoxide  

(18.9 mg; 197 µmol), toluene (3 ml); 20 h at 100 °C; flash-column chromatography (CH2Cl2 

→ CH2Cl2 : EtOAc = 40:1). 

 

Formula:  C56H46ClN3 [796.44] 

Yield:  74.3 mg (93.3 µmol; 64 %) yellow solid 

Melting point:  192 °C  
1H-NMR (400.1 MHz; [D2]dichloromethane): δ = 8.25 (m, 2H); 7.79 (ddd, 3JHH = 8.7 Hz,  

  3JHH = 6.5 Hz, 4JHH = 1.4 Hz, 2H); 7.60 (m, 2H); 7.46 (ddd, 3JHH = 8.6 Hz,  

  3JHH = 6.5 Hz, 4JHH = 1.2 Hz, 2H); 7.25 (AA’, 2H); 7.15 – 7.08 (-, 3H); 7.03  

  (AA’, 4H); 7.01 – 6.97 (-, 3H); 6.95 (s, 2H); 6.91 (BB’, 4H); 6.84 (d, 4JHH =  
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  2.3 Hz, 1H); 6.79 (dd, 3JHH = 8.1 Hz, 4JHH = 2.5 Hz, 1H); 3.93 (s, 2H); 3.15  

  (s,  4H); 2.27 (s, 6H); 1.63 (s, 6H). 

{1H}13C-NMR (150.9 MHz; [D2]dichloromethane): δ = 149.5 (quart.); 147.8 (quart.); 147.1  

  (quart.); 146.7 (quart.); 146.6 (quart.); 145.9 (quart.); 145.5 (quart.); 140.6  

  (quart.); 140.1 (quart.); 138.3 (quart.); 135.3 (quart.); 133.5 (quart.); 132.5  

  (quart.); 131.1 (tert.); 130.6 (tert.); 130.4 (tert.); 130.3 (tert.); 130.1 (tert.);  

  129.8 (quart.); 129.5 (tert.); 127.3 (quart.); 126.4 (tert.); 126.3 (tert.);  

  125.7 (quart.); 125.6 (tert.); 125.3 (tert.); 124.5 (tert.); 124.0 (tert.); 123.6  

  (tert.); 122.9 (tert.); 122.0 (tert.); 41.2 (sec.) ; 32.5 (sec.); 32.2 (sec.); 20.8  

  (prim.); 20.2 (prim.). 

HRMS (70 eV, EI): m/z calcd for [M·+] = C56H46ClN3
·+: 795.33748; found: 795.33828 (∆ =  

  1.40 ppm). 

 

 

Cascade 6 
 

N

N

Cl

N

N

MeO
OMe

 
 

Following GP1: Compound 22 (101 mg; 247 µmol), 32 (200 mg; 251 µmol), Pd2(dba)3·CHCl3 

(3.56 mg; 3.44 µmol), PtBu3 (18.3 µl; 6.04 µmol), sodium tert-butoxide (32.8 mg; 341 µmol), 

toluene (10 ml); heated in a microwave oven (gradient of heating: 10 min RT to 90 °C; 

holding time: 30 min at 90 °C); column chromatography (CH2Cl2 : PE = 1:2). 

 

Formula:  C78H65ClN4O2 [1125.83] 

Yield:  106 mg (94.2 µmol; 38 %) yellow solid 

Melting point:  187 – 188 °C  
1H-NMR (400.1 MHz; [D2]dichloromethane): δ = 8.25 (AA’, 2H); 7.78 (ddd, 3JHH = 8.68 Hz,  

  3JHH = 6.60 Hz, 4JHH = 1.48 Hz, 2H); 7.60 (AA’, 2H); 7.46 (ddd, 3JHH =  

  8.62 Hz, 3JHH = 6.54 Hz, 4JHH = 1.17 Hz, 2H); 7.24 (AA’, 2H); 7.14 – 7.08  
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  (-, 3H); 7.05 – 6.88 (-, 15H); 6.84 (d, 4JHH = 2.27 Hz, 1H); 6.80 – 6.73  

  (-, 7H); 6.71 – 6.65 (-, 2H); 3.92 (s, 2H); 3.80 (s, 2H); 3.74 (s, 6H); 3.18 –  

  3.08 (-, 4H); 3.07 – 3.00 (-, 4H); 2.27 (s, 3H); 1.62 (s, 6). 

{1H}13C-NMR (150.9 MHz; [D2]dichloromethane): δ = 156.0 (quart.); 147.8 (quart.); 147.13 

   (quart.); 147.11 (quart.); 146.4 (quart.); 146.2 (quart.); 145.7 (quart.);  

  145.5 (quart.); 141.6 (quart.); 140.6 (quart.); 140.2 (quart.); 140.05  

  (quart.); 139.99 (quart.); 138.3 (quart.); 135.3 (quart.); 133.8 (quart.);  

  133.6 (quart.); 132.7 (quart.); 132.2 (quart.); 131.1 (tert.); 130.70 (tert.);  

  130.67 (tert.); 130.4 (tert.); 130.31 (quart.); 130.29 (quart.); 130.1 (tert.);  

  129.5 (tert.); 127.3 (quart.); 126.45 (tert.); 126.40 (tert.); 126.30 (tert.);  

  126.29 (tert.); 126.28 (tert.); 126.27 (tert.); 125.7 (tert.); 125.59 (quart.);  

  125.57(quart.); 125.3 (tert.); 124.7 (tert.); 124.34 (tert.); 124.25 (tert.);  

  123.6 (tert.); 122.9 (tert.); 122.2 (tert.); 121.9 (tert.); 119.8 (tert.); 114.9  

  (tert.); 55.7 (prim.); 41.3 (sec.); 41.2 (sec.); 32.5 (sec.); 32.4 (sec.); 32.25  

  (sec.); 32.17 (sec.); 20.8 (prim.); 20.2 (prim.). 

ESI pos. (high resolution): calcd for [M·+] = C78H65ClN4O2
·+: 1124.47906; found: 1124.47791  

  (∆ = 1.02 ppm). 

 

 

Cascade 7 
 

N

OMe

OMe

N

N

Cl

N  
 

Following GP1: Compound 22 (52.0 mg; 127 µmol), 33 (100 mg; 128 µmol), Pd2(dba)3·CHCl3 

(3.47 mg; 3.35 µmol), PtBu3 (17.9 µl; 5.91 µmol), sodium tert-butoxide (16.7 mg; 174 µmol), 

toluene (10 ml); heated in a microwave oven (gradient of heating: 10 min RT to 90 °C; 

holding time: 1 h at 90 °C); column chromatography (CH2Cl2 : PE = 1:2). 

 

Formula:  C77H61ClN4O2 [1109.79] 

Yield:  96.0 mg (86.5 µmol; 68 %) yellow solid 

Melting point:  188 – 190 °C  
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1H-NMR (400.1 MHz; [D2]dichloromethane): δ = 8.24 (AA’, 2H); 7.77 (ddd, 3JHH = 8.7 Hz,  

  3JHH = 6.5 Hz, 4JHH = 1.4 Hz, 2H); 7.60 (ddd, 3JHH = 8.7 Hz, 4JHH = 1.4 Hz,  

  5JHH = 0.7 Hz, 2H); 7.46 (ddd, 3JHH = 8.7 Hz, 3JHH = 6.5 Hz, 4JHH = 1.2 Hz,  

  2H); 7.29 – 7.21 (-, 6H); 7.13 – 7.04 (-, 10H); 7.04 – 6.94 (-, 6H); 6.93 –  

  6.83 (-, 8H); 6.79 (BB’, 2H); 3.96 (s, 2H); 3.79 (s, 6H); 3.20 – 3.14 (-, 4H);  

  2.29 (s, 3H); 1.62 (s, 6H). 

{1H}13C-NMR (150.9 MHz; [D2]dichloromethane): δ = 156.9 (quart.); 149.5 (quart.); 149.0  

  (quart.); 148.2 (quart.); 147.8 (quart.); 147.1 (quart.); 146.6 (quart.);  

  145.55 (quart.); 145.54 (quart.); 144.9 (quart.); 140.50 (quart.); 140.48  

  (quart.); 140.4 (quart.); 138.4 (quart.); 135.2 (quart.); 135.0 (quart.); 133.9  

  (quart.); 132.39 (tert.); 132.36 (tert.); 131.1 (tert.); 130.9 (tert.); 130.4  

  (tert.); 130.32 (tert.); 130.27 (tert.); 129.9 (quart.); 129.5 (tert.); 127.5  

  (tert.); 127.3 (quart.); 126.4 (tert.); 126.3 (tert.); 125.70 (tert.); 125.68  

  (tert.); 125.54 (tert.); 125.47 (quart.); 125.3 (tert.); 123.6 (tert.); 123.5  

  (tert.); 122.9 (tert.); 121.7 (tert.); 119.3 (tert.); 116.1 (quart.); 115.1 (tert.);  

  114.4 (quart.); 89.2 (quart.); 88.5 (quart.); 55.8 (prim.); 41.2 (sec.); 32.4  

  (sec.); 32.3 (sec.); 20.9 (prim.); 20.2 (prim.). 

ESI pos. (high resolution): calcd for [M·+] = C77H61ClN4O2
·+: 1108.44776; found: 1108.44606  

  (∆ = 1.53 ppm). 
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Cascade 8 
 

N

N

Cl

NMeO

N

 
 

Following GP1: Compound 22 (95.7 mg; 234 µmol), 34 (120 mg; 234 µmol), Pd2(dba)3·CHCl3 

(6.39 mg; 6.17 µmol), PtBu3 (33.0 µl; 10.9 µmol), sodium tert-butoxide (30.8 mg; 320 µmol), 

toluene (10 ml); heated in a microwave oven (gradient of heating: 10 min RT to 90 °C; 

holding time: 1 h at 90 °C); flash-column chromatography (CH2Cl2 : EtOAc = 40:1). 

 

Formula:  C57H49ClN4O [841.48] 

Yield:  103 mg (122 µmol; 52 %) orange solid 

Melting point:  193 °C  
1H-NMR (400.1 MHz; [D6]acetone): δ = 8.25 (m, 2H); 7.85 (ddd, 3JHH = 8.7 Hz, 3JHH = 6.4 Hz;  

  4JHH = 1.6 Hz, 2H); 7.62 – 7.56 (-, 2H); 7.53 (ddd, 3JHH = 8.6 Hz, 3JHH =  

  6.4 Hz, 4JHH = 1.2 Hz, 2H); 7.31 (AA’, 2H); 7.18 – 7.08 (-, 4H); 7.05 – 6.89  

  (-, 8H); 6.82 (BB’, 2H); 6.76 (m, 1H); 6.69 (BB’, 2H); 6.65 (dd, 3JHH =  

  8.1 Hz, 4JHH = 2.5 Hz, 1H); 3.96 (s, 2H); 3.74 (s, 3H); 3.20 – 3.08 (-, 4H);  

  2.88 (s, 6H); 1.64 (s, 6H). 

{1H}13C-NMR (150.9 MHz; [D6]acetone): δ = 156.3 (quart.); 150.0 (quart.); 148.48 (quart.);  

  148.45 (quart.); 148.1 (quart.); 147.8 (quart.); 146.6 (quart.); 145.8  

  (quart.); 142.4 (quart.); 141.5 (quart.); 140.4 (quart.); 138.6 (quart.); 138.4  

  (quart.); 136.2 (quart.); 132.0 (quart.); 131.8 (tert.); 131.1 (tert.); 130.93  

  (tert.); 130.87 (tert.); 130.2 (quart.); 130.1 (tert.); 127.5 (tert.); 127.4  

  (quart.); 127.2 (tert.); 126.7 (tert.); 126.6 (tert.); 126.4 (tert.); 125.8  

  (quart.); 125.6 (tert.); 124.4 (tert.); 123.2 (tert.); 121.7 (tert.); 119.6 (tert.);  
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  115.2 (tert.); 114.4 (tert.); 55.6 (prim.); 41.3 (sec.); 40.9 (prim.); 33.0  

  (sec.); 32.2 (sec.); 20.2 (prim.). 

HRMS (70 eV, EI): m/z calcd for [M2+] = C57H49ClN4O2+: 420.17920; found: 420.17906 (∆ =  

  0.33 ppm). 

 

 

Cascade 9 
 

N

N

Cl

N

S

 
 

Following GP1: Compound 22 (200 mg, 489 µmol), 35 (242 mg, 514 µmol), Pd2(dba)3·CHCl3 

(7.29 mg; 7.04 µmol), PtBu3 (37.5 µl; 12.4 µmol), sodium tert-butoxide (67.3 mg; 700 µmol), 

toluene (10 ml); heated in a microwave oven (gradient of heating: 10 min RT to 110 °C; 

holding time: 1 h at 110 °C); flash-column chromatography (CH2Cl2 : EtOAc = 60 : 1). 

 

Formula:  C54H40ClN3S [798.43] 

Yield:  335 mg (420 µmol; 86 %) yellow solid 

Melting point:  212 °C  
1H-NMR (400.1 MHz; [D6]acetone): δ = 8.24 (m, 2H); 7.78 (ddd, 3JHH = 8.7 Hz, 3JHH = 6.6 Hz,  

  4JHH = 1.5 Hz, 2H); 7.60 (m, 2H); 7.46 (ddd, 3JHH = 8.7 Hz, 3JHH = 6.5 Hz,  

  4JHH = 1.2 Hz, 2H); 7.39 (m, 1H); 7.24 (AA’, 2H); 7.21 – 7.15 (-, 3H); 7.11  

  (BB’, 2H); 7.08 – 7.02 (-, 2H); 6.99 (dd, 3JHH = 7.4 Hz, 4JHH = 1.7 Hz, 2H);  

  6.95 (s, 2H); 6.85 – 6.74 (-, 4H); 6.25 (dd, 3JHH = 8.0 Hz, 4JHH = 1.3 Hz,  

  2H); 4.12 (s, 2H); 3.34 – 3.22 (-, 4H); 1.62 (s, 6H). 

{1H}13C-NMR (100.6 MHz; [D6]acetone): δ = 149.8 (quart.); 147.8 (quart.); 147.1 (quart.);  

  146.6 (quart.); 145.7 (quart.); 144.8 (quart.); 142.0 (quart.); 140.3 (quart.);  

  140.2 (quart.); 138.9 (quart.); 138.4 (quart.); 135.1 (quart.); 132.2 (tert.);  
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  131.3 (tert.); 131.1 (tert.); 130.3 (tert.); 130.3 (tert.); 129.9 (quart.); 129.6  

  (tert.); 129.3 (tert.); 127.4 (quart.); 127.2 (tert.); 126.9 (tert.); 126.4 (tert.);  

  126.3 (tert.); 125.8 (tert.); 125.5 (quart.); 125.3 (tert.); 123.8 (tert.); 123.0  

  (tert.); 122.7 (tert.); 120.5 (quart.); 116.4 (tert.); 41.2 (sec.); 32.8 (sec.);  

  32.2 (sec.); 20.2 (prim.). 

ESI pos. (high resolution): calcd for [M·+] = C54H40ClN3S·+: 797.26260; found: 797.26366 (∆ =  

  1.33 ppm). 

 

 

Cascade 10 
 

N

N

Cl

N
MeO

OMe

 
 

Following GP1: Compound 22 (114 mg; 279 µmol), 36 (155 mg; 311 µmol), Pd2(dba)3·CHCl3 

(4.41 mg; 4.26 µmol), PtBu3 (22.7 µl; 7.49 µmol), sodium tert-butoxide (40.6 mg; 422 µmol), 

toluene (4 ml); 18 h at 100 °C; flash-column chromatography (CH2Cl2 : EtOAc = 40:1). 

 

Formula:  C56H44ClN3O2 [826.42] 

Yield:  157 mg (190 µmol; 68 %) yellow solid 

Melting point:  187 °C  
1H-NMR (400.1 MHz; [D2]dichloromethane): δ = 8.23 (d, 3JHH = 8.7 Hz, 2H); 7.77 (ddd, 3JHH =  

  8.6 Hz, 3JHH = 6.7 Hz, 4JHH = 1.5 Hz, 2H); 7.61 – 7.57 (-, 2H); 7.55 (d,  

  4JHH = 2.5 Hz, 2H); 7.43 (ddd, 3JHH = 8.7 Hz, 3JHH = 6.6 Hz, 4JHH = 1.2 Hz,  

  2H); 7.40 – 7.33 (-, 3H); 7.31 (d, 3JHH = 8.8 Hz, 2H); 7.25 (AA’, 2H); 7.17  

  (d, 3JHH = 8.2 Hz, 1H); 7.13 (BB’, 2H); 7.09 – 7.03 (-, 2H); 7.00 (dd, 3JHH =  
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  8.8 Hz, 4JHH = 2.5 Hz, 2H); 6.97 – 6.95 (-, 2H); 4.16 (s, 2H); 3.91 (s, 6H);  

  3.35 – 3.24 (-, 4H); 1.62 (s, 6H). 

{1H}13C-NMR (100.6 MHz; [D2]dichloromethane): δ = 154.4 (quart.); 149.5 (quart.); 147.8  

  (quart.); 147.17 (quart.); 147.15 (quart.); 146.6 (quart.); 145.7 (quart.);  

  141.1 (quart.); 140.2 (quart.); 138.8 (quart.); 138.4 (quart.); 136.7 (quart.);  

  136.3 (quart.); 135.0 (quart.); 131.3 (tert.); 131.2 (tert.); 130.34 (tert.);  

  130.33 (tert.); 129.6 (tert.); 129.5 (tert.); 127.4 (quart.); 127.1 (tert.); 126.4  

  (tert.); 126.3 (tert.); 125.9 (tert.); 125.6 (quart.); 125.3 (tert.); 125.0  

  (quart.); 123.8 (tert.); 123.0 (tert.); 115.4 (tert.); 111.0 (tert.); 103.1 (tert.);  

  56.3 (prim.) ; 41.2 (sec.); 32.7 (sec.); 32.3 (sec.); 20.2 (prim.). 

ESI pos. (high resolution): calcd for [M·+] = C56H44ClN3O2
·+: 825.31166; found: 825.31102  

  (∆ = 0.78 ppm). 
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7  Summary 
 

In the first part of this work a new approach to measure transient absorption spectra 

of fluorescent compounds by means of laser flash photolysis technique was presented. 

Generally, the recorded transient absorption signal consists of transient absorption, 

fluorescence and ground state bleaching. Thus, for fluorescent chromophores a fluorescence 

correction is indispensable in order to obtain undisturbed absorption decay curves as well as 

accurate transient absorption spectra. Due to time response characteristics of the PMT 

detector the fluorescence contribution cannot be corrected by recording the fluorescence 

separately. Measuring two transient absorption signals with probe light differing in intensity, 

compounds with quantum yields up to ~ 35 % can be investigated. This is a major 

improvement because transient absorption spectroscopy is a powerful method to gain insight 

into the kinetics and the energy of excited states and information in the time domain of 

fluorescence are no longer lost. 

 

In the second part the synthesis and the photophysical characterisation of redox 

cascades were reported. These cascades consist of an acridine acceptor and up to three 

triarylamine donor subunits. The redox potentials of the triarylamines were tuned by 

adequate substituents in the para-position of the phenyl ring to ensure a directed redox 

gradient. Upon photoexcitation a locally excited state or a CT state is populated which then 

injects a hole onto the adjacent donor and consequently results in a CS state. Fluorescence 

and transient absorption measurements revealed that HT depends strongly on donor 

strength and solvent polarity. Formation of a CS state was only observed in case of strong 

terminal donors or polar solvents. A low lying localised triplet state acts as an energy trap 

and quenches all CS states even in case of the cascade with the strongest terminal donor in 

very polar solvents. Furthermore, population of a CS state catalyses the formation of this 

triplet states which results in a shorter lifetime of the CS state compared to the lifetime of the 

CT state of the corresponding reference compound. 

Compared to redox cascades already reported in literature, the electronic coupling 

between the redox centres was decreased by sterical as well as electronic effects. To 

prolong the lifetime of the CS state saturated spacers on the one hand and a perpendicular 

orientation of the acceptor and the adjacent donor on the other hand were selected. The 

twisting of the subunits forming the CT state results in a higher degree of charge separation 

but its contribution to increase the lifetimes of the CS states is of minor importance. The 

longer lifetime of the CS states can be ascribed to the saturated spacers. Experimental data 

in combination with calculated values indicate that charge recombination takes place in the 
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Marcus normal region by a superexchange mechanisms. Although charge recombination of 

the known cascades is located in the Marcus inverted region, these CS states decay faster 

than the CS states of the compounds investigated in this work. 
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8  Zusammenfassung 
 

Im ersten Teil der vorliegenden Arbeit wurde eine neue Methode vorgestellt, mit dem 

transiente Absorptionsspektren von fluoreszierenden Verbindungen mit Hilfe der Laser-

Blitzlichtphotolyse aufgenommen werden können. Ein transientes Absorptionssignal setzt 

sich im Allgemeinen aus transienter Absorption, Fluoreszenz und einer Ausbleichung des 

Grundzustands zusammen. Daher ist es für fluoreszierende Verbindungen unerlässlich, die 

Fluoreszenz zu korrigieren, um sowohl einwandfreie Abklingkurven als auch korrekte 

Spektren zu erhalten. Aufgrund der Charakteristik der Ansprechzeit des Photomultiplier-

Detektors kann der Fluoreszenzbeitrag nicht durch ein eigens aufgenommenes 

Fluoreszenzsignal korrigiert werden. Jedoch können Verbindungen mit einer 

Fluoreszenzquantenausbeute bis ungefähr 35 % fehlerfrei gemessen werden, sofern das 

transiente Signal aus zwei Messungen mit unterschiedlicher Weißlichtintensität bestimmt 

wird. Dieser neue Ansatz zur Ermittlung transienter Absorptionsspektren ist eine 

entscheidende Verbesserung, da die Laser-Blitzlichtphotolyse eine leistungsstarke Methode 

zur Ermittlung kinetischer und energetischer Eigenschaften angeregter Zustände darstellt.  

 

Im zweiten Abschnitt wurde die Synthese von Redoxkaskaden vorgestellt und 

gerichtete Elektronentransferprozesse an diesen Verbindungen untersucht. Die 

Chromophore bestehen stets aus einem Acridin-Akzeptor und bis zu drei Triarylamin-

Untereinheiten als Donoren. Die Redoxpotenziale der Triarylamine können in gewissem 

Maße durch geeignete Substituenten in para-Position der Phenylringe abgestimmt werden, 

womit ein gerichteter Redoxgradient erzielt wird. Nach Anregung mit Licht geeigneter 

Wellenlänge wird ein lokal angeregter oder ein CT-Zustand bevölkert. Anschließend wird ein 

Loch in die benachbarte Donoreinheit injiziert, was schließlich zu einem ladungsgetrennten 

Zustand führt. Fluoreszenz- und transiente Absorptionsmessungen zeigen, dass der 

Lochtransfer in starkem Maße von der Lösungsmittelpolarität sowie der Stärke des 

terminalen Donors abhängt. Die Ausbildung eines ladungsgetrennten Zustands konnte nur 

bei starken terminalen Donoren oder polaren Lösungsmitteln beobachtet werden. Ein 

energetisch tief liegender lokal angeregter Triplettzustand agiert als energetische Falle und 

löscht alle ladungsgetrennten Zustände – selbst im Falle der stärksten Donoruntereinheit in 

sehr polaren Lösungsmitteln. Darüber hinaus beschleunigt die Bevölkerung eines 

ladungsgetrennten Zustands die Ausbildung dieses Triplettzustands, was sich in einer 

kürzeren Lebensdauer dieses ladungsgetrennten Zustands, verglichen mit dem CT-Zustand 

der Referenzverbindung, äußert.  
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Die elektronische Kopplung zwischen den einzelnen Redoxzentren wurde im 

Vergleich zu ähnlichen bereits bekannten Redoxkaskaden sowohl durch sterische als auch 

durch elektronische Effekte verringert. Um die Lebensdauer des ladungsgetrennten 

Zustands zu verlängern, wurden einerseits gesättigte Einheiten, die die Untereinheiten 

verbrücken, eingebaut. Andererseits wurde mit Hilfe sterischer Faktoren die Akzeptoreinheit 

gegenüber dem benachbarten Donor verdrillt, was zwar in einer stärker ausgeprägten 

Ladungstrennung resultiert, jedoch nur geringfügig zu einer Verlängerung des 

ladungsgetrennten Zustands beiträgt. Somit kann die verlängerte Lebensdauer dieses 

ladungsgetrennten Zustands eindeutig auf die gesättigten Brückeneinheiten zurückgeführt 

werden. Experimentelle Daten stimmen mit berechneten Größen dahin gehend überein, dass 

die Ladungsrekombination in der normalen Marcus-Region über einen Superaustausch-

Mechanismus erfolgt. Obwohl diese Rekombination bei den bekannten Kaskaden in der 

invertierten Marcus-Region erfolgt, werden die entsprechenden ladungsgetrennten Zustände 

schneller entvölkert als bei den Verbindungen, die Gegenstand dieses Kapitels waren. 
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