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Supervisor’s Foreword

One of the major challenges in current chemistry is to find molecules able to move
charges rapidly and efficiently from, for example, one terminus to another one
under the control of an external electrical, electrochemical or photochemical
stimulus. Nature has provided impressive examples of how these goals are
achieved. The photosynthetic reaction center protein, for instance, rapidly moves
electrons with near unity quantum efficiency across a lipid bilayer membrane using
several redox cofactors, and thus, serves as a model for developing biomimetic
analogues for applications in fields such as photovoltaic devices, molecular
electronics and photonic materials. In this context, m-conjugated oligomeric
molecular assemblies are of particular interest because they provide efficient
electronic couplings between electroactive units - donor and acceptor termini - and
display wire-like behavior. In order to make a molecule able to behave as an ideal
molecular wire different requirements need to be fulfilled: i) matching between the
donor (acceptor) and bridge energy levels, ii) a good electronic coupling between
the electron donor and acceptor units via the bridge orbitals, and iii) a small
attenuation factor.

Among the many different n-conjugated oligomers, oligo(p-phenylenevinyl-
enes) (0PPV), have emerged as a particularly promising model system that helps
to comprehend/rationalize the basic features of polymeric poly(p-phenylene-
vinylenes) and also as a versatile building block for novel materials with chemi-
cally tailored properties. In this context, intramolecular electron transfer along
conjugated chains of oPPV has been tested in several donor-bridge-acceptor
conjugates involving anilines, porphyrins, and ferrocenes, as electron donors, on
one side, and fullerenes, on the other side, as the electron acceptor. In fact, in a
pioneering study tetracene—as electron donor—and pyromellitimide—as electron
acceptor—were connected via oPPV of increasing length. This work has dem-
onstrated the importance of energy matching between the donor and bridge
components for achieving a molecular-wire behavior. Quantum-chemical calcu-
lations showed a competition between a direct superexchange process and a two-
step “bridge-mediated” process, whose efficiency depends primarily on the length
and nature of the conjugated bridge.

vii



viii Supervisor’s Foreword

The work accomplished by Mateusz Wielopolski is a great asset to the afore-
mentioned, namely the field of charge transport through organic n-conjugated
molecules. It was embedded in the Collaborative Research Center SFB 583,
”Redox-Active Metal Complexes: Control of Reactivity via Molecular Architec-
ture* at the University Erlangen-Nuremberg, which provided a perfect environ-
ment through strong cooperation partners in physics and chemistry, experimentally
as well as theoretically. Especially in the steadily growing field of molecular
electronics and organic photovoltaics, the demand for potential alternatives to
convential materials for the construction of electronic devices and organic solar
cells underlines the significance of the quest after suitable materials to transport
electricity without losses. It has been shown that the investigated molecular
structures are suitable for distance-independent charge transport. More precisely,
m-conjugated oligomeric systems were tested with regard to their ability to provide
an efficient electronic coupling between the electroactive and display wire-like
behavior. The different factors that qualify molecules as ideal molecular wires,
such as matching between the donor (acceptor) and bridge energy levels, elec-
tronic couplings and small attenuation factors, were fine-tuned. Furthermore, the
number of publications emerged from this thesis - vide infra - is outstanding and
confirms the momentousness of this topic.

Erlangen, September 2010 Dirk M. Guldi
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Part I
Introduction and Motivation



Chapter 1
Introduction to Molecular Electronics

In general, molecular electronics involves single or small groups of molecules in
device-based fabrication for electronic components, such as wires, switches,
memory and gain elements [1—4]. To this end, molecular electronics emerged as
an area of research, stimulating the creative minds of scientists in a way that
only few research topics have ever done in the past [5]. Simply the fact, that the
Science magazine labeled the integration of molecules into functional electric
circuits one of the revolutions of 2001 [6], motivates teams of chemists, engi-
neers, materials scientists, physicists and computer experts initiate cooperations
to ultimately convert this interdisciplinary field into commercially available
products.

In view of current state of the art, namely, silicon-based technology, molecular
electronics definitely exceed the expectations of a single product line. Going back,
for instance, to 1960 silicon-based electronics were nearly exclusively considered
as a simple replacement for the vacuum tube. However, it would have been
myopic to limit the potential of silicon in that field of research. In fact, silicon
constituted a technological platform, which evolved into the development of
various products, most of them unfathomable at the time. Similarly, molecular
electronics may be considered as a platform technology, rather than a single
product line, which may give rise to many industrial products which are currently
unforeseeable.

However, arguments on a mesoscopic scale become huge. Considering that the
integration of molecular materials into electronic devices [7] requires films or
crystals, which contain many trillions of molecules per functional unit, their
properties should be explored on the macroscopic scale. On the other hand, a clear
distinction has to be made regarding molecular scale electronics with one to a few
thousand molecules per device. To visualize this fact, thin film transistors (TFTs)
and polymer-based light emitting diodes (LEDs) are also composed of molecular
materials for electronics. The mean grain size at which they should exhibit their
function is approximately in the 2 um region. Such size domains are already in
reach even by silicon-based technology. The advantage of the utilized molecular
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materials over silicon lie in the processibility, i.e. they can be fabricated as flexible
substrates, for example. Nevertheless, this example does not permit a dramatic
reduction in size to the overall device dimensions.

Silicon industry is currently based on a so-called “top-down” strategy.
Herein, small features are developed by processing larger structures. To exem-
plify this—a table is made by taking a tree, trimming it and furnish it to the
desired needs. Transistors, for instance, are etched into silicon substrates using
resist and light. However, the increasing demand for miniaturization and den-
sification represents a major challenge for industry, which entered the red zone,
that is, reaching the technological limits of current fabrication techniques. Hence,
the goal in molecular electronics is slightly different, namely, molecular building
blocks, pre-designed for the “bottom-up” approach with specific features and
properties, instead of the present solid-state electronic devices which were fab-
ricated from the “top-down” approach using lithographic technologies. Hereby,
the prospects of the “bottom-up” approach come into play, since this method
implies the implementation of functionality, e.g. electron storage, into small
features, such as molecules. From this starting point, the self-assembly of such
molecules gives rise to higher-order structures, e.g. transistors. The real capacity
of such processes comes from thermodynamics. In general, self-assembly is
thermodynamically favored (—AS-+AH), i.e. it is enthalpically favored that the
individual components interact to form some organized structures. Thus, “bot-
tom-up” processes are the method of choice to trigger self-assembly in natural
systems. In other words, all systems in nature are constructed via “bottom-up”.
Going back to our analogy of constructing a table, molecular entities would form
lipid bilayer membranes and associate into ordered cells, etc. Human beings are
the only creatures, which imply “top-down” methods, while nature almost
exclusively assembles via “bottom-up”. Therefore, one may consider the “bot-
tom-up” approach to be bio-inspired, that is, a natural way of fabrication.
Obviously such paradigms influence the use of nanotechnology, and molecular
electronics, in particular.

In this context, our ultimate goal is to gain control over specific interactions at
the molecular level. Once this goal is achieved, the diversity of self-assembly
processes will drive the advances in future technology of electronics. To date,
several self-assembled structures, in concert with traditional silicon platforms,
have already been made.

A simple play of thoughts might put the enthusiasm and advantages of the
“bottom-up” approach into sizeable numbers and visualize its efficiency when
compared to the “top-down” method. Ultimately, the structural diversity might
lead to more effective molecules with optimal functionality for each application.
In that sense, let us consider one mole of molecular switches, with a weight of
about 450 g. It can be synthesized in small reactors, e.g. ordinary laboratory flasks
with a volume of a couple of liters. Hence, one mole molecular switches would
contain 6 x 10 molecules, which would be more than the combined number of
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all transistors ever made in the history of the world. Nevertheless, addressing each
of these 6 x 10** molecules is far from reality. The extremely large numbers of
switches present in a small flask, displays the potential of molecular electronics in
future computing development.

Similarly, we can consider memory, namely the number of bytes of information
needed for certain applications. For instance, a color photo is coded by 10° bytes,
an average book by 10° bytes, the genetic code by 10'° bytes, the human brain by
10"’ bytes and the total human culture by 10*° bytes. How about employing a mole
of bytes? Such a concept is simply striking. Implicit is the task of accessing all
these molecules in the required time frame. Still, the possibility of using molecules
for such purposes is what renders molecular electronics such an aspiring and
powerful tool.

Another example is a Pentium®4 chip. Forty-two million transistors are
arranged on a few cm? of substrate. Replacing these transistors by organic
molecules opens new promises. In particular, an organic molecule that bears
source, drain and gate functionality would be 1-3 nm in size. In other words,
10" transistors would fit on a cm”. Relative to the Pentium®4 technology, this
would resemble a 10°~107 increase in density. To date it is, however, impossible
to attach more than a single lead to each of those molecules. Nevertheless,
simply comparing the size is fascinating. Molecular electronics is still in its
infancy and there are numerous obstacles that need to be overcome prior to the
realization of a molecular computer. For instance, each of the 42 million tran-
sistors on a Pentium®4 chip are addressable and connected to a power supply.
Even if it might be easy to be synthesized in large quantities, arrangements on a
surface are not trivial. This is even without considering the biggest challenge of
all, that is, addressing them on an individual basis. The advantages that quan-
tities and size offer rapidly vanish when throwing micron-resolution of litho-
graphic methods into the game. Nonetheless, the field is rapidly developing with
some companies already succeeding in addressing nanoscopic via microscopic
techniques. The knowledge of precise arrangement on the nanoscopic scale is,
however, scarce. In summary, withdrawing from a silicon-based industry
requires a thorough understanding of the serious challenges of molecular elec-
tronic device design.

Chemistry alone is not the answer! We are too much concerned with electronic
wiring and circuitry. We do not recognize that the beginning of molecular elec-
tronics starts with the hybrid approach. The latter implies the addition of molecular
systems to present silicon input/output platforms and, hence, achieving viable
and competitive computation or memory architectures. Traditionally, chemists
have proposed using “cocktails” of molecules and moving them randomly for
“computing systems” without realistically interfacing strategies. In other words,
putting a photon into a system and harvesting an electron out is a fine laboratory
experiment. However, the construction of a device array based upon this typical
chemical experiment is wholly impractical.
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1.1 Present Technology

An insatiable desire for consumer electronics—for entertainment and communi-
cations—has fueled at unparalleled rates the production of smaller, faster, and
more powerful logic, memory, display and imaging systems. Indisputably for the
industrial progress are the scientific and technological advancements across vari-
ous fields brought by semiconductor industry to fulfill the customer’s aspirations.
Still, we should be aware of the core of semiconductor industry’s technology,
which definitely is the transistor and its supporting electronics which make it
possible to utilize. The transistor with two distinguishable switching states (on/off
or high/low) is the basic device for computational logic, memory and gain. It
implements a boost in power to overcome the signal reduction due to the resistance
of the wires upon signal propagation. The technological progress in transistor
technology is commonly reflected by “Moore’s Law”. The latter hypothesizes that
the number of transistors per integrated circuit will be doubled on a scale of 18—
24 months. This prediction was made by the Intel founder Gordon Moore in a
paper from 1965 with the intriguing title “Cramming more components onto
integrated circuits” [8]. Nevertheless, this was a prediction rather than a “Law” in
a scientific sense. Moore did not believe that this prediction would hold far beyond
1975. However, the exponentially increasing rate of circuit densification has
continued into the present times (Fig. 1.1). For instance, in the year 2000, with the
introduction of the Pentium®4 processor by Intel with 42 million transistors, an
engineering masterpiece was achieved. Nowadays, 8 years later, Intel’s most
recent Penryn® processor chip already contains 410 million (!) transistors [9].
Thus, the steady development of new fabrication techniques, materials, and pro-
cessing technologies is responsible for the validity of Moore’s Law. Moreover, it
demonstrates the commitment toward industrial development by hundreds of
thousands of scientists and engineers worldwide.

1.2 Limitations of Present Technology

As one may have expected, theoreticians have gathered numerous possibilities to
verify Moore’s Law. For instance, they have announced the end of the silicon’s
densification (silicon brick wall). Similarly, they have predicted the point at which
silicon-based devices may not be further reduced. All these theoretical predictions
had, however, to be continually revised. This is because the basic models behind
these theses was the inability to process ever smaller structures in silicon. In that
sense, all predictions were based on technological limitations rather than upon a
physical science barrier. It might be serendipitous that engineers have overseen the
theoretical predictions hinting to the end of silicon. Instead, they continued to
build smaller devices and denser integrated circuits.
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Fig. 1.1 The number of transistors in a logic chip has increased exponentially since 1972 (Intel
Data)

These days, the technological limits of the lithographic techniques used
to create the circuitry on the wafers go along with the end of the silicon era.
However, technologies such as e-beam lithography, extreme ultraviolet lithogra-
phy (EUV) [10], and X-ray lithography are already commercially in use.
They allow standard processing in the sub-100 nm regime down to 45 nm (Intel
Penryn® chip) [9].

Apart from these promising developments, we should still bear in mind yet
another barrier being approached, that is silicon as a material. In fact, it is not
anymore a technological barrier rather than a fundamental physical feature. It
implies silicon as a material and is hard to overcome by engineering efforts. For
instance, charge leakage arises as a major problem, when the insulating silicon
oxide layers were less than three silicon atoms thick. Commercially, such a density
was already reached in 2004 [11]. Moreover, quantum confinement imposes
serious challenges, as the band structure diminishes at a size domain below these
regions. This significantly impacts the electrical and conduction properties of
silicon and completely changes the performance of the device. Notable, such limits
cannot be overcome by technological breakthroughs. Small materials
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modifications such as the use of silicon nitride, for example, might lead to a slight
deceleration in reaching the physical science barrier of silicon. This is, however,
far future at this point.

Summarizing, new technologies are certainly of great interest to the semi-
conductor industry. Despite the above mentioned limitations, there are several
more problems in the chip manufacturing processes regarding financial and
environmental issues. Thus, to address at least one of these would certainly be
revolutionary. In that sense, for new technologies there are many straps to start to
pull at. Certainly, a completely new platform replacing silicon would probably be
the best solution. Maybe molecular electronics will provide the right way out.
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Chapter 2
Motivation—Focusing
on Molecular Wires

As envisioned above, the rapidly emerging field of molecular electronics offered
major incentives to device design and the use of molecular wires [1, 2]. The key
idea of using molecules as wires stems from consumer electronics. Let us consider
on a journey taking us inside of electronic devices:

Macroscopic wires, namely ordinary metallic wiring, which pass the electron
flow in refrigerators, televisions, stereos, computers, household lightning, etc.,
measure approximately 1 cm in diameter. Going beyond that first level of wiring
much smaller wires (approx. 1 mm in diameter) are found on printed circuit
boards as they connect smaller components, e.g. resistors, logic chips, rheostats,
etc. The next step takes us inside logic chips, for instance. Here, we will come
across wires, 10th of a pm wide, which are used to connect solid-state transistors
carved out of silicon only. Connecting thousands of such transistors allows
performing logic operations. Considering current technologies, this would be
pretty much the end of our journey. Reaching beyond this obliges us to over-
come the limits of present semiconductor manufacturing methods. Molecular
wires would constitute a potential solution. Recent breakthroughs have produced
molecular-scale wires, ranging in length from 1 to 100 nm and width from
0.3 nm on up.

In the commercial technology of 2004, the copper wires in Intel’s Pentium®4
logic chip are produced in their newest 300 mm wafer fabrication facility in
Ireland, and are 90 nm wide [3]. The use of strained silicon [4] is one of several
approaches tested to modify present silicon-based processes to meet the demands
of the development roadmap. Now, considering a typical molecular wire, inves-
tigated in our lab with a width of 0.4 nm and a length of 2.5 nm, see Fig. 2.1.
Compared to the Pentium®4 chip 300 of such molecules, side-by-side, would span
the 90 nm metal line.

Furthermore, we can tune the physical properties of such a wire in the same
way as we can change the raw material used to make it. Thus, the small size, the
synthetic diversity, the efficient synthesis of macroscopic amounts in small
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Fig. 2.1 The dimensions of a representative example of a molecular wire are calculated to be
0.4 nm in width and 2.5 nm in length using DFT calculations

reactors are reason enough to prosecute molecular wire research' and provide a
rational motivation for this thesis: Characterizing several classes of molecular
wires.
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Part 11
Theoretical Concepts



Chapter 3

Concepts of Photoinduced Electron
and Energy Transfer Processes Across
Molecular Bridges

3.1 Introduction

As we have seen in the previous chapter individual molecules or supramolecular
assemblies may perform the functions of electronic devices. Using molecular
building blocks to develop electronic circuits mandates the design of specific
molecular functionalities. The latter are then the inception to imitate components
of an electronic circuit. One of the simplest of these components is a wire. Not
surprisingly, the design of “molecular wires” has received a great deal of attention
[1, 2]. Despite its simplicity, the definition of this term is rather broad. Some relate
it to molecular structures mediating the transport of charge between appropriate
donor and acceptor moieties. For instance, one can probe the conduction of
molecular wires in break-junction experiments, placing the wire between two tiny
gold-rods. In the same way of thinking, the electrodes may be replaced by
appropriate donor and acceptor molecules. Generally speaking, we should employ
the term “molecular wire” on any molecular structure, which mediates charges
between donors and acceptors. In this work, photo- or redox-active organic mol-
ecules serve as donors and acceptors. m-conjugated bridges referred to as
“molecular wires” link these acceptors and donors.

Molecular wires have been studied under a variety of experimental conditions.
Their molecular structures and the nature of the donors and acceptors they have
been connected to determine the exact conditions. In fact, the great structural
variety of such DONOR-wire—ACCEPTOR systems gives rise to different con-
duction mechanisms. Thus, numerous detection methods for the electron flow were
developed. Some of the available methods include:

e Fast electrochemistry, especially for self-assembled monolayers containing
redox-active groups [3-5].

e Conductance measurements in metal-wire-metal junctions (“break junctions”)
[6-10].

e Photoinduced electron transfer in DONOR-bridge-ACCEPTOR systems
[11-13].

M. Wielopolski, Testing Molecular Wires, Springer Theses, 13
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Fig. 3.1 Schematic repre- *D-B-A *3D-B-A
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The present work focuses on the last method, namely the investigation of
photoinduced electron and energy transfer reactions in organic DONOR(D)-
bridge(B)-ACCEPTOR(A) (DBA) conjugates. Nevertheless, comparative assays
in light of mechanistic features with electrochemistry and conductance measure-
ments are made to facilitate the overall understanding.

In the aforementioned DBA systems two different mechanisms should be
contrasted, namely energy versus electron transfer, where light excitation powers
any of the involved reactions. In the following three possibilities for excitation
should be discussed: (i) excitation of the donor, (ii) excitation of the bridge and
(iii) excitation of the acceptor. Fig. 3.1 schematically depicts one of these possi-
bilities to demonstrate the two different deactivation mechanisms of the light
excitation—energy versus electron transfer. In this example, the donor is excited
which is most likely to result in electron transfer. Excitation of the acceptor or the
bridge, on the other hand, may lead to hole transfer. In principle, electronic energy
transfer and electron transfer reactions share a few notable similarities. This, in
turn, renders a clear separation rather complicated due to a mutual entanglement of
both processes. In most cases, the electron-transfer mechanism follows a chro-
nological sequence of excitation, then energy transfer and finally electron transfer.
Herein, those mechanistic aspects will be related to the role of the bridge in the
DBA conjugates.

3.2 Electron Transfer Mechanisms

Electron transfer reactions can be described from two different points of view—the
classical and the quantum mechanical. Several reviews and publications cover
these topics exhaustively [14—18]. Among them, the book by Ulstrup [19] and the
excellent review by Weiss et al. [20] constitute real milestones.

From the quantum mechanical perspective, both photoinduced charge separa-
tion and charge recombination are radiationless transitions between different,
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weakly interacting electronic states in a DONOR/ACCEPTOR conjugate. The
finite probability of these processes is given by a golden rule expression:

4r
kel = 7

Here, HY, is the electronic coupling that links the two states which ultimately
interconvert into each other by the electron transfer process. FCWD is a
thermally averaged vibrational Franck—Condon factor, which describes a Franck—
Condon weighted density of states. The FCWD®' term accounts for the combina-
tion of nuclear reorganization energies and driving force effects. FCWD assists in
assessing if the charge-transfer reaction lies in the normal, activationless, or
inverted regimes of the classical Marcus theory. In this context, the role of the
electronic factor H’ef, demands for more attention.

When donor—acceptor pairs lack interactions with an intervening medium, e.g.
solvent molecules, the electron transfer mechanism is supposed to occur through
space. Considering that the electron density of molecular orbitals falls off expo-
nentially, a similar postulate may be formulated for the electronic coupling
between donor and acceptor, H’e’;

(#1) “FewDF!, (3.1)

H} = H}j(0) exp |:_g(rDA - Vo)} : (3.2)

Assuming that F CWD* is distance independent, the electron-transfer rate
constants are also expected to decay exponentially as a function of distance:'

ket = ke1(0) exp[—B(rpa — ro)]- (3:3)

Here, rp, is the donor—acceptor distance, HZ;(O) is the interaction at constant
distance ry, and f is the “so-called” attenuation factor. In vacuum, values of f§ are
relatively large in the range of 2-5 A~' [21]. Consequently, at donor—acceptor
distances commonly found in molecular dyads, the through space couplings will
be negligible.

Fig. 3.2 schematically represents a DBA system, where the donor and the
acceptor are separated by a molecular bridge, depicting one of the various struc-
tural examples, which will be discussed later in this thesis.

For photoinduced electron-transfer reactions in such DBA systems the bridge
must also be taken into consideration. Under these circumstances, two different
scenarios have been established depending on the relative energies of the donor,
bridge and acceptor levels [11, 12, 22, 23]:

1. If the LUMO of the bridge is significantly higher in energy than the orbitals of
the donor, the electron is transferred in a single, coherent step from the donor to

! For real systems, the distance dependence of the FCWD®' term cannot be completely neglected
due to the presence of reorganizational energy and the driving force. Thus, a correction for these
influences should be done to Eq. 3.3 before applying to experimental results.
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Fig. 3.2 Schematic
representation of a DBA
system

the acceptor. In such a scenario, the role of the bridge would be limited to a
structural function. This kind of mechanism for electron-transfer reactions is
often described as superexchange.

2. If, on the other hand, the LUMO of the bridge is energetically accessible from
the donor orbitals, electron injection from the donor is promoted and the bridge
acts as a real intermediate in transferring the electron to the acceptor. This
situation is then termed as charge hopping.

A comparison between these two types of mechanisms is shown in Fig. 3.3.
Demonstrably, these two different mechanisms will impact the experimental
results considerably. The distance dependence of electron transfer is certainly one
of the features that are impacting the presented DBA systems. However, further
theoretical background is needed to understand the different behaviors and the
interplay between the two mechanisms.

3.2.1 Superexchange

This mechanism is best understood as coherent tunneling of electrons in a single
step, directly from the donor to the acceptor. Nevertheless, the bridge does not
solely act as a passive medium. It rather acts as an active linker that modulates
the size of the donor—acceptor “through-bond” electronic coupling [18, 24].
These through-bond effects are rationalized in terms of superexchange. Sche-
matically, the coupling between the initial and final states of electron transfer
processes originates from the mixing of states. In particular, high-energy virtual
states of charge-transfer character involving the bridge are considered. The
coupling would be negligible in the absence of the bridge. As a result, both
superexchange pathways, namely (i) involving donor-to-bridge electron transfer
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Fig. 3.3 Schematic representation of orbital (upper) and state (lower) energy diagrams of
superexchange (left) and hopping (right) mechanisms of photoinduced electron transfer in DBA
dyads

Yr

Fig. 3.4 State diagram illustrating superexchange interaction between a donor (D) and an
acceptor (A) through a simple bridging group (B). We is the electron-transfer “virtual” state
involving the bridge. For the other symbols, see text

and (ii) bridge-to-acceptor hole transfer virtual states, should be considered
[11, 12, 18, 22, 23, 25-29]. However, usually one of the pathways predominates
and thus in the following we will focus on the electron transfer pathway. Fig. 3.4
illustrates a state diagram of the superexchange interaction between a donor D
and acceptor A through a simple bridging group B. Related to second order
perturbation theory the electronic superexchange coupling is expressed by
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Fig. 3.5 State diagram illustrating superexchange interaction between a donor (D) and an
acceptor (A) through a modular bridge. V., V.o and V.3 are local electron-transfer “virtual”
states

ot _ HicHy

HY = 4
= AE,’ (34)

where H,., Hp, are the donor-bridge and bridge—acceptor coupling elements,
respectively (see Fig. 3.4). AE, is the energetic difference between the virtual state
and the initial/final state. Importantly, these differences should be taken at that
transition state geometry, where the initial and final state have the same energy.
Eq. 3.4 points out that the key factor in determining the mediating properties of the
bridge is the energy denominator. Easily reducible bridges, i.e. with low AE,
values, and therefore relatively low-energy LUMOs, are good electron-transfer
superexchange mediators. On the other hand, considering a hole-transfer pathway,
a similar argument would hold for easily oxidizable bridges. In the simple
schematic representation from Fig. 3.4 only one single virtual state is taken into
account. In dyads the situation is, however, often more complicated. As the bridges
have mostly a modular structure, constructed from individual weakly interacting
units, not only the chemical nature but also the length of the bridge will be relevant
to its conducting properties.

Applying these thoughts to Fig. 3.4, leads to an extension of the state diagram
as demonstrated in Fig. 3.5. Now, we have to include virtual charge-transfer states
localized on each single modular unit. For a three-module bridge, for instance, the
perturbation expression for an electron-transfer reaction extends to

o HiHipHy;

i AE AE,AE; (3:5)
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Thus, for n identical modular units, the donor—acceptor superexchange coupling
transforms to

HyHy (Hiy et
H = — . .

Not surprisingly, for a through-bond superexchange interaction we obtain an
exponential dependence of Hf/ on the number of the modular units in the bridge,
i.e. a dependence on the length of the bridge. For linear bridges, this simply
transforms into an exponential dependence of H,‘f' on donor—acceptor distance.
Hence, we still can make use of Eqs. 3.2 and 3.3 since they characterize the
distance dependence of the donor—acceptor coupling through a molecular bridge.
For further insight, it is useful to compare Eq. 3.2 with Eq. 3.6. Now, we can
understand the meaning of the various terms in Eq. 3.2:

HaH . .
1. roand H(0) = (HiHy) represent the donor—acceptor distance and the effective

AE
coupling for a hypothetical bridge with one single module, respectively.
2. The attenuation factor § = 21n (%) becomes a bridge specific parameter and

depends on the magnitude of the coupling between adjacent modular sites and
the energy of the electron- (or hole-) transfer states localized on each module.

This theoretically established distance dependence has been verified in several
homogeneous series of dyads containing modular organic linkers of variable
length [22, 30-32].

Concluding, in the superexchange regime, the bridge plays an active role in
opening a path for electronic coupling between donor and acceptor. On that basis
we finally reach the first definition of “molecular wires”. In that sense, bridges
may be considered as “molecular wires” although their properties drastically
differ from those of a conventional ohmic conductor. The distance dependence of
electron transfer probability, as seen from the aforementioned discussion, in
organic wire-like molecules offers novel approaches to effectively conduct elec-
trons while omitting Ohm’s Law, even at room temperature. Yet, superexchange
coupling may suffer from charge hopping: As a matter of fact both mechanisms
should be carefully defined before implementing the concepts of lossless transport
of electrons through molecular bridges.

3.2.2 Charge Hopping

The charge hopping regime brings the molecular bridge by far closer to the role of
a real (molecular) wire. In this regime, the energy levels of the bridge allow a
sequential donor-to-bridge and bridge-to-acceptor electron transfer. A schematic
representation is shown in Figs. 3.3 and 3.6. Inspecting the latter scenario, we can
divide the charge transfer into three different processes with three different rate
constants:
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Fig. 3.6 Charge hopping in a donor-bridge—acceptor system involving a modular bridge

1. Charge injection from the donor into the bridge; occurring with k;,.

2. Hopping among (ideally) isoenergetic charge-transfer states of adjacent bridge
subunits; reflected by k.

3. Trapping of the electron at the acceptor; k;.

Assuming, that charge hopping involving different bridge units is a diffusive
process a simple treatment leads to the overall rate constant [33]
DA - )
k = knop (—) = kpopN "™~ (3.7)
L

Here, rp, is again the total donor—acceptor distance; r;, the length of each
modular unit of the bridge; and N, the number of units. Eq. 3.7 predicts that the
distance dependence of charge transfer rates should be relatively weak in the
hopping regime. When compared to ohmic conductors with a rps distance
dependence, the bridge will undoubtedly behave differently. In the hopping regime
the bridge will actively participate in mediating charges over long distances. In this
context, the term “molecular wire” is more suitable for this regime.

To meet the requirements for effective charge hopping, namely low reduction
or oxidation potentials and fine tuning of the energy gradients, the chemical nature
of the bridge is considered to play a major role. Experimentally, in donor—acceptor
dyads the charge-hopping regime is less common, unless we are dealing with
potent electron donors, such as TTF-derivatives, etc. and highly conjugated
bridges [32], which is the key-issue of this thesis. Not until these conditions are
met, it is possible to obtain superficial distance dependencies with very low
attenuation factors, 3, far below 0.5 Afl, when the data are plotted according to an
exponential law such as in Eq. 3.3 [13, 30, 31, 34]. A worth mentioning example,
not related to DBA dyads, is the charge hopping in DNA where efficient hole
transfer is prominent [35].
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3.2.3 Interplay of Mechanisms

The general concepts as they were derived in the previous section apply only to
theoretical models and/or idealized systems. In real systems, both superexchange
and hopping mechanisms through modular bridges require a more sophisticated
treatment. In fact, both mechanisms are omnipresent in charge-transfer reactions
and interplay with each other.

Superexchange in a modular system assumes, for instance, that the bridge
energy levels are independent on the number of the bridge units (Fig. 3.5). In a
strict sense, such an assumption is only applicable for non-interacting bridge units.
But, with H,, = 0 superexchange-mediated electron transfer would not take place.
In reality, H;, # 0 and an increase in bridge length causes a more or less pro-
nounced lowering in the bridge energy levels. Still, structural examples are
present, with a very low dependence of the oxidation potential, i.e. bridge energy
levels, on the length of the bridge. This will be discussed in more detail at a later
point.

Several consequences as they stem from such a non-ideal behavior of the bridge
energy levels as a function of bridge units impact both mechanisms. First of all, the
electronic coupling between the bridge and the donor/acceptor sites will change
when AFE is not constant in Eq. 3.6. This, in turn, affects the exponential distance
dependence of the transfer rates, i.e. the attenuation factor 5. More importantly, an
increase in bridge length can even cause a switch in mechanism from superex-
change to hopping. Especially, when lowering the bridge levels at larger bridges
below those of the donor levels. Such a scenario may also occur when changing
the temperature. Under these conditions, at any given bridge length or temperature
an abrupt mechanism change is expected to occur. Often, a sudden increase in rate
constants accompanies a transition from strong to weak distance dependence.
Numerous examples of this behavior have been already reported [13, 36] and
several new cases have been elaborated in this thesis.

At this point, we have to consider yet another very important process that is
likely to go hand in hand with photoinduced electron transfer reactions—the
electronic energy transfer.

3.3 Electronic Energy Transfer

In a supramolecular system, electronic energy transfer, as depicted in Fig. 3.1, can
be viewed as a radiationless transition between two locally, electronically excited
states. Similarly to the electron transfer described above, we deal with two dif-
ferent states. Nevertheless, these states are local excitations lacking any charge
transfer.

*D_B—A—D—B—A* (3.8)
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Thus, the rate constant for the energy transfer process is given by a golden rule
expression:

k —4—”( e”)zFCWDe” (3.9)
en — h if . .

Again, H' is the electronic coupling between the two excited states intercon-
verted by the energy transfer process and FCWD®" is an appropriate Franck—
Condon factor.

Equally to what has been done for the electron transfer processes, the
Franck—Condon factor is derived from either quantum mechanical [37-39] or
classical [40] expressions. From a quantum mechanical point of view, this factor is
the thermally-averaged sum of vibrational overlap integrals. They represent the
distribution of transition probabilities over several isoenergetic virtual transitions,
i.e. from *D to D and *A to A, in the two molecular units. In other words, it
describes the transition probability between two or more vibrational states. In
classical terms, it accounts for effects of nuclear reorganization energies and the
energy gradients as they both impact the rate constant. Experimental information is
gathered by evaluating the overlap integral between the emission spectrum of the
donor and the absorption spectrum of the acceptor.

On the other hand, the electronic factor, Hf}'-’, is a two-electron matrix element,
involving the HOMOs and LUMOs of the energy-donating center and the
energy-accepting center, respectively. Following standard photophysics [41], this
factor consists of two additive terms—a coulombic and an exchange term. These
two terms, in turn, depend on several photophysical/structural parameters, e.g.
donor—acceptor distances, spins of ground and excited states, spin—orbit couplings,
etc. As a consequence, we can identify two main energy transfer pathways, namely
the coulombic or resonance and the exchange energy transfer mechanism. Both are
schematically represented in Fig. 3.7.
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Fig. 3.7 Pictorial representation of resonance (coulombic) and exchange energy transfer
mechanisms
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3.3.1 Coulombic Energy Transfer

The coulombic is also known as resonance, dipole—dipole, or Forster-type
mechanism [42]. This type of energy-transfer process does not require physical
contact (i.e. exchange interaction etc.) between donor and acceptor. The most
important factor within the coulombic interaction is the dipole—dipole term, that
obeys the same selection rules as the corresponding electric dipole transitions of
the two exchange partners. Thus, if the oscillator strength of the radiative transi-
tions connecting the ground and excited state of each unit is high, couloumbic
energy transfer is most probable. In order to correlate the rate constant for
coulombic energy transfer with spectroscopic and photophysical properties of the
two molecular components, we need to evalulate the classical Forster formula,
given by

6

@ o0 dv
koo = 1.25 x 10"7——— / Fp(¥)eas, (3.10)
n ’L'DrDA 0 Vv

where @, is the quantum yield of the donor emission, » is the solvent refractive
index, 1p is the lifetime of the donor emission, rp,4 is the nm-distance between
donor and acceptor, Fp is the emission spectrum of the donor (in wavenumbers
and normalized to unity), and &4 is the decadic molar extinction coefficient of the
acceptor. Resulting from this equation, energy transfer may efficiently occur over

distances of up to 50 A due to the (r%) distance dependence of the rate constant,

DA
when a good spectral overlap integral and appropriate photophysical parameters

are guaranteed. For that reason, coulombic energy transfer is also referred to as
long-range energy transfer. As a leading example the singlet-singlet energy
transfer mechanism should be regarded:

*D(S)) — B — A(So) — D(So) — B — A(S))*. (3.11)

Examples of efficient energy transfer in organic DBA systems will be provided
later in the course of this thesis, especially dealing with singlet—singlet energy
transfer. In highly conjugated molecular bridges the lifetime of the singlet excited
states is very short, so that coulombic energy transfer is less exhibited [43, 44].

3.3.2 Exchange Energy Transfer

In contrast to the coulombic energy transfer mechanism, the exchange energy
transfer mechanism (also called Dexter-type) [42] occurs typically at short range
and is limited to orbital overlap, in other words, physical contact between the
donor and the acceptor. A simple way to visualize exchange interactions, as
demonstrated in Fig. 3.7, is to imagine a simultaneous exchange of two electrons.
For this process, of course, spin conservation must be obeyed in the reacting pair
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as a whole. Consequently, exchange mechanisms are applicable in those cases,
where the excited states are involved that are spin-forbidden. Triplet-triplet energy
transfer meets these requirements and evolved as a benchmark example for effi-
cient exchange:

*D(T)) — B — A(Sy) — D(So) — B — A(T). (3.12)

Exchange energy transfer from the lowest spin forbidden excited state is
expected for singlet—triplet intersystem-crossing (ISC) reactions presented further
in the following parts of this thesis.

Similarly to the discussion above with respect to electron-transfer processes, the
rate constant of exchange energy transfer reflects the nature of the bridge. Argu-
ments that were brought forward for superexchange hold also for a mixing with
electronically excited states that are localized on the bridge, which is expected to
effectively mediate the donor—acceptor exchange interaction. Again, bridges with
low-energy excited states will be particularly efficient. A direct one-step may
convert to a sequence of donor-to-bridge and bridge-to-acceptor energy migration
steps if the electronically excited states of the bridge drop below the energy of the
donor. In long, modular bridges the exchange interaction is expected to fall off
exponentially as function of distance [45-47].

Interestingly, in a homogeneous series of dyads where triplet energy transfer
(Eq. 3.12), electron transfer (Eq. 3.13), and hole transfer (Eq. 3.14) processes

D -B-A—D-B—-A" (3.13)
D"-B—-A—D-B—-A" (3.14)

could be studied as a function of distance across the same saturated organic
bridges, the value of the attenuation factor f§ (see Eq. 3.2) for energy transfer was
found to be the sum of those for electron and hole transfer [48]. This supports the
simple notion that exchange energy transfer is equivalent to a simultaneous double
electron transfer. To this end, the electronic matrix element is proportional to the
product of those for the corresponding electron and hole transfer processes.
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Chapter 4

Molecule-Assisted Transport of Charges
and Energy Across Donor-Wire—Acceptor
Junctions

The previous sections demonstrated that charge-transfer and energy-transfer pro-
cesses are characterized by many different parameters. We cannot limit ourselves
to the molecular building blocks of a system. Instead, the entire supramolecular
structure should be analyzed as a whole system. Only this assists in gathering a
sufficient understanding of the interplay between the components. In particular, a
close inspection reveals that the energetics and the relationship of the energy-
levels of donor, bridge and acceptor govern the energy/charge transfer properties
of these systems. However, the key roles in these transport processes are played by
the molecular bridges connecting the donor with the acceptor. In the following we
survey these processes with particular emphasis on the function of the bridges, or,
in other words, on their molecular wire properties.

In this part of the thesis, we will combine the theoretical aspects of the previous
section with experimental aspects of charge/energy transport and focus on the
molecular wire-like transport from the mechanistic point of view.

Regarding the correct terminology, there are several references and examples of
the term “molecular wire”. In some cases, it describes a system with a very
specific behavior. In others, it simply refers to the structural features of the mol-
ecule under consideration. Thus, finding a clear definition is a rather difficult task.
In 1998 an attempt was made by Emberly and Kirczenow [1] and a molecular wire
has been defined as “a molecule between two reservoirs of electrons”. Nitzan and
Ratner, on the other hand, called it “a molecule that conducts electrical current
between two electrodes” [2]. Most appropriate with respect to the topic of this
thesis, we should stick to a rather restricted definition by Wasielewski, which
classifies a molecular wire as “a device that conducts in a regime, wherein the
distance dependence (of electron transfer) may be very weak” [3].

More important than the definition is the desired function of a molecular wire
system. According to our discussions of the previous section, we now can define
certain criteria that molecules have to meet to act as molecular wires. In this
context it is possible to point out the desired features that make molecules potential
candidates for the electronic components:

M. Wielopolski, Testing Molecular Wires, Springer Theses, 27
DOI: 10.1007/978-3-642-14740-1_4, © Springer-Verlag Berlin Heidelberg 2010
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1. Structural tunability, due to a sheer unlimited number of synthetic possibilities
allowing higher control and versatility relative to metals and semimetals.

2. Orbitals of predisposed shape direct the movement of charge carriers within the
molecule.

3. Electron density distribution in the molecules presides over spin preservation
preventing the redistribution of spin to other electrons in the system in form of
polarization.

Energy and charge transport phenomena along a molecular wire are closely
related, despite the fact, that energy transfer is represented as a motion of electron/
hole pairs (Frenkel exciton or boson) and charge transfer as a motion of a single
hole or electron (a fermion). When considering transport processes, we can con-
sider molecular wires as Hiickel-like or tight-binding systems, dominated by
nearest-neighbor contacts. A thorough quantum chemical examination of Hiickel-
like systems can be found elsewhere [4-6].

Now, as we have defined wire-like transport by a motion that is assisted by
molecular bridges, we may proceed to the mechanistic point of view. In particular,
we will contrast theoretical results with experimental data for molecular wire-like
behavior in regard to the transfer of electronic charge and/or energy. Intramo-
lecular electron-transfer (ET) rate constants characterize the charge transport in
DBA conjugates and in electronic transport junction we can apply the word
“conductance”.

In this thesis, we will focus on molecules as individual wires. It is, nevertheless,
important to point out, that electron and energy transport in higher dimensional
molecular materials (such as polymers or molecular crystals) is closely intercon-
nected. Many of the mechanisms that have been discussed in this thesis, such as
coherent tunneling, thermal hopping, Forster transfer, etc., are present in both the
single-wire systems and in molecular materials.

4.1 Mechanisms of Charge Transfer Through Molecular Wires

Intrinsically, long-distance charge transfer (CT) is a nonadiabatic process. The
rate of CT is determined by a combination of distance-dependent tunneling
mechanism and distance-dependent incoherent transport that are strong and
weak, respectively [7, 8]. As already discussed the tunneling obeys a superex-
change mechanism, where electrons or holes are transferred from donor to
acceptor through an energetically isolated bridge. Herein, the bridge orbitals are
considered solely as a coupling medium with no nuclear motion along the bridge
[9-11]. On the other hand, incoherent or sequential CT involves real interme-
diate states that couple to internal nuclear motions of the bridge and the sur-
rounding medium. Such states are energetically accessible and may change their
geometry [12]. This mechanism is defined as thermally activated incoherent
hopping [3, 13].
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Accordingly, the attenuation factor f is used to describe the quality of a
molecular wire, owing to the fact that it describes the decay of the CT rate constant
k as a function of distance, rpg4,

k = koexp P (4.1)

Furthermore, we can use /3 to predict whether a DBA system should be considered
to display wire-like behavior at all. Eq. 4.1 predicts that at small f§ the charges
might be transferred over larger distances. Importantly, such a definition of f only
applies to exponentially decaying processes. In addition, the limit of very small 8
equals to band transport, a so-called “m-way through” which the electrons can
travel coherently [14]. A shallow distance dependence may also result from a
series of short-range tunneling events. The latter is equivalent to incoherent
hopping which, per se, does not follow an exponential decay when considering
increasing length. Implicit is that f§ is an intrinsic factor. This holds for the entire
wire system rather than only for the molecule that is providing the linkage between
donor and acceptor. In this respect, there is no fundamental difference between
donor and acceptor from metallic contacts linked to a spacer.

Interestingly, f values for identical bridge units differ significantly. f§ reflects,
for example, the sensitivity to the surrounding environment of transport. Length
dependence is one of these parameters. Exemplary, f§ values determined for bridge
units in solution and through self-assembled monolayers (SAMs) of organic thiols
on the surfaces of metal electrodes (Ag, Au and Hg) are listed:

e f=0.6-1.2 A~ for alkanes [15-21].

e f =0.32-0.66 A~! for oligophenylenes [22-26).

e f =0.01-0.5 A" for oligo(phenylene ethynylene)s (oPEs) and
oligo(phenylenevinylene)s (oPVs) [27-31].

e = 0.04-0.2 A~ for oligoenes [28, 32, 33].

e f=0.04-0.17 A~ for oligoynes [34-36].

4.1.1 Superexchange Charge Transfer in Molecular Wires

Now upon establishing the theoretical framework for the description of molecular-
wire behavior, we should analyze the transport phenomena as a function of
molecular-wire properties. Firstly, we will discuss the superexchange mechanism.
The latter is considered as the main mechanism for efficient electron-transfer
within the photosynthetic reaction center [37, 38] and has been studied in various
biomimetic systems [39, 40].

In superexchange CT reactions, no charge ever actually resides on the bridge.
Those states that the molecule occupies between the time when the electron leaves
the donor and arrives at the acceptor are called virtual excitations. The transmission
probability of electrons to reach the acceptor in this manner is the superexchange
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electronic coupling, tp4 [7, 41]. Such coupling term is calculated by using a per-
turbation-theory-based expression. It relates to individual resonance integrals
between molecular subunits and the energy gap between the donor and acceptor and
the bridge [42]. The model assumes an exponential dependence of 754 on the
donor—acceptor distance, rps. The decay is once more expressed by a p°¢
parameter:

B = —2(in | 2 [)/r (42)

Here ¢ is the nearest-neighbor transfer integral, A is the energy of the bridge
orbitals relative to the donor/acceptor and r is the width of one subunit. This
expression has been validated under various experiftions [43—45]. Furthermore, it
opens up the possibility to calculate the probability of CT via superexchange
according to the chemical composition of the bridge.

4.1.2 Sequential Charge Transfer in Molecular Wires

The superexchange coupling decays exponentially with increasing donor—acceptor
distance. Now, when the length of the bridge increases the probability of super-
exchange interaction can become very small. Under these circumstances, if the
donor and the acceptor are within kg7 in resonance, the CT rate constant may be
dominated by an incoherent term. Several conditions have to be fulfilled for
sequential CT. According to Jortner et al. [46] sequential CT takes place when
(i) near-resonant charge injection is present, (ii) vibronic overlap exists between
ion pair states that are formed while charges move from one bridge site to another,
and (iii) vibronic overlap between the ion pair state given by the terminal bridge
site and the ultimate acceptor. Importantly, the distance dependence in this case is
sensitive to the nature of diffusing charges from the donor to the acceptor. It
requires sufficient free energy to mediate the charges from donor to acceptor, and
thus the CT rate is given by:

In keroc —n In N, (4.3)

Here, 1 is between 1 and 2, N is the number of hopping steps, and the propor-
tionality constant is dependent on the individual tunneling probabilities [14, 46,
47]. As a consequence, long distance incoherent transfer is in general more effi-
cient than the coherent analogue [3, 48]. Obviously at intermediate distances, a
competition between superexchange and sequential mechanism arises. This
problem has been treated extensively in theory in order to understand both cases
[49-51]. Theoretical approaches emanate from the limiting scenario of the fol-
lowing three states:
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—_—

. The initial state, where donor, bridge and acceptor are neutral.

2. The intermediate state, whose energy is systematically varied while the donor is
oxidized and the bridge reduced.

3. The final state, where the donor is oxidized and the acceptor reduced.

Without going into details, several conclusions should be gathered. First of all,
large energy gaps between the initial and intermediate states propagate superex-
change mechanisms. They are seemingly activationless. Competition between the
superexchange mechanism and sequential mechanism commences when the energy
gap approaches the limits of reorganization energies or electronic couplings.

Before, however, proceeding to the results, we should discuss electronic and
structural parameters of the given systems as they potentially impact the charge-
transfer mechanism.

4.2 Factors that Determine the Charge Transfer Mechanism
4.2.1 Electronic Coupling

The electronic coupling between the components constituting molecular or
metallic DBA systems influences both incoherent and superexchange electron
transport between donors and acceptors. For the superexchange mechanism, for
instance, the most relevant quantity is the donor—acceptor superexchange coupling,
tpa. On the other hand, if the bridge levels are energetically accessible, as for the
incoherent mechanism, the coupling between the hopping sites will be rate
determining.

4.2.1.1 Calculation of Electronic Coupling

The calculation of direct and indirect coupling has been a theoretical challenge. It
is mainly the involvement of excited state configurations and the demand for
reliable experimental data that renders this difficult. Several concepts have been
formulated—all dependent on the particular situation. For instance, the generalized
Mulliken Hush (GMH) theory [52, 53] uses parameters that are derived from
optical spectra in such cases where the CT state is optically accessible. Alterna-
tively, it may be calculated using methods that afford excited state energies and
dipole moments. Most common methods reveal, however, great flaws in handling
long-distance ET systems. CT states that bear 7,4 are not CT states at all but rather
real radical ion pair states (RPs). Usually, these RPs posses energies that are on the
scale of electron-volts above the neutral ground state. Another characteristic of
these RPs is their vanishing transition moments. In fact, they lack any appreciable
emission during charge recombination. Acceptable determination of GMH
parameters becomes difficult.
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Alternative approaches extract the electronic couplings for individual ET pro-
cesses from calculations of the free energy for reaction and the internal and
external reorganization parameters [54]. However, most of the methods depend on
available spectroscopic data. One example is the method by Stuchebrukov et al.
[55], which employs the Green’s function. By modeling the structure of donor and
acceptor, they found that ET takes place mostly through a system of overlapping
n-orbitals. Then 7p4 can be expressed in terms of the Green’s function of the
bridge in the nonorthogonal extended Hiickel basis. By rewriting fp, in terms of
transition amplitudes, T;, they were able to derive an expression for the proba-
bilities of “superexchange transitions” between the donor orbitals and the bridge
orbitals:

tpa(E) =Y (A |V |i)T;. (4.4)

l

V is the strength of the coupling to the bridge and | i) are the orbitals of the bridge.
Using Green’s function methods they could obtain the amplitudes 7; by solving a
system of linear equations,

(i|V|D)=> (ES—H"),T, (4.5)

J

using conjugate gradient methods [56, 57]. (S = (i | ) is the overlap matrix and H”
is the Hamiltonian of the bridge in the extended Hiickel basis set |i)). Nevertheless,
the practical calculation is not as trivial as it sounds. In general, ample experi-
mental data sets on charge migration are needed to validate such calculations.

Needless to say, many extensions of the herein presented methods and different
approaches are used to theoretically determine the electronic coupling. Conven-
tional quantum chemistry ranging from fundamental ab initio methods to
sophisticated semi-empirical approaches for the calculation of excited state
properties is a useful tool to evaluate molecular-wire properties.

4.2.2 Energy Matching

Next, another key step of CT reactions in DBA systems is the charge injection into
the bridge. Thus, the evaluation of charge injection energies is crucial when
examining the transport properties. Generally speaking, charge injection energies
are given by the energies of the frontier orbitals of the molecular bridge relative to
the molecular levels of the donor and acceptor or the Fermi energy of the metallic
contacts. This description is slightly misleading but very common. Exactly, we
should use the state energies of the donor (or the Fermi level) and of the bridge
cation and bridge anion. However, the frontier orbital energies are often a rea-
sonable approximation to these multi-electron values. In particular, electron
transport across metal-molecule-metal junctions depends strongly on the position
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of the Fermi level of the metal electrodes relative to the LUMO and the HOMO of
the molecular bridge. DBA systems can be considered equally.

Concluding the findings from the previous sections, we now call back to mind
two probable situations:

1. When the energetic difference between the LUMO and the Fermi level is large,
electron transport occurs by superexchange tunneling, i.e. tunneling mediated
by interactions between donor and acceptor and unoccupied orbitals of the
organic bridges that separate them.

2. If the Fermi level approaches the energy of the orbitals of the molecular bridge,
resonant electron transfer may take place—either by hopping or resonant tun-
neling. In this case the conduction of electrons will occur through the molecular
orbitals.

Fan et al. [58] was able to prove these two mechanisms by means of Shear—
force-based scanning probe microscopy (SPM) experiments. These exemplify the
importance of energy matching when determining the transport mechanism. SPM
was complemented by current—voltage (/-V) and current—distance (/-d) mea-
surements. In these investigations, ET processes were tested across SAMs of
hexadecanethiol and nitro-substituted compounds, including oligo(phenylenee-
thynylene) (oPE) on gold surfaces. In these simple experiments, the hexadec-
anethiol SAMs gave rise to an exponential current increase as the distance was
decreased. Large f values that ranged from 1.3 A™' to 1.4 A~ resulted. In the
low bias regime, the dependence was nearly independent on the tip bias. The
currents increased, however, exponentially with bias in the high-bias regime. All
these observations suggest a superexchange mechanism for transport through
SAMs. The mismatch between molecular orbitals of the oPEs and the Fermi level
of gold might be responsible for this trend.

Placing of nitro groups into the oPE structures changed the observation.
Important is the fact that nitro-substituted oPEs contain molecular orbitals, which
are in close energetic proximity to the Fermi level. In such a case, the current
becomes only weakly distance-dependent with a low f value. Reversible peak-
shaped I-V characteristics indicated that part of the conduction mechanism
involves resonant tunneling. At first glance, the current decreased with increasing
distance between tip and substrate. Nevertheless, the f-values for the oPE mole-
cules remained low (i.e. around 0.15 A™"). Upon closer inspection, a strong tip
bias dependence was noted. A possible rationale involves that molecular orbitals
are affected by interactions with the contacts and by the applied voltage.

Spectroscopic methods, also, provide a direct means of addressing the issue of
energy matching. For example, one-photon photoelectron spectroscopy provides
access to the energies and characteristics of the occupied electronic levels. Two-
photon photoelectron spectroscopy allows, on the other hand, the investigation of
unoccupied levels [59, 60]. Another example is spectrophotoelectrochemistry. It is
possible to directly address the occupied and unoccupied energy levels and
characterize them spectroscopically to gain their relative positions.
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Finally, we should mention ab initio quantum chemical methods. They yield
almost exact values for the energy levels that are involved in the transport pro-
cesses. They also assist in supporting the experimental data used for assessing the
transport properties of a system. However, these calculations are often limited by
the dimensions of these systems and can only be applied to relatively small
structures.

4.3 Specific Aspects of Photoinduced Electron Transfer
in Organic n-Conjugated Systems

In previous chapters, detailed theoretical principles of CT processes in general and
photoinduced CT processes in particular have been provided. The next step is the
practical application of these principles to systems which will be discussed within
the scope of this thesis, namely organic m-conjugated donor—acceptor supramo-
lecular assemblies. Furthermore, we will draw our attention to CT processes,
which are triggered by photochemical stimuli. They provide the theoretical
background, which is required to understand the charge-transport properties of
wire-type molecular bridges.

4.3.1 Background

Photoinduced charge-transfer reactions have been extensively investigated in
many fields of science for more than 15 years. Especially, in the now fast-
developing field of photovoltaics it is of fundamental interest to understand the
photophysics and photochemistry of excited states in organic molecules [61].
Photosynthetic energy conversion in green plants serves herein as the ultimate
prototype [62].

As already outlined in the previous parts, the basic description of photoinduced
charge transfer between a donor D and an acceptor A considers different steps. For
the following discussion we will assume the following reaction sequence:

e Step : D+ A — D* +A (photoexcitation of D).

Step 2: DX + A — (D — A)* (excitation delocalized between D and A).

Step 3: (D —A)*—> (D‘S+ —A‘S’)* (polarization of excitation: partial charge
transfer).

Step 4: (D — A‘S‘)*—> (D** — A*7) (formation of a radical ion pair).

Step 5: (D*t — A*") — D*" + A*~ (complete charge separation).

Alternatively, we can formulate a hole transfer from an excited acceptor onto a
donor. In general, A and D should be either covalently linked (intramolecular CT)
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or spatially very close (intermolecular CT). At this point, we will focus on the
intramolecular CT, because the investigated systems contain molecular bridges,
however, which link donors and acceptors.

Importantly, to initiate step 2, the electronic wavefunctions of A and D require a
significant coupling. In our case this is given by the molecular bridge. On the other
hand, a relatively small distance between the donor and acceptor sites would also
meet this requirement [63, 64].

Step 4, otherwise, requires an alignment of the energy levels of the participating
components. Only if the offset between the LUMOs (for electron transfer) and the
HOMOs (for hole transfer) of donor and acceptor is large enough to overcome
coulombic attractions between charges, charge separation may occur. The ener-
getic difference between initial and final state represents the driving force for the
CT reaction. This is schematically depicted in Fig. 4.1. When donor and acceptor
are covalently linked, the CT reaction is then mediated by the transport properties
of the intervening linker. In general, the energetics and the kinetics of a photo-
induced charge separation are described by the theories of Marcus and Jortner
taking into account the orientation and the distance between the donors and the
acceptors [65-67].

In some cases, the charge transfer state might be metastable due to a fast
delocalization of charge carriers on one or on both molecules [68].

4.3.2 The Classical Marcus Theory

To fully understand the relaxation pathways for photoinduced charge-transfer
reactions in solutions we need to take solvent effects into account. For that reason
it is necessary to recall some basic principles of the classical Marcus Theory for
electron-transfer reactions in solution.

Electron transfer profoundly affects chemical reactivity by inverting normal
electron densities in electron donor/acceptor pairs and therefore activating previ-
ously inaccessible reaction modes. The basic principles have been widely dis-
cussed in several reviews [69-72].

Employing the Franck—Condon principle, i.e. preservation of the nuclear
configuration of reactant and product at the point of transition, we can assume a
horizontal transition between the donor (D) and acceptor (A). In terms of the
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previously introduced potential energy surfaces, both the reactants (DA) and
products (D*A™) posses multidimensional potential energy surfaces, which are
functions of many nuclear inter- and intramolecular coordinates. Several coordi-
nates, including the separation distance of the reactants, the molecular geometries
of the reactants and the orientation of solvent molecules, undergo significant
changes during the course of the reaction. For that reason, in transition state
theory, a reaction coordinate is introduced to account for these changes and to
reduce the multidimensional potential energy surface to a one-dimensional reac-
tion profile.

Marcus developed a theory [73], which represents the reaction system in Gibbs
(free) energy space and approximates the Gibbs energy profiles along the reaction
coordinate as parabolas with equal curvatures. As a consequence, the change of
entropy in the investigated systems, which usually undergo extremely fast reac-
tions, is assumed to be nearly zero. Then, the change of Gibbs energy is equal to
the change of enthalpy.

Figure 4.2 illustrates the parabolic free-energy surfaces as a function of reaction
coordinate. In particular, three different kinetic regimes are shown in accordance
with the classical Marcus theory. The reorganization energy, A, represents the
change in free energy upon transformation of the equilibrium conformation of the
reactants to the equilibrium conformation of the products when no electron is

D*-B-A°

D-B-A D-B-A D-B-A

D*-B-A

AG I aG°

-

normal inverted
log ker
[s1]

4 »>AG°

+ o e [eV]

Fig. 4.2 The free energy Marcus regimes (fop) and the corresponding dependence of the ET
transfer rates on the free reaction energy (bottom). RC is the reaction coordinate
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transferred. A is the sum of the inner (4;) and outer (4,) reorganization energies,
which account for the changes of structure—such as bond distances and angles—
and for the changes of solvation, respectively. The free reaction energy, —AG", is
the difference in free energy between the equilibrium conformations of the reac-
tants and the equilibrium conformation of the products. Thus, —AG? represents the
driving force of the reaction. Dependent on the relationship between 4 and —AG?,
we can derive an expression for the free activation energy for electron transfer,
which corresponds to AG*:

J AG*\?
AG* = 1 <1 +T> . (4.6)

With Eq. 4.6 we can formulate the free-activation-energy dependence of the rate
constant for electron-transfer reactions

Ak
ker = AexpheT (4.7)

with the Boltzmann constant kz and the temperature 7.

The exponential term of 4.7 in conjunction with 4.6 contain an important
prediction, namely that three distinct kinetic regimes exist, depending on the
driving force of the electron transfer process. The three kinetic regimes are also
shown schematically in Fig. 4.2 (lower part) in terms of the classical Marcus
parabolas:

1. The normal regime (AG < 4 and —AG < A) for small driving forces, where the
ET rate increases with decreasing activation energy AG*. The activation
energy AG* decreases with increasing —AG.

2. The activationless regime (AG =~ —1) where the change of the driving force
AG does not cause large changes in the reaction rates. In this regime, no
activation energy is required, i.e. AG* ~ 0.

3. The inverted regime (—AG > 1) for strongly exergonic processes leads to a
decrease of the ET rate.

As an outcome, the most propitious situation that guarantees fast charge-sep-
aration rates and slow charge-recombination (back-electron transfer) is when the
charge-separation processes occur either in the normal or in the activationless
Marcus regimes, whereas the charge-recombination is located in the inverted
region of the Marcus parabola. In this scenario the rate of the strongly exergonic
charge-recombination process will be automatically minimized.

Determining the feasibility of an electron-transfer pathway for a bimolecular
ET reaction usually involves the free reaction energy change (—AG°) that is
calculated via the Weller equation [74]:

AG = —Ew + Ep+jpo — Eqoja- — Epp, (4.8)
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where Eq is the energetic difference between the S, and the S, states, Ep+ /o is the
oxidation potential of the electron donor, E4o/4- is the reduction potential of the
electron acceptor and Ejp is the ion pair stabilization energy

I
E;

=— 4.9
F 477.'80 85d1p ( )

with e being the electron charge, &g the dielectric constant of the solvent and d;p
the distance between the donor and acceptor moiety. The free energy, as given by
Eq. 4.8, is often referred to as the energy gap.

4.3.3 Photoexcitation and Relaxation Processes in Solution

Photoexcitation as the induction mechanism for CT reactions has been studied
extensively and the undergoing processes are nowadays well understood [75]. It is
also a ”cheap” mechanism for generating free charge-carriers, which in turn can
be used elsewhere.

To fully understand the photoexcitation processes we should ask ourselves how
light is absorbed by a molecular species. Understanding this phenomenon gives
insight into the parameters that trigger CT processes in molecules. As we have
elucidated in the previous sections, the transfer of electrons from one end of a large
molecule to another is based on electronic interactions between the molecular
subunits. In fact, this interaction may be induced by the absorption of light.

4.3.3.1 Photoabsorption

Any form of charge transfer processes requires external stimuli and probes.
In general, these stimuli are in the form of wave-like excitations (such as
electromagnetic or pressure waves) or of chemical nature (such as electrons,
protons, molecules or ions). In this respect, photoabsorption or photoexcitation is
perhaps the most general way to couple a molecular system to its environment.
Many chemically driven processes such as electron transfer, energy transduction,
optoelectronics, photodetection, and optical switching depend all on the absorption
of light. In other words, these processes require energy absorbed in form of
electromagnetic waves such as sunlight.

The nature of the molecular system implements a change in the physical
mechanism of the photoabsorption process. Once again we may, however, employ
the golden rule expression. We use it in a general sense to express the absorption
rate in the form of:

21

Wex =7

(|l g) oy (4.10)
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For a direct absorption, x and g label the excited and ground states, respectively.
These states are, in turn, coupled by a dipole moment operator u, and are assumed
to be of Born—Oppenheimer type, i.e. the electronic contributions are separated
from those of the nucleus. With these assumptions, the interactions between these
states result from vibrational overlaps between the ground and excited state with
the transition probability W,_,x and the density of the final states p. In general
terms, we now can evaluate the transition probability, which mainly depends upon
two parameters:

1. the strength of the coupling between the initial and the final states,
2. the number of transition pathways, i.e. density of the final states.

As a matter of fact, the transition probability relates to the mean lifetime 7 of
the state by Wy, = % Now, we have developed an expression for the decay
probability. Obviously, the transition rate will increase if the coupling between the
initial and final states, represented by the matrix element (x| x |g), is strong. The
ground and excited states typically differ from each other energetically. The two
electronic states that we consider are represented by two energy levels. Figure 4.3
(left) sketches this for a simple one-site, two-level model. Here, the photoab-
sorption process is simply a transition from the ground state to the excited state
followed by a deactivation process. A more complex situation is present, when we
deal with two-site situations, such as donor/acceptor, or or even multiple-site,
donor-bridge—acceptor systems. The interaction between the different sites leads
to a mixing of the different levels, as demonstrated in Fig. 4.3 (right). Then, the
spectroscopic states evolve from the mixing of the zero-order states. These consist,
for example, of the neutral donor/acceptor system (DA), the photoexcited donor/

acceptor system ((DA)*), and the charge-separated donor/acceptor system
(DTA7). Implicit is that photoabsorption and subsequent radiative decays are
substantially altered relative to the two-level model given in Fig. 4.3 (left) [76].
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Fig. 4.3 A simplified two-level model for photoabsorption (/eff). The two levels are represented
by the corresponding wavefunctions (g, ground state; x, excited state) with the matrix element
(x| it |g) giving the transition probability between the ground and excited state. In the right part a
simple three-state model for a two-site situation represents the mixing between the zero order
states (neutral, excited and charge-transfer) to form the spectroscopic states
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Fig. 4.4 Schematic of the method of building an energy diagram from theory. Each of the final
states in the “zero order” is derived from a distinct configuration. The higher the level of
approximation (e.g. configuration interaction), the more configurations are required to describe
each state

For the sake of simplicity, we will try to illustrate the method of building up the
spectroscopic states from atomic orbitals (AOs) for a “one electron” situation.
Figure 4.4 summarizes the pathway from “one electron” atomic orbitals (¢), to
“one electron” molecular orbitals (1), to one electron configurations IT/;, to Zero
Order States, to First Order States, and finally to First Order or “working” states
and state energy diagrams. Interestingly, the working state is at the level of a “two
orbital configuration approximation”, i.e. we take only two orbitals into account,
and characterize a state in terms of the orbital configuration of the two highest-
energy electrons [77].

In principle, a molecule in a particular electronic state may exist in various
configurations of its nuclei. Hereby, each configuration in space corresponds to a
particular potential energy of the system. A map of the potential energy versus the
nuclear configuration for a given electronic state is called the potential energy
surface. However, a two-dimensional energy curve is more readily visualized than
a three-dimensional energy surface. Thus, we shall show how the simple notion of
potential energy curves for a diatomic molecule may be used to unify the ideas of
structure, energetics and dynamics and then extrapolate the concepts to general
energy surfaces [78, 79].

In particular, radiative and non-radiative transitions between states and pho-
tochemical reactions may be visualized under the framework of energy surfaces.
Often, reactions cannot be interpreted in terms of the motion of the system along
only one energy surface but rather must be characterized by transitions between
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interacting potential energy surfaces. For instance, a nonadiabatic reaction is a
reaction in which a transition from one electronic potential energy surface to
another occurs during the reaction. All photoreactions which lead to stable ground
state molecules are nonadiabatic reactions, since light absorption automatically
places the system onto an excited state surface. However, the resulting products
are usually observed on the ground state surface. This leads to the assumption
that a transition between two electronic surfaces must have occurred at some point
[80, 81].

When dealing with photochemical systems, two broad distinct classes of non-
adiabatic transitions have to be discussed:

1. Radiative nonadiabatic transitions, e.g. fluorescence and phosphorescence.
2. Radiationless nonadiabatic transitions, e.g. internal conversion, intersystem
crossing, and most photoreactions.

Nonadiabatic transitions must obey the Franck—Condon principle, such that the
initial and final geometries must be very similar. As a result, a “chemical reac-
tion”, i.e. a reaction involving drastic changes in nuclear geometry, never occurs
via a radiative nonadiabatic transition. However, many photochemical reactions
employ radiationless nonadiabatic transitions as a key step, which affects either the
reactivity and/or the efficiency of the reaction [82-84].

Understanding the theoretical principles of light induced nonadiabatic reactions
is therefore crucial for the comprehension of the photo-driven processes that lead
to photoinduced charge transfer and energy transfer reactions which will be
discussed later on in this thesis.

4.3.3.2 The Franck—Condon Principle and Radiative Transitions

The classical model of the Franck—Condon principle predicts the electronic tran-
sition occurring from the most probable nuclear configuration of the ground
state—which is the static, minimum equilibrium arrangement of the nuclei—to the
excited state surface. Dependent on the position of the ground state and excited
state surfaces relatively to each other, the transition would occur to a certain
vibrational level (v). At the completion of such electronic transition the nuclei are
static, but in a new force field of the new electronic distribution. As a consequence,
they begin to vibrate away from and back to their initial arrangement. It follows that
the original arrangement is a turning point of the new motion, and the vibrational
energy (AE,;) is stored by the molecule. The velocity of this motion depends on the
excess of kinetic energy. Figure 4.5 represents a schematic representation of the
classical model.

In terms of quantum mechanics, a system with “zero” energy is impossible.
A quantum system must possess a minimum energy of E,. This postulate is due to
the irrepressible zero-point motion imposed on microscopic systems by the
uncertainty principle and by quantization. Thus, the classical concept of nuclei in
space and associated motion is replaced by the concept of a nuclear or vibrational
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Fig. 4.5 Schematic representation of the Franck—Condon principle for radiative transitions

wavefunction, y, which “codes” the nuclear configuration and momentum but is
not as restrictive in confining the nuclear configurations to the regions of space
bound by the classical potential energy curves. In classical mechanics we consider
that electronic transitions require similar nuclear configurations and momentum in
the initial and final states at the instant of transition. In quantum mechanics this
requirement becomes the net positive overlap of the wavefunctions in the initial
and final states during the transition. This overlap is given by the Franck—Condon
integral (y; | xf>. The probability of any electronic transition is directly related to

the square of the vibrational overlap integral, i.e. (y; | Xf>2, which is called the
Franck—Condon factor.

The Franck—Condon factor governs the relative intensities of vibrational bands in
the electronic absorption and emission spectra. In radiationless transitions the
Franck—Condon factor is also important to determine the transition rates. Since the

value of (y; | Xf>2 tracks that of (y; | y;), we will generally consider the integral
itself rather than its square. The larger the difference in the vibrational quantum
numbers i and f, the more the molecular geometries and momentum of the initial and
final states will differ from each other, and the more difficult is the transition.
Indeed, this is exactly the result what one might expect from the Franck—-Condon
principle. In other words, the product (y; xf). is related to the probability that a
state Y; will or will not have the same shape and momentum as . Thus, the Franck—
Condon overlap integral is analogous to the electronic overlap integral (i, | x//f> In

consequence, poor overlap means weak interactions and slow transition rates.
Figure 4.6 schematically represents the quantum mechanical basis of the
Franck—Condon principle for radiative transitions. As a result, the process of



4.3 Specific Aspects of Photoinduced Electron Transfer 43
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photoabsorption is assumed to initiate form the v = 0 level of 1/°. The most likely
radiative transition from v = 0 of y° to a vibrational level of y* will correspond
to the transition for which y, and X;k is maximal. In our representation, this
corresponds to the v = 0 to v = 3 transition. Other transitions from v = 0 of /° to
vibrational levels v # 3 of l,b* will occur but with lower probability.

The same general ideas will apply to emission, except the important overlap is
then between ¥, of Y* and the various vibrational levels of ° [85].

4.3.3.3 The Franck—-Condon Principle and Radiationless Transitions

Generally, the occurrence of unimolecular radiationless transitions such as internal
conversion and intersystem crossing may be inferred from quantum yield mea-
surements. The common experimental observation in such cases is the lack of a net
reaction after absorption of a photon. The Franck—Condon principle that implies
radiative transitions with quantum yields of less than unity also applies to radia-
tionless processes, as it prohibits vertical transitions between surfaces separated by
large energy gaps and favors those at Zero Order surface crossings.

Suppose that a molecule starts off on an excited surface * and makes a

trajectory from A to B on the y* surface during its zero-point motion. Classically,
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Fig. 4.7 Visualization of the quantum mechanical basis for a slow rate of radiationless
transitions

a transition to the energetically lower y° surface will require an abrupt change in
geometry or an abrupt change in kinetic energy. The net result of either transition
is that the vibration of the molecule will abruptly change from a placid, low-energy
vibration between points A and B to a violent, high-energy vibration between two
new points C and D. Now, both the positional and momentum characteristics will
change drastically. Electrons resist, however, to drastic changes in orbital motions
and spatial locations, whereas nuclei resist to drastic changes in their vibrational
motions of spatial geometries. Not surprisingly, the wavefunction y; is completely
different in form (i.e. positive everywhere with no node) from that of y, (i.e.
positive and negative with several nodes). This situation is schematically visual-
ized in Fig. 4.7.

For vertical transitions from x//* to y°, for example, the rate-limiting step is the
electronic perturbation, which occurs first. Nuclear motion is now suddenly con-
trolled by the y° surface rather than by y*. In fact, vibrations along %° must
compensate the extinct energy that is associated with the transition from y* to 1/°.
The horizontal transition, on the other hand, would be given by the rate-limiting
nuclear geometry perturbation. After that the promotion from one geometry to
another takes place. The electronic motion suddenly switches from that of l,b* to

that of °. In this scenario, vibrations which bring w* from one geometry to the
another may also act as mediator to dissipate the excess energy.
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It is important to distinguish between two general situations, namely crossing and
not-crossing of the 1 and the y* surfaces. The poor overlap of vibrational wave-
functions of /° and y* for a molecule in the lowest vibrational level of * for the
noncrossing situation contrasts with the significant overlap for the crossing situation.

In both cases, ; corresponds to the v = 0 level of ¥* and ¥y corresponds to the
v = n level of y/°. The extra electronic energy (AE,;) that converts into vibrational
energy and the vibrational quantum number (v) of the state produced by the
transition are identical. Nevertheless, the radiationless transitions with a good
overlap between y; and y—high jxi;{_,—will evidently occur much faster than the
radiationless with poor overlap—low inXf As a consequence, we postulate that
the radiationless transition, where no surface crossing is present, is Franck—Con-
don forbidden, because (y; | ;) is nearly 0. In contrast, a good overlap [y, leads
to Franck—Condon allowed transitions with (y; | y;) > 0.

In conclusion, we can say, that with respect to the Franck—Condon factors, a
radiationless transition from tﬁ* to /° will be very slow when the net positive
overlap is poor, i.e. (x; | %) is nearly 0 and fast with (y; | x;) > 0 [85, 86].

In general, the electronic absorption and emission spectra provide important
information about the structure, energetics and dynamics of electronically excited
states. With the theoretical background in hands, we may be able to predict the
deactivation processes of lightinduced excitation, such as radiative and radia-
tionless transitions, energy transfer and intersystem crossing processes. From

spectroscopic measurements we can deduce the y° + v — * absorption pro-
cesses, as well as the y* — lﬁo + hv emission processes, which provide us a fairly
complete “static” state energy diagram. From lifetime measurements and emission
efficiency measurements, dynamics of the photophysical and photochemical
pathways available to w* can be determined.

4.3.3.4 Relaxation Processes Following Photoexcitation

In general, all photoexcitation processes require a broadly absorbing chromophore,
which should have large oscillator strengths and relatively slow radiative decays.
In DBA systems, the coupling of the chromophore to the terminal sites of the
system depends on tuning the intramolecular relaxation channels from the initial to
the final state—excited and charge-separated states, respectively. Taking the
aforementioned in context, the design of a molecular system capable of electron
transfer reactions needs to fulfill the following requirements:

1. Implementation of chromophoric units that absorb light in the desired range of
the solar spectrum.

2. Significant electronic coupling V between donor and bridge as well as between
bridge and acceptor, represented by the matrix element (x| u |g), must exist. In
other words, the transition between the initial (neutral), intermediate (locally
excited) and final (charge separated) state must be Franck—Condon allowed

(i | xp) > 0).
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The coupling is responsible for mixing of spectroscopic states. These, in turn, are
the intramolecular relaxation channels, such as energy gradients to guide electrons
unidirectionally. High energy gradients and therefore straightforward pathways for
electrons to proceed enables a high control of charge-transfer reactions and leads to
kinetically stable photoproducts. Simply speaking, an excited molecule must be
sufficiently stable and sufficiently energetic to react, i.e. transfer the electron, at a
rate competitive to other pathways of excited-state deactivation [87].

The Arrhenius expression

E,
k=Aexp RT (4.11)

correlates the reaction rate with the activation energy for a specific reaction and a
preexponential factor A. The previous chapters have shown that the preexponential
factor is composed of several structural and electronic properties, e.g. electronic
coupling, Franck—Condon factors, etc. Needless to say that, determining the
electron transfer rate can easily turn into a very sophisticated issue and needs an
accurate understanding of not only the electron transfer processes itself but also the
designed molecular structure.

Importantly, all photoinduced processes share some common features. A pho-
tochemical reaction starts with the ground state structure, proceeds to an excited
state structure and ends in the ground state structure. Thus, photochemical
mechanisms are inherently multistep and involve intermediates between reactants
and products. In the course of a photoinduced charge transfer reaction the mole-
cule passes through several energy states with different activation barriers. This
renders the electron transfer pathway quite complex.

However, if the nature (e.g. electronic configuration) of the first singlet excited
state S| and the first triplet excited state 7} are known, the electron-transfer is easy
to handle in a mechanistic sense. An important preequisite is to know if the S| and/
or T, are the exclusive precursor states for the electron-transfer product or if
intermediates such as upper excited states, biradicals or ground-state intermediates
might be involved. In addition, structural properties have to be considered as well
because the states of a chemical system are parametrized in terms of distinct
structures. For instance, not all structural interconversions are allowed under a
given set of reactions conditions (e.g. solvent or temperature) [88].

Next, we should survey the fate of the excited states and the different relaxation
mechanisms. Such processes may follow a photoinduced excitation of organic
chromophores in solution. An overview of the different relaxation pathways in
solution will be presented in the following sections. In addition, we will discern
practical ways to identify these processes by conventional spectroscopic methods.

In general, we find four major categories for the various relaxation processes in
solutions. These range from electronic relaxation and solvent relaxation to ori-
entational relaxation, and finally vibrational relaxation [89]. Stationary and time-
resolved spectroscopy provides powerful means to explore the electronic and
solvent relaxations. Nevertheless, the many different and extremely fast processes
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involved in the excited-state deactivation make it difficult to gather a pellucid
picture of the molecular dynamics taking only the reactants and the products into
account.

4.3.3.5 Characterization by Stationary Spectroscopy

In condensed media and liquid phase, the excess vibrational energy is typically
released to the surrounding medium on a very fast timescale and therefore not
observable by steady-state methods. Following the vibrational relaxation, the
molecule returns to its electronic ground state. This occurs upon emission of a
photon or via radiationless transitions. Radiationless transitions should be divided
into two general classes [90]:

1. Internal conversion, where the spin-state of the molecule is preserved (singlet
— singlet or triplet — triplet).
2. Intersystem crossing, where the spin of the electron changes (singlet « triplet).

The emission behavior is embodied in two rules: Kasha’s rule and Vavilov’s
law [91]. Kasha’s rule states that if a molecule emits a photon, it will always
originate from the lowest excited state of a given spin multiplicity. If the emission
occurs from the lowest singlet excited state it is called fluorescence and when the
lowest excited state is a triplet it is known as phosphorescence. In addition,
Vavilov’s law implies that the fluorescence quantum yield (®f) is essentially
independent on the excitation wavelength.

The fluorescence quantum yield, @, is defined as the ratio between the number
of photons emitted and the number of photons absorbed. Using the rates of the
relaxation pathways it can be expressed via:

Nemil _ kmd _ krad _ ]/Trad
Naps  kat  keaa +kic +kisc +ker 1/t

Op = (4.12)
Here, k,,, is the rate of radiative relaxation to the ground state, k;c is the rate of
internal conversion, k¢ is the rate of intersystem crossing, and kg7 is the rate of
the energy/electron transfer. 14 is the fluorescence lifetime [92]. Assuming that
spontaneous emission is the only possible deactivation mechanism, the average
time that the molecule exists in the excited state is referred to the radiative lifetime
T,ad- Traa depends on the corresponding electronic transition and to some extent on
the surrounding environment [93]. Importantly, the solvent might influence 7,4
either by its refractive index or directly by affecting the transition moment [92].

4.3.3.6 Characterization by Time-Resolved Spectroscopy
To resolve excited state processes in terms of kinetics and spectroscopy the course

of a reaction needs to be followed as a function of time. Charge transfer processes
typically occur on picosecond to nanosecond time scales. To this end, ultra-fast



48 4 Molecule-Assisted Transport of Charges and Energy

laser spectroscopy, e.g. femtosecond transient absorption measurements and
nanosecond flash photolysis, evolved as important techniques to gather kinetic and
spectroscopic information on the observed phenomena. In general, pump—probe
techniques are utilized within these spectroscopic methods. By spatially crossing
two laser beams in a sample, one excites the molecule (pump) and the other is used
to detect the spectral response of the sample (probe). The herein applied tech-
niques will be presented in the experimental section in more detail (Chap. 7).

4.3.3.7 Internal Conversion

In competition to electron transfer processes is internal conversion (IC), in which
deactivations of excited states occur via a nonradiative transition to the electronic
ground state. Visualizing IC rates is practically impossible because of the lack of a
direct probe mechanism for nonradiative transitions. A notable approach to
overcome this lack of detectability implies fluorescence quantum yield measure-
ments, which is, however, only indirect.

Regarding the fact, that IC is a radiationless transition between isoenergetic
levels of different electronic states with equal multiplicities, the rates must be
comparable to or faster than vibrational relaxation. In fact, the rates depend on the
energy gap between the lowest vibrational levels of the electronic states involved.
It has been shown experimentally that for aromatic hydrocarbons the radiationless
transition from S; to Sy is negligible if the energy difference between these two
electronic states, Eg, s, exceeds 60 kcal/mol. Thus, for molecules with low-lying
singlet states, such as highly conjugated m-systems, relaxation of the excited state
by IC plays an increasing role and may account for more than 90% of the S state
deactivation [91].

Summarizing, we can express the rate of internal conversion by the following
exponential relationship:

kic = 101 exp ™ “AEsi—s, (4.13)

This equation, which is also referred to as the energy-gap law, expresses the
dependence of the rate constant ;- on the energy gap AEg, _s,. The proportionality
constant o« is characteristic for the investigated molecular system. For aromatic
systems containing phenyl rings this value is 4.85 eV ™" [92].

4.3.4 Influence of the Solvation on the Electronic Relaxation
Dynamics

Within the scope of this work, all experimental results have been generated in
solvent environments. For that reason, it is important to rationalize the influence of
the solvent on the investigated processes.
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In general, solvation refers to the surrounding of a solute (i.e., molecule or ion)
by a shell of more or less tightly bound solvent molecules. The solvent shell results
from intermolecular forces between solute and solvent. These forces depend on the
polarity of the solvent and can be related to the solvation energy. The latter is
considered as the change in Gibbs free energy upon transferring an ion or molecule
from vacuum (or gas phase) into a solvent environment. Often the term Gibbs
energy of solvation is used, which describes the ability of solvation for a particular
solvent. The solvation ability depends on four main components [94]:

1. The cavitation energy—energy required to generate a “hole” in the solvent
matrix to dissolve the solute.

2. The orientation energy—partial reorientation of solvent molecules caused by
the presence of the solute.

3. The isotropic interaction energy—long-range forces experienced by the solute,
e.g. electrostatic forces, polarization and dispersion energy.

4. The anisotropic interaction energy—specific formation of hydrogen bonds or
donor—acceptor electron pair bonds at well localized areas of the solute.

In summary, solvent interactions play a very important role that control pho-
toinduced electron-transfer processes. It is mainly the high impact on the stabil-
ization energies of the generated high-energy species that are decisive. We have to
distinguish between two different effects—the static solvent influence and the
dynamic solvent influence.

4.3.4.1 Static Solvent Influence

Solvents alter the energies of the reactants and products. In particular, the potential
energy surface, on which the reaction occurs, changes when going from gas-phase to
solvent environment. This occurs in a static sense and generates a significant energy
difference between the ionization potentials. For instance, the ionization potential in
a condensed liquid phase (I;;,) and in the gas phase (/,,,), differs via [77, 96]:

Lig = Lyas + P4 + V. (4.14)

P is the adiabatic electronic polarization energy of the medium, experienced by a
positive ion. V; is the minimum energy of a “quasi-free” electron in the liquid
relative to an electron in vacuum. Then, if we consider the solvent as a dielectric
continuum, Born’s equation [97] provides an expression to estimate P :

&2 1
po=(1-—). 4.15
= (1-5) (4.15)

e is the elementary charge, r, is the effective ionic radius and &, is the optical
dielectric constant of the solvent. With the help of these two equations, we can
then determine the free energy of solvation for a solute. In turn, it is possible to
estimate the solvent effects as they may impact radical ion pairs.
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4.3.4.2 Dynamic Solvent Influence

By far more interesting are dynamic solvent effects due to their influencing role on
the kinetics of electron transfer processes in general. In fact, in the course of a
charge-transfer reaction, the energy and momentum undergo significant changes.
Furthermore, the charge distribution will change dramatically and the solvent
molecules respond to these rearrangements by exchanging energy and momentum
with the reacting species. In this regard, the solvent assumes a more active role.
Contrary to static solvent effects, which almost exclusively influence the free
activation energy, AG*, dynamic solvent effects are often discussed in terms of
friction. The origin of that could be either collisional or dielectric. They both
directly affect electron transfer rates, because they appear in the frequency factor A
of Eq. 4.7.

Dynamic solvent effects appear to be of fundamental importance for electron
and energy transfer reactions. Implicit is, a “dielectric friction”, which happens to
be particularly striking in solvents with high dielectric constants, i.e. polar sol-
vents. Thus, the friction effect increases with increasing solvent polarity. The
existence of a coupling between the solvent and the reacting system, which is
usually of electrostatic origin, leads to dynamic solvent effects. If we consider
electron transfer reactions, where spatially separated radical ion pairs are formed,
stabilization effects by electrostatic forces and polar interactions will be very
strong. To this end, it is reasonable to assume that the reaction rates are strongly
affected by the polarity of the solvent. The free activation energy AG* is the factor
that is most important [98].

Such solvent effects are usually referred to as solvatochroism. It reflects the
influence of solvent polarity on excited state energies and charge transfer energies.
Typically, this is seen as an additional shift of the emission characteristics. It can
be explained by the reorganization of solvent molecules, when considering, for
example, the change of dipole moment of the solute in order to stabilize the system
in the potential energy minimum. In general, the energies of the electronic states
are lowered by solvent interactions. Solvatochroism may be positive (red-shift) or
negative (blue-shift) and depend on whether the excited state or the ground state is
more effectively stabilized. As a common rule, excited or charge-separated states
tend to be more polar than ground-states. Thus, positive solvatochroism is
observed for © — m* or charge-transfer transitions. Since these effects increase
when increasing the solvent polarity, spectroscopic methods help to identify and
quantify them [92, 94, 99].

Experimentally, these effects are tested by fluorescence and absorption mea-
surements. These directly probe solvent polarization dynamics on molecular time-
scales [100, 101]. For instance, the time resolved fluorescence spectrum of a
chromophore, whose excited state dipole moment is subject to interactions with
the surrounding solvent molecules, will exhibit fluorescence spectra that are
strongly solvent dependent. The solvent molecules attempt to compensate the
changes of charge density in the chromophore and, in sum, the fluorescence
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behavior will change gradually. In particular, the solvent molecules will reorganize
themselves in accordance with the new equilibrium charge distribution. As a
consequence, the chromophore emission shifts progressively as it reflects the
course of the solvation energy relaxation. In theory, this can be described by the
solvation time correlation function:

Vi — Vo

Sobx(t) - (416)

VO_voo,

v refers to some characteristic frequencies in the spectrum (e.g. maximum or mean
fluorescence frequency) at the times zero and infinity. The spectral response
function, S,,(?), is of very complicated nature. Its full theoretical description is far
beyond the scope of this thesis but has been discussed in great detail elsewhere
[102-103].

It should be noticed that nonpolar solvents exhibit solvation dynamics, which
are qualitatively similar to what has been said about polar solvents. Modeling these
effects is not trivial, because the dielectric response of solvents cannot be used as
an empirical input [104].
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Chapter 5
Examples of Molecular Wire Systems

In recent years, systems capable of charge and energy transport have gained tre-
mendous scientific interest due to their applicability in electronics industry. Thus,
a great variety of potential molecular wire systems have been designed, synthe-
sized and tested. We will briefly survey a few examples to highlight the theoretical
principles of charge/energy transfer through molecular systems.

Obviously, n-conjugation plays a vital role. For that reason, benzenes [1, 2],
p-phenylacetylenes [3, 4] and porphyrin arrays [5-7] are well-investigated
molecular structures. Besides that, more complex structures such as modified
proteins and peptides [8] are at the current edge of science, especially in the field
of molecular wires. Similar diversity is found when looking at the different
methods of investigation. Notably, organic SAMs have been the basic building
block for the majority of organic devices [9, 10]. Various types of MIM junctions
[11] including single layers of molecules between aluminium and titanium/
aluminium [12, 13], gold and other metal contacts [1], mechanically controllable
break junctions [14], silicon adlayers [15], electrochemical break junctions [16],
and SAMs sandwiched between two mercury electrodes [14, 17] have been probed
in conduction measurements. At the same time, these experiments provided an
extensive set of transport environments leading to a wide range of results. In this
section we will, however, only concentrate on the structural aspects and overview
a few examples for energy and charge transfer.

5.1 Oligo(phenylenevinylene)s

Oligo(phenylenevinylene)s (oPVs) are considered as a benchmark for efficient
charge transport. Their composition of coplanar arranged phenyl groups that are
linked by vinylene groups impose a higher rotation barrier along the phenyl ring
than in, for example, oligo(phenyleneethynylene)s (oPEs) [18]. The m-conjugation,
which is crucial for efficient charge transport through molecular wires, is therefore
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preserved by the conformational rigidity. Room temperature current—voltage (I-V)
measurements in gold nanowire—SAM-—gold nanowire junctions [19, 20] cor-
roborated that conductance through the 0PV molecular wire junctions is approx-
imately one order of magnitude larger than in the corresponding oPE junctions and
three orders of magnitude larger than in saturated dodecane junctions.

It seems that the same molecules tend to exhibit very different transport features
which, in turn, depend on the environment. Sikes et al. [21], for example, have
studied transport through 0PVs and found that efficient tunneling occurs between a
gold surface and an acceptor through oPV wires with a length of 28 A. Impor-
tantly, no electrons are donated nor removed from the bridge. In contrast, Davis
et al. [22, 23] investigated charge transport through a series of five DBA triads
consisting of a tetracene donor, a pyromellitimide acceptor, and oPV bridges of
increasing length. For short bridges, i.e. monomeric and dimeric oPVs (oPV; and
oPV,) they observed that a superexchange mechanism dominates the charge
separation. The latter was strongly distance-dependent. However, for longer
bridges, i.e. oPV3_s, bridge-assisted hopping dynamics prevailed once a relatively
soft distance dependence of the electron transfer resulted. The corresponding rates
were found to be 3—5 times higher than in the shorter bridges.

Furthermore, Davis et al. studied the temperature dependence of charge sepa-
ration and found that in none of the five cases the predictions of semi-classical ET
theory do not appear to obey. In fact, they proposed that ET was “gated” by
torsional motion between the tetracene donor and the first bridge phenyl ring.
Support for these postulates was borrowed from the close resemblance of the
activation energies for charge separation with the frequency of a known vibrational
mode in 5-phenyltetracene. The overall increase of rates with increasing bridge
length has been attributed to an improved planarity between donor and acceptor.

This was followed by theoretical work [24] in which density functional theory
was used to shed light onto the electronic structure of 0PVs and quantum dynamics
calculations for investigating the ET processes. The outcome of this work sup-
ported the change in mechanism from tunneling through the bridge to its role as a
real intermediate. In these studies a model was used that excluded localization of
charges on the shorter bridges. The obtained rate constants agreed quite well with
those observed experimentally by Davis et al. However, it was emphasized that
not only torsional modes of the bridge or side groups, but also C—C stretching
vibrations contribute to the higher rates in the longer bridges.

Finally, DBA systems incorporating extended tetrathiafulvalene donors (exTTF),
oPV bridges, and fullerene acceptors have been constructed and investigated in
Erlangen [25, 26]. Guldi et al. have found that in these exTTF—oPV—fullerene
systems superexchange mediated hole transfer occurs over distances up to 50 A
with an exceptionally small attenuation factor f = 0.01 & 0.005 A~'. According
to the authors, such excellent charge-transfer behavior is attributed to energy
matching between the HOMOs of the excited donor and those of the oPV bridges
and the strong electronic coupling (5.5 cm™") between the donor and acceptor
moieties, mostly due to donor-bridge orbital overlap.
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5.2 Oligophenylenes

Schlicke et al. [27] synthesized rod-like compounds, in which two metal-bipyridyl
complexes were linked by oligo(phenylene)s. The longest spacer (seven phenylene
units) gave rise to a metal-to-metal distance of 4.2 nm. In this work, Dexter-type
energy-transfer mechanism from [Ru(bpy);]** to [Os(bpy)s]** was established.
The energy transfer mechanism is essentially temperature-dependent and decrea-
ses exponentially with an attenuation coefficient of 0.32 A™".

In subsequent work, it was shown that the aforementioned oligomeric
para-phenylene bridges (ph,) act as molecular wires in the context of charge-
recombination between phenothiazine and perylenediimide, when the bridge
consists of at least four phenylene units [28]. The rate constants for charge
recombination were obtained from the decay rate of the PDI anion. On the other
hand, the corresponding DBA triads with n = 1, 2, 3 showed exponential distance
dependence. Plotting log(kcg) versus rp, yielded an attenuation factor of
0.67 A~'. The rate constants for n = 4, 5, did not lie along the linear relationship
for n =1, 2, 3. In fact, a trend evolves that reveals an increase of charge
recombination rate with increasing bridge length. The overall dependence is
depicted in Fig. 5.1. A likely rationale infers a change in charge-recombination
mechanism from superexchange to thermally activated hopping upon lengthening
of the bridge.

Such a change in mechanism (i.e. superexchange vs. hopping) for charge
recombination strongly depends on the charge injection into the ph,, bridge. In that
sense, the resulting PTZ*"—ph,, *~PDI and/or PTZ-ph}*-PDI"° states are real
intermediates. Interestingly, the energies of PTZ"—ph;, *~PDI for n = 1-5 all are
> 3.0 eV. Thus, electron injection onto the bridge during the charge-recombination
process is practically impossible. On the other hand, with increasing bridge length,
the calculated energies of PTZ—ph,"-PDI"" significantly decrease due to

Fig. 5.1 Logarithmic plot of 10° n=1
the charge recombination rate E
constant, kcg versus
donor—acceptor distance,

rpa for the PTZ—ph,—PDI
molecular wire system [29].
The best fit line through the
data points forn =1, 2, 3
gives R* = 0.99,

B =0.67 A" and 107 L
ko=75x 102! ; N4 o

ke, (8
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increasing conjugation length. This was corroborated by time-dependent DFT
calculations. The oligophenylene band gap energy decreased from 7.3 eV for
n=1-33¢eV for n=35. Considering that the oxidation potential of the
oligo-p-phenylene unit drops while the energy of the PTZ**—ph,—PDI~° radical ion
pair increases due to Coulomb destabilization, we can assume a near resonance
state of PTZ—ph,;"~PDI~° with PTZ**—ph,—PDI~* for n = 4 and 5. A combination
of increasing electronic interactions between PTZ™*—ph,~PDI~" and PTZ-ph, "~
PDI *—as the energy gap between these two states becomes smaller—and
decreasing internal reorganization energy—associated with the reduction or oxi-
dation of the longer bridges—is responsible for this features.

5.3 Oligo(thiophene)s

Oligo(thiophene)s are a novel class of oligomeric structures. In fact, synthetic work
on oligomers exceeding 10 thiophene units begun in the 1990s [29]. This was a
very important step, because oligo(thiophene)s emerged as important molecular
building blocks for developing fields such as molecular electronics. Here,
liquid-crystal-display (LCD) technology should be mentioned. Since then,
oligo(thiophene)s have been synthesized with sufficient length to bridge two
nanoelectrodes made by lithographic techniques. In the year 2001, for example,
Otsubo and coworkers synthesized a 72-mer [30]. The most important feature of
oligothiophenes is the continuous red-shift of the ground-state absorption as the
chain length increases. The m-conjugation length is key to this feature [31, 32].
Nevertheless, extrapolating the absorption energy versus chain length relationship
suggests that the most effective conjugation is realized in the case of 20 thiophene
units—for neutral state—and around 30 units—in the oxidized state [33].

Due to the high degree of conjugation, oligo(thiophene)s advanced as attrac-
tive candidates for molecular bridges. For instance, Sato et al. [34] constructed
hexyl-sexithiophene and methoxy-terthiophene derivatives bearing two terminal
ferrocenyl groups. These served as model compounds for molecular wires. In the
hexyl-sexithiophene derivative, the resultant oxidized states spread over both the
ferrocene and the sexithiophene moieties. Similarly, in the methoxy-terthiophene
derivative, the oxidized species spreads over the entire molecule containing the
terthiophene and the other ferrocene moiety. In both cases, CT between the ter-
minal units is inferred as it is mediated via the oligo(thiophene)s.

In subsequent work, Otsubo [35] investigated porphyrin—oligothiophene—
fullerene DBA triads. They determined the rates of intramolecular ET from the
porphyrin donor to the fullerene acceptor as a function of bridge length.
Quenching of the porphyrin fluorescence served as indicator for the charge
separation. The resulting ET rate on nanosecond timescale decreases with
increasing separation distance between donor and acceptor: 5.7 x 10° s~' for
rpoa = 1.4 nm, 6.2 x 108 s7! for rpy = 3.0 nm, 2.0 x 10® s™! for rpy = 4.6 nm.
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Plotting log(kcs) verus rp, yielded a linear dependence with an attenuation factor
of ~0.11 A~

Nakamura et al. [36] studied photoinduced charge separation and charge
recombination processes in structural analogs. They studied the kinetics in free-
base porphyrin—oligothiophene—fullerene (H,P-nT-Cgq), with n = 4, 8 and 12 by
time-resolved fluorescence and absorption spectroscopic methods. Excitation of
the H,P moiety in benzonitrile and o-dichlorobenzene is succeeded by the gen-
eration of H,P™*-nT-Cgy. After the subsequent hole shift the outcome was the
energetically stable H,P-nT"* — Cgg state. The charge separation rate for these
reactions decreased with bridge length. Interestingly, the attenuation factor was
found to be solvent dependent due to the stabilization of the radical ion pairs by
polar solvents with very small values, i.e. 0.03 A~" in benzonitrile and 0.11 A™!
in o-dichlorobenzene.

Hicks et al. [37] perturbated the electronic structure of oligothiophenes by
introducing strong electron-donating substituents. For that reason, 2-mesitylthio
(MesS) substituents were incorporated into oligothiophene bridges. The
electron-donating features of the MeS substituents affected the redox properties
of the oligothiophenes and constrained the resulting geometry. MesS groups act
as hole traps, or alternatively, as hole-hopping promoters within polymer
bridges. This was corroborated by the fact, that the conjugation between the
mesitylthiosulfur lone pair and the oligothiophene n-system red-shifts the
ground-state spectra when compared to the lack of MesS. Electrochemical
measurements revealed that the MesS functionalization significantly lowers the
first and second oxidation potentials of the oligomers. This lowers the cou-
lombic barrier for charge injection into the bridge, due to the accumulation of
charge density at the chain termini. Finally, these groups were shown to
improve the stability of the resulting radical cations such that they evolve as
more robust charge carriers.

5.4 Photonic Wires

For the sake of completeness, we should mention the function of photonic wires.
A photonic wire conducts excited-state energy rather than charge from a donor to
acceptor. An interesting characteristic of photonic wires is that they are operated
from distance. They enable the application of light without any physical contacts
to the device. Photonic wires have numerous common features with molecular
wires. One of these is the extended m-conjugation. Thus, many molecular struc-
tures presented here as molecular wires can also be used as photonic wires for
excited-state energy transport. For example, the first photonic wire synthesized by
Lindsay and coworkers in 1994 [38] was based on conjugated porphyrin arrays.
Photonic wires are capable of highly efficient multistep energy transfer across long
distances [39].
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Chapter 6
Objective

Electron and energy transfer are two of the most significant processes in chemistry
and in biology. By restricting the transfer to either within a given molecule
(intramolecular electron or energy transfer kinetics) or across a given molecule
(single molecule transport junction conductance), it is possible to characterize both
the response coefficients (rate constant or conductance) and the mechanisms for
such transfers. As we have seen, the dominant mechanisms reach from coherent
tunneling (i.e. large injection energy gaps, low temperatures, and short bridges) to
incoherent polaron-type hopping (i.e. small injection energy gaps, higher temper-
atures, and longer wires). The relative importance of these two can be understood
on the basis of energetic (the injection barrier vs. thermal energy) and temporal
(Landauer/Buttiker contact time versus vibrational period) considerations.

In this work, we will focus on intramolecular electron and energy transfer
processes. In particular, we will examine m-conjugated systems and the influence
of their structural properties on electron/energy-transfer in solution. Moreover, we
will concentrate on features regarding single molecules rather than properties of
ensembles or higher architectures. Highly diluted solutions are used to rationalize
the design of electron-transfer systems on the molecular scale. The preparation and
integration of multifunctional molecular building blocks into higher architectures
is believed to result in molecular tools/devices with desired functions. Molecular
electronics is one of the examples. These principles are often envisaged by the
expression “Molecular LEGO”, referring to a molecular toolkit for the preparation
of higher architectures.

Thus, the ideas behind the bottom-up approach are as simple as powerful. The
general aim lies in the design of novel materials employable for molecular-scale
electronics, such as molecular transistors, molecular photovoltaic applications,
molecular display technology, etc. Hereby, the functions are carefully adjusted by
synthetic tools to build up a certain chemical structure. In this context, we need to
address the key steps/challenges in such a work-flow. With this in hands the
impetus of this thesis should be illustrated.
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An organic photovoltaic cell, for example, is composed of different functional
components. They could be a light-harvesting unit, a molecular conductor for
light-energy conversion, a redox-pair for the generation of free charge carriers
(electrons or holes), and an appropriate substrate to transport the charges away
from the device. Now, we would like to improve the quantum efficiency of such a
cell by enhancing the amount of produced charge carriers. In this case, we would
pick the component that generates charge carriers—the molecular redox pair—and
probe the influence of structural modification on the overall efficiency. Conse-
quently, we may formulate the following sequence:

1. Target synthetic modifications of the chemical structure to improve the redox
properties, i.e. the energies of the resulting radical-ion pairs.

2. Experimental investigation of the modified molecules verifying the success of
the structural modifications.

3. Interpretation of the experimental results using appropriate references and
theory.

4. Feedback-loop, that is, reimplementation of the synthetic groups based on the
results from the experimental section to further improve the investigated
functionality by further chemical modifications

5. Repeating steps 1-4 until the best result is obtained.

Importantly, such a procedure is of high interdisciplinarity and requires thorough
understanding of the single components making up the device and also of the
mutual interactions.

The work presented in this thesis is mainly located between steps 2 and 4. It
will demonstrate the control of molecular functions by means of altering the
chemical structure. In particular, the focus is set on the charge-transfer properties
of organic m-conjugated systems. With increasing complexity, we will add various
electron donor and electron acceptor components to make novel DBA assemblies.
The DBA systems will be characterized in terms of spectroscopy and theory
focusing on the role of the bridge in photoinduced charge-transfer processes.

As already mentioned, features of the DBA systems cannot be understood
without a significant comprehension of the individual components. In this regard,
we tested the molecular wire behavior of various bridges but—for the sake of
comparison—to a large extent without the variation of donors and acceptors.
Only through this approach we are able to distinguish between the role of the
bridge and that of the donor/acceptor pair in photoinduced charge-transfer
processes.

It has already been demonstrated that wire-like behavior predominates in sol-
uble and fully conjugated oligo(para-phenylynevinylene)s (oPPVs) covalently
connected to a Cg electron acceptor and an extended tetrathiafulvalene (exTTF)
electron donor (Cgp—0PPV—-exTTF) over distances of 40 A and beyond (Fig. 6.1).
Importantly, in these kind of systems an exceptionally small attenuation factor of
B =0.01 + 0.005 A" is present. This is mainly due to the energy matching
between the Cq9 HOMOs and the long oPPV-chains. Of equal importance is the
strong electronic coupling between the donor (exTTF) and acceptor (Cgo). The
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Fig. 6.1 Examples of soluble and fully conjugated oPPV molecular wires covalently connected
to a Cg electron acceptor and an extended tetrathiafulvalene derivative (exXTTF) electron donor
(Ceo—0PPV—exTTF). These triads exhibit wire-like behavior and electron transfer over distances
of 40 A and beyond

coupling is realized through the paraconjugation of the oPPVs into the exTTF
donor. In turn, donor—acceptor coupling constants V in Cqg—0PPV—exTTF'* are
about 5.5 cm ™. This assists the rather weakly distance-dependent charge-transfer
reactions [1]. As reported, exTTF is a particularly interesting electron-donor
molecule and has been extensively used in the preparation of electrically con-
ducting and superconducting molecular materials [2, 3]. Despite its highly dis-
torted structure, which shows a discernible deviation from planarity, electrically
conducting charge-transfer complexes have been prepared by reacting these
donors with strong electron acceptors such as fullerenes. These n-extended TTF
derivatives release two electrons simultaneously (i.e. in a single quasi-reversible
electron-transfer process). On the other hand, Cg, fullerene, a three-dimensional
electron acceptor, is capable of accommodating up to six negative charges. The
delocalization of charges—electrons or holes—within the giant, spherical carbon
framework together with its rigid, confined structure offers unique opportunities
for stabilizing charged entities. Most importantly, these considerations prove that
fullerenes possess small reorganization energies in electron-transfer reactions. This
evolves as a definitive advantage in terms of Marcus theory, when generating long-
lived charge-separated states [4].
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Fig. 6.2 Representative “dumbbell-type” Cg—0PPE—-Cg triad with a n-conjugated oPPE bridge
capable of efficient intramolecular transfer of excited state energy from oPPE to Cgo

To conclude, we can derive several criteria that we should bear in mind when
designing and studying novel molecular-wire systems, especially regarding the
impact of structural parameters on the charge-transfer properties:

1. Evaluation of geometrical features and their consequences for the electronic
communication between the donor and acceptor moiety.

2. Examination of the distance dependence of the charge-transfer mechanism,
i.e. the impact of the length of the spacer on the charge-transfer process.

3. Analysis of the conformational flexibility of the unique components of the
investigated DBA systems in terms of torsional mobility and its effect on the
m-conjugation.

4. Characterization of the molecular-wire behavior, i.e. the role of the bridge in
the CT reaction.

In line previous investigations of oPPV molecular wires, we have described a
novel series of oligo(para-phenyleneethynylene) (oPPE) containing bridges with a
systematically increasing length from monomer to the trimer (see Fig. 6.2). In the
first place, the differences between the charge-transfer behavior of oPPV and oPPE
had to be elaborated. For that reason, exTTF and Cg, was used as electron donor
and electron acceptor, respectively. This work has already been carried out during
my master thesis and is published elsewhere [5]. Importantly, the rational design of
these novel Cqo—0PPE—exTTF systems was carried out in the background of the
features that ideal molecular wires should exhibit. Hereby, n-conjugation emerged
as a crucial factor for the realization of:
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small attenuation factors,
good contacts with the electron donors and electron acceptors,
sufficient orbital mixing of the oPPE bridge with donor and acceptor states.

Thus, the objective of this thesis is to extend the systematic characterization of
photoinduced charge-transfer processes in organic conducting molecules. We
considered systems, which have been explicitly designed to meet the criteria of
perfect molecular conductors. By characterizing different DBA systems, we expect
to apply the molecular-wire concept to understand the structural impacts on charge
conducting properties in general. Furthermore, this may have important implica-
tion on solar energy conversion features, light harvesting properties, as well as
quantum yields and rate constants of charge transfer.

Particularly important for photoinduced reactions is the efficient transduction of
excited-state energy to the reaction centers, i.e. donor or acceptor, since this
energy provides the stimulus for charge-transfer reactions. Thus, as a starting point
we characterized energy-transfer properties. In general, light is considered to be
absorbed by a chromophoric unit. We are dealing with highly =m-conjugated
bridges and, thus, most of the photons will be absorbed by the bridge generating an
excited state of the bridge. If this excited-state energy is efficiently funneled to the
redox centers, i.e. in our case the donor or acceptor, a subsequent charge-sepa-
ration process may occur. As a result a radical ion pair is formed. In fact, such a
behavior was demonstrated in the so called Cgo—bridge—Cgo “dumbbell” triads
(Fig. 6.2), where the bridge consists of the molecular-wire of interest, namely
oPPV [6], oPPE [7] and oligo(fluorene) (oFL) [8]. Here, efficient intramolecular
transfer of excited-state energy from the bridge to the Cgy was confirmed. Such
dumbbell systems are considered as precursors for electron-transfer systems when
replacing one of the Cgps by an electron donor. On the basis of characterizing
photoinduced processes in such “dumbbell-type” architectures, charge-transfer
processes in the corresponding DBA triads were analyzed. Particular emphasis was
placed on molecular-wire behavior and conduction properties.

All systems described in this thesis contain Cg as electron acceptor, due to its
excellent electron-accepting features. A series of different n-conjugated bridging
units of variable length was investigated in terms of their molecular-wire behavior
and length versus conductance dependencies. All bridges employed were cova-
lently connected to the donors and the acceptors and exhibit full z-conjugation. As
donor moieties served exTTF, ferrocene (Fc) and porphyrins, i.e. free base (H,P)
and metallated (e.g. ZnP). The particular specific structures of the investigated
compounds will be presented in the next chapters.

In general, a thorough spectroscopic study, as routinely carried out in the group
of Prof. Dr. Dirk M. Guldi by means of steady-state emission/absorption mea-
surements and time-resolved techniques in numerous solvents, sheds light onto the
photophysical processes following photoexcitation of these systems. Equally, a
detailed description of the employed spectroscopic methods will be given in the
next sections.
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Finally, quantum mechanical calculations in collaboration with Prof. Dr.

Timothy Clark were employed to corroborate the experimental findings and pro-
vide additional insight into the structural and electronic properties of the com-
pounds. Furthermore, molecular modeling was used to simulate the charge-transfer
processes in vacuo and various solvents.

In the next chapters the subsequent issues will be elaborated:

. A description of the experimental details applied throughout the photophysical

characterization, i.e. spectroscopic methodology and apparatus setups (Chap. 7).

. Characterization of photoinduced energy-transfer processes and mechanisms

(Chap. 8).

. Characterization of photoinduced electron-transfer processes and mechanisms

of DBA systems involving (Chap. 9)

1. oligo(phenyleneethynylene) (0PE) molecular wires (Sect. 9.1),
2. oligo(fluorene) (oFL) molecular wires (Sect. 9.2),

. Comparative conclusions (Chap. 10).
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Chapter 7
Instruments and Methods

7.1 Photophysics

All systems were probed in steady-state fluorescence, absorption and time resolved
emission lifetime studies at room temperature. Additionally, time resolved fem-
tosecond transient absorption and nanosecond laser flash photolysis measurements
were carried out.

The following experimental setups and instruments were used for the various
photophysical techniques.

7.1.1 Absorption Spectroscopy

All UV/vis spectra were recorded on a Varian Cary 50 Scan spectrophotometer
and a PERKIN ELMER UV/vis Spectrometer Lambda 2 (double beam) in solution.
Absorption maxima 4,,,, are given in nm. 0.4 cm quartz cuvettes were used for all
measurements.

7.1.2 Steady-state Emission

Steady state fluorescence studies were carried out on a Fluoromax 3 (Horiba)
instrument in solution and all spectra were corrected for the instrument response.
Emission maxima 4,,,, are given in nm. 0.4 cm quartz cuvettes were used for all
measurements.

7.1.3 Time-resolved Emission

Fluorescence lifetimes were measured with a Laser Strobe Fluorescence Lifetime
Spectrometer (Photon Technology International) with 337 nm laser pulses
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excitation/emission
optics

Fig. 7.1 Schematic representation of the Laser Strobe system for fluorescence lifetime mea-
surements. A nitrogen laser is used as excitation source. The time resolution is limited to
approximately 0.1 ns

(800 ps) from a nitrogen laser fiber-coupled to a lens-based T-formal sample
compartment equipped with a stroboscopic detector. Details of the Laser Strobe
systems are described on the manufacture’s web site. Fluorescence lifetimes were
measured at the emission maximum. A schematic representation of the setup is
given in Fig. 7.1. The results were elaborated with the provided Felix software.
0.4 cm quartz cuvettes were used for all measurements.

7.1.4 Femtosecond Transient Absorption Spectroscopy

The femtosecond transient absorption studies were performed with 387 nm laser
pulses (1 khz, 150 fs pulse width) from an amplified Ti:Sapphire laser system
(Model CPA 2101, Clark-MXR Inc.). A NOPA optical parametric converter was
used to generate ultrashort tunable visible pulses from the pump pulses. The
apparatus is referred to as a two-beam setup, where the pump pulse is used as
excitation source for transient species and the delay of the probe pulse is exactly
controlled by an optical delay rail. As probe (white light continuum), a small
fraction of pulses stemming from the CPA laser system was focused by a 50 mm
lens into a 2-mm thick sapphire disc. A schematic representation of the setup is
given below in Fig. 7.2. 2.0 mm quartz cuvettes were used for all measurements.
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optical delay rail

Fig. 7.2 Two-beam experimental setup for femtosecond transient absorption studies using a
white light continuum. A commercially available CPA 2101 laser system delivers the pulses.
Ultrashort tunable visible pulses are obtained by the NOPA optical parametric converter.
A chopper wheel is used to cut every second pump pulse in order to compare the signal with and
without the pump. The white light continuum is generated by a sapphire disc. The time delay
between the pump and probe pulses is adjusted by the optical delay rail

7.1.5 Nanosecond Laser Flash Photolysis

Nanosecond laser Flash Photolysis experiments were performed with 355 and
532 nm laser pulses from a Brilland-Quantel Nd:YAG system (5 ns pulse width)
in a front face (VIS) and side face (NIR) geometry using a pulsed 450 W XBO
lamp as white light source. Similarly to the femtosecond transient absorption
setup, a two beam arrangement was used. However, the pump and probe pulses
were generated separately, namely the pump pulse stemming from the Nd:YAG
laser and the probe from the XBO lamp. A schematic representation of the setup is
given below in Fig. 7.3. 0.5 cm quartz cuvettes were used for all measurements.

7.2 Chemicals

All chemicals and solvents were purchased from Sigma Aldrich in spectrophoto-
metric grade and used without further purification.
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shutter

e vmmuwl  ——

shutter

Fig. 7.3 Experimental setup for the nanosecond laser Flash Photolysis with a white light con-
tinuum. A Brilland-Quantel Nd:YAG laser delivers the fundamental pulses (355 and 532 nm).
A pulsed XBO lamp is used as white light source. The laser signal is split in order to trigger the
digital storage oscilloscope (DSO) utilizing a second photodiode (PD). Two separate detection
units in different geometries—photomultiplier (PMT) in front face and a PD in side face—detect
the signal in the UV/vis and NIR region, respectively. The monochromator is operated by a
standard PC

The investigated compounds were synthesized and characterized by various
synthetic groups and are described elsewhere (see publication list). They were
used without further processing or purification in solutions of various solvents as
mentioned in the text.

7.3 Molecular Modeling

Molecular properties in the electronic ground state were computed using density
functional theory (DFT) and the restricted Hartree—Fock formalism with various
semi-empirical Hamiltonians (see text for details). Semi-empirical excited-state
calculations used a full configuration interaction (C.I.) expansion with an active
window of a defined number of highest occupied and lowest unoccupied molecular
orbitals. Test calculations with a singles only C.I. including up to 30 active orbitals
were performed prior to any these calculations. Solvent effects were simulated
using single-point calculations on the gas-phase optimized geometries with the
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self-consistent reaction field solvation (SCRF) models considering solvent-
excluded surfaces with atomic radii equal to 120% of those given by Bondi [1].

Theoretical calculations within the DFT approach were carried out by using the
D.02 revision of the Gaussian 03 suite of programs [2]. Semi-empirical calcula-
tions were performed using the VAMP 10.0 package [3]. Local molecular prop-
erties, e.g. electron affinity maps and electrostatic potentials were computed with
Parasurf 07 [4-6] and visualized using Tramp 1.1d [7]. In some cases, additional
force field calculations were accomplished with the Forcite package as imple-
mented in Materials Studio 4.2 [8]. All molecular structure and orbital represen-
tations were generated with the Chimera visualization program [9] or Materials
Studio 4.2 [8].
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Chapter 8
Energy Transfer Systems

For a thorough characterization of processes resulting from the photoexcitation of
organic m-conjugated molecules, we should focus on systems capable of energy
transfer reactions. In such, the absorption of light and the subsequent deactivation
of the excited state transfers excited state energy to an acceptor moiety rather than
resulting in the generation of radical ion pairs. Understanding these processes
helps in the identification of the light-harvesting properties of the m-conjugated
oligomers, referred to as molecular wires.

Energy transfer reactions in systems containing the herein investigated
molecular wire structures have already been investigated in Erlangen. Two well-
characterized examples, which were investigated within the scope of this thesis
will be presented in more detail. This lines out the characteristic features of
photoinduced energy transfer reactions.

8.1 Linking two Cgy Electron Acceptors to a Molecular Wire

In Chap. 6 we have already discussed the concept of the so called Cgp—wire—Cgg
“dumbbell” conjugates as simple reference systems for wire-like m-conjugated
systems. Understanding the deactivation mechanisms (i.e. rates and quantum
yields) in such systems is essential to identify potential molecular wire candidates
for their integration into donor-bridge—acceptor conjugates. In other words,
probing and quantifying energy-transfer characteristics in such systems is essential
for understanding the processes that are likely to occur when one of the Cgg
acceptors is replaced by a molecular donor.

8.1.1 Cs—0oPPE-Cs—A Representative Example
for Efficient Energy Transfer

In view of the molecular-wire properties of oligo-phenyleneethynylenes (oPEs),
Ceo—wire—Cgq conjugates 3 have been investigated, where two Cgps were attached

M. Wielopolski, Testing Molecular Wires, Springer Theses, 77
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Fig. 8.1 Cgg—oligo(para-phenyleneethynylene),—Cgo “dumbbell” triads and their building
blocks as reference compounds

to rigid oligo(para-phenyleneethynylene) (oPPE) moieties with oligomeric units
that ranged from 1 to 7 (Fig. 8.1) [1].

Atienza et al. studied the excited state properties of these triads by means of
fluorescence and transient absorption spectroscopic measurements. Interestingly,
in this type of systems the bridge reveals a weak donating character when com-
pared to the strong accepting features of fullerenes. This was highlighted in
electrochemical studies, where an amphoteric redox behavior was registered.
Another conclusion of the electrochemical measurements is that no electronic
communication is present between the bridge and the Cgy moieties in the ground
state. This is in good agreement with the assumption that the bridging unit is just
an integrative building block linking the two Cg termini. The length of the bridge
fails to impede the reduction properties of the fullerene. A likely rationale is the
presence of two sp’ carbon atoms that are placed between Cgo and the m-conju-
gated oligomer. Thus, one may conclude that the bridge is electronically separated
from the Cgps.

The lack of significant electronic interactions between the electroactive
constituents in the ground state prompts to the excited state characteristics. This
has been accomplished by various photophysical methods. A short summary of the
results will be presented in this chapter to set the tone for the following energy
transfer discussions.
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Fig. 8.2 a Fullerene emission of the Cgo-reference (N-methylfulleropyrolidine) 1 (black line)
and the C¢p—0oPPE—Cg triads 3 (orange line)—in toluene with matching absorption at the 390 nm
excitation wavelength (i.e. OD39¢,,, = 0.2). b Fluorescence spectra of 2 (black line), 3 (orange
line), and 1 (red line) displaying the quenching of the oPPE fluorescence in the triads in respect to
the oPPE reference compound—in toluene with matching absorption at the 390 nm excitation
wavelength (i.e., OD = 0.2)

Within the context of the current systems, only the weak fluorescing features of
Cgo that are maximized at 710 nm should be mentioned explicitly. A representative
emission spectrum is illustrated in Fig. 8.2a. Regarding, the phenylene—acetylene
building blocks, the major features include strong visible light fluorescence with
quantum yields close to unity. Similarly to the absorption maxima, the fluorescence
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maxima depend on the length of the n-conjugated oligo-phenyleneethynylenes and
reach from 400 to 490 nm (Fig. 8.2b).

This length dependence is also associated with fluorescence related features.
Lifetimes and quantum yields increase with increasing chain length. Due to the
strong absorptions of the oPPE building blocks in the visible, i.e. 300600 nm, and
the marginal Cg, absorption cross section, which is only competitive in the UV
region of the spectrum, visible light excitation reaches exclusively the oPPE bridge
units. A simple comparison between the strongly emissive features of the oPPE
building block references 2 (i.e. lacking Cgo) in the 500-700 nm range and the
emissive features of the triads provided insight into the intramolecular deactivation
processes. It turned out, that in the Cqp—0PPE—Cg, conjugates the strong oPPE
emission is drastically quenched. This has been attested to an almost instantaneous
and quantitative deactivation of the oPPE building blocks (Fig. 8.2b). On the other
hand, fluorescence of Cgq in the range between 700 and 800 nm is a qualitative
match of that of the Cg, reference fluorescence—see Fig. 8.2a. In conclusion,
the quenching of oPPE and the presence of Cg¢ fluorescence implied an exothermic
transduction of singlet excited state to the low-lying Cgq excited state. Furthermore,
excitation spectra, in which the Cgn emission at 710 nm was probed as a function of
excitation wavelength, resembled the ground-state absorption. Analyzing the oPPE
features implies that the origin of the excited state energy is unquestionably that of
the conjugated m-conjugated system. The only rationale for such steady-state
emission behavior is an efficient intramolecular excited state energy transfer from
the photoexcited oPPE bridges to Cgo. The influence of solvent polarity on the
emission features is negligible. This serves further an independent, indirect
verification of excited state deactivation, which is governed by energy transfer.
After the completion of the singlet—singlet energy transfer, the fullerene singlet

Cso-""(oPPE),-Cso
e A
& \
Ceo -(0PPE) *1-Cso
“Ceo{oPPE)"-Cso
e ——————
——)
*Cgo-(0PPE),-Ceo
—————
Cso{oPPE),-Cso

Fig. 8.3 Schematic illustration of the reaction pathways in photoexcited 3
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excited state can only decay to the triplet excited state and finally to the singlet
ground state. This is schematically sketched in Fig. 8.3. In order to identify the
photoproducts, transient absorption measurements upon nanosecond laser excita-
tion at 308, 337 and 355 nm were employed. The spectroscopic and kinetic anal-
yses suggested the formation of only one photoproduct, namely the Cg triplet
excited state. Spectroscopic proof for the latter are transient maxima at 360 and
700 nm.

In summary, the deactivation of the photoinduced excited states in the
Cgo—0PPE-Cg triads is dominated by efficient intramolecular energy transfer,
which thermodynamically (i.e. larger energy gap) and mechanistically (i.e. effi-
cient dipole—dipole interactions) prevails. These rapid energy-transfer processes
occur although no significant interactions between oPPE and Cg are present in the
ground state, i.e. bridge and acceptor are two independent entities.

8.1.2 Energy Transfer in Cgp—oligo(fluorene)-Cyg

With increasing interest in oligo- and polyfluorenes as suitable materials for the
preparation of molecular electronic devices, such as organic light emitting diodes
(OLEDs), we have focused on their optical and electronic properties in terms of
molecular wire behavior. In line with the above mentioned results obtained on
Ceo—0PPE-Cgy systems, similar architectures were synthesized utilizing
oligo(fluorene) (oFL) bridges [2]. Important is in that context, that Wasielewski
et al. [3] have shown that the length of oFLs used as a bridge component between
a donor and acceptor moiety does not affect the energies of the relevant bridge
states. In other words, the oxidation potential of oligo(fluorene) bridges is invariant
upon changing the length of the bridge. These features are attributed to the
localization of charges on the two terminal fluorene units in (oFL),. As a conse-
quence, outstanding electronic coupling between the bridge and the redox-active
moieties must be present. Motivated by these findings, we have chosen to inves-
tigate the electronic properties of oFLs as implemented into Cgy—0oFL-Cgq
conjugates and further into DONOR-0FL—-Cgq architectures (see Sect. 9.2).

For that reason, novel Cg—0FL 5 and Cgo— oFL-Cgo 6 (Fig. 8.4) bearing
oligo(fluorene) moieties of different lengths, in particular dimer, trimer and pen-
tamer, have been synthesized and investigated in terms of their photophysical
behavior.

8.1.2.1 Molecular Modeling

In order to assert the charge localization on the termini of the oFLs, semi-empirical
calculations have been employed on the positively charged oligo(fluorene) dimer,
trimer and pentamer. The geometry-optimized structures (AM1 [4]) have been
investigated in their neutral and positively-charged states. Figure 8.5 represents the
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Fig. 8.4 Cgp—oligo(fluorene), dyads and Cgo—oligo(fluorene),—Cgo “dumbbell” triads with their
building blocks as reference compounds

CHARGE = 0 CHARGE = + !

o €&

Fig. 8.5 Representation of the electrostatic potential of 4a—c and its redistribution upon charging
the oFL moieties. In all cases the negative charge (blue) is localized at the termini of the oFLs
relative to the neutral species
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CHARGE = 0

Fig. 8.6 HOMO orbital redistribution in 4b upon charging the molecule. The electron density is
shifted to the termini of the charged species

electrostatic potential of the neutral and the charged species. Independent on the
length of the oligomer the charges localize at the termini of the oFL chains.
Important for our consideration is that the calculated ionization potentials (AM1)
do not vary with the bridge length (177 kcal/mol for the dimer, 174 kcal/mol for the
trimer, 169 kcal/mol for the pentamer). Furthermore, the analysis of the frontier
orbitals, as depicted in Fig. 8.6 for the trimer, corroborates the electron
donor properties of the oFLs, as the HOMOs in the charged species are
shifted and spatially separated relative to the neutral state. The gain of symmetry
in the arrangement of the HOMOs accounts for facile stabilization of the
charged-species.

When connecting oFLs to two Cg, the weak but noticeable donor character of
the linker unveils. Semi-empirical configuration interaction (CI) calculations
revealed that, similarly to oFL lacking Cgg, the positive charge is localized at the
terminal sites of the bridge rather than somewhere else (Fig. 8.7). According to
these findings, we can assure noticeable electronic coupling between oFL and Cgq
and the preservation of a constant oFL oxidation potential upon increasing their
length (HOMO and LUMO are spatially separated—Fig. 8.8).

The spatial separation of the positive and negative charge at oFL and Cqy,
respectively, and the lack of electronic communication between them in the
ground state imply that charge-separation features are rather negligible. This is
particularly evident when comparing them with similar DONOR-0FL—Cg(, com-
pounds. In fact, the charge-separated states found in these calculations exhibit only
a low change of dipole moment of approximately 45 Debye. Please compare that
to corresponding  DONOR-0FL-Cg, architectures (>100 Debye). Ionization
potentials of the bridges are lower in the presence of Cgy than in its absence.
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CT Stotes

Fig. 8.7 Representation of the electrostatic potential of 6b in its ground state and its two charge-
transfer (CT) states. Again, the positive charge (red) is localized at the termini of the oFL bridge
relative to the neutral species

Fig. 8.8 HOMO/LUMO orbital schemes of 5b and 6b representing the spatial separation
between donor and acceptor moiety

The excellent electron-accepting features of Cg( are responsible for this change,
which is independent on the bridge length, namely 95 kcal/mol for Sa,b, 96 kcal/
mol for 5¢, 97 kcal/mol for 6a,b, and 96 kcal/mol for 6c.
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8.1.2.2 Photophysics

Like the Cg—0PPE-Cg¢q conjugates, Cqp—oFL and Cgo—0FL—Cg, conjugates give
rise in electrochemical measurements to an amphoteric redox behavior, that is, the
presence of three quasireversible reduction waves, which correspond to the
three reduction steps of C¢p. These features were found in all oligomers and imply a
lack of electronic communications between Cgo and oFL in the ground state of Sa—c
and 6a—c. Additionally, a donor character of oFLs is seen. This is subject to
cathodic shifts when going from the monomer to the dimer, trimer and pentamer,
which is attributed to the extension of m-conjugation upon increasing oligomer
length.

These findings were corroborated by the absorption characteristics of the
conjugates, which failed to be a superposition of the individual building blocks.

Inspecting the steady-state fluorescence of the reference compounds, 4a-—c,
(Fig. 8.9), displays the strong emission features throughout the visible region, i.e.
400-600 nm. Similar to C¢y—oPPE—Cg, in Sa—c and 6a—c this oligomer emission is
markably quenched, namely by a factor of 10° in toluene, for instance. In general,
the quenching is higher in the triads than in the diads. Interestingly, the fluorescence
pattern of the oFLs is preserved, despite the presence of one or two fullerenes. This
is indicative for the lack of electronic communication found by electrochemical and
absorption measurements. In the near infrared region (650-800 nm) the Cgy
(N-methylfulleropyrolidine, 1) fluorescence pattern is seen for 5 and 6. At this
point, it should be stressed that similarly to the Cg—0PPE-Cgo conjugates, an
excitation at 370 nm directs the light almost quantitatively to the oligo(fluorenes)
and not to Cgy.

As a matter of fact, we may assume that the singlet excited state energies of all
oFLs (2.70 eV) are quantitatively transduced to C¢, (1.76 eV). This is followed by
an efficient intersystem crossing to yield the fullerene triplet excited state. The
energy transfer reaction was quantified by comparing the C¢, fluorescence of 5§ and
6 in, for example, toluene with that of Cgg-reference 1 (6.0 x 107%. Herby, the
latter served as an internal reference when exactly the same experimental condi-
tions are applied. Quantum yields close to 6.0 x 10™* speak for a quantitative
energy transfer in all the tested systems.

Independent confirmation for the proposed energy-transfer mechanism stems
from femto- (387 nm) and nanosecond (355 nm) transient absorption measure-
ments, where both the fullerene and oFL units exhibit similar absorptions.
Considering the “naked” oligomer reference compounds 4a—c, photoexcitation
generates instantaneously meta-stable singlet excited state transients character-
ized by a ground-state bleaching in the 400-450 nm region and a new transient
absorption in the 600-1200 nm region (Fig. 8.10). These processes occur on a
time-scale of less than a ps (Fig. 8.11). Furthermore, it was found, that
the transient maxima depend on the length of the oligofluorene unit: 670 nm
(dimer, 4a), 725 nm (trimer, 4b) and 752 nm (pentamer, 4c¢). In all oligomers,
the product of the decay (i.e. 0.8 ns) is the corresponding triplet excited-state of
the oFLs.
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Fig. 8.9 a Fluorescence spectra of 4a (black spectrum), 6a (red spectrum), 6b (orange spectrum)
and 6c¢ (pink spectrum), in THF, with matching absorption of 0.2 at the 345 nm excitation
wavelength, b fluorescence spectra of 1 (black spectrum), 6a (red spectrum), 6b (orange spec-
trum) and 6¢ (pink spectrum) in THF, with matching absorption of 0.2 at the 370 nm excitation
wavelength

Upon excitation of both the Cgy—oFL dyads Sa—c and Cgp—0FL—Cg triads 6a—
¢ transient features develop that agree with these seen in the oFL references, 4a—c,
namely transient bleaching below 450 nm and transient maxima around 700 nm
(Fig. 8.12). Thus, such observations attest—in close agreement with the ground
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Fig. 8.10 a Differential absorption spectra (visible and near-infrared) obtained upon femtosec-
ond flash photolysis (387 nm) of 4b in nitrogen-saturated THF solutions with several time delays
between 0 and 20 ps at room temperature and b between 0 and 1600 ps at room temperature
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state absorption at the excitation wavelength of 387 nm—the selective excitation
of the oFL moieties.

In contrast to the reference compounds 4a—c, the singlet excited state deacti-
vates in the dyads and triads much faster than in the oFL references with rate
constants typically on the order of ~10'* s™' (Fig. 8.13). These values match the
quantitative quenching of the oFL fluorescence in 5 and 6. A comparison between
the decay rates of the conjugates carrying one Cg or two Cgo moieties, reveals a
2-fold acceleration of the oligo(fluorene) deactivation in the latter. Conclusively,
placing two Cgps instead of one onto the oFL backbone significantly accelerates
the excited state decay.

Toward the end of the decay of the oligofluorene singlet absorption, only the
transient maximum of the Cg singlet excited state (880 nm) is seen. This verifies
the successful transduction of singlet excited state energy from the oFL moieties to
Ceo- On a time scale of 3 ns the fullerene singlet excited state intersystem crosses
to the corresponding triplet excited state. Spectroscopically, the development of a
new transient maximum at 700 nm corresponds to the Cgq triplet excited state
(Fig. 8.14a). Importantly, the kinetics of the singlet decay and the growth of the
triplet match each other reasonably well, as evidenced by Fig. 8.14b.

Complementary nanosecond experiments ratify the photosensitization of the
triplet features in 5 and 6 (Fig. 8.15). In the absence of molecular oxygen multi-
exponential decay kinetics point to a fairly complex deactivation scheme.

Incontrovertible, an efficient transduction of singlet excited-state energy transfer
prevails from the photoexcited oFL to the energy-accepting fullerenes in
the Cgo—0oFL dyads and Cgy—0FL—Cg triads. Such areactivity is perfectly in line with
the previously described behavior observed in corresponding Cgy—0PPE-Cgq
systems. Importantly, no spectral evidence has been found that would suggest a
competing electron-transfer reaction. The latter may evolve, for instance, from the
energetically high lying singlet excited states of the oligofluorenes. A schematic
representation of the possible reaction pathways is given in the energy diagram of
Fig. 8.16.
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Fig. 8.12 a Differential absorption spectra (visible and near-infrared) obtained upon femtosec-
ond flash photolysis (387 nm) of 6b in nitrogen-saturated THF solutions with several time delays
between 0 and 2 ps at room temperature and b between 0 and 1600 ps

Thus, addressing DONOR—(0FL),—Cg, ensembles utilizing strong electron
donor groups advanced as a promising task to probe the role of oligo(fluorene)
molecular wires into donor—acceptor couples. The corresponding results will be
presented further in this thesis.
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8.2 Tunable Excited State Deactivation

An interesting example of through-space energy-transfer in systems involving Cgg
will be presented as another example of photoinduced excited state deactivation.
Particularly important is the tunability by designing the photoactive units in such
energy transfer systems. For that reason, together with the synthetic chemist’s
group in Erlangen, we have developed an approach to establish the energy-
accepting features of fullerenes in light-harvesting antenna systems composed of
dendritic structures. Such dendrimer approach provides a very high degree of
tunability of the light-harvesting properties and, importantly, of the energy levels
of the particular building blocks. Herein, we will show how a non-covalent binding
motif, namely hydrogen bonding, is utilized for assembling hybrids that undergo
photoinduced energy transfer reactions. Among the many supramolecular binding
motifs that are available, hydrogen bonding is considered as the structurally most
potent one. In this context, hydrogen bonding offers great control over fine-tuning
of the complexation strength, regulation of the electronic coupling and its impact
on electron- and energy-transfer processes.

Inspired by a modular concept toward supramolecular heme-protein models,
chromophoric and non-chromophoric dendrons, which are interchangeable at the
tin-tetraphenyl-porphyrin (SnP) platform containing two axial hydrogen bonding
bridging sites, have been synthesized. The binding sites are referred to as
“Hamilton receptors” due to their ability to bind barbiturates and their derivatives
through six hydrogen bonds. Such a binding scheme was introduced in 1988 by
Hamilton et al. [5]. Energy transfer between porphyrins and fullerenes and the
investigation of successive fluorescence quenching in 1:2 complexes between the
SnP and a fullerene containing a dendron in its second generation will be presented
(Fig. 8.17) [6]. The binding between the two building blocks in the supramolecular
architecture is realized via strong six-point hydrogen bonding with the
complementary “Hamilton receptors” of SnP. The self-assembly of the SnP 8 with
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Fig. 8.14 a Differential absorption spectra (visible and near-infrared) obtained upon femtosec-
ond flash photolysis (387 nm) of 6b in nitrogen-saturated THF solutions with a time delay of
3000 ps at room temperature, indicating the fullerene Triplet—triplet features. b Time—absorption
profiles of the spectra shown above at 500 and 705 nm, monitoring the decay of the singlet
excited-state and formation of the triplet excited state

the depsipeptide fullerene ligand 7 was investigated by NMR spectroscopic
methods and a 1:2 complex formation was established instigated by hydrogen
bonding [7].
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Fig. 8.16 Schematic illustration of the reaction pathways in photoexcited 6

8.2.1 Photophysics

Titration assays, in which complex formation of 8:7 was probed in the presence of
variable concentrations of 7 provided insight into the excited state interactions,
namely the deactivation of the singlet excited state of the porphyrin via energy
transfer to the fullerene core. In particular, adding increasing amounts of 7 to the
SnP solution results in substantial quenching of the porphyrin emission centered at
610 and 665 nm. As illustrated in Fig. 8.18, the quenching is exponential and
depends exclusively on the added concentration of 7, which points to the
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Fig. 8.17 Upper part: structures of 7 and the tin-tetraphenyl-porphyrin (SnP) 8. Lower part:
schematic representation of the hydrogen bonding motif

successful formation of 8:7,. The nonlinear relationship gave rise to association
constants for the first and second binding steps, that are with logK; = 3.6 M~ ' and
logk, = 6.9 M~" quite strong. Notably, at the end point of the titration the por-
phyrin fluorescence is nearly quantitatively quenched, which is attributed to the
quantitative formation of 8:7,. Instead, a fluorescence pattern (i.e., *0-0 emission
around 700 nm) evolved that is reminiscent of that of 7. Interestingly, this happens
although the porphyrin component in 8:7, is exclusively excited, which was
corroborated by excitation spectra of the complexes (Fig. 8.19). The latter turned
out to be an exact match of the ground-state absorption of the porphyrin with
maxima at 430, 560 and 600 nm. In the light of the above mentioned energy
transfer processes, such findings lead to the hypothesis that upon photoexcitation
the singlet excited state of the porphyrin (1.98 eV) is likely to be deactivated by
transduction of the excited state energy to the fullerene (1.79 eV) in the 8:7,
complex.

Conclusive evidence for the nature of the energy-transfer processes came from
transient absorption measurements with 8 in the presence of variable concentra-
tions of 7. We have followed the time evolution of the characteristic singlet
excited state features of 8 upon 420 nm excitation to identify the spectral features
of the resulting photoproducts and to determine the absolute rate constants for the
underlying deactivation processes. As reference, the transient absorption features
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Fig. 8.18 a Room temperature fluorescence spectra of 8 (2.5 x 107> M) in the presence of
variable concentrations of 7 (ie. 0, 1.25 x 107,25 x 107>,3.75 x 107>, 5.0 x 107>,
6.25 x 107°,7.5 x 107°,8.75 x 107>, 1.0 x 107%, 1.125 x 107*, and 1.25 x 10~* M) upon
410 nm excitation, after correction for competitive ground absorption. b I/Iy versus 7 relationship
used to determine the association constant

of 8 have to be analyzed in order to understand the processes occurring after
complexation with 7. The differential absorption spectrum of 8 (Fig. 8.20) reveals
an instantaneous formation of the singlet excited state with maxima at 455 and
800 nm and minima at 560 and 603 nm. The triplet excited-state features, on the
other hand, include maxima at 500, 582, and 640 nm. Furthermore, an isosbestic
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Fig. 8.19 Excitation spectrum of the 8:7, complex in toluene monitoring the emission at
740 nm. Inset—corresponding absorption spectrum of 8:7, in toluene

point at 480 nm reflects the interplay between both excited states. Additionally,
the decay of the singlet excited state resembles the formation of the triplet excited
state kinetics.

When turning to the transient absorption measurements of the complex 8:7,
(Fig. 8.21), the singlet—singlet absorption of 8 with their maxima at 455 and
800 nm as well as minima at 560 and 603 nm are seen. That confirms the suc-
cessful formation of the singlet excited state of 8 despite the presence of 7.
Nevertheless, the intersystem crossing from the singlet excited state to the triplet
excited state of 8 occurs on a much faster time-scale in the 8:7 complex resulting
in the development of a new transient feature centering at 900 nm. This bears no
resemblance with the triplet excited state features found in the reference spectrum
of 8. Unambiguously, the maximum at 900 nm can be attributed to the singlet
excited state of 7 [8]. Moreover, the time-absorption profiles of the decay of the
porphyrin singlet excited state and the formation of the fullerene features perfectly
match each other, which supports the formation of one transient species (i.e.
fullerene singlet excited state) at the expense of the other transient species (i.e.
porphyrin singlet excited state). The lifetime of the newly formed fullerene singlet
excited-state was determined as 1.3 ns identical to what has been derived for the
intersystem crossing in 7 to afford the triplet manifold (E7,,, = 1.5 €V). Finally,
a maximum at 720 nm, which is a known fingerprint for the triplet excited state of
Ceo [8] evolves at the end of the decay corroborating the proposed energy transfer
mechanism.
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Fig. 8.20 a Differential absorption spectra (visible and near-infrared) obtained upon femtosec-
ond flash photolysis (420 nm) of 8 in toluene with several time delays between 0 and 3000 ps at
room temperature; see color code for details. Arrows illustrate the changes. b Time—absorption
profile of the spectra shown above at 457 nm (black spectrum) and 495 nm (red spectrum),
reflecting the singlet excited-state decay and triplet excited-state formation, respectively

The fullerene triplet quantum yields in 8:7, were determined by the quantitative
conversion of the triplet excited states of the porphyrin (0.78) and fullerene (i.e.
0.98) fragments into singlet oxygen. By analyzing the singlet oxygen emission at
1275 nm (see Fig. 8.22), we derived a quantum yield of 0.84.
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Fig. 8.21 a Differential absorption spectra (visible and near-infrared) obtained upon femtosec-
ond flash photolysis (420 nm) of 8:7, in toluene with several time delays between 0 and 3000 ps
at room temperature; see color code for details. b Time—absorption profile of the spectra shown
above at 563, 582, 603, and 700 nm, reflecting the energy transfer process

Thus, it has been shown that the porphyrin chromophores act as an antenna
system for transmitting its excited energy to the noncovalently associated fullerene
moieties. Furthermore, the examination of excited-state characteristics revealed
significant energy transfer properties of these complexes upon photoexcitation.
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Fig. 8.22 Singlet oxygen 1,4 10¢
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Particularly interesting is that the mediation of singlet excited-state energy is
driven by noncovalent hydrogen-bonding interactions.
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Chapter 9
Electron Transfer Systems

9.1 p-Phenyleneethynylene Molecular Wires

We have seen in Chaps. 5 and 6 that m-conjugated oligomers are the most
promising candidates for molecular wires. They provide efficient electronic cou-
pling between two electroactive units, i.e. donor and acceptor. Among the variety
of m-conjugated systems, oligo(para-phenylenevinylene)s (oPPVs) have emerged
as particularly interesting in terms of their molecular-wire behavior due to their
outstanding conduction properties. Above, it has been demonstrated that when
connecting oPPV-bridges of different length to an electron-accepting Cgp and an
electron-donating exTTF moiety, the oPPV moieties promote wirelike behavior for
donor—acceptor distances of 40 A and beyond. The exTTF-oPPV,—Cg¢, conjugates
met all the requirements rendering it an ideal molecular wire:

e energetic matching between the donor (acceptor) and bridge levels,
e sufficient electronic coupling between the donor and acceptor units induced by
the bridge orbitals,

e small attenuation factor ff, namely f = 0.01 + 0.005 AT

Further, the investigation of the conduction behavior as a function of distance
revealed nearly distant-independent charge-transfer characteristics [1]. These
findings were corroborated by probing analogous systems containing porphyrins as
electron donors instead of exTTF [2, 3].

To this end, intramolecular electron transfer along conjugated oPPV chains has
been tested in several other donor—acceptor conjugates employing a variety of
electron donors—anilines [4], porphyrins [5] and ferrocenes [6]—in combination
with fullerenes as electron acceptors. The quintessence of this study is that energy
matching between the donor and bridge components is key for achieving molec-
ular-wire behavior. Quantum-chemical calculations showed a competition between
a direct superexchange process and a two-step “bridge-mediated” process, whose
efficiency depends primarily on the length and nature of the conjugated bridge [7].

M. Wielopolski, Testing Molecular Wires, Springer Theses, 99
DOI: 10.1007/978-3-642-14740-1_9, © Springer-Verlag Berlin Heidelberg 2010
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Encouraged by these results, we shifted our focus to very similar systems,
namely oligo(para-phenyleneethynylene)s (oPPEs). When compared to oPPVs,
replacing the double bonds by triple bonds adds additional rigidity to the n-system.
To elaborate the influence of such a structural modification especially on the
electron-transfer properties of the oPPEs, we have tested a series of novel donor—
acceptor conjugates, i.e. exTTF-0PPE,—Cgo and ZnP/H,P—-oPPE,—Cgy. As another
extension meta-connected phenyleneethynylene bridges (oMPEs) were investi-
gated to elaborate the influence of connectivity on the m-conjugation. The sys-
tematic study of electronic para- versus meta-properties by means of
photophysical and quantum chemical methods will be described in the following
chapters.

9.1.1 exTTF-oPPE-Cg4y Donor-Acceptor Conjugates

The group of Professor Nazario Martin developed the synthesis of several donor—
acceptor arrays containing n-conjugated oPPEs of different length linking
n-extended tetrathiafulvalene (exTTF) as electron donor and Cgq as electron
acceptor. Thereby, they systematically increased the length of the molecular wire
from the monomer to the trimer. A detailed description of the corresponding
synthesis is described elsewhere [8].

The structures of exTTF-0PPE,—Cg( (9b—d) and the reference compounds used
throughout the electrochemical and photophysical studies are represented in
Fig. 9.1.

9.1.1.1 Electrochemistry

Prior to any photophysical experiments, cyclic voltammetry experiments were
performed with exTTF-oPPE,—Cg, 9b—9d and the reference compounds oPPE,—
Ceo 10, 11 to provide a vital impression of the energy-levels in these compounds.
For 10 and 11 four quasi-reversible reduction waves were found, which are
attributed to the reduction of the Cgy moieties leading correspondingly to the
mono-, di-, tri- and tetraanion. Nevertheless, the reduction potentials were all
shifted toward more negative values relative to pristine Cg. Saturation of a double
bond in the fullerene skeleton raises the LUMO energy in 10 and 11. Furthermore,
two oxidation waves stemming from oligomer centered processes were found.
The cyclic voltammetry studies of 9b—d also revealed the presence of four
quasi-reversible reduction waves at values similar to those found for the reference
compounds (10, 11). Importantly, when comparing the oxidation potentials of 10
and 11 with those of the triads 9b—d and exTTF, the potentials converge with those
of pristine exTTF (around 0.33 V). In the triads, the first oxidation is found
anodically shifted relative to pristine exTTF. This confirms its strong donating
character. On the other hand, with increasing bridge length the exTTF oxidation
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Fig. 9.1 Schematic representation of the exTTF-oPPE,—~Cg triads and their appropriate refer-
ence compounds

remains at nearly constant potential. One additional reduction potential wave could
be found in 9b—d. Interestingly, this process is attributed to the reduction of the
oligomer units.

In general, the redox potentials of exTTF—oPPE,—~Cg, (9b—d) match the redox
potentials of the pristine donors and acceptors, attesting a lack of significant
electronic interactions between the building blocks in the ground state. Similar
assumptions are conducted from inspecting the corresponding absorption spectra
(i.e. references and conjugates).

9.1.1.2 Photophysics

Figure 9.2 shows a representative example of the UV/vis absorption characteristics
of exTTF-0PPE,—Cg, in comparison with their reference compounds 10 and 12.
The spectra reveal the typical features of the building blocks, i.e. Cgp, exTTF and
oPPE. Clearly visible is a bathochromic shift of 9¢ relative to the corresponding
reference compound 10. Implicit is an extended n-conjugation in the triads.
Likewise, when inspecting the different oligomers, namely 9b—d, their absorption
maxima gradually shift to the red with increasing number of repeat units (not
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Fig. 9.2 UV-visible absorption spectra in toluene of 9¢ (black line), 10 (orange line) and 12 (red
line)

shown). Again, this is due to the extension of the n-system. The spectral signatures
of the building blocks in the triads reflect the lack of electronic interactions
between them in the ground state corroborating the findings stemming from cyclic
voltammetry experiments.

In summary, the ground-state features of exTTF—0PPE,—Cg, prove the electron
donor/acceptor character in these architectures and we should move on to the
characterization of the excited state features, which revealed remarkable charge-
transfer processes in these systems.

First, the steady-state emission spectra are evaluated. Inspecting the fluores-
cence of Cg—0oPPE discloses the strong emission characteristics of oPPEs, which
was already described in Sect. 8.1.1. All oPPE references fluoresce strongly
throughout the visible region. Thus, studying excited-state interactions with Cgq in
Ceo—0PPE and exTTF-oPPE,—Cg, was straightforward. In addition to the char-
acterization of the charge transfer processes in exTTF—oPPE,—Cg), we added the
photophysical characterization for the 0-mer (9a), i.e. an electron donor system in
which exTTF is directly linked to N-methylpyrolidine group of Cg, (see Fig. 9.1).

Since the photophysical assays of the oPPE reference compounds and the Cgo—
oPPEs have already been evaluated in Sect. 8.1.1, only the most important features
will be mentioned in order to understand the processes in photoexcited exTTF—
OPPEn—CGO.

As already mentioned, the oPPEs fluoresce strongly in the visible range with
quantum yields close to unity and a length-dependent red-shift of the emission
maxima reaching from 400 to 490 nm for the monomer and the trimer, respec-
tively. In the Cg,—0PPEs this oPPE fluorescence is remarkably quenched due to
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energy transfer to the energy accepting Cgo. Thus, in the presence of Cgo the
excited state instantaneously deactivates notwithstanding the fact that the oPPE
fluorescence pattern is still preserved. Likewise, in the near-infrared region the
spectra reveal the fluorescence features of Cgo (1). Consequently, these findings
corroborate the singlet excited-state energy transfer from the oPPE to Cgo upon
355 nm photoexcitation, which directs the light almost quantitatively to the oPPE
oligomer and not to Cgy. When comparing the fluorescence quantum yields in
toluene solutions of Cgy—0PPE with that of 1, a rapid intramolecular transduction
of energy starting with photoexcited oPPE and leading to the singlet excited state
of Ceo ("*Ceo) Was quantified. Excitation of the fullerene, on the other hand, leads
directly to *Ceo

Inspecting the fluorescence in exTTF-oPPE,—Cgsy (Fig. 9.3), unveiled an
appreciable quenching of the fullerene emission which maximizes at 710 nm. The
quantum yield of the fullerene fluorescence in 9b amounts, for instance, in THF to
0.55 x 107 This is more than one order of magnitude lower in comparison with
1 (6.0 x 10™*). Furthermore, the quantum yields depend on the length of the
oligomer bridge:

e O-mer 9a: 0.18 x 107%,

e monomer 9b: 0.55 x 107%,

e dimer 9¢: 1.8 x 1074,

e trimer 9d: 6.0 x 10~* (i.e., no notable interactions were found).
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Fig. 9.3 Quenching of the Cgy emission in exTTF—oPPE,—~Cg, 9b, 9¢ upon excitation at 355 nm
with matching optical density at 355 nm in THF: Cgy-reference 1 (black), monomer 9b (dark
blue) and dimer 9c (light blue)



104 9 Electron Transfer Systems

By means of time-resolved fluorescence studies we were able to determine the
Ceo fluorescence deactivation rates, as 2.1 x 101° 7' in 9a, 6.6 x 10° s~ in 9b
and 1.3 x 10° s™" in 9c¢. Importantly, the indulging trend resembles the rela-
tionship between the quantum yields of the conjugates (9a—d) and reference (1). In
short, an intensified excited-state deactivation emerges with decreasing bridge
length. However, no measurable decay rates were found for the trimer 9d.
Conclusively, the indirect or direct population of '*Cg, possibly leads to an
exothermic electron-transfer reaction, resulting in the radical-ion-pair state:
exTTF"*-0oPPE,~Cg .

Evidence for the formation of the radical ion pair, was found in transient
absorption spectroscopy measurements. In Sect. 8.1.1 the results of transient
absorption studies on the oPPEs and Cgy—0PPEs have already been introduced and
will now be exemplified by appropriate spectra.

Comparative to the outcome obtained with the Cgy—0FL-Cgo systems
(Sect. 8.1.2), the spectral features of the oPPEs reveal the nearly instantaneous
generation of metastable singlet excited-state transients. Typical characteristics
involve ground-state bleaching in the 400-450 nm range and new transient
absorptions between 600 and 1200 nm (Fig. 9.4). The product of the photoexci-
tation is the singlet excited state of the oligomer.

Like in the case of C¢o—0FL, the presence of Cgg in Co—0PPE accelerates the
singlet excited-state deactivation of the oPPE moieties and leads to the develop-
ment of new transients. Despite the presence of Cgg, the oPPE typical transient
bleaching (below 450 nm) and transient maxima (around 700 nm) are still present.
In close agreement with the ground-state absorption spectra, a 387 nm excitation
exclusively excites the oPPE units. In contrast to the oPPE references, the product
of the singlet excited-state decay is not the oPPE triplet anymore. Decay rates on
the order of 10" s™!, which mirror image the quantitative fluorescence quenching
of the oligomer emission, dominate the singlet excited-state deactivation. As a
result, the very fast formation of the Cg( singlet excited state is inferred from the
new transient maximum at 880 nm (Fig. 9.5). Following its formation, the singlet
excited-state of Cgo decays to afford the corresponding triplet manifold. A tran-
sient maximum at 700 nm evolves toward the end of the femtosecond experiment
(i.e. after 3.0 ns) and is an unambiguous indication for the triplet excited state.
Kinetically, the singlet excited-state decay and the triplet excited state growth are
linked. The corresponding intersystem crossing rates were determined for
Ce0—0PPE as 6.5 x 10% s7". Complementary transient absorption experiments on
the nanosecond timescale with Cq—oPPE revealed the same triplet transient at
700 nm, which decays with multi-exponential kinetics. Overall, our observations
corroborate the successful transduction of singlet excited-state energy to the Cgg
core.

Yet, the spectroscopic features of the transients change again in the presence of
exTTF. The instantaneous grow-in of the singlet excited-state state absorption of
Ceo at 880 nm appears, once more affirming the successful excitation of Cgp. In
contrast to Ceo—0oPPE, the decay of the singlet—singlet absorption is fast without
giving rise to any intersystem crossing, which would generate the corresponding
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Fig. 9.4 a Differential absorption spectrum (visible and near-infrared) obtained upon femto-
second flash photolysis (420 nm) of solutions of reference trimer oPPE in nitrogen-saturated THF
with time delays between 0 and 3000 ps at room temperature (black = 0 ps, red = 1 ps, and
orange = 2900 ps). b Time—absorption profile of the spectra shown above at 490 and 860 nm to
monitor the formation and decay of the singlet excited state of trimer oPPE

3*Cgo. Instead, the spectral signatures of the one-electron oxidized exTTF** rad-
ical cation at 660 nm and of the one-electron reduced Cg, radical anion at
1010 nm were detected (Fig. 9.6). The singlet excited-state lifetimes, as deter-
mined from an average of first-order fits from time—absorption profiles at various
wavelengths are listed in Table 9.1.
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Fig. 9.5 a Differential absorption spectrum (visible and near-infrared) obtained upon femto-
second flash photolysis (420 nm) of solutions of reference Cg—0PPE 10 in nitrogen-saturated
THF with time delays between 0 and 3000 ps at room temperature (black = O ps, red = 1 ps,
and orange = 2900 ps). b Time—absorption profiles of the spectra shown above at 700 and
890 nm to monitor the intersystem crossing between the singlet and triplet excited states of Cgg

Conclusively, in the presence of a strong electron donor, namely exTTF, the
resulting product of the photoexcitation is not the triplet excited state of Cg( but
the energetically lower-lying radical-ion-pair state, exTTF"*—0PPE,—Cgg . Here, it
should be stressed that the spectral identification of the radical ion pair holds for
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Fig. 9.6 a Differential absorption spectrum (visible and near-infrared) obtained upon femtosecond
flash photolysis (477 nm) of solutions of monomer 9b in nitrogen-saturated THF with time delays
between 0 and 3000 ps at room temperature (black = 0 ps, red = 1 ps, and orange = 2900 ps).
b Differential absorption spectrum (visible and near-infrared) obtained upon femtosecond flash
photolysis (477 nm) of solutions of dimer 9c¢ in nitrogen-saturated THF with several time delays
between 0 and 3000 ps at room temperature (black = O ps, red = 1 ps, and orange = 2900 ps)

the 0-mer 9a, monomer 9b, and dimer 9e¢. In the trimer 9d, a very broad transient
dominates the region of interest. Formation of the radical ion pair is, however,
ruled out. Specific details on that matter will follow later. Both radical-ion species,
i.e. exTTF™ and Cgy, decay with similar rates to the corresponding singlet ground
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Table 9.1 Photophysical properties of the exTTF—oPPE—Cg triads 9a—d and the N-methylful-
leropyrolidine 1

Dy 7} [ns] kes [s7'] ker [s7']
Cgo reference 6.0 x 107* 1.233 - -
0-mer 9a 0.18 x 107* - 2.1 x 10" 49 x 10657
monomer 9b 0.55 x 107 - 6.6 x 10° 1.1 x 105 57!
dimer 9¢ 1.8 x 1074 0.380 1.3 x 10° 3.8 x 10°s7!
trimer 9d - (0.793) 3.9 x 108 not detectable
 Singlet lifetime
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Fig. 9.7 Time-absorption profile of the spectra shown above at 1010 nm to monitor the for-
mation of the radical-ion-pair state (blue = monomer 9b, light blue = dimer 9Yc)

states (9a: 4.9 x 10°s™", 9b: 1.1 x 10°s7', 9¢: 3.8 x 10° s™', Fig. 9.7) driven
by an exothermic (—AG = 1.0eV) energy gap.

Finally, relating the charge-separation and charge-recombination dynamics
with the distance between electron donor and acceptor (i.e. center-to-center dis-
tance Rcc), allows the evaluation of the attenuation factor 5. The corresponding
relationships in THF are represented in Fig. 9.8. Both reveal linear dependencies
and the derived attenuation factors are in perfect agreement with each other:

e charge separation: § = 0.21 £ 0.05 Ail,
e charge recombination: f = 0.20 £ 0.05 10\71

A comparison with the reported [ values of the oPPV bridges

(p=0.01 £0.05 A") [1] infers a significantly poorer molecular-wire character
for oPPEs, since the f factors differ by a factor of 20.
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Fig. 9.8 Centre-to-centre distances (Rcc) dependence of charge-separation (In kcs) and charge-
recombination (In kcr) rate constants in exTTF—oPPE—Cg in nitrogen-saturated THF at room
temperature. The slope represents f5. The dashed line represents the singlet lifetime of Cgg. In
blue, the extrapolated charge-separation rate for the trimer 9d is represented

A possible explanation for the lack of electron-transfer characteristics in the
trimer 9d is derived when extrapolating the linear relationship in Fig. 9.8 to the
distance of the trimer. As a matter of fact, the charge-separation would not be able
to compete with the intrinsic singlet lifetime of Cg (i.e. dashed line). This, in turn,
explains the lack of fullerene emission quenching in 9d. Nevertheless, the
photophysical assays clearly established that oPPE bridges effectively mediate
electron-transfer processes over distances up to 20 A. These findings were further
corroborated by quantum mechanical calculations.

9.1.1.3 Molecular Modeling

First, the molecular geometries should be considered, since the relative arrange-
ment of the phenyl rings in the oPPE bridge is crucial for the preservation of the
n-conjugation in the investigated exTTF-oPPE,—Cgq triads. For this reason, we
have employed a number of DFT and semiempirical calculations.

Semiempirical calculations suggested that in the minimum-energy structure the
dihedral angle formed by the phenyl rings approaches zero. These results were
confirmed by using DFT calculations at the B3LYP/6—31G* level and
crosschecked by using B3PW91/6—31G* calculations. The deviation from pla-
narity turned out to be less than £ 12°. Furthermore, single-point calculations at
the B3LYP/6—311G** and the B3PW91/6—311G** levels reveal a very low
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Fig. 9.9 Calculated AM1* ionization potentials IP (red) and electron affinities EA (blue) of the
pristine building blocks of the triads

rotation barrier of the phenyl rings in the m-conjugated bridge (i.e. less than
2.0 kcal/mol). Rotations of the phenyl unit adjacent to the pyrrolidine and the
benzene moiety of exXTTF connected to the oligomer are similarly not restricted by
the relatively low rotation barrier of less than 1.0 kcal/mol.'

On inspecting the electronic structure and energy-levels of the DBA triads,
further evidence for the described electron-transfer characteristics was discovered.
Figure 9.9, for instance, shows the calculated (AM1* [9]) ionization potentials
(IPs) and electron affinities (EAs) of exTTF, Cgy—pyrrolidine, the pristine oPPE
oligomers and Cg,—0PPE. Thereby, exTTF exhibits the lowest EA and those that
matches that of the oligomer building blocks. With the addition of Cg to the
oligomers, the IP drops to approximately the IP of Cgy—pyrrolidine, which suggests
strong electronic coupling between the fullerene and the bridge. On the other hand,
the electron-accepting features of the fullerene are represented by its highest EA,
which confirms the electron-transfer pathway of the systems.

Moreover, the HOMO/LUMO orbital schemes of the triads (Fig. 9.10) manifest
this donor—acceptor character. The HOMO is strongly localized on exTTF and
reaches into the oPPE bridge, which facilitates electron injection into the bridge.
However, in contrast to exTTF-oPPV,—~Cgp, in which the HOMO is completely

! Rotations in the monomer 9b, dimer 9¢ and trimer 9d do not seem to influence the electronic
structure and the coupling between donor and acceptor. The rotational barriers comply with these
found in the exTTF-0PPV,—Cq triads (0.34 kcal/mol).
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Fig. 9.10 Representation of the HOMO (red—green) and LUMO (blue—green) orbitals of
exTTF-oPPE-Cg as calculated at the B3LYP/6—31G* DFT level

conjugated throughout the whole bridge, in the corresponding exTTF—oPPE,—Cg
the localization is more pronounced. Hence, injection of an electron into the bridge
in exTTF-0PPV—Cg is favoured by the better orbital overlap between exTTF and
the oligomers.

Local-electron-affinity mappings of exTTF—oPPE,—C¢o and exTTF—oPPV,—Cgq
are represented in Fig. 9.11. Significant differences between the two systems can
be seen when comparing the conjugation in the bridge. In exTTF—-oPPV ,—Cg, the
local electron affinity is homogeneously distributed throughout the whole bridge,
whereas in the oPPE systems local maxima (red) can be found on the phenyl rings
and minima (yellow) on the triple bonds. This is due to the polarising character of
the triple bonds and their shorter bond lengths relative to the double bonds. Thus,
the electron-transfer pathway through the oPPE bridge is interrupted by these
ethynylene linkers. This strongly influences the charge-separation process and
explains the difference in electron-transfer properties between exTTF—oPPE,—Cgg
and exTTF-oPPV,—Cg.

In summary, the electronic structure of all triads confirms the donor—bridge—
acceptor character of the exTTF-oPPE,—Cgo systems and suggests that the
HOMO — LUMO transition would represent a nearly complete charge-transfer
excitation with a very low extinction coefficient. Since these findings are based on
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Fig. 9.11 Local-electron-affinity maps of exTTF-oPPV3;—Cgo (fop) and exTTF-oPPE;—Cgg

(bottom) as viewed with Tramp 1.1d

Table 9.2 Excited-state properties predicted by quantum chemical calculations for compound
9d (top: CIS including six active orbitals; bottom: CIS including ten active orbitals)

State  Aexe [nm]  f Au [D]  Character Involved configuration
CIS=6
S1 395 0.000 135.3 CT HOMO - LUMO
S2 385 0.000 136.9 CT HOMO — LUMO+1
CIS=10
S2 376 0.066 3.6 LE1L HOMO-4 —» LUMO
S6 285 0.554 40 LE2 HOMO-4 — LUMO+3
S7 278 0.000 1293 CT HOMO - LUMO, HOMO-2 — LUMO
S8 277 0.001 69.8 BCT HOMO-2 —» LUMO, HOMO-3 - LUMO

ground-state calculations and the photophysical processes occur on the excited-
state potential surface, we have carried out further calculations in order to deter-
mine excited-state properties.

To elucidate the geometrical relaxation processes postulated on the basis of the
existence of very short-lived components in the time-resolved spectroscopic
techniques described above, we optimized the minimum-energy geometries of the
excited-states in vacuum using configuration interaction (CI) methods. Singles-
only configuration interaction (CIS) calculations predict that the HOMO —
LUMO transition makes a major contribution to the charge-transfer (CT) state and
causes a large change in dipole moment (Table 9.2). One-electron excitation from
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the HOMO to the LUMO contributes to the CT state with zero oscillator strength
(f) (Table 9.2). In addition, in 9d two symmetric bridge charge-transfer states
(BCT) could be found close in energy to the CT states with the lower change in
dipole moment (69.8 Debye). These states correspond to the local-electron-affinity
maxima centred on the oPPE rings, which underlines the utility of the local
electron affinity at the surface as a fast scanning method to elucidate possible CT
states. These bridge CT states can compete with the charge transfer from exTTF to
Ceo- The excitation wavelengths for charge-transfer excitations (in solution) were
calculated to Aex. = 350 nm with a redshift that is dependent on the length of the
oligomer but independent of solvent polarity. Similar behavior was found for the
fluorescence maxima of 9b—d with a solvent-dependent fluorescence, which
maximizes between Ay, = 450 and A, = 500 nm and also depends on the
length of the oligomeric bridge. However, regarding the fluorescence maximum of
the BCT state of 9d at 380 nm with a 261 nm excitation in simulated diethyl ether,
an overlap between the CT fluorescence that reaches a maximum at 450 nm is
possible and depends on the quantum yield.

Scrutinizing the electrostatic potential of the AM1-optimized ground states and
the corresponding CT states mapped onto the molecular surface (Fig. 9.12) reveals
that in all CT states of the exTTF—oPPE,—Cg, triads the positive charge is localised
on exTTF (red) and the negative charge on Cg( (blue). Alternatively, in the BCT

gownd stote BCT stote CT stote

Fig. 9.12 Electrostatic potential as calculated by AM1 CIS for the ground and charge-separated
states of 9b—d. The positive charge is represented in red and the negative in blue
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state the charge is localised on one of the phenyl rings. The corresponding sym-
metric BCT state was also found in the CI calculations.

Further examination of the excited states reveals a strong dependence of their
energy upon solvent polarity that resembles the experimental trends. Single-point
calculations on the relaxed structures of the ground and excited states in the
simulated solvents hexane (¢ = 2.023), CCly (¢ = 2.229), benzene (¢ = 2.274),
ether (e = 4.197), chloroform (¢ = 4.806), methylene chloride (¢ = 8.930), pyr-
idine (e = 12.40), acetone (¢ = 20.56), ethanol (e = 24.55), nitrobenzene
(e = 43.82), acetonitrile (¢ = 35.94) and dimethyl sulfoxide (e = 46.45) were
performed in order to judge the solvent effects on the relative stabilities of the
different states for 9b—d.

Figure 9.13 shows the dependence of the calculated heats of formation, AHy, of
the discussed states of 9d on solvent permittivity, i.e. 2:11. By optimizing the local-
excited (LE) state, the BCT state and the CT state of 9d, it was possible to determine
the energy levels of the three different Franck—Condon states and gain extensive
insight into the electron-transfer pathway. The calculations reveal that the relative
energies of the different states and conformations including their solvent depen-
dence are reproduced remarkably well according to the experimental trends.
Figure 9.13 suggests that with higher solvent polarity, the energy splitting between
the different states increases significantly, whereas their relative energies decrease
due to solvent stabilization. Equally important, one can see that the BCT becomes
more and more accessible as the polarity of the solvent increases. This behavior was
also observed in the photophysical experiments. However, no crossing between the
CT and BCT state, even in highly polar media, was observed during the calculations.
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Fig. 9.13 Dependence of the calculated heats of formation, AH, for the discussed states of 9d
on solvent permittivity: ground state (black), local excited state (blue), BCT (green), CT (red)
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The results for the monomer 9b and the dimer 9¢ reveal equal solvent dependence of
the discussed states. However, in these two compounds no BCT is present. The heat
of formation, AHy, of the CT states is increasing almost linearly from monomer to
trimer. These trends prove the observations resulting from the photophysical mea-
surements and confirm the suggested charge-transfer behavior of exTTF-oPPE, —
Ceo- Thus, the calculations support the hypothesis that in all solvents an excitation of
the triad results in the CT state, which substantiates our interpretation of the elec-
tron-transfer mechanism.

Furthermore, we have calculated the Coulson charge on exTTF and Cg in order
to confirm one-electron transfer from HOMO to LUMO. The values were deter-
minedto 1.0e” and —1.1e™ for exTTF and Cg, respectively. These findings indicate
complete transfer of one electron from the donor to the acceptor with some delo-
calization of the positive charge (4.6%) into the bridge. exTTF is clearly oxidized
with the positive charge localized on the sulfur atoms (0.6e™ on each), whereas Cg
is reduced with the charge being delocalized over the entire carbon cage.

Finally, we have used the optimized excited-state structures of the three different
states, i.e. local excited, BCT and CT, to calculate the reaction coordinate in
photoexcited 9d. The energy diagrams were determined from the two low-energy
conformations of each state, namely the optimized ground-state geometry and the
optimized excited-state geometry, by performing a linear synchronous transit (LST)
calculation upon changing the electronic configuration from the ground-state
geometry to the excited-state geometry of the given state [10]. Figure 9.14 repre-
sents the calculated charge-transfer pathway in 9d. Following the reaction coordi-
nate of the locally excited state (top left), we pass several points at which the curves
approach each other. At these points, the energy difference between two separate
states is sufficiently low for these states to cross, i.e. the molecule changes its
electronic configuration from one state to the other. The electrostatic potential
(neutral = green, positive = red, Negative = blue) of each state is mapped onto the
molecular surface and describes the changes of electronic structure upon changing
the state. Thus, following the highest energy gradient, we can establish a possible
reaction path (blue dotted line) and examine the states that have been passed until the
molecule relaxes in the minimum energy configuration of the charge-separated state
(bottom right). The following reaction mechanism has been determined from these
calculations: Photoexcitation leads to a locally excited state (No. 1) with no change
in dipole moment. The excited-state energy is then funneled to the exTTF moiety
(No. 2) which in turn induces a stepwise hole transfer involving the oPPE bridge
(No. 3). At the conclusion of the hole-transfer reaction, a local excitation of exTTF
(No. 4) and the final charge-separated state (No. 5) is reached in one single step
(indicated by the blue arrow), due to a high energy difference between the two last
steps. Importantly, these findings suggest hole transfer rather than electron transfer
as the dominant mechanism for the charge-transfer processes.

In conclusion, quantum mechanical calculations disclose the donor—bridge—
acceptor character of the exTTF-oPPE,—Cg, systems and suggest that the
HOMO — LUMO transition would represent a nearly complete charge-transfer
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Fig. 9.14 Reaction pathway for photoexcited exTTF-oPPE;—Cg( obtained from linear synchro-
nous transit calculations on the optimized geometries of excited states. A possible reaction mech-
anism is indicated by the blue dotted line and suggests a hole transfer. For further details see text

excitation with a very low extinction coefficient. Following, the LST reveals that
photoexcitation induces a rapid intramolecular charge separation to generate a
radical-ion-pair state.

9.1.1.4 Summary

Indisputably, photoexcitation is followed by a rapid deactivation of the singlet-
excited state of the oPPE moiety resulting in the generation of a charge-separated
species, i.e. the radical-ion-pair state exTTF *—0PPE,—Cgy, which is apparently
lower in energy than the corresponding triplet state of Cgo. The radical ion pairs
decay on the ps time-scale with charge-recombination rates that prove wire-like

behavior with attenuation factors of f = 0.20 &+ 0.05 10%_1. A schematic represen-
tation of the possible reaction pathways is given in the energy diagram of Fig. 9.15.

9.1.2 H,P/ZnP-oPPE-Cg4y Donor-Acceptor Conjugates

Section 9.1.1 scavenged the electron-transfer processes along oligo-(p-phenylenee-
thynylene) molecular wires as implemented in exTTF-oPPE,—Cg, donor—acceptor
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Fig. 9.15 Schematic illustration of the reaction pathways in photoexcited 9b—d

conjugates. The attenuation factor 5 was established as 0.20 £ 0.05 Ail, which
stands for fairly good electron-transfer characteristics. Consequently, the next
challenge was to determine whether this f§ value is specific for oPPEs or whether it
describes the donor—acceptor system as a whole. In particular, we were interested
to see if this -value depends on the donor and acceptor implemented. In that context,
together with the group of Prof. Tagliatesta from the University of Rome we
have developed novel donor—acceptor systems based on Cg, as electron acceptor
and oPPE molecular bridges. In variance to the previous systems, a free base
porphyrin and its zinc complex served as donor moiety [11]. To enhance the
electronic interaction through the extended mn-system, the molecular bridges
have been directly linked to the f-pyrrole position of the porphyrin ring.
New examples of DBA systems, where, for the first time, the meso-phenyl ring of the
macrocycle is not utilized to link the porphyrin and fullerene moieties were obtained.
As a consequence, altering the chemical and physical properties of the tetrapyrrole
ring is facilitated.

Similarly to the exTTF-oPPE,—Cgq, conjugates, a thorough investigation of
photoinduced charge-transfer processes in H,P/ZnP-oPPE,—Cg, (15a—c) by elec-
trochemical, spectroscopic and quantum mechanical methods will be presented in
the next part of this thesis. The synthesis is described elsewhere [11].

The structures of the newly synthesized systems are represented in Fig. 9.16.
Notably, the f-pyrrole position is the junction between the bridge and the por-
phyrin. Importantly, the carbon—carbon triple bond directly attached to the pyrrole
ring affords an extended n-conjugation, which ranges over the whole oPPE resi-
due. Thus, the distance between the porphyrin moiety and the fullerene is com-
pletely conjugated and only interrupted by the sp® carbon atom of the pyrolidine
ring, where the bridge has been attached (see Fig. 9.16). Hence, these structures
are ideally suited to transport charges effectively through the bridge to the
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Fig. 9.16 Schematic representation of the H,P/ZnP-oPPE,—Cg, triads and their appropriate
reference compounds

electron-accepting fullerene. This led us to validate the conformation of the bridge,
namely the relative positions of the phenyl rings. A planar configuration, for
instance, favors the preservation of the m-conjugated path. On the other hand,
orthogonally arranged phenyl rings inevitably interrupt the extension of the
n-conjugated system. Simply, an orbital overlap between the phenyl subunits of
the molecular bridges should be envisaged. Matching of the orbital-energy levels,
namely matching the orbital energies (or alternatively the ionization potentials and
electron affinities) of the single components (i.e. donor, bridge and acceptor) is
pivotal. In other words, for efficient electron transfer through molecular bridges,
the energy levels of donors, bridges and acceptors must match each other in order
to allow the electrons to be transferred from one building block to the other
without any energy-penalty. No doubt, energies determine indisputably the
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mechanism of the charge-transfer process. Therefore, the free-base porphyrin and
the corresponding zinc complex were studied in light of the influence of structural
properties on their electron-transfer features.

9.1.2.1 Absorption Studies

Similarly to the previously described systems, namely exTTF-oPPE,—Cgq, the
absorption characteristics of 15a—c and their reference compounds 13a—c and
14a—c, point to a lack of electronic communication between the building blocks in
the ground state. The spectral signatures of Cg, the oPPE units and the porphyrins
are preserved in 15a—c. As an example, let us inspect the ground-state absorption
of 13c and 15c¢ (Fig. 9.17). The spectra are dominated by the porphyrin absorption
with Soret bands around 430 nm and Q-bands at 560 and 590 nm. The oPPE
absorption maximizes around 350 nm. Interestingly, a comparison between the
oPPE absorption in 13c¢ and 14c¢ reveals a blue-shift of the latter absorption, which
is due to the functionalization. Replacement of the terminal aldehyde groups in 13
by an sp° carbon from the fulleromethylpyrolidine results in a loss of conjugation
length. This displays the sensibility of the electronic properties on small structural
modifications. Summarizing, no significant alterations (i.e. shifts or changes) of
the characteristic spectral features of the individual building blocks were observed
in the conjugates.

These findings have been further corroborated by cyclic voltammetry studies.
Similar results when compared with those of the electrochemical experiments with
exTTF-0oPPE,—Cqy were gathered. Particularly, the reduction and oxidation
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Fig. 9.17 UV-visible absorption spectra of 13c (black), 14c (grey) and H,P — 15¢ (blue) in
toluene solution
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potentials of the building blocks 13a—c and 14a—c bear close resemblance with
H,P/ZnP-oPPE,—C¢y (15a—c). At this point, we assume that the energy levels, i.e.
the orbitals, of the building blocks match favorably each other and provide suitable
conditions for efficient transfer of charges in HyP/ZnP—oPPE,—Cg¢. In order to
ratify this hypothesis, it was necessary to inquire into the influence of structural
and electronic properties of these systems. This has been accomplished by means
of quantum mechanical methods.

9.1.2.2 Molecular Modeling

Quantum chemical studies on the previously mentioned oPPE molecular wire systems
led to the conclusion that rotations around the phenyl rings of these n-conjugated
oligomers are not restricted due to very low rotational barriers (<2.0 kcal/mol).
However, the dihedrals between the phenyl rings tend to adopt nearly planar
configurations, which implies extended m-conjugation throughout the entire oPPE
linker. Taking these findings into account, we have carefully looked at the rotational
barrier between the phenyl rings of the bridge in 15a—c (Fig. 9.18). For that reason,
the geometries of the zinc porphyrin (ZnP) and the free-base porphyrin (H,P)
derivatives were optimized at different levels of theory, namely semi-empirically

Fig. 9.18 Optimized geometries of the investigated triads 15a—c including the dihedral angles
between the phenyl rings and the bridge and the porphyrin moiety. Left column: free-base
porphyrin derivatives. Right column: zinc porphyrin derivatives
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(AM1* and PM3 [12]) and by density functional theory (DFT) methods. To evaluate
the rotational barriers, further single-point DFT calculations with improved basis sets
were employed on structures with systematically varying dihedral angles and
compared to the optimized geometries. Interestingly, both monomeric derivatives
15a, i.e. ZnP and H,P, show a dihedral angle of approximately 20°, leading to close
contacts between the porphyrins and the Cgq cage (Fig. 9.18). This might affect the
excited-state deactivation rate of the monomer 15a in comparison to the dimer 15b
and trimer 15¢ by making a rapid through-space electron-transfer reaction feasible. In
contrast to 15a, the two remaining oligomers contain nearly planar bridge configu-
rations with dihedral angles in the range of &+ 14°, which is in good agreement with
our previous results (see Sect. 9.1.1). Enthrallingly, in the trimer 15¢ the orientation of
the adjacent phenyl ring and the porphyrin framework turned out to be roughly
orthogonal, which might have a strong impact on the conjugation between the bridge
and the porphyrins (Fig. 9.18). Replacing the free-base by the metallated porphyrin
enhances this effect on account of increasing electron density stemming from the
metal ion. Torsions around the ethynylene bond attached to the porphyrin apparently
become more and more restricted with increasing length of the oPPE linker, which
may impact the electron-transfer properties of these triads. Thus, a lack of coplanarity
between the porphyrin and oPPE, as is evident in the trimer 15¢, might per se lead to a
loss of electronic communication between donor and acceptor and thus to slower
charge-recombination rates.

In order to complement these findings, frontier orbitals schemes were analyzed.
In particular, the HOMO/LUMO orbitals clearly reflect the donor—acceptor
character of the systems. In line with our expectations, the HOMO and LUMO
orbitals are strongly localized on the donor and the acceptor, i.e. the porphyrins
and the fullerene, respectively (Fig. 9.19). Significant overlap between the donor
and the bridge suggests strong electronic coupling between donor and acceptor and
facilitates electron injection from the excited porphyrin to the oPPE connector.
However, in the ZnP trimer, coefficients of the HOMO are significantly present in
the bridge structure and, hence, imply a stronger donor character of the ZnP
derivatives in comparison to H,P. Considering charge-separation processes in
these molecules, a stronger donor character will unambiguously lead to higher
charge-separation rates. A possible explanation for these findings is that the linker
of the ZnP derivative needs to accommodate higher electron density from the
central metal ion. For this reason, electron density is redistributed into the adjacent
vacant levels of the bridge. As a consequence, Coulomb repulsive interactions
force the zinc porphyrin into an orthogonal arrangement to the phenyl units of the
bridge. In the monomer, on the other hand, the short separation distance allows a
facile transfer of electron density onto the LUMOs of the fullerene core.

On the other hand, the electron-accepting features of the fullerene, as incor-
porated into the triads, are perfectly preserved. All oligomers exhibit a localization
of the LUMO exclusively surrounding the symmetrical C¢ cage. Furthermore, the
short distance between donor and acceptor in the monomer 15a leads to significant
overlap between HOMO and LUMO, giving rise to extremely fast electron-
transfer processes.
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Fig. 9.19 HOMO/LUMO orbital schemes as resulted from DFT optimizations displaying the
donor-acceptor character of the triads. The HOMOs are represented in orange—red and LUMOs
in green—blue

Taking the results from the absorption and electrochemical studies into account
(see above), it was necessary to evaluate the relationship between the energy levels
of the pristine building blocks. For this reason, we have optimized (DFT) the
structures of the reference compounds, i.e. 13a—c¢ and 14a—c, and their pristine
building blocks methylfulleropyrolidine 1, ZnP, H,P, and oPPEs in order to
investigate their HOMO/LUMO orbital energies. Thereby, important evidence for
the interactions between the donor, bridge and acceptor sites was found.

Figure 9.20 relates the HOMOs and LUMOs of the building blocks and reference
compounds to the corresponding orbitals in the triads. Herein, the significance of the
matching of the orbital energy levels becomes apparent. The most interesting subject
of concern are the LUMO energies in the triads 15a—c and Cgo—0oPPE references
14a—c, namely —3.28 eV, which exactly matches the LUMO energy of the meth-
ylfulleropyrolidine reference 1 and clearly demonstrates the role of the Cg core as
the predominant electron acceptor. Importantly, this feature is evident in all triads
independent of the distance between donor and acceptor. On the other hand, a
comparison of the HOMO energies of the triads and the porphyrin—oPPE conjugates
13a—c to those of pristine H,P and ZnP reveals the electron-donating features of the
porphyrins. Here, the porphyrin HOMOs can be energetically compared to
the corresponding HOMOs in 13a—c and 15a—c. Thus, attaching the oPPE linker to
the porphyrin derivatives does not alter the HOMO energy at all. Equally, the
HOMO/LUMO energies of the donor and acceptor are preserved in all triads,
leading to the assumption that the electronic communication between the two does
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Fig. 9.20 HOMO/LUMO orbital energies as resulted from DFT optimizations of the building
blocks of the triads in relation to the triads themselves. The HOMO energies are represented in
red and LUMO energies in green

not depend on the bridge length. Apparently, the bridge orbitals do not mix with
those of the donor and the acceptor, which implies perfect conditions for a super-
exchange rather than a through-bond hopping mechanism for the electron transfer
processes. Nevertheless, the presence of significant overlap between the oPPE
linkers and the electron donor and acceptor render the possibility of a thermally
induced hopping mechanism involving the bridge orbitals at higher temperatures.
Firstly, the energy difference of the orbitals of the oPPE oligomers vanishes upon
covalent binding to the porphyrins. Implicit extension of the n-system of the por-
phyrins onto the bridge is a possible explanation. On the other hand, in the case of the
fullerene, the HOMO and LUMO orbitals remain strongly localized on Cgy,
implying a lack of electronic perturbation by the bridge. Moreover, the HOMO-
LUMO gap of the oPPE units is approximately 4.2 eV and hence more than 1.0 eV
higher than in the corresponding porphyrin—oPPE conjugates 13a—c and the triads
15a—c. This implies strong electronic coupling between the porphyrins and Cg
which does not depend on the length of the oPPE linker and leads to nearly distant-
independent electron-transfer processes. Conclusively, the HOMO/LUMO energy
schemes perfectly comply with the results obtained throughout the absorption
studies, where it was shown that in the absorption spectra of the triads the spectral
features of the building blocks are discernible.

Equally, the trends found in cyclic voltammetry measurements are perfectly
reproduced by this computational study. For instance, the HOMO/LUMO energies
are in perfect agreement with the oxidation and reduction potentials obtained from
electrochemistry. It is noteworthy that electrochemical measurements suggest that
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Fig. 9.21 Local electron affinity maps of the exTTF—oPPE;—Cg trimer compared to the H,P/
ZnP-oPPE;—Cg, 15c¢, triads, scaling high to low in red to blue

the reduction of the Cgy moiety in 14a—c does not depend on the attached
oPPE-bridge and thus rule out strong interactions between these two moieties. Our
DFT calculations corroborate these features revealing that the reduction potentials
of 14a—c, which appear at around —3.8 eV (experimentally) comply with the
LUMO energies of Cgq (calculated to —3.3 eV?). These values exceed the LUMO
energies of oPPE by more than 1.0 eV. Along with the assumption that the
calculated orbital energies match the potentials obtained by electrochemistry, these
findings imply a lack of electronic interactions between the redoxactive moieties.
For instance, the oxidation and reduction of 13a—c are separated by an energy gap
in the range of 2.2 and 2.3 eV, which agrees with the energy required for a
HOMO — LUMO transition obtained from calculations, namely 2.6-2.7 eV
(see Footnote). Similarly, the potential gaps for the redox processes in the triads
15a—c that appear between 1.6 and 1.9 eV are ascribed to the calculated
HOMO — LUMO transitions calculated to occur at 1.8 eV.

For the sake of comparison to the above mentioned exTTF-oPPE,—Cg systems,
we have computed the local electron affinity of 15a—c. Mapping the local electron
affinity onto the electron density provides further insight into the postulated
electron-transfer features of H,P/ZnP—oPPE,—Cg,. The results for exTTF-oPPE,,—
Cso and 15c¢ are represented in Fig. 9.21. In our foregoing studies of exTTF-
oPPE,—Cg, the electron-transfer pathway through the bridge, i.e. the areas of high

2 Calculated energies in vacuum are higher due to a lack of solvent stabilization.
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local electron affinity, was disrupted by the triple bonds due to their strong
polarizing features (see Sect. 9.1.1). In addition, electron density minima appeared
between the phenyl rings. Currently, the electron density in the free-base and the
zinc metallated derivative of 15¢ is more homogeneously distributed throughout
the whole bridge due to the more electron-rich porphyrin donors in comparison to
exTTF. In line with the electron density, the local electron affinity exhibits a much
more uniform distribution. Nevertheless, minima are localized at the triple bond
sites but the discrepancy between values of high (orange) and low (yellow to
green) electron affinity is less pronounced due to higher overall electron density
stemming from the electron-rich porphyrin donors (Fig. 9.21). Inevitably, these
findings suggest improved electron-transfer features for the porphyrin donor
derivatives in comparison to the exTTF donor derivatives of the DBA triads. Thus,
the f3 values obtained should turn out to be lower than 0.20 A~". Interestingly, the
ZnP derivatives exhibit notably high electron affinity values at the central metal
ion which, in turn, reflects the inhomogeneous distribution of the electrons around
the Zn atom that facilitates electron injection into the bridge.

To summarize, quantum mechanical investigations of the above systems pro-
vide evidence for the occurrence of effective photoinduced charge-transfer reac-
tions. Under these aspects, we will now move on to the photophysical
characterization of the proposed processes and verify the charge-separation fea-
tures by means of steady-state and time-resolved spectroscopic techniques.

9.1.2.3 Photophysics

Firstly, we draw our attention to the steady-state emission characteristics of the
reference compounds. Since, the emission spectra of Cgy and oPPE have already
been discussed in the context of exTTF—oPPE,—C, it is sufficient to mention the
spectral range of the individual fluorescence. While the fullerene emission max-
imizes typically at 715 nm, the oPPE fluorescence is observed in the 400-500 nm
range. The H,P/ZnP features, on the other hand, are found between 600 and
700 nm with the highest quantum yields of all references (i.e. 0.2 vs. 6.0 x 107*
for Cgp). In a similar fashion, transient absorption spectra show distinct features for
all compounds: Singlet-excited states are discernible between 500 and 700 nm for
the oPPEs, at 480 nm for H,P/ZnP and 880 nm for Cgy. The metastable singlet-
excited states are deactivated by fast intersystem crossing processes to the cor-
responding triplet states in all reference compounds. The triplet—triplet absorptions
are all located in the range between 500 and 900 nm.

The photophysical behavior of 14a—c matches the results presented in
Sects. 8.1.1 and 9.1.1. Hence, it should only be mentioned that attaching Cg to the
oPPEs results in a rapid transfer of singlet excited-state energy from the photoex-
cited oPPEs to the covalently attached Cg(. At the conclusion of this energy-transfer
scenario stands the successful formation of the Cg triplet state. It infers that the
underlying reaction sequence involves besides the energy transfer an intersystem
crossing from the Cg singlet to the energetically lower-lying triplet manifold.
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Now, when turning our attention to H,P/ZnP-oPPE,—Cg, (15a—c) we should
keep in mind that the aforementioned energy transfer from the oPPEs to Cg in the
reference compounds 14a—c is nearly quantitative. Thus we focus on the fate of the
singlet excited state at the fullerene end. Steady-state fluorescence experiments
suggest that the general reaction scheme is not affected in the presence of H,P or
ZnP (i.e., H,P/ZnP-oPPE ,-Cg). In case of selective excitation of the oPPE part in
the triads, which is achieved by A.x. = 300-500 nm, the rapid intramolecular
transduction of excited-state energy from the oPPEs to Cg is still perceptible.
The outcome of this energy transfer process is the corresponding singlet excited
state of Cg generated with nearly unity quantum yields as evidenced by fluores-
cence quantum yields of ~5.0 x 10~* which are comparable to the quantum yield
of pristine Cgo (i.e. 6.0 x 10~ —see Table 9.3.

The presence of H,P and ZnP in the triads 15a—c is reflected by their strong
emission, which dominates large parts of the steady-state fluorescence spectra.
However, in comparison to the H,P/ZnP references the porphyrin centered fluo-
rescence is appreciably quenched in all H,P/ZnP-oPPE,—Cg. Interestingly, this

Table 9.3 Selected spectroscopic data for the investigated triads 15a—c and the appropriate
reference compounds

on 7 [ns] kes [s71 ker [s7']

Cgo-reference 6.0 x 107* 1.2 - -
H,P-reference 1.1 x 107! 9.8 - -
ZnP-reference 4.0 x 1072 2.4 - -
Toluene: 1.0 x 107%
7.8 x 107
15a (H,P/ZnP)  THF: 5.8 x 1073/ <0.1/<0.1 8.0 x 10% 4.88 x 10%
39 x 1074 2.50 x 10° 4.90 x 10°
Benzonitrile:
46 x 1073
23 x 1074
Toluene: 6.1 x 107%/
74 x 1073
15b (H,P/ZnP)  THF: 4.4 x 107% 4.18/0.45 239 x 10% 1.15 x 10%
27 x 1073 222 x 10° 1.44 x 10°
Benzonitrile:
32 x 107%
2.1 x 1073
Toluene: 9.1 x 107%/
2.7 x 1072
15¢ (H,P/ZnP)  THF: 8.1 x 107% 5.97/1.18 1.68 x 10% 0.84 x 10%
1.7 x 1072 0.85 x 10° 1.10 x 10°
Benzonitrile:
7.9 x 107%
1.3 x 1072
14a ~50x 107* 12+002 - -
14b ~5.0 x 107* 14 +002 - -
14c ~5.0x 107* 14 +002 - -
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occurs regardless of the excitation wavelength. In other words, the quenching is
independent on the excitation (i.e. Soret or Q bands), which infers that the pres-

ence of Cgo in the triads must enhance the fluorescence deactivation. The
quenching of the porphyrin fluorescence in THF is represented in Fig. 9.22.
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Fig. 9.22 Fluorescence spectra of Cgo—0PPE-H,P and H,P—upper part—and Cgy—0oPPE-ZnP
and ZnP—Ilower part—in THF upon 460 and 440 nm excitation, respectively, with solutions
displaying the same optical density at the excitation wavelengths (i.e. 0.1). H,P and ZnP spectra
are represented in black and the triads 15a in blue, 15b in light blue, and 15c¢ in violet
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To gain further insight into the nature of the intramolecular deactivation pro-
cesses and their products, complementary time-resolved fluorescence and transient
absorption measurements deemed necessary. From time-resolved emission studies,
the fluorescence lifetimes were obtained (Table 9.3). Inspecting the lifetime of the
H,P/ZnP emission in the triads reveals a notable shortening in comparison with the
porphyrin references. Further, upon varying the solvent polarity from toluene
(e = 2.4) to benzonitrile (¢ = 24.8) the lifetimes decrease. This trend is in line with
the gradual intensification of the fluorescence quenching upon increasing solvent
polarity as evidenced by decreasing quantum yields in Table 9.3. Such a solvent
dependence infers that the deactivation occurs via an intramolecular electron
transfer between the porphyrin donors and the Cgq acceptor. Accordingly, the gen-
erated radical ion pairs, namely H,P**/ZnP**—0PPE,~Cgy, are better stabilized by a
solvent of higher polarity, which is reflected by shorter fluorescence lifetimes.

Transient absorption measurements focused on the generation of the singlet
excited states of H,P and ZnP because the overlapping absorptions of all building
blocks in the conjugates would cause any other analysis to become equivocal.
Nevertheless, in compliance with previous work on exTTF—oPPE,—Cgq
(see Sect. 9.1.1) we must assume that exciting Cgo will lead to equal reaction
patterns. Rather than observing the slow intersystem crossing dynamics present in
the H,P/ZnP references, the deactivation of the singlet—singlet absorption of the
porphyrins in 15a—c is accelerated. Importantly, the singlet—singlet decay rates
quantitatively match the values derived from the fluorescence experiments.
However, at the conclusion of the decay the transient absorption spectra are
lacking any triplet excited-state signatures. To the same extent, varying the solvent
polarity from toluene to benzonitrile leads to an increase of the singlet deactivation
rate. Thus, instead of the aforementioned triplet excited state of Cg, the product of
the singlet—singlet deactivation in the conjugates is presumed to be of charge-
transfer character. Differently speaking, photoexcitation of 15a—c leads to the
formation of radical ion pairs, H,P**/ZnP**—0PPE,—Cg; .

In fact, it was possible to prove the formation of the radical ion pair state by
transient absorption spectroscopy. Particularly, at the expense of the vanishing
H,P/ZnP singlet absorption new features with maxima in the 600-700 nm range as
well as at 480 nm grow in. These maxima correspond to the one-electron oxidized
n-radical cations of HoP (H,P"*) and ZnP (ZnP°"). Additionally, in the near-
infrared region the spectral signatures of the one-electron reduced anion of Cg are
discernible at 1000 nm (Fig. 9.23).

Interestingly, the lack of charge transfer in Cg,—oPPE suggests that, the tran-
sient absorption data of 15b and 15c¢ should be interpreted as charge separation
occurring in a single step. Therefore, the involvement of an intermediate step, in
which the oligomeric oPPE bridge would be oxidized (H,P/ZnP—0oPPE, - Cgy) is
ruled out. This, in turn, corroborates the results from the quantum mechanical
investigation, which proposed a coherent superexchange mechanism due to the
structural properties in the conjugates at short donor—acceptor separation distances.

The charge-transfer dynamics are evaluated on the basis of the growth and
decay kinetics of the Cgy m-radical anion and of the H,P/ZnP n-radical cations
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Fig. 9.23 Differential absorption spectra (visible and near-infrared) obtained upon femtosecond
flash photolysis (387 nm-200 nJ) of Zn1Sb in argon saturated THF with several time delays
between 0 and 1000 ps at room temperature—illustrating the charge transfer

signatures as shown in Fig. 9.24. On the picosecond time-scale, both spectral
attributes are stable and only start to decay slowly when moving to the nanosecond
time regime. Inspecting the time absorption profiles confirms the single-step decay
dynamics of the radical ion pair states in 15a—c. The charge-recombination rates
were easily determined from complementary nanosecond experiments. In partic-
ular, we fitted the decays of the H,P**/ZnP** and Cg, fingerprints to mono-
exponential rate laws.

Taking the aforementioned solvent dependence into account, namely the sta-
bilizing effects of polar solvents on the radical ion pairs, we conclude that the
charge-recombination dynamics are located in the inverted region of the Marcus
parabola. For that reason, we have calculated the driving forces for charge sepa-
ration and charge recombination in each of the three solvents according to the
method by Weller [13].

Table 9.4 represents the calculated —AG values for the charge separation and
charge recombination processes. Hereby, the charge recombination falls into the
inverted regime of the Marcus parabola. With these values in hand, it was possible
to place the different possible reaction pathways in a state diagram (Fig. 9.25).

Thus, from fluorescence lifetime and transient absorption measurements we
gathered the electron-transfer rate constants, i.e. both for charge-separation and for
charge-recombination. Next, we plotted these rate constants as a function of
donor—acceptor distance. From the resulting linear dependence (Fig. 9.26) it is
possible to determine the attenuation factors f for the presented donor—acceptor

ensembles as 0.11 A
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Fig. 9.24 Upper part—time—absorption profiles at 480, 640 and 1000 nm of the differential

absorption measurements with Zn15b in THF solutions

lower part—time—absorption profiles at

530, 630 and 1000 nm of the differential absorption measurements with Znl5c¢ in THF solu-

tions—monitoring the charge transfer processes

9.1.2.4 Summary

In view of the photoinduced processes seen in exTTF—oPPE,—Cg (see Sect. 9.1.1),
the replacement of exTTF in the presented H,P/ZnP—oPPE,—Cg, (15a—c), leads only
to minor alteration in the overall reaction pattern. Upon photoexcitation the systems
undergo intramolecular electron transfer from the electron donating ZnP/H,P to the
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Table 9.4 Solvent dependent driving forces for charge separation (CS) out of the porphyrin
singlet excited state and charge recombination (CR) to the ground state/porphyrin triplet excited
state calculated after the dielectric continuum model (dielectric constant e: toluene 2.4; THF 7.6;
0oDCB 9.8, benzonitrile 24.9). The case, where charge recombination to the porphyrin triplet state
is prohibited, is assigned as “n.p.”

Eqg_o [eV] Er[eV] Solvent —AGcs [EV] —AGcr [EV]
Ground state Triplet state
Toluene: —0.03/0.22 1.91/1.82 0.51/0.29
15a (H,P/ 1.89/2.04 1.40/1.53 THEF: 0.32/0.57 1.57/1.47 0.17/n.p.
ZnP) Benzonitrile: 0.43/0.68 1.46/1.36 0.06/n.p.
Toluene: —0.31/ —0.06 2.20/2.10 0.80/0.57
15b (H,P/ 1.89/2.04 1.40/1.53 THEF: 0.23/0.48 1.66/1.56 0.26/0.03
ZnP) Benzonitrile:  0.40/0.65 1.49/1.39 0.09/n.p.
Toluene: —0.58/—0.18 2.47/2.22 1.07/0.69
15¢ (H,P/ 1.89/2.04 1.40/1.53 THF: 0.04/0.44 1.85/1.60 0.45 /0.07
ZnP) Benzonitrile: 0.24/0.64 1.65/1.40 0.25/n.p.

electron-accepting Cgg. The lifetimes of the charge-separated states are in the order
of hundreds of nanoseconds and tend to increase with increasing distance between
the two redoxactive units. In 15¢, charge separation occurs over a distance of up to

23 A, implying a through bond mechanism, where the bridge plays an important role.
On the other hand, in 15a and 15b electron transfer via a superexchange mechanism
seems to be the most probable operative mode. Quantum chemical investigations
provided insight into the electronic and structural properties of the investigated
systems. Analysis of the electronic structure revealed a strong localization of the
HOMOs and LUMOs on the electron-donating ZnP/H,P and electron-accepting Cqo,
respectively. In comparison with the exTTF derivatives, ZnP/H,P seem to exhibit
better electron-donating character, which was also reflected by lower attenuation

factors with values of 0.11A ' for HyP/ZnP—oPPE,~Cqy versus 0.20A " for
exTTF-oPPE,—Cg,. Supplementary evidence for the improved electron-transfer
features came from electron affinity calculations. These reveal indeed a more
homogeneous distribution of electron density and local electron affinity. Further-
more, strong electronic coupling between ZnP/H,P and Cg, which is invariant from
the length of oPPE leads to nearly distance-independent electron-transfer processes.
Extremely fast charge-separation dynamics in 15a and fast charge-recombination
dynamics in 15¢, on the other hand, are due to geometrical peculiarities of the
systems. A schematic representation of the possible reaction pathways is given in the
energy diagram of Fig. 9.25.

9.1.3 Meta-Connectivity—Influence of Structure
on Molecular Wire Properties

At the conclusion of the investigation of molecular wire properties of oligo-(para-
phenyleneethynylene)s (oPPEs), the properties of structurally modified
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Fig. 9.25 Schematic illustration of the reaction pathways in photoexcited H,P15b (fop) and
ZnP15b (bottom) with the state energies as determined in THF. The different deactivation
pathways are indicated by arrows
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Fig. 9.26 Edge-to-edge distances (Rgg) dependence of charge-separation (In kcs) and charge-
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oligo-phenyleneethynylene wires should be mentioned, namely the meta-con-
nected isomers oligo-(meta-phenyleneethynylene)s (oMPEs). In this context, a
series of exTTF-oMPE,—Cg systems with up to four oligomeric bridge units and
the appropriate reference compounds have been synthesized. The structures are
represented in Fig. 9.27.
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Fig. 9.27 Schematic representation of the exTTF—oMPE,—C¢, donor—acceptor triads and their
appropriate reference compounds

The systems have been investigated in view of their photophysical character-
istics and furthermore in view of aggregation phenomena, which turned out to be
appealing throughout the photphysical studies. Any differences in electronic
properties as they may be manifested between the para- and meta-connected
systems are mainly governed by the more compact structure of the latter. The
resulting ground-state features of both isomers, on the other hand, are comparable.
Thus, the main focus of this subchapter is directed to the examination of aggre-
gation phenomena.

9.1.3.1 Photophysics

Comparing the ground-state absorption features of oPPE and oMPE triads
(Fig. 9.28), the main difference can be found in the absorption of the linkers, i.e. in
the 350-550 nm region. In the meta-isomers the absorptions exhibit a distinctive
pattern with maxima that hardly shift to the red part of the spectrum. This implies
weaker or even a lack of m-conjugation relative to the corresponding para systems.
For that reason, Cgo (380 and 434 nm) and exTTF (450 nm) absorption features
are clearly distinguishable.

Turning to steady-state fluorescence studies, appreciable quenching of Cgg
emission at 710 nm was only discernable for the monomer 17a, i.e.
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Fig. 9.28 UV-visible absorption spectra of 9b,c (blue/violet) and 17b,c (red/dark red) in o-DCB
solution

exXTTF-oMPE |—Cgo. The quenching in the dimer 17b, trimer 17¢, and tetramer
17d is notably weaker than in 17a. Moreover, it is invariant with respect to the
oMPE length (Fig. 9.29a). For the monomer we have calculated a quantum yield
of 0.7 x 10™*, whereas values of < 3.0 x 10" were derived for the remaining
oligomers. Inspecting the quenching of the oligomer emission in 17a—d with
respect to 16a—d resembles the situation found for the Cg, emission (Fig. 9.29b).
Such behavior prompts to an intramolecular electron-transfer deactivation process.
In contrast to the electron-transfer processes in exTTF—oPPE,—Cg, any charge-
transfer in exTTF-oMPE,—C¢, seems to be governed by through-space interac-
tions between the electron-donating exTTF and the electron-accepting Cgo. The
accelerated formation of the radical ion pair state in 17a is most likely due to very
short distances between exTTF and Cg resulting from the meta connectivity
pattern.

Transient absorption measurements corroborated the generation of radical ion
pairs in all oligomers 17a—c. In particular, we have chosen 387 nm as excitation
wavelength to photoexcite the ground state of exTTF and Cgy. Analogously to
what has been seen in the corresponding para-substituted systems, the instanta-
neous grow-in of the Cg singlet excited-state absorption at 880 nm attests to the
successful fullerene excitation. Moreover, instead of a slowly intersystem crossing,
which afforded the corresponding triplet manifold of Cgg, the singlet—singlet
absorptions decay in the presence of exTTF with very fast dynamics, i.e. 30 ps.
Subsequently, new transients bearing strong maxima in the visible range at 680 nm
and in the near-infrared at 1000 nm evolve (Fig. 9.30). As we already know, these
spectral signatures correspond to the one-electron oxidized exTTF radical cation
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Fig. 9.29 a Fullerene emission of Cgg reference 1 (black), 17a (blue), 17b (light blue), 17¢
(turquoise) and 17d (light turquoise) in oDCB, with matching absorption of 0.2 at the 375 nm
excitation wavelength, b oligomer emission of 16c¢ (black), 17a (blue), 17b (light blue), 17¢
(turquoise) and 17d (light turquoise) in oDCB, with matching absorption of 0.2 at the 375 nm
excitation wavelength

and the one-electron reduced Cgp radical anion, respectively. In summary for-
mation of an intramolecular radical ion pair state is confirmed.

Kinetic analyses of the formation of the radical ion pair state—formed through
bond in 17a and through space in 17b, 17¢, and 17d—revealed that the latter are
meta-stable on the femto-/picosecond time scale. Hence, charge recombination



9.1 p-Phenyleneethynylene Molecular Wires 137

(a) o.007
0.006
0.005

0.004

AOD
/ a.u.

0.003
0.002

0.001

400 700 800 900 1000
Wavelength / nm

(b)  0.00s5

0.005

0.0045
0.004 . <l ® o

0.0035

AOD
/ a.u.

0.003

0.0025

0.002

0.0015

Time / ps

Fig. 9.30 a Differential absorption spectrum (visible and near-infrared) obtained upon femto-
second flash photolysis (387 nm) of 107° M" solutions of 17b in nitrogen-saturated oDCB with
time delays between O and 3000 ps at room temperature (black = 0 ps, pink =1 ps, yel-
low = 2500 ps, and black = 2900 ps). b Time—absorption profiles of the spectra shown above at
680 and 880 nm to monitor the rapid decay of the singlet excited state of Cgo and the simulta-
neous formation of the exTTF radical cation

was examined on the nanosecond time scale upon excitation with a 6 ns laser
pulse. The spectral signatures of the one-electron oxidized exTTF radical cation
and the one-electron reduced Cgq radical anion—as detected immediately after the
laser pulse—decay synchronously and give rise to kinetics that obey a clean
unimolecular rate law. Lifetimes on the order of 30 ns were obtained for 17b, 17¢c,
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and 17d, where through space interactions are assumed (Fig. 9.31), whereas
through bond interactions in 17a lead to lifetimes of 128 ns.

Conclusively, in the low-concentration regime (10~° M™"), where the electron
donor-acceptor conjugates are present in their monomeric form, intramolecular
electron-transfer processes, which are mainly governed by through-space inter-
actions have been demonstrated by steady-state and time-resolved spectroscopic
techniques.

( a) 0,07
0,06
0,05
0,04

0,03

AQ.D./
a.u

0,02

0,01

400 500 600 700 8OO 900 1000 1100 1200

Wavelength / nm

(b) 00012
0001 %
0,0008

0,0008

AQ.D./
a.u

0,0004

0,0002

Time / us

Fig. 9.31 a Differential absorption spectra (visible and near-infrared) obtained upon nanosecond
flash photolysis (355 nm) of 17¢ (2.0 x 107° M) in nitrogen-saturated oDCB solutions with a
time delay of 100 ns at room temperature, indicating the radical ion pair state features at 680 and
1010 nm. b Time—absorption profiles of the spectra shown above at 1010 nm to monitor the
decay of the radical ion pair state
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Fig. 9.32 Schematic representation of the aggregation due to n—m-stacking interactions in
exTTF-oMPE,~Cyg triads

By far more interesting is the aggregation of the oligomers, as discovered by
atomic force microscopy (AFM) and absorption studies in the high concentration
regime. In particular, AFM studies revealed aggregation of individual exTTF-
oMPE,—C¢o molecules, i.e. yielding (exTTF—oMPE,—Cg), aggregates (Fig. 9.32),
due to m—m-stacking interactions between exTTF and Cgo. These findings have
been corroborated by mass spectroscopy. Hence, further insights into these orga-
nization phenomena regarding the electron-transfer processes were expected from
spectroscopic studies.

To begin with, we should remind the reader that the lack of n-conjugation of the
meta-substituted triads turned out to be an advantage in the subsequent spectro-
scopic assays. In other words, the fact that the only significant absorption stems
from Cgy and exTTF opened the opportunity to test a large range of concentrations
to study and follow the evolution of (exTTF-oMPE,~Cg), hybrids by spectro-
scopic means.

First insights into the complex formation came from absorption measurements.
Herein, increasing the concentrations leads to a development of a distinct new
absorption band centered red-shifted relative to the exTTF absorption at 470 nm.
Notably, the Cgy and exTTF features still remain visible throughout the entire
concentration range. Figure 9.33 represents the absorption of 17b in toluene.
Interestingly, in solvents with increasing polarity such as oDCB and benzonitrile
the new developed features shift to 485 and 495 nm, respectively. This in turn,
implies that the origin of the mentioned absorptions must be a charge-transfer
character due to stabilizing effects in solvents of higher polarity.

For further understanding the nature of the new transition, we have turned to
complementary steady-state emission experiments in the given concentration
range. Several changes in comparison to the steady-state emission of the “non-
complexed” systems are noted. For instance, with increasing concentrations at the
expense of the broad and structureless exTTF emission a new band develops in the
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Fig. 9.33 Absorption spectra of a toluene solution of 17b with increasing concentrations
(55 x107% 93 x 1075 1.2 x 1075, 1.3 x 1075, 1.6 x 10™°, 1.8 x 107>, 2.0 x 107>,
24 x 107°,28 x 107>, 3.4 x 107,39 x 107>, 4.3 x 10_51\/0. Arrows indicate the progres-
sion of the titration

blue region—see Fig. 9.34. Considering the maximum of this band at 533 nm in
toluene, the emerging emission is essentially a mirror image of the new features
seen in the absorption measurements. Equally, a shift of the band can be observed
upon variation of solvent polarity. In oDCB and benzonitrile the maxima are found
at 550 and 575 nm, respectively. Thus, our steady-state absorption and emission
studies insinuate that the features obtained upon increasing concentrations are due
to intracomplex charge-transfer interactions.

To prove these findings and locate the origin of the new emission bands, we
have employed complementary excitation experiments. The excitation spectra
monitoring the 530 nm emission (Fig. 9.35) resemble the ground-state absorption
characteristics of the conjugates. Conclusively, we presume that charge-transfer
interactions in the sense of a partial redistribution of electron density from exTTF
to Cgp are responsible for the newly developing features.

Moreover, examining the quenching of the Cgy emission in the concentration
regime beyond 10™* M causes a further decrease of fluorescence. This interesting
trend implies that at higher concentrations an alternative deactivation pathway
governs the photoreactivity of exTTF-oMPE,—C¢o. We assume tied charge-
transfer interactions between Cgo and exTTF due to the formation of intracomplex
hybrids. Following the changes of both emission features, namely the development
of the charge-transfer emission band and the decrease of Cgo fluorescence as a
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Fig. 9.34 Emission spectra of a toluene solution of 17b with increasing concentrations
(5.5 x107% 93 x107% 12x 1075, 13 x 107>, 1.6 x 107>, 1.8 x 107>, 2.0 x 1072,
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sion of the titration

1,4 10°
1,210° | A

1108 | _ A

/

810° |

a.u.

610° |

410° |

210°
300 350 400 450 500 580 800
Wavelength / nm

Fig. 9.35 Excitation spectrum of 17b (orange) and 17¢ (pink) in toluene solution monitoring the
emission at 530 nm
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Fig. 9.36 Representation of the charge-transfer emission intensity (black) versus the Cg fluo-
rescence quantum yield (red) in toluene solutions of 17b

function of concentrations, reveal resembling trends. In other words, the charge-
transfer band reaches its maximum at a concentration, when the Cgy emission
quenching is at its peak. This is illustrated in Fig. 9.36.

Investigating the transient absorption features at high concentrations leads to
entirely different observations than those, which were detected at low concentra-
tions. 482 nm excitation was chosen in order to excite directly into the charge-
transfer features of the intracomplex hybrids. The formation of the radical ion pair
state was evidenced immediately after laser excitation. The spectral fingerprints of
the exTTF radical cation at 680 nm and the Cgq radical anion at 1000 nm evolve
instantaneously (Fig. 9.37a). Interestingly, the formation of the intracomplex radi-
cal ion pairs occurs on a time scale of several picoseconds (Fig. 9.37b). On the other
hand, the lifetime was determined to be remarkably long with a value of 2.1 ns. This
confirms, that in contrast to the intramolecular radical ion pair state found at low
concentration with stabilities in the picosecond range, the complex formation at
higher concentrations leads to improved stability of the radical ion pair.

Additionally, in order to examine the charge-recombination dynamics we
turned to complementary nanosecond transient absorption measurements. Once
more, the spectral fingerprints of the radical ion pair state emerged immediately
after the laser pulse and their decays yielded charge-recombination lifetimes in the
order of 4.0 ps (Fig. 9.38).

9.1.3.2 Summary

At this point, it should be mentioned that testing the aggregation at the level of
quantum mechanics is still in progress and will provide further insights into the
electronic interactions between exTTF and Cgy. However, the presence of such was
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Fig. 9.37 a Differential absorption spectrum (visible and near-infrared) obtained upon femto-
second flash photolysis (482 nm) of 10~* M! solutions of 17b in nitrogen-saturated 0 DCB with
time delays between O and 3000 ps at room temperature (black = 0 ps, pink =1 ps, yel-
low = 2500 ps, and black = 2900 ps). b Time—absorption profiles of the spectra shown above at
500, 680, 880 and 1010 nm to monitor the formation of the radical ion pair state

already affirmed in complementary work dealing with exTTF tweezers conjugates
and pristine Cgg molecules [14]. It has been demonstrated that the interactions
between the aromatic system of exTTF and Cgg evoke the formation of a pincer-like
1:1 complex (Fig. 9.39). Furthermore, comparable intracomplex photoinduced
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Fig. 9.38 a Differential absorption spectra (visible and near-infrared) obtained upon nanosecond
flash photolysis (532 nm) of 17b (1.2 x 10~* M) in nitrogen-saturated ©DCB solutions with a
time delay of 200 ns at room temperature, indicating the radical ion pair state features. b Time—
absorption profiles of the spectra shown above at 680 nm to monitor the decay of the radical ion
pair state

charge-transfer processes between the electron donating exTTF moiety and the
electron accepting fullerene occur in those donor—acceptor supramolecular n—7-
complexes. The very short donor—acceptor distance consequences lifetimes of the
charge-separated states that are very short (picosecond range). Under these aspects,
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Fig. 9.39 Structural representation of the exTTF:Cg 1:1 pincer-like complexes, demonstrating
the effect of n—n-static interactions between the two aromatic systems

the herein presented complex formation between individual exTTF-oMPE,—Cgq
molecules is rationalized by the presence of such n—n-interactions. Nevertheless, the
long lifetimes of the (exTTF-oMPE,—~Cg), associates warrant further investigation.
In particular, we need to determine whether the charge-transfer processes are truly
intramolecular, i.e. involving the bridge, or intermolecular, i.e. between two exTTF—
oMPE, —Cq¢q units. This work is still in progress.

For now, it has been shown, that the presence of attractive interactions as they
are present between the two redox-active moieties, exTTF and Cgp, leads to
aggregation phenomena in the high concentrations regime (i.e. > 10"*M™!). In
turn, the photophysical response of the resulting intracomplex hybrids differs
substantially from that found in the low concentrations regime, where only the
monomeric form is present. In particular, the ground-state charge-transfer inter-
actions result from a shift of electron density from exTTF to Cgo due to the short
distance between donor and acceptor.

9.2 oligo-Fluorene Molecular Wires

In Sect. 8.1.2 we have already introduced oligo-fluorenes (oFLs) as molecular
wires implemented into dumbbell architectures (i.e. Cqo—0FL,—Cgp). It has been
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shown that oFL wires transduce energy upon photoexcitation when an acceptor,
like a fullerene, is present. In view of the extensive photophysical study on oPPE
molecular wires in the previous chapters, herein the results and differences in
molecular-wire behavior between oFLs and oPPEs will be worked out. Since the
photophysical investigation, in terms of steady-state absorption and emission
studies as well as the time-resolved transient absorption and emission spectro-
scopic methods, does not differ from the previously presented experiments, we
will focus on representative spectra.

9.2.1 exXTTF-oFL-Cg4y Donor-Acceptor Conjugates

In light of the excellent electron-donating properties of exTTF and the favorable
optical properties of oFL molecular wires, exTTF—oFL,—Cgo (n = 1, 2) donor—
acceptor conjugates have been synthesized as promising systems for photoinduced
electron-transfer reactions (Fig. 9.40). The rather unusual features of fluorene-
based oligomers, namely the persistence of the energy levels upon increasing
number of oligomeric units, have already been outlined in Sect. 8.1.2. In that
context, we should expect a rather weak distance dependence in the charge-
transfer behavior of exTTF—oFL,—Cgy DBA triads.

To probe the charge-transfer characteristics of these conjugates, we have car-
ried out an extensive photophysical study and a number of quantum chemical
calculation. Details on the synthesis and the electrochemical investigation are
described elsewhere [15].

9.2.1.1 Photophysics

Let’s first consider the ground-state features of 18a,b. In line with the expectation,
absorption studies in toluene, THF and benzonitrile confirm the lack of electronic
communication between the building blocks, i.e. exXTTF, oFLs and Cg,. Fig-
ure 9.41 shows the absorption spectra of 18a and 18b with their characteristic
maxima at 430 nm (exTTF), 345 nm (oFL) and 300 nm (Cgp). Interestingly, a
strong red-shift (20 nm) of the oFL absorption is envisioned when going from the
monomer 18a to the dimer 18b. This is due to the extension of the m-conjugation
length in bridge unit.

Further insight into the charge-transfer interactions came from complementary
steady-state fluorescence studies. In line with the previously described Cgo—0oFL,,
and Cgp—0oFL,—Cgo conjugates, where the oligofluorene fluorescence was nearly
quantitatively quenched—due to efficient transduction of singlet excited-state
energies from the oFL units to Cgp—similar trends evolve for exTTF-oFL,—Cgy.
Figure 9.42 represents the quantitative quenching of the oFL fluorescence in 18b.

When compared to Cgo—oFL, and Cgp—oFL,—Cgo, drastic changes of the
emission properties are observed upon inspecting the fullerene fluorescence
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Fig. 9.40 Schematic representation of the exTTF—oFL,—Cgo triads and the Cgo reference
compound

(Fig. 9.43). Hence, we can derive similar trends for the processes following
photoexcitation in 18a,b as in the corresponding Cg,—0PPE,—exTTF triads. In
particular, significant fluorescence quenching is evidenced for both oligomers,
namely 18a and 18b. The quenching depends on the length of the oFL linker. With
increasing length of the linker, the quenching of the Cgq, fluorescence is attenuated.
The quantum yields document this trend with values of about 0.07 x 10~* for the
monomer and 0.90 x 10~ for the dimer. In both cases the quenching is more than
one order of magnitude relative to the quantum yields for the Cgq references (i.e.
6.0 x 107%).

Next, a strong solvent dependence emerges. When varying the solvent polarity
from, for example, toluene to benzonitrile, the Cgo emission quenching increases
(Fig. 9.44). In summary, such observations imply charge-transfer interactions
between the Cg electron acceptor and exTTF electron donor. Obviously, the
charge transfer pathway passes the transiently formed Cg, singlet excited state.

To prove these hypotheses, time-resolved measurements were employed.
Transient absorption measurements on the femto- and nanosecond time-scale, i.e.
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Fig. 9.41 Absorption spectra of 18a (red) and 18b (orange) displaying the maxima of the
separate building blocks, i.e. 300 nm (Cgg), 345 nm (0oFL) and 430 nm (exTTF)
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Fig. 9.42 Room temperature fluorescence spectra of a oFL, reference compound (black) and
Cgo—0FL,—exTTF 18b (orange) in THF displaying the quantitative quenching of the oligofluo-
rene emission in the DBA triads
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Fig. 9.43 Room temperature fluorescence spectra of the Cg reference 1 (black), 18a (red) and
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Fig. 9.44 Room temperature fluorescence spectra of 18b in toluene (dark orange), THF (light
orange) and benzonitrile (yellow) displaying the increasing quenching of the fullerene emission
upon increasing solvent polarity
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with short 387 nm (150 fs) and long 355 nm (5 ns) laser pulses, should be men-
tioned first. On the femtosecond time scale, the transient absorption spectra con-
firm the successful formation of the Cg singlet excited state with a maximum at
880 nm. At the wavelength of excitation both the oFL units and Cg, absorb highly.
Again, the singlet excited-state energy transfer from the linker to the fullerene
moiety is established. In the corresponding Cgy—0FL,, and Cgy—0FL,—Cgq conju-
gates, the formed singlet excited state intersystem crosses to form the triplet
manifold on a time-scale of about 1.5 ns. In contrast to this finding, in the Cgo—
oFL,—exTTF conjugates the singlet excited state features decay much faster than
the mentioned 1.5 ns. Overall, the decay characteristics resemble the fluorescence
experiments. In other words, the singlet excited state decay is faster in polar
solvents (i.e. THF and benzonitrile) and slower upon increasing the oFL linker
length. More importantly, at the expense of the singlet excited-state transient new
transient features develop synchronously (Fig. 9.45). Significantly, one maximum
is seen in the visible region at 680 nm and another maximum in the near infrared
region at 1000 nm. We have already assigned these maxima to the one-electron
oxidized exTTF radical cation (i.e. 680 nm) and the one-electron reduced Cg
radical anion (i.e. 1000 nm) in Sect. 9.1.1. Hence, these transients confirm the
intramolecular charge transfer reaction leading to Cgg and exTTF*". Fitting the
singlet excited-state decay and the radical ion pair formation kinetics (Fig. 9.45—
lower part) yields the charge-separation rates (Table 9.5).

Since the radical ion pair states are stable on the time-scale of the femtosecond
experiments, the charge-recombination rates were analyzed in complementary
nanosecond experiments (Fig. 9.46). Therein, the decays of the Cgg and exTTF™*
features result in the refurbishment of the singlet ground state of 18a,b lacking any
detectable triplet features. The corresponding rate constants for the charge-
recombination process are listed in Table 9.5.

The analysis of the charge-separation and charge-recombination rate constants
enabled us to determine the f§ factor for the C¢yp—0FL,—exTTF conjugates. Plotting
the rates as a function of donor—acceptor distance Rp, results in linear relationships

. o1 . .
from which f =0.09A  emerged. Figure 9.47 represents the charge-separation
and charge-recombination dynamics as a function of donor—acceptor distance.

9.2.1.2 Molecular Modeling

It was further possible to demonstrate the favorable charge-transfer interactions of
the Cgo—0oFL,—exTTF systems in a series of quantum chemical calculations and
hypothetically expand this series to the trimer-based system, i.e. that bearing three
oligofluorene units as linker. In order to compare the molecular-wire behavior of
the oFL wires, we have used very similar methods as for the corresponding
Cso—0PPE,—exTTF systems (see Sect. 9.1.1).

For instance, inspecting the HOMO/LUMO energies of the building blocks by
DFT methods (B3LYP/6—31G¥*), i.e. exTTF, N-methylfulleropyrolidine 1, the
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Fig. 9.45 Upper part—differential absorption spectra (visible and near-infrared) obtained upon
femtosecond flash photolysis (387 nm—200 nJ) of 18b in argon saturated THF with several time
delays between 0 and 1600 ps at room temperature—illustrating the charge transfer. Lower part—
time profiles at 680 nm (exTTF"") and 1010 nm (Cgy )—monitoring the charge-separation process

pristine oFL oligomers and the Cgy—oFL dyads give results that resemble those
found for the corresponding C¢o—0PPE,—exTTF triads. The HOMO/LUMO energies
of exTTF in vacuo (—4.7 and —1.2 eV for HOMO and LUMO, respectively) per-
fectly match the energies of the oligomeric building blocks (—5.1 and —1.2 eV).
Conclusively, the orbital overlap between the orbitals of donor and bridge is favored
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Table 9.5 Charge-separation and charge-recombination dynamics as determined by femtosec-
ond and nanosecond time-resolved spectroscopic measurements for 18a and 18b in THF

Rpa [A] kes [s~'] ker [s7']
18a 16.7 8.9 x 10° 7.2 x 10°
18b 24.9 4.0 x 10° 44 x 10°
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Fig. 9.46 Differential absorption spectrum (visible and near-infrared) obtained upon nanosecond
flash photolysis (355 nm) of 18b in nitrogen saturated THF (1.0 x 107> M) with a time delay of
100 ns at room temperature monitoring the formation of the exTTF radical cation (680 nm) and
the Cgg radical anion (1010 nm)

by the corresponding values of the orbital energies and the transfer of electrons onto
the bridge is facilitated. Interestingly, the ionization potentials and electron affinities
of the oligofluorenes remain invariant upon increasing the chain length. This has
already been shown in the Molecular Modeling section of Sect. 8.1.2. On the other
hand, attaching the fullerene moiety to the oFL chains lowers their LUMO energy to
the LUMO level of pristine N-methylfulleropyrolidine 1. Importantly, this occurs
independently of the length of the oligofluorene chain (Fig. 9.48). Nonetheless, the
HOMO energy remains unchanged in comparison to pristine fluorenes, reflecting
the invariance of the oxidation potential of the oligofluorenes. Hence, this proves the
electron-accepting features of Cg( and neglects electronic communication between
the donor, bridge and acceptor in the ground state.

Figure 9.49 represents the HOMO/LUMO orbital-energy distribution in 18a,b
and the hypothetical trimer with three oligofluorene units as linker. Again, we
clearly distinguish the HOMO and LUMO orbitals localized on the donor and
acceptor, respectively, demonstrating the charge-transfer features in these triads.
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Fig. 9.48 HOMO/LUMO orbital energies as resulted from DFT optimizations of the building
blocks of the triads. The HOMO energies are represented in red and LUMO energies in green

Additionally, electron-affinity calculations confirm these findings. Especially
with respect to the oPPV and oPPE molecular wires, local affinity mappings as
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Fig. 9.49 HOMO/LUMO orbital schemes as resulted from DFT optimizations displaying the
donor-acceptor character of the triads. The HOMOs are represented in orange—blue and LUMOs
in green—blue

represented for the trimers of corresponding exTTF—WIRE-Cg triads in Fig. 9.50,
place the charge-transfer properties of the oFLs in between the oPPVs and oPPEs.
This is perfectly in line with the trend of the photophysically determined attenu-

ation factors 8, namely = 0.01 A" for oPPVs, B =0.09 A" for oFLs and

p=0.21 A_l for oPPEs. As suggested by Fig. 9.50, the electron affinity pathway
in the oligofluorene based triads is more homogeneous than in exTTF—oPPE;—Cg
and less pronounced than in exXTTF—oPPV3;—Cg. For the exTTF-oFL;—Cg, the
electron density (surface) is equally distributed throughout the whole molecule
followed by a channel of high local electron affinity through the oligofluorene
bridge, resulting in a maximum at the fullerene moiety.

As for the semi-empirical excited-state calculations from Sect. 9.1.1, we have
performed CI calculations on the exTTF—oFL,~Cg triads (n = 1-3). Unsurpris-
ingly, the computations predict the HOMO to LUMO transition to be the major
contribution to the charge-transfer reaction with a very high change of dipole
moment, i.e. 80.8 Debye for the monomer, 117.7 Debye for the dimer and
160.85 Debye for the trimer. Visualization of the electrostatic potential of the
charge-separated states confirms the electron donating character of the exTTF
moiety and the electron accepting character of the Cgqy cage. In all triads, the
positive charge was found to be localized on the exTTF and the negative one on
the fullerene. Figure 9.51 shows the electrostatic potential of the charge-separated
states of the exTTF-oFL,—Cgg triads.
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Fig. 9.50 Local electron affinity maps of the exTTF—0PPV3;—Cg, the exTTF—0FL;—Cg( and the
exTTF-0oPPE;—Cgq trimer (left to right) scaling high to low in red to blue—displaying the
differences between the three different molecular-systems

Fig. 9.51 Electrostatic potential as calculated by AM1 CIS for the charge-separated states of
exTTF-oFL,—Cg triads (n = 1-3). Positive to negative: red to blue
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Fig. 9.52 Calculated heats of formation, AHy, of the charge-separated states of exTTF—oFL,—
Cgo in vacuo and different solvents with increasing polarity; n = 1: red, n = 2: orange, n = 3:
pink

Finally, we have examined the solvent dependence of the relative energies of
the excited states. Herein, the single-point calculations on the relaxed structures of
the ground and charge-transfer states in the simulated solvents benzene (¢ = 2.3),
methylene chloride (¢ = 8.9) and ethanol (¢ = 24.6) should be mentioned. We
have chosen these solvents due to their dielectric constant €, which matches the
solvent polarity of the solvents used in the photophysical investigation, i.e. toluene
(e = 2.4), THF (e = 7.6) and benzonitrile (¢ = 24.9). Figure 9.52 shows the
dependence of the calculated heats of formation, AH;, of the charge-separated
states on solvent polarity for the three oligomers of exTTF-oFL,—Cg. In accor-
dance with the experimental trends, in all systems the energies of the charge-
separated states decrease with increasing solvent polarity due to the stabilization of
the radical ion pair by polar solvent molecules. Thus, the calculations support the
underlying hypothesis of the solvent dependence of the charge-transfer processes.

9.2.1.3 Summary

We have demonstrated that the donor-acceptor conjugates 18a,b exhibit efficient
charge-transfer processes upon photoexcitation over distances of more than 24 A.
The charge-transport mechanisms are comparable to those established for the
corresponding exTTF-oPPV,—Cg and exTTF-0PPE,—Cg systems. In view of the
molecular-wire behavior of the oFLs, we have shown that in fluorene-based
oligomers the ability to conduct charges lies between that of oPPVs and that of

oPPEs. A f of 0.09 A_l and the quantum chemical investigation confirm this
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conclusion. Calculations performed with the hypothetically designed trimer sug-
gest that the charge-transfer features will prevail in oligomers of considerable
length. It may indeed be an interesting issue to probe longer oFL-based conjugates
and examine their charge-transfer properties especially in light of different change-
transfer mechanisms. A particularly appealing espousal is that the oxidation
potential of oligo-fluorenes remains unchanged upon changing the number of
fluorene units. Electron transfer mediated by oFL bridges should be independent
on the donor—acceptor distance in a series of donor—oFL—acceptor conjugates.

9.2.2 ZnP-oFL-Cg) and Ferrocene—oFL-C gy, Donor-Acceptor
Conjugates

In the context of oligo-fluorene (oFL) molecular wires, we will conclude with an
outlook that focuses on donor—acceptor conjugates bearing Cgq electron-accepting
units and zinc porphyrin (ZnP) or ferrocene (Fc) electron-donating moieties,
respectively. Both, the donor and acceptor are covalently connected by oFL
bridges of variable length.

Owing to the fact that the investigation of the photophysical behavior of these
compounds has not yet been fully accomplished, we will limit the discussion to
some interesting results. These already enable comparing the photophysics of the
current systems with the one obtained in the previously described exTTF—oFL,—
Ceo conjugates (see Sect. 9.2.1). In particular, the effects of the exchanging the
exTTF by the corresponding ZnP and Fc electron donors will be worked out in this
chapter. For that reason, we will supply the reader with some comparative
photophysical characteristics.

9.2.2.1 ZnP-oFL,~Cq

Particularly interesting in the ZnP-oFL,—Cg, conjugates is the comparison
with the already discussed ZnP—oPPE,—Cg, (see Sect. 9.1.2). Let us recall that
exchanging exTTF by ZnP has significant influence on the molecular-wire
behavior of the oPPEs. The electron rich nature of ZnP, for instance, extends the
m-conjugation by transferring electron density to the adjacent parts of the bridges.
This, in turn, impacts the electron-injection process and therefore facilitates the
charge-transfer processes. As a matter of fact, faster charge-separation rates and
lower f§ values were established when compared to the corresponding exTTF
conjugates. Enthrallingly, all systems lack any significant interaction between their
building blocks in the ground state. In that sense, it is interesting to have a short
look at the influence of the ZnP as donor on the molecular-wire behavior of the
oFLs. For a schematic representation of the conjugates and their corresponding
reference compounds, please consider Fig. 9.53.
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Fig. 9.53 Schematic representation of the ZnP—oFL,—Cg triads and their reference compounds

Let us first examine the ground-state absorption features of 21a,b and 22a,b.
Figure 9.54 displays the absorption spectra of the four different oligomers. The
absorption maxima of the building blocks are clearly distinguishable and resemble
the absorption maxima of the references, i.e. the ZnP donors (Q-band: 425 nm;
Soret bands: 550 and 590 nm), the oFL bridges (340 nm) and the Cg, acceptors
(below 300 nm). Thus, it is safe to postulate that electronic interactions between
their building blocks in the ground state are absent. However, it is important to
point out that the oligo-fluorene absorption red shifts gradually between 310 and
390 nm. From the monomer to the trimer the maximum is shifted by more than
25 nm due to the immense extension of the n-conjugation in the bridge. Notably,
the additional phenyl unit placed between oFL and ZnP in 21a,b alters the n-
system of the conjugates without interrupting the conjugation. The gradual shift of
the maximum by approximately 8 nm when adding one fluorene (or phenylene)
unit suggests that the n-system is uniformly extended over the whole conjugate.
This is in line with previous results on ZnP—oPPE,—Cg, conjugates. Insertion of
ZnP leads to an increase of electron density at the donor-bridge junction and to
full conjugation of the bridge m-system and the porphyrin m-electrons. Further-
more, the porphyrin absorption maximum does not depend on the length of the
bridge, which, again, proves the lack of electronic interaction in the ground state.

Inspecting the emission features of the conjugates, we see the already known
characteristics of a successful electron-transfer reaction. Regardless of the
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Fig. 9.54 UV-visible absorption spectra of 21a,b (green and yellow) and 22a,b (light green and
pink) in toluene solution

excitation wavelength, i.e. 345 nm for oFL excitation and 550 for ZnP excitation,
significant quenching of the porphyrin emission is present in all systems. The
quenching is once more dependent on the length of the oFL linker and on the
solvent polarity. As expected, the oFL fluorescence at 430-450 nm is appreciably
quenched due to efficient singlet excited-state energy transfer from the photoex-
cited oligomer unit to Cgo. Following the established trends, the quenching of the
porphyrin emission indicates the involvement of a charge transfer process. Spe-
cifically, the ZnP porphyrin fluorescence quenching in 21a,b and 22a,b depends on
the length of the bridge (Fig. 9.55). In particular, strongest quenching is found in
the monomer 21a, with a quantum yield in toluene of 8.0 x 10~ corresponding to
a factor of 50, whereas the quenching in the trimer 22b, which shows a quantum
yield of 2.0 x 1072, amounts only to a factor of 2. Interestingly, this occurs
regardless of the excitation wavelength, which infers that the presence of Cgg
enhances the fluorescence deactivation.

Inspecting the solvent dependence of the quenching indicates electron-transfer
processes in all oligomers of 21 and 22. With increasing solvent polarity from
toluene (¢ = 2.4) to THF (e = 7.6) and benzonitrile (¢ = 24.9), the quenching of
the porphyrin emission increases (Fig. 9.56).

These findings have been corroborated by fluorescence lifetime measurements
(Table 9.6). Notably, the ZnP emission lifetime in the conjugates tends to be much
shorter in comparison with the ZnP reference compounds. With increasing solvent
polarity the fluorescence deactivation is further accelerated, i.e. the emission
lifetimes decrease which is in line with the gradual deintensification of the fluo-
rescence. Once more, such behavior is indicative for a deactivation channel where
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Fig. 9.56 Room temperature fluorescence spectra of the ZnP-reference (black) and 21b in tol-
uene, THF and benzonitrile displaying the solvent dependence of the quenching of the porphyrin
emission upon 345 nm excitation
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Table 9.6 Fluorescence lifetimes and charge-separation rates of the triads and their reference
compounds

7y [ns] kes [s7'] Rec [Al

Toluene: 1.46

19 THE: 1.40 - -
Benzonitrile: 1.36
Toluene: 1.31

20a THEF: 1.31 - -
Benzonitrile: 1.19
Toluene: 1.36

20b THEF: 1.33 - -
Benzonitrile: 1.35
Toluene: 0.26

2la THEF: 0.19 1.48 x 10° 21.08
Benzonitrile: 0.12
Toluene: 0.34

21b THE: 0.23 7.69 x 108 25.06
Benzonitrile: 0.20
Toluene: 0.86

22a THE: 0.69 6.05 x 10® 28.85
Benzonitrile: 0.59
Toluene: 1.16

22b THE: 0.82 4.46 x 108 32.39
Benzonitrile: 0.68

an intramolecular electron transfer between the porphyrin donor and the Cgg
acceptor is operative. The charge-separation rates are between 10% and 10° s™'. To
sum up, the deactivation of the porphyrin fluorescence at 600 nm occurs on a very
fast time-scale, which is due to the successful formation of the radical ion pair
stabilized by solvents with higher polarity.

Finally, transient absorption measurements were deemed necessary to confirm
the photoproducts in 21a,b and 22a,b. Due to overlapping absorptions of Cg(, oFL
and ZnP, which would impede a clear analysis, we have focused first on the
selective excitation of ZnP. To this end, transient absorption spectra of the ref-
erence compounds (19 and 20a,b) reveal the instantaneous formation of the ZnP
singlet excited state with maxima at 460 and 800 nm and minima at 565 and
605 nm. Furthermore, an isosbestic point at 500 nm as it develops on a time scale
of 3000 ps reflects the intersystem crossing process at which end the triplet excited
state of ZnP stands. The latter includes maxima at 530, 580 and 640 nm
(Fig. 9.57a). Equally important is the fact that the decay of the singlet excited state
matches the formation of the triplet excited state kinetics (Fig. 9.57b).

In comparison to the reference compounds, the transient absorption features of
21a,b and 22a,b disclose a rather fast deactivation of the ZnP singlet-singlet
absorption. However, at the conclusion of the singlet decay the recorded transient
spectra lack any triplet excited state signatures. Instead, the singlet—singlet
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Fig. 9.57 a Differential absorption spectra (visible and near-infrared) obtained upon femtosec-
ond flash photolysis (420 nm—150 nJ) of 20a in argon saturated THF with several time delays
between 0 and 3000 ps at room temperature—illustrating the instantaneous formation of the
singlet-excited state of ZnP and the intersystem crossing. b Time profiles at 480, 640 and 890 nm
reflecting the slow intersystem-crossing dynamics

deactivation results in new features with maxima at 480 and between 600 and
700 nm, as well as in the near-infrared region, i.e. 1000 nm (Fig. 9.58a). As we
have already shown throughout the investigation of the corresponding ZnP-
oPPE,—C¢( conjugates, these features are attributed to the one-electron oxidized 7-
radical cation of ZnP (ZnP®*) and the one-electron reduced anion of Cgo (Cgp).



9.2 oligo-Fluorene Molecular Wires 163

( a) 0,007

0,006
0,005
0,004

0,003

AOD/
a.u.

0,002

0,001

500 600 700 800 900 1000 1100 1200

Wavelength / nm
(b) 0,002

0,0015

AOD/
a.u
3

0,0005 L WY

*8 8.8 &

500 1000 1500 2000 2500 3000
Time/ ps

Fig. 9.58 a Differential absorption spectra (visible and near-infrared) obtained upon femtosec-
ond flash photolysis (420 nm—-150 nJ) of 22a in argon saturated THF with several time delays
between 0 and 3000 ps at room temperature. b Time profiles at 640 and 1000 nm reflecting the
charge-separation dynamics

Summarizing, transient absorption measurements confirm the successful formation
of the ZnP**—oFL,~Cg; radical ion pair upon photoexcitation.

With the charge-separation dynamics-based on the decay rates resulting from
the time profiles of the Cg m-radical anion and ZnP cation (Fig. 9.58b) - in hands

we determined f as 0.09 10\_1 (Fig. 9.59). This value is in excellent agreement with
that determined in the corresponding Cgo—0FL,—exTTF conjugates. At this point,
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Fig. 9.59 Centre-to-centre distances (Rcc) dependence of the charge-separation (In kcg) rate
constants in Cgo—0FL,~ZnP in nitrogen saturated THF at room temperature. The slope represents f§

we recognize that exchanging the donor in oFL based donor—acceptor conjugates
bearing Cg electron acceptors does not influence the transport properties of oFL.
Nevertheless, to further corroborate our initial findings complementary transient
absorption measurements (i.e. nanosecond) are necessary to determine the charge-
recombination rate constants.

9.2.2.2 Fc—oFL,~Cg

Similar to our assays with the ZnP—oFL,—Cg, conjugates, we have employed a
number of photophysical measurements with complementary Fc—oFL,—Cgq sys-
tems (n = 1, 2). Herein, the ZnP donor has been substituted by a ferrocene moiety
(Fig. 9.60). In view of the the oligo-fluorenes in ZnP-oFL,—Cg( conjugates which

lead to an attenuation factor of 0.09 10\71, it was of particular interest to probe the
influence of yet another donor, namely ferrocene, on f5. Notable is the perfect
match of the attenuation factor with that in exTTF-oFL,—Cgq (see Sect. 9.2.1).
This leads us to postulate that (oFL),, may exhibit a molecular wire behavior that is
truly independent on the donor moieties. For that reason, probing the charge-
transfer properties of 24a,b provided another opportunity to prove this hypothesis
and examine the influence of the ferrocene donor on the electron-transfer behavior
of (oFL),,.

We have already gathered testimony for the lack of electronic interaction
between the individual building blocks in ZnP—oFL,—Cgy. In line with the
expectation that Fc should not change this trend, the ground-state absorption
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Fig. 9.61 UV-visible absorption spectra of 23a,b (pink and brown) and 24a,b (orange and
green) in toluene solution

studies of 24a,b unveil just the same superimposing features of the building
blocks. Figure 9.61 summarizes the absorption spectra of 23a,b and 24a,b in
toluene. The oligo-Fluorene absorption dominates the spectral features in the
visible range (300-400 nm). A length dependence extends the m-conjugation in the
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dimers—compared to the monomers—and shifts the absorption to the red. Distinct
fullerene absorption features are found at 433 nm. These do not depend on the
length of the oFL bridge. Interestingly, the maxima of the oFL absorption in the
references 23a,b are red-shifted by around 15 nm in comparison to the conjugates.
Considering the terminal aldehyde groups present in 23a,b, their m-electrons
contribute to the overall w-conjugation of the oligo-fluorene moieties. Replacing
now the aldehyde groups by N-methyl-fulleropyrolidines limits the conjugation to
the (oFL),, core. Attributable to very low extinction coefficients of Fc, they are not
discernible. Summarizing, our UV/Vis absorption studies infer the lack of elec-
tronic interactions between the single components in in Fc—oFL,—Cgo, namely
ferrocene, oFL bridge and Cg, in the ground-state.

The outcome of the steady-state emission studies is perfectly in line with the
results obtained throughout the study of the corresponding donor—oFL,—Cg sys-
tems presented above. For instance, upon excitation of the oFL building blocks,
i.e. 345 nm, quantitative quenching of the oligo-fluorene emission is present in
both, monomer 24a and dimer 24b (Fig. 9.62a). Consequently, the oFL singlet
excited state is instantaneously deactivated by intramolecular energy-transduction
processes - product is the energetically lower lying Cgo singlet excited state.
Further insight into the fluorescence deactivation came from inspecting the
710 nm Cgo fluorescence (Fig. 9.62b). Here, significant quenching of the Cgg
fluorescence was evidenced in 24a and 24b. This indicates that the oligo-fluorene
singlet excited-state deactivation is governed by subsequent charge transfer which
evolves between photoexcited Cgy and ferrocene.

Additionally, the quenching depends on the oFL length and on solvent
polarity. This is reflected in the fluorescence quantum yields (Table 9.7).
Importantly, with increasing donor-acceptor distance the quantum yields increase
due to slower charge-separation dynamics. On the other hand, increasing the
solvent polarity causes the quantum yields to decrease due to better stabilization
of the radical ion pair. The fluorescence lifetimes (Table 9.7) confirm the trend
of acceleration of charge-separation by solvents of higher polarity indicating
again that the deactivation of the Cg, fluorescence occurs via an intramolecular
electron-transfer reaction and results in the formation of the radical ion pair
state.

Further evidence for the proposed charge-transfer processes in 24a,b was found
in complementary transient absorption measurements on the femto- to picosecond
time scale. At the chosen excitation wavelength of 387 nm, oFL and Cg, were
excited in a similar ratio. Considering the reference compounds 23a,b, photoex-
citation generates instantaneously meta-stable singlet excited state transients.
Characteristics of the latter are a ground-state bleaching in the 400—450 nm region
and transient absorptions in the 600-1200 nm region (Fig. 9.63a). The formation
is accomplished on a time-scale of less than 3 ps (Fig. 9.63b). Furthermore, we
were able to establish that the transient maxima depend on the oFL length: 615 nm
(23a) and 630 nm (23b). In all oligomers, the product of the singlet decay is the
corresponding oFL triplet excited-state with new characteristics in the
600-800 nm region.
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Fig. 9.62 a Fluorescence spectra (345 nm excitation) of the oFL reference (pink spectrum), 24a
(orange spectrum) and 24b (brown spectrum) in toluene representing the quenching of the oFL
emission. b Fluorescence spectra of the Cgq reference (black spectrum), 24a (orange spectrum)
and 24b (brown spectrum) in toluene representing the quenching of the Cgy emission

In contrast to the references, 23a,b, the singlet-excited state deactivation in the
Fc—oFL,~Cg, conjugates, 24a,b, occurs with rate constants of around 100 57!
(Fig. 9.64). The values are in good agreement with the observed quantitative
quenching of the oFL fluorescence (Fig. 9.62a). At the conclusion of the singlet-
excited state decay, two important transient maxima resemble the successful
formation of the radical ion pair state, namely a weak shoulder of the transient
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Table 9.7 Selected spectroscopic data for the Fc—oFL,—Cg, systems and their reference
compounds

7y [ns] or kes [s7'] Rec [A]
Toluene: 0.88 1.58 x 1074

24a THF: 0.75 428 x 1073 429 x 10° 16.77
Benzonitrile: 0.69 297 x 1073
Toluene: 1.35 290 x 1074

24b THF: 1.22 1.99 x 1074 6.57 x 108 24.88
Benzonitrile: 0.93 1.11 x 107%

absorption of the one-electron oxidized ferrocenium at 630 nm [16] and the one-
electron reduced Cgn at 1000 nm (Fig. 9.64). Thus, the singlet-excited state
deactivation in the conjugates results in the generation of the Fc**—oFL,~Cgo
radical ion pair. Importantly, the formation of the radical ion pair in 24a occurs
with kinetics from which a rate constant for the charge-separation was determined
that amounted to 4.3 x 10° s~' in THF. On the other hand, charge-separation in
the dimer 24b is slower by one order of magnitude, i.e. with a rate of
6.6 x 10° s™" in THF.

The charge-separation dynamics as deduced from the decays of the Fc radical
cation and the Cgq radical anion characteristics as a function of donor—acceptor
distance (Fig. 9.65) yielded a linear relationship. From the slope f§ was determined

as 0.1910%71. Such a value is twice as high as the values derived for Cgy—0FL,—
exTTF and Cgp—0FL,—ZnP. However, in order to further corroborate this value, it
is necessary to examine the charge-recombination processes on the nanosecond
time-scale and to further expand this series to the trimer, Cgo—0FLs—Fc, tetramer,
Ceo—0FL4—Fc, etc.

9.2.2.3 Summary

On account of the thoroughly characterized Cgo—0FL,—exTTF systems in
Sect. 9.2.1, the first insight into corresponding conjugates bearing ZnP and Fc
donors implies that oFLs manifest charge-transfer behavior, which is at first glance
independent on the donor moiety. In Cgy—0FL,~ZnP, ; matches exactly that
measured in Cgg—0FL,—exTTF, whereas in Cgy—oFL,—Fc the wire-like behavior
turned out to be less efficient. Several factors might be responsible for this trend.
Most importantly, Fc does not conjugate with oFL as the corresponding exTTF and
ZnP. Furthermore, in the Cgo—0FL,—Fc system, the Fc donor and the oFL moieties
are connected through an additional ethynylene linker. Triple bonds have shorter
lengths than the corresponding double bonds of the oFL n-system and, in turn, this
prevents a full conjugation between the building blocks, i.e. the donor, bridge and
acceptor. Similarly, in the Cgy—0PPE,—exTTF conjugates the triple bonds in the
oligo(para-phenyleneethynylene) linkers disrupt the m-conjugation due to altering
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Fig. 9.63 a Differential absorption spectra (visible and near-infrared) obtained upon femtosec-
ond flash photolysis (387 nm—150 nJ) of 23b in argon saturated THF with several time delays
between 0 and 3000 ps at room temperature—illustrating the instantaneous formation of the
singlet-excited state and the intersystem crossing. b Time profiles at 480 and 680 nm reflecting
the rapid formation of the oFL singlet excited state

bond lengths in an interplay with the double bonds of the phenyl rings. When
considering charge-separation processes, porphyrin donor moieties are undoubt-
edly more advantageous in comparison to ferrocenes: Larger absorption cross
sections and energetically more accessible singlet—singlet transitions are the most
notable proponents. Furthermore, heavy atom effects and high spin—orbit coupling
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Fig. 9.64 a Differential absorption spectra (visible and near-infrared) obtained upon femtosec-
ond flash photolysis (387 nm—150 nJ) of 24b in argon saturated THF with several time delays
between 0 and 3000 ps at room temperature—illustrating the formation of the radical ion pair
state. b Time profiles at 680 and 1000 nm reflecting the formation of the radical ion pair

of the iron atom should be mentioned. Facile deactivation of excited states due to
significant overlap between the metal d-orbitals and the p-orbitals of the adjacent
ethynylene linker emerges as a competitive scenario. Certainly, the evaluation of
the energies of the building blocks, e.g. HOMO and LUMO levels, will provide
further insight into the interactions between the modular components of the
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constants in Cgo—0FL,—Fc in nitrogen saturated THF at room temperature. The slope represents f§

conjugates. Hence, electrochemical and quantum chemical examinations are
required to fully understand the energetic relationship between the building blocks.
This will help to work out the difference between the three donors (i.e. exTTF, ZnP
and Fc) and their influence on the charge-transfer properties of the oFLs.
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Chapter 10
Conclusions and Outlook

Based on the results obtained throughout the presented investigation on molecule-
assisted transport of charge and energy mediated by organic wire-like structures,
fully conjugated organic aromatic molecular wires turned out to be the best can-
didates for introduction into new electronic devices as replacements for aluminium
or copper wiring as presently utilized in logic and memory devices.

Specifically, energy- and charge-transfer properties of several different
molecular-wire systems have been studied within the framework of photoinduced
charge separation and solar-energy conversion. Up front, the conductance behavior
of wire-like molecules was of particular interest. Such features have been carefully
examined in view of possible applications in the fields of molecular electronics
and/or photovoltaic devices. Among the tested systems, m-conjugation played a
crucial role.

To be specific, we have focused on four different 7-conjugated systems, namely
(i) oligo(para-phenylenevinylene)s (0PPVys), (ii) oligo(para-phenyleneethynylene)s
(oPPEs), (iii) oligo(meta-phenyleneethynylene)s (0MPEs) and (iv) oligo-Fluorenes
(oFLs). Common to all these structures is an extended w-conjugation throughout the
whole building blocks. Their length is easily modified by simple synthetic methods.
In our studies, the wire-like molecules of varying length were covalently imple-
mented into a variety of different supramolecular assemblies, i.e. acceptor—acceptor
or donor—acceptor conjugates. In all cases, Cgo fullerenes have been utilized as
acceptor moieties due to their outstanding electron and energy transfer properties.
The donor units have been varied—ranging from exTTF and porphyrins (H,P and
ZnP) to ferrocenes (Fc). Considering the electron—donor—acceptor character of the
conjugates, the subject matter of concern was the examination of photoinduced
energy- and charge-transfer processes and the influence of molecular structure on
those. For that reason, a variety of photophysical measurement techniques combined
with quantum mechanical calculations have been employed. This helped in
analyzing the molecule-assisted transport of charges and energy. The outcome of this
scrutiny was assessing and categorizing the conduction properties as a function of
chemical structure.

M. Wielopolski, Testing Molecular Wires, Springer Theses, 173
DOI: 10.1007/978-3-642-14740-1_10, © Springer-Verlag Berlin Heidelberg 2010
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In the first part of this thesis, energy-transfer processes were investigated with
oPPE and oFL containing conjugates, i.e. Co—0PPE,—C¢o and Cgo—0FL,—Cgo. We
have demonstrated that the conjugated oPPE and oFL absorb light in a wide range
of the visible region of the solar spectrum and are capable of directive transduction
of excited state energy to, for example, Cgg. In all cases, the unidirectional energy
transfer turned out to be nearly quantitative and virtually independent on the length
of the implemented oPPE or oFL. Importantly, such energy-transfer processes
occur although no significant electronic interactions between the modular units are
present in the ground state. Notably, oFL exhibit a length-independent oxidation
potential. In other words, the energy of the HOMO/LUMO orbitals is practically
invariant from the oligomer length. Such properties imply perfect conditions for
efficient superexchange coupling between donor and acceptor even over large
distances. Finally, we have concluded the investigation on energy-transfer pro-
cesses in donor—acceptor system based on non-covalent hydrogen-bonding inter-
actions. These assays serve as a confirmation of the energy accepting features of
the fullerens. Thereby, a novel concept of efficient through-space energy transfer
has been demonstrated. In particular, structural preconditions have been formu-
lated to the set the stage for efficient photoinduced energy transduction. Important
factors include appropriate light-harvesting units, the tunability of the absorption
cross-section and 7m-conjugation. Specifically, it has been shown that aromatic
porphyrin chromophores act as versatile antenna systems for transmitting excited-
state energy to noncovalently associated fullerene moieties upon photoexcitation.
Most interestingly, the mediation of singlet excited-state energy in these systems
was driven by noncovalent hydrogen-bonding interactions.

In view of the aforementioned energy-transfer processes and efficient light-
harvesting properties, n-conjugated molecular wires have been examined with
respect to their charge-transfer properties in the second part of this thesis.
Undoubtedly, the foregoing analysis of excited state energy transfer was essential to
understand photoinduced charge transfer in complementary donor—wire—acceptor
conjugates. In other words, only in case of efficient light-harvesting and energy-
transfer features the corresponding wire-like molecules qualify as good mediators
for electron-transfer reactions in donor—wire—acceptor conjugates. As the men-
tioned molecules seem to meet these requirements, we turned to intramolecular
electron transfer along oPPE, oMPE and oFL chains in several donor—acceptor
conjugates. ExTTF, porphyrins and Fc act as electron donors and fullerenes as
electron acceptors. In particular, the investigation demonstrated the importance of
energy matching between the donor and bridge components for achieving true
molecular-wire behavior. Furthermore, the competition between direct superex-
change and two-step “bridge-mediated” charge-transfer processes has been elab-
orated. Particular emphasis was placed on the nature and length of the conjugated
bridges. The systematic study of the different donor—bridge—acceptor compounds
and their electronic properties was carried out by means of photophysical and
quantum chemical methods.

At first, the focus was on charge-transport properties in oPPE containing
donor—acceptor systems. To understand and to compare the experimental and



10 Conclusions and Outlook 175

theoretical outcome of the investigation we have taken into account the results
obtained with complementary oPPV systems. Both, the exTTF—oPPE,—C¢o and
the corresponding H,P/ZnP—-oPPE,—Cg, systems gave rise to charge-transfer
interactions upon photoexcitation. Solvent dependent steady-state and time-
resolved spectroscopic measurements revealed the formation of nanosecond
stable radical ion pairs, namely exTTF**—oPPE,—Cg, and H,P"*/ZnP**—oPPE,—
Cgo. Furthermore, charge-separation and charge-recombination dynamics dis-
closed a fairly shallow dependence of charge-transfer rates on donor—acceptor
distances yielding attenuation factors (f) as low as 0.20 and 0.11 A~' for
exXTTF-0PPE,—Cqy and H,P/ZnP-oPPE,—Cg, respectively. The difference in
attenuation factors was attributed to a better conjugation between donor and
bridge in the case of porphyrin donors. It is likely that the higher m-electron
density of the porphyrins is responsible for this trend. In line with the experi-
mental observations, quantum mechanical calculations revealed a hole-transfer
mechanism in the corresponding triads and fairly good orbital overlap between
the building blocks. Additionally, calculations corroborated the improved elec-
tron-donating properties of the porphyrins relative to the exTTF moieties.
Importantly, the differences in the attenuation factors, which are more than one
order of magnitude from these obtained in complementary exTTF-oPPV,—Cg,
systems, were assigned to alternating bond lengths in oPPEs. In comparison to
the oPPV molecular wires, the triple bonds in oPPE oligomers are shorter than
the corresponding double bonds. Hence, in connection with their polarizing
character, the m-conjugation in oPPEs is not as homogeneous as in oPPVs, which
strongly impacts the efficiency of the charge-transfer processes.

Additionally, the effects of a different connectivity pattern on the conduction
properties have been studied upon exchanging the oPPE molecular bridges by
the corresponding meta-connected oligomers, i.e. oMPEs. In that context, a
series of exXTTF-oMPE,—C¢y systems have been investigated by means of
spectroscopic methods. It was found that the difference in electronic properties
between the para- and meta-connected systems is mainly governed by the more
compact structure of the latter. Furthermore, the mefa-connectivity pattern comes
along with a lack of m-conjugation, which, in turn, impacts the charge-transfer
features, that is, weakening. As a matter of fact, no meaningful distance
dependence was present in electron-transfer reactions. In fact, only the monomer
of exTTF-oMPE,—C¢, (n = 1) revealed a charge-transfer behavior that is driven
by through-bond interactions. When directing our attention to the remaining
oligomers, the charge-separation rates turned out to be independent on the length
of the oMPE linker. However, the formation of stable radical ion pairs was
proven in all exTTF-oMPE,—Cg, systems. Hence, such findings indicate that
charge transfer in exXTTF-oMPE,~C¢y occurs rather through space than through
bond (i.e. oMPE,)). Accordingly, this is in line with the lack of m-conjugation in
oMPEs. In other words, the formation of the radical-ion-pair state in the
monomer is most likely due to very short distances between the donors and
acceptors resulting from the meta-connectivity pattern. Such features have been
only observed at low concentrations. In stark contrast, upon increasing the
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concentration novel charge-transfer features develop. An extensive analysis of
the concentration-dependent charge-transfer properties disclosed interesting
aggregation phenomena. Specifically, due to m—m-stacking interactions between
the aromatic systems of exXTTF and Cg complex formation between individual
exTTF-oMPE,—C¢, molecules was observed. The so obtained (exTTF-oMPE,—
Ceo)x aggregates promoted ground-state charge-transfer interactions. These were
discernable in steady-state and time-resolved spectroscopic measurements. In
particular, partial ground-state charge transfer was assumed to result from a shift
of electron density from exTTF to Cgo. Furthermore, the lifetimes of the charge-
separated states tend to increase in comparison with the “monomeric” form,
which might be due to a delocalization of the charge in the intracomplex
hybrids.

Issuing from the findings obtained throughout the investigation of oPPE and
oMPE molecular wires, similar analyses of donor-bridge—acceptor conjugates
bearing oFLs have been carried out to evaluate the distance dependence of charge
transfer. Several donor moieties were implemented reaching from exTTF and ZnP
to ferrocene. This meant to elaborate the impact of their chemical nature on the
conjugation between donor and bridge.

At first, the charge-transfer properties in exTTF-oFL,—Cg, systems have been
elaborated in theory and experiment. In a similar fashion to the aforementioned
exTTF-0oPPE,—Cg system, the formation of radical ion pairs was manifested by
means of transient spectroscopy. The exTTF—oFL,—Cg, conjugates exhibit effi-
cient charge-transfer processes over distances of more than 24 A. Interestingly, the
determined attenuation factor of 0.09 A~' suggests that the molecular-wire
behavior of oFLs is between that of oPPVs and oPPEs. These findings have been
corroborated by quantum mechanical calculations, which revealed a fairly
homogeneous distribution of m-electron aromaticity throughout the whole mole-
cules. An implicit factor is that, the exTTF donor orbitals do not conjugate sig-
nificantly into the bridge. The invariant (i.e. as a function of length) oxidation
potential of the oFL and their energetically high-lying LUMO orbitals are
accountable for these findings and impede strong electronic coupling between
donor and acceptor. Nevertheless, besides efficient m-conjugation, the strong
electronic coupling is responsible for the very low attenuation factors in the cor-
responding exTTF-oPPV,—Cg, systems. On the other hand, the lack of bond-
length alteration in oFLs improves the conduction behavior relative to oPPEs. In
fact, a homogeneous distribution of electron density is seen.

An intriguing question to be addressed was the impact that the donor moiety
exhibits on the charge transfer/charge transport features in oFLs. The difference
seen in exTTF—oFL,—Cgy and ZnP—oFL,—Cg¢o provides incentives for this com-
parison. In (oFL),, placing exTTF as electron donor led to a f§ value of 0.09 A"
Replacing exTTF by ZnP was the obvious choice. In fact, the photophysical
outcome suggested rather donor-independent charge transfer and charge transport
in the corresponding ZnP—oFL,—Cg systems. In particular, charge-separation was
proven by means of steady-state and time-resolved spectroscopic issues.
Measurements in solvents of different polarity implied successful formation of
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radical-ion-pair states. Large charge-separation rate constants reflect a full con-
jugation involving the aromatic system of oFL and the porphyrin donor. Most
importantly, the charge-separation rates exhibited a linear relationship to the
donor—acceptor distance affording an attenuation factor, which exactly matches
the 5 value established in the exTTF-oFL,—Cgo conjugates. Hence, we hypothesize
that the conductance in fully conjugated oFLs is independent on the donor moiety.
Such observation is perfectly in line with the oxidation potentials as they were
determined in conjunction with the energy transfer features in Cgo—0FL,—Cgo
conjugates.

In contrast, the electron-transfer properties in Fc—oFL,—Cq, donor—
bridge—acceptor conjugates turned out to be less efficient. Nevertheless, the for-
mation of charge-separated ion pairs was corroborated by various photophysical
measurements in different solvents. Slower charge transfer reactions, when com-
pared to exTTF-oFL,—C¢y and ZnP-oFL,—Cg, point to a lack of homogeneous
conjugation in Fc—oFL,—Cgo. A f value of 0.19 A~! results from the corre-
sponding distance dependence. A closer analysis suggests that 0.19 A~' approa-
ches the values that are characteristic for (oPPE), systems. To fully rationalize
these findings further analysis deems necessary. At this point of our investigation,
it is obvious that, on one hand, implementing ferrocene breaks the electronic
coupling due to a relatively poor m-electron density. Important is the comparison
with porphyrins or exTTF. On the other hand, the choice of ethynylene as a
connection point to the Fc donor is malapropos in the sense, that the shorter bond
length and the polarizing character of the triple bond hinder the system from
establishing a homogeneously extended 7-conjugation.

Nonetheless, based on the obtained results and the variety of the investigated
structures the importance of fully extended m-conjugation has been shown as the
crucial factor for efficient energy- and charge-transfer properties. Especially, in
view of distance-independent electron-transport phenomena the homogeneous
distribution of electron density and the matching of the energy levels of the single
modular components is of utmost importance. In this context, our data shows, that
oPPVs exhibit the best charge-transfer characteristics, followed by oFLs and
oPPEs. In spite of the fact that the triple bonds in the oPPE oligomers were
supposed to increase the rigidity of the systems and, in turn, improve the
n-conjugation by forcing the configuration into planarity due to higher rotational
barriers, they seem to interrupt the n-system due to their shorter bond lengths and
polarizing character.

In the end, still many more questions remain to be answered, the most important
of which is how to integrate the molecular wires into electronic and optoelectronic
devices of the future. Such integration efforts raise many problems, which likely
will require several iterations in molecular wire research. For instance, challenges
that are related to the controlability of the rate processes by synthetic efforts,
positioning and excitation. Certainly, these challenges will continue making
molecular wires posing tantalizing tasks to the science and technology commu-
nities in the future.
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As it was pointed out, the beauty of organic chemistry is that simple changes
used during the synthesis of molecular wires yields products with vastly different
physical properties. Even minor alterations, such as the exchange of the donor
moiety turned out to strongly affect the conduction behavior of the wires. Hence,
the first molecular wire(s) that eventually might appear in commercial devices may
bear no resemblance with those we have discussed. Thus, research in this area can
still yield much fruit.
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