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“Er komt nergens zoveel aan het licht als in een donkere kamer”

W. F. Hermans

“De grootste kunstenaar kan niets verzinnen dat niet vooraf al in het steen bestaat, maar als zijn hand

niet met zijn geest meegaat zal hij het nooit van het ruwe marmer winnen”

Michelangelo
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Chapter 1

Photoinduced Electron Transfer in
Multichromophoric Assemblies

Abstract

In this chapter an introduction on photoinduced energy and electron transfer reactions in donor-
acceptor systems is presented in relation to the scope of the thesis. Knowledge of these transfer
processes is vital in elucidating the working principles of natural photosynthesis and of artificial
systems that aim to convert solar energy into electricity or fuels. For covalently linked donor-acceptor
molecules numerous studies have advanced the insights into the energetics and kinetics of
photoinduced charge transfer processes. The photophysical properties of isolated donor-acceptor
arrays can often be rationalized by Marcus theory. In contrast, our understanding of the same
reactions in solid state organic semiconductors is not nearly as advanced. One of the reasons is that
intermolecular interactions between donor-acceptor molecules that occur in the solid state have to be
taken into account in addition to intrinsic and intramolecular interactions of the chromophores. More
knowledge of the intermolecular effects within ensembles of molecules is essential to begin to
understand and eventually control the complex interplay of processes that direct photoinduced

electron transfer in solid state organic semiconductors and future devices based on these materials.
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1.1 Introduction

The conversion of solar light into valuable energy by natural or artificial photosynthesis is an
appealing and intriguing process, making it an interesting topic for researchers in biology, physics and
chemistry."* A well-studied and illustrative system is the photosynthetic reaction system in purple
bacteria. The solar light is captured in the two pigment-protein light-harvesting complexes and
preserved by circulating the energy within the cyclic arrays of bacteriochlorophyll molecules.””’
Following the initial charge separation reaction in the heart of the reaction center, the photogenerated
positive and negative charges are moved apart to suppress the recombination reaction. The energy of
the resulting long-lived charges is subsequently used to drive biochemical processes within the
bacteria.”*

The important mechanistic information extracted from studies on natural processes®'" also led to ideas
for the design of artificial reaction systems to mimic and possibly improve the solar energy conversion
process based on photoinduced electron transfer between electron donor and acceptor systems.'> "
Mimicking natural systems with synthetic analogues has provided valuable insight on how charge
separation and recombination reactions proceed in donor-acceptor m-conjugated molecules following
photoexcitation. These studies have shown that both electronic properties (excitation energy and redox
potentials) and structural elements (distance, orientation, and nature of the bridge) are critical
parameters that control the kinetics of charge transfer reactions in molecular systems. The
photophysical and photochemical properties of isolated donor-acceptor molecules and those
molecularly dissolved in solution can often be described by theories based on Marcus equation.

In contrast, attempts to extrapolate these insights to the behavior of composite organic semiconductors
in the solid state have repeatedly failed. The origin of this discrepancy can be found in the importance
of intermolecular interactions in the solid state. Similar to the proteins surrounding the chromophores
in the natural systems, the environment of the photoactive compounds is of immense importance for
the final properties of organic solid state semiconductors. This makes control over the intermolecular
orientation and morphology an essential prerequisite to influence and improve charge separation,
charge transport, and collection of charges at the electrodes in photovoltaic devices based on organic
molecules. Determining and controlling the interactions between different chromophores in the solid
state is far from trivial and, hence, detailed studies on model compounds in solution remain important
to deepen our insights in the effects of orientation and distance on electron transfer reactions. This
thesis addresses the kinetics of the photophysical processes in covalently linked, hydrogen-bonded,
and self-assembled nanoaggregated donor-acceptor systems in an attempt to elucidate some of the
principles that govern photoinduced electron transfer reactions in solid state organic compounds
(Figure 1). By increasing the complexity from a single molecule in solution to self-assembled
molecular ensembles it will be possible to determine some of the structural factors that control the
kinetics of electron transfer in the solid state.
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Isolated Organic Molecules Aggregated Superstructure

Solid State

Aggregated Superstructure Linked Organic Molecules

Figure 1: Schematic representation of the morphology of a donor-acceptor system in the solid-state.
The various compositions of chromophores in solution can mimic the nanoscopic domains within the

solid state.
1.2 Artificial Donor-Acceptor Systems

Numerous attempts have been made to mimic the chromophoric system used by nature in artificial
systems. Often the donor and acceptor unit are covalently linked to ensure that donor and acceptor are
in close proximity and —in many cases— have a more or less rigid mutual orientation. In nature,
however, the photoactive molecules are rarely covalently bound but rather carefully positioned by
supramolecular interactions. Therefore photoinduced energy and electron transfer reactions in
supramolecularly organized donor-acceptor dyads increasingly receive attention in recent years.
Finally, the first examples are emerging where many chromophores with donor and acceptor electronic
properties self-assemble into larger architectures by noncovalent bonding. Ultimately supramolecular
interactions and self-assembly might lead to multichromophoric systems having carefully designed
ensembles of molecules that are able to transfer light into solar energy or solar fuels, much like nature
does. In this paragraph some illustrative examples of chromophore systems will be discussed to give

an introduction on the current state-of-the-art of this fascinating research area.

Covalent Donor-Acceptor Systems. Extensive efforts on synthetic modification of m-conjugated
materials have created a wide variety of possibilities to link donor and acceptor materials in almost
every desired way. By introducing a covalent linker between the chromophores it is possible to study
interactions between different photoactive and electroactive chromophores in close proximity.

Influenced by the light-harvesting system nature uses, many studies focus on porphyrin units in
artificial donor-acceptor arrays.'>'>'® Recently, this is often in combination with fullerenes after the
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potential of this unit as an electron acceptor was established.'”"” In this way it is possible to examine
the existing theories on electron transfer reaction in great detail. Examples on the dependence of the
strength of the redox couple have been reported for various covalently linked donor-fullerene arrays
often in combination with studies on the differences between intra and intermolecular processes.*’?’
The type of linkage is still of major influence, in particular control over the rigidity of the linker
deepened the knowledge as the orientation of the donor and acceptor could be fixed.”**’

Synthetically more demanding is the extension of the lifetime of the created charges by the
incorporation of additional chromophores in the system, much like in the natural photosynthetic
reaction center.'>>'>*** This has led to the creation of appealing, complex structures and
demonstrates the large degree of control that has been achieved in fine tuning energy levels towards
tailoring the outcome of the photophysical processes. Of the many examples that can be found in
literature, only two are briefly mentioned here as an illustration of the state-of-the art in this field.

The hexadic porphyrin-Cgy compound described by Kuciauskas et al. shows how an artificial system
can benefit from knowledge obtained from the natural photosynthetic reaction center (Figure 2).*° The
four zinc porphyrins in (Pzp);-Pzc-P-Cg are used as a light-harvesting antenna. Subsequently, an
energy transfer reaction occurs from the excited state of the zinc porphyrin to the free base porphyrin.

Finally, a charge transfer reaction results in the formation of the (Pzp)3—PZC—P+'—C60" radical ion pair.

(PZP)3'PZC'P'C60

AL [
W )~ Q.Q > = N-Cat TMPD-6PMI-ZnP-PI
[e]

TMPD 6PMI ZnP Pl

Figure 2: Examples of multichromophoric covalent donor-acceptor arrays.”””'
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Andersson et al. reported an impressive example of control over reaction pathways resulting in an
exceptional enhancement of the lifetime of the photoinduced charges.”’ By covalently linking two
donor-acceptor systems they synthesized the TMPD-6PMI-ZnP-PI tetramer (Figure 2). The TMPD"-
6PMI"-ZnP"-PI" state is created after double photoexcitation, which recombines to the TMPD"-6PMI-
ZnP-PI” state. This distant ion pair has a lifetime of around 650 ns, over four orders of magnitude
longer than the separate TMPD"-6PMI~ and ZnP"'-PI” ion pairs.

Supramolecular Donor-Acceptor Systems. Besides the fixation of donor and acceptor units by

covalent bonding, it is also possible to use supramolecular linkers. The types of bonding most

32,33

frequently used are metal interactions and hydrogen bonding.** Again, the inspiration for

supramolecular donor-acceptor systems mainly results from natural systems where the presence of
intermolecular interactions is of vital importance.”*>*’

Like for covalently coupled arrays, the porphyrin/fullerene couple is the most intensely studied
supramolecular donor-acceptor system (Figure 3). In contrast to the covalent analogs, resolving the

40-44
1

structure of the supramolecular architecture is typically the main goa and the actual photophysical

processes are only rarely studied in detail.** Interestingly, some of these supramolecular systems

have already been used to create working devices. "™

@@ Porphyrin o Fullerene

T
Q\ \O%O\O\OQ\O\O\ i

/ _
w\\

Figure 3: Examples of supramolecular porphyrin/fullerene structures.*""’

Segura et al have reported an example of an electron transfer in hydrogen-bonded donor-acceptor
dyads.”' They elegantly showed the use of a guanidinium-carboxylate hydrogen bonding couple to link
a TTF donor to a Cg acceptor in various ways (Figure 4). In these dyads, a through-space electron
transfer reaction was observed resulting in the Cgo -TTF " radical ion pair.

Another example of the use of supramolecular interactions in well-defined donor-acceptor systems is
shown by Ramos et al.’*> An oligo(p-phenylene vinylene) (OPV) donor is linked by a m-phenylene
ethynylene foldamer to a perylene bisimide (PERY) acceptor. The extended configuration of this
spacer in polar solvents introduces a large chromophore distance that prevents the photoinduced
charge transfer reaction. On the other hand, a folded configuration in apolar solvent places both
chromophores at a close distance, resulting in the efficient formation of radical ion pairs.
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Figure 4: [llustrative examples of a hydrogen bonded TTF-Cyy dyad”’ (left) and a covalently linked
oligo(p-phenylene vinylene)-perylene foldamer™ (right).

Aggregated and Self-Assembled Donor-Acceptor Systems and 7t-n Stacking.” The combination of
a large flat m-system together with an acceptor-strength superior to that of the fullerene unit has made
the perylene chromophore an ideal compound for the study of photophysics in aggregated systems. Its
versatility is shown by examples of the use in supramolecular structures ranging from metal-linked
structures containing porphyrins® to stacked three-fold symmetric discs™ and organogels of
cholesteric perylenes™®. An additional advantage of the perylene unit is that after only a slight
modification of the core it can act not only as an acceptor, but also as a donor unit.””*

One of the first studies on the special properties of aggregated donor-acceptor systems was published
by Wasielewski.” Tetrakis(perylene bisimide) substituted zinc tetraphenylporphyrin self-assembles in
solution and solid state into ordered 150 nm nanoparticles by van der Waals stacking (Figure 5).
Photoinduced charge transfer in the nanoparticles occurred with near unit efficiency at a rate of kcg =
3.1 x 10" s in toluene and the charges recombine with kcg = 1.4 x 10® s, The charge transfer is
faster than for model compounds consisting of one zinc porphyrin containing only one or two perylene
bisimides. In addition, the recombination is somewhat slower than in the model compounds. Charge
recombination within the nanoaggregates not only provided the ground state, but also the perylene
bisimide triplet state. The latter is a consequence of radical ion pairs that intersystem cross from the
primary singlet radical ion pair. The average radical ion pair distance was estimated to be 21 A, while
the chromophore center-to-center distance in the compound is only 14.4 A. This implies that the
electron on the perylene bisimide is five layers removed form the layer with the hole on the porphyrin.

A similar effect was observed for oligo(p-phenylene vinylene)-fullerene dyads. It was shown that the
forward electron transfer in these dyads can be up to an order of magnitude faster in the solid state than
the same reaction in the most polar solvents.”’ In these molecules, acceleration of charge separation
would only be expected in more polar solvents. Taking into account that organic solids have a much
lower relative dielectric constant (typically €, = 3 to 4) compared to the most polar solvents used (g, =
25), the increased transfer speed cannot be explained by polarity.

Another design proposed in a recent report on photophysical processes in a supramolecular oligo(p-
phenylene)vinylene, porphyrin, and Cgy shows that indeed the pathways of electron transfer can be
adjusted by synthetic design of energy levels and supramolecular interactions.’ However, it also
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reveals the current limitations of the available detection techniques that prevent clarification of real
fundamental issues in complex systems.

g\ ZnTPP-PDI,

Figure 5: Structure and cartoon of the self-assembled nanoparticles.”

1.3 Photophysical Processes in t-Conjugated Materials

Two different chromophores in close proximity with complementary electronic properties often exhibit
photophysical processes that are not found in either of the pure materials. Two of the most startling -
and potentially useful- photophysical reactions are energy transfer and electron (or charge) transfer.
These transfer reactions form the heart of natural photosynthesis and are fundamental to the operation
of artificial organic systems for solar fuels and photovoltaics. In this section the basic principles of
photoinduced energy and electron transfer reaction will be briefly discussed.

Energy Transfer. When two different materials or molecules with different excited state energy levels
exist in a single system, an energy transfer reaction may occur after photoexcitation. Provided that the
excited state of one molecule (the donor) is higher in energy than that of the other (the acceptor), the
excitation energy of the photoexcited donor can be transferred to the acceptor. In this process the
donor material returns to the ground state, and the acceptor material is formed in the excited state.

Energy transfer may occur via different mechanisms, and three models have been proposed for various
types of energy transfer reactions. The most trivial one is the radiative energy transfer mechanism in
which the donor emits a photon that is subsequently absorbed by the acceptor material and brings it to
the excited state. A second mechanism, proposed by Dexter,** involves a non-radiative energy transfer
mechanism based on a double electron exchange mechanism via overlapping orbitals. For Dexter
energy transfer, the donor and acceptor have to be in close contact and an exponential (exp(-R))
distance dependence is observed. This mechanism is of particular interest for triplet energy transfer
reactions and may also play a role in intramolecular energy transfer reactions when the two
chromophores are in close proximity. In the latter case, it may be difficult to distinguish from direct
delocalization (strong coupling). The most studied mechanism for energy transfer, however, is the
dipole-dipole based Forster” model. In Forster energy transfer, two transition dipole moments are
coupled via classical dipole-dipole coupling, leading to a R distance dependence. As a result, Forster
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energy transfer is particularly important at intermediate distances for donor and acceptor
chromophores with electrical dipole allowed transitions. Many singlet energy transfer reactions fulfill
these criteria.

The most commonly used technique to quantify energy transfer reactions is recording the quenching of
the intensity or lifetime of photoluminescence of the photoexcited donor in combination with an
increase of emission of the acceptor. Since energy transfer is a competing pathway for the radiative
decay of the singlet state of the donor, the lifetime of the excited state of the donor material provides a
direct measure for the energy transfer rate.

Electron Transfer. In addition to energy transfer, electron transfer may also occur upon illumination
of a pair of chromophores. For electron transfer, either the donor or the acceptor may be photoexcited.
Electron transfer can occur when the change in free energy for charge separation (AGy) is negative. In
a first approximation, this is achieved when the excited-state energy exceeds the energy difference
between the oxidation potential of the donor (£,(D)) and the reduction potential of the acceptor
(E.ea(A)). For donor-acceptor systems in solutions, the likelihood of an electron transfer reaction can
be predicted by analyzing the various contributions to the free energy (AG,) according to equation 1,
which also contains terms for the spatial separation of the ions and their solvation.**

2 2
1 1Y 11
—AGy =€ Ey (D) E,oq (A)]+ Egy +—— +-5 (+) LIS (1)
Arege R 8meg \r™ N\ Eer &

sftec
The parameters involved in equation 1 are the electron charge (-e), the vacuum permittivity (&), the
relative permittivities of the solvent (&) and the reference solvent (&) used to determine the redox
potentials, the center-to-center distance of positive and negative charges in the chromophores (R..),
and the radii of the positive and negative ions (" and ).

The driving force (—AG,) can be directly linked to the kinetics of the reaction by the theory proposed
by Marcus (equation 2).*> Marcus theory predicts that three kinetic regimes exist depending on the
relative size of —AG, and the reorganization energy A (Figure 6). The reorganization energy is the
energy required to bring the geometry of the photoexcited (DA)* complex to the geometry of the
charge-separated (D'A’) state. The A parameter is the sum of internal (4;) and solvent (A)
contributions. In the “normal region” (-AGy < A), the rate for electron transfer increases with
increasing driving force due to a decreasing barrier for the reaction (AG,’, equation 3). Typical values
for the internal reorganization energy of m-conjugated molecules are 4; = 0.2 - 0.5 eV, while the
additional solvent reorganization energy (4s) can exceed values of 0.7 eV. This implies that the total
reorganization energy (1 = As + A;) is mostly larger than the driving force for the electron transfer
reaction and that electron transfer often occurs in the normal region.

When the driving force is similar to the reorganization energy (—AG, = A) the more rare case of the
“optimal region” occurs in which the barrier for charge transfer becomes zero. Because there is no
barrier, the rate for charge separation maximizes and only depends on the electronic coupling (V).
Upon increasing the driving force even further, the “inverted region” (—~AG, > A) is reached. Here the
rate will decrease again with increasing driving force because the barrier increases.
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The first observation of all three regimes was by Gloss and Miller, nearly 25 years after the prediction

was made by Marcus.®*®” Whereas it is becoming more common to observe inverted region behavior

68-72

for the charge recombination reaction, it is still very rarely observed for a photoinduced

intramolecular charge separation reaction.”"
The theory for electron transfer reactions is of immense importance for numerous fields of science,
which has been acknowledged by awarding the Nobel Prize to Rudolph Marcus in 1992.”"® However,

debates on the exact limits of the applicability of the predictions are still lively.””” In particular,

80-85 80,86,87

consensus on the exact role of the solvent and the importance of tunneling effects in the

reaction has not yet been reached. In addition, claimed observations on extremely long-lived charges
have been hard to justify by the existing theories, resulting in arguments on both the validity of theory

and experiments.**”"

Normal Optimal Inverted
- DA* : " DA* : " DA*
D'A
[ o .
& AG,"! \
(]
i #
* A AG,
AG K 1T
0 ' AG
0
Nuclear Displacement Nuclear Displacement Nuclear Displacement

Figure 6: Energy diagrams for the three possible regions for electron transfer as described by Marcus

theory.

The most important adaptation to Marcus equations has been done by Joshua Jortner (equation 4).**

Jortner recognized the importance of higher vibrational levels in direct and superexchange interactions.
This enabled a more accurate description of the inverted region and explained the temperature
independence of the electron transfer reaction at low temperatures. Jortner’s model incorporates the
effective mode vibrational energy (@) and the Huang-Rhys factor S (= A//iw) into Marcus theory. For
most m-conjugated systems a value of 1500 cm™ (0.186 eV) is used for 7w, referring to the frequency

of the stretch vibration of the carbon-carbon double bond in aromatic systems.
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Although the theory of charge separation and recombination is rather well developed for most
experimental conditions, this does not imply that it can be directly applied to construct a synthetically
designed system having all the desired properties. For application of donor-acceptor systems in
photovoltaics or in solar fuels, it is generally beneficial to have a fast charge separation to attain the
highest conversion of excitations into charges. The recombination should be as slow as possible to
retain the charges as long as possible. As indicated above, most systems have charge separation in the
normal region and the recombination in the inverted region. Therefore a high driving force is desired
for both reactions. Unfortunately, the sum of both driving forces equals the excitation energy, i.e. if
one driving force increases; the other decreases (Figure 7). This makes a delicate balance between both
processes inevitable for optimal performances.

— -AG -AG —
A —— cs cs
’ I
D A -AGg AGgr A D

Figure 7: Schematic representation of the excited state energy levels of a donor-acceptor system with
different driving forces for charge separation and recombination.

14 Photoinduced Absorption (PIA) Spectroscopy.

In this section the experimental technique for determining the temporal evolution of primary
photoexcitations as used in this thesis is briefly outlined. The method used to accurately measure
photoinduced energy and electron transfer processes on various timescales is pump-probe
photoinduced absorption spectroscopy. In this technique an excited state is created by illumination of
the sample with laser light (pump-beam). The evolving processes after photoexcitation are
subsequently monitored by detection of the species formed with a second laser beam or white-light
source (probe-beam). In contrast to photoluminescence quenching, this technique allows the direct
measurement of excited-state species and since it probes the bulk of the sample it is less sensitive to
small impurities that limit the use of fluorescence quenching in determining rate constants.

For most studies reported in this thesis, a pump-probe setup (Figure 8) is used based on a laser system
with 800 nm laser pulses with duration of 150 fs at a repetition frequency of 1 kHz. The wavelengths
of pump and probe beams can be adjusted in this setup via two optical parametric amplifiers (OPA).
These provide a wide range of wavelengths ranging from the visible to the infrared (450 nm — 1700
nm).

10



Chapter 1
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OPA-2 OPA-1 + Nd-YLF
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Figure 8: Experimental pump-probe setup for photoinduced absorption (PIA) spectroscopy in the

picosecond time regime.

In the actual experiment, the pump-beam is mechanically chopped at a frequency of 500 Hz, thereby
blocking every second pulse of this beam and creating an on/off sequence for the excitation of the
sample (Figure 9). This facilitates the detection of absorption difference between the “on-state” (with
species in their excited state) and the “off-state” (with molecules in their ground state) because the
probe beam still has a 1 kHz frequency.

Chopper
(Open/Closed)

Pump beam
(500 Hz)

Probe beam AT

Time delay Sample

Figure 9: Pulse sequence for the used pump-probe photoinduced absorption setup. Time delay is not
drawn to scale and may vary from 10 fs to 1500 ps.

The difference in transmission between these two probe pulses (A7) is monitored by a lock-in
amplifier and referenced to the intensity of the probe-beam (7), resulting in the desired photoinduced
absorption signal (A7/T). By using a translation stage, the time delay between the pump and probe
pulse arriving at the sample can be adjusted, giving time resolution in the femtosecond to nanosecond
time range. The translation stage used in this setup can extend the pathway of the beam by 0.5 meter,
thereby providing the detection of the first 1500 ps after photoexcitation. This makes it suitable for the
investigation of the dynamics of singlet states and charges created at close distance between a donor

11
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and acceptor. Diffusion processes and the formation of triplet excited states are negligible at the
timescale of 1 nanosecond and will therefore not interfere with measurements of the dynamics at the
used short timescales.

1.5 Aim and Scope of this Thesis

Existing theories on photophysical processes for isolated n-conjugated molecules are often adequate in
describing intramolecular energy and electron transfer reactions, but applying these insights to the
same reactions in solid state organic semiconductors remains cumbersome. The actual difficulty of
adapting theories for electron transfer to organic molecules in the solid-state properties lies in the poor
understanding of the effects of intermolecular interactions. While orientation effects are well studied in
covalent donor-acceptor arrays and the determination of geometry of aggregates is currently a
tremendously active field, the influence of organizational effects on the photophysics within a
superstructure is rarely the topic of interest. Nevertheless, the importance of the interplay between
different molecules is indeed acknowledged in the rare cases that it has been studied. Examples of such

studies range from energy transfer reactions” and exciton migration studies’®®

in supramolecular
aggregates to the observation of intermolecular interactions for charged oligomers'®'®" and the
enhancement of the electron transfer reaction upon aggregation.”>'"* Interestingly, there is also an
example where it was demonstrated that different effects that emerge upon aggregation cancel out,
leaving the photophysical properties in solution unaltered in the solid state.'”

In this thesis an attempt is made to investigate the effects of aggregation in a more systematical way. A
variety of compounds is studied in the aggregated state and compared to the same species in the
molecularly dissolved state, providing more information of the actual influence of the aggregation. For
future research, these aggregated structures can serve as ideal model compounds to mimic and
elucidate phenomena of conjugated materials in the solid state that were previously unattainable. In
previous studies the lack of available reference materials like non-aggregated species prevents the
opportunity to explicitly scrutinize the influence of the intermolecular effects.

In chapters 2 to 4 the focus is on covalently linked arrays. The applicability of the theories of Marcus
and Weller is investigated by varying the strength of the redox couple, the type of linker and the
solvent polarity. The studied compounds consist of oligothiophene'**'*-fullerene'*'"* and oligo(p-

20,114-116 117-133
’ -perylene donor-acceptor systems. These molecules complement the

134-143 116,144,145

phenylene vinylene)
previous studies on oligothiophene-fullerene and oligo(p-phenylene vinylene)-perylenes,
and provide basis for further experiments on supramolecularly bound and aggregated systems. One
example of achieving a long charge-separated state lifetime via a cascaded energy-electron transfer
reaction in a pentadic array containing three different chromophores will be presented in chapter 4.

Supramolecularly linked and aggregated systems are studied in chapters 5 to 8. Both the effects of
having a reversible linkage between the donor and the acceptor unit as well as the interactions within
superstructures are investigated in detail. For this purpose the oligo(p-phenylene vinylene)-perylene
bisimide couple was chosen because of the excellent possibilities to study these chromophores in their

aggregated state™*'46162

and their characteristic features in optical spectroscopy. First, the type of
packing and its influence on the charge transfer dynamics is studied for covalent OPV-PERY arrays.

In addition, the influence of linkage via hydrogen bonding is studied in both molecularly dissolved

12
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hydrogen bonded OPV-PERY arrays as well as their aggregated analogs. Finally, the aggregation of

OPV and PERY compounds is investigated in an aqueous environment.
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Chapter 2

Charge Transfer Kinetics in Fullerene-
Oligomer-Fullerene Triads Containing

Alkylpyrrole Units”

Abstract

A photoinduced electron transfer reaction has been observed in three fullerene-donor-fullerene triads
containing an electron rich pyrrole ring in the donor moiety. The kinetics of charge separation in
solution has been investigated by photoluminescence and transient absorption spectroscopy. The
polarity of solvent and the distance between donor and acceptor affect the forward electron transfer
reaction, in qualitative agreement with a semi-empirical model for the Gibbs-free energy for charge
separation. Depending on the conditions, charge separation occurs at a rate of 10°-10" s™. The
charge recombination rate is estimated to be faster than 2 x 10" s™'. The relatively large contribution
of the singlet-excited state S, <« S; absorption of the fullerene moiety to the photoinduced absorption

hampered a more accurate determination of the recombination rate.

* This work has been published: Beckers, E. H. A.; Van Hal, P. A.; Dhanabalan, A.; Meskers, S. C.
J.; Knol, J.; Hummelen, J. C.; Janssen, R. A. J. Journal of Physical Chemistry A 2003, 107, 6218-
6224,



Charge Transfer Kinetics in Fullerene-Oligomer-Fullerene Triads Containing Alkylpyrrole Units

2.1 Introduction

To disclose the complex processes involved in the photoinduced electron transfer reaction between a
n-conjugated donor and a fullerene acceptor, extensive studies have addressed the photophysical
properties of covalently linked oligomer-Csy dyads and triads containing, among others,

1217 18.19 a5 the electron donor. In this

oligothiophenes' ", oligo(p-phenylene vinylene)s, and porphyrins
study the charge transfer kinetics of fullerene-donor-fullerene triads containing a pyrrole unit in the
donor are investigated. The electron-rich pyrrole unit is used to lower the oxidation potential (£,,) and
thereby increase the change in free energy for electron transfer, enabling this reaction to occur in
apolar media.

The three novel (ADA) triads™ used in this study are shown in (Figure 1). ADA-1 consists of a
thiophene-pyrrole-thiophene (T-Py-T) donor moiety coupled to two N-methylfulleropyrrolidine (MP-
Ceo) electron acceptors.”’ ADA-2 has a similar structure as ADA-1, but the two thiophene rings have
been replaced by phenyl groups. As a result, the Ph-Py-Ph donor moiety of ADA-2 has approximately
the same geometry as ADA-1, but a significantly higher oxidation potential. This allows investigation
of the effect of the oxidation potential on photophysical processes without adjusting the distance
between the donor and acceptor chromophores. In ADA-3, the T-Py-T donor of ADA-1 is augmented
with two phenyl groups on each side, to increase the distance between the donor and acceptor, but

without significantly affecting the oxidation potential.

Figure 1: Donor molecules D1, D2, and D3; triads ADA-1, ADA-2, and ADA-3; MP-Cg.

The kinetics for photoinduced charge separation and recombination in the triads have been studied
with fluorescence quenching and lifetime spectroscopy in combination with near steady-state and
transient photoinduced absorption (PIA) experiments, and have been compared to the electron transfer
reactions observed in mixtures of the donor model compound D1,” D2,° or D3* with MP-Cg**
(Figure 1).
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2.2 Results and Discussion

Energy Levels. The UV/Vis spectra (Figure 2) of the three triads exhibit characteristic absorption
peaks at 433 and 705 nm of the fulleropyrrolidine moiety. Compared to MP-C¢y, ADA-1 and ADA-3
exhibit additional absorptions in the UV region, as a result of the contribution of the conjugated donor
segments. The spectra were found to be independent on the polarity of the solvent. The UV/Vis spectra
only show absorptions of the isolated chromophores. However, some electronic coupling between the
donor and acceptor chromophores in the ground state cannot be excluded because the spectra of donor
(D1, D2, and D3) and MP-Cq, are partially overlapping. The spectra demonstrate that the lowest
singlet-excited state in the ADA triads is localized on the fulleropyrrolidine unit at 1.76 ¢V (~705 nm).

<_ 100000 ——— . : . : . : .
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Figure 2: UV/Vis absorption spectra of MP-Cg (solid line) and the triads ADA-1 (dashed line), ADA-
2 (dotted line), and ADA-3 (dash-dotted line) in ODCB. The inset shows the spectra in the 650-800 nm

region. In the inset the spectra are offset vertically for clarity.

The donor molecules undergo a reversible electrochemical oxidation at potentials 0.83, 1.02, and 0.73
V (versus SCE in CH,Cl,) for D1, D2, and D3 respectively. Compared to similarly substituted
thiophene molecules (1.07 V for 3T (terthiophene), 1.42 V for Ph-T-Ph, and 0.96 for Ph-3T-Ph),** the
introduction of the pyrrole unit reduces the oxidation potential considerably.

Photoluminescence Quenching. The intensity of the fullerene photoluminescence (PL) of the triads at
712 nm can be used to assess whether an intramolecular charge transfer reaction occurs from the donor
to the fullerene acceptor. Figure 3 compares the PL of the fulleropyrrolidine group in the triads to that
of MP-Cy in three solvents of increasing polarity. The observed PL quenching for ADA-1 indicates
that charge transfer already occurs in a relatively apolar solvent such as toluene (¢= 2.38). The ADA-2
molecule exhibits no PL quenching in toluene, because the high oxidation potential inhibits a
photoinduced electron transfer. The PL quenching of ADA-3 in toluene is less than for ADA-1, despite
its slightly lower oxidation potential. We attribute this difference to the increased distance between the
pyrrole and the fullerene groups in ADA-3 as compared to ADA-1, which increases the energy of the
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charge-separated state. With increasing polarity of the solvent (ODCB: &= 9.93; benzonitrile £= 25.2),

the fullerene emission of the triads is increasingly quenched (Figure 3, Table 1).

toluene
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—

benzonitrile

Fluorescence Intensity (counts)
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| o -
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Wavelength (nm)

650 700 750

Figure 3: Fluorescence spectra of MP-Cg (solid line) and the triads ADA-1 (dashed line), ADA-2
(dotted line), and ADA-3 (dash-dotted line) in toluene (left), ODCB (middle), and benzonitrile (vight).

Excitation was at 500 nm, all spectra are corrected for optical density.

Table 1: Fullerene fluorescence quenching factors (¢(Csp)/@) fullerene PL lifetime (7,,) and rate

constants for charge separation (kcs) calculated with equations 1 and 3.

Compound  Solvent  #Ce) ¢  kes (57) Tobs (11S) kes (57

ADA-1 TOL 2.7 1.2 x 10° 0.77 0.6 x 10°
ODCB 10.1 7.0 x 10° 0.12 7.6 x 10°
BZN 8.8 53 % 10° n.d.

ADA-2 TOL 1.0 <<10® 1.43 <10’
ODCB 1.0 << 10* 1.19 0.08 x 10°
BZN 3.2 1.5 % 10° n.d.

ADA-3 TOL 1.3 1.7 x 108 1.53 c
ODCB 11.5 8.0 x 10° 0.12 7.6 x 10°
BZN 17.8 1.2x 10" n.d.

MP-Cq, TOL 1.45
ODCB 1.31
BZN 1.46

a) Calculated from ¢(Cqgp)/¢ and equation 1.

b) Calculated from 7, and equation 3.

c) Electron transfer is slow, using equation 3 would yield a negative value.

The rate constant for charge separation (kcs) can be determined from the PL lifetime of MP-Cg and the

fulleropyrrolidine PL quantum yield of the triad molecules (¢) compared to that of MP-Cgy (/Ceo)),

via:
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kes :V((;G(’)—l}/r(MP—Cm) (1)

The resulting values indicate that kcg is in the range of 10°- 10'° s, depending on the nature of the
triad and the solvent (Table 1).

Gibbs-free Energy for Charge Separation. The experimental results can be rationalized using a
semi-quantitative model*® (equation 2) that provides an estimate for the change in Gibbs-free energy
for charge separation. In this equation, E,, and £\ represent the oxidation and reduction potential of
respectively the donor and the acceptor, measured in a solvent with relative permittivity &.r. Eqo is the
energy of the excited state from which the electron transfer occurs, whereas e and & are the electron
charge and the vacuum permittivity. R.. is the center-to-center distance between the positive and the
negative charges in the charge-separated state and " and 7~ indicate the radii of the cation and anion.

2 2
—AG = _e[on (D)—E. (A)] +Ey + ° += [1 + 1) R 2)
dre e R, 8me,\r° r)\e &£

s tee ref s
The radius of the negative ion of C¢y was set to ¥ = 5.6 A.® The radii of the radical cations of D1 and
D3 are assumed to be equal to the " value for unsubstituted terthiophene (4.03 A),® because the
contribution of the phenyl group to the charge distribution is assumed to be negligible.**

Table 2: Change in Gibbs-free energy for charge separation (AGcs) in toluene (TOL), o-
dichlorobenzene (ODCB), and benzonitrile (BZN), calculated using equation 2 for intramolecular
electron transfer in ADA triads relative to the MP-Cgy(S)) state (Eqy = 1.76 €V) and for intermolecular
(R.. = ) electron transfer in D/MP-Cgy mixtures relative to the MP-Cgy(T;) state (Egy = 1.50 eV). The

center-to-center distance (R..) has been listed, other parameters are described in the text.

Sample Solvent R.. (A)  AGc (eV)
ADA-1 TOL 10.5 0.11
ODCB 10.5 -0.43
BZN 10.5 -0.54
ADA-2 TOL 11.0 0.57
ODCB 11.0 -0.25
BZN 11.0 -0.40
ADA-3 TOL 14.0 0.15
ODCB 14.0 -0.50
BZN 14.0 -0.62
D1 + MP-Cg TOL © 0.95
ODCB © -0.03
BZN 0 -0.22
D3 + MP-Cq TOL 0 0.85
ODCB © -0.13
BZN © -0.32
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The radius for D2 is calculated to be 2.8 A, assuming that the charge is mainly localized on the pyrrole
ring. Using R.. = 10.5 A, the charge-separated state for ADA-1 in toluene appears to be slightly higher
in energy than the MP-Cg(S,) state (Table 2). This result disagrees with the experimental
observations, but charge transfer becomes exergonic when R.. is (slightly) reduced to 9 A. In
agreement with the experimental results, the energy of the charge-separated states for ADA-2 and
ADA-3 in toluene are higher than that of ADA-1 and the MP-Cq(S,) state.

In more polar solvents, photoinduced electron transfer becomes increasingly exergonic for all triads, in
agreement with the observed PL quenching (Figure 3). One other disagreement between the
predictions from equation 2 and the experiment must be noted. The PL intensity of ADA-2 in ODCB
is equal to that of MP-Cg, indicating an absence of charge separation, while the charge-separated state
is predicted to be —0.25 eV below the MP-Cg((S;) state.”’

Time-Resolved Photoluminescence. Time-resolved PL measurements have been used to obtain the
rate of a charge separation, independent from the PL intensity quenching, by detecting a change in the
decay rate of the fulleropyrrolidine singlet state in the triads compared to MP-Cy (Figure 4). In
toluene solutions, a decrease of the fullerene PL lifetime is indeed observed for ADA-1, while the PL
time profile of ADA-2 and ADA-3 are identical to that of MP-Cg.
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Figure 4: Fluorescence lifetime of MP-Cgy and ADA triads measured at 711 nm in toluene (left) and at
714 nm in ODCB (right). Excitation was at 400 nm.

In ODCB, the decay of both ADA-1 and ADA-3 is faster than that of MP-Cg. PL lifetimes have been
determined with a bi-exponential curve fitting procedure in which one time constant was kept constant
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at the singlet lifetime of MP-Cy, in the same solvent.”® The rate constants for charge separation,
calculated from the fluorescence lifetimes using equation 3 are similar to those obtained from the
steady-state luminescence experiments (Table 1).

L
Tops T(MP—Cg)

3)

kes =

In addition to the rate constants, also the energy barrier (AG¢s") for photoinduced electron transfer has

been determined for ADA-1 and ADA-3 in ODCB by temperature dependent fluorescence lifetime

29,30

experiments. By using the semi-classical Marcus equation, the temperature dependence of the

electron transfer rate can be described with equation 4.

2 3/2 1% 2 #

in{ee 7)< 1| 22 IL _8Ges @)
h(;ZkB ) k BT

The energy barriers in ODCB, calculated from the slope (-AGcs'/ks) of a modified Arrhenius plot’ ™

(Figure 5), amount to 0.088 and 0.084 ¢V for ADA-1 and ADA-3, respectively.’* The experimental
energy barriers can be compared to the barriers that can be obtained using equation 5.

o, | | |
26.0 |- ®  ADA-A1 T

255

In(k s T"°)

250

1 " 1 " 1 " 1 "
0.0028 0.0030 0.0032 0.0034 0.0036
1T (K"

Figure 5: Modified Arrhenius plot of In(kcsT") versus 1/T (K™) for ADA-1 and ADA-3 in ODCB. The
lines represent the linear fit of the experimental data to obtain the energy barrier AG for the charge

transfer reaction.

In equation 5, A represents the reorganization energy, which is the sum of the internal (4;) and solvent

(4) reorganization.” The internal reorganization is set to 0.3 eV,?' whereas the solvent contribution

35,36
h >

can be calculated using the Born-Hus approach (equation 6).
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(AGes +A) 5
42 ®

2
4 ==* 1(1+1j_1 L (6)
472'80 2 r+ r- Rcc nz &

For ODCB as solvent, this approximation results in 4, = 0.53 eV and AGcs' = 0.048 eV for ADA-I,
and A, = 0.64 eV and AGes' = 0.052 eV for ADA-3. These energy barriers are similar to the

experimentally determined values. The reorganization energies of 0.83 and 0.94 eV imply that -AGcs

AG." =

is less than A, such that the forward electron transfer reaction occurs in the Marcus normal region.*
Using A and the intercept of the modified Arrhenius plot, the electronic coupling matrix elements are
determined to be 26 cm™ for both ADA-1 and ADA-3 in ODCB. This result is identical to the value

previously reported for oligomer-fullerene compounds.*"*’

Near Steady-State Photoinduced Absorption. To determine the absorption spectra of the radical
cations of D1 and D3, near steady-state PIA experiments were performed on 2 x 10™* M solution of
these donor molecules together with an equimolar amount of MP-Cy (Figure 6).”® In these
experiments selective excitation of the fullerene chromophore at 528 nm results in the formation of the
MP-Cq, triplet state, which may react intermolecularly with D1 or D3 to give a radical ion pair. The
PIA spectra of D1/MP-C¢, and D3/MP-Cg, in toluene both show the typical MP-Cq, triplet-triplet
absorption with a maximum at 1.78 V.
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Figure 6: Photoinduced absorption spectra of 2 x 107 M mixtures of DI and MP-Cy, (left) and D3
and MP-Cgy (right) in toluene (solid line), ODCB (dashed line), and benzonitrile (dotted line).
Excitation was at 528 nm (2.35 V).
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Apparently, intermolecular charge separation does not occur in toluene, consistent with the Gibbs-free
energies for charge transfer calculated with equation 2 (Table 2). In ODCB and benzonitrile, the
increased polarity lowers the Gibbs-free energy of the charge-separated state below the energy of the
MP-Cg(T,) state from which the intermolecular electron transfer occurs. The PIA spectrum of
D1/MP-Cgy shows three absorptions bands with at 1.24, 1.72, and 2.72 eV, respectively. The band at
1.24 eV is highly characteristic of the MP-Cq  radical anion;” the other two are assigned to
absorptions of the D1" radical cation. The PIA spectrum of the D3/MP-Cy4, mixture shows peaks at
1.33 and 2.13 eV, which are assigned to D3" absorptions. The low energy absorption shows a shoulder
at 1.24 eV, again indicating the presence of MP-Cgj .

Transient Photoinduced Absorption. In addition to the (time-resolved) PL experiments, which
provide rate constants for the forward charge separation reaction, transient PIA can be used to study
the dynamics of charge formation and recombination when the absorption of the radical cations or
anions are monitored in time. The transient differential absorption at 1030 nm (1.2 eV) of ADA-3 in
ODCB was recorded to investigate the dynamics of the formation and decay of Cq, radical anions.
The signal reaches its maximum within 1 ps (Figure 7), i.e. comparable to the width of the used laser
pulse, and then decays exponentially with a time constant of 127 ps (Figure 7). The sub-picosecond
rise indicates that at 1030 nm the differential transmission is probably not only due to Cgy radical
anions, because these are formed at a much lower rate (Table 1).
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Figure 7: Differential transmission dynamics at (a) 1030 nm and (b) 900 nm of ADA-1 (solid squares)
and ADA-3 (open circles) in ODCB from -3 to 8 ps (left) and from —50 to 1000 ps (right). Recorded
with excitation at 455 nm.
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Remarkably, the time constant of the decay of the differential transmission at 1030 nm is identical to
the lifetime of the Cy(S;) state in ADA-3 as determined by PL lifetime measurements (Table 1).
Because both fluorescence and electron transfer occur from the Cgo(S;) state, the PL lifetime of ADA-3
corresponds to the generation of Cqy radical anions and not to their decay. We therefore propose that
the 1030 nm differential transmission signal does not primarily relate to the Cq, radical anion, but
rather originates predominantly from the Cgy S, <— S; absorption.

To investigate this in more detail, the differential transmission at 900 nm has also been recorded. The
molar absorption coefficient of the MP-Cyy S, «— S; transition (9000 L-mol'l-cm'l) 1s almost twice as
high as the absorption coefficient of the MP-Cy, radical anion (5000 L-mol'-cm™) at this wavelength.*
The results at 900 nm are similar to those at 1030 nm, exhibiting a rise in less than 1 ps and a decay
with a time constant of 107 ps (Figure 7).

The near steady-state absorption spectra of D1 or D3 with MP-Cg, in ODCB (Figure 6) show that the
absorption at 1030 nm is 4 times larger for the D3/MP-Cg, mixture as compared to the D1/MP-Cg
mixture. However, the transient differential transmission profiles at 900 and 1030 nm of ADA-1 in
ODCB show only minor differences compared to the profiles of ADA-3 in ODCB. After a rise of the
signal within 1 ps, the signals show an exponential decay with time constants of 156 and 135 ps at 900
and 1030 nm, respectively (Figure 7). Although these values are slightly higher than the observed
fluorescence lifetime of 118 ps, they support the view that the transient PIA signal is predominantly a

result of the excited state S, «— S; absorption of MP-Cq,.

Modeling of the Transient PIA Trace. Using the absorption coefficients of the charge-separated state
and the excited state S, < S; absorption of MP-Cy, at 900 nm in ODCB, the time profile of the
transient differential absorption after excitation can be calculated as a function of the rate constants for
intrinsic decay (ko), charge separation (kcs), and charge recombination (kcr) (Figure 8).*!

Sn(CSO) A

BCu(S) i A

s1(c60)_v_£\ ¢(CSS)
\ 4

\ 4

SO I

D-C,

Figure 8: Energy diagram for the charge transfer reaction (kcs) from the MP-Cgy(S;) state to the
charge-separated state (CSS) together with intrinsic (ko) and charge recombination (kcg) decay
pathways.

In this model, charge separation is assumed to occur exclusively from the MP-Cq(S;) state and the rate
for charge recombination is varied, while &y, and kcs are kept constant at the experimental values.!
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From the steady-state PIA experiments it can be concluded that there is no significant absorption of the
radical cation for the ADA-1 triad at 900 nm, therefore the absorption coefficient of the charged
species is equal to that of MP-Cgo " (5000 L-mol™-cm™).*

The molar absorption coefficient of the radical cation of ADA-3 has been determined from the
absorption spectrum of D3, which was obtained by oxidizing D3 with thianthrenium perchlorate.” At
900 nm, the molar absorption coefficient for D3" is 14000 L-mol"-cm™. The ratio of the absorption
coefficients at 900 nm (1.38 eV) of the MP-Cg(S,) state and the charge-separated state (CSS) were
therefore set at 9000 : 5000 for ADA-1 and at 9000 : 19000 for ADA-3.*

The calculated time profiles for values of kcg ranging from 10" to 2 x 10's™ (Figure 9) clearly reveal
that as long as charge recombination is faster than 2 x 10'°s™ (50 ps), the transient signal is dominated
by the S, « S; absorption of the MP-Cq(S;) state, even if the absorption coefficient of the charge-
separated state is higher than the singlet-excited state absorption.

#(S,(C,,)) : £(CSS) = 9000 : 5000
1

Calculated PIA Signal (a.u.)

-7 (S,(C,)) : e(CSS) = 9000 : 19000
1 1 1 1 1

0 100 200 300 400 500
Time (ps)

Figure 9: Calculated differential transmission at 900 nm for charge recombination rate constants of 1
ps” (dashed line), 0.1 ps™ (dotted line), and 0.02 ps™ (dash-dotted line), compared to the decay of the
MP-Cgy(S)) state (solid line). The spectra are calculated with the model illustrated in Figure 8 with
&Cep(S1) : &CSS) = 9000 : 5000 (top) and &Csy(S;) : &CSS) = 9000 : 19000 (bottom). The used

values for kcs and ky correspond to time constants of 120 and 1310 ps, respectively.

Under these conditions the transient signal is indistinguishable from the S, <— S; absorption of MP-
Cgo, which hampers an accurate analysis of the recombination dynamics.** This is a general problem in
donor-fullerene systems: the overlap of the S, < S; and radical anion absorptions of the fullerene in
the 800-1100 nm region complicates the investigation of formation and recombination kinetics.

Because the experimentally obtained time profiles are similar to the modeled curves with fast
recombination, we estimate that charge recombination in ADA-1 and ADA-3 occurs within 50 ps (kcr
> 2 x 10" ™). This is in agreement with rate constants obtained for comparable thiophene-MP-Cq

dyads and triads.”"
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2.3 Conclusions

Intramolecular photoinduced electron transfer has been observed in three fullerene-donor-fullerene
(ADA) triads that contain an electron rich pyrrole ring in the donor moiety. The charge transfer
kinetics have been studied in solution with PL and transient PIA spectroscopy. In agreement with a
semi-quantitative model for the Gibbs-free energy for charge separation, the photoinduced charge
transfer depends on the polarity of the solvent and the distance between donor and fullerene acceptor.
While charge separation occurs for ADA-1 in toluene, a higher polarity solvent is required to generate
a photoinduced charge-separated state in ADA-2 and ADA-3. PL quenching and time-resolved PL
studies reveal that the rate for charge separation in the ADA triads is in the range of kcs =10° - 10" s
Near steady-state PIA in mixtures of the donor model compounds D1 or D3 with MP-Cg, reveal that
an intermolecular charge transfer occurs from the MP-Cyo(T;) state, evidenced by the observation of
the absorption spectra of the corresponding radical ions in the near infrared. Transient PIA in the
picosecond time domain for the triads, recorded at the near-infrared absorption wavelengths of the
radical ions, produced a signal that was dominated by the excited state S, «<— S; absorption of the MP-
Ceo moiety. A kinetic model, involving the relative absorption coefficients of the excited states,
explains this behavior when the charge recombination is faster than the charge separation. A semi-

quantitative analysis suggests that the recombination rate, kcg, is larger than 2 x 10"’ s™" (lifetime < 50
ps)-

2.4 Experimental Section

Materials. The syntheses of ADA-1, ADA-2, and ADA-3 have been described previously.”” Each of
the three triads consists of a mixture of stereoisomers as a consequence of the stereocenter at each
pyrrolidine ring. Compounds D1, D2,” D3* and MP-Cg,** have been prepared according to literature
procedures.

Electrochemistry. Cyclic voltammograms were measured in dichloromethane (&= 8.93), with 0.1 M
tetrabutylammonium hexafluorophosphate (TBAPF) as a supporting electrolyte, using a Potentioscan
Wenking POS73 potentiostat. The working electrode was a Pt disk (0.2 cm?), the counter electrode
was a Pt plate (0.5 cm®), and a saturated calomel electrode (SCE) was used as the reference electrode,
calibrated against Fc/Fc' (0.46 V).

Absorption and Fluorescence Spectroscopy. UV/Vis absorption and fluorescence spectra were
recorded with a Perkin Elmer Lambda 40P spectrometer and an Edinburgh Instruments FS920 double-
monochromator luminescence spectrometer using a Peltier-cooled red-sensitive photomultiplier,
respectively. All UV/Vis and fluorescence measurements were carried out in 10 mm quartz cells.
Solvents for absorption and fluorescence measurements were used as received. Oxidation experiments
were carried out under inert conditions by adding a solution of thianthrenium perchlorate® in
dichloromethane via a syringe through a Teflon-lined septum sealing the substrate solution.

Time-Correlated Single Photon Counting. Time-correlated single photon counting fluorescence
studies were performed using an Edinburgh Instruments LifeSpec-PS spectrometer. The LifeSpec-PS
comprises a 400 nm picosecond laser (PicoQuant PDL 800B) operated at 2.5 MHz and a Peltier-
cooled Hamamatsu micro-channel plate photomultiplier (R3809U-50). Lifetimes were determined
from the data using the Edinburgh Instruments software package.
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Near Steady-State PIA. Solutions containing 2 x 10* M of each compound were prepared in a
nitrogen-filled glove box in order to exclude interference of oxygen during measurements. The PIA
spectra were recorded between 0.5 and 3.0 eV by exciting with a mechanically modulated cw Ar ion
laser (A4 = 528 nm, 275 Hz) pump beam and monitoring the resulting change in transmission of a
tungsten-halogen probe light through the sample (A7) with a phase-sensitive lock-in amplifier after
dispersion by a grating monochromator and detection, using Si, InGaAs, and cooled InSb detectors.
The pump power incident on the sample was typically 25 mW with a beam diameter of 2 mm. The
PIA (-AT/T ~ Aad) was directly calculated from the change in transmission after correction for the
photoluminescence, which was recorded in a separate experiment. Photoinduced absorption spectra
and photoluminescence spectra were recorded with the pump beam in a direction almost parallel to the
direction of the probe beam. The solutions were studied in a 1 mm near-IR grade quartz cell at room
temperature. Solvents for PIA measurements were distilled under nitrogen before use.

Transient Sub-Picosecond Photoinduced Absorption. The femtosecond laser system used for pump-
probe experiments consisted of an amplified Ti/sapphire laser (Spectra Physics Hurricane). The single
pulses from a cw mode-locked Ti/sapphire laser were amplified by a Nd-YLF laser using chirped pulse
amplification, providing 150 fs pulses at 800 nm with an energy of 750 pJ and a repetition rate of 1
kHz. The pump pulses at 455 nm were created via optical parametric amplification (OPA) of the 800
nm pulse by a BBO crystal into infrared pulses which were then two times frequency doubled via BBO
crystals. The probe beam was generated in a separate optical parametric amplification set-up in which
the 900 and 1030 nm pulses were created and a RG 850 nm cut-off filter was used to avoid
contributions of residual probe light (800 nm) from the OPA. The pump beam was focused to a spot
size of about 1 mm’® with an excitation flux of 1 mJ-cm™ per pulse. The probe beam was reduced in
intensity compared to the pump beam by using neutral density filters. The pump beam was linearly
polarized at the magic angle of 54.7° with respect to the probe, to cancel out orientation effects in the
measured dynamics. The cross-correlation of pump and probe pulses was determined by measuring the
optical Kerr effect in pure heptane using the same sample cell as in the pump-probe experiments. The
pump laser pulse induces a birefringence, because the refractive index contains and intensity
dependent term and becomes anisotropic under polarized illumination.”” The cross-correlation, has
approx. a Gaussian shape with 0.5 ps FWHM. In principle, rates for charge separation should be
obtained by deconvoluting the measured signal with the cross correlation. However, numerical
analysis indicates that for rates < 2 ps”', deconvolution results in only a negligible correction to the rate
obtained by directly fitting an exponential function. The temporal evolution of the differential
transmission was recorded using an Si detector by a standard lock-in technique at 500 Hz.
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Chapter 3

Charge Separation and Recombination in
Photoexcited Oligo(p-Phenylene Vinylene) —
Perylene Bisimide Arrays close to the Marcus

Inverted Region”

Abstract

The kinetics of photoinduced intramolecular charge separation and subsequent charge recombination
of three oligo(p-phenylene vinylene)-perylene bisimide-oligo(p-phenylene vinylene) arrays have been
studied using femtosecond pump-probe spectroscopy in solvents of different polarity. The reduction
potentials of three donor-acceptor-donor molecules differ strongly as a consequence of the four
substituents (R = tert-butyl-phenoxy, H, or Cl) on the bay-position of the central perylene bisimide
unit. The experiments indicate that charge separation in these molecules occurs from the first excited
singlet state of the perylene bisimide moiety to the charge-separated state (CSS) and to the lowest
electronically excited-state level of the charge-separated state (CSS*). For R = H and R = CI, the
rates for charge separation and charge recombination decrease with increasing change in Gibbs-free
energy, and hence the molecules represent an exceptional example of molecules in which both charge
separation and recombination occur close to, or in the Marcus inverted region.

* This work has been published: Beckers, E. H. A.; Meskers, S. C. J.; Schenning, A. P. H. J.; Chen,
Z.; Wiirthner, F.; Janssen, R. A. J. Journal of Physical Chemistry A 2004, 108, 6933-6937.
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3.1 Introduction

The kinetics of photoinduced charge separation reactions in m-conjugated donor-acceptor systems is
important to natural and artificial light energy conversion."” Marcus theory for electron transfer
predicts that this reaction can occur in different regions, depending on the relative magnitude of the
change in Gibbs-free energy (-AG,) and the reorganization energy (A).” In the ‘normal region’ (-AG,
< 1), the rate constant increases with increasing driving force (-AG,), while in the ‘inverted region’ (-
AG, > A) the rate constant should decrease with increasing -AG,. This prediction of Marcus theory has
attracted considerable interest and was experimentally first verified by Closs and Miller 20 years
ago.*” Presently, numerous examples of inverted region behavior have been reported for charge
recombination, but it remains quite elusive in photoinduced charge separation.*"* One exception is the
recent work of Mataga et al. who elegantly demonstrated inverted region behavior in charge separation
in porphyrin-imide dyads, utilizing the higher energy S, state to increase -AG,."*

Here, the photoinduced electron transfer and recombination kinetics are described for three oligo(p-
phenylene vinylene) —perylene bisimide — oligo(p-phenylene vinylene) (OPV-PERY-OPV) arrays (1-
3, Figure 1) and it is demonstrated that for 2 and 3, both forward and backward electron transfer occur
in the ‘inverted region’. These donor-acceptor-donor arrays differ only by the substituents on the bay
positions of the central PERY moiety. The substituents, tert-butylphenoxy, hydrogen, and chlorine
were chosen to create an increasing reduction potential of the perylene bisimide and thereby an

increase of -AG.

Figure 1: Structures of the three donor-acceptor-donor arrays 1-3.

3.2 Results and Discussion

The UV/Vis absorption spectra of 1-3 are shown in Figure 2. The spectra exhibit the characteristic -
7* absorption of the OPV unit at ~435 nm for each triad. The absorptions at higher wavelength are the
vibronically resolved transitions of the perylene bisimide chromophores. Going from 1 to 3, there is a
continuous shift of this band to higher energy and, accordingly, the energy of the lowest singlet-
excited state increases (Eo = 2.13, 2.32, and 2.38 eV, for respectively 1-3, recorded in CH,Cl,).
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Figure 2: Normalized UV/Vis absorption spectra of compounds 1-3.

Each of the three triads 1-3 exhibits a reversible oxidation wave in the cyclic voltammogram (Figure
3). The first oxidation potentials of 1-3 are very similar (E,, = +0.34, +0.31, and +0.33 V vs. Fc/Fc' in
CH,Cl,, respectively). The reduction potentials vary much more (£..q =—1.17,—-1.02, and —0.80 V) and
reflect the difference in the electron donation and accepting character of the substituents on the
perylene bisimide moiety.

Current (a.u.)

-2.0 -1.5 -1.0 -0.5 0.0 0.5
E/V (vs. Fc¢'/Fc)

Figure 3: Cyclic voltammograms of compounds 1 (top), 2 (middle) and 3 (bottom) in CH,Cl,, scan
rate 0.1 V-s™', supporting electrolyte 0.1 mol-L™" NBu,PFj.

The rates for charge separation (kcs) and recombination (kcg) were determined for 1-3 in six solvents
with varying polarity (& = 2.38 — 25.3), by monitoring the transient absorption of the OPV " radical
cation at 1450 nm," after excitation of the OPV (450 nm) or PERY (520 nm) chromophore with
femtosecond pump-probe photoinduced absorption spectroscopy.
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Figure 4 shows an example of the transient traces that have been obtained. For each triad, kcs and kcr
were extracted from the data by fitting a biexponential function. These data are collected in Table 1.
For all three triads, charge separation is extremely fast (kcs = 2.2 x 10''to 1.6 x 10> s, Table 1). The
charge recombination varies more strongly with the solvent and is in general slower (kcg = < 8 x 10*to
2.6x10"s™).

ATIT (normalized)

0 5 10 15 20
Time Delay (ps)

Figure 4: Normalized differential transmission dynamics of 3 in CHCI; (g = 4.81, closed squares)
and benzonitrile (& = 25.3, open circles) recorded at 1450 nm with excitation at 450 nm, together with

a biexponential fit to the data (solid lines).

We found that values obtained for kcs (or kcr) pertaining to the same solute-solvent combination were
independent of the excitation wavelength (450 or 520 nm) used. This indicates that an ultrafast singlet-
energy transfer from the singlet-excited state of OPV (2.52 eV) to the PERY moiety precedes the
electron transfer, which therefore originates from PERY singlet excited state S;. The strong quenching
of the OPV fluorescence supports this conclusion. Therefore, the change in free energy for charge

separation (-AG,) was determined relative to the energy level of the PERY(S;) state (Ey) and the

redox potentials of the donor (E. (D)) and the acceptor (E,.4(A)) state using a continuum model:'®
2 2
1 1 1 1
—AGy = | E gy (D) — Eyeq(A)]+ Egy + ————+— (+) — (1)
Arege R 8meg \ vt r N\ Eer &

The radius of the OPV radical cation and the perylene bisimide anion are set to 7 = 5.05 A and r =
4.71 A respectively,'” whereas the center-to-center chromophore distance (R..) was set at 14 A for all
three compounds.
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Table 1: Experimental rate constants (k) and estimates for the change in Gibbs-free energy (AG) and
activation energy (AG") for charge separation (CS) and recombination (CR) in different solvents.

Calculated rate constants were obtained using equation 2.

Solvent -AGes  AGed™ k(_zls kcs,_ciﬂc " AGer  AGE™ k(_:{z kCR,_clalc ¢
(eV) (V) (s) (s?) (eV) (eV) (s) (s)

1 PhCH; 0.14 0.021 27x10" 1.4x10"° 1.99 2.73 <8x10® 1.1x10°

PhCH;* 4.9 % 10" 5.7 x 10°

CHCl; 055 0.016 22x10" 45x10" 1.8 0212  2.1x10" 6.4x10°
PhCl 0.61 0.006 26x10" 52x10" 1.52 0204 1.0x10" 1.1x10"
THF 0.69 0.019 39x10" 57x10" 144 0.057 34x10"° 2.1x10"
ODCB 0.76  0.003 4.6x10" 58x10" 1.37 0.078 1.8x 10" 3.5x10"
PhCN  0.88 0.004 25x10" 58x10" 1.25 0.016 55x10" 7.9x10"

2 PhCH; 051 0.037 1.6x10% 4.1x10" 181 1.89 3.0x10° 7.4 x10°
PhCH,* 4.1 x 10" 3.9 % 10°
CHCl; 091 0.007 1.5x10% 6.0x10" 1.40 0.128  6.6x 10" 2.8x10"
PhCl 098 0.020 1.0x10% 6.6x10" 1.34 0.120  75x 10" 43 x10"
THF 1.06 0.002 15x10% 79x10" 126 0.022 89x10" 7.5x10"
ODCB 1.13  0.022 1.1x10% 9.1x10" 1.19 0.033  44x10"° 1.1x10"
PhCN 125 0.015 13x10? 1.0x10% 1.07 0.001  93x10" 22x10"

3 PhCH; 077 0.185 1.5x10% 58x10" 1.61 1.43 1.6 x 10" 4.9 x 10°
PhCH,“ 1.1 x 10" 2.5% 10"
CHCl; 1.18 0.054 1.0x107 99x10" 1.20 0.060 1.2x10" 1.1x10"
PhCl 124 0.085 8.7x10" 1.0x10% 1.14 0.053 64x10" 1.5x10"
THF 132 0.033 1.0x10% 1.0x10% 1.06 0.002 2.6x10" 23x10"
ODCB 139 0.082 9.0x10" 9.7x10" 0.99 0.006 7.9x10" 3.1x10"
PhCN  1.51  0.064 58x10" 73x10" 0.87 0.004 1.9x10" 4.5x10"

a) Determined from the Marcus relation AG* =(AG, +1)* /44, with 4 - 4; + 4, 4; = 0.25 €V, and

A = (2 147y (1/Qr)+ 1) = (U R )1/ n2 ~1/g,) -

b) Calculated for PERY(S;) — CSS and PERY(S;)—> CSS*; (kcscale = kcss + kess+) using 4; = 0.25
eV, 4=0.5¢eV, Vess =6 meV, Vessx=8 meV, iw=0.186 eV (w= 1500 cm’) and 7=298 K.

¢) Calculated for CSS — S;, 4;=0.25¢V, 4,=0.5¢eV, V=6 meV, iw=0.186 ¢V and T =298 K.

d) Calculated using A;=0.1 eV instead of 0.5 eV (see text).

A semi-logarithmic plot of kcs and kcgr vs. -AGy is given in Figure 5. The plot clearly shows that charge

recombination (open symbols) takes place in the inverted region. The rates can be described using the

non-adiabatic electron transfer theory proposed by Jortner ez al.'**

Va

0 n 2

kO _ - /4 V2 Ze_s iexp _ (AGO +ﬂs +nha)) (2)
h lSkBT n=0 n! 4ﬂ’SkBT

In equation 2, V describes the electronic coupling and S (= A/Aw) relates to the effective mode
vibrational energy, while 4; and A are the internal and solvent reorganization energies, respectively.
Taking i = 0.186 eV (1500 cm™) and 7= 298 K, a satisfactory fit could be obtained for 4; = 0.25 eV,
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As = 0.5 eV, and V' = 6 meV (Figure 5). This value of A is in reasonable agreement with values
calculated with the Born-Hush approximation for the more polar solvents."®

1E12

-

(®) (A) o.ouz“ ]

1E11 ¢

k(s

1E10 |

1E9 E

0.0 0.4 0.8 1.2 1.6 2.0

-AG,(eV)

Figure 5: Rates for charge separation (solid markers) and recombination (open markers) versus -AG,
for 1 (squares), 2 (circles), and 3 (triangles). The solid line represents k calculated from equation 1.
The dashed line represents the calculated k for a combination of charge separation to CSS and CSS*,
taking into account a 0.6 eV lower driving force for the latter pathway. The data for charge separation
in toluene (in parenthesis) were not used in the fitting because the solvent reorganization energy A

deviates significantly from that in the other solvents (see text).

Turning now to the rates for charge separation (Figure 5, solid markers), it appears that the kcg data of
1 fall on the same curve as used to describe the charge recombination. Charge separation for 1 is close
to the ‘optimal region’ (-AGy = A). For 2 and 3, charge separation is more exergonic than for 1 and the
rates for charge separation are expected to be lower because inverted behavior applies. In contrast, the
experimental charge separation in 2 and 3 is significantly faster than in 1 (Figure 5). Nevertheless, a
small reduction of kcg (more pronounced for 3) with increasing -AGj indicates behavior close to the
‘inverted region’.

A possible explanation for the high kcs of 2 and 3 is that charge transfer produces an excited-state of
the charge-separated state (CSS*) rather than the ground state (CSS, Figure 6).'° The energy of CSS*
can be inferred from the absorption spectrum of OPV", which exhibits a low-energy band with an
onset at 0.6 eV (Figure 6).>' Because -AG (to CSS) exceeds 0.6 eV in solvents with & > 2.7, charge
transfer from the PERY(S;) state to CSS* is exergonic for 2 and 3. Non-radiative decay from CSS* to
CSS is expected to be fast and therefore charge recombination only occurs from CSS.

When -AGj is corrected for the 0.6 eV difference between CSS and CCS*, the charge transfer will
become less exergonic and is no longer expected to occur in the inverted region but rather in the
optimal region. This rationalizes the moderate reduction of kcs with increasing -AG, and explains (in
part) the high values of kcs for 2 and 3. By including the additional pathway to CSS* with a 0.6 eV
lower driving force, the experimental data for kcg of 2 and 3 are in fair agreement with values obtained
from equation 2 when the same parameters are used as before and the electronic coupling between
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PERY(S;) and CSS* is set to V=8 meV, i.e. slightly higher than between PERY(S;) and CSS (V=6
meV). For low values of -AG, the rate constant does not change because the pathway to CSS* is
endergonic. For larger values of -AG), charge separation is a combination of both pathways. The fit
supports the presence of an additional charge separation pathway to CSS* and reproduces the decrease

of kcs with increasing -AG, for 2 and 3.
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251 PERY(S) 15l
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20} \ css* 1.0/
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g I
% 10+ —— (0.0l
uCJ | css Abs(radicals)

0.5}

0.0 | co—

PERY(S,)

Figure 6: Energetic diagram for charge separation from PERY(S)) to CSS and CSS*. The inset shows
the absorption spectrum of OPV-PERY -OPV"" relative to the energy level of CSS.

The three experimental rate constants for charge separation of 1-3 in toluene deviate from the
calculated curve. This is primarily due to the fact that the solvent reorganization energy A; = 0.5 eV,
used to construct the curve, does not apply to apolar solvents like toluene. For toluene, the Born-Hush
approximation gives A, = 0.1 eV. Using the same parameters but setting A, = 0.1 eV, brings the
calculated rate constants for toluene closer to the experimental values (Table 1). The deviation of the
toluene data might also be explained by the notion that the microscopic polarity, and hence -AG,, is

not accurately described by & due to a substantial quadrupole moment of the solvent.”
3.3 Conclusions

The kinetics of photoinduced intramolecular charge separation and charge recombination in three
homologous oligo(p-phenylene vinylene)-perylene bisimide-oligo(p-phenylene vinylene) arrays has
been studied in solvents of different polarity. For the two molecules with the lowest reduction
potentials, 2 and 3, the rates for charge separation and charge recombination decrease with increasing
change in Gibbs-free energy, and hence represent an example of molecules in which charge separation
and recombination occur close to, or in the Marcus inverted region. The presence of a low energy
excited state of the charge separated state hampers detection of the Marcus inverted region. An
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additional reaction to this CSS* is favorable over electron transfer to the CSS state with high barriers
in the inverted region.

34 Experimental Section

Materials. The synthesis of the studied compounds has been described previously.”” The solvents
for spectroscopic studies were of spectroscopic grade and used as received.

Spectroscopic Techniques. UV/Vis spectra were measured on a Perkin Elmer Lambda 40P and the
steady state fluorescence spectra were measured on a Perkin Elmer LS-50B spectrofluorometer. A
description of the transient photoinduced absorption setup can be found in chapter 2.

The specifications of the laser pulse were verified by measuring the optical Kerr-effect” (Figure 7) as
signals with time constants below 1 ps were measured. This resulted in a cross-correlation with a full
width at half maximum (FWHM) of 525 fs corresponding to a Gaussian-shaped pulse with a width &
of 223 fs. By taking into account that this is the width calculated for two convoluted pulses and
assuming equal width for both of them, a pulse width of 158 fs is calculated, in agreement with the
specification of 150 fs.

1.0} .
0.8 - .
0.6 - .

04} -

Signal (normalized)

0.2} §

0.0 00 © .

L 1 L '. L 1 L .' L 1 L L L 1

-500 0 500 1000
Time (fs)

-1000

Figure 7: Determination of the pulse width of the used pump-probe transient absorption setup by
measuring the Kerr-effect in heptane (Ayump = 455 nm, Apope = 1450 nm).

By convoluting the instrument response (o = 223 fs) and the expected rate constant for the charge
separation reaction it is possible to analyze the expected photoinduced absorption signal
mathematically. This revealed that rate constants of 2 x 10'> s™" or slower can be distinguished form
the actual laser pulse width. For rate constants above 5 x 10'> s this is not possible anymore and a
deconvolution procedure is necessary to obtain the true rate constant.

Electrochemical Measurements. Cyclic voltammetry was performed with an EG&G PAR 273
potentiostat in a three-electrode single-compartment cell using dichloromethane as solvent. Working
electrode: platinum disk; counter electrode: platinum wire; reference electrode: Ag/AgCl. All
potentials were internally referenced to the Fc/Fc' couple. The solutions were purged with argon gas
prior to use. The supporting electrolyte was 0.1 mol-L™' tetrabutylammonium hexafluorophosphate
(Fluka), which was recrystallized twice from ethanol / water and dried in a high vacuum.
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Parameters Used in the Calculations. The parameters used in the calculation for the different driving
forces and reoganization energies were as follows:

3.5

0 3 N L AW

10

11

12

13

14

15

16

17

18
19

Solvent & n y)

Toluene (PhCHj) 2.38 1.497 0.30
Chloroform (CHCl;) 4.81 1.446 0.77
Chlorobenzene (PhCl) 5.69 1.524 0.74
Tetrahydrofuran (THF) 7.52 1.407 0.97
o-Dichlorobenzene (ODCB) 9.93 1.552 0.86
Benzonitrile (PhCN) 25.3 1.528 1.00

A_Aiis, 4i=025eV
A, = (&2 1 4meg)(L/Q2r ) +1/(2r )= (1/ R,))1/ n* 1/ &,) -
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Chapter 4

Photoinduced Multistep Electron Transfer in an
Oligoaniline—Oligo(p-phenylene vinylene) —

Perylene Bisimide Molecular Array’

Abstract

Photoinduced multistep electron transfer has been studied in two symmetrical oligoaniline—oligo(p-
phenylene vinylene)—perylene bisimide—oligo(p-phenylene vinylene)—oligoaniline (OAn-OPV-PERY-
OPV-OAn) multichromophore arrays with transient absorption spectroscopy in the femtosecond and
nanosecond time domains. The arrays consist of a symmetrical donor(2)-donor(1)-acceptor-donor(1)-
donor(2) arrangement, with two OAn-OPV segments coupled to a central PERY unit via a direct
linkage (1) or a saturated spacer (2). Photoexcitation gives the OAn-OPV " "-PERY -OPV-OAn as the
primary charge-separated state. For I the transfer is extremely fast (kcs> 1 ps™) in polar and apolar
solvents, while the rate constants for recombination differ and are significantly higher in polar
solvents than in apolar solvents because recombination occurs in the Marcus inverted region. Charge
separation and charge recombination are slower in 2, because the saturated spacer reduces the
electronic coupling between OPV donor and PERY acceptor. The primary OAn-OPV"-PERY -OPV-
OAn charge-separated state can rearrange to the OAn"-OPV-PERY -OPV-OAn state after a charge
shift reaction. This charge shift is exergonic and competes with fast charge recombination. In polar
solvents the efficiency of the charge shift is about 0.22 and 0.28 for 1 and 2, respectively, and only
weakly dependent on the polarity. The OAn"-OPV-PERY -OPV-OAn charge-separated state has a
long lifetime as a result of the negligible interaction between the distant OAn" and PERY " redox sites,
and can be observed up to several microseconds.

* Part of this work has been published: (a) Marcos Ramos, A.; Beckers, E. H. A.; Offermans, T.;
Meskers, S. C. J.; Janssen, R. A. J. Journal of Physical Chemistry A 2004, 108, 8201-8211. (b) Marcos
Ramos, A; Ph.D. Thesis, Eindhoven University of Technology, 2003.
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4.1 Introduction

For practical applications, it is often of interest to combine a high rate for charge separation with a low
rate for charge recombination. For this purpose multichromophoric arrays have been designed in
which the initial photoinduced charge separation is followed by charge migration reactions along a
well-defined redox gradient that ultimately provides the spatial separation of the photogenerated
charges that is essential to lower the rate for charge recombination. Various elegantly designed triads,
tetrads, etc. have been synthesized and investigated in detail.'™

Multistep electron transfer, or charge migration, is possibly also the origin of the longevity of charges
in solid-state blends of donor and acceptor materials used in organic and polymer solar cells.’**! In
these devices, excitons, created by the absorption of light, dissociate at the donor-acceptor interface
forming an electron-hole pair. When this electron and hole escape from geminate recombination and

diffuse away from the interface,’**

they can be collected at electrodes as a photocurrent.

Because of their high absorption coefficients in the visible region and their charge transport properties,
OPV*** and PERY**® chromophores have also attracted interest for organic solar cells. Recent
studies on covalently linked oligo(p-phenylene vinylene) (OPV) donors and perylene bisimide (PERY)
acceptors in liquid crystalline OPV-PERY-OPV triads,"”** n-stacks of hydrogen-bonded OPV-PERY -
OPV trimers," and alternating (OPV-PERY), copolymers,” have revealed that photoinduced electron
transfer can be extremely fast in solution (< 1 ps), but that the lifetime is generally rather short (< 1
ns).

With the aim to extend the lifetime of the charge-separated state, two new multichromophoric
molecular arrays incorporating a central OPV-PERY-OPV triad augmented with two p-oligoaniline
(OAn) moieties as additional donors, have been designed (1 and 2, Figure 1). The two arrays differ in
the connectivity between the central PERY segment and the OPV donors. In 1, the OPV and PERY
units are directly connected providing a close proximity and possibly some conjugation, although the
two chromophores are likely not coplanar. In 2, the OPV-PERY distances are longer and the
conjugation is fully interrupted by saturated bonds. The redox potentials of the OAn, OPV, and PERY
segments favor the OAn"-OPV-PERY -OPV-OAn state as the lowest-energy charge-separated state
after photoexcitation. Arrays 1 and 2 have been studied using transient absorption spectroscopy in
solvents of different polarity to investigate the photoinduced multistep electron transfer. The kinetics
of charge separation, migration, and recombination have been determined and are rationalized in terms

of Marcus theory, using a continuum model to describe the free energy.
4.2 Results

Absorption Spectroscopy. The UV/Vis absorption spectrum of 1 in toluene (Figure 2a) exhibits two
strong absorption bands, one centered at 327 nm and the other featuring vibronic fine structure with
peaks at 464, 494 and 532 nm. For direct comparison, the absorption spectra of the OAn, OPV, and
PERY reference compounds (Figure 1) are also plotted in Figure 2a. All chromophores contribute to

the absorption of the UV region of 1, but the absorption in the visible region is dominated by the -1
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transitions of the OPV and PERY chromophores. The characteristic vibronic fine structure of the
PERY chromophore is clearly present in the visible region.
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Figure 1: Chemical structures of D2-DI1-A-DI1-D2 arrays 1 and 2 and reference compounds 3, 4,
OPV, OAn, and PERY.

The UV/Vis absorption spectrum of 2 (Figure 2b) recorded in THF also consists of the overlapping
absorptions of the OAn, OPV and PERY chromophores. The low energy absorption band at 532 nm of
the PERY chromophore exhibits a lower intensity for 2 than for 1. In o-dichlorobenzene, the spectrum
is slightly shifted to higher wavelengths, but further rather similar.

In toluene (Figure 2b), the absorption spectrum of 2 shows a reduced intensity of the peak at 532 nm
and a weak contribution above 550 nm, which indicates some aggregation as a consequence of

intermolecular hydrogen bonding and n-n interactions.*
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Figure 2: (a) UV/Vis absorption spectra of the OAn-OPV-PERY-OPV-OAn array 1 (solid) and model
compounds OAn (dashed), OPV (dotted), and PERY (dash-dot) recorded in toluene solution. (b)
UV/Vis absorption spectra of the OAn-OPV-PERY-OPV-OAn array 2 in tetrahydrofuran (solid line),
ODCB (dashed line), and toluene (dotted line).

More proof for the presence of aggregates can be found by heating a solution of 2 in toluene (Figure
3). The band above 550 nm disappears and the characteristic absorption of molecularly dissolved

perylene species appears at 532 nm indicating that indeed at room temperature aggregated structures
are present.
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Figure 3: Absorption spectra of compound 2 in toluene (1 x 10°M) at different temperatures ranging
form 20 °C (solid squares) to 90 C (open circles).

Electrochemistry. The electrochemical properties of 1 and 2 and of the reference compounds OAn,
OPV, and PERY were investigated by cyclic voltammetry in dichloromethane. The redox potentials
are collected in Table 1. Reversible reduction of the PERY acceptor in 1 occurs at half-wave potentials
of —0.53 and —0.76 V. Array 1 could be oxidized in four consecutive reversible oxidations at +0.53 V
and +1.03 V corresponding to the OAn segment, and at +0.76 and +0.96 for the OPV moiety (Table
1). In dichloromethane, also four oxidation waves were observed for 2 at +0.53 and +1.07 V (OAn),

48



Chapter 4

and at +0.74 and +0.90 V (OPV). In this solvent no reduction was observed for 2. We assume that the
reduction of 2 in dichloromethane is hampered by aggregation. In accordance, the UV/Vis spectrum of
2 in dichloromethane is similar to that in toluene and indicative of aggregation. In THF, however,
where aggregation is not observed, the cyclic voltammogram of 2 exhibits the two reduction waves at
-0.60 and —0.89 V corresponding to the PERY moiety.

Comparison with the model compounds OPV, OAn, and PERY (Figure 1) reveals that the first and
second oxidation potentials of 1 and 2 are not strongly affected by linking the OPV and OAn
chromophores (Table 1). In contrast, the reduction potential of the PERY acceptor depends on the
nature of the imide functionality. The reduction potentials of 1 and 2 are shifted by +0.12 and +0.05 V
respectively with respect to that of the PERY reference compound (-0.65 V). For 2 the shift is less,
owing to the similar alkyl substitution as in the PERY reference. In compound 1, some conjugation
between the OPV and PERY chromophores is possible, although the first phenyl ring of the OPV
moiety will not be coplanar with the PERY unit.

Table 1: One-electron half-wave redox potentials (E°) of OAn, OPV, PERY, and OAn-OPV-PERY-
OPV-OAn (vs. SCE) calibrated with Fc/Fc' (in dichloromethane with 0.1 M TBAPF). The reduction
potential of 2 is measured in THF.

Compound E'ea (V) E' (V)
OAn - 0.53/1.02
OPV - 0.73/0.80
PERY -0.65/-0.85 -
Array 1 -0.53/-0.76 0.53/0.76/0.96/ 1.07
Array 2 -0.60/-0.89 0.53/0.74/0.90/ 1.07

Energetic Considerations. Figure 4 shows the photophysical processes that can occur in these arrays
upon illumination. Photoexcitation initially generates the localized singlet-excited states with energies
at 3.40, 2.39 and 2.33 eV for 'OAn*, 'OPV*, and 'PERY* respectively, depending on the excitation
energy used. In addition, a subsequent charge separation (CS) between adjacent chromophores would
generate the OAn-OPV -PERY -OPV-OAn or OAn"-OPV -PERY-OPV-OAn states. These charge-
separated states can decay to the ground state via charge recombination (CR) or evolve to the more
distant OAn"-OPV-PERY -OPV-OAn state via a charge shift reaction (CSH).

In contrast to the localized singlet-excited states, the energy of the charged separated states is strongly
influenced by the polarity of the medium. Equation 1 provides a means of estimating the driving force
for charge separation as function of the polarity of the solvent and distance between chromophores.”'

~AG, =—e(E, (D) E,,(A)+ E, + A (1 + 1][1 - lj )

dre,e R, 8w, \r* r
In this equation, E,(D) and E.4(A) are the oxidation and reduction potentials of the donor and
acceptor molecules or moieties measured in a solvent with relative permittivity &g, Eoo is the energy of
the excited state from which the electron transfer occurs, and R, is the center-to-center distance of the
positive and negative charges in the charge separated state. The radii of the positive and negative ions
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are given by 7" and 7, & is the relative permittivity of the solvent, -e is the elemental charge, and ¢ is
the vacuum permittivity.

OAn’-OPV-PERY

ET1
cS4 OANn-OPV’-PERY E1o OAn-OPV-PERY"
CS3 -
«— cs2

Cs1

OAn-OPV*-PERY-

OAn*-OPV--PERY

CR3 ,L CSH1

OANn*-OPV-PERY-
/ CR2

OAn-OPV-PERY

Figure 4: Schematic energy levels and photoinduced processes for OAn-OPV-PERY-OPV-OAn in
polar solvents (CS = charge separation, CR = charge recombination, CSH = charge shift).

The change in free energy for charge separation, charge shift, and charge recombination in 1 and 2
have been calculated using equation 1 for solutions of different polarity, i.e. toluene (g = 2.38),
chlorobenzene (& = 5.72), THF (& = 7.51), and o-dichlorobenzene (& = 9.93) (Table 2). The radius of
the PERY " radical anion was set to # = 4.7 A*” and that of the OPV" and OAn" radical cations to 7" =
5.5 A% and 4.8 A”, respectively. The R, distances have been determined using molecular modeling,
assuming that the charges are located at the center of the OAn, OPV, and PERY moieties.” For 1 these
are R,. = 14 A for OPV"-PERY " and R, = 33 A for OAn"-OPV-PERY . For 2, the orientation and
distance between OAn-OPV and PERY units is not fixed owing to the flexible spacer. The upper limit
for the R . distance in 2 has been determined in a conformation in which all chromophores are
coplanar, resulting in R, = 20 A for OPV"-PERY " and R, = 39 A for OAn"-OPV-PERY . Table 2
shows that photoinduced charge separation, charge shift, and charge recombination (CS1, CSH1, CR1,
and CR2) are exergonic for arrays 1 and 2 in all solvents, with the exception that the driving force for
charge shift is close to zero in toluene.

Transient Absorption Spectroscopy. To monitor the photophysical processes in more detail,
transient absorption spectroscopy has been performed in the subpicosecond to nanosecond time
domain. Subpicosecond experiments on 1 and 2 were performed by selective excitation of the OPV or
PERY chromophores at 455 or 520 nm with ~150 fs pulses, while monitoring the transient differential
transmission at 1450, 900, and 700 nm. The absorption at 1450 nm is highly characteristic for the low-
energy transition of the OPV " radical cation’” and, hence, this transient signal gives direct information
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on the rates of formation (CS1 or CS2) and decay (CR1 and CSH1) of the OAn-OPV "-PERY -OPV-
OAn charge separated state. At 700 nm, the radical ions of all chromophores absorb, with molar
absorption coefficients of 7 x 10°, 15 x 10°, and ~80 x 10° M'cm™ for OAn"**, OPV"",*® and PERY ™’
respectively. Therefore, the 700 nm absorption indicates the presence of both the OAn-OPV "-PERY -
OPV-OAn and OAn"-OPV-PERY -OPV-OAn charge-separated states. Finally, at 900 nm the 'OPV*
and 'PERY* singlet states dominate the transient absorption. At this wavelength the radical ions
absorb as well, though with much lower molar absorption coefficients than at 700 nm.

Table 2: Change in free energy (AG,) with reference to the lowest singlet excited state, reorganization

energy (1), and barrier (AG") determined using equation 1-3.

Array 1 Array 2
Reaction ¢\ AG, 2 AG" AG, 2 AG"
(Figure 4) (eV) (eV) (eV) (eV) (eV) (eV)
CS1 TOL -0.59 0.35 0.043 -0.41 0.36 0.002
CB -1.04 0.77 0.024 -0.94 0.84 0.002
THF -1.12 0.84 0.022 -1.03 0.93 0.002
ODCB -1.18 0.87 0.026 -1.09 0.97 0.004
CR1 TOL -1.74 0.35 1.389 -1.92 0.36 1.713
CB -1.29 0.77 0.090 -1.39 0.84 0.089
THF -1.21 0.84 0.041 -1.30 0.93 0.037
ODCB -1.15 0.87 0.023 -1.24 0.97 0.018
CSH1 TOL +0.08 0.36 0.131 -0.01 0.36 0.086
CB -0.11 0.88 0.167 -0.14 0.88 0.158
THF -0.15 0.98 0.177 -0.16 0.88 0.148
ODCB -0.17 1.02 0.176 -0.18 1.02 0.174
CR2 TOL -1.81 0.37 1.419 -1.91 0.37 1.605
CB -1.18 0.96 0.012 -1.26 0.98 0.020
THF -1.07 1.07 0.000 -1.14 1.09 0.001
ODCB -0.98 1.16 0.007 -1.06 0.98 0.002

Array 1 in Toluene. The transient differential transmission of 1 in toluene at 1450 nm (associated
with the OPV " radical cation band of the OAn-OPV "-PERY -OPV-OAn charge-separated state) of 1
in toluene exhibits a fast rise and a slow decrease after excitation at 450 nm (Figure 5). The rise occurs
within 1 ps. The charge-separated state can evolve directly from the 'OPV* singlet excited state (CS2)
or, via an intermediate energy transfer (ET2), from the 'PERY* singlet-excited state (CS1). Since the
rate of formation of OPV"™ was independent of the excitation wavelength 450 nm (OPV) or 520 nm
(PERY), we favor the latter interpretation. The slow decay of the 1450 nm absorption reveals that the
OAn-OPV"-PERY -OPV-OAn charge-separated state has a rather long lifetime (~ 370 ps) in toluene.
The transient absorption of the PERY " radical anion in 1, recorded at 700 nm essentially superimposes
with the temporal evolution of the band at 1450 nm (Figure 5). This confirms that both absorptions
originate from the same charged species, i.e. OAn-OPV -PERY -OPV-OAn and that no charge shift
occurs in toluene. The differential transmission at 900 nm ('OPV* or 'PERY *) exhibits an abrupt rise
and decay in the first picosecond, corresponding to the formation and decay of the 'OPV* (or
'PERY *) singlet-excited state (Figure 5). A similar signal is observed when the pump pulse is shifted
from 450 to 520 nm to excite the PERY chromophore. The 'OPV* and 'PERY * states evolve within 1
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ps into the OAn-OPV "-PERY -OPV-OAn charge-separated state, as evidenced by the 1450 and 700
nm transient absorptions. In accordance, the signal at 900 nm exhibits the same temporal evolution as
the 1450 and 700 nm differential transmissions after the initial transient singlet state feature has
decayed.

AT/T (a.u.)

5k 51 4
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6+ 0 5 10 |
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Figure 5: Differential transmission dynamics of 1 in toluene monitored at 1450 (open circles), 900 nm
(closed squares), and 700 (open triangles) with excitation at 450 nm. The inset shows the differential
transmissions at shorter time delays.

Array 1 in Polar Solvents. In more polar media than toluene, the OAn-OPV""-PERY -OPV-OAn —
OAn"-OPV-PERY -OPV-OAn charge shift (CSHI1) is exergonic for array 1 (Table 2). The
differential transmission of the OPV" radical cation (at 1450 nm) shows that charge separation to the
OAn-OPV"-PERY -OPV-OAn state of 1 dissolved in THF also occurs with a high rate (kcs > 1 x 10"
s™) but that, compared to toluene, the lifetime of this state is dramatically reduced (12 ps vs. 370 ps)
(Figure 6). The same kinetics was observed with excitation at 450 nm (OPV) or 520 nm (PERY). The
differential transmission at 700 nm of the PERY ™ radical anion in array 1 in THF reveals the existence
of two different time regimes (Figure 6). The first region exhibits a fast rise and decay during the first
30 ps. This initial feature is associated with the formation and decay of the OAn-OPV -PERY -OPV-
OAn state and both OPV"™ and PERY " radical ions account for the transient absorption at 700 nm.
After 30 ps most of the signal has decayed and a less intense, long-lived signal remains, which
constitutes the second regime. Because the OPV "™ absorption at 1450 nm has disappeared after 30 ps,
the long-lived signal at 700 nm is attributed to the OAn"-OPV-PERY -OPV-OAn charge-separated
state, formed by an intramolecular redox reaction of the primary charge-separated state. The
differential transmission of 1 in THF at 900 nm exhibits the formation and decay of the singlet-excited
state of the OPV and PERY chromophores (depending on which has been excited) in the first
picosecond after photoexcitation (Figure 6). As in toluene, the singlet-excited state is quenched by
charge separation to OAn-OPV -PERY -OPV-OAn.

Even though the rate for the charge shift (CSH1) cannot be extracted from the data, an efficiency of
0.22 in THF can be estimated from the transient absorption at 700 nm, using the molar absorption
coefficients of the involved radical ions at this wavelength and assuming that the maximum intensity at
3 ps corresponds to the OAn-OPV "-PERY -OPV-OAn state, while at 50 ps the remaining absorption

52



Chapter 4

corresponds to the OAn"-OPV-PERY -OPV-OAn state only. In chlorobenzene and o-
dichlorobenzene, solvents of lower and higher polarity than THF, the differential transmissions at
1450, 900 and 700 nm of 1 exhibit similar time profiles as observed in THF. The efficiencies for

charge shift are similar in all the polar solvents.
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Figure 6: Differential transmission dynamics of 1 in THF monitored at 1450 (open circles), 900 (solid
squares), and 700 nm (open triangles) with excitation at 450 nm, measured at different time delays.

The inset shows the evolution of the 700 nm signal over the first nanosecond.

Array 2 in Polar Solvents. In THF, the rate for intramolecular photoinduced charge separation in 2 is
(kcs1 = 2.9 x 10" s'l) less than in 1 (kcg; = 1 X 10" s'l) as evidenced by the slower grow-in of the
differential transmission at 1450 nm of the OAn-OPV "-PERY -OPV-OAn state (Figure 7). The
reduced rate constant for 2 is attributed to a smaller electronic coupling between OPV donor and

PERY acceptor in the excited state for this compound in comparison with 1.
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Figure 7: Differential transmission dynamics of 2 in THF monitored at 1450 (open circles), 900 (solid
squares), and 700 nm (open triangles) with excitation at 455 nm, measured at different time delays.
The inset shows the evolution of the 700 nm signal over the first nanosecond.

Likewise, the rate for charge recombination has decreased in 2, giving the primary charge-separated
state in 2 a longer lifetime (100 ps) than in 1 (12 ps). The efficiency of the intramolecular charge shift
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generating the OAn"-OPV-PERY -OPV-OAn state in 2 has increased to 0.28, as inferred from the
transient absorption at 700 nm (Figure 7). Similar to 1, the efficiency for the charge shift in 2 is only
weakly dependent on the solvent (THF, chlorobenzene, or o-dichlorobenzene).

Although the kinetics of the charge separation and recombination reaction are similar in all the studied
polar solvent, a remarkable result is observed when array 2 is studied in the apolar solvent toluene
(Figure 8). From the results obtained using absorption spectroscopy it is clear that array 2 is
aggregated in toluene. Whereas the charge-separated state is expected to be higher in energy in apolar

1

solvents, a considerable increase in the rate for both the charge separation (kcg > 1 x 102 s, s < 1

1R = 46 ps) reaction is observed in toluene. This

ps) and recombination (kcg = 2.2 x 10" s
remarkable difference can be a result of the aggregation of the OPV and PERY chromophores (Figure

3) in a face-to-face fashion. The influence of the chromophore packing will be discussed in more detail

in Chapter 5.
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Figure 8: Transient photoinduced absorption traces for 2 in ODCB (solid squares), THF (open

squares) and toluene (solid circles) recorded at 1450 nm.

Because the 700 nm signal of the OAn"-OPV-PERY -OPV-OAn state does not decay within the first
nanosecond, we used nanosecond transient spectroscopy to obtain information on the rate of charge
recombination (CR2). Figure 9a shows the transient spectra in the 480-850 nm region obtained after
exciting 1 in ODCB with a 4 ns pulse at 450 nm. The spectra show the well-defined absorption
features corresponding to the PERY  radical anion at 710 and 800 nm, and the associated bleaching in
the visible range at 495 and 532 nm. The absorption of the OAn" radical cation cannot be clearly
distinguished because its electronic transitions overlap with those of the PERY " radical anion and are
less intense (£(860 nm) ~ 15 x 10° M cm™ for OAn" vs &800 nm) ~ 60 x 10° M cm™ for PERY ).
The signals can be observed into the microsecond time domain and demonstrate the longevity of the
OAn"-OPV-PERY -OPV-OAn state.

The decay of the signals under these conditions does not follow first-order kinetics and, hence, it is not
possible to determine a monomolecular lifetime. This observation is consistent with the fact that at the
used concentration (5 x 10 M) the lifetime of the charge-separated state is much longer than the
average time between diffusion limited collisions, which is on the order of ~40 ns.
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Figure 9: Differential transmission of 1 (left) and 2 (right) in o-dichlorobenzene solution (5 x 107 M),
measured at room temperature with photoexcitation at 450 nm with 4 ns pulses. The absorption bands
of the PERY " radical anion can be observed at 710 and 800 nm. The numbers indicate the time delay

in nanoseconds after the excitation pulse.
4.3 Discussion

Marcus theory provides an estimate for the free energy barrier (AG”) for electron transfer based on the

change in free energy (AGy) and the reorganization energy (A1) via:

2
AGH = (AG0 +2) (2)
44

The reorganization energy consists of an internal contribution (4;) and a solvent term (A,), which can
be approximated via the Born-Hush approach to give after summation, with » the index of refraction:

2
A=A+A4 =4+ ¢ 1(1"‘1)_1 iz—i 3)
‘ Are, \2\r" 7 R \n" ¢

cc

The rate constants for the different processes, are not only a function of the energy barrier AG”, but
also of the reorganization energy (A) and the electronic coupling (7) between donor and acceptor in the
excited state according to:

2 \/? 2
kz( 4 j & exp[—(AG”_ﬂ)} 4)

h? Ak, T 47k, T
The values of AGy, A, and AG” calculated with equations 1 to 3 are collected in Table 2. The initial
charge separation (CS1) occurs close to the Marcus optimal region because —AG, and A are similar

and, hence, AG" ~ 0. In such situation, the reaction rate is governed by the electronic coupling ¥
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between the donor and acceptor and the polarity of the solvent becomes less important. The electronic
coupling depends on the nature of the spacer and on the separation of donor and acceptor via
V?=V}:(R,)exp(-B(R,. —R,)), wWith R, the contact distance. The electronic coupling in array 1 is likely

high due to the semi-conjugated fashion by which the OPV and the PERY chromophores are linked,
although the frontier molecular orbitals of the perylene bisimide have nodes at the imide nitrogen. The
strong coupling explains the high rate constants for charge separation in 1 in all solvents (kcg; > 1 ps™).
In contrast, charge recombination (CR1) in OAn-OPV "-PERY -OPV-OAn is in the Marcus inverted
region (—AG, > A) for all solvents (Table 2) and, consequently, the barrier for charge recombination is
reduces with solvent polarity. In toluene, the most apolar solvent used, the energy barrier for the
recombination is remarkably high and consistently a rather long lifetime (370 ps) of the OAn-OPV -
PERY -OPV-OAn charge-separated state has been observed. In the more polar solvents, the calculated
energy barrier is significantly less and recombination is expected to be much faster. This explains, to
some extent, the 12 ps lifetime of the OAn-OPV"-PERY -OPV-OAn charge-separated state in THF.
The charge shift occurs in the normal region (-AG, < A1) and is energetically less favorable than charge
recombination (Table 2). Consequently, the energy barrier is higher. These two facts rationalize that
the charge shift is slower than the charge recombination, although the actual rates will also strongly
depend on the electronic coupling ¥, which is not accounted for in this analysis. In a study on a related
system with Cg as an acceptor instead of perylene bisimide, (OAn-OPV-Cq,),” it has been shown
recently that increasing the lifetime of the primary charge-separated state is beneficial for the slower
charge shift process to compete. In principle this condition is nicely fulfilled for array 1 in toluene but
here the driving force for the charge shift is close to zero and the charge shift does not occur.
Nevertheless, in polar solvents, where charge recombination is accelerated, the charge shift can be
observed. The efficiency of the charge shift is similar in all polar solvents, consistent with the small
variation in energy barriers for the charge shift (Table 2).

The rate for charge separation (CS1) is smaller for 2 than for 1, despite the similarly low energy barrier
(Table 2). The reason for this difference is the type of linker between PERY and OPV units. In 2,
electron transfer must occur over a longer distance, through space or through the saturated spacer by a
superexchange mechanism, resulting in a reduced electronic coupling. The same effect occurs in the
charge recombination and explains the longer lifetime of the OAn-OPV "-PERY -OPV-OAn state of 2
in THF (100 ps) compared to that of 1 (12 ps). It can be assumed that slower charge recombination
increases the efficiency for the charge shift in 2 with respect to 1.

Both for 1 and 2, the product of the charge-shift, OAn"-OPV-PERY -OPV-OAn, has a long lifetime,
even though the charge recombination from this state (CR2) is almost barrierless (Table 2). The
explanation for the longevity is the large distance between the OAn" and the PERY  redox sites
reduces their electronic coupling and hampers charge recombination (CR2) from the OAn"-OPV-
PERY -OPV-OAn state, resulting in a long lifetime.

4.4 Conclusions

Two multichromophoric arrays 1 and 2 have been synthesized by covalently linking OAn, OPV, and
PERY chromophores into a symmetrical OAn-OPV-PERY-OPV-OAn configuration. Sequential
photoinduced intramolecular charge separation occurs in these multichromophoric arrays. The electron
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transfer reactions start with forming the primary OAn-OPV"-PERY -OPV-OAn charge-separated
state. The rate for initial charge separation is independent of the chromophore (OPV or PERY) that is
excited. This indicates that charge separation originates from the 'PERY* state, i.e. CS1 rather than
CS2 (Figure 4), and that it is preceded by an ultrafast 'OPV— 'PERY* energy transfer (ET1) if the
OPV is excited initially. The primary charge-separated state decays via charge recombination (CR1) or
produces the secondary, more stable OAn"-OPV-PERY -OPV-OAn charge-separated state via an
intramolecular redox reaction, or charge shift (CSH1).

Regardless of the polarity of the solvent, the intramolecular charge separation is extremely fast in 1,
because it occurs in the optimal region (—AG, ~ A). Charge recombination occurs in the Marcus
inverted region (-AG, > A) and is fast in polar solvents, but remarkably slow in toluene. Both charge
separation and recombination are slowed down in 2, because the saturated spacer reduces the
electronic coupling between the OPV donor and PERY acceptor in the excited state. The charge shift
that generates the OAn"-OPV-PERY -OPV-OAn state competes with charge recombination and
occurs in THF with an efficiency of 0.22 for 1 and 0.28 for 2. The higher efficiency for 2 is ascribed to
the reduced rate constant for charge recombination from the primary charge-separated state in 2.
However, the increase seems a bit small if the almost ten times slower recombination rate for
compound 2 is taking into account. Compared to the lifetime of the OPV -PERY -OPV charge-
separated state in triads (11 ps in THF)," the more stable OAn"-OPV-PERY -OPV-OAn state has a
lifetime that is many orders of magnitude longer as it can be observed into the microsecond domain in

THF at room temperature.

4.5 Experimental Section

Materials. The synthesis of 17, 2%, 3*7, 4% OPV*’, OAn™, and PERY® has been reported previously.

Spectroscopic Techniques. The UV/Vis absorption spectra were recorded on a Perkin Elmer Lambda
900 spectrophotometer. Fluorescence spectra were recorded on an Edinburgh Instruments FS920
double-monochromator spectrometer equipped with a Peltier-cooled red-sensitive photomultiplier.
Nanosecond pump-probe spectra were recorded by exciting the sample with pulses at 450 nm (pulse
width 4 ns, repetition rate 10 Hz) obtained from an optical parametric oscillator (OPO), pumped by the
third harmonic of a Nd-YAG laser. An intensified CCD camera was used to record the transmission of
a tungsten-halogen probe light through the sample after dispersion by a spectrograph. The signal
acquisition by the CCD camera was electronically gated at different time delays after the excitation
pulse, using a gate width of about a tenth of the delay time. To obtain differential transmission spectra,
the reference transmission was recorded at a 20 ms delay.

A detailed description of the setups used for electrochemical measurements and femtosecond transient
absorption spectroscopy can be found in Chapter 2.
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Chapter 5

The Influence of Intermolecular Orientation on
the Charge Transfer Kinetics in Self-assembled
Oligo(p-phenylene vinylene) — Perylenebisimide

Arrays’

Abstract

The kinetics of photoinduced charge transfer reactions in covalently linked donor-acceptor molecules
often undergo dramatic changes when these molecules self assemble from a molecular dissolved state
into a nanoaggregate. Frequently, the origin of these changes is only partially understood. In this
chapter the intermolecular spatial organization of three homologous arrays, consisting of a central
perylene bisimide (PERY) acceptor moiety and two oligo(p-phenylene vinylene) (OPV) donor units is
described. In these nanoaggregates both the face-to-face (H-type) and the slipped (J-type) stacking of
the OPV and PERY chromophores can be identified. For the J-type aggregates, short intermolecular
OPV-PERY distances are created that give rise to a charge-transfer absorption band. The proximity of
the donor and acceptor groups in the J-type aggregates enables a highly efficient photoinduced charge
separation with a rate (k., > 10" s™) that significantly exceeds the rate of the intramolecular charge
transfer of the same compounds when molecularly dissolved, even in the most polar media. In the H-
type aggregates, on the other hand, the intermolecular OPV-PERY distance is not reduced compared
to the intramolecular separation and, hence, the rates of the electron transfer reactions are not
significantly affected compared to the molecular dissolved state. Similar to the forward electron
transfer, the kinetics of the charge recombination in the aggregated state can be understood by
considering the different inter-chromophoric distances that occur in the H and J-type aggregates.
These results provide a first consistent rationalization of the remarkable differences that are observed
for photoinduced charge transfer reactions of donor-acceptor compounds in molecularly-dissolved

versus aggregated states.

* Beckers, E. H. A.; Meskers, S. C. J.; Schenning, A. P. H. J.; Chen, Z.; Wiirthner, F.; Marsal, P.;
Beljonne, D.; Cornil, J.; Janssen, R. A. J. Journal of the American Chemical Society, in press.



The Influence of Intermolecular Orientation on the Charge Transfer Kinetics

5.1 Introduction

Photoinduced charge-transfer in donor-acceptor molecules is fairly well understood, in particular for
covalently linked dyads in solution."” In molecular dyads, triads, tetrads, and more extended arrays
containing different photo- and redox-active chromophores, photoinduced charge separation can result
in long-lived charge-separated states. Various carefully designed energy and electron transfer cascades
that mimic the steps occurring in natural photosynthesis have been synthesized and investigated in
great detail.>* In general, the energetics and kinetics of the formation of these charge-separated states
can be adequately described by theories of Marcus and Jortner when taking into account the
orientation, distance, and nature of the linker between the donor and acceptor chromophores.™®

In contrast, characterization and insight into photoinduced electron transfer in self-assembled
nanoscale (10-100 nm) architectures is only at its beginning. Of course it is well established that
chlorophylls work in concert in photosynthesis to funnel light energy to the reaction center prior to a
cascade of electron transfer reactions. However, collective behavior of chromophores related to
photoinduced electron transfer has not received much attention in artificial systems. It is therefore
interesting to study photoinduced charge transfer and recombination in donor-acceptor molecules that
are able to self organize into nanoaggregates or stacks in solution, either by lowering the temperature
or by changing the polarity of the solvent. The self-assembly enables the controlled growth of
nanoaggregates and provides a unique approach to gain insight in the transition in photophysical
properties when single dyad molecules are transformed into a material. Ultimately, these insights may
provide new routes towards charge separation, energy conversion, and storage assemblies.

Various recent results indicate that the photophysics of nanoassemblies, in which multiple covalently
linked donor and acceptor systems are interacting with each other, can be dramatically different when
compared to those of isolated compounds, however, the reasons for these differences are not always
well understood. Wasielewski et al. reported ordered nanoparticles of tetrakis(perylene bisimide)-
porphyrins in which donors and acceptors are stacked.” The forward electron transfer in these
photofunctional nanoparticles is faster and the recombination slower compared to model compounds
that do not form these aggregates under similar conditions. In this system, the stabilization of the
charge-separated state occurs via migration of charges between closely coupled redoxactive groups.
Another example shows the forward electron transfer in oligo(p-phenylene vinylene)-fullerene dyads
can be up to an order of magnitude faster in thin films than the same reaction in the most polar
solvents.® Taking into account that organic solids have a much lower relative dielectric constant
(typically & = 3 to 4) compared to the most polar solvents used (& = 25), the increased transfer speed
cannot be explained by the polarity. A similar order of magnitude increase was found in fine particles
of oligothiophene-fullerene dyads when compared to benzonitrile solution.” For perylene bisimide
systems rate constants for charge separation exceeding 10'> s have been observed in aggregated
structures where the formation of a charge separated state is not energetically favorable in the
molecularly dissolved state.'”"? Each of these examples demonstrates that aggregate formation leads to
unexpected kinetics for photoinduced charge separation.

In order to rationalize some of the dramatic changes that occur in the photophysics of covalently-
linked donor-acceptor molecules upon aggregation, the intermolecular distance between the donor and
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acceptor chromophores in self-assembled aggregates is correlated with the kinetics of the
photoinduced charge separation and recombination reactions. The comparison of molecular dissolved
and aggregated solutions offers the opportunity to directly differentiate between intramolecular and
intermolecular effects. For this purpose, three related covalently linked oligo(p-phenylene vinylene)
(OPV) — perylene bisimide (PERY)) arrays are studied here (Figure 1). These arrays were considered as
an appropriate starting point for this study because the photoinduced charge transfer between these
chromophores in solution has been extensively studied,””” and the individual chromophores are
known to form supramolecular aggregates in a variety of apolar solvents.'>'*" Previous studies on
aggregates containing OPV***' or PERY"*** moieties have revealed that stacking provides the
possibility for excitations to hop to different sites within the same supramolecular structure or to
delocalize over several chromophores.

1 R-= o@—é 2 R=H 3 R=Cl

Figure 1: Studied OPV-PERY-OPV arrays 1, 2, 3 together with the OPV (4) and perylene bisimide (35,
6) reference compounds and the cyclic OPV-PERY dimer 7.

The three homologous OPV-PERY-OPV arrays used in this study consist of the same donor and
acceptor building blocks, the only difference being the four substituents on the bay position of the
perylene bisimide moiety. For compound 1,' these are tert-butylphenoxy substituents, whereas for
compounds 2" and 3" the substituents are respectively hydrogen and chlorine. The different
substituents influence the acceptor part of the system."’ Moreover, the planarity of the perylene
bisimide changes with the bay substituents. An almost flat conformation is expected for the hydrogen-

substituted perylene bisimide moiety while torsion angles of 25° and 37° have been observed for
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phenoxy and chlorine substituted perylene bisimides as a result of the increased steric hindrance.***’

This twisting is expected to affect the packing of the compounds in aggregates, while the differences in
acceptor strength influence intermolecular donor-acceptor interactions.

The insights into the supramolecular organization, as inferred from optical absorption spectra and
Molecular Mechanics calculations, provide a consistent description of the remarkable differences
between the picosecond charge transfer kinetics in OPV-PERY-OPV arrays in molecularly-dissolved
versus aggregated states when the distance between chromophores is the essential parameter.

5.2 Results and Discussion

Intermolecular Organization in the Aggregates from Absorption Spectroscopy. To understand the
differences in photophysics between isolated molecules and molecules in nanoaggregates or thin films,
knowledge and control over the mesoscopic ordering of the molecules is crucial, but in general
difficult to obtain.******° Although in favorable cases, techniques like x-ray diffraction (XRD), small
angle neutron scattering (SANS), transmission electron microscopy (TEM), or atomic force
microscopy (AFM) can be used to determine the supramolecular structure of aggregates,”” ™ this
proved to be cumbersome for the present compounds. Among others, the concentration, surface
interaction, temperature, and processing conditions often have an extremely large influence on the
structures obtained. To enable a direct comparison of the structural information and the photophysics,
both should preferably be studied under identical conditions. Therefore, structural analysis focuses on
to the detailed analysis of the absorption spectra of the aggregated OPV-PERY-OPV arrays as dilute
solutions in methylcyclohexane (MCH).

The UV/Vis absorption spectra of the arrays 1-3 in MCH are characterized by a strong band of the
OPV units centered at ~425 nm and one or more vibronic transitions of the PERY core at higher
wavelengths. The distinct changes that can be observed in the spectra recorded at 20 °C and 90 °C are
consistent with the presence of aggregates at low temperature (Figure 2). Upon heating a solution of 1
in MCH from 20 °C to 90 °C a shift of the perylene bisimide maximum from 580 nm to 565 nm is
observed. This shift is typical of the dissociation of the supramolecular structure as a result of the
increased temperature.'> Based on the red shift of the perylene bisimide absorption maximum of 1
upon aggregation, it is here proposed that a J-type aggregate (Figure 3) is obtained.”**> The OPV
absorption shows a small (424 to 432 nm) red shift in the same temperature range.

For 3 similar red shifts are observed; the perylene bisimide absorption maximum shifts from 513 nm
for molecularly dissolved species at elevated temperature to 528 nm for the aggregated species at room
temperature, while the OPV unit shifts from 428 to 446 nm. This implies that for 3 a J-type structure
may also exist. For 2, the changes in the spectra seem slightly more complex. Compared to the sharp
perylene bisimide vibronic at 515 nm, a new (weak) band appears at ~550 nm upon aggregation while
at the same time the intensity at ~470 nm is increased. Such a blue shift of the absorption maximum
and an accompanying low-intensity band at lower energy is typical for the formation of H-type
aggregates formed. In agreement with previous observations, the differences in aggregation observed
for 1 and 3 versus 2 are consistent with the fact that the expected increased bulkiness and twist induced
by the fert-butylphenoxy and chlorine substituents for 1 and 3,>**”** hamper a face-to-face packing of
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these chromophores, as required for H-type aggregation. It should be noted that for all aggregates
some degree of rotational displacement may also be present.

Absorbance (normalized)

ook ) ) ) Ol
300 400 500 600

Wavelength (nm)
Figure 2: Absorption spectra of 1 (top, 5 x 10° M), 2 (middle, 2 x 10° M) and 3 (bottom, 1.3 x 10° M)
measured in MCH. The solid squares show the absorption spectra recorded at 20 °C, whereas the

open circles indicate the results obtained at 90 °C.

A study on the concentration dependence of the aggregation behavior at room temperature indicated
that for concentrations above 1 x 10° M in MCH all three compounds are only present as aggregated
species. For 1 only 50 percents of the molecules is aggregated in MCH at a concentration of 4 x 107
M, whereas this occurs at a concentration of 5 x 10® M for 3. At the lowest concentration where an
absorption signal is detectable (1 x 10 M), compound 2 is still completely aggregated.

intermolecular intramolecular

e

e-

J-Type H-Type

Figure 3: Cartoon of the two limiting situations for the one-dimensional packing of OPV-PERY-OPV
arrays to give H-type (right) and J-type (left) aggregates.

65



The Influence of Intermolecular Orientation on the Charge Transfer Kinetics

Compounds 1-3 bear eight enantiomerically pure (S)-2-methylbutoxy substituents. This side-chain
chirality can result in a circular dichroism of the n-n* transitions of the OPV and PERY chromophores
when the molecules aggregate in a helical fashion. Small circular dichroism signals, originating from
interchromophoric coupling, are indeed observed for 1-3 in MCH and disappear upon heating (Figure
4). The CD signal evidences some rotational displacement in the aggregates.

CD (mdeg)

1 1 1
300 400 500 600 700
Wavelength (nm)

Figure 4: Circular dichroism spectra of 5 x 10°M solutions of 1 (top), 2 (middle) and 3 (bottom) in
MCH recorded at 20 °C.

More evidence for the presence of a J-type aggregate structure for 3 in MCH has been obtained by
analyzing the absorption spectra at higher concentration (Figure 5). Under these conditions and at the
same concentrations, an absorption band that is not present for the separate reference compounds 4 and
5, can be observed for 3 in the region from 700 to 1000 nm. This band points to the occurrence of
charge transfer (CT) between the two different chromophores in the ground state. In addition, the onset
of the PERY(S;<S,) transition has slightly shifted to longer wavelengths as compared to the reference
compounds. This shift is due to the dipole-allowed low-energy absorption that is characteristic for
transition dipoles in a head-to-tail configuration in a J-type aggregate. The observed CT band is only
expected when the OPV and perylene bisimide chromophores are in a face-to-face orientation.
Because all molecules are aggregated at the concentrations used, a value of 800 L-mol™.cm™ can be
calculated as a lower limit for the molar absorption coefficient of this transition, based on the
assumption that all present molecules will participate in forming such face-to-face aggregates.

Previously, it has been observed that the introduction of chlorine substituents on the bay position
increases the tendency of perylene bisimide molecules to form intermolecular charge complexes with
other aromatic molecules.*® Therefore, a mixture of 4 and 5 is studied in order to see if a face-to-face
OPV-PERY complex can be obtained when the OPV and PERY moieties are not covalently linked. As
can be seen in Figure 5, the 1:1 mixture of 4 and 5 in MCH at 10™* M gives rise to the CT absorption
band, demonstrating that the OPV and PERY compounds also have a tendency to stack on top of each
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other when they are not covalently linked. This implies that the mixed system gains energy by forming
a charge transfer complex in the ground state in which the n-electron systems of both compounds are
in a sandwich-type configuration. Although the concentrations used in the experiment are similar for
array 3 and the mixture of 4 and 5, the intensity of the CT absorption band is lower for the mixture,
while the spectral positions are the same. This indicates that in the mixture not all molecules are
forming a donor-acceptor aggregate; as can be expected the intensity of the CT band decreases with
temperature as a result of a shift in this equilibrium. A semi-logarithmic plot of the intensity of the
absorption band at 790 nm versus reciprocal temperature provided a binding enthalpy of -110 meV for
the association of the complex containing 4 and 5.
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c c
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Figure 5: (a) Absorption spectra of 3 (solid squares, 1.3 x 107 M), 4 (solid triangles, 107 M), 5 (open
triangles, 107 M), and a 1:1 mixture of 4 and 5 (open circles, 107 M) in MCH at 20 °C. (b) Absorption
spectra of 7 in MCH (solid squares, 2 x 107 M) and THF (open circles, 2 x 10" M), 2 in MCH (solid
triangles, 2 x 107 M), and a 1:1 mixture of 4 and 6 in THF (open triangles, 2 x 107 M).

In addition to the chlorine substituted perylene bisimide compounds, the presence of a charge transfer
absorption in the ground state was also studied for the OPV-PERY array 2. This is, however, less
straightforward because 2 is believed not to form aggregates composed of two different chromophores
in a face-to-face orientation.’” By looking at the absorption spectrum it is therefore not surprising that
for 2 the only visible difference with respect to the reference compounds 4 and 6 is a slight red shift of
the absorption onset, caused by the presence of H-aggregates (Figure 5). Unfortunately it proved not
possible to study the mixture of 4 and 6 because of the limited solubility of 6 in MCH. Therefore, the
cyclic OPV-PERY dimer 7 was used as a model compound. As a result of the strained geometry
within 7, the donor and acceptor moieties are always positioned on top of each other. As a
consequence, an extra absorption is observed between 600 and 800 nm in MCH. In addition, this band
is also observed in THF, a solvent in which aggregation of OPV and PERY compounds is generally
not observed. Due to the strained geometry of 7, the polarity of the solvent does not influence the
formation of a face-to-face complex, and therefore the CT-absorption is also observed in THF. As
expected from the different reduction potentials (E,.q = —1.02 and —0.80 V, vs. Fc/Fc' in CH,Cl, for 2
and 3, respectively),” the position of the CT-absorption for unsubstituted perylene bisimide
derivatives is already at considerably higher energies compared to the chlorine substituted analogs.™®
Therefore no attempt was made to monitor the CT-absorption for 1, because the CT state is even
higher in energy as a result of the more negative reduction potential (E..q = —1.17 V) and because the
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ground-state absorption is considerably red-shifted due to the electron donating character of the zerz-
butylphenoxy substituents. As a result the CT-absorption is expected to be undetectable for the
phenoxy-substituted OPV-PERY arrays, taking into account the spectral overlap and high molar
absorption coefficient of the PERY(S;«—S,) transition with respect to the CT-transition.

Molecular Mechanics Calculations. Researchers of the Laboratory for Chemistry of Novel Materials
of the University of Mons-Hainaut have performed Molecular Mechanics (MM) calculations to gain a
deeper insight into the packing of molecules 1, 2, and 3. These calculations provide, on a qualitative
basis, the probability of H-type versus J-type aggregate formation among the three derivatives. To do
so, the change in total energy as one molecule is slid with respect to the other is followed in a simple
dimer model. The geometry of the isolated chains has first been optimized at the semi-empirical
Hartree-Fock Austin Model 1 (AM1) level,”® while constraining the OPV backbones to be fully planar
and replacing the long saturated chains attached to the terminal phenylene rings by methoxy groups.
The results indicate that the perylene bisimide molecule is fully planar in 2 and distorted into a cross-
like geometry in 1 and 3 (Figure 6). The AMI calculations tend to position the phenoxy groups of 1
oriented along the z-direction above and below the perylene bisimide plane.” Since crystallographic
data®**" indicate that such a conformation is unlikely in a densely packed assembly, an extended
structure where the phenoxy groups are predominantly oriented along the y-axis to provide a more flat
molecule is considered in the following (Figure 6)."

Perylene bisimide core

Figure 6: Illustration of the bending of the perylene bisimide core in 1 (left) and of the extended

structure used in the MM calculations (right). The stacking axis z and the translational axis x are also

defined.

The potential energy curve has been generated using the UFF (Universal Force Field) force field by
calculating the energy of a stacked dimer, built from the isolated structure obtained at the AM1 level.
The applicability of UFF to describe packing in molecular stacks has been validated in previous
studies.” Non-bonding effects (van der Waals and Coulomb terms) in such long molecules have to be
described with a long cut-off distance to provide a reliable stabilization energy upon packing. The
spline method with a spline-on and -off parameter set respectively to 200 A and 300 A is used. The
convergence criterion for the optimization has been set at 10 kcal/mol and the charges are computed
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by the default method. In the simulations, the stacking axis z is perpendicular to the perylene bisimide
backbone in 2 and to its average molecular plane in 1 and 3; the translation axis x is set parallel to the
axis connecting the nitrogen atoms of the perylene bisimide moiety, as illustrated in Figure 6. Thirteen
initial structures that differ by the magnitude of the translation along x were generated by positioning
the two molecules at an intermolecular separation along z larger than the equilibrium distance (initial
distances of 4.0 A for molecule 2, 5.0 A for molecule 3, and in the range 7-9 A for molecule 1). A full
MM optimization is then achieved on the basis of these starting geometric configurations to yield
optimized structures corresponding to local minima on the potential energy curve.

Figure 7 displays the total relative energy (with respect to the global minimum) versus translation
along x (measured by the average distance between the perylene bisimide nitrogen atoms in the two
interacting molecules), as calculated at the UFF level for the three molecules (see experimental section
for the absolute energies and shifts). The analysis of the results shows that the fully cofacial geometry
(zero displacement along x) does not correspond to a stable configuration in any of the three
compounds. This is mostly due to steric effects between the substituents in 1, Coulomb repulsion
between the negatively charged nitrogen atoms in 2, and Coulomb repulsion between the chlorine
atoms in 3. The latter effect leads to the largest intermolecular spacing for 3 (5.14 A) compared to 1
(448 A) and 2 (3.83 A). The global minimum is obtained for a slightly displaced H-type
configuration, corresponding to a shift along x of ~4.2 Ain 1, ~2.8 A in 2 and ~4.2 A in 3. A local
minimum is observed for the three compounds with displacements along the x direction of around 12
A, which corresponds to a J-like architecture (the distance between the two nitrogen atoms of a
perylene bisimide molecule is indeed ~11.3 A). However, this structure is found to be significantly
more stable in 1 and 3 with respect to 2. This can be rationalized by the fact that the steric effects that
destabilize the H-type aggregate in 1 and 3 are progressively switched off when sliding the two
molecules on top of one another, thereby allowing for bonding van der Waals interactions.
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Figure 7: UFF-calculated evolution of the total energy of a dimer of 1, 2, and 3 as a function of the
degree of translation represented by the average distance [d(NI-N2)] between the perylene bisimide
nitrogen atoms in the two interacting molecules. The energy of the global minimum is set equal to zero
in all cases.

As similar steric effects are absent in 2, a monotonous decrease of the interaction energy as a function
of translation along x is predicted in that case. It should be stressed here that the relative stability of J-
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like vs. H-like architectures is underestimated in the dimer calculations due to the smaller interaction
surface. Likely, J-aggregates will be further favored upon building a 3D model for the packing of 1
and 3. The calculations are thus consistent with the experimental data pointing to the fact that H-
aggregates are observed only for 2, while for 1 and 3, steric repulsion between the substituted perylene
bisimide cores drives the structures toward a J-type arrangement.

Photoinduced Charge Separation and Recombination. The dynamics of the photoinduced charge
separation in MCH has been studied by transient photoinduced absorption spectroscopy (Figure 8), by
monitoring the characteristic transient absorption of the OPV™ radical cation at 1450 nm,"” after
excitation at 455 nm. These measurements reveal remarkable differences in the charge transfer kinetics
for the aggregated state when compared to the same compounds in the molecularly dissolved state in
o-dichlorobenzene (ODCB, &= 9.93) and toluene (& = 2.38), despite the fact that the polarity of the
latter is similar to that of MCH (&= 2.02). In a first approximation, the rate for charge separation is
expected to be the lowest in MCH because the driving force (—AGcs) decreases in less polar solvents

(equation 1).%*

AGes = —elE, (D)~ Eg()]4 E(5,)+— &4 & [1+ 1](1—1] (1)

Arg e R, 8me, \r° -

S cc

Actually, an estimate of the energy of the intramolecular charge-separated state by means of equation
1 indicates that for compound 1 this state is degenerate with the first singlet-excited state of the
perylene bisimide moiety (AGcs = 0.00 eV). Because the driving force for the charge separation
reaction for 1 is considerably smaller than the reorganization energy,'” the charge transfer occurs in the
normal Marcus region and, hence, the rate constant (kcg) increases with increasing driving force.*
Therefore, if charge separation is present at all, the rate for charge separation for compound 1 in a
molecularly dissolved state in MCH is expected to be slow. In contrast with these expectations, the
charge separation reaction for 1 in MCH occurs at a considerably higher rate (kcs = 1.2 x 10" s) than
in ODCB (kcs = 4.6 x 10" s7) or in toluene (kcs = 2.7 x 10" s™). This difference can only be
rationalized by the presence of aggregated species in MCH.

For 2 and 3, the photoinduced charge separation in MCH is equally fast and occurs with rate constants
of kes = 2.2 x 10" and 2.9 x 10" s, respectively.46 Previous studies established that for 2 and 3, the
forward charge transfer occurs close to Marcus optimal region."” Under these conditions it is difficult
to predict how kcg changes with solvent polarity and, hence, the high rate constants cannot directly be
associated with the aggregated nature of the compounds.

An explanation for the fast forward electron transfer reaction in 1 in MCH, is that the formation of J-
type aggregates enables charge separation to occur via an intermolecular process rather than
intramolecularly, because the intermolecular distance between the OPV and PERY moieties is shorter
than the intramolecular distance (Figure 3). This implies that the distance of 14 A between the OPV
and PERY chromophores'” used for the calculation of the driving force is not applicable for 1 when it

is in a J-type aggregate. The intermolecular distance of a typical n-n-stacked system is approximately
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4.0 A and this introduces a considerable increase in the driving force for charge separation in MCH
compared to calculations assuming a 14 A distance (Figure 9).
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Figure 8: Transient photoinduced absorption dynamics probing charge separation of 5 x 10° M
solutions of 1 (top), 2 (middle) and 3 (bottom) at room temperature in ODCB (solid squares), toluene
(open circles), MCH (solid triangles) and in the solid state (open triangles). For all measurements an
excitation wavelength of 455 nm was used with detection of the OPV"" absorption at 1450 nm.

For 1, the driving force, calculated from equation 1, increases from ~0 eV at 14 A to —1.27 eV at a
distance of 4 A. Interestingly, the driving force for charge separation in MCH for distances around 4 A
is higher than in ODCB (AGcs = —0.76 eV) and in toluene (AGcs = —0.14 eV) at 14 A, consistent with
the observed decreasing rate constant for charge separation for 1 going from MCH to ODCB, and
toluene.

However, this simple analysis ignores any changes in electronic coupling when going from an
intramolecular to an intermolecular charge separation process. In these molecules the intramolecular
coupling is fairly weak (see ref 15, 6 meV) due to the nodal plane in the frontier orbitals of the
perylene bisimide core."**' For compound 7, the electronic coupling for the face-to-face charge
transfer has been calculated to be 8-9 meV when the electron transfer originates from the lowest
singlet state in the dyad (PERY(S;))." These numbers suggest that the electronic coupling is similar
for the two processes, but the electronic coupling for intermolecular processes could vary strongly with
the mutual orientation of the molecules.”’
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Figure 9: Calculated driving force for charge separation (AGcs) for 1 at various interchromophoric
distances in MCH (squares), toluene (circles) and ODCB (triangles).

Of course it is of interest to study if the changes in the rates for charge recombination (kcr) between
the molecularly dissolved and aggregated states can also be rationalized by considering the shortest
OPV-PERY distances as for charge separation. When the driving force for charge separation increases
as a result of the shorter distance between the two chromophores, the driving force for charge
recombination (—AGcr) will diminish to satisfy that E(S;) = —(AGcs + AGcr). Accordingly, Figure 10
shows that the driving force for charge recombination will increase for longer donor-acceptor
distances. For the J-type aggregates of 1 in MCH the driving force for intermolecular charge
recombination at 4 A of AGcx = —0.86 eV is therefore less than the value of —1.99 eV for
intramolecular recombination in toluene at 14 A.
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Figure 10: Calculated driving force for charge recombination (AGcg) in 1 (top) and 3 (bottom) for
different interchromophoric distances in MCH (squares), toluene (circles), and ODCB (triangles).
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Charge recombination in arrays 1-3 is in the Marcus inverted region and as a consequence the
decrease in —AGcr leads to a faster charge recombination (i.e. a shorter lifetime of the charge-separated
state). In agreement with this prediction the experimental results indicate that the rate for charge
recombination for 1 in MCH (kcg = 2 x 10° s™") (Figure 11) is higher than in toluene (kcg < 8 x 10° ™).
The photoinduced absorption of 1 in MCH at elevated temperatures, where this compound is in its
molecularly dissolved state, leads to the same kinetics as that observed in toluene at room
temperature.'> This demonstrates that the arrangement of the supramolecular structure in the
aggregated state causes the higher recombination rate.
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Figure 11: Transient photoinduced absorption dynamics probing charge recombination of 5 x 10° M
solutions of 1 (top), 2 (middle) and 3 (bottom) at room temperature in ODCB (solid squares), toluene
(open circles), MCH (solid triangles) and the solid state (open triangles). For all measurements an
excitation wavelength of 455 nm is used, with detection of the OPV"" absorption at 1450 nm.

For 3, the donor-acceptor distance would be similarly reduced from 14 A to about 4 A when it forms J-
type aggregates and as a consequence charge recombination should be faster in the aggregated state
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than in a molecularly dissolved state when solvents of similar polarity are used. The rate of charge
recombination observed experimentally in MCH (kcg = 8.3 x 10" s™) is indeed considerably higher
than the rate measured in toluene (kcg = 1.6 x 10"’ s™) and even slightly higher than in ODCB (kg =
7.9 x 10" s™"). This is in full agreement with the lower energy of the charge-separated state for 3 as a
result of its intermolecular nature and parallels the results obtained for 1. Moreover, the rate found for
3 in MCH is identical to the rate obtained for thin films of the same molecule. This suggests that in the
solid state the donor and acceptor moieties also pack in a face-to-face configuration, similar to the J-
type structure and is further confirmed by the nearly identical UV/Vis absorption in the film and in the
aggregates. This is in accordance with the proposed morphologies for other OPV-PERY systems'* and
is a frequently observed packing motif for covalent donor-acceptor polymers.*™'

The formation of the complex of 4 and 5 implies that the donor and acceptor molecules are in very
close proximity and therefore a photoinduced charge separation can be expected. The transient
photoinduced absorption time trace of a 1:1 mixture of 4 and 5 recorded after exciting the sample at
455 nm and detecting at the OPV"" absorption at 1450 nm confirms the intermolecular electron transfer
between 4 and 5 in the mixed aggregate (Figure 12). The rapid rising of the signal (< 1 ps) indicates
that charge separation occurs at a much faster rate than expected for a diffusion limited reaction
between two molecularly dissolved molecules. Strikingly, the transients for 3 and the mixture of 4 and
5 are identical. Since the molecules 4 and 5 stack in a sandwich-type structure, this geometry is most
likely also present for 3, in full agreement with the previous observations. This indicates that the CT
and ©-m interactions between the OPV and PERY moieties determine to a large extent the structure of
the complex in the solid state and in the aggregate.
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Figure 12: Transient photoinduced absorption dynamics in MCH of 3 (solid squares, 5 x 10° M) and
a 1:1 mixture of compounds 4 and 5 (open circles, 10* M). For both measurements an excitation
wavelength of 455 nm is used, with detection of the OPV" absorption at 1450 nm.

Charge separation in 2 is equally fast in all solvents and not strongly affected by polarity or
aggregation (Figure 8) and, hence differs strongly from the behaviors of 1 and 3. Charge
recombination in 2, however, varies more strongly, and is faster in ODCB (Figure 11). In strong
contrast with the results for 1 and 3, the rate for charge recombination of 2 dissolved in toluene or as

74



Chapter 5

aggregates in MCH are identical (kcg = 3.0 x 10° s™). Apparently, the intermolecular effects that arise
when 2 forms aggregates do not enhance the recombination rate, in contrast to the results observed for
1 and 3. This is in full agreement with the proposed molecular picture of an H-type aggregate, where
the intramolecular distance between the OPV and PERY moieties remains the shortest distance
between the chromophores. At the same time it can be concluded that delocalization of positive or
negative charges in the H-type aggregates along a stack of chromophores does not enhance the lifetime
or does not occur. In agreement with recent work by Wasielewski et al.,”* the influence of aggregation
is small and the photophysical properties of the aggregate resemble that of the molecular dissolved
state in aggregates of donor-acceptor compounds where the donors stack on donors and the acceptors
on acceptors (H-type).

5.3 Conclusions

The supramolecular structures of aggregates of three different OPV-PERY-OPV arrays 1-3 in MCH
have been characterized in terms of H and J-type aggregates using absorption spectroscopy and
Molecular Mechanics calculations. In these aggregates highly efficient and fast photoinduced charge
separation occurs. For the H-type aggregates of 2, only minor differences are found for the kinetics of
charge separation and recombination when the aggregates are compared to a non-aggregated,
molecularly dissolved state in an apolar solvent. In contrast, the forward and backward electron
transfer rates are considerably faster in J-type aggregates (1 and 3) than in solution, even for a polar
solvent. These results can consistently be rationalized by considering the new close contacts of OPV
and PERY chromophores that are created in J-type aggregates but are absent in H-type aggregates of
the OPV-PERY-OPV arrays. For the bay-substituted derivatives 1 and 3, which are twisted in the
middle of the PERY chromophore, a shift in the direction of the long axis of the molecule is triggered
by steric effects and is fully supported by the spectroscopic data. The shortest donor-acceptor distance
is identified as the most important parameter in accelerating charge transfer reactions, both separation
and recombination, under conditions of J-type aggregation in an apolar medium. Ultimately,
supramolecular interactions like hydrogen bonding, charge transfer interactions, and n-nt stacking of

. . 33,41,53,54
functional m-conjugated systems™" >

may be used to create artificial systems with pre-defined
photophysical properties that convert, store, or use photon energy. The results presented here
demonstrate that a balance between molecular properties and intermolecular interactions is crucial to
the photophysics of self-assembled architectures of functional molecules and that distance is a simple,

but very important parameter.
5.4 Experimental Section

UV/Vis/near-IR absorption and fluorescence spectra were recorded on a Perkin Elmer Lambda 900
spectrometer whereas circular dichroism measurements were performed on a Jasco J-600
spectropolarimeter. The solvents MCH, toluene and ODCB were of spectroscopic grade and used as
received. The synthesis of compounds 1,'* 2,"* 3,'° 4, 5% 6,°° and 7'* has been published elsewhere.
Detailed information on the parameters used for the calculation of the driving force for charge
separation and recombination can be found in reference 15. All experiments are performed at room
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temperature unless stated otherwise. A detailed desciption of the femtosecond laser system used for
transient pump-probe experiments can be found in Chapter 2.

The results of the evolution of the total energy of the dimer (in kcal/mol) as a function of the average
distance between the perylene bisimide nitrogen atoms in the two interacting molecules for 1, 2 and 3,
as calculated at the UFF level are shown in the table below.

1 2 3
d(N1-N2) Energy d(N1-N2) Energy d(N1-N2) Energy
4.48 568.44 3.83 685.06 5.14 621.87
5.58 568.93 4.40 669.82 5.24 609.73
5.51 561.86 4.57 673.71 6.06 621.48
5.51 554.72 4.54 676.40 11.73 628.68
11.53 567.72 9.60 696.68 11.18 617.50
8.99 584.50 9.78 697.31 11.26 616.13
12.26 568.15 10.01 696.46 11.22 615.98
12.33 568.07 11.59 696.91 11.53 619.53
12.45 568.81 11.46 695.10 11.58 619.97
11.31 563.72 11.37 696.88 11.50 618.29
11.30 563.57 11.16 699.41 11.48 618.06
18.39 578.10 15.54 708.74 17.90 631.09
18.37 579.33 16.34 714.32 18.34 627.56
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Chapter 6

Supramolecular OPV-Fullerene Architectures
by Using the Ureido-pyrimidinone Quadruple
Hydrogen-bonding Unit”

Abstract

Novel supramolecular arrays consisting of an oligo(p-phenylene vinylene) (OPV) donor and fullerene
(Csy) acceptor are created via quadruple hydrogen bonding using self-complementary 2-ureido-
4[1H]-pyrimidinone units. In these supramolecular donor-acceptor dyads, singlet-energy transfer
from the excited OPV unit to the fullerene causes a strong quenching of the OPV fluorescence. The
high association constant of the 2-ureido-4[1H]-pyrimidinone quadruple hydrogen-bonding unit
results in high quenching factors (Q . = 90). The lower limit obtained for the rate constant for energy
transfer (kgy > 6 x 10" s7') is rationalized in terms of the Forster mechanism. Photoinduced electron
transfer does not occur in these hydrogen-bonded dimers, not even in polar solvents. The absence of
charge separation is ascribed to a low electronic coupling between the donor and acceptor in the
excited state as result of the long distance between the chromophores. Furthermore, the formation of
hetero-dimers of bifunctional oligo(p-phenylenevinylene) and Cgy ureido-pyrimidinone derivatives has

been observed by 'H-NMR and fluorescence techniques.

* This work has been published: (a) Beckers, E. H. A.; Van Hal, P. A.; Schenning, A. P. H. J.; El-
ghayoury, A.; Peeters, E.; Rispens, M. T.; Hummelen, J. C.; Meijer, E. W.; Janssen, R. A. J. Journal of
Materials Chemistry 2002, 12, 2054-2060 (b) Beckers, E. H. A.; Schenning, A. P. H. J.; Van Hal, P.
A.; El-ghayoury, A.; Sanchez, L.; Hummelen, J. C.; Meijer, E. W.; Janssen, R. A. J. Chemical
Communications 2002, 23, 2888-2889 (c¢) Rispens, M. T.; Sanchez, L.; Beckers, E. H. A.; Van Hal, P.
A.; Schenning, A. P. H. J.; EI-Ghayoury, A.; Peeters, E.; Meijer, E. W.; Janssen, R. A. J.; Hummelen,
J. C. Synthetic Metals 2003, 135-136, 801-803.



Supramolecular OPV-Fullerene Architectures by Using the UP Quadruple Hydrogen-bonding Unit

6.1 Introduction

In nature, energy and electron transfer play a vital role in processes like e.g. photosynthesis'” and
respiratory oxidative phosphorylation.* The molecular interaction between the chromophores in these
systems is based on supramolecular organization in which hydrogen bonding is often a key element.’
To elucidate the influence of hydrogen bonding interaction on photophysical properties and mimic
these biological superstructures, various studies were performed.”” Systems containing multiple
hydrogen bonds were designed to gain strength and directionality.'”'* With respect to these multiple
bonded assemblies, electron transfer has been reported in donor-acceptor systems linked by a two-fold

P15 or acid'" bridge as well as a two point binding via a hydroxyl/carbonyl

hydrogen bonded salt
interaction.”” To create an even stronger binding between the chromophores, Sessler and co-workers
used the triple hydrogen bonded Watson-Crick cytosine-guanine base pair in their studies.”' In
general, however, hydrogen-bonded donor-acceptor systems exhibit low association constants.
Consequently, only a small fraction of the donor and acceptors remain associated, while the remaining
molecules are free to diffuse in solution. The strongest hydrogen bonded donor-acceptor complex (K
= 10° M) investigated in photoinduced electron transfer reactions has been reported by Hamilton and
co-workers.*

The 2-ureido-4[1H]-pyrimidinone unit (Figure 1) is a self-complementary DDAA motif quadruple

! in water-saturated

hydrogen-bonding unit that possesses a high association constant of 6 x 10’ M°
chloroform.””* In non-competitive solvents the association constant is believed to be even one order
of magnitude higher. In addition to the quadruple hydrogen bonding, the dimerization benefits from an
intramolecular hydrogen bond present in the molecule. Moreover, the high association constant
enables the formation of supramolecular polymers based on bifunctional ureido-pyrimidinone

29,30
systems.””

x A O-H D
Rf(/_j{N A R14(/_\< N A
’N_< —— N:<
H N-H D « — H N-H D
O=< \N—<
N-H D /" o

/ R A
R, 2
4[1H]pyrimidinone pyrimidin-4-ol

Figure 1: 2-ureido-4[1H]-pyrimidinone / pyrimidin-4-ol tautomerization. D and A indicate hydrogen
bonding donors and acceptors. For clarity reasons, both tautomeric forms are displayed in their

monomeric form.

Covalently linked dyads of oligo(p-phenylene vinylene)s (OPVs, Figure 2) and [60]fullerene (Cqg)
exhibit interesting photophysical properties, among which energy and electron transfer reactions, and
have been used to make photovoltaic devices.’'>* Steady-state fluorescence spectroscopy and sub-
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picosecond pump-probe spectroscopy established that photoexcitation of OPV4-Cy, (Figure 2) in
apolar solvents, e.g. toluene, initiates an ultrafast (< 200 fs) intramolecular singlet-energy transfer from
the photoexcited OPV4 unit to Ce.” In polar solvents, e.g. o-dichlorobenzene (ODCB), a
photoinduced electron transfer occurs in OPV4-Cg, subsequent to the primary singlet-energy transfer,
with a time constant of about 10 ps to yield a short-lived (~50-90 ps) charge-separated state.*

OPV4-UP2

Figure 2: Structures of OPV4-Cyy, OPV4, and PCBM together with the 2-Ureido-4[1H]-pyrimidinone
functionalized OPV4-UPI, OPV4-UP2, and Cgs-UP compounds. For clarity reasons, all hydrogen

bonding units are displayed in the monomeric keto form.

Supramolecular assembly of m-conjugated systems and fullerenes is a viable approach to create
morphological organization in the active layer of photovoltaic cells or to advance towards the
complexity of natural photoactive systems. Various alternatives exist for assembling donor and
acceptor molecules by weak molecular interactions, like for example the well-studied non-covalently

36-42

linked porphyrin-fullerene systems.
6.2 Monofunctional OPV-Fullerene Ureido-Pyrimidinone Systems

The focus of this study is the investigation of the formation and excited-state behavior of a quadruple
hydrogen bonded dyad involving an OPV4 donor and a Cg, acceptor. As donor, two different OPV4

derivatives have been used (Figure 2). The first (OPV4-UP1) consists of an OPV4 unit linked to the R,
position via a methylene spacer, while the second (OPV4-UP2) has an OPV4 unit directly linked to the
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R, position of the ureido-pyrimidinone moiety.* The acceptor is a fullerene derivative, linked to the R,
position via a butyl spacer.*

The high fluorescence quantum yield of the OPV4-UP (OPV4-UP1 and OPV4-UP2) molecules in
solution, together with the strong quadruple hydrogen bond, allows us to investigate photoinduced
energy and electron transfer reactions at extremely low concentrations. The combination of a high
binding constant and low concentrations in the experiments, minimizes collisional donor-acceptor
interactions and the interference of free molecules present in solutions in photophysical experiments.
In addition, the lifetime of the formed hydrogen bonded complexes (>100 milliseconds™) is
significantly larger than the timescale for the expected photophysical processes. As a result, the true
(static) properties of the supramolecular donor-acceptor complex in energy or electron transfer can be
studied.

Optical Properties of OPV4-UP1 and OPV4-UP2. The UV/Vis absorption spectra of OPV4-UP1
and OPV4-UP2 are dominated by the strong n-n* bands of the OPV4 unit in the 400-500 nm range
(Figure 3). The wavelength of maximum absorption of OPV4-UP2 shows a small, but significant, red
shift of 12 nm compared to the spectrum of OPV4-UPI1. This difference is attributed to the direct
attachment of the OPV4 moiety to the isocytosine of the ureido-pyrimidinone unit, resulting in a
longer conjugation length.
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Figure 3: Absorption and fluorescence spectra of OPV4-UPI, OPV4-UP2, and Cs-UP in chloroform
(a) and toluene (b) (fluorescence of Cs)-UP is not shown).

Likewise, the fluorescence of OPV4-UP2 exhibits a red shift compared to that of OPV4-UP1 (Figure
3). Surprisingly, the magnitude of the shift of the fluorescence spectrum depends on the solvent; it is
more than 15 nm larger for chloroform than for toluene. In addition, the characteristic OPV4 emission,
consisting of a strong 0-0 transition and a vibronic shoulder at longer wavelengths, as seen in toluene
is transformed into a broad band in chloroform.

To investigate whether interactions between the two OPV4-UP molecules in the OPV4-UP homo-
dimers, which are present under these conditions, may cause this effect, a titration with
dimethylsulfoxide (DMSO) was performed. DMSO is well known for its strong hydrogen bond
accepting properties and addition of only a few percent DMSO will break up any dimers and result in
the sole presence of monomeric ureido-pyrimidinone units. The fluorescence spectra of OPV4-UP1 in
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chloroform and toluene do not change upon addition of a small amount of DMSO (Figure 4). This
indicates that the absorption and fluorescence of monomeric and dimeric OPV4-UP1 are virtually
identical. In contrast, when DMSO is added to an OPV4-UP2 solution, the fluorescence spectrum
changes (Figure 4). The spectrum in chloroform containing 0.2 % (by volume) DMSO has shifted 10
nm to the blue and there is a small increase in fluorescence intensity. In toluene, both a shift and an
increase in intensity were observed for OPV4-UP2, yet less pronounced than in the chloroform
spectrum.” A tentative explanation for these effects is the formation of supramolecular assemblies of
the homo-dimers as a result of n-stacking.*® These supramolecular aggregates break up as soon as the
quadruple hydrogen bonded homo-dimer dissociates by the addition of some DMSO.

100F o ~ T T ]
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Figure 4: Fluorescence of OPV4-UP in chloroform (solid line) and in chloroform with 0.2 % DMSO
(dashed lines), normalized to the concentration of the pure chloroform solutions.

The fluorescence quantum yield ¢ and lifetime 7 of OPV4-UP1 and OPV4-UP2 were determined in
the two solvents relative to fluorescein (¢ = 0.92)." The quantum yield of OPV4-UP1 is slightly
higher than that of OPV4-UP2, especially in chloroform (Table 1). The fluorescence quantum yield of
OPV4-UP1, is similar to that of methyl end-capped OPV4 (Figure 2) that is 0.80 and 0.74 in
chloroform and toluene, respectively. Apparently the conjugation of the OPV4 moiety to the
isocytosine of the ureido-pyrimidinone unit in OPV-UP2, results in a small decrease of the quantum
yield. Fluorescence lifetimes, measured with time-correlated single photon counting are in the range of
1.23-1.58 ns and only slightly dependent on the solvent (Table 1).

Keto-Enol Equilibrium. Besides the 2-ureido-4[ 1 H]-pyrimidinone, also referred to as keto form, the
pyrimidin-4-ol or enol tautomer can be present (Figure 1). In case the R; substituent of the isocytosine
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moiety is a (substituted) phenyl group, the equilibrium shifts to the enol tautomer, especially in more
apolar solvents like toluene.”” An electron withdrawing R, substituent stabilizes the enol form because
a proton on the nitrogen in the isocytosine is more acidic than a proton on the oxygen attached to the
isocytosine.”® The pyridin-4-ol tautomer represents a DADA motif, which has a lower association
constant (~ 10* to 10° M™) due to less favourable secondary interaction in the hydrogen-bonding
array, 274950

The DDAA and DADA motifs are not complementary and, hence, the equilibrium will affect the
formation of the homo- and hetero-dimers. Therefore, it is important to determine the relative amount
of both tautomeric forms present in solution. When both tautomers are present, the 'H-NMR spectra
give two sets of three N-H protons.”’” In addition, the aromatic proton signal of the pyrimidin-4-ol
tautomer is found 0.3-0.5 ppm downfield to the alkylidene proton signal of the 4[1H]pyrimidinone
tautomer.”’ By integration of the respective peak areas in the 'H-NMR spectra it is possible to
determine the relative amounts of keto and enol. We found that in chloroform, OPV4-UP1 is solely
present in the DDAA tautomeric form, while OPV4-UP2 contains some (10—15 %) of the enol (Table
1). In toluene, the amounts of keto are less. OPV4-UPI is for 90 % in the DDAA form in toluene,
while the amount of 4[1H]-pyrimidinone in OPV4-UP2 has dropped to 50 %. The 'H-NMR spectrum
of Cg-UP in toluene indicates that only the kefo form is present. This is consistent with the fact that
derivatives with n-alkyl substituents at both the R; and R, position are exclusively present as
4[1H]pyrimidinone tautomers.”” We have no indications that in the present case the keto-enol
equilibrium depends on the concentration (at the concentrations measured by NMR), but previously
the ratio of the two tautomers was found to be concentration-dependent, with the enol favored at lower
concentrations.”” Hence, at lower concentrations, the actual ratios might differ from those collected in
Table 1.

Table 1: Percentage of 4[1H]-pyrimidinone (% keto) determined from 'H-NMR spectroscopy, the

Sfluorescence lifetime (1) and the fluorescence quantum yield (@) in chloroform and toluene of OPV4-
UPI1, OPV4-UP2, and Cs)-UP.

Compound Solvent % keto 7(ns) ¢
OPV4-UP1 CHCl, >99 1.54 0.88
toluene 90 1.23 0.84
OPV4-UP2 CHCIl; 85-90 1.58 0.59
toluene ~50 1.42 0.69
Ceo-UP CHCl, >99 - -
toluene > 99 - -

Fluorescence Quenching. Fluorescence spectroscopy has been used to investigate the photophysical
processes within the hydrogen bonded OPV4-UP/Cg-UP hetero-dimers after photoexcitation.
Information on the rate for energy or electron transfer within a hetero-dimer can be obtained by
monitoring the quenching of the photoluminescence of the OPV4-UP moiety upon addition of Cg-UP
to an OPV4-UP solution. The reduction in photoluminescence is quantified by a quenching factor Q,
defined as the ratio of the OPV4-UP fluorescence of the initial solution (/;) and the OPV4-UP
fluorescence of the OPV4-UP/Cg-UP mixture (/). The results are depicted in a modified Stern-
Volmer’' plot (Figure 5), where the fluorescence quenching /y// is plotted as a function of the ratio of
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Cso-UP/OPV4-UP. Because an ultrafast singlet-energy transfer always precedes the electron transfer
reaction in a covalently bound OPV4-Cy, dyad in solution,” we focused on the energy transfer process
first.
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Figure 5: Modified Stern-Volmer plot for the fluorescence quenching of OPV4-UP1 (10° M) in
chloroform upon addition of Csp-UP. 1, is the fluorescence signal of the pure OPV4-UP1I solution. The

excitation wavelength is 432 nm; the fluorescence intensity (1) is determined at 492 nm.

To ensure that only energy transfer occurs from OPV4-UP to C4-UP, rather apolar solvents as toluene
(e = 2.38) and chloroform (& = 4.81) were used. To avoid contributions of OPV4-UP fluorescence
quenching via dynamic processes (collisional quenching) and to minimize additional fluorescence
from free OPV4-UP units (that are not bonded in a homo- or hetero-dimer), the total concentration of
UP units was kept between 10™ and 10° M. A control experiment using OPV4-UP2 and a soluble Cg,
derivative (PCBM, Figure 2) that is not able to form hydrogen bonds, reveals that no quenching occurs
under the experimental conditions (Figure 6) and that dynamic (also referred to as collisional)
quenching is not important. Consequently, the observed OPV4-UP photoluminescence only results
from OPV4-UP/OPV4-UP homo-dimers and OPV4-UP/C¢,-UP hetero-dimers. Hence, any quenching
(Q) observed results from energy transfer in hetero-dimers only. It can be noted that a direct
sensitization of the fullerene fluorescence is not observable experimentally owing to the large excess
of Cg-UP relative to the OPV4-UP donor.

Figure 5 shows that indeed a pronounced quenching of the OPV4-UP1 fluorescence occurs upon
addition of Cg-UP to OPV4-UP1 in chloroform due to the supramolecular association of donor
(OPV4-UP1) and acceptor (Cg-UP) moieties.”® In the case of OPV4-UP1/Cg-UP in chloroform, a
fluorescence quenching of > 98.9 % is obtained at the highest C4-UP/OPV4-UP ratios investigated.5 3
Interestingly, the Q value already exceeds the value of 2 at a Cq-UP:OPV4-UP1 ratio of 1:1. This
indicates that there is a preference for the hetero-dimer, rather than a statistical distribution (1:2:1) of
OPV4-UP homo-dimer:OPV4-UP/Cy-UP hetero-dimer:Cg-UP homo-dimer.** Without knowing the
exact amounts present, the non-statistical distribution prevents an accurate estimate of the limiting
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quenching factor Q.. of a hetero-dimer. A lower limit of Q,.., however, can be obtained from the
amount of fluorescence quenching at large Cyo-UP/OPV4-UP ratios (> 50), where the excess of Cg,-UP
causes most OPV4-UP molecules to be attached to a C4)-UP molecule. In the case of OPV4-UP1/Cgy-
UP in chloroform, this results in Q. = 90. Since no limiting value of Q is reached upon addition of
Ceso-UP at large C¢,-UP/OPV4-UP ratios (Figure 5), the remaining fluorescence is predominated by the
fluorescence of the OPV4-UP1/OPV4-UP1 homo-dimer rather than that of the OPV4-UP1/Cy,-UP
hetero-dimer. This lower estimate for Q.. is more than one order of magnitude larger than quenching

factors previously reported for hydrogen-bonded donor-acceptor dyads.'* >
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Figure 6: Modified Stern-Volmer plot of fluorescence quenching in toluene and chloroform.
Concentrations of OPV4-UP are constant at 10° M during the experiments. I, is the fluorescence
signal of the pure OPV4-UP solution. The excitation wavelength is 432 nm, the fluorescence intensity

(1) is determined at the emission maximum.

The fluorescence quenching of OPV4-UP1 upon addition of Cg-UP is less in toluene than in
chloroform (Figure 6). This solvent effect can be ascribed to the keto-enol equilibrium discussed
above. In chloroform, the amount of 4[1H]-pyrimidinone tautomer is higher than in toluene (Table 1).
Because dimerization is favored for the keto form, the larger amount of 4[1H]-pyrimidinone in
chloroform leads to a better coupling with the Cy-UP moiety and, hence, a more efficient quenching
of the fluorescence.

The rationale that the amount of quenching is proportional to the amount of kefo form present, is
supported by the fluorescence quenching experiments on OPV4-UP2 in chloroform and toluene upon
addition of Cg-UP. For OPV4-UP2 the amount of kefo is much less in toluene (50 %) than in
chloroform (85-90 %, Table 1). Accordingly, the quenching of the OPV4-UP2 fluorescence in
chloroform is almost double to that in toluene.

Nevertheless, there is a remarkable difference in the amount of quenching of OPV4-UP1 and OPV4-
UP2 in both solvents (Figure 6). Even in chloroform, where the keto form is the dominant tautomer,
the fluorescence of OPV4-UP1 is quenched to a significantly larger extent than that of OPV4-UP2
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upon adding Cy-UP. While it is clear that the difference must originate from difference in molecular
structure, the remarkable observation is that the distance between donor and acceptor is larger in the
OPV4-UP1/C¢-UP dimer than in the OPV4-UP2/Cy,-UP dimer, while the latter has a lower quenching
factor.

The fluorescence quenching experiments of the OPV4-UP1 and OPV4-UP2 using Cg-UP afford the
quenching factors at different ratios of quencher versus fluorophore. The results presented above show
that these values are directly related to the dimerization equilibrium of the hydrogen bonding
molecules, their tendency to form hetero- or homo-couples and the keto-enol equilibrium of the
individual chromophores. Although in principle it is possible to extract equilibrium constants and Q,.x
from the Stern-Volmer plots, the complex nature of the system caused by the great variety of species
present, hampered to achieve this goal.

Forster Energy Transfer. With the values of ¢ and 7 the rate for singlet-energy transfer between a
donor and acceptor can be estimated according using the Forster equation.”

1 9000(In10)% ¢

=~ 737 (1)
t 1282°N, n*d® d

EN

In (1), the parameters N, and n represent Avogadro’s number and the refractive index of the solvent.
The value of d is the center-to-center distance of the two chromophores involved in the energy
transfer. This calculation uses the overlap (Jr) between the absorption ( (V) ) of the acceptor (Cg-UP)

and the fluorescence ( (7)) of the donor (OPV4-UP) on an energy scale (cm™) defined as:

AR @)
[F()dv

j[F(v)g(v)) i

Jr

In addition, the rate for singlet-energy transfer can be obtained experimentally from the lifetime 7 and

Omax Via:

Qmax -1 (3)

Using the lower estimate of QOn.x = 90 obtained for the OPV4-UP1/Cy-UP hetero-dimer, a rate
constant for singlet-energy transfer of kzy > 6 x 10'° s is obtained from (3), which according to (1)
corresponds to d < 17 A. Using molecular modelling a distance of 18-19 A has been estimated
between the center of the fullerene and the center of the first phenyl ring of the OPV unit, i.e. close to
the estimate of 17 A based on the Forster model. It is interesting to note that in a previous study on
OPV4-Cy, (Figure 2) a similar conclusion was reached.”” For covalently linked OPV4-Cq we
established that delocalization of the singlet-excited state onto the first benzene ring of the OPV4 unit
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is indeed a requirement to explain the high rate for singlet-energy transfer of kgy = 5.3 x 10'* s in this
dyad by the Forster mechanism.”

Electron Transfer. After having assessed the occurrence of energy transfer within the two OPV4-
UP/Cg-UP hetero-dimers, it is of interest to see if photoinduced electron transfer occurs in these
hydrogen-bonded dyads. For OPV4-Cs, the occurrence of an electron transfer reaction depends
strongly on the polarity of the solvent.**** This solvent dependence could be explained quantitatively
by the Weller equation, which relates the energy level of the charge separated state (Ggs) to the
polarity (&) of the solvent:™

G.. = e, (D)~ By (A)) - = & [Hlj(l—lJ 0

4rze e R, - e, \ 1"
Here —e is the electron charge, & is the vacuum permittivity, &.rthe polarity of the solvent used to
determine the redox potentials E,(D) and E..4(A), R.. the center-to-center distance of positive and
negative charges, and " and  the radii of the positive and negative ions.”’ Using (4), Ggs was
determined for the OPV4-UP1 (E,(D) = 0.71 V vs. SCE) and Cg-UP (E4q(A) = -0.67 V vs. SCE)
combination (Figure 7). In this calculation, the center-to-center distance between donor and acceptor
was set at the minimum value possible for hydrogen-bonded hetero-dimer (R.. = 17 A) and at infinity
(energetically most unfavorable). The decrease of G¢s with increasing polarity of the solvent results in
a negative value for AGs for charge separation relative to the singlet and triplet excited state of Cgp-
UP in polar solvents like ODCB and benzonitrile, irrespective of R... Hence, from a free-energy point
of view, electron transfer is possible in ODCB, but the actual rate will depend on the electronic
coupling between the donor and acceptor in the excited state.
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Figure 7: Energy level of the charge-separated state of the OPV4-UP1/Cs-UP couple in solvents of
different polarity, calculated using equation 4, assuming a center-to-center distance between positive
and negative charges of 17 A (in the hydrogen bonded dimer) and infinity (upper limit). At the left side
the singlet (S;) and triplet (T}) levels of Csp-UP are shown.
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The formation of a charge-separated state can be identified experimentally from a quenching of the
acceptor fluorescence. When Cgy-UP is excited in the presence of OPV4-UP1, electron transfer should
result in a quenching of the fullerene fluorescence, relative to the signal of a solution containing only
Ceo-UP.

In the hydrogen bonded OPV4-UP1/C4-UP system in ODCB, this quenching of the C4-UP emission
is not detected (Figure 8, left). A small blue shift of the Cg-UP emission is observed, probably due to
an unknown impurity. A titration experiment (Figure 8, right), monitoring the OPV4-UP1
fluorescence, resulted in a similar quenching as in apolar solvents, indicating that the hydrogen bonded
hetero-dimer is formed in ODCB and undergoes singlet-energy transfer after photoexcitation. The
OPV4-UP1 fluorescence quenching in ODCB occurs to the same extent as in toluene and chloroform.
An explanation for the possible absence of charge transfer between OPV4-UP1 and Cg-UP can be
found in the larger distance over which the transfer must take place compared to OPV4-Cg. The large
distance between the donor and the acceptor induced by the two ureido-pyrimidinone units and the
exponential decay of electron transfer rates with increasing distance,”’ results in a reduced tendency

for charge transfer.”®
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Figure 8: Fluorescence quenching for OPV4-UP1/Cs-UP solutions in ODCB. The Cgz-UP
concentration is 4 x 10° M for the top graph. The OPV4-UPI concentration for the experiment shown
in the bottom graph is 10° M.

6.3 Bifunctional OPV-Fullerene Ureido-Pyrimidinone Systems

By using molecules that are functionalized with more than one ureido-pyrimidinone unit, it is possible
to obtain more complex supramolecular architectures such as polymers and cycles.” ' Previous
studies concerning this hydrogen-bonding unit have shown the formation of very stable structures®
and the possibility to tune the equilibrium between polymers and cycles.®"* To study this behavior for
systems containing a donor and acceptor moiety, an OPV and a fullerene derivative containing two
ureido-pyrimidinones have been studied (Figure 9). The OPV derivative (OPV,-UP,) consists of two
OPV-ureido-pyrimidinone units linked by a Cy, spacer at the 6-position of the isocytosine rings.** The
fullerene derivative (Cg-UP;) has a single Cg, molecule attached to two ureido-pyrimidinone units.”
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In general, mixing of different species always leads to a statistical mixture of homo- and hetero-dimers
due to the self-complementary nature of the system,’® although in few cases specific dimerization is
observed.® A 'H-NMR spectrum of an equimolar mixture of OPV,-UP, and C4-UP, in CDCl;
displays five peaks at low field (Figure 9) that are ascribed to the OPV,-UP,/C4-UP, hetero-dimer
(Figure 10). These peaks are observed at chemical shifts significantly differing in position as compared
to the spectra of the separate OPV,-UP, (6= 13.1, 12.1, and 10.9)64 and C¢-UP; (6= 12.9, 11.6, and
10.7)* homo-polymers.
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Figure 9: Bifunctional 2-ureido-4[1H]-pyrimidinone OPV,-UP, and Cgs-UP, compounds. "H-NMR in
CDCl; of a 1:1 OPVy-UP;:Cyp-UP, mixture.

The assigment shown in Figure 9 is based on the typical resonances for UP dimers.*****" Therefore it
can be concluded that the 1:1 mixture of the two compounds results in the selective formation of cyclic
hetero-dimers and not a statistical mixture. The alternating OPV,-UP,/Cg,-UP, polymer (which results
in an identical '"H-NMR spectrum) is not assumed to be present as the viscosity of the solution is
similar to that of pure chloroform. In addition, the concentration is too low to create polymeric
structures.”

To investigate the properties of this unique assembly in more detail, the intensity of the OPV,-UP,
fluorescence at A., = 494 nm was monitored upon addition of Cg-UP, in chloroform and toluene.
During the addition the positions of the absorption bands remain unchanged, indicating a weak

electronic interaction in the ground state.
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OC,Hys
OC,Hys

OCy,Hy

Figure 10: Structure of the OPV,-UP,/Cgsy-UP; cyclic hetero-dimer as observed by "H-NMR in
chloroform of a 1:1 OPV-UP,:Csp-UP, mixture.

However, this addition leads to a distinct quenching of the donor fluorescence, indicating the presence
of singlet-energy transfer from the photoexcited OPV to the Cy, moiety. The quenching rate in a 1:1
(equimolar mixture of molecules) and a 1:2 (equimolar mixture of chromophores) OPV,UP,:C4-UP,
solution is monitored in time as the high stability of the species present, prevents an instantaneous
equilibrium formation (Figure 11).

100 41
ok = 1:1 chloroform

® 1.2 chloroform
80 A 11 toluene

v 1:2toluene

Residual Fluorescence Signal (%)

Time (min)

Figure 11: Fluorescence intensity of 1:1 and 1:2 OPV,-UP,:Cs-UP, mixtures in chloroform and
toluene together with the exponential decay curves. I, represents the fluorescence intensity of the pure
OPV,-UP; solution, whereas I indicates the OPV,-UP, fluorescence in the indicated mixture. The
concentration of OPV,-UP; is 5107 M, A = 435 nm, Aoy, = 494 nm, T = 20°C.

The mathematical fit of the experimental data with a double exponential decay results in time
constants of 15 and 14 minutes in the case of respectively the 1:1 and 1:2 mixture in chloroform,
whereas in toluene time constants of 180 and 86 minutes are calculated for the 1:1 and 1:2 mixture
respectively. These time constants give an indication of the time to reach equilibrium, monitored by
the formation of OPV,-UP,/Cs-UP, couples. The second time constant ranges for all measurements
from 1 to 3 minutes and is considered not to have any physical meaning as it is faster than the
recording time of a single measurement.

To monitor the influence of temperature on the equilibrium, a solution of OPV,-UP; in toluene was
heated, resulting in a slight decrease in fluorescence intensity. Subsequently, at 80 °C, Cg-UP, was
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added, resulting in an immediate quenching of the OPV fluorescence. The examined mixtures were
then cooled. Reheating the solution resulted in similar intensities as obtained in the cooling run,
demonstrating the reversibility of the interactions. The fluorescence intensities at 20 °C are the same as
obtained by addition of the Cy derivative at 20 °C. This indicates that the addition of C4-UP, at
various temperatures does not influence the final state of the mixture. Furthermore, heating of a 1:1
mixture, which had been kept at room temperature equilibrium for one day, resulted in the same
fluorescence intensities as in the case of adding Cy-UP, at 80 °C.

A change in fluorescence results only from the breaking of an OPV,-UP,/OPV,-UP, couple followed
by the formation of an OPV,-UP,/Cy-UP, couple. Therefore, the calculated equilibrium time constant
holds the sum of various processes i.e. the opening and closing of the hydrogen bond and the chance of
two different non-bonded units colliding. This is in full agreement with the doubling of the time
constant in toluene when only half the amount of the Cq-UP, is present. The time constants indicate
that the homo-polymeric species are highly stable in toluene because the exchange between different
species proceeds very slow. The increase in time constants going from chloroform to toluene, can be
rationalized by the one order of magnitude increase of the dimerization constant of the UP unit. This
accounts for an increased thermodynamic penalty for the presence of non-bonded hydrogen bonding
moieties, inducing a considerably lower concentration of free end groups that have the possibility to
form new hetero-dimers. Therefore the time needed to reach equilibrium rises in toluene and can be
adjusted by increasing the driving force to form equilibrium by enhancing the concentration of one of
the compounds. Important is the fact that even though the dynamics of the equilibrium change with
solvent, this does not influence the final composition of the mixture. Moreover, the amount of
quenching (Io/I > 2 at ratiol:1) reveals that the formation of OPV,-UP,/Cs-UP, hetero-couples is
favourable as compared to the formation of the respective homo-couples, consistent with the 'H-NMR
results.

Although the Io/I value obtained by fluorescence studies for the ratio of 1:1 of OPV,-UP,:C4-UP; is
larger than the estimated value of 2, the selectivity for the formation of hetero-dimers is less than was
indicated by 'H-NMR measurements. In the case of an exclusive presence of hetero-dimers,
fluorescence quenching is expected to its full extent for the equimolar ratio of OPV,-UP, to Cg-UP,,
however the addition of an extra amount of C4-UP, (e.g. a 1:2 ratio) leads here to an increase of the
fluorescence quenching as the Iy/I value increases from 3 to 6. This difference between the
fluorescence and 'H-NMR results is likely to be caused by the large difference in experimental
concentration between both techniques.

6.4 Conclusions

A photoinduced singlet-energy transfer reaction between OPV4 and Cg derivatives is observed in 2-
ureido-4[ 1H]-pyrimidinone hydrogen bonded hetero-dimers in apolar and polar solvents. The change
in the equilibrium between 4[1H]-pyrimidinone and pyrimidin-4-ol tautomers of OPV4-UP by varying
the solvent, results in a proportional change in the quenching factor of the OPV4-UP fluorescence
because the enol form is not able to bind with the kefo form of Cg¢-UP. The lower limit of the
maximum quenching (Om.x = 90) obtained for OPV4-UP1/Cg-UP mixtures in chloroform is at least
one order of magnitude higher than values reported so far for hydrogen-bonded dyads'*? and results
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from the high association constant of the dimers.” Omax = 90 corresponds to a rate constant for singlet-

-1

energy transfer of kgy > 6 x 10'° s which can be rationalized based on the Forster mechanism.

Although energetically possible, photoinduced electron transfer does not occur in these hydrogen-
bonded dimers. The absence of charge separation in polar solvents is most likely due to the significant
distance between donor and acceptor in the quadruple hydrogen-bonded hetero-dimers that causes an
exponential decrease in the electronic coupling between the two units in the excited state.

In addition, the preferential formation of dimeric OPV,-UP,/Cq-UP; hetero-cyclic structures based on
the self-complementary UP quadruple hydrogen bonding unit has been inferred from 'H-NMR studies
in chloroform. Fluorescence studies confirm the occurrence of preferential formation of hetero-dimers,
although the selectivity is less at lower concentrations (10® M). The time for the equilibrium to settle
is on the scale of minutes and temperature or solvent type has no effect on the final equilibrium state of
the mixture. However, an increase in dimerization constant by varying the solvent, leads to an
enhancement of the stability of the formed species.

6.5 Experimental Section

General. Solvents were of AR (toluene, chloroform) or HPLC (ODCB) grade and were used as
received. Proton NMR spectra were recorded on Varian 400 or 500 MHz spectrometers with TMS as
an internal standard. UV/Vis absorption spectra were recorded on a Perkin Elmer Lambda 40P
spectrometer. A detailed description of the equipment used for the time-correlated single photon
counting and cyclic voltammetry measurements can be found in Chapter 2.

Materials. The synthesis of the three ureido-pyrimidinone compounds (OPV4-UP1, OPV4-UP2, and
Cg-UP) used in this study has been described elsewhere.*** OPV4® and PCBM® were used as
reference compounds and were available from previous studies.

Fluorescence Spectroscopy. Fluorescence spectra were recorded on a Perkin Elmer LS50B or an
Edinburgh Instruments FS920 luminescence spectrometer. In the fluorescence quenching experiments,
a stock solution of 10 ml 10° M OPV4-UP1 or OPV4-UP2 was used. To circumvent concentration
corrections, 5 ml of this solution was used to dissolve the C4-UP to give a 10* M Cy,-UP solution with
10° M OPV4-UP. The first measurement to determine the 7, fluorescence was measured on 2 ml of the
OPV4-UP stock solution. The fluorescence signal / of OPV4-UP was then monitored upon addition of
the OPV4-UP/C¢,-UP solution in steps of first a few microliters and later steps of 100 to 250 pl.
Finally the OPV4-UP/C4-UP stock solution was measured in a separate experiment, providing the
quenching in a 100:1 Cg-UP:OPV4-UP ratio. A cut-off filter of 665 nm was used in the emission
beam to prevent stray light in the fluorescence experiments for detecting electron transfer.

For fluorescence quantum yield determination, solutions with an optical density of 0.1 at the excitation
wavelength (A = 430 nm) were used and the spectra were corrected for the wavelength dependence of
the detection system. The fluorescence spectra were integrated on an energy scale and the area was
compared to that of a reference of fluorescein in 0.1 N aqueous NaOH with a quantum yield of 0.92.%
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Chapter 7

Hydrogen-bonded Oligo(p-phenylene vinylene)
— Perylene Bisimide Arrays

Abstract

The photophysical properties of dissolved ureido-pyrimidinone coupled OPV-PERY heterodimers are
described in the first part of this chapter. A photoinduced energy transfer reaction takes place in this
heterodimer with a rate of 2 x 10" 5. Although energetically favorable, a photoinduced electron
transfer reaction could not be observed for this hydrogen-bonded system. In the second part,
aggregated complexes of diaminotriazine oligo(p-phenylene vinylene) (OPV) units hydrogen-bonded
to different perylene bisimide (PERY) compounds have been investigated by means of absorption,
circular dichroism, and photoinduced absorption spectroscopy. These studies reveal that in the
aggregated state a fast charge separation occurs, likely via an intermolecular pathway in the J-type
structure of the stacked hydrogen-bonded OPV-PERY arrays. The subsequent charge recombination
reaction depends strongly on the nanoscopic differences within the J-type geometry as revealed by
comparison of stacked supramolecular dimers, trimers, and covalently linked systems. A coupled
oscillator model is used to propose the intermolecular arrangements that are consistent with the
absorption and circular dichroism spectra.

" Parts of this work have been published: (a) Neuteboom, E. E.; Beckers, E. H. A.; Meskers, S. C. J.;
Meijer, E. W.; Janssen, R. A. J. Organic and Biomolecular Chemistry 2003, 1, 198-203 (b) Wiirthner,
F.; Chen, Z.; Hoeben, F. J. M.; Osswald, P.; You, C.-C.; Jonkheijm, P.; Van Herrikhuyzen, J.;
Schenning, A. P. H. J.; Van der Schoot, P. P. A. M.; Meijer, E. W.; Beckers, E. H. A.; Meskers, S. C.
J.; Janssen, R. A. J. Journal of the American Chemical Society 2004, 126, 10611-10618 (c) Beckers, E.
H. A.; Meskers, S. C. J.; Jonkheijm, P.; Schenning, A. P. H. J.; Chen, Z.; Wiirthner, F.; Janssen, R. A.
J. manuscript in preparation.



Hydrogen-bonded OPV-PERY Arrays

7.1 Introduction

The study of photoinduced energy and electron transfer reactions between donors and acceptors
assembled via hydrogen-bonding interactions has attracted considerable interest in recent years
because hydrogen bonding is often a key structural element in the natural photofunctional systems.'>’
Therefore numerous artificial systems have been proposed in order to obtain a better understanding of
the structure property relationships in donor-acceptor arrays. In this study, oligo(p-phenylene vinylene)
(OPV) is used as a donor material because its characteristics have been well-studied in combination
with various acceptor materials.”’?’ As a counterpart, perylene bisimides (PERY) are chosen as
acceptor material.****** In all cases, the OPV and PERY units are connected via multiple hydrogen
bonding. In first part of this chapter, the photophysical processes in molecularly dissolved ureido-
pyrimidinone coupled dimers are studied. In the second part, charge transfer reactions in aggregated
structures of diaminotriazine coupled OPV-PERY arrays are investigated

7.2 Ureido-Pyrimidinone Coupled OPV-PERY Arrays

The influence of a supramolecular linkage on the energy and electron transfer reaction is studied in a
hydrogen bonded OPV-PERY dimer. The strong hydrogen-bonding properties of the quadruple

hydrogen bonding ureido-pyrimidinone unit**'

enable the study of photophysical processes in donor-
acceptor systems even at dilute concentrations.”” The studied compounds OPV-UP* and PERY-UP**
are shown in Figure 1. The OPV-UP consists of an OPV tetramer with on one side three dodecyloxy
chains and the other side connected to the ureido-pyrimidinone unit via a methyl linker. The perylene
bisimide moiety of PERY-UP is connected to the ureido-pyrimidinone unit via a di-tert-butylphenyl

linker.
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Figure 1: Heterodimer of PERY-UP and OPV-UP, bound by the ureido-pyrimidinone quadruple
hydrogen-bonding unit.

Optical Properties. The absorption and photoluminescence spectra of PERY-UP, OPV-UP are shown

in Figure 2. The characteristic absorption peaks of the molecularly dissolved perylene bisimide are at
459, 490, and 527 nm for PERY-UP. The absorption spectrum of OPV-UP is not structured and

98



Chapter 7

maximizes at 432 nm. The fluorescence spectra reveal that the singlet-excited state (S;) of OPV-UP
(E(S;)=2.52 eV) is higher in energy than the singlet-excited state of PERY-UP (£(S;) =2.32 eV).

Absorbance (normalized)
(pazijew.ou) asuasaion|4

400 450 . 500 . 550 600 650 700
Wavelength (nm)
Figure 2: Normalized absorption (solid symbols) and fluorescence (open symbols) spectra of OPV-UP
(squares) and PERY-UP (circles) in toluene. The excitation wavelength is 410 nm for OPV-UP and
527 nm for PERY-UP.

Transient Photoinduced Absorption (PIA). Sub-picosecond transient pump-probe spectroscopy was
performed at room temperature on OPV-UP/PERY-UP solutions to assess the temporal evolution of
the singlet-energy transfer on short timescales (Figure 3). At 900 nm the S, <« S; photoinduced
absorption of OPV chromophore is present,” providing information on the decay kinetics of the OPV-
UP(S,) state.
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Figure 3: Differential transmission dynamics of the OPV (S, «<— S}) absorption at 900 nm as a function
of the pump-probe time delay after photoexcitation at 450 nm. The concentration PERY-UP is 2 x 107"
M and the concentration OPV-UP is 4 x 107 M in toluene. Solid lines are fits to decays with time
constant of 5 ps (a) and 1100 ps (b).
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Hydrogen-bonded OPV-PERY Arrays

Upon preferential photoexcitation of the OPV-UP moiety at 450 nm in a mixture of 4 x 10° M OPV-
UP and 2 x 10* M PERY-UP in toluene, a negative differential transmission was observed by probing
at 900 nm. The dynamics in the low picosecond time range (Figure 3, open circles) show a rapid decay
which can be fitted to a mono-exponential decay with a time constant of 5 ps, i.e. a rate of k=2 x 10"
s'. On longer time scales (Figure 3, closed circles) a much slower decay is visible with a mono-
exponential time constant of 1.1 ns.

The two different decay times account for the fact that under these conditions both OPV-UP/PERY-
UP heterodimers and OPV-UP/OPV-UP homodimers are present. It is important to note that a control
experiment confirmed that the S, < S; photoinduced absorption of the PERY chromophore has only a
small (~10 %) contribution to the photoinduced absorption at 900 nm. The fast (5 ps) decay is
attributed to the singlet-energy transfer reaction from OPV-UP(S;) to PERY-UP in the heterodimer,
while the slow (1.1 ns) decay represents the intrinsic relaxation of OPV-UP(S,) in the homodimer. The
lifetime of the latter process is close to the photoluminescence lifetime of 1.23 ns of OPV-UP
homodimers.*

Electron Transfer. In previous chapters it has been shown that these OPV and PERY chromophore
can also engage in a photoinduced electron transfer reaction. For charge transfer to occur, the
combination of OPV-UP and PERY-UP should have a charge separated state energy level that is lower
than the singlet-excited state of the PERY-UP. The free energy for this charge separation reaction can

be calculated by using the Weller equation:*>*°

2 2
AG s = e(Eqy (D)~ Epq(A)) = Egg ——— ¢ (HI](IJJ (1)

AregeRee  8meg \rt 1~ N\ € &g

Table 1, shows that according to equation 1 a photoinduced electron transfer reaction is energetically
possible for the OPV-UP/PERY-UP heterodimer in solvents of varying polarity from either the OPV-
UP or the PERY-UP singlet-excited states.

Table 1: Change in free energy for charge separation AGes (eV) from OPV(S,;) and PERY(S,) together
with the solvent reorganization energy A, (eV) for OPV-UP/PERY-UP heterodimers in different
solvents as calculated from equations 1 and 3. The oxidation potential for OPV-UP is 0.71 V whereas
the reduction potential of PERY-UP is —0.61 V, both measured in dichloromethane (¢ = 8.93).
AGes P uses Egp = 2.52 eV: AGes™ ™™ uses Egg=2.32eV: R, =33 A, r' =5.054; ¥ =4.71 4.

AGCSOPV AGCSPERY /ls
toluene -0.47 -0.27 0.07
ODCB -1.28 -1.08 0.79
benzonitrile -1.43 -1.23 0.98

To investigate the possibility for electron transfer in the heterodimer in more detail, the fluorescence
signal of PERY-UP at 578 nm was monitored after selective photoexcitation of PERY-UP at 527 nm
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as a function of an increasing amount of OPV-UP. For this purpose, a solution of 2 x 10° M OPV-UP
and 1 x 10° M PERY-UP was added in steps to a 1 x 10® M solution of PERY-UP. Irrespective of the
polarity of the solvent (toluene, ¢ = 2.38; o-dichlorobenzene (ODCB), ¢ = 9.93; benzonitrile, & = 25.18)
the PERY-UP fluorescence signal remained constant. From this experiment it can be concluded that
photoinduced electron transfer does not occur in the heterodimer from the PERY-UP(S;) state.

If electron transfer is absent but thermodynamically feasible, it is likely hampered kinetically. The
expression for the rate constant for non-adiabatic charge separation can be expressed as follows:

4t )" ~AG'
b =[27 ) exp A0 @)
T kT

This shows that k. is determined by the coupling (V) between donor and acceptor in the excited state,
the reorganization energy A and the barrier for charge separation (AG. =(AG.+A1)*/41). The
reorganization energy is the sum of internal (4;) and solvent (A,) contributions. The latter can be
estimated from:*’

2
PR 1(1+1_)_1 11 3)
dre, | 2\r" 7 R, |\n" &

The internal reorganization energy A; is probably not very high for these extended conjugated systems
and estimated to be in the range of 0.2 to 0.5 eV. Within these limits the barrier AG. for charge
separation from PERY-UP(S;) remains less than 0.01 eV in ODCB and benzonitrile, and is only
slightly higher in toluene (< 0.04 eV). The absence of electron transfer in each of these solvents is

therefore ascribed to a very weak electronic coupling (¥) of donor and acceptor in the excited state,
rather than a high barrier. V' is known to be exponentially dependent on the distance between donor
and acceptor. Molecular modelling indicates an appreciable distance between OPV-UP and PERY-UP
units in the heterodimer, causing a low V. In agreement with this proposition, photoinduced electron
transfer reaction does occur between OPV and PERY chromophores in systems where the two redox-

active chromophores are at a much shorter distance.***"**

7.3 Diaminotriazine Coupled OPV-PERY Arrays

For the covalently linked OPV-PERY-OPV arrays it has already been shown that the type of packing
can have tremendous consequences for the kinetics of the charge separation and recombination
reaction, especially in J-type configurations (Chapter 5). However, a more detailed investigation of the
influence of intermolecular orientation on charge transfer kinetics was hampered by the fact that in
these covalent donor-acceptor-donor arrays the acceptor strength also changed. One could envision
situations where a low intramolecular driving force for charge separation is expected to result in slow
kinetics, whereas the intermolecular pathway in J-type aggregates can have a significantly enhanced
rate for charge separation.”’ In this chapter, aggregates of various OPV-PERY complexes containing
tert-butylphenoxy and chlorine substituents on the bay position of the PERY units are studied. These
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bay substituents introduce torsion along the molecular axis, leading to packing in a J-type fashion. This
facilitates a comparison of the supramolecular arrays with their covalent analogues and allows
studying the effects of subtle differences in aggregation geometry within the J-type packing for arrays
with the same (intramolecular) driving force for charge separation and recombination.

The hydrogen-bonding array that is used to study supramolecularly coupled OPV-PERY systems is the
diaminotriazine unit (Figure 4).*'"* This unit has a DAD motif, complementary with the ADA motif of
the imides of the used PERY chromophore. A key advantage of this motif is that it is not self-
complementary; hence the formation of homodimers is prevented, leaving the OPV-PERY couples as
the only possible hydrogen-bonded structure.

Complex 1 Complex 2
[elle] )J
H,.C,,.0 Q O H-N
o = )_/ HysC.0. o H- N )—/
H?f*fp N " N O N\ O Q OC,H,g H,:Cy 0{/ } N H N A 0)_/
o cicl /_( N H-oc,H, HyC,.0 R Q N OC‘2H25
OC2H25
/_( OCiaHs ~ ~ ocQH;
CI-PERY -BI OPV-Tr Ph-PERY-BI OPV-Tr
Complex 3

HZSCQO

)_/
o
H,sC. 20 \ )_/
H2501\ :HHN O.O g HN \ 0)_/
A
N
o

OPV-Tr Ph-PERY-BI, OPV-Tr
H,.C,,0 )—/ - \—\ OC,H.
H,sC,,0 O \ 0 o R R \_\0 Q J O OC,_H,

Ph-OPO  R= o{( )< Cl-OPO  R=Cl

Figure 4: Studied diamino-triazine OPV-PERY complexes 1, 2 and 3 together with the covalent OPV-
PERY-OPV triads Ph-OPO and CI-OPO.

Chlorine-substituted OPV-PERY Systems. The first complex that is studied (complex 1, Figure 4)
consists of a perylene bisimide unit with four chlorine substituents on the bay position and on one side
a trialkoxyphenyl unit (CI-PERY-BI), leaving only one side of the molecule available for
complexation with the OPV-diaminotriazine compound (OPV-Tr). The absorption and circular
dichroism spectra recorded in methylcyclohexane (MCH) indicate that at a concentration of 10 M the
molecules are aggregated at room temperature (Figure 5). Upon increasing the temperature, the
absorption maximum shifts to the blue indicating that the aggregates are ordered in a J-type structure.
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Although the circular dichroism gives strong evidence for a helically organized aggregated structure, it
is difficult to explain the precise origin of the bisignate signal because the absorption bands of the
OPV and PERY chromophore overlap in this wavelength region.
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Figure 5: Absorption (left) and circular dichroism (vight) spectra of a 1 x 107 M solution of complex
1 in MCH at temperatures ranging from 10 °C (solid squares) to 90 °C (open circles).

The use of OPV-Tr as donor material in combination with the strong acceptor CI-PERY-BI (Table 2)
creates a considerable driving force for electron transfer even in solvents of low polarity like MCH.
Indeed, the transient photoinduced absorption (PIA) trace recorded at 1450 nm indicates that at room
temperature OPV radical cations are created after photoexcitation (Figure 6).*® The rise of the signal
occurs within 1 ps, indicating that the rate for charge separation (kcs) is faster than 10'> s™'. The decay
of the signal can be fitted with an exponential decay having a time constant of 2 ps, equivalent to a

charge recombination rate (kcg) of 5 x 10" s

Table 2: Redox potentials of the studied compounds and the PERY(S;) energy levels. The PERY(S;)
energy is calculated from the absorption maximum in CH,Cl,. The redox potentials are referenced to

the Fc/Fc" redox couple and were measured in CH,Cl, with 0.1 M NBu,PF, as supporting electrolyte.
E,(OPV)  E.(PERY) PERY(S))

Compound

V) V) (eV)

OPV-Tr +0.33 - -
CI-PERY-BI - -0.81 2.38
Ph-PERY-BI - -1.17 2.12
Ph-PERY-BI, - -1.16 2.13
Ph-OPO +0.34 -1.17 2.13
CI-OPO +0.33 -0.80 2.38

A comparison of the charge transfer kinetics with the related covalent ClI-OPO triad shows a
remarkable difference in the rate constants for the recombination reaction. Although the chromophores
and intramolecular donor-acceptor distance are similar for complex 1 and CI-OPO, the recombination
rate for complex 1 (5 x 10" s, 2 ps) is much higher than the rate of 8.3 x 10'° s™ (12 ps) for CI-OPO
in MCH. Since both the hydrogen-bonding complex and the triad are in a J-type configuration, this
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implies that small conformational changes on the nanoscopic level in the aggregate are important for
the charge transfer kinetics. An analysis of the circular dichroism effects emphasizes that a subtle
difference in packing exists as complex 1 shows a clear bisignate signal and hardly any signal is
observed for the CI-OPO triad (Chapter 5). This indicates that intermolecular effects within a J-type
structure influence the kinetics of the charge transfer reaction.

At an elevated temperature of 50 °C, a large amount of molecules is still aggregated (Figure 5), in
agreement with the observation of unchanged kinetics of the transient absorption trace of the OPV
radical cation. However, when the sample was heated to 90 °C, the circular dichroism almost
disappeared and the absorption spectrum showed a considerable shift of the PERY maximum
compared to the spectrum recorded at room temperature. This implies that the aggregates are broken at
90 °C and likely the hydrogen bond between the OPV and PERY chromophores is disrupted as well.*’
In accordance, Figure 6 shows that no OPV radical cation signal can be detected on a picosecond
timescale at 90 °C because the loss of connectivity between the OPV and PERY chromophores in the
molecularly dissolved state inhibits the electron transfer.

ATIT

Figure 6: Transient photoinduced absorption spectra of a 1 x 107 M solution of complex I in MCH at
20 °C (squares), 50 °C (circles) and 90 C (triangles) with Ae.. = 460 nm and A4 = 1450 nm.

Phenoxy-substituted OPV-PERY Systems. Complex 2 contains a fert-butylphenoxy substituted
perylene bisimide, but is otherwise identical to complex 1. The absorption and circular dichroism
spectra at various temperatures indicate that at room temperature complex 2 aggregates in MCH
(Figure 7a). At room temperature the absorption maximum of both the OPV and PERY moiety is red
shifted compared to the spectra at elevated temperatures in agreement with packing in a J-type fashion.
The circular dichroism signal at 5 °C shows a double bisignate signal (-/+/-/+) in the OPV and PERY
absorption range. This signal disappears upon heating and is not detected above 25 °C. It should be
noted that the intensity of the circular dichroism signal decreases more rapidly with increasing
temperature than the shift of the absorption spectrum. This indicates that at elevated temperatures only
small aggregates exist or that the present aggregates contain significantly less helically ordered
domains.

Analogous to the dimeric structure of complex 2, it is possible to create a supramolecular triad
consisting of two OPV-Tr units and one PERY moiety by using a symmetric perylene bisimide (Ph-
PERY-BI,) instead of the asymmetric monoimide (Ph-PERY-BI) as shown in Figure 4 (complex 3).
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With the m-system significantly enlarged, it can be expected that aggregates of complex 3 are more
stable than the ones created with the dimeric complex 2. At a concentration of 5 x 10” M of complex 3
in MCH, a considerable blue shift of the PERY absorption maximum from 586 nm to 560 nm is
observed upon heating the solution from 20 to 90 °C (Figure 7), indicative for a J-type packing at low
temperatures. The most pronounced shift is detected between 70 and 80 °C, in accordance with the
loss of the circular dichroism signal at 70 °C. The transition temperature between aggregated and non-
aggregated species is at noticeably higher temperatures for complex 3, even at a lower concentration. It
can therefore be concluded that the supramolecular structures created with complex 3 are more stable
than those created with complex 2.
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Figure 7: (a) Absorption spectra of a 2 x 107 M solution of complex 2 in MCH at temperatures
ranging from 20 °C to 90 °C and circular dichroism spectra for complex 2 in MCH (2 x 107 M)
recorded at different temperatures ranging from 5 C (squares) to 25 °C (circles). (b) Absorption
spectra for complex 3 in MCH (5 x 10° M) recorded at different temperatures ranging from 20 °C
(squares) to 90 °C (circles) and circular dichroism spectra for complex 3 in MCH (5 x 107 M)
recorded at different temperatures ranging from 20 °C (squares) to 70 °C (circles).

A good indication for the presence of a charge transfer reaction can be obtained by monitoring the
intensity of the acceptor luminescence. For complex 3, the photoluminescence intensity of the PERY
moiety at 590 nm is monitored as a function of temperature (Figure 8). At elevated temperatures, the
amount of luminescence is considerably higher than at room temperature, indicating that the
luminescence is significantly quenched in the aggregated species. The observed transition temperature
of 55 °C (at a concentration of 5 x 10 M) is similar to the observed transition in the absorption and
circular dichroism experiments.” Aggregate formation can also lead to luminescence quenching,
especially for H-type aggregates. However, J-type aggregation as observed for complex 3, generally
does not result in a large luminescence quenching as the lowest exciton state is radiatively coupled to
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the ground state. The almost quantitative quenching of the luminescence is therefore attributed to a
charge transfer reaction in the supramolecular structure.
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Figure 8: Normalized photoluminescence intensity at 590 nm for a 5 x 10°° M solution of complex 3 in
MCH recorded at different temperatures.

A key difference between the phenoxy and the chlorine substituted PERY species is the reduction
potentials which are determined at —1.17 V and —0.80 V respectively, accompanied by a difference in
energy of the PERY(S,) state (Table 2). In addition, there is a considerable difference in S, energy of
Ph-PERY-BI (2.12 eV) and CI-PERY-BI (2.38 ¢V). The sum of the 0.37 and 0.26 eV differences in
reduction potential and singlet energy results in a 0.63 eV larger driving force for charge separation at
the same distance for complex 1. The Weller equation predicts that the charge separated state will be
0.51 eV higher in energy than the PERY(S)) if an infinite distance between the donor and acceptor is
taken into account for complex 2 in MCH (equation 1). The energy of the charge separated state is
only lower in energy than the PERY(S,) state at distances shorter than 13 A. The photoluminescence
quenching in the aggregated state strongly suggests the occurrence of an electron transfer and therefore
transient absorption spectroscopy was employed to see if a photoinduced charge transfer reaction
occurs in the aggregated OPV-PERY complexes 2 and 3 (Figure 9). By taking into account the low
driving force for a charge separation reaction it is surprising to see that for both complex 2 and 3 a
signal can be detected if the OPV radical cation band is monitored at 1450 nm (Figure 9). Moreover,
the measured charge separation occurs within 1 ps (kcs > 1 x 10'* s™). Hence, the electron transfer
occurs within the time resolution of the used setup and the high rate constant makes it very efficient.
The observation of these high rate constants supports the presence of a charge transfer reaction within
a stacked OPV-PERY domain, facilitated by short OPV-PERY distances. The charge recombination
rate is much slower; values of 2.8 x 10" s™ (36 ps) and 6.3 x 10" s (16 ps) are observed for
respectively complex 2 and 3. The difference between the rate constants is only a factor 2. The
difference between the rate constants is a factor 2, even though the driving force for charge
recombination should be the same for both complexes because the oxidation and reduction potentials,
and the interchromophore distances are identical in both complexes. Likely, the factor of 2 results from
a slightly different arrangement of the chromophores. The absorption and circular dichroism spectra of
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the complexes 2 and 3 together with Ph-OPO indicated that all three systems are aggregated in a J-type
fashion but with a subtle difference in the packing geometry (Figure 7).
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Figure 9: Transient photoinduced absorption traces for complex 2 (top, 2 x 107 M), complex 3

(middle, 5 x 10° M) and Ph-OPO (bottom, 5 x 10° M) in MCH. The solid squares indicate

measurements at 20 °C while the open circles show spectra recorded at 80 °C. The excitation

wavelength is 455 nm whereas the signal is detected at 1450 nm.

Even though a difference in charge separation rate for aggregated systems of complex 2 and 3 can be
expected, it is not possible to distinguish between the observed rates for both complexes because the
formation of charges occurs with time constants similar or faster than the time resolution of the used
transient absorption setup. However the observation of these extremely fast rate constants supports the
presence of a charge transfer reaction via an intermolecular reaction within a stacked OPV-PERY
domain, facilitated by short OPV-PERY distances.

The absorption and circular dichroism spectra reveal that the aggregates break when heating solutions
of complex 2 and 3 in MCH. Consequently, one expects a loss of the OPV radical cation signal in the
transient absorption at elevated temperatures. For complex 2, indeed no cation signal is observed at 80
°C. In contrast, for complex 3 a clear signal can be detected at 80 °C with a grow-in time faster than 1
ps. The lifetime of the created charges increases from 16 ps at 20 °C to more than 200 ps at 80 °C for
complex 3. This indicates that the photoinduced charge separation reaction occurs, but that the packing
of the chromophores has changed significantly. The reduced rate for charge recombination must come
from the molecularly dissolved hydrogen-bonded complexes or small aggregates present at higher
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temperatures. This is in agreement with the absorption and circular dichroism results. These
measurements show that indeed some aggregated species can be present at elevated temperatures
because the maximum absorption spectrum is still shifting and a small circular dichroism signal can be
detected (Figure 7). The distance between the redox centers in these complexes is larger than in the
n—n stacked assembly with close contact between OPV and perylene bisimide of neighboring triads
resulting in a decrease of the rate for charge recombination.

Besides the comparison of the recombination rates for both hydrogen-bonded complexes, it is also
possible to compare these results with the rates obtained for the covalently linked Ph-OPO compound
in its aggregated state in MCH (Figure 9). Having a decay time of 500 ps (kcg = 2.0 x 10° s™), the
charge recombination is much slower for Ph-OPO than for the complexes 2 and 3. A possible cause for
this difference is the more coplanar arrangement of the OPV and perylene bisimide units in the
hydrogen-bonded assembly. This creates a more tightly packed aggregate in which the OPV and
perylene bisimide moieties of neighboring units approach more closely, leading to stronger electronic
interactions. This is consistent with the recombination time of 200 ps for complex 3 at 80 °C, which
approaches the 500 ps obtained for the weakly coupled Ph-OPO aggregates.

7.4 Analysis of Aggregate Packing

Although the determination of the exact aggregate structure seems to be an unattainable goal for now,
the observed strong dependence of charge transfer kinetics calls for a more elaborate study on the
possible types of packing within the aggregates in order to improve the understanding of structure-
property relation in aggregated structures. Therefore, the excited state levels of four proposed types of
aggregates (Figure 10) are evaluated by means of calculations on a coupled oscillator model (see
experimental section for more details). This model uses the classical dipole-dipole interaction between
the transition dipoles [109,1 of all OPV and PERY chromophores (Q = 4, B, ...N) in the system:

= 'aél .ﬁgl‘RA _EBF _3(ﬁ£1 (R, _RB)X:B(f,I (R, _RB))

L )
R~y
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By solving the matrix Hamiltonian (see Experimental Section for more details), the energies and the

electrical and magnetic transition dipole and moments z,, and m,, from the ground state to the

collective states i are obtained for the coupled system:

N N _
o, =Y cioiidy and g =i e (R, x i) )
0=4 0=4

The principal transition moments of the complex provide an estimate of the relative intensity of the
transition (z,, - i,,) and relative sign and intensity of the circular dichroism (Im(z,, -m,,)). The

calculations provide a first order approximation of the relative shift of the energy levels and show
whether a transition is allowed or forbidden. In addition, the shape of the circular dichroism signal can
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be predicted. In this way the experimental absorption and circular dichroism spectra of complex 2 and
3 can be compared with structural models. The present analysis is by no means a quantitative and
comprehensive investigation, but it might be used as an eye-opener to see how the contributions of
small difference in packing influence the absorption and chiroptical properties of supramolecular
structures.

D1_- _-_

—-=

Figure 10: Suggested packing geometries for OPV-PERY dimers as used for the electronic interaction

model to predict aggregate influence on the absorption and circular dichroism characteristics.

The first two structures (D1 and D2) propose a supramolecular aggregate where two coupled OPV-
PERY dimers are stacked directly on top of each other without any longitudinal shift. For D1 the OPV
and PERY chromophores are stacked on top of each other whereas in D2 OPV-OPV and PERY-PERY
couples are formed. For D1, a small blue shift is expected for the OPV absorption band, whereas the
PERY absorption will be red shifted (Figure 11). For D2 the typical strong blue shift of the H-type
aggregate is expected for both chromophores. As a result, the presence of aggregated structures similar
to D1 and D2 is excluded because the absorption spectrum of complex 2 (Figure 7) shows a red shift
for both the OPV and PERY maximum. The packing should include a considerable longitudinal shift
of one of the molecules (J-type fashion) as shown for both D3 and D4 in order to obtain a red shift for
both absorption maxima (Figure 10).

OPV-S,

Energy

\
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PERY-S,

D1 D2 D3 D4

Figure 11: Excited state energy levels for OPV and PERY in the proposed structures D1, D2, D3 and
D4 as calculated from the eigenvalues of the exciton coupling hamiltonian matrix. The black levels
indicate energy levels that have an allowed transition form the ground state, whereas the gray lines
represent the energy levels with a forbidden transition.
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The absorption spectra indicate that all the studied aggregates are packed in a J-type fashion. The
characteristics of the circular dichroism might add more information on the geometry in this type of
aggregate. In addition to the electronic dipole, the magnetic dipole moment is calculated, providing an
estimate of the strength and sign of the predicted circular dichroism spectrum. To model the chirality,
the angles « and f are included between the two dyad layers as shown in Figure 12. The parameter «
creates an angle between the two dyad molecules whereas £ is introduced to create an angle between
the OPV and PERY chromophore within a dyad molecule.

For structure D2A an angle a = 25° results in a bisignate circular dichroism signal for both the OPV
and PERY chromophore with a positive sign at the high-energy side of both absorption bands (+/-/+/-;
Figure 12). In the D4A structure, a longitudinal shift is introduced along the molecular axis creating an
angle (@) of 63° between the two connection centers of the dyads. Together with o= 25° this results in
a -/+/-/+ circular dichroism spectrum, exactly opposite to D2A, and nicely matching the experimental
signs in the circular dichroism spectrum of complex 2 (Figure 7). Moreover, the absorption spectrum
of D4A is red shifted for both chromophores.

OPV PERY OPV PERY OPV PERY OPV PERY

3 E) 5 5
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D2A D4A D4B D4C
(0=25°/B=0° (0=25°/B=0° (0=25°/PB =25 (00=25°/ B =-25°

Figure 12: Cartoons illustrating the top-view of different geometries for the modeled OPV-PERY dyad
systems D24 and D4A-C, together with their predicted absorption and circular dichroism spectra. The

circular dichroism spectra of the D4A4-C structures are calculated for ¢ = 63 °
The features of the related circular dichroism change dramatically if an angle (f) is created in the

linkage between the OPV and PERY moieties. By bending the PERY part in the same direction as the
rotation of the molecule, the circular dichroism signal of this chromophore is lost. A bend of the PERY
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moiety in the opposite direction, results in the loss of the OPV signal as both OPV chromophores are
placed parallel to each other in this way.

The effect of the shift was studied for D4A in more detail by varying the angle ¢. This shows that for
angles below ¢ = 50° the circular dichroism spectrum is similar to that of D2A, also accompanied by
an expected blue shift of both absorption maxima. Around the magic angle of ¢ = 54.7° the circular
dichroism signal of the PERY is lost, whereas the sign of the bisignate signal of the OPV changes. For
angles larger than ¢ = 60° a signal as shown in Figure 12 is expected.

Similar to D4, the absorption spectra of structure D3 should results in a red shift of both the OPV and
PERY maximum, in agreement with the experimentally observed features. Furthermore, the
calculations reveal that incorporation of chirality into D3 results in the experimentally observed -/+/-/+
circular dichroism spectrum for all three configurations tested (D3A, D3B and D3C; Figure 13).
Actually, the same circular dichroism features are predicted for D1A, but the calculated blue shift of
the OPV maximum excludes the presence of this structure. The extent of the longitudinal shift has no
influence on the circular dichroism signal, except for D3B where the signal of the OPV changes sign
for large shifts.

Opl/

CD (a.u)

D3B D3C Wavelength (a.u.)

Figure 13: Cartoons illustrating the top-view of different geometries for the modeled OPV-PERY dyad
systems D14 and D3A-C together with their predicted circular dichroism spectrum.

Although this analysis does not solve the precise structure of complex 2, the calculation of the circular
dichroism and absorption spectra shed some light on the possible geometries that are present. Based on
a comparison with the experimental spectra, a packing of the chromophores like D1 and D2 is
improbable, just like a D4 structure with an angle between the OPV and PERY parts. On the other
hand, the D3A-C structures and a D4A packing, i.e. without an angle £, but with a considerable
longitudinal shift between the OPV and PERY parts, appear to be good candidates for the actual
geometry of complex 2 in MCH. The necessity of introducing the longitudinal shift to explain both
absorption and circular dichroism for complex 2 gives reason to believe that between the adjacent
layers, the OPV and PERY chromophores are in close proximity.

A similar analysis (see experimental section for more details) can be performed for triads mimicking
complex 3 (Figure 14). The difference between the suggested models is the longitudinal shift between
the two packed triad systems, which is present for T2 but not for T1. For the H-type aggregate T1 both
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the OPV and PERY absorption spectrum should shift to the blue, which is not observed experimentally
for complex 3 (Figure 7). The T2 seems to be a better representation for complex 3 because the
calculations predict a distinct red shift for both chromophores upon aggregation, in agreement with the
experimentally observed absorption spectra.

T1

T2

T2-R

T2-L

Figure 14: Structures T1 and T2 for complex 3. For T2-R and T2-L the shift between the two layers is

accompanied by a twist along the molecular axis to create chirality in the structure.

By introducing a twist in the OPV-PERY-OPV triad as in T2-R or T2-L the absorption spectrum, the
structure becomes chiral, which results in a circular dichroism signal. The circular dichroism spectra of
T2-R and T2-L were calculated (Figure 15). The analysis again shows that a longitudinal shift between
the two molecules is of significant importance for the circular dichroism spectra. For small shifts (¢ <
40°) the T2-R structure gives a bisignate signal with a negative sign at the high-energy side of the
OPV absorption, accompanied by a negative PERY signal.

By increasing the shift (¢ > 50°) for T2-R, the signal at the OPV wavelengths changes sign, but the
PERY signal remains negative. This is in complete agreement with the experimental data (Figure 7)
and suggests that this type of geometry describes the packing of complex 3 in MCH. Importantly, the
large longitudinal shift is in full agreement with the short intermolecular distance between OPV and
PERY chromophores that explains the observed high rates for charge separation in aggregates of
complex 3.

For the T2-L geometry the circular dichroism at the OPV absorption wavelengths matches nicely with

the experimental results for small shifts (¢ < 40°). However, a blue shift is expected for the OPV and
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PERY unit in the absorption spectrum for these small angles of ¢, whereas red shifts are observed in
the experiments. Moreover, the circular dichroism signal at the PERY absorption wavelength is

positive for all angles ¢, thereby excluding that complex 3 is present is a similar geometry.
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Figure 15: Circular dichroism spectra for the triad systems, calculated with the coupled oscillator
model for orientations shown in Figure 14.

7.5 Conclusions

A ureido-pyrimidinone based OPV-PERY array was study to investigate the effect of a hydrogen-
bonding unit on the photophysical processes for a dissolved supramolecularly linked system. The
temporal evolution of the singlet-energy transfer reaction by using sub-picosecond transient
spectroscopy implied that a photoinduced energy transfer reaction takes place in the heterodimer with
a rate of 2 x 10" s™'. Although exergonic, electron transfer does not occur after photoexcitation as a
result of a too weak electronic coupling between OPV and PERY chromophores in the excited state.

In contrast, a photoinduced charge transfer reaction was observed in MCH for aggregated OPV-PERY
systems connected via a triazine-imide hydrogen bond. The reaction likely occurs intermolecularly
between OPV and PERY chromophores of two different hydrogen bonded OPV-PERY arrays that are
packed in a slipped, J-type fashion, thereby creating short OPV-PERY distances between adjacent
layers in the stack. The absorption and circular dichroism spectra were uses to assess the molecular
orientation of the chromophores of the aggregates. The UV/Vis absorption spectra of all complexes are
consistent with J-type aggregation. The circular dichroism spectra revealed that within the J-type
packing, small structural differences exist. Although these variations seem subtle at first sight, they do
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have a considerable influence on the charge recombination reaction as shown by comparing the
ultrafast kinetics in stacked dimers, trimers and covalently linked systems. Invariably, charge
recombination is faster for the hydrogen-bonded compounds compared to the covalently linked Ph-
OPO and CI-OPO derivatives. This explanation is consistent with larger CD effects observed for the
hydrogen-bonded complexes.

To obtain more insight into the packing of supramolecular aggregates a coupled oscillator model was
applied, which allowed evaluating different packing motifs qualitatively with the experimental
absorption and circular dichroism spectra. Based on this model, several types of packing could
definitely be excluded, whereas others nicely match the experimental observation. In general, a J-type
packing with a large longitudinal shift provides the best correspondence of experiments and calculated
spectra. The large shift is in full agreement with the strong dependence of the charge recombination on
the packing since the large angle between two packed layers introduces the possibility of
intermolecular charge transfer reactions.

The results presented here imply that the charge transfer kinetics are largely determined by subtle
differences in the supramolecular organization of the chromophores, especially for packing in a J-type
fashion. A comparison of the dissolved and aggregated OPV-PERY systems leads to the conclusion
that ultimately the aggregation can even surpass parameters like the acceptor strength as the use of a
weak but aggregated PERY chromophores results in the formation of a charge separated state, whereas
a dissolved but stronger PERY unit only gives rise to an energy transfer reaction.

7.6 Experimental Section

Materials. The perylene bisimide molecules have been synthesized in the group of professor F.
Wirthner at the University of Wiirzburg, via procedures similar to previous PERY-triazine
compounds.”"***” The synthetic routes to obtain OPV-triazine®, Ph-OPO* and CI-OPO*’ have also
been reported before. The synthesis of the studied ureido-pyrimidinone compounds has been described
previously.”?** The solvents for spectroscopic studies were of spectroscopic grade and used as
received.

Spectroscopic Techniques. UV/Vis absorption spectra were recorded on a Perkin Elmer Lambda 900
spectrophotometer. Fluorescence spectra were recorded on an Edinburgh Instruments FS920 double-
monochromator spectrometer and a Peltier-cooled red-sensitive photomultiplier whereas circular
dichroism measurements were performed on a Jasco J-600 spectropolarimeter. A detailed description
of the transient photoinduced absorption setup can be found in chapter 2.

Electrochemical Measurements. Cyclic voltammograms were measured in 0.1 M
tetrabutylammonium hexafluorophosphate (TBAPF,) as a supporting electrolyte in dichloromethane
using a Potentioscan Wenking POS73 potentiostat. The working electrode was a Pt disk (0.2 cm?), the
counter electrode was a Pt plate (0.5 cm’), and a saturated calomel electrode (SCE) was used as
reference electrode, calibrated against Fc/Fc'.

Calculations on the Excited State Energies of Proposed Aggregated Structures — Dyad Systems.
The labels A, B, C and D for the chromophores within the stacked dyads are as follows:

(c (o O
a8 O
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The transition dipole moment () for all parts is in the x-axis direction. The parameters used for the
position (R) of the chromophores are L = 3, W = 0.3, and H = 1, where L indicates the distance
between the OPV and PERY moiety, W indicates the shift along the y-axis, and H indicates the height
difference of the two dyads in the z-direction. Varying the W parameter is not in the scope of this
work, but it should be mentioned that a value of W = 0 instead of /= 0.3 has hardly any influence on
the outcome of the calculations.

The longitudinal slip between the two dyads is represented by the S-parameter. A value of S = 0 is
used for the calculations of D1 and D2 whereas for D3 and D4 a value of 1 is used for this parameter.
This introduces an angle (@) of 45° between the AB and CD dyad in the xz-plane.

Chirality is introduced into the model by creating angles between the two dyads instead of using only a
fixed parallel orientation. The first angle (&) indicates the angle of the dyad system upon rotation in
the xy-plane, whereas the second angle (f) indicates the angle between the two chromophores within a
linked dyad. A positive sign is chosen for a counterclockwise rotation of the AB-dyad, whereas the
CD-dyad always rotates in the opposite direction. The indicated packing shown on the right bottom of
the diagram shows the case of o= f, thereby placing A and C in a parallel fashion.

S C D S C D
. e P s WO
ny Hi <« > t-»xWi
‘ — , B—
A B A B

The table below shows an example of the dipoles and positions for an OPV-PERY system with a D4
geometry. A prefactor of V2 is incorporated in the dipole for OPV chromophores because its molar
absorption coefficient is two times as large as that of the PERY unit. As a result of the fixed

chromophore distance, the angle « is incorporated in the position vectors R to compensate the position
for rotation.

cos(a— B) cos(a+ PB) cos(a— B) cos(a+ PB)
PA =| sin(o— B) uBi:[Z- sin(o+ B) uC = | -sin(o - B) MD?«[Z- -sin(a+ B)
0 0 0 0
<LS>-cos(a) <LS>'cos((x) /i“+§ -cos(a) /I:+7 cos (o)
2 2 2 2 2 2 \2
RA = —Efl“-sin(oc) RB = fEnLI:-sin(a) RC = E+I:~sin(oc) RD - —7I:s1n(a)
2 2 2 2 2 2 2
H H H H
2 2 2 2

By combining the transition dipole moment and the positions of the chromophores the exciton
coupling (V) can be calculated using the following equation:

_ pA-uB-(|(RA- RB)[)*~ 3-(nA-(RA- RB))-(uB-(RA - RB))
(|(RA-RB)|)’

V(pA,uB,RA,RB) :
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By placing all interactions in a Hamiltonian determinant it is possible to extract the eigenvalues of the
system, representing the respective energy levels. For this calculation an arbitrary value of 5 is used
for the starting energy (E). As indicated in the example for D4 below, a value of +5 is used for the
OPV excited state, whereas for the PERY(S) state a value of —5 is used.

“E V(pA,uB,RA,RB) V(pA,uC,RA,RC) V(pA,uD,RA,RD)

;- V(HA.HB.RA,RB) E V(uB,puC,RB,RC) V(uB, uD,RB,RD)

V(MA, uC,RA,RC) V(uB,pC,RB,RC) ‘E V(uC, uD,RC,RD)
V(pA,uD,RA,RD) V(uB,puD,RB,RD) V(uC,uD,RC,RD) E

Solving the eigenvalue problem Hy = Ey yields eigenvalues E; which are the energies of the
collective excited states of the complex of chromophores (i = 1 to N in the case of N interacting
chromophoric groups). The corresponding eigenvectors ; describe the contribution of each
chromophore to the particular excited state:

Ci,A
_|%i,B

V=
¢i,C

Ci,.D

where the real coefficient ¢, , describes the weight of the S; excited state of chromophore A in the
collective excited state i of the complex. In the limiting case of ¢;,° = 1 the excited state 7 is completely
localized on chromophore A which is only possible if the excited state interactions of chromophore A
with the others in the complex are zero. The transition dipole moment z4; for transition from the
ground state to the collective state i can be expressed as:

N

oy ~B 3 -0

Ho,i =Ci,aMoy T Ci,BHy T = Zci,Qﬂo,l
0O=1

The scalar product £, -z, gives information on the dipole strength, which is proportional to the
transition probability (a¢=0; f=0; S=0 (D1 and D2) or S =1 (D3 and D4)):

Eigenvalues Eigenvectors Dipole strength

E; C4 Cp Cc D HiHi

5.024 0.079 0.703 0.703 0.078 4.606
DI 5.282 -0.092 0.701 -0.701 0.092 0
-5.125 -0.701 -0.092 0.092 0.701 0

-5.181 0.703 -0.079 -0.079 0.703 1.394

6.76 -0.012 0.707 -0.012 0.707 3.907
D2 3.243 -0.002 0.707 0.002 -0.707 0

-4.124 0.707 0.012 0.707 0.012 2.093
-5.879 -0.707 -0.002 0.707 0.002 0
5.237 0.007 0.707 -0.707 -0.007 0

D3 4.773 -0.022 0.707 0.707 -0.022 3.82
-4.975 -0.707 0.007 -0.007 0.707 0

-5.035 0.707 0.022 0.707 0.707 2.18
5.289 -0.005 0.709 -0.004 -0.706 0

D4 4.717 -0.01 0.705 -0.02 0.709 3.881
-4.856 0.71 -0.005 -0.704 -0.005 0

-5.149 0.706 0.019 0.71 0.01 2.119
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To calculate the chiroptical properties associated with the collective excited states we define the
magnetic transition dipole moment m,; for transition from the ground state to collective state i:*’

N
”7’0,; = iac[,A (RA X ﬁ(ﬁ ) + iac[,B (RB x /731) +..= iaz Cio (RQ X /’7(?,1)
0=l

Here the magnetic dipolemoment is a purely imaginary quantity. This reflects the fact that in the
optical cycle my,; lags 90° degrees behind in phase compared to the electrical transition dipole moment
;. With the help of the magnetic transition dipole moments we can calculate the magnitude of the

circular dichroism (AA = AL - Agr with A the absorbance of /eft circular polarized light) for the
absorptive transition from the ground state to state i.

N N R
A4, =TIm(g,,; -m,;) (z ci,Qﬁo%) : (2 ¢ p(Rp x )
0-1 =

N N _ ~

oc Z Zci,Qci,P [ﬁgl '(RP X ﬁ(ﬁ) + ﬁ(ﬁ '(RQ X /70% )]
N N R R

A4, < zzci,gci,P( » R ) (/70% x ﬁ(fl)

The scalar product of 4 with m; then gives the relative intensity and sign of the circular dichroism

signal. The influence of the angle « and £ on the circular dichroism is shown in the following table for
dyad structure D4 (with §=2, ¢ = 63°):

D2 D4A D4B DAC
a=25°/4=0° a=25°/4=0° 0=25°/=25° 0=25°/=-25°
Abs CD Abs CD Abs CD Abs CD
5.673 0.75 5.137 0.77 5.109 0.97 5.151 -0.01
4331 -0.76 4.870 0.74 4.894 0.98 4.859 -0.03
-4.844 0.40 -4.98 -0.38 -4.975 -0.01 -4.994 -0.46
-5.159 -0.39 -5.027 0.41 -5.027 0.01 -5.016 0.49

The table displays the shift of the energy levels of the OPV and PERY chromophores and indicates if a
transition is allowed (bold) or forbidden (normal). In addition, the relative magnitude and sign of the

circular dichroism are indicated. Furthermore, the influence of the longitudinal shift S is investigated
for D4A as shown in the table below.

D4A
§S=0.5 S=1 §=1.25 §=1.5 §S=2
Abs CD Abs CD Abs CD Abs CD Abs CD
5.413 0.75 5.045 0.74 5.064 -0.77 5.118 -0.77 5.137  -0.77

4.591 -0.76 4.961 -0.77 4.943 0.74 4.891 0.74 4.87 0.74
-4.881  0.40 -4.951 0.40 -4.982 0.41 -5.001 -0.03 -4.98 -0.38
-5.123 -0.38 | 5054  -0.38 -5.026 -0.38 | -5.007 0.06 | -5.027 041
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Calculations on the Excited State Energies of Proposed Aggregated Structures — Triad Systems.
For complex 3, the same calculation can be done with all parameters kept the same as for the dyad
system (St; = 0; S, = 0.25, 0.75 or 1.25) and the chromophore labels as follows:

Co (e (¢ O
Ca (8 (= c O

Examples of the outcome of the calculations using the exciton-coupling model are given for T1, T2 (S
=1.25) and T2-L (S=1.25, ¢ = 51° = 25°) in the table below.

Eigenvalues Eigenvectors Dipole strength
E; Cy cg cc cp Ck Ccr 7o
6.296 -0.5 0 0.5 -0.5 0 0.5 0
6.232 0.5 -0.017 0.5 0.5 -0.017 0.5 7.802
T1 3.738 -0.5 0.003 -0.5 0.5 -0.003 0.5 0
3.72 0.5 0 -0.5 -0.5 0 0.5 0
-4.006 0.012 0.707 0.012 0.012 0.707 0.012 2.198
-6 -0.002 -0.707 -0.002 0.002 0.707 0.002 0
5.245 0.487 0.002 0.513 -0.513 -0.002 -0.487 0
5.24 0.508 0.008 -0.492 -0.492 0.008 0.508 0.004
T 4.799 0.513 -0.009 -0.487 0.487 0.009 -0.513 0
4.728 0.492 -0.022 0.507 0.507 -0.022 0.492 7.742
-4.799 -0.005 -0.707 0.007 -0.007 0.707 -0.005 0
-5.213 0.01 0.707 0.021 0.021 0.707 0.01 2.254
5.241 0.506 0.009 -0.493 -0.493 0.009 0.506 0.003
5.248 0.488 0.002 0.512 -0.512 -0.002 -0.488 1.428
To-L 4.793 -0.512 0.01 0.488 -0.488 -0.01 0.512 0
4,731 0.493 -0.022 0.506 0.506 -0.022 0.493 6.3
-4.8 0.005 -0.707 -0.008 0.008 0.707 -0.005 0
-5.213 0.01 0.707 0.022 0.022 0.707 0.01 2.23

For the calculation of the circular dichroism effect, an angle o has to be created between the
chromophores similarly to the previously described dyad systems. Therefore the positions of the
chromophores and their dipole vectors have been changed as indicated below.

cos(a) /1 cos(a) cos(a) 1 cos(a)

HA 1:«[2' sin(a) uB = 0 MCIZW[Z' sin(a) HD;ﬁ' -sin(a) | WE = |0 “FI:IZ' -sin(a)
0 0 0 0 0 0
L 0 /L S-L /s /S+L
RA =|-W RB=| 0 RC= W RD:=| W RE:= 0 RF= -W

An example of the expected circular dichroism spectrum for T2-L with a distance S = 1.25 (¢ = 51°),
W=0.3 and a=25° is given below.
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Eigenvalues Circular Dichroism oL
5.241 0 I SIe
5.248 -1.534 _

4793 0 s
4.731 1.504 ;
-4.8 0.003
-5.213 0.028 ‘ \}Vavelen‘gth (a.u.‘)

This result leads to an expected circular dichroism spectrum where at the OPV absorption band a
bisignate signal can be observed that is negative at lower wavelengths and positive at higher
wavelengths. In addition, the prediction indicates a positive circular dichroism signal at absorption
wavelengths of the PERY chromophore.
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Chapter 8

Charge Transfer in Supramolecular Co-
Aggregates of Oligo(p-phenylene vinylene) and

Perylene Bisimide in Water”

Abstract

Hydrophobic effects, in combination with the tendency of rn-conjugated donor and acceptor
chromophores to form a charge transfer complex, have been used to create co-aggregates of oligo(p-
phenylene vinylene) and perylene bisimide molecules in water with an alternating face-to-face
structure. A fast, sub-picosecond photoinduced electron transfer has been identified in these

alternating stacks by pump-probe spectroscopy.

* This work has been published: Beckers, E. H. A.; Jonkheijm, P.; Schenning, A. P. H. J.; Meskers,
S. C.J.; Janssen, R. A. J. ChemPhysChem 2005, 6, 2029-2031.



Charge Transfer in Supramolecular Co-aggregates of OPV and Perylene Bisimide in Water

8.1 Introduction

The photophysical properties of mixed aggregates —i.e. those consisting of different chromophores that
co-assemble in solution— have received remarkably little attention, even though the organization of
alternating electron rich and electron deficient units has often been used to create supramolecular

architectures.' "

Photoinduced energy transfer has been studied in mixed stacks such as
supramolecular zinc chlorin assemblies co-aggregated with various energy traps, oligo(p-phenylene
vinylene)s (OPVs) of different conjugation length,'"* and in mixed organogels.”™'® In a few examples,
aggregates of covalently-linked and hydrogen-bonded donor-acceptor molecules in organic solvents
have been considered for photoinduced electron transfer reactions in an attempt to provide new routes
for light energy conversion and storage.'”" This chapter gives a first example of m-conjugated
molecules with donor and acceptor character that form supramolecular co-aggregates in aqueous
solution and give electron transfer upon illumination.

This design for supramolecular assemblies uses a combination of OPV (1)* and perylene bisimide
(PERY) (2)*' molecules (Figure 1). The large planar and hydrophobic n-systems of these molecules
enable m-m stacking interactions that result in formation of aggregates in polar solvents." Similar to
other water-soluble OPV*** and PERY***® derivatives, the hydrophobic nature of the m-conjugated
system was compensated by introducing water-soluble substituents, viz. oligoethylene glycol side
chains. As a result of the balance between these hydrophobic and hydrophilic interactions, each of the
molecules can be dissolved in water in the form of small aggregates or stacks.

1
>_\ e} o .
fo/_\o/_\o/_\o/_\o OKNNJ_\oﬁoﬁ\omo/_\o/_\o
IO~
2

Figure 1: Structure of water-soluble OPV (1) and PERY (2) derivatives.

8.2 Results and Discussion

UV/Vis Absorption Spectroscopy. Aqueous solutions of 1, 2, and their mixtures were obtained by
dissolving the compounds in tetrahydrofuran (THF) and injecting these solutions into water. THF was
then removed by heating, providing clear aqueous solutions. When 1 is dissolved in water, the
maximum of the m-m* transition in the optical absorption is significantly blue shifted and the
fluorescence is strongly quenched as compared to the spectrum of a molecularly dissolved sample of 1
in chloroform (Figure 2a). The blue shift and fluorescence quenching observed in the spectra of 1 in
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water have previously been studied in detail and are characteristic for the formation of aggregates.”
Compound 2 exhibits a similar shift of the n-n* transition when dissolved in water compared to a
chloroform solution, together with the loss of the distinct sharp vibronic transitions of molecularly
dissolved PERY chromophores. For 1 and 2 the blue shift and the changes in the shape of the
absorption spectrum are accompanied by a red shift of the onset of the absorption to longer
wavelengths. Together, these features are typical of aggregated chromophores.

1.0

0.5

0.0

1.0

0.5

0.0

Absorbance (normalized)

1.0

0.5

0.0 " : =
300 400 500 600 700
Wavelength (nm)

Figure 2: (a) Absorption spectra of 1 (1 x 10 M) in water (solid line) and CHCl; (dashed line). (b)
Absorption spectra 2 (1 x 10* M) in water (solid line) and CHCI; (dashed line). (c) Measured
absorption spectrum of a 1:1 mixture of 1 and 2 (1 x 107 M) in water (solid line) and the linear
superposition of the spectra of pure 1 and 2 at the same concentration (dashed line). The latter

spectrum has been normalized after summation.

To study the formation of mixed aggregates, the absorption spectrum of a 1:1 (1 x 10™* M) mixture of 1
and 2 in water was recorded and compared to the linear superposition of the spectra of pure 1 and 2 in
water at the same concentration (Figure 2c). These spectra should be identical if mixing does not result
in direct interaction between 1 and 2. Figure 2c¢ shows, however, that there is a clear difference
between the absorption maximum of the linear superposition of the spectra of 1 and 2 (417 nm) and
that of the experimentally obtained spectrum of their physical mixture (464 nm). This indicates that
both molecules experience a strongly different micro-environment in the co-aggregates as compared to
the aggregates of the pure compounds and that OPV-OPV and BPI-BPI interactions are lost.
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Therefore, it can be concluded that OPV-BPI chromophore interactions are present in aggregated
mixtures of 1 and 2 in water.

Transient Photoinduced Absorption Spectroscopy. Transient pump-probe spectroscopy allows the
identification of the photophysical processes in the mixed aggregates and the temporal evolution of the
excited states. The radical cation of the OPV chromophore (OPV ") has an absorption at 1450 nm that
can be used to probe the formation of a charge-separated state.”” The band at 1450 nm corresponds to
the low-energy transition of the radical cation and is highly characteristic for OPV"" because it does not
interfere with the OPV triplet bands at 750 nm eV.** After photoexcitation of a 1:1 (1 x 10™ M)
assembly of 1 and 2 in water with 150 fs pulses at 455 nm, a strong transient differential absorption
was observed at 1450 nm (Figure 3a) that gives direct spectral evidence of the formation of a charge-
separated state.’' The rapid rise of this signal indicates that charge separation is extremely fast (kcs > 5
x 10'* s™), likely faster than the response time of the equipment (~ 200 fs). Such fast kinetics implies
that the OPV and PERY chromophores must be in very close proximity. If charge separation would
take place in a molecularly dissolved system, it would be diffusion limited, and have a rate constant of
~10° s or less at the 1 x 10* M concentration used in the experiment. The decay of the 1450 nm
signal (Figure 3b) shows that the charge recombination occurs with a rate constant of kcg = 1.5 x 10"

s,

0.0

ATIT
Q

-1.0F

ATIT

0 .20140160.80‘100
Time delay / ps
Figure 3: Differential transmission dynamics of mixed aggregates of 1 and 2 in water for two different
compositions 1:1 (solid squares) and 1:0.67 (open circles) probed at 1450 nm (OPV") following

photoexcitation at 455 nm with 150 fs pulses. The two panels correspond to time domains revealing (a)

formation and (b) recombination of the charge-separated state.

The charge transfer dynamics were also monitored for a 1:0.67 ratio of donor and acceptor
chromophores. Figure 3a shows the transient signal at 1450 nm for an aggregate of 1 and 2 with a
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1:0.67 ratio. By comparison with the trace for the 1:1 mixture, two distinctly different components can
be identified for the rate of charge formation, one similarly fast as in the first experiment, and one with
a reduced rate. The decreased rate of the second component is attributed to OPV domains in the
aggregate. These domains make that some photoexcited OPV chromophores are not in close proximity
with a PERY chromophore. As a result, such photoexcitations must first migrate within the OPV
domain® to the interface with PERY moieties before they give rise to electron transfer. Interestingly,
the charge recombination kinetics is not significantly affected by this change in composition (Figure
3b). The composition-independent recombination can be rationalized by considering that mainly
geminate recombination will occur because charges will be created on OPV and PERY molecules that
are in close proximity.

Photoluminescence Quenching. Additional insight into the charge transfer in mixed aggregates was
obtained by monitoring the fluorescence intensity of aggregates of PERY derivative 2, incorporating
increasing amounts of 1. The formation of PERY aggregates is known to result in a distinct red shift of
the photoluminescence.**>* Correspondingly, a fluorescence maximum was found at 690 nm (Figure
4) for aggregates of 2 in water when they were excited at 600 nm, i.e. at photon energies below the
optical band gap of the isolated PERY and OPV moieties (Figure 2). The intensity of the aggregate
emission at 690 nm decreases considerably with increasing amounts of OPV molecules in the
aggregate until it can no longer be measured quantitatively below a 0.5:1 ratio of compound 1 versus
compound 2. The increased fluorescence quenching implies that OPV-PERY contacts rise in number
with increasing OPV concentration. The loss in PERY aggregate emission (Figure 2¢) is consistent
with the photoinduced charge transfer reaction inferred from pump-probe spectroscopy experiments.

6 T T T y
—=—0.00:
——0.04:

5L —o—0.11:1

1

1

1

—0—0.17 :1
—A—0.27:1 ]

1

1

Fluorescence Intensity (a.u.)
w

650 700 750 800
Wavelength (nm)

Figure 4: Fluorescence intensity of a 1 x 10™ M solution of aggregates of 2 in water incorporating
increasing amounts of 1 (specific ratios of compound 1 vs compound 2 are given in the legend). The

fluorescence signal was measured with excitation at 600 nm.
Previous studies on covalently linked OPV and PERY derivatives show that they form a sandwich-like

structure in the solid state in which the OPV and PERY moieties are packed on top of each other in a

face-to-face orientation as a result of a ground state charge transfer interaction.***” The typical rates for
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charge separation and recombination in this type of face-to-face configuration are kcs > 2 x 10" s™ and
ker = 1.5 x 10" s, respectively.’” These rates are virtually identical to the rate constants now
observed for the 1:1 aggregated mixture in water and consistent with a supramolecular organization
into a sandwich like structure of the present co-assemblies, similar to that in the covalently linked
systems.

8.3 Conclusions

A photoinduced charge transfer reaction occurs in mixed m-conjugated OPV-PERY aggregates in
water. Exciton diffusion preceding the electron transfer reaction was identified in the OPV domains for
aggregates containing an excess of OPV. Hydrophobic effects in combination with the tendency of
OPV and PERY chromophores to form a charge transfer complex in the ground state most likely lead
to the formation of sandwich-like structure were OPV and PERY chromophores are positioned in a
face-to-face configuration. Future studies on electron transfer dynamics on a nanoscale in weakly
interacting molecular systems will aid in the future design of multifunctional architectures and
nanostructured materials for artificial electronic and photonic devices.

8.4 Experimental Section

The synthesis of the OPV*® and PERY?' compounds has previously been reported. A detailed
description of the used spectroscopic techniques can be found in Chapter 2.
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Summary

The interplay between m-conjugated donor and acceptor molecules is crucial to the working principles of
future organic semiconductor devices that convert light into solar fuels or solar electricity. The knowledge
acquired from detailed studies on energy and electron transfer reactions on molecular donor-acceptor
combinations that form the basis of these applications, is immense but still not complete. For covalently
linked donor-acceptor systems, control over energy and electron reactions can be achieved, but extending
these principles to understand and control the behavior in the solid state has proven to be cumbersome.
More insight in the role of intermolecular effects within ensembles of donor-acceptor molecules as they
occur in the solid state is essential in understanding the fundamental principles that rule charge transfer
reactions in organic semiconductor systems comprising electron donors and acceptors. The aim of this
thesis is to study photoinduced electron transfer mechanisms between donor and acceptor chromophores
that are relevant to photovoltaic cells and to see how these processes evolve from molecule to material. As
a result this thesis not only focuses on donor-acceptor arrays that are molecularly dissolved in solution but
also on self-assembled nanoaggregates.

Chapter 2 describes the kinetics of photoinduced electron transfer reactions in fullerene-donor-fullerene
triads containing an electron rich pyrrole ring in the donor moiety as investigated by photoluminescence
and transient absorption spectroscopy. Depending on the solvent polarity and chromophore distance, the

charge separation occurs at rates ranging from 10° s™ to 10" s™.

The charge recombination could only be
estimated to be faster than 2 x 10"’ s as the large contribution of the S, <~ S; absorption of the fullerene
(Cgo) moiety hampers a more accurate determination.

The kinetics of photoinduced charge transfer reactions of three donor-acceptor systems based on oligo(p-
phenylene vinylene) (OPV) and perylene bisimide (PERY) in a symmetrical OPV-PERY-OPV
configuration are described in Chapter 3. The reduction potentials of three donor-acceptor-donor molecules
differ strongly as a consequence of the four substituents on the bay-position of the PERY unit. The transient
absorption experiments indicate that charge separation occurs from the excited singlet state of the PERY
moiety to the charge-separated state (CSS) and to the lowest electronically excited-state level of the charge-
separated state (CSS*). At high driving forces achieved by changing the polarity of the solvent, the rates for
charge separation and recombination decrease with increasing change in Gibbs-free energy. Hence these
OPV-PERY-OPV arrays represent an exceptional example of molecules in which both charge separation
and recombination occur close to or in the Marcus inverted region.

Chapter 4 focuses on the multistep photoinduced electron transfer in two symmetrical pentads consisting of
two oligoaniline(OAn)-OPV segments coupled to a central PERY unit via a direct linkage (1) or a saturated
spacer (2). Photoexcitation gives the OAn-OPV"-PERY -OPV-OAn as the primary charge-separated state.
Charge transfer is extremely fast (kcs> 1 ps) in all studied solvents for the system with the direct linker,
while the rate constants for recombination occurs in the Marcus inverted region. Charge separation and
charge recombination are slower in the array with the longer spacer as a result of the reduced electronic
coupling between the donor and acceptor. The primary OAn-OPV -PERY -OPV-OAn charge-separated
state rearranges to the OAn"-OPV-PERY -OPV-OAn state after a charge shift reaction with efficiencies of
about 0.22 and 0.28 for respectively 1 and 2, only weakly dependent on polarity. This state has a long
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lifetime as a result of the negligible interaction between the distant redox sites, and can be observed up to
several microseconds.

The OPV-PERY-OPV compounds studied in their molecularly dissolved state in Chapter 3 are subject of
further investigation in Chapter 5 but now as self-assembled aggregates. This allows to determine the
changes that occur as a result of intermolecular interactions that occur when molecules are in close
proximity. The supramolecular organization of three arrays has been determined in methylcyclohexane
using absorption and circular dichroism spectroscopy. Both face-to-face (H-type) and slipped (J-type)
stacking of the OPV and PERY chromophores have been identified and molecular mechanics calculations
confirm the tendency that bay-substitution of the PERY moiety results in J-type aggregation for the OPV-
PERY-OPV arrays. For the J-type aggregates, the short intermolecular OPV-PERY distances enable a
highly efficient charge transfer with a rate (ke > 10'* s™) that significantly exceeds the rate of the
intramolecular reaction of the same compounds when molecularly dissolved. In the H-type aggregates the
intermolecular OPV-PERY distance is not reduced compared to the intramolecular separation and, hence,
the rates of the electron transfer reactions are not significantly affected. The different inter-chromophore
distances that occur in the H and J-type aggregates can also rationalize the changes in the kinetics of the
charge recombination upon aggregation.

Supramolecular arrays of OPV-donor and Cgp-acceptor compounds, created via a quadruple hydrogen-
bonding unit, are described in Chapter 6. In these dyads, singlet-energy transfer from the OPV unit to the
fullerene causes a strong quenching of the OPV fluorescence (Quax > 90). The lower limit obtained for the
rate constant for energy transfer (kgy > 6 x 10'° s is rationalized in terms of the Férster mechanism.
Photoinduced electron transfer could not be observed in these hydrogen-bonded dimers. The absence of
charge separation is ascribed to a small electronic coupling between the donor and acceptor in the excited
state as a result of the long distance between the chromophores. Furthermore, the formation of heterodimers
of bifunctional OPV and Cg ureido-pyrimidinone derivatives has been observed by 'H-NMR and
fluorescence techniques.

Chapter 7 describes the photophysical properties of molecularly dissolved ureido-pyrimidinone coupled
OPV-PERY heterodimers. Pump-probe spectroscopy allowed determining the rate for energy transfer in
this hydrogen-bonded system in dilute solution. A photoinduced electron transfer reaction could not be
observed for this hydrogen-bonded system. The second part of this chapter focuses on the effects of
aggregation on the charge transfer kinetics of hydrogen-bonded OPV-PERY systems. In these aggregated
hydrogen-bonded OPV-PERY systems a highly efficient charge separation occurs, likely via an
intermolecular pathway in the J-type structure of the stacked OPV-PERY arrays. The charge recombination
reaction depends strongly on the nanoscopic differences within the J-type geometry as revealed by
comparison of a variety of stacked systems. An attempt is made to investigate the influence of these small
differences by linking the absorption and circular dichroism to the photoinduced absorption spectroscopy
results. A coupled oscillator model is used in an attempt to propose different molecular arrangements that
are consistent with the experimental observations.

Chapter 8 describes the formation of alternating face-to-face co-aggregates of OPV and PERY molecules in
water induced by the combination hydrophobic effects and the tendency of m-conjugated donor and
acceptor chromophores to form a charge transfer complex. Pump-probe spectroscopy revealed a sub-
picosecond photoinduced electron transfer in these alternating stacks.

132



Samenvatting

Het samenspel tussen m-geconjugeerde donor en acceptor moleculen is cruciaal voor de werking van
toekomstige organische halfgeleiders die licht omzetten in zonne-energie. De kennis opgedaan bij
gedetailleerde studies aan energie- en elektronoverdrachtsreacties in moleculaire donor-acceptor
combinaties, die de basis vormen voor deze applicaties, is immens maar nog steeds incompleet. Voor
covalent gebonden donor-acceptor systemen kan controle over de energie- en elektronoverdracht
verkregen worden, maar een extrapolatie van deze kennis om deze reacties ook in de vaste fase te
begrijpen is lastig gebleken. Hiervoor is meer inzicht nodig in de intermoleculaire effecten in
aggregaten van donor-acceptor moleculen zoals deze voorkomen in de vaste fase in organische
halfgeleider systemen. Het doel van dit proefschrift is het bestuderen van fotogeinduceerde
elektronoverdrachtsreacties tussen donor en acceptor chromoforen die relevant zijn voor fotovoltaische
cellen met bijzondere aandacht voor de ontwikkeling van deze eigenschappen van molecuul tot
materiaal. Daarom behandelt dit proefschrift niet alleen moleculair opgeloste donor-acceptor
combinaties, maar ook de eigenschappen in zelfgeassembleerde nanoaggregaten.

Hoofdstuk 2 behandelt de kinetieck van fotogeinduceerde ladingsoverdracht in fullereen-donor-
fullereen triades met een elektronrijke pyrroolring in de donoreenheid, bestudeerd met
fotoluminescentie en tijdsopgeloste fotogeinduceerde absorptie. De snelheid van de ladingsscheiding

. 9 -1 10 -1
varieert tussen 10° s en 10 s

, afhankelijk van de polariteit van het oplosmiddel en de
chromofoorafstand. Voor de recombinatiesnelheid kon alleen een waarde sneller dan 2 x 10" s
worden vastgesteld aangezien de bijdrage van de S, < S; overgang van de fullereen (Cgy) een meer
accurate benadering verhindert.

De kinetick van fotogeinduceerde ladingsoverdracht in drie donor-acceptor systemen gebaseerd op
oligo(p-fenyleen vinyleen) (OPV) en peryleen bisimides (PERY) in een symmetrische OPV-PERY-
OPV configuratie staat beschreven in hoofdstuk 3. De reductiepotentiaal van deze drie donor-acceptor-
donor moleculen verschilt aanzienlijk, afthankelijk van de substituenten op de 3,4:9,10 posities van de
peryleenbisimide. De tijdsopgeloste fotogeinduceerde absorptie-experimenten geven aan dat
ladingsscheiding plaatsvindt vanuit de eerste singlettoestand van de PERY eenheid, naar de
ladingsgescheiden toestand en de eerste aangeslagen toestand van de ladingsgescheiden toestand. Voor
hoge drijvende krachten, verkregen door verandering van oplosmiddel, wordt zowel de voorwaartse
als teruggaande -elektronoverdrachtsnelheid verlaagd bij toenemende drijvende kracht. Daarom
vertonen deze OPV-PERY-OPV triades een uitzonderlijk voorbeeld van moleculen waarbij zowel de
ladingsscheiding als de ladingsrecombinatie dichtbij of in het Marcus-inverted gebied plaatsvinden.
Hoofdstuk 4 concentreert zich op de multistaps fotogeinduceerde elektronoverdracht in twee
symmetrische pentades bestaande uit twee oligoaniline(OAn)-OPV segmenten die gekoppeld zijn aan
een centrale PERY eenheid via een directe (1) of verzadigde (2) covalente binding. Na fotoexcitatie
geeft dit OAn-OPV -PERY-OPV-OAn als primaire ladingsgescheiden toestand. De
ladingsscheidingsreactie is uiterst snel (> 1 ps™) in alle bestudeerde oplosmiddelen voor het systeem
met de directe binding waar de recombinatiereactie zich in het Marcus-inverted gebied bevindt. De
ladingsscheiding en recombinatie zijn langzamer in de configuratie met de verzadigde binding door de
kleinere elektronische koppeling tussen de donor en acceptor. De initiéle OAn-OPV " "-PERY-OPV-
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OAn toestand reorganiseert na een ladingsverschuiving tot de OAn"-OPV-PERY -OPV-OAn toestand
met efficiénties van 0.22 en 0.28 voor respectievelijk 1 en 2, nauwelijks afthankelijk van de polariteit
van het oplosmiddel. Als gevolg van de verwaarloosbare interactie tussen de redox-paren heeft deze
toestand een lange levensduur en is meetbaar tot enkele microsecondes na excitatie.

De OPV-PERY-OPV verbindingen die in hoofdstuk 3 bestudeerd zijn in hun moleculair opgeloste
toestand zijn in hoofdstuk 5 verder onderzocht als zelfgeassembleerde aggregaten. Dit maakt het
mogelijk om veranderingen vast te stellen die ontstaan door intermoleculaire interacties van moleculen
op korte afstand. De supramoleculaire organisatic van deze drie verbindingen is bepaald in
methylcyclohexaan met behulp van absorptie en circulair dichroisme spectroscopie. Zowel een
verticaal gestapelde (H-type) als een afgeschoven (J-type) pakking van de OPV en PERY chromoforen
konden geidentificeerd worden. Moleculaire mechanica berekeningen bevestigen dat de substitutie van
de PERY eenheid leidt tot een J-type pakking voor OPV-PERY-OPV verbindingen. De korte
intermoleculaire OPV-PERY afstand in J-type aggregaten zorgt ervoor dat een zeer efficiénte
ladingsscheiding (> 10" s') mogelijk is die duidelijk sneller is dan de intramoleculaire
ladingsscheiding voor dezelfde moleculen in hun moleculair opgeloste toestand. De intermoleculaire
OPV-PERY afstand is in H-type aggregaten niet kleiner dan de intramoleculaire afstand waardoor de
snelheden van de elektronoverdachtsreactie nauwelijks veranderen. De verschillen in afstand tussen de
chromoforen geven tevens een verklaring voor de veranderingen van de ladingsrecombinatiesnelheden
bij aggregatie.

Supramoleculaire structuren bestaande uit OPV donor en Cgy acceptor eenheden gekoppeld via de
viervoudige ureido-pyrimidinon waterstofbrugeenheid zijn beschreven in hoofdstuk 6. In deze dimeren
resulteert een singlet-energicoverdracht van de OPV naar de fullereen in een sterke afname van de
OPV luminescentie (> 90x). De ondergrens van de snelheid voor deze reactie (> 6 x 10" s™) kan
worden verklaard met behulp van het Forster-mechanisme. Een fotogeinduceerde elektronoverdracht
kon voor deze dimeren niet vastgesteld worden. Deze afwezigheid wordt toegeschreven aan de geringe
elektronische koppeling tussen de donor en acceptor als gevolg van de grote afstand tussen de
chromoforen. Verder werd met behulp van '"H-NMR en fluorescentie technieken de vorming van
heterodimeren van bifunctionele OPV en Cg ureido-pyrimidinon derivaten vastgesteld.

Hoofdstuk 7 beschrijft de fotofysische eigenschappen van ureido-pyrimidinon gekoppelde, moleculair
opgeloste OPV-PERY heterodimeren. De snelheid van de energieoverdrachtsreactic kon in deze
waterstofgebrugde systemen bepaald worden in verdunde oplossing door gebruik te maken van
tijdsopgeloste fotogeinduceerde absorptiespectroscopie. Een fotogeinduceerde elektronoverdracht kon
voor dit waterstofgebrugde dimeer niet vastgesteld worden. Het tweede gedeelte van dit hoofdstuk
concentreert zich op de effecten van aggregatie op de ladingsoverdrachtsreacties in waterstofgebrugde
OPV-PERY systemen. In de geaggregeerde waterstofgebrugde OPV-PERY systemen vindt een zeer
efficiénte ladingsscheiding plaats, vermoedelijk via een intermoleculair pad in de J-type structuur van
deze afgeschoven gestapelde OPV-PERY moleculen. Zoals blijkt uit de vergelijking tussen
verschillende geaggregeerde systemen hangt de recombinatiesnelheid sterk af van nanoscopische
verschillen in de J-type pakking. Daarom is een poging ondernomen om de invloed van deze kleine
verandering te zien door het koppelen van de gegevens verkregen via absorptie, circulair dichroisme
en fotogeinduceerde absorptiespectroscopie. Een model met gekoppelde oscillatoren is gebruikt in een
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poging om mogelijke moleculaire ordeningen voor te stellen die consistent zijn met de experimentele
waarnemingen.

Hoofdstuk 8 beschrijft de vorming van alternerende co-aggregaten van OPV en PERY moleculen in
water, veroorzaakt door hydrofobe effecten en de aanleg tot het vormen van een ladingsgescheiden
complex in de grondtoestand voor m-geconjugeerde donor en acceptor chromoforen. Met behulp van
tijdsopgeloste spectroscopie kon in deze alternerende aggregaten een ladingsscheiding op een sub-

picoseconde tijdschaal waargenomen worden.
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